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Preface

Nearly all textile materials are colored after fabrication and before final finishing. The
coloration of fibers and fabrics through dyeing is an integral part of textile
manufacturing. This book discusses in detail several emerging topics on textile dyeing.

The pretreatment of textiles prior to dyeing is addressed by several authors. Menezes
and Choudhari present chemical alternatives to traditional pretreatment, while Tavcer
discusses enzyme pretreatment procedures. Bendak and Raslan review pretreatment
methods of protein and synthetic fibers, and Bhatti et al. introduce the concept of
radiation induced pretreatment. Control of the dyeing process is discussed by Giinay
and enhancing the dyeability of fibers is reviewed by Gashti et al. Details for dyeing
specific fiber types are given by Gupta et al (polypropylene), Suesat and Suwanruji
(polylactic acid), and Giménez-Martin et al (acrylic). Individual dyestuff classes are
addressed by Koh (disperse dyes), Rippon et al (vat dyes). The use of cyclodextrins as
dye leveling agents is reviewed by Voncina while Durasevic et al. suggest that
photochromic dyes can function as useful sensors. The interaction of plasma with
textile material prior to dyeing is well represented with chapters by Durasevic et al,
Souto et al, Deshmukh and Bhat, and Mokbul and Dirk.

“Textile Dyeing” will serve as an excellent addition to the libraries of both the novice
and expert.

Prof. Peter ]J. Hauser

Director of Graduate Programs and Associate Department Head
Textile Engineering, Chemistry & Science Department

North Carolina State University

USA






Effect of Radiation on Textile Dyeing
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1. Introduction

Love for colours is a natural instinct and every individual has his own choice and liking for
colour. The icy appearance of Hamaliyan ranges or lush green forests or fields of agriculture
or trees laden with colorful fruits or butterflies moving from flower to flower presents the
beauty of nature, generation after generations are being attracted. The choice of beautiful
fascinating colours reflects the aesthetic sense of humans that varies.

Colour is visual perceptual property corresponding in humans to the categories called red,
yellow, blue and others. It is a sensation that arises from the activity of retina of the eye and
its attached nervous mechanism, and results in a specific response to the radiate energy of
certain wavelength and intensity. Thus it is a quality of an object with respect to light
(Mizzarini et al., 2002).Colorants may be either pigment or a dye which are characterized by
their ability to absorb or emit light in the visible range 400-700nm.They may be organic or
inorganic depending upon their structure and method of production.

Dyes are the coloured substances which are capable of imparting their colours to the matrix
which may be fiber, paper or any object. They must have fixing tendency on a fabric that is
impregnated with their solution and the coloured fixed dyes must be fast to light as well as
resistant to action of water, dilute acids, alkalies, various organic solvents used in dry
cleaning, soap solutions, detergent, etc ( Shukla, 1992 ) . A pigment generally is a substance
which is insoluble in the medium in contrast to dye in which it is applied and has to be
attached to a substrate by additional compounds e.g. polymer in paints and plastics (Taylor
and Nonfiction, 2006)

A compound looks coloured because it has absorbed certain electromagnetic radiation from
the visible region. The moieties, present in colouring substance, responsible for the
absorption of electromagnetic radiation and reflect in the visible region are called
chromophores (Younas, 2006).Ultraviolet radiation constitutes to 5% of the total incident
sunlight on earth surface (visible light 50% and IR radiation 45%). Even though, its
proportion is quite less, it has the highest quantum energy compared to other radiations.
Light is electromagnetic in nature. Within the electromagnetic spectrum, human eye
captures visible light in the range between about 380 nm and 700 nm (Mizzarini et al., 2002).
Dyes absorb electromagnetic radiation of varying wavelength in the visible range of
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spectrum. Human eyes detect the visible radiations only for the respective complementary
colours.
Fig.1 shows the different regions of spectrum with their wavelengths.
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Fig. 1. Regions of electromagnetic spectrum

2. Classification of dyes: Natural & synthetic dyes

All colourants obtained from animals, plants and minerals without any chemical processing
are called natural dyes.e.g.Alizarin a pigment extracted from madder, tyrian purple from
snail and ochre which is a mineral of Fe;O; (Gulrajani, 1992). Natural dyes may be vat dyes,
substantive or mordant dyes as they require the inclusions of one or more metallic salts of
tin, chromium, iron, copper, aluminum and other for ensuring reasonable fastness of the
colours to sun light and washing. The natural dyes have several advantages such as: these
dyes need no special care , wonderful and rich in tones , act as health cure, have no disposal
problems, have no carcinogenic effect ,easily biodegradable, require simple dye house to
apply on matrix and mild reactions conditions are involved in their extraction and
application (Sachan and Kapoor,2004).There are some limitations of natural dyes which
includes, lesser availability of colours, poor colour yield, complex dyeing processing, poor
fastness properties and difficulty in blending dyes (Pan et al., 2003). Table 1 given below,
shows the classification of dyes based upon both colours and structures.
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Colours Chemical Classification Common Names

Yellow and Brown Flavone Dyes Quercitron, Tesu

Yellow Iso-quinoline Dyes Barberry

Orange- Yellow Chromene Dyes Kamala

Brown Naphthoquinone Dyes Henna, Alkanet

Black Benzophyrone Dyes Cochineal , Madder

Blue Indigoid Dyes Logwood

Red Anthraquinone Dyes Indigo

Neutrals Tannins Pomegranate, Eucalyptus
Table 1.

Commercialization of natural dyes can be done successfully by a systematic and scientific
approach to extraction, purification and use. Optimization of extraction condition is a must
to minimize the investment cost and to avoid discrepancy in the dye shade quality. Natural
dyes occur in many plant parts in small quantities and as complex mixtures with many
chemical compounds of similar or different structures. These compounds vary considerably
with change in general, same genus but different species and ecological conditions of the
plant source. So when natural dyes extracted from these sources are used for dyeing and
printing, variation in shade, depth and tone, among others, may arise. Further, chemical
components of plants change with age and maturity of the parts. Extraction may include
drying, pounding, soaking, skimming, crystallizing, condensing, caking and liquidifying,
among others, depending on the quality and species of the dye yielding plant, mineral and
insect (Shrivastava and Dedhia, 2006; Vankar et al., 2000).

Synthetic dyes are a class of highly coloured organic substances, primarily utilized tinting
textiles that attach themselves through chemical bonding between the molecules of dye and
that of fiber. The use of natural dyes in textiles was eliminated since synthetic dyes give
variety of reproducible shades and colours (Deo and Desai, 1999). Synthetic dyes are
classified on the basis of chemical structure or on the basis of methods of application to the
material. Dyes are synthesized in many ways by using different chemicals. On the basis of
methods of application dyes are categorized as:-

Acid dyes: These dyes are anionic and form ionic bonds with fibers that are cationic in acid
solutions. These dyes are applied onto the acrylic, wool, nylon and nylon/cotton blends.
These are called acidic because they are normally applied to nitrogenous fibers in inorganic
or organic acid solutions.

Azoic dyes: These dyes contain azo component (-N=N-), used for dyeing of cotton fabrics. In
the dyeing process fiber is first treated with coupler followed by application of azo dye. This
type of dye is extremely fast to light.

Basic dye: These dyes are cationic and form ionic bonds with anionic fibers such as acrylic,
cationic dyeable polyester and cationic dyeable nylon. These are amino derivatives used
mainly used for application on paper

Disperse dyes: These dyes are colloidal and are soluble in hydrophobic fibers. Mostly these
dyes are used for coloring polyester, nylon, and acetate and triacetate fibers. They are
usually applied from a dye bath as dispersion by direct colloidal absorption method

Direct dyes: These are also azo dyes applied generally on cotton-silk combination from neutral
or slightly alkaline baths containing additional electrolyte. These dyes predominantly interact
and attach themselves with the Matrix ( wool , polyamide fabric) through electrostatic
interactions. These dyes are used to color cellulose, wool, nylon, silk etc.
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Reactive dyes: Reactive dyes are the best choice and other cellulose fiber at home or in the art
studio. Fixation of dye occur onto the fiber under alkaline conditions by forming a covalent
bond between reactive group of dye molecule and OH, NH, SH etc groups present in the
fibers (Cotton , wool , silk , nylon etc).

Mordant dyes: Applied in conjunction with chelating salts of Al, Cr and Fe. Metallic salts or
lake formed directly on the fiber by the use Al, Cr or Fe salts which cause precipitation in
situ.

Sulfur dyes: These dyes are used for dyeing cotton and rayon. The application of this dye
requires careful process due to its water-soluble reduced form and insoluble oxidized form.
These dyes are fast to washing but poorly fast to chlorine and give dark and dull colors.

Vat dyes: These dyes are insoluble in water and cannot be directly applied to textiles. These
dyes require oxidation as well as reduction step for its application onto matrix.

Acetate rayon dyes: Developed for cellulose acetate and some synthetic fibers (Kim ef al., 2005;
Shenai, 1992).

Dyes are synthesized in a reactor, filtered, dried, and blended with other additives to
produce the final product. The synthesis step involves reactions such as sulfonation,
halogenation, amination, diazotization, and coupling, followed by separation processes that
may include distillation, precipitation, and crystallization. In general, organic compounds
such as naphthalene are reacted with an acid or an alkali along with an intermediate (a
nitrating or a sulfonation compound) and a solvent to form a dye mixture. The dye is then
separated from the mixture and purified. On completion of the manufacture of actual
colour, finishing operations, including drying, grinding, and standardization, are
performed. These steps are important for maintaining consistent product quality.

3. Chemistry of fibers

Cotton the most abundant of all naturally occurring substrates and is widely used. For the
fabric strength, absorbency quality, capacity to be washed and dyed, cotton has become the
principal clothing fabric of the world. The materials characteristically exhibit excellent
physical and chemical properties in terms of water absorbency, dye ability and stability and
can not be entirely substituted by artificial polymer fibers (Jun et al., 2001).

The cellulose consists of glucose units linked together through oxygen atoms, 30 to several
hundred chains from micro fibrils (Foldvary et al., 2003). By dry weight 94% of cotton is
made up of cellulose. The remaining constituents include 1.3% protein, 1.2% pectic
substances, 0.6% waxes, 1.2% ash, and 4% of other components. Of three hydroxyl groups
on the cellulose ring, two are secondary, and one is primary. Most of the reactions with
cellulose occur at the primary hydroxyl groups.

H OH H OH
oH HYH oH HAH
H H o—
H o H o
H OH CHZOH CH,OH

When cellulose is chemically modified with the compounds containing cationic and anionic
groups, the molecular chains are modified. In the modified fiber surface, the chemical and
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physical properties of cellulose fiber are changed. Through chemical modification, the
reactivity of the cellulose fiber is enhanced. And several classes of dyes such as direct, azo,
reactive etc can be successfully applied. The application of the cationic dyes has not gained
widespread success. Our study comprises of the treatment method such as high energy
radiation treatment which may create the anionic centre in the fabric to transfer the cationic
dye onto the physically or chemically modified fabric. The reports of modified cellulose
with the compounds containing multifiber cationic and anionic groups are scarce (Kim et al.,
2005).

Wool is different to other fibers because of its chemical structure that influences its texture,
elasticity, staple and crimp formation. It is composed of keratin-type protein having more
than 20 amino acids and very small amount of fat, calcium and sodium. The amino acids in
wool linked together in ladder-like polypeptide chain to form a protein/polymer type
structure.

Wool polymer contains some important chemical groups that able to form inter-polymer
forces of attraction. These groups are: the polar peptide groups (i.e. -CO-NH-) and the
carbonyl groups (-CO-), which forms hydrogen bonds with the slightly positively charged
hydrogen of the amino groups (-NH-) of another peptide groups. There are also carboxylate
groups (-COO-), and amino groups (-NH3+) present in wool as side groups, between these
two groups salt linkages or ionic bonds may be formed. Finally, the existence of the above
mentioned inter-polymer forces tends to make the van der Waals™ forces rather significant
(Tamada, 2004).




6 Textile Dyeing

Wool is easy to dye since the surface of the wool fiber diffuses light giving less reflection
and a softer colour. The proteins in the core of the fiber absorb and combine with a wide
variety of dyes and allow the wool to hold its colour (Michael and El-Zaher, 2005).

Silk is an insect fiber comes from the silkworm that spins around itself to form its cocoon. A
single filament from a cocoon can be as long as 1600 meters. It is considered an animal fiber
because it has a protein structure. Like other animal fibers silk does not conduct heat, and acts
as an excellent insulator to keep our bodies warm in the cold weather and cool in the hot
weather. The flat surfaces of the fibrils reflect light at many angles, giving silk a natural shine.
Natural and synthetic silk is known to manifest piezoelectric properties in proteins,
probably due to its molecular structure. Silk emitted by the silkworm consists of two main
proteins, sericin and fibroin, fibroin being the structural center of the silk, and sericin being
the sticky material surrounding it. Fibroin is made up of the amino acids Gly-Ser-Gly-Ala-
Gly-Ala and forms beta pleated sheets. Hydrogen bonds form between chains, and side
chains form above and below the plane of the hydrogen bond network (Ellison, 2003).

_OH

[ % H i
HJ NJ'L
n/ NN
0 0 o~n
Gly Ser Gly Ala  Gly Ala

Silk polymer is composed of sixteen different amino acids where as wool polymer contains
twenty amino acids of wool polymer. Three of these sixteen amino acids namely, alanine,
glycine and serine, make up about four-fifth of the complete polymer chain The important
chemical groupings of the silk polymer are the peptide groups which give rise to hydrogen
bonds, the carboxyl and amine groups give rise to the salt linkages. The high proportion
(50%) of glycine, which is a small amino acid, allows tight packing and the fibers are strong
and resistant to breaking. The tensile strength is due to the many interceded hydrogen
bonds, and when stretched the force is applied to these numerous bonds and they do not
break (Jun and Chen, 2006)

Polyester was first introduced to the American public in 1951by W.H. Carothers Laboratory.
It was advertised as a miracle fiber that could be worn for 68 days without ironing and still
look presentable. Polyester was once hailed as a magic fiber capable of being washed,
scrunched and pulled on without showing any signs of water or wrinkles.

Il Il
HO—C—"1+—-C—0OH + HO—1—0OH
a dicarboxylic acid a dialcohol

0] 0]

Il Il

C—E—C—D—D—O}
n

a polyester
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Now it is remembered for its bright double knit fabrics and comfortable texture. The name
“polyester” refers to the linkage of several monomers (esters) within the fiber. Polyester is
long chain polymer chemically composed of at leas 85% by weight of an ester and a dihydric
alcohol and a terephthalic acid (Kiran, 2009).

Polyester Cotton(PC) is a blend of polyester and cotton in varied proportions. This particular
fabric is well received by customers around the world. The yarn is available in single and
twisted form. The polyester cotton (PC) fabric yarn commonly has a blend ratio of 50%
polyester to 50% cotton. In polyester cotton fabric (PC), polyester provides wrinkle
resistance and shape retention while cotton provides absorbency and consequent comfort
(Hunger, 2003).

4. Irradiation in textiles

Irradiation processes have several commercial applications, in the coating of metals, plastics
and glass, in printing, wood finishing, film and plastic cross linking and in the fields of
adhesive and electrical insulations. The advantages of this technology are well known
energy saving (low-temperature process), low environmental impact, simple, economical
and high treatment speed. Despite these advantages, there have been few applications of
radiation curing in the textile industry, such as non woven fabric bonding, fabric coating
and pigment printing (Ferrero and Monica, 2011). Radiation treatment on fabric and
garments can add value in colouration. Modification of the surface fiber can allow more dye
uptake; its fixation at low temperature and increase wettability. Cotton knitwear pilling can
be eliminated from the surface of the fabric by radiation treatment without affecting the
strength of the fiber (Kim et al., 2005).Effect of UV radiation in natural as well as synthetic
dyeing using irradiated cotton fabric has given significant results.

4.1 Effect of UV and gamma radiation on the fabric dyed with natural dyes

There is a remarkable difference in colour strength when different extracts of irradiated and
un-irradiated turmeric powder were used to dye the irradiated and un-irradiated fabric
(Afifah et al., 2011). The methanol solubilized extract gave more colour strength than aqueous
(heat) solubilized and alkali solubilized extract as displayed in Fig. 2. The low colour strength
using alkali solubilized extract is due to alkaline degradation of curcumin into products like
vaniline, vanilic acid, feruloylmethane, ferulic acid and other fission products, which sorb on
the fabric along with colourant and impart dull redder shades(Tonnesen and Karlsen,1985a).
While using (heat) aqueous solubilized extract, the colourant being insoluble in water may
undergo hydrolytic degradation and the actual colourant concentration becomes low onto the
fabric as a result low colour strength is observed (Tonnesen and Karlsen, 1985 b). By using
methanol solubilized extract, the actual colourant get significant chance to sorb onto fabric and
impart yellow colour with dark shades.

The irradiation of fabric is also another factor which affects the colour strength of the fabric.
Previous studies show that UV irradiation adds value to colouration and also increases the
dye uptake ability of the cotton fabrics through oxidation of surface fibers of
cellulose(Millington , 2000; Javed et al ., 2008). The colourants from Methanol solubilized
extract reach the vicinities of fibres and upon investigation of colour strength using
spectraflash SF 650, dark yellow shade was observed. In the case of un-irradiated fabric, the

insoluble impurities get significant chance to sorb on the matrix along with colourant which
showed the dull redder shades.
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Heat Solubilized

W Alkali Solubilized

Methanol
solubilized

Colour Strength (%)

Sample Codes

Fig. 2. Effect of UV radiation on the colour strength of the irradiated and
un-irradiated cotton dyed with heat solubilized, alkali solubilized and methanol
solubilized extract of irradiated and un-irradiated turmeric powder

(Where URP-un-irradiated powder, RP - irradiated powder,

RC- irradiated cotton fabric, URC-un-irradiated cotton fabric )

Gamma rays are ionizing radiations that interact with the material by colliding with the
electrons in the shells of atoms. They lose their energy slowly in material being able to travel
through significant distances before stopping. The free radicals formed are extremely
reactive, and they will combine with the material in their vicinity. Upon irradiation the cross
linking changes the crystal structure of the cellulose, which can add value in colouration
process and causes photo modification of surface fibers. The irradiated modified fabrics can
allow: more dye or pigment to become fixed, producing deeper shades, more rapid fixation
of dyes at low temperature and increases wet ability of hydrophobic fibers to improve depth
of shade in printing and dyeing (Millington, 2000).

The influence of gamma radiation on the colour strength values of the fabric dyed with
natural dyes extracted from eucalyptus bark has been shown in Fig. 3. High colour strengths
and dark brown shades of the fabric dyed in ethanolic extract were obtained as compared to
aqueous extracts. The low colour strength and un-evenness in shade in aqueous extract is
due to presence of insoluble impurities that might come on the fabric along with
colourant.(Vankar et al., 2000) The results shown in Fig. 3. demonstrate that irradiated fabric
dyed using alcoholic extract gave more colour strength than un-irradiated fabric. Previous
studies showed that gamma irradiation causes dislocation and fragmentation of fabric fibers
(Foldvary et al., 2003) however, only soluble colourant free from impurities get maximum
chances to sorb on the fabric. But un-irradiated fabric contained less dye and yielded
greener shade.
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Fig. 3. Effect of gamma radiation on the colour strength of the cotton dyed with

(a) ethanolic (b) aqueous extracts obtained form irradiated and un-irradiated Eucalyptus
powder. NRP-un-irradiated powder, RP - irradiated powder, RC- irradiated cotton fabric,
NRC-un-irradiated cotton fabric
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Fig. 4. Effect of gamma radiation on the colour strength of the cotton dyed with extracts
obtained form irradiated and un-irradiated turmeric powder using aqueous and alkaline
media (Where URP-un-irradiated powder, RP - irradiated powder, RC- irradiated cotton
fabric, URC-un-irradiated cotton fabric )

The colour strength changes significantly in aqueous than in alkaline media. The fabrics
dyed in aqueous extract of turmeric powder were darker yellow in shades than that of
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fabrics dyed in alkaline extract. The low colour strength was due to alkaline degradation of
curcumin into water-soluble products like vaniline, vanilic acid, feruloylmethane, ferulic
acid and other fission products, which gave dull redder shades (Tonessen and Karlsen,
1985a). Tonessen and Karlsen reported that below pH 7, curcumin existed in yellow colour
and is insoluble in water (Tonessen and Karlsen, 1985b). Due to insolubility, the colourant
might have tendency to get absorbed completely on the fabric without passing through the
medium and shows darker yellow shades. Hence irradiated fabrics dyed in aqueous media
gave more colour strength than un-irradiated fabrics due to oxidative degradation of
cellulose fibres. Treatment of fabric by high-energy radiation causes either dislocation and
fragmentation or slight loss in mass of fabric (Foldvary et al., 2003; Takacs et al., 2000).
However, only colourants get maximum chance to sorb on fabric than insoluble impurities.
So more colour strength is obtained in case of irradiated fabric dyed using aqueous extract
of irradiated turmeric powder. Thus it is found that if irradiated fabric dyed with aqueous
extract of irradiated turmeric powder, maximum colour strength and darker yellow shade
was obtained.

4.2 Effect of UV and gamma radiation on the fabric dyed with synthetic dyes

UV irradiation effects the colour strength values and shades of fabric dyed with synthetic
dyes. Using suitable dye and fabric, the process of irradiation can produce large variation in
shades.

180 +
160 -
140 -
120 -
100 -
80 -
60 -
40
20 A o
0 ‘ ‘ |

0 min 30 min 60 min 90 min 120 min 150 min

i

L

Color Strength (%)

R

Irradiation time

Fig. 5. Effect of UV irradiation time on the colour strength of the irradiated cotton fabric
dyed with irradiated stilbene based reactive dye

The data displayed in Fig 5. shows that irradiated fabric for 120 min. gave maximum
colour strength as compared to un-irradiated fabric. The fabric irradiated for 120 min.
showed even shade with better colour strength. The reason might be the oxidation of
cellulose upon exposure to UV radiation. Michael and EL-Zaher in 2005 reported that the
UV treatment of cellulose fibre created spaces between fibres which imbibed more dye
and as a result the interaction between dye and cellulose fabric becomes more significant.
The dye molecules rush rapidly onto the fabric and as a result darker shades were
obtained (Tayyba, 2010).
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Fig. 6. Effect of UV irradiation time on the colour strength of the irradiated cotton fabric
dyed with un-irradiated reactive and disperse dye

The above Fig. 6. shows that the fabric irradiated for 90 min. has maximum affinity for dye
substrate to attach. The fabric irradiated for 30 and 60 minutes show even shades having
good colour strength. This improvement might be due to the oxidation of cellulose in to
carboxylic acid group upon exposure of cellulose to UV radiation which interacts more
towards the dye material to form covalent bond.
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Fig. 7. Effect of UV irradiation time on the colour strength of the irradiated cotton fabric
dyed with un-irradiated multifunctional triazine (a) and irradiated reactive and dianix
disperse and mixed dye (b)

The un-irradiated and irradiated cotton fabric for the period of 30, 60 and 90 min was dyed,
the results of fabrics have been shown in Figure 7. (a,b) shows that irradiated fabric and
irradiated dyes for 90 min has maximum affinity for dye to attach on it. Oxidation of
cellulose upon UV radiation significantly increases the dye uptake in the substrate due to
the interstices available in the case of irradiated fabric surface (Michael and EL-Zaher, 2005).
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The dye molecules rush rapidly on to the fabric and as a result darker shades were obtained
(Sajida Parveen, 2009, Afifah Kausar, 2009; Afifah et al., 2011). Previous study carried out by
K.R. Millington suggested that photo modification of surface fiber may attain more dye or
pigment to become fixed producing deeper shades. UV radiation causes more rapid fixation
of dyes increases wettability of hydrophobic fibers to improve depth and shade in printing.
For knitted wool and cotton fabrics, the problem of pilling can be eliminated.
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Fig. 8. Effect of UV irradiation time on the colour strength of the irradiated cotton fabric
dyed with un-irradiated and irradiated 5 % (a) and 1% (b) Reactive Blue dye

The result shown in Fig. 8. (a & b) indicate that colour strength values of 5% solution of
dye powder are more as compared to colour strength values obtained in case of
1 % solution. The optimized time for irradiating cotton fabric is 30 minutes as shown in
Fig. 8. (a & b).At this time, oxidation of cellulose generates carboxylic acid group which
helps in significant interaction of dye with oxidized a surface and show darker shades.
Irradiation for less time does not activate the surface to interact with dye molecules
to such an extent. While irradiation for long time may either facilitate insoluble impurities
to rush onto modified fabric due to availability of wide interstices /gaps among the
fibers which may cause dull and uneven shades having low colour strength (Saddique,
2008).

Gamma radiation shows a promising influence in textile dyeing since irradiated fabric dyed
with synthetic dye gave a prominent difference The result shown in Fig. 9. indicate that
colour strength values change remarkably using irradiated fabric which results in darker
colour strength and more bluer shades than that of un-irradiated fabrics. This low colour
strength is due the stuffing of insoluble impurities present in the dye solution on to the
fabric.

Results given in Fig. 9. show that the dyeing performed using irradiated fabric treated with
300Gy absorbed dose gave maximum colour strength with darker bluer shades. At higher
doses, low colour strength is obtained, which may be due to the degradation or dislocation
of crystal moieties on cellulosic material (Foldvary et al. 2003; Takacs et al.2000). While at low
dose, fabric surface does not activate enough to fix dye onto it and does not able to make
firm interaction with dye material.
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Fig. 9. Effect of gamma irradiation on the colour strength of the irradiated and un-irradiated
cotton fabric dyed with Irradiated and un- irradiated reactive blue dye powder

The result displayed in Fig. 10. reveal that colour strength values decrease with increase
in absorbed doses. The more colour strength is because of photo modified surface of
cellulose which may have more affinity for dye substrate (Mughal ef al., 2007). The results
show that the dyeing performed using 200Gy dose gives maximum colour strength with
darker shades. At sufficient higher dose insoluble impurities along with dye molecule
become fixed and causes uneven shades, while below optimum dose, surface of cellulose
do not stimulate much to interact significantly with dye material. Thus dyeing performed
using cotton fabric irradiated to an absorbed dose of 200Gy gave better colour strength
(Toheed Asghar, 2009).
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Fig. 10. Effect of gamma irradiation on the colour strength of irradiated cotton fabric dyed
with Irradiated reactive black dye powder
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4.3 Effect of UV and gamma radiation on wool and silk and polyester

Studies on wool keratin have been previously performed in order to evaluate the effect of
UV radiation. Chemical changes induced by short term UV radiation are confined to fibers
at surface where as it is unable to penetrate into the fabric. The colour changes i.e. green
followed by yellow in wool keratin due to UV radiation have been observed also
(Millington, 2000).There are several processes to reduce the pilling yet no process can
guarantee the zero pilling in wear. But Millington reported that it is only UV radiation
which can reduce the pilling through siro flash technology followed by oxidation with
hydrogen peroxide in germicidal UV Tubes. After using such techniques and then dyeing
with UV irradiated wool fabric, the characterization of wool fabric meets standard marks by
ISO. Thus the continuous UV reduction of the fabric followed by batch oxidation is of great
commercial value. (Millington, 1998a; Millington, 1998b; Millington, 1997).

