
Abstract 

FARRELL, MATTHEW J.  Color Matching and Utilization of Teegafix High Efficiency 
Fiber Reactive Dyes in a Production Setting.  (Under the direction of Dr. C. Brent 
Smith and Dr. Harold S. Freeman). 
 

Even with all the new types of synthetics, nanofibers, and moisture 

management technologies, cotton fiber remains one of the top, if not the top textile 

substrate in the global fiber market.  Since the development of fiber reactive dyes by 

ICI in the 1950’s, they have been the colorant of choice for cotton fabrics, as they 

are unmatched in their spectrum of possible colors and fastness properties.  

However, their use is accompanied by high levels of unfixed (hydrolyzed) dye and 

large amounts of salt.  The unfixed dye must be removed, requiring large amounts of 

wash water that becomes aesthetically and sometimes chemically polluting.  The 

large amount of salt causes aquatic toxicity to biological systems.   

Advancements in reactive dye chemistry led to bifunctional and hetero 

bifunctional dyes that have helped improve the fixation and efficiency of reactive 

dyes.  Recently, researchers at North Carolina State University examined structural 

modifications of existing reactive dyes and optimized a two-step process that yields 

reactive dyes having high affinity, high exhaustion, and high fixation.  Starting with 

commercial Procion® MX dichlorotriazine (DCT) reactive dyes, new dyes were 

produced by reactions involving two equivalents of cysteamine followed by the 

addition of two equivalents of cyanuric chloride.  This sequence afforded bis-DCT 

reactive dyes from Procion® Yellow MX-3R (CI Reactive Orange 86), Procion® Red 

MX-8B (CI Reactive Red 11), and Procion® Blue MX-2G (CI Reactive Blue 109) that 

have been given the Teegafix designation. 
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Structures of bis-DCT Teegafix reactive dyes used in this study. 

 

This research focuses on the ability of Teegafix reactive dyes to match certain 

commercial color standards and to be applied in a production mill.  A model 

predicting the reductions of dye and salt compared to the parent Procion® MX dyes 

is shown.  Exhaustion and fixation levels from sample lots are calculated for dye 

formulations containing Teegafix Yellow and Blue dyes, and the unmodified red dye.  

Repeatability, levelness, and color evaluations are presented including, 

waterfastness, washfastness, crockfastness, and lightfastness of dyed and finished 

lots.  Dye syntheses were conducted to try to produce an improved form of the 

Teegafix Red dye, which gives unexpectedly dull shades.  Also, syntheses were 



conducted using Procion® Brilliant Red H-EGXL, a monochlorotriazine (MCT), 

where the same modification converted the parent MCT to a DCT dye. 

 The results of commercial-scale (60-lb lots) color matching studies showed 

that key industrial shades could be matched using Teegafix dyes and when  

employed in dye formulations in place of the corresponding commercial DCT dyes, 

the commercial dyes required ~60% more dye and the substitution did not adversely 

affect fastness properties.   
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1. Introduction

Reactive dyes are the dominant choice of colorants for dyeing cotton fibers.

Reactive dyes have excellent fastness, a wide shade range, and produce much

higher washfastness than direct dyes (13). The use of reactive dyes is plagued by

low fixation percentages that cause excessive washing and aesthetically unpleasant

color pollution. Also, the use of reactive dyes requires large amounts of salt to

enable complete exhaustion of dye to fiber. Reactive dyes have improved

significantly over the initial commercial products, in that exhaustion and fixation are

much higher.

Studies conducted at Leeds University led to a two-step conversion of

commercial dichlorotriazine reactive dyes to homobifunctional dyes having high

exhaustion and fixation. The Leeds study was funded by Procter and Gamble,

which designated the colorants as Teegafix dyes. These new dyes, Teegafix

reactive dyes, have shown highly improved exhaustion and fixation compared to the

parent dyes, and have been applied in laboratory scale and small laboratory

production scale (3, 4). This technology was donated to North Carolina State

University in 2003 and has been the subject of masters theses in the College of

Textiles, which were undertaken to facilitate commercialization of Teegafix dyes (3,

4).
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1.1 BACKGROUND

The chemistry associated with Teegafix dye formation involves reacting two

equivalents of cysteamine with a commercial DCT reactive dye followed by a

reaction with two equivalents of cyanuric chloride. Figure 1.1 shows the reaction

sequence.
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Figure 1.1 Modification of commercial DCT dyes to give experimental Teegafix dyes.
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1.2 RESEARCH OBJECTIVES

The specific goals of this research were to:

1) Match commercial color standards from a mill using Teegafix dyes

2) Determine potential dye savings when Teegafix dyes are used to match color

standards

3) Dye production scale lots using the Teegafix dyes

4) Assess levelness, fastness and other physical properties of production goods

dyed with Teegafix dyes

5) Calculate the exhaustion and fixation of Teegafix dyes in a production setting

6) Determine reductions in salt, time, and energy associated with Teegafix dye

application

7) Repeat dye syntheses to try to improve the color of the Teegafix red dye

8) Examine alternatives to cysteamine in the modification of commercial DCT

reactive dyes
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2. Literature Review

2.1 CELLULOSIC FIBERS

2.1.1 Structure of Cellulose

Cellulose is one of the most plentiful resources on earth and is found in

substrates such as jute, kenaf, hemp, sisal, flax, and ramie (14). Cellulose is a 1→4

linked linear polymer of β-D-glucopyranose (14). The linkages are 1:4 glucosidic

oxygen bridges (9). Figure 2.1 shows the molecular structure of cellulose.
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Figure 2.1 Molecular structure of cellulose.

Cotton remains the world’s most widely used textile fiber, with around 19-20

million tons used per year (17). By dry weight, 94% of cotton is made up of

cellulose. The remaining constituents include 1.3% protein, 1.2% pectic substances,

0.6% waxes, 1.2% ash, and 4% of other components (25). Of the three hydroxyl

groups on the cellulose rings, two are secondary, and one is a primary. Most

reactions with cellulose occur at the primary hydroxyl group.
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2.1.2 Cellulose in the Presence of Alkali

In the presence of alkali, cellulose is converted into soda cellulosate or alkali

cellulose as shown in Figure 2.2 (14).

Cell-OH + NaOH→ Cell-O-Na+ + H20

Figure 2.2 Formation of alkali cellulose.

The formation of alkali cellulose results in a negatively charged oxygen that is a

nucleophile. The cellulose nucleophile can react with reactive dyes through

nucleophilic substitution or addition. The primary alcohol is much more acidic than

the secondary alcohol groups and is neutralized easier, accounting for its higher

reactivity in nucleophilic reactions.

2.2 REACTIVE DYES

2.2.1 Batch and Continuous Dyeings

There are two general ways to apply reactive dyes: batch and continuous

application. Batch processing of textile goods is carried out at different times, in

different stages, and often in different areas. For batch processing, the entire load of

fabric is placed in the total volume of bath needed for that process (27). The

continuous processing of textile goods involves large volumes of fabric where the

goods move continuously through stages that provide baths containing required

chemicals, time, temperature, and rinsing (27). Teegafix and other high affinity

reactive dyes are best suited for batch processing. They are not well suited for
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continuous processing because they can exhaust from the dye bath creating tailing

and can be difficult to wash off at the end of the dyeing sequence.

2.2.2 Dichlorotriazine (DCT) Dyes

ICI introduced Procion® MX reactive dyes in 1956 (22). They were originally

intended for pad/bake or pad/batch applications (11). Procion® MX dyes exhibited

low affinity for cellulosic fibers and were excellent for continuous or pad batch

dyeings, as they would not exhaust from the dye bath. For pad batch dyeings, the

Procion® MX range is the most reactive system, with easy application and short

fixation times (2). For exhaustion batch dyeings of the Procion® MX series, a large

amount of salt is required to exhaust the dye to the fiber for fixation. DCT dyes are

the most reactive of reactive dyes, requiring a dyeing temperature of only 105°F, and

5 g/L of soda ash for fiber fixation (9).

2.2.3 Molecular Structure

2.2.3.1 Reactive Dye Design

The molecular structures of Procion® MX type reactive dyes are illustrated by the

following fingerprint:

Dye-B-RG-L

The molecular structure has a chromogen (Dye) that gives color and water solubility

usually through sulfonation. The chromogen is linked to a reactive group (RG) by a

bridge (B). For Procion® MX dyes, (B) is an –NH- group, and (RG) is a triazine

reactive group. Finally, in the case of triazine based reactive dyes, there is a leaving

group (L) that is replaced during the chemical reaction with cellulose, and is a Cl
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group in this case. Figure 2.3 shows the parts of Procion® Red MX-8B (Reactive

Red 11) (3), one of the dyes used in these studies.

SO3H

NHOH

HO3S

N
N

SO3H

N
N

N
Cl

Cl

Figure 2.3 Structural features of Reactive Red 11.

2.2.3.2 Reactivities of Different Groups

The two most commonly encountered reactive dyes have chlorotriazine (CT),

vinyl sulfone (VS), or CT-VS heterobifunctional functionality. Reactive dyes form

covalent ether bonds with cellulose. With the chlorotriazine reactive group, the Cl

group is replaced by the Cell-O- group through a nucleophilic substitution reaction.

The vinyl sulfone dyes react via a nucleophilic addition reaction under the same

conditions. In the presence of alkali, the parent sulfatoethyl sulfone precursors form

vinyl sulfones. The hydroxyl group of cellulose can react with the vinyl group to form

an ether bond. Both types of reactive groups can be used in the same dye structure

to increase fixation.  One example of such dyes is the Sumifix® Supra range

combining MCT and VS reactivities. These dyes can be applied over a wide range

of temperatures (60°C-80°C), providing less sensitivity to dyebath temperature

variations (5). The reactions of a DCT and vinyl sulfone type reactive dye with

Leaving
Groups

Reactive
Group

Bridge

Chromogen
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cellulose in the presence of alkali are shown in section 2.3.1 in Figures 2.4 and 2.5.

Reactive dye classes include trichloropyrimidine, monochlorotriazine (MCT),

carboxypyridino triazine, VS/monofluorotriazine, dichloroquinoxaline,

monofluorotriazine, difluoropyrimidine, difluorochloropyrimidine, and phosphonic acid

dyes (9,12).

2.2.4 Application of Reactive Dyes

The selection of dyes for a batch or continuous process depends on the

properties of the dyes, including their affinity, substantivity, and temperature

required. The fundamental dyeing procedures of cellulosic fibers with reactive dyes

has been widely studied and is well understood (19). The processing of cotton with

fiber reactive dyes requires the following aspects to be considered: electrolyte, bath

ratio, alkali (pH) and temperature. Most (98%) commercial reactive dyes are fixed

under alkaline conditions (12).

2.2.4.1 Liquor Ratio in Batch Dyeing

One of the most important factors in reactive dye application is the bath ratio or

liquor ratio. The liquor ratio is the weight of the dye bath compared to the weight of

the goods being processed or dyed. In reactive dye application, the amount of water

is very important in several categories. Commonly, auxiliaries are added based on

bath concentration. This means that if a higher bath ratio is used, higher amounts of

salt and alkali are needed. Likewise, if lower bath ratios are used, lower amounts of

salt and alkali are needed. Lower liquor ratios give better reproducibilities and

higher color yields (12).  It is advantageous to use the lowest bath ratio possible, but

care must be taken to ensure there is enough liquor to enable level dyeings and
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agitation of the goods.  It has been shown with Procion® DCT dyes that as the liquor

ratio is increased, exhaustion and fixation decrease (28).

2.2.4.2 Electrolytes

Reactive dyes in general have low affinity for cellulose and the addition of salt

increases percent exhaustion (12). In reactive dyeings, the electrolyte is either

Glauber’s salt (Na2SO4) or common salt (NaCl).  In water, cellulose generates a

negative surface charge referred to as the zeta-potential. This negative charge can

repel anionic dyes and attract dyes in fiber blends that require cationic dyes,

resulting in staining. The salt added to the dyebath serves not only to neutralize the

zeta potential, but helps exhaust the dye(s) onto the surface of the fiber. Electrolyte

increases both exhaustion and fixation with increases in its concentration (28).  If 

salt were only needed to reduce the zeta potential, mere gram amounts would be

sufficient. But, in order to exhaust most conventional reactive dyes, the need for

large amounts of salt increases cost and pollutes the environment. Reactive dyes

are soluble in large part because of sulfonated functional groups located on the

dyes. With a higher degree of solubility in the water, salt plays an important role of

forcing the dye out of the dyebath and moving it onto the fiber surface for adsorption.

The dye is “salted out” of the bath and the dye distribution coefficient is shifted from

the solution to favoring the fiber (8).  Overall, the effects of salt are to disrupt the

nature of hydrogen bonding between water molecules around dye molecules and

dye sites in cellulose.
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2.2.4.3 Alkali

In order for reactive dyes to bond with cellulose, alkali is required in the dyeing

process. The nucleophilic Cellulose-O- moiety formed from addition of alkali can

undergo substitution reactions with chlorotriazine type structures, and nucleophilic

addition with the vinyl sulfone type dyes. When adding alkali, care must be taken to

ensure that the dyeing will be level rather than streaky. Streaks or spots can be

formed by too quick addition of alkali, or direct depositing of the alkali onto the fabric.

Different alkaline strengths can be used depending on the reactivity of the dyes.

Weaker sodium carbonate (Na2CO3) also known as soda ash can be used when the

dyes are highly reactive like DCT structures. When dyes that are less reactive are

used, a stronger base like sodium hydroxide (NaOH) can be utilized to ensure that

the nucleophilic reaction takes place, and in sulfatoethyl sulfones, the double bond

needed for addition reactions is formed. For DCT dyes, fixation efficiency is initially

seen and then decreases with increasing alkali concentration (28). At pH > 11 there

is a marked decrease in exhaustion and an increase in dye hydrolysis (12). At

higher pH there are more –OH ions available to hydrolyze the dye before it can react

with cellulose. Alkali induced exhaustion increases are often seen after the addition

of alkali because the addition of alkali promotes the chemical reaction between dye

and alkali cellulose. A dye giving 60%-65% exhaustion can jump to the 80%-85%

exhaustion level after alkali addition because of a shift from its equilibrium in solution

to one that prefers a reaction with the cellulose (8).
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2.2.4.4 Temperature

Of the factors that are crucial to reactive dyeing, temperature is probably one of

the most forgiving factors. For reactive dyes, the fixation temperatures are 100°F-

200°F (9). Failing to meet temperature or overshooting a temperature will have far

fewer consequences than adding too much or not enough salt or alkali, or having

insufficient bath volume or insufficient bath turnover to ensure levelness. Variations

in these factors will create shade variations and make it impossible to repeat lots.

The temperature requirement is a target used by the dyer to get the dyes in their

range of highest exhaustion and reactivity. Temperature is important in the dyeing

process because it provides thermal energy needed to swell fibers to allow for

penetration of the dyes. While this increases the rate of dyeing, increases in

temperature decreases the standard affinity of the dye. For cotton, increasing

temperature allows penetration of dye but also increases the reactivity of the dye

(19, 28). As a result of fiber swelling, exhaustion and fixation can increase with

temperature increases to a limit where they start to decline because of increased

reactivity and a decrease in substantivity (28).

