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Abstract

Most cotton fabrics are dyed with reactive dyes because they produce a full
range of bright fashion colours with a high degree of wash fastness.Reactive
dyes are frequently considered as king of dyes for cotton owing to their simple
application techniques. However, reactive dyes are anionic and cotton fibers
gain anionic surface charge in water, the charge repulsion adversely affects the
dye bath exhaustion. Large quantity of electrolyte is added to overcome this
problem. Some problems such as low dye utilization, high degree of salt utilization
and colored effluent due to unexhausted, unfixed, and hydrolyzed dyestuffs,
and high volume of waste water discharged, always exist in the application of
reactive dyes.These electrolytes are neither exhausted nor destroyed and hence
remain in the discharge dye liquor which leads to enormous environmental
problem. Due to these problems this class of dyes is the most unfavorable one
from the ecological point of view, these effluents produced gives high values of
BOD/COD and increases salinity of the rivers affects the delicate biochemistry
of aquatic life.A number of more environmentally sustainable approaches
for reactive dyeing of cotton have been proposed to overcome the polluted
effluent problem. This paper reviews options to improve the sustainability of
the colouration process through development in dye structure, modification of
dyeing machinery and processes, chemical modification of cotton fibre prior to
dyeing, and use of organic compounds in place of inorganic chemicals.
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Introduction

Cotton is a natural cellulosic fiber and the most popular among
all the textile fibers. About 48% cotton fiber is consumed as clothing
material all over apparel industry for a number of its unique
characteristics such as softness, versatility, absorbance, hydrophilic in
nature, comfort permeability, biodegradability, no static electricity,
and breathability [1-3].

Figure 1: Chemical structure of cellulose.

cotton dyed with reactive dyes consumes the highest volume of water
per kilogram of fibre. Moreover, this combination causes the highest

Cellulose is a macromolecule made up of anhydroglucose
units united by 1, 4, oxygen bridges as shown in (Figure 1). The

anhydroglucose units are linked together as beta-cellobiose; therefore,
anhydro-beta-cellobioseis the repeating unit of the polymer chain.
The number of these repeats units that are linked together to form the
cellulose polymer is referred to as the degree of polymerization and is
between 1000 and 15000 [4, 5].

Dyeing of textile fibers comprehends utilization of various
chemicals and auxiliaries for various purposes, such as exhaustion of
the dyestuff from the dyeing liquor to the textile substrate, fixation
of the dyestuff on the substrate, giving identical level dyeing results
etc [2,3,6]. One of the most well-known classes of dyes for cotton
dyeing is a class of reactive dyes. They are frequently considered as
king of dyes for cotton owing to their simple application techniques.
The dyeing of these fiber are generally done with reactive dyes due to
its brilliancy, bright shade, variety hue, good color fastness properties,
convenient usage, low energy consumption, high applicability, etc [7-
11].

For apparel textiles, the predominant dye-fibre combination is that
of reactive dyes and cotton [12,13]. Of all the dye-fibre combinations,

discharge of salts, alkalis and organic matter per unit fibre mass [14].
Per capita demand for apparel textiles is projected to continue to
grow. Therefore, it becomes important to find solutions for reducing
water use and the discharge of polluting chemicals.

Since ICT introduced the first commercial reactive dyes for cotton
in the 1950’s, this dye class has become increasingly popular [15]. This
is mainly because of their very good washing fastness, a wide gamut
of bright colours, and versatility for different application methods.
The high fastness to washing of reactive dyes is due to their unique
reactive system(s), which form covalent bonds with the hydroxyl
groups of the cotton fibre under alkaline pH conditions [16].

The dyes also react with hydroxyl ions present in the aqueous
dyebath under alkaline pH conditions. This produces nonreactive
hydrolysed dye which remains in the dyebath as well as in the fibre. In
order to obtain the required levels of washing fastness, it is necessary
to remove all unreacted and hydrolysed (unfixed) dye from the cotton
fibre. This is achieved by ‘washing-off’ which is a series of thorough
rinsing and ‘soaping’ steps. The dye fixation efficiency is typically in
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the range of 50-80% [12,17]; i.e. 20 to 50% of the dye necessary to
achieve the desired depth of colour is discharged to the environment.

