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Surface Modification of Textiles
with Nanomaterials for Flexible
Electronics Applications

Dinesh Kumar Subbiah, Selva Balasubramanian,
Arockia Jayalatha Kulandaisamy, K. Jayanth Babu, Apurba Das
and John Bosco Balaguru Rayappan

Abstract In the recent past, wearable electronics has emerged as one of the signif-
icant products of nanoscience and nanotechnology initiatives. Multi-functional tex-
tiles achieved by means of surface modification with nanomaterials are a promising
strategy by which flexible and wearable electronics, also called as “next generation
electronics” could be developed. Nanostructured metal and metal oxide materials,
metal organic frameworks (MOF), nanostructured carbon derivatives and conducting
polymers are the major kinds of materials being used to modify the surface of textiles
for the fabrication of wearable devices. In this chapter, modification or functional-
ization of textile surface with nanomaterials through predominantly used techniques
like Physical Vapour Deposition (PVD), Chemical Vapour Deposition (CVD) and
other chemical techniques have been reviewed. Also, applications of wearable tex-
tiles with functionalized surface for energy harvesting, electromagnetic interference
filter with special focus on UV, and wearable sensors for healthcare and environment
quality monitoring, etc., have been highlighted.

Keywords Multifunctional textiles · Surface modification techniques · Metal
organic frameworks · Nanomaterials · Flexible electronics · Wearable sensors

1 Introduction

Nanomaterials are highly functional as well as versatile and can be utilized for a
variety of applications. Nanomaterials are like alchemists; different combinations of
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chemical precursors and physical conditions can result in versatile nanostructures that
finds utility in a range of applications [1]. In recent years, materials scientists have
taken a paradigm shift and concentrated on engineering nanomaterials, where they
intentionally design and develop synthetic materials with the desired physiochem-
ical properties for a targeted purpose or function [2]. Nanomaterials have greatly
enhanced the functional properties of matter, making them the most sought-after
candidate for biocompatible applications like drug delivery [3], nanosensors [4] and
nanomaterial modified textiles [5].

The demand for highly durable and functional garments has resulted in a growing
necessity for textiles modified with nanomaterials. Nanomaterials offer enhanced
functionalities to textiles such as enhancement of oil/water repellence [6], ultraviolet
(UV) blocking ability [7], reduction of wrinkles [8], elimination of static charge build
up [9], continuous monitoring of bodily functions and metabolism [10], rehabilita-
tion, toxicity reduction [11], long term durability, and environmental impact without
compromising their flexibility or comfort. This new approach has opened up sev-
eral windows in the wearable and flexible technologies including garments, which
is capable of sensing and responding to environmental stimuli including mechan-
ical, chemical, electrical, thermal, optical, or magnetic sources. Studies have been
conducted on electronic and photonic nanomaterials [12] integrated with textiles
especially, to validate their plausible potential in sensing, optical displays [13], and
drug delivery applications where they are examined in terms of their performance,
durability, and connectivity.

Cotton is widely preferred by textile manufacturers towards realizing wearable
textiles owing to its high absorbing capacity, chemically adaptable surface and flex-
ibility. Notwithstanding these merits, the fibres of cotton fabrics have lower strength
and easily flammable nature. As a result, such exacerbating properties of natural
cotton imparts greater limitations in (i) electronic applications (where repeatability
and durability at end user); (ii) antibacterial actions of cotton relatively decreases
as a consequence of laundering [14]. To overcome these challenges with cotton,
synthetic fibres have emerged as the other alternatives. It has been proved to have
better anti-microbial and stain-resistance properties but at the cost of comfort. Thus,
nanoengineered fabrics would plausibly stand as a conglomeration of the merits of
both natural and synthetic fibres, while furnishing novel functionalities.

Chemical vapour deposition (CVD) and physical vapour deposition (PVD) tech-
niques offer several advantages for surface modification of textiles [15]. Among the
two techniques, PVD has proven to furnish high adherent coatings. PVD is a thin
film coating technique, which involves condensation of vaporized thin filmmaterials
over the substrate/textile. PVD is generally conducted in vacuum, thereby offering
high purity and uniformly coated thin films owing to the increased mean free path
of the sputtered atoms. PVD techniques include cathode arc deposition, pulsed laser
deposition, electron beam evaporation, evaporative deposition, sputtering, ion plat-
ing, thermal evaporation, and enhanced sputtering. The general mechanism in PVD
techniques involve evaporation of the solid thin film materials to be coated onto the
substrate by heat or ion bombardment (sputtering) [16]. Simultaneously, a reactive
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species in the form of gas is introduced into the vacuum chamber to form a com-
pound with the target and the reactive species, which is subsequently coated on the
surface of the substrate/textile as a thin film. Such deposited thin films are generally
used in applications that demands high purity and repeatability in its functionality.
On the other hand, thin films preparation through CVD techniques like spray coat-
ing, dip coating were carried out at atmospheric environment, where the influence
of other gases in the atmosphere might influence and modify the prepared samples.
These modifications limit the potential applications of the prepared samples. How-
ever, preparation of high purity thin films using PVD techniques fulfil the required
demands and hence could be potentially employed in many applications like aircraft
parts, biomedical instrumentations, optical devices, surface modification of textiles,
etc.

Textile has proven to be a versatile substrate for the integration of nanostructured
materials owing to its universality and the same has been exploited for the fabrication
of wearable electronics devices. Laundering greatly decreases the effects imparted
by functionalization of the fabrics thereby reducing its long-term usage. This poses a
significant challenge in developing functional textiles. Hence, nanotechnology plays
a major role in introducing unique and permanent functional fabrics.

2 Nanomaterials

The term ‘nanomaterial’ refers to the materials, whose size would be in the range of
1–100 nm at least in one physical dimension. The branch of studyingmaterials and its
properties in nano scale is commonly referred to as nanoscience. Nano-scaled mate-
rials are either naturally available (e.g. abalone shell of mollusca, volcanic ashes)
or man-made (e.g. gold, silver nanoparticles) [17]. Synthesis route for the nanoma-
terials comes under two broad categories: (i) Top-Down approach—scaling down
of bulk materials to desired smaller size and (ii) Bottom-Up approach—grouping
atoms/molecules to form a nanoscale particle [18]. The implications of these evolved
nanomaterials are evident in many fields, few to be mentioned are miniaturization
of electronic devices, targeted drug delivery [19], multifunctional textiles [20] and
effective catalysts owing to their unique electrical, optical, mechanical, thermal,
magnetic properties and other material properties.

In bulk, much of the atoms are packed internally, where their interaction with the
physical and chemical environments remain limited. The situation with particles in
the nanoscale regime is different since in a given volume more atoms are involved
in electrical and chemical reactions owing to increase in the surface area, in other
words, at nano dimensions the surface to volume ratio is increased. As an illustration,
let us calculate the surface area (4πr2) to volume (4/3) πr3) ratio for the spherical
particles of radius r,
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Fig. 1 Classification of materials among various dimensions

Surface to Volume ratio = 4πr2

4
3πr

3
= 3

r
(1)

From this relation, it is clear that size reduction of the system obviously increases
the number of atoms on the surface that would be effectively involved in electrical
and chemical reactions. To numerically validate the influence of the size, consider
silicon samples with two different radii (a) 2 μm and (b) 2 nm and by substituting
it in the Eq. (1), the obtained surface to volume ratio were 1.5 × 106 and 1.5 × 109

respectively. Hence it could be inferred that the number of idle atoms in bulk has
been considerably reduced in nano regime, as 99.9% of atoms reside on its surface.

Reduction of material dimensions to nanoscale results in discretization of bands
and their exposure compared to a bulk material due to limited number of atoms
in the former. In addition, by reducing the dimensions of material to less than that
of the de-Broglie wavelength, the propagation of electron in that dimension stands
restricted resulting in its confinement within that particular dimension. This electron
confinement ultimately gets reflected in the energy band structure: staircase function
for 2-D materials, spike like function for 1-D materials and vertical line function for
0-D materials. Based on electron confinement, nanomaterials are classified as 3-D
(Bulk), 2-D (Thin Films), 1-D (NanoWires) and 0-D (QuantumDots) materials. The
representations of materials in various dimensions are shown in Fig. 1.

Irrespective of material dimensions, nanomaterials can also be categorized based
on its properties. In this chapter, distinguished materials such as carbon deriva-
tives, conducting polymers, metal-organic frameworks (MOFs) andmetals andmetal
oxides towards textile functionalization for electronic applications are discussed elab-
orately. In each sub-set, the nature of the materials, its interaction mechanism with
the physical environment and the outcome due to the incorporation of the materials
on to the flexible substrate are discussed.

2.1 Carbon Derivatives

Carbon has received keen interest due to its unique bonding nature and different
allotropic forms. Despite its bulk form, allotropes of carbon are found at nanoscale
as well in three dimensions namely fullerenes, nanotubes (CNTs), graphene and
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Fullerene Carbon nanotube (CNT) 

 Graphene Graphite 

Fig. 2 Allotropes of carbon

graphite/diamond, as shown in Fig. 2. These allotropes possess sp3, sp2 and sp
hybridization, which results in three different bond angles such as 109° 28′, 120° and
180° respectively. More than the elemental carbon, allotropes of carbon especially
CNTs and graphene have found wide range of applications due to their versatile
properties. Based on the structural orientation, graphene structure is elementary for
graphite materials in all other dimensionalities. Graphene possesses a hexagonal
arrangement of monolayer carbon atoms in a 2-D lattice [21].

Depending on the atom’s crystallographic orientation, the formation of 2-D
graphene structure could be categorized into armchair and zig-zag models. Each
structure possesses unique electronic property owing to their different orientation;
zig-zag structure behaves as metals while armchair acts as semiconductors. It was
well known that an atomic layer of graphene is a zero-bandgap semiconductor and
offers high mobility and conductivity [22], remarkable mechanical, thermal and
electrical stability as a consequence of its π-conjugated electrons.

In practice, the separation of an atomic layer of graphene is a cumbersome process
because of extensive van der Waals interactions between any two layers of graphite;
hence graphite sheets are feasible materials for commercial applications. Thickness
of layers plays a key role in describing and distinguishing the properties between
graphene and graphite [23]. Hereby, focus has been shifted the scalable production
of chemically modified graphene-based materials like graphene oxide (GO) and
reduced graphene oxide (rGO) either by oxidation, reduction or exfoliation.

Unlike graphene, GO has polar and reactive groups that pose limitations in terms
of thermal stability [24]. Although, presence of these functional groups promotes



6 D. K. Subbiah et al.

the interaction with polar solvents and play a major role in various fields such as
supercapacitors, catalysis, batteries and it is expected to be an active material for
next generation electronics. For example, negative charges of GO have the tendency
to interact with functional groups of cotton fabrics and leads to better fixation with
fabrics. This could be a prominent solution to fabricate a wearable and flexible e-
textile sensor at least for continuous health monitoring [25]. In overall, the feasibility
and potential of graphene-based materials make it a good candidate in the race of
active material for flexible electronics.

Apart fromgraphene as a sheet, it is necessary to recognize the potential of another
carbon allotrope, CNTs. When the graphene sheet is rolled along a particular axis,
it forms 1-D carbon nano tubes (CNTs) and further processing of CNTs leads to the
formation of carbon quantum dots (CQDs). It is classified into single walled CNTs
and multi-walled CNTs depending on the layer of carbon atoms rolled over, with the
diameter in the range of <1 nm and >100 nm respectively. CNTs offer high carrier
mobility of more than 10,000 cm2 V−1 s−1 [26] and tensile strength of about 63 GPa
[27], which is somewhat lesser than that of graphene. Employing these mobility
characteristics of CNTs in transistor technology helps in designing a high electron
mobility transistor [28]. In terms of sensing, large surface to volume ratio features
enable highly sensitive response towards target analytes.

2.2 Conducting Polymers

Repetition of monomer units in all possible directions leads to the formation of
polymers. In earlier stages, polymers were used as an electrically insulating mate-
rial, whereas a series of conducting polymers (CPs) like polyacetylene, polyaniline
(PANI), poly (3,4-ethylenedioxythiophene) (PEDOT), poly (styrenesulfonate) and
polypyrrole (PPy) were discovered later. It can be synthesized either by the pro-
cess of oxidative polymerization or by electrochemical polymerization. Basically,
CPs exhibit one-dimensional (1-D) delocalized conjugated structure with remark-
able electrical, optical properties and tunable bandgap nature. An interesting fact
about them is that their conductivity could be tuned either by the process of doping
or de-doping, which will influence its electrical and optical properties [29].

Based on the charge transport phenomena, conducting polymers have been clas-
sified based on the electron and proton conductivity. Further, the electron conduct-
ing polymers are subdivided into redox and intrinsically conducting polymers on
the basis of electron transport via hopping mechanism and delocalized electrons
through conjugated systems respectively. In summary, the conduction in CPs is
mainly dictated by the presence of conjugated bonds [30].

With regard to applications, several studies have been reported on biomedical
applications, where it was found that CPs response to the electric fields arise from
biological samples like tissues, epithelium, muscles and retain its biocompatibil-
ity [31]. In addition, CPs of high electroactive nature have the tendency to catal-
yse the reduction/oxidation (redox) reaction-based applications like biosensing, fuel
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cells, and supercapacitors [32]. Based on the reports published, design of flexible
energy storage/harvest device is possible once the CPs based textile supercapacitor
is fabricated.

In terms of sensing application, the electrochromic behaviour of CPs helps to
detect the analyte either in gas/aqueous phase, where change in colour (transparent to
opaque) was visibly observed during interaction. For example, if conducting polymer
PANI is exposed to ammonia (NH3), it will undergo deprotonation and form NH4

+,
where distinct change in optical spectra was observed. Moreover, PANI was proven
for humidity sensing application, where it was deposited on cantilever surface and
shows ultra-sensitive deflection by varying the humidity conditions [33].

2.3 Metal Organic Frameworks (MOFs)

Metal Organic Frameworks, a highly porous and crystalline solid made of metal
units and organic linkers, could be self-assembled together forming a highly ordered
structure in different dimensions [34, 35]. In particular, the structure of MOFs can
be intentionally designed by selecting the appropriate combination of metal clusters
and organic linkers or by post modification treatment. Limitless choices as a result
of such combinations provide us with diverse framework structures and different
functionalities [36]. Hence, tunable characteristics of MOFs have received more
interest in the contemporary research, which includes gas storage/separation [37],
catalysis [38], drug delivery [39] and sensing [40]. The interesting feature of the
interaction mechanism of MOFs with the approached guest molecules is mainly
driven through: (i) uncoordinated metal sites [41], (ii) organic linker defects [42]
and (iii) functional groups [43]. In specific, the Lewis acid/base nature between the
MOFs and guest molecules [44] and its resultant performance decides the particular
application. The schematic representation of MOF is represented in Fig. 3.

On other hand, porosity, another key parameter dominates theMOFs performance
especially in gas adsorption. For example, tuning the MOFs pore size and shape
selectively allows the analyte to diffuse into its bulk structure [45]. The size and

Fig. 3 Building blocks of MOFs
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shape of pores could be estimated with the aid of N2 adsorption isotherm, which
reveals theMOFs reversible adsorption characteristics as well. TypicalMOF exhibits
micro and mesoporous nature. Moreover, the material parameters and properties of
MOFs could be examined with the help of physical measurement techniques like X-
ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Nuclear
Magnetic Resonance (NMR) and X-ray Photoelectron Spectroscopy (XPS).

In addition, MOFs address the inadequacy of structural accessibility possessed by
the conventional porous materials like activated carbon and mesoporous silica. Even
though thousands of MOFs have been developed, only some have shown promising
characteristics towards the real time applications. This could be attributed to the
limitations of MOFs in terms of thermal, mechanical and chemical instability in
different environment. In most cases, metal units of MOFs are divalent cations (e.g.
Zn2+, Cu2+) and organic linkers are carboxylate linkers, which are susceptible to
cleavage in the presence of water even at room temperature [46]. Other than that,
σ-bonding interaction between the metal clusters and linkers make the MOFs less
conductive.

In recent times, new materials (dopant, metal composite) [47], synthesis proce-
dures and modification treatments have been tried upon to improve the stability and
conductivity of MOFs [48]. Although the challenges concerning the material aspects
were sorted out, the key research question of how it could be utilized effectively in
today’s scenario stands unaddressed. For example, most of the existing literature on
MOFs as an active material in gas sensing predominantly, reports that isolatedMOFs
in powder form exhibited better performance than any of its functionalized forms
(e.g. thin film) [49]. Surprisingly, recent reports state that MOFsmodified cotton sur-
face can act as a gas sensor that bridges the complete utilization of MOFs potential
with the flexible substrate, which is a promising approach to meet the requirements
of flexible electronics technology [50].

2.4 Metals and Metal Oxides

Metals are highly conductive in nature because of the overlapping of their conduc-
tion and valence band [51]. In metal oxides, the bands are separated with a forbidden
energy gap termed as bandgap, which is an attribute for its semiconducting and insu-
lating behaviour. Metal oxides are one of the interesting class of materials exhibiting
unique electrical, optical and catalytic properties. Metal oxides having bandgap in
the range of ~0.1–3.9 eV (~0.1–1.6 eV—narrow bandgap & ~1.6–3.9 eV—wide
bandgap) are referred to as semiconductors and above 3.9 eV, as insulators. The
differences in the bandgap of the above described materials is represented in Fig. 4.
In this chapter, we have focussed our discussion on the metal oxide semiconductors
alone with regard to application perspectives.

Metal oxides such as Zinc oxide (ZnO), Cerium oxide (CeO2), Titanium oxide
(TiO2), Tungsten oxide (WO3) and Copper oxide (CuO/Cu2O), etc. have been
reported for various applications so far [52]. It has been noted that the oxygen ratio
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Fig. 4 Bandgap representation of metal, semiconductor and insulator

in metal oxides composition (e.g. ZnxO1−x) has an influence on the materials char-
acteristics. Metal oxides get further oxidized (up to its solid solubility limit) if the
oxide samples are kept in an ambient environment at elevated temperature. The pos-
sible adsorption of oxygen species (O−, O2

−&O2−) on to the surface of metal oxide
semiconductor [53] are as follows:

O2(gas) � O2(adsorbed)

O2(adsorbed) + e− � O−
2(adsorbed)

O−
2(adsorbed) + e− � 2O−

(lattice)

Adsorption and desorption of oxygen on a surface plays a key role in gas sensing
phenomenon, where the sensing response varies with respect to analytes/volatile
organic compounds (VOCs). Initially, the atmospheric oxygen species get adsorbed
onto the surface of metal oxides by capturing the conduction band electrons, when
exposed to the ambient atmosphere. The evidence for this trapping of electrons
could be seen as an increase in the resistance of sensing element (metal oxide) as a
consequence of decrease in the charge carrier concentration and an increase in the
space charge region width. After sometime, the system (surface resistance) attains
equilibrium. When the same sensing element is exposed towards oxidizing/reducing
gases, the adsorbed oxygen ions desorb from the surface due to their interaction with
the surface, inducing a decrease in resistance and vice versa [53]. Such interactions
highlight the versatile nature of metal oxides and opens up opportunities of their
utility in various fields.

In addition, it is essential to address another described material, metals that hold
a significant place in electronics. During device fabrication, it is required to pattern
each individual electronics component to make it as a wholesome electronic device.
As stated earlier, metals offer high electrical conductivity even in its bulk form and
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confining thosemetals to nano scale offersmuchmore conductivity (e.g. gold, silver).
In general, metals are defined as solid, hard and mechanically stable materials. In
transistor technology, especially in metal oxide semiconductor field effect transistor
(MOSFET), metals were used as the gate material. This was because the material
that was employed as the gate in the transistor must have high conductivity, with
the applied voltage between terminal (source) and metal (gate) regulates the channel
voltage. Metals are also found in liquid form (e.g. mercury, gallium), offering both
metallic and fluidic properties [54].

Moreover, metals provide appreciable deformable nature wherein it could retain
their function under stretching, bending and twisting action. Such attractive proper-
ties facilitate the fabrication of flexible electronic devices. Deploying such electronic
devices (e.g. sensor, antenna) interconnected by metal and deformable on a flexible
substrate like textile, plastic would pave a way to attain a benchmark in wearable
electronics.

2.5 Multifunctional Textiles

Textile is one of the basic commodities, which has been historically used for clothing
over centuries. In this techno-era, attempts have beenmade tomake it smart formulti-
tasking. Improvisation of traditional fabric in properties such as hydrophobicity [55]
(dirt-free), conductivity [56], antimicrobial activity [57], ultraviolet resistance [58],
flame retardancy [59] and stimuli-responsiveness have been reported so far.Modified
textile with super hydrophobicity results in self-cleaning [60] properties could be
used to separate oil-water mixtures [61]. In addition, protective clothing against
chemical warfare, trapping aerosols, windproof and wound dressing products for
military purposes were other applications of functionalized textiles. At the onset of
next generation smart textiles, the functionalities of these textile grade fibers have
shifted focus towards smart fibers with the incorporation of wide panel of novel
nanoparticles, few to be mentioned are ZnO [20], TiO2 [62], SiO2 [63], Au [64],
Cu [65], nano-clay, Ag [66], polymers [67] and their composites. Owing to their
stability, inorganic materials are well preferred than organic materials.

2.5.1 Functionalities Incorporated

When placed in the bacterial environment, nanoparticles (especially Ag, which
exhibits anti-bacterial properties) infiltrate the bacterial cell resulting in cellular
leakage, which eventually leads to the death of that particular cell [68]. To block
the harmful UV rays, the choice of the nanoparticles should be such that its bandgap
matches with the incident photons. When the textile is modified by this layer, the
energy of the incident UV photons is absorbed, henceforth the penetration through
textile stands prevented. Cellulose as such, is hydrophilic and easily flammable.
But, when its surface is modified with nanoparticles, based on the morphology and
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porosity of the coated nanoparticle/nanocomposite, super hydrophobic nature can be
incorporated onto the textile. The result of such modifications incorporates textile
characteristics like dirt free, anti-icing and separation of mixtures of oil and water
[69].

Antibacterial properties were incorporated into cotton fibres when treated with
silver, gold nanoparticles and hexadecyltrimethoxysilane in addition to offering
improved hydrophobicity and UV protective fabric [70]. Textiles finished with
Ag-TiO2 nanocomposites along with the polysilicane compounds/polymers exhibit
enhanced aforementioned characteristics along with washing durability. The alkoxy
group covalently bonds to polysiloxanes on the surface of the textile. Other
compounds that effectively furnishes antibactericidal properties include triclosan,
N-halamines, ammonium compounds and phosphonium salts [71].

Hence, the multi-faceted development in technology has modified the contempo-
rary textile, an irreplaceable all-time commodity of human kind with the incorpo-
ration of multiple functionalities. The procedure involved and the imparted charac-
teristics to be deployed in various fields are discussed in detail. Moreover, various
techniques used for surface modification are also discussed in detail. Finally, surface
modified textiles for applications like energy harvesting [72], UV filtering [73], elec-
tromagnetic interference shielding [74], healthcare and environmental monitoring
[75] are highlighted.

3 Surface Modification Techniques

3.1 Sputtering

Sputtering is a widely used PVD technique that offers uniform coating and high
purity thin films. Textiles can easily be sputter coated using radio frequency (RF)
sputtering technique. There are several other types of sputtering such as DC sputter-
ing, magnetron sputtering, and reactive sputtering, to name a few. But, the choice of
the technique relies on the application and the type of thin film material to be coated
[76]. Since textile is a dielectric medium, RF sputtering would be of more suitable
option. It can also be combined with the reactive and magnetron sputter techniques
depending on the applications like antimicrobial, UV protection and photocatalytic
[77].

Sputtering involves the use of very high vacuum environments to ensure high
purity thin films. Themost commonly used pumps to generate vacuum include rotary
vane pumps,molecular drag pumps, turbomolecular pumps, ion pumps and diffusion
pumps. The selection of the pump depends on the operating pressure required for
the particular deposition. Once the required pressure is reached, argon gas is purged
into the vacuum chamber. This marks the initialization of the process. The argon
gas reacts with the free electron in the chamber and forms Ar2+ and 2e− [58]. The
set-up also includes positive and negative terminals, the anode and the cathode,



12 D. K. Subbiah et al.

respectively. The target or the material to be sputter coated onto the textile is taken
in the form of a solid and is generally referred to as the target. The target acts as
the cathode, where the textile is generally stretched between two pulleys in front
of a very powerful magnetron that helps in electron confinement thereby increasing
the efficiency of the process. Once the potentials are applied, the Ar2+ ions are
accelerated towards the cathode where the target is placed. Here, the ion loses its
energy by ion bombardment with the target atoms. Because of the ion bombardment
and the consequent momentum transfer, the surface atoms are knocked off the target
(Fig. 5). These sputtered atoms reach the anode thereby forming a uniform coating
across the exposed surface of the textile substrate. Once the exposed region is coated
for the desired duration, the pulleys are rotated and the next region is exposed. This
process is continued until a uniform coating is achieved for the entire length of the
fabric.

The demand for silver deposition on fabrics keeps growing day by day for appli-
cations involving electrical conductivity, antimicrobial properties or a shiny metallic
look for ornamental usage. This is made possible by producing fabrics with well-
defined structures on its surface. Numerous techniques have been investigated with
respect to silver thin films deposited on textile. These include electroless plating,
electroplating, and vacuum deposition. Sputtering is highly advantageous owing to
its simplicity, time consumption, eco-friendly, and superior adhesion of the film to
substrate [77].

G. Segura et al. studied the antimicrobial actions of RF sputtered copper (Cu) on
cotton fabrics against Escherichia coli (E. coli). In particular, a plasma technology

Fig. 5 Schematic of the textile coated using sputtering technique
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RF magnetron sputtering was used to deposit the copper on fabrics primarily to
confer antimicrobial properties. Moreover, use of argon plasma during deposition
induced cotton cellulose fragmentation and free radicals generation by means of
oxidation process. As a result, the amount of copper ions adhered to the surface of
the fabric greatly improved. From the obtained results, it was revealed that bacterial
growth drastically reduced for the highly Cu sputtered fabric. Themechanism behind
bacteria inhibition by Cu was claimed to be the generation of hydroxyl radicals and
oxygen molecules during redox reactions of Cu ions [78].

Instead of RF sputtering as discussed above, Laura Rio et al. came with Direct-
Current magnetron sputtering (DCMS)/Direct-Current pulsed magnetron sputter-
ing (DCPMS) for Cu deposition against Staphylococcus aureus. Bacterial viabil-
ity was assessed through four different techniques such as “mechanical detach-
ment,microcalorimetry, direct transfer onto plates and stereomicroscopy” [79]. Here,
polyester was used as the substrate where the surface was sputtered with Cu by DC
magnetron sputtering. Time for Cu deposition was varied between 90, 120 and 160 s
in both the sputtering types. Akin to the above scenario, sputtered Cu byDCMS tech-
nique with greater time (160 s) showed efficient bactericidal activity which can be
evaluated from the combined results of direct transfer onto plates and stereochemistry
[79].

Even though cotton fabrics are promising tomakewearable and flexible electronic
devices, there are challenges to form continuous films on a cotton fabric. The existing
literature on surface modified conductive fabrics addressed this limitation through
different modification techniques. Chuanmei Liu et al. sputtered an electrically con-
ducting material like Ti and Ag on polyethylene terephthalate (PET) fabrics using
multi-target magnetron sputtering system. Extensive studies on electrical conduc-
tivity of the sputtered samples (Ti–Ag-Ti trilayer & Ti–Ag alloy) were carried out.
Out of those, deposition of Ti on a trilayer structure was deposited by RF sputtering,
whereas Ag was deposited by means of DC sputtering. Deposition of Ti–Ag alloy
films was also carried out using the same deposition parameters. In order to ensure
uniformity in deposition, the sample holder was rotated at a speed of 10 rpm. The
increase in Ag content in both the films resulted in an increase in the electrical con-
ductivity. In particular, Ti–Ag alloy composition showed lesser electrical resistivity
(3.4 × 10−7 � m) than the trilayer configuration (5.1 × 10−7 � m) [80].

Potential of sputtering technique towards surface modification were utilized in
various applications. Carneiro et al. reported the photocatalytic and UV protection
activities of TiO2 by pulsed magnetron sputtering on poly (lactic acid) fibres. High
pure titanium target of 99.9% was used for sputtering, where the oxygen flow was
allowed to the chamber to deposit TiO2 on the fibre surface. The reason for employing
pulsedmagnetron sputtering was to suppress the arc occurrence during deposition, as
arcs influence the stoichiometry in film growth ultimately influencing the optical and
electrical properties. For photocatalytic andUVprotection applications, performance
metrices is mainly driven by its optical properties. In summary, it was concluded that
deposited TiO2 films on fibre source exhibits an ultraviolet protection factor (UPF)
of 81.3% after washing compared to an unwashed fibre of 88.8% [81].
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3.2 Pulsed LASER Deposition (PLD)

Pulsed Laser Deposition is yet another type of PVD technique, which uses electro-
magnetic radiation from a high intensity pulsed laser as its source. The high-power
pulsed laser source is used to vaporize the material that is to be coated onto the tex-
tile surface. In the case of solid substrates, sufficient thermal energy can be supplied
to the substrate in order to orient or align the surface deposited atoms as desired. This
additional energy is used in phonon creation, which in-turn helps in the arrangement
of atoms. The atoms that are vaporized tend to form a plasma plume that is then
focused onto the surface of the substrate. The entire procedure is preferably carried
out in vacuum. But in order to suit the desired application, the chamber can also be
filled with a suitable reactive species such as oxygen and nitrogen [82].

In the process of PLD, the incident laser on the source materials results in the
excitationof electrons in-turn lead to thermal energy,which favours the evaporationof
elements from the source materials and the ejected elements form the nanostructured
thin films of desired properties. Thin films deposited with this technique are observed
to have desired composition, structure, thickness, crystallinity, conductivity, optical
properties, mechanical properties, biocompatibility and roughness. Parameters of
deposition, like the target material, temperature, gas/vacuum pressure, target-sample
distance, laser wavelength, pulse width, pulse rate and radiation intensity can be
controlled and optimized to achieve the desired film properties [83]. PVD techniques
such as sputtering and PLD generally favour the deposition of seed layers which
can then be grown to produce different morphologies with the help of post thermal
treatments. A schematic of the surface modification of the fabric substrate via PLD
technique is illustrated in Fig. 6.

Fig. 6 Schematic representation of the PLD technique
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PLD has been used to deposit superhydrophobic polytetrafluoroethylene (PTFE)
thin films. By analysing the surface morphology, it was identified that surface rough-
ness has a major part in enhancing hydrophobicity [84]. A similar study if conducted
on textile substrates could offer several insights in the present-day demands related
to industries and smart homes. Yet another study on ZnO was conducted to develop
antifungal and UV protective clothing for biomedical applications [85]. Adhesion
can be achieved when the substrate is pre-treated with glow discharge [86].

3.2.1 Thermal Evaporation

This technique involves vaporization of the material by resistive heating. The vapor-
ised material is subsequently deposited on the desired target as a thin film. This
process relies on the presence of a finite vapour pressure over the material surface
when the material is heated particularly under reduced pressure. Thermal energy is
supplied by passing a large current through a crucible/basket (a thermally tolerant
material such as tungsten) holding the source material. The resistivity of the crucible
generates sufficient heat such that the source material is vaporized as atom. The
vaporized source material traverses a low-pressure space, to become incident on the
textile, where it condenses to form a coating [87].

The source either sublimes (a solid to vapour transition), or evaporates (liquid
to vapour transition via intermediate melting from solid to liquid). The process is
achieved in a vacuum chamber as shown in the schematic in Fig. 7. In most cases,

Fig. 7 Schematic representation of thermal evaporation technique
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the source material is heated from its solid to liquid state before attaining the vapour
phase.Hence, the sourcematerial is supported frombeneath (bottom) and the targeted
substrate where the material going to deposit will be placed horizontally at the top.
A quartz crystal sensor enables control of the source material vaporization rate. The
rate is coupled with a movable shield, to allow specific film thickness deposition on
the sample fabric. Evacuation of the chamber gases is required before the source
material can be deposited onto the textile. The first step is to achieve the required
vacuum environment. Like all other PVD techniques, thermal evaporation makes
use of different types of vacuum pumps to reach the desired operating pressure. The
rotary pump generally helps to achieve 10−2 Pa. The turbo molecular pump is used
to reach even lower pressures.

Resistive heating vaporizes the source material. Once the desired rate of vapor-
ization is reached, the shield is moved to expose the textile surface. Vaporized source
material impinges on the substrate surface where it settles and condenses eventually.
Once a film of desired thickness is obtained, the shield is returned back to its original
position to cover the sample and resistive heating slowly is ceased [88]. This method
is directional due to a larger mean free path of the vaporized source material. One
of the major draws of this method, however, is that the film adhesion can be poor in
the case of fabric substrates.

3.3 Chemical Techniques

Surface modified textile is a growing field of research in nanotechnology in recent
times. These modified textile materials are used predominantly in applications like
UV-blocking, super-hydrophobicity and odour control materials. The textile mate-
rials are coated with the nanoparticles that exhibit extraordinary properties thereby
changing the behaviour of the conventional materials. Various techniques are fol-
lowed to coat the textile material with nanoparticles among which chemical solution
deposition is one of the easiest and high yield techniques to produce the modified
textiles. Some of the methods used in modifying the textiles are discussed below:

3.3.1 Electrospinning

Nanomaterial comprises zero-dimensional (Quantum dots), one-dimensional (nan-
otubes, rods, wires and nanofibers) and two-dimensional (nanosheets) structures.
Among all other structures, nanofibers stand out for great potential due to high sur-
face to volume ratio, higher aspect ratio, high porosity, etc., which are favourable
for wide range of applications such as energy storage devices, batteries, solar cells,
generators, fuel cells and supercapacitors [89]. Electrospinning is highly established
and widely used techniques to prepare nanofibrous structures due to its merits of
low cost, high efficiency, simple and reproducibility, which is working based on the
principle of electrostatic interaction [90]. It consists of a syringe pump, electric filed
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Fig. 8 Schematic of the textile coated using electrospinning technique

source and various collectors (called as target or counter electrode) such as different
size rotating mandrel, stationery and X-Y direction movable collector (Fig. 8) [91].
The solution is held in the syringe nozzle and it is loaded to the syringe pump. The
syringe pump and a counter electrode were maintained at certain distance to generate
large electric filed. The huge potential difference between the nozzle and collector
leads to the formation of charged jets, which are then accelerated towards the collec-
tor. During this process, the solvent gets evaporate in-turn leads to the formation of
nanofibers. The physical properties of the nanofibers depend on viscosity, conduc-
tivity, surface tension of the liquids, humidity, temperature, flow rate, applied filed
and nozzle-collector distance [92].

3.3.2 Sol-Gel Synthesis

Nanoparticles ranging from 1 to 100 nm in size can be effectively obtained through
sol-gel synthesis. This method proves to be advantageous in terms of being simple,
inexpensive, offering greater tailor-ability of microstructure of material and allows
easy introduction of functional groups [93]. Here, the metal precursor solution is
treated with a complexing agent, which in turn acts as a stabilizing agent or as
catalyst. This complexing agent improves the adherent property of the film. The
method involves hydrolysis of metal precursor solution to yield corresponding metal
hydroxides, which subsequently forms the sol. The formed sol is then subjected to
condensation to aid in metal-oxygen bond formation [93]; this is followed by drying
procedures to yield the metal oxide [94]. The schematic representation of different
stages of sol-gel technique is shown in Fig. 9.

−M−OR + H2O → −MOH + ROH (2)
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Fig. 9 Schematic representation of sol-gel technique

−M−OH + XO−M− → −MO−M− + XOH (3)

The sol-gel procedures can be categorised into two methods, Aqueous and Non-
aqueous based; In case of the former method, metal alkoxides are predominantly
used as precursor solution due to their greater affinity with water. However, this
method is not suitable for synthesis ofmetal nano-oxides due to limitations associated
with controlling of particle size and reproducibility owing to the occurrence of all the
three process (hydrolysis, condensation anddrying) simultaneously. This limitation is
overcome in non-aqueous based sol-gel synthesis method rendering it much suitable
formetal nano-oxide synthesis which improves the tunability ofmorphology, particle
size, surface properties and composition of metal-oxide. The oxygen required for
metal oxide formation, is obtained from organic solvents such as alcohols, aldehydes
or ketones. The latter method is further categorised into surfactant based and solvent
based; in case of the surfactant-based method, direct conversion of metal to metal
oxide is achieved at higher temperature, whereas with the latter method interaction
with metal halides and alcohol results in metal oxide formation.

The process of drying has a greater say in the microstructure of the final material
formed; the conversion of wet gel to solid gel involves drying, based on the method-
ology of drying the obtained gels can be classified as “Aerogels” and “Xerogels”.
Aerogels are obtainedwhen thewet gels are converted under supercritical conditions,
subsequently yielding highly porous and low-density material through this process
[93]. With respect to surface modification of cotton textile through sol gel synthesis,
the substrate cotton textile is immersed on the sol precursor solution and by opti-
mization of process parameters, the desired active materials will be deposited on the
cotton textiles.
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Flame retardancy is also one of the promising applications of surface modified
textiles. Active research on this aspect is going on to find an active material that
could withstand higher temperature and find a suitable technique to impregnate such
a material onto the cotton textile. In this aspect, Bentis et al. [95] investigated the
different ionic liquids (ILs) modified textile surface through sol-gel synthesis and
pad-dry process. The sol-gel synthesis of organosilanes based ILs were deposited
by means of padding method onto the cotton surface. From the obtained results, it
was noted that incorporation of ILs onto cotton fabrics enhanced its flame-retardant
properties and thermal stability without affecting its mechanical properties when
compared to control fabric [95].

3.3.3 Spray Pyrolysis

Spray pyrolysis is a thermal stimulated chemical process of surface modification
wherein the precursor solution of desired compound is sprayed on top of the substrate
(Fig. 10). It involves atomization of precursor solution followed by evaporation and
decomposition leads to formation of particles and thin films. The precursor might
be sprayed through different sources such as compressed air, ultrasound and electric
field. At initial, atomizing nozzle in pyrolysis unit generate droplets from a precursor

Fig. 10 Stages of spray pyrolysis technique
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solution and the generated droplets will be sprayed over the surface of substrate that
maintaining at certain temperature [96].

The sprayed droplets will undergo for an evaporation of solvents before reaching
the surface of substrate. Then, the remaining residues will get impinge where further
decomposition occurs and leads to deposition of desired compound as particles or
thin films. The reactants in a precursor solution for spray pyrolysis are selected on
the basis that other than desired compound, remaining products should be volatile
at the temperature of deposition [97]. The substrate temperature is one of the main
factors in determining the nucleation sites,which contributes to themorphologyof the
film. Apart from substrate temperature, the quality, properties, thickness of desired
thin film over substrate will also be dictated by some other parameters start from
anion-cation ratio in precursor, spray rate, distance between spray nozzle-substrate,
droplet size and solvent evaporation rate.Hence, optimization of all these components
enables to form a desired film for wide range of potential applications [98].

In transformation era of rigid (glass thin film) to flexible (cotton textile) device,
spray pyrolysis still withstands in a row of surface modification techniques due to its
versatility. In recent studies, significant number of research articles were published
on surface modification of textiles by spray pyrolysis to various applications like
photocatalytic [99], antimicrobial [100] and flame retardancy [101]. The principle
and mechanism of deposition on cotton textile substrate are all same like deposition
on glass substrate. It is noted to be that substrate temperature is an important con-
cern. The given substrate temperature should not affect the nature of the substrate;
withstand temperature of cotton textile is comparatively lower compared to glass
substrate.

3.3.4 Pad-Dry-Cure Method

Pad-Dry technique is a well-known commercial technique to modify the surface of
the textiles/cotton fabrics. In process, textile is passed (i.e. dipped) to the solution
containing the active materials to be deposited followed by drying/curing using heat
or pressure. The number of dipping cycles may increase or decrease that depends on
need of material finishing towards end applications like anti-bacterial, water proof-
ing, softening, etc. It offers low-cost, continuous and large-scale production of sur-
face modified textiles for wearable applications. Karim et al. reported the scalable
production of graphene modified textile using pad-dry technique for human activ-
ity monitoring application where change in resistance is calculated with respect
to bending actions [25]. Initially, GO was synthesized using modified Hummers
method and chemically reduced to rGO using the reducing agent, sodium hydrosul-
phite (Na2S2O4). Dispersed rGO solution was then taken into the pad-dry unit where
the unmodified fabric was passed through the padding bath containing rGO. The rGO
coated fabric was then dried at 100 °C for 5 min to ensure the graphene deposition on
the fabric surfaces. From the results, it was shown that rGO was uniformly deposited
on the surface of textile and provided good electrical conductivity [25].



Surface Modification of Textiles with Nanomaterials … 21

Xili Hu et al. studied the multifunctional properties of graphene/polyurethane
modified textile for different applications such as UV blocking and far-infrared emis-
sion [102]. Here, the prepared graphene and polyurethane composites were deposited
on the textile surface by means of pad-dry method. Initially, the control fabric was
dipped into the graphene/polyurethane (GNP/WPU) solution and padded with cer-
tain pressure to obtain 100% wet pickup. Then, the modified fabrics were cured at
different temperature in vacuum oven and calculated the weight of surface modified
fabric with control fabric). At last, it was concluded that GNP/WPU modified fabric
showed enhancement in far infrared emissivity of 0.911 and UV blocking with UPF
factor of 500 [102].

Even though reports on the surface modified textile for antibacterial actions are
available, they lack washing durability. On this basis, QingBo Xu et al. addressed
antibacterial actions of carboxymethyl chitosan (CMC)/silver (Ag) modified fabric
against different consecutive washing tests. The control fabric was initially immersed
in CMC solution, underwent the padding procedure to maximize wet pickup and was
dried to obtain the CMCmodified fabric. Next, the padded fabrics were taken for Ag
nanoparticles deposition through chemical reduction method. Uniform adherence
between the materials deposited on the fabric was observed because of covalent
linkage and coordination bonds. CMC contain amine and carboxylic acid groups
where it forms coordination bonds with Ag nanoparticles and tend to react with the
hydroxyl group of cotton cellulose. It showed bacterial reduction rate of 94% even
after 50 consecutive washings [103].

Other than synthetic materials, naturally available materials also show antibacte-
rial action. Studies byMondal et al. suggested thatAloe vera (A. vera) gel has antibac-
terial characteristics towards gram positive Staphylococcus aureus [104]. Moreover,
demonstration on A. vera and chitosan modified cotton fabric by pad-dry process
against bacterial growth was also carried out. Antibacterial studies of modified cot-
ton surface for the combination of chitosan/A. vera showed greater activity than
individual components and paved the way to fabricate eco-friendly textile [104].

4 Technical Textiles for Flexible Wearable Applications

Wearable Technologies
Wearable technology refers to the utility of electronics, mechanical technologies and
functional materials integrated in the wearable form. This has been achieved through
textile surface modification or electronics skin in the form of tattoos [105]. These
devices can be operated by the various forms of physical energies available in the
environment as well as the activities made by human beings. Wearable electronics
on textiles platform can be categorized into the following three types based on the
changes in mechanical, chemical, electrical, magnetic and optical functions of the
materials [106].
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Active smart textiles: Thesematerials react upon sensing a change in the surroundings
or a perturbation. They are equipped with actuators in conjunction with sensors and
take pre-determined actions.
Passive smart textiles: These are materials that can only sense a change in the
surrounding environment or any stimuli given to them.
Ultra-smart textiles: These materials possess the ability to adapt themselves to an
environmental perturbation or any variation in the signals that they receive. Mainly,
they consist of a central processing unit that acts as a brain having the requisite
predefined programs in place.

Nanoengineered textiles have been designed with a specific modality such as UV
blocking, conductivity, antibacterial properties, hydrophobicity, antistatic behaviour,
energy storage, chromic and sensing properties. This chapter highlights the field of
wearable electronics applications on textiles platform in great focus.

4.1 Smart Textiles for Energy Harvesting and Storage

Energy has been essential to human life and the energy requirement issues in present
times have been a major concern. Smart fabrics have emerged as one of the most
promising platforms to address energy harvesting and storage applications. Based on
this motivation, Wang et al. invented the piezoelectric [107] and triboelectric [108]
nanogenerators in 2006 and 2012 respectively. Our surrounding environment has
abundance in energies including wave, wind, droplet, thermal, chemical and other
mechanical forms. By utilizing themost abundant energies, triboelectric nanogenera-
tors (TENGs) can effectively convert mechanical energy into electrical energy [109],
which facilitates contact electrification and electrostatic induction [109]. Generally,
daily activities of human beings, such as arm movement or footstep of a 65 kg adult
can generate approximately ~67 W of kinetic power [110]. In this context, nanos-
tructured textiles provide a more effective way of approach to scavenge the energy
from human motion. Zhong et al. [111] introduced the first textile based triboelec-
tric nanogenerators. The procedure proposed and developed by Zhong et al. [112]
has been described below: Generally, TENG comprises of four parts that includes
an electrode, positive and negative triboelectric layers, and supporting structures
(substrates, wires, spacers and power management systems, to name a few). The
two dissimilar triboelectric surfaces consist high electron affinity, so that it becomes
the negatively charged triboelectric layer and another layer comprises of positively
charged triboelectric layer. As a result of mechanical friction between the two dis-
similar triboelectric layers, electrostatic charges were created and these charges lead
to the development of potential when they are separated by mechanical forces.

The working mechanism behind textile based TENGs is as follows:

1. During the contact establishment between two dissimilar materials under the
tensionofmechanical force results in the productionof electrical energydue to the
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equal and opposite charge density present in the inner surface of the triboelectric
layers

2. This separation of triboelectric layers results in the electrons being driven to the
electrode to equalize the potential drop created

Commonly used dielectric materials to attain higher tendency to gain or lose
electrons for triboelectric applications are given in Table 1.

TENGs have four different types of operational modes as proposed by Zhong
et al. [113] as given below:

• “Vertical contact separation mode
• Lateral sliding mode
• Single electrode mode
• Free standing triboelectric layer mode”

I. Vertical Contact Separation Mode [113]

The vertical contact separation mode of a triboelectric nanogenerator reported by
Wang and Zhu [113] is shown in Fig. 11a. Here, two dissimilar dielectric materials
aremade to face eachother,where the surfaces (top andbottom)of dielectricmaterials
were deposited with copper for contact establishment by physical vapour deposition
techniques like sputtering, thermal vapour deposition, pulsed laser deposition and
so on [114]. The physical contact between the two dielectric layers promotes the
development of oppositely charged surfaces on thematerials. Potential drop is created
when external kinetic energy is supplied to separate the two thin sheets. If the two
electrodes are electrically coupled with an external load, the generated free electrons
in one electrode terminalwill try to flow to another electrode, to equalize this potential
drop. Once the separation between the dielectric layers is padlocked, the created
charges get vanished, and electrons flow back to the same electrode [115].

II. Lateral Sliding Mode [113]

Wang and Zhu [113] developed this mode and is shown in Fig. 11b. In this mode,
relative sliding of the two dissimilar dielectric layers leads to polarization of the
surface in-turn charge transport happens towards the oppositely charged electrodes
to equalize the created electrostatic field by the triboelectric charges. In addition,
periodic sliding can produce AC power as output. This mode of operation is called a
sliding mode. TENG. Jing [116] and Lin [117] stated that the sliding can be carried
out either in cylindrical rotation, disk rotation or planar motion.

III. Single-electrode Mode [113]

From the above two modes, physical contacts were established by connecting an
intermediate load, which promoted the TENGs to move freely and have mobile
portability. Though the TENGs have excellent portability, it cannot be electrically
connected to the load due to itsmobile object (i.e.,man lifting an object). To overcome
the issues from the previous modes and to harvest energy, a single-electrode mode
TENG was proposed. In this mode, an electrode on the bottom side of the dielectric
layer of the TENG is grounded and it is shown in Fig. 11c. In particular, the size of the
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Table 1 Commonly used dielectricmaterials for triboelectric applications (Reusedwith permission
from Ref. [112] Copyright 2013 American Chemical Society)
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Fig. 11 Fundamental operation modes of TENGs. a Vertical contact-separation mode, b lateral
sliding mode, c single-electrode mode and d free-standing triboelectric layer mode. Redrawn with
permission from Ref. [110]. Copyright 2019 Elsevier

TENGs plays a crucial role in wearable electronics applications. If the size is finite,
the movement between the top and bottom electrodes will change the generated
electric field distribution [118–120]. In such a case, electron exchanges between
electrode and the ground occurs to balance the potential change in the electrode.
Single electrode mode can be adaptable for both contact-separation mode and sliding
mode towards energy harvesting applications.

IV. Freestanding Triboelectric-layer Mode [112]

Naturally, a moving object can generate charge due to its physical contact with air
or any another object. For instance, our sandals get charged while we walk on the
ground. These charges remain for hours on the surface under necessary conditions
such as contact or frictionwithin the particular period and the charge density attains its
maximum capacity during this period. To harness these charges, a pair of symmetric
electrodes could be constructed under the dielectric layers. Electrodes’ size and the
intermediate gap between the two should be of the same order without affecting the
flexible movement. This mode has been preferred for wearable devices due to the
absence of mechanical contacts between the electrodes (Fig. 11d). Therefore, this
mode can be used to extend the durability TENGs.
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4.2 Protective Fabrics Against Electromagnetic Radiation

A substantive growth in electronic devices and equipment has raddled significant
attention because they expose undetectable electromagnetic pollution, which could
otherwise cause voluminous problems to the environment. In particular, the eleva-
tion of electromagnetic fields and harmful ultraviolet radiations in the atmosphere
severely affects humans resulting in health-related problems such as skin cancer
[121], cataracts [122], eye damage [123], aging [124], tanning of the skin [125],
damage to the cornea [126], to name a few. Hence, there is a pressing need to pro-
tect humans from radiation-induced waves (EM and UV rays) for which this section
discusses the nanostructured fabrics including protective finishing against the same.

4.3 Electromagnetic Waves

“Electromagnetic radiation is a form of energy that propagates as both electric and
magnetic waves and travelling in packets of energy called photons” [127]. Elec-
tromagnetic emission comprises of a wide spectrum of wavelengths that includes
infrared, ultraviolet, radio waves, microwaves, X-rays and gamma rays, which in turn
impacts severe physical damage, changes in the nerve cell performance and stimu-
lating nerves and muscles. In this context, we are in a situation to protect ourselves
from these hazards and the same can be achieved by “shielding”. Through shielding,
one can reduce the exposure of high intensity electromagnetic waves by blocking
them with using conductive materials, magnetic materials and nanocomposites as
barriers.

Electromagnetic Waves Shielding Mechanism
When an electromagnetic wave propagates through a body, it could interact in three
different phenomena based on its strength.

1. Attenuated absorption
2. Attenuation due to reflection
3. Attenuation due to successive internal reflections.

Usually, the blocking mechanism in electromagnetic shielding is based on two
significant functions, namely, reflection phenomena by the conductive medium and
absorption phenomena in the volume of conductive surface.

When an electromagnetic wave strikes the conductive surface, it encounters two
types of losses, namely reflection and absorption [128, 129]. A few portions of the
waves get reflected while the remaining waves get transmitted. These waves also
gets attenuated when they pass through the conductive surface, which is depicted in
Fig. 12 [130]. This combined loss will determine the shielding effectiveness. Though
the barrier causes the absorption phenomena, the absorbed electromagnetic energy
can be converted into thermal energy. In general, shielding of EM waves can be
classified into two groups based on its material classification:
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Fig. 12 Schematic representation of possible mechanism of EMI shielding by nanomaterials

1. High permeability materials [131], such as nickel, copper and ferrite derivatives
2. High dielectric constant materials [132], such as SiO2 and carbon derivatives

High permeability materials can convert the absorbed magnetic energy into ther-
mal energy [130]. Similarly, materials with a high dielectric constant converts the
absorbed electric energy into thermal energy [133]. In the past few decades, metallic
materials have received maximum attention due to its excellent shielding effective-
ness. Functionalization of these materials to the surface of fabrics could be employed
by various techniques such as dip-pad-dry-cure technique, sputtering, chemical
bath deposition, electroless plating, spray coating and electrospinning deposition.
Nowadays, the combination of metallic materials and conductive polymers has been
extensively employed as EMI shielding materials to prevent the health-related risks
associated with the harmful electromagnetic waves.

Generally, a fabric should have isolation properties with a surface resistance of
~1015 � cm−2 [130], which is sufficient enough to resist the electromagnetic waves.
In this context, conductive fabrics have gained significant attention to improve the
shielding effectiveness. The electromagnetic protection mechanism is based on the
model of charge transfer dynamics by utilizing metallic materials on different sub-
strates. Also, the protective barrier must contain higher electric and magnetic dipoles
[134] as these dipoles will actively interact with electromagnetic waves and act as a
shielding layer for defence applications. Such a barrier should possess high dielectric
constant and highmagnetic permeability [134–136]. Thus, metallic materials are one
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of the promising candidates for the protection of electromagnetic waves owing to its
higher stability and conductivity. However, these materials possess few drawbacks
such as high cost and their immediate ability to get oxidized or undergo corrosion
under ambient conditions. In this context, development of wearable EM protective
suits by modifying the surface of fabrics with nanomaterials has gained significant
momentum to produce protective textiles against EM waves.

4.4 Ultraviolet Protection Fabrics

Prolonged exposure of ultraviolet (UV) radiation from the sun has been identified as
the cause for several adverse human related effects such as skin cancer, eye damage,
cataracts, wrinkles, sunburn, tanning, suppression of immune system and genetic
damage to cells [137–139]. The Occupational Safety and Health Administration
(OSHA) suggested the prevention of UV rays by covering up the skin with woven
fabrics & hat, sunscreen lotions and UV absorbent materials [20]. Though, the sun-
screen lotions and absorbents [140] play a crucial role in blocking the skin from these
harmful rays, many of the sunscreen lotions are toxic, unstable and are moderately
effective against UV-A region rays [141]. In the last few decades, literature relating
to blocking of UV radiations by altering the physical parameters of the fabrics, i.e.,
fiber type, dyes, fabric porosity between warp and weft count and thickness has been
increasing. As a consequence, researchers and scientists have started exploring mul-
tifunctional structures by modifying the surface of fabrics with such UV absorbing
materials. These materials could be prepared by different modification techniques
such as chemical bath technique, padding, sputtering, printing and solution growth
process to satisfy the UV protection property of the material.

In this context, inorganic materials have been utilized for the development of mul-
tifunctional fabrics owing to the ease at which their properties could be tuned. Among
the materials used in UV blocking fabrics, TiO2 [142] and ZnO [20] were found to
possess excellentUVblocking characteristics alongwith antibacterial property due to
their photocatalytic behaviour. Generally, nanoparticles exhibit unique physical and
chemical characteristics due to their large surface to volume ratio, which can absorb
and scatter UV light. More recently, researchers have started focusing on exploring
metal oxidematerials, which could perform as aUVblocker even in the visible region
by altering the bandgap. Also, metal oxidematerials possess the combination of elec-
tronic structure alteration, charge transport behaviour, light absorption properties and
excited lifetimes. From this background, incorporation of metal oxide materials on
the surface of fabrics for UV protection fabrics is a viable and effective alternative.
For instance, ZnOmodified fabrics are kept in ambient atmosphere, oxygen from the
atmosphere adsorb onto the surface where the electrons from the conduction band
of the material forms a depletion layer of O2

− ions on the surface of the modified
fabrics. But under UV illumination, these fabrics could excite the photogenerated
electrons from the valence band (VB) to the conduction band (CB) and result in
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Fig. 13 Schematic representation of possible mechanism of UV blocking by ZnO modified cotton
fabric. Redrawn with permission from Ref. [20] Copyright 2018 Elsevier

electron/hole pair generation [20, 142]. Subsequently, the photo-generated electron-
hole pairs readily undergo redox reactions with chemisorbed oxygen molecules.
This chemisorption process of oxygen molecules and interaction with photogen-
erated electron/hole pair progresses continuously, which effectively absorb/scatter
the ultraviolet rays (Fig. 13). On the other hand, suitable materials such as carbon
derivatives with self-assembled nanostructured layer will enhance the UV block-
ing characteristics, which plays an important factor for the development of novel
nanostructured multifunctional fabrics for different applications [143].

4.5 Wearable Sensors

Wearable devices have received maximum attention due to their ability to perform
continuous monitoring and stay non-invasive. In the late 1990s, Wearable Health
Devices (WHDs) concept was introduced to monitor the health status and improve
the quality of care for individual people [144, 145]. In this context, few traditional
non-invasive techniques [146] such as nuclear magnetic resonance (NMR) imaging,
X-ray imaging, Endotracheal cardiac output monitor (ECOM) and Impedance Car-
diography (ICG) were employed by wearable health care devices to create greater
opportunities for continuous and remote health care monitoring. According to Mar-
ket Research Future (MRFR) [147], wearable electronic textiles is an emerging tech-
nology that consists of a miniaturized resistor, capacitor and optical sensors for
continuous monitoring of health and environmental vital signs.

Due to the rapid industrialization, air pollution serves as a severe threat to liv-
ing organisms. More specifically, indoor pollution due to the emission of various
volatile organic compounds need to be monitored [148]. Generally, inhalation of
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various volatile organic compounds can cause several health problems like headache,
nausea, irritation of eyes, respiratory and serious health disorders [148]. With this
background, wearable devices are anticipated to make a mark in healthcare and
environmental monitoring applications.

The basic criteria for the usage of smart materials should be compliant with the
following [149–151]: (i) compatible with human skin, (ii) adequate detection limit
and (iii) high sensitivity to subtle changes. These devices are a result of multiple
scientific disciplines such as micro/nanotechnology, material science and engineer-
ing, information and communication engineering, biomedical technologies and elec-
tronic engineering so as to create a synergy, as shown in Fig. 14. These structured
devices can be in different forms; they could be smart watches, shoes, socks, tattoo,
wristbands and shirts.

Fig. 14 Elements of wearable fabrics for healthcare applications
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4.5.1 Fabric-Based Temperature Sensor

To achieve the requirement of self-monitoring of body temperature, wearable health
care devices plays an important role with the superimposed advantages of non-
invasive methodologies and quantitative monitoring. These sensors are biocompati-
ble, light-weight, flexible and highly sensitive towards temperature (35–42 °C). The
principle of detection is based on resistometric mechanism. Initially, electron hop-
ping was utilized at the interfaces to enhance the sensitivity. For instance, carbon
derivatives and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:
PSS) mixed in water towards the fabrication of hypersensitive temperature sensor.
The mixed solution was imprinted on the surface of fabrics via pattering technique.
Finally, the surface modified fabric is cured at 70 °C for 1 h. Due to electron hop-
ping between the interface [152], change in resistance was observed as a function of
temperature in the developed sensing element.

4.5.2 Pressure Monitoring Fabrics

Integration of wearable sensor network with electrodes on life jacket/belt for remote
health care monitoring could be employed (e.g., ECG, EG and EMG). As a primary
platform, incorporation of nanostructured materials on fabrics can support a vari-
ety of sensing applications. For instance, flexible e-Nanoflex band-aid based sensors
have been utilized for monitoring respiratory function, blood pressure, pulse rate and
other parameters. Also, conductive carbon nanotubes (CNT) based fabrics have been
developed as a strain and temperature-based sensor [152]. Piezo-resistive conduc-
tive polymers with their composites have also been receiving significant importance
due to their excellent flexibility and biocompatibility for the development of strain
sensors. The working mechanism behind pressure-based sensors could be realized
through the following scheme:

The flexible pressor sensor consists of two different substrates, namely, flexi-
ble conductive material medium and suitable substrates. Under external pressure,
changes in contact resistance between the substrate and the printed electrodes are
observed [153],

(i) Under a constant voltage of 0.01 V, an increase in the current was observed.
When an external pressure was applied, it caused a tiny deformation of the
porous substrate (fabric) and established a closer contact between the substrate
and the interdigitated electrodes, thus increased the conductivity.

(ii) Under unloading of external pressure, the deformed porous substrate returned
back to its native state thereby increasing the contact area between the substrate
and interdigitated electrodes, thus reducing the current flow.

These materials are robust for longer duration under temperatures ranging from
−50 to +200 °C, which is also dependent on conductive phase content. The data
obtained from these wearable fabrics is communicated to a nearby storage device,
which is then examined by the medical team. By utilizing the wearable fabrics, blood
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pressure could be measured in a cuff-less method; by using a life belt, the mother and
the unborn baby (fetus) could be supervised in the transabdominal condition for a
longer duration. Such a design would be essential and beneficial for pregnant women
staying in remote areas who face specific fitness issues.

4.6 Conductive Fabrics

In the past few decades, most of the developed surface modified fabrics showed great
promise as wearable e-textiles owing to their high flexibility [154], high conductiv-
ity [155], low cost [156] and light weighted electronic platform [157]. Integration
of several flexible electronic devices on fabrics, textiles, and fibers need electrically
conducting and semi-conducting platforms such as polymers, metals, metal oxides
and its composites. Thus, materials play an important role in realising wearable,
light-weight, easy to process, tough, flexible and portable e-textiles for various ver-
satile interactive electronic applications. The chemical, electrical and mechanical
properties of the conductive fabrics are the crucial parameters. In this section, we
briefly have discussed the conductive materials that could be integrated on textiles
through surfacemodificationwith special focus on electrical properties of conductive
fabrics, fibers and textiles (Fig. 15).

Surface Modified Fabrics with Metals, Metal Oxides and its Composites
Conductive textiles can be developed by surface modification with metals, metal
oxides and composite materials. Especially, conductive metals can be imprinted on
textiles/fibers/fabrics broadly through two methods, which are commercially been
used for surface modification.

1. Chemical plating
2. Chemical bath deposition

Conductive 
Fabrics

Metals, Metal 
oxides & its 
composites 

Carbon derivatives Conductive 
polymers

Fig. 15 Source of conductive fabrics
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I. Metal and Metal Oxide Fabrics

Development of metal fabrics will be prepared from conductive elements [129] such
as nickel, ferrous materials, titanium, zinc, aluminium and copper. These elements
possess thin layered structures, with a diameter of 1–80 μm [129]. Although these
materials have a high electrical conductivity, heavyweight,massive cost formanufac-
turing, and inability to produce uniform fibre bends than other surface modification
materials.Metal oxidematerials are often nearly colourless; so, that the usage of con-
ducting materials onto the fabrics has been considered to overcome fewer problems
associated with conducting carbon derivatives. Nanostructuredmetal oxidematerials
can be incorporated on the surface of the fabric, or into the sheath–core of the fibre,
or chemically reacted with the source material present on the surface of fabric. Con-
ductive fibers can also bemodified by surface coatings techniques with pristine metal
precursors such as copper iodide, copper sulfide and zinc acetate. Notwithstanding
the fact that metallic materials can promote the conductivity of fibers present in the
fabric with enhanced adhesion, these materials are limited by their ability to undergo
corrosion.

II. Fabrics Containing Conductive Carbon

For the development of conductive fabrics using carbon derivatives, several meth-
ods such as chemical bath deposition, electrospinning, electroplating, evaporation
deposition and sputtering deposition techniques have been adapted [129]. In these
surface modification techniques, the source material is loaded with the higher con-
centrations of carbon content. Also, carbon could be incorporated into the core of a
sheath–core bicomponent fabric via electrospinning technique. Few surface modi-
fying techniques, such as sputtering, evaporation techniques can be utilized for the
incorporation of source materials to the side/side fabric.

III. Conductive Polymers

Conductive fabrics can be preparedwith spinning the fabric fiberswithmetallicmate-
rials such as zinc, copper, aluminium, silver or gold foil and can be used to produce
electrically conductive fibers [56]. Conductive threads prepared using electrospin-
ning technique possess inherent tensile and stiffness properties than conductive yarns
[158]. These prepared conductive fibers can be stitched together to develop e-textiles.
Similar surface modification processes [129] such as electrode-less plating, sputter-
ing and chemical bath deposition with a conductive polymer by loading fibres and
carbonising could be used to furnish conductive coatings to the surface of the fabrics.

