
ABSTRACT 

MANDAL, SONALI. Capping and Characterizing Dyeing Properties of Cationized Cotton. 
(Under the direction of Dr. Peter J Hauser and Dr. Renzo Shamey). 
 

Cotton is well-known among natural fibers due to its comfort, feel and appearance. Fiber-

reactive dyes are the common choice for dyeing cotton due to their excellent wash 

fastness properties and availability in a wide range of brilliant hues. The traditional 

method of dyeing cotton with reactive dyes requires large amounts of salt and alkali to 

exhaust the dye onto the fiber followed by extensive use of water to remove the unfixed 

dye.  

Modification of cotton with cationizing agents can result in significant reductions in 

effluent. The treatment of cotton with a cationizing agent imparts positive charges to 

cotton, which in return increases the rate of dyeing and the dye-uptake. Despite all the 

advantages of using cationized cotton, the textile industry is yet to completely accept it 

for dyeing at a commercial scale. 

One common cationizing agent used to modify cotton is 3-chloro-2-

hydroxypropyltrimethylammoinium chloride (CHPTAC).  

The application of high concentrations of CHPTAC to cotton improves the exhaustion of 

dye on cotton. However, the presence of unoccupied cationic sites on fiber after dyeing 

can result in occupation of those sites by anionic dyes released from other goods during 

the laundering process. In part one of this study, excess cationic sites on cotton were 

effectively capped to eliminate this problem.  The efficiency of capping was investigated 

via color staining tests following laundering.  



 Since the exhaustion of reactive dyes is different for each dye, color matching on 

cationized cotton requires additional attention. In the second part of this research, the 

effect of a dye’s molecular structure on its adsorption, exhaustion and diffusion on 

cationized cellulose was studied. The performance of each dye on cationized cotton was 

compared to the performance on untreated cotton.  
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CHAPTER 1 INTRODUCTION 

The textile industry consumes large amounts of water especially for its wet processing 

operations and produces significant amounts of pollution. Effluent treatment is costly 

and increases the consumption of water and chemicals. The process of dyeing cotton with 

reactive dyes demands considerable quantities of salt and water for adequate dye 

fixation and acceptable fastness requirements. Electrolytes, such, as Glauber’s salt, are 

added to the dyebath to reduce dye solubility and drive the dyes towards the fiber surface 

while neutralizing the zeta potential on the fiber surface developed as a result of contact 

with water. The salt is left in the dyebath and released to the effluent. Moreover, the 

undesirable reaction of reactive dye with water produces hydrolyzed dye, which needs 

to be removed during the rinsing process. 

 

One way to reduce effluent and the consumption of raw ingredients is through the 

process of fiber modification through cationization. This process does not generate much 

pollution and reduces the consumption of water, chemicals and energy. The use of 

cationized cotton eliminates the consumption of salt and considerably reduces the 

required amounts of dye and water. It reduces the overall processing cost along with 

generating less effluent, making it more environmentally benign compared to traditional 

dyeing of cotton with reactive dyes. The cationizing agent forms covalent bonds with 

cellulose thus imparting permanent cationic sites on the fiber. The cationic sites attract 
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the anionic dyes without the use of electrolytes. At an appropriate concentration of 

cationizing agent, it is possible to achieve nearly 100% dye-uptake on cotton. 

CHPTAC or 3-chloro-2hydroxypropyltrimethylammonioum chloride in presence of alkali 

forms 2,3-epoxypropyl trimethylammonium chloride, which can react with the hydroxyl 

groups on cellulose to impart cationic charges. While dyeing cationized cotton with a 

mixture of dyes, it was observed that the exhaustion of certain reactive dyes was higher 

than others. In order to understand the reasons for the difference in performance of 

various reactive dyes, the effect of dye structure on its adsorption, diffusion and 

exhaustion was also investigated. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 Cotton Fibers 

Cotton is the most important natural cellulosic fiber in the world, used to produce both 

apparel and industrial products. According to the most recent survey by International 

Cotton Advisory Committee, 33% of world apparel fiber consumption is cotton [1]. 

Cotton is a staple fiber that grows around the seed of the cotton plant. The unique 

properties of cotton such as softness, comfort and breathability makes it popular among 

consumers. China, India, USA, Pakistan, and Brazil are the leading producers of cotton [2]. 

Cotton consists of 88 to 96% cellulose polymer chains, which align themselves to form 

the crystalline and amorphous regions in the fiber [3, 4].  

 

 

Figure 1: Chemical Structure of Cellulose. 

 

Cellulose is a polysaccharide derived from condensation polymerization of D-glucose 

units linked through β (1, 4) glucosidic bonds [5] as shown in Figure 1. The crystalline 

region in the cellulosic fibers is formed due to the interaction of hydroxyl groups between 

adjacent chains through hydrogen bonding. Each repeating unit has one primary and two 
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secondary hydroxyl groups which can undergo chemical reactions; however, the primary 

hydroxyl groups are more accessible and reactive than the secondary groups [6].  

 

2.2 Processing Cotton Fibers into Fabric 

Cotton fibers undergo various processes to be converted into a yarn and then into fabric. 

The common steps for converting cotton fiber into fabric are as follows [4, 7]: 

 

Bale opening: The cotton fibers are transported to textile mills in the form of bales. 

Firstly, the bales are opened and the fibers are passed through an opener followed by a 

blower. At this step, the vegetable matter is separated from cotton fibers and the process 

helps to puff the fibers up. 

 

Carding: At the carding machine, the fibers pass through several rollers which are 

covered with sharp needles to align the fibers into a parallel web. 

 

Drawing: The fibers are straightened and converted into long slivers. 

 

Spinning: Several slivers obtained from the above step are combined and twisted to 

obtain yarns. There are different methods of spinning fibers into yarns, the most 

commons methods are rotor spinning, air spinning, and ring spinning, etc. The yarns are 

then wound onto cones or cheeses. 
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Warping or beaming: At this step, yarns from several cones are wound parallel onto a 

beam to prepare a weaver’s beam. The width of the beam determines the width of the 

fabric. 

 

Sizing: The warp yarns wound on the beam are sized with a protective coating to increase 

the strength of the yarns. This step reduces yarn breakage and thus increasing the 

weaving efficiency. The most commonly used sizes are starch, polyvinyl alcohol and 

carboxymethyl cellulose. 

 

Weaving: In the weaving loom, yarns are interlaced in specific patterns to form a fabric. 

The threads from the weaver’s beam form the vertical yarns of the fabric called warp and 

the horizontal yarns are called weft. Air loom, shuttle loom, dobby loom and jacquard 

loom are some common types of looms. 

 

2.3 Preparation of Cotton Fabric 

The fabric obtained from the loom, known as grey fabric, contains impurities and 

requires further processing to improve its properties. The following processes are 

performed to obtain “Prepared for dyeing” fabric [8]: 

 

Singeing: The fabric is passed over a gas burner to burn off the protruding fibers from 

the fabric surface resulting in a cleaner appearance. 
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Desizing: The size applied to the warp yarns is removed at this step. The chemical used 

to remove the size depends on the type of size present in the fabric. Acid and enzymatic 

desizing are the common methods used for starch size removal. Sizes such as polyvinyl 

alcohol and carboxymethyl cellulose can be removed with water. 

 

Scouring: Cotton fibers contains natural impurities like waxes, proteins, pectin and other 

mineral matters. Scouring of cotton fabrics is typically carried out in presence of an alkali, 

surfactant and a sequestering agent to remove or minimize the effect of these impurities. 

 

Bleaching: The cotton fabric after scouring still contains natural coloring matter and 

hence is treated with bleaching agents like hydrogen peroxide, sodium hypochlorite or 

calcium hypochlorite in alkaline conditions to gain a suitably white appearance. 

 

Mercerization: This process involves treatment of cotton fabric with a concentrated 

sodium hydroxide solution. This treatment imparts a lustrous appearance and increased 

dye uptake to the fabric; however, this process is optional. 

 

2.4 Formation of Oxycellulose 

Bleached cotton in the presence of water attains negative charges due to the slight 

ionization of carboxyl and hydroxyl groups [9]. During the oxidative bleaching process, 

cotton is treated with oxidizing agents to remove the coloring impurities naturally 
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present in the fiber. However, cellulose polymer is also susceptible to undergoing 

oxidation during this process resulting in oxidative degradation of cellulose [10].  

 

The oxidation of cellulose can occur at three points as shown in Figure 2. In cases A and 

C, the oxidation results in formation of acidic carbonyl groups and in case B, two aldehyde 

groups are formed [11]. In case of reaction, a cleavage of the cellulose polymer takes place 

thus reducing the degree of polymerization which adversely affects the tensile strength 

of the polymer.  

 

 

 

                

        (A)            (B)               (C) 

Figure 2: Oxidation of Cellulose. 
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2.5 Coloration of Cotton 

2.5.1 Vat Dyes 

Vat dyes are one of the oldest types of colorant used for dyeing cotton.  Indigo is the most 

frequently used vat dye for the coloration of blue denim [12].  However, vat dyes are 

water insoluble pigments and are chemically reduced to the anthrahydroquinone (leuco) 

form for application on cotton.  The process of reduction of vat dyes is known as vatting 

in which the dye reacts with a reducing agent under alkaline conditions. While a range of 

reducing agents is available, a combination of sodium dithionite (hydrosulfite) and 

sodium hydroxide is commonly used for the reduction of vat dyes. The leuco form of the 

vat dye penetrates cellulose fibers and is then reoxidized to its original form using 

atmospheric oxygen or mild oxidizing agents like sodium per-borate or hydrogen 

peroxide. This class of dye possesses excellent fastness properties; however, they are 

expensive and have muted colors [13, 14]. The structure of C.I. Vat Yellow 3 dye is shown 

in Figure 3. 

 

 

Figure 3: Structure of C.I. Vat Yellow 3 dye. 
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2.5.2 Sulfur Dyes 

The chemistry of application of sulfur dyes on cotton is similar to that of vat dyes [2].  

Sulfur dyes are most commonly used for producing black and brown shades and thus C.I. 

Sulfur Black 1 a well-known dye in the textile industry is shown in Figure 4 [12]. These 

dyes contain di and polysulfide linkages in their structure. However, the exact molecular 

structure of majority of sulfur dyes is still largely unknown [5, 10].  Like vat dyes, sulfur 

dyes are also water insoluble and need to be converted into their leuco form traditionally 

in presence of sodium sulfide as reducing agent along with sodium hydroxide [5]. The 

dye is reoxidized using atmospheric oxygen or with the use of hydrogen peroxide [4]. 

One of the disadvantages of using these dyes is the presence of sodium sulfide in the 

effluent, which can undergo acidification to produce hydrogen sulfide, which is a harmful 

chemical [5]. Hence, it is essential to correctly treat the effluent originating from the use 

of these dyes. 

 

 

Figure 4: Partial structure of C.I. Sulfur Black 1 dye. 
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2.5.3 Pigments 

Pigments are structurally similar to dyes but are water insoluble. They have no affinity 

towards and cannot penetrate inside the fiber and thus need to be fixed on the surface of 

the fiber with the aid of a polymeric adhesive binding agent [4]. The binder forms a film 

on the surface of the fiber, in which the pigment particles are trapped. The properties of 

the binder influence the fastness of the pigments on cellulosic substrates [15]. The use of 

binders commonly imparts stiffness and results in moderate to poor crockfastness [15].  

Alternatively, cotton can also be dyed with pigments in presence of a dispersing agent by 

an exhaust method. The dispersing agent imparts a temporary anionic charge to 

pigments thus increasing their dispersability. Figure 5 shows the structure of C.I. 

Pigment Orange 3. 

 

Figure 5: Structure of C.I. Pigment Orange 3. 

 

 

2.5.4 Natural Dyes 

Natural dyes are those colorants that are extracted from natural sources i.e. plants, 

invertebrates or minerals the majority of which are vegetable dyes from plant sources 
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like roots, berries, bark and leaves [16].  The process of extracting dyes is laborious and 

yields only a small amount of dye, which along with limited sources makes natural dyes 

expensive. Indigo, the oldest and the most important natural dye, is extracted from the 

flower of the Indigofera plant [17].  

In order to dye cotton with natural dyes the fiber needs to be treated with a mordant 

prior to dyeing. Traditionally a mixture of alum and tannin is used as the mordant on 

cotton. Since cotton is hygroscopic in nature, and since the presence of moisture initiates 

photochemical oxidation of natural dyes thus light fastness of natural dyes on the fiber 

can be an issue [18-19]. Figure 6 is the structure of beta-Carotene natural dye found in 

carrots. 

 

 

Figure 6: Structure of beta-Carotene natural dye.  

 

 

2.2.6 Direct Dyes 

Direct or substantive dyes are well-known for their affinity and ease of application on 

cotton [4]. They have a narrow and linear molecular structure and are held to cellulose 

by secondary bonds like hydrogen bonding. These dyes are applied at neutral or alkaline 
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conditions and require Glauber’s salt (sodium sulfate) to get exhausted on cotton [10].  

The light and wash fastness of these dyes are moderate on cotton. Their wash fastness 

can be improved by imparting post-dyeing after-treatments with a dye fixing agent. 

Direct dyes are usually inexpensive and can yield bright shades on cotton. The structure 

of C.I. Direct Red 81 is shown in Figure 7. 

 

 

Figure 7: Structure of C.I. Direct Red 81 dye. 

 

2.5.7 Azoic Dyes 

Azoic dyes are formed in situ within the substrate due to the reaction between a diazo 

component and a coupling component (naphthol) forming an azo group. These dyes are 

waster insoluble and therefore, have excellent wash fastness. The application of these 

dyes is a two-step process: naphtholation followed by diazotization. Naphthols are water 

insoluble and are converted into their water-soluble form in the presence of an alkali. In 

the diazotization step, the base containing an amino group reacts with sodium nitrite in 

presence of hydrochloric acid and is converted into diazonium chloride [4]. The fabric is 

first treated with the naphthol solution followed by immersion in the base solution.  Azo 



 

13 

dyes produce bright shades and have very good wash fastness. Figure 8 contains the 

structure of 2-Naphthol and Fast Red B Base.  

 

 

                                          

        Naphtholation            Diazotization 

                                           

 

 

 

 

Azoic Dye 

 

Figure 8: Formation of Azoic dye from 2-Naphthol and Fast Red B Base. 
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2.5.8 Fiber Reactive Dyes 

Fiber reactive dyes are a class of dyes, which can covalently react with cellulose under 

suitable conditions to form strong and stable bonds [4]. They are well-known for having 

a wide range of hues with good fastness properties, and are easy to apply. Cotton can be 

dyed with reactive dyes by various methods including exhaust, cold pad-batch, and pad-

steam. Traditionally, these dyes are exhausted with the aid of Glauber’s salt and the 

fixation occurs in the presence of alkali. The structure of Reactive Orange 16 dye is shown 

in Figure 9. 

 

Figure 9: Structure of Reactive Orange 16 dye. 

 

2.5.8.1 Chemistry of Fiber Reactive Dyes 

Fiber-reactive dyes were first developed in 1955 by Rattee and Stephen in ICI England 

and were first commercialized in 1956 [5]. Their structure is similar to acid and direct 

dyes but they also contain a reactive group which reacts with the hydroxy groups in 

cellulose, mainly with the primary hydroxyl groups [21]. 
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Figure 10: Reactive Dye Structural Features. 

(C = Chromophore, S = Solubilizing group, B = Bridging group, R = Reactive group, L = 

Leaving group) 

 

 

The important features in the chemical structure of reactive dyes are chromophores, 

solubilizing groups, reactive groups and leaving groups [20] as shown in Figure 10. The 

chromophore in the structure renders its color. The presence of sulfonic acid groups 

makes the dye soluble in water. The reactive group, in some cases, contains leaving 

groups which undergo nucleophilic substitution reaction and thus the reactive group 

forms a covalent bond with cellulose. The most common reactive groups can be classified 

into halogenic cyclic azine derivatives and sulfatoethylsufone type reactive dyes. The 

different types of reactive groups commercially used are shown in Figure 11 [5]. 
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 Dichlorotriazine (DCT)           Monochlorotriazine (MCT)  

               

 Monofluorotriazine (MFT)   Trichloropryimidine (TCP)

              

             Difluorochloropyrimidine (DFCP)   Dichloroquinoxaline (DCQ) 

 

Nicotinyltriazine (NT)    Vinylsulfone (VS) 

 

Figure 11: Fiber-reactive groups in commercial reactive dyes. 
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During the fixation step, sodium carbonate or sodium hydroxide is used as an alkali. In 

the presence of alkali, the dye can react with the hydroxy group in cellulose or 

alternatively can undergo hydrolysis by reacting with water. The hydrolyzed dye loses 

its potential to further react with cellulose. Hence, the presence of the hydrolyzed dye 

adversely affects the fastness of the dyed material. After the dyeing process, soaping and 

rinsing steps are required to remove the hydrolyzed dyes. The reactions of 

dichlorotriazine and vinylsulfone types of reactive groups with cellulose and water are 

shown in Figures 12 and 13. 

 

 

 

                      

Figure 12: Reactions of DCT reactive dyes. 

 

 

Cell-OH H2O 
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Figure 13: Reactions of VS reactive dyes. 

 

2.5.8.2 High Efficiency Reactive Dyes 

The use of bi- and multi-functional reactive dyes improves their fixation and efficiency 

on cotton. The presence of more than one reactive site ensures higher fixation of dyes on 

cellulose because of availability of additional reactive groups even if one undergoes 

hydrolysis.  

A study funded by Procter and Gamble at Leeds University led to the development of 

Teegafix reactive dyes. These dyes are derived from dichlorotriazine (DCT) reactive dyes 

following a two-step conversion process, which results in four types of Teegafix reactive 

dyes [22]. The structure of these dyes is shown in Figure 14. 

-OH Cell-OH 
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Type 1 (R = COOH); Type 2 (R = H)    Type 3 (R = COOH); Type 4 (R = H) 

Figure 14: Structure of type 1 – 4 Teegafix reactive dyes. 

 

Berger studied these dyes through equilibrium exhaustion and dyeing experiments and 

found that type 2 and type 4 dyes had higher exhaustion and fixation on cotton when 

compared to the commercial reactive dyes [22]. Compared to conventional reactive dyes 

these dyes require significantly reduced amounts of salt (40 g/L) while exhibiting 

comparable fastness properties [23]. Carrigg optimized the application of type 2 Teegafix 

reactive dyes on production scale and found that lower amounts of these dyes achieve 

the same depth of shade on cotton compared to commercial dyes [24]. Farrell performed 

color matching of Teegafix reactive dyes on a production setting. He used 60 pounds 

fabric lots to match industrial shades using 60% less dye than the commercial dyes [20]. 

Smith et al studied the application of Teegafix dyes using exhaust and pad-batch 

technique and demonstrated up to 98% dye exhaustion, 95% absorbed dye fixation and 

93% total fixation efficiency [25]. 
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2.6 Physio-chemical Aspects of Dyeing Cotton Fibers 

 The dyeing of cotton fibers in water is a heterogeneous system consisting of two phases 

i.e. fiber and water. When cotton fibers are immersed in an aqueous dyebath, the dye 

molecules will transfer from the dyebath on to the fiber due to their affinity for the fiber. 

Dye substantivity is a qualitative expression used to define the attraction between a dye 

and a fiber. During the start of the dyeing process, all the dye molecules are present in 

the aqueous phase and none on the fiber. Hence, there exists a concentration gradient 

between the two phases which results in the movement of dye molecules from the 

aqueous phase on to the fiber. The transfer of the dye continues until there is no more 

dye left in the bath or an equilibrium condition is attained between the two phases. The 

affinity of the dye on the fiber from the aqueous phase can be expressed in terms of the 

chemical potential of the dye in both phases [26]. 

The kinetics of dyeing is studied before the system attains equilibrium which enables the 

measurement of the rate of dyeing by plotting a graph of amount of dye adsorbed versus 

time. The thermodynamics of dyeing is studied at equilibrium conditions at which a 

graph of amount of dye adsorbed versus the amount of dye in the bath is plotted for 

varying dye concentrations. The equilibrium adsorption is often carried out at isothermal 

conditions i.e. at constant temperature. The thermodynamic treatments of a dyeing 

process is solely applicable to truly reversible systems at equilibrium. In reversible 

systems, desorption of dye from the dyed fabric should attain the same equilibrium 

position as the adsorption curve [27]. 
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2.6.1 Adsorption Isotherms 

 There are two types of adsorption phenomenon, physical adsorption and chemical 

adsorption. Physical adsorption involves physical interaction through electrostatic 

forces between the adsorbent and the adsorbate. Chemical adsorption involves 

formation of chemical reactions between adsorbate and the surface of the adsorbent. The 

equilibrium adsorption isotherm describes the relationship between the amount of dye 

taken up by the fiber and the amount of dye in the dyebath at constant temperature. The 

three most important isotherms are described below.  

 

2.6.1.1 Nernst Isotherm 

The Nernst isotherm is the simplest model in which a non-ionic dye is dissolved in an 

organic solvent and said to have affinity for the substrate. The plot of concentration of 

dye in the fiber against the concentration of dye in the dyebath is found to be a linear 

relationship at lower concentrations. As the concentration of the dye in the dyebath is 

further increased, the dye adsorbed on the fiber remains constant therefore attaining an 

abrupt horizontal plateau as shown in Figure 15. 
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Figure 15: Graphical representation of Nernst Isotherm. 

 

The relationship can be defined by the equation: 

[D]f = K [D]s,  

 

where [D]f is the concentration of dye in the fiber at equilibrium, [D]s is the concentration 

of dye in the dyebath at equilibrium, and K is a constant termed as distribution coefficient 

or the partition coefficient. The partition coefficient can also be used as a tool to 

demonstrate the relationship between substantivity, liquor-to-goods ratio (L), and the 

percentage exhaustion (%E) [28]. 

 

Percentage exhaustion is given by %E =100 × (weight of dye in the fiber/total weight of 

dye) 

The liquor ratio is the ratio of weight of the bath to the weight of the fiber,  

L = wt of bath/ wt of fiber. 
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Combining the above equations, yields: %E = 100 ×K/(K+L). 

 

2.6.1.2 Freundlich Isotherm 

The Freundlich Isotherm was recognized while studying the behavior of adsorption on 

charcoal [29]. The adsorption of direct dyes on cellulose fibers can be depicted using this 

isotherm and is shown in Figure 16.  

 

Figure 16: Graphical representation of Freundlich Isotherm. 

 

The equation describing this isotherm is given by: 

[D]f = K [D]sn 

By taking the logarithm on both sides, 

Log [D]f = log K + n log [D]s 

The log-log plot gives a linear relationship between the concentration of dye in the fiber 

and dyebath at equilibrium as shown in Figure 17. 
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Figure 17: Freundlich log-log plot. 

 

2.6.1.3 Langmuir Isotherm 

The Langmuir isotherm is based on the adsorption of dye molecules on fiber at only a 

limited number of sites. It is assumed all sites are equivalent and when a dye molecule 

occupies a site, that site is saturated and incapable of further adsorption. It is also 

assumed that there is no interaction between the sites as well as between the dye 

molecules. In this model, [S]f is defined as the total number of sites available in the fiber 

for the adsorption of dye molecule. Once all these sites are occupied, the fiber is 

considered as saturated and incapable of adsorbing any further dye molecules. This 

isotherm is graphically depicted in Figure 18.  
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Figure 18: Graphical representation of Langmuir Isotherm. 

 

The rate of adsorption of dye onto the fiber depends on the amount of dye in the solution 

and the number of sites available. It is given by: 

𝑑[𝐷]𝑓

𝑑𝑡
= 𝑘1 [𝐷]𝑠 ([𝑆]𝑓 − [𝐷]𝑓) 

The rate of desorption is given by: 

−
𝑑[𝐷]𝑓

𝑑𝑡
=  𝑘2[𝐷]𝑓 

At equilibrium, the rate of adsorption is equal to the rate of desorption. Hence, 

𝑘1 [𝐷]𝑠 ([𝑆]𝑓 − [𝐷]𝑓) =  𝑘2[𝐷]𝑓  

Therefore, [D]f = K [D]s ([S]f – [D]f) where K = k1/k2. 

