
 ABSTRACT 

LIU, YIXIN. Investigation of Low Percentage Fixation Mechanism for Reactive Dye Digital 

Printing. (Under the direction of Dr. Lisa Parrillo-Chapman and Dr. Nelson Vinueza Benitez). 

 

Digital printing is now competitive with rotary screen printing in terms of speed and 

offers greater design flexibility with the increased number of colors and capability for larger 

repeat sizes. For digital printing to be genuinely competitive with rotary screen-printing, 

however, production costs and production wastes still need to be driven down. 

Reactive dye-based printing offers one of the largest color-gamuts of the various 

colorants available for digital printing, and the dye is relatively stable in the print head. Reactive 

colorant provides excellent print quality and is used for a wide variety of printed home 

furnishings and apparel products. Reactive dyes form covalent bonds with cellulose under 

alkaline conditions. However, a significant drawback that is often ignored: a high dye fixation 

percentage is hard to achieve. Although the cost of reactive dyes is relatively low when 

compared to other digital print colorants, a significant portion of reactive dye is wasted during 

the printing, fixation, and wash-off process. The purpose of this study is to investigate the low 

fixation mechanism of reactive dye digital printing, thereby optimize the printing quality and 

reduce the printing waste.  

In this research, the un-fixed dye from digitally printed cotton fabric was quantified based 

on Soxhlet extraction and Beer Lambert’s Law. And the mechanism of ink wicking influences 

the print color strength was elaborated. Remarkably, a novel separation-identification method for 

reactive dyes was developed in this research. This new method was based on the Hydrophilic 

Interaction Liquid Chromatography and Mass Spectrometry (HILIC/MS). As compared with the 

traditional C18 reverse-phase ion-pairing liquid chromatography, our new method did not need 

the ion-pairing agent that was not compatible with mass spectrometry. By varying the steaming 



conditions, we used the new HILIC/MS method to analyze the wash-offs from the magenta ink 

printed cotton fabrics. Combining with the quantification analysis, the results showed the %F of 

magenta ink was lower than 50% in most of the steaming conditions. And the main reason for 

poor dye fixation was the dye hydrolysis (average: 32.3%±6.2%). While the average percentage 

of fixation (%F) was 46.7%±4.7%. The rest of the magenta dyes’ derivatives in the wash-offs 

were the un-hydrolyzed dye (7.8%±1.3%) and degraded dye (13.3%±2.9%). 

The design of experiment (DOE) analysis of steaming conditions for CMYK inks 

revealed that higher steaming temperature might lead to higher %F. However, according to the 

color measurement and microscopy analysis, higher steaming temperature led too less water 

absorption of the fabric during the steaming process. The limited amount of water on the fabric 

caused a weak ink wicking effect and led to poor color strength. The longer steaming time 

resulted in better color strength due to sufficient ink wicking effect, but longer steaming time 

generated more hydrolysis dye. The authors assumed the main issue for the dye hydrolysis 

problem was produced form the instinct nature of the dye themselves. In other words, the 

fixation and hydrolysis reaction obeyed the same reaction mechanism, a solution for this might 

be altering the dye in ink. For example, use dyes with more reactive groups. The research could 

also direct to the “water-free” dyeing techniques, which could eliminate the possibility of dye 

hydrolysis. 
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Literature Review 

1. Digital textile printing technology 

In the late 20th century, textile printing was mainly conducted by the rotary screen-

printing technique.1–3 Some other printing techniques such as transfer printing, flat-bed printing, 

and roller printing were used as well (Figure 1.1.).4  The traditional rotary screen-printing uses 

the pre-designed roller filter filled with viscous print paste. During printing, the pressure from 

the roller presses the pastes through the pre-designed screen and prints colorful patterns onto 

fabrics.3  

Digital textile printing (DTP) is a new technology as compared with the screen-printing. 

It combines the inkjet technique and digital image technique. Digital patterns/images can be 

directly printed onto textiles via an inkjet system in a technique called the “textile printing 

technology revolution.”5 As compared with the traditional rotary screen-printing, the digital 

printing technique offers higher design flexibility. Since patterns can be easily generated 

digitally with computer software, no designing or manufacturing of rotary filters are needed. And 

because of the combination of digital image and inkjet technique, high resolution up to 600 dpi 

(dot per inch) can be reached. In comparison, traditional screen printing has a theoretical 

resolution of 150 dpi.6 As shown in Figure 1.2, thanks to the inkjet technology and digital image 

technique, the average cost per yard of DTP is relatively constant so that when the textile 

printing production is in small scale (below 1800m2), the price of DTP is much lower than that of 

the traditional rotary screen-printing.7 For DTP, no pre-designed rotary filters are needed for new 

designs or patterns. Hence, DTP is more suitable for small scales textile printing production, 

such as sampling and customized plans. Besides, digital printing offers an increased number of 
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color options and capability for larger repeat sizes as compared to traditional rotary screen-

printing.1  

 

Figure 1.1: Market share% (relative contributions) of different textile printing methods used in 

the world textile industry in the late 20th centuries.4 
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Figure 1.2: As the textile printing production is in small scale (below 1800m2), the average cost 

of digital textile printing will be much lower than the traditional rotary screen-printing.7  

 

DTP is a young and promising technique; it tends to replace the traditional rotary screen-

printing. As the Smithers report shows,8 market volume of DTP was increasing rapidly from 461 

million (m2) in 2012 to 870 million (m2)  in 2016. Market volume was expected to reach 1.95 

billion (m2) in 2021.9 Nowadays, DTP has been widely used for printing textiles, from the carpet 

and floor covering printing to the apparel, bed linens, banners, badges, and different labels.5  

There are always advantages and disadvantages. The commonly known drawbacks of 

DTP are listed: a) DTP has the complicated color matching system, for example, if a Pantone® 

Matching System was selected for the printing, the DTP system has to simulate the desired color 

using a four-color (or more than four-color) matching system, leading to poor color accuracy. 

This issue has always been a critical research topic for the DTP field;1,10–13 b) limited average 

printing speed of most of the inkjet system, some high-speed single-pass DTP machine reaches 
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more than 70 m/min printing speed, but the machine price was high, while some screen-printing 

reaches 1000 m/h printing speed with low cost;14,15 c) high ink cost, the complicity of DTP ink 

formulation technology leads to a high print cost, primarily when some of the ink systems such 

as reactive dye-based ink did not provide 100% or high ink utilization rate (e.g., part of the ink 

will be washed off after printing). This issue will be addressed and discussed in a later section. 

Digital textile printing technology combines digital technology, color science, computer 

science, and inkjet technology. To create a digital textile printer, elegant and complicated 

techniques such as the construction of printheads/nozzles, ink systems, inkjet technology, image 

formation on substrates, and color management techniques are required. The development and 

some of the critical mechanisms of these techniques will be discussed in detail in the following 

sections. 

1.1 Printhead  

DTP was initially used in the carpet printing industry in the early 1970s. Instead of jetting 

ink where it needs to be printed (drop-on-demand, DOD), the print head can only jet continuous 

ink droplets stream during the whole printing process,16, which was known as continuous inkjet 

(CIJ).17  

CIJ is a type of inkjet method where a stream of ink droplets is continuously generated 

from the print head. As shown in Figure 1.3, the jetted droplets pass through an electrostatic 

field, such that the individual droplets are either charged or not charged. The charged droplets 

are then selectively deflected to deposit onto the substrate while the uncharged ones are collected 

by the ink gutter and recycled.18 

DOD is a process where the ink droplets are only jetted on demand. As shown in Figure 

1.4,18 the ink droplets are jetted either through a piezoelectric inkjet process or a thermal inkjet 
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process. In the piezoelectric inkjet process, a voltage pulse is applied to the piezoelectric material 

to generate a shape change of the printhead. Piezoelectric materials such as some crystals and 

ceramics cause mechanical deformation while the electric potential is applied. By applying a 

voltage to the piezoelectric elements, the volume change in the printhead squeeze ink droplets 

out of the nozzle and print the target fabric.19,20 In a thermal inkjet process, ink is rapidly heated 

up to generate bubbles. The bubbles propel the ink out of the ink reservoir as ink droplets. The 

jetted ink droplets then impact, spread, and merge with other printed droplets and dry on the 

substrate to form the desired image. 

 

Figure 1.3: A continuous inkjet (CIJ) printer schematic.18 
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Figure 1.4: (a) Drop-on-demand (DOD) inkjet printer with the piezoelectric head (b) DOD 

printer with thermal head schematic.18 

 

Nowadays, the thermal jet printhead is mainly produced by Canon and HP; the 

piezoelectric printhead is manufactured primarily by Epson. As compared with the piezoelectric 

printhead, the thermal jet printhead is cheaper, since less specialized materials are required to 

build the printhead. The thermal printhead can be physically smaller than the piezoelectric 

printhead because of its more straightforward construction. Thus, the thermal printhead printer 

head can have more printhead installed within the same space.21 However, the thermal jet 

printhead has its weakness: due to the working mechanism of the thermal jet printhead, the 

extreme temperature (over 300°C) limits the ink options for the thermal jet printhead; for the 

same reason, the thermal jet printhead has a shorter lifetime as compared to the piezoelectric 

printhead.21,22 
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1.2 Inkjet technology 

In section 1.1, the inkjet printhead is briefly introduced. However, inkjet is such a 

complicated technology; the jetting behavior (inkjet) and the delivery and control of ink droplets 

onto substrates (ink wetting) are two main steps of the inkjet technology. In this section, these 

key steps will be discussed. 

1.2.1. Ink jetting 

In addition to what has been noted in section 1.1, DOD is the most widely researched and 

employed technique in the DTP field. DOD requires the formation of a single droplet and 

successful jetting under each electrical impulse without the formation of satellite droplets or 

secondary droplets (Figure 1.5). These unstable jetting effects may lead to deviation from the 

droplet jetting path or even deposition onto untargeted areas.23 
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Figure 1.5: (a) High-speed micrographs of three jetted droplets at different jetting stages, 

showing elongated ligaments break up into satellite droplets. High-speed micrographs of droplet 

jetting sequence for (b) stable jetting, and (c) jetting with satellite droplets. 23 

 

Stable droplet formation can theoretically be predicted by the Ohnesorge (Oh) number, 

which is characterized by the Reynolds (Re) and Weber (We) numbers.18,24–26 

The Oh number (1/Z) is defined by: 

                                                          𝑂ℎ =
√𝑊𝑒

𝑅𝑒
=

η

√𝛾𝑙−𝑣𝜌𝑎
                                      (Equation 1.1) 
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Where η, 𝛾𝑙−𝑣 and ρ are the viscosity (mPa s), liquid to vapor surface tension, (mNm−1), 

and density (g cm−3) of the ink, respectively. υ is the ejection velocity (m s−1) of the ink, and 𝑎 is 

the diameter (m) of the jetting nozzle. 

 

Figure 1.6: Map of Reynolds (Re) and Weber (We) numbers, showing the optimal region of 

inverse Ohnesorge (Oh) number (1–10) for stable droplet jetting.27 

 

Figure 1.6 is a Re, and We map that defines the optimal value region of Re and We for 

stable droplet jetting.23,27 When 1<Z<10, the ink can be jetted stably. 

1.2.2. Ink printing 

The ejected ink droplets from the inkjet printer nozzle go through several phases before 

the dye molecules are fully penetrated and bound to the fabric, which is mostly dependent on the 
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nature of fiber and ink. An interpreted mechanism of ink penetration has been proposed in Figure 

1.7,28 and needs more rigorous validation. In Figure 1.7, when a droplet impacts on a fabric, it 

initially wets the surface, overcoming surface energy forces, spreading along with the yarns and 

then penetrating the fabric. The light scattering effects can be diverse, as light travels through 

different pathways in the substrate, depending on the final droplet penetration after the ink 

drying (Figure 1.7). That in turn affects the visually observed color. Thus, not only the color on 

the top surface influences the visually observed color. Besides, some reports have shown the 

penetration hurts digital printing color saturation;29 this will be discussed in later sections (2.2). 

 

Figure 1.7: Schematic representation of A, light entering the unprinted area, being reflected out 

through printed dot; B, light entering printed area, being reflected out through printed dot; C, 

light entering the printed area, being reflected through unprinted area.28 

 

1.3 Image formation on substrates 

As every computer-generated design is composed of pixels. In DTP, every pixel of a 

design printed on the substrate is composed of the superpixel. Superpixel is a matrix that is made 

of multiple ink droplets.16 A superpixel can be a matrix based on 4*4, 6*6, 8*8 elements or a 

hexagonal matrix, and ink droplets are directly jetted within the matrices. For each color (for 

example, C, M, Y K), by controlling the number of ink dots placed in the matrix, the solidity of 



 

11 

 

the superpixel can be controlled, so that the pattern with multiple shades effect can be produced. 

Figure 1.8 shows a simple model of a 4*4 superpixel matrix with 17 shade gradations achieved. 

Figure 1.9 shows magnified microscopic images of printed superpixels for black ink to produce 

different shades of gray.16 
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Figure 1.8: Example of a 4*4 superpixel matrix with 17 shade gradations achieved by 

controlling the ink dot placement in the matrix (ink limit).16 
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Figure 1.9: Magnified microscopic image of printed superpixels.16 
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2. Digital textile printing chemistry 

Chemistry plays an essential role in digital textile printing. For instance, the color of 

colorants (e.g., dyes and pigments) is determined by their chemical structure.30 Besides, 

chemistry also influences the colorant – substrate interaction. For example, the chemical binder 

influences the wash-fastness of the pigment printed substrate.1 The pre-treatment agents in 

reactive dye digital printing such as urea and sodium carbonate have a strong impact on the 

fixation of reactive dyes.28,29  

In this section, chemistry, such as chemicals and chemical mechanisms involved in 

digital textile printing technology, will be discussed. 

 

2.1 Colorants 

Colorants can be defined as: “the standard term for chromophore materials, including 

dyestuffs, color lakes, pigments, toners, waxes, phosphors, etc.”.31 In the DTP field, colorants are 

the main components in ink, and provides colors. Usually, dyestuff-based and pigment-based 

inks are popular in the DTP field. Figure 1.10 shows the market composition of traditional 

textile printing and DTP sort by ink type.32 

 

Figure 1.10: Market composition of traditional textile printing and DTP sort by ink type.32 
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2.1.1. Reactive dyes 

Reactive dyes are the most popular dyes used for cellulose fabrics because they provide a 

wide range of bright color shades33,34. Most importantly, they form covalent bonds with 

cellulosic substrates at certain fixation conditions, resulting in high fastness properties.27,29 Due 

to the excellent solubility of reactive dye in water, inks made of reactive dyes are relatively 

stable in printhead compared to others such as pigment inks.1 Because of some unique structures 

(e.g. ionic solubilizing groups), reactive can also be used for protein substrate (for example wool 

and silk) dying.36  

 

Figure 1.11: Illustration of CI Reactive Red 194 molecule structure.34 

 

Figure 1.11 is an illustration of the CI Reactive Red 194 molecule structure. Usually, a 

reactive dye contains the chromogen, bridging group, and reactive groups.  