Reactive dyes are soluble anionic dyes which, in solution, are
repelled by the negatively charged surface of the cotton fibre [2,3,7-
11]. An electrolyte such as sodium chloride or sodium sulphate is
added to promote the dye transfer (exhaustion) and penetration
(diffusion) into the fibre. The amount of the salt can vary up to 2
kilograms per kilogram of the fibre depending on the dye structure,
depth of colour and dyeing method. Once sufficient dye is on the
fibre, either by exhaustion (exhaust dyeing methods) or padding (pad
dyeing methods), the alkaline pH is obtained by using the alkali such
as sodium carbonate, sodium bicarbonate or sodium hydroxide to
initiate the dye-fibre reaction. The quantities and composition of the
alkali system depend on the pH required for the particular type of
reactive system of the dye and the dyeing method [12].

Irrespective of the dyeing method and the type of reactive system,
almost all of the unfixed dye, inorganic salt and alkali are discharged
to the effluent. Such effluents are characterised by high levels of
dissolved solids and oxygen demand [14,18]. Inorganic salts are
the most non-biodegradable compounds and contribute the major
portion of the total dissolved solids content in the dyeing effluent.

Urea, which is often used in pad dyeing methods and in printing
to increase dye solubility and yield of the dye-fibre reaction, is
another environmentally undesirable chemical [19,20]. Urea, when
used in the pad-dry-bake dyeing process, decomposes and increases
the nitrogen content of the effluent.

There have been a number of developments for improving the
quality of effluent for cotton dyeing systems with reactive dyes. This
paper presents a review of such developments.

The aim of this paper review is to discuss about the major
development in cotton coloration. This includes development of
reactive dyes, modification of dyeing machinery and processes,
chemical modification of cotton fibre prior to dyeing, and use of
organic compounds in place of inorganic chemicals. The paper
highlights the significance and limitations of these ways of improving
sustainability in reactive dyeing, and proposes possibilities to further
improve the sustainability.

Major Development in Cotton Coloration

With a great variety of dyes available, there are still limitations
for cotton coloration. As an example, obtaining ultra-deep shades
on cotton with good colorfastness in an environmentally responsible
way is difficult. Sulfur blacks, as the most commonly used black dyes
for cotton, have advantages on low cost and high wash fastness over
other dyes. However, they are not environmentally friendly due
to the large amounts of sodium sulfide used in manufacture and
application. Other classes of black dyes used for cotton also have their
own limitations, such as the poor wash fastness of direct dyes and
large amounts of dye and salts in the dye bath effluent of reactive dyes
when applied in conventional dyeing processes [21,22].

Major developments in environment-friendly dyeing of cotton
with reactive dyes are in terms of innovations in dyes and dyeing
processes for high dye bath exhaustion and fixation, use of low-salt
reactive dyes, machinery developments for dyeing at low liquor

ratio, pad troughs with reduced volumes, replacement of chemicals,
econtrol process etc are some of the approaches for eco friendly
colouration of cotton with reactive dyes [23].

With the need for cleaner, cost-effective, and colorfast textile
products, innovative technologies and improved processes have been
developed for cotton coloration. The innovations mainly focused on
three aspects:

. Development of new dyes and auxiliaries;

. Developments in dyeing machinery and processes;

. Chemical modifications of cotton fiber prior to dyeing

. Use of organic compounds in place of inorganic chemicals
[12,21,24].

Developments in Dye Structure

With the unique dye structure and application mechanism, much
attention from both industry and research has been focused on the
development of reactive dyes. To increase the fixation efficiency and
reduce chemical waste, reactive dyes with two or more reactive groups
have been developed and commercialized. The bifunctional reactive
dyes, including homobifunctional dyes (containing two identical
reactive groups, e.g. the Procion H-E dyes) and heterobifunctional
dyes (containing two different reactive groups, e.g. the Everzol dyes),
were already widely used in industry [25]. There are also successful
commercial trifunctional reactive dyes such as the Avitera SE dyes
form Huntsman which are claimed to save energy and time and
reduce water consumption [26]. Researchers also came up with some
polyfunctional reactive dyes with more than three reactive groups, but
none of them have been commercially applied yet [27-29]. A typical
example is the reddish-grey to black chromium complex (Figure
2) patented by Hoechst. The drawbacks with more reactive groups
include higher cost and lower color strength. The extra reactive
groups “dilute” the color value of a dye by increasing the molecular
weight of the dye but do not enhance chromogenic strength [30].

Besides the increase in reactive groups, other innovations on
reactive dyes include high strength economic chromophores, high
light fastness chromophores [5], neutral-fixing [31,32], or acid-fixing
reactive dyes [33], and cationic reactive dyes [34-36].

