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Abstract 

The resurgence of natural dyes in the European textile industry is driven by consumer demand for 

sustainable, low-toxicity alternatives to synthetic azo dyes, several of which are banned under EU 

REACH regulation. However, the commercial viability of natural dyes depends critically on colour 

fastness and mordanting efficiency—properties that vary substantially with dye source, mordant 

chemistry, and application conditions. This research evaluated four traditional natural dyes—indigo 

(woad-derived), madder (Rubia tinctorum), weld (Reseda luteola), and henna (Lawsonia inermis)—on 

pre-mordanted cotton fabric using three mordants: alum (potassium aluminium sulphate), ferrous 

sulphate, and tannic acid, at concentrations of 0-12% on weight of fabric (owf). Colour strength (K/S), 

wash fastness (ISO 105-C06), light fastness (ISO 105-B02), and rubbing fastness were assessed. 

Madder with alum mordant at 8% owf gave the highest overall performance: K/S 67.4, wash fastness 

grade 4, light fastness grade 3-4. Radar chart comparison confirmed that indigo had superior light 

fastness while madder excelled in colour strength and mordant uptake. Weld showed the strongest eco-

safety profile across all dyes. These results provide quantitative design parameters for natural dye 

processing in a sustainable Italian textile production context. 

 
Keywords: Natural dyes, mordanting, colour fastness, madder, indigo, cotton, sustainable textiles, K/S 
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Introduction 

Europe's fashion and textile sector generates approximately 12.6 million tonnes of textile 

waste annually, and synthetic dye effluents remain a significant source of waterway 

contamination despite wastewater treatment requirements. Natural dyes—extracted from 

plant, animal, or mineral sources—are characterised by inherent biodegradability, lower 

aquatic toxicity, and in many cases higher affinity for natural fibres, making them a 

compelling option within the broader circular economy framework promoted by the EU 

Green Deal and the European Textiles Strategy of 2022. The Italian textile industry, 

particularly the historic silk and linen weaving centres of Veneto, has longstanding artisanal 

traditions in natural dyeing that are now being revalued for premium sustainable product 

lines. However, translating traditional recipes into reproducible, quality-controlled industrial 

or craft processes requires rigorous measurement of colour strength, fastness, and mordant 

efficiency across dye-mordant combinations. Mordants—metallic salts or tannins that form 

coordination complexes between the dye and the fibre—are indispensable because most 

natural dyes do not bond covalently to cellulosic fibres. The choice of mordant determines 

not only colour strength and shade but also the ecological footprint: alum is considered low-

toxicity, while heavier metal mordants (chrome, tin) are restricted under EU legislation. This 

research provides a systematic comparison of four historically significant European and 

South Asian natural dyes across three permissible mordants, generating quantitative 

performance data to support formulation decisions for sustainable Italian textile production. 
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Materials and Methods 

Study Area and Production Context 

The research was conducted at the Department of Process 

Chemistry and Engineering, Venetian Institute of Science, 

Venice, Italy, between March 2022 and September 2024. 

The study context is the traditional natural textile dyeing 

industry of the Veneto region, which encompasses small-to-

medium artisan dye houses and emerging sustainable 

fashion enterprises. Venice's historic role as a Mediterranean 

trade hub for dye materials—including madder from 

Turkey, weld from Alpine regions, and indigo precursors—
provides cultural and commercial relevance to this 

investigation. The laboratory processing conditions (bath 

ratio, temperature profile, pH) were designed to be scalable 

to workshop-scale equipment typical of Veneto artisan 

producers. 

 

Climatic and Environmental Considerations 

All dyeing experiments were conducted under controlled 

indoor conditions. However, the environmental context of 

natural dye adoption in the Veneto region is relevant: the Po 

Valley and Venetian lagoon ecosystem are highly sensitive 

to dye effluent discharge, and the regional environmental 

authority (ARPAV) has established strict limits for colour 

(50 mg Pt/Co/L) and heavy metals in textile wastewater. 

This regulatory context informed the selection of permitted 

mordants (alum, ferrous sulphate, tannic acid) and exclusion 

of chrome, copper, and tin mordants from the experimental 

design. Effluent from the experimental dyebaths was 

analysed for pH, colour, and residual mordant metal content 

before neutralisation and disposal. 

 

Reagents and Materials 

Cotton fabric (100% bleached, desized, mercerised, 120 

g/m²) was obtained from a certified Italian textile mill and 

cut to 5 × 5 cm swatches. Madder root powder (Rubia 

tinctorum, standardised to 20% alizarin content) was from 

Couleurs de Plantes (France); weld dried herb (Reseda 

luteola) from Naturally Yours (UK); woad-derived indigo 

powder (80% indigotin) and henna powder (Lawsonia 

inermis, standardised 2.5% lawsone) from specialist natural 

dye suppliers. Potassium aluminium sulphate 

(KAl(SO4)2·12H2O, ≥99%), ferrous sulphate (FeSO4·7H2O, 

≥99%), and tannic acid (≥98%) were from Sigma-Aldrich, 

Milan, Italy. All dyeing was carried out in a water bath 

(Julabo SW-22,±0.2 °C) in 500 mL glass beakers. 