When wool fabric is exposed to UV radiation, it exhibits some physical and chemical
changes on its surface. This interaction not only modifies the fabric of wool but also improve
the shades particularly grey and black. It also helps in even dyeing, deeper shades, chlorine
free printing and improve the photo bleaching of wool (Millington, 1998c). Now a days, UV
curing technology is being used for the modification of wool surface that helps in finishing
as well as deepening the shades of wool when dyed using reactive dyes. By using UV curing
technology, there are no risks involved to any loss of fabrics fibers in weight as well as in its
physical appearance. This technology also do not cause any hazardous use of chemicals,
smoothness of surface, unpilling as well as deep hues (Ferrero and Periolatto, 2011; Abdul
Fattah et al., 2010).

5. Conclusion

Radiation processes has several commercial applications starting from curing of fabrics,
finishing, improvement of shades and characterization of dyed fabrics. The advantage of
this technology are well known such as improvement in shades , enhanciong colour fastness
, colour stregnth , low cost effective and reduction of the concentration of the dye. All these
results have been seen from our above experiments. Radiation curing of silk, wool and
cotton fabric to reduce pilling , their finishing and mercerization processes has also been
improved. Thus both UV and gamma radiation has improved the textile sttuff according to
standards of ISO , EPA and FAO.

The use of eco-friendly technnology giving eco-label products under the influence of high
energy radiations that may give new orientation for other dyes such as vat, reactrive azo
and other brands. Similarly improvement of fibers of wool, silk , nylonn , Polyester cotton
(P.Q). etc., for dyeing to get good shades, even and lavelled dyeing, accepatable fastness
properties yet are underway.So the dyers and colourists should try such techniques
inorder to get better results and alternating methods for any risks related to human
health.
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Dyeing Wool with Metal-free Dyes —
The Use of Sodium Borohydride for the
Application of Vat Dyes to Wool

John A. Rippon, Jackie Y. Cai and Shaun M. Smith
CSIRO Materials Science and Engineering,
Australia

1. Introduction

Vat dyestuffs are pigments that must be pre-treated with a reducing agent, such as sodium
hydrosulphite, to make them water-soluble immediately before they are used for dyeing
(Latham, 1995; Trotman, 1984). The reduction step converts the pigment form into a leuco
compound. This owes its name to the Greek word for colourless, because many vat dyes are
very pale in colour when in the reduced state, due to the lower level of conjugation of
double bonds. A schematic of this reaction for the dyestuff Vat Red 1 is shown in Figure 1.

Na'® Na+
o o) o o
I \ NazS;04
— - > O N 4+ 2Na,S0; + 2H,0
4NaOH
S S S S
Vat Red 1 Leuco Compound

Fig. 1. Structure of Vat Red 1 and formation of the sodium salt of the leuco compound.

In strongly alkaline conditions, the leuco forms of vat dyestuffs are anionic and soluble in
water. They can be exhausted onto cotton from long liquors under alkaline conditions in the
presence of an electrolyte, such as sodium chloride or sodium sulphate (Latham, 1995;
Trotman, 1984). After adsorption by the substrate, the leuco form of the dye is oxidised back
to the insoluble coloured pigment inside the fibre. This can be done by exposure to air, or
with an oxidising agent such as hydrogen peroxide. Wool is usually dyed with anionic
dyestuffs from acidic dyebaths, where the amphoteric wool fibres are positively charged as
a result of protonation of amino and carboxyl groups. Under alkaline conditions, however,
fewer amino groups are protonated and, depending on the pH, the net charge on the fibres
may be neutral or even negative. The effect of this is that conventional acid, premetallised
and reactive wool dyes have a lower substantivity for wool under alkaline conditions than
under acidic conditions. In contrast to this behaviour, however, even under strongly alkaline
conditions, the anionic leuco form of a vat dyestuff has a relatively high substantivity for
wool (Bird, 1947, Hug, 1948; Luttringhaus, Flint & Arcus, 1950; Weber, 1951) and
wool/cotton blends (Lemin & Collins, 1959). This results in high levels of dyebath
exhaustion at pH values as high as pH 9 and above.
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Vat dyes are amongst the oldest colouring materials used for textiles, and for many years
selected vat dyes were used on both cotton and wool for products requiring very high levels of
wet fastness and light fastness. Vat dyes are still used on cotton, where the highly alkaline
conditions employed in their application do not damage the fibre. In the case of wool, however,
the propensity for alkaline damage during dyeing makes their use less attractive. This resulted
in them being replaced by chrome and premetallised dyes, which also give high levels of
fastness. Furthermore, chrome and premetallised dyes are applied under pH conditions where
fibre damage is less likely to occur. The more recent introduction of reactive dyes for wool also
enables excellent wet fastness properties to be achieved with little fibre damage.

Pressure from environmental lobby groups and some major retailers has raised the
possibility that wool products that are coloured with metal-containing dyestuffs may
become increasingly unacceptable because of concerns about the possible effects of heavy
metals on the environment. Although metal-free reactive dyes can be used on wool to give
products with high wet fastness, with some shades lightfastness can be a problem.
Furthermore, heavy black and navy shades are difficult for many mills to achieve with
reactive dyes. This paper investigates the feasibility of using vat dyes as alternatives to
reactive dyes to obtain shades with high fastness properties on wool.

The traditional method of preparing the leuco form of a vat dye employs the reducing agent
sodium dithionite (sodium hydrosulphite; NaS;0s) and sodium hydroxide. Sodium
hydrosulphite has a sufficiently negative reduction potential for it to effectively reduce all
vat dyes. Other reducing agents have also been used, but these have not found wide
acceptance. Sodium borohydride has been evaluated but, on its own, reacts too slowly with
vat dyes for practical usage (Latham, 1995). It has been claimed, however, to improve the
stability against atmospheric oxidation of vat dyes reduced with sodium hydrosulphite
(Neale, 1961; Harrison & Hinckley, 1963; Medding, 1980; Vivilecchia, 1966), but other
workers have disputed this claim (Baumgarte & Keuser, 1966; Nair & Shah, 1970).

A technique has recently been developed for producing sodium hydrosulphite in situ by
mixing sodium borohydride and sodium bisulphite (Rohm and Haas Technical Information,
2007) (Figure 2).

NaBH; + 8NaHSO; —® 4Na;5,04 + NaBO, + 6H,O
Fig. 2. Reaction between sodium borohydride and sodium bisulphite

Sodium borohydride is supplied commercially as an aqueous solution containing sodium
borohydride (12%), stabilised with sodium hydroxide (NaOH). It has been found that a
mixture of sodium bisulphite and the sodium borohydride solution in the ratio 4:1 is
suitable for the application of indigo to cotton under alkaline conditions (Rohm and Haas
Technical Information, 2007; Schoots, 2007). Hydrosulphite produced in this way is claimed
to be virtually free of the by-products that result from its decomposition during storage
(Rohm and Haas Technical Information, 2007). Furthermore, this reducing system has been
found to be more efficient than hydrosulphite alone and it has been claimed to give a
dyestuff saving of around 15% in the application of indigo to cotton warps (Schoots, 2007).
A borohydride/bisulphite mixture has also been found to be very effective for the reductive
bleaching of wool under acid to neutral conditions (Technical Manual, Australian Wool
Innovation, 2010; Schoots & Stevens, 2007).

Based on the findings on cotton, it was considered that this reducing system may provide
the basis of a new method of dyeing wool with vat dyes. This study describes an evaluation
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in which results obtained with a borohydride/bisulphite reducing system are compared
with those obtained with a method based on the application of vat dyes using the traditional
method with sodium hydrosulphite.

2. Experimental

2.1 Fabric
A 100% wool, plain weave fabric (weight 193 g/m?) was used in this study.

2.2 Dyes and chemicals

Commercial samples of the following nine vat dyes were used:

- VatRed1

- VatRed 10

- VatRed 45

- VatGreenl

- VatGreen3

- VatYellow 5

- VatOrange 5

- Vat Violet 18

- Vat Brown 24

A commercial sample of sodium borohydride (SBH) was supplied by Rohm and Haas as a
12% solution in sodium hydroxide. Other chemicals were of laboratory grade.
The following dispersing agents were used:

- Kieralon DB (nonionic/anionic mixture; Dyechem);

- Albigen A (solution of polyvinylpyrrolidone; BASF);

- polyvinylpyrrolidone (Mol Wt 44000; BDH Chemicals);

- Detergent NA-B (blend of anionic and nonionic surfactants: APS/Nuplex).

2.3 Equipment

Two types of laboratory machines with different methods of liquor circulation were used to
dye samples of wool fabric. The details are described below.

Ahiba Turbomat.

Fabric samples were wound onto perforated spindles. The dyebaths were circulated by
pumping the liquor through the fabric tube (in to out).

Mathis Labomat

With this machine, the fabric samples and dye liquors were sealed inside pots. Circulation
was achieved by tumbling the pots inside a heated box. This resulted in both fabric and
liquor moving together. As the pots were not completely filled with liquor, the air in the pot
was mixed with the liquor.

2.4 Preparation of the dye vat by reduction
The vat pigments were converted to the water-soluble leuco form by the following methods.

2.4.1 Hydrosulphite method

The various amounts of sodium hydrosulphite and sodium hydroxide were dissolved in 250
mL of water at room temperature and the solution stirred while the powdered vat dye was
slowly added. Stirring was continued while the mixture was heated at 2°C /min to the
vatting temperature (usually 60-70°C), where it was maintained for 30 minutes.
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2.4.2 Sodium borohydride/bisulphite method

Sodium bisulphite was dissolved in 250mL of water at room temperature, followed by the
addition of the aqueous solution of sodium borohydride (SBH) diluted with ten times its
volume of water. After 2 minutes, an aqueous solution of sodium hydroxide (320 g/L or
38°Bé) was added and the mixture stirred until the effervescence had ceased (usually 5-10
minutes). Stirring was continued while the vat dye was added slowly and also while the
mixture was heated at 2°C/min to the vatting temperature, where it was maintained for 30
minutes.

2.5 Fabric dyeing

After diluting to the required volume, the vatted liquor was added to the dyeing pot
containing the fabric. The liquor ratio was 20:1 The liquor was heated at 1.5°C per minute to
the required temperature (usually 60°C or 70°C), where it was held for 30 minutes. The
fabric was overflow rinsed (cold) for one minute, followed by two five minute rinses at
40°C. Oxidation of the leuco compound to the vat pigment was carried out by treatment
with hydrogen peroxide (1g/L) for 10 minutes at 50°C. The fabric was then soaped off (the
normal procedure with vat dyes (Latham, 1995; Trotman, 1984; Bird, 1947)) with Detergent
NA-B (2g/L), adjusted to pH 9.5 with ammonium hydroxide, for 20 minutes at 98°C. After
cooling, the fabric was rinsed and removed from the dyeing machine. It was then rinsed,
with hand stirring, for 5 minutes in a beaker containing a solution of Detergent NA-B (1
g/L) at 50°C (liquor ratio 50:1). This treatment was considered to simulate the process of
washing-off a fabric in a scouring machine or back-washing wool top after dyeing. It was
noted that the gentle mechanical action involved in this step removed a small amount of
oxidised, insoluble pigment from between the fibres and yarns in the fabric.

2.6 Measurements

Dyebath exhaustion levels were determined by measuring the absorbance of the dyebath on a
Jasco V530 UV-Vis Spectrophotometer at the wavelength of maximum absorbance of the dye.
Colour yields were determined by measuring the K/S values of the dyed samples on a
Datacolor Texflash Spectrophotometer at the wavelength of maximum reflectance of the dye.
Dry and wet rubbing fastness was assessed by IWS Test Method 165 — Fastness to Rubbing.
Alkaline perspiration was assessed by ISO-105-EO4 - Fastness to Perspiration.

Washing fastness was assessed by 1ISO-105-CO2 - Colour Fastness to Washing.

Grey scale staining and colour changes were measured on a Datacolor Texflash
Spectrophotometer. The software supplied with the instrument (Datacolor Iris Version 2.3)
enabled ratings to be quoted to 0.1 of a greyscale unit.

Wet burst strength was measured according to Australian Standard AS2001.2.4A-90,
Determination of Burst Pressure of Textile Fabrics, Hydraulic Diaphragm Method (which is
equivalent to ASTM D3787-01 but also includes procedures for wet testing).

3. Results and discussion

3.1 Determination of optimum concentration of SBH/bisulphite

Important requirements for a satisfactory vat dyeing are:

i.  complete reduction of the dye to the leuco compound during vatting;

ii. prevention of premature oxidation of the leuco compound;

iii. maintaining the leuco compound in a soluble form during the dye exhaustion phase.
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A conventional vat dyeing system uses a mixture of sodium hydrosulphite and sodium
hydroxide to reduce the dyestuff to its leuco compound. It has been estimated that the
stoichiometric relationship between sodium hydrosulphite and SBH is that 1g/L
hydrosulphite is equivalent to 0.44 g/L of solid SBH (Rohm and Haas Technical
Information, 2007). This, however, provides only an approximate guide to the amount of
SBH required for vat dyeing, as the dye manufactures’ pattern cards contain only general
information on the amount of hydrosulphite required (Weber, 1951).

Reagent/Conditions A B C D
SBH solution (12%) (g/L) 1 2 4 5
Sodium Bisulphite (g/L) 4 8 16 20
NaOH solution (38° Bé) (ml/L) 3 6 12 15
Vatting conditions 30 min at 60°C
Colour of vat Purple | Purple | Purple | Purple
pH after fabric added (40°C) 114 114 11.5 11.5
Dyebath pH at end of dyeing 8.8 8.8 9.5 10.2
Colour of dyebath after 30 min at 60°C Purple | Purple | Purple | Purple
Absorbance of dye liquor after 30 min at 60°C 0.15 0.16 0.27 0.36
pH of oxidation liquor 9.5 9.2 9.9 9.9
Final soap off pH 9.9 9.9 9.9 9.9

Table 1. Effect of Concentration of Sodium Borohydride and Sodium Bisulphite in the
Application of Vat Red 45 (1% oww) to Wool (Dyed in the Turbomat for 30 mins at 60°C)

The optimum concentrations of SBH, sodium bisulphite and sodium hydroxide required to
produce a satisfactory dyeing were, therefore, determined experimentally. A ratio of sodium
bisulphite to SBS solution of 4:1 was used because, as discussed previously, this has been found
to be suitable for the application of indigo to cotton. Table 1 shows the various concentrations of
SBH, sodium bisulphite and sodium hydroxide used to reduce the dye Vat Red 45 to its leuco
compound prior to exhaustion onto wool. The samples were soaped off after dyeing with 2g/L
Detergent NA-B at pH 9.5 (obtained with ammonium hydroxide) for 20 min at 98°C. Although
all the formulations reduced the dye to its purple, soluble leuco form, the three mixtures
containing the highest concentrations of reagents gave solutions that were more stable than the
one containing the least amounts of the chemicals. The stability was judged by observing the
formation of partially oxidised (green) pigment on the liquor surface, after stirring had been
stopped. The fully oxidised pigment was red in colour. Other experiments with the lowest
concentration of chemicals (ie. 1 g/L SBH and 4 g/L sodium bisulphite) showed some
variability in the reproducibility of the vatting process, in particular with respect to the
sensitivity to stirring rate. Furthermore, with liquors vatted with 1g/L SBH and 4 g/L sodium
bisulphite, there was a tendency for slight oxidation to occur during the dyeing cycle.

Table 2 shows data for colour yield (K/S) and fastness to dry and wet rubbing. There was
no significant difference in rubbing fastness between any of the samples (rubbing fastness
gives an indication of the amount of oxidised dye remaining on the fibre surface). There was
also no significant difference between the K/S values obtained with the two lowest
concentrations of SBH and bisulphite. However, the K/S values decreased with increasing
concentration of chemicals above these levels. This was possibly caused by destruction of
the chromaphore by over-reduction of the dye. The highest colour yield consistent with
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good stability of the vatted liquor was obtained with a concentration of 2g/L SBH and 8g/L
sodium bisulphite.

Conc. SBH | Conc. Sodium. . Rubbing Fastness
(12%) Bisulphite Final K/S Value at &
(/L) - /pL) Dyebath pH| 520 nm Dry Wet
1 4 8.8 6.6 4.7 43
2 8 8.8 6.5 4.6 4.6
4 16 95 5.2 4.6 43
5 20 10.2 41 45 4.8

Table 2. Colour Yield (K/S Values) and Rubbing Fastness of Wool Fabrics Dyed with Vat
Red 45 (1% oww) by the Sodium Borohydride/Bisulphite Method

The combination of 8 g/L sodium bisulphite and 2 g/L SBH, found to be the optimum
amounts to effectively reduce Vat Red 45, was used with the dyestuff Vat Green 1. The data
in Table 3 show that the blue leuco form of the dye was maintained until the end of the
exhaustion phase. This confirmed that these concentrations of SBH and bisulphite were also
satisfactory for this dyestuff.

Conc. Dvei Dyebath . . Absorb | K/S
Dispersin, yems Vat H with Final Final -ance of | at
P & Temp pri Wi Dyebath | Dyebath .

Agent NA-B Q) Colour Fabric ] Colour final 640
(g/L) (40°C) dyebath | nm
None 60 Blue 11.0 9.5 Blue 0.68 11.0
None 60 Blue 10.8 9.1 Blue 0.21 6.0
None 70 Blue 10.7 9.1 Blue 0.18 7.8
None 80 Blue 11.0 9.0 Blue 0.21 4.8
None 90 Blue 10.9 9.1 Blue 0.08 4.0

0.25 70 Blue 11.2 8.6 Blue 0.70 10.9
0.25 70 Blue 11.0 11.6 Blue 1.66 10.9
Vatted with : 2 g/L SBH; 8 g/L sodium bisulphite; 6 ml/L caustic soda (38°Bé).
The dyebaths contained sodium sulphate (5% oww).
The samples were soaped off for 20 min at 100°C with 2g/L Detergent NA-B at pH 9.5.

Table 3. Vat Dyeing with Vat Green 1 (1% oww) by the SBH Method (Dyed for 30 mins in
the Turbomat at various temperatures)

Table 3 shows, however, that in contrast to the result obtained with Vat Red 45, the colour
yield for Vat Green 1 was dependent on the final dyebath pH, with the highest value
obtained when the pH was greater than 9.5. Diffusion into the fibre did not appear to be a
factor, as increasing the dyebath temperature above 60°C did not improve the colour yield.
It is also unlikely that this effect was due to premature oxidation of the dyebath, because all
the liquors remained blue (indicative of the reduced leuco form) throughout the whole
exhaustion stage. Furthermore, the poor colour yields cannot be explained by lower levels of
dyebath exhaustion, because the absorbance values in Table 3 show that the samples with
the lower colour yields had higher dyebath exhaustions. A possible explanation is that the
aggregation state of the leuco compound is an important factor; and that with some dyes



Dyeing Wool with Metal-free Dyes —
The Use of Sodium Borohydride for the Application of Vat Dyes to Wool 23

this is very sensitive to pH within the range used in these experiments (in this study we
tried to minimise alkaline damage to the wool by keeping the pH as low as possible).

In order to test this hypothesis, fabric samples were dyed with Vat Green 1 in the presence
of a dispersing agent. Detergent NA-B was used because it was considered that this
compound would be an effective dispersing agent for vat dyes as it is recommended for
soaping off vat-dyed cotton after oxidation. Table 3 shows that in the presence of 0.25 g/L of
Detergent NA-B, a high colour yield was obtained, even when the pH of the dyebath had
dropped to pH 8.6 at the end of the dyeing cycle. The results also show that, with a
dispersing agent in the dyebath, maintaining the pH to a high value (pH 11.6) by alkali
addition had little effect on colour yield. Following these results, the effect of Detergent
NA-B and other dispersing agents was examined further.

3.2 Effect of dispersing agent in the dyebath

Table 4 shows the effect of various dispersing agents added to the dyebath on the colour
yield of Vat Green 1. Polyvinylpyrrolidone (PVP) was included in the evaluation because it
is the main constituent of the commercial product Albigen A. The results from Table 3 for
two samples dyed without a dispersing agent are included for comparison purposes.

Dispersing Initial . Sodium. 7 Final
- Dyebath Dyeing | Sulphate in | Final Dyebath | Absorbance Dyebath K/s
Temp. dyebath Colour at 552 nm (at 640 nm)
(8/L) pH (% oww) pH

None 11.0 60 5 Blue 0.68 9.5 11.0
None 10.8 60 5 Blue 0.21 9.1 6.0
0.05 A 11.1 70 0 Blue/Green 0.82 9.0 12.3
01 A 11.0 70 0 Blue/Green 1.29 8.9 11.2
01 A 11.1 70 5 Blue 0.88 8.7 10.1
02 A 11.0 70 0 Blue/Green 1.72 8.9 9.7
025 A 11.0 70 0 Blue/Green 1.67 8.9 10.3
05 A 11.0 70 0 Blue/Green 3.11 8.8 8.3
0.05 PVP 11.1 70 0 Blue 1.40 8.7 10.6
0.1PVP 11.1 70 0 Blue 2.24 8.6 10.0
0.1PVP 11.2 70 5 Blue 2.25 8.7 9.5
0.15PVP 11.0 70 0 Blue 2.73 8.5 8.3
0.20 PVP 11.0 70 0 Blue 3.30 8.4 7.1
0.25 NA-B 11.0 70 0 Blue/Green 0.96 8.9 13.2
0.25 NA-B 11.2 70 5 Blue 0.70 8.6 10.9
0.5 NA-B 11.5 70 0 Blue 1.05 9.1 10.7
1.0 NA-B 11.5 70 0 Blue 0.53 9.2 6.1
0.25 KDB 11.0 70 0 Blue/Green 0.53 8.9 8.6
0.5 KDB 11.6 70 0 Blue 1.51 94 8.6
0.5 KDB 11.1 70 5 Blue 0.68 8.7 7.1
1.0 KDB 11.5 70 0 Blue 3.16 9.2 7.1

(Dyed for 30 mins in the Turbomat at various temperatures).
A is Albigen A; KDB is Kieralon DB; NA-B is Detergent NA-B; PVP is polyvinyl pyrrolidone.

Table 4. Effect of Various Dispersing Agents Added to the Dyebath (1% oww Vat Green 1)
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Of the four dispersing agents tested, Kieralon DB gave the worst results and was not
investigated further. The other three products gave similar results. For these, only a very
small concentration of dispersing agent was required in order to counteract the adverse
effect of a low final dyebath pH. High concentrations of dispersing agent tended to
reduce the colour yields. The optimum concentrations of Albigen A and PVP were
0.05 g/L, whereas for Detergent NA-B, the highest colour yields were obtained with
0.25g/L.

For all the dispersing agents studied, addition of sodium sulphate (5% oww) to the
dyebath slightly decreased the colour yield. It appears, therefore, that with the SBH
reducing system, there is a marked benefit with some vat dyes in using a small
concentration of dispersing agent in the dyebath, in order to avoid the necessity of
maintaining a high liquor pH throughout the dyeing cycle. The pH always dropped to
some extent when the dyebath, set with the vatted dye, contacted the wool fabric. It was
observed that the amount the pH changed varied from dye to dye. Although the reason
for this variability is not known, it is possible that the finishing agents used in the
formulation of the dyes give a buffering effect, in some cases. It was found that not all vat
dyes showed this pH sensitivity when applied to wool. However, in order to offset any
adverse effects caused by unpredictable pH changes, a dispersing agent was added to all
dye liquors, as a standard part of setting the dyebath.

3.3 Application of vat dyes to wool by the conventional sodium hydrosulphite/sodium
hydroxide method

In order to compare the SBH/bisulphite method with the conventional vat dyeing
procedure, a series of fabric samples were dyed with either Vat Red 45 or Vat Green 1 (1%
oww), following reduction to the respective leuco compound with sodium hydrosulphite
and sodium hydroxide. As the dyestuff manufacturers’ pattern cards give only very general
information on the amounts of sodium hydrosulphite and sodium hydroxide required for
effective reduction, the dyes were vatted by the method described in Section 2.2.1 with the
two concentrations of the chemicals shown in Table 5. All the dye liquors contained sodium
sulphate (5% oww), in accordance with normal practice on wool. Two sets of fabric samples
were dyed with each formulation: one without a dispersing agent and one containing
0.25g/L Detergent NA-B. All the samples were soaped off in a similar manner with
Detergent NA-B and ammonia.