By further rearranging the equation, [𝐷]𝑓 =  
𝐾 [𝐷]𝑠 𝑆𝑓

1+𝐾 [𝐷]𝑠
 

Finally, 
1

[𝐷]𝑓
=  

1

𝐾 [𝑆]𝑓[𝐷]𝑠]
+  

1

[𝑆]𝑓
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According to the above equation, the plot of reciprocal of the amount of dye adsorbed 

versus the reciprocal of the amount of dye in solution will yield a straight line with a slope 

of 1/K[S]f and the intercept of 1/[S]f. At low concentrations of dye, the Langmuir isotherm 

resembles the Nernst isotherm model. 

 

2.7.2. The Standard Affinity of Dyeing 

The standard affinity can be described as the difference between the chemical potential 

of the dye in its standard state in the fiber and the chemical potential of the dye in its 

standard state in the dyebath. The standard affinity is given by the following equation: 

Δµ = µf - µs = (µ°f - µ°s) + RT ln (af/as),  

where af and as are the activity coefficients of dye in the fiber and dyebath respectively, 

µ°f and µ°s are the standard chemical potential of the dye at standard state in the fiber 

and dyebath respectively, R is the ideal gas constant and T is the temperature in Kelvin. 

In real cases, very little information is available about the activity coefficients of the dyes 

and hence it is replaced with the concentration of the dye in the respective phases [30]. 

Thus, Δµ is a measure of the tendency of the dye to move from its standard state in 

solution to the fiber. A negative value of the chemical potential change indicates the 

transfer of dye from the dyebath to the fiber. The standard affinity is affected by the 

temperature at which the equilibrium dyeing is performed. As the temperature increases, 

the standard affinity decreases thus reducing the amount of dye adsorbed on the fiber at 

equilibrium [31]. 
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2.6.3 Equilibrium Dyeing of Cotton 

The equilibrium dyeing of cotton and adsorption models have been investigated to 

determine the optimum dyeing conditions. The adsorption of dye on fiber is an 

endothermic process i.e. the application at a higher temperature will result in a higher 

rate of dyeing [32]. When cotton is dyed with direct dyes, the rate of dyeing is influenced 

by the structure of the dye [33]. The amount of dye adsorbed is also influenced by 

mercerization. The rate of dyeing is increased on mercerized cotton probably due to the 

swelling and opening of the fiber [34].  

In the textile industry, cotton fabrics are mostly dyed with a mixture of dyes to produce 

the desired shade. Generally, any color shade can be produced by mixing primary 

colorants, which in the textile dyeing industry constitute blue, yellow and red dyes 

instead of the typical cyan, yellow and magenta used in the printing industry [35]. When 

the dyebath consists of a mixture of dyes, the dye uptake is affected by the dye structure 

and temperature [36]. It is observed that certain dyes have greater affinity towards 

cotton at higher temperatures and thus displace other dyes, which may be present in the 

dyebath, on the fiber.  

The structure of the dyes varies in terms of molecular size and weight, and the number 

of solubilizing groups. The solubilizing groups (-SO3-Na+) dissociate in water to produce 

Na+ and SO3- ions. To increase the exhaustion of dyes, Glauber’s salt or sodium sulfate is 

added. To study the adsorption model for such cases, it is also necessary to consider the 

concentrations of other ions present in the system. A nonlinear model has been 
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developed considering six parameters i.e. the ionic charge on the substrate, the volume 

of cellulose, concentration of sodium ions, concentration of chloride ions, temperature, 

and the standard affinity [37]. This model was found to be more effective than the log-

linear model in studying the adsorption of anionic dyes on cellulosic substrates. A 

significant increase in the rate of dye adsorption was noted with an increase in 

concentration of salt and a decrease in dyeing temperature [38]. The nonlinear model 

was found to be in accordance with the experimental results.  

During the dyeing of cotton with reactive dyes the dye molecules are present at three 

phases i.e. dyebath, surface of the fiber and inside the fiber. A mathematical model was 

developed to study the concentration of the dye at these three phases accurately [39]. 

While studying the adsorption of reactive dyes on cotton it is also necessary to consider 

the hydrolyzed dye molecules that may be physically attached on the cotton surface [40]. 

 

2.7 Environment Issues Related to Dyeing of Cotton 

The process of dyeing cotton with most reactive dyes requires large amounts of salt 

(electrolyte) for exhaustion as well as alkali for fixation. To remove the hydrolyzed dye 

formed during the fixation, scouring and multiple rinsing steps are required. Hence, the 

large volume of effluent produced typically contains high concentrations of salt and alkali 

which pollute the environment, if not treated. 

Reactive dyes are anionic in nature and thus get repelled by the negative charges on the 

cotton fiber. Salt is added in the dyebath to reduce the negative charges on the surface 
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and increase the affinity of the dye for the fiber. To attain high exhaustion of the dye, large 

quantities of salt are required (40-100 g/L). However, the salt remains unexhausted and 

is drained to the effluent.  

Even after using high concentrations of salt, complete exhaustion of the dyes cannot be 

achieved, and only 60-65% of the dye gets utilized in normal dyeing systems.  The 

unexhausted dyes remain in the bath along with the hydrolyzed dye. Effluent treatments 

like chemical oxidation destroy the chromophore of the dye but may ultimately produce 

toxic compounds. Processes that utilize a reduced amount of dye and yield a high degree 

of dye exhaustion can help minimize the pollution problem. 

To achieve good fastness properties, it is important to remove the hydrolyzed dye from 

the dyed cotton substrate. Studies show that, rinsing steps consume approximately 80% 

of water, 90% of energy and 70% of time required in the complete dyeing process [41].  

Water is consumed for rinsing after the dyeing cycle, in the scouring process and final 

rinsing step to remove the hydrolyzed dye. Also, these stages make the entire dyeing 

process time consuming, thereby reducing the capacity of the dyeing and finishing plant 

and increasing costs. Irrespective of these drawbacks, reactive dyes are preferred over 

other dyes for dyeing cotton due to having overall good fastness properties and 

availability in a wide range of hues.  

Some studies have suggested replacing inorganic salts with polycarboxylic acid and 

polymaleic acid sodium salts to promote dye uptake on to the cotton fiber [42]. These 

salts are cheaper, less toxic and biodegradable [43], however, the resultant color yield 
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obtained on dyed samples by exhaust method has been found to be lower compared 

tocolor yields with sodium chloride.  

Some wastewater treatment studies are based on adsorption of color on various 

adsorbents [44-48]. Activated carbon, zeolite filters and anionic clays are some of the 

absorbents used in these processes. However, these take a relatively long time (about 48 

hours) to remove about 75% of the coloring compounds from the wastewater.  

Textile effluent can be biodegraded using microorganisms which is found to be cost 

effective, environmental friendly and produces reduced amounts of sludge. Karunya et 

al. studied the biodegradation of Mordant Black 17 dye by Moraxella osloensis bacteria 

[49]. The organism degraded 88% of the dye after 24 hours incubation period which 

increased to 92 % after 48 hours incubation.  Masour et al. treated textile dyeing 

wastewater containing six reactive azo dyes using Pseudomonas putida mt-2 

microorganism [50]. The microorganism decolorized 86% of the dye effluent after 24 

hours treatment time whereas, only 34.5% of the same effluent was decolorized by 

chemical coagulation-flocculation method. Ekambaram et al. decolorized and 

biodegraded four Remazol reactive dyes by Clostridium butyricum and acetobutylicum 

species [51].  They could obtain 100% decolorization of all four dyes within 72 hours 

with both species. Clostridium acetobutylicum was found to be more effective than 

butyrocum. Liu et al. decolorized several acid and reactive dyes using Geobacter 

metallireducens species [52]. The specimen was more effective in decolorizing certain 

dyes over others. After 104 hours of treatment time, it decolorized 88.6% and 96.8% of 
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C.I. Acid Red 73 and Acid Red 27 respectively; however, it could only achieve 24.9% 

decolorization of C.I. Reactive Red 120 at the same time period.  

The microorganisms can degrade the dye molecules into intermediate compounds with 

low toxicity levels. These processes require a controlled environment for the growth of 

the culture and require at least 24 hours of treatment to degrade the dyes. However, this 

process cannot eliminate the inorganic salts present in the wastewater which in turn 

inhibits the growth of the microorganisms and reduces the degradation capability. The 

extent of biodegradation of the dyes is not the same for all types of dye structures [53, 

54]. The biodegradation process is structure dependent and hence is it difficult to remove 

certain dyes from the wastewater.  

Xu et al. investigated the removal of C.I. Reactive Blue 19 dye from wastewater using 

biodegradable hollow zein nanoparticles [55]. The zein nanoparticles had an average 

diameter of 79.0 nm and possessed positive charges at pH lower than 6 due to the 

presence of NH3+ groups. The ionic attraction between dye’s SO3- and the cationic NH3+ 

groups leads to the adsorption of the dye onto these particles. Khandare et al. developed 

a phyto-tunnel using drilled PVC pipe with grandiflora planted inside the pipe [56]. The 

textile effluent was pumped through the pipe at 350 ml/min and the effluent was 

constantly recycled through the pipe using a water pump which resulted in 57% 

reduction of COD and 45% reduction of BOD after 96 hours. Certain enzymes can also be 

used for decolorization of dyes which require controlled pH conditions with a minimum 

of 18 hours of treatment time [57]. Microbial decolorization and degradation of dyes can 
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be carried out in aerobic/anaerobic conditions but this method is limited only to azo 

based dyes and requires 24 hours of treatment time [58, 59]. A significant amount of 

research has been done in the field of biodegradation of the textile effluent but most of 

the studies involving microorganisms for decolorization of dye use simpler chemical 

compositions and are not evaluated for the ‘true’ textile effluent [60].  

The unexhausted dyes left in the textile effluent can be oxidized and decolorized using 

ozonation and hydrogen peroxide to considerably reduce the COD of the effluent [61-67].  

The oxidation of dyes using hydrogen peroxide is faster than other methods discussed 

earlier; however, it creates more sludge and intermediate chemicals. Low decolorization 

efficiency was observed with real textile wastewater and this is most likely due to the 

presence of dyes not susceptible to reductive decolorization under the experimental 

conditions [68]. The ozonation is not a very effective decoloration method and is only 

30% efficient in reduction of COD. The dyes can also be oxidized using solar radiation but 

this method takes around 28 days to treat the wastewater [69]. Considering the amounts 

of wastewater generated on a daily basis at a textile factory, it is hardly possible to 

implement this treatment process.  

There have been several studies involving the reuse of the effluent water. The 

decolorization of wastewater can be carried out using UV and hydrogen peroxide and 

then recycling to carry out dyeing of cotton substrates [70, 71]. Different shades were 

dyed using the decolorized effluent water and the difference in color of the shade was not 

greater than 1.02 DE*ab units when compared to the shade dyed with deionized water. 
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The same dyebath was recycled ten times which could save a lot of water. However, this 

process has been studied only at a small scale and needs to be studied at a larger scale to 

determine commercial viability.  

Reuse of dyeing effluents can be improved by introducing multiple steps like cartridge 

filtration, acidification, nanofiltration and reverse osmosis [72-74]. The cartridge 

filtration is used to filter out loose textile fibers. The acidification process helps to recover 

the brine from the effluent. The nanofiltration process helps to separate the salts from 

the hydrolyzed dyes in the effluent and the reverse osmosis step helps to concentrate the 

salt for reuse. Using this method, 98% of the salt was recovered for reuse; however, the 

process is not cost effective for commercialization in the industry [75]. 

Many of the textile wastewater treatment methods are not practical due to cost and the 

need for lengthy treatment periods. The wastewater from textile industry has been stated 

to be toxic to plants, aquatic life and mammals [76]. Most of the effluent treatment 

processes involve dye decolorization but do not ensure detoxification and instead 

generate secondary solid wastes [77], which may also result in formation of carcinogenic 

byproducts [78]. 
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2.8 Ecofriendly Dyeing of Cotton 

So far, most of the effluent treatment mechanisms have not been successful in complete 

removal of inorganic salts and dye colorants from the wastewater. Another way to reduce 

the effluent load is by modifying the dye structure of anionic dyes to improve the dye 

uptake on cotton fibers.  One method is to reduce the number of sodium sulfonate groups 

in the dye molecule. The higher number of solubilizing groups increases the 

hydrophilicity of the dyes and increases their tendency to remain in the dyebath instead 

of being adsorbed on the fiber. The sulfonic acid groups may be replaced with organic 

acid groups (COO-) to reduce the overall negativity of the dye molecule in water [79].  

Some dyes containing quaternary ammonium salt groups or epoxy reactive group have 

also been developed [80, 81]. These dyes do not require electrolyte for their application 

as the dyes are positively charged and attracted towards the negatively charged cellulose. 

However, it may be difficult to implement the wide application of these dyes since their 

color gamut is very limited. 

Inorganic salts could also be replaced with other chemicals to aid the dye uptake. 

Trisodium nitrilo triacetate can be used for exhaustion and fixation of reactive dyes on 

cotton substrates [82]. The use of this chemical resulted in 25% reduction of effluent and 

increased the dye fixation when compared to the traditional method of dyeing. However, 

trisodium nitrilo triacetate is more expensive than common inorganic salts and thus less 

cost effective for textile dyers. Sodium ethylenediaminetetraacetic acid (EDTA) is 

commonly used as a sequestering agent but it may also be used for exhausting and fixing 
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reactive dyes on cotton [83]. The dye uptake has been found to be greater in presence of 

sodium EDTA compared to inorganic salts without compromising the fastness properties 

of the dyed fiber. 

 

2.9 Chemical Modification of Cotton 

Another way to reduce the effluent load from textile industry is by modifying the surface 

characteristics of cotton. It is possible to completely avoid the use of salts in the absence 

of negative charges on the cellulosic fibers. A popular method of salt-free dyeing of cotton 

is by grafting cationic charges on the surface [84]. This is known as cationization of 

cotton. Due to the presence of positive zeta potential on the surface of the cationized 

fiber, the anionic dyes are attracted towards the substrate thus eliminating the need for 

the use of salts [85]. The cationization of cotton should be carried out after the 

pretreatment processes like scouring and bleaching because cationized cotton possesses 

more attraction for oxidizing agents which will further lead to higher formation of 

oxycellulose [86]. Cationization results in higher exhaustion of dyes and a reduction in 

the amount of unfixed dye left in the bath [87]. The color strength of the dyed samples 

can be much higher in cationized cotton without affecting fastness ratings [88, 89]. 

The process of cationization of cotton does not affect its physical properties like linear 

density, elasticity, and elongation [90]. Various types of chemicals can be applied to 

cotton to impart cationization, which include cationic polymers, cationic active halogen 

reactants, cationic N-methylols, and cationic epoxies [91]. 
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The cationizing agents can be broadly divided into two groups, monomeric reagents and 

polymeric reagents.  These are briefly described in the following sections.  

 

2.9.1 Monomeric Reagents 

The monomeric cationizing agents are low molecular weight compounds grafted on the 

surface of cotton substrate. 

 

2.9.1.1 Chemical Modification of Cotton using CHPTAC 

The use of cationized cotton is a sustainable method of dyeing cotton. It is possible to 

achieve 100% dye exhaustion with less dye, energy and time than conventional dyeing 

application methods using cationized cotton [92]. It is possible to dye cotton without the 

use of salt and obtain high dye exhaustion and comparable or better color fastness [93]. 

The mechanism of dyeing cationized cotton is illustrated in Figure 19.  

CHPTAC or 3-chloro-2-hydroxyproplytrimethylammonium chloride is a cationizing 

agent that can be used to produce cationized cotton. CHPTAC is formed by the reaction 

of epichlorohydrin and trimethylamine hydrochloride, as shown in Figure 20. 
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Figure 19: Schematic representation of dyeing cationized cotton. 

 

 

        

Figure 20: Synthesis of CHPTAC. 
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CHPTAC in alkaline conditions forms EPTAC which further reacts with cellulose to form 

ether linkages as shown in Figure 21. However, EPTAC can also undergo hydrolysis in 

alkaline conditions to form an unreactive diol compound.  

 

 

CHPTAC      EPTAC 

 

EPTAC       Cationized Cotton 

 

EPTAC       Diol 

Figure 21: Reactions of CHPTAC. 
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CHPTAC can be applied to cotton by various methods like cold pad-batch, pad steam, pad 

bake and exhaust; however, the cold pad-batch is the most efficient method for the 

cationization treatment [3, 13].  The fixation efficiency is observed to decrease with 

increasing liquor ratio and temperature because the EPTAC hydrolysis reaction is more 

favorable with higher concentrations of water and higher temperature [94].  

Madad studied the exhaust method of applying CHPTAC on cotton [95]. The cationization 

efficiency appeared to increase with additional amounts of 50% NaOH.  

A higher fixation of the cationizing agent on cotton can be obtained by using additives 

like sodium lauryl sulfate, triethanol amine, ethylene diamine tetraacetic acid, etc. in the 

exhaust method as they tend to complex with CHPTAC thus reducing the hydrolysis 

reaction [96]. Nallathambi et al. applied CHPTAC on cotton hosiery fabrics with an 

exhaust method [97]. They found that the sequence of addition of alkali plays a significant 

role in the efficiency of cationization. The treatment of cotton substrate with the alkali 

followed by CHPTAC yielded better results. This was due to the swelling of the fiber in 

presence of alkali which made fiber volume more accessible for the cationic agent to react 

with hydroxyl groups.  

 

Several studies have been conducted to understand the effect of mercerization on 

cationization and dye uptake. It has been observed that the fixation of the cationizing 

reagent on mercerized cotton is nearly double that of unmercerized cotton [98]. By use 

of cationized cotton it is possible to obtain higher color yields with direct, acid and 
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reactive dyes [99]. Fu obtained ultra-deep black and navy shades on mercerized 

cationized cotton, which is difficult on untreated cotton [100]. Tarbuk et al. studied the 

morphology of mercerized cationized cotton [101,102]. They found that mercerization 

increased mass per unit area, thickness, breaking force and luster of the cationized 

cotton. They also noted the positive zeta potential on the cotton surface increased the 

absorption of water and anionic dyes.  

Wang et al. prepared cationized cotton using two-bath pad-bake process [103]. They 

obtained a 0.65% nitrogen content on the cationic cotton which is comparable to the high 

efficiency of cationization obtained by cold-pad batch method. Hashem studied the one-

stage process for pretreatment and cationization of cotton [104]. The development of 

one-step process could save substantial amounts of water, time and energy. However, the 

cationization efficiency obtained was very low compared to the usual two-step process. 

Sharif et al. compared the cationization ability of mono and bis-reactive EPTAC [105, 

106]. It was found that the bis-reactive EPTAC compounds were more effective since the 

cellulose has higher probability of reacting with the epoxy group than the mono 

derivative. Zhang et al. applied CHPTAC on cotton by ultrasonic treatment [107] and 

obtained a high degree of cationization. The ultrasonic treatment induces the breakage 

of hydrogen bonds thus increasing the availability of hydroxyl groups in the cellulose 

fiber. 

Ramasamy applied CHPTAC by the pad-batch method and estimated 17% savings in 

dyeing cost at laboratory scale [108]. Farrell and Hauser produced cationized cotton at a 
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larger scale to estimate the environmental savings of this process [109]. They treated 55 

pounds of cotton substrate and found that the cost of dyeing cationized cotton was 25% 

lower than that for the traditional method of dyeing in addition to a 30% reduction in the 

water usage. 

One of the drawbacks of cationic cotton treatment with CHPTAC is the reduction of 

whiteness index of the treated fabric compared to the untreated bleached fabric [96].  

The whiteness of the fabric is lowered with the increasing concentration of CHPTAC [110, 

111].  

Although CHPTAC is fairly nontoxic, however, EPTAC, a product of the reaction of 

CHPTAC with sodium hydroxide, is a carcinogen and highly irritating [5, 112]. Hence, it 

is recommended to mix CHPTAC and alkali directly in the pad trough just before the 

padding process in order to minimize the risk of occupational exposure. EPTAC often 

suffers from relatively low substantivity, poor thermal stability, and unpleasant odor 

[113] due to the presence of trimethylamine. 

 

2.9.1.2 Other cationizing agents 

Apart from CHPTAC, there are several other compounds that can be applied on cotton to 

impart positive charges. Some of these cationic agents are non-reactive and hence 

require a cross-linking agent to bind to cotton. Cotton fiber cationized with acrylamide 

has been dyed with reactive dyes without the use of salt, but the exhaustion of the dye 

was much lower than the exhaustion on cationized cotton treated with chlorotriazine 
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type quaternary ammonium compounds [114-118]. Other types of cationizing agents 

include choline chloride, 3- hydroxybutanone, chloropropionyl chloride as shown in 

Figure 22. 

 

 

 

 

1-acrylamido-2-hydroxy-3-trimethylammonium propane chloride [119] 

 

Chlorotriazine type quaternary ammonium compound [120] 

 

Figure 22: Modification reactions of other monomeric cationizing agents. 

Cell-OH NaOH 



 

43 

    

Choline chloride (left) and trimethylolmelamine (right) [121] 

Cell-OH       

 

 

Chloropropionyl chloride [122] 

 

Figure 22 Continued 

 

 

Cotton substrates can also be modified with EDTA (ethylenediaminetetraacetic acid) 

[123], however, this adversely affects the properties of the fiber since it requires acidic 

pH during the treatment process. Certain types of quaternary ammonium compounds are 

capable of cationizing cotton through photo-modification under UV irradiation [124, 

125] but they also require the dyeing process to be carried out in acidic pH. Another 

crosslinking reagent, 1, 2 dichloroethane, has also been used to impart cationic sites on 

cellulose and showed excellent exhaustion for dye with low reactivity. Alkali cellulose is 

N(CH3)3 
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first reacted with 1,2 dichloroethane followed by treatment with methylamine which 

displaces the second chlorine of the crosslinking agent [126]. 

Some cationic reagents like amino acids from soya and keratin hydrolysate from wool 

fibrous waste perform very well in salt-free dyeing and do not produce toxic effluent 

[127, 128]. The surface modification of cotton promotes dyeing of cotton with dyes like 

carbon black nanoparticles [129] and lac natural dye [130] which are difficult to dye 

untreated cotton.  

 

2.9.2 Polymeric Reagents 

Polymeric cationic reagents contain amine or amide groups which are capable of bonding 

with cellulose and produce the cationic sites. Polyamide-epichlorohydrin (Hercosett 125; 

Hercules Powder Corp.), is a cationic polymer prepared by the condensation reaction 

between adipic acid and diethylenetriamine forming a azetidinium cation [131,132]. This 

cation further reacts with an imine in acidic conditions to form a tertiary amine with a 

secondary hydroxyl. The tertiary amine undergoes nucleophilic substitution reaction to 

form a covalent bond with cellulose [133].  

Figure 23 presents the formation of polyamide-epichlorohydrin treated cotton substrate 

[134]. The treated cotton was found to be dyeable in neutral conditions and in absence 

of salt with highly reactive dichloro-s-triazine (DCT) and difluorochloropyrimidine (FCP) 

type reactive dyes. However, the exhaustion of monochloro-s-triazine (MCT) and 

dichloroquinoxaline (DCQ) reactive dyes was very low [85]. Some studies showed an 
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improvement in the cationization efficiency with the use of thiourea [135] or 

ethylenediamine [136] during the cationization process of polyamide-epichlorohydrin 

on cotton.  

 

 

Figure 23: Illustration of reactive surface of Hercosett treated cotton. 

 

 

Several studies report the application of polyepichlorohydrin dimethylamine (PECH-

amine) for cationizing cellulose [137-139]. The polymeric cationizing agent is prepared 
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by polymerizing epichlorohydrin in presence of boron trifluoride followed by reaction 

with dimethylamine as shown in Figure 24 [136]. PECH-amine can be applied to cotton 

by exhaustion method and the treated fiber shows improved dyeability for direct [136], 

reactive [138], and acid dyes [139]. 

 

Figure 24: Formation of polyepichlorohydrin dimethylamine. 

 

A polyamino cationic agent commercially known as Sandene 8425, was developed by 

Courtaulds and Clariant (formally Sandoz) which has affinity for cotton under alkaline 

conditions [89, 140] and can be applied on cotton by an exhaust method of application. 