The chromogen is the cause of the color in a dye. The chromophore in the chromogen 

cooperates with the conjugated systems. It provides a unique electron system that absorbs 

electromagnetic radiation at a particular wavelength. If it is at 400-700 nm range, human eyes 
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can receive a colored reflection light.35 The same chromogens have been proved to provide 

different color with the help of the unique conjugated system in the dye.30,35 

Azo group (-N=N-) is one of the most common chromophores. As the number of azo 

groups present in a dye structure increases to 2 or more (poly-azo), deeper colors such as brown 

and black are obtained.35 In the early time, black colorants for inkjet printing are usually poly-

azo dyes, particularly di-azo dyes. The black dyes without metal complex offer reasonable to 

poor lightfastness.37 With the increased demand for a good to excellent light-fastness of DTP 

textiles, metal-complexed azo dyes started to be used in inkjet technology. For reactive black, the 

copper complex dye CI Reactive Black 31 (Figure 1.12) and 2:1 Cr3+/Co3+ azo dye complex CI 

Reactive Black 8 (Figure 1.13) are commonly used.  

 

Figure 1.12: Chemical structure of CI Reactive Black 31.37 
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Figure 1.13: Chemical structure of CI Reactive Black 8.37 

 

The solubilizing group helps the dye dissolves in water. The -SO3Na or - SO3H (sulfonic 

group) the most common solubilizing group for reactive dye and acid dye. They assist the dye 

molecules in ionizing and hydrating in water. Also, the negative charge on the solubilizing group 

after being ionized gives the whole structure the ability to form ionic bonds with the -NH3
+ 

groups on protein substrates.36 This is the mechanism of reactive dye dyes protein substrates. 

The bridging groups are relatively stable. They connect the chromogen and reactive 

group.38  They control the planarity of the dye molecule. A planar or linear dye molecule has a 

higher affinity to substrates.35  

Reactive groups are the essential parts that form covalent bonds with target substrates. 

Different reactive groups contain different leaving groups, reaction mechanisms, and reactivities. 

Figure 1.14 shows the most common reactive groups in reactive dyes, A: monochlorotriazine 

(MCT) type.39 B: dichlorotriazine (DCT) type,40 C: monoflorotriazine (MFT) type, D: 
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difluorochloro-pyrimidine type,41 E: dichloro-quinoxaline type 42 and F: vinyl sulfone (VS) 

type.43 Usually, the VS group is transferred from sulfato ethyl sulfone (SES) group. The SES 

group has no reactivity to cellulose materials or water. The transformation will occur under base 

conditions. This mechanism is used for protecting the VS type dye from being hydrolyzed during 

storage. There are some reactive dyes contain two identical or different reactive groups; the CI 

reactive 194 (Figure 1.11) is a good example. As mentioned previously, different reactive groups 

give reactive dye different reactivities. Thus, they can be used for diverse applications. For 

digital printing, reactive dyes with less reactivity are preferred, because high reactivity of the dye 

leads to the storage problem of printing ink.16 Table 1.1 shows a list of the reactivity of types of 

reactive dyes.  
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Figure 1.14: The most common reactive groups used in reactive dyes: A: MCT; B: DCT; C: 

MFT; D: difluorochloro-pyrimidine; E: dichloro-quinoxaline, F: SES to VS. 

 

 

 

 

 



 

20 

 

 Table 1.1: Reactivity of some types of reactive dyes16,44. 

Reactive group Relative reactivity* 

Dichlorotriazine (DCT) 1 

Difluorochloropyrimidine 2 

Dichloroquinoxaline 3 

Monofluorotriazine (MFT) 3 

Vinyl sulfone (VS) 4 

Monochlorotriazine (MCT) 5 

Dichloro- and trichloro- pyrimidine 6 

* 1 – most reactive, 6 – less reactive. 

 

Reactive dyes form covalent bonds with cellulosic substrates such as cotton. The triazine, 

pyrimidine, and quinoxaline based reactive dye have a similar fixation reaction mechanism: the 

nucleophilic substitution mechanism. In alkali condition, the cellulose chain is negatively 

charged, the O- group on cellulose chain attacks the triazine based reactive group and substitutes 

the leaving group. However, the reactive group can also be hydrolyzed through the same 

mechanism in the alkali condition. And this is the main reason that in the reactive dye batch 

dyeing, the fixation yield is around 60-80%.45 Figure 1.15 shows the mechanism of an MCT dye 

fixation reaction and hydrolysis reaction in alkali condition. 
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Figure 1.15: Illustration of MCT dye nucleophilic substitution: fixation and hydrolysis.33 

 

In reactive dye digital printings, reactive dye-based ink is not merely reactive dyes 

dissolved in water. In addition to water, pH adjuster, such as some acid or base, needs to be 

added to adjust the ink pH. High pH hydrolyzes the dye. Low pH decreases the dye solubility in 

water. Besides, some water-soluble organic solvents such as ethylene glycol, propylene, and 

diethylene glycol monobutyl ether are added to adjust the ink surface energy16, and 

hydroscopicity.46 Improper surface energy causes problematic ink droplets formation. Reduced 

hygroscopicity causes the ink to dry fast and block the nozzle easily. Surfactant is added to ink 

for increasing the dye solubility, also for optimizing the wetting performance of the ink.16 Other 

additives such as some anti-oxidizing agents, anti-flammable agents, fluorescent whitening agent 

antiseptics, UV absorber, and even perfumes are added to the ink to promote the final product 

performance. 
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2.1.2. Acid dyes 

Acid dyes have a relatively small molecular size and attach with several anionic groups 

(e.g., SO3Na). They are water-soluble dyes, and usually used for dying protein substrates such as 

wool, silk, and the synthetic nylon.47 Un-like the reactive dye, acid dyes form ionic bonds with 

positively charged dye sites such as -NH3
+ on the target substrates under acidic conditions.35 

Similar to reactive dye digital printing, the digital textile printing using the acid dyes also 

requires pre-treated fabric. And fixation after printing requires steaming process followed by 

washing and drying.16 

 

 

Figure 1.16: Illustration of CI Acid Blue 45 molecule structure.48 

 

Figure 1.16 is an illustration of CI acid blue 45, an anthraquinone based acid dye. The 

anthraquinone is a common chromogen for a different type of dyes. Dyes have anthraquinone as 

the chromogen usually present red to blue color. The color varies on the electron donor and 

acceptor quantity and the electron distribution on the anthraquinone structure.35  

2.1.3. Disperse dye 

Disperse dyes have limited water solubility. Usually, they are made into dye-water 

dispersion while dyeing the fabrics. They are widely used for dyeing or printing hydrophobic 

substrates such as polyester fabrics.49,50 Depending on the printing methods for disperse dye, 
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different molecular weights of disperse dyes are used for making inks. For example, for the 

transfer sublimation printing, disperse dyes with lower molecular weight and higher 

hydrophobicity are usually used. Transfer sublimation printing is a technique where the pattern is 

first printed onto the transfer sheet and then transferred onto the target fabric by heat 

pressing.16,51 The direct printing method requires the steaming process; the temperature is around 

170-180°C in saturated steam for 8 min. The high-temperature steaming process is for expending 

and softening the synthetic fibers so that they disperse particles can physically diffuse into the 

fibers.52 

Disperse dyes aggregate and coagulate in aqueous media,53,54 the dispersing agents play 

an essential role in dispersing the dye in solution and keep them stable. The chemical structure of 

dispersing agents provides different options for various applications. Table 1.2 shows the 

relationship between the dispersing agent chemical characteristic versus the application 

requirements for particular dispersion design and the dispersion physiochemistry properties.16 

Except for the dispersing agent, researchers continue to optimize the dye dispersion methods. For 

example, Fu et al55 developed an encapsulation method to produce smaller disperse dye (CI 

Disperse Blue 60) particle size and narrower particle size distribution, leading to a batter 

dispersibility of the dye particles. The result dispersion shows excellent printing performance.  
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Table 1.2: Dispersion design and dispersing agent.16 

 

2.1.4. Pigments 

Pigments are usually not water-soluble because there are no solubilizing groups on their 

molecular structures. Pigment ink used for DTP usually contains 50nm -150 nm crystalline 

particles as a colloidal system.16,56 Pigment does not have reactions to form bonds with the 

substrates. And due to their poor water solubility and large particle size, they cannot physically 

diffuse into fibers. So, the coloration of textiles using pigment requires binders. Usually, the 

binder is a type of low glass transition temperature (Tg) polymer, helping to bind the pigment 

particles on the substrates. Pigment printed textiles usually show lower color strength, smaller 

color gamut, and duller color as compared with dye-based ink printed textiles.16  Besides, the 

fastness properties especially rub and wash fastness of pigment prints still need improvement 

Dispersion Design   

Application requirements Physiochemistry properties Dispersing agent type 

Fine particle Wetting to the active surface of 

dye particle 

Poly-sulfonic acid and 

derivatives 

Storage stability Adhesion to dye particles Naphthalene sulfonic acid and 

derivatives 

Ejection stability Low and linear viscosity Lignin sulfonic acid and 

derivatives 

Smooth diffusion of the 

particle to fabrics 

Low viscosity and good wetting 

to the ink channel 

Low molecular weight 

carboxylic acrylate polymer 

Wash-off property Good solubility to water Low molecular weight 

aqueous polyester 

Stain in white Good solubility to the wash-off 

cleaning liquid 

Aqueous polyurethane 
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since, in terms of the coloration mechanism of pigments, there is no strong bonding between the 

pigment particles and the substrates.57,58 

The pigment has the same mechanism of developing colors as dyes. Figure 1.17 shows 

the chemical structure of CI pigment red 57:1, which contains the azo group as the chromogen. 

This pigment is also known as Calcium 4B toner, one of the essential magenta colorants for 

printing inks in the world. Figure 1.18 is the chemical structure of the CI Pigment Green 7 

which is a phthalocyanine based halogen pigment.37 

 

Figure 1.17: Chemical structure of CI Pigment Red 57:1 (Calcium 4B toner).37 
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Figure 1.18: Chemical structure of CI Pigment Green 7.37 

 

2.2 Pre-treatments and post-treatment of fabrics for digital textile printing 

In this section, the literature review will mainly focus on the pre-treatment and post-

treatment for reactive dye-based ink digital printing. 

DTP is not simply printing inks onto fabric; plenty of details in the process should be 

considered. For example, it is hard for the low viscosity of water-based ink to form a clear 

pattern on textile substrates due to the natural wicking effect of the ink. On the other hand, high 

viscous ink is troublesome to jet through the printheads. Also, several auxiliaries such as alkaline 

solutions are required for the reactive dye ink digital printing, and it cannot be directly added 

into the ink because it causes the dye hydrolysis. Consequently, in DTP industry, people use the 

“two-phase” methodology to solve these problems, whereas some chemicals such as the 
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thickener, humectant, and alkaline are applied to the fabric before or after the printing (Table 

1.3).16 

Table 1.3: Pre-treatment for reactive dyes printing (MCT type) on cotton substrate.16 

Concentration (g/L) Agents 

100 Medium viscosity sodium alginate, e.g., 6% Lamitex M5 

100 Urea 

20-30 Sodium carbonate 

Pad (approx. 75% pick-up) Dry at 120°C or below* 

For viscose rayon increase urea to 200 g/L and add 10 g/L Lyoprint RG (Ciba)** 

*The reason for the low drying temperature is that urea is unstable at a higher temperature, and 

these causes high levels of fumes while the stenter exists. 

**Lyoprint RG is a type of polyacrylic acid-based thickener used for textile printing to control 

the pretreatment pastes wicking effect.29 

 

 

2.2.1.  Thickener 

The application of thickener is for preserving the sharpness of the color prints by countering the 

natural wicking effect of ink on the substrate. Also, it holds moisture to enable dyes and 

chemicals to dissolve and enter the fibers during the steaming process after printing.16 The 

thickener modifies the penetration and wicking property of the ink on the substrate. On the one 

hand, poor dye penetration and wicking cause insufficient contact between ink and substrate, 

potentially leading to poor dye fixation. On the other hand, excess wicking causes poor color 

strength of printed fabric since the ink cannot concentrate on the top surface of the fabric and 

contribute to the color.28,29 Thickener should be hydrophilic (for dissolving in water and holding 

moisture), which usually requires the presents of -OH groups. For example, sodium alginate 

(Figure 1.19) is widely used as a thickener for digital textile printing.59–61 
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Figure 1.19: Chemical structure of sodium alginate, multiple hydroxyl groups in the structure 

give it good water solubility.62 

 

2.2.2. Alkali 

As discussed in the previous section, excess alkali intensifies dye hydrolysis; insufficient 

alkali causes poor dye – substrate fixation reaction, both cases lead to poor printing quality. To 

optimize the dye fixation, the alkali concentration, as well as the alkali type (e.g., NaOH, 

NaHCO3 or Na2CO3), should be investigated.34,60,63 

2.2.3. Humectant 

The humectant is used for adjusting the fabric humidity, which influences the ink 

penetration and even chemical reactions along with the substrates. Urea is the commonly used 

humectant in the field of digital printing because of its remarkable hygroscopicity and low price. 

Research has provided evidence that urea is one of the most significant agent influencing the 

digital printing reactive dye fixation on cotton fabric among several pre-treatment agents.29 

2.2.4. Pre-treatment methods 

The ink diffusion and penetration were influenced by the pretreatment chemicals applied 

to the substrate, ink properties, and the ink-substrate capillary effect,28, which further influences 

the printing quality, including the color and dye fixation. Different pretreatment methods result 
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in different pretreatment surface morphologies, influencing the ink-substrate capillary effect and 

ultimately controlling the quality of the print pattern.16 Figure 1.20 shows a reasonable schematic 

of the ink-textile substrate interaction.28 With a uniform pretreatment, the coating layer may be 

considered as filling two levels of capillary spaces, the yarn-to-yarn region (region 1), and fiber-

fiber region (region 2) within a yarn. After printing, the dye molecules diffuse initially from the 

droplets into region 1. On subsequent processing during steaming, the ink migrates into region 2, 

where fixation reaction between dye molecules and the cellulose takes place. Unfixed dye 

molecules remain in region 1 and stay un-fixed and are then washed off after steaming together 

with hydrolyzed dye from region 2.  In Figure 1.20, the consequence of dye migration into the 

fibers is illustrated as three possibilities: uniform dye diffusion, non-uniform diffusion, and no 

diffusion. With a tightly woven fabric structure or a thicker yarn, the dye will diffuse less into 

region 2, reducing fabric dye uptake and consequently reducing dye fixation. Thus, the 

appropriately formulated pretreatment recipes and methods ensure the uniform fiber coating 

morphology, refines fabric surface properties, and facilitates dye diffusion into the fiber-to-fiber 

spaces, ensuing dye fixation. 
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Figure 1.20: Schematic representation of pretreatment coating and its effect of dye diffusion and 

penetration. 

