
 

ABSTRACT 

YI, DING. A Comparison of Mordant and Natural Dyes in Dyeing Cotton Fabrics. (Under 
the direction of Dr. Harold S. Freeman and Dr. Peter J. Hauser). 

Mordant dyes constitute a class of synthetic colorants that are applied to textile fibers mainly 

through the aid of transition metal ions such as Cr3+. The resultant dye-metal complexes are 

key to the fastness properties produced on wool.  In the same way, most natural dyes require 

the use of a mordant to have coloring power on textiles such as cotton.  Unlike mordant dyes 

on wool, the fastness properties of natural dyes on cotton are generally quite low.  

Consequently, they have largely been replaced by synthetic dyes that are more cost effective, 

brighter, and more durable under end-use applications. 

Interest in green technologies has led to renewed consideration of natural dyes for textile 

coloration because they are biodegradable and do not involve manufacturing processes 

requiring genotoxic aromatic amines.  Interestingly, such a shift would bring dyeing 

technology full circle to a family of colorants lacking the vibrancy and technical properties of 

most synthetic dyes.  However, similarities between the dyeing method for mordant and 

natural dyes brought to mind the potential for reducing the level of synthetic dyes used 

commercially by combining suitable dyes from these two classes for dyeing textiles. 

This thesis research was devoted to stage 1 of this idea, namely the evaluation of mordant 

dyes as colorants for cotton fabric.  With this in mind, dyes such as Mordant Blue 13, 

Mordant Brown 40, Mordant Orange 6 and Mordant Yellow 8 were applied to cotton using 

various dyeing times, temperatures, dye bath concentrations and mordants. The mordant dyes 

giving the best results were used to produce an optimized dyeing procedure that, in turn, was 

used to make comparison with natural dyes in dyeing cotton.  Natural dyes used were 



 

Chestnut, Cochineal, Osage orange, tobacco extract, and logwood.  Using a common dyeing 

procedure for mordant and natural dye applications, a direct comparison of exhaustion levels, 

L*, a*, b* and K/S values, and wash, light and crock fastness levels was undertaken.  

The results of this study indicated that Mordant Blue 13, Mordant Brown 40 and Mordant 

Orange 6 gave deeper shade depths on cotton than the natural dyes.  It was also clear that the 

wash fastness of mordant dyes was generally not as good as that from the natural dyes but 

mordant dye light fastness was better.  Mordant Blue 13 emerged from this study as a dye 

meriting consideration for combination dyeings with natural dyes such as logwood and 

tobacco extract. 
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Figure 1. 1 Natural dye application in ancient Egypt (70). 

1 Introduction: Development of dyes from natural to synthetic 

Many forms of natural dyes have been found since the earliest recorded history of mankind. 

The cave paintings in Altamira in Spain and Lascaux in France used natural dyes and 

pigments 15,000 years ago (1). In ancient China, India and Egypt, dyers found sources of 

useful dyes in plants and animals during 4,000 to 3,000 B.C. People in ancient Egypt utilized 

natural dyes with metal compounds on fabrics (1; 2). Tyrian was a precious purple dye 

extracted from shellfish, which could only be used by royal classes in Rome and other 

countries (1). Logwood, used as dye for textiles and body painting, was discovered during 

Mayan and pre-Columbian times (3). 

 

 

 

 

 

 

 

 

 

 

Different natural organic dyes were found in ancient Egyptian clothing and other materials. 

The pollen of saffron was widely used in Arab countries and China. The indigo blue from 

India was called “King of dyes” due to its high production levels and bright color (4). 
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Figure 1. 2 Molecular structure of mauveine. 

Most of the natural dyes were fixed using metal salts such as alum, cuprous sulfate and ferric 

sulfate, in order to obtain complex compounds in the form of lakes. An organic mordant 

widely used was tannin, which was good for dye fixation on textiles (4- 7). 

The natural dyes were extremely labour- intensive to produce and apply so that they were 

widely used only until the first synthetic dye Mauveine was made (in Figure 1.2). In 1856, 

William Perkin attempted to make a substitute for quinine (4; 8). This purple dye was derived 

from coal tar intermediates, which provided the foundation of many synthetic dyes later on 

(5). In 1858, the discovery of diazo compounds laid the foundation for aromatic azo 

compounds, which occupy the largest class of synthetic dyes currently. Consequently, large 

scale synthetic dye manufacturing virtually replaced the natural dyes’ market. Diverse 

synthetic dyes were discovered, which covered larger range of the color spectrum, were more 

economical, and more readily applied on more materials (8; 10). 
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Figure 2. 2 Structure of indigo. 

2 Literature review and background 

2.1 Natural dyes 

2.1.1 Classification 

Basically, there are three types of natural dyes that color fabrics. First, there are substantive 

dyes, which bond directly with a fiber during the dyeing process without a mordant to fix 

color (6). Usually these dyes contain mordants in their structures, such as extracts of tea, 

black walnut and onion skin (1; 12). The second are traditional dyes, which characterize the 

majority of the natural dyes family. This group requires the formation of a metal-fiber 

complex to fix the dyes to the fiber. Examples are madder, kermes and lac, all of which 

contain the base structure of alizarine (4-7; 10; 13- 15). The choice of the mordant affects the 

final color of the fabrics. The third group is the vat dyes. Dyes in this group are water-

insoluble, including indigo and Tyrian purple (Figure 2.1 – 2.2), which are treated with alkali 

and sodium hydrosulfite to become soluble and diffuse into the fiber (6; 10; 13; 14). 

 

 

 

 

Figure 2. 1 Structure of Tyrian purple. 
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Natural dyes are also grouped based on their hue and chemical constitution (7- 9), examples 

of which are listed in Table 2-1.  

Table 2- 1 Natural dye colors and sources (10). 

Color Name Botanical name Parts used 
Red Safflower Carthamus tinctorious Flower 

Caesalpina Caeslpinia sappan Wood chips 
Madder Rubia tinctorium Wood 
Lac Coccus lacca (insect) Twigs in habited by 

these insects 
Blood root Sanguinariab Canadensis Roots 

Yellow Parijatka Nyetanthesar bortristis Flower 
Marigold Tagettes species Flower 
Teak  Tectona grandis Leaves 
Pomegranate Punica granatum Rind 
Golden rod Solidago grandis Flower  

Blue Indigo Indigofera tinctoria Leaves 
Woad Isatis tinctoria Leaves 
Suntberry Acacia nilotica Seed pods 

Orange/Peach Dahlia Dahlia species Flower 
Annatto Bixa orellana Seeds 

Black Lac Coccus lacca (insect) Twigs inhabited by 
these insects 

Alder Alnus gultinosa Bark 
Rofblamala Loranthus pentapetalus Leaves 
Custard apple Amona reticulate Fruit 
Harda Terminalia chebula Fruit 

Brown Caesalpina Caesalpinia sappan Wood chips 
Cutch Carechu Wood 
Sumach Rhus species Berries 
Marigold Tagetes species Flowers 
Black berries Rubus fructicosus Berries 

Green Wild st. John’s wort Hypericum perfratum Whole plant except 
root 

Teak Tectona grandis Leaves 
Lily  Convallaria majalis Leaves and stalk 
Stinging Urtica diocia Leaves 
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2.1.2 Mordants for natural dyes 

A natural dye mordant could be any one of several metal salts capable of providing a 

chemical bond between fiber and dye. They bond with dyes more easily than the fiber and 

improve the color fastness of the dyed fabrics (11- 15). Most of the mordants used before the 

19th  century were transition metals such as Cu2+ and Cr6+, which are not presently 

recommended, since they are eco toxic (16). With an eco-friendly approach in mind, 

aluminum, iron and tin were selected as the metal mordant in more recent studies to eliminate 

the potential harm for human health and the environment (17). Aluminum potassium sulfate, 

alum, is the most common aluminum-based mordant used in dyeing cellulose fibers (7, 13; 

17- 19). Metal complex formation between dyes and Al3+ is shown in Figure 2.3. The 

connection between fiber and metal- dye complex is illustrated in Figure 2.4. 

Alum usually refers to a hydrated double sulfate of potassium hydrogen sulfate 

(KAl(SO4)2.12H2O), which confers evenness and brightness on dyed fabrics (16); iron 

saddens or dulls the color (1). Tin is particularly used to achieve brighter colors; however, it 

might damage wool by making it brittle and rough to the touch (16). 
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Figure 2. 3 Nature of bonding between a natural dye and Al3+. 

 

 

Figure 2. 4 The connection among cellulose, mordant and natural dye. 

 

The mordant can be applied before, after or simultaneously with dyeing, forming methods 

known as pre-mordanting, post-mordanting and simultaneous mordanting (7;8; 10; 20- 23). 

Another agent used to improve the color fastness of natural dyes on textiles is tannic acid (13; 

20; 22; 24;). The use of tannin compounds (see in Figures 2.5 and 2.6) dates back to the 18th 
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Figure 2. 6 Structure of tannic acid. 

century when the quality and utility of animal skins were enhanced through the tannin 

process (13; 25). Regarding the dyeing of cotton or wool fabrics, tannic acid forms a color 

lake with dye inside the fiber which fixes dye to fibers more strongly (17; 26). 

 

 

 

 

 

 
Figure 2. 5 Molecular strucure of tannin. 
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2.1.3 Chemical structures 

Colorants from natural sources can be organized by chemical structure. Examples are the 

following. 

Indigo dye was initially extracted from the Indigofera tinctoria plant, which occurs as 

colorless precursor and is converted into blue dye through a fermentation and oxidation 

process (4; 9; 27). Figure 2.7 shows the structure of indigo. 

 

 

Figure 2. 7 Molecular structure of indigo. 

 

 

Anthraquinone is the basic unit of most natural red dyes obtained from plants and insects. 

The resultant dyes can form metal complexes with a mordant to give good wash fastness. 

Derivatives of anthraquinone include madder, kermes, cochineal and lac (4). 

Figure 2.8 shows the molecular structure of a lac-dye, Kerria lacca.  Figure 2.9 shows the 

principal colorant in cochineal, carminic acid, which is chacracterized by a 

hydroxyanthraquinone linked to a C-glycoside bond to a glucose unit (28). 
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Figure 2. 8 Structure of a lac-dye, Kerria lacca. 

 

 

Figure 2. 9 Structure of carminic acid from cochineal. 

 

Figure 2.10 shows the structure of Kermes, which has long been used in Europe. It is 

obtained from the dried egg-filled female insects and its two major components are kermesic 

acid and flavokermesic acid (10). 
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Figure 2. 10 Components in kermes dye. 

 

Other natural dye families are flavonoids and neoflavanoids, which include fusic, brazilwood 

and logwood (4; 10; 29; 30). Figure 2. 11 shows three common components of flavonoid 

dyes used on textiles. The associated yellow colors were obtained from wood, flowers, and 

seeds, such as Persian berries, yellow wood, onion skin and flax leaved daphne (4; 28; 29). 
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Figure 2. 11 Three major flavonoid dyes. 

 

Dihydropyrans are structurally related to flavones (31). They comprise the principal 

components of logwood, which is widely used to give dark shades on silk, wool and cotton. 

The molecular structure for dihydropyran is given in Figure 2.12. 