It can be seen from Table 5 that all the concentrations of sodium hydrosulphite and NaOH
reduced Vat Red 45 to the purple leuco compound. However, although the two dyebaths set
with the lower concentrations of these chemicals remained purple up to the end of the
exhaustion phase, the fabrics changed to a pink/purple during the dyeing cycle. This
showed that some oxidation of the leuco compound to the pigment form of the dye had
occurred during dye exhaustion, which indicates that insufficient hydrosulphite had been
used. The results show that the most stable system regarding resistance to premature
oxidation was the one containing 5 g/L hydrosulphite and 12 ml/L of the sodium
hydroxide solution. This was considered to be the optimum concentrations of these
chemicals for Vat Red 45, because in this case the dye was not oxidised until after the end of
the exhaustion/fibre penetration phase of the dyeing cycle. These concentrations are very
similar to those recommended for the application of vat dyes to wool/cotton blends (Lemin
& Collins, 1959).
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Reagent/Conditions A B C D
Sodium hydrosulphite
(2/1) 3 3 5 5
Sodium hydroxide solution (38°Bé) 7 7 12 12
(ml/L)
pH of vat 12.2 12.2 12.3 12.3
Colour of vat Purple Purple Purple | Purple
Dispersing agent
(Detergent NA-B) 0.25 nil 0.25 nil
(8/L)
pH after fabric added (40°C) 11.8 11.8 11.9 11.9
pH after 30 min at 60°C 11.3 11.2 11.5 115
Colour of fabric after 30 min at 60°C | Pink/Purple | Pink/Purple | Purple | Purple
Colour of liquor after 30 min at 60°C Purple Purple Purple | Purple
Absorbance of final dyebath at 548 nm 1.08 0.88 043 0.71
Water rinse pH 11.0 11.0 11.1 11.2
2g/L Detergent NA-B pH 9.5 ammonia
Soap off i gO mins at 1}[())0°C
Final soap off pH 10.0 | 9.9 | 100 | 100

Table 5. Vat Dyeing with Vat Red 45 (1% oww) by the Conventional Hydrosulphite/NaOH
Method (Dyed in Turbomat 30 mins at 60°C)

Table 6 shows K/S and rubbing fastness data for samples dyed with Vat Red 45 and various
concentrations of hydrosulphite and sodium hydroxide. The best results were obtained with
the highest concentrations of chemicals (5g/L hydrosulphite and 12 ml/L NaOH solution)
without a dispersing agent. Table 6 also shows that when Vat Red 45 was applied to wool
by the optimised SBH method, the colour yield and rubbing fastness were superior to the
values obtained by the conventional hydrosulphite procedure. Another advantage of the
SBH method was the lower pH of the dye liquors at the end of the dyeing cycle (pH 8.5 - 9.0
compared with pH 11.5 for the hydrosulphite/NaOH method). This would be expected to
result in a lower level of fibre damage, as discussed later.

Conc. Sodiu.m Conc. NaOH | Dispersing Agent sl o (278 Vel Rubbing
Hydrosulphite| (ml/L of |(Detergent NA-B) Byt 520 nm Fastness
(g/L) 38°Bé) (g/L) Dry | Wet
3 7 Nil 11.3 34 44 | 43
3 7 0.25 11.2 4.0 44 | 43
5 12 Nil 11.5 43 43 | 41
5 12 0.25 11.5 3.9 44 | 37
Dyed with 2g/L SBH;
8 g/ L Bisulphite; 0.25 9.5 6.5 46 | 4.6
6 ml/L 38°Bé NaOH

Table 6. Comparison of Colour Yield (K/S Values) and Rubbing Fastness of Samples Dyed
with Vat Red 45 (1% oww) by the Hydrosulphite/NaOH and SBH Methods at 60°C (Dyed
for 30 mins in the Turbomat)
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The results obtained when Vat Green 1 was applied by the conventional
hydrosulphite/NaOH method are shown in Tables 7 and 8.
Reagent/Conditions A B C D
Sodium Hydrosulphite 3 5 5
(g/(L) ;
NaOH (38°Bé
(ml/1) 7 7 12 12
pH of vat 11.9 11.9 12.0 12.0
Colour of vat Blue Blue Blue Blue
Dispersing agent
(Detergent NA-B) 0.25 Nil 0.25 Nil
(8/L)
pH After fabric added (40°C) 11.4 11.4 11.5 11.5
Final dyebath pH 11.0 11.0 115 11.5
Colour of fabric after 30 min at 70°C Green Green | Blue Blue/Green
Colour of liquor at after 30 min at 70°C Green Green | Blue Green
Absorbance of final dyebath at 558 nm 1.09 0.63 2.87 1.16
Water rinse pH 10.5 10.6 10.8 10.9
pH of Oxidation 9.5 9.2 9.9 9.9
2¢g/L Detergent NA-B pH 9.5 ammonia
Soap off i gO mins at 1%0°C
Final soap off pH 9.9

Table 7. Vat Dyeing with Vat Green 1 (1% oww) by the Hydrosulphite Method (Dyed for 30
mins in the Turbomat at 70°C)

Conc Dispersing Rubbing
Conc. Sodium : Agent . K/S Fastness
. NaOH Final pH of
Hydrosulphite i (Detergent Dvebath Value at
(g/L) - NA-B) y 640nm | Dry | Wet
38°Bé)
(g/L)
3 7 Nil 11.0 7.9 4.4 34
3 7 0.25 11.0 5.1 3.8 2.6
5 12 Nil 11.5 7.5 4.2 3.2
5 12 0.25 11.5 9.8 44 3.5
Dyed with 2g/L SBH;
8 g/L /Bisulphite; 0.25 8.6 11.3 4.6 3.8
6 ml/L 38°Bé NaOH

Table 8. Comparison of Colour Yield (K/S Values) and Rubbing Fastness of Samples Dyed
with Vat Green 1 (1% oww) by the Hydrosulphite and SBH Methods at 70°C (Dyed for 30

mins in the Turbomat)

Table 7 shows that all the concentrations of hydrosulphite and NaOH reduced Vat Green 1 to
the blue leuco compound. However, as discussed above for Vat Red 45, the dyebaths set with
the two lowest concentrations of these chemicals were oxidised to some extent during the
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exhaustion phase of the dyeing cycle. This again indicated that insufficient hydrosulphite had
been used. The results show that the most stable system regarding resistance to premature
oxidation was again the one containing 5 g/L hydrosulphite and 12 ml/L NaOH. In contrast
to the finding for Vat Red 45, in this case, the addition of a dispersing agent produced better
results for colour yield and rubbing fastness (Table 8). This is similar to the finding for this dye
applied with SBH/bisulphite.

Table 8 compares results for Vat Green 1 applied by the hydrosulphite/ NaOH method with
results obtained by the optimised SBH method. Thus, as found for Vat Red 45, the SBH
method gave a much better colour yield and slightly better rubbing fastness than the
conventional procedure using hydrosulphite and NaOH. Again, it should be noted that the
final liquor pH of the SBH dyebath was significantly less than for the hydrosulphite/ NaOH
system.

3.4 Effect of using a buffered dyebath

Results discussed above show that with some dyes (e.g. Vat Green 1) the colour yield can be
adversely affected if the pH of the dyebath falls below a certain value during the exhaustion
stage. Despite this effect being decreased by addition of a selected dispersing agent to the
dyebath, it was considered that the reproducibility/robustness of the system would be
improved by buffering the pH of the dyebath. After examining possible alternatives,
trisodium phosphate was selected for further study. This compound has been claimed to
produce less fibre damage than other alkalis (Bird, 1947). Table 9 shows the colour yields
and rubbing fastness results obtained by adding three concentrations of trisodium
phosphate to the dyebath. A concentration of 2g/L trisodium phosphate maintained the pH
slightly above pH 9.5 and gave the best colour yield. This amount of trisodium phosphate
was used in all further dyeings.

Reagent/Conditions A B C D
pH of vat 11.9 11.9 11.9 11.9
Colour of vat Blue Blue Blue Blue
Conc. trisodium phosphate in dyebath 1 5 3 4
(g/L)
pH After fabric added (40°C) 11.2 11.2 11.2 11.2
pH after 30 min at 60°C 9.6 9.7 10.1 10.3
Colour of liquor after 30 min at 60°C Blue Blue Blue Blue
Absorbance of final dyebath at 620 nm 1.5 1.6 2.2 2.4
Water rinse pH 10.5 10.5 10.6 10.7
Soap off 2g/L Detergent NA-B fHo9.5 ammonia 20 mins at
00°C
Final soap off pH 9.5 9.5 9.4 9.5
K/S at 640 nm 8.8 11.3 9.4 10.2
Dry Rubbing 4.5 4.6 4.5 4.5
Wet Rubbing 4.0 3.8 4.0 3.8

Table 9. Effect of Buffering the Dyebath with Trisodium Phosphate on the Colour Yield and
Rubbing Fastness of Vat Green 1 (1% oww) Applied to Wool by the SBH Method

(2g/L SBH; 8g/L sodium bisulphite; 6 ml/L of 38° Bé NaOH) (Dyed in Turbomat for 30 min
at 60°C; 0.05 g/L Albigen A added to dyebath)
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3.5 Optimisation of dye fastness

When cotton is dyed with vat dyes, the dyed samples are soaped off to remove oxidised
pigment from the fibre surface and to aggregate the pigment particles inside the fibre. Both
these effects improve overall fastness properties (Latham, 1995; Trotman, 1984; Bird, 1947;
McNeEeil et al, 2005). It was observed during the early part of this work that some loose pigment
remained on the fabric surface, even after wool fabrics had been soaped off for 20 minutes at
98°C. It was also found that this had an adverse effect on fastness properties. Unlike normal
wool dyes, vat pigments are insoluble in water after they have been oxidised. It is suggested
that a dyeing machine such as the Turbomat is not very effective in removing surface pigment,
because its circulation action, which involves pumping liquor through the fabric, will tend to
filter any pigment particles removed in the wash off. Washing-off in equipment such as a
scouring machine would be expected to be more effective in removing pigment particles
trapped within the yarns. In the present study, in order to produce dyed fabrics with optimum
fastness properties, after soaping-off in the dyeing machine, all fabrics were rinsed with hand
stirring in a beaker containing 1 g/L Detergent NA-B, as described in Section 2. This treatment
was considered to provide a laboratory simulation of fabric scouring for piece goods, or
backwashing in the case of wool that had been top dyed. Such a treatment should be part of
any procedure for applying vat dyes to wool by the new SBH method.

Vat Dve . Rubbing | Alkaline Perspiration
(Colour IZdex Method K/S DEE I inees Fastness Fastness
Number) sc [w] C N | Dry [Wet[SC[W]|]C|N
Red1 | Hydrosulphite] 53 37 | 50| 48 | 49 | 42 | 34
SBH 57 | 44 |50 | 47 | 48 | 46 | 39
Red 10 Hydrosulphite | 4.5 42 | 49 | 47 4.8 43 3.5
SBH 55 43 |49 | a7 | 47 | 45 | 40
Red 45 Hydrosulphite | 3.9 47 | 49 | 47 3.3 4.4 3.7
¢ SBH 6.5 48 | 49| 46 | 38 | 46 | 46
G 1 Hydrosulphite | 9.8 24 | 49 | 438 4.8 44 | 35
reen SBH 113 | 30 | 49 | 48 | 49 | 46 | 38
Hydrosulphite | 1.9 45 | 49 | 48 4.8 4.4 41
Green 3 SBH 29 | 41 | 48 | 48 | 48 | 45 | 43 All Rated 5
Hydrosulphite| 1.5 28 |49 | 48 | 49 | 45 | 43
Yellow 5 SBH 76 | 31 | 49 | 48 | 49 | 44 | 43
. Hydrosulphite | 8.8 29 149 | 438 4.9 4.5 3.9
Violet 18 SBH 129 | 27 | 48 | 47 | 46 | 46 | 40
Orange 5 | Hydrosulphite| 6.1 35 | 49 | 48 | 49 | 43 | 38
& SBH 124 | 42 | 49 | 48 | 49 | 44 | 34
Hydrosulphite | 0.75 34 | 49 | 438 4.7 44 | 41
Brown 24 SBH 22 | 39 | 49 | 47 | 46 | 45 | 43

SC- Shade Change; W - Stain on Wool; C - Stain on Cotton; N - Stain on Nylon

Table 10. Colour Yield and Fastness to Wet Treatments and Rubbing of Vat Dyes Applied by
the SBH and Hydrosulphite/NaOH Methods at 60°C (1% oww dye).

3.6 Colour yield and fastness of vat dyes applied by the SBH and hydrosulphite
methods

The data in Section 3.3 for Vat Red 45 and Vat Green 1 show that the SBH method gave
better colour yields and better, or similar rubbing fastness than the conventional method
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using sodium hydrosulphite and sodium hydroxide. Table 10 presents results for colour
yield and fastness to washing, alkaline perspiration and rubbing for 9 vat dyes applied by
the optimised SBH method. For comparison, results are also shown for the dyes applied to
wool by the hydrosulphite/caustic soda method.

The data in Table 10 confirm the results obtained with Vat Red 45 and Vat Green 1,
discussed above. Thus, for all nine dyes, the SBH/bisulphite system gave better colour
yields than were obtained by the conventional method using sodium hydrosulphite and
sodium hydroxide. The differences in colour yields can also be seen in Table 11.
Furthermore, Table 10 also shows that accompanying the higher colour yields, the
SBH/bisulphite system gave similar or slightly better overall fastness properties than
hydrosulphite.

Vat Dye
(Colour Index Hydrosulphite Method SBH Method
Number)

Red 1

Red 10

Red 45

Green 1

Green 3

Yellow 5

Violet 18

Orange 5

AL Ty Ly l].l
Brown 24 )| e ,.f.'l f,;.u ’
i ‘.l; ﬁl‘s
[T
(Table 11 is shown in colour in the on-line version of the paper)

Table 11. Wool Fabrics Dyed with Vat Dyes (1% oww dye) by the SBH and Hydrosulphite
Methods
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3.7 Effect of type of dyeing machine

In a long liquor dyeing process, interchange of the dyebath liquor with the substrate is
important in order to ensure a constant supply of dyestuff molecules to the fibre surface.
This can be achieved either by pumping the liquor through a stationary material, moving
the substrate though the liquor, or moving both the liquor and material through the
machine. Anionic wool dyes applied under acidic conditions have a high substantivity for
wool as a result of ionic attraction between the anionic dye molecules and protonated amino
groups in the fibre. For this reason, the type of liquor circulation used in the dyeing machine
is not an important factor in the uptake of most types of wool dyes. Vat dyes, however, are
applied to wool at a relatively high pH, where the fibre is negatively charged. Thus, in this
case the substantivity of the dye will be dependent largely on non-polar/hydrophobic
interactions rather than on ionic attraction. It is possible, therefore, that the more efficient
liquor interchange in the Turbomat, involving pumping the liquor through the fabric, may
result in better dyebath exhaustion than in a machine such as the Mathis Labomat, where
liquor and fabric are tumbled around together. Another factor that may be important in the
Mathis machine is that the constant mixing of air with the liquor could result in premature
oxidation of the leuco compound. This could result in precipitation of the dyestuff in the
dyebath and, consequently, a lower colour yield.

In order to compare the effects of the SBH vat dyeing system in machines with different
actions, fabric samples were dyed with Vat Green 1 by the optimised SBH method in both
the Turbomat and Mathis laboratory dyeing machines. The first two sets of data in Table 12
show that the colour yield of the sample dyed in the Mathis was much lower than the one
dyed under similar conditions in the Turbomat. Although the exhaustion was slightly better
in the Turbomat than in the Mathis, the difference was not great enough to account for the
large difference in colour yield. A second possibility, discussed above, is that the reducing
power of the SBH system had been adversely affected by oxidation resulting from mixing
the dyebath with air during agitation in the Mathis machine. In order to test this possibility,
two further samples were dyed in the Mathis machine. Extra SBH, sodium bisulphite and
caustic soda were added to one of the pots when the vatted dye liquor was diluted
immediately before the fabric was added. This technique, called “sharpening the bath”, is
used when concentrated stock vats are prepared and then diluted for use over a few days.
The extra reducing agent replaces losses due to air oxidation.

Dyeing Extra SBH/bisulphite and Final 1:};550; ; ’ al’féjo I;::[Eg;g
Machine NaOH added Dyebath pH
nm nm | Dry | Wet
Mathis None 9.6 1.03 1.6 42 | 25
Turbomat None 9.0 0.82 123 | 4.5 3.7
Mathis Yes (a) 9.9 1.37 161 | 45 | 32
Turbomat Yes (a) 8.6 0.57 143 | 44 | 33

(a) Bath Sharpened with 1 g/L SBH / 4 g/L sodium bisulphite / 3 ml/L caustic soda (38°Bé )

All samples soaped off for 20 mins at 98°C in 2 g/L Detergent NA-B

Table 12. Effect of Dyeing Machine Type and of Sharpening the Bath on Dyeing Vat Green 1
(1% oww) by the SBH/Bisulphite Dyeing System (Dyed for 30 min at 70°C; Liquor ratio
25:1; 5% oww Sodium sulphate; 0.05 g/L Albigen A added to the dyebath).
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As can be seen from Table 12, the addition of extra reducing agent improved the colour
yield of samples dyed in the Mathis machine. The significance of this result is that it
provides an indication of the possible behaviour of the SBH system when wool is dyed with
vat colours in different types of machines. Thus, the results obtained in the Turbomat can be
considered to relate to the behaviour of top, loose stock, package and beam dyeing
equipment, where liquor is pumped through the substrate and very little mixing with air
occurs. The action of the Mathis, however, can be considered to simulate that of a jet, winch
or hank dyeing machine, all of which allow a high degree of contact between the dyebath
and atmospheric oxygen. It is clear from these results that when this type of equipment is
used, the bath sharpening technique should be employed. It is inadvisable to use extra
reagents during the dyestuff vatting step, because with some vat dyes the chromophore can
be destroyed by over reduction.

3.8 Wool fibre damage caused by SBH and hydrosulphite/NaOH vat dyeing methods
Wool fibre damage was assessed by comparing the wet burst strength (Lewis, 1989) of
fabrics after dyeing with vat dyes, by either the optimised SBH or optimised
hydrosulphite/ NaOH methods, with the values for the undyed fabrics. In a wet wool fabric,
ionic interactions (salt linkages) and hydrogen bonds within fibres are largely disrupted and
their stabilising effect on wool structure is considerably diminished. Wet burst strength is,
therefore, particularly useful because it provides an indication of cleavage of both
disulphide and peptide covalent bonds (Lewis, 1989).

The data in Table 13 show that at dyeing temperature of 60°C and 70°C, the optimised SBH
method produced less fibre damage than the standard procedure using hydrosulphite and
NaOH. This can be attributed largely to the much lower final dyebath pH obtained with
SBH. Fibre damage is, however, determined by both temperature and pH; and at a dyeing
temperature of 70°C, the difference in fibre damage was lower than at 60°C. As it has been
shown that dyed fabrics with good colour yield and fastness properties can be obtained at
60°C, it is concluded that this temperature should be used for the application of vat dyes to
wool by the SBH/bisulphite system. For comparison purposes, a fabric sample was also
dyed with a pre-metallised dye (1% oww) at pH 5 for 45 minutes at 98°C. The dyed fabric
had a bursting force of 286N (equivalent to a strength retention of 86%).

Dyeing  |Dyeing Temp.| Final Dyebath Wet Burst Strength
Method (°O) pH Bursting Force (N) | Strength Retention (%)
Undyed — — 330 100
Hydrosulphite 60 11.5 193 58
SBH 60 8.9 256 78
Hydrosulphite 70 115 223 67
SBH 70 8.9 242 73

Table 13. Wet Burst Strength of Wool Fabrics Dyed with Vat Dyestuffs by
Hydrosulphite/NaOH and SBH Methods

4. Conclusions

The feasibility of using a reducing system based on sodium borohydride and sodium
bisulphite to apply vat dyes to wool has been demonstrated. For a range of nine vat dyes,
better colour yields and overall better fastness properties were obtained by the
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borohydride/bisulphite method, compared with the conventional procedure involving
sodium hydrosulphite/NaOH. Furthermore, the SBH/bisulphite procedure produced less
fibre damage than the conventional method.

Sodium borohydride is more expensive than sodium hydrosulphite. However, the cost
difference between the auxiliaries is likely to be offset by the better colour yield and, for an
expensive substrate such as wool, by the lower fibre damage produced by the
SBH/bisulphite reducing system, compared with sodium hydrosulphite/NaOH.
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1. Introduction

Synthetic fibres have acquired an important part of the current textile industry. A great
disadvantage of some of the synthetic fibres is their low surface energy. This causes poor
wettability and dyeability. Surface modification techniques are mainly carried out to remove
loosely bound materials, foreign particles/impurities and to improve hydrophilic nature
and thereby improving dyeability. Manipulation of surface characteristics of textile
materials is of fundamental importance in the production of advanced functional textiles.
Textile fibres can be classified in two main groups: Natural and Synthetic. Natural fibres are
of animal origin or plant origin such as silk, wool, hair, jute, cotton, cellulose etc. whereas
there are a number of manmade/synthetic fibres such as viscose, polyester, polypropylene,
nylon, PLA fibres, polyamide and acrylic fibres. Natural fibres are limited and are not
sufficient and not always suitable for many applications. Hence synthetic fibres have
acquired greater importance in the present era. Synthetic fibres form an important part of
the textile industry, with the production of polyester alone surpassing that of cotton.
Improving the surface properties suitably is a very important aspect of the textile
processing. Low surface energy of the synthetic fibres affects the processing of the fibres,
especially during wet treatments. The surfaces are not easily wetted, thus impeding the
application of finishing compound and colouring agents. In addition, a hydrophobic
polymer hinders water from penetrating into the pores of the fabric. For a number of
applications it is necessary to modify surface properties of textiles from hydrophobic to
hydrophilic and vice versa. Plasma processing has a potential to render and change such
surface properties. Recent advances in textile chemistry have resulted in imparting various
functional properties such as decreased skin irritations, enhancing antimicrobial activity and
fragrance to the textile material. The surface composition and structure of a textile material
plays an important role in the textile’s performance in specific applications. E.g. The surface
of apparel / textile garment that is in contact with human skin could be modified to absorb
the body moisture while the outside surface could be modified to repel water. Several
studies showed that properties of polymeric substrates could be altered through surface
modification (Deshmukh and Bhat, 2003 (a); Deshmukh and Shetty, 2007; Jahagirdar and
Tiwari, 2004; Navaneetha P., et al., 2009; Yen et al., 2006).
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In the history of dyeing, right from early days, when natural dyes derived from extracts of
trees, leaves, roots and flowers were used till the modern concept with the use of several
synthetic dyes, it can be seen that each one has its own peculiarities. An efficient dyeing
process needs good adhesion and penetration of dye molecule into the fibre structure. Thus
the structure of the fibre - both Physical and Chemical - becomes important. If not found to
be suitable, these need to be modified. Various pretreatments such as chemical, enzymes,
plasma, irradiation have been tried.

Textile technology deals with several processes such as desizing, scouring, bleaching,
calendaring, singeing, dyeing, printing etc. During each of these stages the structure,
properties and behavior of fibres undergo many changes. The assembly of the fibres and
fabrics as well as bulk of each fibre undergoes transformations. Of these changes, the surface
modifications of the fibres is of profound importance as it improves properties such as
softness, adhesion, wettability, dyeability, printability etc. Apart from clothing, textiles find
use in a variety of applications such as furnishing, carpets, medical, automobile, geo-textile etc.
Each of these can benefit from specially designed characteristics which are governed by
surface properties. Wettability, adhesion, friction, biocompatibility, absorption, all begin at
surface and thus surface composition is more important than bulk. The properties depend on
surface chemical and physical structures which vary according to types of fibres, polymers and
the assemblies. The surfaces offer a platform for functional modifications to meet specific
needs. The surface modification can be achieved by various techniques such as traditional wet
solution treatment, physical treatment, biological approach etc. New technologies using high
energy beam process, vapour deposition, nano-particles etc. can have potential for
modification of surfaces.

Textile industry is one of the most pollutant industries because of the various processes
involved such as singeing, desizing, scouring, bleaching, mercerization, dyeing etc. These
processes pollute the environment and water resources. Economical and ecological pressure
on textile industry requires the development of economic and environment friendly “green”
processes. So one has to select a proper pretreatment for the modification of surfaces
amongst the available processes.

2. Surface modification techniques

Wettability and adhesion of polymers / films can be controlled by using surface
modification techniques such as exposure to plasma, flame, chemicals, enzymes etc.
Wettability can also be regulated by changing chemical composition of the surface. In
addition surface roughness can be an important factor for enhancing the adhesion and
wettability. Wettability is governed by molecular interaction of the outermost surface layer
of a few angstrom units. Therefore the forces dictating the wetting behavior of organic
substances do not originate from the organic molecule as a whole, but rather from the
outermost surface group. Further interfacial energy minimization needs molecules to
arrange themselves in such a way that only the low energy portions come in contact with
surrounding phase. As a result wettability depends on the chemical nature of energetically
favoured functional groups and the extent to which these are exposed. Several surface
modification techniques have been developed to improve wetting, adhesion, dyeing, feel
and other properties of textile surfaces by introducing a variety of reactive functional
groups. Few important techniques are described below.
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2.1 Wet chemical processing

In this surface modification technique, the textile surface is treated with liquid reagent to
generate reactive functional groups onto the surface. Chemical agent penetrates in the textile
material / substrate, thereby damaging the bulk property. The commonly used chemical
processing agents are chromic acid and potassium permanganate which introduce oxygen
containing functional groups on synthetic fibres such as PET, PP, Nylon and PE. The degree
of functionalization is therefore not repeatable between the polymers of different molecular
weight and crystallinity. The another disadvantage is that it can lead to the generation of
hazardous chemical waste and can cause skin irritation, even with very small amount of
residual on the textile material. The effect of pretreatment of polyester with DMF, DCM and
PCE on dyeability of polyester fabric was studied for disperse dyes (Jahagirdar and Tiwari,
2004; Patel and Bhat, 1986). The dye uptake depended on the solvent and the temperature
and duration of pretreatment. All the pretreated samples showed a higher dye uptake than
the untreated one. The temperature close to the boiling point of the solvent was found to be
the best temperature for increased dyeing. The enhanced dyeability was associated with the
plasticization and reduction in glass transition temperature of polyester. Similar studies on
effect of swelling treatments with benzyl alcohol and formic acid was carried out for nylon-6
filaments. When the pretreated filaments were dyed with disperse dye, a considerable
increase in the equilibrium dye uptake was observed. Although these filaments showed
increase in lateral order (as evident from X-ray diffraction), the increase in dye uptake was
explained due to structural rearrangement creating larger voids (Subramanian et al., 1982).
In the chemical grafting, the first step is to create radicals on the textile to initiate
copolymerization reactions with different monomers. Deo and Gotmare have carried out
grafting of acrylonitrile monomer on grey cotton to impart high water absorbency (Deo and
Gotmare, 1999). They have used KMnO, as an initiator. Tsukada et al. have used ammonium
peroxysulfide as an initiator to graft benzyl methacylate on wool fibres (Tsukada et al.,
1997). They have also reported that the tensile strength of grafted fibres increases while
elongation and breaking strength decreases.

2.2 Mechanical abrasion

It also leads to non uniform and non repeatable surface modification. We do not have good
control over the process as in wet processing. This in turn hampers mechanical properties of
the materials under process.

