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Background: Nowadays, there is an increasing awareness among consumers towards the use of natural dyed textiles. Natural dyes have better biodegradability and generally have high compatibility with the environment. Most of the natural dyes are non-substantive dyes and therefore need a mordant to help them bond with fibres. The use of nano materials, an alternative to metal based mordants is attracting attention of researchers to improve colour and functional properties of treated dyed textiles. Thus, focusing on the benefits of natural dyes, wool fabric was dyed with kachnar dye in presence of inorganic nanoparticles as mordants.
Methods: To achieve the objectives of study, four different inorganic nanoparticles i.e. aluminium oxide, copper oxide, titanium dioxide and zinc oxide with kachnar dye were explored to ascertain the effect of nano treatment on dye uptake and colour fastness of wool fabric. Neutral scouring of wool fabric was done to improve its absorbency. The scoured wool fabric was treated separately with nanoparticles and simultaneously dyed with kachnar dye. On the basis of maximum dye absorption (%), colour strength (K/S) and wash fastness (CC and CS) grades, one nanoparticle was selected. Nano treatments for wool fabric were optimized for different process parameters viz. treatment stage, nanoparticle concentration, treatment pH, time, temperature and M:L ratio of treatment bath on the basis of maximum dye absorption (%) and colour properties of treated dyed wool fabric. 
Results: On the basis of colour strength and colour properties of treated dyed wool fabric samples, one nanoparticle i.e. zinc oxide was selected for natural dyeing of wool fabric with kachnar dye. The optimized conditions and concentrations for nano treatment and dyeing of wool fabric were simultaneous stage of treatment, 1.00 percent concentration of zinc oxide nanoparticle, 40 minutes treatment duration with 80℃ temperature, 5.5 pH value and 1:40 M:L ratio.
Conclusions: The study highlights the potential of nanoparticle-assisted natural dyeing as a sustainable alternative to conventional metal mordants. Among the four nanoparticles tested, zinc oxide proved to be the most effective in improving dye uptake, colour strength, and wash fastness. Thus, ZnO nanoparticles offer a promising eco-friendly alternative to conventional mordants for natural dyeing of wool fabric.
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1. INTRODUCTION
In recent years, the global textile industry has experienced a significant shift toward sustainable and environmentally responsible production methods. Growing concerns over climate change, environmental pollution and resource depletion have intensified the search for greener alternatives to conventional textile chemicals. Among these, synthetic dyes have attracted particular scrutiny due to their toxic by-products, high chemical oxygen demand (COD) and the persistence of residues in aquatic ecosystems. Wastewater from dyeing operations often contains carcinogenic and mutagenic compounds that pose long-term environmental and health risks. As a result, the development of eco-friendly dyeing practices has become a priority for both researchers and industry stakeholders (Haijuan et al., 2022; Rani et al., 2025).
Natural dyes, derived from plant, animal and mineral sources, provide a renewable and biodegradable alternative to synthetic dyes. Their low toxicity, minimal environmental impact and potential for value addition to agricultural by-products have contributed to a renewed scientific interest in their application to textile fibres. However, despite their ecological advantages, natural dyes often suffer from limitations such as lower dye uptake, inadequate fastness properties and limited shade ranges. Overcoming these drawbacks is crucial to making natural dyeing a viable industrial alternative (Singh and Jahan, 2019; Kiakhani et al., 2019).
Kachnar (Bauhinia variegata), a deciduous tree is known for its vibrant pink and purple flowers. These flowers contain flavonoids, anthocyanins and tannins, bioactive compounds capable of producing rich and aesthetically pleasing shades on natural fibres such as wool. Utilizing Kachnar as a dye source not only promotes the use of locally available and renewable plant materials but also adds value to a botanical resource traditionally used in herbal and culinary applications. Despite its promising dyeing potential, Kachnar dye exhibits challenges typical of many plant-based dyes, such as limited fibre affinity and inadequate colour fastness, especially when applied without a mordant (Barani et al., 2017; Ashique et al., 2025).
Mordants play a critical role in natural dyeing by forming coordination bonds between dye molecules and fibre surfaces, thereby improving colour depth and fastness. Conventional mordants such as alum, iron and copper salts have been widely used, yet their environmental impact and limited functional enhancement have prompted the exploration of more advanced alternatives. In this context, nanotechnology offers a novel and increasingly popular approach for addressing the shortcomings of natural dyes (Gopalakrishnan and Jeyanthi, 2013; Rahman et al., 2022).
Inorganic nanoparticles have demonstrated significant potential in textile finishing and coloration. Their nanoscale dimensions provide a large surface-to-volume ratio, enabling enhanced interactions with dye molecules and fibre substrates. When used as nanoparticle mordants, these materials can improve dye adsorption, increase surface roughness, promote deeper penetration of dye molecules and impart additional functional properties such as antimicrobial activity, UV protection and improved wash durability. Moreover, nanoparticles can facilitate the formation of stronger and more stable bonds between natural dyes and wool keratin, thus contributing to better overall colour performance (Rastogi and Aggarwal, 2017; Rather et al., 2024).
