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Preface

Initially the sole purpose of dyeing was to color textile substrates for fancy fabric appearan‐
ces. Although, this was an impressive achievement at the time, the competitive challenges
began to drive the development of highly functional fibers and substrates through advanced
dyeing and finishing processes for higher added value in applications of; membrane filtra‐
tion, coatings, composites, microelectronic devices, thin-film technology, super absorbency,
antimicrobial materials, biocides and insecticides, flame reterdancy, improved reactivity and
numerous others.

Polymeric fibers that are mechanically strong, chemically stable, and easy to process often
have inert surfaces which makes them not suitable for these advanced applications. Conse‐
quently, there has been significant number of studies that focuses on enhancing the chemi‐
cal, biological, physical, optical and dyeability properties of fibers without negatively effect‐
ing their mechanical and most desired properties. Among the techniques, perhaps the plas‐
ma treatment is one of the most investigated. Also, Cyclodextrins which can act as hosts and
form inclusion compounds with various small molecules to provide certain desired attrib‐
utes may be applied to textile substrates as reagent during the finishing processes. The ma‐
jority of these studies often involve a) the embedding of novel nanoparticles for adding
unique features to textiles, b) uniformly maximizing the loading capacity of textile sub‐
strates to improve nanoparticle adsorption for optimal surface property.

While for the purpose of coloration only natural dyes were used initially. Due to limitations
in coloration and with the invent of synthetic fibers, natural dyes are mostly replaced with
dyes themselves are either chemically hazardous or require auxiliary chemicals that are not
good for the environment. At the beginning, we were not as concerned of the damage
caused by dyeing to the environment. However over time as we come to understand that
our being healthy and well being also depends on our environment, we have been increas‐
ingly paying attention to reduce our footprint on our ecosystem. In particular for dyeing of
textiles, the efforts primarily focuses on reducing the water consumption, using of natural
dyes or less harmful dyes and chemicals, right-first-time dyeing, the development of an ef‐
fective degumming process based on enzymes as active agents , dyeing and energy optimi‐
zation and development of advanced waste water treatment processes. In recent years,
many attempts have also been made to improve various aspects of dyeing by the introduc‐
tion and advancement of new technologies that used ultrasound, ultraviolet, ozone, plasma,
microwave, gamma irradiation, laser, supercritical carbondioxide.
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Consequently, as market forces demand unique and sophisticated products from the textile
industry, recent research has been focused on the development of technologies for function‐
al textiles some of which implemented advanced finishing and dyeing techniques. Mean‐
time, the local governments and regulators also require the textile industry to become more
environment friendly in their operations. Hence, this book aims to present the cutting edge
research in both areas to advance the knowledge in this field.

Dr. Melih Günay
HueMetrix Inc. NC, USA
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Chapter 1

Multifunctional Textiles – Modification by Plasma,
Dyeing and Nanoparticles

Marija Gorjanc, Marija Gorenšek, Petar Jovančić and
Miran Mozetič

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53376

1. Introduction

The textile industry in developed countries is confronting the world’s marketing conditions
and competitive challenges which are driving towards the development of advanced, highly
functional textiles and textiles with higher added value. The conventional textile finishing
techniques are wet chemical modifications where water and rather hazardous chemicals are
used in large quantities and wastewaters need to be processed before discharging effluent,
whereas the most problematic factor are ecological impacts to the environment and effects to
human health. The increasing environmental concerns and demands for an environmentally
friendly processing of textiles leads to the development of new technologies, the use of plas‐
ma being one of the suitable methods [1]. Plasma technology is an environmentally friendly
technology and a step towards creating solid surfaces with new and improved properties
that cannot be achieved by conventional processes [2]. Plasma is the fourth state of matter. It
is a gas with a certain portion of ionized as well as other reactive particles, e.g. ions, elec‐
trons, photons, radicals and metastable excited particles. Several types of plasma are known;
however, only non-equilibrium or cold plasma is used for the modification of physical and
chemical properties of solid materials such as textiles. Chemically reactive particles pro‐
duced at a low gas temperature are a unique property of cold plasma; hence, there is mini‐
mal thermal degradation of a textile substrate during the plasma processing [3]. Cold
plasma is a partially ionized gas with the main characteristic of a very high temperature of
free electrons (typically of the order of 10,000 K, often about 50,000 K) and a low kinetic tem‐
perature of all other species. The average energy of the excited molecules is usually far from
the values calculated from the thermal equilibrium at room temperature. The rotational tem‐
perature, for instance, is often close to 1000 K, while the vibrational temperature can be as

© 2013 Gorjanc et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Gorjanc et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 1

Multifunctional Textiles – Modification by Plasma,
Dyeing and Nanoparticles

Marija Gorjanc, Marija Gorenšek, Petar Jovančić and
Miran Mozetič

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53376

1. Introduction

The textile industry in developed countries is confronting the world’s marketing conditions
and competitive challenges which are driving towards the development of advanced, highly
functional textiles and textiles with higher added value. The conventional textile finishing
techniques are wet chemical modifications where water and rather hazardous chemicals are
used in large quantities and wastewaters need to be processed before discharging effluent,
whereas the most problematic factor are ecological impacts to the environment and effects to
human health. The increasing environmental concerns and demands for an environmentally
friendly processing of textiles leads to the development of new technologies, the use of plas‐
ma being one of the suitable methods [1]. Plasma technology is an environmentally friendly
technology and a step towards creating solid surfaces with new and improved properties
that cannot be achieved by conventional processes [2]. Plasma is the fourth state of matter. It
is a gas with a certain portion of ionized as well as other reactive particles, e.g. ions, elec‐
trons, photons, radicals and metastable excited particles. Several types of plasma are known;
however, only non-equilibrium or cold plasma is used for the modification of physical and
chemical properties of solid materials such as textiles. Chemically reactive particles pro‐
duced at a low gas temperature are a unique property of cold plasma; hence, there is mini‐
mal thermal degradation of a textile substrate during the plasma processing [3]. Cold
plasma is a partially ionized gas with the main characteristic of a very high temperature of
free electrons (typically of the order of 10,000 K, often about 50,000 K) and a low kinetic tem‐
perature of all other species. The average energy of the excited molecules is usually far from
the values calculated from the thermal equilibrium at room temperature. The rotational tem‐
perature, for instance, is often close to 1000 K, while the vibrational temperature can be as

© 2013 Gorjanc et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Gorjanc et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



high as 10,000 K, although the kinetic (translation) temperature is close to room tempera‐
ture. Furthermore, the dissociation fraction is often several percent, which is orders of mag‐
nitude larger than that calculated from thermal equilibrium at room temperature. This also
applies to the ionization fraction; although this is often much lower than the dissociation
fraction. Plasma with such characteristics readily interacts with solid surfaces, causing reac‐
tions that would otherwise occur only at elevated temperature of the solid material. For this
reason, non-equilibrium plasma represents an extremely powerful medium for modification
of the surface properties of solid materials. A medium of particular interest is weakly ion‐
ized highly dissociated oxidative plasma that can be sustained in high frequency discharges
in oxygen, air, carbon dioxide, water vapor, and mixtures of these gases with a noble gas.
Such plasma has been successfully utilized in an extremely wide range of applications from
nanoscience to fusion reactors. Plasma is used for synthesis of nanostructures with interest‐
ing properties, removal of thin films of organic impurities, selective etching of composites,
sterilization, passivation of metal, ashing of biological materials, etching of photoresists,
functionalization of polymers, and conditioning of tokamaks with carbon walls [4-9].

The choice of discharge parameters is determined by the requirements of each particular ap‐
plication. For selective plasma etching, for instance, extremely aggressive plasma is needed;
thus, it is created with powerful generators at a moderate pressure (where the O density is
the highest) in pure oxygen or in a mixture of oxygen and argon. For treatment of delicate
organic materials, on the other hand, weak plasma performs better, since aggressive plasma
would destroy organic material in a fraction of a second. Therefore, extremely delicate or‐
ganic materials are rather treated in an afterglow or in plasma created at low pressure and
with a low-power generator. Water vapor is sometimes used instead of oxygen. The advan‐
tages of using plasma are ecological and economical. Moreover, the textiles subjected to the
treatment are modified without an alteration of the bulk properties. Unlike wet chemical
processes, which penetrate deep into the fibers, plasma produces no more than a surface re‐
action, the properties given to the material being limited to the surface layer of a few nano‐
meters [10]. The modification of textile substrates using plasma enables different effects on
the textile surfaces from the surface activation to a thin film deposition via plasma polymeri‐
zation. In the first stage of the treatment, plasma reacts with the substrate surface where ac‐
tive species and new functional groups are created, which can completely change the
reactivity of the substrate [11]. The changes in the surface morphology of fibers can be in‐
duced by plasma etching process where the nano- or micro-roughness of fibers is formed
[12]. The nanostructured textile surfaces have a higher specific surface area, which leads to
new or improved properties of the treated surface, i.e. increased surface activity, hydrophil‐
ic or hydrophobic properties, and increased absorption capacity towards different materials,
i.e. nanoparticles and nano-composites [13- 18].

When researching the deposition of nanoparticles onto different substrates, it is important to
understand the adhesion of particles, which is dependent on the interaction mechanism
with a material. The mechanism of nanoparticle adhesion has not been completely explained
yet, since there are many different opinions among the theorists on the subject. Thus, it is
generally considered that attractive forces and chemical bonds play an important role in the
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adhesion of particles [19]. The physical or mechanical adhesion of nanoparticles mostly oc‐
curs due to van der Walls or electrostatic forces, while the chemical adhesion of particles is a
consequence of ionic, covalent, metallic and hydrogen bonds [20]. Moreover, the nanoparti‐
cles can penetrate into certain parts of the substrate, such as pores, holes and crevices, and
they lock mechanically to the substrate. This adhesion mechanism, which is called mechani‐
cal interlocking, has been solved from the perspective of surface roughness effects [21]. Since
plasma causes etching of the fibers and leads to an increase of the surface roughness higher
adhesion properties towards metal or ceramic particles onto substrates can be achieved
[22-30]. The adhesion of TiN (titanium nitride) onto PP (polypropylene) and PC (polycar‐
bonate) was increased after a modification of substrates with argon low-pressure plasma
[31]. The roughness after plasma treatment increased from 15 nm to 17 nm for PP and from
12 nm to 30 nm for PC. Consequently, contact angles decreased from 95° to 59° for PC and
from 87° to 35° for PP. The surface modification of polyethylene terephthalate (PET) poly‐
mer was created by oxygen and nitrogen plasma at different treatment times [32]. The sur‐
face of PET polymer was modified in order to achieve improved attachment of fucoidan,
which is a bioactive coating with antithrombogenic properties. The attachment of fucoidan
was improved by oxygen plasma treatment, especially due to the surface roughening. The
adhesion work, the surface energy and the surface polarity of PA6 (polyamide-6) fibers were
improved by dielectric barrier discharge (DBD) treatment in helium at atmospheric pres‐
sure. Furthermore, a new structure was observed at the nanoscale, with an increased rough‐
ness and a larger surface area, favoring the adsorption [33]. The self-cleaning and UV
protective properties of PET fibers were drastically improved after a modification of PET fi‐
bers with oxygen plasma and loading of TiO2 prepared by an aqueous sol-gel process [34].
Cotton also showed self-cleaning properties after RF plasma and TiO2 treatment [35]. TiO2

on textile substrates is also used for a biomedical application to improve antimicrobial effec‐
tiveness of the fabric [36]. By using oxygen radiofrequency plasma at a higher power input,
the roughness of fibers increased and likewise the adhesion of TiO2 onto treated fabric.
Treatment of PA and PET with corona plasma increased the adhesion of colloidal silver
which affected the antifungal protection of the fabrics [37]. The quantity of silver on plasma-
treated fabric was three times higher than on untreated fabric.

Preparation of metal nanoparticles also enables the development of new biocides. Due to
their large surface area and ability to detain moisture, the textile materials are an excellent
environment for a microorganism growth. Microorganisms can cause milder, aesthetic un‐
pleasantness to serious health related problems. Textile materials with an antimicrobial ef‐
fectiveness are used for medical, military and technical textiles, textiles for sports and leisure
and bedding. At nanotechnology researches in textiles, different forms of silver were used,
such as metal silver nanoparticles, silver chloride (AgCl) and composite particles of silver
and titanium dioxide (Ag-TiO2) [3, 24, 25, 27, 38-47]. In the case of antimicrobial efficiency,
the surface coating of nanosilver on titanium dioxide maximizes the number of particles per
unit area in comparison with the use of an equal mass fraction of pure silver [48,49]. Differ‐
ent methods have been used for the deposition and loading of silver nanoparticles onto syn‐
thetic and natural textiles, i.e. sonochemical coating, sol-gel process, dip-coating, pad-batch
and exhaustion method, the use of nanoporous structure of cellulose fibers as a nanoreactor
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and titanium dioxide (Ag-TiO2) [3, 24, 25, 27, 38-47]. In the case of antimicrobial efficiency,
the surface coating of nanosilver on titanium dioxide maximizes the number of particles per
unit area in comparison with the use of an equal mass fraction of pure silver [48,49]. Differ‐
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for in situ synthesis of nanoparticles and plasma sputtering process [3, 27, 48-54]. The possi‐
bility of loading nanoparticles using exhaustion method started recently [55]. The exhaus‐
tion method is the best process for uniform distribution of nanoparticles and is especially
appropriate to be used when the simultaneous application of nanoparicles and dye onto fab‐
ric is performed, and dyed and antimicrobial effective fabric is achieved at the same time [3,
24, 25, 27]. Depending on the desirable functionality of a functionalized fabric, a treating
bath may contain only dye, dye and silver nanoparticles or silver nanoparticles alone. An
exhaustion method for loading of silver nanoparticles onto textile substrate was also used
on silk fibers [54]. In that research, different concentrations of colloidal silver were used (10,
25, 50 and 100 ppm) and the effect of medium pH on the silver nanoparticles uptake on the
fibers was studied. The antimicrobial effectiveness of functionalized fibers was better for
samples with higher silver concentration and for samples treated in a medium with a lower
pH. Also the use of salt (NaCl) improved a uniform distribution of silver particles on the
fibers’ surface which consequently improved antimicrobial effectiveness of fabrics. A differ‐
ence between pad-dry-cure and exhaustion method on adhesion and antimicrobial activity
of fabrics was performed with commercial silver nanoparticles and a reactive organic-inor‐
ganic binder [45]. Results revealed that using the same initial concentration of silver, the
pad-dry-cure method resulted in a much lower quantity of adsorbed silver nanoparticles in
comparison to the exhaust method. Another possible method for applying silver onto tex‐
tiles is plasma polymerization method where surface of textile is functionalized with nano‐
structured silver film by magnetron sputtering [56].

When dealing with modification of textiles by silver it is important to know how the func‐
tionalization will affect the color change of fabric. A reflectance (UV/VIS) spectrophotometry
is one of the methods to be used when detecting or controlling the presence of silver nano‐
particles in a solution or on a textile substrate. It is a direct measure that the abundance of
silver is in the topmost layer of the textile fabric [30]. The instrument analyzes the light be‐
ing reflected from the sample and produces an absorption spectrum. Some of the electrons
in the nanoparticles are not bound to the selected atom of silver, but are forming an elec‐
tronic cloud. Light falling on these electrons excite the collective oscillations, called surface
plasmons. The resonance condition is established when the frequency of light photons
matches the natural frequency of surface electrons oscillating against the restoring force of
positive nuclei. Surface plasmon resonance is the basis of many standard tools for measur‐
ing adsorption of material onto planar metal (typically gold and silver) surfaces or onto the
surface of metal nanoparticles. It is the fundamental principle behind many color-based bio‐
sensor applications. As a result of the particles growth, an intense absorption band at 400
nm to 415 nm caused by collective excitation of all free electrons in the particles was ob‐
served [57]. Increase in diameters of the nanoparticles from 1 to 100 nm induces a shift of the
surface plasmon absorption band to higher wavelength [50, 57-59]. That means that the size
of nanoparticles is defined by their optical response, therefore by that the color that can be
seen [50, 60]. Loading of colloidal silver nanoparticles onto bleached cotton fabric caused
yellowish coloring of fabric with absorption maximum at 370 nm [24, 30]. The evaluation of
color changes of textiles modified by silver nanoparticles was also determined in CIELAB
color space [60]. Loading of colloidal silver nanoparticles in concentration of 10 ppm in‐
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duced very small, eye insensitive, color change (∆E* < 1) to the fabric. When colloidal silver
nanoparticles in concentration of 50 ppm were loaded, the color change of fabric was obvi‐
ous (∆E* = 15.09). Loading of silver onto textiles before or after dyeing also causes color
changes; however the changes are not as extensive as with the white fabric. When colloidal
silver was loaded before dyeing, the color change was ∆E* = 1.44 and when loaded after dye‐
ing, the color change was ∆E* = 2.73. Color changes of textiles can be also induced by plasma
treatment. When plasma is used for a modification of cotton to improve its hydrophilicity,
then cotton has a better dyeability and consequently deeper coloration [61]. Also, a raw cot‐
ton fabric can be bleached by using ozone plasma [62]. The whiteness index (CIE WI) of fab‐
ric was even higher after plasma treatment than after peroxide bleaching (CIE WI O3 = 95.3;
CIE WI H2O2 = 94.5).

Since the modification of substrates by plasma improves the adhesion of metal nanoparticles
onto substrates than it is no surprise that plasma modification of textiles has a special signif‐
icance when applying silver nanoparticles. The chapter presents the influence of plasma
treatment on loading capacity of cotton toward different forms of nanosilver. Exhaust dye‐
ing process was used for loading of nanosilver onto plasma-treated cotton, which represents
a new approach to textile finishing in achieving multifunctional textile properties.

2. Experimental setup and methodology

Low-pressure plasma of different working gases and air atmospheric corona plasma were
used for a modification of textiles. Untreated and plasma-treated textile substrates were ad‐
ditionally modified by loading of silver nanoparticles during dyeing process. Morphologi‐
cal, chemical and physical properties of plasma-treated textile substrates were studied using
microscopy (SEM), spectroscopy (XPS) and measuring of the breaking strength and elonga‐
tion of textiles. The quantity of adsorbed silver was determined using mass spectrometry
(ICP-MS), while the antibacterial efficiency of functionalized textiles was determined using
microbiological tests.

2.1. Plasma modification of textiles

Cotton substrates were modified using different plasma systems, i.e. atmospheric air corona
plasma [63-65] and low-pressure inductively coupled radiofrequency (ICRF) discharge plas‐
ma of different working gases, water vapor [3, 26, 66, 67] and tetrafluoromethane [27], respec‐
tively. ICRF plasma is particularly suitable for treatment of delicate materials with a large
surface for the following reasons: the neutral gas kinetic temperature remains close to the room
temperature; the plasma-to-floating potential difference is small; the density of neutral reac‐
tive particles is large; and extremely high treatment uniformity is achieved. The use of low-
pressure plasma is a contemporary technological process,  not yet fully applied in textile
industry due to its discontinuous process. For a continuous, on-line processing interfaced to a
conventional production line the use of corona atmospheric pressure plasma is recommend‐
ed. Furthermore, the corona plasma treatment also introduces new functional groups onto fi‐
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bers surfaces, produces surface cleaning and etching effect of treated textiles. The comparative
research of corona plasma treatment of polyester was presented as well [24].

2.1.1. Low-pressure plasma treatment

A RF generator with a nominal power of 5 kW and a frequency of 27.12 MHz was applied.
The power absorbed by plasma, however, was much smaller due to poor matching and was
estimated to about 500 W. The discharge chamber was a cylindrical Pyrex tube with a diam‐
eter of 27 cm and a length of 30 cm. Cotton fabric was put onto a glass holder mounted in
the center of the discharge chamber. After closing the chamber the desired pressure of 0.4
mbar was achieved by a two-stage rotary pump with a nominal pumping speed of 65 m3/h.
The pressure was fairly stable during the experiment. Although the ultimate pressure of the
rotary pump was below 1 Pa, the pressure remained much higher at 40 Pa. The source of
water vapor was the cotton fabric itself. When tetrafluoromethane was used as a working
gas, it was leaked into the chamber in order to obtain a pressure of about 100 Pa, the pres‐
sure where plasma is most reactive. By switching on the RF generator, the gas in the dis‐
charge chamber was partially ionized and dissociated, starting the plasma treatment of the
fabric. The plasma treatment time was 10 s in both cases. The schematic diagram of low-
pressure RF plasma reactor is presented in Fig. 1.

Figure 1. Schematic diagram of low-pressure RF plasma reactor

2.1.2. Atmospheric plasma treatment

Textile samples were treated in a commercial device, Corona-Plus CP-Lab MKII (Vetaphone,
Denmark) (Fig. 2). Samples (270 × 500 mm2) were placed on a backing roller (the electrode
roll covered with silicon coating), rotating at a working speed of 4 m/min. The distance be‐
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tween electrodes was adjusted with air gap adjusters at both sides of the electrode to 2 mm.
Corona discharge was generated within the air gap between the electrode and backing roll‐
er. The power was 900 W and the number of passages was set to 30.

Figure 2. Picture of atmospheric corona plasma reactor and a detail of treating area shown in a red circle

2.2. Morphological, chemical and physical properties of untreated and plasma-treated
textiles

2.2.1. X-ray photoelectron (XPS) analysis

Information on the chemical composition and chemical bonds of surface atoms of untreated
and plasma-treated textile samples was obtained with XPS analysis. During the XPS analy‐
sis, a sample is illuminated with monochromatic X-ray light in an XPS spectrometer and the
energy of emitted photoelectrons from the sample surface is analyzed. In the photoelectron
spectrum, which represents the distribution of emitted photoelectrons as a function of their
binding energy, peaks can be observed that may correspond to the elements present on the
sample surface up to about 6 nm in depth. From the shape and binding energy of the peaks
within XPS spectra, the chemical bonding of surface elements was inferred with the help of
data from the literature.

2.2.2. Scanning Electron Microscopy (SEM)

The morphological surface properties of fibers and their changes after plasma treatment
were studied using scanning electron microscopy (JEOL SEM type JSM-6060LV). All sam‐
ples were coated with carbon and a 90% Au/10% Pd alloy layer.
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2.2.3. Dynamometer tensile testing

Breaking strength and elongation of untreated and plasma-treated fabrics were analyzed ac‐
cording to the ISO 2062:1997 standard. Instron 6022 was used for this purpose. 100 mm sam‐
ples of cotton yarn were analyzed using a pre-loading of 0.5 cN/tex and a speed of 250 mm/
min. Samples were conditioned according to the ISO 139 standard. Tensile stress (cN/dtex)
and elongation ε (%) are the mean values of the measured tensile strength and the elonga‐
tion of 10 specimens, respectively, in the warp and in the weft directions.

2.3. Modification by dyeing and nanoparticles

2.3.1. Nanoparticles

For a research three different types of silver nanoparticles were used: silver nanoparticles of
known dimensions (Ames Goldsmith Inc.), commercial form RucoBac AGP (Rudolph
Chemie) and laboratory synthesized colloidal silver nanoparticles. Silver nanoparticles of
known dimensions was medium density mono-dispersed 30 nm silver powder (Silver Nano
Powder NP-30) and high density mono-dispersed 80 nm silver powder (Silver Nano Powder
NP-80) [68]. The powdered silver nanoparticles are namely intended for a fine line printing
(Ink-jet printing) and for electronics use. Because of their purity and known size they are
very suitable and important for studies of adhesion to textile materials [69]. The initial con‐
centration of silver powders in the dyeing baths was 20 mg/l. Commercial form of silver
nanoparticles RucoBac AGP is a hygienic finish for all fiber types. It is a highly concentrated
hygiene and freshness system complying with the Oeko-Tex® standard 100. RucoBac AGP is
a nano-dispersion of titanium dioxide (TiO2) as the carrier of the active component silver
chloride (AgCl) [70]. The recommended concentration of RucoBac AGP is 0.2–0.5%. Labora‐
tory synthesized colloidal silver nanoparticles were made by a reduction of silver salt in an
aqueous solution at room temperature. An amount of 25.5 mg of AgNO3 was dissolved in
750 ml of bi-distilled water, and argon gas was introduced into the solution for 30 min. The
reduction was performed with 375 mg of NaBH4 under constant stirring. The solution was
kept under an argon atmosphere for another hour [71].

2.3.2. Dyeing of cotton samples

2.3.2.1. Dyeing with reactive dyes.

Exhaust dyeing with or without the addition of silver nanoparticles [3,  27,  72] was per‐
formed on untreated and plasma-treated cotton samples. The dye solutions were separate‐
ly  prepared using  two different  dyeing  concentrations:  blank  (dyeing  without  dyestuff)
and 0.05% on weight of fabric (owf) of Cibacron Deep Red S-B in liquor ratio 20 : 1. Dye‐
ing  baths  contained  30  g/l  of  salt  (Na2SO4  anhydrous)  and  8  g/l  of  sodium  carbonate
(Na2CO3  anhydrous).  After  the  dyeing  process,  rinsing  with  distilled  water  was  per‐
formed and neutralization with 1 ml/l of 30% acetic acid (CH3COOH). As a soaping agent
1 g/l of CIBAPON R was used.
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2.3.2.2. Vat dyeing procedure

Vat dyeing was performed on untreated and plasma-treated cotton samples. The dyed cot‐
ton fabrics were post-treated in a colloidal silver solution [71]. A dyeing bath was prepared
with 4% owf Bezathren Blau BCE, 15 ml/l NaOH 38°Bé and 3.5 g/l Na2S2O4. The liquor ratio
was 83.3 : 1. The dyeing of cotton fabrics was performed at 60°C for 60 min. The dyed sam‐
ples were rinsed twice in deionised water for 5 min, post-treated in 2 ml/l HCOOH 85% for
5 min and rinsed in deionised water for 5 min.

2.4. Color measurements

Color measurements of differently modified samples were performed after conditioning
them according to the ISO 139 standard. CIE standard illuminant D65/10 was used on a Da‐
tacolor Spectraflash SF 600-CT reflection spectrophotometer. The aperture diameter of the
measuring port of the spectrophotometer was 9 mm.

2.5. Elemental and antimicrobial analysis

The quantity of adsorbed silver was determined using ICP-MS. This technique combines a
high-temperature inductively coupled plasma (ICP) source with a mass spectrometer (MS).
The antibacterial efficiency of functionalized textiles was determined using microbiological
tests according to the ASTM Designation: E 2149–01 method. Antibacterial activity of the
cotton fabrics was tested by a certified laboratory against Staphylococcus aureus (ATCC
25923), Escherichia coli (ATCC 25922), Streptococcus faecalis (ATCC 27853) and Pseudomonas
aeruginosa (ATCC 27853).

3. Results and discussion

The influence of different plasma systems on the adhesion of nanoparticles is discussed. The
emphasis of the study is to use minimal concentrations, initially, of nanoparticles for loading
onto textiles and to achieve maximum quantity on the material. Exhaust dyeing process was
used for loading of silver nanoparticles onto textiles. Before applying nanoparticles to any
material, its surface needs to be adequately prepared and chemically and morphologically
well analyzed. Only good conditions on the substrate surface can provide a qualitative dep‐
osition of particles [73]. In literature one can find quotations of XPS analysis of plasma modi‐
fied cotton substrates which were pre-prepared with various procedures prior to plasma
modification (i.e. alkaline boiling, scouring, laundering). But to study plasma modification
of cotton it is important to know about the surface changes of substrates that were not
cleaned or otherwise pre-prepared. Therefore, the chemical surface changes were evaluated
for raw, bleached and bleached/mercerized cotton before and after plasma treatment.

The surface of raw untreated cotton fabric contains a high concentration of carbon and a
low concentration of oxygen. This is not characteristic for native cellulose [74]. XPS spec‐
trum C 1s of cellulose also does not include C-C/C-H bonds (Figure 3). The surface of raw
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cotton is rich in C atoms (C-C/C-H bonds), what could indicate the presence of C-C/ C-H
bond rich substances,  such as waxes,  pectin and proteins.  The surfaces of  bleached and
bleached/mercerized cotton fabrics are alike but very different from raw cotton. Bleached
and bleached/mercerized cotton samples are pre-oxidized due to the scouring, bleaching
and mercerizing process,  and therefore more similar  to  native cellulose.  After  modifica‐
tions  with  atmospheric  air  corona plasma and water  vapor  low-pressure  plasma cotton
samples contain a higher O/C ratio (the samples contain more of the oxygen and less of
the carbon atoms) (Figure 4).

Figure 3. Relative concentration of carbon bonds on the surface of cotton samples: R – raw cotton, B – bleached cot‐
ton, BM – bleached/mercerized cotton, AP – atmospheric plasma treatment, LP – low-pressure plasma treatment

Figure 4. The concentration ratio between oxygen and carbon on the surface of cotton samples: : R – raw cotton, B –
bleached cotton, BM – bleached/mercerized cotton, AP – atmospheric plasma treatment, LP – low-pressure plasma
treatment
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The increase of O/C ratio is expected since plasma interaction with cotton causes the surface
oxidation. Changes of C-atom bonds on raw cotton samples after corona and low-pressure
plasma treatment are visible in Figure 3 as the ratio of C-O and C=O bonds increased. The re‐
sults show that increase of relative concentration of C-O bonds is distinctive after corona plas‐
ma treatment (41 %) than after low-pressure plasma treatment (23.9 %). It is similar for C=O
bonds. The relative concentration of C=O bonds on the surface of raw cotton increases to 16.6
% after corona plasma treatment and to 8.2 % after low-pressure plasma treatment. Both plas‐
ma treatments result in a formation of O-C=O bonds. C 1s spectrum of plasma-treated sam‐
ples resembles to the spectra of native cellulose, which could indicate that plasma selectively
removed the noncellulosic parts present on a surface of a raw untreated cotton fabric. After
plasma treatment the oxygen content on surface of bleached and bleached/mercerized cotton
samples increases. After a treatment with corona plasma the content of oxygen on bleached
cotton sample increases from 34.3 at% to 44.5 at%, while the treatment with low-pressure plas‐
ma increases oxygen to 36.8 at%. After both plasma treatments the content of C-O remains the
same (~55 %), the content of C=O bonds increases and appearance of O-C=O bonds is noticea‐
ble. Increase of bonds is distinctive after corona plasma treatment than after low-pressure
plasma treatment. Content of C-C/C-H bonds decreases after both plasma treatments. In‐
crease of O/C ratio on plasma-treated bleached/mercerized cotton samples is distinctive after
corona plasma treatment, where the oxygen concentration increases to 45.3 at%, while in‐
creases to 37.5 at% after low-pressure plasma treatment. Due to oxidation process in plasma,
the content of C-C/C-H bonds deceases and the change is more noticeable for bleached/merc‐
erized cotton than for a bleached cotton fabric. For bleached/mercerized cotton sample con‐
centration of C-O bonds is increased in the case of corona plasma treatment, from 47.6 % to
69.3 %, while it remains almost equal after low-pressure plasma treatment (47.8 %). After both
plasma treatments the content of C=O bonds increases and appearance of O-C=O bonds is no‐
ticeable. These changes are more distinct after low-pressure plasma treatment (20.7 % and 6.8
%) than after corona plasma treatment (15.5 % and 3.9 %). The results summarized in Figure 4
show higher concentration of oxygen on atmospheric air corona and water vapor low-pres‐
sure plasma-treated raw cotton than on untreated bleached or bleached/mercerized cotton.
From these results it can be concluded that by using plasma technology some of the techno‐
logical processes of pretreatment of cotton fabrics before dyeing can be avoided. Plasma-treat‐
ed raw cotton fabric absorbs the same or more of dyestuff as untreated bleached or bleached/
mercerized cotton fabric [3, 65, 65, 76]. Reactive dyes are typical anionic dyes containing reac‐
tive systems which in alkaline media make bonds with –OH groups of cotton fibers. Increase
of dyeability of cotton treated with atmospheric air corona plasma or water vapor low-pres‐
sure plasma is correlated to an increase of the number of hydrophilic groups on the surface of
the fibers. In Figure 5 the correlation between color differences (expressed as ΔE*) of reactive
dyed cotton and differences in O/C ratio (expressed as ΔO/C) of untreated and plasma-treat‐
ed cotton is presented. The most perceptible changes in color differences (ΔE*) are noticeable
when differences in O/C ratio (ΔO/C) are higher. Visible color differences between untreated
and water vapor plasma-treated cotton were noticeable for raw (ΔE* = 2.20) and bleached/
mercerized cotton (ΔE* = 1.07).
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Figure 5. The correlation between color differences (expressed as ΔE*) of reactive dyed cotton and differences in O/C
ratio (expressed as ΔO/C) of untreated and plasma-treated cotton (R – raw cotton, B – bleached cotton, BM – bleach‐
ed/mercerized cotton)

Figure 6. The concentration ratio between oxygen and carbon on the surface of untreated (BM) and CF4 plasma-treat‐
ed (BM_CF4) cotton samples

Figure 7. Relative concentration of carbon bonds on the surface of untreated (BM) and CF4 plasma-treated (BM_CF4)
cotton samples
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The samples modified in tetrafluoromethane low-pressure plasma (CF4 plasma) gave differ‐
ent results. There was no visible color difference between untreated and CF4 plasma-treated
bleached/mercerized cotton samples (ΔE* = 0.62). Both samples were practically equally col‐
ored. Treating cotton fabrics for 10 sec with CF4 plasma does not influence their dyeing
properties. The results of XPS study show a small increase in the concentration of oxygen
after CF4 plasma treatment, but the result is hardly remarkable (Figure 6 and 7).

Figure 8. SEM images of untreated and plasma-treated cotton samples

It is interesting, however, that no fluorine was observed in the XPS spectra, but that the addi‐
tional ISE analysis indicated the presence of <5 ppm of total fluoride on CF4 plasma-treated
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samples. Here, it is worth mentioning that we are not the first group to observe little or no flu‐
orine on organic materials treated with CF4 plasma [76, 77]. Although XPS analysis did not
show specific chemical surface differences between untreated and CF4 plasma-treated cotton
samples, the SEM analysis showed strongly modified surface morphology of plasma-treated
cotton (Figure 8), while smaller changes of the surface morphology of cotton samples treated
with atmospheric air corona plasma and water vapor low-pressure plasma are noticed.

SEM image of untreated cotton (Figure 8 a) shows a typical grooved surface morphology
with macrofibrils oriented predominantly in the direction of the fiber axis. The outlines of
the macrofibrils are still visible, and they are smooth and distinct due to the presence of an
amorphous layer covering the fiber. The surface of corona plasma-treated cotton has striped,
cleaned and more distinct macrofibrilar structure (Figure 8 b). The same effect can be notice‐
able on the surface of cotton fibers treated with water vapor low-pressure plasma (Figure 8
c). The plasma-treated fiber surface remains grooved and the macrofibrile structure has
gained a much sharper outline. The individual macrofibrils (0.2–1 nm) and their transversal
connections are visible in the primary cell wall. Between them, narrow voids thinner than 10
nm are noticeable. The surface morphology of CF4 plasma-treated cotton (Figure 8 d) is very
different comparing to those treated with water vapor low-pressure or corona plasma. CF4

plasma-treated cotton has an extremely rough and nanostructured surface with dimensions
of the grains roughly between 150 and 500 nm. Dissociation energies of plasma molecules
are the reason for such rich etched surface. Both CF4 and H2O molecules get dissociated in
our plasma [78]. The dissociation energy of CF4 is 12.6 eV [79] while the ionization energy of
CF4 is about 16 eV, which is much higher than the dissociation energy of water vapor or OH
molecules, which is at about 5 and 4 eV, respectively. The electrons with energy of few eV
are therefore likely to dissociate water and OH molecules rather than dissociate the CF4 mol‐
ecules. The result is an extremely high dissociation fraction of water molecules and a moder‐
ate dissociation fraction of CF4 molecules. Since the partial pressures of water and CF4 are
comparable, it can be concluded that the density of O and OH radicals in our plasma is at
least as high as the density of CFx radicals if not more so. The textile sample exposed to plas‐
ma is therefore subjected to interact with CFx, O, OH, F and H radicals. The density of H is
probably as high as that of F so extensive recombination to HF is expected. CFx radicals tend
to graft onto the textile, but the grafting probability on cellulose is low compared to the in‐
teraction probability with O and OH radicals. O and OH radicals are extremely reactive and
cause etching of cellulose. Fluorine atoms are efficient at abstracting hydrogen in the first
step of the oxidation reaction. In addition, the presence of fluorine atoms in the plasma en‐
hances the dissociation of the oxygen, further increasing the ashing rates [80]. CF4 is the gas
most commonly added to oxygen to enhance the generation of atomic oxygen in plasma and
to increase polymer etch rates [81].

While the surface of plasma-treated cotton was changed, the mechanical properties of cotton
fabrics did not alter after plasma modification. The breaking strength and elongation of tex‐
tiles practically do not change (Figure 9 and 10) [3, 27]. These results are in accordance with
the results obtained by other authors [82-85]. Plasma modification of textiles does not impair
their mechanical properties.
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Figure 9. Tensile stress (cN/dtex) of cotton after plasma treatment: U – untreated, H2O - ICRF water vapor plasma-
treated, CF4 - ICRF tetrafluoromethane plasma-treated

Figure 10. Elongation (%) of cotton after plasma treatment: U – untreated, H2O - ICRF water vapor plasma-treated,
CF4 - ICRF tetrafluoromethane plasma-treated

A textile surface with such extremely rich surface morphology (as seen from SEM) is likely to
influence higher adsorption of silver nanoparticles, which is in accordance with our ICP-MS
results in Table 1, where the quantity of adsorbed silver onto cotton samples is presented.

From the results summarized in Table 1, it is clear that 30 nm silver nanoparticles are more
adhesive to the cotton fabric than 80 nm silver nanoparticles. Regarding their volume, nano‐
particles have a high specific surface area. By decreasing the size of a particle, its surface dis‐
tribution rate increases [87]. The quantity of adsorbed silver on untreated bleached/
mercerized cotton was 32 ppm when 30 nm silver nanoparticles were used and 13 ppm
when 80 nm silver nanoparticles were used. Similar trend can be observed when cotton was
modified with plasma. When cotton was treated with water vapor low-pressure plasma the
quantity of adsorbed 30 nm silver nanoparticles was 50 ppm and the quantity of adsorbed
80 nm silver nanoparticles was 17 ppm, which means that adsorption of 80 nm silver nano‐
particles was three times lower than the adsorption of 30 nm silver nanoparticles. The re‐
sults show that plasma heavily modifies the morphology and surface chemical properties of
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cotton and by that has a great impact on the adsorption of silver nanoparticles onto fabrics.
Atmospheric air corona treatment of cotton fabrics enhanced the quantity of silver onto raw
cotton up to 4 times and onto bleached/mercerized cotton up to 2 times [64]. The adsorption
of 80 nm silver nanoparticles onto CF4 plasma-treated cotton was 2 times higher and onto
water vapor plasma-treated cotton was 1.3 times higher than on untreated cotton. These fab‐
rics had a sufficient antimicrobial effectiveness against Escherichia coli and Pseudomonas aeru‐
ginosa (Table 1) [3]. The adsorption of 30 nm silver nanoparticles onto CF4 plasma-treated
cotton is 1.7 times higher and onto water vapor plasma-treated cotton was 1.6 times higher
than on untreated cotton. This gave a good antimicrobial effectiveness against Enterococus
faecalis and Pseudomonas aeruginosa (Table 1) [27].

Plasma modification of cotton Functionalization with silver

nanoparticles

Ag quantity (ppm) on

cotton

Bacterial reduction (%)

Untreated 30 nm 32 –a

80 nm 13 –a

Corona air 80 nm 39 –a

ICRF water vapor 30 nm 50 52 (E. coli)

64 (P. aeruginosa)

80 nm 17 –a

ICRF CF4 30 nm 54 68 (E. faecalis)

77 (P. aeruginosa)

80 nm 26

–a no bacterial reduction

Table 1. The quantity of silver (ppm) and antimicrobial efficiency expressed as a bacterial reduction (%) of untreated
and plasma-treated cotton samples functionalized with powdered silver nanoparticles

Although the purpose of our research was to study the efficiency and appropriateness of
plasma modification of textiles in order to achieve a higher adsorption of nanoparticles onto
their surfaces, the wash fastness of functionalized textiles was examined as well. Wash fast‐
ness test was carried out in a laboratory apparatus Launder-O-Meter [3, 27]. The samples
were washed repetitively ten times at 95°C in a solution of 5 g/l of SDC standard detergent
and 2 g/l of Na2CO3 (where 10 globules were added). The duration of the washing cycles
was 30 min. After every wash cycle, the samples were rinsed twice in distilled water and
then for 10 minutes under a tap water, which was followed by squeezing and air drying. In
Table 2 the results of silver quantity on washed cotton samples are presented. From the re‐
sults it can be seen that after ten times washing at 95°C the quantity of silver on the cotton
samples decreased (Table 2).
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Plasma modification of

cotton

Functionalization with

silver nanoparticles

Ag quantity (ppm) on

cotton before washing

Ag quantity (ppm) on

cotton after washing

ICRF water vapor 30 nm 50 26

80 nm 17 10

ICRF CF4 30 nm 54 36

80 nm 26 22

Table 2. The quantity of silver (ppm) before and after washing

When cotton was modified by water vapor plasma the quantity of 30 nm silver nanoparti‐
cles decreased by 48%, and when modified by CF4 plasma the quantity of silver nanoparti‐
cles decreased by 34%. The drop in the concentration of silver on the cotton after ten wash
cycles is also observed with the 80 nm silver nanoparticles. Cotton that is treated with water
vapor plasma loses 41%; however, cotton treated with CF4 plasma loses 15% of the silver
nanoparticles. After a 10-second treatment with CF4 plasma, the surface of the bleached/
mercerized cotton is more liable to the adsorption of silver nanoparticles than the surface
that was modified by the water vapor plasma. The particle adhesion is a complex phenom‐
enon depending on the interaction mechanism between particles and the surface of a materi‐
al. Adsorption of silver nanoparticles onto cotton from a dyeing bath is much higher for
smaller particles than for larger ones. When particles are already on the surface of cotton fi‐
bers the attractive interactions and forces are stronger for 80 nm silver nanoparticles than for
30 nm silver nanoparticles. That is the reason for a better wash durability of 80 nm silver
particles. From the results presented in Table 1 and 2, it is evident that the quantity of silver
on untreated and unwashed cotton is almost the same as on the samples that were modified
by plasma and washed 10 times at 95°C.

The further experiments in functionalization of cotton with other forms of silver nanoparti‐
cles (i.e. commercial form RucoBac AGP and laboratory synthesized colloidal silver nano‐
particles) were based on the obtained adhesion results of silver nanoparticles of known
dimensions. The application of RucoBac AGP and synthesized colloidal silver nanoparticles
was carried on a bleached/mercerized cotton fabric modified by atmospheric air corona
plasma and water vapor low-pressure plasma.

The exhaustion method was used for the deposition of RucoBac AGP onto blank dyed,
dyed, plasma-treated blank dyed and plasma-treated dyed cotton samples. 0.1 % of RucoBac
AGP was used, which represents a half of the lowest concentration recommended by the
agent producer. The reason for such a decision was to verify the possibility in achieving
good antibacterial efficiency of a cotton fabric with the use of a very low concentration of
silver composite. The liquor ratio was 10 : 1, and the treatment time 30 min at 50 ºC. After‐
wards, the samples were dried at 130 ºC for 4 min. The results of the ICP-MS and antimicro‐
bial analysis of samples are presented in Table 3.

Multifunctional Textiles – Modification by Plasma, Dyeing and Nanoparticles
http://dx.doi.org/10.5772/53376

19



cotton and by that has a great impact on the adsorption of silver nanoparticles onto fabrics.
Atmospheric air corona treatment of cotton fabrics enhanced the quantity of silver onto raw
cotton up to 4 times and onto bleached/mercerized cotton up to 2 times [64]. The adsorption
of 80 nm silver nanoparticles onto CF4 plasma-treated cotton was 2 times higher and onto
water vapor plasma-treated cotton was 1.3 times higher than on untreated cotton. These fab‐
rics had a sufficient antimicrobial effectiveness against Escherichia coli and Pseudomonas aeru‐
ginosa (Table 1) [3]. The adsorption of 30 nm silver nanoparticles onto CF4 plasma-treated
cotton is 1.7 times higher and onto water vapor plasma-treated cotton was 1.6 times higher
than on untreated cotton. This gave a good antimicrobial effectiveness against Enterococus
faecalis and Pseudomonas aeruginosa (Table 1) [27].

Plasma modification of cotton Functionalization with silver

nanoparticles

Ag quantity (ppm) on

cotton

Bacterial reduction (%)

Untreated 30 nm 32 –a

80 nm 13 –a

Corona air 80 nm 39 –a

ICRF water vapor 30 nm 50 52 (E. coli)

64 (P. aeruginosa)

80 nm 17 –a

ICRF CF4 30 nm 54 68 (E. faecalis)

77 (P. aeruginosa)

80 nm 26

–a no bacterial reduction

Table 1. The quantity of silver (ppm) and antimicrobial efficiency expressed as a bacterial reduction (%) of untreated
and plasma-treated cotton samples functionalized with powdered silver nanoparticles

Although the purpose of our research was to study the efficiency and appropriateness of
plasma modification of textiles in order to achieve a higher adsorption of nanoparticles onto
their surfaces, the wash fastness of functionalized textiles was examined as well. Wash fast‐
ness test was carried out in a laboratory apparatus Launder-O-Meter [3, 27]. The samples
were washed repetitively ten times at 95°C in a solution of 5 g/l of SDC standard detergent
and 2 g/l of Na2CO3 (where 10 globules were added). The duration of the washing cycles
was 30 min. After every wash cycle, the samples were rinsed twice in distilled water and
then for 10 minutes under a tap water, which was followed by squeezing and air drying. In
Table 2 the results of silver quantity on washed cotton samples are presented. From the re‐
sults it can be seen that after ten times washing at 95°C the quantity of silver on the cotton
samples decreased (Table 2).

Eco-Friendly Textile Dyeing and Finishing18

Plasma modification of

cotton

Functionalization with

silver nanoparticles

Ag quantity (ppm) on

cotton before washing

Ag quantity (ppm) on

cotton after washing

ICRF water vapor 30 nm 50 26

80 nm 17 10

ICRF CF4 30 nm 54 36

80 nm 26 22

Table 2. The quantity of silver (ppm) before and after washing

When cotton was modified by water vapor plasma the quantity of 30 nm silver nanoparti‐
cles decreased by 48%, and when modified by CF4 plasma the quantity of silver nanoparti‐
cles decreased by 34%. The drop in the concentration of silver on the cotton after ten wash
cycles is also observed with the 80 nm silver nanoparticles. Cotton that is treated with water
vapor plasma loses 41%; however, cotton treated with CF4 plasma loses 15% of the silver
nanoparticles. After a 10-second treatment with CF4 plasma, the surface of the bleached/
mercerized cotton is more liable to the adsorption of silver nanoparticles than the surface
that was modified by the water vapor plasma. The particle adhesion is a complex phenom‐
enon depending on the interaction mechanism between particles and the surface of a materi‐
al. Adsorption of silver nanoparticles onto cotton from a dyeing bath is much higher for
smaller particles than for larger ones. When particles are already on the surface of cotton fi‐
bers the attractive interactions and forces are stronger for 80 nm silver nanoparticles than for
30 nm silver nanoparticles. That is the reason for a better wash durability of 80 nm silver
particles. From the results presented in Table 1 and 2, it is evident that the quantity of silver
on untreated and unwashed cotton is almost the same as on the samples that were modified
by plasma and washed 10 times at 95°C.

The further experiments in functionalization of cotton with other forms of silver nanoparti‐
cles (i.e. commercial form RucoBac AGP and laboratory synthesized colloidal silver nano‐
particles) were based on the obtained adhesion results of silver nanoparticles of known
dimensions. The application of RucoBac AGP and synthesized colloidal silver nanoparticles
was carried on a bleached/mercerized cotton fabric modified by atmospheric air corona
plasma and water vapor low-pressure plasma.

The exhaustion method was used for the deposition of RucoBac AGP onto blank dyed,
dyed, plasma-treated blank dyed and plasma-treated dyed cotton samples. 0.1 % of RucoBac
AGP was used, which represents a half of the lowest concentration recommended by the
agent producer. The reason for such a decision was to verify the possibility in achieving
good antibacterial efficiency of a cotton fabric with the use of a very low concentration of
silver composite. The liquor ratio was 10 : 1, and the treatment time 30 min at 50 ºC. After‐
wards, the samples were dried at 130 ºC for 4 min. The results of the ICP-MS and antimicro‐
bial analysis of samples are presented in Table 3.
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Sample Treatment Plasma treatment of cotton Ag quantity

(ppm) on cotton

Bacterial reduction (%)

Functionalization with

0.1 % RucoBac AGP

Untreated 1,5 —a

Corona air 1,8 —a

ICRF water vapor 11 58 (E.coli)

98 (S.faecalis)

Dyeing with reactive dye and

functionalization with

0.1 % RucoBac AGP

Untreated 8,9 100 (E.coli, S.aureus, S.faecalis

and P.aeruginosa)

Corona air 8,4 100 (E.coli, S.aureus, S.faecalis

and P.aeruginosa)

ICRF water vapor 13 80 (S.aureus and E.coli)

100 (S.faecalis)

—a no bacterial reduction

Table 3. The quantity of silver (ppm) and antimicrobial efficiency, expressed as a bacterial reduction (%), of untreated
and plasma-treated cotton samples functionalized with RucoBac AGP

The results summarized in Table 3 show low adsorption of silver onto untreated blank dyed
cotton. The adsorption of silver onto corona modified cotton did not significantly increase.
Both samples do not exhibit the antimicrobial effectiveness. However, treating cotton with
water vapor low-pressure plasma increased the adsorption of silver onto cotton up to 7
times, which resulted in an excellent antimicrobial effectiveness against Streptococcus faecalis
and a sufficient antimicrobial effectiveness against Escherichia coli. The adsorption of silver
significantly increased when RucoBac AGP was applied onto dyed cotton fabric, regardless
of plasma treatment. RucoBac AGP is a nano-dispersion of TiO2 as the carrier of the active
component AgCl. In the presence of moisture, silver cations react with hydroxyl functional
cellulosic groups and are attached to each other electrostatically. The presence of a reactive
dye on cotton and the introduction of additional covalently bound sulfonic acid groups will
facilitate the uptake of a cationic antimicrobial agent [87]. Therefore, it is possible to con‐
clude that RucoBac AGP is bound to the cotton surface through sulfonic groups of a cova‐
lently bound dye and through partially ionized hydroxyl and carboxyl groups present on
the fiber [72]. The significant increased adsorption of silver can be also noticed with samples
modified by water vapor low-pressure plasma and dyeing, while there was no noticeable
change when samples were modified by corona plasma. Results obtained from XPS analysis
showed that plasma modification of bleached/mercerized cotton increased the content of
oxygen on the surface. In addition, after both plasma treatments the appearance of new
bonds was noticeable (O-C=O) and the content of C=O bonds increased. That means that
oxygen rich functional groups incurred on the surface of plasma modified cotton. These
changes were more distinct after low-pressure plasma treatment than after corona plasma
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treatment. The difference in both plasma treatments is noticeable from the ICP-MS results
also (Table 3), since the adsorption of RucoBac AGP onto cotton was greater after modifica‐
tion by water vapor low-pressure plasma. Nevertheless, all modified cotton fabrics had an
excellent antimicrobial effectiveness against Staphylococcus aureus, Escherichia coli, Streptococ‐
cus faecalis and Pseudomonas aeruginosa.

The objectives for textile industry have been continuous on-line treatments of fabrics. Low-
pressure plasma reactors, such as radio frequency powered plasma, provide greater stability
and uniformity but generally require more handling of textile materials through the vacuum
system than corona discharges at atmospheric pressures. In this respect, the use of corona
plasma is more appropriate for the industry. In our following research when laboratory col‐
loidal silver was used, we focused on treating cotton fabric with atmospheric corona plasma.
The synthesis of colloidal silver was performed by reducing silver salt in an aqueous solu‐
tion at room temperature under argon atmosphere. The procedure was described previous‐
ly, in section 3.2.1. A synthesis of colloidal silver and loading of silver onto cotton fabric was
performed as the second phase after dyeing cotton fabrics with a blue vat dye. To verify
whether vat-dyeing influences the adsorption of colloidal silver onto cotton fabric, a blank
vat-dyeing procedure (dyeing with all chemicals and no dye) was also performed [71].
Apart from indigo, the vat dyes used in dyeing applications are mainly derivatives of an‐
thraquinone and of higher condensed aromatic ring systems with a closed system of conju‐
gated double bonds. They generally contain two, four or six reducible carbonyl groups [88].

(a) (b) (c) 

Figure 11. Scheme of reduction and oxidation process of carbonyl group of vat dye

The vat dyes are insoluble in the keto form (Figure 11a). For dyeing they must be trans‐
formed to a water soluble enolate (leuko) form (Figure 11c) by a reduction. This form of the
dye is appropriate for cellulose dyeing, but the addition of electrolyte is also required. After
the dyeing, the dye in amorphous regions is transformed through leuko acid (Figure 11b)
into its original water insoluble form by rinsing and oxidation [89]. The vat dyeing of
bleached/mercerized cotton fabric before colloidal silver treatment significantly influences
the adsorption of silver onto cotton fabrics [71]. Also the adsorption of silver is influenced
by an immersion time of cotton into colloidal silver solution. Although it was proven that
modification of cotton by corona plasma strongly influences the adsorption of powdered sil‐
ver nanoparticles by increasing their quantity on the modified cotton, the experiment using
synthetized colloidal silver on corona treated cotton had to be conducted. The Table 4
presents the results of ICP-MS and antimicrobial analysis of untreated, corona and vat dyed
colloidal silver loaded cotton.
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Table 3. The quantity of silver (ppm) and antimicrobial efficiency, expressed as a bacterial reduction (%), of untreated
and plasma-treated cotton samples functionalized with RucoBac AGP

The results summarized in Table 3 show low adsorption of silver onto untreated blank dyed
cotton. The adsorption of silver onto corona modified cotton did not significantly increase.
Both samples do not exhibit the antimicrobial effectiveness. However, treating cotton with
water vapor low-pressure plasma increased the adsorption of silver onto cotton up to 7
times, which resulted in an excellent antimicrobial effectiveness against Streptococcus faecalis
and a sufficient antimicrobial effectiveness against Escherichia coli. The adsorption of silver
significantly increased when RucoBac AGP was applied onto dyed cotton fabric, regardless
of plasma treatment. RucoBac AGP is a nano-dispersion of TiO2 as the carrier of the active
component AgCl. In the presence of moisture, silver cations react with hydroxyl functional
cellulosic groups and are attached to each other electrostatically. The presence of a reactive
dye on cotton and the introduction of additional covalently bound sulfonic acid groups will
facilitate the uptake of a cationic antimicrobial agent [87]. Therefore, it is possible to con‐
clude that RucoBac AGP is bound to the cotton surface through sulfonic groups of a cova‐
lently bound dye and through partially ionized hydroxyl and carboxyl groups present on
the fiber [72]. The significant increased adsorption of silver can be also noticed with samples
modified by water vapor low-pressure plasma and dyeing, while there was no noticeable
change when samples were modified by corona plasma. Results obtained from XPS analysis
showed that plasma modification of bleached/mercerized cotton increased the content of
oxygen on the surface. In addition, after both plasma treatments the appearance of new
bonds was noticeable (O-C=O) and the content of C=O bonds increased. That means that
oxygen rich functional groups incurred on the surface of plasma modified cotton. These
changes were more distinct after low-pressure plasma treatment than after corona plasma
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treatment. The difference in both plasma treatments is noticeable from the ICP-MS results
also (Table 3), since the adsorption of RucoBac AGP onto cotton was greater after modifica‐
tion by water vapor low-pressure plasma. Nevertheless, all modified cotton fabrics had an
excellent antimicrobial effectiveness against Staphylococcus aureus, Escherichia coli, Streptococ‐
cus faecalis and Pseudomonas aeruginosa.

The objectives for textile industry have been continuous on-line treatments of fabrics. Low-
pressure plasma reactors, such as radio frequency powered plasma, provide greater stability
and uniformity but generally require more handling of textile materials through the vacuum
system than corona discharges at atmospheric pressures. In this respect, the use of corona
plasma is more appropriate for the industry. In our following research when laboratory col‐
loidal silver was used, we focused on treating cotton fabric with atmospheric corona plasma.
The synthesis of colloidal silver was performed by reducing silver salt in an aqueous solu‐
tion at room temperature under argon atmosphere. The procedure was described previous‐
ly, in section 3.2.1. A synthesis of colloidal silver and loading of silver onto cotton fabric was
performed as the second phase after dyeing cotton fabrics with a blue vat dye. To verify
whether vat-dyeing influences the adsorption of colloidal silver onto cotton fabric, a blank
vat-dyeing procedure (dyeing with all chemicals and no dye) was also performed [71].
Apart from indigo, the vat dyes used in dyeing applications are mainly derivatives of an‐
thraquinone and of higher condensed aromatic ring systems with a closed system of conju‐
gated double bonds. They generally contain two, four or six reducible carbonyl groups [88].
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Figure 11. Scheme of reduction and oxidation process of carbonyl group of vat dye

The vat dyes are insoluble in the keto form (Figure 11a). For dyeing they must be trans‐
formed to a water soluble enolate (leuko) form (Figure 11c) by a reduction. This form of the
dye is appropriate for cellulose dyeing, but the addition of electrolyte is also required. After
the dyeing, the dye in amorphous regions is transformed through leuko acid (Figure 11b)
into its original water insoluble form by rinsing and oxidation [89]. The vat dyeing of
bleached/mercerized cotton fabric before colloidal silver treatment significantly influences
the adsorption of silver onto cotton fabrics [71]. Also the adsorption of silver is influenced
by an immersion time of cotton into colloidal silver solution. Although it was proven that
modification of cotton by corona plasma strongly influences the adsorption of powdered sil‐
ver nanoparticles by increasing their quantity on the modified cotton, the experiment using
synthetized colloidal silver on corona treated cotton had to be conducted. The Table 4
presents the results of ICP-MS and antimicrobial analysis of untreated, corona and vat dyed
colloidal silver loaded cotton.

Multifunctional Textiles – Modification by Plasma, Dyeing and Nanoparticles
http://dx.doi.org/10.5772/53376

21



Sample description Ag quantity (ppm) on

cotton

Bacterial reduction (%)

Dyed and functionalized with colloidal silver 24 100 (E.coli, S.aureus, S.faecalis and

P.aeruginosa)

Corona plasma-treated, dyed and functionalized

with colloidal silver

43 100 (E.coli, S.aureus, S.faecalis and

P.aeruginosa)

Corona plasma-treated and functionalized with a

half of concentration of colloidal silver

1.6 —a

Corona plasma-treated, dyed and functionalized

with a half of concentration of colloidal silver

4.6 100 (E.coli, S.aureus, S.faecalis and

P.aeruginosa)

—a no bacterial reduction

Table 4. The quantity of silver (ppm) and antimicrobial efficiency, expressed as a bacterial reduction (%), of untreated
and plasma-treated cotton samples functionalized with synthetized colloidal silver

The results summarized in Table 4 show that atmospheric air corona treatment enhanced
the quantity of silver onto dyed cotton up to 1.8 times comparing to the untreated dyed cot‐
ton. In addition to the morphological changes induced by plasma (seen by SEM), XPS analy‐
sis showed the increase of C-O and C=O bonds and formation of O-C=O bonds on the
surface of treated cotton. The increased concentration of oxygen and newly formed bonds
contributed to a better adhesion of Ag+ ions from the colloidal solution onto cellulosic fibers.
In addition to the increased number of functional groups containing oxygen, the dyed cot‐
ton fabric contains additional anionic sites due to the partial ionization of the molecules of
insoluble vat dye. Colloidal silver is produced in a water solution using AgNO3 reduced by
NaBH4. NaBH4 also slightly reduces the water insoluble vat dye on the dyed fabric into a
slightly soluble form. Although NaBH4 is not a sufficiently strong reducing agent for dyeing
cotton with a vat dye [90], it is nevertheless strong enough to enhance the negative charge of
the dye on the fabric [91] such that silver ions (Ag+) from a silver colloidal solution can be
electrostatically attracted to the dyed cotton surface. It was reported that while Ag+ ions
from a colloidal silver solution are exhausted to the anionic cotton fibers to a high degree
because of the attractive electrostatic interactions, the high increase of the adsorption ability
of silver nanoparticles caused by the van der Walls forces resulted from the high surface
area to volume ratio of these particles [43].

The important goal of our research was to use minimal concentrations, initially, of silver
nanoparticles for loading onto textiles and to achieve a maximum quantity on the material,
and thus to achieve functionalized cotton textile with an excellent antimicrobial efficiency.
Since the cotton fabrics already had an excellent antimicrobial efficiency when functional‐
ized with rather low concentration of silver, the decision was made to verify the possibility
in achieving good antibacterial efficiency of a cotton fabric with the use of half of the initial
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concentration of AgNO3 and NaBH4. In this case, the corona plasma modified and undyed
cotton contained 1.6 ppm of silver. The quantity of silver was so low that the fabric did not
have an antimicrobial efficiency. However, when cotton fabric was modified by corona plas‐
ma and then vat dyed the quantity of silver was 4.6 ppm, which gave the fabric an excellent
antimicrobial efficiency against Staphylococcus aureus, Escherichia coli, Streptococcus faecalis
and Pseudomonas aeruginosa. The antimicrobial analysis showed the antimicrobial ineffective‐
ness of dyed cotton sample, therefore the dye itself did not contribute to the antibacterial ef‐
ficiency of the functionalized cotton sample.

4. Conclusion

Our research shows that plasma treatment is an effective method to be used in achieving
surface changes on the textile material by changing the functional groups on the textile sur‐
face and by changing the morphology of the fibers. The results of adsorption of different
forms of silver nanoparticles on untreated and plasma-treated surfaces of fabrics confirm the
fact that, for nanotechnological processes, the surface of the material has to be properly pre‐
pared. The adsorption of metal nanoparticles on textile materials depends on specific chemi‐
cal and morphological properties of fibers. Plasma modification of cotton had a positive
influence on the increased adsorption of silver nanoparticles loaded during exhaust dyeing
process. From the bath, which contained a low concentration of silver nanoparticles, we
have successfully applied a greater quantity of silver onto plasma modified cotton (up to
four times). In some cases using plasma the dyeability of cotton was also improved. We suc‐
ceeded to create a cotton fabric containing minimal quantity of silver with an excellent anti‐
microbial efficiency. This is very interesting from the technological point of view since by
this method the quantity of silver in wastewater can be dramatically reduced. Another im‐
portant result of the research was that plasma modification did not impair the mechanical
properties of textiles. By using plasma technology new and improved properties of materi‐
als can be created that cannot be achieved by standard procedures, where nanostructuring
of natural and synthetic fibers is emphasized. The use of plasma for modification of textiles
brings to the textile industry many novelties, since plasma technology can be used as a sub‐
stitute or as a support to the existing technologies, and by that positively influences the
economy and ecology of the industrial processes. The knowledge of using plasma technolo‐
gy enables an introduction of contemporary (state-of-the-art) and ecological process of a tex‐
tile modification into the textile industry and a development of highly technological
products with improved or new properties.
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1. Introduction

Polymer and textiles have a vast number of advantages and attractiveness as a material.
However, despite these advantageous, polymers have limitations. In general, special surface
properties with regard to chemical composition, hydrophilicity, roughness, crystallinity,
conductivity, lubricity, and cross-linking density are required for successful application of
polymers in such wide fields as adhesion, membrane filtration, coatings, friction and wear,
composites, microelectronic devices, thin-film technology and biomaterials, and so on. Un‐
fortunately, polymers very often do not possess the surface properties needed for these ap‐
plications. In fact, polymeric fibers that are mechanically strong, chemically stable, and easy
to process usually will have inert surfaces both chemically and biologically. Vice versa,
those polymers having active surfaces usually do not possess excellent mechanical proper‐
ties which are critical for their successful application.

Due to this dilemma, surface modification of the polymeric fibers without changing the bulk
properties has been a classical research topic for many years, and is still extensive studies as
new applications of polymeric materials emerge, especially in the fields of biotechnology, bi‐
oengineering, and most recently in nanotechnology.

Modification is used to designate a deliberate change in composition or structure leading to
an improvement in different type of fiber properties.

The challenge is, however, that there does not exist an ideal modification that eliminates all
the negative properties and preserves all the positive properties of the fibers. This is why
there are a great number of different single-purpose modifications. [1]
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In spite of the great number of existing modification methods no consistent classification is
available as yet. Some authors divide the methods into two groups depending on whether
they involve changes in fiber composition (chemical modification) or changes in fiber struc‐
ture (physical modification).

Surface modification of polymers has become an important research area in the plastic in‐
dustry. Because polymers are inert materials and usually have a low surface energy, they
often do not possess the surface properties needed to meet the demands of various applica‐
tions. Advances in surface treatment have been made to rather chemical and physical prop‐
erties of polymer surfaces without affecting bulk properties. Technologies such as surface
modifications, which convert inexpensive materials into valuable finished goods, will be‐
come even more important in the future as material cost becomes a significant factor in de‐
termining the success of an industry. [2]

There are a few factors to consider when modifying a surface:

1. Thickness of the surface is crucial. Thin surface modifications are desirable, otherwise
mechanical and functional properties of the material will be altered. This is more so
when dealing with nanofibers as there is less bulk material present.

2. Sufficient atomic or molecular mobility must exist for surface changes to occur in rea‐
sonable periods of time. The driving force for the surface changes is the minimization of
the interfacial energy.

3. Stability of the altered surface is essential, achieved by preventing any reversible reac‐
tion. This can be done by cross-linking and/or incorporating bulky groups to prevent
surface structures from moving.

4. In some cases a transparent scaffold is desired, especially in optical sensors or ophthal‐
mology; after surface treatment they should remain transparent. Any cloudiness intro‐
duced is of real concern.

5. Uniformity, reproducibility, stability, process control, speed, and reasonable cost
should be considered in the overall process of surface modification. The ability to ach‐
ieve uniform surface treatment of complex shapes and geometries can be essential for
sensor and biomedical applications.

6. Precise control over functional groups. This is a challenging yet difficult scope. Many
functional groups might bond to the surface such as hydroxyl, ether, carbonyl, carbox‐
yl, and carbonate groups, instead of one desired functional group.

This review is focused on the application of recent methods for the modification of textiles
using physical methods (corona discharge, plasma, laser, electron beam and neutron irradia‐
tions, Ion beam), chemical methods (ozone-gas treatment, surface grafting, enzymatic modi‐
fication, sol-gel technique, micro-encapsulation method and treatment with different
reagents). Nowadays, surface functionalization of synthetic fibers for various applications is
considered as one of the best methods for modern textile finishing processes especially for
improving the dyeability of fabrics. [3] Combination of physical technologies and nano-sci‐
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ence enhances the durability of textile materials against washing, ultraviolet radiation, fric‐
tion, abrasion, tension and fading. Textile fibers typically undergo a variety of pre-
treatments before dyeing and printing is feasible. Nonetheless, these treatments still create
undesirable process conditions which can result in increased waste production, unpleasant
working conditions and higher energy consumption. Therefore reducing pollution in textile
production is becoming of utmost importance for manufacturers worldwide. In coming
years, the textile industry must implement sustainable technologies and develop environ‐
mentally safer methods for textiles processing to remain competitive. [4, 5]

1.1. Physical methods for modification of textile fabrics

1.1.1. Plasma types and applications

Plasma is by far the most common form of matter. Plasma in the stars and in the tenuous
space between them makes up over 99% of the visible universe and perhaps most of that
which is not visible.

The coupling of electromagnetic power into a process gas volume generates the plasma me‐
dium comprising a dynamic mix of ions, electrons, neutrons, photons, free radicals, meta-
stable excited species and molecular and polymeric fragments, the system overall being at
room temperature. This allows the surface functionalisation of fibres and textiles without af‐
fecting their bulk properties. These species move under electromagnetic fields, diffusion
gradients, etc. on the textile substrates placed in or passed through the plasma. This enables
a variety of generic surface processes including surface activation by bond breaking to cre‐
ate reactive sites, grafting of chemical moieties and functional groups, material volatilisation
and removal (etching), dissociation of surface contaminants/layers (cleaning/ scouring) and
deposition of conformal coatings. In all these processes a highly surface specific region of
the material is given new, desirable properties without negatively affecting the bulk proper‐
ties of the constituent fibres.

Plasmas are acknowledged to be uniquely effective surface engineering tools due to:

• Their unparalleled physical, chemical and thermal range, allowing the tailoring of surface
properties to extraordinary precision.

• Their low temperature, thus avoiding sample destruction.

• Their non-equilibrium nature, offering new material and new research areas.

• Their dry, environmentally friendly nature. [5, 6]

Plasma reactors

Different types of power supply to generate the plasma are:

Low-frequency (LF, 50–450 kHz)

Radio-frequency (RF, 13.56 or 27.12 MHz)

Microwave (MW, 915 MHz or 2.45 GHz)
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The power required ranges from 10 to 5000 watts, depending on the size of the reactor and
the desired treatment.

Low-pressure plasmas

Low-pressure plasmas are a highly mature technology developed for the microelectronics
industry. However, the requirements of microelectronics fabrication are not, in detail, com‐
patible with textile processing, and many companies have developed technology of low
pressure reactors to achieve an effective and economically viable batch functionalisation of
fibrous products and flexible web materials.

A vacuum vessel is pumped down to a pressure in the range of 10-2 to 10-3 mbar with the use
of high vacuum pumps. The gas which is then introduced in the vessel is ionised with the
help of a high frequency generator.

The advantage of the low-pressure plasma method is that it is a well controlled and repro‐
ducible technique.

Atmospheric pressure plasmas

The most common forms of atmospheric pressure plasmas are described below.

Corona treatment

Corona discharge is characterised by bright filaments extending from a sharp, high-voltage
electrode towards the substrate. Corona treatment is the longest established and most wide‐
ly used plasma process; it has the advantage of operating at atmospheric pressure, the re‐
agent gas usually being the ambient air. Corona systems do have, in principle, the
manufacturing requirements of the textile industry (width, speed), but the type of plasma
produced cannot achieve the desired spectrum of surface functionalisations in textiles and
nonwovens. In particular, corona systems have an effect only in loose fibres and cannot pen‐
etrate deeply into yarn or woven fabric so that their effects on textiles are limited and short-
lived. Essentially, the corona plasma type is too weak. Corona systems also rely upon very
small interelectrode spacing (1 mm) and accurate web positioning, which are incompatible
with ‘thick’ materials and rapid, uniform treatment.

Dielectric barrier discharge (silent discharge)

The dielectric barrier discharge is a broad class of plasma source that has an insulating (die‐
lectric) cover over one or both of the electrodes and operates with high voltage power rang‐
ing from low frequency AC to 100 kHz. This results in non-thermal plasma and a multitude
of random, numerous arcs form between the electrodes. However, these microdischarges
are nonuniform and have potential to cause uneven treatment.

Glow discharge

Glow discharge is characterised as a uniform, homogeneous and stable discharge usually
generated in helium or argon (and some in nitrogen). This is done, for example, by applying
radio frequency voltage across two parallel-plate electrodes. Atmospheric Pressure Glow
Discharge (APGD) offers an alternative homogeneous cold-plasma source, which has many
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of the benefits of the vacuum, cold-plasma method, while operating at atmospheric pres‐
sure. [5]

Cold plasmas can be used for various treatments such as: plasma polymerisation (gaseous
monomers); grafting; deposition of polymers, chemicals and metal particles by suitable se‐
lection of gas and process parameters; plasma liquid deposition in vaporised form.

In general, reactions of gas plasmas with polymers can be classified as follows:

1. Surface reactions: Reactions between gas-phase species and surface species and reac‐
tions between surface species produce functional groups and cross-links, respectively,
at the surface. Examples of these reactions include plasma treatment by argon, ammo‐
nia, carbon monoxide, carbon dioxide, fluorine, hydrogen, nitrogen dioxide, oxygen,
and water.

2. Plasma polymerization: The formation of a thin film on the surface of polymer via poly‐
merization of an organic monomer such as CH4, C2 H6, C2 F4, or C3 F6 in plasma. It in‐
volves reactions between gas-species, reactions between gas-phase species and surface
species, and reactions between surface species.

3. Etching: Materials are removed from a polymer surface by physical etching and chemi‐
cal reactions at the surface to form volatile products. Oxygen plasma and oxygen and
fluorine-containing plasmas are frequently used for the etching of polymers. [6, 7]

Plasma treatment play very important role for improving the dyeing properties of textile
fabrics. Some of these improvements are discussed as follow.

1.1.1.1. Surface modification of polypropylene non-woven fabrics by atmospheric-pressure plasma
activation followed by acrylic acid grafting

Polypropylene  (PP)  non-woven  fabrics  have  been  activated  by  an  atmospheric-pressure
plasma treatment using surface dielectric barrier discharge in N2  and ambient air. Subse‐
quently,  the plasma activated samples were grafted using catalyst-free water solution of
acrylic acid. Surface properties of the activated and polyacrylic acid post-plasma grafted
non-woven were characterized by scanning electron microscopy, Fourier transform infra‐
red  spectroscopy,  electron  spin  resonance  spectroscopy,  surface  energy  and  dyeability
measurements.

The grafted non-woven exhibit improved water transport and dyeing properties.

The plasma activation in nitrogen plasma gas was more efficient than in air. Post-plasma
surface grafting lead to a stable and homogeneous grafting of pAA onto PP non-woven
fabrics,  which  made PP fabrics  easily  coloured by  conventional  water-soluble  acid  dye.
Supposedly, peroxy radicals formed at a short ambient air exposure of the plasma activat‐
ed fabrics were responsible for initiating the grafting process. Regarding the surface per‐
oxy  radicals  generation,  the  nitrogen  plasma  gas  was  superior  to  ambient  air  and
provided better grafting. [7-9]
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The power required ranges from 10 to 5000 watts, depending on the size of the reactor and
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of the benefits of the vacuum, cold-plasma method, while operating at atmospheric pres‐
sure. [5]
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The grafted non-woven exhibit improved water transport and dyeing properties.

The plasma activation in nitrogen plasma gas was more efficient than in air. Post-plasma
surface grafting lead to a stable and homogeneous grafting of pAA onto PP non-woven
fabrics,  which  made PP fabrics  easily  coloured by  conventional  water-soluble  acid  dye.
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oxy  radicals  generation,  the  nitrogen  plasma  gas  was  superior  to  ambient  air  and
provided better grafting. [7-9]

Surface Modification Methods for Improving the Dyeability of Textile Fabrics
http://dx.doi.org/10.5772/53911

37



1.1.1.2. One-bath one-dye class dyeing of pes/cotton blends after corona and chitosan treatment

The feasibility  of  one-bath one-dye class  dyeing of  PES/cotton blend with direct  (Direct
Red 80) or reactive (Reactive Red 3) dye after pre-treatment with corona discharge (CD)
and chitosan  has  been  investigated  by  Ristic  and his  coworkers.  It  has  been  confirmed
that corona discharge treatment enhances hydrophilicity of cotton and PES fibers due to
surface modification of the material and formation of C-O, C=O, and COOH groups. In‐
creased hydrophilicity of  PES and cotton induced only slightly increased color intensity
(K/S)  with  both  dyes  investigated.  Nevertheless,  subsequent  treatment  with  biopolymer
chitosan noticeably enhanced the color intensity obtained, especially with PES fiber.  The
dyeability improved proportionally with the concentration of chitosan treatment solutions.
However,  the  highest  values  of  color  intensity  were  obtained  for  the  PES/cotton  fabric
subjected to the combined CD and chitosan treatment, suggesting that CD pre-treatment
enhances efficiency of chitosan application.

Satisfactory values of dye fastness and fixation degree of reactive dye were obtained. [10]

1.1.1.3. Surface and bulk cotton fibre modifications: plasma and cationization. influence on dyeing
with reactive dye

In similar research work, the single or combined effects of corona air plasma and cationising
with an epihalohydrin have been evaluated on the surface and dyeing properties of open‐
work twill cotton fabrics. Dyeing was performed with a hetero-bis functional reactive dye.
Wetting properties of cotton fabrics were improved with a very short corona plasma treat‐
ment and a double side-effect was observed on the dyed fabric by contact angle analysis, be‐
cause of the low penetration of the plasma on the fabric. Exhaustion of the dye and colour
intensity of the cotton fabrics were increased due to the plasma treatment. This is well ex‐
plained by the functionalisation of the surface with oxygenated moieties, without any signif‐
icant alteration in surface topography of the fibres. Cationising of the cotton fabrics using an
epihalohydrin as cationising agent increases the exhaustion of the dyestuff as high as 90%,
and produces a dramatic improvement (80% increase) in the colour intensity (K/Scorr) on
both sides of the fabrics. The improvement in colour intensity of the cationised cotton fabrics
can be explained taking into account that the hydrolised reactive dye has high anionic char‐
acter which can be bound to the cationic amine of the cationic agent on the cotton fabrics. It
has been observed that plasma treatment previous to cationising increases the impregnation
of the fabrics. [11]All theses possible effects are schematically represented in Figure 1.

1.1.1.4. The impact of corona modified fibres’ chemical changes on wool dyeing

Corona/plasma treatment is an environmentally friendly process applied to wool fabrics.
The main contribution of the present work was to study the impact of Corona on dyeability
of wool fibers. First, the different chemical aspects of a woven wool fabric’s surface were de‐
termined using two different analytical skills (XPS and polyelectrolyte titration).The results
show that, low-temperature plasma treatment has ability to change wool fibre morphology
which could have an impact on sorption properties. fabrics were dyed with blue acid and
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blue metal-complex dyes, and dyeing behaviour were studied by means of on-line VIS spec‐
trophotometry. Finally, dyed samples were colourimetricaly evaluated and colour differen‐
ces were calculated. The results provided evidence that the overall carbon content was
decreased while oxygen and nitrogen atoms were increased when using ionized air for fab‐
ric modification. It has also been noted that the amount of positive-charged functional
groups in various pH ranges are higher for Corona-treated wool fabric in comparison with
the untreated sample.

Figure 1. Effects of plasma and cationising processes in the surface functionalization of the cellulose constituting the
cotton fibre

The surface performances of untreated and Corona-treated wool fabrics were studied both
morphologically and chemically. Corona treatment is confirmed as inducing chemical and
physical changes on the surface such as oxidizing/removing external fatty-acid monolayer,
enlarging positively charged functional groups, creating new dyesites, and therefore, im‐
proving the exhaustion rate during dyeing.

Corona treatment applied in the pre-treatment stages of wool production can lead to an op‐
timization of different dyeing procedures, implying lower dyeing temperatures and shorter
dyeing time, achieving the same or even better colour exhaustion in comparison to conven‐
tional pre-treated wool fabric. For these reasons, the energy consumption can be reduced,
thus also enhancing environmental protection. [12]

1.1.2. Surfaces modification with ionization radiation

Ionization radiation such as high-energy electrons, X-rays, and gamma-rays can displace
electrons from atoms and molecules, producing ions. It differs from other types of radiation
such as infrared, visible, and UV in that it is highly energetic and delivers to the irradiated
material a large amount of energy, much greater than that associated with chemical bonds.
Common industrial ionization radiation sources are high-energy electrons (0.1-10 MeV) and
cobalt-60 sources, and gamma radiation.
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can be explained taking into account that the hydrolised reactive dye has high anionic char‐
acter which can be bound to the cationic amine of the cationic agent on the cotton fabrics. It
has been observed that plasma treatment previous to cationising increases the impregnation
of the fabrics. [11]All theses possible effects are schematically represented in Figure 1.

1.1.1.4. The impact of corona modified fibres’ chemical changes on wool dyeing

Corona/plasma treatment is an environmentally friendly process applied to wool fabrics.
The main contribution of the present work was to study the impact of Corona on dyeability
of wool fibers. First, the different chemical aspects of a woven wool fabric’s surface were de‐
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which could have an impact on sorption properties. fabrics were dyed with blue acid and

Eco-Friendly Textile Dyeing and Finishing38

blue metal-complex dyes, and dyeing behaviour were studied by means of on-line VIS spec‐
trophotometry. Finally, dyed samples were colourimetricaly evaluated and colour differen‐
ces were calculated. The results provided evidence that the overall carbon content was
decreased while oxygen and nitrogen atoms were increased when using ionized air for fab‐
ric modification. It has also been noted that the amount of positive-charged functional
groups in various pH ranges are higher for Corona-treated wool fabric in comparison with
the untreated sample.

Figure 1. Effects of plasma and cationising processes in the surface functionalization of the cellulose constituting the
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The surface performances of untreated and Corona-treated wool fabrics were studied both
morphologically and chemically. Corona treatment is confirmed as inducing chemical and
physical changes on the surface such as oxidizing/removing external fatty-acid monolayer,
enlarging positively charged functional groups, creating new dyesites, and therefore, im‐
proving the exhaustion rate during dyeing.

Corona treatment applied in the pre-treatment stages of wool production can lead to an op‐
timization of different dyeing procedures, implying lower dyeing temperatures and shorter
dyeing time, achieving the same or even better colour exhaustion in comparison to conven‐
tional pre-treated wool fabric. For these reasons, the energy consumption can be reduced,
thus also enhancing environmental protection. [12]

1.1.2. Surfaces modification with ionization radiation

Ionization radiation such as high-energy electrons, X-rays, and gamma-rays can displace
electrons from atoms and molecules, producing ions. It differs from other types of radiation
such as infrared, visible, and UV in that it is highly energetic and delivers to the irradiated
material a large amount of energy, much greater than that associated with chemical bonds.
Common industrial ionization radiation sources are high-energy electrons (0.1-10 MeV) and
cobalt-60 sources, and gamma radiation.
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Electron beams from 0.1 to several mega electron volts are used for high doses and high
speeds in various industrial processes, with penetration up to several millimeters for poly‐
meric materials.