 

2.2.5. Fixation method 

For reactive dye-based ink digital printing on cotton substrates, steaming with saturated 

steam is the commonly used fixation method. The most commonly used steam recipe is 102°C, 

less than 10 min with saturated steam.16,28,29,64 As stated by the research published by Yasukawa 

et al.,64 the dyeing process of reactive dyes onto cotton consists mainly four steps: (1) adsorption 

of dye molecules onto the surface of cotton fibers; (2) diffusion of dye molecules into cotton 

fibers; (3) occupation of dye molecules at an appropriate seat in cotton fibers; (4) chemical bond 

formation between the dye molecule and cellulose. Water was a critical component in these four 

steps. There are two models for dye molecules diffusion into the polymer matrix. The first model 

is called the pore diffusion model. In this model, dye molecules diffuse through pores filled with 

water in cotton substrates. The second model is an activation diffusion model related to the free 

volume theory. In this model, water molecules operate as a plasticizer to prompt the molecular 
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motion of polymer chains. Usually, the water content of substrates has been controlled by the 

pretreatment of urea. 

Different methods have been conducted for the dye fixation of reactive dye printed cotton 

substrates. Yasukawa et al.64 published the research of using direct contact heating method for 

the dye fixation (Figure 1.21). In Yasukawa’s method, it was found that reactive dye on cotton 

treated by the direct contact heating technique showed a higher dye fixation ratio compared with 

that of the steamed fabric, even though the latter case requires the longer treatment time. In this 

research, the color fastness of fabric obtained from this direct contact method is as high as that of 

steaming. However, the disadvantage of this method is the water regain of the tested fabrics had 

to be controlled before fixation, with the required amount of water and the temperature for 

fixation at 29 wt.% and 120°C, respectively. These conditions may be difficult to control in a 

real-life industry production or for fabric storage. 

 

Figure 1.21: Illustration of contact-type dry heat fixation apparatus.1: insulating board, 2: 

heating iron plate, 3: handgrip, 4: temperature control system, 5: fabric.64 
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Yasukawa et al. published another research that involved using a microwave for fixing 

reactive dye printed cotton fabric (Figure 1.22).65 The dye fixation ratio obtained by the 

microwave heating fixation method was estimated in terms of microwave power, microwave 

heating time, the temperature of the fabric surface, water regain for the pre-treated cotton fabric, 

and urea concentration of the pre-treating agent. The dye fixation ratio obtained from fabric 

treated by the microwave heating fixation method was higher than that of the conventionally-dry 

heat-treated fabric. However, to receive a useful dye fixation ratio, the microwave power for the 

microwave heating fixation method was required to be 500 W, and water regain for the pre-

treated cotton fabric should be over 21.3 wt.%. 

 

Figure 1.22: Illustration of microwave applicator. Upper: plan view, Lower: front view. 1: 

Waveguide body, 2: Magnetron, 3: Cooling fan, 4: Drive power supply, 5: Slit aperture Dashed 

arrows mean direction of microwave travel.65 

 

3. High-Performance Liquid Chromatography (HPLC) and Mass Spectrometry (MS) 

3.1 High-Performance Liquid Chromatography (HPLC) 

3.1.1. Liquid Chromatography 

Liquid chromatography (LC) is a technique used to separate chemical mixtures. The two 

main components in this technique for the separation are the liquid mobile phase and the 
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stationary phase. The analyte has difference interaction with these phases so they can have 

different retention time while flow through the stationary phase.66–68 Figure 1.23 a) shows the 

working mechanism of liquid chromatography, where a mixture of chemical A and B are 

separated (eluted) by the column (stationary phase) by continuously adding the fresh solvents 

(mobile phase) to the column. A and B can be separated because they have a different affinity to 

the stationary and mobile phases. The time that A and B come out of the column is called 

retention times (tr), they can be detected by a detector, and a chromatogram can be generated 

(Figure 1.23 b). 

To increase the diffusion efficiency of the mobile phase, people conduct the LC with 

columns packed with fine particles. This type of column is called High-Performance Liquid 

Chromatography (HPLC) column.  
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Figure 1.23: a) A schematic of the liquid chromatography working mechanism, the mixture of 

compounds A and B are eluted (separated) at the end of the column; b) the time of A (t2) and B 

(t1) come out of column can be detected by a detector, and a chromatogram can be generated. 

 

3.1.2. Normal-Phase and Reverse-Phase Liquid Chromatography 

Selecting the column with correct packing material is critical for the separation. For polar 

compounds such as salts, proteins, alcohols, people chose a polar stationary phase (for example 

SI, silica) column with a non-polar mobile phase (for example hexane) in Figure 1.24.69 This 
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combination is known as normal phase (NP) LC.70 In NPLC, the more polar the analyte is, the 

longer retention time is. Because the polar compounds have a better affinity to the stationary 

phase. Figure 1.24 presents the polarity spectra of the mobile phase and the stationary phase of 

LC. 

The most frequently used column is the C18 column (Octyldecyl-silica column). In the 

market, around 80% of the HPLC columns are the C18 or equivalent columns.70 C18 column is 

the classical Reverse-Phase (RP) column. As what the name infers, the RP is an LC mode that 

has the different mobile and stationary phase combinations of NP. Usually, the RP mode uses the 

non-polar column, such as the C18 column. While the mobile phase is very polar (for example, 

water, and MeOH). The RPLC is usually used for the analysis of the non-polar compounds.69 

Table 1.4 presents the silica bounded-phase column packing materials, corresponding solvents, 

and applications in the market. 

 

Figure 1.24: a) Mobile Phase Chromatographic Polarity Spectrum; b) Stationary Phase Particle 

Chromatographic Polarity Spectrum.70 
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Table 1.4: Silica bounded-phase column packing materials, corresponding solvents and 

applications.69 

Column Packing Materials Solvent Application 

C18 Octyldecyl ACN, MeOH, H2O General non-polars 

C8 Octyl ACN, MeOH, H2O General non-polars 

Phenyl Styryl ACN, MeOH, H2O Fatty acids, double 

bonds 

CN Cyanopropyl ACN, MeOH, THF, 

H2O 

Ketone, aldehydes 

Amino Aminopropyl H2O, CAN, MeOH, 

THF, CHCl3, CH2Cl2 

Sugars, anions 

Diol Dihydroxyhexyl ACN, MeOH, THF, 

H2O 

Proteins 

SAX Aromatic Quaternary 

amine 

Salt buffers, ACN, 

MeOH, H2O 

Anions 

SCX Aromatic Sulfonic 

acid 

Salt buffers, ACN, 

MeOH, H2O 

Cations 

DEAE Alkyl ether 

Ethyl 2nd amine 

Salt buffers, ACN, 

MeOH, H2O 

Proteins, anions 

CM Alkyl ether 

Acetic acid 

Salt buffers, ACN, 

MeOH, H2O 

Proteins, cations 

SI (none) 

Silanols 

Hexane, methylene 

Chloride, chloroform 

Polar organics, 

positional 

isomers 

 

3.1.3. Reverse-Phase Liquid Chromatography with Ion-Pairing Agents 

RPLC with ion-pairing agents is used for analyzing relative polar chemical compounds, 

for example, water-soluble dyes.66 The ion-pairing agents act like small surfactants in the RPLC. 

For example, in Figure 1.25, the TBAB (tetrabutylammonium bromide) is a salt commonly used 

as an ion-pairing agent. The hydrophilic butyl chains interact with the C18 polymer matrix on the 

silica column, and the positive N atom interacts with the negative site on the dye molecule. In 

this way, with the help of the ion-pairing agents, the polar compounds can also retain in the 

RPLC.  

There is a huge disadvantage of RPLC with ion-pairing agents: the nature of the ion-

paring agents are salts which are consist of positive and negative ions. When the RPLC with ion-
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pairing agents is combined with a mass-spectrometry, the signal of chemicals such as dyes in the 

mass-spectrometry analysis signal will be suppressed because of the strong ion intensity 

provided by the ion-pairing agents.71  

 

Figure 1.25: Schematic of ion-pairing agents working mechanism with reverse-phase LC. 

 

3.1.4. Hydrophilic Interaction Liquid Chromatography (HILIC) 

Hydrophilic Interaction Liquid Chromatography (HILIC) is a variant of NPLC.70,72,73 As 

the NPLC uses 100% organic solvent as the mobile phase. The HILIC involves a special 

composition of the mobile phase, usually acetonitrile (ACN): water >70%: 30%. While the 

stationary phases of HILIC are polar, such as underivatized-silica or hybrid particles, amino, 

amide, diol and zwitterionic, etc.72 Water is much more polar than ACN, the small amount of 

water in the mobile phase forms a solvent layer on the surface of the stationary phase. In this 

case, both the adsorption and partitioning retention mechanism is possible. The adsorption 

describes the contest between the analyte and the mobile phase for adsorption sites on the polar 
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stationary phase; the partitioning is due to the difference in the solubility of the analyte in the 

mobile phase and the water layer on the stationary phase (Figure 1.26).72  

 

Figure 1.26: A layer of water on the stationary phase creates the possibility of liquid-liquid 

partitioning of a polar compound (cytosine) between the mobile phase and water layer on the 

surface of the stationary phase.72 

 

3.1.4. Liquid Chromatography-Mass Spectrometry 

Liquid Chromatography-Mass Spectrometry (LC-MS) is a promising technique for 

chemical separation and identification. The LC contributes to the separation task, and the MS 

provides the chemical mass to charge ratio (m/z) information. The bridge that connects the LC 

and MS is called the LC-MS interface. After the analytes are separated into peaks in 

chromatography, they come out of the column with solvents. For the MS analysis, the solvent 

alone with the analytes must be evaporated before entering the MS analyzer. This process 

happened in the LC-MS interface and realized by combining the heater, gas nebulizer, and 

reducing the pressure in the interface chamber.69 The mass spectrometer can only detect charged 

compounds. Thus, the subordinate role of the LC-MS interface is ionizing the target analyte. The 
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ionization method of non-charged compounds is usually conducted by various methods such as 

Electrospray Ionization (ESI)34, Atmospheric Pressure Chemical Ionization (APCI)74, Electron 

Ionization (EI)75, Atmospheric Pressure Photoionization Ionization (APPI)76, etc.  

After the analytes are ionized, they can be analyzed by the mass analyzer. The 

Quadrupole Mass Analyzer is widely used because it is inexpensive and easy to operate.77,78 The 

four hyperbolic parallel rods in the quadrupole mass analyzer are applied with the same 

magnitude of electric potentials with direct current (DC) and radio frequency (RF), but with 

opposites signs in pairs. These rods generate electric field so that the ions can be filtered by 

hitting the rods or directly pass the analyzer according to their m/z ratios. By adjusting the 

potential or current, the ion with desired m/z ratios can be detected.69,79 

 

 

Figure 1.27 Schematic of a quadrupole mass analyzer, by adjusting the potential of the rods, an 

ion with a specific m/z ratio can be filtered or detected.  
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Another widely used mass analyzer is the Time of Flight (TOF) mass analyzer. It 

separates ions based on the time required for the ions to travel from the ion source to the 

detector. Ions from the ion source gain identical kinetic energy: 1 2⁄ 𝑚𝑣2, where m is the mass of 

the ion, v is the velocity of the ion. The kinetic energy equals the acceleration energy in the 

acceleration field is zeV, where z is the charge state of ion, e is electron mass (a constant), and V 

is the acceleration potential.  

So,  

1
2⁄ 𝑚𝑣2 =  𝑧𝑒𝑉 

Then, 

𝑣 =  √2𝑧𝑒𝑉
𝑚⁄   

And the time (t) of ion travels in the field equals the flight trace length (L) divided by the 

velocity of the ion: 

𝑡 =  𝐿

√2𝑧𝑒𝑉
𝑚⁄⁄

 

Where 𝑡 ∝ √𝑚/𝑧. Thus, ions with distinct m/z ratios can be detected.  
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Methodology 

The purpose of this study was to investigate the low fixation mechanism of reactive dye 

digital printing, thereby decreasing the cost and increasing the sustainability of digital printing. 

We divide the study into three phases, phase 1 (P1) was aiming at the quantification of un-fixed 

dye. In this phase, we determined how much dye was un-fixed after the whole digital printing 

process; Phase 2 (P2) was aiming at the qualitative analysis of the un-fixed dye, i.e., what was 

the chemical composition of the un-fixed dye. By knowing the chemical composition, the cause 

of the “low fixation” could be reasoned backward. Phase 3 (P3) was aiming at optimizing the 

dye fixation by adjusting the pre-treatment parameters with the help of the results in P1 and P2.  

1. P1: Quantification of un-fixed dye 

In the first phase, we quantified the percent fixation for commercial fabric and ink. We 

planned to use Soxhlet extraction to extract the un-fixed dye from digitally printed cotton fabrics. 

With the help of spectrophotometer and Beer Lambert’s Law, we quantified the wash-offed dye 

(un-fixed dye) from the printed substrates. 

2. P2: Qualitative analysis of un-fixed dye 

We proposed there will be two main reasons that cause the low dye fixation percentage: 

the first one was the reactive dye hydrolysis, and the second reason was the insufficient dye-

fabric contact. To diagnose and analyze the cause for the low fixation percentage, we plan to 

identify and quantify the component in the wash-offs from printed fabrics. In other words, we 

wanted to confirm the percentage of “hydrolyzed dye” and “un-hydrolyzed dye” with LC-MS 

(Liquid chromatography-mass spectrometry) technique.  

However, before differentiating the “hydrolyzed dye” and “un-hydrolyzed dye,” we made 

sure no excess dye was printed on the fabric. The excess dye potentially contributed to the “un-
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hydrolyzed dye” amount and covered the real problem. Hence, it was critical to find a series of 

points satisfying the following conditions. When increasing the ink amount jetted (ink limit), 

the %F of the ink of the printed fabric kept increase without a decline or being in the platform. 