Logwood can be obtained from a native tree of South America. The wood contains two 

brown substances, mainly quercetin and tannin. Researchers treat the extracted substances by 

exposing them to oxygen and an alkali to produce red, blue and purple dyes (18; 27; 32). 
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Figure 2. 12 Molecular strucure of dihydropyran. 

  

Some components of tobacco leaves can be utilized in dyeing, since this plant contains 

flavonoids such as quercetin and rutin (30), the structures of which are shown in Figures 

2.13-2.14. 

 
Figure 2. 13 Molecular structure of the tobacco leaf component Quercetin. 

 

 

 
Figure 2. 14 Molecular stucture of the tobacco leaf component, Rutin. 
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2.1.4 Extractions  

The traditional method used to isolate natural dyes from plants is quite simple. Place dried or 

fresh plant material in a dyepot, add water, heat and simmer for one or two hours or even 

overnight, which depends on the plant material selected. Usually, fresh materials require a 

shorter extraction time. After boiling, the extracted plant is removed to give the dye solutions 

(8; 10; 13; 15; 21; 31).  

Most natural dyes can be isolated by solvent extraction. Various salts, acid, alkali or alcohol 

are included in the extraction medium. Organic solvents like acetone are used (7; 10; 34; 35).  

For vat dyes like indigo, the dyes are not extracted by hot water but using alkali and 

hydrosulphite, which convert the vat dye to its leuco form (4; 13; 22; 27; 33). 

Innovative dye extraction methods using supercritical fluid extraction and sonication have 

also been developed (10). In the supercritical carbon dioxide extraction method, carbon 

dioxide was used at its critical pressure and temperature for extraction and separated from the 

extracted dye through a pressure reduction process (36; 37). 

 

2.1.5 Advantages  

The main reason for natural dyes becoming of interest today is their perceived eco-friendly 

and biodegradable properties.  They are believed to be non-toxic, non-allergenic or non-

sensitizing (7; 10; 13; 15). Natural dyes also give soft colors that are pleasing to the human 

eye and quite consistent with today’s fashion (7; 8; 13; 15). 
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Furthermore, some natural dyes such as lac, turmeric, and Indian madder have antibacterial 

properties and resistance to moths, which might be suitable in functional textile applications 

(35; 38; 39). 

 

2.1.6 Limitations 

Natural dyes are often mixture of colorants whose chemistry is complex (4; 10) and the color 

of some natural dyes, especially those with plants, varies from the local weather and 

environmental conditions. The resultant variation in final shades is a big issue to be 

considered in textile dyeing (40). Second, dye isolation and the complexity of the dyeing 

process make these dyes cost more to use in industrial production (41). In addition, natural 

dyes have poorer color fastness compared to synthetic dyes (35), which is determined by the 

chemical natural of the dye molecules and their interaction with fibers (39; 42). To enhance 

substantively, natural dyes must be applied to cotton using a mordant. Historically, mordants 

such as Cr6+ and Cu2+ were used but these metal ions are now designated by the US EPA as 

priority pollutants (43). 

 

2.1.7 Current studies  

Considering the advantages and disadvantages of natural dyes, there are some properties that 

need to be addressed and some of this work is underway. 

Due to the negative effects on human health and environment associated with some metals, 

scientists have developed fabric pretreatments using an enzyme (44) or combinations of 

enzymes with tannic acid (11), which provide a potential way to modify the cellulose 
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structure to form ionic bonding to natural dyes instead of the weaker van der Waals forces 

and hydrogen bonds (44). 

In order to improve the wash and light fastness of available natural dyes, the nature of the 

natural dye-surface interactions has been characterized (45). Other researchers used 

surfactants to increase the bonding between dye molecules and fiber. The work of 

Chandravanshi and Upadhyay enhanced natural dye uptake by using the cationic surfactant 

cetyl trimethyl ammonium bromide and the anionic surfactant sodium lauryl sulfate, which 

could also decrease the required amount of natural dyes in dyeing solution (46). A procedure 

involving ultrasound assisted dyeing on cationised cotton fabric was also developed to 

increase dyeing rate, decrease dyeing time, and achieve efficient dye bath reuse. Up to 66.5% 

higher uptake was obtained after equilibrium dyeing, which indicated the potential for saving 

process time and energy (38).  

 

2.3 Synthetic dyes 

The development of synthetic dyes caused a revolution in the dyeing industry, since these 

dyes provide a number of commercial advantages over natural dyes such as greater spectrum 

of colors, lower cost for manufacturing, and higher repeatability of color shades (47). 

However, some also have potential limitation such as genotoxicity (2; 39; 48) and aquatic 

toxicity (24). The majority of such dyes are no longer used. 

The classification of synthetic dyes is based on chemical structure and their application 

properties. Based on their chemical structures, they include azo, anthraquinone, di- and 

triarylmethine dyes, nitro and nitroso dyes and sulfur dyes (2; 42; 49). 
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From the dye application perspective, synthetic dyes are direct dyes, acid dyes, cationic dyes, 

reactive dyes, azoic dyes, disperse dyes, vat dyes, sulfur dyes, and fluorescent whitening 

agents (2). 

 

2.3.1 Direct dyes 

The discovery of direct dyes eliminated the need for mordants when dyeing cotton, because 

these synthetic dyes have affinity for cotton (42). Most direct dyes contain four to seven 

aromatic rings, which are mainly derivatives of benzene and naphthalene. A vital substituent 

of direct dyes is the sodium sulphonate group, -SO3Na, which is attached to benzene and 

naphthalene rings to confer water solubility to these dyes. The key chromophore in the dye 

structure is the azo group, with hydroxyl and amino groups often used as auxochrome (2). 

Examples of direct dyes containing azo groups are C.I. Direct Red 82, C.I. Direct Blue 98 

and C.I. Direct Black 22 (see Fig. 2.15). Other direct dyes have stilbene, oxazine and  

phthalocyanine structures. These dyes are applied to cotton at 195°F from aqueous solutions 

containing salt (10% owf) (42). 
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Figure 2. 15 Some azo direct dye structures (a. C.I. Direct Red 81; C.I. Direct Blue 96). 

 

 

2.3.2 Reactive dyes 

The first reactive dye for cellulosic fiber was discovered in 1956, which would actually react 

with cellulose to form covalent bonds (12). Reactive dyes are desirable for cotton fabrics due 

to the excellent wash fastness arising from covalent bond formation between dye and 

cellulose under alkaline conditions, pH 11 (42; 49). 

The reactive dyes give a full range of bright shades, good wet fastness and good light 

fastness, which are very desirable in textile applications. About one-third of the money spent 

on dyes has been spent on reactive dyes (42). 

Some limitations were also associated with reactive dye use, including the cost of salt and 

alkali, time-consuming application process, and dye losses due to hydrolysis (50). Relatively 

recent studies involve dyeing with disperse reactive dyes in supercritical carbon dioxide to 

improve production efficiency (36; 51). 
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A significant property of reactive dyes is high wet fastness, which is because of the covalent 

bonds formed during the dyeing procedure (52). Usually, three principle steps are associated 

with the dyeing process: Exhaustion—Fixation—Washing off. To achieve an appropriate 

shade, time, temperature, salt, alkali and liquor ratio are controlled (42; 50). 

Examples of reactive dye structures are shown in Figures 2.16 and 2.17. 

 

 
 

Figure 2. 16 Molecular structure of C.I. Reactive Black 5. 

 

 
 

Figure 2. 17 Molecular structure of C.I. Reactive Blue 4. 
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2.3.3 Vat dyes 

Most vat dyes have excellent wash fastness properties due to their fixation mechanism (42; 

49). In their natural state the vat dyes are insoluble in water. By treating them with reducting 

agent and alkali, they become water soluble and able to enter into fiber structures. After 

diffusion, vat dyes are oxidized to their insoluble form, trapping them inside the fibers (53) 

(see Figure 2. 18).  

Since alkali is used along with the reductive agent in this application, protein fibers are not 

suitable for this dye because they can be destroyed in hot alkali. Most vat dyes are widely 

used on cellulose fibers in today’s dyeing industry (53). 

 

 
 

Figure 2. 18 Reduction and re-oxidation of indigo. 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

2.3.4 Acid dyes 

The acid dye family is another large group of dyes that covers the full color gamut. The 

fibers that are dyeable with acid dyes are based on polymer chains containing free amino 

group, such as nylon, wool and silk. This leads to ionic bond formation under acid conditions, 

as illustrated in Figure 2.19. The strength of this bond contributes to the rapid rate of color 

uptake (49; 53).  
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Figure 2. 19 Ionic bond formation between acid dye and protein fiber (54). 

 

Acid dyes can be divided into levelling dyes, milling/supermilling acid dyes and 

premetallized acid dyes. As the level of free amino groups in nylon is much less than that in 

wool, acid dyes for nylon are often restricted to those containing one anionic group. Mordant 

dyes are acid dyes metallized by combining the metal-free dyes with a transition metal such 

as chromium or iron after dyeing the fabric, which gives an improvement in wash and light 

fastness (19). Figures 2.20 and 2.21 show the structure of disazo dye C.I. Acid Black 1 and 

premetallized dye C.I. Acid Blue 159. 

Some acid dyes do not have good wash fastness in hot water due to high water solubility (53).  

 

 
 

Figure 2. 20 Disazo acid dye C.I. Acid Black 1. 
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Figure 2. 21 A disulfonated monoanionic azo 1:1 premetallized acid dye (C.I. Acid Blue 159). 

 

Some properties of leveling acid, milling and premetallized acid dyes, are shown in Table 2.2. 

 

Table 2- 2 Comparison of acid dye subgroups (54). 

Property Leveling Acid Dye Milling/Supermilling 
Acid Dye 

Premetallized Acid 
Dye 

Color brightness Good Less than leveling dyes Lowest of acid dyes 
Leveling tendency Very good Poor to fair Poor 

Wet fastness Poor to fair Good to very good Excellent 
Light fastness Good Good Excellent 
Dyebath pH 
requirements 

Very acidic Acidic to neutral; 
pH=4-7 

Neutral to very acidic 

Solubility in water High (40-80 g/l) Lower than leveling dyes 
(3-30 g/l) 

Varies depending on 
dye  

Molecular weight Low (200-400) High (500-900) High (500-900) 
Affinity for polyamides Lowest of acid dyes High to very high Very high 
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2.4 Dyeing of cotton fabric 

2.4.1 The structure of cotton 

Cotton, as a member of the vegetable fibers family, is composed fundamentally of cellulose, 

which is chemically classified as a carbohydrate. 

The structure formula of cellulose is (C6H10O5) n is shown in figure 2.22 below, which has a 

technical name 1, 4-β-D-glucan (42).  

 
 

Figure 2. 22 The molecular structure of cellulose. 

 

Cellulose is extremely sensitive to the action of strong acids and to oxidizing agents, either of 

which causes breakdown of the polymer chain (26; 42; 53). 

Cotton has a primary wall, a secondary wall and a lumen. For the dyeing of cotton fibers, wet 

processing steps are used to break down the primary wall, removing the protein, pectin and 

wax (42). 

 

2.4.2 Cotton dyeing 

There are many dyes used on cotton fabrics. Depending on their chemical structure, the 

principle of dyeing varies. Most natural dyes require a metal mordant or tannic acid in dyeing 

cotton fibers, while direct dyes dye cotton from a dye bath containing salt. Reactive dyes are 
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applied to cotton from baths containing alkali (42). It has been reported that pretreating 

cotton with a cationic surfactant enhances the uptake of acid dyes (55- 57). 