Electrode-less plating can produce a uniform surface deposition using conductive
materials, but this technique is expensive. Physical vapour deposition techniques such
as RF/DC magnetron sputtering and thermal evaporation techniques could promote
a uniform deposition with enhanced adhesion as well. Fabrics modified with con-
ductive polymers such as polyacrylonitrile and polypyrrole showed better properties
than metals with regards to adhesion. Though it possesses good adhesion charac-
teristics, the growth/modification are difficult to process using conventional surface
modification techniques.
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5 Conclusion

Development of new gadgets at different times is to design the same by incorpo-
rating the modifications like portability, user friendliness, lightweight, durability on
suitable substrates. Presently, polymer-based substrates are used to fabricate flexi-
ble devices and a competent alternate would be textiles. Nanomaterials have greatly
enhanced the functional properties ofmatter, making them themost sought-after can-
didate. With triumphant evolution of nanotechnology, nanoparticle functionalized
multifunctional textiles are gaining commercial momentum. Nanomaterials offer
enhanced functionalities to textiles such as enhancement of oil/water repellence,
UV blocking ability, reduction of wrinkles, elimination of static charge build up,
continuous monitoring of bodily functions and metabolism, rehabilitation, toxicity
reduction, long term durability, and environmental impact without compromising
their flexibility or comfort. This new approach has opened up several windows in the
wearable and flexible technologies including garments, which is capable of sensing
and responding to environmental stimuli including mechanical, chemical, electrical,
thermal, optical, or magnetic sources. Enormous research has been carried out by
different groups in improving and acquiring the desired properties by selecting a
proper surface modification technique, where we can achieve the desired functional
group. Each PVD/CVD technique has its own impact and importance in modifying
the surface property based on its outer end application. Extensive research works
have been carried out to study the UV blocking properties of certain nanoparticles
like ZnO, which can then be coated over the fabrics to protect the wearer from the
harmful UV rays. The antibacterial properties of silver nanoparticles and ZnO nano
particles have been investigated so that it can be coated on socks and help in reducing
bacterial growth and odour. The multi versatility of the nanoparticles offer several
functionalities to garments and when the knowledge of internet of things (IOT) is put
to implementation, the scope of such garments modified with the suitable nanopar-
ticles will be widened. There is an increasing demand for such technology in the
present-day society owing to its cost-effective nature, affordability, versatility, high
durability and bio compatibility. Surfacemodified textiles are a promising technology
that is yet to be explored in several other aspects of applying science and technology
to everyday life.
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blackness to invisibility—carbon nanotubes role in the attenuation of and shielding from
radio waves for stealth technology. Carbon N Y 126:31–52

https://www.epa.gov/sites/production/files/2016-09/documents/triethylamine.pdf
https://www.epa.gov/sites/production/files/2016-09/documents/triethylamine.pdf
http://journals.lww.com/soilsci/Abstract/1944/07000/Handbook_of_Chemistry.13.aspx


Surface Modification of Textiles with Nanomaterials … 41

135. Raagulan K, Braveenth R, Jang HJ, Lee YS, Yang CM, Kim BM, Moon JJ, Chai KY
(2018) Electromagnetic shielding by MXene-Graphene-PVDF composite with hydrophobic,
lightweight and flexible graphene coated fabric. Materials (Basel) 11:1–19

136. Tang W, Lu L, Xing D, Fang H, Liu Q, Teh KS (2018) A carbon-fabric/polycarbonate sand-
wiched film with high tensile and EMI shielding comprehensive properties: an experimental
study. Compos Part B Eng 152:8–16

137. Sivakumar A, Murugan R, Sundaresan K, Periyasamy S (2013) UV protection and self-
cleaning finish for cotton fabric using metal oxide nanoparticles. Indian J Fibre Text Res
38:285–292

138. Feng XX, Zhang LL, Chen JY, Zhang JC (2006) New insights into solar UV-protective
properties of natural dye. J Clean Prod 15:366–372

139. WangRH,Xin JH,TaoXM(2005)UV-blocking property of dumbbell-shapedZnOcrystallites
on cotton fabrics. Inorg Chem 44:3926–3930

140. Subramaniyan G, Sundaramoorthy S, Andiappan M (2013) Ultraviolet protection property of
mulberry fruit extract on cotton fabrics. Indian J Fibre Text Res 38:420–423

141. Sharma A, Bányiová K, Vrana B, Justan I, Čupr P (2017) Investigation of cis-trans isomer
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Functional Finishing of Cotton Textiles
Using Nanomaterials

N. Vigneshwaran and A. Arputharaj

Abstract Cotton textiles are conventionally used by human beings due to their com-
fort properties and well-established production and processing technologies. Mainly
suitable for tropical conditions and other hot and humid environments, cotton per-
forms better in terms of soft-feeling and eco-friendliness. But, cotton could not
compete for use in sportswear, medical textiles, filtration, agro-textiles and other
technical textiles due to its inherent weakness in terms of absorbency, susceptibil-
ity to microbial attack and poor strength properties. In order to impart or improve
the required functional properties, various nanomaterials made from metals, metal
oxides, ceramics, polymers and carbon are being used as finishing agents. The meth-
ods of application vary widely, starting from the traditional pad-dry-cure process and
cross-linking to electrospraying, electrospinning, in situ synthesis and layer-by-layer
deposition. Novel and un-conventional properties like superhydrophobicity, electri-
cal conductivity, photocatalytic/self-cleaning activity, antimicrobial, UV-protective
and flame retarding properties could be achieved in cotton using the nanomaterials.
Even, energy production using nanostructures on the surface of cotton fibres is being
evolved. This chapter describes the basic mechanisms involved in the use of nano-
materials to impart functional properties in cotton textiles, relevant issues and the
future scope for commercial exploitation.

Keywords Antimicrobial finish · Cotton textiles · E-textiles · Flame retardancy ·
Nanofinishing · UV protection

1 Introduction

Cotton, the King of Fibres, is conventionally used for apparels, medical and techni-
cal textiles due to their inherent comfort properties and established production and
processing technologies. But, with the stiff competition from synthetic fibres, cot-
ton has to improve its performance in various other aspects so that it can retain its
marketability. Multiple functionalities need to be incorporated into cotton textiles
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to enhance its scope of application. Various chemical and polymeric treatments are
traditionally used to impart functionalities like durable press finish [1, 2], wrinkle
resistant and flame retardant finish [3], water and oil repellent finish [4], perfumed
finish [5], better dyeability [6] and abrasion resistance finish [7].

Recently, various natural biomaterials are being used to impart diversified func-
tionalities to cotton textiles. Cotton textiles finished with Aloe vera gel having
1,2,3,4-butanetetracarboxlic acid as crosslinking agent is reported to show excel-
lent antibacterial property [8] due to destruction of bacterial cell wall. Similarly,
neem seed extract treated fabric could impart antibacterial activity in cotton tex-
tiles having fastness up to five machine washes [9]. The use of combination of aloe
vera, chitosan and curcumin on cotton substrate imparts antibacterial property hav-
ing fastness up to twenty five washing cycles [10]. The Gallnut extract is used to
impart antioxidant property in cotton textiles [11]. In many cases, the natural dyes
could add multifunctional properties in addition to its primary aim of colouring the
cotton fabrics [12–15]. In spite of numerous research work being carried out to use
the natural materials for functional finishing of cotton textiles, the issues like affinity
to cotton textiles, uniformity and stability of natural materials/dyes, less wash/light
fastness and lack of adequate availability limits their use on an industrial scale.

Nanotechnology during the last two decades revolutionized every fields of science
and technology with the first ever industrial application in textiles. Nanotex® is
a leading fabric innovation company, started in 1998, provides nanotechnology-
based textile enhancements to the apparel, home and commercial/residential interiors
markets. This company replicated the natural Lotus leaf phenomenon in the textiles
using nanomaterial finish. This was followed by numerous research and development
activities in the field of nanofinish in cotton and synthetic textiles. This chapter
focuses on the methods of nanofinish and various multi functionalities that could be
achieved using nanofinish in cotton textiles. Figure 1 shows the possible advantages
of nanofinish as compared to conventional finishes using chemicals and polymers.

2 Nanomaterials Finishing Techniques

Most of the researchwork has been reported to establish theUVabsorption properties
metal oxide nano particles such as TiO2, ZnO, Al2O3, CeO2 on textile materials. The
functionalization of textile fabrics with NPs to improve the ability of the fabric to
block UVR can be achieved by ex situ and in situ methods. Ex situ methods consist
of two steps: (1) Top down or bottom up approach to synthesize nanoparticles, (2)
Application of nanoparticles to textiles by means of wet-chemical procedures. For
fixing the nanoparticles to fabrics, the steps include impregnating with a wet pick-up,
drying followed by curing process. Wherever required, binders or cross-linkers are
also added to fix the nanoparticles on the surface of textiles materials.

Wang et al. [16] synthesized dumb-bell shaped nano-ZnO and applied on cotton
fabric by pad-dry-cure method. They observed that the higher the curing temperature
employed better the UPFwas achieved. TheUPF ofmore than 400 has been achieved
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Fig. 1 Advantages of using
nanomaterials in finishing of
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when a curing temperature of at least 150 °C was employed at the UV-blocking
range was 352–280 nm. Similarly, the pad-dry-cure process to fix the nano-ZnO
(Starch stabilized) on to the surface of cotton fabrics to impart antibacterial and UV-
absorbing properties was successfully evaluated in our lab [17, 18]. Ex situ methods
involve time consuming synthetic protocols and reduced functional properties after
laundering process. The process sequence in such cases either involves several steps
or is chemical intensive. Recent research efforts indicate that in situ techniques will
be remedy for such problems.

In situ or one-step methods are characterized by the synthesis of nanoparticles
in the presence of the fabric/substrate. Mao et al. [19] reported in situ growth of
ZnO on SiO2 sol coated cotton fabrics via hydrothermal method using relatively
higher reagent concentrations. The cotton fabric was then treated in hot water to
obtain needle-shaped nano-ZnO crystallites. As a result, ZnO coated cotton fabric
had better UV-blocking property. After treating in boiling water for 3 h, ZnO coated
cotton fabric had excellent UV protection (UPF > 50). After 20 washes, cotton fabric
still had good UV protection. Arputharaj et al. [20] synthesized nano-ZnO on cotton
fabric using the precursors of Zn(NO3)2·6H2O and NaOH. Plain cotton woven fabric
was treated with methanolic solution of precursors and nano-ZnO was developed
as given in the following schematic diagram. UPF of in situ synthesized nano-ZnO
treated fabric (42) was obtained as compared to control fabric UPF mean (5). The
UV protection functionality was found to be unaltered even after 30 laundering. The
schematic of in situ process is shown in Fig. 2.
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Fig. 2 Schematic diagram of the in situ synthesis. Reprinted with permission from Ref. [20],
Copyright (2017) Springer Nature

Our lab has also earlier reported the in situ synthesis of nano silver in the cotton
fabrics that resulted in brown coloured fabric due to the surface plasmon resonance of
silver nanoparticles [21]. This process resulted in antibacterial property of the fabric
in addition to providing the colour to the fabric. Similar in situ functionalization of
the cotton fabric with ZnO NPs was carried out by Román et al. [22] via exhaust
dyeing method using same precursors in aqueous medium. Cotton fabrics exhibited
excellent UV protection, even after 20 washing cycles. Prasad et al. [23] synthesized
nano-ZnO onto 100% cotton fabrics (terry or woven) by spraying or dipping process
to impart UV protection property. It was reported that spraying process resulted in
3 times less uptake of nano-ZnO than that of dipping process, without significant
reduction in UPF properties.

Akhavan and Montazer [24] simultaneously synthesized and loaded nanotitania
onto the cotton fabric by hydrolysis of titanium tetra isopropoxide (TIP) using ultra-
sonic irradiation (50 kHz, 50W) using acetic acid as a dispersant. They reported that
due to the formation of covalent bonding between the OH groups of cotton and the
OH groups of TiO2 excellent UV protection property of the fabric resulted even after
20 launderings. El-Naggar et al. [25] treated the cotton fabric with aqueous solution
of TIP and dried. After that the samples were treated with urea nitrate solution. The
treated cotton samples dried then cured at 130 °C. It is reported that increasing the
amount of TiO2 NPs deposited on the surface of cotton increased the UV protection
properties.

A novel method to express the durability of nano-finish (Nano-ZnO) was reported
as “Half-life time (t1/2) of zinc concentration on the fabric” for the durability to
sweat [26]. The results indicated that nanofinished antibacterial cotton fabric was
relatively sensitive to the acid artificial sweat while that was durable in saline or
alkaline solution, and the t1/2 exceeded 3000 min in them.
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3 Antimicrobial Finish

Our earliest work [18] reported the use of zinc oxide—soluble starch nanocomposites
to impart antibacterial activity on the surface of cotton fabrics and it demonstrated
excellent antibacterial activity against the two representative bacteria, Staphylococ-
cus aureus (Gram positive) andKlebsiella pneumoniae (Gram negative). Later, nano-
silver was also demonstrated to impart antibacterial activity on the surface of cot-
ton [21]. Due to the ease of synthesis, nano-silver is the widely used material to
impart antibacterial activity in cotton textiles [27–31]. Though the nano-silver is a
potent nanomaterial for antibacterial activity, the challenge is to avoid the oxidation
of nano-silver during its exposure and uneven visible deposition on the surface of
cotton fabrics that is quickly shown due to its colour. Hence, the nano-ZnO and
nano-titania are also the viable alternative materials to impart antimicrobial finish on
cotton textiles.

ZnO is a bio-safe material that possesses photo-oxidizing and photocatalysis
impacts on chemical and biological species. The bactericidal and bacteriostatic
mechanisms of metal oxide nanoparticles are due to the generation of reactive oxy-
gen species (ROS) like hydrogen peroxide, hydroxyl radicals and peroxide radicals.
ROS has been a major factor for several mechanisms including cell wall damage,
enhanced membrane permeability, and uptake of toxic dissolved metal ions. In some
cases, the antibacterial activity is also attributed to abrasive surface texture of nano-
materials. The mechanisms of antibacterial activity by nano-ZnO is discussed in
detail in a recent review [32]. The antibacterial activity of nano silver is mainly due
to its binding effect with the proteins/enzymes of the microbes and their inactivation.
The chitosan, a known antibacterial biopolymer, when converted to nano-form and
applied on the surface of cotton fabrics, exhibited excellent antibacterial property
[33]. Various mechanisms involved in the antibacterial activity of nanomaterials are
summarized in Fig. 3.

4 UV Protection Finish

Now a day, the level of ultraviolet (UV) radiation reaching the Earth’s surface has
increased due to the ozone depletion and other environmental related issues. It is
well known that small doses of UV rays are beneficial for the body as this is essential
for the synthesis of Vitamin D. However, an overdose of it can be highly detrimental
to the skin. UV rays react with the compound in the human skin which is called
as melanin (Fig. 4). As a protective mechanism, the precursors of melanin absorb
UV rays and getting converted into a black coloured polymer. But some of human
population doesn’t havemuch ofmelanin in their skin due to their genetic nature. This
can results in harmful health conditions including skin cancer, cataracts, premature
ageing and also sunburns. The use of textiles as a means of sun protection is getting
popular apart from the conventional use of sunscreen and lotions. UV protective
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Fig. 3 Mechanisms of antimicrobial properties of nanomaterials

Fig. 4 Positive and negative effects of UV radiations
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clothing represents the most convenient and reliable method of protecting the skin
against the harmful effects of the Sun. The demand for UV protective clothing has
been growing significantly as consumers have become more aware of the dangers of
excessive exposure to the sun.

Fabric parameters such as the porosity, type, color, weight and thickness have
direct influence on the UV protection of a finished garment. The application of UV
absorbers into the surface of the fabric plays a vital role in the improvement of
UPF of apparel. Stretching and laundering during use can alter the UV-protective
properties of a textile. The use ofUV-blocking cloths can provide excellent protection
against the hazards of sunlight; this is especially true for garments manufactured as
UV-protective clothing.

UV-protectivefinishing agents are the chemicalswhich are used to absorbUVradi-
ations between 290 and 350 nm. UV protective chemicals can be majorly classified
into organic and inorganic absorbers (Fig. 5). Organic UV absorbers are colourless
organic aromatic molecules with conjugated double bonds having high absorption
coefficients. After absorption, they transform UV radiation energy into vibration
energy. If themolecules of UV absorbers are permanently transformed into their non-
absorbing isomers, their UV absorbing proper-ties are destroyed. Compounds with
phenolic group which form intra molecular O–H–O bridges, such as salicylates, 2-
hydroxybenzophenones, 2,2′-dihydroxy benzophenones, are used as UV absorbers.
The growing use of synthetic organic UV absorbers in recent years have caused
environmental concerns since different toxic degradation products of UV absorbers
can bio accumulate and will result environmental problems.

Inorganic oxides such as TiO2, CeO2, and ZnO are used as UV-protective agents.
As semiconductors, metal oxides are characterized by an electron band structure
that includes bands with orbitals and gaps in the UV spectral region. The band gap
energies are corresponding to their absorption spectra and refractive index. UV light
is absorbed by excitation of electrons from the valance band to the conduction band.

Fig. 5 Classification of UV protective chemicals
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Upon the absorption of UV radiation with energy that matches or exceeds the band
gap energy, the electrons from the valence band are excited to the conduction band,
thus leaving a positively charged hole in the valence band. Therefore, light below
these wavelengths has enough energy to excite electrons and is absorbed by metal
oxides. Since energy always has to go somewhere, and UV is quite strong, metal
oxides absorb UV and turn it into comparably harmless infrared radiation, which
they dispose of as heat.

Is ∝ Nd6

λ4

∣
∣
∣
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m2 − I

m2 + 2

∣
∣
∣
∣

2

Ii (1)

Where, Is is the intensity of scattered light, N is the number of particles, d is
the diameter of the particle, λ is the wavelength of incident light, m is the relative
refractive index and I i is the intensity of incident light.

If we reduce the particle size of the metal oxides they become very good UV
absorption materials. Mie theory explains that the intensity of scattered light is a
function of the size of a single particle. Equation (1) gives the relationship between
the particle size and the intensity of scattered light (Is). ZnO has a band gap energy
of ~3.3 eV that corresponds to the wavelengths of ~375 nm. If we reduce the size
of the ZnO the wave length of the absorption is also reduced. Reducing the size of
inorganic UV absorbers to lower than 50 nm results in higher transparency of the
UV-blocking agents. The advantage of nano inorganic UV absorbers than organic
UV absorbers are

• Chemical stability under both high temperature and UV-ray exposure
• Broader and tailor made spectrum of UV absorption
• Less toxic to the environment due to non-bio accumulation
• Comparatively cheaper
• Multi-functional property like antimicrobial, self-cleaning etc.

Graphene has recently gained keen interest owing to its outstanding electronic
properties. It has a UV absorption peak around 281 nm, hence it can absorb UV
radiationwith awavelength comprised in the 100–281nmrangeGraphene derivatives
have been widely employed as UV-blocking materials for coating the fabrics and
obtain functional fabrics. Hu et al. [34] coated cotton fabrics with GNPs to get
UV protection functionality. The UPF value of the treated fabric was found to be
500 (0.8% wt GNPs), which is a 60-fold increase when compared to control cotton
fabrics. Kale et al. used titanium chloride as a reducing agent to convert graphene
into graphene oxide on polyester fabric. Both graphene as well as titanium dioxide
was formed due to self-oxidation of titanium chloride into titanium dioxide. Electro
conductive, antistatic, UV protected and mechanically strong polyester fabric was
produced by using this technique.
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5 Flame Retardant Finish

Natural cellulosic textile substrates like cotton, linen are made-up of the natural
polymer i.e. cellulose. These materials are being used in the production of value-
added home textiles and other upholstery fabrics. All these products exhibit high
flammability and combustibility. Due to its chemical composition, cotton is highly
prone to flammability that can cause immediate combustion leading to the flames
and fire. To prevent fire accidents and loss of human life, quality and safety of
textile materials is to be assured. Due to the upcoming government regulations,
flame retardant property of textiles become very important attribute for the materials
that are used as fabrics in airplanes, trains, buses, hotels, restaurants, and other public
places. Flame retardant finish describes a finish that imparts slow burning capacity
of self-extinguishing property to the fabrics. The flame retardant chemicals that are
used in textile finishing are classified as given in Fig. 6.

The health issues associated with the halogenated flame retardant chemicals are
discussed in detail by Shaw in 2011 [35]. It was suggested for a more systematic
study to understand the actual impact of such chemicals during human exposure.
Though the degradation of brominated polymeric flame retardants cause no acute
toxicity, chronic toxicity might relevant [36]. To overcome the various problems
associated with the flame retardant toxicity, nanomaterials might be an alternative for
finishing of cotton textiles. Arputharaj et al. [20] reported that the presence of nano-
ZnO which was synthesized in situ in cotton fabric improved the thermal stability
of cotton fabric. Similar results were reported by Samanta et al. [37] for the flame
retardant property of nano-ZnO treated jute fabric. Sheshama et al. [38] reported that
1% nano ZnO treated sisal yarn showed more LOI (Limiting Oxygen Index) and less
burning rate compared to the 12% bulk ZnO treated yarn. These results indicate that

Fig. 6 Classification of flame retardants
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the consumption of the traditional chemicals can be reduced by using flame retardant
nanoparticles.

FRsmadewith naturally occurring clay calledmontmorillonite (MMT) are poised
to have a huge influence on future fire safety due to their great potential for being
applied to many different fields in textile industry. Chang et al. used continuous layer
by layer deposition process to apply 50 bilayers of flame-retardant clay nanoparticles
using a modified pad-steam unit. They found that FR properties of coated fabric was
significantly greater than the uncoated fabrics [39].

6 Superhydrophobic Finish

Superhydrophobic finish of textile materials, also called as lotus effect, is carried out
by imparting roughness on the surface in combinationwith hydrophobicity. Thewater
contact angle above 150° is generally accepted as a superhydrophobic finished sur-
face. While the nanomaterials could be used to impart roughness on the surface, the
hydrophobic chemistry is required to make it to superhydrophobicity. By sol-gel pro-
cess, superhydrophobic cotton fabrics was demonstrated using silica nanoparticles
and perfluorooctylated quaternary ammonium silane coupling agent [40]. Another
work reported the formation of superhydrophobic nature by electrostatic layer-by-
layer assembly of polyelectrolyte/silica nanoparticle multilayers on cotton fibers,
followed with a fluoroalkylsilane treatment [41]. In this case, the hydrophobicity
was tailored by controlling the number of layers used for the assembly. For impart-
ing durability to the finish, a robust and self-healing superhydrophobic cotton fabric
was fabricated by facile dip coating and UV curing [42]. The fabrics were dip-coated
with tri-functionality vinyl perfluorodecanol, vinyl-terminated polydimethylsiloxane
and octavinyl-polyhedral oligomeric silsesquioxane followed by UV curing. These
obtained cotton fabrics exhibited superior resistance to various liquid pollutants, and
had excellent resistance to the acid and alkali liquid. Furthermore, they were durable
to withstand 10,000 cycles of abrasion, 120 h of accelerated weathering test and
heating or freezing test. Thus, the superhydrophobic treatment helps in self-cleaning
also, wherein the dust particles/pollutants are not allowed to settle on the surface of
the finished fabrics.

7 Electronics Textiles

Electronic textiles (E-textiles) represent the textile materials having the electronic
components impregnated or interwoven in them. Though synthetic textile materials
have a lead in the e-textiles, cotton textiles are also being considered in diversi-
fied applications due to their comfort and eco-friendliness. Electro-conductive cot-
ton textiles are under development using simple dip-coating process for depositing
functionalized carbon nanotubes [43] to develop a flexible electro thermal heating
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element. Graphene is being routinely evaluated for coating on the surface of cotton
fabrics to make it electro conductive [44]. Another research team [45] deposited
graphene oxide on the surface of cotton to form the conductive cotton fabric that via-
bility as a strain sensor even after 400 bending cycles. The deposited graphene oxide
was reduced by hot press method at 180 °C for 60 min without the use of chemical
reducing agent. In yet another work, the cotton T-shirt was converted into highly con-
ductive and flexible activated carbon textiles by a chemical activation route, resulting
in an ideal electrical double-layer capacitive behavior [46]. A conductive activated
cotton textile with porous tubular structure was prepared from cotton textile to load
sulfur that was further wrapped with partially reduced graphene oxide to immobilize
the lithium polysulfides [47]. This was used to prepare lithium-sulfur battery that
exceptional capacity and rate performance.

8 Safety Aspects

The use of nanomaterials for nanofinishing of cotton textiles is on the rise and, it
simultaneously indicates the necessity to look into the safety aspects of nanofin-
ishing. Figure 7 shows the diversified safety aspects to be considered while using
nanofinishing in cotton textiles. The areas required attention is the site of production
of nanomaterials, location of nanofinishing of cotton textiles, effluent management
and disposal of cotton textiles treated with nanomaterials. Industrial personnel and
customers’ awareness are required for handling the nanofinished textile materials.

Safety aspects 
to be 

considered 

Effluent management 
while nano-finishing 

Eco-toxicity of inorganic 
and carbon nanomaterials 

Avoiding the release of 
nanomaterials onto the 

skin & environment 

Safety precauƟons during 
large scale producƟon and 
handling of nanomaterials 

Fig. 7 Safety aspects to be considered while using nanomaterials for cotton finishing
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The toxicity of nanomaterials is mostly of chemical-specific apart from the size-
related issues. It is assumed that the organic nanoparticles are less toxic than their
inorganic counterparts. But, a systematic study is required to prove this hypothesis.
Also, a complete life cycle analysis needs to be done to weigh the overall impact of
the use of nanomaterials in finishing of cotton textiles.

9 Conclusion

The use of nanomaterials might impart novel functionalities to the cotton textiles
and has the potential to extend the use of cotton textiles beyond apparel segments. It
can diversify the applications in medical textiles, agro-textiles, home furnishings and
other technical textiles. But, care is required to avoid the excess usage of nanomate-
rials, restriction in use of inorganic nanoparticles and creation of awareness among
various stakeholders. By following stringent norms and responsible behavior in the
work place, the use of nanomaterials for cotton textiles could be used for their fullest
potential.
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Environmental Profile of Nano-finished
Textile Materials: Implications on Public
Health, Risk Assessment, and Public
Perception

Luqman Jameel Rather, Qi Zhou, Showkat Ali Ganie and Qing Li

Abstract Antimicrobial modification via the use of nanomaterials or nanocompos-
ites have emerged very strongly from recent past because of increasing public con-
cerns related to the health hygiene. However, negative environmental implications,
concerns related to human health and possible harmful effects on aquatic life after
the left over/unexhausted baths are released to wastewaters have restricted the use
of many antimicrobial agents more likely the synthetic ones. The increased use of
nanomaterials necessitates assessing of the potential negative impacts of this novel
technology on humans and the environment. Application of nano-biocomposites
could be a good alternative to most of the synthetic antibacterial agents due to their
high environmental compatibility, biodegradable, and non-toxic nature. This chapter
has focused on the characteristics and achieved functionalities of nanofinished textile
materials with their environmental health profile, implications on human health and
possible risk assessments.

Keywords Nanoparticles · Nanocomposites · Environmental assessment · Health
profile

1 Introduction

Textile materials have played an important and major role in the development and
industrialization of earlier civilizations.However, there is a growingdemand formod-
ern functional textiles which has forced scientists to synthesize new functional mate-
rials and develop new technologies. Therefore, high-techmaterials and new strategies
of fabric constructions can improve the wearing comfort and provide unique func-
tional value-additions. Imparting different functional values into textiles can increase
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their potential for different applications since textiles are now broadly used in dif-
ferent application sectors such as clothing, pharmaceutical, medical, engineering,
agricultural, and food industries. For that scientists have explored different syn-
thetic, semi-synthetic, and natural products to add values to textile surfaces in terms
of antibacterial, UV protective, antifungal, and fluorescent properties in addition to
coloration of textile materials [1]. However, a new revolution in the textile industry is
going on with the apparition of new technologies, which could add special functions
and prominent finishes to the fabrics surfaces without decreasing comfort properties.
For instance, there has been distinguished enhancement in technologies for synthetic
and natural smart fabrics, textile finishing and high-performance functional textiles
[2].

Nanomaterials play a vital role because of the interesting surface properties that
allow increasing their effect in comparison with bulky traditional additives andmate-
rials in technological evolution. Conventional nanomaterials such as metal oxide
agents, carbon-based materials, host-guest compounds, and so on are examples
of nano-structured materials used in antimicrobial, deodorant, UV-protection, self-
cleaning, and other common finishing methods [3]. In non-commercial research of
sunscreens that contain TiO2 and ZnO nanoparticles and their composites, the subject
of safety mainly concerns the penetration of nanocomposites into the skin. Also, the
safety nanofinished sunscreens are also determined by physicochemical properties
of the nanoparticles, coatings, formulations, and the interaction of these components
with UV radiation [4]. In the finishing process it is important to use environment-
friendly methods and materials. So, substitute ingredients with great environmental
safety are preferred. This chapter reviews the most relevant contributions of the use
of common nanoparticles and their composites to functionalize textile materials with
an environmental assessment and impact on human health.

2 Nanomaterials for Textile Finishing

Increasing customer demand from last few decades for robust and practical clothing
produced in environmentally friendly and sustainable means has shaped a prospect
for nanomaterials to be integrated into textile substrates as active functionalization
agents to alter their surface properties [4]. Nanomoieties/nanoclusters can induce
static elimination stain repellence, electrical conductivity and wrinkle-freeness to
fibers without conceding their flexibility and comfort. Textiles materials are univer-
sal interface/materials for the fabrication of nanomaterials, electronics, and optical
devices. Such technologies and integratedmaterials offer a stage that retorts to electri-
cal, thermal, optical, chemical, magnetic or mechanical stimuli [5, 6]. Nanomaterials
similarly offer a broader application platform to produce functional garments that
can intellect and reply to external stimuli via color, electrical or physiological signals
[7].



Environmental Profile of Nano-finished Textile … 59

This created the concept of nano-engineered fabrics/fibers which offers above
mentioned functionalities deprived of the properties of textile material comfort prop-
erties of the textile material. These engineered substances should impeccably assim-
ilate into garments and be stretchy and relaxed while having no allergic reaction
to the body. Moreover, such substances need to satisfy performance, weight and
appearance properties [4]. The conventional approaches used in the textile industry
have the challenge not to functionalize fabrics that do not lead to permanent effects.
Antibacterial modification of textiles with metal oxide nanoparticles and their com-
posites can prevent the growth of fungi, alga, bacteria and other microorganisms on
them. Finishing of textiles with metal nanoparticles such as silver, zinc, and titanium
have been reported for antibacterial properties [8, 9]. Because of their multi-targeted
mechanism of action, high surface area-to-volume ratio and unique properties of
these nanoparticles, metal nanoparticles are more effective in comparison to native
biopolymers [10]. An important advantage of nanomaterials is the increasing surface
area which increases the contact of the antibacterial agent with infectious microor-
ganisms. Among all the antibacterial nanomaterials, silver have proved to be the
most effective against most common bacteria in antibacterial textile finishing [10].
Inorganic nanoparticles such as TiO2, ZnO, SiO2, Cu2O, CuO, Al2O3, and reduced
graphene oxide have been abundantly exploited for their high temperature thermal
and chemical stability, permanent photostability, and non-toxicity compared to the
organic ones [4, 7].Metal oxides asUVprotective agents can improve the absorbency
percentage in the UV region. UV protection can be increased by modifying textile
and polymers via increasing the total reflectance and absorbance properties which in
turn reduces the amount of transferred UV light [4].

Another area where nanomaterials can be handy is to generate anti-odor textiles
which is one of the main sectors of the textile industry, and has got considerable and
increased attentionover the last fewyears. In this section,most important textilemate-
rials are sportswear, underwear, socks, and shoes. Previously, physical (absorption
by activated carbon) and chemicals (turning the odor into common smell) approaches
have been used along with some aromatic compounds to eliminate unpleasant odors.
Although, aroma textiles is not new concept but great progress has been made in
the field of aroma textile production via surface finishing to produce effective and
long-lasting bioactive textiles [7]. Earlier scientists used aromatic extracts via direct
spraying on the surface of textiles but now-a-days new techniques have been devel-
oped and encapsulation is one such effective method to increase the lifetime of odors
on textiles. Textile materials are finished with micro/nano fragrances via encapsula-
tion method which are then released due to pressure or abrasion of garments [11].
Some applications of nanofinished textiles materials are summarized in graphical
form (Fig. 1).
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Fig. 1 Different applications of nanofinished textile materials

3 Classes of Nanomaterials

Most of the nanomaterials are based on the inorganic based active agents with good
potential of antimicrobial action on textile materials. However, broadly they can be
classified into twomain categories: (a) Inorganic nanomaterials and their composites;
(b) Inorganic nano-structured loaded organics (Nano-biocomposites) (Fig. 2).

Fig. 2 Classification of nanomaterials
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3.1 Inorganic Nanomaterials and Their Nanocomposites

The most common inorganic nanomaterials are titanium dioxide (metallic and
non-metallic composites), silver (nano-structured materials based on silver and
silver-modified montmorillonites), zinc oxide, copper, gallium, gold nano-particles,
carbon nanotubes, nano-layered clay including its modified species (silver-nano-
clay/chitosan and clay–polyvinyl pyridinium), and their respective nano-composites.

3.1.1 Titanium Dioxide (TiO2) Nanoparticles

Currently, titanium dioxide in the form of nano-antibacterials has created remarkable
additions in its application field for developing attractive multi-functional materials.
It possesses high stability and broad spectrum activity [12]. Photo-catalytic activity
of TiO2 is a function of structure and powder purification which makes it one of
the efficient candidates for anti-bacterial, UV protecting, self-cleaning, water and air
purifier, environmental purification, in solar cells and gas sensors [13–17].Among the
various crystal structures of TiO2, anatase due to its high surface area finds extensive
use in photo-catalysis [18]. Redox reactions at the surface of TiO2 are carried out
via electron–hole pair generation by irradiation with UV light which reduces band
gap. The free electrons created react with oxygen to form O−

2 which in presence
of water and positive holes produces hydroxyl radicals. The highly reactive oxygen
species oxidizes organic matter (odor molecules, bacteria and viruses) to CO2 and
H2O (Fig. 3) [19].

Fig. 3 Photocatalytic oxidation on the surface of TiO2 nanoparticles [19]
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3.1.2 Silver Nanoparticles and Its Composites

One of profound approaches to fabricate smart textiles is nanomaterials finishing
onto their surfaces for enriching them with dirt-repellent, self-cleaning, water repel-
lent, antistatic properties, decreased gas permeability, conductive, flammability and
antimicrobial properties. Silver nanoparticles (AgNPs) have been enormously used
for someof the outstandingmechanical properties alongwith abovementioned bioac-
tivities. Natural and synthetic textiles have been employed to generate functional tex-
tiles treated with AgNPs. Several methods have been employed to enhance the dura-
bility of nano finish against washing processing. Therefore, chemical binders and
cross-linkable polymers have been used for stabilizing AgNPs on fabric surfaces
[20–24]. The deposition of AgNPs mainly remains bound to electrostatic interac-
tions between AgNPs and textile constituents (functional groups). There are 3 stages
of AgNPs finish in terms of successful chemical deposition: (a) adsorption of silver
ions on textile surfaces, (b) diffusion of AgNPs into the interior of textile fabric/fiber,
and (c) interaction of AgNPs with textile fibers. For instance, X-ray photoelectron
spectroscopy observation have revealed the nature of possible interactions between
AgNPs and sulfur atoms, which are likely to be interact via the cleavage of S–S bond
in the wool fiber [4, 25, 26].

3.1.3 Zinc Oxide (ZnO) Nanoparticles

Recently, ZnO has got high attention from scientific community for its remark-
able applications in photo-diodes, UV light emitting devices solar cells, sensors,
electro-acoustic transducers, displays, gas sensors, varistors, piezoelectric devices,
sun-screens, gas sensors, UV absorbers, anti-reflection coatings, catalyst due to low
band gap (3.37 eV) and photo-catalysis The stability of ZnOhas been acceptablewith
reducing option of electron-hole recombination (Fig. 2) [27–33]. ZnO nanoparticles
have some additional advantages compared to Ag nanoparticles in terms of low cost,
UV-blocking property and white appearance [28, 33]. ZnO enhances the properties
of polymeric nano-composites [33]. It has been also proven that there appears an
enhancement in wear resistant and anti-sliding phase in zinc oxide nanocompos-
ites as a consequence of their high elastic modulus and strength [32]. Li et al. have
investigated the antibacterial action of ZnO nanoparticles functionalized on cotton
fabric and have evaluated the durability of antibacterial action under conditions of
alkaline, acidic and inorganic salt artificial perspiration [34]. As compared to normal
conditions a negative surface charge has been presumed for ZnO nanoparticles and
illumination can increase anti-bacterial performance. ZnOnano-particle like tetrapod
was also used for producing acrylic composite resin [32]. ZnO nanotubes, nanocages,
nano-belts and nanowires have been also produced [30, 35–37].
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3.1.4 Copper Nanoparticles

Copper nano-particles were found strongly active against various bacteria compared
to triclosan when embedded into submicron particles of Sepiolite [38]. However, it
was found that copper nanoparticles were less active compared to Ag nano-particles
[39]. UV protection were imparted to polypropylene (PP) nonwoven by deposi-
tion of copper nanoparticles by magnetron sputter deposition method along with
enhancement in electrical conductivity [40].

3.1.5 Gold Nanoparticles

Gold nanoparticles have been expensively used in commercial soap and cosmet-
ics industries for its effective antibacterial properties against acne or scurf and
have potential to eliminate waste substances from the skin and control sebum [41–
43]. Gold nanoparticles are effective against extensive range of bacteria including
gram positive and gram negative and fungi [44]. Grace and Pandian showed intense
antibacterial efficiency of Au nanocomposites with antibiotics like streptomycin,
gentamycin and neomycin against E. coli, P. aeruginosa, S. aureus, and M. luteus
[41]. Park et al. filled Au nanoparticles inside the liposome structure leading to per-
meability of barrier of the lipid, an increase in the fluidity and provide thermally
sensitive liposome for controlled delivery at particular temperatures [42].

3.1.6 Nano-clay and Its Modified Species

Recently, nanoclay has been found one of the interesting materials and has been
investigated for its outstanding advantages like increase of tensile strength, gas barrier
property, modulus, dimensional stability, HDT and flame retardancy transparency
[45–49]. Sterilizing effect, antibacterial efficiency,membrane coating and adsorption
of toxins are some other important applications related to the biomedical field. The
first use of clay in medical field was carried out by Romanes in 60 BC as poultice
in wound plaster. The healing properties were mainly due to the physical absorption
of water, toxic bacteria, viruses and organic matter. The presence of inorganic metal
and their oxides in clay accounts for its antibacterial properties without knowing
exact mechanism of action. However, complete sterilization of E. coli was observed
by Agricure clay [50].

Haydel et al. utilized clay of iron-rich to evaluate its use as a therapeutic
agent against antibiotic-susceptible and antibiotic-resistant pathogenic bacteria [51].
Seckin et al. used clay-polyvinyl pyridinium matrix as an adsorbent against bacte-
rial cells from water [52]. Ion exchanged montmorillonites and silver-chitosan/clay
nanocomposites were investigated by Hu et al. and Zhou et al. for their antibac-
terial and bacteriostatic effect, respectively [53, 54]. Antibacterial poly propylene
fiber/clay compositewas successfully produced byMlynarcikova et al. and Pavlikova
et al. [47, 48].
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3.2 Inorganic Nano-structured Loaded Organics
(Nano-biocomposites)

The inorganic nano-structured loaded in organics usually knownnano-biocomposites
include cyclodextrin and modified cyclodextrin, nano and micro-capsules with inor-
ganic nanoparticles, inorganic nanoparticles loaded in liposomes and dendrimer
nano-composites.

3.2.1 Cyclodextrin

Cyclodextrins, composed of α-1,4-glucopyranose units are the family of cyclic
oligosaccharides, produced during enzymatic degradation/cleavage of starch and
are mainly useful in molecular complexation processes [55, 56]. Three are types of
cyclodextrins: α-cyclodextrin (6 glycosyl units), β-cyclodextrin (7 glycosyl units),
and γ–cyclodextrin (8 glycosyl units). Among the above three cyclodextrins, β-
cyclodextrin having molecular weight of 1135 and height of 750–800 pm, is most
commonly used in textile applications and is assessable at low price. The two sides of
β-cyclodextrin have different affinities for water as the inner hole of average volume
of 260–265 A3 is hydrophobic and the external section is hydrophilic [57]. The most
important property of cyclodextrins is their complexation capacity with a wide range
of compound including metallic ions and gaseous compounds (host-guest relation-
ship), which can deliver the perfumed substances and drug carriers in textile industry
via controlled release mechanism [58, 59]. Recently, β-cyclodextrin has been grafted
onto cotton and wool textiles with the help of cross linking agents such as epichloro-
hydrin, BTCA, etc. [60]. Moreover, β-cyclodextrin has the potential to be loaded
with inorganic nano materials at different textile processing stages and making them
stabilized by using different cross-linking agents on the fabric surfaces [61].

3.2.2 Nano-capsules, Liposomes, and Dendrimers

Nano, micro-capsules, liposomes and dendrimers have been used for the delivery of
different active agents to target organs in drug delivery system [62]. Recently, scien-
tists have developed nano-encapsulation technologies for everlasting anti-microbial
efficacy on cotton fabrics and have been recognized on global and industrial levels
by the Ciba Company [63]. In general, nano and micro-capsules are made of a shell
of natural or synthetic polymers with a core which can host various active agents,
vitamins catalysts, bioactive materials, drugs, proteins, phase change materials and
deodorants. However, a releasable capsule is a concept where the trapped bioactive
agents in the core of the capsule should be released through a continuous precise
release mechanism. A delicate shell which can be excited by changing intensity of
light, temperature and pressure is highly recommended [64, 65]. This can be achieved
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by decreasing the size of capsules to nano size which can be generated by high vig-
orous stirring or ultra-sonication of micro-capsules [66]. Zhang et al. revealed that
the size of nano-capsules can be altered by increasing the stirring rate and by chang-
ing the concentration of emulsifier [67]. Shim et al. effectively used poly(methyl
methacrylate) frame work for the encapsulation of zinc oxide nano-particles [68]. In
another similar kind of work, Oku et al. encapsulated silver nano-particles of silver
nitrate by the chemical reduction with an aim of improving the electronic properties
of the nano-captured boron nitride nano-cages [69].

Liposomes are self-assembled amphiphile liquid dispersed in aqueous solvent.
Due to their dual properties, they can hold and release both hydrophobic as well
as hydrophilic materials. This particular property of liposomes makes their efficient
use in drug delivery systems [62, 70]. Additionally, liposomes are being used in
low temperature and energy saving dyeing processes of different types of textile
fibers and fabrics [71–73]. The size, fluidity, and permeability of liposomes has been
altered by loading nano sized silver and gold nanoparticles for better release of some
biological agents under thermal stimulation [74]. However, it has been seen that
the thermal and mechanical stability of liposomes should be determined for better
controlled release. For increasing stability of liposomes on textile surfaces, use of
functionalized stabilizer has been suggested. In case of antibacterial modifications,
phospholipid layers act as fertilizing agents for increasing bacterial growth exerting
a negative effect of antibacterial efficacy. Nano silver has been used to overcome this
drawback [71, 73].

Dendrimers are synthetic and branched 3D molecules produced by including
repeating diverging arrangements to produce a exceptionally new architecture with a
rare and great level of consistency [75–77]. Unique physical and chemical properties
have been created due to the molecular scattering of the guest molecules in the
dendrimer host. Due to large number of active sites, dendrimer carboxylate salts can
interact with large number of silver cations which will serve as nanoscopic transport
carrier of different quantities of bioactive substances. In vitro and in vivo experiments
have revealed the bio-compatibility of dendrimer conjugates [78, 79].

4 Textile Applications of Nanomaterials

4.1 Antimicrobial Applications

Textile materials are being treated with a wide range of synthetic and natural antimi-
crobial agents for various explanations liable on the market segment and appli-
cation area. Antimicrobial agents are mostly functional on the textile surfaces to
improve their resilience against mildew, fungi, and bacteria (e.g. discoloration, col-
onization of odor producing bacteria and preventing destruction of polymers) and
increase the durability of materials leading to longer lifetime [80]. The antimicro-
bial agents in general are applied to play a role in enhancing the clinical hygiene
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and delicate surroundings by reducing the colonization of microbes and their com-
munication through fabric surfaces [81]. Antimicrobial textiles requiring less care
can deliver the goal of the reduction in the environmental footprints. Require-
ments for antimicrobial treatments for different textile materials vary according to
the use of end product and the type of reactivity of antimicrobials towards tex-
tiles. The toxicity profile of human is vital for garments of skin-contact, whereas
the photostability of the antimicrobial agents is vital for outdoor textiles. Zinc
pyrithione (ZnPT), n-octyl-isothiazolinone (OIT), benz-isothiazolinone (BIT) or
10,10′-oxybispheloxarsine (OBPA)nanomaterials are favored for non-skin contact
uses such as mattresses or bedding whereas silver (Ag), triclosan (TCS), silane qua-
ternary ammonium (Si-QAC) compounds are mainly used for apparel textiles. More-
over, silver and silane quaternary ammonium compounds are also widely used in the
medical field.

Application concentration is one of the most important parameters that influ-
ence the antimicrobial action and rates of biocidal agents [82]. The application rate
further depends upon the type of antimicrobial, method of application (bulk incorpo-
ration vs. topical treatment), fabric construction, type of interactions (physisorption
or chemisorption), and stability during use (durability). To verify the applications
rates, several tests were conducted in USA on textiles treated with Ag, TCS, Si-QAC
and ZnPT which were then given the product registration labels extracted from the
National Pesticide Information Retrieval System. PAN Pesticides Database gives
detailed categories and corresponding PC codes [83, 84].

Durability of the finished product is another fundamental requirement to ensure
its significant role throughout its life cycle. Successive cycles of washing and wear of
the textile product can contribute much to the progressive loss of the activity due to
leaching process during washing treatments or mechanical impairment to the fabric
or fiber. The leaching can occur until the antimicrobial activity reaches its limiting
factor. In line with best industrial practices the finished textile fabric should service
at least 50 machine washes [85]. The highest wash durability with lowest application
rates is mostly favored in marketplace. Many studies reveal the leaching of different
antimicrobials from textile fabric surfaces: Ag [86–89] the leaching of TCS [90, 91],
the leaching of Si-QAC [92] or the leakage of ZnPT from textiles [93]. However,
strong fixation of the antimicrobials is desirable to improve the durability of finished
products. Treatments of antimicrobials characteristically have a choice of suggested
application rates that reflect howmuch of the active is required to offer performances
and durability aspects [94].

4.2 UV Protection Applications

Recently, consumers all over the world are looking for well-developed protective
clothing materials which can provide dual purposes of coloration and simultaneous
UV radiation protection. UV protective nature of food and packagingmaterials retard
their chemical degradation and enhances their life span,whereasUVprotective agents
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in sunscreens is imperious for the protection of human health as extreme UV contact
leads to massive increase of skin cancers/diseases (Fig. 4).

In this regard, UV protective coatings on food, packaging materials and textile
substrates must meet following two requirements and challenges:

(a) To offer extensive shield over the whole UVA/UVB spectrum, and
(b) To preserve photo-stability after prolonged phases of irradiation.

Presently, extensive spectrum UV protective nature of functional finishes has
been achieved by the use of various organic UV-filters e.g. octinoxate, oxyben-
zone, avobenzone, octocrylene padimate-O. The main concern to the use of above-
mentioned organic filters is the formation of carcinogenic reactive oxygen species
(ROS) during photodegradation process [95, 96]. So, use of antioxidants in sunscreen
formulations is highly advised as it scavenges generated ROS, thus improving photo-
stability [97, 98]. Systemic absorption of UV-filters by skin can have adverse effects
on human health. This led scientists to synthesize environmental and human com-
patible UV-filters by encapsulating nanoparticles to decrease their photo-toxicity
[99, 100].

However, there is further necessity to fabricate nanoparticles which can suc-
cessfully encapsulate various UV-filters and antioxidants together irrespective of
their early physical states (liquid/solid). Additionally, the developed/synthesized
nanoparticles-UV filters composite should be bio-based for maximum cosmetic and
consumer’s appeal [100]. Textile and polymer surfaces have been significantly inves-
tigated in terms of anti-UV properties coated with inorganic nanoparticles such
as TiO2, ZnO, SiO2, Cu2O, CuO, Al2O3, and modified graphene oxide, owing
to their high temperature thermal and chemical stability, photo-stability and non-
toxicity related to the organic finishing agents [101]. Among different inorganic

Fig. 4 Effects of UV radiations on human health
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nano-materials, TiO2 and ZnO have been successfully and widely used due to low
price [102], white appearance, photo catalytic oxidation ability [103], UV-blocking
and self-cleaning properties [104], and wide range of absorption capacity [103, 105].
The percentage UV absorbance of textile and polymer materials can be improved by
the use of nano metal oxides. The extent and mechanism of protection is specialized
by the nano metal oxides electronic structure and the surface area to volume ratio
[105].

Moreover, use of nano-metals in conjunction with TiO2 (Ag/TiO2) produced pro-
found effects on the UV-protection property, antibacterial activity, self-cleaning abil-
ity and durability to washing process of linen/cotton (50/50%) fabrics [106]. In
another research, Cu2O in conjunction with ZnO nanoparticles (Cu2O/ZnO) were
synthesized and the subsequent finishing onto the cotton fabric improved UV pro-
tection ability compared to the individual use of ZnO and Cu2O nanoparticles [107,
108]. Prasad et al. synthesized nanoparticles of ZnO by dipping and spraying pro-
cedures for the modification of cotton with antibacterial and UV protection ability
[109]. Under alkaline conditions the negative charge of cellulosic chains is the reason
of fast nucleation of ZnO nanoparticles [110]. UV-Visible radiations cause photo-
fading of dyed fabric/fibers, reduction in the mechanical properties, and sometimes
photo yellowing in wool fabrics. In order to decrease or overcome these limitations
wool textiles have treated with nanoparticles of inorganic metal oxides like TiO2,
ZnO, and Al2O3 which delay the photo yellowing [111, 112].

Use of nano layered double hydroxide of Mg/Al has improved the properties on
textile fabrics from the UV shield and flame retardancy. Use of nano fibers in the
form of protective mat onto the surface of fabric is also recommended to improve UV
protection [113]. Lee et al. reported increasing UV shielding of electrospun PU/ZnO
thin layer with increasing ZNO concentrations [114]. Dadvar et al. reported TiO2

nanofilm coating on PAN nanofibrous mats possessing very high UV protection.
Decreasing the nanofiber diameter increased UPF values of finished mats [115].
The comparative results of ZnO/PAN and MWCNT/PAN nanofibrous mats showed
better UV shielding ability of composites comprising of MWCNT/PAN nanofiber
mats of 3 g/m2 area. Carbon nanostructures have also been used to enhance the UV
protection properties with great hydrophobicity and electrical/thermal conductivity
[116]. Utilization of graphene oxide which is a chemically modified derivative of
graphene can simply bind to fibers [117].Dry approach and conventional dipmethods
were used to synthesizeGOnano-sheet finished cotton fabric under thermal reduction
of graphene oxide with low transmittance values. Compared to unfinished cotton
(UPF: 14.9) and GO/cotton (UPF: 20.4), graphene nano-sheet/cotton fabrics blend
(UPF: 35.8) possessed greater UV shielding capability [118].

5 Release, Fate, and Transformation Process

After the successful finishing of textile and polymer materials with different nano-
based active agents, it is important to check the environmental implications and
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possible effects on human health. The concept of green technology will become
successful if the finished products are environmentally safe and possess very least
threats to aquatic life after being released during the washing of textile and polymeric
materials. The environmental threats and risks associated with the exposure of metal
oxide nanomaterials or nano-biocomposites or engineered nanomaterials (ENM)will
be examined by the environmental developments that govern the fate, transport, and
transformation of these nanomaterials. Significant amounts of nano-silver from silver
functionalized consumer products such as socks, underwear, slippers and shoe liners
are freed into the aquatic environment through washing liquids and laundering of
textiles [88, 119].

The release into the environment is expected to arise in agricultural fields as a
consequence of the use of biosolids for soil amendment and during there leases of
municipal wastewater. Recent research studies have shown that the fate of nanosilver
underwashing conditions such as agitation, usingbleaching anddetergents undergoes
considerable alteration. Impellitteri et al. described more than 50% of nano-Ag from
socks is released with detergents during washing. It is transformed into AgCl which
is comparatively insoluble in water [120]. The toxicity and transformation of nano-
Ag is linked to the physicochemical parameters such as concentration, pH, ionic
strength, redox environment and presence or absence of inorganic ligands [88, 121].
Moreover, the nano-Ag biosolids may get dumped into landfills. So, suspension of
nano-Ag, separating, and transformation processes may direct the chance for this
particular system. Incinerated biosolids subjected to high temperature may result in
the release (airborne) of carbon nanotubes that will be fully controlled by combustion
processes.

Hypothetical case investigations have been used to demonstrate the providence
and passage processes of ENM in recent past with examples of TiO2 in paint and
sunscreen, in textiles as nano silver, carbon nano tubes in composites, and cerium
oxide nanoparticles in diesel engines [122]. Above mentioned nanomaterials were
selected for their diversity in their fundamental properties which include their solu-
bility, redox activity, and the end use of the product. Among several other chemical
processes, the fate and transport processes of ENM in finished products comprise
of reduction, dissolution, oxidation, desorption, precipitation, combustion, adsorp-
tion, biotransformation and photochemical transformation. The above-mentioned
chemical processes occur in almost all finished product and ENM.

5.1 Photochemical Transformation

In this process incident light penetrates the photoreactive center of the product (ENM)
inducing excitation of ENM [123, 124], generation of free radicals [125], or by direct
interaction with other components of the product (Fig. 2) [126]. The level of reac-
tivity of photoreactive site and the influence of on the creation of product weathered
engineered nanomaterials (PW-ENM) depends upon the intensity of the incident
radiation (penetration capacity), wavelength, and the nature of outer layers of the
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ENM. The surface-modified particles have higher resistance to the light penetration
efficiency which reduces the excitation or photodegradation. The rate of photochem-
ical transformation depends upon the rate determining step which is themass transfer
from material surface to the exterior media. Photoactivation of TiO2 has been found
to have profound effects on its binding with the dissolved organic matter [127].

5.2 Oxidation and Reduction

The substances in a particular oxidation states are subjected to reduction or oxida-
tion processes if they are thermodynamically favorable [128]. Redox reactions are
influenced by various factors including the pH, occurrence of reducing or oxidizing
agents and presence of stabilizers on the ENM surfaces which will decrease the rate
of transformation [129].

5.3 Dissolution

Dissolution refers to the release of water-soluble separate ions/molecules [130–132].
The dissolution involves the reaction ofmolecules on the surface and the release of the
ionic forms or direct solubilization of the componentmaterials, tracked by diffusional
passage [133].

5.4 Precipitation

Precipitation occurs under certain conditions in presence of precipitating agents
in which new solid materials are formed from the solutions (suspended materials
from solutions) [119, 134]. The precipitation is governed by the precipitation laws
involving the solubility product (Ksp) and ionic product (Kw) under equilibrium
conditions, which in turn depends upon the ionic strength, ligand availability, pH,
and temperature of themedia [128]. The existence of adsorbedmaterialsmay increase
or decrease the rate of dissolution by surface protection phenomenon which can be
further confirmed by thermodynamic calculations. However, slow diffusion rates
may delay in the achievement of the final product [135–137].
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5.5 Adsorption and Desorption

Adsorption processes are of two main types’ physical adsorption (Physisorption)
and chemical adsorption (Chemisorption) involving following forces of interac-
tions: electrostatic interactions (ion exchange), chemical bonding or Van der Waals
attractions, [138–140]. Physisorption means weakly and non-specific adsorption to
the ENM surface, chemisorption and ion exchange involves chemical bonding or a
charged communication on the surface’s sites of available active sites. Under par-
tially covered surfaces, dispersion may lead to the destabilization and aggregation
through bridging effects among the surface and the non-adsorbed functional groups
of the adsorbate. However, if the surface is fully occupied, stabilization of the dis-
persion may occur which may decrease the accumulation brought by both steric and
electrochemical interactions [141]. The material may adsorb impurities and act as
a route in the environment for their transport [142–144]. Sorption procedures may
be principally significant with respect to altering the surface physiognomies of the
product modified ENM to that of the product weathered ENM and environmentally
transformed ENM.

6 Environmental and Health Profile

6.1 Environmental Compatibility

The quantities of raw materials used and the release of nanomaterials into the envi-
ronment over the entire life cycle of the textile materials are the major aspects for the
environmental compatibility of nanomaterials in textiles. On energy consumption
and raw material quantities used there are no clear statements or evidences reported
in literature. Walser et al. examined the greenhouse gas potential based on the CO2

footprint using T-shirts as examples [145]. They concluded that the eco-toxicity of
the T-shirts increases duringwashing if biocidalmaterials are added. The study shows
that the use phase of the textile can make a significant influence to saving energy
with active biocidal elements since these textiles need fewer washing cycles, which
saves power and laundry detergents. The longer life cycle of the nanofinished tex-
tiles can be achieved through UV protection caused by nanomaterials to improve the
durability of the textiles (like awnings). Saving laundry cycles and detergents can
also achieve through self-cleaning surfaces [146]. Raw material and wastewater can
be saved by improved dyeability of textiles because it reduces the number of dyeing
and washing cycles. The nanomaterials via industrial and urban wastewater can enter
wastewater treatment plants. For nanomaterials the level of their elimination from the
water cycle with the sewage sludge must be explored in a broader way. Glover et al.
showed that silver ions that are released from silver particles into the environment
can form nanoscale silver particles under certain conditions and suggested that more
than 90% of the nanomaterials investigated ware separated via the sewage sludge
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[147–150]. Also no severe loss of the nitrification performance of microorganisms
in the activated sludge of wastewater treatment plants was observed. Disposal in
incinerators must be another good option for input path of nanomaterials from tex-
tiles. Walser et al. from their studies showed that the behavior of CeO2 nanoparticles
in a waste incineration plant has found that nanoparticles do not discharge into the
atmosphere if the incineration plant is precisely well-equipped but that they attach
themselves to residues and can then be found in recycled raw materials or landfills
[151].

6.2 Effects on Human Health

An overall conclusion on possible risks with respect to human health cannot derived
due to the diversity of nanomaterials-containing textiles with respect to manufactur-
ing processes, the synthetic nanomaterials used, and their uses. Some of the nano-
materials used have the risks for toxic or eco-toxic effects but these nanomaterials
must be pertinently absorbed into the system to act in this way. The possible gate-
ways of entry into the human body for particles potentially released from textiles
during wearing are skin and lung. Particles inhaled were transported out of the lung
via natural clearance mechanisms such as the “mucus elevator”, and thereafter were
swallowed, so a contact of the gastrointestinal tract cannot be excluded. On expo-
sure with nanomaterials from textiles, vital biological endpoints can be defined as
inflammation, acute toxicity, oxidative stress, DNA damage, crossing and damage
to tissue barriers.

For humanhealth the following criteriawere defined: (1) acute toxicity, (2) chronic
toxicity, (3) impairment of DNA, (4) crossing and damaging of tissue barriers, (5)
brain damage and translocation and effects of ENM in the (6) skin, (7) gastrointesti-
nal or (8) respiratory tract. These criteria comprise toxic effects of ENM, essential
biological endpoints and potential for uptake into the blood. The exposure of elec-
tromagnetic radiation on the human body may lead to changes in the nerve cells,
stimulating muscles and physical damage [21]. Because of vibration and heat gen-
eration by electromagnetic radiation in the human’s body, RNA and DNA in cells
may stop production, which will lead to abnormal chemical activity of cells and cell
cancer [152]. One of the key approaches used in protection from electromagnetic
radiation is shielding. Shielding can be defined as dipping the electromagnetic field
in a space by obstructing the field with barriers comprising of magnetic or conduc-
tive materials. In recent years, conductive polymers (conventional textile fibers) are
used to defend the body against electromagnet waves. The elasticity and lightweight
of conductive fabrics have engrossed the attention of many scientists to fabricate
protective textiles against electromagnetic waves [153]. Conductive fabrics are syn-
thesized by special finishing methods using a small amount of conductive materials
like carbon. The following approaches can be used to achieve the conductive textiles:
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1. By adding conductive fillers, like conductive carbon black, carbon fiber, CNTs,
metal powder, and flake to the spinning dope of synthetic fibers.

2. Incorporation of yarns or conductive fibers into the fabric [154].

Lamination of conducting layers onto the fabric surface, conductive coating, zinc
arc spraying, ionic plating, vacuum metallization, and sputtering.

6.3 Development of Resistance

High washing resistance of textiles was achieved when new chemicals were applied
on polymeric dendrimers and their performance was dependent on the concentration
of chemicals. To enhance self-extinguishing of fibers, scientists developed flame-
retardant agents for finishing of fabric and this flame-retardant finishing enhanced the
resistance of the fabric against igniting. Also, the flame spread rate reduced because
of using flame retardant finishing. Aromatic structured polymeric chains such as
aramids and the poly(meta-aramid) fiber can be used to produce fire resistance types
of regular fibers. Kevlar (Du Pont), has high modulus and tenacity, besides its great
heat and fire resistance [155]. Modacrylic and flame-retardant viscose fibers were
prepared for inherently fire-retardant fabrics. These fibers were typically used for the
manufacture of firefighting clothes and anti-flash arc work wears. Flame-retardant
agents, containing various metals phosphorus, boron, nitrogen, silicon, and other
nanostructures, have been explored to produce the flame resistance of fabrics and
polymers [156]. Phosphorus-based agents among various other halogen-free flame
retardants display high flame-retardant properties but these compounds typically
have low water resistance to cause significant reductions in insulation properties and
high humidity and appearance in high temperatures [157].

So, using non-halogen and non-phosphorous based flame-retardant agents in
various applications are favored. Gashti et al. prepared coating with water-
repellent and flame-retardant properties from cellulose fibers using a polycarboxylic
acid/hydrophobic silica nanocomposite. The thermal properties of the substrate were
increased by the incorporation of nanoparticles because the nanoparticles modify the
surface of fibers, which have high heat resistance, heat insulation effect, and mass
transport barrier toward cotton molecular chains [158]. Carosio et al. produced a new
technique to improve flame-retardant properties of textile fabric by using multilay-
ered thin films. Polyethylene terephthalate fabricswere coveredwith silica nanoparti-
cles using the layer-by-layer assembly method. Bilayers of positively and negatively
charged colloidal silica nanoparticles increased time to ignition and decreased heat
release rate peak of polyethylene terephthalate fabric. This study establishes the capa-
bility to impart flame-retardant behavior using a water-based, environment-friendly
protective coating [159]. Resins based on formaldehyde such as phenol formalde-
hyde, urea formaldehyde, melamine formaldehyde, and cross-linking agents such as
glutaraldehyde and poly-carboxylic acid cause an increase in the crease-resistance
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properties of the textile. Various nanomaterials are used to enhance the wrinkle resis-
tance of textiles [160]. Lam et al. explored the wrinkle-resistant property of cotton
specimens treated by butane tetra-carboxylic acid and catalyzed by SHP in the pres-
ence of nano-TiO2. They revealed that the addition of nano-TiO2 further enhance the
wrinkle resistance of BTCA/SHP-treated cotton fabrics [161]. TiO2 nanoparticles
restrict the molecular movement of cellulose chains and leads to the improvement
of crease resistance. In situ preparation of silver nanoparticles on the cotton fabric
using silver nitrate with a reducing agent and stabilizer citric acid/sodium hypophos-
phite has been reported by various scientists to enhance wrinkle resistance properties
[162, 163].

6.4 Biological Degradation

Biological degradation i.e.microbial metabolism offers an exceptional alternative to
different conventional physical/chemical treatments approaches used for the decon-
tamination of toxic from the wastes of textiles. Usually the off-site biological treat-
ment system for hazardous waste management provides an exceptional alternative to
this problem. This is the onlymeans to totally mineralize numerous toxic compounds
from textile industry [164] and have the following advantages:

• It is an ecologically sound, and a natural process.
• The toxic chemicals are destroyed or detoxified into harmless intermediates and
finally assimilating them forming carbon dioxide and water.

• Thismethod is reported to be less costly as it employs growing themicroorganisms
at the outlay of the toxic chemicals.

• Functioning conditions are less extreme and controls are not required.
• This can often be accomplished where the problem is located, eliminating the
necessity to transport large quantities of contaminated wastes off site.