The decrease of %F indicated excess dye exist, and the fabric reached the limit for absorbing the 

dye and getting them fixed. Subsequently, we planned to build a profile of ink limit of each color 

to the %F of the fabric after printing, steaming, and washing, respectively. We located the points 

with no excess ink printed and conducted the LC/MS analysis so that consistent and accurate 

results could be obtained.  

3. P3: Digital printing factor analysis  

Based on results from P1 and P2, we anticipated that there would be mainly two types of 

form of un-fixed-dye: the “hydrolyzed dye” and the “un-hydrolyzed” dye. After reviewing the 

literature, we presumed the scenarios in the DTP process that leads to the high amount of 

“hydrolyzed form” and “un-hydrolyzed form” of dye in the wash-offs. According to certain 

scenarios, we established a DTP factor analysis to optimize the DTP process. The research aimed 

to find the optimized recipe for reactive dye digital printing on cotton fabric. Specific methods 

and approaches were elaborated in the following sections. 
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Table 2.1: Possible LC/MS results with possible causes and optimization solutions listed. 

LC/MS Results Possible Causes Possible Optimization Solutions 

The high amount 

of “un-

hydrolyzed dye” 

form in the wash-

offs. 

a. Poor dye-substrate contact 

leads to a low possibility of 

dye-fabric interaction. 

1. Adjust thickener concentration in 

the pretreatment to prevent it 

blocking the dye-fabric contact. 

2. Adjust the urea concentration in the 

pretreatment to improve the ink 

wicking. 

3. Develop new pretreatment methods 

that create better pretreatment 

morphology for dye-fabric contact. 

b. The fixation reaction is too 

mild, which causes an 

insufficient chemical reaction 

between the dye and the fabric. 

1. Increase the alkali concentration in 

the pretreatment. 

2. Adjust the steaming time and 

temperature to obtain better dye-

fabric chemical interaction. 

c. Excess ink is printed onto the 

fabric. 

1. Exam what is the maximum 

capacity of the fabric to absorb and 

react with the dye. 

The high amount 

of “hydrolyzed 

dye” form in the 

wash-offs. 

a. The fixation reaction is too 

intense, which causes excess 

dye hydrolysis. 

1. Reduce the alkali concentration in 

the pretreatment recipe. 

2. Adjust the steaming temperature or 

time. 

3. Carry out DOEs and exam the 

interaction of alkali concentrations 

and steaming conditions. 

b. Dye hydrolysis due to poor 

dye-fabric contact: dye cannot 

contact the fabric and finally 

hydrolyze on the substrate. 

1. Adjust thickener concentration in 

the pretreatment to prevent it 

blocking the dye-fabric contact. 

2. Adjust the urea concentration in the 

pretreatment to improve the ink 

wicking. 

3. Develop new pretreatment methods 

that create better pretreatment 

morphology for dye-fabric contact. 

c. Dye hydrolysis before 

steaming, probably due to a 

high amount of alkali 

concentration and long storage 

time between the printing and 

steaming steps, or the ink is 

expired or not stored properly. 

1. Adjust the alkali concentration and 

reduce the storage time between the 

printing and steaming steps to 

eliminate the dye hydrolysis on the 

fabric before the steaming process. 

2. Make sure the ink is not expired. 
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Experimental Procedures 

1. P1: Quantification of un-fixed dye 

1.1 Prepare Calibration Curves 

The calibration curves were prepared based on Beer Lambert’s law and used as standards 

to calculate the unknown concentration of a solution. In this section, the calibration curves for 

Cyan, Magenta, Yellow, and Black color inks were prepared for further use. 

Pristine CMYK (Cyan, Magenta, Yellow, and Black) inks were collected, and each ink 

was diluted multiple times into four different concentrations since the concentration was 

unknown, the dilution ration was recorded and used to represent the concentration. Light 

absorbance of diluted solutions at λmax of each color was measured and recorded using a Genesys 

10 spectrophotometer. 

1.2 Profile: Ink Limits vs. %F and K/S Values for New and Old Ink Batches 

As proposed, the LC/MS technique would be employed for identifying the root cause of 

the low %F for reactive dye-based digital printing. By analyzing the ink washed off at different 

steps from the printed fabric, we could monitor the chemical form (i.e., the “hydrolyzed dye” and 

“un-hydrolyzed dye” forms) and relevant content of each form of the dye at certain printing 

steps. In this case, we could access the reason the dye washed off.  

However, before differentiating the “hydrolyzed dye” and “un-hydrolyzed dye,” we need 

to make sure no excess dye was printed on the fabric. The excess dye potentially contributed to 

the “un-hydrolyzed dye” amount and covered the real problem. Hence, it was critical to find a 

series of points satisfying the following conditions. When increasing the ink amount jetted (ink 

limit), the %F of the ink of the printed fabric kept increase without a decline or being in the 

platform. The decrease of %F indicated excess dye exist, and the fabric reached the limit for 
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absorbing the dye and getting them fixed. Subsequently, we planned to build a profile of ink 

limit of each color to the %F of the fabric after printing, steaming, and washing, respectively. We 

located the points with no excess ink printed and conducted the LC/MS analysis so that 

consistent and accurate results could be obtained. 

1.2.1 Fabrics 

A 125g/m2, woven 100% cotton percale fabric was used for fixation study. The substrate 

was commercially pre-treated for reactive dye printing by Jacquard Inkjet Fabric Systems. A 126 

grams/meter2 spun polyester from Testfabrics was used for collecting and calculating the printed 

ink amount for the dye quantification purpose. 

1.2.2 Inks 

The old ink sets (Everlight’s Everjet®) were produced by Everlight on 10/03/2017 

(Labeled on the ink container). The new ink sets were produced by Everlight on 04/01/2019 

(Labeled on the ink container). 

1.2.3 Fabric Printing 

A Mutoh 1938TX: 60” width, roll to roll, equipped with Epson print heads, was used for 

printing. Everlight’s Everjet® Cyan (C), Magenta (M), Yellow (Y), and Black (K) ink sets were 

used for printing. 2.5*10 cm2 C, M, Y, and K single color strips were printed on target fabrics. 

For the old ink, the ink limits used were: 30%, 40%, 50%, 60%, 70%, 80%, 90% and 

100%. For the new ink, the ink limits used were: 10%, 25%, 50%, 75%, and 100% (Figure 3.1, 

Figure 3.2, Figure 3.3 and Figure 3.4). 
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Figure 3.1: Digital image of pre-treated cotton fabric printed with the OLD CMYK inks with 

ink limit from 30% - 90% (interval: 10%), stripes with a 100% ink limit are not shown in this 

image. 
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Figure 3.2: Digital image of polyester fabric printed with the OLD CMYK inks with ink limit 

from 30% - 100%. 
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Figure 3.3: Digital image of pretreated cotton fabric printed with the NEW CMYK inks with ink 

limit from 10% - 100%. 
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Figure 3.4: Digital image of PET fabric printed with the NEW CMYK inks with ink limit from 

10% - 100%. 

 

1.2.4 Steaming 

For cotton fabrics, steaming at saturated steam was applied for dye fixation. 105 °C, 2 

min steam was applied to all the printed cotton fabrics. After the steaming, fabrics were dried in 

air and prepared for extraction. 

1.2.5 Extraction 

Six Soxhlet extraction setups were used for extracting the un-fixed dye from the printed 

fabric. Printed fabrics were evenly cut into eight pieces and placed into the Soxhlet extraction 

tubes. 70 mL of deionized (DI) water was then added into the extraction tube, 15s mechanical 

stir using glass rod was then applied to the fabric-water mixture for better dye washing-off. 70 

mL of DI water was then added into the 250 mL round bottom flask, with the condenser set on, 
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appropriate heating was applied. 4-5 extraction hours were conducted for each sample. After the 

last cycle, all the liquid in the extraction tube and flask were collected. After a cooling down 

period, the final volumes of the solutions were recorded. The solutions were then prepared for 

light absorbance measurement. Printed polyester fabrics were extracted to calculate the printed 

ink amount. Printed cotton fabrics were extracted for the un-fixed dye amount calculation. 

1.2.6 Light Absorption Measurement 

The λmax and corresponding peak absorbance of each extracting solution was measured 

and recorded using a Genesys 10 spectrophotometer. Each solution was sampled and measured 

for three times for data accuracy. The wavelength where the absorbance of each ink solution was 

collected was listed in Table 3.1. 

 

Table 3.1: The maximum absorbance wavelengths for each ink. 
 Cyan Magenta Yellow Black 

New ink λmax (nm) 670 547 423 Sum of 430 to 700, 2nm interval 

 

The blank solution was prepared by extracting the pre-treated cotton fabric using the same 

method. The blank solution was measured from 430 nm to 700 nm, 2 nm as the interval. The 

spectrum of the blank solution was subtracted from the colored wash-offs spectrum from the 

cotton during the calculation. 

1.2.7 %Fixation (%F) Calculation 

According to the Beer Lambert’s law (Equation 3.1.): 

𝑨 = 𝜺 × 𝒃 × 𝒄   (Equation 3.2)  

𝒎 = 𝑽 × 𝒄    (Equation 3.3) 

Conclusion (3.3) can be derived: 
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𝐦 = 𝑽 × 𝑨 𝜺 × 𝒃⁄    (Equation 3.4) 

 

Where ε the wavelength-dependent molar absorptivity coefficient with units of M-1 cm-1; 

b was the path length, and c was the analyte (dye) concentration, m was the mass of the dye 

washed off, V was the final volume of the residual, A was the Average absorbance (abs). 

Thus the %F can be calculated as (Equation 3.5): 

%𝐅 = 1 −
𝒎𝒖𝒏−𝒇𝒊𝒙𝒆𝒅

𝒎𝒑𝒓𝒊𝒏𝒕𝒆𝒅
= 1 − 

(𝑽𝒖𝒏−𝒇𝒊𝒙𝒆𝒅×𝑨𝒖𝒏−𝒇𝒊𝒙𝒆𝒅)

(𝑽𝒑𝒓𝒊𝒏𝒕𝒆𝒅×𝑨𝒑𝒓𝒊𝒏𝒕𝒆𝒅)
 (Equation 3.5) 

 

1.2.8 Color Measurement 

Maximum K/S values of each fabric at “before steaming,” “after steaming,” and “after 

washing” were recorded using the X-Rite Color i7 spectrophotometer and X-Rite Color I Match 

software, each sample was measured three times. 10 mm aperture, D65 light source were used, 

specular was included. The maximum K/S values wavelengths for each ink was listed in Table 

3.2. 

 

Table 3.2: The maximum K/S values wavelengths for each ink. 

 Cyan Magenta Yellow Black 

New ink λmax (nm) 670 550 430 Sum of 430 to 700, 10nm interval 

 

The K/S value can be defined by the Kubelka-Munk function (Equation 3.6) when the 

opacities of the sample are higher than 75%. The relationship between the light absorbed and 

scattered can represent the color strength of the sample at a certain wavelength. 
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𝐾

𝑆
=

(1−𝑅∞)2

2𝑅∞
   (Equation 3.6) 

Where K is the absorption coefficient, S denotes the pseudo scattering coefficient, and 

𝑅∞ was the reflectance of an infinitely thick (opaque) sample layer.80 

2. P2: Qualitative analysis 

2.1 Microscopic Analysis 

To investigate the ink wicking on the fabric, the microscopic analysis was conducted with 

the new ink sets.  

2.5*10 cm2 color strips were printed on the pre-treated cotton fabrics with the new C, M, 

Y, and K ink sets (10% ink limit), respectively. A 2-3mm rectangular shape was hand sewed on 

each color strips with the PET (polyester) yarn before the steaming step to mark a consistent area 

for microscopy analysis. The same printing, steaming, and washing methods were used as 

previous. The microscopy images were obtained at the rectangular shape formed by PET yarn 

when the fabrics were at the “before steaming,” “after steaming,” or “after washing” states. The 

Nikon SMZ1000 microscope with Nikon LV-TV camera was used to capture images. The 

images were processed using NIS-Elements F 4.00.06 software. 

 

2.2 Hydrophilic Interaction Liquid Chromatography/Mass Spectrometry (HILIC/MS) 

Analysis of Pristine Inks 

2.2.1 Sample Preparation 

The pristine new batches of Magenta, Yellow, and Black inks were diluted 100 times 

with DI water and then further diluted 20 times with 50:50 (volume) methanol/water solution. 

The mixture was then injected into the HILIC/ESI-MS (Liquid Chromatography/Electro Spray 
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Ionization-Mass Spectrometry) system. The Cyan ink data was not presented in this report since 

a sufficient HILIC gradient was not developed for the Cyan ink. 

2.2.2 Instrument and Methodology 

An Agilent Technologies 1260 High-Performance Liquid Chromatography (HPLC) unit 

equipped with a HILIC column: ACQUITY UPLC BEH Amide column (2.1*50mm, 1.7 m) 

from Waters Corporation was used. The HILIC column temperature was maintained at 40°C. 

The injection volume was 3 L. The mobile phase A was 20mM ammonium formate in 500mL 

DI water; the pH of the solution was adjusted to 4 by adding formic acid dropwise. The mobile 

phase B was 99.9% acetonitrile + 0.1% water. The mobile phase gradients (I and II) were shown 

in Table 3.3 (for Magenta ink), Table 3.4 (for Black Inks). 

Table 3.5 (for Yellow inks). Ionization was performed on a dual electrospray ionization 

(dual ESI) source from Agilent Technologies in a negative mode. The following parameters were 

used: drying gas temperature 325°C, flow rate 10 L per minute, nebulizer pressure 60 psi, 

fragmentor voltage 110 V, skimmer voltage 65 V, octupole voltage 750 V, capillary voltage 

(Vcap) 4000 V. To improve mass measurement accuracy, a reference mixture purchased from 

Agilent Technologies was introduced via a secondary ESI needle at a flow rate of 0.1 mL per 

minute. The HILIC/ESI-MS analysis was conducted in the Vinueza Labs, Wilson College of 

Textiles, NC State University, Raleigh. 

 

 

 

 



 

54 

 

Table 3.3: Gradients I for Magenta inks. 

Time (min) Solvent A (%) Solvent B (%) Flow Rate (mL/min) 

0.00 23.0 77.0 0.500 

1.00 23.0 77.0 0.500 

3.00 23.0 77.0 0.700 

5.00 23.0 77.0 0.700 

7.00 23.0 77.0 0.500 

 

Table 3.4: Gradients II for Black inks. 