Usually cotton fabrics undergo a series of preparation steps before dyeing, such as bleaching 

and scouring to enhance the dyeing process (58). The associated factors include the 

temperature, time, amount and type of surfactant, all of which influence dye uptake on cotton 

(59).  

Enzyme and polyethylene glycol treatments were reported by Tutak and Korkmaz (51), 

which were viewed as new eco-friendly cotton pretreatments. 

The dyeing procedure in specific dyes was covered in section 2.1, which involves heating 

and holding at high temperature for a while and then cooling the dye bath.  After this process, 

washing off the loose color would be necessary in order to get optimum color fastness (51).  

 

2.4.3 Fastness properties 

The fastness of dyes refers to their resistance to fading from exposures to light, water, bleach, 

perspiration and other end use treatments (10).  The conditions for the tests are specified in 

different standards, including International Organization for Standardization (ISO) and the 

America Association of Textile Chemists and Colorists (AATCC). Some manufacturers have 

their own standards for testing to grade the fastness properties of dyes (53). 

The degree of color change on the dyed samples is often rated using a scale of 1 to 5, which 

refers to “large change” to “no change”. For wash fastness, the temperature and 

concentration of soap differs based on the end use application of dyes. For light fastness, a 
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xenon lamp is often used to simulate sunlight and to give accelerated fading compared to 

natural sunlight. 

Commonly used standard methods are AATCC Test Method 61-200 and AATCC Test 

Method 16-2004 (60), which assess fastness to washing and light, respectively.The effects of 

washing and light exposures can be determined by colormetric analysis of K/S and L*, a*, b* 

values.  

Various researchers interested in improvement of color fastness have investigated the factors 

which determine it. Chemical structures known to influence fastness properties were used as 

a starting point for designing new synthetic dyes, especially metallised dyes. These studies 

included the use of iron and aluminum complexes for nylon and wool. (60).  

Other studies have been conducted to improve the color fastness properties of natural dyes on 

textiles. Tannic acid pretreatment is one of the most traditional methods along with varying 

the type of mordants (61). In a study of red carthamin, the ultraviolet absorber 2, 2’, 4, 4’-

tetrahydroxy-5-methylbenzotriazolylbenzophenone and its derivatives improved the light 

fastness (62) and the nickel complex of 1- benzoyloxynaphthalene-3-sulphonic acid was also 

found to reduce the rate of photo fading (63). 

 

2.4.4 Color measurements 

Measuring the colorimetric properties of fabrics after wet processing is the main approach to 

evaluating outcomes of the dyeing procedure (64). The CIE (International Commission on 

Illumination) developed the most commonly used method in the world, which involves 

assigning  tristimulus values (X, Y, Z) to compare all colored objects. One of the derivatives, 
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CIELAB (see Figure 2.23), transformed the X, Y, and Z onto three axes intersecting at right 

angles, which would also show the color in a three- dimensional system. The L* represents 

lightness-darkness axis, which runs from 0 to 100 to show black to white respectively. The 

a* axis runs from negative value (green) to positive value (red) and b* runs from negative 

(blue) to positive (yellow) (42). Color with the same chroma are located in a* and b* plane 

on straight line (C*) from the L* axis. Angle h measures the hue of color (2). Differences 

between two different colors could be described using the value ΔE, which could be 

expressed in the equation below: 

 

The color changes before and after washing or light exposures can be compared using the   

ΔE value which provides an excellent way to describe the color fastness of textiles. 

 

 
 

Figure 2. 23 Rectangular and cylindrical coordinates of the CIELAB color space. 
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Another reason for the complication of color assessment is because that there is no linear  

relationship between concentration and light reflection. The measurement method involves 

the Kulbelka-Munk K/S equation, which indicates that the production of reflected light 

involves absorption and scattering (2). It is notable that K/S values become the symbol of 

fabric color strength while arising from measurement of absorption and scattering 

coefficients (42). 

Based on the percent reflectance (R %) of a dyed object at any wavelength or the fractional 

reflectance (r), K/S is calculated:  

K/S = (1-r)2/2r = (100-R)2/200R 

Here K is the absorption coefficient while S is the scatter coefficient. The equation can be 

utilized for a mixture of colorants and recipe prediction. Spectrophotometers and software for 

these spectral data are available in the laboratory today. 

 

 2.4 Research plan 

Historically, natural dye application used certain toxic metals as mordants, which is currently 

forbidden in many countries (59). Interest in developing new procedures for natural dye 

application has come to the forefront, due to eco-friendly and human health considerations. 

Recent studies include efforts to replace toxic metals with Al and Fe in mordant dye complex 

formation (65; 66).  

Since cotton fabrics can be dyed through the formation of coordinating bonds between 

cellulose fiber and natural dyes, it was of interest to determine whether this procedure could 

be used to apply mordant dyes, which belong to a small group in acid dyes that have been 
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widely used for wool dyeing. Furthermore, if the mordant dyes could be applied to cotton 

fabrics through the same procedure as natural dyes, would any improvement in color uptake 

and fastness properties occur? In addition, the idea of combining natural and mordant dyes to 

expand the range of natural dye colors could be tested.  

The combination of a natural dye and synthetic dye in the denim dyeing industry is well 

known, where indigo and a sulfur dye are used to improve the color fastness of denim and 

reduce production costs. 

Based on these considerations, the following experiments were conducted: 

(1) A group of mordant and unmetallized acid dyes were screened for their application to 

cotton fabric. Factors that affect color uptake and an optimum dyeing procedure were 

sought.  

(2) Fabrics arising from dyeing studies were assessed for color strengh, and wash and 

light fastness. The best performing mordant dyes were selected for direct comparisons 

with traditional natural dyes which gave similar colors on cotton. 

(3) Mordant and natural dyes were compared at uniform bath concentrations. 
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Figure 3. 1 Natural dyes used in this study. 

Tobacco Logwood Osage orange 

Cochineal Chestnut 

3 Materials and methods 

3.1 Materials 

The fabric used in this study was bleached cotton filter cloth, which was obtained from 

Testfabrics, Inc (West Pittston, PA). Multilfiber fabric No. 10 from Testfabric, Inc. was used 

in wash fastness testing. 

Mordant dyes used in this investigation were obtained from Standard Dyes and were used as 

received for this investigation. Samples of logwood, osage orange, chestnut and cochineal 

powders were obtained from Jeffrey Krause (College of Textiles, North Carolina State 

University). Tobacco dust was obtained from Philip Morris (Atria Group Inc.), Richmond, 

VA. 
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Glaubers salt (Na2SO4), acetic acid and sodium bicarbonate were used in the initial dyeing 

studies. Distilled water was used for tobacco dust extraction, dye bath medium and fabric 

rinsing. DMF was used to record absorption spectra.  

Mordants and other agents for fabric pretreatment and after treatment were aluminum sulfate 

octadecahydrate (Al2(SO4)3 ▪18H2O), ferrous sulfate heptahydrate (FeSO4▪7H2O), tannic acid, 

and soda ash. Table 3-1 indicates the sources of chemical agents used. 

Table 3- 1 Chemicals used in this research. 

Chemical  Purity Supplier 
Al2(SO4)3▪18H2O (Al3+) Certified ACS Crystalline Fisher Scientific 
FeSO4▪7H2O (Fe2+) Certified ACS Crystalline Fisher Scientific 
Tannic acid (C76H52O46) 95% Acros Organics 
Soda ash (Na2CO3) 100% Brenntag 
Sodium biphosphate 
monobasic(NaH2PO4▪H2O) 

USP/FCC Monohydrate Fisher Scientific 

AATCC standard detergent 100^ AATCC 
Glauber salts (Na2SO4▪10H2O) 100% Fisher Scientific 
Acetic acid 99.7% Fisher Scientific 
Sodium bicarbonate 100% Fisher Scientific 
N,N-Dimethylfomamide (DMF) 99.9% FisherScientific 

 

 

3.2 Instruments 

A BUCHI Rotavapor R-210 was used to concentrate tobacco dust extracts. The pH of dye 

bath solutions was measured using a Thermo Electron Corporation Orion 3 Star portable pH 

meter equipped with a VWR Symphony combination electrode. 

An Ahiba Texomat dyeing machine was used to dye the cotton fabrics. The open beakers 

satisfied the requirements for adding mordants and other agents as well as for observing 

fabrics and solution throughout the procedure. 
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An Atlas Launder-Ometer and a Ci3000+ Xenon Fade-ometer were used to measure the 

wash and light fastness of the dyed fabrics using AATCC Test Method 61-2009 and AATCC 

Method 16-2004, respectively. An Atlas crockmeter was used for crock fastness 

measurement, by following AATCC Test Method 8-2001. 

An X-Rite Colormetric was used to measure the L* a* b* and K/S values. 

UV- visible (UV-VIS) spectra were recorded using an Agilent Technologies Cary 300 UV-

VIS Spectrophotometer coupled with Cary Win UV software. 

A Bransonic-321 Ultrasonic Cleaner was used to help dissolve tobacco containing colorants 

in water. A Thermo Electron General Sigma Company Lindberg/Blue M Stable Thermal 

electric oven was used to dry fabrics.  

 

3.3 Tobacco extraction 

Tobacco dust (5g) was placed in a 500 mL Erlenmeyer flask containing 100 ml distilled 

water and allowed to stand overnight. The mixture was heated to a gentle boil with stirring 

for 120 min. The mixture was allowed to cool and separated using vacuum filtration. A 

BUCHI Rotavapor R-210 was used to concentrate the tobacco extracts. 
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3.4 Dyeing procedure 

3.4.1 Application of mordant dyes 

3.4.1.1 Initial dyeing procedure for mordant dyes 

The initial dyeing procedure for the selected mordant dyes was based on the procedure used 

to apply the same dyes to wool fabric (19). In order to obtain the initial shade depth, amounts 

of dyes and mordant used were as shown in the following table. 

 

Table 3- 2 Amount of dye and mordant levels initially used in dyeing studies. 

Dyes g dyes/5g Sample g FeSO4 
Mordant Blue 13 0.15 0.040 

Mordant Orange 6 0.20 0.059 
Mordant Yellow 8 0.10 0.031 

Mordant Yellow 30 0.20 0.049 
 

3.4.1.2 Dyeing of cotton 

Mordant dye Trial 1 

The cotton fabrics (5g) were placed in the dye bath (300mL) at 120 ℉ and the dye bath was 

heated to the boiling point, held for 50 min and cooled to 180 ℉. Ferrous sulfate solid was 

added into the dye bath in the amounts indicated in Table 3- 3. The dye bath was heated to 

the boiling point again and held for 45 min. The fabrics were removed from the dye bath at 

room temperature, rinsed in cold water and air dried. 
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Table 3- 3 Dye and mordant levels used in Mordant dye Trial 1. 

