Textile Science and Clothing Technology

Subramanian Senthilkannan Muthu
Editor

NINEIE][E
Innovations in
Textile Chemistry
and Dyes

@ Springer



Textile Science and Clothing Technology

Series editor

Subramanian Senthilkannan Muthu, Kowloon, Hong Kong



More information about this series at http://www.springer.com/series/13111


http://www.springer.com/series/13111

Subramanian Senthilkannan Muthu
Editor

Sustainable Innovations
in Textile Chemistry
and Dyes

@ Springer



Editor
Subramanian Senthilkannan Muthu

Kowloon

Hong Kong

ISSN 2197-9863 ISSN 2197-9871 (electronic)
Textile Science and Clothing Technology

ISBN 978-981-10-8599-4 ISBN 978-981-10-8600-7  (eBook)

https://doi.org/10.1007/978-981-10-8600-7
Library of Congress Control Number: 2018933466

© Springer Nature Singapore Pte Ltd. 2018

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made. The publisher remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Printed on acid-free paper

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd.
part of Springer Nature

The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721,
Singapore



This book is dedicated to:

The lotus feet of my beloved

Lord Pazhaniandavar

My beloved late Father

My beloved Mother

My beloved Wife Karpagam and
Daughters—Anu and Karthika

My beloved Brother

Last but not least

To everyone working in the global textile wet
processing sector to make it GREEN &
SUSTAINABLE



Contents

1 Low Impact Reactive Dyeing Methods for Cotton
for Sustainable Manufacturing . . . .......................... 1
M. Gopalakrishnan, K. Shabaridharan and D. Saravanan

2 A Review of Some Sustainable Methods in Wool Dyeing . . . ... ... 21
N. Gokarneshan

3 Green Chemistry in Textiles . . . ... ......................... 53
P. Senthil Kumar and E. Gunasundari

4 Bioremediation: Green and Sustainable Technology
for Textile Effluent Treatment .. ........................... 75
Lugman Jameel Rather, Sabiyah Akhter and Qazi Parvaiz Hassan

vii



Chapter 1 ®)
Low Impact Reactive Dyeing Methods oo
for Cotton for Sustainable

Manufacturing

M. Gopalakrishnan, K. Shabaridharan and D. Saravanan

Abstract The reactive dyes, though result in higher fastness properties compared to
other classes of dyes used in colouration of cotton fibres, lead to problems related to
effluents predominantly due to unreacted and hydrolysed dyes during the reaction.
Besides, use of higher amounts of salts added during the exhaustion (30-70 g/L)
and fixation process (10-20 g/L) also result in higher COD levels in the effluents.
Suitable modifications of dyes to improve the reactivity or to lower the hydrolysis
and modification of substrates to have more reactive sites could provide a sustainable
solution to such problems. Various scopes available for modifying the substrates
suitable for reactive dye applications and different structural modifications carried
out in the reactive dyes to reduce the environmental impacts are discussed in this
chapter.

Keywords Chloro triazine - Covalent bond - Fastness
Hydrolysis + Substantivity - Surface modification

1 Introduction

The Global Fiber Consumption Survey 2016 conducted by the Lenzing reinstates the
dominant position of cotton fibres, with the consumption of cotton fibre for apparels
around 25% [1]. Majority of the apparels are still produced with cotton fibre for its
softness and breathability. On the other hand, majority of cotton materials are dyed
with reactive dyes for all-round fastness properties. Reactive dyes are preferred in the
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case of cotton wherever the chlorine fastness is not demanded, significantly. Prior to
the commercial applications of reactive dyes in the year 1956, cotton substances were
dyed with direct dyes and, vat and acid dyes with certain pre-treatments. Substantivity
of dyes eliminates the pretreatments and simplifies the dyeing process. Needless to
state, the substantive reactive dyes satisfy the customer needs that the dyed substances
would withstand severe washing and service conditions. Reactive dye is the one that
forms a strong covalent bond with the side chain of cellulose that leads to good
fastness properties. Reactive dyes are also recommended for their brilliancy and it’s
varieties in colour [2, 3].

Structure of the reactive dyes makes them more attractive, by covalently react-
ing with the substrates, which also leads to less impact onto the environment with
reasonably better fastness properties. The characteristic features of a typical reactive
dye molecule include, (i) chromophoric grouping, contributing the colour and much
of the substantivity for cellulose; (ii) reactive system, enabling the dye to react with
the hydroxyl groups in cellulose; (iii) bridging group that links the reactive system to
the chromophore; and, (iv) one or more solubilising groups, usually sulphonic acid
substituents attached to the chromophoric group. In general, reactive dyes react with
hydroxyl groups present in cellulose and form covalent bond with cellulose under
alkaline conditions that has been extensively dealt in the past. Mostly, one cellulosic
molecule is attached to one reactive site in the reactive dye. However, sometimes two
cellulosic molecules may attach to two reactive groups in dyes. Reactive dyes also
react with hydroxyl groups present in water, leading to hydrolysis of the dyes and
loss of dyes. These dead dyes cannot react with cellulose further and cause increase
in the effluent loads. These hydrolyzed dyes not only leads to poor colour yield, this
may also leads to poor fastness and needs severe washing and soaping treatments
to remove the unfixed dyes. Reactive dyes are more substantive towards cellulose
rather than water molecule, so 60—70% of the reactive dyes are exhausted on cotton
fibres, in the original form, and 30-40% of dyes may react with water and leads to
lower colour yield [4].

However, suitable modifications of the reactive dye structure further and surface
of the reacting surface (fibres and fabrics) are often explored to improve the reactivity
between fibres and dyes, thereby reducing the environmental impacts. Table 1 shows
the various possibilities to improve the reactivity and reduce the amount of un-reacted
dyes let into the effluents.

1.1 Types of Reactive Dye Systems

Table 2 gives the list of reactive dye systems, however, all these dyes are not
used in practical applications and only a few reactive dye systems are used in the
industry [5]. After the first invention of dichloro triazine reactive dyes by ICI,
the less reactive mono chloro triazine dyes were developed to improve the dye
bath exhaustion by reducing the hydrolysis. Cibacron F range of dyes is based on
fluorine as leaving group and gives higher level of reactivity than 2 amino 4-chloro
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Table 1 Sustainable routes to reduce the environmental impacts—reactive dyes applications

Process method

Reaction system

Possible impacts

Conventional process

Reactive dyes + Cotton
fibres + Reaction medium

Hydrolysis of dyes in reaction
medium

Low reaction with substrates
Unreacted dyes in effluent

Sustainable route

Modified reactive
dyes + Cotton
fibres + Reaction medium

More reactive sites in the dyes
Better reaction (fixation) with
substrates

Low residual dyes in effluent
Wider pH tolerant conditions
Wider temperature tolerant
conditions

Less requirements of
auxiliaries

Less Wash-off cycles
Possibility of dyeing blends in
a single bath

Higher fastness properties
Less associated pollutants
(free metals and others
substances present in dyes and
auxiliaries)

Reactive dyes + Modified
cotton fibres + Reaction
medium

Modified reactive

dyes + Modified cotton
fibres + Reaction medium

analogues. The reactivity of a Remazol, a vinyl sulphone reactive dye, having a
precursor 2-sulphatoethylsulphonyl, is in the range between the high-reactivity
heterocyclic systems, such as dichlorotriazine and the low-reactivity ranges, such
as aminochlorotriazine or trichloropyrimidine [6, 7].

1.2 Homo Bifunctional (2MCT) Type (HE Brand) Reactive
Dye

Reactive HE types of dyes, having two triazinyl dye groups, are categorized with
low affinity (like M Brand Reactive dyes) and high exhaustion and fixation (unlike
M Brand Reactive dyes). Since, the dye bath exhaustion is very high and the residual
dye bath contains less hydrolysed dyes, washing-off of the dyeing goods are much
easier. The monochloro-s-triazine dyes are less reactive than dichloro triazine dyes,
so the stability of the dyes are high. Due to two monochloro triazine dyes present in
the dye structure, if, one gets hydrolysed with water the chances of other to react with



Table 2 Important reactive dye system [5]
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Monofunctional dyes

Dye system Typical brand name
Dichlorotriazine Procion MX
Aminochlorotriazine Procion H
Aminofluorotriazine Cibacron F

Trichloropyrimidine

Drimarene X

Chlorodifluoropyrimidine

Drimarene K

Dichloroquinoxaline Levafix E
Sulphatoethylsulphone Remazol
Sulphatoethylsulphonamine Remazol D
Bi-functional dyes

Bis(aminochlorotriazine) Procion H-E

Bis(aminonicotinotriazine)

Kayacelone React

Aminochlorotriazine—Sulphatoethylsulphone

Sumifix Supra

Aminofluorotriazine—Sulphatoethylsulphone

Cibacron C

cellulose under alkaline conditions are higher, which leads to higher shade build-up,
leaving less hydrolysed dyes.

2 New Range of Reactive Dyes

One type of reactive dye cannot suit for all the applications methods due to differ-
ent process conditions adopted in those processes. So, the dye manufacturers often
develop a new range of reactive dyes for the various application conditions, for exam-
ple, the dye which is used in exhaustive type of applications, low reactivity and high
substantivity dyes are produced for the best results. Similarly, high reactivity ranges
of dyes are developed for continuous (process) applications. The idea of single dye
(structure) to meet the above needs, often necessitates higher quantities of dyes to
compensate the losses due to hydrolysis, high addition of auxiliaries to increase the
exhaustion and fixation of dyes. Such measures lead to higher pollution loads in
the effluents and effluent treatment systems. Hence, it becomes imperative to mod-
ify either the structure of the dyestuff used in order to improve the exhaustion and
withstand the process conditions or modification of the substrates involved in the
application process to enhance the reactivity between the dye-fibre. In this section,
some of the new range of high exhaustive reactive dyes, suitable for exhaust and
continuous methods, that are commercially available in the market are listed.
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2.1 New Range of Dyes for Exhaust Dyeing

Dye manufacturers continuously develop the new dyes to improve the sustainabil-
ity, by reducing the environmental impacts. Today, new range of reactive dyes are
available in the market with the aim of increasing the substantivity thereby reducing
the dye wastage and reducing the effluent load. List of dyes and type, commercial
name, manufacturers and the applications are listed out in the Table 3 [8, 9]. These
dyes exhibits high fixation rates, much shorter washing-off cycles and hence reduced
effluent loads. These dyes also display better exhaustion properties, even in low salt
additions with good reproducibility capabilities.

2.2 New Range of Reactive Dyes for Continuous Dyeing

In the case of continuous application systems, chances of hydrolysis are expected to
be very less and hence low substantivity and high-reactive, reactive dyes are preferred.
Table 4 lists the new range of reactive dyes, which are available in the market, vary
with respect to its chemical structure and the level of substantivity, ranging from
medium to low [8, 9]. These dyes are expected to yield better performance in the
continuous processes like padding method, pad patch method and printing operations,
hold good in terms of reproducing capability of shades or colours, very short washing
cycle and good reactivity, reduce the dyeing cost by reducing the washing cycles,
increase the exhaustion and reducing the effluent loads and exhibit improved all-
round fastness properties.

3 Modification of Reactive Dyes

Reactive dyes and cellulose are anionic nature, in aqueous medium, and both repel
each other. Moreover, the commercial reactive dyes have poor exhaustion properties
due to lack of substantivity and the chances of hydrolysis are more in such dyes.
In this section, some of the methods to modify the commercial reactive dyes to
overcome these deficiencies are highlighted.

3.1 Modification of Vinyl Sulfone Reactive Dye

Initial vinyl sulfone reactive dyes had B-sulfatoethylsulfone group, a non-reactive
group with necleophiles. During dyeing, - group eliminates and form free vinyl
sulfone reactive dye, which is reactive with nucleophiles (water, amines, alcohol
and cellulose) and forms covalent bond, by nucleophilic addition reaction, with the
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Improving dye fixation to enhance the reactivity [8, 9]

M. Gopalakrishnan et al.

S. No.

Dye name (Commercial
name)

Dye type

Improvements in the
reaction system

Huntsman—AVITERA® SE

Poly-reactive dyes
Reactive dyes (60 °C
exhaust dyeing)

A high fixation rate

Much shorter washing-off
cycle

Reduce water consumption
and save energy

Huntsman-NOVACRON®
LS

Innovative bi-reactive dyes
Reactive dyes (70 °C
exhaust dyeing)

Require only 25% salt that
is used in conventional
reactive dyes

Have very strong build-up
and high fixation, resulting
in outstanding
reproducibility and less
pollution.

Can be applied using
one-bath dyeing on
polyester/cellulose
(PES/CEL) blends, saving
dyeing time

Huntsman-NOVACRON®
FN

Reactive dyes (60 °C
exhaust dyeing)

Very high solubility, good
diffusion and levelness, and
high fixation.

Suitable for short-LR
dyeing, with outstanding
compatibility, excellent
reproducibility, easy
washing-off and good
all-round fastness

Huntsman—-NOVACRON®
S

Reactive dyes (high
reactivity; 60 °C exhaust
dyeing) cold pad batch
dyeing of dark shades

Developed for
medium-to-dark shades.
Exhibits outstanding
build-up and can achieve
very dark shades.

Brown, Bordeaux and
Black formulations deliver
substantial cost advantages
Provides top reproducibility
and easy washing-off

Huntsman—-NOVACRON®
TS

Reactive dyes (60 °C
exhaust dyeing)

Optimizing cost while
fulfilling market demand
for fastness,
Recommended for medium
to dark shades Offer
consistent levelness and
repeatable results

(continued)
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Table 3 (continued)

S. No.

Dye name (Commercial
name)

Dye type

Improvements in the
reaction system

Huntsman—-NOVACRON®
w

Reactive dyes (high
reactivity; 60 °C exhaust
dyeing)

Developed for
medium-to-dark shades
Exhibits outstanding
build-up and can achieve
very dark shades.

Brown, Bordeaux and
Black formulations deliver
substantial cost advantages.
Provides top reproducibility
and easy washing-off

Jay chemicals—Jakofix HE

Homo bi-functional dyes

Economical products
Suitable for post
mercerizing and post-
bleaching

Jay chemicals—Jakofix
Supra HR

Homo bi-functional dyes

Optimum reproducibility
under difficult dyeing
conditions and in blends
with polyester for RFT
levels

Excellent leveling
properties under difficult
dyeing conditions such as
winch and cabinet dyeing
machines and on difficult
fabrics such as
viscose/Lycra blends or
garments with thick seams
Resistant to repeated
domestic washing
Resistant to perborate wet
fading

Good perspiration and light
fastness

Jay chemicals—Jakazol LD

Hetero bi-functional dyes

Easy clean-down process
suitable for short runs
Excellent compatibility and
reproducibility for high
Right First Time levels
Good level dyeing
properties

Easy to wash-off

(continued)
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(continued)
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S. No.

Dye name (Commercial
name)

Dye type

Improvements in the
reaction system

10

Jay chemicals—Jakazol CE

Hetero bi-functional dyes

Easy clean-down process
suitable for short runs
Reduced tailing

Good build-up for
medium-heavy shades
Good reproducibility for
high RFT levels

Suitable for warm exhaust,
Pad-dry-chemical pad
steam, Pad-dry-steam,
Pad-dry-thermofix and
E-control

11

Jay chemicals—Jakazol DS

Poly functional dyes

Easy clean-down process
suitable for short runs

Very high strength products
Excellent build-up for very
deep shades

Good wash-off and fastness
levels

Resistant to perborate wet
fading

Resistant to repeated
domestic washing

Process suitable for warm
exhaust, pad-dry-chemical
pad steam, pad-dry-steam,
pad-dry-thermofix and
E-control

12

Jay chemicals—Jakazol VS

Vinyl sulphone dyes

Easy clean-down process
suitable for short runs
Wide range of products for
broad shade gamut
Multiple options for
economical black and navy
shades

Range of dischargeable
dyes for ground shades
Good wash-off properties
for good fastness levels
Process suitable for warm
exhaust, pad-dry-chemical
pad steam, pad-dry-steam,
pad-dry-thermofix,
E-control

(continued)
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Table 3 (continued)

S. No. | Dye name (Commercial Dye type Improvements in the
name) reaction system
13 Jay chemicals—Jakazol HLF | High light fast dyes Easy clean-down process

suitable for short runs
Good wash-off properties
for good fastness

High light fastness in pale
shades

Reproducibility giving
good RFT levels
compatibility with level
dyeing performance

No available free metal
Process suitable for warm
exhaust, pad-dry-chemical
pad steam, pad-dry-steam,
pad-dry-thermofix,
E-control

chances of hydrolysis in reaction water around 40%. Modified dyes with a cross-
linking agent disulfine-bis-ethylsulfone (DSBES) increase the substantivity of the
reactive dyes temporarily and during the alkaline fixation step, the dyes eliminate
B- group and form two small vinyl sulfone reactive dyes and thus it improves the
exhaustion and allow the unfixed dyes to wash off easily [10].

For preparation of disulfide-bis-ethylsulfone diamine intermediate,
1-Aminobenzene-4-S—thiosulfatoethylsulfone (Bunte salt) is dissolved in dis-
tilled water at pH 7 (using alkali), with thioglycollic acid at room tempearature
for two hours. The precipitates are washed with distilled water and dried in an
oven. Subsequently, the disulfide intermediate is dissolved in the concentrated
sulfuric acid with the addition of sodium nitrite solution in a drop wise manner,
while maintaining the temperature below 5 °C. Sulphamic acid is added to remove
the excess nitrous acid and the solution is added into previously dissolved neutral
solution of 1-naphthol 3, 6-disulfonic acid by water at below 4 °C. After 2 h, sodium
chloride is added to salt-out the orange dye, which is then washed and dried at room
temperature.

Dyeing of DSBES dye involves the regular reactive dyeing procedures with salt
addition. The dyed fabrics exhibit very good primary exhaustion even at lower salt
concentrations and need higher salt concentrations for secondary fixation stage.

3.2 Pyridinium Based Model Cationic Reactive Dye

The synthesis of the pyridinium based model cationic reactive dye involves addi-
tion of previously prepared solution of cyanuric chloride and acetone into the
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Reactive dyes recommended for high exhaustion in continuous dyeing [8, 9]

S.No.

Dye name

Dye type

Impact on processing

Huntsman-NOVACRON®
C

Bi-reactive dyes (high
reactivity, low-to-medium
substantivity)

Provides high fixation rate,
high reproducibility

Fewer water effluent
treatment problems and
good fastness performance

Huntsman-NOVACRON®
S

Reactive dyes (high
reactivity; 60 °C exhaust
dyeing)

Developed for medium to
dark shades

Exhibits outstanding
build-up and can achieve
very dark shades, including
Brown, Bordeaux and
Black

Provides high
reproducibility and easy
washing-off

Huntsman-NOVACRON®
TS

Reactive dyes (60 °C
exhaust dyeing)

Recommended for medium
to dark shades

Offer consistent levelness
and repeatable results and
help maximize plant
efficiency and productivity

Huntsman-NOVACRON®
Brilliant Yellow EC-4G

High performance reactive
dye

Offers a brilliant lemon
yellow element, designed
for dyeing at very short
liquor ration

Has a very good
washing-off and very good
overall fastness

Has a good combinability
with other NOVACRON®
EC dyes

Huntsman-NOVACRON®
P, NOVACRON® P Ligq.

Reactive dyes (low affinity;
printing)

Have low affinity and very
good washing-off
characteristics, resulting in
reduced back staining

Jay chemicals—Jakazol CE

Hetero bi-functional dyes

Easy clean-down process
suitable for short runs
Reduced tailing and listing
Good build-up for
medium-heavy shades
Good reproducibility for
high RFT levels

Process suitable for warm
exhaust, pad-dry-chemical
pad steam, pad-dry-steam,
pad-dry-thermofix,
E-control

(continued)
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Table 4 (continued)

11

S.No.

Dye name

Dye type

Impact on processing

7

Jay chemicals—-Jakazol DS

Poly functional dyes

Easy clean-down process
suitable for short runs

high strength products
Excellent build-up for very
deep shades

Good wash-off and fastness
levels

Resistant to perborate wet
fading

Resistant to repeated
domestic washing

Process suitable for warm
exhaust, pad-dry-chemical
pad steam, pad-dry-steam,
pad-dry-thermofix,
E-control

Jay chemicals—-Jakazol VS

Vinyl sulphone dyes

Easy clean-down process
suitable for short runs
Multiple options for
economical black and navy
shades

Range of dischargeable
dyes for ground shades
Good wash-off properties
for good fastness levels
Process suitable for warm
exhaust, Pad-dry-chemical
pad steam, pad-dry-steam,
pad-dry-thermofix,
E-control

Jay chemicals—Jakazol HLF

High light fast dyes

Easy clean-down process
suitable for short runs
Good wash-off properties
for good fastness

High light fastness in pale
shades

Reproducibility for Right
First Time levels

Good level dyeing
performance

No available free metals
Process suitable for warm
exhaust, pad-dry-chemical
pad steam, pad-dry-steam,
pad-dry-thermofix,
E-control
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mixture of purified 1, 4-diamino-5- nitroanthraquinone and acetone. The mixture is
continuously stirred at room temperature for four hours. Once the reaction completes,
solution of pyridinium chloride and distilled water is added into the above solution
and precipitate is purified and dried.

