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 PREFACE 
 

 
Dyeing of textile materials is continuously evolving worldwide primarily for 

improving eco-sustainability and energy requirements. New dyeing processes and dyeing 
technologies are emerging for textile materials. Each of them has its merits and limitation. 
The knowledge of such developments is essential for the bachelor and master degree 
programs of textile engineering and technology. This monograph focuses specifically on 
the fundamental knowledge and latest developments reported on the use of emerging 
technologies for textile dyeing in the recent decades.  
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            CHAPTER – 1 
 
 
INTRODUCTION 

A world of fashion without colour is impossible to imagine [1]. The pleasure derived 
from imparting colour to clothing has existed since the time of the earliest civilizations [1]. 
It is believed that coloured fabrics found in the ancient tombs of Egypt were in existence 
before 2500 BC [1].  
 

Textile dyeing is carried out for aesthetic and functional purposes by different 
methods using a variety of colourants. The dyers demand higher dye fixation (%F) and 
good colourfastness properties at competitive price. Moreover, low colour effluent 
discharge from the dye houses is an emerging issue due to the stringent 
ecological awareness and regulations worldwide. There are various dyeing methods 
available, their selection depends on the type and form of the substrate to be dyed and 
customer requirements. In the recent decades, various new technologies have 
been used for textile dyeing to improve colour yield (K/S), %F and colourfastness 
properties. Such technologies include ultrasonic energy, microwave heating, supercritical 
carbon dioxide fluid (SCF CO2) and electrochemical process. 
 

Textile dyeing is the process of colouring textile materials (fibre, yarn and fabric) 
by immersing them in a dye solution; that consists of colourant, water and necessary 
chemicals [2]. The aim of the dyeing process is to achieve uniform depth of colour with 
colourfastness properties suitable to the end use. For instance, swimsuits require good 
colourfastness properties to water, sea water, and chlorine; and automotive textiles need 
good colourfastness properties to sunlight and abrasion [3]. The choice/selection of type 
of textile material, colourant class, processing route and necessary treatment with finishing 
reagents are important decisions to achieve the satisfactory colourfastness properties in 
the final product.       

 
In conventional ways, colourants can be applied to textiles by pad methods and 

batchwise methods [4]. Each dyeing method requires specific machinery for processing 
the substrate. Knitted textiles are difficult to dye with pad methods. Therefore, batchwise 
methods are preferred for dyeing them. In comparison, woven textiles can easily be dyed 
by pad methods and/or batchwise methods. The dyeing of textiles is continuously evolving 
as novel colourant processes and techniques are introduced from time to time. The 
motivating factor is to get higher dye fixation with minimal colour-effluent discharge at 
economical price. During the recent decades, there has been successful utilization of 
various emerging technologies in dyeing of textiles. The brief introduction of some of them 
is given in the following paragraphs. 

  
Ultrasonic energy is broadly divided into power ultrasound (20kHz-2MHz) and 

diagnostic ultrasound (5MHz-10MHz) [5]. The power ultrasound produces acoustic 
cavitation in liquids and can accelerate a wide variety of physical and chemical reactions 
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due to cavitation [6]. Because, cavitation is the growth and implosive collapse of 
microscopic bubbles capable of producing hot spots [7]. The prime benefit of using 
ultrasonic energy in textile dyeing is improvement in mass transfer which can otherwise be 
achieved through high temperature, prolonged time and addition of various chemicals [8]. 
The ultrasound assisted dyeing (UAD) for textiles is widely reported in terms of energy 
savings and environmental benefits [8-10]. 

 
To the best of our knowledge, bulk production with UAD of textile materials is not 

reported to date. However, few reports on washing and finishing of fabrics using ultrasonic 
energy on industrial size machine were previously studied. In one of the study, applicators 
for jigger machine were developed that uses ultrasonic energy for industrial washing 
treatments [11]. In another study, various process parameters including level of sound 
pressure, temperature and volume of ultrasound bath, composition and properties of 
substrate were studied in designing of an industrial scale ultrasound bath [12].     

 
Microwave is a volumetric heating (fast), whereas conventional is a surface heating 

(slow). Microwave heating/irradiation can accelerate a great number of chemical 
processes. In particular, the reaction time and energy input are reduced in the reactions 
that are run for a long time at high temperatures under conventional conditions [11]. 

  
Recently, the application of SCF CO2 has become an alternative technology for 

developing a more environmentally friendly textile dyeing process [3]. SCF CO2 represents 
a potentially unique media for either transporting chemical into or out of a polymeric 
substrate, because of their thermo-physical and transport properties. Supercritical fluids 
exhibit gas-like viscosities and diffusivities and liquid-like densities. Additionally, carbon 
dioxide is nontoxic, non-flammable, environmentally friendly, and chemically inert under 
many conditions [12]; however, its production is remained to be cost-effective.  

 
In recent investigations to improve the biocompatibility of the vatting process for 

vat, sulphur and indigo dyes, different electrochemical reducing methods have been 
developed. They are indirect electrochemical reduction and direct electrochemical 
reduction of dyes [3, 13-16]. 
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CHAPTER - 2 
 
 
BRIEF HISTORY OF CONVENTIONAL DYEING METHODS 

The main task of dyeing is to color the textile material uniformly. In beginning, the 
buyer provides pre-specified color to reproduce matched colored material. For this, textile 
engineer decides the textile fibre characteristics such as staple length, denier, cross-
section and cloth structure. Following this, the laboratory exercises some trials to develop 
recipes to reproduce desired color.  
 

The literature reveals that the dyeing has been used as early as 3000 B.C. No 
doubts, China has dyeing industry even before 3000 B.C. The India, China, Japan, Persia 
and Egypt had well developed the dyeing by 3000 B.C. [1]. The Egyptians advanced the 
dying of textile materials with primary colors and natural pigments by Chinese and 
Japanese dyers.  
 

During 1500 B.C., weavers were considered important industry, and then in same 
era, first dye shop originated in the kingdom of Egypt and took similar importance as 
weaver. However, the dyeing process was not safe. It was causing burning of eyes [2]. 
   

Dyeing with Natural Dyes 

Up to last century, the main source for dyes was natural material such as plants. 
The dyeing with natural dyes is eco-friendly process. However, a dye such as Indigo 
involves large number of labors and more time consuming process as compared with 
synthetic dyes. It also possesses complications for obtaining and processing dyes. Most of 
natural dyes require additional chemicals to enhance color yield and fastness properties of 
fabric. Several natural fibres needed the treatment with mordants, iron and aluminum to 
make fibre capable to receive color. 

  
During Dark Ages, European were very eager to wear color. This increased the 

demand of colored fabric but due to limitation of supply and difficulty of color processing, 
dyers were looking for a superior dye such as Scarlet dye (which was used for high ranking 
position and prestige). However, when European discovered the path to India, European 
markets became rich for natural dyes. 
  

Dyeing With Synthetic Dyes 

In 1856, William Henry Perkin, accidently discovered synthetic dye. The color 
became famous immediately as royal family started to use it [3]. Later, it took shape of 
dyestuff industry due to production of wide range of color and good colorfastness 
properties. By the end of 19th Century, very few places were using natural dyes for 
traditional culture and dyes. For example, the people of Halla town- Pakistan were using 
natural dyes only for printing Ajrak- Shawl [4] and few Scottish tweed producers were using 
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natural dyes for tweed [5]. The synthetic dyes are cheaper and mostly preferred by industry 
due to variety of colors.  
   

Direct Dyeing  

In this conventional method, direct dyes are applied directly on cellulosic fabric. 
Direct dyes were developed 100 years ago. These dyes are still used in cellulosic market 
due to cheaper price. In 1880, an accident in Huddersfield factory led to discovery when 
cotton was impregnated with treated solution of alkaline solution (2-naphthol) and 
benzenediazonium chloride [6]. As a result, red-orange was formed. The direct dyeing 
method benefits the environment by not using the chemical fixing agent. The direct dyes 
are mostly used for temporary usage of clothing, easy to apply, cheaper and available in 
variety of colors. The method requires heat to reach boiling temperature for dyebath, salt 
and dye fixing agents-optional. Azo dyeing is example of direct dyeing. This type of dyes 
usually produces red, yellow and brown colors. The drawback of such dyes is to produce 
range of carcinogenic particles while dyeing which is why it is now banned most of 
European countries. 

  

Reactive Dyeing 

It is interesting to know that reactive dyes were initially developed for wool and 
polyamide but, undoubtedly, the attempts got success for cotton and its blend. In 1924, the 
cellulose were dyed with isatoic anhydride at 950C in the presence of sodium carbonate 
[7]. Similarly, 1926, cellulose were reacted with nitro benzyl dimethyl phenyl ammonium 
hydroxide. Till 1953, several attempts were unsuccessful and spasmodic but in this year, 
major breakthrough came by ICI with reaction of cotton with 2,4-dichloro-1,3,5-triazin-6-yl 
dyes. In the 1980, Cross and Bevan explained the treatment of cotton with strong alkali 
and then conversion into soda cellulose. 
 