The cationic agent produces new dyeable groups for fixation of anionic dyes on the 

treated cellulose [141]. However, it drastically reduces the lightfastness of dye containing 

azo chromophore groups as well producing dull shades [140, 142]. 
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A few studies involve the application of cationic polymers on cotton. Cai et al. applied 

Polymer PL, a commercial cationic acrylic copolymer on cellulose, through pad-dry 

method, and demonstrated increased reactive dye uptake with similar lightfastness to 

untreated samples [84]. Zhang et al. cationized cellulose with poly (vinylamine chloride) 

and showed high exhaustion and fixation for the reactive dyed fiber without 

compromising the fastness properties [143]. Zhang et al. produced cationic starch by 

reacting starch with 2,3-epoxypropyl-trimethylammonium chloride (EPTAC). Cationic 

starch has high substantivity towards cotton due to its large molecular size [144]. The 

cotton was pretreated with cationic starch by a pad-bake method and dyed with reactive 

dyes in a continuous dyeing method without the use of salt. The dye fixation on the 

treated cotton was improved along with good fastness properties. El-Shishtaway and 

Nassar applied Solfix E, a polyaminochlorohydrin quaternary ammonium polymer, and 

printed the treated samples with pigments and anionic dyes [1]. 

 

Several studies involve the use of hyperbranched polymers with amino groups as 

cationizing agents for salt-free dyeing of cotton. Burkinshaw et al. applied a dendrimer, 

as shown in Figure 25, on cotton to improve its dyeability. The study was carried out at 

different concentrations of the reagent and at various pH values by an exhaust method. 

The results of this study show that the efficiency of the treatment was highest at pH 4 and 

the color strength increased with the increasing concentration of dendrimer used [145]. 

Soleimani-Gorgani et al. applied dendrimer to improve ink-jet printing on cotton [146]. 
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The polyamidoamine dendrimer was first reacted with cyanuric chloride which was then 

applied on cotton fabric through a padding process.  The color strength of the treated 

fiber was higher than that for the untreated samples along with good light and wash 

fastness. The samples also demonstrated very good antimicrobial properties. Zhang et al. 

synthesized an amino-terminated hyperbranched polymer and applied it on cotton. The 

polymer was formed due to the condensation polymerization between methyl acrylate 

and diethylene triamine [147] and was applied on cotton by the pad-dry-cure method. 

Reactive dyes when applied on these treated substrates had higher color strength and 

more uniform dyeing. 

 

 

 

Figure 25: Dendrimer used for cotton modification. 
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Chitosan has also been used to modify cotton for its application in salt-free dyeing. 

Chitosan is a long-chain unbranched polymer derived from chitin by deacetylation with 

hot alkali. Figure 26 shows the structure of cellulose, chitin, and fully deacetylated 

chitosan. In slightly acidic conditions, the amino group in chitosan attains positive 

charges which attract anionic dyes. Rippon improved the dyeability of immature cotton 

for direct dyes by pretreatment with chitosan [148]; however, wash and rub fastness 

were compromised. Bandyopadhay et al. applied chitosan on cotton using a pad-dry 

method and reduced the concentration of salt by 50% to produce the same depth of shade 

to that of untreated fabric [149].  

 

Figure 26: Cross-linking of chitosan with cotton fiber. 
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To improve cationization efficiency, Lim and Hudson [150] treated cotton with a fiber-

reactive chitosan derivative, O-acrylamidomethyl-N-[(2-hydroxy-3-

trimethylammonium) propyl] chitosan chloride (NMA-HTCC). The compound was 

applied to cotton under alkaline conditions using a cold pad-batch method and formed a 

covalent bond with cellulose as shown in Figure 27. Treated cotton dyed with direct and 

reactive dyes, without salt, showed higher color yield than conventionally dyed untreated 

cotton.  

 

Figure 27: Reaction between NMA-HTCC and cellulose under alkaline conditions. 
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For treatments with polymeric cationic reagents, ring dyeing, poor lightfastness, and 

change of hue are the major issues. All the different types of cationic agents used for 

cationization, both monomeric and polymeric, exhibit certain limitations. Thus, it is 

necessary to be cautious when selecting the appropriate cationic agent and its method of 

application based on the cationization efficiency and the dyeing performance of the 

treated cellulose. 

  

 

2.9.3 Other Applications of Cationized Cotton 

The use of cationized cotton is not just limited to cotton dyeing. Cationized cotton can 

also be printed using acid, direct, and reactive dyes. The printed cationized cotton 

samples have higher color yield, similar or better fastness properties and shorter 

processing cycles compared to untreated cotton [151 -155]. The prints on the cationized 

cotton appeared deeper than on the untreated cotton. The cationized printed fabrics had 

better fastness properties than untreated cotton. 

Printed cationized cotton have the tendency to spread out in the non-printed areas. To 

fix this problem, Zhang et al. applied the cationizing agent as a colorless ink only to the 

printing areas followed by printing with direct dyes overlapping the exact print area 

[156]. The cationizing agent and the dye was fixed by the steaming method. This method 

of printing has acceptable fastness properties and also considerably reduces the cross-

staining in unprinted areas. 
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Chen and Zhao treated cotton with polyepichlorohydrin-dimethylamine (PECH-amine) 

to examine the performance of ink-jet printing with reactive inks [157]. The treatment 

enhanced the color yield of ink-jet printing, however, the rubbing fastness was 

compromised. The rubbing fastness was improved by scouring with detergent to remove 

the unfixed dyes from the surface. 

Rekaby et al. studied the reactive ink-jet printing on cationized linen fabric [158]. Linen 

is a natural cellulosic fiber. The linen fabric was cationized using dodecyl trimethyl 

ammonium bromide (DTAB), tetra methyl ammonium hydroxide (TMAH) and CHPTAC 

and further printed with reactive dyes. The highest level of cationization was achieved 

with the application of CHPTAC and the lowest with DTAB. As expected, the prints were 

deeper for the CHPTAC treated fabric. 

El-Shishtawy and Nassar treated cotton fabrics with polyaminochlorohydrin quaternary 

ammonium salt with epoxide functionality to print with anionic dyes and pigments [159].  

The prints obtained on the cationized cotton had better washing and rubbing fastness 

than their untreated counterpart. 

Soleimani et al. used polyamidoamine (PAMAM) dendrimer to cationize cotton fabric and 

then printed the fabric with reactive dyes [160]. The increase in the concentration of 

PAMAM not only increased the color strength but also the antimicrobial properties of the 

fabric. 

Dong and Hinestroza treated cotton with CHPTAC to study the electrostatic attraction of 

silver nanoparticles on the substrate [161]. The cationic sites on cotton created 
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anchoring locations for binding the silver nanoparticles producing very high 

antibacterial activity. The results from this study is in accordance with a previous study 

performed by Khalil-Abad et al. [162]. 

Hebeish et al. applied CHPTAC as a cationizing agent to study the performance of 

polycarboxylic acid nonformaldehyde finishes [163]. The wrinkle recovery of the 

cationized samples was exceptionally higher than the untreated sample. The 

cationization increased the uptake of the nonformaldehyde finishes. 

 

2.9.4 Application of Cationized Cotton for Effluent Treatment 

Direct, acid, and fiber reactive dyes have high affinity for cationized cotton and thus 

cationized waste cotton fibers can be used for removal of dyes from textile effluents. 

Using this system, it is possible to almost completely remove the dyes from the effluent 

and meet the EPA standard at a lower cost compared to other wastewater treatment 

techniques [164].  

Goel et al. cationized cotton via radiation grafting process, for use as a cationic adsorbent 

in dye wastewater treatment [165].  The cationized cotton produced in this manner could 

be described as a high capacity but low cost cationic adsorbent. The adsorption of dyes 

on the substrate had a better fit to the Langmuir model of adsorption. Zhou et al. used a 

modified solution to remove lead and malachite green from aqueous solutions [166]. The 

adsorption of lead and malachite green on modified cellulose fits the assumptions of 
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Langmuir isotherms. Desorption of adsorbate was carried out using 0.2 mol/L HCl 

solution which enabled the reuse of the adsorbent more than six times. 

2.10 Colorimetry 

In order to quantify the amount of dye adsorbed on the substrate, the amount of dye left 

in the dyebath is measured. These measurements are carried out with a 

spectrophotometer. A spectrophotometer measures the amount of light reflected or 

absorbed over the visible spectrum i.e. 390 to 700 nm wavelength. The Beer-Lambert law 

is used to relate the response from the spectrophotometer to the concentration of dye in 

the solution. The Beer-Lambert equation is given by:  

log 1/𝑇=𝐴=𝑎𝑏𝑐 

where, T is transmittance, A is absorbance, 𝑎 is molar absorptivity (or extinction 

coefficient) of the absorbing species, 𝑏 is the path length through the medium, and 𝑐 is 

the concentration of the absorbing species [167]. The relationship between absorbance 

and concentration is linear and holds true only at lower concentrations of dye. However, 

at higher concentrations, the law does not hold true due to scattering of light from the 

dye molecules. The law is additive for dye solutions containing multiple components.  

 

A color space is a mathematical representation of color in terms of three color 

components. The simplest and the most commonly known color space is the CIELAB 

space. The CIELAB color space is a three-dimensional system as shown in Figure 28. 



 

55 

 

Figure 28: CIELAB Color Space. 

 

 

The attributes of this color space are L*, a*, and b* where L* represents lightness, ranging 

from perfect black to perfect white, a* is the red to green contribution, and b* denotes 

yellow to blue contribution. A color can be described in terms of these coordinates [168]. 

A color difference formula is used to measure the difference between a reference and a 

sample. The most common color difference equation used for textiles color matching is 

ΔECMC. 

ΔE CMC, show below, is measured based on the L*C*h color model [35]. The L*C*h color 

space is similar to CIELAB but is preferred in industry because it correlates well with how 
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the human eye perceives color. In this color space, L* indicates lightness, C* represents 

Chroma, and h is the hue angle. 

ΔE CMC = √(
ΔL∗

lSL
)2 + (

𝛥𝐶𝑎𝑏
∗

𝑐𝑆𝐶
)2 + (

𝛥𝐻𝑎𝑏
∗

𝑆𝐻
)2 

 

where, ΔL*, ΔC*, and ΔH* are component differences in L*, C* directions and ΔH* 

represents the hue difference between the sample and the reference color. SL, SC, SH 

functions, given below, represent the semi-axes of the tolerance ellipsoid around the 

standard which are spatially dependent.  l and c are parametric factors used to describe 

the effect of surface characteristics of the material including texture on color differences 

and for textiles are normally set to l = 2 and c = 1. 

 

SL = 
0.040975 𝐿𝑆

∗

1+0.01765 𝐿𝑆
∗  for L*S ≥ 16 else SL = 0.511 

SC = 
0.0638  𝐶𝑎𝑏,𝑆

∗

1+0.0131 𝐶𝑎𝑏,𝑆
∗  + 0.638 

SH = SC (f T +1 – f) 

f = √
(𝐶𝑎𝑏,𝑆

∗ )4

(𝐶𝑎𝑏,𝑆
∗ )4+1900

 and  

T = 0.36 + |0.4 Cos (35°+ hab,S)| 

In the hue angle domain 164°≤ hab,S ≤ 345°, the equation  

T = 0.56 + |0.2 Cos (168° + hab,S)| is valid. 
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The subscript S refers to the Standard or reference color. 

 

Colorant primaries are mixed to obtain a color. In the coloration industry, these primaries 

are blue, yellow and, red though in printing cyan, yellow and magenta are employed. The 

computerized color matching system aids in predicting the recipes for dyeing a required 

shade of color [169, 170]. The samples dyed with individual colors are recorded into the 

computer using a reflectance spectrophotometer along with the reference shade to be 

reproduced. The algorithm of computerized color matching, calculates the proportion of 

each dye such that the mixing of the three dyes in that proportion will generate the 

reference color. A ΔEcmc value of less than 1 may be regarded as an acceptable match since 

distinguishing samples with color differences less than 1 may be visually challenging 

[171].  
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CHAPTER 3 CAPPING CATIONIZED COTTON 

3.1 Introduction 

Modification of cotton with cationic agents enables dyeing the substrate with anionic 

dyes in the absence of salt. The positive sites on cellulose attract the negatively charged 

dyes towards the fiber and improve the exhaustion of the dyes on the substrate. When 

cotton is treated with appropriate amounts of cationic agent, it is possible to exhaust 

nearly all the dye present in the dyebath [172, 173]. This significantly reduces the 

amounts of dye present in the effluent. However, in such cases, there may also be 

unoccupied active cationic sites present in the substrate at the end of the dyeing cycle. 

Later, when such substrates are laundered, they would be capable of absorbing loose 

dyes released from other dyed articles. This in turn would change the hue and 

appearance of the cationized cotton dyed substrate. 

 

In order to avoid cationized substrates from absorbing loose dyes, it is necessary to block 

the active cationic sites after the dyeing process. This is known as capping. There are 

several requirements for a chemical to successfully act as a capping agent on cationized 

cotton. They are: 

• Ease of application; 

• Low cost; 

• No adverse effect on the appearance of the substrate; 

• No adverse effect on the hand of the fabric; and 

• High substantivity for cotton and withstanding laundering. 
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Since, cationic sites are positively charged, the first approach examined was to apply 

anionic reagents to the treated substrate.  The procedure is described in the following 

sections.  

 

3.2 Experimental 

3.2.1 Materials 

Cotton Inc. supplied greige plain woven fabric rolls weighing 16 Kg each which were used 

throughout the experiment. A list of general chemicals and auxiliaries used is given in 

Table 1. The anionic chemicals, used as capping agents, on cationic cotton are listed in 

Table 2 and their structures are shown in Figure 29. 
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Table 1: List of chemicals and auxiliaries used. 

 Name Application Supplier 

1. CR-2000 (65% CHPTAC) Cationizing agent Dow Chemicals 

2. Sodium hydroxide (NaOH 50%) Alkali Brenntag 

3. Sodium sulfate (Glauber’s Salt) Electrolyte Brenntag 

4. Sodium carbonate (Soda Ash) Alkali Brenntag 

5. Carboxymethyl cellulose (size 8) Leveling agent Rohm & Haas 

6. Primasol NB NL Wetting agent BASF 

7. Hydrogen peroxide (H2O2 35%) Bleaching Brenntag 

8. ApolloScour SRDS Surfactant Apollo Chemicals 

9. Acetic acid (99.85%) Acid Brenntag 

10. Citric acid Acid Brenntag 

 

3.2.2 Procedures 

Pretreatment of Cotton: 

The fabric was desized and scoured using 2 g/L of wetting agent and 2 g/L soda ash at 

100°C for 2 hours in a laboratory scale Thies Jet Machine. The fabric was then bleached 

using 6 g/L of H2O2 and 3 g/L of NaOH for 2 hours at 95°C. After the bleaching process, 

the fabric was rinsed and neutralized with 0.5 g/L of acetic acid to obtain a pH of 5-6. A 

material to liquor ratio of 1:20 was maintained during the entire process. The fabric was 

finally dried on a tenter frame at 95°C.  
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Table 2: List of chemicals and dyes used as capping agents. 

 Name Supplier 

1. Carboxymethyl cellulose Arcos Organics 

2. X-Cape LK-30 OMNOVA 

3. Basokol –NB-S BASF 

4. Naphthalene disulfonic acid Sigma-Aldrich 

5. Polyvinyl sulfonic acid * 

6. Polystryrene sulfonate * 

7. Sulfated Caster Oil Manufacturers Chemicals LLC 

8. Sulfated Methyl Oleate Manufacturers Chemicals LLC 

9. Polyacrylic acid (Mol. Wt. 1200, 8000, 15000) Sigma-Aldrich 

10. Anionic Softener * 

11. Hipochem FNL -4- new High Point Chemical Corp 

12. Sera fast N-HF-01 DyStar 

13. UV-sun CEL liq Hunstman 

14. UV-sun WEC liq Hunstman 

15. C.I. Direct Black 80 Standard Colors Inc. 

16. C.I. Reactive Black 5 Standard Colors Inc. 

17. C.I. Reactive Orange 86 Standard Colors Inc. 

18. C.I. Reactive Red 11 Standard Colors Inc. 

* Samples provided by Cotton Incorporated. 
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Sodium carboxymethylcellulose    Naphthalene disulfonic acid sodium salt 

 

     

Polystyrene sulfonic acid sodium salt  Polvinyl sulfonic acid sodium salt 

 

Polyacrylic acid sodium salt 

 

Figure 29: Structure of the chemicals used as capping agents. 
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Sulfated Caster Oil        Sulfated methyl oleate 

Figure 29 Continued 

 

The exact structure of some chemicals was not available; however, a general idea was 

obtained from their chemical manufacturer’s MSDS.  X-Cape LK-30 is used as an anionic 

surfactant, a compound with long hydrophobic chains and an anionic hydrophilic head. 

Basokol-NB-S, manufactured by BASF, is used as an anionic leveling agent and is based 

on polyacrylates. The sample of anionic softener was provided by Cotton Inc. The 

manufacturer of this chemical is not known, however, generally, anionic softeners are 

long alkyl chains with an anionic group attached to a long alkyl hydrophobic chain. 

Hipochem FNL-4-new, manufactured by High Point Chemical Corp, is stated to be an alkyl 

aryl sulfonate. DyStar manufactures the chemical Sera fast N-HF-01, which is described 

as aromatic sulfonic acids with high molecular weight. UV-sun CEL liq and UV-sun WEC 

liq are manufactured by Huntsman Corporation and are anionic UV blockers for cotton 

fabrics. 
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Cationization of Cotton: 

A roll of bleached cotton fabric was treated with 75 g/L CHPTAC and 45 g/L of NaOH 

using a cold pad batch technique at 100% wet pickup. The fabric was batched for 24 

hours. followed by rinsing and neutralization with 0.5 g/L citric acid. 

Calculations: 

Mol. Wt. CHPTAC = 188 and Mol. Wt. NaOH = 40 

For a one liter solution, 

CHPTAC = 75 × 0.65 = 48.75 g 

∴ moles of CHPTAC = 48.75/188 = 0.26 

NaOH = 45 × 0.50 = 22.5 g 

∴ moles of NaOH = 0.56 

Ratio of moles of CHPTAC: NaOH = 1: 2.15  

 

Capping Procedure with Exhaust Method: 

Cationized samples (with 75 g/L CHPTAC), weighing 20 g, were capped using the capping 

agents listed in Table 2. Each of the listed chemicals was applied at 1, 2 and 4 g/L 

concentrations for 15 and 30 min on treated cotton using an Ahiba Texomat machine at 

60°C. The samples were then washed, dried and tested for color staining. 
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Capping Procedure with Pad-Dry-Bake Method 

Samples weighing 20 g were padded with 1, 2 and 4g/L concentrations of each chemical 

at 100% wet pickup. The samples were then dried at 110°C for 90 seconds and further 

baked at 150°C for 120 sec. The treated samples were then subjected to the laundering 

test for color staining. 

 

Test for Color Staining Procedure  

For the color staining test, a dyed fabric which would release dye during laundering was 

required. An untreated cotton fabric was dyed using a fiber reactive dye Novacron 

Brilliant Blue FN-3G on an Ahiba Texomat dyeing machine according to the 

manufacturer’s recommended procedure but the fabric was not scoured after the dyeing 

process to provide the maximum amount of dye released during laundering. 

AATCC 61-2A procedure was followed to test for color staining and three laundering 

baths were prepared. The first contained an undyed untreated cotton sample stitched to 

the dyed sample, the second bath contained undyed cationized cotton sample stitched to 

the dyed sample and the third bath contained only a piece of dyed sample. Undyed 

cationized cotton samples were used throughout the experiment since they possess the 

highest number of active cationic sites available for the laundering process. The third dye 

bath was prepared only to measure the amount of dye released at the end of the 

laundering cycle. 
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To measure the amount of dye released from the sample, an absorption calibration curve 

was developed using a Color i7 X-rite spectrophotometer and the Color iContol Software 

as shown in Figure 30. 

 

Spectrophotometer measurement settings were as follows:  

- Transmittance mode  

- Specular light included  

- UV light excluded  

- Average of 2 readings  

- Measurement range 360 to 750 nm at 10nm intervals  

 

 

Figure 30: Absorption calibration curve for Novacron Brilliant Blue FN-3G. 
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The concentration of the dye released at the end of the laundering cycle was found to be 

0.02 g/L. For the future color staining tests, 0.02g/L of the dye was added in the soap 

solution to ensure equal amounts of dye during color staining tests for all the capped 

samples. Visual assessments were made for the color staining tests.   

 

3.3 Results and Discussion 

When untreated cotton and cationized cotton samples were laundered with the dyed 

fabric, there was no change in the color of the untreated sample. However, the cationized 

cotton absorbed all the dye released from the dyed sample and no dye was left in the bath 

at the end of the laundering test. Hence, the need to cap the active cationic sites is evident 

in order to prevent the absorption of loose dyes during laundering. Figure 31 shows the 

color staining results for untreated and cationized cotton samples and Figure 32 shows 

results for capped samples from pad-dry-bake method.  

 

 

Figure 31: Color staining results for untreated and cationized cotton samples. 
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Figure 32: Capped samples from pad-dry-bake method. a. Uncapped sample, b. sulfated 

castor oil, c. polyacrylic acid (15000), d. polystyrene sulfonate and, e. Basokol –NB-S. 

 

When the capped samples from the pad-dry-bake method were subjected to color 

staining test, it was found that the application of polyacrylic acid, sulfated castor oil, 

polystyrene sulfonate and Basokol–NB-S could reduce the color staining on cationized 

cotton. None of the other chemicals was effective in blocking the cationic sites by a pad-

dry-bake method of application. Polystyrene sulfonate and Basokol-NB-S were more 

effective than polyacrylic acid and sulfated castor oil. Sulfated castor oil imparted its odor 

onto the treated samples and hence was not studied further. Polystyrene sulfonate 

imparted stiffness and rendered yellowness to the samples. Polyacrylic acid with lower 

molecular weights (1200 and 8000) was studied further, however, it did not improve the 

capping efficiency. Basokol-NB-S performed the best among all the chemicals, however, 

a

 

c

 

b

 

d

 

e
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it could not be studied further since the chemical is a discontinued product of BASF. 

Figure 33 shows the results for the application of capping reagents based on the exhaust 

method.  

 

 

Figure 33: Capped samples from exhaust method. a. Uncapped sample, f. Sera fast N-HF-

01 and, g. UV-sun WEC liq. 

 

When the capped samples from exhaust method were subjected to the color staining test, 

it was found that, Sera fast N-HF-01 and UV-Sun WEC liq were very effective as blocking 

agents and there was no dye present on the treated fabric after the laundering test. These 

two chemicals did not alter the feel of the fabric. However, UV-sun WEC liq made the 

appearance of the fabric yellower due to its own yellow color and hence was ruled out. 

a

 

f
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Sera fast N-HF-01 was effective at all concentrations and treatment time, hence 2 g/L of 

the chemical when applied for 15 mins at 60°C was sufficient to cap all the active cationic 

sites. The color of the samples treated with Sera fast N-HF-01 remained unaltered. 

 

All the chemicals used in this study were anionic in nature and hence had the potential 

to form ionic bonds with the cationic sites. However, the efficiency of capping is not solely 

dependent on the ionic nature of the compound applied. The compound needs to have 

substantivity for the substrate in order to remain on the fiber and withstand accelerated 

laundering conditions.  Hence, the chemicals like naphthalene disulfonic acid, Hipochem 

FNL-4-new and UV-sun CEL liq could not successfully act as a capping agent under the 

current experimental conditions. 

 

Sera fast N-HF-01, a product of DyStar, is a chemical auxiliary used to improve the wet 

fastness of polyamide fibers dyed with acid and reactive dyes. It has a negligible impact 

on the final shade and hand of the samples. The exact structure of this chemical is not 

disclosed by DyStar, however, the product information manual states the chemical as 

high molecular weight aromatic sulfonic acids which appears to have substantivity for 

cationized cotton.  