S0O,CH,CH,080;Na o] ]
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NH SO;zNa
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Figure 2: Reddish-grey to black chromium complex.
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Developments in Dyeing Machinery and
Processes

To reduce the chemical, water, and energy consumption in
exhaust dyeing, a wide number of low liquor-to-fiber ratio dyeing
machines have been developed [37-39] such as the Luft-roto Plus
dyeing machine from Thies with the minimum liquor ratio as 4:1
[40,41]. While for pad dyeing, new padders and low capacity padding
troughs were designed to reduce liquor waste and eliminate tailing
[38,39]. Also, the Econtrol dyeing process developed jointly by BASF
and Monforts eliminates the use of urea and salt for continuous
dyeing of cellulosic fibers [42]. While for washing-off, new approaches
such as the “enzymatic after soaping” process for exhaust dyeing were
announced for water and energy savings.

Other emerging technologies on cellulosic dyeing include the use
of ultrasonic energy, microwave heating, and supercritical carbon
dioxide (scCO,). The studies on ultrasonic-assisted cotton coloration
shown that the use of ultrasound can result in better color yield and
savings in energy, water, time, and chemical [43-47]. Compared with
the conventional heating method, microwave is a volumetric heating
which can shorten the heating time for coloration at the same time of
improving color yield and dye fixation efficiency [48,49]. In another
aspect, cotton can be dyed with disperse reactive dyes in scCO,, which
eliminates the use of water [50]. Also, cotton modified to be less
hydrophilic can be dyed with disperse dyes in scCO, [51, 52].

Chemical Modification of Cotton Fiber Prior
to Dyeing

The chemical modification of cotton to improve dyeing with
anionic dyes, such as direct, reactive, sulphur and vat dyes, is an
emerging area. This research has focussed on the introduction of
cationic groups to the cotton fibre (Lewis & Lei, 1991; Lewis & McIlroy,
1997). Such modifications, usually referred to as Cationization,
are achieved by treating cotton with low molecular weight cationic
chemicals or with cationic polymers (resins) [12].

Synthesis of new dyes and modification of cotton dyeing
processes, while valid for obtaining qualified black cotton dyeing, are
likely to involve significant capital investment and development costs
[53]. Thus, much attention has focused on modification of cotton fiber
as another route to obtaining the desired dyeing performance and
fastness properties with existing dyes and processes. Cationization of
cotton is one of the most widely researched modifications in recent
years since both direct and reactive dyes carry anionic charges and
they exhibit high affinity for positively charged cotton. Numerous
chemicals and methods have been used to introduce cationic groups
into cotton fiber [21,22].

Cationization of Cotton

The process of modifying cotton by developing cation
site on its surface without affecting its bulk property is called
‘cationization’. Modifying the cotton fibre to increase dye-fibre
interactions is thus, best route to overcome the lack of affinity for
cotton to commercial reactive dyes, so that it can be dyed without
salt. It was found that during cationization of cotton, etherification of
primary hydroxyl groups on cellulose takes place [54,55].

The introduction of cationic sites within the cellulose is the most

expected technique to increase the dye adsorption. Cationic sites can
be introduced either by aminization or cationization. Cationization
is one of the most important modifications for cellulose. The
cationization is mainly carried out to improve affinity toward anionic
substances, such as dyes in conventional textile processing and metal
ions or unfixed dyes in effluent treatment. Cationic modification is
the method that has been employed in order to change the surface
charge of cellulosic fibers [56,57].

Cellulosic materials are commonly cationized in three ways:
Firstly, a direct cationization of cellulose using a chemical compound
with suitable functional groups that react with cellulose hydroxyl
groups.

The second approach involves the addition of binding agent, such
as Dimethylol dihydroxy ethylene urea (DMDHEU), which reacts both
with cellulose hydroxyl and the functional group of cationic agent.
This process is mainly used for textile application since the common
textile pad-dry-cure process can be employed. The third approach
utilizes graft polymerization to introduce monomeric or polymeric
cationizing agents within the cellulose, but it is not commercially
applicable. Each process has advantages and disadvantages, but none
of these processes has been commercially adopted yet [56].