In biological degradation of textile effluent, various microorganisms have been
found that are capable of degrading different toxic effluents include bacteria [165–
167], fungi [168–170] and algae [171]. To impact the efficiency of biodegradation
treatment process, various essential factors are required. To speed up the biological
degradation process, seeding of contaminated wastewater of textile effluents with
competent microflora that are capable to destroy hazardous waste is used in the
treatment. The injected microorganisms either may be prepared in the laboratory or
naturally occurring types to attack the target waste [172]. Temperature has a key
and important influence on the microbial growth rate. Cellular activity, particularly
enzyme systems, retorts to heat so that the rate of cell growth increases abruptly
with increasing temperature until the optimum growth temperature is reached. Cell
growth can slow down dramatically by an increase in temperature only a few degrees
above an organism’s optimum temperature and cell death can occur by continued
exposure to high temperature. The biological degradation process also depends on
the pH of the surrounding environment which is important for microbial growth
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and metabolism with maximum growth rate in a relatively narrow pH range around
neutrality (pH 6–8) [173].

7 Conclusion

The present status of the global textile market is based on innovations in high-tech
textile products, and nanotechnology is one of the prominent driving forces, which
helps the technical textiles stay ahead of the competition. The textile industry is
affected by two main factors, that is, market volatility and world-wide competition.
Therefore, the industry needs to enhance its capability to produce and market high
quality and added value products. Recently, with dramatic growth in nanotechnology,
increased volumes of engineered nanoparticles have been produced which represent
the potential functional benefits in a wide range of applications by integrating into
textiles. Inorganic and metallic-based nano-structured materials have created a new
interesting field in all sciences for the continuous investigations due to their unde-
niably unique properties. Their applications have already led to the development
of new practical productions. However, high release of AgNPs from textiles after
washing is still a major challenge in this particular area and becomes a potential new
pollutant source.
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Abstract Biotechnology has impacted the textile industry through the improvement
ofmore proficient and eco-friendlymanufacturing processes, aswell as by facilitating
the amended designs of textile materials. Traditionally, the growing textile industry
requires harsh chemicals, a lot of costs, labor, and energy for processing. Efforts
due to heavy energy costs and water deficit are being made to substitute the conven-
tional chemical processes with eco-friendly and economically alluring bioprocesses.
Applications of laccases for nape removing, fabric processing, bio bleaching, dyeing,
printing, and cellulases for denim finishing are the recent commercial advancements.
Latterly, tools of biotechnology also include the modification of synthetic and natu-
ral fibers. This chapter represents the application of biotechnological tools involved
in the textile industry to make it more clean and global friendly. This manuscript
is about to explore the design and engineering of novel enzymes for textile appli-
cations. Hopefully, this chapter will give a new guideline to the textile community,
academic researchers and traders to move towards the applications of biotechnology
for improvement of textile processing.
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1 Introduction

Textile industries have been considered among major sectors with a striking in the
expansion of human civilization since the discovery of synthetic dyes. Technological
developments have led to a rapid extension of cotton output, throughout the globe [1].
White or industrial biotechnology involving enzymes or biomolecules applications
in textile industries acquiesces the development of eco-friendly technologies in fiber
processing whereas elaborates strategies for the final product quality improvement
[2]. Rising awareness about environmental concerns due to the disposal of chemi-
cals, effluents or smoke into the landfills produced by the utilization of expensive
raw material, huge amounts of energy has compelled the scientists to apply white
biotechnology in the textile industry [3]. Besides the environmental burdens, chemi-
cal processing of textile items are concerned with economic as well as fabric quality
loses [4]. In addition to chemical processing, expensive and massive chemicals are
being practiced for the neutralization of textile effluents [5]. The obstinate tempera-
ment of dye-based diverse preparations or different synthetic dyes has influenced the
liabilities towithstand environmental regulations and legislation [6]. Biomolecules or
green catalysts play an alternative role in chemical processing and accouters the per-
fect elucidation for pollution control. Undoubtedly, lowering the overall cost, these
biomolecules or green catalysts are processing convivial and environment-friendly
[7]. Application of green catalysts or biomolecules in textiles is not considered a
new; anachronized in the mid of the nineteenth century [8]. In 1857, biomolecules or
green catalysts were the first time used for de-sizing in the textile industry. However,
due to its poor efficiency, acid-based desizing was preferred over it for a long time.
In 1900s, malt extract was introduced in wet processing, while later in 1912, many
textile industries successfully adopted bio-engineered green catalysts [9]. Biotech-
nology revolutionized the finishing sector by reducing water consumption by 17–
18%. Overall 30–50% of water consumption has been reduced in the textile sector
by using biotechnology [10]. Hence these days’ green catalysts are considered as an
integral component of the textile sector [11].

There are two well-established sectors for the applications of green catalysts:

(i) Preparatory sector; amylases are commonly applied in this sector
(ii) Finishing sector; cellulases are commonly applied for bio-stoning, softening

and to reduce pilling propensity [12].

Recently lipases, catalases, xylanases, pectinase, etc. (Table 1) are commonly
applied in textile industries for finishing, bio-scouring, fading, decolorization, and
bio-polishing, etc. [13]. Ambitious research to explore new green catalysts that cover
almost all cotton processing steps in the textile industry is the need of the hour [14].
The schematic of processing involved in the woven sector of cotton textile at the
commercial level has been designed in Fig. 1.

This chapter explains the sources of green catalysts, their mode of action, thermo-
dynamics, specificity, retention, engineered green using biotechnological tools and
promising areas concerning textile industries. Table 1 gives an overview of Overall
processing steps and t related enzymes in enzymatic processing of fibers.
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Table 1 Overall processing steps and t related enzymes in enzymatic processing of fibers

Sr. No. Enzymes Substrate Area of application Working
conditions

1 Amylases Starch Desizing of
handmade fabrics
as well as woven
cotton

pH 4.00–11.00;
25–130 °C

2 Cellulases Cellulose Bio scouring, bio
polishing, bio
stone washing,
wool carbonization

pH 4.5–7.00; 9–10;
30–60 °C

3 Catalases Peroxides Disruption of
residual H2O2

50–60 °C, 7.4 pH

4 Glucoxidase β-D-glucose Bio-bleaching pH 6, 25–45 °C

5 Lipases Oils and fats Remove waxes and
Greece; desizing

pH 8; 40 °C

6 Laccases Indigo dye Bio-bleaching;
mercerization;
denim finishing

pH 4.00–6.00;
50–75 °C

7 LiP Peroxide Color striping pH 4.00–6.5; 40 °C

8 MVP Peroxide Color striping pH 5, 40 °C

9 Pectinases Pectin Bio scouring; flax
retting

pH 2.5–11.00;
30–75 °C

10 Peroxidase Peroxide Bio-bleaching pH 5, 50 °C

11 Proteases Proteins Bio-degumming of
silk; dyeing; wool
finishing

7 pH; 35 °C

12 Transglutaminase γ-carboxamide;
ε-NH2 of lysine

Recovers
proteolytic
treatment damage

pH 5–9; 10–55 °C

13 Xylanase Hemicellulose,
xylan

Bleaching and
scouring

pH 5–10; 70 °C

2 Green Catalysts

Green or biocatalysts usually belong to the family of globular proteins with linear
chains of amino acids that fold into a specific manner to give its unique 3D structures
with distinct properties.Green or biocatalysts are enzymes due to theirmere presence;
speed up the chemical reaction without being used. The enzyme market (Fig. 2) is
divided according to their applications into three segments: (i) food enzymes (ii)
animal feed enzymes (iii) technical enzymes. The major enzymes involved in the
technical category are cotton or cellulosic processing enzymes following fur and
leather processing.
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Fig. 1 Typical representation of the processing steps of cotton in textiles
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Fig. 2 Global market of enzymes through 2020

The applications of green catalysts in textile industries have many advantages
as compared to non-enzymatic or conventional methods as they are active even at
neutral pH or low temperatures, rarely form by-products and 106–1013 times speed
up the reaction [15].
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3 Textile Processing: Applications of Green Catalysts

The complete process of textile manufacturing and application of enzymes is
presented in Fig. 3.

3.1 Wet Processing of Textiles

The word textile is coined from the Latin word “Texere” meaning to weave [16].
Currently, textile fulfills “livery” the basic necessity of humankind’s yet permits
people to accomplish a fashion statement. Wet processing involves the chemical
treatments of fabric aftermanufacturing [17].Without chemical processing, the fabric
cannot be used for clothing as it doesn’t have properties like softness, absorbency,
etc., and have dirty pale yellow appearance [18].After thewhole process grey fabric is
analyzed to find out any weaving faults. The true wet process is a defined process that
uses approximately more than 8000 chemicals for textile processing. Most of these
chemicals are toxic to the global environment and community. It is estimated 50%
of the global pollution is due to effluents load sheds by the textile-related activities.
The environment of ancillary industries that is responsible for supplying detergents,
chemicals, dyes, machinery, etc. to textile industries which also play their role in

Fig. 3 Bioprocessing of fabrics for textiles
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distributing the eco-balance. Biotechnology; a cleaner alternative for most the wet
process is achieving contemplation [19]. Thus, collaborative and vigorous research
between biotechnological and textile communities to replace conventional processes
is the need of time.

3.1.1 Bio-desizing

Removal of sizing agents from cotton fabric to make it suitable for further process-
ing is known as “desizing” [16]. Starch and its derivatives due to their low cost,
easy availability with excellent capacity of film formation are considered the most
common substrates [17]. Processes involved in conventional desizing cause’s exces-
sive damage by intensive rinsing to neutralize the substrates and also increase the
pollution load [20]. Bio-desizing by α-amylase has been considered as state of the
art for several years [21]. Yet commercially available α-amylase doesn’t meet with
extreme environmental conditions [17]. Because high desizing efficiency with larger
penetration capacity is usually achieved at a maximum temperature [22]. Therefore
different biotechnological and statistical techniques have has been used to adopt to
make suitable utilization of α-amylase at the industrial level [20, 23]. Treatment of
α-amylase with different ultrasound techniques may enhance the desizing efficiency
in extreme environmental conditions [24, 25]. Literature reported that α-amylase
and glucoamylase could be collectively used for acid-demineralization and desiz-
ing simultaneously [26]. Bio-desizing due to its overall quick efficiency to remove
starch makes it the most suitable choice for wet processing [2]. The entire process
of bio-desizing is eco-friendly with minimum production of wastewater [27].

3.1.2 Bio-scouring

The process of scouring is performed to remove natural or synthetic impurities like
esters from the thin outer coating of cuticles, hydrophobic non-cellulosic compo-
nents especially wax, high molecular weight alcohols [28]. Scouring improves the
fiber wettability which facilitates uniform finishing and dying [29]. Conventional hot
aqueous alkaline treatment yet high resource-consuming techniques are used at high
pH and temperature [30]. Whereas bio-scouring with several enzymes like lipases,
cellulase, cutinases, pectinases, proteases, etc. offers superior flaccidity having a
broader range of pH and temperature without influencing environment and fabric
[31]. Moreover, the expensive nature of chemicals, low effectiveness and compara-
tively lethargic reaction rates hamper the application of scouring methods in textile
sectors [20]. Pectinases are most effectively applied to remove pectins from both
acidic and basic media at 50–60 °C depending on the type of pectinase [32].

However; the speed and evenness of bio-scouring could be enhanced by the syn-
ergistic use of cellulases and pectinases [33]. Bio-scouring of cotton using pectinase
in C20H36Na2O7S reversing micellar system is found to be better than conventional
scouring of cotton indicating that bio-scouring is a promising and efficient alternative
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in cotton textiles [34]. Japanese scientists submitted a patent on scoured yarns with
out-standing tensile strength retention after treating for 18 h at 40 °C cotton fibers
or their blends with proto-pectinases [2].

3.1.3 Bio-bleaching

The pure white appearance of the fabric is a fundamental requirement for the dyeing
process [35]. H2O2 in alkaline pH and near to 100 °C is the most commonly applied
agent in industries for the bleaching process. The whole process of chemical bleach-
ing demands careful control to protect any damage of fiber from radical reaction
[36]. Moreover, a huge amount of water is needed for the removal of excess perox-
ide for the smooth dyeing process [2]. Although, in biological processing, H2O2 is
generated from C6H12O6 in aqueous media by glucose oxidize or at controlled rates
by the combination of any detergent [37]. So this process is preferred because of its
feasibility to reuse de-sizing waste baths with minimum utilization of sources [38].
Although many processes of bleaching are based on the enzymatic generation of
H2O2 is still in practice [39]. However, laccase enzymes are used as bio-bleaching
agents, attached to hydroxyl groups of phenolics to fade colored flavonoids [13].
To overcome the limitations of the bleaching process or its related concerns like
processing costs, bio-bleaching or integration of the enzymatic process is a lucrative
substitute [35]. However, more benefits like temperature reduction, duration short-
ening and lower doses of hydrogen peroxide can be achieved by the integration of
chemical and bio-bleaching [14].

3.1.4 Enzymatic Cleansing

Shade variation, especially to those fabrics that are sensitive to oxidation, has been
observed due to the presence of residual peroxide after bleaching [10]. Extensive
washing generating the bulk volumeof alkalinewastewater or producing high salts in-
stream processes due to treatment with Na2S2O4 or NaHSO3 are commonly applied
through the classical method [17]. Catalases are well known alternate bio-catalyst
having ability to remove residual peroxides by converting it into gaseous oxygen
and H2O with minimum pollution load [40]. The flaws of catalase in commercial
applications like high cost, low ability to withstand with high temperatures, alkaline
medium or its reactive nature towards dyes could be overcome by immobilizing
catalases or microbial cells on solid supports [41]. In this way, it is suggested that
the immobilizing of alumina or clay will not only help to control its action with
increased recycling ability [42].
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3.1.5 Bio-stoning

In the early 1980s or late 1970s, pumice stone washing was developed by denim
garments to give fashionable contrast and worn look [43, 44] while the worn look
of blue jeans was obtained by non-homogenous removal of indigo dye [45]. The
consequences of pumice stone washing were very harsh for garments, equipment as
well as for machine [46, 47]. Introduction of microbial cellulases for denim washing
in the mid of 1980s presented an alternate of pumice stone washing [48]. It has been
proved that cellulase has produced high productivity, reduce time and minimized
the damage to a machine with less pumice dust through less use of stones [49–52]
To achieve better or lighter shades of indigo-dyed denim, stone washing can be
combined with laccase mediated bleaching [53]. Nowadays bio-washing and bio-
desizing can be successfully performed in one step by using laccases, cellulase, and
amylases without influencing the color of garment [35, 50].

The aged appearance of denim garment could be produced by combining stone
and cellulase washing [54]. The surface of cellulose plays a major role in enzymatic
decolorization treatment because enzymes, give softness and brightness to the fab-
ric by hydrolyzing cellulose and removing surface naps [55, 56]. Traditional stone
washing has a problem in disposing of sands produced by stones eroding therefore; it
is usually performed near wastewater streams (Fig. 4) [57, 58]. Moreover, traditional

Fig. 4 Advantages of bio-stoning
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stone washing produces large amounts of sludge approximately 18 metric tons per
weak which clog up the wastewater streams by causing water bodies imbalance [59].
Substitution of stonewashing by enzymatic washing raising the environmental issues
has taken worldwide fame where since last decade do most of the finishing laundries
have been switched to bio-washing [60]. Hence for bio-stoning, an ideal cellulase
should have some exposed site capable of binding with indigo dye with controlled
or minimum back staining especially during white/blue contrasts are supposed to
appear with no post-wash bleaching steps [61].

3.1.6 Bio-polishing

It is an optional process necessary for superior quality brightness, lessen pilling,
soothing of fabric and softener feel of fabric surface is a finishing or bio-polishing
process because most of the cotton fabrics or its blends become dull and fluffy after
continuous wet processing [20, 56]. However, the cotton fabric itself tends to form
a pilling as well as fuzz formation [25]. Therefore permanent removal of pilling or
fuzz is required to enhance the market values of cotton fabric [62]. The family of
cellulases used for the bio-polishing process is (i) endo-cellulases (ii) exo-cellulases
(iii) β-glucosidase (iv) cellulose phosphorylases (v) oxidative cellulases, which are
commonly utilized for hydrolyzing micro-fibrils of cellulose that gives a glossier and
smoother appearance to fabric [55, 63, 64]. The tendency of cotton clothes to form
fuzz has been much reduced and has become more fragile after bio-polishing [51,
65]. Other benefits of bio-polishing include:

(i) improvement in breaking strength
(ii) improves elongation [43]
(iii) reduce rugosity [50]
(iv) reduce energy and water consumptions [46, 47]
(v) don’t need any chemical coating [66]
(vi) eco-friendly process [67]
(vii) Generally, bio-polishing is performed after bleaching and pre-treatment are

necessary for inductions of enzyme attack that becomes minimum due to
packing [44].

Cellulases in bio-polishing produce substantial changes in structure that improve
consequent chemical processes [43, 44, 68]. Kan and Au [69] reported that bio-
polishing and UV-absorber treatment act synergistically. The degree of surface dis-
ruption is directly proportional to the binding capacity of cellulase with crystalline
and insoluble cellulose [70]. Cellulase extracted from thermophile T.maritime didn’t
influence the surface of cotton fabric, indicating maximum hydrolytic activity with
soluble cellulose [71]. In contrary to this, endoglucanase (EG-II) and cellobiohy-
drolase (CBH-I) extracted from T. reesei disrupt the surface of cotton fabric when
worked simultaneously [70].

Bio-polishing is always performed during treatments like jets and rotating drum
washers in which fabric is supplied with strong mechanical agitation. The balance
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between mechanical agitation and cellulase activity is vital for pill removing without
any strength loss to get valuable fuzz fiber [72]. Enzymatic softening or bio-polishing
of fabric lasts over several washes [73].

3.1.7 Bio-mercerizing

The next step to improve dye affinity, luster and strength of the fabric is mercerizing
which involves conventional process i.e., treatment with NaOH [74]. It is not a fiber
purification process, but it does induce desirable changes in cotton yarn and fabric
properties [75].Mercerization is awell-established finishing process for cottonwhich
affects its fine structure, morphology, mechanical properties and reactivity [76]. This
step is usually performed after bleaching on gray cloth [77]. For bio-mercerizing
few enzymes like proteases, lipases, pectinases, and cellulases have been reported
for mercerizing process yet detailed studies are needed [78].

3.1.8 Bio-dyeing

Enzymes are continuously used since the last decade for bio-preparation of silk,
leather, wool and cotton fabric [79]. Diastasis, lipases proteases, and amylase, all
four enzymes in the conjugation of tannic acid enhance the dye-ability [80]. Diastasis
with natural colorant like Punicagranatum (pomegranate), lipase with Rheum emodi
(red wined pie plant), amylase and proteases with Terminalia arjuna (Arjun tree)
produced best colorimetric picture regarding dyeing [81].Markedly, twowell-known
textiles Sir Naturals and Jet Hosiery have established a sonicator for dyeing cotton
and silk naturally on the industrial level [2].

3.1.9 Bio-color Stripping

Destructive stripping, back stripping or color stripping is a dye removal process.
Enzymes belong to oxidoreductases like lignin peroxidase, laccases, manganese per-
oxidase performcolor stripping usingmechanisms of decolorization, bioremediation,
mineralization or degradation [82–85] Color stripping potential of different micro-
bial strains with non-specific nature of enzymes has also been investigated [86].
Indigenously isolated species of white-rot fungi i.e., Ganoderma lucidum exhibited
an excellent color stripping potential reactive black dyed cotton fabric [87]. Although
bio-stripping is eco-friendly with better results than chemical color stripping yet bio-
stripping required larger time [88]. Limitation of time can be overcome by the use
of different biotechnological tools.
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4 Bast Fibers Bioprocessing

4.1 Retting

Bast fibers extraction process from plant stem is called “retting” [89]. Jute, linen,
ramie, and hemp are the types of natural bast fibers with more than 50% cellulose
and 15–30% non-cellulosic impurities [90, 91]. Natural bast fibers are extracted from
plants using specified methods. Retting is the process of bast fiber extraction from
plants [89]. Conventional alkali treatments are used as pre-treatment to remove impu-
rities. A single component of impurities can be removed by an individual enzyme
such as proteases, hemicellulases, and pectinases [79]. However, a combination of
these enzymes results in much better, efficient and faster pre-treatment. Cellulases in
multi-enzyme complex remove cellulosic components and facilitate other enzymes
to attack the inner layer of the fiber [92]. Bio-finishing treatment conditions influence
differently on different fabrics e.g., linen may be destroyed in extreme conditions
[93]. The first biotechnological process used sinceBC in the textile sector ismicrobial
retting [94]. The most common methods of retting (Fig. 5) applied commercially are
dew retting and anaerobic retting [95]. Bio-retting principally using pectinases is a
comparatively novel and newmethod to improve the classical retting with controlled
process conditions like pH, temperature, enzyme to fiber ratio, etc. [20]. The effi-
ciency of bio-retting could be increased by adding chelators like EDTAwith enzyme
mixture. Spray enzyme retting is another promising strategy where using negligible
amounts of the enzyme has been tested at the pilot-scale [96]. The advantages of
bio-retting are explained in Table 2.

Fig. 5 Different types of retting techniques
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Table 2 Comparison of conventional and bio-retting

Sr. No. Particulars Conventional retting Improved retting

1 Source of power Manual Partly mechanical

2 The process involved after
harvest

Canes-defoliation,
bundling, transport
steeping in water,
steeping-fiber

Machine extraction,
steeping of ribbons in
water

3 Retting duration 2–3 Weeks 5–7 days

4 Water requirement Large-volume 20% of conventional

5 Drudgery Drudgery in steeping and
stripping

No drudgery

6 Thin plan Lost during processing Salvage’s fiber (15%
more)

7 Extraction capacity 4–5 kg dry fiber/man-hour 25 kg of dry
fiber/machine-hour

8 Crop harvest Availability of water
regulated the time

After 100 days any time

9 Time requirement 4 weeks 1 week

10 Quality Roots, knots, and specks
are present

Strong free from defects

11 Grade More variation Less variation

12 Wood stick Entire Small species

13 Extraction Uncontrolled condition Controlled condition

4.2 Bio-degumming

Degumming is a process in which heavily coated non-cellulosic nature gummy
material is removed cellulosic part of plant fibers because decorticated ramie fibers
contained approximately 20–35% hemicelluloses and pectin constituting gum [33,
97]. Conventionally these gummy materials were removed by hot alkaline solutions
with or without applying pressure [98]. In conventional chemical treatment, 12–20%
NaOH is used to treat fibers of ramie and 2% NaOH for fibers of sunn hemp for
24 h [99]. Then upon neutralization, dried over charcoal, it is finally treated with
soap, wax, and glycerin to avoid the brittle appearance of fiber [100]. This method-
ology results in lots of pollutant loads, creating severe environmental threats, non-
degradable toxic effluents shedding and causing biological disturbances and exploit-
ing energy consumption [101]. An alternate eco-friendly process due to power crisis,
lots of labor as well as stringent environmental conditions is an essential require-
ment [102, 103]. Bio-degumming relying on proteolytic enzymes for bio-process
and whole-cell microbes is a potential substitute of conventional de-gunning. The
process of Bio-degumming offers many advantages like energy-saving, eco-friendly;
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don’t influence the chemical nature, tenacity as well as strength of the fiber. Further-
more, bio-degumming improves the quality of fiber, also elevates its flexibility with
less odor [104].

The potent harnessing of microorganisms possessing polysaccharides degrad-
ing enzyme systems, O2 plasma aided bio-degumming and pectinases based bio-
degumming are becoming eternally authoritative these days due to limitations of con-
ventional degumming [105]. Pectinases or combinations of pectinaseswith xylanases
due to their specific nature are playing a leading role to remove gummy material as
pectin constitutes 40%dryweight of plants [103, 106]. This enzyme is responsible for
the degradation of pectin present in the primary cell wall and middle lamella [107].
Degumming, maceration, retting of hemp, ramie and jut bast fibers is effectively
completed with the assistance of pectinases. Thermo stable bacterial polygalactur-
onase exhibited excellent degumming of sunn hemp (C. juncea) and ramie (B. nivea)
bast fibers [106, 108]. To improve the results of bio-degumming, it is performed in
combination with chemicals such as urea, NaCl, Na2CO3 and NaOH [109–111].
Analytical analysis of sunn and ramie hemp fiber by scanning electron microscopy
(SEM) indicates the complete loss of non-cellulosic gummy materials [112–114]
supported that soft alkali treatment enhances the bio-degumming properties. Opti-
mum pH is a fundamental requirement of pectinases to avoid any contamination in
adopted open fermentation system [112]. Furthermore, to improve efficiency and
to lower enzyme doses, enzyme balances should be developed [35]. Only a small
amount of pectin for hydrolysis is required to attain maximum strength of retted flax
[115].

5 Silk Wet Processing

Silk is one of the strongest natural fibers with approximately 11% moisture regains
capacity [116, 117]. Silk loses its strength up to 20% during wetting, possesses
moderate to poor elasticity and faints in excessive sunlight [118]. Silk due to fiber
macrostructure upon relaxation shrinks up to 4% during wet or dry washing that
reversed with pressing [119]. Following these chemical processes are involved in
silk processing:

(i) degumming
(ii) bleaching
(iii) dyeing
(iv) finishing.

are involved in silk processing [12]. Sericin (approximately 25%) andfibroin (approx-
imately 75%) are the functional moieties of silk fiber [16]. Sericin is responsible for
gum formation, the main impurity which is removed by degumming that is synony-
mous with cotton or wool scoring [120]. Besides sericin, other impurities like gum
tallow, starch or carboxymethyl cellulose (CMC), etc. are also present in silk fiber
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which are removed by desizing followed by a degumming process. Degumming can
be performed by

(i) soap
(ii) enzymes
(iii) water
(iv) alkali [121].

Clinical uses of silk-based biomaterials (SBBs) are being progressively used as
potential goods for biomedical textiles. Bio-compatibility, extra-ordinarymechanical
properties, controllable degradability and comfort processing nature, the silk-based
biomaterials (SBBs) have been explored for different medical materials such as heart
valves, arterial grafts, tendons, etc. [122]. To further expand the applications of SBBs
or to fulfill the demands of an increasing population, there is growing attentiveness for
bio-engineered silk fabrics. Furthermore, the biological properties of bio-engineered
silk-like thrombogenicity, biocompatibility, and antimicrobial behavior have been
improved [123]. The complete bio-processing of silk has been shown in Fig. 6.

Fig. 6 Different processes for silk wet processing
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6 Wool Bio-processing

6.1 Bio-carbonization of Wool

The process of removing the vegetable or cellulosic material from the surface of
the wool is called carbonizing [124]. The carbonization process involved the use
of acidic conditions and high temperature there is a need to replace it with eco-
friendly parameters [125]. Bio-carbonization solves the problem by controlling the
harmful and destructive effect of process i.e., treatmentwith pectinases and cellulases
overcome all limitations of conventional wool processing [126].

6.2 Wool Shrink-Proofing

Commercial finishing processes of wool are categorized into three groups (i)
Oxidation/reduction (subtractive) (ii) Synthetic resin layer (additives) (iii) Her-
cosett/chlorine method (combined process) [127]. Hercosett/chlorine causes oxida-
tion of cysteine residue to form cysteic acid constituted de-chlorination and chlorina-
tion process. Though the commercial process is efficient, its effluents resulted in the
production of absorbable organic compounds (AOX) yet cause toxicity to the whole
food chain [128]. Commercially use of keratinase and laccase produced anti-shrink
wool fabric without loss in weight [129].

6.3 Wool Finishing

Finishing industries of wool are under continuous strain to adopt eco-friendly fin-
ishing processes and to explore novel techniques of wool garments preparation with
extra viability in the global market. Applications of disulfide isomerases, lipases,
proteases, lipases can modify wool properties [130, 131]. Currently used enzy-
matic methods were failed to fulfill the final premise, therefore acidic chlorination,
per mono sulphuric acid (H2SO5) treatment are applied commercially [132]. These
chemical treatments significantly improved shrink resistance property but adversely
influence the handling of hazardous effluents [133]. Transglutaminase revolutionized
the wool finishing industries by fulfilling the alternate need for chemical methods
[134].
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7 Advantages of Enzymatic Textile Processing

The value of the global market for industrial enzymes was 7082 million USD in
2017 and estimated to increase by 10,519 million USD in 2024 [135]. The detailed
comparison of both chemical versus enzymatic processing is made in Fig. 7. The
advantages of enzymatic processes in textile industries are

• Improved process competence i.e., permits 50% more jeans load with desired
results

• Increased amounts of energy per ton of fabric i.e., production of T-shirts recovers
substantial amounts of energy

• Less severe processing conditions i.e., lower doses of H2O2 for a short period at
low temp

• Reduced source consumption i.e., 20–50% reduction water usage in bio-scouring
• Less consumption of CO2 i.e., GHG saving 990 kg and 410 CO2 equivalents/FU
are produced in bio-scouring as well as in catalase mediated bleaching

• Producing superior quality products i.e., types of denim with cellulases
• Shorter processing time i.e., no neutralization step in bio-scouring
• Low effluent load production i.e., reduces BOD and COD in wastewater [14].

Fig. 7 Comparison of different parameter of enzymatic and chemical processes
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8 Enzymes Engineering as a Tailoring Tool

Re-designing of enzymatic traits are called enzyme tailoring [136]. It is necessary to
make the most suitable candidates for industrial processes [137]. The engineering of
1st enzyme “Subtilisins” in the early twenty-first century began the revolutionized
era of protein engineering [138]. Currently, numerous optimized enzymes such as
amylases, cellulases, laccases, proteases, pectinases, and lipases are available to
meet industrial applications [139]. Following strategies are commonly applied in the
tailoring process:

(i) Directed evolution technique
(ii) High throughput screening
(iii) Computational designs
(iv) Rational designs are commonly applied [13, 140].

Rational designs and directed evolution (Fig. 8) are exclusively unique designs
basedon theprinciple of genetic recombination, natural evolutions and computational
designs [141]. Whereas data regarding structure-function relationship is required in
rational designs to modify one or more amino acid residues for the enhancement of
fabric functional properties [142]. The combination of rational and directed evolu-
tion is the latest, most powerful and efficient process for positive mutations [143].
The advancement in computer algorithms further simples the decision process and

Fig. 8 Methods evolve in directed evolution for enzyme engineering



102 S. Adeel et al.

permits silico identificationof usefulmutations [140].Other techniques likemicroflu-
idic platforms, ultra-high screening and automated liquid handling combining with
fluorescence-activated cell sorting (FACS) have been successfully employed [144,
145]. Recently, the advancement in computational biology has enabled the de novo
designing of enzymes for a particular chemical reaction, novel activities for unusual
substrates and molecular dynamics [146]. Till now, numerous approaches have been
commonly applied to amend properties or even designs of enzymes, where each
strategy has some limitations [147]. Therefore, the choice of enzyme engineering
techniques should be used based on detailed knowledge of SAR (structure-function
relationship), computer algorithms and the opportunity of experimental tools [148,
149]. As the demands of enzymes to catalyze new chemical reactions are drastically
increasing, therefore, the achievement in developing beneficial proteins is largely a
matter of reliable optimization of strategies and persistent trials [150].

9 The Latest Development in the Textile Sector
by Bio-copying of Nature

Techniques for bio-copying of nature like bio-mimetics and bionics can be employed
to synthesize (i) structurally colored fibers (ii) lotus effect for self-cleaning textile
surfaces [66]. It is a fact that chemist learns significantly from nature while the
combination of chemistry and nature results in massive synergistic compensations.
Bio-copying is regularly practicing in all steps of textile processing [151, 152].

9.1 Structurally Colored Fibres

Insects particularlyMorphosul-kowskyi characteristically presents diverse, clear and
bright colors whereas some species of insects show different colors by color flop-
ping. It has been investigated that these diverse colors are not due to the presence
of any colorants instead due to the interference of reflected light expressed [153].
The same process is observed by thin films of oil on the surface of the water. This
natural phenomenon is coined by the cooperation of three Japanese companies to
synthetic fibers [154, 155]. Strictly controlled multi-layered structure filaments with
calculated thickness have been successfully designed [156]. The reflectance curve of
both synthetic and natural fibers is comparable. Morphotic fibers or butterfly (Fig. 9)
fibers display flopping of the pure and metallic tone of colors from green to red
and violet to blue colors [155]. If this will be successfully launched in the market,
then the need for the dying process will be finished. It means lethal ecological and
toxicological aspects would no longer perform at an industrial level. Furthermore,
bio-colorants possess an unlimited light fastness as compared to conventional dyes
a characteristic required for automotive textiles [157].
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Fig. 9 Color formation following bio-copying of nature

9.2 Lotus Effect for Self Cleaning Textile Surfaces

Lotus effect is another example of bio-copying of nature for the development of a
self-cleaning effect on the textile materials. Primarily, leaves of lotus possess two
levels:

(i) Nanoscale hair-like structures
(ii) Microscale bumps which are coupled with a waxy chemical composition of

leaves.

By utilizing this concept, scientists developed “self-cleaning textiles” that have
many advantages:

(i) Don’t need any laundry action
(ii) Reduction in time, energy, materials, and cost in production processes
(iii) Eco-friendly and easy to maintain
(iv) Long-lasting by improving the surface purity
(v) Improves the aging of cloth [158].

10 Genetic Manipulation for Bio-based Fibres

Bio-polymers based on natural fibers due to their vast application in the field of
food, medicine and agriculture have attracted the attractions ofmolecular and genetic
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engineers for (i) induction of entirely new properties by highly specificmodifications
of natural fibers (ii) marketing of biopolymers from extinct or rarely available natural
fibers [159]. The genetic engineer has taken a breakthrough by introducing Bt cotton,
herbicide-tolerant cotton, cottonwith entirely newcharacteristics,modified silkfibers
large quantities. In spite of these factors, the practical exploitation of rare or extinct
species is still pending [160, 161].

10.1 Bt and Herbicide Tolerant Cotton

Bt and herbicide-tolerant cotton are genetically modified or transgenic cotton
(Fig. 10) whose cultivation is started in 2000 [162]. The cultivation of transgenic
cotton has been considerably increased during the last five years [157]. The global
community is now focusing on insect-resistant transgenic cotton varieties [163]. In
addition to insect-resistant cotton, herbicide-tolerant cotton species by the transfer
of genes have also been developed [164, 165]. These herbicide-tolerant cotton are
capable of neutralizing herbicides e.g., bromoxynil or glyphosate. In spite of all these
benefits, cultivation of Bt cotton and herbicide-tolerant cotton is not authorized in
Europe whereas, in Spain, France and Greece are conducting field trials [166, 167]
due to unanswered questions related to health. There is a need to find general-tool
for improving the functionality of textile materials. Moreover, genetic manipulation
of cell differentiation has been intervened for improvement in the number of fibers
per unit area of seed coat [168].

Fig. 10 Methodof propagationofBt cotton andherbicide-tolerant cotton;DNApiece fromcommon
soil bacterium B. thuringiensis (Bt) is introduced into a cotton cell that produces (Bt toxin), prevent
bollworms attack
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10.2 Cotton with Improved Functional Behavior

Genetic engineering techniques for improvement in fundamental properties of cotton
e.g., length, strength, absorbance, coloration, thermal properties have been targeted
[169]. Genetic modification with the outcome of improved quality and properties of
fibers identified by combining indigo and melanin biosynthetic pathways of cotton
has been observed [170]. Formation ofmohair type fiber by transferring rabbit keratin
into the cotton is under process. Insertion of genes containing information for the
formation of poly (β-D-hydroxybutyrate) (PHB) enzymes through bombardment
into the cotton resulted in better insulating properties than naturally produced cotton
[171]. Identification of new genes may lead to developing cotton with improved
qualities and desired effects [162, 172].

10.3 Genetically Engineered Silk Fibres

Genetic modification of silkworm (Bombyxmori) for the production of new silk pro-
teins or silk fibers is a new promising type of genetic engineering as transgenic
silkworm (Bombyxmori) was found not to be reproducible and efficient [173]. Dif-
ferent approaches like infection of silkworm larvae with a virus or recombinant
DNA, formation by vectors or electroporation methods are commonly applied for
the engineering of silk fibers utilizing green fluorescent protein (GFP) as selection
marker [174]. Genetic engineering of silkworm has unlocked the gate of engineered
silkworm for desired characteristics of silk proteins or virus-resistant silkworms are
economical for sericulture [175].

10.4 Spider Fiber

Numerous spiders having the ability to form diverse protein fibers with distinct
mechanical properties are known [176]. Most distinguished properties of spider
species (Nephilaclavipes or madagascariensis) like high modulus, high strength,
a high extension of break, biodegradability, biocompatibility, and high dissipation
energy, radial web, spoke thread, dragline thread has been improved by genetic engi-
neering [177, 178]. The viscid spider threads forming fiber cores exhibit excellent
elongation break have a high strength level than nylon 6 [179].

Nature continues to be the major source for additional improvements in the fields
of textile and fibers. Due to the availability of facilities as well as analytical tools
many naturally occurring processes and the phenomenon of a complex system will
be revealed and explicated. The results of these novel phenomena can be transferred
to the field of textiles by bio-copying nature. Genetic engineering has already revolu-
tionized by commercializing the Bt cotton. However, the success of any genetically
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modified silk depends on the individual components when these techniques will
improve ultimately the field of textile fibers or natural fibers will progress. The key
condition for manipulation or copying the existing system is the prime choice of
biological kinds. One important factor that will decide which part of the world will
lead to copying or manipulating nature in the field of textiles and fiber is biodiversity.

11 Conclusion

The application of biotechnology in textile industry is still limited due to existing
technological impediments; the increasing demand of biotechnology-based textile
processing applications pose a promising future. Biotechnology proved to be boon
to constantly changing circumstances of the economy as well as ecology. Enzymes,
in the scenario of the pollution-free process, are the best alternatives for textile
processing. Enzymes not only save lots of money by reducing energy, effluent load
and labor but they are also effective for ecological orientation. Being non-toxic,
ecofriendly and highly efficient moieties, the enhanced use of enzymes in the textile
industry can greatly benefit this sector. However, the applications of the enzyme in
the textile sector need a better understanding of the effects on the textile substrate and
reaction mechanisms. Several advantages such as high specificities, mild operational
conditions, reduced process time, reducedwaste generation and non-toxicity but have
compelled the industrialists to move towards bio-processing. The textile industry has
been identified as a key sector with a high potential of biotechnological applications
where current awareness related to such applications still needs a lot of improvement.
Through the application of these enzymes not only fabrics qualities can be increased
but also textile processing improved. In a nutshell, such technologies are the need of
the era due to the environmental and energy saving of the globe.
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166. Çetinus ŞA,ÖztopHN (2003) Immobilization of catalase into chemically crosslinked chitosan
beads. Enzym Microbial Technol 32(7):889–894

167. Zaouali R, Msahli S, Sakli F (2016) Energy modelling of fabrics wrinkle recovery behaviour.
J Text Inst 107(11):1434–1441



114 S. Adeel et al.

168. Chen J, Wang Q, Hua Z, Du G (2007) Research and application of biotechnology in textile
industries in China. Enzym Microbial Technol 40(7):1651–1655

169. Bajwa KS, Shahid AA, Rao AQ, Kiani MS, Ashraf MA, Dahab AA et al (2013) Expression
of Calotropis procera expansin gene CpEXPA3 enhances cotton fibre strength. Aust J Crop
Sci 7(2):206

170. ChakravarthyVS, Reddy TP, ReddyVD,RaoKV (2014) Current status of genetic engineering
in cotton (Gossypium hirsutum L): an assessment. Crit Rev Biotechnol 34(2):144–160

171. Liu JF, Zhao CY,Ma J, ZhangGY, LiMG,YanGJ et al (2011) Agrobacterium-mediated trans-
formation of cotton (Gossypium hirsutumL.) with a fungal phytase gene improves phosphorus
acquisition. Euphytica 181(1):31–40

172. Liu YD, Yin ZJ, Yu JW, Li J, Wei HL, Han XL, Shen FF (2012) Improved salt tolerance and
delayed leaf senescence in transgenic cotton expressing the agrobacterium IPT gene. Biol
Plant 56(2):237–246

173. Naranjo SE (2005) Long-term assessment of the effects of transgenic Bt cotton on the function
of the natural enemy community. Environ Entomol 34(5):1211–1223

174. Pant HR, Bajgai MP, Nam KT, Seo YA, Pandeya DR, Hong ST, Kim HY (2011) Electro-
spun nylon-6 spider-net like nanofiber mat containing TiO2 nanoparticles: a multifunctional
nanocomposite textile material. J Hazard Mater 185(1):124–130

175. Hinman MB, Jones JA, Lewis RV (2000) Synthetic spider silk: a modular fiber. Trends
Biotechnol 18(9):374–379

176. Zhang M, Yi TT, Zhang YM, Zhang L, Wu W, Zhang AL, Pan ZJ (2011) Ornithoctonus
huwenna spider silk protein attenuating diameter and enhancing strength of the electrospun
PLLA fiber. Polym Adv Technol 22(1):151–157

177. Saravanan D (2006) Spider silk-structure, properties and spinning. J Text Appar Technol
Manag 5(1):1–20

178. Mao YB, Tao XY, Xue XY, Wang LJ, Chen XY (2011) Cotton plants expressing CYP6AE14
double-strandedRNAshowenhanced resistance to bollworms. TransgenicRes 20(3):665–673

179. Ganesan M, Jayabalan N (2006) Isolation of disease-tolerant cotton (Gossypium hirsutum
L. cv. SVPR 2) plants by screening somatic embryos with fungal culture filtrate. Plant cell,
Tissue Organ Cult 87(3):273–284



Application of Enzymes in Textile
Functional Finishing

Shrabana Sarkar, Karuna Soren, Priyanka Chakraborty
and Rajib Bandopadhyay

Abstract Textile is one of the strongest economic pillars of any developing country.
There is increased demand of eco-friendly and comfortable wearer with improving
quality, which comes due to advanced and environment friendly finishing. Enzymes
plays important role in bio-processing of textile. Enzymes are there from nineteenth
century but less than only two decades ago it was first used in textile processing.
Enzymes increase the functionality by minimising the strength and effort. Chemical
textile processing is already at hand from very first day, but that cause hazard. In
place of that, enzymatic processing is bio-friendly, non-toxic, and trimming down
the pollution rate generating due to textile processing. In addition with that, enzyme
technology reduces the use of vast amount of water and causes the savings of most
important part of ecosystem. Therefore, day by day enzymatic textile progression
is getting worldwide appreciation to the manufacturers. Finishing is the process in
textilemanufacturewhich converts knitted clothes into functionalmaterials. Predom-
inant enzymes used in textile processing are cellulase, amylase, pectinase, catalase,
laccase and many more. Enzymatic finishing includes UV shielding properties on
clothes. Use of immobilized enzymes, enzymatic nanoparticles may cause a revolu-
tionary change in textile trade. Enzyme assisted bio-processing has an immense role
on increment of textile quality.

Keywords Enzymes · Finishing ·Microorganism · Textile ·Wool

1 Introduction

Like food, clothing is another fundamental human necessity for surviving. Finishing
is the final mechanical and chemical process of textile manufacture which converts
knitted cloth into functional and softer one. Both dyeing and bleaching are the part
of final textile finishing. This process helps to improve the performance of final fine
clothings. For example, it makes the cotton clothes washfree and wrinklefree which
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are very necessary. Finishing procedure makes cotton cloth wrinkle free and suitable
for wearing.

In textile finishing process different chemicals have been used which cause envi-
ronmental hazards. According to estimation impact of water pollution on individ-
ual’s healthiness and environment is nearly 41.73 billion yuan per year [1]. As per
increasing awareness on eco-toxic effects, enzymatic treatment has been introduced
in textile finishing process [2]. Many harmful side products are being released in
water bodies and air after chemical finishing process and cause dangerous pollu-
tion. Hence to reduce the environmental challenges related to pollution, eco-friendly
enzymatic treatment has been incorporated in textile production. Normally textile
industry requires a huge amount of water in each step of its processing, which causes
relatively high water pollution. Enzymatic textile processing is a wonderful approach
for conserving water by using relatively low amount of water [3].

From past four decades, enzymes are being used in different industries like food,
beverage including textile in its finishing stage [4]. Different enzymes used in tex-
tile manufacturing and processing, viz., bleaching termination, finishing of denim,
softening of cotton, scouring including removal of excess dyes also [4]. Amylase is
widely used in clothes desizing and strengthen procedure for its thermostable nature
and drastic industrial application. So, this enzyme has a very important role in fining
of woven cotton clothes [5]. Control enzymatic treatment on woollen component
change surface prototyping of final clothing materials [6]. Being an environment
friendly implement enzymatic treatment is also a biotechnology based technique
which makes textile products more decorative and attractive by changing the sur-
face patterning than traditional one [6]. Besides this, it also has economic benefits.
Enzymes are used in very minute concentration, for which low amount of money is
required and production become well.

2 Background on Textile Industry and Production

Textile is a very old industry in the world and second largest just after the agriculture.
This is because of cloth is a very basic need of human being in their daily life.
Therefore, textile is one of the most primitive human craft which has always been
elementary part of economy [7]. This textile history was started back somewhat
30,000 years ago. According to archaeological and anthropological evidences, worn
textile and wove clothing were started at prehistoric age. Now a days, spinning,
reeling, sizing, processing and printing all are done in order to improve the quality.
Unlike ancient age, in recent era, in additionwith cotton, silk, nylon, rayon, polyester,
man-made synthetic fibers are being used as raw materials for textile industry. In
early eighteenth century, Great Britain was being thought as leader in textile trade
due to presence of some modern technologies like spinning, power loom in their
manufacturing process [8]. In the year of 1786, U.S. Government encouraged with
huge amount of money for designing British spinning technology, but production
was unsatisfactory and irregular due to use of huge electricity. Up to the year 1790,
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U.S. was failed to develop even a single successful spinner for textile manufacture
[8]. In the year of 1831, first ready-made cloth production was started on large scale
in New York City of USA.

Textile history has an important role in innovation of design on clothes. In ancient
era, basic colours were used mostly than complex colours. In fact, colour was a
fundamental part for gender bias. In archaeological era like other countries, Greek
clothes were not ornamented highly [9]. Designing on clothes is an important part of
finishing, because it makes the clothes better looking. In old age time, only geometric
figures were used for designing purpose. In recent time stars, flowers, dots, grids are
being used for designing purpose. First, Indian mill was established in fort gloster
near Calcutta in the year of 1818 [10]. First early hand held spindle followed by hand
looms and then today’s highly automated spindle along with spinning mechanism
has been evolved from time to time. Previously, fibers were extracted only from
vegetable plants but in addition with those now a days, complex synthetic fibers are
being produced. Till now, the basic mechanism of woven cotton and fibers are same
as it was in million years ago [11]. Nearly thirty years ago, the basic principle of
weavingwas discovered by ancient people. The technique is known as fingerweaving
and widely practiced till date. In Neolithic period (c. 9000–4000) woven fabric
was first created for household and personal uses, which is popular for millennia.
From this history, it can be well understood that weaving is the oldest finishing
technique exploded in ancient age. After that in middle age, chain sequences of
textile machineries and techniques were discovered, viz., dying, spinning, weaving,
and tailoring. Though weaving was first started in Europe, but up gradations was
introduced from China and other global entity. In India, between 1000–500 CE
spinning technique was first introduced. Later explosive advancement was occurred
through industrial revolution, which was occurred after 1774. In this era of huge
revolutionary development, different advanced machineries were developed in order
to improve the textile production [12]. Previously, all the process of looms were done
in different locations but after introduction of Robert’s power loom in the year of
1812, all phases of converting cotton into threads was done in single factory [12].
This was the result of rapid and glamorous industrial revolution which also added
huge capital for more production as in modern age (Fig. 1).

Long historic story of introduction and development of different important textile
technique supports the commercial and fashionable textile industry today. In recent
era, textile is dominating the trade of any country in addition with economic base
of that country too. From previously described history, it is well understood that
weaving, an important stage of textile procedures, is the most primordial skill which
was practiced by human.

3 Microbial-Origin Enzymes in Textile Industry

In textile industry for finishing purpose as well as in biodegradation purpose different
microbial enzymes are used in different stages. Global market of enzyme in textile
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Fig. 1 History of textile revolution

is accounting a huge profit due to its less polluting technology and produces very
less waste. For enzyme production, microorganisms are used as because they can
produce a diverse range of enzymes due to its quick adaptability with any situation.
Microorganism can be easily biotechnologically engineered for more production
of enzyme, which is another important reason behind using of microbial enzymes.
Oxido-reductase and hydrolyase are two main class of enzymes used in pretreatment
of cotton [13]. There are manymore enzymes like amylase, catalase, cellulase, pecti-
nase, lipase, protease etc. which have many uses in different steps of textile finishing
for different types of raw materials (Table 1). Felt-free finishing of wool, cotton fin-
ishing, biostoning of denim, biopolishing of fabrics are popular useful techniques
done by different microbial origin [13]. Other than these for decolourisation purpose
laccase is used widely. There are many common enzymes which have role in textile
processing. Pectinase is an important enzyme used for increasing scouring effect of
cotton fibers, produced by very common bacteria, Bacillus subtilis [14]. Catalase
fromMicrococcus luteus is used in cotton processing [15]. Bacillus seems to be very
common microorganisms to produce different types of enzymes which have huge
application in textile finishing procedure (Table 1).
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Table 1 Microorganism mediated enzymes used in textile finishing process

Name of the enzyme Name of the
microorganism

Used in specific step of
finishing

References

Cellulase Bacillus sp. Aspergillus
oryzae

Biostoning of denim;
biopolishing and softening
of denim

[15, 17]

Catalase Micrococcus luteus Used after bleaching for
cotton processing

[15, 16]

Amylase Bacillus sp. Remove starchy layer from [13, 15]

Protease Bacillus licheniformis prevent decolourisation of
denim; antifelting finishing
treatment on wool and silk
materials

[15, 16]

Pectinase Bacillus subtilis Hydrolysis of pection in
cotton fiber preparation,
scouring of cotton

[14]

4 Enzymes in Finishing Process and Its Role

Recent ongoing trends are application of different types of biological treatments in
order to prevent environmental pollution. Enzymatic application is ecofriendly and
cheap in nature. Now, in textile wet processing microbial enzymes are being used
regularly and successfully because they can be used in very minute condition and
provide promising result due to high specificity [16]. Normally, textile industry uses
excessive amount of water. Use of enzyme in finishing process reduce the usage of
water. Introduction of enzymatic finishing process in textile has improved the product
quality than before.

4.1 Cellulase in Bio-finishing and Denim Biostoning

First use of cellulase enzyme was started in the area of agriculture and food, in
addition with fermentation of alcohol and brewing industry. In textile dye-house,
laundries, use of cellulase was started less than two decades ago due to its spe-
cial characters. Cellulose has slow kinetics in enzymatic degradation of cellulose
[17]. Therefore, bioconversion has inadequate feasibility due to crystalline structure
of cellulose. Because of this kinetic property cellulase has controlled action over
improvement of cellulosic fibers and has wide use in textile industry. Indeed, com-
mercial textile cellulase production is in third position and one of the fastest growing
trades just after starch and detergent industry [17, 18]. In the field of textile finish-
ing, cellulase play an important role in biopolishing. After dying on cotton fabric,
biopolishing has shown great report though it can be done before too. One key role
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of cellulase treatment in case of denim is softening of fibers, which makes the wearer
more comfortable [19].

Biostoning is a finishing technique first started long year back in 1989, first in
Europe [18]. At that time this enzyme was isolated from a fungal species namely
Trichoderma reesei, though cellulase can be collected from bacteria and protozoans
too. First isolated cellulase had shown its maximum reactivity at pH −5.0 [18].
Day by day it has been distributed through out the world as very popular finishing
technique mainly for denim. Till date, Trichoderma cellulase is favourite for trade as
because it takes shortest time of reaction [17]. As it is biological enzymatic process,
so, cellulase is used widely on surface of fabric to make denim more comfortable.
In order to make wearers’ surface smooth, enzymatic biostoning remove waxy and
starchy materials from fabric after dying. Therefore, beside making denim more
comfortable to wear, this mechanism also help to keep the colour stable [20]. Due
to satisfactory result, only in textile industry global sale of cellulase enzyme get
reached nearly $165 million within just 10 years of discovery [21]. Before this
new approach, denim polishing was done by using one mechanism widely known as
‘stonewashing’. This process sometimeused to create problems,whichwas knownas
‘back staining’. Due to loosening of fibers dye molecules get redeposited in the back
surface instead of washing, which cause decolorisation. Biostoning is the process
uses the same mechanism as ‘stone washing’, which is environment friendly and
cost-effective. This is because, enzyme is eco-friendly, used in minute quantity and
can be recycled. Whereas, previously stone was used in large quantity and technique
was time consuming. Enzymatic reaction under moderate pH and temperature has
removed the problem of older stone washing technique.

In textile non-cellulasic fibers like polyester or nylon etc., are used besides cellu-
losic one. Cellulosic treatment on these materials make colour more vibrant, as per
example print on buttons, colorful logo on denim or other dresses etc. Biopolish-
ing of materials other than denim is done by cellulase in pilot scale for making the
colour more promising and attracting [17]. Cellulase treatment prevents the denim
from tearing, decolourisation after washing, making them comfortable to wear and
also workplace friendly. For these advantages and wide use in denim washing many
of textile industries have made patent of cellulase isolated from different promising
species [17].

4.2 Protease in Felt-Free Woollen Fibre Processing

Wool normally gets felted and shrinked under wet condition due to the presence
of cuticle scale on woollen fibers [22]. Many chemical methods like chemical oxi-
dation, coating of woollen fibers have been done in order to eradicate the problem
of shrinkage, but the result was not so satisfactory [23]. Other than these processes
produce environmental hazards [24]. Enzymatic treatment is an eco-friendly proce-
dure which makes the textile product safer and comfortable to human. Protease has
important role in production of shrink proof wool. Partial hydrolysis by protease,
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Fig. 2 Role of protease in production of felt free woollen clothes (diagrammatic representation)

papine makes the woollen silky and increased its market value. Pre-treatment with
papine helps to produce shrinkage free woollen tops. This enzymatic finishing treat-
ment is known as Zero absorbable organohalogens (AOX) which is a shrink proofing
practice [25]. Proteolytic treatment helps to hydrolyse the cuticle layer which makes
it smooth and shrink proof [23]. On the other hand, protease action also increases
and strength of woollen fiber nearly 30% more than untreated one [23]. Cellulase
treatment increases the activity of proteolytic effect on cotton. Enzymatic treatment
of woollen fiber modifies the cuticular scale and reduces the tearing strength [26].
Shrinkage free woollen fiber has increased dying capability and it also makes the
woollen wearer more comfortable [22]. Actually enzymatic treatment diminishes the
resistance against dye diffusion for woollen fiber [26]. Overall, protease treatment
increases the comfort of woollen wearer. Protease enzyme from bacteria Strepto-
myces fradiae is used industrially for production of felt free woollen [25]. Sometime
shrinkage free treatment by protease, loose the strength of woollen fiber. This can be
improved by transglutaminase treatment [25, 27]. Therefore, biological enzymatic
treatment increases softness of woollen garments, makes it felt free (Fig. 2). Other
than this, it also reduces chemical allergen reaction with skin and do mild or no
environmental pollution [28].

Protease has another role in bioscouring and contraction of cellulase.At the time of
biostoning sometime stain molecule get redeposited on the back surface which cause
the wearer unstrained or roughly stained. Counter action of protease, isolated from
microbes, can prevent this decolourisation of fabric of denim. Addition of protease
prevent cellulase to bind with specific dye molecule on undesired position on back
surface. In addition, protease does not show any adverse effect on biopolishing of
fabrics by cellulase, because of their synergistic effect [17].
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4.3 Catalase and Lipase in Cotton Processing

Catalase and lipase are though very common enzymes but play an important use
in finishing of cotton. Catalase has two important usages in two different stages,
one in hydrogen peroxide treatment just before bleaching and another is in waste
water treatment [15]. In order to reduce environmental pollution catalase treatment
remove residual hydrogen peroxide from cotton. Textile companies mainly consume
high amount of water which is one of the main cause behind the water shortage. This
process also limits the usage ofwater. This is an appropriate green usage of enzyme in
textile finishing. It is used inwashing to removeknits from it and commercial finishing
after bleaching [29]. There is one drawback of using catalase in removal of residual
hydrogen peroxide. At the time of reaction it produces high temperature and high
alkaline condition. As enzyme shows optimal activity under ambient temperature
and neutral pH, so catalase fails to withstand in adverse condition. Extremophilic
microorganism’s enzyme are being tried to use in order to mitigate this problem
[15]. Sometime catalase activity reduces dye uptake capability. Use of immobilised
microbes can alleviate this trouble.

Lipase is an enzyme of hydrolyase section of classification. For useful process-
ing of cotton, microorganism mediated lipase is used widely in textile industry.
Hydrolytic enzymes has effective role in pre-treatment of cotton. In textile lipase
removes lubricant from cotton fiber in order to improve absorbance efficiency of dye
[30]. This will increase the brightness and quality of colour on cotton wearer. Lipase
treatment also decreases the regularity of crack and streak in cotton denim. It mainly
removes wax and oil from raw cotton material at the time of bioscouring, a step of
cotton processing. Lipase is responsible for proteinolytic activity too. Lipase activity
in addition with pectinase activity helps to lowering down the water absorbance of
cotton which increases the scouring effect [14].

5 Immobilized Enzymes and Enzyme Nanoparticles
in Textile Finishing Process: A Paradigm Shift
in Eco-friendly Textile Processing

In recent era with increased demand of products new technologies have been
evolved, immobilisation and nanoparticle formation is one of them. Immobilisa-
tion of enzymes increases the productivity of enzyme. Immobilisation of amylase
is done by chemical cross linking of enzymes with functional magnetite nanoparti-
cles. It also increases the thermal stability and can be stored for long time [31]. This
process shows increased activity in desizing of cotton. Laccase immobilisation is
done with modified green coconut fibres and 3-glycidoxypropyl tri-methyloxysilane
which increase substrate specificity [31]. This has prolonged usage in textile waste
water treatment. Immobilised protease shows increased thermal stability. This is
mainly used in production of shrink free finished woollen clothes [31]. All these
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immobilised enzymes have shown increase activity in different stages of textile fin-
ishing. These will open a new path towards future application in textile industry
for production of comfortable clothes. Enzymes are being used in order to increase
the rate and effectivity of reaction. Nanoparticle is a way to increase the rate of
reaction. Formation of enzyme-nanoconjugates with other chemical increases the
efficacy of reaction. Nano-conjugates of citric acid and Fe3O4 with protease has
been developed which is used in pretreatment of wool. This process will increase
tensile strength of woollen fiber and also make it resistance to alkaline condition
[32]. Enzyme immobilised nanoparticle shows increased catalytic activity which is
very much preferable for increasing production rate [33]. ZnO- and TiO2 nanoparti-
cle along with citric acid/sodium is used for treatment of denim in eco-friendly way
after enzymatic treatment of denim fabric [34]. It is well understood that in addition
with textile finishing process above mentioned advanced techniques are also being
used in bioremediation of waste water.

6 Laccase in Decolorisation of Textile Effluent
and Mitigating Important Environmental Issue

In textile, mainly synthetic azo dyes are used in order to make colour variation in
wearers. Dying is a main part of finishing process. Dyes are water soluble and bind
withfibers tomake themcolourful.Nearly, 10–15%dyes get released through effluent
without binding with fibers [35]. These dyes are very harmful to the environment
and human beings because of being a xenobiotic compound. Traditional physical
and chemical methods can remove dyes partially and produce aromatic amine as
secondarypollutant, but enzymatic treatment has the ability to removedyes efficiently
without producing any secondary pollutants [35].

Multicopper oxidase enzyme Laccase is a very good source of enzyme in order to
remove unused dyes from waste water before release. Laccase has ability to degrade
azo dyes like methyl orange effectively [36]. This special enzyme isolated from
microorganisms is reported extensively for its capacity in azo dye degradation. It has
non-specific oxidation capacity which is imperative for bioremediation process. On
the other hand laccase doesn’t necessitate any cofactor or oxygen for reaction [37].
Mainly dye molecule with low molecular weight is being used as redox mediator
in the course of decolourisation. Aromatic azo dyes, phenolic compound, etc. in
addition with pesticides is degraded by laccase by redox reaction [38]. Now, pH
stable and thermo-stable laccase are being isolated which also exhibit tolerance to
organic solvent [39]. In the path of reaction, laccase usesCu2+ as amediator to oxidise
aromatic amine. Recently, in order to increase the degradation capacity laccase is
being immobilised. This immobilised and insolubilised laccase has more efficiency
to remove micro-pollutants in addition with dyes [40]. Immobilized laccase from
fungal source has been used with the support of SiO2 on magnetic separators to
remove azo dyes from waste water efficiently [41]. Nanocomposites of enzymes are
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also being used in recent research for remediation of dye containing waste water.
Textile finishing process is based on enzymatic treatment which is environment
friendly. The releasing dyes and aromatic compounds are also being treated by eco-
friendly enzymatic process. This is more acceptable to environment due to its less
pollution capacity.

7 Patenting Trends on Use of Microbial Enzymes on Textile
Finishing

Patenting trends of enzymes in textile finishing are also interesting. Cellulase is
mostly used enzyme in textile. As per this perspective, it has been found that there
are a number of petants on cellulase. Europe, United Kingdom, United State have
several patent from 1990s. Previously, patents were done based on application as
detergent or starch. Later, due to some trade legal issues, laundries increased their use
of cellulase [17]. In fact for antimicrobial finishing different types of enzymes from
microbial origin are being used and patented commercially from diverse countries
(Table 2).

Table 2 Patents of microorganism mediated enzymes used in different steps of textile finishing

Patent number Year Publication on patent Mechanism of action References

EP2064385B1 2016 Enzymatic treatment of
textiles using a pectate
lyase from Bacillus
subtilis

Microbial enzyme used
in textile finishing
processing

[42]

CN101864406B 2016 Endo-β-1,4-glucanase Enzyme is used as
detergent in bleaching
process of textile
finishing

[43]

EP3088502B1 2016 Method of treating a
fabric

Use in textile finishing
step

[44]

CN105544198A 2016 Antibacterial and
anti-felting wool fabric
finishing method

Anti felting finishing of
woollen fabric

[45]

CN106758261A 2017 Biological enzyme
method protein fiber
product flame retardant
finishing method

Biological enzyme used
in pre-treatment and
textile finishing method

[46]

CN105951434B 2018 A biological enzymatic
silk fabric water repellent
finishing methods

Act as water repellent in
silk finishing process

[47]

(continued)
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Table 2 (continued)

Patent number Year Publication on patent Mechanism of action References

CN108251319A 2018 Cutinase fermentation
and cotton fabric enzyme
refining process

For the refining process
of cotton by the help of
microbial enzyme

[48]

CN109457468A 2019 A kind of antibiotic
finishing method of
cellulosic fabrics

Antibiotic finishing of
cellulosic fibers

[49]

8 Conclusion

Microorganism mediated enzymes have major application in textile finishing.
Enzyme mediated finishing procedure is a way to establishment of greener textile.
From history it has been found that though in low scale but enzymes were used in
different stages of textile finishing. In this chapter use of different enzymes have been
discussed, like lipase and catalase in cotton processing, cellulase in bio-finishing and
biostoning of denim, protease in production of felt free woollen wear. In addition
with textile finishing in case of remediation of textile waste water even microorgan-
ism mediated enzymes are being used in large scale. Functional textile is future of
global apparel industry which faces both new challenges and opportunities. In order
to mitigate challenges researchers are using opportunities of enzyme immobilisa-
tion and nano-conjugates formation. This process has ability to increase the activity.
Patenting trends have also been discussed from which it is understood that enzymes
are used widely throughout the world though patents are mainly done from china,
then Europe followed by other countries. This result proves the extensive use of
enzymes in textile industry.
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Recent Advances in Development
of Antimicrobial Textiles

Shagufta Riaz and Munir Ashraf

Abstract Cellulosic textiles mostly facilitate the growth of microorganism due to
their larger surface area and capability to hold moisture, which is responsible for
several devastating effects not only to consumer but also to the textile itself. Health
related consciousness and hygienic perception of products stimulated the intensive
research to mitigate the pathogenic effects and development of microbe free materi-
als. Textile researchers have also been paying rigorous attention for developing dif-
ferent antibacterial agents to fulfill the increased demands of ecofriendly antibacterial
textiles. The main emphasis of this chapter was to give an overview of advancements
in development of different organic and inorganic antibacterial agents, their inclu-
sion during fiber formation or at textile finishing stage, mode of action of different
antibacterial agents, durability and the environmental impact of leaching and bound
antibacterial textiles.