 

Since cationization of cellulose is not limited to the surface of cotton fiber but does occur 

inside the bulk of the fiber, it is necessary for the capping agent to penetrate inside the 
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bulk of the fiber. However, for chemicals having long alkyl chains and polymeric in 

nature, it is difficult to diffuse inside the fiber. Thus, there may be cationic sites inside the 

fiber which remain uncapped and therefore take up loose dyes during the laundering 

test. Figure 34 shows a schematic representation of attachment of polymeric and long-

alkyl chained compounds on cationized cotton. Hence, the polymeric chemicals i.e. 

carboxymethyl cellulose, Basokol-NB-S, polyvinyl sulfonic acid, polystyrene sulfonate, 

polyacrylic acid, and the compounds containing long alkyl chains i.e. X-Cape LK-30, 

sulfated castor oil, sulfated methyl oleate, anionic softener could not effectively cap the 

cationic sites available on cationized cotton. 
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Figure 34: Schematic representation of capping cationized cotton with polymeric and 

long alkyl-chain. 
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Testing capping efficiency of Sera fast N-HF-01 on white samples 

To test the efficiency of Sera fast N-HF-01, cationized cotton samples capped with this 

chemical needed to be exposed to more severe conditions than previously used. For this 

study three substrates were used, untreated cotton, 100 g/L CHPTAC cationized cotton 

and 100 g/L CHPTAC cationized cotton capped with 4g/L Sera fast N-HF-01. Capping of 

the cationized cotton samples were performed by an exhaust method as mentioned 

earlier. Two black dyed samples were prepared using 10% owf of C.I. Direct Black 80 and 

C.I. Reactive Black 5. Untreated cotton fabric was used to dye these black samples using 

the manufacturer’s recommended dyeing procedure without the post-dyeing scouring 

process. These black samples were stitched with the white substrates during the 

laundering test. The black samples were not scoured after dyeing to have more black dye 

released during the laundering test. Each sample had three repetitions and there were a 

total of 18 samples (3 substrates × 2 black dyed samples × 3 repetitions) in this test. The 

samples were then read on the spectrophotometer and the color change was measured 

against the original substrates. The results of this experiment are shown in Table 3 and 

Figure 35. 
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Table 3: Comparison of color difference on white samples. 

Sample 
Black 

Dye 
L* a* b* C* h° 

Avg. 

ΔEcmc 

Avg. 

ΔE2000 

Untreated Cotton 

1 

Direct 

48.72 -4.07 -11.53 12.23 250.57 

27.73 23.53 2 49.08 -4.15 -11.54 12.26 250.20 

3 48.17 -4.06 -11.60 12.29 250.70 

4 

Reactive 

75.57 -4.78 -8.16 9.46 239.63 

16.60 12.48 5 79.00 -5.01 -4.09 6.47 219.28 

6 79.54 -4.57 -3.61 5.82 218.35 

Cationized Cotton 

7 

Direct 

22.59 -0.07 -8.11 8.11 269.52 

30.08 34.88 8 22.26 -0.04 -7.91 7.91 269.74 

9 21.51 0.15 -7.45 7.46 271.18 

10 

Reactive 

40.40 -5.26 -20.32 20.99 255.48 

37.12 30.90 11 35.98 -4.45 -20.20 20.68 257.57 

12 33.25 -3.78 -20.19 20.54 259.41 

Capped cationized cotton 

13 

Direct 

54.28 -3.39 -10.34 10.88 251.86 

24.00 20.09 14 53.81 -3.53 -10.22 10.81 250.94 

15 56.17 -3.68 -9.93 10.58 249.68 
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Table 3 Continued 

16 

Reactive  

77.12 -5.00 -5.93 7.76 229.87 

14.88 11.14 17 84.11 -3.75 -5.46 6.62 235.54 

18 84.92 -3.32 -5.09 6.07 236.87 

 

 

Figure 35: Color change in white samples. 

  

The color change in cationized white samples is quite evident and the fabrics take up 

significant amounts of the direct and reactive black dye released during the laundering. 

The amount of black dye adsorbed by the untreated cotton is significantly less than that 

1 
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10 
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3  
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for the cationized sample. The amount of dye adsorbed by the capped cationized samples 

is, however, the least compared to untreated and cationized cotton. This indicates that 

the capping agent is preventing the capped cationized sample from adsorbing any loose 

dye during laundering and the capping is durable to laundering.  

The change in color observed for the untreated cotton indicates the black dye released 

during laundering has an affinity for the cotton fiber. The affinity increased due to the 

presence of cationic sites and therefore the ΔEcmc and ΔE2000 of the white substrate 

increased significantly. The capping agent (Sera fast N-HF-01) was expected to block only 

the cationic sites present in the cationized sample and hence reduce the extent of the 

color change. Through the capping process, the adsorption of the black dyes on the 

cationic sites was blocked; however, it was not possible to eliminate the adsorption of 

these dyes on cotton. 

  

Testing capping efficiency of Sera fast N-HF-01 on dyed samples 

Once the efficiency of Sera fast N-HF-01 was investigated on white cationized cotton 

samples, its efficiency on dyed cationized fabrics was studied. For this experiment, the 

same black dyes mentioned previously, were used. To obtain dyed samples, untreated 

and 100 g/L CHPTAC cationized cotton were dyed with 1% owf of C.I. Reactive Red 11 

and C.I. Reactive Orange 86. The manufacturer recommended dyeing procedure was 

used. The untreated cotton samples were dyed using salt and alkali and a post-dyeing 

scouring was also performed. The cationized samples were dyed without the salt and 



 

77 

were not scoured. A part of the dyed material obtained after dyeing the cationized 

samples was capped using the capping agent.  

Finally, three substrates were obtained i.e. untreated dyed cotton, dyed cationized cotton 

and capped dyed cationized cotton using two reactive dyes. These samples were then 

subjected to the laundering test along with the black dyed samples. The untreated and 

dyed cationized samples were subjected to laundering without the black dyed samples 

and used as the standard for color difference calculations. All the trials were repeated 

thrice and a total of 48 samples were obtained for this experiment. The change in color 

and the color difference values are as shown in Figures 36-38 and Table 4. 

 

Table 4: Comparison of color difference on dyed samples. 

Sample Dye 
Black 

Dye 
L* a* b* C* h° 

Avg. 

ΔEcmc 

Avg. 

ΔE2000 

Untreated Cotton 

1 

Red 
Direct 

40.58 27.98 -

17.57 

33.04 327.87 

14.38 13.97 2 
39.87 24.16 -

17.79 

30.00 323.64 

3 
40.23 30.68 -

17.13 

35.14 330.82 

4 Yellow 54.97 -7.34 23.44 24.56 107.39 23.08 23.16 
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Table 4 Continued 

5   54.30 -7.47 22.47 23.68 108.39   

6   55.50 -7.22 24.10 25.16 106.69   

7 

Red 

Reacti

ve 

51.57 52.14 -8.76 52.87 350.47 

1.89 1.69 8 50.13 52.67 -8.16 53.30 351.19 

9 51.27 52.88 -8.38 53.54 351.00 

10 

Yellow 

76.43 7.67 54.25 54.79 81.96 

5.83 5.21 11 77.78 9.47 57.14 57.92 80.59 

12 76.07 8.23 54.72 55.33 81.45 

13 Red 

Stand

ard 
None 

52.48 55.78 -6.20 56.12 353.66 

0.19 0.19 14 52.64 55.87 -6.42 56.23 353.45 

15 52.04 56.11 -6.15 56.45 353.74 

16 Yellow 

Stand

ard 

80.71 16.87 63.03 65.25 75.02 

0.31 0.25 17 80.19 16.76 62.68 64.88 75.03 

18 81.19 16.61 62.06 64.25 75.02 

Cationized cotton 

19 

Red Direct 

19.53 10.13 -

10.41 

14.53 314.22 

23.14 23.07 

20 
19.40 9.63 -

10.25 

14.06 313.21 
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Table 4 Continued 

21   
19.44 10.71 -

10.43 

14.95 315.76 
  

22 

Yellow  

23.30 -3.41 4.58 5.71 126.65 

34.09 38.65 23 24.51 -4.05 5.40 6.75 126.88 

24 24.93 -4.21 6.07 7.39 124.73 

25 

Red 

Reacti

ve 

25.87 23.99 -

17.62 

29.76 323.70 

19.84 19.65 26 
23.95 20.11 -

17.87 

26.91 318.38 

27 
25.41 22.78 -

18.66 

29.45 320.69 

28 

Yellow 

40.27 -6.16 22.37 23.20 105.39 

30.34 31.16 29 36.73 -7.47 17.17 18.72 113.52 

30 38.79 -6.65 20.36 21.42 108.10 

31 

Red 

None 

44.26 59.01 -2.15 59.04 357.91 

0.77 0.69 32 43.30 58.73 -0.52 58.73 359.49 

33 45.08 59.43 -2.84 59.50 357.27 

34 

Yellow 

74.19 28.66 77.65 82.77 69.74 

0.54 0.45 35 74.58 27.26 77.28 81.95 70.57 

36 74.48 28.37 77.52 82.55 69.90 
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Table 4 Continued 

Capped Cationized Cotton 

37 

Red 

Direct 

31.08 31.83 -

15.09 

35.23 334.63 

14.89 13.59 38 
29.81 29.69 -

15.65 

33.56 332.21 

39 
29.77 31.11 -

14.38 

34.28 335.19 

40 

Yellow 

45.56 -4.17 27.93 28.24 98.48 

25.01 24.43 41 48.84 -2.66 33.28 33.38 94.57 

42 46.52 -3.36 29.76 29.95 96.44 

43 

Red 

Reacti

ve 

40.60 52.59 -6.86 53.04 352.57 

3.92 3.40 44 40.23 51.61 -7.68 52.18 351.54 

45 40.90 53.35 -5.94 53.68 353.65 

46 

Yellow 

65.28 9.00 57.53 58.23 81.11 

12.07 10.43 47 67.03 11.14 60.78 61.79 79.62 

48 64.56 8.72 56.84 57.51 81.28 
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Figure 36: Color change on untreated cotton dyed samples. 

 

Figure 37: Color change on cationized cotton dyed samples. 
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Figure 38: Color change on cationized capped cotton dyed samples. 

 

The ΔEcmc and ΔE2000 color difference values between the replicates of untreated and 

dyed cationized standards were less than one. Hence, the three replicates of the 

untreated and cationized dyed substrates can be accepted as equivalent. The color 

change in cationized cotton samples were significant. The red sample changed to dark 

purple and the yellow sample changed to dark green. This indicates the presence of active 

cationic sites on the fiber after the dyeing process. This would create issues during home 

laundering since these substrates would take up any dye released by other garments. The 

untreated dyed cotton samples adsorb some loose black dye, however, the change in their 

color was significantly lower compared to cationized cotton dyed samples. From the 

results of the color change in white samples, the capped cationized cotton dyed samples 

were expected to perform better than the untreated dyed samples; however, the results 
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were not the same. Although, the capped cationized cotton dyed samples adsorbed 

significantly lower amounts of dye compared to the uncapped samples, but the color 

change was more than untreated dyed cotton samples. 

Apart from covalent bonding to the primary hydroxyl groups, some of the reactive dye 

on cationized cotton could be attached to the cationic sites through ionic bonds. During 

laundering, some of these ionic bonds may be broken, thus in turn creating some active 

cationic sites. Since the capping agent was applied before the laundering process, the 

newly available cationic sites become available to adsorb the loose black dyes present in 

the laundering bath. Hence, this could be a probable reason for observing more color 

change in capped cationized dyed cotton than untreated dyed cotton. If the cationized 

dyed samples were scoured after the dyeing step, it may have removed some of the 

weekly bonded reactive dyes on the cationic sites, therefore, improving the capping 

efficiency.  
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CHAPTER 4 INFLUENCE OF DYE STRUCTURE ON DYEING CATIONIZED COTTON  

4.1 Introduction 

The dye uptake on cationized cotton is far greater than that on untreated cotton [174]. 

This indicates that the existing primaries, developed for untreated cotton, cannot be used 

to match colors on cationized cotton. Farrell et al. assessed the simultaneous prediction 

of dye recipes and cationization treatment level [172]. They predicted the amount of 

cationization required for a certain shade, however, in experiments the target color was 

not matched successfully. Cannon and Hauser, studied the color appearance of reactive 

dyes on cationic cotton [175]. A slight variation in hue was observed for certain dyes with 

increasing dye concentration. 

 

Dyeing of cationized cotton with twenty-three anionic dyes was studied previously [173]. 

It was observed that the extent of exhaustion is different for each dye [173, 176, 177]. 

Certain dye structures seem to have preferential affinity for the cationized cotton. Hence, 

dye’s molecular structure has an important role on dyeing cationized cotton and the color 

yield differs for dyes with different chemical structures [178]. Baouab et al studied the 

effect of dye structures on dye uptake of acid dyes at equilibrium conditions [179]. They 

observed that dyes with a lower molecular weight had higher dye exhaustion on 

cationized cotton. An increase in equilibrium dyeing temperature lowered the dye 

uptake. 
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Acharya et al. studied the kinetics of dyeing cationized cotton with CI Reactive Blue 235 

and CI Reactive Blue 19 [180]. The real-time exhaustion of these dyes was measured 

using the HueMetrix monitoring system. The exhaustion of these two dyes on cationized 

cotton was found to be the same as they have similar dye structures. It was evident that 

the rate of dyeing on cationized cotton was higher than that on untreated cotton. 

 

From the above studies, it can be concluded that dye exhaustion on cationized cotton is 

influenced by dye structure. In the current study, the effect of reactive dye structure 

parameters such as the number of sulfonic acid groups, molecular weight, and molecular 

size on dye exhaustion at equilibrium conditions was investigated. This study will help 

quantify the availability of dye sites on cationized cotton, and determine the favorable 

dye structure parameters to obtain maximum dye exhaustion on cationized cotton. 
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4.2 Influence of Dye Structure on its Adsorption on Cationized Cotton  

4.2.1 Experimental 

4.2.1.1 Materials 

Untreated cotton and treated cotton using four levels of cationization, i.e. 25, 50, 75 and 

100 g/L CHPTAC were chosen to study the adsorption of reactive dyes on cationized 

cotton. Untreated cotton as well as treatments at 25 and 50 g/L were available from a 

previous study [173]. A separate roll of fabric was treated using 100 g/L CHPTAC and 60 

g/L NaOH following the cationization procedure mentioned in Chapter 3. Small swatches 

of the treated samples were sent to Galbraith Laboratories for nitrogen content analysis.  

Five reactive dyes with known structures were selected based on varying sulfonic acid 

groups and molecular weight as shown in Figure 39. The dyes in their crude form i.e. 

without any added auxiliaries, were obtained from Standard Colors. 

 

4.2.1.2 Procedures 

The amounts of dyes in mmol/L used for the equilibrium dyeing experiments are given 

in Table 5. For a particular dye, its molecule weight was multiplied by the amount in 

mmol/L to obtain the dye concentration in mg/L. A liquor ratio of 100:1 was used for this 

study.  
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                     Reactive Blue 109 (Mw 1040.58)                             Reactive Red 11 (Mw 767.43)   

 

 

Reactive Red 198 (Mw 968.19) 

 

   

Reactive Violet 5 (Mw 735.57)  Reactive Blue 19 (Mw 626.54) 

 

Figure 39: Structure and molecular weight of reactive dyes examined. 
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Determination of Equilibrium Dyeing Time 

To perform the equilibrium dyeing experiments, it was first necessary to determine the 

minimum dyeing time required at isothermal conditions for samples to attain 

equilibrium. Therefore, a sample experiment was conducted to dye untreated and 25 g/L 

CHPTAC treated samples with Reactive Blue 109 and Reactive Red 11 dyes. The dye 

concentration used was 1.5 mmol/L for both dyes and for both types of substrate at 40°C. 

The dyeing times selected were 0, 3, 6, 9, 12, 24, 48 and 72 hours. The experiment 

consisted of examining 32 dyed samples.  

One gram samples together with the dye solution were placed in 100 ml glass bottles that 

were then placed in the water bath at 40°C. Samples were removed from the water bath 

at various times as mentioned earlier and the concentration of the dye in the solutions 

(Cs) was measured. The concentration of dye in the fiber (Cf), expressed in terms of 

mmol/g, was then calculated by: 

Cf = initial dye bath concentration – final dye bath concentration 

 

The plot of Cf verses time shown in Figures 40 and 41 give the estimated time required 

to reach equilibrium for untreated and treated samples. The equilibrium time for treated 

samples was found to be 3 hours since the concentration of dye adsorbed after 3 hours 

did not change significantly. For the untreated samples, the equilibrium time was found 

to be 72 hours. For further experiments, the treated and untreated samples were dyed at 

isothermal conditions for 3 and 72 hours respectively. 
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Figure 40: Determination of equilibrium dyeing time for Reactive Blue 109. 

 

Figure 41: Determination of equilibrium dyeing time for Reactive Red 11. 
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Equilibrium Dyeing Procedure 

1. First, a calibration chart of absorbance versus concentration at maximum 

wavelength was produced by measuring the absorbance of dye solutions at 

known concentrations. 

2. One gram of fabric sample was weighed and soaked in deionized water 

overnight. 

3. In a 100-ml graduated volumetric glass bottle the desired amount of water and 

dye was added and kept in a Precision Scientific water bath to allow the dyebath 

to reach equilibrium at the desired temperature. The samples were removed 

from deionized water, were squeezed to remove the excess water, and placed 

inside the glass bottles to attain equilibrium. Cationized cotton samples were 

dyed for 3 hours and untreated samples were dyed for 72 hours.  

4.  At the end of the equilibrium dyeing cycle, the concentration of dye in the bath 

was measured using an Agilent Cary 300 UV-Vis spectrophotometer. The 

concentrations of the dyebaths in mmol/L was used for analysis. 

5. No salt or alkali was added to the bath in these experiments. 

 

 

4.2.2 Results and Discussion 

The graph of percent nitrogen versus CHPTAC concentration is shown in Figure 42. The 

nitrogen content of the samples increases with increasing concentration of CHPTAC 

applied. The relationship is linear with a R2 value of 0.996. The number of cationic sites 

available on the samples is listed in Table 6. 
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Table 5: Concentration of dyes in mmol/L for different cationization levels. 

Sample No. 

Cationization treatment level in g/L of CHPTAC 

0 25  50  75  100 

1 
0.025 0.025 0.050 0.075 0.100 

2 0.050 0.050 0.100 0.150 0.200 

3 0.075 0.075 0.150 0.225 0.300 

4 0.100 0.100 0.200 0.300 0.400 

5 0.125 0.125 0.250 0.375 0.500 

6 0.150 0.150 0.300 0.450 0.600 

7 0.175 0.175 0.350 0.525 0.700 

8 0.200 0.200 0.400 0.600 0.800 

9 0.225 0.225 0.450 0.675 0.900 

10 0.250 0.250 0.500 0.750 1.000 

11 0.275 0.275 0.550 0.825 1.100 

12 0.300 0.300 0.600 0.900 1.200 

13 0.500 0.500 1.000 1.500 2.000 

14 0.625 0.625 1.250 1.875 2.500 

15 0.750 0.750 1.500 2.250 3.000 

16 0.875 0.875 1.750 2.625 3.500 

17 1.000 1.000 2.000 3.000 4.000 

18 1.500 1.500 3.000 4.500 6.000 
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Table 6: Nitrogen content of samples. 

Sample % Nitrogen % Mole of Nitrogen No. of cationic sites (mmol/g) 

Untreated 0.0000 0.0000 0.0000 

25 g/L CHPTAC 0.0523 0.0037 0.0374 

50 g/L CHPTAC 0.0914 0.0065 0.0653 

75 g/L CHPTAC 0.1547 0.0111 0.1105 

100 g/L CHPTAC 0.1991 0.0142 0.1422 

 

Calculation: 

For the 25 g/L CHPTAC treated sample, % Nitrogen = 0.0523 i.e. 0.0523 g of nitrogen per 

100 grams of cotton. 

∴ % mole of nitrogen = 0.0523/14 = 0.0037 

∴ No. of cationic sites (mmol/g) = 0.0037 × 1000 / 100 = 0.037 
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Figure 42: Percentage of Nitrogen in cationized cotton samples. 

 

 

In Table 7, the R2 values of all dyes are higher than 0.999, which indicates that all 

calibration curves fit the data very well and the response variations can be fully explained 

by the linear calibration models. Thus, all the calibration models obtained are valid. 
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Table 7: Calibration information for the reactive dyes examined. 

Dye Maximum Absorbance 

wavelength (nm) 

Correlation Coefficient 

(R2 value) 

C.I. Reactive Blue 19 585 0.99993 

C.I. Reactive Violet 5 560 0.99996 

C.I. Reactive Red 11 520 0.99998 

C.I. Reactive Red 198 521 0.99983 

C.I. Reactive Blue 109 591 0.99919 

 

C.I. Reactive Violet structure 

The structure of C.I. Reactive Violet 5 dye is shown in Figure 39. A closer examination of 

the structure of this dye during calculations resulted in the stipulation that the two OH 

groups placed ortho to the azo chromophore are likely added there to enable 

coordination with copper to improve the light fastness of the dye. The presence of copper 

was then verified using scanning electron microscopy and elemental analysis as shown 

in Figure 43. 
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Figure 43: Scanning electron microscopy results 

The concentration of copper was evaluated using microwave digestion technique and the 

dye samples was found to contain 4.57% copper. The structure of the dye containing 

copper is shown in Figure 44. This indicates that the dye was likely only partially 

metalized. 

 

Figure 44: Structure of C.I. Reactive Violet 5 dye. 
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Due to the presence of copper, the molecular weight of the dye was recalculated and was 

found to be 797.09. Since the experimental work was completed at this point without 

considering copper, the concentrations of C.I. Reactive Violet 5 dye were recalculated as 

shown in Table 8.  

 

Table 8: Initial concentrations (mmol/L) of Reactive Violet 5 in equilibrium dyeing. 

Sample No. 

Cationization treatment level in g/L of CHPTAC 

0 25 50 75 100 

1 0.0231 0.0231 0.0461 0.0692 0.0923 

2 0.0461 0.0461 0.0923 0.1384 0.1846 

3 0.0692 0.0692 0.1384 0.2076 0.2768 

4 0.0923 0.0923 0.1846 0.2768 0.3691 

5 0.1154 0.1154 0.2307 0.3461 0.4614 

6 0.1384 0.1384 0.2768 0.4153 0.5537 

7 0.1615 0.1615 0.323 0.4845 0.646 

8 0.1846 0.1846 0.3691 0.5537 0.7383 

9 0.2076 0.2076 0.4153 0.6229 0.8305 

10 0.2307 0.2307 0.4614 0.6921 0.9228 

11 0.2538 0.2538 0.5076 0.7613 1.0151 

12 0.2768 0.2768 0.5537 0.8305 1.1074 

13 0.4614 0.4614 0.9228 1.3842 1.8456 
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Table 8 Continued 

14 0.5768 0.5768 1.1535 1.7303 2.307 

15 0.6921 0.6921 1.3842 2.0763 2.7685 

16 0.8075 0.8075 1.6149 2.4224 3.2299 

17 0.9228 0.9228 1.8456 2.7685 3.6913 

18 1.3842 1.3842 2.7685 4.1527 5.5369 

 

 

Adsorption of Reactive Dyes on Cotton at Equilibrium Conditions 

The equilibrium concentration values are listed in the Appendix Tables 19 to 38. The 

adsorption of the five selected reactive dyes on untreated and various cationized cotton 

samples at different temperatures is shown in Figures 45 to 49 and Figures 81- 90 in 

Appendix. Cf and Cs represents the concentration of dye on the fiber (mmol/g) and in 

solution (mmol/L) at equilibrium respectively.  
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Figure 45: Adsorption of various reactive dyes on untreated cotton at 40°C. 

 

Figure 46: Adsorption of reactive dyes on cationized cotton (25 g/L CHPTAC) at 40°C. 
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Figure 47: Adsorption of reactive dyes on cationized cotton (50 g/L CHPTAC) at 40°C. 

 

Figure 48: Adsorption of reactive dyes on cationized cotton (75 g/L CHPTAC) at 40°C. 
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Figure 49: Adsorption of reactive dyes on cationized cotton (100 g/L CHPTAC) at 40°C. 