Dyes Fabrics g dyes/5 g Sample g FeSO4 
Mordant Blue 13 A 0.075 0.020 

B 0.15 0.040 
C 0.30 0.080 

Mordant Orange 6 A 0.10 0.030 
B 0.20 0.060 
C 0.40 0.120 

Mordant Yellow 8 A 0.05 0.015 
B 0.10 0.30 
C 0.20 0.60 

Mordant Yellow 30 A 0.10 0.025 
B 0.20 0.050 
C 0.40 0.100 

 
 

Mordant dye Trial 2  

Mordant solids were dissolved into distilled water (300 ml) according to the amounts shown 

in Table 3-4 at a liquor ratio of 60:1. The cotton fabrics (5g) were added at 120 ℉ and the 

bath was heated to boiling point and held for 45 min. The dye powder was dissolved in 10 ml 

distilled water and added to the bath at 180 ℉. The dye baths were heated to the boiling point 

again and held for 50 min. The fabrics were removed when dye bath had cooled to 80 ℉, 

rinsed in cold water and air dried. 

Four new dyes were also evaluated with the same procedure, the amounts of dye and mordant 

were as shown in the Table 3- 4. 

Table 3- 4 Dye and mordant levels used in Mordant dye Trial 2. 

Dyes g dyes/Sample g FeSO4 orAl2(SO4)3 
Mordant Blue 13 0.30 0.080 
Mordant Orange 6 0.40 0.120 
Mordant Yellow 8 0.20 0.600 
Mordant Yellow 30 0.40 0.100 
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Table 3- 4 Continued 

Mordant Brown 40 0.40 0.110 
Permalon Red 0.40 0.120 
Permalon Yellow 0.30 0.080 
Permalon Blue 0.30 0.080 

 

3.4.1.3 Pretreatment mordant dyeing procedure  

In view of solvent evaporation and decreased equilibrium exhaustion when the dyeing 

temperature was 212 ℉, the temperature was lowered to 180 ℉. Also the mordant solution 

was not added to the dye baths, eliminating the reaction between mordant and dye in the bath. 

 

Mordant dye Trial 3 

Mordant solids were dissolved in distilled water according to the Table 3- 5 amounts, with 

the liquor kept at 60:1. Cotton fabric (5g) was added at 120 ℉. The bath was heated to 180 ℉ 

and held for 45 min. The fabric was removed from the mordant solution when the 

temperature had cooled to 80 ℉ and placed into the dye solution. Dye bath was heated to 180 

℉ and held for 50 min. The fabric was removed when the dye bath cooled to 80 ℉, rinsed in 

cold water and air dried. 

 

 

 

 

 

 



 
 

34 
 

Table 3- 5 Dye and mordant levels for Mordant dye Trial 3. 

Dyes g dyes/5g Sample Triplicate runs g FeSO4 or Al2(SO4)3 
Mordant Blue 13 0.30 A 0.080 

B 0.800 
Mordant Orange 6 0.30 A 0.120 

B 1.200 
Mordant Yellow 8 0.20 A 0.060 

B 0.600 
Mordant Brown 40 0.40 A 0.110 

B 1.100 
Mordant Yellow 30 0.40 A 0.100 

B 1.000 
Permalon Red 0.40 A 0.120 

B 1.200 
Permalon Yellow 0.30 A 0.080 

B 0.800 
Permalon Blue 0.30 A 0.080 

B 0.800 
Set A: 1.6% Al3+ concentration; Set B: 16% Al3+concentration 

 

Mordant dye Trial 4 

Cotton fabrics (5g) were placed into beakers of 300ml tannic acid solution (1.5g/L) for the 

first-step pretreatment when the solutions were heated to 158 ℉. The fabrics were agitated 

for 2 h while the temperature dropped to room temperature. 

The fabrics were taken out from the solutions and rinsed in tap water, then put into the pre-

heated solution containing a mixture of 16.67g/L Al2(SO4)3 and 2g/L soda ash, and agitated 

periodically for 2 h. The fabrics were removed, squeezed and dried for 24 h at 104 ℉ . Then 

the fabrics were used in the dyeing procedure.  

Dye baths were prepared at the concentrations in Table 3- 6. The fabrics were added to the 

dye bath, heated to 158 ℉, held for 60 min, then cooled to room temperature, and left in the 

dye baths overnight. 
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After the dyeing procedure, the fabrics were rinsed in water and washed free unfixed dye 

using 7.4g/l NaHPO4▪H2O solution at 158 ℉ for 30 min. Fabrics were rinsed in water and 

hung to dry in the electric oven at 104 ℉. 

Table 3- 6 Dye levels for Mordant dye Trial 4. 

Dyes Triplicate runs g dyes/Sample 
Mordant Blue 13 A 0.30 

B 0.60 
C 1.20 

Mordant Orange 6 A 0.40 
B 0.80 
C 1.60 

Mordant Brown 40 A 0.40 
B 0.80 
C 1.60 

Permalon Red A 0.40 
B 0.80 
C 1.60 

 
 

3.4.2 Mordant application for natural dyes 

The mordanting steps were conducted as described for Mordant trial 4, using tannic acid and 

aluminum sulfate. 

3.4.2.1 Tobacco 

Pretreated cotton fabrics from 3.4.2 were added to a 300 ml bath containing the extract from 

tobacco dust and the bath was heated to 158 ℉ and held for 60 min. The dye bath was cooled 

to room temperature and the fabric was left in the dye bath overnight. 

After the dyeing procedure, fabrics were rinsed in water and then washed free unfixed dye 

using 7.4g/l NaHPO4▪H2O at 158 ℉ for 30 min. Fabrics were rinsed and hung to dry in an 

electric oven at 104 ℉. 
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3.4.2.2 Logwood 

Logwood powder (0.8g) was dissolved in 300 ml distilled water. Cotton fabric (5g) was 

added to this dye solution and the dye bath was heated to 158 ℉ and held for 60 min. The 

dye bath was cooled to room temperature and fabric was left in it overnight. 

The removal of unfixed dye was conducted after dyeing, by using 300 ml solution of 7.4g/l 

NaHPO4▪H2O at 158 ℉ for 30 min. The fabric was removed, rinsed and air dried. 

3.4.2.3 Osage orange 

Osage orange powder (1.25g) was dissolved in 300 ml distilled water and the solution was 

heated to 131 ℉. Aluminum sulfate/ tannic acid pretreated cotton was added and the bath was 

heated to 212 ℉for 60 min with agitation, cooled to room temperature and the fabric was 

removed, rinsed, and air dried (67; 59). 

3.4.2.4 Cochineal  

Cochineal powder (1.25 g) was dissolved in 300 ml distilled water. Mordanted cotton was 

added and the dye bath was heated to 212 ℉, agitated for 30 or 40 minutes, removed, rinsed 

and air dried (67; 68). 

3.4.2.5 Chestnut 

Chestnut powder (60g) was dissolved in 300 ml distilled water. The dye bath was heated to 

104 ℉ and fabric (5g) was added. The dye bath was heated to 212 ℉ with agitation and held 

for 30 min. The fabric was removed and rinsed air dried. 

By using the five natural dye recipes, a group of fabric samples was obtained for measuring 

the dyeing effects, including L*, a*, b*, K/S value, wash and light fastness, and dyes uptake 

ratio. 
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3.4.3 Uniform procedure for mordant dyes and natural dyes 

The method used was essentially the same as mordant trial 4 except 1.25g dye for each 5g 

fabric was used. The concentration of tannic acid, aluminum sulfate, soda ash, and 

NaHPO4▪H2O were maintained as the level of Mordant trial 4. 

 

 
 

Figure 3. 2 Process for mordant dye application on cotton using Al3+ mordant. 

 

3.5 Fastness measurement 

The following fastness tests were performed on the dyed fabric samples: 

1. Color Fastness to Laundering: Accelerated – AATCC Test Method 61-2009 

2. Color Fastness to Light – AATCC Test Method 16-2004 

3. Color Fastness to Crocking – AATCC Test Method 8-2001 
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3.6 Analytical procedures for fabrics and dye bath solutions 

3.6.1 Color analysis for fabrics 

An X-Rite Color i7 bench-top spectrophotometer with Color iMatch Professional software 

was used to obtain average values for L*, a*, b* and K/S value at λmax of the fabrics.  

3.6.2 Color absorption for dye bath before and after dyeing 

To determine the exhaustion levels during the dyeing procedure, the dye baths obtained 

before and after dyeing were diluted and measured for absorbance on the Agilent 

Technologies Cary 300 UV-VIS Spectrophotometer at 300 nm to 800 nm. 

The absorbance of solutions before and after dyeing were used to determine dye uptake 

levels: 

C1/C2 = A1/A2 

Color uptake ratio = 1- (C1-C2)/C1 

where C1 and C2 represent concentration of dye bath before and after dyeing. A1 and A2 

represent color absorbance values at absorption maximum before and after dyeing. 
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4 Results and discussion 

4.1 Adjustment and optimizing procedures for mordant dyes on cotton 

4.1.1 Mordant dye trial 1 studies  

Step 1 of this study involved an evaluation of a group of mordant dyes on cotton that had 

been previously shown to have wool affinity using mordants typically used to dye cotton 

with natural dyes. In this regard, the Figure 4.1 dyes were applied to cotton using mordant 

and dye levels reported for wool dyeing, as shown in Table 4- 1. As indicated in Table 4- 1, 

three dye and mordant levels were used, beginning with the amounts previously found to be 

optimum levels for dyeing wool (19). The starting levels were designed as 1X. Two-fold (2X) 

and four-fold (4X) levels were also employed, to assess the effects of bath concentration on 

shade depths. 

Table 4- 1 Dye and mordant levels for Mordant dye Trial 1. 

Dyes g dye/5g Sample g FeSO4 
1X 2X 4X 1X 2X 4X 

Mordant Blue 13 0.075 0.15 0.30 0.020 0.040 0.080 
Morant Orange 6 0.100 0.200 0.400 0.030 0.060 0.120 
Mordant Yellow 8 0.005 0.010 0.020 0.015 0.030 0.060 

Mordant Yellow 30 0.100 0.200 0.400 0.025 0.050 0.100 
 

Figure 4.2 shows the results from dyeing studies on cotton using four mordant dyes and Fe2+ 

mordant at levels previously reported for wool dyeing. The group of mordant dyes used 

included ligands having ortho, ortho’- bishydroxyazo, ortho- hydroxyl, ortho’- carboxyazo, 

and ortho, ortho’- biscarboxyazo groups that are metallizable. Also, used was a terminally 

metallizable azo dye derived from salicylic acid (cf. Mordant Orange 6). Three premetallized 

acid dyes from the permalon family were also used in this study 
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Figure 4. 1 Structures of mordant dyes used in this study. 
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a b d c 

a’ b’ c’ d’ 

A 

B 

 

 

Increasing dye and mordant levels 2-fold and 4-fold gave results shown in Figure 4.3. 

  

c 

A 

b a d 

a’ b’ c’ d’ 

B 

Figure 4. 3 Results from dyeing of cotton with Mordant Blue 13 (a,a’), Mordant Orange 6 
(b,b’), Mordant Yellow 8 (c. c’), Mordant Yellow 30 (d, d’) at 2- fold (A) and 4- fold (B) 

concentrations compared to the initial levels. 

Figure 4. 2 Results from dyeing wool (A) and cotton (B) using Mordant Blue 13 (a, 
a’), Mordant Orange 6 (b, b’), Mordant Yellow 8 (c, c’) and Mordant Yellow 30 (d, 

d’). 
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While increasing mordant dye concentration of the dye bath gave deeper shades on cotton, 

the shades were still unlevel, probably due to uneven distribution of mordant. In order to 

confirm this, a set of dyeings without mordant was prepared which had uniform though 

lighter shades. 