2.3 Flame treatment

The reactive oxygen is generated by burning an oxygen rich gas mixture. It incorporates
hydroxyl, aldehyde and carboxylic acid functional groups onto the surface and is utilized to
enhance surface properties for better printability, adhesion and wettability. Flame treatment
is non-specific surface funcationalization technique that bombards the polymer surface with
ionized air generating large amounts of surface oxidation products. One drawback of flame
treatment is that it can reduce the optical transparency of polymers. It depends upon flame
temperature, contact time and composition that must be accurately controlled to maintain
uniform and reproducible treatment and to avoid burning.

2.4 Enzymatic surface modification
Enzymatic surface modification of textile material involves processing of fibres to modify
physical and chemical surface properties or introduction of functional groups on the surface.
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Research on the enzymatic surface modification of textiles contributes to environment
friendly processes through the sustainable development of novel processes for textile. While
much research focuses on chemical modification or structuring of the surfaces, the
introduction of functionalities using enzymes is relatively unexplored scientific area. The
advantage of enzyme technology over the other technologies is their high specificity
towards a certain reaction and / or substrate. Review articles (Araujo et al., 2008; Cavaco
and Gubtz, 2003; Lenting, 2004) describe importance and potential of enzyme technology in
textiles. Enzyme technology has already been proven to be very profitable in industrial pre-
treatment processes of natural fibres predominantly. Taking into account the current
international state of art, bio processes are getting more and more important. Over the past
two decades, much research has been carried out on reactions catalyzed by enzymes that are
relevant for the textile industry such as desizing of cotton, depilling of cotton, enzymatic
ageing of denim fabric, enzymatic scouring of grey cotton fabric, shrink- resistant treatment
of wool and enzymatic degumming of silk (Nierstrasz, 2009). These studies clearly indicate
that the surface modification of textiles with enzymatic treatment has the potential to
replace conventional wet treatment. Conventional wet processes requires long residence
time, high concentrations of harsh chemicals, large amount of water and are generally
carried out at high temperatures leading to high energy consumption.

2.5 Sonication

Ultrasonic waves are acoustic waves with frequencies between 20 KHz to 20 MHz. When
ultrasonic waves are communicated through media, several effects occur such as
mechanical, thermotic and cavitation. These effects are recognized as beneficial to physical
and chemical processes (Liu et al., 2007). It has been known that ultrasonic waves in liquids
are used to clean surfaces. They produce bubbles in liquids and when the bubbles burst
substantial amounts of energy is released. When compared with hand washing, ultrasonic
agitation has many advantages. It has negligible effects on the strength and colour of fabrics
and causes less fibre migration (Hurren et al., 2008). Vankar and Shankar have carried out
dyeing in Ultrasonic bath of cotton fabric pretreated with enzymes (Vankar and Shankar,
2007). Their results show better and faster dye uptake after enzyme pretreatment on cotton
fabric and results of dyeing are better than those obtained using metal mordanted fabric.
They also observed considerable improvement in wash fastness and light fastness. The
improved properties were observed without using metal mordants thereby proving
ultrasound to be an effective tool in textile dyeing for cleaner production.

2.6 Surface modification using nano-particles

Nanotechnology has touched every nook and corner of the life and textiles cannot remain
aloof. Nanotechnology deals with materials having at least one dimension less than 100 nm.
It includes nano-particles, nanorod, nanowires, thin films and bulk materials made of
nanoscale structures (Cao G, 2004). Application of nanotechnology on textile materials could
lead to the addition of several functional properties. Deposition of silver nano-particles can
be used to create shiny metallic yellow to dark pink colour while simultaneously imparting
antibacterial properties to the fabric. Gold nano-particles allow the use of molecular ligands
so that the presence of biological compound surroundings is rapidly detected. Metal oxide
nano-particles such as TiO,, Al,O3, MgO and ZnO possess photo-catalytic and antibacterial
activity and UV absorption properties. More often these nano-particles can be impregnated
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onto textile materials without significantly affecting their texture or comfort. It is reported
that the padding of colloidal silver solution onto textile fabric made from cotton, polyester,
cotton/ polyester and cotton/spandex blended fabrics shows efficient antibacterial activity
with good laundering stability (Lee and Yeo, 2003; Lee and Jeong, 2005). Silver nano-
particles coated fabric exhibited better antibacterial properties and protection against UV
radiation owing to nano-silver absorption in the near UV region (Vigneshwaran et al., 2007).
Super hydrophobic (water repellent), dirt repellent nano-structured surfaces of textiles
having self cleaning property have attracted attention of scientists. It is also called the lotus
effect. Bozzi et al. have reported on RF plasma, MW plasma, and UV irradiation as
pretreatments for synthetic textile surfaces, allowing the loading of TiO, by wet chemical
techniques, in the form of transparent coatings. These materials show a significant photo-
catalytic activity (Bozzi et al., 2005). Various functional properties such as comfort and easy
care can be imparted with the advent of nano-technology, which otherwise were difficult.
Though many people are working in this area of nanofinishing of textiles, their commercial
exploitation has only just begun.

2.7 Radiation induced surface grafting

It is relatively a new technique that offers a variety of ways to alter the surface morphology
and chemical composition of textile substrates and, thus imparts new or improved
functional properties. The surface grafting can be achieved by a) light (generally UV light)
induced grafting, b) plasma induced grafting and c) irradiation (y-rays, electron beam)
induced grafting. These three methods share the same objectives i.e. creating free radicals
onto the polymeric substrates and then these radical sites are used as initiators for
copolymerization reactions with vinyl monomers present in the grafting solution. Various
parameters such as concentration of the monomer, time of treatment, radiation dose, type
and concentration of catalyst used, if any, could greatly affect the grafting efficiency and
need to be optimized.

Radiation induced grafting involves the use of high energy radiation to create free radicals
onto the textile substrates. It can be carried out in two ways: in-situ grafting and post
exposure grafting. Compared with chemical grafting, radiation-induced grafting has many
advantages such as no chemical initiators are used and grafting yield can be controlled by
controlling dose and the time of irradiation. Shao et al. used an electron beam to induce
grafting of 2-hydroxyethyl methacrylate (HEMA) on silk fabric (Shao et al., 2001). They
showed that the degree of grafting was related to the irradiation dose. Uyama et al. have
given excellent review on the subject (Uyama et al., 1998).

Plasma induced grafting is another important techniques and the details of it are described
in a book (Yasuda, 1984). Plasma-induced grafting has emerged as an alternative and
attractive method for surface modification of textiles. Under this technique, first radicals are
created by exposing fabric in the gaseous plasma such as O, N, NH3, Ar, air etc. and then
fabric is immerged in the monomer bath followed by washing. Similarly in situ
polymerization is also carried out, in which fabric is treated with gaseous plasma followed
by plasma polymerization of monomer vapour onto the fabric surface in the plasma reactor.
Bhat and Benjamin have successfully grafted acrylamide onto cotton and polyester fabrics
using RF plasma (Bhat and Benjamin, 1999). They have observed that the crease recovery
angle increases and tensile strength decreases slightly. Abidi and Hequet have studied graft
copolymerization of vinyl laurate monomer on gaseous microwave plasma processed cotton
fabrics (Abidi and Hequet, 2004, 2005). The grafted cotton fabric showed excellent water
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repellency properties. Repeated home laundering of the treated cotton fabrics revealed no
significant effect on the water contact angle or on the quantity of grafted vinyl laurate
monomer as determined by universal attenuated total reflectance Fourier transform IR,
demonstrating the good durability of the treatment that was applied. Graft
copolymerization of various monomers onto variety of fibres was carried out by means of
RF plasma (Zubaidi and Hirotzu, 1996). The monomers used were HEMA, Acrylamide
(AAm), N-isopropyl AAm, acrylic acid, 2-methoxyethyl acrylate and 2-hydroxyethyl
methacrylate. The textile fibres used were cotton, cellulose acetate, rayon and
cupraammonium cellulose. Authors have reported that HEMA monomer was graft
polymerized more readily than other monomers investigated and cotton fabrics were shown
to be more reactive than other fabrics. Oktem et al. have incorporated acrylic acid onto the
surface of polyester fabric to impart soil resistance and improve dyeability using two
approaches (Oktem et al., 1999). In the first approach, in-situ polymerization of acrylic acid
monomer was achieved in a glow discharge reactor. In the second approach, the fabric was
first treated in Ar plasma, followed by immersion in an aqueous bath containing different
amounts of acrylic monomers. The advantage of plasma treatment over the wet chemistry
technique is that the effects of plasma do not penetrate more than few 100 A from the
surface and hence bulk properties of the substrate remains unaltered.

Light induced grafting basically uses, UV light energy for creation of free radicals onto the
textile surfaces. UV radiation induced surface grafting of textiles is another technique that has
attracted attention because of its simplicity. Radicals thus generated onto the surface are used
to initiate copolymerization reactions with various monomers. UV radiations are not as
penetrating as high-energy gamma (y) radiations, free radicals thus produced mainly close to
the surface rather than uniformly distributed throughout the fibres (Reinhardt and Harris,
1980). Radiation induced grafting using high energy sources such as UV radiation or electron
beams has been explored as an alternative to chemical grafting. However, if the conditions are
not controlled, radiation grafting may result in deterioration of physical properties of the
substrate and may lead to photo-degradation of the substrate (Abidi, 2009). Shulka and
Athalye have successfully grafted HEMA onto the Polypropylene staple fabrics using UV
radiation (Shukla and Athalye, 1994). The choice of grafting with HEMA was based on its
hydrophilic properties. They used three different photo-initiators. They observed that the
moisture regain of the PP fabric was increased and build-up of static electricity was
diminished. The parameters affecting the efficiency of grafting, such as time and temperature
of the reaction as well as concentrations of the initiators, were optimized in this study to
maximize the amount of grafted monomer on the PP fabric surface. UV induced grafting of
water soluble monomers onto the surface of polyester fabrics was performed by Uchida et al.
to permanently change the surface properties from hydrophobic to hydrophilic (Uchida et al.,
1991). UV grafting technique was also used to impart water repellency. Ferrero et al. have
reported the use of silicone containing monomer with different formulations on cotton fabrics
in order to impart water repellency (Ferrero et al., 2008).

2.8 Plasma processing

The above mentioned methods particularly chemical wet processing have disadvantages
that they require the disposal of polluted water and the treatments are non uniform. Plasma
treatment of textiles is attractive in that it is clean, dry technology and much less energy is
consumed than equivalent conventional treatments. Gas plasma treatments are highly
surface specific; they do not affect the bulk properties of the textile fibres. Plasma processing
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is environmentally friendly, since no wet chemistry is involved. It does not produce any
waste/ load on the environment. Therefore, low temperature plasma treatments are set to
revolutionize textile processing technology. Although gaseous plasmas have been known
for several decades, it is only recently, after the introduction of equipments on an industrial
scale, the commercial interests have began. Nowadays, textile fabrics of breadth >1 m can be
successfully treated on a commercial scale with low pressure plasma, in a roll to roll
manner. The technology is widely perceived as being confined to batch processing. The
book edited by Shishoo highlights the huge potential of plasma treatment for textile
processing (Shishoo, 2007). An overview of the literature on potential uses of non-thermal
plasmas for the modification of textile products and benefit from the plasma treatment is
given by Morent et al. (Morent et al., 2008).

Plasma treatments of textiles alter surface morphology and chemical composition without
affecting their bulk properties. The depth of surface modification is of the order of few
hundred angstroms. Plasma treatment can alter hydrophobic surface to hydrophilic and
vice-versa, depending upon the type of gas / monomer used for the generation of plasma.
Thus plasma treatment can lead to improved wettability or water repellency, depending on
whether greater chemical affinity or inertness has been conferred / transformed on the
textile surfaces. Similarly, other properties that can be improved are bio-compatibility,
adhesion, resistance to wear and tear, rate and depth of dyeing, cleaning of fibre surfaces,
and desizing.

Low temperature glow discharge consists of high energetic electrons, positive and negative
ions, free radicals, excited atoms and molecules, neutrals and UV radiation. The mixture of
species composing plasma is therefore highly complex and in general all these species can
interact with textile surfaces during the plasma treatment. There are basically two kinds of
plasmas that can be produced in laboratory, hot plasma and cold plasma. Hot plasmas are
thermally in equilibrium and the temperature is of the order of 1000 K. Therefore, hot
plasmas are not suitable for polymers and textiles treatments. Whereas, the electrons in the
cold plasma acquire energies in the range of 0.1 to 10 eV, much higher than the energies of
ions and molecules, so equilibrium between all the species is far from equilibrium. Cold
plasma temperature is around room temperature or slightly above, so it can be successfully
applied for the surface modification of textiles. Plasma can be generated by applying electric
fields of low frequency (50 KHz. to 500 KHz.), radiofrequency (13.56 MHz.) or microwave
(915 MHz. or 2450 MHz.). The extent and nature of the modification of a textile surface by
plasma treatments is governed by / depends upon several parameters such as, working
pressure, power, distance between two electrodes, time of treatment, type of gas /
monomer, the type of textile, used etc. In spite of the complexity of all these factors, several
effects can be broadly identified. One is cleaning or etching of substrate surface. This process
involves removal of tiny amount of contaminant, process aids, adsorbed species etc. So
cleaning of surfaces is regarded as first step of plasma processing. After this step actual
deposition / etching of the material starts. It is associated with the changes in surface
properties and wetting behavior. In general, polymers containing oxygen groups are more
sensitive to etching than polyolefins. Under the same conditions of plasma treatment,
polyester fibres are more prone to etching than nylon 6 fibres, which in turn are more prone
than polypropylene (Radu et al., 2000). An enormous variety of plasma treatments are now
available, and so the changes that can be brought to textile surface characteristics are
numerous. Plasma treatments are therefore, capable of giving rise to innovative type of
textile and moreover on a commercial scale.
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2.8.1 Atmospheric pressure plasmas

There are three types of atmospheric pressure plasmas: a) Corona Discharge, b) Dielectric

Barrier Discharge (DBD), and c) Atmospheric pressure glow discharge (APGD).

a. Corona Discharge: It is the oldest type of plasma treatment employed for modification
of polymeric surfaces. It consists of two parallel electrodes, one of which is cylindrical
in shape while other one is knife shaped. A very high voltage 10 to 15 kV is applied
between the two electrodes separated by ~1 mm distance. Corona discharges are weak
and too inhomogeneous for plasma treatments for textiles. The density of the plasma
falls dramatically with the distance from the point of generation, a factor that accounts
for smaller gap between the two electrodes. Thicker fabric therefore cannot be treated
by corona discharge.

b. Dielectric Barrier Discharge (DBD): It consists of two parallel plate electrodes
separated by narrow gap and around 20kV potential difference applied between
them. In order to prevent arcs and short circuit between the electrodes, one or both
the electrode plates are covered with suitable dielectric material such as ceramic or
glass. Therefore it is called as dielectric barrier discharge. The DBD is powered by AC
with a frequency of 1-20KHz. DBD is homogeneous as compared with corona
discharge.

Olievera et al. have shown the effectiveness of Dielectric Barrier Discharge for the surface

modification of Polyamide (PA) fibres (Olievera et al., 2010). PA fibres contain amines and

carboxylic acid terminal groups, therefore, both anionic and cationic dyes can be used for
dyeing. However, dyeing conditions needs to be controlled properly for better and uniform
dyeing. The physical and the chemical changes imparted by DBD plasmas on the PA fabric
show excellent dyeing properties. The process of surface modification using DBD plasma
can also be used to improve hydrophilic properties of naturally coloured cotton fabric.

Atmospheric plasma treatments could influence not only the chemical properties but also

the physical properties of naturally colored cotton fibers (Demir et al., 2011). The degree of

modification of plasma treatments are influenced significantly by the duration, power, and
plasma type. In general, the argon-plasma treatment showed more effective results than the
air-plasma treatment.

c. Atmospheric Pressure Glow Discharge (APGD): APGD is generated at much lower
voltages and at high frequencies (MHz, RF) as compared with DBD. RF source is
connected between two parallel plate electrodes, which are separated from each other
by just few millimeters. Therefore, APGD is relatively uniform and stable as compared
with DBD. APGD has many advantages over DBD. It does not require electrode(s) to be
covered / coated with dielectric layer. However, the discharge is generated in helium
(other gases are used with helium), which on commercial scale becomes expensive,
unless helium is substantially recovered.

The atmospheric-pressure He and He + O, plasma treated nylon 6 films showed increased

surface roughnesses, increased surface oxygen contents, and hydrophilic polar groups; this

led to lower water contact angles and improved bonding strength (Gao et al., 2011). They
have further observed that, when the amount of oxygen increased from 1 to 2% in the
plasma-gas mixture, all of these favorable effects were further enhanced.

2.8.2 Low temperature plasma processing
The relative advantages of low pressure and atmospheric pressure plasma treatments on
textile substrates are still the subject of considerable debate. Both the treatments have their
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merits and demerits therefore, final selection of the process will be decided by the
requirement of the process speed and the extent of modification. Low pressure equipments
are equipped with vacuum pumping system, which consumes more electricity /energy than
atmospheric pressure equipment but low pressure equipments require less power to
generate and sustain plasma as compared to atmospheric pressure equipment. On the other
hand, low pressure equipment requires much smaller quantities of gases / monomer(s), a
particularly important consideration where expensive gases / monomers are used.
The modifications achieved by low pressure plasma are more uniform than atmospheric
plasma. One has a better control over the surface modifications achieved by low
temperature plasma. Atmospheric pressure equipment can be utilized as part of an overall
continuous process (which industry prefers), whereas low pressure equipment is restricted
to batch-to-batch processing.

Gawish et al. have studied the effect of low temperature plasma for improving wool fabric
properties (Gawish et al., 2011). They have used plasma treatment to modify the surface
properties of wool fabrics by partial removal of the scales and the lipid layer. They have
discussed dyeing behavior of untreated and pretreated wool fabrics. Three dyes were
used, namely acid dye, 1:2 metal complex dye and reactive dye. Different exposure times
(1-5 min) of oxygenated plasma treatment were effected to improve the hydrophilicity,
wettabillity, dyeability and the washing and light fastness properties of the dyed wool
fabrics (which were increased by increasing the plasma exposure time). Wool has some
technical problems that affect the quality and performance of the finished fabric such as
felting, shrinkage, handle, luster, pilling and dyeability. These problems are mainly due to
scales on the fibres and lipid layer. They act as barriers for diffusion processes, which
adversely affects sorption behavior of fibres. Oxygenated plasma treatment of wool
fabrics results in removal of the lipid layer and scales from the fibres leading to the
improved wetting, dyeing and shrink resistance (Hartwig Hocker, 2002; Hesse 1995;
Meade et al., 2008; Rakoweski, 1997). The effect of plasma of non-polymerizable gases on
wool fabric is discussed quantitatively (Kan et al., 1999). Three different nonpolymerizing
gases —oxygen, nitrogen, and a 25% hydrogen/75% nitrogen gas mixture, were used to
study the influence of the nature of each gas on the properties of wool substrates. The
properties which include fiber-to-fiber friction, feltability, fabric shrinkage, surface
structure, dyeability, alkali solubility, and surface chemical composition depend on the
nature of the plasma gas used. Shahidi et al. have studied the effect of low temperature on
dyeing properties of PP fibres (Shahidi et al., 2007). PP fibres were subjected to O, and N>
plasma. It was found that after the plasma treatment, PP fabrics achieve necessary
hydrophilicity because of incorporation of polar functional groups such as hydroxyl,
carbonyl, ester and carboxyl. Similarly, improvement of dye adsorption on polyester
fibres by low temperature plasma pre-treatment is demonstrated (Lehockey and Mracek,
2006). Low temperature plasma of two gases mixture particularly ammonia and acetylene
was used by Hossain et al. to modify polyester fabric (Hossain et al., 2009). They have
observed some deposition which contains amine groups as evident from XPS studies. The
plasma treatment significantly improved the dyeability and colorfastness properties of
dyed polyester fabric with an acid dyestuff. The acid dye molecules were found to diffuse
into the amine-functionalized nano-porous film and formed ionic bonds with amine end
groups. The dye uptake was strongly correlated with the plasma process time, that is,
with the deposited film thickness, and this indicated that only the plasma coating on the
polyester fibers was dyed, not the fibers themselves. The K/S values could be controlled
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by the adjustment of the film thickness during plasma polymerization. Because K/S
values are enhanced with the number of incorporated accessible amine groups, the
surface hydrophilicity does not strongly influence the dyeability. It is obvious that the
entire dyeing process is independent of the substrate material because merely the
functional film is dyed. Hence, the same dyeing principle can also be applied to all
hydrophobic synthetic textiles. Low temperature DC glow discharge plasma was used to
modify / improve hydrophilicity of grey cotton fabric (Navneetha and Selvaraj, 2008).
The fabrics were treated for different exposure times, discharge potentials and pressure
levels. Effect of plasma treatment on the wettability of the fabric was studied by
measuring contact angle. The changes in surface energy were estimated using contact
angle measurements. Dyeability of the fabrics was determined by computer colour
matching procedure. It was observed that DC glow discharge plasma is useful technique
for the improvement in wettability and hence Dyeability.

It is observed that the improvement in wettability / hydrophilicity achieved by gaseous
plasma treatment changes with time. This phenomenon is commonly called ageing, which
takes place possibly due to surface contamination, orientation of polar groups, blooming
of additives, or adsorption of ubiquitous contaminants. In many applications a
hydrophobic polymer is converted into a hydrophilic one by suitable treatment and when
a sample is stored in air, a driving force exists to restore the original structure or at least
lower the surface energy (SE) of treated surface. As a result the high energy polar groups
can be lost. It is shown that the hydrophobic recovery depends on the polymer and on
treatment (Morra et al., 1989). This ageing itself can be considered as one of the steps of
the treatment in the sense that influences the outcome as determined by the properties
imparted to the polymer surface. Our previous studies shows that though there is a
decrease in surface energy (SE) because of ageing, it is clear that the SE value of aged
samples is still sufficiently high in comparison with the untreated one. Hence such
polymer films can be suitable for further applications (Deshmukh and Shetty, 2007; Bhat
et al., 2003). In order to avoid the effect of ageing, it is necessary to use freshly prepared
(gaseous plasma processed) polymer / textiles for the best results of dyeing. However,
plasma polymerized and plasma surface grafted polymers do not show much decrease in
surface energy and the modifications thus achieved are comparatively permanent. Plasma
polymerization and plasma grafting is already covered in 2.7 of this article. Efforts have
been made to control / manipulate the chemistry of plasma polymerized films by varying
plasma process parameters such as monomer flow rate, distance between two electrodes,
working pressure and plasma power. However the success in controlling film chemistry is
limited. Timmons and Griggs have showed that by using RF pulsed plasma
polymerization technique, a wide range of plasma film chemistry can be achieved in
comparison with conventional continuous wave (CW) RF plasma (Timmons and Griggs,
2004). Recently, such pulsed plasma polymerization technique was successfully used to
control film chemistry and found useful in bio-logical applications (Bhattacharyya et al.,
2010, Xu et al, 2011). So far this technique has not been used for the modification of textile
surfaces. There is tremendous scope in this area.

3. Experimental

A tubular type of plasma reactor was used in the present experiment and is shown in the
Fig.1 given below.
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Fig. 1. Schematic of Plasma Unit.

It consists of a glass tube having diameter 8 cm. and length 30 cm. The length and the
breadth of the electrode was 25 cm and 3 cm respectively. The sample was kept at the centre
of the reactor on a glass stand as shown in Fig 1. The reactor has an inlet for monomer and /
or gas. A Pirani gauge was fitted to the reactor to monitor pressure in the reactor. The
aluminum electrodes were kept outside the glass tube and were connected to RF (13.56
MHz.) power supply capable of delivering 100W power. The system was evacuated to 0.05
mtorr with rotary pump before inserting the gas / monomer vapours. The system was
purged three times with the relevant gas / monomer vapours and the desired working
pressure 0.2 mtorr was obtained with the help of fine control needle valve. The sample was
mounted on a glass sample holder inside the chamber as shown in Figure 1 above. The gases
and the monomer used were of AR grade.

Dyeing Procedure: Acid Dye (Blue coloured) supplied by Clarient India Ltd was used. 1%
shade was prepared and its pH. was adjusted to 4.8 by adding formic acid. The liquor to
fabric ratio was maintained at 50:1. The temperature of the dyeing bath was adjusted to
85 0C. The nylon fabric (untreated and plasma processed) were immersed in dye-bath for
15 min. Then the fabric was washed in the soda soap solution with 5gpl soap and 2 gpl soda
for 30 min. followed by distilled cold water wash (three times) and then the samples were
dried in air. Such samples were used for colour measurement. Colour measurements were
performed on Spectra-flash SF 3000 (Datacolour International). Dye Exhaustion was
measured using UV visible spectrometer.

The amount of dye absorbed by the sample was determined by measuring the optical
densities of the initial solution and also the exhausted one by using an ultraviolet/visible
(UV/Vis) spectrophotometer. The percentage dye absorption was calculated as,
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(O.D. of original solution ) - (O.D. of exhausted solution)
O.D. of original dye bath

% Dye exhaustion= x 100 1)
Where, O.D. is the optical density at the maximum absorption wavelength.

Nylon fabric was treated in O, and N plasma for different durations of time. Similarly
plasma polymerization of acrylic acid was carried out onto the nylon fabric for different
durations of time. These samples were tested for their hydrophilicity, FTIR, dyeabilty and
surface morphology. In order to study the characteristics of plasma polymerized acrylic acid
film, KBr disc was kept in the plasma chamber while carrying out deposition onto the
fabrics. Such deposited film was used for FTIR study. The wettability of the untreated fabric
was measured by contact angle measurement with respect to water and for treated samples;
the time required for water drop to disappear was measured and recorded as wetting time.
Average of 5 readings is reported here. The shorter is the average wetting time, better is the
fabric wettability. The surface energy of untreated sample was calculated from the contact
angle data using the equation given by Deshmukh and Shetty (Deshmukh and Shetty, 2008).
Surface morphology was studied using SEM.