In this conventional method, reactive dyes react and make covalent bond with 
textile fibre [8]. The synthetic dyes possess excellent fastness properties, variety of rich as 
well bright colors and widely used for dyeing. The dyeing method requires salt, alkali and 
temperature from 300C to 1000C. The effluent of reactive dyeing contains high 
concentration of salt, defoamers and strong alkali.  

 
Fortunately, research has been undertaken to overcome its drawbacks in effluents. 

For example, dyes are developed known as Eco-friendly dyes which does not contain 
heavy metals or toxic substances and do not need any mordants. Lesser quantity of salt, 
water and other chemicals needed for this developed dyes. The dyeing is carried out at a 
pH of around 7 which means, the effluent water does not have acid and it may also be 
recycled. Moreover, if cotton fibre is pre-treated with 120g of phosphate buffer /kg of fabric, 
then it does not require any alkali or salt and the dyeing process can be done at neutral 
pH. One another approach is to use Bi-functional (mixed) dyes. These dyes possess 
enhanced fixation properties and lead to less consumption (almost half) of salt. As a result, 
decreased amount of salt is available in its effluent.  
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Zeneca and Monforts- German company developed state of art technology, an 
environmental friendly process known as E-Control [9]. The process eliminates the 
chemicals such as salt, sodium hydroxide, soda ash, urea and sodium silicate.  
 

Sulphur Dyeing 

Some books were written particularly for sulphur dyes and it had been used 
enormously. In 1941, only Sulphur Black T was produced 10% of total dye in United States 
[6]. The first commercial sulphur dye- Cachou de level was obtained in 1861. This 
conventional method is used for low cost fabric having acceptable color strength. Though, 
it does not have any heavy metals in effluent but contain heavy concentration of sodium 
sulphide which makes effluent highly toxic. The sulphur dyeing discharges sulphur dyes 
itself, salt and alkali along with sodium sulfide, This damages sewage &  treatment systems 
and can harm the life as well.  
 

Vat Dyeing 

The discovery of vat dye, in 1901, credited to Rene Rohn. Earlier, the considerable 
work was done by Baeyer in 1883, developed synthetic route to Indigo and hence Bohn 
synthesized an anthraquinone vat dye which provided from yellow to black dyes. The dyes 
are insoluble or oxidized form and classified as vat dyes. These require powerful reducing 
agent and alki to make dyes soluble. Though, they are very expensive, yet produces high-
quality fabric having excellent fastness properties. The process itself involves complicated 
dyeing procedures. Its effluent contains salts, oxidizing agents, reducing agents and 
residual dyes. This dyeing affects environment very less as compared with other 
conventional dyeing methods but produce higher quality fabric at same time. 
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CHAPTER – 3 
 
 
TECHNOLOGICAL DEVELOPMENTS INTO TEXTILE 
DYEING  

 

Technological Development in Exhaust Dyeing 

Usually, the first phase of exhaust dyeing is to promote dye exhaustion and 
diffusion under neutral pH conditions using electrolyte such as sodium chloride or sodium 
sulphate [1]. Temperature of the dyebath is slowly increased to expedite the dye 
exhaustion onto and dye diffusion into the fibers, and further to assist uniform migration. In 
case of reactive dyes, dye fixation is then attained by addition of a suitable alkali to the 
dyebath that activates dye-fiber reaction. The dye fixation phase is prolonged over 30 – 
60min with temperatures in the range of 30 - 90oC that depends on reactive group type(s). 
During second phase, additional dye transfer to the fiber occurs that is usually known as 
secondary exhaustion [2, 3].  
 

After completion of the dyeing process, the fabric contains mainly two forms of the 
dye; unfixed (loose dye) and fixed (bonded or trapped) dye. The unfixed dyes cause poor 
wash-fastness and are required to be removed in a wash-off step where residual chemicals 
are also removed. Usually, wash-off process requires large quantities of water [4]. For 
example, approximately 75% of the water used in reactive dyeing occurs during washing-
off [5].  

 
Total amount of water, chemicals and auxiliaries depends on dyebath liquor ratio, 

i.e. ratio of the volume of water to the mass of fiber substrate (usually litres of water per 
kilo of fabric). Thus, total consumption of water and chemicals can be reduced by reducing 
the liquor ratio [6]. Based on this approach, many forms of low liquor ratio jet dyeing 
machines were commercialized in 1990’s [7, 8]. Various machine manufacturers provide 
purpose-based machines for specific fabric types, constructions and weights. For example, 
specially designed jets for delicate fabrics, jet airflow assist, and creels with drive to rotate 
the fabric.  

 
In the 1990’s, such technologies shifted the textile dyeing industry from a 20:1 

liquor ratio down to ratios as low as 6-8:1. The ultra-low liquor ratio dyeing machines, 
introduced lately as the 21st century technology, offer to dye the fabric at as low ratios as 
3:1. The reduced liquor ratio also becomes an additional opportunity for the dye to transfer 
from solution to the substrate [9]. Thus, need of an electrolyte for dye exhaustion is also 
reduced. Moreover, the reduced water volumes during dyeing reduces the tendency of dye 
hydrolysis ultimately increasing the dye yield on the fiber. Other advantages of low liquor 
ratio dyeing machines are lower consumption of steam to heat the dyebath and reduced 
wastage of dye liquor. Such developments have laid major improvements towards 
sustainability; lower use of water, energy, dye and electrolyte and reduced disposal to the 
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environment. The ultra low liquor ratio dyeing machines are also regarded as the best 
available technology for exhaust dyeing [10]. 
 

Technological Developments in Pad Dyeing  

Pad dyeings are better than exhaust dyeings from a sustainability perspective [11], 
because these offer [12]; 
 

- Quicker dye application 
- Lower liquor ratio in the running dyebath 
- No need of electrolyte for exhaustion 
- Lower quantities of left-over dye liquor 
- Easier dyeing control for dye levelness on the fabric 

 
The ultra low liquor ratio exhaust machines facilitate dyeings at minimum liquor 

ratio of  3:1.  Whereas pad dyeings are carried out at much lower liquor ratios, i.e. between 
1:1 and 0.5:1. Dye take-up is also increased by such low liquor ratios. As a result, quantities 
of dye and water, discharged to wastewater at the end of the dyeing, are further reduced.  

 
In pad dyeing processes the widthwise and lengthwise shade uniformity depends 

on stay time of running fabric in the padder, fiber type and construction of the fabric, pickup 
per cent, possible preferential dye uptake, dye aggregation, dye hydrolyzation in case of 
reactive dyes, and possible impurities from fabric preparation to the dyebath. Dye fixation 
is achieved within a short time frame (typically 30 to 120 s) after padding.  Dye fixation in 
the padded fabric is done either by steaming or curing conditions in specially designed 
continuously operated chambers.  

 
Usually, pad dyeings are avoided for knits and small batches due to limitations [13] 

such as higher pollution load and dimensional instability [10]. However, special pad dyeing 
machinery for knits and small batches have been commercialized by Benninger, Erbatch 
and Monforts. 
 
Low padding trough capacity 

At the end of pad dyeing process, all the left-over dyeing liquor, in the padding 
trough and supply lines including pumps, is in its concentrated form drained [10]. The 
amount of liquor drained depends on capacity of the trough. Many machine manufacturers 
have introduced as low capacity of the trough volumes as 10–15 L, as shown in Fig. 3.1 
(a). Such low trough volume capacity has improved dyeing efficiency and reduced the 
wastage [7]. In the adder design shown in Fig. 3.1 (a), fabric moves upward into the 
squeezing rolls that causes surplus liquor to drain down back to the trough. Therefore, an 
alternative design was introduced where the trough is formed in the nip between the two 
squeeze rollers (Fig. 3.1 (b)). Such padder designs are regarded as the best available 
equipment for reduced the dyebath left over dye solution wastages [10]. 
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                             (a) U-trough                                      (b) Nip 

 
Figure 3.1: Padders with low padding trough volume capacity [Source: [14]] 

 
Pad-Fixation Processes and Developments in Sustainability 

Perspective 

Pad-roll-batch  

Pad-roll-batch, also known as pad-batch or cold pad-batch, process of dyeing is 
the most economical among all the pad dyeing processes specially for the reactive dyeing 
of cotton [15]. For dyeing smaller batches of around 1000–10,000 metres of the fabric, pad-
batch process is even more economical than exhaust dyeing. The key reason for this 
process is lower energy requirements. In this process, fabric is padded with a dye solution 
containing a suitable alkali system (in case of reactive dyes preferably highly reactive 
class), wound onto a roller, covered with the cloth and sealed with a plastic film to avoid 
evaporation from the exposed edges of the rolled fabric, then finally batched for 6-24 hours 
for dye fixation at room temperature [1, 16]. To avoid flooding of the liquor during batching 
step, the roller is subjected to slow rotation. After dyeing, unfixed dye and residual 
chemicals are removed by washing-off on a continuous washing range or on a batch dyeing 
machine. Considerable savings of energy and water consumption [17], lower consumption 
of dyes and chemicals, and lesser requirements for space and labour [18], make pad-batch 
dyeing process an economical and ecologically more sustainable [19]. 
 