Reasons for Cationization

As previously mentioned, cellulose is the major component of
cotton. While in contact with water, negative charges build up on the
surface of cotton due to the partial ionization of hydroxyl groups on
cellulose. Thus, cotton fibers have electrostatic repulsion to reactive
and direct dyes, which are sulfonated and negatively charged.
Anionic dyes have to overcome a significant adverse charge barrier
before they are adsorbed on cotton fibers [58]. High concentrations
of electrolytes, such as sodium chloride and sodium sulfate, are used
in the conventional dyeing procedure of cotton with reactive dyes to
suppress the negative charge build-up and reduce the solubility of
dyes. Even with electrolytes added, the fixation rate of reactive dyes
is still relatively low, especially when high concentrations of dyes
are applied. As a result, the dye bath wastewater typically contains
high concentrations of both salt and unexhausted dye, which causes
serious environmental problems [21].

By introduction of cationic groups into cotton fibers, the affinity
of reactive dyes for cotton can be significantly improved. The ionic
attractions between cationized cotton and reactive dyes can result in
increased dye uptake, reduced or no electrolyte use, less dye washing
off and less water and energy consumption. The environmental
problems caused by dye and salt in effluent can be potentially
mitigated by cationization pretreatment of cotton [21,22].

Cationic Reagents

Researchers have investigated different kinds of cationic reagents
for the cationization of cotton. Based on the molecular weight,
the cationic reagents can be divided into two groups: monomeric
reagents and polymeric reagents [21].

Many researches worked to use variety of cationic compounds in
order to improve the dyeability of cotton fabrics toward reactive dyes.

A number of processes have been proposed from early 1930s till
date, to improve the substantivity of anionic dyes towards cellulosic
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fibres by introducing cationic sites in the fibres. Schlack (1938) was
the first to report improved affinity of acid dyes towards cellulose,
modified through the introduction of epoxy derivatives [59].
Clampetier et al. and Merle modified cellulose by a reactions epoxy
diethylamine-3-propane followed by an ethyl iodide quatemization
and reported the dyeing the dyeability of modified cellulose towards
acid dyes [60,61]. Rupin (1976) and Rupin et al. (1970) studied
the dyeability of cellulose towards direct and reactive dyes after
pretreatment with glycidyltrimethyl ammonium chloride (Glytac)
and simultaneous modification and dyeing by exhaust, pad-batch and
pad-cure processes [62,63].

Glytac-pretreated cellulose showed improved dyeability in
exhaust application, towards reactive dyes in the presence of alkali
and salt. Pretreatment of cotton with polyamide epichlorohydrintype
polymer, offers the opportunity for increasing both the substantivity
and reactivity of cotton towards reactive dyes under neutral to acidic
condition due to the introduction of cationic azetidinium group
[64]. Wu and Chen (1992) treated cotton with Poly Epichlorohydrin
(PECH) dimethylamine which was manufactured by initial
polymerization of epichlorohydrin, followed by amination with
dimethylamine [65].

The  epichlorohydrin ~ was  polymerized in  carbon
tetrachloride using boron trifluride etherate as catalyst.
The dyeability of treated cotton towards direct dyes was investigated
and it was found that PECH-amine could improve the direct
dyeability of modified cotton. In another work they have reported
(Wu and Chen, 1993) the effect of PECH-amine treatment on the
reactive dyeability of cotton. It was found that the modified cotton
can be dyed with selected low reactivity dyes under neutral condition
using limited salt concentrations or with selected high reactivity dyes
without salt [66].

The effect of modification of cotton using various N-
ethylolacrylamide derivatives, viz. bis (N-methylol-2-cabamoylethyl)
butylamine, N-(N,N’-dimethylol- 2-cabamoylethyl) diethylamine
and N-(N, N’-dimethylol-2-cabamoylethyl) dimethylamine on acid
dyeability has been investigated by [67]. These agents were applied
to cotton fabric by pad-dry-cure procedure. Such treatments were
found to improve the crease recovery angle and acid dyeability. But
these agents release hazardous formaldehyde during curing as well as
on storage [68-71].

Researchers have investigated different kinds of cationic reagents
for the cationization of cotton. Based on the molecular weight; the
cationic reagents can be divided into two groups, monomericreagents
and polymeric reagents. Epoxy compounds, chlorotriazine type
quaternary compounds, N methylolacrylamide, choline chloride etc
are the monomers commonly used in modification of cotton fiber.
Synthetic polymers polyepichloro hydrin dimethylamine, polyamide
epichlorohydrin type polymers, poly-(4-vinylpyridine) quaternary
ammonium compounds and dendritic polymers, and biopolymers-
chitosan, starch and their derivatives are typical compounds
commonly used in modification of cotton [22,72,73].