4. Results and discussions

4.1 Morphological studies

Nylon fabric was treated with nitrogen and oxygen plasma. It can be seen from Figure 2
that the surface morphology changed after the plasma treatment. The untreated nylon
fibres are smooth as shown in Fig. 2 (a) and (b). The etching, roughening effect of oxygen
plasma on the surface (Fig. e and f) is more as compared with the nitrogen plasma as
shown in Fig. 2 (c) and (d). It is probably due to oxygen is more reactive than nitrogen.
The treated surfaces look damaged or abraded. This is due to the removal of some
material by etching. Similar abraded surface topography for plasma processed wool and
cotton fibers, respectively, was observed by Karahan and Ozdogan (Karahan et al., 2009;
Ozdogan et al., 2009). In the case of wool fibers this helped to impart anti-felting
properties to the fabrics due to loss of the scales. Significant fiber surface roughness was
also observed by McCord et al. for nylon and polypropylene fibers with He and He+O;
atmospheric plasmas (McCord et al.,2002 ). It may be of interest to try to understand the
morphology and mechanism of the etching process. It has been confirmed through
various studies that only the amorphous portion gets degraded and etched away in the
initial stage (Bhat and Deshmukh, 2002; Thomas et al., 1998; Yoon et al.,1996). The plasma
process is such that the electrons and ions attack the amorphous portion, as it is loosely
bound. On the other hand, the crystalline regions are more compact and hard as
compared to amorphous regions and therefore the amorphous region gets removed easily
in the plasma etching. As a result, the percentage crystallinity increases to some extent.
This has been concluded by previous studies using X-ray diffraction (XRD) and Fourier
transform infrared (FTIR) for silk (Bhat and Nadiger, 1978). Navaneetha and Selvaraj have
also observed that the effect of plasma on the amorphous zone is more predominant than
the crystalline zone of the cotton fabrics (Navaneetha and Selvaraj, 2008.).

Similarly when nylon fabric was subjected to the plasma polymerization of acrylic acid
(PPAA), we observed deposition as shown in Fig. 2 (g) and (h). This deposition leads to
decreased capillaries present in the texture. The choice of acrylic acid monomer was based
on its hydrophilic properties.
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Fig. 2. SEM micrograph of (a) and (b) Untreated Nylon fabric, (c) and (d) 4 min. N> plasma
treated Nylon fabric, (e) and (f) 4 min. O, plasma treated Nylon fabric, (g) and (h) 4 min.
PPAA deposited on Nylon fabric.
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4.2 FTIR study

Polar functional groups are incorporated onto the polymer film during the plasma
treatment. These polar groups are readily detected by ESCA (XPS), but are often missed by
ATR-FTIR spectroscopy (Wu S, 1982). XPS is the best technique to study such modified
surfaces. Several studies showed that air, Na, Oy, NHj, etc. plasma incorporates hydrophilic
functional groups onto the polymer surfaces thereby increasing wettability and surface
energy (Bhat et al., 2011; Navaneetha et al., 2010; Pichal and Klenko, 2009). It has been
reported that the treatment carried out in inert gases like Ar introduces oxygen moieties
onto the polymer surface because of post plasma exposure of samples to atmosphere
(Deshmukh and Bhat, 2003(b); Gupta et al., 2000). Therefore, IR spectra of N> and O, plasma
treated nylon samples is not given here. The IR spectra of plasma polymerized acrylic acid
(PPAA) is given in Fig. 3 below.

(A)

%T

(B)

T T T T 1
4000 3500 3000 2500 2000 1 1500 1000 500
Wavenumber (cm™ ')

Fig. 3. FTIR spectra of PPAA (A) 2min. deposition, (B) 4min. deposition.

The FTIR spectrum of a PPAA film prepared using the technique of plasma polymerization
was very similar to the spectrum of Poly (acrylic acid) prepared by conventional
polymerization techniques and it shows all the characteristic bands. In particular, the FTIR
spectrum shows that the film contains a high density of C(O)OH groups. The absorption
peaks assignment is given in table below (Alaa et al., 2011; Cho et al., 1990; Chilcoti and
Ratner, 1993; Eun-Young Choi and Seung-Hyeon Moon, 2007; Jafari et al., 2006; Mirzadeh et
al., 2002).
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Frequency, cm-1 |Peak Assignment

814 O-H out .Of pl.ane bending vibration of
carboxylic acid

1265 C-O stretching of carboxylic acid

1425 O-H bending of carboxylic acid

1710 carbonyl group of acrylic acid, C=0O stretching absorption band
between 1828 to 1559 cm! with maximum at ~1710 cm-!

2800 to 3800 3 itr);(:ici (gi—é;,(t)rgchmg absorption band due to monomeric and

Table 1. IR peak assignment of PPAA

It has been observed that our result of plasma polymerization of acrylic acid is in relevance
with the literature. PPAA incorporates considerable amount of polar functional groups such
as hydroxyl, carbonyl, carboxylic acid, etc. The peak intensity increases with the deposition
time.

4.3 Wettability study

The contact angle of untreated nylon fabric was observed to be 830 (£2). Its surface energy
comes to be 33.6 mJ/m?2. Fig. 4 shows the photograph of water droplet taken on untreated
and 4 minute oxygen plasma treated nylon fabric.

Fig. 4. Water droplet on the nylon fabric. (a) untreated, (b) Oxygen plasma treated.

However, we could not measure contact angle for any plasma processed samples. It shows
that the surface energy of all the samples increases rapidly after the plasma processing.
Therefore we have measured wetting time of the samples as given in Table 2.
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. Time to absorb water droplet on the Plasma Processed Nylon Fabrics
Treatment Time .
(min.) (in Sec.)
N, Plasma O, Plasma PPAA

0 112 112 112
0.5 18 12 20

1 15 9 16

2 8 6 14

4 4 3 19

Table 2. Wetting time of untreated and plasma processed nylon samples.

It may be noted from Table 2 that the wetting time of the untreated nylon fabrics was 112
seconds, which dramatically decreases after N2, O and acrylic acid plasma treatment. The
decrease is more significant in case of O, plasma treated samples as etching action and
oxidation reaction is predominant. On the other hand, the decrease in the wetting time of
PPAA treated sample is rather slow. It may be also be noted from the SEM micrographs that
the formation of etch-pits and voids is very predominant for O, plasma treated nylon
fabrics, whereas PPAA treated samples reveal coating on the surface due to formation of
PPAA. Due to such thin film formation on the surface the water drop may not easily reach
the fabric and as a result the capillary action is reduced.

4.4 Dyeing studies

Plasma processed samples were dyed using acid dye-blue. The dye absorption was
determined spectroscopically by measuring the absorption band maximum of the dye-bath
solution before starting and after exhaustion. In addition, the amount of dye uptake was
also determined from the color matching instrument. The color values are expressed in
terms of K/S as the ratio of reflectivity to absorptivity. For each kind of plasma processing,

the dye uptake of plasma-treated sample was compared with the untreated sample of the
same variety.
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Fig. 5. Relation between the dye bath exhaustion and plasma processing time.
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Fig. 6. K/S values of nylon fabric subjected to RF plasma treatment.

The increase in the dyeing in the initial stage could be due to the fact that gaseous plasma
etches out the surface of the nylon fibers, creating a rougher surface with irregularities as
discussed earlier. The effective surface area increases after the plasma treatment. Thus the
interaction and diffusion of the dye molecules is facilitated. The etching of the surface has
been confirmed by other researchers (Karahan et al., 2009; Ozdogan et al., 2009). The
chemical changes in the nylon fiber surface can lead to the possibility of the formation of
free radicals on the nylon chains and the subsequent formation of hydroxyl, carbonyl and
carboxyl groups. It is also important to mention that the dyeing process mainly occurs
through the amorphous regions. The etching away of the amorphous regions during the
plasma treatment (particularly for longer treatment time) can lead to lowering of the dye
uptake. Therefore the optimum treatment time needs to be found. Yoon et al. and Thomas et
al., have found that longer plasma treatment decreases dye uptake (Thomas et al., 1998;
Yoon et al., 1996). It may be noted that the oxygen is more reactive than nitrogen and hence
the dye uptake is slightly more for oxygen treated samples. The etching caused due to
oxygen plasma is also more as shown in Fig. 2 (e and f).

Plasma polymerization of acrylic acid (PPAA) onto the nylon fabric incorporates good
amount of hydroxyl, carbonyl and carboxylic acid groups onto the surface as evident from
FTIR studies. These functional groups are responsible for wettability and hence dye uptake.
The dyebath exhaustion is slightly more in case of PPAA deposited nylon fabric as
compared to that of gaseous plasma treated samples, because of the functional groups
which are incorporated during the deposition of PPAA. Deposition causes reduction in the
capillary action therefore; we have observed slightly more wetting time for PPAA samples
as shown in Table 2. However, when dyeing is carried out for 15 minutes, which is sufficient
time for the penetration of dye into the fabric, a major role of functional groups is observed
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on the dyeing behavior rather than wetting time. The deposition is evident from SEM
micrographs as shown in Fig. 2 (g and h).

The increase in the dye uptake due to plasma treatment is also evident from the
measurement of K/S values shown in the Fig. 6. The bar-graph shows K/S values for
control and plasma treated samples for four minutes in different gases. The highest gain is
seen to be for PPAA deposited nylon fabrics followed by oxygen treated sample. This trend
is similar to that observed for the data of dye bath exhaustion.

4.5 Few results of case studies

4.5.1 Dyeing behavior of nylon fabric treated in APGD

Similarly, nylon fabric was treated in atmospheric pressure glow discharge, for various
durations of time, it was found that there is increase in the dye uptake with time as shown
in Fig. 7. The dye used in these studies was acid dye-red. It may be seen that when the
dyeing time was 15 minutes, the differences in the K/S values of the control and the
atmospheric pressure plasma (He +air) treated is quite noticeable. The increase in dye is
significant. However, as the dyeing time is increased to 60 minutes the equilibrium dye
uptake is reached for control as well as plasma treated samples and the difference reduces.
This proves that the plasma pretreatment can reduce the time of dyeing and as a result
power can be saved.

18.C

16.C 1

14.0 +

——control

10.0 -1 min plasma
2 min plasma
8.0 ——4 min plasma
6.C r T
15 30 45 &0

Dyeing Time (min.)

Fig. 7. K/S values of Nylon fabrics dyed with reactive dye after subjecting the fabrics to
atmospheric pressure plasma for different duration of time.

4.5.2 Dyeing behavior of cotton fabric treated in air plasma

In another recent study (just results are summarized), cotton fabrics (desized, scoured and
bleached) were treated with air plasma (RF), for 4 minutes. In order to understand the effect
of such treatment on dyeing behavior, it was decided to use three different dyes namely,
direct dye, reactive dye and natural dye. The direct dye used was Congo red, the reactive
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dye used was Red-M and natural dye was Thar. When dyeing was carried out and
measurements were done for the dyed samples, it was noticed that, in the case of direct dye,
the colour strength after plasma treatment were found to have decreased by 2.1 %.
However, in the case of reactive dye, there was an increase in colour strength by 3.2%. The
natural dye Thar showed a marginal decrease by 1%. It was surprising that, when the
plasma treatment, enhances the wettability of cotton fabrics to a great extent, the increase in
the dye uptake was not similar. This makes us believe that, the interaction of dye with the
polymer (fibre) is important for improved dye uptake. The tremendous work carried out for
wool fibres has revealed that while the plasma treatment, invariably leads to increase in the
dye uptake, it is not so for other types of fibres (polyester, cotton, nylon etc.). There are
several conflicting results of increase at times and decrease for other cases. Our analysis
shows that, in addition to the type of gaseous plasma, the structure and morphology of the
fibre is important. If a proper group of dye is used, the interaction of the dye with the fibre
becomes compatible leading to increase in the dye uptake. Our conflicting results in case of
cotton fabric just described above may be explained as follows:

In case of direct dye, the dyeing phenomena is supposed to be due to diffusion of the dye
molecule into the fibre, whereas reactive dye reacts with the OH group of the cellulose
chain. The natural dye Thar has a very long chain with many CH groups and possibly
cannot diffuse into the fibre. The very short (few seconds) plasma treatment of cotton fabrics
leads to removal of wax and other impurities from the surface of the fibre. Further treatment
with plasma (up to 5 min) leads to removal of the amorphous portions of the material,
thereby decreasing the possibility of interaction with the OH groups of the cellulose chain.
There also occurs cross linking on the surface, which would hinder the diffusion of the dye
molecules. The plasma interaction etches the surface and the effective area is enhanced and
also oxygen moieties are incorporated and will contribute to synergistic effect leading to
enhanced dye uptake. However, there is a competitive process of cross-linking and as a
result the net dyeing may not always show increase.

4.5.3 DC plasma effect on polyester fabric

Similarly in another experiment, we thought interesting to see the effect of DC plasma on
polyester fabric. Oxygen was used as precursor gas. Plasma treatment of polyester fabrics
was carried for different durations of time. The morphological changes in the fiber
structure were assessed by SEM which revealed the formation of rough surface together
with voids and cracks. The loss of weight increased with the treatment time while the
tenacity was affected to a small extent. Moisture regain and wettability was found to be
improved with increasing treatment time. The fabrics developed yellowness after the
plasma treatment that increased with time. Such plasma treated fabrics were dyed with
disperse dye in HTHP machine. The dye uptake was found to have increased initially up
to 10 minutes and slightly decreases at higher time of treatment. The increase in the dye
uptake was due to combined effect of the production of polar group on the surface,
etching of the surface creating higher effective area and the creation of voids and cracks,
which can facilitate entry of dye molecules into the interior of the fibre. The maximum
increase was found to be 2% . Such minor rise in the dye uptake is probably due to other
competitive process of cross linking reaction on the surface which do not allow
penetration of the dye into the interior. Therefore when the time of treatment was
increased beyond 10 min there appears to be slight reduction in the dye uptake. This
behavior is shown in Fig. 8 below.
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Fig. 8. Dye uptake of DC plasma treated polyester fabric

5. Conclusions

The present paper has described the results of dyeing behaviour for plasma treated nylon,
polyester and cotton fabrics. Mainly air, nitrogen and oxygen gases were used together with
vapours of acrylic acid in a low pressure atmosphere. There is substantial enhancement in
the dye uptake of nylon fabrics. This result is similar to the observation when plasma
processing is done in APGD. In case of polyester and cotton, however, the enhancement in
the dye is not substantial. Rather the type of dye (acid, disperse or natural) played an
important role.

The survey of literature as well our own work regarding the effect of plasma on dyeing
behaviour shows that whereas there is always enhancement in the dye uptake of wool
fibers, it is not necessarily so for polyester, cotton and other fibers. Although etching of
surface, creation of voids and formation of C=0, COOH, OH groups occurs to facilitate
higher dye uptake, there exist competing processes of increased crystallinity and cross-
linking on the surface which may not allow the diffusion of the dye molecules. Therefore the
selection of the fibre, nature of gas, process time and the type of dye all play a major role.
Thus clear understanding of plasma process is of utmost importance to utilize the
technology on the industrial scale. Further the type of plasma i.e plasma produced by
different power sources like A.C., D.C., low pressure, atmospheric pressure gives more or
less similar results as far as dyeing property is concerned, although morphology and
structural differences are observed.

6. Scope for future work

It is necessary to standardize experiments with reference to several process parameters such
as pressure, flow rates, power etc for each type of fabrics. Further the type and structure of
dye molecule should also be considered. Surface analysis in terms of morphology, radical
formation, bond formation and its lifetime need to be understood. This understanding may
help in deciding about the importance of plasma process if enhanced dye uptake is the aim.
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Even if the increase is small, if the process can lead to sufficient dye uptake at a reduced
temperature or time, it would serve a good purpose. Advantages of the process in terms of
eco-friendliness, water saving and energy saving be explored and emphasized so that the
technology is acceptable to all.

Further work needs to be carried out by using pulsed plasma as it may avoid the
degradation of fabrics when subjected to longer durations of treatments. In-situ cooling of
the samples is also desirable to maintain the temperature of substrate constant. It is also
necessary to find the electron and ion densities or rather the number of ions hitting the
sample to calculate the energy deposited during processing.
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1. Introduction

Throughout history the function and the original role of the textile changed very little. One
could only think of only few generations of textiles that would bear significant differences
when compared one to another. Textiles were to provide the necessary shielding against
climatic conditions and only later on in history the shear design of it became more
importance. Nowadays, textile engineers and technologists like to think there is a new
generation of textiles emerging. This thinking is supported by new functionalities being
added onto textiles in the last few several decades. For this to happen, it was necessary to
combine state of the art electronics and newly synthesized organic molecules which would
bring the functionality of the textile to another level. Scientists of various research branches
working together, looking at issues and solving problems applying multisciplinary
approaches was the right angle of looking at things. Results of this can be seen daily, as
textiles are emerging into a new era in which “know how” and “state of the art” have to be
combined to give products of highly added values. Producing “highly added value”
products can give the leverage to companies of the western world in an ongoing “battle”
against massively produced, low quality textiles of mainly eastern origin.

Although, the way to commercialization of many of the ideas of how to upgrade the
functionalities of the textile is long, the results may be far greater than the challenges
encountered. Often, the answer on how to do it lies in using technologies and knowledge
that have been around for centuries. Therefore, this paper will deal with the phenomenon of
photochromics, which has first been noticed in 19th century and so far not exploited nearly
enough within the realm of textiles (Hepworth et al., 1999). It will cover the historical
overview, division of photochromic systems and their synthesis, principals and triggering
mechanisms, various fastness property issues and applicability to fibres of different origin
(Shuiping et al., 2010). Application methods and state of the art shall be described
thoroughly, providing scientific and technological achievements from the relevant literature
references (Durr & Bouas-Laurent, 1990).

Group of authors addresses the combination of photochromism phenomenon and textile in
general as newly derived system, bearing all the qualities of a sensory material. Within it,
molecule of photochromic dye may be observed as “smart”, as it is triggered by a specific
and quantifiable physical value. Properly applied, this “smart dye” and adequate textile
fibre form a textile sensor capable of sensing and reacting to a particular impulse in a
predictable manner (Czarnik, 1995; Van Langehove, 2007).
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Described as such, the system bears all the necessary qualities of a smart textile. It is capable
of alerting and protecting the wearer from the very specific threat as it has been specifically
designed, calibrated and optimized.

From the textile engineer’s, namely dyer’s point of viewing things, not much has changed.
Only the concept of “colour all the time” has changed to “colour at the right time” principle,
which may be observed as one of the options of giving leverage to textile companies in search
of means and ends of once again reclaiming the leader status on the worldwide market.

2. Chromism

In this text photochromism shall be addressed in a context of products of high added values.

These high added values result from functionalities being added, thus moving away from

the classical concept of a textile product. The differences between a classical and a high

added value product are numerous; production process may be far technologically more

demanding, number of functionalities may be increased significantly, technical applicability

may be greater and finally the greatest difference may be between the price of production

and that of an final product.

When discussing the term photochromic, one should first clear out the term ,chromic”.

Chromism is a process that induces a reversible colour change of components consisting of a

chemical compound. This includes changes on the molecular level like cleavage of the

chemical bonds or changes on the level of molecular conformations. In most of the cases,

chromism is based on changes ocurring inside of the molecule, among electrons. This

especially implies ,pi” and ,d” electron positions so that the phenomenon is induced by

various outside stimulus bearing the ability of altering electronic density of the compound

or a substance (Lee, S. J. et al. 2006; Nakazumi, 1997).

It is well known that many of the natural compounds possess chromic property, while a

number of artificial compounds of specifically characterized chromic properties have been

synthesized so far (Shibahashi, 2004). Chromism refers to the phenomenon in which colour

is the result of a broad spectral interactions among incident light and material (Bamfield,

2001). These interactions may be categorized into following five groups:

- Reversible change in colour

- Absorption and reflection of light

- Absorption of energy followed by the emission of light

- Absorption of light and energy transfer or transformation of energy

- Use (manipulation) of light

These chromic effects are caused by:

- Perycyclic reactions (cyclization, cycloaddition)

- Cis-trans isomerization

- Intermolecular group transfers

- Intermolecular hydrogen transfers

- Dissociation (cleavage of the bonds)

- Electron transfer

Phenomenon including a change in colour of a chemical compound is named according to

external stimulus causing the reaction, either physically or chemically (Vikova, 2004). Many,

but not all of these reactions are reversible. The classification is as follows:

- Photochromism - change in colour of a compound is light induced, based on
izomerization among two different molecular structures
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- Thermochromism - change in colour of a compound is heat induced, most frequent
form of chromism

- Electrochromism - change in colour of a compound is caused by an electrical current.
Induced by the acceptance or donation of electrons. The phenomenon is characteristic
for compounds of redox active localities, such as metal ions and metal radicals

- Solavtochromism - change in colour of a compound is caused by solvent polarity. Most
of the solvatochromic compounds are metallic complexes

- lonochromism - change in colour of a compound is ion induced

- Halochromism - change in colour of a compound is caused by change in pH

- Tribochromism - change in colour of a compound is mechanically induced (friction)

- Piezochromism - change in colour of a compound is mechanically induced (pressure)

- Mechanochromism - change in colour of a compound is induced by deformation

- Hygrochromism - change in colour of a compound is induced by presence of
moisture

- Chemochromism - change in colour of a compound is induced by specific chemical
agents i.e. toxic gasses, detergents etc.

Over the past ten years, investigations on thermochromic pigments have gained popularity.

These are aimed at obtaining new effects on dyed textile materials. Using a conventional

technique of textile printing in combination with thermochromic pigment an intelligent

textile is obtained. Intelligence is defined by the ability of the printed textile to change

colour in accordance to the presence of an outside stimulus. In this case temperature

changes ocurring within the close environment of the textile (Karlessi, et al. 2009; Kulcar et

al., 2010; Maeda, S. 1999).

As far as quality of the chromic materials goes, it will depend on several parameters:

- Intensity of change in colouring of a compound

- Change in colouring

- Conditions of transition, change

- Dynamics of colour change

- Interval of change

- Simplicity of use

- Reversibility

- Number of colour change cycles it is capable of withstanding

- Fatigue resistance

- Fastness to heat, light, moisture (atmospheric conditions)

- Allergic reactions

3. Photochromism

The phenomenon of photochromism is an analogue to all chromic processes. The change in
colour is influenced by light in a reversible way (Fig. 1) (Cheng, 2007). Uncoloured material
doesn’t absorb light and may only be activated by energetically rich photons of the near UV
electromagnetic spectra. Many of the inorganic materials such as copper, mercury, various
metal oxides and some minerals exhibit the photochromic phenomenon (Van Gemert, 1999a,
b). However, their use is considered inappropriate for textile materials and substrates.
Organic molecules such as spiropyrans, spirooxazines and fulgides are suitable for use on
textiles (Bouas-Laurent & Diirr 2001).
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Fig. 1. Mechanism of photochromism

The very principle, the triggering mechanism of photochromism is as follows: chemical
compound transitions from form A into a form B, each of them of a specific absorption
spectra implying specific colouring of the form, as well. The triggering mechanism is UV
light induced (process of activation). As a result of incident UV light, compound changes its
colour (Bouas-Laurent & Diirr 2001).

A (colourless)+ hv; — B (coloured) 1)

Upon removal of the light source the colouring disappears as the molecule return to their
inactivated state i.e. rest state. Deactivation is usually a slower process than activation and
hysteretic behavior is noted. In terms of the dynamics of deactivation, visible light spectra
and heat increase it, while polar solvents decrease it. Colouring is usually of lower intensity
at higher temperatures i.e. reversing proportionate.

A (coloured)+ hv; — B (colourless) )

By definition, discolouring of the chemical compound caused by UV part of the
electromagnetic spectra is called negative photochromism.

There are three different groups of chemical processes on which the transformation of form
A into form B is based:

- Trans-cis isomerization

- Variation of conditions under which a metal is oxidized

- Homolytic or heterolytic cleavage of the chemical bond

These reactions have to be reversible in order to be characterized as photochromic.
Otherwise, the reaction may be observed as usual metameric reaction (Bouas-Laurent &
Diirr 2001).

3.1 Historical overview

The phenomenon of colour changing compound has been noticed and used for millennia.
The first known, written documentation is that on Tyrian purple, dating 350 years B.C. i.e.
back to the times of Alexander the Great. Dye was obtained from sea snails (Murex
Brandaris and Murex Purpura). Applied onto textile material, the dye is in its uncoloured
form and reveals true colouring only after being exposed to sunlight.
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Murex and Purpura Snails

l

salt water 3 days,
boil 10 days,
immerse the wool or silk 5 hours
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Fig. 2. Preparation of the dye obtained from Murex

Brief description on preparation of the dye and chemical change occurring on molecular
level is given in figure 2 (Durr & Bouas-Laurent, 1990).

As far as natural photochromic dyes go, rhodopsin is considered a photosensitive
compound of reversible colour capacity. It is present in retina of the eye. Activating
mechanism of rhodopsin is of photochromic triggering mechanism. Activated by light, it
produces a nerve stimulus, transmitted to the cortex to provide visual perception.
Rhodopsin has been discovered inside primitive bacterium, Halobacterium halobium. In it,
it is responsible of transforming sunlight into energy, which classifies metabolism. Technical
applications of rhodopsin, considered as photoswitchable biomaterial include optical data
storage and security applications (Hampp, 2005a, b).

Investigations on photochromics on scientific level date back to 19th century. It was J. Fritzsche
who first noticed photochromic property of a solution of tetracene, while later on E. Ter Meer
noticed it on solid potassium salt of dinitromethane (Bouas-Laurent & Diirr 2001).

3.2 Demands on photochromic system

Ideally, any organic photochromic system should be of following qualities:

1. Development of colour in photochromic systems - in order of being classified a sensor,
the dynamics of colour development must be a rapid reaction to source of UV light

2. Return to the rest state (colourless) - the rate of fading of the system has to be controllable
and all possible influences, such as influence of heat or sunlight, investigated

3. Wide palette of colours - range of the colours being exhibited as a result of irradiation
by UV light should be across the visible range of light

4. Rest state in which colour is not exhibited - the state in which there is no excitement of
the electrons, caused by an external stimuli should be as colurless as possible

Photochromic dye appropriately applied onto textile material forms a photochromic system,

which in case of fulfilling the abovementioned demand is in fact a sensor (Billah, 2008).
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Sensor capable of reacting to UV light of exactly defined spectra and intensity in a pre-
programmed, controllable manner. Described as such, system alerts and protects the wearer
against negative influence of UV irradiation and classifies the very definition of a “smart
textile”. Having fulfilled all of these demands, investigations should be made to find out
whether any derived qualities have arisen as a result of applying photochromic molecules
onto textile fibres. These qualities may be an increment in UPF (Ultraviolet Protection
Factor), a very interesting value for light fabrics in which bear constructional characteristics,
such as the type and density of weave cannot provide satisfying UV-R protection. Another
interesting quality could be certain antibacterial or antifungal properties added onto textile
materials (Bamfield, 2001).