Pad-dry-cure   

Pad-dry-cure dyeing comprises of padding step followed by intermediate drying 
and then dye fixation by curing at high temperatures of the range of 150 to 220oC 
(depending on the dye-fiber combination) usually for 60–120 sec [20]. Washing-off is 
carried out at the end of the dyeing process on a continuous washing range. The high 
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temperature helps dye penetration in the fibers, improves dye fixation and ultimate color 
yield [16, 21-23]. Urea, which is sometimes used to improve dye solubility and/or provide 
moisture medium during dry heat fixation step, is removed during washing-off  and  causes 
pollution to the wastewater as it increases nitrogen content of water after degradation [1].  
 

If the fabric is immediately subjected to drying after padding, undesired dye 
migration causing shade variation on both sides of the fabric and excessive evaporation 
occurs. An antimigranting agent, which is a thickener, is used in the padding liquor to avoid 
this problem. Pre-drying with infrared heating is also used to reduce the dye migration 
problem [24]. 
 
Pad-steam Fix 

 Each commercial dye range has its particular requirement of steaming conditions. 
For reactive dyes, saturated steam (i.e. 101–102oC, 100% humidity) is required for dye 
fixation. Pad-steam dyeing is the most economical and simplest continuous process for 
producing light to medium shades [1, 15, 25].  

 
Another sequence is pad-dry-chemical pad- steam process, where dye is padded 

first followed by drying and second pad with chemicals, squeezed, then steam fixation. This 
sequence is suitable for medium to dark shades, however, heavy amount of salt is used in 
second padding bath to avoid dye bleeding.  
 

In recent decades, pad-dry-steam, a more environmentally and economically 
viable dyeing sequence, has been introduced by the leader machinery manufacturer 
companies in collaboration with the dye manufacturers and suppliers. Bleeding problem is 
reduced comparing to pad-dry-chemical pad-steam sequence, and shade depths are 
improved comparing to pad-steam dyeing [26]. However, this process sequence still 
engages two machines, thermosol machine for pad and drying steps and pad-steam 
machine for steaming and washing-off machine. A tailored machine for pad-dry-steam 
dyeing should be commercialized by renowned machine manufacturers. 
 
Eco-control dyeing 

Urea is used as a moisture medium in the pad-dry-cure dyeing to support the dye-
fiber reaction. In pad-steam dyeing, inorganic salt is used to improve dye levelness. In pad-
dry-chemical pad-steam dyeing, salt is also used to avoid bleeding of dye during chemical 
padding step. Although considerable progress had been made, from the 1970’s to the 
1990’s, to improve the sustainability through continuous dyeings, there was still the need 
to eliminate the use urea and inorganic salts.  
 

BASF and Monforts introduced a new machine with new process, in the late 
1990’s, which did not require salt and urea [27]. The basic principle of the machine, known 
as the ‘Eco-Control’ range is to inject moisture vapours into the hot curing chamber. The 
fixation conditions have been reported as 20–25% relative humidity and 120oC typically for 
a dichloro-s-triazine dye. Only small concentrations of alkali (sodium bicarbonate) are 
required for these dyes. This technology has been regarded as the best available 
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technology for improving economic and ecological impact of the continuous dyeing 
processes in BAT documents [10]. 
 
Pad-Ox processes  

Black, brown, navy, green, and olive shades in medium to heavy depths on cotton 
apparel are most economically produced on a continuous range with sulphur dyes. 
However, the unfixed sulphur dyes are drained to effluent that has a high sulphide content 
resulting in high COD and BOD values. More sustainable approaches to the current dyeing 
techniques have been well studied [28, 29] but the effluent issue still remained. Archroma 
(previously Clariant) has developed options of modified processes, namely pad-ox 
processes, which provides 100% fixation of the sulphur dye onto the cotton fiber [30]. The 
process is based on the use of pad-oxidation steps in the rinse section of the sulphur dyeing 
range.  
 
Emerging Technologies 

Scientists and industrialists are working continuously to reduce consumption of 
water, energy and chemicals, and waste water pollution from dyeing processes. Many 
emerging technologies have been tested and some of them, such as ultrasonic energy, 
electrochemical technology, microwave, plasma and supercritical carbon dioxide, are 
finding their way towards commercialization. 
 

Application of ultrasonic energy has been proved to be the opportunity to increase 
the process effectiveness and reduce the duration for many wet textile processes. It has 
demonstrated reduction in consumption of energy, water and chemical, improvement in 
color yields and reduction in wastewater pollution [31-33]. The use of ultrasonic energy on 
a production scale, mostly for exhaust and some pad-batch dyeings of cellulose fabrics 
with reactive dyes, has also been tested and reported [34].  

 
Other technologies are electrochemical treatments, microwave heating, plasma 

treatments and using supercritical carbon dioxide as a medium/solvent. Reduction and 
oxidation of sulphur and vat dyes, using electrochemical methods, is an emerging area. So 
far, electrochemical reduction and oxidation have been shown to reduce wastewater 
pollution [28]. Microwave heating can improve the dye uptake and dye fixation [35, 36], 
however, efforts are laid to make it viable on a production scale. Supercritical carbon 
dioxide and plasma have been reported as ways to carry out waterless dyeing [33, 37-42].   
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 CHAPTER – 4 
 

 
NANOTECHNOLOGY IN DYEING 

The rapid evolution of nanotechnology has paved the way for researchers 
worldwide to explore the unique properties of nanoscale materials. It deals with the 
materials having dimensions in the range of 1-100 nm [1].  

 
Electrospinning is a simple and versatile method for producing polymer fibres in 

the submicron to nanometer diameter range from a variety of materials including polymers, 
composites and ceramics [2]. During the last two decades, enormous research has been 
carried out to prepare electrospun nanomaterials for a wide range of potential applications 
in diverse fields [3].  The important applications covered were tissue engineering, filtration, 
biosensor and energy. 

 

Dyeing with nano-pigments 

In the recent decade, enormous research has been done in the field of 
nanotechnology. Realizing the significant properties of nanomaterials, nano-sized pigment 
particles were applied in textile processing with promising results [4].  
 

The two major problems associated with conventional pigment dyeing are poor wet 
rubbing fastness and stiff handle of the dyed fabric. By reducing the average diameter of 
the pigment particles to 100-200 nm and ensuring the stability of pigment dispersion during 
application, both problems may be alleviated [5].  

  
In a previous study [5], nanoscale pigment dispersion was prepared with a 

commercial pigment [CI Pigment Red 22 (1)] to dye cationic cotton fabric. Initially, the 
pigment dispersion showed ~1500 nm diameter of the pigment particles. On microfluidiser, 

nanoscale pigment dispersion was prepared with ~128 nm average particle diameter. 

Batchwise method was used to apply the nanoscale pigment dispersion on cotton fabric at 
20:1 liquor ratio. Figure 4.1 shows the temperature-time profile of the dyeing process used 
in the study. 
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Figure 4.1: Batchwise dyeing with nanoscale pigment dispersion of cotton fabric 
 
The dyed fabrics were finally washed at 60oC for 30 min. Due to the smaller particle 

size of nanoscale pigment dispersion; greater absorption and even distribution of pigments 
were achieved on the surface of fabric during dyeing process. Both factors were resulted 
in higher K/S of dyed fabrics with nanoscale dispersion in comparison to the commercial 
pigment dispersion.  

 
In another study [6], a commercial phthalocyanine blue pigment was used to 

prepare nanoscale pigment dispersion using microfluidiser for dyeing cationic cotton 
fabrics. The average particle diameter of the pigments was found to be ~163 nm. The 
nanoscale pigment particles were negatively charged. It was due to the reason that an 
anionic dispersant was used in preparing the nanoscale pigment dispersion. The fabrics 
were dyed with nanoscale pigment dispersion by CN and UAD methods at 30:1 liquor ratio. 
Table 4.1 demonstrates the temperature-time profile of the dyeing process used in the 
study. 
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Table 4.1: Pigment dyeing process by batchwise method 
 

Process Recipe Parameters 

 
Pigment dyeing 

 
2.0%  Colorant 
0-20 g/L Electrolyte 

 
Temperature: 40-80oC 
Time: 0-45 min 
 

 
Fixation* 

 

5 g/L Binder 
 

 
Temperature: 95oC 
Time: 15 min 
 

* Fresh water was taken. 
   

