
ABSTRACT 
 

COHEN, NINA SARA. Analysis of Reactive Dyes on Pretreated Fabric for Foam Dyeing  
(Under the direction of Dr. Karen Leonas). 
 

In textile production, traditional dyeing processes are known to use approximately four 

hundred gallons of water to properly dye one hundred yards of fabric, as well as require much 

energy, and many times auxiliary chemicals to enhance the dyeing process. This production 

process is harmful to developing nations, where textiles are often produced. As the industry 

moves to be more sustainable, alternate methods of textile coloration that will have reduced 

negative environmental impacts are considered. Foam dyeing is a method of textile coloration  

which utilizes air to create foam to disperse onto a textile substrate. This reduces the water and 

energy when compared with traditional methods and new substrate pre-treatments, such as 

cationized cotton, have reduced the auxiliary chemicals required. Foam dyeing can color 100 

yards of fabric with approximately 4 gallons of water. Publications regarding foam dyeing are 

dated, as many were published in the 1980s and 1990s. Few publication were created in the last 

two decades.  

This project aimed to explore reactive dyes and substrate pre-treatment levels that 

produce satisfactory select colorfastness properties (crocking, washfastness) through small 

sample benchtop laboratory dyeings.  From these results, the best performers were recreated and 

foam dyed.  The color (L*A*B) and fastness properties of the foam dyed fabrics were measured 

and results compared with those from the laboratory dyed samples to determine differences in 

the results. This study also aimed to determine if benchtop dyeing can be an accurate predictor 

for foam dyeing colorfastness performance. ANOVA and T-Tests were used to compare 

variables and identify statistical significance between means. Additionally, Tukey HSD was 

completed on analysis with significant results to identify groups  which are significant. 



This research revealed that in benchtop dyeing, the dye type and the level of pretreatment 

impacts both wet crocking and washfastness scores at the high level of dye concentration, but not 

the medium or the low levels of dye concentration. In foam dyeing, the dye type impacts the wet 

crocking score at the high and medium levels of dye concentration, but not the low, and does not 

impact the washfast scores. The level of pretreatment does not impact the wet crocking scores, or 

the washfast scores at the high and low dye concentrations. It does impact the washfast score at 

the medium level of dye concentration. Further, there was no statistical differences between 

benchtop dyeing and foam dyeing colorfastness scores at all levels of dye concentration. The 

method of dyeing also did not have an impact on the measured L*A*B values, indicating that 

there was little to no change in color between the dyed samples. This indicates that benchtop 

dyeing can be an accurate predictor of foam dyeing colorfastness performance. 
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CHAPTER 1 - Introduction 

In current fiber and textile wet processing, freshwater is used in large quantities, 

especially throughout the dyeing and finishing stages of manufacturing. Approximately 400 

gallons of water are used to properly dye 100 yards of fabric (Ondrey, 2018). The water utilized 

in dyeing and finishing processes is not often reused. Some facilities treat their wastewater on-

site to remove contaminants, others send it to municipal wastewater treatment plants, however 

many facilities discharge wastewater into lakes and rivers directly which cause fresh water 

contamination. In 2013 it was reported that around 280,000 tons of textile dyes were discharged 

as industrial effluent (Pang & Abdullah, 2013). “Many of the chemicals [used in textile wet 

processing] pose a direct or indirect threat to human health, aquatic life and cause water and soil 

pollution” (Hussain & Wahab, pg. 807, 2018). Water polluted with dyes, dye auxiliaries, and 

other contaminants are unusable for humans or other species. “It is easier to remove some 

materials over others, and salt is one of the most difficult auxiliaries to remove from water” 

(Abid, Zablouk, & Abid-Alameer, pg. 1, 2012). Many textile wet processing facilities are found 

in India, China, and Bangladesh (Guha, 2018). These recently developed nations have problems 

with infrastructure in poverty-stricken regions, and from this often have limited access to clean 

water. Equipment to remove contaminants from wastewater is not always readily available in 

economically strained areas. Reverse osmosis and ultrafiltration are the two methods used for 

wastewater filtration, and they are costly to install. 

With the depletion of lakes and rivers, water scarcity and water stress are becoming a 

rising issue in many countries. In 2018, the United Nations reported over 2 billion people (based 

on 2018 world population) live in countries experiencing high water stress (UN, 2018). The 

WHO estimates that by 2025, half of the worlds’ population will live in water stressed areas. 
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Based on the current environmental impact of textile dyeing, alternative methods of 

dyeing need to be explored and adopted by industry. Few environmentally conscious dye 

processes are in use, each having advantages and disadvantages. Some of these options include 

plasma, supercritical CO2, and foam dyeing. All of these options are viable solutions to counter 

the growing issues of water contamination in the textile dyeing process, however foam dyeing 

has been investigated for a longer period of time.  

Foam dyeing emerged as a method of textile dyeing in the late 1970s and was noted for 

its faster operating speeds and low cost when compared with traditional dyeing methods (Booth, 

1982). Initially, issues with streaking, spotting, and other issues related to non-uniformity were 

common in fabrics dyed with foam (Booth, 1982). Advanced technology and modifications to 

the dye bath formulations were implemented to eliminate these issues. As the textile dyeing 

industry moved offshore, interest in foam dyeing subsided and little research in the area was 

reported. Today there is increased interest in use of this dyeing technology and textile convertors 

are turning to foam dyeing due to the reduction in water, chemicals, and energy use, and efficient 

production times. Even more interest in foam dyeing has resurged as companies move towards 

using more sustainable practices. 

In the search for information on foam dyeing, only limited and dated information was 

available. The majority of published research is found from the 1970s and focuses on fabric with 

fiber contents of polyester (PET) and/or cotton. The technology utilized in older research have 

since gone through advancements in both design and performance. In addition to changes in 

application methods and formulation changes, modifications in the substrate have also been 

found to impact the dyeability of fabrics. Cationizing cotton is a pretreatment method for cotton 

prior to dyeing that results in a change at the fabric surface. The surface change allows dyes to 
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bond more easily to the fabric and penetrate into the fibers, resulting in greater dye exhaustion, 

reduction in the need for dye auxiliaries, and improved dyeing uniformity. 

Within the textile and apparel industry a variety of hues and shades are used. From baby 

blues to navy, textiles are expected to have large color variation and availability. The depth of 

shade is controlled by many factors including dye concentration, fixation, dye molecule, and hue. 

There are a variety of dyes available for textile coloration and in 2009 reactive dyes made up 

45% of all textile dyes produced annually (Tunç, Ö., Tanaci, H., & Aksu, Z., 2009). “Reactive 

dyes cover a wide shade gamut from black to vibrant brilliant shades, accounting for their early 

commercial success in this area” (Lewis, pg. 303, 2011). Reactive dyes are effective in dyeing 

cellulose and protein fibers and provide good fastness properties which makes them a common 

choice for foam dyeing. They vary in molecule size, shape, structure, and are separated into 

classes based on the reactive group type. There are four main reactive group structures and they 

separate reactive dyes into eight subclasses, each with varying reactive groups and levels of 

reactivity. The differences in each structure can lead to varying colorfastness performance and 

intensity of color ability (Lewis, 2011).  

The purpose of this study is to evaluate the impact of specific dyeing variables on select 

colorfastness properties when benchtop and foam dyeing with cationized cotton. The variables 

researched include:  

• Evaluating the impact of dye type 

• Evaluating the impact of the level of pretreatment 

• Evaluating the impact of dye concentration 

• Determining if benchtop dyeing can be used as an accurate indicator when scaling 
a process to foam dyeing. 
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This research was completed in two phases. In Phase 1, samples were benchtop dyed to 

evaluate independent variables including dye class, levels of cationized cotton (pretreatment), 

and amount of dye concentration through two AATCC colorfastness tests. The samples that 

achieve predetermined colorfastness scores were moved forward to be scaled up in Phase 2 foam 

dyeing of select samples. 

The following research questions were used to shape the scope of research and 

experimentation throughout the methodology.  

• How do the properties of the selected dyes within a class of reactive dyes affect 

the colorfastness properties of dyed pretreated fabric? 

• How does the level of pretreatment effect the amount of dye concentration and 
select colorfastness properties? 
 

• Can the same color be achieved with benchtop dyeing and foam dyeing? 

• Can benchtop dyeing accurately predict foam dyeing colorfastness properties? 

 
The limitations for this study are: 

• The control fabric was different from the treated fabrics  

• Only cotton fabrics were included 

• A limited number of dyes were used. Only two subclasses of reactive dye were 
included and only one hue 

 
Laboratory space and equipment was provided by JB Martin, located in Leesville, SC. 

Foam dyeing trials were completed at Gaston Systems located in Stanley, NC. Fabric, 

pretreatment chemistry, and auxiliary was provided by JB Martin. Dyes were donated by 

Huntsman, Cote Color, and Orco Dyes and Pigments.  
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CHAPTER 2 - Literature Review 

2.1 Textile Coloration 

2.1.1 Introduction 

Textile coloration is commonly divided into the categories of printing and dyeing. In 

2006, there were more than 10,000 different dyes and pigments being used in industry 

(Ponnusami, Krithika, Madhuram, & Srivastava, 2007). Dyes and pigments differ in the range of 

colors, and performance properties. Further, the dye or pigment utilized depends on the substrate, 

desired color, price point, process, and equipment being used. Dyeing is achieved by immersing 

the textile in an aqueous solution. It can take place at several points during textile and apparel 

production including at the fiber stage, yarn stage, fabric stage, or after the garment is produced. 

Printing can be achieved with dyes or pigments and involves applying color to one side of the 

fabric, in a pattern or solid aesthetic. It is more commonly used at the fabric or garment stage.  

Dyes are classified as natural or synthetic. Natural dyes are commonly from plants and 

insects and are frequently used in craft and small production runs (Stewart, 2017). Dyeing cycle 

times for some natural colors on natural fibers are measured in days and weeks instead of hours, 

making them unsuitable for commercial use (Stewart, 2017). Many synthetic dyes are produced 

from raw materials such as hydrocarbons like benzene and toluene (Abrahart, 1977). “The first 

commercially available dye was produced in a home lab during research for an antimalarial drug 

named Quinine” (Mock, pg. 11, 2002). An oxidizing and extraction process produced a bright 

purple solution, suitable for dyeing silk. This is the first example of what would later be known 

as a basic dye.  

For textile printing process, either dyes or pigments can be used. Pigments are insoluble 

in water and have no affinity to the fiber. “The purpose of pigment printing is to adhere to the 
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surface of a textile with binding agents” (Leslie, pg. 140, 2003). Textile dyes used in printing 

follow a same mechanism as traditional dyeing, but are applied through printing technology 

rather than traditional dyeing methods. Commonly used methods of printing include wet printing 

techniques such as flat bed screen, rotary screen, and engraved copper roller printing, and dry 

printing techniques such as transfer printing and digital ink jet printing (Moser, 2003).  Digital 

prints have the ability to achieve greater detail with a wider range of colors (Javorsek & 

Javorsek, 2011) and are advantageous from having no waste effluent in the printing process. An 

advantage of wet printing includes a more economical way to color fabric, especially when 

implementing a design. It is however limited by changes in hand, and possibility of scratching, 

fading, and cracking. These limitations can be improved by using “higher quality” inks as they 

would have improved fastness to light, and higher resistance to cracks than “lower quality” dyes 

(Leslie, 2003).  

Printing with pigments differs from dyeing as aqueous dyes are intended to penetrate and 

diffuse into fibers, while pigments typically remain on the surface, and are attached to the 

substrate with binding agents. There is also no known limitation regarding what substrate to use.  

2.1.2 Mechanism of dyeing  

For most dyeing processes there are three major steps which include 1) adsorption of the 

dye to the fiber surface, 2) absorption into the fiber, and 3) fixation to the fiber (Mock, 2002).  

Prior to the dyeing process steps, the dye must dissolve in the solution. Dyes are available in a 

powder or liquid form and are soluble in water. Dyes are ionic or nonionic. Ionic dyes are further 

categorized as anionic or cationic. Anionic dyes have negatively charged chromophores (Dye-

NA+) and cationic dyes have a positively charged chromophore (Dye+Cl-) (Perkins, 1996). The 
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ionic dye dissociates in the water to form a solution. Nonionic dyes are not easily soluble in 

water and require surfactant to disperse into water.  

The first step in the dyeing process is the adsorption of dye to the fiber surface. The dye 

may have an affinity to the fiber and auxiliary chemicals, such as salt are used to encourage the 

dye molecule to leave the solution and adhere to the fibers instead.  

Auxiliary chemicals are initially added to the dyebath to change the partition coefficient 

of the solution, which is the ratio of concentrations in a mixture of two solvents at equilibrium. 

The higher the rate of dyeing means the faster the fabric reaches equilibrium and utilizes as much 

of the dye available as possible. Ratio will shift in concentration of dye as more auxiliary is 

added. Concentrations of substances must be altered to maintain proper ratio during dyeing. The 

change in solubility of the dye in water aids in movement towards the fiber. 

The second step is absorption. Dye penetrates the fiber and finds a site to react with. 

When a hydrophilic substrate is immersed in the liquid, water molecules diffuse into the 

amorphous regions of the fiber to break internal hydrogen bonds and swell the fiber allowing 

better mobility and increased space for the dye to diffuse (Perkins, 1996). The dye starts to 

diffuse on the surface and works towards the interior of the fiber. A swollen fiber can absorb dye 

more readily (Mock, 2002). Movement (agitation) of the aqueous solution aids in increasing the 

rate of dyeing.  

Lastly, the dye diffuses throughout the fiber and fixation can occur. One or more fixation 

options can be used to effectively bond the dye and fiber, resulting in coloration of the textile. 

Ionic, hydrogen, Van Der Waals force, or covalent bonds can be formed between the dye and the 

fiber or the dye can be mechanically entrapped. Hydrogen bonds or Van Der Waals forces 

typically occur when dye molecules are larger and have a high molecular weight. Hydrogen 
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bonds are the bond formed when direct dyes are used with specific substrates such as cellulose. 

They are relatively weak and can be a main reason for direct dyes known poor colorfastness 

properties. Ionic bonds are formed when acid dyes are used on wool. Ionic bonding is one of the 

strongest bond types between a dye and fiber (Broadbent, 2001). Covalent bonding occurs 

between reactive dyes and cellulose. A high degree of fixation comes from a covalent bond 

between the dye and fiber. The covalent bond is known to be strong and lead to improved 

colorfastness properties over other bonds. Mechanical entrapment of the dye within the fiber 

occurs between vat dyes and cellulose. The dye diffuses into the fiber, and bonds by secondary 

valence forces. The dye then becomes insoluble and trapped within the fibers. Solid solution is 

primarily used for disperse dyes and selected synthetics. The dye solubilizes in the fiber, and the 

water equilibrium distribution favors the dye in the fiber (Mock, 2002).  

The exhaustion of dye from the dye solution to the fiber is shown by isotherms. The three 

isotherms are Nernst, Langmuir, and Freundlich (Figure 1). An isotherm is used to show the rate 

at which dye moves from the dye solution to the fiber during the dyeing process. The slope of the 

curve varies depending on fiber, dye, auxiliary, and amount of agitation (Perkins. 1996). The 

graph are an assumption that shows the curve of the absorbed dye concentration plotted against 

the solution concentration as measured over time.  
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Figure 1: Three Isotherms (Shamey, 2014) 

 
The Nernst equation is represented by the equation Cf = K + Cs 

The Langmuir equation is represented by the equation !"
!#$%

= '!(
)*'!(

  

The Freundlich equation is represented by the equation (Cf) = Log(k) + α Log(Cs) 

 
 Each equation component is identified as follows; 

Cf = Dye concentration in fiber 
K = Partition coefficient of the dye between the fiber and bath 
Cs = The dye concentration in solution  

 
Dyeing will follow one of the three curves and their shapes can be attributed to specific 

dye class. The slopes of the curve line are shaped from the maximum number of dye sites 

available in the fiber. As dye sites become occupied, the slope of the rate of dyeing decrease 

(Perkins, 1996). The Nernst isotherm is typical for synthetic fibers dyed with disperse dyes. The 

graph is a linear more direct relationship of depth of shade to dye and ends up to the point when 

the dye has saturated the fiber. This shape is influenced by the dye being more soluble in the 
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fiber than the aqueous solution (Shamey, 2014). The Langmuir isotherm is common when 

dyeing protein fibers with acid dyes. There are a limited number of dye sites available on the 

fiber (Shamey, 2014) and the rate of adsorption is proportional to the number of unoccupied 

sites. The protein fiber eventually reaches a maximum limiting level as the concentration of 

dyebath increases.  The Freundlich isotherm is common for reactive dyes and other anionic dyes 

on cellulose material. The ratio of the amount of dye adsorbed and concentration of the dye in 

solution is not constant which means dye adsorption into the fiber is not limited by a number of 

specific adsorption sites, but by difficulty of reaching the less accessible dye sites resulting in the 

isotherm shape (Shamey, 2014). The graph suggests that deeper shades require higher amounts 

of dye and as dye concentration of the solution increases, dye adsorption should increase without 

limit until the limiting solubility of dye is reached.  

2.1.2.1 Auxiliaries used when dyeing cellulose 

Most reactive dyeing in traditional dye settings require auxiliaries to be added to the 

dyebath in order to facilitate bonding cellulose with the dye molecule (Farrell, 2012). The 

solubility of dye shifts the dye equilibrium towards staying in the aqueous application medium 

and not towards the surface of the substrate (Farrell, 2012). Auxiliaries such as salt (1), 

surfactant (2), and buffering agents (3) are used to change surface tension, promote better dye 

exhaustion, and maintain optimal dyebath conditions during dyeing. 

 Salt 

Salt is needed to aid the dyeing process for cellulose material, as it facilitates in 

adsorption of the negatively charged dye in water and negatively charged substrate. Sodium 

chloride and sodium sulphide are of the most commonly used salts (Varadarajan, 

Venkatachalam, 2015). Equilibrium is reached when the rates of dye molecules entering and 
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leaving the fiber are equal. The presence of salt increases the dye exhaustion and is expressed in 

percentage, which is the ratio between the amount of dye taken up by the substrate and the 

amount of dye originally available. The more dye exhausted into the fiber reduces the amount of 

wasted dye economically and environmentally. Higher exhaustion may take more time to reach 

equilibrium depending on factors such as fiber, amount of auxiliary, and temperature (Perkins, 

1996). Post dyeing, auxiliaries impact and contribute to the pH and other characteristics of the 

waste water. 

“Salt concentrations may be as high as 100g/L for dark shades” (Farrell, pg. 14, 2012). 

Post dyeing, salt remains completely dissolved in the effluent. Of all auxiliaries considered, salt 

may be the most toxic, as it is used in larger amounts than other chemicals (Varadarajan & 

Venkatachalam, 2015). “It [salt] continues to be one of the most difficult and expensive 

contaminants to remove from wastewater” (Varadarajan & Venkatachalam, pg. 114, 2015). 

Improperly treated wastewater can be detrimental to lakes, rivers, and surrounding wildlife. 

 Surfactant  

A surfactant changes the properties of a liquid, such as reducing the surface tension and 

contact angle between the liquid and solids allowing for adsorption to take place. According to 

Broadbent (2001), the concentration of the surfactant at the interface may be more than 500 

times greater than in the bulk of the aqueous solution. Surfactants are amphipathic molecules and 

have two relative key features. The first part is the nonpolar hydrophobic chain (tail) and the 

second is the hydrophilic polar ionic or nonionic group (head) (Broadbent, 2001). The two parts 

are connected by a covalent bond. The size, shape, and position of the molecule determine the 

properties and behavior of the surfactant. 
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Surfactants are categorized by their ionic natures and are divided into classes of anionic, 

cationic, amphoteric, and nonionic. Anionic surfactants ionize in an aqueous solution and contain 

one or multiple functional groups that impart a negative charge to the hydrophilic group 

(DaSilva, 1983) they contain a hydrophilic head that is negatively charged. Cationic structures 

also ionize in water, but instead possess a positive charge in the hydrophilic head section. 

Amphoteric resemble anionic properties at a high pH, and cationic properties at a low pH. The 

molecule has both positive and negative charges. They preform best near the surface of water, to 

satisfy both the hydrophilic and hydrophobic sections of the molecule. Without added 

surfactants, adsorption and absorption of the dye liquor might be inhibited. 

 Buffering agents  

Buffering agents are acid or base pH regulating agents and are added to a solution in 

order to help achieve a specific pH during dyeing. Different dyes require solutions of varying 

pH. For example, reactive dyes and vat dyes require alkaline conditions, while basic and acid 

dyes require more acidic conditions. The correct pH will facilitate the reaction between dye and 

fiber. Different buffering agents are able to achieve specific levels of pH. Buffer solutions aid in 

resisting pH changes by the equilibrium between substances added to the solution. 

2.1.2.2 Cationized Cotton  

Inherently, cellulose has an anionic charge when in water, due to partial ionization of 

hydroxyl groups on the cellulose structure (Fu, 2016). Cationizing cotton pretreatments can alter 

the charge of the substrates surface. The application of cationic reagents changes the charge on 

cellulose from anionic to cationic (Cotton Incorporated, 2005). Utilizing pretreatment has 

resulted in increased dye uptake during dyeing, reduced or no salt in the dyebath, and lowered 
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liquor ratio ability. Cotton Incorporated has reported it is highly effective when reactive or direct 

dyes are used.  

Two classifications of reagents used to produce cationized cotton are monomeric reagents 

and polymeric reagents (Fu, 2016). Each type of reagent has different results with different dyes, 

which will be further discussed. Monomeric reagents introduce amine groups to the cellulose. 