2.2.4.5 Typical Procedure

The general procedure for applying cold dyeing DCT dyes consists of three

stages (22).

1) Impregnation of fabric with dye liquor
2) Use of salt to exhaust the dye
3) Fixation of the dye using alkali

Typically, predissolved dyestuff is added first, and subsequently salt.  It has been

suggested that reversing this order can increase color value 5-10% (22).
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A detailed procedure for a cold dyeing reactive dye of 105°F is as follows (9).

1) Set bath at 105°F
2) Load fabric
3) Slowly add predissolved dye over 10 minutes
4) Add salt slowly over 10 minutes
5) Add alkali slowly
6) Run 30-60 minutes
7) Drop bath and rinse with 104°F water
8) Repeat rinse for heavy shades if needed
9) Soap at 200°F for 10 minutes with an anionic soaping agent
10) Drop bath
11) Rinse until rinse water is clear
12) Drop bath and rinse again
13) Unload fabric

2.2.5 Substantivity and Standard Affinity

The terms substantivity and affinity can be confused and are sometimes used

interchangeably. Substantivity can be thought of as how well the dye interacts with

the fiber or the qualitative ability of the dye and fiber to interact at any given time.

The substantivity ratio is defined as Df / Ds, where Df is dye in fiber, and Ds is dye in

solution. The affinity of the dye can be thought of as the quantitative measure of

attraction of the dye to the fiber at equilibrium. A dye must possess good

substantivity to ensure that it will interact with the fiber and a dye must posses high

affinity to ensure that the dye will stay on the fiber long enough to undergo fixation.

In the dyeing of textile goods, there are many variables that influence and dictate the

outcome of a dyeing procedure, especially for reactive dyes.  In order for a fiber to

be colored, the dye must be taken up by the fiber and have a mechanism of fixation

that enables the color to be permanent. The concept of chemical potential has been

applied to a dye in fiber and solution. The standard affinity of the dye is the
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difference in chemical potential of the dye in its standard state on the fiber and the

dye in its standard state in solution. The standard affinity of a dye is defined as:

-Δμº =RTlnK (1)

In equation (1), -Δμº is the standard affinity, R is the gas constant, and K is the

equilibrium distribution coefficient of the dyeing. For any real dyeing system, it is

necessary to know the activity of the dye in the two different phases. Instead of the

equilibrium constant (K)= Df / Ds, K is actually af/as, representing the activity of the

dye (26). For the equilibrium dyeing process Ds �  Df and equilibrium constant K,

plotting ln K against 1/T shows a decrease in standard affinity with increasing

temperature. This also indicates that the standard affinity of the dye decreases with

increasing temperature.

1/T

ln K
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2.2.6 Factors Affecting Fiber Reactive Dye Substantivity and Efficiency

2.2.6.1 Liquor Ratio

The liquor ratio (LR) in textile dyeing is significant for several reasons. A high

liquor ratio can be used to help ensure level dyeings because the dye is more dilute

and will exhaust more slowly. A low liquor ratio is usually utilized in production

because of the vast amount of water used in production settings saving heating

costs and cost of treating the water. The liquor ratio also plays a significant role on

the efficiency of the dye.  If the liquor ratio is low the dye will have enhanced

efficiency (19), while raising the liquor ratio will decrease dye efficiency. The amount

of solution available for the dye directly affects dye solubility and exhaustion. The

salt form of a typical reactive dye is soluble in water, but changing the bath volume

changes the chemical potential. A higher liquor ratio is more favorable for the dye

because it is more dilute and this increases the chemical potential of the dye in

solution resulting in lower exhaustion.

2.2.6.2 Auxiliaries

Additives that are included in dyebath formulations as auxiliaries also have an

effect on substantivity. Most notable is the use of large amounts of salt in traditional

fiber reactive dyeings. The addition of salt to the dyebath drastically improves

exhaustion and substantivity of the dye for the fiber. Salt is much more soluble in

the dyebath than the dye and is present in much higher quantities (9). This causes

the dye to be less soluble and decreases the chemical potential of the dye in

solution. The result is an increase in the substantivity of the dye for the fiber.

Surfactant is added to a dyebath to make sure the goods are completely wet-out.
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Because of the very small amount of surfactant used, the effects are minimal with

respect to dye affinity.  Generally, any auxiliary that inhibits the exhaustion or

interaction of dye and fiber will decrease the substantivity of the dye and vice versa.

2.2.6.3 pH

Depending on the reactivity of the chosen fiber reactive dye, the application pH

can vary significantly. However, the pH is typically >8. The addition of alkali to the

dyebath causes the formation of alkali cellulose:

Cellulose-OH + -OH→ Cellulose-O-

With fiber reactive dyes containing multiple sulfonated sites, there is also the

opportunity for electrostatic repulsion between dye and fiber. It has been shown that

with increasing pH, there is a sequential drop in affinity (26). At higher pH levels,

more anionic sites are created, leading to an increase in repulsion of the anionic

dye.  If the dye has an ionizable site like an amino bridge, a very alkaline dyebath

will deprotonate the amino bridge and decrease dye reactivity (26). As a result,

some reactive dyes posses N-methylated amino bridges to prevent deprotonation

(26).

2.2.6.4 Temperature

The heat of dyeing, or change in enthalpy of a dyeing system is a negative value,

meaning that heat is released (an exothermic process).  If the heat of dyeing is

exothermic and the dyebath is heated, heat is being discharged into a higher

temperature surrounding.
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ΔH = δ(Δμº/T)/δ(1/T) (2)

Equation (2) shows how temperature is related to the standard affinity. An increase

in temperature causes a decrease in standard affinity because of the heat of dyeing

(26). The temperature in the dyeing system introduces and provides thermal

energy. With higher temperatures, there is more thermal energy in the system. As a

result, the solubility of the dye in solution increases and substantivity is lowered.

2.2.6.5 Dyeing Machinery

The choice of dyeing equipment utilized in fiber reactive dyeings influences the

substantivity of the dye. Yarns can be dyed in a package machine, rope goods in a

jet or beck, or flat goods in a jig. The important factors to consider are the flow

patterns of the fabric and solution, to determine the effects on substantivity. The

higher the interactions between the goods and dye solution, the higher the

substantivity will be. Having a dynamic solution with a high flow rate allows the

hydrodynamic boundary layer to be compensated for and increases the affinity of the

dye (15).

The most commonly used production dyeing machine is the jet. The jet dyeing

system utilizes a pressurized water jet to move fabric through the machine, and a

pump to circulate that jet and dye liquor together. The jet dyeing system was

introduced as a way to have both dynamic goods and liquor. This enables the

highest amount of dye and fiber interactions which increases and allows for the

highest standard potential of the dye. Also, jet machines can be used at low liquor

ratios, making them the choice of machinery to carry out a reactive dyeing and

achieve the highest affinity from the dye (16).
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2.2.6.6 Molecular Dye Structure

After deciding on a reactive dye class to use, the dyer is confined to the design

features that went into that dye. There are no factors that are in the hands of the

dyer to make changes on the molecular scale to change dye affinity.  It is up to the

synthetic dye chemist to design a high affinity, high reactivity, high exhaustion, high

fixation, or succinctly, a highly efficient reactive dye. A reactive dye structure

consists of a chromogen, water solubilizing groups, a bridge and a reactive group

(20). The vinyl sulfone groups undergo an addition reaction, while other reactive

dyes undergo an elimination reaction.

CHROMOGEN

The chromogen consists of extended conjugated systems which absorb visible

light giving color. As a consequence of extended conjugation, most of the bulk and

molecular weight of the overall reactive dye is contained in the chromogen.

Generally, the main objective is to try to produce and maintain a linear and planar

dye. Direct dyes are good examples of this concept and it is no surprise that when

development was first started on reactive dyes in the 1930’s, the initial focus was

attaching reactive groups to direct dyes (8).
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BRIDGE

     In linking the chromogen to the reactive group, there are many different choices

that could be employed. The choice of the bridge leads to three effects on the

overall dye (26):

1) The reactivity of the reactive system

2) The degree of fixation or selectivity to react with cellulose or water

3) The stability of the reactive dyeing

The bridge should not be easily broken down because this would lead to loss of the

chromogen.  Overall, the stability and reactivity of the dye is determined by the

bridge group (21). Experimentation has shown the influence of bridge modification,

especially the impact of a bridge bearing a water solubilizing group which greatly

impacts and reduces the affinity (23). The absence of a central water solubilizing

group on the bridge increases reactive dye affinity (23).

REACTIVE GROUP

The purpose of the reactive group is to provide a site for the formation of a

covalent bond between the dye and fiber. The two most often used reactive groups

are variations of substituted chlorotriazines, vinyl sulfones, and combinations of the

two. The use of heterogeneous bireactive dyes improves fixation (9). The electron

withdrawing nature of cyclic nitrogens creates highly activated sites that allow a

reaction with alkali cellulose. The vinyl sulfone group reacts through the addition of

alkali cellulose across the double bond. The effects of the reactive group on affinity

are minimal considering the overall size of a dye molecule.
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LEAVING GROUP

In the reactive dye utilizing a leaving group, the basic idea is to have a leaving

group that will undergo replacement in reactions with alkali cellulose. There are

different types that could be utilized. Because of the very small impact that the

leaving group has on the overall shape and molecular weight, trying to improve fiber

reactive dye affinity through leaving group modification is impractical.

SOLUBILIZING GROUPS

Most reactive dyes are made water soluble by one or more sulfonic acid groups,

to allow dye application from an aqueous medium (10). The problem with sulfonation

is that the sulfonate bond is three dimensional and interferes with dye fiber

interaction. To improve affinity, sulfonic acid groups should be introduced sparingly

and in strategic locations on the dye molecule that will not interfere with dye fiber

interactions. In rare cases, dyes contain the ionizable carboxyl acid group which

produces an R-COO- moiety that is not as effective as sulfonation in conferring

solubility (8).
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2.3 ENVIRONMENTAL CONCERNS

2.3.1 Color

One of the hardest to treat problems associated with dye house waste water is

colored effluent. Color in the effluent is a result of dye that is not fixed to the fiber

and must be washed off in order to ensure proper fastness properties. There are

several ways to treat or reduce effluent color, including chemical breakdown of the

dyes to destroy the chromophores, and lowering color by getting higher dye

exhaustion and fixation levels. The latter is the ideal way to fix the problem of color

in the effluent.  One of the chemical ways to destroy color includes oxidation of the

dye chromophore using chlorine or ozone gas. However, the highly complex mixture

of degradation products may be toxic or carcinogenic (8).

After reactive dye application, hydrolyzed reactive dye is attached to the surface

of the fiber non-covalently and must be removed or the wet fastness will be poor

(18). This produces colored waste water for effluent treatment. Although the use of

bifunctional reactive dyes help to maximize dye-fiber fixation, two or even three

reactive groups cannot guarantee 100% fixation. Alkali cellulose is an excellent

nucleophile but in aqeous alkaline conditions, -OH ions compete with Cellulose-O-

for bonding to the dye employed.



21

In the case of dichlorotriazine reactive dyes in the presence of alkali and

cellulose, the two major reactions are shown in Figure 2.4.

N
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NHN

Cl

Cl

DYE

N

N

NHN

OH

Cl

DYE

N

N

NHN

O-CELLULOSE

Cl

DYE

-OHCELL-O-

Figure 2.4 Reactions of DCT dyes under alkaline conditions.
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In the case of vinyl sulfone dyes, Figure 2.5 shows the two different chemical

reactions that occur when these reactive dyes are applied. This is a two-step

process requiring the formation of the vinyl sulfone group from the sulfatoethyl

sulfone precursor.

HNDYE SO2CH2CH2OSO3Na

-OH

HNDYE SO2CH=CH2

-OH

HNDYE SO2CH2CH2-OHHNDYE SO2CH2CH2-O-CELL

CELL-O-

Figure 2.5 Reaction of vinyl sulfone reactive dyes under alkaline conditions.
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2.3.2 Salt

The early DCT dyes required up to 100-150% salt on weight of goods (8). Since

then, processing with reactive dyes has been better understood and techniques

such as lower liquor ratios have cut down on the quantities of salt required. For an

exhaust dyeing at a 10:1 liquor ratio, 30-80 g/L of salt is required (5). There is the

option of making more exhaustible, higher affinity, higher fixation dyes that require

less salt. The marketability and demand for these types of dyes has been shown by

such dyes as the Cibacron LS (low salt) reactive dyes (7).

The presence of salt in the effluent leads to aquatic toxicity toward fish and other

living species that drink the water or live in it. In the case of short water supply the

salted water must be used for irrigation, and soil can become infertile because of too

high salinity (5). Environmental concerns have led to the need for reduction of salt in

the effluent, lower liquor ratios, lower usages of alkali, and high fixation of dyes (28).

2.4 REFLECTANCE SPECTROPHOTOMETER

Since the 1970’s, the introduction of color matching software and UV-Visible

reflectance spectrophotometers has taken a lot of the trial and error out of predicting

and matching shades on textile goods. The critical part of any color matching

system is an accurate and repeatable spectrophotometer. The essential

components of a spectrophotometer are the light source, optics, the monochromator,

and detection system (24).
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2.4.1 Light Source

All parts of the spectrophotometer are vitally important, but the light source is the

most important. All other functions of the spectrophotometer rely on the production

of light and the subsequent measuring of that light. Two of the possible sources are

pulsed xenon-arc lamps and quartz-tungsten halide (24).

2.4.2 Optics

The purpose of the optics system is to transport produced, reflected, and

measured light to the monochromator and the detection device(s). There are two

optics systems normal and reverse. The normal system monochromates the light,

reflects it off a sample, and then detects it. The reverse system reflects first, then

monochromates, and is finally detected (24). Most spectrophotometers employ

reverse optics (24). Also important in the spectrophotometer based optics is the

setup of the light and reflectance. The International Commission on Illumination or

C.I.E specifies four different types of sample viewing (24): 45/0°, 0/45º, d/0º, and

0º/d. The most common type of spectrophotometers employ a d/8º geometry where

the light is measured at an 8º offset instead of directly perpendicular to the sample.

This serves to help remove the specular components present in textile fabrics (24).

Just as important in dealing with the optics is the path of the light source. There are

three setups used (24): single beam, double beam, and dual beam.
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2.4.3 Monochromator

After the light source has been diffused or reflected depending on the type of

spectrophotometer, it must be monochromated. Because the light sources are

polychromatic, they must be diffracted into small bands so that the sensor can

analyze and detect the radiation. There are three types of monochromators (24):

prisms, wedge types, and gratings. A bandwidth of 5-15 nm is adequate for color

analysis of textile materials (24). This decreases processing time and is easier to

analyze. The final stage of processing is done by the photodetection system of the

spectrophotometer.