 

The UAD method produced higher equilibrium adsorption of pigments, mainly due 
to the dispersion of the particles by the acoustic cavitation effect. Moreover, better 
evenness of the nanoscale pigments were achieved with UAD method because the 
ultrasonic energy can significantly disperse the particles in the dye liquor and on the 
substrate. 

 
Dyeing of nanofibres 

Recently, dyeability of electrospun fibres has gained attention for exploring the 
aesthetic characteristics and applications [7]. The simple route for producing coloured 
electrospun fibres is the generation of nanofibres via electrospinning followed by its dyeing 
[8, 9] as shown in Figure 4.2. 

 

 
 

Figure 4.2: Schematic diagram for the preparation of dyed nanofibrous mat 

 
Electrospinning is a well-known technique used worldwide to generate fibers at the 

nano-scale dimension. It can be used to make nonwoven fabrics. The dyed electrospun 
nanofibers mat (ENM) yields lower K/S in comparison to the conventional fibers. The 
probable reason could be the higher surface area of nanofibers used in the dyeing process. 
It is capable to scatter more incident light falling on the mat. The surface area of cellulose 
acetate nanofibers is 3.5 m2/g. It is thirteen times higher than a conventional fiber. Such 
fineness of a fiber creates difficulty in dyeing process including lower K/S.  
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The dyeing of ENMs was investigated by three different methods, that is, 
batchwise method [8, 10, 11], pad-dry-cure method [9, 12, 13] and pad batch method [14]. 
Table 4.2 shows the important steps used in dyeing methods for ENMs. Reactive dye was 
the only colorant successfully applied on ENMs using all these methods. On the other 
hand, only pad-dry-cure method was used for applying disperse dyes on ENM.   

 
Table 4.2 Dyeing methods for ENMs. 
 

Methods Padding Drying Fixation 
Fixation 
Medium 

Batchwise --- --- 30-80oC Dye liquor 
Pad-dry-cure 30oC 30-60oC 80-180oC Hot Air 
Pad Batch 30oC --- 30-35oC Dye liquor 

 
In batchwise method, the textile material remains in repeated contact with the dye 

solution during the dyeing process and the fibers gradually absorb the dyes [15]. It is 
necessary to control the dyeing temperature, pH and auxiliary chemical concentrations to 
achieve level dyeings with good color yield. Additionally, continuous movement of dye 
solution is essential through the substrate during the dyeing process. In 2013, batchwise 
dyeing of cellulose ENMs with reactive dyes was reported [8]. Cellulose ENMs were 
cationized; prior to the reactive dyeing process; to reduce the problem of inferior K/S of 
dyed ENMs. The dyed cationic cellulose ENMs demonstrated better K/S due to the greater 
mass transfer from dye solution to the ENMs. 

 
Pad-dry-cure is a type of continuous dyeing method in which the dye solution is 

applied on the substrate using padder (trough and a pair of squeeze rolls) followed by 
drying and curing with hot air [15]. The dyed substrate must be washed-off with suitable 
surfactants to remove unfixed dyes and chemicals. In 2013, dual padding method was 
used to improve the K/S of dyed ENMs by applying reactive dyes on cellulose ENMs [12] 
followed by drying and curing of the substrate with hot air. The results of the dual padding 
method revealed a significant improvement in the color yield on cellulose ENMs ranging 
from 56% to 122%. Moreover, XRD results demonstrated that the dyed cellulose ENMs 
demonstrated improved orientation than the undyed cellulose ENMs.   

 
Cold pad batch dyeing method is the most economical and simple method as it 

involves only one step, that is, passage of substrate through the padder containing dye 
solution followed by batching for certain hours [16]. It is an eco-friendly dyeing method as 
water consumption is lowest and the use of electrolyte is eliminated. This dyeing method 
does not require high temperature for dye fixation. 

 
Recently, dyeing of cellulose nanofibres with two different reactive dyes by UAD 

method has been reported [7]. It was found that the UAD dyeing method produced higher 
(K/S) than the conventional dyeing method. The surface morphology of dyed nanofibres 
under SEM showed smooth surfaces; and the diameter of nanofibres increased in case of 
UAD dyeing method. 
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UAD of ENMs was also considered as a potential solution to improve K/S of 
nanofibers during dyeing process. The effects of sonication in batchwise dyeing process 
have been explained in the sixth chapter of the monograph. 

 
In order to enhance the K/S of dyed nanofibrous mats, ultrasonic energy was used 

[7]. Figure 4.3 shows the UAD dyeing method. The UAD dyeing method produced higher 
K/S in comparison to the conventional dyeing method with good colorfastness properties. 
An increase of 20.35% and 14.53% in K/S was achieved for CI Reactive Black 5 and CI 
Reactive Red 195 respectively that may be due to the fact that continuous cavitation has 
been formed in the dyebath due to US energy [17]. It helps in the de-aggregation of dye 
molecules and thereby dye mobility has been increased causing stirring effect which 
resulted into a further enhancement of dye diffusion and consequently better dyeability [16, 
18]. Other reasons, such as the degassing of gas and/or air molecules from the fiber and 
the piercing of insulating layer covering the fiber, may also contribute to increase K/S with 
US method [19, 20]. 

 

 
  

Figure 4.3: Ultrasonic dyeing method of nanofibrous mat 
 

The optical properties of photochromic materials change as the UV light source is 
applied on them [21], their molecular structure or conformation is altered with UV light and 
visible light irradiations [22]. The reverse transformation to SP (spiropyran) form (Figure 
4.4) has achieved with heat or visible light irradiation [23].  
 

 

 

 

 

 
 

Figure 4.4: Effect of UV-visible light irradiations on photochromic dye 
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Spiropyrans are a famous group of photochromic compounds, capable to undergo 
chromic transitions under the UV light and visible light irradiations, in which the SP form is 
colorless and the merocyanine (MC) form is colored [22, 24]. It has been realized that the 
encapsulation of spiropyrans within electrospun nanofibers could control the directionality 
of the photochromic fibers due to the unidirectional alignment of spiropyrans along the 
nanofibers [25]. Additionally, photochromic nanofibers have large surface areas which 
increase their sensitivity and reduce their response time to UV irradiation [26]. Additionally, 
a polymeric nanofibers matrix may provide mechanical support and minimize chemical, 
irradiative and corrosive degradations.   

 
The photocoloration and decoloration could also be controlled by selecting an 

appropriate fiber matrix [25]. Therefore, photochromic compounds have been successfully 
doped into various polymers via electrospinning technique including cellulose acetate [27], 
bacterial cellulose [28], polystyrene [24], polyethylene oxide [24], polydimethylsiloxane 
[22],  poly (methacrylic acid) [29], poly (methyl methacrylate) [30], poly(vinylidene fluoride-
co-hexafluoropropylene) [31] and polyvinyl alcohol [32]. In recent times, they are finding 
applications ranging from biomedical devices to industrial-fields [33, 34] including optical 
switches and memories [35], 3-dimensioal data storage and microfabrication [22, 24]. 
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 CHAPTER – 5 
 
 

DYEING OF PLASMA TREATED TEXTILES 

Under appropriate pressure, the interaction of electromagnetic field with gas 
produces plasma. It is actually partially ionized gas containing ions, electrons and neutral 
particles [1]. It is capable to modify the polymer surface by etching or polymerization [2]. 
The type of polymer and the conditions of plasma treatment results in for activation (radical 
formation), unsaturation (double bond formation), chain scission and cross-linking [3]. 
 

It is an environmentally friendly technology. It is preferred over chemical 
modification treatments in which acids, alkalis, metals and their compounds are used [1]. 
This is a promising surface modification treatment for natural and synthetic fibers where 
the bulk of the polymer remains intact, retaining the properties [4-8]. It is a water-free or 
low water consumption process that enables the treated fiber to absorb dyes or chemicals 
easily, specially for coloring the textile goods [2]. Corona and low-pressure plasma are 
frequently used [9]. 

 
Low pressure plasma treatment is usually employed for surface modification; it has 

electrons with high kinetic energy compared to the gas temperature. Such treatment can 
cleave covalent chemical bonds [9]. The presence of impurities and additives in the 
substrate can affect the outcome of the plasma treatment [10]. 

 
The apparatus for industrial-scale continuous plasma treatment is not developed 

yet [9]. However, it may be inserted “inside” existing textile-processing machines as an 
essential component of the machine. This would result in treatment of the substrate with 
plasma before the subsequent actual process.  