Surface modification by UV and IR lasers is useful in some specific applications. One key
advantage of laser treatment is that the area to be treated can be very small and localized.
Depending on the level of power chosen, ablation or chemical and physical changes can oc‐
cur. Various chemical changes occur on photon-irradiated polymer surfaces. When PTFE
was irradiated with ArF laser at high fluencies, defluorination and surface oxidation occur‐
red. For polypropylene, formation of oxygen functional groups such as C-O and C=O
groups was detected after UV laser irradiation in air and water, and in ozon. The treated
surfaces were shown to have improved bond ability with an epoxy adhesive. The surface of
poly(vinyl chloride) becomes electrically conductive after successive UV irradiation in chlor‐
ine and nitrogen and argon laser irradiation in air. These types of surface modification are
very useful for increasing the dyeability of polymeric textile fabrics. [2] Some of irradiation
dyeability modification is discussed below.

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

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. Gam‐
ma 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. [13]

1.1.2.2. Surface modification of meta-aramid films by UV/ozone irradiation

Meta-aramid films surface was modified by UV/O3 irradiation, and surface properties have
been investigated by reflectance, ATR, ESCA, and surface energy. Upon UV/O3 treatment,
the surface roughness and the O1s/C1s atomic ratio obviously improved, resulting from the
implantation of carbonyl and hydroxyl groups. The surface energy of the meta-aramid films
increased substantially due to the significantly enhanced Lewis acid parameter, which pro‐
moted the acid-base interaction of the surfaces with increase in UV energy. Also meta-ara‐
mid films became hydrophilic as indicated by substantially decreased water contact angle.

The dyeability of aramid films to cationic dyes was significantly increased due to higher hy‐
drophilic surface and strong electrostatic attraction between the cationic dyes and anionic
dyeing sites of the meta aramid. [14]
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1.1.2.3. Modification of polypropylene fibers by electron beam irradiation. i. evaluation of dyeing
properties using cationic dyes

The dyeing properties of hydrophobic polypropylene fibers using cationic dyes were inves‐
tigated to improve dyeability by electron beam irradiation and sulfonic acid incorporation.
The best dyeing result was obtained when polypropylene fibers incorporated by sulfonic
acid group after electron beam irradiation were dyed with cationic dyes at alkaline condi‐
tions and 30~75 kGy irradiation ranges. In order to improve the dyeing properties of elec‐
tronic beam irradiated polypropylene, sulfonic acid group which has good reactivity was
introduced on the fiber. To incorporate sulfonic acid with the electronic beam irradiated
(70.5 kGy) polypropylene fiber, the fibers were added and reacted to the solution of 1,4-di‐
oxane and ClSO3H at 70 oC (Figure 2).

Figure 2. Introduction of sulfone groups on electron beam irradiated PP.

In order to make hydrophobic polypropylene fibers dyeable, it was shown that functional
group such as carboxylate was formed on fiber substrates by electronic beam irradiation.

Concerning the pH and amount of absorbed electronic beam irradiation, the color strength
increased as pH increased in alkaline conditions, and also increased as the absorbed dose
increased to 30~75 kGy. As a result, it was confirmed that the pH of the dyebath and the
amount and the range of the absorbed irradiation could be important variables for color
strength but it seemed difficult to get deeper colors.

In the case of polypropylene fibers incorporated by sulfonic acid group to improve dyeabili‐
ty, the introduction of sulfonic acid group was confirmed by ESCA analysis and it was
judged that such introduction has some advantages in color strength over only electronic
beam irradiated fibers. Finally, the wash fastness of dyed fabrics using cationic dyes showed
satisfactory ratings of 4~5 on both electronic beam irradiated fibers and sulfonic acid incor‐
porated fibers. [15]
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In the case of polypropylene fibers incorporated by sulfonic acid group to improve dyeabili‐
ty, the introduction of sulfonic acid group was confirmed by ESCA analysis and it was
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1.1.2.4. UV Excimer laser modification on polyamide materials: effect on the dyeing properties

Polyamide materials irradiated with 193 nm ArF Excimer laser developed ripple-like struc‐
tures of micron size on the surface. (Figure 3)

Figure 3. Morphological features of untreated and laser treated nylon 6 fabric

These structures are strictly perpendicular to the stress direction of the fiber. Dyeing results
revealed that the dyeing properties of all dyes on polyamide fabrics changed remarkably af‐
ter the treatment.

Results suggest that the change in coloration closely correspond with the ripple-like struc‐
tures and the changes in chemical properties induced by laser treatment. It should be noted
that the increased rate of exhaustion of acid dyes by laser treatment is not beneficial for dye‐
ing polyamides since this will enhance the non-uniformity of the dye. While deeper dyeing
is a greater advantage for disperse and reactive dyes since darker shades are obtainable us‐
ing only the usual amounts of dyestuffs. To conclude, the excimer laser modification process
has a high industrial potential, as it is an environmentally friendly dry process not involving
any of the solvents required for a wet chemical process. After laser treatment, the dyeing
properties of disperse and reactive dyes are improved and this provides an alternative
choice for dyeing polyamide materials. (Figure 4) [16]
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Figure 4. Dye bath exhaustion study of laser treated nylon 6 fabrics; (●) Control (▲) Laser treated
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1.2. Chemical modification of fabrics

Chemical treatment has been used in industry to treat large objects that would be diffi‐
cult  to  treat  by  other  commonly  used  industrial  technique  such  as  flame  and  corona-
discharge  treatments.  Chemical  etchants  are  used  to  convert  smooth  hydrophobic
polymer  surfaces  to  rough  hydrophilic  surfaces  by  dissolution  of  amorphous  regions
and  surface  oxidation.  Chromic  acid  is  the  most  widely  used  etchant  for  polyolefins
and other polymers. [2]

Alkaline, acidic and solvents hydrolysis is another method to improve various physical and
chemical properties of synthetic fibers. The alkaline hydrolysis of PET fibers is usually car‐
ried out with an aqueous alkaline solution, such as sodium hydroxide. In the alkaline hy‐
drolysis process, PET undergoes a nucleophilic substitution. Chain scission of PET occurs,
resulting in a considerable weight loss and the formation of hydroxyl and carboxylate end
groups, which improves the handling, moisture absorption and dyeability of the fabric with
enhanced softness.

There are different kinds of auxiliaries that are used to modify the surface properties of tex‐
tile fabrics. Some of new chemical and their applications in textile industry are described
bellow:

1.2.1. Aminolysis

Several studies have assessed the effects of amine interaction with polyester. Early studies
assessed the aminolysis of polyester as a means of examining fiber structure without regard
to maintaining the integrity of the polymer.

The degradation effects on polyester of a monofunctional amine versus alkaline hydrolysis
have been studied. These studies, which again involved high levels of fiber degradation,
demonstrated that alkaline hydrolysis has a more substantial effect on fiber weight without
extensive strength loss. In contrast, aminolysis had less effect on fiber weight but decreased
fiber strength, indicative of a reaction within the polymer structure rather than simply at the
surface. It was later demonstrated that bifunctional amine compounds could be reacted with
the polymer with minimal loss in strength while generating amine groups at the fiber sur‐
face. The early stages of the reaction were largely confined to the fiber surface and the re‐
sulting fiber had modified wetting properties and improved adhesion with the matrix when
used in composites. A recent paper has re-examined the interaction of untreated and alkali
hydrolyzed polyester with a range of aliphatic diamines. 1,6-Hexanediamine, 2-methylpen‐
tamethylene diamine, 1,2- diaminocyclohexane, tetraethylenepentamine, and ethylene dia‐
mine were applied to untreated polyester. Ethylene diamine was also applied for a range of
solution concentrations in toluene. The treatment generated amine groups on the fiber sur‐
face and was revealed by staining with anionic dyes under conditions in which the amine
group was protonated. Unexpectedly, the reaction resulted in the simultaneous formation of
carboxylic acid groups in a manner similar to alkaline hydrolysis, revealed by staining with
Methylene Blue
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(Figure 5). The reaction thus resulted in a bifunctional polyester surface. The ratio of amine
and carboxylic acid groups differed with unhydrolyzed and hydrolyzed starting materials
(Figure 5). Strength loss was somewhat greater than with alkaline hydrolysis. [17]

Figure 5. Hydrolysis and aminolysis of polyester

1.2.2. Sol gel pre modification of fabrics

The sol-gel process is an excellent tool to obtain ordered hybrid organic-inorganic nanocom‐
posites. The method involves the mixing of precursors in an aqueous or alcoholic medium.
Precursors are molecules, which contain a central metal or semimetal atom, to which reac‐
tive alkoxy groups and/or organic groups are bonded. These reactive groups are subjected
to an acidic or alkaline catalyzed hydrolysis and condensation reaction, thus forming a sol
and subsequently a gel. Aging or drying step enables the production of powders, xerogels,
aerogels, fibers, or coatings [18]. The latter procedure renders possible surface modification
of textiles, thus imparting novel properties to the material.

The sol-gel technology was also applied to influence the dyeing properties. Luo et al. [19]
succeeded in improving the wash fastness of cotton materials that had been dyed with di‐
rect dyes using GPTMS and TEOS. Mahltig incorporated dyes into a silica matrix [20-22]. Du
investigated the fixation properties and mechanism of direct dyes on silk, nylon 6 and cot‐
ton applying various organotrialkoxysilanes. They found that the most suitable precursors
for silk and nylon 6 are amide- and vinyl-containing sols [14]. Yin also managed to enhance
the fastness properties of cotton material that had been dyed with direct dyes [22].

1.2.2.1. Dyeing Treatment of Sol-gel Pre-treated Cotton Fabrics

Schramm and his coworker investigated the impact of alkoxysilanes (TEOS, GPTMS,
APTES, and TESP-SA) on the dyeing process of cotton substrates, which were dyed with 4
% owf C.I. Reactive Red 141 and 4 % owf C.I. Reactive Black 5. (Figure 6) For this purpose
cotton samples were pre-treated with the alkoxysilanes and subsequently dyed. The results
show that TESP-SA are lowering the L* values significantly, whereas TEOS, GPTMS, and
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1.2. Chemical modification of fabrics

Chemical treatment has been used in industry to treat large objects that would be diffi‐
cult  to  treat  by  other  commonly  used  industrial  technique  such  as  flame  and  corona-
discharge  treatments.  Chemical  etchants  are  used  to  convert  smooth  hydrophobic
polymer  surfaces  to  rough  hydrophilic  surfaces  by  dissolution  of  amorphous  regions
and  surface  oxidation.  Chromic  acid  is  the  most  widely  used  etchant  for  polyolefins
and other polymers. [2]
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APTES give rise to a moderate change of L*. The after-treatment of dyed cotton fabrics with
alkoxysilane causes almost no effect with respect to the colorimetric data. The direct incor‐
poration of the alkoxysilanes into the dyeing bath resulted in a reduction of the color prop‐
erties, when APTES or TESP-SA was employed. The crease-proof finishing treatment caused
an increase in the a* value of red-dyed samples. [23]

Figure 6. Chemical formula of the substances of interest.

1.2.2.2. An evaluation of the dyeing behavior of sol–gel silica doped with direct dyes

Direct dyes are important dyes used on cellulose fiber directly. They can be applied in the
same dyeing bath with other dyes. Moreover, the price is much lower than that of other
dyes. However, several problems often occur in dyed fabric with direct dyes, such as lower
washing and rubbing fastnesses. Some direct dyes perform rather poorly with respect to
washing and rubbing fastnesses. They are mainly caused by the water-soluble groups, sul‐
phonic and/ or carboxyl groups. Without an appropriate treatment, direct dyes bleed a little
with each washing, lose their color on fabric and endanger other clothes washed in the same
bath. At present, copper salt fixing reagent and cationic fixing reagent are widely used in
textile industry to improve the fastness by cross-linking reactions between metal ion or
formaldehyde and other molecules. But metal ions in fixing reagent such as cupric cation
(Cu2+) will aggravate the difficulty of waste processing. Also some reagents and intermedi‐
ates used in diazotization or crosslinking reactions such as formaldehyde, nitroaniline seri‐
ously affect the human health and the environment.
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Moreover, the vividness after copper salt or diazotization finishing usually fades away, so
that the application scope of direct dyes have been seriously limited in textile industry. A
novel dyeing solution containing silica and direct dyes has been prepared by the sol–gel
process. During this process, EtOH, tetraethoxysilane (TEOS), H2O and 3-glycidoxypropyl‐
trimethoxysilane (GPTMS) were added in turn. The molar ratio of TEOS:H2O:EtOH was
1:5:8 and the concentration of GPTMS was 0.05 mol/L. Fabric was dyed at 90oC for 40 min.
The concentration of NaCl added into the dyeing solution was 10 g/L. The dyed fabrics were
baked at 150oC for 5 min. With this process, the results indicate that the K/S value is en‐
hanced by more than 10%, the rubbing fastness and the washing change fastness are im‐
proved by one grade and the washing staining fastness is improved by half a grade. Not
only is the K/S value enhanced from 9.3 to 11.5, but also the wet rubbing fastness and the
washing change fastness are increased half a grade. Using a video microscope, a smoother
fiber surface is observed. The calculated sol–gel weight gain is 4.6%. As a nonpolluting proc‐
ess, the sol–gel technology shortens the dyeing process and brings a better fixation property,
meeting the needs of energy-saving and pollution-free processes.

1.2.3. Application of nanoparticles for surface modification of fibers

The dyeability of synthetic fibers depends on their physical and chemical structure. Dyeing
process consist of three steps including the diffusion of dye through the aqueous dye bath
on to the fiber, the adsorption of dye into the outer layer of the fiber and the diffusion of dye
from the adsorbed surface into the fiber interior. It was shown by researchers that functional
groups of PET and water molecules play a great role in this process. The terminal carboxylic
and hydroxyl groups in PET chains interact with water molecules. This makes a swelled fi‐
ber resulting to increase the attraction of disperse dye by these functional groups of fiber.

The proportion of crystalline and amorphous regions of polymer is another factor influencing
the dyeability. Researchers are concerned with the development and implementation of new
techniques in order to fulfill improvement in dyeability of various polymers. Blending of poly‐
meric fibers with nanoclays as inexpensive materials is still claimed as cost effective method to
enhance dyeability. Up to now, only two research articles are focused on dyeing properties of
polypropylene- and polyamide 6- layered clay incorporated nanocomposites prepared by melt
compounding. Toshniwal et al. suggested that polypropylene fibers could be made dyeable
with disperse dyes by addition of nanoclay particles in polymer matrix [25].

The previous study on dyeability of PET/clay nanocomposites stated the following type of
interactions between the disperse dye and clay surfaces:

• Hydrogen bonding between OH groups of modified clays and the NH2 and CO groups of
disperse dye molecules.

• Electrostatic bonding between the negatively charged oxygen atom of carbonyl groups in
disperse dye molecule and positively charged nitrogen atom of quaternary ammonium
salt in modified clays.

• Direct π interactions and van der Waals forces between methyl and ethyl groups of modi‐
fied clays on one hand and methoxy group and benzene rings of disperse dye molecule
on the other hand.
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ber resulting to increase the attraction of disperse dye by these functional groups of fiber.
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meric fibers with nanoclays as inexpensive materials is still claimed as cost effective method to
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1.2.4. Application of cyclodextrins in textile dyeing

Cyclodextrins can be considered as a new class of auxiliary substances for the textile indus‐
try. Cyclodextrins can be used for textile application because of their natural origin and their
biodegradability. Cyclodextrins play on important role in textile scientific research area and
should play a significant role in the textile industry as well to remove or substitute various
auxiliaries or to prepare textile materials containing molecular capsules which can immobi‐
lize perfumes, trap unpleasant smells, antimicrobial reagents and flame retardants. As cyclo‐
dextrins can incorporate different dyes into their cavity, they should be able to act as
retarders in a dyeing process. Various auxiliary products are used in wet finishing process‐
es, especially in dyeing and washing. One of the dyeing auxiliary products are leveling
agent. Leveling agents help to achieve uniform dyeing by slowing down the dye exhaustion
or by dispersing the dye taken by the fibre in a uniform way. They can be classified into two
groups: agents having affinity to the dye and agents having affinity to the fibre. Agents hav‐
ing affinity to the dyes slow down the dyeing process by forming complexs with the dyes.
The complex compound moves slower compared to the dye itself; at higher temperature the
dye is released and it can be fixed to the fibre. Application of cyclodextrins as leveling
agents having affinity to dyestuffs has been investigated in research work about dyeing of
cellulose fibres with direct dyes by exhaust method where β-cyclodextrin was tested as a
dye complexing agent. cyclodextrins as a dye retardant in the dyeing of PAN fibres with cat‐
ionic dyes was studied; further it was reported that some azo disperse dyes formed inclu‐
sion complexes with cyclodextrins. [26]

1.2.5. Chitosan applications in textile dyeing

Nowadays, the surface modification of textile fibres is considered as the best route to obtain
modern textile treatments.

Among various available biopolymers, the polysaccharide chitosan (CHT) is highly recom‐
mendable, since it shows unique chemical and biological properties and its solubility in
acidic solutions makes it easily available for industrial purposes. The polysaccharide-based
cationic biopolymer chitosan is poly(1,4)-2-amino-2-deoxy-b-D-glucan, usually obtained by
deacetylation of chitin that is widely present in the nature as a component of some fungi,
exoskeleton of insects and marine invertebrates (crabs and shrimp). The chemistry of chito‐
san is similar to that of cellulose, but it reflects also the fact that the 2-hydroxyl group of the
cellulose has been replaced with a primary aliphatic amino group. Among many other uses,
it has been recently shown that chitosan improves the dye coverage of immature fibres in
cotton dyeing and that it could be successfully used as a thickener and binder in pigment
printing of cotton.

Also Gupta et al showed that, chitosan treated cotton has better dyeability with direct and
reactive dyes and treatment with modified chitosan makes it possible to dye cotton in bright
shades with cationic dyes having high wash fastness. Treated samples showed good antimi‐
crobial activity against Escherichia coli and Staphylococcus aureus at 0.1% concentration as
well as improved wrinkle recovery. [28]
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In similar research work, Jocic and his coworkers assessed the interactions that could occur
during dyeing of the chitosan treated wool fibres, by measuring the absorbance values of
the solutions containing dye and chitosan. It has been shown that there is a 1:1 stoichiometry
between protonated amino groups and sulfonate acid groups on the dye ions in low concen‐
trated chitosan solutions. This interaction forms an insoluble chitosan/dye product. With the
excess of chitosan in the solution, the dye can be distributed between the different chitosan
molecules and the soluble chitosan/dye products remain in the solution. It is suggested that
the mechanism of the interaction involves the possibility of adsorbed dye molecules to be
desorbed and redistributed between other components present in the system, depending on
system parameters (pH, temperature and electrolyte presence). This fact is important in ex‐
planation of dyeing behaviour of chitosan treated wool and enables the assessment of the
mechanism of dyeing of accordingly modified textile fibres [29].

Also Kitkulnumchai et al, showed that, the KIO4 oxidation of cellulose fabrics created more
aldehydic groups on the fabric surface and the following reductive ammination with chito‐
san afforded stable C–N bonds between cellulose and chitosan chains. The attachment of
chitosan to the fabric considerably improved dye uptake of mono chlorotriazine and vinyl
sulfone reactive dyes resulting in greater dye exhaustion and the color yield (K/S).

The enhanced dyeability of the modified fabric is likely resulted from the reduction of the
coulombic repulsion between the fabric surface and the anionic dye molecules in the pres‐
ence of the positively charged chitosan on the surface. The oxidation step can cause some
drop in the fabric strength. This oxidation reductive amination with chitosan is thus a con‐
venient method for modifying the surface activity of cellulose fabrics whereas the fabric
strength is not of the great priority.[30]

In another research, Cotton fabrics have been successfully dyed by green tea extract upon
chitosan mordanting, and UV protection property of the chitosan mordanted green tea dyed
cotton was increased.

The following conclusions have been made from this study;

1. Chitosan mordanting can effectively increase the ΔE and the K/S, that is, the dyeing effi‐
ciency of green tea dyeing onto cotton fabrics. As chitosan concentration increased, the
ΔE and the K/S of cotton fabrics by green tea extract increased gradually.

2. Chitosan mordanting can effectively increase the UV protection property of both UV-A
and UV-B of green tea dyed cotton fabrics. Chitosan mordanted undyed cotton and chi‐
tosan unmordanted dyed cotton did not show an increase in UV protection property.
Therefore, it can be assumed that chitosan increased the uptake of active moiety, cate‐
chin, in green tea, which would be responsible for the UV protection and subsequently
increased UV protection property of the chitosan mordanted green tea dyed fabric.

3. As chitosan mordanting concentration increased, UV protection property increased in
both UV-A and UV-B.

Around 7% UV protection increase from control was observed upon chitosan mordanting,
which is similar value of the green tea dyed cellulose fabric using a specific metal mordant.
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Therefore, it can be concluded that green tea dyeing can be used in developing UV protec‐
tive cotton textiles, and the chitosan mordanting process would be necessary in green tea
dyeing of cotton to increase not only the dyeing efficiency but also the UV protection prop‐
erty of cotton fabrics. [31]
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Therefore, it can be concluded that green tea dyeing can be used in developing UV protec‐
tive cotton textiles, and the chitosan mordanting process would be necessary in green tea
dyeing of cotton to increase not only the dyeing efficiency but also the UV protection prop‐
erty of cotton fabrics. [31]
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1. Introduction

Chemical finishing is crucial for giving textiles new functionalities and making them ap‐
propriate for special  applications,  such as antimicrobial  resistance,  flame retardancy and
others. Textile finishing is also an important process as it improves appearance, perform‐
ance or hand.

Cyclodextrins can act as hosts and form inclusion compounds with various small molecules.
Such complexes can be formed in solutions, in a solid state as well as when cyclodextrins are
linked to various surfaces where they can act as permanent or temporary hosts for small
molecules that provide certain desirable attributes. This characteristic makes cyclodextrin a
promising reagent in textile finishing.

2. Cyclodextrins

Cyclodextrins(CDs) are relevant molecules used in different applications and industries
from pharmacology, cosmetics, textiles, filtration to pesticide formulations. They comprise a
family of three well-known industrially produced substances. The practically important, in‐
dustrially produced CDs are the α-, β-, and γ-CDs. There are some seldom used cyclic oligo‐
saccharides as well but because of their cost are not applicable to industrial applications [1].
CDs are cyclic oligomers of a-D-glucopyranose that can be produced with the transforma‐
tion of starch by certain bacterias such as Bacillus macerans [2, 3].

The preparation process of CDs consists of four principal phases: (i) culturing of the micro‐
organism that produces the cyclodextrin glucosyl transferase enzyme (CGT-ase); (ii) separa‐
tion, concentration and purification of the enzyme from the fermentation medium; (iii)
enzymatical conversion of prehydrolyzed starch in mixture of cyclic and acyclic dextrins;
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and (iv) separation of CDs from the mixture, their purification and crystallization. CGT-ase
enzymes degrade the starch and starts intramolecular reactions without the water participa‐
tion. In the process, cyclic (CDs) and acyclic dextrins are originated, which are oligosacchar‐
ides of intermediate size. CDs are formed by the link between units of glucopyranose. The
union is made through glycosidic oxygen bridges by α-(1,4) bonds. The purification of α-
and γ-CDs increases the cost of production considerably, so that 97% of the CDs used in the
market are β-CDs [2].

CDs ring structures act as hosts and form inclusion compounds with various small mole‐
cules. Such complexes can be formed in solutions, in a solid state as well as when cyclodex‐
trins are linked to various surfaces. In all forms they can act as permanent or temporary
hosts to small molecules that provide certain desirable attributes.

In the textile field CDs may have many applications such as: absorption of unpleasant
odours; they can complex and release fragrances, “skin-care-active” and bioactive substan‐
ces. Further, various textile materials treated with cyclodextrins could be used as selective
filters for adsorption of small pollutants from waste water [4].

After the discovery of CDs scientists considered them poisonous substances and their ability
for complexes formation was only considered a scientific curiosity. Later on, research on
CDs proved that they are not only non-toxic but they can be helpful for protecting flavours,
vitamins and natural colours [2]. CDs already play a significant role in the textile industry
and can be used in dyeing, surface modification, encapsulation, washing, and preparation of
polymers and in fibre spinning.

Since year 2000, β-CD has been introduced as a food additive in Germany. With respect to
OECD experiments, this compound has shown no allergic impact. In the USA α-, β- and γ-
CDs have obtained the GRAS list (FDA list of food additives that are ‘generally recognized
as safe’) status and can be commercialized as such. In Japan α-, β- and γ-CDs are recognized
as natural products and their commercialization in the food sector is restricted only by con‐
siderations of purity. In Australia and New Zealand α- and γ-CDs are classified as Novel
Foods from 2003 and 2004, respectively. The recommendation of Joint FAO/WHO Expert
Committee on Food Additives (JECFA) for a maximum level of β-CDs in foods is 5 mg/kg
per day. For α- and γ-CDs no Acceptable Daily Intake (ADI) was defined because of their
favourable toxicological profiles [2, 5].

Natural cyclodextrins and their hydrophilic derivatives are only able to permeate lipophilic
biological membranes, such as the eye cornea, with considerable difficulty. All toxicity stud‐
ies have demonstrated that orally administered cyclodextrins are practically non-toxic, due
to lack of absorption from the gastrointestinal tract. The main properties of β-CD, the most
important cyclodextrin in textile application are: less irritating than α-CD after i.m. injection,
binds cholesterol, small amount (1-2%) is adsorbed in the upper intestinal tract, no metabo‐
lism in the upper intestinal tract, metabolised by bacteria in caecum and colon, LD50 oral rat
> 5000 mg/kg, LD50 i.v., rat: between 450-790 mg/kg, however, application of high doses
may be harmful and is not recommended [6, 7].

Eco-Friendly Textile Dyeing and Finishing54

2.1. Structure of cyclodextrins

The  three  mayor  CDs  are  crystalline,  homogeneous,  and  non-hygroscopic  substances,
which are torus-shaped oligosaccharides [1, 8-10], composed in the more common forms
of six to eight (α-1,4)-linked α-D-glucopyranose units (α-,  β- and γ-cyclodextrin),  Figure
1 schematically present the main three cyclodextrins [11].  They are of circular and coni‐
cal  conformation,  where  the  height  is  about  800  pm.  The  inner  diameter  of  the  cavity
varies from 500 to 800 pm.

Figure 1. Schematic presentation of the main three CDs [12].

All glucopyranose units in the torus-like ring possess the thermodynamically favoured chair
conformation because all substituents are in the equatorial position. As a consequence of the
4C1 conformation of the glucopyranose units, all secondary hydroxyl groups are situated on
the lager side of the ring, whereas all the primary ones are placed on the narrower side of
the ring. Hydroxyl groups on the outside of the CDs ensure good water solubility. The cavi‐
ty is lined with hydrogen atoms of C3, by the glycosidic oxygen bridges and hydrogen
atoms of C5. The nonbonding electron pairs of the glycosidic oxygen bridges are directed
toward the inside of the cavity producing a high electron density and because of this the in‐
ner side of the cavity has some Lewis base characteristics. The C-2-OH group of one gluco‐
pyranoside unit can form a hydrogen bond with the C-3-OH group of the adjacent
glucopyranose unit. In the CD molecule, a complete secondary belt is formed by these hy‐
drogen bonds, therefore the β-CD has a rather rigid structure. Because of this arrangement,
the interior of the toroids is not hydrophobic but considerably less hydrophilic than the
aqueous environment and thus able to host other hydrophobic molecules. CDs behave more
or less like rigid compounds with two degrees of freedom, rotation at the glucosidic links
C4-O4 and C1-O4 and rotations at the O6 primary hydroxyl groups at the C5-C6 band. The
intramolecular hydrogen bond formation is probably the explanation for the observation
that β-CD has the lowest water solubility of all CDs. The hydrogen-bond belt is incomplete
in the α-CD molecule, because one glucopyranose unit is in a distorted position. Conse‐
quently, instead of the six possible H-bonds, only four can be established fully. γ-CD is a
noncoplanar with more flexible structure; therefore, it is the most soluble of the three CDs.
Figure 2 shows a sketch of the characteristic structural features of CDs. On the side where
the secondary hydroxyl groups are situated, the diameter of the cavity is larger than on the
side with the primary hydroxyls, since free rotation of the primary hydroxyls reduces the
effective diameter of the cavity [13, 14].
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Figure 2. Schematic presentations of characteristic structural features of CDs.

By far, β-cyclodextrin (β-CD), with 7 sugar units, has been commercially the most attractive
(more than 95% consumed) due to its simple synthesis, availability and price.

A β-CD molecule has a molecular weight of 1135 and a height of 750–800 pm. The internal
diameter of the molecule’s hole is between 600 and 680 pm, and the external diameter is
1530 pm[1, 15]. The volume of the hole is 260–265 Å3, and the dissolution is 1.85 g/100 mL of
water. The cavity is hydrophobic; the external section is hydrophilic in nature. β-CD is sta‐
ble in alkali solutions and it is sensitive to acid hydrolysis [16].

2.2. Properties of cyclodextrins

The most notable feature of CDs is their ability to form solid inclusion complexes (“host–
guest” complexes) with a very wide range of solid, liquid and gaseous compounds by a mo‐
lecular complexation. The phenomenon of CD inclusion compound formation is a compli‐
cated process involving many factors playing an important role.

Complex formation is a dimensional fit between host cavity and guest molecule. The lipo‐
philic cavity of CD molecules provides a microenvironment into which appropriately sized
non-polar moieties can enter to form inclusion complexes. No covalent bonds are broken or
formed during formation of the inclusion complex.

According to some authors [11, 17] hydrophobic interactions are the main driving forces for
CD-based host-guest compounds. Other requirements such as steric hindrance and relation
between sizes of host and guest cavities are also important. This is illustrated by the fact that
not only hydrophobic interaction will lead to an association between a guest molecule and a
CD but ionic solutes, such as non-associated inorganic salts, can also be involved in these
complexes.

Some researchers [7] claim that the main driving force of complex formation is the release of
enthalpy-rich water molecules from the cavity. The water molecules located inside the cavi‐
ty cannot satisfy their hydrogen bonding potentials and therefore are of higher enthalpy.
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The energy of the system is lowered when these enthalpy–rich water molecules are replaced
with suitable guest molecules which are less polar than water. In an aqueous solution, the
slightly apolar CD cavity is occupied by water molecules which are energetically unfav‐
oured, and therefore can be readily substituted by appropriate "guest molecules" which are
less polar than water. This apolar–apolar association decreases the CD ring strain resulting
in a more stable lower energy state. The dissolved CD is the "host" molecule, and the "driv‐
ing force" of the complex formation is the substitution of the high-enthalpy water molecules
by an appropriate "guest" molecule.

The binding of guest molecules within the host CD is not fixed or permanent but rather is a
dynamic equilibrium. Binding strength depends on how well the ‘host–guest’ complex fits
together and on specific local interactions between surface atoms. Complexes can be formed
either in solution or in the crystalline state and water is typically the solvent of choice. Inclu‐
sion complexation can be accomplished in a co-solvent system and in the presence of any
non-aqueous solvent [7]. Generally, one guest molecule is included in one CD molecule, al‐
though in the case of some low molecular weight molecules, more than one guest molecule
may fit into the cavity, and in the case of some high molecular weight molecules, more than
one CD molecules may bind to the guest. In principle, only a portion of the molecule must
fit into the cavity to form a complex. CD inclusion is a stoicmetric molecular phenomenon in
which usually only one guest molecule interacts with the cavity of the CD molecules to be‐
come entrapped. 1:1 complex is the simplest and most frequent case. However, 2:1, 1:2, 2:2,
or even more complicated associations, and higher order equilibrium exist almost always si‐
multaneously.

Inclusion in CDs has a profound effect on the physicochemical properties of guest molecules
as they are temporarily included within the host cavity.

These properties are:

• solubility enhancement of highly insoluble guests,

• stabilisation of labile guests against the degradative effects of oxidation, visible or UV
light and heat,

• control of volatility and sublimation,

• physical isolation of incompatible compounds,

• chromatographic separations,

• taste modification by masking of flavours, unpleasant odours,

• controlled release of drugs and flavours,

• removal of dyes and auxiliaries from dyeing effluents,

• retarding effect in dyeing and finishing,

• protection of dyes from undesired aggregation and adsorption.
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Figure 2. Schematic presentations of characteristic structural features of CDs.

By far, β-cyclodextrin (β-CD), with 7 sugar units, has been commercially the most attractive
(more than 95% consumed) due to its simple synthesis, availability and price.

A β-CD molecule has a molecular weight of 1135 and a height of 750–800 pm. The internal
diameter of the molecule’s hole is between 600 and 680 pm, and the external diameter is
1530 pm[1, 15]. The volume of the hole is 260–265 Å3, and the dissolution is 1.85 g/100 mL of
water. The cavity is hydrophobic; the external section is hydrophilic in nature. β-CD is sta‐
ble in alkali solutions and it is sensitive to acid hydrolysis [16].

2.2. Properties of cyclodextrins

The most notable feature of CDs is their ability to form solid inclusion complexes (“host–
guest” complexes) with a very wide range of solid, liquid and gaseous compounds by a mo‐
lecular complexation. The phenomenon of CD inclusion compound formation is a compli‐
cated process involving many factors playing an important role.

Complex formation is a dimensional fit between host cavity and guest molecule. The lipo‐
philic cavity of CD molecules provides a microenvironment into which appropriately sized
non-polar moieties can enter to form inclusion complexes. No covalent bonds are broken or
formed during formation of the inclusion complex.

According to some authors [11, 17] hydrophobic interactions are the main driving forces for
CD-based host-guest compounds. Other requirements such as steric hindrance and relation
between sizes of host and guest cavities are also important. This is illustrated by the fact that
not only hydrophobic interaction will lead to an association between a guest molecule and a
CD but ionic solutes, such as non-associated inorganic salts, can also be involved in these
complexes.

Some researchers [7] claim that the main driving force of complex formation is the release of
enthalpy-rich water molecules from the cavity. The water molecules located inside the cavi‐
ty cannot satisfy their hydrogen bonding potentials and therefore are of higher enthalpy.
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The energy of the system is lowered when these enthalpy–rich water molecules are replaced
with suitable guest molecules which are less polar than water. In an aqueous solution, the
slightly apolar CD cavity is occupied by water molecules which are energetically unfav‐
oured, and therefore can be readily substituted by appropriate "guest molecules" which are
less polar than water. This apolar–apolar association decreases the CD ring strain resulting
in a more stable lower energy state. The dissolved CD is the "host" molecule, and the "driv‐
ing force" of the complex formation is the substitution of the high-enthalpy water molecules
by an appropriate "guest" molecule.

The binding of guest molecules within the host CD is not fixed or permanent but rather is a
dynamic equilibrium. Binding strength depends on how well the ‘host–guest’ complex fits
together and on specific local interactions between surface atoms. Complexes can be formed
either in solution or in the crystalline state and water is typically the solvent of choice. Inclu‐
sion complexation can be accomplished in a co-solvent system and in the presence of any
non-aqueous solvent [7]. Generally, one guest molecule is included in one CD molecule, al‐
though in the case of some low molecular weight molecules, more than one guest molecule
may fit into the cavity, and in the case of some high molecular weight molecules, more than
one CD molecules may bind to the guest. In principle, only a portion of the molecule must
fit into the cavity to form a complex. CD inclusion is a stoicmetric molecular phenomenon in
which usually only one guest molecule interacts with the cavity of the CD molecules to be‐
come entrapped. 1:1 complex is the simplest and most frequent case. However, 2:1, 1:2, 2:2,
or even more complicated associations, and higher order equilibrium exist almost always si‐
multaneously.

Inclusion in CDs has a profound effect on the physicochemical properties of guest molecules
as they are temporarily included within the host cavity.

These properties are:

• solubility enhancement of highly insoluble guests,

• stabilisation of labile guests against the degradative effects of oxidation, visible or UV
light and heat,

• control of volatility and sublimation,

• physical isolation of incompatible compounds,

• chromatographic separations,

• taste modification by masking of flavours, unpleasant odours,

• controlled release of drugs and flavours,

• removal of dyes and auxiliaries from dyeing effluents,

• retarding effect in dyeing and finishing,

• protection of dyes from undesired aggregation and adsorption.
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2.3. Application of cyclodextrins

Complexes can be formed in solutions, in the solid state, as well as when CDs are linked to a
solid surface where they can act as permanent or temporary hosts to those small molecules
that provide certain desirable attributes such as adsorption of dyestuff molecules, fragrances
or antimicrobial agents. This "molecular encapsulation" is already widely utilized in many
industrial products, technologies, and analytical methods [7, 18].

Due to the relatively non-polar character of the cavity in comparison to the polar exterior,
CD can form inclusion complexes with a wide variety of guest molecules, such as drugs [19,
20, 21], ionic and non-ionic surfactants [23, 24, 25], dyes [26, 27] and polymers [28], etc. The
use of CDs has increased annually around 20–30%, of which 80-90% was in food products
[29]. In the pharmaceutical industry, CDs and their derivatives have been used either for
complexation of drugs or as auxiliary additives such as solubilizers, diluents, or ingredients
for improving of drugs physical and chemical properties, or to enhance the bioavailability of
poorly soluble moieties [30]. In the chemical industry, CDs and their derivatives are used as
catalysts to improve the selectivity of reactions, as well as for the separation and purification
of industrial-scale products [31]. In the food, cosmetics, toiletry, and tobacco industries, CDs
have been widely used either for stabilization of flavours and fragrances or for the elimina‐
tion of undesired tastes, microbiological contaminations, and other undesired compounds
[7]. For the last 30 years, the use of CDs and their derivatives in the textile domains has cap‐
tivated a lot of attention. Many of the papers and patents report the use of CDs for finishing
and dyeing processes. For instance, they discuss the capture of unpleasant smells due to per‐
spiration, or how to do the controlled release of perfumes, insecticides and antibacterial
agents [4, 32-45].

3. Cyclodextrins in textiles

In the textile field CDs may have many applications such as: they can absorb unpleasant
odours; they can complex and release fragrances or “skin-care-active” substances like vita‐
mins, caffeine and menthol as well as bioactive substances such as biocides and insecticides.
Further, various textile materials treated with CDs could be used as selective filters for ad‐
sorption of small pollutants from waste waters - “preparation of textile nanosponges”.

3.1. Cyclodextrins in textile finishing

One of the new concepts for modification of textile substrates is based on the permanent fix‐
ation of supramolecular compounds on the material’s surface and, thus, imparts new func‐
tionality to the fabric. [46]. One of the most promising supramolecular moieties applied to
textiles are CDs. Covalent bonding of CDs onto textile fibres was firstly patented in 1980 by
Szejtli [47]. He and co-workers reported to bond CD via crosslinking reagent epichlorhydrin
onto alkali-swollen cellulose fibres. They found out that CD covalently bonded to cellulose
retained the ability to form complexes; when cellulose was treated with a drug it complexed
with CD. The complexed drug was upon the contact with the skin released; cellulose textile
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substrate containing covalently bound β-CD was treated with solution of iodine, potassium
iodide and methanol as a solvent to prepare a medical bandage [48].

Szejtli published [4] a very extensive review about CDs in the textile industry. In his review
he divided the application of CDs in textile sectors in the following areas: binding of CDs to
fibre surfaces, CDs in textile dyeing, in textile finishing, CDs and detergents and miscellane‐
ous applications of CDs in textile industry and textile care. Due to the fact that application of
CDs in textile dyeing processes was extensively reported in a chapter of the book edited by
Hauser [18], we will emphasis in current publication about the application of CDs in textile
finishing.

3.1.1. Binding of cyclodextrins to fibre surfaces

The attachment of CD molecules on textile substrate provides hosting cavities that can in‐
clude a large variety of guest molecules for specific functionality. There are two possible ap‐
proaches to bond CDs onto textile fibres such as chemical bonding of modified CDs on the
fibre surfaces or to use bifunctional reagents to link CDs covalently on fibre surfaces.

The most promising approach to bond modified CDs onto textile fibres is  the modifica‐
tion  of  CDs  with  trichlorotriazines  to  prepare  monochlorotriazinyl-cyclodextrin  (CD-
MCT)  [49,  50].  Analogues  to  reactive  dyes  the  CD-MCT  can  be  fixed  to  the  fabric  by
well-known methods and with common equipment. CD-MCT can be applied to fibre sur‐
faces  by  an  exhaustion  method  or  by  thermofixation.  Moldenhauer  with  co-workers
found out [51] that the fixation was the best when textile substrate was cotton. Mixed fi‐
bre  materials  like  cotton/polyurethane  or  cotton/polyamide  can  be  finished  with  β-CD-
MCT  in  good  yields.  Ibrahim  et.al  [52]  reported  the  improvement  of  UV  protective
properties  of  cotton/wool  and  viscose/wool  blends  via  incorporating  of  reactive  β-CD-
MCT in the easy care finishing formulations, followed by subsequent treatment with cop‐
per-acetate  or  post-dyeing  with  different  classes  of  dyestuffs  (acid,  basic,  direct  and
reactive).  They found out  that  post-dyeing of  the  prefinished textile  blends  results  in  a
significant increase in the UPF (UV-protection factor) values as a direct consequence of a
remarkable reduction in UV radiation transmission through the plain weave fabric. β-CD
modified  with  monochlorotriazine  was  applied  to  the  cotton  fabrics  for  entrapping  of
sandalwood oil  as  an aroma-finishing agent  by Sricharussin [53].  The Fourier  transform
infrared,  tensile  stress  tests  and  gas  chromatography-mass  spectroscopy  measurements
were used to  investigate  the  effects  of  the  treatment.  It  was  found that  β-CD-MCT can
be fixed to cotton fabrics with the pad-dry-cure method at high temperature. No loss of
tensile strength of the treated fabrics was reported. The fragrance disappeared from un‐
treated  cotton  after  8  days  when  stored  at  ambient  temperature  (30°C)  but  on  other
hand, the fragrance was retained in β-CD-MCT-treated cotton fabrics for 21 days in the
same conditions.  Agrawal et.al  compared the efficiency of enzymatic treatments and ex‐
isting chemical techniques for bonding β-CD and its derivatives to cotton surface. Novel
chemical  based crosslinking  with  homo-bi-functional  reactive  dye  (C.I.  reactive  black  5)
and grafting with reactive β-CD-MCT show maximum attachment to cotton surface.  In‐
novative,  enzymatic  coupling  of  especially  synthesized  6-monodeoxy-6-mono(N-tyrosin‐
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2.3. Application of cyclodextrins

Complexes can be formed in solutions, in the solid state, as well as when CDs are linked to a
solid surface where they can act as permanent or temporary hosts to those small molecules
that provide certain desirable attributes such as adsorption of dyestuff molecules, fragrances
or antimicrobial agents. This "molecular encapsulation" is already widely utilized in many
industrial products, technologies, and analytical methods [7, 18].

Due to the relatively non-polar character of the cavity in comparison to the polar exterior,
CD can form inclusion complexes with a wide variety of guest molecules, such as drugs [19,
20, 21], ionic and non-ionic surfactants [23, 24, 25], dyes [26, 27] and polymers [28], etc. The
use of CDs has increased annually around 20–30%, of which 80-90% was in food products
[29]. In the pharmaceutical industry, CDs and their derivatives have been used either for
complexation of drugs or as auxiliary additives such as solubilizers, diluents, or ingredients
for improving of drugs physical and chemical properties, or to enhance the bioavailability of
poorly soluble moieties [30]. In the chemical industry, CDs and their derivatives are used as
catalysts to improve the selectivity of reactions, as well as for the separation and purification
of industrial-scale products [31]. In the food, cosmetics, toiletry, and tobacco industries, CDs
have been widely used either for stabilization of flavours and fragrances or for the elimina‐
tion of undesired tastes, microbiological contaminations, and other undesired compounds
[7]. For the last 30 years, the use of CDs and their derivatives in the textile domains has cap‐
tivated a lot of attention. Many of the papers and patents report the use of CDs for finishing
and dyeing processes. For instance, they discuss the capture of unpleasant smells due to per‐
spiration, or how to do the controlled release of perfumes, insecticides and antibacterial
agents [4, 32-45].

3. Cyclodextrins in textiles

In the textile field CDs may have many applications such as: they can absorb unpleasant
odours; they can complex and release fragrances or “skin-care-active” substances like vita‐
mins, caffeine and menthol as well as bioactive substances such as biocides and insecticides.
Further, various textile materials treated with CDs could be used as selective filters for ad‐
sorption of small pollutants from waste waters - “preparation of textile nanosponges”.

3.1. Cyclodextrins in textile finishing

One of the new concepts for modification of textile substrates is based on the permanent fix‐
ation of supramolecular compounds on the material’s surface and, thus, imparts new func‐
tionality to the fabric. [46]. One of the most promising supramolecular moieties applied to
textiles are CDs. Covalent bonding of CDs onto textile fibres was firstly patented in 1980 by
Szejtli [47]. He and co-workers reported to bond CD via crosslinking reagent epichlorhydrin
onto alkali-swollen cellulose fibres. They found out that CD covalently bonded to cellulose
retained the ability to form complexes; when cellulose was treated with a drug it complexed
with CD. The complexed drug was upon the contact with the skin released; cellulose textile
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substrate containing covalently bound β-CD was treated with solution of iodine, potassium
iodide and methanol as a solvent to prepare a medical bandage [48].

Szejtli published [4] a very extensive review about CDs in the textile industry. In his review
he divided the application of CDs in textile sectors in the following areas: binding of CDs to
fibre surfaces, CDs in textile dyeing, in textile finishing, CDs and detergents and miscellane‐
ous applications of CDs in textile industry and textile care. Due to the fact that application of
CDs in textile dyeing processes was extensively reported in a chapter of the book edited by
Hauser [18], we will emphasis in current publication about the application of CDs in textile
finishing.

3.1.1. Binding of cyclodextrins to fibre surfaces

The attachment of CD molecules on textile substrate provides hosting cavities that can in‐
clude a large variety of guest molecules for specific functionality. There are two possible ap‐
proaches to bond CDs onto textile fibres such as chemical bonding of modified CDs on the
fibre surfaces or to use bifunctional reagents to link CDs covalently on fibre surfaces.

The most promising approach to bond modified CDs onto textile fibres is  the modifica‐
tion  of  CDs  with  trichlorotriazines  to  prepare  monochlorotriazinyl-cyclodextrin  (CD-
MCT)  [49,  50].  Analogues  to  reactive  dyes  the  CD-MCT  can  be  fixed  to  the  fabric  by
well-known methods and with common equipment. CD-MCT can be applied to fibre sur‐
faces  by  an  exhaustion  method  or  by  thermofixation.  Moldenhauer  with  co-workers
found out [51] that the fixation was the best when textile substrate was cotton. Mixed fi‐
bre  materials  like  cotton/polyurethane  or  cotton/polyamide  can  be  finished  with  β-CD-
MCT  in  good  yields.  Ibrahim  et.al  [52]  reported  the  improvement  of  UV  protective
properties  of  cotton/wool  and  viscose/wool  blends  via  incorporating  of  reactive  β-CD-
MCT in the easy care finishing formulations, followed by subsequent treatment with cop‐
per-acetate  or  post-dyeing  with  different  classes  of  dyestuffs  (acid,  basic,  direct  and
reactive).  They found out  that  post-dyeing of  the  prefinished textile  blends  results  in  a
significant increase in the UPF (UV-protection factor) values as a direct consequence of a
remarkable reduction in UV radiation transmission through the plain weave fabric. β-CD
modified  with  monochlorotriazine  was  applied  to  the  cotton  fabrics  for  entrapping  of
sandalwood oil  as  an aroma-finishing agent  by Sricharussin [53].  The Fourier  transform
infrared,  tensile  stress  tests  and  gas  chromatography-mass  spectroscopy  measurements
were used to  investigate  the  effects  of  the  treatment.  It  was  found that  β-CD-MCT can
be fixed to cotton fabrics with the pad-dry-cure method at high temperature. No loss of
tensile strength of the treated fabrics was reported. The fragrance disappeared from un‐
treated  cotton  after  8  days  when  stored  at  ambient  temperature  (30°C)  but  on  other
hand, the fragrance was retained in β-CD-MCT-treated cotton fabrics for 21 days in the
same conditions.  Agrawal et.al  compared the efficiency of enzymatic treatments and ex‐
isting chemical techniques for bonding β-CD and its derivatives to cotton surface. Novel
chemical  based crosslinking  with  homo-bi-functional  reactive  dye  (C.I.  reactive  black  5)
and grafting with reactive β-CD-MCT show maximum attachment to cotton surface.  In‐
novative,  enzymatic  coupling  of  especially  synthesized  6-monodeoxy-6-mono(N-tyrosin‐
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yl)-β-cyclodextrin was performed on cotton textile surface at low temperature. Alteration
in surface topography has been observed for all  β-CD treated samples [54].  Martel  with
co-workers coupled β-CD-MCT to chitosan, to obtain a chitosan derivative bearing cyclo‐
dextrin. Because the average degree of substitution of the CD derivative was 2.8, the re‐
action yielded crosslinked insoluble  products.  The structure  of  these  materials  has  been
investigated  by  high-resolution  magic-angle  spinning  (HRMAS)  with  gradients.  For  the
first  time,  HRMAS  spectra  of  chitosan  polymers  containing  β-CD  were  obtained.  This
NMR  technique  produced  one-  and  two-dimensional  well-resolved  solid-state  spectra.
Decontamination of waters containing textile dyes were carried out with the crosslinked
derivatives. Report by Martel showed that the new chitosan derivatives are characterized
by a rate of sorption and a global efficiency superior to that of the parent chitosan poly‐
mer  and of  the  well-known cyclodextrin-epichlorohydrin  gels  [55].  El-Tahlawy with  co-
workers carried out a novel technique for preparation of cyclodextrin-grafted chitosan. β-
CD citrate  was  synthetized by  esterifying  of  β-CD with  citric  acid  (CA)  in  presence  or
absence of sodium hypophosphite as a catalyst in a semidry process. β-CD/grafted chito‐
san  was  prepared  by  coupling  β-CD citrate  with  chitosan  dissolved in  different  formic
acid solutions having different concentrations. The reacting ingredients were subjected to
various reaction conditions to attain the optimum condition. β-CD/grafted chitosan were
evaluated by measuring the nitrogen content of both chitosan and grafted chitosan. Chi‐
tosan and β-CD/grafted chitosan,  having different molecular weights,  were evaluated as
antimicrobial agents for different microorganisms [56].

Very effective bonding of CDs on cellulose fibres can be achieved by a high-performance
resin finish [57] or with non-formaldehyde reagents such as polycarboxylic acids [58, 59]
which  can  covalently  esterify  hydroxyl  groups  of  cellulose  and  CDs  and  therefore  the
grafting  of  CD  on  cellulose  can  occur.  The  same  linking/crosslinking  reagents  can  be
used in the treatment  of  different  synthetic  fibres.  Polyester  fibres  were modified by β-
CD using citric acid [7, 59] in research work of our group [60], 1,2,3,4-butane tetracarbox‐
ylic  acid  was  used as  a  linker.  Odour  control  is  a  very  important  topic  in  the  apparel
and underwear  items.  Odour  can be  controlled by applying an antimicrobial  finish,  re‐
moving  the  odour  molecules  as  they  are  formed or  covering  up  the  odour  with  a  fra‐
grance.  The  odour  molecules  being  hydrophobic  become  trapped  in  the  cavities  of  the
CDs and are removed during laundering.

Within our research work PET fibres were treated in aqueous solution of different concen‐
trations of β–CD and BTCA. We reported that BTCA molecules react via anhydride forma‐
tion with hydroxyl groups of β-CD and form nano-assembly which can be physically
attached to the PET fibres surface at the elevated temperature. Such assembly could be sche‐
matically presented as shown in Figure 3.

For reducing the termofixation temperature the catalyst cyanamide was used. We concluded
that the treatment of PET with β-CD/BTCA was very successful even at temperature as low
as 115°C when CA as a catalyst has been used. After 10 washings the gain on mass remained
as high as 7.8% (Figure 4).
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Figure 3. Nano-assembly of β-CD crosslinked with BTCA on textile surface.

Figure 4. Samples 100/10, 110/10, 115/10, 120/10 and 125/10 are PET samples treated with β‐CD, BTCA, CA at 100,
110, 115, 120 and 125°C, respectively; sample 160/10 was treated with β‐CD, BTCA and SHPI at 160°C; all samples
were termofixed for 10 minutes.

We were able to reduce the curing temperature to 115ºC and prepared nanoencapsulated
textile materials with increased adsorption capacity (the adsorption of ammonia gas onto
treated and untreated PET textile materials was measured using Japan standard test method
- JIS K0804) and with postponed release of volatile compounds. From the ammonia gas ad‐
sorption measurements (Table 1), it is possible to conclude that the adsorption of ammoni‐
um gas increased when PET fabric was treated with β-CD/BTCA/CA at 115ºC/10min - after
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yl)-β-cyclodextrin was performed on cotton textile surface at low temperature. Alteration
in surface topography has been observed for all  β-CD treated samples [54].  Martel  with
co-workers coupled β-CD-MCT to chitosan, to obtain a chitosan derivative bearing cyclo‐
dextrin. Because the average degree of substitution of the CD derivative was 2.8, the re‐
action yielded crosslinked insoluble  products.  The structure  of  these  materials  has  been
investigated  by  high-resolution  magic-angle  spinning  (HRMAS)  with  gradients.  For  the
first  time,  HRMAS  spectra  of  chitosan  polymers  containing  β-CD  were  obtained.  This
NMR  technique  produced  one-  and  two-dimensional  well-resolved  solid-state  spectra.
Decontamination of waters containing textile dyes were carried out with the crosslinked
derivatives. Report by Martel showed that the new chitosan derivatives are characterized
by a rate of sorption and a global efficiency superior to that of the parent chitosan poly‐
mer  and of  the  well-known cyclodextrin-epichlorohydrin  gels  [55].  El-Tahlawy with  co-
workers carried out a novel technique for preparation of cyclodextrin-grafted chitosan. β-
CD citrate  was  synthetized by  esterifying  of  β-CD with  citric  acid  (CA)  in  presence  or
absence of sodium hypophosphite as a catalyst in a semidry process. β-CD/grafted chito‐
san  was  prepared  by  coupling  β-CD citrate  with  chitosan  dissolved in  different  formic
acid solutions having different concentrations. The reacting ingredients were subjected to
various reaction conditions to attain the optimum condition. β-CD/grafted chitosan were
evaluated by measuring the nitrogen content of both chitosan and grafted chitosan. Chi‐
tosan and β-CD/grafted chitosan,  having different molecular weights,  were evaluated as
antimicrobial agents for different microorganisms [56].

Very effective bonding of CDs on cellulose fibres can be achieved by a high-performance
resin finish [57] or with non-formaldehyde reagents such as polycarboxylic acids [58, 59]
which  can  covalently  esterify  hydroxyl  groups  of  cellulose  and  CDs  and  therefore  the
grafting  of  CD  on  cellulose  can  occur.  The  same  linking/crosslinking  reagents  can  be
used in the treatment  of  different  synthetic  fibres.  Polyester  fibres  were modified by β-
CD using citric acid [7, 59] in research work of our group [60], 1,2,3,4-butane tetracarbox‐
ylic  acid  was  used as  a  linker.  Odour  control  is  a  very  important  topic  in  the  apparel
and underwear  items.  Odour  can be  controlled by applying an antimicrobial  finish,  re‐
moving  the  odour  molecules  as  they  are  formed or  covering  up  the  odour  with  a  fra‐
grance.  The  odour  molecules  being  hydrophobic  become  trapped  in  the  cavities  of  the
CDs and are removed during laundering.

Within our research work PET fibres were treated in aqueous solution of different concen‐
trations of β–CD and BTCA. We reported that BTCA molecules react via anhydride forma‐
tion with hydroxyl groups of β-CD and form nano-assembly which can be physically
attached to the PET fibres surface at the elevated temperature. Such assembly could be sche‐
matically presented as shown in Figure 3.

For reducing the termofixation temperature the catalyst cyanamide was used. We concluded
that the treatment of PET with β-CD/BTCA was very successful even at temperature as low
as 115°C when CA as a catalyst has been used. After 10 washings the gain on mass remained
as high as 7.8% (Figure 4).
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Figure 3. Nano-assembly of β-CD crosslinked with BTCA on textile surface.

Figure 4. Samples 100/10, 110/10, 115/10, 120/10 and 125/10 are PET samples treated with β‐CD, BTCA, CA at 100,
110, 115, 120 and 125°C, respectively; sample 160/10 was treated with β‐CD, BTCA and SHPI at 160°C; all samples
were termofixed for 10 minutes.

We were able to reduce the curing temperature to 115ºC and prepared nanoencapsulated
textile materials with increased adsorption capacity (the adsorption of ammonia gas onto
treated and untreated PET textile materials was measured using Japan standard test method
- JIS K0804) and with postponed release of volatile compounds. From the ammonia gas ad‐
sorption measurements (Table 1), it is possible to conclude that the adsorption of ammoni‐
um gas increased when PET fabric was treated with β-CD/BTCA/CA at 115ºC/10min - after
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one hour of exposure to ammonia gas the concentration of gas in the chamber was zero,
compare to the concentration when untreated PET fabric was exposed to the ammonium
gas, where the concentration in the chamber was changed from the initial value of 125ppm
to 77ppm.

PET treated with β-CD/BTCA/ CA at

115ºC/10 min
Untreated PET

Initial concentration (ammonia) 125ppm 125ppm

One hour concentration (ammonia) 0ppm 77ppm

Table 1. Decrease of ammonium gas concentration due to the adsorption.

In order to quantify the odour-releasing behaviour of β-CD treated PET fabrics, we organ‐
ized a sensory panel of nine people to whom the odour was presented under controlled con‐
ditions. In order to study the postponed release of the volatile compounds from the β-CD
treated textile substrate the following was performed: β-CD/BTCA/CA treated PET textile
substrate was sprayed with perfume and dried; the intensity of the perfume from the un‐
treated PET fabric spayed with perfume was also monitored for comparison purposes. Both
treatments were performed in triplets. The size of the clothes was 10 by 10 cm. All with per‐
fume treated textile samples were stored separately in dark places. Samples were stored in
open conditions so that the perfume was able to evaporate constantly. The odour release
was measured once per week. The smell intensity was evaluated from 0 to 4, where 0 means
no smell and 4 means very intensive smell. From Figure 5 it is possible to see that the odour
release intensity of untreated PET fabrics sprayed with perfume (BLIND, spray) starts to de‐
crease after 6 weeks; the odour intensity of perfume sprayed on β-CD treated fabrics re‐
mains constant, but there is slight indication that the intensity of the perfume starts to
increase after 6 weeks. We can conclude that, in the case of β-CD treated PET fabrics, some
postponed release of the fragrance occurs.

Glycidyl methacrylate is widely used in the production of polymer coatings and finishes,
adhesives, plastics and elastomers, it can be grafted to various textiles substrates as well.
Desmet and co-workers functionalized cotton-cellulose by gamma-irradiation-induced
grafting of glycidyl methacrylate (GMA) to obtain a hydrophobic cellulose derivative with
epoxy groups suitable for further chemical modification. Two grafting techniques were ap‐
plied. In pre-irradiation grafting (PIG) cellulose was irradiated in air and then immersed in a
GMA monomer solution, whereas in simultaneous grafting (SG) cellulose was irradiated in
an inert atmosphere in the presence of the monomer. In the paper authors claimed that the
PIG led to a more homogeneous fibre surface, while SG resulted in higher grafting yield but
showed clear indications of some GMA-homopolymerization. Effects of the reaction param‐
eters (grafting method, absorbed dose, monomer concentration, solvent composition) were
evaluated by SEM, gravimetry (grafting yield) and FT-IR spectroscopy. It is reported that
water uptake of the cellulose decreased while adsorption of pesticide molecules increased
upon grafting. The adsorption was further enhanced by β-CD immobilization during SG.
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This method can be applied to produce adsorbents from cellulose based agricultural wastes
[61]. CDs can be incorporated into fibres during the spinning processes [62, 63].

Figure 5. Odour intensity of PET fabrics pre-treated with β-CD (blue) and untreated PET fabrics sprayed with the per‐
fume.

Electrospinning is proven to be an effective method for producing non-woven mats of fibres
with high aspect ratios. Manasco and co-workers reported the preparation of submicron hy‐
droxypropyl-beta-cyclodextrin (HP-β-CD) fibres by electrospinning without the addition of
a carrier polymer. They focused on exploring solution properties that make fibre formation
possible contrary to the widely accepted premise that molecular entanglement of macromo‐
lecules is required for electrospinning. The ability to electrospin from these solutions was at‐
tributed to hydrogen-bonded aggregation between HP-β-CD molecules at high
concentrations [64]. Further it is reported by Uyar and co-workers that poly(methyl metha‐
crylate) (PMMA) nanofibres containing the inclusion complex forming β-CD were success‐
fully produced by means of electrospinning in order to develop functional nanofibrous
webs. Electrospinning of uniform PMMA nanofibres containing different loadings of β-CD
(10%, 25% and 50% (w/w)) was achieved. The surface sensitive spectroscopic techniques; X-
ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry
(ToF-SIMS) showed that some of the β-CD molecules are present on the surface of the
PMMA nanofibres, which is essential for the trapping of organic vapours by inclusion com‐
plexation. Direct pyrolysis mass spectrometry (DP-MS) studies showed that PMMA nano‐
webs containing β-CD can entrap organic vapours such as aniline, styrene and toluene from
the surroundings due to inclusion complexation with beta-CD that is present on the fibre
surface. The study showed that electrospun nanowebs functionalized with CDs may have
the potential to be used as molecular filters and/or nanofilters for the treatment of organic
vapour waste and air filtration purposes [65]. Polyvinyl alcohol (PVA) nanowebs incorpo‐
rating vanillin/cyclodextrin inclusion complex (vanillin/CD-IC) were produced via electro‐
spinning technique by Kayaci and Uyar [66]. The vanillin/CD-IC was prepared with three
types of CDs; α-CD, β-CD and γ-CD to find out the most favourable CD type for the stabili‐
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mains constant, but there is slight indication that the intensity of the perfume starts to
increase after 6 weeks. We can conclude that, in the case of β-CD treated PET fabrics, some
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Glycidyl methacrylate is widely used in the production of polymer coatings and finishes,
adhesives, plastics and elastomers, it can be grafted to various textiles substrates as well.
Desmet and co-workers functionalized cotton-cellulose by gamma-irradiation-induced
grafting of glycidyl methacrylate (GMA) to obtain a hydrophobic cellulose derivative with
epoxy groups suitable for further chemical modification. Two grafting techniques were ap‐
plied. In pre-irradiation grafting (PIG) cellulose was irradiated in air and then immersed in a
GMA monomer solution, whereas in simultaneous grafting (SG) cellulose was irradiated in
an inert atmosphere in the presence of the monomer. In the paper authors claimed that the
PIG led to a more homogeneous fibre surface, while SG resulted in higher grafting yield but
showed clear indications of some GMA-homopolymerization. Effects of the reaction param‐
eters (grafting method, absorbed dose, monomer concentration, solvent composition) were
evaluated by SEM, gravimetry (grafting yield) and FT-IR spectroscopy. It is reported that
water uptake of the cellulose decreased while adsorption of pesticide molecules increased
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Electrospinning is proven to be an effective method for producing non-woven mats of fibres
with high aspect ratios. Manasco and co-workers reported the preparation of submicron hy‐
droxypropyl-beta-cyclodextrin (HP-β-CD) fibres by electrospinning without the addition of
a carrier polymer. They focused on exploring solution properties that make fibre formation
possible contrary to the widely accepted premise that molecular entanglement of macromo‐
lecules is required for electrospinning. The ability to electrospin from these solutions was at‐
tributed to hydrogen-bonded aggregation between HP-β-CD molecules at high
concentrations [64]. Further it is reported by Uyar and co-workers that poly(methyl metha‐
crylate) (PMMA) nanofibres containing the inclusion complex forming β-CD were success‐
fully produced by means of electrospinning in order to develop functional nanofibrous
webs. Electrospinning of uniform PMMA nanofibres containing different loadings of β-CD
(10%, 25% and 50% (w/w)) was achieved. The surface sensitive spectroscopic techniques; X-
ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry
(ToF-SIMS) showed that some of the β-CD molecules are present on the surface of the
PMMA nanofibres, which is essential for the trapping of organic vapours by inclusion com‐
plexation. Direct pyrolysis mass spectrometry (DP-MS) studies showed that PMMA nano‐
webs containing β-CD can entrap organic vapours such as aniline, styrene and toluene from
the surroundings due to inclusion complexation with beta-CD that is present on the fibre
surface. The study showed that electrospun nanowebs functionalized with CDs may have
the potential to be used as molecular filters and/or nanofilters for the treatment of organic
vapour waste and air filtration purposes [65]. Polyvinyl alcohol (PVA) nanowebs incorpo‐
rating vanillin/cyclodextrin inclusion complex (vanillin/CD-IC) were produced via electro‐
spinning technique by Kayaci and Uyar [66]. The vanillin/CD-IC was prepared with three
types of CDs; α-CD, β-CD and γ-CD to find out the most favourable CD type for the stabili‐
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zation of vanillin. PVA/vanillin/CD-IC nanofibres, having fibre diameters similar to 200 nm,
were electrospun from aqueous mixture of PVA and vanillin/CD-IC. The results indicated
that vanillin with enhanced durability and high temperature stability was achieved for
PVA/vanillin/CD-IC nanowebs due to complexation of vanillin with CD. Additionally, they
reported that PVA/vanillin/γ-CD-IC nanoweb was more effective for the stabilization and
slow release of vanillin suggesting that the strength of interaction between vanillin and the
γ-CD cavity is stronger when compared to α-CD and β-CD.

3.1.2. Cosmetotextiles

Although still in its infancy, the market for cosmetotextiles - often referred to as "wearable
skincare" - is set to grow rapidly, and the textile industry is optimistic that further technical
developments will open up new markets and create growing business opportunities [67].
Cosmetotextile became a fast growing new branch of specialized micro- or nano-encapsula‐
tion textile products, with most patents issued after the 1990 [68]. The physical and chemical
properties of the guest molecules encapsulated in CDs can change due to complex forma‐
tion. Thus, for example, the stability of the complexed molecule against light and oxygen in‐
creases and the vapour pressure is reduced. The solubility of slightly soluble molecules
increases in a CD complex. All these and further advantages of CDs and their complexes can
be used for the formulation of cosmetic products [69]. Cosmetotextile allows the administra‐
tion of active molecules simply and controllably. It can also be used to change the surface
properties of a fabric in order to make it self-cleaning, hydrophobic or lipophobic. The arti‐
cle prepared by Ripoll and co-workers reviews the current state of the art concerning func‐
tionalization techniques and the methods used to characterize various functionalized fabric.
This review also reveals the surprising lack of publications on the functionalization of textile
supports [70].

Moist oils (essential oils, herbal oils, oils from flower seeds) have skin care benefits in that
they provide an occlusive layer that lubricates the epidermis, together with a moisturizing
effect that helps to prevent excess water loss. Essential oils attributed with a range of prop‐
erties that help to achieve physical and emotional balance. Besides, one additional advant‐
age of molecular encapsulation is the possibility to reload them 4, 58, 71. Cosmetotextile
applications can be used in the treatment of chronic venous insufficiency in legs by means of
elastic bandages loaded with natural products which possess flebotonic properties. Cravotto
and co-workers 72 have developed an efficient synthetic procedure for the preparation of β-
CD-grafted viscose by means of the 2-step ultrasound-assisted reaction. The highly grafted
fabric bearing bis-urethane bridged β-CD has been characterized by ATR FT-IR and CP-
MAS spectra and by an empiric colorimetric method which used phenolphthalein as the CD
guest. They have also developed a suitable cosmetic preparation containing natural substan‐
ces and extracts (aescin, menthol, Centella asiatica and Ginkgo biloba) to recharge the CD-
grafted textile. The efficacy of the new cosmetotextile has been corroborated by in vitro
studies of diffusion through membranes, cutaneous permeation and accumulation in por‐
cine skin. Aescin was taken as a reference compound and its concentration in the different
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compartments was monitored by HPLC analysis. They reported that this cost effective cos‐
metotextile showed excellent application compliance and was easily recharged.

Electrospun functional polystyrene (PS) fibres containing CD-menthol inclusion complexes
are new and advance class of cosmetotextiles. Uyar and co-workers developed functional
electrospun fibres containing fragrances/flavours with enhanced durability and stability as‐
sisted by CD inclusion complexation. As a model fragrance/flavour molecule they used
menthol. CD-menthol inclusion complexes were incorporated in electrospun PS fibres by us‐
ing three types of CDs: α-CD, β-CD and γ-CD. It is reported that due to complexation of
menthol with CDs, the stabilization of menthol was achieved up to 350°C whereas the PS
fibres without the CD complex could not preserve volatile menthol molecules. This study
suggested that the electrospun fibres functionalized with CD are very effective for enhanc‐
ing the temperature stability of volatile fragrances/flavours and therefore show potentials
for the development of functional fibrous materials [73].

Today the subject of well-being is an area which is receiving much interest, with scent being
one of the most important aspects of personal care. The definition of the word aromatherapy
is the following: therapeutic uses of fragrances which at least mere volatilize to cure and to
mitigate or cure diseases, infection and indisposition by means of inhalation alone [74]. The
term aromachology was coined in 1982 to denote the science that is dedicated to the study of
the relationship between psychology and fragrance technology to elicit a variety of specific
feelings and emotions – such as relaxation, exhilaration, sensuality, happiness and well-be‐
ing-through odours.

CDs linked on cellulose do not affect the cellulose’s properties, and CDs keep their ability to
form inclusion complexes with other suitable molecules thus, CDs are the first choice in pre‐
paring aromatherapy textiles. Lavender is the most used and most versatile of all the essen‐
tial oils. It is very useful oil, especially when symptoms are due to a nervous problem. The
effects of lemon, camomile, rose, cardamom, clove, and jasmine fragrance oils on human
have been confirmed by many research works. The sedative effects for the pharmaceutical
and emotional effects of essential oils are listed in Tables 2 and 3 respectively [75, 76].

3.1.3. Miscellaneous applications of cyclodextrins in textile industry

An insect repellent is a substance applied to skin, clothing, or other surfaces which discourages
insects from landing or climbing on that surface. Synthetic repellents (such as paradichloroben‐
zene) tend to be more effective than 'natural' repellents, but on the other hand they are usually
toxic. Cedar oil is often used as a natural insect repellent or it is used for its aromatic properties,
especially in aromatherapy. Essential oil repellents tend to be short-lived in their effectiveness
due to their volatile nature. To prevent the essential oils from evaporating form the textile ma‐
terials we can encapsulate them in β-CD. In our research group [80, 81] with β-CD, nanoencap‐
sulated wool and PET/wool blend fibres were further treated with cedar oil, which is known for
being a natural insect repellent. The complex formation of cedar oil with β-CD was determined
by ATR FT-IR spectroscopy. Textile material containing β-CD showed, after being treated with
cedar oil, a prolonged moths oppression compared to those textile materials treated only with
cedar oil. Table 4 presents the damages to wool and larval conditions according to the time of
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tial oils. It is very useful oil, especially when symptoms are due to a nervous problem. The
effects of lemon, camomile, rose, cardamom, clove, and jasmine fragrance oils on human
have been confirmed by many research works. The sedative effects for the pharmaceutical
and emotional effects of essential oils are listed in Tables 2 and 3 respectively [75, 76].

3.1.3. Miscellaneous applications of cyclodextrins in textile industry

An insect repellent is a substance applied to skin, clothing, or other surfaces which discourages
insects from landing or climbing on that surface. Synthetic repellents (such as paradichloroben‐
zene) tend to be more effective than 'natural' repellents, but on the other hand they are usually
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due to their volatile nature. To prevent the essential oils from evaporating form the textile ma‐
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exposure. No visible damage was observed to the naked eye when β-CD/cedar oil treated wool
was exposed to a moth’s colony for 2 months. In the control (wool samples treated only with ce‐
dar oil) no damage was observed for the first few days, but when the cedar oil had evaporated,
the wool cloth was not protected anymore. In contrast, when the cedar oil was encapsulated in
the β-CD cavity, evaporation was hindered and resistance to insect pests’ activities regarding
cedar oil remained.

Effects Essential Oil

Sedation Mint, Onion, Lemon, Metasequoia

Coalescence Pine, Clove, Lavender, Onion, Thyme

Diuresis Pine, Lavender Onion. Thyme, Fennel, Lemon, Metasequoia

Facilitating Menses Pine, Lavender. Mint, Rosemary, Thyme, Basil, Chamomile,

Cinnamon, Lemon

Dismissing sputum Onion, Citrus, Thyme, Chamomile

Allaying a fever Ginger, Fennel, Chamomile, Lemon

Hypnogenesis Lavender, Oregano, Basil, Chamomile

Curing Hypertension Lavender, Fennel, Lemon, Ylangylang

Be good for stomach Pine, Ginger, Clove, Mint, Onion, Citrus, Rosemary, Thyme, Fennel, Basil, Cinnamon

Diaphoresis Pine, Lavender, Rosemary, Thyme, Chamomile, Metasequoia

Expelling wind Ginger, Clove, Onion, Citrus, Rosemary, Fennel, Lemon

Losing weigh Onion, Cinnamon, Lemon

Relieving pain Vanilla, Lavender. Mint, Onion, Citrus, Rosemary, Chamomile, Cinnamon, Lemon

Detoxification Lavender

Curing diabetes Vanilla, Onion, Chamomile, Lemon

Stopping diarrhea Vanilla, Ginger, Clove, Lavender, Mint, Onion, Oregano,

Rosemary, Thyme, Chamomile, Cinnamon, Lemon

Curing flu Pine, Lavender, Mint, Onion, Citrus, Rosemary, Thyme,

Chamomile, Cinnamon, Metasequoia

Curing rheumatism Lavender, Onion, Citrus, Rosemary, Thyme, Metasequoia

Urging sexual passion Pine, Ginger, Clove, Mint, Onion, Rosemary, Thyme, Fennel

Relieving spasm Cinnamon

Promoting appetite Clove, Lavender, Mint, Onion, Citrus, Rosemary, Fennel, Basil, Chamomile, Cinnamon,

Lemon, Metasequoia

Relieving cough Rosemary

Table 2. Pharmaceutical effect of essential oils [75, 77, 78].
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Emotion Essential Oils with the Sedative Effects

Anxiety Benzoin, Lemon, Chamomile, Rose, Cardamom, Clove, Jasmine

Lament Rose

Stimulation Camphor, Balm oil

Anger Chamomile, Balm oil, Rose, Ylangylang

Wretchedness Basil, Cypress, Mint, Patchouli

Allergy Chamomile, Jasmine, Balm oil

Distrustfulness Lavender

Tension Camphor, Cypress, Vanilla, Jasmine, Balm oil, Lavender, Sandalwood

Melancholy Basil, Lemon, Chamomile, Vanilla, Jasmine, Lavender, Mint, Rose

Hysteria Chamomile, Balm oil, Lavender, Jasmine

Mania Basil, Jasmine, Pine

Irritability Chamomile, Camphor, Cypress, Lavender

Desolation Jasmine, Pine, Patchouli, Rosemary

Table 3. The sedative or emotion effects of essential oils [75, 79].

Time
β-CD/cedar oil

treated wool
Cedar oil treated wool Untreated wool

48h
No detectable damage No detectable damage Very slight visible damage

Larval conditions: live Larval conditions: live Larval conditions: live

72h
No detectable damage No detectable damage Moderate visible damage

Larval conditions: dead Larval conditions: dead Larval conditions: live

7 days Addition of new larvae Addition of new larvae /

14 days
No detectable damage Very slight visible damage Very heavy damages

Larval conditions: dead Larval conditions: live Larval conditions: live

56 days
No detectable damage Moderate visible damages Very heavy damages

Larval conditions: dead Larval conditions: live Larval conditions: live, pupating

Table 4. The estimation of wool damage and the condition of larval colony in accordance to elapsed time.

To maintain antimicrobial activity, frequent administration of conventional formulations of
many antibiotics with short half-life is necessary. To enhance release properties, many mate‐
rials have been introduced into the matrix and coating extended-release system in the past
few years. The review by Gao [82] highlights the development of materials used in extend‐
ed-release formulation and nanoparticles for antibiotic delivery. CDs are mentioned as
nanoparticles/nanocarriers which allow the antibiotic extended-release.
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Diaphoresis Pine, Lavender, Rosemary, Thyme, Chamomile, Metasequoia

Expelling wind Ginger, Clove, Onion, Citrus, Rosemary, Fennel, Lemon

Losing weigh Onion, Cinnamon, Lemon

Relieving pain Vanilla, Lavender. Mint, Onion, Citrus, Rosemary, Chamomile, Cinnamon, Lemon

Detoxification Lavender

Curing diabetes Vanilla, Onion, Chamomile, Lemon

Stopping diarrhea Vanilla, Ginger, Clove, Lavender, Mint, Onion, Oregano,

Rosemary, Thyme, Chamomile, Cinnamon, Lemon

Curing flu Pine, Lavender, Mint, Onion, Citrus, Rosemary, Thyme,

Chamomile, Cinnamon, Metasequoia

Curing rheumatism Lavender, Onion, Citrus, Rosemary, Thyme, Metasequoia

Urging sexual passion Pine, Ginger, Clove, Mint, Onion, Rosemary, Thyme, Fennel

Relieving spasm Cinnamon

Promoting appetite Clove, Lavender, Mint, Onion, Citrus, Rosemary, Fennel, Basil, Chamomile, Cinnamon,

Lemon, Metasequoia

Relieving cough Rosemary

Table 2. Pharmaceutical effect of essential oils [75, 77, 78].
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Emotion Essential Oils with the Sedative Effects

Anxiety Benzoin, Lemon, Chamomile, Rose, Cardamom, Clove, Jasmine

Lament Rose

Stimulation Camphor, Balm oil

Anger Chamomile, Balm oil, Rose, Ylangylang

Wretchedness Basil, Cypress, Mint, Patchouli

Allergy Chamomile, Jasmine, Balm oil

Distrustfulness Lavender

Tension Camphor, Cypress, Vanilla, Jasmine, Balm oil, Lavender, Sandalwood

Melancholy Basil, Lemon, Chamomile, Vanilla, Jasmine, Lavender, Mint, Rose

Hysteria Chamomile, Balm oil, Lavender, Jasmine

Mania Basil, Jasmine, Pine

Irritability Chamomile, Camphor, Cypress, Lavender

Desolation Jasmine, Pine, Patchouli, Rosemary

Table 3. The sedative or emotion effects of essential oils [75, 79].

Time
β-CD/cedar oil

treated wool
Cedar oil treated wool Untreated wool

48h
No detectable damage No detectable damage Very slight visible damage

Larval conditions: live Larval conditions: live Larval conditions: live

72h
No detectable damage No detectable damage Moderate visible damage

Larval conditions: dead Larval conditions: dead Larval conditions: live

7 days Addition of new larvae Addition of new larvae /

14 days
No detectable damage Very slight visible damage Very heavy damages

Larval conditions: dead Larval conditions: live Larval conditions: live

56 days
No detectable damage Moderate visible damages Very heavy damages

Larval conditions: dead Larval conditions: live Larval conditions: live, pupating

Table 4. The estimation of wool damage and the condition of larval colony in accordance to elapsed time.

To maintain antimicrobial activity, frequent administration of conventional formulations of
many antibiotics with short half-life is necessary. To enhance release properties, many mate‐
rials have been introduced into the matrix and coating extended-release system in the past
few years. The review by Gao [82] highlights the development of materials used in extend‐
ed-release formulation and nanoparticles for antibiotic delivery. CDs are mentioned as
nanoparticles/nanocarriers which allow the antibiotic extended-release.
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A textile polyester vascular graft can be modified by methyl-β-CD to obtain a new implant
capable of releasing antibiotics directly in situ at the site of operation over a prolonged peri‐
od and thereby preventing post-operative infections [83]. Wang reported the inclusion com‐
plex of miconazole nitrate with β-CD formation by the co-precipitation method. The DSC
curve and X-ray diffraction verified the inclusion complex formation between β-CD and mi‐
conazole nitrate. The skin-care textiles can be obtained by treating fabrics with inclusion
complexes using the sol-gel method [84].

Novel nano-porous polymers or nanosponges can be prepared for removal of organic pollu‐
tants from waste water. The polymeric «nanosponge» materials are not durable (usually
they are in gel form), they do not have high mechanical strength, so they must be impreg‐
nated onto the pore structure of a ceramic or some other porous surfaces [85, 86]. This tech‐
nology is very specific for the target pollutant, it is very expensive and the removal of the
adsorbed pollutant from the nanosponge is not possible. Textile materials are very impor‐
tant as filter materials. The cost of textile materials is acceptable (polyester, viscose), they
have sufficient mechanical strength; the pore size, especially the macro-pore size can vary
and it depends on the type of textile (the density of non-woven material) and on the diame‐
ter of the fibres. Textile materials can be further modified to prepare filtration materials with
additional adsorption.