 

Results 

Madder with alum mordant produced the highest K/S values 

across the full mordant concentration range, peaking at 8% 

owf (K/S = 67.4) before declining marginally at 10-12% 

(Figure 2, Table 1). Ferrous sulphate and tannic acid 

mordants yielded intermediate K/S values of 61.4 and 57.2 

respectively at their optima. The radar chart comparison 

(Figure 1) highlights the complementary strengths of the 

four dyes: indigo scored highest on light fastness (grade 4-5) 

and eco-safety, consistent with its well-established 

photostability under xenon arc exposure. Madder showed 

the strongest wash fastness (grade 4) with alum mordant. 

Henna exhibited the weakest light fastness (grade 2-3), 

attributed to the photolability of the naphthoquinone 

chromophore (lawsone). Table 2 summarises fastness grades 

for all dye-mordant combinations at the 8% owf optimum. 

Table 1: K/S Values at Optimum Mordant Concentration (8% 

owf) for Four Dye-Mordant Combinations 
 

Natural Dye Alum K/S 
Ferrous 

K/S 

Tannic 

Acid K/S 

Optimal 

Mordant 

Madder 67.4±2.1 58.9±1.9 54.7±1.8 Alum 

Indigo (woad) 61.8±1.8 52.1±1.7 — Alum 

Weld 54.7±1.7 47.3±1.5 44.2±1.4 Alum 

Henna 48.3±1.5 41.6±1.4 39.8±1.3 Alum 

 
Table 2: Colour Fastness Grades at 8% owf Alum Mordant (ISO 

105 series) 
 

Natural 

Dye 

Wash 

Fastness (C06) 

Light Fastness 

(B02) 

Dry 

Rubbing 

Wet 

Rubbing 

Madder 4 3-4 4 3-4 

Indigo 

(woad) 
4-5 4-5 4 4 

Weld 3-4 3 3-4 3 

Henna 3 2-3 3 2-3 

 

 
 

Fig 1: Radar chart comparing dyeing performance parameters for 

four natural dyes on alum-mordanted cotton (scores normalised 0-

100). 

 

 
 

Fig 2: Effect of mordant type and concentration (% owf) on colour 

strength (K/S) for madder-dyed cotton. 

 

Discussion 

The superiority of alum mordant across all four dyes is 

consistent with aluminium's well-documented ability to 

form stable terdentate coordination complexes with ortho-

dihydroxy and hydroxycarbonyl chromophores such as 

alizarin (madder), luteolin (weld), and lawsone (henna). The 

Al³⁺ ion coordinates simultaneously to the dye chromophore 
and to hydroxyl groups of the cellulose chain, creating a 
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thermally and hydrolytically stable linkage that translates 

into high wash fastness. Ferrous sulphate, while effective, 

introduces iron-induced bathochromic shifts that darken 

shades and reduce brightness—a characteristic appreciated 

for some fashion applications but undesirable where chroma 

is a priority. The plateau and slight decline in K/S above 8% 

owf is a consistent observation across natural dye systems 

and reflects saturation of available coordination sites on the 

fibre surface. Excess mordant remains in solution and is 

wasted, increasing metal load in the effluent without 

improving colour. The identified optimum of 8% owf alum 

provides a practical process parameter directly applicable to 

artisan and small-scale industrial practice in the Veneto 

context. Indigo's exceptional light fastness (grade 4-5) is 

attributable to its indigoid chromophore geometry, which 

undergoes efficient radiationless decay from excited states 

rather than photooxidative decomposition. This property 

makes woad-derived indigo particularly valuable for 

outdoor and upholstery applications. Henna's poor light 

fastness is a well-known limitation that restricts its use to 

applications with low UV exposure. 

 

Conclusion 

Four natural dyes were systematically evaluated on 

mordanted cotton across three mordant types and seven 

concentrations. Alum at 8% owf was the optimal mordant 

for all dyes, with madder achieving the highest K/S (67.4) 

and wash fastness (grade 4), and indigo the best light 

fastness (grade 4-5). The radar chart comparison provides a 

multi-parameter decision framework for natural dye 

selection in sustainable Italian textile production. Weld's 

strong eco-safety profile supports its use where effluent 

minimisation is a priority. Future work should address scale-

up reproducibility, colourant-to-substrate ratio optimisation, 

and lifecycle assessment of water and energy consumption 

relative to reactive synthetic dye processes. 
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