 
For low pressure plasma treatment, dried substrate with minimum residual 

auxiliaries has been a pre-requisite. Therefore, a vacuum is needed to demoist the wet 
substrate before the plasma apparatus. In a commercial production machine, high volume 
of fabrics has been processed daily. Moisture content of the substrate (especially in case 
of natural fibers) and the presence of residual chemicals lead to high operating costs of the 
plasma treatment. Hence, on a commercial scale the use of low-pressure plasma 
technology is not realized yet [9]. Figure 5.1 shows an apparatus for atmospheric low-
temperature plasma treatment. 
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Figure 5.1: Apparatus for atmospheric low pressure plasma treatment 
 
 

Dyeing of treated cotton 

Reactive dyes are usually preferred for dyeing cotton textiles as they offer variety 
of shades and ease of application [11, 12]. However, they have moderate affinity towards 
the cotton fibers causing hydrolysis of reactive dyes in dye solution. To reduce this 
problem, several attempts have been made previously [13]. Use of cationic cotton, is one 
of the feasible method, to increase dye-fibre interaction [14, 15]. Similarly, plasma-treated 
cotton fiber demonstrated enhanced dyeability with reactive dyes than untreated fabric [16]. 

 
Dyeing of treated wool  

The wool fiber surface is hydrophobic in nature due to the:  
(i) existence of high degree of disulphide cross-linkages in the cuticle, and  
(ii) a film of fatty acids on the fibre surface which acts as a surface barrier against diffusion 

of dyes, chemicals and auxiliaries into wool fibers [13]. 
 

In previous reports, low pressure plasma was used for the treatment of wool prior 
to dyeing process. The results revealed that the plasma treatments enhanced the 
coloration behavior of wool fibers in different dyeing systems. This may be attributed to the 
plasma-induced cystine oxidation that resulted into the reduced number of cross-linkages 
in the fiber surface which, in turn, facilitates dye diffusion [9, 13, 17]. Plasma treatment 
does not discharge any industrial effluent, so it eliminates the pollution associated with 
chemical treatments. Moreover, it has been effective only to the surface of the substrate 
and the internal structure of the specimen remained un-altered. 

 
In 2006, wool fabric was pre-treated with low temperature plasma (LTP) to achieve 

improved wetting properties and faster dyeing rate [17]. Commercial acid dyes and reactive 
dyes were applied by batchwise method on the LTP-treated wool fabric. 
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The LTP was generated through an atmospheric pressure dielectric barrier 
discharge (APDBD) in which both the electrodes were connected to an AC power supply. 
The flow rate of the working gas; usually nitrogen; was kept at 3 L/min. 

 
The results revealed that LTP-treated wool fabric showed significant enhancement 

in wettability (hydrophobic to hydrophilic) due to the partial breakdown of the epicuticle, the 
reduction in fatty acids layer (F-layer) and conversion of cystine residues to cysteic acid 
residues. Furthermore, an increase in the % exhaustion of acid dyes (up to 22%) and 
reactive dyes (up to 75%) was found. It was mainly due to the reason that LTP (nitrogen 
gas) introduced additional dye sites (-NH2 groups) on the substrate. 

 
The SEM analysis revealed that the LTP-treated wool fabric surface became 

rough, demonstrating surface erosion of wool fiber. Modified surface morphology 
contributed to the dye diffusibility and thereby higher dyeing rate. The XRD patterns 
showed a prominent decrease in the intensity of 2θ peak at 12 o, suggesting reduced 
crystallinity of the LTP-treated wool fabric.   
   

Dyeing of treated polyester 

Disperse dyes are usually applied for dyeing the Polyester (PET) textiles in the 
presence of phenol-based carriers commercially. These organic compounds swell the 
polyester fiber during dyeing at atmospheric pressure. However, they are not environment-
friendly.   
 

In a previous report, PET fibers were dyed using plasma treatment in the place of 
carriers. The results revealed improvement in K/S for samples treated with plasma. It was 
due to the reason that surface roughness and surface area of the treated sample was 
increased [13]. 

 

Further developments 

 The use of plasma treatment for applying indigenous natural dyes on natural fibers 
is a promising area for research in the future. 
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CHAPTER – 6 
 
 
ULTRASONIC ASSISTED DYEING 

Conventionally, dyeing of textile material is carried out through migration of dye 
molecules from bath to surface of fibre and then slower diffusion. Ultrasonic assisted 
dyeing enables same dyeing process with shorter processing time and save energy. It also 
reduces processing cost and consumption of auxiliary chemicals; as a result this process 
becomes eco-friendly process [1]. The influence of ultrasonic-assisted dyeing (UAD) has 
three aspects on the dyeing system i.e. dispersion, degassing and accelerating the rate of 
diffusion of the dye. 

   
Dispersion effect: In this aspect, the micelles and high molecular weight are broken 

into uniform dispersion of dyes in dye bath.  
 
Degassing effect: In this aspect, the entrapped air molecules are removed from 

fibre to facilitate the dye-fibre contact. 
 
Accelerating the rate of diffusion of the dye: In this aspect, this accelerates the rate 

of diffusion of dye inside the fibre.  
   

Dyeing of Natural Fibres 
 

Cotton   

The UAD method has been used for several textile fibres including cotton fibre [2]. 
It has been noted that the UAD method enhanced dyeing rate; more often in dyeing of 
hydrophobic fibres. Further, it also contributes to cavitations, for which range of ultrasonic 
frequency between 20- 50 kHz is mostly recommended for inducing cavitations. In several 
investigations, it is seen that ultrasound decreases the dye molecule size and reduce the 
retaining forces between dye and fibre and increase the dye diffusion process. During 
cavitations of cotton using UAD method, the entrapped air or gas bubbles are removed. In 
this way, it facilitates the dye-fibre contact and increases the movement of dye toward to 
the cotton fibre.   

 
Effect of Dyebath Concentration 

In direct dyeing, the dyes are supposed to adsorb with cotton fiber rather than 
react. During direct dyeing with UAD method, the dyes adsorption increases and 
accelerates the rate of dyeing as well.  

 
In case of Reactive Dyes: In reactive dyeing, dyes are supposed to react and make 

covalent bond with cotton fiber. Therefore, during dyeing, UAD method affects the color 
strength (K/S) value and fixation %.  After dyeing the cotton fabric using UAD method, the 
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color strength value increases as comparing with conventional mates.  The dye fixation % 
may be obtained by following simple equation; 

 
Df % = 100 x Dyed Sample after wash (K/S) / Dyed Sample before wash (K/S) 
 
where, Df =  Dye fixation 
 

Effect of Temperature 

By conventional dyeing methods, the cotton fiber is dyed at boiling temperature 
which increases the operational cost for heating. However, with UAD method, the 
temperature should be selected lower level for following reason; 

 
The optimum cavitations may be obtained between 350C and 500C when 

frequency is around 46 kHz [3]. The study of effect of cavitations is mostly preferred at low 
temperature. 
 
Limitation of instrument  

The dyeing of cotton through UAD method increases the rate of dyeing even at 
lower temperature comparing with conventional cotton dyeing temperatures. However, if 
dyeing temperature increases then intensity of waves decreases which leads to reduced 
dye-uptake. 

 
Effect of Intensity of Waves on Dyeing 

During dyeing, the intensity of ultrasonic waves is related with cavitation. The 
cavitation increases the movement of dye and rate of dyeing. The cavitation is directly 
proportional to electrical power supplied to the transducers. Consequently, the cavitation 
or rate of dyeing may vary with power supplied. If intensity of waves increased then 
automatically, the rate of dyeing would increase particularly with thicker fabric. 

 
Cellulose Acetate 

Cellulose is obtained from wood and cotton seeds. It is made from glucose units 
(C6H7O2 (OH)3). The hydroxyl (OH) group in cellulose structure cannot be melted without 
chemical decomposition. Therefore hydroxyl group is replaced with acetyl groups (CH3-
CO). As a result, cellulose acetate is obtained which can be melted and spun into fibres.  

 
The cellulose acetate is compact polymer structure having low content polar 

groups. This structure does not allow large molecules and dyeing at boiling temperature. 
The temperature exceeding 850C results hydrolysis of acetyl group on the surface fiber and 
delustering. Alexander and Meek [2] applied the UAD method for acetate dyeing with 
disperse dyeing and found the increase in dye absorption. The UAD method is beneficial 
on hydrophobic fibres prone to be dyed with water insoluble dyes.  
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Dyeing of Cellulose acetate 

Usually cellulosic material is dyed with direct, reactive and vat dyes. However, 
cellulose acetate has compact polymer structure similar like to polyester. Its inter-molecular 
structure does not allow large molecules having bulky solubilizing groups. This is why 
disperse dyes are suitable for dyeing. Moreover, its dyeing cannot be done at temperature 
exceeding 850C otherwise it will hydrolyze its acetyl group.   