3.3 Classes of photochromic compounds
Photochromic compounds can be divided into five main classes fitting the requirements of
an ideal photochromic compounds. These are, as follows:

1. Spiropyrans (Spiroindolinobenzopyrans)
2. Spironaphtoxazines

3. Naphtopyrans (Chromenes)

4. Fulgides

5. Diarylethenes

In terms of applicability to textile fibres, spiropyrans, spironaphtoxazines and chromenes have
been found as most suitable considering fatigue, life time and fastness properties. Therefore,
this paper will cover physic-chemical properties of these classes of dyes, suitability of use on
natural and man-made fibres and several technological techniques of application.

3.4 Spirobenzopyrans

This is a widely studied class of photochromic compounds. They are consisted of a pyran
ring, in most cases 2H-1-bezopyran and heterocyclic ring (Fig. 3). Link between the rings is a
common spiro group (1.1). The mechanism by which the photochromism occurs is actually
cleavage of the carbon-oxygen bond, caused exclusively by irradiation with UV light. The
result is a ring-opened coloured species, called “merocyanine” form or MC, which can be
cis-(1.2), trans-(1.3) or ortho-quinoidal form 1.4 (Bamfield, 2001, Oda, 2008).

HC GHs

I
—
CH,
(1.1.) (1.2.)
Colourless Coloured W L
H.C CH, )
o
= MV
\
CH,
(1.4.) (1.3)

Fig. 3. Spiroindolinobenzopyran and ring opened merocyanine quinonoid form
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A large number of substituents are possible for spiropyran ring. Pyran ring is most often
substituted benzo or naphtopyran. Heterocylic component can be varied, as a long list of
ring systems is available: indole, benzthiazole, benzoxazole, benzselenozole, quinoline,
acridine, phenathridine, benzopyran, naphtopyran, xanthenes, pyrolidine and thiazolidine.

3.4.1 Synthesis of spiroindolinobenzopyrans

Synthetic pathway to spiroindolinobenzopyrans (Figure 4.) begins with synthesis of
Fischer’s Base (1.5 - 1.6). Spiroindloino compound is an obtained by condensation of Fisher’s
base (1.6; R=alkyl) with salicyaldehyde (1.7.). Another route of synthesis may be with
indolinium compound bearing different N-alkyl groups (1.6; R=alkyl) and different ring
substituents; chemical reaction of synthesis is shown in Figure 4 by alkylation of a 2-
methylindole to obtain (1.8.; R=alkyl) (Keum et al., 2007).

CH, R CH,
RX
N N
H ] N, X
OH
/ (1.5)
R CH, CHO
HO
CH, +
N+
\
R

.7
(1.6) \

Fig. 4. Synthetic pathway to BIPS and derivatives

6-nitro-1",3",3'-trimethylspiro  [2H-1-benzopyran-2,2’-indoline]  (6-nitro-BIPS) may be
considered to be most studied of all spiro-organic photochromics. Therefore, its synthesis
shall b e described thoroughly. Description refers to a slightly modified literature method
(Inoue et al., 10968; Sivadjian 1968). Fischer’s base, 1,3,3-methyleneindoline (3,5 g; 0,02 mol)
is dissolved 40 ml of absolute methanol. To this solution, 3,35 g of 2-hydroxy-4-
nitrobenzaldehyde (0,02 mol) in small proportions is added over the period of 10-15
minutes. The obtained pink-brown solution is refluxed for 2 h. The reaction mixture
evaporated to a small volume in an air draft. Fine powder is collected by filtration and
washed with absolute ethanol and than air-dried. This was recrystallized from boiling n-
hexane with a small amount of activated charcoal. Pale yellow microcrystalline powder is
obtained (Clarke, 1995).



64 Textile Dyeing

The route to 1,3,3-trimethyl-spiro[indoline-2,3’-[3H]napht[2,1-b][1,4]oxazine (NISO) is quite
similar. Stechiometric compaunds of Fischer’s base and 1-nitroso-2-naphtol are refluxed in
alcohol or toluene for 2-4 hours (Ono and Asada, 1970). Product is collected by filtration,
washed with alcohol and air-dried. It is recrystallized from boiling n-hexane with a small
amount of activated charcoal. A pale greenish powder was obtained. Both Qiso and BISO
can be prepared by similar methods (Hurditch & Kwak, 1987).

3.4.2 Spectral properties of spiroindolinobenzopyrans

MC form of the spiropyran dyes shows great absorbance in the visible region of the
spectrum, typical of merocyanine dyes. This open chain form of the molecule is thermally
instable; therefore a rapid scanning absorption spectrophotometer must be used to measure
absorption within visible spectrum. Polarity of the solvent plays a key role in preparation of
the spiroindolinobenzopyrans as it shifts Amax of the solutions. Use of non-polar organic
solvent is preferable as the compounds aren’t water soluble. These classes of compounds are
of strongly positive solvatochromic effect, which can be seen from the changing shape of the
absorption curve and its position moving hypsochromically as the solvent polarity increases
(Suppan & Ghonheim, 1997). In table 1. the changes of Amax in closed (SP) and open (MC)
form of the NISO, as a result of solvent polarity are shown (Keum et al., 2007).

Amax Of the closed SP form of NISO [nm] MK;[XCO i)j;};l%}z)er[lrfgam
Ethanol | Methanol Methylene Chloride Hexane Solvent Amax [Nm]
345 345 346 347 Ethanol 610
317 317 317 319 Acetone 600
297 303 302 303 Toluene 590
Hexan 560

Table 1. The changes of Amax in closed (SP) and open (MC) form of the NISO depending on
solvent polarity

Also, parent substituents play a key role in Amax changes of spiroindloinobenzopyran;
especially in the 3,6,8-positions. From the table 2. it can be seen that they have the biggest
influence on spectral properties of the coloured form of the spiroindolinobenzopyran.

"
5 ‘
N
R! R2 R3 R4 Amax [Nm]
Ph NO, OCHs H 625
H NO, OCH; Ph 568
H OCHs NO, Ph 625
H NO, H H 536
H H NO; H 544

Table 2. Absorption maximum of the coloured form of substituted BIPS (in ethanol)
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3.5 Spironaphtoxazines

Spironaphtoxazines are a very interesting group of compounds that can be used on textile
fibres (Billah, 2008; Lee, E. et al. 2008). This is because of their increased fatigue and
resistance towards photodegradation. Structurally, they are nitrogen containing analogues
of the spiropyrans. Photochromic reaction of opening spironaphtoxazine ring (Son et al.
2007a, b) derivative to its MC form is shown in Figure 5 (Bamfield, 2001).

H,c O HC  cH,
L0 — L~
CH, M

Colourless .
Coloured (+ isomers)

Fig. 5. Spironaphthoxazine photochromic forms

3.5.1 Synthesis of spiroindolinonaphtoxazines

The synthetic pathway to spironaphtoxazines is based on reaction between 1-hydroxy-2-
nitroso bearing aromatic ring and 2-alkylidene heterocycle, such as Fischer’s base (1.6;
R=H). Naphtoxazines may be chosen from a list of substituents as the stability of
nitrosonaphtols starting materials are much more stable than the nitrosophenols required
for the parent benzo analogue (Coimbra, 2005). Synthetic pathway of obtaining alkyl
substituted naphtoxazines, benzo- and heterobenzo-annulated derivatives is shown in
Figure 6. Aqueous solution of corresponding phenolate and sodium nitrate is acidified.
Heating the mixture in methanol under reflux gives condensation of nitrosonaphthols
with indolines.

o
7
N WG CH
CR= 3
OH OH (1.6; R=H) —N
1. NaNO,/NaOH ‘O reflux, MeOH  °
1
2. aq. H,SO, N O /
CH, =/

(1.10) (1.11)

Fig. 6. Synthetic route to spiroindolinoaphthoxazine

Most important positions for substitution, affecting colour and fatigue are the 5-position
and 6’-position, responsible for both colour properties (expressed as OD-optical density)
and molar coefficient coefficient. The substituent on the 1-position has a kinetic effect on the
rate of loss of colour back to the rest state. Important thing achieved by described syntheses
are overcome colour range issues (550 - 620 nm). Important bearing amino substituents on
6’-position are synthesized from 4-substituted-1-nitroso-2-naphtols (1.14), prepared from
(1.12) via (1.13) (Fig. 7).
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Q o NO
N o OH
I O o OO
R,NH NH,0H
SO,Na NR, NR,

(1.12) (1.13) (1.14)

Fig. 7. Analysis of position 5 and 6" in synthetic route to spiroindolinoaphthoxazine

3.5.2 Spectral properties of spiroindolinonaphtoxazines

The Amax of the ring opened spiroindolinonaphtoxazine is at 590 nm. Also, they show a
negative solavtochromic shift. Absorption moves hypsochromically (20-60 nm) in less polar
solvents (Kim, 2007), Figure 8.

H,C, NO
CH,
R, HO R —
CH, +
g Y
R; R N
(1.15) (1.16) .17

Fig. 8. Synthetic pathway to spiroindolinopyridobenzoxazines

Commercially important group of spiroxazines are those in which the naphthalene ring is
replaced by quinoline to give spiroindolinopyridinobenzoxazines (1.17) (Suh et al. 2007).
Synthesis is a reaction between 5-nitroso-6 hydroxyquinoline (1.16) with alkyl substituted 2-
methlenindolines (1.15). The data on absorption effects caused by substitution on 5- and 6’-
position are given in table 3.

H,C CH,
5 =N
TH, =/

6' - substituent 5 - substituent Amax [Nm]
H H 605
Indolino H 592
Indolino OCHj3 623
Indolino Peperidino 637
Piperidino H 578
Piperidino Cl 568
Piperidino CF; 560
Morphilino H 580
Diethylamino H 574

Table 3. Substituent effects on the absorption maximum of the coloured state of
spiroindolinonaphthoxazines
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3.6 Benzo and naphtopyrans (chromenes)

Both benzo and naphotpyrans are based on 2H-chromene ring system (Figure 9). These
systems can be divided: 2H-benzopyrans (1.18) and three isomers of napohtopyrans (1.19-
1.21). Due to the little or no photochromic behavior, isomer in 1.21 will not be discussed.
Although substituents on R1 and R2 position may be a part of carbocyclic spiro ring,
they are usually unconnected substituents such as gem dialkyl or aryl groups (Pardo,

2010).
AN
(@) R

L %
, X
NG
07\ o
(1.20) (1.21)

R1
R2
)

(1.18) (1.19

Fig. 9. Chemical structure of 2H-benzopyrans and three isomers of napohtopyrans

In terms of photochromic mechanism, it is quite similar to that of spiropyrans shown in
Figure 10. Presence of UV irradiation induces cleavage of C-O ring, thus breaking the
pyran ring and giving zwitterionic form or more likely cis- and trans-quinoidal forms
(1.16). Studies on the dynamics of the reaction have shown that formation of cis-quinoidal
form occurs in picoseconds, followed by trans-form in nanosecond. Isomers (1.19) and
(1.20) show quite different photochromic behavior. Isomer (1.20; R1,R2=Ph) produces a
more bathochromic coloured activated state than (1.19; R1, R2=Ph) (Amax = 481 nm vs 432
nm), a large increment in colouration, but a very slow fade rate back to the inactivated
state.

X
0]
EEN
O
trans-quinoidal cis-quinoidal

Fig. 10. Photochromic behavior of chromenes

3.6.1 Synthesis of benzopyrans and naphtopyrans

The synthetic method for more important 2,2-diaryl derivatives (1.25) involves the reaction
of 1,1-diarylprop-2-yn-1-ol (1.24) with a substituted phenol or naphtol in the presence of
acid catalyst. The alkynols are prepared by reaction of benzophenone (1.22) with Na or Li
derivative of an alkynide, such as the trimethylsilyil acetylide (1.23), Figure 11.
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SiMe,
i - If
)L + Me,Si — M
1)
Ar Ar Ar Ar
(1.22) (1.23) OH
(1.24)
1. acid cat.
R 2. heat
R o Ar
Ar
(1.25)

Fig. 11. Synthesis of diaryl benzo- and naphtopyrans

3.6.2 spectral and physical properties of diarylnaphtopyrans
Like the classes of spirobenzopyrans and spironaphtoxazines, diarylnaphtopyrans show
significant solvatochromic behaviour. Influence of the substituents in the 3-phenyl rings on
the properties of 3,3-diaryl-3H-naphto[2,1-pyrans] (tab. 4 and 5).

® i
X
R1 R2 Amax AOD T12[s] Solvent
H H 430 - 11 A
H 4-MeO 458 - 8 A
H 4-CF5 422 - 28 A
4-MeO 4-MeO 475 - 3 A
4-MeO 4-CF5 440 - 4 A
4-MeO 4-NMe; 512 - 1 A
4-NMe; 4-NMe, 544 - 05 A
H H 0,36 45 B
2-F 4-MeO 456 1,0 170 B
2-F 3,4-diMeO 472 1,05 203 B
2-Me 4-MeO 469 2,40 600 B
2,6-diF2 4-MeO 450 2,23 1800 B

Table 4. Influence of substituents in the 3-phenyl rings on the properties of 3,3-diaryl-3H-
naphto[2,1-b]pyrans (A = toluene solution; B = imbibed into diethyleneglycol bis(allyl
carbonate) polymer)



From Murex Purpura to Sensory Photochromic Textiles 69

)
R™ ¢ o

OMe

R1 R2 Amax 10D IODF10% Solvent
H H 475 0,20 50 A
MeO H 456 1,89 7 A
H MeO 502 0,55 41 A
H H 475 0,12 45 B
MeO H 456 1,42 10 B
Piperidino H 452 1,95 11 B
Piperidino H 452 1,95 13 B

Table 5. Influence of substituents in 6- and 8-positions on the properties of 3,3-diaryl-3H-
naphtho[2,1-b]pyrans (A = polyurethane; B = Spectralite)

Whereas:

IODFo - percentage loss in initial optical density 10s after removing UV irradiation source
Amax — refers to the absorption maximum of the coloured state

AOD - the change in optical density (absorbance) on exposure to the xenon light source

t1/2 - fade rate, time expressed in seconds for the AOD to return to half of its equilibrium
value.

4. Textile applications

Photochromic compounds as the ones represented in this chapter are commercially available
from a number of suppliers, such as: Sigma Aldrich, PPG Industries and James Robinson. So
far, virtually all application techniques have been investigated in efforts of functionalizing
the textile fiber with photochromic systems. Some application methods have been proven
advantageous over the other, such as embedding into the polymer matrix in the spinning
phase of the “man-made” fibers (polypropylene). Other processes may include dyeing and
screen printing, which are considered more appropriate since the demand on photochromic
textiles is limited to piece garments, rather than to batch production (Billah, 2008; Canal,
2008; Nelson, 2002).

4.1 Exhaust dyeing with photochromic compounds

The group of authors of this chapter has made significant efforts in functionalizing textile
fibres with photochromic dyes. Therefore, this chapter will give a review of several papers
covering this issue, namely application of photochromic compounds using the means of
exhaust dyeing. In the context of dyeing technology, photochromic compounds may be
observed as disperse dyes appropriate for dyeing “man-made” fibres. The dyeing process
has to be set accordingly.

Most of the investigation were done using Sigma Aldrich dyes of 97% purity and alterations
on the level of the dye molecule were made. Selected dyes are shown in the Table 6.
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o HzC CHa

D1

—M
BHy =

5-Chloro-1,3-dihydro-1,3,3-
trimethylspiro[2H-indole-2,3'-
(3H)naphth[2,1-b](1,4)oxazine]

Br
1',3'-Dihydro-8-the
methoxy-1',3',3'-trimethyl-
6-nitrospiro[2H-1-
benzopyran-2,2'-(2H)-
indole]

D2

Hﬁ /CHg_ .
(g

/

MO

CHy

N
1,3-dihydro-1,3,3-

trimethylspiro[2H-indole-

2,3'-(3H)naphth[2,1-
b](1,4)oxazine]

D3

Table 6. Selected photochromic dyes

Photochromic dyes were prepared by dissolving in small quantities of acetone AC, as
dissolving in acetone results in clear solutions, exhibiting photochromic reaction under UV-
A (Amax = 354nm). Fibres chosen for the investigations were PA6 and PES, while the process
of dyeing was set to satisfy the demands of disperse dyes. Exhaustion of dyes from the
dyebath and onto the fibre was done according to the schematic of the process in the Figure
12. Textile substrates were dyed under laboratory conditions in Polycolor Mathis dyeing
apparatus. Dyeing was commenced at 25 °C and was raised gradually to 100 °C and
continued at that temperature for another 60 minutes. Textile samples were than rinsed at
40 °C, followed by hot rinsing at 80 °C.

T(°C) 120

100 -

80 1

60 -

40 -

20 -

60 80

Fig. 12. Schematic of the dyeing process

100 120 140

t (min)
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Textile samples were dyed in concentrations of 0,1%, 0,3%, 0,5% and 1% calculated
according to weight of fibres. Liquor to goods ratio was set to 1:20 and pH set to 4,5.
Materials were dyed according to the process scheme shown in Figure 11. Kemonecer WET
(non-ionic tenside) was used as an auxiliary chemical acting as an surfactant.

To investigate photochromic property of obtained photochromic textiles, samples were
submitted to source of UV light in Solarscreen Test Camber to determine photochromic
effect. Samples were irradiated in periods of 10, 20, 40 seconds and spectrophotometrically
measured accordingly to determine the ability to respond to UV light. Fade was done by
exhibiting in dark in the very same intervals in which the samples were irradiated.
Spectrophotometric measurement was done on Datacolor, Spectraflash SF-600 CT-PLUS®
Photochromic property was expressed through K/S values (eq. 3) (Fig. 13 and 14) and a*/b*
coordinates (Fig. 14) calculated from value of remission.

K/S=(1-R2)/2R @)
Dye I
$ o 3 1l 4 3 L1 : i -
& [ B ] -
[ . r . ] . " ] . .
4 -— il P . a- . a-
T{ ~a 24 ) N E] k]
Py = . o¥ . of of
0 w W 3 M '] 10 3w o w [ W om w8 L] W M N @8
tish Eis) tis) tis)
c0,1%* c 3% c 0,5%* c1%*
Dye D2
2w 8w 2w . 2 u, P .
& ! - - ]
-
[] Bt ]
Kl 4 T b 4 "
z e " X1 I
n' - o ]
o W om0 [ W W W M 0 w o oW M M [ w m W
tis) 1is) tis) tis)
c 0 1% o 0L3%" c 0,5%* c1%*
[Drye [3
2w 2w, 8w L . .
& B 8- B
[ . & . . . . * - %
" . . " s s 4
27 ) i 2
B L] L LR
0 w om0 M [ w2 m M z w0 m [ w o om » M@
sy tis) tis) Tz}
c01%* c0.3%" c 0.5%" c1l%*

Fig. 13. K/S value of PA fibre vs. concentration of the dye (* on weight of the fibre (owof))
(— UV irradiated samples, --- after removal from UV source)

As seen in K/S graphs, PA is considered more suitable substrate for applications of
photochromic dyes, while low obtained K/S values of PES substrate indicate this fibre
unsuitable for dyeing by photochromics. Significant influence of dye concentration on
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obtained K/S values was obtained with maximum value (K/S~8) reached after 20 seconds
UV irradiation time for PA sample dyed by 1% of Dye 1. Dyeing by Dye 3 resulted in
colored substrates (PA and PES) of distinct photochromic property expressed through
increased K/S values measured at same wavelength (Amaxpa = 600 nm).
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Fig. 14. K/S value of PES fibre vs. concentration of the dye (* on weight of the fibre (owof))
(— UV irradiated samples, --- after removal from UV source)

Low K/S value obtained for PES fibres confirm the influence of fibres structure on
effectiveness of the dyeing process which was found to be appropriate for PA fibres, while
in the case of PES carrier should have been added or process carried out at higher
temperature then 100 °C. Ideally, this would increase the volume of amorphous area in PES
by decreasing crystallinity. Because of low obtained values for PES fibres only a*/b*
coordinates for PA fibres are shown (Fig. 15).

Shown a*/b* graphs refer only to PA samples dyed by the greatest investigated amount of
dye (1% owof) (Fig. 15).

Lowest color depth was obtained in PA samples dyed by D1. After exposition to UV,
lightness of the samples (D1-PA) increases, while chromacity is less than in samples dyed by
D2 and D3, although difference in chromacity of UV irradiated and unirradiated sample is
greatest in PA samples dyed by D1. Aforesaid, suggests the advantage of subjective
reasoning over reading instrumental data only.
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Fig. 15. a*/b* coordinates of PA samples dyed by 1% (owof) of photochromic dye

5. Conclusion

During the last ten years the traditional textile industry, that during the decades has
favored quality, has changed its strategy to support the innovation and the creation of
new products and functionalities. Accordingly, a rapidly growing trend is noticeable in
the field of smart fabrics and intelligent textiles that can sense and react to environmental
conditions or stimuli from mechanical, thermal, chemical, electrical or magnetic sources.
Research by this group of authors supports and represents a contribution to the field of
testing and optimization applications of photochromic dyes in textiles. In the future,
research of the authors will be aimed at analyzing photochromic textile materials using
state of the art instrumental analyses, such as FTIR and HPLC, supported by different
spectrophotometric methods. Potentials of these materials will be researched in terms of
sensory properties, with emphasis on their accuracy to react in preprogrammed manner
to a very specific level of ultraviolet irradiation. Relationship among colour strength and
UV irradiation levels will be researched using statistically designed experiments. In terms
of application methods, screen printing will be given most attention, this statement being
supported by the fact that presence of photochromic dyes or pigments is needed only on
the surface of the textile material. This would well broaden the number of substrates,
whereas in dyeing, only a small number is really suitable. In regards to the price of the
final product, printed substrates should be favoured due to their obvious economical
viability and feasibility. In terms of ecology, exemption of wastewater should be
advantageous over dyeing.

In terms of “high added value” photochromic textiles should be considered as such, while
the number of functions is increased significantly when compared to conventional textiles.
Colour phenomenon is used to sense and detect harmful UV rays, while it is only exhibited
under irradiation of UV light. Therefore, one can speak of colour at the right time, rather
than of colour all the time. Dyes described in this paper may also provide necessary
protection from UV spectra, while the energy is used for rearrangements on molecular level
of the dye, thus increasing the number of conjugated double bonds, which is experienced as
colour.

From this paper one could conclude great potentials of such dyes as described in this paper.
Research and results shown imply to broadened use of photochromic dyes and expansion
possibilities from ophthalmics to virtually any polymer if applied properly.
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1. Introduction

Raw cotton fibres have to go through several chemical processes to obtain properties
suitable for further dyeing and use. With scouring, non-cellulose substances (wax, pectin,
proteins, hemicelluloses...) that surround the fibre cellulose core are removed, and as a
result, fibres become hydrophilic. Conventional scouring processes of cotton are
conducted at temperatures up to 130 °C in a very alkaline medium (pH 10-12) with
sodium hydroxide. Since a non-specific reagent is used in the treatment, it attacks
impurities but it also causes damages to the cellulose portion of the fibres. Several
auxiliary agents, such as wetting agents, emulsifiers and sequestering agents, which
improve the efficiency of scouring and reduce the damage of fibres, are also added to the
scouring bath.

Scouring is regularly followed by a bleaching process, which removes the natural pigments
of cotton fibres. Cellulose fibres are most frequently bleached with hydrogen peroxide
resulting in high and uniform degrees of whiteness. The water absorbency also increases,
however, during the decomposition of hydrogen peroxide, radicals that can damage the
fibres are formed. For this reason, organic and inorganic stabilizers and sequestering agents
are added to the treatment bath.

Hydrogen peroxide is not ecologically disputable. The large amount of water used to rinse
and neutralize the alkaline scoured and peroxide bleached textiles is ecologically disputable.
Namely, the bleaching process is conducted in an alkaline bath at pH 10 to 12 and at
temperatures up to 120 °C. Due to high working temperature, a large amount of energy is
consumed. Auxiliary chemicals added into the bath increase the TOC and COD values of
effluents. Upon neutralization of highly alkaline waste baths, large amounts of salts are
produced. Consequently, the textile industry is considered one of the biggest water, energy
and chemical consumers (Alaton et al., 2006; Warke & Chandrate, 2003).

To comply with more and more rigorous environmental regulations and to save water and
energy, biotechnology and several types of enzymes have entered the textile sector. Many
review (Jayani et al.,, 2005; Galante et al. 2003) and scientific (Gummandi & Panda, 2003;
Buchert et al., 2000) papers describe the use of different enzymes for textile finishing.
Pectinases are an efficient alternative to sodium hydroxide in the removal of non-cellulose
substances from the cotton fibre surface (Presa & Tav¢er, 2008a; 2008b). This process occurs
at moderate temperatures in a slightly acidic (Calafell & Garriga, 2004; Li & Hardin, 1998;
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Sawada et al., 1998, Buschle-Diller et al., 1998) or alkaline (Etters, 1999; Durden et al., 2001;
Lenting & Warmoeskerken, 2004) medium and is dependent on the type of pectinase. Pectin
acts as a sort of cement or matrix that stabilizes the primary cell wall of cotton fibres.
Pectinases decompose insoluble pectin into smaller particles thereby destabilizing the
structure in the outer layers. The weakened outer layers can be removed in a subsequent
wash process to such extent that following finishing processes and dyeing can be easily
preformed (Etters, 1999; Losconzi et al., 2004; Cavaco-Paulo & Gubitz, 2003). It has been
established that agitation of the treatment bath is very important for pectinase to function
efficiently (Anis & Eren, 2002; Li & Hardin, 1998) and that selected sequestering agents can
improve their effectiveness (Losonczi, 2005). Since enzymes act selectively, no damage to
fibres occur during treatment. Also, it has been observed that after enzymatic treatment,
baths are less polluted than baths after scouring with sodium hydroxide (Losonczi et al.,
2005; Choe et al., 2004).