The  amount  of  aromatic  organic  pollutants  (phenols,  aniline,  formaldehyde  and others)
can be reduced from dyeing wastewater  by using CDs which can be immobilized on a
water  insoluble  organic  support.  The  new concept  for  modification  of  textile  substrates
based on  permanent  fixation  of  supramolecular  compounds  -  CDs on the  material  sur‐
face thus imparts new functionality to the fabric [87]. The guest molecules could be vari‐
ous  organic  molecules  and  some metal  ions  as  well.  The  assembly  of  nanocapsules  on
textile materials acts as selective filtration/adsorption media for various pollutants. Praba‐
haran and Mano further reported that CDs have recently been recognized as useful  ad‐
sorbent  matrices.  Due  to  its  hydrophobic  cavity,  CDs  can  interact  with  appropriately
sized molecules  to  result  in  the  formation of  inclusion complexes.  These  complexes  are
of  interest  for  scientific  research  as  they  exist  in  aqueous  solution  and  can  be  used  to
study the hydrophobic interactions which are important  in the biomedical  and environ‐
mental fields. The grafting of CD onto chitosan can result in the formation of a molecu‐
lar  carrier  that  possess the cumulative effects  of  inclusion,  size specificity and transport
properties of CDs as well as the controlled release ability of the polymeric matrix. In this
review,  different  methods  of  CD grafting  onto  chitosan  are  discussed  [88].  Electrospin‐
ning has been used to create polystyrene (PS) nanofibres containing any of the three dif‐
ferent  types  of  cyclodextrin  (CD);  α-CD,  β-CD,  and  γ-CD  [89].  These  three  CDs  are
chosen because  they have different  sized cavities  that  potentially  allow for  selective  in‐
clusion complex (IC) formation with molecules of different sizes or differences in affinity
of  IC  formation  with  one  type  of  molecule.  The  comparative  efficiency  of  the  PS/CD
nanofibres/nanoweb  for  removing  phenolphthalein,  a  model  organic  compound,  from
solution  was  determined  by  UV-Vis  spectrometry,  and  the  kinetics  of  phenolphthalein
capture was shown to follow the trend PS/α-CD > PS/β-CD > PS/γ-CD. Direct pyrolysis
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mass  spectrometry  (DP-MS)  was  also  performed  to  ascertain  the  relative  binding
strengths of the phenolphthalein for the CD cavities, and the results showed the trend in
the interaction strength was β-CD > γ-CD > α-CD. Results of their research demonstrat‐
ed that nanofibres produced by electrospinning that incorporate CDs with different sized
cavities can indeed filter organic molecules and can potentially be used for filtration, pu‐
rification, and/or separation processes.

4. Conclusion

Since 1980, when Szejtli first patented the bonding of CDs onto textile fibres, a lot of research
has gone into the application of CDs on to textile substrates. But there is still a gap between
original high level basic science and commercial applications of CDs in all industrial sectors.

Nevertheless the use of CDs in the textile industry has increased in the last years. Grafted
CDs on textile substrates or spun fibres which contain CDs can be used to obtain special
functionality of textiles such as absorption; they can complex and release fragrances or
“skin-care-active” substances like vitamins, caffeine and menthol as well as bioactive sub‐
stances such as biocides and insecticides and drugs. Furthermore, various textile materials
treated with CDs could be used for adsorption of small pollutants from waste waters - for
filtration, purification, and/or separation treatments of waste waters.
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A textile polyester vascular graft can be modified by methyl-β-CD to obtain a new implant
capable of releasing antibiotics directly in situ at the site of operation over a prolonged peri‐
od and thereby preventing post-operative infections [83]. Wang reported the inclusion com‐
plex of miconazole nitrate with β-CD formation by the co-precipitation method. The DSC
curve and X-ray diffraction verified the inclusion complex formation between β-CD and mi‐
conazole nitrate. The skin-care textiles can be obtained by treating fabrics with inclusion
complexes using the sol-gel method [84].

Novel nano-porous polymers or nanosponges can be prepared for removal of organic pollu‐
tants from waste water. The polymeric «nanosponge» materials are not durable (usually
they are in gel form), they do not have high mechanical strength, so they must be impreg‐
nated onto the pore structure of a ceramic or some other porous surfaces [85, 86]. This tech‐
nology is very specific for the target pollutant, it is very expensive and the removal of the
adsorbed pollutant from the nanosponge is not possible. Textile materials are very impor‐
tant as filter materials. The cost of textile materials is acceptable (polyester, viscose), they
have sufficient mechanical strength; the pore size, especially the macro-pore size can vary
and it depends on the type of textile (the density of non-woven material) and on the diame‐
ter of the fibres. Textile materials can be further modified to prepare filtration materials with
additional adsorption.

The  amount  of  aromatic  organic  pollutants  (phenols,  aniline,  formaldehyde  and others)
can be reduced from dyeing wastewater  by using CDs which can be immobilized on a
water  insoluble  organic  support.  The  new concept  for  modification  of  textile  substrates
based on  permanent  fixation  of  supramolecular  compounds  -  CDs on the  material  sur‐
face thus imparts new functionality to the fabric [87]. The guest molecules could be vari‐
ous  organic  molecules  and  some metal  ions  as  well.  The  assembly  of  nanocapsules  on
textile materials acts as selective filtration/adsorption media for various pollutants. Praba‐
haran and Mano further reported that CDs have recently been recognized as useful  ad‐
sorbent  matrices.  Due  to  its  hydrophobic  cavity,  CDs  can  interact  with  appropriately
sized molecules  to  result  in  the  formation of  inclusion complexes.  These  complexes  are
of  interest  for  scientific  research  as  they  exist  in  aqueous  solution  and  can  be  used  to
study the hydrophobic interactions which are important  in the biomedical  and environ‐
mental fields. The grafting of CD onto chitosan can result in the formation of a molecu‐
lar  carrier  that  possess the cumulative effects  of  inclusion,  size specificity and transport
properties of CDs as well as the controlled release ability of the polymeric matrix. In this
review,  different  methods  of  CD grafting  onto  chitosan  are  discussed  [88].  Electrospin‐
ning has been used to create polystyrene (PS) nanofibres containing any of the three dif‐
ferent  types  of  cyclodextrin  (CD);  α-CD,  β-CD,  and  γ-CD  [89].  These  three  CDs  are
chosen because  they have different  sized cavities  that  potentially  allow for  selective  in‐
clusion complex (IC) formation with molecules of different sizes or differences in affinity
of  IC  formation  with  one  type  of  molecule.  The  comparative  efficiency  of  the  PS/CD
nanofibres/nanoweb  for  removing  phenolphthalein,  a  model  organic  compound,  from
solution  was  determined  by  UV-Vis  spectrometry,  and  the  kinetics  of  phenolphthalein
capture was shown to follow the trend PS/α-CD > PS/β-CD > PS/γ-CD. Direct pyrolysis
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mass  spectrometry  (DP-MS)  was  also  performed  to  ascertain  the  relative  binding
strengths of the phenolphthalein for the CD cavities, and the results showed the trend in
the interaction strength was β-CD > γ-CD > α-CD. Results of their research demonstrat‐
ed that nanofibres produced by electrospinning that incorporate CDs with different sized
cavities can indeed filter organic molecules and can potentially be used for filtration, pu‐
rification, and/or separation processes.

4. Conclusion

Since 1980, when Szejtli first patented the bonding of CDs onto textile fibres, a lot of research
has gone into the application of CDs on to textile substrates. But there is still a gap between
original high level basic science and commercial applications of CDs in all industrial sectors.

Nevertheless the use of CDs in the textile industry has increased in the last years. Grafted
CDs on textile substrates or spun fibres which contain CDs can be used to obtain special
functionality of textiles such as absorption; they can complex and release fragrances or
“skin-care-active” substances like vitamins, caffeine and menthol as well as bioactive sub‐
stances such as biocides and insecticides and drugs. Furthermore, various textile materials
treated with CDs could be used for adsorption of small pollutants from waste waters - for
filtration, purification, and/or separation treatments of waste waters.
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1. Introduction

Pigments are kinds of insoluble colorants used for fibers, plastics and other polymeric mate‐
rials, which can retain stable chemical structure throughout the coloration process in its dis‐
persed solution [1]. The pigments were obtained from mineral materials, vegetable
materials, animal waste materials since 1200 BC. The significant development of pigment in
textile field from 18th century attributed to a huge expansion in the range of synthetic pig‐
ments [2,3]. Currently, pigment perhaps is one of the most commonly and extensively colo‐
rations in fiber dyeing, due to its easy application to a variety of fibers and environmental
friendly aspects [4].

As a result of the different physical and chemical characteristics between pigments and
dyes, dyes are able to dissolve in water and penetrate into the substrate in the soluble form,
while pigments are insoluble and difficult to be dispersed in water without the aid of dis‐
persants [1]. The major drawback of pigments is the poor dispersing stability, which is af‐
fected by the particle size and surface charge on account of the imperfection of the
dispersants [5]. Pigment dispersing system includes two main types according to the medi‐
um: solvent-based pigment and water-based pigment.

Solvent-based pigment systems, in which the organic solvent is used as dispersion medium,
are more suitable for certain applications [6]. However, it is difficult to obtain pigment parti‐
cles that are smaller than 100 nm in organic solvents. When the particle size of pigment is
large, the interactions between pigments and organic solvents (e.g., hydrogen bonding) can
disrupt the interactions with stabilizing dispersants. As a result, distinct particle aggregation
that influences optical properties and viscosity occurs. To obtain a stable solvent-based pig‐
ment system, appropriate pigment amount, dispersants and solvents are the key factors [7].

© 2013 Wang and Yin; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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are more suitable for certain applications [6]. However, it is difficult to obtain pigment parti‐
cles that are smaller than 100 nm in organic solvents. When the particle size of pigment is
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Water-based pigment systems are environment-friendly pathways. Pigments are dispersed
into water with the aid of auxiliaries, such as dispersants, emulsifiers, anti-setting agents,
etc. Water-based pigment has been widely applied in coloration for textiles, paints, architec‐
ture, wood and so on [8,9]. But the unmodified pigment dispersion that contains pigments
with large particle size is unstable and also suffers from the problems as precipitation and
floating color. And then the color, fastness, handle and uniformity of the fabrics dyed with
the unmodified pigment dispersion are influenced.

Ultra-fine modified pigment (UMP) is referred to nanometer or micrometer pigment particle
by physical and/or chemical modifications in a composite disperse system with attaching
functional groups for pigment dispersion. These functional groups often have contribution
to appear the vivid color for the chromophoric groups in the pigment particle by selectively
reflecting and absorbing certain wavelengths of visible light [6]. The UMP dispersion usual‐
ly shows relative stability and higher color strength (K/S value) which closely approaches to
that of dyes [10]. When UMP is used to color, the finely divided, insoluble particle remains
throughout the coloration process [1]. Without the binder or less the amount of binder add‐
ed in printing paste, the good handle will be achieved. And the better fastness is attained
with the stronger attraction between the UMP and the fiber [10,11]. The UMP systems are
divided into nonionic pigment dispersion, anionic pigment dispersion and cationic pigment
dispersion according to the charged particles. Compared to the nonionic pigment disper‐
sion, the pigment dispersion with ionic dispersant may produce the stronger combining
power to the fabric [12,13].

The cationic disperser has been widely used in many fields. It had been reported in Japanese
patents that cationic disperser was applied in electrodeposits coat. Being prepared with cati‐
onic disperser, the cationic pigment dispersion is able to decrease the migration of the pig‐
ment, and favorable dyeing deepness and color fastness are also obtained when such
pigment is applied to pretreated cotton fabric and terylene-cotton fabric in pad dyeing [14].
The cationic surfactant is grafted onto the acrylic acid copolymer to attain disperser which is
then applied to the anthraquinone pigment to prepare ink for ink-jet printing on paper [15].
In addition, there are many applications of cationic disperser in other fields, such as paper‐
making, image thermomigration, ink-jet printing paper, inorganic nano-scale powder and
preparing hydrophilic ethylene copolymer dispersion. Moreover, pigment dyeing by ex‐
haust process is possible by imparting substantivity with cationic reagents to induce the nec‐
essary affinity between pigments and fibers. The chemical modification of fiber with cationic
reagents has been carried out to improve the dyeing properties [1,16].

In this chapter, the preparation of UMP, such as dispersing process, grinding process, ultra‐
sonic wave process, microencapsulated process and microfluidics process are all summar‐
ized. And the particle size, disperse stability, Zeta potential and color properties, which are
used to characterize the UMP are also analyzed. Moreover, the dyeing properties of UMP on
cotton, silk, wool and acrylic yarns are mainly reviewed.

2. Preparation of UMP

Different from dyes, UMPs are totally insoluble in organic mediums due to its strong in‐
termolecular aggregation, and they are required to be finely ground and dispersed in an
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organic  medium  to  warrant  their  gloss  appearance,  lighting  efficiency  and  maximizing
material  utilization.  In order to prepare stable UMP, the particle size of  UMP needs di‐
minishing sharply to smaller than 1 μm and the process can be achieved via dispersant,
microencapsulation,  grinding,  ultrasonic  wave,  microfluidizer  processes  and  their  com‐
bined process [17-19].

The stability of UMP is determined by forces among the UMP particles, when the repulsive
force is higher than attractive force, the UMP particles will stably disperse into the media,
otherwise, the UMP particles will aggregate together. In UMP with polymer dispersant, the
repulsion forces among particles including static-electronic and steric repulsion are pro‐
duced by the adsorbed polymer. The former can be measured by the Zeta potentials. The
latter is closely connected with the thickness of adsorbed polymer layer [14]. The dispersant
and microencapsulation processes are usually utilized together with other methods in the
preparation process.

2.1. Dispersing process

2.1.1. Low molecular weight dispersant

The UMP dispersion is a surface modification technique, typical of which is a chemical
bonding of low molecular weight hydrophilic moieties on UMP surfaces. Hydrophilic moi‐
eties work by electrostatic interaction between UMP particles and vehicle solvents. Usually
there are no polymeric substances, surfactants or dispersion to aid in surface-modified UMP
dispersions, it is necessary to add binder resins before it is applied to textiles [20].

Low molecular weight dispersants are commonly used for wetting and dispersing the UMP
particles. The effect of Triton X-100 on the colloidal dispersion stability of CuPc pigment
nanoparticles was investigated by Dong et al [18]. The influence of the hydrophobic chain of
quaternary dispersers on the properties of pigment dispersion was discussed by Fang et al
and good dispersion effects were obtained when the hydrophobic chain were 14 or 16 [21].
The aqueous suspensions of organic pigment particles using cetyltrimethylammonium bro‐
mide (CTAB) and sodium dodecylbenzene sulfonate (SDBS) as additives were prepared by
Wu et al and a uniform hydrous alumina film could be formed on the organic pigment parti‐
cle surface with anion surfactant SDBS [22].

But the dispersion system only using low molecular weight dispersants is still suffered from
the lack of stability for long-term storage or at high temperature [8], so additional process or
dispersant are necessary.

2.1.2. Polymeric dispersant

Polymeric dispersants are a class of specially designed, structured materials and show good
properties in the stabilization of organic UMP. In aqueous media, polymeric dispersants are
adsorbed onto UMP surface via anchor groups to build voluminous shells or intensify the
charges around UMP surface, thereby preventing flocculation and coagulation of the UMP,
which can greatly improve the stability of the UMP dispersion [23-25].
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The UMP particles are usually quite hydrophobic. In order to achieve a good stabilization in
aqueous UMP dispersions, many formulations have been proposed. The application of poly‐
mer surfactants in combination with ultrasonic action can significantly improve the quality
of dispersed systems. Some aspects concerning UMP-polymer interaction and formation of
adsorption layers under mechanical action need additional elucidation. The colloid stabiliza‐
tion of aqueous dispersions with polymer surfactants is believed to be a consequence of ad‐
sorption of the amphiphilic macromolecules on the particle surface resulting in mono- or
multi-layers of certain structure and thickness which provide certain sterical and/or electro‐
static stabilization effects.

Polymer adsorption from aqueous solution on a particle surface is a result of specific inter‐
actions of various active sites on the particle surface with corresponding sites (groups) of the
macromolecule. Therefore the chemical structures of the stabilizers are believed to be adjust‐
ed to the nature of each type of the particles [26]. Fu and his coworkers reported that pig‐
ment particles with the diameter of 20-120 nm were uniformly distributing in aqueous
media. –COOH of PSMA which encapsulated onto the surface of pigment would build a
voluminous shell and also intensify the charges of particles, which could effectively hinder
the attraction among particles [27].

2.1.3. Copolymer dispersant

Copolymer dispersants are advantageous for providing multiple anchoring sites toward
UMP surface as well as structurally more designable for solvating with the selected solvents.
Polymeric structures of random, A-B block, comb-like copolymers prepared by various syn‐
thetic techniques have been employed as stabilizers against particle flocculation. However,
the methods of anionic and group transfer polymerization are less appropriate since the syn‐
thesis of dispersants often involves the monomers with polar functionalities.

Copolymer dispersants are suitable for stabilizing the UMP particles against flocculation
during the grinding disruption and storage. The principle for achieving a fine dispersion is a
thermodynamically driven interaction among dispersant molecules, UMP particles, and sol‐
vents in a collective manner of mutual non-covalent bonding such as electrostatic charge at‐
traction, hydrogen bonding, p-p stacking, dipole-dipole interaction, and van der Waals
forces [28].

Copolymer dispersants of high molecular weight have been employed as dispersants to re‐
solve some problems through the molecular designs with multiple anchoring functionalities
for interacting with the UMP surface and simultaneously with the involved solvents. The in‐
homogeneity in geometric shapes of any two nanoparticles may also play an important role
for excluding each other from [8]. Recent developments in living/controlled polymerization
including nitroxide mediated polymerization (NMP), reversible addition-fragmentation
chain transfer (RAFT), and atom transfer radical polymerization (ATRP) have been reported.
The copolymers with specific functionalities can be prepared from the monomers with di‐
versified functionalities such as C1-C12 alkyl(meth)acrylate, amine-functionalized
(meth)acrylate, and acid-functionalized (meth)acrylate. In addition, copolymer structures
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can be controlled for their molecular weight distribution and are tailored for specific UMP
applications [28].

2.1.4. Siloxane dispersant

Siloxane dispersant can make UMP well dispersed in organic binders due to their hydro‐
philic/ hydrophobic nature. They convert the hydrophilic surface of UMPs into hydropho‐
bic components which make UMPs compatible with hydrophobic organic resins. Siloxane
dispersants can be incorporated very easily into liquids and showed an increase of stor‐
age stability, as they tend to deposit more slowly. The dispersing extent and flowability of
UMP treated with different siloxane dispersants in water medium are excellent. And silox‐
ane also shows better affinity to UMP than ammonium and nonionic polyether [30]. Silox‐
ane with long alkane chain shows great potential to be a new type of high performance
dispersant [29].

Moreover, when the pigment powder modified by siloxane dispersant (10%) is added into
the water, the treated sample (b) is able to easily be wetted and enter into the water while
the untreated one (a) still floats on the water surface. It is obvious that the siloxane disper‐
sant brings good wettability to Pigment Red CI 170.

2.2. Grinding process

It is necessary to de-aggregate and de-agglomerate the UMP particles. This is usually accom‐
plished by mechanical action provided by high impact mill equipment, such as the sand mill
and ball mill. As the UMP powder is broken down to individual particles by mechanical
shear, higher surface areas are exposed to the vehicle and larger amounts of additives are
required to wet out newly formed surfaces.

The grinding process can be regarded as a de-flocculation process. In the absence of stabiliz‐
ing agents, some changes such as reducing K/S value, decreasing gloss and altering rheolo‐
gy probably occur. Grinding process offers UMP in liquids and is suitable for discrete pass
as well as for circulation operation. The product passes through a high energy grinding zone
inside a grinding chamber and is reduced to the targeted particle size, down to the nanome‐
ter range if required. Using a higher specific weight grinding media is likely to reduce the
bead size without losing milling energy by use of equal bead filling volumes. The milling
process is improved and an optimum grinding result from both a quality and cost perspec‐
tive can also be achieved by selecting the best bead material, bead size and mill speed from
their dependence on the milling product properties [31].

The mechanical grinding of UMPs with the aid of a dispersant is the most convenient meth‐
od used to produce UMP particles [1]. But mechanical grinding process inevitably has such
defects as the relatively large particle size and broad size distribution. The typical size range
for particles and/or aggregates produces by traditional mechanical grinding was from 200
nm to 1000 nm. This process often combines with the utilization of ceramic grinding media
for particle size reduction. K. Hayashi et al investigated the dry grinding of UMPs with sili‐
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ca particles generates core-shell structures with an average size comparable to the parent
silica particles (20 nm) [5].

2.3. Ultrasonic wave process

As an environmental and efficient approach, ultrasonic energy was firstly reported to assist
various textile processes by Sokolov and Tumansky in 1941 [32]. Sound is transmitted
through a medium by inducing vibrational motion of the molecules through which it is trav‐
elling. Power ultrasound induces cavitations in liquids, which is the origin of the sound ef‐
fect in cleaning and in chemical processes [33]. Ultrasound has been widely applied in
textiles, for example, preparing nano-scale pigments, fabric pretreatment, dyeing and finish‐
ing processes.

Power ultrasound can enhance a wide variety of chemical and physical processes, mainly
due to the phenomenon known as cavitation in a liquid medium, which is the growth and
explosive  collapse  of  microscopic  bubbles.  Sudden and explosive  collapse  of  these  bub‐
bles can generate hot spots, i.e. local high temperature, high pressure, shock waves, and
severe shear force capable of breaking chemical bonds. Dispersion of UMPs involves the
application of shear forces to the agglomerates so that they break down into primary par‐
ticles [34]. If a proper amount of Ultramarine is added to water and stirred briskly, the ag‐
glomerates will simply be carried within the flow and hardly change their nature. Ultra-
fine  modified  pigment  blue  FFG  was  mixed  with  dispersant  and  dispersed  with  an
ultrasonic homogenizer for 30 min, and the particle size was reduced to 91 nm from the
original size 220 nm [35].

2.4. Microencapsulated process

Encapsulating UMP with various polymers is a promising approach for improving the qual‐
ity of the UMP dispersion. In the last decade, many techniques have been developed for en‐
capsulating UMP [36]. It must be noted that a successful encapsulation technique should not
impair the original color appearance of UMP but enhance their dispersion stabilities. Poly‐
meric resins in encapsulation work basically as an adsorbed surface layer around UMP par‐
ticles and also a fixing agent upon being colored on a substrate. The microencapsulated
UMP supplies dispersion stability, and the surface-modified UMP gives fixing on a hydro‐
philic body, such as the fiber in textiles [20].

The whole encapsulation process probably divides into four steps below [37]. Organic UMP
are dispersed into solution of polymeric dispersant leading to the polymeric dispersant ab‐
sorbing onto the UMP. The absorption auxiliary is added slowly and the copolymers precip‐
itate and encapsulate onto the UMP surface by van der Waals forces. After the precipitate is
filtered and dried, the copolymer is tightly encapsulated onto the UMP surface. The copoly‐
mer onto the encapsulated UMP is hydrolyzed, and then the UMP is dispersed uniformly in
aqueous media.

Dispersion is controlled by attractive force between the UMP and the hydrophobic part of
the polymer, and the stability of the particles is made both by electrostatic repulsive force
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between the particles in water and the polymer-polymer entropic effect. The UMP are dis‐
persed in the solid phase, and then the encapsulation and flocculation are presented. Re-dis‐
persion is necessary to separated microcapsules and finally the complete encapsulation in
the medium occurs [20]. The main differences between the surface-modified and the micro‐
encapsulated UMP are that the hydrophilic moiety on the surface of particles, i.e. the carbox‐
ylic groups in the microencapsulated UMP and the sulfonated groups on the surface of the
modified UMP, and additionally the existence of a polymer shell only in the microencapsu‐
lated UMP [20,36].

2.5. Microfluidics process

Microfluidics with excellent dispersing and smashing effects is in favor of leading particles
in liquid to reducing particle size to a submicron level to create pure and stable nano-emul‐
sions and suspensions [38]. With this process, the effectiveness of high-performance materi‐
als increases, because particles are more uniformly and stably dispersed. Through
microfluidizer high shear fluid processors, the fabrics with UMP easily achieve high K/S val‐
ue and gloss, and the amount of volatile organic compounds by increasing water content is
declined. Microfluidizer high shear fluid processors are frequently used to reduce particle
size to less than 150 nm.

For example, Pigment Red CI 22 was stirred with an aqueous solution of an anionic poly‐
meric dispersant for 30 min at 10,000 rpm, and the average particle diameter of the obtained
UMP dispersion was 1, 500 nm. Whereas, the average particle diameter of 128 nm was avail‐
able as the dispersion was converted to modified dispersion in a microfluidizer at pressure
22,000 Pa for 2.5 h [13]. Also, a UMP suspension system was prepared by adding the Gemini
dispersant and water. Then it was mixed and dissolved and the deformer was added in the
mixing process. The Pigment Red CI 22 was added into the above dispersant solution stir‐
ring at 600 rpm for 10 min and 9000 rpm for 30 min. The UMP system was treated using a
microfluidizer at 172, 368 kPa for 50 min to prepare UMP suspension system. And particle
size of the UMPs was the 211.9 nm, the Zeta potential was 32.4 mV and the viscosity was
1.33 Pa∙s [16].

2.6. Combined process

It is exceedingly difficult to handle a dry powder comprising of UMP particles as the UMP
is in the form of larger soft agglomerates. These agglomerates must be broken down into the
medium in a process called dispersion. The UMP dispersion can be stabilized by dispersing
agents in order to prevent the formation of uncontrolled flocculates. Combining two or
more dispersing methods, for example, grinding/ultrasonic wave, microencapsulation/
grinding and dispersant/microfluidizer, the homogeneity of making UMP dispersion along
with the use of organic dispersants for viscosity control and the prevention of particle from
further agglomeration can be realized [8].

Dispersions are usually prepared by ball grinding a mixture of the pigment, dispersant and
solvent. This is a simple combined process in which grinding process is used together with
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severe shear force capable of breaking chemical bonds. Dispersion of UMPs involves the
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ticles and also a fixing agent upon being colored on a substrate. The microencapsulated
UMP supplies dispersion stability, and the surface-modified UMP gives fixing on a hydro‐
philic body, such as the fiber in textiles [20].

The whole encapsulation process probably divides into four steps below [37]. Organic UMP
are dispersed into solution of polymeric dispersant leading to the polymeric dispersant ab‐
sorbing onto the UMP. The absorption auxiliary is added slowly and the copolymers precip‐
itate and encapsulate onto the UMP surface by van der Waals forces. After the precipitate is
filtered and dried, the copolymer is tightly encapsulated onto the UMP surface. The copoly‐
mer onto the encapsulated UMP is hydrolyzed, and then the UMP is dispersed uniformly in
aqueous media.

Dispersion is controlled by attractive force between the UMP and the hydrophobic part of
the polymer, and the stability of the particles is made both by electrostatic repulsive force
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between the particles in water and the polymer-polymer entropic effect. The UMP are dis‐
persed in the solid phase, and then the encapsulation and flocculation are presented. Re-dis‐
persion is necessary to separated microcapsules and finally the complete encapsulation in
the medium occurs [20]. The main differences between the surface-modified and the micro‐
encapsulated UMP are that the hydrophilic moiety on the surface of particles, i.e. the carbox‐
ylic groups in the microencapsulated UMP and the sulfonated groups on the surface of the
modified UMP, and additionally the existence of a polymer shell only in the microencapsu‐
lated UMP [20,36].
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Microfluidics with excellent dispersing and smashing effects is in favor of leading particles
in liquid to reducing particle size to a submicron level to create pure and stable nano-emul‐
sions and suspensions [38]. With this process, the effectiveness of high-performance materi‐
als increases, because particles are more uniformly and stably dispersed. Through
microfluidizer high shear fluid processors, the fabrics with UMP easily achieve high K/S val‐
ue and gloss, and the amount of volatile organic compounds by increasing water content is
declined. Microfluidizer high shear fluid processors are frequently used to reduce particle
size to less than 150 nm.

For example, Pigment Red CI 22 was stirred with an aqueous solution of an anionic poly‐
meric dispersant for 30 min at 10,000 rpm, and the average particle diameter of the obtained
UMP dispersion was 1, 500 nm. Whereas, the average particle diameter of 128 nm was avail‐
able as the dispersion was converted to modified dispersion in a microfluidizer at pressure
22,000 Pa for 2.5 h [13]. Also, a UMP suspension system was prepared by adding the Gemini
dispersant and water. Then it was mixed and dissolved and the deformer was added in the
mixing process. The Pigment Red CI 22 was added into the above dispersant solution stir‐
ring at 600 rpm for 10 min and 9000 rpm for 30 min. The UMP system was treated using a
microfluidizer at 172, 368 kPa for 50 min to prepare UMP suspension system. And particle
size of the UMPs was the 211.9 nm, the Zeta potential was 32.4 mV and the viscosity was
1.33 Pa∙s [16].

2.6. Combined process

It is exceedingly difficult to handle a dry powder comprising of UMP particles as the UMP
is in the form of larger soft agglomerates. These agglomerates must be broken down into the
medium in a process called dispersion. The UMP dispersion can be stabilized by dispersing
agents in order to prevent the formation of uncontrolled flocculates. Combining two or
more dispersing methods, for example, grinding/ultrasonic wave, microencapsulation/
grinding and dispersant/microfluidizer, the homogeneity of making UMP dispersion along
with the use of organic dispersants for viscosity control and the prevention of particle from
further agglomeration can be realized [8].

Dispersions are usually prepared by ball grinding a mixture of the pigment, dispersant and
solvent. This is a simple combined process in which grinding process is used together with
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dispersant. The ultrasonic process can also disperse the UMP and this method can endow a
high-throughput approach. The methacrylic copolymer was used to disperse carbon black in
water using both ball mill and ultrasonic approaches. The particle size distribution was de‐
termined by laser diffraction. After 16 min both ultrasonification and ball grinding achieve
the same particle size distribution (Figure 1). The ultrasonic approach could be used to ob‐
tain much smaller sample volumes than the ball mill approach [39].

Figure 1. (A) Particle size distribution data from ball grinding; (B) Particle size distribution data from ultrasonication

3. Characterization of UMP

The properties of UMP dispersion can be described by the stability, the adsorbed layer
thickness and the Zeta potentials, which are greatly affected by ionic strength, dispersants
and dispersing methods. The adsorbed layer thickness and the Zeta potentials can reflect the
forces among polymeric dispersants, media, and UMP particles. The characteristics of UMP
dispersion affect the applications of the dyed fabric on K/S value, gloss, brightness, and
transparency. Some key dispersion characteristics, such as particle size, disperse stability,
color properties and Zeta potential properties are investigated as follows.

3.1. Particle size

UMPs are composed of fine particles which are normally in the submicrometer size range.
The UMPs particle size has influence on the color, hide and settling characteristics. Large
particles usually settle faster than smaller ones. UMP size and its distribution also influence
the light scattering, colloidal stability, appearance and the color properties of the dyed fab‐
ric. Therefore, an assessment on the degree of dispersion is necessary to be considered in
terms of these critical measurements. In general, color properties, such as strength, transpar‐
ency, gloss and light fastness of all UMP systems, are affected to a greater or lesser extent by
the size and distribution of the UMP particles in the dispersion [1].
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UMP particle size and its distribution are greatly influenced by the dosage of dispersants.
The particle size decreases at first and then increases with the enhancement of the disper‐
sant, and the particle size reaches its minimum when the ratio is about 10% for phase sepa‐
ration method. The smaller the particle size is, the larger the UMP surface is, thus the more
amount of dispersant is needed. However, excessive dispersants, higher than 10%, will dis‐
solve in media instead of attaching onto UMP surface, resulting in increasing viscosity of
dispersing media and poor wetting performance in that excess dispersants (Figure 2) [30].

Figure 2. Particle size distribution of treated and untreated pigment red 170. (I) 1wt%pigment, 0 wt% dispersant; (II)
1wt% pigment, 0.01wt% dispersant; (III) 1wt% pigment, 0.02wt% dispersant; (IV) 1wt% pigment, 0.1wt% dispersant;
(V) 1wt% pigment,10wt% dispersant.

The -COOH group of copolymers encapsulated onto the surface of UMPs would form a pol‐
ymeric shell around the particles and also increase the surface charges of UMP particles. The
interaction between UMP particles is weakened due to the existence of these charges and
polymeric layer on the UMP particle surface, so that the UMP particles can be finely dis‐
persed in aqueous media [37]. With the dosage of siloxane dispersant descending, the per‐
centage of big particle ascends at first. However, while the dispersant is greatly excessive (10
wt%), the particle size increases.

Initial experiments, using dilute aqueous dispersions of carbon black of known average-parti‐
cle size distribution, were performed using both a standard UV/Vis spectrometer and a digital
camera to estimate light-transmission/attenuance. The results, summarized in Figure 3(A) and
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(B),  showed a  strong  relationship  between  average  particle  size  and  light-transmission/
attenuance over the size range examined by both these approaches, as demonstrated by the
high R2 values of the polynomial trend-line. Because the limited nature of the particle size dis‐
tributions obtained during these initial experiments, we were only able to demonstrate a cor‐
relation over a small size. The digital image method was developed further on account of its
potential to allow parallel analysis of multiple samples from the same image [39].

Figure 3. (A) Pigment average particle size versus attenuance (D) using UV/Vis analysis. (B) Pigment average particle
size versus light-transmission using image analysis

There was a very interesting phenomenon of the particle size distribution of Pigment Red CI
170 with the increase of the cationic siloxane dispersant. In order to clearly describe the dis‐
tribution process of UMP in water, a experiment was proposed according to the principle of
physical chemistry. UMP could not be well dispersed in water with the absence of disper‐
sant. Then, a small amount of dispersant was added into the system. Since the siloxane
group of dispersant showed great affinity to the UMP, it tended to anchor on the surface of
UMP particle.

3.2. Disperse stability

Stability of aqueous UMP dispersion is referred to that colloidal properties such as Zeta po‐
tentials, viscosity, and storage stability will not change in certain period. It’s an important
performance of UMP dispersion. Disperse stability can be supported by two generally
mechanisms: steric stabilization and charge stabilization. Steric stabilization is due to steric
hindrance resulting from the adsorbed dispersing agent, the chains of which become solvat‐
ed in the liquid medium, thus creating an effective steric barrier that prevents the other par‐
ticles from approaching too close. Charge stabilization is due to electrical repulsion forces,
which are the result of a charged electrical double layer surrounding the particles. The
charged electrical double layer developed around the particles extends well into the liquid
medium, and since all the particles are surrounded by the same charge (positive or nega‐
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tive), they repel each other when they come into close proximity. The disperse stability usu‐
ally includes deposited stability, heat stability, pH stability, electrolyte stability and
centrifugal stability [35].

Repulsive and attractive forces among UMP particles determine the stability of the UMP
dispersion. When the van der Waals forces between UMP particles are higher than steric
and static repulsive forces, the UMP particles will combine each other and generate large
particles. Instead, the dispersion will stably exist in aqueous media. In aqueous UMP disper‐
sion, polymeric dispersants encapsulated onto the surface of UMPs are ionized in acid solu‐
tion, and produce some negative charges onto the surface of UMPs to create the static forces
between UMP particles. Further, the PSMA encapsulated onto the surface of UMPs can also
generate steric repulsion [27]. The whole steric and static forces are larger than van der
Waals force between UMP particles, the dispersion will exist in long time, even under centri‐
fugal force or treated at high temperature. It was reported the effect of Triton X-100 on the
colloidal dispersion stability of CuPc-U (unsulfonated and hydrophobic copper phthalocya‐
nine) particles and was concluded that the stabilization mechanism for the CuPc-U is infer‐
red to be primarily steric and adding NaNO3 had no obvious effect on the dispersion
stability [18].

Stabilization of UMP with polymeric dispersants has been proven to be a good way for the
preparation of UMP dispersion with high stability, small particles size, low viscosities, and
low moisture sensitivity. In aqueous media, the polymeric dispersant can build polymeric
shell around the UMP particles and increase the surface charge on the UMP particles, so that
the UMP particles are able to finely dispersed in the aqueous media.

3.3. Zeta potential

The Zeta potentials of UMP dispersion are analyzed to estimate their disperse stability. The
stability of UMP dispersion determined by forces among the UMP particles. When the re‐
pulsive force is higher than attractive force, the UMP particles will stably disperse into the
media. Otherwise, the UMP particles will arregate together. In the UMP dispersion with pol‐
ymer dispersant, the repulsion forces among particles produced by the adsorbed polymer
include static-electronic and steric repulsion [40]. The former can be measured by the Zeta
potentials, and the latter is closely connected with the thickness of adsorbed polymer layer.
The studies on the change of Zeta potentials and thickness of adsorbed polymer layer after
the addition of solvent are important in understanding the effects of solvent on the stability
of UMP dispersion [35,41].

The dispersion mechanism may be interpreted with a pair of electricity layers principle. Al‐
though many cationic dispersants gathered on the UMP surface neighbourhood, the quiet
balance of positive negative charge didn’t change. The cation on the UMP surface adsorbed
a great many anions. With cation gathering gradually on the UMP surface, a pair of electrici‐
ty layers formed. The particles stably existed in dispersion system for the electric charge re‐
jected function mutually. An optimum dispersant dosage would exist, which promoted the
formation of double electricity layers [16,42].
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3.4. Color properties

UMP particles which are dispersed finely in dispersions enhance the color depth of UMP
dispersions (e.g. transmittance, chroma, and lightness) and improve color display perform‐
ance. The transmittances were enhanced with decreasing the mean size of dispersion (Figure
4). A color analysis program estimated the lightness (L*) and chroma (C*) from a spectrum
of dispersion samples at a wavelength of 380 to 780 nm based on the L*a*b* Color System
and D65 light source. The finer sizes of UMP particles in dispersion resulted in the higher
lightness (L*) and chroma (C*). Serious aggregation of UMP particles without a dispersant
in the dispersion would be performed. Holding the supercritical fluid-assisted dispersion
process at the supercritical region conduced to better dispersion [43].

Figure 4. The color analyses from the four representative samples of dispersions. (ο), Lightness; (•), chroma

Color properties are presented the color of the UMP dispersion. The absorbance of UMP hy‐
drous dispersion is slightly larger than that of containing organic solvents. The change is
mainly attributed to the disparate polarities of the solutions. In these two solutions, while
the polarity of solvent UMP dispersion, which contains more ethanol, is weaker. The color
of UMP is aroused by the π→π* energy transition when the chromophore groups are irradi‐
ated. The weak ionization of the UMP increases in a solution with high polarity (such as
H2O), and the electric charge in the conjugated system can transport more easily, which
leads to an increases in the absorbance. However, the maximum absorption wavelengths for
both systems with or without solvent nearly remain the same. This indicates that the chro‐
mophore groups of the UMP are not damaged in the UMP dispersion containing organic
solvent and the conjugated systems are essentially not altered, therefore, the color hue of the
solvent UMP dispersion remains identical to that of the UMP hydrous dispersion [35].
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4. Dyeing properties

4.1. Dyeing cotton fabric with UMP

In order to improve the dyeability with UMP, the cationic pretreatment of fabric is used. It
can  introduce  positively  charged  sites  on  cotton  fabric.  Without  pigment  modification,
there are two inhibiting factors.  Firstly,  pigments  are insoluble and have no affinity for
cotton  and,  secondly,  the  surfaces  of  pigment  particles  are  usually  negatively  charged.
UMP dyeing has several noticeable advantages compared to dyes. This method is a short
process, simple operation, saving energy consumption and low costs, and matching intui‐
tive easy color imitation, steady color hue, hiding power. Because UMP particles have no
affinity for fibers, the UMP dyeing fibers does not exist the selective problem and is appro‐
priate for all spices.

There are many reports on cationic modification of cotton. Karrer researched the cationic
pretreatment to the cellulose fiber [44]. Guthrie studied the cationic pretreatment of cellulose
fiber and dyed it with acidic dye [45]. The chemical modification of cotton to promote dyea‐
bility, light fastness and washing fastness has been researched by Cai [12]. Wang investigat‐
ed chemical modification of cotton to promote fiber dyeability [46]. Burkinshaw analysized
cationic pretreatment of cellulose fiber to improve the dye reactivity [47]. Hauser examined
the dyeing behavior of cotton that had been rendered cationic by reaction with 2,3-epoxy
propyltrimethylammonium chloride and the result showed that excellent dye yields and
color fastness properties were obtained without the use of electrolytes, multiple rinsings or
fixation agents [48].

Figure 5. Effect of cationic reactant concentration on pigment exhaustion and the K/S value
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During exhaustion dyeing process, the dyeing uptake of cotton fabric without modification
was very low. Via cationic reagent modification, the uptake of the cationic fabric was in‐
creased significantly. Cationic reagent with higher proportions increased the number of pos‐
itive charges on the cotton fiber, in turn increased pigment uptake.

For example, the cationic polymerization modifier was used to modify the charge of cotton
fiber, and this could enhance the uptake of UMP and K/S value with different cationic re‐
agent concentration (Figure 5). The application of cationic polymerization modifier on fibers
for cationic modification could reduce the production cost, reduce dyeing temperature,
shorten the dyeing process and improve production efficiency [49].

4.2. Dyeing silk fabric with UMP

Silk is a natural protein fiber, and the shimmering appearance of silk is due to the triangular
prism-like structure of the silk fiber, which allows silk cloth to refract incoming light at dif‐
ferent. But the silk fiber also has some defects, such as the problem of bleaching, the loss of
pupa protein and the yellowing [50,51].

In order to improve the performance of the silk fiber, silk was modified with cationic disper‐
sant [52]. This improved substantivity of UMP due to the introduction of cationic groups in‐
to the silk fabric, and the balance might be due to the adsorption of cationic reagent on
surface of silk fabric reaching saturation values. In this situation, more cationic reagent mol‐
ecules combined with UMP. The bounds between UMP and silk fabric led to a higher K/S
values. The different amount of the cationic reagent in pretreatment could impart different
amount of positive charge to silk surface, which could affect the K/S values. The UMP was
not substantive to silk, the K/S values were low on silk without cationization pretreatment.
The K/S values greatly increased and then kept in a balance with the increase of the cationi‐
zation concentration [53].

Furthermore, penetration property and content of ammonium of silk would also restrict to
produce the stronger ionic attraction between the cationic fiber and the anionic UMP. As a
result, the adsorption of UMP on silk fabric did not change any more accordingly [54]. Wei
reported that after modifying with glycidyltrimethylammonium chloride (EPTAC), the reac‐
tions of some amino acids were more rapid than the reaction of glucose. The dyeing ability
of modified silk fiber had been improved remarkably. A theory which was called "fixed
points" was given to this phenomenon [51]. Wang found that pH in pretreatment affected
significantly on the dyeing properties of silk fabric with UMP, because in alkali condition,
the chlorohydroxypropyl group of 3-chloro-2-hydroxypropyltrimrthylammonium chloride
(CHTAC) converted to an epoxy group and then formed 2, 3-epoxypropyltrimethylammoni‐
um chloride which reacted with the nucleophilic amine group in the silk. And The highest
K/S values could achieve at pH 8 [53].

With the increase of cationic reagent concentration, the rubbing fastness values appeared in‐
creasing trend (Table 1). The washing stain fastness of treated fabric was similarly compara‐
ble to the results without fastness improving reagent treatment because the UMP had no
affinity with silk without treatment. Compared with untreated silk, the washing change fast‐
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nesses of cationic silk increased greatly. This was probably due to the fastness improving re‐
agent acting as the binder between UMP and silk fabric [53].

Fastness improving

reagent conc. (g/L)

Rubbing fastness (Grade) Washing fastness (Grade)

Dry Wet Color change Stain cotton Stain silk

0 2 1-2 2 4 4

10 2-3 2 3-4 4-5 4

20 3 3 4 4-5 4

40 3-4 3 4 4-5 4-5

80 4 3-4 4 4-5 4-5

Table 1. Color fastness at different cationic reagent concentration

Cationic pretreatment depended on the extents of reaction between cationic reagent and
silk. This might affect the physical properties of the treated fabrics. The tensile strength and
elongation at break of fabrics changed with the increase of pH. It was clear that the reaction
between cationic reagent and silk took place significantly when pH of the pretreatment solu‐
tion increased. The tensile strength decreased with the peptide chain hydrolyzation when
the pH increased. Also the elongation at break kept slightly decreasing. This revealed that
the cationic pretreatment has little effect on the physical properties. The bending rigidity
and hysteresis of cationization silk had no change compared with untreated silk. It revealed
that the cationization treatment had no impact on the soft properties of fabrics. The handle
of fabric decreased a little after dyeing, it might be due to the action of fastness improving
reagent.

4.3. Dyeing wool fabric with UMP

The wool fabric  was modified by cationic reagent and dyed with UMP which was pre‐
pared with anionic polymer disperser via exhaust method [55]. The influence of pretreat‐
ment  conditions  such  as  concentration  of  cationic  reagent,  pH  value  of  the  bath,
temperature and duration of treatment on the dyeing property of the fabric was of impor‐
tance to the drying properties. With the increase of the cationic content, the K/S value en‐
hanced sharply and then kept a constant value when the content on cationic reagent was
higher  than 10% (Figure  6).  The dry and wet  rubbing fastness  of  the  wool  fabric  dyed
with  UMP via  exhaustion was  gray scale  ratings  of  3-4  and 4,  respectively.  The tensile
strength and elongation at  break decreased slightly with the increase of  bath pH value.
The test results of bending rigidity and hysteresis of bending revealed that the wool fab‐
ric had soft handle and good elasticity.

Preparation, Characterization and Application of Ultra-Fine Modified Pigment in Textile Dyeing
http://dx.doi.org/10.5772/53489

91



During exhaustion dyeing process, the dyeing uptake of cotton fabric without modification
was very low. Via cationic reagent modification, the uptake of the cationic fabric was in‐
creased significantly. Cationic reagent with higher proportions increased the number of pos‐
itive charges on the cotton fiber, in turn increased pigment uptake.

For example, the cationic polymerization modifier was used to modify the charge of cotton
fiber, and this could enhance the uptake of UMP and K/S value with different cationic re‐
agent concentration (Figure 5). The application of cationic polymerization modifier on fibers
for cationic modification could reduce the production cost, reduce dyeing temperature,
shorten the dyeing process and improve production efficiency [49].

4.2. Dyeing silk fabric with UMP

Silk is a natural protein fiber, and the shimmering appearance of silk is due to the triangular
prism-like structure of the silk fiber, which allows silk cloth to refract incoming light at dif‐
ferent. But the silk fiber also has some defects, such as the problem of bleaching, the loss of
pupa protein and the yellowing [50,51].

In order to improve the performance of the silk fiber, silk was modified with cationic disper‐
sant [52]. This improved substantivity of UMP due to the introduction of cationic groups in‐
to the silk fabric, and the balance might be due to the adsorption of cationic reagent on
surface of silk fabric reaching saturation values. In this situation, more cationic reagent mol‐
ecules combined with UMP. The bounds between UMP and silk fabric led to a higher K/S
values. The different amount of the cationic reagent in pretreatment could impart different
amount of positive charge to silk surface, which could affect the K/S values. The UMP was
not substantive to silk, the K/S values were low on silk without cationization pretreatment.
The K/S values greatly increased and then kept in a balance with the increase of the cationi‐
zation concentration [53].

Furthermore, penetration property and content of ammonium of silk would also restrict to
produce the stronger ionic attraction between the cationic fiber and the anionic UMP. As a
result, the adsorption of UMP on silk fabric did not change any more accordingly [54]. Wei
reported that after modifying with glycidyltrimethylammonium chloride (EPTAC), the reac‐
tions of some amino acids were more rapid than the reaction of glucose. The dyeing ability
of modified silk fiber had been improved remarkably. A theory which was called "fixed
points" was given to this phenomenon [51]. Wang found that pH in pretreatment affected
significantly on the dyeing properties of silk fabric with UMP, because in alkali condition,
the chlorohydroxypropyl group of 3-chloro-2-hydroxypropyltrimrthylammonium chloride
(CHTAC) converted to an epoxy group and then formed 2, 3-epoxypropyltrimethylammoni‐
um chloride which reacted with the nucleophilic amine group in the silk. And The highest
K/S values could achieve at pH 8 [53].

With the increase of cationic reagent concentration, the rubbing fastness values appeared in‐
creasing trend (Table 1). The washing stain fastness of treated fabric was similarly compara‐
ble to the results without fastness improving reagent treatment because the UMP had no
affinity with silk without treatment. Compared with untreated silk, the washing change fast‐

Eco-Friendly Textile Dyeing and Finishing90

nesses of cationic silk increased greatly. This was probably due to the fastness improving re‐
agent acting as the binder between UMP and silk fabric [53].

Fastness improving

reagent conc. (g/L)

Rubbing fastness (Grade) Washing fastness (Grade)

Dry Wet Color change Stain cotton Stain silk

0 2 1-2 2 4 4

10 2-3 2 3-4 4-5 4

20 3 3 4 4-5 4

40 3-4 3 4 4-5 4-5

80 4 3-4 4 4-5 4-5

Table 1. Color fastness at different cationic reagent concentration

Cationic pretreatment depended on the extents of reaction between cationic reagent and
silk. This might affect the physical properties of the treated fabrics. The tensile strength and
elongation at break of fabrics changed with the increase of pH. It was clear that the reaction
between cationic reagent and silk took place significantly when pH of the pretreatment solu‐
tion increased. The tensile strength decreased with the peptide chain hydrolyzation when
the pH increased. Also the elongation at break kept slightly decreasing. This revealed that
the cationic pretreatment has little effect on the physical properties. The bending rigidity
and hysteresis of cationization silk had no change compared with untreated silk. It revealed
that the cationization treatment had no impact on the soft properties of fabrics. The handle
of fabric decreased a little after dyeing, it might be due to the action of fastness improving
reagent.

4.3. Dyeing wool fabric with UMP

The wool fabric  was modified by cationic reagent and dyed with UMP which was pre‐
pared with anionic polymer disperser via exhaust method [55]. The influence of pretreat‐
ment  conditions  such  as  concentration  of  cationic  reagent,  pH  value  of  the  bath,
temperature and duration of treatment on the dyeing property of the fabric was of impor‐
tance to the drying properties. With the increase of the cationic content, the K/S value en‐
hanced sharply and then kept a constant value when the content on cationic reagent was
higher  than 10% (Figure  6).  The dry and wet  rubbing fastness  of  the  wool  fabric  dyed
with  UMP via  exhaustion was  gray scale  ratings  of  3-4  and 4,  respectively.  The tensile
strength and elongation at  break decreased slightly with the increase of  bath pH value.
The test results of bending rigidity and hysteresis of bending revealed that the wool fab‐
ric had soft handle and good elasticity.

Preparation, Characterization and Application of Ultra-Fine Modified Pigment in Textile Dyeing
http://dx.doi.org/10.5772/53489

91



Figure 6. The contents of cationic reagent on the K/S value of dyed fabric

4.4. Dyeing cotton fabric with carbon black UMP

The excellent color and fastness properties make carbon black (CB) particles possible appli‐
cation in textile dyeing. Compared with common sulfur dye, the dyeing process of carbon
black UMP can save water and energy due to the shorter dyeing time. However, the disper‐
sion of carbon black UMP in aqueous solutions and adsorption of the particles to cotton fi‐
bers are critical in exhaustion dyeing process, because carbon black UMP is hydrophobic
and easily aggregate in aqueous solutions.

On the basis of cotton fabrics modified with cationic reagent, the dyeing process and proper‐
ties of CB dispersions were reviewed (Figure 7). The mechanism of cationic cotton dyed by
an exhaustion process using aqueous carbon black UMP dispersions was investigated. Cot‐
ton modified with a cationic reagent enhanced the dyeing properties of aqueous carbon
black UMP dispersions. There were higher affinity between carbon black UMP and cationic
cotton. CB particles could quickly adsorb on the surface of cationic cotton fibers within 5
min and diffuse into the inner pores and cracks on the surface layer of cationic cotton step
by step [56]. The cross sections of cationic-modified cotton fibers dyed with different sizes of
CB particles were colorless region, and CB particles were only in the cotton fiber grooves,
just as “ring-dyeing”. After cationic modification, the cotton fiber could have a dark color
for the adsorbability of the anionic CB [13].

The color assessment of CB dyed cellulose is correlative to the amount carbon black UMPs
on the cotton via electrostatic force. It made possible to compare the charge density differ‐
ence between nanoparticle ionic materials (NIMs) deposition process and chemical modified
process.
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Figure 7. The dyeing process of carbon black UMP on modified cotton fabric

Figure 8. Color assessment of CB dyed cellulose matrixes: (A)K/S values; (B) Video microscope microscope:(a) Cotton
fabrics without modification, (b) Carboxyl modified cotton fabric deposited with positive NIMs and carbon black
UMPs, (c) Sulfonated modified cotton fabric deposited with positive NIMs and carbon black UMPs, (d) Ammonium
modified cotton fabric deposited with carbon black UMPs

The results of the K/S presented that the sulfonated cellulose had the higher K/S value of
29.7 than the carboxyl of 28.6 and aminocellulose of 27.9 (Figure 8(A)). The results proved
the conclusion about the color depth of the decorated samples. The images (Figure 8(B)) of
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the samples before and after the dyeing showed that the color depths of the dyed carboxyl
and ammonium fabrics were not as deep as the sulfonated cellulose fabric, which further
confirmed the color depth conclusion. Especially for the image of the ammonium sample,
the fabric surface was uncoated with carbon black UMP, and there were some starred white
flake on the fabric.

4.5. Dyeing cotton fabric with cationic UMP

Surface treatments are effective for UMP because its surface contain polar or polarized func‐
tional groups, which can serve as adsorption sites for the hydrophilic or lipophilic groups of
the surfactants [1]. The cationic UMP dispersion has great prospects in cellulose dyeing, ink-
jet printing, and so on. Compared with the anionic and non-ionic UMP, the cationic UMP
has stronger combining force with cellulose substrate, better K/S value, and vividness, thus
it can increase the uptake of the UMP, reduce the environment pollution and improve the
quality of final products.

For the specific structure, there are a lot of the characteristics on Gemini cationic dispersant.
The Zeta potential of the Gemini cationic UMP is higher than that of the ordinary cationic
UMP. Therefore, it is easier to color. The dry and wet rubbing fastness is good with both
Gemini cationic UMPs after the film fixation (Table 2). With the dispersant dodecyltrimethy‐
lammonium, the dyeing of Gemini cationic UMPs exhibits deeper K/S value and the fabric is
easier to be colored. The adsorption capacity of the Gemini cationic UMPs to cotton fabric is
stronger, and can cover more fiber surface. Cotton fabric shows negative in a water solution,
which has a weak charge bonding force with cationic UMPs. The more cationic UMPs con‐
taining electropositive, the easier the cotton fabric adsorbing the UMPs [16].

Sample K/S value Dye rubbing fastness Wet rubbing fastness

Traditional pigment 42.64 3-4 2

UMP 51.99 4 2

Table 2. K/S value and fastness of Gemini cationic UMP dispersion on cotton

4.6. Dyeing acrylic yarns with cationic UMP

Acrylic fibers can be dyed by cationic UMPs, and the electrostatic attraction between UMPs
and acrylic fibers is beneficial to the dyeing properties, especially its light fastness property.
Compared with anionic and nonionic UMP systems, the cationic UMPs could bond with the
acrylic fibers by electrostatic attraction. Therefore, the UMP presented a better dyeing result
and a higher utilization ratio [57].

The dye bath pH presented great influences on cationic UMP dispersion stability during
dyeing acrylic fiber with cationic UMP. The increase of UMP dosage resulted in lower dye-
uptake and more brilliant colors, and dyeing acrylic yarns with UMP (40%, o.w.f) could
reach the maximum K/S value. The K/S value of acrylic yarns reduced after adding adhe‐
sives, compared to the cationic dyes, the light fastness was improved significantly [58].
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From Figure 9, when the temperature was lower than 65 °C, the dyeing rate was quite low,
and the adsorption of pigments was unstable, while the temperature was higher than 65 °C,
the dyeing rate increased significantly with the dyeing time prolonging. A higher dyeing
temperature would shorten the dyeing time. As the temperature was higher than 95 °C, the
dyeing time was only 15 min. The reason was that in a low temperature condition, the acryl‐
ic molecular chains were not moving and the adsorption only took place in the surface of
fiber. The pigments adsorbed to the yarns were easily re-dissolved into the dye bath.

Figure 9. Effects of dyeing temperature on dye-uptake of acrylic yarns

In order to evaluate the light fastness of acrylic yarns dyed by cationic dye, the light fastness
of cationic dye is attempted and assessed (Figure 10).

Cationic UMP presented better light fastness than that of the cationic dye. Acrylic yarns
dyed by cationic UMP presented higher stability to light than that dyed by cationic dye. The
main reason was that the chromophoric group of pigment was more difficult to destroy for
its stable chemical structure.
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Figure 11. Light fastness of acrylic yarns dyed by cationic dye and ultra-fine pigment

5. Conclusion

A stable UMP dispersion is able to be prepared via grinding, ultrasonic wave, microencap‐
sulation and microfluidics processes with different dispersants like low molecular weight
dispersant, polymeric dispersant, copolymer dispersant and siloxane dispersant. It’s more
efficient to prepare the uniform and stable UMP dispersion via comprehensive utilization of
these dispersing processes.

The key dispersion characteristics of UMP dispersion be evaluated by particle size, disperse
stability, Zeta potential, color properties and dyeing properties, which are greatly affected
by ionic strength, dispersants and dispersing methods. The disperse stability and color per‐
formance are promoted with the smaller particle size and higher charged UMP.

The dyeing properties of UMP on many fabrics such as cotton, silk and wool pretreated with
cationic reagent is enhanced. The K/S value and rubbing fastness are able to be distinctly im‐
proved. Cationic cotton can also enhance the dyeing properties of aqueous carbon black
UMP dispersions due to the higher affinity between carbon black UMP and cationic cotton.
The cotton fabric dyed with cationic UMP can also promote the K/S value and color fastness.
For acrylic yarns, the increase of UMP dosage results in lower dye-uptakes and more bril‐
liant colors, and dyeing with UMP (40%, o.w.f) can reach the maximum K/S value on acrylic
yarns.

As an advanced pigment dyeing method, the UMP takes many advantages of pigment. The
specific characteristics of the UMP, including stability and high K/S value, reveal its signifi‐
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cant potential on fabric dyeing, and especially for its environment-friendly characteristics,
the development of UMP will present a more sharply speed than that of the dyes. Base on
the textile application, the further research interests about UMP are focus on the novel dis‐
persing process to obtain stable UMP system, modification with functional organic or inor‐
ganic materials, developing the multifunction and multipurpose of UMP.
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The Use of New Technologies in Dyeing of Proteinous
Fibers
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Additional information is available at the end of the chapter
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1. Introduction

Wool consists principally of one member of a group of proteins called keratins; other mem‐
bers of this group include the proteins of hair, feathers, beaks, claws, hooves, horn and even
certain types of skin tumour [1]. The main substance of wool is a keratin. Keratin macromo‐
lecules are crosslinked with cystine residues and contain a variety of side chains, some basic
and some acidic [2]. Wool fibers consist of cortical cells and cuticular cells, which are located
in the outermost part of the fiber surrounding the cortical cells. They consist of endocuticle,
A and B exocuticle, and an exterior hydrophobic thin membrane called the epicuticle [3].
Both layers have a tremendous influence on dyeing because of their hydrophobic character‐
istics. The cuticle is separated from the underlying cortex by the intercellular material,
which is called the cell membrane complex (CMC) and consists of non-keratinous proteins
and lipids [2].

The morphology of the wool fiber surface plays an important role in textile finishing proc‐
esses. The covalently bound fatty acids and the high amount of disulphide bridges make the
outer wool surface highly hydrophobic. Especially in the printing and dyeing of wool, the
hydrophobic character of the wool surface is disturbing. Diffusion of the hydrophilic dyes at
and into the fibers is hindered. For this reason, the hydrophilicity and dyeability properties
of the wool fiber should be developed [4]. Wool dyeing is a degradative process involving
high temperature for long periods in acidic to neutral pH medium to achieve good penetra‐
tion, optimum fastness, and dye uptake. The results can be harsh handle, discomfort, and a
deterioration of properties that impact consumer wear, care, and aesthetic appreciation [5].

Silk fiber is protein fiber that is produced from silk worms [6]. Silk has been called “the
queen of fibers”, its natural luster, handle and draping properties being superior to those of
many other textile fibers [7]. It is composed of different alpha amino acids orienting to form

© 2013 Atav; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Atav; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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long chain polymer by condensation and polymerization. Silk fiber consists of 97% protein
and the others are wax, carbohydrate, pigments, and inorganic compounds. The proteins in
silk fiber are 75% fibroin and 25% sericin by weight, approximately. The sericin makes silk
fiber to be strong and lackluster; therefore, it must be degummed before dyeing [6]. Silk fi‐
broin, like wool keratin, is formed by the condensation of α-amino acids into polypeptide
chains, but the long-chain molecules of silk fibroin are not linked together by disulfide
bridges as they are in wool. Chemical treatments can cause modification of main peptide
chains, and side chains of amino acids, which in turn influence the fiber’s chemical, physical,
and mechanical properties [8]. Silk fiber is easily damaged when dyeing at the boil, so low-
temperature dyeing is usualy preferred [7]. Because the brilliancy of dyed and printed silk
fabrics is a decisive factor for evaluating the quality of silk fabrics, dyeability of silk fibers is
one of the most attractive topics for applied and basic research [9].

In recent years, many attempts have been made to improve various aspects of dyeing, and
new technologies have been, and are being developed to reduce fiber damage, decrease en‐
ergy consumption and increase productivity [10]. In this chapter, new technologies that im‐
prove the dyeability of proteinous fibers such as ultrasound, ultraviolet, ozone, plasma,
gamma irradiation, laser, microwave, e-beam irradiation, ion implantation, and supercritical
carbondioxide will be overviewed.

2. Ultrasound technology

Sound is transmitted through a medium by inducing vibrational motion of the molecules
through which it is traveling. This vibrational motion represents the sound frequency [11].
Ultrasound is sound of a frequency that is above the threshold of human hearing [12]. The
lowest audible frequency for humans is about 18Hz and the highest is normally around
18-20 kHz for adults, above which it becomes inaudible and is defined as ultrasound [11]. In
recent decades the use of ultrasound technology has established an important place in dif‐
ferent industrial processes such as the medical field, and has started to revolutionize envi‐
ronmental protection. The idea of using ultrasound in textile wet processes is not a new one.
On the contrary there are many reports from the 1950s and 1960s describing the beneficial
effects of ultrasound in textile wet processes. In spite of encouraging results from laborato‐
ry-scale studies, the ultrasound-assisted wet textile processes have not been implemented on
an industrial scale as yet [13].

In practice, three ranges of frequencies (Fig. 1) are reported for three distinct uses of ultra‐
sound: low frequency or conventional power ultrasound (20-100 kHz), medium frequency
ultrasound and diagnostic or high frequency ultrasound (2-10 MHz) [13].

As the sound wave passes through water in the form of compression and rarefaction cycles,
the average distance between the water molecules varies. If the pressure amplitude of the
sound is sufficiently large, then the distance between the adjacent molecules can exceed the
critical molecular distance during the rarefaction cycle. At that moment a new liquid surface
is created in the form of voids. This phenomenon is called acoustic cavitation [15].
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Figure 1. Classification of sound according to the frequency [14]

Figure 2. Formation of a cavitation buble [16]

Power ultrasound can enhance a wide variety of chemical and physical processes, mainly

due to the phenomenon known as cavitation in a liquid medium that is the growth and ex‐
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plosive collapse of microscopic bubbles. Sudden and explosive collapse of these bubbles can
generate ‘‘hot spots’’, i.e., localized high temperature, high pressure, shock waves and se‐
vere shear force capable of breaking chemical bonds [17]. High temperature and pressures
resulting from the collapse of the transient cavitation bubbles are responsible for all the ob‐
served effects of ultrasound [18]. Parameters which affect cavitation and bubble collapse are:

• Properties of the solvent: The solvent used to perform sample treatment with ultrasonica‐
tion must be carefully chosen. As a general rule, most applications are performed in wa‐
ter. However, other less polar liquids, such as some organics, can be also used, depending
on the intended purpose [19]. Cavities are more readily formed when using a solvent
with high vapor pressure, low viscosity and low surface tension. But at high vapor pres‐
sure more vapor enters the cavitation bubble during its formation and the bubble collapse
is cushioned and less violent [13].

• Properties of gases: Soluble gases should result in the formation of a larger number of
cavitation nuclei, but the greater the solubility of the gas is the more gas molecules should
penetrate the cavity. Therefore, a less violent and intense shock wave is created on bubble
collapse [13].

• External pressure: With increasing external pressure, the vapor pressure of the liquid de‐
creases and higher intensity is necessary to induce cavitation [13]. In addition, there is an
increment in the intensity of the cavitational bubble collapse and, consequently, an en‐
hancement in sonochemical effects is obtained. For a specific frequency there is a particu‐
lar external pressure that will provide an optimum sonochemical reaction [19].

• External temperature: Higher external temperature reduces the intensity necessary to in‐
duce cavitation due to the increased vapor pressure of the liquid. At higher external tem‐
peratures more vapor diffuses into the cavity, and the cavity collapse is cushioned and
less violent [13].

• Frequency of the sound wave: At high sonic frequencies, on the order of the MHz, the
production of cavitation bubbles becomes more difficult than at low sonic frequencies, of
the order of the kHz. To achieve cavitation, as the sonic frequency increases, so the inten‐
sity of the applied sound must be increased, to ensure that the cohesive forces of the liq‐
uid media are overcome and voids are created [19]. Lower frequency produces more
violent cavitation and, as a consequence, higher localized temperatures and pressures. At
very high frequency, the expansion part of the sound wave is too short to permit mole‐
cules to be pulled apart sufficiently to generate a bubble [13].

Cavitation induced by ultrasound will allow accelerating processes and obtaining the same
results as existing techniques but with a lower temperature and low dye and chemical con‐
centrations [20]. For this reason textile wet processes assisted by ultrasound are of high in‐
terest for the textile industry. A review of earlier studies using ultrasound in textile wet
processes was compiled by Thakore et al. Ultrasound-assisted textile dyeing was first re‐
ported by Sokolov and Tumansky in 1941 [13]. Some of the benefits of using of ultrasonics in
dyeing can be listed as below;
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• energy savings by dyeing at lower temperatures and reduced processing times,

• environmental improvements by reduced consumption of auxiliary chemicals,

• lower overall processing costs (due to less energy and chemical consumption), thereby in‐
creasing industry competitiveness [21]

Improvements observed in ultrasound-assisted dyeing processes are generally attributed to
3 main phenomenons,

• Dispersion: breaking up of micelles and high molecular weight aggregates into uniform
dispersions in the dye bath,

• Degassing: expulsion of dissolved or entrapped gas or air molecules from fiber into liquid
and removal by cavitation, thus facilitating dye-fiber contact, and

• Diffusion: accelerating the rate of dye diffusion inside the fiber by piercing the insulating
layer covering the fiber and accelerating the interaction or chemical reaction, if any, be‐
tween dye and fiber [11].

A good wool dyeing process must provide a satisfactory uptake of dye bath and an ade‐
quate penetration of dye into the fiber, with the practical advantages of good wet fastness
and uniform coloration. The conventional methods for wool dyeing are based on long times
at temperature close to the boiling point, in order to ensure good results of dye penetration
and leveling. These conditions can damage the fibers, with negative effects on the character‐
istics of the finished material. Such damage can be minimized by reducing the operation
time or, better yet, by reducing the dyeing temperature. Recently, ultrasound assisted wool
dyeing was studied with the aim to reduce temperature or dyeing time with respect to the
conventional dyeing technique [22]. Some literature related to the use of ultrasound technol‐
ogy in dyeing of proteinous fibers is summarized below.

Shukla and Mathur (1995) studied the dyeing process of silk using cationic, acid and metal-
complex dyes at low temperatures, assisted by a low frequency ultrasound of 26 kHz and
compared the results of dye uptake with those obtained by conventional processes. Their re‐
sults show that silk dyeing in the presence of ultrasound increases the dye uptake for all
classes of dyes at lower dyeing temperatures (45°C and 50°C) and a shorter dyeing time (15
min.), as compared with conventional dyeing at 85°C for 60 min. Furthermore, there was no
apparent fiber damage caused by cavitation [23].

Kamel et al. (2005) have investigated the dyeing of wool fabrics with lac as a natural dye in
both conventional and ultrasonic techniques. The extractability of lac dye from natural ori‐
gin using power ultrasonic was also evaluated in comparison with conventional heating.
The results of dye extraction indicate that power ultrasonic is rather effective than conven‐
tional heating at low temperature and short time. Color strength values obtained were
found to be higher with ultrasonic than with conventional heating. The results of fastness
properties of the dyed fabrics were fair to good [17].

Vankar and Shanker (2008) have extracted coloring pigment from Hollyhock (Alcea rosea)
flower and used for dyeing wool yarn, silk and cotton fabrics. It is observed that the dyeing
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with hollyhock gives fair to good fastness properties in sonicator in 1 hour and shows good
dye uptake as compared with conventional dyeing [24].

Battu et al. (2010) observed that in wool dyeing at 85°C with acid dyes, ultrasound caused an
improvement of the dye uptake as much as 25%, or dyeing time would be nearly 20% short‐
er than conventional dyeing [25].

Yukseloğlu and Bolat (2010) stated that the wool fabrics have presented similar color yield
(K/S) and acceptable color differences (ΔE) with the use of ultrasonic energy. Ultrasonic en‐
ergy was found to be advantageous to be used for wool dyeing at lower temperatures (such
as 80°C and 90°C) and lower dyeing times (i.e. 80 min. or 90 min.) as an alternative process
for conventional dyeing (100°C and 144 min) [26].

McNeil and McCall (2011) investigated the effects of ultrasound at 35-39 kHz on several wool
dyeing and finishing processes. Ultrasound pre-treatment increased the effectiveness of sub‐
sequent oxidative-reductive bleaching, but had no effect on the uptake of acid leveling and
acid milling dyes. The pre-treatment retarded the uptake of reactive dye, possibly by in‐
creasing the crystallinity of the fiber or removing surface bound lipids. Ultrasound did not
improve dyeing under conditions that are currently used in industry, but did show potential
to reduce the chemical and energy requirements of dyeing wool with reactive and acid mill‐
ing dyes, but not acid leveling dyes [27].

Atav and Yurdakul (2011) investigated the effect of ultrasound usage on the color yield in
dyeing of mohair fibers. They found that dyeing in the presence of ultrasound energy in‐
creases the dye-uptake of mohair fibers and hence higher color yield values are obtained.
The difference between the samples dyed in the presence and absence of ultrasound, was
greater for darker shades and for dyeing carried out in acidic medium (pH 5), and also for
shorter dyeing periods. Furthermore there is no important difference between washing fast‐
ness and alkali solubility values of fibers dyed in the presence and absence of ultrasound
[28].

Ferrero and Periolatto (2012) studied the possibility of reducing the temperature of conven‐
tional wool dyeing with an acid leveling dye using ultrasound in order to reach dye uptake
values comparable to those obtained with the standard procedure at 98°C. Dyeings of wool
fabrics were carried out in the temperature range between 60°C and 80°C using either me‐
chanical or ultrasound agitation of the bath and coupling the two methods to compare the
results. For each dyeing, the dye uptake curves of the dye bath were determined and the
better results of dyeing kinetics were obtained with ultrasound coupled with mechanical
stirring. Finally, fastness tests to rubbing and domestic laundering yielded good values for
samples dyed in ultrasound assisted process even at the lower temperature [22].

3. Ultraviolet technology

Light is electromagnetic radiation or radiant energy traveling in the form of waves [29]. The
electromagnetic spectrum is the range of all possible frequencies of electromagnetic radia‐
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tion. The “electromagnetic spectrum” of an object is the characteristic distribution of electro‐
magnetic radiation emitted or absorbed by that particular object. The electromagnetic
spectrum extends from low frequencies used for modern radio communication to gamma
radiation at the short-wavelength (high-frequency) end, thereby covering wavelengths from
thousands of kilometers down to a fraction of the size of an atom [30]. UV energy is found in
the electromagnetic spectrum between visible light and x-rays [29].

Figure 3. A diagram of the electromagnetic spectrum [30]

Ultraviolet or UV radiation is part of the electromagnetic (light) spectrum that reaches the
earth from the sun. It has wavelengths shorter than visible light, making it invisible to the
naked eye [31]. 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 [32]. Scientists classify UV ra‐
diation into three types or bands: UVA, UVB, and UVC (Fig. 4). The ozone layer absorbs
some, but not all, of these types of UV radiation [33].

• UVA: Long-wavelength UVA covers the range 315-400 nm. Not significantly filtered by
the atmosphere. Approximately 90% of UV radiation reaching the Earth’s surface. UVA is
again divided into UVA-I (340 nm - 400 nm) and UVA-II (315 nm - 340 nm) [34].

• UVB: Medium-wavelength UVB covers the range 280-315 nm. Approximately 10% of UV
radiation reaching the Earth’s surface [34].

• UVC: Short-wavelength UVC covers the range 100-280 nm [34]. They are the most dan‐
gerous among all the rays. However, these rays do not reach the earth’s surface as they
are completely absorbed by the ozone layer [31].

The deleterious effects of solar irradiation are perceived as changes in texture and color, dry‐
ness, etc., and can be evaluated in terms of reduced elasticity, increased porosity or swelling
properties, altered
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Figure 4. Classification of ultraviolet radiation [35]

dye sorption characteristics, and photofading of natural or artificial hair color [36]. The
chemical changes caused by short-term UV irradiation of wool are confined to fibers at the
fabric surface and UV is unable to penetrate beyond the surface to weaken the bulk fibers
responsible for the mechanical strength. This has enabled the potential application of UV
technology as a surface-specific treatment in several areas of wool processing [37]. For wool
the UV-absorbing species are aromatic amino acid and cystine residues in the protein struc‐
ture which absorb strongly below 350 nm. UVC radiation (200-280 nm) is the most effective
range for modifying wool fiber surfaces [38].

The most commercially used process for antifelting and antipilling of wool is based on
chlorination. However, recent concern over the release into the environment of adsorbable
organohalogens (AOX) in process effluents has prompted the development of alternative,
AOX-free processes. Different types of radiation techniques, such as ultraviolet radiation,
are utilized as alternatives to chlorination in wool processing [39]. UV treatment can add
value in coloration (dyeing and printing), since it is predominantly surface fibers in a fabric
that absorb, reflect and scatter light. Photomodification of the surface fibers can allow:

• more dye to become fixed, producing deeper shades

• more rapid fixation of dyes dye fixation under less severe conditions (e.g. lower tempera‐
ture) [38]

Modification of the dye uptake by exposure of wool fabric to UV radiation before dyeing
has been known since the early 1960s. For most dye classes, UV-irradiated fabric takes up
significantly more dye than untreated and when fabrics are irradiated through stencils, intri‐
cate tone-ontone effects can be produced [37]. Some literature related to the use of ultravio‐
let technology in dyeing of proteinous fibers is summarized below.

Millington (1998) stated that UV irradiation of wool can significantly increase dyeing color
yields. The use of 1:1 metal-complex dyes was found to be particularly effective, and a 3%
o.w.f. dyeing on UV-treated fabric could produce a better depth of shade than a 5% dyeing
on untreated fabric [40].
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Millington (1998) found that UV radiation of wool fabric exhibits some physical and chemi‐
cal changes on its surface. This interaction not only modifies the fabric of wool but also im‐
prove the shades particularly grey and black. It also helps in even dyeing, deeper shades,
chlorine free printing and improve the photo bleaching of wool [41].

Xin et.al (2002) exposed wool samples to UV radiation for 60 min. and investigated the sur‐
face modification of the wool fiber by X-ray photoelectron spectroscopy. The chemical
change caused by the UV treatment was identified as surface oxidation of cystine (disul‐
phide bonds) and thereby induced changes in the dyeing properties of the wool. The dyea‐
bility of UV-treated and untreated wool samples was determined at temperatures of 45, 50,
55 and 60°C using C.I. Acid Blue 7. The UV-treated wool samples showed greater levels of
dye uptake compared with those of the untreated samples. The adsorption behavior and dif‐
fusion coefficients were also studied. The dyeing properties of wool were enhanced by UV
radiation due to the increased diffusion coefficient of the dyes in the treated wool fibers [42].

4. Ozone technology

Ozone is a natural occurring gas that can be both beneficial and detrimental to organisms on
Earth. It is important that sufficient amount of this pale blue gas is present in the strato‐
sphere, where O3 molecules would shield most of the UV radiation from reaching Earth [43].
Although ozone is a blue colored gas at normal temperatures and pressures; because of its
low concentrations in its applications the observation of this blue color of ozone is impossi‐
ble [44]. Ozone gas has a pungent odor readily detectable at concentrations as low as 0.02 to
0.05 ppm (by volume), which is below concentrations of health concern [45].

Ozone was first generated and characterized by a German scientist named Schonbein in
1840 [46]. Ozone is a nonlinear triatomic molecule possessing two interoxygen bonds of
equal length (1.278 A) and an average bond angle of 116°49’ [47].

Figure 5. Ozone molecule [48, 49]

Ozone is formed naturally in the atmosphere by photochemical reaction with solar UV radi‐
ation and by lightening. It can also be generated artificially. Three most common ways of
generating ozone artificially are:
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Figure 4. Classification of ultraviolet radiation [35]
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• Corona discharge: In this method, ozone is generated when free, energetic electrons in the
corona dissociate oxygen molecules in oxygen-containing feed gas that passes through
the discharge gap of the ozone generator.

• UV light: Ozone can also be generated by UV light. The high energy UV light ruptures the
oxygen molecules into oxygen atoms, and the subsequent combination of an oxygen atom
with an oxygen molecule produces ozone (O3).

• Electrolysis: A third method for generating ozone is electrolysis, which uses an electrolyt‐
ic cell. Specifically, electrolysis involves converting oxygen in the water to ozone by pass‐
ing the water through positively and negatively charged surfaces [46].

Ozone is a very powerful oxidizing agent, which is able to participate in a great number of
reactions with organic and inorganic compounds. Among the most common oxidizing
agents, it is only surpassed in oxidant power by fluorine and hydroxyl radicals (see Table 1)
[50]. Ozone has strong tendency to react with almost any organic substance as well as with
water. The reaction proceeds via several intermediates such as peroxides, epoxides and per‐
hydroxyl and hydroxyl radicals [51].

Oxidation species Oxidation power (V) Oxidation species Oxidation power (V)

Fluorine 3.03 Chlorine dioxide 1.50

Hydroxyl radical 2.80 Hypochlorous acid 1.49

Atomic oxygen 2.42 Hypoiodous acid 1.45

Ozone 2.07 Chlorine 1.36

Hydrogen peroxide 1.77 Bromide 1.09

Permanganate 1.67 Iodine 0.54

Hypobromous acid 1.59

Table 1. Oxidation power of selected oxidizing species [50]

In an ozonation process two possible pathways have to be considered [50]: direct oxidation
with ozone molecules or the generation of free-radical intermediates, such as the OH radi‐
cal, which is a powerful, effective, and non-selective oxidizing agent [52].

3 2 2O + H O 2HO® (1)

3 2 2O + HO • HO• + 2O® (2)

Molecular ozone can directly react with dissolved pollutants by electrophilic attack of the
major electronic density positions of the molecule. This mechanism will take place with pol‐
lutants such as phenols, phenolates or tiocompounds. The radical mechanism predominates
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in less reactive molecules, such as aliphatic hydrocarbons, carboxylic acids, benzenes or
chlorobenzenes [50].

Figure 6. Scheme of reactions of ozone added to an aqueous solution [50]

The chlorine/ Hercosett process, the most widely used treatment for the wool dyeing proc‐
ess, causes dangerous ecological problems due to the contamination of waste water with ab‐
sorbable organic halides (AOX). Because of legal restrictions and national and international
awareness of ecology and pollution control, an AOX-free pretreatment is required to offer
environmental advantages [53]. Alternative surface modifications for improving wool dyea‐
bility are therefore being explored. One of them is ozonation process [54]. Ozone treatments
of proteinous fibers such as wool, mohair, angora and silk have been investigated by many
authors. When literature is examined, it can be well understood that, increase in dyeability
of protenious fibers caused by ozonation process depends on the following parameters;

• pH: Typically, at pH<4 direct ozonation dominates and above pH>9 the indirect pathway
dominates. In the range of pH 4-9, both of them are important. The pH influences the gen‐
eration of hydroxyl radicals [55].

- -
3 3O + OH O • + OH•® (3)

- -
3 2O • O • + O® (4)

- +O • + H OH•® (5)

Generally at neutral medium reaction rate of ozone gas is slow due to its low solubility.
While molecular ozone reacts at low pH values, at high pH values radicals react. Since the
oxidation potential of hydroxyl radicals exceeds that of ozone molecules, oxidation is faster
in indirect reactions. Additionally HO• is not the only radical that is formed. Even though
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the HO• radical is the most powerful radical with a 2.8 V oxidation potential, HO2•, HO3•
and HO4• radicals are also formed as shown in Eq. 6-11 [56].

- -
3 2 2O + OH HO • + O® (6)

- +
2 2HO •  O • + H« (7)

- -
3 2 3 2O + O • O + O® (8)

- +
3 3O + H HO® (9)

3 2HO • HO• + O® (10)

3 4HO• + O HO® (11)

At pH < 9, the highly selective ozone molecules react rapidly at sites of high electron density
(such as aliphatic and aromatic double bonds) and slowly at less reactive sites (such as C-H
bonds of saturated hydrocarbons). The presence of the •OH radicals above pH 9 have less
selectivity and high oxidation potential (2.8 V) [51]. Ozonation efficiency decreases in the ba‐
sic pH values when compared to acidic and neutral pH. Because in a basic solution, more
hydroxide ions are present and these hydroxide ions act as an initiator for the decay of
ozone [57]. Moreover, it is reported that the dissolved ozone concentration in water decreas‐
es from 4.3X10-4 mol/L at pH 4 to 1.5X10-4 mol/L at pH 10 [58].