2.4.4 Photodetection

There are several types of photodetection devices. First is the photo multiplier

tube (PMT). Photons of light hit the photomultiplier tubes which causes electrons to

be abstracted and multiplied on nine consecutive dynodes producing a current that

is read by the computer. The more common silicon photodiodes use a reverse

biased pn junction on a silicon chip that when hit by radiation produces electrons

that can be amplified as a current and read. The PMT is more sensitive than the

silicon diode but bulky compared to the compact silicon diode. The latest detection

systems use an array of silicon diodes that instantly process light and give readings

(24).
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2.5 RECENT ACADEMIC STUDIES

2.5.1 DCT Dye Conversion

In previous work conducted by Berger (3, 23), it was determined that conversion

of Procion® MX series DCT dyes to Teegafix reactive dyes through a cysteamine or

cysteine linkage was advantageous.  In that work, dyes with two different linking

moieties between the dye and reactive groups were evaluated. Type i dye

structures were bis-DCT containing a cysteine linkage. Type ii dyes were bis-DCT

with a cysteamine linkage. Type iii dyes were bis-MCT with a cysteine linkage and

type iv was a bis-MCT with a cysteamine linkage (3, 4). The structures of these dye

types are illustrated in Figure 2.6.

Type iii (R = CO2H); Type iv (R = H)Type i (R = CO2H); Type ii (R = H)

SCH2CHNH
R

N N

N Cl

Cl

SCH2CHNH

R

N

NN

Cl

Cl

Dye NH
N

N
N

DyeN
HN

N
N

Cl

Dye NH
N

N
N

Cl

SCH2CHNH
R

Figure 2.6 General structures of type i-iv Teegafix reactive dyes.
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Yellow, red, and blue Teegafix dyes were made from (CI Reactive Orange 86),

(CI Reactive Red 11), and (CI Reactive Blue 109) respectively. Figure 2.7 shows

the dye moieties associated with type i-iv structures.
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SO3H

N
N

HO3S
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NHCONH2

SO3HHO3S

SO3H

Figure 2.7 Teegafix dye moieties for structures i-iv (Figure 2.6).

After investigation of the modified dye for exhaustion, fixation, and affinity, types

ii and iv were the most effective. Types ii and iv having the cysteamine group are

less water soluble and hence have greater affinity.  It was concluded that cysteine

linkages aid in water solubility but decrease affinity and exhaustion. Results from

molecular modeling experiments show that the cysteine linkages lead to non-planar

dye molecules.  It is well understood that dye planarity is important to good

exhaustion and affinity on cotton.
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2.5.2 Optimized Laboratory Dyeing Process

In work conducted by Carrig (4), optimization of a production procedure to be

used in full scale production utilizing the type ii modified DCT dyes was achieved.

The final, adjusted production procedure is shown in Table 2.1.

Table 2.1 Optimized production procedure for cysteamine based Teegafix dyes.
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3. Experimental Plan and Methodology

3.1GENERAL INFORMATION AND PLAN FOR PRODUCTION DYEINGS

As a follow up to laboratory scale jet dyeing studies, Teegafix dyes were used in

a full scale production mill to observe how well the dyes would perform in a

production setting. Alamac American Knits in Lumberton NC graciously agreed to

provide technical assistance and facilities needed to produce the production scale

dyeings.

In the first meeting, 21 high volume color standards representing a wide range of

colors were selected for this study. The color standards would be matched using the

Teegafix and Commercial dyes (referred to here afterwards as Teegafix yellow, red,

and blue, and Commercial yellow, red, and blue), the former of which were

manufactured by the Institute of Organic Dyes and Pigments in Poland. Also,

samples of the Procion® MX dyes were obtained from Dystar and used for color

matching to determine how much the dyes were cut from presscake form for costing

the Teegafix dyes.

After initial and secondary shade matching, another meeting was held with

Alamac where five prominent shades were chosen for further evaluation of Teegafix

dyes. These five shades were then matched at Alamac.
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After the shade matching, Alamac kindly supplied six 60 lb lots of knitted 100%

cotton for production trials. The lots were dyed using three of the matched shades

from the Teegafix formulations and repeated once for a total of six dyeings. After

cutting off 10 yd samples at the completion of the dyeings, the lots were then

finished according to the following recipe:

Finish Formula

Resin (precatalyzed) 12%
Polyethylene Softener 3%
Cationic Softener 5.4%
Wetter 0.25%
Silicone Softener 3%
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3.2DESIGN OF COLORANT DATABASE FOR COLOR MATCHING

3.2.1 Dyeing of Primaries

In the first step for setting up a colorant database, dyeing of primaries that were

used as standards was conducted. A range of dye shades based on the weight of

good (owg) was chosen as primaries. A maximum of 80 g/L of salt (Na2SO4) was

with the highest percentage of dye (3%) and was adjusted downward for lower

shade depths for each descending percent dyeing. A maximum of 15 g/L was

chosen for the highest amount of alkali (Na2CO3) and with the highest percentage of

dye (3%) and was adjusted downward for lower shade depths for each descending

percent dyeing. Table 3.1 shows the primary dyeing scheme.

Table 3.1 Primary dyeing scheme used in this study.

Dye (owg) Na2CO3 (g/L) Salt (g/L)

0.1% 2.5 13.3

0.25% 5 26.6

0.5% 7.5 40

1% 10 53.3

2% 12.5 66.6

3% 15 80
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Fabric swatches (10 g) were cut from the 100% bleached cotton knit donated by

Russell Athletic for dyeing. Stock solutions of Procion® Blue MX-2G 125%, Red

MX-8B, and Yellow MX-3R were made at 2 g/L. Stock solutions of Na2CO3 (10%

w/v) and Na2SO4 (20% w/v) were also made. Dyeings were carried out at a 40:1

liquor ratio in an Ahiba® Texomat laboratory dye machine. Table 3.2 shows the

recipes used for the primary dyeings.

Table 3.2 Primary recipes used in this study.

Dye owg Dye
added
(mL)

Salt
added
(mL)

Na2CO3
added
(mL)

Water
added
(mL)

0.1% 5 36.6 10 358

0.25% 12.5 53.2 20 314

0.5% 25 80 30 265

1% 50 106.6 40 203

2% 100 133.2 50 117

3% 150 160 60 30
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The dyeing procedure used was modified from the optimized procedure shown in

Table 2.1. Table 3.3 shows the dye procedure used for dyeing the Procion® and

Teegafix primaries.

Table 3.3 Primary dyeing procedure used in this study.

Step Temperature Time minutes
Add dye, water, and salt Ambient
Add fabric Ambient
Heat @ 4.5°F/min to
140°F

(Heating stage)
ambient - 140°F

Hold bath 140°F 45
Add 1/3 of soda ash 140°F
Hold bath 140°F 15
Add 2/3 of soda ash 140°F
Hold bath 140°F 30
Drop bath

After dyeing, the samples were rinsed in cool water and soaped with 1 g/L of

Apolloscour SDRS in a steam kettle. The samples were rinsed again in cool water,

extracted, and dried in an infrared dryer at medium power. The samples were

conditioned for 24 h at ambient temperature evaluation. The same system was

used for dyeing the Teegafix red, yellow, and blue with one exception. For Teegafix

dyes the highest level of salt used was 40 g/L for the 3% dyeings and was adjusted

for the lower shade depths. Table 3.4 shows the adjusted dyeing scheme for the

Teegafix dyes. Table 3.5 shows the adjusted recipes for the Teegafix primary

dyeings.
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Table 3.4 Teegafix primary dyeing scheme used in this study.

Dye (owg) Na2CO3 (g/L) Salt (g/L)

0.1% 2.5 6.7

0.25% 5 13.3

0.5% 7.5 20

1% 10 26.7

2% 12.5 33.4

3% 15 40

Table 3.5 Teegafix primary recipes used in this study.

Dye (owg) Dye
added (mL)

Salt
added
(mL)

Na2CO3
added (mL)

Water
added (mL)

0.1% 5 36.6 10 358

0.25% 12.5 53.2 20 314

0.5% 25 80 30 265

1% 50 106.6 40 203

2% 100 133.2 50 117

3% 150 160 60 30
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3.2.2 Primary Evaluation and Storage

Once the dyed fabrics were conditioned, they were read using Color-I-Control®

software from an X-Rite® model SP64 handheld spectrophotometer. The

spectrophotometer was set up for D-65 using a 10° standard observer with specular

included, to take the average of four readings. When the primaries were being read

into the system, the percentage of dye was also entered.  In order to evaluate the

primaries, the undyed substrate (100% bleached cotton knit) was also measured.

The software was then switched to evaluation mode to evaluate the spectral data of

the primaries. Depending on the fit of the data, data was deleted for poor fit if

necessary and the curve was scored on a scale of 1-10. Usually the lower

concentrations showed the largest error because they had much lower color values

compared to the higher shade depths.  If the curve was satisfactory, scored 8-10,

then it was stored for matching. All of the primaries were read as primaries,

evaluated, and stored under their proper name.

3.2.3 Use of Colorants for Shade Prediction

With the colorants stored into the computer software, they could be accessed for

predicting a shade. A sample of cloth, paint chip, or plastic for examples are read

into the spectrophotometer as a standard, or target for the color matching mode of

the Color-I-Control® software. The colorants to be used as well as the substrate

that the color should be matched on are chosen from the software. The software

calculates several possible formulations when there are several dyestuffs but usually

only one is possible with only three trichromatic dyes. The spectral data from the

primaries was used to construct a model in Excel for predicting the 21 shades all at
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once. The combination of the model and shade prediction using Color-I-Control®

was used for a starting point for the lab scale initial and secondary shade matching.

3.3COLOR DATA COLLECTION

After allowing samples to condition, all spectral data (color data) for dyed

samples were measured using an X-Rite® model SP64 hand held

spectrophotometer and input into Color-I-Control® software. The spectrophotometer

was set up for illuminant D65 using the C.I.E. 10° standard observer. The samples

were folded 4 times and an average of four readings was used for each

measurement

3.4 ABSORPTION DATA COLLECTION

In order to calculate exhaustion and fixation, samples of the production dye baths

were used. Five samples were used from one of three repeated colors during the

dye cycle. (The samples were taken 5 min after the dye was added to the jet to

represent Cs
initial, 14 min after the salt was added, after 45 min of hold time with soda

ash, after a 140°F wash for 10 min, and after a 180°F wash for 10 min). The

dyebaths were analyzed using a Hue Metrix dye bath monitoring system. First,

solutions of 0.1, 0.25, 0.5, 0.75, and 1 g/L of Teegafix, Commercial red, and

Teegafix blue were made. Pictures of the calibration solutions can be seen in

Appendix E. Calibration curves were made using each of the dyes. Next, the

dyebath samples were read for each color. Figure 3.1 shows the dye procedure

used during production lots.
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1. Select jet
2. Start jet
3. Air pad
4. Prepare lubricant tank
5. Prepare dyestuff tank
6. Fill with 90°F water
7. Load jet
8. Transfer lubricant
9. Add lubricant
10.Hold 2 min
11.Prepare soda ash tank
12.Transfer dye tank
13.Add dye
14.Hold 5 min (SAMPLE 1)
15.Heat to 105°F at 2°F/min
16.Add salt over 15 min
17.Hold 14 min (SAMPLE 2)
18.Transfer soda ash
19.Add soda ash over 30 min
20.Sample pH
21.Heat to 105°F at 2°F/min
22.Hold 45 min (SAMPLE 3)
23.Sample
24.Overflow wash for 10 min at 120°F
25.Drain
26.Fill with 140°F water
27.Heat to 140°F at 5°F/min
28.Hold 10 min (SAMPLE 4)
29.Drain
30.Fill with 120°F
31.Heat to 180°F at 5°F /min
32.Hold 10 min (SAMPLE 5)
33.Drain
34.Fill with 120°F
35.Overflow wash at 120°F for 10 min
36.Drain
37.Fill with 120°F
38.Hold 10 min
39.Overflow wash at 85°F for 6 min
40.Sample
41.Unload
42.Drain

Figure 3.1 Dye procedure used for production lots.
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The sample lots were dyed in a Gaston County® sample jet at a 6:1 liquor ratio.

A Gaston County® controller controlled the procedure. A picture of the sample jet is

seen in Figure 3.2. Figure 3.3 shows the controller, and Figure 3.4 shows the

sample overflow where the dyebath samples were taken.

Figure 3.2 Gaston County® jet machine used in this study.
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Figure 3.3 Photograph of Gaston County® controller used in this study.

Figure 3.4 Sample overflow pipe for sampling the dyebaths in this study.
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3.5PHYSICAL TESTING PROCEDURES

3.5.1 Colorfastness to Light

The production dyed samples of all six lots were evaluated for lightfastness

before and after finishing. AATCC TM 16-1998 was used for evaluation (1). The

samples were placed in an Atlas 3Sun Hi35 High Irradiance Xenon weatherometer

to expose the samples to 20 hrs of the xenon light. The samples were then

evaluated spectrophotometrically for gray scale color change, using the X-Rite®

model SP64 hand held spectrophotometer and Color-I-Control® software.

3.5.2 Colorfastness to Water

In order to assess colorfastness to water AATCC TM 107-2002 was used (1).

The dyed only, and dyed and finished samples were cut and backed with multifiber

test strips and thoroughly wet out. The wet out samples were placed in a

perspirometer under a specified load and set in a controlled heated environment.

Using a Macbeth Spectralight lightbox under D65, the samples were graded 1-5

(poor-excellent) based on the 9 step chromatic color transference scale for staining

of the multifiber strip.



41

3.5.3 Colorfastness to Crocking

3.5.3.1 Dry

The dry crockfastness of the unfinished and finished lots was assessed using

AATCC TM 8-2001, Colorfastness to Crocking (1). Samples were tested using an

AATCC Crockmeter. Using a Macbeth Spectralight lightbox under D65, the samples

were graded 1-5 based on the 9 step chromatic color transference scale.

3.5.3.2 Wet

The wet crockfastness of the unfinished and finished lots was assessed using

AATCC TM 8-2001, Colorfastness to Crocking (1). Samples were tested after being

wet to a specified wet pick up using an AATCC Crockmeter. After drying, the

samples were then rated from 1-5 for color transference using a Macbeth

Spectralight lightbox under D65.

3.5.4 Colorfastness to Laundering (Accelerated Wash Test)

AATCC TM 61-2001, Colorfastness to Laundering, Home and Commercial:

Accelerated, wash test 2-A was used (1). An Atlas Laundrometer was used to hold

wash canisters containing AATCC detergent (0.15% of total volume) and steel

beads (50) for an accelerated wash test representing five industrial washings. The

samples were then evaluated spectrophotometrcially for gray scale color change,

using the X-Rite® model SP64 hand held spectrophotometer and Color-I-Control®

software.
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3.6 COMPUTATIONAL PROCEDURES

3.6.1 Calculation of Percent Exhaustion (%E)

From the collected production dyebath samples, dye exhaustion levels were

calculated using the following equation:

%Exhaustion = (Cs
initial-Cs

final)/ Cs
initial*100

Cs
initial was determined from the sample (#1) from the dyebath corresponding to 5

min of hold time after dye was added.

Cs
final was determined from the sample (#3) from the dyebath corresponding to 45

min of hold time after the addition of alkali.

3.6.2 Calculation of Percent Fixation (%F)

From the collected production dyebath samples, the fixation levels of the dyes

were calculated using the following equation:

% Fixation = 1- (Cs
final + Cs

140°Fwash + Cs
180°Fwash)/ Cs

initial * 100

Cs
140°Fwash was determined from the sample (#4) from the wash water.

Cs
180°Fwash was determined from the sample (#5) from the wash water.