Time (min) Solvent A (%) Solvent B (%) Flow Rate (mL/min) 

0.00 5.0 95.0 0.500 

1.00 5.0 95.0 0.500 

5.00 50.0 50.0 0.500 

6.00 50.0 50.0 0.500 

8.00 5.0 95.0 0.500 

10.00 5.0 95.0 0.500 

 

Table 3.5: Gradients III for Yellow inks. 

Time (min) Solvent A (%) Solvent B (%) Flow Rate (mL/min) 

0.00 5.0 95.0 0.500 

1.00 5.0 95.0 0.500 

4.00 15.0 85.0 0.500 

6.00 15.0 85.0 0.500 

8.00 5.0 95.0 0.500 

10.00 5.0 95.0 0.500 

 

2.3. Ink Hydrolysis Study with HILIC/MS 

2.3.1 Sample Preparation 

The stock dye solution was prepared by diluting the Magenta ink provided by Everlight 

Inc (Taiwan) 100 times with DI water. Sample A (pristine dye solution) was prepared by diluting 

an 800 L stock solution with 400 L DI water. After this, 500 L of the mixture was further 

diluted with MeOH (HPLC Grade, Fisher Chemical, USA)/Water (v:v = 50:50) three times in 2 

mL LCGC vail (Waters, USA). Sample B (60°C 1h hydrolyzed) was prepared by hydrolyzing 

800 L stock solution with 200 L of 0.1 N NaOH at 60°C for 1 hour. The reaction was 
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quenched by cooling the mixture to room temperature, and 200 mL 0.1 N HCl solution was 

added to the mixture. 500 L of the mixture was further diluted with MeOH (HPLC Grade, 

Fisher Chemical, USA)/Water (v:v = 50:50) three times in a 2 mL LCGC vial (Waters, USA). 

Sample C (70°C, 1h of hydrolysis time) and D (80°C 3h of hydrolysis time) were prepared using 

the same procedure as sample B.  

2.3.2 Instrumentation and Methodology 

The same instrumentation and methodology as the section 2.2.2 for Magenta pristine ink 

have been employed for the Magenta ink hydrolysis study. In contrast, no Yellow or Black ink 

has been studied in this section. 

2.4. Analysis of Printing Ink Wash-offs using HILIC/MS 

To understand the mechanism of poor fixation of reactive dye in the DTP field, it was 

important to know what the composition of the wash-offs from the digitally printed fabrics. In 

this section, the method of analyzing the wash-offs using the novel HILIC/MS methodology 

introduced in the previous section was discussed. Magenta was the only color that had been 

investigated in this research. 

2.4.1 Sample Preparation 

2*10 cm2 magenta color strips printed with 25% ink limits were steamed in 10 different 

conditions: a) not steamed; b)100°C 1min; c)100°C 3min; d)100°C 10min; e)105°C 1min; 

f)105°C 3min; g)105°C 10min; h) 110°C 1min; i)110°C 3min; and j)110°C 10min. After 

steaming, these color strips were cut into 2*5 cm2, and each of them was further cut into eight 

pieces and placed into a test tube. 10 mL DI water was then added into each test tubes. The test 

tubes were then sealed with a cap and sonicated in 10°C water bath for 5min. The fabric strips in 

the test tubes were then removed. 0.1 N HCl solution was then added to the test tubes to adjust 



 

56 

 

the pH of the wash-offs to 7. The wash-offs were then filtered using 13mm PTFE Syringe Filters 

(20 m). 500 L of each filtered wash-off solutions were then diluted using 1000 L MeOH: 

Water (50:50 in volume ratios) and added into Waters GC/MS vails for HILIC/MS analysis. 

2.4.2 Instrumentation and Methodology 

The same instrumentation and methodology as the section 2.2.2 for Magenta pristine ink 

have been employed for the Magenta ink wash-offs study. In contrast, no Yellow or Black ink 

has been studied in this section. 

 

3. P3: Digital printing factor analysis  

3.1 Steaming factor analysis 

3.1.1. Pilot DOE for old inks 

The pilot DOE was conducted for the old series of ink, which was produced by Everlight 

on 10/03/2017 (Labeled on the ink container). The 40% ink limit was selected for the DOE. The 

steaming temperature and time used were listed below: 

a) 105 °C, 115 °C, 125 °C and 135 °C for 8min.  

b) 105 °C for 2min, 4min, 6min, and 8min. 

For the pilot DOE for the old inks, %F was the only outcome that had been evaluated. 

3.1.2.  Full Factorial DOE for new inks 

In this chapter, we established a 3x4x4 full factorial design of experiment (DOE) to 

investigate how the factors during DTP steaming process influenced the printing outcomes such 

as the printed fabric color strength (K/S values), ink wicking, and %F. 

The new ink sets were produced by Everlight on 04/01/2019 (Labeled on the ink 

container). The 25% ink limit was selected. 
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Table 3.6 presents the control factors: steaming temperatures with three levels 100°C, 

105°C, and 110°C; steaming time with four levels 1 min, 2 min, 3 min, and 10 min for C, M, Y 

and K colors. The %F, 𝑅𝐾

𝑆
 𝑆𝑡𝑚

𝑎𝑛𝑑 𝑅𝐾

𝑆
 𝑊𝑎ℎ

 values were the outcomes that had been evaluated. 

Each experiment was repeated three times, expect the 10 min experiments were only 

repeated twice. 

 

Table 3.6: DOE of steaming conditions for four colors. 

Control Factor Level 1 Level 2 Level 3 Level 4 

Steaming temp. (T, °C) 100 105 110 N/A 

Steaming time (t, min) 1 2 3 10 

Color C M Y K 
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Results 

1. P1: Quantification of un-fixed dye 

1.1 Calibration Curves 

The calibration curves were prepared based on Beer Lambert’s law and used as standards 

to calculate the unknown concentration of a solution. In this section, the calibration curves for 

Cyan, Magenta, Yellow, and Black color inks were prepared for further use. 

Figure 4.1, Figure 4.2, Figure 4.3 and Figure 4.4 were the calibration curves of the old 

Cyan, Magenta, Yellow, and Black ink, respectively. 

 
Figure 4.1: Calibration curve of Cyan ink: Abs=5760.7*C*C0 + 0.1003, R2=0.9996. Where C0 

was the original concentration of commercial ink, at λmax 670nm. 
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Figure 4.2: Calibration curve of Magenta ink: Abs=3460.9*C*C0 + 0.0266, R2=0.9999. Where 

C0 was the original concentration of commercial ink at λmax: 547nm. 

 
Figure 4.3: Calibration curve of yellow ink: Abs=3778.3*C*C0 + 0.0193, R2=0.9997. Where C0 

was the original concentration of commercial ink at λmax: 423nm. 
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Figure 4.4: Calibration curve of black ink: Abs=12360*C*C0 + 0.0046, R2=1. Where C0 was the 

original concentration of commercial ink at λmax: 612nm. 

 

1.2 Profile: Ink Limits vs. %F and K/S Values for New and Old Ink Batches 

Figure 4.5, Figure 4.6, Figure 4.7 and Figure 4.8 present the Profiles: Ink limit vs. K/S 

values of the new and old Cyan, Magenta, Yellow, and Black inks respectively. The K/S values 

of printed fabric increases as the ink limit increased for all the colors. For each ink sets, the color 

intensity (K/S values) of fabric went from low (after printing) to high (after steaming) and 

reduced again to “after washing.” The highest K/S values appeared at the data group “after 

steaming,” representing the samples that showed the highest color strength after the steaming 

step, due to the steaming process promotes the ink spreading. Thus, the printed ink dots got 

expanded and further colored the blank area around them. As a result, the color of the samples 

was more saturated, leading to higher K/S values. The speared ink dots were washed off because 

part or all of them was un-fixed, and the color intensity of the fabric reduced again after washing. 

The microscope in the next chapter would present this effect. However, some of the colors, such 
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as the new cyan, the K/S value of the “after washing” curve presented a deviation from linearity 

at high chroma level, indicating the further addition of ink can barely improve the color intensity 

of fabric.  

 

 
Figure 4.5: Profile: Ink limit vs. K/S values of the a) new and b) old Cyan inks printed fabrics at 

“before steaming,” “after steaming,” and “after washing” stages.  

 

 
Figure 4.6: Profile: Ink limit vs. K/S values of the a) new and b) old Magenta inks printed 

fabrics at “before steaming,” “after steaming,” and “after washing” stages.  
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Figure 4.7: Profile: Ink limit vs. K/S values of the a) new and b) old Yellow inks printed fabrics 

at “before steaming,” “after steaming,” and “after washing” stages.  

 

 
Figure 4.8: Profile: Ink limit vs. K/S values of the a) new and b) old Black inks printed fabrics 

at “before steaming,” “after steaming,” and “after washing” stages.  

 

Interestingly, after changing the old ink sets by the new ink sets, the “after washing” data 

groups appeared to have higher K/S values. As Figure 4.9 shows, after changing the ink, the %F 

for all of the 4 colors increased. Table 4.1 shows the average improvement of %F. Cyan was 

19.1%, Magenta 17.0%, Yellow was 17.1%, and Black was 15.4%. Due to the improvement of 

the dye fixation, the “after washing” data sets for the new ink sets in the Ink limit vs. K/S value 

profiles were higher than that of the old ink, meaning the “end product” of the whole printing 
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process presented higher color intensities. This result indicated the old ink was not good enough 

for reactive dye digital printing, probably because part of the dye in the old ink was hydrolyzed 

or decomposed during the long storage duration.  

Moreover, as Figure 4.9 shows, when the ink limit increases, the %F for the new ink 

shows the trend of decreasing slightly, while that for the old ink were kept in a flat form without 

significantly decreasing as the ink limit increases.  

 
Figure 4.9: Profile: Ink limit vs. %F of the a) new and b) old CMYK inks printed fabrics. 

 

Table 4.1: The average %F for the old and new inks and the average %F improvement after 

changing the ink.  
Cyan Magenta Yellow Black Average 

Old %F average (%) 29.2 31.6 33.4 45.7 
 

New %F average (%) 48.3 48.6 50.5 61.1 
 

Average improvement (%) 19.1 17.0 17.1 15.4 17.2 

 

 

2. P2: Digital printing qualitative analysis 

2.1 Microscopy analysis 

Figure 4.10, Figure 4.11, Figure 4.12 and Figure 4.13 present the microscopy of cotton 

fabrics printed with 10% ink limits of C, M, Y, and K colors, respectively. For each color, the 

images were taken at the same spots, where the spots were marked with the hand sewed PET 
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yarn. For each fabric, the images were taken at a) before steaming, b) after steaming, and c) after 

washing stages. The red or blue rectangles in each image mark the identical area at a) before 

steaming, b) after steaming, and c) after washing stages. 

Obviously, for each color, at the “before steaming, a)” stages, the ink spots printed on the 

fabric presented a “short bar” shape. Each “short bar” had relatively clear edges against the white 

cotton background. Theoretically, the printed ink dots should have a round shape with clear 

edges against the flat substrates, such as paper. However, textiles had irregular surface 

morphology. For example, the yarn-yarn construction and the fiber-fiber twisting within the 

yarns allowed the ink droplets wick through the yarn and fiber. The thickener on the fabric kept 

the edges of the wicked ink drops the relatively sharp.  

After steaming b), the “short bars” spread out to the white cotton background. The 

average size of the bars increased while the color intensity of each bar did not decrease a lot. 

That was because the steaming condition helped the ink dots further dissolved and wicked 

through the yarn. That was why the color of steamed fabric became brighter. People call this the 

“blooming” effect. This effect explained why the K/S values of the “after steaming” curves in 

Figure 4.5, Figure 4.6, Figure 4.7 and Figure 4.8 were higher than the “before steaming” 

curves. 

 After washing c), the ink dots became paler as compared to the “after steaming” stages. 

Mainly because the un-fixed dye was washed off during the washing step. The evidence showed 

in Figure 4.5, Figure 4.6, Figure 4.7 and Figure 4.8 were for all of the four colors, the K/S 

values of “after washing” curves had a relatively low K/S values as compared with the “after 

steaming” curves. The “after washing” fabrics were the final products of the digital printing 

process. It represented the final color of the textiles that were sold to the consumers. In other 
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words, if the %F were 100%, the “after washing” product would have the same color as the 

“after steaming” products.  

 

Figure 4.10: Microscopy images of a piece of Cyan ink (10% ink limit) printed cotton fabric at 

a) before steaming, b) after steaming, and c) after washing steps. The PET yarn was hand sewed 

to mark a certain area for consistent area analysis. The red rectangles in a), b), and c) illustrate 

the same spot on the yarn at “before steaming,” “after steaming,” and “after washing” states, 

respectively. 

 

 

Figure 4.11: Microscopy images of a piece of Magenta ink (10% ink limit) printed cotton fabric 

at a) before steaming, b) after steaming, and c) after washing steps. The PET yarn was hand 

sewed to mark a certain area for consistent area analysis. The blue rectangles in a), b), and c) 

illustrate the same spot on the yarn at “before steaming,” “after steaming,” and “after washing” 

states, respectively. 
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Figure 4.12: Microscopy images of a piece of Yellow ink (10% ink limit) printed cotton fabric 

at a) before steaming, b) after steaming, and c) after washing steps. The PET yarn was hand 

sewed to mark a certain area for consistent area analysis. The red rectangles in a), b), and c) 

illustrate the same spot on the yarn at “before steaming,” “after steaming,” and “after washing” 

states, respectively. 

 

 

Figure 4.13: Microscopy images of a piece of Black ink (10% ink limit) printed cotton fabric at 

a) before steaming, b) after steaming, and c) after washing steps. The PET yarn was hand-sewn to 

mark a certain area for consistent area analysis. The red rectangles in a), b), and c) illustrate the 

same spot on the yarn at “before steaming,” “after steaming,” and “after washing” states, 

respectively. 

 

Based on the microscopy image analysis, a simple model was built (Figure 4.14) to 

demonstrate the color change of the fabric during the steaming and washing process. A1, A1’ 

and A1’’ represents the original ink dot area on yarn at “Before Steaming,” “After Steaming” 

and “After Washing” stages; A2, A2’ and A2’’ represent the ink wicking area and A3, A3’ and 

A3’’ represent the un-colored area on the yarn at the above mentioned three stages. We propose 

the K/S value of the whole box (
𝐾

𝑆𝑊ℎ𝑜𝑙𝑒
)can be calculated as an average using the following 

equation: 
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𝐾/𝑆𝑊ℎ𝑜𝑙𝑒 =
𝐾/𝑆𝐴

1
×𝐴

1
+𝐾/𝑆𝐴

2
×𝐴

2
+𝐾/𝑆𝐴

3
×𝐴

3
𝐴

1
+𝐴

2
+𝐴

3

    (Equation 4.1) 

Where 𝐾/𝑆𝐴
1
, 𝐾/𝑆𝐴

2
and 𝐾/𝑆𝐴

3
 represent the K/S values of the original ink dots area, the 

ink wicking area, and the un-colored yarn area in Figure 4.14 respectively; and A1, A2, and A3 

represent the geometric area of the above mentioned three stages. 