Wool, a natural protein fibre, possesses distinct chemical and physical characteristics that make it compatible with natural dyes. The presence of amino, carboxyl and hydroxyl groups in wool’s molecular structure enables effective bonding with natural dye molecules, especially when assisted by mordants. The integration of nanoparticles into the dyeing process may further enhance these interactions and reduce reliance on environmentally harmful chemical mordants (Pandey et al., 2018). Given this background, the present study aims to investigate the eco-friendly dyeing of wool fabric using kachnar dye in combination with selected inorganic nanoparticles. 
2. MATERIALS AND METHODS
2.1 Procurement of fabric: Samples of pure greige woven wool fabrics of medium weight were collected from market of Hisar. Purity of collected samples were examined by burning, microscopic and chemical tests. Based on visual inspection and fabric composition, the wool fabric suitable for apparel purpose was chosen for further work. 
2.2 Preparation of wool fabric for dyeing: The selected wool fabric was initially weighted and pre-wetted in plain water for 10-15 minutes. It was then entered into scouring bath containing required amount of neutral detergent (2 g/l) keeping material to liquor ratio 1:20 and pH 7:0. The temperature of the bath was gradually raised to 60oC and fabric was treated for 60 minutes with intermittent stirring. The scoured fabric was then rinsed with plain water and dried at ambient temperature (Rukhaya, 2020).
2.3 Determination of preliminary properties of wool fabric: The preliminary data of wool fabric was taken under three parameters i.e. fabric count, weight and thickness using standard test methods. Pick glass with pointer was used to determine the fabric count of the wool fabric using ASTM-D123 test method. The weight of one square meter of the fabric was calculated as per ASTM-D3776-90 test method by multiplying the weight of specimen in grams with 100. Digital thickness tester was used to measure thickness of the fabrics using ASTM-D 1777-60 test method.
2.4 Procurement of dye material: The dye material i.e. kachnar bark was procured from market of Hisar. The bark was dried in shade and crushed into small pieces, grounded into fine powder. The prepared dye powder was stored in the air tight containers to keep them free from environmental influences, till usage.
2.5 Preparation of dye extract:  The 6 g dye powder was soaked in 50 ml distilled water for 24 hours. Aqueous extract of kachnar bark dye was prepared by boiling the soaked dye solution for 20 minutes and filtered to obtain first filterate. The percolation was repeated twice to obtain the second and third filterate. All the three dye filtrates were mixed thoroughly and the dye solution so obtained was used for dyeing of fabric samples. 
2.6 Phytochemical analysis of kachnar bark dye extract: The active chemical components of kachnar bark dye i.e. flavonoids, glycosides, phenol, saponins, tannins and terpenoids present in the dye were identified using standard procedures.
2.7 Procurement and selection of nanoparticles for dyeing of wool fabric: Four different inorganic nanoparticles (25-100nm) i.e. Aluminium oxide (Al2O3), Copper oxide (CuO), Titanium dioxide (TiO2) and Zinc oxide (ZnO) were tried as mordants. All the nanoparticles were procured from Central Drug House (P) Ltd., New Delhi, India. All the four nanoparticles were applied separately on the scoured wool fabric and one nanoparticle was selected on the basis of maximum per cent dye absorption, colour strength (K/S) and wash fastness in terms of colour change (CC) and colour staining (CS) of dyed wool fabric samples.
2.8 Standardization of nanoparticle treatment for dyeing of wool fabric: The six different variables i.e. nanoparticle treatment stage, nanoparticle concentration, treatment pH, treatment time, treatment temperature and material to liquor ratio (MLR) were optimized on the basis of per cent dye absorption, colour strength (K/S) and wash fastness (CC and CS) of nanoparticle treated dyed samples. The scoured wool fabric was treated with different ranges of variables for optimization of nanoparticle treatment. After nano treatment, the samples were allowed to cool at room temperature in treatment solution, squeezed and immediately dyed with kachnar dye.
The untreated and nanoparticle treated samples of wool fabric were dyed for 60 minutes at 90oC with material to liquor ratio 1:20 in Infrared (IR) Beaker Dyeing Machine. After dyeing samples were washed followed by soaping with 2 g/l Ultravon JU solution at 60oC maintaining M:L ratio 1:20 for 15-20 minutes. The samples were then washed thoroughly with cold water, squeezed and dried at room temperature.
3. RESULTS AND DISCUSSION:
3.1 Preliminary properties of wool fabric: The wool fabric was scoured to remove all the impurities and fabric count, weight and thickness of the resultant fabric were measured. The data presented in Table 1 depict that fabric count of greige wool fabric in warp and weft direction was 55×45 ends and picks per inch with fabric weight 162.20 g/m2 and thickness 0.372 mm whereas the fabric count of scoured wool fabric was 59×49 ends and picks per inch with fabric weight 153.40 g/m2 having 0.462 mm thickness. 
The fabric count of scoured fabric increased in warp and weft directions by 6.77 and 8.16 per cent respectively and fabric weight decreased by 5.55 per cent. Thickness of scoured fabric increased by 24.19 per cent as compared with the greige fabric. 
Table 1: Preliminary properties of wool fabric
	Samples
	Fabric count (ends and picks/inch)
	Fabric weight (g/m2)
	Fabric thickness (mm)