• Temperature: As temperature increases, ozone becomes less soluble (see Table 2) [45];
however, it can not be said that ozonation efficiency reduces with the decrease in the sol‐
ubility of ozone, because temperature rise also increases the reaction rate [56].

Temperature (°C) Solubility (kg.m-3)

0 1,09

10 0,78

20 0,57

30 0,40

40 0,27

50 0,19

60 0,14

Table 2. Water solubility of ozone [59]
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• Ozone dose: Because oxidation reactions are caused by molecular ozone or radical spe‐
cies formed by the reactions of ozone, with the increase in ozone dose ozonation efficien‐
cy increases [56]

• Water content of the fiber: In literature it was stated that the rate of oxidation is accelerat‐
ed by the hydration of hydrophilic groups in the fiber and above a critical level of mois‐
ture content (at which fiber is completely hydrated) it is retarded by the water which
enters the intermicellar and interfibrillar space. In many previous studies, the importance
of water during ozonation process was reported [51, 57, 58]. Prabaharan and Rao have
suggested a model in order to explain this phenomenon. According to this model it can be
said that for ozonation to take place, water should be present inside of the fiber. However
the quantity of water present has a definite effect on the rate of reaction [51].

Fig. 7 gives the schematic representation of ozone path from gas phase to reaction site in the
fiber. When sufficient water is not present, d1 and d2 are absent and hence O is transported
by convection across the distances d1 and d2 and then by diffusion across d3 and d4. Since
sufficient water is not supplied, entire hydrophilic group in the fiber is not hydrated and
hence the extent of attack at R is low. When sufficient water is supplied, d1 is absent and d2

is either fully or partially absent depending on the quantity of water available and hence O
is transported by convection across d1 and convection or diffusion across d2 followed by dif‐
fusion across d3 and d4. Since sufficient water is supplied, entire hydrophilic group in the
fiber is hydrated and hence the extent of attack at R is maximum. When excess water is
present, d1 and d2 are present and hence O is transported by diffusion across d1, d2, d3, and
d4. Since excess water is present at d1 and d2, dilution of ozone takes place and hence ozone
attack at R is lower in spite of complete hydration at d3 [58].

Figure 7. Schematic representation of ozone path from gas phase to reaction site [58]; (d1: the distance occupied by
surface water, d2: the distance occupied by mobile water phase, d3: immobile water phase, d4: the distance between
the immobile water phase and R)

Some literature related to the effect of ozonation on dyeing properties of various proteinous
fibers is summarized below.

Micheal and El-Zaher (2003) has evaluated the effect of ultraviolet/ozone treatments for differ‐
ent times on the characteristics of wool fabrics with respect to wettability, permeability, yel‐
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Some literature related to the effect of ozonation on dyeing properties of various proteinous
fibers is summarized below.
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lowness index, and weight loss. The beneficial effects of this treatment on dyeability, color
parameters, light fastness characteristics, and the change in color difference after exposure
of the treated dyed samples to artificial daylight for about 150 hours were investigated. The
results indicated that the improvement in wetting processes may have been due to surface
modifications; this meant that an increase in the amorphousity of the treated samples, the
oxidation of the cystine linkage on the surface of the fabrics, and the formation of free-radi‐
cal species encouraged dye uptake [60].

Sargunamani and Selvakumar (2007) investigated the effects of process parameters (pick-up
value, pH and time) in the ozone treatment of raw and degummed tassar silk fabrics on
their properties such as yellowness index, breaking strength, breaking elongation, weight,
amino group content. Decrease in yellowness index, breaking strength, breaking elongation,
and weight as well an increase in amino group content was observed [58].

Perincek et.al (2008) investigated a novel bleaching technique for Angora rabbit fiber. For this
purpose, a detailed investigation on the role of the fiber moisture, pH, and treatment time
during ozonation was carried out. Also, the effect of ozonation on the dyeing properties of
Angora rabbit fibers was researched. Consequently, it was found that ozonation improved
the degree of whiteness and dyeability of Angora rabbit fiber [57].

Atav  and  Yurdakul  (2010)  investigated  the  use  of  ozonation  to  achieve  dyeability  of  the
angora  fibers  at  lower  temperatures  without  causing  any  decrease  in  dye  uptake  by
modifying  the  fiber  surfaces.  The  study  was  carried  out  with  known  concentration  of
ozone, involving process parameters such as wet pick-up (WP), pH, and treatment time.
The effect of fiber ozonation was assessed in terms of color,  and test samples were also
evaluated using scanning electron microscopy (SEM). The optimum conditions of ozona‐
tion  process  were  determined as  WP 60%,  pH 7  and 40  min.  According  to  the  experi‐
mental results it can be concluded that, ozonated angora fibers can be dyed at 90°C with
acid and reactive dye classes without causing any decrease in color yield [61]. In an oth‐
er study on ozonation process carried out by Atav and Yurdakul (2011) the optimum con‐
ditions for mohair fiber were determined as WP 60%, pH 7 and 30 min. Dyeing kinetics
also studied and it was demonstrated that the rate constant and the standard affinity of
ozonated sample increased [54].

5. Plasma technology

Faraday proposed to classify the matter in four states: solid, liquid, gas and radiant. Re‐
searches on the last form of matter started with the studies of Heinrich Geissler (1814-1879):
the new discovered phenomena, different from anything previously observed, persuaded
the scientists that they were facing with matter in a different state. Crookes took again the
term “radiant matter” coined by Faraday to connect the radiant matter with residual mole‐
cules of gas in a low-pressure tube. Sufficient additional energy, supplied to gases by an
electric field, creates plasma [62]. The plasma is referred to as the fourth state of matter (in
addition to solid, liquid, gaseous) [63].
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Figure 8. States of matter [64]

The plasma is an ionized gas with equal density of positive and negative charges which ex‐
ist over an extremely wide range of temperature and pressure [65]. As shown in Fig. 9, the
plasma atmosphere consists of free electrons, radicals, ions, UV-radiation and a lot of differ‐
ent excited particles in dependence of the used gas [66].

Figure 9. The principle of the plasma treatment [66]
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There are different methodologies to induce the ionization of plasma gas for textile treat‐
ment [65]:

• Glow Discharge: It is the oldest type of plasma; it is produced at reduced pressure and
assures the highest possible uniformity and flexibility of any plasma treatment [67]. The
methodology applies direct electric current, low frequency over a pair of electrodes [65].
Alternatively, a vacuum glow discharge can be made by using microwave (GHz) power
supply [68].

• Corona Discharge: It is formed at atmospheric pressure by applying a low frequency or
pulsed high voltage over an electrode pair [65]. Typically, both electrodes have a large
difference in size. The corona consists of a series of small lightning-type discharges. High
local energy levels and problems related to the homogeneity of the classical corona treat‐
ment of textiles make it problematic in many cases [68].

• Dielectric-Barrier Discharge: DBD is produced by applying a pulsed voltage over an elec‐
trode pair of which at least one is covered by a dielectric material [65]. Although light‐
ning-type discharges are created, a major advantage over corona discharges is the
improved textile treatment uniformity [68].

Practically, one generates the plasma by applying an electrical field over two electrodes with
a gas in between. This can be carried out at atmospheric pressure or in a closed vessel under
reduced pressure. In both cases, the properties of the plasma will be determined by the gas‐
ses used to generate the plasma, as well as by the applied electrical power and the electrodes
(material, geometry, size, etc.). The pressure of the gas will have a large influence on the
plasma properties but also on the type of equipment needed to generate the plasma [69].

The plasmas can be classified as being of the low pressure and atmospheric type. Both plas‐
mas can be used for the surface cleaning, surface activation, surface etching, cross linking,
chain scission, oxidation, grafting, and depositing of materials, and generally similar effects
are obtained; however, atmospheric plasma has many advantages when compared with vac‐
uum plasma [70]. Low pressure plasmas are typically in the pressure range of 0.01 kPa. A vac‐
uum chamber and the necessary vacuum pumps are required, which means that the
investment cost for such a piece of equipment can be high. These plasmas are characterized
by their good uniformity over a large volume. Atmospheric plasmas operate at standard at‐
mospheric pressure (~ 100 kPa). Open systems using the surrounding air exist. The range of
processes is not as wide as for low pressure plasmas. On the other hand, these systems are
easily integrated in existing finishing lines, a major advantage from industrial view point.
Of course, for an inline process to be feasible, the plasma treatment has to be done at suffi‐
ciently high line speeds, which is not evident for textile materials [69].

Due to increasing requirements on the finishing of textile fabrics, increasing use of technical
textiles with synthetic fibers, as well as the market and society demand for textiles that have
been processed by environmentally sound methods, new innovative production techniques
are demanded [66]. Plasma technology is an important alternative to wet treatments, be‐
cause there is no water usage, treatment is carried out in gas phase, short treatment time is
enough, it does not cause industrial waste, and it provides energy saving [71]. In Cold plas‐
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ma, that is, low-temperature plasma (LTP) treatment is the most commonly used physical
method for a surface specific fiber modification, as it affects the surface both physically and
chemically [72]. The advantage of such plasma treatments is that the modification turns out
to be restricted in the uppermost layers of the substrate, thus not affecting the overall desira‐
ble bulk properties [62].

The plasma gas particles etch on the fabric surface in nano scale so as to modify the func‐
tional properties of the fabric. Unlike conventional wet processes, which penetrate deeply
into fibers, plasma only reacts with the fabric surface and does not affect the internal struc‐
ture of the fibers. Plasma technology modifies the chemical structure as well as the topogra‐
phy of the textile material surface. In conclusion, plasma can modify the surface properties
of textile materials, deposit chemical materials (plasma polymerization) to add functionality,
or remove substances (plasma etching) from the textile materials [65]. Essentially, four main
effects can be obtained depending on the treatment conditions;

• The cleaning effect: It means the removal of impurities or substrate material from the ex‐
posed surface [73]. It is mostly combined with changes in the wettability and the surface
texture. This leads for example to an increase in dye-uptake.

• Increase of microroughness: This affects, for example, an anti-pilling finishing of wool.

• Generation of radicals: Presence of free radicals induces secondary reactions like cross-
linking. Furthermore, graft polymerization can be carried out as well as reaction with
oxygen to generate hydrophilic surfaces [66].

• Plasma polymerization: In plasma polymerization, a monomer is introduced directly into
the plasma and the polymerization occurs in the plasma itself [73]. It enables the deposi‐
tion of solid polymeric materials with desired properties onto the substrates [66].

When a surface is exposed to plasma a mutual interaction between the gas and the substrate
takes place. The surface of the substrate is bombarded with ions, electrons, radicals, neutrals
and UV radiation from the plasma while volatile components from the surface contaminate
the plasma and become a part of it. Whatever may be the final outcome on the surface, the
basic effect that causes modification is based on the radical formation (attachment of function‐
al group and deposition/polymerization) and etching phenomena. Fig. 10 illustrates the
mechanism of plasma modification [74].

Low temperature plasma treatment of wool has emerged as one of the environmental
friendly surface modification method for wool substrate. The efficiency of the low tempera‐
ture plasma treatment is governed by several operational parameters like;

• Nature of the gas used

• System pressure

• Discharge power

• Duration of treatment
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Plasma treatment can impart anti-felting effect, degreasing, improved dyestuff absorption
and increased wetting properties to wool fibers [68]. These effects of the plasma process are
attributed to several changes in the wool surface, such as;

• the formation of new hydrophilic groups (sulphonate and carboxylate),

• partial removal of covalently bonded fatty acids belonging to the outermost surface of the
fiber, and

• the etching effect [75].

Figure 10. Mechanism of plasma-substrate interaction [74]

Plasma treatments modify the fatty acid monolayer present in the outermost part of the
wool fiber, generating new hydrophilic groups as a result of the hydrocarbon chain oxida‐
tion and reducing the fatty acid chain length. The oxidation process also promotes the for‐
mation of Bunte salt and cysteic acid residues on the polypeptide chain. Particularly when
oxidizing gasses are used, plasma induces cystine oxidation in the A-layer of the exocuticle,
converting it into cysteic acid and thus reducing the number of crosslinkages in the fiber
surface [72]. As the surface is oxidized, the hydrophobic character is changed to become in‐
creasingly hydrophilic [76]. The etching of the hydrophobic epicuticle and increase in sur‐
face area also contributes towards the improvement in the ability of the fibers to wet more
easily [74].

Plasma treatment of wool fibers causes improvement in dyeability of wool fibers due to the
changes occurred on fiber surface. For this reason dyeing kinetics, dye uptake and hence
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depth of shade are increased. In literature there are many studies related to the effect of
plasma treatment on dyeability of proteinous fibers. Some of them are summarized below.

Wakida et al. (1993) treated the merino wool top with low-temperature plasmas of helium/
argon and acetone/argon under atmospheric pressure for 30 seconds and then dyed with
two leveling acid dyes, and two milling acid dyes. Dyeing rate and final dye uptake in‐
creased with the atmospheric low-temperature plasma treatments. In particular, helium/
argon plasma was found to be much more effective than acetone/argon plasma at improving
dyeing properties [77].

Yoon et al. (1996) treated the wool fabrics with low temperature oxygen plasma and exam‐
ined their mechanical and dyeing properties. Plasma pretreatment caused an increase in
strength. Furthermore, it was observed that when wool was dyed with a leveling acid dye,
equilibrium dye uptake did not change, but the dyeing rate increased with a milling acid
dye [78].

Jing (1996) investigated the surface modification of silk fabric by plasma graft copolymeriza‐
tion with acrylamide and acrylic acid. The dependence of graft degree was examined on the
conditions of plasma grafting. The relationships were discussed between graft degree and
factors such as crease recovery, dyeability, colour fastness and mechanical properties. It was
shown that the dyeability and color fastness have been improved for samples grafted with
acrylic acid [79].

Wakida et al. (1996) treated wool fibers with oxygen low-temperature plasma and then dyed
with acid and basic dyes. Despite the increase of electronegativity of the fiber surface caused
by the plasma treatment, the rate of dyeing of wool was increased with both dyes [80].

Wakida et al. (1998) treated wool fabrics with oxygen, carbon tetrafluoride, and ammonia low
temperature plasmas and then dyed with several natural dyes. The dyeing rate of the plas‐
ma-treated wool increased considerably with cochineal, Chinese cork tree, and madder, but
not with gromwell. Furthermore, plasma-treated wool fabrics dyed with cochineal and Chi‐
nese cork tree have increased brightness compared with untreated wool [81].

Kan et al. (1998) investigated the induced surface properties of wool fabrics created by the
sputtering of low-temperature plasma treatment, such as surface luster, wettability, surface
electrostatic and dyeability. After the low-temperature plasma treatment, the treated wool
fabric specimens exhibited better hydrophilicity and surface electrostatic properties at room
temperature, together with improved dyeing rate. The occurrence of some grooves on the
fiber specimens was determined by scanning electron microscope and it was stated that
these grooves might possibly provide a pathway for a faster dyeing rate [82].

Kan et al. (1998) treated the wool fiber with low-temperature plasma (LTP) using different
non-polymerising gases and dyed with chrome dye. The rate of dyeing, the time of half-dye‐
ing (t1/2), the final dye uptake, the chromium exhaustion and the chromium fixation were
studied. The results showed that LTP treatments can alter the dyeing properties to various
degrees. The nature of the LTP gases plays an important role in affecting the behavior of
chrome dyeing [83].
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depth of shade are increased. In literature there are many studies related to the effect of
plasma treatment on dyeability of proteinous fibers. Some of them are summarized below.
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two leveling acid dyes, and two milling acid dyes. Dyeing rate and final dye uptake in‐
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argon plasma was found to be much more effective than acetone/argon plasma at improving
dyeing properties [77].

Yoon et al. (1996) treated the wool fabrics with low temperature oxygen plasma and exam‐
ined their mechanical and dyeing properties. Plasma pretreatment caused an increase in
strength. Furthermore, it was observed that when wool was dyed with a leveling acid dye,
equilibrium dye uptake did not change, but the dyeing rate increased with a milling acid
dye [78].

Jing (1996) investigated the surface modification of silk fabric by plasma graft copolymeriza‐
tion with acrylamide and acrylic acid. The dependence of graft degree was examined on the
conditions of plasma grafting. The relationships were discussed between graft degree and
factors such as crease recovery, dyeability, colour fastness and mechanical properties. It was
shown that the dyeability and color fastness have been improved for samples grafted with
acrylic acid [79].

Wakida et al. (1996) treated wool fibers with oxygen low-temperature plasma and then dyed
with acid and basic dyes. Despite the increase of electronegativity of the fiber surface caused
by the plasma treatment, the rate of dyeing of wool was increased with both dyes [80].

Wakida et al. (1998) treated wool fabrics with oxygen, carbon tetrafluoride, and ammonia low
temperature plasmas and then dyed with several natural dyes. The dyeing rate of the plas‐
ma-treated wool increased considerably with cochineal, Chinese cork tree, and madder, but
not with gromwell. Furthermore, plasma-treated wool fabrics dyed with cochineal and Chi‐
nese cork tree have increased brightness compared with untreated wool [81].

Kan et al. (1998) investigated the induced surface properties of wool fabrics created by the
sputtering of low-temperature plasma treatment, such as surface luster, wettability, surface
electrostatic and dyeability. After the low-temperature plasma treatment, the treated wool
fabric specimens exhibited better hydrophilicity and surface electrostatic properties at room
temperature, together with improved dyeing rate. The occurrence of some grooves on the
fiber specimens was determined by scanning electron microscope and it was stated that
these grooves might possibly provide a pathway for a faster dyeing rate [82].

Kan et al. (1998) treated the wool fiber with low-temperature plasma (LTP) using different
non-polymerising gases and dyed with chrome dye. The rate of dyeing, the time of half-dye‐
ing (t1/2), the final dye uptake, the chromium exhaustion and the chromium fixation were
studied. The results showed that LTP treatments can alter the dyeing properties to various
degrees. The nature of the LTP gases plays an important role in affecting the behavior of
chrome dyeing [83].
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Kan et al. (1999), have studied the influence of the nature of gas (oxygen, nitrogen, and a
25% hydrogen/75% nitrogen gas mixture) in plasma treatments on the fiber-to-fiber fric‐
tion,  feltability,  fabric  shrinkage,  surface  structure,  dyeability,  alkali  solubility,  and sur‐
face  chemical  composition  properties  of  wool  substrates.  After  the  low  temperature
plasma (LTP) treatment,  those properties of the LTP-treated substrates changed, and the
changes depended on the nature of the plasma gas used [84]. Kan et al. (1999),  have also
searched the surface characteristics of wool fibers treated with LTP with different gases,
namely, oxygen, nitrogen and gas mixture (25% hydrogen / 75% nitrogen). Investigations
showed that  chemical  composition of  wool  fiber  surface varied differently  with the dif‐
ferent  plasma  gas  used.  The  surface  chemical  composition  of  the  different  LTP-treated
wool  fibers  was  evaluated  with  different  characterization  methods,  namely  FTIR-ATR,
XPS and saturated adsorption value [85].

Iriyama et al. (2002) treated the silk fabrics with O2, N2, and H2 plasmas for deep dyeing and
good color fastness to rubbing. C.I. Reactive Black 5 was used as a dye, and color was evalu‐
ated by total K/S. All plasma-treated silk fabrics showed weight loss, especially by O2 plas‐
ma. Total K/S of dyed silk fabrics treated at 60 Pa of all plasmas was improved greatly. Total
K/S increased with increasing plasma treatment time, weight loss of the fabrics in the treat‐
ment, and dye concentration in dyeing. They gained greater total K/S even dyed in 6% of
dye concentration compared with untreated one dyed in 10%. Color fastness to wet rubbing
of silk fabrics was not improved by plasma treatment. However, most of them were still
within the level for commercial use [86].

Sun and Stylios (2004), have investigated the effects of LTP on pre-treatment and dyeing
processes of cotton and wool. The contact angles, wicking properties, scourability, and dyea‐
bility of fabrics were affected by low-temperature plasma treatments. After treatment, the
dye uptake rate of plasma treated wool has been shown to increase. It has been shown that
O2 plasma treatment increases the wetability of wool fabric and also the disulphide linkages
in the exocuticle oxidize to form sulphonate groups which also enhances the wetability [87].

Binias et al. (2004) have investigated the effect of low temperature plasma on some proper‐
ties (surface characteristic, water absorption capacity, capillarity, dyeability) of wool fibers.
Selected properties of wool textiles were changed by the influence of low-temperature plas‐
ma on the fiber’s surface layers, acting only on a very small thickness. The level of changes
was limited by parameters of the low-temperature plasma. Lowering of the dyeing tempera‐
ture was achieved [88].

Jocic et al. (2005), have investigated the influence of low-temperature plasma and biopolymer
chitosan treatments on wool dyeability. Wool knitted fabrics were treated and characterized
by whiteness and shrink-resistance measurements. Surface modification was assessed by
contact-angle measurements of human hair fibers. It was stated that after plasma treatment
the whiteness degree and hydrophility of fibers increased and fiber dyeability was im‐
proved [71].

Sun and Stylios (2005), have determined the mechanical and surface properties and handle of
wool and cotton fabrics treated with LTP. This investigation showed that the mechanical
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properties of wool changed remarkably after oxygen plasma treatment. There were no sig‐
nificantly observed differences between plasma treated and un-treated fabrics after scouring
and dyeing [89].

Masukuni and Norihiro (2006), studied the dyeing properties of Argon (Ar)-plasma treated
wool using the six classes of dyestuffs, i.e., acid, acid metal complex, acid mordant, reactive,
basic and disperse dyes. Ar-plasma treatment greatly improved the color yield and level‐
ness, together with the decrease of tippy dyeing. A condition in the plasma treatment en‐
hanced not only the color yield but also the anti-felting performance. The relationship
between the improvement of dyeing properties by the plasma treatment and the chemical
structure of the dyes was also examined. In the case of the acid dyes, the effect of plasma
treatment on color yield was more significant for the milling type dyes with large molecular
weight than the leveling type dye with low molecular weight. Furthermore, the hot water
and rubbing fastness were improved by Ar-plasma treatment [90].

Kan and Yuen (2006) treated the wool fibers with oxygen plasma and then dyed these fibers
with acid, chrome and reactive dye. For acid dyeing, the dyeing rate of the LTP-treated wool
fiber was greatly increased, but the final dye uptake equilibrium did not show any signifi‐
cant change. For the chrome dyeing, the dyeing rate of the LTP-treated wool fiber was also
increased, but the final dye uptake equilibrium was only increased to a small extent. For the
reactive dyeing, the dyeing rate of the LTP-treated wool fiber was greatly increased, and the
final dye uptake equilibrium was also increased significantly [91].

El-Zawahry et al. (2007) investigated the impact of plasma-treatment parameters on the sur‐
face morphology, physical-chemical, and dyeing properties of wool using anionic dyes. The
LTP-treatment resulted in a dramatic improvement in fabric hydrophilicity and wettability,
the removal of fiber surface material, and creation of new active sites along with improved
initial dyeing rate. The nature of the plasma gas governed the final uptake percentage of the
used acid dyes according to the following descending order: nitrogen plasma > nitrogen/
oxygen (50/50) plasma > oxygen plasma > argon plasma ≥ control. Prolonging the exposure
time up to 20 minutes resulted in a gradual improvement in the extent of uptake [92].

Demir et al. (2008), were treated the knitted wool fabrics with atmospheric argon plasma, en‐
zyme (protease), chitosan and a combination of these processes. The treated fabrics were
evaluated in terms of their dyeability, color fastness and shrinkage properties, as well as
bursting strength. The surface morphology was characterized by SEM images. In order to
show the changes in wool surface after plasma treatment, XPS analysis was done. According
to the experimental results it was stated that atmospheric plasma has an etching effect and
increases the functionality of a wool surface [93].

Chvalinova and Wiener (2008) investigated the effects of atmospheric pressure plasma treat‐
ment on dyeability of wool fabric. Untreated and plasma treated wool materials were dyed
with acid dye in weak acid solution (pH 6). Experiments showed invasion of surface layer of
cuticle by plasma and it was observed that the plasma treated wool fabric for 100 seconds,
absorbed double more dye than untreated wool fabric [94].
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show the changes in wool surface after plasma treatment, XPS analysis was done. According
to the experimental results it was stated that atmospheric plasma has an etching effect and
increases the functionality of a wool surface [93].

Chvalinova and Wiener (2008) investigated the effects of atmospheric pressure plasma treat‐
ment on dyeability of wool fabric. Untreated and plasma treated wool materials were dyed
with acid dye in weak acid solution (pH 6). Experiments showed invasion of surface layer of
cuticle by plasma and it was observed that the plasma treated wool fabric for 100 seconds,
absorbed double more dye than untreated wool fabric [94].
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Naebe et al. (2010)  treated the wool fabric with atmospheric-pressure plasma with helium
gas  for  30  seconds.  X-ray  photoelectron  spectroscopy  and  time-of-flight  secondary  ion
mass  spectrometry confirmed removal  of  the  covalently-bound fatty  acid layer  (F-layer)
from the surface of the wool fibers, resulting in exposure of the underlying, hydrophilic
protein material. Dye uptake experiments were carried out at 50°C to evaluate the effects
of plasma on the rate of dye uptake by the fiber surface, as well as give an indication of
the adsorption characteristics in the early stages of a typical dyeing cycle. The dyes used
were typical, sulfonated wool dyes with a range of hydrophobic characteristics, as deter‐
mined by their partitioning behavior between water and n-butanol. No significant effects
of plasma on the rate of dye adsorption were observed with relatively hydrophobic dyes.
In contrast,  the relatively hydrophilic dyes were adsorbed more rapidly (and uniformly)
by the plasma-treated fabric [95].

Demir (2010) treated the mohair fibers by air and argon plasma for modifying their some
properties such as hydrophilicity, grease content, fiber to fiber friction, shrinkage, dyeing,
and color fastness. The results showed that the atmospheric plasma has an etching effect
and increases the functionality of a fiber surface. The hydrophilicity, dyeability, fiber friction
coefficient, and shrinkage properties of mohair fibers were improved by atmospheric plas‐
ma treatment [96].

Atav and Yurdakul (2011) investigated the use of plasma treatment for the modification of fi‐
ber surfaces to achieve dyeing of mohair fibers at lower temperatures without decreasing
dye uptake. The study was carried out by using different gases under various powers and
times. The effect was assessed in terms of color. Test samples were also evaluated using
scanning electron microscopy (SEM). The optimum conditions of plasma treatment for im‐
proving mohair fiber dyeability, is treatments carried out by using Ar gas at 140 W for 60’’.
According to the experimental results it can be concluded that plasma treated mohair fibers
can be dyed at lower temperatures (90°C) shorter times (1 h instead of 1.5 h) with reactive
dyes without decreasing color yield. Dyeing kinetics was also searched in the study and it
was demonstrated that the rate constant and the standard affinity of plasma treated sample
was increased [97].

6. Gamma irradiation technology

Gamma radiation, also known as gamma rays or hyphenated as gamma-rays and denot‐
ed  as  γ,  is  electromagnetic  radiation  of  high  frequency  and  therefore  energy.  Gamma
rays typically have frequencies above 10 exahertz (or >1019  Hz), and therefore have ener‐
gies above 100 keV and wavelengths less  than 10 picometers (less  than the diameter  of
an  atom)  [98].  Gamma  rays  are  identical  in  nature  to  other  electromagnetic  radiations
such as  light  or  microwaves but  are of  much higher energy.  Examples of  gamma emit‐
ters are cobalt-60, zinc-65, cesium-137, and radium-226. Like all forms of electromagnetic
radiation, gamma rays have no mass or charge and interact less intensively with matter
than ionizing particles [99].
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Figure 11. Gamma ray radiation [99]

Studies on the interaction of high energy radiation with polymers have attracted the atten‐
tion of many researchers. This is due to the fact that high-energy radiation can induce both
chain scission and/or crosslinking [100]. The efficiency of these two types of reactions de‐
pends mainly on polymer structure and irradiation atmosphere. However, dose rate, types
of radiation source and temperature during irradiation can influence the reaction rates [101].
For some applications radiation degradation can be controlled and devoted to achieve a spe‐
cific property [100]. Degradation, in broad terms, usually involves chemical modification of
the polymer by its environment; modification that is often (but not always) detrimental to
the performance of the polymeric material. Although the chemical change of a polymer is
frequently destructive, for some applications degradation can be controlled and encouraged
to achieve a specific property. In this regard, different vinyl monomers have been grafted
onto gamma irradiated wool fabric to improve some favorable properties such as dyeability,
and moisture regain. These studies have been based on the formation of stable peroxides on
wool, upon irradiation, which are thermally decomposed to initiate polymerization [102].

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 reac‐
tive, and they will combine with the material in their vicinity. The irradiated modified fab‐
rics can allow: more dye or pigment to be fixed, producing deeper shades and more rapid
fixation of dyes at low temperature [32]. In literature it is stated that two kinds of effects
might occur in parallel in wool during the irradiation. The first effect as manifests as an evi‐
dent decrease in dye accessibility at lower doses may not be altogether independent of
crosslinking. On the other hand, the remarkable increase in the uptake at higher doses
seems to be associated with strong structural damage of fibers. It is interesting to note that
the increase in accessibility to dyes of the highly irradiated fibers is so great that the bilateral
structure is hardly visualized by the partial staining. Thus the cross-sections of fibers irradi‐
ated with a dose of 108 roentgens are stained uniformly in dark tone even under the condi‐
tion which does not give rise to the staining of unirradiated fibers [103]. In literature there
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an  atom)  [98].  Gamma  rays  are  identical  in  nature  to  other  electromagnetic  radiations
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chain scission and/or crosslinking [100]. The efficiency of these two types of reactions de‐
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the polymer by its environment; modification that is often (but not always) detrimental to
the performance of the polymeric material. Although the chemical change of a polymer is
frequently destructive, for some applications degradation can be controlled and encouraged
to achieve a specific property. In this regard, different vinyl monomers have been grafted
onto gamma irradiated wool fabric to improve some favorable properties such as dyeability,
and moisture regain. These studies have been based on the formation of stable peroxides on
wool, upon irradiation, which are thermally decomposed to initiate polymerization [102].

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 reac‐
tive, and they will combine with the material in their vicinity. The irradiated modified fab‐
rics can allow: more dye or pigment to be fixed, producing deeper shades and more rapid
fixation of dyes at low temperature [32]. In literature it is stated that two kinds of effects
might occur in parallel in wool during the irradiation. The first effect as manifests as an evi‐
dent decrease in dye accessibility at lower doses may not be altogether independent of
crosslinking. On the other hand, the remarkable increase in the uptake at higher doses
seems to be associated with strong structural damage of fibers. It is interesting to note that
the increase in accessibility to dyes of the highly irradiated fibers is so great that the bilateral
structure is hardly visualized by the partial staining. Thus the cross-sections of fibers irradi‐
ated with a dose of 108 roentgens are stained uniformly in dark tone even under the condi‐
tion which does not give rise to the staining of unirradiated fibers [103]. In literature there
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are limited studies related to the effect of gamma irradiation treatment on dyeability of pro‐
teinous fibers. Some of them are summarized below.

Horio et al. (1962) investigated the effect of irradiation on dyeing property of wool fiber. It
was found that the dyeing property of wool fiber was greatly affected by irradiation even at
low doses where any changes in mechanical properties were not noticeable. The rate of dye
absorption was strongly depressed by irradiation with Co-60 gamma radiation of low doses
from 103 to 105 roentgens. Two dyestuffs, C.I. Acid Red 44 and C. I. Acid Green 28 were
used. The dye absorption was strikingly suppressed at the range of doses from 103 to 105

roentgens, but fibers regain dye accessibility at higher doses [103].

Beevers and McLaren (1974) have been found that small doses of gamma radiation (0.5-10
Mrad) produce marked effects on some physical properties of wool. The results indicate that
even small doses of gamma radiation break sufficient covalent bonds to make the cross‐
linked peptide chain structure more susceptible to the action of swelling and disordering
agents. These small radiation-induced changes can be expected to affect properties of wool
significantly in absorption and penetration processes, such as those involved in dyeing,
chemical modification, and grafting treatments of wool [104].

Millington(2000) investigated the effects of γ-radiation (60Co) on some chemical and physical
properties of wool keratin and compared and contrasted with the effects of ultraviolet radia‐
tion in the UVC (200-280 nm) region. The effect of UVC doses up to 25 J/cm2 on fabric
strength was found to be small (5%), whereas γ-irradiated wool experienced strength reduc‐
tions of 15% at doses over 100 kGy. Color changes following UVC and γ-irradiation were
quite different: UVC wool was initially green changing to yellow under ambient conditions,
γ-treated wool became pink-red at doses 25-250 kGy, and yellow at higher doses. The chro‐
mophores produced by UVC were easily removed by oxidative bleaching with hydrogen
peroxide, whereas γ-treated wool remained yellow even at relatively low doses (25–50 kGy).
This has implications for the use of γ-radiation as a means of sterilising wool for compliance
with quarantine regulations. The effects of the two forms of radiation on the natural fluores‐
cence of wool, permanent setting, printing properties and the epicuticle layer were also de‐
scribed [105].

7. Laser technology

In the last decade, considerable effort has been made in developing surface treatments such
as UV irradiation, plasma, electron beam and ion beam to modify the properties of textile
materials. Laser modification on material surface is one of the most studied technologies
[106]. A laser is a device that emits light (electromagnetic radiation) through a process of op‐
tical amplification based on the stimulated emission of photons. The term “laser” originated
as an acronym for “Light Amplification by Stimulated Emission of Radiation” [107]. Laser
processing as a new processing method, with its processing of accurate, fast, easy, automa‐
tization, in leather, textile and garment industry increasingly widely used [108].
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Laser technology has been widely used in surface modification of polymers [109]. Since the
late 90s, different types of commercial lasers are available for surface modification of materi‐
als [110]. While most of the efforts in developing surface treatments have been made using
UV laser, infra-red lasers, like CO2 appear to be less concerning [109]. Adequate power lev‐
els for a specific application are very important in surface modification processes, because
an excessive amount of energy can damage the polymers. Infra-red lasers like CO2 are the
most powerful lasers; with no suitable power level, severe thermal damage can be resulted.
However, this short coming can be overcome by the use of pulsed-mode CO2 lasers, which
are easier to control than lasers operating in the continuous wave mode [110]. Excimer la‐
sers, which are a form of ultraviolet lasers [111], are a special sort of gas laser powered by an
electric discharge in which the lasing medium is an excimer, or more precisely an exciplex in
existing designs. These are molecules which can only exist with one atom in an excited elec‐
tronic state. Once the molecule transfers its excitation energy to a photon, therefore, its
atoms are no longer bound to each other and the molecule disintegrates. This drastically re‐
duces the population of the lower energy state thus greatly facilitating a population inver‐
sion. Excimers currently used are all noble gas compounds; noble gasses are chemically inert
and can only form compounds while in an excited state. Excimer lasers typically operate at
ultraviolet wavelengths [107].

It has been shown that materials like polymers, woods, metals, semiconductors, dielectrics
and quartz modified by laser irradiation often exhibit physical and chemical changes in the
material’s surface [106]. Physical modifications occur in the form of a certain, regular surface
structure of the irradiated sites. The high energy input of the excimer radiation into the pol‐
ymer might also give rise to chemical changes of the surface [112]. In the case of polymers,
some well-oriented structure of grooves or ripple structures with dimensions in the range of
micrometer are developed on surface with irradiation fluence above the so-called ablation
threshold. The laser irradiation of highly absorbing polymers can generate characteristic
modifications of the surface morphology. The physical and chemical properties are also af‐
fected after laser irradiation. Hence, it is reasonable to believe that such surface modification
of a polymer may have an important impact on its textile properties [106].

The possible applications of laser technology in the textile industry include removal of indi‐
go dye of denim, heating threads, creating patterns on textiles to change their dyeability,
producing surface roughness, welding, cutting textile webs. Laser irradiation on polymer
surface is used to generate a modified surface morphology. The smooth surface of polymers
is modified by this technique to a regular, roll-like structure that can cause adhesion of parti‐
cles and coating, wetting properties and optical appearance [113].

Laser technology can also be used for improving dyeability since it is well known that the
UV output from excimer lasers can modify the surface of synthetic fibers. But the use of la‐
ser energy in textile treatment is still uncommon and is generally limited with denim gar‐
ment finishing [114]. Although there are many studies in the literature related to the
investigation of the effect of laser treatment on dyeability of many fiber types, there is still
no study carried out on wool. But, by taking into consideration that the chemical structure
and dyeing property of proteinous fibers is similar to polyamide, in the light of the studies
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are limited studies related to the effect of gamma irradiation treatment on dyeability of pro‐
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low doses where any changes in mechanical properties were not noticeable. The rate of dye
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Millington(2000) investigated the effects of γ-radiation (60Co) on some chemical and physical
properties of wool keratin and compared and contrasted with the effects of ultraviolet radia‐
tion in the UVC (200-280 nm) region. The effect of UVC doses up to 25 J/cm2 on fabric
strength was found to be small (5%), whereas γ-irradiated wool experienced strength reduc‐
tions of 15% at doses over 100 kGy. Color changes following UVC and γ-irradiation were
quite different: UVC wool was initially green changing to yellow under ambient conditions,
γ-treated wool became pink-red at doses 25-250 kGy, and yellow at higher doses. The chro‐
mophores produced by UVC were easily removed by oxidative bleaching with hydrogen
peroxide, whereas γ-treated wool remained yellow even at relatively low doses (25–50 kGy).
This has implications for the use of γ-radiation as a means of sterilising wool for compliance
with quarantine regulations. The effects of the two forms of radiation on the natural fluores‐
cence of wool, permanent setting, printing properties and the epicuticle layer were also de‐
scribed [105].

7. Laser technology

In the last decade, considerable effort has been made in developing surface treatments such
as UV irradiation, plasma, electron beam and ion beam to modify the properties of textile
materials. Laser modification on material surface is one of the most studied technologies
[106]. A laser is a device that emits light (electromagnetic radiation) through a process of op‐
tical amplification based on the stimulated emission of photons. The term “laser” originated
as an acronym for “Light Amplification by Stimulated Emission of Radiation” [107]. Laser
processing as a new processing method, with its processing of accurate, fast, easy, automa‐
tization, in leather, textile and garment industry increasingly widely used [108].
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sion. Excimers currently used are all noble gas compounds; noble gasses are chemically inert
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and quartz modified by laser irradiation often exhibit physical and chemical changes in the
material’s surface [106]. Physical modifications occur in the form of a certain, regular surface
structure of the irradiated sites. The high energy input of the excimer radiation into the pol‐
ymer might also give rise to chemical changes of the surface [112]. In the case of polymers,
some well-oriented structure of grooves or ripple structures with dimensions in the range of
micrometer are developed on surface with irradiation fluence above the so-called ablation
threshold. The laser irradiation of highly absorbing polymers can generate characteristic
modifications of the surface morphology. The physical and chemical properties are also af‐
fected after laser irradiation. Hence, it is reasonable to believe that such surface modification
of a polymer may have an important impact on its textile properties [106].

The possible applications of laser technology in the textile industry include removal of indi‐
go dye of denim, heating threads, creating patterns on textiles to change their dyeability,
producing surface roughness, welding, cutting textile webs. Laser irradiation on polymer
surface is used to generate a modified surface morphology. The smooth surface of polymers
is modified by this technique to a regular, roll-like structure that can cause adhesion of parti‐
cles and coating, wetting properties and optical appearance [113].

Laser technology can also be used for improving dyeability since it is well known that the
UV output from excimer lasers can modify the surface of synthetic fibers. But the use of la‐
ser energy in textile treatment is still uncommon and is generally limited with denim gar‐
ment finishing [114]. Although there are many studies in the literature related to the
investigation of the effect of laser treatment on dyeability of many fiber types, there is still
no study carried out on wool. But, by taking into consideration that the chemical structure
and dyeing property of proteinous fibers is similar to polyamide, in the light of the studies
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carried out on polyamide [114, 115], it can be said that dyeability of proteinous fibers with
anionic dyes such as acid and reactive dyes may increase due to the decrease in the crystal‐
linity and increase in free amino groups of the fiber.

8. Microwave technology

Microwaves (MW) which have broad frequency spectrum are electromagnetic waves that
are used in radio, TV and radar technology [116]. MWs are radio waves with wavelengths
ranging from as long as one meter to as short as one millimeter, or equivalently, with fre‐
quencies between 300 MHz (0.3 GHz) and 300 GHz [117].

Figure 12. Frequency spectrum [118]

The term “microwave” denotes the techniques and concepts used as well as a range of fre‐
quencies. Microwaves travel in matter in the same manner as light waves: they are reflected
by metals, absorbed by some dielectric materials and transmitted without significant losses
through other materials. For example, water, carbon, foods with a high water, some organic
solvents are good microwave absorbers whereas ceramics, quartz glass and most thermo‐
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plastic materials absorb microwaves slightly [119]. Electromagnetic waves can be absorbed
and be left as energy units called photon. The energy carried by photon is depended on the
wavelength and the frequency of radiation. Energy of MW photons is 0.125 kJ/mol. This val‐
ue is very low considering the necessary energy for chemical bonds. Therefore MW rays can
not affect the molecular structure of the material directly and change the electronic struc‐
tures of atoms [116].

Microwave-promoted organic reactions are known as environmentally benign methods that
can accelerate a great number of chemical processes. In particular, the reaction time and en‐
ergy input are supposed to be mostly reduced in the reactions that are run for a long time at
high temperatures under conventional conditions [120]. Reactions conducted through mi‐
crowaves are cleaner and more environmentally friendly than conventional heating meth‐
ods [121].

The use of microwave radiation as a method of heating is over five decades old. Microwave
technology originated in 1946, when Dr. Percy Le Baron Spencer, while conducting laborato‐
ry tests for a new vacuum tube called a magnetron, accidentally discovered that a candy bar
in his pocket melted on exposure to microwave radiation. Dr. Spencer developed the idea
further and established that microwaves could be used as a method of heating. Subsequent‐
ly, he designed the first microwave oven for domestic use in 1947. Since then, the develop‐
ment of microwave radiation as a source of heating has been very gradual [121].

Microwave heating occurs on a molecular level as opposed to relying on convection currents
and thermal conductivity when using conventional heating methods. This offers an explana‐
tion as to why microwave reactions are so much faster [122]. The fundamental mechanism
of microwave heating involves agitation of polar molecules or ions that oscillate under the
effect of an oscillating electric or magnetic field. In the presence of an oscillating field, parti‐
cles try to orient themselves or be in phase with the field. However, the motion of these par‐
ticles is restricted by resisting forces (inter-particle interaction and electric resistance), which
restrict the motion of particles and generate random motion, producing heat [121]. Micro‐
wave (MW) heat systems consists of three main units; magnetron, waveguide and applica‐
tor. Magnetron is used as a microwave energy source in industrial and domestic type of
microwave ovens. One of the oscillator tube, magnetron consists of two main parts as anode
- cathode, and it converts the continuous current - electrical energy to MW energy. Circula‐
tor transmits approximately all of the waves that are sent from magnetron and shunts trans‐
mitted waves to water burden. Thus magnetron is protected. Electromagnetic waves are
transmitting to the applicator by waveguides. Applicators are parts of the matter MW ap‐
plied on. MW energy produced in generator is affected directly on the material in applica‐
tors in MW heating systems. Type of applicators used in practice can be divided into three
groups as multi-mode (using 80% of the industrial systems), single-mode and near field MW
applicators [116].

Since the beginning of the twentieth century MW technology has made significant contribu‐
tions to scientific and technological developments. Also due to its initial intend to be used in
telecommunications, very important progresses have been made in this area. Nevertheless
from the second half of twentieth century, MW energy is finding increased number of appli‐
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and be left as energy units called photon. The energy carried by photon is depended on the
wavelength and the frequency of radiation. Energy of MW photons is 0.125 kJ/mol. This val‐
ue is very low considering the necessary energy for chemical bonds. Therefore MW rays can
not affect the molecular structure of the material directly and change the electronic struc‐
tures of atoms [116].

Microwave-promoted organic reactions are known as environmentally benign methods that
can accelerate a great number of chemical processes. In particular, the reaction time and en‐
ergy input are supposed to be mostly reduced in the reactions that are run for a long time at
high temperatures under conventional conditions [120]. Reactions conducted through mi‐
crowaves are cleaner and more environmentally friendly than conventional heating meth‐
ods [121].

The use of microwave radiation as a method of heating is over five decades old. Microwave
technology originated in 1946, when Dr. Percy Le Baron Spencer, while conducting laborato‐
ry tests for a new vacuum tube called a magnetron, accidentally discovered that a candy bar
in his pocket melted on exposure to microwave radiation. Dr. Spencer developed the idea
further and established that microwaves could be used as a method of heating. Subsequent‐
ly, he designed the first microwave oven for domestic use in 1947. Since then, the develop‐
ment of microwave radiation as a source of heating has been very gradual [121].

Microwave heating occurs on a molecular level as opposed to relying on convection currents
and thermal conductivity when using conventional heating methods. This offers an explana‐
tion as to why microwave reactions are so much faster [122]. The fundamental mechanism
of microwave heating involves agitation of polar molecules or ions that oscillate under the
effect of an oscillating electric or magnetic field. In the presence of an oscillating field, parti‐
cles try to orient themselves or be in phase with the field. However, the motion of these par‐
ticles is restricted by resisting forces (inter-particle interaction and electric resistance), which
restrict the motion of particles and generate random motion, producing heat [121]. Micro‐
wave (MW) heat systems consists of three main units; magnetron, waveguide and applica‐
tor. Magnetron is used as a microwave energy source in industrial and domestic type of
microwave ovens. One of the oscillator tube, magnetron consists of two main parts as anode
- cathode, and it converts the continuous current - electrical energy to MW energy. Circula‐
tor transmits approximately all of the waves that are sent from magnetron and shunts trans‐
mitted waves to water burden. Thus magnetron is protected. Electromagnetic waves are
transmitting to the applicator by waveguides. Applicators are parts of the matter MW ap‐
plied on. MW energy produced in generator is affected directly on the material in applica‐
tors in MW heating systems. Type of applicators used in practice can be divided into three
groups as multi-mode (using 80% of the industrial systems), single-mode and near field MW
applicators [116].
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telecommunications, very important progresses have been made in this area. Nevertheless
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cation area in other industrial processes and these applications are surpassing telecommuni‐
cation applications [116].

In textile processing it is necessary to apply heat as in dye fixation, heat setting or drying the
product. Heat can be transferred to the material by radiation, conduction and convection.
These three ways of transferring can be used either separately or in combination. The saving
of time and energy is of immediate interest to the textile industry. The introduction of new
techniques which will allow less energy to be used: is a highly important area of activity to
consider. The textile industry has investigated many uses for microwave energy such as
heating, drying, dye fixation, printing and curing of resin finished fabrics. In 1966, Ciba-Ge‐
igy obtained one of the earliest patents for using microwave heating in dyeing and printing
fibrous material with reactive dyes. Since then many authors have investigated the feasibili‐
ty of using microwaves for a variety of dyeing and finishing processes [123]. Although
many studies have focused on investigating the feasibility of using microwaves to dye poly‐
ester fibers with disperse dyes, researches related to the use of microwave heating in dyeing
of proteinous fibers are very limited.

Delaney and Seltzer (1972) used microwave heating for fixation of pad-dyeings on wool and
they demonstrated the feasibility of applying certain reactive dyes to wool in fixation times
of 30-60 s [124].

Zhao and He (2011) treated the wool fabric with microwave irradiation at different condi‐
tions and then studied for its physical and chemical properties using a variety of techni‐
ques,  such  as  Fourier  transform  infrared  spectroscopy,  X-ray  diffraction,  and  scanning
electron.  It  was  found that  microwave irradiation of  wool  fabric  significantly  improved
its dyeability. It was stated that this could be due to the change in wool surface morpho‐
logical  structure  under  microwave  irradiation  which  implied  that  the  barrier  effect  in
wool dyeing was diminished. Although the breaking strength of the treated wool fabrics
also  improved  with  microwave  irradiation,  the  chemical  structure  and  crystallinity  did
not show any significant change [125].

In literature it was stated that dyeing time of mohair could be drastically reduced from the
conventional 90 minutes to 35 minutes using the radio frequency technique, only 5 minutes
of the 35 minutes representing actual exposure to the radio frequency field. An estimated
saving of some 80% in dyeing energy costs could be achieved. Furthermore, dye fixation im‐
proved slightly from 93% to 96%. Turpie quoted unpublished data in which radio-frequency
dyeing of tops produced better luster and enabled higher maximum spinning speeds than
did conventional dyeing of mohair. Smith, claimed advantages of radio-frequency dyeing
and bleaching, - for example, reduced chemical damage because of a shorter exposure to
100°C; and reduced energy, water and effluent costs [126].

9. E-beam irradiation technology

Radiation processing has been increasingly applied in industries to improve the quality of
products, efficiency, energy saving and to manufacture products with unique properties
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[127]. An irradiation can induce chemical reactions at any temperature in the solid, liquid
and gas phase without any catalyst; it is a safe method that could protect the environment
against pollution; radiation process could reduce curing time and energy saving; it could
treat a large and thick three-dimensional fabrics that need not consider of the shape of the
samples [128].

Physical techniques for activating fiber molecules in the absence of solvent for producing
functional textiles are becoming increasingly attractive also from an ecological viewpoint.
Among them, electron beam processing is particularly interesting as it offers the possibility
to treat the materials without solvent, at normal temperature and pressure [129]. Whilst the
energy of the electrons in gas discharge plasmas is typically in the range of 1-10 electron volt
(eV), electron-beam (E-beam) accelerators generate electrons with a much higher energy,
generally 300 keV to 12 MeV. These electrons may be used to modify polymer materials
through direct electron-to-electron interactions. These interactions can create active species
such as radicals, so there are different possible outcomes from the electron-beam irradiation
of polymer materials, on the basis of the chosen operating conditions [130].

The formation of active sites on the polymer backbone can be carried out by several meth‐
ods such as plasma treatment, ultraviolet (UV) light radiation, decomposition of chemical
initiator and high-energy radiation [131]. At present, the most common radiation types in
industrial use are gamma and e-beam. E-beam machines play a significant role in the proc‐
essing of polymeric materials; a number of different machine designs and different energies
are available. Industrial e-beam accelerators with energies in the 150-300 keV range are in
use in applications where low penetration is needed, such as curing of surface coatings. Ac‐
celerators operating in the 1.5 MeV range are used where more penetration is needed. E-
beam machines have high-dose rate and therefore short processing times. While they have
limited penetration compared with gamma, they conversely have good utilization of energy
because it can all be absorbed by the sample irradiated [132].

New radiation processing applications involving ion-beam treatment of polymers offer ex‐
citing prospects for future commercialization, and are under active investigation in many re‐
search laboratories. Much of the work has involved the irradiation of non-polar polyolefins
(PE, PS, PP, etc.) as a means of inducing polar groups at surfaces, in order to enhance such
properties as printability, wetability and exc. [132]. Studies related to the e-beam irradiation
of proteinous fibers are limited.

Fatarella et al.(2010) wanted to clarify whether fiber surface treatments such as plasma and e-
beam could affect the effectiveness of a TGase treatment by improving the accessibility of
target amino acids in wool to the enzyme or improving the penetration of the enzyme into
the wool fiber cortex, thus accessing more sites for reaction. Plasma treatments with differ‐
ent non-polymerizing gases (oxygen, air and nitrogen) and e-beam irradiation in air or nitro‐
gen atmosphere were assessed as possible pretreatments to non-proteolytic enzymatic
processes (such as TGase) to improve the accessibility of target groups in the wool proteins
to the enzymes. Only limited inhibition and/or inactivation of the transglutaminase enzyme
was found after treatment with plasma and e-beam, suggesting such treatments could be
used as a preparative treatment prior to the application of the enzyme. In contrast, by in‐
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creasing the energy of the electrons in e-beam treatments no significant superficial modifica‐
tions were observed. In fact, they promoted the cleavage of high-energy bond, such as S-S
linkage, by enhancing depolymerization reaction [130].

10. Ion implantation technology

It has been approximately 50 years since researchers first began exposing polymeric materi‐
als to ionizing radiation, and reporting the occurrence of cross-linking and other useful ef‐
fects. Innovation in this field has by no means ended; important new products made
possible through radiation technology continue to enter the marketplace, and exciting new
innovations in the application of radiation to macromolecular materials are under explora‐
tion at research institutions around the world [132]. Ionizing radiation may modify physical,
chemical and biological properties of materials [133]. Some of the surface characteristics be‐
ing successfully manipulated by radiation grafting include: chemical resistance, wetability,
biocompatibility, dyeability of fabrics, and antistatic properties [132].

Ion implantation is an innovative production technique with which the surface properties of
inert materials can be changed easily. It shows distinct advantages because it is environmen‐
tally friendly. Ion implantation can be used to induce both surface modifications and bulk
property enhancements of textile materials, resulting in improvements to textile products
ranging from conventional fabrics to advanced composites. Ion implantation was first done
by Rutherford in 1906, when he bombarded aluminum foil with helium ions. Ion implanta‐
tion has been applied to metals, ceramics, plastics, and polymers [134].

Even though ion implantation is relatively complex in terms of the equipment required, it is
a relatively simple process. Ion implantation consists of basically two steps: form plasma of
the desired material, and either extract the positive ions from the plasma and accelerate
them toward the target, or find a means of making the surface to be implanted the negative
electrode of a high voltage system [135]. There are three methods commonly used for ion
implantation. They differ in the way in which they either form the plasma or make the sur‐
face to be implanted the negative electrode. These methods are mass-analyzed ion implanta‐
tion, direct ion implantation and plasma source ion implantation [134].

In mass-analyzed ion implantation, the plasma that is formed in the ion source is not pure; it
contains materials that one does not wish to implant. Thus, these contaminants must be sep‐
arated from the plasma. To perform this separation, the plasma source is placed at a high
voltage and the part to be implanted is placed at ground. This produces a situation where
the target is at a negative potential with respect to the plasma source. A negative electrode
then extracts the ions from the source. The ions are then accelerated by a high voltage source
to the target. Between the ion source and the target there is a large magnet, with magnetic
field perpendicular to the direction of ion motion. Ions passing through this magnetic field
are bent by the magnetic field. The amount of bending depends on the ion material being
implanted and the strength of the magnet [135].
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Direct ion implantation eliminates the need for the current limiting magnet found in mass-an‐
alyzed ion implantation by using an ion source that produces a plasma and ion beam of just
the desired material. In direct ion implantation, the plasma is formed in the ion source and
the ions extracted at high energies in a wide beam, passing through a valve directly into the
end station, where the ion implant parts within the target area. In such a case, the beam cur‐
rent density can be high (10-50 mA), costs are greatly reduced, and relatively high through‐
put processing is possible [135].

It is difficult in practice to treat uniformly three-dimensional objects such as sockets in artifi‐
cial hip joints, without using sophisticated manipulating devices. Recently, however, an in‐
novative hybrid technology, plasma source ion implantation has been developed, which can, to
a large extent, address the problems with conventional ion implantation of components with
complex shapes [136]. In plasma source ion implantation (sometimes referred to as plasma
ion immersion), the plasma source floods the chamber of the end station with plasma. Ions
are extracted from the plasma and directed to the surface of the part being ion implanted by
biasing the part to very high negative voltages using a pulsed, negative high voltage power
supply [135].

One of the most recent ion implantation techniques is metal vapor vacuum arc (MEVVA), a
type of direct ion implantation. In the mid-1980s, Brown et al. at Lawrence Berkeley Labora‐
tory developed a new type of metal ion source, namely the MEVVA ion source. The MEV‐
VA source makes use of the principle of vacuum arc discharge between the cathode and the
anode to create dense plasma from which an intense beam of metal ions of the cathode ma‐
terial is extracted. This metal ion source operates in a pulse mode [134].

Figure 13. MEVVA ion implanter [134]
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Many techniques have been applied to produce the great potential of ion beam modification
technology. It desired surface modifications, ranging from conventional flame treatments,
‘‘wet’’ chemical treatments, and electrical treatments (such as corona discharge), to modern
plasma treatments and particle beam irradiation (electrons, ions, neutrons and photons)
techniques. Among them, particle beam techniques are particularly attractive owing to their
flexibility, effectiveness, and environmentally friendly nature compared with conventional
techniques. Also, in the domain of particle beam techniques, the ion beam has proven more
effective in modifying polymer surfaces than UV-light, c-ray, X-ray and electron beams. This
is because energetic ions have a higher cross-section for ionization and larger linear energy
transfer (LET, eV nm-1) than these conventional radiation types of comparable energy owing
to their deeper range [136].

Numerous papers have appeared in recent years describing surface treatment using ions.
Surface modification with ions typically involves fluencies of ~ 109 to 1014 ions/cm2 or in
some cases, 1015 ions/cm2; higher fluencies may result in destruction of polymer, general‐
ly through carbonization.  Many different ions have been employed for irradiating poly‐
mers,  ranging  from  hydrogen  and  helium  ions  up  to  ions  of  heavy  elements  such  as
gold or uranium [132].

11. Supercritical carbondioxide technology

The enhanced solvent properties provided by supercritical fluids (SCFs) are by no means
new. In fact, the various phenomena attributed to SCFs have been known for hundreds of
years [137]. However, textile dyeing, using supercritical carbon dioxide as dye solvent, has
been developed for the last two decades since it potentially overcomes all the economical
and ecological disadvantages derived from the conventional water dyeing process [138]. Su‐
percritical fluids are characterized by a very high solute diffusivity and low viscosity. Con‐
sequently, in supercritical fluids all the transport processes are much more rapid. Dyeing in
supercritical carbondioxide, for example, entirely avoids the use of water, and consequently
there is no possibility of pollution. No auxiliary agents are used and residual dye can be re‐
covered in a reusable form [139].

A supercritical fluid can be defined as a substance above its critical temperature and pres‐
sure. Under this condition the fluid has unique properties, in that it does not condense or
evaporate to form a liquid or a gas [140]. Supercritical fluids exhibit gas-like viscosities and
diffusivities and liquid-like densities [120]. Although a number of substances are useful as
supercritical fluids, carbon dioxide has been the most widely used [140], as the critical tem‐
perature and pressure are easier to achieve than that of other substances [141]. Supercritical
CO2 is a dyeing medium which is a potential alternative to water as it is inherently nontoxic,
inexpensive, and nonflammable, it can be recycled, it has easily accessible critical conditions
[142]. The critical point for carbon dioxide occurs at a pressure of 73.8 bar and a temperature
of 31.1°C. ScCO2 represent a potentially unique media for either transporting chemical into
or out of a polymeric substrate, because of their thermo-physical and transport properties.
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The phase diagram of carbon dioxide shown in Fig. 14 represents the interfaces between
phases; at the triple point all three phases may coexist. Above the triple point, an increase in
temperature drives liquid into the vapor phase, while an increase in pressure drives vapor
back to liquid [120]. Above the critical point of carbon dioxide, it retains the free mobility of
the gaseous state, but with the increasing pressure its density will increase towards that of a
liquid. Solvating power is proportional to density, whilst viscosity remains comparable with
that of a normal gas, so the “fluid” has remarkable penetration properties [143].

Figure 14. Phase diagram of carbon dioxide [120]

In the dyeing field, Schollmeyer and co-workers, among others, have demonstrated that
both synthetic and natural fibres can be dyed with disperse and reactive disperse dyes in
supercritical carbondioxide. However, the dyeing of natural fibres with water soluble dyes
in supercritical carbondioxide has not yet been successful, since dyes such as reactive, acid
and basic dyes have little solubility in this medium due to their high polarity [144]. One ap‐
proach to this problem was undertaken by Gebert et al. who examined wool and cotton fi‐
bers after attempting to open the fiber surface with a swelling auxiliary so that dye
molecules could be readily trapped in the fiber [145].

In natural textiles, the dye molecules can be fixed by either physical (e.g. Van der Waals) or
chemical (e.g. covalent) bonds. Since the dyes used in a ScCO2-dyeing process are non-polar
and natural fibres are polar, the affinity between dyes and textiles is low so physical bonds
are weak. Therefore, a dyeing process must be developed for dyeing natural textiles in
ScCO2 with reactive dyes that create covalent dye-textile bonds. So far, several reactive dyes
known from conventional dyeing in water have been investigated in ScCO2:

• vinylsulphone dyes have been successfully used for silk and wool,
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• 2-bromoacrylamide dyes have been successful in dyeing wool and cotton,

• dichlorotriazine dyes have been tested on silk and cotton but showed insufficient fixation
[146].

Guzel and Akgerman (2000) dyed the wool fibers with three mordant dyes dissolved in super‐
critical carbon dioxide. Wool fibers were mordanted with five different metal ions (Cr(III),
Al(III), Fe(II), Cu(II) and Sn(II)) using conventional techniques and dyed at 333-353°K tem‐
perature and at 150-230 atm pressure. According to the experimental results it was found
that dyed materials had excellent wash fastness properties [147].

For water-soluble dyes, attempts were made to dye natural fibers using reverse micelle tech‐
nique (Fig. 15) in which ionic dye, solubilized in the water-pool, passes into the fiber togeth‐
er with a small amount of water immediately after contact with it. Satisfactory results were
obtained for proteinous fibers [120].

Sawada et al. (2002) has developed a reverse micellar system in supercritical carbon dioxide
as a dyeing medium. Water-soluble dyes such as reactive dyes and acid dyes could be suffi‐
ciently solubilised in the interior of a specially constituted reverse micelle. Protein fabrics,
silk and wool, were satisfactorily dyed even in deep shades with conventional acid dyes
without any special pretreatment. Compared to previously proposed supercritical dyeing
methods, dyeing of fabrics with this system could be performed at low temperatures and
pressures in a short time [148].

Jun et al. (2004) investigated the dyeing of wool fabrics with conventional acid dyes in a su‐
percritical CO2 using a reverse micellar system. A reverse micelle composed of perfluoro
2,5,8,11-tetramethyl-3,6,9,12-tetraoxapentadecanoic acid ammonium salt/CO2/water had a
high potential to solubilize conventional acid dyes and to dye wool fabrics in this system. It
was found that dyeability of the acid dye on wool in this system take no influence of the
density of CO2. On the other hand, variation of dyeing temperature resulted in the remarka‐
ble differences of the dyeability of the acid dye on wool even though the solubility of dye in
the system was not varied by the variation of temperature [149]

Figure 15. Dyeing of natural fibers using reverse micelle [120]
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Jun et al. (2005) investigated the phase behavior of a cationic perfluoropolyether surfactant
in supercritical carbon dioxide and its ability to solubilise ionic dyes. This cationic surfactant
was found to dissolve satisfactorily in supercritical carbon dioxide and was able to form mi‐
cellar aggregates incorporating a small amount of water in their interior. Conventional
anionic dyes such as acid and reactive dyes were solubilised satisfactorily in the cationic sur‐
factant/water/supercritical carbon dioxide system. The surfactant was more effective in this
respect than its anionic analogue [144].

Schmidt et al. (2007) dyed various fibers, among which wool and silk also exist, with C.I.
Disperse Yellow 23 modified with 2-bromoacrylic acid and 1,3,5-trichloro-2,4,6-triazine as
reactive groups in supercritical carbon dioxide. It was found that on wool and silk, the color
depth was higher than on cotton and the wash, rub and light fastness of all dyeings was be‐
tween 4 and 5 [150].

12. Conclusions

Textile dyeing is the most remarkable process among the wet treatments in textile industry
in terms of energy and water consumption and effluent load. In last two decades increased
laws related to the environment and competitive market conditions required some new
processes to be found in textile dyeing field. This situation increased the interest of the us‐
age of new technologies such as ultrasound, ultraviolet, ozone, plasma, gamma irradiation,
laser, microwave, e-beam irradiation, ion implantation, and supercritical carbondioxide in
textile industry. These new technologies provide not only decrease in time, energy, and
chemical consumption, but also decrease in effluent load. So that all of these new technolo‐
gies considered to be very interesting future oriented processes because of being environ‐
mentally friendly. Although it was proven with many researches that most of these
technologies are successful at laboratory scale, there is still need to integrate them into in‐
dustrial applications. There is no doubt that in future these new technologies will find wide
range of applications when their disadvantages (to be expensive, not possible to be used for
all fiber types and exc.) will be eliminated.
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1. Introduction

Dyes may be defined as substances that, when applied to a substrate provide color by a
process that alters, at least temporarily, any crystal structure of the colored substances [1,2].
Such substances with considerable coloring capacity are widely employed in the textile,
pharmaceutical, food, cosmetics, plastics, photographic and paper industries [3,4]. The dyes
can adhere to compatible surfaces by solution, by forming covalent bond or complexes with
salts or metals, by physical adsorption or by mechanical retention [1,2]. Dyes are classified
according to their application and chemical structure, and are composed of a group of atoms
known as chromophores, responsible for the dye color. These chromophore-containing cen‐
ters are based on diverse functional groups, such as azo, anthraquinone, methine, nitro, aril‐
methane, carbonyl and others. In addition, electrons withdrawing or donating substituents
so as to generate or intensify the color of the chromophores are denominated as auxo‐
chromes. The most common auxochromes are amine, carboxyl, sulfonate and hydroxyl [5-7].

It is estimated that over 10,000 different dyes and pigments are used industrially and over 7
x 105 tons of synthetic dyes are annually produced worldwide [3,8,9]. Textile materials can
be dyed using batch, continuous or semi-continuous processes. The kind of process used de‐
pends on many characteristics including type of material as such fiber, yarn, fabric, fabric

© 2013 Chequer et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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construction and garment, as also the generic type of fiber, size of dye lots and quality re‐
quirements in the dyed fabric. Among these processes, the batch process is the most com‐
mon method used to dye textile materials [10].

In the textile industry, up to 200,000 tons of these dyes are lost to effluents every year during
the dyeing and finishing operations, due to the inefficiency of the dyeing process [9]. Un‐
fortunately, most of these dyes escape conventional wastewater treatment processes and
persist in the environment as a result of their high stability to light, temperature, water, de‐
tergents, chemicals, soap and other parameters such as bleach and perspiration [11]. In addi‐
tion, anti-microbial agents resistant to biological degradation are frequently used in the
manufacture of textiles, particularly for natural fibers such as cotton [11,12]. The synthetic
origin and complex aromatic structure of these agents make them more recalcitrant to biode‐
gradation [13,14]. However, environmental legislation obliges industries to eliminate color
from their dye-containing effluents, before disposal into water bodies [9,12].

The textile industry consumes a substantial amount of water in its manufacturing processes
used mainly in the dyeing and finishing operations of the plants. The wastewater from tex‐
tile plants is classified as the most polluting of all the industrial sectors, considering the vol‐
ume generated as well as the effluent composition [15-17]. In addition, the increased
demand for textile products and the proportional increase in their production, and the use
of synthetic dyes have together contributed to dye wastewater becoming one of the substan‐
tial sources of severe pollution problems in current times [6,9].

Textile wastewaters are characterized by extreme fluctuations in many parameters such as
chemical oxygen demand (COD), biochemical oxygen demand (BOD), pH, color and salini‐
ty. The composition of the wastewater will depend on the different organic-based com‐
pounds, chemicals and dyes used in the dry and wet-processing steps [6,18]. Recalcitrant
organic, colored, toxicant, surfactant and chlorinated compounds and salts are the main pol‐
lutants in textile effluents [17].

In addition, the effects caused by other pollutants in textile wastewater, and the presence of
very small amounts of dyes (<1 mg/L for some dyes) in the water, which are nevertheless
highly visible, seriously affects the aesthetic quality and transparency of water bodies such
as lakes, rivers and others, leading to damage to the aquatic environment [19,20].

During the dyeing process it has been estimated that the losses of colorants to the environ‐
ment can reach 10–50% [13,14,17,21,22]. It is noteworthy that some dyes are highly toxic and
mutagenic, and also decrease light penetration and photosynthetic activity, causing oxygen
deficiency and limiting downstream beneficial uses such as recreation, drinking water and
irrigation [13,14,23]

With respect to the number and production volumes, azo dyes are the largest group of colo‐
rants, constituting 60-70% of all organic dyes produced in the world [2,24]. The success of
azo dyes is due to the their ease and cost effectiveness for synthesis as compared to natural
dyes, and also their great structural diversity, high molar extinction coefficient, and medi‐
um-to-high fastness properties in relation to light as well as to wetness [2,25]. They have a
wide range of applications in the textile, pharmaceutical and cosmetic industries, and are al‐
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so used in food, paper, leather and paints [26,27]. However, some azo dyes can show toxic
effects, especially carcinogenic and mutagenic events [27,28].

The toxic effects of the azo dyes may result from the direct action of the agent itself or of the
aryl amine derivatives generated during reductive biotransformation of the azo bond [22].
The azo dyes entering the body by ingestion can be metabolized to aromatic amines by the
azoreductases of intestinal microorganisms. If the dyes are nitro, they can be metabolized by
the nitroredutases produced by the same microorganisms [29]. Mammalian liver enzymes
and other organizations may also catalyze the reductive cleavage of the azo bond and the
nitroreduction of the nitro group. In both cases, if N-hydroxylamines are formed, these com‐
pounds are capable of causing DNA damage [29, 30].

One of the most difficult tasks confronted by the wastewater treatment plants of textile in‐
dustries is the removal of the color of these compounds, mainly because dyes and pigments
are designed to resist biodegradation, such that they remain in the environment for a long
period of time. For example, the half-life of the hydrolyzed dye Reactive Blue 19 is about 46
years at pH 7 and 25°C [31,32].

Carneiro et al.  (2010) designed and optimized an accurate and sensitive analytical meth‐
od  for  monitoring  the  dyes  C.I.  Disperse  Blue  373  (DB373),  C.I.  Disperse  Orange  37
(DO37) and C.I.  Disperse Violet  93 (DV93) in environmental  samples.  This investigation
showed  that  DB373,  DO37  and  DV93  were  present  in  both  untreated  river  water  and
drinking water, indicating that the effluent treatment (pre-chlorination, flocculation, coag‐
ulation and flotation) generally used by drinking water treatment plants, was not entire‐
ly effective in removing these dyes. This study was confirmed by the mutagenic activity
detected in these wastewaters [33].

In this context, and considering the importance of colored products in present day societies,
it is of relevance to optimize the coloring process with the objective of reducing the environ‐
mental impact of the textile industry. For this purpose, liposomes could be used to carry
several encapsulated dyes, and hence improve the mechanical properties of textile products,
resulting in better wash fastness properties and reducing the process temperature, thus
economizing energy [34]. Another way is to use ultrasonic energy, studied with the objec‐
tives of improving dye productivity and washing fastness, and reducing both energy costs
and water consumption [35].

Considering the fact that the textile dyeing process is recognized as one of the most environ‐
mentally unfriendly industrial processes, it is of extreme importance to understand the criti‐
cal points of the dyeing process so as to find alternative, eco-friendly methods.

2. Dyeing process

The dyeing process is one of the key factors in the successful trading of textile products. In
addition to the design and beautiful color, the consumer usually looks for some basic prod‐
uct characteristics, such as good fixation with respect to light, perspiration and washing,
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In the textile industry, up to 200,000 tons of these dyes are lost to effluents every year during
the dyeing and finishing operations, due to the inefficiency of the dyeing process [9]. Un‐
fortunately, most of these dyes escape conventional wastewater treatment processes and
persist in the environment as a result of their high stability to light, temperature, water, de‐
tergents, chemicals, soap and other parameters such as bleach and perspiration [11]. In addi‐
tion, anti-microbial agents resistant to biological degradation are frequently used in the
manufacture of textiles, particularly for natural fibers such as cotton [11,12]. The synthetic
origin and complex aromatic structure of these agents make them more recalcitrant to biode‐
gradation [13,14]. However, environmental legislation obliges industries to eliminate color
from their dye-containing effluents, before disposal into water bodies [9,12].

The textile industry consumes a substantial amount of water in its manufacturing processes
used mainly in the dyeing and finishing operations of the plants. The wastewater from tex‐
tile plants is classified as the most polluting of all the industrial sectors, considering the vol‐
ume generated as well as the effluent composition [15-17]. In addition, the increased
demand for textile products and the proportional increase in their production, and the use
of synthetic dyes have together contributed to dye wastewater becoming one of the substan‐
tial sources of severe pollution problems in current times [6,9].

Textile wastewaters are characterized by extreme fluctuations in many parameters such as
chemical oxygen demand (COD), biochemical oxygen demand (BOD), pH, color and salini‐
ty. The composition of the wastewater will depend on the different organic-based com‐
pounds, chemicals and dyes used in the dry and wet-processing steps [6,18]. Recalcitrant
organic, colored, toxicant, surfactant and chlorinated compounds and salts are the main pol‐
lutants in textile effluents [17].

In addition, the effects caused by other pollutants in textile wastewater, and the presence of
very small amounts of dyes (<1 mg/L for some dyes) in the water, which are nevertheless
highly visible, seriously affects the aesthetic quality and transparency of water bodies such
as lakes, rivers and others, leading to damage to the aquatic environment [19,20].

During the dyeing process it has been estimated that the losses of colorants to the environ‐
ment can reach 10–50% [13,14,17,21,22]. It is noteworthy that some dyes are highly toxic and
mutagenic, and also decrease light penetration and photosynthetic activity, causing oxygen
deficiency and limiting downstream beneficial uses such as recreation, drinking water and
irrigation [13,14,23]

With respect to the number and production volumes, azo dyes are the largest group of colo‐
rants, constituting 60-70% of all organic dyes produced in the world [2,24]. The success of
azo dyes is due to the their ease and cost effectiveness for synthesis as compared to natural
dyes, and also their great structural diversity, high molar extinction coefficient, and medi‐
um-to-high fastness properties in relation to light as well as to wetness [2,25]. They have a
wide range of applications in the textile, pharmaceutical and cosmetic industries, and are al‐
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so used in food, paper, leather and paints [26,27]. However, some azo dyes can show toxic
effects, especially carcinogenic and mutagenic events [27,28].

The toxic effects of the azo dyes may result from the direct action of the agent itself or of the
aryl amine derivatives generated during reductive biotransformation of the azo bond [22].
The azo dyes entering the body by ingestion can be metabolized to aromatic amines by the
azoreductases of intestinal microorganisms. If the dyes are nitro, they can be metabolized by
the nitroredutases produced by the same microorganisms [29]. Mammalian liver enzymes
and other organizations may also catalyze the reductive cleavage of the azo bond and the
nitroreduction of the nitro group. In both cases, if N-hydroxylamines are formed, these com‐
pounds are capable of causing DNA damage [29, 30].

One of the most difficult tasks confronted by the wastewater treatment plants of textile in‐
dustries is the removal of the color of these compounds, mainly because dyes and pigments
are designed to resist biodegradation, such that they remain in the environment for a long
period of time. For example, the half-life of the hydrolyzed dye Reactive Blue 19 is about 46
years at pH 7 and 25°C [31,32].

Carneiro et al.  (2010) designed and optimized an accurate and sensitive analytical meth‐
od  for  monitoring  the  dyes  C.I.  Disperse  Blue  373  (DB373),  C.I.  Disperse  Orange  37
(DO37) and C.I.  Disperse Violet  93 (DV93) in environmental  samples.  This investigation
showed  that  DB373,  DO37  and  DV93  were  present  in  both  untreated  river  water  and
drinking water, indicating that the effluent treatment (pre-chlorination, flocculation, coag‐
ulation and flotation) generally used by drinking water treatment plants, was not entire‐
ly effective in removing these dyes. This study was confirmed by the mutagenic activity
detected in these wastewaters [33].

In this context, and considering the importance of colored products in present day societies,
it is of relevance to optimize the coloring process with the objective of reducing the environ‐
mental impact of the textile industry. For this purpose, liposomes could be used to carry
several encapsulated dyes, and hence improve the mechanical properties of textile products,
resulting in better wash fastness properties and reducing the process temperature, thus
economizing energy [34]. Another way is to use ultrasonic energy, studied with the objec‐
tives of improving dye productivity and washing fastness, and reducing both energy costs
and water consumption [35].

Considering the fact that the textile dyeing process is recognized as one of the most environ‐
mentally unfriendly industrial processes, it is of extreme importance to understand the criti‐
cal points of the dyeing process so as to find alternative, eco-friendly methods.

2. Dyeing process

The dyeing process is one of the key factors in the successful trading of textile products. In
addition to the design and beautiful color, the consumer usually looks for some basic prod‐
uct characteristics, such as good fixation with respect to light, perspiration and washing,
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both initially and after prolonged use. To ensure these properties, the substances that give
color to the fiber must show high affinity, uniform color, resistance to fading, and be eco‐
nomically feasible [36].

Modern dyeing technology consists of several steps selected according to the nature of the
fiber and properties of the dyes and pigments for use in fabrics, such as chemical structure,
classification, commercial availability, fixing properties compatible with the target material
to be dyed, economic considerations and many others [36].

Dyeing methods have not changed much with time. Basically water is used to clean, dye
and apply auxiliary chemicals to the fabrics, and also to rinse the treated fibers or fabrics
[37]. The dyeing process involves three steps: preparation, dyeing and finishing, as follows:

Preparation is the step in which unwanted impurities are removed from the fabrics before
dyeing. This can be carried out by cleaning with aqueous alkaline substances and detergents
or by applying enzymes. Many fabrics are bleached with hydrogen peroxide or chlorine-
containing compounds in order to remove their natural color, and if the fabric is to be sold
white and not dyed, optical brightening agents are added [37].

Dyeing is the aqueous application of color to the textile substrates, mainly using synthetic
organic dyes and frequently at elevated temperatures and pressures in some of the steps
[37,38]. It is important to point out that there is no dye which dyes all existing fibers and no
fiber which can be dyed by all known dyes [39]. During this step, the dyes and chemical aids
such as surfactants, acids, alkali/bases, electrolytes, carriers, leveling agents, promoting
agents, chelating agents, emulsifying oils, softening agents etc [23,38] are applied to the tex‐
tile to get a uniform depth of color with the color fastness properties suitable for the end use
of the fabric [37].This process includes diffusion of the dye into the liquid phase followed by
adsorption onto the outer surface of the fibers, and finally diffusion and adsorption on the
inner surface of the fibers [40]. Depending on the expected end use of the fabrics, different
fastness properties may be required. For instance, swimsuits must not bleed in water and
automotive fabrics should not fade after prolonged exposure to sunlight [37]. Different types
of dye and chemical additives are used to obtain these properties, which is carried out dur‐
ing the finishing step. Dyeing can also be accomplished by applying pigments (pigments
differ from dyes by not showing chemical or physical affinity for the fibers) together with
binders (polymers which fix the pigment to the fibers) [39,41].

Finishing involves treatments with chemical compounds aimed at improving the quality of
the fabric. Permanent press treatments, water proofing, softening, antistatic protection, soil
resistance, stain release and microbial/fungal protection are all examples of fabric treatments
applied in the finishing process [37].

Dyeing can be carried out as a continuous or batch process [37]. The most appropriate proc‐
ess to use depends on several factors, such as type of material (fiber, yarn, fabric, fabric con‐
struction, garment), generic type of fiber, size of dye batch and quality requirements for the
dyed fabric, but batch processes are more commonly used to dye textile materials [10].

In continuous processing, heat and steam are applied to long rolls of fabric as they pass
through a series of concentrated chemical solutions. The fabric retains the greater part of the
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chemicals while rinsing removes most of the preparation chemicals. Each time a fabric is
passed through a solution, an amount of water equivalent to the weight of the fabric must
be used [37].

In batch processing, sometimes called exhaust dyeing, since the dye is gradually transferred
from the dye bath to the material being dyed over a relatively long period of time [10], the
dyeing occurs in the presence of dilute chemicals in a closed equipment such as a kier, ket‐
tle, beam, jet or beck [37]. Unlike the continuous process, instead of being passed through
various baths in a long series of equipment sections, in the batch process the fabric remains
in a single piece of equipment, which is alternately filled with water and then drained, at
each step of the process. Each time the fabric is exposed to a separate bath, it uses five to ten
times its own weight in water [37].

Some batch dyeing machines only operate at temperatures up to 100ºC. However, the sys‐
tem can be pressurized, allowing for the use of temperatures above 100ºC. Cotton, rayon,
nylon, wool and some other fibers dye well at temperatures of 100ºC or below. Polyester
and some other synthetic fibers dye more easily at temperatures above 100ºC [10].

Since the degree of dye fixation depends on the nature of the fiber, it is important to consid‐
er this topic. The fibers used in the textile industry can be divided into two main groups de‐
nominated natural fibers and synthetic fibers [36,37]. Natural fibers are derived from the
environment (plants or animals), such as wool, cotton, flax, silk, jute, hemp and sisal, most
of which are based on cellulose and proteins. On the other hand, synthetic fibers are organic
polymers, mostly derived from petroleum sources, for example, polyester, polyamide, ray‐
on, acetate and acrylic [37,39,42]. The two most important textile fibers are cotton, the larg‐
est, and polyester [43,44].

Cotton has been used for over 7000 years, and consists of mainly cellulose, natural waxes
and proteins. The large number of hydroxyl groups on the cellulose provides a great water
absorption capacity [39].

Several aromatic polyesters have been synthesized and studied. Of these, polyethylene ter‐
ephthalate (PET) and polybutylene terephthalate (PBT) have been produced commercially
for more than 50 years. Amongst other uses, PET has been used worldwide for the produc‐
tion of synthetic fibers due to its good physical properties. PET is manufactured from ethyl‐
ene glycol (EG) and terephthalic acid (TPA) or dimethyl terephthalate (DMT). The
polymerization proceeds in two steps: esterification and condensation reactions [45]. The
polymer produced after condensation is solidified by jets of cold water and cut into regular
granules which frequently have a cubic form. Then, the polymer melt is spun and the yarns
are solidified by a stream of cold air [39].