 
Effect of Sonification 

In this process, cellulose acetate is exposed to ultrasound under a certain 
temperature for particular time in the absence of dye. Following same material could be 
dyed and compared with conventional dyeing.  
 

Wool 

The ultrasonic waves have been used for man-made fibres [6] and natural fibres 
[7-10] including wool to assist scouring [8-9], bleaching [11] and dyeing [12]. Animal fiber; 
wool is the hair of sheep and goats. Wool is complex proteins, having polymers of 1 or 2-
aminocarboxylic acids. They have an amino group attached to the carbon atom next to the 
carboxylate carbon atom. The wool fiber possesses main components i.e. scaly cuticles, 
body of fiber and cell membrane complex. The cell membrane complex consists mainly of 
protein and lipid materials which occupy a region of poor mechanical strength as compared 
to rest of fiber. Wool fibres are hydrophilic textile fiber having 16-18% water. Despite the 
fact of hydrophilic property of fiber, it is difficult to wet out due to scaly hinderers.  For this 
purposes, hot water and often wetting agent is used.    

 
Ultrasonic assisted Scouring 

After scouring of wool, ultrasound enhances the some effectiveness of the 
cleaning. It does not make any change on color but increases the brightness. Ultrasound 
is not better than surfactant treatment. The surfactant enhances brightness  better than 
ultrasound but in the presence of surfactant it adds the small improvement in brightness.  

 
Formation of Sulphydryl groups 

Lipids are unwanted material but strongly bound on the surface of wool. There are 
some processes and undesirables chemicals used to remove these lipids but they also 
reduce the strength of wool fibres. Conventionally, treatment of surfactant does not bring 
any significant change to remove the lipids, however, same surfactants along with 
assistance of ultrasound becomes more effective. The pre-treatment of wool assisted by 
ultrasound has no effect on the rate of dye-uptake or shades.   

 
Ultrasound Assisted Dyeing 

The procedure, chemicals, pH and temperature for dyeing with UAD method are 
followed as per standard practice. The UAD method does not make any significant changes 
on rate of exhaustion on wool. Generally, some wool dyes require correct choice of 
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auxiliaries in order to have proper diffusion rate. Although, the reactive dyeing of cotton 
assisted by ultrasound, increased the depth of shade without auxiliaries. 

    
Dyeing of synthetic fibres 

 

Polyester 

Polyester is a synthetic fiber having long chain of synthetic polymer composed of 
ester (85% by weight). It possesses highly crystalline region which makes it relatively 
difficult to dye. It is therefore necessary to swell the fiber first in order to penetrate the dye 
molecule inside the inter-molecular space of fiber.  

 
The polyester fiber dyed with UAD method followed below three stages. 
  

1. The dye molecules are dispersed in dye bath. 
2. Tiny air bubbles are collapsed by increasing temperature and pressure. 
3. After swelling of polyester fiber with UAD method, the dye molecules moves faster 

into fiber structure and causes rapid diffusion which enhances the rate of dyeing. 
 
Swelling of Fibres 

The degree of swelling of polyester fiber may be measured by image analysis 
technique using following formula. 

 
Swelling% = (d2-d1 / d1) x 100 
 
where, 
d1 = diameter of fiber before swelling 
d2 = diameter of fiber after swelling 
 
The polyester fibres can be pre-swollen in benzyl alcohol or dimethyl formamide. 

The pre-swollen processes improve the dyeability, the opening of fiber structure for an 
increase of dye penetration. However, then influence of carrier during dyeing with UAD 
methods reduces. The ultrasonic-assisted dyeing makes it possible to color polyester fiber 
with compact structure even at lower temperature.  

 

Acrylic Fiber 
 

Effect of dye concentration 

It is observed that color strength of acrylic fabric dyed by UAD method is higher 
than conventional method. During dyeing through UAD process, the extra vibration and 
agitation occur. This helps better dissociation of dye molecule with acrylic polymer 
structure. In addition to this, it also enhances dyeing through formation of intermolecular 
space in acrylic structure and exhaustion.   During UAD process, dye molecules adsorb at 
the –CN (nitrile) and –COOH (carboxylic) groups of acrylic fabrics at higher dye 
concentration. As a result, color strength increases. 

 



33 

 

Effect of Temperature 

The temperature plays important role on the dyeability of acrylic fabric. Generally, 
with an increase of temperature, the color strength (K/S) increases during dyeing. 
However, during UAD method, significant increase occurs specially 400 to 800 C. This could 
be due to fibre swelling, as a result dye diffusion is enhanced. The increase of temperature 
also increases faster motion of dye molecules which also increases dye diffusion and 
dyeability.  

 
Effect of Time 

Time is always great concern of any industry for production. During dyeing of 
Acrylic fabric through UAD method, color strength (K/S) value increases significantly with 
an increase of time.  Moreover, similar or better dyeing results are obtained with reduced 
time as comparative with conventional methods.   

 
Rate of Dye-uptake 

The rate of dye-uptake is measured with respect to time. Though, dye-uptake of 
acrylic fabrics using UAS method is generally better than conventionally mates. Yet it can 
be measured with derivable general form of the first order rate. 

e-kt = (Dt -  Df) / (Do -  Df) 
 
where, 
D  = the dye-uptake 
t = time 
0 = Zero 
f = final 
k = rate of dyeing 

 
Further developments 

The dyeing with UAD method has been carried for several materials including 
natural, synthetic and their blends. The UAD method has also been used for sizing, 
scouring, bleaching and others. Several researchers have revealed that the UAD method 
can be used to save energy, environment friendly wet-processing, to enhance dye 
migration. Following are the key task for future development for UAD method in order to 
keep Textile Industry competitive. 

 

 Better design of dyeing process in pilot plant and commercial scale-up application 

 Replace expensive thermal energy with UAD method  

 Replace chemicals significantly used in dyeing  

 Designing and construction of Ultrasound Tank for UAD method 

 Distance between Transducer and Textile substrate  

 Testing to determine the power level sensitivity, minimum and maximum power 
requirements and bath residence time. 

 Cost Vs Benefit investigation 
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CHAPTER - 7 
 
 
MICROWAVE DYEING 

Microwave irradiation is actually electromagnetic wave with frequencies ranging 
from 103 MHz to106 MHz. When materials are exposed to microwave irradiation, they are 
affected differently, some materials reflect the microwaves, others transmit them and some 
absorb them. They have been applied as an alternative to conventional heating method in 
various industrial processes [1]. It provides rapid and even heating to the materials during 
processing. The prime benefits of the use of microwave energy during a process includes; 
reduction in processing time, rapid heating of different volume of a material and energy 
conservation [2]. However, prolonged exposure to the microwave irradiation is dangerous 
and therefore necessary measures should be adopted for safety. 
 

Microwave irradiation has been studied in different textile processes. They include; 
heating, drying, condensation, dyeing and finishing. In textile dyeing, the high frequency of 
microwave irradiation influences the kinetic energy of the water and dye molecules. It 
causes the dye molecules to collide with the fiber at a fast rate. It has been reported 
previously that the use of mordant influences the dye diffusion in textile fiber [1].  

 
Microwave heating has been reported as fast, uniform and effective way to 

penetrate particles inside surfaces. In an earlier study; tensile strength, wrinkle recovery 
angle (WRA), and crystallinity of cotton fabric was discussed; to characterize the 
microwave heating at 2450 MHz frequency [3]. At 10:1 liquor-to-good ratio, cotton fabrics 
were soaked in water. Then, samples were heated with microwave irradiation for specified 
temperature and time. Finally, treated samples were dried in vacuum oven for a day before 
measurement. Results showed that the tensile strength of the treated samples enhanced 
with a simultaneous reduction in elongation at break in comparison to bleached cotton 
fabric. Similar trend of findings were observed for tearing strength. On contrary, WRA 
decreased in case of the treated sample. It was due to the improvement in the crystallinity 
of treated cotton fabrics as revealed by X-ray diffraction measurements.      

      
In the Apollotex dyeing machine made by Ichikin Ltd (Japan), microwave irradiation 

has been utilized in steaming chamber to wet textiles [4].     

   
Microwave dyeing of natural Fibers 

Figure 7.1 shows that microwave irradiation causes volumetric heating and 
conventional heating is effective on the surface of a material.  
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Figure 7.1: Conventional and microwave heating methods 
 
Reactive dyeing of cotton fabric with microwave irradiation was investigated in a 

previous study [5]. The results revealed enhancement in dye uptake and dye fixation (%F) 
on the substrate in comparison to the conventional methods [6]. 

 
 Cotton fabrics were dyed with reactive dyes by batchwise method using microwave 
irradiation. It was revealed that the use of microwave irradiation saves 90 min in the dyeing 
time, 75% in the salt used and 20% in the alkali addition in comparison to the conventional 
method [7].  
 