Common monomeric reagents include 2,3-epoxypropyl trimethylammonium chloride (EPTAC) 

and 3-chloro-2-hydroxypropyl trimethylammonium chloride (CHPTAC) for increased dyability 

(Hashem, Hauser, & Smith, 2003). Monomeric reagents react with the cellulose under alkaline 

conditions. Monochlorotriazine (MCT) dyes are reported to be best suited for monomeric 

reagents (Fu, 2016). Compared to polymeric reagents, monomeric reagents only saw improved 

dyability in reactive dyes, and little to no success in other dye classes (Fu, 2016). 

Polymeric reagents are polymeric amines or amides known to have good affinity for 

cellulose. Common polymeric reagents include Polyepichlorohydrin dimethylamine (PECH-

amine) and Polyamide-epichlorohydrin resin. The reactive group in this structure can react with 

nucleophiles. This type of reagent is better suited for Dichlorotriazine (DCT) and 

Fluorochloropyrimidine (FCP) reactive dyes, as well as direct and acid dyes. It is not as effective 

for low-reactivity Monochlorotriazine (MCT) or Dichloroqiunoxaline (DCQ) reactive dyes.  

Cationized cotton is advantageous and has ability to dye within a wide range of 

temperatures. Cotton Incorporated reported trial temperatures of 100°F (38℃) to 200°F (93℃). 

Some trials reported faster dyeing times with elevated temperatures. There also were observed 

surface inconsistency issues with reactive dyes dyed at lower temperatures.  

Research by Cotton Incorporated also found that depth of shade is directly related to the 

concentration of cationic reagent (Cotton Incorporated, 2005). A higher concentration of 
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pretreatment is required for higher levels of dye concentration. Lower concentrations of 

pretreatment with a higher concentration of dye will leave higher amounts of dye in the bath, and 

there will be a greater amount of unfixed dye in the fabric.  

2.1.3 Dye Structure 

Synthetic dyes are typically derived from hydrocarbons like benzene or toluene. All dyes 

have similar components in their molecular structure and the components common to reactive 

dyes are: a chromophore, a bridging group, a solubilizing group, a reactive groups, and a leaving 

group. The size and shape of the overall dye structures can influence properties, such as the 

color, and select colorfastness properties.  A dye structure with these components identified is 

presented in Figure 2. 

 

Figure 2: Structure of Reactive Red 120 with Identified Components 

 
A chromophore (Figure 2, Part A) is the component that produces color. Chromophores 

are typically organic molecular arrangements that contain an extended conjugated system of 

A: Chromophore 
B: Bridging group 
C: Solubilizing group 
D: Reactive group 
E: Leaving group 
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alternate double and single carbon to carbon bonds (Rivlin, 1982). Chromophores have 

auxochromes that determine the brightness of the chromophore hue. The length and arrangement 

of the chromophore contribute to the final visible color. Typically, larger conjugated systems 

move towards large wavelengths. For example, the color red (which is the target of this study) 

will be seen at longer wavelengths than blue. 

The bridging group (Figure 2, Part B) connects the reactive group to the chromophore 

(Horton, 2009). The strength of the bridge is determined by the atoms connected (Horton, 2009). 

Bridges typically contain nitrogen, oxygen, or sulfur atoms as linkages. Nitrogen in an amine 

structure is typical for three of the four subclasses of reactive dyes.  

The solubilizing group (Figure 2, Part C) aids in the dyes’ ability to dissolve in water 

(Bogle, 1977). Any dye that does not contain a solubilizing group must have solvents (alcohols) 

and chlorinated substances in the dye bath to solubilize it.  

The reactive group (Figure 2, Part D) is the part of the structure that chemically reacts 

with the functional groups on the substrate. A reaction by either nucleophilic substitution or 

addition occurs in the attached leaving group (Horton, 2009). There are four main reactive group 

structures and they separate reactive dyes into eight subclasses. The reactive group must be able 

to align itself with the surface of the substrate to allow for the reaction. The reaction which forms 

a covalent bond is what provides reactive dyes known excellent colorfastness properties (Horton, 

2009).  

The leaving group (Figure 2, Part E) is the atom that leaves the structure so that cellulosic 

ions can react with the electron deficient carbon on the hydroxyl group of the cellulose (Ferrell, 

2011). It is what undergoes the nucleophilic substitution or addition. The leaving group is 

typically a chlorine, or fluorine atom and the differences in atoms change the level of reactivity 
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in the reactive group (Horton, 2009). There can be one to three leaving groups on each reactive 

structure, depending on the dye.  

2.1.4 Classification of dyes   

2.1.4.1 Introduction  

Dyes can be classified by characteristics including molecular weight, source, chemical 

group, colour index, and end use (Mock, 2002). Although there are many methods to classify 

dyes, chemical structure is common and will be used here. It is known that not all classes of dyes 

are effective for all substrates. Substrates and dyes that are effective are presented in Table 1.  

Table 1: Textile Fibers and common dyes used to color textiles (K. K. Leonas, Professor, 
NC State University, personal communication, shared document, 2018).   

 
Fibers Dye by Chemical Structure 
Cellulose Azoic, Direct, Vat, Sulfur, Reactive 
Protein Direct (some), Reactive, Acid, Chrome (Mordant), Basic 
Viscose Direct, Vat, Sulfur 
Nylon Azoic, Acid, Chrome (Mordant), Basic, Disperse 
Acrylic Acid, Chrome (Mordant), Basic (some), Disperse 
Polyester Azoic, Vat, Basic, Disperse 
Acetate Azoic, Disperse 

 
Dyes are selected depending on the substrate, desired hue, price point, and end use. 

Cellulose in particular has a wide range of dye classes suitable for use, each providing varying 

end results in color and performance. This project focuses on the dyeing of cellulose. Further 

detail is provided in the following sections for dyes commonly used on cellulose by order of their 

invention. 

2.1.4.2  Vat dyes  

Vat dyes were created in 1868 and are regarded as one of the oldest and most costly types 

of dyes (Fu, 2016). They are renowned for their excellent colorfastness properties in categories 
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such as crocking, washfastness, bleaching, and lightfastness. Indigo is one of the most commonly 

known vat dyes.  

Vat dyes can be classified into indigonoid derivatives or anthraquinone derivatives 

(Hussain, 2012). Indigo has poorer washfast properties than anthraquinone, which is favorable 

for the aesthetic of denim. Carbonyl groups on the molecule enable the pigment to be reduced to 

leuco compounds in an alkaline bath (Fu, 2016). Sodium hydroxide and sodium hydrosulfite are 

common reducing agents for this step in vat dyeing (Farrell, 2012). After this, diffusion occurs 

where the leuco-vat anions have an affinity to the cellulose material. The dye is able to penetrate 

and bond to the substrate. The alkali is then removed in a rinsing process, and the substrate is 

exposed to the air where oxidation occurs (Hussian, 2012). This changes the color of the 

achieved dye back to an insoluble pigment within the cellulose material. Lastly, a soaping 

process occurs where the pigments reorient and become more crystalline. An example of how 

indigo reduces and then oxidizes is found in Figure 3. The molecule is relatively small allowing 

it to penetrate into the fiber more easily, which also factors into the dyes ability to maintain 

excellent washfast properties.  
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Figure 3: Indigo Reduction and Oxidation (Fu, 2016) 

2.1.4.3 Direct dyes 

Direct dyes were introduced in 1884 and were regarded as the first dye to achieve 

acceptable washfast properties without the use of a mordant (Mock, 2002). They are relatively 

inexpensive and are one of the most common dyestuffs used in industry after reactive dyes. The 

colorfastness of direct dyes falls in the poor to fair range. Because of this, direct dyes are 

commonly used in low-cost goods, minimally washed upholstery, or pale shade colors (Farrell, 

2012).  

Direct dyes are derived from non-azo chromogens such as metal phthalocyanines 

containing sulfonamide groups that are synthesized (Vigo, 2002). They bond to fiber through 

hydrogen bonding, or Van Der Waals interactions. These weaker bonds are in relation to the size 

of direct dye molecules. They are linear large molecules, which have more difficulty in bonding 

and penetrating than smaller molecules (Farrell, 2012). The structure of the dye and its 

substantivity to cellulose is aided by the coplanar aromatic structures that can align themselves 
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parallel to the cellulose chains and provide more accessibility of the dye to the fiber (Vigo, 

2002). Added electrolytes take away the negative charge of the cellulose fiber to attract the direct 

dye anion, and promote exhaustion. The colorfastness of direct dyes can be improved with after-

dyeing treatments. The treatments, however, tend to cause a change in hue that makes shade 

correction and color matching more difficult (Broadbent, 2001). An example of the linear 

molecule of direct dye is found in Figure 4. 

 
Figure 4: CI Direct Blue 106 (51300) Broadbent, 2001 
 
Direct dyes are divided into three subclasses based on their leveling and migration 

characteristics. Class A dyes are self-leveling with known good migration. They have lower 

substantivity which requires greater amounts of salt for better exhaustion. For best results of 

leveling and fiber penetration, dyeing is most proficient at 100°C (Broadbent, 2001). Most class 

A dyes are monoazo or disazo with at least two solubilizing groups (Chattopadhyay, 2011).  

Class B dyes are more salt sensitive than class A and have poor leveling characteristics 

when compared with class A. These salt sensitive dyes are controlled by careful salt addition 

thus require more careful control of salt in the bath compared to class A direct dyes. Their 

molecular weight is higher, but they have similar dye migration as class A dye (Broadbent, 

2001). Class B dyes are diazo dyes with three to four solubilizing groups.  

Class C dyes have the poorest migration and are salt sensitive. To ensure level dyeing 

with class C dyes the temperature and amount of salt in the dye bath must be carefully 
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controlled. The dye baths containing these dyes must be heated gradually to the boiling point for 

optimal results (Broadbent, 2001).  

2.1.4.4 Sulfur dyes  

Sulfur dyes were first introduced in 1893. The production of sulfur dyes is inexpensive 

which is advantageous when dyeing dark hues (such as black) as they require greater levels of 

dye concentration. In 2007, sulfur dyes were the third highest produced dyes at 8500 tons 

(Nguyen & Juang, 2013) and they are known to have poor to moderate colorfast properties 

(Farrell, 2012). There is little information regarding their molecular structure, as the dyes’ 

composition can take on a variety of shapes. An example of two of the few known structures are 

in Figure 5. 

  
Figure 5: Two Sulfur Dye Structures (Zucca et al, 2016) 

 
Sulfur dyes contain loose sulfur and liberate hydrogen sulphide when treated with acidic 

solutions of reducing agents (Broadbent, 2001). Sulfur dyes are polymeric, and have sulfur 

containing aromatic heterocyclic units. Common units include thiazines, and thiazoles linked by 

di- or polysulphide bonds (Broadbent, 2001). They share many properties with vat dyes, 

including a similar application process (Rivlin, 1982). They too are an insoluble pigment 

converted into a leuco compound by reduction and then oxidized in the fiber (Broadbent, 2001). 
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Sodium sulfide is more commonly used for the reduction bath than sodium hydrosulfite and 

sodium hydroxide which are more common in vat dyeing.  

2.1.4.5 Azoic dyes  

Azoic dyes were introduced in 1911 and are known for their ability to produce deep 

shades of orange and red which are typically known to perform poorly in light and washfast 

testing. Azoic dyes improved colorfastness for these hues, offering more acceptable properties 

and scores. They are not commonly used however, due to the accessibility and success of fiber 

reactive dyes (Broadbent, 2001). An example of orange azo dye is in Figure 6.  

 
 
 
 
 
 
 
 

 
Figure 6: Azo Dye Structure (Kim, 2011) 

 
Azoic dyes are formed inside the substrate during dyeing. The process includes the 

reaction of water-insoluble mono or bi-azo compounds that need a diazonium ion with a 

coupling component (2-naphthol) (Broadbent, 2001). The dyeing process includes initially 

applying an alkaline solution to the cotton fabric. Alkaline solution makes the naphthol water-

soluble. The fabric is then immersed into the solution until full saturation is achieved. The 

substrate is then treated with an acidic solution of diazonium ion to complete the coupling and 

produce color (Chattopadhyay, 2011). It is then washed to remove unfixed pigment particles. 

The reaction takes place at lower temperatures and so they are sometimes referred to as “ice” 

dyes. There are four subclasses of azo dyes based on affinity (Fu, 2016). These include low 

substantivity, medium substantivity, high substantivity, and very high substantivity. The higher 

A (Acceptor) = NO2, CN 
D (Donor) = OH, NHR, NR2 
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the substantivity, the better it will perform in wet and dry crocking due to less azo pigment 

forming on the fiber surface. 

2.1.4.6 Reactive dyes  

Reactive dyes were introduced into the market around 1956 (Fu, 2016) and these dyes 

chemically react with the fiber to form covalent bonds (Mock, 2002). Reactive dyes can be a 

monofunctional or bifunctional dye. In the monofunctional dye, there is only one reactive dye 

subclass. Bifunctional dyes have two, and they can be either from the same or separate reactive 

dye subclasses. In 2009 it was estimated that almost 45% of all textile dyes produced annually 

are classified as reactive dyes as they are extensively used in dyeing cellulosics such as cotton, 

linen, and rayon (Tunç, Ö. et al, 2009).  

The advantages of reactive dyes include wide hue variety, excellent wet and dry crocking 

and washfastness results, high solubility, levelness, and easy replication in practical dye 

conditions. Limitations related to reactive dyes include cost, need for salt in the dye bath, and 

hydrolysis. Rinsing the substrate after dyeing to remove these unfixed dye assists in achieving 

the excellent colorfastness properties (Fu, 2016).  

Reactive dyes react with the cellulose hydroxyl group in alkaline conditions resulting in 

the formation of covalent bonds between the dye and substrate (Sood, 2000). Covalent bonds are 

stronger than hydrogen bonds, and Van Der Waals forces. They can be close to strength to ionic 

bonds. Each type of  bond and its interaction energy is presented in Table 2.  
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Table 2: Chemical bond energies (Broadbent, 2001) 

Type of Bond Type of Bond Energy (kJ mol-1) 
Ionic 700 
Covalent 400 
Hydrogen bond 40 
Dipole-dipole 5 
Dispersion forces 5 

 
The dye structure contains a reactive (electrophilic) group which differentiates this dye 

from other dye class structures (Fu, 2016). Reactive groups can be categorized into four 

heterocyclic ring groups, including triazines, vinyl sulfones, quinoxaline, and pyrimidines, each 

with a variety of halogens as leaving groups (Vigo, 2002). Within the four heterocyclic ring 

groups the variations of halogens create eight types of reactive dyes (Figure 7). Each individual 

dye varies in reactivity, and temperature needed for the dyeing process.  

 
Figure 7: Eight Reactive Subclasses of Reactive Dyes (Broadbent, 2001) 
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Halogens present in the eight reactive dye types react with the hydroxyl groups by 

different nucleophilic reaction types, which lead to variations between the types of dye. Reactive 

dyes require large amounts of salt and alkali to facilitate dye migration to the substrate (Sood, 

2000).  

2.1.4.7 Triazine  

Triazine based reactive dyes make up four of the eight types (Figure 7 (1),7 (2), 7 (3), 7 

(7)), have a base structure of a heterocyclic ring with three nitrogen atoms, and there is variation 

in the leaving group that is attached to the heterocyclic ring. These elemental differences affect 

the reactivity of each dye within the triazine subclass.  

DCT (Figure. 7 (1)) are known to have the highest level of reactivity of all triazine based 

subclass dyes (Mock, 2002) since two chlorine atoms leaving atoms are attached to the 

heterocyclic ring. DCTs are used in low temperature settings, ideally not exceeding 120°F 

(Mock, 2002). An example of a DCT reaction is in Figure 8. 

 
Figure 8: DCT Reaction (Chattopadhyay, 2011)   

 
MCT (Figure 7(2)) structure varies from the DCT by having one chlorine leaving atom 

and one amine attached to the heterocyclic ring. MCTs can dye efficiently at higher temperatures 

(but that in return requires more energy).  

This substitution reaction occurs as the chlorine atom acts as the leaving group. One 

hydroxyl group (on the cellulose) replaces the leaving group on the triazine ring resulting in the 

covalent bond between the dye and molecule. Triazine reactions occur in alkaline conditions and 
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cause an acidic dissociation on the hydroxyl groups of the cellulose (Broadbent, 2001). The 

reaction then allows the chromophore to penetrate and form a covalent bond to the fiber.  

2.1.4.8 Pyrimidine 

The Pyrimidine subclass contains two of the eight sub-subclasses in Figure 7 which 

include TCP (Figure 7 (4)) and DFCP (Figure 7 (5)). The structure contains two nitrogen atoms 

within the heterocyclic ring (Mock, 2002). The TCP contains three chlorine atoms single bonded 

to the heterocyclic rings, while the DFCP contains one chlorine and two fluorine atoms. The 

TCP will have a higher level of reactivity than DFCP because of the chlorine atoms. Reactions 

with pyrimidine dyes follows a similar process to the reaction of a triazine dye, as shown in 

Figure 9. 

 
Figure 9: TCP Reaction (Mock, 2002)  

 
The level of reactivity can be altered on the pyrimidine heterocyclic ring by changing the 

position or atoms of the leaving groups in the ring (Horton, 2009).  

2.1.4.9 Vinyl Sulfone (VS) 

VS dyes (Figure 7 (6)) do not contain a halogen in their electrophilic group which is 

different from the other subclasses (Mock, 2002). “An ether linkage is formed with the cellulose 

through a nucleophilic addition to a carbon – carbon double bond” (Broadbent, pg. 335, 2001). 

VS is the only reactive dye subclass to react with nucleophilic addition. This reaction allows for 
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more opportunities to combine functional groups over nucleophilic substitution. An example of 

the dye molecule is found in Figure 10. 

 
Figure 10: Vinyl Sulfone Structure (adopted from Mock, pg. 166, 2002)  

 
 The substantivity of a VS dye is poorer, undergoes hydrolysis, and unfixed dye washes 

off more easily than the dyes in the triazine subclass.  

2.1.4.10 Quinoxaline 

The Quinoxaline reactive subclass (Figure. 7 (8)) utilizes heteroatoms as the reactive 

structure. This subclass varies from of others as it does not have the typical bridging group in the 

reactive dye structure. Instead of nitrogen based bridging, quinoxaline dyes use an 

chlorocarbonyl because it makes the structure slightly more reactive (Horton, 2009). DCQ has a 

lower level of reactivity compared to the other reactive dye subclasses (Fu, 2016). They also 

require higher temperatures for fixation to occur. 

2.1.4.11 Bifunctional reactive dyes  

A reactive dye with one reactive group is classified as monofunctional. When two or 

more reactive groups are present, it is a bifunctional dye. If a monofunctional hydrolyzes, the dye 

cannot complete the fixation process and goes to waste (Karapinar, 2007). The purpose and 

advantage of bifunctional reactive dyes are to give the dye increased opportunity for fixation, 

thus lowering the amount of dye in the effluent, and giving a more uniform degree of fixation 

over a wider range of dyeing temperature  (Horton, 2009). Having two sites for reaction allows 

fixation to still occur even if part of the dye hydrolyzes, so it is not wasted. 

Bifunctional reactive dyes are classified as homobifunctional, meaning they contain two 

identical reactive subclass structures, or heterobifunctional meaning they contain two different 

Dye – SO2 – CH – CH2 (Active Vinyl Sulfone form) 
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reactive subclass structures, (Horton, 2009). Additional reactive groups increase the size of the 

molecule, thus increasing the molecular weight. A larger molecular weight increases mechanical 

properties. This increase can also affect the molecules colorfastness performance, as larger 

structures have more difficulty penetrating into the fibers. According to Broadbent (2001), 

heterobifunctional dyes give more uniform degree of fixation over a wider range of dyeing 

temperatures than homobifunctional. 

2.2 Methods of dye application to cellulosic fabrics  

2.2.1 Introduction 

Color can be applied to a substrate in the fiber, yarn, fabric, or garment forms. Dyeing 

machinery is commonly categorized as continuous or batch based on the amount of fabric that 

can be dyed in the process. Manufacturers choose the process based on the form of the material, 

size of the dye lot, and quality requirements, and available equipment.  

Continuous dyeing applications are commonly used for woven fabrics and can also be 

used for warp yarns (Perkins, 1996). They are typically used for large, long runs of fabric in one 

color. A series of rolls guide the fabric through the range. The fabric is dyed in open width and 

moves through the equipment once. Scouring, washing, and drying can also take place on a 

continuous range. Fabric can continually be sewn onto to keep the process going. Padding is a 

critical step to give uniform add-on of dye across the width and along the length of the fabric. A 

continuous process runs at a typical line speed of 50-250 meters per minute (Raja, 2014). Fabric 

dyeing with continuous dyeing applications are known as pad dyeing. Continuous dyeing 

processes also work for warp yarns, which is known as chain dyeing. Continuous ranges are 

disadvantaged by their limited color control. 
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Batch processes (also known as exhaust dyeing) can be used at the fiber, yarn, fabric, or 

garment stage. Fabrics dyed in a batch system are typically between 50-100 meters in length, 

depending on the weight of the fabric (Broadbent, 2001). In the batch process, dye is gradually 

transferred from a large volume dye bath to the material over a relatively long period of time. 

Batch dyeing machines have three general configurations: fabric is circulated through a bath, the 

dye bath is circulated through a stationary material, or both the bath and material circulate, 

exampled in Table 3. As they are closed system, they can create pressure and can dye at very 

high temperatures.  