Researchers have investigated different kinds of cationic
reagents for the cationization of cotton. Both chemical and physical
modifications of cotton with compounds including monomers and
polymers were employed. Epoxy compounds, chlorotriazine type

quaternary compounds, N methylolacrylamide, choline chlorides
etc. are the monomers commonly used in modification of cotton
fiber. Synthetic polymers, polyepi-chloro-hydrindimethylamine,
polyamide epichlorohydrin type polymers, poly-(4-vinylpyridine)
quaternary ammonium compounds and dendritic polymers, and
biopolymers-chitosan, starch and their derivatives are typical
compounds used in modification of cotton [21,22,72,73].

All agents used for cationization, both monomeric and polymeric,
have their limitations, but generally speaking, the more complicated
the reagent, the more synthesis steps are required resulting in high
costs for the reagents. Additionally, vinyl reagents must be free
radical polymerized in situ with an initiator. Finally, reagents such as
choline chloride with no reactive group require a cross linker such as
DMDHEU and the complications associated with cross linking such
as formaldehyde release and reduced breaking strength of the treated
fabric. Moreover, all the above chemicals are non-biodegradable as
well as non-renewable [22,74].

Different approaches, such as modification of the dye structure
to make it more substantive to cellulose, cationization of cellulose
through chemical reaction with compounds containing cationic
groups or controlled dosing of dye and salt during the exhaustion
process, have been recommended to control the above mentioned
effluent problem [21,68].

Most of the techniques developed so far for reducing salt
concentration in cotton dyeing are complicated in nature. Some of
these methods are successful only for highly reactive dyes. Under this
background, efforts were made to find out easier method for salt free
reactive dyeing of cotton [69].

Currently, there is a growing interest in the development of
biodegradable cationizing agent in keeping with the requests of people
for environmental protection. In terms of environmental friendliness,
cost, and ease of application, using bio product cationizing agent,
is without a doubt the method of best choice for cationization of
cellulose being biodegradable and renewable.

Monomeric Cationic Reagents

Introduction of amine groups into the cellulose structure has
long been recommended for cationization of cotton. A typical form
of the cationic reagent is the quaternary ammonium compound with
a reactive group which can form covalent bond with cellulose. The
2, 3-epoxypropyl trimethylammonium chloride (EPTAC, Figure
3) and its epichlorohydrin precursor, 3-chloro-2-hydroxypropyl
trimethylammonium chloride (CHPTAC, Figure 4) are very
commonly used cationization reagents for cotton to improving
dyeability [53,62,63,75]. The epoxy group can react with cellulose
under alkaline conditions.

Other aminated epoxy derivatives have also been synthesized and

f-|3|_'|3 Cl

2]
HQC\—CHCHQN—CH3
CHs

Figure 3: 2,3-Epoxypropyl Trimethyl Ammonium Chloride (EPTAC).
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Figure  4: Epichlorohydrin  precursor,  3-Chloro-2-Hydroxypropyl
Trimethylammonium Chloride (CHPTAC).
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NHCH2CHaCHaN(CHa)sCHaCH—CHa
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Figure 5: N-Oxiranylmethyl-N-methylmorpholinium chloride.
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Figure 6: Aminated epoxy based cationic reagents.
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Figure 7: Alkyl di-allyl ammonium salts.

applied on cellulose for cationization. For example, N-Oxiranylmethyl-
N-methylmorpholinium chloride (Figure 5) was reported to have
higher reactivity with cellulose than EPTAC [76]. Figure 6 shows the
structure of the cationic reagents with different alkyl groups attached
to ammonium. It was reported that, the cationization efficiency and
amount of dye adsorbed decreased as the length of the hydrocarbon
chain attached to the ammonium group increased [77]. As shown in
Figure 7, there are other cationic reagents with substituted counter
ions and hydrocarbon chains [78].

To increase cationization efficiency, aminated epoxy derivatives
with multiple functional groups were synthesized and applied on
cotton. A bi-functional cationic agent (Figure 8) was reported to
have higher cationization efficiency than EPTAC while applied using

cl® =]
! 3 Cl @y

@ 0,
i CHCHACHCHCHCHNE N NHCH,CH,CHANCH CHLCHE e,

Figure 9: 2,4,6-Tri-[(2-hydroxy-3-trimethyl-ammonium) propyl]-1,3,5-triazine
chloride (Tri-HTAC).