 

4.1.2 Mordant dye trial 2 studies 

Based on the above results, the goal of mordant dye trial 2 studies was to eliminate 

unlevelness on cotton by adding Fe2+ and Al3+ mordants as aqueous solutions rather than 

solids during the dyeing process. Dye and mordant levels were kept at the 4-fold 

concentration from the Trial 1 procedure. 

 

Table 4- 2 Dye and mordant levels for Mordant dye Trial 2 studies. 

Dyes g dyes/5g Sample g FeSO4 orAl2(SO4)3 
Mordant Blue 13 0.30 0.080 
Mordant Orange 6 0.40 0.120 
Mordant Yellow 8 0.20 0.600 
Mordant Yellow 30 0.40 0.100 
Mordant Brown 40 0.40 0.110 
Permalon Red 0.40 0.120 
Permalon Yellow 0.30 0.080 
Permalon Blue 0.30 0.080 

 

Al3+ gave brighter shades than Fe2+ and both sets of dyeing were more uniform than those 

arising from using mordant solids (see Figure 4.4). Similar results were obtained using 

Permalon Blue, Permalon Yellow, Permalon Red and Mordant Brown 40 in the presence of 

Fe2+ and Al3+, as illustrated in Figure 4.5.  
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Figure 4. 4 Results from dyeing cotton with Fe2+ (A) and Al3+(B) mordants and Mordant Blue 
13 (a, a’), Mordant Orange 6 (b, b’), Mordant Yellow 30 (c, c’) and Mordant Yellow 8 (d, d’). 

 

 

Similar results were obtained using Permalon Blue, Permalon Yellow, Permalon Red and  

 
 

 

a b c d 

A 

a

 

b’ c’ d’ 

B 

a b c d 

A 

a’ b’ c’ d’ 

B 

Figure 4. 5 Results from dyeing cotton with Fe2+ (A) and Al3+ (B) mordants and  
Permalon Blue (a, a’), Permalon Red (b, b’), Permalon Yellow (c, c’) and Mordant 

Brown (d, d’). 
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K/S and L*, a* b* values were measured for the 16 samples (see Tables 4-3 and 4-4).  

 

Table 4- 3 Color values from mordant dye trial 2 studies using Fe2+ mordant. 

Name L* a* b* K/S 
Blue 13 41.99 9.66 -19.03 3.998 
Brown 40 68.78 15.57 11.71 0.857 
Orange 6 62.02 22.22 48.18 8.31 
Yellow 8 86.71 -3.52 32.71 0.551 
Yellow 30  85.83 0.32 16.19 1.246 
Permalon Red 68.14 20.15 -4.45 0.763 
Permalon Blue 75.81 -2.69 -8.14 0.366 
Permalon Yellow 83.5 0.98 36.17 0.91 

 

 

Table 4- 4 Color values from mordant dye trial 2 using Al3+mordant. 

Name L* a* b* K/S 
Blue 13 58.67 7.45 -18.99 1.406 
Brown 40 60.5 19.08 15.54 1.732 
Orange 6 75.69 16.97 45.52 2.828 
Yellow 8 87.31 -2.17 35.24 1.285 
Yellow 30 88.97 -5.89 36.19 1.265 
Permalon Red 68.76 20.35 -1.29 0.712 
Permalon Blue 57.25 -4.75 -7.95 1.62 
Permalon Yellow 82.03 1.29 34.34 1.178 

 

Fe2+ increased the shade depth from Blue 13 and Orange 6 compared to Al3+ and it was clear 

that Permalon dyes were not substantive in view of the low K/S values obtained. Also clear 

at this point was that Mordant Blue 13 and Mordant Orange 6 gave the best shade depths, as 

illustrated in the Figure 4. 6 graph of K/S values, giving K/S values of 8.3 and 4.0. 
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Figure 4. 6 K/S value comparisons from Mordant dye trial 2 studies. 

 

4.1.3 Mordant dye trial 3 studies 

In this set of experiments, the dye bath temperature was lowered to 176 ℉ in an effort to 

increase exhaustion levels. In addition, separate baths were used for applying the mordant 

and dye, to get more uniform shades on cotton.Table 4-5 shows the dye concentrations used 

in this trial. Dye concentrations were held constant, while two mordant levels were used. 

Table 4- 5 Dye and mordant levels used for Mordant dye Trial 3. 

Dyes g dyes/5g Sample Experiment runs g FeSO4 or Al2(SO4)3 
Mordant Blue 13 0.30 A 0.080 

B 0.800 
Mordant Orange 6 0.30 A 0.120 

B 1.200 
Mordant Yellow 8 0.20 A 0.060 

B 0.600 
Mordant Brown 40 0.40 A 0.110 

B 1.100 
Mordant Yellow 30 0.40 A 0.100 

B 1.000 
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Table 4- 5 Continued 

Permalon Red 0.40 A 0.120 
B 1.200 

Permalon Yellow 0.30 A 0.080 
  B 0.800 

Permalon Blue 0.30 A 0.080 
B 0.800 

 

Color data from these experiments are presented in Tables 4- 6 to 4- 7. Along with Figure 4.7, 

these results show that pastel to medium shades were obtained, with Mordant Orange 6 and 

Mordant Blue 13 giving the deepest shades. In both cases Al3+ gave significant higher dye 

uptake on cotton than observed when it was used in Mordant dye Trial 2 studies. Further, the 

shades from all mordant dyes used in Mordant dye Trial 3 studies were level. 

 

Table 4- 6 Color values results from trial 3 using Fe2+ at the higher mordant level 
(Experiments B). 

Name L* a* b* K/S 
Blue 13 50.77 2.05 -10.01 1.943 

Brown 40 54.94 15.5 17.48 2.708 
Orange 6 53.09 18.6 30.29 6.38 
Yellow 8 81.17 11.13 27.27 0.995 

Yellow 30 85.5 1.83 26.94 0.835 
Permalon Red 65.97 17.22 4.56 0.827 
Permalon Blue 62.58 -5.77 -2.45 1.088 

Permalon Yellow 81.94 4.34 33.55 1.01 
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Table 4- 7 Color values results from trial 3 using Al3+ at the higher mordant level 
(Experiments B). 

Name L* a* b* K/S 
Blue 13 43.75 9.48 -18.51 3.646 
Brown 40 59.13 16.48 15.95 1.878 
Orange 6 66.67 22.58 51.08 6.543 
Yellow 8  87.62 -2.81 41.09 2.009 
Yellow 30 87.91 -4.71 45.36 1.655 
Permalon Red 64.04 22.21 -2.07 1.044 
Permalon Blue 57.93 -4.29 -6.59 1.428 
Permalon Yellow 80.32 1.83 43.26 1.606 

 

 

 

 

Figure 4. 7 K/S value comparisons from trial 3 studies using Al3+ and Fe2+. 

 

Figure 4.8 provides a side by side comparison of Trial 2 and Trial 3 results for Mordant Blue 

13 and Mordant Orange 6. 
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Figure 4. 8 Shade depth comparisons between Blue 13 and Orange 6 arising from Trials 2 
and 3. 

 

The mordant dye trial 2 precedure gave deeper shade depths for both dyes by using ferrous 

sulfate mordant at 212 ℉. By lowering the temperature to 180 ℉, the exhaustion of dyes 

increased significantly in the aluminum sulfate mordant pretreatment. The resultant dyeings 

are shown in Figure 4.9 for Trial 3 experiments. 

The full comparison of results from Trials 2 and 3 can be seen in Figures 4.10 and 4.11. 

Generally, Al3+ worked better under Trial 3 conditions, while the reverse was true using  Fe2+ 

as mordant. Also, Al3+ gave brighter shades than Fe2+.  

 

 



 
 

51 
 

 

Figure 4. 9 Color difference between Fe2+ (left) and Al3+ (right) mordants for Blue 13 (A) 
and Orange 6 (B) dyeing using Mordant dye Trial 2 procedure. 

 

 

 

Figure 4. 10 K/S values from Mordant dye trials 2 and 3 with Al3+. 
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Figure 4. 12 K/S values from Mordant dye trials 2 and 3 with Fe2+. 

 

By comparing the b* value from Blue 13, which represents blue-yellow shades, Al3+ 

provided a value of -18.51 versus -10.01 from Fe2+; the b* value from Orange 6 was also 

Figure 4. 11 Color difference between Fe2+ (left) and Al3+ (right) mordants for Blue 13 (A) 
and Orange 6 (B) dyeing using Mordant dye Trial 3 procedure. 
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much higher by using Al3+ (51.08) verses Fe2+ (30.29), which is consistent with a brighter 

orange shade.   

In view of the uniform shades obtained from Mordant Blue 13, Mordant Brown 40, Mordant 

Orange 6 and Permalon Red, these dyes were used for direct comparisons with a group of 

commonly used natural dyes for cotton. 

 

4.1.4 Effects of Al3+ 

As a step towards optimizing the amount of Al3+ mordant needed to apply mordant dyes to 

cotton, a comparison of 1.6% (owf), the amount in Trials 1-3, and 16% (owf) was conducted. 

In addition, a combination of Al3+ and tannic acid was used, to aid mordant dye fixation, 

bearing in mind that tannic acid is commonly used for natural dye application to cotton. 

Tables 4-8 and 4-9 show the results from using 1.6% versus 16% Al3+. It was clear that a 10-

fold increase in Al3+ did not increase shade depths. Instead, a perceptible decrease in depths 

generally occurred (see Figures 4.12 and 4.13). 

 

Table 4- 8 Color values from using 1.6%(owf) Al3+. 

Name L* a* b* K/S 
Blue 13 43.75 9.48 -18.51 3.646 
Brown 40 59.13 16.48 15.95 1.878 
Orange 6 66.67 22.58 51.08 6.543 
Permalon Red 64.04 22.21 -2.07 1.044 
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Table 4- 9 Color values from using 16% (owf) Al3+. 

Name L* a* b* K/S 
Blue 13 52.56 5.68 -17.32 1.219 
Brown 40 56.3 22.96 19.37 1.402 
Orange 6 76.55 19.9 51.08 2.706 
Permalon Red 73.49 17.41 -1.53 1.014 

 

All three mordant dyes gave higher K/S values than the Permalon Red dye. Further, the 1.6% 

Al3+ Blue 13 dyed fabric had a brighter and reddish blue color compared to the 16% 

aluminum sample. Also, the b* and a* values for Brown 40 dyed fabric were much higher in 

the 16% Al3+ treated sample than those from the 1.6% Al3+ pretreatment, which indicated a 

reddish and yellowish brown shade. The same situation occurred with Orange 6, which gave 

a yellowish orange shade with 16% Al3+. 

 

 

Figure 4. 13 K/S value comparisons between 1.6% and 16% Al3+ mordant treatments. 
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4.1.5 Mordant dye trial 4 studies 

Tannic acid has been used to improve natural dye uptake as well as wash fastness. Therefore, 

Mordant dye Trial 4 was developed to determine whether tannic acid could increase shade 

depths for the mordant dyes on cotton. The method used involved adding a tannic acid 

treatment step in front of the Al3+ pretreatment step. Also, two groups of runs involving 

increasing dye concentration to 2-fold and 4-fold were also conducted. Table 4-10 shows the 

dye levels used in this trial. 

 

Table 4- 10 Dye levels used in Mordant dye Trial 4. 