	
	Warp
mean
± SE (m)
	Per cent
change
	Weft
mean
± SE (m)
	Per cent
change

	Mean
(warp+weft)
	Mean
± SE (m)
	Per cent
change
	Mean
± SE (m)
	Per cent
change

	 Greige
	55±0.447
	-
	45±0.400
	-
	54.0
	162.20±0.374
	-
	0.372±0.003
	-

	Scoured
	59±0.447
	+6.77
	49±0.583
	+8.16
	50.0
	153.40±0.400
	-5.55
	0.462±0.003
	+24.19


SE = Standard error; + Increase in property; - Decrease in property, 
Hence, it is inferred that after scouring fabric count and weight of the greige wool fabric decreased while the fabric thickness was found to be increased. Anita, 2020 also noticed that fabric count and weight decreased after scouring of wool fabric with neutral detergent and the thickness was observed to be increased.
3.2 Phytochemical analysis of kachnar dye extract: Extraction of kachnar dye was done in aqueous medium and qualitative phytochemical analysis of extract was conducted for identification of the active substances in kachnar dye. 
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Plate 1: Kachnar Dye
Table 2: Phytochemical analysis of kachnar dye
	Sr. No.
	Phytochemicals
	Kachnar dye

	1.
	Flavonoids
	-

	2.
	Glycosides
	+

	3.
	Phenol 
	+

	4.
	Saponins 
	+

	5.
	Tannins
	+

	6.
	Terpenoids
	+


 Table 2 indicates that phytochemical analysis of kachnar dye exhibited the presence of glycosides, phenol, saponins, tannins and terpenoids in considerable quantity whereas flavonoid is not present in kachnar dye. The findings are in line with Sharma, 2019 that phytochemical analysis of kachnar bark dye demonstrated the presence of glycosides, phenols, saponins, tannins and terpenoid while the absence of flavonoid.
3.3 Selection of nanoparticles for treatment of wool fabric: The data in Table 3 depict that the untreated wool fabric samples dyed with kachnar bark exhibited 19.13 per cent dye absorption having 14.84 colour strength with good (4) and fairly good (3/4) wash fastness grades in terms of colour change and colour staining respectively. When dyeing of wool fabric was done with kachnar bark in presence of aluminium oxide nanoparticles, the per cent dye absorption (26.15%), colour strength (18.02) and wash fastness grades for colour change (4, good) and colour staining (4/5, very good) were recorded to be elevated as compared to untreated dyed wool fabric. Similarly, nano copper oxide treated wool fabric samples dyed with kachnar dye had improved per cent dye absorption (26.78%), colour strength (18.74) with and good (4) washing fastness grades for change in colour very good (4/5) for colour staining in comparison to untreated dyed wool fabric sample. 
Table 3: Selection of nanoparticles for treatment of wool fabric
	Treated dyed samples 
	Per cent dye absorption
	Colour strength
(K/S)
	Wash fastness grades