Keywords Antibacterial textiles · Nanoparticles · Antibacterial agents · Natural
antibacterial agents · Leaching agents

1 Introduction

The clothing concept is shifting towards the innovations in themultifunctional textiles
as the emergence of new technologies has revolutionized the approach of inducing
improved performances and characteristics. Fibers and fibrous materials have been
used for different application like home furnishing, sports goods, medical textiles,
water purification and food packaging besides traditional clothing applications. In
last fewdecades,with the increased awareness of environmental andhuman concerns,
trend is moving towards antibacterial products because of microbe full environment
[1].

Cotton textiles, having promising comfort properties, can easily be attacked by
microorganisms because of superior absorbency and moisture retaining characteris-
tics [2], thus causing different unwanted effects like unpleasant odor, discoloration,
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loss in mechanical properties and sometimes undesired staining. Therefore, there is
a great need to develop products that offer protection against microbes. Antibacterial
textiles have become the fastest growing sector of textile industry due to its inflated
production over the years [3, 4]. Antibacterial textiles are of great concern inmedical,
sportswear, food industry, and water purification systems etc. due to health, fitness
and hygienic concerns.

Natural and synthetic fibres can be made antibacterial through application of vari-
ous natural and synthetic compounds such as plant extracts (Aloe vera, Neem, lotus),
chitosan, curcumin, triclosan, N-halamines, polybiguanides, quaternary ammonium
based compounds and nanomaterials [5, 6]. In particular nanoparticles of inorganic
metals and metal oxides (Ag, Cu, CuO, ZnO) are extensively used to functionalize
natural, synthetic and regenerated polymers because of their effective antibacterial
activity against different bacterial strains [4, 7–13]. Nanoengineered textile fabrics
are of huge interest owing to their superior functionality and performance without
affecting inherent characteristics of textiles [14].

To give an overview of recent advances in production and application of antibac-
terial agents to make antimicrobial textiles was the prime objective for this chapter.
Later, the particular focuswas on inorganic antibacterial agents (metal oxide nanopar-
ticles) and herbal antibacterial agents based textiles because they have the potential
for bringing advancements in textile to make it microbe resistant.

2 Mode of Action of Antibacterial Agents

Killing of bacteria is referred as biological self-cleaning. Biological self-cleaning
textile is capable to destroy or inhibit the growth of bacteria attached to them. Action
of antibacterial agent to kill or stop the bacterial growth depends upon the type
of bacteria. Antibacterials now identified as agents have been used to eliminate or
disinfect the surfaces from potentially harmful bacteria. According to the speed of
action of antibacterial agents or the residue production these agents are divided into
two groups i.e. bacteriostatics, and bactericides.

On attachment of bacteria the surfaces become contaminated, therefore, the bacte-
ria should be killed or their growth should be inhibited on their contact with any sur-
face. Mostly bacteria are killed by antiseptics and disinfectants immediately because
of bacterial cell explosion which is called bacterial conjugation due to consumption
of bacterial resources and preventing multiplication of bacteria. Due to carboxylic
peripheral groups in bacterial cell wall, the total charge on bacterial strain is nega-
tive between pH 3–9. When exposed to some aqueous solutions, the cell wall gets
negative charge because of dissociation of these negative functional groups. When
cationic agents like silver, zinc, copper, manganese, chitosan etc. and bacteria are
in close proximity, the electrostatic force of attraction between oppositely charged
bacteria and cationic agent shows first interaction and strong adhesion causes strong
binding of bacteria with antibacterial agent. Then antibacterial agents can either kill
bacteria or they may inhibit the growth of bacteria. There are many ways of agents to
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Fig. 1 Mechanism of action of antibacterial agent

exhibit antibacterial activity [15] depending upon the structure and attraction level
of target site inside the bacterial cell. They may obstruct, (1) Cell-wall synthesis,
(2) Protein synthesis, (3) Nucleic acid synthesis, (4) Enzymatic activity, (5) Folate
metabolism, (6) Damage cell membrane (Fig. 1).

3 Why Antimicrobial Textile?

Textile materials/clothing play important role in providing media for growth of
microorganisms such as bacteria, fungi, etc. According to recent reports, microor-
ganisms could survive on fabric materials for more than 90 days in a hospital envi-
ronment. Such a high survival rate of pathogens on medically used textiles may
contribute to transmissions of diseases in hospitals. As a mean to reduce bacterial
population in healthcare settings and possibly to cut pathogenic infections caused by
the textile materials, the use of antimicrobial textile become a vital importance to be
used [16].

In recent years, antimicrobial finishing of textiles has become enormously impor-
tant in the production of protective, decorative and technical textile products. This
has provided chances to expand the use of such textiles to different applications in
the textile, pharmaceutical, medical, engineering, agricultural, and food industries
[17].

Owing to their importance, the number of different antimicrobial agents suitable
for textile application on the market has increased noticeably. These antimicrobial
agents differ in their chemical structure, effectiveness, method of application, and
influence on lives and the environment as well as cost [18].
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4 Antimicrobial Textiles Classification

Presently, all disinfectant or antiseptic surfaces resist bacteria mainly by two mech-
anisms: (i) diffusion of antibacterial agent into the contacting moist surface, or (ii)
chemically bound antibacterial agent that show its action upon direct meeting with
microorganisms. Therefore, antibacterial surfaces can be divided into twomain cate-
gories; biocide-releasing or leaching antibacterial surface and contact-active or non-
leaching antimicrobial surface depending upon the efficiency and mod of action of
antibacterial agents [18, 19].

4.1 Leaching Antimicrobial Textiles

The antibacterial textiles that operate on controlled release mechanism are called
leaching antibacterial textiles because they release biocides slowly into its surround-
ing environment to attack the microbes (Fig. 2a). They act as venom for both bacteria

Fig. 2 Schematic showing leaching and non-leaching textile
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attachedwith the surface or present in its surrounding by releasing the agent regularly
and constantly that is not chemically bound to textiles. Therefore, the main limitation
for their use is due to environmental concern. Because they could be hazardous to
human as well as other microbes essential for the effluent treatment [20].

The concentration of antimicrobial agent called minimum inhibitory concentra-
tion (MIC) is a significant factor for its proper functioning. Below this level the
biocide would not be able to kill or inhibit the growth of bacteria [17]. Another
drawback of their use is depletion of reservoir (textile surface containing the antibac-
terial agent) due to continuous release that eventually would no longer be effective
for killing the bacteria. Along with negative effects of leaching antimicrobial agents
used for textiles, they also are not durable because they can be wiped out from textile
surface during different lauding cycles.

4.2 Non-leaching or Bounded Antimicrobial Textiles

Non-leaching or contact killing antibacterial textiles are capable of killing the
microbes only on their contact with the substrate because such textiles have chem-
ically bounded organic polycationic materials through covalent bonding directly or
via some cross-linker and do not discharge any biocide into its surrounding environ-
ment (Fig. 2b). Such textiles show long term functionality because they antibacterial
agents do not scrap off due to their bonding with them. They are also human and
environmental friendly because they cannot provoke health issues by their release
into environment.

When the bacteria come in contact with an antibacterial surface, the organic
material spears the outer lipid bilayer of the bacterial cell membrane and preferen-
tially moves into proteins in the cellular organelles to increase the permeability of
unwanted substances into microorganism causing its death. Such type antibacterial
action offers greater surface activity with considerably low leaching into environ-
ment [21]. Though, they are ecofriendly but less effective in action against bacteria
because no active substance is released from the textile surface. They show their
efficacy only against the bacteria that directly meet the surface. These finishes show
no efficiency in their surrounding environment.

5 Application Methods of Antibacterial Agents on Textiles

Antibacterial agents can be imparted to textile using different chemical, physical
or physio-chemical approaches at fiber forming stage or attextile finishing stage,
depending upon the composition, type of fiber, chemical structure, fiber composition,
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and fiber surface. Various antimicrobial agents have been applied by direct pad-dry-
and cure method, spraying, coating and foaming method. Herbal antibacterial agents
are mostly applied after fabric processing and at finishing stage to get more evident
outcomes. The methods are as follow:

5.1 Direct Application

Natural antibacterial agents are applied to textile by direct application method. Pad-
dry-cure method is conventional direct application method in which textile is dipped
in aqueous finishing agent for some specified time. After immersion the fabric is
padded between the nip of rollers at particular pressure range for certain pick-up
of antibacterial finish. Further, the fabric is dried and cured for a particular time at
specified temperature to attach the finish with the textile. Though this is an easy
approach to apply finishing agent but to achieve enough durability is difficult if some
kind of chemical bonding does not exist between finishing agent and the textile.
Multiple finishes could be applied on textile by this technique and the effect would
be the same regardless of number of finishing agents applied. This technique is
fundamental for all other applied finishes.

5.2 Nanotechnology

As the herbal antibacterial agents are considered less hazardous to human and envi-
ronment therefore, their use is growing for textile applications as well. But, the main
issue associated with these plant based antibacterial agents is there durability. Dif-
ferent methodologies have been adopted to make them durable and nanotechnology
is one of them. Different nanoparticles by using plant extracts have been devel-
oped for biomedical application and drug release [22, 23] but, there use in textile
is very limited and still a space is present to work on them for their application
as At nanoscale the adhesion between fibers and natural antibacterial agents could
be enhanced without compromising the appearance, handle and comfort of textile
[24]. Based on neem extract herbal nanoparticles were synthesized and applied on
cotton fabric by conventional pad-dry-cure method increasing the adhesion up to
25 washing cycles showing antibacterial activity against S. aureus and E. coli both
qualitatively and quantitatively [25]. Similarly, chitosan and herbal nanocomposite
on cellulosic fabric gave enhanced antibacterial, comfort without affecting physical
properties with greater wash durability [26].
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5.3 Microencapsulation Method

Functionalization of textiles by nanoparticle encapsulation ismicropacking approach
to improve the properties aswell as to impart the new characteristics in textile product
[27]. Nano/microcapsules can be used as phase change materials (PCMs) encapsu-
lation, fire retardants, antimicrobial, fragrance finish, polychromic/thermochromics
etc. but here, only drug release (insect repellent, antibacterial, moisturizer, slimming
agents) and thermal comfort are stated. During encapsulation, tiny particles of solid,
liquid or gaseous components are entrapped as core material inside a shell material
[28]. Different active materials like drugs, enzymes, vitamins, pesticides, flavours,
skin softeners, PCM and catalysts have been successfully been encapsulated inside
nano balloons or nanocapsules made from a variety of polymeric and non-polymeric
materials [29]. In this technique one material is packed in a second material as
shown in Fig. 3 for the purpose of shielding the active ingredient from surrounding
environment [30].

There are many techniques for nanoencapsulation in general divided into three
main categories, listed in Table 1.

But, the most frequently used technique is oil-in-water emulsion followed by
solvent evaporation method. Durability is an issue after application of microspheres
on textile andmicroencapsulation is an expensive technique therefore, different cross
linkers or binders have been used to apply microcapsules, but, it can affect the handle
of fabric. To resolve this issue to some extent, application of microencapsulated

Fig. 3 Microencapsulation:
core material surrounded by
polymeric shell

Table 1 Different techniques for microencapsulation

Chemical processes Physico-chemical processes Physico-mechanical process

Interfacial polymerization Coacervation and phase
separation

Spray drying and congealing

In situ polymerization Sol-gel encapsulation Fluid bed coating

Poly condensation Supercritical CO2 assisted
microencapsulation

Pan coating solvent evaporation



136 S. Riaz and M. Ashraf

PCMs and effect of plasma surface modification on adhesion of microcapsules on
wool fabric was investigated [31]. Research is done on the encapsulation of various
essential oils in chitosan and their application on cotton fabric. It was found that
by application of such capsules on desized, bleached and mercerized cotton fabric
by using pad-dry-cure method enhanced antimicrobial activity of treated fabric. A
modified dihydroxy ethylene urea was used as a cross-linking agent. Antimicrobial
activity was increased as the concentration of essential oil and chitosan increased
[32].

5.4 Crosslinking Method

The chemical bonding between polymeric chains and applied finish is mostly hap-
pened by using cross linker for durable functionality. Therefore, different physical,
chemical and irradiation techniques have been used [33, 34]. In case of chemi-
cal cross-linkers, the introduction of chemical bridges is done between polymeric
chains. For irradiation cross linkers no heat and other catalyst is needed, but, for
physical crosslinking which is environmental friendly process the durability is less
because ionic bond is established between polymeric chains with efficient antibacte-
rial activity and good thermal properties [35, 36]. The physical crosslinking method
is most widely used method in which herbal extract or oil is applied on textile by
conventional pad-dry-cure method and by using cross linker in presence of some
catalyst [37]. Many researchers applied Neem extract and Aloe vera extract by using
1,2,3,4-butanetetracarboxylic acid (BTCA) and citric acid (CA) cross linker to make
the textile antimicrobial with enhanced durability [38–40] against Gram-positive and
Gram-negative bacteria also some fungi.

6 Assessment of Antibacterial Activity

To evaluate the antibacterial activity of treated textiles, various different standards
have been developed. Mainly inhibition zone method also known as qualitative
method and bacterial colonies counting method also known as quantitative method
have adopted depending upon the leaching and non-leaning antibacterial agents
applied on textile. Qualitative test methods 147 (Fig. 4b) include: AATCC 147,
JIS L 1902-Halo method, ISO/DIS 20645 and EN ISO 20645 in which antimicro-
bial testing has been carried out based on agar diffusion plate method. AATCC and
JIS L 1902-Halo methods are effective for both non-leaching and leaching textiles
while ISO/DIS 20645 and EN ISO 20645 are effective for only leaching or diffusible
antibacterial agents. On the other hand, quantitative test methods (Fig. 4a) include
AATCC 100 and JIS L 1902-Absorption method), the amount of antibacterial agent
applied on textile is more accountable for JIS L 1902 test method rather than AATCC
147 [41]. To perform this testing special training, attention, and careful study of test
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Fig. 4 Antibacterial actvity. a quantitative, b qualitative

methods, and laboratory equipment for testing is needed to get most accurate results
with reproducibility and without any contamination [42].

“British Textile Technology Group (BTTG)” developed a more vigorous antibac-
terial test method based of adenosine triphosphate luminescence at the end of 1980s
in which antibacterial activity was evaluated by analyzing the adenosine triphosphate
and bioluminescent recognition.

7 Antimicrobial Compounds

7.1 Organic Antibacterial Agents for Textiles

7.1.1 N-Halamine

Organic antibacterial agents have been considered to be the best biocides againstwide
spectrum of microbes. Among theseN-halamine is heterocyclic organic antibacterial
agent containing one or more covalent bonds between nitrogen and halogen formed
by the halogenation of amine, imide or amide groups (Fig. 5) [43]. On its contact
with the microorganism the halogen exchange reaction takes place causing the cell

Fig. 5 Structure of
N-halamine
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Fig. 6 Basic structure of
quaternary ammonium salt

NHH3C
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death due to inhibition of enzymatic and metabolic activities [44–46]. N-halamine is
nonhazardous, more stable with less inclination towards the hydrocarbon generation
compared with inorganic antibacterial compounds. Different synthetic and natural
textiles could be coated with this organic antibacterial compound to be used for
medical and protective purposes with maximum functionality for a longer period of
time due to chemical bondingwith the substrate [47]. For higher biocide functionality
the N-halamine coated material should be in contact with pathogens for a longer
period of time.

The N-halamine based coatings or finishes provide antibacterial activity [48, 49].
They could be functionalized with different silanes and depending upon the carbon
chain length the hydrophobicity of textile could also be enhanced [50].

7.1.2 Quaternary Ammonium Compounds (QACs)

The quaternary ammonium compounds are the positively charged compounds. Usu-
ally these cationic agents are attached to anionic fabric due to electrostatic force
of attraction. QACs represents to a group with approximately 191 compounds
which mainly composed of long chain hydrocarbons (hydrophobic part) and other
hydrophilic counterpart. The basic structure is shown in Fig. 6. These QACs are
applied on natural and synthetic textiles for making them antibacterial and super-
hydrophobic [51–53]. The electrostatic force of attraction is basic mechanism of
antibacterial activity, due to which negatively charged bacterial come closer to the
QACs and then long chain hydrocarbons could penetrate into cell membrane caus-
ing the cell leakage and ultimately death of bacteria. So, antibacterial action depends
upon the chain length of hydrocarbons and perfluorinated group.

TheseQACs have been applied on textile tomake them effective against Staphylo-
coccus aureus and Escherichia coli. These organic silanes have been used along with
metal or metal oxide nanoparticles to make them superhydophobic and antibacterial
[54, 55].

7.1.3 Chitosan

Due to extensive research on properties of chitosan it has been considered as interest-
ing biopolymer with biological properties like: Non toxicity, biodegradability, bio-
compatibility, cytocompatibility, antimicrobial activity, antioxidant activity, haemo-
static action and anti-inflammatory action. Chitin and chitosan is a polysaccharide
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Fig. 7 Structure of chitosan
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which is consisting of different amount of β-(1 → 4)-linked 2-amino-2-deoxy-β-d-
glucopyranose and 2-acetamido-2-deoxy-β-d-glucopyranose residues [56, 57]. The
element composition of the chitosan polymer is carbon (44.11%), hydrogen (6.84%)
and nitrogen (7.97%). Chitosan with chemical structure shown in Fig. 7 is soluble in
acidic solution and free amino group on its chain are formed which generate positive
charge [58]. The antibacterial activity of chitosan is due to amino group present in
its structure [59].

Chitosan has been used as durable press finishing [60], antistatic finishing [61] and
functional properties like antibacterial activity could be imparted along with durable
dyeing [62] and the increased concentration of chitosan could be responsible for
more hydrophilic nature of textile [60] degree of acetylation of chitosan also have the
effect on microbe inhibition [63]. Anionic and cationic modification in some studies
have been done for enhanced corporation of functionality. pH sensitive chitosan
hydrogel have been applied for antibacterial activity against S. aureus and E. coli
[60]. Nanotechnology have been playing an important role due to its extraordinary
properties therefore, research has been conducted onmodification of textiles by nano-
scaled chitosan [64]. To increase effectiveness it has been used with zinc and silver
in the form of film and nanoparticles on the textiles [65, 66].

7.1.4 Halogenated Phenols (Triclosan)

The antibacterial agents also include bis-phenols the organic compounds exhibiting
antibacterial activity against a broad spectrum of bacterial strains. Triclosan and hex-
achlorophene are the maximally used antibacterial members, but, Triclosan (2,4,4′-
trichloro-2′-hydroxydiphenyl ether, Fig. 8) is most prevalent in toxicity against bac-
teria and fungi. Over last thirty years, the chlorinated bisphenol (Triclosan) has been
the most effective organic compound that has been used in health care products, cos-
metic, plastics and protective textiles. The antibacterial mode of action is mainly due
to biosynthesis inhibition of fatty acids because it could constrain the lipid biosyn-
thesis thus affecting the cell membrane [67]. Triclosan have been applied by using
cross-linkers like as (BTCA, CA on textile to make it antibacterial by pad-dry-cure
method. Very small concentration of it gives the effective results against different
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Fig. 8 Structure of triclosan Cl OH

ClCl
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bacteria and fungi with maximum durability upto 50 washing cycles [68]. The activ-
ity of triclosan could be affected by various acidic, basic and urine conditions [69].
It could be used in combination with other biopolymers for enhanced functionality
like antibacterial, durable press, antistatic property etc. [70]. Among silver, chitosan
and triclosan that were applied on textile by pad-dry-cure method separately. The
concentration of applied dispersion and pH affected the antibacterial action. And
the repeated laundering could reduce the action of textile. The silver is highly effec-
tive then triclosan and chitosan is least effective against Gram positive bacteria (S.
aureus) and Gram negative bacteria (E. coli) [70].

7.1.5 L-Cysteine

l-cysteine is an uncharged polar amino acid where the polarity is due to “R” groups
which are polar due to sulfhydryl groups and hydrogen of these sulfhydryl groups
in l-cysteine structure (Fig. 9) could be easily replaced by any radical for covalent
linkage with other molecular structure. It could damage the cells because it acts
as free radicals scavenger. Thus, this reactive compound is highly renowned for its
devastating effect against several metabolic functions occurring inside cells of large
number of microbes because it could affect various enzymatic reactions making it
potential organic antibacterial agent. However it’s antibacterial action is not clear and
still a room is available to find its mod of action against different microorganisms
[71].

l-cysteine have been used for textile functionalization to impart antibacterial
activity with greater durability due to covalent bonding with prospective biomedical,
pediatric and geriatric textile applications [72]. To increase the immobilization and
to enhance the antibacterial activity nanoparticles have been applied on l-cysteine
modified cotton fabric. Copper and silver nanoparticles have been used for differ-
ent researches and then durability and antibacterial efficacy of treated textiles was

Fig. 9 Basic chemical
structure on l-cystein
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analyzed [73, 74]. The l-cysteine could be covalently attached onto textile substrate
via esterification of OH-groups present at the surface of cellulosic material. On the
other hand, due to coordinate covalent bond formation between nanoparticles and
l-cysteine made it possible to adhere nanoparticles tightly with the textile [75]. The
l-cysteine have also been applied on wool fabrics to preserve its quality and to make
it antibacterial for different medical and healthcare applications [76].

7.2 Inorganic Antibacterial Bacterial Agents for Textiles

Killing of bacteria is referred as biological self-cleaning. Biological self-cleaning
textile is capable of killing bacteria attached to them. In last few decades trend is
moving towards antibacterial products because the environment is full of microbe.
There is a great need to develop products that offer protection against microbes.
Nanomaterials in particular nanoparticles of inorganic metals and metal oxides are
extensively used to functionalize natural, synthetic and regenerated polymers because
of their effective antibacterial activity against different bacterial strains. Researchers
worked on different polymers and different antibacterial agents to give antibacterial
property to textiles.

The antibacterial activity of contact active surfaces ismainly due to its topography.
If the surface has nanoroughness like presence of nanorods, nanoparticles or any other
nanostructure, the attaching bacteria on this surface will be killed due to penetration
of these structures into membranes which leads to its disintegration. This mechanism
is valid for all type of nanostructures whether they are inherently antibacterial or not.
Like surface structures of many butterflies are not inherently antibacterial but their
morphologies make them antibacterial [77, 78].

Nanoparticles can be applied by two methods to modify fabric as antibacterial.
Generally, first method involves direct deposition of metal NPs on the textile sur-
face by some electrostatic force. In this methods colloidal metal nanoparticles are
prepared using some reducing agent to reduce metallic salt to metal nanoparticles.
Then polymeric textiles are directly immersed in colloidal solution containing metal
NPs and are deposited on fibres as shown in Fig. 10b [79]. Sometimes surface mod-
ification of textile is done to enhance surface energy, to make surface rough so that
adhesion/affinity between fibre surface and metal nanoparticles can be enhanced to a
greater level. Plasma treatment [80], corona treatment [81], and enzyme treatments
[82] are done for this purpose. In second method, metal ions are adsorbed at the sur-
face, then, these ions are converted to metal NPs by UV radiation [83], heat treatment
[84] or by some chemical reduction method.

Currently NPs of silver [85], titanium dioxide [86, 87], silver bromide, zinc oxide
[88], gallium, gold, carbon nanotubes and copper oxide are being used as biocide
releasing antibacterial agents (Fig. 11) that kill bacteria before their access to the
surface.
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(a) (b)

Fig. 10 SEM image. a Untreated textile, b textile treated with NPs

Fig. 11 Category of inorganic based antibacterial agents applied on textile for desired efficacy

7.2.1 Silver Nanoparticles

Silver ions and nanoparticles are most frequently used antibacterial agents that are
integrated into fibers and onto fiber surface and have been reported for their most
effective antibacterial activity against bacteria, viruses, and eukaryotic cells [89, 90].
NPs showed more bactericidal activity compared to ionic or bulk material [91, 92]
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because of larger surface area of NPs that provides more interaction of antibacte-
rial agent with microbes per surface unit and due to penetration of nanostructures
in bacterial membranes. Silver has capability to attack the cell membrane and pen-
etrate through it, causing malfunctioning of bacterial cell respiratory system, thus,
responsible for the cells death [93].

Shateri et al. studied the antibacterial activity of silver nanoparticles deposited on
cationized cotton. Cationic agent (3-chloro-2-hydroxy propyl trimethyl ammonium
chloride) in presence of alkali (NaOH) was used to make ordinary surface of cotton
fibers cationic and increased affinity of cotton fibers for AgNPs that showed out-
standing antibacterial activity [94]. Yeo and Jeong [95] prepared bicomponent fibers
using polypropylene (PP) and AgNPs by melt spinning method. AgNPs were in core
and PP was spun as sheath of bicomponent fiber. But fibers didn’t show antibacterial
activity. The fibers in which silver was added in sheath showed superb antibacterial
property.

Dubas et al. [96] worked on layer by layer deposition of Ag NPs which
were stabilized with capping agent poly (methacrylic acid) PMA. The layer of
anionic poly (methacrylic acid) capped AgNPs was immobilized by cationic
poly(diallyldimethylammonium chloride) when silk and nylon fibers were coated
with these layers. Thus, rendering these fibers as highly antibacterial for different
applications. Wool fibres were also investigated for their antibacterial property by
direct deposition of AgNPs, at fibre surface reduction of metal salt was done by
reducing agent and trisodium citrate (TSC) was used as linker that bound AgNPs
with amino acid of keratin that is wool fibres protein. Along with antibacterial activ-
ity, AgNPs also gave surface plasmon resonance optical effect, enhanced electrical
conductivity and antistatic property to fibres [97]. In another approach AgNps were
applied on surface of silk fibres by hydrogen bonding [86].

AgNPs were fabricated by in situ direct metallization technique. The cellulose
membranes were treated with Aqueous AgNO3 solution. After washing, Ag+ ions
containingmembraneswere treatedwith solutionof reducing agents and somecolloid
protector under certain process conditions. These composite fibers showed superb
antibacterial activity [87]. To enhance the antibacterial effect, combination of dif-
ferent antibacterial agents have also been used. Silver loaded chitosan nanoparticles
when applied to textile showed enhanced antibacterial activity compared with only
chitosan nanoparticles applied textile because synergistic antimicrobial effect against
S. aureus bacteria was showed by silver loaded chitosan nanoparticles [98].

Surface modification of textile substrates with AgNPs and antibacterial activity
was explored by using sodium hydroxide at different concentrations. Alkali treated
cotton fabric was immersed in silver nitrate solution (AgNO3) and then chemical
reduction caused in situ AgNPs on fabric surface. Higher the concentration of NaOH
more was silver content at surface. Homogeneously distributed NPs at treated fabric
surface exhibited excellent antibacterial activity againstEscherichia coli and Staphy-
lococcus aureus. That procedure gave durable, superficial, cost effective method for
higher silver content on textile surface [89].
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In most recent studies electrospinning is fascinating technique for nanofiber fab-
rication. Researchers are developing electrospun nanofibers for different biomedi-
cal, filtration applications. Solution of cellulose acetate (CA) was direct electrospun
containing AgNO3 in small amount. Nanofibers containing Ag+ ions. AgNPs were
synthesized by direct UV irradiation of ultrafine CA fibers and stabilized by carbonyl
oxygen in CA, having strong antibacterial activity because of silver NPs and unre-
duced ions of silver [83]. In same way fibers chitosan/gelatin nanofibers containing
AgNPs were fabricated, only difference was that, instead of γ or UV irradiation
and heat treatment, AgNPs were synthesized by reducing agent like chitosan that
also act as stabilizer for silver NPs [99, 100]. Nano AgZ (Silver-loaded zirconium
phosphate nanoparticles) were added to PCL Poly(ε-caprolactone) and biocompat-
ible fibers were electrospun for medical applications with enhanced bacteriostatic
activities [90].

Carbon nanotubes Ag-coated CNTs were prepared by ultrasonic irradiation of
dimethyl formamide (DMF) solution containing multi-walled carbon nanotubes, sil-
ver acetate solution. Dry mixing of nylon-6 powder and silver coated CNTs was
done, throughmelt spinning prepared fibers had enhanced bactericidal property [91],
because single-walled and multi-walled carbon nanotubes are well known for their
antibacterial activity [101, 102]. Hence, CNTs have great potential for being used as
antibacterial agent, in textile industry.

Detrimental effect of AgNPs, when they are used as antibacterial agent is of
particular concern as they come in contact with human skin. Size and surface area
have direct effect on cytotoxicity of silver NPs in relation to concentration. If size
of AgNPs is 2–3 nm and concentration of colloidal silver is 100 ppm then, it has
devastating effect on skin [92]. But, if the colloidal concentration is less i.e. 10,
20 ppm, etc. then, it is less toxic compared to 100 ppm.

In vitro cytotoxicity of AgNPs having diameter of about 15 nm, was studied in
male mammalian mouse germline stem cells. This study showed that if AgNPs are
used in concentration more than 5 μg/ml, it reduced the cell viability and function
of mitochondria by increasing lactase dehydrogenase (LDH) [103]. Therefore, the
trend is moving towards less toxic nanoparticles for antibacterial characteristics of
fibers. ZnO, TiO2 and CuO nanoparticles are being used as a substitute of silver
for antibacterial characteristics. Photocatalysis is the main reason of bacterial inac-
tivation in case of all these nanoparticles. The schematic illustration of the whole
photocatlytic process in given in Fig. 12.

7.2.2 Copper Oxide Nanoparticles

In one study CuO NPs in crystalline form of monoclinic phase were developed and
adsorbed directly onto raw cotton fibers surface by ultrasonic irradiation of metal
hydroxide, which could be used as highly antibacterial raw material for protective
clothing, medical textiles, sportswear etc. [104]. Thin film formation of nanoscale of
metal by direct sputtering had also been done on textile to inactivate bacteria. When
Cu react with air O2, CuO formation occurred. Semiconductor CuO (p-type) have



Recent Advances in Development of Antimicrobial Textiles 145

Fig. 12 Schematic illustration of photocatalytic degradation of bacterium

1.7 eV band-gap energy. Electron hole pair is formedwith photon energies exceeding
the band-gap of CuO under irradiation. The excited e−s react with O2 forming O2

•−
radical [105], that is responsible for bacterial inactivation.

CuO + hν(<660 nm) → CuO
(
ecb

−, hvb
+)

(1)

CuO produced electron and hole pair (ecb−, hvb+) with photon energies greater
than band-gap energy of CuO as given in Eq. (1). Thus produced excited electron
(ecb−) can either react with (1) directly the atmospheric O2 forming O•−2 (Eq. 2)
or (2) by reducing the Cu2+ to Cu+ as shown in Eq. (3) that on reacting with O2

converted into CuO (Cu2+) [105] shown in Eq. (4).

CuO
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−) + O2 → CuO + O•−2 (2)

CuO
(
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−) → CuO
(
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(
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Overall reaction is given in Eq. (5). And generated O•−2 radical is responsible for
antibacterial activity.

CuO
(
Cu+) + O2 → CuO

(
Cu2+

) + O•−2 (5)
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In another study chitosan attached cellulose fibers were prepared and then soaked
in copper aqueous solution to make copper bound chitosan attached cellulose fibers,
reduction of copper into copper nanoparticles was done by using sodium borohy-
dride solution. These CuNP’s attached fibers have great prospective to be used as
antibacterial wound dressing because of having excellent antibacterial activity [106].

7.2.3 Titanium Dioxide Nanoparticle and Composites

TiO2 nanomaterials are focused due to their photocatalytic property [107, 108], this
photocatalytic activity of TiO2 provides active protection against bacteria. There-
fore, this attribute was investigated for propylene fibers. Here, composite Ag/ TiO2

nanocomposite filler were used for melt spinning of polypropylene (PP). Bio-
static effectiveness was excellent for Ag/TiO2/PP nanocomposite filaments [109].
In another antibacterial property investigation, nano-sol was prepared in which cel-
lulosic fibers were pressed through nano-sol to coat nano TiO2 on substrate. Fibers
showed substantial antibacterial activity in UV light, however, the activity was not
very effective in dark [110]. Synergistic effect of TiO2 and Cu nanocomposite film
made by direct current pulsed magnetron sputtering onto polyester and cotton fabric
was investigated [111]. When sputtering by direct current TiO2 sputtering of textile
material for 10 min was followed by direct current pulsed sputtering of Cu-layers
for 40 s. Due to band gap and band position the hole injection from CuO to TiO2

occurred, preventing e−-hole recombination of CuO that allowed holes in TiO2 to
inactivate Escherichia coli. Because of large difference between to valance band
(vb) a significant induced force was responsible for interfacial charge transfer from
CuO to TiO2. TiO2 holes (+) react with OH− group at surface of TiO2 releasing OH•

radical that inactivated bacteria (Fig. 13).
TiO2 nanowires alone and Ag-doped TiO2 nanowires were also applied on tex-

tile substrate to compare their antibacterial properties due to photocatalysis. TiO2

nanowires were fabricated by hydrothermal process using TiO2 NPs. Ag-doped TiO2

NPs and nanowires were synthesized by photo-reduction of Ag+ ions to Ag metal on
the surface of TiO2 NPs and nanowires. Different concentrations of PVPwere coated
on bleached cotton fabric was dip-pad-dry method. These treated and untreated fab-
ric samples were then applied with nano-sol containing TiO2 NPs and nanowires and
Ag-dopedTiO2 NPS and nanowires by pad-dry-curemethod. PVP acted as dispersant
and stabilizer forNPs andnanowires. Thefinished cotton fabricswere investigated for
their antibacterial properties. Sample pre-treated with highest concentration of PVP
that was finished with highest concentration of Ag-doped TiO2 nanowires exhibited
highest activity against different Gram-positive and Gram-negative bacterial strains
and fungi. Thus, a potential finished textile for medical and industrial applications
[112].

Ultrasound energy is used is sonochemistry for induction of some physical and
chemical change in medium via acoustic cavitation. TiO2 were deposited by ultra-
sonic mechanism onto cotton substrate. Use of ultrasonic irradiation for coating on
textile substrate is economic, simple, fast and “green” approach that does not involve
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Fig. 13 Schematic diagram of injection of charge during interfacial charge transfer between Cu
and TiO2 under visible simulated light and bacterial inactivation due to generated radical species
[111]

toxic materials. It was reported that reactive oxygen species due to photocatalytic
activity by visible light, are responsible for antibacterial activity against S. aureus and
E. coli. Optimization ofminimal effective concentration of the depositedTiO2 NPs on
the fabrics was done, that showed antibacterial activity [99]. The effect of enzymatic
pre-treatment on textile functionalities was investigated [100]. Due to hydrolysis of
textile substrate and introduction of new reactive groups, the adsorption of nano-
TiO2 on textile substrate increased. Proteases and lipases enzymes were used for
this surface activity of wool and polyester respectively. Pre-treated wool/polyester
was then immersed into ultrasound bath that contained TiO2 NPs and cross link-
ing agent butane tetracarboxylic acid (BTCA). Treated and untreated samples were
investigated for their activity against E. coli. It was shown that the treated sample
have superb activity because bacterial reduction was 100% when 0.75% TiO2 was
used and 99% when 0.25% concentration of TiO2 was used. This study clarified that
photocatalytic activity of TiO2 enhanced self-cleaning (chemical and biological).

To prepare nanocomposite for enhanced functionality of textile, chitosan was
used along with nano-TiO2. Novel chitosan/nano-TiO2 composite suspension was
prepared by inverse suspension technique, in which chitosan was dissolved in acetic
acid (2.5%) solution, then epichlorohydrinwas added in solution. TiO2 was dispersed
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for 15–20min in chitosan emulsion by ultrasonic vibrator. Three gauze samples were
prepared and treated with chitosan, nano-TiO2 and nano-TiO2/chitosan emulsion
hen their antibacterial assessment showed highest antibacterial activity for nano-
TiO2/chitosan composite emulsion. against E. coli, A. niger and C. albicans [113].
That was a new development of antibacterial green textile, to be used for medical
application especially for wound care.

7.2.4 Zinc Oxide Nanoparticles and Composites

Recently, ZnO has found applications in textile as antibacterial agent. It appears to
be promising functionalizing agent due to its selective toxicity towards prokaryotic
and eukaryotic [114]. It has been applied to textiles to render them antibacterial.
Different mechanisms may be involved for inhibition of bacterial growth or killing
of bacteria. First, due to structure of nanomaterial, because various nanostructures
can be grownon differentmaterials [88, 101]. Such structure disintegrate the bacterial
cellmembrane by damaging itmechanically, causing death of bacteria [102]. Second,
due to generation of oxygen reactive species like OH•, H2O2, O2

•−2 that penetrates
into cell membrane, inhibiting metabolic activities and later death of cell [115].
Another possibility is leaching of Zn++ ions that attach to the bacterial surface due to
electrostatic attraction as bacterial cell wall carries negative charge, inhibiting further
growth [116].

ZnO nanomaterials are applied on different textile substrates like polyester, cot-
ton, their blend etc. to impart multifunctional attributes. ZnO NPs of different size
were synthesized, polyester knitted fabrics was dip coated in nano-ZnO aqueous
suspension containing binder to enhance adhesion of NPs with hydrophobic surface.
The treated polyester fabric showed antibacterial activity up to 10 washes against S.
aureus and K. pneumoniae [37]. Instead of ZnO NPs Ashraf et al. [117] function-
alized polyester fabric by the growth of ZnO NRs using hydrothermal fabrication
process. ZnO NPs were coated on plasma modified textile substrate by pad-dry-cure
method, to make seeded fabric. Fabric was dried at 120 °C for 2 min and then cured
at 170 °C for about 8 min. Then, ZnO NRs were grown on seeded fabric, by placing
fabric in reagents solution at 90 °C for 4 h. Qualitative and quantitative antibacterial
assessment showed high efficacy of ZnO NRs against bacterial strains S. aureus and
E. coli. Tomakemulti-functional textile that was used as biosensor or pesticides, ZnO
NRs were grown on conductive textile substrate consisting of silver (55%) and nylon
(45%). Zinc acetate and potassium hydroxide (KOH) solution was made in methanol
at 60 °C temperature for 2 h by continuous stirring. Textile sample was heated at
100 °C in prepared solution to make seed over which the ZnO NRs were grown in an
oven at 90 °C for about 6 h, then, cleaning and drying of finished conductive textile
was done. ZnO NRs based functional textile exhibited excellent photocatalytic and
antibacterial activity along with sensing properties. Such concept of smart textile
for wearable sensing without any odor and bacterial growth was given first time by
Hatamie et al. [118], after the commercially available silver based product that is con-
sidered hazardous to health because of its toxicity [107]. For biomedical application



Recent Advances in Development of Antimicrobial Textiles 149

NPs are frequently used, by incorporating them in dope for wet spun fibers. ZnONPs
were electrospun with sodium alginate as absorbent polysaccharide and polyvinyl
alcohol as fiber forming additive agent to produce highly antibacterial fiber. Such pro-
duced fibers were operative for wound dressing against Staphylococcus aureus and
Escherichia coli. ZnO being effective agent against these bacterial strains provided
least toxicity [108]. Nanofibers incorporated with nanoparticles are made to use for
biomedical applications. Mostly silver and ZnONPs have been used for antibacterial
efficacy against different strains of bacteria [119, 120]. These nanofibers are super-
absorbent, better mechanical and antibacterial properties because of their novel and
differentiating properties due to higher surface to volume ratio and extremely small
size.

Chitosan is abundantly available natural polysaccharide known for its activity
against various microorganisms. Therefore, hybrid metal nanoparticles are prepared
with this polysaccharide to increase antibacterial activity symbiotically. AbdElhady
[121] synthesized ZnO/chitosan nanoparticles at different temperatures and differ-
ent concentrations. These ZnO/chitosan NPs were applied on cotton fabric by pad-
dry-cure method. After padding dried for 10 min at 100 °C then cured for 5 min
at 170 °C. Washed and finished cotton fabric presented exceptional antibacterial
activity against Gram-negative and Gram-positive bacteria along with significant
enhancement in UV-protection. In another study ZnO/carboxymethyl chitosan bio-
nanocomposite were applied as finishing agent to the cotton fabric by pad-dry-cure
method. Dipping of fabric was done for 15 min and dried at 100 °C for 15 min
and cured at 160 °C for 3 min. Thorough washing with water and drying of fabric
was done [122]. One step sonochemical coating process was used for deposition of
ZnO/chitosan hybrid NPs on cotton fabric to evaluate their antimicrobial properties
against Staphylococcus aureus and Escherichia coli. Combination of chitosan and
ZnO resulted in increased activity compared to individual chitosan and ZnO NPs
application of textile. Biopolymer like chitosan not only increased antibacterial effi-
ciency but durability of applied finishing agent was augmented. Such finished textile
could be useful in hospital environment to prevent microorganism growth and spread
of infections [123]. Ag:ZnO/chitosan nanocomposite finish was prepared by sol-gel
process using 3-glycidyloxypropyltrimethoxysilane (GPTMS) and tetraethoxysilane
(TEOS) in two steps, in another study. Solution of chitosan in acetic acid (1%) was
prepared then ZnO, Ag doped ZnO NPs or AgNO3 were added to the prepared
solution with functionalization agents GPTMS and TEOS. Due to hydrolysis and
condensation of ethoxy and methoxy groups of GPTMS and TEOS in chitosan solu-
tion organic/inorganic hybrid sol formation occured. Scoured and bleached blend
(cotton/polyester) fabric was applied with this hybrid sol by pad-dry-cure method.
Significant bacterial reduction was observed against M. Luteus and E. coli. Such
treated fabric was strongly recommended for potential applications in medical for
infection prevention during wound healing and burns [124].

Similarly, different antibacterial agents have beenused alongwithZnO to fabricate
different nanomaterials. To get synergistic activity against microorganisms and to
reduce toxicity level of individual compound combination therapy is practiced [101].
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In the study used chalcones (E)-3-(4-hydroxyphenyl)-1-(4-methoxyphenyl) prop-2-
en-1-one are antibacterial agents that along with ZnO were used to prepare flowers
like nanorods. Acacia arabica was used as binder. Cotton fabric was immersed in
solution containing chalcones, ZnO and acacia arabica for 5 min to coat them on
textile by dip-pad-dry method. 99% bacterial reduction against S. aureus, E. coli, P.
aeruginosa of treated cotton was observed. That was first study reported on bacterial
reduction by using chalcones, ZnO and acacia arabica by Sivakumar et al. [101].

Natural plant based antimicrobial agents, due to the safety and their functionality
are gaining more attention of researchers than synthetic or inorganic antimicrobial
agents.

7.3 Plant Extract Based Organic Antibacterial Textile

Plant have been a rich source of antibacterial agents and usually they have been used
for the treatment of many human infections [125]. In different cultures and regions
about 60–90% of diseases are cured by using different plants derived medicines and
their crude extract [126]. Different phytochemicals like phenolic compounds (tan-
nins, flavonoids, stilbenes, quinines, lignans and coumarins), terpenoids and nitro-
gen compounds (betalains, alkaloids and amines) [127] contain substantial antioxi-
dant activity providing significant antibacterial, antifungal, anti-inflammatory, anti-
carcinogenic [125, 126] and antiviral action have been sourced by medicinal plants.
Instead of synthetic drugs now, world has been moving towards the naturally occur-
ring antimicrobial drugs to heal the infections, because they can be easily extracted
from the plants and their further purification can produce benign and certainly active
medications. That’s why natural drugs have been replacing now the synthetic drugs
to mitigate the adverse side effects of synthetic medication. The plant extracts and
essential oils that exhibit antibacterial activity, mainly come from different parts of
plants like leaves, trunk, roots, flowers, seeds, bark etc. Different plant extracts have
been used to treat the textiles to resist microbes in the field of health care and medical
products because of their ecofriendly, human and skin friendly, non-toxic nature.

7.3.1 Aloe Vera

Aloe vera plant of genus Aloe belongs to family Asphodelaceae originated from
“Arabian Peninsula” has been used in many human useable products like cosmet-
ics, beverages, ointments and skin lotions etc. because of being safe and effective
against different microbes. Due to presence of about 75 many active compounds
[128], including minerals, essential amino acids and different vitamins, enzymes,
anthraquinones, hormones, it has been used in many skin care products, traditional
health care products for burn wounds and infectious wounds since last 2000 years.
Aloe vera comprises of 6 disinfectant and antiseptic ingredients that are responsible of
antifungal, antibacterial, and antiviral properties i.e. phenols, urea nitrogen, Lupeol,
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cinnamonic acid sulfur and salicylic acid. Aloe vera contains different polysaccha-
rides including acetylated mannan (β(1,4)-acetylated mannan, Fig. 14) which is also
known as acemannan has antifungal, anti-inflammatory, immunostimulant and anti-
tumor attributes [129]. Due to extravagant antiseptic characteristics it could be used
for medical textiles like, surgical gowns, absorbable and non-adorable sutures.

Different researches have made attempts to apply the Aloe vera gel and its extract
on textile to make it antimicrobial due its awesome antiseptic properties and their
application has been done by coating and pad-dry-cure method by using different
cross linkers to get maximum efficiency with certain durability. Due to application of
Aloe vera gel by pad-dry-cure method the whitening index could be less affected as
compared to coating of gel. Also, along with antibacterial properties softness can be
enhanced due to inherent softening attribute of Aloe vera. Highest the concentration
of applied gel higher would be the antibacterial efficacy as investigated by Ibrahim
et al. [130].When a combination ofAloe vera, chitosan, and curcuminwas applied by
exhaust technology, on cotton, wool and rabbit hair to investigate the antimicrobial
activity. Results showed that peroxide treated cotton fabric and formic acid treated
wool/rabbit hair substrates demonstrated better antibacterial activity. The efficacy
of Aloe vera increased when used in combination with chitosan and curcumin as
compared when applied alone. The treated textiles showed durability up to twenty
washings [131].

Ali et al. [38] developed antibacterial cotton fabric by application of Aloe vera gel
using 1,2,3,4-butanetetracarboxlic acid (BTCA) crosslinker. Application was done
by pad-dry-cure method. The treated fabric showed antibacterial activity against
both Gram-positive bacteria (S. aureus) and Gram-negative bacteria (E. coli) (2014).
Different extraction methods have been used for separation of antibacterial agents
by using organic solvents. The efficiency of antibacterial agent is also dependent
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upon the solvent used and the extraction method and functional textile fabric could
be developed with excellent performance against bacteria to be used for medical
textiles [132]. Ayyub et al. [133] studied the synergistic effect of different extracts
by developing the durable antibacterial textiles. Aloe vera gel and Neem extract were
separately applied and their functionality was examined antifungal property against
Aspergillus niger and antibacterial activity against strains i.e. E. coli and S. aureus.
And the composite finish showed better results than separate application of each
agent.

Inherent andmechanical properties of treated textile are affected by the application
of Aloe vera extract. This was studied by Hein et al. [134] and antibacterial testing
was performed for Gram-positive bacteria (S. aureus, B. subtilis, and B. pumilus)
and Gram-negative bacteria (Pseudomonas, Candida, and E. coli). Best results were
obtained against Pseudomonas and E-coli, while, finished fabric have shown fair
enough activity B. subtilis and B. pumilus. But, in case of S. aureus and Candi
bacterial strain, the treated fabric could not resist the bacterial growth. Similar to
cotton textiles, the silk textiles are also prone to microbes due to their hygroscopic
nature. Therefore, antibacterial treatment of silk textiles is also needed. Combination
of organic and inorganic antibacterial agents could be used for enhanced activity
against microbes. A study was conducted in which Silver NPs and Aloe vera gel have
been used along with BTCA crosslinker to treat silk fabric. Excellent antibacterial
activity was shown against S. aureus and K. pneumoniae bacteria with durability up
to 5 washing cycles [40].

7.3.2 Neem

Pant from Genus zadirachta, which is known as Neem (Azadirachta indica) or mar-
gosa belongs to family (Meliaceae), Mohagny. It is mostly found in Pakistan, Mal-
dives, India, Sri-lanka, Bangladesh and Nepal, as well as in some parts of America
and Africa, is well appreciated as a medicinal plant to be used in folk medicines, cos-
metics, and organic farm applications (pest and insect control) due to its antiseptic,
antifungal, antibacterial, antiviral, antidiabetic, sedative, anthelmintic, and contra-
ceptive properties [119, 120]. The active compounds are found mostly in all parts of
plant including leaves, fruit, seed, roots, flowers, twig, gum and bark. From where
its extract or oil has been obtained to cure different human diseases from ancient
times to the modern age. More than 700 Neem based products have been used in
Amchi, Siddha, Ayurveda, Unani, and many other traditional health care remedies
especially as skin related medicaments. Because of being organic material it is safe
with its extraordinary attributes but, its long-term use can cause some side effects.
Neem tree consists of more than 250 active ingredients but, the most active com-
pounds obtained from different parts of tree are nimbin, azadirachtin, and salannin
[135] and nimbin with chemical structure shown in Fig. 15 is most prevalent due to
its antibacterial activity.

Different classes of antimicrobial compounds and their extract found their appli-
cation in textile industry [136]. Neem extract have been used widely to inhibit the
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Fig. 15 Chemical structure
of nimbin (active limonoids
present in neem giving
antimicrobial property)

O

O

H
O

H

O

O

O

O

O

O

growth of different bacterial strains, and currently many researches have been trying
to impart antibacterial characteristic to textiles by using it alone or in combination
with other organic and inorganicmaterials. Direct application ofNeemoil and extract
or in the form of microencapsulation it has been applied onto textile by pad-dry-cure
method and by exhaust method. It was investigated by Ganesan and Vardhini [137]
that the microencapsulation technique is more durable than direct method of appli-
cation of an extract. And the functionality of fabric against bacteria (S. aureus and
E. coli) would be more for longer time period in case of microencapsulation up to
15 washing cycles.

Blend of cotton/polyester textiles was applied with Neem seed extract by using
cross-linker glyoxal/glycol to investigate its efficiency against Bacillus subtilis and
Proteus vulgaris bacteria by Joshi et al. [39]. Quantitative antibacterial analysis
showed that antibacterial activity was higher for Bacillus subtilis than Proteus vul-
garis. 90% growth inhibition was observed for treated textiles. They conducted
similar study, in which Neem bark and seed extract was applied on textile with
a crosslinker using microwave cure method. It was investigated that seed extract
treated textile was more durable than bark extract treated textile without significant
change in mechanical properties [138].

The materials at nano scale show better results because of their larger surface
area and higher surface energy leading to better adhesion with the textile substrate
increasing the durability for longer functionality. In another study, nanocomposite
of Neem and chitosan was developed by emulsion and solvent evaporation method
and applied on cotton fabric for protective clothing. The spherical shaped nanocom-
posite of Neem and chitosan with size 50–200 nm exhibited excellent antibacterial
activity against bacteria which was higher than alone Neem and chitosan [139].
Another researcher condensed extracted Neem oil into micro and nano Neem oil by
using different emulsifier and then applied on textile. The developed textiles showed
tremendous antimicrobial activity against bacteria image [140]. The antibacterial
activity of could be enhanced by developing composite finish of different organic
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antibacterial agents. Neem and Aloe vera could be a good combination of antibacte-
rial agents to inhibit the growth of bacteria. A research work was reported in which
different concentrations of Neem and Aloe vera were used to coat the fabric sep-
arately. The hybrid combination was found very active against fungi and bacteria
compared to alone Aloe vera and Neem with moderate washing durability [141].

Along with antimicrobial activity the Neem extract could be used as natural
dye. Various green shades could be attained with the use of different mordant.
Polyurethane based fibers were dyed by Patel [142] and then K/S values were deter-
mined digitally. The dyed fabrics showed moderate to hood fastness to rubbing, light
and washing along with encouraging results of bacterial inhibition. Similar work is
presented by Inprasit et al. [143]. In which tannin-rich natural dye was extracted at
65 °C by Soxhlet method, from Neem tree bark and antibacterial agent from leaves
using organic solvent. The hemp fabric was dyed with this extracted dye giving high
color strength (K/S value) at high temperature and higher concentration for a longer
period of dyeing time. The reddish brown fabric reduced 99.9% of the S. aureus
bacteria with dye fastness to washing, water and perspiration. Patel and Pratibha
[144] found that the natural antimicrobial agents are better than hazardous synthetic
antibacterial agents. For this purpose natural dyes and antimicrobial agents extracted
from bioactive plants were used for finishing of textile for medical applications.
Herbal extract application made woven and nonwoven fabrics resistant against bac-
teria. Effect of organic and inorganic antibacterial agentwas also compared byRajput
et al. [145] for baby diapers. ZnO NPs, TiO2 NPs, and Ag NPs were applied on baby
diapers and compared with the diapers coated with natural extracts of Turmeric,
Tulsi, Aloe vera and Neem. It was reported that the natural ingredients showed the
results of antimicrobial effects similar to inorganic agents showing the cost effective,
and human-friendly diapers.

7.3.3 Tulsi Leaves

Ocimum tenuiflorum belong to family Lamiaceae (mint family) is commonly known
asTulsi or holy basilwith aromatic leaves,which is known for its religious andmedic-
inal importance. It contains many phytochemicals like, oleanolic acid, ursolic acid,
rosmarinic acid, eugenol, carvacrol, linalool, β-caryophyllene (about 8%), and the
essential oils of Tulsi contains eugenol (70%) β-elemene (~11.0%), β-caryophyllene
(~8%), 2-methoxy 4-(1-propyl) phenol (2.65%), 1,4-diethyl benzene (1.03%), ger-
macrene (~2%), (2.01%) essential oil of Tulsi and vanillin (1.27%). Tulsi leaves and
essential oils have properties like insecticide, antiviral, expectorant, antiprotozoal,
antifungal and antibacterial. The antimicrobial activity of Tulsi is most prevalently
due to eugenol (Fig. 16a), and also due to alpha terpinol (Fig. 16b) and gamaterpine
(Fig. 16c) compounds presents in it.

Some physicians have been applying different plants after grinding and forming
their smooth paste to treat skin diseases. Cotton, bamboo and soybean fabrics have
been coated with different natural extracts such as lemon grass, Aloe vera, Tulsi,
kadukai, karpuravalli and vettukayathalai to make textile good antibacterial [146].
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Fig. 16 Chemical structure. a Eugenol, b alpha terpinol, c gamaterpine

Tulsi leaf extract is an effective bioactive mediator that is being applied on cot-
ton and polyester/cotton fabric to make antibacterial. To enhance the affinity with
textile, cross linking agents have been used. A study was conducted in which dif-
ferent concentrations of leaf extract by using cross linking agent glutaraldehyde
catalyzed by sodium hypophosphite were applied on polyester/cotton blend fabric.
The treated fabric showed antibacterial activity against S. aureus and E. coli. Bend-
ing andmechanical properties were decreased while improvement of crease recovery
was observed after application of natural herbal extract [147].

Some researchers have been applying softeners to improve the physical proper-
ties of textile along with imparting the antibacterial activity. In this way the effect
of herbal extract on textile has been minimized. A study was conducted in which
cotton fabric was modified with cationizing agent and then modified cotton was
treated with different concentration of Tulsi and Neem extract in presence of silicon
based softener. Excellent antibacterial textile was developed with minimum effect
on properties like tensile strength, bending, elongation and roughness [148].

For controlled release of extracts from textile they have been applied in the form
of microcapsules. Numerous extracts like Tulsi, Neem, and Turmeric have been
encapsulated in some polymeric shell and then application of these microcapsule
have been done by conventional pad-dry-cure method using binder to make silk
textile effective against different bacterial strains like Pseudomonas aeruginosa,
Escherichia coli, and Staphylococcus aureus [8].
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7.3.4 Turmeric (Curcumin)

Tumeric have been used since last many years as natural coloringmaterial because of
possessing properties such as biodegradable, non-allergenic, non-toxic and remark-
able antibacterial activity. Turmeric with botanical name Curcuma longa L. belongs
to family Zingiberaceae. It is originated from India but now found in most area
like southern Asia and throughout the tropics. Curcumin is the major ingredient
(Fig. 17) of Turmeric with other minor ingredients like bisdemethoxycurcumin and
demethoxycurcumin having biological attributes like antibacterial, anti-fungal, anti-
cancer, anti-inflammatory, and healing [149, 150]. In recent years, due to these char-
acteristics throughout the world they have grabbed a significant attention of medi-
cal and textile researchers. Curcuma longa L. with core phytochemicals (1,7-bis(4-
hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) have been applied on textile
for dyeing and antimicrobial characteristics.

Several studies have been conducted in which curcumin have been proven as
antibacterial, antiviral, antifungal, and insect repellent. Also, it has been widely
accepted suitable antimicrobial agent for textiles [151, 152]. Silk fabric was died
with Turmeric and in pre-metallization process the Copper sulfate, ferrous sulfate
and potassium aluminium sulfate were used as mordant. Antibacterial silk textile
was prepared in which direct relation was found between degree of antimicrobial
activity and metal ion concentration. The mordant dyed textiles showed excellent
antibacterial activity against E. coli and S. aureus an desired color fastness was
obtained [153].

Cotton fabric was modified with chitosan and enzyme [152] and then dyed with
curcumin. The dyed cotton showed enhanced antibacterial activity and desirable
color. The study was reported to show enhanced durability of curcumin on cotton
fabric along with more dye uptake. Silk fabric was died in the same way with various
concentrations of curcumin and using different mordants (ferric sulfate, cupric sul-
fate, and potassium aluminum sulfate). Then the developed silk fabric was assessed
for bacteriostatic property against Gram-positive and Gram-negative bacteria. The
results showed that Turmeric died fabric have excellent antibacterial activity and
enough durability to washing [151]. Researchers have been finding the ways to
improve the functionality of textiles by combining the curcumin with other natural

Fig. 17 Chemical structure of curcumin
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antibacterial agents. Combination of chitosan and curcumin was applied on viscose
fabric and then the adsorption/desorption of compounds was analyzed. The adsorbed
curcumin enhanced the antibacterial efficiency of already established antibacterial
performance of chitosan [154].

At nanoscale the properties of material could be enhanced too many folds. There-
fore, nanomaterials and nano-emulsions have been applied to textile for greater func-
tionality. Curcumin nano-emulsions have also been applied by exhaust method using
crosslinkers i.e. β-cyclodextrin and polycarboxylic acid and antibacterial activitywas
assessed by using both standards AATCC 147 and AATCC 100. The results were
positive for the treated textiles with greater adhesion and potential to be used in
wound care management as medial textiles [155]. To improve the antibacterial activ-
ity, curcumin could be mixed with other organic and inorganic antibacterial agents
for development of antibacterial textiles. In this way dyeing and finishing of fabric
could be done in single step by conventional pad-dry-cure method. Turmeric dye,
chitosan/TiO2 composite nanoparticles were applied on textiles by using crosslink-
ing agent (citric acid) in presence of sodium pyrophosphate catalyst. Under optimum
conditions of all (w/v) such as TiO2 (0.75%, w/v), Turmeric dye (10% dye, w/v),
chitosan (2.5%, w/v), citric acid (30 g/L), sodium pyrophosphate (4 g/L), drying tem.
(70 °C for 5 min.) and curing temp. (180 °C for 2 min), the treated fabric showed
significant improvement in self-cleaning, color fastness and antibacterial properties
[154].

7.3.5 Tobacco Leaf

The herbaceous plant tobacco (Nicotiana tabacum) that is native to tropical and
subtropical America has been cultivated in most parts of world due to its properties
like narcotic, antiseptic, sedative, emetic and antispasmodic. This plant belongs to
family Solanaceae and leaves are rich in several bioactive phytochemicals/phenols.
Also, Nicotine has been extracted from the leaves that is zinc associated and showed
antibacterial active against many bacterial strains [156]. The flavonoids of Nicotiana
tabacum contains free radical scavenging capability to ascorbic acid and superoxide
ions due to which it possess antioxidant activity [157]. The antioxidant and antibac-
terial activity of tobacco plant is well known. However, no much research work have
yet been reported showing the antibacterial activity of textiles imparted by polyphe-
nols of Nicotiana tabacum.Duangsri et al. [158] developed ecofriendly antibacterial
finish from extract by tobacco leaves and applied on cotton fabric. The inhibition
activity against E. coli and S. aureus confirmed the antibacterial activity of polyphe-
nol extracted from tobacco leaf. There is still a room to explore the antibacterial
properties of tobacco plant after their application on different textile materials.
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Fig. 18 Chemical structure
of terpinen-4-ol

7.3.6 Tea Tree

Melaleuca alternifolia is Australian native tree that is known for its antimicrobial
properties and the Tea tree oil is an essential oil that has been obtained from leaves
of Tea tree by steam distillation. It has been used as a remedy for many diseases in
Europe, North America and Australia. Now it has been widely accepted medicinal
plant all over the word due to its antiseptic properties against infections. Tea tree oil
is effective against different bacterial strains such as P. aeruginosa, E. coli, Proteus
microbilis, S. auresus and P. vulgaris, etc. Along with many other compounds the
terpinen-4-ol (Fig. 18) present in oil is mainly responsible for most of antibacterial
activities [159].

Due to antimicrobial and antiseptic properties, it has been used asmedicinal plants
in cosmetics since last many years [160]. It has also found its application in textiles
and have been applied on as nanospheres and microcapsules for controlled release
of encapsulated drug. High pressure homogenization technique have been used for
making nanoparticle’s dispersion and then their application on nonwoven by spray
method made them antibacterial that could be used for feminine hygienic products
[161]. These essential oils could be encapsulated in some wax or wax/chitosan shell.
Then could be applied on material to impart antimicrobial characteristics with con-
trolled release of Tea tree oil against S. aureus and E. coli [162]. Tea tree oil can
also be used for bandages and wound dressings and it could also be used for textile
applications alone or in combination with other organic and inorganic antibacterial
agents. All the plants described, there antibacterial active agents and the bacterial
strains against which they show antibacterial activity are given in Table 2.

8 Conclusion

Most promising organic and inorganic antibacterial agents that have been used for
antibacterial textiles are discussed in this chapter. These agents in crude form, as
micro or nanoparticles and in the form of microcapsules attached with the textile
substrate. They could be strongly or loosely bound depending upon the nature of
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Table 2 Plant used for antibacterial textile, active antibacterial agents and the bacterial stains
against which plants show antibacterial activity

Sr.# Botanical
name

Antibacterial
agent

Bacterial strain and
fungi against which
plants show activity

Plant

1 Aloe vera Acemannan Aspergillus Niger, S.
aureus, B. subtilis,
B. pumilus,
Pseudomona, K.
pneumoniae

2 Neem Nimbin Bacillus subtilis,
Proteus vulgaris,
Staphylococcus
aureus, Escherichia
coli

3 Tulsi Euginol,
alpha
Terpinol and
Gama terpine

Staphylococcus
aureus, Escherichia
coli and
Pseudomonas
K. pneumoniae, and
Pseudomonas
aeruginosa

(continued)
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Table 2 (continued)

Sr.# Botanical
name

Antibacterial
agent

Bacterial strain and
fungi against which
plants show activity

Plant

4 Tea tree Staphylococcus
aureus, Escherichia
coli, Streptococcus
pyogenes,
Salmonella
Typhimurium,
Pseudomonas
aeruginosa,
Helicobacter pylori,
Proteus vulgeris,
Proteus mirabilis

5 Turmeric Phenolic
compounds
(Curcumin)

Salmonella
typhimurium, S.
epidermidis,
Staphylococcus
aureus, Bacillus
subtilis, Escherichia
coli„ Pseudomonas
aeruginosa, and E.
coli, B. coagulans,
B. cereus, A.
hydrophila

6 Tobacco
leaf

Polyphenols
(chlorogenic
acid and
rutin)

Escherichia coli,
Staphylococcus
aureus and Bacillus
subtilis,
Micobacteriumphlei,
Candida aldicans,
Cryptococcus
neoformans

antibacterial agent, textile substrate, attachment process, and process conditions. As
far as the antibacterial finishing concerned their environmental impact is as important
as their functionality. Therefore, their health and safety concerns must be taken into
account before their efficient application on textiles. Here in this chapter inorganic
and plant based (herbal) organic antibacterial agents, and their application methods
have been presented in details. Still there is a great need for intensive research on
herbal based antibacterial agents to be applied on various natural and synthetic textile
substrates.
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Advances of Textiles in Tissue
Engineering Scaffolds

Pallavi Madiwale, Girendra Pal Singh, Santosh Biranje
and Ravindra Adivarekar

Abstract Tissue engineering is the union of engineering and life science principles
in the development of biological substitutes for restoration, maintenance or improve-
ment of tissue function or a whole organ. Scaffold provides a location for cells to
attach, to proliferate in three dimensions, distinguish and secrete an extra-cellular
matrix, ultimately leading to tissue formation. Textile technologies have recently
attracted great attention as potential bio-fabrication tools for engineering tissue con-
structs. As varied the field of tissue engineering is so is the variation required for the
preparation of these scaffolds. In this chapter, the use of current textile technologies,
advanced designing of textile structures are discussed to attain the required properties
that are demanded by different tissue engineering applications. It covers advances in
fibre construction, surface properties and materials which are further used in synergy
for development of scaffold and tissue engineering and their properties. It covers in
depth the use of the primary textile fibres like wool, silk, cellulose and polyester
in this emerging field of tissue scaffolds. It also emphasizes on their production for
commercial usage and their future challenges and further opportunities.