Table 3: List of batch dyeing configurations  
 

Configuration type Material stage Machinery 
Fabric is circulated through bath Fabric, Garment Jig dyeing, Pad dyeing 
Dye is circulated through stationary 
material 

Fiber, Yarn, Fabric Package dyeing 

Bath and material both circulate Fabric Beck dyeing, Jet dyeing 
 

2.2.2 Continuous application 

2.2.2.1 Pad Dyeing 

The steps in continuous processing include a dyeing, padding, steaming, drying, and 

finishing. Continuous ranges have the advantage of ability to dye at room temperature. Lower 

temperatures along with padding minimize shade variation along the length of the fabric (known 

as tailing) (Broadbent, 2001). Fixation of the dye to the fabric occurs during the steaming 

process of pad dyeing. The fabric is passed through a zone filled with saturated air-free steam for 

approximately one minute (Broadbent, 2001). Immediately after steaming, the fabric is dried 

with steam-heated cylinders. 

Pad dyeing is commonly used for cellulose fabrics with reactive dyes. The fabric is first 

padded on a separate range with alkali, and any auxiliary chemical specifically needed for the 



   

29 
 

process. The fabric is then rolled and stored for a number of hours to let the solution react with 

the substrate. The rolling up and storage of material is known as batching. This process can be 

applied in an ambient temperature, however warmer climates decrease the time needed for 

batching. Completed batched fabrics are then able to run through the continuous range. Other 

wet processing steps such as bleaching and scouring can be completed in a pad-batch method.   

2.2.3 Batch application 

2.2.3.1 Piece - Beck Dyeing 

Beck dyeing (also known as winch dyeing) is one of the oldest forms of piece dyeing and 

is suitable for a wide variety of fiber types and fabric constructions. Becks machines tend to be 

more resource heavy when operating. They may take several hours to complete a dyeing process, 

resulting in the need for higher levels of water, chemicals, and energy (Cassidy & Parikshit, 

2018). The typical liquor ratio is around 15:1 or higher. It is possible to have temperature 

variations during dyeing which can cause variations in depth of shade throughout the length of 

the fabric (Cassidy & Parikshit, 2018). An example of a beck dyeing machine can be found in 

Figure 11.  
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Figure 11: Beck Dyeing Schematic (Broadbent, 2001) 

 
Beck machines consist of a reservoir which holds the dye bath, a reel and an idler roll that 

moves the fabric through the reservoir. The fabric length can run anywhere from 50-100 meters 

and has its ends sewn together to form a continuous loop around the rollers. The fabric is 

wrapped around the reel multiple times and each wrap separated by a peg. The fabric is pulled 

through the dye solution and out over the idler roll. The fabric continues to rotate down the back 

wall of the beck and gradually makes its way to through the dye bath and over the reel again. The 

curve of the back wall allows fabric layers to slide down dye liquor easier, and can accommodate 

crease prevention with the steepness of the slope. The shallower, more gradual slope helps 

prevent creasing (Perkins, 1996). Peg rails extend the length of the machine to separate each 

fabric loop and prevent tangling. Steam is injected into the machine to heat and agitate the bath. 

An atmospheric beck can dye at lower temperatures up to 100° C and a pressurized beck can dye 

temperatures higher than 100° C.  

2.2.3.2 Piece - Jet Dyeing 

Jet dyeing is similar to beck dyeing as the fabric is sewn into a continuous loop; however, 

it differs from beck dyeing because of its transport mechanism and machine layout. Jet dyeing 
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cycles are shorter than beck cycles and can work with a lower liquor ratio. It was developed to 

improve jig and beck methods as they used higher amounts of water and time to dye material 

(White, 1998). The closed system helps maintain optimal conditions. Jet dyeing is versatile as 

other than dyeing it has the capability of washing or bleaching fabric. A schematic of jet dyeing 

equipment is found in figure 12. 

 

Figure 12: Jet Dyeing Machine (Broadbent, 2001) 

In jet dyeing, both the fabric and liquor moves through the tubular structure of the 

machine. The closed tubular system contains a cloth guide for each loop of fabric, a belly of 

partially or fully flooded dye bath, and a powerful pump to circulate the liquor (White, 1998). 

The liquor moves through a heat exchanger outside the main vessel and back into the jet 

machine. The fabric rotates through the bath at a velocity of 200-800 meters per minute (Perkins, 

1996). Fully flooding the dye chamber discourages creasing as the fabric rotates out of the bath 

and back into the tube. Pressurizing the chamber equips this system for dyeing synthetic 

materials as it can reach temperatures over 100°C. Typical dyeing is around 130°C to improve 

dye utilization and fastness properties. Jet machines can operate at low liquor ratios such as 5:1.  
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2.2.3.3 Piece - Jig Dyeing 

Jig dyeing is one of the oldest methods of batch dyeing. Older equipment models were 

capable of working with fabric lengths of 500 to 1000 meters, however newer equipment is able 

to run up to 5000 meters of a fabric (Cassidy & Parikshit, 2018). This method of coloration is 

most efficient for easily creasing materials such as satins and taffetas (Broadbent, 2001). An 

example of a cross section of jig dyeing equipment is in Figure 13. 

  
Figure 13: Cross Section of Jig Dyeing Machine (Broadbent, 2001) 

 
In this method, fabric is treated on an open width, under tension. Rolled fabric is passed 

through a stationary bath and rewound on the other side. Once the fabric is fully passed through, 

then reversed and passed again through the bath and back onto the first roll. The process is 

repeated until the desired shade is achieved. The dye solution is heated by injection of live steam 

into the bottom of the bath through a perforated pipe. The overall structure of the equipment is 

closed to minimize heat loss to the atmosphere and keep temperature uniform in all parts of the 

fabric. The process is typically run at atmospheric pressure, but has the ability to run under high 

pressure in more modern jig designs.  
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2.3 Environmental impact of textile dyeing 

2.3.1 Introduction  

In 2017 the National Council of Textile Organizations (NCTO) reported that textiles and 

apparel was a $77.9 billion industry (Tantillo, 2018) and encompasses everything from fiber 

production to consumer disposal. The industry has been identified as primary contributor to 

sustainability concerns, both social and environmental. Under the umbrella of environmental 

concerns, water use, water pollution, energy consumption, and greenhouse gas emissions are just 

a few of the impact areas of textiles. Growing cotton and other natural cellulosic material 

requires agrochemicals (pesticides and insecticides) as well as excessive amounts of water 

(Stewart, 2017).  

Wet processing of cotton fabrics includes a number of processes such as scouring, 

bleaching, mercerizing (for cotton), dyeing, and washing. Each step in the process utilizes its 

own specific chemicals. Failing to remove these chemicals from the bath post dyeing results in 

environmental contamination (Saxena, Raja, & Arputharaj, 2017). Today, wet processing 

operations are most commonly found in India, China, and Bangladesh (Muthu, 2017).  

Recently developed nations receive little social and political attention, especially in water 

management related areas. Wastewater can be expensive to collect and treat; in 2017 there were 

reports of up to 60% of a city’s budget being spent on wastewater management (UNESCO, 

2017). For recently developed nations, such funds are needed in other areas such as supporting 

the economy.  

Energy is needed to heat the dye bath, and dry the textile post dyeing. The breakdown of 

energy consumption throughout the wet processing stages by weight is in Table 4. This reports 

information regarding the wet processing of cotton fabrics. Mills may produce thousands of 



   

34 
 

kilograms of fabric daily, and the amount of energy used in textile processing is varied 

depending on the end product.  

Table 4: Energy usage for wet processing of cotton fabrics per weight (Ciliz, 2003) 

Color Treatment Options Consumption of Energy 
(kWH/kg finished textile) 

Scouring/washing 1.4-3.6 
Bleaching/washing/drying 2.2-9.2 
Bleaching/dyeing/washing/drying 2.8-9.8 
Dyeing/washing/drying 2.2-5.0 
Finishing 1.7-3.4 

 
2.3.2 Water scarcity  

Over two billion people are affected by water scarcity, as they lack access to a safe water 

source for consumption (Mekonnen and Hoekstra, 2016). Increases in population, changing 

consumption patterns, and the expansion of irrigated agriculture, have been identified as the 

main drivers in both water demand and water stress (Mekonnen & Hoekstra, 2016). Areas with 

poor infrastructure are also more likely to experience more water stress (Jiang, 2009). Specific 

water scarce regions are found in Africa, South America, Asia, and the US. Of the over two 

billion people experiencing water scarcity for at least one month of the year, 1 billion of those 

are found in Asia, specifically India. Another 0.9 billion reside in specific areas of China. The 

remainder are found in Africa, and regions of South America. US water scarcity issues stem 

from irrigation and agriculture. Southwest regions of the US are the most water stressed (Snyder, 

2020). A visual breakdown of the most water scarce areas is provided in Figure 14.  
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Figure 14: Global Water Scarcity (Mekonnen & Hoekstra, 2016) 

Textile production utilizes fresh water which is problematic for all communities. In 

countries such as China where textiles are mostly produced (OTEXA, 2020), facilities are aware 

of water risk, and want more training, and financial support to implement cleaner production 

(McGregor, 2017). The factors that contribute to China’s water scarcity issues include uneven 

distribution of water resources, rapid economic development and urbanization as the population 

grows, and poor water resource management (Jiang, 2009). Rapid economic development and 

poor water management are factors in many countries experiencing water scarcity and will 

continue to be a global issue as consumption rates increase.  

2.3.3 Effluent and Wastewater 

The United Nations reports that high income countries treat approximately 70% of total 

generated wastewater, middle income countries treat approximately 28-38% of total generated 

wastewater, and low income countries treat approximately 8% of total generated wastewater 

(United Nations, 2017). In the United States, increasing public awareness of water pollution has 

resulted in strict legislation to protect the environment over time. In 1986, the US Environmental 

Protection Agency (EPA) passed the Emergency Planning and Community Right-To-Know Act 

(SARA Title III) which is what originally began the increase of amount and stringency of 
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regulations that apply to textile dyeing and processing (Christie, 2007). This act later led into the 

1990 Pollution Prevention Act, where legislation increased on federal, state, and local levels. 

Acts such as the clean water, and clean air came out of legislation as federal and state levels 

implemented regulations on air, water, wastewater, and consumer exposure. The regulations 

heavily impacted a companies abilities to manufacture in the United States. SARA Title III 

requires manufacturers to report on usage of hazardous chemicals (Christie, 2007).  States are 

able to set specific limits as to how much of a hazardous material a company can emit.  

Strict standards made globalization, or operations on an international scale for 

production, for textile goods more viable than manufacturing strictly in the US. The International 

Labor Organization reports that around 1970, the amount of textile workers in Malaysla, 

Bangladesh, and Korea increased drastically, as more factories were established. By 1996, China 

employed the most textile workers in the world (ILO, 1996). International production promised 

inexpensive labor and mass production because in poverty stricken areas there was a need for 

jobs. The poor infrastructure set in place let factories manufacture less expensively as money did 

not go into effluent treatment or building safety.   

One of the largest costs in manufacturing is waste and effluent handling and treatment. A 

major economic problem exists in the textile industry because costs of effluent treatment are 

rising based on government regulations for a less impacted environment (Schlaeppi, 1998). 

Waste minimization is optimal to beat the rising costs, however is difficult to implement in 

textile wet processing. This stage of production makes effluent that is expensive to filter, and 

may take more time than allotted (Schlaeppi, 1998).   

In 1994, 70 billion tons of textile wastewater was generated globally (EPA, 1994). In 

1997 it was reported that most textile dyeing and finishing companies’ in recently developed 
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nations discharge into sewers and publicly owned wastewater treatment plants (Bettens, 1997). 

In 2017 China accounted for nearly 54% of the world’s total textile production, and discharged 

over 2.5 billion tons of wastewater (Saxena et al, 2017). While the US has regulations in relation 

to dumping wastewater discharge, other countries have much higher dumping limits, or as 

previously stated, regulations that are not enforced. Some international governments, such as 

those in middle income countries have taken a more aggressive approach in updating legislation 

and enforcing environmental regulations. 

To remove contaminates from wastewater, there are a variety of options. Aerobic or 

anaerobic biological treatments are an option for both on-site and off-site treatment (Broadbent, 

2001). Microorganisms are mixed into the effluent, and allow a sludge (effluent and sewage mix) 

to settle. Use of aerobic or anerobic reduces biological oxygen demand (BOD) thus easing 

effluent treatment. Some water can be salvaged and reused with this method of treatment. 

Leftover sludge can be further treated and used as fertilizer, or sent to landfill (Broadbent, 2001). 

Two filtration methods, ultrafiltration and reverse osmosis (RO), are highly utilized 

wastewater treatment methods. They are the only filtering treatments that can remove salt from 

the wastewater. Ultrafiltration pushes water through a semipermeable membrane to separate 

contaminates. The membrane is a hollow fiber with a .02 microns (um) pore size, and filters 

water inside out providing a larger surface area for unwanted particles to adhere to (Woodard, 

2019). Membrane pore size for RO is approximately 0.5 um which is much smaller compared to 

ultrafiltration. RO filters from the outside, in. Combining these two methods, its is possible to 

remove organic and inorganic compounds. These methods are costly and some manufacturers 

have limited resources to invest in this technology. 
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 Globally, there is inconsistency in the standards for disposal of contaminated water. 

China has made strides to include more discharge parameters in hopes of discouraging the 

common practice of wastewater dumping (Wang et al, 2011). In 2015, China issued the Water 

Pollution Prevention and Control Action Plan, also known as the Water Ten Plan. The plan 

contains 10 general measures and 38 sub-measures to control pollution discharge and promote 

science and technology progress, while clarifying responsibilities by appointing specific 

government departments to each measure (China Water Risk, 2015). Textile facilities that are not 

in compliance risk being shut down. Germany and other European countries have fewer 

parameters, however the amount of production is much lower than that of China.  

2.4 Dyeing methods with lower environmental impact  

2.4.1 Introduction  

It is critical to reduce the amount of water usage in the textile dyeing process. In 2011 it 

was reported that the daily wet processing water consumption of an average sized textile mill 

having a production of about 8000 kg of fabric per day is approximately 1.6 million liters (Kant, 

2012). Twenty percent of the mills total water consumption comes from the textile dyeing 

process. To accommodate the growing population, which is expected to be at 9.8 billion by 2050 

(United Nations, 2017), it is estimated that global demand for water will increase by 30% 

(Boretti & Rosa, 2019). Textile converters will need to accommodate for the higher demand of 

goods which in turn will require a further increase resources including water and auxiliary. 

The resources currently used (specifically water) and waste generated is too high to 

continue production current manner. There have been methods explored to reduce the amount of 

water for textile dyeing which include lowering liquor ratios and introducing alternative medium 
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to carry the dye to the substrate. By reducing liquor, the amount of auxiliary used can also be 

lowered. Some of the new technology is effective with specific dyestuffs and/or substrates. 

2.4.2 Low liquor dyeing 

One critical way to achieve lower water usage with existing dyeing technology is by 

reducing the liquor ratio. Reducing the liquor ratio is a convenient way to reduce water 

consumption and lower emission rates, while using existing technology. Traditional dye bath 

liquor ratios range upward of 20:1 to 40:1 (Farrell, 2012), however newer technology can 

achieve liquor ratios as low as 8:1 to 5:1 on cellulose substrates and still maintain depth of color 

during dyeing (Lidyard, Woodcock, & Noonet, 1992). There are many factors to consider when 

changing dye baths to use a lower liquor ratio such as percentage of depth of shade, amount of 

auxiliary needed, and the amount of time. These imputes adjusted to the amount of reduced 

liquor affects the exhaustion and fixation (Irfam, Zhang, Syed, & Hou, 2018). Low liquor ratio 

dyeing also reduces the salt and alkali as they are added in grams per liter of the total liquor 

(Hussain & Wahab, 2018). Too much dye and auxiliary chemicals with not enough liquor can 

result in unlevel dyeing, or a spotty appearance.   

2.4.3 Supercritical Carbon Dioxide (SCCO2) 

SCCO2 is recognized as a leading edge of emerging technological development 

(Schlaeppi, 1998). Disperse dye travels in a pressurized chamber filled with the substrate and 

carbon dioxide, and utilizes the high temperature and pressure to penetrate the substrate (Saus, 

Knittle, & Schollmeyer, 1993). CO2 has the potential to be recycled, making this a closed loop 

system. Currently, SCCO2 cannot be used to successfully dye cellulose material. This method is 

currently only being used on polyester, but research is underway evaluating other synthetic 

materials.  
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2.4.4 Plasma 

Plasma is a treatment mostly used in pretreatment stages, but also has ability to carry dye. 

Plasma treatments are surface specific and do not affect any bulk properties of fibers 

(Ghoranneviss & Shahidi, 2017). The process relies on a constant flow of gasses, like helium or 

oxygen, into a pressurized chamber with the substrate (Kan et al, 2015). Gas is pumped at a 

constant pace and agitates the substrate and dye, resulting in their mixing. The use of plasma is 

limited by its high energy use and sensitivity to pressure. Incorrect processing can lead to 

damaging the plasma chamber, or possible combustion.  

2.4.5 Foam 

In traditional dyeing methods, an aqueous solution is used to transfer the dyes into the 

textile. Foam technology in the process of textiles, as a low add-on technology, uses foam to 

apply chemicals and colorants to textiles, resulting in large water and energy savings owing to 

the replacement of water with air (Yu, Wang, Zhong, Mao, & Tan, 2014). Foam can be defined 

as a coarse dispersion of a gas in a liquid (DaSilva, 1983) where air is trapped in a continuous 

outer liquid. The volume of chosen gas is much higher than the volume of liquid used (DaSilva, 

1983). “Thermodynamically, foam is considered to be in an unstable state” (DaSilva, pg. 38, 

1983).   

Foam dyeing is used in a continuous dyeing setting, as it can continuously disperse 

solution for a large length of fabric. In this process there is little to no effluent, as little liquid is 

used in the process and the foam. After dispersion of the foam on to the fabric surface, the 

bubbles collapse, the dye containing liquor penetrates into the fibers, and the fabric is padded to 

push the dyes and remove excess foam. Due to the already reduced liquor ratio, drying time is 

minimal. The reduced drying times leads to reductions in energy usage and costs.  
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Foam dye technology was introduced widely in the 1970s. Initially, there was much 

interest in the process, but it was not widely adopted throughout the industry. Its cost-effective 

procedure due to reduced resource use was the driver of its increasing interest (Booth, 1982). 

Faster dyeing speeds at lower wet pick-up rates also gave potential for more efficient 

manufacturing. In trials, foam dyeing resulted in poor quality dyeing due to non uniformity 

(Booth, 1982). Many of the initial issues have been eliminated or minimized with advancing 

technology which includes better equipment design for optimal foam dispersion. Original 

technology created in 1978 only applied foam to the bottom side of the fabric (Baker et al, 1982). 

While wet pickup was significantly lower, this caused the unlevel dyeing. By 1979, development 

was in place to add a top applicator, which was to be used to apply either the same dye mix, a 

resin, or a different dye mix to add more functionality to the technology (Baker et al, 1982). The 

addition of the top applicator was the first step in improving level dyeing. A cross sectional 

schematic from Greenview Economics, developers of the top and bottom foam applicators is 

found in Figure 15. 

  
Figure 15: Early Foam Applicator (Baker et al, 1982) 
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 Further advancements in the development of foam dyeing technology follow a similar 

structure to this 1979 model. Original applicators were knife coaters. They were rectangular in 

shape and included a blunt sheet that scrapped against the fabric to aid in spreading, 

compressing, and removing foam. These applicators were replaced with parabolic arms for more 

even foam dispersion. “With the development of equipment for foam technology and the serious 

shortage of natural resources in the twenty-first century, foam dyeing is attracting much attention 

once again” (Yu et al, pg. 266, 2014).  

2.5 Quality of Dyeing 

2.5.1 Introduction 

Standards are defined as “a set of characteristics or procedures that provide a basis for 

production decisions” (Glock & Kunz, pg. 98, 2005). They are put in place to ensure quality and 

performance for all. As much of textile development and production is international, it is critical 

to ensure specific requirements are met. Organizations such as the American Association of 

Textile Chemists and Colorists (AATCC), International Standard Organization (ISO), and others 

create and maintain standards to use as a baseline for quality or performance. Standard test 

methods specify the procedure and conditions of the test as well as the apparatus for determining 

or property of a product (Cohen & Johnson, 2011). The tests are traditionally performed in a 

laboratory setting under controlled conditions to maintain standardization during testing.  

Color performance is measured most commonly by colorfastness tests such as crocking, 

frosting, light, and laundering. Colorfastness is a materials’ ability to retain its original hue 

without fading or running. A material that experiences little color alteration when exposed to a 

fading force is said to have good colorfastness (Cohen & Johnson, 2011). Changes in color occur 

because of either decomposition of the dye in the fiber, or because of the removal of dye into an 



   

43 
 

external medium such as washing. There are three methods to measure colorfastness results 

which include greyscale, 9-step chromatic transference scale, and spectrophotometer. 

Dye quality is measured and defined in three areas including across the width of the 

substrate, along the length of machine direction, and through the substrate. These measurements 

can determine dye uniformity and level of penetration. Color may slightly change throughout a 

dye lot due to changes in application pressure, hydrolysis of the dye, or replenishing a dye bath 

with inconsistent measurements. Uniformity can be measured by a spectrophotometer to record 

L*A*B values. These values numerically show where the color falls on a color graph. This will 

be discussed further in an upcoming section.  

2.5.2 Measuring quality dyed fabrics  

ISO defines quality in two meanings: “1) the characteristics of a product or service that 

bear on its ability to satisfy stated or implied needs; 2) a product or service free of deficiencies” 

(ISO 9001). Customers and consumers may be looking for specific levels of performance, which 

can be defined though standardized testing. The term quality can ensure a consumer that the 

product will uphold multiple uses, washes, and wear. The following section further details the 

types of colorfastness testing and methods of assessment.  

2.5.2.1 Colorfastness 

Crocking is the transfer of color from one colored textile material to another by rubbing. 