The modified cationic dye is applied on cotton by exhaustion method without
addition of salts. The cotton fabric is immersed in previously dissolved modified
cationic reactive dye and kept for 10 min at room temperature, then the temperature
of the bath is increased to 85 °C at the rate of 2 °C/m. After 10 min, sodium carbonate
is added and continued dyeing for another 45 min at 85 °C, followed by post dye-
ing washing-off. Cotton fabrics dyed with the modified reactive dyes, introducing
the pyridinium solubilizing group, show good exhaustion and fixation than normal
reactive dyes and eliminate the addition of salt with high level wash fastness [11].

3.3 Modified Reactive Dye Bis-Dichloro-S-Triazine Dye
(Bis-DCT)

The intermediate, bis-ethylenediamine is dissolved in water at pH 13 (deprotonation
of amines increases the solubility) and then hydrochloric acid is used to lower the pH
to 10. The dye solution is added into an ice-cold solution of cyanuric chloride and
stirred mechanically. Once the pH is stable, it is lowered to 7 with hydrochloric acid
and 6.4 with disodium hydrogen phosphate and sodium dihydrogen phosphate. The
mixture is filtered, centrifuged and washed to remove the residual cyanuric chloride
and then dried. The resultant bis-dichloro- s-triazine dye is used to dye the cotton
fabrics at 60 °C. The modified bis-dichloro-s-triazine dye exhibits good exhaustion
than dichloro triazine dyes, around 90-95% [12, 13].

3.4 Modification of Dichloro Triazine Dyes

Initially, cotton fabrics are dyed with less substantive reactive dyes, mono chloro
triazine, dichloro triazine dyes and these dyes exhibit poor exhaustion properties due
to higher proportion of hydrolysed dyes. Some researchers reported the modified
dyes with high exhaustion rates and one such method to modify the dichloro triazine
dyes is to combine the two dichloro triazine dyes. The modified reactive dyes are
prepared with combining the two commercial DCT dyes with 2 eq. of cysteamine,
by 2 eq. of cyanuric chloride or 1 eq. of cysteamine followed by 1 eq. of cyanuric
chloride [14].

Application of the modified dyes is carried out with regular dyeing procedure
with salt and sodium carbonate. The modified dyes exhibit complete exhaustion than
commercial reactive dyes at faster rates with ~25% higher exhaustion at 90 °C with
salt than original commercial dyes [15, 16].
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4 Chemically Modified Cotton—Cationic Cotton

Cotton substances are mostly dyed with reactive dyes due to their good fastness
properties and brilliance in shade. But, dyeing of cotton with reactive dyes involves
huge amount of electrolytes to increase the substantivity of the reactive dyes on cotton
because, both reactive dyes and cotton (cellulose) are anionic in nature and repel each
other in aqueous medium [17, 18]. So the reactive dyes have less affinity towards
cotton in aqueous medium. Huge amounts of electrolyte (sodium chloride or sodium
sulphate) are used to change the polarity of the cotton cellulose from anionic to
cationic temporarily to overcome this lack of affinity of reactive dyes. Moreover, the
amount of unfixed dye is more (around 30—40%) even with the addition of electrolytes
(80-100 gpl), due to the possibility of hydrolysis of reactive dyes with water. If the
dyes or cellulose is made cationic, both can attract each other and the effluent load
will be very less (low salt). On the other hand, the amount of unfixed dye in cationised
cotton is also less so the removal of colour becomes easier during the treatment of
waste water [19]. In this section, the methods to produce the cationisation of cotton
chemically before dyeing as a pretreatment to increase the affinity of the reactive dye
towards cellulose, thereby, reducing the amount of electrolyte and colour in effluent
are reported.

4.1 Oxidation of Cellulose

The charge of cotton is mainly depends on its chemical structure and the acidic
group dissociation. Oxidation process changes the content of accessible acidic groups
and content of acidic groups on the surface of cellulose. A mild oxidation process
selectively introduces the carboxylic groups at C2 and C3 positions in the cellulose
chain. Oxidation is carried out on cotton fabrics with 0.01 M aqueous solution of
potassium periodate at 20 °C for 6 h, which introduces the aldehyde groups at C2
and C3 positions, followed by selective oxidation of the aldehyde groups by treating
the sample further with 0.2 M sodium chlorite at 20 °C for 24 h. This process
improves substantivity of the cotton and oxidation process has been suggested before
cationisation, to improve the efficiency of cationisation process [20].

4.2 Cationic Agents for Cotton Pretreatments

4.2.1 Chitosan—The Polycationic Agent

The monosaccharide in cellulose polymer is D-glucose whereas, the chitosan has
2-amino-2-dehydroxy D-glucose [21]. The presence of amino group in the chitosan
polymer makes the polymer soluble in diluted aqueous acidic solution as a poly
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cationic polymer while cotton is insoluble. This enables the cotton to be treated with
polycationic polymer to improve the dyeability of cotton with anionic dyes like direct
and reactive dyes. Chitosan based polycationic polymer is prepared by dissolving
the chitosan with 1% aqueous acidic acid at 60 °C. The oxidized fabric samples are
immersed in the chitosan solution at 60 °C for 2 h under constant stirring and the
resultant fabrics are washed repeatedly to remove the unreacted chitosan and then
dried [22, 23].

4.2.2 Tertiary Amine Cationic Polyacrylamide (TACPAM)

TENG Xiaoxu et al. used tertiary amine cationic polyacrylamide (TACPAM) as
cationic agent for their treatment. Cationisation is carried out on bleached cotton
fabrics is padded with 2% tertiary amine cationic polyacrylamide (TACPAM) at
20 °C for 2 min dip time with 80% wet pickup and treated at 100 °C for 5 min [24].
The cationic agent treated fabrics are dyed with reactive dyes either hot brand or
ramazol class of dyes. The dyeing of treated fabrics, is carried out with regular dyeing
procedures without salt addition and the concentration of cationic agent influence
the amount of cationic sites on the fabric, higher the concentration of cationic agent,
higher the cationic sites. However, if the concentration of the cationic agent increases
the particular limit (beyond 2%), the fixation of the reactive dye is reduced.

4.2.3 Quaternized Polyglykol Ether of Fatty Amine (SINTEGAL
V7CONC)

The cationic agent Sintegal V7 concentrate is applied on cotton fabric in exhaust
method by varying the concentrations of the cationic agent solutions (0, 5, 1 and
2 g/L) at 50 °C without salt for 30 min [25]. The treatment is continued for another
30 min after the addition of 10 g/L. Na,COs. The resultant cationized fabric samples
are neutralized in a dilute acetic acid solution, rinsed and dried.

4.2.4 3-Chloro-2-Hydroxypropyltrimethylammonium Chloride

The reactive material 3-Chloro-2-hydroxypropyltrimethylammonium chloride,
available at 65% with alkali, is used for producing the cationised cot-
ton. In a typical process, cotton fabrics are padded with 3-Chloro-2-
hydroxypropyltrimethylammonium chloride (65%) and 50% sodium hydroxide. The
cloth is wrapped to avoid migration and reaction of carbon dioxide with alkali to neu-
tralize and, kept for 24 h at room temperature and subsequently rinsed in water for
several times and neutralized. Dyeing of the padded fabric is recommended for treat-
ment with sodium carbonate (5 gpl) and sodium hydroxide (0.7 gpl) prior to the
addition of dyes. Subsequently, the temperature of the dye bath is raised to 60 °C
and dyeing is continued for 30 min at pH 5-6. The colour yield of modified cationic
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cotton is more in this process, than 50% of the untreated cotton fabrics and more-
over and the addition of huge amounts of electrolyte, sodium chloride is dispensed
with, for reactive dye applications. The colour fastness to washing and light of the
cationised cotton samples dyed with reactive dye is almost similar to that of untreated
cotton samples [26-30].

4.2.5 Polyepichlorohydrin-Amine Polymers

Cationic agents are synthesized by mixing epichlorohydrin and dimethylamine with
1: 3ratio at 95 °C for 18 h and the purified a cationic agent epichlorohydrin-dimethyl-
amine (ECH-amine) is applied on cotton fabrics by either exhaust method or pad-dry
method. Cationic agent (4 gpl) and sodium hydroxide (4 gpl) are used in exhaust
method with 1:25 material to liquor ratio for 50 min at boiling temperature, while
in pad-dry method, cationic agent (25 gpl) and sodium hydroxide (10 gpl) are used.
T S Wu and KM Chen reported low colour yield at lower concentration of cationic
agents, which increases with increasing the concentrations of agent. After reaching
the optimum point (4 gpl), the increase in colour yield is very less [31].

4.2.6 Poly(Vinylamine Chloride)

The reactive polymeric quaternary ammonium compounds, amines or amides are
used to modify the cotton as pretreatment before dyeing substantially to improve
the dye update [24, 32]. However, the problem in this type of pretreatment is the
proper selection of dyes and level dyeing. Poly (vinylamine chloride) (PVAmHCI)
provides the wide range of properties in chelation to polymeric dyes and PVAmHCI
has significant proportion of cationic sites (+NH3Cl-) and, nucleophilic sites present
in the primary amino groups of PVAmHCI, evident for salt-free dyeing. PVAmHC1
is applied on cotton in padding mangle with 5 gpl concentration at pH 7 using
dihydrogen phosphate and sodium hydroxide. The pretreated fabric samples are
dried and cured for 10 min at 100 °C. The dyeing of the pretreated cotton sample is
followed with regular reactive dyeing procedure without salt addition. The dye uptake
of the pretreated cotton increases with increasing the concentration of pretreatment
up to 10 gpl with excellent fastness properties [33].

4.277 Amino-Terminated Hyperbranched Polymer

Highly branched polymer dendrimers and hyperbranched polymers are widely pre-
ferred for modifying the cotton to achieve the salt free dyeing with level dyeing. The
rich amino groups present in the amino-terminated hyperbranched polymer is the
best agent for cationisation for cotton to improve the reactive dyeing behavior cotton
without salt. The three dimensional structure and good solubility revolves the issue
of unlevel dyeing after pretreatment [34].
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Amino-terminated hyperbranched polymer is prepared with diethylene triamine
and the solution of methyl acrylate and methanol as per the procedure described by
Feng Zhang et al. Amino-terminated hyperbranched polymer is applied on cotton
fabric in a padding mangle with citric acid as a binder, dried and cured at 160 °C
for 3 min. The treated cotton fabric is dyed with regular dyeing procedures (using
reactive dyes) without the addition of salt, which exhibits 30% increase in colour
strength than untreated cotton fabrics. However, both treated and untreated cotton
samples show similar wash fastness rating while treated cotton fabrics exhibit good
levelling properties [34].

In general, the chemically modified cotton fabrics using cationic polymers show
excellent dye uptake and good fastness properties. Addition of salt is eliminated
during dyeing for pretreated fabrics with cationic agents and reduces the effluent
loads [35-37]. Though dyestuff modifications and cationisation of cotton increase
the exhaustion and eliminate the addition of salt, these approaches are largely at
research level and yet to be commercialized widely. However, cold pad batch process
eliminates the addition of huge amounts of salt as exhausting agent and requires less
amount of water to dye the fabrics when compared with exhaust dyeing process.
Other features of these process include (i) low cost than compared with conventional
dyeing processes, (ii) elimination of electrolytes and other special, (iii) excellent wet
fastness properties, (iv) reduced energy and water consumption (v) good level dyeing,
(vi) chances of hydrolysis are less. Kusters offers a variety of dyeing machines,
ranging from semi continuous to continuous processing. In the new range, Kusters has
introduced the concept of swimming roll (‘S’-roll) systems, equipped with deflection-
controlled rolls to control the linear pressure for achieving the uniform pressure
throughout the fabric width [38—42].

5 Use of Organic Salts

Dyeing of cotton fibres and fabrics with anionic dyes involves huge amounts of
inorganic electrolytes, sodium chloride or sodium sulphate and, increase the problems
in the effluent treatments. Alternate organic exhausting agent tetra sodium edate and
trisodium citrate have been suggested in place of sodium chloride. Abo Farha S.
A. et al. and Nahed S.E. have reported the use of the organic salt sodium edate for
dyeing of cotton with reactive dyes without alkali, and Reda M. El-Shishtawy et al.
have analysed the effect of sodium edate on dyeing of cotton/wool blended fabrics
with hetero bi-functional reactive dyes. They have also reported that lesser quantities
of organic salts result in the highest exhaustion percentage than compared to sodium
chloride and, the increase in the concentration of sodium carbonate increase the
fixation with optimum value at 15 gpl. Yu Guan et al. have reported the effect of
biodegradable organic salt, sodium salt of polycarboxylic acid in reactive dyeing of
cotton with dyeing of the cotton fabrics with organic salt (polycarboxylic acid sodium
salt) around 60 gpl with reactive dyes, with or without alkali. The colour strength of
the samples dyed with reactive dyes using polycarboxylic acid as exhausting agent,



1 Low Impact Reactive Dyeing Methods ... 17

was similar to that of samples dyed with sodium chloride as the exhausting agent. Yu
guan et al. have reported that the high alkalescence of sodium edate causes hydrolysis
of dyes and very difficult to control it [43—45].

6 Foam Dyeing

In the past it was, often, assumed that the water would be available abundantly
and cheap, which misled the processing industry to use it enormously in various
processes including scouring, bleaching, dyeing and finishing. But after realization
of the worse effects of the effluents on environment, and emergence of advances in
science the chemistry attempts have been made to work on the reduction of loads in
the effluents and to find an alternate to the reduce water in processing industry. Foam
dyeing is one such process involves very little amount of water to dye the textile
materials. Moreover, the energy required to dry the material is also very less with
literarily no discharge of dyes in foam dyeing. Hong Yu et al. (2014) analyzed the
influence of foam properties on dyeing of cotton with reactive dyes. The surfactant
and stabilizers are mixed with aqueous solution at 100 rpm for 3 min. Dye solution
is toughly mixed with foaming agent and stabilizer. Dyeing of cotton is carried
out in a padding mangle or by a printing method. The process for foam dyeing is
Foam generation—application of foam—steaming at 148 °C for 4 min—soaping
to remove the unfixed dyes then washing. Hong Yu et al. (2014) reported that foam
dyeing increases the colour strength and uniform dyeing is obtained with 0.1-0.2 mm
bubble size [46—48].

7 Conclusion

Though dyeing of fibres and fabrics is an essential process in the value addition
and garment manufacturing, it also adds to higher loads in the environmental pol-
lution and effluents. Regardless to innovative methods available in the treatment of
effluents to reduce the impact on the environment many attempts are made to alter
the substrates and dyestuffs themselves to improve the substantivity of the dyes and
thereby reducing the effluent loads. Bifunctional and multi-functional reactive dyes
are some of the innovative solutions developed by the dyestuff manufacturers in this
direction, while novel efforts are made to modify the substrates to accommodate more
dyestuff and let negligible amounts into the effluents with less auxiliaries used in the
process. Conscious efforts by the processors to use the combinations of these inno-
vative solutions at various stages of manufacturing can provide sustainable solution
to the existing manufacturing practice and significant reduction in the environmental
1mpact.
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Chapter 2
A Review of Some Sustainable Methods Gzt
in Wool Dyeing

N. Gokarneshan

Abstract During the recent years, a good deal of research was carried out in devel-
oping natural dyes and mordants in dyeing of different natural fibres, which has
paved the way towards achieving sustainability in the area of wet processing. This
chapter highlights some significant trends in eco-friendly methods of wool dyeing.
The influences of dye kind of mordant and dye concentration on the colour charac-
teristics of dyed wool fibres have been studied. In order to quantify assessment of the
influences of kind of mordant and concentration of dye, the calorimetric properties
including colour strength, colour difference and colour coordinates have been con-
sidered. The findings reveal that the wool has great attraction for pinecone dye liquid,
and mordant methods adopted show various shades between beige to brown which
have good fastness. The reaction between diphenolic catechol and enzymes of potato
juice has been used for optimization of wool colouration. No surplus chemicals are
required for colour formation at low temperature. Investigation has been carried out
on the effect of process variables such as temperature and corresponding concentra-
tion of catechol and plant juice on the colour intensity of the fabric. The temperature
is found to significantly affect the colour strength. Wool dyed with different colours
possess wash and light fastness. Fermented kum leaves have been applied on wool
and comparative studies using traditional method of cold and heating process and
chemical method using metallic salts have been investigated with regard to colour
fastness properties, tensile strength and elongation percentage. The colour fastness
in chemical as well as traditional methods exhibits fair to excellent results. The tra-
ditional hot method gives better results compared to the cold one. In order to study
the colour fastness properties of colourant on wool fibres dyed with a natural dye
extracted from the leaves of Symplocus Racemosa different mordants in combina-
tion with lemon juice have been used in suitable proportions. The test results of the
dyed fabrics with regard to wash, rub, light and perspiration fastness have yielded
fair to excellent fastness grades. Investigations have been carried out on kinetic and
thermodynamic aspects of wool fabric using crude dye extract of A. Nobilis and
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compared with other natural dyes. Various dyeing parameters have been evaluated.
All the dyeing methods discussed herein are good attempts to achieve sustainabil-
ity. Each dyeing method offers its own merits besides achieving good properties.
The advantages include optimization of dyeing process, better dyeability, affinity,
flexibility in dyeing with other fibres besides wool, cost economy, improvement in
properties, better utilization of natural resources, avoidance of harmful chemicals,
etc.

Keywords Wool dyeing * Dye uptake - Diffusion coefficient - Colorant - Mordant

1 Introduction

Oxidative dyes from colorless dye percussors have been utilised in the permanent
coloration of human hair. Such dyes comprise of a dye precursor as well as an oxida-
tive agent (2 component system). The oxidant initiates the combination of the dye
precursor and formation of color compounds that are of great molecular size colored
compounds which get anchored to the structure of the fibre [1]. Increasing awareness
on human health has prompted natural materials as acceptable options to synthetic
products in different end uses, particularly dyeing and chemical industries. As natu-
ral dyes are biodegradable and offer a broad range of light shades, they are found to
be compatible with synthetic dyes [2—4]. Natural colourants which are usually called
pigments or dye molecules are of plant, animal, or mineral origins. The natural
dyeing technique of textile materials has its their roots in India. Manipur in india is
well known for handlooms and handicrafts. Mature leaves and young shoots of Stro-
bilanthescusia (Nees) Kuntzi(Kum) have been used to produce a unique blue-black
and indigo coloredKum-dye. Kum is the most important plant used in the dyeing of
clothes by various communities in Manipur [5-9]. An unique feature of natural dyes
lies in the ability to produce a wide range of rich colors which tend to complement
one another [10]. In India natural dyes are used for dyeing with traditional wool and
woolen products. A number of drawbacks are associated with textile dyeing using
natural dyes. In the areas of pharmaceuticals, cosmetics and food, Arnebianobilis
has been traditionally used as an important source of red colour [11, 12]. The outer
layer of human skin as well as a number of animals comprises of a protein called
keratin, which is tough and insoluble. Keratins belong to a group of structural
proteins and largely found in wool, hair, feather, hooves and fingernails. Despite
the huge quantities of keratin wastes, keratins do also find some way in the global
market [13]. For example, feather meals are used for animals [14]. Keratin based
cosmetics are used for treatment of human hair and skin [15, 16]. Keratin materials
have found their way into various areas of applications such as concrete, ceramics,
fertilizers, fire-fighting compositions, wound healing, leather tanning, production of
bio hydrogen and shrink proofing of wool [17-24]. The chapter highlights the recent
trends in wool dyeing which have been focused towards sustainability in a number
of ways. Attempt has been made to produce necessary shade in wool by means of
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optimization of process condition for the oxidation reaction. The dyeing properties of
wool have been investigated by measurement of CIE values, color strength K/S, and
wash and light fastness values. Efforts have been taken to revive certain natural dyes
that proved versatile in dyeing with cotton, wool and silk. The draw backs related to
the use of natural dyes in textile dyeing have been overcome by combining them with
newer types of mordants. Certain natural dyes from herbal extracts suitable for wool
also suited polyester and nylon as well, thereby widening the area of application on
textile materials. In order to enhance the dyeability using acid and reactive dyes a
newer method of kertain protein extraction could be cross linked to wool fabric.