The way the dyeing procedure was set up prevented taking a dyebath sample

during the first wash. The first 120°F wash was an overflow wash, so the volume

was constantly changing and so was the concentration of dye in solution, Cs. Any

unfixed dye removed during this step was not represented in the % fixation

calculations. Also, the liquor ratio decreased during washing to a level estimated to

be about 2/3 of the dyeing level (resulting in concentrations higher than actually

present compared to the Cs initial). However, the data collected in the wash

samples assumed a 6:1 liquor ratio and this was used for calculating the fixation.
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3.6.3 Determination of Levelness (σ)

Using an X-Rite® Spectraflash SF600X and Color-I-Control® software, C.I.E.

L*a*b* values were measured for the dyed unfinished lots only. Ten measurements

of ΔEcmc were taken in one place on the fabric to obtain a standard deviation for the

instrument σinstrument. Ten measurements of ΔEcmc were then taken along and across

the sample at random to determine the standard deviation of the sample σsample.

The overall standard deviation for ΔEcmc represented as σoverall was calculated by:

σ = (σsample
2 – σinstrument

2)1/2

3.7 COST BENEFIT ANALYSIS

In order to estimate how much Teegafix dyes would cost when run in an

industrial setting, a cost benefit analysis was planned. The main objectives of the

cost benefit analysis were to determine how much dye could be saved, and how

much salt, water, and energy usage could be reduced.
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3.8 DYE SYNTHESIS

3.8.1 Reactive Red 11 Modifications

3.8.1.1 Cysteamine

The basic synthesis procedure is shown below.

Dissolve 5 g (0.007 mol) commercial dye in 200 mL of water at room

temperature. Dissolve two equivalents of cysteamine (1.61 g, 0.014 mol) in 50 mL

of water at room temperature and add to dye mixture all at once. Adjust and

maintain pH 4 for 3 h using 1N H2SO4 and 20% (w/v) Na2CO3. Add 10% (w/v) NaCl

to precipitate intermediate. Filter gravimetrically without vacuum to help prevent dye

loss and collect intermediate. Dissolve intermediate in 200 mL of water at room

temperature. Dissolve two equivalents of cyanuric chloride (2.63 g, 0.014 mol) in

100 mL of acetone. Add cyanuric chloride to intermediate all at once. Adjust and

maintain pH to 7-7.5 with 20% (w/v) Na2CO3 for 3 hrs. Adjust to pH 4 with 1N H2SO4

and add 10% (w/v) NaCl to precipitate dye. Collect by gravimetric filtration without

vacuum to help prevent dye loss. Wash with salt solution containing 20% KCl, 4%

Na2HP04, and 4% NaH2P04 under vacuum. Wash with acetone under vacuum and

dry at 60°C until dye becomes flaky.
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3.8.1.2 Dicyandiamide

The procedure used to make dicyandiamide analogs of the commercial red

dye is as follows:

Dissolve 5 g (0.007 mol) commercial dye in 200 mL of water at room

temperature. Dissolve two equivalents of dicyandiamide, (1.2 g, 0.014 mol) in 50 mL

of warm water (~120°F) and add to dye mixture all at once. Maintain pH 7-8 for 3 h

using 20% (w/v) Na2CO3. Add 10% (w/v) NaCl to precipitate intermediate. Filter

gravimetrically without vacuum to help prevent dye loss and collect intermediate.

Dissolve intermediate in 200 mL of water at room temperature. Dissolve two

equivalents of cyanuric chloride, (2.63 g, 0.014 mol) in 50 mL of acetone. Add

cyanuric chloride to intermediate all at once and adjust pH to 7-7.5 with 20% (w/v)

Na2CO3 for 3 h. Adjust to pH 4 with 1N H2SO4 and add 10% (w/v) NaCl to precipitate

dye. Collect by gravimetric filtration without vacuum to help prevent dye loss. Wash

with salt solution containing 20% KCl, 4% Na2HP04, and 4% NaH2P04 under vacuum.

Wash with acetone under vacuum and dry at 60°C until dye becomes flaky.

3.8.1.3 Hexamethylene Diamine

The procedure used to make hexamethylene diamine analogs of the commercial

red dye is as follows:

Dissolve 5 g (0.007 mol) commercial dye in 200 mL of water at room

temperature. Dissolve two equivalents of hexamethylene diamine (2.63 g of a 70%

solution, 0.014 mol) in 50 mL of water at room temperature and add to dye mixture

all at once. Let solution stir for 2 h and adjust to pH 4 using 1N H2SO4 and add 10%

(w/v) NaCl to precipitate intermediate. Filter gravimetrically without vacuum to help
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prevent dye loss and collect intermediate. Dissolve intermediate in 200 mL of water

at room temperature. Dissolve two equivalents of cyanuric chloride (2.63 g, 0.014

mol) in 50 mL of acetone. Add cyanuric chloride to intermediate all at once. Adjust

to pH 7-7.5 with 20% (w/v) Na2CO3 for 4 h. Adjust to pH 4 with 1N H2SO4 and add

10% (w/v) NaCl to precipitate dye. Collect by gravimetric filtration without vacuum to

help prevent dye loss. Wash with salt solution containing 20% KCl, 4% Na2HP04,

and 4% NaH2P04 under vacuum. Wash with acetone under vacuum and dry at 60°C

until dye becomes flaky.

3.8.2 Reactive Red 231 Modification

3.8.2.1 Cysteamine

The procedure used to make cysteamine modifications of the commercial red

dye is as follows:

Dissolve 10 g (0.0095 mol) of dye in water at 115°F. Dissolve one equivalent of

cysteamine (1.07 g, 0.0095 mol) in water at 115°F and add to dye mixture all at

once. Let solution stir for 3 h at 120°F. Adjust to pH 4 using 1N H2SO4 and add

10% (w/v) NaCl to precipitate intermediate. Filter gravimetrically without vacuum to

help prevent dye loss and collect intermediate. Dissolve intermediate in 150 mL of

water at room temperature. Dissolve one equivalent of cyanuric chloride (1.75 g,

0.0095 mol) in 50 mL of acetone. Add cyanuric chloride to dye intermediate all at

once and maintain pH 7-7.5 with 20% (w/v) Na2CO3 for 3 h. Adjust to pH 4 using 1N

H2SO4 and add 10% (w/v) NaCl to precipitate dye. Collect by gravimetric filtration

without vacuum to help prevent dye loss. Wash with salt solution containing 20%
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KCl, 4% Na2HP04, and 4% NaH2P04 under vacuum. Wash with acetone under

vacuum and dry at 60°C until dye becomes flaky.

3.8.3 Desalting Procedure

Where noted that dyes were desalted, the following procedure was used for the

process.

1) Dye was dissolved in approximately 50 times its weight in volume of dimethyl
formamide and stirred at room temperature.

2) After dye dissolved, the mixture was filtered under vacuum to remove salt.

3) Ethyl acetate, approximately 5 times the volume of DMF used was added to
the filtrate to precipitate the dye.

4) The dye was filtered under vacuum and washed with ethyl acetate.

5) Dye was dried at 60°C for about 10 min to evaporate any residual ethyl
acetate.
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4. Results and Discussion

4.1LABORATORY RESULTS

4.1.1 Colorants for Shade Matching

After preparation and evaluation of the primary colors consisting of Procion® Red

MX-8B, Yellow MX-3R, Blue MX-2G, Teegafix red, yellow, and blue, the evaluated

dyes were stored as colorants for color matching using Color-I-Control® software.

Storing the dyes as colorants allowed them to be used for predicting shade recipes.

At completion of the colorant database in Color-I-Control®, matches for the 21

shade standards and recipes were obtained from Alamac. The color standards can

be seen in APPENDIX A.

Each of the 21 color standards had an associated dye recipe that included the

concentration of Procion® dyes, salt, and alkali required for each shade. A model

using the spectral data from the primaries was created that utilized the color values

of the dyed primaries to produce calibration curves. Curves representing Procion®

Red MX-8B, Yellow MX-3R, Blue MX-2G, Teegafix red, yellow, and blue were

prepared. From the concentrations of Procion® dyes required to match the shades,

the equations from the curves were used as models for predicting how much

Teegafix dye would be required. The concentrations of Procion® dyes were

converted into color values which in turn were converted into concentrations for the

Teegafix dyes.

Table 4.1 shows the concentrations of the Procion® and Teegafix dyes with their

respective color value sum. Figures 4.1-4.3 graphically represents data for the

yellow, red, and blue dyes shown in Table 4.1. Pictures of the dyed primaries can
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be seen in Appendix B. From the graphs were determined the equations given in

Table 4.2.  In addition, Table 4.3 shows examples of the amount of Teegafix dyes,

salt, and alkali required for the same shades matched with Procion® dyes. The

complete model listing can be found in Appendix C.

Table 4.1 Color value sum for each dyed primary.

Concentration Color Value Sum Color Value Sum

Procion®
Yellow MX-3R Teegafix Yellow

0.1 0.086 0.099
0.25 0.212 0.26
0.5 0.396 0.506

1 0.752 0.986
2 1.416 2.079
3 2.005 2.953

Procion®
Red MX-8B Teegafix Red

0.1 0.133 0.169
0.25 0.316 0.433
0.5 0.509 0.933

1 0.859 1.694
2 1.585 2.921
3 2.343 4.35

Procion®
Blue MX-2G 125% Teegafix Blue

0.1 0.075 0.104
0.25 0.325
0.5 0.393 0.703

1 0.671 1.449
2 1.255 2.784
3 1.933 4.011
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Yellow Dyes

y = 0.9955x + 0.0106
R2 = 0.9987

y = 0.6617x + 0.0558
R2 = 0.9981

0

0.5

1

1.5

2

2.5

3

3.5

0 0.5 1 1.5 2 2.5 3 3.5

Concentration

C
ol

or
Va

lu
e

Su
m

Procion Yellow MX-3R

Teegafix Yellow

Figure 4.1 Color value sum vs. concentration for the yellow primaries.

Red Dyes
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Figure 4.2 Color value sum vs. concentration for the red primaries.
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Blue Dyes
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Figure 4.3 Color value sum vs. concentration for the blue primaries.

Evaluation of this model to produce the colors standards gave shades that were

very weak and very far off target compared to the standards. In an effort to

understand why the model was so unreliable, a few of the matched Procion® shades

were dyed according to specifications but could not be reproduced. After this

observation, it was decided to use the Color-I-Control® colorant database to predict

the recipes. Also, the equations used for the predictions were not forced through

zero, causing the zero percent dye to have color value. The model was used only

as a reference tool to predict reductions in salt and dye that are possible, given a

shade matched from Procion® dyes.
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Table 4.2 Model equations of dyed primaries to yield a color value sum (where x is
percentage of dye, and y is color value).

Dye Equation of Line

Proicon® Yellow MX-3R y=.6617x+.0558

Procion® Red MX-8B y=.7453x+.1066

Procion® Blue MX-2G y=.6269x+.0392

Teegafix Yellow y=.9955x+.0106

Teegafix Red y=1.4134x+.1363

Teegafix Blue y=1.3517x+.0195

Table 4.3 Model based formula predictions.

Eggplant
Tennis
Blue

Retro
Harvest

Ninja
Red

Cabana
Red

Procion® Yellow MX-3R 2.00 0.06 1.40 3.40 1.80
Calculated CV Sum 1.38 0.10 0.98 2.31 1.25

Teegafix Yellow
Calculated 1.37 0.09 0.98 2.31 1.24

Procion® Red MX-8B 1.87 0.14 2.70 2.70 1.50
Calculated CV Sum 1.50 0.21 2.12 2.12 1.22

Teegafix Red Calculated 0.97 0.05 1.40 1.40 0.77

Procion® Blue MX-2G 1.29 0.98 0.66 0.40 0.05
Calculated CV Sum 0.85 0.65 0.45 0.29 0.07

Teegafix Blue MX-2G 0.61 0.47 0.32 0.20 0.04

Procion® Salt g/L 90.00 70.00 90.00 90.00 80.00
Procion® Soda Ash g/L 15.00 10.00 15.00 15.00 10.00
Total Procion® Dye 5.16 1.18 4.76 6.50 3.35
Teegafix Salt g/L 40.00 20.00 35.00 40.00 33.50
Teegafix Soda Ash g/L 15.00 7.50 13.50 15.00 12.50
Total Teegafix Dye 2.95 0.61 2.70 3.91 2.05
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4.1.2 Initial Shade Matching (40:1 Liquor Ratio)

The standards supplied by Alamac were read into the Color-I-Control® software

as targets for dye formulations and dyeings were carried out using the same dye

procedure as the primaries. A 40:1 liquor ratio was used to dye 10 g swatches of

the 100% cotton knit in an Ahiba® Texomat and the salt and alkali scale used for the

primary dyeings was also employed for the initial dyeings. The initial shade

matching was abandoned because using such a high liquor ratio was requiring too

much dye and salt to be realistically used in a production setting.

4.1.3 Secondary Shade Matching (10:1 Liquor Ratio)

Secondary shade matching was conducted at Cotton Inc. in Cary, NC. For the

secondary dyeings, it was decided that a 10:1 rather than a 40:1 liquor ratio should

be used because it is more practical and closer to the liquor ratio that a production

jet would use. A ROTEC® Pyrotec 2000, and Mathis® Labomat, both utilizing

infrared heat, were used for dyeing fabric samples. After dyeing a group of samples

at the 10:1 liquor ratio, it was also decided that the dyeing temperature should be

105°F instead of 140°F. These two changes substantially reduce energy needed for

heating, salt required, and processing time. All other aspects of the secondary

shade matching remained the same as in the initial shade matches. The initial and

secondary dyeings affirmed that the chromophores present in all three dye systems

are trichromatic and with adequate time for color matching could reproduce the

shade ranges shown in the color standards.
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4.2 PRODUCTION RESULTS

The production results were completed at Alamac American Knits, comprising

two weeks during the summer of 2006 for color matching, and three days during the

fall of 2006 for the 60 lb sample lots.

4.2.1 Final Shade Matching (10:1 Liquor Ratio)

For the final shade matching at Alamac, five popular shades were selected for

color matching and production.  It was also decided, upon recommendation of the

production staff at Alamac, to further simplify the procedure for dyeing and two

changes were made. After the addition of salt, the dyebath would be held for 15 min

before Na2CO3 addition, and afterwards, the bath would be circulated for 45 min.

The final dyeing procedure used for shade matching at Alamac is outlined in

Table 4.4.

Table 4.4 Final shade matching dye procedure used in this study.

Step Temperature Time (Min)
Add dye, water, and salt Ambient
Add fabric Ambient
Heat @ 4.5°F to 105°F Heating
Hold bath 105°F 15
Add 1/3 of soda ash 105°F
Hold bath 105°F 15
Add 2/3 of soda ash 105°F
Hold bath 105°F 45
Drop bath
Unload fabric
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Dyeings were carried out in the colorlab of Alamac using an Atlas Lauderometer

with ethylene glycol as a heating and cooling medium, and sealed steel beakers. 10

g samples of an in-house 100% bleached cotton knit was used for color matching.