Cl
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N N NHCHZCHszfR
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R =H, CHa, CoHs, C4Ha, CeHia, C1gHas, CsHaq, CsHsCHa, (CaHz)sCH, CigH7CH,

X =Cl, Br, | or other simple anion

Figure 10: Mono-chlorotriazine mono-quaternary cationic reagents.
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@
—CH,CH,CH,N(CH2),

Figure 11: Mono-chlorotriazinebis-quaternary cationic reagents.

exhaustion method [79]. Cotton modified with 2,4,6-tri-[(2-hydroxy-
3-trimethyl-ammonium) propyl]-1,3,5-triazine chloride (Tri-HTAC)
(Figure 9) showed improved printing performance with reactive dyes
compared with untreated cotton [80]. However, reaction efficiency of
Tri-HTAC was not compared with the mono-reactive agent EPTAC.

Cotton treated with chlorotriazine type quaternary ammonium
compounds was also found to have increased exhaustion with anionic
dyes [81,82]. This kind of cationic agent exhibit better thermal
stability compared with the epoxy based agents. (Figure 10 & 11)
show typical structures of mono-chlorotriazine type cationic reagent
with either mono-[83,84] or bis-quaternary ammonium. Since mono-
chlorotriazine type cationic reagent was reported to have relatively
low substantivity for cellulose, bis-chlotriazinebis-quaternary agents
(Figure 12) were employed for cationization of cotton [85]. With
promoted dye exhaustion and fixation, dyed cotton fabric pre-treated
with bis-reactive bis cationic quaternary agent may suffer a decrease
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Figure 12: Bis-chlotriazineBis-quaternary agents.

CH
3 o
Cell—OH + HQC=CH—(|".|.NHCHQCHCH2N—CH3
| |
OH CHs
©oH
CH
3 Q¢

Cell—0O—CH,—CH, —<|3|NHC:H20|-|c|-|zm—(:|-|3
I I
o) OH  CHj
Figure 13: Reaction between AAHTAPC and cellulose under alkaline
conditions.

H3C—I“il—CH2—CH2—OH
CHj

Figure 14: Non-reactive cationic agent choline chloride.

HaC OH
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H3C/®
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©OH, 200°C
CH4
Cell—0—CH,—CH—CH,—N + HCI
| “ors

OH

Figure 15: Reaction between DMAC and cellulose under alkaline conditions.

in light fastness [86].

With the acrylamide as the reactive group, 1-Acrylamido-2-
Hydroxy-3-Trimethylammonium Propane Chloride (AAHTAPC)
can react with cellulose under alkaline conditions (Figure 13). Cotton
pad-baked with the agent can be dyed with reactive dyes without salt
or alkali [87]. Some other acrylic-based cationic agents can be fixed
on cotton by grafting polymerization [88,89].

By using crosslinking agents, the non-reactive cationic agent
choline chloride (Figure 14) can also be used for producing
cationized cotton with good reactive dye uptake under acidic
conditions in absence of salt [90]. Various cross linking agents

Fiber Phase Polymer (Fiber Surface) Phase

Azetidinium cation

Secondary amine (imine)

OH
Tertiary amine
H® secondary hydroxyl

@ @
HN—CH,CHCH,—NH

OH
winnsOH Cellulose hydroxyl

Covalent link (polymer to
cellulose)

W'\NO—CHgiHCHg—N{::

H

Figure 16: lllustration of reactive surface of Hercosett treated cotton.

Trimethylolmelamine =~ (TMM),  Trimethylolacetylenediureine
(3ACD), Dimethylol Dihydroxy Ethylene Urea (DMDHEU), and
dimethylpropylcarbamate (DMPC), which are normally associated
with durable-press finishing processes, were used to bind choline
chloride to cotton fabric by a pad-dry-cure method [91].

Besides cationization by introducing quaternary ammonium,
introduction of amine groups (ammonization) can also improve
the dyeability of cotton with anionic dyes under acid to neutral
conditions. As show in (Figure 15), 1,1-Dimethyl-3-hydroxy
Azetidinium chloride (DMAC) forms covalent bond with cotton
while in presence of alkali [58]. Treated cotton showed excellent
substantivity for reactive dyes under neutral condition in the absence
of electrolyte [68,91].