Dyes Fabrics g dyes/Sample 
Mordant Blue 13 A 0.30 

B 0.60 
C 1.20 

Mordant Orange 6 A 0.40 
B 0.80 
C 1.60 

Mordant Brown 40 A 0.40 
B 0.80 
C 1.60 

Figure 4. 14 Comparison dyeing between 1.6% Al3+ (left) and 16% Al3+ (left) treated 
Mordant Blue 13 (a), Mordant Brown 40 (b), Mordant Orange 6 (c) and Permalon Red 

(d). 

a b c d 
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Table 4- 10 Continued 

Permalon Red A 0.40 
B 0.80 
C 1.60 

 

The results from assessing the 3 sets of fabrics produced in run A are shown in Table 4- 11 

and Figure 4.14. 

 

Table 4- 11 Color measurements from Run “A” of Mordant dye trial 4. 

Fabric set* Name L* a* b* K/S 

I 

Blue 13 44.13 12.22 -17.08 3.458 
Brown 40 50.78 26.9 21.85 4.185 
Orange 6 76.45 9.34 42.6 2.856 

Permalon Red 70.04 14.14 2.32 0.663 

II 

Blue 13 49.25 9.81 -15.2 2.382 
Brown 40 49.16 28.33 22.58 4.85 
Orange 6 76.9 7.88 35.13 1.902 

Permalon Red 74.15 11.45 3.61 0.484 

III 

Blue 13 50.07 7.88 -13.53 2.259 
Brown 40 52.2 25.64 20.52 3.611 
Orange 6 75.33 12.13 46.51 3.411 

Permalon Red 65.75 18.44 2.65 0.855 
*From triplicate runs (I, II, III) 

 

Results from the mordant dye method using 1.6% concentration Al3+ pretreatment without 

tannic acid were compared with fabric sets I, II, III in Figure 4.14. 
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Figure 4. 15 K/S value comparisons for Mordant dye trials 3 and 4. 

 

I, II, and III in Figure 4.14 represent the K/S values obtained using tannic acid treatment. 

These results indicated a lack of precise color repeatability. Tannic acid did improve shade 

depth except for Mordant Brown 40. This dye contains –OH, -CO2H groups in the ortho, 

ortho’ positions adjacent to the azo bond. 

Color fastnesses data for these dyeings were also recorded. The results are shown in Table 4- 

12. Generally speaking, washfastness was not good, though slightly better using Mordant 

Blue 13, with lightfastness being moderate, except for Brown 40. 
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Table 4- 12 Color fastness measurements on cotton dyed with Mordant dyes. 

Name Process 1.6% Al I II III 
Blue 13 Wash 2-3 1-2 3 2-3 

Light 3 2 1-2 3 
Brown 40 Wash 1 1-2 1-2 2 

Light 1-2 1 1 1 
Orange 6 Wash 1 1 2 1 

Light 5 5 4-5 4-5 
Permalon Red Wash 1-2 2 1 1-2 

Light 3 3 3-4 3-4 
 

To determine the dye bath exhaustion levels, absorption measurements before and after 

dyeing were recorded on the Set C baths. The results are presented in Tables 4-13 to 4-15. 

 

Table 4- 13 Dilution ratio for dye baths in Mordant dye trial 4 (group III). 

 Before dyeing After dyeing 
Blue 13 1:12 1:12 
Brown 40 1:12 1:12 
Orange 6 1:15 1:15 
Permalon Red 1:12 1:12 

 

Table 4- 14 Wavelengths and absorbance values. 

 Before dyeing After dyeing 
 Wavelength (nm) Absorbance Wavelength (nm) Absorbance 
Blue 13 581 0.424 583 0.311 
Brown 40 530 

347 
0.333 
0.231 

536 
347 

0.107 
0.075 

Orange 6 563 0.353 563 0.219 
Permalon Red 420 

343 
1.493 
0.769 

422 
341 

1.203 
0.630 

 

 

 



 
 

59 
 

Table 4- 15 Concentration and exhaustion (%) values for group III dyebaths. 

 Concentration before 
dyeing (g/L) 

Concentration after 
dyeing (g/L) 

Exhaustion (%) 

Blue 13 1.000 0.733 26.65 
Brown 40 1.333 0.428 67.87 
Orange 6 1.333 0.827 37.96 
Permalon Red 1.000 0.806 19.42 

 

The best results were obtained from Mordant Brown 40, which gave about 68% exhaustion, 

with Mordant Orange 6 second (38%). Both dyes contain a –CO2H group in their structure. 

In view of the low % exhaustion values, a set of experiments was conducted to determine the 

effects of a 2-fold and 4-fold increase in mordant dye concentration in the dye bath. The 

results are shown in the Table 4- 16 and Figure 4.15. 

 

Table 4- 16 Color measurements from 2-fold and 4-fold dye concentration studies. 

Group Name L* a* b* K/S 

2-fold 
concentation 

Blue 13 45.31 7.8 -16.77 3.051 
Brown 40 51.55 22.64 21.93 3.685 
Orange 6 75.21 11.63 46.97 3.54 

Permalon Red 65.42 18.59 0.14 0.481 

4-fold 
concentration 

Blue 13 37.4 7.8 -18.02 5.273 
Brown 40 47.19 23.82 22.52 3.397 
Orange 6 73.48 13.28 45.29 3.529 

Permalon Red 65.08 16.98 0.88 0.695 
 

There was a clear increase in Blue 13 uptake, almost no change for Brown 40, and Orange 6 

and Permalon Red remained low. It appears that Blue 13 reached the threshold level between 

dye bath solubility and a preference for the mordanted fiber, at the 4-fold level. 
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In Figure 4-16, the results from L* measurements do not reflect the formation of deeper 

shades from increasing the dye bath concentration. 

 

 

Figure 4. 16 Comparison of K/S values from two and four fold increases in dye concentration. 
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Figure 4. 17 Comparison of  L* values from two and four fold increases in dye concentration. 

 

Similarly, results in Figure 4.17 indicate that a* and b* of Blue 13 were little changed.Also, a 

slightly increase in a* and b* was observed from Mordant Brown 40. See Figure 4.18.  

 

 

Figure 4. 18 L* a* b* values from Mordant Blue 13 following dye concentration increases. 
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Figure 4. 19 L* a* b* values from Mordant Brown 40 following dye concentration increases. 

 

A slightly increase in a* and a decrease in b* were observed from Mordant Orange 6, as 

shown in Figure 4.19. 

Pictures of the actual dyeings are shown in Figure 4.21 and the results from fastness 

assessments are given in Tables 4-14 to 4-15 and Figures 4-22 to 4-25. 

Except for a half unit improvement in the washfastness of Mordant Blue 13, which was still 

unsatisfactory, there was no benefit to both concentration enhancements. See Figure 4.21. 
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Figure 4. 20 L* a* b* values from Mordant Orange 6 following dye concentration increases. 

 

 

 

Figure 4. 21 L*, a*, b* values from Permalon Red dye following dye concentration increase. 
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Figure 4. 22 Fabric samples from 2- fold (right) and 4- fold (left) concentration dye bath 
(a: Mordant Blue 13; b: Mordant Orange 6; c: Morant Brown 40; d: Permalon Red. 

 

 

Table 4- 17 Color fastness results from a 2-fold increase in mordant dye concentration. 

Name L* a* b* ΔE K/S Gray scale rating 
Mordant Blue 13 initial 45.31 7.8 -16.77  3.051 

 Blue 13  wash fastness test 56.34 0.18 -13.34 13.84 1.55 2 
Blue 13  light fastness test 52.09 10.31 -10.48 9.58 1.914 3-4 
Mordant Brown 40 initial  51.55 22.64 21.93  3.685 

 Brown 40  wash fastness test 63.04 14.36 9.96 18.54 1.131 1-2 
Brown 40  light fastness test 58.91 9.91 15.32 16.12 2.106 1-2 
Mordant Orange 6 initial 75.21 11.63 46.97  3.54 

 Orange 6  wash fastness test 79.35 3.42 14.7 33.55 0.593 1 
Orange 6  light fastness test 76.84 8.64 39.62 8.10 2.384 4 
Permalon Red initial 65.42 18.59 0.14  0.904 

 Permalon Red  wash fastness 
test 81.47 5.54 5.35 21.33 0.109 1 
Permalon Red  light fastness 
test 67.51 15.71 2.34 4.18 0.717 3-4 

 

 

 

 

a b c d 
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Table 4- 18 Color fastness results from a 4-fold increase in mordant dye concentration. 

Name L* a* b* ΔE K/S Gray scale rating 
Mordant Blue 13 initial 37.4 7.8 -18.02  5.273 

 Blue 13  wash fastness test 48.54 2 -15.02 12.91 2.563 2-3 
Blue 13 4 light fastness test 42.94 10.7 -12.07 8.63 3.537 3 
Mordant Brown 40 initial 47.19 23.82 22.52  3.397 

 Brown 40  wash fastness 
test 61.78 15.03 9.9 21.20 1.228 1 
Brown 40 light fastness test 53.01 12.49 17.04 13.87 3.233 1 
Mordant Orange 6 initial 73.48 13.28 45.29  3.529 

 Orange 6  wash fastness test 78.13 3.83 16.33 30.82 0.377 1 
Orange 6 light fastness test 74.95 10.88 41.65 4.60 2.918 5 
Permalon Red initial 65.08 16.98 0.88  0.695 

 Permalon Red  wash 
fastness test 79.54 5.14 9.33 20.51 0.466 1 
Permanlon Red 4 light 
fastness test 69.4 13.88 3.56 5.95 0.615 3-4 

 

 

 

Figure 4. 23 K/S value comparisons for fabric dyed using a 2-fold dye bath concentration 
before and after washing. 
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Regarding lightfastness, only Mordant Brown 40 did not give an acceptable result (rating ≥ 

3). 

 

Figure 4. 24 K/S values for fabric dyed using a 2-fold dye bath concentration before and after 
light exposure. 

 

Generally the level of light fastness for this group was higher than washfastness. By 

comparing the K/S value, the change of Permalon Red was the least affected, which just 

changed from 0.9 to 0.7. The best light fastness rating belonged to Orange 6.  
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Figure 4. 25 K/S values for fabrics dyed using a 4-fold dye bath concentration before and 
after washing. 

 

 

Figure 4. 26 K/S values for fabric dyed using a 4-fold dye bath concentration before and after 
light exposure. 
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Regarding light fastness, the K/S values from Brown 40, Orange 6 and Permalon Red 

decreased slightly while  L* values increased. 

Crock fastness was also tested for these two groups of dyeings, the results of which are 

shown in Table 4- 19. 

Table 4- 19 Crock fastness for dyeings from two fold and four fold dye bath concentrations. 

Name 2-fold concentration 4-fold concentration 
Blue 13 4.5 4.5 
Brown 40 4 3.5 
Orange 6 4.5 4.5 
Permalon Red 4.5 4.5 

 

Generally, good crock fastness results were observed for these samples except for Mordant 

Brown 40, which gave slightly more surface dye on cotton than the other dyes. Exhaustion 

levels were recorded for dye bath solutions before and after dyeing. By diluting initial dye 

baths, measuring wavelength and absorbance, dye concentration after dyeing was calculated. 