After dyeing, the samples were cool rinsed, and soaped with surfactant and boiling

water in a beaker until the water was clear. The samples were then dried and

allowed to condition before dye formulation adjustments were made. After the

second day, it was noticed that the Teegafix red was not producing the depth of

shade and hue expected from the Commercial red. After repeating several shades

and getting the same result, a simple experiment showed that the Teegafix red was

bluer in hue and lighter than the Commercial red (from Poland) and Procion® Red

MX-8B. A 2% (owg) dyeing at a 10:1 liquor ratio was performed using Procion®

MX-8B, Commercial red, and Teegafix red. The same amount of salt and alkali, 80

g/L and 10 g/L respectively, was used in each dyebath and the dyeing was

conducted according to the shade matching procedure. The experiment was

repeated three times for the Commercial and Teegafix red dyes. The results of this

experiment are provided in Figure 4.4 where it can be seen that the Teegafix red is

lighter and bluer compared to the Commercial red.
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Figure 4.4 Cotton fabric dyed with 2% Teegafix red (top),
2% Commercial red (middle), and 2% Procion® Red MX-8B (bottom).



57

Because of difficulties with the Teegafix red, it was decided that the stronger

Commercial red dye would be used in place of the Teegafix red. Once matches

appeared close visually, a reflectance spectrophotometer was used to help optimize

the recipes. After two weeks, the five shades were matched as closely as possible.

Figures 4.5-4.9 show the color standards and matched shades using Procion® MX

dyes, Commercial dyes, and Teegafix dyes. Table 4.5 gives the formulas for the

matched samples. Based on advice from the production staff at Alamac, the

decision was made to use the same amounts of alkali and salt for each set of dyes.

Therefore, the final matched dye recipes do not reflect potential reductions in salt

levels, only dyestuffs.

Table 4.5 Final matched shade formulations.

Blue
Mystery

Olive
Charm

Hatchet
Gray

Peach
Topaz

Cabana
Red

Procion® Yellow MX-3R 0.104 1.84 0.25 1.6 2.5
Procion® Red MX-8B 0.197 0.339 0.104 0.253 2.25
Procion® Blue MX-2G
125% 1.92 1.29 0.285 0.032 0.08

Commercial Yellow 0.101 1.66 0.22 1.39 2.03
Commercial Red 0.131 0.264 0.079 0.182 1.57
Commercial Blue 2.75 2.31 0.46 0.044 0.116

Teegafix Yellow 0.07 1.14 0.168 0.969 1.38
Commercial Red 0.132 0.223 0.074 0.163 1.52
Teegafix Blue 1.27 0.781 0.188 0.022 0.04

Salt 70 g/L 80 g/L 40 g/L 70 g/L 80 g/L
Soda Ash 10 g/L 10 g/L 10 g/L 10 g/L 10 g/L
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Tables 4.6-4.10 show the spectral data associated with the color standards and

their matches with the different dyes. As shown in Table 4.6, and Figure 4.5, the

laboratory matches of Cabana Red using the Procion®, Commercial, and Teegafix

dyes closely match the standard. All samples appear to have the same color and

posses very small DEcmc compared to the standard.

Table 4.6 Cabana Red (CR) matched shades compared to standard.

Name L* a* b*
Cabana Red 36.18 45.63 19.27

Name DL* Da* Db* DE* DEcmc

CR Teegafix
-0.15

Darker
-0.33

Greener
-0.73
Bluer 0.81 0.44

CR Commercial
-0.38

Darker
-0.49

Greener
0.50

Yellower 0.79 0.5

CR Procion®
-0.26

Darker
-1.11

Greener
0.03

Yellower 1.14 0.53
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Figure 4.5 Cabana Red lab matches using Procion® dyes (left), Commercial dyes
(center), and Teegafix dyes (right).

As results in Table 4.7, and Figure 4.6 show, Hatchet Grey laboratory matches

indicate that a very close match was found for the Teegafix formulation, and that the

Procion® and Commercial formulation were not as close to the standard. However,

as a group, the formulations are very similar in shade.
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Table 4.7 Hatchet Grey (HG) matched shades compared to standard.

Name L* a* b*
Hatchet Grey 54.3 0.08 -1.04

Name DL* Da* Db* DE* DEcmc

HG Teegafix
-0.55

Darker
-0.03

Greener -0.19 Bluer 0.58 0.36

HG Commercial
-0.08

Darker
0.19

Redder -0.84 Bluer 0.87 1.23

HG Procion®
0.26

Lighter
-0.25

Greener -0.55 Bluer 0.66 0.87

Figure 4.6 Hatchet Grey lab matches using Procion® dyes (left), Commercial dyes
(center), and Teegafix dyes (right).
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Based on results in Table 4.8 and Figure 4.7, it can be seen that the Olive Charm

matches, as a group are very close to each other both visually and spectrally, but

are not closely matched to the color standard as shown by the DEcmc.

Table 4.8 Olive Charm (OC) matched shades compared to standard.

Name L* a* b*
Olive Charm 34.75 -2.74 7.6

Name DL* Da* Db* DE* DEcmc

OC Teegafix
-1.43

Darker
0.06

Redder -0.04 Bluer 1.43 0.81

OC Commercial
-1.06

Darker
0.75

Redder
0.37

Yellower 1.35 1.18

OC Procion®
0.45

Lighter
-0.20

Greener -0.60 Bluer 0.78 0.71

Figure 4.7 Olive Charm lab matches using Procion® dyes (left), Commercial dyes
(center), and Teegafix dyes (right).
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Table 4.9 results show that the Peach Topaz laboratory formulations have good

matches using the Teegafix and Commercial formulations, but that the Procion®

formulation is not close to the standard. Figure 4.8 shows the large shade difference

between the standard, and the Teegafix and Commercial formulations.

Table 4.9 Peach Topaz (PT) matched shades compared to standard.

Name L* a* b*
Peach Topaz 56.5 28 36.61

Name DL* Da* Db* DE* DEcmc

PT Teegafix
-0.80

Darker
-0.91

Greener -0.42 Bluer 1.28 0.71

PT Commercial
-0.20

Darker
-0.58

Greener
0.17

Yellower 0.64 0.62

PT Procion®
-1.64

Darker
-0.05

Greener -2.10 Bluer 2.67 1.67
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Figure 4.8 Peach Topaz lab matches using Procion® dyes (left), Commercial dyes
(center), and Teegafix dyes (right).

Table 4.10 results show that the Blue Mystery lab matches are very close to each

other spectrally and as a group in Figure 4.9 appear very similar in color. However,

the matches are not spectrally close to the standard.
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Table 4.10 Blue Mystery (BM) matched shades compared to standard.

Name L* a* b*
Blue Mystery 36.26 -3.5 -19.86

Name DL* Da* Db* DE* DEcmc

BM Teegafix
-1.91

Darker
0.57

Redder
0.98

Yellower 2.22 1.29

BM Commercial
0.25

Lighter
0.37

Redder
1.39

Yellower 1.46 0.88

BM Procion®
-1.47

Darker
0.42

Redder
0.83

Yellower 1.74 1.01

Figure 4.9 Blue Mystery lab matches using Procion® dyes (left), Commercial dyes
(center), and Teegafix dyes (right).
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4.2.2 Sample Production Lots

With the donation of six 60 lb lots of 100% cotton from Alamac, the production

samples were dyed using only the Teegafix formulations. The fabric was 28/1 count

100% combed cotton ring spun interlock 60 inch width with a 1.30 yield. Blue

Mystery, Olive Charm, and Hatchet Gray possessed the smallest amount of the

unmodified red so it was decided that these three shades would be dyed twice and

compared. Before the samples were dyed, they were loaded into the jet machine

and bleached according to the procedure and formula shown in Appendix F. After

bleaching was complete, small samples were cut from the same lots used for

dyebath samples. The spectral data of the three bleached samples are shown in

Table 4.11 where it can be seen that the bleached lots are fairly consistent.

Therefore any color differences between lots will not be due to the preparation

process.

Table 4.11 Spectral data from cut bleached samples.

Name L* a* b* WI-CIE
HG Bleach
Lot #31 95.3 0.03 2.92 75.11
OC Bleach
Lot #28 95.02 0.09 2.98 74.14
BM Bleach
Lot #27 95.24 0 3.46 72.54
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Figure 4.10 Samples of bleached lots shows HG Lot #31 (left), Olive Charm Lot #28
(middle), and Blue Mystery Lot #27 (right).

Directly after bleaching was finished, the dyeing procedure was begun. The lots

were run from light shades to dark shades of Hatchet Grey lot #31 and 30, Olive

Charm lot #29 and 28, and finally Blue Mystery lot #27 and 26. Dyebath samples

were obtained for the first grey lot (Hatchet Grey lot #31), the second green lot (Olive

Charm lot #28), and the first blue lot (Blue Mystery Lot #27). The complete list of all

Cs determined during the three monitored dyebaths is shown in Appendix E. Figure

4.10 shows the bleached samples taken from the prepared lots.
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4.2.2.1 Colorfastness to Light

The colorfastness to light data for the six dyed only and dyed and finished lots (F)

using the matched Teegafix laboratory dye formulations can be seen in Figure 4.11.

Each sample was compared to itself as a standard. On average, the samples were

rated 3-3.5 for color change after 20 h exposures. Pictures of the tested samples

can be seen in Appendix D.

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

BM 26 BM 26F BM 27 BM 27F OC 28 OC 28F OC 29 OC 29F HG 30 HG 30F HG 31 HG 31F

20 Hour Lightfastness

Figure 4.11 Lightfastness (20 h) data for sample lots produced in this study.
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4.2.2.2 Colorfastness to Water

The waterfastness data for the six dyed and dyed and finished lots (F) using the

matched Teegafix laboratory dye formulations can be seen in Figure 4.12. The

ratings are based on the staining of bleached cotton in the multifiber test strips. The

only staining present was slight tints of pink on the cotton portion of the multifiber

test strip. This indicates that the Commercial red used in the dyeings is coming off

and depositing onto the cotton but the Teegafix dyes are not. Pictures of the

samples from waterfastness assessment can be seen in Appendix D.
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Figure 4.12 Colorfastness to water data for sample lots produced in this study.



69

4.2.2.3 Colorfastness to Crocking

4.2.2.3.1 Dry

All dry crockfastness measurements showed no or negligible transference

resulting in ratings of 5 for all six lots of dyed, and dyed and finished goods using the

matched Teegafix laboratory dye formulations. Pictures of the dry crocking tested

samples can be seen in Appendix D.

4.2.2.3.2 Wet

The wet crockfastness ratings for the six dyed and dyed and finished lots (F) using

the matched Teegafix laboratory dye formulations can be seen in Figure 4.13. The

wet crockfastness was very good for the light grey shades, and almost equal for the

darker green and blue shades. Pictures of the wet crocking tested samples can be

seen in Appendix D.
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Figure 4.13 Wet crockfastness data for sample lots produced in this study.
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4.2.2.4 Colorfastness to Laundering (Accelerated Wash Test)

The results of the accelerated wash test for the six dyed and dyed and finished

lots (F) using the matched Teegafix laboratory dye formulations can be seen in

Figure 4.14. Each sample is compared to itself as a standard. As a group, all colors

showed very little color change after washing with the exception for Hatchet Grey Lot

#31. Pictures of the tested samples can be seen in Appendix D.
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Figure 4.14 Accelerated wash test data for sample lots produced in this study.



71

4.2.3 Color Assessments

4.2.3.1 Color Differences After Dyeing

After the dyeing cycles were completed and the goods dried, samples were cut to

assess the color differences of the dyed goods compared to the standard swatches.

Tables 4.12-4.14 show the color differences of the dyed lots using the matched

Teegafix laboratory dye formulations compared to the standard swatch. Pictures of

the dyed lots can be seen in Appendix E.

Table 4.12 Color differences for Hatchet Grey lots after dyeing.

Name L* a* b*
Hatchet Grey 54.48 0.05 -1.07

DL* Da* Db* DE* DEcmc
Hatchet Grey
Lot #30

0.58
Lighter

-0.54
Greener

0.43
Yellower 0.9 1.02

Hatchet Grey
Lot #31

0.39
Lighter

-0.69
Greener

0.19
Yellower 0.82 1.04

Table 4.13 Color differences for Olive Charm lots after dyeing.

Name L* a* b*
Olive Charm 34.69 -2.8 7.51

DL* Da* Db* DE* DEcmc
Olive Charm
Lot #28

0.90
Lighter

-1.79
Greener

0.32
Yellower 2.03 2.11

Olive Charm
Lot #29

-0.62
Darker

-0.79
Greener -0.28 Bluer 1.04 1.08

Table 4.14 Color differences for Blue Mystery lots after dyeing.

Name L* a* b*
Blue Mystery 36.12 -3.47 -19.81

DL* Da* Db* DE* DEcmc
Blue Mystery
Lot #26

-1.66
Darker

-0.31
Greener

0.97
Yellower 1.95 1.16

Blue Mystery
Lot# 27

-0.95
Darker

-1.45
Greener

1.14
Yellower 2.08 1.73
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The color differences after dyeing show very little differences in the yellow/blue

hue direction but larger differences in the red/green hue direction. This suggests

that the Teegafix dyes have good repeatability and that the Commercial red does not

posses good repeatability as seen by the variations of the red/green hue between

lots.

4.2.3.2 Color Differences After Finishing

The finished goods had a very soft, supple, and slick hand. Tables 4.15-4.17

show the color differences of the finished lots compared to the standard swatches.

With exception for the Blue Mystery lots, it is clear that finishing caused the shades

to lighten. Samples of the dyed, and dyed and finished lots can be seen in

APPENDIX E.

Table 4.15 Hatchet Grey color differences after finishing.

Name L* a* b*
Hatchet Grey 54.48 0.05 -1.07

DL* Da* Db* DE* DEcmc
Hatchet Grey Lot #30
Finished

1.19
Lighter

-0.22
Greener

0.55
Yellower 1.33 0.99

Hatchet Grey Lot #31
Finished

0.41
Lighter

-0.43
Greener

0.43
Yellower 0.73 0.89

Table 4.16 Olive Charm color differences after finishing.

Name L* a* b*
Olive Charm 34.69 -2.8 7.51

DL* Da* Db* DE* DEcmc
Olive Charm Lot #28
Finished

1.84
Lighter

-1.65
Greener

0.72
Yellower 2.57 2.18

Olive Charm Lot #29
Finished

0.23
Lighter

-0.36
Greener

0.04
Yellower 0.43 0.44
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Table 4.17 Blue Mystery color differences after finishing.

Name L* a* b*
Blue Mystery 36.12 -3.47 -19.81

DL* Da* Db* DE* DEcmc
Blue Mystery Lot #26
Finished

-1.20
Darker

-0.39
Greener

0.99
Yellower 1.61 1.02

Blue Mystery Lot #27
Finished

-0.49
Darker

-1.70
Greener

1.09
Yellower 2.08 1.87

4.3 PRODUCTION DYEBATH ANAYLSES

4.3.1 Exhaustion

Percent exhaustion, (%E), values were calculated for the second and third

dyebath samples representing the dyebath 14 min after addition of salt, and 45 min

after addition of alkali. Pictures of the dyebath samples can be seen in Appendix E.

Figures 4.15-4.17 show the exhaustion profiles for Hatchet Grey Lot #31, Olive

Charm Lot #28 and Blue Mystery Lot #27 respectively. Table 4.18 shows the final

exhaustion values for the three dyes in the sampled dyebaths. As seen in the table,

the exhaustion of Teegafix yellow is over 100%. This observation is probably due to

either an error in making the standard solutions or in sampling made during

measurement of absorption. The dyebath monitor is reporting an absorption that is

less than the value the calibration equation associates with a zero concentration.