Initially, at the “Before Steaming” stage, the A1 region has the deepest color (highest K/S 

value) because the colorant in the ink dot was condensed without any dilution. While for the 

“Before Steaming” stage, the A2 ink wicking range did not exist, the area of this region equals to 

0, or it can be concluded the K/S value of A2 was 0. The K/S value for the A3 area was zero 

because there was no colorant in this region. At the “After Steaming” stage, the amount of 

colorant in the A1’ stage was reduced because of the steaming process, the diluted colorant from 

the original ink dot wicks along the fibers and colors the blank area around the original dot. That 

generates the A2’ area, which was the ink wicking area. The K/S value of A2’ area and the 

geometric area of A2 highly depend on how well the ink wicks. Better wicking produces higher 

K/S values and larger geometric area. And the A3’ area still has no color, and the K/S value was 

0. While the geometric area of A3’ should be smaller than A3 because the ink has wicked and 

covered the blank area. Besides promoting the ink wicking, another role of the steaming process 

was fixing the colorant. After washing the fabric, the un-fixed colorant was washed off. This 

results in the reduction of colorant on the yarn so that the color reduced.  

In the coloration field, a common phenomenon exists when the color intensity of a 

substrate was not always having a linear relationship with the amount of colorant used. In most 

of the cases, when the colorant concentration reaches a high level, further increase the colorant 

concentration can hardly improve the color intensity of the substrate. Figure 4.15 was a color 

intensity plot with curves shows the colorant amount was not linearized with the color density of 
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printed substrates for different colors of digital inks. Three main regions exist. In the green 

region, the color density of the substrate increases significantly with a small increase of colorant 

amount. At the yellow region, the curves start to derivate from the linearity, the slop of curves 

start to decrease mainly because the ink starts to saturate the substrate. And In the red region, the 

slope of curves was almost zero, meaning adding more colorant will not increase the color 

density significantly.81 This plot can assist in explaining the model in Figure 4.14. 

If applying the model generated from Figure 4.14 into Figure 4.15, assuming the black 

ink was used, an example case has been labeled in Figure 4.15 on the black curve: 

𝐾/𝑆𝐴1= 0.79 

𝐾/𝑆𝐴1’= 0.78 

𝐾/𝑆𝐴1’’=0.72 

𝐾/𝑆𝐴2= 0 

𝐾/𝑆𝐴2’= 0.45 

𝐾/𝑆𝐴2’’=0.29 

𝐾/𝑆𝐴3= 𝐾/𝑆𝐴3′= 𝐾/𝑆𝐴3’’=0  

Assuming the geometric area: 

A1 = A1’ = A1’’ = 1, 

A2 = A2’ = A2’’ = 3,  

A3 = A3’ = A3’’ = 5 

Using Equation 4.  1, results can be obtained: 

𝐾/𝑆𝑇𝑜𝑡𝑎𝑙= 
0.79×1+0×3+0×3

1+3+5
=0.09 

 𝐾/𝑆𝑇𝑜𝑡𝑎𝑙’= 
0.78×1+0.45×3+0×5

1+3+5
=0.24 

𝐾/𝑆𝑇𝑜𝑡𝑎𝑙’’= 
0.72×1+0.29×3+0×5

1+3+5
=0.18 
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In this case, the K/S value of the “after steaming” yarn was 2.67 times of the “before 

steaming” yarn, while the “after washing” yarn was two times of that. If looking at the 

calculation, the main reason for the increase of the K/S value was the ink wicking promotes the 

geometric area and the K/S value of A2. Looking at the green region in Figure 4.15, the curve 

has high slop so that a slight increase of colorant amount contributes to a huge amount of color 

intensity. While in the red region, even the steaming process dilutes the original dots for 20%, a 

tiny amount of color intensity was reduced. 

 

 
Figure 4.14: A simple model demonstrates the color change during the steaming and washing 

process. A1, A1’ and A1’’ represents the original ink dot area on yarn at “Before Steaming,” 

“After Steaming” and “After Washing” stages; A2, A2’ and A2’’ represent the ink wicking area 

and A3, A3’ and A3’’ represent the un-colored area on the yarn at the above mentioned three 

stages. 
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Figure 4.15: Color intensity curves show the colorant amount was not linearized with the color 

density of printed substrates for different colors of digital inks. Three main regions exist. In the 

green region, the color density of the substrate increases significantly with a small increase of 

colorant amount. At the yellow region, the curves start to derivate from the linearity, the slop of 

curves start to decrease mainly because the ink starts to saturate the substrate. And In the red 

region, the slope of curves was almost zero, meaning adding more colorant will not increase the 

color density significantly.81  This plot can assist in explaining the model in Figure 4.14. 

 

In summary, the printed fabric after steaming presented a higher color strength as 

compared to before steaming. This phenomenon was explained by the further dissolution and 

wicking of the ink dots through the substrates under the saturated steam and relatively high 

temperature. The wicked ink colored the white area around the original dots, while the original 

ink dots did not have significant color reduction because they were extremely concentrated. 

Thus, when the spectrophotometer or human eyes received the light reflected from the fabric, 

less white light would be received, a higher color strength of the fabric was presented. Taking the 

black print as an example (Figure 4.13): After washing, the color strength reduced because of 

the wash-off of the un-fixed dye. The red rectangles in a), b), and c) illustrate the same spot on 
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the yarn at “before steaming,” “after steaming,” and “after washing” states, respectively. In b), 

we could still identify that the ink dots shown within the red rectangle had a similar shape but 

expanded area when compared with the same area shown in a). In c), the ink pattern did not 

change in shape as compared with that in b) but had a paler color. 

Based on the findings from the microscopy and model analysis, we plan to use the K/S 

value to represent the “in-plane” wicking effect of ink during the steaming process. Because the 

ink wicking was the major factor causing the color change during the steaming process, while no 

evidence showed that other factors, such as the chemical reaction of dyes in ink, would cause an 

increase of color strength during the steaming process. Thus, the higher K/S values represented a 

better wicking effect. We created the 𝑅𝐾

𝑆
 𝑆𝑡𝑚

 value (Equation 4.  2) and 𝑅𝐾

𝑆
 𝑊𝑎ℎ

 value (Equation 

4.  3) to represent the change of color strength after streaming and after washing. While the 

𝑅𝐾

𝑆
 𝑆𝑡𝑚

 could represent the “in-plane” wicking effect of the ink during the steaming. 

The “ink-plane” wicking effect was expressed as the 𝑅𝐾

𝑆
 𝑆𝑡𝑚

(Equation 4.  2). This ratio 

was determined by dividing the K/S value of steamed printing sample by the K/S value of the 

sample before steaming. 𝑅𝐾

𝑆
 𝑊𝑎ℎ

(Equation 4.  3) was used to express the final color of the fabric 

after washing. This ratio was determined by dividing the K/S value of the washed sample by the 

K/S value of the washed sample before steaming. 

 

𝑅𝐾

𝑆
 𝑆𝑡𝑚

=
𝐾

𝑆
 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 "𝑎𝑓𝑡𝑒𝑟 𝑠𝑡𝑒𝑎𝑚𝑖𝑛𝑔"

𝐾

𝑆
 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 "𝑏𝑒𝑓𝑜𝑟𝑒 𝑠𝑡𝑒𝑎𝑚𝑖𝑛𝑔"

   (Equation 4. 2) 

𝑅𝐾

𝑆
 𝑊𝑎ℎ

=
𝐾

𝑆
 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 "𝑎𝑓𝑡𝑒𝑟 𝑤𝑎𝑠ℎ𝑖𝑛𝑔"

𝐾

𝑆
 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 "𝑏𝑒𝑓𝑜𝑟𝑒 𝑠𝑡𝑒𝑎𝑚𝑖𝑛𝑔"

   (Equation 4. 3) 

The benefit of using these two values to represent the ink wicking effects and the changes 

on color strength is: these values physically signify the multiple (fold) changes for the color 
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strength of the fabric after steaming/washing as compares with that of the fabric before steaming. 

As the color strength of the fabric before steaming always has variations due to the printing 

environment, which was un-controllable and has a great influence on the printing quality. A 

small variation of the K/S values in the “before steaming” state could generate a huge change of 

the K/S value in the “after steaming” and “after washing” samples. By using these R values, the 

influence of color strength variation of the fabric before steaming to the color strength of the 

fabric after steaming or washing can be eliminated or minimized. 

 

2.2 Hydrophilic Interaction Liquid Chromatography/Mass Spectrometry (HILIC/MS) 

analysis for pristine inks 

Initially, the HILIC/MS was conducted for the pristine inks. Figure 4.16, Figure 4.18 

and Figure 4.19 show the HILIC chromatograms of the pristine Magenta, Yellow, and Blacks. 

The Cyan ink was extremely complex, so it was not deeply analyzed. The dyes’ chemical 

information in the inks were obtained from Everlight Inc. (Taiwan). The structural information 

of the dyes was confidential; the name of the dye was not presented in this work.  

Collaborating with MS results for each peak, Figure 4.16 indicates the Magenta ink has 

three isomers with tr = 1.22min, 1.17min, and 1.98min. In the diode array detector (DAD) LC 

mode, at a certain wavelength, the sum area percentage of a peak could represent the percentage 

content of the compound in the mixture that has the same light absorption properties (i.e., has the 

same color in the current case). Figure 4.17 shows the visible light absorption profiles of the a) 

degraded Magenta dye products, b) Magenta dye in un-hydrolyzed (active) forms, and c) 

Magenta dye in hydrolyzed form. These compounds come up with identical light absorption 

profiles. The sum area percentage of the three active form isomer peaks was 91.6%, meaning 

91.6% of the dye in ink was available to react with the cotton fabrics. The other colored 
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compounds, such as the degraded products and hydrolyzed dye that cannot bound with the fabric, 

have the sum area percentage of 8.4%. 

 
Figure 4.16: HILIC Chromatogram at of the new magenta ink at 547.4nm shows six peaks, 

indicating six different components have the same or similar absorbance wavelength.  From the 

MS analysis, the peaks with tr = 0.65min and 0.77min were the degradation products of the 

magenta dye; the three peaks with tr = 1.22min, 1.17min and 1.98min were the magenta dye in 

the active form; the tiny peak at tr = 3.19min was the magenta dye in hydrolyzed form. The 

number on the top position on the head of a peak was the retention time of the peak, and the 

bottom number was the sum area percentage. 
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Figure 4.17: Visible light absorbance profile of a) degraded product of Magenta dye; b) the 

active form of Magenta dye; c) hydrolyzed form of Magenta dye. 

 

Un-like the Magenta ink, the HILIC chromatography (Figure 4.18) and MS analysis of 

Yellow ink reveal there was no hydrolyzed dye degraded dye products in ink.  The only four 

peaks in the chromatogram were corresponding to the four different isomers of the Yellow dye in 

ink.  

Since there was no pure black dye that exists in the world, people usually mix multiple 

colors of dyes to create a black mixture. By analyzing the Black ink, at 612.4nm (Figure 4.19 a) 

using HILIC/MS, only one major peak was observed, which was proved by the MS analysis that 

this peak represents the black (blue) dye in ink. The other three peaks were some impurities in 

ink. By analyzing the HILIC chromatogram at 423.4nm (Figure 4.19 b), three major peaks were 

observed. However, through the MS analysis, only the dye structure of peak with tr = 6.43min 

was matched, while the other two peaks could not match the structure provided by the company. 
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Figure 4.20 presents the visible absorbance profiles of the three peaks observed in Figure 4.19 

b). From the profile, a) was the LC peak with tr = 6.43min, it shows the dye absorbs light mainly 

around 600nm, indicating this was a blue dye. b) the LC peak with tr = 5.23min, the dye absorbs 

light at around 500nm, indicating this was a dye with a reddish color. c) the LC peak with tr = 

5.03min, the dye absorbs the light around 425nm, indicating this dye has a yellowish color. 

Interestingly, if overlapping these three visible light absorbance profiles, it can be noticed the 

spectrum from 400nm-700nm was nicely covered by these three absorbance curves. This 

phenomenon indicates the ink should present a nice black color.   

 

 
Figure 4.18: HILIC Chromatogram at of the new magenta ink at 423.4nm shows four peaks, 

indicating there were four different components has the same or similar absorbance wavelength. 

The MS analysis indicates these four peaks represent four isomers of the yellow dye. The 

number on the top position on the head of a peak was the retention time of the peak, and the 

bottom number was the sum area percentage. 
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Figure 4.19: HILIC Chromatograms at of the new black ink at a) 612.4nm and b) 423.4nm. In 

a) 1 sharp and huge peak and three tiny pecks observed. The MS analysis proves the huge peak 

with tr=6.43 represents the blue dye in ink; the three tiny peaks were the impurities. In b), three 

huge peaks and four tiny peaks appear. The MS result shows the peaks with tr = 5.03min, and 

5.23min could be some other dyes add to the ink to achieve a better black color. The peak with tr 

= 6.43min was the blue dye in ink. The number on the top position on the head of a peak was the 

retention time of the peak, and the bottom number was the sum area percentage. 

 

 
Figure 4.20: Visible light absorbance profile of the three peaks in Figure 4.19 b). a) was the LC 

peak with tr = 6.43min; b) the LC peak with tr = 5.23min; c) the LC peak with tr = 5.03min. 

2.3. Ink Hydrolysis Study with HILIC/MS 
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Considering that the increase in temperature and time on a dying process increases the 

chance of a dye to be hydrolyzed under alkaline conditions,68 additional hydrolysis experiments 

were conducted with the magenta ink to obtain a higher concentration of its hydrolysis products.  

The HILIC/MS analysis of pristine ink, 60°C 1h, 70°C 1h and 80°C 3h 0,1N NaOH hydrolyzed 

samples were conducted and compared.  

Figure 4.21 presents the HILIC chromatograms of un-hydrolyzed magenta dye (Figure 

4.21 a), Sample A), and all magenta hydrolysis products considering several reaction conditions. 