2 Use of Plant Juice in Wool Dyeing

Coloration in textiles has been produced by use of oxidative laccase enzymes with
small colourless aromatic compounds like diamines, amino phenols, aminonaphthols
and phenols, which undergo further non enzymatic reactions [25-31]. Enzymes are
richly found in vegetable juices. But there has been no report regarding the study
of the process of colouration of fibres by enzyme rich plant juices till date. Great
quantities of potato juice produced by starch industry go as waste [32]. The potato
juice has abundant polyphenol oxidase enzyme (PPO) [33]. PPO also known as
tyrosinase, is a bifunctional, copper containing oxidase that contains catecholase as
well as creaolase activity, which causes the browning reaction in fruits and plants
[34]. The phenomenon of browning has been well researched by biochemists and is
caused by the oxidation and dehydrogenation of colourless polyphenols by PPO.

In nature, the initial reaction catalyzed by PPO yields reddish brown products
based on orthoquinones [35]. Such reactive species being very reactive further
undergo a series of non enzymatic reactions that result in insoluble black-brown
melanin pigments [36-38]. The optimum pH and temperature of the enzyme activity
is found to be 6.6 temperature is 40 °C respectively.

As melanins are considered the most stable and resistant among known biochemi-
cal durable and deep coloration of textiles is made possible by utilizing these natural
reactions. Based on such knowledge, fresh juice is extracted from the potato and
combined with catechol to develop a series of brown shades on wool fabric. The
optimization of process conditions for the oxidation reaction has been studied in
order to produce the necessary shade on wool fabric.

2.1 Discussion of the Findings

A range of in situ colors ranging between light pinkish brown to deep reddish brown
has been synthesized on wool by treating it with a mixture of catechol and fresh
potato juice under various process conditions [39]. The process imitates the browning
phenomenon that occurs in nature. The chemical compounds in potato juice are
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capable of catalyzing the oxidation of phenolic compounds to create delocalized
free radical as the oxidized intermediate. They oxidize phenolic compounds and
form coloured quinones with sulphhydryl and amino groups of wool [17].

2.2 Spectroscopic Investigations

Spectroscopic studies reveal that catechol has a sharp peak at 284.5 nm while potato
juice shows a broad peak, with X, value coinciding with that of catechol at 286 nm.
It is due to the fact that potato juice also contains phenolic compounds similar to
catechol that cause browning of the vegetable. The coloured complex also reveals
the main peak at 286 nm that contributes to the complex conjugated structures in the
melanin molecule [18]. Between 280 and 600 nm, the second broad peak has been
noticed. A diffused pattern without sharp peak is also indicated by the reflectance
spectra of the colored fabric. Absence of a sharp peak in the visible region is a
characteristic of several coloured compounds found in nature. In this regard, the
colour arises from the synthesis of compounds relating to the group of melanins
[39]. Melanins are heterogenous copolymers with large complex conjugated aromatic
structures comprising of phenylene and oxyphenylene units arising from the C-C and
C-O coupling of phenols [19]. Since standard analytical techniques such as UV and
visible light analysis do not provide any significant data relating to melanins, the
proper structure of the compound is not known so far [21].

2.3 XRD Studies

Investigations have been carried out relating to the Xray diffraction spectra of dyed
and undyed wool [39]. In the case of both the samples the 2o peak identified at 20.5,
revealing that the colorant molecules are randomly distributed and are irregular in
their pattern. Owing to insitu synthesis of color, the crystallinity of wool fibre is not
noticed.

2.4 Light and Wash Fastness

The fastness of melanin is supposed to be high since it is stable and insoluble. The
findings from fastness tests show that wash fastness of such colours range between
4-5 (Excellent) and light fastness grade is 4 considering a scale of 1-8 [39].
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2.5 Experimental Design

A number of process factors like concentration of components, duration and temper-
ature of treatment affect the color development in textiles. Optimization is required to
find the best possible combination of process variables with respect to conservation
of energy as well as materials used. A statistical design of experiments is employed
to determine the process parameters that influence the color synthesized by coupling
of potato juice with catechol juice in wool. It is possible to achieve many colors by
change of process variables [39]. Although the K/S values for test samples varies
widely from 1.94 to 10.65, there is not much change observed in the a* and b*values
among the samples, indicating a tone on tone increase occurs in deeper colored sam-
ples without any change in hue or shade. Maximum depth of color (K/S = 10.65) for
a sample where the concentration of potato juice as well as the temperature of treat-
ment is at the highest level. The next highest K/S value of 9.04 is achieved in sample
where the highest concentration of catechol is used at the highest temperature of
treatment. Lower values of K/S (1.94-2.67) are obtained when treatment was carried
out at the least temperature, irrespective of the concentration of catechol and potato
juice used. This indicates that all parameters individually as well as collectively play
a role in determining the final color obtained on wool. Statistical analysis is carried
out to study these interactions further.

2.6 Statistical Analysis

Results obtained from ANOVA show that the model is highly significant for the
treatment.

The temperature of treatment shows the highest influence on color. As the temper-
ature increases the color strength increases. With increase in temperature between
30 to 90 °C, increase in the concentration of potato juice between 15 to 25% con-
centration increases the color strength values [39].

2.7 Contour Plots

The prediction of a recipe required to achieve a specific shade of wool is obtained by
contour plots obtained from the design expert software. The Fig. 1 depicts the plots.
As the concentration of the potato juice increases, the color strength value increases
as can be visualised seen from option 1 wherein the highest temperature level (90 °C),
and the concentration of catechol is maintained the lowest. But, only with greater
concentration (3.5%) of catechol the highest value of 10 of color strength can be
achieved [39]. It is interesting to note from option 2 that whether the concentration
of potato juice is 25% or 15%, the K/S value remains same at 30 °C.
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Fig. 1 FTIR relating to pine cone powder [53]

The third option shows that the complete range of colors from light to deep (K/S
2-10) can be achieved when the maximum concentration of potato juice (25%) is
combined with minimum concentration of catechol-1%. As the temperature of treat-
ment increases, the depth of color increases [39]. Even the maximum concentration
of the two reactants, when used at the lowest temperature (30 °C), yields only a
very light shade. It shows that deep shades can only be achieved at greater tempera-
tures, regardless of the concentration of the reactants used. It is possible to achieve
a broad range of shades by varying the temperature from 30-90 °C with various
concentrations of catechol.

The synthesis of colorant does not occur at the temperature of 30 °C and whatever
color is seen can be because of the inherent color of catechol itself. Hence, 30 °C
should be avoided and only more than 45 °C should be used treatment temperature.
It is possible to choose the most optimum process parameters for achieving a specific
depth of color on wool.
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3 Use of Natural Byproduct Colorant

Natural materials are beginning to supersede their synthetic counterparts due to
increasing health awareness relating to many end uses including dyeing and chem-
ical industries. Owing to the biodegradable nature and broad range of light shades
achievable, natural dyes are compatible with their synthetic counterpart [40-42].
Natural colorants are derived from plants and animals. They are also known as pig-
ments or dye molecules. Since natural dyes possess many considerable properties
and also have versatility in application on various textile materials, they find use in
textile industries.

Recently, many studies were developed for identifying these special natural
resources which are very useful textile and related sectors involving coloring. One of
the important economical natural sources are agricultural and forest wastes [42—44].
Based on the color index, flavonoid compounds are considered to be very popular
among natural dyes applied on textile materials [45]. Pinecone is one such natu-
ral source abundantly available [46]. There are phenolic benzoic units in the chro-
mophore of pinecone colorant and are partially linked to one another by means of
pi-electrons [47]. The use of pinecones in separation of cationic and acid dyes has
been studied by many researchers. However, the use of the pine cone as a natural dye
in wool dyeing has been studied to a very limited extent [48-50].

The black pine (Pinusnigra) which is a pine species, is found in major parts of
Iran [51]. Pinecones exist in forests as well as parks and are extracted from the big
ornamental green tree. It is a natural colorant having a rounded spiral structure of
length between 5—10 cm. Two types of cells of pinecone comprise of a number of
chemical compounds in their wall cells that have a number of polar organic functional
groups [52]. Usually, the pinecones are found in forests and are seen as disposable
matter, that are gathered and despatched for disposal.

Studies have been carried out on the color characteristics of pinecone dyed wool.
It is considered as an agricultural waste in Iran. Hence, pinecone powder has been
used in various dyeing processes with three different concentrations based on fibre
weight. In order to obtain dyed samples of acceptable fastness, deep shade wool has
been premordanted good color fastness, high shade and variety of color shades.

During the process of dyeing salts of commercial metals are utilized. In order to
investigate the dyeing properties a number of parameters have been determined.

Studies on pinecone show that it can be utilized in wool dyeing. When wool is
dyed with pinecone a wide range of fast colors can be achieved. It has been found
that a mordant concentration of 5% on fibre weight yields wool shade that is good.
The dye uptake shows an increase at much concentrations of dye on fibre weight. It
has been found that there is an enhancement in color and fastness properties in the
premordanted wool having various mordants. By use of ferrous and copper sulphate
the best dye uptake and fastness properties can be achieved. Use of pinecone powder
in wool dyeing development is worth exploring due to its abundant properties.
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3.1 Chemical Structure

FTIR spectrum of pinecone has been analyzed. The findings reveal that the indicative
wavelength of hydroxyl group without bonding is at 3100-3600/cm and the carbohy-
droxyl group stretching is at 2927/cm. At a wavelength of 1639/cm the stretching of
the carbonyl group can be seen and at wave length of 1447/cm the carboxylate anion
observed [53]. At a wavelength of 1382/cm, a peak is observed due to the bending of
the methylene group(C-H), and at a wave length of 1265/cm arises the phenol peak
due to the stretching of the C-O group. An absorption peak of 1030/cm is observed
in the linkage of the C-O-C ester group. Thus, FTIR spectra study reveals that the
pinecone colorant extract consists of the presence of the chemical groups mentioned
herein.

3.2 Measurements of Color

3.2.1 CIE Lab

The mordants have to be fixed on the surfaces of fibre for dyeing with natural dyes.
The brightening mordants considered are stannous chloride, alum stannous chloride
and potassium dichromate and the dulling mordants considered are cupric and ferrous
sulfate. The lightness value, chroma and hue determine the distinct appearance of
each colour [53]. Colour outcomes of dyed as well as undyed samples were measured
and evaluated.

Crude wool exhibits a light yellow shade depending on the value of the angle
of hue. The color tone is transformed from yellow to pale brown since these are
dyed with powdered pinecone. The influence of greenness is lessened whereas that
of redness increases as suggested by the color change behaviour.

The use of various mordant types can enable to obtain many colors from pinecone
colorant as pointed by study. Evidently, the final colour, fastness characteristics and
brightness are not only determined by the dye alone but also the concentration of the
used mordants. The dye absorption is not satisfactory in the case of wool mordanted
with 3% on fibre weight of metal salts as proved by the study. Moreover, different
mordants exhibit similar shade.

Optimum absorbency of dye is achieved on the surface of wool dyed without
mordants as clearly indicated by the lightness of colour. When the dye bath consists
of 50% on fibre weight of pine colorant, the dye absorbability value is found to be high
for without use of mordant free dye, since the attraction for pinecone dye molecules
is indicated by lightness value. Test results show that in the case of treatment using
different mordants the value of lightness reduces for the complete test sample. The
least value of lightness of color are exhibited by the ferrous and copper sulfate in the
dyed sample. Stannous chloride yields greater brightness of colour compared with
any other mordant, while use of ferrous sulfate as mordant could lead to darkening and
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browning of the color shade. Lighter shades for wool are obtained from the mordants
having greater values of L*, whereas darker shades are achieved with mordants with
a lower value of L*. Using iron as the mordanting agent turns wool in black colour
as pointed by test results. With increase in dye concentration the chromaticity of
premordanted sample reduces. The fibre chromaticity can decrease by the use of
some mordants such as copper and ferrous at 50 and 100% fibre weight of dye.

As pointed previously, the color shades of the dyed samples can be affected by
the mordant type used. The alum and tin yield beige and light brown color; chrome
offers dark yellow to light greenish brown; iron shows reddish brown to greenish
brown, and copper gives yellowish green to reddish brown.

Pinecone produces a brown and reddish yellow on wool. The entire mordanted
samples dyed using pinecone fall within colour space of CIELab in the range of
red-yellow. The dyed wool without mordant and the dyed wool with tin are observed
to exhibit the greater redness and lesser hue angle. Increase of the pinecone percent
from 25 to 100 on fibre weight clearly shows the relative shifting of the brown
shade of pinecone towards more reddish brown colour as pointed by FTIR studies.
Nearly similar coordinates are seen in the raw wool, the dyed un-mordanted wool
and the dyed Cr-wool. In the case of dyed wool the differences in colour coordinates
using different mordants are found to be pertinent. A great difference arises in the
colour coordinates relating to raw and dyed wool specimens, whereas in the case of
specimen dyed with mordant the two colour coordinates fall in nearly same range.

The absorbance of residual dye in dyebath having copper and ferrous is consider-
ably lesser in comparison with other types of mordants. The absorbance of solution
directly relates to teh concentration of colour bath (as per Beer’s law) the dye uptake
of wool that is pre-mordanted using iron and copper is higher than other mordanted
fibres [53]. Also, the reduction of absorbance of remaining dye in dyebath leads to
increase of the exhaustion of dye bath. Hence, in the case of pre-mordanted wool
using copper and ferrous the values of low absorbance of residual dye exhibit high
percentage of exhaustion of dyebath.

3.3 Differences in Color

Considering the coordinate space the difference between two colours is denoted by
Delta E (AE). A rating value between 3.5 and 5 indicates that the difference in
colour between the specimens is good and clear. The difference in colour is brilliant
at value more than 6 [53]. Differences in colour pertaining to dyed wool which is
unmordanted have been determined. Based on values of Delta E, values above 8 arise
from the difference between raw and dyed un-mordanted wool. The findings reveal
that the rise in the concentration of dye has a direct bearing on values of AE. Also,
the differences in colour between dyed samples with percentages of 25, 50 and 100
on fibre weight of dye become considerable. Hence, improving the shade depth of
color is rendered effective by the pinecone concentration.



30 N. Gokarneshan

3.4 Color Strength (K/S)

The values of colour strength also change significantly by the various mordants
besides creating differences in hue color and CIE lab values L. The increase of dye
concentration enhances the color absorption. Because of optimum absorbance and
formation of metal complexes with wool its color absorption gets severely affected
by the mordants used [53]. By the use of copper and ferrous sulphate deep shades are
achieved in the mordanting process respectively. The lowest K/S value is achieved
with stannous. Iron and stannous show the maximum and minimum values of colour
strength in wool dyeing wool using barks of Ficusreligiosa respectively.

3.5 Characteristics Relating to Color Fastness

Tests for wash and light fastness relating to mordanted and un-mordanted wool
dyed with pinecone have been done and their values determined. In the case of
un-mordanted wool the color fastness results show that the wash fastness is rated
well lying between 4 to 5 (with maximum rating of 5). The attraction of wool can
contribute such finding to a pinecone. The light fastness of un-mordanted wool is to
be medium (3—4 on the standard blue scale, whereas 8 is the highest rating) [53]. A
good value of light fastness of 57 is observed in the samples dyed by pre-mordanting
method (8 is the highest rating). There is an improvement in the light fastness by a
grade of ¥2 to 1 with the increase in the dye concentration. Copper or ferrous sulfate
imparts high resistance to fading, but it is not the case with stannous chloride or
alum. The ligands in the pine cone like OH and COOH can contribute to the high
fastness of this dyed sample, and form a complex with a metal ion from the mordant.

4 Use of Kum Leaves on Various Dyeing Mordants

Natural dyes have a very old history as being part of the human life. In the areas of
craft and academics, natural dyes are making a comeback. The synthetic dyes can give
strong colours, but are carcinogenic and inhibit benthic photosynthesis [54]. Even
though natural dyes have been used to a less extent during the past few decades,
their use have never been stopped altogether and are still being used in various areas
around the globe [55].

The art of natural dyeing have originated in India. It still continues to be common
in India. Manipur in india is well known for its handlooms and handicrafts. The Meitei
communities have been using the mature leaves and young shoots of Strobilanthes
cusia (Nees) Kuntze (Kum in Manipuri) for producing a unique blue-black and indigo
coloured Kum dye. Kum dye is used for dyeing Kum phanek, a formal dress worn
by Meitei women woven on loin loom. The dyeing of Kum is an indigenous dyeing
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technology which has come down generations. The knowledge about the extraction
and dyeing methods dates back to the 11th century A.D. and still persists in a few
valley localities [56, 57]. Kum is the most important plant used for dyeing fabrics by
different communities in Manipur [58—64].

Owing to lack of proper maintenance of records the use of natural dyes has
stopped over the years despite aboriginal system of knowledge being practiced for
many years. Effort has been taken to restore the ancient natural method of dyeing. The
mature leaves and young shoots of Kum have been fermented and their influences on
the dyeing process variables investigated. Assessment of colour fastness properties
(washing and rubbing) of dyed cotton, silk and woollen fabrics at optimal conditions,
with various doses of natural as well as chemical mordants have been done. The
tensile strength and elongation percentage of the grey as well as dyed yarn have also
been determined.

S. Cusia of the family Acanthaceae is a wild perennial shrub growing to 13—18 cm,
leaves are 10-18 cm long, membranous with 6-7 lateral nerves on either half, elliptic,
ovate and acute at both ends. Flowers are purple in densely panicled spikes, usually
opposite with ovate, deciduous bracts. Calyx segments are linear-spathulate and
corollas are 4 cm long and glabrous [65].

The fermented Kum when dyed on silk and woolen yarn shows good results in
relation to colour fastness to washing and rubbing, tensile strength and elongation
percentage and prove beneficial to textile industries. Owing to the mordant used all
the dyed yarns show good fastness properties. The cumbersome and long dyeing
process in traditional method of cold dyeing leads to poor fastness property of yarns.
Hence it can be replaced by heating process following the traditional method.

4.1 Influence of Metallic Salts

The colour evaluation pertaining to rub fastness and wash fastness, tensile strength
and elongation % of all the pre-mordanted samples with aluminium sulphate, copper
sulphate, ferrous sulphate and potassium dichromate have been determined. The
results pertaining to colour fastness to rubbing in dry and wet grades and wash
fastness in cotton and woollen yarns range between medium to good (3—4) in all the
pre-mordanted samples. The colour fastness to rubbing and washing for almost the
treated samples in silk exhibit excellent to good (4-5) results. There is no colour
staining to adjacent cotton fabrics (4-5).

With regard to cotton and woollen yarns, in the mordanting method using metallic
salts the tensile strength is higher than that in grey yarn. The tensile strength of 2%
FeSOy treated silk sample is lower in comparison to that of grey yarn. Elongation
percentage in dyed woollen yarn is higher than in grey yarn but there is less elon-
gation % in cotton yarn. In 10% Al,(SO4); and 2% CuSOy treated silk samples the
elongation % is higher than in grey yarn but it is lesser in 2% FeSO,4 and 2% K,Cr, 05
treated samples.
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4.2 Influence of Natural Mordants

Medium to good results (3—4) are obtained in traditional hot dyeing method. Good
to excellent (4-5) result is achieved in silk yarn. In the case of cotton and woolen
yarn poor result is seen with rub fastness in wet grade. However, medium to good
result (3—4) is seen in the overall rub fastness in dry grade. Greater tensile strength
is observed in dyed cotton and woollen yarn in three different ratios of mordant than
that of grey yarn. In dyed silk yarn the value is lesser than in grey yarn for 2:3:3 and
3:3:2 ratio treatment. Elongation % of dyed cotton yarn is higher than that of grey
yarn for 5:2:1 and 2:3:3 ratios and it is lesser than in grey silk and woollen yarns.

In traditional cold method, the rub fastness (dry and wet) exhibits poor to medium
(2-3) result in cotton yarn and fair to good (3—4) result in wash fastness. The colour
fastness to rubbing as well as washing, exhibits fair to good (3—4) result.

It has been found that as compared to the grey yarn the tensile strength of all
the dyed yarns shows greater values. In case of elongation %, the cotton yarn has
almost high value, and the silk yarn has lesser elongation break than the grey yarn.
In comparison with grey yarn the woolen yarn exhibits lower value of elongation
break except for 3:3:2 treatment.

When Acalypha and related natural dyes have been applied on silk rub fastness in
wet and dry states has been reported to be good. In the areas of cutch and ratanjot rub
fastness in dry state has been found to be good. However, average wet rub fastness has
been noticed [66, 67]. As majority of the natural dyes are highly soluble in water and
hence show poor colour fastness to washing. In order to improve its colour fastness
property the mordants are necessarily be used [68]. The attraction between the dye
and fabric have been mordants which are metal salts [68, 69]. Most mordants are
mineral salts, the most common being aluminium, iron, copper, tin and chrome. The
effects of various mordants have a crucial function in causing fading of eighteen
natural dyes that are yellow coloured [70]. Mordanting technology improves the
development of shade and provides a link to colouring substrate for fixing on cloth.