The amount of dye transferred onto the clean crocking square is evaluated. The procedure is 

conducted under both dry and wet conditions. The use of a crockometer ensures standardization 

throughout the procedure. The fabric is rubbed 10 cycles with a white, 100% cotton crocking 

square. Dark shades are more likely to have poor fastness scores due to a higher amount of dye 

build up, which is the depth of shade of the dyed fabric with the increasing amount of dyestuff. 
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Unfixed dye on the surface of a fabric has a higher chance of rubbing off during crocking 

evaluations than fixed dyes (Cohen & Johnson, 2011). 

Lightfastness is the measurement of fading or color change when the fabric is exposed 

sunlight. Accelerated methods use a light source called the ‘Weather-Ometer’ that duplicates the 

sunlight spectral distributions in a controlled manner to accelerate the process. Lightfastness 

testing time can range from 10-160 hours of exposure depending on the end use of the fabric. 

Sleepwear is exposed on the lower end of around 10 hours, as the end use of this apparel should 

have minimal sun exposure. Suiting and day wear fabrics are exposed longer at around 40 hours, 

and drapery and canopy fabrics will be exposed in the weather-Ometer for 160 hours (Cohen & 

Johnson, 2011).  

Colorfastness to laundering tests measure the color fading and staining of dyed samples 

after washing. Textiles are expected to withstand frequent laundering so this testing allows for 

the assessment of resistance of the color of dyed fabrics to various washing conditions (Ahmad, 

et al, 2017). There are many methods of laundering tests to better simulate variations in washing 

conditions, as they may change with the materials target end use. AATCC’s specific laundering 

tests offer five variations of accelerated laundering (AATCC, 2019). The changing variables for 

each test include the temperature, total liquor volume, amount of detergent, chlorine, number of 

steel balls, and time (Ahmad, et al, 2017).  While each variable is different for each test, 

standards are put in place for the type of detergent, the extent of mechanical action (agitation), 

and the washing liquor-to-goods ratio (Broadbent, 2001). A laundrometer is used for accelerated 

testing. The equipment provides uniform mechanical action for each testing variation. Inside the 

laundrometer are multiple airtight tubes that hold the sample, liquids, and steel balls. The sample 

entered into each tube is sized according to the test variation being utilized.  
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Assessing the colorfastness results can be completed with subjective testing, or using a 

device to measure wavelengths. Greyscale is a subjective assessment for washfast testing based 

on the shade difference between washed and unwashed fabric. A score of one through five is 

obtained with one being a poor or significant color difference, and five is excellent or no color 

change. The test is carried out under a lightbox for more standardized conditions. Because this is 

a manual, subjective test, speculation bias is a possibility. Different observers see slight 

variations in color which may affect scoring. The standard greyscale for staining is shown in 

Figure 16. 

 
Figure 16: Grey Scale for Staining (Ahmad, et al, 2017) 

 
Another subjective method of evaluation includes the nine- step chromatic transference 

scale which has five hues including red, green, yellow, blue, and purple that are used to evaluate 

color transfer. For wet and dry crocking, any dye collected on the white crocking square is 

evaluated under the scale. The rating is a 1 through 5 scale where one is poor with heavy color 

saturation, and five is near perfect with no dye saturation. Scoring is completed in under a 

lightbox for standardization. Like the greyscale testing, this method is subject to speculation bias 

because it is a manual, subjective test. 
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Lastly, spectrophotometometry is to measure color in numerical output. The 

spectrophotometer measures the intensity of electromagnetic energy at each wavelength of light 

in a specified range (Craic, 2019). The machine consists of a light source, a device to focus the 

light, a shutter to collect the light form the sample, a monochromator to separate the light into 

wavelengths, and a detector to measure light intensity at each wavelength. This technique can 

also measure the redness/greenness, blueness/yellowness, and lightness/darkness of a given 

color. Translating the color to numerical terms assists in color matching. The use of a 

spectrophotometer eliminates observer bias. 

2.5.3 Factors affecting fastness properties 

Many variables impact fastness properties between a substrate and dye. Broadbent (2001) 

identified the following characteristics that impact fastness properties: (1) molecular structure of 

the dye, (2) the bond type of the dye to the fiber or the physical form present, (3) amount of dye 

present in the fiber, (4) the chemical nature of the fiber, (5) the presence of other chemicals in the 

material, and (6) the conditions prevailing during exposure.  

(1) The size and molecular structure of a dye affects fastness properties. Smaller sized 

molecules require less energy to diffuse into fibers whereas larger molecules will have more 

difficulty in diffusion and fixation to the substrate. The molecular weight of the dye can also 

impact the dyes ability to bond to the fiber. Lower molecular weight typically diffuses easier into 

fibers than heavier structures. 

(2) Dyes create bonds of varying strengths depending on the dye molecule. Covalent and 

ionic bonds create the strongest bonds while diapol, hydrogen, and Van Der Waals forces require 

much lower energies to break. A higher energy bond will have better absorption and fixation to 
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the fiber and thus result in better color fastness properties. Figure 7 in section 2.1.4.6 showed a 

bonds energy type. 

(3) The amount of dye present in the fiber affects how much dye is actually fixed to the 

fiber. Traditionally, darker shades require more dye to achieve the desired color. Dyes will 

absorb into the fiber until equilibrium is reached. Once all reaction sights are blocked, any excess 

dye will not have the ability to fix. Some dye will remain on the surface of the fabric. Not all dye 

may be removed in any after-washing procedures. Unfixed dye can rub off onto other surfaces 

through function or abrasion or migrate to other textiles with water.  

(4) Not all classes of dye can effectively color all types of substrates. For example, the 

category of a fiber (protein, cellulose, synthetic) can indicate what dyes it will accept. Synthetic 

fibers like polyester have a limited range of dyes. As a hydrophobic fiber, it requires a dye that 

will not dissolve into the water, but rather disperse in it. This is due to polyester being a long 

hydrocarbon with a high molecular weight (IARC, 2010). The many ester linkages make the 

structure slightly polar and thus only accept non-ionic dyes.  

In the case of protein fibers such as wool, ionic bonds are formed between the dye and 

the fiber. They require anionic dyes to react with their cationic charges. Acid dyes have no 

affinity to fibers when an ionic bonds cannot be formed (IARC, 2010). Cellulose fibers are 

hydrophilic and accept dyes that can be dyed efficiently with dyes that are water soluble, with 

the exception of water-insoluble vat and sulfur dyes. This must be taken into consideration when 

selecting dye and fiber combinations; incorrect pairs will not have affinity to each other and 

result in poor colorfastness.  

(5) It is possible for other chemicals and contaminates to be present in the substrate 

during any point of textile processing. Contaminants can be from natural origins such as oils and 
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waxes, or be from synthetic coatings for processes such as carding or weaving. If contaminates 

are hydrophobic in nature, they will interfere with wetting and later can cause significant 

coloration and color performance issues. Substrates must undergo scouring and other wet 

processing techniques to ensure removal of any coatings prior to dyeing. 

(6) Lastly, conditions during dyeing can affect everything from the color of the finished 

substrate to the performance of the color. Conditions include the temperature of the bath, the 

ambient temperature, the speed of the dyeing agitation, and the pH. Not adhearing to conditions 

needed for selected dyes can result in uneven coloration, dye hydrolysis, or performance issues. 

Each type of dye is unique and specific conditions are needed for successful dyeing. For 

example, acid dyes for protein fibers require acidic conditions or a lower pH. This differs from 

direct dyes which work better in less acidic conditions. Fabrics will perform irregular or poorly if 

subject to non-consistent conditions.  

2.6 Foam dyeing  

2.6.1 Sustainable Impact 

When compared with continuous dyeing of cotton with reactive dyes, water, energy, and 

chemicals are reduced up to 90% (Ondrey, 2018). Traditional dyeing requires approximately 400 

gallons of water per 100 yards of fabric. The utilization of foam can reduce this amount to about 

3.5 gallons of water per 100 yards of fabric (Ondrey, 2018). Foam dyeing is a reduced liquor 

method of coloration. Like low liquor dyeing, foam uses significantly reduced amounts of water, 

which is a main driver for this type of production. Decreasing the liquor ratio greatly reduces the 

footprint of the dyeing. In typical exhaust dyeing, the dye is gradually transferred from the dye 

bath to the substrate which requires more time. The reduction in water, energy, chemicals and 
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dyeing time reduces the cost of dyeing. Foam dyeing can achieve sustainable standards without 

compromising performance of dye.  

 A study conducted in 2013 assessed depth of color between foam and conventional 

dyeing. It assessed factors of dyed fabrics including wet pick-up, fixing agent, foam stabilizer, 

and blow ratio, and total consumption between foam dyeing and conventional exhaust dyeing 

(Yu et al, 2014). CI Reactive Red 120 was used on untreated plain weave 100% cotton fabric. 

The study measured the depth of color with the Kubelka-Munk equation (K/S) which is defined 

as the absorption (K) and scattering (S) coefficients and the concentrations of the colorants on 

the sample with its overall reflectance (Broadbent, 2001) to discuss the dye fixation rates. The 

study showed that conventional dyeing required a higher wet pick-up rate of around 60-100%. 

The higher wet pick-up reduced the K/S value of the conventional dyed sample. The foam dyed 

counterpart operated at a 30% wet pickup which significantly lowers amount of water usage and 

increases the intensity of the color. Dyestuff with increased build-up is favorable for achieving 

darker shades. Color depth aids in color uniformity during distribution. It prevents loose, watery 

color spots, or water bubbles that can stain the surface of the fabric. Before application of color, 

the dye dispenser has to build up pressure. The fabric will not have uniform coloration without a 

build-up of dye in the applicator. Foam dyeing achieved a better build-up than the conventional 

dyeing method. A comparison between foam and conventional dyeing when the amount of 

dyestuff remaining constant is found in Table 5.  
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Table 5: Comparison of foam vs conventional dye (Yu et al, 2014) 

 Foam Dyeinga Conventional Dyeing 

Wet pick-up, % 30 80 
Speed, m min-1 80 40 
Water consumption, kg 300 1600 
Electricity, kWh 23.54 122.29 
Dosage of NaCl, kg 0 64 
Dosage of Na2CO3,  kg 4.50 12 
Dosage of SDS, kg 0.60 0 
Dosage of stabilizers, kg 0.21 0 

aData from the foam dyeing and conventional dyeing of 1 metric ton of cotton fabric 

In Yu et. al’s study, the data and calculations did not include water for washing process 

(which was considered to be equal for each method of dyeing). The use of water was calculated 

from the fabrics wet pick-up and evaporation during the drying process. This study showed that 

when foam dyeing was compared to conventional dyeing, foam dyeing resulted in a reduction in 

81.25% of water and 80.75% of electricity consumption. 

Further, colorfastness to crocking, both wet and dry and wash fastness results were 

similar for both dyeing methods. The AATCC TM8 wet and dry crocking results are shown in 

Table 6. 

Table 6: AATCC TM8 crocking results of foam vs. conventional (Yu et al, 2014) 
 

 Wet and Dry Crocking    

 Dry  Wet  
CI Reactive Red 
120, % owf 

Foam 
Dyeing 

Conventional 
Dyeing 

 Foam 
Dyeing 

Conventional 
Dyeing 

0.3 5 5  4 3-4 
0.6 5 5  3-4 3 
0.9 5 5  3-4 3 
1.2 5 5  3 3 
1.5 5 5  3 2-3 
1.8 5 5  2-3 2 
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Variations in the dyeing process such as the liquor ratio, higher dye concentration, and 

the temperature are all known to impact color performance. Companies want to achieve certain 

aesthetics and performance of the materials, which factors into any decision making to change 

any textile processing. If a sample dyed from a reduced liquor process can achieve similar results 

to a conventional dyeing processes, then consideration can be given to replace older, resource 

heavy processes. The investment into equipment necessary to implement foam technology is 

large, but the savings in resources used will produce a return on investment, and lower operating 

costs. 

2.6.2 Foam Dyeing Process  

 The independent variables in foam dyeing include the fabric speed, the fabric tension, 

and the blow ratio. Each factor is determined based on the substrate used, its weight, and 

openness. The dyeing speed is based on how long it takes for the dye needs to migrate. Typical 

“efficient” foam dye ranges operate between 20 and 100 yards per minute (Ethridge, Malpass, & 

Tharpe, 2018). The speed must remain at a constant so the foam does not sit for too long on the 

fabric surface and cause any streaking issues. Oppositely, foam that is removed too quickly does 

not have enough time to create bonds with the substrate, resulting in a greater amount of unfixed 

dye. 

The fabric tension is critical for uniform dyeing across the width of the fabric. Lower 

tension results in an ombre appearance with darkened edges and a lightened center part. For 

uniform dyeing the fabric must be taut, but not stretched. Lastly the ratio of the volume of the 

gas to the volume of the liquid, blow ratio, is a critical factor that can range from 5:1 to 100:1. 

Generally a lower ratio is preferred. Information on fabric construction versus blow ratio from a 

study by Duke, 1979 in presented in Table 7. 
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Table 7: Blow ratio ranges based on fabric construction (Duke, 1979) 

Fabric Construction Blow Ratio Range 
Woven 6:1 - 12:1 
Knits  6:1 - 12:1 
Sliver knits 4:1 - 10:1 
Carpets  4:1 - 10:1 
Flocked/loop 6:1 - 10:1 
Upholstery 4:1 - 8:1 
Open weave (drapes) 8:1 - 15:1 
Nonwoven  4:1 - 8:1 

 
In this study, Duke (1979) collected information on the construction of the fabric which 

included the interlacing pattern, the thread count, and yarn size and the blow ratio range for 

optimal dyeing. He found that with an open construction and finer yarn, a higher blow ratio was 

used. For heavier weight, thicker yarns, or a tightly constructed fabric, lower blow ratios were 

used. This information is dated, and it is possible with newer technology that most blow ratios 

can be lowered further.  

Water, dye, and selected auxiliaries are all in the dye bath needed for foam dyeing. 

Surfactants such as foaming agents, are added to the initial bath to facilitate the generation of an 

aqueous foam to carry the dye. “Pure liquids and solutions which do not contain surface active 

solutes cannot form films or stability and in turn will not foam” (DaSilva, pg. 38, 1983). Once 

the solution is created, agitation is required to disperse air into the liquid. Agitation increases the 

surface area of the solution, resulting in stable, usable foam.  

Once the foam is generated, it is distributed onto the fabric. The pressure builds up in the 

parabolic arm to distribute even color. The fabric moves through a range with parabolic arms laid 

out over (top) and under (bottom) the fabric. The foam is forced through both top and bottom 

applicators and distributed onto the fabric. Once applied, the air bubbles slowly separate, and the 

liquid thins under the influence of gravity and spreads on the surface of the substrate. This step is 
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the adsorption of the dye into the fabric. Absorption then takes place as the dye solution 

penetrates the fibers, the fabric is then padded to remove any excess bubbles, foam, moisture, or 

unfixed dyes.  

2.6.3 Use 

Fabrics that are foam dyed are suitable for use in the apparel, home, or industrial sectors. 

In 2018, Wrangler publicly announced their adaption of foam-dyeing technology being used in 

their denim products. They were inspired to transition to foam technology due to rising energy 

costs, and the current global focus on water and conservation (Wrangler, 2018). The use of foam 

gives Wrangler a net reduction of energy use more than 90%. It also has resulted in a shorter 

production time and chemical use is reduced (Wrangler, 2018).  

There have been a few additional studies focused on foam dyeing including using 

polyoxyethylene ether as a foam controller (Chen et al., 2017), using hydrolyzed keratin as a 

foaming agent for foam dyeing of wool (Bhavsar et al., 2017), foam dyeing on knit fabrics 

(Shang et al., 2011), and mechanical conditions and composition of foams (Dawson 1981).  

The substrate receives a better quality of dye (measured by uniformity) if the structure of 

the fabric is more closed. Open structures are subject to spotting on the fabric surface from foam 

being forced with too much through the substrate. More closed, higher thread count fabrics show 

better color uniformity than the lighter weight, more open fabrics (E. Scholler, Applications 

Development Manager, Gaston Systems, Personal Communication, Conversation, Jan 2020). 
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CHAPTER 3 - Methodology 

3.1 Purpose Statement 

The purpose of this study is to evaluate the impact of specific dyeing variables on select 

colorfastness properties when benchtop and foam dyeing with cationized cotton. The variables 

researched include: 

• Evaluating the impact of dye type 

• Evaluating the impact of the level of pretreatment 

• Evaluating the impact of dye concentration 

• Determining if benchtop dyeing can be used as an accurate indicator when scaling 
a process to foam dyeing. 

 
3.2 Research Questions  

This research will explore the following questions: 

• How do the properties of the selected dyes within a class of reactive dyes affect 

the colorfastness properties of dyed pretreated fabric? 

• How does the level of pretreatment effect the amount of dye concentration and 
select colorfastness properties? 
 

• Can the same color be achieved with benchtop dyeing and foam dyeing? 

• Can benchtop dyeing accurately predict foam dyeing colorfastness properties? 

3.3 Goal, Scope, and Hypothesis 

The goal of this study is divided into two phases. The first Phase was to benchtop dye 

combinations of dye, and pretreatment at three levels of concentration, then test each fabric and 

collect data on the colorfastness performance of the dyed samples. The results from this Phase 

would identified combinations to repeat in foam dyeing in Phase 2. The second Phase was to 

take the selected sample combinations from Phase 1 and scale them up for foam dyeing. The 
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foam dyed samples were tested using the same colorfastness tests as Phase 1. Finally, Phase 1 

and Phase 2 samples were analyzed statistically to address the research questions. If the benchtop 

process could accurately predict the colorfastness properties of foam dyed samples, then a case 

can be better made for utilizing foam dyeing more in the industry. The scope includes various 

combinations of dye, concentration level, and pretreatment level to better understand the viability 

of foam dyeing. 

 The hypotheses for this study are: 

(Phase 1) H1: There is no significant difference between dye type and colorfastness     
scores  

(Phase 1) H2: There is no significant difference between level of pretreatment and 
colorfastness scores  

(Phase 2) H3: There is no significant difference between dye type and colorfastness 
scores  

(Phase 2) H4: There is no significant difference between level of pretreatment and 
colorfastness scores  

(Phase 1 and 2) H5: There is no significant difference between benchtop and foam dyeing 
colorfastness scores 

(Phase 1 and 2) H6: There is no significant difference between benchtop and foam dyeing 
L*A*B scores 

 
 

The alternative hypothesis is: 

(Phase 1) Ha1: There is a significant difference between dye type and colorfastness scores 
(Phase 1) Ha2: There is a significant difference between level of pretreatment and 

colorfastness scores 
(Phase 2) Ha3: There is a significant difference between dye type and colorfastness scores 
(Phase 2) Ha4: There is a significant difference between level of pretreatment and 

colorfastness scores 
(Phase 1 and 2) Ha5: There is no significant difference between benchtop and foam 

dyeing colorfastness scores 
(Phase 1 and 2) Ha6: There is no significant difference between benchtop and foam 

dyeing L*A*B scores 
 
 
 
 
 
 



   

56 
 

3.4 Experimental Design 

The experimental design for this project was 5 x 6 x 3 and the independent variables were 

dyes (5), fabric pretreatment levels (6), depth of shade (3), with 3 replications of each 

combination.  

3.5 Phase 1: Benchtop Dyeing 

In this stage, 6x8 inch fabric samples were benchtop dyed, padded, steamed, dried, and 

evaluated for colorfastness. Phase 1 colorfast test scores determined what variable combinations 

were carried forward to the foam dyeing in Phase 2. 

3.5.1 Materials 

A 100% cotton plain weave fabric with six levels of pretreatment (0g/L, 20g/L, 40g/L, 

60g/L, 80g/L, 100g/L)  supplied by JB Martin in Leesville, SC was used in this study. Level of 

pretreatment, fabric weight, and wet pick-up as provided by JB Martin are in Table 5. The five 

fabrics with pretreatment (B, C, D, E, F) all were identical base fabrics, however due to lack of 

availability the control fabric (A) weighted approximately 19.5% more than the average weight 

of the other fabrics. From observation, the yarn size and thread count appeared to be greater for 

fabric A than fabrics B, C, D, E and F however it was a 100% cotton plain weave fabric. This 

difference resulted in a wet pickup lower for fabric A than the other fabrics (77.9% vs. 84.21%). 

Fabric B, C, D, E and F had Oasis™ pretreatment applied in 20g/L increments from 20g/L to 

100g/L. All fabrics were supplied by J.B. Martin, a velvet manufacturer located in Leesville, SC. 

The wet pickup information was supplied by J.B. Martin. Fabric weight was calculated 

manually. Fabric weight was measured in accordance to ASTM D3776, option C (2017). 
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3.5.1.1 Fabrics 

Table 8: Fabric used in Phase 1 and 2 

Fabric Pretreatment 
Concentration 

Fabric Weight (0.5% of 
SqM) 

Wet Pick-Up 

Fabric A (Control) 0 g/L 177.4 g/sqm 77.90% 
Fabric B 20 g/L 147.3 g/sqm 84.21% 
Fabric C 40 g/L 149.6 g/sqm 84.21% 
Fabric D 60 g/L 147.7 g/sqm 84.21% 
Fabric E 80 g/L 147.2 g/sqm 84.21% 
Fabric F 100 g/L 150.3 g/sqm 84.21% 

 
3.5.1.2 Dye Bath Components 

The components in the dye bath included the dye and distilled water. There was no salt 

needed in the dye bath. For Phase 1, defoaming agent DoavinANS provided by Archroma was 

added to the steamer. The defoaming agent prevented the water n the steamer from bubbling up 

and damaging the samples. The conditions needed for dyeing with reactive dyes were a 37.7º C 

temperature, agitation, the fabric immersed in the dye bath for ten seconds, two minutes of 

steaming, and two minutes of drying. 