(Figure 4.21 b-d: sample B, C, and D). For the un-hydrolyzed product analysis (Figure 4.21a)), 

two degradation product peaks, three active form peaks, and one peak representing the 

hydrolysis peak was detected. At a relatively mild hydrolysis condition (60°C, 1h reaction time), 

two degradation product peaks, three active form peaks, and three hydrolysis product peaks were 

detected (Figure 4.21 b)). The MS results indicate the degradation products kept the undamaged 

chromogen but lost the whole reactive group. At more intensive hydrolysis conditions (70°C, 1h 

reaction time, and 80°C, 3h reaction time) the two degradation peaks present higher intensities 

(more than 20% area in total), representing more dye degradation (Figure 4.21 c) and d)). The 

active form peaks almost disappear due to hydrolysis or degradation. Three hydrolysis peaks 

show significantly high intensity because of the intense hydrolysis conditions.  

The chemical structures of these products were firstly conformed by single-stage mass 

spectrometry (exact mass, ppm error, and isotropic distribution) and then confirmed by tandem 

mass spectrometry (MS/MS). Figure 4.22 a), b), and c) show the UV-VIS absorbance curves for 

the degradation products (the D peaks in Figure 4.21), the dye on active forms (the A peaks in 

Figure 4.21) and the hydrolysis products (the H peaks in Figure 4.21) have the identical UV-

VIS absorbance curves. This was reasonable because the color of the dye molecules was mainly 
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determined by their chromophore (such as azo group and the formazan construction) and the - 

conjugated system.35 By hydrolyzing or degrading the dye in its current form, the chromophore 

or the conjugated system were kept intact, so that their color (max) should not shift. The mass-to-

charge ratio detected form the D peaks (ppm error = 1.27 ) suggested the whole reactive group 

(the triazine group and the benzol ring) was removed from the dye structure (Figure 4.22 d). 

Which was consistent with the fact that the M+2 peak distribution of the degradation product 

indicates there was no chlorine atom on the structure anymore. Figure 4.22 e)-g) were the MS 

spectra of the peaks A1, A2, and A3. The m/z ratios with low ppm error and isotopic distribution 

provide the evidence that A1, A2, and A3 have the same mass and chemical formula. Still, they 

were separated by the HILIC system because they might have different molecular construction. 

The same phenomena were also observed for D 1-3 peaks (Figure 4.22 h)-j)) and H peaks. The 

MS spectra indicate the H 1-3 peaks have the identical mass and chemical formula, representing 

the RR31 in hydrolyzed form may also have three isomers. Due to the efficient separation, no 

hydrolyzed product signals could be detected in (E), (F), and (G), and no un-hydrolyzed form 

signals could be found in the (H), (I) and (J).  

For the degradation products, only two chromatography peaks were observed (Figure 

4.21). These two peaks have the identical MS spectrum distribution (Figure 4.22 (D)), indicating 

these two peaks represent the two isomers of the RR31 degradation products. The reason that 

there were only two D peaks instead of three could be that one of the isomeric effects were 

originated form the reactive group. By losing the reactive group, the possibility of having the 

isomeric effect was reduced. The detailed MS analysis results of the magenta ink (60°C, 1h 

reaction time) A1-3, H1-3, could be found in Table 4.2. 
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Table 4.2: MS signal identification and analysis of all peaks found in the HILIC chromatogram 

of sample B (60°C, 1h reaction time).  

Peaks 
Peak m/z 

(Theor.) 

Peak m/z 

(Exp.) 
ppm error Ion Species Charge State 

A1 

(active form) 

879.9516 879.9508 0.91 M-1H -1 

901.9335 901.9301 3.77 M-2H+1Na -1 

923.9155 923.9138 1.84 M-3H+2Na -1 

439.4722 439.4715 1.59 M-2H -2 

450.4631 450.4633 -0.44 M-3H+1Na -2 

461.4541 461.4549 -1.73 M-4H+2Na -2 

292.6457 292.6434 7.86 M-3H -3 

A2 

(active form) 

879.9516 879.9526 -1.14 M-1H -1 

439.4722 439.4723 -0.23 M-2H -2 

450.4631 450.4648 -3.77 M-3H+1Na -2 

292.6457 292.6454 1.03 M-3H -3 

A3 

(active form) 

879.9516 879.9528 -1.36 M-1H -1 

901.9335 901.9283 5.77 M-2H+1Na -1 

439.4722 439.4730 -1.82 M-2H -2 

450.4631 450.4644 -2.89 M-3H+1Na -2 

461.4541 461.4522 4.12 M-4H+2Na -2 

292.6457 292.6457 0.00 M-3H -3 

H1 

(hydrolyzed form) 

861.9855 861.9834 2.44 M-1H -1 

430.4891 430.4887 0.93 M-2H -2 

441.4801 441.4804 -0.68 M-3H+1Na -2 

452.4710 452.4690 4.42 M-4H+2Na -2 

H2 

(hydrolyzed form) 

861.9855 861.9803 6.03 M-1H -1 

430.4891 430.4885 1.39 M-2H -2 

441.4801 441.4802 -0.23 M-3H+1Na -2 

452.4710 452.4725 -3.32 M-4H+2Na -2 

H3 

(hydrolyzed form) 

861.9855 861.9889 -3.94 M-1H -1 

883.9674 883.9660 1.58 M-2H+1Na -1 

430.4891 430.4897 -1.39 M-2H -2 

441.4801 441.4801 0.00 M-3H+1Na -2 

452.4710 452.4708 0.44 M-4H+2Na -2 

463.4620 463.4604 3.45 M-5H+3Na -2 
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In summary, the hydrolysis study shows three possible dye forms that exist in the 

hydrolyzed ink. The first one was the dye degradation product. This chemical form was detected 

in the “hydrolyzed” ink and the pristine ink. Meaning the dye in the pristine ink could degrade by 

itself during storage time, without additional alkali or heat. The degradation product did not have 

any reactive group attached so that they cannot bond to cotton substrates. And as the hydrolysis 

conditions become more intense, the amount of degradation products increases. This increment 

of degradation product amount reveals the intense reaction condition was a factor that promotes 

dye degradation significantly. The second dye form had been detected was the inactive dye form, 

meaning the dye carries the undamaged reactive group and can still react with cotton fabric. As 

the hydrolysis conditions getting more intense, the amount of dye in the active form significantly 

decreases, since they were consumed by the hydrolysis or degradation reactions. The last 

structure observed in the analysis was the hydrolyzed dye form. There was a tiny amount of the 

hydrolyzed dye form in the “un-hydrolyzed” ink sample, meaning the dye was not that easy to be 

hydrolyzed in ink during the normal storage conditions. When the ink was hydrolyzed on 

purpose, the amount of dye in the hydrolyzed form significantly increased, especially the 

hydrolysis conditions were more intensive. 

Regarding the isomeric effect, we could hardly comment on how the isomers were 

distinguished from each other in detail using the MS and MS/MS analysis. The possible sources 

of these signals could be the reaction sites of the functional groups such as the sulfonic groups 

and acetic group on the benzene ring could be varied (e.g., meta, ortho and, para positions). 

However, there was no strong evidence shows the isomers have different reactivities in the 

hydrolysis reaction or fixation reaction. So, we could assume the isomeric effect did not 

contribute to the poor fixation of this dye in the digital textile printing application.  
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Figure 4.21: HILIC chromatograms of a) sample A (un-hydrolyzed dye), b): sample B (60°C, 

1h hydrolyzed dye), c): sample C (70°C, 1h hydrolyzed dye) and d)): sample D (80°C, 3h 

hydrolyzed dye) at 547.4nm wavelength. Where A1, A2, and A3 represent the peaks of dye in 

active isomeric forms 1, 2, and 3, respectively. H1, H2, and H3 represent the peaks of dye in 

hydrolyzed isomeric forms 1, 2, and 3, respectively. D1 and D2 represent the peaks of dye 

degradation product isomeric forms 1 and 2. 
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Figure 4.22: Data plots extracted from sample B (Figure 4.21 b). Curves a), b) and c) represent 

the UV-VIS absorbance signals of magenta ink D1, A1, and H1 respectively; c) was the MS 

spectrum of the magenta ink D1 peak, shows the MS signal of dye degradation product; e), f), 

and g) were the MS spectra signals of the [M-2H]2- signals of the ink A1, A2, and A3 peaks 

respectively, the light blue block covered area represents the special isotope distribution of the Cl 

and S elements involved active dye form (isomers); h), i) and j) were the MS spectra signals of 

the [M-2H]2- signals of the ink H1, H2, and H3 peaks respectively, the light red block covered 

area represents the isotopic distribution of the hydrolyzed dye (isomers) forms were different 

from the isotopic distribution shown in e), f), and g) because the reactive head has been 

substituted by the -OH by hydrolyzing the dye. Due to the efficient separation, no hydrolyzed 

product signals could be detected in e), f), and g) at m/z = 430 area; and no active form signals 

could be found in the h), i) and j) at m/z = 439 area. 
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2.3 Analysis of Printing Ink Wash-offs using HILIC/MS 

The ultimate purpose of developing this novel HILIC/MS methodology for reactive dyes 

was to analyze the dye forms in the wash-offs from the inkjet-printed cotton fabrics. 

Initially, due to the difference in %F, the number of inks washed off from the fabric was 

different. The histogram (Figure 4.24) could only express how the steaming conditions influence 

the composition of the wash-offs. The analysis of about %F will be discussed in the DOE 

section. 

By analyzing the magenta wash-offs, it was found there were mainly three types of 

colored compounds in the wash-offs. They were the degraded dyes that had been introduced in 

the previous section; the second type was the dye molecule that was still active to react but 

somehow did not react with anything, and the last type was the hydrolyzed dye. The HILIC 

chromatography was shown in Figure 4.23. By extracting the sum percentage area of each peak 

and classify them in Table 4.3, the percentage histogram Figure 4.24 could be built. The 

histogram indicates for the wash-offs of the fabric that was not steamed, 83.31% of the dye was 

in active form, 9.55% in degradation form, and 7.14% in hydrolyzed form. Compared with the 

data showed previously in Figure 4.16 about the content of the pristine ink, the wash-offs form 

the un-steamed fabrics have more hydrolysis products and degradation products. This was 

probably because the dye on the fabric can be hydrolyzed or damaged due to the basic 

pretreatment materials on the fabric at room temperature. From the data analysis of the wash-offs 

of the steamed fabrics, the steaming temperature did not have a significant influence on the 

composition of the wash-offs. And at a shorter steaming time, the content of hydrolyzed dye 

form was lower than the sample with longer steaming time (i.e., 1min vs. 3min and 10min), 

indicating longer steaming time provides the dye higher possibility of being hydrolyzed. It was 
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interesting to see the increase of steaming time led to the decrease content of degradation dye 

form. Theoretically, the dye in hydrolyzed form can also transfer to the degradation form, 

because the degradation form was confirmed to be the dye lost the whole reactive group, which 

have no interference with the fact if the dye was hydrolyzed or not. There were three 

possibilities: 1. The reaction rate of dye be hydrolyzed (k3) at the longer steaming time was much 

higher than the rate of the molecules was degraded from the active dye, hydrolyzed dye, or fixed 

dye (Figure 4.25 a). After all, the occurrence of the degradation reaction was based on the 

existence of a large amount of active dye and especially the hydrolysis dye, when the active dye 

was very limited in the wash-offs. 2. The longer steaming time gives another possibility that the 

degradation products can further degrade, and the 2nd products consume 1st degradation product a 

lot. Still, it did not have color, so they could not be recognized by the HILIC/MS (Figure 4.25 

b). 3. Both 1 and 2 apply. And currently, it was hard to confirm which mechanism the 

abovementioned or other mechanisms were playing the role here. Another interesting result was 

the amount of active form in the wash-offs was not significantly influenced by either the 

steaming time or the steaming temperature, which may be determined by the reaction 

thermodynamics. 
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Figure 4.23: HILIC chromatography (547.4nm) of the wash-offs from magenta ink printed 

fabrics that steamed at different conditions: a) not steamed; b)100°C 1min; c)100°C 3min; 

d)100°C 10min; e)105°C 1min; f)105°C 3min; g)105°C 10min; h) 110°C 1min; i)110°C 3min, 

and j)110°C 10min. The dark blue box covered area represents the D (degradation) peaks area; 

the cyan box covered area represents the A (active) peaks area; the red box covered area 

represents the H (hydrolyzed) peaks area. 
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Table 4.3: Sum percentage area of peaks showed up in Figure 4.23. “A Sum” for each sample 

was the area adds up of peak A1-A3; “H Sum” for each sample was the area adds up of peak H1-

H3. 
 

Steam 

Condition 

D Sum 

(%) 

A1 

(%) 

A2 

(%) 

A3 

(%) 

A Sum 

(%) 

H1 

(%) 

H2 

(%) 

H3 

(%) 

H Sum 

(%) 

a) Not 

Steamed 

9.55 64.95 5.05 13.31 83.31 7.14 0 0 7.14 

b) 100°C 

1min 

31.58 9.65 0 7.45 17.1 41.42 1.09 8.81 51.32 

c) 100°C 

3min 

25.25 8.17 2.07 5.66 15.9 49.3 0.98 8.58 58.86 

d) 100°C 

10min 

20.35 4.97 3.22 4.29 12.48 53.82 2.37 10.98 67.17 

e) 105°C 

1min 

31.37 9.31 0 7.63 16.94 42.1 0.72 8.86 51.68 

f) 105°C 

3min 

24.58 5.6 1.72 4.94 12.26 53.68 0 9.49 63.17 

g) 105°C 

10min 

17.2 3.78 5.67 3.32 12.77 58.94 0 11.1 70.04 

h) 110°C 

1min 

34.57 9.42 0 9.79 19.21 38.96 0.54 6.74 46.24 

i) 110°C 

3min 

24.64 7.03 1.66 5.91 14.6 50.54 1.13 9.1 60.77 

j) 110°C 

10min 

16.61 4.73 3.08 2.33 10.14 57.79 1.94 13.51 73.24 
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Figure 4.24: Histogram shows the percentage of the D (Degraded), A (Active), and H 

(Hydrolyzed) peaks’ sum percentage area of inkjet-printed samples, which have different 

steaming conditions. 
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Figure 4.25: Mechanisms may apply to the phenomenon that the degradation form content in the 

wash-offs was lower when increasing the steaming time. 

  

3. P3: Digital printing factor analysis  

3.1 Steaming factor analysis 

3.1.1 Pilot DOE for old inks 

As Figure 4.26 shows, for Cyan, as the steaming temperature increase from 105 °C to 

125°C, %F has increased by 6%. For Magenta, the highest %F (37%) was obtained at 115 °C. 