In all such cases medium to good rub fastness properties show that there are
almost entire natural dyed that are not fixed and remain superficial on surface of
fibre get almost removed by means of soaping and washing treatments. The natural
dye is able to enter inside the openings of the fibre and could possibly be fixed
well through co-ordinated complex formation with the mordants and mordanting
assistant.

Colour fastness to washing and rubbing for application of chosen dye at greater
alkaline pH, with/without treatment with dye fixing agents is always found to be
better as greater alkali concentration leads to better ionization of dye anion and
anion formation (preventing aggregation of dye molecule) to take part in complex
formation among the dyes and mordants. The alkaline pH of the dye bath enhances
the colour fastness of jute dyed using red sandalwood [71]. There are even changes in
thermal transitions of some natural dyes when subjected to heating (equivalent to dye
bath temperature or higher). However, both light fastness and wash fastness depend
on the nature of pre-treatment (alkaline/acidic) on the fabric before dyeing [72].



2 A Review of Some Sustainable Methods in Wool Dyeing 33

The extension of break i.e. the elongation % for the treated samples is higher than
the untreated one due to the fact that the influence of mordanting with zirconium salt
leads to produce more elastic wool fibres [73].

The stress of sewing is withstood due to the high tensile strength of the yarns. The
strength of silk coupled with elongation determines toughness of materials which
relates to weavability [74]. The high tensile strength in silk yarn can be attributed to
its proteinaceous nature of the fibre which gets easily bound with metal ions present
in mordants. Increase in mechanical strength is due to the application of metal ions
that improve fibre resistance. The influence of metal ions on silk varies with the type
of mordant used and amount absorbed [75]. However, there is reduction in value of
tenacity after dyeing. It arises due to chemical reactions and heat treatment during
pre-treatment and dyeing processes, which causes reduction in the reduction of the
degree of polymerization of cotton fibre. This is so despite the strength of cotton
fibre being greater in wet state than in dry state [76]. Owing to absorption of dye
molecules the peptide bonds or salt linkages have strong inter polymer forces of
attraction and hence contribute to the cohesion of appropriate fibre polymer system.
It subsequently improves tenacity, elastic nature and durability of textile fibre and
thus textile material [77].

There is an improvement in single yarn strength in mordanted specimen in com-
parison with undyed non-mordanted yarn. The increase in breaking strength can
result from the increase in the size of dye molecule after using mordants, which pen-
etrates into the fibre core and might have, in turn, increased the strength [78]. With
the increase in concentration of chitosan, there is increase in the breaking strength
values of cotton yarns. With cotton yarns, there is reduction in elongation at break
of the yarn with the increase in the breaking strength values. In the case of chitosan
the resistance to axial load is improved with such binding of the fibres in yarn [79].

5 Dyeing with Natural Dye Extract Using Synthetic
and Natural Mordants

A wide range of rich colours that are complimentary to one another arises from natu-
ral dyes [80]. A number of compounds are present in natural dyes of plant origin and
differences in their properties arise from the silk kind and weather conditions. There
has been an abrupt decrease in the use of natural dyes for more than 150 years, with
increased use of synthetic dyes, since existing natural dyes have been unable to satisfy
the demand of the market. Textile dyeing with natural dyes is backed by a rich tradi-
tion in certain parts of India. Natural dyes continue to be applied on traditional wool
and woolen products at many places of India. The dyeing of textile materials with
natural dyes have innumerable drawbacks relating to properties and processes [81].

The attraction between dye and fabric is created by mordants which are metal
salts [82]. The widely used mordants are alum, chrome, stannous chloride, copper
sulphate and ferrous sulphate. With a given type of dye material many shades and
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tints are produce by natural dyes [83]. The fastness properties with regard to grey
scale of Symplocos racemosa species (from which natural dyes are derived) is good.
So far there is no literature reporting isolation of natural dyes from this species [84,
85]. The ancient practice of dyeing using natural dyes has been revived by research
studies [86]. Optimum dyeing conditions for wool have been adopted with the leaves
extract of Symplocos racemosa, with combination of mordants. Parameters such as
washing, rubbing, perspiration and light fastness relating to colour fastness have been
evaluated [87, 88]. The capability of a material to withstand any change in its colour
properties or degree of shift of its colourants to neighbouring contact white materials
is termed as color fastness.

The extracted dye from the leaves of Symplocos racemosa can be effectively used
in wool dyeing for achieving many light and soft colors through mixing of natural and
synthetic mordants. The test samples show excellent colour fastness to washing and
rubbing (excluding combination for pre-mordanting with lemon juice: potassium
dichromate and combination of lemon juice: stannous chloride), ranging between
good to excellent for perspiration fastness in acidic and alkaline media and fairly
good light fastness. The textile sectors will derive benefit from this information.

5.1 Lemon Juice: Stannous Chloride

The colour fastness to light, washing, perspiration and rubbing have been determined
in the case of dyed wool samples treated with combination of lemon juice: stannous
chloride in water medium. In all the proportions of the mordant combinations studied
the treated wool samples exposed to light exhibit good fastness to light. The grades
for wash fastness in the treated samples prior to mordanting have been found to be
average. However, the wash fastness have been found to be good to excellent for the
treated wool samples in the case of simultaneous and post mordanting [89].

No color staining is noticed. The change in colour to rubbing in dry and wet states
has been rated as excellent for all the treated samples. Colour staining has not been
noticed in the range of no staining and negligible staining in the case of dry rubbing.
The grades for fastness to perspiration have been found to be good to excellent,
except in the case of mordant ratio of 3:1 for pre-mordanting technique, in which
case it is found to be average, for all samples in acidic as well as alkaline media.
In the case of all the samples treated in acidic as well as alkaline media no colour
staining has been observed (5).

5.2 Lemon Juice: Copper Sulphate

The assessment has been done for evaluation of colour fastness to light, washing,
rubbing and perspiration of dyed wool samples treated with lemon juice: copper
sulphate combination in aqueous medium. Nearly all the treated samples subjected



2 A Review of Some Sustainable Methods in Wool Dyeing 35

to light exhibit fairly good (4) light fastness for all ratio mordant combinations. The
treated samples for pre mordanting exhibit fair (4-5) wash fastness grades, but they
range between excellent and good (4-5) in the case of all the treated samples for
simultaneous and post mordanting [89]. Color staining has not been observed. All
the treated samples show the colour change due to dry and wet rubbing, which is
found to be excellent (5). With dry rubbing, there has been no colour staining that
ranged between no staining and negligible staining (4-5). The perspiration fastness
grades range between 4-5, except for 1:3 the proportion in pre-mordanting method,
where it is fair (4), for all samples in both acidic and alkaline media. There is no
colour staining (5) for all the treated samples in both acidic and alkaline media.

5.3 Lemon Juice: Potassium Dichromate

Evaluation has been done with regard to colour fastness to light, washing, rub-
bing an perspiration for dyed wool samples treated with combination of lemon
juice:potassium dichromate in aqueous medium. Almost the entire treated samples
exposed to light show reasonably good fastness to light for mordant combinations of
all ratios. In the case of all treated samples the grades of fastness to washing have been
found to be reasonably good. However, for mordant ratio of 1:3 in pre-mordanting
method, it is found to be average. The fastness to colour against rubbing in dry and
wet states has been found to be excellent for all the treated samples. In the case of
dry rubbing the colour staining there is no staining and there is negligible staining
in the case of wet rubbing. But, in the case of pre-mordanting technique it is found
to be average [89]. The fastness grade to change of colour is found to be excellent
for most treated samples. However, it is found to be good in the case of mordant
ratio of 1:3 in pre mordanting techniques. Under alkaline as well as acidic medium
no staining of colour has been observed in the treated samples. In the case of post
and simultaneous mordanting techniques, significant results have not been noticed
in respect of excellence in the fastness properties.

5.4 Lemon Juice: Ferrous Sulphate

The assessment with regard to fastness of light, rubbing, washing and perspiration
have been has been determined in the case of dyed wool specimens treated with
combination of lemon juice: ferrous sulphate in aqueous solution. For mordant com-
binations of all proportions the treated specimens exposed to light exhibit reasonably
good fastness to light. In the case of all treated wool specimens the grades of fast-
ness to washing fall between good to excellent. The treated wool specimens show
excellent fastness of colour to rubbing in dry and wet states. In the case of rubbing
in dry state the staining in colour is found to be almost average. The grade of change
in colour is excellent for nearly all treated wool samples. However, under alkaline
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as well as acidic conditions it is found to be good for mordant ratio of 1:3 in simul-
taneous mordanting. Under acidic as well as alkaline conditions there is no staining
of colour for the treated specimens. Extracted natural dye from leaves of Symplo-
cos racemosa shows yellow colour. Use of various techniques of mordanting helps
to achieve a wide range of shades of colour [90-93]. When various mordants like
K,Cr,07, CuSOy, SnCl, and FeSO, are used different colour shades are obtained.
Generally as synthetic or chemical mordants, K,Cr,O7 gives pale yellow colour,
CuSOy4 shows light green colour, FeSO,4 gives brown colour and SnCl, shows light
yellow or cream colour with dyes on wool fibres [89]. The mordanting of wool with
different concentrations enables achievement of a number of shades. The various
metallic mordants yield various shades of colours than those of all natural dyed
samples.

6 Kinetics and Thermodynamics of Natural Dyeing with
Herbal Extract

In India, Arnebia nobilis Rech.f., also termed as ‘Ratanjot’, has traditionally been a
crucial natural source of red colour in the area of pharmaceuticals, cosmetics and food
[94, 95]. Studies have already been conducted to isolate and identify the components
of Arnebia nobilis Rech.f. Alkannin B, B-dimethylacrylate has been identified as the
major component constituting ~25% of the crude extract [96].

Earlier work reported the results of the influence of pH and temperature on the
crude dye [97]. A high sensitivity to pH is seen in the dye. The dye has also been
found to be heat sensitive and exhibits degradation beyond 80 °C. Textile substrates
of different types like nylon, polyester, acrylic, wool, silk and cotton, have been dyed
at various pH values. All substrates showed good affinity with nylon dyed in blue,
polyester dyed in pink and other substrates in purple colour at pH 4.5. According to
Indrayan et al. and Kyu and Soo, the active coloured ingredient in Arnebia nobilis is
presentin quinonoid form in acidic medium [98, 99]. In alkaline medium, the phenolic
proton of quinonoid form gets dissociated from the naphthoquinone nucleus and is
converted to benzenoid form which is responsible for blue colour.

Earlier investigations have been carried out on natural dyes having various chemi-
cal structures in order to understand the mechanism of dyeing synthetic fibres. Some
elaborate investigations have been conducted out on quinonoid dyes. In the dyeing of
synthetic fibres such as nylon and polyester two isomeric dyes derived from naphtho-
quinone, namely, lawsone and juglone (2-hydroxyl and 5-hydroxy naphthoquinones
respectively) have been found to yield linear isotherms. Both the dyes showed very
high affinity towards hydrophobic fibres [100, 101]. Certain studies have focused on
the naphthoquinones of Onosma echioides, also known as ‘Ratanjot’ in literature.
The dye has been found to be adsorbed by nylon as well as polyester in the similar
way as a disperse dye [102, 103].
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Good affinity towards nylon and polyester has been shown by the natural
anthraquinone-based colourants extracted from madder roots. The mechanism of
dyeing conforms to the Nernst isotherm [104, 105]. But, varying results have been
achieved when nylon and polyester have been dyed with long, conjugated carotenoid
molecule Bixin. The dyeing of nylon conforms to Langmuir isotherm while dyeing
of polyester conforms to Nernst isotherm [106]. Berberine (C I Natural Yellow 18),
a natural basic dye, was sorbed by acrylic by site mechanism indicated by Lang-
muir isotherm [107]. The dye extracted from Rheum emodi has been used to dye
wool and silk. The dyeing corresponded to partition mechanism, confirming the
anthraquinonoid structure [108]. There has been a good affinity towards nylon and
wool fibres by the dye extracted from red sandalwood and the mechanism conforms
to partition type similar to that of disperse dye on hydrophobic fibres [109].

It has been noticed that most of the naphthoquinone and anthraquinone based
natural dyes investigated have shown high substantivity for synthetic fibres. The dyes
have been found to behave as disperse dyes and have shown partition mechanism on
synthetic substrates. Little work has been found in literature relating to explanation of
the mechanism of dyeing natural fibres with disperse dyes. Since earlier investigations
have shown positive results on wool, it provided an interesting opportunity to carry
out kinetic and thermodynamic investigations of crude dye extracted from Arnebia
nobilis Rech.f. on wool to understand the theoretical basis of dyeing. The diffusion
coefficients of the dye has been compared with those of the other naphthoquinone
natural dyes.

The dye extracted from A. nobilis Rech.f. exhibits good affinity for wool fabric.
There is a close relationship between the mechanism of dyeing mechanism and the
partition mechanism, which confirms that the naphthoquinonoid based dye acts as a
disperse dye on wool. Heat of dyeing is found to be negative and the dyeing process
appears to be exothermic. The entropy is also found to be negative.

6.1 Investigation on Kinetics

6.1.1 Dyeing Rate

For wool fabric dyed at 80 °C the dye uptake for different time durations has been
determined. The half dyeing duration has been calculated to be 60 min. It has been
found that as the dyeing duration increases from 15 min to 600 min (10 h), there
is increase of dye uptake from 10 g of dye/100 g of fabric to 80 g of dye/100 g of
fabric. A further increase in time to 1500 min (25 h) leads to a slight increase in dye
uptake of about 90 g of dye/100 g of fabric. However, no significant dye uptake is
observed thereafter, as the dyeing time approaches infinity i.e. 2880 min (48 h), thus
indicating that the equilibrium is achieved.

It has been reported by Das et al.'> that the non-polar hydrocarbons of the protein
fibres are considered to be chiefly responsible for the incorporation of the non-polar
dye in the structure of wool.



38 N. Gokarneshan

6.2 Diffusion Coelfficient

Based on the Hill’s equation, Urbanik approximation, and Rais and Militky approx-
imation, the apparent diffusion coefficient of the crude dye of A. nobilis is found to
be 0.25 x 107" ecm?/s, 0.22 x 107! cm?/s and 0.21 x 107! cm?/s respectively. All
the equations are found to yield comparable values.

Comparison has been done on the Dy, values obtained for crude extract of A.
nobilis and other naturally occurring naphthoquinone and anthraquinone dyes on
wool. The diffusion coefficients of all such dyes have been determined. The Dy,
value of the dye (~0.2 x 107! cm?/s) is found to be comparable to that of Rheum
emodi (0.2 x 10~ ¢cm?/s). However, it is found to be much lower than that of
Juglone and Lawsone which has D, values of 6.08 x 10~!! and 2.58 x 107!
cm?/s respectively.

On comparing the diffusion coefficient of the crude dye extracted from A. nobilis
on wool with those on other synthetic substrates dyed with the same dye, the diffu-
sion coefficient of the dye on wool is observed to be much less than that on nylon
and polyester (56.4 x 107" cm?/s and 1.86 x 10~!'! cm?/s respectively). It may
be because the rate of diffusion increases as temperature increases. Thus, greater
diffusion coefficient is achieved on nylon and polyester that have been dyed at 90 °C
and 130 °C respectively, than wool that has been dyed at 80 °C.

6.3 Adsorption Isotherm

A quantitative analysis of the dye in fabric as well as that in dyebath has been carried
out and results are plotted as adsorption isotherm. For prediction of the nature of the
isotherm, the best fit line for three models of dye sorption viz. Nernst, Langmuir and
Freundlich has been drawn, and has been used to define the theoretical model for a
specific system of dyeing. Hence the model provides a base for the calculation of
thermodynamic factors. The dye molecule of A. nobilis is supposed to be very small
and simple without presence of ionic groups. Such are the properties of a disperse
dye and, hence, theoretically the isotherms should conform to the linear or partition
mechanism of dyeing.

The isotherm of wool fabric is depicted in Fig. 2. The best fit isotherm is linear,
having a high correlation coefficient (R? = 0.967 — 0.973), that implies the partition
mechanism of dyeing or Nernst model. In the case of dyeing with disperse dyes on
synthetic fibres such model is usually observed. Linear isotherms have also been
achieved in dyeing of natural protein fibres with anthraquinone dyes and in dyeing
of wool with juglone and lawsone. The dye uptake at equilibrium is found to be
highest at 80 °C. The slope of the isotherm, which is indicative of partition ratio,
increases from 80.72 to 119.6 with the increase in dyeing temperature between 70
to 80 °C. However, it is observed that the slope of the adsorption isotherm decreases
to 69.57 with the increase in dyeing temperature to 90 °C. This may be due to the
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fibre weight of dye. ¢ 100% on fibre weight of dye
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decomposition of the dye molecule at higher temperature. The slopes and results of
statistical analysis for best-fit isotherms have been determined.

During dyeing, it is observed that a large amount of dye is being taken up by
the fabric at higher concentrations of dye liquor and during longer hours of dyeing.
Fabrics which are red during initial hours of dyeing become brownish black to black
when dyed up to the equilibrium with infinite solutions. Such shade build-up can
arise from the aggregation of dye inside the fibre.

6.4 Thermodynamic Parameters

Dyeing of wool with Arnebia nobilis corresponds to the partition mechanism, and
hence the standard affinity of the dye for wool fabric has been calculated.

The standard affinity values have been achieved at 70, 80 and 90 °C. The value
of standard affinity is found to increase from 15.92 to 17.8 kJ/mol as the dyeing
temperature is increased between 70 to 80 °C. A further increase in temperature by
10 °C results in the reduction in standard affinity to 15.48 kJ/mol. Such trend is also
clear from the adsorption isotherms. The affinity of many natural dyes on wool dyed
at temperatures varying between 80 and 100 °C has been found to vary from 7 to
29 kJ/mol. An affinity of 17.8 kJ/mol of A. nobilis at 80 °C is found to be comparable.
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6.5 Heat of Dyeing

Heat of dyeing has been calculated considering the temperatures of dyeing at 70
and 90 °C; and the standard affinity at temperatures 70 and 90 °C. It is found that
for dyeing of wool with this dye, the heat of dyeing is negative (—23.48 kJ/mol)
(exothermic dyeing process) and hence, with rise in temperature the dye absorbed
at equilibrium will be low [109]. The dyeing process is found to be endothermic on
comparing the heat of dyeing of Onosma echioides (Ratanjot) on synthetic substrates
(nylon and polyester).

The heat of dyeing is determined by the force of bonding between the fibre and
the dye. The enthalpy of heat (H®) is shown as the energy of bonds that are broken
and formed. A more stable dyeing result from increase in value of energy of bonds
formed with dye and fibre. The heat of dyeing becomes negative when the value
exceeds the energy of broken bonds [110]. Hence, more bonds are formed leading
to negative heat of dyeing of A. nobilis on wool.

6.6 Dyeing Entropy of Dyeing

The third thermodynamic parameter, entropy of dyeing has been calculated. The
calculated value of entropy is —22.05 J/mol/K, and the dyeing entropy is also found
to be negative. The negative entropy is attributed to a uniformly order distribution
of dye in the substrate. An orderly arrangement of dye molecules along fibre axis
as the dye molecules are absorbed by the fibre. A negative entropy arises since
dye molecules can move less with a small possibility leading to decreased entropy.
However, entropy of nylon and polyester dyed with Onosma echioides is found to
be positive.

7 Keratin as a Cross Linking Agent in Dyeing

Keratin is a protein that exists in the external skin layer of human beings as well as
many other creatures. It is tough, and insoluble by nature and is related to a group
of structural proteins richly present in wool, hair, feather, hooves, and fingernails.
Such keratinous materials are often known as “hard” keratins (in contrast with soft
keratins which are present in epithelial tissues).

Even though there are huge quantities of keratin wastes, keratins also find some
uses in the global market, of which feather meals are an example used for animals
[111, 112]. Keratin-based cosmetics are used for treatment of human hair and skin
[113, 114]. Keratin materials have made their entry into many other areas, such
as concrete, ceramic, fertilizers, fire fighting compositions, wound healing, leather
tanning, production of biohydrogen, and shrink-proofing of wool [115-122].
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A number of hydrolytic and non-hydrolytic techniques have been used to extract
keratin from natural resources. Most of such techniques use oxidizing or reducing
agents in presence of auxiliaries like sodium dodecyl sulphate, urea, and EDTA
[123-125].

A simple technique has been used to extract keratin from cheap coarse Egyptian
wool fibres. As the extracted keratin is a natural proteinic biopolymer, its dyeability
can be enhanced with reactive as well as acid dyed by crosslinking it with wool.
In order to achieve this wool has been treated with keratin/ECH mixture, and thus
reduce the amount of dye in the effluent. The influence of various dyeing conditions
on the dyeability of the treated and untreated wool fabrics has been investigated.