To determine if reactive dye class subclasses significantly impacted the selected 

colorfastness properties, five dyes from different subclasses were selected for use in the study 

(Table 9). Dyes were selected to represent both monofunctional (MCT, VS, and DCT) and 

bifunctional (FT/FT and VS/MCT). Of the bifunctional dyes, one is homobifuctional (FT/FT) 

and one is heterobifunctional (VS/MCT). The dyes selected also represent triazine (MCT,DCT, 

FT/FT), and Vinyl Sulfone (VS) heterocyclic ring groups.  
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Table 9: Dyes Used in Phase 1 and Phase 2 of Study 

Dye Subclass Monofun-
ctional 

Bifunctio-
nal 

Dye Provider CI 

Chromative red 
HT-3B Powder 

MCT X  Cote Color Reactive Red 
120 

Chromazol Red 
RB Powder 

VS X  Cote Color Reactive Red 
198 

Novacron 
Scarlet EC-6G 

FT/FT  X Huntsman Dyes Reactive Red 
267 

Red MX-5B DCT X  Orco Dyes and 
Pigments 

Procion Brilliant 
Red 5B 

Red BF-6BN VS/MC
T 

 X Orco Dyes and 
Pigments 

Reactive Red 
195 

 
All dyes selected for use had been identified as “red” dyes. The color red is known to 

have poorer colorfastness properties, due to their larger dye molecules. Dyes were all in a 

powdered form when received and were supplied by Cote Color (Spartanburg, SC), Huntsman 

(Woodlands, TX), and Organic Dyes and Pigments (Lincoln, RI).  

3.5.2 Dye Concentration Determination 

To determine the dye concentration that would accurately reflect what was used during 

foam dyeing, amounts up to 30g/L were evaluated, as thirty g/mL is the limit for the foam dyeing 

range. For the benchtop dyeing, 200mL of water was used for all dyeing processes. Foam dyeing 

concentrations had to be calculated down for the benchtop scale. The amount of dye needed for 

benchtop dyeing was calculated using the formula: 

𝐷𝑦𝑒./012/4
1000𝑚𝐿 = 𝑋𝑔/𝑚𝐿 ∗ 200𝑚𝐿 = 𝐵𝑒𝑛𝑐ℎ𝑡𝑜𝑝2/DEE14 

Where: 

Dye foam g/L: Ratio of dye concentration in grams per liter 

X: Calculated total from converting liters to milliliters 

200mL: Amount of H20 in milliliters 

Benchtop g/200mL: Total scaled down liquor ratio in grams per 200 milliliters 
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The medium and low concentration were selected based on ranges commonly used in 

industry (T. Heller, Plant Manager, JB Martin, Personal communication, conversation,  2019). 

Distilled water was used for all trials. There was no added salt or surfactant to the benchtop dye 

bath because the cationizing chemistry on the fabrics eliminates the need for additional auxiliary. 

The calculated amounts of dye and water are in Table 10. 

Table 10: Amount of dyes used for each concentration level 

Shade Level Dye (g) Water (mL) 
High 6g 200mL 
Medium 2g 200mL 
Low 0.5g 200mL 

 
The fabric sample size was a 6x8 inch rectangle and was large enough to cut out 

specimens for crocking and washfastness. To test for wet and dry crocking, a 2x5 inch sample 

was needed for each test. Testing washfastness required a 2x6 inch sample. Prior to dyeing, the 

samples were labeled, and conditioned for approximately 15 hours in accordance with ASTM 

test method D1776 (70º F and 60% relative humidity). 

3.5.3 Benchtop Dyeing Procedure  

All dyes were weighed using a Mettler Toledo scale model ML3002E/03 accurate to 

0.01g and transferred to a two hundred fifty milliliter beaker where two hundred milliliters of 

distilled water was added, the solution was agitated and heated to a temperature of 37.7°C. The 

fabric sample was then immersed into the dye solution mixture and stirred. After ten seconds, the 

sample was removed, padded at a PSI of 50, steamed for two minutes with a solution of 2L of 

water and 3mL of Defoamer ANS, and then dried in a Quincy lab Inc 40GCE-LT Gravity 

Convection Oven for two minutes, at a temperature of 160°C.  

The highest concentration dyeing was completed first. Each combination of variables was 

replicated in the dyeing process three times. The dyed samples were tested for colorfastness to 
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crocking in accordance with AATCC TM8 Wet and Dry Crocking. Each sample was evaluated 

using the AATCC 9 step chromatic transfer scale and scored from one indicating significant dye 

rub off to five indicating no dye rub off. Samples with a mean of 2.75 or above for wet crocking 

were considered as passing and were then evaluated with AATCC TM61 Option 2A Colorfastness 

to Laundering. The laudrometer was an Atlas Electric Devices Type LHD-EF, Model T.C. 

Samples were evaluated with the AATCC greyscale and scored from one indicating significant 

color change to five indicating no color change. The AATCC colorfastness tests are shown in 

Table 11. 

Table 11: AATCC Colorfast tests 

Test (AATCC) Name Year Grading Passing Score 
TM8 Colorfastness to 

Wet and Dry 
Crocking 

2017 9 Step 
Chromatic 
Scale 

>2.75 

TM61, 2A Colorfastness to 
Laundering 

2017 Greyscale >2.75 

 
Samples that received below a 2.75 in wet crocking in AATCC TM8 Wet and Dry 

crocking were dyed again, at the next lowest level of concentration and re-evaluated for wet and 

dry crocking. Samples receiving a mean of 2.75 or higher in wet crocking were then evaluated 

for AATCC TM61, Option 2A colorfastness to laundering. Samples that received below a 2.75 

average in laundering completed their trials and were not considered for scale up foam dyeing. 

Samples receiving a mean of 2.75 or higher were considered for Phase 2 foam dyeing. L*A*B 

measurements on samples that received above at 2.75 on both tests were recorded. 

3.6 Phase 2: Foam Dyeing 

3.6.1 Materials 

Twenty five combinations of dye, pretreatment level, and concentration received a 2.75 

or higher in color transfer results and so moved forward to Phase 2, foam dyeing. The fabric and 
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dyes utilized in Phase 2 are identical to Phase 1. In addition, a foaming agent called Unifroth 

1672 provided by UniChem, was added. 

3.6.2 Methods 

Due to the foam dyeing process, the wet pickup was lower than was used in Phase 1. Wet 

pickup had to be manually calculated using a wet sample that is padded and weighed with the 

Mettler Toledo scale. Wet pickup for foam dyeing was recalculated to be 30% with the equation:  

FGH2HI0J	LMN
OPQHGPR	LMN

	= Ratio of WPU 

The calculations for the treated fabric and control fabric are as follows 

Treated Fabric: ST.D)%
WE%

 = 2.807 

Control Fabric: XX.Y%
WE%

 = 2.597 

 
The dyebath total volume for foam dyeing was 4000 liters and the grams of dye needed 

for each combination was calculated as follows:  

 
Ratio of WPU x Dye concentration g/L x 4L H20 = Total weight of dye 

 
To determine the quantity of water needed for each combination, the following equation 

was used: 

WT-WFA-WDYE = WH20 

 
Where: 

WT = Total dye bath weight 
WFA = Weight of foaming agent 
WD = Weight of dye 

 
The amount of foaming agent was 120g with each trial. Components and quantities for all 

calculations are in Table 12. 
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Table 12: Dye Bath Formulations  
 

Shade Level Water Dye Foaming Agent 
High (30g/L) 3543.16g 336.84g 120g 
Medium (10g/L) 3767.72g 112.28g 120g 
Low (2.5g/L) 3851.93g 28.07 120g 
Low (Control) (2.5g/L) 3854.03g 25.97 120g 

 
 

3.6.3 Process 

A Mettler Toledo balance (model ML3002E/03) was used to measure all dye bath. The 

components were mixed for five minutes using a metal stirring rod attached to a drill at 40 RPM 

at room temperature and then transferred to the foam dyeing vat. A blow ratio of 30:1 was used. 

The foam was calibrated and when a delivery of even colored foam was being dispersed through 

both parabolic arms, a fabric run of two minutes resulting in approximately six yards of dyed 

fabric was completed. Fabric was padded at 50psi and steamed unit for 2 minutes at 180° F in the 

continuous unit. The steam was produced using distilled H2O. 

All of the dyed fabrics were evaluated with the same test methods used in Phase 1 and the 

L*A*B values were measured on a spectrophotometer. Results of foam dyed samples were then 

compared to the benchtop counterparts.  

Statistical analysis was completed for Phase 1 and Phase 2. Measures of central tendency 

were collected as well as ANOVAs and T-Tests to compare means of the AATCC testing, and 

L*A*B scores. The independent variables for each test were either the reactive dye subclass, or 

the level of pretreatment. Phase 1 and Phase 2 results were also compared to one another with 

ANOVA to find potential statistical differences between each dyeing method. 
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CHAPTER 4 - Results and Discussion 

4.1 Research Questions and Objectives 

The purpose of this study is to evaluate the impact of specific dyeing variables on select 

colorfastness properties when benchtop and foam dyeing with cationized cotton. The variables 

researched include:  

• Evaluating the impact of dye type 

• Evaluating the impact of the level of pretreatment 

• Evaluating the impact of dye concentration 

• Determining if benchtop dyeing can be used as an accurate indicator when scaling 
a process to foam dyeing. 

 
Specifically, this research looked at dye type, level of cationized cotton pretreatment, and 

depth of shade as independent variables and their impact on select colorfastness properties 

including wet crocking, and washfastness after dyeing. 

The data collected are presented, analyzed, and discussed in this chapter. For the analysis 

of each independent variable on the dependent variable, ANOVA was used. The analysis also 

only utilized data which was shown to be passing (received a mean score of ≥2.75 in each 

colorfastness test).  

4.2 Phase 1: Benchtop Dyeing 

In Phase 1, benchtop dyeing, five reactive dyes representing two of the four reactive dye 

subclasses were used. The dyed samples were measured for wet crocking (AATCC TM8), and 

laundering (AATCC TM61, 2A). The means and standard deviations of Phase 1 wet crocking 

results are reported in Tables 13 to 15. Samples that passed a means score of ≥2.75 are bolded. 
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Table 13: Means and standard deviation of AATCC TM8 wet crocking results at high 
level of dye concentration (Phase 1: Benchtop Dyeing) 

 
Wet Crocking Results at High Dye 

Concentration 
Dyestuff Pretreatment 

Level -gm/L 
Meanabc Standard 

Deviation 
MCT 0 1.5 0.0 

20 1.83 0.288 
40 2.33 0.288 
60 2.83 0.288 
80 3.33 0.288 
100 3.5 0.0 

VS 0 1.5 0.0 
20 2.5 0.0 
40 3.5 0.0 
60 3.5 0.0 
80 3.5 0.0 
100 3.5 0.0 

FT/FT 0 1 0.0 
20 1 0.0 
40 2 0.0 
60 2 0.288 
80 3.33 0.167 
100 3.67 0.167 

DCT 0 1 0.0 
20 2.25 0.288 
40 2.5 0.0 
60 2.83 0.288 
80 2.83 0.288 
100 2.83 0.288 

VS/MCT 0 1 0.0 
20 1 0.0 
40 2 0.0 
60 3.17 0.288 
80 3.5 0.0 
100 3.67 0.288 

 

aMean of 3 replications; bTransfer Scale 5=no transfer of color 1= high transfer of color; c≥2.75 
is bold 
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Samples that did not pass, having a mean score that was below 2.75, were dyed with the 

next lower level of dye concentration. Wet crocking was measured and is reported in Table 14. 

The wet crocking scores were determined with an AATCC greyscale, and the replications were 

averaged together. The scores will fall between one and five. The greater the mean is indicates 

the better the variable combination performed in the wet crocking test.  
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Table 14: Means and standard deviation of AATCC TM8 wet crocking results at medium 
level of dye concentration (Phase 1: Benchtop Dyeing) 

 
Wet Crocking Results at Medium Dye 

Concentration 
Dyestuff Pretreatment 

Level -gm/L 
Meanabd Standard 

Deviation 
MCT 0 2.5 0.0 

20 2.5 0.0 
40 4 0.0 
60 N/Ac N/A 
80 N/A N/A 
100 N/A N/A 

VS 0 3 0.0 
20 4 0.0 
40 N/A N/A 
60 N/A N/A 
80 N/A N/A 
100 N/A N/A 

FT/FT 0 2.17 0.288 
20 2.33 0.288 
40 4.33 0.288 
60 4.33 0.288 
80 N/A N/A 
100 N/A N/A 

DCT 0 2.33 0.288 
20 3.17 0.288 
40 3.5 0.0 
60 N/A N/A 
80 N/A N/A 
100 N/A N/A 

VS/MCT 0 1.83 0.288 
20 3.22 0.763 
40 4 0.0 
60 N/A N/A 
80 N/A N/A 
100 N/A N/A 

 

aMean of 3 replications; bTransfer Scale 5=no transfer of color 1= high transfer of color; 
cN/A=variable combination passed at previous level; d≥2.75 is bold 
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Table 15: Means and standard deviation of AATCC TM8 wet crocking results at low 
level of dye concentration (Phase 1: Benchtop Dyeing) 

 
Wet Crocking Results at Low Dye 

Concentration 
Dyestuff Pretreatment 

Level -gm/L 
Meanabd Standard 

Deviation 
MCT 0 3.5 0.0 

20 4.5 0.0 
40 N/Ac N/A 
60 N/A N/A 
80 N/A N/A 
100 N/A N/A 

VS 0 N/A N/A 
20 N/A N/A 
40 N/A N/A 
60 N/A N/A 
80 N/A N/A 
100 N/A N/A 

FT/FT 0 2.83 0.288 
20 4.5 0.0 
40 N/A N/A 
60 N/A N/A 
80 N/A N/A 
100 N/A N/A 

DCT 0 2.67 0.288 
20 N/A N/A 
40 N/A N/A 
60 N/A N/A 
80 N/A N/A 
100 N/A N/A 

VS/MCT 0 2.67 0.288 
20 N/A N/A 
40 N/A N/A 
60 N/A N/A 
80 N/A N/A 
100 N/A N/A 

 

aMean of 3 replications; bTransfer Scale 5=no transfer of color 1= high transfer of color; 
cN/A=variable combination passed at previous level; d≥2.75 is bold 
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Any variable combination that did not receive a passing score at the lowest level of dye 

concentration was not used in the foam dyeing segment of this study. The control fabric (0g/L) 

did not receive a passing score in either the DCT, or VS/MCT dyes.  

The means and standard deviation for Phase 1 change in color after washfastness scores 

are in Tables 16 to 18. A zero in standard deviation indicates that the means collected were 

consistent. 
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Table 16: Means and standard deviation of AATCC TM61, 2A washfast results at high 
level of dye concentration (Phase 1: Benchtop Dyeing) 

 
Washfast Results at High Dye Concentration 

Dyestuff Pretreatment 
Level -gm/L 

Meanabd Standard 
Deviation 

MCT 0 N/Ac N/A 
20 N/A N/A 
40 N/A N/A 
60 4.25 0.353 
80 4.5 0.0 
100 4.5 0.0 

VS 0 N/A N/A 
20 N/A N/A 
40 3 0.0 
60 3 0.0 
80 3.16 0.288 
100 3.16 0.288 

FT/FT 0 N/A N/A 
20 N/A N/A 
40 N/A N/A 
60 N/A N/A 
80 4.5 0.0 
100 4.5 0.0 

DCT 0 N/A N/A 
20 N/A N/A 
40 N/A N/A 
60 4 0.0 
80 4.5 0.0 
100 4.75 0.353 

VS/MCT 0 N/A N/A 
20 N/A N/A 
40 N/A N/A 
60 4.5 0.0 
80 5 0.0 
100 5 0.0 

 

aMean of 3 replications; bTransfer Scale 5=no transfer of color 1= high transfer of color; 
cN/A=variable combination tested at a different level of dye concentration; d≥2.75 is bold 
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Table 17: Means and standard deviation of AATCC TM61, 2A washfast results at 
medium level of dye concentration (Phase 1: Benchtop Dyeing) 

 
Washfast Results at Medium Dye 

Concentration 
Dyestuff Pretreatment 

Level -gm/L 
Meanabd Standard 

Deviation 
MCT 0 N/Ac N/A 

20 N/A N/A 
40 4.17 0.288 
60 N/A N/A 
80 N/A N/A 
100 N/A N/A 

VS 0 1 0.0 
20 2 0.5 
40 N/A N/A 
60 N/A N/A 
80 N/A N/A 
100 N/A N/A 

FT/FT 0 N/A N/A 
20 N/A N/A 
40 4.5 0.0 
60 5 0.0 
80 N/A N/A 
100 N/A N/A 

DCT 0 N/A N/A 
20 2.5 0.0 
40 4.5 0.0 
60 N/A N/A 
80 N/A N/A 
100 N/A N/A 

VS/MCT 0 N/A N/A 
20 4 0.0 
40 4.67 0.288 
60 N/A N/A 
80 N/A N/A 
100 N/A N/A 

 

aMean of 3 replications; bTransfer Scale 5=no transfer of color 1= high transfer of color; 
cN/A=variable combination tested at a different level of dye concentration; d≥2.75 is bold 
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Consistent with wet crocking scoring, sample mean values ≥2.75 were tested at the next 

lowest level of dye concertation. 

At the medium level of dye concentration, the VS in the zero and twenty g/L pretreatment 

level passed in wet crocking but failed in the laundering test. It was determined that their 

variable combinations would end, and they would not be re-tested. Most other samples passed in 

both the wet crocking and the washfastness and so testing moved forward to Phase 2 dyeing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



   

72 
 

Table 18: Means and standard deviation of AATCC TM61, 2A laundering results at low 
level of dye concentration (Phase 1: Benchtop Dyeing) 

 
Washfast Results at Low Dye Concentration 

Dyestuff Pretreatment 
Level -gm/L 

Meanabd Standard 
Deviation 

MCT 0 3 0.0 
20 3.67 0.167 
40 N/Ac N/A 
60 N/A N/A 
80 N/A N/A 
100 N/A N/A 

VS 0 N/A N/A 
20 N/A N/A 
40 N/A N/A 
60 N/A N/A 
80 N/A N/A 
100 N/A N/A 

FT/FT 0 1 0.0 
20 4.67 2.88 
40 N/A N/A 
60 N/A N/A 
80 N/A N/A 
100 N/A N/A 

DCT 0 N/A N/A 
20 N/A N/A 
40 N/A N/A 
60 N/A N/A 
80 N/A N/A 
100 N/A N/A 

VS/MCT 0 N/A N/A 
20 N/A N/A 
40 N/A N/A 
60 N/A N/A 
80 N/A N/A 
100 N/A N/A 

 

aMean of 3 replications; bTransfer Scale 5=no transfer of color 1= high transfer of color; 
cN/A=variable combination tested at a different level of dye concentration; d≥2.75 is bold 
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At the lowest level of dye concentration, the FT/FT at the zero-pretreatment level passed 

in wet crocking, but failed in washfastness. It was determined that testing of the variable 

combinations would end and would not be re-tested. Only three samples of the four tested 

received passing scores at the lowest level of dye concentration. 

Any variable combination that received passing scores in both wet crocking and 

washfastness were moved forward to the scaled up foam dyeing phase of the study. L*A*B 

readings for samples that passed were measured using a Datacolor Spectraflash SF600 

spectrophotometer. The variable combinations with their L*A*B scores are recorded in Table 19. 
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Table 19: L*A*B scores of benchtop dyed variable combinations that received above 
2.75 in both colorfastness tests (Phase 1: Benchtop Dyeing) 

 
L*A*B Results of Passing Variable Combinations 

Dye Level of 
Pretreatment 

Level of dye 
Concentrationa 

L* A* B* 

MCT 0 Low 76.55 33.28 2.51 
20 Low 65.20 45.29 2.50 
40 Medium 52.85 57.10 8.39 
60 High 45.57 61.40 15.69 
80 High 44.75 60.70 16.22 
100 High 44.20 60.92 16.92 

VS 0 N/Aa N/A N/A N/A 
20 N/A N/A N/A N/A 
40 High 43.33 45.01 0.37 
60 High 40.97 44.63 0.53 
80 High 39.72 43.95 0.48 
100 High 38.33 43.66 0.70 

FT/FT 0 N/A N/A N/A N/A 
20 Low 72.25 40.87 30.06 
40 Medium 61.25 54.52 45.18 
60 Medium 60.93 54.79 45.68 
80 High 55.40 60.07 52.81 
100 High 55.18 60.21 52.64 

DCT 0 N/A N/A N/A N/A 
20 Medium 50.18 54.90 6.25 
40 Medium 51.18 56.95 6.63 
60 High 42.35 59.44 12.80 
80 High 41.43 58.81 13.26 
100 High 40.65 58.79 14.01 

VS/MCT 0 N/A N/A N/A N/A 
20 Medium 51.71 52.76 0.78 
40 Medium 47.50 54.22 2.29 
60 High 41.05 55.18 6.44 
80 High 40.17 54.36 8.78 
100 High 38.99 55.00 8.55 

 

aN/A: variable combination did not receive passing scores at any level of dye concentration 
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4.2.1 Phase 1: Benchtop Dyeing Analysis 

4.2.1.1 Dye Type Impact on Wet Crocking Score 

The collected data from AATCC TM8 wet crocking and AATCC TM61 washfastness 

were each analyzed using a series of ANOVAs to determine if the dye type impacted the 

colorfastness results. For each ANOVA, the alpha significance levels is set to 0.05 and an 

analysis was completed for each level of dye concentration (high, medium, low). The ANOVAs 

were set up using the means of each wet crocking score. The mean values, standard deviation, 

standard error, and P-Values are presented in Tables 20 to 22 for wet crocking. For those 

ANOVA results where significance was shown, post-HOC analysis, Tukey HSD, was completed 

and these results are also included in the Tables.  