The negative value reported is approximately 0.015 g/L, a very small amount. The

accuracy of the dye bath monitor is about 0.01-.015 g/L. The concentrations of the

dyebath samples, as found by the dyebath monitoring system and used to calculate

the exhaustion values, can be seen in Appendix E.
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Hatchet Grey Exhaustion
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Figure 4.15 Hatchet Grey Lot #31 exhaustion data.

Olive Charm Exhaustion
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Figure 4.16 Olive Charm Lot #28 exhaustion data.
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Blue Mystery Exhaustion
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Figure 4.17 Blue Mystery Lot #27 exhaustion data.

Table 4.18 Final exhaustion values for sampled lots.

Dye Name
%Exhaustion
Hatchet Grey

%Exhaustion
Olive Charm

%Exhaustion
Blue Mystery

Commercial
Red 86.2 78.3 76.3
Teegafix
Blue 94.9 94.1 93.8
Teegafix
Yellow 99.7 95.6 107.7
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4.3.2 Fixation

Fixation levels were determined for the three sampled lots and are shown in

Table 4.19. Figure 4.18 shows the fixation values graphically. The exhaustion error

seen previously results in fixation over 100%. The concentrations of the dyebath

samples used to calculate fixation values can be seen in Appendix E.

Table 4.19 Fixation levels for sampled lots.

Dye Name

% Fixation
Hatchet
Grey

% Fixation
Olive Charm

% Fixation
Blue
Mystery

Commercial
Red 73.2 68.1 56.3
Teegafix
Blue 84.9 85.6 84
Teegafix
Yellow 98.8 92.1 104.6

Commercial Red
Teegafix Blue

Teegafix Yellow

% Fixation Hatchet Grey

% Fixation Olive Charm

% Fixation Blue Mystery
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Figure 4.18 Fixation levels for sampled lots.



77

4.4 LEVELNESS

The levelness of the dyed but not finished lots were determined by variations in

ΔEcmc and the results are shown in Table 4.20. The Hatchet Grey lots showed

levelness problems attributed to large variance in the a* red/green color space

resulting from use of the Commercial red in dye formulations. The rest of the

shades, with exception for Blue Mystery Lot #27 show good levelness. The

measurements used to determine the levelness of the samples can be seen in

APPENDIX F.

Table 4.20 Levelness of dyed lots.

ΔEcmcLot # ΔEcmc

σinstrument

ΔEcmc

σsample σoverall

BM 26 0.040 0.172 0.167

BM 27 0.019 0.232 0.231

OC 28 0.129 0.154 0.084

OC 29 0.114 0.210 0.177

HG 30 0.166 0.293 0.241

HG 31 0.076 0.566 0.561
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4.5 COST BENEFIT ANALYSIS

4.5.1 Dye

Using the formulations produced in Alamac’s laboratory, simple dye saving

comparisons can be made. Based on the five shades that were matched, on

average, the Commercial formulations required 63.5% more dye than the Teegafix

formulations.  If the Teegafix red could be made that is at least 20% stronger than

the Commercial red, the Commercial formulations would require 72.4% more dye.

The Procion® formulations, required 60.2% more dye than the Teegafix

formulations.  In this case, making the Teegafix red at least 20% stronger would

cause the Procion® formulations to require 69% more dye.  It is odd that the uncut

Commercial dyes are roughly equivalent in formulation to the Procion® MX samples

that have been cut for sale. This explains why, the Procion® Blue MX-2G 125%

outperformed the Commercial blue in the dyebath formulations. As an average of

the five matched shades, the shades required 0.72% Procion® Blue MX-2G 125%,

and 1.13% Commercial blue. That means that the formulations are requiring 57%

more Commercial blue than the Procion® Blue MX-2G 125%. This implies that the

Commercial blue dye was not as strong as the Procion® Blue MX-2G 125%, and

that the Teegafix blue would perform even better if made at higher strengths.

According to the average matched shades, as long as the cost to produce the

Teegafix dyes does not exceed approximately 60% more than the costs paid by a

mill running the Procion® MX series, switching to the Teegafix dyes offers the

potential to save money. The ultimate cost savings would depend on the dye shade

and the final outcome of large scale production efficiency of the dyes.
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4.5.2 Salt

One of the initial goals of this research was to determine salt reduction levels in

formulations utilizing Teegafix dyes. Because of the complexity that this would add

to the already labor intensive color matching process, no salt reduction studies were

undertaken.  Instead, all efforts were focused on dyestuff reduction, with the same

salt levels used for all formulations.

4.5.3 Energy

Energy reductions resulting from using Teegafix dyes arise from two key aspects

of the dyeing procedure. First, due to the low dyeing temperature, 105°F, the

dyebath requires less heating than typical commercial DCT dyes saving thermal

energy. Secondly, due to high fixations values, the wash cycles can be minimized

which in turn also saves water. Ultimately, the entire dyeing cycle is reduced which

saves electrical energy. Both time and energy are factors that can be maximized

according to individual mill costing systems to save money.

4.5.4 Water

The cost of water is part of the costing system for a mill that is dependent on the

size of the machine employed, the liquor ratio, and the number of washing steps. As

mentioned above, the high fixation values of Teegafix dyes result in minimized

washing steps. This equates to shorter dyeing cycles and a decrease in water used

for fabric processing, both resulting in cost savings.
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4.6 SYNTHESIS EXPERIMENTS

4.6.1 Reactive Red 11 Modifications

During production laboratory dyeings at Alamac, it was found that, 2% dyeings of

Procion® Red MX-8B, Commercial red, and Teegafix red repeatedly showed that

the Teegafix red gave shades that were significantly lighter and bluer than the

fabrics from Procion® and Commercial counterparts.  In addition to conducting all

further color matching studies using the stronger Commercial red dye, synthetic

experiments involving Reactive Red 11 were conducted to determine whether other

modifications of the Commercial red DCT dye would give a better dye.

4.6.1.1 Cysteamine

In studies carried out by Chen, it was determined that at neutral pH, both ends of

the cysteamine molecule could react with the Commercial DCT red dye creating the

bluish hue seen in the dye synthesized by the Institute of Organic Dyes and

Pigments (6). To solve the hue problem, step 1 of Teegafix dye synthesis was

conducted at pH 4 to block the amino group from reacting. This chemistry is shown

in Figure 4.19.
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Figure 4.19 Reactions of cysteamine at pH 7 and pH 4.
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In a series of new experiments, it was found that at pH 4, a highly viscous

reaction mixture led to poor color strengths, and the afforded bluish tints seen in the

dyed fabric from color matching studies. Figure 4.19 shows fabrics dyed with 2%

(owg) of Teegafix red formed in the viscous reaction mixture, and 2% (owg)

Commercial red dyes using 80 g/L salt, 10 g/L Na2CO3 at a 10:1 LR.

Figure 4.20 2% (owg) of Teegafix red (left) formed in the viscous reaction mixture
and 2% (owg) Commercial red (right).
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By diluting the reaction mixture, the viscosity and pH of the reaction were more

easily controlled and a desalted Teegafix red was made that was about 20%

stronger than the starting dye. Having made the desired Teegafix red dye at pH 4

(starting with 5 g commercial dye), a bulk synthesis (starting with 70 g unmodified

dye) was undertaken to try to produce a substantial amount of the higher strength

Teegafix red. During the scale up, problems controlling viscosity and pH of the

reaction returned and a desalted dye about 10% weaker than the starting material

and having a bluish tint was obtained. Table 4.21 shows the percent strengths of

the dyed Commercial and Teegafix reds as determined by spectrophotometer

reading for % Strength Sum. Figure 4.20 shows the dyed fabric samples obtained

from these dyes.

Table 4.21 Percent strength of Commercial and Teegafix reds.

Name L* a* b*
2% TEEGAFIX pH 4
Desalted 36.4 56.99 1.06

Name DL* Da* Db* %STR-SUM
2% TEEGAFIX pH 4
Desalted BULK

3.45
Lighter

-0.33
Greener -6.48 Bluer 66.91

2% TEEGAFIX pH 4
salted form

1.28
Lighter

0.39
Redder -1.95 Bluer 88.36

2% COMMERCIAL
2.84

Lighter
0.76

Redder -0.87 Bluer 78.62
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Figure 4.21 Desalted Teegafix red pH 4 (left), desalted bulk Teegafix red
(middle left), Teegafix red pH 4 in salted form (middle right), Commercial red

(right) 2% owg 80 g/L salt 10 g/L soda ash at a 10:1 LR.
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4.6.1.2 Dicyandiamide

Utilizing dicyandiamide to modify Reactive Red 11 yielded a dye with almost the

dye strength of the parent dye in a salted form. This suggests that dicyandiamide

might be a suitable bridge for modification of commercial DCT dyes.  It suggests that

unlike cysteamine, at neutral pH, the dicyandiamide could be used at pH 7 for the

dye modification process. Because of the isomeric nature of the dicyandiamide

structure, no structure of the final dye is proposed. Figure 4.22 shows possible

structures of the dicyandiamide-based dye, where R=Cl on a DCT linked moiety.
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Figure 4.22 Plausible dicyandiamide-based structures from the Commercial red dye.
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Figure 4.23 Cotton fabric dyed with dicyandiamide modified Reactive Red 11
(left) and Commercial red dye (right) 2% (owg)

using 80 g/L salt 10 g/L soda ash at a 10:1 LR.

4.6.1.3 Hexamethylene Diamine

Modifying Reactive Red 11 using hexamethylene diamine resulted in a dye that

readily exhausted but yielded very little fixed color, as seen in Figure 4.24.  It is

possible that multiple bridges were made between dye molecules resulting in large

structures that exhausted very well but had little or no reactivity left, as shown in

Figure 4.25. The target structure from hexamethylene diamine modification is

shown in Figure 4.26.



87

Figure 4.24 Cotton fabric dyed with hexamethylene diamine modified Reactive Red
11 (left) and Commercial red dye (right) 2% (owg)

using 80 g/L salt 10 g/L soda ash at a 10:1 LR.
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4.6.2 Reactive Red 231 Modifications

4.6.2.1 Cysteamine
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Figure 4.27 Reactive Red 231.

Reactive Red 231 is an MCT dye that has a molecular weight of 1055 g/mol. To

assess the possibility of improving its color yield, the cysteamine modification

conducted on Reactive Red 11 was conducted on Reactive Red 231. Unlike the

Commercial red that had not been cut, Reactive Red 231 was Procion® Brilliant Red

H-EGXL which had been cut for sale. Figure 4.28 shows the target structure of

cysteamine modified Reactive Red 231.
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The two-step modification of Reactive Red 231 using cysteamine and cyanuric

chloride produced a much stronger dye. Based on color strengths determined by

spectrophotometer for % Strength Sum of dyed fabric samples, Reactive Red 231 in

the form of Procion® Brilliant Red H-EGXL, is approximately only 20% the strength

of the desalted DCT derivative of Reactive Red 231. The salt containing form of the

DCT Reactive Red 231 is approximately 50% the strength of its desalted

counterpart. For comparison, the Procion® Brilliant Red H-EGXL was also desalted

and showed a decrease in color strength. Table 4.22 shows the percent strengths of

modified and unmodified Reactive Red 231.

Table 4.22 Percent strength of cysteamine modified and unmodified
Reactive Red 231 (Procion Brilliant Red H-EGXL).

Dye (2%) L* a* b*
Desalted DCT
analog 49.64 59.91 5.59

Name DL* Da* Db*
%STR-
SUM

Salt containing
DCT analog

6.52
Lighter

-3.35
Greener

-2.59
Bluer 54.71

Desalted
Procion®
Brilliant Red
H-EGXL

16.49
Lighter

-16.97
Greener

-6.90
Bluer 19.3

Procion®
Brilliant Red
H-EGXL

15.32
Lighter

-15.77
Greener

-2.89
Bluer 22.76
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Figure 4.29 Desalted cysteamine modified Reactive Red 231 (left), cysteamine
modified Reactive Red 231 (middle left), desalted Reactive Red 231 (middle right),
Reactive Red 231 (right) 2% (owg) using 80 g/L salt 10 g/L soda ash at a 15:1 LR

with exception for cysteamine modified Reactive Red 231 at a 10:1 LR
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5. Conclusions

Results obtained from the use of Teegafix dyes in a production setting make

several conclusions possible. First, like the commercial DCT reactive dyes, the

modified(Teegafix) structures are trichromatic. Initial and secondary shade matching

experiments provided color matches for all 21 color standards supplied by a textile

dyeing mill. Secondly, five high volume color standards that were chosen for

complete colormatching using commercial and Teegafix dyes showed that the

commercial dyes required ~ 60% more dye than the corresponding Teegafix

formulations that included the commercial red instead of the Teegafix red. If the

Teegafix red can be remade in bulk with a color strength that is as least 20% higher

than the Commercial red, then the Procion® MX and Commercial dyes would

require ~ 70% more dye than the all Teegafix formulations. Interestingly, use of the

commercial, unmodified red dye, which does not posses the high fixation and

exhaustion properties of the corresponding Teegafix dyes, caused problems with

shade repeatability. The majority of the observed incongruence between spectral

data correlated with the red/green or a* values.

The spectral data for the b* values between lots indicated that there was only a

slight variance and good repeatability for the Teegafix yellow and blue dyes. When

the levelness of the dyed lots was determined by variation in the ΔEcmc, high

values (> 0.2) were obtained for the light, Hatchet Grey shades. This indicated that

the dyeings were not level at low Teegafix dye concentrations. When visually

assessing the Grey shades and consciously looking for unlevelness, reddish streaks

could be seen. The spectral data used to calculate the levelness were consistent
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with visual assessments and the large incongruence in levelness of the Grey lots is

due to variation of the red/green a* spectral data. It was determined during the final

stages of this study that the use of pH 4 and a dilute medium at the outset to allow

for viscosity changes in step 1 of the Teegafix red dye synthesis solved this problem

by generating a product that was ~ 20% stronger than the commercial red but

comparable in brightness.

When the Teegafix dyes were used in 60 lb sample production lots, the final

fabric possessed excellent water fastness and dry and wet crockfastness. Also,

accelerated washfastness tests involving five industrial washes gave grey scale

color changes of 4.5, with few exceptions. The lightfastness assessment of the dyed

lots and dyed and finished lots, following a 20-hour exposure gave ratings of 3-3.5

with two exceptions.

Results from preliminary studies suggest that the synthetic route used to make

Teegafix dyes from commercial DCT dyes can be used on Reactive Red 231, a

commercial MCT dye.  In this case reactions involving one equivalent of cysteamine

followed by one equivalent of cyanuric chloride were employed. The new DCT dye

possessed a color strength of ~ 30% higher than the commercial dye.
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6. Recommendations for Future Work

While it has been shown that high affinity Teegafix reactive dyes can be used

for color matching and applied in a production setting, the potential for applying

these dyes at significantly lower salt levels was not addressed. Therefore, future

work should include a determination of optimum salt concentrations to be used for

shade matching with Teegafix dyes.