In a previous report, flax fabric was soaked in urea and then baked in microwave 
in order to improve its dyeability with reactive dyes by Pad-dry-bake method. The 
procedure involved in this pretreatment step used the following steps: 

 
Soaking  Microwave heating  Squeezing excess liquor  Microwave heating 

 
The earlier microwave heating was performed to reduce the crystallinity of the flax 

fiber and the later one was employed for diffusing urea into the substrate.  
 
The results revealed that the urea/microwave treated fabric had significantly 

improved dyeability with reactive dyes. It was found that the microwave power has a major 
role in increasing the color depth (L*) in comparison to the microwave heating time. 
Moreover, no significant improvement in (L*) was seen at 700 W microwave power. Urea 
was the main reason in the improvement of (L*) of dyed flax fibers. It melts during the 
microwave heating step and embedded within the flax fibers. During padding step, reactive 
dyes were also adsorbed by the molten-urea that promotes more fixation with the 
substrate.  

 
The microwave heating step increases temperature and urea melts at 130oC. 

Therefore, at the temperature lower than 130oC urea can’t melt during microwave heating 
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step. Also, higher temperatures will decompose urea. Both conditions will prevent urea to 
diffuse inside the substrate.  

  
The procedure for optimum microwave pretreatment was; soaking the flax fabric 

in 10% urea solution followed by baking the treated fabric with microwave at 350 W for 
2.5 min; and then at 700 W for one min [8].  

 
SEM analysis showed that the microwave heating step modified the surface 

morphology of the flax fibers. They became rough. Such morphology of flax fibers adsorb 
and diffuse more dye molecules during padding step [8]. Therefore, greater dye exhaustion 
and (L*) was achieved on dyed substrate. Also, urea/microwave treated fabric 
demonstrated unchanged crystallinity and inferior tensile strength.  

 
Wool was pretreated with microwave and then dyed with Lanasol reactive dye and 

Palatin 1:1 metal complex dye by conventional batchwise dyeing method [9]. Adsorption 
behaviour and diffusion coefficient were also studied. A higher dye uptake rate and 
increased diffusion coefficient of treated fibers were observed in the dyeing test after 
microwave pretreatment, but the adsorption behaviour remains constant. Microwave 
pretreatment has a slightly damaging effect on the surface scale-like structure of wool, 
which results in the reduction of the concentration of S–S bonds in keratin. It was 
considered that the surface damage improved the absorption of dye molecules by the wool 
fibers during dipping and the diffusion of dye molecules into the wool fibers. 

 
 

Microwave dyeing of synthetic fibers 

The effect of padding solution on the microwave dyeing of polyester fabric was 
studied [10]. Polyester fabrics were impregnated in aqueous urea solution and aqueous 
sodium chloride solution for 10 min and then dyed for 7 min by microwave apparatus (2450 
MHz, 700 W) under optimum conditions which provide good exhaustion. Aqueous solutions 
of urea and sodium chloride showed more effective than water as a padding solution for 
microwave dyeing. The type of solvent added in padding media and its concentration 
significantly affects the K/S values of dyed polyester fabric. Added solvents such as n-
hexane, acetone, and dimethyl formamide were also more effective than 100% water as 
padding media for the microwave dyeing. 
 

Polyester fabric (filament by filament) was pretreated in a microwave oven in the 
presence of solvents and subsequently dyed with commercial disperse dyes [Dispersol 
Red C-B (CI Disperse Red 91) and Dispersol Blue B-G (CI Disperse Blue 26)] at different 
temperatures and for different durations of time [11]. It was observed that the solvent 
interaction with the polyester could be enhanced by using microwave heating. Solvent 
molecules interact rapidly, not only with the surface of the fiber but also with the interior 
parts. Scanning electron microscope results showed that structural modifications take 
place, which produce surface roughness and voids. This enhances the dye uptake by 
threefold in comparison to conventional methods. 
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Poly(butylene terephthalate) (PBT) is a thermoplastic fiber with good stretchability. 
It offers good comfort properties when used in a cloth. The Tg of PBT is 45oC and can be 
dyed without the aid of carrier. In 2013, microwave-assisted dyeing of PBT fabric with 
disperse dyes were reported [12]. The dye concentration chosen for the experiments were 
1% o.m.f and the L:R was 20:1. In the conventional batchwise method, disperse dyes were 
fixed at 98oC for 40 min. On the other hand, dyeing with microwave heating was done in a 
microwave oven (White Westinghouse, USA) operating at 2450 MHz. Table 7.1 
demonstrates the temperature-time profile of the disperse dyeing of PBT fabric using 
microwave heating.  

 
Table 7.1: Microwave-assisted dyeing with disperse dyes of PBT fabric  
 

Energy Level Recipe Parameters 

 
Medium (460 W) 

 
1.0%  Disperse dye 

1 g/L  Dispersing agent 
 
 
 

 
Initial Temperature: 20oC 
Time: 160 s 
Final Temperature: 98oC 
  
 

 
Low (120 W) 

 
Temperature: 98oC 
Time: 5 min 
 

 
For all the dyed fabrics, reduction clearance process was performed at the end. 
 
All the dyeing results revealed that the fabric samples dyed with microwave heating 

demonstrated better colorimetric values and K/S in comparison to the conventional heating 
method. Significantly, the total dyeing time was 8 min in the microwave-assisted dyeing 
method. In comparison, the total dyeing time was 88 min for conventional heating method. 
It shows a saving of 80 min dyeing time. Furthermore, similar colorfastness properties and 
tensile properties were achieved for dyed samples.  

  
Further developments 

The application of microwave irradiation for dyeing polyester/cotton blend fabric 
with various combinations of colorants should be studied. 
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CHAPTER – 8 
 

 
ELECTROCHEMICAL DYEING 
 For dyeing cellulosic fibers numerous colorants have been used including anionic 
and non-ionic dyes. Vat dyes, indigo dyes and sulphur dyes are non-ionic dyes; and are 
applied on cellulosic fibers worldwide [1]. These dyes represent around one-third of the 
total consumption of textile dyes in the world (Figure 8.1). It is most likely that this situation 
will prevail in the future due to their very good dyeing properties on cellulosic fibers [2]. 

 
Figure 8.1: Global consumption of textile dyes for dyeing cellulosic fibers 

  
Vat dyes, indigo dyes and sulphur dyes are required to be converted into their 

water soluble form by the use of reducing agent (e.g. Sodium dithionite) at high alkaline pH 
to make them substantive towards cellulosic fibers [3]. Treatment with oxidizing agent (e.g. 
Hydrogen peroxide) at acidic pH has been employed to re-convert these dyes to their 
original water insoluble form. 

 
Commercial reducing agents used for the chemical reduction of vat dyes, indigo 

dyes and sulphur dyes produce oxidized byproducts that cannot be recycled; and their 
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reducing power cannot be recovered. The discharge of these byproducts is hazardous to 
the environment [4]. 

 
Electrochemical methods have been studied to minimize the polluted discharge of 

vatting process and to reduce and oxidize these dyes on electrodes. Dyeing can be 
performed by two methods, that is, direct and indirect electrochemical dyeing of textile 
materials. 

 
Direct electrochemical dyeing 

In this method, the dye is reduced at the surface of cathode directly without the 
addition of reducing agent or mediator. It gives complete chemical reduction of the dye that 
leads to increased stability of leuco dye. On the other hand, incomplete chemical reduction 
of the dye is achieved with reducing agents used in conventional methods. 
 

Initially, small amount of reducing agent is required to generate some quantity of 
leuco dye. It will then act as an electron-shuttle between the electrode and the surface of 
the dye pigment, the further process will then proceeds by itself [5]. Also, sulphur dyes 
were successfully reduced by this technique [6]. 

 
The dye molecules must make a physical contact with the surface of the electrode 

(cathode) to get reduced. The indigo radical anion is easily reduced electrochemically and 
the leuco indigo dye is stable under the optimized conditions [7]. For industrial application 
of this dyeing method, the reduction rate should be enhanced substantially. 

 
The atmospheric oxygen will then re-oxidize the leuco dye molecules. The area of 

the cathode should be large enough to accommodate dye molecules for chemical 
reduction, which is a main constraint [6].   
 
 Iron-deposited graphite surfaces were prepared and employed as cathode 
materials for electrochemical dyeing process containing very low concentration of sodium 
dithionite. C.I. Vat Violet 1, C.I. Vat Green 1 and C.I. Vat Blue 4 could be efficiently dyed 
employing these above electrode materials. The colour intensity and washing fastness of 
the dyed fabrics were found to be equal with conventionally dyed fabrics. The electrodes 
could also be reused for the dyeing process [8]. 