 

Effect of the Number of Sulfonic Acid Groups on Adsorption 

The experiments for adsorption of reactive dyes on cotton took place in absence of alkali 

and salt. Since, no alkali was present, there was no covalent bond formation between the 

dye and cellulose and the dye molecules were held on cationized cotton by means of ionic 

bonds between the cationic sites and the sulfonic acid groups. Under these 

circumstances, RB 19, RV 5, RR 11, RR 198 and RB 109 dyes had two, three, three, four 

and five sulfonic acid groups respectively. Dyes with more sulfonic acid group would be 

expected to have higher adsorption on the cationized cotton. However, a higher number 

of sulfonic acid groups also results in an increase in the solubility of the dye in water and 

hence reduces the substantivity of the dyes for the fiber. The role of salt in traditional 
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dyeing is not only to neutralize the negative charges on cotton fiber but also to execute 

salting out of the anionic dyes in the dye bath. The presence of salt in the dye bath reduces 

the solubility of the dye in water resulting in an increase in the transfer of dye from dye 

bath to the cotton fiber. Although the presence of cationic sites on cationized samples 

increases the affinity of the dyes towards the fiber, the effect of reduced dye solubility 

due to the absence of salt was missing in the dyeing system. For Reactive Blue 19, the 

adsorption at 40 °C is very close to the value based on the number of sites available on 

the samples due to the presence of the least number of sulfonic acid groups. The 

comparison between adsorption of different dyes at 40°C is shown in Table 9. 
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Table 9: Adsorption of reactive dyes at 40°C. 

 No. of 

Sites 

(mmol/g) 

Amount of Dye Adsorbed (mmol/g) at 40°C 

 RB 19 RV 5 RR 11 RR 198 RB 109 

Untreated 0.0000 0.0127 0.0110 0.0104 0.0093 0.0082 

25 g/L 0.0374 0.0357 0.0298 0.0290 0.0273 0.0249 

50 g/L 0.0653 0.0635 0.0542 0.0542 0.0501 0.0486 

75 g/L 0.1105 0.0980 0.0796 0.0780 0.0695 0.0610 

100 g/L 0.1422 0.1280 0.1061 0.1080 0.0980 0.0900 

No. of Sul 

Grps 

 2 3 3 4 5 

Mol. Wt.  626.54 797.09 767.43 968.19 1040.58 

 

 

The dyes RV 5 and RR 11 have the same number of sulfonic acids groups and nearly 

similar molecular weight. Although both dyes had different reactive groups, the amount 

of dye adsorbed at equilibrium was nearly identical for all levels of treatment and dyeing 

temperatures. The concentration of dye on all the cotton substrates increases with the 

increase in the initial concentration of dye. For all levels of treatment, the concentration 

of dye decreases with the increasing molecular weight and with increasing number of 

sulfonic acid groups. 
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Effect of Dye Molecular Structure 

 

Distance between cationic sites 

The approximate distance between the cationic sites can be calculated from the nitrogen 

content of the samples mentioned in Table 6. The length of the cellobiose repeat unit 

shown in Figure 1 is 10.3 °A.   

In a cationized cotton fabric treated with 100 g/L CHPTAC, there are 0.1422 cationic sites 

per gram of cotton. 

Cotton fiber consists of around 90% cellulose and of which 30% is amorphous which is 

accessible for cationization. 

∴ 1g of cotton corresponds to 1 × 0.9 × 0.3 = 0.27 g of accessible cellulose which indicates 

there are 0.1422 cationic sites in 0.27 g of amorphous cellulose. 

The molecular weight of cellobiose unit is 324.28 i.e. 1 mole of cellobiose unit will weigh 

324.28 g. Therefore, 0.27 g of cellulose will correspond to  

0.27 /324.28 = 8.326 × 10-4 moles = 0.8326 mmoles 

Finally, cotton sample treated with 100 g/L CHPTAC will have 0.1422 mmoles of cationic 

sites in 0.8326 mmoles of cellobiose in the amorphous region.  

∴ 0.1422/0.8326 = 0.171 i.e. there are 171 cationic sites for every 1000 cellobiose repeat 

units. 

∴ the approximate distance between the cationic sites is (10.3 × 1000 / 171) = 60.2 °A 
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Similarly, the approximate distances between the cationic sites for all other cationized 

cotton samples were calculated and are listed in Table 10. 

 

 

Table 10: Approximate distance between cationic sites on cationized cotton substrates. 

Sample No. of cationic sites 

(mmol/g) 

Approx. distance between 

cationic sites in A° 

Untreaed 0.0000 0.0 

25 g/L CHPTAC 0.0374 223.4 

50 g/L CHPTAC 0.0653 132.1 

75 g/L CHPTAC 0.1105 77.4 

100 g/L CHPTAC 0.1422 60.2 

 

Molecular length of CHPTAC 

Although the exact molecular length of the cationic site could not be calculated, its 

maximum linear length can be calculated as 8.2 A° simply by the addition of individual 

bond lengths shown in Figure 50. The molecular length of the cationic site, however, 

remains constant for all reactive dyes. 
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Figure 50: Three-dimensional structure of the cationic site. 

 

Calculation of dye volume 

The molecular volume of dyes used in the study were obtained by plotting a three-

dimensional structure using, ChemBrain IXL, by Neuronix software. The molecular 

volume was automatically calculated by the software and is listed in Table 11.   

Table 11: Molecular volumes of the reactive dyes. 

Dye Molecular Volume in A3 

Reactive Blue 19 418.3 

Reactive Violet 5 482.8 

Reactive Red 11 481.3 

Reactive Red 198 623.5 

Reactive Blue 109 617.9 

 



 

106 

Generally, it is expected that the adsorption of dye molecules with larger molecular 

structures will be lower compared to the smaller dye molecules. This trend was observed 

in the results from the current experiment. The adsorption of Reactive Blue 109 was 

lowest and Reactive Blue 19 had the highest adsorption. The adsorption of Reactive Red 

198 was higher than Reactive Blue 109 although, it had slightly higher molecular volume 

which was probably due to having a lower number of sulfonic acid groups. 

A similar effect of dye’s volume and molecular weight was also observed in the case of 

untreated samples. This is probably because dyes with a larger size can make the 

neighboring hydroxyl groups unavailable or less available for adsorption of other dye 

molecules. Due to the calculated distance between cationic sites and the general volume 

of the dyes listed above, it may be reasonable to conclude that the adsorption of the dye 

molecule is not affected by the distance between the cationic sites. The volume of the 

reactive dyes and the size of the cationic compound used in this study are significantly 

smaller than the approximate distance between the cationic sites on cationized cotton 

substrates. 

 

Effect of Cationization Treatment on Adsorption 

With the increasing concentration of CHPTAC applied on cotton, the number of 

cationized sites increases. The amount of dye adsorbed on the samples also increases 

with increased concentration of CHPTAC as shown in Figure 51. This behavior was 

observed for all the dyes and temperatures examined. The amount of dyes adsorbed on 
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untreated cotton was significantly lower than that on the cationized samples and 

untreated samples were only slightly stained with the dyes. Since no salt was added in 

the dye solution, the zeta potential on the cotton sample was not overcome. Thus, the 

negative charges on the cotton substrate repelled the anionic dyes and hence a very low 

adsorption rate was observed for the untreated samples. This also signifies the 

importance of using salt in the traditional method of dyeing cotton with reactive dyes. 

 

 

 

Figure 51: Effect of treatment on adsorption of Reactive Blue 19 at 60 °C. 
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Effect of Temperature on Dye Adsorption 

 Increasing equilibrium dyeing temperature reduces the amount of dye adsorbed on 

cationized cotton, as shown in Figure 52. At equilibrium, the rate of adsorption is equal 

to the rate of desorption. The desorption of dye from cotton substrate is an endothermic 

process. Therefore, the increase in equilibrium temperature brings about more 

desorption of the dye and hence the amount of dye absorbed is reduced. The observed 

difference in adsorption was larger between 40°C and 60 °C but less between 60 °C and 

80 °C. This observation was the case for all the dyes examined at all cationization 

treatment levels. 

 

 

Figure 52: Effect of temperature on adsorption of Reactive Blue 19 on 100 g/L 

cationized sample. 



 

109 

Analysis of Adsorption Isotherms 

The relationship between the amounts of dye in the fiber and in solution was studied 

using Langmuir and Freundlich isotherms.  

Langmuir Isotherm 

The Langmuir isotherm is used in case of monolayer adsorption of dyes on substrates 

that have a finite number of dye sites at equal energies. The relationship is shown below 

where Sf is the fiber’s saturation factor or the maximum number of dye sites that can be 

occupied and K is the equilibrium constant 

1

Cf
=  

1

K SfCs
+  

1

Sf
 

This equation can be rearranged to fit the experimental data as shown below 

𝐶𝑠

Cf
=  

1

K Sf
+ 

𝐶𝑆

Sf
 

The plot of Cs/Cf versus Cs for Langmuir isotherm is shown in Figures 53 -55.  
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Figure 53: Langmuir plots for reactive dyes on 100 g/L CHPTAC treated samples at 

40°C. 

 

 
Figure 54: Langmuir plots for RB 19 on various CHPTAC treated samples at 40°C. 



 

111 

 
Figure 55: Langmuir plots for RB 19 on 100 g/L CHPTAC treated samples at various 

temperatures. 

 

Freundlich Isotherm 

Since, Freundlich isotherm is based on heterogenous surface energies, its equation is 

given by 

log 𝐶𝑓 = log 𝐾 + 𝑛 log 𝐶𝑆 

The plot of log Cf verses log Cs is shown in Figure 56. 
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Figure 56: Freundlich isotherm plots for reactive dyes on 100 g/L CHPTAC treated 

samples at 40°C. 

 

In the Langmuir plots the data exhibit a good fit to the equation with R2 values of 1. The 

results are consistent for all the reactive dyes. The log-log plot from the Freundlich 

Isotherm shows R2 values ranging between 0 to 0.8304. Hence, the values of Cf and Cs 

have a better fit for the Langmuir Isotherm than Freundlich Isotherm. Since Langmuir 

isotherm is based on monolayer adsorption of dyes, the results indicate that all the 

cationic sites present in the samples have uniform energy levels and the adsorbed dyes 

form a monolayer on the samples. The slope of the lines in Figure 53 increases with 
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increasing number of sulfonic acid groups which indicates that for a given concentration, 

the amount of dye in the solution is highest for RB 109 (with five sulfonic acid groups) 

and lowest for RB 19 (with two sulfonic acid groups). 

  



 

114 

4.3 Real-Time Monitoring of the Exhaustion of Reactive Dyes on Cationized Cotton  

4.3.1 Experimental 

4.3.1.1 Materials 

The cationized fabrics and dyes from the previous experiment was also used for this 

component of the study. 

Approximately 100 g of fabric samples were used for dyeing on the Mathis JFL dyeing 

machine. The concentration of salt and soda ash used in the dyeing process was based on 

the dye manufacturer’s recommendations for untreated cotton. The dye concentrations 

were determined based on their molecular weight such that the total number of dye 

molecules in the bath was the same for each dye as mentioned in Table 12. 

 

Table 12: Dyes and auxiliary concentrations used.  

Dye Dye concentration 
(% owf) 

Salt concentration 
(only for untreated 

cotton g/L) 

Soda Ash 
Concentration (g/L) 

Reactive Blue 19 1.81 60.0 10.0 

Reactive Violet 5 2.12 80.0 10.0 

Reactive Red 198 2.79 80.0 10.0 

Reactive Red 11 2.21 90.0 12.0 

Reactive Blue 109 3.00 100.0 12.0 
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4.2.2.2 Procedure 

The dyeing procedure for dichlorotriazine reactive dyes, (Reactive Blue 109 and Reactive 

Red 11) is shown in Figure 57. The steps were as follows. 

1. The fabric was loaded on the JFL machine and the ends were stitched to form a 

loop. 

2. A liquor ratio of 20:1 was maintained and the required amount of water was 

added in the machine and the temperature was increased to 30°C. 

3. The fabric was circulated through the dyebath for 5 min to ensure uniform 

wetting. The desired amount of dye was added and then circulated for another 5 

minutes followed by the addition of salt (salt was only used for untreated cotton). 

4. The temperature was then raised to 40°C at the rate of 1°C/min and dyeing was 

continued for 60 min. As soon as the temperature reached 40°C, the required 

amount of soda ash was added in small portions over a period of 10 min.  

5. The dyebath was discarded and the fabric was rinsed first, then scoured with 1 

g/L surfactant (ApolloScour SRDS), neutralized with 0.5 g/L of citric acid and 

finally air dried. 

6. The cationized cotton samples were dyed according to the same procedure but 

without the use of salt. 

 

Figure 57: Dyeing process for dichlorotriazine reactive dyes 
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The dyeing procedure for vinylsulfone reactive dyes is shown in Figure 58 (Reactive 

Blue 19, Reactive Violet 5 and Reactive Red 198). The steps were as follows. 

1. The fabric was loaded in the JFL machine and the ends were stitched to form a 

rope. 

2. A liquor ratio of 20:1 was maintained and the required amount of water was 

added in the machine and the temperature was increased to 30°C. 

3. The fabric was circulated in the bath for 5 min to ensure uniform wetting. The 

desired amount of dye was added and then circulated for another 5min followed 

by the addition of salt (salt was only used for untreated cotton). 

4. The temperature was then raised to 60°C at the rate of 1°C/min and dyeing was 

continued for 60 min. As soon as the temperature reached 60°C, the required 

amount of soda ash was added in small portions over a period of 10 min. 

5. The dyebath was lowered to 40°C and discarded. The fabric was rinsed first, then 

scoured with 1 g/L surfactant (ApolloScour SRDS), neutralized with 0.5 g/L of 

citric acid and finally air dried. 

6. The cationized cotton samples were dyed with the same procedure but without 

the use of salt. 

 

Figure 58: Dyeing process for vinyl-sulfone reactive dyes. 
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For real-time dyebath monitoring, the Mathis JFL dyeing machine was connected to a 

HueMetrix monitoring system through circulation tubes to enable continuous flow of 

dyebath solution between the dyeing machine according to the setup shown in Figure 

59. 

During the dyeing process, the instrument draws 0.1 ml of the dyebath every 90 secs. 

The dyes were first calibrated on the instrument at their maximum wavelength using 

deionized water as the carrier fluid. The details of operating the HueMetrix system 

are described in the HueMetrix Technical Manual [181]. The HueMtrix software 

produces the exhaustion plots while continuously monitoring the dyebath. 

 

 

 

Figure 59: HueMetrix monitoring system installed on a JFL jet dyeing machine. 

 

4.3.2 Results and Discussion 

The comparison of exhaustion of the reactive dyes on untreated and cationized cotton 

samples is given in Table 13. Figures 60-64 show the exhaustion of dyes on 50, 75 and 
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100 g/L CHPTAC treated cationized cotton and have significantly higher exhaustion 

compared to the untreated cotton. 

 

Table 13: Exhaustion of reactive dyes. 

 No. of 

Sites 

(mmol/g) 

% Exhaustion 

 

RB 19 RV 5 RR 198 RR 11 RB 109 

Untreated 0.0000 82.65 69.64 65.87 70.42 61.21 

25 g/L 0.0374 66.18 58.96 53.15 61.27 50.26 

50 g/L 0.0653 90.84 81.74 70.46 83.19 58.71 

75 g/L 0.1105 94.37 89.22 84.23 87.33 80.54 

100 g/L 0.1422 98.07 94.17 89.63 92.41 85.18 

Sulf. Grps  1 2 3 3 5 

Mol. Wt.  626.54 797.09 968.19 767.43 1040.58 
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 Figure 60: Dyebath monitoring of exhaustion rate of Reactive Blue 19.  

 

 

Figure 61: Dyebath monitoring of exhaustion rate of Reactive Violet 5. 
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Figure 62: Dyebath monitoring of exhaustion rate of Reactive Red 198. 

 

Figure 63: Dyebath monitoring of exhaustion rate of Reactive Red 11. 
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Figure 64: Dyebath monitoring of exhaustion rate of Reactive Blue 109. 

 

Effect of the number of sulfonic acid groups on exhaustion 

The dyeing procedure used for this study includes the use of alkali. Hence, the reactive 

dyes will be forming covalent bonds with cellulosic fibers. The untreated control samples 

were dyed in the presence of salt and alkali to exhaust and fix dyes on-to the samples. 

Due to the presence of alkali, the number of sulfonic acids groups in the dyes will be 

different than those present during the equilibrium dyeing experiments. This is because, 

sulfatoethyl sulfone group in the vinyl sulfone dyes will form covalent bonds with the 

fibers in presence of alkali. Hence for the analysis of results in this part of the study, RB 

19, RV 5, RR 11, RR 198 and RB 109 had one, two, three, three and five sulfonic acid 

groups respectively. Figures 65 and 66, show a comparison of the rate of dyeing and the 
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exhaustion of two groups of dyes. The results from the exhaustion experiments are 

similar and are accordance with the results from equilibrium dyeing experiments. 

 

 

 

Figure 65: Comparison of exhaustion rate of vinylsulfone dyes for the cationized cotton 

with 100 g/L CHPTAC. 
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Figure 66: Comparison of exhaustion rate of dichlorotriazine dyes for the cationized 

cotton with 100 g/L CHPTAC. 

 

Effect of Dye Molecular Structure on Exhaustion 

Reactive Red 198 is a bifunctional dye containing a vinylsulfone and a 

monochlorotriazine reactive group. Under suitable conditions, this dye is capable of 

reacting with cellulose fiber using either of these groups. The vinylsulfone group will 

react at 60°C while the monochlorotriazine group will react at 80°C. Since the 

vinylsulfone dyes were used at 60°C, RR 198 will react with its vinylsulfone group and its 

performance can be compared to RB 19 and RV 5. 
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The molecular volume of the vinylsulfone dyes is largest for RR 198 and lowest for RR 19 

among the vinylsulfone groups. The exhaustion of the dyes decreased with increasing 

molecular volume. The bulky structure of the dyes with larger molecular weight and 

volume may, in part, be responsible for this. When a dye with a larger structure occupies 

a cationic site, the hydroxyl groups present on the cellulosic chain surrounding the dye 

molecule, may not be accessible to other dye molecules due to steric hindrance. The 

monochlorotriazine group in RR 198 dye is connected to a phenyl structure which could 

be out of plane, further increasing the steric hindrance. 

 

The structures of RR 11 and RB 109 are such that the dicholortriazine group in the dye 

molecule can fall out of plane. The dicholortriazine group in RB 109 is bulkier than RR 11 

and has a higher molecular weight and a larger number of sulfonic acid groups. Hence, 

the exhaustion of RR 11 is higher than that for RB 109. 

 

For the vinyl sulfone dyes, a decrease in exhaustion after the addition of alkali can be 

observed. This is probably because the sulfatoethyl sulfone group in the dye molecule 

acts like a sulfonic acid group in the absence of alkali. Some of the dyes could form ionic 

bonds with the cationic sites through the sulfatoethyl sulfone group. As soon as the alkali 

is added, sulfatoethyl sulfone group is transformed into the vinyl sulfone reactive group 

and hence, these dye molecules will temporarily lose their bonding with the fiber and will 
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drop back into the dyebath. This behavior was not observed for the dichlorotriazine 

reactive dyes. 

 

Effect of Cationization Treatment Level on Exhaustion 

In general, increasing the amount of cationizing agent applied on cotton increases the dye 

uptake on the substrate. The maximum exhaustion of the dyes on cationized cotton is 

nearly achieved in the initial 20 min of the dyeing process. This rapid exhaustion rate is 

not observed for the untreated sample. The initial exhaustion of the dyes is increased 

with the increase in the amount of CHPTAC applied. This is because a higher 

concentration of CHPTAC imparts a large number of cationic sites on cotton, which in 

turn increases the affinity of the dyes towards the fiber. The difference in the percent 

exhaustion between 25 and 50 g/L CHPTAC treated samples is significant. However, this 

difference is not linear with increasing concentration of CHPTAC. This is because, 

although the number of cationic sites on cotton increases at higher treatment levels, 

adsorbed dyes, especially larger molecules, may sterically block or hinder access to 

neighboring sites on the fiber resulting in some dyes not being able to be adsorbed and 

thus reducing the overall adsorption and exhaustion of dyes from the dyebath. 

Since RB 19 has the smallest dye structure, its exhaustion on 100 g/L CHPTAC samples 

was nearly 100 percent. However, its exhaustion on 25 g/L was around 66 percent. The 

difference in the exhaustion is due to the low number of cationic dye sites on 25 g/L 

CHPTAC treated samples, which was insufficient for adsorption of 1.81% owf dye 
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concentration. Hence, it would be necessary to match the concentration of CHPTAC to the 

desired amount of dyes to be applied to cationic cotton in industry. 

Results show that the exhaustion of dyes on 25 g/L cationized cotton is less than that on 

the untreated cotton. This is due to the low number of sites available on the substrate, 

which is not sufficient to attract all dyes from the bath. These results are in accordance 

with those from the previous colorant database development study [173]. Although it is 

expected for the cationized cotton samples to have more exhaustion than untreated 

samples this may not be the case for all treatment levels. As shown in Figures 60-64 the 

final exhaustion of the control sample is slightly higher than that of the 25 g/L CHPTAC 

treated sample. In addition to the low number of sites on samples at this treatment level, 

the presence of 80 -100 g/L Glauber’s salt in the dyeing of the untreated samples 

promotes the exhaustion of dye onto the substrate while the cationized samples were 

dyed in absence of salt. To improve the overall exhaustion of dyes the use of electrolyte 

on untreated samples is necessary while using an appropriate level of cationization can 

bring about higher exhaustion levels than those on untreated samples without the use of 

electrolyte. 
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CHAPTER 5 DIFFUSION OF REACTIVE DYES THROUGH CATIONIZED CELLOPHANE 

FILMS 

5.1 Introduction 

The dyeing of cellulose with anionic dyes consists of at least three stages. The dye is first 

transported from the bulk of the solution towards the fiber-water interface due to the 

affinity of dyes towards the substrate. The dye is then adsorbed on to the surface of the 

fiber at the interface. Finally, the dye is absorbed from the surface into the core of the 

fiber due to diffusion [182]. Since adsorption of dyes on fiber surface is a reversible 

process, the diffusion of dye into the bulk of the fiber will influence the outcome of the 

operation. 

The values of diffusion coefficients quantify the relative penetration and levelling powers 

of different dyes through various media. The dyes with lower diffusion coefficients have 

been found to dye cotton more uniformly. Neale studied the diffusion of direct dyes 

through cellophane in presence of salt. However, the effect of various dye structures on 

diffusion could not be explained since the exact molecular structure of the dyes used, was 

not known [183].  

McGregor and Mahajan investigated the diffusion of direct [182] and acid dyes [184] 

through cellulose films. The results indicated the concentration of salt, dye structure and 

circulation rate of dye solution significantly influence the diffusion of dyes through 

cellophane film. The increase in stirring rates reduced the resistance to diffusion from 
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the interface and it was suggested that high stirring should be avoided to eliminate the 

associated error. 

 

In this study, the diffusion of a series of reactive dyes on cationized cellophane was 

investigated and the influence of dye structure, the number of sulfonic acid groups, and 

molecular weights was examined. In addition, the effect of degree of cationization of 

cellophane on dye diffusion was investigated. 

 

 5.2 Experimental 

5.2.1 Materials 

A roll of cellophane film produced by Flexcel Corp. was available from a previous study 

[185]. The thickness of the film was measured using a micrometer screw gauge and found 

to be 0.005 cm. The roll of cellophane was carefully cut into an A4 sheet size. The reactive 

dyes mentioned in the previous chapter were also used for this study. 

 

A H-cell, also known as microbial fuel cell was custom made by ChemGlass as shown in 

Figure 67. 
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Figure 67: A H cell used to study the diffusion of dyes through cellophane. 

 

Two compartments, each with a capacity of 250 ml. The cell had a flange of 25 mm in 

diameter at the center that connected the two compartments. A 30 mm O-ring was placed 

between the flanges to eliminate the possibility of leakage. In addition, a metal clamp was 

placed to hold the flanges together. One side of the compartment had two ports while the 

other had none. The compartments were closed with the help of the lids to avoid 

evaporation of solutions resulting in a variation in concentration. The cellophane sample 

was placed between the flanges with the help of the O-ring. 
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During the experiment, the H-cell was placed in a metallic tray inside a Precision 

Scientific water bath. The tray was equipped with a mechanical motion to induce 

agitation of the dye solutions in the H-cell as shown in Figure 68. 