The dye can be fixed to the fiber by several mechanisms, generally in aqueous solution, and
may involve primarily four types of interaction: ionic, Van der Waals and hydrogen interac‐
tions, and covalent bonds [5].

Ionic interactions result from interactions between oppositely charged ions present in the
dyes and fibers, such as those between the positive center of the amino groups and carboxyl
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both initially and after prolonged use. To ensure these properties, the substances that give
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fiber and properties of the dyes and pigments for use in fabrics, such as chemical structure,
classification, commercial availability, fixing properties compatible with the target material
to be dyed, economic considerations and many others [36].

Dyeing methods have not changed much with time. Basically water is used to clean, dye
and apply auxiliary chemicals to the fabrics, and also to rinse the treated fibers or fabrics
[37]. The dyeing process involves three steps: preparation, dyeing and finishing, as follows:

Preparation is the step in which unwanted impurities are removed from the fabrics before
dyeing. This can be carried out by cleaning with aqueous alkaline substances and detergents
or by applying enzymes. Many fabrics are bleached with hydrogen peroxide or chlorine-
containing compounds in order to remove their natural color, and if the fabric is to be sold
white and not dyed, optical brightening agents are added [37].

Dyeing is the aqueous application of color to the textile substrates, mainly using synthetic
organic dyes and frequently at elevated temperatures and pressures in some of the steps
[37,38]. It is important to point out that there is no dye which dyes all existing fibers and no
fiber which can be dyed by all known dyes [39]. During this step, the dyes and chemical aids
such as surfactants, acids, alkali/bases, electrolytes, carriers, leveling agents, promoting
agents, chelating agents, emulsifying oils, softening agents etc [23,38] are applied to the tex‐
tile to get a uniform depth of color with the color fastness properties suitable for the end use
of the fabric [37].This process includes diffusion of the dye into the liquid phase followed by
adsorption onto the outer surface of the fibers, and finally diffusion and adsorption on the
inner surface of the fibers [40]. Depending on the expected end use of the fabrics, different
fastness properties may be required. For instance, swimsuits must not bleed in water and
automotive fabrics should not fade after prolonged exposure to sunlight [37]. Different types
of dye and chemical additives are used to obtain these properties, which is carried out dur‐
ing the finishing step. Dyeing can also be accomplished by applying pigments (pigments
differ from dyes by not showing chemical or physical affinity for the fibers) together with
binders (polymers which fix the pigment to the fibers) [39,41].

Finishing involves treatments with chemical compounds aimed at improving the quality of
the fabric. Permanent press treatments, water proofing, softening, antistatic protection, soil
resistance, stain release and microbial/fungal protection are all examples of fabric treatments
applied in the finishing process [37].

Dyeing can be carried out as a continuous or batch process [37]. The most appropriate proc‐
ess to use depends on several factors, such as type of material (fiber, yarn, fabric, fabric con‐
struction, garment), generic type of fiber, size of dye batch and quality requirements for the
dyed fabric, but batch processes are more commonly used to dye textile materials [10].

In continuous processing, heat and steam are applied to long rolls of fabric as they pass
through a series of concentrated chemical solutions. The fabric retains the greater part of the
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chemicals while rinsing removes most of the preparation chemicals. Each time a fabric is
passed through a solution, an amount of water equivalent to the weight of the fabric must
be used [37].

In batch processing, sometimes called exhaust dyeing, since the dye is gradually transferred
from the dye bath to the material being dyed over a relatively long period of time [10], the
dyeing occurs in the presence of dilute chemicals in a closed equipment such as a kier, ket‐
tle, beam, jet or beck [37]. Unlike the continuous process, instead of being passed through
various baths in a long series of equipment sections, in the batch process the fabric remains
in a single piece of equipment, which is alternately filled with water and then drained, at
each step of the process. Each time the fabric is exposed to a separate bath, it uses five to ten
times its own weight in water [37].

Some batch dyeing machines only operate at temperatures up to 100ºC. However, the sys‐
tem can be pressurized, allowing for the use of temperatures above 100ºC. Cotton, rayon,
nylon, wool and some other fibers dye well at temperatures of 100ºC or below. Polyester
and some other synthetic fibers dye more easily at temperatures above 100ºC [10].

Since the degree of dye fixation depends on the nature of the fiber, it is important to consid‐
er this topic. The fibers used in the textile industry can be divided into two main groups de‐
nominated natural fibers and synthetic fibers [36,37]. Natural fibers are derived from the
environment (plants or animals), such as wool, cotton, flax, silk, jute, hemp and sisal, most
of which are based on cellulose and proteins. On the other hand, synthetic fibers are organic
polymers, mostly derived from petroleum sources, for example, polyester, polyamide, ray‐
on, acetate and acrylic [37,39,42]. The two most important textile fibers are cotton, the larg‐
est, and polyester [43,44].

Cotton has been used for over 7000 years, and consists of mainly cellulose, natural waxes
and proteins. The large number of hydroxyl groups on the cellulose provides a great water
absorption capacity [39].

Several aromatic polyesters have been synthesized and studied. Of these, polyethylene ter‐
ephthalate (PET) and polybutylene terephthalate (PBT) have been produced commercially
for more than 50 years. Amongst other uses, PET has been used worldwide for the produc‐
tion of synthetic fibers due to its good physical properties. PET is manufactured from ethyl‐
ene glycol (EG) and terephthalic acid (TPA) or dimethyl terephthalate (DMT). The
polymerization proceeds in two steps: esterification and condensation reactions [45]. The
polymer produced after condensation is solidified by jets of cold water and cut into regular
granules which frequently have a cubic form. Then, the polymer melt is spun and the yarns
are solidified by a stream of cold air [39].

The dye can be fixed to the fiber by several mechanisms, generally in aqueous solution, and
may involve primarily four types of interaction: ionic, Van der Waals and hydrogen interac‐
tions, and covalent bonds [5].

Ionic interactions result from interactions between oppositely charged ions present in the
dyes and fibers, such as those between the positive center of the amino groups and carboxyl

Textile Dyes: Dyeing Process and Environmental Impact
http://dx.doi.org/10.5772/53659

155



groups in the fiber and ionic charges on the dye molecule, and the ionic attraction between
dye cations and anionic groups (-SO3

- and –CO2
-) present in the acrylic fiber polymer mole‐

cules. Typical examples of this type of interaction can be found in the dyeing of wool, silk
and polyamide [5,36,41].

Van  der  Waals  interactions  come  from a  close  approach  between  the  π  orbitals  of  the
dye molecule and the fiber,  so that the dye molecules are firmly "anchored" to the fiber
by an affinity process without forming an actual bond. Typical examples of this type of
interaction are found in the dyeing of wool and polyester with dyes with a high affinity
for cellulose [36].

Hydrogen interactions are formed between hydrogen atoms covalently bonded in the dye
and free electron pairs of donor atoms in the center of the fiber. This interaction can be
found in the dyeing of wool, silk and synthetic fibers such as ethyl cellulose [5,36].

Covalent bonds are formed between dye molecules containing reactive groups (electrophilic
groups) and nucleophilic groups on the fiber, for example, the bond between a carbon atom
of the reactive dye molecule and an oxygen, nitrogen or sulfur atom of a hydroxy, amino or
thiol group present in the textile fiber. This type of bond can be found in the dyeing of cot‐
ton fiber [5,36,46].

2.1. Application of liposome-based technology in textile dyeing process

There is increasing interest in the textile industry in the development of eco-friendly textile
processing, in which the use of naturally occurring materials such as phospholipids, would
become important [47]. Phospholipids are natural surfactants and in the presence of water,
they organize themselves so as to reduce unfavorable interactions between their hydropho‐
bic tails and the aqueous solution; their hydrophilic head groups exposed to the aqueous
phase forming vesicles. Liposomes or phospholipid vesicles are featured by clearly separate
hydrophilic and hydrophobic regions [34,48].

Liposomes were first produced in England in 1961 by Alec D. Bangham, who was studying
phospholipids and blood clotting. He found that when phospholipids were added to water,
they immediately formed a sphere, because one end of each molecule was water soluble,
while the opposite end was water insoluble [49]. From a chemical point of view, the lipo‐
some is an amphoteric compound containing both positive and negative charges [34,50].

Liposomes are defined as a structure composed of lipid vesicle bilayers which can encapsu‐
late hydrophobic or hydrophilic compounds in the lipid bilayer or in the aqueous volume,
respectively [51]. These structures are usually made up of phosphatidylcholine (PC), which
has a hydrophilic part consisting of phosphate and choline groups and a hydrophobic part
composed of two hydrocarbon chains of variable length [49, 52,53].

Liposomes are often distinguished according to their number of lamellae and size. Small
unilamellar vesicles (SUV), large unilamellar vesicles (LUV) and large multilamellar vesicles
(MLV) or multivesicular vesicles (MVV) can be differentiated [49]. The diameters of lipo‐
somes vary from a nanometer to a micrometer [34]. Multilamellar liposomes (MLV) usually
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range from 500 to 10,000 nm. Unilamellar liposomes can be small (SUV) or large (LUV); SUV
are usually smaller than 50 nm and LUV are usually larger than 50 nm. Very large lipo‐
somes are called giant liposomes (10,000 - 10,00,000 nm). They can be either unilamellar or
multilamellar. The liposomes containing encapsulated vesicles are called multi-vesicular
and they range from 2,000-40,000 nm. LUVs with an asymmetric distribution of phospholi‐
pids in the bilayers are called asymmetric liposomes [54]. The thickness of the membrane
(phospholipid bilayer) measures approximately 5 to 6 nm [49].

According to Sivasankar, Katyayani (2011), the preparation of liposomes is based on lipids,
and those normally used are:

Natural phospholipids:

• Phosphatidyl choline (PC) - Lecithin

• Phosphatidyl ethanolamine (PE) - Cephalin

• Phosphatidyl serine (PS)

• Phosphatidyl inositol (PI)

• Phosphatidyl glycerol (PG)

Synthetic phospholipids:

For saturated phospholipids:

• Dipalmitoyl phosphatidyl choline (DPPC)

• Distearoyl phosphatidyl choline (DSPC)

• Dipalmitoyl phosphatidyl ethanolamine (DPPE)

• Dipalmitoyl phosphatidyl serine (DPPS)

• Dipalmitoyl phosphatidic acid (DPPA)

• Dipalmitoyl phosphatidyl glycerol (DPPG)

For unsaturated phospholipids:

• Dioleoyl phosphatidyl choline (DOPC)

• Dioleoyl phosphatidyl glycerol (DOPG) [52].

Natural acidic lipids, such as PS, PG, PI, PA (phosphatidic acid) and cardiolipin (CL), are
added when anionic liposomes are desired, and cholesterol is often included to stabilize the
bilayer. These molecules are derivatives of glycerol with two alkyl groups and one ampho‐
teric group [34].

Phosphatidylcholine is the biological lipid most widely used for producing liposomes. Lipo‐
somes based on phosphatidylcholine consist of phosphatidic acid and glycerin, with two al‐
cohol groups esterified by fatty acids and a third group esterified by phosphoric acid, to
which the amino alcohol choline is added as a polar group [34,49].
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they immediately formed a sphere, because one end of each molecule was water soluble,
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respectively [51]. These structures are usually made up of phosphatidylcholine (PC), which
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For unsaturated phospholipids:

• Dioleoyl phosphatidyl choline (DOPC)

• Dioleoyl phosphatidyl glycerol (DOPG) [52].

Natural acidic lipids, such as PS, PG, PI, PA (phosphatidic acid) and cardiolipin (CL), are
added when anionic liposomes are desired, and cholesterol is often included to stabilize the
bilayer. These molecules are derivatives of glycerol with two alkyl groups and one ampho‐
teric group [34].

Phosphatidylcholine is the biological lipid most widely used for producing liposomes. Lipo‐
somes based on phosphatidylcholine consist of phosphatidic acid and glycerin, with two al‐
cohol groups esterified by fatty acids and a third group esterified by phosphoric acid, to
which the amino alcohol choline is added as a polar group [34,49].
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According to Barani, Montazer (2008), normally four different methods can be used for the
preparation of liposomes:

1. Dry lipid film;

2. Emulsions;

3. Micelle-forming detergents;

4. Alcohol injection technology [34].

Liposomes  have  two  distinct  roles:  they  can  provide  an  excellent  model  for  biological
membranes, and they are being developed as controlled delivery systems for hydrophilic
and lipophilic  agents  [34,53,55].  They are promising candidates for  adjuvant and carrier
systems for drug delivery,  are well-documented, and can be used for the same purpose
in textile materials [33].

Encapsulation or liposome technology is applied in numerous fields, such as in pharma‐
ceuticals,  cosmetics,  foods,  detergents,  textiles  and other  applications where it  is  impor‐
tant  to  liberate  the encapsulated material  slowly [34,50].  This  new clean technology has
already  been  adopted  by  some  textile  industries  [52].  In  recent  years,  liposomes  have
been  examined  as  a  way  of  delivering  dyes  to  textiles  in  a  cost-effective  and  environ‐
mentally sensitive way [56].

Conventional dyeing processes consume a great deal of energy, a significant amount of
which is wasted in controlling the process parameters in order to achieve uniform results.
With respect to the carrier role of liposomes, they can be used in several textile processes
such as textile finishing and dyeing, with several types of dyes and fibers. They are nontox‐
ic, biodegradable, and can encapsulate a wide range of solutes [34]. In addition, the main
advantages of liposomes are a clear reduction in dyeing temperature (about 10°C as com‐
pared to conventional dyeing), improved quality of the textiles produced, with additional
benefits with respect to material weight yield during subsequent spinning, improved
smoothness and mechanical properties of the dyed textiles, and a clear reduction in the con‐
tamination load of the dye baths [52,57]. Low temperature gives a more natural feel and im‐
proved quality, with lower environmental impact [34].

In recent years, liposomes have been used in the textile industry as a carrier for auxiliary
materials (leveling, retarding and wetting agents) in dyeing, mainly for wool dyeing, and
for finishing processes [34,55]. One of the most common problems with textile auxiliaries is
that they fail to form a complex in the solution bath. This problem can be solved by using
liposomes with selected positive or negative charges. Liposomes can be prepared according
to the type of process, solute material and fiber structure [34]. Liposomes from phospholi‐
pids have been widely used as a dye carrier in the dyeing process, and create eco-friendly
textile processes. Due to their structural properties, liposomes can encapsulate hydrophilic
dyes (reactive, acid and basic dyes) in the aqueous phase, and hydrophobic dyes (disperse
dyes) in the phospholipid bilayers [58]. Liposomes containing a dye are generally large, ir‐
regular and unilamellar [50].
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According to Barani & Montazer (2008), the application of liposomes in textile processing
can be useful when the release of the solute material is important, and improves the final
properties of the products. A wetting agent is required in the conventional bleaching bath of
cotton fabrics, but this step can be eliminated by using liposomes. The presence of liposomes
in the peroxide bleaching bath can improve the mechanical properties of fabrics and their
brightness. Liposomes contain particles of oxidant present in the bleaching solution that rep‐
resent an unusual reservoir, and release the bleaching agent gradually into the bleaching
bath. Moreover, the encapsulation of catalysts used for the decomposition of hydrogen per‐
oxide radicals can be another factor in retarding the rate of decomposition. In this way, lipo‐
somes act as a stabilizing agent in the bleaching bath [34].

The role of auxiliary products is very important in textile dyeing with disperse dyes [53].
These compounds show extremely low solubility in water and dispersing agents are needed
to maintain a fine, stable dispersion throughout the whole dyeing process at the different
temperatures. Martí et al. (2007) analyzed the usefulness of commercial textile liposomes as
dispersing agents, and observed that liposomes could be considered as suitable dispersing
auxiliaries for polyester dyeing at high temperatures, considering their capacity to stabilize
dye dispersions and achieve a suitable dye exhaustion level, with the added value of their
environmentally friendly nature [53]. Liposomes clearly improve the dispersion efficiency as
compared to conventional dispersing agents [34].

Additionally, liposomes for textile use show a similar price to that of synthetic surfactants
used in the dyeing of polyester with disperse dyes. However, the new technology is more
environmentally friendly, and hence the reduction in the environmental problem can lead to
economic advantages [53]. In addition, liposome preparations tend not to foam. This is an
advantage that distinguishes liposomes from other textile auxiliaries [34].

According to Martí et al. (2010), the dyeing of wool and wool blends with the aid of lipo‐
somes has demonstrated better quality, energy saving and a reduction in the environmental
impact and also the temperature could be reduced, resulting in less fiber damage. Moreover,
dye bath exhaustion was shown to be over 90% at the lower temperature (80°C) used, result‐
ing in significant savings in energy costs [55]. The impact of the dyeing process on the envi‐
ronment was also considerably lower, the COD being reduced by about 1000 units [53].

Therefore, liposome-based technology is an alternative, eco-friendly method, which could
reduce the environmental impact, offering technical and economic advantages for the tex‐
tile industry.

2.2. Effect of ultrasonic energy on the dyeing process

Ultrasound-assisted textile dyeing was first reported by Sokolov and Tumansky in 1941[59].
The basic idea of this technology is that ultrasound can enhance mass transfer by reducing
the stagnant cores in the yarns. The improvements observed are generally attributed to cavi‐
tation phenomena and to other resulting physical effects such as dye dispersion (breaking
up of aggregates with high relative molecular mass), degassing (expulsion of dissolved or
entrapped air from the fiber capillaries), strong agitation of the liquid (reduction in thick‐
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According to Barani, Montazer (2008), normally four different methods can be used for the
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tamination load of the dye baths [52,57]. Low temperature gives a more natural feel and im‐
proved quality, with lower environmental impact [34].

In recent years, liposomes have been used in the textile industry as a carrier for auxiliary
materials (leveling, retarding and wetting agents) in dyeing, mainly for wool dyeing, and
for finishing processes [34,55]. One of the most common problems with textile auxiliaries is
that they fail to form a complex in the solution bath. This problem can be solved by using
liposomes with selected positive or negative charges. Liposomes can be prepared according
to the type of process, solute material and fiber structure [34]. Liposomes from phospholi‐
pids have been widely used as a dye carrier in the dyeing process, and create eco-friendly
textile processes. Due to their structural properties, liposomes can encapsulate hydrophilic
dyes (reactive, acid and basic dyes) in the aqueous phase, and hydrophobic dyes (disperse
dyes) in the phospholipid bilayers [58]. Liposomes containing a dye are generally large, ir‐
regular and unilamellar [50].
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to maintain a fine, stable dispersion throughout the whole dyeing process at the different
temperatures. Martí et al. (2007) analyzed the usefulness of commercial textile liposomes as
dispersing agents, and observed that liposomes could be considered as suitable dispersing
auxiliaries for polyester dyeing at high temperatures, considering their capacity to stabilize
dye dispersions and achieve a suitable dye exhaustion level, with the added value of their
environmentally friendly nature [53]. Liposomes clearly improve the dispersion efficiency as
compared to conventional dispersing agents [34].

Additionally, liposomes for textile use show a similar price to that of synthetic surfactants
used in the dyeing of polyester with disperse dyes. However, the new technology is more
environmentally friendly, and hence the reduction in the environmental problem can lead to
economic advantages [53]. In addition, liposome preparations tend not to foam. This is an
advantage that distinguishes liposomes from other textile auxiliaries [34].

According to Martí et al. (2010), the dyeing of wool and wool blends with the aid of lipo‐
somes has demonstrated better quality, energy saving and a reduction in the environmental
impact and also the temperature could be reduced, resulting in less fiber damage. Moreover,
dye bath exhaustion was shown to be over 90% at the lower temperature (80°C) used, result‐
ing in significant savings in energy costs [55]. The impact of the dyeing process on the envi‐
ronment was also considerably lower, the COD being reduced by about 1000 units [53].

Therefore, liposome-based technology is an alternative, eco-friendly method, which could
reduce the environmental impact, offering technical and economic advantages for the tex‐
tile industry.

2.2. Effect of ultrasonic energy on the dyeing process

Ultrasound-assisted textile dyeing was first reported by Sokolov and Tumansky in 1941[59].
The basic idea of this technology is that ultrasound can enhance mass transfer by reducing
the stagnant cores in the yarns. The improvements observed are generally attributed to cavi‐
tation phenomena and to other resulting physical effects such as dye dispersion (breaking
up of aggregates with high relative molecular mass), degassing (expulsion of dissolved or
entrapped air from the fiber capillaries), strong agitation of the liquid (reduction in thick‐
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ness of the fiber-liquid boundary layer), and swelling (enhancement of dye diffusion rate in‐
side the fiber) [59,60].

According to Vankar & Shanker (2008), ultrasound allows for process acceleration, obtaining
the same or better results than existing techniques, but under less extreme conditions, i.e.,
lower temperatures and lower concentrations of the chemicals used. Wet textile processes
assisted by ultrasound are of great interest to the textile industry for this reason [61], and
Khatri et al. (2011) showed that the dyeing of polyester fiber using ultrasonic energy result‐
ed in an increased dye uptake and enhanced dyeing rate [35].

Due to the revolution in environmental protection, the use of ultrasonic energy as a renewa‐
ble source of energy in textile dyeing has been increased, due to the variety of advantages
associated with it. On the other hand, there is a growing demand for natural, eco-friendly
dyeing for the health sensitive application to textile garments as an alternative to harmful
synthetic dyes, which poses a need for suitable effective dyeing methodologies [62].

Ultrasonic energy can clean or homogenize materials, accelerating both physical and chemi‐
cal reactions, and these qualities can be used to improve textile processing methods. Envi‐
ronmental concern has been focused on textile processing methods for quite some time, and
the use of ultrasonic energy has been widely studied in terms of improving washing fast‐
ness. The textile dyeing industry has long been struggling to cope with high energy costs,
rapid technological changes and the need for a faster delivery time, and the effective man‐
agement of ultrasonic energy could reduce energy costs and improve productivity [35]. Ul‐
trasonic waves are vibrations with frequencies above 17 kHz, out of the audible range for
humans, requiring a medium with elastic properties for propagation. The formation and col‐
lapse of the bubbles formed by ultrasonic waves (known as cavitation) is generally consid‐
ered to be responsible for most of the physical and chemical effects of ultrasound in solid/
liquid or liquid/liquid systems [63]. Cavitation is the formation of gas-filled microbubbles or
cavities in a liquid, their growth, and under proper conditions, their implosive collapse [59].

It has been reported that ultrasonic energy can be applied successfully to wet textile process‐
es, for example laundering, desizing, scouring, bleaching, mercerization of cotton fabrics,
enzymatic treatment, dyeing and leather processing, together with the decoloration/mineral‐
ization of textile dyes in waste water [60].

In addition, ultrasonic irradiation shows promise, and has the potential, for use in environ‐
mental remediation, due to the formation of highly concentrated oxidizing species such as
hydroxyl radicals (HO•), hydrogen radicals (H•), hydroperoxyl radicals (HO2• ) and H2O2,
and localized high temperatures and pressures [59]. Therefore, the use of ultrasonic energy
could indeed reduce the environmental impact caused by the textile industry.

3. Finishing and waste water

The contamination of natural waters has become one of the biggest problems in modern so‐
ciety, and the economical use of this natural resource in production processes has gained
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special attention, since in predictions for the coming years, the amount of water required per
capita is of concern. This environmental problem is related not only to its waste through
misuse, but also to the release of industrial and domestic effluents [64].

Of the industries with high-polluting power, the textile dyeing industry, responsible for
dyeing various types of fiber, stands out. Independent of the characteristics of the dyes chos‐
en, the final operation of all dyeing process involves washing in baths to remove excesses of
the original or hydrolyzed dyes not fixed to the fiber in the previous steps [36]. In these
baths, as previously mentioned, it is estimated that approximately 10-50% of the dyes used
in the dyeing process are lost, and end up in the effluent [17,21,22], contaminating the envi‐
ronment with about one million tons of these compounds [65]. The dyes end up in the water
bodies due mainly to the use of the activated sludge treatment in the effluent treatment
plants, which has been shown to be ineffective in removing the toxicity and coloring of some
types of dye [33,60,66,67]. Moreover, the reduction of azo dyes by sodium hydrosulfite and
the successive chlorination steps with hypochlorous acid, can form 2-benzotriazoles fenil‐
benzotriazol (PBTA) derivatives and highly mutagenic aromatic amines, often more muta‐
genic than the original dye [68]. In an aquatic environment, this dye reduction can occur in
two phases: 1) The application of reducing agents to the newly-dyed fibers to remove the
excess unbound dye, which could lead to "bleeding" of the fabrics during washing, and 2)
The use of reducing agents in the bleaching process, in order to make the effluent colorless
and conform with the legislation. This reduced colorless effluent containing dyes is sent to
the municipal sewage treatment plant, where they chlorinate the effluents before releasing
them into water bodies where they may generate PBTAs. Several different PBTAs are al‐
ready described in the literature, and their chemical structures vary depending on the dyes
that originated them [63,69].

So  the  release  of  improperly  treated  textile  effluents  into  the  environment  can  become
an  important  source  of  problems  for  human  and  environmental  health.  The  major
source of  dye loss  corresponds to the incomplete fixation of  the dyes during the textile
fiber dyeing step [36].

In addition to the problem caused by the loss of dye during the dyeing process,  within
the  context  of  environmental  pollution,  the  textile  industry  is  also  focused  due  to  the
large  volumes  of  water  used  by  its  industrial  park,  consequently  generating  large  vol‐
umes  of  effluent  [64].  It  has  been  calculated  that  approximately  200  liters  of  water  are
needed for each kilogram of cotton produced [70]. These effluents are complex mixtures
of many pollutants, ranging from original colors lost during the dyeing process, to asso‐
ciated pesticides and heavy metals  [71],  and when not  properly treated,  can cause seri‐
ous contamination of  the  water  sources  [64].  So the materials  that  end up in  the  water
bodies are effluents containing a high organic load and biochemical oxygen demand, low
dissolved  oxygen  concentrations,  strong  color  and  low  biodegradability.  In  addition  to
visual pollution,  the pollution of water bodies with these compounds causes changes in
the  biological  cycles  of  the  aquatic  biota,  particularly  affecting  the  photosynthesis  and
oxygenation processes of  the water body, for example by hindering the passage of sun‐
light through the water [72].
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ness of the fiber-liquid boundary layer), and swelling (enhancement of dye diffusion rate in‐
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cal reactions, and these qualities can be used to improve textile processing methods. Envi‐
ronmental concern has been focused on textile processing methods for quite some time, and
the use of ultrasonic energy has been widely studied in terms of improving washing fast‐
ness. The textile dyeing industry has long been struggling to cope with high energy costs,
rapid technological changes and the need for a faster delivery time, and the effective man‐
agement of ultrasonic energy could reduce energy costs and improve productivity [35]. Ul‐
trasonic waves are vibrations with frequencies above 17 kHz, out of the audible range for
humans, requiring a medium with elastic properties for propagation. The formation and col‐
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ered to be responsible for most of the physical and chemical effects of ultrasound in solid/
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cavities in a liquid, their growth, and under proper conditions, their implosive collapse [59].
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enzymatic treatment, dyeing and leather processing, together with the decoloration/mineral‐
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mental remediation, due to the formation of highly concentrated oxidizing species such as
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and localized high temperatures and pressures [59]. Therefore, the use of ultrasonic energy
could indeed reduce the environmental impact caused by the textile industry.
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The contamination of natural waters has become one of the biggest problems in modern so‐
ciety, and the economical use of this natural resource in production processes has gained
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excess unbound dye, which could lead to "bleeding" of the fabrics during washing, and 2)
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them into water bodies where they may generate PBTAs. Several different PBTAs are al‐
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source of  dye loss  corresponds to the incomplete fixation of  the dyes during the textile
fiber dyeing step [36].

In addition to the problem caused by the loss of dye during the dyeing process,  within
the  context  of  environmental  pollution,  the  textile  industry  is  also  focused  due  to  the
large  volumes  of  water  used  by  its  industrial  park,  consequently  generating  large  vol‐
umes  of  effluent  [64].  It  has  been  calculated  that  approximately  200  liters  of  water  are
needed for each kilogram of cotton produced [70]. These effluents are complex mixtures
of many pollutants, ranging from original colors lost during the dyeing process, to asso‐
ciated pesticides and heavy metals  [71],  and when not  properly treated,  can cause seri‐
ous contamination of  the  water  sources  [64].  So the materials  that  end up in  the  water
bodies are effluents containing a high organic load and biochemical oxygen demand, low
dissolved  oxygen  concentrations,  strong  color  and  low  biodegradability.  In  addition  to
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Moreover, studies have shown that some classes of dye, especially azo dyes and their by-
products, may be carcinogenic and / or mutagenic [27,33,67,73-77], endangering human
health, since the wastewater treatment systems and water treatment plants (WTP) are inef‐
fective in removing the color and the mutagenic properties of some dyes [78,79]. The diffi‐
culty in removing them from the environment can be attributed to the high stability of these
compounds, since they are designed to resist biodegradation to meet the demands of the
consumer market with respect to durability of the colors in the fibers, consequently imply‐
ing that they also remain in the environment for a long time [32].

With respect to the legislation, there is no consensus amongst the different countries con‐
cerning effluent discharge, and there is no official document listing the different effluent
limit values applied in different countries. Many federal countries, such as the United States
of America, Canada and Australia have national environmental legislation, which, as in Eu‐
rope, establishes the limits that must be complied with. Some countries, such as Thailand,
have copied the American system, whereas others, such as Turkey or Morocco, have copied
the European model. In some countries, for example India, Pakistan and Malaysia, the emis‐
sion limits are recommended, but are not mandatory [80]. With respect to the color, in some
countries such as France, Austria and Italy, there are limits for the color of the effluent, but
since they use different units, a comparison is impossible. The oldest unit is the Hazen, in
use since the beginning of the 20th century, but in France, the current unit is (mg L-1Pt–Co).
The coloration values are determined by a comparative analysis with model solutions pre‐
pared according to defined procedures [80].

Based on all the problems cited above regarding the discharge of effluents into the environ‐
ment, it is obvious there is a need to find alternative treatments that are effective in remov‐
ing dyes from effluents.

4. Waste water treatment

These days, environmental pollution can undoubtedly be regarded as one of the main prob‐
lems in developed and developing countries. This is due, not just to one, but to a number of
factors, such as the misuse of natural resources, inefficient legislation and a lack of environ‐
mental awareness. Fortunately, in recent years there has been a trend for change and a series
of scientific studies are being used as an important tool in the development of new treat‐
ment technologies and even in the implementation of processes and environmentally friend‐
ly actions [64,81-84].

Every industrial process is characterized by the use of inputs (raw materials, water, energy,
etc.) that undergo transformation giving rise to products, byproducts and waste. The wastes
produced at all stages of the various types of human activity, both in terms of composition
and volume, vary according to the consumption practices and production methods. The
main concerns are focused on the impact these can have on human health and the environ‐
ment. Hazardous waste, produced mainly by industry, is particularly worrying, because
when incorrectly managed, it becomes a serious threat to the environment and therefore to
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human health. Thus the study of new alternatives for the treatment of different types of in‐
dustrial effluent continues to be a challenge to combat anthropogenic contamination.

Amongst that of several other industries, the textile sector waste has received considerable
attention in recent years, since it can generate large volumes of effluents that, if not correctly
treated before being disposed into water resources, can be a problem, as previously men‐
tioned. Effluents from the textile industry are extremely complex, since they contain a large
variety of dyes, additives and derivatives that change seasonally, increasing the challenge to
find effective, feasible treatments. Currently, the processes developed and available for these
industries are based on methods that were designed for other waste, and have limitations
when applied to textile effluents. As a consequence, these industries produce colored waste‐
water with a high organic load, which can contribute enormously to the environmental pol‐
lution of surface water and treatment plants if not properly treated before disposal into the
water resources [85]. The ingestion of water contaminated with textile dyes can cause seri‐
ous damage to the health of humans and of other living organisms, due to the toxicity, high‐
lighting mutagenicity of its components [86,87]. Therefore treatments that are more efficient
and economical than those currently available are required.

There are several techniques for the treatment of effluents, such as incineration, biological
treatment, absorption onto solid matrices, etc. However, these techniques have their draw‐
backs, such as the formation of dioxins and furans, caused by incomplete combustion dur‐
ing incineration; long periods for biological treatment to have an effect, as also the
adsorptive process, that is based on the phase transfer of contaminants without actually de‐
stroying them [88,89]. The problem is further aggravated in the textile industry effluents,
due to the complexity of their make-up. Thus it can be seen that processes are being used
that are not entirely appropriate for the treatment of textile effluents, thereby creating a ma‐
jor challenge for the industry and laundries that need to adapt to current regulations for the
control of the color of effluents with a high organic load.

The use of filtration membranes and/or separation [90] and biological methods [91], in addi‐
tion to incineration processes involving adsorption onto solid matrices, has also being
adopted by the textile industry and is receiving considerable attention. However, all these
processes only involve phase transfer, generating large amounts of sludge deposited at the
end of the tanks and low efficiency in color removal and reduction of the organic load. Ac‐
cording to this scenario, many studies have been carried out with the aim of developing new
technologies capable of minimizing the volume and toxicity of industrial effluents. Unfortu‐
nately, the applicability of these types of system is subject to the development of modified
procedures and the establishment of effluent recycling systems, activities that imply evolu‐
tionary technologies and which are not yet universally available. Thus the study of new al‐
ternatives for the treatment of many industrial effluents currently produced is still one of
the main weapons to combat the phenomenon of anthropogenic contamination.

Due to their considerable danger, several authors have attempted to find new forms of treat‐
ment to reduce the serious environmental and toxicological risks caused by various organic
compounds. Amongst the many reported cases are those based on the use of specific micro‐
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Moreover, studies have shown that some classes of dye, especially azo dyes and their by-
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sion limits are recommended, but are not mandatory [80]. With respect to the color, in some
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since they use different units, a comparison is impossible. The oldest unit is the Hazen, in
use since the beginning of the 20th century, but in France, the current unit is (mg L-1Pt–Co).
The coloration values are determined by a comparative analysis with model solutions pre‐
pared according to defined procedures [80].

Based on all the problems cited above regarding the discharge of effluents into the environ‐
ment, it is obvious there is a need to find alternative treatments that are effective in remov‐
ing dyes from effluents.

4. Waste water treatment

These days, environmental pollution can undoubtedly be regarded as one of the main prob‐
lems in developed and developing countries. This is due, not just to one, but to a number of
factors, such as the misuse of natural resources, inefficient legislation and a lack of environ‐
mental awareness. Fortunately, in recent years there has been a trend for change and a series
of scientific studies are being used as an important tool in the development of new treat‐
ment technologies and even in the implementation of processes and environmentally friend‐
ly actions [64,81-84].

Every industrial process is characterized by the use of inputs (raw materials, water, energy,
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human health. Thus the study of new alternatives for the treatment of different types of in‐
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tioned. Effluents from the textile industry are extremely complex, since they contain a large
variety of dyes, additives and derivatives that change seasonally, increasing the challenge to
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organisms, and degradation using advanced oxidation processes (AOP) such as Fenton,
photo-Fenton and heterogeneous photocatalysis, which are highlighted below.

The use of microorganisms cultivated specifically for the degradation of polluents to in‐
crease the yield of degradation, has been reported by some authors. For example, Flores et
al. (1997) examined the behavior of 25 N-substituted aromatic compounds such as organic
compounds,azo dyes and nitro, using the methanogenic bacteria acetoclastic, and found that
under anaerobic conditions it was easy to mineralize various of the compounds evaluated
with a good yield, especially the nitroaromatic and azo dyes [91].

Bornick et al. (2001) evaluated the use of aerobic microorganisms to degrade aromatic
amines present in sediments of the river Elbe in Germany. The results obtained showed that
it was possible to predict the qualitative degradation of the aromatic amines using degrada‐
tion constants [92].

Using a structural design, Wang et al.(2007) isolated a bacterium capable of promoting the
degradation of the compounds pentyl amine and aniline present in water oil extraction in
China. Under conditions of neutral pH and complete aeration of 6 mg O2 / l at a temperature
of 30 ° C, they obtained degradation yields of 82% and 78%, respectively, for pentyl amine
and aniline [93].

However, in general, although the use of microorganisms in the treatment of industrial and
laboratory wastes containing aromatic amines deserves attention, mainly due to the low in‐
vestment and maintenance costs, the results are far from ideal, due to the low biodegrada‐
tion yields, long treatment times, and the generation of sludge deposited at the bottom of
the treatment ponds [94].

Of the studies carried out using a source of hydroxyl radicals with oxidizing agents, the
photo Fenton system developed by Fukushima et al., 2000 to promote the degradation of
aniline stands out. This method has shown promise for the mineralization of aromatic
amines, obtaining a reduction of approximately 85%. However, high performance liquid
chromatography (HPLC) identified a number of intermediate species formed during the
degradation of the aniline, such as p-aminophenol, p-hydroquinone, maleic and fumaric
acids and NH4

+ [95].

Studies involving heterogeneous photocatalysis also deserve attention: for example Pra‐
mauro et al., (1995) promoted the degradation of various aniline derivatives using TiO2 par‐
ticles suspended in a solution. Under optimal conditions, the method developed showed
rapid mineralization of the aromatic amines examined in less than 1 hour of analysis. By-
products generated during the degradation of these compounds were identified at the start
of the reaction, but none were identified at the end of the reaction. The use of solar radiation
was also evaluated, but was shown to be less efficient than artificial radiation [96].

Augugliaro et al.(2000), confirmed that heterogeneous photocatalysis using TiO2 as a semi‐
conductor may be a suitable method for the complete photodegradation of aniline, 4-ethyla‐
niline and 4-chloroaniline in an aqueous medium. The kinetic parameters for the Langmuir-
Hinshelwood model were used to describe the importance of the adsorption results, which
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proved to be independent of the pH of the solution and of the type of substituent on the aro‐
matic ring of the amine [97].

Canle et al. (2005) studied the behavior of the adsorption of aniline and dimethyl aniline on‐
to three species of TiO2 (P25, anatase and rutile) and established that the greatest adsorption
occurred onto TiO2 P25. The effect of pH on the degradation provided by these compounds
was also evaluated, and lower mineralization percentages were observed in acidic media.
This type of behavior can be attributed to the positive charges on both the aniline and the
semiconductor, providing electrostatic repulsion between the two species. Thus, an alkaline
medium has been recommended as the most appropriate one to promote the mineralization
of aromatic amines using a TiO2 P25 type semiconductor [98].

Chu et al. (2007) observed the effects of pH variation and the addition of hydrogen peroxide
on the degradation of 2-chloroaniline using TiO2 as a semiconductor, with and without the
application of UV radiation. The results showed that the addition of low concentrations of
H2O2 to the UV/TiO2system provided a significant increase in degradation of the aromatic
amine. The addition of an excess of H2O2 promoted no increase in degradation, as expected;
to the contrary, a reduction in the reaction rate was observed. The variation in pH was eval‐
uated in both systems, and the condition leading to the highest percentages of mineraliza‐
tion was obtained in an alkaline medium using H2O2/UV/TiO2 [99].

Low et al. (1991) monitored the inorganic products resulting from the degradation of several
organic nitrogenated, sulfured and halogenated compounds. Degradation was carried out
using TiO2 as the semiconductor and artificially illuminated UV radiation. Ammonium ions
were found to be present in higher concentrations than nitrate ions, which can be explained
by the fact that compounds having a nitrogen element in their structure pass through a com‐
plex degradation step where the generation of ammonium ions is more favorable than the
generation of nitrate ions. In turn, compounds with nitro groups in their structures, showed
higher concentrations of nitrate ions. Under ideal conditions, all the elements were convert‐
ed into their respective inorganic forms. Organic carbon was converted to CO2, the halogens
to their corresponding halide, sulfur compounds to sulfate, the phosphate to phosphorus
and nitrogen to ammonium and nitrate [100]. However, all these studies used a photocata‐
lytic titanium suspension, requiring a subsequent step to remove the semiconductor.

With a view to these problems, a new technique that has been studied recently, with signifi‐
cant success, is the oxidation of organic matter via the generation of hydroxyl radicals
(OH•). This kind of effluent treatment has been highlighted for its destructive character
with respect to the organic matter. The advanced oxidation processes (AOP) are processes
based on the generation of highly oxidizing species, the hydroxyl radical (OH•), which can
oxidize the organic contaminants present in water, air or soil. These radicals have a high oxi‐
dation potential (E * = +2.72 V vs. the normal hydrogen electrode, NHE), which results in
high reactivity with organic pollutants. This may initiate different types of reaction with dif‐
ferent functional groups in organic compounds, forming unstable organic radicals which are
then easily oxidized to CO2, H2O and inorganic acids, derived from this heteroatom. Many
techniques have being developed using this principle as the method of treatment, and have
shown potential success in organic residue mineralization processes [92,96, 101-103].
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The association of the electrochemical properties with the photocatalytic properties of a
semiconductor, have allowed for the development of a promising system, representing a
very efficient technique as an AOP method that has received much attention in recent years,
assigned as a photoelectrochemical process. The process gained notoriety for the possibility
of forming hydroxyl radicals via the oxidation of water. The technique is based on the action
of ultraviolet light (hυ) on a semiconductor capable of generating charges and e-/ H+, whose
separation is facilitated by applying a positive potential (EAPP), greater than the potential of a
flat band photocatalytic material. The generation of a potential gradient in the photoactivat‐
ed semiconductor directs the electrons to an auxiliary electrode (cathode), delaying recombi‐
nation between the holes (h+) generated in the valence band (VB), and making them
available for oxidation processes and the generation of hydroxyl radicals of interest [104].

The results of this process were very promising because of the relatively short treatment
time but with great efficiency, both in the removal of color and in the reduction of the organ‐
ic load. However, the limitations of this technique are related mainly to the choice of the ide‐
al catalyst for promoting the generation of these oxidizing species. Catalysts that promote
the generation of radicals absorbing radiation in the visible spectral region are the most de‐
sirable for this type of reaction, due to the large percentage emitted in the solar spectrum
(approximately 45%) [104].

Thus, the development of an ideal process that promotes color removal and a reduction in the
organic load of wastewater from the textile industry with great efficiency is a major challenge
in all fields of science, since the synthesis of the best catalyst to take advantage of solar radia‐
tion, thus reducing the operating costs, and at the same time solve the problems involved in the
hydrodynamics of the reactors, is of importance in the development of the treatment.

The expectations for developing an effective method for the treatment of these wastes are
quite promising, but require continuous optimization and knowledge of new aspects. These
include better fixation of the dyes to the fibers, process with less water consumption, less
hazardous dyes with respect to human health and methods capable of identifying these
compounds with more efficacy and rapidity and assays to identify any potential carcinogen‐
ic and / or mutagenic properties in the dyes and their derivatives; genetic improvements to
produce more efficient culture mediums and resistant biological treatments, leading to a re‐
duction in the generation of sludge; the synthesis of materials that catalyze reactions in the
visible spectral regions, leading to a more economic photoeletrochemical method, and also
new engineering advances for the construction of more effective reactors, which can take ad‐
vantage of all these developments in an integrated system, extending the performance of a
process more appropriate for the treatment of such a complex effluent.

5. Optimization of the dyeing processes to reduce the environmental
impact of the textile industry

The search and development of new methods to promote the treatment of effluents from the
textile industry with a maximum of efficiency of the process of decolorization and / or re‐
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moval of these compounds present in the medium can trigger further damage human health
and the environment is fundamental importance. The understanding of the composition of
waste generated is extremely significant to develop these methods of treatment due to the
high complexity by virtue of huge number of compounds which are added at different
stages of the dyeing fabrics.

Environmental problems with used dye baths are related to the wide variety of different
components added to the dye bath, often in relatively high concentrations. In the future,
many of textile factories will face the requirement of reusing a significant part of all incom‐
ing freshwater because traditionally used methods are insufficient for obtaining the required
water quality.

However, due to dwindling supply and increasing demand of water in the textile industries,
a better alternative is to attempt to further elevate the water quality of wastewater effluent
from a secondary wastewater treatment plant to a higher standard for reuse. Thus far very
little attention has been paid to this aspect [105].

Therefore, the investment in the search for methodologies to more effective treatment of
these effluents can be much smaller than that spent in tertiary treatment to remove these
products in low level of concentrations and in the presence of much other interference. This
requires action that the cost / benefit are reviewed and the development of new techniques
for wastewater treatment capable of effective removal of these dyes is intensified and made
economically viable [105,106].

An alternative to minimize the problems related to the treatment of textile effluents would
be the development of more effective dye that can be fixed fiber with higher efficiency de‐
creasing losses on tailings waters and reducing the amount of dye required in the dyeing
process, reducing certainly improve the cost and quality of the effluent.

6. Conclusion

It was concluded that the synthetic textile dyes represent a large group of organic com‐
pounds that could have undesirable effects on the environment, and in addition, some of
them can pose risks to humans. The increasing complexity and difficulty in treating textile
wastes has led to a constant search for new methods that are effective and economically via‐
ble. However, up to the present moment, no efficient method capable of removing both the
color and the toxic properties of the dyes released into the environment has been found.

Acknowledgments

This work was supported by the Faculty of Pharmaceutical Sciences at Ribeirão Preto - Uni‐
versity of São Paulo, Brazil, and by FAPESP, CAPES and CNPq.

Textile Dyes: Dyeing Process and Environmental Impact
http://dx.doi.org/10.5772/53659

167



The association of the electrochemical properties with the photocatalytic properties of a
semiconductor, have allowed for the development of a promising system, representing a
very efficient technique as an AOP method that has received much attention in recent years,
assigned as a photoelectrochemical process. The process gained notoriety for the possibility
of forming hydroxyl radicals via the oxidation of water. The technique is based on the action
of ultraviolet light (hυ) on a semiconductor capable of generating charges and e-/ H+, whose
separation is facilitated by applying a positive potential (EAPP), greater than the potential of a
flat band photocatalytic material. The generation of a potential gradient in the photoactivat‐
ed semiconductor directs the electrons to an auxiliary electrode (cathode), delaying recombi‐
nation between the holes (h+) generated in the valence band (VB), and making them
available for oxidation processes and the generation of hydroxyl radicals of interest [104].

The results of this process were very promising because of the relatively short treatment
time but with great efficiency, both in the removal of color and in the reduction of the organ‐
ic load. However, the limitations of this technique are related mainly to the choice of the ide‐
al catalyst for promoting the generation of these oxidizing species. Catalysts that promote
the generation of radicals absorbing radiation in the visible spectral region are the most de‐
sirable for this type of reaction, due to the large percentage emitted in the solar spectrum
(approximately 45%) [104].

Thus, the development of an ideal process that promotes color removal and a reduction in the
organic load of wastewater from the textile industry with great efficiency is a major challenge
in all fields of science, since the synthesis of the best catalyst to take advantage of solar radia‐
tion, thus reducing the operating costs, and at the same time solve the problems involved in the
hydrodynamics of the reactors, is of importance in the development of the treatment.

The expectations for developing an effective method for the treatment of these wastes are
quite promising, but require continuous optimization and knowledge of new aspects. These
include better fixation of the dyes to the fibers, process with less water consumption, less
hazardous dyes with respect to human health and methods capable of identifying these
compounds with more efficacy and rapidity and assays to identify any potential carcinogen‐
ic and / or mutagenic properties in the dyes and their derivatives; genetic improvements to
produce more efficient culture mediums and resistant biological treatments, leading to a re‐
duction in the generation of sludge; the synthesis of materials that catalyze reactions in the
visible spectral regions, leading to a more economic photoeletrochemical method, and also
new engineering advances for the construction of more effective reactors, which can take ad‐
vantage of all these developments in an integrated system, extending the performance of a
process more appropriate for the treatment of such a complex effluent.

5. Optimization of the dyeing processes to reduce the environmental
impact of the textile industry

The search and development of new methods to promote the treatment of effluents from the
textile industry with a maximum of efficiency of the process of decolorization and / or re‐

Eco-Friendly Textile Dyeing and Finishing166

moval of these compounds present in the medium can trigger further damage human health
and the environment is fundamental importance. The understanding of the composition of
waste generated is extremely significant to develop these methods of treatment due to the
high complexity by virtue of huge number of compounds which are added at different
stages of the dyeing fabrics.

Environmental problems with used dye baths are related to the wide variety of different
components added to the dye bath, often in relatively high concentrations. In the future,
many of textile factories will face the requirement of reusing a significant part of all incom‐
ing freshwater because traditionally used methods are insufficient for obtaining the required
water quality.

However, due to dwindling supply and increasing demand of water in the textile industries,
a better alternative is to attempt to further elevate the water quality of wastewater effluent
from a secondary wastewater treatment plant to a higher standard for reuse. Thus far very
little attention has been paid to this aspect [105].

Therefore, the investment in the search for methodologies to more effective treatment of
these effluents can be much smaller than that spent in tertiary treatment to remove these
products in low level of concentrations and in the presence of much other interference. This
requires action that the cost / benefit are reviewed and the development of new techniques
for wastewater treatment capable of effective removal of these dyes is intensified and made
economically viable [105,106].

An alternative to minimize the problems related to the treatment of textile effluents would
be the development of more effective dye that can be fixed fiber with higher efficiency de‐
creasing losses on tailings waters and reducing the amount of dye required in the dyeing
process, reducing certainly improve the cost and quality of the effluent.

6. Conclusion

It was concluded that the synthetic textile dyes represent a large group of organic com‐
pounds that could have undesirable effects on the environment, and in addition, some of
them can pose risks to humans. The increasing complexity and difficulty in treating textile
wastes has led to a constant search for new methods that are effective and economically via‐
ble. However, up to the present moment, no efficient method capable of removing both the
color and the toxic properties of the dyes released into the environment has been found.

Acknowledgments

This work was supported by the Faculty of Pharmaceutical Sciences at Ribeirão Preto - Uni‐
versity of São Paulo, Brazil, and by FAPESP, CAPES and CNPq.

Textile Dyes: Dyeing Process and Environmental Impact
http://dx.doi.org/10.5772/53659

167



Author details

Farah Maria Drumond Chequer1, Gisele Augusto Rodrigues de Oliveira1,
Elisa Raquel Anastácio Ferraz1, Juliano Carvalho Cardoso2,
Maria Valnice Boldrin Zanoni2 and Danielle Palma de Oliveira1

1 USP, Department of Clinical, Toxicological and Bromatological Analyses, Faculty of Phar‐
maceutical Sciences at Ribeirão Preto, University of São Paulo, Ribeirão Preto, SP, Brazil

2 UNESP, Department of Analytical Chemistry, Institute of Chemistry at Araraquara, State
of São Paulo University Júlio de Mesquita Filho, Araraquara, SP, Brazil

References

[1] Kirk-Othmer. Encyclopedia of Chemical Technology, v. 7, 5th Edition. Wiley-Inter‐
science; 2004.

[2] Bafana A, Devi SS, Chakrabarti T. Azo dyes: past, present and the future. Environ‐
mental Reviews 2011; 19 350–370.

[3] Zollinger, H. Synthesis, Properties of Organic Dyes and Pigments. In: Color Chemis‐
try. New York, USA: VCH Publishers; 1987. p. 92-102.

[4] Carneiro PA, Nogueira, RFP, Zanoni, MVB. Homogeneous photodegradation of C.I.
Reactive Blue 4 using a photo-Fenton process under artificial and solar irradiation.
Dyes and Pigments 2007; 74 127-132.

[5] Christie R. Colour Chemistry. Cambridge, United Kingdom: The Royal Society of
Chemistry; 2001.

[6] Dos Santos AB, Cervantes FJ, van Lier JB. Review paper on current technologies for
decolourisation of textile wastewaters: Perspectives for anaerobic biotechnology. Bio‐
resource Technology 2007; 98 (12) 2369-2385.

[7] Arun Prasad AS, Bhaskara Rao KV. Physico chemical characterization of textile efflu‐
ent and screening for dye decolorizing bactéria. Global Journal of Biotechnology and
Biochemistry 2010; 5(2) 80-86.

[8] Robinson T, McMullan G, Marchant R, Nigam P. Remediation of dyes in textile efflu‐
ent: a critical review on current treatment technologies with a proposed alternative.
Bioresource Technology 2001; 77 (12) 247-255.

[9] Ogugbue CJ, Sawidis T. Bioremediation and Detoxification of Synthetic Wastewater
Containing Triarylmethane Dyes by Aeromonas hydrophila Isolated from Industrial
Effluent. Biotechnology Research International 2011; DOI 10.4061/2011/967925.

Eco-Friendly Textile Dyeing and Finishing168

[10] Perkins WS. A Review of Textile Dyeing Processes. American Association of Textile
Chemists and Colorists 1991; 23 (8): 23–27.http://www.revistavirtualpro.com/files/
TIE08_200704.pdf (accessed 12 May 2012)

[11] Couto SR. Dye removal by immobilised fungi. Biotechnology Advances 2009; 27(3)
227-235.

[12] O’Neill C, Hawkes FR, Hawkes DL, Lourenço ND, Pinheiro HM, Delée W. Colour in
textile effluents – sources, measurement, discharge consents and simulation: a re‐
view. Journal of Chemical Technology and Biotechnology 1999; 74 (11) 1009-1018.

[13] Forgacs E, Cserháti T, Oros G. Removal of synthetic dyes from wastewaters: a re‐
view. Environment International 2004; 30 (7) 953- 971

[14] Przystaś W, Zabłocka-Godlewska E, Grabińska-Sota E. Biological Removal of Azo
and Triphenylmethane Dyes and Toxicity of Process By-Products. Water Air Soil Pol‐
lut 2012; 223 (4) 1581-1592.

[15] Sen S, Demirer GN. Anaerobic treatment of real textile wastewater with a fluidized
bed reactor. Water Research 2003; 37 (8) 1868-1878.

[16] Dos Santos, A B. Reductive Decolourisation of Dyes by Thermophilic Anaerobic
Granular Sludge. PhD-Thesis. Wageningen University, The Netherlands, 2005.

[17] Ben Mansour H, Houas I, Montassar F, Ghedira K, Barillier D, Mosrati R, Chekir-
Ghedira L. Alteration of in vitro and acute in vivo toxicity of textile dyeing wastewa‐
ter after chemical and biological remediation. Environmental science and pollution
research international 2012; DOI 10.1007/s11356-012-0802-7.

[18] Talarposhti AM, Donnelly T, Anderson GK. Colour removal from a simulated dye
wastewater using a two-phase anaerobic packed bed reactor. Water Research 2001;
35 (2) 425-432.

[19] Ibrahim MB, Poonam N, Datel S, Roger M. Microbial decolorization of textile dye-
containing effluents: a review, Bioresource Technology 1996; 58(3) 217-227.

[20] Wijetunga S, Li XF, Jian C. Effect of organic load on decolourization of textile waste‐
water containing acid dyes in upflow anaerobic sludge blanket reactor. Journal of
Hazardous Materials 2010; 177 (1-3) 792-798.

[21] Vaidya AA, Datye KV. Environmental pollution during chemical processing of syn‐
thetic fibers. Colourage 1982; 14 3-10.

[22] Rajaguru P, Fairbairn LJ, Ashby J, Willington MA, Turner S, Woolford LA, Chinnasa‐
my N, Rafferty JA. Genotoxicity studies on the azo dye Direct Red 2 using the in vivo
mouse bone marrow micronucleus test. Mutation Research 1999; 444(1) 175-180.

[23] Hubbe MA, Beck KR, O’Neal WG, Sharma YC. Cellulosic substrates for removal of
pollutants from aqueous systems: a review. 2. Dyes. Dye biosorption: Review. BioRe‐
sources 2012; 7 (2), 2592-2687.

Textile Dyes: Dyeing Process and Environmental Impact
http://dx.doi.org/10.5772/53659

169



Author details

Farah Maria Drumond Chequer1, Gisele Augusto Rodrigues de Oliveira1,
Elisa Raquel Anastácio Ferraz1, Juliano Carvalho Cardoso2,
Maria Valnice Boldrin Zanoni2 and Danielle Palma de Oliveira1

1 USP, Department of Clinical, Toxicological and Bromatological Analyses, Faculty of Phar‐
maceutical Sciences at Ribeirão Preto, University of São Paulo, Ribeirão Preto, SP, Brazil

2 UNESP, Department of Analytical Chemistry, Institute of Chemistry at Araraquara, State
of São Paulo University Júlio de Mesquita Filho, Araraquara, SP, Brazil

References

[1] Kirk-Othmer. Encyclopedia of Chemical Technology, v. 7, 5th Edition. Wiley-Inter‐
science; 2004.

[2] Bafana A, Devi SS, Chakrabarti T. Azo dyes: past, present and the future. Environ‐
mental Reviews 2011; 19 350–370.

[3] Zollinger, H. Synthesis, Properties of Organic Dyes and Pigments. In: Color Chemis‐
try. New York, USA: VCH Publishers; 1987. p. 92-102.

[4] Carneiro PA, Nogueira, RFP, Zanoni, MVB. Homogeneous photodegradation of C.I.
Reactive Blue 4 using a photo-Fenton process under artificial and solar irradiation.
Dyes and Pigments 2007; 74 127-132.

[5] Christie R. Colour Chemistry. Cambridge, United Kingdom: The Royal Society of
Chemistry; 2001.

[6] Dos Santos AB, Cervantes FJ, van Lier JB. Review paper on current technologies for
decolourisation of textile wastewaters: Perspectives for anaerobic biotechnology. Bio‐
resource Technology 2007; 98 (12) 2369-2385.

[7] Arun Prasad AS, Bhaskara Rao KV. Physico chemical characterization of textile efflu‐
ent and screening for dye decolorizing bactéria. Global Journal of Biotechnology and
Biochemistry 2010; 5(2) 80-86.

[8] Robinson T, McMullan G, Marchant R, Nigam P. Remediation of dyes in textile efflu‐
ent: a critical review on current treatment technologies with a proposed alternative.
Bioresource Technology 2001; 77 (12) 247-255.

[9] Ogugbue CJ, Sawidis T. Bioremediation and Detoxification of Synthetic Wastewater
Containing Triarylmethane Dyes by Aeromonas hydrophila Isolated from Industrial
Effluent. Biotechnology Research International 2011; DOI 10.4061/2011/967925.

Eco-Friendly Textile Dyeing and Finishing168

[10] Perkins WS. A Review of Textile Dyeing Processes. American Association of Textile
Chemists and Colorists 1991; 23 (8): 23–27.http://www.revistavirtualpro.com/files/
TIE08_200704.pdf (accessed 12 May 2012)

[11] Couto SR. Dye removal by immobilised fungi. Biotechnology Advances 2009; 27(3)
227-235.

[12] O’Neill C, Hawkes FR, Hawkes DL, Lourenço ND, Pinheiro HM, Delée W. Colour in
textile effluents – sources, measurement, discharge consents and simulation: a re‐
view. Journal of Chemical Technology and Biotechnology 1999; 74 (11) 1009-1018.

[13] Forgacs E, Cserháti T, Oros G. Removal of synthetic dyes from wastewaters: a re‐
view. Environment International 2004; 30 (7) 953- 971

[14] Przystaś W, Zabłocka-Godlewska E, Grabińska-Sota E. Biological Removal of Azo
and Triphenylmethane Dyes and Toxicity of Process By-Products. Water Air Soil Pol‐
lut 2012; 223 (4) 1581-1592.

[15] Sen S, Demirer GN. Anaerobic treatment of real textile wastewater with a fluidized
bed reactor. Water Research 2003; 37 (8) 1868-1878.

[16] Dos Santos, A B. Reductive Decolourisation of Dyes by Thermophilic Anaerobic
Granular Sludge. PhD-Thesis. Wageningen University, The Netherlands, 2005.

[17] Ben Mansour H, Houas I, Montassar F, Ghedira K, Barillier D, Mosrati R, Chekir-
Ghedira L. Alteration of in vitro and acute in vivo toxicity of textile dyeing wastewa‐
ter after chemical and biological remediation. Environmental science and pollution
research international 2012; DOI 10.1007/s11356-012-0802-7.

[18] Talarposhti AM, Donnelly T, Anderson GK. Colour removal from a simulated dye
wastewater using a two-phase anaerobic packed bed reactor. Water Research 2001;
35 (2) 425-432.

[19] Ibrahim MB, Poonam N, Datel S, Roger M. Microbial decolorization of textile dye-
containing effluents: a review, Bioresource Technology 1996; 58(3) 217-227.

[20] Wijetunga S, Li XF, Jian C. Effect of organic load on decolourization of textile waste‐
water containing acid dyes in upflow anaerobic sludge blanket reactor. Journal of
Hazardous Materials 2010; 177 (1-3) 792-798.

[21] Vaidya AA, Datye KV. Environmental pollution during chemical processing of syn‐
thetic fibers. Colourage 1982; 14 3-10.

[22] Rajaguru P, Fairbairn LJ, Ashby J, Willington MA, Turner S, Woolford LA, Chinnasa‐
my N, Rafferty JA. Genotoxicity studies on the azo dye Direct Red 2 using the in vivo
mouse bone marrow micronucleus test. Mutation Research 1999; 444(1) 175-180.

[23] Hubbe MA, Beck KR, O’Neal WG, Sharma YC. Cellulosic substrates for removal of
pollutants from aqueous systems: a review. 2. Dyes. Dye biosorption: Review. BioRe‐
sources 2012; 7 (2), 2592-2687.

Textile Dyes: Dyeing Process and Environmental Impact
http://dx.doi.org/10.5772/53659

169



[24] Carliell CM, Barclay SJ, Shaw C, Wheatley AD, Buckley C A. The effect of salts used
in textile dyeing on microbial decolourisation of a reactive azo dye. Environmental
Technology 1998; 19 (11) 1133-1137.

[25] Seesuriyachan P, Takenaka S, Kuntiya A, Klayraung S, Murakami S, Aoki K. Metabo‐
lism of azo dyes by Lactobacillus casei TISTR 1500 and effects of various factors on
decolorization. Water Research 2007; 41(5) 985-992.

[26] Ben Mansour H, Corroler D, Barillier D, Ghedira K, Chekir L, Mosrati R. Evaluation
of genotoxicity and pro-oxidant effect of the azo dyes: Acids yellow 17, violet 7 and
orange 52, and of their degradation products by Pseudomonas putida mt-2. Food
and Chemical Toxicology 2007; 45 (9) 1670-1677.

[27] Chung KT, Cerniglia CE. Mutagenicity of azo dyes: Structure-activity relationships.
Mutation Research, 1992; 277 (3) 201-220.

[28] Pinheiro HM, Touraud E, Thomas O. Aromatic amines from azo dye reduction: sta‐
tus review with emphasis on direct UV spectrophotometric detection in textile indus‐
try wastewaters. Dyes and Pigments 2004; 61 (2) 121-139.

[29] Umbuzeiro GA, Freeman H, Warren SH, Kummrow F, Claxton LD. Mutagenicity
evaluation of the commercial product CI Disperse Blue 291 using different protocols
of the Salmonella assay. Food and Chemical Toxicology 2005; 43 (1) 49-56.

[30] Arlt VM, Glatt H, Muckel E, Pabel U, Sorg BL, Schmeiser HH, Phillips DH. Metabolic
activation of the environmental contaminant 3-nitrobenzanthrone by human acetyl‐
transferases and sulfotransferase. Carcinogenesis 2002; 23 (11) 1937-1945.

[31] Hao OJ, Kim H, Chiang PC, 2000. Decolorization of wastewater. Critical Reviews in
Environmental Science and Technology 2000; 30 (4) 449-505.

[32] Firmino PIM, Silva MER, Cervantes FJ, Santos AB. Colour removal of dyes from syn‐
thetic and real textile wastewaters in one- and two-stage anaerobic systems. Biore‐
source Technology 2010; 101(20) 7773-7779.

[33] Carneiro PA, Umbuzeiro GA, Oliveira DP, Zanoni MVB. Assessment of water con‐
tamination caused by a mutagenic textile effluent/dyehouse effluent bearing disperse
dyes. Journal of Hazardous Materials 2010; 174 (1-3) 694-699.

[34] Barani H, Montazer M. A Review on Applications of Liposomes in Textile Process‐
ing. Journal of Liposome Research 2008; 18 (3) 249-262.

[35] Khatri Z, Memon MH, Khatri A, Tanwari A. Cold Pad-Batch dyeing method for cot‐
ton fabric dyeing with reactive dyes using ultrasonic energy. Ultrasonics Sonochem‐
istry 2011 18 (6) 1301-1307.

[36] Guaratini CCI, Zanoni MVB. Textile dyes. Química Nova 2000;23(1): 71-78. http://
www.scielo.br/pdf/qn/v23n1/2146.pdf (accessed 01 May 2012).

Eco-Friendly Textile Dyeing and Finishing170

[37] Moore SB, Ausley LW. Systems thinking and green chemistry in the textile industry:
concepts, technologies and benefits. Journal of Cleaner Production 2004;12 585–601.
DOI: 10.1016/S0959-6526(03)00058-1

[38] Reddy SS, Kotaiah B, Reddy NSP. Color pollution control in textile dyeing industry
effluents using tannery sludge derived activated carbon. Bulletin of the Chemical So‐
ciety of Ethiopia 2008;22 (3): 369-378. http://www.ajol.info/index.php/bcse/article/
viewFile/61211/49389 (accessed 16 May 2012).

[39] Alcantara MR, Daltin D. A química do processamento têxtil. Química Nova
1996;19(3): 320-330 http://www.quimicanova.sbq.org.br/qn/qnol/1996/vol19n3/
v19_n3_17.pdf (accessed 19 April 2012).

[40] Vassileva V, Valcheva E, Zheleva Z. The kinetic model of reactive dye fixation on cot‐
ton fibers. Journal of the University of Chemical Technology and Metallurgy 2008;43
(3): 323-326. http://www.uctm.edu/j2008-3/8_V_Vasileva_323-326.pdf (accessed 10
May 2012).

[41] Zollinger H. Color Chemistry. Syntheses,properties and applications of organic dyes
and pigments. Weinheim: VCH Publishers; 2003.

[42] Candlin J. Polymers. Dyestuffs in the Chemical Industry. London: Chapman & Hall;
1994.

[43] Gregory P. Dyestuffs. In: Heaton C.A. (ed.) The Chemical Industry. London: Chap‐
man & Hall; 1994. p143-188.

[44] Gregory P. 2009. Dyes and Dye Intermediates. In: Kirk-Othmer (ed.) Encyclopedia of
Chemical Technology. New Jersey: John Wiley & Sons; 2009. p1–66. DOI:
10.1002/0471238961.0425051907180507.a01.pub2

[45] Pang K, Kotek R, Tonelli A. Review of conventional and novel polymerization proc‐
esses for polyesters. Progress in Polymer Science 2006;31(11) 1009–1037. DOI:
10.1016/j.progpolymsci.2006.08.008

[46] Hunger K., editor. Industrial Dyes: Chemistry, Properties, Applications. Weinheim:
Wiley-VCH Verlag GmbH & Co. KGaA; 2004. DOI: 10.1002/3527602011

[47] Baptista ALF, Coutinho PJG,: Real Oliveira MECD, Rocha Gomes JIN. Effect of sur‐
factants in soybean Lecithin liposomes studied by energy transfer between NBD-PE
and N-Rh-PE. Journal of Liposome Research 2000; 10 (4) 419-429.

[48] Lesoin L, Crampon C, Boutin O, Badens E. Preparation of liposomes using the super‐
critical anti-solvent (SAS) process and comparison with a conventional method. The
Journal of Supercritical Fluids 2011; 57 162-174

[49] Sivasankar, M, Katyayani, T. Liposomes – The future of formulations. International
Journal of Research in Pharmacy and Chemistry 2011; 1(2) 259-267.

[50] El-Zawahry MM, El-Shami S, El-Mallah S.H. Optimizing a wool dyeing process with
reactive dye by liposome microencapsulation. Dyes and Pigments 2007; 74 684-691.

Textile Dyes: Dyeing Process and Environmental Impact
http://dx.doi.org/10.5772/53659

171



[24] Carliell CM, Barclay SJ, Shaw C, Wheatley AD, Buckley C A. The effect of salts used
in textile dyeing on microbial decolourisation of a reactive azo dye. Environmental
Technology 1998; 19 (11) 1133-1137.

[25] Seesuriyachan P, Takenaka S, Kuntiya A, Klayraung S, Murakami S, Aoki K. Metabo‐
lism of azo dyes by Lactobacillus casei TISTR 1500 and effects of various factors on
decolorization. Water Research 2007; 41(5) 985-992.

[26] Ben Mansour H, Corroler D, Barillier D, Ghedira K, Chekir L, Mosrati R. Evaluation
of genotoxicity and pro-oxidant effect of the azo dyes: Acids yellow 17, violet 7 and
orange 52, and of their degradation products by Pseudomonas putida mt-2. Food
and Chemical Toxicology 2007; 45 (9) 1670-1677.

[27] Chung KT, Cerniglia CE. Mutagenicity of azo dyes: Structure-activity relationships.
Mutation Research, 1992; 277 (3) 201-220.

[28] Pinheiro HM, Touraud E, Thomas O. Aromatic amines from azo dye reduction: sta‐
tus review with emphasis on direct UV spectrophotometric detection in textile indus‐
try wastewaters. Dyes and Pigments 2004; 61 (2) 121-139.

[29] Umbuzeiro GA, Freeman H, Warren SH, Kummrow F, Claxton LD. Mutagenicity
evaluation of the commercial product CI Disperse Blue 291 using different protocols
of the Salmonella assay. Food and Chemical Toxicology 2005; 43 (1) 49-56.

[30] Arlt VM, Glatt H, Muckel E, Pabel U, Sorg BL, Schmeiser HH, Phillips DH. Metabolic
activation of the environmental contaminant 3-nitrobenzanthrone by human acetyl‐
transferases and sulfotransferase. Carcinogenesis 2002; 23 (11) 1937-1945.

[31] Hao OJ, Kim H, Chiang PC, 2000. Decolorization of wastewater. Critical Reviews in
Environmental Science and Technology 2000; 30 (4) 449-505.

[32] Firmino PIM, Silva MER, Cervantes FJ, Santos AB. Colour removal of dyes from syn‐
thetic and real textile wastewaters in one- and two-stage anaerobic systems. Biore‐
source Technology 2010; 101(20) 7773-7779.

[33] Carneiro PA, Umbuzeiro GA, Oliveira DP, Zanoni MVB. Assessment of water con‐
tamination caused by a mutagenic textile effluent/dyehouse effluent bearing disperse
dyes. Journal of Hazardous Materials 2010; 174 (1-3) 694-699.

[34] Barani H, Montazer M. A Review on Applications of Liposomes in Textile Process‐
ing. Journal of Liposome Research 2008; 18 (3) 249-262.

[35] Khatri Z, Memon MH, Khatri A, Tanwari A. Cold Pad-Batch dyeing method for cot‐
ton fabric dyeing with reactive dyes using ultrasonic energy. Ultrasonics Sonochem‐
istry 2011 18 (6) 1301-1307.

[36] Guaratini CCI, Zanoni MVB. Textile dyes. Química Nova 2000;23(1): 71-78. http://
www.scielo.br/pdf/qn/v23n1/2146.pdf (accessed 01 May 2012).

Eco-Friendly Textile Dyeing and Finishing170

[37] Moore SB, Ausley LW. Systems thinking and green chemistry in the textile industry:
concepts, technologies and benefits. Journal of Cleaner Production 2004;12 585–601.
DOI: 10.1016/S0959-6526(03)00058-1

[38] Reddy SS, Kotaiah B, Reddy NSP. Color pollution control in textile dyeing industry
effluents using tannery sludge derived activated carbon. Bulletin of the Chemical So‐
ciety of Ethiopia 2008;22 (3): 369-378. http://www.ajol.info/index.php/bcse/article/
viewFile/61211/49389 (accessed 16 May 2012).

[39] Alcantara MR, Daltin D. A química do processamento têxtil. Química Nova
1996;19(3): 320-330 http://www.quimicanova.sbq.org.br/qn/qnol/1996/vol19n3/
v19_n3_17.pdf (accessed 19 April 2012).

[40] Vassileva V, Valcheva E, Zheleva Z. The kinetic model of reactive dye fixation on cot‐
ton fibers. Journal of the University of Chemical Technology and Metallurgy 2008;43
(3): 323-326. http://www.uctm.edu/j2008-3/8_V_Vasileva_323-326.pdf (accessed 10
May 2012).

[41] Zollinger H. Color Chemistry. Syntheses,properties and applications of organic dyes
and pigments. Weinheim: VCH Publishers; 2003.

[42] Candlin J. Polymers. Dyestuffs in the Chemical Industry. London: Chapman & Hall;
1994.

[43] Gregory P. Dyestuffs. In: Heaton C.A. (ed.) The Chemical Industry. London: Chap‐
man & Hall; 1994. p143-188.

[44] Gregory P. 2009. Dyes and Dye Intermediates. In: Kirk-Othmer (ed.) Encyclopedia of
Chemical Technology. New Jersey: John Wiley & Sons; 2009. p1–66. DOI:
10.1002/0471238961.0425051907180507.a01.pub2

[45] Pang K, Kotek R, Tonelli A. Review of conventional and novel polymerization proc‐
esses for polyesters. Progress in Polymer Science 2006;31(11) 1009–1037. DOI:
10.1016/j.progpolymsci.2006.08.008

[46] Hunger K., editor. Industrial Dyes: Chemistry, Properties, Applications. Weinheim:
Wiley-VCH Verlag GmbH & Co. KGaA; 2004. DOI: 10.1002/3527602011

[47] Baptista ALF, Coutinho PJG,: Real Oliveira MECD, Rocha Gomes JIN. Effect of sur‐
factants in soybean Lecithin liposomes studied by energy transfer between NBD-PE
and N-Rh-PE. Journal of Liposome Research 2000; 10 (4) 419-429.

[48] Lesoin L, Crampon C, Boutin O, Badens E. Preparation of liposomes using the super‐
critical anti-solvent (SAS) process and comparison with a conventional method. The
Journal of Supercritical Fluids 2011; 57 162-174

[49] Sivasankar, M, Katyayani, T. Liposomes – The future of formulations. International
Journal of Research in Pharmacy and Chemistry 2011; 1(2) 259-267.

[50] El-Zawahry MM, El-Shami S, El-Mallah S.H. Optimizing a wool dyeing process with
reactive dye by liposome microencapsulation. Dyes and Pigments 2007; 74 684-691.

Textile Dyes: Dyeing Process and Environmental Impact
http://dx.doi.org/10.5772/53659

171



[51] Martí M, de la Maza A, Parra JL, Coderch L. Liposome as dispersing agent into dis‐
perse dye formulation. Textile Research Journal 2011; 81(4) 379-387.

[52] Montazer M., Validi M., Toliyat T. Influence of Temperature on Stability of Multila‐
mellar Liposomes in Wool Dyeing. Journal of Liposome Research, 2006; 16:81-89.

[53] Martí M, Coderch L, de la Maza A, Parra JL. Liposomes of phosphatidylcholine: a bi‐
ological natural surfactant as a dispersing agent. Color Technology 2007; 123 237-241.

[54] Riaz M. Liposomes preparation methods. Pakistan Journal of Pharmaceutical Scien‐
ces, 1996; 19(1) 65-77.

[55] Martí M, de la Maza A, Parra JL, Coderch L. Liposome as dispersing agent into dis‐
perse dye formulation. Textile Research Journal 2010; 81(4) 379–387.

[56] Nelson, G. Application of microencapsulation in textile. International Journal of
Pharmaceutics 2002; 242 55-62.

[57] Martí M, de la Maza A, Parra JL, Coderch L. Dyeing wool at low temperatures: new
method using liposomes. Textile Research Journal 2001; 71(8) 678-682.

[58] El-Zawahry MM, El-Mallahb MH, El-Shamib S. An innovative study on dyeing silk
fabrics by modified phospholipid liposomes. Coloration Technology 2009; 125
164-171.

[59] Vajnhandl S, Le Marechal AM. Ultrasound in textile dyeing and the decolouration/
mineralization of textile dyes. Dyes and Pigments 2005; 65 89-101.

[60] Ferrero F., Periolatto M. Ultrasound for low temperature dyeing of wool with acid
dye. Ultrasonics Sonochemistry 2012; 19 601-606.

[61] Vankar PS, Shanker R. Ecofriendly ultrasonic natural dyeing of cotton fabric with en‐
zyme pretreatments. Desalination 2008; 230 62-69.

[62] Mansour HF, Heffernan S. Environmental aspects on dyeing silk fabric with sticta
coronate lichen using ultrasonic energy and mild mordants. Clean Technologies En‐
vironmental Policy 2011; 13 207-213.

[63] Abou-Okeil A, El-Shafie A, El Zawahry MM. Ecofriendly laccase–hydrogen perox‐
ide/ultrasound-assisted bleaching of linen fabrics and its influence on dyeing effi‐
ciency. Ultrasonics Sonochemistry 2010; 17 383-390.

[64] Kunz A, Zamora PP, Moraes SG, Durán N. New tendencies on the textile effluent
treatment. Quimica Nova 2002;25(1): 78-82. http://www.scielo.br/scielo.php?
script=sci_arttext&pid=S0100-40422002000100014 (accessed 01 May 2012).

[65] Associação Brasileira de Química. ABQ. Processos oxidativos avançados e tratamen‐
to de corantes sintéticos. Anais da ABQ. http://www.unb.br/resqui/abq2004-1.pdf
(accessed 18 May 2012).

[66] Umbuzeiro GA, Roubicek DA, Rech CM, Sato MIZ, CLAXTON LD. Investigating the
sources of the mutagenic activity found in a river using the Salmonella assay and dif‐

Eco-Friendly Textile Dyeing and Finishing172

ferent water extraction procedures. Chemosphere 2004; 54(11) 1589-1597. DOI:
10.1016/j.chemosphere.2003.09.009

[67] Umbuzeiro GA, Freeman HS, Warren SH, Oliveira DP, Terao Y, Watanabe T, Claxton
LD. The contribution of azo dyes to the mutagenic activity of the Cristais river. Che‐
mosphere 2005; 60 (1) 55-64. DOI:10.1016/j.chemosphere.2004.11.100

[68] Shiozawa T, Suyama K, Nakano K, Nukaya H, Sawanishi H, Oguri A, Wakabayashi
K, Terao Y. Mutagenic activity of 2 phenylbenzotriazole derivatives related to a mu‐
tagen, PBTA-1, in river water. Mutation Research 1999; 442 (2) 105-111.

[69] Oliveira DP. Corantes como importante classe de contaminantes ambientais – um es‐
tudo de caso. PhD thesis. Universidade de São Paulo; 2005.

[70] Carneiro PA, Osugi ME, Sene JJ, Anderson MA, Zanoni MVB. Evaluation of color re‐
moval and degradation of a reactive textile azo dye on nanoporous TiO thin-film
electrodes. Electrochimica Acta 2004; 49 (22-23) 3807–3820. DOI: 10.1016/j.electacta.
2003.12.057

[71] McMullan G, Meehan C, Conneely A, Kirby N, Robinson T, Nigam P, Banat IM,
Marchant R, Smyth WF. Mini-review: microbial decolorisation and degradation of
textile dyes. Applied Microbiology and Biotechnology 2001; 56 (1-2): 81-87. DOI:
10.1007/s002530000587. http://www.springerlink.com/content/04vuqljhajpa32rv/ (ac‐
cessed 10 April 2012).

[72] Pereira WS, Freire RS. Ferro zero: Uma nova abordagem para o tratamento de águas
contaminadas com compostos orgânicos poluentes. Química Nova 2005;28(1):
130-136. DOI: 10.1590/S0100-40422005000100022. http://www.scielo.br/scielo.php?
script=sci_arttext&pid=S0100-40422005000100022 (accessed 10 March 2012).

[73] Houk VS. The genotoxicity of industrial wastes and effluents. Mutation Research
1992; 277 (2) 91-138.

[74] Jager I, Hafner C, Schneider K. Mutagenicity of different textile dye products in Sal‐
monella typhimurium and mouse lymphoma cells. Mutation Research 2004;561 (1-2)
35-44.

[75] Chequer FMD, Angeli JPF, Ferraz ERA, Tsuboy MS, Marcarini JC, Mantovani MS,
Oliveira DP. The azo dyes Disperse Red 1 and Disperse Orange 1 increase the micro‐
nuclei frequencies in human lymphocytes and in HepG2 cells. Mutation Research
2009; 676 (1-2) 83-86.

[76] Chequer FMD, Lizier TM, Felicio R, Zanoni MVB, Debonsi HM, Lopes NP, Marcos R,
Oliveira DP. Analyses of the genotoxic and mutagenic potential of the products
formed after the biotransformation of the azo dye Disperse Red 1. Toxicology in Vi‐
tro 2011; 25 (8) 2054-2063

[77] Ferraz ERA, Umbuzeiro GA, de-Almeida G, Caloto-Oliveira A, Chequer FMD, Zano‐
ni MVB, Dorta DJ, Oliveira DP. Differential Toxicity of Disperse Red 1 and Disperse

Textile Dyes: Dyeing Process and Environmental Impact
http://dx.doi.org/10.5772/53659

173



[51] Martí M, de la Maza A, Parra JL, Coderch L. Liposome as dispersing agent into dis‐
perse dye formulation. Textile Research Journal 2011; 81(4) 379-387.

[52] Montazer M., Validi M., Toliyat T. Influence of Temperature on Stability of Multila‐
mellar Liposomes in Wool Dyeing. Journal of Liposome Research, 2006; 16:81-89.

[53] Martí M, Coderch L, de la Maza A, Parra JL. Liposomes of phosphatidylcholine: a bi‐
ological natural surfactant as a dispersing agent. Color Technology 2007; 123 237-241.

[54] Riaz M. Liposomes preparation methods. Pakistan Journal of Pharmaceutical Scien‐
ces, 1996; 19(1) 65-77.

[55] Martí M, de la Maza A, Parra JL, Coderch L. Liposome as dispersing agent into dis‐
perse dye formulation. Textile Research Journal 2010; 81(4) 379–387.