Epichlorohydrine can be used to permanently cross link the biopolymer keratin to
wool. There has been improved dyeability in the treated wool using mono-sulphonic
and disulphonic acid and vinyl sulphone and a-bromo acrylamide reactive dyes. As
keratin is a biodegradable protein it can be an acceptable option for other unacceptable
chemicals used traditionally in wool chemical processing. More investigations are
being carried out to apply keratin to certain synthetic fibres to achieve specific desired
dyeing properties.

7.1 Influence of Dyeing Temperature

Untreated and treated wool fabrics have been dyed with C.I. Acid Blue 203, C.L
Acid Red 1, C.I. Reactive Blue 69, and C.I. Reactive Red 180 using 4% shade, 5 pH,
60 min treatment time, 1:100 MLR and different dyeing temperatures (25°—-85 °C)
[126].

As can be seen from the results (Fig. 3) that in case of untreated and treated fabrics,
the extent of dyeing (K/S) increases with temperature of dyeing, immaterial of the
dye used [126]. It has been found that the colour strength value of the treated fabrics
is a little higher than untreated wool at room temperature (30 °C). But the shades of
these samples are still too light and attained K/S of 5-10. The highest K/S value is
only achieved at 85 °C for 60 min in dyeing with reactive dyes for both treated and
untreated wool.

7.2 Influence of Wool Treatment on Dyeability

As keratin macromolecules are proteinic in nature, they should bind chemically
to wool. Epichlorohydrin is included as a crosslinker so as to ensure permanent
crosslinking of keratin onto wool. Investigation has been carried out regarding the
influence of treatment of wool using keratin/ECH on its dyeability with the acid
dye Supranol Blue BLW (C.I. Acid Blue 203) at various temperatures (40°-85 °C)
[126]. The dye bath used in dyeing of pretreated wool test fabrics using Acid Blue
203 is nearly completely exhausted within 5-30 min, based on the temperature of
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Fig. 3 Influence on wool fabrics treated with keratin/ECH with regard to dyeability with acid as
well as reactive dyes [126]



44 N. Gokarneshan

dyeing. This time is much shorter than the time needed for complete exhaustion of
the dyebath in case of dyeing the untreated wool fabric using the same dye. The dye
bath gets fully exhausted within half an hour by pretreatment of wool fabric upon
dyeing at room temperature, or within 5 min upon dyeing at 60 °C.

Such findings can be describe with regard to measurement of the ability of keratin
to form permanent crosslinks with wool polypeptide chains. The modified wool has
greater number of cationic groups which results in enhanced absorbability of the
anionic acid dye. Being protein containing a lot of amino and amide groups, in acid
medium, keratin has sufficient cationized basic nitrogen-containing groups able to
bind with the anionic sulphonic groups in the acid dye, as shown below:

HOOC-W-NH; + CI-ECH-OH + HOOC-K-NH; = (Wool) (Crosslinker) (Keratin)
HOOC-W-NH-ECH-OOC-K-NH,

7.3 Kinetics of Dyeing

The values of half-dyeing time, specific dyeing rate constant and the apparent dif-
fusion coefficient calculated for the untreated and keratin-treated wool fabrics dyed
with C.I. Acid Blue 203 are obtained. The obtained data show that, immaterial of the
dyeing temperature and the dye yield, the half-dyeing time of the keratin-treated wool
fabrics reduces sharply compared to the untreated one [126]. Again, the enhanced
rate of dyeing might be attributed to the extra cationized amino and amide groups
created along the polypeptide chains of wool as a results of its chemical bonding with
keratin. There is an appreciable increase in the specific dyeing rate constant (K’) of
wool fabrics when treated with keratin/ECH. For dyed wool fabrics treated with
keratin the diffusion coefficient (D) is found to be higher than that of the untreated
one.

7.4 Fastness Properties

The washing and crocking fastness of untreated and keratin-treated wool fabrics
dyed with C.I Acid blue 203 have been determined [126]. The fastness properties
of wool fabrics against washing and crocking are not affected after treatment with
keratin/ECH. This indicates that keratin is bound to the wool fabrics by permanent
cross-links which are fast to washing and rubbing conditions.
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7.5 Scanning Electron Microscopy

Scanning electron microscopic investigation has been carried out for untreated and
keratin treated wool fabrics so as to monitor any change in the morphological structure
of wool fibre after being treated with keratin/ECH. The normal surface morphology of
the untreated wool fibres wool fabric treated with keratin/ECH results in formation
of a very thin layer of cross-linked keratin on the surface of wool fibres [126].
Nevertheless, part of the added keratin, cross-linked with the fibre interior leads to
durable dyed wool.

This criterion is confirmed by measuring the solubility of untreated as well as
treated wool fibres in urea bisulphite solution. The urea-keratin ECH-e bisulphite
solubility of the treated wool fabric is found to be 4.6%, compared to 39.4% for the
keratin treated, and 44% for the un treated one. This is a strong clue that keratin in
presence of epichlorohydrin forms cross links non only with the fibre surface but
also with the different chanses of the bulk of the fibre. This hypothesis is in harmony
with the results of the fastness properties of the dyed wool fabrics.

8 Influence of Bio Carbonization

Raw wool contains varying percentages of vegetable matters as impurities depending
on the sheep breed [127]. The vegetable contaminants in raw wool fibres accounts up
to 8.5%. It indicates that effective mechanical method of elimination of impurities
is difficult and hence necessitates more severe chemical treatment [128, 129].

During wool carbonization the vegetable matters and skin flakes are removed. In
order to convert the cellulose into easily removable hydrocellulose sulphuric acid
which is a strong acid, is used. In order to reduce the damage to wool fibre, effluent
waste and consumption of energy replacement of chemical carbonization by enzymes
has been studied [130, 131]. For separation of wool from vegetable impurities Bio-
carbo process is used and involves biologically active agents comprising of certain
enzymes with low quantity of specific chemicals [132]. In the same manner, elimi-
nation of burr is rendered easier after incubating wool with cellulases, burr removal
became because of weakening of cohesion between wool and burrs [133]. Upon the
elimination of the enzyme treated burrs by mechanical means it is observed that wool
does not suffer physical or chemical damage.

In treating raw Egyptian wool attempt has been made to utilize certain enzymes
obtained from market. The effect of bio-carbonization treatment of wool has been
studied on its dyeability with acid and metal complex dyestuffs in equal proportion.

A mixture of cellulose, pectinase and xylanase enzymes has been used to
effectively purify the Egyptian wool fleece from vegetable matters while taking care
to preserve the inherent properties of wool. There is no loss in fibre strength and
weight as the enzymes are very particular hydrolyzing agents. These enzymes can
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be combined with mechanical cleaning techniques or milder chemical techniques
in the case wool fibres that are contaminated strongly.

8.1 Influence of Treatment with Single Enzyme

The elimination of natural impurities from raw wool has been effected by the use
of chosen cellulose, pectin and lignin digesting enzymes. The technique has been
compared with the traditional carbonization process that uses dilute sulphuric acid
[134]. When raw wool fibres are treated with sulphuric acid it leads to nearly entire
elimination of the natural impurities from wool. But, during the carbonization process
the tensile strength of the carbonized fibre reduces to approximately 25%, in relation
to raw wool fibres possibly because of partial hydrolysis of the peptide bond. The
carbonization of wool with sulphuric acid has been found to lead to extensive fibre
breakage in subsequent processes. Improper rinsing and neutralization of wool is
found to cause some further damage.

When the carbonization of wool fibres takes place by use of sulphuric acid it
results in a restricted increase in their alkali solubility. It can be because of the
partial reaction of sulphuric acid with wool due to influence of the drying states. The
extent of increase of solubility of alkali can arise from formation of sulphonic or
sulphate groups. Based on the amount and nature of enzyme utilized the vegetable
matter/natural impurities is separated from wool to different degrees by treatment of
raw scoured wool fibres using cellulase, acid pectinase or xylanase. The vegetable
matter that remains in wool is about 25% of the total impurity content when 20 mL/L
Biotouch L is used. It is, possibly because of the particular types of enzyme used.
The vegetable matter ia acted upon by Biotouch L, while the pectin is destroyed
by acid pectinase, and lignin is separated by xylanase. Since pectinase or cellulose
enzyme has been applied on wool fibres in concentrations which are high, there has
been a little increase in the tensile strength.

The solubility of the alkali of the fibres treated with enzyme does not considerably
alter than in the case of raw. Again, it can be because of the use of particular enzymes
that cause separation of natural impurities from wool keratin. This proves the merit
of enzymes as compared with sulphuric acid.

8.2 Influence of Mix Enzyme Treatment

Scoured wool fibres have been treated using the mentioned enzymes under prescribed
temperature and pH. The influence wool treatment with this mixture of enzymes has
been determined. Compared to the single or double enzyme system the combined
action of the three enzymes in one bath is far more effective for separation of natural
impurities from raw wool. For raw wool the % of natural impurities shows decrease
from 4 to 0.16 for wool pretreated with combination of 3. It can be because of the
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fact that each enzyme is capable of causing separation of a certain portion of the
natural impurities which cause contamination of raw wool.

8.3 Influence of Duration of Treatment

A combination of three enzymes have been used to treat raw wool for different time
spans so as to reduce the treatment duration and thus the cost of the bio carbonization
process for wool. When wool fibres have been carbonized using sulphuric acid a
restricted increase in their alkali solubility occurs as the treatment time increases.
It can be because of the partial reaction of sulphuric acid with wool by means of
the influence of the drying states. It can result in formation of sulphonic or sulphate
groups that enhance the degree of solubilisation of alkali.

Raw wool has been treated with combination of 3 enzymes for various time
durations in order to reduce the duration of treatment and thus the cost of the bio-
carbonization process for wool. For enzyme treatment of wool, increase in treatment
time till 2 h, there is reduction in the impurities content in the treated fibres. There is
no considerable influence on the degree of elimination of natural impurities and the
tensile strength and alkali solubility of the treated wool with further increase in the
duration of treatment.

8.4 Properties of Dyeing

Wool fibres not treated as well as pretreated with 3 enzymes have been dyed with
selected (acid/metal complex) dye in the proportion of 1:1 between 85 and 95 °C sep-
arately for different time durations and the percentages of exhaustion of dye studied.
The wool scouring has resulted in appreciable improvement in the dye exhaustion
with metal complex/acid dye at the two temperatures specified. It can be because
of the elimination of greasy matters from wool due to the effect of alkaline states
adopted for scouring. It can possibly cause rise in the hydrophilicity of wool fibres
and thus improve its dyeing further.

At a temperature of 85 °C biocarbonization of the pre-scoured wool using a
combination of 3 enzymes results in more improvement in its dyeability using acid
as well as metal complex dyes. It can be due to the combined influence of the
mentioned enzymes (cellulose, pectinase and xylanase) in the separation of natural
impurities(vegetable matter) raw wool. Uneven dyeing results from any natural
impurities in wool because of its their non-protenic nature. Such natural impurities
do not get coloured using acid as well as metal complex dyes and are thus considered
as niches that hamper dyeing. More enhancement in the dyeing temperature to
95 °C resulted in restricted increase in the dyeability of the scoured as well as
biocarbonized wool using acid as well as metal complex dyes in the proportion of
1:1. When scoured wool has been treated with sulphuric acid it resulted in significant
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reduction in its dyeability with the investigated anionic dye. It can be because of
sulphatation of certain amino acids such as threonine and keratin. Such areas were
previously mentioned as dye-resist niches for acid dyes.

8.5 Kinetics of Dyeing

In the case of raw, carbonized, biocarbonized and scoured wool fibres the values
of dyeing parameters calculated wool fibres dyed using acid as well metal complex
dyes have been determined.

In the case of post scoured wool a decrease in half dyeing time is noticed. It results
again because of the increase in the wool wettability followed by elimination of the
hydrophobic greasy matters due to scouring. There is almost no effect on the half
dyeing time due to the carbonization of the scoured wool by sulphuric acid. The least
half dyeing time is achieved with wool biocarbonization using enzyme combinations
for all cases.

When particularly dyeing at 85 °C it has been found due to scouring, carbonization
and biocarbonization of wool increases its specific dyeing rate constant. In the case of
enzyme treated dyed wool there is increase in the diffusion coefficient compared to the
untreated wool depending on the nature of the treatment. In the case of scoured wool
fibres the 3 enzyme combinations the dyeing rate constant as well as the diffusion
coefficient are comparatively higher that that with fibres treated using sulphuric acid.

8.6 Fastness Properties

The fastness to perspiration as well as washing using acid/metal complex dyed for
untreated as well as treated wool fibres were measured. There is no appreciable
change in the fastness to perspiration and fastness in wool fibres due to scouring,
carbonization or bio-carbonization. The findings are almost the same as that achieved
on dyeing with Acid Red EG/Neolan Red P at the two specified temperatures.

9 Conclusion

Potato juice has been combined with polyphenolic compound catechol for dyeing
in a single step process. The depth of color produced is found to be significantly
dependent on temperature of treatment. There is no significant influence on the color
obtained by using concentration of the individual components used for coloring.
Optimization has been achieved in the wool coloration by means of in situ reaction
of diphenolic catechol with enzymes found in potato juice. The formation of color
occurs at low temperature and avoids use of auxiliary chemicals. Pinecone which
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is an agricultural by product is suitable for wool dyeing. It enables to achieve a
broad spectrum of colors such as beige, pale to dark green and brown shades having
sufficient fastness. Thus because of its reusable and many desirable characteristics
pinecone colorant holds great promise. Pinecone is a low cost natural agricultural
by product and is found to have great affinity for wool. Dyeing of wool with fer-
mented kum dye exhibits good results in respect to washing and rubbing, tensile
strength and elongation percentage and thus proves beneficial to textile industries.
It is recommended that the cold traditional kum dyeing technique can be replaced
by the heating process following the traditional technique. It is found to give good
properties not only for wool but also for silk and cotton yarns which establishes its
versatility. The use of a combination of natural and synthetic mordants with leaves of
Symplocos racemosa can be effectively used to dye wool to achieve a broad range of
soft and light colors. The results achieved with various premordanting agents prove
encouraging for adoption in textile industry. Kinetics and thermodynamics of natu-
ral dye (A. Nobilis Rech.f.) on wool relates well to partition mechanism confirming
that the dye is absorbed by wool as a disperse dye. The dye shows good affinity to
wool. The heat of dyeing is found to be negative and the dyeing process appears
to be exothermic. The entropy is also found to be negative. Wool cross linked with
biopolymer keratin exhibits improved dyeability. Since keratin is a biodegradable
protein it can be prospective as a substitute for other unacceptable chemicals used
traditionally in wet processing of wool. More investigations are on for application
of keratin on certain synthetic fibres to impart certain desirable dyeing properties.
Wool has been effectively biocarbonized by purifying from vegetable matters using a
mixture of cellulose, pectinase, and xylanase enzymes without affecting its inherent
properties, and also does not result in loss in fibre weight and strength. In the case of
heavily contaminated wool fibres such enzymes can be combined with mechanical
methods or even less aggressive chemical methods. The above discussions clearly
show that use of natural dyes and mordants avoid the harmful effects of the chemicals
and also enable to effectively utilize the abundantly available natural resources and
hold promise of commercialization in the near future.
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Chapter 3 ®)
Green Chemistry in Textiles ez

P. Senthil Kumar and E. Gunasundari

Abstract Recent years, the textile industry has become the largest environmentally
toxic and polluting industry in all over the world due to their usage of unsustainable
and environmentally hazardous chemicals and conventional chemical processing
techniques. Green chemistry has been made a great impact on the textile industry to
overcome these issues. Green reactions are sustainable, eco-friendly, clean, more effi-
cient, and steady under atmospheric conditions, use of harmless solvents and reduce
the auxiliaries, bio-processing, environmentally-safe developed, effective process-
ing, reduction of toxic chemicals, the recovery and as well as the reusability of water,
chemical and textile. This chapter is mainly focused on the green chemistry in textile
to reduce environmental hazards and health problems associated with chemicals and
process in techniques used in textile industry.

Keywords Textile industry + Hazardous chemicals - Sustainable
Eco-friendly and green chemistry

1 Introduction

Currently, our environmental worries are increasing predominantly due to people
achieve chemistry in various techniques. In general, biochemical processes con-
tain components including carbon, nitrogen, hydrogen, sulphur, oxygen, iron and
calcium. These components are abundantly available in the environment. Indus-
tries collect these components from approximately each place and spread them in
approaches natural processes certainly not may possible. The component like lead,
for instance, obtained widely in sediments very insulated which feature not ever
closed it inside organisms. However, in recent times, lead is in all places, mainly
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in paints, cars, and computers [1]. Several novel artificial molecules in pesticides,
plastics and medicines are very dissimilar against the yields from natural chemistry.
The sustainability measure has been established nearly all over the world, especially
in industries. The present chapter has been explained clearly about the green chem-
istry in the textile. Nowadays, a number of sustainable textiles are developed and
design by various fashion companies to protect environment from toxic solvent and
techniques [2].

2 Green Chemistry

Generally, the green chemistry is the creation, design, and use of chemical prod-
ucts and method either to intentionally minimize or to avoid the formation and
usage of toxic materials. It has been also defined as environmentally benign chem-
ical synthesis. The major goals of green chemistry are to minimize toxic effect to
human and environment through remodeling, man-made or synthetic methods, harm-
ful molecules, and manufacturing processes [3, 4].

2.1 Principle of Green Chemistry

Green chemistry is mainly focused on to avoid risks during the designing step. The
removal of risks from the starting of the chemical method has advantageous to human
health and the environment [5, 6]. Generally, green chemistry is clearly explained
by twelve principles and are described as following:

e It is enhanced to avoid waste compared to the handling of waste later it can be
produced.

e Man-made methods have to be developed for increasing the inclusion of entire
constituents used in the process.

e Whenever man-made methods are constructed for producing a product with minute
toxicity or without toxicity to protect human and the environment.

e Energy needs have to be identified and reduced for their financial and environ-
mental effects.

e Chemical products must be considered to maintain the efficiency of a process
through minimizing toxicity.

e Raw material or feedstock must be regenerate instead of depleting anywhere finan-
cially and technically possible.

e Unwanted derivatizations need to be avoided when practicable.

e Catalytic reagents are greater to stoichiometric reagents.

e Chemical products must be formed that could not endure in the environment and
collapse into harmless degradation products.
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e Analytical methods have to be established to permit in process monitoring, on
behalf of real-time, and control preceding to the production of harmful materials.

e The consumption of supporting substances including separation agents, solvents,
etc., must be formed needless anywhere probable and safe when utilized.

e Substances utilized for the chemical process should be selected to avoid explosion,
release, fire and chemical accidents.

3 Non-ecofriendly Material

Non-ecofriendly materials are including non-biodegradable organic material and
toxic substances, which can be unsafe to human and environment [7].

3.1 Non-biodegradable Material

Generally, non-biodegradable materials are not easily destroyed by microorganisms,
so they do not have biochemical oxygen demand (BOD) [8]. They have only oxygen
demand when they act as a chemical agents. BOD is commonly explained as the
quantity of dissolved oxygen required for aerobic biological organisms available in
water to collapse organic materials existing in a particular specified water sample
over a period of time at a specific temperature. BOD value is usually measured in
milligrams of oxygen utilized per liter of a sample in 5 days of incubation time at a
particular temperature (20 °C).

3.2 Hazardous Chemicals

Hazardous chemicals are commonly called as a physical hazard which implies that
it is confirmed that the specific material can create chronic or acute health effects to
human. Health hazard contains carcinogenic or poisonous chemicals can affect skin,
eyes or mucous membranes and lungs. Based on the chemical behaviour, hazardous
materials are classified as oxidizers, flammable and combustible materials and cor-
rosive or reactive materials, however probably depends on toxicity [9]. Hazardous
materials may be mostly categorized into two types including toxic heavy metals and
volatile organic compounds (VOCs) [10]. Heavy metals are the category of the met-
als with atomic number (in the range of 22-34 and 40-52), and the specific gravity
of elements including lanthanide and actinide series are 4 to 5 times larger compare
to water. With respect to toxicity, the variation of metals is mainly based on the
chemical properties metal and their combinations and based on the biological prop-
erties of microorganism at hazard. Some of the health hazards associated metalloids
and metals are such as cadmium (Cd), lead (Pb), mercury (Hg), chromium (Cr), and
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arsenic (As). These heavy metals can pass into the human body by air, water, and
food otherwise through the absorption via the human skin, which has many form-
ing lipid-soluble organometallic compounds that have a tendency to bioaccumulation
within the cells and organs, in this manner damaging their functions. Volatile organic
compounds (VOCs) are called as organic chemicals having the high vapour pressure
in typical atmospheric condition. Due to the high vapour pressure, the huge number
of molecules are evaporated and entered the surrounding air. For instance, the boiling
point of formaldehyde is —19 °C, so that will evaporate steadily if it is not taken
in a completely closed container. Naturally and synthetically forming chemicals are
harmful to human and environment. They may develop various health problems like
a headache, eye irritation, nausea, throat and nose irritation, kidney damage, liver
damage and central nervous system (VOCs) problem [11].