 

 

Figure 68: Placement of the H-cell in the water bath. 

 

The H-cell was placed in a way such that, the mechanical motion of the tray would be 

perpendicular to the flange and would not influence the diffusion results. The 

compartment without the input and output ports contained the concentrated dye 

solution whereas the compartment with the ports was filled with deionized water. The 

input and output ports were used to connect tubing from the H-cell to the pump of an 

Agilent Cary 300 UV-Vis spectrophotometer to circulate the dye solution into and out of 
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the measurement cell. The spectrophotometer was connected to a computer housing the 

Agilent Biochemical Software which was used for the analysis. The full setup is shown in 

Figure 69. 

 

Figure 69: Diffusion study experimental setup. 

 

5.2.2   Procedure 

Calibration of Dyes 

A calibration curve for each dye was obtained using 250 ml of dye solution with a known 

concentration. This solution was circulated through the tubing and the measurement cell 

for 5 minutes after which the pump was stopped. After a reading was taken the tubing 

was removed and then filled with deionized water to prepare the setup for the calibration 

Pump 

Spectrophotometer 

H-Cell 

Water-bath 
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of the next solution. The calibration graph for each dye was obtained and used during the 

experiments to determine dye concentrations. 

 

Cationization of Cellophane 

For this study, cellophane samples were cationized, separately, with 25, 50, 75 and 100 

g/L CHPTAC. The cellophane sheets were soaked in deionized water overnight to enable 

the solution to diffuse through cellophane films. A dish pan was used to treat the 

cellophane samples with the cationizing agent. The pan consisted of 2 liters of 

cationization solution containing the reagent and caustic soda as shown in Table 14. 

 

Table 14: Concentration (g/L) of cationizing agent and alkali used for cationization of 

cellophane films. 

Cationization level 

(g/L) 

25 50 75 100 

CHPTAC (65% 

Active) g/L 

25  50  75  100  

NaOH (50% w/w) 

g/L 

15  30  45  60  

 

The cationized films were sealed in a plastic bag for 24 hours. The samples were then 

removed from the bags, washed twice with deionized water, neutralized with 0.5 g/L 
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citric acid and finally air-dried. Small swatches of the untreated and treated samples were 

analyzed for nitrogen content in the Environmental and Agricultural testing service at 

North Carolina State University. 

 

Examination of Diffusion of Dyes 

Small samples of the cellophane films were soaked in deionized water until placement in 

the H-cell apparatus for the diffusion experiment in order to insure films were fully 

saturated. Each sample was mounted vertically in the flanges of the H-cell with the help 

of the O-ring and metal camp and formed a membrane between the two compartments. 

The apparatus, including the cellophane membrane, was placed in a water bath to attain 

the desired experimental temperature, 60°C, for this study. In the H-cell each of the 

containers had 250 ml of a liquid.  One beaker contained a solution of 0.1 g/L of one of 

the selected reactive dyes while the second contained 250 ml of deionized water. The two 

solutions were carefully added to their respective compartments simultaneously to avoid 

any hydraulic pressure build-up in the system. The H-cell was slightly tilted in each 

direction to remove any air bubbles trapped in the flange area. The H-cell was then kept 

in the water bath and the spectrophotometer tubes were inserted into the two ports 

housed in the beaker containing the deionized water. The pump was started to circulate 

the solution through the spectrophotometer cuvette and was momentarily stopped when 

the measurements were taken. 
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The cellophane films were kept in the apparatus for various times depending on the 

initial time lags observed. For solutions containing the films treated with 50, 75 and 100 

g/L CHPTAC, the experiment was carried out for 60 min and measurements were taken 

every 5 min. For films treated with 25 g/L CHPTAC, diffusion was examined over 120 

minutes and measurements were taken at 10 min intervals. No electrolyte was added to 

the solutions when treated films were examined. In the case of the untreated samples no 

diffusion occurred after four hours in absence of salt. Hence, 2 g/L of sodium sulfate was 

added to the dye solution to aid with the initial adsorption of dye. For these samples, the 

diffusion of dye was examined over 255 min and measurements were taken every 15 

min. The amount of the electrolyte added was determined based on previous studies 

[186]. Figure 70 shows the apparent diffusion of dye through the cellophane sample 

housed in the middle of the H-cell, and clearly depicts the concentration gradient in the 

system. 
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Figure 70: Diffusion of reactive dye through the cellophane sample. 

 

Challenges during the Diffusion Experiment 

The untreated samples were first dyed without the use of salt and the dyeing was 

performed for 4 hours. However, no diffusion of the dye across the compartments was 

observed and hence, 2 g/L of salt was added. The concentration of salt was determined 

based on previous studies [186].  

When the cellophane samples were initially soaked for 1 hour, no diffusion occurred. This 

indicated that the sample was not saturated enough for the dyes to diffuse through it. 

This issue was resolved by soaking the samples in deionized water until they were used 

in the experiment which as suggested in a previous study [186]. 
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During the first trial, some leakage of the dye through the flange was observed. It was 

found that the level of water in the bath was not sufficient to cover the entire flange 

height. Since, the flange was partially dipped in the water bath, it caused pressure 

difference which resulted in leakage of the dye solution. The issue was resolved by having 

the water level in the bath above the flange height to ensure the flange was completely 

submerged. 

 

Plotting Time-lag graphs 

Daynes studied the process of diffusion of hydrogen though a rubber membrane [187]. 

He plotted the concentration of hydrogen against time and obtained a curve as shown in 

Figure 71. 

 

Figure 71: Daynes time-lag plot. 
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The plot initially forms a curve which is the lag in diffusion and further attains a linear 

graph. When the linear line is extrapolated backwards on the time axis, it produces the 

time-lag value. 

The concentration verses time plot for the diffusion experiment shows a linear 

relationship after the time-lag is considered. Graphs exhibiting diffusion time lags in this 

study were plotted on Excel using the data points in the linear region. From the equations 

obtained in the graph, the time-lag was calculated. 

 

 

5.3 Results and Discussion 

 

Nitrogen Analysis 

The nitrogen contents of the cellophane samples, as determined at NCSU, are listed in 

Table 15. 

Table 15: Nitrogen content of cellophane samples. 

Sample % Nitrogen %Mole of Nitrogen No. of cationic sites (mmol/g) 

Untreated 0.0000 0.0000 0.0000 

25 g/L CHPTAC 0.1500 0.0107 0.1071 

50 g/L CHPTAC 0.2500 0.0179 0.1786 

75 g/L CHPTAC 0.3300 0.0236 0.2357 

100 g/L CHPTAC 0.3700 0.0264 0.2643 
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The nitrogen content of these cellophane samples was higher than those on the cotton 

samples as shown in Table 16. This is likely due to the fact that cellophane has a more 

accessible structure for cationization. The graph of % nitrogen verse the concentration 

of CHPTAC is shown in Figure 72. 

 

Table 16: Comparison of no. of cationic sites on cotton and cellophane. 

Sample No. of cationic sites (mmol/g) 

 Cotton Cellophane 

Untreated 0.0000 0.0000 

25 g/L CHPTAC 0.0374 0.1071 

50 g/L CHPTAC 0.0653 0.1786 

75 g/L CHPTAC 0.1105 0.2357 

100 g/L CHPTAC 0.1422 0.2643 
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Figure 72: Plot of % nitrogen for cellophane samples. 

The increase in the concentration of CHPTAC increases the number of cationic sites; 

however, the relationship is only linear for treatments up to 50 g/L CHPTAC. The 

cellophane samples seem to be attaining a saturation level for reaction with the 

cationizing agent at higher levels of CHPTAC treatment. 

 

Diffusion of Dyes 

The graph of the amount of dye diffused over time for 25 g/L CHPTAC cellophane films is 

shown in Figure 73. 
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Figure 73: Time-lag plot for diffusion of reactive dyes on 25 g/L CHPTAC cellophane 

films 

 

Tables 39-43 in Appendix contain the measurements of the concentrations of diffused 

reactive dyes through the cellophane samples. The time-lag plots of diffused dye verses 

time are shown in Figures 74-78 for untreated as well as treated samples with different 

concentrations of CHPTAC. 
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Figure 74: Time-lag plots for diffusion of reactive dyes through untreated cellophane. 

 

Figure 75: Time-lag plots for diffusion of reactive dyes through 25 g/L CHPTAC treated 

cellophane. 
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Figure 76: Time-lag plots for diffusion of reactive dyes through 50 g/L CHPTAC treated 

cellophane. 

 

Figure 77: Time-lag plots for diffusion of reactive dyes through 75 g/L CHPTAC treated 

cellophane. 
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Figure 78: Time-lag plots for diffusion of reactive dyes through 100 g/L CHPTAC treated 

cellophane. 

 

The R2 values for all the plots are greater than 0.99 which indicates a good agreement 

with the linear fit. The time-lag values were obtained by substituting the value of y as 

zero in the respective linear equations shown in the plot. The time-lag values are listed 

in Table 17. 
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Table 17: Time-lag values for cellophane samples. 

 Time-lag (min) for various Reactive dyes 

 RB 19 RV 5 RR 11 RR 198 RB 109 

Untreated 93.07 128.20 141.41 157.00 188.57 

25 g/L 62.64 72.17 77.16 82.49 88.73 

50 g/L 23.47 28.04 32.51 37.44 42.04 

75 g/L 11.67 16.28 19.11 28.90 36.70 

100 g/L 9.44 13.54 18.01 26.24 30.60 

 

Using the Daynes’ technique the diffusion coefficient, D, was calculated based on the 

following equation 

D = (Δl)2/6tl 

 

where, Δl is the thickness of the film and tl is the time-lag value. The diffusion coefficient 

of the reactive dyes through untreated and treated cellophane is listed in Table 18. 

 

Effect of Dye Structure on Diffusion of Dyes 

No alkali was added in the dye bath and the reactive dyes RB 19, RV 5, RR 11, RR 198 and 

RB 109 had two, three, three, four and five sulfonic acid groups respectively. The time-

lag of the dyes increases with the increasing number of sulfonic acid groups while the 

diffusion coefficient decreases. This indicates that dyes with a higher number of sulfonic 
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acid groups will take longer to diffuse into the bulk of the fiber and this is in part due to 

their increased solubility in the aqueous medium. In addition, an increase in the 

molecular weight of the dyes also increases the time-lag due to the steric hindrance 

associated with the diffusion of bulkier molecules. 

The diffusion coefficient of the reactive dyes through untreated cellophane films ranges 

between (2.21-4.48) × 10-08 which is in accordance with the values reported in a previous 

study [182]. The increase in molecular weight of the dyes increased the time-lag since 

bulkier molecules take longer to diffuse. 

 

Apart from the number of sulfonic acid groups, the molecular volume of the dyes may 

have an influence on its diffusion through untreated and treated cationized films. The 

molecular volume of the reactive dyes used in this study was previously calculated and 

are listed in Table 11. Among the five dyes, Reactive Blue 19 and Reactive Blue 109 had 

the smallest and largest molecular size respectively. The time-lag increased and diffusion 

coefficient decreased with increasing molecular volumes of the dye. The dyes with larger 

structure may have more difficulty in penetrating through the cellulose films. 

Reactive Violet 5 and Reactive Red 11 had similar molecular volume and the same 

number of sulfonic acid groups. It was expected to see comparable time-lag and diffusion 

coefficient values for these two dyes. However, the results indicate that Reactive Violet 5 

diffused faster than Reactive Red 11. The structure of Reactive Violet 5 is more linear 
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than Reactive Red 11. The dicholorotriazine group present in Reactive Red 11 dye could 

be out of plane thus reducing the linearity of the dye molecule.  

 

Effect of Treatment Level on the Diffusion of Reactive Dyes 

The increase in the concentration of the cationizing agent employed imparts more 

positive charges to cellophane which in turn increases the attraction of anionic dyes 

towards the substrate thus decreasing the time-lag and increasing the diffusion 

coefficient. The results in Table 18 show the difference between the diffusion 

coefficients from 0 (untreated) to 25 g/L CHPTAC treatments is relatively small but it 

increases significantly for 50 g/L treated samples due to the sufficient increase in the 

number of cationic sites on cellophane that attract the dyes. However, a significant 

difference is also noted between diffusion characteristics of the five dyes examined, with 

RB 19 showing the largest effect and RB 109 demonstrating the smallest effect. 
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Table 18: Diffusion Coefficient values of reactive dyes through cellophane. 

  

 Diffusion Coefficient (cm2/min) 

 RB 19 RV 5 RR 11 RR 198 RB 109 

Untreated 4.48E-08 3.25E-08 2.95E-08 2.65E-08 2.21E-08 

25 g/L 6.65E-08 5.77E-08 5.4E-08 5.05E-08 4.7E-08 

50 g/L 1.78E-07 1.49E-07 1.28E-07 1.11E-07 9.91E-08 

75 g/L 3.57E-07 2.56E-07 2.18E-07 1.44E-07 1.14E-07 

100 g/L 4.41E-07 3.08E-07 2.31E-07 1.59E-07 1.36E-07 

 

The time-lag values for 25 g/L CHPTAC treated as well as untreated samples were 

significantly higher than those for the 50, 75 and 100 g/L CHPTAC treated samples. 

Hence, the 25 g/L CHPTAC and untreated samples were examined for 120 and 255 min 

respectively to attain a linear relationship between diffused dye and time. Similar trend 

is observed for the other dyes as well. 

Although 2 g/L sodium sulfate was added to the dye solution to facilitate the diffusion of 

reactive dyes through untreated samples, the rate of diffusion was found to be 

significantly lower than that for the 25 g/L CHPTAC treated samples. Since 0.1 g/L dye 

solutions were used for the study, 25 g/L CHPTAC treatment was sufficient to increase 

the rate of diffusion for dyes in comparison to untreated samples as shown in Figure 79. 
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Figure 79: Comparison of diffusion of RB 19 dye between untreated and 25 g/L CHPTAC 

treated samples. 

 

Comparison of Diffusion of Dyes Between Cationized Cellophane and Chitosan Films 

Carlough studied the diffusion of four direct dyes through chitosan films and obtained 

diffusion coefficient values ranging between 2.69E-09 to 2.72E-08. The dyes used were 

Direct Black 22, Red 81, Blue 75 and Green 26 which contain two, two, four and four 

sulfonic acid groups respectively as shown in Figure 80. Black 22 and Blue 75 had similar 

molecular weights with a difference in the number of their sulfonic acid groups. The 

presence of a higher number of sulfonic acid groups decreased the diffusion coefficient 

significantly. This was also observed for the reactive dyes applied to cellophane in this 

study. 
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The chitosan film thickness was 0.00127 cm which is one-fourth of the thickness of the 

cellophane films used in the current study. Despite the increase in thickness of the 

cellophane film, the diffusion coefficient in the current study is significantly higher. This 

could be due to the larger number of cationic sites present in the cationized cellulose 

compared to the chitosan films.  The comparison of diffusion coefficients between the 

two substrates indicates that CHPTAC treated cellulose can achieve higher diffusion rates 

for the dyes compared to chitosan. 



 

150 

 

Figure 80: Dyes used to study the diffusion of direct dyes through chitosan films. 
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 CHAPTER 6 CONCLUSIONS 

This study mainly focused on four aspects of dyeing cationized cotton:  

1. Methods for capping excess cationic sites on cellulose substrates; 

2. Examining the influence of reactive dyes’ structure on their adsorption onto 

cationized cellulose;  

3. Comparison of exhaustion of reactive dyes containing a different number of 

sulfonic acid groups on cationized cellulose; and  

4. Determining the rate of diffusion of select reactive dyes on cationized cellulosic 

films.  

 

For the study of diffusion, cationized cellophane films and for other aspects of the study 

cationic cotton fabrics were used. 

 

Capping of Cationized Cotton 

Among the various anionic chemicals applied on cationized cotton, Sera fast N-HF-01 was 

effective in blocking the cationic sites without altering the appearance or other physical 

properties of the cationized cotton. The capping agent could be easily applied on undyed 

cationic cotton by the exhaust method. A concentration of 2 g/L and 15 min of treatment 

time at neutral conditions was sufficient to cap the cationic sites. When the capped 

samples were laundered with a solution containing dye and soap, the dye was not 

absorbed by the sample. The chemical structure of the capping agent is not made 

available by the manufacturer (DyStar). However, it is stated to be a high molecular 
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aromatic structure containing sulfonic acid groups. The effectiveness of Sera fast N-HF-

01 as a capping agent was further verified by laundering capped white and dyed samples 

along with black dyed fabrics. The performance of the capping agent was better for white 

fabrics than dyed samples. Since the cationized dyed samples were not scoured after 

dyeing, some of the weakly attached dyes may have loosened during the laundering 

process thus creating active cationic sites to adsorb black dye from the bath. The 

polymeric and long-alkyl chained compounds were not efficient in capping the cationic 

sites since these compounds cannot penetrate into the bulk of the fiber. Hence, the active 

cationic sites present inside the fiber remain uncapped.    

 

 

Influence of Dye Structure on Its Adsorption, Exhaustion and Diffusion 

For this study, five reactive dyes were selected based on variation in the number of 

sulfonic acid groups, molecular weight and molecular structure. The behavior of these 

dyes in terms of their adsorption, exhaustion and diffusion was studied on cationic 

cellulose samples and compared to that on untreated cellulose. The results indicate that, 

the dye uptake is in general increased with a decrease in the number of sulfonic acid 

groups. Hence Reactive Blue 19 had the highest adsorption, exhaustion and rate of 

diffusion on cationized cotton. In contrast, Reactive Blue 109 had the least adsorption, 

exhaustion and rate of diffusion. 
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In addition, a comparison of diffusion between Reactive Violet 5 and Red 11 indicates the 

importance of linearity in the dye structure. Both dyes had a similar dye volume and the 

number of sulfonic acid groups, however, the rate of diffusion for Violet 5 was higher than 

Red 11. The diffusion rates are influenced by the amount of cationizing agent applied on 

the samples. At higher levels of treatment, more positive charges are imparted on the 

cotton samples thus increasing the affinity of the dye for the substrate. 

 

The adsorption data had an excellent fit using a Langmuir isotherm which indicates that 

all cationic sites are uniform and the dyes form a unimolecular adsorption layer on the 

cationized cotton surface. The difference in exhaustion for each dye at the same level of 

treatment confirms the hypothesis that exhaustion of anionic dyes on cationized cotton 

would be dye structure dependent. Hence, in a dye solution containing a mixture of dyes 

with varying dye structures. variation in exhaustion may be observed among dyes and 

this should be taken into consideration when using a trichromatic set of colorants. Since 

the diffusion of dyes is dependent on their structure the dyes with higher diffusion rates 

would penetrate into the fiber faster and thus color matching on cationized cotton will 

be subject to suitable selection of dyes with similar structures. 

 

Possible Solutions to the Color Matching Issues 

The use of new dyeing calibration database based on the exhaustion of dyes on cationized 

cotton has not resulted in resolving issues associated with unacceptable color matching 
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on cationized cellulose. Although, the recipes obtained from the new database produce 

closer matches to the standard compared to the traditional primaries, it is still difficult to 

obtain an exact match. 

 

Based on the current study, there are two possible solutions to color matching problems. 

First, dyes with similar structures and the same number of sulfonic acids should be used 

as primaries. The selected dyes should exhibit similar levels of adsorption and exhaustion 

to eliminate/minimize preferential dye uptake from a mixture as seen in the case of 

Violet 5 and Red 11. However, this may present practicality problems since using dyes 

with the same number of sulfonic acid groups, similar molecular weight/volume and 

similar reactive groups in a trichromatic set may be challenging.  

 

Another possible solution is by using higher concentrations of CHPTAC for treatment of 

cotton. New primaries could be generated by varying dye concentrations for a given 

amount of CHPTAC treatment. The dye concentration used for generating the primaries 

should be chosen such that all dyes added in the bath are completely exhausted on the 

cationized cotton samples. This would leave some unoccupied cationic sites on the dyed 

samples which can then be capped with a suitable capping agent following the dyeing 

process. The use of higher amounts of CHPTAC for cationizing cellulose may cause 

difficulties in obtaining uniformly dyed samples. However, this issue could be resolved 

by delayed addition of alkali during the dyeing process as suggested by Sha [176].  
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CHAPTER 7 RECOMMENDATIONS FOR FUTURE WORK 

 

In this research, a capping agent, Sera fast N-HF-01 was applied on undyed cationized 

cotton samples to determine its capping efficiency. However, in reality, the capping agent 

would be applied after the dyeing process. The concentration of the capping agent needs 

to be optimized based on the amount of CHPTAC applied and the amount of dye present 

on the dyed material. 

 

Some other compounds similar in structure to Sera fast N-HF-01 could be applied on 

dyed cationized material and their performance should then be evaluated. A set of 

trichromatic dyes i.e. Red, Yellow and Blue can be used and paired against each other 

during laundering test. The color change for these samples can be evaluated. 

 

Since the polymeric and long-alkyl chain compounds are attached only at the surface of 

the cationized cotton fiber and cannot penetrate inside the cellulosic polymer, these 

chemicals can be applied on cationized cellophane films. The effect of such chemicals on 

the diffusion of reactive dyes through the film can then be investigated. 

 

The other anionic compounds studied for the capping project were not effective in 

blocking all the cationic sites. Some of these chemicals could be studied further for use as 

a leveling agent for dyeing cationized cotton. The presence of large amounts of cationic 
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sites on substrates can result in unlevel dyeings especially when lower concentrations of 

dyestuff are used. Some of these anionic agents may help improve the uniformity of 

dyeings for cationized cotton in a manner similar to leveling agents. 

 

The possibility of using higher amounts of CHPTAC for complete exhaustion of dyes 

during color matching needs to be investigated. This would require the development of 

new colorant primaries and color matching of the treated substrates. The study could 

involve the use of various commercial dyes used currently in industry for color matching 

on cotton. 
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Table 19: Adsorption of Reactive dyes on untreated cotton samples at 40°C. 

No. Initial 

Conc. 

Blue 19 Red 11 Red 198 Blue 109 

 Cf Cs Cf Cs Cf Cs Cf Cs 

1 0.0250 0.0010 0.0150 0.0010 0.0150 0.0010 0.0150 0.0010 0.0150 

2 0.0500 0.0026 0.0240 0.0015 0.0350 0.0012 0.0380 0.0010 0.0400 

3 0.0750 0.0039 0.0360 0.0030 0.0450 0.0025 0.0500 0.0028 0.0470 

4 0.1000 0.0057 0.0430 0.0045 0.0550 0.0039 0.0610 0.0034 0.0660 

5 0.1250 0.0060 0.0650 0.0048 0.0770 0.0045 0.0800 0.0040 0.0850 

6 0.1500 0.0065 0.0850 0.0052 0.0980 0.0049 0.1010 0.0045 0.1050 

7 0.1750 0.0072 0.1030 0.0057 0.1180 0.0053 0.1220 0.0049 0.1260 

8 0.2000 0.0077 0.1230 0.0061 0.1390 0.0056 0.1440 0.0052 0.1480 

9 0.2250 0.0083 0.1420 0.0065 0.1600 0.0060 0.1650 0.0056 0.1690 

10 0.2500 0.0085 0.1650 0.0069 0.1810 0.0065 0.1850 0.0059 0.1910 

11 0.2750 0.0089 0.1860 0.0072 0.2030 0.0069 0.2060 0.0062 0.2130 

12 0.3000 0.0093 0.2070 0.0076 0.2240 0.0073 0.2270 0.0065 0.2350 

13 0.5000 0.0097 0.4030 0.0079 0.4210 0.0076 0.4240 0.0069 0.4310 

14 0.6250 0.0101 0.5240 0.0084 0.5410 0.0081 0.5440 0.0073 0.5520 

15 0.7500 0.0109 0.6410 0.0089 0.6610 0.0084 0.6660 0.0076 0.6740 

16 0.8750 0.0116 0.7590 0.0093 0.7820 0.0087 0.7880 0.0079 0.7960 

17 1.0000 0.0122 0.8780 0.0099 0.9010 0.0089 0.9110 0.0080 0.9200 

18 1.5000 0.0127 1.3730 0.0104 1.3960 0.0093 1.4070 0.0082 1.4180 
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Table 20: Adsorption of Reactive dyes on untreated cotton samples at 60°C. 