For Yellow, %F decreases from 36% to 33% as the temp increase from 105 °C to 125 °C. For 

Black, %F decreases from 44% to 30% as the temp increase from 105 °C to 125 °C. In any case, 

no %F higher than 50% has been observed. Data obtained at 135 °C may not be valid since the 

steamed fabric shows obvious yellowing color change. Dyes perform differently, probably due to 

their unique chemical structure. Further information and characterization shall be acquired and 

conducted. 
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Figure 4.26: Histogram shows the %F of 4 colors of inks performs differently at 105 °C, 115 °C, 

125 °C and 135 °C for 8min. At 135 °C, the fabric turns yellow, so the data may not be valid. 

 

Figure 4.27 shows for each color, the best %F was observed at 2 min steaming. %F 

decreases through 2 min to 6 min steaming, then increase a little bit at 8 min. Still, no %F higher 

than 50% has been observed. 
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Figure 4.27: Histogram shows the %F of 4 colors of inks performs differently at 105 °C for 2 

min, 4 min, 6 min, and 8 min. 

 

2.1.2. Full Factorial DOE for new inks 

A 3×4×4 (48) steaming factors DOE with three levels of steaming temperatures: 100°C, 

105°C, and 110°C; 4 levels of steaming time: 1 min, 2 min, 3 min, and 10 min; and four levels of 

colors: Cyan (C) Magenta (M), Yellow (Y) and Black (K) were conducted in this research. The 

outcomes were 𝑅𝐾

𝑆
 𝑆𝑡𝑚

, 𝑅𝐾

𝑆
 𝑊𝑎ℎ

, and %F. The DOE was repeated for three times for decent 

accuracy. All statistical predictions and analyses were performed using JMP Pro 14 software. 
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The purpose of this full factorial DOE analysis was designed to investigate how the 

steaming conditions such as the steaming time and temperature influences the print color, ink 

wicking, and ink fixation performance on cotton fabric. The outcomes were R K/S stm, R K/S wsh, 

and %F. As discussed in the previous sections, the R K/S stm value can represent the ink wicking 

effect during the steaming process. And it can also represent the extent of change in color 

intensity during the steaming process. Higher R K/S stm indicates better ink wicking and a more 

intense color strength of the sample. The R K/S wsh value represents the extent of change in color 

intensity at the final state of the fabric, the higher the value is, the deeper the color strength is. 

From the results in Figure 4.28, Figure 4.29, Figure 4.30, and Figure 4.31, it was 

interesting to observe that generally, the high temperature 110°C gives the four colors the worst 

ink wicking effect, leading to the lowest color intensity at both “after steaming” and “after 

washing” states. However, 110°C provides the highest %F among the three temperatures tested. 

These results indicate the color strength and %F did not always have parallel relationships; the 

highest %F may not generate the highest color strength, which could be explained by the model 

elaborated in the section “2.1Microscopy analysis”. The high temperature provides enough 

energy for the fixation reaction but hinders the fabric form absorbing steam from the steaming 

environment, and this further impedes the ink wicking. With enough fixation but limited ink 

wicking, the final color was limited. Figure 4.32 presents the microscopic images of four fabrics 

printed with the same amount of ink but steamed with different conditions. With higher steaming 

temperature, the ink mark was less expended, more white area was presented, leading to lower 

RK/S stm value.  

By studying with the histograms in Figure 4.28-Figure 4.32, it was not hard to learn at 

each steaming temperature, the outcomes perform differently at different steaming times. For 
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example, for all of these four colors, at 100°C, the maximum value of RK/S stm values of the 

samples always present at 2 min or 3 min steaming. While at 105°C, the maximum RK/S stm 

presents at the 10min most frequently. To deeply investigate these trends and optimize these 

conditions, data in the histograms were used to build mathematical models. 

 

 

Figure 4.28: Histograms show a) R K/S stm values, b) R K/S stm values, and c) %F of the 25% Cyan 

ink printed samples steamed at 12 different steaming conditions.  
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Figure 4.29: Histograms show a) R K/S stm values, b) R K/S stm values, and c) %F of the 25% 

Magenta ink printed samples steamed at 12 different steaming conditions. 
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Figure 4.30: Histograms show a) R K/S stm values, b) R K/S stm values, and c) %F of the 25% 

Yellow ink printed samples steamed at 12 different steaming conditions. 
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Figure 4.31: Histograms show a) R K/S stm values, b) R K/S stm values, and c) %F of the 25% 

Black ink printed samples steamed at 12 different steaming conditions. 
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Figure 4.32: Examples show the influence of steaming time and temperatures influences the ink 

wicking and color of a black ink printed fabric. With the same amount of ink printed, after 

different conditions of steaming, various colors presented. 

 

The mathematical model surface profiles (3D Contour Plots) for the dependent variables 

R K/S stm, R K/S wsh and %F (as Z arises) that influenced by different steaming conditions have been 

presented in Figure 4.33, Figure 4.34 and Figure 4.35 respectively. These conditions were: steaming 

tines (t, min) and steaming temperatures (T, °C). And the predicted mathematical equations for these 

models have been listed in Table 4.4.  

In the 3D contour plots, the darker color represents higher values. For R K/S stm, interestingly, the 

predictive model shows the highest value for all of these four colors were obtained with steaming time 

between 4-6min, steaming temperature 100°C. This could be explained by the lower steaming time 

benefits the water absorbance of the fabric, leading to a better wicking effect. As discussed in the 
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previous section, better wicking results in higher color strength. At the shorter steaming time, such as 

1min, the ink did not have enough time to wicked out. While at the longer steaming time, the ink has 

enough time to wick out on the surface, however, there would be more ink wick through the plane of the 

fabric to the back of the fabric. This process generates some decay of the color strength on the top surface 

of the fabric. For some industrial applications, such as scarf printing, the color on the back of the fabric 

was very important. So, for these specific purposes, longer steaming time should be considered. 

For Figure 4.34 the R K/S wsh, the shape of the plots for Cyan, Yellow and Black colors remains 

almost the same, the only change was the values of the R K/S wsh was reduced as compared with the R K/S stm 

values at specific conditions. Because the washing step washed off all the un-fixed dyes so that 

the color of the fabric decreased. The exception was the magenta color. As compared with the R K/S 

stm plot of Magenta ink (Figure 4.33 b) peak position, the Magenta ink R K/S wsh plot (Figure 4.34 b) 

peak position shifted to the lower steaming time range. Which might due to the longer steaming time 

hydrolysis the magenta dye to a high extend. It has been discussed previously in section 2.3 Analysis of 

Printing Ink Wash-offs using HILIC/MS. Figure 4.35 b), the %F contour plot for the magenta color 

could also help explain this phenomenon. The %F contour plot shows the valley appears at low T (100°C) 

+ long t (10min) area, indicating at low T, long t; dyes prefer to be hydrolyzed (Figure 4.24). 

As discussed previously, the higher T provides poor ink wicking. Even for the magenta dye, the higher T 

with longer t gives the best %F (Figure 4.35 b), as the ink wicking was poor, the color strength (R K/S wsh 

in Figure 4.34 b) could not reach high.  

Figure 4.35 a, c and d present the cyan, yellow, and black were similar. They all predicted to 

have a maximum %F values at around t = 4-6 min, at 110°C. The high T gives the dye higher energy to 

react with the fabric. But if the reaction time was too long, the dye may cause hydrolysis. The magenta 

was different, and it needs longer t for the reaction while the temperature should be high enough. 
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Figure 4.33: Surface plots (3D contour plots) with the R K/S stm

 as Z-axis, steaming temperature, 

and steaming time as X, Y-axis. a) Cyan, b) Magenta, c) Yellow and d) Black. 
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Figure 4.34: Surface plots (3D contour plots) with the R K/S wsh

 as Z-axis, steaming temperature, 

and steaming time as X, Y-axis. a) Cyan, b) Magenta, c) Yellow and d) Black. 
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Figure 4.35: Surface plots (3D contour plots) with the %F as Z-axis, steaming temperature, and 

steaming time as X, Y-axis. a) Cyan, b) Magenta, c) Yellow and d) Black. 

 

In Table 4.4, the predicted mathematical equations for the models mentioned above were 

listed, with the P values and R squared values noted. All of the models have P values < 0.05, 

meaning they were all statistically significant. Regarding the R squared values, the R K/S stm models 

have high R squired values, mainly because they were more sensitive to the variables. While the 

%F models have low R squired values because of the data collection process, for example, the 
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solution transfer, the steamer working stability all generates experimental errors that reduce the 

R squared values of the model. 

 

Table 4.4: Predicted mathematical model equations of the R K/S stm, R K/S wsh, and %F for C, M, Y, 

and K colors, with P-values, and R squared value labeled. “T” in the equations represents the steaming 

temperature (°C), “t” represents the steaming time (min). 

Out 

Come 

Color Equation P-Value R 

Squared 

R K/S stm 

C 58.8442+1.006t-0.5269T-(t-3.4545) *0.0197(T-105)-0.1454(t-

3.4545)2-0.0185(T-105)2 

<0.0001 0.78 

M 27.9209+0.4846t-0.2366T-0.0828(t-3.4545)2-0.0146(T-105)2 <0.0001 0.73 

Y 46.8764+0.6994t-0.4012T+0.0082(t-3.4545) *(T-105)-0.1328(t-

3.4544)2-0.0205(T-105)2 

<0.0001 0.79 

K 34.3198+0.3460t-0.2848T-0.0745(t-3.4545) 2 -0.0175(T-105)2 <0.0001 0.71 

R K/S wsh 

C 24.0122+0.04357t-0.2060T-0.0795(T-3.4545)2 <0.0001 0.66 

M 5.1803-0.0359T-0.225t-0.0012(t-3.4545) *(T-105)-0.005(t-

3.4544)2-0.0003(T-105)2 

<0.0001 0.65 

Y 11.6877+0.1990t-0.0920T-0.0504(t-3.4545)2 <0.0001 0.76 

K 9.8539+0.1549t-0.0720-0.0073(t-3.4545) *(T-105)-0.0417(t-

3.4545)2-0.0071(T-105)2 

<0.0001 0.65 

%F 

C -46.81+0.7403t+0.8733T-0.2456(t-4)2 0.0002 0.45 

M -8.6828-0.5553t+0.5408T-0.1780(t-4) *(T-105) +0.0645(T-105)2 0.0002 0.5 

Y -12.2232+1.6734t+0.5833T-0.5667(t-4)2 0.003 0.35 

K -9.7737+1.8182t+0.5841T-0.3583(t-4)2-0.0565(T-105)2 <0.0001 0.59 

 

 

By combining the HILIC/MS results and the %F quantification, Figure 4.36 could be 

generated. This figure shows the destination of the printed 25% magenta ink on cotton fabrics at 

different steaming conditions. In most of the cases, when the steaming temperature was low (at 

100°C and 105°C), the %F was below 50%. That means the high reaction temperature was 

necessary for the promotion of %F. However, with higher temperature, the color of the print 

would be less saturated (this was mentioned in the previous reports). In this scenario, other 

factors in the DTP may be the critical point for solving the problem. For example, by adding 

more urea to the pretreatment may help the fabric absorb more water at high temperature. Never 

the less, it was interesting to observe that as the steaming time increases, the content of 
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hydrolyzed dye increases, which was hard to be explained. One of the most critical points to 

investigate this phenomenon in the future works would be the kinetics and thermodynamics of 

the fixation reaction and the hydrolysis reaction at certain conditions. Another important factor 

involved in the whole process was the presence of water. Water promotes the color strength by 

carries the dye and wicks along the fibers, but the water was also the irreplaceable factor that 

hydrolysis the dye under basic condition. At lower steaming temperature, more water was 

absorbed by the fabric, with a longer time, more dye can be hydrolyzed. At higher steaming 

temperature, less water was absorbed by the fabric, leading to a lower hydrolysis rate. On the 

other hand, the amount of dye un-hydrolyzed dye (dye in the active form) in the wash-offs could 

not be ignored. The higher steaming temperature and longer steaming time provide a higher 

utilization rate of the dye in ink, less amount of the un-hydrolyzed form could be observed. 
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Figure 4.36: Percentage histogram shows the destination of the printed 25% magenta ink on 

cotton fabrics at different steaming conditions. D% represents the percentage of degraded dye; 

A% represents the percentage of the dye that was still active and not fixated with the fabric; H% 

represents the percentage of the dye that has been hydrolyzed after fixation; F% represents the 

dye percentage that fixed onto the fabric. 
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Conclusion 

The objective of this research was to investigate the low fixation mechanism of reactive 

dye-based digital textile printing. The magenta ink and its wash-offs form the printed fabric were 

analyzed using our newly-developed HILIC/MS technique. The results showed the %F of 

magenta ink was lower than 50% in most of the cases. And the main reason for the poor dye 

fixation was the dye hydrolysis (average: 32.3%±6.2%), while the %F was 46.7%±4.7%. The 

rest of the magenta dyes in the wash-offs were the un-hydrolyzed dye (7.8%±1.3%) and 

degraded dye (13.3%±2.9%). The dye hydrolysis should be concerned primarily. Still, dye 

degradation and the dye utilization issue should also be concerned. 

According to the DOE analysis, the higher steaming temperature may lead to a higher %F 

for CMYK inks. Still, unfortunately, according to the color and microscopy analysis, higher 

steaming temperature leads too less water absorption of the fabric during the steaming process. 

And this further leads to a poor ink wicking effect and leads to bad color strength. The longer 

steaming time results in better color strength due to sufficient ink wicking effect, but longer 

steaming time generates more hydrolysis dye. Overall, the authors assumed the main issue for 

the dye hydrolysis problem was generated from the instinct property of the dye themselves. After 

all, both the fixation and hydrolysis reactions obey the same reaction mechanism. A solution for 

this might be changing the dye in ink, for example, use dyes with a higher number of reactive 

groups. The research can also direct to the “water-free” dyeing techniques, which can fully 

eliminate the possibility of dye hydrolysis. 
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Future Works 

It was interesting to see that by engineering the ink wicking effect, higher color strength 

could be generated with relatively low %F. For most of the industry, the color of the print was 

more important than the washed-off issue of the fabric. The latter was more significant from the 

environmental perspective. To find a balanced point, our mathematical model indicates the 

steaming temperature around 105°C, 5min steaming. Besides, considering the behavior of the 

color and %F of reactive dye digital printing, the “stepwise” steaming methods can also be 

applied. If the steaming starts at a low temperature for sufficient ink wicking purpose and 

followed by a higher temperature stage aiming at fixation purpose, both the color and the %F 

might be achieved. Besides, the pretreatment DOE is worth to be conducted. Because it is 

possible due to the poor ink-fabric contact, a huge amount of dye could not react with the fabric 

and then been hydrolyzed on the fabric surface. 
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