	
	
	
	(CC)
	(CS)

	Untreated (Control)
	19.13
	14.84
	4
	3/4

	Nano aluminium oxide
	26.15
	18.02
	4
	4/5

	Nano copper oxide
	26.78
	18.74
	4/5
	4

	Nano titanium dioxide
	25.95
	17.45
	4
	4/5

	Nano zinc oxide
	27.78
	19.44
	5
	4/5


CC: Colour change; CS: Colour staining
The data in Table 3 further reveal that the treatment of wool fabric with titanium dioxide nanoparticles enhanced the per cent dye absorption (25.95%), colour strength (17.45) and wash fastness grades for change in colour (4, good) and colour staining (4/5, very good). When treatment with zinc oxide nanoparticles and dyeing of wool fabric with kachnar bark was carried out, the per cent dye absorption was 27.78 per cent, colour strength was 19.44 and washing fastness grades for change in colour and colour staining were excellent (5) and very good (4/5) respectively.
It was envisaged that amongst all the nanoparticles treated kachnar bark dyed wool fabric samples, nano zinc oxide treated wool fabric dyed with kachnar bark dye exhibited highest per cent dye absorption (27.78 %), maximum colour strength (19.44) with excellent wash fastness grades towards change in colour (5) and very good (4/5) wash fastness rating to colour staining. Therefore, nanoparticles of zinc oxide were selected for treatment of wool fabric while dyeing with kachnar bark dye. According to Montazer and Seifollahzadeh (2011) metallic nanoparticles of TiO2, Al2O3, ZnO, CuO, Fe2O3 and MgO are being widely used for colouration of textiles as well as imparting antimicrobial, UV protection and antistatic finish because of their photocatalytic ability. The results of the present study are in agreement with Bhandari (2021) that nano copper oxide, iron oxide and zinc oxide displayed maximum percent dye absorption, colour strength and wash fastness ratings with natural dyes on wool fabric. Tangkawanit and Keawsri (2023) found that ZnO NPs coated and indigo dyed silk fabric samples exhibited excellent washing fastness properties.
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Plate 2: Shades Obtained with Kachnar Bark Dye on Nanotreated Wool Fabrics
3.4 Standardization of nanoparticle treatment for wool fabric: To enhance the dyeing efficiency and colour properties of wool fabric with kachnar dye, the variables of nanoparticle treatment with zinc oxide (ZnO) were optimized. 
i. Optimization of nanoparticle treatment stage: The results related to optimization of nanoparticle treatment stage are presented in Table 4.
[bookmark: _Hlk170117069]Table 4: Optimization of nanoparticle treatment stage on basis of dye absorption and colour properties of dyed wool fabric
	Treatment stage
	 Nanoparticle treated dyed samples

	
	Per cent dye absorption 
	Colour strength (K/S)
	Wash fastness grades 

	
	
	
	(CC)
	(CS)

	Pre treatment 
	24.64
	15.77
	4
	4

	Simultaneous treatment  
	27.78
	19.44
	5  
	 4/5

	Post treatment
	25.08
	16.18
	4/5
	4/5


CC: Colour change; CS: Colour staining
It is clear from the table that when dyeing of wool fabric with kachnar dye was carried out in the presence of zinc oxide nanoparticles, the highest per cent dye absorption (27.78%) was observed at simultaneous stage of nanoparticle treatment with highest colour strength (19.44) value and excellent (5) wash fastness grade for colour change and very good (4/5) wash fastness grade for colour staining. The application of zinc oxide nanoparticles at pre and post stages reflected 24.64 and 25.08 per cent dye absorption with 15.77 and 16.18 colour strength values and good (4) to very good (4/5) wash fastness towards colour change and colour staining respectively. 
Hence, on the basis of maximum per cent dye absorption and colour properties, simultaneous treatment stage was selected as optimum nanoparticle treatment stage for application of zinc oxide nanoparticles when dyeing with kachnar dye. Moulik et al. (2021) used the aqueous extract of eucalyptus bark for simultaneous dyeing of cotton, silk, wool and eri silk fabrics in the presence of metallic mordants. Haijuan et al. (2022) supported the findings that addition of ZnO nanoparticles as mordant during dyeing greatly increased the dye exhaustion and enhanced the colour strength of treated dyed silk fabric.
ii. Optimization of nanoparticle concentration: The results regarding optimization of nanoparticle concentration are incorporated in Table 5.
Table 5: Optimization of nanoparticle concentration on the basis of dye absorption   and colour properties of dyed wool fabric
	Concentrations        (%)
	Nanoparticle treated dyed samples