Keywords Medical textiles · Tissue engineering · Scaffolds · Bio-fabrication ·
Textile fibres

1 Textiles in Medical Field

The world of technology has become boundary-less and the merger of various dis-
ciplines of technology has given astounding results for benefit of human kind. One
such union is of medical field and textiles. Textiles are used since stone-age in the
form of wound dressings. Surgical papyrus has the first recorded use of fibres as a
medicine as long back as 4000 years.
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Textile materials like leather strips, horse hair, cotton fibre, animal sinew and tree
bark have been used since 2500 years as medicine as reported in “Susanta Sambita”.
Variety of medical applications of textile has been ventured with the time [1].

Textile has awide range of applications inmedicine ranging fromnon-implantable
materials like wound care materials, prosthetic socks, bandages, pressure garments
adhesive tapes, orthopaedic belts, medical gowns, sanitary pads and eye pads. The
market medical textiles in developed countries due to age factor and in develop-
ing countries are due to socio-economic changes and technical advancement in
implantable materials, tissue engineering and spinal implants are contributing fac-
tors for exponentially increasing growth [2]. The advancement and sophistication in
the usage of textiles has only evolved for the betterment of the medical world. The
presence of very few market players forces the global medical textile market to be
consolidated in nature. The global completion in the medical textile industry is very
high with Germany ranking first of the global export followed by India, China and
U.S. The global demand of medical textile is increasing with the combination of
increased demand in developed and developing economies across the globe. How-
ever production ofmedical textile products is geographically concentratedwhile very
few market players are driving the market. Skilled labour, lower manufacturing cost,
availability of raw material are the driving forces which can create opportunity in
new markets with increase in competition of existing market as well [3].

2 Textile Forms Used in Medical Field

Crucial properties of textile material such as tensile strength, flexibility, air and
moisture permeability and wicking render a textile material suitable for the medical
application. The end application of the material decides the material to be used to
produce medical textile product. However, all the textile fibres cannot be used as
medical textile products. Significant desirable properties required in the fibres to be
used in medical textiles are non-toxicity, sterilizability, biocompatibility, biodegrad-
ability, absorbing ability, softness and it should be additive and contaminants free [4,
5]. The field of medical textiles is wide spread [6]. Medical technology is witnessing
developments in terms of the use of fibres. Many textiles are been utilised having
properties such as high absorbability or, non-absorbable, biodegradable, or non-
biodegradable, or resorbable in the body. The medicinal products used are in various
forms like implantable and non-implantable materials, extracorporeal devices, health
care and hygiene. The use of textile and textile scaffolds in surgery and medicine
has made the medical field inseparable from textiles. The global market of medical
fabric can be divided into non-woven, woven, knitted and others (braided) based on
manufacturing technique. The non-woven fabrics dominate the medical textile field
contributing 64.29% of global market in 2018 in terms of volume. It is projects to
grow at 5%CAGR, fastest among all, over the forecast period. The non-woven fabric
is having superior properties in terms of disposability, less contamination, cost effec-
tiveness and better performance. Woven fabric has the second largest contribution in
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total volume of medical textiles i.e. 15.38% globally in 2018 and expected to reach
491.8 k tons by 2015. The typical applications of woven fabrics are hospital and
surgical clothing, wound contact layer, bandages and artificial tendons. The manu-
facturing process of woven fabric is economical and requires less trained labour as
compare to other fabric manufacturing processes thus expecting growth in demand.
The knitted fabric was valued USD 2130.1 millions in 2018 in terms of revenue,
expecting good rate of growth over the forecast period. Application of knitted fabric
in medical fields are in implantable devices, surgical mesh, hernia repair prolapsed
devices, surgery meshes in reconstructive or cosmetic surgery [2].

3 Tissue Engineering Scaffolds and Textiles

The advancement in this technological world has enabled us to engineer the tissue,
cartilages, bones, nerves, skinwhich are damaged or not reusable. These damages can
be recovered by replacing them with artificially engineered tissues. The engineering
of these tissues is a compound process. The process requires the contribution of
engineering field along with biology and medicine. The textile discipline plays very
important role in the tissue engineering.

Tissue engineering can be explained as the generation of three dimensional (3D)
artificial tissues. This 3D material help in the regeneration of body tissue and the
development of cell based substitute in order to restore or reconstruct the damaged
or improve tissue functions in human body. The replacement is done today predomi-
nantly by organs or tissues of donating person. The donors available for the required
organs are very limited. Also the response of the immune system of the patient to the
donor’s organ is often very critical and the chance of rejection of the donated organ
or tissue by the immune system of the patient is predominant. For these reasons, the
rate of successful implantation of the organ or tissue is very low. The engineering of
the tissues has made it possible to overcome immune system response by using the
cells grown from the host or patient tissue. Also the shortcoming of availability of
donor is addressed by engineering the required tissue.

Engineering of tissues consist of three sections- regenerating the tissues; repair-
ing the damaged tissues by stimulating the tissue at a cell or molecular level and;
replacement of the tissue by a biological substitute that is created in the lab and
implanted to replace the tissue or organ of interest. This engineering includes an
elemental step that is growth of the required tissue in external environment. For the
growth of the required tissue there is need of a structure to provide a support for
growth. This support structure is called as scaffold. The scaffold is known to be as
support for tissue growth or load bearing structures or temporary substrate for cell
adherence. Some structures are also used as permanent reinforcement in the tissue
where they form permanent part of body. These structures provide assistance and
support to cell/tissue in growth till they acquire their original shape and strength.
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The materials used in tissue engineering as scaffolds form a crucial part of tissue
engineering. The materials to be used depend on the need of the scaffold and the part
of the body in which the scaffold is to be deployed [7].

Scaffold is a three dimensionalmaterialwhich act as supporting structure for tissue
regeneration. An accurate scaffold should have microstructures to enhance cellular
attachment, proliferation and differentiation and proper surface chemistry. The scaf-
fold should have mechanical strength and biodegradability without producing any
undesirable by products [8].

The scaffold thus is a structure which acts as a skeleton for the growth of seeded
cell to attach, proliferate and differentiate. The scaffold is also known as a carrier for
cells, growth factors or other bio-molecular signals.

Cells of which the tissue or organ is to be regenerated are expanded in culture and
seeded onto a scaffold that will slowly degrade and resorb, as the tissue structures
grow in vitro and/or in vivo. It is of utmost importance to develop a scaffold as
to imitate exact properties of the desired human tissue and thus make available
environment for macroscopic process of tissue formation.

The functions of scaffolds in vitro or in vivo are to allow cell attachment, pro-
liferation and differentiation; deliver and retain cells and growth factors. Scaffolds
permit diffusion of cell nutrients and oxygen to the tissue. They provide appropriate
mechanical and biological environment for tissue regeneration in appropriate man-
ner [9]. Overall, bio-scaffold can be stated as a structure used to substitute an organ
either permanently or temporarily to restore functionality.

4 History

To restore the functionality of damaged organ and thus improve the quality of living,
the tissues engineering or scaffold engineering was introduced [10]. In seventeenth
century the use of artificial implants with the Romans had started. Romans used legs
made out of wood to replace damaged legs/limbs and used it to restore the function-
ality. Until 1962 the developments in the area of artificial implants were very slow.
Charnley replaced the damaged joints using low friction arthoplasty along with poly-
tetraflouroethylene (PTFE). The advancement in artificial implants is very significant
in last six decades. Orthopaedic implants designed artificially are done using range
of materials like metallic, ceramic or polymers. Due to corrosion resistance stainless
steel (surgical grade) was widely used in orthopaedics and dentistry applications. In
later development Co–Cr and Ti alloys are used due to their biocompatibility and
bio inertness. The metallic implants can be replaced by ceramic but ceramic has its
own limitations in its use. The biocompatibility of the material and immune rejection
by the host cell are two measure concerns in the development of artificial implants.
This forced researchers to engineer and find suitable material which can be used as
regenerative medicine in growth of damaged tissues or organs. In 1980 with use of
autologuous (use of grafts from same species) skin grafts the research in the field of
implantable material got a head start [11]. The field of tissue engineering thereafter
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Table 1 Tissue engineered
biological substitute and
corresponding textile
structure

Tissue engineered biological
substitute

Scaffold structures

Bladder Nonwovens [16]

Blood vessel Woven, knitted, braided,
nonwoven

Bone Nonwovens, foam [17, 18]

Cartilage Nonwovens [19]

Dental Foam (porous membrane),
nonwoven [20]

Heart valve Woven, nonwoven [21, 22]

Tendon Woven, nonwoven [23]

Ligament Yarn, braided, nonwoven [24]

Liver Foam, nonwoven, 3D printed
[25, 26]

Nerve Foam, nonwoven [27]

Skin Foam, woven [28]

has seen rapid developments from the use of synthetic materials to naturally derived
materials that include use of autografts (patient’s own tissue), allografts (human
donor) or xenograft (other animal tissue) for repair or regeneration of tissues. How-
ever, in the present scenario use of scaffolds made from degradable bio-materials
of synthetic or natural origin has become the most commonly used approach for
the researchers. This approach represents the efforts of researchers in the area of
tissue engineering and development of various types of biomaterials using different
types of fabrication technologies [12, 13]. Because of inherent properties of textile
materials such as porosity, cellular matrix these materials are suitable for application
in the field of scaffolds and tissue engineering. Scaffolds can be categorise in three
types including foams, 3D printed substrate and textile structures. Textile structures
are used in porous scaffolds in tissue engineering [14, 15] (Table 1).

5 Requirements of Tissue Scaffolds Vis-à-Vis Properties
of Textile Materials

Porous, biocompatible and/or biodegradable structure is characteristically represent
scaffold that is further seeded by cells and cultured in incubating atmosphere for the
growth of extracellular matrix (ECM) resembling the native tissue.

An ideal scaffold should have the following characteristics:

1. A comprehensive grid of interconnecting pores for smooth migration and
multiplication of cell throughout the structure with complete attachment;
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Table 2 Requirements of scaffold materials

Biological requirements

Biocompatibility Scaffold must be non-toxic and allow cell attachment,
proliferation and differentiation

Biodegradability Scaffold material must degrade into non-toxic biomaterials

Controlled degradation rate The degradation rate of scaffold must be adjustable in order to
match the rate of tissue regeneration

Porosity Appropriate porosity, micro and macro structure of the pores and
shape to allow tissue in-growth and vascularisation. Scaffolds
must be designed to maximise porosity while maintaining
mechanical properties

Mechanical and physical requirements

Strength and stiffness Sufficient strength and stiffness to withstand stresses in the host
tissue environment. Mechanical properties of a scaffold must
initially match with the properties of the target tissue to provide
structural stability to the injured site

Surface finish Adequate surface finish guaranteeing that a good biomechanical
coupling is achieved between the scaffold and the tissue

Sterilisation Easily sterilised either by exposure to high temperatures or by
immersing in a sterilisation agent remaining unaffected by either
of these processes. The sterilisation process must not alter the
material’s chemical composition, as it may affect bioactivity,
biocompatibility or degradation properties

2. Pathways for easy transport of essential cell nutrients, oxygen throughout the
structure and removal of waste formed;

3. Biocompatibility with a high affinity for cells to attach and proliferate;
4. Exact desired structural dimensions that are matching with requirements and
5. Rate of degradation in line with and desired mechanical strength.

The specifications required of the scaffold materials in terms of its properties is
summarized in Table 2.

Properties required in a temporary tissue scaffold are concurrent with the prop-
erties of textile materials. Large surface area to volume ratio which is an essential
property of an textile fibres provides supports cell attachment in the textile structures
used as scaffolds. This large surface area also provide rapid diffusion of nutrient
responsible for cell growth and survival. Cotton and silk fibres known as king of
fibres and queen of fibres respectively, are both biodegradable in nature. These tex-
tile fibres have huge scope of application in the scaffold and tissue engineering. Thus
textile can contribute significantly in the field of the scaffold and tissue engineering
[29].
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6 Conventional Textiles Used for Preparation of Scaffolds

6.1 Silk Based Scaffolds

Silk fibres are known to the textile industry as the naturally elegant, lustrous and
also strong fibres which have everlasting demand in the textile industry. Hence silk
is also known to the industry as “Queen of fibres”. The silk consist of two proteins
sericin which is the waxy outer covering the inner fibroin protein. Since the last
two decades the silk protein has attracted many bio-material scientists. The fibroin
protein is explored to a larger extent than the sericin though the use of sericin as
biomaterial for tissue engineering is also an area of interest among the researchers
[30].

6.1.1 Characteristics of Silk

As a fibre, silk has many distinct and useful properties which sustained the use of
silk in textile industry. The use of silk as a bio-material attracted the researchers due
to some of these various properties. The important characteristics of silk fibroin that
has made it popular among the biomaterial scientists can be summarised as follows:

• The most favourable property of the silk protein is its ability to get in aqueous
mediums for the film formation or other forms of material and further processing it
into insoluble formwithout much difficulty. Processing in water base is favourable
for loading of sensitive drugs and biosensors. Thus, material based on silk can be
prepared using water as solvent under the normal atmospheric condition using
neutral pH and without applying any shear force.

• Conformational transition of α-helix and random coil to highly stable β-sheets
can be done through water vapour annealing, mechanical stretching and ultrasonic
treatments can be done in silk. This enables the prepared silk forms with good
resistance to dissolution, thermal and enzymatic degradation. Genetically alterable
composition and sequence tomoderate specific features, such asmolecular weight,
crystallinity and solubility can also be performed on silk to increase the resistance.

• Combination of physical properties of silk that rival many high performance fibers.
This is mainly due to the balance between the modulus, breaking strength and
elongation.

• Considerably slower rates of degradation in vitro and in vivo as compared to
the synthetic biomaterials eminent today are useful in biodegradable scaffolds in
which slow tissue in-growth is desirable. The bioresorption ability of the silk is
also very high without any harmful acidic bi-products as produced by polylactides
or polyglycolides [31].

• Enhanced environmental stability of silk fibers in comparison to globular proteins
due to the extensive hydrogen bonding and crystallinity are also favourable factors
for the use of silk as tissue scaffold.
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6.1.2 Various Forms of Silk Protein and Their Applicability in Tissue
Scaffolds

Indigenous Fibres

The raw silk obtained in the form of fibres from the silk worm is degummed and
can be used in tissue engineering in various forms such as rope, cable, textured
yarn and braided fabric. A non-woven structure can be formed using silk cocoon
by dissolving them partially to use as a cell supporting template. In this type of
structure arrangement of filaments is maintained to impart porosity in nonwoven
structure, which is an important requirement of tissue engineering scaffold. A knitted
silk structure to reinforce 3-D porous tissue engineering scaffolds can also be used
in ligament which is a load bearing tissue.

Regenerated Silk

Concentrated solution of various salts like LiBr, CaCL2/ethanol/water, LiSCN or
ionic liquids have been used as solvent to dissolve silk to prepare different form of
regenerated silk protein available for engineering tissue for different applications.

Films

Films from silk fibrion can be prepared by casting the silk solution obtained by
dissolving the protein. To improve β-sheet crystallinity, different techniques such
as controlled drying, water annealing, and alcohol immersion are used and thus to
increase the water stability of the regenerated films. Surface properties required for
tissue engineering applications can be obtained by using lithography and advanced
printing systems.

Electro-Spun and Wet-Spun Fibers

The regenerated silk solution is used for spinning the nano fibres mats using electro-
spinning. These mats are utilised for cell seeding or as 3-D constructs in grafting
of blood vessels and nerve guides. The regenerated silk fibres having micrometer
scale can be produced with higher production rate than nano-fibers by employing
spinning using solvent spinning or micro-fluidic solution spinning. Regeneration of
fibers enables tuning of fiber morphology and subsequently application focussed
properties. Bio-molecules can also be incorporated during spinning [29].
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Hydrogels

The sol–gel transitions of aqueous silk fibroin solution in the presence of acids,
dehydrating agents, ions, sonication or lyophilisation are used to form silk hydrogel.
The major limitation of poor mechanical properties of these hydrogels is tackled
by blending it with various other biopolymers like PVA, polyacrylamide, gelatin,
chitosan, and collagen [32].

3-D Porous Scaffolds

Porous 3-D sponges are the ideal andmost sought-after structures for tissue engineer-
ing scaffolds as they closelymimic the in vivo physiologicalmicro-environment. Silk
scaffolds are prepared using various techniques like freeze drying, porogen leaching
and solid free form fabrication techniques. Freeze drying technique is studied widely
for further improving the characteristics of the scaffolds, solvent casting/particle
leaching or gas-foaming methods are also researched.

Silk Particles

Silk protein is also used in the form of particles which are obtained subjecting the
regenerated silk solution to various drying techniques like freeze drying and grinding,
spray drying, jet breaking, self-assembly and freeze-thawing. The silk particles can be
obtained directly from silk fibres by milling technique without using any hazardous
chemical.

But it has limitation of control over size of the particles. The silk particles are
used in drug delivery systems. Milled particles are particularly used for reinforcing
scaffolds to improve mechanical properties and cellular outcomes.

6.1.3 Application of Silk Fibroin

The various techniques used for construction of tissue scaffolds using silk as a start-
ing material is described in the above section. Application of these scaffolds pre-
pared using fibroin along with other biomaterials for the various tissue scaffolds is
summarized in Table 3.

6.2 Wool Based Scaffolds

Wool is a well-established animal fibre in the textile industry. The protective covering
or sheepskins or of other hairy mammals such as goats and camels are the sources
of wool fibres. An ancient man in due course cultured to make yarn and fabric from
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Table 3 Method of preparation of silk fibroin scaffolds and its application for various tissue
regeneration [32–35]

Composition (SF—silk fibroin) Method Tissue/organ

SF Lyophilisation Neural

SF Lyophilized, redissolved in
Hexa-Fluoro-Iso-propanol (HFIP),
dried

Bone

SF Chemical cross
linking/lyophilisation

Bone

SF Lyophilisation Cartilage

SF Dried 24 h Cartilage

SF Lyophilisation 24 h (microporous
silk sponges)

Ligament and tendon

SF fibres Braided on polyvinyl chloride rod Vascular

SF/collagen Physical cross linking (thin films) Hepatic tissue

SF/collagen Chemical cross linking (genipin
powder as cross linker)

Bone

SF/hyaluronic acid Physical cross linking (silk
conduits)

Neural

SF/chitosan Lyophilisation (sheet structure) Neural

SF/chitosan Chemical cross linking (genipin
powder as cross linker)

Cartilage

SF/alginate Lyophilisation (stripe-type porous
morphology)

Skin

SF/hyaluronic acid Chemical cross linking (genipin
powder as cross linker) (patched
geometry)

Cardiac

SF/collagen/heparin Lyophilisation (stripe-type porous
morphology)

Skin

SF/cyclodextrin Lyophilisation (channel structure) No application yet

SF/PEO Electrospun silk Vascular

SF/PEO Dried to form thin Fibroin
membranes

No application yet

SF/PEO Electrospun silk Bone

SF/P(LLA-CL) Electrospun silk (conduit) Neural

SF/PLGA Electrospun silk Ligament and tendon

SF/cyclic olefin copolymer Dried Ocular

SF/PNIPAM Chemical cross linking (BIS) No application yet
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their fibre covering such as sheepskins.Wool fibres is composed of the animal protein
such as keratin with molecular weight ranging from 45 to 60 KDa of the micro-fibrils
from the cortical cells to 6–28 kDa of the protein from the matrix [36].

The application of keratin in the field of tissue engineering has been late boosted
due to its limited water solubility and the number of methods available for its extrac-
tion and processing. It did not gain the momentum as tissue scaffold as that of other
biomaterials. However, in last ten years, due to the development in the extraction
and application methods, keratin or modified keratin has emerged as one of most
valuable biomaterial or scaffold in the field of cell cultivation and tissue engineering
[10].

Keratin occupies about 50% by weight of the cortical cells (outer layer of wool).
Compared to other proteins, keratin is abundantly available with less extraction cost.
The inherent properties of wool keratin such as highly conserved superstructure,
intrinsic ability to self-assemble and polymerize into porous fibrous scaffolds are
extremely efficient for the reproducible architecture, dimensionality and porosity of
keratin-based materials.

In comparison with other bio-materials, keratin biomaterials possess many dis-
tinct advantages, including a unique chemistry yielded by their high sulphur content,
excellent biocompatibility, propensity for self-assembly, and intrinsic cellular recog-
nition. The wool keratin as bio-material is researched in various forms and described
in the following sections for its application as tissue scaffolds [37].

6.2.1 Keratin Films

The structural and biological properties of keratin protein film extracted from wool
have been explored for last few years. The major limitations are flexibility and
strength of the films. Addition of natural and synthetic polymers to keratin blended
systems like chitosan, silk fibroin, poly-(hydroxyl butylate co-hydroxy valerate),
polyethylene oxide, polyvinyl alcohol, gelatin are researched for the enhancing the
properties of keratin films. Different techniques other than solvent casting such as
compression moulding and substrate coating are employed for preparation of keratin
and keratin blended films.

6.2.2 Keratin Sponges

The extracted keratin is lyophilized to form porous sponges which can be applied
as support for tissue growth. The wool keratin which contains Arginine-glycine-
aspartate protein sequence which are favourable for cell adhesion and promote heal-
ing thus increase in cell compatibility, attachment and proliferation of cells. The
keratin protein is also used by modifying the protein with various chemical treat-
ments. The research is been carried out to functionalise the sponges using iodoacetic
acid, 2-bromoethylamine, and iodoacetamide to produce carboxyl-, amino-, and
amido-sponges, respectively.



180 P. Madiwale et al.

6.2.3 Keratin Fibres by Wet and Electro-spinning

The traditional fibre wet-spinning technique used for manufacturing synthetic fibres
has been studied for creating single fibre strand for its application as biomaterials.
The low mechanical strength keratin protein is a hindrance for spinning which is
overcome by blending with synthetic and natural polymers. Formation of keratin
nano-fibres using the electro-spinning technique is also explored by the researchers.
The poor mechanical properties of keratin protein have been improved by blending
with synthetic or natural polymers. It also improves the processability of keratin
for fibre formation. The important feature as noted by the researchers was that the
blending of the keratin protein with silk fibroin not only improved the processabil-
ity of keratin but also increased the macromolecular interaction hence induced the
formation of network structures leading to finer nano-fibres with smaller diameters.

6.2.4 Keratin Hydrogel

The self-assembling property of keratin is been used for preparing the hydrogel
of keratin protein through regenerated keratin. The keratin is extracted in suitable
solvent and subjected to dialysis with distilled water in controlled environment. Ker-
atins have the inclination to polymerize in an aqueous environment to form hydrogels
which is induced by addition ofmetal ion reagent. Also, alone disulfide and hydrogen
bonds can formed a hydrogel keratin, without any cross-linking agent.

6.2.5 Application of Keratin Scaffolds

The overall research directed in the use of wool keratin as tissue engineering scaffold
can be summarized in the following table.

Composition Method Cells/tissue/organ

Keratin/glycerol Freeze drying Fibroblasts

Keratin/chitosan/gelatin Freeze drying Soft tissue

Keratin Freeze drying PC12 cells, HOS cells and
murine embryonic fibroblast

Keratin/poly-(l-lactic acid) Solvent casting Human bone marrow
mesenchymal stem cells

Keratin/chitosan Lyophilization Fibroblast cells

Keratin/multiwalled carbon
nanotube/Poly(lactic-co-glycolic
acid)

Electrospinning Guided bone regeneration

Keratin/poly-l-lactide Electrospinning Osteoblasts

(continued)
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(continued)

Composition Method Cells/tissue/organ

Keratin/polyhydroxy butyrate
cohydroxy valerate

Electrospinning Fibroblasts

Keratin Film formation Ocular surface reconstruction

Keratin/poly(l-lactide
co-glycolide)

Solvent casting/salt
leaching

Cartilage tissue

Keratin/calcium phosphate Lyophilization Osteoblast

6.3 Cellulose Based Scaffolds

Cellulose in textiles is a populist term for referring to the polymer structure of most
of the natural fibres like cotton, jute, hemp, flax and regenerated fibres like viscose
rayon. These fibres contain up to 60–80% cellulose as a main component. Cellulose
from these sources is extracted in micro and nano form and employed for regenera-
tion of tissues. Utilization of wood pulp as raw material found to generate very high
load on the ecosystem though method is well established and has proven industrial
scale up application. To achieve better results wood cellulose and cotton cellulose
hydrolysis promoted on industrial scale with assistance of mineral acids. The focus
has been shifted on renewable sources as raw material for production of microcrys-
talline cellulose due to environmental concerns. Hemicelluloses and lignin are other
two important components where cellulose enclosed within mentioned components,
in the form of micro fibrils. Food, cosmetics and medical product manufacturing
industries utilizes Micro/Nano cellulose on a larger scale compared to that of other
industries [38, 39]. In these industries Micro/nano cellulose used more frequently
as a suspension stabilizer, water retainer and as a flow characteristics controller in
system where final product as a medical tablet and having functionalities such as
reinforcing agent.

In medical field nano-cellulose has been explored to various directions. The use
of nanocellulose extracted from wood based raw materials is highly prevalent in
blood vessel growth, reconstruction of nerve and dental region, skins replacements
for burnings and wounds, drugs releasing system, scaffolds for tissue engineering;
stent covering and bone reconstruction [40].

Cellulose as a biomaterial has idealistic properties for tissue engineering applica-
tions. The cellulose has tunable chemical, physical as well as mechanical properties.
The distinct characteristic of cellulose is that, since it is the most abundantly avail-
able polymer on earth, easily produced, inert by nature, thus these materials can
be low cost platform for tissue engineering. The extracted cellulose also fulfils the
important criteria of bio-compatibility, bioactivity, and biomechanical characteris-
tics. Biodegradability is still a debatable issuewith regard to cellulosed basedmedical
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scaffolds since cellulose is not degradable in human and thus cannot form temporary
scaffolds.

Viscose cellulose sponge as a scaffold for cartilage tissue engineeringwas demon-
strated by Pulkkinen et al. [41]. Sponges alone and with its combination with recom-
binant human type II collagen cross linked inside the material were found to be
biocompatible and successfully showed potential cell proliferation could be achiev-
able. Functionalisation of cellulose is also taken up by many researchers for improv-
ing the applicability of cellulose in tissue engineering. The primary hydroxyl groups
present on the cellulose is the distinguishing factorwhichmakes the functionalisation
possible [42].

Oxidation of the hydroxyl group to a carboxylic acid [43] could achieved assisted
with TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical). Through grafting of
glycidyl trimethylammonium chloride to the surface to introduce a positive charge
[44], thus cationization achieved. Hydrolysis assisted with sulphuric acid leads to
formation of sulphate half esters on derivatization a range of cellulose esters and
ethers are produced [45, 46]. Modifications of cellulose materials have in depth
have been reviewed and its major applications for purification of water, rheology
modification and drug delivery have been targeted [47, 48]. Recently its potential
use in tissue engineering has been a novel attempt.

Cellulose has a crucial advantage that it has been processed into a wide spectrum
of material. One of special ability of cellulose nano-crystals is that it could be used
to make hydro-gels and could be easily casted as nano fibre from electro spinning
technique or regenerated films such that it could be casted as porous 3D structures.
There is a its potential application in field of specific tissue culture application by
virtue of its different mechanical and physical properties [49, 50].

Cellulose materials to be used as potential tissue scaffolds can be divided into
three main categories as modifications onto cellulose when targeted as per recent
literature

6.3.1 Physical Modifications—Composites and Blends

Blending cellulose powder or dispersion or solution which another material, often a
polymer or inorganic component composite scaffolds can be prepared which results
in endurance of additional functionalities to it, such as instance introducing a charge,
altering topography, or varying themechanical propertieswhich resulted in a creation
of a family of cellulose based composite material [51–53].

6.3.2 Biochemical Modifications—Grafting of Bio Molecules
onto the Surface

Though cellulose based tissues scaffolds have beneficial functional properties but
its hydrophilic nature and low non-specific protein binding affinity on account of
which mammalian cell lines do not readily absorb onto cellulose surfaces. These
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severe limitations could be successfully overcome by introducing bio molecules, viz
growth factors, matrix ligands, functionalised onto the scaffold surface; FBS either
contained in the cell growth media for of initial cell adherence [54].

6.3.3 Chemical Modifications—Introducing New Functional Groups

By virtue of presence of tri-primary alcoholic group in an anhydroglucose unit make
cellulose to allow any kind of functionalization as mostly exposed at surfaces i.e.
nanocrystals nanofibrils, or sheet, thus enabling novel physic-chemical properties of
fabricated scaffolds.

On subjecting oxidation process, nano-cellulose fibrils allows easier water disper-
sion thus its processing ability enhancement takes place proficiently. The oxidized
cellulose along with hydroxyapatite and gelatin in the form of hydrogel has potential
application in bone tissue engineering [55]. Acidified sodium periodate assisted oxi-
dation lead to formation of dialdehyde cellulose moieties (DAC) and on blending it
with collagen scaffold formation takes place by crosslinking and leading to 3Dporous
sponge having functionalities such as dielectric behaviour suggesting that fabricated
scaffold material ideal for neural tissue engineering and has potential application in
regeneration of nervous system [56].

6.4 Polyester Based Scaffolds

As a textile professional, polyester directs the thought process towards the strong,
supple fabric which has covered almost 50% of the market of synthetic fibres. How-
ever the degradability of this material has raised high alarms for the eco-systems.
Polyester is made by condensation polymerisation of ethylene glycol and terepthalic
acid. This aromatic polyester fibre does not have biodegrading ability. The fabric sam-
ple laid in a composting environment for 3 months does not lose its structure whereas
cotton shows about 50% weight loss [57]. The application of this aromatic polyester
(containing aromatic rings) is thus limited in bio-medical field. These are used in the
form of membranes and meshes (review 2015). Due to its high strength, it has the
application in the anterior cruciate ligament as permanent implant. The Lars ligament
(Dijon, France) and Leeds-Keiow or Poly-Tape are the two commercial products that
are clinically studied by researchers throughout the globe. The health authorities of
Canada, Europe and several other countries have approved the Lars ligament which
is a second generation and non-absorbable synthetic ligament device. It has limited
to USA for certain rage of application [58]. A product specifically designed for ACL
reconstruction with stiffness of 200 N/mm that is similar to natural ACL has been
developed by collaborative research ventured by University of Leeds and the Keio
University [59]. Other than these applications, the aromatic polyester fibre used in
textiles has very limited applications in field of tissue engineering since it does not
fulfil one of the primary needs of degrading in vivo.



184 P. Madiwale et al.

The material scientists took the polyester terminology to a different horizon. The
aliphatic acids were introduced for esterification to increase the degradability of
the polyesters and thus a broad range of aliphatic polyesters were introduced and
quickly absorbed into the medical devices. The most common degradable poly-
mers poly(glycolic acid) (PGA), poly(l-lactic acid) (PLLA) and poly(d-lactic acid)
(PDLA) are results of esterification of aliphatic glycolic acid or lactic acid. It has
found that most of biobased or biodegradable polyesters are having aliphatic nature.
Polylactic acid (PLA), polyglycolic acid (PGA), poly-ε-caprolactone (PCL), poly-
hydroxybutyrate (PHB), and poly(3-hydroxy valerate) are among some bio based
polyesters gained commercial potential on their potential research performance. The
most extensively studied biodegradable thermoplastic polyesters. Among these are
PHB and PLA have been widely used.

High hydrophilic nature of aliphatic polyester predominantly seen when exposed
to moderate to high water uptake on exposure to moist environment and it has
been well characterized that these chemical species are having low melting point,
glass transition temperature and possess poor hydrolytic stability leading to its poor
mechanical properties and stabilities and this is reasonwhy thesemoieties are blended
with more stable polymers or some time biodegradable polymers are copolymerized
with aromatic building blocks (aromatic anhydride and acids), i.e. adipic acid, tereph-
thalic acid, and 1,4-butane diol are monomeric entities to synthesize poly(butylene
adipate-co-terephthalate) (PBAT). It is well known that both are biodegradable,
biocompatible but having relatively high melting point (160–180 °C). It has been
observed that its applications have narrow range due to their brittleness and nar-
row processing window. Thus, in literature those have been blended with different
polymeric system have been reported.

The property of biodegradability which is the motivating factor for the directed
efforts towards aliphatic polyesters has many facets. The disposal of the degraded
products is related to the degrading time. Degradation times have been observed
to be in the range of several months to several years depending upon polymeric
systems and conditions. Another crucial property is the tensile strength which is
related to molecular volume, higher packing density, higher is the strength of the
polyester. Molecular weight (MW) of any polymeric system has a prime importance.
On alteration of MW it has observed that polyester possess varying mechanical
functionalities, i.e. On monitoring MW tensile strength of PLA could found in range
of 1–150 MPa. Tacticity also play a major role. Optical activity exhibited by most
of the aliphatic polyesters on virtue of an asymmetrical carbon atom in its repeti-
tive unit, i.e., of alteration of l- and d-units leading to obtain isotactic l-PLA or
d-PLA and syndiotactic dl-PLA. These optical polymeric isomers have found to
possess different mechanical properties. It has been reported that dl-PLA is having
lesser tensile strength and Young’s modulus of order of half to one third than that
of l-PLA. To improve processing and end use application aliphatic polyesters are
mostly blended with other resins. To achieve low cost and increase biodegradability
polyesters could be blended with different starches. Unidirectional and biodegrad-
able composite materials have been casted by employing biodegradable polyesters
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as the matrix resins. For reinforcement natural fibres such as kenaf, elephant grass,
flax, hemp, jute and bamboo predominantly used.

6.4.1 Degradation Mechanism

The prime modes of degradation of these aliphatic polyesters are non-enzymatic
hydrolysis. And further its degradation found to be catalyzed by its degradation
products. It has been observed thatmonomer structure has limited role as far as degra-
dation of polymer is concern, while molecular weight, crystallinity, fibre structure
and substituting groups have prime role in degradation of polymer. Very high bio-
material fraternity is observed in case of PGA, PLLA and PDLA as their monomers
and degradation products found to be physiological metabolites. Restrictions in the
permitted amount have been result of acidic character of these degradation products.

7 Application of Textiles in Specific Organs Engineering

7.1 Textile Scaffolds as Tissue Adhesives

‘Adhesion’ is defined by the physicist as the force of attraction inmolecules in the area
of contact between unlike bodies that acts to hold them together and ‘bio-adhesion’
is simply the adhesive phenomena where at least one of the adherent is biological.
The materials are attached to each other by interfacial forces for an extended period
of time [1, 2].

Surgical suture (Commonly called Stitches) is a medical device or thread used to
hold body tissues together after an injury or surgery. Application generally involves
using a needle with an attached length of thread [60]. But surgical suturing itself
inflicts trauma to tissues essentially when multiple passes are necessary. The post-
operative integrity of the sutures may also be problematic, loosening or breaking
required timely removal. It also requires prolong operative time and technical skill
for effective suture placement.

Tissue adhesives serve as suitable alternatives to distressing treatment of suturing
or stapling. It is more patient friendly, quick and simple technique eliminating the
requirement of local anaesthesia. Overall the trauma associated with suturing can be
eliminated [61].

7.1.1 Properties Required for Tissue Adhesive Materials

The properties which are a mandatory requirement for tissue adhesives are firm
adhesion, tensile strength, biocompatibility, permeable to fluids and metabolites to
prevent necrosis. Non-inflammation, high healing rate, lower post-operative wound
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infection and control bleeding are also crucial for designing an effective tissue adhe-
sive. Crucial factors of adhesion and cohesion accompanied by intimate contact with
wound site is favoured as a tissue adhesive [62].

Natural Polymers

The polymeric materials that may consist various substances but prominently feature
proteins and polysaccharides are called “Natural bio-adhesives”. The functionality
of a bio-adhesive can be enhanced by introducing actives such as steroids, anti-
inflammatory agents, pH sensitive peptides and small proteins such as insulin and
local treatments to alleviate pain [62].

(A) Protein based polymers: collagen, albumin, gelatin
(B) Polysaccharides: alginates, cyclodextrines, agarose, hyaluronic acid, starch,

chitosan, dextran cellulose

Synthetic Polymers

(A) Polyesters: Polylactic acid, polycaprolactone, poly-doxanones, polyglycolic
acid, polyhydroxyl butyrate

(B) Polyanhydride: Polysebacic acid, polyadipic acid, polyester phthalic acid and
various copolymers

(C) Polyamides: Poly-imino carbonates, poly amino acids.
(D) Phosphorous based polymers: Polyphosphates, polyphosphazenes, polyphos-

phonates [62].

Replacement of suture by tissue adhesive is a new approach which is highly
recommended. Research with epoxy resins, acrylics and polyurethanes, to design an
adhesive that would allow prompt and strong bonding have not proved useful because
of inadequate bonding strength and poor biocompatibility. However, biological tissue
adhesives should be used with caution in since they inhibit new tissue formation,
cause a foreign body reaction, and may impede fracture healing [63].

7.2 Textile Scaffolds for Skin Recovery and Replacements

The purpose of skin tissue engineering is to develop the skin in vitro or in vivo pre-
serving its all constituents’ spatial and functions along with its cosmetic properties.
Burning is a serious public health issue globally. As per World health organization
reports 195,000 deaths occur each year because of fire alone with more deaths from
electrical burns, scalds, and other forms of burns. The deaths related to fire ranks
among top 15 causes among children and young adults aged 5–29 years. Millions are
left with lifelong disabilities and disfigurements resulting stigma and rejection. Thus
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the magnitude of accidents causing burn is very high thus a very high requirement
of artificial skins [64].

The most important features of scaffold for skin regeneration are mechanical
stability and elasticity. The use of fibrous structures enables the promotion of angio-
genesis (formation of new blood vessels) by mechanical stimulation in vivo [28].
Researchers have employed knitted fabrics structures by warp knitting of PLGA as a
reinforcement. This resulted in increased mechanical stability of scaffold and inhib-
ited wound contraction, effectively promoted cell infiltration, neotissue formation
and blood vessel ingrowth in animal study model with mechanical strength up to
75% of normal skin. Stark et al. reinforced collagen hydrogels by hyaluronic acid
fibers and seededwith skin fibroblasts to formadermis scaffold. This scaffold showed
improved architecture and stability, which provided the basis for skin regeneration
and homeostasis [65].

7.3 Textile Scaffolds as Wound Dressings

Break or cut of any tissue can be defined as wound. Skin wound management is
one of the earliest medical activities of humans. With advancement in biological and
material science more technologies have emerged in past centuries decade for treat-
ing various types of wounds [66]. The market size ($28.7 billion in 2013) of wound
management products forces the boost new development in this field. An ideal wound
dressingmaterial should be (i) oxygen permeable (ii)maintainingmoist environment;
(iii) absorbing exuding liquids; (iv) biocompatible and non-allergenic; (v) inhibit the
growth ofmicro-organisms; (vi) able to provide proper stimulation andgrowth factors
during different stages of wound healing; (vii) have suitable mechanical properties
to maintain conformal contact between the dressing and the wound preventing any
potential discomfort. Because of oxygen permeable microstructure which has ability
to absorb exudates, textile materials have been widely used as wound care material.
The textile materials can be scaled up for the use in wounds with various sizes. The
textile system has the ability to alter its mechanical properties as per the generated
construct is another advantage allows fabrication of dressing to maintain their con-
tact with wound alongwith flexibility and elasticity. Traditionally cotton, polyester,
silk, PGA and polyurethanes are the materials used in textile materials in the form
of gauze and bandages in medical field. The conventional wound dressing materials
show permeability to air and exudates providing support to the wound during heal-
ing. Hemostatic properties can be imparted in textiles textile based wound dressing
materials by incorporation of suitable reagents or applyingmechanical force to phys-
ically close the wound. These conventional textiles material has few limitations such
as they are fail to maintain moisture and prevent bacterial growth in wound area. To
counter this problem fibres or fabrics can be treated with anti-microbial agents [67].
Bio-textile has been used in dressing for wound management since years which is a
promising substrate in the field of advanced wound healing applications. Bio-textile
in combinations with advanced biomaterials, drug delivery and fibre based electronic
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has a promising future for developing smart textiles which can monitor the condition
of wound and respond accordingly.

Electro spinning has become one of the most popular processes to produce med-
ical textiles in the form of wound dressings [68]. This is a simple and effective
method to produce nano-scale fibrous mats with controlled pore size and structure,
from both natural and synthetic origin polymers. This technique has gainmuch atten-
tion because of its versatility, reproducibility, volume-to-surface ratio and submicron
range. Recently, functionalizing these electrospun wound dressings with active com-
pounds that accelerate wound healing and tissue regeneration has become the major
goal [69]. In moist healing concept, alginate fiber becomes one of the most important
fibers in the wound dressing. The incorporation of biological agents into the fiber
used for nonwoven wound dressings provide a means for directly introducing such
agents to the wound without a separate application and with no additional discom-
fort to the patient. Many researchers have explored the wound healing ability of the
alginate fiber with different modification [70].

7.4 Textile Scaffolds for Bone Recovery and Regeneration

Bone constitutes the framework of human body because it is among the hard tissues.
It is one of tissues which have one the most transplantation. The numbers of grafting
surgeries related to bone are increasing exponentially. The site of the bone tissue,
the size of the defect or damage, mechanical stresses and soft tissue that cover the
damaged site are the factors which need to be consider while designing scaffold for
bone tissue. The microscopic analysis of bone represents that bone is constituted of a
dense shell of cortical bone to support and protection. The interior of bone is made up
of porous cancellous bone which optimises weight transfer and minimise the friction
at the articulating joints. The mineral phase present in the bone is responsible for
the stiffness of the bone. This arrangement of the ordered organisation makes bone
enables for the superiormechanical properties to those of its single components. Thus
researchers need extensive study to develop a strategy for recovery and regeneration
of the bone tissue mimicking this ordered organisation.

Biomaterials for bone regeneration should be biocompatible, biodegradable sub-
stances that support cell attachment, spread, proliferate (osteoconductive), and con-
trol cell differentiation into osteogenic lineages. Various materials has been used for
the preparation of scaffolds recovery and regeneration [71].

Miscellaneous materials which resemble the host environment for regeneration
of the damaged bone tissue are being researched and developed. The materials pri-
marily focussed as biomaterials for bone tissue engineering include (i) bio-ceramic
materials which show high compression ability, osteo-conductivity, containing bone
integrating chemicals constitution of hydroxyapatite and calcium phosphate; (ii)
natural polymers like collagens, fibrin, elastin, alginate, hyaluronic acid are used
in clinical trials due to the their intrinsic bio-compatibility and negligible adverse
immunological reaction; (iii) synthetic polymers and their modification based on



Advances of Textiles in Tissue Engineering Scaffolds 189

monomer constituent, ratio of the co-polymers and functionalisation of side chains
are also used for bone tissue engineering and (iv) hydrogelswhich constitute hydrated
polymer chains giving the advantage of cell delivery and growth factors are also used.
The biomaterials support the adhesion of cells throughout the structure and all the
essential nutrients constructing the ECM matrix [72].

The bone being a highly complex and profoundly designed structure the fabri-
cation of the scaffold skeleton is by advanced techniques like 3D printing, electro-
spinning or solid free formation (SFF) techniques. Thermally induced phase sep-
aration (TIPS), microsphere sintering, solvent casting/particle leaching and scaf-
fold coating are also studied for the manufacture of scaffolds. For a textile profes-
sional point of view, the techniques of embroidering and non-woven have gained a
momentum in the field of bone tissue engineering showing encouraging results [72].

The technique of embroidery makes the user available many variables so as to
construct a bone like structure. These variables consist of stitching length and assem-
bly, density of the stitching as per the model design and thread size empowers the
designer to change the scaffold design giving desired porosity, surface area, and
mechanical properties. 3D structure can be created by stacking, inter-weaving one
ply on another. Strength of the designed scaffold can also be controlled through
assembly and stitch mode. Interconnecting porous structure without compromising
any of other parameters can be obtained with ease using embroidery technology [73].

Non-woven technology widely used in the manufacturing of medical scaffold
and regenerative medicine field, thus the importance of nonwoven technology for
bone tissue engineering is very significant. Nonwoven fabrics are highly porous in
nature and their low density fibrous structure makes their overall density less than
0.40 g/cm3. The internal porous structure of nonwoven can be altered in terms of
interconnections of pores and pore size distribution during manufacturing. The most
of the fibres in the nonwoven structures are arranged in the direction of either in
length or width, few very processes are available which can arrange the orientation
of fibres through the thickness of nonwoven such as air laid, carded webs, vertically
lapped using needle punching and hydro-entanglement techniques. The orientation of
fibres altered duringmanufacturing of nonwoven decides the properties of nonwoven
fabric like direction of mechanical properties and transportation of fluid. Different
types of nonwoven structures can be produced for the scaffold applications using
various manufacturing routes.

There is extensive research has been conducted throughout years in the world in
the field of applications of scaffold in bone tissue engineering. However integration
of all properties and functions in a single biomaterial system is a challenge for the
researchers.
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7.5 Textile Scaffolds for Vascular Tissue Recovery
and Regeneration

The blood vessels or the vascular system form an indispensible part of the cardiovas-
cular system that is the crucial part of the human body responsible for the transport
of the nutrients and oxygen and waste materials throughout the body. A diseased
blood vessel can lead to the death of the person. The vascular diseases are mostly
treated by using an autologous graft (blood vessel from patient’s body). However,
about 20–30% of patients do not have adequately sized vein or artery to perform
the surgery. The tissue engineered vascular grafts (TEVG) have lower incidences
of infectious complications than other grafts. It shows higher withstanding dura-
tion towards degradation. The TEVGs also maintain adequate suture strength and
is suturable. The vascular scaffolds can also be prepared by the traditional textile
methods, including wet, dry, or melt spinning, nonwoven bonding, weaving, knitting
or braiding. Most of the times, weaving techniques are used when high mechanical
properties are required [74].

The properties for an ideal TEVG is mimicking the extra-cellular matrix envi-
ronment, mechanical strength to sustain the high vascular fluid movements, cell
attachment and optimum pore size for growth of cells. The important characteris-
tic for use of biomaterial as TEVG is resistance to thrombosis, inflammation, and
neo-intimal proliferation. TEVG play a very crucial role of bridging, guiding cell-
mediated remodeling to reproduce the structure and organization. Elasticity of the
vascular grafts is a significant factors while consideration [74].

8 Future Challenges and Scope of Growth for Textiles
in Medical Scaffold

The application of textile materials in tissue engineering scaffold is very important
because of its amicable properties of the substitution of human tissue and organs.
Properties of textile vary as per the structure of fibre or fabric. Where high elastic-
ity is required knitted fabric can be used. This kind of elastic property is required
for the implants used for the reinforcement of an organ subjected to the dynamic
stress like vascular graft. Nonwoven textile structures resemble the connective tissue
in the body along with mazy structure and very good water absorption which are
desirable properties for the materials used in scaffolds and tissue engineering. Scaf-
fold structures are prepared from various natural biomaterial or material originated
from the nature by using various techniques. Many new innovative biomaterials have
been prepared for the application as tissue engineering scaffolds by various scientists
through recent years. These materials can be used as textile scaffold. 3D printing is
one of the newer techniques which is used in the manufacturing of the scaffolds from
the various recently synthesised novel biomaterials. The structure of textile scaffold
is the most important factor which depends on the properties required in scaffold.
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Thus various textile structures can be synergistically used to meet the requirement
of the host tissue.

The current global market for tissue engineering and regeneration is accounted to
be around $24.7 billion in 2018. The market is very promising and predictions state
that the expected growth rate (CAGR) is predicted up to 34.8%with the market size
of $109.9 billion by 2023. This chapter give in detail idea about the advancement of
the textile industry in this field and from the market size it can be stated affirmatively
that the textile technology will have the highest share in tissue engineering scaffold.
The variation required in relation to the specific requirement of the damaged tissue
makes the challenge of this field exciting and the research arena to highest magnitude
of multi-disciplinary activity.

Though the medicine in our age has advanced to the stage of recovering lost
crucial functions of body, the challenge of the medicine is like the vast sky and the
understanding all the requirement related to specific process, design and application
is yet not complete in itself. Imbibing textile technology is giving advantages in terms
of regulatory measures, toxicity and safety profiles of these materials which are in all
sense human friendly thus aiding in the development. The performance profiles such
as degradation, interaction behaviour of cell materials are areas which need vigorous
research. Performance characteristics are pushing research and development in the
design of new materials to meet specific performance criteria in tissue engineering
[75, 78].
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Fabrication of Superhydrophobic Textiles

Munir Ashraf and Shagufta Riaz

Abstract Surface functionalization of natural and synthetic polymeric textile has
become the most appealing and contemporary research area to develop multifunc-
tional textiles according to the global demand. Textiles surfaces have been modified
for properties like antibacterial, UV protection, antistatic, wrinkle resistant, superhy-
drophobic, hydrophilic, self-cleaning etc. by application of different inorganic and
organic compounds. In this regards rigorous research has been conducted on finding
best technique and their application method to mimic the nature so that superhy-
drophobic textile could be developed according to the demands of the da. In this
chapter the fundamentals of hydrophobicity/wettability has been described to give
comprehensive knowledge and the applied organic and inorganic material have been
described briefly that have been used for fabrication of superhydrophobic textile.

Keywords Nanoroughness · Superhydrophobicity · Lotus effect ·
Nanostructures · Self-cleaning

1 Introduction

Generally on the basis of wettability surfaces have been categorized as hydrophilic
and hydrophobic. Hydrophilic surfaces arewater loving in nature, whenwater droplet
falls on, it spreads and absorbed by the surface very quickly instead of rolling off
onto the surface. The property of wettability or repellency is mainly dependent upon
the surface contact angle. If the striking water droplets make an angle less than 90°
then the water droplets would spread over the surface. But, in case of surface angle
greater than 90°, the water droplets would not spread and some could rolled off onto
the surface showing the hydrophobic characteristics of the material. However, if the
angle would be 150° or more than the water would not be absorbed by the surface
showing superhydrophobic nature of material. On super hydrophobic surfaces the
water droplet completely roll off.
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Superhydrophobic textiles have grabbed the greater attention of researchers and
textile engineers to be used in different fields of life [1–3] New gates were opened
for research on superhydrophobicity also known as physical self-cleaning after the
proposal of lotus leaves model unveiling that a particular surface topography and
low surface energy of material is required for a surface to be superhydrophobic.
Thus, micro and nano hierarchical nanoroughness is vital for physical self-cleaning
surfaces [4].

Thus recent trends to mimic the nature, have attracted the researchers to develop
superhydrophobic textiles with water contact angle greater than 150° and contact
angle hysteresis less than 10° using various techniques [5–7]. The loosely bound dirt,
dust, and soil could be attached with the rolling droplet thus causing self-cleaning
of material. Along with self-cleaning character such superhydrophobic surface are
also stain resistant due to less contact of stain with the surface and very high water
contact angle. Therefore, such surfaces could be used in areas [8–11] for water-oil
separation, anti-fogging, anticorrosion, and oil repellency etc.

Surfaces could be made hydrophobic by just lowering the surface energy of sub-
strates. But, superhydrophobic surfaces need development of hierarchical roughness
along with lowering of surface energy [12]. In recent year, development of different
manipulation techniques played an important part to fabricate micro and nano sur-
face roughness to create artificial superhydrophobic materials. Surface morphology
can be changed by different methods such as lithography, plasma treatment, sol-
gel technique, layer by layer deposition, electrospinning, phase separation, template
synthesis and many more [4, 13, 14].

In this chapter, the hydrophobic fundamentals, switchable super hydrophobicity
and hydrophilicity have been described. Natural material based, organic and inor-
ganic material based superhydrophobic textiles have been discussed in order to give
the overview of advancements in hydrophobicity and material used until now. There
is still a room for discovering the materials and application methods to make textile
superhydrophobic.

2 Water Repellency

The property due to which the water does not absorbed by the natural or synthetic
material when come in contact is called water repellency and it could be easily
rolled off or bounced back from the solid surface. The repellant character would
be determined by how much surface area of fabric is covered and what the angle
of impact is. Apart from synthetic materials, the natural materials do not have this
property and there is need to coat water repellent agents on the exterior of fabric or
sometimes infused in the fibers (Fig. 1).
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Fig. 1 Wettability of textile substrate as a measure water contact angle. “Reprinted with permission
from Ref. [82], Copyright (2015) Elsevier Ltd”

2.1 Fundamentals of Hydrophobicity

Different theories were given by different researchers explaining the fundamentals of
surface wettability or repellency. Young’s modulus explains the surface wettability
for flat surfaces by showing the thermodynamic equilibrium of surface free energy
with the water droplet at the smooth surface. The other two models of Wenzel and
Cassie-Baxter, on the other hand explain the surface wettability of rough surface.
The Young’s model was considered as the most basic theoretical model describing
the surface wettability and the Young’s equation was predicted in 1805 [15]. The
Young’s equation shows a relationship of static water contact angle with interfacial
tension between a vapor phase and solid and interfacial tension between liquid and
vapor phase for a water droplet that exists at the smooth, homogenous and flat surface
as shown in Eq. (1) [15]

γ lacosθz + γ sl = γ sa (1)

or alternately; Cosθz = γ sa−γ sl
/

γ la

Here θz is the static contact angle at the solid surface and γsa is the interfacial
tension of solid surface and air, γsl is interfacial tension of solid and liquid while γla

is interfacial tension between liquid and air as shown in Fig. 2. It means the water
contact angle is dependent upon types of surface tensions: interfacial tension of
liquid-air, solid-air and liquid-solid. When γ sa−γ sl = γ la the angle θz would be 0°

Fig. 2 Schematic of
Young’s model for static
contact angle at infinitely
smooth and flat surface in
relation to interfacial surface
tensions i.e. liquid-solid,
solid-air and liquid-air
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showing the hydrophilic nature of the surface. If γ sa−γ sl > 0 then the 0◦ < θz < 90◦
still the surface is hydrophilic. But when the γ sa−γ sl < 0 then the 90◦ < θz < 180◦
would exhibit the hydrophobic nature and with ideally superhydrophobic nature of
the solid surface with γ sa−γ sl = −γ la .

This ideal young’s model could be perfect only for infinitely smooth and flat sur-
faces where the influence of surface structure of hydrophobicity is totally neglected
and the chemical composition of the surface is only consideration along with some
environmental effect. There were some limitations of this model because a textiles
treated even with C9 perfluorocarbon to attain lowest possible surface free energy
(5–10 dyne/cm) exhibited a maximum contact angle of 120° [16] but, there were
some plant leaves that exhibited water contact angle greater than 160° thus, nanor-
oughness of the surface was also another consideration along with lower surface free
energy that should be taken into account [17, 18] Because the water contact angle
calculated through Young’s equation was different from the actual contact angle of
the surface due to the presence of surface roughness therefore, surface roughness
was considered for the actual contact angle of the same superhydrophobic surface.
When a water droplet falls on a rough surface, it can have two states i.e. composite
and noncomposite contact surface as shown in Fig. 3.

Because the Young’s model is applicable to flat surface but, every surface could
not be infinitely smooth, therefore, roughness factor was included then in 1936 by
another researcher Wenzel [19], who tried to overcome the Young’s model limi-
tations. He proposed the theory in which it was mentioned that the actual area of
the surface increases due to the presence of nano-roughness due to which the total

Fig. 3 a Superhydrophobic lotus leaf b SEMmicrograph showing hierarchical nanoroughness and
wax needles of lotus leaf. cWet contact angle between the rough surface andwater droplet (Wenzel’s
model). d Non-wet contact angle between the rough surface and water drop let (Cassie-Baxter’s
model). e Rolling droplet on material mimicking lotus illustrating physical self-cleaning
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solid-liquid are could be higher than the apparent surface contact area and as a result
the wettability/repellency of the surface could increase. He proposed that the rough
surface can be filled by the water droplet on the solid roughened surface (Fig. 3c)
and the surface free energy of droplet could be given by Eq. (2)

δE = r
(
γ sl−γ sa

)
dx + γ lacosθw · dx (2)

In Eq. (2) the δE represents the change in surface energy of the wetting system
and dx represents the small moving distance of the water droplet. In a balanced
system, the relationship between the intrinsic water contact angle θz and apparent
water contact angle θw is shown by Eq. (3) because of the smallest the surface free
energy (δE = 0)

Cosθw = r
(
γ sa−γ sl

)/
γ sl (3)

Here in Eq. (3), θw is the angle on solid surface known as Wenzel’s apparent
water contact angle and r is the roughness factor of the surface i.e. the ratio of actual
surface area to the apparent surface area. It was obvious from the Wenzel’s model
that functions and the effects of soil–air interfacial surface tension and solid–liquid
interfacial surface tension on surface free energy were now different and changed by
surface roughness directly, leading to the different contact angle on the roughened
solid surface than on infinitely flat and smooth solid surface. If there is a possibility
of filling the grooves by water droplet, then a non-composite state could be formed
between water droplet and the surface grove showing that the actual contact area
of solid to liquid is higher than the apparent geometric area. The roughness factor
“r” is always greater than 1 (r > 1), if the contact angle is greater than 90° i.e. θz
> 90° then surface roughness is responsible for the hydrophobicity of material but
in case of contact angle lesser that 90° i.e. θz < 90◦, then the surface roughness
will be responsible for wettability of the surface. From Eq. (3) it is obvious that the
cosθw of a rough surface could be greater than 1 i.e. cosθw > 1, or the chemical
composition of the surface could be different. In such cases the Wenzel’s model is
not applicable because in some cases the intrinsic contact angle is even more than
180° i.e. θw > 180◦ thus the Wenzel’s model does not obey the real phenomenon
under such conditions.

Thus to address these issues and the limitations of Wenzel’s model instead of
non-composite contact, composite contact model was proposed in 1944 by Cassie-
and Baxter [20] in which it was suggested that the water droplet could not fully
fill the surface grooves because the surface roughness is nano-scaled and the water
droplet is larger than these grooves. The liquid-solid contact is basically composed
of solid-air and solid-liquid contact surface due to presence of air in the grooves
under the water drop as shown in Fig. 3d.

The variation in surface free energy of the system is shown by Eq. (4) when three
phase contact line of water droplet moves a small distance
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δE = ʄ1 (γsl – γsa)dx +  ʄ2γla dx + γla cos θc.dx (4)

Here, is the ratio of solid–liquid interface contact area to the actual surface area
under droplet and is the ratios of solid–air interface contact area to the actual surface
area under water droplet within unit area.

Under balanced conditions of system the δE = 0. Rendering to Young’s equation,
Cassie-Baxter contact angle and apparent contact angle are associated as shown by
Eq. (5).

cosθc= ʄ1cos θz - ʄ2 (5)

In theory, Eq. (5) could be changes as

cosθc = ʄ1 cosθz+ 1) − 1( (6)

the ratio of air contact area to the rough surface would be infinite when tends to
be “0”, in that case the Cassie-Baxter contact angle will be the highest i.e. 180° and
the water droplet would be ideally spherical at the nanoroughened surface, making
it ideally superhydrophobic. Roughness factor is still a consideration here, so it can
be introduced in Cassie–Baxter equation. But the equation could be simplified and
given as Eq. (7), due to presence of secondary or multilevel structures on the rough
surface and the curvature present in real on liquid–air interface [21, 22].

cosθc = rϕcosθz+ϕ−1 (7)

In Eq. (7), ϕ is the solid-liquid interface projection area, if then Cassie-
Baxter’s equation transforms into the Wenzel’s equation. Thus, all the surface that
are superhydrophobic must have hierarchical nanoruoghness. Hence, Eq. (7) is near
to natural model. A relationship between contact area ratio of solid–liquid and con-
tact angle hysteresis was presented by Nosonovsky and Bhushan that validated that
superhydrophobic surfaces must have composite interface [23].

Along with surface roughness and surface energy, surface morphology is another
important factor to be described for the wettability of surface. So, the surface wetting
state cannot be defined properly if the surface morphology is not fully known i.e.
array pillar structure will have different property than the parallel groove structure.
It means surface roughness and surface morphology both have high impact on the
water contact angle. The inherent water contact angle of infinitely smooth and flat
surface could not exceed 120°, so,Wenzel’smodel could not be applicable under such
conditions. The Cassie-Baxter model could increase the intrinsic contact angle over
secondary or multilevel structure. Yet, the Cassie-Baxter’s model is not applicable to
all regions, when amaterial in inherently hydrophilic then water droplet can immerse
the nano grooves and the composite model can be converted to noncomposite model
under high ambient pressure.
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As the lotus leaf has self-cleaning property but, the self-cleaning does not happen
if the water droplet slides on the rough surface of lotus leaf but arises only when the
water droplet rolls off as shown in Fig. 3e. During the rolling off the dirt clings to the
dropping water drops making the surface clean. The water droplet could be rolled off
at the surface of leaf if the nano-scaled structures has enough softness to avoid the
droplet’s puncturing, sufficient strength to hold the water, and enough association
to impulse the drop’s rolling [17]. The air trapped in grooves and wax needles at
nano-structures further reduce the chances of water droplet to stick on it, increasing
the water contact angle making the surface superhydrophobic according to the real
time conditions of Cassie-Baxter model.

2.2 Superhydrophibic Textiles

The textiles with water contact angle of more than 150° and contact angle hysteresis
lower than 10° have been developed commercially for different indoor and outdoor
activities. In past the main emphasis was on lowering the surface energy by coating
some repellent agent. But, now the researchers have been mimicking the nature and
creation of hierarchical nanoroughness atmicrofibrous surface ismainly emphasized.
Thus, different inorganicmetal andmetal oxide nanoparticles have been coated along
with surface energy lowering chemicals to make superhydrophobic textiles. The
hydrophilic and hydrophobic textile has been shown in Fig. 4.

2.2.1 Organic Compound Coated Superhydrophobic Textiles

Hydrophobic textiles have been developed by applying various water-repellent/oil-
repellent agents that change the surface free energy of the substrate and making
it water resistant. The lowering of surface energy is basic mechanism and actual
approach behind textile superhydrophobicity. Depending upon the fibers, yarns and

Fig. 4 a Hydrophilic cotton fabric. b Hydrophobic cotton fabric
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weave structure the textile surface texture could be controlled. The roughness can be
adjusted at submicron level bymaneuvering the fiber numbers and composition, yarn
diameter, and weaving mechanism. Thus, due to this micro roughness, hydropho-
bic characteristics could be granted by application of organic repellents. Until now
different water and oil repellents have been introduced like paraffin waxes, stearic
acid-melamine, silicon and fluorocarbon based repelling agents. Surface energy can
be lowered by different ways like the mechanical incorporation of repellents into
fibrous structure or onto fabric surface filling the fiber and yarn interstices. The
paraffin repellents are integrated in this way. Then chemical reaction of repellent
with textile is another approach to impart superhydrophobicity such as stearic acid.
Silicon and fluorocarbon based repelling agents have been applied in the form of thin
film on fiber surface [24].

These repelling agents could impart hydrophobicity by lowering the surface free
energy of textiles depending upon their chemical composition. A study was con-
ducted in which polyester fabric was coated with siloxane by conventional pad-dry
and cure method. The polyester fabric with 2 μm yarn diameter upon coating with
repellent agent showed superhydrophobicity with WCA 170° and contact angle hys-
teresis of below 5°. This research was done to validate the claim that microfiberous
textile surface without having nanoroughness can exhibit superhydrophobic proper-
ties, because the air trapped inside microfibers was large enough that water droplets
could not be absorbed and rolled off easily at the surface [25].

Paraffin Repellents

The paraffinwaxes; known as earliest repellent agents, have been used tomake textile
hydrophobic and various researches have been conducted in this regards [26, 27].
These repellents are usually emulsions that contain aluminium, barium, or zirconium
salts of fatty acid normally stearic acid. Because these finishes are making polar-
nonpolar junction with textile therefore their adhesion could be increased. In this
finishing mixture of repellent the paraffinic part is attracted towards the hydrophobic
region and the polar end is attracted towards the fiber surface. These emulsions have
been applied on textile by padding or exhaustion techniques. Though this finish-
ing make the textile repellent in cost effective way but it increases the problem of
inflammability and also less durable.