The results are shown in the Tables 4-20 to 4-22. It is clear that higher exhaustion levels were 

obtained from the 4-fold level dye solutions, for Mordant Blue 13 (56%) and Mordant 

Orange 6 (55%). However, a significant drop in Mordant Brown 40 exhaustion occurred, for 

reasons not clear. 

Table 4- 20 Dilution ratios for dye baths prepared at 2-fold and 4-fold concentrations. 

 2-Fold concentration 4-Fold concentration 
Before dyeing After dyeing Before dyeing After dyeing 

Blue 13 1: 120 1: 120 1:240 1:240 
Brown 40 1: 120 1: 120 1:240 1:240 
Orange 6 1:240 1:240 1:240 1:240 
Permalon Red 1: 120 1: 120 1: 120 1: 120 
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Table 4- 21 Color absorption measurements for dye baths prepared at 2-fold and 4-fold 
concentrations. 

 2-Fold concentration 4-Fold concentration 
Before dyeing After dyeing Before dyeing After dyeing 
Wave 
length 
(nm) 

Absorbance Wave 
length 
(nm) 

Absorbance Wave 
length 
(nm) 

Absorbance Wave 
length 
(nm) 

Absorba
nce 

Blue 13 581 0.369 580 0.327 580 0.505 581 0.222 
Brown 
40 

523 
347 

0.296 
0.202 

521 
347 

0.263 
0.188 

523 
347 

0.223 
0.151 

526 
347 

0.160 
0.113 

Orange 6 425 
341 

1.862 
0.991 

424 
341 

1.004 
0.532 

427 
341 

1.804 
0.964 

425 
342 

0.813 
0.433 

Permalon 
Red 

562 0.236 563 0.216 563 
527 

0.575 
0.498 

563 
526 

0.529 
0.459 

 

Table 4- 22 Concentrations and (%) exhaustion values obtained using at 2-fold and 4-fold 
dye baths. 

 
 

2-Fold concentration 4-Fold concentration 
Concentr
ation 
before 
dyeing 
(g/l) 

Concentration 
after dyeing 
(g/l) 

Dye 
uptake 
ratio 
(%) 

Concentration 
before dyeing 
(g/l) 

Concentration 
after dyeing 
(g/l) 

Dye 
uptake 
ratio 
(%) 

Blue 13 2.000 1.772 11.4 4.000 1.758 56 
Brown 40 2.667 2.369 11.1 5.334 3.826 28.2 
Orange 6 2.000 1.078 46 4.000 1.800 55 
Permalon Red 2.667 2.441 8.4 5.334 4.826 8 

 

4.2 Natural dye application 

Natural dyes Chestnut, Osage orange, Cochineal, Tobacco and Logwood were applied to 

cotton using procedures outlined in section 3.4.2. The results of L* a* b*, K/S and color 

change measurements are summarized in the following sub-sections. 
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Figure 4. 27 Dyeings obtained from natural dyes used in this study. 

4.2.1 Color measurements  

Pictures of the five dyeing obtained are shown in Figure 4.26. All dyeings employed tannic 

acid and Al3+ as mordants and dye bath concentrations equivalent to those used in published 

procedures (16; 20). 

 

 

 

 

 

 

Logwood Osage Orange 

Tobacco 

Cochineal Chestnut 
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Table 4- 23 Color measurements for the five natural dyes on cotton. 

Name L* a* b* K/S 
Chestnut 71.41 5.13 19.35 1.625 
Osage Orange 67.73 7.18 49.22 6.991 
Cochineal 60.99 23.01 -2.64 1.315 
Logwood 44.49 6.03 -4.12 2.931 
Tobacco 73.34 4.48 20.73 1.251 

 

From the graph of K/S values, it is clear that the best results obtained were from Osage 

orange, with logwood second. The other three samples have similar shade depths, with K/S 

values of values of 1 to 2. Generally, the shades from natural dyes were duller and weaker 

than those from the mordant dyes. The shade depths are also assessed through L* values, 

which were in the range of 44 to 73 (see Table 4-23 and Figure 4.28). 

 

 

Figure 4. 28 K/S values from the five natural dyes on cotton. 
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Figure 4. 29 L* values from the five natural dyes on cotton. 

 

4.2.2 Color fastness properties 

Color measurements were made after washing and light exposure, the results of which are 

shown in Table 4- 24 and Figure 4.29. 

Table 4- 24 Wash and light fastness results for cotton dyed with natural dyes. 

Name L* a* b* ΔE K/S Gray scale rating 
Chestnut (initial) 71.41 5.13 19.35  1.625 

 Chestnut wash fastness test 71.82 3.83 17.28 2.48 1.156 4-5 
Chestnut light fastness test 66.24 6.66 23.99 7.11 2.911 --a 

Osage Orange (initial) 67.73 7.18 49.22  6.991 
 Osage Orange wash fastness test 77.26 5.83 24.64 26.40 1.038 2 

Osage Orange light fastness test 67.17 6.22 37.35 11.92 4.166 4 
Cochineal (initial) 60.99 23.01 -2.64  1.315 

 Cochineal wash fastness test 78.68 13.59 -1.35 20.08 0.279 3 
Cochineal light fastness test 64.95 17.51 0.14 7.33 0.903 3-4 
Logwood (initial) 44.49 6.03 -4.12  2.931 

 Logwood wash fastness test 50.99 4.66 -4.49 6.65 1.786 4 
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Table 4- 24 continued 

Logwood light fastness test 50.54 4.24 2.12 8.87 2.171 2 
Tobacco (initial) 73.34 4.48 20.73  1.251 

 Tobacco wash fastness test 73.57 4.41 20.63 0.26 1.406 5 
Tobacco light fastness test 73.63 3.89 22.1 1.52 1.23 4 

a Fabric became significantly darker 

 

 

Figure 4. 30 K/S value comparisons for natural dyes on cotton after washing fastness testing. 

 

By looking at the K/S values before and after washing, it can be seen that good wash fastness 

ratings were obtained from logwood, tobacco, and chestnut. However, there was almost no 

color remaining on fabrics dyed with osage orange and cochineal. Regarding lightfastness, 

results were best when cochineal, osage orange, and tobacco were used. 
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Figure 4. 31 Hydroxy flavones and hydroxy anthraquinone dye structures. 

These dyes have hydroxyanthraquinone and hydroxy flavones structures which provide light 

stability through intra-molecular H-bonds. 

 

 

 

 

 

Figure 4. 32 K/S value comparison natural dyes on cotton following light fastness assessment. 
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Tobacco gave the best light fastness rating. An interesting phenomenon was the darker color 

for chestnut dyeing after light fastness test (see Figure 4. 31), which might be due to 

oxidation of the tannic component in this colorant. 

The crock fastness for these five dyed samples was also measured (see Table 4-25). All dyes 

gave very good results. 

Table 4- 25 Crock fastness ratings for natural dyes on cotton. 

Name Rating 
Chestnut 4.5 
Cochineal  4.5 
Osage Orange 4 
Tobacco 5 
Logwood 4.5 

 

4.2.3 Dye exhaustion studies 

Since the natural dyes did not give as well defined absorption bands as synthetic dyes, dye 

exhaustion values could not be obtained as readily. Dilution ratios used for dye baths are 

shown in the Table 4- 26. 

 

Table 4- 26 Dilution ratios for natural dye baths. 

Name Before dyeing After dyeing 
Osage Orange 1:120 1:120 
Chestnut 1:120 1:120 
Cochineal 1:120 1:120 
Tobacco 1:12 1:12 
Logwood 1:12 1:12 
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The absorption spectrum for Osage orange indicated bands in the UV and visible regions. In 

addition, absorption spectral changes occurred after the dyeing precess, probably due to dye-

metal formation in the dye bath (see Figures 4.32-4.39). 

 

 

Figure 4. 33 Absorption spectrum for Osage orange dye bath before dyeing cotton. 

 

 

Figure 4. 34 Absorption spectrum for Osage orange dye bath after dyeing cotton. 
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Such changes are also evident in the absorption spectra for cochineal which showed an 

absorption maximum at 514 nm before dyeing that changed to 563 nm and 525 nm after 

dyeing (see Figures 4.32-4.33). 

 

 

Figure 4. 35 Absorption spectrum for cochineal dye bath before dyeing cotton. 

 

 

Figure 4. 36 Absorption spectrum for cochineal dye bath after dyeing cotton. 
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Absorption spectra for chestnut and tobacco indicated the reason for light brown colors. The 

absorption peaks start in the UV region and tail into the visible region. See Figure 4. 36 and 4. 

37. 

 

Figure 4. 37 Absorption spectrum for Chestnut dye bath before dyeing cotton. 

 

 

 

Figure 4. 38 Absorption spectrum for Tobacco extract dye bath before dyeing cotton. 

 

Another example is the spectra for logwood dye baths, which are consistent with the gray-

blue shade obtained following metallization on cotton. See Figures 4. 38 and 4. 39. 
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Figure 4. 39 Absorption spectrum for logwood dye bath before dyeing cotton. 

 

 

 

Figure 4. 40 Absorption spectrum for logwood dye bath after dyeing cotton. 

 

4.3 Uniform dyeing procedure for natural dyes and mordant dyes 

To permit a direct comparison of mordant and natural dyes a uniform dyeing procedure was 

developed. In these experiments, 1.25g of each dye was used for each 5g cotton fabric. A 

uniform dyeing procedure for mordanting and after treatments was used also. Pictures of the 

fabric obtained after dyeing are shown in Figure 4.40. 
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4.3.1 Color measurements 

Duplicate runs using the uniform procedure were conducted in this trial. L*, a*, b* and K/S 

values, dye uptake levels, and fastness properties were measured. The highest K/S value was 

obatained from Osage orange (8.77). Mordant Blue 13 provided the second deepest shade, 

which had a K/S value of 6.83. Mordant Brown 40 and Mordant Orange 6 provided good 

shade depths as well (see Table 4-27 and Figures 4.41- 4.42). The tobacco extract dyed 

cotton sample had the highest L* value (77.42), which indicated the weakest shade depth. 

Mordant Blue 13 Mordant Orange 6 Mordant Brown 40 

Permalon Red Chestnut Cochineal 

Osage orange Tobacco Logwood 

Figure 4. 41 Cotton fabrics obtained from uniform dyeing procedure. 
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Among these fabrics, Permalon Red and Cochineal dyed cotton had the closest looking 

shades, although they were also among the weakest depths. Regarding the orange dyes, 

Mordant Orange 6 and Osage orange gave similar hues, with the mordant dye on cotton 

being brighter but the natural dye deeper.  

Table 4- 27 Color values obtained from the uniform dyeing procedure on cotton. 

Name L* a* b* K/S 
Blue 13 33.50 9.85 -17.59 6.84 

Brown 40 47.95 23.00 22.10 5.00 
Orange 6 69.63 11.29 42.11 4.04 

Permalon Red 65.33 17.30 2.83 0.89 
Osage Orange 61.00 10.48 43.48 8.77 

Chestnut 67.62 3.51 20.56 2.65 
Cochineal 67.43 17.65 -1.95 0.76 
Logwood 49.87 5.50 -2.73 1.24 

       Tobacco 77.42 3.88 18.32 0.85 
 

 

Figure 4. 42 K/S values from the uniform dyeing procedure on cotton. 
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Figure 4. 43 L* value obtained from the uniform dyeing procedure on cotton. 