4 Designing Safer Syntheses

4.1 Green Solvents

Green solvents or bio-solvents are solvents that can be obtained by the processing
of agricultural crops. These solvents are substitute to conventional solvents utilized
in the chemical processes and will be the new idea to minimize the environmental
impact [12]. The advantages of green solvents are given as follows:

e Non-carcinogenic in nature

e Corrosive resistant

e Biodegradable

e Non-ozone depleting

e Excellent solvent properties

e Formed from renewable resources

Examples of green solvents are such as bioethanol, ethyl lactate, polyether, diba-
sic ester, terpene, organic acid and the siloxane polymer. Bio-solvents are generally
derived from renewable resources like the production of ethanol through fermenta-
tion of sugar-comprising feedstock, lignocellulosic substances or starchy substances.
These are alternative of petrochemical solvents that can minimize the emission of
CO, into the environment [13-16].

Ethyl lactate is one of the green solvent, which is produced by using corn. It is
also called as the ester of lactic acid. Generally, lactate esters solvents are utilized
in different industries including coating and paint manufacturing industry due to
its advantages such as completely decomposable, ecofriendly, non-ozone depleting,
non-corrosive, non-toxic, and recyclable. Ethyl lactate is mostly a solvent in the
coatings industry because of its high boiling point, high solvency power, low surface
tension and low vapor pressure. It is used as a coating solvent for polystyrene, wood,
and heavy metals and furthermore used as a paint stripper and graffiti remover.
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Instead of solvents like NMP, xylene, acetone, and toluene, ethyl lactate has been
used in the workplace to create a safer environment. For the polyurethane industry,
it is used as an effective cleaner, which can able to dissolve an extensive variety of
polyurethane resins due to its high solvency power. Ethyl lactate has been used to
wash a wide range of metal surfaces, powerfully eliminating solid fuels, adhesives,
oils, and greases.

Other supportive research areas in the substitution of the application of VOCs in
the industry have the application of ionic liquids and supercritical carbon dioxide
used as alternative solvents.

Supercritical fluids (scCO;) are most widely used as a green solvent for several
applications. For example, in polymer processing, scCO, is used instead of CFCs that
can minimize ozone depletion [13]. But, scCO2 are also having some disadvantages
and are as follows:

e High investment costs;

e Needs to be taken of the safety aspects of the scCO, equipment; and

e CO; losses into the atmosphere during its operation so the process is not completely
environmentally harmless.

Super critical carbon dioxide is having properties among that of a liquid and a
gas. It can be broadly used as a dry cleaning solvent, which is very easy to remove
after a reaction due to its volatility.

Ionic liquids (ILs) are salts in the liquid state that entirely composed of ions.
Consequently, melted sodium chloride is generally an ionic liquid although a mixture
of sodium chloride present in water is called an ionic solution or a molecular solvent.
The common solvents like water, benzene, and ethanol etc., are commonly calling it
as molecular liquids whether polar or non-polar. A new group of liquids named room-
temperature ionic liquids (RTILs) generally salts which are the liquid over a broad
range of temperature and melt below about 100 °C. In general, RTILs is comprised
of ions and they act variously from molecular liquids, if they are utilized as solvents.
Nitrogen-comprising inorganic anions and organic cations are the major constituents
in RTILs. The most generally considered systems have imidazolinium, phosphonium
or tricapryl methyl ammonium cations, as well as changing heteroatom functionality
[14]. These RTILs are regarded as a green reaction media as they are low-viscosity
liquids with certainly not calculable vapour pressure and high thermal stability. They
are greatly conductive and have better dissolving power for an extensive range of
organic and inorganic compounds. Ionic liquids are used in four major areas such as
chemical synthesis, catalysis, electrochemistry, and separation science. Ionic liquids
have formed specific scientific interest in phase transfer catalysis and separation
or extraction technologies. They can give considerably to green chemistry and the
advance of green technology but they contain some disadvantages. The disadvantages
of the ILs are explained as follows:

e More toxic compare to other solvents.

e Energetically and economically costly during the preparation these solvent from
raw materials.

o Difficult to separate ILs from solutes.
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4.2 Catalysis

In general, green chemistry can be divided into three major areas and are as follows:

e Alternative synthesis methods,
e Alternative reaction conditions and
e Alternative chemicals-nontoxic or less risk.

Catalysis leads a major role in the green synthesis, although it’s a significant
research field in its own right. It can assist not only to form chemical processes
greener also to minimize the production cost and environmental effect.

The major objectives of catalyst development come together by way of the prin-
ciples of green chemistry:

e Make a quick, lifelong, and greatly choosy catalyst that functions in mild con-
ditions. As a catalyst it redeveloped afterward a reaction, single molecule of a
catalyst can achieve various conversions.

e To obtain great yields after a reaction, rather, simply a little quantity of catalyst
required.

Usually, for carbon-carbon bond-forming reactions, transition metals such as plat-
inum, palladium, and ruthenium are used to prepare catalysts. But, in the meantime,
these metals are very costly and available in the small amount in the Earth’s crust.
Sometimes, to control the selectivity of a reaction, big ligands are essential for the
catalysts that can be measured wasteful as said by the green chemistry principles
[4]. Hence, investigators try to develop the similar functionality of these catalysts
besides an easily obtainable and green metal: iron. This green metal (iron) catalysts
can be used an extensive variety of cross-coupling reactions, however, a lot of those
reactions need inflammable Grignard reagents. Another side, the iron catalyst may
form an alkylsilane which can be applied in shampoo and to become softer denim
along with better selectivity and activity compared to platinum catalysts.

A new specific research area is nanoscience that can deliver visions to develop
green metal catalysts also. Acid catalysts with silica can minimize the liquid waste
made in neutralizing and quenching a reaction. Gold-palladium nanocatalysts may
produce hydrogen peroxide, a supportable oxidant to the green chemistry. Catalysts
enclosed to magnetic nanoparticles are simple to create, segregated and reprocess
the catalyst later a reaction. Some kinds of catalysts may decrease hazards. Phase
transfer catalysts (frequently ammonium salts) bring an insoluble reactant among
the aqueous and organic phases in a mixture. Tetra butyl ammonium bromide can
be used to catalyze the shift of a chloride through a cyanide ion. Heat released
during the reaction, however, scientists may try to control exotherm and avoid a
temperature spike using governing the stirring speed. Enzymes are generally utilized
as catalysts in various industries, predominantly in the pharmaceutical industry;
subsequently, they perform at atmospheric temperatures and pressures in water. The
three-step enzymatic way to the significant chiral building block employed to create
the effective constituent for the cholesterol-lowering drug Lipitor. More than 90%
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isolated products, the desired intermediate is produced by the enzymatic process.
In whole process, an E-factor is 5 times lesser than a representative pharmaceutical
constructed with the green chemistry principles. However, compare to chemical
catalysts, biocatalysts are not basically “greener”. Enzymes are also used in the
paper industries. It can be used to produce a stronger finished product and also let to
improve production.

4.3 Green Chemicals

The ecosphere is a closed system using the minimal resources of energy and raw
materials and poor capability to accumulate or assimilate the contaminants. Hence,
abandoned use of the water, air, and resources may lead to irreversible degradation
and even global catastrophe. The improvement of environmentally-enhanced ways
and the creation of green chemicals are two sides of green chemistry.

Green chemicals must endure the following measures:

e Produced from easily presented and sustainable resources using ecofriendly pro-
cesses.

e Minimal tendency to sustain fast, powerful, changeable reactions including explo-

sions which may affect the environment and human.

Lesser toxicity and non-toxic.

Non-flammable or poorly flammable.

Biodegradable.

Minimal tendency to endure bioaccumulation in food chains in the surroundings.

Dichlorodifluoromethane is the minimum toxic synthetic compounds and is not
green since it is very steady and remaining in the atmosphere. It may be source for
stratospheric ozone destruction. Hydrofluorocarbons and hydrochlorofluorocarbons
are greener substitutes, which is not last long if discharged into the atmosphere or
is not have ozone-damaging chlorine. Stable bonds provide persistence and ultimate
cause environmental harm. Sodium stearate is a green compound that can be pro-
duced by reacting by-product animal fat using sodium hydroxide, which is made
through passing an electrical current via salt water. Sodium stearate and calcium in
water are reacted to produce calcium stearate. This calcium stearate is non-toxic and
biodegradation.

4.4 Greener Energy

Energy conservation is the best approach to achieve a green environment by con-
suming a lesser amount of resources. The processes including heating, cooling, stir-
ring, distillation, separation, compression, pumping etc., need energy in the form
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of electrical energy that can be achieved by fossil fuel burning. During this pro-
cess, carbon dioxide discharged into atmosphere that may cause global warming.
Green chemistry has been important in emerging the alternatives for energy gen-
eration (photovoltaics, bio-based fuels, hydrogen, fuel cells, etc.) besides to keep
the route on the way to energy effectiveness using catalysis and product layout at
the forefront. Carbon dioxide is a greenhouse gas (GHG) which is a major concern
due to human activities leading to a gradual rise in the atmospheric carbon dioxide
level [17]. This recommends that may ultimately change the global climate. Fossil
fuel burning is the main supplier to the global emissions. From the green chemistry
approach, the combustion of renewable fuels is generally highly needed compare to
the combustion of fossil fuels. The biodiesel is the renewable fuel, which is formed
from plants oil, for example, soya-beans. It is produced from fats imbedded in plant
oils through eliminating the glycerin element that can be a useful resource for the
soap manufacturing. The burning of biodiesel will not produce sulfur elements and
commonly will not raise the quantity of carbon dioxide present in the atmosphere.
Biomass is biological substance from dead or freshly active organisms, like wood,
waste, alcohol fuels, and forest residues. It is commonly the plant material grownup
to generate electricity or heat. As much as promising fossil derived feedstock should
be replaced and regenerating feed stocks. The biomass is also used for production of
petroleum, solvents and chemical compounds.

4.4.1 The Advantages of Green Chemistry

The advantages of approving green chemistry are as follows:

e Improved incomes by conserving solvents, energy, reagents, waste, increasing
production, disposal expenses, and human resource expenses.

e General application of any industrial process contains basics specifically sol-
vents, raw materials, separation/decontaminations, and chemical reactions using
the green chemistry.

e Green chemistry frequently stays unchanged for extended periods of time.

e Innovative separation methods like carbon dioxide extraction, evaporation, phase
separation, reforming by-products into new products minimize waste production,
and membrane separation. But, an absolutely green process is not be truly green
unless used in correct conditions [16, 18].

4.4.2 Challenges in Green Chemistry

The challenges in the green chemistry have been explained as given as:

e The recognition of recyclable feedstock, rather non-food plants and its complete
transformation to valuable yields.

e Reactions containing lesser ecological impact as the application of sustainable
organic catalysts.
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e Manufacturing reactors and processes possessing highest efficacy and lowest waste
generation.

e Yields of lowered harmfulness and better biodegradability.

e Phasing out of the flammable, toxic and volatile solvents contaminating atmo-
sphere and estimation of cleaner solvents as substitutes.

5 Textile Production and Contamination

In worldwide, the textile industry is the one of the harmful industry. The consumption
of rayon in the textile industry for clothing that destroy forests rapidly. Petroleum-
based synthetic dyes and fiber are non-biodegradable and unsustainable. For cotton
production, huge amounts of herbicide, fertilizers and pesticides are required.

5.1 Water Utilization

In the textile industry, generally, the large amount water is consumed in wet pro-
cessing of cellulose fibers for every year. If the usage of water can minimize in
wet processing, then that the recovered water can be used for people and also for
some other purposes. In dyeing process, water can be saved by various ways and are
explained as follows:

e Recover and reuse dye house water

e Optimize the washing and soaping processing
e Minimize the reprocessing

e Minimize the liquid ratio.

5.2 Pollution Problems in the Textile Wet Processing

Several environmental problems are arising in each step in the textile wet processing
and are explained clearly as:

e Chemical based wet processing including bleaching, scouring, mercerizing, print-
ing, dyeing etc.

e Utilization of metals noticed in dyestuffs supplementary and binding.

e Remaining dye caused by low dyes fixation and chemicals present in effluent
wastewater.

e Formaldehyde observed in the resins, dispersing agents, colorant fixation, and
printing paste.

e Use of polyvinyl chloride (PVC) and phthalates in plastisol printing paste.

e Dye effluent wastewater problem.
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Chemicals utilized in textile processing can be separated from effluent wastewa-
ter by using membrane technology. The major complicated contaminant in effluent
wastewater is the dyestuff. Dyestuffs are generally not decomposed in chemicals,
water, and light. But, they can be degraded in water by using some treatments tech-
niques (physical, chemical, and biological approaches). The oxidative process is one
of the treatment process, which is used to decompose the dye molecules. In this pro-
cess, hydrogen peroxide and water are mixed and activated by using ultraviolet light
to oxidize the dyestuff. But, in this process, poisonous sludge is produced, which is
need to be disposed or destroyed by incineration.

5.3 Green Chemistry in Textile Industry

The life cycles of clothing and textiles become unsustainable by the following five
issues and are

e Utilization of water—the textile production is considered by the intensive con-
sumption of water and the broad spectrum of processing chemicals. Thus, textile
industrial effluents are described by great chemical oxygen demand (COD) and
the existence of non-biodegradable constituents like pigments dyes and recently
created sizing polymers. The incidence of heavy metals may also come across in
several situations.

e Consumption of non-renewable energy in textile production—non-renewable
energy resources are underrated and are consumed non-regulatorily. The biggest
environmental impact of textiles happens during their usage by consumers (in the
range from 75 to 95% of overall environmental impact) and is mostly accounted
for the consumption of electrical energy to boil water for running laundry and to
dry materials after laundering.

e Consumption of chemicals—the herbicides and pesticides in agriculture and the
toxic chemicals in production are consumed uncontrollably.

e Waste generation—an enormous amount of wastes are generated. Non-renewables
are not to be and renewable and recycled, which is needed to be composted as much
as possible.

e Energy usage for transport—it can be used to take advantage of inexpensive labor,
land etc. the production units are distant from consumer place subsequent use of
unnecessary non-renewable fuel in transport.

The success of distributing sustainable textile products is reduced if it is packed
with the enormous quantity of plastics and layers of foam. Recyclable and envi-
ronmentally friendly packaging materials will increase the sustainability of the
products. In textile and paper industries, energies are produced to advance greener
approaches that effect to the reduction in water, energy consumption, and textile
processing time [19].
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5.4 Greener Fibers

Cotton has been utilized approximately 38% of the globe’s textile consumption. It
is extremely exposed to pests, particularly in wet places. Though the production of
cotton is controlled to 2.4% of land, 25% of insecticide and 11% of pesticide are
used for cultivation. To produce one kg of cotton fiber, 7000-29000 L of water is
also required for this ‘thirsty’ crop [20]. Organic cotton is typically identified as cot-
ton that produced by non-genetically-modified plants. To protect organic integrity,
whole post-harvest processing, storage, and transport of organic cotton fiber products
must be separated from conventional cotton fiber and must not come in contact with
banned materials or other pollutants. The treatments must be adequately achieved
with natural dyes, pigments, chemicals, and enzymes. ‘Organic linen’ is prepared
from flax fibers grownup with no the consumption of harmful pesticides and fertiliz-
ers. Even though wool is an organic fiber, conventional wool production is usually not
identified for its eco-friendliness. In general, the wool has been formed in a natural
and green technique.

Lyocell has been formed through regenerating cellulose in an organic solvent (N-
methyl morpholine-N-oxide (NMMO) hydrate). This risk-free, eco-friendly NMMO
solvent consumed is entirely recycled. The fiber is suggestively highly viable com-
pared to oil-derived synthetic fibers and natural fibers like cotton. For cotton produc-
tion, large space is required than the eucalyptus trees, from that lyocell is formed.
Ionic liquids are used to simplify the process of regenerating the cellulose that acts as
the solvent and may be almost completely recycled. A really green ionic liquid can be
essential to be sustainable, simple and clean to make, toxic free and biodegradable.

Bamboo fiber has specific and natural functions of anti-bacteria, deodorization,
and bacteriostasis. Similar chemical antimicrobial, it is not causing skin allergy.
The bamboo fibers are obtained to be softer so they can take dye to deeper shades
compare to cotton and having natural antimicrobial properties. Bamboo can grow
without pesticides, therefore, is more eco-friendly than cotton and some other fibers.
The huge amount of adipic acid (HOOC (CH;)4COOH) have been consumed for
the making of nylon, plasticizers, polyurethanes, and lubricants. In the conventional
method, this adipic acid is formed from benzene, which is carcinogenic nature. A
green synthesis technique has been developed to produce the solvent like adipic acid
by using a less harmful substrate. Moreover, the natural resource of this raw material
(i.e.) glucose is almost inexhaustible. This glucose is generally altered to produce
adipic acid using an enzyme found from genetically modified bacteria. This green
way of production safeguards the human and the ecosystem from dangerous chemical
compounds.

Polyurethane polymers are tremendously significant and useful materials having
several applications in textile, surface and foams coatings, elastomers and adhesives.
The polyurethane polymers are synthesized by avoiding or reducing the necessity for
hazardous diisocyanate. A sequence of polyurethanes depends on bis-carbamate diols
was synthesized by the Candida Antarctica lipase B to catalyze the polyesterification.
Various polyurethane polymers have been produced based on diamines for which no
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diisocyanate occurs. The production of synthetic polymers utilizes the huge amount
of petroleum for raw material, and natural and synthetic polymers form the big
portion of solid waste. Because of this reason, it is needed to form both polymers and
to produce and consume polymers which will biologically degrade while discarding.
An enormous food products; range of polymers like cellulose present in cotton and
wood, protein in wool and silk, and lignin in wood are available in nature. Except
lignin, these polymers are formed and also degradable by organisms like particularly
fungi and bacteria.

5.5 Bio-polymers

In recent year, the biopolymers or plastics is, produced by corn, starch sugar, and
some regenerating resources. Firstly, soy plastics have been used to make several
car parts. Cargill Dow’s superb also familiar technology utilize corn for synthesizing
polylactic acid. It utilizes up to 50% fewer fossil fuel compared to conventional PLA
production processes by petroleum-based feedstocks. It will not yields any harmful
wastes, and its final yields are sustainable and biodegradable [21]. Polylactic acid
(PLA) is fabricated into fibers, films, and rods due to its great strength which is
completely biodegradable and compostable, and then they destroy within 45-60 days.
Corn husks from corn plants are cleaned and are cut to produce fibers using suitable
processing. The properties and structure of corn fibers are same like the natural fibers
such as linen and cotton. Cornhusk fibers properties including greatest softness,
adequate strength, high elongation, durability, and high moisture recover can offer
distinctive properties to yields formed by corn fibers. The numerous advantages likely
to industrial constituents, agriculture, the environment and energy utilizing corn fibers
are projected to produce these corn fibers desirable over the presently obtainable
natural and synthetic fibers. Natural polymers include the polyhydroxyalkanoate
(PHA) esters (alkanoates). They were obtained through fluorescent Pseudomonads
and some bacteria that form and save them as stock of carbon and energy. Nowadays,
these natural polymers have been produced from genetically engineered plants and
are entirely biodegradable.

Polycaprolactone (I) is one of the thermoplastic polymer produced from ring
opening polymerization using caprolactone (monomer). This polymer is same as
PHAs and completely biodegradable, however, degrades at a lesser ratio than PHAs.
It is mostly applied in polymer mixture or as a matrix for decomposable composite
material due to its lesser melting temperature about 60 °C.

Electrospinning is the effective technique to the spread of biodegradable fibers,
particularly, for the manufacturing of nonwoven biodegradable textiles. The electro-
spinning depends on organic solvents for the mixture of polymeric materials, but in
a meantime, many biopolymers are insoluble in organic solvents. Thus, they are not
able to form electrospun by conventional methods. Non-volatile room temperature
ionic liquids (RTILs) can give a ‘greener’ processing substitute via reducing the
discharge of toxic volatile compounds into the environment. Polyester fiber is non-
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biodegradable polymers that create environmental difficulties. Two general forms of
recycled polyester specifically:

e Easily melted and re-extruded to produce fibers and

e A multi-stage de-polymerization and re-polymerization to provide superior feature
yarn. But, the recycled polyester yarn is not superior compared to virgin polyester
and not easy to obtain color stability, mainly in pale colors.