The hypothesis tested for each ANOVA was: 

(Phase 1) H1: There is no significant difference between dye type and colorfastness     
scores  

The alternative hypothesis is: 

(Phase 1) Ha1: There is a significant difference between dye type and colorfastness scores 
 

Table 20: ANOVA and Tukey HSD results of dye impact on wet crocking scores at high 
level of dye concentration (Phase 1: Benchtop Dyeing) 

 
ANOVA of Impact of Dye Type on Wet Crocking Score and 

Tukey HSD at High Dye Concentration 
ANOVA Tukey HSD 

Dye Mean 
Valueab 

Standard 
Deviation 

Standard 
Error 

P-
Valuec 

Dye 
Subclass 

Group 
A Group B 

MCT 3.22 0.348 0.114 

0.013 
 

MCT X X 
VS 3.5 0.0 0.088 VS X  
FT/FT 3.5 0.24 0.139 FT/FT X X 
DCT 2.83 0.0 0.114 DCT  X 
VS/MCT 3.44 0.259 0.114 VS/MCT X  

 

a1=poor, 5=good; bmean of all mean passing scores; cα = 0.05 
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The impact of dye type on wet crocking scores is significant at the high level of dye 

concentration. The Tukey HSD showed that the VS dye is significantly different from the DCT 

dye. The DCT dye is significantly different from both the VS and the VS/MCT dyes. 

This difference may be due to the reaction type that takes place with each dye. DCTs 

react by nucleophilic substitution (Figure 8) whereas VS reacts by nucleophilic addition (Figure 

10). Nucleophilic addition combine more functional groups than substitution reactions which can 

lead to more dye molecules having the ability to bond with the cellulose (Broadbent, 2001). 

More bonded dye molecules lowers the amount of unfixed dye leading to less dye rub off during 

wet crocking testing. 

Further, acidic molecules are known to result in better leaving groups (Mock, 2002). 

Vinyl Sulphones are more acidic than triazine dyes, leading to more opportunity for bonding. 

Even with lower levels of pretreatment the affinity is increased, and because the VS dyes are 

more reactive due to the acidity, a bond is more likely to occur. The DCT has the lowest mean 

wet crocking scores, indicating that it had high amounts of dye rub-off. VS had the highest mean 

crocking score, indicating lesser amounts of dye rub-off.  

There was no significance in the results between dye type and impact of wet crocking 

score in the medium and low levels of dye concentration (Tables 21 and 22). Both the 

bifunctional or monofunctional dyes can be utilized and, in this research, resulted in acceptable 

wet crocking scores. 
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Table 21: ANOVA results of dye type impact on wet crocking scores at medium level of 
dye concentration (Phase 1: Benchtop Dyeing) 

 
ANOVA of Impact of Dye Type on Wet Crocking Score at 

Medium Dye Concentration 

Dye Mean 
Valueab 

Standard 
Deviation 

Standard 
Error 

P-
Valuec 

MCT 4.00 0.0 0.202 

0.283 
VS 3.5 0.707 0.165 
FT/FT 4.33 0.0 0.165 
DCT 3.33 0.240 0.142 
VS/MCT 3.66 0.473 0.142 

 

a1=poor, 5=good; bmean of all mean passing scores; cα = 0.05 
 

Table 22: T-Test results of dye type impact on wet crocking scores at low level of dye 
concentration (Phase 1: Benchtop Dyeing) 

 
T-Test of Impact of Dye Type on Wet Crocking Score at 

Low Dye Concentration 

Dye Mean 
Valueab 

Standard 
Deviation 

Standard 
Error 

P-
Valued 

MCT 4 0.707 0.688 

0.763 
VS N/Ac N/A N/A 
FT/FT 3.66 1.18 0.688 
DCT N/A N/A N/A 
VS/MCT N/A N/A N/A 

 

a1=poor, 5=good;  bmean of all mean passing scores; cN/A: No information recorded because 
samples passed at previous levels of dye concentration; dα = 0.05 
 

4.2.1.2 Dye Type Impact on Washfastness Score 

The mean values, standard deviation, standard error, and P-Values for the impact of dye 

type on washfastness score are presented in Tables 23 to 25. If the P-Value was significant the 

Tukey HSD analysis is also included. Data was tested for hypothesis H1 and Ha1. 
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Table 23: ANOVA and Tukey HSD results of dye type impact on washfast scores at high 
level of dye concentration (Phase 1: Benchtop Dyeing) 

 
ANOVA of Impact of Dye Type on Washfast Score  

 And Tukey HSD at High Dye Concentration  
ANOVA Tukey HSD 

Dye Mean 
Valueab 

Standard 
Deviation 

Standard 
Error 

P-
Valuec 

Dye 
Subclass 

Group 
A 

Group 
B 

Group 
C 

MCT 4.41 0.144 0.083 

0.001 

MCT  X  
VS 3.08 0.092 0.064 VS   X 
FT/FT 4.5 0.0 0.102 FT/FT  X  
DCT 4.41 0.381 0.083 DCT  X  
VS/MCT 4.83 0.288 0.083 VS/MCT X   

 

a1=poor, 5=good; bmean of all mean passing scores; cα = 0.05 
 

The ANOVA results (Table 23) indicate that the impact of dye type on washfast scores is 

significant at the high level of dye concentration. The Tukey HSD indicates that the MCT dye is 

significantly different from the VS, and VS/MCT dyes. The VS dye is significantly different 

from the MCT, FT/FT, DCT, and VS/MCT dyes. The FT/FT dye is significantly different from 

the VS and VS/MCT dyes. The DCT dye is significantly different form the VS, and VS/MCT 

dyes. The VS/MCT dye is significantly different from the MCT, VS, FT/FT, and DCT dyes.  

VS received the lowest mean washfastness scores, while VS/MCT received the highest 

mean scores. Being a bifunctional dye, the VS/MCT has more reactive sites leading the dye to 

have a greater potential to bond to the cotton fabric. The increased number of reactive groups led 

to the bifunctional dye to have less unreacted dye on the surface. The washfast results are poorer 

in the VS and this is thought to be due to the increased amount of water and agitation. The VS is 

a monofunctional dye so there are fewer bonds created in comparison to bifunctional dyes. There 

is also a greater amount of unfixed dye because there are limited sites fort the amount of dye to 

find. There were no available sites for bonding to occur or the sites were difficult to access. 
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Further, the VS is the only dye that is not a triazine or has a triazine base included in the 

dye structure. The triazine based dyes withstood greater amounts of washing compared to vinyl 

sulphones. This is because VS dyes have poor substantivity, and are susceptible to hydrolosis at 

a quicker rate than triazine based dyes (Mock, 2002). Because the VS/MCT is a bifunctional dye, 

it can be speculated that due in part to the dye having multiple bonding points more of the dye 

molecules were able to create a bond, which led to less unfixed dye on the surface, and less dye 

washing off during laundering. Bifunctional dyes may be less likely to hydroloize because there 

are multiple bonds, and all would have to break for hydrolysis. If one bond hydrolyzes, there is 

still a chance that the other bonds can remain intact. If no bonds are created, it could be due in 

part to unfixed dye which can lead to dye wash off. 

The dye type did not show a significant difference in washfastness results (Tables 24 and 

25), at the medium and low levels of dye concentration. Lower dye concentration reduces the 

amount of unfixed dye on the surface of the substrate after the dyeing process is complete. 

Reactive dyes can have one to three reactive sites for reaction on monofunctional dyes and two 

to six sites on bifunctional dyes. As the number of reactive sites increase, there is a greater 

opportunity for a reaction between the dye and cotton fibers.  
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Table 24: ANOVA results of dye type impact on washfastness scores at medium level of 
dye concentration (Phase 1: Benchtop Dyeing) 

 
ANOVA of Impact of Dye Type on Washfast Score at 

Medium Dye Concentration 

Dye Mean 
Valueab 

Standard 
Deviation 

Standard 
Error 

P-
Valued 

MCT 4.16 N/A 0.961 

0.693 
VS N/Ac N/A N/A 
FT/FT 4.75 0.353 0.785 
DCT 3.41 1.53 0.679 
VS/MCT 4.3 0.424 0.679 

 

a1=poor, 5=good; bmean of all mean passing scores; cN/A: No information recorded because 
samples passed at previous levels of dye concentration; dα = 0.05 
 

Table 25: T-Test results of dye type impact on washfastness scores at low level of dye 
concentration (Phase 1: Benchtop Dyeing) 

 
T-Test of Impact of Dye Type on Washfast Score at Low 

Dye Concentration 

Dye Mean 
Valueab 

Standard 
Deviation 

Standard 
Error 

P-
Valued 

MCT 3.21 0.65 0.46 

0.318 
VS N/Ac N/A N/A 
FT/FT 4.67 N/A 0.65 
DCT N/A N/A N/A 
VS/MCT N/A N/A N/A 

 

a1=poor, 5=good; bmean of all mean passing scores; cN/A: No information recorded because 
samples passed at previous levels of dye concentration; dα = 0.05 
 

The analysis results of the washfast scores (Tables 24 and 25) were similar to the wet 

crocking results analysis (Tables 21 and 22). The amount of dye used for the high level of dye 

concentration resulted in more unfixed dye than the medium and low dye concentrations. At the 

high level of dye concentration, the amount of dye used was greater. With the increased amount 

of dye, the available and accessible reaction sites on the cotton had all reacted, resulting in less 

accessible remaining sites for which the excess dye molecules to react with. This resulted in a 
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significant difference in dye concentration results in overall wet crocking and washfastness 

scores.  

4.2.1.3 Level of Pretreatment Impact on Wet Crocking Score 

Results of AATCC TM8 were analyzed using ANOVA at high, medium, and low dye 

concentration to determine if wet crocking results were impacted by the level of pretreatment on 

the substrate. The results of each ANOVA are presented in Tables 26 to 28. Each ANOVA alpha 

was set to α = 0.05. The hypotheses tested for here were: 

(Phase 1) H2: There is no significant difference between level of pretreatment and 
colorfastness scores  

The alternative hypothesis is: 

(Phase 1) Ha2: There is a significant difference between level of pretreatment and 
colorfastness scores 

 
Table 26: ANOVA results of level of pretreatment impact on wet crocking scores at high 
level of dye concentration (Phase 1: Benchtop Dyeing) 

 
ANOVA of Impact of Level of Pretreatment on Wet 

Crocking Score at High Dye Concentration 
Level of 

Pretreatment 
Mean 

Valueab 
Standard 
Deviation 

Standard 
Error 

P- 
Valued 

    0 g/L N/Ac N/A N/A 

0.163 

  20 g/L N/A N/A N/A 
  40 g/L 3.5 0.0 0.199 
  60 g/L 3.08 0.320 0.092 
  80 g/L 3.29 0.275 0.079 
100 g/L 3.43 0.348 0.079 

 

a1=poor, 5=good; bmean of all mean passing scores; cN/A: No information recorded because 
samples passed at previous levels of dye concentration; dα = 0.05 
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Table 27: ANOVA results of level of pretreatment impact on wet crocking scores at 
medium level of dye concentration (Phase 1: Benchtop Dyeing) 

 
ANOVA of Impact of Level of Pretreatment on Wet 

Crocking Score at Medium Dye Concentration 
Level of 

Pretreatment 
Mean 

Valueab 
Standard 
Deviation 

Standard 
Error 

P-
Valued 

    0 g/L 3 0.0 0.240 

0.236 

  20 g/L 3.49 0.444 0.118 
  40 g/L 3.95 0.342 0.093 
  60 g/L 4.33 0.0 0.228 
  80 g/L N/Ac N/A N/A 
100 g/L N/A N/A N/A 

 

a1=poor, 5=good; bmean of all mean passing scores; cN/A: No information recorded because 
samples passed at previous levels of dye concentration; dα = 0.05 
 

Table 28: T-Test results of level of pretreatment impact on wet crocking scores at low 
level of dye concentration (Phase 1: Benchtop Dyeing) 

 
T-Test of Impact of Level of Pretreatment on Wet 

Crocking Score at Low Dye Concentration 
Level of 

Pretreatment 
Mean 

Valueab 
Standard 
Deviation 

Standard 
Error 

P- 
Valued 

    0 g/L 3.16 0.473 0.236 

0.057 

  20 g/L 4.5 0.0 0.236 
  40 g/L N/Ac N/A N/A 
  60 g/L N/A N/A N/A 
  80 g/L N/A N/A N/A 
100 g/L N/A N/A N/A 

 

a1=poor, 5=good; bmean of all mean passing scores; cN/A: No information recorded because 
samples passed at previous levels of dye concentration; dα = 0.05 
 

The results of each analysis (Tables 26 to 28) indicate that the level of substrate 

pretreatment did not significantly impact the wet crocking scores at the high, medium, or low 

levels of dye concentration. Table 26 indicates that the high dye concentration can be used with 

pretreatment levels of as low as 40g/L up to 100g/L and achieve acceptable washfast scores. The 

medium level of dye concentration can use as low as 20g/L up to 60g/L to achieve acceptable 

washfast scores. Cationized cotton absorbs dye quickly. Using a high level of pretreatment with 
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low levels of dye concentration will result in a very quick reaction and absorption, and there will 

not be enough dye to even out any inconsistencies. Lowering the level of pretreatment lets the 

dyes penetrate the fibers evenly. At low dye concentration, across all dyes, acceptable washfast 

results were achieved at pretreatment levels of 20g/L. When no pretreatment is used, the  fabric 

and dye do not have a substantivity. This results in less dye reacting with the substrate, and more 

unfixed dye on the surface. The dye would continue to fade with each wash, as there is less dye 

bonded to the substrate. Pretreatment specifically aids in reaction and absorbing more of the dye. 

4.2.1.4 Level of Pretreatment Impact on Washfastness Score 

Results of AATCC TM61, option 2A were also analyzed using ANOVA at high, 

medium, and low dye concentration to determine if washfast results were impacted by the level 

of pretreatment on the substrate. The results of each ANOVA are presented in Tables 29 to 31. 

Data was tested for hypothesis H2 and Ha2.  If the P-Value was significant the Tukey HSD 

analysis is also included.  

Table 29: ANOVA results of level of pretreatment impact on wet crocking scores at high 
level of dye concentration (Phase 1: Benchtop Dyeing) 

 
ANOVA of Impact of Level of Pretreatment on Washfast Score and 

Tukey HSD at High Dye Concentration 
ANOVA Tukey HSD 

Level of 
Pretreatment 

Mean 
Valuea 

Standard 
Deviation 

Standard 
Error 

P- 
Valued 

Level of 
Pretreatment 

Group 
A 

Group 
B 

    0 g/L N/Ac N/A N/A 

0.011 

0 g/L N/A N/A 
  20 g/L N/A N/A N/A 20 g/L N/A N/A 
  40 g/L 3 N/A 0.146 40 g/L X X 
  60 g/L 3.93 0.657 0.068 60 g/L  X 
  80 g/L 4.33 0.690 0.058 80 g/L X  
100 g/L 4.38 0.713 0/058 100 g/L X  

 

a1=poor, 5=good; bmean of all mean passing scores; cN/A: No information recorded because 
samples passed at previous levels of dye concentration; dα = 0.05 
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The ANOVA results (Table 29) indicate that the level of pretreatment has a significant 

impact on washfast scores at the high level of dye concentration. The Tukey HSD identifies the 

60g/L pretreatment to be significantly different from the 80g/L and 100g/L pretreatments.  

The cationizing pretreatment utilized in this research is made from polymeric reagents 

which are polymeric amines or amides. This pretreatment is more effective for pyrimidine, 

quinoxaline, and more acidic triazine based dyes (Cotton Incorporated, 2005). Polymeric 

reagents are less effective with vinyl sulphones and triazine dyes with less acidic leaving groups 

such as FT/FT. VS or FT/FT dyed samples will have a lower affinity to the pretreated sample 

and result in more unreacted dye on the surface which will come off during colorfast testing.  

The analysis results presented in Tables 30 and 31 indicate that the level of pretreatment 

had no significant impact on the washfast results at the medium and low levels of dye 

concentration. Using less dye results in smaller amounts of dye unfixed on the surface of the 

substrate. It also results in lighter colors. 

Table 30: ANOVA results of level of pretreatment impact on wet crocking scores at 
medium level of dye concentration (Phase 1: Benchtop Dyeing) 

 
ANOVA of Impact of Level of Pretreatment on Washfast 

Score at Medium Dye Concentration 
Level of 

Pretreatment 
Mean 

Valueab 
Standard 
Deviation 

Standard 
Error 

P- 
Valued 

    0 g/L N/Ac N/A N/A 

0.543 

  20 g/L 2.77 1.07 0.566 
  40 g/L 4.44 0.192 0.444 
  60 g/L 5 N/A 1.087 
  80 g/L N/A N/A N/A 
100 g/L N/A N/A N/A 

 

a1=poor, 5=good; bmean of all mean passing scores;  cN/A: No information recorded because 
samples passed at previous levels of dye concentration; dα = 0.05 
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Table 31: T-Test results of level of pretreatment impact on wet crocking scores at low 
level of dye concentration (Phase 1: Benchtop Dyeing) 

 
T-Test of Impact of Level of Pretreatment on Washfast 

Score at Low Dye Concentration 
Level of 

Pretreatment 
Mean 

Valueab 
Standard 
Deviation 

Standard 
Error 

P- 
Valued 

    0 g/L 2.75 N/A 0.707 

0.348 

  20 g/L 4.17 0.707 0.5 
  40 g/L N/Ac N/A N/A 
  60 g/L N/A N/A N/A 
  80 g/L N/A N/A N/A 
100 g/L N/A N/A N/A 

 

a1=poor, 5=good; bmean of all mean passing scores; cN/A: No information recorded because 
samples passed at previous levels of dye concentration; dα = 0.05 
 

When dyeing to equilibrium, reactive dyes follow the Freundlich isotherm (Figure 1). As 

the dye absorbs into the fiber, they reach equilibrium and will eventually be unable to accept any 

more dye. Utilizing low levels of dye concentration will reach equilibrium at a quicker rate, as 

more dye may be absorbed. Pretreatment aids in the absorption and reaction between the dye and 

fibers. 

4.3 Phase 2: Foam Dyeing 

In Phase 1, benchtop dyeing, ninety variable combinations were dyed, tested, and 

evaluated for selected fastness properties. If samples did not achieve a minimum average score 

of 2.75 or greater for both wet crocking and washfastenss, their combination was eliminated 

from further testing. Twenty-four variable combinations were identified through this process to 

be scaled up, dyed and tested for Phase 2 foam dyeing. A summary of what moved forward from 

Phase 1 to Phase 2 can be found in Table 32. 
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Table 32: Dye and pretreatment combinations at each level of dye concentration that 
advanced to Phase 2. (Phase 2: Foam Dyeing) 

 
Variable Combinations That Advanced to Phase 2: Foam Dyeinga 

Dye Type High Dye 
Concentration 

Medium Dye 
Concentration Low Dye Concentration 

Level of Pretreatment 
MCT 100g/L, 80g/L, 60g/L 40g/L 20g/L, 0g/L 

VS 100g/L, 80g/L, 60g/L, 
40g/L N/Ab N/A 

FT/FT 100g/L, 80g/L, 60g/L, 40g/L 20g/L 

DCT 100g/L, 80g/L, 60g/L 40g/L N/A 

VS/MCT 100g/L, 80g/L, 60g/L 40g/L, 20g/L N/A 
 

aBased on mean scores of colorfast results; bN/A: No variable combinations moved forward at 
this level of dye concentration 
 

After dyeing in Phase 2 (foam dyeing), samples were measured for wet crocking and 

washfastness following the procedures used in Phase 1. The means and standard deviations for 

the results of wet crocking results are in Tables 33 to 35.  
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Table 33: Means and standard deviation of AATCC TM8 wet crocking results at high 
level of dye concentration in foam dyeing trials (Phase 2: Foam Dyeing) 

 
Wet Crocking Results at High Dye 

Concentration 

Dyestuff Pretreatment 
Level -gm/L 

Meanab Standard 
Deviation 

MCT 60 3.16 0.288 
80 3 0.0 
100 3.16 0.288 

VS 40 3 0.0 
60 3.16 0.288 
80 3.5 0.0 
100 3 0.0 

FT/FT 80 3.33 0.288 
100 3.5 0.0 

DCT 60 3 0.0 
80 3 0.0 
100 3 0.0 

VS/MCT 60 3.66 0.288 
80 3.66 0.288 
100 3.5 0.0 

 

aMean of 3 replications; bTransfer Scale 5=no transfer of color 1= high transfer of color 
 

Table 34: Means and standard deviation of AATCC TM8 wet crocking results at medium 
level of dye concentration in foam dyeing trials (Phase 2: Foam Dyeing) 

 
Wet Crocking Results at Medium Dye 

Concentration 

Dyestuff Pretreatment 
Level -gm/L 

Meanab Standard 
Deviation 

MCT 40 4 0.0 
FT/FT 40 4.5 0.0 

60 4 0.5 
DCT 40 4 0.0 

VS/MCT 20 4.16 0.288 
40 4.16 0.288 

 

aMean of 3 replications; bTransfer Scale 5=no transfer of color 1= high transfer of color 
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Table 35: Means and standard deviation of AATCC TM8 wet crocking results at low 
level of dye concentration in foam dyeing trials (Phase 2: Foam Dyeing) 

 
Wet Crocking Results at Low Dye 

Concentration 

Dyestuff Pretreatment 
Level -gm/L 

Meanab Standard 
Deviation 

MCT 0 3.5 0.0 
20 4.33 0.288 

FT/FT 20 4.3 0.288 
 

aMean of 3 replications; bTransfer Scale 5=no transfer of color 1= high transfer of color 
 

All variable combinations that were repeated in foam dyeing received passing scores. The 

means and standard deviation for Phase 2 change in color after washfastness scores are in Tables 

36 to 38. 