	
	Per cent dye absorption 
	Colour strength (K/S)
	Wash fastness grades

	
	
	
	(CC)
	(CS)

	0.25
	21.32
	16.32
	3/4
	4

	0.50
	23.96
	17.58
	4
	 4/5

	0.75
	23.75
	15.12
	4
	4  

	1.00
	27.78
	19.44
	5
	4/5

	1.25
	27.13
	18.45
	4/5
	4/5


CC: Colour change; CS: Colour staining
The data presented in the table make it clear that when wool fabric was dyed using kachnar dye with addition of 0.25 per cent concentration of zinc oxide nanoparticles, the dye absorption was 21.32 per cent with 16.32 colour strength and fairly good (3/4) wash fastness grade for change in colour and good (4) wash fastness grade for colour staining. As the concentration of zinc oxide nanoparticles was increased from 0.50 to 1.00 per cent, the dye absorption raised from 23.96 to 27.78 per cent and colour strength from 17.58 to 19.44 displaying good (4) to excellent (5) wash fastness grades towards change in colour and colour staining respectively. While further increase in concentration of zinc oxide nanoparticles to 1.25 per cent, the dye absorption (27.13%) and colour strength (18.45) were noticed to be slightly decreased with very good (4/5) wash fastness rating for change in colour as well as colour staining. 
[bookmark: _Hlk214275808]Hence, on the basis of maximum per cent dye absorption and colour properties, one per cent concentration of zinc oxide nanoparticle was selected as optimum concentration for treatment of wool fabric and dyeing with kachnar dye. Khandual et al. (2015) reported that as the concentration of metal ions increases, they form a bridge between the functional groups of the dye and the wool protein and lead to higher dye exhaustion. Bhandari (2021) also selected 1.0 percent concentration of zinc oxide nanoparticle as optimum nanoparticle concentration on the basis of maximum percent dye absorption, highest colour strength (K/S) and wash fastness (CC) grades for dyeing of wool fabric with eucalyptus bark and madder root dyes.
[bookmark: _Hlk170117278]iii. Optimization of nanoparticle treatment pH: The results related to optimization of pH for nanoparticle treatment are arranged in Table 6.
Table 6: Optimization of nanoparticle treatment pH on the basis of dye absorption and colour properties of dyed wool fabric
	Treatment pH
	Nanoparticle treated dyed samples

	
	Per cent dye absorption 
	Colour strength (K/S)
	Wash fastness grades

	
	
	
	(CC)
	(CS)