No. Initial 

Conc. 

Blue 19 Red 11 Red 198 Blue 109 

 Cf Cs Cf Cs Cf Cs Cf Cs 

1 0.0250 0.0010 0.0150 0.0010 0.0150 0.0010 0.0150 0.0010 0.0150 

2 0.0500 0.0023 0.0270 0.0018 0.0320 0.0015 0.0350 0.0010 0.0400 

3 0.0750 0.0032 0.0430 0.0025 0.0500 0.0019 0.0560 0.0015 0.0600 

4 0.1000 0.0050 0.0500 0.0030 0.0700 0.0025 0.0750 0.0020 0.0800 

5 0.1250 0.0058 0.0670 0.0036 0.0890 0.0031 0.0940 0.0024 0.1010 

6 0.1500 0.0062 0.0880 0.0041 0.1090 0.0036 0.1140 0.0029 0.1210 

7 0.1750 0.0066 0.1090 0.0046 0.1290 0.0040 0.1350 0.0033 0.1420 

8 0.2000 0.0070 0.1300 0.0051 0.1490 0.0046 0.1540 0.0036 0.1640 

9 0.2250 0.0075 0.1500 0.0056 0.1690 0.0051 0.1740 0.0039 0.1860 

10 0.2500 0.0081 0.1690 0.0062 0.1880 0.0055 0.1950 0.0043 0.2070 

11 0.2750 0.0085 0.1900 0.0067 0.2080 0.0059 0.2160 0.0047 0.2280 

12 0.3000 0.0089 0.2110 0.0071 0.2290 0.0063 0.2370 0.0052 0.2480 

13 0.5000 0.0095 0.4050 0.0075 0.4250 0.0067 0.4330 0.0055 0.4450 

14 0.6250 0.0098 0.5270 0.0079 0.5460 0.0070 0.5550 0.0059 0.5660 

15 0.7500 0.0103 0.6470 0.0082 0.6680 0.0074 0.6760 0.0063 0.6870 

16 0.8750 0.0106 0.7690 0.0085 0.7900 0.0076 0.7990 0.0068 0.8070 

17 1.0000 0.0110 0.8900 0.0090 0.9100 0.0079 0.9210 0.0072 0.9280 

18 1.5000 0.0113 1.3870 0.0096 1.4040 0.0083 1.4170 0.0077 1.4230 
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Table 21: Adsorption of Reactive dyes on untreated cotton samples at 80°C. 

No. Initial 

Conc. 

Blue 19 Red 11 Red 198 Blue 109 

 Cf Cs Cf Cs Cf Cs Cf Cs 

1 0.0250 0.0010 0.0150 0.0010 0.0150 0.0010 0.0150 0.0010 0.0150 

2 0.0500 0.0010 0.0400 0.0015 0.0350 0.0012 0.0380 0.0010 0.0400 

3 0.0750 0.0040 0.0350 0.0022 0.0530 0.0018 0.0570 0.0013 0.0620 

4 0.1000 0.0045 0.0550 0.0028 0.0720 0.0024 0.0760 0.0015 0.0850 

5 0.1250 0.0050 0.0750 0.0032 0.0930 0.0029 0.0960 0.0019 0.1060 

6 0.1500 0.0055 0.0950 0.0035 0.1150 0.0033 0.1170 0.0023 0.1270 

7 0.1750 0.0060 0.1150 0.0039 0.1360 0.0036 0.1390 0.0027 0.1480 

8 0.2000 0.0066 0.1340 0.0042 0.1580 0.0039 0.1610 0.0031 0.1690 

9 0.2250 0.0070 0.1550 0.0046 0.1790 0.0043 0.1820 0.0034 0.1910 

10 0.2500 0.0075 0.1750 0.0050 0.2000 0.0045 0.2050 0.0038 0.2120 

11 0.2750 0.0080 0.1950 0.0053 0.2220 0.0048 0.2270 0.0041 0.2340 

12 0.3000 0.0084 0.2160 0.0056 0.2440 0.0052 0.2480 0.0043 0.2570 

13 0.5000 0.0087 0.4130 0.0060 0.4400 0.0055 0.4450 0.0047 0.4530 

14 0.6250 0.0091 0.5340 0.0065 0.5600 0.0059 0.5660 0.0051 0.5740 

15 0.7500 0.0096 0.6540 0.0069 0.6810 0.0063 0.6870 0.0055 0.6950 

16 0.8750 0.0099 0.7760 0.0074 0.8010 0.0068 0.8070 0.0060 0.8150 

17 1.0000 0.0105 0.8950 0.0079 0.9210 0.0073 0.9270 0.0065 0.9350 

18 1.5000 0.0118 1.3820 0.0088 1.4120 0.0076 1.4240 0.0068 1.4320 
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Table 22: Adsorption of Reactive dyes on 25 g/L cationized sample at 40°C. 

No. Initial 

Conc. 

Blue 19 Red 11 Red 198 Blue 109 

 Cf Cs Cf Cs Cf Cs Cf Cs 

1 0.0250 0.0025 0.0000 0.0025 0.0000 0.0025 0.0000 0.0025 0.0000 

2 0.0500 0.0050 0.0000 0.0050 0.0000 0.0050 0.0000 0.0050 0.0000 

3 0.0750 0.0075 0.0000 0.0075 0.0000 0.0075 0.0000 0.0075 0.0000 

4 0.1000 0.0100 0.0000 0.0100 0.0000 0.0100 0.0000 0.0100 0.0000 

5 0.1250 0.0125 0.0000 0.0125 0.0000 0.0125 0.0000 0.0125 0.0000 

6 0.1500 0.0150 0.0000 0.0150 0.0000 0.0150 0.0000 0.0150 0.0000 

7 0.1750 0.0175 0.0000 0.0175 0.0000 0.0175 0.0000 0.0175 0.0000 

8 0.2000 0.0200 0.0000 0.0200 0.0000 0.0200 0.0000 0.0200 0.0000 

9 0.2250 0.0225 0.0000 0.0225 0.0000 0.0225 0.0000 0.0225 0.0000 

10 0.2500 0.0250 0.0000 0.0250 0.0000 0.0250 0.0000 0.0249 0.0010 

11 0.2750 0.0275 0.0000 0.0271 0.0040 0.0273 0.0020 0.0249 0.0260 

12 0.3000 0.0300 0.0000 0.0290 0.0100 0.0273 0.0270 0.0249 0.0510 

13 0.5000 0.0357 0.1430 0.0290 0.2100 0.0273 0.2270 0.0249 0.2510 

14 0.6250 0.0357 0.2680 0.0290 0.3350 0.0273 0.3520 0.0249 0.3760 

15 0.7500 0.0357 0.3930 0.0290 0.4600 0.0273 0.4770 0.0249 0.5010 

16 0.8750 0.0357 0.5180 0.0290 0.5850 0.0273 0.6020 0.0249 0.6260 

17 1.0000 0.0357 0.6430 0.0290 0.7100 0.0273 0.7270 0.0249 0.7510 

18 1.5000 0.0357 1.1430 0.0290 1.2100 0.0273 1.2270 0.0249 1.2510 
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Table 23: Adsorption of Reactive dyes on 25 g/L cationized sample at 60°C. 

No. Initial 

Conc. 

Blue 19 Red 11 Red 198 Blue 109 

 Cf Cs Cf Cs Cf Cs Cf Cs 

1 0.0250 0.0025 0.0000 0.0025 0.0000 0.0025 0.0000 0.0025 0.0000 

2 0.0500 0.0050 0.0000 0.0050 0.0000 0.0050 0.0000 0.0050 0.0000 

3 0.0750 0.0075 0.0000 0.0075 0.0000 0.0075 0.0000 0.0075 0.0000 

4 0.1000 0.0100 0.0000 0.0100 0.0000 0.0100 0.0000 0.0100 0.0000 

5 0.1250 0.0125 0.0000 0.0125 0.0000 0.0125 0.0000 0.0125 0.0000 

6 0.1500 0.0150 0.0000 0.0150 0.0000 0.0150 0.0000 0.0150 0.0000 

7 0.1750 0.0175 0.0000 0.0175 0.0000 0.0175 0.0000 0.0175 0.0000 

8 0.2000 0.0200 0.0000 0.0200 0.0000 0.0200 0.0000 0.0200 0.0000 

9 0.2250 0.0225 0.0000 0.0225 0.0000 0.0225 0.0000 0.0225 0.0000 

10 0.2500 0.0250 0.0000 0.0250 0.0000 0.0241 0.0090 0.0235 0.0150 

11 0.2750 0.0275 0.0000 0.0275 0.0000 0.0257 0.0180 0.0235 0.0400 

12 0.3000 0.0300 0.0000 0.0275 0.0250 0.0257 0.0430 0.0235 0.0650 

13 0.5000 0.0341 0.1590 0.0275 0.2250 0.0257 0.2430 0.0235 0.2650 

14 0.6250 0.0341 0.2840 0.0275 0.3500 0.0257 0.3680 0.0235 0.3900 

15 0.7500 0.0341 0.4090 0.0275 0.4750 0.0257 0.4930 0.0235 0.5150 

16 0.8750 0.0341 0.5340 0.0275 0.6000 0.0257 0.6180 0.0235 0.6400 

17 1.0000 0.0341 0.6590 0.0275 0.7250 0.0257 0.7430 0.0235 0.7650 

18 1.5000 0.0341 1.1590 0.0275 1.2250 0.0257 1.2430 0.0235 1.2650 
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Table 24: Adsorption of Reactive dyes on 25 g/L cationized sample at 80°C. 

No. Initial 

Conc. 

Blue 19 Red 11 Red 198 Blue 109 

 Cf Cs Cf Cs Cf Cs Cf Cs 

1 0.0250 0.0025 0.0000 0.0025 0.0000 0.0025 0.0000 0.0025 0.0000 

2 0.0500 0.0050 0.0000 0.0050 0.0000 0.0050 0.0000 0.0050 0.0000 

3 0.0750 0.0075 0.0000 0.0075 0.0000 0.0075 0.0000 0.0075 0.0000 

4 0.1000 0.0100 0.0000 0.0100 0.0000 0.0100 0.0000 0.0100 0.0000 

5 0.1250 0.0125 0.0000 0.0125 0.0000 0.0125 0.0000 0.0125 0.0000 

6 0.1500 0.0150 0.0000 0.0150 0.0000 0.0150 0.0000 0.0150 0.0000 

7 0.1750 0.0175 0.0000 0.0175 0.0000 0.0175 0.0000 0.0175 0.0000 

8 0.2000 0.0200 0.0000 0.0200 0.0000 0.0200 0.0000 0.0200 0.0000 

9 0.2250 0.0225 0.0000 0.0225 0.0000 0.0225 0.0000 0.0219 0.0060 

10 0.2500 0.0250 0.0000 0.0250 0.0000 0.0247 0.0030 0.0219 0.0310 

11 0.2750 0.0275 0.0000 0.0262 0.0130 0.0247 0.0280 0.0219 0.0560 

12 0.3000 0.0300 0.0000 0.0262 0.0380 0.0247 0.0530 0.0219 0.0810 

13 0.5000 0.0333 0.1670 0.0262 0.2380 0.0247 0.2530 0.0219 0.2810 

14 0.6250 0.0333 0.2920 0.0262 0.3630 0.0247 0.3780 0.0219 0.4060 

15 0.7500 0.0333 0.4170 0.0262 0.4880 0.0247 0.5030 0.0219 0.5310 

16 0.8750 0.0333 0.5420 0.0262 0.6130 0.0247 0.6280 0.0219 0.6560 

17 1.0000 0.0333 0.6670 0.0262 0.7380 0.0247 0.7530 0.0219 0.7810 

18 1.5000 0.0333 1.1670 0.0262 1.2380 0.0247 1.2530 0.0219 1.2810 



 

190 

Table 25: Adsorption of Reactive dyes on 50 g/L cationized sample at 40°C. 

No. Initial 

Conc. 

Blue 19 Red 11 Red 198 Blue 109 

 Cf Cs Cf Cs Cf Cs Cf Cs 

1 0.0500 0.0050 0.0000 0.0050 0.0000 0.0050 0.0000 0.0050 0.0000 

2 0.1000 0.0100 0.0000 0.0100 0.0000 0.0100 0.0000 0.0100 0.0000 

3 0.1500 0.0150 0.0000 0.0150 0.0000 0.0150 0.0000 0.0150 0.0000 

4 0.2000 0.0200 0.0000 0.0200 0.0000 0.0200 0.0000 0.0200 0.0000 

5 0.2500 0.0250 0.0000 0.0250 0.0000 0.0250 0.0000 0.0250 0.0000 

6 0.3000 0.0300 0.0000 0.0300 0.0000 0.0300 0.0000 0.0300 0.0000 

7 0.3500 0.0350 0.0000 0.0350 0.0000 0.0350 0.0000 0.0350 0.0000 

8 0.4000 0.0400 0.0000 0.0400 0.0000 0.0400 0.0000 0.0400 0.0000 

9 0.4500 0.0450 0.0000 0.0450 0.0000 0.0450 0.0000 0.0450 0.0000 

10 0.5000 0.0500 0.0000 0.0500 0.0000 0.0480 0.0200 0.0486 0.0140 

11 0.5500 0.0550 0.0000 0.0542 0.0080 0.0501 0.0490 0.0486 0.0640 

12 0.6000 0.0600 0.0000 0.0542 0.0580 0.0501 0.0990 0.0486 0.1140 

13 1.0000 0.0635 0.3650 0.0542 0.4580 0.0501 0.4990 0.0486 0.5140 

14 1.2500 0.0635 0.6150 0.0542 0.7080 0.0501 0.7490 0.0486 0.7640 

15 1.5000 0.0635 0.8650 0.0542 0.9580 0.0501 0.9990 0.0486 1.0140 

16 1.7500 0.0635 1.1150 0.0542 1.2080 0.0501 1.2490 0.0486 1.2640 

17 2.0000 0.0635 1.3650 0.0542 1.4580 0.0501 1.4990 0.0486 1.5140 

18 3.0000 0.0635 2.3650 0.0542 2.4580 0.0501 2.4990 0.0486 2.5140 
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Table 26: Adsorption of Reactive dyes on 50 g/L cationized sample at 60°C. 

No. Initial 

Conc. 

Blue 19 Red 11 Red 198 Blue 109 

 Cf Cs Cf Cs Cf Cs Cf Cs 

1 0.0500 0.0050 0.0000 0.0050 0.0000 0.0050 0.0000 0.0050 0.0000 

2 0.1000 0.0100 0.0000 0.0100 0.0000 0.0100 0.0000 0.0100 0.0000 

3 0.1500 0.0150 0.0000 0.0150 0.0000 0.0150 0.0000 0.0150 0.0000 

4 0.2000 0.0200 0.0000 0.0200 0.0000 0.0200 0.0000 0.0200 0.0000 

5 0.2500 0.0250 0.0000 0.0250 0.0000 0.0250 0.0000 0.0250 0.0000 

6 0.3000 0.0300 0.0000 0.0300 0.0000 0.0300 0.0000 0.0300 0.0000 

7 0.3500 0.0350 0.0000 0.0350 0.0000 0.0350 0.0000 0.0350 0.0000 

8 0.4000 0.0400 0.0000 0.0400 0.0000 0.0400 0.0000 0.0400 0.0000 

9 0.4500 0.0450 0.0000 0.0450 0.0000 0.0450 0.0000 0.0450 0.0000 

10 0.5000 0.0500 0.0000 0.0488 0.0120 0.0489 0.0110 0.0466 0.0340 

11 0.5500 0.0550 0.0000 0.0513 0.0370 0.0489 0.0610 0.0466 0.0840 

12 0.6000 0.0589 0.0110 0.0513 0.0870 0.0489 0.1110 0.0466 0.1340 

13 1.0000 0.0589 0.4110 0.0513 0.4870 0.0489 0.5110 0.0466 0.5340 

14 1.2500 0.0589 0.6610 0.0513 0.7370 0.0489 0.7610 0.0466 0.7840 

15 1.5000 0.0589 0.9110 0.0513 0.9870 0.0489 1.0110 0.0466 1.0340 

16 1.7500 0.0589 1.1610 0.0513 1.2370 0.0489 1.2610 0.0466 1.2840 

17 2.0000 0.0589 1.4110 0.0513 1.4870 0.0489 1.5110 0.0466 1.5340 

18 3.0000 0.0589 2.4110 0.0513 2.4870 0.0489 2.5110 0.0466 2.5340 
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Table 27: Adsorption of Reactive dyes on 50 g/L cationized sample at 80°C. 

No. Initial 

Conc. 

Blue 19 Red 11 Red 198 Blue 109 

 Cf Cs Cf Cs Cf Cs Cf Cs 

1 0.0500 0.0050 0.0000 0.0050 0.0000 0.0050 0.0000 0.0050 0.0000 

2 0.1000 0.0100 0.0000 0.0100 0.0000 0.0100 0.0000 0.0100 0.0000 

3 0.1500 0.0150 0.0000 0.0150 0.0000 0.0150 0.0000 0.0150 0.0000 

4 0.2000 0.0200 0.0000 0.0200 0.0000 0.0200 0.0000 0.0200 0.0000 

5 0.2500 0.0250 0.0000 0.0250 0.0000 0.0250 0.0000 0.0250 0.0000 

6 0.3000 0.0300 0.0000 0.0300 0.0000 0.0300 0.0000 0.0300 0.0000 

7 0.3500 0.0350 0.0000 0.0350 0.0000 0.0350 0.0000 0.0350 0.0000 

8 0.4000 0.0400 0.0000 0.0400 0.0000 0.0400 0.0000 0.0400 0.0000 

9 0.4500 0.0450 0.0000 0.0450 0.0000 0.0450 0.0000 0.0450 0.0000 

10 0.5000 0.0500 0.0000 0.0500 0.0000 0.0475 0.0250 0.0449 0.0510 

11 0.5500 0.0550 0.0000 0.0501 0.0490 0.0475 0.0750 0.0449 0.1010 

12 0.6000 0.0573 0.0270 0.0501 0.0990 0.0475 0.1250 0.0449 0.1510 

13 1.0000 0.0573 0.4270 0.0501 0.4990 0.0475 0.5250 0.0449 0.5510 

14 1.2500 0.0573 0.6770 0.0501 0.7490 0.0475 0.7750 0.0449 0.8010 

15 1.5000 0.0573 0.9270 0.0501 0.9990 0.0475 1.0250 0.0449 1.0510 

16 1.7500 0.0573 1.1770 0.0501 1.2490 0.0475 1.2750 0.0449 1.3010 

17 2.0000 0.0573 1.4270 0.0501 1.4990 0.0475 1.5250 0.0449 1.5510 

18 3.0000 0.0573 2.4270 0.0501 2.4990 0.0475 2.5250 0.0449 2.5510 
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Table 28: Adsorption of Reactive dyes on 75 g/L cationized sample at 40°C. 

No. Initial 

Conc. 

Blue 19 Red 11 Red 198 Blue 109 

 Cf Cs Cf Cs Cf Cs Cf Cs 

1 0.0750 0.0075 0.0000 0.0075 0.0000 0.0075 0.0000 0.0075 0.0000 

2 0.1500 0.0150 0.0000 0.0150 0.0000 0.0150 0.0000 0.0150 0.0000 

3 0.2250 0.0225 0.0000 0.0225 0.0000 0.0225 0.0000 0.0225 0.0000 

4 0.3000 0.0300 0.0000 0.0300 0.0000 0.0300 0.0000 0.0300 0.0000 

5 0.3750 0.0375 0.0000 0.0375 0.0000 0.0375 0.0000 0.0375 0.0000 

6 0.4500 0.0450 0.0000 0.0450 0.0000 0.0450 0.0000 0.0450 0.0000 

7 0.5250 0.0525 0.0000 0.0525 0.0000 0.0525 0.0000 0.0525 0.0000 

8 0.6000 0.0600 0.0000 0.0600 0.0000 0.0600 0.0000 0.0600 0.0000 

9 0.6750 0.0675 0.0000 0.0675 0.0000 0.0675 0.0000 0.0610 0.0650 

10 0.7500 0.0750 0.0000 0.0750 0.0000 0.0695 0.0550 0.0610 0.1400 

11 0.8250 0.0825 0.0000 0.0780 0.0450 0.0695 0.1300 0.0610 0.2150 

12 0.9000 0.0900 0.0000 0.0780 0.1200 0.0695 0.2050 0.0610 0.2900 

13 1.5000 0.0980 0.5200 0.0780 0.7200 0.0695 0.8050 0.0610 0.8900 

14 1.8750 0.0980 0.8950 0.0780 1.0950 0.0695 1.1800 0.0610 1.2650 

15 2.2500 0.0980 1.2700 0.0780 1.4700 0.0695 1.5550 0.0610 1.6400 

16 2.6250 0.0980 1.6450 0.0780 1.8450 0.0695 1.9300 0.0610 2.0150 

17 3.0000 0.0980 2.0200 0.0780 2.2200 0.0695 2.3050 0.0610 2.3900 

18 4.5000 0.0980 3.5200 0.0780 3.7200 0.0695 3.8050 0.0610 3.8900 
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Table 29: Adsorption of Reactive dyes on 75 g/L cationized sample at 60°C. 

No. Initial 

Conc. 

Blue 19 Red 11 Red 198 Blue 109 

 Cf Cs Cf Cs Cf Cs Cf Cs 

1 0.0750 0.0075 0.0000 0.0075 0.0000 0.0075 0.0000 0.0075 0.0000 

2 0.1500 0.0150 0.0000 0.0150 0.0000 0.0150 0.0000 0.0150 0.0000 

3 0.2250 0.0225 0.0000 0.0225 0.0000 0.0225 0.0000 0.0225 0.0000 

4 0.3000 0.0300 0.0000 0.0300 0.0000 0.0300 0.0000 0.0300 0.0000 

5 0.3750 0.0375 0.0000 0.0375 0.0000 0.0375 0.0000 0.0375 0.0000 

6 0.4500 0.0450 0.0000 0.0450 0.0000 0.0450 0.0000 0.0450 0.0000 

7 0.5250 0.0525 0.0000 0.0525 0.0000 0.0525 0.0000 0.0525 0.0000 

8 0.6000 0.0600 0.0000 0.0600 0.0000 0.0600 0.0000 0.0591 0.0090 

9 0.6750 0.0675 0.0000 0.0675 0.0000 0.0663 0.0120 0.0591 0.0840 

10 0.7500 0.0750 0.0000 0.0748 0.0020 0.0663 0.0870 0.0591 0.1590 

11 0.8250 0.0825 0.0000 0.0757 0.0680 0.0663 0.1620 0.0591 0.2340 

12 0.9000 0.0875 0.0250 0.0757 0.1430 0.0663 0.2370 0.0591 0.3090 

13 1.5000 0.0875 0.6250 0.0757 0.7430 0.0663 0.8370 0.0591 0.9090 

14 1.8750 0.0875 1.0000 0.0757 1.1180 0.0663 1.2120 0.0591 1.2840 

15 2.2500 0.0875 1.3750 0.0757 1.4930 0.0663 1.5870 0.0591 1.6590 

16 2.6250 0.0875 1.7500 0.0757 1.8680 0.0663 1.9620 0.0591 2.0340 

17 3.0000 0.0875 2.1250 0.0757 2.2430 0.0663 2.3370 0.0591 2.4090 

18 4.5000 0.0875 3.6250 0.0757 3.7430 0.0663 3.8370 0.0591 3.9090 
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Table 30: Adsorption of Reactive dyes on 75 g/L cationized sample at 80°C. 

No. Initial 

Conc. 