 

4.3.2 Color fastness studies 

Standard methods were used to assess color fastness to washing, light exposure and crocking.  

 

 

Figure 4. 44 K/S value changes after wash fastness testing. 

The results are shown in Table 4-28. 
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Table 4- 28 Color fastness results from the uniform dyeing procedure. 

 
 

From the comparisons of K/S values before and after washing (see Figure 4.43), the highest 

wash fastness rating belonged to chestnut, which was rated 5 (excellent). The color change 

for tobacco dyed cotton was also small though the starting shade depth was also low. The 

color change rating for logwood was 3-4, which is also an acceptable level. For the other 

Name L* a* b* ΔE K/S Gray scale rating 
Mordant Blue 13 (initial) 33.50 9.85 -17.59  6.89 

 Blue 13 wash fastness test 47.03 1.71 -14.89 16.04 2.81 3 
Blue 13 light fastness test 38.14 11.76 -12.74 7.05 4.96 3-4 
Mordant Brown 40 (initial) 47.95 23.00 22.10  4.47 

 Brown 40 wash fastness test 63.84 13.17 11.06 21.84 1.20 1-2 
Brown 40 light fastness test 55.49 11.41 17.33 14.76 2.89 2-3 
Mordant Orange 6 (initial) 69.63 11.29 42.11  3.78 

 Orange 6 wash fastness test 75.41 3.61 16.59 27.39 0.93 1 
Orange 6 light fastness test 70.50 11.08 43.82 4.52 4.38 5 
Permalon Red (initial) 65.33 17.30 2.83  0.84 

 Permalon Red wash fastness test 80.77 4.41 10.72 21.63 0.69 1 
Permalon Red light fastness test 67.81 14.45 5.59 4.83 0.63 3-4 
Osage Orange (initial) 61.00 10.48 43.48  8.73 

 Osage Orange wash fastness test 77.83 5.60 19.83 29.44 0.81 1 
Osage Orange light fastness test 62.64 9.23 33.66 10.09 4.86 4 
Chestnut (initial) 67.62 3.51 20.56  2.40 

 Chestnut wash fastness test 67.68 4.79 23.27 4.06 2.45 4-5 
Chestnut light fastness test 65.43 4.84 23.80 5.76 3.02 

 Cochineal (initial) 67.43 17.65 -1.95  0.85 
 Cochineal wash fastness test 77.83 11.20 0.61 12.65 0.31 2 

Cochineal light fastness test 74.95 10.81 0.33 10.61 0.38 2-3 
Logwood (initial) 49.87 5.50 -2.73  1.85 

 Logwood wash fastness test 60.62 3.99 1.10 11.60 1.08 3-4 
Logwood light fastness test 58.39 3.73 3.44 10.66 1.36 2-3 
Tobacco (initial) 77.42 3.88 18.32  0.81 

 Tobacco wash fastness test 81.87 2.76 16.22 5.12 0.56 4-5 
Tobacco light fastness test 81.14 2.64 16.79 4.22 0.61 4 
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dyes (Mordant Orange 6, Osage Orange and Cochineal), the color on the fabric was reduced 

significantly, despite the presence of a –CO2H group in the cochineal structure. There was a 

relatively good K/S value (2.90) for Blue 13 after washing even though the color changed 

significantly (Figure 4.44). A decrease in a* from 9.17 to 1.73 was seen, which meant a color 

shift from purple-blue to blue. This was also consistent with the wash water which was red 

after washing. 

 

 

Color change and staining for Mordant Blue 13 after wash fastness. 

 

Color change and staining for Mordant Orange 6 after light fastness testing. 

Figure 4. 45 Fabrics from the fastness assessment of Mordant Blue 13 and Mordant 
Orange 6 on cotton. 
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Figure 4. 46 K/S values before and after light fastness testing on cotton. 

 

The light fastness rating of fabrics arising from the uniform dyeing procedure was an average 

level of 3. From Figure 4.45, it can be seen that good light resistance was observed following 

the application of the three mordant dyes. The best results were obtained from Mordant 

Orange 6 (see Figures 4. 44 and 4. 45). It is also clear that relatively low dye uptake levels 

led to less color change for natural dyes on cotton. There was an interesting increase in K/S 

for chestnut, which is probably due to oxidation of the diol structure to a quinone system that 

undergoes further oxidation. 

The crock fastness assessment of this group followed AATCC 2001-8 standard test for fabric 

dry crock fastness. Mordant Blue 13, Permalon red and tobacco gave the best crock fastness 

ratings, the next group was Mordant Brown 40, Mordant Orange 6 and logwood, which had a 

rating of 4.5. The lowest was Osage orange (3.5) (see Table 4- 29).  
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Table 4- 29 Crock fastness rating on cotton dyed using the uniform dyeing procedure. 

Name Rating 
Blue 13 5 
Brown 40 4.5 
Orange 6 4.5 
Permalon Red 5 
Chestnut 4 
Cochineal  4 
Osage Orange 3.5 
Tobacco 5 
Logwood 4.5 

 

 

Dye bath absorbance measurements before and after dyeing were conducted. Data arising 

from this assessment are summarized in Tables 4-30 to 4-32. Tobacco and Chestnut were 

excluded because they did not give a measurable absorption peak in the visible region. A 

color shift for Cochineal dyeing solution was observed, which would be due to Al3+ complex 

formation. 

 

Table 4- 30 Dilution ratios used for assessing dye baths involving the uniform dyeing 
procedure. 

 Before dyeing After dyeing 
Blue 13 1:240 1:240 
Brown 40 1:240 1:240 
Orange 6 1:240 1:240 
Permalon Red 1:240 1:240 
Logwood 1:60 1:60 
Tobacco 1:120 1:120 
Cochineal  1:120 1:120 
Chestnut 1:60 1:60 
Osage Orange 1:240 1:240 
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Table 4- 31 Visible absorption measurements recorded on dye baths from uniform dyeing 
procedure. 

 Before dyeing After dyeing 
Wave length (nm) Absorbance Wave length (nm) Absorbance 

Blue 13 582 0.422 582 0.372 
Brown 40 526 

348 
0.279 
0.190 

522 
347 

0.212 
0.147 

Orange 6 457 
342 

1.270 
0.685 

429 
341 

1.102 
0.594 

Permalon Red 564 0.223 565 0.171 
Logwood 572 0.304 574 0.202 
Tobacco --- --- --- --- 
Cochineal 528 0.248 564 

527 
0.216 
0.232 

Chestnut --- --- --- --- 
Osage Orange 391 0.255 421 0.220 

 

Table 4- 32 Concentration and dye exhaustion levels from uniform dyeing procedure. 

 Concentration before 
dyeing (g/L) 

Concentration after 
dyeing (g/L) 

Color uptake 
ratio (%) 

Blue 13 4.16 3.67 11.7 
Brown 40 4.16 3.16 24.0 
Orange 6 4.16 3.61 13.2 
Permalon Red 4.16 3.19 23.3 
Logwood 4.16 2.76 33.6 
Tobacco 4.16 --- --- 
Cochineal 4.16 3.78 9.1 
Chestnut 4.16 --- --- 
Osage Orange 4.16 --- --- 

 

As seen in Table 4-32, Mordant Brown 40 gave the highest exhaustion level among the 

mordant dyes, which was reflected in the shade depth obtained on cotton. Logwood gave 

better exhaustion than any other mordant dye. Cochineal did not exhaust as well as Permalon 

Red, even through they gave a similar shade on cotton. 

Figures 4.46-4.47 provide comparisons of dye uptake levels from the uniform dyeing 

procedure and the two dyeing processes discussed in section 4.1 for the mordant dyes. 
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Although dye exhaustion levels showed variability with the initial dye concentration, the 2-

fold bath concentration was least useful. 

 

 

Figure 4. 47 Dye exhaustion levels at three dye bath concentrations. 

 

 

Figure 4. 48 Initial dye bath concentration for three dyeing procedures. 
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5. Conclusions 

Results from a systematic study of mordant dye application on cotton indicate that shades 

comparable to those from natural dyes can be obtained through Al3+ mordant and tannic acid 

pretreatments and by adding the mordanted fabric to a separate dye bath. Good wash fastness 

was obtained by using Mordant Blue 13, a dye that also gave good light fastness on cotton. 

Unlike for most of the natural dyes used, tannic acid did not have a beneficial effect on the 

washfastness of the mordant dyes. Further, no clear correlation between mordant dye 

structure and light or wash fastness was observed. However, the presence of hydroxyl groups 

adjacent to a carbonyl group generally improved light fastness, as would be expected.  All 

four mordant dyes had good crock fastness on cotton. 

The results of this study also indicated that mordant dyes gave brighter shades on cotton than 

the natural dyes used and that they can be applied using benign mordants such as Al3+ and 

Fe2+. Also of interest was the suitability of tobacco dust extract as a colorant for cotton. The 

resultant dyeings were medium depths at best but were washfast and lightfast. 

 

6 Future work 

Since promising shade depths and fastness properties were obtained through mordant dyes 

such as Mordant Blue 13 and Mordant Orange 6, it would be interesting to examine 

commercial fixatives or photostabilizers to enhance mordant dye suitability for cotton dyeing. 

The uniform dyeing procedure provides an opportunity to combine mordant dyes and natural 

dyes, to expand the natural dye color range and reduce manufacturing cost. Combinations 

such as Mordant Blue 13 and logwood, Mordant Orange 6 and Osage orange and Permalon 
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Red and Cochineal are starting points. Practical methods for improving color fastness should 

be found before studying combinations. Also, a chemical modification of cotton could be 

considered as an approach to enhancing mordant and natural dye application. 
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Appendix A – Computer generated fabric colors 

 

Figure 1. Computer generated dyed fabrics from Mordant trial 2 by using Al3+. 
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Figure 2.Computer generated dyed fabrics from Mordant trial 2 by using Fe2+. 
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Figure 3. Computer generated dyed fabrics from Mordant trial 4 at initial concentration. 
(I:Blue 13, II: Brown 40, III: Orange 6, IV: Permalon Red; a: initial color, b: color after 

washing, c: color after light exposure). 



 
 

103 
 

 

 

 

 

 

 

a b c 

I 

a b c 

II 



 
 

104 
 

 

 

 

 

 

a b c 
III 

a b c 

IV 



 
 

105 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Computer generated dyed fabrics from Mordant trial 4 at two fold concentration. 
(I:Blue 13, II: Brown 40, III: Orange 6, IV: Permalon Red; a: initial color, b: color after 

washing, c: color after light exposure). 
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Figure 5. Computer generated dyed fabrics from Mordant trial 4 on four fold concentration. 
(I:Blue 13, II: Brown 40, III: Orange 6, IV: Permalon Red; a: initial color, b: color after 

washing, c: color after light exposure). 
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Figure 6. Computer generated dyed fabric from natural dye application (I: Chestnut, II: 
Cochineal, III: Osage Orange, IV: Logwood, V: Tobacco; a: initial color, b: color after 

washing, c: color after light exposure). 
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Figure 4. Computer generated fabric colors of uniform procedure (I: Blue 13, II: Brown 40, 
III: Chestnut, IV: Cochineal, V:Logwood, VI: Orange 6, VII: Osage orange, VIII: Tobacco, 

IX: Permalon red; a: initial color, b:color after washing, c: color after light exposure).  
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