Bleaching with peracetic acid (PAA) is an alternative to bleaching with hydrogen peroxide
(Tav¢er, 2010). It is a powerful oxidizing agent (redox potential: 1.81 eV) (Presa & Tav¢er,
2009) with excellent antimicrobial and bleaching properties. It is efficient at low
concentrations, temperatures and in neutral to slightly alkaline medium. Its products of
decomposition are biologically degradable. In the past, it was prepared in situ from acetic
acid anhydride and hydrogen peroxide (Rucker, 1989; Wurster, 1992). However, the risk of
explosion during the synthesis reaction prevented affirmation of peracetic acid as a
bleaching agent in industry. In recent years, peracetic acid has become interesting
(Hickman, 2002; Krizman et al., 2005; Krizman Lavri¢ et al.,, 2007). Several commercial
products are available as balanced mixtures of peracetic acid, acetic acid and hydrogen
peroxide (Equation 1). They are stabilized with a minimum amount of sequestering agent.
Today, peracetic acid products available in the market are safe, simple to use, and price-
effective. Equation 2 shows the reaction that occurs when peracetic acid is used for
bleaching.

catalyst
//O stabilizer //O
CH;—C + H—0—0-H — = CH—C_ +mo @
OH O0—0—H
CH;COOOH + impurities — CH;COOH + oxidised impurities )

Both processes, scouring with pectinases and bleaching with peracetic acid, are conducted at
temperatures of 50-60 °C for 40-60 minutes and pH 5-8. If both processes could be
combined into one process, huge amounts of water, energy, time, and auxiliary agents can
be saved. In a recent study (Presa & Tav¢er, 2008b), it was confirmed using a viscosimetric
method that pectinases retain their activity in the presence of peracetic acid and that
combined processes are feasible.

The objective of our work was to compare the properties of enzymatically-scoured and
peracetic  acid-bleached cotton fabrics treated by two-bath and one-bath
scouring/bleaching methods, with respect to conventionally-treated fabrics (alkaline
scoured and bleached with hydrogen peroxide) with emphasis on their degree of
whiteness and dyeability.
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Dyeability of differently pretreated fabrics is very important for industry and was studied
from many aspects before. The dyeing behaviour of cotton fabrics treated with different
enzymes by using reactive, cationic and acid dyes showed that cationic and acid dyes
were more sensitive to the enzymatic treatment used as reactive dyes (Canal et al., 2004).
When dyed with bireactive dyes the dyeing showed excellent evenness and their capacity
to cover differences in whiteness arising from different pretreatment processes was
significant. On the contrary, the dyeings with acid and cationic dyes revealed, with large
differences in dye exhaustions, that each enzymatic system produces different ionisable
residues on the primary wall of the cotton fibre (Canal et al., 2004). The importance of
charges and functional availability on the fibre surface after different bioscouring
treatments for their dyeing behaviour was also exposed by Calafell and co-workers
(Calafell et al., 2005).

The ability of reactive dyes to cover the differences in whiteness from different bioscouring
and bleaching processes when dyed in dark shades was confirmed by several researchers
(Fakin et al., 2008, Loszonci et al., 2004).

Our research will upgrade the above results with reactive dyeing of differently scoured and
differently bleached cotton fibres in medium and light shades and estimate the processes
from the ecological point of view.

2 Experimental

2.1 Materials

Desized cotton fabric, 100 g/m?2, was obtained from Tekstina, Slovenia. Acid pectinase
Forylase KL (AP) was supplied from Cognis, Germany, and alkaline pectinase Bioprep
3000L (BP) from Novozymes, Denmark. Cotoblanc HTD-N (anionic wetting and dispersing
agent, alkansulphonate with chelator) was supplied from CHT, Germany. H,O, 35% (HP)
and peracetic acid (PAA) as a 15% equilibrium solution in the commercial bleaching agent
Persan S15 were obtained from Belinka, Slovenia. Foryl JA (nonionic wetting agent) and
Locanit S (ionic-nonionic dispersing agent) were obtained from Cognis, Germany and
Lawotan RWS (nonionic wetting agent) was obtained from CHT, Germany. Sodium
hydroxide was supplied from Sampionka, Slovenia, and acetic acid and sodium carbonate
were supplied from Riedel-de Haen, Germany.

2.2 Treatment methods

The cotton fabric was scoured according to three different procedures using sodium
hydroxide, acid pectinase or alkaline pectinase. The scoured fabrics were bleached with two
bleaching agents: hydrogen peroxide and Persan S15. The abbreviation of processes and
treatment conditions are displayed in Table 1. Enzymatic scouring and one-step treatments
were performed 60 minutes at 55 °C, than the temperature of the bath was increased to 80 °C
for 10 minutes to deactivate the enzymes. To activate peracetic acid in AP/PAA treatment,
the pH was adjusted to 8 after 30 minutes. Demineralised water was used in all processes.
The treatments were performed on the Jet JFL apparatus manufactured by Werner Mathis
AG loaded with 50 g of fabric at a liquor ratio of 1:20. After all treatments, the bath was
discharged and the jet was filled sequentially with fresh water heated to 80 °C, 60 °C and
25 °C to rinse the fabric. After alkaline scouring and peroxide bleaching, the fabrics were
additionally neutralized with a neutralizing bath containing acetic acid and rinsed with cold
water.
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Process Conditions
. . 3 g/1 NaOH, 2 g/1 Cotoblanc HTD-N,
AS - Alkaline scouring 95 °C 40 minutes
5 ml/1 Forylase KL, 0.75 ml/1 Foryl JA,
AP - Scouring with acid pectinases 2 ml/1 Locanit S and CH;COOH to

pH 5.5, 55 °C, 40 min.
0.05 % Bioprep, 0.5 g/1 Lawotan RWS,
NaxCOs3 to pH 8, 55 °C, 40 min.
7 g/1H,0,35%, 1 g/1 Cottoblanc HTD-N,
4 ¢/1 NaOH 100%, 95 °C, 40 min
15 ml/1 Persan S15, 55 ml/1
PAA - bleaching with peracetic acid NaCO; 0.5 M, 0.1g/1 Lawotan RWS,
pH 8, 55 °C, 40 min
AP+PAA - one step scouring with acid 5 ml /1 Forylase KL, 0.75 ml/I Foryl JA,
pectinase and bleaching with peracetic acid | 2 ml/] LocanitS, 15 ml/1 Persan S15
BP+PAA - one step scouring with alkaline | 0.05 % Bioprep 3000L, 0.1 mL/L Lawotan
pectinase and bleaching with peracetic RWS, 15 mL/L Persan S15, pH 8 with
acid. NaOH, 55 °C, 40 min.

BP - Scouring with alkaline pectinases

HP - bleaching with hydrogen peroxide

Table 1. The abbreviation of processes and treatment conditions

2.3 Dyeing procedure

Dyeing the pre-treated fabrics was performed at 60 °C for 90 minutes with 0.5% and 2%
Cibacron rot F-B. 30 g/L NaxSO4 and 8 g/L Na,CO; was used for pale shade and 50 g/L
Na;SO4 and 11 g/L NaxCOs for medium shade. The weight of the dyed samples was 5 g.
Finally, the cotton was soaped, washed and air dried. Dyeing was performed in closed
beakers on an Launder-Ometer (Atlas).

2.4 Analytical methods

Prior to the measurements, fabrics were conditioned 24 hours at 20 °C and 65% relative
humidity. The degree of whiteness and the colour values were measured on the Spectraflash
SF600 Plus using the CIE method according to EN ISO 105-J02:1997(E) standard and EN ISO
105-J01:1997(E), respectively. Weight loss due to the pretreatments was determined by
weighing the fabric samples before and after pretreatment and was expressed in percent.
Water absorbency was measured according to DIN 53 924 (velocity of soaking water of
textile fabrics, method for determining the rising height). Measurements of tenacity at
maximum load were performed on Instron Tensile Tester Model 5567. The mean degree of
polymerization (DP) was determined with the viscosimetric method in cuoxam.

Samples of remaining bleaching and scouring baths were collected after all treatments. Their
ecological parameters (pH, total organic carbon (TOC), chemical oxygen demand (COD),
biological oxygen demand (BODs)) were measured, the consumption of water and energy
was estimated (Presa, 2007).

3. Results and discussion

3.1 Whiteness
The achieved degrees of whiteness (W) and tint values (TV) are presented in Table 2. The
desized (untreated) sample (D) had a degree of whiteness of 11.1. After alkaline scouring,
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the fibres swelled, became smoother and clean of non-cellulose impurities and the degree of
whiteness increased to 19.5. However, after scouring with acidic and alkaline pectinases,
both samples had lower degrees of whiteness relative to the desized sample, i.e. the sample
treated with acidic pectinases (AP) had a whiteness degree of 8.2, and the sample treated
with alkaline pectinases (BP) had a whiteness degree of 8.4. Negative TV values
demonstrated that all scoured and desized samples had a red shade. After alkaline scouring,
the red shade decreased, whereas after both bioscourings, the red shade increased.

The degree of whiteness of all scoured samples increased significantly after hydrogen
peroxide bleaching. The differences in whiteness from previous scouring disappeared.
Alkaline and bioscoured samples have a whiteness values above 84 and the red shade
almost disappeared.

With peracetic acid bleaching, a high degree of whiteness was not achieved and the
differences in whiteness from the previous scouring remained visible. The sample, which
was alkaline scoured prior to bleaching (AS+PAA), had the highest degree of whiteness
(72.7), whereas both bioscoured samples had lower degrees of whiteness (57.7 AP+PAA and
57.3 AP+PAA). The red shade was visible on all peracetic acid bleached samples and was
more on bioscoured than on alkaline scoured fabrics, which suggests that bleaching with
peracetic acid is not as effective as bleaching with hydrogen peroxide. This occurs because
bleaching with peracetic acid proceeds at a low temperature and pH, where the impurities
remaining after scouring could not be fully oxidised. Bioscoured fibres contained also more
waxes and other impurities that hindered the successful oxidation with peracetic acid at
mild conditions. Bleaching the alkaline scoured fabrics with peracetic acid is more effective
since the impurities were removed from cotton fibres to a higher extent in the previous
process and the pigments within fibres were more exposed to the oxidant’s influence. This is
confirmed by comparing data of the mass loss during treatments (Table 3).

The degrees of whiteness after a one-bath treatment (68.7 AP/PAA and 69.6 BP/PAA) were
higher than those after two-bath bioscouring and bleaching with peracetic acid and close to
the whiteness achieved after alkaline scouring and bleaching with peracetic acid. This can be
explained by the fact that at the bleaching conditions of peracetic acid (55 °C, pH 8),
hydrogen peroxide, which was present in the balanced mixture with peracetic acid, was not
consumed, whereas at temperature 80 °C, which was the finite temperature of the one-bath
process, hydrogen peroxide was activated, which further increased the degree of whiteness.

Scouring HP PAA Scouring/PAA

W TV \W vV W vV 4 vV

AS 195 -76 8412 -0.45 727 -0.95 - -
AP 82 973 856.59 -0.37 57.7 -2.05 68.7 -1.3
BP 84 96 85.07 -0.36 573  -19 69.6 -1.2

Table 2. Whiteness (W) and tint values (TV).
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3.2 Fabric properties

Table 3 represents the loss of weight, rising height in warp direction, tenacity at maximum
load and degree of polymerization (DP) of differently pretreated cotton fabric samples.

The loss of weight demonstrates that scouring with NaOH is more intensive and removes
more incrusts than enzymatic scouring. The loss of mass after alkaline scouring was ca. 1.3%
and after enzymatic scouring, was less than 1%. During hydrogen peroxide bleaching, the
loss of mass was greater in those samples, where the loss of mass was lower during
scouring; alkaline scoured only 0.25%, acid pectinases scoured 1.2% and alkaline pectinases
scoured 0.73%. This suggests that hydrogen peroxide bleaching removed a large portion of
compounds, which remained on fibres after scouring. The total mass loss after scouring and
hydrogen peroxide bleaching was similar for all samples.

Peracetic acid bleaching also removed a certain part of the noncellulosic substances, which
remained on fibres after scouring, but the quantity was lower relative to hydrogen peroxide
bleaching. Bleaching with peracetic acid did not equalize the differences in the loss of mass,
which is in agreement with the whiteness results. We can conclude that high temperature
and high pH are conditions that contribute decisively to the removal of non-cellulosic
impurities. Specifically, waxes cannot be removed completely when all processes are
conducted at low temperatures and neutral pH, as is the case for bioscouring and peracetic
acid bleaching.

Weight loss Rising height Tenacity DP

(%) (cm) (cN/tex)
D 0 18.47 2482
AS 1.27 29 18.45 2432
AP 0.30 27 16.96 2451
BP 0.89 25 17.95 2385
AS+HP 1.52 3.0 16.65 1774
AP+HP 1.51 3.0 17.12 1947
BP+HP 1.62 2.8 16.83 2004
AS+PAA 1.30 28 16.94 2278
AP+PAA 0.65 29 18.12 2318
BP+PAA 0.95 29 13.75 2399
AP/PAA 040 27 16.94 2438
BP/PAA 0.60 2.8 18.84 2300

Table 3. The loss of mass, rising height in warp direction, tenacity at maximum load, degree
of polymerization (DP)

The remained substances influence on the water absorbency and consequently alkaline
scoured samples had the highest absorbency. Bleaching improved the absorbency of the
scoured fabrics, particularly of enzymatically scoured ones. However, the difference in
rising height was so small, that all the samples could be considered absorbent.

There were no higher differences in tenacity at maximum load between the de-sized and
differently treated samples. On the other hand, the results of DP demonstrate that bleaching
with hydrogen peroxide decreased the degree of polymerization significantly, while other
processes preserved the DP values close to the starting value. The bioscouring and bleaching
with peracetic acid in a one bath or two bath processes causes no damage to fibers and this
is one of the benefits of such processes.
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3.3 Dyeing

Colour strengths (expressed as K/S value) and colour differences, AE*, of the fabric
samples dyed with 0.5% and 2% of Cibacron red F-B are presented in Tables 4 and 6,
respectively. The lightness values, L* croma, C*, and hue, h, are presented in Tables 5 and
7. A standard for colour difference calculation was in each set of processes the alkaline
scoured sample.

Scouring HP PAA Scouring/PAA
K/S AE* K/S AE* K/S AE* K/S AE*
D 4.02 - - - - - - -
AS 4.04 -a 2.61 b 389 < - -
AP 4.04 3.74 2.73 0.26 389 1.26 3.78 0.58
BP 4.23 3.04 2.72 0.22 410 0.85 3.97 0.30

a-standard for scoured fabrics, b-standard for HP bleached samples, c-standard for PAA bleached and
one-bath treated fabrics

Table 4. Colour strengths (K/S) and colour differences (AE*) of the fabric samples dyed with
0.5 % of Cibacron red F-B.

K/S values of all samples dyed with one concentration of dye after only scouring are
similar. No significant differences were observed between the colour depths of alkaline and
enzymatic pretreatments. On the contrary, colour differences between alkaline scoured and
enzymatic scoured samples dyed in light shades are significant (AE* is above 3). This is
explained by differences in whiteness after scouring, which was not covered in light shade
dyeing, whereas they were covered in dark shade dyeing to a greater extent (AE*~1).

The colour strengths of the samples dyed after scouring and bleaching are very similar
within a set of samples, but they differ between differently bleached samples. K/S values on
all hydrogen peroxide bleached samples were lower than those obtained for all peracetic
acid bleached samples, and this relationship exists on pale and medium-dyed samples. We
can conclude that the differences in whiteness, which were visible on samples after scouring
and bleaching, remained to a certain extent after dyeing. The lighter fabrics achieved lower
K/S values relative to darker fabrics when dyed under same conditions.

AE* values reveal that bleaching with hydrogen peroxide enabled the achievement of equal
pale and medium colours on alkaline and bioscoured samples (AE*<0.3), while the colour
differences between alkaline and bioscoured samples were higher when the samples were
bleached with peracetic acid and dyed (AE*~1). The colour of one-bath pretreated and dyed
fabrics was close to the colour of alkaline scoured, peracetic acid bleached and dyed sample
(AE*<0.6), which confirms that hydrogen peroxide bleaching covered the differences in
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colour arising from different scouring methods, while peracetic acid bleaching preserved
those differences.

The colour evenness was excellent for all samples. The standard deviation of ten colour
difference values AE was below 0.06 for all dyed samples. We can conclude that all
presented types of pretreatment are appropriate for further dyeing with reactive dyes, but
the initial colour of the material should be considered when the dyeing recipes are
prepared.

Scouring HP PAA Scouring/PAA

L* C h[] L* C* h[] L* C* h[] L* C* h[

D 574 444 3518 - - - - - - - - -

AS 584 461 3510 595 488 350.8 593 474 3505 - - -

AP 574 436 3516 59.0 494 350.7 589 462 3506 593 469 350.2

BP 577 439 351.8 59.1 493 3509 59.1 466 3504 594 472 3503

Table 5. Lightness values (L*), croma (C*) and hue (h) of the fabric samples dyed with 0.5 %
of Cibacron red F-B.

Scouring HP PAA Scouring/PAA
K/S AE* K/S  AE* K/S AE* K/S AE*
D 13.24 - - - - - - -
AS 1342 -a 9.72 -b 13.38 < - -
AP 1417 084 957  0.03 1310  1.15 13.19 0.81
BP 1333 127 955  0.03 1326  1.00 14.25 0.65

a-standard for scoured fabrics, b-standard for HP bleached samples, c-standard for PAA bleached and
one-bath treated fabrics

Table 6. Colour strengths (K/S) and colour differences (AE*) of the fabric samples dyed with
2 % of Cibacron red F-B and standard deviation in brackets.
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Scouring HP PAA Scouring/PAA

L* ¢ h[] L* C* h[ L* C* h[] L* C* h[

D 447 546 356.0 - - - - - - - - -

AS 453 56.0 3562 46.0 585 3570 46.2 57.0 356.1 - - -

AP 446 549 3563 462 585 3569 457 56.0 3558 457 564 3559

BP 441 550 3564 462 584 3569 454 564 3560 457 56.6  356.0

Table 7. Lightness values (L*) croma (C*) and hue (h) of the fabric samples dyed with 2% of
Cibacron red F-B and standard deviation in brackets.

3.4 Ecological parameters

Conventional treatment of cotton fibres was conducted in an alkaline environment: final pH
at alkaline scouring and at bleaching with hydrogen peroxide was around 12.5. Such
alkaline baths should be neutralized prior to drainage into the sewage system. At
neutralization, salts that additionally load wastewaters are produced.

While bleaching with peracetic acid and at both combined processes, the final pH value of
the bath was near 6. Since neither of these processes requires neutralization of fibres, the
treatment process can be shorter and less expensive.

While scouring with pectinases and bleaching with peracetic acid, the consumption of
energy required to heat the bath was also lower. Conventional processes of scouring and
bleaching were performed at temperatures near the boiling point, whereas bioscouring and
bleaching with peracetic acid were conducted at a temperature of 55°C. Due to the lower
temperature, less energy was required.

The consumption of water and energy is the lowest at combined scouring/bleaching
treatments. Consequently, at these processes arises the lowest amount of effluents and the
produced wastewater is biodegradable (Presa & Tavcer, 2009).

4. Conclusions

Enzymatically and alkaline scoured cotton fabrics have similar water absorbency, tenacity at
maximum load and degree of polymerization. Because of lower loss of mass and lower
whiteness of enzymatically scoured fabrics noticeable differences in colour occur between
differently scoured samples dyed to light hues. The colour differences are overcame at
medium and pale shades.

During bleaching with hydrogen peroxide the differences in whiteness arising from
previous scouring processes disappeared. All samples obtained high whiteness values. At
bleaching with peracetic acid the obtained whiteness values are lower and the differences
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from previous scouring processes remained visible. This causes that the colour differences
between differently scoured samples, which were bleached with hydrogen peroxide prior to
dyeing, are not visually perceivable, while they remained visible on samples bleached with
peracetic acid at light and medium shade dyeing.

At one-bath processes of scouring/bleaching with pectinases and peracetic acid the degree
of whiteness of fabrics is higher than at two-step scouring and bleaching with peracetic
acid, but lower than at bleaching with hydrogen peroxide. The colour of dyed fabrics is
equal to alkaline scoured and peracetic acid bleached fabric.

The different shades obtained on differently pretreated fabrics are the consequence of their
different initial whiteness values. All other parameters are very similar, the exhaustion rate,
the fixation rate and the fastness properties (Presa, 2007). The bioscouring and bleaching
with peracetic acid, especially the one-bath processes, are suitable treatments before dyeing
with reactive dyes. Lower amount of water and energy is consumed than at conventionally
pretreatment and the fibres are not damaged at all. For reproducible dyeing the initial
colour of the fabric should be considered when preparing the dyeing recipes.
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Improvement in Acrylic Fibres Dyeing

E. Giménez-Martin, A. Ontiveros-Ortega and M. Espinosa-Jiménez
Department of Physics, EPS] Jaén, University of Jaén, Campus “Las Lagunillas”, Jaén,
Spain

1. Introduction

At the interface of an electrically charged textile fabric and an aqueous solution containing
an electrolyte, a surface-active agent, or a dye, an electrical double layer is set up. An
electrokinetic potential or zeta potential, {, is developed when one of these two charged
surfaces moves with respect to the other. This potential plays an important role in the
electrical characterization of textile materials and in dyeing and, more generally, in many
important wet processes to which textile fibers are subjected (Dai, 1994; Jacobash, 1985;
Lokhande, 1970; Teli, 1993). In our opinion, the most appropriate electrokinetic technique to
study the zeta potential of fibrous systems is the streaming potential method (Espinosa
&Gonzalez, 1991, Gonzalez &Espinosa, 1988).Studies of the sorption of ionic and reactive
dyestuff on textile fabrics shows that the electrokinetic potential and surface charge density
of fibers can be influenced to a great extent by surfactant and dyes (Anders, 1965). Analysis
of the solid surface free energy, together with electrokinetic measurements of the system
and an investigation of the adsorption of surfactants and dyes on textiles, provides extensive
information about dyeing and finishing mechanisms of fabrics (Peters, 1975). The
determination of the surface free energy of a solid surface is important in a wide range of
problems in pure and applied science. The surface free energy concept can be used for
investigating physicochemical surface properties of textile fabrics and the results of these
investigations can be correlated with important technical properties of textile applications
(Grundke et al., 1991, Chibowski & Gonzalez, 1993; Holys &Chibowski, 1992; Espinosa et al.,
1997; Chibowski et al. 1998). Because of the importance of acrylic fibers in textile industry,
investigations in improving their dyeing properties are very interesting. In the present
study, we have used as acrylic fibres samples of 100% pure Leacril fibers, of 1.3 dtex, from
Montefibre S.A., Barcelona (Spain). Leacril fibers practically do not swell in water (Shukla et
al., 1991). The retention of water vapor on the fibers is of the order of ca. 0.8% (Frushour &
Knorr, 1985). These fibers are hydrophobic in nature, and they are not easily penetrated by
the dyes ((Lokhande, 1970). The use of the surfactants to assist wetting of textile fabrics and,
more particularly, for the level of dyeing has become widespread (Cegarra et al. 1984). In the
present study, we have used various cationic and reactive dyes in the dyeing process of
Leacril fibers. For improvement in Leacril fibers dyeing, we have used various surfactants in
the pretreatment of the fibers, in order to obtain the conditions that increase the amount of
dye uptaken by the mentioned acrylic fibers. On the other hand, also our purpose is to know
the different physico-chemical mechanisms that govern the adsorption of different dyes
onto the textile materials when these materials have been pretreated with different ionic
surfactants.
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2. Effect of n-cetylpyridinium chloride on the zeta potential and surface free
energy of the leacril fibers

Acrylic fibers consist of ca. 90% acrylonitrile and ca. 9% vinyl acetate,(Frushour & Knorr,
1985). Sulfur dioxide and potassium persulfate were used as initiating agents for the
copolymerization reaction. These compounds produce a large number of both sulphonate
and sulfate end-groups on the fiber (Adamson, 1982). These end-groups are ionized in
aqueous medium and hence these groups produce negative charge on the fiber surface. The
fibrous samples were rinsed repeatedly with deionized water until the conductivity of the
washing water remained constant. Finally, they were dried in an oven at 313 °K.

In this work we have used N-Cetylpyridinium chloride (N-CPCl) surfactant, as the agent
which we have tested for the pretreatment of Leacril to improve the posterior adsorption of
different dyes onto Leacril fibers. This surfactant is A.R. grade from Merck, and was used
without further purification. Chemical structure is shown in scheme 1.

4 \
CH,(CH,),-N Cl

Scheme 1.

Water with a conductivity of ca. 10-¢ S cm! was used to prepare the different solutions.
For the determination of the zeta potential of Leacril fibers, we have used porous plugs
with constant Leacril content (1 g) and densities of packing in the plug of 75.7, 86.6, 101,
121.2, 151.5 and 202 kg m?3, in the streaming potential experiments. An Anton Paar EKA,
Electrokinetic Analyzer, from Graz (Austria) was used for the determination of the zeta
potential of the Leacril samples in the pretreatment of the fibers with the surfactant and
also in the posterior dyeing, with different dyes, of the above pretreated samples. The
samples of untreated Leacril fibers were conditioned before the electrokinetic and
sorption experiments with solutions of N-Cetylpyridinium chloride at temperatures
of 283°K., 293°K., 303°K. and 313°K. for 72 h, this time being sufficient to attain
equilibrium.

For the determination of the zeta potential of the system, the models of bundle of capillaries,
Goring and Mason, Biefer and Mason, and Chang and Robertson (Goring & Mason, 1950;
Biefer & Mason, 1050; Chang & Robertson, 1967) were applied to evaluate the zeta potentials
of the Leacril plugs. However we have verified that the Goring and Mason model is, in our
case, the model which presents a superior correlation coefficient both over the whole tested
range of concentration of N-Cetylpyridinium chloride in solution and for all the investigated
packing densities of Leacril in the plug (Espinosa &Giménez, 1996).

In the Figure 1, are shown the zeta potentials obtained for Leacril, as a function of the molar
concentration of N-CPCI at 293°K. It can be observed that the values of zeta potential are
not high. The zeta potential of the system is negative at low concentrations of the surfactant
in solution. Zeta potential sign changes at concentrations higher than ca. 2x105 M of
surfactant in solution, its value being zero at this concentration. It increases for values up to
104 M of N-CPCl, where ¢ is maximum, and then decreases as the concentration of the
surfactant in solution increases. Further, zeta potential is very low at concentrations between
5x103 M and 102 M of surfactant.
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Fig. 1. Zeta potential of Leacril, as a function of NCPCl concentration 293°K..