Stearic Acid–Melamine Repellents

Another primitive class of repellents that were more durable to laundering without
having much effect on hand feel are mainly prepared by reaction of stearic acid
with formaldehyde and melamine. In these repellent finishes, inherent hydrophobic
nature of stearic acid provides the water repellency to the substrate finished with
these repellants, and the durability of them is due to the N-methylol groups that reacts
with cellulose for permanent binding [28]. Though these repellent agents give durable
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hydrophobicity to the textile but, there is issue with their application that they release
formaldehyde and cause loss ofmechanical strength such as decrease of tear strength,
abrasion resistance along with change in shade percent of dyed fabrics. Due to the
health hazards or carcinogenic nature of released of formaldehyde their application is
limited now [24, 29]. Theminimumconcentration of about 0.1 ppm [30]. Stearic acid-
melamine could be used at spacious and airy workplaces to be effectively applied on
textiles by exhaustion or most commonly padding to make it hydrophobic. But still
by propermonitoring and taking precautionarymeasures during applicationworker’s
health could be saved. Some time they are used in combination with other repellents
like fluorochemicals in order to reduce the consumption of these chemicals and to
improve the overall performance of textile.

Silicone Water Repellents

The superb water repellency could be achieved by treating textiles with hydropho-
bic silicone compositions. On silicon molecules long chain hydrocarbon serve the
function of hydrophobicity and the silicon could enter the surface of textile the
hydrophobic groups could be delivered deeply inside or through the substrate. Also
the edge of stability of the silicon make them the best choice though to make textile
durable hydrophobic but breathable with soft hand feel. Silicons or siloxanes and
fluorocarbon based repelling agents are the most widely used. Silanes have –O–Si–
O– backbones and the attached alkyl groups (can be with different chain lengths)
mainly provide water repellency. They are responsible to lower the surface energy
of textile to about 20 dyne/cm imparting hydrophobic nature to substrate.

The polydimethylsiloxanes are mostly used to provide the hydrophobic layer at
the fabric surface as they form chemical bonding (usually hydrogen bonding) with
the cellulose even at low concentration about 0.5–1% o.w.f. they could serve the
purpose of hydrophobicity. The reaction of siloxanes with cellulosic textile require
temperature of 120–250 °C for complete attachmentwith the textile and time required
could be from several minutes to several hours to obtain satisfactory hydrophobicity.

Fluorocarbon-Based Repellents

Fluorocarbon based repellents are mostly copolymers that are mainly synthesized
by perfluoroalkyl groups incorporated into urethane or acrylic monomers. The per-
fluoroalkyl groups were originally synthesized by electrochemical fluorination but,
now a days they have been prepared by telomerisation. These monomers are then
polymerized to from hydrophobic finishes. These repelling agents are providing the
fibers with lowest surface free energy, thus, making fabric oil, water and soil repel-
lent. Fluorine containing esters when come in contact with the fibers they arrange
themselves vertically on textile surface, lowering the surface energy depending upon
the distribution and orientation of perfluoroalkyl groups. The finish when applied



204 M. Ashraf and S. Riaz

Fig. 5 Schematic showing
textile substrate treated with
fluorocarbons to lower the
surface energy to make it
hydrophobic

finally at the fabric surface should be in condensed CF3 outer form to provide maxi-
mum repellency. Because they are the providing the lowest surface energy and along
with water they are oil and soil resistant therefore they have been most widely used
repelling agents [31, 32] (Fig. 5).

The water repellent finishes based on C8 fluorocarbon were most commonly
used in past. However it was hazardous to human body in decomposition of C8
fluorocarbon thus now potentially considered as carcinogenic most specifically per-
fluorooctanoic acid or pentadecafluorooctanoic acid and perfluorooctane sulphonate
or heptadecafluoro-1-octanesulfonic acid. Restriction have been made on the use of
such fluorocarbon based water repellent finishes [32, 33]. To improve the solubility
and the emulsification commonly ethylene; a smaller spacer group, can be modified
and also the side chain length of perfluorinated side chain should be kept smaller i.e.
8–10 carbon.

2.2.2 Inorganic Compounds Coated Superhydrophobic Textiles

In recent years, to attain the properties bymimickingnature has been themain concern
of textile researchers. They have been imparting unusual attributes in textiles by get-
ting inspiration and adapting the nature of different insects and plants like rose petal,
lotus effect, cicada wings, and gecko feet that have micro and nanoscaled surface
structure with low surface energy making themself-cleaning and superhydrophobic
[17, 34–37]. In this regard different low energy chemicals could be used to fabricate
hydrophobic textiles. But, surface characterization using inorganic compounds is of
particular importance that at nano-scale can be achieved due to new developments
in surface analysis techniques. Nanomaterials are gaining more attention because of
unique physical, biological and chemical properties of matter that at molecular and
atomic level changes drastically. Properties shown by nanomaterials are different
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Fig. 6 Schematic diagram
showing textile with
nanoroughness and lowering
of surface energy with long
chain hydrocarbons

from bulk material [38, 39], due to larger surface area and pronounced quantum size
effects they possess dynamically changed optical, electrical and magnetic proper-
ties. With ultra-small size they are more reactive and thus have been used for many
textile and many other applications [40]. Different NPs have been applied for textile
functionalization to impart different attributes. Along with some repellent agent to
lower surface energy NPs have been used for creation of mico- and nanoroughness to
make textile superhdrophobic [41–45] the schematic illustration of nanoroughness
and lower surface energy for superhydrophobicity is given in Fig. 6.

Nanoparticles application onto textile is a two steps process: firstly their synthesis
and in second step their homogenous and stable dispersion is coated onto textile by
conventional coating processes. These coating include: (1) padding, (2) Sol-gel, (3)
washing, (4) transfer printing and (5) spraying. Pad-dry-cure and sol-gel are the most
widely used and simple methods by which the nanoparticle dispersion is applied on
textile by simply spin or dipping to form a nano coating.

Physical self-cleaning is the one of most favorable attribute attained by making
surface hydrophobic with water contact angle greater than 90°. Superhydropho-
bic textiles gained special consideration in scientific and industrial populations due
to various applications in these fields. The SEM micrograph showed (Fig. 7) the
untreated textiles (Fig. 7a) and the treated textile (Fig. 7b) that have been fabricated
by modified NPs that are hydrophobized by treating some chemical to lower the sur-
face energy of textile treated with inorganic NPs. the measure contact angle (Fig. 7c)
showing the superhydrophobic nature.

Different nanostructures could be deposited on the textile to generate nanorough-
ness like SiO2, ZnO, TiO2 and CNT [20, 21, 24, 25]. The Silica nanoparticles have
found wide application in superhydrophobic and self-cleaning textile due to its inert
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Fig. 7 Textile substrate a untreated. b Treated with inorganic metal oxide nanoparticles and
repellent agent. c Water contact angle of treated textile showing superhydrophobic nature

nature and water contact angle of around 170° could be achieved by their applica-
tion. The inorganic nanoparticles like ZnO and TiO2 have been practiced to generate
nanoroughness on the textiles and subsequently treating with repellent agent make
them superhydrophobic. The main advantage of using ZnO nanostructures is there
ease of fabrication with different surface morphologies in cost effective way. Such
nanostructures could be synthesized by various methods such as hydrothermal, elec-
trochemical deposition, and thermal oxidation and many others. They can also be
multifunctional because of their photocatalytic nature they can impart biological, UV
protection and chemical self-cleaning [46–48]. To make superhydrophobic textiles,
microwave assisted hydrothermal approach was used by which ZnO nanowires were
grown on cotton fabric and then the fabric was functionalized with repellent agent
i.e. stearic acid andWCA of 150° was obtained that confirmed the superhydrophobic
nature of textiles [49].

Silane coupling agents are well known for their repellent nature therefore, Ashraf
et al. [3] done a study in which ZnO nanorods were grown on seeded polyester fabric
and then the modified fabric was subsequently treated with octadecyletrimethoxysi-
lane by chemical vapor deposition to obtain a WCA of 158° and sliding angle 1°
showing the lotus leaf effect of polyester fabric. Same kind of work was done by Park
et al. [50] but with different repellent. ZnO nanorods were grown on nylon fabric and
then treatment with n-dodecyltrimethoxysilane made nylon fabric superhydrophibc.
Instead of ZnO nanoparticles mostly nanorods and nanowires are grown on textile
for superhydrophobic character. Nanorods array was synthesized on cotton substrate
using wet chemical route, then n-dodecyltrimethoxysilane was used for textile post-
treatment. The Superhydrophobic textile was made with a WCA of 161° and roll-off
angle of 9°.

TiO2nanoparticles have been used as multifunctional agent for different types of
textile because of band gap of 3.2–3.35 eV these nanoparticles are highly photocat-
alytic. TiO2 NPs are used to create roughness on micrometer-scale fibers to make
textile water repellent. Textile finished with nanocomposite of TiO2 and polytetraflu-
oroethylene exhibited awesome self-cleaning and wettability change of structure.
Co-deposition method was adopted onto structured substrate and multifunctional
properties were obtained with water contact angle higher than 150° [51]. Mostly
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the textile modification by use of TiO2 nanoparticles is a two-step process in which
TiO2 nanoparticles have been coated on cotton micrometer-scale fibers to create the
nanoroughness and after this modification in next step post-treatment with some
repellent like dodecafluoroheptyl-propyl-trimethoxysilane is done to develop excel-
lent water repellent textiles with a WCA of 160° [52] along with other properties
such as UV protection and dye degradation. Inspired by the hierarchical alignment
of lotus leaf, different morphological structures of TiO2 have also been applied onto
textile to investigate the structural effect on its properties. In this regard a study
was done by Huang et al. [53] in which marry-gold like TiO2 nano-flowers were
synthesized and deposited uniformly on cotton fabric by hydrothermal process, via
facile strategy. Then the treated cotton fabric was coated with mixed methanolic
solution of 1H,1H,2H,2H-per-flourodecyltriethoxysilane (F17) to prepare a robust
superhydrophobic fabric with a water contact more than 160° and sliding angle less
than 10°. Furthermore, the modified fabric demonstrated outstanding UV shielding,
self-cleaning and water-oil separation.

Though the photocatalysts have been applied for multifunctional properties on
textiles, but, the effect of these functional materials on the properties of textile is
controversial. They generate highly reactive species know as reactive oxygen species
(ROS; OH•, O•−2) by absorbing electromagnetic radiation in UV region and these
ROS are responsible for organic decay. As cellulose is also organic thus these ROS
could also have detrimental effect on their contact with the cellulosic fibers [51,
54]. Thus the mechanical properties such as tear strength, tensile strength, abrasion
resistance could be lost when the cellulosic textile is treated with photocatalysts like
TiO2 and ZnO etc. due to crystalline changes of cellulosic structure [55].

Due to the negative effects on dyed fabrics and the loss in mechanical proper-
ties mostly the SiO2 nanoparticles have been used for manufacturing of superhy-
drophobic textile due to inert nature of SiO2 nanoparticles. A researcher Stöber
developed the Sol-gel process for nanoparticle’s synthesis that has been used now
by many researchers to generate nanoroughness at the substrate with few modifica-
tions. TEOS: tetraethyl orthosilicate and some organic solvents or distilled water are
the most commonly used precursors for fabrication of SiO2 nanoparticles by sol-
gel process. After synthesis these nanoparticles have been applied by conventional
pad-dry-cure method onto textile for surface morphological change by creation of
nanoroughness. Then post treatment by repellents made textile hydrophobic with
water contact angle of greater than 130° [56]. In early experimentation, the water
contact angle was lower than 150° mostly and the textiles were not superhydropho-
bic. Therefore the rigorous researches were carried on to mimic the lotus leaf and
to attain the angle more than 150°. Several chemicals were tried and it was known
after intensive research that fluoroalkylsiloxane could be best repellents providing
superhydrophobic nature to textiles. Thus Hao et al. [57] reported application of SiO2

nanoparticles for nanoroughness and treatment with fluoroalkylsiloxane that lowered
the surface energy enough to increase WCA 138°–156.5°. Thus, an approach was
adopted that was near to lotus leaf effect.

The extent of hydrophobicity could be dependent upon the chain length of
repellent silane coupling agents. To confirm this and to find the best hydrophobe
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a research was done in which silanes with different chain lengths were used
to lower the surface energy along with silica nanoparticles. Cross linker was
added to enhance the durability of nanoparticles. From the study it was con-
firmed that n-dodecyltrimethoxysilane was the best hydrophobe due to longest
chain length among seven repelling agents such as n-octadecyltrimethoxysilane,
n-dodecyltrimethoxysilane, n-hexadecyltrimethoxysilane, n-butyltrimethoxysilane,
n-ethyltrimethoxysilane, n-octyltrimethoxysilane, and methyltrimethoxysilane [44].

As the nanoparticle do not have the affinity for textiles, therefore, some binders
have been used [58–60] to increase their adhesion with the substrate mentioned
previously in this chapter. Due to the application of binders the comfort and prop-
erties like tear strength have been compromised [61]. Therefore, there was a need
to find a way out to improve the durability without affecting the inherent char-
acteristics of the textile. The researchers tried to functionalize the nanoparticles
with silane coupling agents to directly bind them with the textile without using any
crosslinker. Riaz et al. [1] investigated the comfort properties by developing highly
durable superhydrophobic textiles by application of 3-(Trimethoxysilyl) propyl-
N,N,N-dimethyloctadecyl ammonium chloride and 3-Glycidoxypropyl)trimethoxy-
silane modified SiO2 nanoparticle at cotton fabric. It was found that water contact
angle of nearly 150° was obtained without compromising the comfort properties and
functionality up to 20 industrial washing cycles was obtained.

Tomake the surface very near to lotus effect binary hierarchical roughness inmore
than one layer was also tried to be created at the textile to attain maximum WCA.
In this regard, different sizes of SiO2 nanoparticles were used with two silanes.
First layer of 3-aminopropyl triethoxysilane functionalized SiO2 nanoparticles was
applied onto textile and then 2nd layer of 3-glycidoxypropyltrimethoxysilane func-
tionalized SiO2 nanoparticles was deposited onto the 1st layer. The deposition of
different sized nanoparticles created the binary hierarchical roughness at the sub-
strate. Due to direct relationship between surface morphology, surface roughness
and water contact angle it was possible to tailor the water contact angle [62]. Xue
et al. [63] also presented same type of study in which binary roughness was created
on epoxy modified cotton fabric by applying amino and epoxy-functionalized silica
nanoparticles on textile. Then the surface energy of treated textile was further low-
ered by post treating with stearic acid and the superhydrophobic textile with water
contact angle nearly 170° was obtained.

Along with pad-dry-cure method, spraying have also been used for the coating
of modified nanoparticles on the textile. SiO2 nanoparticles dispersed in toluene,
functionalized with trichlorododecylsilane that grafted dodecyltrichloro group on
nanoparticle surface were sprayed on cotton after drying at room temperature the
modified textile confirmed superhydrophobicity exhibiting water contact angle more
than 160° also with contact angle hysteresis less than 10° [64].

For textile modification by attachment of nanomaterials various methods have
been adopted and reported with merits and demerits of every technique.

The sol-gel method have always beenmost well-known andwell applied to adhere
nanoparticles with textile to make it superhydrophobic. But, the main issue with
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this technique is that the inherent properties of textile more or less have been dis-
torted because of this application technique [65, 66]. Different methods have been
adopted with minimum effect on intrinsic textile properties such as air permeability,
bending rigidity, hand feel, thermal and moisture management, appearance etc. with
greater durability and homogenous distribution of nanoparticles. Layer by Layer
self-assembly deposition is one of them in which electrostatic force of attraction is
basic reason to bind the nanoparticles at substrate. Zhao et al. [67] deposited silica
NPs using polyelectrolyte by layer by layer electrostatic self-assembly and created
nanoroughness at the surface. The post treatment of SiO2 nanoparticles coated textile
was done with fluoroalkylsilane and superhydrophobic textile was developed water
contact angle higher than 150° and also the sliding angle of 10° was obtained. As the
surface morphology is also an important factor for the superhydrophobicity, there-
fore, it could be controlled by changing the number of layers on textiles and the water
contact angle of 170° could be achieved for textilemodifiedwith epichlorohydrin and
SiO2 nanoparticles deposited by layer by layer assembly. Half of these nanoparticles
were 3-aminopropyltriethoxysiloxane and the remaining were 3-glycidoxypropyl
trimethoxysilane modified [68]. Nevertheless, the results are good but the technique
is limited due to higher production cost and the longer time for processing.

Though until now the silica nanoparticles have been most widely used inorganic
material to fabricate superhydrophobic textiles due to its inertness. But the textiles
treated with sol-gel synthesized SiO2 are stiffer with less bending and comfort prop-
erties. Also decrease in mechanical properties like tear strength has been reported
in literature, due to cross-linking. But, even then the functionality is higher than the
demerits therefore, the practice to use these nanoparticles is still higher and the use
will be continued until the fabrication of some new material came into existence.

2.2.3 Plant Based Organic Repellents

Because themostly usedwater repelling agents are not biodegradable and sustainable,
also, they are not easy to produce therefore, researchers have been trying to find out
natural, sustainable and cost effective materials to make textiles superhydrophobic.
Phytic acid containing six phosphate groups is naturally occurring component present
in many plant tissues, seeds, and also in legumes, grains and cereal. Several metal
ions CeIII, AgI, FeIII, SnIV and ZrIV could have the ability to bind the phytic acid
just like a crosslinker and form the insoluble complex aggregations. This insoluble
metal complex aggregations were used to generate hierarchical nanoroughness at the
surface of cotton fabric. To enhance the superhydrophobic character further treatment
was done polydimethylsiloxane to make it superhydrophobic due to the its several
hydrophobic alkyl chain [69]. Schematic presentation of the whole process is given
in Fig. 8.

Researchers at Queensland University of Technology (QUT) have identified a
biodegradable and sustainable water proof coating going to commercialize soon.
They were analyzing possible applications for bagasse that is fibrous husk discarded
after sugar making. They realized that the lignin that is gigantic molecule could be
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Fig. 8 Schematic showing the development of superhydrophobic cotton fabric coated with PA-Mn
+ @PDMS. “Reprinted with permission from Ref. [69], Copyright (2017) American Chemical
Society”

used as water repellent coating that is found in most of the plants and few algae. If
textile researchers work on it, the lignin formulation could very useful to make textile
hydrophobic. Zein is obtained from maize that is water-insoluble protein, leguminis
found in leguminous seeds like peas, is a casein-like protein and lectins is found
in many plants are glycoproteins. Research could be done to use these materials to
make them textile alone or along with other water repelling agents.

2.3 Commercialized Superhydrophobic Textiles

Until now the first commercialized textile was developed by Nanotex®. They by
creating nanoroughness and utilizing low surface energy chemicals have developed
commercial multifunctional textile with amazing moisture management, superhy-
drophobic and odor defusing features. They created nano-whiskers, that are hydro-
carbons and their size was 1/1000 of usual cotton fiber that have been added to
the fabric to make it water-repellent without affecting the mechanical properties of
cotton. The pore size of developed nano-whiskers is usually below than the water
droplets but greater than awatermolecule thuswater could not enter thewhiskers and
remain at the surface of textile. But, the moisture and air can pass through making it
breathable hydrophobic, stain repellent, retaining the natural comfort, softness and
breathability [70].



Fabrication of Superhydrophobic Textiles 211

However, if a very high pressure was applied the liquid could pass through
it. Another textile based Swiss Company Schoeller synthesized Nanosphere and
coated them on textile to make it water repellent. The lotus effect was provided onto
Nanosphere coated fabric that is involved impregnation of 3-D surface structure and
gel forming additives that repel water and during rolling off all the dirt and dust
particles are attached with the water droplet making the textile super hydrophobic
and self-cleaning [71].

2.4 Switchable Hydrophilicity and Hydrophobicity

The surface with water contact angle less than 90° is hydrophilic, less than 5° is
superhydrophilic, higher than 80° is hydrophilic and even higher than 150° is super-
hydrophilic. The wettability or repellency of surface is dependent upon the surface
roughness and surface chemistry. The switchable surface which combines the effect
of both superhydrophilic and superhydrophobic have been recently reported that are
smart, adaptable and stimuli responsive by changeof surface chemistry. Such surfaces
can be used in many applications such as drug delivery, oil-water separation, protein
concentrators, and microfluidic pumps. There could be some triggering mechanism
depending upon the surface chemistry that can reverse the surface’s character under
different conditions. Switchability of surface could be induced by any stimulus like
light [72], pH [73], temperature [74, 75], electric potential [76, 77], solvent [78] and
mechanical stress [79].

There have been thermos-responsive polymers used to approach the switching
character of a material that undergo the phase transformation at certain tempera-
ture which is called lower critical solution temperature at which switching between
hydrophobicity and hydrophilicity occurs. Tao Sun and his colleagues worked on
thermos responsive PNIPAAm (poly N-isopropylacrylimide) thin film fabrication on
roughened and smooth silicon surfacewith LCSTof about 32–33 °C. Themechanism
of switchability was adaptation from hydrogen bonding with solvent at temperature
below LCST to internal hydrogen bonding above the LCST. Compared to flat sur-
face the roughened surface of silicon with thin film of PNIPAAm gave the ability to
surface to be switched between superhydrophilic at ~25 °C and superhydrophobic at
~40 °C [74].

Light sensitive switchable duperhydrophilic, superhydrophobic films have been
synthesize by hydrothermal treatment of an aqueous titanium trichloride solution
supersaturated with NaCl. These fabricated films on UV irradiation transformed
from superhydrophobic to superhydrophilic. Because TiO2 is a photocatalyst, on
exposure to UV radiation the generated holes react with oxygen to form surface
oxygen vacancies, thus water molecules coordinate kinetically making the surface
superhydrophilic. As the surface is roughned by TiO2 nanorods the water droplets
fill the nanogrooves by replacing the trapped air. The water contact angle will be
about below 5°. The surface will be in metastable state on water adsorption, which
can be replaced by atmospheric oxygen [80] after the films are located in the dark.
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Consequently, the surface will be transformed into its original state and the super-
hydrophilicity would be transformed into superhydrophobicity of the films again
[81].

3 Conclusion

Superhydrophobic textiles inspired from lotus leaf have been developed and used
in various fields of life. Organic and inorganic materials that have been used for
hydrophobic textiles are discussed briefly in this chapter. Durable water repellent
textiles containing organic repelling agents could not provide superhydrophobic-
ity because they only lower the surface energy, but, nanoroughness and surface
morphology should also to be considered for manufacturing of superhydrophobic
textiles.

Also, the risk associated with organic repellents like stearic-acid melamine and
fluorochemicals made their use limited in textile. Therefore, inorganic compounds
in the form of metal oxide nanomaterial along with silicone based repelling agents
are discussed in detail for development of superhydrophobic textile.
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Self-cleaning Finishes for Functional
and Value Added Textile Materials

Subhankar Maity, Kunal Singha and Pintu Pandit

Abstract General consequences with textiles and clothing are becoming dirty after
daily use and required frequent washing with detergent and water resulting wastage
of time, money, and water. Recent trends is to develop self-cleaning textiles and
clothing which can clean themselves without water and detergent. It is a natural
tendency of textile surface to catch foreign particles as dirt as well as helps to grow
bacteria. The broader characteristics of today’s self-cleaning textiles are water and
oil repellency and anti-bacterial efficacy. Nature has plenty of evidences of such
self-cleaning effects, e.g. Lotus leaf. Learning from nature mimicking of lotus effect
can be achieved in textile substrate to achieve super hydrophobic surface that cannot
be wetted by liquid and liquid droplet rolls over the surface like a pearl and clean
the surface as well. Such self-cleaning effect can be achieved by coating the textile
substrates with some active agents as functional finish. Various nanoparticles like
TiO2, ZnO, Ag etc. can be applied on textile surface by variousmeans to achieve such
self-cleaning anti-microbial effects. This chapter review those nanotechnologies,
materials, characteristics and limitations of such self-cleaning textiles in brief.

Keywords Self-cleaning · Nanotechnology · Photo-catalyst · Super-hydrophobic ·
Contact angle · Photo-catalytic · Lotus effect · Nanoparticle

1 Introduction

Self-cleaning textiles are the materials which can clean themselves without launder-
ing. This property can be achieved in textiles by making their surface repellent to
water and soil. Water and oil repellency is related to the surface energy and contact
angle with the contact fluid. The contact angle is defined as the angle between the
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solid textile surface and droplet of contact-fluid. The wettability of the solid surface
depends on the surface energy of the solid and the liquid. Depending on the differ-
ence in surface energy the contact angle is subtended in smooth surface. There are
wettability theories proposed in literature for smooth and rough surfaces. For smooth
surface, Young model (Eq. 1) was proposed which is based on the three interfacial
energies per unit area which are in equilibrium at the droplet resting on solid surface.

γsv = γsl + γlvcosθ (1)

where, θ is the contact angle as shown in Fig. 1, γsv and γsl, γlv are interfacial energies
per unit area of the solid-vapor, solid-liquid, and liquid-vapor interfaces, respectively.

If the contact angle subtended by a fluid droplet on the solid surface is less than
90°, the solid surface is termed as a hydrophilic surface corresponding to the same
fluid. When the contact angle is >90°, the surface is termed as a hydrophobic surface
corresponding to the fluid. If the contact angle is approaching to zero the solid surface
is becoming super hydrophilic and inversely, when the contact angle is >150° the
surface is super hydrophobic. A super hydrophobic surface creates the water or oil
repellency leading to self-cleaning effect. Various means of water and soil repellency
finish of textiles have been one of the major research focus since few decades. This
increasing interest towards development of self-cleaning textiles is due to their ability
to reduce cost of cleaning and henceforth commercial success. There are various
materials and techniques are available for preparation of water, oil and soil repellent
textiles with self-cleaning effect. They are especially surface treatments to achieve
the condition of limited wettability or repellency which leads to the concept of self-
cleaning textiles. Super repellent surface or self-cleaning surface is already available
in nature itself [1]. A common example of super hydrophobic self-cleaning effect
in nature is lotus leaf, where water droplets can roll out of surface without wetting
and contaminating. The surface of lotus leaf is thus have ability of self-cleaning
by repelling water and dirt. We need to understand such natural phenomenon and
apply the knowledge of chemistry and physics to achieve similar self-cleaning effect
on textile surface. The lotus leaf consists of two levels of architecture viz. micro-
scale bumps and nano-scale hair-like structures coupled with some waxy chemicals.
Researchers are developing artificial self-cleaning textiles by the concept of this
architecture of lotus leaf. There are irregular epicircular wax crystals present of the

Fig. 1 Contact angle for
surface wetting
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surface of the lotus leaves making an uneven micro-texture. Air molecules are thus
easily trapped in interstitial spaces of the rough surface resulting less adherence of
water and dirt molecules by reducing adhesive forces. Water molecules appear like
sphere over such surface and roll over easily and in the course remove the dirt particles
away from the surface [2–9]. Self-cleaning effect can be achieved by textile materials
either by preparing a hydrophobic surface or by some hydrophilic coatings. Both of
these types of surface coatings can help to clean textile surface without laundering.

2 Principles of Preparation of Self-cleaning Textiles

There are two principalmethods of preparing self-cleaning textiles. It can be prepared
either by coating of textile surface with super hydrophobic materials (such as sili-
cones, fluorocarbons etc.) or by coating with some functional hydrophilic materials
by the route of nanotechnology.

A liquid droplet canwet a solid surfacewhen the surface tension of a solid is higher
than the surface tension of the liquid. Therefore, the surface tension of the solid need
to be reduced than that of the liquid for achieving liquid repellency. Fluorocarbons
are the carbon compounds which contain perfluorinated carbon chain possessing a
very low surface tension of about 10 dyne/cm. During the application process, the
fluorocarbons form a coat of thin layer around the textile surface. As a result, surface
tension of the coated textiles becomes lower than that of water and water repellency
effect is achieved. Awater droplet then does not adhere to the textile surface and rolls
out off. Silicones are actually organosilicon compounds which are highly explored
for preparation of super hydrophobic textile surfaces. There are various approaches
available in literature for preparation of super hydrophobic self-cleaning surfaces
using silicones. PDMS (polydimethylsiloxane) is one of the popular silicone, can be
used for surface modification of textiles by exciting CO2 pulsed laser to introduce
peroxide groups onto the PDMS surface to create a rough surface. These peroxide
groups assist graft polymerization of 2-hydroxyethylmethacrylate (HEMA) onto the
PDMS. By this method excellent hydrophobic surface achieved with water contact
angle of about 175°. But these hydrophobic coating processes have drawback in
terms of durability of the coat which is not satisfactory and in case of cotton mate-
rial this is found to be very poor. Other demerit is hazardous effect of the fluorine
compounds which reacts with biological issues and causes skin irritation [1, 3, 10–
14]. Nanotechnology is relatively a new approach of achieving self-cleaning effect
for textiles. This route is proved to be technically viable as well as economically
successful. Various approaches of preparing self-cleaning textiles by this route are
proposed in literature by various researchers. Most widely described approach is by
the applications of photo catalyst like TiO2. Other methods are using silver nanopar-
ticles, carbon nanotubes, colloidal metal oxide, N halamine, microwaves irradiation,
etc.
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3 Photo-Catalytic Self-cleaning Effect

Unlike hydrophobic surfaces which are based on rolling over of water droplets to
clean the adhering dirt from the surface, hydrophilic coatings of a photo-catalyst
chemically break down the dirt/foreign molecules in the exposure of sunlight. This
is the photocatalytic self-cleaning effect. Titanium dioxide (TiO2) and zinc oxide
(ZnO) nano particles are commonly coated over textile surface which are acting as
photocatalysts. The thickness of the coating is typically in the range of 20 nm. When
these nanoparticles are irradiated with ultra-violet rays of sunlight that has energy
higher than their band gap then valance electrons are excited to jump into conduc-
tion band. These conductive electrons (e−) form O2− radical ions in presence of
atmospheric oxygen. The O2− radical ions are unstable and combined with contam-
inated dirt particles, pollutants, and micro-organisms which are generally organic
compounds. The reaction is resulted in the formation of carbon dioxide (CO2) and
water (H2O). TiO2 or ZnO act as catalysts only and never used up in the reaction
process and destroy dirt molecules, organic matters and micro-organisms from the
textile surface providing self-cleaning effect in presence of sunlight. The mechanism
is demonstrated in Fig. 2 [7, 15–23].

Self-cleaning anti-microbial cotton fabrics are prepared by impregnating the same
in a dispersion solution of TiO2 nanoparticles. This TiO2 nanoparticle enriched fab-
rics can kill bacteria in sunlight [24]. The antibacterial functionality of the TiO2-
enriched cotton fabrics is attributed to the destruction of the bacteria cell wall and
membrane by O2− radical ions which are generated in course of photocatalytic reac-
tions. In another study, it is reported that TiO2 loaded cotton textiles eliminate the
stains of wine, coffee, tea etc. by destroying chromophore(s) of the stains by the irra-
diation of ultra violet rays of sunlight [25]. Such self-cleaning functionality of the
TiO2 loaded textiles is attributed to the formation of highly oxidative intermediates
generated at textile surface as shown in Fig. 3. The mechanism of dismissing of the
stains and release of CO2 due to light irradiation is shown in Eq. (2).

Fig. 2 Photocatalytic self-cleaning of titanium dioxide coated on textile surface [19]
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Fig. 3 Photocatalytic
oxidative intermediates
produced by TiO2 on a
cotton tissue in the presence
of O2 and H2O vapor.
Reprinted from Ref. [25],
Copyright (2019) Elsevier

CxHyNvSw + hv + H2Ow + O2 → CO2 + H2O + SOp + NOq (2)

In other studies, self-cleaning functionality is bring about on cotton textiles by coating
with TiO2 film as well as loading of AgI particles which enables the fabric to be
cleaned in visible light only [26]. This visible light irradiated photocatalytic effect of
the AgI–Nano-TiO2 coated cotton textiles is reported significantly better than simply
TiO2 treated cotton textiles. This reveals thatAgI effectively assists the photocatalytic
activity ofTiO2 and the effect sustains for several numbers of photodegradation cycles
[26].

4 Self-cleaning Effect Using Microwaves

Nanoparticles have poor affinity to textile surface attributed to poor washing fastness.
Microwave technology is developed to attach nanoparticles onto textile surface. The
functionality of the nanoparticles is enhanced towards better self-cleaning function-
ality by attaching some chemicals those can repeal water, oil or bacteria. These duel
nanoparticles-functional chemicals create protective layer over textile surface and
kill bacteria, repel fluid and dirt. This technology is developed by scientists working
in U.S. Air Force, and presently applied to prepare anti-microbial t-shirts and under-
wear which can be worn hygienically for weeks without washing as shown in Fig. 4
[19].
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Fig. 4 Self-cleaning clothing fibers using microwaves [19]

5 Self-cleaning Effect Using Carbon Nanotubes

Mimicking of lotus leaf surface is a suitablemethodof preparing self-cleaning surface
where nanosize rods are vertically arranged in regular pattern creating a roughmicro-
surface. Controlled assembling of carbon nanotubes over textile surface can serve the
purpose and which is successfully achieved by researchers. By this method, carbon
nanotubes are assembled on cotton surface and water contact angle greater than 150°
is achieved. Such cotton fabrics are super hydrophobic in nature and carbon nanotube
being electro-conductive the coated fabrics can exhibit various sensory functions
[27]. The super hydrophobic functionality of micro-structured surface contained
with carbon nanotubes is shown in Fig. 5 [28]. It is reported that the self-cleaning
performance of the fabric does not deteriorate even after multiple use. In another
study, it has been reported that fluorinated carbon nanotubes have better performance
than that of ordinary carbon nanotubes. Fluorinated carbon nanotubes are vertically
arranged on textile surface that exhibit better hydrophobicity and excellent self-
cleaning performance [29].
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Fig. 5 Superhydrophobic performance of micro-scale carbon nanotube pillars of 250 μm in width
and 100μm in height. aA10μLwater droplet sitting on the surface of vertically aligned carbon nan-
otubes. b Top view of water droplet sitting on the micro-scale carbon nanotube pillars. c Schematic
diagram showing carbon nanotube pillars held at base by polymer adhesive and a water droplet sit-
ting on top of pillars [28]. Reprinted/adapted from Ref. [28], Copyright (2019) American Chemical
Society

6 Self-cleaning Effect Using Silver Nanoparticles

Silver (Ag) nanoparticles are loaded onto textile surface for multipurpose applica-
tions. Silver is an excellent antimicrobial agent. Being having higher specific area
its nanoparticles is a highly active material. Coating textile materials with silver
nanoparticles brings about self-cleaning effect. The silver particles destroy various
organic compounds such as dirt, contaminants as well as micro-organisms resulting
minimal washing of cloths. The Ag nanoparticles exhibit water repellency effect by
creating nano-whiskers over textile surface which are made of hydrocarbons and
have about 1/1000th of the size of a typical cotton fiber. The Ag nanoparticles create
a fuzz effect on the textile fibre surface without deteriorating the tensile properties
of the fibre as shown in Fig. 6. Ag nanoparticles are also used in conjunction with
TiO2 particles to coat over textile surface either in colloidal form or in particular

(a) Untreated textile surface (b) Treated textile surface

Fig. 6 Silver nano-particles used for self-cleaning textile
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form for improved functionality. The fixation of the particles on textile surface can
be improved by high temperature curing. The high temperature curing treatment on
cotton or polyester fibres produces activated surface induced by oxygen containing
diverse polar groups. These polar groups increase the synergy of Ag blending with
TiO2 on textile surface. High frequency plasma treatment in presence of oxygen and
vacuum UV lead plasma treatments are also tried for increasing adhesion of Ag and
TiO2 on textile surface [30].

7 Self-cleaning Effect by Using Colloidal Metal Oxide

A colloidal solution of suitable metal oxide particles is to be prepared and textile
fabric is to be dipped into it followed by a through heat treatment process to create
certain roughness onfibre surface in nanometer scale.By this treatment fabric become
water repellent with water contact angle above 150°. Synthetic textiles can be coated
with TiO2 by this colloid suspension method [31]. These TiO2 coated fabrics are
able to remove the stain of tea, coffee, wine etc. under visible light with time. The
durability of the TiO2 coating on textile surface achieved by this process is found to be
satisfactory formultiple use. In another study, a blended colloidal solution is prepared
bymixingTiO2 powder in titanium isopropoxide (TTIP) colloid andwool/polyamide,
polyester fabrics are processed through this colloid. The treated textiles are able to
discolor wine and coffee stains under solar radiation [31]. The colloidal coating is
found to be stable and excellent stain removal potential and it is also can perform
under neon light. TiO2–SiO2 sol-gel preparation is proposed to be as a transparent
photoactive coating that can apply to textiles at low temperature without damaging
textile surface. This preparation is reported to be better photo-catalytic agent than
that of TiO2 alone [31].

8 Self-cleaning Effect by Using N Halamine

Chlorine is a well known disinfectant used for killing bacteria. The chlorine atom
present is N-halamines are successfully explored for biocides applications. N-
halamines are heterocyclic organic compounds containing at least one covalent bond
between nitrogen atom and a halogen atom (N–X). In case of stable N-halamines
the halogen is chlorine (N–Cl) in most of the cases. The stability of N–Cl bond
depends on the chlorination reaction by which the bond is formed. The chlorination
of amine, amide and imide groups are generally occurs in dilute hypochlorite solu-
tion. N-halamines are biocides which can kill a broad range of micro-organisms like
bacteria, fungi, viruses etc. This anti-microbial effect is attributed to the capability
of electrophilic substitution of chloride ion (–Cl) with hydrogen ion (–H) situated
in N–Cl. This substitution reaction occurs in presence of water (H2O) resulting to
the transfer of Cl+ ions that can bind to acceptor regions on microorganisms. As a
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result the enzymatic and metabolic processes of micro-organisms are hindered and
they are dismissed. Once the N-halamines perform a reaction to kill bacteria, N–Cl
bonds are converted to N–H bond which are inactive and does not have antimicrobial
properties. Therefore, regeneration of the same is required by treatment with dilute
hypochlorite solution. N-Halamines can be applied to broad range of textile sub-
strates including cellulose, polyamide, and polyester to make them anti-microbial
[32]. Though N-halamines contain chlorine it is not toxic since toxic chlorine gas is
not generated during the process. The N-halamine-treated textiles can kill microor-
ganisms almost instantly on contact, and therefore, they are found to be best suited
for hygiene and medical applications like uniforms, bedding, towels, wipes etc.

9 Applications of Self-cleaning Textiles

Self-cleaning textiles and garments retain their original texture and feel after the
chemical treatment. Textiles which can keep themselves clean can save a lot of
water, detergent and energy by avoiding frequent washing. Using above mentioned
technologies self-cleaning fabrics can prevent dirt, oil, and also act as a disinfectant.
Moreover, the self-cleaning effect keeps the textiles long lasting and fresh looking
than ordinary fabrics. Anti-dirt, anti-bacterial and self-cleaning clothes can be used
in medical, sports, defense, and home textiles widely. Few commercial products are
available in global market with this self-cleaning quality. One example is Mincor®

TX TT which can be used for tailoring of outdoor textiles like tents, sunshades, flags
umbrellas and sails. NanoTex® is another product suitable for apparels like men’s
dressmaterials aprons, gloves, shirts, etc.Nanosphere® ismainly used for preparation
of men’s shirts with self-cleaning effect. Nano-whisker surface is created on textile
surface and water droplets along with dirt particles rest only on the peaks of the
whisker, and as a result there is lower contact area with textile surface as shown in
Figs. 7, 8 and 9. Due to lower contact area, surface adhesion is reduced significantly.
Water droplet thus rolls out off the textile materials and dirt particles either repelled
or can simply be rinsed off automatically. Such effect is called self-cleaning when
textiles require no or very less washing. Washing conditions even will be very gentle
at low temperature with minimum requirement of soap or detergent. Such products
also possess excellent durability in terms of abrasion resistance andwashing fastness.
The aesthetic appeal, hand and breathability are not affected even after numerous
washing cycles. Therefore, NanoSphere® is marketed as an ideal product for use
outdoor apparel, sportswear, men’s and women’s wear, work wear, shoes cover and
home furnishings [2].
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Fig. 7 The NanoSphere®

surface

Fig. 8 High level of water
resistance

Fig. 9 Durable protective
function
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10 Limitations of Self-cleaning Fabric

Self-cleaning textiles are becoming practical and economical in the era of advance-
ment of nanoscience and nanotechnology. Advancements in nanoscience and nan-
otechnologybothpractical and economical. Industries readily accept the technologies
in commercial production of self-cleaning textiles which made the products readily
available in market and this could really obsolete the washing machines, laundry
detergents. However, there are few shortcomings limiting the efficiency and perfor-
mance of self-cleaning. Wash fastness of the coated textiles is one of the limitations.
All the agents are not suitable for all textile substrates.Another factor is the irradiation
time in sunlight. Sunlight as a sole source of energy of photocatalytic self-cleaning
required to be sufficient in terms of intensity and duration. A tea-shirt having tea
stain required to be exposed in sunlight for a whole day for the removal of the stain.
Therefore, it is a time consuming task. Sometimes, it is not problematic for military
persons who wear the cloth and stand outside sun for prolong time during his duty
and clean their clothes. The intensity of light also plays a big role because the exci-
tation of electrons in the valence band of TiO2 depends on it and unless the electrons
hope to conduction band the cleaning process does not commence. The electrons in
valance band must react with atmospheric oxygen which causes depletion of oxygen
arising environmental concern.

11 Conclusion

There are various approaches reported in literature for preparation of self-cleaning
textiles. Broadly they can be divided in two ways such as either by making surface
super hydrophobic (coating with silicones, fluorocarbons etc.) making the surface
repellent to water, oil soil etc. or by coating with some functional hydrophilic finishes
by the route of nanotechnology. Nanotechnology has been found very promising in
this regard because by application of fluorocarbons etc. on textile materials made
them hazardous and cause skin irritation. Application of nanoparticles, carbon nan-
otubes, N-halamines etc. in various forms brings about the properties of self-cleaning
textiles and researches are going on in this area for further improvement. At present,
there are some limitations or demerits with existing self-cleaning textiles in practical
and economical point of view. The finish cannot be applied to all kind of material
and longer time is required for cleaning treatment in sufficient sunlight.
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Insights into Phosphorus-Containing
Flame Retardants and Their Textile
Applications

Mohd Yusuf

Abstract In recent years, flame retardants (FRs) focused on eco-friendliness, eco-
viable and durable, are in great social demand and one of the most growing area of
research interest on account of increased awareness towards environmental concerns.
In this regard, strategies are considered ontoFRs for textiles aswell as other substrates
with their applicability and selectivity. Phosphorus-based FRs provide a foundation
for the directed design of nontoxic FRs mainly because of its versatility, for exam-
ple, it can act in both the condensed and gas phase, as an additive or as a reactive
component, in various oxidization states, and in synergywith numerous adjuvant ele-
ments. Various P-moieties make valuable contribution and combinations including
elemental, inorganic salts and organophosphorus compounds. This chapter highlights
general insight into phosphorus-based flame retardants for polymeric systems with
future R&D opportunities.

Keywords Flame retardants · Textile finishing · Phosphorus compounds · OPFRs

1 Introduction

Flame-retardation ability to the polymeric substrates such as textiles (woven or non-
woven), plastics, rubber and others, is vastly needed because they have been applied
to a myriad of applications for general and engineering purposes. Specific chemical
bonding was shown in several polymeric materials (i.e. cotton, linen, hemp; silk and
wool; nylon; polypropylene; polyester etc.) acquired specificity towards implanting
flame-retardancy. Textile materials have been applied worldwide in both civilian
as well as military fields due to their inherent and excellent properties such as air-
permeability, softness, comfortableness, hydrophilicity etc. In a general opinion, fire
can be described as the combustion cycle which is illustrated by a fire triangle for
which three components are necessary to be fire to occur; one is heated, secondly
a combustible fuel and thirdly a combustive process. The most important factor in
the combustive process is the air (oxygen). According to the fact that fire or flame is
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often initiated from the burning of the textile materials which subsequently results
in burns and even loss of human life, causing serious damage to furniture, carpets,
upholstery, buildings, properties, etc. [1, 2]. Thus, flame retardant (FR) finishing of
textile substrates is extremely necessary for many applications for the prevention of
fire and for protection of human life. Most of the polymeric materials such as cellu-
losics, wool, nylon, polyesters, polyurathanes possess higher flammability [3], and
therefore, required high performance flame retardant finishes to overcome flammable
aspects.

FRs provide fire resistance ability to the textiles through the heat absorbing, the
covering effect, inhibition of chain reaction and gas dilution phase [4]. In general,
there are many chemical treatments that are commonly employed to impart flame
retardant finish for textile/polymeric materials. Main six categories of FRs are highly
discussed and accepted, for example; halogenated, formaldehyde-based, P-based, N-
based, Si-based and other mixed formulations [5]. However, the purpose of FR fin-
ishes is to reduce the amount of heat that is supplied to the polymer system to be below
the level for flame stability [6]. Halogenated, phosphorus and formaldehydes based
compounds such as Proban, THPC-TMM (Tetrakis(hydroxymethyl)phosphonium
chloride-Trimethylolmelamine) and Pyrovatex CP, have been widely employed as
the commonest FRs to impart durable fire-resistant ability to the cotton substrates
[3–7].

In early 1990s serious environmental concerns have been noticed concerning halo-
genated FRs, especially brominated flame retardants (BFRs). It is found that under
severe thermal stress or when they were burnt in accidental fires or uncontrolled
combustion, BFRs could form halogen-based dioxins and furan derivatives [8, 9].
Furthermore, it is noteworthy that the environmental and health concerns limited not
only of BFRs, but also of other types of flame retardants and have been studied exten-
sively at a global scale. Several scientific meetings and conversations were organized
in the late 90 s onto flame retardants: uses, risk assessments and safety globally until
the transition toRegistration, Evaluation,Authorisation andRestriction ofChemicals
(REACH), a European Union Regulation Authority came existence in 2006. In 2008,
REACH, [10] (REACH, 1907/2006/EC) entered “No data no market” slogan which
requires the basic health and environmental data to be submitted for all chemicals
before commercialization for their safety evaluation [10]. Halogenated FRs generate
poisonous substances on fire and combustion [2] whereas formaldehyde-based FRs
release formaldehyde which found carcinogenic [3]. They are found to have adverse
health effects in animals and humans, including endocrine and thyroid disruption,
immunotoxicity, reproductive toxicity, cancer, and adverse effects on fetal and child
development and neurologic function [9–13].

As a result, health and environmental hazards associated with these FRs driven
R&D for identifying and utilizing safer alternatives. Because of the social concerns
onto eco-preservation using eco-friendly FRs, the new FRs needs to be halogen-free
and formaldehyde-free. Phosphorus, nitrogen, and silicon-containing compounds
are generally considered as environment-friendly FRs, because they do not generate
harmful substances to human-ecosystem on burning with fire and their synergistic
effects [6, 14]. P-based FRs are found very effective inert towards fire (most effective
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in high oxidation states)mainly because of its characteristics such as (i) lowwater sol-
ubility, (ii) low volatility, (iii) low dose requirement, (iv) less degradation to possibly
hazardous substances, and (v) no toxic emissions [2, 6]. Mechanistically, phospho-
rous based flame retardants, during a fire form poly andmeta-phosphoric acids which
form an oxygen-barrier layer [15] and commonly used due to the environmental
scrutiny halogenated and formaldehyde-free FRs.

The flame retardant mechanism described for phosphorus containing flame retar-
dants includes both a condensed and a vapor phasemechanism depending on the type
of phosphorus compound and the polymer. Specific applications for red phosphorus,
organophosphates, chlorophosphates and bromophosphates are described. The use
of triarylphosphates in PVC,modified polyphenylene oxide, and polycarbonate/ABS
is described. The chlorophosphates are used in polyurethanes and the bromophos-
phates in engineering thermoplastics. Flammability and mechanical properties are
given for specific polymers [16].

Phosphorous based flame resistant materials have long been used since the 1940s–
1950s. P-based FRs exhibit excellent fire inertness ability and found effective both
in the vapour and condensed phases. They vary in oxidation states (0 to +5) and
can be classified into elemental, inorganic, and organic or organo-phosphorus [17]
categories.

1.1 Elemental Phosphorus as FR

Phosphorus (P0) has several allotropic forms [18] out of which white phosphorus
(WP) and red phosphorus (RP) are most common. WP is a white, soft, waxy solid
consists of tetrahedral P4 molecules, in which each atom is bound to the other three
atoms by a single bond. It ignites spontaneously and is very toxic and reactive in
nature, and therefore cannot be used as FR [17].

Samples ofWP always contain red phosphorus in a very little amount and accord-
ingly appear yellow. On heating, WP can be converted into RP in the absence of air.
It is harder, denser, more stable, less toxic, less reactive than WP and polymeric in
structure with P4 units [19]. Although, it ignites easily but possesses thermal stability
up to 450 °C (approx.) and thus, the ability to be used as sufficient FR agent [18]. RP
is observed as an efficient FR especially for oxygen-containing polymers that work in
the vapor and condensed phases [19, 20]. Among the high performance flame retar-
dants (HFFR) additives, RP is a type of powerful FR and has been significantly used
for polymeric moieties other than textiles such as polyethylene [21], poly(ethylene
terephthalate) [22], nylon [23, 24] etc.

Moreover, the combination of RP with other HFFR additives, metal hydroxide
or intumescent FR can improve the overall fire retardancy of highly flammable sub-
strates like polyolefins (PO) blends have been investigated and reported as effective
[25]. However, the main disadvantages of RP are because of poor thermostability,
the evolution of highly toxic phosphine (PH3) during the reaction with moisture
and the lack of compatibility with synthetic resins [26]. A novel technology was
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developed to prepare microencapsulated RP with suitable filling/supported agent
to minimize the associated problems. Wu et al. [27] investigated microencapsu-
lated RP as FR agent for synthetic polymers. In this study, they conclude that the
microencapsulation of red phosphorus efficiently improved itswater absorption, ther-
mostability, ignition point, and decrease the amount of phosphine evolution with 5%
amount [27]. A similar study was carried out by Liu and Wang [26]. In this study,
a composite system of RP encapsulated by N-based FR was used for polyamide
6 (PA6) due to higher N-P synergistic effects. The action and mechanisms of the
NFR-microencapsulated RPFR on PA6 were investigated in terms of limiting oxy-
gen index (LOI) by using vertical burning experiment (UL94), thermogravimetric
analysis (TGA), and scanning electron microscope (SEM) observations. It was con-
cluded that the NFR-microencapsulated RPFR combination possessed desired flame
retardancy because of effective char-formation of the condensed phase and it also
showed satisfactory mechanical properties as the result of the good compatibility
between flame retardant and PA6 resin.

1.2 Inorganic Phosphorus-Based FRs

Inorganic phosphorus-based FRs were developed and commonly used in the nine-
teenth century, mainly phosphates and polyphosphates. However, the great scien-
tist Gay Lussac in 1821 used ammonium phosphate solution to impart flame retar-
dancy of theater curtains [19, 20]. Ammonium phosphates (APs) possess fairly fire
retarding ability and prevent afterglow. Monoammonium phosphate (NH4H2PO4)
and diammonium phosphate ((NH4)2HPO4) or mixtures of these two phosphates
have good water solubility and found very effective for many substrates as FR, for
example, textiles, cellulosic fibers, wooden and paper products [19, 28].With respect
to susceptibility to bloom out of the material, matrix is a down-manner of APs. The
low susceptibility of APs introduces ammonium polyphosphates (APPs) which have
higher susceptibility. APPs are moderately soluble in water with several crystalline
forms that differ in molecular weight ratio and particle size. APPs have been heated
with a small amount of urea to enhance the solubility [19]. APPs are used as the
principal ingredients in intumescent FR coatings because of their decomposition
temperature (greater than 256 °C). The decomposition of APPs produces phospho-
rus acid that will interact with the carbon source to produce a carbonaceous char [19,
20]. APPs are cheaper, low toxic, quite thermally stable than their organic counter-
parts, and good thermal stability, and can be used for other non-textile materials such
as plastics, rubber, paper, epoxy resins and wood [29].
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1.3 Organic or Organophosphorus-Based FRs

Organophosphorus-based FRs gain increased attention preventing the risks of fire in
recent times because of their significant efficacy and environmentally safer nature
over halogenated and formaldehyde containing FRs [30]. Organophosphorus FRs
have been used from last few decades and widely used for several various poly-
meric consumer products like plastics, textiles, polyurathanes (PU), polyamides (PA),
polyethyleneterephthalate (PET), epoxy-materials etc. [31, 32]. Organophosphorus
compounds containing P–C bonds are developed extensively as FR additives due to
their excellent thermal and hydrolytic stability as well as ease of generation. In a
mechanistic pathway it was observed that during the fire, phosphorus compounds
break down to phosphorus acid which blocks polymer’s oxygen functionality, and
therefore lead to the char-formation in the high ratio [33].

Wendels et al. [34] has published an exhausted and comprehensive review on
organophosphorus compounds for the recent developments in organophosphorus
flame retardants (OPFRs) having P–C bonding with their synthesis pathways and
applications [34].

Nowadays, various products, large in numbers are commercially available based
on organophosphorous compound. On the basis of carbon unit/moiety OPFRs can
be broadly categorized into five main classes (Table 1) [17, 32–36]:

(i) organophosphates,
(ii) organophosphonates,
(iii) organophosphinites,
(iv) organoposphine oxide, and
(v) organophosphites.

1.3.1 Organophosphate FRs

Organophosphate FRs with a wide range in their polarity, solubility and persistence
have been produced and used as significant FRs in substitutes to the stringent regu-
lation in the use of brominated FRs. These FRs are widely used as flame retardants
in various consumer products such as textiles, electronics, industrial materials and
furniture to prevent the high risk of fire [1, 32]. A large number of OPFRs have
been fabricated with varied P–C assemblies. Some commonest OPFRs are shown in
Table 1.

Aliphatic: P–Caliphatic bond containing organophosphorus compounds have been
utilized as good FRs to polymeric materials such as Dimethyl phosphate (DMP),
Diethyl phosphate (DEP), Trimethyl phosphate (TMP), Tripropyl phosphate (TPP),
Tri-isopropyl phosphate (TIPP), Tri-n-butyl phosphate (TNBP) Tris(2-butoxyethyl)
phosphate (TBOEP) etc.

Cl-aliphatic: Chlorine-based P–Caliphatic bond containing organophosphorus com-
pounds have superior flame retardancy. Examples of this subclass include
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Tris(2,3-dibromopropyl) phosphate (TDBPP) and Tris(tribromoneopentyl) phos-
phate (TTBPP).

Br-aliphatic: Brromine-based P–Caliphatic bond containing FRs are found effec-
tive FRs, for example, Phenylpropan-2-ylhydrogen phosphate (PPHP), 2-
Ethylhexyldiphenyl phosphate (EHDPP), Isodecyldiphenyl phosphate (IDPP) etc.

Aromatic: In the previous few decades aromatic phosphates possess strong flame-
retardant properties [34]. Common examples are Triphenyl phosphate (TPP), Tri-
cresyl phosphate (TCP), Triisopropyl phosphate (TIPP), Cresyl diphenylphos-
phate (CDPP), 6H-Dibenz[c,e] [1, 2] oxaphosphorin,6-oxide (DOPO), Bisphenol-A
bis-(diphenylphosphate) (BPA-BDPP) etc.

1.3.2 Organophosphonate FRs

Organophosphonates were extensively developed and used as FRs. Many commer-
cially accepted compounds based on organophosphonate specification have been
generated and successfully employed as FRs and composed of two types:

Aliphatic: FRs with P–Caliphatic bond having phosphonate group are shown in
Table 1 and commonly include Dimethyl hydrogen phosphonate (DMHP), Diethyl
hydrogen phosphonate (DEHP), Dimethylethyl phosphonate (DMEP), Dimethyl-
methyl phosphonate (DMMP),Dimethylpropyl phosphonate (DMPP),Dimethylallyl
phosphonate (DMAP) as well as a Cyclic tert-butyl phosphonate (TBP).

Aromatic: FRs with P–Caromatic bond having phosphonate group FRs were derived
from the transformation of aliphatic moiety with aromatic units. A monosubstituted
phosphorus compound (Ar-Phosphonate derivative 1, m.p. 184–187 °C) and a disub-
stituted phosphorus compound (Ar-Phosphonate derivative 2,m.p. 258–260 °C)were
obtained as amixture usingmodified separation and purification steps [37]. The phos-
phonate product diethyl-(2-hydroxy-5-vinylphenyl) phosphonate (Ar-Phosphonate
derivative 4)was fabricated fromdiethyl-(4-vinylphenyl)phosphate (Ar-Phosphonate
derivative 3) using ethoxy-P-acid [38]. Su et al. [39] patented the P-enabled esteri-
fication of phenol or polyhydroxybenzenes to develop several OPFRs. one example
is compounds Ar-Phosphonate derivative 5 obtained from bisphenol A [39].

Another two phenolic white crystals/compounds (Ar-Phosphonate derivative 6,
m.p. 169–171 °C and 7, m.p. 216–217 °C) were prepared through [1, 3]-sigmatropic
rearrangement and were found to have high-performance against polymers [40].

1.3.3 Organophosphinites FRs

Recently, synthesis and applications of different phosphinic acid derivatives have
been reported excel flame resistant abilities [41]. Examples of organophos-
phinites FRs are Diethylphosphinic acid (DEPA), Phenylphosphinic acid (PPA),
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p-Methoxyphenylphosphinic acid (PMPPA), Carboxyethyl-phenylphosphinic acid
(CEPPA), Bis(2-cyanoethyl)phosphinic acid (BCEPA) etc.

1.3.4 Organoposphine Oxide FRs

Organoposphine oxide derivatives found to have limited FRs capabilities. Exam-
ples are Tris(hydroxymethyl) phosphineoxide (THMPO), Triphenylphosphineoxide
(TPPO) and Bis(4-carboxyphenyl) phenylphosphine oxide (BCPPPO). In addition,
Bis(4-aminophenyl) phenylphosphine oxide (BAPPO) was developed as a moder-
ate water-soluble compound that found effectiveness towards Polyurathane-based
materials with environmental susceptibility [42].

1.3.5 Organophosphites FRs

Like organoposphine oxide derivatives, organophosphites were also least responsive
FRs because of their cholinergic neurotoxicity [43, 44]. Examples are Triisopropyl
Phosphite (TIPP) and Tri-phenyl Phosphite (TPP).

2 Textile Applications of P-Based Flame Retardants

Organophosphorus compoundswith P–Cmoieties have shown awide range of design
and development of exciting organophosphorus FRs due their high thermal and
hydrolytic stability (P–C bond), ease of synthesis and suitability of processing even
at high temperature. Extensive works have been published regarding the creation of
P–C bond and their potential applications [1–6, 11–13, 22, 31–35]. These P–C con-
taining organophosphorus compounds have shown several applications along with
fire resistancy, for example, reagents, catalysts, pesticides, insecticides, herbicides,
surfactants, lubricants and even more [1–4, 45].

Textiles and clothing are prepared fromvarious fiber forming substrates either nat-
ural origin polymers such as cellulose and protein, or a wide variety of semi-synthetic
and synthetic polymers such as cellulose acetate, polyesters, polyamides, polyolefins,
polyacrylonitriles, polyaramids, polylactides, polyetherketones etc.All of these poly-
mers are allocate a frequent limitation, combustible under normal environmental
conditions and sometimes pose serious fire hazards in case of fire accidents.

In the present scenario, fire-caused deaths are a growing global problem. The
Fire Administration Authority of US, has reported recently on the basis of 24 indus-
trialized nations as the average rate of fire-related deaths and concluded that 10.7
per million populations every year have been observed [46, 47]. Additionally, The
National Fire Protection Association claims that home structure involved fires are
the main cause of fire-related death [47].
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Textile materials provide an excellent source of fuel during the burning process,
are found to be a rich source of inflammable or ideal fire carriers like hydrocarbons.
The potential hazards and risks associatedwith textiles are described in depth by vari-
ous researchers [1, 2, 7, 11]. In this prospect, textiles with lower flammability are still
experiencing some changes like the improvement in effectiveness and the replace-
ment of toxic chemical products with counterparts that have a low environmental
impact and, more sustainable [4, 5]. Health and environmental concerns associated
with halogenated as well as formaldehyde-based FRs driven R&D for identifying
and utilizing safer alternatives. Because of the social concerns onto eco-preservation
using eco-friendly FRs, the newFRs needs to be halogen-free and formaldehyde-free.
Phosphorus, nitrogen, and silicon-containing compounds are generally considered
as environment-friendly FRs, due to their safer-nature for human-ecosystem and
synergistic effects [6, 14]. The effectiveness of P-based FRs towards fire mainly
because of its characteristics, for example, low water solubility, low volatility, less
dose requirement, less degradation to possibly hazardous substances, and no toxic
emissions [2, 6, 31]. P-based FRs, play a key role possibly in combination with
silicon- or nitrogen-containing structures, to the design of new and efficient FRs for
textile substrates. Mechanistically, phosphorous based FRs, during a fire form poly
and meta-phosphoric acids which form an oxygen-barrier layer [15].

Phosphorus based FRs have been found very reactive to inhibit fire and are used
as thermosets for many substrates such as unsaturated epoxy resins, polyesters or
polyurethanes. These type of substrates contain activated functional groups (i.e.
halogens, alcohols, epoxy, amines etc.), which allow incorporation into the poly-
mer matrix during the process [42, 43]. In case of cotton fibre, organic assembled
phosphorus compounds (i.e. Pyrovatex CP and Pyrovatex CP New) can either with
the cotton fabric to form cross-linked adducts/linked structures with the fibers [48].
In a study, a formaldehyde-free, inorganic-organic hybrid FR was developed and
markedly found inferior FRperformance comparedwith conventional formaldehyde-
containing organic phosphorus FR. Lessan et al. [49] investigated the flame retar-
dant behavior of sodium hypophosphite (SHP)—nano-TiO2 hybrid on woven cotton
fabric through pad-dry-cure process. As a result, decreasing the flammability with
increasing the char formation of the treated fabrics was observed [49].

Despite the use of toxic and not environmentally-friendly chemicals, high-
molecular-weight proteins even DNA derived from animal or microbial sources
have been investigated as “green” FRs for cotton fabrics [42, 49]. Current trends
are made towards high-molecular-weight FRs based on P-moiety combined with
polymeric/complex textile substrates impart multifunctional structures will aid in
reducing flammability without a loss of their valuable properties. A novel organic
phosphorus-based flame retardant has reported the enhancement of flame retar-
dancy of cotton fabrics through the high-molecular-weight grafting of cellulose-
phosphonic acid by Gao et al. [50] as an alternative to halogen-formaldehyde-based
FRs [50]. In this study, an ammonium salt of hexamethylenediamine-N,N,N’,N’-
tetra(methylphosphonic acid) (AHDTMPA),was fabricated using the reaction of urea
with hexamethylenediamine-N,N,N’,N’-tetra(methylphosphonic acid) (HDTMPA).
Further, new P–O–C covalent bonds were formed by this ammoniated salt reacted
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with the O-6 hydroxyls of glucose residues of cellulose. The resulted hybrid FR con-
taining both P and N-moieties exhibited excellent flame retardant performance for
cotton fabrics (70 g/L hybrid FR with limiting oxygen index (LOI) value of 36.0%)
which remained relatively stable after 50 laundering cycles (70 g/L hybrid FR with
LOI value 28.0%).

Someparticular proteins such as phosphorus and sulphur-rich proteins (i.e. caseins
and hydrophobins) derived from animal or microbial sources have been under inves-
tigations as a novel as well as green flame retardants for cotton fabrics. Alongi et al.
[51] investigated caseins and hydrophobins as a novel and green flame retardants for
cotton fabrics [51]. As a consequence, P-based-polymer matrix was achieved with
improved flame retardancy, indicated by the increased total burning time as well as
by the decreased total burning rate. In this study, the change in the flammability
features of the fabric, favouring the dehydration of cellulose to form char as opposed
to the depolymerization with further production of combustible volatile species were
observed. The familiar results have been observed by the same research group when
whey proteins were employed that homogeneously deposited on cotton fabric to
impart FR properties, using the layer-by-layer technique [52].

In addition, bio-derived phytic acid exhibits the great potential to improve the
flame retardancy of textile materials, but with low washing durability. To overcome
the poor durability, Cheng et al. [53] investigated a reactive, efficient P-containing
flame retardant using phytic acid, pentaerythritol and 1,2,3,4-butanetetracarboxylic
acid [53]. The wool fabric treated with HPPHBTCA 0.14 mol/L HPPHBTCA had
self-extinguishing performance even after 20washing cycles during the vertical burn-
ing test, presenting good FR ability and resistance to washing with slight negligible
effect on the whiteness, tensile strength and handle of wool fabric.