[56] Nelson, G. Application of microencapsulation in textile. International Journal of
Pharmaceutics 2002; 242 55-62.

[57] Martí M, de la Maza A, Parra JL, Coderch L. Dyeing wool at low temperatures: new
method using liposomes. Textile Research Journal 2001; 71(8) 678-682.

[58] El-Zawahry MM, El-Mallahb MH, El-Shamib S. An innovative study on dyeing silk
fabrics by modified phospholipid liposomes. Coloration Technology 2009; 125
164-171.

[59] Vajnhandl S, Le Marechal AM. Ultrasound in textile dyeing and the decolouration/
mineralization of textile dyes. Dyes and Pigments 2005; 65 89-101.

[60] Ferrero F., Periolatto M. Ultrasound for low temperature dyeing of wool with acid
dye. Ultrasonics Sonochemistry 2012; 19 601-606.

[61] Vankar PS, Shanker R. Ecofriendly ultrasonic natural dyeing of cotton fabric with en‐
zyme pretreatments. Desalination 2008; 230 62-69.

[62] Mansour HF, Heffernan S. Environmental aspects on dyeing silk fabric with sticta
coronate lichen using ultrasonic energy and mild mordants. Clean Technologies En‐
vironmental Policy 2011; 13 207-213.

[63] Abou-Okeil A, El-Shafie A, El Zawahry MM. Ecofriendly laccase–hydrogen perox‐
ide/ultrasound-assisted bleaching of linen fabrics and its influence on dyeing effi‐
ciency. Ultrasonics Sonochemistry 2010; 17 383-390.

[64] Kunz A, Zamora PP, Moraes SG, Durán N. New tendencies on the textile effluent
treatment. Quimica Nova 2002;25(1): 78-82. http://www.scielo.br/scielo.php?
script=sci_arttext&pid=S0100-40422002000100014 (accessed 01 May 2012).

[65] Associação Brasileira de Química. ABQ. Processos oxidativos avançados e tratamen‐
to de corantes sintéticos. Anais da ABQ. http://www.unb.br/resqui/abq2004-1.pdf
(accessed 18 May 2012).

[66] Umbuzeiro GA, Roubicek DA, Rech CM, Sato MIZ, CLAXTON LD. Investigating the
sources of the mutagenic activity found in a river using the Salmonella assay and dif‐

Eco-Friendly Textile Dyeing and Finishing172

ferent water extraction procedures. Chemosphere 2004; 54(11) 1589-1597. DOI:
10.1016/j.chemosphere.2003.09.009

[67] Umbuzeiro GA, Freeman HS, Warren SH, Oliveira DP, Terao Y, Watanabe T, Claxton
LD. The contribution of azo dyes to the mutagenic activity of the Cristais river. Che‐
mosphere 2005; 60 (1) 55-64. DOI:10.1016/j.chemosphere.2004.11.100

[68] Shiozawa T, Suyama K, Nakano K, Nukaya H, Sawanishi H, Oguri A, Wakabayashi
K, Terao Y. Mutagenic activity of 2 phenylbenzotriazole derivatives related to a mu‐
tagen, PBTA-1, in river water. Mutation Research 1999; 442 (2) 105-111.

[69] Oliveira DP. Corantes como importante classe de contaminantes ambientais – um es‐
tudo de caso. PhD thesis. Universidade de São Paulo; 2005.

[70] Carneiro PA, Osugi ME, Sene JJ, Anderson MA, Zanoni MVB. Evaluation of color re‐
moval and degradation of a reactive textile azo dye on nanoporous TiO thin-film
electrodes. Electrochimica Acta 2004; 49 (22-23) 3807–3820. DOI: 10.1016/j.electacta.
2003.12.057

[71] McMullan G, Meehan C, Conneely A, Kirby N, Robinson T, Nigam P, Banat IM,
Marchant R, Smyth WF. Mini-review: microbial decolorisation and degradation of
textile dyes. Applied Microbiology and Biotechnology 2001; 56 (1-2): 81-87. DOI:
10.1007/s002530000587. http://www.springerlink.com/content/04vuqljhajpa32rv/ (ac‐
cessed 10 April 2012).

[72] Pereira WS, Freire RS. Ferro zero: Uma nova abordagem para o tratamento de águas
contaminadas com compostos orgânicos poluentes. Química Nova 2005;28(1):
130-136. DOI: 10.1590/S0100-40422005000100022. http://www.scielo.br/scielo.php?
script=sci_arttext&pid=S0100-40422005000100022 (accessed 10 March 2012).

[73] Houk VS. The genotoxicity of industrial wastes and effluents. Mutation Research
1992; 277 (2) 91-138.

[74] Jager I, Hafner C, Schneider K. Mutagenicity of different textile dye products in Sal‐
monella typhimurium and mouse lymphoma cells. Mutation Research 2004;561 (1-2)
35-44.

[75] Chequer FMD, Angeli JPF, Ferraz ERA, Tsuboy MS, Marcarini JC, Mantovani MS,
Oliveira DP. The azo dyes Disperse Red 1 and Disperse Orange 1 increase the micro‐
nuclei frequencies in human lymphocytes and in HepG2 cells. Mutation Research
2009; 676 (1-2) 83-86.

[76] Chequer FMD, Lizier TM, Felicio R, Zanoni MVB, Debonsi HM, Lopes NP, Marcos R,
Oliveira DP. Analyses of the genotoxic and mutagenic potential of the products
formed after the biotransformation of the azo dye Disperse Red 1. Toxicology in Vi‐
tro 2011; 25 (8) 2054-2063

[77] Ferraz ERA, Umbuzeiro GA, de-Almeida G, Caloto-Oliveira A, Chequer FMD, Zano‐
ni MVB, Dorta DJ, Oliveira DP. Differential Toxicity of Disperse Red 1 and Disperse

Textile Dyes: Dyeing Process and Environmental Impact
http://dx.doi.org/10.5772/53659

173



Red 13 in the Ames Test, HepG2 Cytotoxicity Assay, and Daphnia Acute Toxicity
Test. Environmental Toxicology 2011; 26 (5) 489-497

[78] Oliveira GAR, Ferraz ERA, Chequer FMD, Grando MD, Angeli JPF, Tsuboy MS,
Marcarini JC, Mantovani MS, Osugi ME, Lizier TM, Zanoni, MVB, Oliveira DP.
Chlorination treatment of aqueous samples reduces, but does not eliminate, the mu‐
tagenic effect of the azo dyes Disperse Red 1, Disperse Red 13 and Disperse Orange
1. Mutation Research 2010 703 (2) 200-208

[79] Konstantinou IK, Albanis TA. TiO2-assisted photocatalytic degradation of azo dyes
in aqueous solution: kinetic and mechanistic investigations - A review. Applied Cat‐
alysis B: Environmental 2004; 49 (1) 1-14. DOI:10.1016/j.apcatb.2003.11.010.

[80] Hessel C, Allegre C, Maisseu M, Charbit F, Moulin P. Guidelines and legislation for
dye house effluents. Journal of Environmental Management 2007; 83 (2) 171-180.
DOI: 10.1016/j.jenvman.2006.02.012.

[81] Carneiro PA, Osugi ME, Fugivara CS, Boralle N, Furlan M, Zanoni MVB. Evaluation
of different electrochemical methods on the oxidation and degradation of Reactive
Blue 4 in aqueous solution. Chemosphere. 2005; 59(3) 431-439.

[82] Mohan SV, Bhaskar YV, Karthikenyan J. Biological decolourization of simulated azo
dye in aqueous phase by algae Spirogyra species. International Journal of Environ‐
ment and Pollution. 2004; 21 (3) 211-222.

[83] Vaghela SS, Jethva AD, Mehta BB, Dave SP, Adimurthy S, Ramachandraiah G. Labo‐
ratory studies of electrochemical treatment of industry azo dye effluent. Environ‐
mental Science and Technology. 2005; 39 (8) 2848-2855.

[84] Cardoso JC, Lizier TM, Zanoni MVB. Highly ordered TiO2 nanotube arrays and pho‐
toelectrocatalytic oxidation of aromatic amine. Applied Catalysis, B: Environmental.
Applied Catalysis, B: Environmental. 2010; 99 (1-2) 96-102.

[85] Pereira RS. Identificação e caracterização das fontes de poluição em sistemas hídri‐
cos. Revista Eletrônica de Recursos Hídricos. IPH-UFRGS 2004; 1(1): 20-36. http://
www.abrh.org.br/informacoes/rerh.pdf (accessed 06 June 2012).

[86] Baumgarten, MGZ.; Pozza, SA. Qualidade de Águas. Descrição de Parâmetros Quí‐
micos referidos na Legislação Ambiental. Ed: FURG; 2001.

[87] Prado AGS, Torres JD, Faria EA, Dias SCL. Comparative adsorption studies of indigo
carmine dye on chitin and chitosan. Journal of Colloid and Interface Science. 2004;
1(1) 43-47.

[88] Babel S, Kurniawan TA. Low-cost adsorbents for heavy metals uptake from contami‐
nated water: a review. Journal of Hazardous Materials. 2003; 97(1-3) 219-243.

[89] Associação Brasileira da Indústria Têxtil e de Confecção. Economia. <http://
www.abit.org.br/site/navegacao.asp?id_menu=8&IDIOMA=PT> (accessed 19 August
2011).

Eco-Friendly Textile Dyeing and Finishing174

[90] Walsh FC. Electrochemical technology for environmental treatment and clean energy
conversion. Pure and Applied Chemistry. 2001; 73 (12) 1819-1837.

[91] Flores ER, Perez F, Torre M. Scale-up of Bacillus thuringiensis fermentation based on
oxygen transfer. Journal of Fermentation and Bioengineering. 1997; 83 (6) 561-564.

[92] Bornick H. Simulation of biological degradation of aromatic amines in river bed sedi‐
ments. Water Research. 2001; 35 (3) 619-624.

[93] Wang L, Barrington S, Kim JW. Biodegradation of pentylamine and aniline from pet‐
rochemical wastewater. Journal of Environmental Management. 2007; 83 (2) 191-197.

[94] Orshansky F, Narkis N. Characteristics of organics removal by pact simultaneous ad‐
sorption and biodegradation. Water Research. 1997; 31(3) 391-398.

[95] Fukushima M, Tatsumi K, Morimoto K. The fate of aniline after a photo-fenton reac‐
tion in an aqueous system containing iron(III), humic acid, and hydrogen peroxide.
Environmental Science and Technology. 2010; 34 (10) 2006-2013.

[96] Pramauro E. et al. Photocatalytic treatment of laboratory wastes containing aromatic
amines. Analyst. 1995; 120 (2) 237-242.

[97] Augugliaro V. et al. Photodegradation kinetics of aniline, 4-ethylaniline, and 4-chlor‐
oaniline in aqueous suspension of polycrystalline titanium dioxide. Research on
Chemical Intermediates. 2000; 26 (5) 413-426.

[98] Canle LM, Santaballa JA, Vulliet E. On the mechanism of TiO2-photocatalyzed deg‐
radation of aniline derivatives. Journal of Photochemistry and Photobiology, A:
Chemistry. 2005; 175 (2-3) 192-200.

[99] Chu W, Choy WK, So TY. The effect of solution pH and peroxide in the TiO2-in‐
duced photocatalysis of chlorinated aniline. Journal of Hazardous Materials. 2007;
141 (1) 86-91.

[100] Low, G. K. C.; McEvoy, S. R.; Matthews, R. W. Formation of nitrate and ammonium
ions in titanium dioxide mediated photocatalytic degradation of organic compounds
containing nitrogen atoms. Environmental Science and Technology, v. 25, n. 3, p.
460-467, 1991.

[101] Pinheiro HM, Touraud E, Thomas O. Aromatic amines from azo dye reduction: sta‐
tus review with emphasis on direct UV spectrophotometric detection in textile indus‐
try wastewaters. Dyes and Pigments. 2004; 61(2) 121-139.

[102] Fukushima M, Tatsumi K, Morimoto K. The Fate of Aniline after a Photo-Fenton Re‐
action in an Aqueous System Containing Iron(III), Humic Acid, and Hydrogen Per‐
oxide. Environmental Science and Technology. 2006; 34 (10) 2006-2013.

[103] Chu W, Choy WK, So TY. The effect of solution pH and peroxide in the TiO2-induced
photocatalysis of chlorinated aniline. Journal of Hazardous Materials. 2007; 141 (1)
86-91.

Textile Dyes: Dyeing Process and Environmental Impact
http://dx.doi.org/10.5772/53659

175



Red 13 in the Ames Test, HepG2 Cytotoxicity Assay, and Daphnia Acute Toxicity
Test. Environmental Toxicology 2011; 26 (5) 489-497

[78] Oliveira GAR, Ferraz ERA, Chequer FMD, Grando MD, Angeli JPF, Tsuboy MS,
Marcarini JC, Mantovani MS, Osugi ME, Lizier TM, Zanoni, MVB, Oliveira DP.
Chlorination treatment of aqueous samples reduces, but does not eliminate, the mu‐
tagenic effect of the azo dyes Disperse Red 1, Disperse Red 13 and Disperse Orange
1. Mutation Research 2010 703 (2) 200-208

[79] Konstantinou IK, Albanis TA. TiO2-assisted photocatalytic degradation of azo dyes
in aqueous solution: kinetic and mechanistic investigations - A review. Applied Cat‐
alysis B: Environmental 2004; 49 (1) 1-14. DOI:10.1016/j.apcatb.2003.11.010.

[80] Hessel C, Allegre C, Maisseu M, Charbit F, Moulin P. Guidelines and legislation for
dye house effluents. Journal of Environmental Management 2007; 83 (2) 171-180.
DOI: 10.1016/j.jenvman.2006.02.012.

[81] Carneiro PA, Osugi ME, Fugivara CS, Boralle N, Furlan M, Zanoni MVB. Evaluation
of different electrochemical methods on the oxidation and degradation of Reactive
Blue 4 in aqueous solution. Chemosphere. 2005; 59(3) 431-439.

[82] Mohan SV, Bhaskar YV, Karthikenyan J. Biological decolourization of simulated azo
dye in aqueous phase by algae Spirogyra species. International Journal of Environ‐
ment and Pollution. 2004; 21 (3) 211-222.

[83] Vaghela SS, Jethva AD, Mehta BB, Dave SP, Adimurthy S, Ramachandraiah G. Labo‐
ratory studies of electrochemical treatment of industry azo dye effluent. Environ‐
mental Science and Technology. 2005; 39 (8) 2848-2855.

[84] Cardoso JC, Lizier TM, Zanoni MVB. Highly ordered TiO2 nanotube arrays and pho‐
toelectrocatalytic oxidation of aromatic amine. Applied Catalysis, B: Environmental.
Applied Catalysis, B: Environmental. 2010; 99 (1-2) 96-102.

[85] Pereira RS. Identificação e caracterização das fontes de poluição em sistemas hídri‐
cos. Revista Eletrônica de Recursos Hídricos. IPH-UFRGS 2004; 1(1): 20-36. http://
www.abrh.org.br/informacoes/rerh.pdf (accessed 06 June 2012).

[86] Baumgarten, MGZ.; Pozza, SA. Qualidade de Águas. Descrição de Parâmetros Quí‐
micos referidos na Legislação Ambiental. Ed: FURG; 2001.

[87] Prado AGS, Torres JD, Faria EA, Dias SCL. Comparative adsorption studies of indigo
carmine dye on chitin and chitosan. Journal of Colloid and Interface Science. 2004;
1(1) 43-47.

[88] Babel S, Kurniawan TA. Low-cost adsorbents for heavy metals uptake from contami‐
nated water: a review. Journal of Hazardous Materials. 2003; 97(1-3) 219-243.

[89] Associação Brasileira da Indústria Têxtil e de Confecção. Economia. <http://
www.abit.org.br/site/navegacao.asp?id_menu=8&IDIOMA=PT> (accessed 19 August
2011).

Eco-Friendly Textile Dyeing and Finishing174

[90] Walsh FC. Electrochemical technology for environmental treatment and clean energy
conversion. Pure and Applied Chemistry. 2001; 73 (12) 1819-1837.

[91] Flores ER, Perez F, Torre M. Scale-up of Bacillus thuringiensis fermentation based on
oxygen transfer. Journal of Fermentation and Bioengineering. 1997; 83 (6) 561-564.

[92] Bornick H. Simulation of biological degradation of aromatic amines in river bed sedi‐
ments. Water Research. 2001; 35 (3) 619-624.

[93] Wang L, Barrington S, Kim JW. Biodegradation of pentylamine and aniline from pet‐
rochemical wastewater. Journal of Environmental Management. 2007; 83 (2) 191-197.

[94] Orshansky F, Narkis N. Characteristics of organics removal by pact simultaneous ad‐
sorption and biodegradation. Water Research. 1997; 31(3) 391-398.

[95] Fukushima M, Tatsumi K, Morimoto K. The fate of aniline after a photo-fenton reac‐
tion in an aqueous system containing iron(III), humic acid, and hydrogen peroxide.
Environmental Science and Technology. 2010; 34 (10) 2006-2013.

[96] Pramauro E. et al. Photocatalytic treatment of laboratory wastes containing aromatic
amines. Analyst. 1995; 120 (2) 237-242.

[97] Augugliaro V. et al. Photodegradation kinetics of aniline, 4-ethylaniline, and 4-chlor‐
oaniline in aqueous suspension of polycrystalline titanium dioxide. Research on
Chemical Intermediates. 2000; 26 (5) 413-426.

[98] Canle LM, Santaballa JA, Vulliet E. On the mechanism of TiO2-photocatalyzed deg‐
radation of aniline derivatives. Journal of Photochemistry and Photobiology, A:
Chemistry. 2005; 175 (2-3) 192-200.

[99] Chu W, Choy WK, So TY. The effect of solution pH and peroxide in the TiO2-in‐
duced photocatalysis of chlorinated aniline. Journal of Hazardous Materials. 2007;
141 (1) 86-91.

[100] Low, G. K. C.; McEvoy, S. R.; Matthews, R. W. Formation of nitrate and ammonium
ions in titanium dioxide mediated photocatalytic degradation of organic compounds
containing nitrogen atoms. Environmental Science and Technology, v. 25, n. 3, p.
460-467, 1991.

[101] Pinheiro HM, Touraud E, Thomas O. Aromatic amines from azo dye reduction: sta‐
tus review with emphasis on direct UV spectrophotometric detection in textile indus‐
try wastewaters. Dyes and Pigments. 2004; 61(2) 121-139.

[102] Fukushima M, Tatsumi K, Morimoto K. The Fate of Aniline after a Photo-Fenton Re‐
action in an Aqueous System Containing Iron(III), Humic Acid, and Hydrogen Per‐
oxide. Environmental Science and Technology. 2006; 34 (10) 2006-2013.

[103] Chu W, Choy WK, So TY. The effect of solution pH and peroxide in the TiO2-induced
photocatalysis of chlorinated aniline. Journal of Hazardous Materials. 2007; 141 (1)
86-91.

Textile Dyes: Dyeing Process and Environmental Impact
http://dx.doi.org/10.5772/53659

175



[104] Finklea HO. Semiconductor electrodes. New York: Elsevier; 1998.

[105] Lin SH, Chen ML. Purification of textile wastewater effluents by a combined Fenton
process and the ion exchange. Desalination 1997; 109 (1) 121-130.

[106] Mozia S. Photocatalytic membrane reactor (PMRs) in water and wastewater treat‐
ment. A review. Separation and Purification Technology 2010; 73 (2) 71-91.

Eco-Friendly Textile Dyeing and Finishing176

Chapter 7

Decolorization of Dyeing Wastewater Using Polymeric
Absorbents - An Overview

George Z. Kyzas, Margaritis Kostoglou,
Nikolaos K. Lazaridis and Dimitrios N. Bikiaris

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/52817

1. Introduction

The exact amount of dyes produced in the world is not known. Exact data on the quantity of
dyes discharged in the environment are also not available. It is assumed that a loss of 1-2%
in production and 1-10% loss in use (after being garment) are a fair estimate [1]. For reactive
dyes, this figure can be about 10-20% due to low fixation. Due to large-scale production and
extensive application, synthetic dyes can cause considerable environmental pollution and
are serious health-risk factors. Although, the growing impact of environmental protection
on industrial development promotes the development of eco-friendly technologies, reduced
consumption of freshwater and lower output of wastewater [1], the release of important
amounts of synthetic dyes to the environment causes public concern, legislation problems
and is a serious challenge to environmental scientists.

Globally, accessing to freshwater is becoming more acute every day. In the dyeing of textile
materials, water is used firstly in the form of steam to heat the treatment baths, and secondly
to enable the transfer of dyes to the fibers. Cotton, which is the world’s most widely used
fiber, is also the substrate that requires the most water in its processing [2]. The dyeing and
rinsing of 1 kg of cotton with reactive dyes demands from 70 to 150 L water, 0.6 to 0.8 kg
NaCl and anywhere from 30 to 60 g dyestuff. More than 80,000 tn of reactive dyes are pro‐
duced and consumed each year, making it possible to estimate the total pollution caused by
their use. After the dyeing is completed, the various treatment baths are drained out, includ‐
ing the first dye bath, which has a very high salt concentration, is heavily coloured and con‐
tains a substantial load of organic substances [2]. One solution to this problem consists in
mixing together all the different aqueous effluents, then concentrating the pollution and re‐
using the water either as rinsing water or as processing water, depending on the treatment
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selected (either nanofiltration or reverse osmosis for the membrane processes). These treat‐
ments apply only to very dilute dye baths [2]. This is generally not the case of the first dye
baths recovered which are the most heavily polluted ones. The wastewater produced by a
reactive dyeing contains [2,3]: (i) hydrolyzed reactive dyes not fixed on the substrate, repre‐
senting 20-30% of the reactive dyes applied (on average 2 g/L) (this residual amount is re‐
sponsible for the coloration of the effluents and cannot be recycled); (ii) dyeing auxiliaries or
organic substances, which are non-recyclable and responsible for the high BOD/COD of the
effluents; (iii) textile fibres, and (iv) 60-100 g/L electrolyte, essentially NaCl and Na2CO3,
which is responsible for the very high saline content of the wastewater.

In addition, these effluents exhibit a pH of 10-11 and a high temperature (50-70 oC). The le‐
gal regulations respecting the limit values for the release of wastewater are changing and
are becoming increasingly severe, including the limits with respect to salinity.

A typical effluent treatment is broadly classified into preliminary, primary, secondary, and
tertiary stages [4,5]. The preliminary stage includes equalization and neutralization. The pri‐
mary stage involves screening, sedimentation, flotation, and flocculation. The secondary
stage reduces the organic load and facilitates the physical/chemical separation (biological
oxidation). The tertiary stage is focused on decolorization. In the latter, adsorption onto vari‐
ous materials can be broadly used to limit the concentration of colour in effluents [3].

1.1. Dyes

The first synthetic dye, Mauveine was discovered by the Englishman, William Henry Perkin
by chance in 1856. Since then the dyestuffs industry has matured [6].

A dye or dyestuff is a coloured compound that can be applied on a substrate. With few ex‐
ceptions, all synthetic dyes are aromatic organic compounds. A substrate is the material to
which a colorant is applied by one of the various processes of dyeing, printing, surface coat‐
ing, and so on. Generally, the substrate includes textile fibers, polymers, foodstuffs, oils,
leather, and many other similar materials [7].

Not all coloured compounds are dyestuffs because a coloured compound may not have suit‐
able application on a substrate. For example, a chemical such as copper sulphate, which is
coloured, finds no application on any substrate. If it is applied on a substrate, it will not
have retaining power on the substrate and for this reason copper sulphate cannot be termed
as a dye. On the other hand, congo red, a typical organic coloured compound. When it ap‐
plied to cotton under suitable conditions can be retained on this natural fibre and due to this
finds useful application on this fibre. It is termed as a dyestuff [7].

In the field of chemistry, chromophores and auxochromes are the major component element
of dye molecule. Dyes contain an unsaturated group basically responsible for colour and
designated it as chromophore (“chroma” means colour and “phore” means bearer) (Table 1).
Auxochromes (“Auxo” means augment) are the characteristic groups which intensify colour
and/or improve the dye affinity to substrate [7] (Table 1).
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Chromophore group Name Auxogroup Name

−N=N− Azo –NH2 Amino

−N=N+−O- Azoxy –NHCH3 Methyl amino

−N=N−NH Azoamino –N(CH3)2 Dimethyl amino

−N=O, N−OH Nitroso –SO3H Sulphonic acid

>C=O Carbonyl –OH Hydroxy

>C=C< Ethenyl –COOH Carboxylic acid

>C=S Thio –Cl Chloro

−NO2 Nitro –CH3 Methyl

>C=NH, >C=N− Azomethine –OCH3 Methoxy

–CN Cyano

–COCH3 Acetyl

–CONH2 Amido

Table 1. Names of chromophore and auxochrome groups of dyes

To further examine the interactions between dyes and substrates, the classification of dyes is
required. It is very important to know the chemistry of the dyes in dyeing effluents, in order
to synthesize a suitable adsorbent with the appropriate functional group. Hunger et al [7]
mentioned that dyes are classified in two methods. The main classification is related to the
chemical structure of dyes and particularly considering the chromophoric structure present‐
ed in dye molecules. Another type of classification is based on their usage or applying. The
classification of dyes by usage or application is the most important system adopted by the
Colour Index (CI). Briefly [8]:

Reactive dyes. These dyes form a covalent chemical bond with fiber is ether or ester linkage
under suitable conditions. Majority of reactive dyes contains azo that includes metallized
azo, triphendioxazine, phthalocyanine, formazan, and anthraquinone. The molecular struc‐
tures of these dyes are much simpler than direct dyes. They also produce brighter shades
than direct dyes. Reactive dyes are primarily used for dyeing and printing of cotton fibers.

Direct dyes. In the presence of electrolytes, these anionic dyes are water-soluble in aqueous
solution. They have high affinity to cellulose fibers. Most of the dyes in this class are polya‐
zo compounds, along with some stilbenes, phthalocyanines, and oxazines. To improve wash
fastness, frequently chelations with metal (such as copper and chromium) salts are applied
to the dyestuff. Also, their treatment with formaldehyde or a cationic dye-complexing resin.

Disperse dyes. These are substantially water insoluble nonionic dyes applied to hydrophobic
fibers from microfine aqueous dispersion. They are used predominantly on polyester, polya‐
mide, polyacrylonitrile, polypropylene fibers to a lesser, it is used to dye nylon, cellulose
acetate, and acrylic fibers. Chemical structures of dyes are mainly consisted of azo and an‐
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In addition, these effluents exhibit a pH of 10-11 and a high temperature (50-70 oC). The le‐
gal regulations respecting the limit values for the release of wastewater are changing and
are becoming increasingly severe, including the limits with respect to salinity.

A typical effluent treatment is broadly classified into preliminary, primary, secondary, and
tertiary stages [4,5]. The preliminary stage includes equalization and neutralization. The pri‐
mary stage involves screening, sedimentation, flotation, and flocculation. The secondary
stage reduces the organic load and facilitates the physical/chemical separation (biological
oxidation). The tertiary stage is focused on decolorization. In the latter, adsorption onto vari‐
ous materials can be broadly used to limit the concentration of colour in effluents [3].

1.1. Dyes

The first synthetic dye, Mauveine was discovered by the Englishman, William Henry Perkin
by chance in 1856. Since then the dyestuffs industry has matured [6].

A dye or dyestuff is a coloured compound that can be applied on a substrate. With few ex‐
ceptions, all synthetic dyes are aromatic organic compounds. A substrate is the material to
which a colorant is applied by one of the various processes of dyeing, printing, surface coat‐
ing, and so on. Generally, the substrate includes textile fibers, polymers, foodstuffs, oils,
leather, and many other similar materials [7].

Not all coloured compounds are dyestuffs because a coloured compound may not have suit‐
able application on a substrate. For example, a chemical such as copper sulphate, which is
coloured, finds no application on any substrate. If it is applied on a substrate, it will not
have retaining power on the substrate and for this reason copper sulphate cannot be termed
as a dye. On the other hand, congo red, a typical organic coloured compound. When it ap‐
plied to cotton under suitable conditions can be retained on this natural fibre and due to this
finds useful application on this fibre. It is termed as a dyestuff [7].

In the field of chemistry, chromophores and auxochromes are the major component element
of dye molecule. Dyes contain an unsaturated group basically responsible for colour and
designated it as chromophore (“chroma” means colour and “phore” means bearer) (Table 1).
Auxochromes (“Auxo” means augment) are the characteristic groups which intensify colour
and/or improve the dye affinity to substrate [7] (Table 1).
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Chromophore group Name Auxogroup Name

−N=N− Azo –NH2 Amino

−N=N+−O- Azoxy –NHCH3 Methyl amino

−N=N−NH Azoamino –N(CH3)2 Dimethyl amino

−N=O, N−OH Nitroso –SO3H Sulphonic acid

>C=O Carbonyl –OH Hydroxy

>C=C< Ethenyl –COOH Carboxylic acid

>C=S Thio –Cl Chloro

−NO2 Nitro –CH3 Methyl

>C=NH, >C=N− Azomethine –OCH3 Methoxy

–CN Cyano

–COCH3 Acetyl

–CONH2 Amido

Table 1. Names of chromophore and auxochrome groups of dyes

To further examine the interactions between dyes and substrates, the classification of dyes is
required. It is very important to know the chemistry of the dyes in dyeing effluents, in order
to synthesize a suitable adsorbent with the appropriate functional group. Hunger et al [7]
mentioned that dyes are classified in two methods. The main classification is related to the
chemical structure of dyes and particularly considering the chromophoric structure present‐
ed in dye molecules. Another type of classification is based on their usage or applying. The
classification of dyes by usage or application is the most important system adopted by the
Colour Index (CI). Briefly [8]:

Reactive dyes. These dyes form a covalent chemical bond with fiber is ether or ester linkage
under suitable conditions. Majority of reactive dyes contains azo that includes metallized
azo, triphendioxazine, phthalocyanine, formazan, and anthraquinone. The molecular struc‐
tures of these dyes are much simpler than direct dyes. They also produce brighter shades
than direct dyes. Reactive dyes are primarily used for dyeing and printing of cotton fibers.

Direct dyes. In the presence of electrolytes, these anionic dyes are water-soluble in aqueous
solution. They have high affinity to cellulose fibers. Most of the dyes in this class are polya‐
zo compounds, along with some stilbenes, phthalocyanines, and oxazines. To improve wash
fastness, frequently chelations with metal (such as copper and chromium) salts are applied
to the dyestuff. Also, their treatment with formaldehyde or a cationic dye-complexing resin.

Disperse dyes. These are substantially water insoluble nonionic dyes applied to hydrophobic
fibers from microfine aqueous dispersion. They are used predominantly on polyester, polya‐
mide, polyacrylonitrile, polypropylene fibers to a lesser, it is used to dye nylon, cellulose
acetate, and acrylic fibers. Chemical structures of dyes are mainly consisted of azo and an‐
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thraquinonoid groups, having low molecular weight and containing groups which aid in
forming stable aqueous dispersions.

Vat dyes. These dyes are water insoluble and can apply mainly to cellulose fiber by convert‐
ing them to their leuco compounds. The latter was carried out by reduction and solubiliza‐
tion with sodium hydrosulphite and sodium hydroxide solution, which is called “vatting
process”. The main chemical/structural groups of vat dyes are anthraquinone and indigoid.

Sulfur dyes. They are water insoluble and are applied to cotton in the form of sodium salts by
the reduction process using sodium sulphide as the reducing agent under alkaline condi‐
tions. The low cost and good wash fastness properties of dyeing makes these dyes economic
attractive.

Cationic (Basic dyes). These dyes are cationic and water soluble. They are applied on paper,
polyacrylonitrile, modified nylons, and modified polyesters. In addition, they are used to
apply with silk, wool, and tannin–mordant cotton when brightness shade was more necessa‐
ry than fastness to light and washing.

Acid dyes.  They are water soluble anionic dyes and are applied on nylon, wool, silk, and
modified  acrylics.  Moreover,  they  are  used  to  dye  paper,  leather,  inkjet  printing,  food,
and cosmetics.

Solvent dyes. They are water insoluble, but solvent soluble, dyes having deficient polar solu‐
bility group for example sulfonic acid, carboxylic acid or quaternary ammonium. They are
used for colouring plastics, gasoline, oils, and waxes.

Mordant dyes. These dyes have mordant dyeing properties with good quality in the presence
of certain groups in the dye molecule. These groups are capable to hold metal residuals by
formation of covalent and coordinate bonds involving a chelate compound. The salts of alu‐
minium, chromium, copper, cobalt, nickel, iron, and tin are used as mordant that their met‐
allic salts.

Aside from mentioned above, there are azoic dyes, ingrain dyes, pigment [6,7,9]. Compara‐
tive analysis of dye classes are presented in Table 2:

Class Fiber type Chemistry Characteristics

Acid nylon, wool, silk,

paper ink, leather

Azo, anthraquinone, azine,

xanthene, nitro, nitroso

- Anionic compounds

- Highly water soluble

- Poor wet fastness

Azoic cotton, rayon,

cellulose acetate,

polyester

azo - Contain azo group

- Metallic compounds

Basic leather, wool, silk paper,

modified nylon,

polyacrylonitrile,

cyanine, azo, azine,

triarylmethane, xanthen,

- Cationic

- Highly water soluble
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Class Fiber type Chemistry Characteristics

polyester, inks acridine, oxazine,

anthraquinone

Direct cotton, paper, rayon,

leather, nylon

azo, phthalocyanine, stilbene,

nitro, benzodifuranone

- Anionic compounds

- Highly water soluble

- Poor wet fastness.

Disperse polyester, polyamide,

acetate, acrylic, plastics

azo, anthraquinone, styryl,

nitro, benzodifuranone

- Colloidal dispersion

- Very low water solubility

- Good wet fastness

Mordant wool, leather,

anodized aluminium

azo, anthraquinone - Anionic compounds

- Water soluble

- Good wet fastness

Reactive cotton, wool,

silk, nylon

azo, anthraquinone,

phthalocyanine, formazan

- Anionic compounds

- Highly water soluble

- Good wet fastness.

Table 2. Classification of dyes and their properties

1.2. Decolorization techniques

Methods of dye wastewater treatment have been reported [11-14]. Also, fungal and bacterial
decolorization methods have been reviewed [15-18]. There are several reported methods for
the removal of pollutants from effluents. The technologies can be divided into three catego‐
ries: biological, chemical and physical [11]. All of them have advantages and drawbacks. Be‐
cause of the high cost and disposal problems, many of these conventional methods for
treating dye wastewater have not been widely applied at large scale in the textile and paper
industries. At the present time, there is no single process capable of adequate treatment,
mainly due to the complex nature of the effluents [19,20]. In practice, a combination of dif‐
ferent processes is often used to achieve the desired water quality in the most economical
way. A literature survey shows that research has been and continues to be conducted in the
areas of combined adsorption-biological treatments in order to improve the biodegradation
of dyestuffs and minimize the sludge production.

Biological treatment is often the most economical alternative when compared with other
physical and chemical processes. Biodegradation methods such as fungal decolorization, mi‐
crobial degradation, adsorption by (living or dead) microbial biomass and bioremediation
systems are commonly applied to the treatment of industrial effluents because many micro‐
organisms such as bacteria, yeasts, algae and fungi are able to accumulate and degrade dif‐
ferent pollutants [14,16,17]. However, their application is often restricted because of
technical constraints. Biological treatment requires a large land area and is constrained by
sensitivity toward diurnal variation as well as toxicity of some chemicals, and less flexibility
in design and operation [21]. Biological treatment is incapable of obtaining satisfactory color
elimination with current conventional biodegradation processes [11]. Moreover, although
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thraquinonoid groups, having low molecular weight and containing groups which aid in
forming stable aqueous dispersions.

Vat dyes. These dyes are water insoluble and can apply mainly to cellulose fiber by convert‐
ing them to their leuco compounds. The latter was carried out by reduction and solubiliza‐
tion with sodium hydrosulphite and sodium hydroxide solution, which is called “vatting
process”. The main chemical/structural groups of vat dyes are anthraquinone and indigoid.

Sulfur dyes. They are water insoluble and are applied to cotton in the form of sodium salts by
the reduction process using sodium sulphide as the reducing agent under alkaline condi‐
tions. The low cost and good wash fastness properties of dyeing makes these dyes economic
attractive.

Cationic (Basic dyes). These dyes are cationic and water soluble. They are applied on paper,
polyacrylonitrile, modified nylons, and modified polyesters. In addition, they are used to
apply with silk, wool, and tannin–mordant cotton when brightness shade was more necessa‐
ry than fastness to light and washing.

Acid dyes.  They are water soluble anionic dyes and are applied on nylon, wool, silk, and
modified  acrylics.  Moreover,  they  are  used  to  dye  paper,  leather,  inkjet  printing,  food,
and cosmetics.

Solvent dyes. They are water insoluble, but solvent soluble, dyes having deficient polar solu‐
bility group for example sulfonic acid, carboxylic acid or quaternary ammonium. They are
used for colouring plastics, gasoline, oils, and waxes.

Mordant dyes. These dyes have mordant dyeing properties with good quality in the presence
of certain groups in the dye molecule. These groups are capable to hold metal residuals by
formation of covalent and coordinate bonds involving a chelate compound. The salts of alu‐
minium, chromium, copper, cobalt, nickel, iron, and tin are used as mordant that their met‐
allic salts.

Aside from mentioned above, there are azoic dyes, ingrain dyes, pigment [6,7,9]. Compara‐
tive analysis of dye classes are presented in Table 2:

Class Fiber type Chemistry Characteristics

Acid nylon, wool, silk,

paper ink, leather

Azo, anthraquinone, azine,

xanthene, nitro, nitroso

- Anionic compounds

- Highly water soluble

- Poor wet fastness

Azoic cotton, rayon,

cellulose acetate,

polyester

azo - Contain azo group

- Metallic compounds

Basic leather, wool, silk paper,

modified nylon,

polyacrylonitrile,

cyanine, azo, azine,

triarylmethane, xanthen,

- Cationic

- Highly water soluble
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Class Fiber type Chemistry Characteristics

polyester, inks acridine, oxazine,

anthraquinone

Direct cotton, paper, rayon,

leather, nylon

azo, phthalocyanine, stilbene,

nitro, benzodifuranone

- Anionic compounds

- Highly water soluble

- Poor wet fastness.

Disperse polyester, polyamide,

acetate, acrylic, plastics

azo, anthraquinone, styryl,

nitro, benzodifuranone

- Colloidal dispersion

- Very low water solubility

- Good wet fastness

Mordant wool, leather,

anodized aluminium

azo, anthraquinone - Anionic compounds

- Water soluble

- Good wet fastness

Reactive cotton, wool,

silk, nylon

azo, anthraquinone,

phthalocyanine, formazan

- Anionic compounds

- Highly water soluble

- Good wet fastness.

Table 2. Classification of dyes and their properties

1.2. Decolorization techniques

Methods of dye wastewater treatment have been reported [11-14]. Also, fungal and bacterial
decolorization methods have been reviewed [15-18]. There are several reported methods for
the removal of pollutants from effluents. The technologies can be divided into three catego‐
ries: biological, chemical and physical [11]. All of them have advantages and drawbacks. Be‐
cause of the high cost and disposal problems, many of these conventional methods for
treating dye wastewater have not been widely applied at large scale in the textile and paper
industries. At the present time, there is no single process capable of adequate treatment,
mainly due to the complex nature of the effluents [19,20]. In practice, a combination of dif‐
ferent processes is often used to achieve the desired water quality in the most economical
way. A literature survey shows that research has been and continues to be conducted in the
areas of combined adsorption-biological treatments in order to improve the biodegradation
of dyestuffs and minimize the sludge production.

Biological treatment is often the most economical alternative when compared with other
physical and chemical processes. Biodegradation methods such as fungal decolorization, mi‐
crobial degradation, adsorption by (living or dead) microbial biomass and bioremediation
systems are commonly applied to the treatment of industrial effluents because many micro‐
organisms such as bacteria, yeasts, algae and fungi are able to accumulate and degrade dif‐
ferent pollutants [14,16,17]. However, their application is often restricted because of
technical constraints. Biological treatment requires a large land area and is constrained by
sensitivity toward diurnal variation as well as toxicity of some chemicals, and less flexibility
in design and operation [21]. Biological treatment is incapable of obtaining satisfactory color
elimination with current conventional biodegradation processes [11]. Moreover, although
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many organic molecules are degraded, many others are recalcitrant due to their complex
chemical structure and synthetic organic origin [22]. In particular, due to their xenobiotic na‐
ture, azo dyes are not totally degraded.

Chemical methods include coagulation or flocculation combined with flotation and filtra‐
tion, precipitation-flocculation with Fe(II)/Ca(OH)2, electroflotation, electrokinetic coagula‐
tion, conventional oxidation methods by oxidizing agents (ozone), irradiation or
electrochemical processes. These chemical techniques are often expensive, and although the
dyes are removed, accumulation of concentrated sludge creates a disposal problem. There is
also the possibility that a secondary pollution problem will arise because of excessive chemi‐
cal use. Recently, other emerging techniques, known as advanced oxidation processes,
which are based on the generation of very powerful oxidizing agents such as hydroxyl radi‐
cals, have been applied with success for pollutant degradation. Although these methods are
efficient for the treatment of waters contaminated with pollutants, they are very costly and
commercially unattractive. The high electrical energy demand and the consumption of
chemical reagents are common problems.

Different physical methods are also widely used, such as membrane-filtration processes
(nanofiltration, reverse osmosis, electrodialysis) and adsorption techniques. The major dis‐
advantage of the membrane processes is that they have a limited lifetime before membrane
fouling occurs and the cost of periodic replacement must thus be included in any analysis of
their economic viability. In accordance with the very abundant literature data, liquid-phase
adsorption is one of the most popular methods for the removal of pollutants from wastewa‐
ter since proper design of the adsorption process will produce a high-quality treated efflu‐
ent. This process provides an attractive alternative for the treatment of contaminated waters,
especially if the adsorbent is inexpensive and does not require an additional pre-treatment
step before its application. Adsorption is a well known equilibrium separation process and
an effective method for water decontamination applications [23]. Adsorption has been
found to be superior to other techniques for water re-use in terms of initial cost, flexibility
and simplicity of design, ease of operation and insensitivity to toxic pollutants. Adsorption
also does not result in the formation of harmful substances.

1.3. Adsorption

Adsorption techniques for wastewater treatment have become more popular in recent years
owing to their efficiency in the removal of pollutants, which are difficulty treated with bio‐
logical methods. Adsorption can produce high quality water while also being a process that
is economically feasible. Decolourisation is a result of two mechanisms (adsorption and ion
exchange) and is influenced by many factors including dye/adsorbent interaction, adsorb‐
ent’s surface area, particle size, temperature, pH and contact time.

Physical adsorption occurs when weak interparticle bonds exist between the adsorbate and
adsorbent. Examples of such bonds are van der Waals, hydrogen and dipole-dipole. In the
majority of cases physical adsorption is easily reversible [24]. Chemical adsorption occurs
when strong interparticle bonds are present between the adsorbate and adsorbent due to an
exchange of electrons. Examples of such bonds are covalent and ionic bonds. Two means
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that are useful to be developed are “chemisorption” and “physisorption”. Chemisorption is
a kind of adsorption which involves a chemical reaction between the surface and the absor‐
bate. New chemical bonds are generated at the adsorbent surface. Examples include macro‐
scopic phenomena that can be very obvious, like corrosion, and subtler effects associated
with heterogeneous catalysis. The strong interaction between the adsorbate and the sub‐
strate surface creates new types of electronic bonds. In contrast with chemisorption is physi‐
sorption, which leaves the chemical species of the adsorbate and surface intact. It is
conventionally accepted that the energetic threshold separating the binding energy of
“physisorption” from that of “chemisorptions” is about 0.5 eV per adsorbed species. Chemi‐
sorption is deemed to be irreversible in the majority of cases [24]. Suzuki [25] covers the role
of adsorption in water environmental processes and also the development of newer adsorb‐
ents to modernise the treatment systems. Most adsorbents are highly porous materials. As
the pores are generally very small, the internal surface area is orders of magnitude greater
than the external area.

Separation occurs because either the differences in molecular mass, shape or polarity causes
some molecules to be held more strongly on the surface than others or the pores are too
small to admit large molecules [25]. However, amongst all the adsorbent materials pro‐
posed, activated carbon is the most popular for the removal of pollutants from wastewater
[26,27]. In particular, the effectiveness of adsorption on commercial activated carbons (CAC)
for removal of a wide variety of dyes from wastewaters has made it an ideal alternative to
other expensive treatment options [26]. Because of their great capacity to adsorb dyes, CAC
are the most effective adsorbents. This capacity is mainly due to their structural characteris‐
tics and their porous texture which gives them a large surface area, and their chemical na‐
ture which can be easily modified by chemical treatment in order to increase their
properties. However, activated carbon presents several disadvantages [27]. It is quite expen‐
sive, the higher the quality, the greater the cost, non-selective and ineffective against dis‐
perse and vat dyes. The regeneration of saturated carbon is also expensive, not
straightforward, and results in loss of the adsorbent. The use of carbons based on relatively
expensive starting materials is also unjustified for most pollution control applications [28].
This has led many workers to search for more economic adsorbents.

1.3.1. Polymeric adsorbents (chitosan)

The majority of commercial polymers and ion exchange resins are derived from petroleum-
based raw materials using chemical processes that are not always safe or environmental
friendly. Today, there is growing interest in developing natural low-cost alternatives to syn‐
thetic polymers [29]. Chitin (Figure 1), found in the exoskeleton of crustaceans, the cuticles
of insects, and the cells walls of fungi, is the most abundant aminopolysaccharide in nature
[30]. This low-cost material is a linear homopolymer composed of b(1-4)-linked N-acetyl glu‐
cosamine. It is structurally similar to cellulose, but it is an aminopolymer and has acetamide
groups at the C-2 positions in place of the hydroxyl groups. The presence of these groups is
highly advantageous, providing distinctive adsorption functions and conducting modifica‐
tion reactions. The raw polymer is only commercially extracted from marine crustaceans pri‐
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many organic molecules are degraded, many others are recalcitrant due to their complex
chemical structure and synthetic organic origin [22]. In particular, due to their xenobiotic na‐
ture, azo dyes are not totally degraded.

Chemical methods include coagulation or flocculation combined with flotation and filtra‐
tion, precipitation-flocculation with Fe(II)/Ca(OH)2, electroflotation, electrokinetic coagula‐
tion, conventional oxidation methods by oxidizing agents (ozone), irradiation or
electrochemical processes. These chemical techniques are often expensive, and although the
dyes are removed, accumulation of concentrated sludge creates a disposal problem. There is
also the possibility that a secondary pollution problem will arise because of excessive chemi‐
cal use. Recently, other emerging techniques, known as advanced oxidation processes,
which are based on the generation of very powerful oxidizing agents such as hydroxyl radi‐
cals, have been applied with success for pollutant degradation. Although these methods are
efficient for the treatment of waters contaminated with pollutants, they are very costly and
commercially unattractive. The high electrical energy demand and the consumption of
chemical reagents are common problems.

Different physical methods are also widely used, such as membrane-filtration processes
(nanofiltration, reverse osmosis, electrodialysis) and adsorption techniques. The major dis‐
advantage of the membrane processes is that they have a limited lifetime before membrane
fouling occurs and the cost of periodic replacement must thus be included in any analysis of
their economic viability. In accordance with the very abundant literature data, liquid-phase
adsorption is one of the most popular methods for the removal of pollutants from wastewa‐
ter since proper design of the adsorption process will produce a high-quality treated efflu‐
ent. This process provides an attractive alternative for the treatment of contaminated waters,
especially if the adsorbent is inexpensive and does not require an additional pre-treatment
step before its application. Adsorption is a well known equilibrium separation process and
an effective method for water decontamination applications [23]. Adsorption has been
found to be superior to other techniques for water re-use in terms of initial cost, flexibility
and simplicity of design, ease of operation and insensitivity to toxic pollutants. Adsorption
also does not result in the formation of harmful substances.

1.3. Adsorption

Adsorption techniques for wastewater treatment have become more popular in recent years
owing to their efficiency in the removal of pollutants, which are difficulty treated with bio‐
logical methods. Adsorption can produce high quality water while also being a process that
is economically feasible. Decolourisation is a result of two mechanisms (adsorption and ion
exchange) and is influenced by many factors including dye/adsorbent interaction, adsorb‐
ent’s surface area, particle size, temperature, pH and contact time.

Physical adsorption occurs when weak interparticle bonds exist between the adsorbate and
adsorbent. Examples of such bonds are van der Waals, hydrogen and dipole-dipole. In the
majority of cases physical adsorption is easily reversible [24]. Chemical adsorption occurs
when strong interparticle bonds are present between the adsorbate and adsorbent due to an
exchange of electrons. Examples of such bonds are covalent and ionic bonds. Two means
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that are useful to be developed are “chemisorption” and “physisorption”. Chemisorption is
a kind of adsorption which involves a chemical reaction between the surface and the absor‐
bate. New chemical bonds are generated at the adsorbent surface. Examples include macro‐
scopic phenomena that can be very obvious, like corrosion, and subtler effects associated
with heterogeneous catalysis. The strong interaction between the adsorbate and the sub‐
strate surface creates new types of electronic bonds. In contrast with chemisorption is physi‐
sorption, which leaves the chemical species of the adsorbate and surface intact. It is
conventionally accepted that the energetic threshold separating the binding energy of
“physisorption” from that of “chemisorptions” is about 0.5 eV per adsorbed species. Chemi‐
sorption is deemed to be irreversible in the majority of cases [24]. Suzuki [25] covers the role
of adsorption in water environmental processes and also the development of newer adsorb‐
ents to modernise the treatment systems. Most adsorbents are highly porous materials. As
the pores are generally very small, the internal surface area is orders of magnitude greater
than the external area.

Separation occurs because either the differences in molecular mass, shape or polarity causes
some molecules to be held more strongly on the surface than others or the pores are too
small to admit large molecules [25]. However, amongst all the adsorbent materials pro‐
posed, activated carbon is the most popular for the removal of pollutants from wastewater
[26,27]. In particular, the effectiveness of adsorption on commercial activated carbons (CAC)
for removal of a wide variety of dyes from wastewaters has made it an ideal alternative to
other expensive treatment options [26]. Because of their great capacity to adsorb dyes, CAC
are the most effective adsorbents. This capacity is mainly due to their structural characteris‐
tics and their porous texture which gives them a large surface area, and their chemical na‐
ture which can be easily modified by chemical treatment in order to increase their
properties. However, activated carbon presents several disadvantages [27]. It is quite expen‐
sive, the higher the quality, the greater the cost, non-selective and ineffective against dis‐
perse and vat dyes. The regeneration of saturated carbon is also expensive, not
straightforward, and results in loss of the adsorbent. The use of carbons based on relatively
expensive starting materials is also unjustified for most pollution control applications [28].
This has led many workers to search for more economic adsorbents.

1.3.1. Polymeric adsorbents (chitosan)

The majority of commercial polymers and ion exchange resins are derived from petroleum-
based raw materials using chemical processes that are not always safe or environmental
friendly. Today, there is growing interest in developing natural low-cost alternatives to syn‐
thetic polymers [29]. Chitin (Figure 1), found in the exoskeleton of crustaceans, the cuticles
of insects, and the cells walls of fungi, is the most abundant aminopolysaccharide in nature
[30]. This low-cost material is a linear homopolymer composed of b(1-4)-linked N-acetyl glu‐
cosamine. It is structurally similar to cellulose, but it is an aminopolymer and has acetamide
groups at the C-2 positions in place of the hydroxyl groups. The presence of these groups is
highly advantageous, providing distinctive adsorption functions and conducting modifica‐
tion reactions. The raw polymer is only commercially extracted from marine crustaceans pri‐
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marily because a large amount of waste is available as a by-product of food processing [30].
Chitin is extracted from crustaceans (shrimps, crabs, squids) by acid treatment to dissolve
the calcium carbonate followed by alkaline extraction to dissolve the proteins and by a de‐
colorization step to obtain a colourless product [30].

Figure 1. Chemical structures of chitin.

Since the biodegradation of chitin is very slow in crustacean shell waste, accumulation of
large quantities of discards from processing of crustaceans has become a major concern in
the seafood processing industry. So, there is a need to recycle these by-products. Their use
for the treatment of wastewater from other industries could be helpful not only to the envi‐
ronment in solving the solid waste disposal problem, but also to the economy. However,
chitin is an extremely insoluble material. Its insolubility is a major problem that confronts
the development of processes and uses of chitin [30], and so far, very few large-scale indus‐
trial uses have been found. More important than chitin is its derivative, chitosan.

Figure 2. Chemical structures of chitosan.
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Partial deacetylation of chitin results in the production of chitosan (Figure 2), which is a pol‐
ysaccharide composed by polymers of glucosamine and N-acetyl glucosamine (Figure 3).

Figure 3. Chemical structures of commercial chitosan composed of N-acetyl glucosamine.

The “chitosan label” generally corresponds to polymers with less than 25% acetyl content.
The fully deacetylated product is rarely obtained due to the risks of side reactions and chain
depolymerization. Copolymers with various extents of deacetylation and grades are now
commercially available. Chitosan and chitin are of commercial interest due to their high per‐
centage of nitrogen compared to synthetically substituted cellulose. Chitosan is soluble in
acid solutions and is chemically more versatile than chitin or cellulose. The main reason for
this is undoubtedly its appealing intrinsic properties, as documented in a recent review [30],
such as biodegradability, biocompatibility, film-forming ability, bioadhesivity, polyfunction‐
ality, hydrophilicity and adsorption properties. Most of the properties of chitosan can be re‐
lated to its cationic nature [30], which is unique among abundant polysaccharides and
natural polymers. These numerous properties lead to the recognition of this polyamine as a
promising raw material for adsorption purposes.

The elevated interest in chitin and chitosan is reflected by an increase in the number of arti‐
cles published and talks given on this topic. Currently, these polymers and their numerous
derivatives as described in reviews [29,31] are widely used in pharmacy, medicine, biotech‐
nology, chemistry, cosmetics and toiletries, food technology, and the textile, agricultural,
pulp and paper industries and other fields such as oenology, dentistry and photography.
The potential industrial use of chitosan is widely recognized. These versatile materials are
also widely used in clarification and water purification, water and wastewater treatment as
coagulating, flocculating and chelating agents. However, despite a large number of publica‐
tion on the use of chitosan for pollutant recovery, the research failed to find practical appli‐
cations on the industrial scale: this aspect will be discussed later.

2. Synthesis of adsorbents

2.1. Grafting reactions

The basic idea of modifications is to make various changes in chitosan structure to enhance
its properties (capacity, resistance etc). In particular, several researchers have proposed cer‐
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marily because a large amount of waste is available as a by-product of food processing [30].
Chitin is extracted from crustaceans (shrimps, crabs, squids) by acid treatment to dissolve
the calcium carbonate followed by alkaline extraction to dissolve the proteins and by a de‐
colorization step to obtain a colourless product [30].

Figure 1. Chemical structures of chitin.
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Figure 2. Chemical structures of chitosan.
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Partial deacetylation of chitin results in the production of chitosan (Figure 2), which is a pol‐
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Figure 3. Chemical structures of commercial chitosan composed of N-acetyl glucosamine.
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tion on the use of chitosan for pollutant recovery, the research failed to find practical appli‐
cations on the industrial scale: this aspect will be discussed later.
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tain mofidifications in chitosan backbone to improve its adsorption capacity. These modifi‐
cations are realized with grafting reactions [32-38]. The modifications can improve
chitosan’s removal performance and selectivity for dyes, alter the physical and mechanical
properties of the polymer, control its diffusion properties and decrease the sensitivity of ad‐
sorption to environmental conditions. Many scientists suggested chemical grafting specific
ligands [39,40]. However the only class for which chitosan [37] has low affinity is basic (cati‐
onic) dyes. To overcome this problem, the use of N-benzyl mono- and disulfonate deriva‐
tives of chitosan is suggested to enhance its cationic dye hydrophobic adsorbent properties
and to improve its selectivity [32,33,41]. These derivatives could be used as hydrophobic ad‐
sorbents in acidic media without any cross-linking reactions. To enhance and further devel‐
op the high potentials of chitosan, it is necessary to add/introduce chemical substituents at a
specific position in a controlled manner [37]. This chemical derivatization promotes new ad‐
sorption properties in particular towards basic dyes in acidic medium or reactive/acid dyes
in basic medium. Another study deals with the enzymatic grafting of carboxyl groups onto
chitosan as a mean to confer the ability to adsorb basic dyes on beads [37]. The presence of
new functional groups on the surface of beads results in increased surface polarity and den‐
sity of adsorption sites and hence improved adsorption selectivity for the target dye. Other
studies showed that the ability of chitosan to selectively adsorb dyes could be further im‐
proved by chemical derivatization. Novel chitosan-based materials with long aliphatic
chains are developed by reacting chitosan with high fatty acids and glycidyl moieties [36]. In
this way, these products could be used as effective adsorption materials for both anionic and
cationic dyes. Other researchers suggested the use of cyclodextrin-grafted chitosan deriva‐
tives as new chitosan derivatives for the removal of dyes [34,35,42]. These materials are
characterized by a rate of adsorption and a global efficiency greater than that of the parent
chitosan polymer [35].

2.2. Cross-linking reactions

The pure form of chitosan powders (raw) tends to present some disadvantages such as un‐
satisfactory mechanical properties and poor heat resistance. Another important limitation of
the pure form is its solubility in acidic media and therefore it cannot be used as an insoluble
adsorbent under these conditions (except after physical and chemical modification). The
main technique to overcome these limitations is to transform the raw polymer into a form
whose physical characteristics are more attractive. So, cross-linked beads have been devel‐
oped and proposed. After cross-linking, these materials maintain their properties and origi‐
nal characteristics [43], particularly their high adsorption capacity, although this chemical
modification results in a decrease in the density of free amine groups at the surface of the
adsorbent in turn lowering polymer reactivity towards metal ions [44,45]. The cross-linking
agent is very important. Therefore many researchers studied the chitosan behaviour pre‐
pared with different cross-linkers, such as glutaraldehyde (GLA), tripolyphosphate sodium
(TPP), epichlorydrine (EPI), ethylene glycol diglycidyl ether (EGDE), etc [46-49]. The change
in adsorption capacity was confirmed; the results showed that the chitosan-EPI beads pre‐
sented a higher adsorption capacity than GLA and EGDE [46,47]. They reported that these
materials can be used for the removal of reactive, direct and acid dyes. It was found that 1 g
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chitosan adsorbed 2498, 2422, 2383 and 1954 mg of various reactive dyes (Reactive Blue 2,
Reactive Red 2, Direct Red 81 and Acid Orange 12, respectively) [49]. As a comparison, it is
specified that the adsorption capacities of commercially activated carbon for reactive dyes
generally vary from 280 to 720 mg/g. Another advantage of EPI is that it does not eliminate
the cationic amine function of the polymer, which is the major adsorption site to attract the
anionic dyes during adsorption [47]. The cross-linking with GLA (formation of imine func‐
tions) or EDGE decreases the availability of amine functions for the complexation of dyes.
With a high cross-linking ratio the uptake capacity decreases drastically. Among the condi‐
tions of the cross-linking reaction that have a great impact on dye adsorption are the chemi‐
cal nature of the cross-linker, as mentioned above, but also the extent of the reaction. In
general, the adsorption capacity depends on the extent of cross-linking and decreases with
an increase in cross-linking density. When chitosan beads were cross-linked with GLA un‐
der heterogeneous conditions, it was found that the saturation adsorption capacity of reac‐
tive dyes on cross-linked chitosan decreased exponentially from 200 to 50 mg/g as the extent
of cross-linking increased from 0 to 1.5 mol GLA/mol of amine. This is because of the re‐
stricted diffusion of molecules through the polymer network and reduced polymer chain
flexibility. Also the loss of amino-binding sites by reaction with aldehyde is another major
factor in this decrease. However, the cross-linking step was necessary to improve mechani‐
cal resistance, to enhance the resistance of material against acid, alkali and chemicals, and
also to increase the adsorption abilities of chitosan. According to literature [46-49], the ad‐
sorption capacity of non cross-linked beads was greater than that of cross-linked beads in
the same experimental conditions. The materials, mainly cross-linked using GLA, have been
also proposed as effective dye removers by several researchers [34,43]. The reaction of chito‐
san with GLA leads to the formation of imine groups, in turn leading to a decrease in the
number of amine groups, resulting in a lowered adsorption capacity, especially for dyes ad‐
sorbed through ion-exchange mechanisms. In heterogeneous conditions, chitosan (solid
state) was simply mixed with GLA solution, while in homogeneous conditions chitosan was
mixed with GLA solution after being dissolved in acetic acid solution. An optimum alde‐
hyde/amine ratio was determined for dye adsorption that depends on the type of cross-link‐
ing (water-soluble or solid-state solution) operation. The initial increase in dye adsorption
was attributed to the low levels of cross-linking in the precipitates preventing the formation
of closely packed chain arrangements without any great reduction in the swelling capacity.
This increase in adsorption was interpreted in terms of the increases in hydrophilicity and
accessibility of complexing groups as a result of partial destruction of the crystalline struc‐
ture of the polymer by cross-linking under homogeneous conditions. At higher levels of
cross-linking, the precipitates had lower swelling capacities, and hence lower accessibility
because of the more extensive three-dimensional network and also because of its more hy‐
drophobic character with increased GLA content. In general, the adsorption capacity in‐
creased greatly at low degrees of substitution but decreased with increasing substitution.
This phenomenon is interpreted in terms of increased hydrophilicity caused by the destruc‐
tion of the crystalline structure at low cross-linking densities, while this can be associated
with an accompanying decrease in active sites, accessibility, and swellability of the adsorb‐
ent by increasing the level of cross-linking. Furthermore, it is noted that cross-linking can
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op the high potentials of chitosan, it is necessary to add/introduce chemical substituents at a
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in basic medium. Another study deals with the enzymatic grafting of carboxyl groups onto
chitosan as a mean to confer the ability to adsorb basic dyes on beads [37]. The presence of
new functional groups on the surface of beads results in increased surface polarity and den‐
sity of adsorption sites and hence improved adsorption selectivity for the target dye. Other
studies showed that the ability of chitosan to selectively adsorb dyes could be further im‐
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this way, these products could be used as effective adsorption materials for both anionic and
cationic dyes. Other researchers suggested the use of cyclodextrin-grafted chitosan deriva‐
tives as new chitosan derivatives for the removal of dyes [34,35,42]. These materials are
characterized by a rate of adsorption and a global efficiency greater than that of the parent
chitosan polymer [35].

2.2. Cross-linking reactions

The pure form of chitosan powders (raw) tends to present some disadvantages such as un‐
satisfactory mechanical properties and poor heat resistance. Another important limitation of
the pure form is its solubility in acidic media and therefore it cannot be used as an insoluble
adsorbent under these conditions (except after physical and chemical modification). The
main technique to overcome these limitations is to transform the raw polymer into a form
whose physical characteristics are more attractive. So, cross-linked beads have been devel‐
oped and proposed. After cross-linking, these materials maintain their properties and origi‐
nal characteristics [43], particularly their high adsorption capacity, although this chemical
modification results in a decrease in the density of free amine groups at the surface of the
adsorbent in turn lowering polymer reactivity towards metal ions [44,45]. The cross-linking
agent is very important. Therefore many researchers studied the chitosan behaviour pre‐
pared with different cross-linkers, such as glutaraldehyde (GLA), tripolyphosphate sodium
(TPP), epichlorydrine (EPI), ethylene glycol diglycidyl ether (EGDE), etc [46-49]. The change
in adsorption capacity was confirmed; the results showed that the chitosan-EPI beads pre‐
sented a higher adsorption capacity than GLA and EGDE [46,47]. They reported that these
materials can be used for the removal of reactive, direct and acid dyes. It was found that 1 g
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chitosan adsorbed 2498, 2422, 2383 and 1954 mg of various reactive dyes (Reactive Blue 2,
Reactive Red 2, Direct Red 81 and Acid Orange 12, respectively) [49]. As a comparison, it is
specified that the adsorption capacities of commercially activated carbon for reactive dyes
generally vary from 280 to 720 mg/g. Another advantage of EPI is that it does not eliminate
the cationic amine function of the polymer, which is the major adsorption site to attract the
anionic dyes during adsorption [47]. The cross-linking with GLA (formation of imine func‐
tions) or EDGE decreases the availability of amine functions for the complexation of dyes.
With a high cross-linking ratio the uptake capacity decreases drastically. Among the condi‐
tions of the cross-linking reaction that have a great impact on dye adsorption are the chemi‐
cal nature of the cross-linker, as mentioned above, but also the extent of the reaction. In
general, the adsorption capacity depends on the extent of cross-linking and decreases with
an increase in cross-linking density. When chitosan beads were cross-linked with GLA un‐
der heterogeneous conditions, it was found that the saturation adsorption capacity of reac‐
tive dyes on cross-linked chitosan decreased exponentially from 200 to 50 mg/g as the extent
of cross-linking increased from 0 to 1.5 mol GLA/mol of amine. This is because of the re‐
stricted diffusion of molecules through the polymer network and reduced polymer chain
flexibility. Also the loss of amino-binding sites by reaction with aldehyde is another major
factor in this decrease. However, the cross-linking step was necessary to improve mechani‐
cal resistance, to enhance the resistance of material against acid, alkali and chemicals, and
also to increase the adsorption abilities of chitosan. According to literature [46-49], the ad‐
sorption capacity of non cross-linked beads was greater than that of cross-linked beads in
the same experimental conditions. The materials, mainly cross-linked using GLA, have been
also proposed as effective dye removers by several researchers [34,43]. The reaction of chito‐
san with GLA leads to the formation of imine groups, in turn leading to a decrease in the
number of amine groups, resulting in a lowered adsorption capacity, especially for dyes ad‐
sorbed through ion-exchange mechanisms. In heterogeneous conditions, chitosan (solid
state) was simply mixed with GLA solution, while in homogeneous conditions chitosan was
mixed with GLA solution after being dissolved in acetic acid solution. An optimum alde‐
hyde/amine ratio was determined for dye adsorption that depends on the type of cross-link‐
ing (water-soluble or solid-state solution) operation. The initial increase in dye adsorption
was attributed to the low levels of cross-linking in the precipitates preventing the formation
of closely packed chain arrangements without any great reduction in the swelling capacity.
This increase in adsorption was interpreted in terms of the increases in hydrophilicity and
accessibility of complexing groups as a result of partial destruction of the crystalline struc‐
ture of the polymer by cross-linking under homogeneous conditions. At higher levels of
cross-linking, the precipitates had lower swelling capacities, and hence lower accessibility
because of the more extensive three-dimensional network and also because of its more hy‐
drophobic character with increased GLA content. In general, the adsorption capacity in‐
creased greatly at low degrees of substitution but decreased with increasing substitution.
This phenomenon is interpreted in terms of increased hydrophilicity caused by the destruc‐
tion of the crystalline structure at low cross-linking densities, while this can be associated
with an accompanying decrease in active sites, accessibility, and swellability of the adsorb‐
ent by increasing the level of cross-linking. Furthermore, it is noted that cross-linking can
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change the crystalline nature of chitosan, as suggested by the XRD diffractograms. After the
cross-linking reaction, there was a small increase in the crytallinity of the chitosan beads and
also increased accessibility to the small pores of the material.

3. Adsorption conditions

3.1. Equilibrium

3.1.1. pH

The pH of the dye solution plays an important role in the whole adsorption process and par‐
ticularly on the adsorption capacity; influences the surface charge of the adsorbent, the de‐
gree of ionization of the material present in the solution, the dissociation of functional
groups on the active sites of the adsorbent, and the chemistry of dye solution. It is important
to indicate that while the adsorption on activated carbon was largely independent of the pH,
the adsorption of dyes on chitosan was controlled by the acidity of the solution. pH affects
the surface charge of the adsorbent. Chitosan is a weak base and is insoluble in water and
organic solvents, however, it is soluble in dilute aqueous acidic solution (pH~6.5), which can
convert the glucosamine units into a soluble form R-NH3 +. Chitosan is precipitated in alka‐
line solution or in the presence of polyanions and forms gels at lower pH. Its pKa depends
on the deacetylation degree, the ionic strength and the neutralization of amine groups. In
practice pKa lies within 6.5-6.7 for fully neutralized amine functions [50]. So, chitosan is pol‐
ycationic in acidic medium: the free amino groups are protonated and the polymer becomes
fully soluble and this facilitates electrostatic interaction between chitosan and the negatively
charged anionic dyes. This cationic property, especially in the case of anionic dyes, depend‐
ing on the charge and functions of the dye under the corresponding experimental conditions
will influence the adsorption procedure [51]. In the literature, the ability of the anionic dyes
to adsorb onto chitosan beads is often attributed to the surface charge which depends on the
pH of the operating batch system, as mentioned. Dye adsorption occurred through electro‐
stactic attraction on protonated amine groups and numerous researchers concluded that the
influence of the pH confirmed the essential role of electrostatic interactions between the chi‐
tosan and the target dye. For example, chitosan had a positively charged surface below
pH=6.5 (point of zero potential) [52], and reducing the pH increased the positivity of the sur‐
face, thus making the adsorption process pH sensitive. Decreasing the pH makes more pro‐
tons available to protonate the amine group of chitosan with the formation of a large
number of cationic amines. This results in increased dye adsorption by chitosan due to in‐
creased electrostatic interactions. Differences in pH of the solution have also been reported
to influence the dye adsorption capacity of chitosan and its mechanism [44,45]. They noted
that, at low pH, chitosan’s free amino groups are protonated, causing them to attract anionic
dyes, demonstrating that pH is one of the most important parameters controlling the ad‐
sorption process. Some researchers [32,33,53] also found that the adsorption capacity of cati‐
onic dyes on chitosan-grafted materials was strongly affected by the pH of solution and was
generally significantly decreased by increasing the pH. pH is also known to affect the struc‐
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tural stability of dye molecules (in particular the dissociation of their ionizable sites), and
therefore their colour intensity. As a result, the dye molecule has high positive charge densi‐
ty at a low pH. This indicates that the deprotonation (or protonation) of a dye must be taken
into consideration. If the dyes to be removed are either weakly acidic or weakly basic, then
the pH of the medium affects their structure and adsorption. Initial pH also influences the
solution chemistry of the dyes: hydrolysis, complexation by organic and/or inorganic li‐
gands, redox reactions, and precipitation are strongly influenced by pH, and on the other
side strongly influence speciation and the adsorption capacity of the dyes. Some useful
structural characteristics must be pointed out, as given below:

The free amine groups in chitosan are much more reactive and effective for chelating pollu‐
tants than the acetyl groups in chitin. There is no doubt that amine sites are the main reac‐
tive groups for (anionic) dye adsorption, though hydroxyl groups (especially in the C-3
position) may contribute to adsorption. Almost all functional properties of chitosan depend
on the chain length, charge density and charge distribution and much of its potential as ad‐
sorbent is effected by its cationic nature and solution behaviour. However, at neutral pH,
about 50% of total amine groups remain protonated and theoretically available for the ad‐
sorption of dyes. The existence of free amine groups may cause direct complexation of dyes
co-existing with anionic species, depending on the charge of the dye. As the pH decreases,
the protonation of amine groups increases together with the efficiency. The optimum pH is
frequently reported in the literature to be around pH 2-4. Below this range, usually a large
excess of competitor anions limits adsorption efficiency. This competitor effect is the subject
of many studies aiming to develop materials that are less sensitive to the presence of com‐
petitor anions and to the pH of the solution, as described in the next two paragraphs.

It is not really the total number of free amine groups that must be taken into account but the
number of accessible free amine groups. There are several explanations for this. The availa‐
bility of amine groups is controlled by two important parameters: (i) the crystallinity of pol‐
ymer, and (ii) the diffusion properties of dyes. It is known that some of the amine sites on
chitosan are included in both the crystalline area and in inter or intramolecular hydrogen
bonds. Moreover the residual crystallinity of the polymer may control the accessibility to ad‐
sorption sites. The deacetylation degree also controls the fraction of free amine groups avail‐
able for interactions with dyes. Indeed, the total number of free amine groups is not
necessarily accessible for dye uptake. Actually, rather than the fraction or number of free
amine groups available for dye uptake, it would be better to consider the number of accessi‐
ble free amine groups. It is also concluded that the hydrogen bonds linked between mono‐
mer units of the same chain (intramolecular bonds) and/or between monomer units of
different chains (intermolecular bonds) decrease their reactivity. The weakly porous struc‐
ture of the polymer and its residual crystallinity are critical parameters for the hydratation
and the accessibility to adsorption sites.

3.1.2. Isotherms

Adsorption properties and equilibrium data, commonly known as adsorption isotherms, de‐
scribe how pollutants interact with adsorbent materials and so, are critical in optimizing the
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change the crystalline nature of chitosan, as suggested by the XRD diffractograms. After the
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also increased accessibility to the small pores of the material.
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The pH of the dye solution plays an important role in the whole adsorption process and par‐
ticularly on the adsorption capacity; influences the surface charge of the adsorbent, the de‐
gree of ionization of the material present in the solution, the dissociation of functional
groups on the active sites of the adsorbent, and the chemistry of dye solution. It is important
to indicate that while the adsorption on activated carbon was largely independent of the pH,
the adsorption of dyes on chitosan was controlled by the acidity of the solution. pH affects
the surface charge of the adsorbent. Chitosan is a weak base and is insoluble in water and
organic solvents, however, it is soluble in dilute aqueous acidic solution (pH~6.5), which can
convert the glucosamine units into a soluble form R-NH3 +. Chitosan is precipitated in alka‐
line solution or in the presence of polyanions and forms gels at lower pH. Its pKa depends
on the deacetylation degree, the ionic strength and the neutralization of amine groups. In
practice pKa lies within 6.5-6.7 for fully neutralized amine functions [50]. So, chitosan is pol‐
ycationic in acidic medium: the free amino groups are protonated and the polymer becomes
fully soluble and this facilitates electrostatic interaction between chitosan and the negatively
charged anionic dyes. This cationic property, especially in the case of anionic dyes, depend‐
ing on the charge and functions of the dye under the corresponding experimental conditions
will influence the adsorption procedure [51]. In the literature, the ability of the anionic dyes
to adsorb onto chitosan beads is often attributed to the surface charge which depends on the
pH of the operating batch system, as mentioned. Dye adsorption occurred through electro‐
stactic attraction on protonated amine groups and numerous researchers concluded that the
influence of the pH confirmed the essential role of electrostatic interactions between the chi‐
tosan and the target dye. For example, chitosan had a positively charged surface below
pH=6.5 (point of zero potential) [52], and reducing the pH increased the positivity of the sur‐
face, thus making the adsorption process pH sensitive. Decreasing the pH makes more pro‐
tons available to protonate the amine group of chitosan with the formation of a large
number of cationic amines. This results in increased dye adsorption by chitosan due to in‐
creased electrostatic interactions. Differences in pH of the solution have also been reported
to influence the dye adsorption capacity of chitosan and its mechanism [44,45]. They noted
that, at low pH, chitosan’s free amino groups are protonated, causing them to attract anionic
dyes, demonstrating that pH is one of the most important parameters controlling the ad‐
sorption process. Some researchers [32,33,53] also found that the adsorption capacity of cati‐
onic dyes on chitosan-grafted materials was strongly affected by the pH of solution and was
generally significantly decreased by increasing the pH. pH is also known to affect the struc‐
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the pH of the medium affects their structure and adsorption. Initial pH also influences the
solution chemistry of the dyes: hydrolysis, complexation by organic and/or inorganic li‐
gands, redox reactions, and precipitation are strongly influenced by pH, and on the other
side strongly influence speciation and the adsorption capacity of the dyes. Some useful
structural characteristics must be pointed out, as given below:

The free amine groups in chitosan are much more reactive and effective for chelating pollu‐
tants than the acetyl groups in chitin. There is no doubt that amine sites are the main reac‐
tive groups for (anionic) dye adsorption, though hydroxyl groups (especially in the C-3
position) may contribute to adsorption. Almost all functional properties of chitosan depend
on the chain length, charge density and charge distribution and much of its potential as ad‐
sorbent is effected by its cationic nature and solution behaviour. However, at neutral pH,
about 50% of total amine groups remain protonated and theoretically available for the ad‐
sorption of dyes. The existence of free amine groups may cause direct complexation of dyes
co-existing with anionic species, depending on the charge of the dye. As the pH decreases,
the protonation of amine groups increases together with the efficiency. The optimum pH is
frequently reported in the literature to be around pH 2-4. Below this range, usually a large
excess of competitor anions limits adsorption efficiency. This competitor effect is the subject
of many studies aiming to develop materials that are less sensitive to the presence of com‐
petitor anions and to the pH of the solution, as described in the next two paragraphs.

It is not really the total number of free amine groups that must be taken into account but the
number of accessible free amine groups. There are several explanations for this. The availa‐
bility of amine groups is controlled by two important parameters: (i) the crystallinity of pol‐
ymer, and (ii) the diffusion properties of dyes. It is known that some of the amine sites on
chitosan are included in both the crystalline area and in inter or intramolecular hydrogen
bonds. Moreover the residual crystallinity of the polymer may control the accessibility to ad‐
sorption sites. The deacetylation degree also controls the fraction of free amine groups avail‐
able for interactions with dyes. Indeed, the total number of free amine groups is not
necessarily accessible for dye uptake. Actually, rather than the fraction or number of free
amine groups available for dye uptake, it would be better to consider the number of accessi‐
ble free amine groups. It is also concluded that the hydrogen bonds linked between mono‐
mer units of the same chain (intramolecular bonds) and/or between monomer units of
different chains (intermolecular bonds) decrease their reactivity. The weakly porous struc‐
ture of the polymer and its residual crystallinity are critical parameters for the hydratation
and the accessibility to adsorption sites.

3.1.2. Isotherms

Adsorption properties and equilibrium data, commonly known as adsorption isotherms, de‐
scribe how pollutants interact with adsorbent materials and so, are critical in optimizing the
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use of adsorbents [31]. In order to optimize the design of an adsorption system to remove
dye from solutions, it is important to establish the most appropriate correlation for the equi‐
librium curve. An accurate mathematical description of equilibrium adsorption capacity is
indispensable for reliable prediction of adsorption parameters and quantitative comparison
of adsorption behaviour for different adsorbent systems (or for varied experimental condi‐
tions) within any given system. Adsorption equilibrium is established when the amount of
dye being adsorbed onto the adsorbent is equal to the amount being desorbed. It is possible
to depict the equilibrium adsorption isotherms by plotting the concentration of the dye in
the solid phase versus that in the liquid phase. The distribution of dye molecule between the
liquid phase and the adsorbent is a measure of the position of equilibrium in the adsorption
process and can generally be expressed by one or more of a series of isotherm models
[54-58]. The shape of an isotherm may be considered with a view to predicting if a sorption
system is “favourable” or “unfavourable”. The isotherm shape can also provide qualitative
information on the nature of the solute–surface interaction. In addition, adsorption iso‐
therms have been developed to evaluate the capacity of chitosan materials for the adsorp‐
tion of a particular dye molecule. They constitute the first experimental information, which
is generally used as a convenient tool to discriminate among different materials and thereby
choose the most appropriate one for a particular application in standard conditions. The
most popular classification of adsorption isotherms of solutes from aqueous solutions has
been proposed by Giles et al. [57,58]. Four characteristic classes are identified, based on the
configuration of the initial part of the isotherm (i.e., class S, L, H, C). The Langmuir class (L)
is the most widespread in the case of adsorption of dye compounds from water, and it is
characterized by an initial region, which is concave to the concentration axis. Type L also
suggests that no strong competition exists between the adsorbate and the solvent to occupy
the adsorption sites. However, the H class (high affinity) results from extremely strong ad‐
sorption at very low concentrations giving rise to an apparent intercept on the ordinate. The
H-type isotherms suggest the uptake of pollutants by materials through chemical forces
rather than physical attraction. There are several isotherm models available for analyzing
experimental data and for describing the equilibrium of adsorption, including Langmuir,
Freundlich, Langmuir-Freunldich, BET, Toth, Temkin, Redlich-Peterson, Sips, Frumkin,
Harkins-Jura, Halsey, Henderson and Dubinin-Radushkevich isotherms. These equilibrium
isotherm equations are used to describe experimental adsorption data. The different equa‐
tion parameters and the underlying thermodynamic assumptions of these models often pro‐
vide insight into both the adsorption mechanism, and the surface properties and affinity of
the adsorbent. Therefore, it is important to establish the most appropriate correlation of
equilibrium curves to optimize the condition for designing adsorption systems. Various re‐
searchers have used these isotherms to examine the importance of different factors on dye
molecule sorption by chitosan. However, the two most frequently used equations applied in
solid/liquid systems for describing sorption isotherms are the Langmuir [55] and the
Freundlich [56] models and the most popular isotherm theory is the Langmuir one which is
commonly used for the sorption of dyes onto chitosan.