  
Indirect electrochemical dyeing 

An agent that undergoes both reduction and oxidation cycles (a reversible redox 
system) is called a mediator [9]. In indirect electrochemical dyeing, the dye is not directly 
reduced at the electrode surface. Rather, a mediator (iron complexes with triethanolamine 
or gluconic acid as ligand) that reduces the dye is added. This agent is oxidized after dye 
reduction and subsequently reduced at the cathode surface so that it becomes available 
again for reducing dyes. This cycle repeats continuously during the dyeing operation. 
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The mediators are not cost-effective and harmful to the environment [5]. Also, 
ultrafiltration process is used to separate them from the leuco dye, that eventually add to 
the overall cost of the vatting process. 

 
At any given time in an electrochemical system, both oxidized and reduced forms 

of the redox pair are available in the solution. By varying the voltage provided, the 
concentration of these oxidized or reduced species can be adjusted, as well as the potential 
prevailing in the solution. 

 
The two major classification of mediator system used for indirect electrochemical 

dyeing are organic redox system and inorganic redox system, their details have been 
reported in a previous report [10]. 

 
Electrochemically reduced vat dye using iron–triethanolamine (iron-TEA) complex 

as a redox mediator system was tested on a laboratory scale in dyeing experiments, and 
the results of different reduction conditions were discussed [11].  

 
During the study, a two-compartment electrochemical cell was used. It has a PVC 

vessel containing copper wire (cathode), stainless steel rod (anode) and 423 Nafion 
membrane (separator). An analytical rotator was used to achieve homogeneous and stable 
conditions within the cell. The experiments were conducted under potentiostatic conditions 
(-1050 mV Vs Hg/HgO/OH-) with 2% vat dye concentration. The L:R was very large, that 
is, 240:1. Also, dyeing time was 60 min.  

 
The results revealed that (iron-TEA) mediator system can be used for the reduction 

of vat dyes. The continuous regeneration of the leuco vat dye was possible. But, K/S 
achieved was significantly poor. Moreover, colorfastness properties of the dyed fabrics 
were equivalent to the conventional method. 

 
Getzner was the first company to pilot DyStar's patented electrochemical dyeing 

process that uses an electric current to reduce the vat and sulphur dyes with the aid of a 
regenerable Fe2+/Fe3+ redox system. Getzner used the technology to vat-dye yarn on a 
package-dyeing unit [9].  

 
Further developments 

The use of nanoparticles including graphene and graphene oxide can be applied 
as an electrode material to increase the surface area of cathode for direct electrochemical 
dyeing method. 
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CHAPTER – 9 
 

 
WATERLESS DYEING USING SUPERCRITICAL CARBON 
DIOXIDE  

Supercritical carbon dioxide is used as a dyeing medium in place of water, 
therefore, the dyeing is also referred to as waterless dyeing. The organic dyes becomes 
miscible with supercritical state of carbon dioxide, thus are carried during dyeing process 
to be transferred to the fibre substrate. The key advantages of such dyeing process are no 
use of water, lower consumption of energy, no drying is required after dyeing and shorter 
dyeing times. That is because supercritical carbon dioxide is suitable solvent for organic 
dyes. The production of supercritical fluid is economical. Additionally, carbon dioxide is 
non-toxic, chemically inert at most conditions, non-flammable and recyclable [1]. Left-over 
dyes can also be reused, no auxiliary chemical is needed for say exhaustion, levelness, 
etc, and no washing-off is required after dyeing. Thus, this process is environmentally 
sustainable also. However, dyeing with soluble dyes is yet to find its way to real success, 
specially for cellulose fibers. 

 
Supercritical carbon dioxide technology 

Supercritical fluid is a state of the substance above its critical temperature and 
pressure. The critical point is the highest temperature and pressure where a substance 
becomes in a state of vapour and liquid in equilibrium [2]. Above the triple point, an increase 
in temperature drives liquid into the vapor phase, and increase in pressure drives vapor 
back to liquid. For carbon dioxide, critical point is obtained at a temperature of 31.1oC and 
a pressure of 73.8 bar. 

 
Dye solubility in Supercritical fluids 

During last couple of decades, many researches have been reported on solubility 
of various substances, either in solid or liquid state, in supercritical fluids. Most of them are 
for supercritical carbon dioxide, however, other there have been increasing interest for 
water and hydrocarbon solvents. Understanding of dye solubility behavior in supercritical 
carbon dioxide is important for successful dyeing and sufficient data is available in the 
literature to develop the basic understanding.  
  

The success of supercritical carbon dioxide dyeing depends on miscibility 
(solubility and dispersion) of the dye in the supercritical fluid. And that depends on 
optimization of controlling variables of temperature (T) pressure (P) and mole fraction of 
dye to carbon dioxide (x) [1, 3]. However, calculations on dye concentrations are not 
practically available for reproducibility of the dyeing results, as in case of water based 
dyeings. Therefore, more refined calculations for ratios of the fibre and the fluid, dye and 
the fluid and fibre and the fluid are desired. Many experiments have been reported to 
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facilitate such refinements. Use of a high-pressure proof dyeing tank with a transparent 
window is one of them. 

 
In literature, A large amount of data can be found on solubility of dyes in 

supercritical carbon dioxide. Many of the scientists studied the solubility in both static and 
dynamic states, and many focused on composition analysis and dye recovery methods, 
facilitating more on understanding the errors and deviations of the data reported on 
solubility. For textile dyeing, disperse dyes has been the most successful for supercritical 
carbon dioxide application. However, efforts for supercritical dyeing of fibres of natural 
polymers with reactive, acid and disperse-reactive are continuing [1, 3, 4].  

 
Supercritical carbon dioxide dyeing 

Due to miscible nature of carbon dioxide towards organic substances, which are 
nonpolar or slightly polar, it can be used as a medium, in place of water, for dye transfer to 
the fibre. This is also due to to liquid-like densities of supercritical carbon dioxide that helps 
dissolving the hydrophobic dyes, and due to gas-like low viscosities and diffusibility that 
helps uniform dye penetration into the fibre. Supercritical carbon dioxide dyeing control is 
simpler than the conventional dyeing as dye exhaustion, dye diffusion, removal of excess 
dye, recycling of the dye and carbon dioxide can all be carried out only by changing the 
temperature and pressure conditions [1, 3].  
 

Because no water is used and all the carbon dioxide is recovered in gaseous state 
at the end of the dyeing process, 90% of the carbon dioxide can be recycled after each 
dyeing process. Ultimately, the whole dyeing process depends on the interactions of three 
components, i.e. supercritical carbon dioxide, fibre and the dye. Thus, interaction between 
supercritical carbon dioxide and the dye, interaction between supercritical carbon dioxide 
and fibre and interaction between dye and fibre in supercritical carbon dioxide environment 
are important to be studied. 
 

The overall process is that the dyes are dissolved in supercritical carbon dioxide 
fluid, transferred to, absorbed by and penetrated into the fibre. The glass transition 
temperature of many polymers of the fibres is reduced by supercritical carbon dioxide, thus, 
supporting dye diffusion into the fibre. The exact thermodynamics of the dyeing system is 
not as direct as water based dyeing. This is due to the potential of miscibility of the 
supercritical fluid and the fibre. In case of disperse dyes, when used for polyester fibre, this 
factor can be neglected. For all other mixtures, this factor has a significant impact on the 
overall dyeing process, therefore, it cannot be ignored for developing the process. 

 
Dyeing of polyester with disperse dyes in supercritical carbon dioxide has already 

become so promising, that some dyeing machine manufacturers have introduced 
production scale machines for this process. The dyeing is carried out in a stainless steel 
sealed high pressure vessel.  

 
The dyeing vessel is made of stainless steel, heating system for the vessel, a 

temperature controller, a pump for carbon dioxide and pressure, a manometer, and a 
cooling system for carbon dioxide pump head. The fabric is wrapped around a perforated 
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stainless steel tube and mounted inside the vessel that has a stirrer as well. The vessel is 
then sealed and heated to the working temperature. Simultaneously during heating, carbon 
dioxide is pumped into the vessel. The pressure and temperature rise to the required value. 
Dyes are placed in the bottom of the vessel; and continuous stirring occurs during the 
release of carbon dioxide, increase in pressure and increase in temperature while the 
vessel is sealed. When required pressure and temperature are achieved in presence of 
fabric, dyes and carbon dioxide, the carbon dioxide converts to supercritical carbon dioxide 
under constant stirring condition and dyeing is continued for up to 60 min by maintaining 
the pressure and temperature. Finally, carbon dioxide is released and recovered back, 
dyed fabric is taken out and the left-over dyes may be reused.  

 
Further developments 

 The use of supercritical carbon dioxide for water soluble dyes on natural fibers is 
a promising area for research in the future. 
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