Therefore, phosphorus-containing compounds offer a novel route to prepare so-
called green, eco-friendly and durable flame retardants for textiles or textile-based
materials that inhibit or resist the spread of fire.

3 Conclusion and Future Outlook

Flame retardants have been added to the polymer systems to prevent the risk of fire
and overall the use of FRs has substantially decreased the number of fires and fire
fatalities in our social wardrobe. With increased awareness towards environmental
concerns about FRs selectivity, phosphorus-based FRs provide a foundation for the
directed design of nontoxic FRs mainly because of its versatility, for example, it can
act in both the condensed and gas phase, as an additive or as a reactive component,
in various oxidization states, and in synergy with numerous adjuvant elements.

Various P-moietiesmake a valuable contribution and various combinations includ-
ing elemental, inorganic salts and organophosphorus compounds. Nowadays, vari-
ous products, large in numbers are commercially available based on organophos-
phorus compound. Although the use of a new generation of chemicals known as
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Organophosphorus FlameRetardants (OPFRs) is aworthy goal for controlling house-
hold fires, on one hand, the other hand, it is also important to control or prevent
their toxic effects. Based on carbon unit/moiety OPFRs can be broadly catego-
rized into five main classes; organophosphates, organophosphonates, organophos-
phinites, organoposphine oxide, and organophosphites. A vast variety of P–C bond
containing efficient FRs are being developed; however, further R&D works are
needed in terms of their economical, renewability and green synthetic pathways,
environmental impacts, long term durability, acute and chronic toxicity etc. without
a loss of valuable properties at laboratory as well as their possible larger exploration.
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From Smart Materials to Chromic
Textiles

Tawfik A. Khattab and Meram S. Abdelrahman

Abstract This chapter presents a selective overview of chromic materials and their
application on technical textiles. Most significant chromic materials could be pho-
tochromic, halochromic, thermochromic and electrochromic, with the ability to
change color depending on the type of the external stimulus.Anoverviewof themajor
chromic materials and related textile applications is discussed to reflect the progress
and significance through ongoing research of high performance textiles. This chapter
wraps up with future trends on the development of industrial merchandise from
chromic technical clothing.

Keywords Chromism · Colorant · Textile · Coloration · Finish

1 Introduction

Chromic compounds are defined as smart materials that exhibit a distinctive color
change upon exposure to one or more external stimuli, particularly when this color
variation is controllable and reversible [1–3]. In recent decades, there are a broad
range of chromic compounds that have been explored to introduce various textile and
non-textile commercial products. Nowadays, chromic compounds are the most com-
monly applied materials in high-technology non-textile purposes, such as thermom-
etry, biomedicine, electronics and ophthalmic applications [4–8]. Those chromic
colorants have not been produced mainly for textile applications. However, there
has been a rising interest for their utilization in the production of technical tex-
tiles [9, 10]. This chapter presents an overview on the different chemical classes
of chromic colorants. Scientific fundamentals of chromic materials and their com-
mercial products particularly technical textiles are discussed. We deal with the four
major chromic materials which have been mostly investigated for textile purposes
including photochromic (light induced color shift), halochromic (pH induced color
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shift), thermochromic (temperature induced color shift) and electrochromic (elec-
tric current induced color shift) textiles. Other miscellaneous chromic compounds
and their related products is discussed. The chapter concludes the future trends in
developing chromic textile products.

2 Chromic Colorants

There is an extensive range of synthetic colorants that have been industrially pre-
sented for the coloration of various textile fibers. Conventional textile dyestuffs are
required to offer a constant color with high stability to light, washing, heat, perspi-
ration and crocking. Variation in color of a certain fabric, usually known as color
fading due to poor colorfastness, upon exposure to washing, crocking, temperature,
perspiration or light is highly undesirable [11–13]. However, it was realized recently
that there are promising commercial niche applications for chromic colorants that
possess a distinctive color shift upon exposure to an external stimulus, particularly
when this color shift is reversible and can be controlled (Fig. 1). In general, chromic
colorants are those materials with the ability to radiate, replace or erase a color due
to stimulation by an external stimulus [14–21].

An extensive range of chromic colorants are currentlywell known and their funda-
mental chemical and physical properties have been explored [22–26]. List of differ-
ent classes of chromic materials and the stimuli involved are summarized in Table 1.
Chromic compounds comprising photochromic, halochromic, thermochromic and/or
electrochromic properties have been the most extensively investigated smart col-
orants. The other chromic colorants listed are rather less recognized and either exhibit
limited commercial utilization or still an academic curiosity. Chromic colorants pro-
vide a considerable potential to offer particular functions in technical smart tex-
tiles, which have been designed to sense and response to the surrounding conditions
[27–30]. Depending on functional activity, smart clothing can be divided into three
different classes including passive, active and ultra smart textiles [31, 32]. Passive
smart clothing is only responsive to an external stimulus, such as temperature or
light, by changing color, such as presenting a warning signal. On the other hand,
active smart textiles respond to an external stimulus as a sensor or as an actuator
providing an electrical current from a central control unit, such as electronic textiles.
The ultra smart cloth can sense, react and adapt itself to an external stimulus. It is
mainly composed of a brain control unit. Ultra smart cloth is a combination between

Fig. 1 Reversible performance of chromic colorants
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Table 1 Classes of chromic
colorants and related external
stimulus

Chromic colorant External stimulus

Photochromic Light

Halochromic pH

Thermochromic Heat

Electrochromic Electric current

Mechanochromic Mechanical deformation

Piezochromic Mechanical pressure

Tribochromic Mechanical friction

Solavtochromic Solvent polarity

Hygrochromic Moisture

Chemochromic Chemical agents

Ionochromic Ions

Chronochromic Time

Gasochromic Gases

Carsolchromic Electron beam

Vapochromic Vapors of organic materials

Biochromic Biological agents

Aggregachromic Aggregation of colorants

Crystallochromic Crystal structure change of a colorant

Magnetochromic Magnetic field

Cathodochromic Electron beam irradiation

Radiochromic Ionizing radiation

conventional clothing technology with other fields of science, such as communica-
tion technology, sensors and actuators, materials and biological sciences, artificial
intelligence, structural mechanics and advance processing [33, 34].

Thus, chromic textiles could be classified as passive smart clothing. Chromic tex-
tile sensors offer a responsive effect to an external stimulus by a visible color change,
which offer the benefit of a self-contained responsive action that does not necessitate
any electric elements [35]. Chromic colorants currently available are restricted in
scope, relatively costly and have been designed for non-textile purposes. Thus, they
cannot be employed in exactly the same methodologies as conventional clothing
dyestuffs. They may also demonstrate inadequate stability under certain conditions
resulting in less durable goods based on chromic clothing [36]. An ambitious moti-
vation anticipated for chromic fabrics is the production of chameleon textiles with
highly controlled color shifting, such as textiles providing responsive camouflage
characteristics for military applications [37]. These futuristic chameleonic textiles
gained their name from reptiles (family Chamaeleonidae) whose skin can change its
color depending on the colors of the surrounding environment for attraction and cam-
ouflage [38]. Sophisticated clothing that can mimic such natural phenomena is not
on the instantaneous horizon. Thus, there have been considerable research efforts to
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improve our understanding of the behavior of existing chromic colorants employed
onto textiles under optimized conditions. Those efforts are needed to deepen into
future if the determined targets are to be recognized.

3 Photochromic Colorants

Photochromism is a process in which a substance can go through a reversible color
change between two different chemical species of different absorption spectra upon
irradiation with ultraviolet or white light. This color change process can be reverted
back to the pristine color or colorless state upon the removal of the light source [39,
40]. Irradiation of a photochromic colorless molecule leads to an isomerism process
to an intensely colored molecular species. The reversible process may revert back
to the pristine colorless molecular form either by removing the light source or by
another external stimulus, such as heat. Spiropyrans have been used extensively in
commercial products due to their relatively simple preparation and ability to provide
reversible deep colors [41, 42]. The photochromic effect in spiropyran is a result
of a reversible light-stimulated molecular rearrangement of the colorless spiropyran
form via ring opening leading to the generation of the colored photomerocyanine
form (Fig. 2). Photomerocyanine typically has violet or blue colors [43].

Due to their moderately low photostability, spiropyrans have been replaced by
spirooxazines and naphthopyrans which are characterized by higher durability [44].
Spirooxazines arose as a significant class of organic photochromic colorants owing to
their capability to impart a strongvisible color, fatigue resistance and relatively simple
preparation process. Spirooxazines enclose a spiro sp3 hybridized carbon atom sepa-
rating the molecular structure into two moieties comprising orthogonal heterocyclic
rings with unconjugated π-systems [45]. The absorption of the localized π-systems
are in the ultraviolet range and consequently the spirooxazine molecule is color-
less. When the oxazine (C–O) bonding is broken upon exposure to ultraviolet, the
spirooxazine was switched to the colored ring-opened photomerocyanine form. The
photomerocyanine molecule return back to the colorless ring-closed spirooxazine
molecular state as the oxazine-bridge is re-formed as displayed in Fig. 3. Spiroox-
azine derivatives typically offer red, blue and violet through to turquoise colors upon
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Fig. 2 Photochromic performance of spiropyran chromic colorants; R= alkyl; R’, R”= alkyl; X,
Y = H, halogen, nitro
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ultraviolet irradiation [46, 47]. Naphthopyrans, also known as chromenes, have been
widely studied as the most significant group of photochromic colorants. Similarly as
spiropyran and spirooxazine, the photochromic behavior of naphthopyrans involves
light-stimulated ring-opening to provide the more coplanar colored photomerocya-
nine as shown in Fig. 4. Naphthopyrans give photochromic colors in the spectrum
range between yellow, orange, red, violet and blue depending on the substituents
pattern. Neutral colors such as gray and brown which are important for ophthalmic
applications are also accessible [19]. Diarylethenes have been also studied in devices
using optical switch as photochromic colorants able to switch between colorless or
weakly colored ring-opened and colored ring-closed forms (Fig. 5). The reversible
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process only necessitates visible light absorption to revert back to its pristine state
[48, 49].

Those organic photochromic colorants generally possess problems upon applica-
tion in a variety of commercial products, such as the steric hindrance effect arising
upon encapsulation in a filmmatrix leading to inhibiting their optical characteristics.
Conversely, inorganic photochromic colorants, such as strontium aluminate, exhibit
a better photochromic performance because they do not possess such steric hin-
drance effect since their photophysical change is not accompanied with molecular
structure change [50, 51]. The long time exposure of organic photochromic col-
orants to ultraviolet radiation can stimulate their degradation and consequently the
gradual decrease of their photochromic response leading to low photostability which
limits their usage in commercial products for an outdoor environment. Strontium
aluminum oxide doped with lanthanides (SrAl2O4:Eu2+/Dy3+) or strontium alumi-
nate is an inorganic colorant that has been known as long-lasting phosphorescent
material. It has been extensively applied as a photochromic colorant for a variety of
textile and non-textile applications. It is characterized by highly photostability under
ultraviolet irradiation, excellent fatigue resistance and fast reversibility [52–55].

3.1 Photochromism in Textiles

Some early azo disperse dyestuffs, such as azobenzene derivatives, demonstrated a
visual color change upon exposure to strong sunlight particularlywhen applied to cel-
lulose acetate clothing. The process was reversible in the dark. This was attributed to
molecular switch from trans-azo isomer to the less stable cis-azo isomer upon ultra-
violet irradiation [56]. Even though recent publications indicate rising interest for
smart textile products, there have been relatively few reports on photochromic tex-
tiles due to technical difficulties associated with the application process and product
performance. There are some reports on studying the exhaustion dyeing of spiroox-
azines onto synthetic fabrics introducing photochromic clothing able to change from
colorless or weakly colored to blue. However, this process was generally character-
ized by low dyestuff exhaustion. Polyester fibers dyed with phenoxyanthraquinone
dyestuffs displayed color variation from yellow to orange after ultraviolet irradiation
[57]. Spirooxazine and naphthopyran derivatives were used in the dyeing process
of polyester fibers as a commercial photochromic disperse colorants via exhaustion
dyeing. Blue spirooxazine offered the most effective results affording a fabric that
demonstrated obvious color change upon exposure to ultraviolet light. There have
been a few reported research work on photochromic dyestuffs designed for tex-
tile purposes by dyeing, such as spirooxazines bearing water solubilizing sulfonate
functional groups to introduce acid dyestuffs toward the production of photochromic
polyamide fibers [58]. In addition, a spirooxazine bearing a dichlorotriazine moiety
has been described as a fiber-reactive dyestuff appropriate for polyamide-based tex-
tiles [59]. Although, this molecular modification of photochromic dyes is arguable,
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further improvement of this modification and dyeingmethodologies may be essential
to offer commercially usable photochromic textile products.

Long-lasting phosphorescent materials have been applied in various commer-
cial products due to their ability to continue emit light for a longer period of time
after excitation. This is usually beneficial to be used in directional safety signs,
toys, protective clothing, and other applications where the phenomenon of glow
in the dark presents amusement, ornamental and/or safety characteristics [52, 60].
Long-lasting phosphorescent products are composed of a carrier in combination
with a photoluminescent synthetic pigment phosphor which can be easily excited
by a certain wavelength of light of an external source. The photoluminescent pig-
ment can then slowly discharge the stored light energy after the removal of the
external light source. Long-persistence phosphorescent lanthanide-doped pigments
have been used in producing various commercial merchandises, such as ornamental
decorations, indicators, clothing, guide signs, switches and toys [52, 60–62]. Long-
persistent phosphorescent materials are generally consists of crystals and traps. The
crystals are photoluminescent collective elements which can be charged via exci-
tation by an external light source. The energy traps are characterized by their high
capacity to store this light energy for a long period of time [63]. After excitation, the
crystals continue to discharge light and glow in the dark as time proceeds. This is
supported by the traps, such as divalent europium and trivalent dysprosium, which
extend the time period for light emission. There are various pigment phosphors
that have been available for use in affording long-lasting photoluminescence, such
as the red emission by Y2O2S:Mg2+/Ti4+, green emission by SrAl2O4:Eu2+/Dy3+,
and blue emission CaAl2O4:Eu2+/Nd3+ [64–66]. These long-lasting photolumines-
cent inorganic pigments are characterized by high stability to chemicals, light and
heat, as well as being non-toxic, recyclable, non-radioactive, reversible, bright, long
period of phosphorescence time that could be higher than ten hours and high quan-
tum efficiency [67]. Strontium aluminate phosphor has been applied to introduce
photochromic and fluorescence functionalities for both textile and paper cellulosic
fibers whilemaintaining their pristine characteristics, such as appearance, handle and
mechanical properties. Immobilizing the inorganic Strontium aluminate phosphor at
low total content value in an aqueous binder onto on cotton fabric via screen printing
was reported recently by Khattab et al. to introduce light-responsive clothing with
improved color-exchange performance and colorant stability [68]. The photochromic
knitted cotton were firstly dyed conventionally with Reactive Red AEF to introduce
a dark red background followed by screen printing with an aqueous paste containing
strontium aluminate pigment, binder, diammonium phosphate, synthetic thickener
and ammonium hydroxide. The printed cotton was dried under ambient conditions
and then exposed to thermofixation at 160 °C. This approach was characterized by
fast and simple application, easy to handle and low cost affording photochromic cot-
ton fabric of high durability without affecting its aesthetic features, such as comfort
and handling. The color switching of cotton fabric was from red to greenish yel-
low (Fig. 6). It exhibited excellent fatigue resistance, satisfactory colorfastness, high
reversibility, and photo- and thermal stability [68].
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Fig. 6 Screen-printed photochromic cotton fabric before and after ultraviolet irradiation

4 Thermochromic Colorants

Thermochromism is defined as a commonly reversible color change upon expo-
sure to either heating or cooling. Thermochromic materials can be divided into two
classes including intrinsic materials, in which the heat is the direct reason for color
change, and indirect materials, in which the heat results in changes in an environ-
ment enclosing a chromophore, which in turn is affected leading to color change
[69]. Various inorganic and metal complex compounds demonstrate intrinsic ther-
mochromism over a wide range of temperature. However, those compounds are
usually function at high temperature and consequently are not suitable for textile
applications [30]. There are several organic polymers exhibiting reversible intrinsic
thermochromic performance, such as poly(alkoxythiophene) which can reversibly
alter its color from red/violet to yellow upon increasing temperature as a result of
variations in the crystalline form and molecular conformation [70]. There are two
classes of thermochromic materials that have been applied to textile products includ-
ing leuco dyestuff and liquid crystals. Both materials require microencapsulation to
enclose the active constituents in a tiny shell to guarantee that those substances are
introduced with some protective shielding effect against an environment to which
those thermochromic substances could be sensitive [71–74].

The most extensively employed industrial thermochromic material is the leuco
class. It can be encapsulated in a composite depends mainly on color generation from
the reaction of three components including leuco dyestuff as an organic color former,
proton donor as an acid developer such as Bisphenol A and a low-melting/nonvolatile
hydrophobic solvent such as aliphatic alcohols. The color former leuco dye is a pH-
responsive halochromic dye generally of the spirolactone dye class [71, 72]. Crystal
violet lactone has been used as a classic color former which is colorless in its ring-
closed molecular species (Fig. 7). Upon decreasing the pH value, the ring-opened
protonatedmolecular form is generated. This ring-openedmolecular form exhibits an
extended higher conjugatedmolecular structure, compared to the ring-closed species,
leading to a reddish-blue color formation. Leuco-based thermochromic systems vary
from colored to colorless upon increasing the temperature [71, 75].
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liquid crystals are the second category of materials that can be employed for
thermochromic textile products. They offer a continuous varying spectrum of colors
over a range of temperatures. Chiral nematic liquid crystalline homologues of esters
(Fig. 8) have been applied in commercial thermochromic products [73, 74].

4.1 Thermochromism in Textiles

C.I. Acid Orange 156 has been described as a thermochromic colorant especially for
nylon fibers [76]. The thermochromic leuco dyestuffs have been used in apparel and
clothing applications. Those thermochromic products were colored to afford color
change upon exposure to heat. However, such thermochromic leuco-based prod-
ucts demonstrated insufficient durability particularly to washing [77]. A number of
interesting thermochromic apparel goods have been recently described, such as tem-
perature monitoring for baby clothing. There are promising thermochromic textiles
that could be designed for future clothing, such as textile thermometer and medical
technical fabrics [78]. Thermochromic products of either leuco dyestuffs or liquid
crystals have been usually applied by screen print technology onto textiles using the
suitable aqueous binder print paste. In contrast to textile print technology, there are
few reports on the inclusion of thermochromic materials directly onto textile fibers.
Nonetheless, a procedure was reported for the mass dyeing of regenerated cellulose
via spinning from a solvent dyeing-bath in which a leuco dyestuff is dispersed and
employing a technique similar to that employed to produce lyocell fibers [79, 80].



266 T. A. Khattab and M. S. Abdelrahman

5 Halochromic Colorants

Halochromism is a reversible color change process depending on a medium pH
value. There are a broad range of color variations available which could be either
from one color to another or from colorless to colored product [81, 82]. The pH-
responsive dyestuffs have been employed as analytical indicators. There are a huge
range of colored organic pH-responsive dyestuffs available and documented. The
major chemical categories of technically significant pH-responsive dyestuffs are
phthalides such as phenolphthalein and triarylmethines [83]. There are a range of
simple azo dyestuffs that may undergo halochromism owing to protonation upon
decreasing the pH value as shown in Fig. 9 [84].

5.1 Halochromism in Textiles

Halochromic clothing can change color depending on pH levels. The colorants
applied for the production of halochromic textiles is the same applied for the estab-
lishment of pH sensors. A valuable application of halochromic textiles would be as
a wound dress since the pH value of a skin changes considerably during the wound
healing progress [83–85]. Halochromic textiles could be also applied as visual indi-
cators protectingworkers in a field withmaterials that is of changing pH levels. There
are various publications that have been reported for the development of halochromic
textile sensors using pH responsive dyestuffs that can be applied to clothing employ-
ing standard coloration techniques [83–87]. Recently, Khattab et al. [88] reported
the preparation of halochromic cotton gauze (Fig. 10) coated with microcapsules
composed of crosslinked calcium alginate as the shell and tricyanofurane-hydrazone
spectroscopic probe together with urease enzyme for recognition of urea in aque-
sous solutions of either urine or blood serum. The detection mechanism (Fig. 11)
depended on an enzymatic catalytic reaction of urease and urea affording alka-
line ammonia which in turn abstract proton from the pH sensitive tricyanofuran-
hydrazone leading to color change from yellow to purple. The halochromic gauze
was prepared simply by padding in an aqueous solution containing sodium alginate,
tricyanofurane-hydrazone colorant and urease enzyme under atmospheric conditions
[88].
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Fig. 10 Scaning electron microscope image of halochromic cotton gauze loaded with calcium
alginate microcapsules sensing assay
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6 Electrochromic Colorants

Electrochromism is a reversible color alteration due to an electric current which
results in electron transfer oxidation/reduction processes [89]. In general, the com-
mercially significant electrochromic colorants are inorganic-based compounds, such
as tungsten oxide, metal phthalocyanines and Prussian Blue [89–91]. Pure tungsten
oxide has a pale yellow color changing electrochemically to blue owing to partial
reduction of Tungsten(VI) oxide to Tungsten(V) oxide at a cathode [89]. Methyl vio-
logen (Fig. 12) is a well known example of electrochromic colorants consisting of
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Fig. 13 Chemical structure of poly(3,4-ethylenedioxythiophene)

colorless bipyridyliumdicationwhich is able to undergo a reduction process at a cath-
ode to introduce blue radical cation [92]. Other organic electrochromic colorants are
also available, such as 1,4-phenylenediamines and thiazines [93, 94]. There has also
been an interest in the preparation of electrochromic polymers, such as polyanilines
and polythiophenes [95, 96].

6.1 Electrochromism in Textiles

There is a range of applications for eletrochromic textiles, such as biomimicry,
flexible displays and camouflage. Developing flexible and stretchable textile-based
electrochromic devices introduces serious engineering difficulties [97, 98]. Thus,
a highly important prototype of electrochromic clothing was reported recently
employing electrodes incorporated in a spandex fabric previously impregnated with
poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate) as an electroactive poly-
mer (Fig. 13). One electrode was coated by a polythiophene derivative as an elec-
trochromic polymer, while the substrates were merged with a transparent organogel
electrolyte [99, 100]. The electrochromic textile-based device was able to switch
color between red and blue [101]. Such prototype electrochromic textile-based device
presents a major initial step to pave the way toward highly developed controllable
and chameleon clothing.

7 Future Trends

Smart materials that alter their color according to one or more external stimulus have
attracted scientific interest for both academic and commercial purposes. Various
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chromic compounds have been developed and applied in industry. Researchers have
developed novel chromic materials and demonstrated their application on textiles.
However, the research field and commercial utilization of chromic clothes has been
rather limited owing to technical limitations during application and relatively high
cost. Due to these technical difficulties, commercialized chromic textiles are mainly
based on photochromic and thermochromic clothing. Chromic materials provide a
potential for functional uses in high performance sensing textile-based devices which
are designed to respond to external stimuli in the shape of a visible color change. For
instance, those textile sensors presents an early warning signal in response to ultra-
violet light (photochromism), heat (thermochromism), pH (halochromism) and/or
electric current (electrochromism). Chromic textile-based sensorswould offer advan-
tages over other sensing devices as they have self-contained response without the
necessity for complicated instrumentation, trained personnel or electrical circuitry.
There have been research developments to improve the performance of chromic col-
orants on textiles and the optimal conditions necessary for their application.However,
ongoing research of chromic colorants designed for textiles is necessary to broaden
the range of those compounds with the enhancement of their properties on textiles.
This will be of significance to accomplish further ambitious aspirations. The future
may offer developments in chromism based applications which are not unexploited
industrially or yet unknown, such as biochromic textiles which might be employed
as a medical diagnostic tool.
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Plasma Treatment Technology
for Surface Modification
and Functionalization of Cellulosic
Fabrics

Nabil A. Ibrahim and Basma M. Eid

Abstract The present book chapter is devoted to surface modification and func-
tionalization of cellulosic fabrics using atmospheric non-thermal plasma treatment
technology as an eco-friendly, efficient and a promising alternative to the conven-
tional wet chemical processing treatments without adversely affecting the bulk prop-
erties of treated substrates. In this chapter, conventional wet processing of cellulosic
fabrics and its negative impacts on products and environment quality, plasma clas-
sification, advantages of plasma-treatments compared with the conventional ones,
mode of interaction, modification, and functionalization of the fabric surface are dis-
cussed. Moreover, some potential applications of the nominated plasma in chemical
processing of cellulosic fabrics, current situation of industrial utilization of plasma
technology, as well as future developments are also considered.

Keywords Cellulosic fabrics · Chemical processing · Plasma technology · Surface
modification · Functionalization · Future trends

1 Introduction

Growing environmental and energy-savings concerns especially in many environ-
mentally harmful water-based chemical processing of cellulosic fabrics i.e. pretreat-
ments, coloration and final chemical finishes, along with increasing demands regard-
ing production, user as well as disposal ecology have been speeded up the devel-
opment and adoption of more eco-friendly creative solutions and innovative tech-
nologies e.g. nano, bio, plasma etc. [1–6]. Adoption of emerging green technologies
in traditional textile finishing industry brings about pollution abatement, materials
and energy conservation, environmentally sound processes and textile products, cost
reduction, and an enhancement in business performances, which in turn positively
affects the competitive edge and the market share [7, 8].

One of the very promising environmentally sound technologies is plasma technol-
ogy. Recently, potential applications of plasma, as an eco-friendly, dry and economic
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alternative, to traditional wet chemical processes, to produce desirable effects with
minimal environmental negative impacts, and to impart high level of functionalities
and new properties without adversely affecting bulk properties of treated substrates,
taking in consideration the resource efficient use of both materials and energy, have
been practiced [9–12].

Thepresent bookchapter primarily focuses on: (i) overviewof traditional chemical
wet processing of cellulosic substrates and their negative impacts, and (ii) overview
of plasma technologies, advantages and shortcomings, factors affecting plasma treat-
ments as well as their potential applications for environmentally sound and green
finishing processes. Lastly, recent progress and some future outlooks regarding
industrial textile applications of green plasma technology will be discussed.

2 Conventional Wet-Chemical Processing

Wet chemical processing of cellulose-based textiles is a very important stage in pro-
duction chain due to its positive role in upgrading the aesthetic, performance and
comfort properties along with imparting value added functionalities to meet the con-
sumer needs [1, 13]. Textile finishing industry is a very diverse production sector
in terms of raw materials, processing stages, available techniques and final prod-
ucts. Conventional wet-chemical processing of cellulosic fabrics is the segment of
the textile chain production processes that involves pretreatment (desizing, scouring,
bleaching and mercerizing), coloration (dyeing and printing), and chemical finish-
ing (Fig. 1). The traditional wet-chemical processing, especially of cellulose based
textiles, is characterized by huge consumption of water, energy and processing chem-
icals along with creation of highly polluted effluents which in turn negatively impact
both the eco-system and human health [9, 12–14].

Textile industry is one of the top 10 most polluting industries [15]. Pretreatment
and finishing processes consume the greatest share (≈ 35%) of the thermal energy
in form of steam and heat [16]. On the other hand, pretreatments of cotton based
textiles consume nearly 38% of the total water consumption for cotton wet-chemical
processing [13]. Moreover, nearly 25% of globally produced chemicals are used
in textile wet-chemical processing [16]. About 8000 different chemicals are uti-
lized in textile wet-chemical processing, and some of these processing chemicals
are harmful, hazardous and/or non-biodegradable which in turn negatively affect
the sustainable development of the finishing industry and its environmental perfor-
mance [17]. Additionally, textile finishing industry significantly affects the carbon
footprints as well as greenhouse gas emissions as a direct consequence of high ther-
mal energy consumption [18]. Key factors affecting the generation of various types
of waste streams such as large volume of chemical-laden waste water, air emissions,
solid and hazardous wastes include type of textile substrate, processing chemicals,
available technologies, production chain, availability of on-line monitoring systems
as well as the demanded performance and functional properties of the final product
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Fig. 1 Cellulosic textile manufacturing chain

[19]. Figure 2 demonstrates negative impacts associated with various conventional
we-chemical processes [1, 14].

For sustainable textile processes and products, it becomes mandatory to adopt
green technologies, eco-friendly production processes using renewable or recyclable
raw materials and fewer amounts of water and energy, taking in consideration social
responsibility, economic and environmental concerns [20].
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Fig. 2 Negative impacts of conventional wet-chemical processing of cellulosic substrates

3 Plasma Technology

3.1 Some Basic Aspects

Plasma, as an emerging/green/water-free technology, can be utilized for development
of nano-scale surface modification of treated textile materials to impart value added
new functionalities without adversely affecting their bulk properties [10, 15]. The
generations of plasma active species like ions, energetic electrons, radicals, photons,
UV-light etc. and the subsequent attack and bombardment of fabric surface result in
surface activation modification and functionalization [21–23].

Plasma can be generated by using low frequency (50–450 kHz), radio frequency
(13.56 or 27.12MHz) ormicrowave (0.915 or 2.45GHz) power supply. Additionally,
the required power range (10–500 W) is selected based on both the reactor size as
well as the demanded surface treatment [24].

Plasma can be classified onto thermal and non-thermal. On account of its neg-
ative impacts on the treated substrate and its destructive nature, hot plasma is not
recommended for surfacemodification and there is no interest to textilemanufactures
[23].

On the other hand, applications of cold plasma, as a dry/non energy intensive/eco-
sound technique, provides an alternative tools of online pretreatment and finishing
treatments of cellulose based textiles, which in turn enable surface modification
and functionalization of treated substrates in an environmentally sound manner for
wide potential applications [9]. Various types of possible surface modification and
functionalization can be obtained by suing cold plasma treatments which include
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Fig. 3 Possible surface modifications of textile fabric using cold plasma

(i) removal of surface contaminants, (ii) etching and creation of surface roughness,
(iii) thin film deposition and coating, (iv) creation of new active sites and functional
groups and (vii) post-irradiation grafting (Fig. 3) [9, 21, 25].

The commonly used gasses for cold plasma treatment include: chemically inert,
e.g. argon, neon, helium…etc., reactive/non-polymerisable, e.g. air, nitrogen, ammo-
nia etc., reactive/polymerisable, e.g. tetrafluoroethylene, hexamethyldisiloxane etc.
[9, 24]. Pretreatment and finishing of textile substrates by cold plasma bring about
a versatile surface modification via creation of large variety of active sites and
functional groups onto the treated fabric surface thereby enhancing its accessibil-
ity, including significant morphological and surface chemical modification as well
as finally upgrading both the performance and functional properties of the treated
substrates.

Additionally, non-thermal plasma may be classified into atmospheric pressure
(APPs), or low-pressure plasma (LPPs). Atmospheric pressure plasmas for surface
modification prove to be an efficient alternative, cost-effective methods to (LPPs)
and traditional wet-chemical processing of textile substrates as a direct consequence
of avoiding the need for costly vacuum equipment as well as allowing continuous
and uniform surface treatments [21], i.e. can be utilized as part of the whole chain
of continuous textile wet processing [23]. On the other hand, main types of APPs
applied to textile materials are: corona discharge, dielectric barrier discharge (DBD),
glow discharge (APGD), and atmospheric pressure plasma jet (APPJ) [21, 24]. DBD
in air proves to be one of the most effective non-thermal APP source especially for
industrial applications most probably due to its scalability to huge systems [21, 26].

3.2 Potential Applications in Textile Processing

With the ever-growing ecological and economical restrictions imposed on traditional
textile finishing industry, environmentally benign, energy efficient and commercially
available technologies have become more demanded taking in consideration produc-
tion, user and disposal ecology aspects [1, 2]. Amongst the numerous emerging
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technologies available, atmospheric pressure cold plasma-surface modification is
now a first priority for imparting specific desired functionalities to the treated textile
materials and prove to be an eco-friendly, economical and effective process to replace
or enhance the conventional wet-chemical processing, i.e. pretreatment, coloration
and finishing of cellulosic substrates, as well as tomeet the increasing needs of textile
industry for fast, consistent and low footprint production processes [9, 21, 27].

On the other hand, the extent of modification of chemical, physical and structural
surface properties of the treated substrate, taking in consideration both the process
evenness and treatment effectiveness is affected by device parameters, plasma gas,
treatment time, plasma density and energy as well as type and structure of the textile
material [28–30]. Moreover, treatment parameters must be optimized to achieve the
desirable surfacemodification and functionalization for specific applications without
adversely affecting the performance and bulk properties.

Cold-plasma treatment can be used as an effective technique for: surface cleaning,
surface activation and functionalization, improving adhesion to ensure effective coat-
ing, enabling graft-copolymerization/in situ deposition, and imparting hydrophilicity
or hydrophobicity, to the treated textile materials [9, 21, 31, 32].

Creation of reactive sites and functional groups at plasma treated substrates is
governed by the nature of gas plasma, i.e. polymerising and non-polymerising gas
plasma. Only cold plasma either at atmospheric or at low pressure, is proper for
surface treatment of heat sensitive textiles [32]. Tables 1, 2 and 3 demonstrate a
vast range of some potential applications of non-polymerizing and polymerizing gas
plasma for surface modification and functionalization of the cellulosic substrates as
well as for imparting the specific and desirable value-added functional properties [9,
20].

4 Future Trends

Recently, potential applications of non-thermal atmospheric plasmas, as an emerging,
green, water-free and surface modification technologies, for achieving eco-friendly
textile process and products and for developing innovative, multifunctional, perfor-
mance enhanced/value added cellulosic textile materials have been attracted a great
deal of attraction.Replacement of conventionalwet-chemical processingwith plasma
treatments will offer a great promise to develop unique properties, to impart innova-
tive functional and to achieve economic savings and environmental protection. Full
industrial exploitation and application of proper plasmaswill help to develop sustain-
able textile process and products, taking in consideration environmental/economic
concerns and social responsibility, and will continue in the near future. More-
over, the co-application of emerging technologies such as plasma/nanotechnology,
plasma/biotechnology … etc. in the textile industry will offer eco-friendly solu-
tions to impart new functionalities to textile materials and develop environmentally
benign products taking in consideration economic concerns, market demands and
environment aspects.
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Table 2 Thepositive role of non-thermal atmospheric plasma in enhancing the coloration properties
of cellulosic textiles

Plasma
type

Working
gas

Cellulosic
substrate

Main task Positive impacts References

DBD Argon
and air

Cotton Enhancing
dyeability of
cotton with acid
dyes

• Formation of free radicals on
fabric surface, grafting with
ethylenediamine or
triethylenetetramine to
create new active/basic sites
for subsequent acid dyeing

[34]

Corona Air Cotton Creation of active
sites, i.e. –COOH,
–OH groups onto
the fabric surface
for post-dyeing

• Enhancing dyeability with
reactive dyes

[44]

APPJ O2 Cotton
textile

Creation of active
sites for pigment
coloration

• Surface functionalization for
enhancing the extent of
post-pigment coloration

[45]

DBD Air, O2 Cotton
fabric

Surface-roughness
and activation for
printability with
natural dyes

• Pre-activation and
production
surface-roughness for
attaining better coloration
properties with natural dyes

[46]

Table 3 Plasma-aided cellulosic textile functional finishing

Plasma
type

Working
gas

Cellulosic
substrate

Main task Positive impacts References

APPJ He/O2 Cotton To impart
antibacterial
properties

• Environmentally sound surface
modification of cotton textile
for enhancing its surface
roughness and functionality
followed by loading of ZnPNPs

[47]

APPJ Nitrogen Cotton To enhance
regenerable
antibacterial
finishing of cotton
fabric

• Creation of nitrogen-containing
active sites onto cotton fabric
for enhancing the extent of
adhesion and fixation of
5,5-dimethylhydantoin
(DMM), which in turn
positively affects the imparted
antibacterial functionality

[48]

DBD Oxygen
or
nitrogen

Linen
containing
fabrics

Production of
linen based
textiles with
noticeable
UV-protection
and/or
antibacterial
functions

• Creation of active sites using
eco-friendly pre-plasma
treatment for subsequent
treatment with various
functional materials, e.g. ionic
dyes, metal salt, nanomaterials,
antibiotic … etc. to impart the
desired functional properties

[49, 50]

APPJ He/O2 Cotton
fabric

Imparting flame
retardancy to
cotton fabric

• Creation of active sites using
plasma for post-treatment with
ZnONPs

[51]

(continued)
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Table 3 (continued)

Plasma
type

Working
gas

Cellulosic
substrate

Main task Positive impacts References

DBD He/O2 Cotton
fabric

To impart
antibacterial flame
retardancy/thermal
stability functions

• Eco-friendly plasma
pretreatment followed by
subsequent deposition of
nano-TiO2/SiO2 onto the
modified fabric surface

[52]

APGD He Cotton
substrate

To impart high
hydrophobicity
along with thermal
stability to the
treated cotton

• Grafting of stearyl methacrylate
(SMA) onto fabric surface to
form a functional coat coped
with the desired properties

[53]

DBD N2 Cellulosic
fabrics

To improve
antibacterial
functionalization
and coloration
properties

• Green surface modifications
using N2-plasma to generate
–NH2 groups for subsequent
treatment with
AgNPs/antibiotic hybrids

[54]

DBD O2 Cellulosic
substrates

Eco-friendly
functionalization
of cellulosic
substrates

• Surface modification using
O2-plasma for subsequent
post-treatment with
AuNPs/ZnONPs combination

[55]
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Abstract The textile processing industry is copiously dependent on utilities, chemi-
cals and colourants to improve its aesthetic properties.Cotton continues to be themost
important textile fibre inspite of a large increase in the production and availability
of manufactured fibres and is best known for its outstanding comfort characteristics.
Current estimates for world production of cotton are about 25 million tonnes or 110
million bales annually, accounting for 2.5% of the world’s arable land. It is a natural
fibre which assumes negative zeta potential when immersed in water. The zeta poten-
tial (ζ-potential) is the potential difference across phase boundaries between solids
and liquids. It’s a measure of the electrical charge of particles that are suspended in
liquid. This results in repelling similarly charged ions of substantive dyes such as
direct and reactive. It is possible to reduce the repulsion by chemically modifying
the cotton surface by depositing cation onto the surface of cotton. This process is
well known as the cationization of cotton. The cationizing agents are used to develop
cationic sites on the cotton so that anionic dyes or finish get attracted forming ionic
linkages. In a simple way, a cationic auxiliary increases affinity and reactivity of
anionic dyes and finishes towards the textile substrate, the cotton. This method is
used to enhance the dyeing and finishing property of cotton. These auxiliaries create
reactive sites to impart functionality such as colour, flame retardancy, water repel-
lency, antimicrobial properties, etc. to the cotton substrates. These auxiliaries can
be successfully applied on the cotton substrate by the exhaust, padding, layer by
layer, sol-gel and coating method. The aim of the current chapter is to discuss the
importance of cationization, cationizing agents and its application on cotton.
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1 Textile Industry

The textile wet processing industry consumes plenty of textile auxiliaries. These
auxiliaries boost up the functional properties of the original fibre/fabric. The global
market size of textile auxiliarieswas estimated to reachUSD23.62 billion in 2018 and
was projected to register a compound annual growth rate (CAGR) of 4.5% during the
forecast period. This significant growth is credited to high demand from the rapidly
rising apparel industry [1].

2 Cotton

The textile fibres are mainly classified as natural (animal and plant), synthetic semi-
synthetic and mineral fibres. The natural fibres are derived from animals (silk and
wool) and plant (cotton, jute, linen ramie, etc.) sources. The mineral fibres are devel-
oped from asbestos and glass whereas synthetic fibres are man-made which includes;
nylon, polyester and acrylics. These fibres are pre-treated before any treatments like
dyeing and finishing.All these fibres have their own importance andmarket share, but
even today cotton continues to occupy approximately 73% of market share due to its
extraordinary properties like strength, breathability, dimensional stability, comfort
and moisture absorption ability [2]. The cotton industry is a combination of old and
latest technologies [3]. Along with that, high exhausting dyes and functional finishes
are used in the industry which gives cotton improved aesthetic and novel functional
properties.

2.1 Cotton Fibre

2.1.1 Cotton Morphology

Cotton fibre has main four parts; cuticle, primary wall, secondary wall and lumen.
Cuticle is the outer most layer containing waxes, a mixture of fats, oils, pectin and
protein materials. Pre-treatment is carried out to remove these hydrophobic materials
and render the cotton hydrophilic. The primary wall is the original thin wall includ-
ing cellulose strands where molecular chains are arranged randomly i.e. no distinct
orientation is seen. This layer also contains pectineus materials. The secondary wall
consists ofmany cellulose layerswhich constitute themain portion of the cotton fibre.
Lumen is the hollow canal responsible for the length of the fibre covered by lumen
wall. It contains colouring matter and other impurities which are responsible for the
characteristic colour of grey cotton. Pre-treatment, mainly bleaching, decolourizes
these natural pigments to get a visible and uniform whiteness. These fibres are flat
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Fig. 1 Cross-section of
cotton fibre

twisted ribbons with 50–100 convolutions per inch. The cross-section of cotton fibre
shows kidney shaped bean-like structures [4, 5] (Fig. 1).

2.1.2 Chemical Composition

Chemically, cotton is composed of 88–96% of cellulose and remaining are wax,
protein, oil, pigment, fat, ash etc. [6]. Cotton is highly crystalline fibre which is long
and rigid. The basic building block of cotton is beta-1,4-d (+)glucopyranose. Long
cellulose chains are held by 1,4-glycosidic bonds where anhydrous glucopyranose
C–O–C link is formed. This anhydrous glucose shows three hydroxyl groups (–OH),
one primary on C-6 and two secondary on C-2 and C-3, connected by hydrogen
bonding that are chemically active for further additions and also are responsible for
ionization in aqueous solution forming cotton with anionic surface characteristics
[7–9] (Fig. 2).

2.2 Wet-Processing of Cotton

The harvested and mechanically cleaned, spun and woven cotton fabric goes through
various processes like pre-treatment, dyeing, printing and finishing depending upon
the end-use of the product. The pre-treatment is the prior process that includes surface
preparation for the removal of foreign materials to improve affinity, absorptivity,
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Fig. 2 Chemical structure of cotton

uniformity and strength ensuring to have the right physical and chemical properties
before dyeing and finishing.

2.2.1 Pre-treatment

Singeing:

Cotton has hairy appearance due to the presence of loose fibres which are not bound
firmly. In singeing operation, such protruding fibres are superficially burned without
damaging the yarn or fabric to create a smooth surface feel, to improve lustre and to
prevent potential obstructions during wet processing [10, 11].

Desizing:

The size like starch, wax, PVA, etc. is applied on warp yarn before weaving of
fabric to increase weave-ability. This size hinders the hydrophilicity of fibre and the
removal of such sizes improve its absorbency for further treatments. This process of
removal of size is known as desizing. Thus, primarily, added impurities are removed
in desizing.

Scouring:

During scouring, natural impurities like dirt, vegetable matter, grease, wax and other
hydrophobic materials are removed from the cotton fibres. The scouring process
should ensure uniform water absorbency.

Bleaching:

Cotton fibres naturally possess pale yellow colour due to the presence of natural
colouring matter and impurities. Bleaching is a chemical treatment involving bleach-
ing agents to decolourize natural colouring matter and obtain a uniform degree of
whiteness [12].

Mercerizing:
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Cotton is treated with strong sodium hydroxide solution (300 gm/lit) so that cotton
fibres swell bybreakinghydrogenbonds andVanderWaal forces present between cel-
lulose chains. The expanded chains rearrange and re-orient themselves and when the
caustic soda is removed, the chains formnewbonds in the reorganized state. Themain
advantages of mercerization step enhanced lustre, smoothness, strength/elongation
and moisture absorption property [10].

2.2.2 Dyeing

It is a process where colouring agents are applied uniformly on textiles to impart
attractive looks. These colouring agents are dyes or pigments which are mostly
applied in an aqueous medium, although sometimes the solvent system is also used,
especially in printing. The selection of the appropriate dye depends on the objective
in dyeing and chemistry of the dye and textile material to be dyed. Cotton can be
easily dyed with direct, reactive, vat and sulphur dyes. Direct and reactive dyes are
water-soluble dyes but vat and sulphur are insoluble dyes and are made soluble
using reducing agents and alkalis [13].

2.2.3 Printing

Printing is the localized dyeing process which includes the application of dye or
pigment in different designs or patterns. The selection of dye or pigment on textiles
remains the same as the dyeing process. Cotton can be easily printed by direct,
reactive, azo and vat dyes.

2.2.4 Finishing

This is the last process on the fabric which adds aesthetic and tactile value to the
textiles. It should also meet the required demand and secure customer satisfaction
by applying such finishes on textiles. Regular finishing is usually carried out using
cationic or silicone softeners or a combination of both. Finishingmany times involves
speciality finishes as well which includes finishes such as, wrinkle-free, soil and stain
repellent, water repellent etc.

3 Surface Modification

Finishing is the final step used to improve the appearance, functionality and dura-
bility of the textile products. The process of finishing can be classified according to
purpose or end result [14, 15]. Generally, the surface of each textile fibre carries its
individual properties such as hydrophilicity, hydrophobicity, adhesion and optical
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Surface Treatment

Physical Methods

1. Mechanical Process
2. Thermal Process
3. Plasma Treatments
4. Ultrasonic treatments
5. UV or gamma irradiation

Chemical Methods

1. Graft copolymerization
2. Enzyme treatment
3. Cationization
4. Cross-link attachment
5. Organic chemical treatmnets
6. Inorganic chemical treatments
7. Nanotechnology
8. Biopolymer treatment

Fig. 3 Types of surface treatments on cotton

appearance depending on the presence of constituent functional groups and their ori-
entation. In order to make desirable changes in given fibres, surface treatment plays
an important role, which can be defined as a surface treatment, which improves the
surface chemistry of textiles with ease of efficiency for finishing [16].

The following are the ways to modify the textile surface (Fig. 3).

3.1 Types of Surface Treatments

Surface modification of textiles comprises of a wide range of technologies that mod-
ifies the surface properties of textiles. The surface modification of textiles can be
achieved by physical and chemical methods ranging from traditional solution treat-
ments to biological approaches. Technical and functional surface finishing of textile
has attracted a great deal of attention in recent years with the help of new tech-
nologies such as plasma treatments, grafting, nanotechnology, enzyme treatment,
radiation treatments, organic or inorganic treatments and addition of cationic com-
pound on the surface of textiles. All above surface treatments are used by researcher
to enhance the performance of wet processing steps like pre-treatment, dyeing and
finishing of natural as well as synthetic textiles [17]. In comparisonwith physical sur-
face treatment methods, chemical methods are preferred for permanent and durable
finish in the industry. The physical methods like mechanical and thermal treatment
are dry treatments that do not produce a permanent surface effect and alters the fabric
appearance.
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3.1.1 Plasma Treatment

In this process, predefined gas is heated under high pressure to produce charged
plasma state and fabric is placed between it, the layer formed on textile modify
the surface property. The plasma treatment is widely used nowadays for desizing,
wettability enhancement, improving dyeing-printing ability and physical property of
textiles.

3.1.2 Ultrasonic Application

In a bath, when ultrasonic waves are introduced, it gets absorbed in liquor forming
gas bubbles. Due to vibrations these tiny bubbles collapse generating shock waves
and if the bubbles are not collapsed then they push water producing streaming. This
energy helps in better penetration of dyes and chemicals, certain surface treatment
with better efficiency, etc. [18]. The process is cost-effective and eco-friendly but the
formation of high-intensity ultrasound in a big vessel is a difficult task [19].

3.1.3 Irradiation Treatments

UV and gamma irradiation treatments are also extensively used in the industry to
modify properties especially for synthetics and non-wovens [20]. Due to the high
energy source and high penetrability of such rays, they can affect chemical bonding
with the deterioration of physical properties of textiles [17].

3.1.4 Grafting Copolymer

The grafting is the method where copolymers are strongly bonded onto the polymer
chain, when it comes in contact with dry heat, the mixture of polymers form a coated
layer on the surface that alters the physical forces of the treated substrate [21, 22].

3.1.5 Enzyme Treatment

Many enzymes are used for cotton pre-treatment and finishing processes due to
their positive properties towards the environment as they are very specific in action,
biodegradable and best alternative to toxic chemicals [23].
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3.1.6 Cross-Link Modification

In cross-link modification, polymer or fibre are chemically joined forming a cova-
lent or ionic linkage [24]. Such modifications are used to improve certain physical
properties of fibres.

3.1.7 Nanotechnology

The application of nanomaterials on textiles offers high-performance functionality,
which is vigorously used for finishing, coating, dyeing etc.

3.1.8 Biopolymer Application

The polymers which are produced by living organisms are known as biopolymers.
Biopolymers are biodegradable and eco-friendly [25, 26].Other than starch or sodium
alginate, commonly used biopolymer in textiles are chitosan and carrageenan derived
from carbohydrate family, they form a covalent linkage with the substrate or other
agent offering durable and permanent effect [27].

3.1.9 Chemical Addition

These treatments are commonly used for finishing processes. Examples of this are,
cyclodextrins used for fragrance finishes, silicones used for water repellency, fluoro-
carbons used for flame retardancy, DMDHEU used as cross-linkers, silicone-based
softeners for textiles, zinc/titanium oxides for antimicrobial finish and UV protection
finish, etc.

3.1.10 Cationic Compound Addition

The process where a cationic compound is applied on the cotton surface is known as
cationization. The popularly cationic agents used for the process are amines and/or
quaternary ammonium compounds. They chemically modify the surface on cot-
ton introducing permanent cationic sites. Other surface treatment methods used for
cationization include organic or inorganic chemical addition, biopolymer application
on different textiles etc. Lewis and Lei in early 1930s had reported and developed
various cationizing processes and cationic agents to be used on cotton substrates that
introduce cationic sites after application. These chemicals are as follows.

Quaternary ammonium chlorides like Glycidyl trimethylammonium chlo-
ride (Glytac A) [2], Betaine (N, N, N-trimethyl glycine), 3-chloro-2-hydroxy-
propyltrimethylammonium chloride (CHPTMAC), polyepichlorohydrin acry-
lamides, polyamino chlorohydrin quaternary ammoniumcompound i.e. CibafixWFF
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Fig. 4 a Glytac A, b CHPTMAC, c poly-epichlorohydrin acrylamides

Fig. 5 a Chitosan, b PAMAM Dendrimer

above all those have been patented as a cationizing agent for cotton. Most of these
are amine (–NH2) derivatives. The amines are commonly used cationizing agents as
they contain donor nitrogen (N2) compound in the group that are known for their
cationizing power and also the hydrogen (H+) which are responsible for protonation
and improving cationic property [28–41] (Fig. 4).

Nowadays biopolymer like chitosan and its derivatives are in use as cationizing
agent on cotton for dyeing and finishing processes. Chitosan is biodegradable, bio-
compatible, antimicrobial active and non-toxic. It includes three reactive groups,
one amino and two hydroxyl in its structure. The other cationizing agent made with
dendrimers has amongst these polyamidiamine dendrimer known as PAMAM den-
drimer contains four amine groups at terminal end formed by amidation reaction and
possess surface modifying property with cationic characteristics found to be highly
active (Fig. 5).

3.2 Need for Cationization of Cotton

Common textile wet processes like dyeing and finishing can be divided into steps
like adsorption, absorption and fixation of chemicals on textile materials. Due to the
presence of various forces existing in the liquor, adsorption of dyestuff and textile
auxiliaries on substrate is not easy [42]. The dyestuff and textiles chemicals might be
in liquid or solid form and in different ionic nature. The very popular cotton fibre con-
tains reactive hydroxyl groups (–OH) that react with dyes or chemicals. When such
cotton is dipped in aqueous solution it shows negative zeta potential [43]. Twomech-
anisms are involved behind cationization. Firstly, the layer of cationic charges is
formed on the cotton surface when applied and the second mechanism involves
the application of cationic agents that modifies cotton surface by getting covalently
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linked. From dyeing perspective, anionic nature of cotton poses a problem while
taking up dyes which are also anionic in nature. Because negative dye/chemical and
fibre surface repel each other, the electrolyte is added in the dyeing process to neu-
tralize the electronegativity of fibre surface. When alkalinity is introduced functional
group of reactive dye forms a covalent bond with fibre [44]. These electrolytes, how-
ever, do not get absorbed during the dyeing process and such a high concentration of
electrolytes is discharged. It is not acceptable by environmental norms as it disturbs
aquatic life. It also has an adverse effect on dye solubility. Lowering or eliminating
the concentration of electrolytes including alkali does not give satisfactory fixation
of the anionic dyes on the cotton substrates. Similar issues arise in case of finish-
ing process as negative surface nature of cotton also restricts the anionic chemical
agents to be applied on its surface. Anionic softeners cannot get attached on the
cotton. Hence, it is necessary to perform cationic surface modification of cotton.
In textile industry various surface modification techniques like grafting, inorganic
chemical addition, biopolymer addition etc. are used but most of these treatments
are not economic and effective. They are not durable as there is no strong linkage
between surface of substrate and target chemical agent.

The durability of any finishing process is the most important criteria in textile
processing, where strong and permanent linkage of cationic chemical on the surface
of the substrate is the necessity, so the cationization of cotton is important surface-
modifying treatment [45]. The cationization process has a high ecological impact as
for processing like dyeing and finishing. By cationization, chemical consumption to
dye cotton can be reduced by 50% compared to conventional processing.

3.3 Mechanism

The process of cationization is a simple technique, where a cationic agent is chem-
ically reacted with hydroxyl ions of cotton to develop new cationic sites on the
fibre surface. The nucleophilic substitution reaction takes place between nucleophile
i.e. hydroxyl group of cotton and a cationic group of cationizing agent. When such
cationized cotton is further treated with anionic dyes or finished with a finishing
agent, the coulombic attraction takes place between the positive charge on the fibre
and the negative charge on the dyes or finish [46].

The efficiency of the cationization is directly proportional to the concentration of
the cationizing agent and the capacity of the cotton surface. In a simple way, more is
the amount of cationizing agent applied, more is the degree of cationization (Fig. 6).

3.4 Application

Cationization can be achieved on fibre, yarn or fabric form and the reaction depends
upon parameters like time, temperature and pH. The temperature and time can be
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Fig. 6 Cationization mechanism

adjusted according to the process requirement but the desired pH for cationization
treatment is set from neutral to slightly acidic because at this pH the protonation of
amine groups (–NH2) of cationizing agent occurs and that increases the degree of
cationization. The cationizing agents can be applied by the following methods.

3.4.1 Exhaust Method

Exhaust method is also known as batch or discontinuous application method. In this
method, dye molecule or finishing agents migrate from solution on to the textile
material. The efficiency of the process depends upon the influencing factors like the
chemistry of the dye or finishing agent, liquor ratio, pH and temperature required for
the process [47, 48]. The process is preferred if the chemical agents have a strong
affinity to the substrate [28].

3.4.2 Padding Method

This method is used when chemical agents have a low affinity for substrates. This
process involves the application of chemicals through padding solution and then
squeezing with the help of pair of rollers as per desired pickup percent, followed
by drying and curing for fixation of chemicals on the substrates. The process is also
referred to as pad-dry-cure method [49].

3.4.3 Coating Method

In this process, coating material i.e. polymeric material is applied on one or both
sides of fabric forming a layer on the surface followed by drying and curing [50].
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Fig. 7 a LBL treatment, b formation of bilayer by LBL treatment

3.4.4 Layer by Layer Technique

This process is similar to padding method, but here desired padding solution pots are
made with the addition of polyelectrolytes i.e. polycations and polyanions consist-
ing of oppositely charged chemicals. The process is repeated until the satisfactory
multilayer polymeric film of cations-anions are developed on the substrate surface
[51, 52] (Fig. 7).

3.4.5 Sol-Gel Technique

In this method, the monomer solution is converted to a colloidal solution which is
known as sol [53]. The sol is made up of metal salt or metal-organic components in
colloidal suspension form due to the hydrolysis and polymerization reaction [54]. In
this process, the sol is converted to gel i.e. layer of metal oxide on the surface due
to heat treatment. This sol-gel is commonly used in nanoparticles, which are applied
by pad-dry-cure method on the textiles [55, 56] (Fig. 8).
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Fig. 8 Sol-gel application

3.5 Recent Developments in Cationization
for Wet-Processing Techniques

3.5.1 Pre-treatment

Pre-treatment is the process prior to dyeing, that enhances the physical characteristics
of cotton substrate. The surface modification is also a pre-treatment process of cotton
which modifies the surface of the substrate according to the required end-use. The
application of cationizing agent for dyeing or finishing can be pre-treated or post-
treated depending upon the practical parameters by the industry or consumers. This
cationic cotton is used for dyeing, printing and finishing.

3.5.2 Dyeing

In the dyeing process, anionic dyes are applied on the surface of cotton. In absence
of salt, anionic dye molecules are repelled by the surface of cotton as cotton becomes
negatively charged in water. Electrolytes are used to neutralize the surface charge so
that dye molecules can reach the fibres. The reactive dye molecule in the presence
of alkali reacts with both cotton and water as both contain hydroxyl ions (–OH)−.
Dye molecules which react with water are called as hydrolysed dye. This hydrol-
ysed dye cannot chemically react with cotton, but their deposition on the surface
affects fastness properties. This is one of the major drawbacks of colouration with
reactive dyes. Similar problems are seen in direct and acid dyeing process where
dyes are only weakly attached to the fibres. The electrolytes and alkali (in case of
reactive dyes) help to neutralize the negative surface of cotton, maintain the pH and
mainly increase the affinity of dye to fibre. Utilization of electrolytes and alkali in the
dyeing process generates effluent load i.e. salinity of the water. After cationization,
the cationic sites present on the cotton surface attract the nucleophilic dye anions
directly and gets covalently bonded with cotton when it is dyed with anionic dyes
like direct, reactive and acid dyes. The cationization of cotton improves the dyeing
ability of salt-free reactive dyeing, acid dyeing, direct dyeing and pigment dyeing
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Fig. 9 Padding application of cationizing agent on cotton

with increased dye uptake, colour strength and good wash, light and rubbing fast-
nesses. The process also helps to reduce or eliminate the use of electrolytes, alkali and
other boosting chemicals that are observed in conventional dyeing process. This cri-
terion will ultimatelyminimize the effluent load. The cationic treatment increases the
colour strength, dye fixation and fastness properties of the dyed cotton by enhancing
adsorption, exhaustion and fixation of dye molecule on the cotton (Fig. 9).

Aktek et al., broadly describes the modification of cotton by treating with cation-
izing agents for the purpose of salt-free reactive dyeing. The successful approach
was made using cationizing agents like chitosan, cationic starch, cationic monomer
and dendrimer [57]. It has been observed that chitosan application on cotton boost up
the dyeing ability on cotton by exhaust and padding application, the padding method
gave excellent dyeing results [58].

A commercial cationic starch, known as Q-TAC produced by Ali et al. reduce the
usage of salt almost totally in reactive dyeing. Owing to the fact that electrostatic
attractionwith reduced crystallinity of cationic cotton increases the degree of fixation
and colour strength [59].

The Polyamido amine dendrimer known as PAMAM was applied on cotton for
cationization and its notable achievements for salt-free reactive dyeing and acid
dyeing on cotton substrate forming a strong ionic linkage between dye and cationic
cotton. The excellent colour strength was achieved for salt-free dyeing with reactive
dyes and acid dyes at slightly acidic to neutral pH [60, 61].

The utilization of Chromatech 9414, a commercial cationizing agent for cotton
pre-treatment allows direct dye to get easily attached on the cotton surface giving high
dye fixation without any after treatment. This can be attributed to strong attraction
forces between dye and fibre. It is also observed that the Chromatech 9414 contains
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high nitrogen content, if the concentration of the cationic agent increases the nitrogen
content on the cotton, it also increases its dyeability considerably [62].

A cationizing agent from soya bean hull was synthesized for eco-friendly salt-
free dyeing on cotton substrate. This agent contains amino acid compounds in its
structure which lowers the negative surface of cotton after modification without
affecting its physical property and enhancing the dyeing ability of cationic cotton.
The investigation proved that the soya bean hull was found to be effective cationizing
agent for salt-free dyeing on cotton [63].

The pigments are insoluble in water and they do not have an affinity for cotton.
However, it is observed that cotton can be dyed with pigments if cotton is pre-
treated with a cationic auxiliary to provide the necessary affinity [64]. The mixture
of chitosan and dendrimer i.e. chitosan-poly(propylene imine) dendrimer hybrid (CS-
PPI)was found to bemore durable and efficient. This CS-PPI hybrid is biocompatible
compound and it can be used for salt-free reactive dyeing to achieve high fixation
and excellent fastness property with zero effluent load [65].

Pigments have no affinity for cotton. Hence, the cationic charge is incorporated
on cotton by applying a cationizing agent. Cotton is first treated with cationizing
agent and dyed with pigment.

In a test, commercial samples of Sandene 2000 and Solidogen NRL were applied
to modify the cotton surface and develop cationic sites for pigment dyeing, the result
obtained was satisfactory to good for rubbing fastness. As the concentration of the
cationizing agent increases, better fixation and level pigment dyeing by exhaust
method was achieved [66].

3.5.3 Finishing

The finishing of textiles is the final process, which depends on consumer require-
ments. This process is used to enhance the aesthetic and functional properties of
textiles. The variety of finishing agents or textile auxiliaries used in industry are
mostly anionic in nature. The anionic nature of the cotton repelsanionic finishes,
resulting in temporary effect. The cationization of cotton was effectively used to
develop a new approach for durable and improved finishing effects. This process
was studied by many researchers to increase anti-microbial activity, UV-protection
effect and for effluent treatment. The one bath treatment using a mixture of cation-
izing agents along with other finishing chemicals can give multifunctional finish on
cotton. The chemical surface modification, cationization plays a vital role in finish-
ing as well. If the cationizing agents have multiple reactive sites or inbuilt multiple
properties, then multifunctional finishing is also possible with this treatment. For
instance, chitosan shows cationizing property with an anti-microbial effect on cotton
(Fig. 10).

In conventional finishing treatments, anionic finishes are fixed on cotton with
hydrogen or ionic bonding depending on the type of chemical. In finishing, different
auxiliaries are used as a precursor for fixation of chemical on the cotton surface
(Fig. 11).
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Fig. 10 Desired multifunctional effect on cationic cotton

Fig. 11 a Repulsion in
conventional finishing,
b attraction after cationic
treatment
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In the cationized cotton finish, anionic chemical ions show increased affinity
towards cationic sites on the fibre and they readily combine to form ‘finishing agent-
fibre’ complex with a strong ionic bond [67].

Thiol–epoxy chemistry showed a permanent and durable antimicrobial property
on cotton substrate. In this process, cotton was chemically modified by using 3-
mercaptopropyltriethoxysilane (KH-580). This agent developed thiol groups on the
cotton surface that helped ease and strong attachment of quaternary ammonium
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Fig. 12 Thiol–epoxy click chemistry application on cotton

salt (cationizing agent). The presence of thiol groups improved the antimicrobial
efficiency of cotton with durable effect [68] (Fig. 12).

The cotton surfacewasmodifiedby synthesizing carboxymethyl chitosan (CMCS)
where chitosan was treated with mono-chloro acetic acid by carboxymethylation
reaction. These CMCS possess excellent antimicrobial property due to the presence
of chitosan. TheCMCS treated cotton showed positive results for salt-free dyeing and
proved to achieve good colour fastness properties with levelness dyeing compared to
conventional dyeing.The evaluationofCMCSdyedcottongavenotable enhancement
in antimicrobial property than untreated cotton [69].

In anotherwork,wherewater-soluble carboxymethyl chitosan (CMCTS)was used
for cationizing, dyeing and finishing of cotton. The evaluation of CMCTS con-
centration were studied to check the physical properties of cationic cotton. It was
illustrated that increasing the concentration improves the antibacterial activity [70].
The cationization process with chitosan and UV absorbers i.e. UV-SUN® (based on
Oxalanilides) for multi-protection treatments and dyeing for cotton as well as silk
substrates confirmed that both the agents have high nitrogen content (N %) values
which further states that as the nitrogen content increases, the antimicrobial property
and cationic property also increases. The UV blocking activity on cotton and silk
gave remarkable results where some improvement was seen in anti-odour activity
with a reduction in microbial activity. The assessment of dyeing ability for cationic
cotton and silk showcased durability in treatment as the effect was not affected above
30 wash cycles [71].