5.6 Recycled Textiles

A large amount of the painfully done textile stocks are discarded, fired or buried
releasing ozone-releasing methane gases after usage. When the fibers are not burned
completely, air-borne particulates are released because of partial decomposition of
the material affecting asthma. The textiles are almost 100% recyclable and are not
wasted in textile and apparel industry. They are recycled in the textile recycling
industry, which are the old and best recognized recycling industries in the world.
The recycled textile material can be used in garments. The classifying groups of
textile recycling based on volume are denoted in a pyramid structure. The peak of
the pyramid is denoted by ‘Diamonds’ (1-2%) that contain the great value due to
their traditional quality. Polyester fiber is a non-biodegradable polymer that makes
environmental problem [22].

5.7 Greener Dyestuffs and Auxiliaries

The ecofriendly or green methods are achieved by:

e Removal of dangerous azo dyestuffs.

e Alternate production of sustainable products.

e Examine ecological resource of natural dyes. Generally, they contain poor to mod-
erate light fastness.

e Simple degradable dyes: Majority of the synthetic dyes are very difficult to degrade
and eliminate during effluent treatment. The assimilation of the hydroxy group in
the di-(tri) arylmethane dyes in ortho position to the central carbon are so simple
and valuable oxidation of the dye via dissolving H,O, at sufficient pH under
the great catalytic effect of chloride anion composed with methyltrioxorhenium
MeReO3; (MTO) [23].



66 P. Senthil Kumar and E. Gunasundari

5.8 Biodegradable Surfactants

Fresh sustainable and biodegradable surfactants have been made by way of reacting
dextrins along with fatty acids and their derivatives. They have vastly required physi-
cal properties such as good wetting and whitening ability, low foaming, and outstand-
ing biodegradability. Recently, solvosurfactants are resulting from glycerol, a renew-
able material from biodiesel. They have equally surfactant and solvent properties,
which are generally used in degreasing, perfumery, coatings, and inks. Alkylphe-
nolethoxylates (APEs) or APEO have been extensively used for emulsification of
hydrophobic liquids otherwise in the dispersion of hydrophobic particles such as
colorants, fats or resins present in water. Further interests, nonylphenolethoxylates
(NPE) is degraded in biological way to produce NP(EO)1-3, a recalcitrant and enor-
mously fish poisonous metabolite, however biodegradation of green substitutes such
as alkyl polyglycosides or fatty alcohol ethoxylates result in the fast and whole
biodegradation mechanism important to the end which polyglycolethers and polyg-
lycosides of fatty alcohols and their sulphates, sulfosuccinates or phosphates use a
whole base set of green surfactants [24].

5.9 Greener Preparatory Processes

Various greener preparatory processes are explained as follows:

e Cleansing of cellulose using extraction with ionic liquids and carbon dioxide.

e Replacement of chlorine bleaching with non-contaminating oxidant, hydrogen
peroxide.

Great temperature water extraction of lignin.

Removal of ozone-depleting chemicals like carbon tetrachloride.

e Carbon dioxide-based dry cleaning.

5.10 Photo Bleaching

Using a selective photolysis of the dyed compounds, the cellulosic fabrics have been
bleached successfully with many excimer lasers (such as XeF, KrF, and XeCl), a
black-light fluorescent lamp, and a low-pressure mercury lamp in the existence of
sodium peroxocarbonate (Na,CO31.5H,0,) or combinations of hydrogen perox-
ide aqueous solutions and sodium carbonate at room temperature. It is an effective
process than the thermal bleaching processes when a XeF excimer laser or a black-
light fluorescent lamp is used. Sodium borohydride (NaBH4) provided the greatest
bleaching efficiency [25].
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5.11 Bio-processing

Bio-processing are mainly based on enzymes and their usage in textile production
are explained as follows:

e Enzymatic Desizing is mostly carried out by using amylase bacteria.
e Enzymatic bio scouring is performed by lipase/cellulase enzyme. In this operation,

only 30% of water conserved and 60% of energy used, minimum fabric weight
and strength loss, improved cloth property and dye brightness.

Enzymatic bleaching is the process used for the elimination of H,O, conserves
energy, water, reduce process cycle, improve the biodegradability, and stable
bleaching effect, and avoids toxic chemicals.

Biopolishing and enzymatic based softeners (Cellulose) etc., produces a gentler
hand-feel, dirt free surface, improves shine and minimizes pilling.

Bio-Stone Washing is carried out with a special cellulose enzyme as an alternative
to pumic stones. Cellulose performs by the way of releasing the indigo dye on
the surface of denim and this process is called as ‘bio-stone washing’. A minor
quantity of enzyme has been enough to exchange numerous quantity of pumice
stones. The minimum amount of pumice stones consumption are not cause as
much of damage to the garment and machine.

Decolorization of dye effluent from textile processing is carried out using enzyme.
In general, Laccase enzymes made from fungi such as Trametes Modesta. Fungi
are most commonly used for dye decolourization in effluent treatment that will be
the main factor for environmental concern [26].

5.12 Greener Dyeing Processes

Greener dyeing processes are obtained by the following enhancement and are as
given as:

Optimize dyeing processes to minimize water, energy, electrical power, steam
consumption and process time.

e Optimize dye/chemical expenses.
e Remove reprocessing and shade correction.
e Fast dyeing techniques for polyester developing the improved design of dyeing

machines and right dyes.

Reactive dyeing: The dyeing of cationic cotton is more eco-friendly. For this
dyeing, alkali and salt are not required and it can be dyed at reasonably low tem-
peratures with reactive dyes. Cationising agent such as 3-chloro-2-hydroxypropyl-
trimethylammonium chloride or copolymer of diallyldimethylammoniumchloride
and 3-aminoprop-1-ene and copolymer of 4-vinylpyridine quaternised with 1-
amino-2-chloroethane is used.

Sulfur dyeing: The replacement of harmful sodium sulfide along with nontoxic,
biodegradable, economical reducing sugars.
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e Right-First-Time dyeing: In this dyeing, the inspection stage is eliminated to a
major conservation. RFT processing in the dyeing process is achieved when twenty
factors are monitored or controlled.

e Various savings are probable by computerization in textile dyeing and printing
and are as follows: Process control can be used to save 10-30% of water and
energy along with 5-15% saving in dyes and chemicals. 5-10% of dyes, pigments,
and chemicals are saved by auto-dispensing. Computer-controlled weighing and
stock-taking are worked to save 10-15% of colorants, and chemicals. Dye color
measurement and matching are used to save 30—40% of dyes and pigments.

The novel greener coloration technologies are used in the textile industry to
improve sustainability. In batch wise dyeing, poly-functional reactive dyes are used
to achieve about 90% dye fixation on cellulosic fibers. Chemical-free denim pro-
cessing can be used in textile production to achieve sustainability. Cold pad—batch
dyeing processes reactive dyes that keep a reawakened interest. Cool trans cold trans-
fer printing process: in this process, reactive dyes are moved from printed paper and
fixed at room temperature by the cold batching method on pretreated viscose, cotton,
silk, and linen. Water energy are consumed in less quantity in this printing process.
Laser technology has been an interesting technique in the textile industry, which can
be involved to destroy by fire the dyed denim fabric surface or a couple of jeans on
a mannequin to reproduce an original worn appearance. It is very fast (i.e.) less than
15 min required to process a pair of jeans [27].

5.13 Supercritical Carbon Dioxide (scCO;) Dyeing

A supercritical fluid has properties of gas and liquid and comprises of a constituent
beyond its supercritical pressure and temperature. The supercritical fluids can accept
properties intermediate in the middle of a gas and a liquid rising to fill up its vessel
such a gas however accompanied by the density of such a liquid. Carbon dioxide
(scCO,) has been most frequently used as a supercritical fluid due to its fire resistance,
harmless and low cost. As a result of its sustainable as well as risk-free property,
it is the greatest supercritical solvent used in textile dyeing process. The CO, is a
remaining yield of fermentation, combustion, and ammonia production, therefore,
for dyeing, CO, is not particularly to be manufactured. The remaining dyestuff and
the CO,; are simply segregated through depressurization and are easy to reuse. During
this process, wastes are not generated and the energy-intensive drying is not essential
after dyeing. For instance, scCO; is a non-polar solvent, the dispersing agent is not
required during polyester dyeing. As the process works at 120 °C, high pressure
equipment require that results in high investment expenses. The supercritical dyeing
process was examined experimentally for both reactive and non-reactive dyeing.
An Excellent dye fixation on cotton dyed using supercritical carbon dioxide can be
reached by adding of mono fluorotriazine reactive dyes and less amounts of acids. A
washing step of the cotton after dyeing is not essential to eliminate unfixed dye. But,
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water-soluble dyes are inadequately soluble in scCO,. The dyeing is, so limited to
synthetic fibers using scCO, soluble disperse dyes. A two-step process was proposed
for cleaning of old silk textiles. The fibers and the textile structure were not physically
damaged [28].

5.14 Digital Ink-jet Printing

Digital ink-jet printing is one of the sustainable technology. It consumes minimum
water and generates minimum waste compare to the conventional process in the tex-
tile industry. It has some benefits such as small run printing, prototyping, experimen-
tation, and customization. Without contact, ink is sprayed directly through nozzles
on textile material in digital ink-jet printing. This technique is also called as non-
contact technology. Different color designs are printed on the surface of textile by
design data in a computer file. It is not easy to get the same color what we look at
the screen. Then, heat or steam is applied to cure the ink once printing is completed.
Various types of dyes used in the digital ink-jet printing are including acid dyes,
reactive dyes, disperse dyes, latex ink and pigment ink on the textile materials like
polyester, cotton, silk, nylon etc.,

5.15 Greener Finishing Agents

The greener finishing agent is mostly applied as crosslinking agents for DP finishes,
N-methylol agents or N-methylol amides in the class of formaldehyde reactants.
Formaldehyde is carcinogenic to animals. Various formaldehyde-free DP finishes
has been explained as follows:

e Cyclic accumulation of glyoxal together with NN/dimethyl urea.

e Polycarboxylic acids (PCA): the major disadvantage is the loss of tensile strength
because of acid-catalyzed cellulose structure cleavage. The main significant PCA
are citric acid (CA) and butane tetra carboxylic acid (BTCA). Sodium hypophos-
phite present BTCA offers the similar level of long-lasting press performance as
usual DMDHEU reactant, however it is rather expensive [29].

5.16 Nano Finish

Nanotechnology offers big specific areas that help a high level of functionality and is
greatly matching with textiles that also develop high specific surface area. Detoxif-
cation of textiles on industrial and domestic scales has a most undesirable ecological
impact in the textile life. Nano surface finishes are generally oil and water repel-
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lent, clothing and fabric stain resistants, self-cleaning, abrasion resistant, antistatic or
antibacterial with the resulting sustained the beneficial lifetime of fabric materials and
minimize the necessity of dry cleaning or washing. Some treatments may decrease
the requirement for ironing with resulting saving of energy and water. Nanocompos-
ites provide major advantages as flame retardant than conventional flame retardants.
Low concentrations of silicate are needed in nanocomposites, consequential in min-
imum density, less expense, and simplicity of formulation. The materials are more
biodegradable as the treatment adds no halogens, phosphates or aromatics. They do
not produce improved carbon monoxide and soot during combustion. Dispersion
of nanoclay into the polymer matrix suggestively increases properties of a poly-
mer, especially, the flame-retardant, mechanical, and thermal properties. Layered
silicates present in bulk polymer create a self-protective wall if exposed to heat.
The wall reduces fuel pyrolysis and as well as slows the flame temperature. But, the
fibers have high surface area and fuel-rich surface. The polymer nanocomposite can
be used in combination with lowered amounts of conventional flame retardants [30].

5.17 Green Composites

Green composites depend on natural (particularly plant) fibers and resins are pro-
gressively established for several uses as substitutes to the usual non-biodegradable
components resulting from petroleum. Plant based starches, proteins, and fibers are
renewable except petroleum. Furthermore, the green composites possibly will be
effortlessly composted later their lifetime, finishing nature’s carbon cycle. Flax yarn
reinforced cross-linked soy flour (CSF) composites are completely biodegradable
green composites that have been used in secondary and primary constructions in
interior applications [30].

5.18 Plasma Treatments

In plasma treatment, dry treatment is carried out by excited gas phase with negligible
consumption of water and low consumption of energy. The treatment may be used
for surface cleaning, ablation or etching, grafting, polymerization of the maximum
external layer of the substrate. In principle, plasma treatment can be carried on
all natural and polymeric fibers for the various uses such as desizing, alteration in
wettability, development of affinity and leveling character of dyes, anti-felting finish
of wool, wool degreasing and sterilisation of fabrics. Plasma treatment is a waterless,
sustainable technique, no waste production during wet-chemical processes. [31].
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5.19 Adsorbents

The biosorption is an effective technique for the retaining of cations or organic com-
pounds at minimum concentrations in aqueous solutions compared to the conven-
tional treatment with energetic consumptions. Cationised cotton is sometimes used
for the removal of anionic dyes from aqueous solution formed in the textile industry
as it is natural, inexpensive and renewable. Even though the sorption capacity of the
sawdust is not huge, experimental results offer favorable side for the consumption of
sawdust as bio-sorbent in decreasing pollution of textile effluents. Lignin, the third
important component of plant biomass (16-33%) after celluloses and hemicelluloses,
is an inexpensive natural material, available as a by-product from the pulp and paper
industry.

5.20 Coagulant

The chemical coagulation using alum and polyaluminium chloride (PAC) is used
for treating wastewaters before the biological treatment. Moreover, the chance of
Alzheimer’s disease caused by aluminum, the continuing effects of these chemicals
on human are unknown. To reduce these problems, biodegradable natural polyelec-
trolytes are take out from plant or animal life, which is the effective replacements
to manmade polyelectrolytes. Naturally forming gum, particularly Cassia angus-
tifolia seed is used an effective coagulant aid for both acid and direct dyes. This
gum can perform as a functioning alternatives, for synthetic chemical coagulants
like PAC [31].

5.21 Air Dye Technology

Air Dye technology governs the usage of dye to textiles with no water consumption.
The textiles manufacturing need various dozen tons of water for each pound of
clothes. This process utilize air in place of water that support the dyes diffusion. Low
energy for this process compares to old-style methods of dyeing. There is no water
pollution in the color application. Thus, dangerous waste is not released and water
is not wasted.

5.22 Eco-label

Eco-labels have developed as a main tool in marketing to more knowledgeable and
‘green’ consumers. Labels are voluntary declarations and are a clean attempt to set
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new ‘standard’ for label textile products. These aim at developing the market with
greater environmental protection fulfilling consumer expectation towards reducing
environmental and social impacts. Eco-labels are essential to develop a sustainable
and a trustworthy textile industry. Examples of a few eco-labels are Oeko-Tex Stan-
dard 100 and Global Organic Textile Standard used globally, Blue Angel, Green Seal,
Eco-mark etc., [31].

6 Conclusion and Future Trends

The attention of the green chemistry and clean technology will progressively make
possible to increase environmental friendly manufacturing systems. “Just-in-time”
production may reduce transport and storage complications in small and intensive
factories exchanging the heroes of the 21th century. The future challenge is needed
to understand dangers such as weak financial environments, climate change, fluc-
tuating buyer activities, resource insufficiency, weak financial conditions, changing
consumer behavior etc., and get appropriate actions to protect its future, safeguard
environment increase the survives of its people all around the world. Observing
more advanced, we may believe to get several chemical factories gaining benefit
of local sources like catalysts, feedstocks, reagents, etc., also it is relatively achiev-
able, as transportation turn out to be a major issue, which production will be mostly
in response to regional requirements rationally than worldwide market prospects.
Therefore, green can be the most modern fashion in the planet, as technique is con-
tinuously developing and, as a significance, publics, inventers, and industries come
to be more eco-conscious.
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Chapter 4

Bioremediation: Green and Sustainable Gouck ko
Technology for Textile Effluent

Treatment

Lugman Jameel Rather, Sabiyah Akhter and Qazi Parvaiz Hassan

Abstract In recent decades, textile industrial sectors are getting increasing interest
worldwide in global contest due to the diverse and changing world market condi-
tions in terms of price, design, ease of handling, durability, and product safety. The
increasing ecological and health concerns related to the use of large amounts of dyes
(Synthetic as well as natural) in textile industries to counter the growing demands of
people lead to the design, development and establishment of new dyeing strategies;
and technologies in addition of reducing the load of effluents in wastewaters. Textile
industrial sectors and its associated wastewaters have become an increasing cause
of main sources of severe pollution worldwide. The effluents produced from these
textile wet processing industries are very diverse in chemical composition, ranging
from inorganic finishing agents, surfactants, chlorine compounds, salts, total phos-
phate to polymers and organic products. Most of the techniques used for removal
of dye effluents from wastewaters were physico-chemical methods which are costly
and cause an accumulation of concentrated sludge. Hence there is need to develop
alternative treatments plans and strategies that are are cost effective and environ-
mentally benign. In this paper authors review the advancements in eco-friendly and
sustainable technologies used for minimizing the negative environmental impact of
wastewater from textile sectors by biological and combination systems.
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1 Introduction

Rapid industrialization and urbanization of modern industries result in the contin-
uous discharge of large amounts of wastes/effluents to the environment. However,
colored effluents from textile industrial sectors and associated wastewaters have been
increasing at a high rate, contributing the world wide pollution significantly. In gen-
eral colored substances/effluents and in particular synthetic azo dyes are undesirable,
not only because of their color, but also because the secondary byproducts of azo dyes
are toxic and/or mutagenic in nature [1-3]. In textile dyeing processes considerable
amounts of dyestuff (Natural and synthetic) are discharged with the effluents and
are currently representing a major ecological concern. Depending upon the limits of
dye concentrations in water bodies (1 ppm in the UK) most of the physico-chemical
techniques used would require a reduction of the dye concentration by up to 98%
[4]. The chemical structures of dye molecules are designed to resist color fading to
UV radiations, chemical attack and quite resistant to microbial attack.

Use of synthetic dyes after second half of 19th century has increased because of
their cost-effectiveness and wide range of available shades with much better wash
and rubs fastness results [5, 6]. However, adverse growth effects on methanogenic
bacterial cultures have been reported with azo dyes and this toxicity corresponds
mainly to azo functional group rather than to their secondary byproducts (Primary
aromatic amines) [7-9]. A wide variety of bacterial isolates and helminthes are
reported to cleave chromophoric groups of azo dyes aerobically as well as anaero-
bically in the human intestinal microflora [10, 11]. More than 100 L of water are
currently consumed during processing and finishing of 1 kg of textile material [12].
Thus, there is a huge demand for new environmental friendly effluent recycling tech-
nologies/strategies to reduce wastewater problems. However, biological treatments
techniques/strategies are much cheaper and easier to operate and have become the
main focus for dye degradation and decolorisation in recent studies. Wastewater
form textile industrial sectors can be reused for preparation of dyeing baths through
microbial or enzymatic dye degradation processes [13]. Due to high specificity of
enzymes decolorisation processes, valuable dyeing additives and fibers remain intact
and the main target are chromophoric groups of dye molecules. Both bacterial, fun-
gal cultures and specific enzymes are having high potential and bright future in the
treatment processes of colored effluents in the textile industry [14].

2 Modes of Bioremediation

The term “bioremediation” covers a wide range of biological and combination pro-
cesses that use natural resources to control wastewater pollution problems. Xenobi-
otics, mainly consists of aromatic rings substituted by electron-withdrawing groups,
are of anthropogenic origin which displays high persistence in the ecological ecosys-
tems [15]. To reduce toxicity levels, several remediation techniques have been used
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Fig. 1 Different modes of bioremediation

in recent past such as microbial degradation (bacteria and fungi), phytoremedia-
tion (plants which involves several biological mechanisms), and enzyme remedia-
tion (specific enzymes) to degrade pollutants/colored substances. Biological systems
have to be designed in such a way that the dye under such systems should prefer-
ably be complexly degraded along with decolorisation. Due to these requirements,
there is currently no simple solution but combination of bacterial and enzymatic
cultures (mixed cultures) can be effectively used for this purpose. Modification of
chromophoric group of dye molecules may in fact be another way of bioremediation
through use of single microorganism. However, such decolorisation processes yields
metabolic end products that have toxic consequences, such as anaerobic reduction
of azo dyes [16]. Hence, the complete degradation of a xenobiotics leading to the
release of carbon dioxide, ammonia, and water may turn out the only way for sus-
tainable bioremediation process to be achieved within mixed cultures. In general,
mixed cultures usually exhibit higher stabilities towards environmental stress caused
by changes in temperature, pH or composition. A classical representation of different
modes of bioremediations is presented in Fig. 1.