Polymeric Cationic Reagents

Polymeric cationic reagents, which are mainly polymeric
amines or amides, have been applied for cationization of cotton
due to their good affinity for cellulose. Polyamide-epichlorohydrin
resin (Hercosett 125; Hercules Powder Corp.), is a reactive cationic
polymer prepared by the initial condensation of adipic acid with
diethylenetriamine followed by reaction and partial cross-linking
with epichlorohydrin [92, 93]. The main reactive group in the polymer
is 3-hydroxy azetidinium chloride which can react with nucleophiles
[94]. (Figure 16) presents the reactive and nucleophilic sites that
may exist on the surface of the polyamide-epichlorohydrin treated
cotton substrate [93]. Under neutral conditions in absence of salt, the
treated cotton showed good dyeability with highly reactive Dichloro-
s-Triazine (DCT) and Difluorochloropyrimidine (FCP) type reactive
dyes. However, the system did not work well for low reactivity dyes
including Monochloro-s-Triazine (MCT) and Dichloroquinoxaline
(DCQ) reactive dyes [91]. In another aspect, introduction of
thiourea [95] or ethylenediamine [96] into the application process
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Figure 17: Formation of poly epichlorohydrin-dimethylamine.
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Figure 18: Structure of cellulose, chitin, and chitosan.

of polyamide-epichlorohydrin has benefical effects on the results
obtained.

Polyepichlorohydrin dimethylamine (PECH-amine) was also
applied on cotton for cationization [65,66,97]. It was prepared by initial
polymerization of epichlorohydrin with boron trifluorideetherate as
catalyst, followed by amination with dimethylamine (Figure 17) [65].
With good affinity, the PECH-amine can be applied to cotton by
exhaustion method. Treated cotton was reported to have improved
dyeability for direct [65], reactive [66], and acid dyes [98].

Sandene 8425, developed by Courtaulds and Clariant (formally
Sandoz), is a polyamino cationic resin with high substantivity to
cotton under alkaline conditions [58,91]. It can be applied on cotton
by an exhaustion method. The treated cotton not only attracts anionic
dyes, but also offers new dyeable groups for fixation that complement
the cellulose hydroxyl groups [99]. The major disadvantages of
the pretreatment include a reduction in light fastness of some
azochromophores and a dulling in shade [58, 100].

Since most synthetic chemicals used for cationization of cotton
are not safe environmentally, chitosan, the natural biopolymer, has
been used as a substitute for improving cotton dyeability. Chitosan
is a long-chain unbranched polymer derived from chitin by
deacetylation with hot alkali. It has very similar structure to cellulose

I n
O,C Hs-N—C—CHs>—CH>—0O—Cell

fI\IH CHz ¢-
c:|-|2,<|3HcHa—|}|1—C|-|3
OH CHg
Figure 19: Reaction between NMA-HTCC and cellulose under alkaline
conditions.

except that the hydroxyl group in the C2 position of the glucose ring
has been replaced by an amino group. Figure 18 shows the structure
of cellulose, chitin and fully deacetylated chitosan. In slightly acidic
conditions, the amino group in chitosan can accept a proton and
creates positive charge to attract anionic dyes. Rippon improved the
dyeability of immature cotton for direct dyes by pretreatment with
chitosan [101]. However, decreased wash and rub fastness were
observed on treated cotton dyeing. Bandyopadhay et al. applied
chitosan on cotton using a pad-dry method. With chitosan-treated
cotton, the amount of salt required can be reduced to 50% to produce
a comparable shade to that of untreated fabric [102].

Toimprove cationization efficiency, Lim and Hudson [103] treated
cotton with a fiber-reactive chitosan derivative, O-acrylamidomethyl-
N-[(2-hydroxy-3-trimethylammonium)propyl] chitosan chloride
(NMA-HTCC). The compound was applied to cotton under alkaline
conditions using a cold pad-batch method and was able to form a
covalent bond with cellulose (Figure 19). Treated cotton dyed with
direct and reactive dyes without salt showed higher color yield than
conventional dyeing on untreated cotton.