	4.5
	32.09
	22.34
	4
	4

	5.0
	32.58
	21.76
	4/5
	4/5

	5.5
	33.23
	23.48
	5
	5

	6.0
	31.67
	22.32
	4/5
	4/5

	6.5
	29.24
	20.57
	4/5
	4/5


CC: Colour change; CS: Colour staining
The data in the table clearly explain that when pH of zinc oxide nanoparticle treatment solution for dyeing of wool fabric with kachnar dye was maintained at 4.5, dye absorption was 32.09 per cent with 23.34 colour strength value and good (4) wash fastness grades towards change in colour and colour staining. As the pH of zinc oxide nanoparticle treatment solution was raised from 5.0 to 5.5 for simultaneous dyeing of wool fabric with kachnar dye, the dye absorption, colour strength and wash fastness grades were noticed to be increased from 32.58 to 33.23 per cent, 21.76 to 23.48 and 4/5 to 5 respectively. With progressive increase in the pH of zinc oxide nanoparticle treatment solution from 6.0 to 6.5, the per cent dye absorption and colour strength values were observed to be decreased from 31.67 to 29.24 per cent and from 22.32 to 20.57 respectively, exhibiting very good (4/5) wash fastness grades for colour change and colour staining. 
Thus, 5.5 was selected as optimum treatment pH for zinc oxide nanotreatment and simultaneous dyeing of wool fabric with kachnar dye. Kiakhani et al. (2021) found that at acidic pH (4.0) the K/S values of sodium alginate-silver nanoparticle treated wool sample dyed with cochineal dye were higher than at neutral pH which indicated that the absorption process was mainly driven by electrostatic interaction between cochineal and positively charged wool fibres in acidic pH 4. Pratibha (2024) used 5.0 pH for treatment of silk fabric with the selected nanoparticles and dyeing with madder dye as the absorption of natural dyes on natural fibres depends on pH of dyeing bath therefore in acidic pH natural fibres form cationic groups, hence the exhaustion of natural dyes is higher in acidic medium.
iv. Optimization of nanoparticle treatment temperature: The data pertaining to optimization of nanoparticle treatment temperature are demonstrated in Table 7. 
[bookmark: _Hlk170117379]Table 7: Optimization of nanoparticle treatment temperature on the basis of dye absorption and colour properties of dyed wool fabric
	Treatment temperatures (°C)
	Nanoparticle treated dyed samples

	
	Per cent dye absorption
	Colour strength (K/S)
	Wash fastness grades 

	
	
	
	(CC)
	(CS)

	50
	28.82
	21.54
	4/5
	4/5

	60
	30.77
	22.87
	4/5
	4/5

	70
	32.65
	23.43
	5
	5

	80
	33.24
	24.31
	5
	5

	90
	33.02
	23.17
	4/5
	4/5


CC: Colour change; CS: Colour staining
It is clearly evident from the table that when zinc oxide nanoparticle treatment and simultaneous dyeing of wool fabric was carried out at 50℃ temperature, dye absorption was 28.82 per cent with 21.54 colour strength value and very good (4/5) wash fastness rating towards change in colour and colour staining. With increase in temperature from 60-80°C, the maximum dye absorption (33.24%) with highest 24.31 colour strength and excellent (5) wash fastness rating for change in colour and colour staining was acquired at 80℃ treatment temperature. The further increment in temperature to 90℃ slightly decreased the dye absorption to 33.02 per cent, colour strength to 23.17 and wash fastness (colour change and colour staining) to very good (4/5).
Hence, 80℃ temperature was found to be optimum temperature for imparting nanoparticle treatment and dyeing of wool fabric with kachnar dye. Xia and Tian (2010) highlighted that wool fibres are usually dyed under high temperature for long duration because of the dense scale structure and hydrophobic lipid layer covering the surface of wool fibres. Bhandari (2021) found 80oC to be optimum temperature for imparting nanoparticle treatment and simultaneous dyeing of wool fabric with eucalyptus bark and madder root dyes. Kiakhani et al. (2021) stated that the increment in colour strength of nano silver pretreated wool yarns was noticed when dyeing temperature was increased, probably due to achieving a faster dyeing equilibrium at elevated temperatures. 
v. Optimization of nanoparticle treatment time: The per cent dye absorption, colour strength values and wash fastness grades obtained at different time durations are given in Table 8. 
[bookmark: _Hlk170117430]Table 8: Optimization of nanoparticle treatment time on the basis of dye absorption and colour properties of dyed wool fabric
	Treatment time (minutes)
	Nanoparticle treated dyed samples

	
	Per cent dye absorption 
	Colour strength (K/S)
	Wash fastness grades

	
	
	
	(CC)
	(CS)