Also, work should be done to determine the optimum dilution level for

synthesizing the Teegafix red at pH 4, so that maximum yield can be obtained from

the reaction. Once this is done, it is suggested that a bulk synthesis be undertaken

so that large scale production dyeings can be carried out utilizing all Teegafix dye

formulations.

Based on the better performance of the Procion® Blue MX-2G over the full

strength commercial blue, the Teegafix blue dye synthesis should be undertaken

utilizing Procion® Blue MX-2G 125%.

.
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Figure A1 Color standards 1-4.
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Figure A2 Color standards 5-8.
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Figure A3 Color standards 9-12.



103

Figure A4 Color standards 13-16.
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Figure A5 Color standards 17-21.
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APPENDIX B
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Figure B1 Procion® Yellow MX-3R primaries.
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Figure B2 Teegafix yellow primaries.
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Figure B3 Procion® Red MX-8B primaries.
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Figure B4 Teegafix red primaries.
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Figure B5 Procion® Blue MX-2G 125% primaries.
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Figure B6 Teegafix blue Primaries.
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APPENDIX C
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Table C1 Model predictions for Teegafix dyes from
received matched shades colors 1-5.

Eggplant
Tennis
Blue

Retro
Harvest

Ninja
Red

Cabana
Red

Procion® Yellow
MX-3R

y=.6617x+.0558 Concentration 2.00 0.06 1.40 3.40 1.80
Calculated CV Sum 1.38 0.10 0.98 2.31 1.25

Teegafix Yellow

y=.9955x+.0106
Calculated
Concentration 1.37 0.09 0.98 2.31 1.24

Procion® Red
MX-8B

y=.7453x+.1066 Concentration 1.87 0.14 2.70 2.70 1.50
Calculated CV Sum 1.50 0.21 2.12 2.12 1.22

Teegafix Red

y=1.4134x+.1363
Calculated
Concentration 0.97 0.05 1.40 1.40 0.77

Procion® Blue
MX-2G 125%

y=.6269x+.0392 Concentration 1.29 0.98 0.66 0.40 0.05
Calculated CV Sum 0.85 0.65 0.45 0.29 0.07

Teegafix Blue

y=1.3517x+.0195
Calculated
Concentration 0.61 0.47 0.32 0.20 0.04

Procion®
Salt g/L 90.00 70.00 90.00 90.00 80.00
Procion®
Soda Ash g/L 15.00 10.00 15.00 15.00 10.00
Total Procion® Dye 5.16 1.18 4.76 6.50 3.35

Teegafix Salt g/L 40.00 20.00 35.00 40.00 33.50
Teegafix Soda Ash g/L 15.00 7.50 13.50 15.00 12.50
Total Teegafix Percent
Dye 2.95 0.61 2.70 3.91 2.05
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Table C2 Model predictions for Teegafix dyes from
received matched shades colors 6-10.

Olive
Smoke

Orange
Blade

Corporate
Navy

Charcoal
Grey

Blue
Mystery

Procion® Yellow
MX-3R
y=.6617x+.0558 Concentration 4.40 2.00 0.30 1.80 0.06

Calculated
CV Sum 2.97 1.38 0.25 1.25 0.09

Teegafix Yellow

y=.9955x+.0106
Calculated
Concentration 2.97 1.37 0.24 1.24 0.08

Procion Red®
MX-8B
y=.7453x+.1066 Concentration 0.30 0.26 0.56 0.82 0.14

Calculated
CV Sum 0.33 0.30 0.52 0.72 0.21

Teegafix Red

y=1.4134x+.1363
Calculated
Concentration 0.14 0.12 0.27 0.41 0.05

Procion® Blue
MX-2G 125%
y=.6269x+.0392 Concentration 2.00 0.00 4.00 3.50 1.60

Calculated
CV Sum 1.29 0.04 2.55 2.23 1.04

Teegafix Blue

y=1.3517x+.0195
Calculated
Concentration 0.94 0.02 1.87 1.64 0.76

Procion®
Salt g/L 90.00 80.00 90.00 90.00 70.00
Procion®
Soda Ash g/L 15.00 10.00 15.00 15.00 10.00
Total
Procion® Dye 6.70 2.26 4.86 6.12 1.79

Teegafix Salt
g/L 40.00 30.00 35.00 40.00 25.00
Teegafix
Soda Ash g/L 15.00 11.00 13.50 15.00 9.00
Total Teegafix
Percent Dye 4.05 1.51 2.39 3.29 0.89
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Table C3 Model predictions for Teegafix dyes from
received matched shades colors 11-15.

Grey
Fox

Cypress
Copper

Brown
Thunder

New
Black

Hatchet
Grey

Procion® Yellow
MX-3R
y=.6617x+.0558 Concentration 0.35 2.50 1.80 3.00 0.20

Calculated CV
Sum 0.29 1.71 1.25 2.04 0.18

Teegafix Yellow

y=.9955x+.0106
Calculated
Concentration 0.28 1.71 1.24 2.04 0.18

Procion® Red MX-
8B
y=.7453x+.1066 Concentration 0.14 0.68 0.40 1.00 0.08

Calculated CV
Sum 0.21 0.61 0.40 0.85 0.16

Teegafix Red

y=1.4134x+.1363
Calculated
Concentration 0.05 0.34 0.19 0.51 0.02

Procion® Blue MX-
2G 125%
y=.6269x+.0392 Concentration 0.49 0.33 0.45 5.00 0.22

Calculated CV
Sum 0.35 0.25 0.32 3.17 0.18

Teegafix Blue

y=1.3517x+.0195
Calculated
Concentration 0.24 0.17 0.22 2.33 0.12

Procion®
Salt g/L 50.00 80.00 80.00 120.00 40.00
Procion®
Soda Ash g/L 5.00 10.00 10.00 15.00 5.00
Total Procion®
Dye 0.98 3.51 2.65 9.00 0.49

Teegafix Salt
g/L 20.00 33.50 11.50 40.00 14.00
Teegafix Soda
Ash g/L 7.50 12.50 30.00 15.00 5.50

Total Teegafix
Percent Dye 0.57 2.21 1.66 4.88 0.31
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Table C4 Model predictions for Teegafix dyes from
received matched shades colors 16-21.

Olive
Chalk

Peach
Topaz

Dark
Brown Condor

Olive
Charm

Invest
Blue

Procion® Yellow
MX-3R
y=.6617x+.0558 Concentration 0.55 1.10 2.85 0.94 1.48 0.09

Calculated
CV Sum 0.42 0.78 1.94 0.68 1.04 0.11

Teegafix Yellow

y=.9955x+.0106
Calculated
Concentration 0.41 0.78 1.94 0.67 1.03 0.10

Procion® Red
MX-8B
y=.7453x+.1066 Concentration 0.06 0.15 0.83 0.40 0.24 0.05

Calculated
CV Sum 0.15 0.22 0.73 0.40 0.29 0.15

Teegafix Red

y=1.4134x+.1363
Calculated
Concentration 0.01 0.06 0.42 0.19 0.11 0.01

Procion® Blue
MX-2G 125%
y=.6269x+.0392 Concentration 0.27 0.02 1.15 1.50 1.17 0.32

Calculated
CV Sum 0.21 0.05 0.76 0.98 0.77 0.24

Teegafix Blue

y=1.3517x+.0195
Calculated
Concentration 0.14 0.02 0.55 0.71 0.56 0.16

Procion®
Salt g/L 50.00 70.00 90.00 80.00 80.00 40.00
Procion®
Soda Ash g/L 5.00 10.00 15.00 10.00 10.00 5.00
Total
Procion® Dye 0.88 1.27 4.83 2.84 2.89 0.46

Teegafix Salt
g/L 20.00 25.00 40.00 35.00 35.00 13.50
Teegafix
Soda Ash g/L 7.50 9.00 15.00 11.50 11.50 5.00
Total
Teegafix
Percent Dye 0.56 0.86 2.90 1.57 1.69 0.27
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Figure D1 Hatchet Grey 20 hr lightfastness.
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Figure D2 Olive Charm 20 hr lightfastness.
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Figure D3 Blue Mystery 20 hr lightfastness.



121

Figure D4 Hatchet Grey waterfastness.
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Figure D5 Olive Charm waterfastness.
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Figure D6 Blue Mystery waterfastness.
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Figure D7 Hatchet Grey dry crockfastness.
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Figure D8 Olive Charm dry crockfastness.



126

Figure D9 Blue Mystery dry crockfastness.
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Figure D10 Hatchet Grey wet crockfastness.
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Figure D11 Olive Charm wet crockfastness.
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Figure D12 Blue Mystery wet crockfastness.
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Figure D13 Hatchet Grey accelerated wash test.
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Figure D14 Olive Charm accelerated wash test.
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Figure D15 Blue Mystery accelerated wash test.
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APPENDIX E
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Lot #31

Lot #30

Figure E1 Hatchet Grey dyed (top portion)
and dyed and finished (bottom portion).
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Lot #29

Lot #28

Figure E2 Olive Charm dyed (top portion)
and dyed and finished (bottom portion).
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Lot #27

Lot #26

Figure E3 Blue Mystery dyed (top portion)
and dyed and finished (bottom portion).
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Figure E4 Teegafix yellow standard solutions
from left to right 0.1, 0.25, 0.5, 0.75, and 1 g/L.
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Figure E5 Commercial red standard solutions
from left to right 0.1, 0.25, 0.5, 0.75, and 1 g/L.
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Figure E6 Teegafix blue standard solutions
from left to right 0.1, 0.25, 0.5, 0.75, and 1 g/L.
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Figure E7 Hatchet Grey dyebath samples 1-5 from left to right.
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Figure E8 Olive Charm dyebath samples 1-5 from left to right.
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Figure E9 Blue Mystery dyebath samples 1-5 from left to right.
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Table E1 Hatchet Grey Cs from dye samples.

Reading A Reading B Reading C

Dye Name Concentration Concentration Concentration
Sample 1
Average g/L

Commercial
Red 0.16823524 0.1665224 0.16432863 0.16636209
Teegafix Blue 0.46903484 0.45753006 0.45630164 0.460955513
Teegafix
Yellow 0.40889726 0.4036981 0.3969694 0.403188253

Dye Name Concentration Concentration Concentration
Sample 2
Average g/L

Commercial
Red 0.03362622 0.03768076 0.03582873 0.035711903
Teegafix Blue 0.12476918 0.14477382 0.14050961 0.136684203
Teegafix
Yellow 0.04372535 0.05776465 0.04924788 0.05024596

Dye Name Concentration Concentration Concentration
Sample 3
Average g/L

Commercial
Red 0.02232525 0.02365449 0.02300163 0.02299379
Teegafix Blue 0.01705699 0.0261444 0.0274403 0.02354723
Teegafix
Yellow -0.00104182 0.00470653 -0.00028606 0.001126217

Dye Name Concentration Concentration Concentration
Sample 4
Average g/L

Commercial
Red 0.01455644 0.0135169 0.0116632 0.013245513
Teegafix Blue 0.02614193 0.01927606 0.01577865 0.02039888
Teegafix
Yellow 0.00277282 -0.00531893 -0.00910736 -0.00388449

Dye Name Concentration Concentration Concentration
Sample 5
Average g/L

Commercial
Red 0.00900378 0.00794527 0.0080922 0.008347083
Teegafix Blue 0.02735564 0.02751268 0.02214269 0.025670337
Teegafix
Yellow 0.00991462 0.0060948 0.00643306 0.007480827
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Table E2 Olive Charm Cs from dye samples.

Reading A Reading B Reading C

Dye Name Concentration Concentration Concentration
Sample 1
Average g/L

Commercial
Red 0.45238962 0.44988034 0.4467891 0.449686353
Teegafix Blue 1.73557371 1.71893694 1.71223301 1.722247887
Teegafix
Yellow 2.56116965 2.54479424 2.53647215 2.54747868

Dye Name Concentration Concentration Concentration
Sample 2
Average g/L

Commercial
Red 0.1452126 0.14298158 0.1421241 0.143439427
Teegafix Blue 0.75120264 0.74038804 0.72572966 0.73910678
Teegafix
Yellow 0.73340789 0.72337825 0.72316764 0.72665126

Dye Name Concentration Concentration Concentration
Sample 3
Average g/L

Commercial
Red 0.09664279 0.09907204 0.09650166 0.097405497
Teegafix Blue 0.10047885 0.1049794 0.09771543 0.101057893
Teegafix
Yellow 0.08788549 0.0917343 0.08361481 0.087744867

Dye Name Concentration Concentration Concentration
Sample 4
Average g/L

Commercial
Red 0.03077336 0.03367265 0.03166893 0.032038313
Teegafix Blue 0.06694423 0.08100232 0.07131603 0.073087527
Teegafix
Yellow 0.05556615 0.07139832 0.06523537 0.064066613

Dye Name Concentration Concentration Concentration
Sample 5
Average g/L

Commercial
Red 0.01476489 0.0156863 0.01187364 0.014108277
Teegafix Blue 0.05830271 0.06636587 0.04567514 0.05678124
Teegafix
Yellow 0.05270498 0.05493849 0.04315686 0.050266777
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Table E3 Blue Mystery Cs from dye samples.

Reading A Reading B Reading C

Dye Name Concentration Concentration Concentration
Sample 1
Average g/L

Commercial
Red 0.23867884 0.23820544 0.24020304 0.239029107
Teegafix Blue 2.64252807 2.64867858 2.67447235 2.655226333
Teegafix
Yellow 0.21204659 0.20948514 0.20738876 0.209640163

Dye Name Concentration Concentration Concentration
Sample 2
Average g/L

Commercial
Red 0.09006795 0.0786474 0.07762435 0.082113233
Teegafix Blue 1.32122157 1.27764898 1.28498858 1.29461971
Teegafix
Yellow 0.14868833 0.10082951 0.09402564 0.114514493

Dye Name Concentration Concentration Concentration
Sample 3
Average g/L

Commercial
Red 0.05717482 0.05679202 0.05593884 0.056635227
Teegafix Blue 0.16745261 0.16070106 0.16296826 0.16370731
Teegafix
Yellow -0.01158478 -0.02277291 -0.0142666 -0.016208097

Dye Name Concentration Concentration Concentration
Sample 4
Average g/L

Commercial
Red 0.03162551 0.03161253 0.02881624 0.03068476
Teegafix Blue 0.1466448 0.14783706 0.13568842 0.143390093
Teegafix
Yellow -0.00553441 -0.00936507 -0.01737357 -0.010757683

Dye Name Concentration Concentration Concentration
Sample 5
Average g/L

Commercial
Red 0.01840471 0.01674037 0.01657374 0.017239607
Teegafix Blue 0.12026767 0.11948184 0.11310511 0.117618207
Teegafix
Yellow 0.01809574 0.01648115 0.01731226 0.017296383
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Bleach Formula

Lube/crease inhibitor 0.8%
Chelate 0.5%
Surfactant 1.0%
50% Liquid Caustic 2.5%
Peroxide Stabilizer 0.15%
50% Hydrogen Peroxide 2.5%

Figure F1 Production bleach formula.
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1. Select jet
2. Start jet
3. Set reel speed
4. Prepare lubricant, chelate, surfactant tank
5. Prepare caustic tank
6. Prepare stabilizer and peroxide tank
7. Air pad
8. Fill at 120°F
9. Load machine
10.Add lubricant, chelate, and surfactant
11.Hold 1 minute
12.Add caustic
13.Hold 1 minute
14.Add stabilizer and peroxide
15.Hold 4 minutes
16.Prepare acetic acid tank
17.Heat to 210°F at 8°F/minute
18.Hold 35 minutes
19.Cool to 175°F at 5°F/minute
20.Overflow wash at 120°F for 10 minutes
21.Drain
22.Fill at 120°F
23.Heat to 180°F at 6°F/minute
24.Hold 10 minutes
25.Overflow wash for 10 minutes at 120°F
26.Drain
27.Fill at 120°F
28.Add acetic acid
29.Hold 10 minutes
30.Overflow wash for 10 minutes at 100°F
31.Drain
32.Fill machine
33.Overflow wash for 10 minutes at 100°F
34.Drain
35.Check pH of cloth

Figure F2 Production bleach procedure.
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Table F1 Hatchet Grey Lot #31 spectral data for levelness.