There are many other cationic polymers which were successfully
applied for cotton cationization. Cai et al. modified cotton with
a commercial cationic acrylic copolymer, Polymer PL, using a
pad-dry method. Treated cotton was reported to have increased
dyeability with reactive dyes and comparable light fastness [104]. Ma
et al. investigated the pretreatment with poly (vinylamine chloride)
(Figure 20) for salt-free dyeing of cotton with reactive dyes. Higher
dye fixation, excellent wash fastness, and good rub fastness was
obtained on treated cotton. Zhang et al. improved cotton dyeability
with reactive dyes using cationic starch, which was treated with
EPTAC [105]. El-Shishtaway and Nassar improved printability of
cotton with pigment and anionic dyes by applying Solfix E, which
is a polyaminochlorohydrin quaternary ammonium polymer with
epoxide functionality [106].
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Besides linear polymers, some innovative hyperbranched
polymers with amino groups were also applied on cotton for
improving dyeability. Burkinshaw et al. applied a commercial
dentrimer product using an exhaustion method. The structure shown
in (Figure 21) is only one of the isomers present in the product
[107]. Zhang et al. synthesized a water-soluble amino-terminated
hyperbranched polymer from methyl acrylate and diethylenetriamine
by melt polycondensation and applied on cotton using a pad-dry-
cure method [108]. In both of the researches, treated cotton showed
improved dyeability with reactive dyes. However, the treatment
efficiency and applicability should be further investigated and
compared with regular cationic agents.

All agents used for cationization, both monomeric and polymeric,
have their limitations. Monomeric cationic agents, such as EPTAC,
often suffer from relatively low substantivity, poor thermal stability,
and unpleasant odor. While for polymeric cationic agents, ring
dyeing, poor light fastness, and change of hue are the major issues.
Thus, for optimum cationization efficiency and dyeing performance,
the cationic agent and its application method should be carefully
selected.

Use of Organic Compounds in Place of
Inorganic Chemicals

Use of selected organic compounds has been shown to be an
effective alternative to inorganic salt. This reduces eftfluent pollution
[25,109], as most of such compounds tend to be biodegradable.
‘Betaine’, an organic compound, has also been reported to reduce the
amount of inorganic salt [110]. Organic surfactants have also been
studied as salt substitutes [111].

The sodium salts of organic acids have been explored as the

alternative to sodium chloride and sodium sulphate. Prabu et al
[112] have demonstrated the use of trisodium citrate as an alternative
to conventional inorganic salts for exhaust dyeing of cotton with
reactive, direct and solubilised vat dyes. Salts of polycarboxylic acids
have been shown to be the most effective alternatives to inorganic
salts [109,113].

An alkaline polycarboxylic sodium salt, tetrasodium ethylene
diaminetetraacetate (sodium edate), has been reported an alternative
toinorganic electrolyte, sodium sulphate, and alkali, sodium carbonate
in exhaust dyeing of cotton with reactive dyes [114]. Recently, we
have found that trisodiumnitrilo triacetate (NTA), another alkaline
polycarboxylic sodium salt, can effectively substitute inorganic salt
and alkali in continuous pad-steam reactive dyeing of cotton [115].
NTA and sodium edate were shown to produce reduced effluent TDS
where NTA gave improved colour yields compared to sodium edate.

In the pad-dry-bake reactive dyeing method, where urea is used,
the process conditions result in some decomposition of the urea. That
causes an increase in the residual nitrogen content and to some extent
reduces the yield of dye-fibre reaction. Using reduced amount of urea
with a dicyandiamide in the dyebath has been proposed to reduce
the environmental impact [14]. Caprolactum products have been
reported as partial or complete substitution of urea in reactive dyeing
and printing of cotton fabrics [116].

Conclusion

This paper has explored the range of options available to textile
manufacturers to reduce the environmental impact of dyeing cotton
textiles with reactive dyes. Some of them have commercially been
adopted.

Further developments in reactive dye structures may provide
reduced environmental discharge loads and improved dyeing
results. Ultra low liquor ratio dyeing machines and padders with low
trough volume capacity are commercially successful developments
for reducing the amount of unsustainable chemicals in the effluent.
Their wider use should be encouraged. Cationisation of cotton
has been shown to be an effective way of reactive dyeing of cotton
without inorganic salt and alkali. However, most pretreatments
identified to date are complicated and expensive. Moreover, most of
cationization treatments using synthetic compounds cause increase
in effluent pollution. Cationisation using natural polymers may be an
environmentally safer approach. Replacement of inorganic chemicals
with organic compounds is another way of reducing effluent pollution
effectively. Like cationization pretreatments, alternate organic
compounds are more expensive.

Most of the environmentally safer options are more costly. Thus
industrial dyers are not encouraged to implement them. Throughout
the world, governments and water authorities are introducing
tougher load based discharge permits, charges and penalties. The
higher costs of environmentally safer options may be offset, in whole
or part, by the costs of effluent purification or by penalties on more
polluted effluent.
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