	30
	29.12
	21.97
	4
	4/5

	35
	30.53
	22.36
	4/5
	4/5

	40
	33.42
	23.89
	5
	5

	45
	33.18
	22.72
	4/5
	4/5

	50
	32.85
	22.47
	4/5
	5


CC: Colour change; CS: Colour staining
It is observed from the table that when treatment of wool fabric with nano zinc oxide and simultaneous dyeing with kachnar dye was carried out for 30 minutes’ duration, 29.12 per cent dye absorption with 21.97 colour strength and good (4) wash fastness grade for colour change and very good (4/5) wash fastness grade for colour staining were observed. When nanoparticle treatment time was increased from 35 to 40 minutes, dye absorption of treated dyed samples increased from 30.53 to 33.42 per cent, colour strength values from 23.36 to 23.89 having very good (4/5) to excellent (5) wash fastness ratings for colour change and colour staining. The further progression in treatment duration from 45 to 50 minutes led to reduction in dye absorption (33.18 to 32.85%), colour strength values (22.72 to 22.47) with very good (4/5) wash fastness grade for colour change and very good to excellent (5) wash fastness grades for colour staining. 
Hence, on the basis of maximum per cent dye absorption, highest colour strength and excellent wash fastness grades, 40 minutes duration was selected as optimum time for treatment of wool fabric with zinc oxide nanoparticle and simultaneous dyeing with kachnar dye. Ammayappan and Jose (2015) explained that mordanting of natural fibres for longer duration of time at moderate temperature can give good to excellent fastness properties. Khatib et al. (2022) reported that dyeing time is essential in characterizing the adsorbate and absorbent interactions. The dyeing time influenced the K/S values of TiO2 treated silk fabric dyed with alkanet dye, the increase in colour strength confirmed the positive effect of treatment time. Cheng et al. (2020) observed that absorption of Ag NPs and colour depth of silk fabric increased with increasing the treatment time and reached the highest level at 40 minutes.
[bookmark: _Hlk170117502]vi. Optimization of material to liquor ratio of treatment bath: The data pertaining to different M:L ratio used for nanoparticle treatment and dyeing with kachnar dye are presented in Table 9.
Table 9: Optimization of M:L Ratio of treatment bath on the basis of dye absorption and colour properties of dyed wool fabric
	M:L Ratio
	Nanoparticle treated dyed samples

	
	Per cent dye absorption 
	Colour strength (K/S)
	Wash fastness grades

	
	
	
	(CC)
	(CS)

	1:20
	32.19
	21.82
	4
	4

	1:30
	33.42
	22.65
	5
	5

	1:40
	33.65
	24.12
	5
	5

	1:50
	32.29
	23.86
	4/5
	4/5

	1:60
	31.53
	22.61
	4/5
	4/5


CC: Colour change; CS: Colour staining
The table shows that when wool fabric was treated with zinc oxide nanoparticle and simultaneously dyed with kachnar dye keeping material to liquor ratio of 1:20, dye absorption was 32.19 per cent, colour strength value 21.82 and good (4) wash fastness grades for colour change and colour staining. With a rise in material to liquor ratio from 1:30 to 1:40, zinc oxide nanoparticle treated and kachnar dyed wool fabric samples exhibited the enhancement in dye absorption from 33.42 to 33.65 per cent, colour strength from 22.65 to 24.12 and wash fastness rating was same i.e. excellent (5) for colour change and colour staining. When M:L ratio was further raised from 1:50 to 1:60, reduction in dye absorption (32.29 to 31.53%), colour strength (23.86 to 22.61) value and very good (4/5) wash fastness ratings were noticed for nano zinc oxide treated and kachnar dyed silk fabric. 
Therefore, 1:40 was selected as optimum M:L ratio for treatment of wool fabric with zinc oxide nanoparticle and simultaneously dyeing with kachnar dye. The results are in line with the findings of Sharma (2019) that maximum percent dye absorption for enzyme treated wool fabric was achieved at 1:40 M:L ratio. Pratibha (2024) used 1:50 M:L ratio for imparting nano aluminium oxide and nano titanium dioxide treatment to silk fabric and simultaneous dyeing with madder dye.
CONCLUSION
The present study demonstrates that kachnar dye, when combined with inorganic nanoparticles, offers a promising eco-friendly approach to wool dyeing. Although natural dyes traditionally face limitations such as low affinity and poor fastness properties, the incorporation of nanoparticles significantly enhances their performance. The nanoparticles act as effective mordants by increasing the surface interaction between dye molecules and wool fibers, resulting in improved dye uptake, higher color strength and better shade uniformity. Therefore, nano treatments can be imparted successfully to wool fabric with nanosized zinc oxide while dyeing with kachnar bark dye to improve the dyeability and colour fastness properties of the fabric. By incorporation of nanoparticles in dyeing, a range of brown to pinkish brown can be obtained with kachnar bark dye on wool fabric. 
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