Name L* a* b*
HG 31 1 55.77 -1.37 -1.03

Name DL* Da* Db* DE* DEcmc sigma

HG 31 10
-1.92

Darker
0.70

Redder
-0.17

Bluer 2.05 1.29 0.565901

HG 31 9
-0.72

Darker
0.53

Redder
-0.34

Bluer 0.96 0.92

HG 31 8
-1.24

Darker
1.16

Redder
-0.27

Bluer 1.72 1.72

HG 31 7
-0.83

Darker
0.44

Redder
0.05

Yellower 0.94 0.69

HG 31 6
-1.30

Darker
0.68

Redder
-0.04

Bluer 1.47 1.08

HG 31 5
-1.91

Darker
0.89

Redder
-0.08

Bluer 2.11 1.47

HG 31 4
-1.43

Darker
1.14

Redder
-0.47

Bluer 1.89 1.79

HG 31 3
0.06

Lighter
0.25

Redder
-0.29

Bluer 0.39 0.52

HG 31 2
-0.90

Darker
0.93

Redder
-0.35

Bluer 1.34 1.42
HG 31 1 0 0 0 0 0

Name L* a* b*
HG 31 SPECTRO 1 55.8 -1.39 -0.88

Name DL* Da* Db* DE* DEcmc sigma

HG 31 SPECTRO 10
-0.08

Darker
0.04

Redder
-0.16

Bluer 0.19 0.23 0.075726

HG 31 SPECTRO 9
-0.04

Darker
0.02

Redder
-0.16

Bluer 0.16 0.22

HG 31 SPECTRO 8
-0.06

Darker
0.03

Redder
-0.16

Bluer 0.17 0.22

HG 31 SPECTRO 7
-0.11

Darker
0.02

Redder
-0.16

Bluer 0.2 0.23

HG 31 SPECTRO 6
-0.14

Darker 0.02
-0.13

Bluer 0.19 0.2

HG 31 SPECTRO 5
-0.08

Darker 0.02
-0.12

Bluer 0.14 0.17

HG 31 SPECTRO 4
-0.09

Darker 0.01
-0.11

Bluer 0.14 0.15

HG 31 SPECTRO 3
-0.14

Darker 0.02
-0.08

Bluer 0.16 0.13

HG 31 SPECTRO 2
-0.05

Darker 0
-0.05

Bluer 0.08 0.08
HG 31 SPECTRO 1 0 0 0 0 0
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Table F2 Hatchet Grey Lot #30 spectral data for levelness.

Name L* a* b*
HG 30 SPECTRO 1 54.96 -0.59 -0.71

Name DL* Da* Db* DE* DEcmc sigma
HG 30 SPECTRO
10

0.02
Lighter

0.06
Redder

-0.33
Bluer 0.34 0.49 0.165744

HG 30 SPECTRO 9
-0.06

Darker
0.07

Redder
-0.35

Bluer 0.37 0.52

HG 30 SPECTRO 8
-0.06

Darker
0.07

Redder
-0.34

Bluer 0.35 0.49

HG 30 SPECTRO 7
-0.12

Darker
0.06

Redder
-0.31

Bluer 0.34 0.45

HG 30 SPECTRO 6
-0.09

Darker
0.07

Redder
-0.28

Bluer 0.3 0.41

HG 30 SPECTRO 5
-0.05

Darker
0.06

Redder
-0.28

Bluer 0.29 0.41

HG 30 SPECTRO 4 0
0.05

Redder
-0.23

Bluer 0.23 0.34

HG 30 SPECTRO 3
0.04

Lighter
0.04

Redder
-0.20

Bluer 0.2 0.29

HG 30 SPECTRO 2
-0.06

Darker
0.03

Redder
-0.11

Bluer 0.13 0.16
HG 30 SPECTRO 1 0 0 0 0 0

Name L* a* b*
HG 30 1 54.87 -0.6 -0.73

Name DL* Da* Db* DE* DEcmc sigma

HG 30 10
0.51

Lighter
-0.24

Greener
-0.07

Bluer 0.57 0.43 0.292544

HG 30 9
0.34

Lighter
0.29

Redder
-0.05

Bluer 0.45 0.45

HG 30 8
-0.47

Darker
0.32

Redder
-0.21

Bluer 0.61 0.59

HG 30 7
-0.62

Darker
0.28

Redder
-0.30

Bluer 0.74 0.65

HG 30 6
-0.45

Darker
0.58

Redder
-0.44

Bluer 0.86 1.07

HG 30 5
0.10

Lighter
0.41

Redder
-0.35

Bluer 0.55 0.78

HG 30 4
-0.37

Darker
0.34

Redder
0.08

Yellower 0.5 0.52

HG 30 3
0.68

Lighter
0.24

Redder
-0.09

Bluer 0.73 0.48

HG 30 2
-0.38

Darker
0.50

Redder
-0.35

Bluer 0.71 0.89
HG 30 1 0 0 0 0 0
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Table F3 Olive Charm Lot #29 spectral data for levelness.

Name L* a* b*
OC 29 1 34.18 -3.93 7.35

Name DL* Da* Db* DE* DEcmc sigma

OC 29 10
-0.18

Darker
0.03

Redder
0.10

Yellower 0.2 0.15 0.210386

OC 29 9
0.02

Lighter
-0.11

Greener
0.02

Yellower 0.11 0.12

OC 29 8
0.02

Lighter
0.45

Redder
-0.22

Bluer 0.5 0.5

OC 29 7
-0.12

Darker
0.20

Redder
-0.15

Bluer 0.28 0.25

OC 29 6
-0.37

Darker
0.20

Redder
0.03

Yellower 0.42 0.31

OC 29 5
-0.23

Darker
0.16

Redder
-0.04

Bluer 0.28 0.22

OC 29 4
0.27

Lighter
-0.09

Greener
0.23

Yellower 0.36 0.27

OC 29 3
-0.19

Darker
0.04

Redder
0.05

Yellower 0.2 0.13

OC 29 2
-0.61

Darker
0.52

Redder
-0.43

Bluer 0.91 0.73
OC 29 1 0 0 0 0 0

Name L* a* b*
OC 29 SPECTRO 1 34.07 -3.52 7.15

Name DL* Da* Db* DE* DEcmc sigma
OC 29 SPECTRO
10 0.01

-0.04
Greener

-0.34
Bluer 0.34 0.35 0.114232

OC 29 SPECTRO 9 0
-0.05

Greener
-0.34

Bluer 0.34 0.34

OC 29 SPECTRO 8
0.02

Lighter
-0.03

Greener
-0.34

Bluer 0.34 0.34

OC 29 SPECTRO 7
0.07

Lighter -0.02
-0.34

Bluer 0.34 0.34

OC 29 SPECTRO 6
0.03

Lighter 0
-0.29

Bluer 0.29 0.28

OC 29 SPECTRO 5
-0.13

Darker
0.03

Redder
-0.31

Bluer 0.33 0.3

OC 29 SPECTRO 4
-0.12

Darker -0.01
-0.22

Bluer 0.25 0.23

OC 29 SPECTRO 3
-0.06

Darker 0
-0.24

Bluer 0.25 0.24

OC 29 SPECTRO 2
0.03

Lighter -0.01
-0.12

Bluer 0.12 0.12
OC 29 SPECTRO 1 0 0 0 0 0
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Table F4 Olive Charm Lot #28 spectral data for levelness.

Name L* a* b*
OC 28 SPECTRO 1 36.14 -4.93 7.98

Name DL* Da* Db* DE* DEcmc sigma

OC 28 SPECTRO 10
-0.05

Darker 0.02
-0.40

Bluer 0.41 0.38 0.128686

OC 28 SPECTRO 9
-0.07

Darker 0
-0.42

Bluer 0.42 0.39

OC 28 SPECTRO 8
-0.07

Darker
0.03

Redder
-0.43

Bluer 0.44 0.4

OC 28 SPECTRO 7
-0.11

Darker 0
-0.35

Bluer 0.36 0.33

OC 28 SPECTRO 6
-0.06

Darker
0.04

Redder
-0.40

Bluer 0.41 0.37

OC 28 SPECTRO 5
-0.10

Darker 0.01
-0.34

Bluer 0.35 0.32

OC 28 SPECTRO 4
-0.08

Darker
0.03

Redder
-0.30

Bluer 0.32 0.28

OC 28 SPECTRO 3
-0.09

Darker 0.01
-0.24

Bluer 0.26 0.23

OC 28 SPECTRO 2
-0.02

Darker 0.01
-0.15

Bluer 0.16 0.14
OC 28 SPECTRO 1 0 0 0 0 0

Name L* a* b*
OC 28 1 36.35 -4.74 8.06

Name DL* Da* Db* DE* DEcmc sigma

OC 28 10
-0.49

Darker
-0.21

Greener 0.02 0.54 0.35 0.153858

OC 28 9
0.70

Lighter
-0.40

Greener
0.17

Yellower 0.82 0.57

OC 28 8
-0.33

Darker
-0.10

Greener
-0.25

Bluer 0.42 0.33

OC 28 7 0
-0.49

Greener
0.09

Yellower 0.5 0.51

OC 28 6
-0.43

Darker
-0.26

Greener -0.02 0.5 0.37

OC 28 5
0.36

Lighter
-0.13

Greener
-0.06

Bluer 0.39 0.26

OC 28 4
-0.37

Darker
-0.16

Greener
-0.08

Bluer 0.41 0.28

OC 28 3
-0.13

Darker
-0.20

Greener
-0.18

Bluer 0.3 0.32

OC 28 2
-0.13

Darker
-0.24

Greener 0 0.27 0.26
OC 28 1 0 0 0 0 0
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Table F5 Blue Mystery Lot #27 spectral data for levelness.

Name L* a* b*
BM 27 SPECTRO 1 36.29 -5.43 -18.38

Name DL* Da* Db* DE* DEcmc sigma

BM 27 SPECTRO 10
-0.09

Darker
0.05

Redder 0.01 0.1 0.06 0.019437

BM 27 SPECTRO 9
-0.09

Darker
0.04

Redder 0 0.1 0.06

BM 27 SPECTRO 8
-0.10

Darker
0.02

Redder
0.05

Yellower 0.11 0.06

BM 27 SPECTRO 7
-0.11

Darker
0.04

Redder
0.02

Yellower 0.12 0.07

BM 27 SPECTRO 6
-0.07

Darker
0.03

Redder
0.03

Yellower 0.08 0.05

BM 27 SPECTRO 5
-0.06

Darker
0.06

Redder 0.01 0.08 0.06

BM 27 SPECTRO 4
-0.07

Darker
0.02

Redder
0.03

Yellower 0.08 0.05

BM 27 SPECTRO 3
-0.09

Darker 0.01
0.02

Yellower 0.1 0.05

BM 27 SPECTRO 2
-0.05

Darker
0.03

Redder 0.01 0.05 0.04
BM 27 SPECTRO 1 0 0 0 0 0

Name L* a* b*
BM 27 1 35.42 -4.83 -18.4

Name DL* Da* Db* DE* DEcmc sigma

BM 27 10
0.23

Lighter 0.02
-0.08

Bluer 0.25 0.14 0.232006

BM 27 9
0.52

Lighter
-0.13

Greener
-0.03

Bluer 0.54 0.32

BM 27 8
-0.24

Darker
0.20

Redder
-0.25

Bluer 0.41 0.31

BM 27 7
0.21

Lighter
0.06

Redder
-0.25

Bluer 0.33 0.22

BM 27 6
0.05

Lighter 0.02 0 0.05 0.03

BM 27 5
0.43

Lighter 0
-0.19

Bluer 0.47 0.27

BM 27 4
0.33

Lighter
-0.27

Greener
-0.09

Bluer 0.44 0.31

BM 27 3
0.66

Lighter
-0.26

Greener
-0.16

Bluer 0.73 0.44

BM 27 2
1.15

Lighter
-0.55

Greener
-0.05

Bluer 1.28 0.82
BM 27 1 0 0 0 0 0
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Table F6 Blue Mystery Lot #26 spectral data for levelness.

Name L* a* b*
BM 26 SPECTRO 1 34.66 -3.73 -18.68

Name DL* Da* Db* DE* DEcmc sigma

BM 26 SPECTRO 10
-0.11

Darker
0.07

Redder -0.08 Bluer 0.16 0.11 0.039721

BM 26 SPECTRO 9
-0.10

Darker
0.05

Redder -0.08 Bluer 0.13 0.09

BM 26 SPECTRO 8
-0.13

Darker
0.06

Redder -0.04 Bluer 0.15 0.1

BM 26 SPECTRO 7
-0.14

Darker
0.06

Redder -0.05 Bluer 0.16 0.11

BM 26 SPECTRO 6
-0.11

Darker
0.08

Redder -0.10 Bluer 0.17 0.13

BM 26 SPECTRO 5
-0.12

Darker
0.05

Redder -0.06 Bluer 0.15 0.1

BM 26 SPECTRO 4
-0.09

Darker
0.05

Redder -0.01 0.1 0.07

BM 26 SPECTRO 3
-0.07

Darker
0.02

Redder -0.02 Bluer 0.08 0.05

BM 26 SPECTRO 2
0.03

Lighter
0.02

Redder -0.05 Bluer 0.06 0.04
BM 26 SPECTRO 1 0 0 0 0 0

Name L* a* b*
BM 26 1 34.77 -3.62 -18.69

Name DL* Da* Db* DE* DEcmc sigma

BM 26 10
-0.08

Darker
-0.26

Greener
0.10

Yellower 0.29 0.27 0.171969

BM 26 9
-0.23

Darker
-0.29

Greener -0.04 Bluer 0.37 0.31

BM 26 8
-0.21

Darker
-0.68

Greener
0.06

Yellower 0.71 0.67

BM 26 7
-0.61

Darker
0.03

Redder -0.05 Bluer 0.62 0.35

BM 26 6
0.12

Lighter
-0.22

Greener -0.09 Bluer 0.27 0.22

BM 26 5
0.41

Lighter
-0.34

Greener
0.23

Yellower 0.58 0.45

BM 26 4
0.34

Lighter
-0.10

Greener
0.11

Yellower 0.37 0.23

BM 26 3
0.51

Lighter
-0.19

Greener
0.09

Yellower 0.55 0.35

BM 26 2
-0.10

Darker
-0.21

Greener
0.21

Yellower 0.31 0.27
BM 26 1 0 0 0 0 0
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