The majority of researchers found significant correlations between dye concentration and
the dye-binding capacity of polymeric adsorbents and particularly chitosan [3,41,53]. The
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amount of the dye adsorbed onto chitosan increased with an increase in the initial concen‐
tration of dye solution if the amount of adsorbent was kept unchanged. This is due to the
increase in the driving force of the concentration gradient with the higher initial dye concen‐
tration. In most cases, at low initial concentration the adsorption of dyes by chitosan is very
intense and reaches equilibrium very quickly. This indicates the possibility of the formation
of monolayer coverage of the dye molecules at the outer interface of the chitosan. At a fixed
adsorbent dose, the amount of dye adsorbed increases with the increase of dye concentra‐
tion in solution, but the percentage of adsorption decreased. In other words, the residual
concentration of dye molecules will be higher for higher initial dye concentrations. In the
case of lower concentrations, the ratio of initial number of dye moles to the available adsorp‐
tion sites is low and subsequently the fractional adsorption becomes independent of initial
concentration [3,41,46,47,49,52,53]. At higher concentrations, however, the number of availa‐
ble adsorption sites becomes lower and subsequently the removal of dyes depends on the
initial concentration. At the high concentrations, it is not likely that dyes are only adsorbed
in a monolayer at the outer interface of chitosan. As a matter of fact, the diffusion of ex‐
changing molecules within chitosan particles may govern the adsorption rate at higher ini‐
tial concentrations. In another theory, it is claimed that adsorption rate may diminish with
an increase in dye concentration [34].This could be ascribed to the accompanying increase in
dye aggregation and/or depletion of accessible active sites on the material.

Generally speaking, the adsorption of pollutants increases with the increase in temperature,
because high temperatures provide a faster rate of diffusion of adsorbate molecules from the
solution to the adsorbent [31,41]. However, it is well known that temperature plays an im‐
portant role in adsorption onto activated carbon, generally having a negative influence on
the amount adsorbed. The adsorption of organic compounds (including dyes) is an exother‐
mic process and the physical bonding between the organic compounds and the active sites
of the carbon will weaken with increasing temperature. Also with the increase of tempera‐
ture, the dye solubility also increases, the interaction forces between the solute and the sol‐
vent become stronger than those between solute and adsorbent, consequently the solute is
more difficult to adsorb. Both of these features are consistent with the order of Langmuir ad‐
sorption capacity. The adsorption of dyes by chitosan is also usually exothermic: an increase
in the temperature leads to an increase in the dye adsorption rate, but diminishes total ad‐
sorption capacity [3,41,53]. However, these effects are small and normal wastewater temper‐
ature variations do not significantly affect the overall decolorization performance [59]. In
addition, the adsorption process is not usually operated at high temperature, because this
would increase operation costs. The increase in temperature affects not only the solubility of
the dye molecule (its solubility increases), but also the adsorptive potential of the material
(its adsorption capacity increases). Both effects work in the same direction causing an in‐
crease of cost operation in the batch system. In general, this could be confirmed by the ther‐
modynamic parameters. An increase in temperature is also followed by an increase in the
diffusivity of the dye molecule, and consequently by an increase in the adsorption rate if dif‐
fusion is the rate-limiting step. Temperature could also influence the desorption step and
consequently the reversibility of the adsorption equilibrium. So, the temperature (and its
variation) is an important factor affecting chitosan adsorption and investigations of this pa‐
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rameter offer interesting results, albeit often contradictory. The usual increase in adsorption
may be attributed to the fact that on increasing temperature, a greater number of active sites
is generated on the polymer beads because of an enhanced rate of protonation/deprotona‐
tion of the functional groups on the beads. The fact that adsorption of dyes on chitosan in‐
creases with higher temperature can be surprising. Other authors concluded that an increase
in temperature leads to a decrease in the amount of adsorbed dye at equilibrium since ad‐
sorption on chitosan is exothermic [60,61].

3.3. Kinetics – Modelling

The conventional approach to quantify the batch adsorption process is  the empirical  fit‐
ting based on the dependence between the global adsorption rate and the driving force for
adsorption i.e. the difference between the actual and the equilibrium adsorbate concentra‐
tion.  This  dependence can be a  linear  one but  in  most  cases  is  taken as  quadratic.  The
parameters extracted from the fitting procedure may be appropriate to represent the exper‐
imental data, but they do not have any direct physical meaning (although some research‐
ers relate them to an hypothetical diffusion coefficient). In addition, this type of empirical
modelling cannot be extended to describe more complicated process geometries than the
simple batch one. A phenomenological approach based on fundamental principles) is need‐
ed, in order to develop models with parameters with physical meaning. This type of mod‐
els can be extended to be used for the design of processes of engineering interest (like fixed
bed adsorption) and improve the understanding of the adsorbent structure in line with its
interaction with the adsorbate.

The phenomenological approach to the batch adsorption is well-known. Kyzas et al [41]
made an attempt for the description of the derivation of the models, of the inherent assump‐
tions and of how several simplified models used in literature are hooked to the general ap‐
proach. The description of the approach will be made for a general porous solid and then
the adjustment to the particular structure of the chitosan derivatives will be presented. The
actual difficulty in the modeling of the adsorption process for porous adsorbents is not its
physics but its geometry in micro-scale. For extensive discussion on the physics of adsorp‐
tion process please see other works [62,63]. The physics is well-understood in terms of the
occurring processes: (i) diffusion of the adsorbate in the liquid, (ii) adsorption-desorption
between the liquid and solid phase, and (iii) surface diffusion of the adsorbate. See a simple
schematic on the phenomena occurring in a pore in Figure 4.

Figure 4. Phenomena occurring in pore scale
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On the other hand, the actual shape of the geometry, in which the above phenomena occur,
is completely unknown. Recently, several reconstructions or tomographic techniques have
been developed for the 3-D digitization of the internal structure of porous media [64]. This
digitized structure can be used to solve the equations describing the prevailing phenomena.
The above approach is extremely difficult (still inapplicable for the size of pores met in ad‐
sorption applications), time consuming and its use is restricted to porous media develop‐
ment applications. A more effective approach is needed for the purpose of adsorption
process design. So, the classical approach of “homogenizing” the corresponding partial dif‐
ferential equations and transferring the lack of knowledge of the geometry to the values of
the physical parameters of the problem is given below. In the adsorbent particle phase, the
adsorbate can be found both as solute in the liquid, filling the pores of the particle (concen‐
tration C in kg/m3) and adsorbed on the solid phase (concentration q in kg adsorbate/kg ad‐
sorbent). The “homogeneous” equations for the evolution of C and q inside a spherical
adsorbent particle of radius R, are the following:
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where t is the time, r is the radial direction, εp the porosity of the particle, ρp the density of
the particle (kg adsorbent/m3), Dp is the liquid phase diffusivity of the adsorbate and Ds is
the corresponding surface diffusivity. The diffusivity Dp for a given pair of adsorbate-fluid
depends only on the temperature, whereas the diffusivity Ds depends both on the type of
adsorbent and on q also (apart from their dependence on geometry). For particles with non-
uniform structure the parameters Dp, Ds, εp, ρp are functions of r but this case will not be
considered here. The function G(C,q) denotes the rate of the adsorption-desorption process.
The boundary conditions for the above set of equations are:

i) mass transfer from the solution to particle:
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where C b is the concentration of the adsorbate in the bulk solution, and k m is the mass trans‐
fer coefficient from the bulk solution to the particle.

ii) spherical symmetry:
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On the other hand, the actual shape of the geometry, in which the above phenomena occur,
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Having values for the initial concentrations of adsorbate in the particle and for the bulk con‐
centration Cb, the above mathematical problem can be solved for the functions C(r,t) and
q(r,t). The above model is the so-called non-equilibrium adsorption model. Models of this
structure are used in large scale solute transport applications (e.g. soil remediation), where
the phenomena are of different scale from the present application [65]. In the case of adsorp‐
tion by small particles, the adsorption-desorption process is much faster than the diffusion,
leading to an establishment of a local equilibrium (which can be found by setting G(C,q)=0
and corresponds to the adsorption isotherm q=f(C)). In the present case, the local

1/n
m

1/n

q bCq =
1+ bC

(5)

where qm and b corresponds to Qmax and KLF, respectively of L-F model.

In the limit of very fast adsorption-desorption kinetics it can be shown by a rigorous deriva‐
tion that the mathematical problem can be transformed to the following:
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An additional assumption considered in the above derivation is that the amount of the ad‐
sorbate found in the liquid phase in the pores of the particle is insignificant compared to the
respective amount adsorbed on the solid phase (i.e. εpC<<ρpq). This assumption always
holds, as it can be easily checked by recalling the definition of the adsorption process.

The concentration C in eqs 6, 8 can be found by inverting the relation q=f(C). The diffusivity
D is an overall diffusivity, which combines the bulk and surface diffusivity and is given by
the relation:
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p

D
D = D +
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where the prime denotes the differentiation of a function with respect to its argument. The
average concentration of the adsorbed species (dye molecules) can be computed by the relation:
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In case of batch experiments the concentration of the solute in bulk liquid Cb decreases due
to its adsorption; so, the evolution of the Cb must be taken into account by the model. The
easier way to do this is to consider a global mass balance of the adsorbate:

0b b ave
mC = C q
V

- (11)

where Cbo is the initial value of Cb; m is the total mass of the adsorbent particles; V is the
volume of the tank.

Let us now refer to the several analytical or simple numerical techniques used in literature
for the above problem and explain under which conditions they can be employed. In the
case of an overall diffusion coefficient D with no concentration dependence (which implies
(i) constant Ds, and (ii) zero Dp or linear adsorption isotherm) and a linear adsorption iso‐
therm, the complete problem is linear and it can be solved analytically. The mathematical
problem for the case of surface diffusion is equivalent to the homogeneous diffusion or solid
diffusion model used by several authors [66]. The complete solution is given by Tien [54],
but their simplified versions [67], which ignore external mass transfer and/or the solute con‐
centration reduction through equation 13 (i.e. assuming an infinite liquid volume), are ex‐
tensively used in the literature with topic of dye adsorption [68]. In case of constant
diffusivity, and non-linear adsorption isotherm (which implies no pore diffusion and it is
usually used in adsorption from liquid phase studies), several techniques based on the fun‐
damental solutions of the diffusion equation can be used [66,69]. In general, the partial dif‐
ferential equation is transformed to an integro-differential equation for the average
concentration qave (dimensionality reduction).

Another class of approximation methods, which can be used in any case (but with a ques‐
tionable success for non-linear problems), is the so-called Linear Driving Force model (LDF
model) [70]. The concentration profile in the particle is approximated by a simple function
(usually polynomial with two or three terms) and using this, the partial differential equation
problem can be replaced by an expression for the evolution of qave. This method is not ap‐
propriate for use in batch adsorption studies, but it has been proven to be successful in cases
like fixed bed adsorption. In these cases, where the solution of equation 8 in several posi‐
tions along the case of adsorption bed is required, LDF approximation is very useful. In cas‐
es, where no simplifications are possible and high accuracy is required, one has to resort to
numerical techniques. A widely used approach is the collocation discretization of the spatial
dimension, which is very efficient due to the use of higher order approximation. However,
its advantage can be completely lost for the case of very rapid (or even discontinuous)
changes of the parameters inside the particle. In order to be able to extend our approach to
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es, where no simplifications are possible and high accuracy is required, one has to resort to
numerical techniques. A widely used approach is the collocation discretization of the spatial
dimension, which is very efficient due to the use of higher order approximation. However,
its advantage can be completely lost for the case of very rapid (or even discontinuous)
changes of the parameters inside the particle. In order to be able to extend our approach to
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non-uniform particles, a typical finite difference discretization (permitting arbitrarily dense
grid) is performed in the spatial dimension.

The model for adsorption by chitosan derivatives and how it fits to the above general ad‐
sorption model will be discussed next. The chitosan particles are homogeneous consisting of
swollen polymeric material. The basic (cationic) dyes are diffused in the swollen polymer
phase and are incorporated (adsorbed) on the polymer with the interaction of the amino and
hydroxyl groups [71]. In the case of reactive (anionic) dyes, the incorporation step is due to
strong electrostatic attraction [72]. The kinetics of the whole process have been modeled in
two distinct ways: based on diffusion [73] or based on the global chelation (or in general im‐
mobilization) reaction [75]. In the present study, the two modeling approaches are unified
by assuming a composite mechanism of diffusion in the water phase, adsorption-desorption
on the polymeric structure and diffusion on the polymeric structure (transition from one ad‐
sorption site to another). The system of equations for the above model is exactly the same,
but with different meaning for some symbols. In particular, εp is the liquid volume fraction
of the particle, Dp is again the liquid phase diffusivity of the adsorbate, and Ds is the diffu‐
sivity associated to the transition rate from one adsorption site to another. The function
G(C,q) denotes the rate of the reversible adsorption process (chelation reaction or electro‐
static attraction). The rest of the model development is exactly the same with that of the gen‐
eral porous solid, assuming that the form of the adsorption-desorption equilibrium isotherm
is that of extended Langmuir.

A very useful application to experimental data of the model described above is developed by
our research team [41]. The dye adsorbents were grafted chitosan beads with sulfonate groups
(abbreviated as Ch-g-Sulf), N-vinylimido groups (abbreviated as Ch-g-VID), and non-graft‐
ed beads (abbreviated as Ch). The tests were carried out both for reactive and basic dyes.

Although chitosan has a gel-like structure, the water molecules can be found in relatively
large regions, which can be characterized as pores with diameters of 30-50 nm for the pure
chitosan. The dye molecules which are diffused through these pores, are adsorbed-desorbed
on the pore walls and finally are diffused (transferred) from one adsorption site to the other.
All these phenomena are included to the kinetic model described in this study. There are
two unknown parameters, namely pore and surface diffusivity (Dp and Ds), which must be
found from the kinetic data. The simultaneous determination of both parameters requires
experimental data of intraparticle adsorbate concentration, which are not easily available.
Thus, the kinetic data can be fitted to the infinite pairs of Dp and Ds by keeping the value of
the one parameter fixed and calculating the value of the other one that fits the experimental
kinetic data.

At the first stage of model employment, the surface diffusion is ignored (setting Ds=0) and
the pore diffusivity is calculated and fitted to the experimental kinetic data. In order to make
the diffusion coefficients comparative, it is necessary to estimate the diffusivity of each dye
in the water (Dw) at the corresponding temperatures. The diffusivity in water are calculated
according to the Wilke-Chang correlation (molecular radius can be found by employing co‐
des like the BioMedCAChe 5.02 program by Fujitsu).

Eco-Friendly Textile Dyeing and Finishing196

The key point of the procedure developed here is to compare the effective pore diffusivity (Dp)
of the dye with its diffusivity in the water (Dw). This relation has the well known form [75]:

p w
εD = D
τ

(11)

where ε is the porosity (water volume fraction), and τ is the tortuosity of the adsorbent par‐
ticle. Given that the structure of the particle (ε,τ) does not depend on the temperature, and
assuming that the pure pore diffusion with no any other type of interactions is responsible
for the solute transfer in the adsorbent particle, the temperature’s dependence of Dp must
follow the temperature’s dependence of Dp.

Basic dye. From all the combinations of dye-adsorbent examined up to now, the only one in
which Dp follows the temperature dependence of Dw is the combination of basic dye-Ch (ad‐
sorption of basic dye onto non-grafted chitosan). The value Dp/Dw = τ/ε is found to be tem‐
perature independent, suggesting that the actual transport mechanism is the pore diffusion
with no specific interactions between adsorbent and solute (τ/ε is found to be about 12). In‐
deed, Ch has amino and hydroxyl groups in its molecule, but smaller in number compared
to that of grafted chitosan. So, the relatively weak interactions between dye and adsorbent
(hydrogen bonding, van der Waals forces, pi-pi interactions, chelation) [72,76] do not drasti‐
cally affect the transportation/diffusion of dye. Taking into account that ε for chitosan deriv‐
atives ranges between 0.4 and 0.6, τ is calculated to be about 6; this is a reasonable value
located between the generally proposed value (τ=3) and the values that holds for micropo‐
rous solids as activated carbon (τ>10) [77]. On the contrary, the higher values of the Dp,
which were found in the case of grafted chitosan derivatives, indicate that the surface diffu‐
sion mechanism takes part. So, the fitting procedure must be repeated using the Dp values
calculated (as an approximation assuming similar geometric structures) for the non-grafted
chitosan (Ch) and searching for the Ds values that fits these data. Of course, a slight decrease
of τ/ε versus temperature, which was found for Ch, suggests that some surface diffusion is
still presented, but given the approximate nature of analysis, it is reasonable to ignore it. The
surface diffusivity extracted from the experimental data appears to exhibit smaller tempera‐
ture dependence than pore diffusivity. In surface diffusivity, the increase with temperature
is related to the enhancement of the thermal motion of the adsorbed molecules (proportional
to the absolute temperature), whereas in pore diffusivity the latter is related to the decrease
of the water viscosity. The surface diffusivity also increases with grafting as the density of
the adsorption sites increases. It is due to the fact that the larger density of adsorption sites
corresponds to the smaller site-to-site distance in the chitosan backbone, and consequently
to the higher probability of transition from one site to another.

Reactive dye. The situation (mechanism of diffusion) is different in the case of the reactive
dyes. It would be helpful to observe the relation of the structure of this type of dye and the
respective structure of the adsorbents used. The dye is composed of sulfonate groups [8],
and the adsorbents contain amino groups (the higher basicity of adsorbent, the stronger pro‐
tonation occurs at acidic conditions) [75]. So, the main adsorption mechanism of reactive
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non-uniform particles, a typical finite difference discretization (permitting arbitrarily dense
grid) is performed in the spatial dimension.

The model for adsorption by chitosan derivatives and how it fits to the above general ad‐
sorption model will be discussed next. The chitosan particles are homogeneous consisting of
swollen polymeric material. The basic (cationic) dyes are diffused in the swollen polymer
phase and are incorporated (adsorbed) on the polymer with the interaction of the amino and
hydroxyl groups [71]. In the case of reactive (anionic) dyes, the incorporation step is due to
strong electrostatic attraction [72]. The kinetics of the whole process have been modeled in
two distinct ways: based on diffusion [73] or based on the global chelation (or in general im‐
mobilization) reaction [75]. In the present study, the two modeling approaches are unified
by assuming a composite mechanism of diffusion in the water phase, adsorption-desorption
on the polymeric structure and diffusion on the polymeric structure (transition from one ad‐
sorption site to another). The system of equations for the above model is exactly the same,
but with different meaning for some symbols. In particular, εp is the liquid volume fraction
of the particle, Dp is again the liquid phase diffusivity of the adsorbate, and Ds is the diffu‐
sivity associated to the transition rate from one adsorption site to another. The function
G(C,q) denotes the rate of the reversible adsorption process (chelation reaction or electro‐
static attraction). The rest of the model development is exactly the same with that of the gen‐
eral porous solid, assuming that the form of the adsorption-desorption equilibrium isotherm
is that of extended Langmuir.

A very useful application to experimental data of the model described above is developed by
our research team [41]. The dye adsorbents were grafted chitosan beads with sulfonate groups
(abbreviated as Ch-g-Sulf), N-vinylimido groups (abbreviated as Ch-g-VID), and non-graft‐
ed beads (abbreviated as Ch). The tests were carried out both for reactive and basic dyes.

Although chitosan has a gel-like structure, the water molecules can be found in relatively
large regions, which can be characterized as pores with diameters of 30-50 nm for the pure
chitosan. The dye molecules which are diffused through these pores, are adsorbed-desorbed
on the pore walls and finally are diffused (transferred) from one adsorption site to the other.
All these phenomena are included to the kinetic model described in this study. There are
two unknown parameters, namely pore and surface diffusivity (Dp and Ds), which must be
found from the kinetic data. The simultaneous determination of both parameters requires
experimental data of intraparticle adsorbate concentration, which are not easily available.
Thus, the kinetic data can be fitted to the infinite pairs of Dp and Ds by keeping the value of
the one parameter fixed and calculating the value of the other one that fits the experimental
kinetic data.

At the first stage of model employment, the surface diffusion is ignored (setting Ds=0) and
the pore diffusivity is calculated and fitted to the experimental kinetic data. In order to make
the diffusion coefficients comparative, it is necessary to estimate the diffusivity of each dye
in the water (Dw) at the corresponding temperatures. The diffusivity in water are calculated
according to the Wilke-Chang correlation (molecular radius can be found by employing co‐
des like the BioMedCAChe 5.02 program by Fujitsu).
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The key point of the procedure developed here is to compare the effective pore diffusivity (Dp)
of the dye with its diffusivity in the water (Dw). This relation has the well known form [75]:

p w
εD = D
τ

(11)

where ε is the porosity (water volume fraction), and τ is the tortuosity of the adsorbent par‐
ticle. Given that the structure of the particle (ε,τ) does not depend on the temperature, and
assuming that the pure pore diffusion with no any other type of interactions is responsible
for the solute transfer in the adsorbent particle, the temperature’s dependence of Dp must
follow the temperature’s dependence of Dp.

Basic dye. From all the combinations of dye-adsorbent examined up to now, the only one in
which Dp follows the temperature dependence of Dw is the combination of basic dye-Ch (ad‐
sorption of basic dye onto non-grafted chitosan). The value Dp/Dw = τ/ε is found to be tem‐
perature independent, suggesting that the actual transport mechanism is the pore diffusion
with no specific interactions between adsorbent and solute (τ/ε is found to be about 12). In‐
deed, Ch has amino and hydroxyl groups in its molecule, but smaller in number compared
to that of grafted chitosan. So, the relatively weak interactions between dye and adsorbent
(hydrogen bonding, van der Waals forces, pi-pi interactions, chelation) [72,76] do not drasti‐
cally affect the transportation/diffusion of dye. Taking into account that ε for chitosan deriv‐
atives ranges between 0.4 and 0.6, τ is calculated to be about 6; this is a reasonable value
located between the generally proposed value (τ=3) and the values that holds for micropo‐
rous solids as activated carbon (τ>10) [77]. On the contrary, the higher values of the Dp,
which were found in the case of grafted chitosan derivatives, indicate that the surface diffu‐
sion mechanism takes part. So, the fitting procedure must be repeated using the Dp values
calculated (as an approximation assuming similar geometric structures) for the non-grafted
chitosan (Ch) and searching for the Ds values that fits these data. Of course, a slight decrease
of τ/ε versus temperature, which was found for Ch, suggests that some surface diffusion is
still presented, but given the approximate nature of analysis, it is reasonable to ignore it. The
surface diffusivity extracted from the experimental data appears to exhibit smaller tempera‐
ture dependence than pore diffusivity. In surface diffusivity, the increase with temperature
is related to the enhancement of the thermal motion of the adsorbed molecules (proportional
to the absolute temperature), whereas in pore diffusivity the latter is related to the decrease
of the water viscosity. The surface diffusivity also increases with grafting as the density of
the adsorption sites increases. It is due to the fact that the larger density of adsorption sites
corresponds to the smaller site-to-site distance in the chitosan backbone, and consequently
to the higher probability of transition from one site to another.

Reactive dye. The situation (mechanism of diffusion) is different in the case of the reactive
dyes. It would be helpful to observe the relation of the structure of this type of dye and the
respective structure of the adsorbents used. The dye is composed of sulfonate groups [8],
and the adsorbents contain amino groups (the higher basicity of adsorbent, the stronger pro‐
tonation occurs at acidic conditions) [75]. So, the main adsorption mechanism of reactive
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dyes onto chitosan is based on the strong electrostatic interactions between dissociated sul‐
fonate groups of the dye and protonated amino groups of the chitosan. Many studies con‐
firm that the above process is favored under acidic conditions, where the total “charge” of
chitosan adsorbent is more positive (due to the stronger protonation of amino groups at
acidic pH values) [78,79].

Proposing our diffusion concept, it is obvious from the experimental data that: (i) the tem‐
perature’s dependence of the coefficients Dp suggests that the transport mechanism is not
simply a pure diffusion through the pores, and (ii) the small values of Dp versus Dw set ques‐
tions about the existence of surface diffusivity. The above observations are compatible to the
nature of interactions between the reactive dye and the adsorbent, which is described above.
The strong electrostatic interaction in the adsorption sites inhibits the surface diffusion.
Moreover, the electrostatic forces have a relatively large region of action. Using as reference
the non-grafted chitosan (Ch), the existence of charges of opposite sign at the pore walls cre‐
ates a surface charge gradient in addition to the adsorbate gradient in the adsorbent particle.
This charge gradient drags the oppositely charged dye molecules inside the particle and
leads to enhanced effective pore diffusivity. This fact could completely explain the increase
of diffusivity related with the grafting groups (the more positively charged grafted groups,
the stronger attraction of negatively charged dye molecule). As the density of the adsorption
sites increases, the charge density in the particle increases, leading to higher effective pore
diffusivity values. The temperature’s dependence of this electrostatically facilitated diffu‐
sion process is weaker than that of the pure diffusion process. However, the opposite phe‐
nomenon is occurred in the case of sulfonate-chitosan derivative (Ch-g-Sulf), where the
surface charge is of the same sign as that of the dye molecule, inhibiting the diffusion proc‐
ess. The above concept of the adsorption process of reactive dyes on chitosan derivatives
suggests the development of models that take into account explicitly the electrostatic inter‐
action between dye and adsorbent, instead of considering them only by the modification,
which they create to the effective pore diffusivity Dp. Conclusively, by employing the phe‐
nomenological model based on the pair pore-surface diffusion for the transport of the dye in
the adsorbent particle information about the actual mechanism of adsorption and on interac‐
tion between adsorbent and adsorbate can be extracted.

4. Desorption conditions and Reuse

Chitosan adsorbents present considerable advantages such as their high adsorption capaci‐
ty, selectivity and also the facility of regeneration. The regeneration of the adsorbent may be
crucially important for keeping the process costs down and to open the possibility of recov‐
ering the pollutant extracted from the solution. For this purpose, it is desirable to desorb the
adsorbed dyes and to regenerate the chitosan derivative for another cycle of application.
Generally, the regeneration of saturated chitosan for non-covalent adsorption can be easily
achieved by using an acid solution as the desorbing agent. Researchers proposed to desorb
the dye from the beads by changing the pH of the solution [52,53] and they showed that the
beads could be reused five times without any loss of mechanical or chemical efficacy. The
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optimum pH of desorption was determined to be the contrast of the optimum of adsorption
[53]. Another study has shown the desorption capability of chitosan even at the same pH
conditions as those of adsorption [3]. In the same study, 10 cycles were achieved with no
significant loss of re-adsorption capacity (~5% loss between 1st and last cycle).

5. Conclusions

The treatment of industrial dyeing effluent that contains the large number of organic dyes
by adsorption process, using easily available low-cost adsorbents, is an interesting alterna‐
tive to the traditionally available aqueous waste processing techniques (chemical coagula‐
tion/flocculation, ozonation, oxidation, photodegradation, etc.). Undoubtedly, low-cost
adsorbents offer a lot of promising benefits for commercial purposes in the future. The dis‐
tribution of size, shape, and volume of voids species in the porous materials is directly relat‐
ed to the ability to perform the adsorption application. The comparison of adsorption
performance of different adsorbents depend not only on the experimental conditions and
analytical methods (column, reactor, and batch techniques) but also the surface morphology
of the adsorbent, surface area, particle size and shape, micropore and mesopore volume, etc.
Many researchers have made comparison between the adsorption capacities of the adsorb‐
ents, but they have nowhere discussed anything about the role of morphology of the adsorb‐
ent, even in case of the inorganic material where it plays a major role in the adsorption
process. The pH value of the solution is an important factor which must be considered dur‐
ing the designing of the adsorption process. The pH has two kinds of influences on dye: (i)
an effect on the solubility, and (ii) speciation of dye in the solution (it depends on dye class).
It is well known that surface charge of adsorbent can be modified by changing the pH of the
solution. The high adsorption of cationic or acidic dyes at higher pH may be due to the sur‐
face of adsorbent becomes negative, which enhances the positively charged dyes through
electrostatic force of attraction and vice versa in case of anionic or basic dyes. In case of chi‐
tosan-based materials, the literature reveals that maximum removal of dyes from aqueous
waste can be achieved in the pH range of 2-4. However, physical and chemical processes
such as drying, autoclaving, cross-linking reactions, or contacting with organic or inorganic
chemicals proposed for improving the sorption capacity and the selectivity. The production
of chitosan also involves a chemical deacetylation process. Chitosan is characterized by its
easy dissolution in many dilute mineral acids, with the remarkable exception of sulfuric
acid. It is thus necessary to stabilize it chemically for the recovery of dyes in acidic solutions.
Several methods have been developed to reinforce chitosan stability. The advantage of chi‐
tosan over other polysaccharides is that its polymeric structure allows specific modifications
without too many difficulties. The chemical derivatization of the polymer by grafting new
functional groups onto the chitosan backbone may be used to increase the adsorption effi‐
ciency, to improve adsorption selectivity, and also to decrease the sensitivity of adsorption
environmental conditions. It is interesting to note the relationships between physicochemi‐
cal properties and/or sources of chitosan and the dye-binding properties. Most of the prop‐
erties and potential of chitosan as adsorbent can be related to its cationic nature, which is
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dyes onto chitosan is based on the strong electrostatic interactions between dissociated sul‐
fonate groups of the dye and protonated amino groups of the chitosan. Many studies con‐
firm that the above process is favored under acidic conditions, where the total “charge” of
chitosan adsorbent is more positive (due to the stronger protonation of amino groups at
acidic pH values) [78,79].

Proposing our diffusion concept, it is obvious from the experimental data that: (i) the tem‐
perature’s dependence of the coefficients Dp suggests that the transport mechanism is not
simply a pure diffusion through the pores, and (ii) the small values of Dp versus Dw set ques‐
tions about the existence of surface diffusivity. The above observations are compatible to the
nature of interactions between the reactive dye and the adsorbent, which is described above.
The strong electrostatic interaction in the adsorption sites inhibits the surface diffusion.
Moreover, the electrostatic forces have a relatively large region of action. Using as reference
the non-grafted chitosan (Ch), the existence of charges of opposite sign at the pore walls cre‐
ates a surface charge gradient in addition to the adsorbate gradient in the adsorbent particle.
This charge gradient drags the oppositely charged dye molecules inside the particle and
leads to enhanced effective pore diffusivity. This fact could completely explain the increase
of diffusivity related with the grafting groups (the more positively charged grafted groups,
the stronger attraction of negatively charged dye molecule). As the density of the adsorption
sites increases, the charge density in the particle increases, leading to higher effective pore
diffusivity values. The temperature’s dependence of this electrostatically facilitated diffu‐
sion process is weaker than that of the pure diffusion process. However, the opposite phe‐
nomenon is occurred in the case of sulfonate-chitosan derivative (Ch-g-Sulf), where the
surface charge is of the same sign as that of the dye molecule, inhibiting the diffusion proc‐
ess. The above concept of the adsorption process of reactive dyes on chitosan derivatives
suggests the development of models that take into account explicitly the electrostatic inter‐
action between dye and adsorbent, instead of considering them only by the modification,
which they create to the effective pore diffusivity Dp. Conclusively, by employing the phe‐
nomenological model based on the pair pore-surface diffusion for the transport of the dye in
the adsorbent particle information about the actual mechanism of adsorption and on interac‐
tion between adsorbent and adsorbate can be extracted.

4. Desorption conditions and Reuse

Chitosan adsorbents present considerable advantages such as their high adsorption capaci‐
ty, selectivity and also the facility of regeneration. The regeneration of the adsorbent may be
crucially important for keeping the process costs down and to open the possibility of recov‐
ering the pollutant extracted from the solution. For this purpose, it is desirable to desorb the
adsorbed dyes and to regenerate the chitosan derivative for another cycle of application.
Generally, the regeneration of saturated chitosan for non-covalent adsorption can be easily
achieved by using an acid solution as the desorbing agent. Researchers proposed to desorb
the dye from the beads by changing the pH of the solution [52,53] and they showed that the
beads could be reused five times without any loss of mechanical or chemical efficacy. The
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optimum pH of desorption was determined to be the contrast of the optimum of adsorption
[53]. Another study has shown the desorption capability of chitosan even at the same pH
conditions as those of adsorption [3]. In the same study, 10 cycles were achieved with no
significant loss of re-adsorption capacity (~5% loss between 1st and last cycle).

5. Conclusions

The treatment of industrial dyeing effluent that contains the large number of organic dyes
by adsorption process, using easily available low-cost adsorbents, is an interesting alterna‐
tive to the traditionally available aqueous waste processing techniques (chemical coagula‐
tion/flocculation, ozonation, oxidation, photodegradation, etc.). Undoubtedly, low-cost
adsorbents offer a lot of promising benefits for commercial purposes in the future. The dis‐
tribution of size, shape, and volume of voids species in the porous materials is directly relat‐
ed to the ability to perform the adsorption application. The comparison of adsorption
performance of different adsorbents depend not only on the experimental conditions and
analytical methods (column, reactor, and batch techniques) but also the surface morphology
of the adsorbent, surface area, particle size and shape, micropore and mesopore volume, etc.
Many researchers have made comparison between the adsorption capacities of the adsorb‐
ents, but they have nowhere discussed anything about the role of morphology of the adsorb‐
ent, even in case of the inorganic material where it plays a major role in the adsorption
process. The pH value of the solution is an important factor which must be considered dur‐
ing the designing of the adsorption process. The pH has two kinds of influences on dye: (i)
an effect on the solubility, and (ii) speciation of dye in the solution (it depends on dye class).
It is well known that surface charge of adsorbent can be modified by changing the pH of the
solution. The high adsorption of cationic or acidic dyes at higher pH may be due to the sur‐
face of adsorbent becomes negative, which enhances the positively charged dyes through
electrostatic force of attraction and vice versa in case of anionic or basic dyes. In case of chi‐
tosan-based materials, the literature reveals that maximum removal of dyes from aqueous
waste can be achieved in the pH range of 2-4. However, physical and chemical processes
such as drying, autoclaving, cross-linking reactions, or contacting with organic or inorganic
chemicals proposed for improving the sorption capacity and the selectivity. The production
of chitosan also involves a chemical deacetylation process. Chitosan is characterized by its
easy dissolution in many dilute mineral acids, with the remarkable exception of sulfuric
acid. It is thus necessary to stabilize it chemically for the recovery of dyes in acidic solutions.
Several methods have been developed to reinforce chitosan stability. The advantage of chi‐
tosan over other polysaccharides is that its polymeric structure allows specific modifications
without too many difficulties. The chemical derivatization of the polymer by grafting new
functional groups onto the chitosan backbone may be used to increase the adsorption effi‐
ciency, to improve adsorption selectivity, and also to decrease the sensitivity of adsorption
environmental conditions. It is interesting to note the relationships between physicochemi‐
cal properties and/or sources of chitosan and the dye-binding properties. Most of the prop‐
erties and potential of chitosan as adsorbent can be related to its cationic nature, which is
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unique among abundant polysaccharides and natural polymers, and its high charge density
in solution.

The common adsorbent, commercially available activated carbon has good capacity for the
removal of pollutants. But its main disadvantages are the high price of treatment and diffi‐
cult regeneration, which increases the cost of wastewater treatment. Thus, there is a demand
for other adsorbents, which are of inexpensive material and do not require any expensive
additional pretreatment step. However,there is no direct answer to the question which adsorb‐
ent is better: chitosan (raw material, preconditioned chitosan, grafted or cross-linked chito‐
sans) or activated carbons? The best choice depends on the dye and it is impossible to determine
a correlation between the chemical structure of the dye and its affinity for either carbon or
chitosan. Each product has advantages and drawbacks. In addition, comparisons are diffi‐
cult because of the scarcity of information and also inconsistencies in data presentation.
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unique among abundant polysaccharides and natural polymers, and its high charge density
in solution.

The common adsorbent, commercially available activated carbon has good capacity for the
removal of pollutants. But its main disadvantages are the high price of treatment and diffi‐
cult regeneration, which increases the cost of wastewater treatment. Thus, there is a demand
for other adsorbents, which are of inexpensive material and do not require any expensive
additional pretreatment step. However,there is no direct answer to the question which adsorb‐
ent is better: chitosan (raw material, preconditioned chitosan, grafted or cross-linked chito‐
sans) or activated carbons? The best choice depends on the dye and it is impossible to determine
a correlation between the chemical structure of the dye and its affinity for either carbon or
chitosan. Each product has advantages and drawbacks. In addition, comparisons are diffi‐
cult because of the scarcity of information and also inconsistencies in data presentation.
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Textile Dyeing: Environmental Friendly Osage Orange
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Heba Mansour

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54410

1. Introduction

Dyeing was known as early as in the Indus Valley period (2600-1900 BC); this knowledge
has been substantiated by findings of colored garments of cloth and traces of madder dye in
the ruins of the Indus Valley Civilization at Mohenjodaro and Harappa. Natural dyes, dye‐
stuff and dyeing are as old as textiles themselves. Man has always been interested in colors;
the art of dyeing has a long past and many of the dyes go back into prehistory. It was prac‐
ticed during the Bronze Age in Europe. The earliest written record of the use of natural dyes
was found in China dated 2600 BC. [1-4] Primitive dyeing techniques included sticking
plants to fabric or rubbing crushed pigments into cloth. The methods became more sophisti‐
cated with time and techniques using natural dyes from crushed fruits, berries and other
plants, which were boiled into the fabric and which gave light and water fastness (resist‐
ance), were developed. After the accidental synthesis of mauveine by Perkin in Germany in
1856 and its subsequent commercialization, coal-tar dyes began to compete with natural
dyes. With advances in chemical techniques, the manufacture of synthetic dyes became pos‐
sible, leading to greater production efficiency in terms of quality, quantity and the potential
to produce low-cost raw materials. As a result, natural dyes were progressively replaced by
synthetic dyes, whereas over 80% of which is constituted of the aromatic azo type [5]. How‐
ever, researches have shown that synthetic dyes are suspected to release harmful chemicals
that are allergic, carcinogenic and detrimental to human health. In addition, textile indus‐
tries produce huge amounts of polluted effluents that are normally discharged to surface
water bodies and ground water aquifers. These wastes cause many damages to the ecologi‐
cal system of the receiving surface water, creating a lot of disturbance to the ground water
resources [6-9]. Therefore, in 1996, ironically Germany became the first country to ban cer‐
tain azo dyes [10].

© 2013 Mansour; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Mansour; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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The world-wide demand for fibers and safety dyes is increasing probably according to the
greater awareness of the general consumers in the USA, Europe and Japan towards the
highly pollutant procedures affecting fiber and textile coloration when using synthetic dyes
which act as a sources of skin cancer, disorders and allergic contact dermatitis [11]. There‐
fore, interest in returning back to natural dyes as synthetic dyes substitute has increased
considerably on account of their high compatibility with environment, relatively low toxici‐
ty and allergic effects, as well as availability of various natural coloring sources such as from
plants, insects, minerals and fungi [12]

Natural dyes can be obtained from plants, animals and minerals, producing different colors
like red, yellow, blue, black, brown and a combination of these. For technical application of
natural dyes, a number of requirements have to be fulfilled;

Most problems are derived from technical demands, for example:

• adaptation of traditional dyeing processes on modern equipment [13]

• supply of dye-houses with the required amount of plant material [13]

• standardization of extraction and dyeing of the plant material [14]

• selection of plant material and processes that yield products with acceptable fastness
properties [14]

From an industrial point of view it would be easier to resort to extracts despite there is at
present no definite answer to this prospective solution. The simplest extract would be a wa‐
tery one although not all the dye pigments are water-soluble. Use of organic solvents might
give rise to extracts which are not completely water-soluble [15], provided that the solvent
chosen guarantees a series of properties as follows:

• Its extraction capacity is extremely high for practically all the natural pigments present in
the raw materials of interest.

• Its boiling temperature and latent heat of vaporization is quite low to allow its separation
at low temperatures with minimum energy consumption;

• Its reactivity with colors and pigments is insignificant to avoid any loss in the color quali‐
ty [15].

Natural dyes are substantive and require a mordant to fix to the fabric, and prevent the col‐
or from either fading with exposure to light or washing out. These compounds aid a chemi‐
cal reaction between the dye and the fiber, so that the dye is absorbed. Traditionally,
mordants were found in nature. Wood ash or stale urine may have been used as an alkali
mordant, and acids could be found in acidic fruits or rhubarb leaves.

There are three types of mordant: i) Metallic mordants; Metal salts of aluminium, chromium,
iron, copper and tin, ii) Tannins; Myrobalan and sumach, iii) Oil mordants; mainly used in
dyeing Turkey red color from madder by forming a complex with alum.

In order to obtain high color yield, different shades and good fastness properties, metallic salt
mordants are normally employed [16]. The application of mordants for dye fixation was carried
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out by three methods; i- Pre-mordanting; dipping the fabric in the mordant solution before dye‐
ing, ii- Simultaneous mordanting; addition of mordant in the dye bath during the dyeing, and
iii- post mordanting; dipping the fabric in the mordant solution after dyeing [17].

Osage orange (Maclura pomifera) is a tree in the Moraceae family [18]. The common name is
derived from its fruit, which resembles the shape of an orange, and from the fact that its
hardwood was used by the Osage Indian tribe to make bows. It is native to Southern Okla‐
homa and Northern Texas, and is planted throughout the United States. Several compounds
have been isolated and identified in various parts of this tree namely, isoflavonoids from the
fruit, flavonols and xanthones from the heartwood and stem bark, and flavanones and xan‐
thones from the root bark [19] It contains lectins, triterpenes, xanthones and flavone-type
compounds such as Scandenone and auriculasin as shown in Figure 1 [20] Two predomi‐
nant isoflavones, pomiferin and osajin, are derived from the simple isoflavone genistein by
prenyl substitutions [21] as shown in Figure 2.

Figure 1. Chemical structures of scandenone (I) and auriculasin (II)

Figure 2. Chemical structures of Osajin (i) and pomiferin (ii)
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The compounds, osajin, iso-osajin, pomiferin, and iso-pomifcrin have been characterized
and their chemical structures determined. They are isoflavones with the following structures
as shown in Figure 3. [19, 21].

Figure 3. Chemical Structure of iso-pomifcrin

As well as Osage orange was applied as an eco-friendly dye acting as one of the environ‐
mental problems solutions. New concepts in the cleaner production are being evaluated to
solve the high water and energy consumption in textile industries.

The use of ultrasonic as a renewable source of energy in textile dyeing has been increased
due to many advantages associated with it [22-25]. Ultrasonic energy represents a promising
technique for assisting silk treatment, dyeing, and mordanting processes in comparison with
the conventional heating technique. Sonic energy succeeded in accelerating the rate of, dye‐
ing, and mordanting at lower temperatures rather than the conventional heating technique

Therefore, the present investigation was aimed at identifying the most appropriate leaching
solvent for Osage orange pigments to produce an optimum concentrated extract used for
dyeing protein fibers; silk and wool fabrics. This has been carried out ultrasonically in com‐
parison with the classical thermal method, using water, in addition to the co-solvents of wa‐
ter-acetone, and water-ethanol mixtures at different concentrations, temperature and time
intervals. The optimum condition of the efficiency of ultrasonic assisted dyeing and mor‐
danting methods of Osage orange extraction on the quality of the dyed protein based mate‐
rials were determined

2. Experimental

2.1. Materials

Degummed and bleached plain Habotain silk fabric, and 100% mill scoured wool fabric pur‐
chased from Sherazad Com. New Zealand, were further washed with a solution containing
0.5 g/L of sodium carbonate and 2 g/L of non-ionic detergent (Nonidet ® P 40 Substitute
purchased from Sigma- Aldrich NZ. Ltd.), keeping the material to liquor ratio at 1:50, for 30
min. at 40-45oC. The scoured materials were thoroughly washed and dried at ambient tem‐
perature. [23]
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An analytical grade alum and the commercially cream of tartar were used as mordantas.

2.2. Pigment leaching and estimation of extraction yields

To select the best solvent for Osage orange, distilled water and other co-solvents, such as
water-acetone, and water- ethanol mixtures all of analytical grade, were tested at concentra‐
tions of 10% v/v. 2 g of Osage orange powder (Hands Ashford NZ, LTD, ChristChurch, NZ)
was suspended in 20 cm3 of solvent, and in thermostatic as well ultrasonic baths at 60 ◦C, for
120 min. Once water-acetone co-solvent, and ultrasonic assisted extraction were chosen as
the preferable technique of extraction, 10 % w/v Osage orange powder, dissolved in (2.5- 25)
% v/v acetone, at (25- 60) oC, for 30- 120 min, were carried out to determine the standardiza‐
tion method of extraction. [24]

2.3. Dyeing and mordanting

1 % Osage orange extract was filtered and used as a dyeing bath. Silk and wool samples
were added to the extract, and the dyeing parameters were studied ultrasonically keeping
the material to liquor ratio at L: R of 1:30, for time intervals varied between 30- 120 min, at
temperatures from 30-60oC. In terms of the pH used for dyeing; the pH values ranging from
(3-11) were carried out to control the dye uptake.

On studying the mordanting methods, the optimum concentration of 8% w/v Osage orange
extract was carried out. Stock solutions of 50 gm/ l alum and 25 g/l mixture of each of alum
and cream of tartar were prepared. Two different methods of mordanting were used: (1)
pre-mordanting method: the samples were first mordanted and then dyed without inter‐
mediate washing; and (2) post-mordanting method: the samples were first dyed and then
mordanted. Ultrasonic assisted mordanting was carried out in comparison with the conven‐
tional heating method at 50-60oC, for 90 min, at pH 5. samples were rinsed, washed with 0.5
g/L sodium carbonate and 2 g/L of non-ionic detergent at 40-45oC for 30 min, keeping the
material to liquor ratio at 1:50. Finally washed with water, and dried at ambient tempera‐
ture. [23, 26, 27]

2.4. Measurements

Dyestuff content of the dyed fabrics was determined according Kubelka–Munk equation
[28] using Cary 100 UV-Vis Spectrophotometer

f (R)= (1 − R)2

2R = k
s

R is the absolute reflectance of the sampled layer, K is the molar absorption coefficient and s
is the scattering coefficient.

After which the samples were tested for color fastness to light and washing according to
AATCC107-1997 [29] The CIE-Lab values of the dyeings were measured and the cylindrical
co-ordinates of color were determined after exposure to arc lamp irradiation for 1, 2, 4, 6, 24,
48, and 72 hrs. The colors are given in an internationally commission (CIE L*a*b*) coordi‐
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nates, L* corresponding to brightness, a* to red–green coordinate (positive sign = red, nega‐
tive sign = green) and b* to yellow–blue coordinate (positive sign = yellow, negative sign =
blue). [30-32].

ΔE*ab =  {(ΔL * )2 +  (Δa * )2 +  (Δb * )2}1/2

3. Results and discussion

3.1. Extraction parameters

Extraction was carried out by water, water-acetone, and water-ethanol mixtures at 25-60 ◦C
for 30-120 min. The ultrasonic efficiency had been determined simultaneously with extrac‐
tion parameters, and compared with the conventional heating method. The yield coefficients
of co-solvents were definitively greater than water, with much higher values in case of ultra‐
sonic. Water-acetone mixture was found to be the most selective co- solvent followed by wa‐
ter-ethanol. As shown in Figures [4, 5] water-acetone mixture released over 32% of the total
dye absorbency, exhibiting 21% of the total color strength when dyeing the woolen sample.
Water-ethanol extracted 27% dye and exhibited 19% color strength, while water extracted
less than 21% dye, and exhibited 16% color strength. This was relative to [10, 6, and 4] % of
absorbance and [18, 15, and 11] % color strength respectively with the co-ordinate solvents
when using the conventional heating method.

Figure 4. Effect of solvents on the absorbency of Osage orange powder using the conventional [CH] and ultrasonic
[US] assisted extraction

Figures 6, 7 and 8 showed the absorption, and color strength values of Osage orange pow‐
der extracted by acetone at different concentrations of (2.5 – 25) % v/v at temperatures from
25-60o C, for time intervals varied between 30-120 min.

The maximum values were achieved with 20 % v/v acetone at 60o C, for 60 min. The extrac‐
tion parameters affected the color strength and are influenced by the properties of solvents
such as, the dipole moment, dielectric constant, and refractive index values.
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Figure 5. Effect of solvents on the color strength of Osage orange dyed wool using the conventional [CH] and ultra‐
sonic [US] assisted extraction
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Figure 6. Effect of acetone concentration on the absorbency and color strength of Osage orange dyed wool using
ultrasonic assisted extraction

The solvent polarity can change the position of the absorption or emission band of mole‐
cules by solvating a solute molecule or any other molecular species introduced into the sol‐
vent matrix [33]. By the way, dye molecules are complex organic molecules which might
carry charge centers and are thus prone to absorption changes in various media [33, 34]

Acetone acts as the non hydrogen-bond donating solvents (also called as non-HBD type of
solvents), while water and ethanol are the hydrogen-bond donating solvents (also called as
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when using the conventional heating method.

Figure 4. Effect of solvents on the absorbency of Osage orange powder using the conventional [CH] and ultrasonic
[US] assisted extraction

Figures 6, 7 and 8 showed the absorption, and color strength values of Osage orange pow‐
der extracted by acetone at different concentrations of (2.5 – 25) % v/v at temperatures from
25-60o C, for time intervals varied between 30-120 min.

The maximum values were achieved with 20 % v/v acetone at 60o C, for 60 min. The extrac‐
tion parameters affected the color strength and are influenced by the properties of solvents
such as, the dipole moment, dielectric constant, and refractive index values.
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Figure 5. Effect of solvents on the color strength of Osage orange dyed wool using the conventional [CH] and ultra‐
sonic [US] assisted extraction
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Figure 6. Effect of acetone concentration on the absorbency and color strength of Osage orange dyed wool using
ultrasonic assisted extraction

The solvent polarity can change the position of the absorption or emission band of mole‐
cules by solvating a solute molecule or any other molecular species introduced into the sol‐
vent matrix [33]. By the way, dye molecules are complex organic molecules which might
carry charge centers and are thus prone to absorption changes in various media [33, 34]

Acetone acts as the non hydrogen-bond donating solvents (also called as non-HBD type of
solvents), while water and ethanol are the hydrogen-bond donating solvents (also called as

Textile Dyeing: Environmental Friendly Osage Orange Extract on Protein Fabrics
http://dx.doi.org/10.5772/54410

213



HBD type solvents) [33]. The absorbency values of Osage orange in these solvents are given
in Figure 4, 5. It can noted from this figure that the absorption maximum of the extract is
affected by the solvent type, thus the change in values can be noted as a probe for various
types of interactions between the solute and the solvent.

Water and ethanol are considered as polar protic solvents, their polarity stems from the
bond dipole of the O-H bond, whereas the large difference in the electro- negativities of the
oxygen and hydrogen atom, combined with the small size of the hydrogen atom, warrant
separating the Osage orange molecules that contain the OH groups from those polar com‐
pounds that do not. On the other hand acetone considered as dipolar aprotic solvent, con‐
taining a large multiple bond between carbon and either oxygen or nitrogen e.g. C-O double
bond. [33-35].

Although water has the highest dielectric constant among ethanol and acetone solvents, its
extraction demonstrated the lowest value of absorbency. This might due to the formation of
strong hydrogen bond between the dyes extract and water molecules [33-35].
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Figure 7. Effect of ultrasonic assisted extraction time on the absorbency of Osage orange at different temperatures
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Figure 8. Effect of ultrasonic assisted extraction time on the color strength of Osage orange dyed wool at different
temperatures

The dye absorbance is also influenced by the presence of co-solvents. Water-acetone mixture
exhibited the highest value of absorbance, followed by the second water-ethanol mixture. In
case water-acetone, the salvation of extract is non-HBD type of solvent mainly occurs through
charge-dipole type of interaction, whereas in HBD type of solvent, the interaction also occurs by
hydrogen bonding besides the usual ion-dipole interaction. In this situation, the methyl groups
of acetone are responsible for the solvation of the dye extract. Thus, decreasing the amount of
non-HBD acetone solvent “concentration” increasing the amount of HBD solvent (water) shall
break these interactions with the dye molecule, thereby decreasing the value of absorbance.
Water-ethanol mixtures belong to HBD type of solvents, whereas the dye cation is preferential‐
ly solvated by the alcoholic component in all mole fractions in aqueous mixtures with ethanol. It
is well known that water makes strong hydrogen-bonded nets in the water-rich region, which
are not easily disrupted by the co-solvent [33, 34]. This can explain the strong preferential salva‐
tion by the alcoholic component in this region since water preferentially interacts with itself
rather than with the dye. In the alcohol-rich region, the alcohol molecules are freer to interact
with the water and with the dye, since their nets formed by hydrogen bonds are weaker than in
water. In this situation, the alcohol molecules can, to a greater or lesser extent, interact with wa‐
ter through hydrogen bonding [33-35]

Wool fiber is considered as relatively easy fiber to dye, the ease with which the polymer sys‐
tem of wool will take in dye molecules is due to polarity of its polymer and its amorphous
nature. The polarity will readily attract any polar Osage orange molecules and draw them
into the polymer system. The studies of wool dyeing process have been in two distinct theo‐
ries (The Gilbert- Rideal's and Donnan theories). The Gilbert and Rideal theory based on
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The dye absorbance is also influenced by the presence of co-solvents. Water-acetone mixture
exhibited the highest value of absorbance, followed by the second water-ethanol mixture. In
case water-acetone, the salvation of extract is non-HBD type of solvent mainly occurs through
charge-dipole type of interaction, whereas in HBD type of solvent, the interaction also occurs by
hydrogen bonding besides the usual ion-dipole interaction. In this situation, the methyl groups
of acetone are responsible for the solvation of the dye extract. Thus, decreasing the amount of
non-HBD acetone solvent “concentration” increasing the amount of HBD solvent (water) shall
break these interactions with the dye molecule, thereby decreasing the value of absorbance.
Water-ethanol mixtures belong to HBD type of solvents, whereas the dye cation is preferential‐
ly solvated by the alcoholic component in all mole fractions in aqueous mixtures with ethanol. It
is well known that water makes strong hydrogen-bonded nets in the water-rich region, which
are not easily disrupted by the co-solvent [33, 34]. This can explain the strong preferential salva‐
tion by the alcoholic component in this region since water preferentially interacts with itself
rather than with the dye. In the alcohol-rich region, the alcohol molecules are freer to interact
with the water and with the dye, since their nets formed by hydrogen bonds are weaker than in
water. In this situation, the alcohol molecules can, to a greater or lesser extent, interact with wa‐
ter through hydrogen bonding [33-35]

Wool fiber is considered as relatively easy fiber to dye, the ease with which the polymer sys‐
tem of wool will take in dye molecules is due to polarity of its polymer and its amorphous
nature. The polarity will readily attract any polar Osage orange molecules and draw them
into the polymer system. The studies of wool dyeing process have been in two distinct theo‐
ries (The Gilbert- Rideal's and Donnan theories). The Gilbert and Rideal theory based on
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Langmuir's theories of surface adsorption [36], in which the activity coefficient of Osage or‐
ange extract ions adsorbed into the wool phase are reduced due to specific binding with
sites on wool, which is the formation of ion pairs. This theory proposed that dyeing process
is an anion exchange process, in which the Osage orange extract molecules displace smaller
anions, depending on four steps: a) diffusion to fiber surface, b) transfer across that surface,
c) diffusion within to appropriate "sites" and d) binding at those sites. On the other hand,
according to the Donnan equilibrium theory, the Osage orange extract was considered to
partition between the external solution and internal solution phase in the wool. The later
phase is believed to contain a high concentration of fixed ionic groups, and hence solute
molecules have reduced activity co-efficient in that phase due to coulombic interaction be‐
tween the anionic groups (OH) in fact: O- of Osage orange extract and the protonated amino
groups of wool. [36]
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Figure 9. Effect of Osage orange concentration (w/v)%, extracted ultrasonically in 20 % water/ acetone co-solvent at
60 oC for 90 min, on the color strength of silk and wool samples.

Higher color depth was expected from an increase in the extract concentration and the use
of high concentrations of mordant [37]

To study the possibility of forming concentrated extracts, different amounts of Osage orange
bark powder (1-10) g were extracted per the optimized 20 % water/ acetone co-solvent. The
dyeing process was carried out on silk and wool samples at a liquor ratio of L: R 1:20, for 60
min. at 60 oC. It was noted that, the use of more concentrated extracts resulted in somewhat
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an increase in color depth; whereas the maximum color depth was achieved with 8% w/v
powder on both fabrics as shown in Figure 9. The relative high K/S values for dyeings can
be explained with the high amount of bark extracted for this series of dyeing experiments.

3.2. Dyeing parameters

Dyeing temperature and time are important parameters influencing the quality of the dyed
silk and wool samples. It is well known that dyeing at high temperature for a long time
tends to decrease the fabric strength. [36-38] Therefore, it was proffered to dye the samples
ultrasonically at temperatures ranging from 30 to 60 °C, relative to the dyeing time that was
studied from 30 to 120 mins.

As shown in Figures 10 and 11, it is clear that the standard parameters of dyeing temperature
and time were achieved after 90 mins, at 40 – 50 o C, and 50-60 o C in case of silk and wool respec‐
tively, where the color strength increases with the increase in dyeing temperature.

Generally, the increase in dye-uptake can be explained by the fiber swelling which enhanced
the dye diffusion. [37] The effect of dyeing time was conducted to reveal the effect of power
ultrasonic on the de-aggregation of dye molecules in the dye bath. It was denoted that the
color strength obtained increased as the time increased. The decline in the dye-ability may
be attributed to the hydrolytic decomposition of the extract molecules under the influence of
sonic energy during prolonged dyeing. [38]
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Figure 10. Effect of dye bath temperature at different time intervals on the color strength of silk samples dyed ultra‐
sonically with 1% (w/v) Osage orange extract.
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phase is believed to contain a high concentration of fixed ionic groups, and hence solute
molecules have reduced activity co-efficient in that phase due to coulombic interaction be‐
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an increase in color depth; whereas the maximum color depth was achieved with 8% w/v
powder on both fabrics as shown in Figure 9. The relative high K/S values for dyeings can
be explained with the high amount of bark extracted for this series of dyeing experiments.

3.2. Dyeing parameters

Dyeing temperature and time are important parameters influencing the quality of the dyed
silk and wool samples. It is well known that dyeing at high temperature for a long time
tends to decrease the fabric strength. [36-38] Therefore, it was proffered to dye the samples
ultrasonically at temperatures ranging from 30 to 60 °C, relative to the dyeing time that was
studied from 30 to 120 mins.

As shown in Figures 10 and 11, it is clear that the standard parameters of dyeing temperature
and time were achieved after 90 mins, at 40 – 50 o C, and 50-60 o C in case of silk and wool respec‐
tively, where the color strength increases with the increase in dyeing temperature.

Generally, the increase in dye-uptake can be explained by the fiber swelling which enhanced
the dye diffusion. [37] The effect of dyeing time was conducted to reveal the effect of power
ultrasonic on the de-aggregation of dye molecules in the dye bath. It was denoted that the
color strength obtained increased as the time increased. The decline in the dye-ability may
be attributed to the hydrolytic decomposition of the extract molecules under the influence of
sonic energy during prolonged dyeing. [38]
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Figure 11. Effect of dye bath temperature at different time intervals on the color strength of wool samples dyed ultra‐
sonically with 1% (w/v) Osage orange extract

As shown in Figures 12 and 13 the pH values of the dye bath, have a considerable effect on
the dyeability of silk and wool fabrics with Osage orange extract under ultrasonic. As the
pH increases the dyeability, decreases. The effect of dye bath pH can be attributed to the
correlation between dye structure and the protein based materials.

Since the used dye is a water-soluble dye containing hydroxyl groups, it would interact ion‐
ic-ally with the protonated terminal amino groups of silk and wool fibers at acidic pH via
ion exchange reaction.

The anion of the dye has a complex character, and when it is bound on fiber, further kinds
of interactions take place together with ionic forces. This ionic attraction would increase the
dye-ability of the fiber as clearly observed in Figures 12 and 13. At pH greater than 5, the
ionic interaction between the hydroxyl anion of the dye and the protein fibers decreases due
to the decreasing number of protonated terminal amino groups of silk and wool and thus
lowering their dye-ability. It is to be mentioned that the lower dye-ability may be attributed
to the enhanced desorption of the dye as its ionic bond is getting decreased [36].
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Figure 12. Effect of the dye bath pH on the color strength and wave length of silk samples dyed ultrasonically with
1% Osage orange at 40-50oC for 90 min.
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Figure 13. Effect of the dye bath pH on the color strength and wave length of woolen samples dyed ultrasonically
with 1% Osage orange at 50-60 oC for 90 min.

3.3. Mordanting methods & colour properties

As shown in Figures 14 and 15, ultrasonic [US] assisted mordanting method possesses a re‐
markable improvement in the color strength, in comparison with the classical thermal meth‐
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As shown in Figures 12 and 13 the pH values of the dye bath, have a considerable effect on
the dyeability of silk and wool fabrics with Osage orange extract under ultrasonic. As the
pH increases the dyeability, decreases. The effect of dye bath pH can be attributed to the
correlation between dye structure and the protein based materials.

Since the used dye is a water-soluble dye containing hydroxyl groups, it would interact ion‐
ic-ally with the protonated terminal amino groups of silk and wool fibers at acidic pH via
ion exchange reaction.

The anion of the dye has a complex character, and when it is bound on fiber, further kinds
of interactions take place together with ionic forces. This ionic attraction would increase the
dye-ability of the fiber as clearly observed in Figures 12 and 13. At pH greater than 5, the
ionic interaction between the hydroxyl anion of the dye and the protein fibers decreases due
to the decreasing number of protonated terminal amino groups of silk and wool and thus
lowering their dye-ability. It is to be mentioned that the lower dye-ability may be attributed
to the enhanced desorption of the dye as its ionic bond is getting decreased [36].
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3.3. Mordanting methods & colour properties

As shown in Figures 14 and 15, ultrasonic [US] assisted mordanting method possesses a re‐
markable improvement in the color strength, in comparison with the classical thermal meth‐
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od [CH]. The obtained dyeings are governed by the descending dyeing sequence, and can be
ranked as follows: pre-mordanting with a mixture of alum and cream of tartar followed by
dyeing > post mordanting with alum > post mordanting with a mixture of alum and cream
of tartar > premordanting with alum > unmordanted samples.

Silk and wool fabrics are highly receptive to mordants due to their amphoteric nature; they
can absorb acids and bases with equal effectiveness. Mordants during natural dyeing, exhib‐
its fast color due to their complex formation with the dye and fiber [27, 38]

12.5
13

13.5
14

14.5
15

15.5
16

16.5
17

Bl
an

k

al
um

*

al
um

+c
re

am
of

 ta
rta

r*

al
um

**

al
um

+c
re

am
of

 ta
rta

r*
*

Mordant type and mordanting method

K
/S

CH US

Figure 14. Effect of mordant and mordanting method on the color strength of silk dyeings

It is clear that: (i) pre-mordanting with the nominated mordant brings about a significant en‐
hancement in the K/S values of the obtained dyeings. (ii) the extent of improvement is gov‐
erned by the physical and chemical states of the dye and degree of fixation, (iii)
premordanting followed by dyeing gives dyeings with better fastness properties than those
dyed without mordant and mordanting after dyeing (iv) the improvement in the dyeings
color strength and fastness, reflects higher extent of dye adsorption, interaction and bridg‐
ing with the pre-mordanted substrate via different conjugated bonds [27]

The low color strength in post-mordanting condition is due to the accumulation of the metal
dye complex in form of clusters. [39]. The high aluminum content might provide useful eco-
friendly chelating with Osage orange molecules presented in the extract that might resist
their hydrolysis by water. [39]

The commercial cream of tartar (Potassiun Bitartrate) contains a small percentage of calcium
tartrate is frequently employed as a mordant for wool. [40]. In this study it was recommend‐
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ed to apply cream of tartar with alum as preferable mordant to get good strong colors as
discussed previously. It helps to soften fibers when alum is used, and can also help brighten
the yellow color with good levelness. [40]
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Figure 15. Effect of mordant and mordanting method on the color strength of wool dyeings

Sonic energy succeeded in accelerating the rate of mordanting at lower temperatures rather
than the conventional heating technique. The exhibited improvement was generally attribut‐
ed to the acoustic cavitation, which is the formation of gas-filled micro-bubbles or cavities in
a liquid media, producing implosive collapse, which often forming fast-moving liquid jets,
where large increases in temperature and pressure are generated. The micro-jets increase the
diffusion of solute inside the intermediate spaces of silk and wool fabrics facilitate the de-
aggregation of Osage orange molecules in the dye bath and thus increase the dye diffusion
rate, and penetration through the fibers. [22-24, 41]

A variety of color hues were obtained with respect to the mordant. It was observed from the
color fastness data that the extracted dye from Osage orange furnished different color hues
with very good affinity for silk and wool fabrics in presence of alum and cream of tartar
mordant as illustrated in Tables 1 and 2. The color intensity reached its highest value when
the fabrics treated with a mixture of alum and cream of tartar. The brightness of the shades
on the dyed samples might be due to the better absorption of Osage orange extract and the
easy metal complex formation of mordant with the fibers. Data represented good to very
good fastness to washing, because the mordant lead to the formation of a complex dye
which aggregates the dye molecules into a large particles insoluble in water. Control sam‐
ples exhibited poor fastness to washing due to the weak dye- fiber bond, and the ionization
of the (OH) groups of the dye during washing under the alkaline condition. [42-45]
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It is clear that: (i) pre-mordanting with the nominated mordant brings about a significant en‐
hancement in the K/S values of the obtained dyeings. (ii) the extent of improvement is gov‐
erned by the physical and chemical states of the dye and degree of fixation, (iii)
premordanting followed by dyeing gives dyeings with better fastness properties than those
dyed without mordant and mordanting after dyeing (iv) the improvement in the dyeings
color strength and fastness, reflects higher extent of dye adsorption, interaction and bridg‐
ing with the pre-mordanted substrate via different conjugated bonds [27]

The low color strength in post-mordanting condition is due to the accumulation of the metal
dye complex in form of clusters. [39]. The high aluminum content might provide useful eco-
friendly chelating with Osage orange molecules presented in the extract that might resist
their hydrolysis by water. [39]

The commercial cream of tartar (Potassiun Bitartrate) contains a small percentage of calcium
tartrate is frequently employed as a mordant for wool. [40]. In this study it was recommend‐
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ed to apply cream of tartar with alum as preferable mordant to get good strong colors as
discussed previously. It helps to soften fibers when alum is used, and can also help brighten
the yellow color with good levelness. [40]
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Sonic energy succeeded in accelerating the rate of mordanting at lower temperatures rather
than the conventional heating technique. The exhibited improvement was generally attribut‐
ed to the acoustic cavitation, which is the formation of gas-filled micro-bubbles or cavities in
a liquid media, producing implosive collapse, which often forming fast-moving liquid jets,
where large increases in temperature and pressure are generated. The micro-jets increase the
diffusion of solute inside the intermediate spaces of silk and wool fabrics facilitate the de-
aggregation of Osage orange molecules in the dye bath and thus increase the dye diffusion
rate, and penetration through the fibers. [22-24, 41]

A variety of color hues were obtained with respect to the mordant. It was observed from the
color fastness data that the extracted dye from Osage orange furnished different color hues
with very good affinity for silk and wool fabrics in presence of alum and cream of tartar
mordant as illustrated in Tables 1 and 2. The color intensity reached its highest value when
the fabrics treated with a mixture of alum and cream of tartar. The brightness of the shades
on the dyed samples might be due to the better absorption of Osage orange extract and the
easy metal complex formation of mordant with the fibers. Data represented good to very
good fastness to washing, because the mordant lead to the formation of a complex dye
which aggregates the dye molecules into a large particles insoluble in water. Control sam‐
ples exhibited poor fastness to washing due to the weak dye- fiber bond, and the ionization
of the (OH) groups of the dye during washing under the alkaline condition. [42-45]
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Sampls L* a* b* Wash fastness Light fastness

Blank US 54.12 4.71 49.2 3 5

alum* CH 50.95 3.57 43.37 3-4 5-6

alum* US 55.05 3.56 51.67 4 6

Alum + cream of tartar * CH 50.57 3.81 37.31 4 6-7

Alum + cream of tartar * US 50.29 6.43 44.8 4 6-7

alum** CH 54.45 4.83 48.08 3-4 6

alum** US 54.99 5.40 52.12 3-4 6

Alum + cream of tartar ** CH 53.01 3.96 38.21 3-4 6

Alum + cream of tartar ** US 52.75 5.52 47.49 3-4 6

Table 1. The CIELab values and fastness properties of Osage orange dyed silk

Sample L* a* b* Wash fastness Light fastness

Blank US 68.97 - 0.02 55.19 3 5

alum* CH 65.07 - 0.59 60.08 3-4 5-6

alum* US 67.46 - 2.93 62.40 4 6

Alum + cream of tartar * CH 65.43 - 0.14 56.89 4 6-7

Alum + cream of tartar * US 64.11 - 1.14 52.60 4 6-7

alum** CH 64.61 0.68 62.40 3-4 6

alum** US 64.71 1.56 58.98 3-4 6

Alum + cream of tartar ** CH 64.54 0.40 60.72 3-4 6

Alum + cream of tartar ** US 65.03 1.23 55.29 3-4 6

Table 2. The CIELab values and fastness properties of Osage orange dyed wool
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In the light fastness test, mordanted colored samples exhibited better light fastness relative
to the control ones. This may be due to: i) the aluminum metal in alum mordant protects,
both by the steric and electronic effects of the weak point in the dye structure from attack by
means of the reactive species during photochemical reaction, in addition ii) the aluminum
metal in alum mordant promotes aggregation of the dye. By the way, the poor light fastness
is due to the inherent susceptibility of the dye chromophore to the photochemical degrada‐
tion. [46-51]

The colorimetric data indicated the depth and natural tone of the control and mordanted
dyed samples. The L* values were found to be lower using alum and cream of tartar as mor‐
dant corresponding to deeper shades. The L* values were found to be higher in case of un‐
mordanted dyed samples corresponding to lighter shades. Similarly, by using alum as
mordant the L* values were also higher corresponding to lighter shades. The higher values
of a* and b* indicated the brightness, representing the redness and yellowness hues respec‐
tively. As a result, alum and cream of tartar might be effectively used as mordant for Osage
orange extract.

The light fading of the dyed samples was recorded in terms of the color difference (ΔE) as
shown in Figures 16-20. It was denoted that sonic energy assisted alum and cream of tartar
mordanting method, exhibited a lower degree of fading in comparison with the convention‐
al heating and the application alum mordant in absence of cream of tartar, whereas the pre-
mordanting method appears to be preferred having a great efficiency in lowering the degree
of fading in comparison with the post mordanting

The dye physical state is generally important than the chemical structure in determining the
color fastness on fibers. (31). It was recognized that the light fastness of many dyed systems
has been found to increase with the increase dye concentration applied to the substrate [50].

The fiber swelling was increased with ultrasonic technique due to the sonic energy which i)
improves the diffusion and penetration of the dye and mordant molecules inside the pores
of the fabric, and ii) the fast breaking-down of the dye molecules, which became much more
smaller in size and thus fully dispersed with much higher amount in the dyed samples rela‐
tive to the samples subjected to the conventional heating method, resulted in, the lower de‐
gree of fading in case of ultrasonic assisted dyeing and mordantinting processes. [22-25, 41]

Mixture of alum and cream of tartar mordant renders the dye more bonded and more aggre‐
gated onto fibers, therefore the surface area of the dye accessible to light is reduced, and
thereby the dye fades at lower degree with nearly constant rate of fading.

Aluminum ions apparently produce metal chelates with improved the overall fastness prop‐
erties. This either could be evidence of the aggregation of dye molecules within the fiber or
perhaps of the formation of dye-metal chelates that forms grater stability of the dye mole‐
cules when co-ordinated with the complex aluminum metal atom that might form quite
large aggregates giving the highest light fast with the lowest fading degree. [23, 51], resulted
in, the low and nearly constant fading rate in case of the mordanted samples.
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smaller in size and thus fully dispersed with much higher amount in the dyed samples rela‐
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Figure 16. Effect of Xenon arc lamp exposure time on the color retained of silk and wool blank dyed samples
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Figure 17. Effect of Xenon arc lamp exposure time on the color retained of the premordanted dyed silk samples
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Figure 18. Effect of Xenon arc lamp exposure time on the color retained of the post mordanted dyed silk samples
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Figure 19. Effect of Xenon arc lamp exposure time on the color retained of the pre-mordanted dyed wool samples
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Figure 20. Effect of Xenon arc lamp exposure time on the color retained of the post mordanted dyed wool samples

4. Conclusions

With the demand for more environmentally friendly methods and increasing productivi‐
ty,  the  newer  ultrasonic  energy in  assisting the  extraction of  Osage  orange natural  dye
have  been  developed,  over  the  conventional  heating  extraction  methods,  possessing  a
shorter  extraction  times  and  much  higher  dye  absorbance  and  color  strength  at  lower
temperature. Water-acetone co-solvent, and ultrasonic have been found to be the suitable
alternatives to the conventional water heating method. The maximum color yield of dye
is dependent on solvent polarity. Solvation of dye molecules probably occurs via dipole-
dipole interactions in non-hydrogen- bond donating solvents, whereas in hydrogen-bond
donating solvents the phenomenon is more hydrogen bonding in nature. The dye uptake
depends on (The Gilbert- Rideal's and Donnan theories) depending on the coulombic in‐
teraction  between the  anionic  groups  (OH)  in  fact:  O-  of  Osage  orange  extract  and the
protonated amino groups of wool fibers.

This research demonstrated the standardization dyeing parameters of Osage orange natural
yellow extract on protein based fabrics; silk and wool. The color strength increases with the
increase in dyeing temperature and time due to the fiber swelling which enhanced the dye
diffusion. The effect of dyeing time was conducted to reveal the effect of power ultrasonic
on the de-aggregation of dye molecules in the dye bath. The decline in the dye-ability may
be attributed to the hydrolytic decomposition of the extract molecules under the influence of
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sonic energy during prolonged dyeing. Osage orange is a water-soluble dye containing hy‐
droxyl groups that interacts ionic-ally with the protonated terminal amino groups of silk
and wool fibers at acidic pH 5 via ion exchange reaction. The lower dye-ability at pH greater
than 5 may be attributed to the enhanced desorption of the dye as its ionic bond is getting
decreased. Improvement in the dyeing color strength and fastness properties reflects the
higher extent of dye adsorption, interaction and bridging with the pre-mordanted dyed
samples via different conjugated bonds with the mixture of alum and cream of tartar mor‐
dant. The low color strength in post-mordanting method is due to the accumulation of the
aluminum metal dye complex in form of clusters. Sonic energy succeeded in accelerating the
rate of mordanting at lower temperatures rather than the conventional heating technique
due to the acoustic cavitation which increases the diffusion of solute inside the intermediate
spaces of silk and wool fabrics, facilitating the de-aggregation of Osage orange molecules in
the dye bath and thus increases the dye diffusion rate, and its penetration through the fibers.
A variety of hues were obtained with respect to the mordant. It was observed from the color
fastness data that the extracted dye from Osage orange furnished different color hues with
very good affinity for silk and wool fabrics in presence of a mixture of alum and cream of
tartar mordant. Mordanted dyed samples exhibit better wash and light fastness, with a low‐
est degree of photo fading relative to the control ones.
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Chapter 9

Physichochemical and Low Stress Mechanical
Properties of Silk Fabrics Degummed by Enzymes

Styliani Kalantzi, Diomi Mamma and Dimitris Kekos

Additional information is available at the end of the chapter
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1. Introduction

1.1. The silk road

Sericulture or silk production has a long and colorful history unknown to most people. For
centuries the West knew very little about silk and the people who made it. For more than
two thousand years the Chinese kept the secret of silk altogether to themselves. It was the
most zealously guarded secret in history. According to Chinese tradition, the history of silk
begins in the 27th century BCE. Its use was confined to China until the Silk Road opened at
some point during the latter half of the first millennium BCE.

The writings of Confucius and Chinese tradition recount that in the 27th century BCE a
silk worm's cocoon fell into the tea cup of the empress Leizu. Wishing to extract it from
her drink, the young girl of fourteen began to unroll the thread of the cocoon. She then
had the idea to weave it. Having observed the life of the silk worm on the recommenda‐
tion of her husband, the Yellow Emperor, she began to instruct her entourage the art of
raising silk worms, sericulture. From this point on, the girl became the goddess of silk in
Chinese mythology [1].

Though silk was exported to foreign countries in great amounts, sericulture remained a se‐
cret that the Chinese guarded carefully. Consequently, other peoples invented wildly vary‐
ing accounts of the source of the incredible fabric. In classical antiquity, most Romans, great
admirers of the cloth, were convinced that the Chinese took the fabric from tree leaves. This
belief was affirmed by Seneca the Younger in his Phaedra and by Virgil in his Georgics. No‐
tably, Pliny the Elder knew better. Speaking of the bombyx or silk moth, he wrote in his Nat‐
ural History "They weave webs, like spiders, that become a luxurious clothing material for
women, called silk".

© 2013 Kalantzi et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Kalantzi et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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The earliest evidence of silk was found at the sites of Yangshao culture in Xia County, Shan‐
xi, where a silk cocoon was found cut in half by a sharp knife, dating back to between 4000
and 3000 BCE. The species was identified as bombyx mori, the domesticated silkworm.
Fragments of primitive loom can also be seen from the sites of Hemudu culture in Yuyao,
Zhejiang, dated to about 4000 BCE. Scraps of silk were found in a Liangzhu culture site at
Qianshanyang in Huzhou, Zhejiang, dating back to 2700 BCE. Other fragments have been
recovered from royal tombs in the Shang Dynasty (c. 1600 - c. 1046 BCE).

During the later epoch, the Chinese lost their secret to the Koreans, the Japanese, and later
the Indians, as they discovered how to make silk. Allusions to the fabric in the Old Testa‐
ment show that it was known in western Asia in biblical times. Scholars believe that starting
in the 2nd century BCE the Chinese established a commercial network aimed at exporting
silk to the West. Silk was used, for example, by the Persian court and its king, Darius III,
when Alexander the Great conquered the empire. Even though silk spread rapidly across
Eurasia, with the possible exception of Japan its production remained exclusively Chinese
for three millennia.

According to FAO estimates, the world raw silk production for the year 2010 was 164971
tonnes [2]. Approximately 98% of the world’s production is in Asia and especially in Eastern
Asia (Figure 1). China is the leader in raw silk production followed by India (Table 1).

Figure 1. Production of raw silk across Asia (FAO, 2010)
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Country Production (tonnes) Country Production (tonnes)

China 126001 Japan 105

India 19000 Afghanistan 50

Viet Nam 7367 Kyrgyzstan 50

Turkmenistan 4500 Turkey 50

Thailand 1600 Cambodia 25

Brazil 1300 Italy 12

Uzbekistan 1200 Lebanon 10

Iran (Islamic Republic of) 900 Bulgaria 5

Democratic People's Republic of

Korea

350 Greece 5

Tajikistan 200 Egypt 3

Indonesia 120

Table 1. Raw silk producing countries [2].

1.2. Types of silk

Silk-producing insects have been classified on the basis of morphological clues, such as fol‐
licular imprints on the chorine egg, arrangement of tubercular setae on the larvae, and kar‐
yotyping data [3-4]. Classification based on phenotypic attributes is sometimes misleading
because morphological features may vary with the environment [5]. Molecular marker-
based analysis has been developed to distinguish genetic diversity among silkworm species
[6-9]. Most commercially exploited silk moths belong to either the family Bombycidae or
Saturniidae, in the order lepidoptera. Silkworms can be divided in three groups: (a) univol‐
tine breed (one generation per year) which is usually found in Europe where due to the cold
climate the eggs are dormant in winter and they are hatched in spring, (b) bivoltine breed
(two generations per year) usually found in Japan China and Korea, where the climate is
suitable for developing two life cycle per year and (c) multivoltine breed (up to eight gener‐
ations per year) usually found in tropical zone.
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The finest quality raw silk and the highest fiber production are obtained from the commonly
domesticated silkworm, Bombyx mori, which feeds on the leaves of the mulberry plant, Mo‐
rus spp. Other than the domesticated B. mori, silk fiber production is reported from the wild
non-mulberry saturniid variety of silkworms. Saturniid silks are of three types: tasar, muga,
and eri (Table 2).

Common Name Scientific Name Origin Primary Food Plant(s)

Mulberry Silkworm
Bombyx mori China

Morus indica, M. alba

M.multicaulis, M.bombycis

Tropical Tasar Silkworm
Antheraea mylitta India

Shorea robusta, Terminalia tomentosa

T. arjuna

Oak Tasar Silkworm

Antheraea proylei India

Quercus incana, Q. serrate

Q. himalayana, Q. leuco tricophora

Q. semicarpifolia, Q. grifithi

Oak Tasar Silkworm Antheraea frithi India Q. dealdata

Oak Tasar Silkworm Antheraea compta India Q. dealdata

Oak Tasar Silkworm Antheraea pernyi China Q. dendata

Oak Tasar Silkworm Antheraea yamamai Japan Q. acutissima

Muga Silkworm
Antheraea assama India

Litsea polyantha, L. citrate

Machilus bombycine

Eri Silkworm
Philosamia ricini India

Ricinus communis, Manihot utilisma

Evodia fragrance

Table 2. Commercially exploited sericigenous insects of the world and their food plants [10].

The tasar silkworms are of two categories-Indian tropical tasar, Antheraea mylitta, which
feeds on the leaves of Terminalia arjuna, Terminalia tomantosa, and Shorea robusta, and the Chi‐
nese temperate oak tasar, Antheraea pernyi, which feeds on the leaves of Quercus spp. and
Philosamia spp. Indian tropical tasar (Tussah) is copperish colour, coarse silk mainly used for
furnishings and interiors. It is less lustrous than mulberry silk, but has its own feel and ap‐
peal. Oak tasar is a finer variety of tasar silk [11].

Muga silk is produced by the multivoltine silkworm, Antheraea assamensis (also called A. as‐
sama), which feeds mainly on Machilus spp (Table 2). Muga is a golden yellow colour silk.
Muga culture is specific to the state of Assam (India) and an integral part of the tradition
and culture of that state. The muga silk, a high value product is used in products like sarees,
mekhalas, chaddars, etc. [10]. Eri silk is produced by Philosamia spp. (Samia spp.), whose pri‐
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mary host plant is the castor (Ricinus spp.) (Table 2) [11]. The luster and regularity of B. mori
silk makes it superior to the silk produced by the non mulberry saturniid silkworms, al‐
though non-mulberry silk fibers are also used commercially due to their higher tensile
strength and larger cocoon sizes. Spider also produced silk fibers that are strong and fine,
but have not been utilized in the textile industries [11].