Sorption experiments at different temperatures have been done to explain the electrokinetic
behavior. Figure 2 shows the amount of N-CPCl in the Leacril, Meq, at different temperatures,
as a function of the final (equilibrium) concentration of the surfactant in solution.
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Fig. 2. Amount of NCPCl adsorbed, M¢q, at different temperatures.

It can be seen that Mq increases with both increasing concentration of N-CPCl in solution
and increasing temperature of sorption. The amount of surfactant taken up by the fiber is
low when the equilibrium concentration is lower than 104 M, and increases abruptly above
this value, attaining a value of 730mmol/kg at 102 M of surfactant in solution and 313°K.
The results shown in Figures 1 and 2, suggest a mode of binding that can be interpreted,
probably, on the basis of electrostatic attraction between both the sulphonate and sulfate
end-groups of the Leacril fibers and the cation of the surfactant. The increase of the amount
of surfactant taken up by the fiber at increasing temperature of the sorption is due,
probably, to the increasing ionization of the sulphonate and sulfate end-group of the Leacril
at pH=5.8, and the electrostatic attraction between the mentioned end-groups of the fiber
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and the cation of the surfactant is favored by the increasing temperature of sorption of the
system under these conditions. The fact that the positive value of the zeta potential
decreases in the concentration range where the highest amount of the surfactant in the fiber,
Meq, appears (Figures 1 and 2), shows that the electrostatic interactions cannot be the only
interaction responsible for the uptake of the surfactant by the fibers, some sort of specific
interactions between Leacril and N-CPCl must exist. Given the hydrophobic character of the
Leacril and the amphiphilic nature of the surfactant molecules, hydrophobic attractions
between the fiber and the hydrophobic part of the surfactant might account for the
interaction, explaining the sorption of N-CPCI on the Leacril even when it is hindered by
electrostatic repulsion. The low zeta potential values for 5x10°M and 10-2M surfactant
concentration must be consequence of double layer compression.

On the other hand, analysis of the solid surface free energy together with investigation of
both, the adsorption and electrokinetic behavior of the system, in the process of adsorption
of surfactants and dyes onto textile fabrics, provide extensive information concerning the
dyeing, wetting, and finishing mechanisms of the textile materials (Mittal, 1993). Such an
investigation has not been reported previously for Leacril fabric, and studies of the surface
free energy of Leacril in the processes of dyeing are very scarce.

According to the van Oss et al. approach (Van Oss, 1987,1988a, 1988b, 1989, 1992a,1992b1994),
the interaction between a liquid and a solid surface can be determined from the relationship
between the work of adhesion of the liquid to the solid surface, W,,and the work of cohesion
between the liquid molecules, W,, which is called work of spreading W; and it is defined by
the equation:

Wa—Wc=Ws=2/VSLW-VLLW+2x/V§~V[+2JV§-VJ—ZVL )

Where y£%,y¢, ysand v, v}, yi, were the components, Lifshitz-van der Waals, and acid-
base, electron-acceptor and electron-donor, of solid surface and liquid, respectively. The
thermodynamic characterization of the fabric surface was determined, using the thin-layer
wicking method (Chibowski, 1992; Chibowski &Gonzalez, 1993; Chibowski & Holysz, 1992;
Duran et al., 1994). According to the Washburn equation, eq.[2], a linear relationship must
be obtained between the time (t) that a liquid takes to penetrate a distance (x) through a thin
porous layer of a solid, in our experiments, through a piece of Leacril fabric of 25x4 cm? :

2 _ Rt
x —ZnAG ()

where AG is the surface free energy change that takes place when the initial solid-air
interface is substituted by the solid-liquid interface in the wicking process. R is the average
pore radius of the solid, and 1 the viscosity of the liquid. In order to determine four
unknown parameters of the solid surface, R effective radius porous, and the surface free
energy components, ystW, Lifshitz-van der Waals component, ys;, electron-donor and ys*,
electron-acceptor components, four wicking systems can be considered in which different
values of AG in eq. [2] appear. This systems result from the combination of two kind of
liquid, non-polar and polar liquid, and two different situations of the solid sample,
precontacted strip, if the sample has been previously exposed to saturated vapor of the
liquid, and bare strip, when the sample is clean and dry. The situations studied were:
1. When the liquid used wets the solid completely, we used a non-polar liquid such us n-
decane, and the solid has been previously saturated with its vapor in such a way that a
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duplex film is formed onto the solid surface (precontacted plate), then AGp in the wicking
process is: AGp = ¥y, (the surface tension of the liquid) and then R can be estimated.

2. The same liquid (n-decane) is used as above, but the strip has not been exposed to the
saturated vapor (bare strip) the specific free energy changes, AG,, in the penetration
process, is determined from the difference between work of adhesion, W, and work of
cohesion W,. This allows determination of ysW and eq. [2] is given by:

AGy =W, =W, =2 /ysLW v =2y ®)

3. The solid surface is precontacted with a polar liquid vapor but the penetrating liquid
(water or formamide) does not completely spread onto the solid surface. A dynamic
contact angle, 6, appears and AGp is now:

AGp =y, cosO 4)

4. The same liquid as in case (iii) is used. The solid surface is bare and the liquid forms a
dynamic contact angle, 0. In this situation free energy changes involved are:

AGy, = y,cos0 + W, — W, = y,cos6 + 2 /VSLW W2y v+ 2Jvs v -2 )

From the combination between eq.[4] and eq. [5], and using two different polar liquids as
water and formamide, we can obtained the values of the acid-base components, yd, vs of
the solid surface (Chibowski et al., 1998).

Our experiments were performed with water, n-decane, and formamide (Table 1). Straight
lines are obtained in the plots of the penetrated distance, x, vs. the time of penetration, t.
From the slope of the straight lines, AG is obtained, and from this data, the surface free
energy components of the fabric are estimated.

Liuid y TOT y v V-

d (m] /m?) (m] /m?) (m]/m?) (m]/m?)
n-Decane 23.9 239 0 0
Diiodomethane 50.8 50.8 0.0 0.0
Water 72.8 21.8 255 255
Formamide 58 39.0 2.28 39.6

Table 1. Surface tension parameters of liquids used for thin-layer wicking and contact angle
measurements.

The results are shown in Table 2.

N-CPClI

o YW (m]/m2) Y6+ (m)/m2) s (m)/m?)
0 43.35 0 60.50

104 444 0.14 57.81

5104 45.7 0.16 55.71

103 46.96 0.19 53.59

102 47.9 1.40 35.80

Table 2. Lifshitz-van der Waals, and acid-base components of surface free energy of Leacril
as function of the concentration N-CPCl of the treatment.
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In Table 2, we observe that there are no appreciable differences between the obtained values
of y&W in the different processes investigated. The high value for y;” 60.5 mJ/m?, obtained
in the case of untreated Leacril, is probably due to the presence of sulphonate and sulfate
end-groups in the Leacril fabrics (Espinosa et al. 1997a, 1997b; 1998). These groups are
donors of electrons and produce a high value in the component y; for untreated Leacril.
This above value is similar to that obtained by van Oss et al. with water-soluble
polyethyleneoxide (PEO) (van Oss, 1994). A value of y; = 60.5 m]/m? consistent with these
authors findings suggests that the Leacril surface is a stronger electron donor and hence
hydrophilic in nature. Also consistent with van Oss et al., values of y; higher than28.3
mJ/m? indicate that the solid surfaces that present this behavior have a hydrophilic
character. In our case, for Leacril fabrics, the hydrophilicity of the surface could be
attributed to the presence of the sulphonate and sulfate end-groups on the surface of the
fabric due to their strong electron-donor character (Espinosa et al., 1998).

In previous studies (Espinosa & Giménez, 1996; Espinosa et al., 1997), it was discussed that
the adsorption of N-CPCl on Leacril fabrics probably occurs by electrostatic attraction
between the cation of the surfactant and the sulphonate and sulfate end-groups of the
Leacril. These processes produce a decrease in the negative charge of the Leacril, and, the y;
decreases with the increasing treatment of Leacril. This may be observed in Table 2. In
contrast, y& is almost constant for both untreated Leacril and treated Leacril with increasing
concentrations of NCPCl in solution. The small variation of the values of y; shown in Table
2 is not sufficiently significant to allow conclusions to be reached about this question.

The value of y; 35.8 mJ/m? at 102 M of N-CPCl in the treatment of the fabric (Table 2) is
probably due to the presence of N* - pyridinium groups in the N-CPCl adsorbed on the
fabrics, which is very evident at the highest concentrations of the surfactant on the fabric
(see Fig. 1 and Table 1). In this process, there is probably a notable acid-base neutralization
due to the interaction between the cation of the surfactant and the sulphonate and sulfate
end-groups on the surface of the Leacril.

3. Effect of n-cetylpyridinium chloride on the adsorption of a reactive dye
onto leacril fabrics

In this study, we have used the samples of Leacril fibers above mentioned in the paragraph no.
1 of this work. Also we have used the above surfactant N-Cetylpyridinium chloride in the
pretreatment of Leacril, before of posterior dyeing of Leacril with the reactive dye. The reactive
dye used has been Remazol Brilliant Blue R (RBB-R), C.I. 61200, reactive blue 19, and this dye is
an amineantraquinone vinilsulphonated. This dye is referred by Hagen et al. (Hagen et al., 1966).
On the other hand, this dye is of AR grade from Sigma Chemical Co. (USA) and was used
without further purification. The chemical structure of the RBB-R dye is shown in scheme 2:

O NH,

Qo™
O NH
t ~80,CH,CH,050;Na

Scheme 2.
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Experiments were done as we have described in part 1. In Figure 3 are shown the zeta
potential of the system untreated Leacril/RBB-R, as a function of the concentration of RBB-R
in the liquid phase. We have used the Goring and Mason model for the determination of the
zeta potential of the above system. All the values of the zeta potential of the system (Fig. 3)
are negative. The increase in the zeta potential for concentrations of dye between 10-¢ M up
to 10> M of dye in solution can be attributed at the hydrophobic interactions between the
fiber and the hydrophobic part of the dye molecule. In this process, the electric charge of the
interface increase due to the presence of sulphonate groups in the dye onto the surface of
fibers, in the adsorption process of the dye onto the Leacril in these conditions. On the other
hand, by concentrations of dye higher than 105 M the chemical reactions between the -NH,
and -NH groups of the reactive dye and the sulphonate and sulfate end-groups of Leacril
could be the responsible of the decrease in the zeta potential of the system shown in Figure 3
in this range of dye concentration. In this process the negative charge of the fiber and hence
the zeta potential of the system, decrease in this range of concentration of reactive dye.
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Fig. 3. Zeta potential of the system untreated Leacril/RBB-R, as a function of RBB-R
concentration.

In Fig. 4 are shown the amount of RBB-R uptaken by untreated Leacril at equilibrium, Meq as
function of the equilibrium concentration of dye in solution, at different temperatures of
adsorption. This adsorption is scarce at concentrations of dye lower than 104 M and
increases abruptly for the highest concentrations of dye in the liquid phase. Also it can be
observed that this adsorption is favored by an increase in the temperature of adsorption
process of the RBB-R onto the fiber. This behavior can be explained for the above chemical
reactions between the above mentioned groups of the fiber and the reactive dye. This fact
confirms the behavior of the zeta potential of the system shown in Figure 3.

With the aim of to improve the dyeing conditions of the Leacril fibers with RBB-R, we have
used 10°M of N-CPCl in the pretreatment of the Leacril. Subsequently, the treated Leacril
with 10-M of the surfactant, have been dyed with different concentrations of RBB-R at the
same temperatures used in the Figure 4. Also we have determined the zeta potential of the
system in these conditions. In Figure 5 can be observed the behavior of the zeta potential of
the system as a function of the equilibrium concentration of the reactive dye in the liquid
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phase for untreated Leacril and for Leacril treated previously with 103M of the above
surfactant. Also we have used the Goring and Mason model for the determination of the
zeta potential in these conditions.
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Fig. 4. RBB-R uptaken by untreated Leacril at equilibrium, Meq, at different temperatures,
as function of the equilibrium concentration of dye in solution.

In Figure 5, it can be observed a similar behavior of the zeta potential of the system in both
cases. However, in this Figure can be observed that the zeta potential values of the system
are higher for Leacril treated with 10 M of N-CPCl that in the case of untreated Leacril, in
all range of concentration of RBB-R in the liquid phase. In Figure 5 the increase in the zeta
potential for treated fiber in the range of 10-M up to 10°M of RBB-R in solution could be
explained by the increase of the hydrophobic interactions between the hydrophobic part of
the reactive dye and the hydrophobic parts of the Leacril/N-CPCl in the pretreatment of the
Leacril.
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Fig. 5. Zeta potential of untreated Leacril and for Leacril treated previously with 103 M of
N-CPCl as a function of RBB-R concentration.
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In these processes the negative charge of the Leacril increases due to the presence of
sulphonate groups in the molecules of the reactive dye adsorbed onto the pretreated fiber.
When the concentration of the reactive dye in solution is between 10-°M up to 102M, the
electrostatic interactions between both the cationic group of the pyridinium ring of the
surfactant previously adsorbed and the sulphonate groups of the RBB-R could be
responsible of the strong decreased in the negative value of zeta potential of the system in
the concentration range mentioned. On the other hand, the chemical reactions between
the groups -NH> and -NH of the RBB-R and the sulphonate and sulfate end-groups of the
Leacril also contributes in a great measure at the strong decrease in the zeta potential of
the system treated Leacril/RBB-R at the highest concentrations range of the reactive dye
in the liquid phase. Hence, due to the above adsorption mechanisms the negative zeta
potentials of the system treated Leacril/RBB-R attain higher values in the case of
pretreated Leacril with 103M of N-CPCl that in the case of untreated Leacril, in all
concentration range of RBB-R in the liquid phase. It is evident in Figure 5 that the reactive
dye is adsorbed in a superior amount for treated Leacril with the surfactant than in the
case of untreated Leacril.
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Fig. 6. Amount of RBB-R uptaken by Leacril pretreated with 103 M N-CPCl at equilibrium,
Mg, as function of the equilibrium concentration of dye in solution, at different
temperatures.

In Figure 6 are shown the amount of the RBB-R adsorbed at equilibrium, M, onto
pretreated Leacril with 102 M of the surfactant as a function of the equilibrium
concentration of the reactive dye in solution. These experiments have been done at the same
temperatures shown in the above Figure 4. It can be seen in Figure 6, that all the values of
Meq, of pretreated Leacril with the surfactant are higher than they are in the case of
untreated Leacril shown in Figure 4. Also it can be seen, that an increase in the temperature
of adsorption favors the adsorption of RBB-R onto pretreated Leacril. These facts show that,
probably, the above mentioned chemical reactions between the treated fibers and the RBB-R
dye are responsible for the strong adsorption of the reactive dye onto the treated Leacril
(Gonzalez et al., 1987; Espinosa et al., 1997c). It is evident that the pretreatment of the Leacril
with the surfactant improve the adsorption of the RBB-R onto Leacril.
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4. Influence of polyethyleneimine ion on the adsorption of rbb-r onto leacril
fibers

In other works, we have also observed the positive effect of the pretreatment of Leacril with
a polycationic surfactant, polyethyleneimine ion PEI, in the posterior adsorption of this
reactive dye (Giménez et al., 2007; Ramos et al., 2006). Chemical structure of this compound
is shown in scheme 3.

<— NH CH2 CH2 9—6 P|~J —CH2 CH2 —)
H
CHQCHQNH2
Scheme 3.

In Fig. 7 it is shown the amount of RBB-R adsorbed onto Leacril fiber previously treated
with different concentrations of PEI as function of the equilibrium concentration of dye in
solution, in the range between 10*M to 10M, and at 293°K. As mentioned before, the
amount of reactive dye adsorbed onto Leacril untreated at room temperature is scarce; we
think that the attractive interactions are very weak and do not overcome the mutual
electrostatic repulsion anionic functional groups. However, when the fibers are pretreated
with increasing concentrations of the polyelectrolyte in solution, the amount of reactive dye
adsorbed increases, reaching values of 90 mmol/kg of dried fiber, at 10*M RBB-R in liquid
phase, for a concentration of 5 g/l of PEI in the pretreatment, and at room temperature.
These data could be very interesting for textile industry because the process takes place at
low temperature.
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Fig. 7. Amount of RBB-R uptaken by Leacril pretreated with different concentration of PEI
in solution as function of RBBR concentration at 293°K .
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The evolution of zeta potential of the Leacril pretreated with different concentration of PEI
as function of dye aqueous solution of RBB-R concentration is represented in Fig. 8. It can be
observed that the zeta potential of the system increases to reach positive values when Leacril
has been pretreated with PEI, in the range of low concentrations of dye in solution. This fact
could be due to the presence of amine groups from the PEI molecules adsorbed onto Leacril,
possibly ionized, providing the cationic charge density to the fiber as we have observed in
previous works (Ramos et al. 2006). This effect becomes more significant as the PEI
concentration of the pretreatment gets higher. On the other hand, we have found that at the
highest RBB-R concentrations in the liquid phase, zeta potential decreases. In our opinion,
probably this is caused by the presence of the RBB-R molecules in the fiber surface, which
could be taken up by chemical reaction between the amine groups of PEI previously
adsorbed and the reactive P-sulfato-ethylsulfanyl group of dye molecule. Finally, the
negative charge of sulfonate groups of dye molecules adsorbed onto Leacril surface would
justify the decrease in zeta potential values at the highest concentration tested.
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Fig. 8. Zeta potential of Leacril pretreated with different concentration of PEI as function of
RBB-R concentration at 293°K .

In table 3 are shown the evolution of the Surface free Energy components of Leacril
pretreated with 5g/1 PEI as function of two concentrations of RBB-R, and also it is presented
the components of dye molecule, determined with contact angle measurements and using
van Oss method. The most significant result exposed in this table could be the decreases of
the electron-donor component value, yg, of the fiber-PEI with the concentration of RBB-R. In
our opinion, the chemical interactions between the reactive acid groups of RBB-R molecule
in water solution and the basic amino groups of PEI molecules previously adsorbed over
Leacril surface could explain why electron-donor character of the surface falls from an initial
value of 58 mJ/m?2 to 20 mJ/m?2 for the higher concentration of dye tested.
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RBB-R
) W (mI/m) g (mI/md) g (m)/mY) 47O (m]/md)
0 3642 2504 58+6 74%5
105 6043 0.0120.1 5441 61+4
105 58+1 0.5+0.1 2041 6442
Pure RBB-Rin /3 0.6 4 1.0+0.2 35.7+0.8 5641

solid phase

Table 3. Surface free energy components of Leacril pretreated with 5 g/1 PEI and later dyed
with RBB-R.

5. Effect of the tannic acid onto the zeta potential and surface free energy
components of leacril fibers

In this part of the work we have used tannic acid as a surface active agent in the treatment of
the Leacril fibers. This compound could be interesting to improve the conditions of dyeing
the above acrylic fibers with a cationic dye (Chibowski et al., 1998). Chemical structure is
shown is scheme 4.

HCOH

HO HCOH
HO HCO

HO {D COOCH
HO —

Scheme 4.

Tannic acid, CzHs046, was A.R. grade from Merck, and it was used without further
purification. It is a derivative of glucose in which five hydroxyl groups are substituted for
digalic acid. The result is a large number of phenolic hydroxyl groups in the tannic acid
molecule.

The adsorption measurements of tannic acid onto Leacril were conducted using 1 g of the
fibers that was contacted with 100 mL of the solution in the concentration range from 10-6 to
102 M in conical Pyrex flasks fitted with ground glass stoppers. The flasks were kept in a
water bath at a desired temperature. Both the adsorption kinetic (from 5x10-5 M solution)
and adsorption isotherms were determined at 275, 283, 293, and 303°K. The maximum
absorbance was at A = 271 nm. The adsorption equilibrium has been attained within 2-3 h.
However, the adsorption measurements were conducted up to 24 h. To determine kinetics
of the adsorption, first it was measured every second minute, up to the 30nd minute of the
process duration, then every 4-5 min, and later for longer periods of time. Zeta potentials of
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Leacril fibers versus tannic acid concentration were determined by the streaming potential
method, and we have used the three different models of the capillary, although the
significant levels were always higher than 95%, the best fit was obtained with the linear
model of Goring and Mason. For determination of the surface free energy components by
the thin-layer wicking method (42-4 strips of the fabric, 25 cm long and 2.5 cm wide, where
first equilibrated in tannic acid solutions (105 - 102 M ) for 24 h at 293°K, then dried in an
oven at 313°K, and kept in a desiccators. Finally, to determine critical micelle concentration
(c.m.c) in tannic acid solutions, the surface tension of the solutions was measured with a
Rame-Hart goniometer.

First the adsorption kinetic of tannic acid on Leacril surface from 5x10°> M solution was
studied at four temperatures, 275, 283, 293, and 303°K. The results of the measurements are
presented in Figure 9.
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Fig. 9. Adsorption kinetic of tannic acid on Leacril surface at different temperature.

It is seen that even at the highest temperature,303°K, the adsorption process lasts no more
than 100 min and is very fast. The adsorbed amounts of tannic acid decrease with increasing
temperature, which points out that the adsorption is physical in nature. To better visualize
the adsorption kinetics, the parameters describing the process are listed in Table 4. Because
the shape of the curves of adsorption kinetic suggests a first-order process, the rate constant
can be determined from the following equation (Anders&Sonesa, 1965; Peters, 1975,
Lyklema 1995)

M, = Meq(1 - e_kt) (6)

Where M; is the adsorbed amount of tannic acid on the Leacril surface at time t, Meq is
equilibrium adsorbed amount, and k is the empirical rate constant. This equation has been
solved numerically and thus obtained values of the rate constant are listed in Table 4 together
with equilibrium amounts adsorbed, Meq. Then, the half-adsorption times were calculated for
particular temperatures, which for first-order processes are expressed as follows
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n2
tl /2 - T (7)
which is independent of initial concentration of the adsorbate. These values are also placed
in Table 4. Having determined the rate constant k, it is possible to calculate the activation
energy of the adsorption process from an Arrhenius type equation

k=A-e E/RD (8)

whose logarithmic form should be a linear dependence against 1/T, and this appeared to be
the case in the studied system. As can be seen from Table 3, the rate constant k decreases
with the adsorption process temperature increase. From the slope, the activation energy can
be estimated. It was found to be 13.63k]/mol. Finally, Fick’s equation may be applied to
calculate the diffusion coefficient D at the cylindrical walls of the fibers, (Crank 1956)

M 4 (Dt\1/2

i = (@) ©
For short periods of time, t, g, is the fiber radius, which for this Leacril was 1.5 x 10- cm. This
equation is only exact for a constant concentration of the surfactant on the surface, whose
condition is actually never fulfilled exactly. Nevertheless, the calculated values may be
informative for the total insight into the adsorption process. We observe that the apparent
diffusion coefficient decreases from 5.39 x 1010 to 1.14x10-10 cm?/s, if the temperature of
adsorption increases from 275 to 303°K. This is obviously a consequence of the decreasing
adsorption with the temperature increase and may be a result of higher thermal energy of
tannic acid molecules in the solution. It is also possible to calculate the activation energy of
diffusion, E¥, using again an equation of Arrhenius type

D = Dy - e=(E'/RD) (10)

Here D is the diffusion coefficient and D, is a factor that may be interpreted as the diffusion
coefficient for the activation energy being zero. The slope of logarithmic form of this
equation (which is linear against 1/T) allows calculation of the energy. For the system
studied, the calculated value is 38.13 kJ/mol. This value is about twice that estimated for the
activation energy of the diffusion for NCPCl on Leacril (48) and is much higher than that
given above for the activation energy of this adsorption process (13.63 mJ/mol).

T (K) k (min?) T1/2 103 (min)  Meq (mmol/kg) D100 (cm?/5s)
275 50.39 13.75 0.54 5.39
283 44.92 15.43 0.47 434
293 31.73 21.84 0.30 2.64
303 30.60 22.65 0.22 1.14

Table 4. Equilibrium adsorbed Amounts of Tannic Acid, Meq, Adsorption rate constant, k,
half time of adsorption,t, and diffusion coefficient, D.

On the other hand, the adsorption isotherms of tannic acid at 275, 283, and 303°K versus its
equilibrium concentration in the range of 10-6-102M are presented in Figure 10. Similarly as
in the kinetic experiments, the adsorption decreases with increasing temperature. The
isotherms are concave and the adsorbed amount increases with the increase of equilibrium
concentration. The behavior of both the adsorption kinetics and the adsorption isotherms
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(Figures 9 and 10) of tannic acid with different temperatures, is similar, adsorption
decreases with increasing temperature. This results, can be explained, probably, because of
the hydrogen bonding generated between the reactive groups of Leacril and the phenolic

hydroxyl groups in the tannic acid molecules adsorbed onto the surface of Leacril (Jacobash
et al., 1985, 1988).
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Fig. 10. Adsorption isotherms of tannic acid at 275, 283, and 303°K versus its equilibrium
concentration in the range of 10-0-10-2M.

The surface free energy components of Leacril bare and treated with tannic acid are shown
in Table 5.

tannic acid

Con W ()/m) s (m/md) g (m)/m) W (m)/m?)
0 43.3 0.00 60.5 -5.6
105 51.2 0.66 62.2 9.2
104 51.2 0.00 48.5 -5.4
108 51.2 0.00 12.0 -41.4
102 66.9 28.5 10.8 15.9

Table 5. Surface free energy components of Leacril surface and work of spreading of water
of untreated and treated with different concentration of tannic acid.

It can be seen that the apolar Lifshitz-van der Waals interaction, ystW, increases slightly after
the surface treatment with 10-5-10-3 M solutions, from 43.4 mJ/m?2 (untreated surface) to 51.2
m]/m2, but the component does not change after treatment in this concentration range.
When the surface was equilibrated with 10-2M solution, the component increases up to 66.9
m]J/ma2. The analysis of the electron acceptor component, ys* (Table 3), show how its values
is practically zero for bare surface and with adsorbed tannic acid solutions from 10- to 103
M. However, it becomes significant (28.5 mJ/m?) if the surface was contacted with 102 M
solution. The changes of the electron donor component, ys- , are more complicated. At the
lowest concentration of tannic acid (10-5M) the component is practically the same as for the
untreated surface, but the surface treated with higher