Table 36: Means and standard deviation of AATCC TM61, 2A washfast results at high level of 
dye concentration for foam dyeing (Phase 2: Foam Dyeing) 
 

Washfast Results at High Dye Concentration 

Dyestuff Pretreatment 
Level -gm/L 

Meanab Standard 
Deviation 

MCT 
 

60 4 0.0 
80 4 0.0 
100 4.33 0.288 

VS 
 

40 4.33 0.288 
60 4.66 0.288 
80 5 0.0 
100 4 0.0 

FT/FT 
 

80 4.5 0.0 
100 5 0.0 

DCT 
 

60 3.83 0.288 
80 2.83 0.288 
100 4.66 0.288 

VS/MCT 60 4.66 0.288 
80 5 0.0 
100 4.66 0.288 

 

aMean of 3 replications; bTransfer Scale 5=no transfer of color 1= high transfer of color 
 

 
 



   

89 
 

Table 37: Means and standard deviation of AATCC TM61, 2A washfast results at 
medium level of dye concentration for foam dyeing (Phase 2: Foam Dyeing) 

 
Washfast Results at Medium Dye 

Concentration 

Dyestuff Pretreatment 
Level -gm/L 

Meanab Standard 
Deviation 

MCT 40 4.33 0.288 
FT/FT 

 
40 4.83 0.288 
60 4.83 0.288 

DCT 40 4.16 0.288 
VS/MCT 20 3.33 0.288 

40 4.66 0.288 
 

aMean of 3 replications; bTransfer Scale 5=no transfer of color 1= high transfer of color 
 
 

Table 38: Means and standard deviation of AATCC TM61, 2A washfast results at low 
level of dye concentration for foam dyeing (Phase 2: Foam Dyeing) 

 
Washfast Results at Low Dye Concentration 

Dyestuff Pretreatment 
Level -gm/L 

Meanab Standard 
Deviation 

MCT 
 

0 3 0 
20 4.83 0.288 

FT/FT 20 4.66 0.288 
 

aMean of 3 replications; bTransfer Scale 5=no transfer of color 1= high transfer of color 
 
 

Post laundering test, the color of each sample dyed was measured using a 

spectrophotometer and L*A*B values were measured. The variable combinations alongside their 

L*A*B scores are recorded in Table 39. 
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Table 39: L*A*B scores of the foam dyed Variable combinations post washfastness 
(Phase 2: Foam Dyeing) 

 
L*A*B Results of Variable Combinations 

Dye Level of 
Pretreatment 

Level of dye 
Concentration 

L* A* B* 

MCT 

0 Low 78.91 30 -7.12 
20 Low 73.01 38.49 -10.8 
40 Medium 52.78 57.57 -0.33 
60 High 42.63 55.59 4.29 
80 High 43.59 55.54 4.45 
100 High 39.51 48.08 0.72 

VS 
 

40 High 40.14 48.86 5.68 
60 High 39.55 48.72 5.55 
80 High 39 46.81 4.74 
100 High 40.52 47.41 5.43 

FT/FT 
 

20 Low 74.56 36.26 25.25 
40 Medium 62.31 53.09 42.58 
60 Medium 61.8 52.75 42.32 
80 High 55.04 58.4 50.37 
100 High 54.46 57.75 49.24 

DCT 
 

20 Medium 50.51 54.93 -1.98 
40 Medium 53.64 56.72 -2.44 
60 High 44.7 59.35 4.35 
80 High 46.76 57.67 0.27 
100 High 43.55 58.95 4.98 

VS/MCT 

20 Medium 54.62 53.25 -5.73 
40 Medium 49.98 55.28 -3.3 
60 High 41.58 56.91 2.28 
80 High 41.21 56.33 2.95 
100 High 41.53 55.75 2.55 

 
4.3.1 Phase Two: Foam Dyeing Analysis 

4.3.1.1 Dye Type Impact on Wet Crocking Score 

The data from Phase 2 AATCC TM8 wet crocking were analyzed using ANOVA at each 

level of dye concentration to determine if the dye type used impacts the wet crocking results. For 

each ANOVA, the alpha was set to 0.05. The ANOVAs were designed using the combined 

means of each wet crocking result. The mean values, standard deviation, standard error, and P-
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Values are presented in Tables 40 to 42. For any analysis where the P-Value was significant, a 

Tukey HSD analysis is also included. The hypothesis tested for each ANOVA was: 

(Phase 2) H3: There is no significant difference between dye type and colorfastness 
scores  

The alternative hypothesis is: 

(Phase 2) Ha3: There is a significant difference between dye type and colorfastness scores 
 

Table 40: ANOVA and Tukey HSD results of dye impact on wet crocking scores at high 
level of dye concentration (Phase 2: Foam Dyeing) 

 
ANOVA of Impact of Dye Type on Wet Crocking Score and 

Tukey HSD at High Dye Concentration 
ANOVA Tukey HSD 

Dye Mean 
Valueab 

Standard 
Deviation 

Standard 
Error 

P-
Valuec 

Dye 
Subclass 

Group 
A 

Group B 

MCT 3 0.0 0.088 

0.007 
 

MCT  X 
VS 3.125 0.25 0.068 VS X X 
FT/FT 3.5 0.0 0.108 FT/FT X  
DCT 3 0.0 0.088 DCT  X 
VS/MCT 3.5 0.0 0.088 VS/MCT X  

 

a1=poor, 5=good; bmean of all mean passing scores; cα = 0.05 
 

The ANOVA results (Table 40) indicate that dye type has a significant impact on wet 

crocking scores at the high dye concentration. The Tukey HSD identifies that both bifunctional 

dyes (FT/FT and VS/MCT) are significantly different from the MCT dye, and DCT dye.  
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Table 41: ANOVA and Tukey HSD results of dye impact on wet crocking scores at 
medium level of dye concentration (Phase 2: Foam Dyeing) 

 
ANOVA of Impact of Dye Type on Wet Crocking Score and 

Tukey HSD at Medium Dye Concentration 
ANOVA Tukey HSD 

Dye Mean 
Valueab 

Standard 
Deviation 

Standard 
Error 

P-
Valued 

Dye 
Subclass 

Group 
A 

Group B 

MCT 4 0.0 0.0 

 
0.001 

MCT  X 
VS N/Ac N/A N/A VS - - 
FT/FT 4.5 0.0 0.0 FT/FT X  
DCT 4 0.0 0.0 DCT  X 
VS/MCT 4 0.0 0.0 VS/MCT  X 

 

a1=poor, 5=good; bmean of all mean passing scores; cN/A: No information recorded because 
samples passed at other levels of dye concentration; dα = 0.05 
 

The ANOVA results (Table 41) indicate that the dye type has a significant impact 

between wet crocking scores at the medium level of dye concentration. The Tukey HSD 

identifies that FT/FT is significantly different from all the other dyes (MCT, DCT, and 

VS/MCT).  

The FT/FT and the VS/MCT bifunctional dyes had the highest mean scores at the high 

level of dye concentration (Table 40). The FT/FT had the highest mean scores in in the medium 

level of dye concentration (Table 41). This could be due in part to the time needed for a bond to 

form. The foam dyeing process is quick, as it can dye up to 100 yards per minute (Ethridge, 

Malpass, & Tharpe, 2018). Once the foam is dispersed onto the substrate, it is quickly padded to 

push the dye towards the fiber and remove excess foam. Dye molecules require some time to 

find available sites where bonding can occur. Agitation in traditional processes aid in helping the 

come in contact with available bonding sites, but there is no agitation in foam dyeing (DaSilva, 

1983). A quicker dyeing process with no agitation can result in unfixed dyes, due to not having 

enough time for reaction.  
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It is likely that the monofunctional dyes used in this study did not have enough time for 

more dye molecules to find sites and for the reaction process to take place. Before many of the 

dye molecules were able to form bonds with the cellulose, it was scraped off by the last parabolic 

arm. The size and also shape of the dye molecule effect the ability of the dye to line up with a 

site on the substrate. With larger molecule sizes, bifunctional dyes have a larger surface area but 

also have more difficulty penetrating the fabric, yarn, and fibers to find available bonding sites 

on the fiber. The shape of the molecule however can improve dye ability to penetrate fibers. A 

more linear structure has greater ability to align better with a linear polymer such as cellulose. In 

this study, the VS/MCT dye is linear, which can align with the cellulosic polymer chain in the 

cotton fiber, and form a bond. 

The T-Test results (Table 42) indicate no significant difference by dye type in the wet 

crocking scores at the low level of dye concentration for both the MCT and the FT/FT dyes. The 

standard deviation of the FT/FT sample mean is zero, as identical scores were received in testing.  

 
Table 42: T-Test results of dye impact on wet crocking scores at low level of dye 
concentration (Phase 2: Foam Dyeing) 

 
T-Test of Impact of Dye Type on Wet Crocking Score at 

Low Dye Concentration 

Dye Mean 
Valueab 

Standard 
Deviation 

Standard 
Error 

P-
Valued 

MCT 4 0.547 0.223 

0.17 
VS N/Ac N/A N/A 
FT/FT 4.5 0.0 .00 
DCT N/A N/A N/A 
VS/MCT N/A N/A N/A 

 

a1=poor, 5=good; bmean of all mean passing scores; cN/A: No information recorded because 
samples passed at other levels of dye concentration; dα = 0.05 
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4.3.1.2 Dye Type Impact on Washfastness Score 

The data from Phase 2 AATCC TM61 washfast results are analyzed using ANOVA at 

each level of dye concentration. The alpha was set to α = 0.05. The ANOVAs were designed 

using the combined means of each washfast result. Data was tested for hypothesis H3 and Ha3 

and the mean values, standard deviations, standard error, and P-Values are presented in Tables 

43 to 45. 

Table 43: ANOVA results of dye impact on washfast scores at high level of dye 
concentration (Phase 2: Foam Dyeing) 

 
ANOVA of Impact of Dye Type on Washfast Score  at 

High Dye Concentration 

Dye Mean 
Valueab 

Standard 
Deviation 

Standard 
Error 

P-
Valuec 

MCT 4.167 0.288 0.415 

0.357 
 

VS 4.5 0.408 0.321 
FT/FT 4.75 0.353 0.508 
DCT 3.667 1.04 0.415 
VS/MCT 4.667 0.288 0.415 

 

a1=poor, 5=good; bmean of all mean passing scores; cα = 0.05 
 

Table 44: ANOVA results of dye impact on washfast scores at medium level of dye 
concentration (Phase 2: Foam Dyeing) 

 
ANOVA of Impact of Dye Type on Washfast Score at 

Medium Dye Concentration 

Dye Mean 
Valueab 

Standard 
Deviation 

Standard 
Error 

P-
Valued 

MCT 4.5 0.0 0.5 

0.455 
 

VS N/Ac N/A N/A 
FT/FT 5 0.0 0.353 
DCT 4.5 0.0 0.5 
VS/MCT 4 0.707 0.353 

 

a1=poor, 5=good; bmean of all mean passing scores; cN/A: No information recorded because 
samples passed at other levels of dye concentration; dα = 0.05 
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Table 45: T-Test results of dye impact on washfast scores at low level of dye 
concentration (Phase 2: Foam Dyeing) 

 
T-Test of Impact of Dye Type on Washfast Score at Low 

Dye Concentration 

Dye Mean 
Valueab 

Standard 
Deviation 

Standard 
Error 

P-
Valued 

MCT 4 1.41 1 

0.821 
 

VS N/Ac N/A N/A 
FT/FT 4.5 0.0 1.414 
DCT N/A N/A N/A 
VS/MCT N/A N/A N/A 

 

a1=poor, 5=good; bmean of all mean passing scores; cN/A: No information recorded because 
samples passed at other levels of dye concentration; dα = 0.05 
 

The ANOVA results (Tables 43 and 44) and T-Test results (Table 45) indicate that the 

dye type made no significant difference between washfast results at the high, medium, or low 

levels of dye concentration. In this study, both bifunctional and monofunctional dyes achieved 

acceptable color performance at all levels of dye concentration, given the pretreated cotton was 

used at the appropriate level. This level varied based on the dye type and level of dye 

concentration.  

4.3.1.3 Level of Pretreatment Impact on Wet Crocking Score 

Data of Phase 2 AATCC TM8 tests were analyzed using ANOVA at high, medium, and 

low dye concentration to determine if the wet crocking results were significantly impacted by the 

substrate level of pretreatment. The results of the pretreatment impact on wet crocking scores are 

found in Tables 46 to 48. Each ANOVA alpha was set to α = 0.05. The hypotheses tested were: 

(Phase 2) H4: There is no significant difference between level of pretreatment and 
colorfastness scores  

 
The alternative hypothesis is: 

(Phase 2) Ha4: There is a significant difference between level of pretreatment and 
colorfastness scores 
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Table 46: ANOVA results of level of pretreatment impact on wet crocking scores at high 
level of dye concentration (Phase 2: Foam Dyeing) 

 
ANOVA of Impact of Level of Pretreatment on Wet 

Crocking Score at High Dye Concentration 
Level of 

Pretreatment 
Mean 

Valueab 
Standard 
Deviation 

Standard 
Error 

P- 
Valued 

    0 g/L N/Ac N/A N/A 

0.447 

  20 g/L N/A N/A N/A 
  40 g/L 3 0.0 0.154 
  60 g/L 3.125 0.25 0.071 
  80 g/L 3.3 0.273 0.061 
100 g/L 3.2 0.273 0.061 

 

a1=poor, 5=good; bmean of all mean passing scores; cN/A: No information recorded because 
samples passed at other levels of dye concentration; dα = 0.05 
 

Table 47: ANOVA results of level of pretreatment impact on wet crocking scores at 
medium level of dye concentration (Phase 2: Foam Dyeing) 

 
ANOVA of Impact of Level of Pretreatment on Wet 

Crocking Score at Medium Dye Concentration 
Level of 

Pretreatment 
Mean 

Valueab 
Standard 
Deviation 

Standard 
Error 

P- 
Valued 

    0 g/L N/Ac N/A N/A 

0.421 

  20 g/L 4 0.0 0.25 
  40 g/L 4.125 0.25 0.125 
  60 g/L 4.5 0.0 0.25 
  80 g/L N/A N/A N/A 
100 g/L N/A N/A N/A 

 

a1=poor, 5=good; bmean of all mean passing scores; cN/A: No information recorded because 
samples passed at other levels of dye concentration; dα = 0.05 
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Table 48: T-Test results of level of pretreatment impact on wet crocking scores at low 
level of dye concentration (Phase 2: Foam Dyeing) 

 
T-Test of Impact of Level of Pretreatment on Wet 

Crocking Score at Low Dye Concentration 
Level of 

Pretreatment 
Mean 

Valueab 
Standard 
Deviation 

Standard 
Error 

P- 
Valued 

    0 g/L 3.5 0.0 0.0 

- 

  20 g/L 4.5 0.0 0.0 
  40 g/L N/Ac N/A N/A 
  60 g/L N/A N/A N/A 
  80 g/L N/A N/A N/A 
100 g/L N/A N/A N/A 

 

a1=poor, 5=good; bmean of all mean passing scores; cN/A: No information recorded because 
samples passed at other levels of dye concentration; dα = 0.05 
 

The ANOVA results (Tables 46 and 47) and T-Test results (Table 48) indicate no 

significant difference of wet crocking results between levels of pretreatment at the high, medium, 

or low levels of dye concentration. This is consistent with the benchtop counterpart (section 

4.2.1.3) where there were no significant results at all levels of dye concentration. No P-Value is 

recorded in Table 48 because the wet crocking scores were identical for both the 20g/L and 

40g/L pretreatment levels. 

4.3.1.4 Level of Pretreatment Impact on Washfastness Score 

Data of Phase 2 AATCC TM61, option 2A tests were analyzed using ANOVA at high, 

medium, and low dye concentration to determine if the washfastness results were impacted by 

the substrate level of pretreatment. If the P-Value was significant the Tukey HSD analysis is also 

included. Data was tested for hypothesis H4 and Ha4 and results are presented in Tables 49 to 51. 
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Table 49: ANOVA results of level of pretreatment impact on washfast scores at high 
level of dye concentration (Phase 2: Foam Dyeing) 

 
ANOVA of Impact of Level of Pretreatment on 

Washfast Score at High Dye Concentration 
Level of 

Pretreatment 
Mean 

Valueab 
Standard 
Deviation 

Standard 
Error 

P- 
Valued 

    0 g/L N/Ac N/A N/A 

0.905 

  20 g/L N/A N/A N/A 
  40 g/L 4.5 0.0 0.726 
  60 g/L 4.25 0.288 0.337 
  80 g/L 4.2 1.03 0.287 
100 g/L 4.5 0.353 0.287 

 

a1=poor, 5=good; bmean of all mean passing scores; cN/A: No information recorded because 
samples passed at other levels of dye concentration; dα = 0.05 
 

The ANOVA results (Table 49) indicate that the level of pretreatment does not 

significantly impact the washfast scores at the high level of dye concentration. For this study, the 

lowest level of pretreatment that was utilized in the high level of dye concentration and received 

acceptable washfast scores is 40g/L.   

Table 50: ANOVA and Tukey HSD results of level of pretreatment impact on washfast 
scores at medium level of dye concentration (Phase 2: Foam Dyeing) 

 
ANOVA of Impact of Level of Pretreatment on Washfast Score  

Tukey HSD at Medium Dye Concentration 
ANOVA Tukey HSD 

Level of 
Pretreatment 

Mean 
Valueab 

Standard 
Deviation 

Standard 
Error 

P- 
Valued 

Level of 
Pretreatment 

Group 
A 

Group 
B 

    0 g/L N/Ac N/A N/A 

0.044 

0 g/L - - 
  20 g/L 3.5 0.0 0.25 20 g/L  X 
  40 g/L 4.625 0.25 0.125 40 g/L X X 
  60 g/L 5 0.0 0.25 60 g/L X  
  80 g/L N/A N/A N/A 80 g/L - - 
100 g/L N/A N/A N/A 100 g/L - - 

 

a1=poor, 5=good; bmean of all mean passing scores; cN/A: No information recorded because 
samples passed at other levels of dye concentration; dα = 0.05 
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The ANOVA results (Table 50) indicate the level of pretreatment significantly impacts 

the washfast score at the medium level of dye concentration. This means that a specific amount 

pretreatment is required to achieve an acceptable mean score.  

The Tukey HSD shows that 20g/L and 60g/L are significantly different from each other. 

At the medium level of dye concentration, 20g/L of pretreatment may be too little for the dye 

concentration being used. It received the lowest mean washfast score, compared to higher 

pretreatment levels.  

The T-Test results presented in Table 51 indicate no significant difference from the level 

of pretreatment on the washfast scores at the low level of dye concentration. A minimum of 

20g/L of pretreatment can be utilized with the low level of dye concentration and receive good 

washfast scores. 

Table 51: T-Test results of level of pretreatment impact on washfast scores at low level of 
dye concentration (Phase 2: Foam Dyeing) 

 
T-Test of Impact of Level of Pretreatment on Washfast 

Score at Low Dye Concentration 
Level of 

Pretreatment 
Mean 

Valueab 
Standard 
Deviation 

Standard 
Error 

P- 
Valued 

    0 g/L 3 - 0.353 

0.154 

  20 g/L 4.75 0.353 0.25 
  40 g/L N/Ac N/A N/A 
  60 g/L N/A N/A N/A 
  80 g/L N/A N/A N/A 
100 g/L N/A N/A N/A 

 

a1=poor, 5=good; bmean of all mean passing scores; cN/A: No information recorded because 
samples passed at other levels of dye concentration; dα = 0.05 
 

Utilizing lower levels of pretreatment promotes both economic and environmental 

savings. Cationized cotton is utilized in this research to change the charge of the cellulose 

substrate. Both dye and cotton have a negative charge, and thus do not have an affinity to each 

other and needs assistance to complete the dyeing mechanism. Pretreatment changes the charge 
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of cotton to positive, so dye can migrate over to the substrate and has better ability for reaction. 

The substantivity between the dye and substrate leads to more dye being adsorbed into the 

substrate and able to react. Without pretreatment there is less attraction between the dye 

molecules and fibers, so there is less reaction and bonding. If the dye undergoes hydrolosis, then 

the substrate will lose color as it is washed and worn. 