1.3. Structure of the silk fibre

The cocoons of the mulberry silkworm B. mori are composed of two major types of proteins:
fibroins and sericin. Fibroin, the ‘core’ protein constitutes over 70% of the cocoon and is a
hydrophobic glycoprotein [12] secreted from the posterior part of the silk gland (PSG) [13].

The fibroin, rich in glycine (43.7%), alanine (28.8%) and serine (11.9%), is composed of a
heavy chain (~325 kDa), a light chain (~25 kDa) and a glycoprotein, P25, with molar ration of
6:6:1. The heavy and light chains are linked by a disulfide bond. P25 associates with disul‐
fide-linked heavy and light chains primarily by non-covalently hydrophobic interactions,
and plays an important role in maintaining integrity of the complex [14]. The light chain has
a non-repetitive sequence and plays only a marginal role in the fiber. The heavy chain con‐
tains very long stretches of Gly-X repeats (with residue X being Ala in 64%, Ser in 22%, Tyr
in 10%, Val in 3%, and Thr in 1.3%) that consist of 12 repetitive domains (R01–R12) separat‐
ed by short linkers. It is an antiparallel, hydrogen bonded β-sheet and yields the X-ray dif‐
fracting structure called the “crystalline” component of silk fibroin [15]. Silk is a typical
representative of β-sheet. Each domain consists of sub-domain hexapeptides including: GA‐
GAGS, GAGAGY, GAGAGA or GAGTGA (G is glycine, A is alanine, S is serine and Y is
tyrosine) [16]. In contrast, the 151 residues of the N-terminal, 50 residues of the C-terminal,
and the 42-43 residues separating the 12 domains are non-repetitive and “amorphous” [17].
Silk fibroin can exist as three structural morphologies termed silk I, II, and III where silk I is
a water soluble form and silk II is an insoluble form consisting of extended β-sheets. The silk
III structure is helical and is observed at the air-water interface. In the silk II form, the 12
repetitive domains form anti-parallel b-sheets stabilized by hydrogen bonding [18]. Due to
the highly oriented and crystalline structure of Silk II, silk fibroin fiber is hydrophobic and
has impressive mechanical properties. When controllably spun, its mechanical property may
be nearly as impressive as spider dragline silk [19].

Sericins, the ‘glue’ proteins constitute 20–30% of the cocoon, and are hot water-soluble gly‐
coproteins that hold the fibers (fibroin) together to form the environmentally stable fibroin–
sericin composite cocoon structure [20-22]. Sericin, secreted in the mid-region of the silk
gland, comprises different polypeptides ranging in weight from 24 to 400 kDa depending on
gene coding and post-translational modifications and are characterized by unusually high
serine content (40%) along with significant amounts of glycine (16%), [23-24]. Three major
fractions of sericin have been isolated from the cocoon, with molecular weights 150, 250, and
400 kDa [24]. Sericin remains in a partially unfolded state, with 35% β-sheet and 63% ran‐
dom coil, and with no α-helical content [18].

The amino acid compositions of fibroin and sericin have been published, with somewhat
differences from paper to paper for some specific amino acid contents [16, 25-26].
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The finest quality raw silk and the highest fiber production are obtained from the commonly
domesticated silkworm, Bombyx mori, which feeds on the leaves of the mulberry plant, Mo‐
rus spp. Other than the domesticated B. mori, silk fiber production is reported from the wild
non-mulberry saturniid variety of silkworms. Saturniid silks are of three types: tasar, muga,
and eri (Table 2).

Common Name Scientific Name Origin Primary Food Plant(s)

Mulberry Silkworm
Bombyx mori China

Morus indica, M. alba

M.multicaulis, M.bombycis

Tropical Tasar Silkworm
Antheraea mylitta India

Shorea robusta, Terminalia tomentosa

T. arjuna

Oak Tasar Silkworm

Antheraea proylei India

Quercus incana, Q. serrate

Q. himalayana, Q. leuco tricophora

Q. semicarpifolia, Q. grifithi

Oak Tasar Silkworm Antheraea frithi India Q. dealdata

Oak Tasar Silkworm Antheraea compta India Q. dealdata

Oak Tasar Silkworm Antheraea pernyi China Q. dendata

Oak Tasar Silkworm Antheraea yamamai Japan Q. acutissima

Muga Silkworm
Antheraea assama India

Litsea polyantha, L. citrate

Machilus bombycine

Eri Silkworm
Philosamia ricini India

Ricinus communis, Manihot utilisma

Evodia fragrance

Table 2. Commercially exploited sericigenous insects of the world and their food plants [10].
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mary host plant is the castor (Ricinus spp.) (Table 2) [11]. The luster and regularity of B. mori
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and the 42-43 residues separating the 12 domains are non-repetitive and “amorphous” [17].
Silk fibroin can exist as three structural morphologies termed silk I, II, and III where silk I is
a water soluble form and silk II is an insoluble form consisting of extended β-sheets. The silk
III structure is helical and is observed at the air-water interface. In the silk II form, the 12
repetitive domains form anti-parallel b-sheets stabilized by hydrogen bonding [18]. Due to
the highly oriented and crystalline structure of Silk II, silk fibroin fiber is hydrophobic and
has impressive mechanical properties. When controllably spun, its mechanical property may
be nearly as impressive as spider dragline silk [19].

Sericins, the ‘glue’ proteins constitute 20–30% of the cocoon, and are hot water-soluble gly‐
coproteins that hold the fibers (fibroin) together to form the environmentally stable fibroin–
sericin composite cocoon structure [20-22]. Sericin, secreted in the mid-region of the silk
gland, comprises different polypeptides ranging in weight from 24 to 400 kDa depending on
gene coding and post-translational modifications and are characterized by unusually high
serine content (40%) along with significant amounts of glycine (16%), [23-24]. Three major
fractions of sericin have been isolated from the cocoon, with molecular weights 150, 250, and
400 kDa [24]. Sericin remains in a partially unfolded state, with 35% β-sheet and 63% ran‐
dom coil, and with no α-helical content [18].

The amino acid compositions of fibroin and sericin have been published, with somewhat
differences from paper to paper for some specific amino acid contents [16, 25-26].
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The chemical composition of raw silk obtained from the silk worm Bombyx mori is presented
on Table 3. Silk is produced in several countries and the fibres from different regions contain
different amounts of sericin which exhibits diverse chemical and physical properties [27].

Component

Fibroin 70-80

Sericin 20-30

Wax 0.4-0.8

Carbohydrate 1.2-1.6

Inogranic matter 0.7

Pigments 0.2

Table 3. Composition of raw silk from the silk worm Bombyx mori [28-29].

1.4. Silk degumming

Silk processing from cocoons to the finished clothing articles consists of a series of steps
which include: reeling, weaving, degumming, dyeing or printing, and finishing. Degum‐
ming is a key process during which sericin is totally removed and silk fibres gain the typical
shiny aspect, soft handle, and elegant drape highly appreciated by the consumers. In addi‐
tion, the existence of sericin prevents the penetration of dye liquor and other solutions dur‐
ing wet processing of silk. Also, it is the main cause of adverse problems with
biocompatibility and hypersensitivity to silk [17]. Furthermore, to prepare pure silk fibroin
solution for silk-based biomaterials, separation of silk fibroin fiber from the sericin glue, is a
critical step, since (a) residual sericin causes inflammatory responses and (b) non-degum‐
med fibers are resistant to solubilization [30].

The industrial process takes advantage of the different chemical and physical properties of
the two silk components, fibroin and sericin. While the former is water-insoluble owing to
its highly oriented and crystalline fibrous structure, the latter is readily solubilized by boil‐
ing aqueous solutions containing soap [27], alkali [31], synthetic detergents [32]. However,
the higher temperature (95°C) and an alkaline pH (8-9) in the presence of harsh chemicals in
the treatment bath impose a markedly unnatural environment on the silk, and thus cause
partial degradation of fibroin. Fibre degradation often appears as loss of aesthetic and physi‐
cal properties, such as dull appearance, surface fibrillation, poor handle, drop of tensile
strength, as well as uneven dyestuff absorption during subsequent dyeing and printing [33].
More importantly, the large consumption of water and energy contribute to environmental
pollution. These costs have fueled interest in developing a new, effective degumming meth‐
od which minimizes these adverse effects (Table 4).
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Degumming method References

Traditional (alkali, soap, synthetic detergents) [27, 31-32]

Microwave irradiation [42]

Plasma method [41]

Organic acids [34-37]

Ultrasound method [43-44]

Enzymatic method [33, 46-52]

Table 4. Degumming methods of raw silk

Many researches have been performed on degumming and finishing of silk fiber using acid
agents for enhancing the physical properties of silk [34-36]. It has been pointed out that the
action of organic acids is generally milder and less aggressive than the action of alkali. Khan
et al. [37] investigated silk degumming using citric acid. The surface morphology of silk fi‐
ber degummed with citric acid was very smooth and fine, showed perfect degumming (al‐
most complete removal of sericin) like traditional soap-alkali method and the tensile
strength of silk fiber was increased after degumming. Tartaric and succinic acids demon‐
strate efficient sericin removal while retaining the intrinsic properties of the fiber. Freddi et
al. [34] studied on the degumming of silk fabrics with tartaric acid and showed the excellent
performances of tartaric acid, both in terms of silk sericin removal efficiency and of intrinsic
physico-mechanical characteristics of silk fibers. The degummed silk fabric with tartaric acid
exhibited a good luster and a ‘scroopier’ handle in compared with soap degummed fabric.
They also demonstrated that dyeability with acid dyes and comfort properties (such as
wicking, wettability, water retention and permeability) are also enhanced and concluded
that the acid degumming process shows potential for possible industrial application. How‐
ever, there is a tendency toward a gradual decrease of tenacity and elongation values with
increasing tartaric acid in the bath.

Low-temperature plasma treatment has been well studied at research level in textile in the
last years due to its rapid, water and chemical free process, as well as resource conservation,
though it is not yet really used and well established in industry [38-40]. Long et al., [41] re‐
ported that degumming efficiency and properties of silk fabric after low-pressure argon
plasma treatment were comparable to the conventional wet-chemical treatment process. Un‐
fortunately, plasma methods result in a notable etching effect from physical bombardments
and chemical reactions by excited plasma species on sericin layers.

Microwave irradiation and ultrasound are techniques that have been investigated for their
performance as degumming agents by several researchers. Microwave treatment of silk re‐
sulted in increased weight loss followed by a decrease in strength of the filaments, whereas
the elongation increases. This can be explained by the fact that sericin is acting as an adhe‐
sive and working as a coating and wrapping material around the fibroin [42].
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shiny aspect, soft handle, and elegant drape highly appreciated by the consumers. In addi‐
tion, the existence of sericin prevents the penetration of dye liquor and other solutions dur‐
ing wet processing of silk. Also, it is the main cause of adverse problems with
biocompatibility and hypersensitivity to silk [17]. Furthermore, to prepare pure silk fibroin
solution for silk-based biomaterials, separation of silk fibroin fiber from the sericin glue, is a
critical step, since (a) residual sericin causes inflammatory responses and (b) non-degum‐
med fibers are resistant to solubilization [30].

The industrial process takes advantage of the different chemical and physical properties of
the two silk components, fibroin and sericin. While the former is water-insoluble owing to
its highly oriented and crystalline fibrous structure, the latter is readily solubilized by boil‐
ing aqueous solutions containing soap [27], alkali [31], synthetic detergents [32]. However,
the higher temperature (95°C) and an alkaline pH (8-9) in the presence of harsh chemicals in
the treatment bath impose a markedly unnatural environment on the silk, and thus cause
partial degradation of fibroin. Fibre degradation often appears as loss of aesthetic and physi‐
cal properties, such as dull appearance, surface fibrillation, poor handle, drop of tensile
strength, as well as uneven dyestuff absorption during subsequent dyeing and printing [33].
More importantly, the large consumption of water and energy contribute to environmental
pollution. These costs have fueled interest in developing a new, effective degumming meth‐
od which minimizes these adverse effects (Table 4).
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Many researches have been performed on degumming and finishing of silk fiber using acid
agents for enhancing the physical properties of silk [34-36]. It has been pointed out that the
action of organic acids is generally milder and less aggressive than the action of alkali. Khan
et al. [37] investigated silk degumming using citric acid. The surface morphology of silk fi‐
ber degummed with citric acid was very smooth and fine, showed perfect degumming (al‐
most complete removal of sericin) like traditional soap-alkali method and the tensile
strength of silk fiber was increased after degumming. Tartaric and succinic acids demon‐
strate efficient sericin removal while retaining the intrinsic properties of the fiber. Freddi et
al. [34] studied on the degumming of silk fabrics with tartaric acid and showed the excellent
performances of tartaric acid, both in terms of silk sericin removal efficiency and of intrinsic
physico-mechanical characteristics of silk fibers. The degummed silk fabric with tartaric acid
exhibited a good luster and a ‘scroopier’ handle in compared with soap degummed fabric.
They also demonstrated that dyeability with acid dyes and comfort properties (such as
wicking, wettability, water retention and permeability) are also enhanced and concluded
that the acid degumming process shows potential for possible industrial application. How‐
ever, there is a tendency toward a gradual decrease of tenacity and elongation values with
increasing tartaric acid in the bath.

Low-temperature plasma treatment has been well studied at research level in textile in the
last years due to its rapid, water and chemical free process, as well as resource conservation,
though it is not yet really used and well established in industry [38-40]. Long et al., [41] re‐
ported that degumming efficiency and properties of silk fabric after low-pressure argon
plasma treatment were comparable to the conventional wet-chemical treatment process. Un‐
fortunately, plasma methods result in a notable etching effect from physical bombardments
and chemical reactions by excited plasma species on sericin layers.

Microwave irradiation and ultrasound are techniques that have been investigated for their
performance as degumming agents by several researchers. Microwave treatment of silk re‐
sulted in increased weight loss followed by a decrease in strength of the filaments, whereas
the elongation increases. This can be explained by the fact that sericin is acting as an adhe‐
sive and working as a coating and wrapping material around the fibroin [42].
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Ultrasound has been widely used in chemistry and the dyeing, finishing, and cleaning in‐
dustries because of its obvious advantages in particle treatment, including dispersion and
agglomeration effects. Ultrasonic method combined also with natural soaps (olive oil, tur‐
pentine and daphne soaps) or proteolytic enzymes (alcalase and savinase) enables an effec‐
tive clearance in the degumming process, it facilitates the removal of the substances existing
on the raw silk like dirt and sericin and yields positive results in terms of weight loss, white‐
ness degree and mechanical properties [43-44].

The increasing awareness of legislators and citizens for the ecological sustainability of in‐
dustrial processes has recently stimulated the interest of scientists and technologists for the
application of biotechnology to textile processing [45]. In recent years, various studies have
dealt with the removal of sericin by using proteolytic enzymes since they can operate under
mild conditions and low temperatures which save energy in comparison to the traditional
method. Enzymes act selectively and can attack only specific parts of sericin to cause proteo‐
lytic degradation. So the pattern of soluble sericin peptides obtained by degumming silk
changes as a function of the kinds of enzyme used, attributing to the different target cleav‐
age of the enzymes.

Several acidic, neutral, and alkaline proteases have been used on silk yarn as degumming
agents. Alkaline proteases performed better than acidic and neutral ones in terms of com‐
plete and uniform sericin removal, retention of tensile properties, and improvement of sur‐
face smoothness, handle, and lustre of silk [46-48]. Enzyme degummed silk fabric displayed
a higher degree of surface whiteness, but higher shear and bending rigidity, lower fullness,
and softness of handle than soap and alkali degummed fabric, owing to residual sericin re‐
maining at the cross over points between warp and weft yarns [49]. Freddi et al. [33] applied
acidic, neutral, and alkaline proteases to silk degumming and found that alkaline and neu‐
tral proteases performed better than acidic proteases in terms of complete sericin removal.
After complete sericin removal with proteolytic methods, the quality of appearance and re‐
tention of tensile properties is expected to be superior to those silks degummed through tra‐
ditional methods due to less chemical and physical stress applied to the silk during
enzymatic processing. Nakpathom et al., [50] degummed Thai Bombyx mori silk fibers with
papain enzyme and alkaline/soap and reported that the former exhibited less tensile
strength drop and gave higher color depth after natural lac dyeing, especially when degum‐
ming occurred at room temperature condition. Alcalase, savinase, (two commercial proteo‐
lytic preparations) and their mixtures also proved to be feasible for degumming applications
[51]. Gulrajani et al., [52] degummed silk with the combination of protease and lipase en‐
zymes, and obtained efficient de-waxing and degumming effects, while maintaining favora‐
ble wettability of silk fibers.

Silk degumming is a high resource consuming process as far as water and energy are con‐
cerned. Moreover, it is ecologically questionable for the high environmental impact of efflu‐
ents. The development of an effective degumming process based on enzymes as active
agents would entail savings in terms of water, energy, chemicals, and effluent treatment.
This could be made possible by the milder treatment conditions, the recycling of processing
water, the recovery of valuable by-products such as sericin peptides, and the lower environ‐
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mental impact of effluents [33]. However, the limitations of higher cost of enzymes com‐
pared to chemicals and the necessary continuous use of enzymes may limit the development
of industrial processes using proteolytic degumming methods [41, 49].

1.5. Potential applications of sericin

Sericin is at present an unutilized by-product of the textile industry and the discarded de‐
gumming wastewater also ultimately leads to environmental contamination due to the high
oxygen demand for its degradation by microbes [53]. It is estimated that out of the 1 million
tons (fresh weight) of cocoon production worldwide, or about 400 000 tons of dry cocoon,
approximately 50 000 tons of sericin could be recovered from the waste solution [54]. If seri‐
cin was recovered, perhaps it could be used as a ‘value added’ product for many sericin-
derived products and purposes [55] and this would also be beneficial in terms of the
economy and the environment.

Limitations on devising specific applications are caused by its ability to exist in many forms
that depend on its method of extraction and purification, etc. Each specific application re‐
quires a particular form so it will be necessary to devise and understand how to prepare
consistent products suitable for each. Non-textile applications of sericin range from cosmet‐
ics to biomedical products, which include its use in anticancer drugs, anticoagulants, and
cell culture additives, for its antioxidant properties [11, 56]. Furthemore, its ability to form
crosslink or blends with other polymers to produce more effective films that can be used for
new drug delivery methods with reduced immunogenicity and increased drug stability or
even new food packaging materials worth further investigation [56].

2. Materials & methods

2.1. Silk fabric

The treatments were carried out on a 100% raw silk fabric (crêpe). Construction parameters
are listed on Table 5.

Wrap yarn Weft yarn

Number of ends (cm-1) 46 110

Fabric weight (g.m-2) 89.27

Table 5. Construction properties of silk fabric

2.2. Enzymes

Esperase® 8.0L and Lipolase® Ultra 50T were kindly provided from Novo Nordisk Co.
(Bagsvaerd, Denmark). Papain was purchased from Sigma. All other chemicals were labora‐
tory-grade (analytical reagents, Sigma).
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mental impact of effluents [33]. However, the limitations of higher cost of enzymes com‐
pared to chemicals and the necessary continuous use of enzymes may limit the development
of industrial processes using proteolytic degumming methods [41, 49].

1.5. Potential applications of sericin

Sericin is at present an unutilized by-product of the textile industry and the discarded de‐
gumming wastewater also ultimately leads to environmental contamination due to the high
oxygen demand for its degradation by microbes [53]. It is estimated that out of the 1 million
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that depend on its method of extraction and purification, etc. Each specific application re‐
quires a particular form so it will be necessary to devise and understand how to prepare
consistent products suitable for each. Non-textile applications of sericin range from cosmet‐
ics to biomedical products, which include its use in anticancer drugs, anticoagulants, and
cell culture additives, for its antioxidant properties [11, 56]. Furthemore, its ability to form
crosslink or blends with other polymers to produce more effective films that can be used for
new drug delivery methods with reduced immunogenicity and increased drug stability or
even new food packaging materials worth further investigation [56].

2. Materials & methods

2.1. Silk fabric

The treatments were carried out on a 100% raw silk fabric (crêpe). Construction parameters
are listed on Table 5.

Wrap yarn Weft yarn

Number of ends (cm-1) 46 110

Fabric weight (g.m-2) 89.27
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2.3. Enzyme activities

The proteolytic activity was assayed spectrophotometrically with azocasein as a substrate
[57]. One unit of activity was defined as the amount of enzyme required to produce a 0.1
increase in absorbance at 440 nm under the assay conditions (50oC and pH 8.0).

Lipase activity was determined against p-nitrophenyl- propionate (pNPP) at pH 7.0 and
25°C [58]. The release of p-nitrophenol was monitored spectrophotometrically at 410 nm
with the aid of a microplate reader (Molecular Devices Corporation, Sunnuvale, USA). The
reaction was initiated by adding 10 μL of properly diluted enzyme to 190 μL of substrate
solution (0.4 mM). Control reactions with inactivated lipase were used to correct nonenzy‐
matic pNPP hydrolysis. One unit of activity was defined as the amount of enzyme which
released 1 μmol of product per minute under the conditions described.

2.4. Soap degumming (conventional method)

Silk fabrics were soaked overnight in a solution of 5 g.l-1 Marseille soap at pH 9.5 at a liquor-
to-fabric ratio 40:1. Next day the silk fabrics were degummed in a boiled alkaline solution
containing 10 g.l-1 Marseille soap and 1 g.l-1 sodium carbonate for 2 h at a liquor-to-fabric ra‐
tio 40:1 and pH 9.5. Degummed silk fabrics were first rinsed at 50oC with 1 ml.l-1 ammonia
and consequently two times at 40oC with 1 ml.l-1 ammonia. Finally the fabrics were rinsed
with cool water.

2.5. Enzymatic degumming

A fabric sample of approximate weight 3.0 g was immersed in Tris-HCl buffer (50 mM) at
pH 8.0. A non-ionic wetting agent (Sadopane SF 0.1% w/v) and the appropriate amount of
enzyme(s) supplemented the solution. The liquor-to-fabric ratio was adjusted to 40:1, and
the mixture was incubated at 50oC and 50 rpm. Blank samples were obtained by treating silk
with buffer alone, without enzyme. Enzyme dosage and treatment time were changed. Inac‐
tivation of the enzyme(s) was carried out in hot distilled water for 10 min. At the end of the
treatment, silk fabrics were rinsed with distilled water and dried at room temperature. All
degumming tests were performed in duplicate.

2.6. Bleaching of degummed silk fabrics

The enzymatic and conventional degummed silk fabrics were bleached using: 0.4% (o.w.g)
bleaching agent (Belphor BH); 0.5% (o.w.g) stabilizator (Sifa FL); 20 ml.l-1 H2O2; 3 g.l-1

Na2CO3; liquor-to-fabric ratio (30:1); wetting agent Clariant Sandoclean PC-FL (1 g.l-1).

The bleaching agent was mixed with the stabilizator, H2O2 and the Na2CO3. The mixture
was stirred and heated at 40oC. The silk fabrics were soaked in the mixture and stirred until
the temperature reached 90oC. The fabrics were left for 100 min. The fabrics were removed
and rinsed initially with hot tap water and finally they were immersed in water with 2-3
drops of formic acid.
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2.7. Weight loss and degumming efficiency determination

Fabric weight loss was recorded as dried sample weight loss. The drying conditions were
105oC in an air-circulated oven for 1 h. The samples were weighed, after cooling in a desicca‐
tor. The following equation (Eq. (1)) was used to calculate the weight loss (wt%):

1 2% ( ) 100
1

W WWt
W
-

= ´ (1)

where, W1 and W2 are the weights of the fabric before and after treatment, respectively [59].

The efficiency of the degumming was calculated through a comparison of the enzyme proc‐
ess for silk fabrics with the standard method (degumming using Marseille soap), using the
following equation (Eq. (2)):

E
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W
DegumEff

W
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where, DegumEff is the Degumming Efficiency (%), WE is the percentage of weight loss by
the enzyme treatment and WMTS is the percentage of weight loss by the Marseille soap treat‐
ment [51].

The degumming with Marseilles soap was taken as the standard 100% weight loss.

2.8. Wettability: Drop test

Wettability of the fabric was measured, by means of the ‘‘drop test” before and after the de‐
gumming process. The dried samples at room temperature were tested using AATCC Test
Method 39-1980 (evaluation of wettability) [60]. The time period (in sec) between the contact
of the water drop with the fabric and the disappearance of the water drop into the fabric
was counted as the wetting time. The time of drop disappearance was averaged from meas‐
urements in different points of the fabric sample. Wetting times equal or less than 1 sec were
considered as indication of adequate absorbency of the fabrics [61]. All measurements were
performed in triplicate.

2.9. Whiteness

The whiteness index (Berger degree) of the fabrics was determined using a reflectance meas‐
uring Datacolor apparatus at standard illuminant D65 (LAV/Spec. Excl.,d/8, D65/10o) [62].

2.10. Crystallinity index (CrI)

An X-ray diffractometer (Siemens D5000), was used in order to determine the Crystallini‐
ty  Index,  using  copper  Ka  radiation.  The  angles  scanned  were  10–30o  at  0.01o/s.  The
Crystallinity Index was determined according to the empirical method of Segal et al. [63]
applying Eq. (3)
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2.3. Enzyme activities
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[57]. One unit of activity was defined as the amount of enzyme required to produce a 0.1
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enzyme(s) supplemented the solution. The liquor-to-fabric ratio was adjusted to 40:1, and
the mixture was incubated at 50oC and 50 rpm. Blank samples were obtained by treating silk
with buffer alone, without enzyme. Enzyme dosage and treatment time were changed. Inac‐
tivation of the enzyme(s) was carried out in hot distilled water for 10 min. At the end of the
treatment, silk fabrics were rinsed with distilled water and dried at room temperature. All
degumming tests were performed in duplicate.

2.6. Bleaching of degummed silk fabrics

The enzymatic and conventional degummed silk fabrics were bleached using: 0.4% (o.w.g)
bleaching agent (Belphor BH); 0.5% (o.w.g) stabilizator (Sifa FL); 20 ml.l-1 H2O2; 3 g.l-1

Na2CO3; liquor-to-fabric ratio (30:1); wetting agent Clariant Sandoclean PC-FL (1 g.l-1).

The bleaching agent was mixed with the stabilizator, H2O2 and the Na2CO3. The mixture
was stirred and heated at 40oC. The silk fabrics were soaked in the mixture and stirred until
the temperature reached 90oC. The fabrics were left for 100 min. The fabrics were removed
and rinsed initially with hot tap water and finally they were immersed in water with 2-3
drops of formic acid.
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2.7. Weight loss and degumming efficiency determination

Fabric weight loss was recorded as dried sample weight loss. The drying conditions were
105oC in an air-circulated oven for 1 h. The samples were weighed, after cooling in a desicca‐
tor. The following equation (Eq. (1)) was used to calculate the weight loss (wt%):
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where, W1 and W2 are the weights of the fabric before and after treatment, respectively [59].

The efficiency of the degumming was calculated through a comparison of the enzyme proc‐
ess for silk fabrics with the standard method (degumming using Marseille soap), using the
following equation (Eq. (2)):
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where, DegumEff is the Degumming Efficiency (%), WE is the percentage of weight loss by
the enzyme treatment and WMTS is the percentage of weight loss by the Marseille soap treat‐
ment [51].

The degumming with Marseilles soap was taken as the standard 100% weight loss.

2.8. Wettability: Drop test

Wettability of the fabric was measured, by means of the ‘‘drop test” before and after the de‐
gumming process. The dried samples at room temperature were tested using AATCC Test
Method 39-1980 (evaluation of wettability) [60]. The time period (in sec) between the contact
of the water drop with the fabric and the disappearance of the water drop into the fabric
was counted as the wetting time. The time of drop disappearance was averaged from meas‐
urements in different points of the fabric sample. Wetting times equal or less than 1 sec were
considered as indication of adequate absorbency of the fabrics [61]. All measurements were
performed in triplicate.

2.9. Whiteness

The whiteness index (Berger degree) of the fabrics was determined using a reflectance meas‐
uring Datacolor apparatus at standard illuminant D65 (LAV/Spec. Excl.,d/8, D65/10o) [62].

2.10. Crystallinity index (CrI)

An X-ray diffractometer (Siemens D5000), was used in order to determine the Crystallini‐
ty  Index,  using  copper  Ka  radiation.  The  angles  scanned  were  10–30o  at  0.01o/s.  The
Crystallinity Index was determined according to the empirical method of Segal et al. [63]
applying Eq. (3)
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where I002 is the peak intensity from the lattice plane, and Iam is the peak intensity of amor‐
phous phases.

Triplicate sets of data were used to establish the relative error associated with the X-ray dif‐
fraction method [63].

2.11. The Kawabata evaluation system

Basic mechanical properties namely tensile, bending and shearing were measured by the
KES-FB system under high sensitivity conditions. The temperature was 20 ± 0.5oC, and rela‐
tive humidity is 65% ± 5. The properties measured were shear rigidity (G, gf.cm.degree-1),
bending rigidity per unit length (B, gf.cm2.cm-1) and extensibility (EMT, %) at 500 gf.cm-1. All
measurements were performed in triplicate.

3. Results and discussion

3.1. Characteristics of the enzymes used for degumming

The commercial enzyme preparations used for degumming of the silk fabric are listed in
Table 6. Novozymes launched Lipolase® in 1988, the first commercial lipase developed for
the detergent Industry. Lipolase® was the first lipase produced by recombinant DNA tech‐
nology. This lipase, originating from Thermomyces lanuginosus, formerly Humicola lanuginosa,
was expressed in Aspergillus oryzae. This enzyme is widely used in detergent formulations to
remove fat-containing stains and it also has a broad range of substrate specificity. Further‐
more is stable in proteolytic wash solutions. Novozymes launched two variants of Lipolase®

issued from rational protein design: Lipolase® Ultra and LipoPrime™. These variants were
also expressed in A. oryzae [64]. The enzyme preparation used in the present study (Lipo‐
lase® Ultra 50T) exhibited optimal pH and temperature of 9.0 and 50oC respectively. Further‐
more, it was stable at temperatures 30-50oC and pH values of 7.0-10.0 (the remaining activity
was measured after incubation for 24 h at the above mentioned temperatures and the pH
values).

Esperase® 8.0L is also a product of Novozymes. It is a bacterial serine type alkaline protease
produced by Bacillus sp. Esperase® is characterized by excellent perfomance at elevated tem‐
perature and pH. It exhibited optimal pH and temperature of 10.0 and 70oC respectively.
The enzyme preparation was stable (>90% of its original activity) at pH values of 7.0 and 8.0
and temperatures of 30-50oC (the remaining activity was measured after incubation for 24 h
at the above mentioned temperatures and the pH values).

Papain is a cysteine protease, isolated from Papaya (Carica papaya) Latex. Papain consists of
a single polypeptide chain with three disulfide bridges and a sulfhydryl group necessary for
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activity of the enzyme. The pH optimum of papain was found 8.0 while temperature opti‐
mum at 50oC. Papain was stable at pH values of 7.0 and 8.0 and temperatures of 30-50oC (the
remaining activity was measured after incubation for 24 h at the above mentioned tempera‐
tures and the pH values).

Enzyme Origin Characteristics Activitya pHa T (oC)a

Papain Carica papaya Cysteine protease 1.15 U.mg−1 dry

matter
7.0-9.0 (8.0)

30-50

(50)

Esperase® 8.0L Bacillus sp. Serine-type protease 19.3 U.ml-1 7.0-8.0

(10.0)
30-50 (70)

Lipolase® Ultra 50T Aspergillus oryzae

(genetically modified)

Lipase 6.1 U.ml-1

7.0-9.0 (9.0)
30-50

(50)

a Optimum pH and temperature values in parentheses.

Table 6. Enzymes used for silk degumming

3.2. Protease treatment of silk fabrics: effect of enzyme dosage

Raw silk fabrics were degummed with Papain and Esperase® 8.0L using different enzyme
loadings (expressed as Units of protease per g of silk fabric, U.g-1

fabric) and the physicochemi‐
cal (weight loss, crystallinity index, whiteness, whiteness after bleaching) and low-stress me‐
chanical properties (Kawabata evaluation system) of the preterated fabrics were assessed.
Untreated and conventionally degummed (using Marseille soap) silk fabrics were used as
controls.

3.2.1. Weight loss

The weight loss (or degumming loss) represents a quantitative evaluation of the degum‐
ming efficiency after standard or enzymatic degumming. The effect of enzyme dosage on
the extent of sericin removal was studied by treating silk fabric samples for 60 min with dif‐
ferent amounts of the two proteases. The results are depicted in Figure 2 both as weight loss
(Fig. 2a) and degumming efficiency (Fig. 2b).

Degumming loss increased linearly as the amount of papain increased, attaining a value of
10.2 % (w/w) (degumming efficiency 50%). Esperase® 8.0L was more efficient in sericin re‐
moval as judged by the weight loss (Fig. 2a). Maximum value (20.1%, w/w, degumming effi‐
ciency nearly 99%) was obtained at enzyme loading of 75 U.g-1

fabric. Degumming loss of silk
fabrics treated with Marseille soap attained a value of 20.4% (w/w).

Without enzymes, the degumming loss was negligible, owing to the low treatment tempera‐
ture. In fact, it is well known that sericin can be removed by using water alone, but high
temperature is needed to attain complete degumming (110-120oC, under pressure).
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where I002 is the peak intensity from the lattice plane, and Iam is the peak intensity of amor‐
phous phases.

Triplicate sets of data were used to establish the relative error associated with the X-ray dif‐
fraction method [63].

2.11. The Kawabata evaluation system

Basic mechanical properties namely tensile, bending and shearing were measured by the
KES-FB system under high sensitivity conditions. The temperature was 20 ± 0.5oC, and rela‐
tive humidity is 65% ± 5. The properties measured were shear rigidity (G, gf.cm.degree-1),
bending rigidity per unit length (B, gf.cm2.cm-1) and extensibility (EMT, %) at 500 gf.cm-1. All
measurements were performed in triplicate.

3. Results and discussion

3.1. Characteristics of the enzymes used for degumming

The commercial enzyme preparations used for degumming of the silk fabric are listed in
Table 6. Novozymes launched Lipolase® in 1988, the first commercial lipase developed for
the detergent Industry. Lipolase® was the first lipase produced by recombinant DNA tech‐
nology. This lipase, originating from Thermomyces lanuginosus, formerly Humicola lanuginosa,
was expressed in Aspergillus oryzae. This enzyme is widely used in detergent formulations to
remove fat-containing stains and it also has a broad range of substrate specificity. Further‐
more is stable in proteolytic wash solutions. Novozymes launched two variants of Lipolase®

issued from rational protein design: Lipolase® Ultra and LipoPrime™. These variants were
also expressed in A. oryzae [64]. The enzyme preparation used in the present study (Lipo‐
lase® Ultra 50T) exhibited optimal pH and temperature of 9.0 and 50oC respectively. Further‐
more, it was stable at temperatures 30-50oC and pH values of 7.0-10.0 (the remaining activity
was measured after incubation for 24 h at the above mentioned temperatures and the pH
values).

Esperase® 8.0L is also a product of Novozymes. It is a bacterial serine type alkaline protease
produced by Bacillus sp. Esperase® is characterized by excellent perfomance at elevated tem‐
perature and pH. It exhibited optimal pH and temperature of 10.0 and 70oC respectively.
The enzyme preparation was stable (>90% of its original activity) at pH values of 7.0 and 8.0
and temperatures of 30-50oC (the remaining activity was measured after incubation for 24 h
at the above mentioned temperatures and the pH values).

Papain is a cysteine protease, isolated from Papaya (Carica papaya) Latex. Papain consists of
a single polypeptide chain with three disulfide bridges and a sulfhydryl group necessary for
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activity of the enzyme. The pH optimum of papain was found 8.0 while temperature opti‐
mum at 50oC. Papain was stable at pH values of 7.0 and 8.0 and temperatures of 30-50oC (the
remaining activity was measured after incubation for 24 h at the above mentioned tempera‐
tures and the pH values).

Enzyme Origin Characteristics Activitya pHa T (oC)a

Papain Carica papaya Cysteine protease 1.15 U.mg−1 dry

matter
7.0-9.0 (8.0)

30-50

(50)

Esperase® 8.0L Bacillus sp. Serine-type protease 19.3 U.ml-1 7.0-8.0

(10.0)
30-50 (70)

Lipolase® Ultra 50T Aspergillus oryzae

(genetically modified)

Lipase 6.1 U.ml-1

7.0-9.0 (9.0)
30-50

(50)

a Optimum pH and temperature values in parentheses.

Table 6. Enzymes used for silk degumming

3.2. Protease treatment of silk fabrics: effect of enzyme dosage

Raw silk fabrics were degummed with Papain and Esperase® 8.0L using different enzyme
loadings (expressed as Units of protease per g of silk fabric, U.g-1

fabric) and the physicochemi‐
cal (weight loss, crystallinity index, whiteness, whiteness after bleaching) and low-stress me‐
chanical properties (Kawabata evaluation system) of the preterated fabrics were assessed.
Untreated and conventionally degummed (using Marseille soap) silk fabrics were used as
controls.

3.2.1. Weight loss

The weight loss (or degumming loss) represents a quantitative evaluation of the degum‐
ming efficiency after standard or enzymatic degumming. The effect of enzyme dosage on
the extent of sericin removal was studied by treating silk fabric samples for 60 min with dif‐
ferent amounts of the two proteases. The results are depicted in Figure 2 both as weight loss
(Fig. 2a) and degumming efficiency (Fig. 2b).

Degumming loss increased linearly as the amount of papain increased, attaining a value of
10.2 % (w/w) (degumming efficiency 50%). Esperase® 8.0L was more efficient in sericin re‐
moval as judged by the weight loss (Fig. 2a). Maximum value (20.1%, w/w, degumming effi‐
ciency nearly 99%) was obtained at enzyme loading of 75 U.g-1

fabric. Degumming loss of silk
fabrics treated with Marseille soap attained a value of 20.4% (w/w).

Without enzymes, the degumming loss was negligible, owing to the low treatment tempera‐
ture. In fact, it is well known that sericin can be removed by using water alone, but high
temperature is needed to attain complete degumming (110-120oC, under pressure).
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Figure 2. a) weight loss of silk fabrics treated with different types of proteases at enzyme dosages ranged from 25 to
74 U.g-1

fabric and (b) degumming efficiency of the enzymatic process

The amount of sericin in raw silk measured in terms of weight loss varies between 17and
38%. Some of the good Chinese and Japanese varieties show about 17 to 17.5%, while yellow
Italian silk has about 23% sericin and some Thai varieties have as high as 38% [27].

3.2.2. Wettability and crystallinity

Wettability was a function of both enzyme dosage and type of protease. Silk fabrics treated
with Esperase® 8.0L at 75 U.g-1

fabric showed adequate water absorbency (<1 sec). On the other
hand silk fabrics treated with papain showed higher wetting times namely more hydropho‐
bic fabrics. Although the implementation of higher papain activities formed silk fabrics with
lower wetting times (Table 7) these values were higher than 1 sec, which is the maximum
wetting time required for efficient dyeing and finishing. The lowest wetting time achieved
using papain was 3.65 sec at the highest papain activity (75 U.g-1

fabric).

Treatment Wetting time (sec) Crystallinity Index (%)

Papain (U.g-1 fabric)

25 6.12 ± 0.25 61.73 ± 1.48

50 4.16 ± 0.16 62.27 ± 0.98

75 3.65 ± 0.19 63.90 ± 0.89

Esperase® 8.0L (U.g-1 fabric)

25 1.80 ± 0.20 63.90 ± 1.30

50 1.36 ± 0.15 66.61 ± 1.10

75 <1 66.72 ± 1.20

Marseille soap <1 66.48 ± 1.35

No enzyme 6.85 ± 0.20 63.90 ± 1.27

Table 7. Wetting time and Crystallinity Index of silk fabrics treated conventionally (Marseille soap) or enzymatically.
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The microstructure of cotton fabrics was investigated by X-ray diffraction. The results are
presented on Table 7. The diffraction curves of all silk fibers exhibit the typical pattern of a
silk II crystal with high crystallinity [19].

Silk fabrics treated with Esperase® 8.0L exhibited higher Crystallinity Index values com‐
pared to papain treated ones. Furthermore, at higher Esperase® 8.0L the crystallinity of the
fabric was superior to that treated conventionally (Marseille soap).

3.2.3. Whiteness and whiteness after bleaching with H2O2

Natural coloring matters present in silk are associated mainly with sericin and hence are
eliminated during degumming. The natural colouring matter of silk can be roughly divided
into yellow, green and brown pigments. However the residual pigments are adsorbed by fi‐
broin and hence silk fabrics made from yellow raw silk after degumming are not white but
have a cream colour [65]. Lustre is one of the most important properties of silk, hence the
method of degumming is significant.

A slight increase in whiteness was observed after treatment with the two different proteases
compared to the fabric treated in the absence of enzyme. Esperase® 8.0L exhibited better re‐
sults compared to papain. However, whiteness of silk fabrics treated with Marseille soap
was superior to that of enzymatically treated fabrics (Figure 3a).

The results are in contrast to those reported by Chopra et al., [49] who demonstrated that
enzyme treated samples rate marginally better than the soap-treated samples.

Bleaching of silk is for white and pastel shades only. Degummed silk fabrics present a slight‐
ly off-white in colour, because of some sericin, which is stubbornly stuck to the fibrin [65].
After enzymatic and conventional degumming the silk fabrics were bleached with H2O2. The
results indicated that the whiteness after bleaching of all Esperase® 8.0L treated fabrics were
the highest (Figure 3b).
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Figure 3. a) Whiteness Index and (b) Whiteness Index after bleaching with Η2Ο2 of degummed silk fabrics using Mar‐
seille soap (conventional treatment) or papain and Esperase® 8.0L at different loadings.
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Figure 2. a) weight loss of silk fabrics treated with different types of proteases at enzyme dosages ranged from 25 to
74 U.g-1

fabric and (b) degumming efficiency of the enzymatic process

The amount of sericin in raw silk measured in terms of weight loss varies between 17and
38%. Some of the good Chinese and Japanese varieties show about 17 to 17.5%, while yellow
Italian silk has about 23% sericin and some Thai varieties have as high as 38% [27].

3.2.2. Wettability and crystallinity

Wettability was a function of both enzyme dosage and type of protease. Silk fabrics treated
with Esperase® 8.0L at 75 U.g-1

fabric showed adequate water absorbency (<1 sec). On the other
hand silk fabrics treated with papain showed higher wetting times namely more hydropho‐
bic fabrics. Although the implementation of higher papain activities formed silk fabrics with
lower wetting times (Table 7) these values were higher than 1 sec, which is the maximum
wetting time required for efficient dyeing and finishing. The lowest wetting time achieved
using papain was 3.65 sec at the highest papain activity (75 U.g-1

fabric).

Treatment Wetting time (sec) Crystallinity Index (%)

Papain (U.g-1 fabric)

25 6.12 ± 0.25 61.73 ± 1.48

50 4.16 ± 0.16 62.27 ± 0.98

75 3.65 ± 0.19 63.90 ± 0.89

Esperase® 8.0L (U.g-1 fabric)

25 1.80 ± 0.20 63.90 ± 1.30

50 1.36 ± 0.15 66.61 ± 1.10

75 <1 66.72 ± 1.20

Marseille soap <1 66.48 ± 1.35

No enzyme 6.85 ± 0.20 63.90 ± 1.27

Table 7. Wetting time and Crystallinity Index of silk fabrics treated conventionally (Marseille soap) or enzymatically.
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The microstructure of cotton fabrics was investigated by X-ray diffraction. The results are
presented on Table 7. The diffraction curves of all silk fibers exhibit the typical pattern of a
silk II crystal with high crystallinity [19].

Silk fabrics treated with Esperase® 8.0L exhibited higher Crystallinity Index values com‐
pared to papain treated ones. Furthermore, at higher Esperase® 8.0L the crystallinity of the
fabric was superior to that treated conventionally (Marseille soap).

3.2.3. Whiteness and whiteness after bleaching with H2O2

Natural coloring matters present in silk are associated mainly with sericin and hence are
eliminated during degumming. The natural colouring matter of silk can be roughly divided
into yellow, green and brown pigments. However the residual pigments are adsorbed by fi‐
broin and hence silk fabrics made from yellow raw silk after degumming are not white but
have a cream colour [65]. Lustre is one of the most important properties of silk, hence the
method of degumming is significant.

A slight increase in whiteness was observed after treatment with the two different proteases
compared to the fabric treated in the absence of enzyme. Esperase® 8.0L exhibited better re‐
sults compared to papain. However, whiteness of silk fabrics treated with Marseille soap
was superior to that of enzymatically treated fabrics (Figure 3a).

The results are in contrast to those reported by Chopra et al., [49] who demonstrated that
enzyme treated samples rate marginally better than the soap-treated samples.

Bleaching of silk is for white and pastel shades only. Degummed silk fabrics present a slight‐
ly off-white in colour, because of some sericin, which is stubbornly stuck to the fibrin [65].
After enzymatic and conventional degumming the silk fabrics were bleached with H2O2. The
results indicated that the whiteness after bleaching of all Esperase® 8.0L treated fabrics were
the highest (Figure 3b).
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Figure 3. a) Whiteness Index and (b) Whiteness Index after bleaching with Η2Ο2 of degummed silk fabrics using Mar‐
seille soap (conventional treatment) or papain and Esperase® 8.0L at different loadings.
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3.2.4. Bending property

Fabric bending property is apparently a function of the bending property of its constituent
yarns. B is bending rigidity, a measure of a fabric’s ability to resist bending deformation. In
other words, it reflects the difficulty with which a fabric can be deformed by bending.This
parameter is particularly critical in the tailoring of lightweight fabrics. The higher the bend‐
ing rigidity, the higher a fabric’s ability to resist when it is bent by external force like what
happens during fabric manipulation in spreading and sewing.

Enzymatically  treated  silk  fabrics  exhibited  higher  B  values  compared  to  silk  fabrics
treated only with buffer solution (no enzyme) (Table 8). Bending rigidity was affected by
both type of protease and enzyme concentration. Increasing enzyme concentration result‐
ed in higher B  values,  namely in more stiff  fabrics.  Silk fabrics  treated with papain ex‐
hibited  25-116%  increase  in  B  values  while  silk  fabrics  treated  with  Esperase®  8.0L
showed higher increase namely 44-137% in comparison with the buffer  treated silk fab‐
rics.  Enzymatically  treated  silk  fabrics  are  less  rigid,  softer  compared  to  conventionally
degummed fabrics.

Chopra et al., [49] reported that enzyme treated silk fabrics exhibited increased bending ri‐
gidity compared to soap treated ones. In the present study, even though an increase in bend‐
ing rigidity was observed through the different experimental conditions, fabric treated with
Marseille soap exhibited the highest value of this property.

3.2.5. Shear property

Shear rigidity G provides a measure of the resistance to rotational movement of the warp
and weft threads within a fabric when subjected to low levels of shear deformation. The
lower the value of G, the more readily the fabric will conform to three-dimensional curva‐
tures.

Enzymatically treated silk fabrics showed lower G values compared to untreated and con‐
ventionally treated silk fabrics. Shear rigidity (G) of biotreated fabrics, for a given protease,
decreased, when enzyme loading was increased (Table 8). The silk fabrics treated with pa‐
pain showed 5-63% decrease in G values for the different enzyme activities, while the fabrics
treated with Esperase® 8.0L showed a higher decrease in G values which ranged between
65-75%. Lower G values, of the enzymatically treated silk fabrics is “translated” in softer fab‐
rics with better drape (Table 8).

3.2.6. Tensile property

The tensile behaviour of fabric is closely related to the inter-fiber friction effect, the ease of
crimp removal and the load-extension properties of the yarns themselves. Through the KES
apparatus the EMT parameter was determined which reflects fabric’s extensibility, a meas‐
ure of a fabric’s ability to be stretched under tensile load. The larger the EMT, the more ex‐
tensible the fabric.
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Type of

treatment

Bending rigidity (B)

(gf.cm2.cm-1)

Shear stiffness (G)

(gf.cm-1.degree-1)

warp weft mean warp weft mean

No enzyme 0.0205±0.0005 0.0117±0.0001 0.0161 1.80±0.02 1.60±0.01 1.70

P 25 U.g-1 fabric 0.0256±0.0007 0.0147±0.0003 0.0202 1.70±0.03 1.53±0.02 1.62

P 50 U.g-1 fabric 0.0356±0.0009 0.0185±0.0004 0.0271 1.30±0.01 1.25±0.01 1.27

P 75 U.g-1 fabric 0.0463±0.0006 0.0234±0.0002 0.0349 0.75±0.01 0.50±0.01 0.63

E 25 U.g-1 fabric 0.0337±0.0004 0.0126±0.0003 0.0232 0.85± 0.01 0.35±0.01 0.60

E 50 U.g-1 fabric 0.0321±0.0006 0.0283±0.0002 0.0302 0.55±0.01 0.35±0.01 0.45

E 75 U.g-1 fabric 0.0479±0.0007 0.0283±0.0005 0.0381 0.50±0.01 0.35±0.01 0.43

Marseille soap 0.0537±0.0006 0.0264±0.0003 0.0401 1.80±0.03 1.60±0.01 1.70

P: Papain, E: Esperase® 8.0L

Table 8. Comparison of micromechanical properties of silk fabrics treated for 60 min with various levels of papain and
Esperase® 8.0L, with reference and conventionally degummed materials

Tensile property increased when enzyme concentration increased for both protease used
(Table 9). Treatment with Esperase® 8.0L and particularly with high concentrations resulted
in silk fabrics more elastic compared to those treated with Marseille soap (Table 9).

Type of treatment
Tensile (%)

warp weft mean

No enzyme 5.15 ± 0.2 1.63 ± 0.07 3.39

P 25 U.g-1 fabric 4.09 ± 0.3 1.24 ± 0.04 2.67

P 50 U.g-1 fabric 3.97 ± 0.2 0.94 ± 0.02 2.53

P 75 U.g-1 fabric 4.53 ± 0.3 1.33 ± 0.04 2.93

E 25 U.g-1 fabric 4.51 ± 0.3 1.05 ± 0.04 2.78

E 50 U.g-1 fabric 5.37 ± 0.1 1.49 ± 0.02 3.43

E 75 U.g-1 fabric 6.32 ± 0.3 1.15 ± 0.01 3.74

Marseille soap 4.29 ± 0.2 1.42 ± 0.07 2.86

P: Papain, E: Esperase® 8.0L

Table 9. Comparison of micromechanical properties of silk fabrics treated for 60 min with various levels of papain and
Esperase® 8.0L, with reference and conventionally degummed materials
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3.2.4. Bending property

Fabric bending property is apparently a function of the bending property of its constituent
yarns. B is bending rigidity, a measure of a fabric’s ability to resist bending deformation. In
other words, it reflects the difficulty with which a fabric can be deformed by bending.This
parameter is particularly critical in the tailoring of lightweight fabrics. The higher the bend‐
ing rigidity, the higher a fabric’s ability to resist when it is bent by external force like what
happens during fabric manipulation in spreading and sewing.

Enzymatically  treated  silk  fabrics  exhibited  higher  B  values  compared  to  silk  fabrics
treated only with buffer solution (no enzyme) (Table 8). Bending rigidity was affected by
both type of protease and enzyme concentration. Increasing enzyme concentration result‐
ed in higher B  values,  namely in more stiff  fabrics.  Silk fabrics  treated with papain ex‐
hibited  25-116%  increase  in  B  values  while  silk  fabrics  treated  with  Esperase®  8.0L
showed higher increase namely 44-137% in comparison with the buffer  treated silk fab‐
rics.  Enzymatically  treated  silk  fabrics  are  less  rigid,  softer  compared  to  conventionally
degummed fabrics.

Chopra et al., [49] reported that enzyme treated silk fabrics exhibited increased bending ri‐
gidity compared to soap treated ones. In the present study, even though an increase in bend‐
ing rigidity was observed through the different experimental conditions, fabric treated with
Marseille soap exhibited the highest value of this property.

3.2.5. Shear property

Shear rigidity G provides a measure of the resistance to rotational movement of the warp
and weft threads within a fabric when subjected to low levels of shear deformation. The
lower the value of G, the more readily the fabric will conform to three-dimensional curva‐
tures.

Enzymatically treated silk fabrics showed lower G values compared to untreated and con‐
ventionally treated silk fabrics. Shear rigidity (G) of biotreated fabrics, for a given protease,
decreased, when enzyme loading was increased (Table 8). The silk fabrics treated with pa‐
pain showed 5-63% decrease in G values for the different enzyme activities, while the fabrics
treated with Esperase® 8.0L showed a higher decrease in G values which ranged between
65-75%. Lower G values, of the enzymatically treated silk fabrics is “translated” in softer fab‐
rics with better drape (Table 8).

3.2.6. Tensile property

The tensile behaviour of fabric is closely related to the inter-fiber friction effect, the ease of
crimp removal and the load-extension properties of the yarns themselves. Through the KES
apparatus the EMT parameter was determined which reflects fabric’s extensibility, a meas‐
ure of a fabric’s ability to be stretched under tensile load. The larger the EMT, the more ex‐
tensible the fabric.
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P: Papain, E: Esperase® 8.0L

Table 8. Comparison of micromechanical properties of silk fabrics treated for 60 min with various levels of papain and
Esperase® 8.0L, with reference and conventionally degummed materials

Tensile property increased when enzyme concentration increased for both protease used
(Table 9). Treatment with Esperase® 8.0L and particularly with high concentrations resulted
in silk fabrics more elastic compared to those treated with Marseille soap (Table 9).
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No enzyme 5.15 ± 0.2 1.63 ± 0.07 3.39

P 25 U.g-1 fabric 4.09 ± 0.3 1.24 ± 0.04 2.67

P 50 U.g-1 fabric 3.97 ± 0.2 0.94 ± 0.02 2.53

P 75 U.g-1 fabric 4.53 ± 0.3 1.33 ± 0.04 2.93

E 25 U.g-1 fabric 4.51 ± 0.3 1.05 ± 0.04 2.78

E 50 U.g-1 fabric 5.37 ± 0.1 1.49 ± 0.02 3.43

E 75 U.g-1 fabric 6.32 ± 0.3 1.15 ± 0.01 3.74

Marseille soap 4.29 ± 0.2 1.42 ± 0.07 2.86
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3.3. Synergistic action of protease-lipase on silk degumming: Effect of treatment time

Proteases and lipases are normally used in combination for degumming and removing oth‐
ers impurities such as waxes, fats, mineral salts and pigments [49]. Waxes and fats as well as
colorants and mineral components occur exclusively in silk gum layer (sericin) [66]. The
combined effect of enzyme activity (expressed as Units of protease per g of silk fabric) and
treatment time on physicochemical and low-stress mechanical properties of cotton fabric
was investigated. Raw silk fabrics were treated with two different proteases namely papain
and Esperase® 8.0L at an enzyme activity of 50 and 75 U.g-1

fabric combined with a lipase (Lipo‐
lase® Ultra 50T) at a constant activity of 50 U.g-1

fabric ic for 30, 60, 90 min. Furthermore, buffer
treated and conventional degummed silk fabrics were used as controls.

3.3.1. Weight loss

The results are depicted in Figure 4 both as weight loss (Figure 4a) and degumming efficien‐
cy (Figure 4b). Without enzymes, the weight loss was negligible.
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Figure 4. a) weight loss of silk fabrics treated with mixtures of proteases/lipase for 30, 60 and 90 min and (b) degum‐
ming efficiency of the enzymatic process

The degree of fabric’s degradation was found to be affected by both enzyme concentration
and treatment time. Increasing enzyme concentration and treatment time resulted in in‐
creased weight loss values. The combination of Esperase® 8.0L with Lipolase® Ultra 50T was
found superior to that of papain. The highest weight loss (15.9%, w/w) was achieved when
fabrics were treated with 75 U.g-1

fabric Esperase® 8.0L + 50 U.g-1
fabric Lipolase® Ultra 50T for

90min, while weight loss during conventional degumming was higher (20.4 %, w/w).

Degumming efficiency did not exceed 78% (Figure 4b). The proteases and lipase combina‐
tion did not improve the results obtained when the fabrics degummed only with proteases.

3.3.2. Wettability and crystallinity index

Wettability seemed to depend more on the enzymes used for degumming and less on treat‐
ment time. (Table 10). The most effective combination is that of Esperase® 8.0L with Lipo‐
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lase® Ultra 50T. This combination at the highest enzyme loading used, exhibited adequate
water absorbency (<1 sec) after 60 min of treatment. The mixture of papain with Lipolase®

Ultra 50T did not improve the wettability of the silk fabrics compared to those treated only
with papain, even at higher treatment times.

Crystallinity index increased with treatment time for all enzyme combination tested (Table
10). The combination of Esperase® 8.0L with lipase was more effective compared to that of
papain. However, the addition of lipase did not seem to improve Crystallinity Index in any
condition tested, compared to the action of single protease.

Treatment Wetting time (sec) Crystallinity Index (%)

50 U.g-1 fabric Papain + 50 U.g-1 fabric Lipolase® Ultra 50T

30 min 5.90 ± 0.18 62.80 ± 1.30

60 min 5.80 ± 0.12 63.20 ± 1.24

90 min 5.60 ± 0.10 63.32 ± 1.31

75 U.g-1 fabric Papain + 50 U.g-1 fabric Lipolase® Ultra 50T

30 min 4.72 ± 0.20 62.90 ± 1.36

60 min 3.60 ± 0.15 63.20 ± 1.40

90 min 3.30 ± 0.30 63.32 ± 1.26

50 U.g-1 fabric Esperase® 8.0L + 50 U.g-1 fabric Lipolase® Ultra 50T

30 min 2.20 ± 0.20 64.80 ± 1.60

60 min 2.00 ± 0.19 65.00 ± 1.80

90 min 1.50 ± 0.18 65.10 ± 1.10

75 U.g-1 fabric Esperase® 8.0L + 50 U.g-1 fabric Lipolase® Ultra 50T

30 min 1.47 ± 0.09 65.20 ± 1.50

60 min <1 65.40 ± 1.40

90 min <1 66.00 ± 1.10

Marseille soap <1 66.48 ± 1.35

No enzyme 6.85 ± 0.20 63.90 ± 1.27

Table 10. Wetting time and Crystallinity Index of silk fabrics treated conventionally (Marseille soap) or enzymatically.

3.3.3. Whiteness and whiteness after bleaching with H2O2

The synergistic action of protease-lipase improved the whiteness of the silk fabrics (Figure
5a). Increasing enzyme concentration and treatment time resulted in increased whiteness
values. The highest whiteness values for each combination were observed at highest enzyme
loading and after 90 min of treatment. Those values were 55.2 and 59.8 Berger degree for
papain+ Lipolase® Ultra 50T and Esperase® 8.0L+ Lipolase® Ultra 50T, respectively. It should
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3.3. Synergistic action of protease-lipase on silk degumming: Effect of treatment time

Proteases and lipases are normally used in combination for degumming and removing oth‐
ers impurities such as waxes, fats, mineral salts and pigments [49]. Waxes and fats as well as
colorants and mineral components occur exclusively in silk gum layer (sericin) [66]. The
combined effect of enzyme activity (expressed as Units of protease per g of silk fabric) and
treatment time on physicochemical and low-stress mechanical properties of cotton fabric
was investigated. Raw silk fabrics were treated with two different proteases namely papain
and Esperase® 8.0L at an enzyme activity of 50 and 75 U.g-1

fabric combined with a lipase (Lipo‐
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Figure 4. a) weight loss of silk fabrics treated with mixtures of proteases/lipase for 30, 60 and 90 min and (b) degum‐
ming efficiency of the enzymatic process

The degree of fabric’s degradation was found to be affected by both enzyme concentration
and treatment time. Increasing enzyme concentration and treatment time resulted in in‐
creased weight loss values. The combination of Esperase® 8.0L with Lipolase® Ultra 50T was
found superior to that of papain. The highest weight loss (15.9%, w/w) was achieved when
fabrics were treated with 75 U.g-1

fabric Esperase® 8.0L + 50 U.g-1
fabric Lipolase® Ultra 50T for

90min, while weight loss during conventional degumming was higher (20.4 %, w/w).

Degumming efficiency did not exceed 78% (Figure 4b). The proteases and lipase combina‐
tion did not improve the results obtained when the fabrics degummed only with proteases.

3.3.2. Wettability and crystallinity index

Wettability seemed to depend more on the enzymes used for degumming and less on treat‐
ment time. (Table 10). The most effective combination is that of Esperase® 8.0L with Lipo‐
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lase® Ultra 50T. This combination at the highest enzyme loading used, exhibited adequate
water absorbency (<1 sec) after 60 min of treatment. The mixture of papain with Lipolase®

Ultra 50T did not improve the wettability of the silk fabrics compared to those treated only
with papain, even at higher treatment times.

Crystallinity index increased with treatment time for all enzyme combination tested (Table
10). The combination of Esperase® 8.0L with lipase was more effective compared to that of
papain. However, the addition of lipase did not seem to improve Crystallinity Index in any
condition tested, compared to the action of single protease.

Treatment Wetting time (sec) Crystallinity Index (%)

50 U.g-1 fabric Papain + 50 U.g-1 fabric Lipolase® Ultra 50T

30 min 5.90 ± 0.18 62.80 ± 1.30

60 min 5.80 ± 0.12 63.20 ± 1.24

90 min 5.60 ± 0.10 63.32 ± 1.31

75 U.g-1 fabric Papain + 50 U.g-1 fabric Lipolase® Ultra 50T

30 min 4.72 ± 0.20 62.90 ± 1.36

60 min 3.60 ± 0.15 63.20 ± 1.40

90 min 3.30 ± 0.30 63.32 ± 1.26

50 U.g-1 fabric Esperase® 8.0L + 50 U.g-1 fabric Lipolase® Ultra 50T

30 min 2.20 ± 0.20 64.80 ± 1.60

60 min 2.00 ± 0.19 65.00 ± 1.80

90 min 1.50 ± 0.18 65.10 ± 1.10

75 U.g-1 fabric Esperase® 8.0L + 50 U.g-1 fabric Lipolase® Ultra 50T

30 min 1.47 ± 0.09 65.20 ± 1.50

60 min <1 65.40 ± 1.40

90 min <1 66.00 ± 1.10

Marseille soap <1 66.48 ± 1.35

No enzyme 6.85 ± 0.20 63.90 ± 1.27

Table 10. Wetting time and Crystallinity Index of silk fabrics treated conventionally (Marseille soap) or enzymatically.

3.3.3. Whiteness and whiteness after bleaching with H2O2

The synergistic action of protease-lipase improved the whiteness of the silk fabrics (Figure
5a). Increasing enzyme concentration and treatment time resulted in increased whiteness
values. The highest whiteness values for each combination were observed at highest enzyme
loading and after 90 min of treatment. Those values were 55.2 and 59.8 Berger degree for
papain+ Lipolase® Ultra 50T and Esperase® 8.0L+ Lipolase® Ultra 50T, respectively. It should
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be noted that the conventional degumming resulted in a lower whiteness value (58.8 Berger
degree) (Figure 5a). The addition of lipase improved the whiteness of the silk fabrics com‐
pared to results obtained by the use of protease only. For example the whiteness of the silk
fabrics treated with 75 U.g-1

fabric Esperase® 8.0L for 60 min was found 52.2 Berger degree,
while the corresponding value of the fabrics treated at the same conditions adding 50
U.g-1

fabric Lipolase® Ultra 50T was 57.3 Berger degree.
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Figure 5. a) Whiteness Index and (b) Whiteness Index after bleaching with Η2Ο2 of degummed silk fabrics using Mar‐
seille soap (conventional treatment) or mixture of papain and Esperase® 8.0L with Lipolase® Ultra 50T at different load‐
ings and treatment times.

The synergistic action of protease-lipase improved the bleaching effect of the silk fabrics
(Figure 5b). Increasing enzyme concentration and treatment time resulted in increased
whiteness values after bleaching. The whiteness after bleaching of the silk fabrics treated
with papain and Lipolase® Ultra 50T ranged between 78.0-89.0 Berger degree, while the cor‐
responding values for the fabrics treated only with papain were found between 68.4-76.0
Berger degree. Higher whiteness values were observed for the fabrics treated with the mix‐
ture of Esperase® 8.0L with Lipolase® Ultra 50T. The whiteness ranged between 95.23-108
Berger degree. The silk fabrics treated with Esperase® 8.0L + Lipolase® Ultra 50T exhibited
40% increase in whiteness in comparison with those treated with the conventional method
with Marseille soap, while the corresponding increase in whiteness for the fabrics treated
with papain and Lipolase® Ultra 50T was 15%.

3.3.4. Bending property

Enzymatically and soap treated silk fabrics exhibited higher B values compared to untreated
silk fabrics. Bending rigidity of the enzymatically treated silk fabrics was affected by en‐
zyme concentration and treatment time. Increasing enzyme concentration and treatment
time resulted in lower B values, namely in less rigid fabrics compared to conventionally
treated ones (Table 11).

One interesting aspect is that addition of Lipolase® Ultra 50T caused further decrease in B values
compared to those obtained when silk fabrics were treated only with protease. For example, silk
fabrics treated with 75 U.g-1

fabric Esperase® 8.0L exhibited a B value of 0.0381 (gf.cm2.cm-1) after 60
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min (Table 8). Addition of 50 U.g-1
fabric Lipolase® Ultra 50T resulted in 43% decrease in B value

(0.0291, gf.cm2.cm-1). The same pattern was observed for all conditions tested.

Type of

treatment

Bending rigidity (B)

(gf.cm2.cm-1)

Shear stiffness (G)

(gf.cm-1.degree-1)

warp weft mean warp weft mean

No enzyme 0.0205±0.0005 0.0117±0.0001 0.0161 1.80±0.02 1.60±0.01 1.70

50 Ug-1 Papain + 50 Ug-1 Lipolase® Ultra 50T

30 min 0.0300±0.0003 0.0200±0.0004 0.0250 1.50±0.02 1.34±0.01 1.42

60 min 0.0250±0.0005 0.0170±0.0002 0.0210 1.44±0.03 1.30±0.03 1.37

90 min 0.0200±0.0002 0.0160±0.0002 0.0180 1.28±0.02 1.22±0.02 1.25

75 Ug-1 Papain + 50 Ug-1 Lipolase® Ultra 50T

30 min 0.0220±0.0002 0.0180±0.0001 0.0200 1.34±0.02 1.30±0.01 1.32

60 min 0.0170±0.0003 0.0140±0.0002 0.0155 1.29±0.03 1.25±0.01 1.27

90 min 0.0160±0.0002 0.0130±0.0003 0.0145 1.26±0.01 1.23±0.02 1.25

50 Ug-1 Esperase® 8.0L + 50 Ug-1 Lipolase® Ultra 50T

30 min 0.0424±0.0009 0.0233±0.0002 0.0329 1.85±0.04 1.50±0.05 1.68

60 min 0.0341±0.0005 0.0200±0.0001 0.0271 1.80±0.04 1.45±0.05 1.63

90 min 0.0330±0.0007 0.0187±0.0003 0.0259 1.60±0.06 1.40±0.05 1.50

75 Ug-1 Esperase® 8.0L + 50 Ug-1 Lipolase® Ultra 50T

30 min 0.0491±0.0005 0.0231±0.0002 0.0361 1.90±0.06 1.20±0.04 1.55

60 min 0.0242±0.0003 0.0195±0.0005 0.0219 1.58±0.03 0.90±0.03 1.24

90 min 0.0214±0.0007 0.0170±0.0003 0.0192 1.53±0.02 0.10±0.02 0.81

Marseille soap 0.0537±0.0006 0.0264±0.0003 0.0401 1.80±0.03 1.60±0.01 1.70

Table 11. Comparison of micromechanical properties of silk fabrics treated at varying durations with various levels of
Papain and Esperase® 8.0L combined with constant level of Lipolase® Ultra 50T, with reference and conventionally
degummed materials

3.3.5. Shear property

Combined action of proteases with Lipolase resulted in silk fabrics with lower G values
compared to untreated and conventional treated silk fabrics (Table 11). Increasing protease
concentration and treatment time resulted in silk fabrics less rigid with better drape (lower
G values) compared to those treated with Marseille soap.

Shear rigidity was also affected by the addition of Lipolase® Ultra 50T. For example, silk fab‐
rics treated with 75 U.g-1

fabric Esperase® 8.0L exhibited a G value of 0.43 (gf.cm-1.degree-1) after
60 min (Table 8). Addition of 50 U/g Lipolase® Ultra 50T resulted in 65% increase in G value
(1.24, gf.cm-1.degree-1). The same pattern was observed for all conditions tested.
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be noted that the conventional degumming resulted in a lower whiteness value (58.8 Berger
degree) (Figure 5a). The addition of lipase improved the whiteness of the silk fabrics com‐
pared to results obtained by the use of protease only. For example the whiteness of the silk
fabrics treated with 75 U.g-1

fabric Esperase® 8.0L for 60 min was found 52.2 Berger degree,
while the corresponding value of the fabrics treated at the same conditions adding 50
U.g-1

fabric Lipolase® Ultra 50T was 57.3 Berger degree.
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Figure 5. a) Whiteness Index and (b) Whiteness Index after bleaching with Η2Ο2 of degummed silk fabrics using Mar‐
seille soap (conventional treatment) or mixture of papain and Esperase® 8.0L with Lipolase® Ultra 50T at different load‐
ings and treatment times.

The synergistic action of protease-lipase improved the bleaching effect of the silk fabrics
(Figure 5b). Increasing enzyme concentration and treatment time resulted in increased
whiteness values after bleaching. The whiteness after bleaching of the silk fabrics treated
with papain and Lipolase® Ultra 50T ranged between 78.0-89.0 Berger degree, while the cor‐
responding values for the fabrics treated only with papain were found between 68.4-76.0
Berger degree. Higher whiteness values were observed for the fabrics treated with the mix‐
ture of Esperase® 8.0L with Lipolase® Ultra 50T. The whiteness ranged between 95.23-108
Berger degree. The silk fabrics treated with Esperase® 8.0L + Lipolase® Ultra 50T exhibited
40% increase in whiteness in comparison with those treated with the conventional method
with Marseille soap, while the corresponding increase in whiteness for the fabrics treated
with papain and Lipolase® Ultra 50T was 15%.

3.3.4. Bending property

Enzymatically and soap treated silk fabrics exhibited higher B values compared to untreated
silk fabrics. Bending rigidity of the enzymatically treated silk fabrics was affected by en‐
zyme concentration and treatment time. Increasing enzyme concentration and treatment
time resulted in lower B values, namely in less rigid fabrics compared to conventionally
treated ones (Table 11).

One interesting aspect is that addition of Lipolase® Ultra 50T caused further decrease in B values
compared to those obtained when silk fabrics were treated only with protease. For example, silk
fabrics treated with 75 U.g-1

fabric Esperase® 8.0L exhibited a B value of 0.0381 (gf.cm2.cm-1) after 60
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min (Table 8). Addition of 50 U.g-1
fabric Lipolase® Ultra 50T resulted in 43% decrease in B value

(0.0291, gf.cm2.cm-1). The same pattern was observed for all conditions tested.

Type of
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90 min 0.0214±0.0007 0.0170±0.0003 0.0192 1.53±0.02 0.10±0.02 0.81
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Table 11. Comparison of micromechanical properties of silk fabrics treated at varying durations with various levels of
Papain and Esperase® 8.0L combined with constant level of Lipolase® Ultra 50T, with reference and conventionally
degummed materials

3.3.5. Shear property

Combined action of proteases with Lipolase resulted in silk fabrics with lower G values
compared to untreated and conventional treated silk fabrics (Table 11). Increasing protease
concentration and treatment time resulted in silk fabrics less rigid with better drape (lower
G values) compared to those treated with Marseille soap.

Shear rigidity was also affected by the addition of Lipolase® Ultra 50T. For example, silk fab‐
rics treated with 75 U.g-1

fabric Esperase® 8.0L exhibited a G value of 0.43 (gf.cm-1.degree-1) after
60 min (Table 8). Addition of 50 U/g Lipolase® Ultra 50T resulted in 65% increase in G value
(1.24, gf.cm-1.degree-1). The same pattern was observed for all conditions tested.
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3.3.6. Tensile property

The elasticity, (tensile strength) of the silk fabrics treated with papain and Lipolase® Ultra
50T was higher than the elasticity of the untreated and soap treated silk fabrics and seemed
to be dependent on protease dosage and treatment time (Table 12). Increasing papain dos‐
age and treatment time resulted in an increase elasticity of the enzymatically treated of silk
fabrics. At highest papain dosage and for treatment times 60 min and more, the elasticity
was superior to that of Marseille soap treated silk.

Opposite trend was observed for the fabrics treated with Esperase® 8.0L + Lipolase® Ultra
50T combination. Increasing protease dosage and treatment time the silk fabrics became
more anelastic (Table 12).

Type of treatment
Tensile (%)

warp weft mean

No enzyme 5.15 ± 0.2 1.63 ± 0.07 3.39

50 U.g-1 fabric Papain + 50 U.g-1 fabric Lipolase® Ultra 50T

30 min 3.30 ± 0.10 2.70 ± 0.20 3.00

60 min 3.60 ± 0.10 3.00 ± 0.10 3.30

90 min 3.90 ± 0.20 3.10 ± 0.10 3.50

75 U.g-1 fabric Papain + 50 U.g-1 fabric Lipolase® Ultra 50T

30 min 4.10 ± 0.20 3.30 ± 0.20 3.70

60 min 4.20 ± 0.20 3.40 ± 0.30 3.80

90 min 4.40 ± 0.40 3.50 ± 0.20 3.95

50 U.g-1 fabric Esperase® 8.0L + 50 U.g-1 fabric Lipolase® Ultra 50T

30 min 4.85 ± 0.10 1.74 ± 0.05 3.30

60 min 4.75 ± 0.20 1.65 ± 0.02 3.20

90 min 4.60 ± 0.20 1.50 ± 0.03 3.05

75 U.g-1 fabric Esperase® 8.0L + U.g-1 fabric Lipolase® Ultra 50T

30 min 4.96 ± 0.10 1.87 ± 0.09 3.42

60 min 4.62 ± 0.40 1.55 ± 0.05 3.09

90 min 4.51 ± 0.30 1.36 ± 0.04 2.94

Marseille soap 4.29 ± 0.20 1.42 ± 0.02 2.86

Table 12. Comparison of micromechanical properties of silk fabrics treated for different times with various levels of
papain and Esperase® 8.0L combined with constant level of Lipolase® Ultra 50T, with reference and conventionally
degummed materials
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Addition of Lipolase® Ultra 50T in papain degumming mixture produces more elastic fabrics
compared to those obtained by single papain treatement. For example silk fabrics treated with
papain at 75 U.g-1

fabric fabric for 60 min exhibited a tensile strength value of 2.93%. Addition of 50
U.g-1

fabric Lipolase® Ultra 50T increases this value at 3.80%. On the other hand the use of Esperase®

8.0L + Lipolase® Ultra 50T mixture causes a decrease in the fabric’s elasticity.

4. Conclusions

Enzymatic degumming of silk fabric using proteolytic enzymes (papain, Esperase® 8.0L) and
mixtures of thereof with a lipolytic (Lipolase® Ultra 50T) enzyme under mild conditions was
investigated. The results obtained are encouraging in comparison with those of the conven‐
tional method of degumming (Marseille soap).

Silk fabrics treated with Esperase® 8.0L (an alkaline protease) at high concentration (75 U/g
fabric) for 60 min exhibited degumming efficiency nearly 99%, which indicate almost com‐
plete removal of sericin from the surface of the fabric. Esperase® 8.0L treatment resulted in
fabrics with adequate wettability, higher CrI and whitenees after bleaching compared to
those treated conventionally (Marseille soap).

On the other hand papain was not so effective in the degumming process. This could probably
be attributed to the different substrate specificity of the proteases, that is, the chemical struc‐
ture of the target cleavage site. The silk fabrics treated with both proteolytic enzymes exhibited
low bending and shear rigidity and higher elasticity compared to Marseille soap treated silk
fabrics. This means that the silk fabrics after enzymatic degumming were softer, less rigid, with
better drape and higher elasticity compared to those treated with Marseille soap.

Since the silk of Bombyx mori apart of the proteins fibroin and sericin, also contains fats, wax
etc., the combined effect of proteolytic enzymes with a lipolytic one was investigated. Com‐
bined action of protease with lipase (Lipolase® Ultra 50T) resulted in lower degumming effi‐
ciency compared (under the same conditions) with protease treatment only, but generated
silk fabrics with significant improvement in whiteness after bleaching. As far as the proper‐
ties measured in the Kawabata evaluation system the combination of proteolytic with lipo‐
lytic enzymes resulted in silk fabrics with extremely low bending rigidity, reduced shear
stiffness and with higher elasticity compared to Marseille soap treated. This means that the
fabrics were softer, less rigid with better drape compared to conventionally treated. Addi‐
tion of lipolase caused decrease in bending and increase in shear rigidity and elasticity of the
silk fabrics compared to those treated only with protease.

Silk degumming is a high resource consuming process as far as water and energy are con‐
cerned. Moreover, it is ecologically questionable for the high environmental impact of efflu‐
ents. The development of an effective degumming process based on enzymes as active
agents would entail savings in terms of water, energy, chemicals, and effluent treatment.
This could be made possible by the milder treatment conditions, the recycling of processing
water, the recovery of valuable by-products such as sericin peptides, and the lower environ‐
mental impact of effluents.
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50T was higher than the elasticity of the untreated and soap treated silk fabrics and seemed
to be dependent on protease dosage and treatment time (Table 12). Increasing papain dos‐
age and treatment time resulted in an increase elasticity of the enzymatically treated of silk
fabrics. At highest papain dosage and for treatment times 60 min and more, the elasticity
was superior to that of Marseille soap treated silk.

Opposite trend was observed for the fabrics treated with Esperase® 8.0L + Lipolase® Ultra
50T combination. Increasing protease dosage and treatment time the silk fabrics became
more anelastic (Table 12).
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30 min 4.10 ± 0.20 3.30 ± 0.20 3.70

60 min 4.20 ± 0.20 3.40 ± 0.30 3.80
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30 min 4.96 ± 0.10 1.87 ± 0.09 3.42

60 min 4.62 ± 0.40 1.55 ± 0.05 3.09

90 min 4.51 ± 0.30 1.36 ± 0.04 2.94

Marseille soap 4.29 ± 0.20 1.42 ± 0.02 2.86

Table 12. Comparison of micromechanical properties of silk fabrics treated for different times with various levels of
papain and Esperase® 8.0L combined with constant level of Lipolase® Ultra 50T, with reference and conventionally
degummed materials
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Addition of Lipolase® Ultra 50T in papain degumming mixture produces more elastic fabrics
compared to those obtained by single papain treatement. For example silk fabrics treated with
papain at 75 U.g-1

fabric fabric for 60 min exhibited a tensile strength value of 2.93%. Addition of 50
U.g-1

fabric Lipolase® Ultra 50T increases this value at 3.80%. On the other hand the use of Esperase®

8.0L + Lipolase® Ultra 50T mixture causes a decrease in the fabric’s elasticity.

4. Conclusions

Enzymatic degumming of silk fabric using proteolytic enzymes (papain, Esperase® 8.0L) and
mixtures of thereof with a lipolytic (Lipolase® Ultra 50T) enzyme under mild conditions was
investigated. The results obtained are encouraging in comparison with those of the conven‐
tional method of degumming (Marseille soap).

Silk fabrics treated with Esperase® 8.0L (an alkaline protease) at high concentration (75 U/g
fabric) for 60 min exhibited degumming efficiency nearly 99%, which indicate almost com‐
plete removal of sericin from the surface of the fabric. Esperase® 8.0L treatment resulted in
fabrics with adequate wettability, higher CrI and whitenees after bleaching compared to
those treated conventionally (Marseille soap).

On the other hand papain was not so effective in the degumming process. This could probably
be attributed to the different substrate specificity of the proteases, that is, the chemical struc‐
ture of the target cleavage site. The silk fabrics treated with both proteolytic enzymes exhibited
low bending and shear rigidity and higher elasticity compared to Marseille soap treated silk
fabrics. This means that the silk fabrics after enzymatic degumming were softer, less rigid, with
better drape and higher elasticity compared to those treated with Marseille soap.

Since the silk of Bombyx mori apart of the proteins fibroin and sericin, also contains fats, wax
etc., the combined effect of proteolytic enzymes with a lipolytic one was investigated. Com‐
bined action of protease with lipase (Lipolase® Ultra 50T) resulted in lower degumming effi‐
ciency compared (under the same conditions) with protease treatment only, but generated
silk fabrics with significant improvement in whiteness after bleaching. As far as the proper‐
ties measured in the Kawabata evaluation system the combination of proteolytic with lipo‐
lytic enzymes resulted in silk fabrics with extremely low bending rigidity, reduced shear
stiffness and with higher elasticity compared to Marseille soap treated. This means that the
fabrics were softer, less rigid with better drape compared to conventionally treated. Addi‐
tion of lipolase caused decrease in bending and increase in shear rigidity and elasticity of the
silk fabrics compared to those treated only with protease.

Silk degumming is a high resource consuming process as far as water and energy are con‐
cerned. Moreover, it is ecologically questionable for the high environmental impact of efflu‐
ents. The development of an effective degumming process based on enzymes as active
agents would entail savings in terms of water, energy, chemicals, and effluent treatment.
This could be made possible by the milder treatment conditions, the recycling of processing
water, the recovery of valuable by-products such as sericin peptides, and the lower environ‐
mental impact of effluents.
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