With mixed cultures (Pathway a), there are more than one species involved in
remediation process with separate motive with one species (cleavage of the chro-
mophoric group); another (biotransform the modified dye molecules); whereas oth-
ers helps in stabilizing the overall ecosystem. The biotransformed dye molecule
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will be more accessible to another organism that otherwise is not able to attack this
dye [17, 18]. In this way, the decolorisation could be achieved mutually depending
on the presence of several species and on their synergistic action. However, isolated
organisms are directly involved in dye biotransformation (Pathway b). Alternatively,
the third remediation process involves enzyme (Pathway c). Their action may get
enhanced, depending on the presence of cofactors, co-substrates or mediators.

Depending upon the type of reactor, microbial cell cultures can be fixed in differ-
ent reactors by means of immobilization [ 19]. Different bacterial cell immobilization
techniques have been used for dye degradation like immobilization through use of
mineral material, seashells, or nylon [20]. Calcium alginate and granular sludge have
provided support for mixed cultures [21-23]. Whereas, bacterial cells-activated car-
bon immobilization technique allows simultaneous oxidation of biodegradable con-
taminants and adsorption of non-biodegradable matter regenerating activated carbon
in one single step [24]. Another process for synthetic dye biodegradation involves
flocculation of Pseudomonas sp. by using aluminum sulfate [25].

Biochemical transformation of the target dye molecule by use of singe cell cul-
tures or enzymes may provide a better bioremediation route as compared to the
physical retention of dye on biomass by means of adsorption/ion exchange on the
outer surface area of bacterial cell, as contaminated biomass has to be treated sep-
arately in next step. A number of single bacterial cultures or microorganisms have
been found to decolorize textile dyes including bacteria, fungi, and yeasts [26, 27].
Resistance against toxic effects of dye is another important requirement for an organ-
ism to be potent bioremediation agent. Isolated enzyme systems may be preferred in
cases where target dye molecule inhibits growth, especially at high concentrations of
dyestuff. So, the major problems have to be dealt very curiously as dye house efflu-
ents are complex mixtures of salts, detergents, dispergents, metals, weakly adsorbed
dyes, and may strongly vary in chemical composition depending on the production
charge. Table 1 represents various bioremediation techniques which are helpful for
easy degradation and chemical transformation of dye molecules.

Dyes display wide structural variety and thus do possess very different chemical
and physical characteristics. They are designed to be very stable to UV radiations and
thus extensive reviews related to their degradation have been reported [28—30]. Com-
binations of chemical and microbial/enzymatic treatment have also been described
in recent past [31-35]. In this chapter we review the advancements in eco-friendly
and sustainable bioremediation technologies used for minimizing the negative envi-
ronmental impact of wastewater from textile industrial sectors by biological and
combination systems.
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Table 1 List of environmentally benign and sustainable bioremediation techniques
S. No. Bioremediation Species involved in Substrate involved References
technique bioremediation
1 Bacterial remediation | Various bacterial Aromatic [19-25]
species compounds, Azo and
Carboxylated azo
compound
2 Fungal/algal Micro-algae, Reactive Orange 96, | [19]
remediation White-rot fungi Reactive Violet 5,
(Excreted Enzymes), | Reactive Black 5
alginate-immobilized
algae
3 Enzyme remediation | Extracellular and Anthroquinone, [13, 14, 19]
intracellular enzymes | indigoid-based dyes,
phenolic azo dyes,
Phenolic and
non-phenolic
aromatic compounds,
H50,, reactive azo
dyes
4 Biosorption Fungal mycelia Wastewater from [8]
textile industries
5 Phytoremediation Living green plants, | Heavy metals, [23]
endophyte-assisted Trichloroethylene
poplar tree
6 Lichen remediation Lichen Navy Blue HE22 [11, 58, 59]
Dermatocarpon (NBHE22), dye
vellereceum mixtures and real
textile effluent

3 Bioremediation Processes

3.1 Biological

Biological remediation (Bioremediation) have emerged a new ecofriendly and sus-
tainable technique for treating effluents form textile dye industries at various stages
of dyeing and finishing processes. Single cell and mixed cultures of microbial and
enzymatic decolorisation/degradation of azo dyes are very significant to address this
particular problem because of their environmentally-friendly, inexpensive nature,
and non-production of sludge. A wide variety of bacterial cultures including Proteus
sp., Enterococcus sp., S. faecalis, B. subtilis, B. cereus, Pseudomonas spp. and even
helminthes have been used for azo dye reduction [36, 37]. Azo reduction may be
enhanced through addition of certain co-substrates which act as catalysts and serve
as reductive equivalents. Depending on the type of organism/microbial culture used
for a particular bioremediation process, different additional nutrients may thus be
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supplied as co-substrates. A wide variety and economical strategies for designing
new or improved catalysts for bioremediation have been developed over recent past.

3.1.1 Bacteria Bioremediation

Detoxification and degradation of environmental contaminants/effluents using
microbes/bacterial cultures has received increasing attention since recent times to
clean up the polluted environment/ecosystems [38, 39]. Aromatic compounds and
their secondary metabolites are highly liable to biological degradation under both
aerobic as well as anaerobic conditions [40]. The oxidation of aromatic ring system
by molecular oxygen from atmosphere can be easily done by the enzymes mono-
and di-oxygenase [41]. Azo dyes substituted with nitro and sulfonic groups are quite
reluctant to aerobic degradation and are resistant to oxygenases attack probably due
to the electron-withdrawing nature of the azo bond [42—44]. However, in the pres-
ence of azo reductases (oxygen-catalyzed enzymes), some aerobic bacteria are able
to reduce/degrade azo compounds and produce aromatic amines which will be sepa-
rately discussed in latter part of this chapter. Recently described aerobic sequencing
batch reactors are being continuously used and have gained much scientific atten-
tion for dye degradation processes [45, 46]. Degradation in presence of ethanol
stimulates the respiration of facultative aerobic microorganisms during exposition
of methanogenic granular sludge. Consequently, azo dyes have been reduced by
methanogenic colonies in anaerobic conditions and thus help in full azo-dye miner-
alization in aerated anaerobic/aerobic reactors [40, 47].

Flavin-free aerobic azo dye reductases from Pseudomonas species strains K22
and KF46 with NADP(H) and NAD(H) as cofactors carried out oxidative cleavage
of carboxylated substrates of bacteria and also their sulfonated structural analogues
[48]. Another cloned aerobic azo reductase from P. kullae K24 used carboxylated
azo compound 1-(40-carboxyphenylazo)-4-naphtol for their growth and conserved
a putative NADPH-binding site [49]. Oxidative attack mediated by peroxidases with
soil bacteria has also been reported in literature [50]. Triphenylmethane dyes have
been degraded by B. subtilis, P. pseudomallei, Corynebacterium, Mycobacterium,
and Rhodococcus species giving an indication that dye degradation is solely possible
by using aerobic cultures. Moreover, an azo dye degrading extracellular peroxidase
is also released by a Flavobacterium sp. [51].

3.1.2 Fungal and Algal Bioremediation

Formation of exoenzymes such as peroxidases in presence of H,O, and phenoloxi-
dases in fungi are responsible for azo dye degradation [52]. Lignin and manganese
peroxidases have been found to exhibit similar reaction mechanism during their
catalytic cycle that starts with the enzyme oxidation initiated by H,O,. Lignin per-
oxidase oxidizes both phenolic and non-phenolic aromatics where as manganese
peroxidase oxidizes phenolic compounds by getting oxidized from Mn?* to Mn**
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[53]. Heinfling et al. (1997) tested eighteen fungal strains capable of degrading ligno-
cellulosic material or lignin derivatives, against Reactive Orange 96, Reactive Violet
5 and Reactive Black 5 out of which the strains of B. adusta, T. versicolor and P.
chrysosporium were able to decolorize all azo dyes [54].

P. chrysosporium and the non-ligninolytic fungi (Basidiomycete) have been
reported to decolorize various types of dyes and are effective in reducing wastewater
problems to a greater extent. However, it has been found that wood rotting fungi
such as A. fumigatus G-26 and A. oryzae are more efficient in decolorizing different
types of dyes compared to P. chrysosporium [55]. Aspergillus strains are applied on
the production of cromic acid, galic acid, citric acid, enzymes, isomerases, pectines,
lipases, and glucanases. Thus, it is more favorable to add the biomass in biosorption
processes for removal of dyes from textile effluents [56]. It may be a profit gener-
ating concept to use fungi biomass as biosorbents for the reduction of cost/disposal
problems of biomass. From this point of view Aspergillus sp. are suggested as an
alternative option. Additionally, normal and autoclaved hyphae of A. oryzae were
used for the removal of Procion Violet H3R and Procion Red HE7B from aqueous
solutions. The mechanisms of biosorption are different for structurally different types
of dyes and mainly dependent upon their structure and substitutions. Functionalized
microbial surface possesses provide better and increased interaction for the removal
of hazardous materials from industrial effluents [57].

Micro algae are known to remove dyes from textile effluents by bioadsorption,
biodegradation and bioconversion. Microalgae help to reduce eutrophication (degrad-
ing dyes) from aquatic ecosystems by removing nitrogen, phosphorus, and carbon
content from water [58, 59]. Alternatively, living and non-viable micro algae grows
at rapid pace and have been used for the removal of color from wastewaters. Khalaf
et al. (2008) reported the removal of reactive dye (Synazol) from textile wastewa-
ter by non-viable biomass of Spirogyra and living biomass [60]. Living biomass of
macroalgae such as C. lentillifera and C. scalpelliformis are found to be helpful in
the removal of basic dyes by biosorption mechanism [61, 62]. C. vulgaris removed
63-69% of azo dye tectilon yellow 2G by converting it to aniline [63]. Recently it
has been confirmed that removal of color by algae (Cyanobacteria Synechocystis and
Phormidium) can be enhanced by adding growth regulator hormones (Triacontanol)
[64].

3.1.3 Enzymatic Bioremediation

Textile dyes (synthetic and natural) represent a massive and diverse variety of chem-
ical compounds. Due to the diversity in structure and function textile dyes have very
different dyeing properties which in turn reflect the solubility and reactivity towards
the fabric; they are generally degraded/decolorized by only few enzymatic processes.
Wide range of substrate specificities and redox-active nature makes enzymes more
valuable and environmentally friendly alternatives for dye decolorisation processes.
Chivukula and Renganathan (1995) reported the oxidation of electron rich azo dyes
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Fig. 2 Mechanistic details for release of molecular nitrogen from phenolic azo dye initiated by
laccase of Pyricularia oryzae

by laccase of P. oryzae. In this enzyme oxidation process molecular nitrogen is
released by azo bond cleavage (Fig. 2) [65].

Although, so many reviews have been published regarding the mechanistic and
applied aspects of oxidative enzymes in the degradation of xenobiotics [66, 67].
Table 2 summarizes the use of different types of enzymes applied for dye degra-
dation. Phenoloxidases are oxidoreductase enzymes that catalyses the oxidation of
phenolic and other aromatic compounds without the use of cofactors [52]. Laccases
(copper-containing enzymes) have very broad substrate specificity with respect to
dyes [13]. However, it has been found that laccases from T. versicolor, P. pinisitus
and M. thermophila decolourise anthraquinone and indigoid-based dyes at higher
rates compared to Direct Red 29 (Congo Red) [43]. The redox mediators used have
been found to extend their substrate specificity with regard to various classes of dyes
[43, 68, 69].

Intracellular mono-oxygenases and dioxygenases are largely present in living sys-
tems. They cause degradation via incorporation of oxygen atoms (biohydroxylation),
releasing carboxylic acids through ring cleavage mechanisms [70-72]. Laccases have
an advantage of using molecular oxygen as co-substrate over oxidoreductases or
cytochrome P450 reductases [73]. Similarly, peroxidases only depend on the avail-
ability of hydrogen peroxide as co-substrate. Hence, they are promising candidates
for bioremediation purposes. In contrast to laccasses and peroxidases, the application
of oxidoreductases requiring cofactors like NADH, NADPH, or FADH which are
extremely expensive compounds and are not economically feasible. However, decol-
orisation processes with such enzymes usually take place in whole cell cultures.
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Table 2 List of enzymes mostly employed for dye degradation and biotransformation

S. No. Various types of enzymes | Substrate used References
involved in bioremediation
1 Laccasses, immobilized Anthroquinone and indigoid-based | [13, 43, 65, 68]
laccasses dyes, Phenolic azo dyes
2 Tyrosinases Phenolic and other aromatic [70, 73]
compounds without use of
cofactors
3 Peroxidases, Lignin Azo and anthroquinone dyes, [52, 65, 68]
peroxidases Phenolic and non-phenolic
aromatic compounds
4 Immobilized catalases H>0O; removal [52,72]
5 Glucose oxidase Reactive azo dyes [73]
Substituted Phenyl azo dye Hydrazo Intermediate

R14®7N:N4®7R2 + 2e-+ 2H+—> R1@NH2 *
H2N4@7R2

Primary aromatic amines

Fig. 3 Schematic representation of anaerobic azo dye reduction mechanism

3.1.4 Bioremediation by Anaerobes/Facultative Organisms

Bioremediation by anaerobic/facultative microorganisms needs low reduction poten-
tial (<50 mV) for the effective decolorisation of dyes [74, 75]. Biochemistry of dye
decolorisation and reduction is mainly covered by reduction under anaerobic condi-
tions. The cleavage of azo bond (-N = N-) requires transfer of four-electrons, which
proceeds under two stages at the azo linkage as shown below in Fig. 3.

However, exact mechanism of azo dye reduction is still obscure whether it occurs
intracellularly or extracellularly. Flavin based reducing agents can act as an electron
shuttle from NADP(H)-dependent flavoproteins to azo dye [76]. Sulphonated azo
dyes are not reduced intracellularly because of limited membrane permeability [77].
However, it was found that addition of toluene increased color removal of sulfonated
azo dyes by cell free-extracts as it is a membrane-active compound which increases
cell lysis [73]. In extracellular dye reduction mechanism, reduced cytoplasmic cofac-
tors do not contribute to the chemical dye reduction [78]. However, results from cell
fractionation experiments carried out by Kudlich et al. (1997) confirms that quinone
reductase located in the cell membranes increased reductive decolorisation of sul-
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Fig. 4 Schematic representation of direct enzymatic reduction of azo dyes

fonated azo compound [73]. Cytosolic fraction of Escherichia coli showed capacity
for azo dye reduction due to presence of NADH-dependent lawsone reductase [79].

3.2 Combination Methods

3.2.1 Biological and Chemical Reductive Decolorisation

The anaerobic reductive decolorisation of azo dyes involves biochemical (biolog-
ical and chemical) mechanistic pathways [80]. The biological pathways include
enzymes called azo reductases, which grow by using azo dye as a source of car-
bon and energy. However, there is no evidence of anaerobic azo reductases those
catalyze the reduction of various substrates including azo dyes [77]. However, the
reduction proceed through a co-metabolic reaction (Fig. 4), which involves NAD(H),
NADP(H), FMNH, and FADHj as secondary electron donor for cleavage of azo bond
[76].

The anaerobic chemical reduction involves biogenic reductants like sulphide, cys-
teine, ascorbate or Fe?* [81]. However, it has been observed that sulfate concentration
did not have an adverse effect and donot obstruct electron transfer to the azo dye even
up to 60 mM concentration [82]. In another investigation no significant improvement
was achieved on the color removal by an aerobic-anaerobic sequencing with sulfate
through sulphide reduction (0.35 mM), while testing Acid Orange 7 even though a
sulfate reducing microbial population was established and was concluded that the
color removal is mainly done through biological process [83]. Low rate of decolorisa-
tion (10-30%) under aerobic conditions are fully justified as oxygen is more effective
electron acceptor compared to azo functional group, but the actual rates of decol-
orisation are extremely dependent on the type of dye and the type of substitutions.
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However, it has been concluded through experimental results that anthraquinone
and phthalocyanine dyes are rather recalcitrant [84-86]. Anaerobic microorganisms
are more susceptible to some of the dyes that may lead to permanent loss of the
methanogenic activity even at low dye concentrations [86]. This is confirmed by the
study of Dos Santos et al. (2005) exerting 50% reduction in methanogenic activity
(IC-value was 55 mg/1 at 30 °C) for Reactive Black 19 azo dye [84].

3.3 Reductive Decolorisation of Azo Dyes in the Presence of
Redox Mediators

Redox mediators/cofactors are the chemical entities that accelerate the rate of elec-
tron transfer reactions to several orders of magnitude [84]. Redox mediators are very
much effective for reductive transformation of iron, nitroaromatics, polyhalogenated
compounds, and radionuclides in addition to usual reductive decolorisation [87, 88].
Keck et al. (2002) showed that the quinoid redox mediators are produced during
the aerobic degradation of naphthalene-2-sulfonate (2-NS) by S. xenophaga strain
BNG6, which helps in the anaerobic reduction of azo dye [89]. Similarly FAD, FMN,
riboflavin, AQS, AQDS and lawsone, have been extensively used as redox mediators
during azo dye reduction [84]. As represented in Fig. 5 below, reductive decolorisa-
tion in the presence of redox mediators/co-factors can be represented in two steps,
the first step being a non-specific enzymatic reduction, and the second step being
a chemical re-oxidation of the mediator by the azo dye. The reduction occurs on
account of redox potentials between the half reactions of azo dye and the primary
electron donor [82]. However, due to unknown standard redox potential of most azo
dyes, polarography may be used to get this information.

The standard redox potential (E°) of a compound is the measure of its ability to
act as a redox mediator. However, different decolorisation rates have been reported
in the presence of mediators with similar E° values and same decolorisation rates for
redox mediators with different E° values [90]. Walker and Ryan (1971) concluded
that the decolorisation rates are related to the electron density of azo bond and rates of
decolorisation increases by lowering the electron density in the azo linkage (electron-
withdrawing groups as substituents) [91]. Hence, use of redox mediators/co-factors
would reduce steric hindrance along with accelerating transfer of reducing equiv-
alents to the azo dye [92] and consequently decreases the activation energy of the
chemical reaction [84]. Thus, theoretical estimation of decolorisation rates by using
specific redox mediators, differences in electro-chemical factors between mediator
and azo dye should also be considered.
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Fig. 5 Combination of biological and chemical steps for indirect azo dye reduction

4 Gene Profiling of Dye Degrading/Transforming
Organisms

In the course of natural adaptation, organisms degrading/transforming xenobiotics
evolve naturally or under controlled laboratory conditions [93, 94]. Thus, well-
directed optimized hybrid strains which can degrade or transform one particular
type of dye may be obtained directly via genetic profiling/engineering. However,
using cloning procedure and transferring genes for dye degrading enzymes can be
designed and possibility to combine the abilities of mixed cultures within one single
species can be easily achieved [95]. Successful decolorisation of an azo dye was
achieved using E. coli carrying the azoreductase genes from a wild-type P. lute-
ola [96]. This approach could be useful alternative for time management to adapt
appropriate cultures and isolated strains. Alternatively, heavy-metal resistance genes
can be implanted into the dye-degrading organisms and can be used to reduce envi-
ronmental toxicity of such ions in textile bioremediation sites/factories. Although,
plasmids with broad range metal resistance can be introduced as an alternative to
genetically modified organisms as the application and use of latter in conventional
sewage plants seems to be unrealistic.

5 Conclusion

The review demonstrates the potential applications of sustainable, ecofriendly tech-
niques and strategies of treatment systems including biological (enzymatic and
microbial) and combinations treatment to degrade textile dyes and dyeing effluents.
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The type of technologies employed depends upon the composition of the effluents,
types of dyed to be metabolized, and their side effects. Enzymatic processes are very
promising green chemistry concepts for decolorisation/degradation of dyeing efflu-
ents. The enzymatic approach resulted in savings of dyeing additives and auxiliary
chemicals. However, recently it has been seen that the cost for enzyme decolorisa-
tion/transformation is decreasing due to production of new ecofriendly technologies
including genetic methods. The application processes involving microbial/bacterial
cell cultures on an industrial scale allow complete mineralization/detoxification of
textile dyes and is being encouraged by BIO-WISE (Major UK Government Pro-
gramme). The BIOCOL process using whole S. putrefaciens cells immobilized on an
activated carbon, to treat colored textile wastes have already been started by Northern
Ireland.

However, it is very important to understand the mechanism of degrada-
tion/bioconversion/biotransformation of textile wastes, so that correct and specific
treatment technologies can be employed. The biological and chemical techniques
coupled with latest advances in genomics provide alternative and best treatments
systems for dye decolorisation and are revolutionizing various aspects of biological
sciences with direct implementation at industrial level. Indeed the basic understand-
ing of gene profiling of specific single bacterial cultures will facilitate better degra-
dation of azo dyes under anaerobic conditions. Moreover, the funding in this area
of research should increase which will perhaps increases the use of bioprocessing
solutions to the problem of colored wastewater in the textile industrial sectors.
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