Blue 19 Red 11 Red 198 Blue 109 

 Cf Cs Cf Cs Cf Cs Cf Cs 

1 0.0750 0.0075 0.0000 0.0075 0.0000 0.0075 0.0000 0.0075 0.0000 

2 0.1500 0.0150 0.0000 0.0150 0.0000 0.0150 0.0000 0.0150 0.0000 

3 0.2250 0.0225 0.0000 0.0225 0.0000 0.0225 0.0000 0.0225 0.0000 

4 0.3000 0.0300 0.0000 0.0300 0.0000 0.0300 0.0000 0.0300 0.0000 

5 0.3750 0.0375 0.0000 0.0375 0.0000 0.0375 0.0000 0.0375 0.0000 

6 0.4500 0.0450 0.0000 0.0450 0.0000 0.0450 0.0000 0.0450 0.0000 

7 0.5250 0.0525 0.0000 0.0525 0.0000 0.0525 0.0000 0.0525 0.0000 

8 0.6000 0.0600 0.0000 0.0600 0.0000 0.0600 0.0000 0.0563 0.0370 

9 0.6750 0.0675 0.0000 0.0675 0.0000 0.0639 0.0360 0.0563 0.1120 

10 0.7500 0.0750 0.0000 0.0723 0.0270 0.0639 0.1110 0.0563 0.1870 

11 0.8250 0.0825 0.0000 0.0723 0.1020 0.0639 0.1860 0.0563 0.2620 

12 0.9000 0.0843 0.0570 0.0723 0.1770 0.0639 0.2610 0.0563 0.3370 

13 1.5000 0.0843 0.6570 0.0723 0.7770 0.0639 0.8610 0.0563 0.9370 

14 1.8750 0.0843 1.0320 0.0723 1.1520 0.0639 1.2360 0.0563 1.3120 

15 2.2500 0.0843 1.4070 0.0723 1.5270 0.0639 1.6110 0.0563 1.6870 

16 2.6250 0.0843 1.7820 0.0723 1.9020 0.0639 1.9860 0.0563 2.0620 

17 3.0000 0.0843 2.1570 0.0723 2.2770 0.0639 2.3610 0.0563 2.4370 

18 4.5000 0.0843 3.6570 0.0723 3.7770 0.0639 3.8610 0.0563 3.9370 
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Table 31: Adsorption of Reactive dyes on 100 g/L cationized sample at 40°C. 

No. Initial 

Conc. 

Blue 19 Red 11 Red 198 Blue 109 

 Cf Cs Cf Cs Cf Cs Cf Cs 

1 0.1000 0.0100 0.0000 0.0100 0.0000 0.0100 0.0000 0.0100 0.0000 

2 0.2000 0.0200 0.0000 0.0200 0.0000 0.0200 0.0000 0.0200 0.0000 

3 0.3000 0.0300 0.0000 0.0300 0.0000 0.0300 0.0000 0.0300 0.0000 

4 0.4000 0.0400 0.0000 0.0400 0.0000 0.0400 0.0000 0.0400 0.0000 

5 0.5000 0.0500 0.0000 0.0500 0.0000 0.0500 0.0000 0.0500 0.0000 

6 0.6000 0.0600 0.0000 0.0600 0.0000 0.0600 0.0000 0.0600 0.0000 

7 0.7000 0.0700 0.0000 0.0700 0.0000 0.0700 0.0000 0.0700 0.0000 

8 0.8000 0.0800 0.0000 0.0800 0.0000 0.0800 0.0000 0.0800 0.0000 

9 0.9000 0.0900 0.0000 0.0900 0.0000 0.0900 0.0000 0.0850 0.0500 

10 1.0000 0.1000 0.0000 0.1000 0.0000 0.0950 0.0500 0.0900 0.1000 

11 1.1000 0.1100 0.0000 0.1050 0.0500 0.0980 0.1200 0.0900 0.2000 

12 1.2000 0.1190 0.0100 0.1080 0.1200 0.0980 0.2200 0.0900 0.3000 

13 2.0000 0.1280 0.7200 0.1080 0.9200 0.0980 1.0200 0.0900 1.1000 

14 2.5000 0.1280 1.2200 0.1080 1.4200 0.0980 1.5200 0.0900 1.6000 

15 3.0000 0.1280 1.7200 0.1080 1.9200 0.0980 2.0200 0.0900 2.1000 

16 3.5000 0.1280 2.2200 0.1080 2.4200 0.0980 2.5200 0.0900 2.6000 

17 4.0000 0.1280 2.7200 0.1080 2.9200 0.0980 3.0200 0.0900 3.1000 

18 6.0000 0.1280 4.7200 0.1080 4.9200 0.0980 5.0200 0.0900 5.1000 
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Table 32: Adsorption of Reactive dyes on 100 g/L cationized sample at 60°C. 

No. Initial 

Conc. 

Blue 19 Red 11 Red 198 Blue 109 

 Cf Cs Cf Cs Cf Cs Cf Cs 

1 0.1000 0.0100 0.0000 0.0100 0.0000 0.0100 0.0000 0.0100 0.0000 

2 0.2000 0.0200 0.0000 0.0200 0.0000 0.0200 0.0000 0.0200 0.0000 

3 0.3000 0.0300 0.0000 0.0300 0.0000 0.0300 0.0000 0.0300 0.0000 

4 0.4000 0.0400 0.0000 0.0400 0.0000 0.0400 0.0000 0.0400 0.0000 

5 0.5000 0.0500 0.0000 0.0500 0.0000 0.0500 0.0000 0.0500 0.0000 

6 0.6000 0.0600 0.0000 0.0600 0.0000 0.0600 0.0000 0.0600 0.0000 

7 0.7000 0.0700 0.0000 0.0700 0.0000 0.0700 0.0000 0.0700 0.0000 

8 0.8000 0.0800 0.0000 0.0800 0.0000 0.0800 0.0000 0.0800 0.0000 

9 0.9000 0.0900 0.0000 0.0900 0.0000 0.0890 0.0100 0.0820 0.0800 

10 1.0000 0.1000 0.0000 0.0960 0.0400 0.0890 0.1100 0.0820 0.1800 

11 1.1000 0.1100 0.0000 0.0960 0.1400 0.0890 0.2100 0.0820 0.2800 

12 1.2000 0.1150 0.0500 0.0960 0.2400 0.0890 0.3100 0.0820 0.3800 

13 2.0000 0.1180 0.8000 0.0960 1.0400 0.0890 1.1100 0.0820 1.1800 

14 2.5000 0.1180 1.3000 0.0960 1.5400 0.0890 1.6100 0.0820 1.6800 

15 3.0000 0.1180 1.8000 0.0960 2.0400 0.0890 2.1100 0.0820 2.1800 

16 3.5000 0.1180 2.3000 0.0960 2.5400 0.0890 2.6100 0.0820 2.6800 

17 4.0000 0.1180 2.8000 0.0960 3.0400 0.0890 3.1100 0.0820 3.1800 

18 6.0000 0.1180 4.8000 0.0960 5.0400 0.0890 5.1100 0.0820 5.1800 
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Table 33: Adsorption of Reactive dyes on 100 g/L cationized sample at 80°C. 

No. Initial 

Conc. 

Blue 19 Red 11 Red 198 Blue 109 

 Cf Cs Cf Cs Cf Cs Cf Cs 

1 0.1000 0.0100 0.0000 0.0100 0.0000 0.0100 0.0000 0.0100 0.0000 

2 0.2000 0.0200 0.0000 0.0200 0.0000 0.0200 0.0000 0.0200 0.0000 

3 0.3000 0.0300 0.0000 0.0300 0.0000 0.0300 0.0000 0.0300 0.0000 

4 0.4000 0.0400 0.0000 0.0400 0.0000 0.0400 0.0000 0.0400 0.0000 

5 0.5000 0.0500 0.0000 0.0500 0.0000 0.0500 0.0000 0.0500 0.0000 

6 0.6000 0.0600 0.0000 0.0600 0.0000 0.0600 0.0000 0.0600 0.0000 

7 0.7000 0.0700 0.0000 0.0700 0.0000 0.0700 0.0000 0.0700 0.0000 

8 0.8000 0.0800 0.0000 0.0800 0.0000 0.0800 0.0000 0.0790 0.0100 

9 0.9000 0.0900 0.0000 0.0900 0.0000 0.0850 0.0500 0.0790 0.1100 

10 1.0000 0.1000 0.0000 0.0940 0.0600 0.0850 0.1500 0.0790 0.2100 

11 1.1000 0.1100 0.0000 0.0940 0.1600 0.0850 0.2500 0.0790 0.3100 

12 1.2000 0.1120 0.0800 0.0940 0.2600 0.0850 0.3500 0.0790 0.4100 

13 2.0000 0.1150 0.8400 0.0940 1.0600 0.0850 1.1500 0.0790 1.2100 

14 2.5000 0.1150 1.3400 0.0940 1.5600 0.0850 1.6500 0.0790 1.7100 

15 3.0000 0.1150 1.8400 0.0940 2.0600 0.0850 2.1500 0.0790 2.2100 

16 3.5000 0.1150 2.3400 0.0940 2.5600 0.0850 2.6500 0.0790 2.7100 

17 4.0000 0.1150 2.8400 0.0940 3.0600 0.0850 3.1500 0.0790 3.2100 

18 6.0000 0.1150 4.8400 0.0940 5.0600 0.0850 5.1500 0.0790 5.2100 
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Table 34: Adsorption of Reactive Violet dye on untreated samples. 

No. Initial 

Conc. 

40°C 60°C 80°C 

 Cf Cs Cf Cs Cf Cs 

1 0.0231 0.0009 0.0138 0.0009 0.0138 0.0009 0.0138 

2 0.0461 0.0018 0.0286 0.0019 0.0268 0.0018 0.0286 

3 0.0692 0.0031 0.0378 0.0026 0.0434 0.0024 0.0452 

4 0.0923 0.0041 0.0517 0.0032 0.0600 0.0030 0.0628 

5 0.1154 0.0048 0.0674 0.0039 0.0766 0.0033 0.0821 

6 0.1384 0.0054 0.0840 0.0046 0.0923 0.0037 0.1015 

7 0.1615 0.0060 0.1015 0.0052 0.1098 0.0042 0.1200 

8 0.1846 0.0066 0.1190 0.0057 0.1274 0.0045 0.1393 

9 0.2076 0.0073 0.1347 0.0063 0.1449 0.0052 0.1560 

10 0.2307 0.0077 0.1541 0.0069 0.1615 0.0054 0.1763 

11 0.2538 0.0080 0.1735 0.0073 0.1809 0.0059 0.1947 

12 0.2768 0.0084 0.1929 0.0077 0.2003 0.0063 0.2141 

13 0.4614 0.0088 0.3737 0.0080 0.3811 0.0067 0.3940 

14 0.5768 0.0090 0.4863 0.0082 0.4946 0.0072 0.5048 

15 0.6921 0.0098 0.5943 0.0084 0.6082 0.0076 0.6164 

16 0.8075 0.0102 0.7050 0.0087 0.7207 0.0080 0.7272 

17 0.9228 0.0106 0.8167 0.0091 0.8315 0.0086 0.8370 

18 1.3842 0.0110 1.2744 0.0095 1.2892 0.0091 1.2929 
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Table 35: Adsorption of Reactive Violet dye on 25 g/L cationized sample samples. 

No. Initial 

Conc. 

40°C 60°C 80°C 

 Cf Cs Cf Cs Cf Cs 

1 0.0231 0.0023 0.0000 0.0023 0.0000 0.0023 0.0000 

2 0.0461 0.0046 0.0000 0.0046 0.0000 0.0046 0.0000 

3 0.0692 0.0069 0.0000 0.0069 0.0000 0.0069 0.0000 

4 0.0923 0.0092 0.0000 0.0092 0.0000 0.0092 0.0000 

5 0.1154 0.0115 0.0000 0.0115 0.0000 0.0115 0.0000 

6 0.1384 0.0138 0.0000 0.0138 0.0000 0.0138 0.0000 

7 0.1615 0.0161 0.0000 0.0161 0.0000 0.0161 0.0000 

8 0.1846 0.0185 0.0000 0.0185 0.0000 0.0185 0.0000 

9 0.2076 0.0208 0.0000 0.0208 0.0000 0.0208 0.0000 

10 0.2307 0.0231 0.0000 0.0231 0.0000 0.0231 0.0000 

11 0.2538 0.0254 0.0000 0.0254 0.0000 0.0254 0.0000 

12 0.2768 0.0277 0.0000 0.0277 0.0000 0.0269 0.0083 

13 0.4614 0.0298 0.1633 0.0285 0.1763 0.0269 0.1929 

14 0.5768 0.0298 0.2787 0.0285 0.2916 0.0269 0.3082 

15 0.6921 0.0298 0.3940 0.0285 0.4070 0.0269 0.4236 

16 0.8075 0.0298 0.5094 0.0285 0.5223 0.0269 0.5389 

17 0.9228 0.0298 0.6247 0.0285 0.6377 0.0269 0.6543 

18 1.3842 0.0298 1.0862 0.0285 1.0991 0.0269 1.1157 
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Table 36: Adsorption of Reactive Violet dye on 50 g/L cationized sample samples. 

No. Initial 

Conc. 

40°C 60°C 80°C 

 Cf Cs Cf Cs Cf Cs 

1 0.0461 0.0046 0.0000 0.0046 0.0000 0.0046 0.0000 

2 0.0923 0.0092 0.0000 0.0092 0.0000 0.0092 0.0000 

3 0.1384 0.0138 0.0000 0.0138 0.0000 0.0138 0.0000 

4 0.1846 0.0185 0.0000 0.0185 0.0000 0.0185 0.0000 

5 0.2307 0.0231 0.0000 0.0231 0.0000 0.0231 0.0000 

6 0.2768 0.0277 0.0000 0.0277 0.0000 0.0277 0.0000 

7 0.323 0.0323 0.0000 0.0323 0.0000 0.0323 0.0000 

8 0.3691 0.0369 0.0000 0.0369 0.0000 0.0369 0.0000 

9 0.4153 0.0415 0.0000 0.0415 0.0000 0.0415 0.0000 

10 0.4614 0.0461 0.0000 0.0461 0.0000 0.0461 0.0000 

11 0.5076 0.0542 0.0000 0.0497 0.0102 0.0508 0.0000 

12 0.5537 0.0542 0.0120 0.0520 0.0341 0.0508 0.0452 

13 0.9228 0.0542 0.3811 0.0520 0.4033 0.0508 0.4143 

14 1.1535 0.0542 0.6118 0.0520 0.6340 0.0508 0.6451 

15 1.3842 0.0542 0.8425 0.0520 0.8647 0.0508 0.8758 

16 1.6149 0.0542 1.0732 0.0520 1.0954 0.0508 1.1065 

17 1.8456 0.0542 1.3039 0.0520 1.3261 0.0508 1.3372 

18 2.7685 0.0542 2.2268 0.0520 2.2490 0.0508 2.2600 
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Table 37: Adsorption of Reactive Violet dye on 75 g/L cationized sample samples. 

No. Initial 

Conc. 

40°C 60°C 80°C 

 Cf Cs Cf Cs Cf Cs 

1 0.0692 0.0069 0.0000 0.0069 0.0000 0.0069 0.0000 

2 0.1384 0.0138 0.0000 0.0138 0.0000 0.0138 0.0000 

3 0.2076 0.0208 0.0000 0.0208 0.0000 0.0208 0.0000 

4 0.2768 0.0277 0.0000 0.0277 0.0000 0.0277 0.0000 

5 0.3461 0.0346 0.0000 0.0346 0.0000 0.0346 0.0000 

6 0.4153 0.0415 0.0000 0.0415 0.0000 0.0415 0.0000 

7 0.4845 0.0484 0.0000 0.0484 0.0000 0.0484 0.0000 

8 0.5537 0.0554 0.0000 0.0554 0.0000 0.0554 0.0000 

9 0.6229 0.0623 0.0000 0.0623 0.0000 0.0623 0.0000 

10 0.6921 0.0692 0.0000 0.0692 0.0000 0.0692 0.0000 

11 0.7613 0.0761 0.0000 0.0756 0.0055 0.0750 0.0000 

12 0.8305 0.0796 0.0341 0.0777 0.0535 0.0750 0.0803 

13 1.3842 0.0796 0.5878 0.0777 0.6072 0.0750 0.6340 

14 1.7303 0.0796 0.9339 0.0777 0.9533 0.0750 0.9800 

15 2.0763 0.0796 1.2800 0.0777 1.2994 0.0750 1.3261 

16 2.4224 0.0796 1.6260 0.0777 1.6454 0.0750 1.6721 

17 2.7685 0.0796 1.9721 0.0777 1.9915 0.0750 2.0182 

18 4.1527 0.0796 3.3563 0.0777 3.3758 0.0750 3.4024 
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Table 38: Adsorption of Reactive Violet dye on 100 g/L cationized sample samples. 

No. Initial 

Conc. 

40°C 60°C 80°C 

 Cf Cs Cf Cs Cf Cs 

1 0.0923 0.0092 0.0000 0.0092 0.0000 0.0092 0.0000 

2 0.1846 0.0185 0.0000 0.0185 0.0000 0.0185 0.0000 

3 0.2768 0.0277 0.0000 0.0277 0.0000 0.0277 0.0000 

4 0.3691 0.0369 0.0000 0.0369 0.0000 0.0369 0.0000 

5 0.4614 0.0461 0.0000 0.0461 0.0000 0.0461 0.0000 

6 0.5537 0.0554 0.0000 0.0554 0.0000 0.0554 0.0000 

7 0.646 0.0646 0.0000 0.0646 0.0000 0.0646 0.0000 

8 0.7383 0.0738 0.0000 0.0738 0.0000 0.0738 0.0000 

9 0.8305 0.0831 0.0000 0.0831 0.0000 0.0831 0.0000 

10 0.9228 0.0923 0.0000 0.0923 0.0000 0.0923 0.0000 

11 1.0151 0.1015 0.0000 0.0969 0.0461 0.0932 0.0831 

12 1.1074 0.1034 0.0738 0.0969 0.1384 0.0932 0.1753 

13 1.8456 0.1061 0.7844 0.0969 0.8767 0.0932 0.9136 

14 2.307 0.1061 1.2458 0.0969 1.3381 0.0932 1.3750 

15 2.7685 0.1061 1.7072 0.0969 1.7995 0.0932 1.8364 

16 3.2299 0.1061 2.1686 0.0969 2.2610 0.0932 2.2978 

17 3.6913 0.1061 2.6300 0.0969 2.7224 0.0932 2.7592 

18 5.5369 0.1061 4.4757 0.0969 4.5681 0.0932 4.6049 
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Figure 81: Adsorption of reactive dyes on untreated cotton at 60°C. 

 

Figure 82: Adsorption of reactive dyes on untreated cotton at 80°C. 
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Figure 83: Adsorption of reactive dyes on cationized cotton (25 g/L CHPTAC) at 60°C. 

 

Figure 84: Adsorption of reactive dyes on cationized cotton (25 g/L CHPTAC) at 80°C. 
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Figure 85: Adsorption of reactive dyes on cationized cotton (50 g/L CHPTAC) at 60°C. 

 

 

Figure 86: Adsorption of reactive dyes on cationized cotton (50 g/L CHPTAC) at 80°C. 
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Figure 87: Adsorption of reactive dyes on cationized cotton (75 g/L CHPTAC) at 60°C. 

 

Figure 88: Adsorption of reactive dyes on cationized cotton (75 g/L CHPTAC) at 80°C. 
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Figure 89: Adsorption of reactive dyes on cationized cotton (100 g/L CHPTAC) at 60°C. 

 

Figure 90: Adsorption of reactive dyes on cationized cotton (100 g/L CHPTAC) at 80°C. 
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Table 39: Concentration of Reactive dyes diffused through untreated cellophane samples. 

 

Concentration (mg/L) 

Time (min) RB 19 RV 5 RR 11 RR 198 RB 109 

0 0.00 0.00 0.00 0.00 0.00 

15 0.98 0.79 0.54 0.23 0.01 

30 1.69 1.04 0.91 0.73 0.07 

45 2.74 1.93 1.23 1.03 0.12 

60 3.90 2.84 2.17 2.47 0.37 

75 4.68 4.67 3.87 3.68 0.94 

90 6.17 5.17 4.56 4.47 1.74 

105 8.24 6.87 5.89 5.79 2.48 

120 10.61 7.47 7.01 6.13 3.27 

135 16.29 8.71 8.24 7.18 4.80 

150 23.01 9.78 9.47 8.29 5.74 

165 27.93 12.14 11.12 9.47 6.22 

180 35.49 17.57 12.07 10.48 7.48 

195 40.51 22.17 17.19 11.47 8.52 

210 46.81 26.91 21.73 13.00 9.48 

225 52.19 32.74 26.81 17.12 10.00 

240 57.92 37.89 30.82 20.78 14.24 

255 64.43 41.84 36.18 24.29 18.27 
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Table 40: Concentration of Reactive dyes diffused through 25 g/L CHPTAC cellophane 

samples. 

 
Concentration (mg/L) 

Time (min) RB 19 RV 5 RR 11 RR 198 RB 109 

0 0.00 0.00 0.00 0.00 0.00 

10 1.43 1.39 0.94 0.48 0.01 

20 3.87 2.67 1.40 0.89 0.04 

30 7.69 5.41 2.26 1.07 0.07 

40 10.41 7.67 3.79 1.79 0.13 

50 13.74 9.13 5.07 2.14 0.25 

60 16.14 11.16 6.63 3.35 0.37 

70 18.45 13.74 7.91 4.14 0.59 

80 21.71 14.91 8.86 5.67 0.83 

90 24.19 16.48 10.47 6.18 1.26 

100 32.07 25.17 18.07 13.16 8.41 

110 41.27 34.94 26.19 21.47 17.04 

120 50.18 43.71 34.46 29.41 24.74 

 

 

 



 

211 

Table 41: Concentration of Reactive dyes diffused through 50 g/L CHPTAC cellophane 

samples. 

 
Concentration (mg/L) 

Time (min) RB 19 RV 5 RR 11 RR 198 RB 109 

0 0.00 0.00 0.00 0.00 0.00 

5 0.96 0.41 0.29 0.27 0.14 

10 2.79 1.23 0.88 0.79 0.53 

15 5.13 2.07 1.56 1.31 0.93 

20 8.17 4.02 2.13 1.83 1.23 

25 11.09 9.07 4.99 2.11 1.74 

30 14.23 10.31 9.14 3.17 2.01 

35 16.79 12.66 10.81 6.54 3.17 

40 19.45 16.94 12.19 10.47 5.86 

45 21.56 17.71 13.02 14.13 7.23 

50 26.19 22.61 17.26 12.56 8.17 

55 31.23 28.19 22.08 17.13 12.41 

60 36.45 33.17 28.19 22.46 18.12 
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Table 42: Concentration of Reactive dyes diffused through 75 g/L CHPTAC cellophane 

samples. 

 
Concentration (mg/L) 

Time (min) RB 19 RV 5 RR 11 RR 198 RB 109 

0 0.00 0.00 0.00 0.00 0.00 

5 1.12 0.46 0.36 0.26 0.19 

10 3.23 1.45 0.94 0.82 0.74 

15 6.07 2.84 1.63 1.42 1.13 

20 9.43 5.23 2.67 1.95 1.61 

25 13.69 9.84 5.13 2.69 2.46 

30 17.46 12.69 10.23 5.67 3.19 

35 22.16 16.45 12.69 9.89 4.71 

40 27.43 21.08 16.94 13.81 5.86 

45 31.53 25.18 20.73 14.13 7.23 

50 36.15 30.17 25.17 18.37 12.31 

55 41.43 34.12 29.18 23.13 16.41 

60 46.19 38.56 32.69 27.16 20.84 
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Table 43: Concentration of Reactive dyes diffused through 100 g/L CHPTAC cellophane 

samples. 

 
Concentration (mg/L) 

Time (min) RB 19 RV 5 RR 11 RR 198 RB 109 

0 0.00 0.00 0.00 0.00 0.00 

5 1.21 0.65 0.53 0.47 0.36 

10 3.48 1.69 1.56 1.23 1.10 

15 6.37 3.02 1.97 1.09 0.98 

20 10.16 6.30 3.88 1.56 1.31 

25 15.46 10.18 6.94 3.43 3.19 

30 20.89 14.75 12.02 5.67 4.66 

35 25.47 18.93 15.02 12.94 6.89 

40 30.66 23.66 18.46 15.16 9.23 

45 35.18 27.69 23.26 17.22 12.19 

50 40.26 32.25 27.53 21.69 16.96 

55 45.76 36.49 32.08 26.19 21.04 

60 50.69 41.29 36.16 30.96 25.16 

 