4.4 Comparison of Phase 1 to Phase 2 

The foam dyed samples colorfastness to wet crocking, washfastness, and L*A*B results 

were each statistically compared to their benchtop counterparts by multiple analysis with pooled 

T-Test at each level of dye concentration. These results aim to identify if there is a significant 

difference in results achieved between each phase of dyeing. For each T- Test the alpha was set 

to 0.05. The results of analyzing the wet crocking scores between benchtop dyeing and foam 

dyeing are in Tables 52 to 54. The hypotheses tested are: 

 (Phase 1 and 2) H5: There is no significant difference between benchtop and foam 
dyeing colorfastness scores 

 
The alternative hypothesis is: 

(Phase 1 and 2) Ha5: There is no significant difference between benchtop and foam 
dyeing colorfastness scores 

 
Table 52: T-Test results of benchtop dyed, and foam dyed mean wet crocking scores at high 
level of dye concentration (Comparison of Phase 1 and Phase 2) 
 

T-Test of Benchtop Dyeing and Foam Dyeing Wet Crocking Scores at High Dye 
Concentration 

Type of Dyeing Mean Valueab Standard 
deviation 

Standard Error P-Valuec 

Benchtop 3.29 0.318 0.074 0.355 Foam 3.2 0.253 0.074 
 

a1=poor, 5=good; bmean of all mean passing scores; cα = 0.05 
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Table 53: T-Test results of benchtop dyed, and foam dyed mean wet crocking scores at 
medium level of dye concentration (Comparison of Phase 1 and Phase 2) 

 
T-Test of Benchtop Dyeing and Foam Dyeing Wet Crocking Scores at Medium Dye 

Concentration 
Type of Dyeing Mean Valueab Standard 

deviation 
Standard Error P-Value 

Benchtop 3.73 0.501 0141 0.078 Foam 4.16 0.258 0.173 
 

a1=poor, 5=good; bmean of all mean passing scores; cα = 0.05 
 

Table 54: T-Test results of benchtop dyed, and foam dyed mean wet crocking scores at 
low level of dye concentration (Comparison of Phase 1 and Phase 2) 

 
T-Test of Benchtop Dyeing and Foam Dyeing Wet Crocking Scores at Low Dye 

Concentration 
Type of Dyeing Mean Valueab Standard 

deviation 
Standard Error P-Valuec 

Benchtop 4.167 0.577 0.235 0.373 Foam 4.5 0 0.235 
 

a1=poor, 5=good; bmean of all mean passing scores; cα = 0.05 
 

The T-Test results (Tables 52 to 54) indicate no significant difference in the wet crocking 

T-test results between Phase 1 and Phase 2 dyeing. In section 4.3, it was stated that the Tables 

presented for wet crocking achieved results that reflected their counterparts in Phase 1 benchtop 

dyeing, indicating that no statistical differences may be found between Phase 1 and Phase 2 

dyeing.  

This experiment was designed in two phases because it was predetermined that if a 

variable combination performs poorly in small scale “traditional dyeing” it likely would not do 

any better in a scaled up foam dye version. Stated previously, ninety combinations of dye, 

substrate pretreatment, and dye concentration were evaluated in Phase 1 benchtop dyeing. 

Through the colorfastness testing, twenty-four combinations were identified to move on to foam 

dyeing.  
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The results of analysis of the washfast results between benchtop dyeing and foam dyeing 

are in Tables 55 to 57. Data was tested for hypothesis H5 and Ha5.  

Table 55: T-Test results of benchtop dyed, and foam dyed mean washfast scores at high 
level of dye concentration (Comparison of Phase 1 and Phase 2) 

 
T-Test of Benchtop Dyeing and Foam Dyeing Washfast Scores at High Dye Concentration 
Type of Dyeing Mean Valueab Standard 

deviation 
Standard Error P-Valuec 

Benchtop 4.154 0.716 0.172 0.47 Foam 4.33 0.617 0.172 
 

a1=poor, 5=good; bmean of all mean passing scores; cα = 0.05 
 

Table 56: T-Test results of benchtop dyed, and foam dyed mean washfast scores at 
medium level of dye concentration (Comparison of Phase 1 and Phase 2) 

 
T-Test of Benchtop Dyeing and Foam Dyeing Washfast Scores at Medium Dye 

Concentration 
Type of Dyeing Mean Valueab Standard 

deviation 
Standard Error P-Valuec 

Benchtop 4.46 0.35 0.187 0.883 Foam 4.5 0.54 0.187 
 

a1=poor, 5=good; bmean of all mean passing scores; cα = 0.05 
 

Table 57: T-Test results of benchtop dyed, and foam dyed mean washfast scores at low 
level of dye concentration (Comparison of Phase 1 and Phase 2) 

 
T-Test of Benchtop Dyeing and Foam Dyeing Washfast Scores at Low Dye Concentration 

Type of Dyeing Mean Valueab Standard 
deviation 

Standard Error P-Valuec 

Benchtop 3.696 0.96 0.578 0.596 Foam 4.167 1.04 0.587 
 

a1=poor, 5=good; bmean of all mean passing scores; cα= 0.05 
 
 

The T-Test results (Tables 55 to 57) indicate no significant difference between benchtop 

dyeing and foam dyeing washfast scores at the high, medium, and low levels of dye 

concentration. Neither the dye type or the level of pretreatment made an overall impact on the 

overall outcome. 
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The results of analyzing the L*A*B results between benchtop dyeing and foam dyeing 

are in Tables 58 to 60. The L*A*B scores were recorded after the laundering test in each phase 

of dyeing. the alpha was set to 0.05The hypothesis tested was:  

(Phase 1 and 2) H6: There is no significant difference between benchtop and foam dyeing 
L*A*B scores 

 
The alternative hypothesis is: 

(Phase 1 and 2) Ha6: There is no significant difference between benchtop and foam 
dyeing L*A*B scores 

 
Table 58: T-Test results of benchtop dyed, and foam dyed mean L*A*B scores at high 
level of dye concentration (Comparison of Phase 1 and Phase 2) 

 
T-Test of Benchtop Dyeing and Foam Dyeing L*A*B results at High Dye Concentration 

Type of Dyeing Mean Valueab Standard 
deviation 

Standard Error P-Valueb 

Benchtop 37.652 20.08 3.104 0.684 Foam 35.860 21.54 3.104 
 

amean of all mean passing scores; bα = 0.05 
 
 

Table 59: T-Test results of benchtop dyed, and foam dyed mean L*A*B scores at 
medium level of dye concentration (Comparison of Phase 1 and Phase 2) 

 
T-Test of Benchtop Dyeing and Foam Dyeing L*A*B results at Medium Dye Concentration 
Type of Dyeing Mean Valuea Standard 

deviation 
Standard Error P-Valueb 

Benchtop 41.001 22.206 5.101 0.993 Foam 40.938 24.682 5.51 
 

amean of all mean passing scores; bα = 0.05 
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Table 60: T-Test results of benchtop dyed, and foam dyed mean L*A*B scores at low 
level of dye concentration (Comparison of Phase 1 and Phase 2) 

 
T-Test of Benchtop Dyeing and Foam Dyeing L*A*B results at Low 

Type of Dyeing Mean Valuea Standard 
deviation 

Standard Error P-Valueb 

Benchtop 40.945 27.357 10.162 0.819 Foam 37.617 33.319 10.162 
 

amean of all mean passing scores; bα = 0.05 
 

The T-Test results (Tables 58 to 60) indicate that there is no significant difference 

between L*A*B results of Phase 1 and Phase 2 dyeing at all levels of dye concentration. These 

results indicate the overall color is not affected by the method of dye application for the samples 

in this study. Using lower liquor dyeing methods does not have to compromise the overall color 

achieved.  

4.5 Research Questions 

4.5.1 Research Question One: How do the properties of the selected dyes within a class 

of reactive dyes affect the colorfastness properties of dyed pretreated fabric? 

Reactive dyes are categorized into four subclasses which include triazine, vinyl sulfone, 

pyrimidine, and quinoxaline. The dyes within each subclass contain properties that differ in 

reaction type, number and type of leaving groups, and level of acidity. For this study, only dyes 

from the triazine and vinyl sulfone were included.  

Variations in the colorfastness results are due to the properties of the specific dye used. 

For example, dyes within the triazine subclass all have a heterocyclic ring with one or two 

attached leaving groups. The leaving group molecules of each specific triazine dye vary in 

acidity (from the number of electrons in the molecule) which leads to variations seen in the 

colorfastness properties. The vinyl sulfones dyes are different in structure as they form an ether 

linkage when reacting with the substrate. The dyes with more leaving groups or more acidic 
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leaving groups (such as VS or DCT) have increased chance of bonding with the fabric than a less 

reactive leaving group. This study supported that dye types with multiple leaving groups and 

more acidic leaving groups had better select colorfastness. It showed that the VS dye was able to 

achieve acceptable colorfastness scores at the high level of dye concentration, with pretreatment 

levels of 40g/L and above. MCT, DCT, and VS/MCT achieved good colorfastness scores at the 

high level of dye concentration with pretreatment levels of 60g/L and higher. FT/FT which had 

the lowest acidity of the dyes considered was only able to achieve acceptable colorfast scores in 

the high level of dye concentration at 80g/L and higher.  

This research showed that better colorfastness for colorfastness properties measured was 

achieved using the heterobifunctional dye (VS/MCT) than the homobifunctional (FT/FT) dye. 

The VS/MCT was able to achieve better colorfastness scores with a lower level of pretreatment. 

This is due to the VS and MCT dyes having higher acidity than the FT/FT dye. A large, linear 

dye molecule offers has more opportunity to line up with the polymers and also have multiple 

reactive groups on the dye molecule (Broadbent, 2001).  

4.5.2 Research Question Two: How does the level of pretreatment effect the amount of 

dye concentration and select colorfastness properties? 

The level of pretreatment needed is critical to achieve the acceptance score of 2.75 or 

greater in colorfastness performance. The pretreatment changes the environment to facilitate the 

bonding by changing the charge to enhance affinity. Excess pretreatment on a fabric can lead to a 

spotty appearance because some dye migration is needed for uniform coverage. Testing the 

lowest level of dye concentration with the highest level of pretreatment results in a failed fabric. 

However conversely, too low pretreatment will not absorb enough dye and lead to higher levels 

of dye wash-off, as confirmed in Phase 1 colorfastness testing. In this study, there were no 
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fabrics at the control or 20g/L that achieved select colorfastness scores with the highest level of 

dye concentration. Pretreatment levels as low as 40g/L and up to 100g/L were effective for 

dyeing at the high level of dye concentration, as shown in Table 46. Pretreatment levels 20g/L 

and up to 40g/L were effective for dyeing at the medium level of dye concentration (Table 47). 

Low levels of dye concentration were effective with 20g/L (Table 48). 

The level of pretreatment needed can also be influenced by the type of reactive dye being 

used. Dyes with a fluorine atom leaving group are less reactive, therefore require a higher level 

of pretreatment. VS and dyes with multiple chlorine atoms can use reduced levels of 

pretreatment.  

Based on the results of this research, a fabric with no pretreatment should not be used in 

either Phase 1 or Phase 2 dyeing. Only one control sample passed and was included in Phase 2 

(foam dyeing). The colorfastness scores were near the minimal acceptable passing scores, 

therefore other combinations should be considered.  

4.5.3 Research Question Three: Can the same color be achieved with benchtop and foam 

dyeing? 

Of the samples compared in this study, no significant differences were found between the 

L*A*B measurements of Phase 1 and Phase 2 dyeing at all levels of dye concentration. This 

indicates that the variable combinations that were considered and compared are capable of 

achieving the same color. The same dye and the same level of pretreatment should be used when 

moving from one method of dyeing to another. The color quality does not have to be 

compromised when transitioning to lower liquor dyeing methods such as foam dyeing.  
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4.5.4 Research Question Four: Can benchtop dyeing accurately predict foam dyeing 

colorfastness properties? 

Based on the results, benchtop dyeing is an accurate indicator for the colorfastness 

outcomes of foam dyed samples. It is important not to sacrifice colorfastness properties when 

transitioning to a different method of dyeing. The T-Tests that compared the benchtop and foam 

dyed colorfastness results (crocking and washfastness) showed that foam dyeing can achieve 

good colorfastness results and not compromise the overall color or performance of the dyed 

sample. The T-Tests performed on the L*A*B results confirm that there are no significant 

differences between benchtop and foam dyed color achieved. 
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CHAPTER 5 - Conclusion  

Textile wet processing uses freshwater in large quantities, and often discharges effluent 

into lakes in rivers causing freshwater contamination. Traditional dyeing techniques can use 

approximately 400 gallons of water per 100 yards of fabric. The use of low liquor dyeing 

techniques can reduce or eliminate the amount of water and effluent used in the dyeing process. 

Foam dyeing in particular has been investigated for a long period of time and has the capability 

of dyeing 100 yards of fabric with only 3.5 gallons of water. Salt is one of the most difficult 

auxiliaries to remove from water. Cationizing cotton is a pretreatment method for cotton prior to 

dyeing that results in a change at the fabric surface and reduces auxiliary, including salt, in the 

dye bath. Cationized cotton promotes bonding, resulting in greater dye exhaustion, and improved 

dyeing uniformity.  

Foam dyeing results in a reduction of water use and chemical use which in turn reduces 

the amount of wastewater and effluent a facility may produce. Foam dyeing does not increase 

processing time, and maintains a reasonable cost. Providing information to textile converters can 

help them adapt to foam dyeing or lower water dye methods. 

The purpose of this study was to evaluate the impact of specific dyeing variables on 

select colorfastness properties when benchtop and foam dyeing with cationized cotton. As 

industry pushes for sustainable solutions in textile dyeing, its vital to evaluate if color and color 

performance changes with the variables used and the method of dyeing. This research evaluated 

the variables (dye type, level of pretreatment, and level of dye concentration) with a two-phase 

approach, to examine both benchtop dyeing and foam dyeing. The results of each dyeing method 

were then compared to determine if benchtop dyeing could be used to predict foam dyeing 

colorfastness properties.  
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From examining the independent variables, it was concluded that in Phase 1 dyeing, the 

dye type impacts both colorfastness scores at the high level of dye concentration, but not the 

medium or the low levels of dye concentration. The level of pretreatment does not impact wet 

crocking scores as well as the medium and low dye concentrations for washfast scores. It does 

impact the washfast scores at the high level of dye concentration. In Phase 2 dyeing, the dye type 

impacts the wet crocking score at the high and medium levels of dye concentration, but not the 

low. The dye type does not impact the washfast scores. The level of pretreatment does not impact 

the wet crocking scores, or the washfast scores at the high and low dye concentrations. It does 

impact the washfast score at the medium level of dye concentration. There was no statistical 

differences between benchtop dyeing and foam dyeing colorfastness scores at all levels of dye 

concentration. The method of dyeing also did not have an impact on the measured L*A*B 

values, indicating that there was little to no change in color between the dyed samples.  

In using benchtop dyeing to predict foam dyeing, it was found that: 

1. At each level of dye concentration, select combinations of dye type 

and level of pretreatment have an impact on colorfastness score.  

2. Combinations that were both benchtop dyed and foam dyed had no 

significant differences in the color measured by L*A*B.  

3. The colorfastness scores of the benchtop dyed samples is capable of 

predicting the colorfast properties of foam dyed samples when using 

the same variable combinations.  

Some combinations of dye and pretreatment were found to have higher colorfastness 

scores at specific levels of dye concentration. At the high level of dye concentration, MCT, DCT, 

and VS/MCT achieved acceptable colorfastness scores on fabric with pretreatment 60g/L and 



   

110 
 

higher. VS achieved good colorfastness scores with pretreatment at 40g/L and higher. At the 

medium level of dye concentration, the MCT, FT/FT, DCT, and VS/MCT achieved acceptable 

colorfastness scores on fabric with pretreatment at 40g/L and higher. At the low level of dye 

concentration, MCT and FT/FT dyes achieved acceptable colorfastness scores on fabric with 

20g/L of pretreatment. Sample combinations that utilized bifunctional dyes had overall better 

colorfastness scores than combinations with monofunctional dyes. Identifying the lowest level of 

pretreatment required to achieve desired color and colorfastness properties is economical for the 

textile converter.  

5.1 Limitations and future study 

The limitations of this study include looking at only one fabric type (cotton plain weave).  

The control fabric utilized in this study was also slightly different from the fabrics with added 

pretreatment as the untreated fabric of identical construction was not available. The control 

fabric weighted 19.5% due to a larger  yarn size wand greater thread count. This resulted in the 

control fabric having a lower wet pickup from the other fabrics. Reactive dyes were the focus of 

this study and only those from triazine and vinyl sulfone sub classes were used based on 

availability and the scope of the project.  To reduce the variation in the dye, only red hues were 

selected.  

There are many directions for research to expand upon. The methodology could be 

expanded to determine optimum combinations of dye, dye concentration, and level of 

pretreatment. Further, expanding on the methodology to also consider other reactive dyes such as 

pyrimidine and quinoxaline dyes, as well as reactive dyes in other hues would add more 

information to this study. Repeating this methodology with direct dyes or another dye class 

would also provide more information to this study. Including other fiber types such as cellulose 
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(linen, hemp, rayon), and fiber blends such as cotton and hemp or cotton and polyester would fill 

further gaps that are missing in the current literature and research available. Finally, including 

fabrics that vary in weight and construction (twill, velvet) would expand the information 

available to be used in other markets such as home textile or denim. Completing MANOVAS for 

this future work can identify significant combinations for foam dyeing, influences on results, and 

more closely examine the pretreatment level.   

The findings of this study are significant as it demonstrated that it is possible to use 

benchtop, small scale dyeing to accurately predict the color and select colorfastness properties 

when converting to large scale foam dyeing.  Although there is evidence that level of 

pretreatment, dye type and dye concentration impact the colorfastness properties evaluated, here, 

this methodology can be used to evaluate other dye stuffs, fabrics, and concentration levels. 
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Appendix A 
 

 

 
Table A1 ANOVA and Tukey HSD results of dye impact on wet crocking scores at high level 

of dye concentration (Phase 1: Benchtop Dyeing) 
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Table A2 ANOVA results of dye type impact on wet crocking scores at medium level of dye 

concentration (Phase 1: Benchtop Dyeing) 
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Table A3 T-Test results of dye type impact on wet crocking scores at low level of dye 

concentration (Phase 1: Benchtop Dyeing) 
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Table A4 ANOVA and Tukey HSD results of dye type impact on washfast scores at high level 

of dye concentration (Phase 1: Benchtop Dyeing) 
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Table A5 ANOVA results of dye type impact on washfastness scores at medium level of dye 

concentration (Phase 1: Benchtop Dyeing) 
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Table A6 T-Test results of dye type impact on washfastness scores at low level of dye 

concentration (Phase 1: Benchtop Dyeing) 
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Table A7 ANOVA results of level of pretreatment impact on wet crocking scores at high level 

of dye concentration (Phase 1: Benchtop Dyeing) 
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Table A8 ANOVA results of level of pretreatment impact on wet crocking scores at medium 

level of dye concentration (Phase 1: Benchtop Dyeing) 
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Table A9 T-Test results of level of pretreatment impact on wet crocking scores at low level of 

dye concentration (Phase 1: Benchtop Dyeing) 
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Table A10 ANOVA results of level of pretreatment impact on wet crocking scores at high level 

of dye concentration (Phase 1: Benchtop Dyeing) 
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Table A11 ANOVA results of level of pretreatment impact on wet crocking scores at medium 

level of dye concentration (Phase 1: Benchtop Dyeing) 



   

131 
 

 
 
Table A12 T-Test results of level of pretreatment impact on wet crocking scores at low level of 

dye concentration (Phase 1: Benchtop Dyeing) 
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Table A13 ANOVA and Tukey HSD results of dye impact on wet crocking scores at high level 

of dye concentration (Phase 2: Foam Dyeing) 
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Table A14 ANOVA and Tukey HSD results of dye impact on wet crocking scores at medium 

level of dye concentration (Phase 2: Foam Dyeing) 



   

134 
 

 
Table A15 T-Test results of dye impact on wet crocking scores at low level of dye concentration 

(Phase 2: Foam Dyeing) 
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Table A16 ANOVA results of dye impact on washfast scores at high level of dye concentration 

(Phase 2: Foam Dyeing) 
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Table A17 ANOVA results of dye impact on washfast scores at medium level of dye 

concentration (Phase 2: Foam Dyeing) 
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Table A18 T-Test results of dye impact on washfast scores at low level of dye concentration 

(Phase 2: Foam Dyeing) 
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Table A19 ANOVA results of level of pretreatment impact on wet crocking scores at high level 

of dye concentration (Phase 2: Foam Dyeing) 
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Table A20 ANOVA results of level of pretreatment impact on wet crocking scores at medium 

level of dye concentration (Phase 2: Foam Dyeing) 
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Table A21 T-Test results of level of pretreatment impact on wet crocking scores at low level of 

dye concentration (Phase 2: Foam Dyeing) 
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Table A22 ANOVA results of level of pretreatment impact on washfast scores at high level of 

dye concentration (Phase 2: Foam Dyeing) 
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Table A23 ANOVA and Tukey HSD results of level of pretreatment impact on washfast scores 

at medium level of dye concentration (Phase 2: Foam Dyeing) 
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Table A24 T-Test results of level of pretreatment impact on washfast scores at low level of dye 

concentration (Phase 2: Foam Dyeing) 
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Table A25 T-Test results of benchtop dyed and foam dyed mean wet crocking scores at high 

level of dye concentration (Comparison of Phase 1 and Phase 2) 
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Table A26 T-Test results of benchtop dyed, and foam dyed mean wet crocking scores at 

medium level of dye concentration (Comparison of Phase 1 and Phase 2) 
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Table A27 T-Test results of benchtop dyed and foam dyed mean wet crocking scores at low 

level of dye concentration (Comparison of Phase 1 and Phase 2) 
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Table A28 T-Test results of benchtop dyed and foam dyed mean washfast scores at high level of 

dye concentration (Comparison of Phase 1 and Phase 2) 
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Table A29 T-Test results of benchtop dyed and foam dyed mean washfast scores at medium 

level of dye concentration (Comparison of Phase 1 and Phase 2) 
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Table A30 T-Test results of benchtop dyed, and foam dyed mean washfast scores at low level of 

dye concentration (Comparison of Phase 1 and Phase 2) 
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Table A31 T-Test results of benchtop dyed, and foam dyed mean L*A*B scores at high level of 

dye concentration (Comparison of Phase 1 and Phase 2) 
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Table A32 T-Test results of benchtop dyed, and foam dyed mean L*A*B scores at medium 

level of dye concentration (Comparison of Phase 1 and Phase 2) 
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Table A33 T-Test results of benchtop dyed and foam dyed mean L*A*B scores at low level of 

dye concentration (Comparison of Phase 1 and Phase 2) 