In another novel approach for both together salt-free dyeing and functional finish-
ing including UV protection and antibacterial property, the cotton was modified with
cationic chemical i.e. 3-chloro-2-hydroxypropyl trimethylammonium chloride. The
dyes used were treated with titanium dioxide nano-sol by sol-gel method and then
applied on cationized cotton dyeing. The use of salt was eliminated in the dyeing
process, still resulting in high colour strength, fixation and good wash, light and rub-
bing fastness properties. The cationic dyed cotton also gave improved UV blocking,
antibacterial activity property during analysis [72].
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3.6 Effect of Cationization on Environment

Many of the textile industries cause pollution by the untreated discharge of water and
a variety of chemicals. Effluents from textilewet processing industry is causingmulti-
ple problems to the environment. Compared with conventional dyeing, cationization
process reduces the consumption of water and chemicals like electrolyte, alkali, acid
or catalyst etc. Cationic solution can be reused for further processes which result
in the saving of water and chemicals. In the dyeing process, cationic dyed cotton
bath solution does not contain hydrolysed dye or other auxiliaries because the intro-
duction of electrostatic attraction which increases the substantivity of dye/chemical
onto fibre (cotton) easily. The cationic cotton dyed materials also show good fixation
and excellent fastness properties. The absence of alkali and electrolyte in dyeing
treatment denotes negligible effluent load.

Many studies and researches have claimed that various cationizing agents, cationic
salts and cationic biopolymer are used for effluent treatments like removal of anionic
dyes of finishes and wastewater treatment [73, 74]. Blackburn and Burkinshaw, in
the year of 2003, reported that pre-treatment of cationizing agent on cotton reduces
the effluent load and level of water consumption in dyeing and finishing than the
normal wet processing methods [75].

Bioflocculants produced by microorganisms which are used for wastewater treat-
ment in effluent plant in the presence of cationic salts like MnCl2, MgSO4 and CaCl2
showed effective removal of dye from textile effluent. The presence of such cationic
compounds were also used to determine the effect of salts on dye removal by the
bacterial bioflocculants at the optimum temperature and pH [76].

3.7 Advantages of Cationization

• Develops cationic sites on the surface by eliminating negative zeta potential.
• Cationic cotton attracts anionic chemicals and forms strong ionic bonds with
durable effect.

• Degree of fixation of anionic dyes and finishes increases giving improved fastness
properties.

• Electrolytes and alkali are eliminated from the dyeing process of anionic dyes still
giving maximum reactivity and minimum hydrolysis of dyes.

• Simple process with maximum water, chemicals and energy savings.
• Reduced effluent load.
• Ecological and environmental friendly processes [73].
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3.8 Limitations

• Cationizing agents are mainly made up of amines so the odour of ammonia on the
treated substrate is an issue.

• To control the process of cationization is a laborious task.
• High cost of the commercial cationizing agents.
• Cationizing agents tend to show low fixation rate in the exhaust process and
thus higher amount of chemicals are required. Along with it, the normal dyeing
procedure requires certain modification for treating cationized cotton.

• Limited number of dyes show good result in dyeing cationized cotton. Therefore,
choosing the correct dye is important.

4 Conclusion

Surface modification of cotton by cationization process using a variety of cationizing
agents become water, energy-saving and environment-friendly process for anionic
dyeing and finishing of textiles [77]. It can be stated that the cationizing agents used
for cationization do not affect the physical property of the cotton but chemically
develops the cationic sites on its surface. The cationized cotton also denotes higher
degrees of dye exhaustion, improved colour strength and strong ionic fixation related
to cotton due to the absorption of electrostatic attraction rendered by cationic sites
for anionic dyes [78]. It has also been observed that the cationic group of many
cationizing agents on the cotton substrate serves a dual functionality like antibacte-
rial activity, UV protection etc. [79]. To highlight, the two main criteria are resolved
by the cationization process. First eliminating the requirement of electrolytes i.e.
inorganic salt and alkali in few dyeing processes and second to diminish environ-
mental problems. Along with this, many cationizing agents on cotton control the
growth of bacteria and protects it from harmful UV rays. The future is bright for the
cationization process if the commercialization of cationizing agents is considered.
Effluent load can be controlled if the process is introduced in the textile industry.

It can be concluded that cationization can be easily used as dyeing auxiliary and
finishing auxiliary for surface modification of cellulosic textiles that will invite novel
achievement in future for the textile industry.
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Role of Radiation Treatment
as a Cost-Effective Tool for Cotton
and Polyester Dyeing

Shahid Adeel, Fazal-ur-Rehman, Tanvir Ahmad, Nimra Amin,
Shahzad Zafar Iqbal and Mohammad Zuber

Abstract Currently, the global community ismore attentive and alert in using textile
products due towidespread awareness of stringent environmental standards. In textile
processing effluent load is of much concern, which needs a lot of methods to be
treated. Different methods are being used to modify textile processing on the basis
of conventional methods, statistical optimization of dyeing variables i.e. response
surface modeling but modern methods such as application of radiation in textile
dyeing on account of time, energy labor and cost-effectiveness is gaining global
fame. The purpose of such radiation is either to activate the dye bath or to modify the
fabric surface to decrease the effluents via improved fixation. The current chapter is
presenting a brief review of applications of the microwave, ultrasonic and ultraviolet
radiation for cotton fabric processing and dyeing of cotton also polyester fabrics using
disperse, Vat, reactive and direct dyes using conventional process or via statistical
optimization where the improvement in color characteristics of dyed fabrics after
irradiation treatment has also been elaborated. This current study has been providing
a model of aspiration for academicians, researchers, and traders who intend to utilize
the modern tool for developing cost-effective textile processing.
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1 Introduction

The word textile has been originated from the Latin word known as “texture” which
represents braid, to construct or to weave. The textile process comprised of different
phases such as the spinning of cotton, manufacturing of fabrics, dyeing and finish-
ing. Since 1947, till today Pakistan has become the 14th largest producer of cotton
with yielding capacity of 7.6% which is the total Asian quantity of spinning sec-
tor after china [1]. The synthesis of reactive dyes in 1954 and its proper usage in
1956 contracted a major innovation in the dyeing of cotton and other fabric. The oil
crises in 1970 rising a costs of raw material used, which in turn, created the drive
for extreme energy effective and cost-effective technologies to be used in textile
processing. Meanwhile, the world has reached steadily to an estimated cost of 3.5
× 106 tons with the utilization of two major textile fibers i.e. cotton and polyester
[2]. During 2010–11, Pakistan has USD10.2 billion textile exports which comprise
3% to the USA and the other 97% to other countries. Despite all this Pakistan tex-
tile industry is facing high production cost due to (i) improper implementation of
five-year textile policy (ii) an increase in the interest rate, (iii) the devaluation of
Pakistan currency, (iv) political unstable atmosphere, (v) removal of subsidy due to
shortage of power and gas, (vi) weak internal and financial management, (viii) use
of old machinery, (ix) old processing technology, (x) waste of labor and (xi) world
environmental standards etc. These problems urged textile researchers to think about
the use of such technologies improving production efficiency and make it cost and
energy effective [3].

By using such technologies, we can not only save money, labor, power and mini-
mize environmental pollution but also can rise the production rate of textile products.
The use of radiation in dyeing and finishing has a great effect which not only fixes the
dye onto irradiated fabric firmly but also needs less severs conditions to get excellent
color strength. It also helps in reducing the labor and cost by less wastage of dye into
the water. It improves water-repelling properties of the fabric, increases the wrin-
kling and shrinking resistance of the cotton fabric and reduces the pilling of cotton
fabric and adds value in the coloration of cotton and polyester via improving wet
ability of fabrics [4, 5]. It may also reduce dyeing temperature, dyeing time as well
as energy and save the economy previously it has been found that the use of such
cost-effective and energy effective technology can help to enhance the rate of export
by value-added products which are eco-label. These sustainable products can help in
rising foreign exchanges and the economy of Pakistan as well as will improve trade
policy in the world textile market.
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2 Pretreatment of Raw Greige Cotton

In the textile industry during the manufacturing process, pretreatment is one of the
most important procedures. For satisfactory consequential processes, such as print-
ing, textile dyeing, and finishing, and the important purpose of the pretreatment is to
remove most of the impurities from the textiles. Generally, the pretreatment process
includes chemical and mechanical processing wherein the mechanical pretreatments
consist of checking, stitching, cleaning, collecting and distribution, or even singeing
processes, etc. For good preparation, wet-chemical pretreatment processes have been
done such as desizing, scouring, bleaching, and mercerization, which improve the
quality of ultimate products [6, 7].

3 Chemistry of Cotton

The cotton fabric is the most comfortable and easily available fabric found in the
textile world. Mostly the cotton fabric is cellulosic and non-cellulosic in nature,
where the major part of cotton fibres contains α-cellulose up to 96.5%. The non-
cellulosic part is found either on the outer layer or inside the lumen of the fibers [8].
The non-cellulosic part contains proteins (1.9%), wax (1.2%), Inorganic material
(1.6%) and other substances (8%). The degree of polymerization of the primary
wall ranges 2000–6000 and their distribution is broader similarly for secondary cell
wall it is about 14,000 with molecular weight of uniform distribution [9]. Cotton
cellulose contains β- 1,4-D(H)- glucopyranose building blocks bonded through 1, 4
glycosidic linkage. Each unit has three hydroxyl group C-6, C-2 and C-3, where due
to these hydroxyl group, the chain is packed via intermolecular and intramolecular
H-bonding shown in (Fig. 1) [10]. These hydroxyl groups are responsible for the
interaction with dye molecules of the cellulosic unit present in the amorphous region
[11, 12].
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Fig. 2 Structure of polyester

4 Chemistry of Polyester

The term polyester is known as many esters, a combination of different acids
and alcohols and represented as –CO–O. The composition of polyester is based on
three main groups such as carbonyl groups (–OCO–), methylene groups (–CH2) and
( ) ester group represent in Fig. 2. The interaction with dye molecules takes
place due to the presence of weak hydrogen bonding and Van der Waal’s forces
which has a prominent role in the world of dyeing [13].

5 Classes of Dyes

Dyes are organic molecules which are divided into two main classes according to
origin i.e. Natural dyes and synthetic dyes

5.1 Natural Dyes

These dyes are extracted from different sources, as shown in Fig. 3.

5.2 Synthetic Dyes

Synthetic dyes are those colorants that are synthesized from petroleum. The colored
organic substances are used to dye textile material like cotton, wool, silk, polyester,
leather, nylon [14] and attach themselves by chemical and physical bonding with
fibers and develop the colored textiles. Synthetic dyes have a property of reproducible
shades and colors due to which the use of natural dyes in textiles is obsolete [15].
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Fig. 3 Classification of natural dyes

6 Classification of Synthetic Dyes

Synthetic dyes are classified into three categories on the basis of color, chemical struc-
ture and mode of application. Here we will discuss only the classification depending
upon the mode of application as shown in Fig. 4 [16].

7 Methods of Dyeing

In most, textile processing usually conventional method is being used but nowadays
radiation assisted dyeing methods are being reviewed an account of saving, cost,
labor, energy, modern methods are being used. These methods include:

(i) UV Radiation
(ii) US Radiation
(iii) MW Radiation.
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Types of Synthetic dye

Basic dye

Used in Nylon, Polyester,
Leather, Wool, Silk, Jute Direct Dyes

Cotton, ryon,
fleece, silk, nylon

Acid dye

Fleece, silk, nylon Sulfer dye

Cotton, nylon

Azoic dye

Ployester, nylon
Vat dye

Cotton, rayon, silk,, nylon

Alizarin dye

Fleece and cotton

Chrome dyes

wool
Disperse dye

Polyester fabric
Solvent dye

Plastic, candles,
waxes,ink, wood, stain

Mordant dye

Cotton, silk , wool

Fig. 4 Schematic diagram of classification of synthetic dyes on the basis of application

7.1 UV Radiations

UV radiation is the type of electromagnetic radiation having wavelength lesser than
visible rays (200–380 nm) which is unable to perceive with the naked eye. There are
different parts of UV region such as UVA, UVB, and UVC, where UVC has been
used in textile processing that ranges from 100 to 280 nm. UV radiation helps in
the improvement of color strength (K/S) of dye by increasing fabric uptake ability
and also helps to improve wettability. Similarly, the photo variation of external fibers
increases the wettability of dye and allows dye uptake at low temperature as well as
helps to fixmore dye on the fabric surface, but also give excellent color characteristics
these radiations have only used to modify the fabric surface, while leaving the other
textile material unaffected [17].
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7.2 US Radiations

Ultrasound radiations another form of ecofriendly rays in the sound spectrum have
frequency under the range of 20–10 MHz. These rays be further divided into two
parts, the primary is known as powerful ultrasound (20–2 MHz) and another is
named as diagnostic ultrasound (5–10 MHz). Ultrasonic radiation has typically long
wavelengths in the millimeter range which is too much greater as compared to the
molecule, thus it cannot interact directly with molecules to produce some chemical
change in it. The phenomena of powerful ultrasound are acoustic cavitation in liq-
uids which accelerates the different types of chemical and physical reactions. Since,
these phenomenon is based on advanced and implosive interruption of microscopic
bubbles which are being capable of creating hot spots through which the color yield
is enhanced but also process become cost, energy and time effective [18]. In textile
dyeing, the main advantage of using ultrasonic energy is to improve the process of
mass transfer which can otherwise be attained by the addition of various chemicals,
prolonged time and using high temperature. The ultrasound-assisted dyeing (UAD)
for textiles is broadly specified in terms of environmental benefits and energy savings.
Different researchers have reported the use of these radiations in dyeing on different
textiles material by applying, basic dyes, acid dyes and disperse dyes [19–21].

7.3 MW Radiation

Microwave radiation is the type of electromagnetic radiation, where its frequency
range is from 30 to 300 GHZ with a wavelength of 1 cm to 1 m. Currently the use
of microwaves has been employed in many applied fields on account of energy con-
sumption and decrease treatment time [22]. Conventional heating is surface heating
while microwave heating is based on activation of polar molecules known as volume
heatingwhich adds value in textile processing by saving energy, cost and labor. These
rays have ability to penetrate easily inside the fabric material uniformly to enhance
its substantive nature [23–25].

8 Role of Radiation in Textiles

Radiations are mostly used in the textile industry because of their promising nature
in saving time, fast treatment time. Microwave irradiation gives better color in a
short period as compared to the common pad batch dyeing process. These rays use
a small amount of energy as compared to the conventional method. It also reduces
the heat transfer problem. By using the microwave, we can save time and get better
results and also the process is ecofriendly. It gives dye exhaustion and a better dyeing
rate. Ultrasonic (US) are other sustainable source of heating gives sharp color and
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increase the dye uptake [26]. US radiations have advantages such as energy saving,
water saving, reduce process time and increase color depth [27]. These rays have
found a widespread industrial application, such as for surface treatment, soldering,
degradation, and formation of emulsions [28, 29]. The decolorization of dyes can
take place by using ultrasound, while ultrasound alone is not effective to obtain
their complete removal. Ultraviolet radiation has also a relatively good potential for
modification of textile processing. Previous studies reported that UV-treatment of
fabric brings about photo-modification of surface fibers and it can allow internal
vicinities of fibers become uptake able to more dye with firm fixation and develops
deeper shades and also enhances the coloration value of fabric and garments [5, 30].
The effect of Ultraviolet treatment considerably depends upon the nature of pigment
and dye, the existing absorptive groups in the dyestuff, penetration after dyeing, the
consistency and additives used in the dyeing processes [4]. Several modifications
and treatments were carried out to improve the dyeability and fastness properties of
different fabrics using natural and synthetic dyes, but the very few studies exist on
the effect of UV radiation treatment on the dyeing of cotton and polyester fabric with
reactive and disperse dye [31].

The major objectives of using these modern tools are

1. Reduce the energy, money and time during textile processing
2. To improve fixation of dye onto irradiated cotton and polyester at mild reaction

conditions using irradiated dye solution
3. To improve the color depth and colorfastness properties through radiation.
4. To reduce the number of chemicals in dye house effluents tomake dyeing process

eco-friendly and eco-label.

Following aspects under various dyeing conditions have been discussed in this
chapter and their role has been compared on account of the results obtained.

(i) Effect of microwave treatment (MW) in reactive, vat and disperse dyeing of
cotton and polyester fabric

(ii) Effect of ultrasonic treatment in reactive, vat and disperse dyeing of cotton and
polyester fabric

(iii) Effect of ultraviolet treatment in reactive, vat and disperse dyeing of cotton and
polyester fabric.

9 Methodology

The precise methodology of dyeing is given in tabulated form which represent the
improvement in dyeing behavior of reactive dyes under the influence of MW, UV,
US treatment (Tables 1, 2, 3, 4, 5, 6 and 7).
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Table 1 Application of MW radiation on dyeing of cotton using Reactive dyes

Radiation used Dyeing parameters Work done

MW (1–4 min.)
Reactive Red 195

Curing temperature (150–190 °C),
curing time (1:40–2:30 min:s), pH
NaHCO3 (25–40 g/100 mL), urea
(40–70 g/100 mL)

Muhammad Kamran

MW (2–10 min.) Reactive violet
H3R

Volume (60 mL), pH (7.5), salt
(8 g/100 mL), temperature
(60 °C), time (55 min.)

Maria Jannat

Mw (1–4 min.), Reactive Blue 19 Temperature (25–55 °C), time
(20–60 min.), pH (3–10), salt
(1–6 g/100 mL)

Tayyaba Ayesha

Mw (2–6 min.)
Reactive Green 6

Temperature (30–90 °C), time
(10–40 min.), pH (7–11), salt
(1–4 g/100 mL

Huma Hira Rehman

MW (1–6 min)
Basic violet 3B dye

pH (6–11), salt (3–7 g/100 mL) Sobia Qadeer

Mw (1–5)
Reactive Blue 21 Dye

Temperature (30–80 °C), time
(10–40 min.), pH (7–12), salt
(1–6 g/100 mL)

Moneeba Mushtaq

Mw (2–6 min.)
Reactive Black 5

Temperature (30–70 °C), time
(10–60 min.), pH (7–11), salt
(1–4 g/100 mL)

Adilla Arshad

Reactive Blue 19 Mw (1–6 min.) Statistical analysis temperature
(30–70 °C), time (10–60 min.),
pH (1–9), salt (1–4 g/100 mL),
volume 20–60 mL

Muhammad Sultan

Table 2 Application of MW radiation on vat dyeing of cotton at various dyeing conditions

Radiation used Dyeing parameters Work done

Mw (1–6) Vat Red 10 Redox conditions
(i) NaHSO4 (0.2–2.2 g) (ii) CH3COOH
(0.5–3 mL)
(iii) H2O2 (0.5–3 g/100 mL), temperature
(25–55 °C), time (20–60 min.), pH (3–10), Salt
(1–6 g/100 mL)

Maham Majid

MW (1–4)
Vat Yellow 46

Temperature (40–70 °C), time (10–25 min.),
Redox reagent, NaOH (60–90 g/100 mL),
Na2S2O4 (80–110 g/100 mL)

Muhammad Kamran

MW (2–6)
Reactive red 195

Temperature (30–80 °C), time (2–10 min.), pH
= 7–10 salt 10–60 g/100Ml

Farwa Khalid
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Table 3 US treatment and reactive dyeing of cotton at various dyeing conditions

Radiation used Dyeing parameters Work done

US (10–60 min.)
Reactive Red 195

Curing temperature (160–210 °C),
curing time (1:40–2:30 min:s), pH
NaHCO3 (10–30 g/100 mL), urea
(60–90 g/100Ml

Muhammad Kamran

US (20–50 min.)
Reactive violet H3R (CI 182130)

Volume (15–65 mL), pH (7–11.5),
Salt (2–10 g/100 mL), temperature
(20–70 °C), time (15–65 min.)

Maria Jannat

US (10–50 min.)
Reactive Yellow 160

Temperature (30–90 °C), time
(20–50 min.), pH (1–12), volume
(15–50 mL), salt
(0.1–0.6 g/100 mL)

Muhammad Umar

US (10–60 min.)
Reactive Yellow 145

Temperature (70 °C), time
(35 min.), pH (9), Salt
(5 g/100 mL)

Muhammad Zeeshan

Table 4 US rays and vat dyeing of cotton at various conditions

Radiation used Dyeing parameters Work done

US (15–60 min.)
Vat Blue 4

Temperature (55 °C), time (60 min.), volume
(50 mL), Na2S2O4 (2.5 g/100 mL), acetic acid
(2 mL), hydrogen peroxide (2 mL)

Aqsa Abdullah

US (10–60 min.)
Vat Yellow 46

Temperature (20–80 °C), Time (1–40 min.), redox
conditions, Na2S2O4 (9–11 g/100 mL), NaOH
(60–80 g/100 mL)

Muhammad Kamran

Table 5 Efficacy of MW rays on disperse dyeing of polyester at given conditions

Radiation used Dyeing parameters Work done

MW (1–6 min.)
Disperse Red 153

Temperature (20–60 °C), time (20–60 min.), dispersant
(1–10 g/100 mL), pH (3–11), volume (20–70 mL)

Hina Tariq

MW (1–6 min.)
Disperse Yellow 79

Time (20–60 min.), dispersant (1–10 g/100 mL), pH
(3–11), volume (20–70 mL)

Hina Tariq

Mw (1.5–7.5 min.)
Disperse Orange 25

Temperature (80 °C), time (25 min.), pH (8), volume
(1:75 mL)

Saba Ayub

Table 6 Efficacy of US rays disperse dyeing of polyester at various conditions

Radiation used Dyeing parameters Work done

US (20–40 min.)
Disperse Blue 56

Time (25–60 min.), pH (5–9), volume (15–45 mL),
dispersant (0.6–0.9 g/100 mL)

Rabia Akhter

US (10–50 min.)
Disperse Red 13

Volume (15–50 mL), pH (3–12), dispersant
(0.1–0.6 g/100 mL), time (25–60 min.), temperature
(90–140 °C), time (20–50 min.)

Muhammad Umar

US (10–50 min.)
Disperse Red 343

Volume (10–60 mL), pH (5–11), dispersant
(1–5 g/100 mL), time (10–60 min.)

Muhammad Asif
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Table 7 Efficacy of UV rays on disperse dyeing of polyester at various dyeing conditions

Radiation used Dyeing parameters Work done

UV (15–60 min.)
Disperse Red 153

Time (20–60 min.), pH (3–11), volume
(20–70 mL), dispersant (1–10 g/100 mL)

Hina Tariq

UV (15–60 min.)
Disperse Yellow 79

Time (20–60 min.), pH (3–11), volume
(20–70 mL), dispersant (1–10 g/100 mL)

Hina Tariq

UV (15–75 min.)
Disperse Orange 25

Time (45 min.), pH (10), volume (70 mL),
temperature (130 °C)

Saba Ayub

UV (15–60 min.)
Disperse Yellow 221

pH (8), volume (70 mL), temperature (70 °C),
dispersant (2%)

Sania Shahid

UV (10–50 min.)
Disperse Red 13

Temperature (90–140 °C), pH (3–12), volume
(15–50 mL), dispersant (0.1–0.6 g/100 mL), time
(20–50 min.)

Muhammad Umar

9.1 Effect of Microwave on Cotton Dyeing

The effect of pretreatment of fabric with microwave radiation for reactive dyeing
using reactive Blue 21 dye have been studied by Mushatq [32]. They found that
microwave irradiation of fabric (RC) for 3 min has improved its dyeing behavior
using an un-irradiated dye solution (NRS). According to date it is found that good
color characteristics was due to the mechanical heating surface of cotton fabrics
which in turn facilitated the dye uptake ability more profoundly [33, 34]. For low
time treatment the surface is not tuned enough to take more dye while for long time
treatment, there may be weakening of fibers which in turn cannot hold dye molecules
firmly [35]. Upon washing with hot and cold water most of the unfixed dye is washed
and low K/S is obtained. The other factor is the irradiation of dye bath, but it has no
significant effect as irradiation may cause degradation of dye which results in low
K/S. Hence in this study, she found that fabric treatment by MW for 3 min. is of
much important rather than heating of dye bath.

Microwave treatment has always shown promising results as it provides leveled
heating and modified the fabric and dyeing process said Kamran [36] found that
MW treatment has enhanced the dyeing behavior of treated desized cotton fabric
(RC) using a non-irradiated solution of Reactive Red 195 (NRS). From this study, he
observed that above optimal time, toomuch heating has tuned the fabricwhich during
dyeing has sorbed colorant molecules in cluster form. This sudden aggregation of big
clusters of dye did not give good color depth because clusters were failed to penetrate
into voids and being mainly remained at the surface. After dyeing, once finishing
process was carried out resulting color depth is obtained [37, 38]. Hence overall from
his experimental work MW treatment for 4 min. before desizing should be given to
get enhanced uptake ability of the fabric. It was also found that 3 min. treatment to
desized fabric gives good color depth using an un-irradiated dye solution. Whereas,
MW treatment for 3 min. after bleaching has also helped to modify the fabric for
making firm bonding with an un-irradiated dye solution (NRS). Upon application of
MW, irradiation of fabric for 3 min. after mercerization has also given acceptable
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results but less than of treatment after bleaching. Hence overall from this study,
he concluded that irradiation to fabric for 3 min. after bleaching should be given to
improve its uptake ability using untreated Reactive Red 195 dye. The results obtained
from this study have revealed that, microwave treatment not only reduced the time,
labor, andmoney but also improved color characteristics of fabric dyedwith Reactive
Red 195 dye.

Another study conducted by Kamran [36] revealed that the radiation treatment for
processing of dyeing usingVat Yellow 46 has also given excellent results. The dyeing
of irradiated cotton fabric (RC), and non-irradiated cotton (NRC) using irradiated
solution (RS), and non-irradiated dye solution (NRS) has shown various results.
The effect of MW treatment on greige fabric has been found promising followed by
desizing, bleaching, and mercerization using an un-irradiated Vat dye solution. The
treatment of fabric for 4 min. has helped to improve the uptake ability before dyeing,
due to surface modification. The microwave treatment after desizing for 4 min. using
the un-irradiated solution (NRS) has given good color strength (K/S) value, due to
the desizing of the fabric after MW has made it more suitable for further processing
[39, 40]. After desizing the MW treatment helped to modify the surface and affect
the crystalline area of the fabric to enhance the uptake ability.

Kamran [36] studied the role of microwave treatment during the processing of
greige fabric to make it viable for dyes. After every step from desizing to mercer-
ization, MW treatment was carried out up to 6 min. and dyed with reactive and Vat
dyeing. MW treatment for 4 min. of bleached fabric gives a maximum K/S value by
using the un-irradiated dye solution (NRS). Because after bleaching the fabric surface
becomes more prone to dye sorption and upon irradiation, the surface becomes mod-
ified enough to sorb more dye. Treatment for a high time due to continuous heating
mayweaken the fabric to hold the dye aggregates firmly. Hence 4min.MW treatment
is the optimum time for fabric after bleaching. After mercerization, the irradiation for
2 min. to fabric gives more K/S value. This is because mercerization not only helps
to improve whiteness as well as the orientation of fibers but also enhanced the dye
uptake ability. After mercerization, the fabric upon irradiation becomes more prone
to dyeing of fabrics resulting in good color depth (K/S). Hence overall it is recom-
mended that for reactive dyeing after bleaching of fabric (RC) the MW treatment for
3 min. is recommended using un-irradiated dye (NRS). Hence it is proved that MW
treatment is not only a cost-effective tool also time, energy and labor effective tool
for fabric processing. This experiment has improved the bleaching process of fabric
after irradiation and enhance the uptake ability of dye. During these experiments,
it is observed that radiation of desized fabric before bleaching for 4 min. should be
given followed by further processing to improve its substantive behavior. However,
dye bath after and before irradiation for dyeing is not significant.

Jannat [41] reported the substantive improving behavior of fabric using Reactive
Violet H3R dye under the influence of microwave treatment. In this work, MW treat-
ment employed to both dye bath and fabric up to 10 min. It is found that microwave
irradiation for 8 min. at high power has given good color strength when 60 mL of
irradiated dye bath of 7.5 pH containing 8 g/L of salt as an exhausting agent was
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used to dye irradiated fabric at 60 °C for 55 min. It is concluded that, at these opti-
mum conditions the shade made, upon the exposure to fastness agencies. It has been
revealed that microwave irradiation has improved the rating of fastness properties.
It is reported that at a greyscale on compassion these characteristics were improved
and microwave irradiation has an excellent potential to improve the color strength
and dyeing properties below insignificant conditions.

Khalid [42] work revealed that, the dyeing after irradiation has a great impact on
dye uptake ability for fabrics. Microwave treatment for 6 min. onto fabric has given
excellent results for reactive dye in dyeing bath (Fig. 5). Irradiation for short time
does not tune the fabric whereas for high exposure of time the cellulosic fabric is
tuned physically in such a way that dye molecules rush towards fabric to give good
tint via forming firm bonding [34, 43]. Hence for better color strength both fabric
and dye solution should be irradiated for 6 min. by dyeing fabric at 80 °C for 50 min.
using a dyeing bath of pH 7 keeping material-to-liquor ratio 1:75 containing 40 g/L
of salt as exhausting agent (Fig. 6). It is also found that color fastness properties
assessed after dyeing the fabric at optimal conditions were improved fair to good
under the influence of MW treatment (Table 8).

Majid [44] described, microwave treatment in textile dyeing has been the topic of
research since the last decade as it has effected the dielectric and thermal properties
of fabric which in turn helped to enhance uptake of dye. In this study the role of MW
in Vat dyeing of cotton using Vat Red 10 dye and found that irradiation of dye bath
and cellulosic fabric for 5 min (RS/R C) has shownmaximum color strength (Fig. 7).
It was observed that less exposure of MW treatment has no effect while for a long
exposure time may degrade the colorant due to which low color strength is observed
[33, 45, 46]. The result displayed in (Fig. 8) shows that the microwave radiation has
reduced the amount of redox reagent, where 1.4 g of NaHSO3, 1.5 mL of CH3COOH
and 0.5mLofH2O2 have given good color strength during the vat dyeing of irradiated
cotton using irradiated dye solution (RS/RC, 5 min). The reduction in redox reagent
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Fig. 5 Effect of microwave radiation on dyeing of cotton with Reactive Red 195 dye
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Fig. 6 Effect of variables on dyeing of irradiated cotton with irradiated reactive dye solution

Table 8 Effect of microwave
treatment on light and wash
fastness of dyed fabrics

Shades (%) Wash fastness Light fastness

c.c c.s

0.5 4 3–4 4–5

1 4–5 4 4

1.5 4–5 4 4–5

2 4–5 4 4–5

c.c color change, c.s color stain
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Fig. 7 Effective of microwave radiation on dyeing of cotton fabric using Vat Red 10 dye
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Fig. 8 Effect of redox reagents on vat dyeing of irradiated cotton fabric using irradiated vat dye
solution

amount shows thatMW treatment is a cost-effective tool for the dyeing process using
Vat Red 10.

Arshad [47] designed the study to observe the effect of different parameters on
color strength of cotton fabric which is dyed with Reactive Black 5. It was observed
that MW treatment for 6 min. to dye solution and fabric has given good color depth
(K/S) (Fig. 9). Similarly, un-irradiated cotton used for dyeing gives good and darker
shades as compared to irradiated fabric. Because after employing irradiation the large
size of the dyemolecule become disintegrate into smaller ones [48, 49]. Upon dyeing
the molecules rush towards the fabric evenly and diffused regularly to make covalent
bonding, where after dyeing washing with hot and cold water did not fade the color.
Hencemicrowave irradiation of dye solution for 6min. is recommended to get darker
shades and acceptable fastness characteristics. Good color strength was obtained at
60 °C for 50 min. using a dyeing bath of pH 9 keeping material-to-liquor ratio
1:75 (Fig. 10). Colorfastness properties assessed after dyeing the fabric at optimal
conditions were improved fair to good by using microwave radiation (Table 9).
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Fig. 10 Effects of variables on dyeing of un-irradiated cotton fabric using irradiated dye solution

Table 9 Rating of fastness properties of various shades made at optimum conditions

Shade (%) Light fastness Rub fastness Washing fastness Perspiration fatness

Wet Dry

0.1 4–5 3–4 5 3 4–5

0.5 4 3–4 4–5 3–4 4–5

1 3–4 4–5 4–5 4 4

1.5 3–4 3–4 4–5 4–5 4

2 3 3–4 5 3–4 3–4

The behavior of Turquoise blue dye after the application of microwave treatment
was also investigated onto the cotton fabric by Abbas [50]. His studies revealed that
the microwave treatment of fabric using un-irradiated dye solution has given good
color strength (RC/NRS = 2 min.). Irradiation for low time does not tune the fabric
surface as well as does not activate dye molecules to rush towards fabric, while for
long time irradiation, the dye bath may face degradation as well as over tuning of the
fabric, due towhich the dyemolecules rapidly sorb onto fabric by forming aggregates
and upon washing a lot of colors are stripped off and low color strength is observed.
It was concluded that, irradiation of fabric for 2 min. is recommended to get good
color strength using an un-irradiated solution (RC/NRS, 2 min.) for Turquoise blue
dye.

Rehman [51] conducted a series of experiment on dyeing of cotton with Reactive
Green 6 dye under the influence of MW treatment. It is found that irradiated dye
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Fig. 11 Effect of microwave treatment on dyeing behavior of cotton using Reactive Green 6 dye

solution (RS, 2 min) applied for dyeing of irradiated fabrics (RC, 2 min) has given
good K/S value (Fig. 11). This is because microwave treatment of cotton fabric
doesn’t affect the chemical structure of the cellulosic unit, where it only causes the
physical tuning of fabric in such a way that its dye uptake ability has been enhanced
and favored the good color depth. The irradiation causes the disintegration of large
dye molecules into small size for making promising penetration more easily into
voids of silk fibers after surface modification via MW treatment to give excellent
color strength (K/S) [33, 34]. Hence microwave treatment for 2 min is the optimal
time for reactive dyeing of cotton using Reactive Green 6 at optimum irradiation
condition. Good color strength was obtained at 80 °C for 30 min. using a dyeing
bath of pH 10 keeping material-to-liquor ratio 1:25 containing 3 g/100 mL of NaCl
as exhausting agent (Fig. 12). The fastness properties given in Table 10 revealed that
the shade made at optimum conditions of irradiation and then dyeing had given good
to excellent ratings.

Qadeer [52] found that the microwave treatment has shown its effect to improve
the color characteristics of fabric. This study reveal that fabric dyed with basic violet
3B dye the irradiation of dye bath (RS) for 5 min. has given excellent results onto
irradiated fabric (RC). This is because the big dye molecules are broken into the
small molecule which finds their way easy to penetrate fabric thereby resulting in
good color strength [43, 45]. Radiation treatment time above optimal level may cause
hydrolysis of dye molecules and resulted a slow color strength. So using basic violet
3B dye irradiation of dye bath and fabric should be treated for 5 min. to get good
results.

Furthermore, microwave treatment has played a potential role for its surface mod-
ification to uptake more reactive dyes. The work reported by Afzal [53] revealed
that the nature of dye also has a significant role to make firm interaction with
surface-modified fabrics resulted by improving the color characteristics of fabric
dyed with basic violet 3B dye. In this studies, it is found that microwave treatment
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Fig. 12 Effect of variables on dyeing of irradiated cotton using the irradiated dye bath

Table 10 Fastness properties of irradiated fabric dyed at optimal conditions using irradiated dye
solution

Shade (%) Light Fastness Rubbing test Washing fastness

Dry Wet c.c c.s

0.1 4–5 4 5 4–5 4

0.5 4 4 4–5 3–4 3

1 3–4 4 4–5 3 3

1.5 3–4 3 4–5 3 3

2 3 4 5 4–5 4

Here control is un−irradiated fabric, c.c color change, c.s color stain

for 6min before desizing followed by pre-treatment tomercerization had given excel-
lent results (Fig. 13a). It was because the greige fabric has a lot of impurities and it
has taken high heating level for surface modification, which upon dyeing has shown
excellent, results [48, 49]. Low microwave treatment did not add value by tuning the
greige fabric surface which may make easy method for removal of impurities upon
the pretreatment process. Hence before desizing MW treatment for 6 min should
be given and for dyeing dye bath should also be MW treatment for 6 min. On the
other hand when the fabric was irradiated and subjected to pre-treatment and dyed
using an un-irradiated dye solution, the low color strength is obtained. Microwave
treatment for low time (2–4 min.) less color depth had been eveluated. These results
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Fig. 13 Effect of MW treated on before resizing a and after desizing b followed by dyeing using
Reactive Black WNN (Black 5)

had was also show that microwave treatment after desizing for 6 min followed by
pretreatment upon mercerization had given high color strength when irradiated dye
solution was used to dye (Fig. 13b). Again in the other experiment i.e. fabric irradi-
ated after desizing, dye solution was also irradiated. The purpose of scouring is to
remove any oil, fat, waxes, etc. from fabric and also to increase its wettability which
was enhanced after microwave treatment thereby resulting in good results. Hence
after desizing irradiation of fabric for 6 min. good results but the results obtained
are poor as compared to irradiation before desizing. Thus change of dye bath, the
molecular structure can affect the coloration process.

Bleaching of cotton fabric is carried out to improve its whiteness. During bleach-
ing, the natural coloring matters present in cotton are bleached and improves the
uptake of dye. The microwave treatment adds values when the fabric is irradiated
before bleaching up to 4 min. (Figure 14a) which may enhance its substantivity
towards Reactive Black (WNN black 5). So before bleaching, the results are more
significant than before scouring. However, it is found that up to 4 min, microwave
treatment of irradiated dye solution was used, high color strength was obtained.
Therefore irradiation of fabric for 4 min. was subjected before and after bleaching
followed by mercerization has represents excellent results using irradiated solution
(Fig. 14a, b). Again it has been observed that irradiation of both fabric and dye
solution is significant. Overall MW treatment before bleaching for 4 min. had given
excellent results than that of irradiation before desizing and scouring. By applying
MW up to 6 min. It was found that irradiation of both bleached fabric and dye solu-
tion for 4 min. had given good results. It is because upon irradiation the surface
might be modified enough to sorb colorant molecules in a greater amount which
may find difficulty to diffuse well into voids upon washing, the dye molecules are
stripped and the low tint is observed. The result shows that irradiation of fabric
before mercerization for 4 min. has given good results using irradiated dye solution.
The fabric from desizing to mercerization when treated with microwave treatment
almost all of the impurities are removed and the fabric becomes ready to dye. Overall
the results show that irradiation of mercerized fabric for 4 min. had given excellent
results using irradiated dye solution. However, treatment time to tune fabric is less,
whereas above optimal time, over tuning of the fabric causes many difficulties in
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Fig. 14 Effect of MW treatment before a and after bleaching b and mercerization c followed by
dyeing using Reactive Black WNN (Black 5)

penetration of molecules into the fibers which are gathered in form of clusters [54].
Upon washing with cold and hot water most of the dye molecules are stripped off
and low K/S observed. So after mercerization 4 min. of MW treatment should be
given to the fabric using irradiated dye solution to give good results (Fig. 14c). In this
comparison, it had been found that before and after bleaching the MW treatment has
improved its dyeing behavior and should be used for dyeing. This fabric pretreated
bymicrowave treatment can not only reduce the time, cost energy as well as labor but
also give acceptable results. The colorfastness agencies of fabric has been assessed
after the dyeing at optimal conditions, enhanced good to excellent due to the effect
of microwave radiation treatment (Table 11).

10 Effect of Microwave Treatment on Disperse Dyeing
of Polyester Fabric

Muneer et al. [55] studied the effect of MW treatment on dyeing of the polyester
fabric using Disperse Orange 25 dye at 80 °C for 25 min. This study revealed that
good tinctorial strength was obtained by dyeing irradiated polyester fabric with irra-
diated disperse dye solution. Fastness properties evaluated onto shade developed at
optimized condition the microwave treatment has excellent potential to improve the
substantive behavior of polyester fabric using disperse dye.
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Table 11 Effect of microwave radiation on colorfastness properties of fabric dyed with reactive
black 5

Shade (%) Light
fastness

Washing
fastness

Rubbing Dry cleaning Perspiration

c.c c.s Dry Wet Alkaline Acidic

1 4/5 4 4/5 5 5 4/5 4 4

2 5 4/5 4 5 4/5 4 3/4 4

3 4/5 4/5 4 4/5 4 4/5 3 3/4

4 5 4 4/5 5 4/5 5 3/4 3/4

5 4/5 4 4/5 4/5 4 4/5 3 4

Here control is un−irradiated fabric, c.c color change, c.s color stain

Tariq [56] found that Microwave treatment plays a very significant role in the
dyeing of polyester fabric because it makes the dyeing procedure very environment-
friendly as well as time, labor and cost-effective [57]. The graphical representation of
data is given in (Fig. 15) shows that high color strength (K/S) by dyeing un-irradiated
polyester fabric (NRP) using an irradiated solution of Disperse Red 153 (RS) after
the microwave treatment for 3 min. Microwave treatment being a volumetric heating
source absorb energy directly and internally which leads to controlled, selective,
uniform and rapid heating of dye bath [26]. Previously it has been observed that it
modifies the fabric in such a way that significant interaction with dye has shown good
color strength. The surface of polyester fabric is evenly tuned after the microwave
heating due to which good color strength is obtained [58]. After microwave treated
for 3 min, the irradiation cause ruptured the cell wall and upon isolation, it causes the
breakdown of large size of colorant molecules into smaller size thereby making their
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Fig. 15 Effect of microwave radiations on color strength of polyester fabrics using Disperse Red
153. RP irradiated polyester fabric, NRP un-irradiated polyester fabric, RS irradiated dye solution,
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diffusion into voids of polyester fabric more promisingly [59, 60]. Therefore, after
the process of dyeing due to, washing, fewer dye molecules are detached and good
color strength is obtained. For long-time heating, the equilibrium of the dye bath is
disturbed and dye molecules rushed towards dye bath from fabric that results in low
color depth. In this study depending upon the nature of the dye, fabric irradiation is
not required as it did not give good results. In the case of low microwave heating,
dye molecules are big that cannot penetrate into the fabric because the voids are
unable to open through low treatment time to hold dye molecules tightly [61]. Thus
3 min. is the optimal radiation time for stimulation of dye bath for dyeing of un-
irradiated fabric (NRP). Good color strength was obtained by dyeing fabric at 65 °C
for 40 min. using 60 mL dyeing bath of pH 3 containing 5 g/100 mL of dispersant
material-to-liquor ratio 1:25 dye bath containing 5 g/100 mL dispersant (Fig. 16).
It was concluded that the colorfastness properties of the dyed fabric were assessed
by using different optimal dyeing conditions, consequently, these fastness properties
were enhanced from fair to good due to the effect of microwave radiation for both
the polyester fabric as well as dye solution (Table 12).

As discussed earlier, MW treatment is the clean uniform and levelled heating and
it can save energy and processing time [25]. Tariq [56] dyed polyester fabric with
Disperse Yellow 79 under MW treatment. Through its unique mode of action of
microwave not only given excellent colorant yield, but also via rapid mass transfer
kinetics decrease the solvent consumption [34]. Dyemolecules not only interact with
the surface of polyester fabric but also show interactionwith the inner parts ofwhich it
was observed that irradiation of dye bath for 2 min. (RS) has given excellent results
onto un-irradiated fabric (Fig. 17). Above optimal irradiation time, the low color
strength (K/S) was found. This is because more irradiation, more is the reduction

Fig. 16 Effect of dyeing variables on color strength of un-irradiated polyester fabric (NRP) using
irradiated Disperse Red 153 solution
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Table 12 Fastness properties of fabrics dyed with dispersed Red 153 under microwave treatment
at optimal conditions

Shade (%) Light fastness Wash fastness Rubbing fastness

c.c c.s Dry Wet

Control 4/5 3/4 5 4 4

0.1 4/5 3/4 4 5 4/5

0.5 4/5 3/4 4/5 5 5

1 4/5 3 5 4/5 5

2 4 3/4 4/5 5 4/5

3 4/5 3 5 4/5 4/5

4 4/5 3/4 4/5 5 4/5

Here control is un−irradiated fabric, c.c color change, c.s color stain
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Fig. 17 Effect of Radiation time on color strength of polyester fabric using Disperse Yellow 79
(DY 79)

of size and more is the even penetration of molecule but an aggregation of small
molecules to great extent may cause desorption upon washing with hot and cold
water, the unfixed dye is removed and low K/S is observed. Good color strength was
obtained by dyeing un-irradiated fabric (NRP) at 65 °C for 55 min. using irradiated
dye bath of pH 11 heating 3 g/100 mL of dispersant under optimum irradiation and
dyeing conditions (Fig. 18). The colorfastness properties of shades were assessed,
which found good to excellent (Table 13). Hence microwave radiation has improved
the substantive behavior of disperse dyeing of polyester fabric using Disperse Yellow
79.
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Fig. 18 Effect of dyeing variables on color strength of polyester fabric using Disperse Yellow 79
(DY 79)

Table 13 Fastness properties of polyester fabrics dyed with Dispersed Yellow 79 (DY 79)

Shade (%) Light fastness Wash fastness Rubbing fastness

Colour change Color stain Dry Wet

Control 4/5 3/4 5 4 4

0.1 4/5 4 4/5 5 5

0.5 5 3/4 4/5 4/5 5

1 5 4 4/5 5 4/5

2 5 4 4/5 5 5

3 5 4 4 ¾ 5

4 5 3/4 4/5 4 4/5

Here control is unirradiated fabric

11 Effect of Ultrasonic Radiation on Reactive Dyeing
of Cotton

Ultrasonic treatment is another sustainable source of heating for modification of
fabric and improvement in the reactive dyeing of cellulosic fabric. The results of
Kamran work (2016) reveals that irradiated cotton (RC) and non-irradiated cotton
(NRC) using irradiated solution (RS) and non-irradiated dye solution (NRS) valuable
results depending upon fabric pretreatment process. Results show that, the irradiated
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fabric (RC, 30 min) using irradiated dye solution gives maximum K/S value. This is
due to US treatment to the greige fabric which helps to remove the dust and other
foreign particles. Thereby making viable the surface for more dye uptake ability. The
other fabric is the irradiation of dye solution, where US treatment for 30min. helps to
decrease the particle size of dye molecules and stimulate the colorant to move toward
treated fabric [62]. The acoustic cavitation also helps to raise the diffusion coefficient
which helps to enhance K/S value [63]. The irradiation for low time does not reduce
the size while for a long time may cause hydrolytic degradation due to which low
(K/S) color strength is observed [38, 64, 65]. Hence US treatment for 30 min. is
recommended if applied on to Greige fabric followed by further pretreatment for
reactive dyeing using Reactive Red 195. The Ultrasonic treatment after desizing
for 20 min using the un-irradiated solution (NRS) gives good color strength (K/S)
value. This is due to the desizing of the fabric, where the sizing material through
conventional treatment andmake it suitable for further processing [63].After desizing
the US treatment helps to modify the surface and affect the crystalline area of the
fabric to enhance the uptake ability. Thus, using an un-irradiated dye solution, the
US treatment to desized fabric has given good color strength. The US treatment for
30 min. of bleached fabric gives a maximum K/S value by using the un-irradiated
dye solution (NRS). After bleaching the fabric surface becomes more prone to dye
sorption and upon irradiation, the surface becomes modified enough to sorb more
dye. Treatment for a high time due to continuous agitation and cavitationmayweaken
the fabric to hold the dye aggregates firmly, where for low treatment time, the fabric
surface is not tuned enough to interact with dye and tightly give poor results. US
treatment for 30 min. is the optimum time for fabric after bleaching which increase
uptake of dye to a good extent. After mercerization, the irradiation for 30 min. to
fabric gives more K/S value using Reactive Red 195. This is because mercerization
not only helps to improve whiteness; orientation of fibers has also enhanced the dye
uptake ability. After mercerization, the fabric upon irradiation becomes more voids
wider to enhance the sorption of dye molecules resulting in good color depth (K/S)
[63]. So overall it is recommended that for reactive dyeing US treatment for 30 min.
after bleaching of fabric (RC) is recommended using the un-irradiated dye solution
(NRS) to get desired results. Hence it is proved that US treatment is not only a
cost-effective but also time, energy effective tool for fabric processing.

For this study show that cellulosic fabric and dye solution was irradiated with
ultrasonic (US) radiation for different times (10–60 min.). Umar [66] studied that
dyeing was performed using non-radiated and irradiated cellulosic fibers with non-
radiated and irradiated Reactive Yellow 145 dye. Different dyeing parameters such
as temperature, pH, material to liquor ratio and time were optimized using irradiated
dye and irradiated cotton. After evaluation of dyed fabrics in CIE Lab system using
spectra flash SF 650, It is found that US treatment of dye solution for 20 min gives
good color strength by dyeing un-irradiated fabric at 70 °C, for 35 min using dye
bath of pH 9 in the presence of 5 g/100 mL of salt as exhausting agent keeping 40 mL
of dye volume. Colorfastness properties of fabrics dyed at the optimum condition of
various shades has shown that US treatment improved the grading of fastness from
fair to good. It is found that US irradiation had not only enhanced the strength of dye
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on irradiated fabric but also improved the dyeing properties. It is also concluded that
US treatment has not only reduced the dyeing time, temperature but also reduced
the amount of salt and dye volume used, which is proof that this tool is cost, time
and energy effective. It is inferred that US radiation technology being eco-friendly
tools can also be successfully employed for other dyeing processes to get good color
strength using different fabrics [3].

The need for eco-friendly tools in textile processing is the major concern of
consumers and traders.

Adeel et al. [35] studied the role of ultrasonic radiation (US) on Vat dyeing by
using cellulosic fibers. They found that excellent color strength was obtained by
using un-irradiated cotton fabric with neutral dye bath by using optimum dyeing
conditions. They also found that colorfastness agencies assessed on the shade made
at optimum conditions reveal that the ultrasonic treatment have improve the grading
of colorfastness good to excellent on cotton fabric dyed using Vat Blue 4.

12 Effect of Ultrasonic Radiation (US) on Disperse Dyeing

Umar [66] studied that the role of Ultrasonic radiation on Disperse dyes by using dye
bath radiated for 30 min. has a promising effect on improving color depth onto un-
irradiatedpolyester fabric (NRP).When there is due to the ultrasonic treatment,which
produces the cavitation effect and breaks the cluster of dyes into small molecules
via mass transfer kinetics which help to make firm bonding with fabric while irradi-
ation of polyester may not cause opening of voids to such extent due to polymeric
nature of fabric where big molecules fail to diffuse and upon finishing processes, the
unfixed dye is removed and low color strength is observed [27, 63]. He found that
US treatment to a solution (RS. 30 min.) should be given to a dye bath for achieving
good color depth onto polyester fabric (Fig. 19). The role of US treatment has been
found cleaner and more ecofriendly as irradiation of both polyester fabrics and the
solution has given good color strength. He found that the US treatment for 50 min.
irradiated polyester has given excellent results onto irradiated polyester fabric. As the
time of irradiation rises, the reactivity of the polyester fabric for dispersing dyeing
rises. This is because more US irradiation provides more cavitation which results in
the transfer of energy towards colorant clusters to break into smaller molecules that
upon, dyeing finds easy penetration into fiber. Hence US treatment to both polyester
and dye solution for 50 min. has given significant results. Good color strength was
obtained at 140 °C for 50 min displayed in (Fig. 20a, b). using a dyeing bath of pH
3 keeping material-to-liquor ratio 1:30 by using 0.5 g/100 mL dispersant (Fig. 20c,
b). Colorfastness properties of dyed fabric at optimum dyeing conditions assessed,
which found fair to good fastness agencies of due to the influence of microwave
radiation (Table 14).

Ultrasonic (US) energy has revolutionized the dyeing process by introducing the
cost and energy effective tools for textile processing. The objective of this research
was to use ultrasonic waves as an eco-friendly technique to enhance the dyeing
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Fig. 19 Effect of ultrasonic treatment on the dyeing of polyester fabrics using Disperse Red 13 dye

Fig. 20 Effect of dyeing temperature (a) and time (b) on the dyeing of US treated polyester with
the US treated Disperse Red 13 solution. Effect of dyeing pH (c) and Volume (b) on the dyeing of
US treated polyester with the US treated Disperse Red 13 solution
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Table 14 Fastness properties of irradiated polyester fabrics dyed with different conc. of irradiated
Disperse Red 13 dye solution

Shades (%) Wash fastness Lightfastness Dry rubbing fastness Wet rubbing fastness

0.5 4–5 3–4 3–4 3–4

1 3 4–5 3 3

1.5 4 4 3–4 3–4

2 3–4 4–5 4 4

2.5 4–5 4–5 3–4 3–4
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Fig. 21 Effect of ultraviolet treatment time on color strength of polyester fabric using Disperse
Red 153

process of polyester fabric using disperse red. The fabrics and dye solutions were
exposed to ultrasonic waves for 10–60 min. at 60 °C. In polyester dyeing, surface
modification of polyester was done for 40 min. followed by dyeing at 130 °C for
30 min. keeping M: L using 1 g/100 ml dispersant having dyeing bath, of pH 10.
At these conditions when different shades are applied, good color fastness has been
rated. The current study infers that the use of US energy is a more efficient rapid tool
than conventional heating. In terms of energy, cost, efficiency, its use in the textile
sector will gain more favor to reduce effluent. So, it is concluded that US energy can
successfully be applied in improving dyeing behavior, of other fabrics using various
classes of dyes.
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13 Effect of UV Radiation on Polyester Fabric

Tariq [56] studied, ultraviolet radiation also played an important role in disperse
dyeing. It is found that that (Fig. 21) for the dyeing of polyester fabric, UV irradiation
of dye solution of Disperse Red 153 (DR 153) for 60 min. gives high K/S utilizing
un-irradiated polyester fabric. Irradiation for a long time and short time do not create
any changes at the surface of polyester fabric, to improve its uptake ability. Thus,
dependingupon thenature of the dyebath, irradiationof solution for 60min. should be
employed for the coloration of un-irradiated fabric. Good color strengthwas obtained
for 50min. using a dyeing bath of pH 3 keepingmaterial-to-liquor ratio 1:70 by using
2 g/100 mL of dispersant (Fig. 22). The Colorfastness properties was assessed, for
cotton fabric dyed at optimum conditions revealed that good to fair fastness agencies
were obtained due to the influence of microwave radiation (Table 15).

Tariq [56] studied the coloring behavior of UV treated polyester fabric using
irradiated Disperse Yellow 79 (DY 79). It is found that UV treatment of fabric for
15 min. has given good results using un-irradiated disperse dye (Fig. 23). This is
because irradiated polyester fabric makes the dyeing procedure evenly tuned (Bhatti
et al. 2016). Diffusion of dye molecules becomes easy after the ultraviolet treatment
for 15 min. depending upon the nature of the dye, the sorption of dye on irradiated
polyester (RP, 15 min.) gives even color with acceptable color characteristics. Above
optimal time, the surface is muchmore tuned to sorb dyemolecule to a greater extent,
which may face failure to diffuse all molecules. Upon washing with hot and cold
water a lot of dye is bleached and less K/S is observed. Again irradiation of dye

Fig. 22 Effect of different variables on dyeing of polyester fabric using Disperse Red 153 dye
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Table 15 Fastness properties of fabrics dyed with different conc. of Dispersed Red 153 under
ultraviolet treatment

Shade (%) Light fastness Wash
fastness

Dry rubbing fastness Wet rubbing fastness

c.c c.s

Control 4/5 3/4 5 4 4

0.1 4/5 3 4 5 5

0.5 4/5 3/4 3 4 5

1 4/5 3/4 3/4 4/5 5

2 5 3 3 4 5

3 4/5 3/4 3/4 5 4/5

4 4/5 3/4 3 5 4/5

Here control is un−irradiated fabric
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Fig. 23 Effect of ultraviolet treatment time on dyeing of polyester fabric using Disperse Yellow
79 dye

bath does not affect. Hence for UV irradiation an exposure for 15 min. of polyester
fabric should be given to get desired results. Good color strength was obtained for
60 min. using a dyeing bath of pH 7 keeping material-to-liquor ratio 1:70 by using
6 g/100 mL of dispersant (Fig. 24). The colorfastness agencies of shade made at
optimal condition reveal that good to fair fastness agencies were obtained after the
treatment of microwave radiation (Table 16).

Adeel et al. [17] observed the role of UV radiation on dyeing of polyester fabric
using Disperse Orange 25. Their studied that good color strength was obtained by
using irradiated dye solution on un-irradiated polyester using disperse dye at different
optimized dyeing conditions. Fastness characteristics of dyed fabric reveal that shade
made at optimized dyeing conditions enhanced the fastness agencies from good to
excellent under the influence of the treatment of UV radiation. They concluded that
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Fig. 24 Effect of different variables on dyeing of polyester fabric using Disperse Red 153 dye

Table 16 Fastness properties of polyester fabric dyed with different conc. of Dispersed Yellow 79

Shade (%) Light fastness Wash
fastness

Dry rubbing fastness Wet rubbing fastness

c.c c.s

Control 4/5 3/4 5 4 4

0.1 5 4 3/4 4/5 4/5

0.5 5 3/4 3/4 4/5 4/5

1 5 4 3 4/5 5

2 5 3/4 2/3 4/5 5

3 5 3/4 3/4 4 5

4 5 4 4/5 4/5 4/5

Here control is un−irradiated fabric, c.c color change, c.s color stain

UV irradiation is useful tool to improve the dyeing behavior of polyester fabric using
disperse dye [17].

A uniform and eco-friendly heating source, based on ultraviolet radiation has
auspiciously improved the disperse dyeing of polyester fabrics said Shahid [67]. She
found that good color strength and fastness properties could be obtained. If Disperse
Yellow 211 (DY 211) is used to dye polyester fabric under the influence of ultraviolet
treatment up-to 80 min. So, ultraviolet-treated polyester (RP) for 30 min. gives good
color strength by dyeing fabric at 70 °C using 70 mL of un-irradiated dye solution
(NRS) of pH 8 in the presence of 2% of dispersant. While for the dye bath of pH 11,
good color strength obtained by dyeing irradiated polyester (RP) for 45 min. using
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a 90 mL irradiated dye solution (RS) 100 °C in the presence of 1% of dispersant.
The obtained fastness grading revealed that ultraviolet radiation has improved the
rating of fastness when shade is made at optimum conditions. Ultraviolet treatment
not only reduced time, labor, and money but also improved color characteristics.

14 Conclusion

Modern tools are gaining a lot of popularity on account of their high treatment
speed, particularity in fabric processing. In this chapter the role of radiation has been
discussedduringprocessing of fabric tomake it sustainable for dyeing.Theutilization
of MW, US and UV rays as modern heating tools not only make fabric processing
more viable but also add value in coloration of cotton and polyester fabric using
various class of dyes. However, the role of MW treatment is much more prominent
as compared to US and UV rays for fabric processing as well as for getting desired
results, using MW treatment not only dyeing variables have been reduced but also
excellent color characteristics of fabric dyed with reactive Vat and disperse dyes.
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Developments in Textile Continuous
Processing Machineries

Kedar S. Kulkarni and Ravindra Adivarekar

Abstract In the last century, due to increased industrialization, textile industry has
undergone huge changes from technical as well as technological aspects. Partic-
ularly textile wet processing machineries have experienced tremendous improve-
ments. From earlier mechanical machines, it has advanced to today’s ultra-modern
machines which are controlled by electronic components. In this chapter, we have
covered commonly used continuous wet processing machineries in the textile indus-
try primarily to process woven fabrics. These machines are explained by detailing
various sections and accessories used by differentmachinemanufacturers. The expla-
nations are based on actual work experience and knowledge accumulated during the
industrial tenure.

Keywords Wet processing · Continuous machineries · Semi continuous
processing · Batch processing

1 Introduction

Textile is considered as one of the necessities of humankind, second only to food.
Recorded history of textiles can date back to as early as 6000 years ago. However,
industrialisation of textiles production was started only in the nineteenth century.

Improvement in technology changed the customer demands and to fulfil these
demands there was lot of research and it resulted in advancement of technologies.
During same time, lot of other areas were also improved drastically, and these opened
a vast new avenue where textiles could find applications. Some of the examples are,
automotive industry, aviation industry, space technology, military applications etc.

Textile wet processing is most important link in the textile supply chain manage-
ment. Typically, wet processing consists of pre-treatment, coloration and finishing of
textiles. These operations can be carried out by means of discontinuous, continuous
and semi-continuous systems.
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1.1 Discontinuous or Batch-Type Systems

All the operations are carried out batchwise. It usually involves loading the machine,
carrying out the treatments following a predetermined cycle, unload the machine
and finally wash it thoroughly before starting a new cycle. This working process
is extremely flexible and is suitable for processing small lots. For producing larger
lots, the discontinuous process becomes labour-intensive and uneconomical. It also
entails long processing times and results may vary from batch to batch.

1.2 Continuous Systems

Theoperations are carried out bymeans of a series ofmachines; everymachine carries
out always and solely the same process. Every machine is assembled according to
specific production requirements. A system like this entails high start-up costs and
a complex setup but once the system has started, it requires a smaller staff and
grants excellent repeatability and high output rates; continuous systems are therefore
suitable for manufacturing large lots of products with the highest cost-efficiency.

1.3 Semi-continuous Systems

In these mixed systems, several operations are carried out with both continuous and
discontinuousmachines. For example, a continuous pad-batchmachine is used towet
the fabric and a discontinuous system is then used for other treatments. These mixed
systems are suitable for processing small and medium lots; they require reasonable
start-up costs and grant quite good reproducibility.

The wet processing of textiles involve pre-treatment, colouration and finishing.
Pre-treatment involve removing of natural as well as added impurities from the
textile substrate and making it uniform in terms of absorbency with good degree
of whiteness. Colouration involves dyeing and/or printing, while finishing consists
of applying various finishes, which can be divided into chemical and physical fin-
ishes. Different softeners, speciality finishes like wrinkle free, oil and stain repellent
etc. are chemical finishes and calendar, sanforizer etc. are physical finishes.
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2 Continuous Processing Machineries

2.1 Inspection Machine

Once a grey fabric is received from weaving/knitting section, it is inspected on
inspection machines, which consists of light source and glass. Main aim is to confirm
the quality of fabric before wet processing is started. Usually, two different systems
are used to decide the quality of fabric known as four point and ten point. Any defects
fromweaving or knitting can be identified and marked before the fabric is processed.
Inspected fabrics are classified based on number of defects found. The machine has
options to either batch or roll the fabric. Observed defects such as spots, knots etc.
are marked and the operation is called perching. In the next operation, known as
burling most of the imperfections are removed.

2.1.1 Recent Innovations

Recent innovation in inspection machine is use of laser beam to detect stains, holes,
thick and thin places and thread breaks etc. The system can be used in-line and it
helps reduce human interference ensuring consistent quality. Different instruments
are available which work on different principles such as coaxial, remission and
transmission technique. Scanner light beam is reflected to its source in coaxialmethod
while in remission method, the emitted light is received by a light guide system and
directed to a converter. In transmission system light can be received by a receiver
system located at the other side and it is used to detect the defects in the fabric.

2.2 Shearing and Cropping

Shearing is an operation where loose ends of fibres from the fabric surface are cut
using sharp edged razors. In processing of pile fabrics, cropping operation can be
used to control and adjust pile design and pile height. This can be used to reduce
pilling tendency of fabrics.

Figure 1 shows one of the earliest 4 cutter shearing machine (a) and line diagrams
of 2 cutter Fig. 1b and 4 cutter Fig. 1c machines. The earlier machines consists of
a strong frame carrying four revolving cutters fitted with left and right hand spiral
blades. A cutting point is a contact line between shearing cylinder and the ledger
blade, over which the fabric passes during operation. After completion of cropping,
the fabric is passed through revolving brushing rollers which removes the protruding
fibres which are cut during operation.
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Fig. 1 Photo of four cutter shearing machine (a) and line diagram of two cutter (b) and four cutter
(c)

2.2.1 Advanced Shearing and Cropping Machine

It has following features:

• Electronically controlled fabric feeding device to ensure uniform and even fabric
transport

• Specially designed soft bed under the cutter to avoid damage to the fabric in process
• Electronic seam joint sensors to protect rollers from fabric joints
• Metal detectors which protects the rollers from iron particles which might be
embedded in the fabric. The sensor, when detects iron particles, stops the machine
by activating limit switch. The machine restarts once the metal particles are
removed

• Gear systems are replaced by DC drives. This enables the modified machines to
run at higher speeds.

2.2.2 Main Components of Shearing Machine

Shearing Unit

It is composed of two sharpened elements, that are working like scissors. The unit is
equipped with spiral cylinder and high-quality sharpened ledger blade. These spiral
blades are installed on solid cylinder. the number of blades varies from 10 to 24,
which are fixed with a helical displacement. The speed of shearing cylinder can be
continuously adjustedwithin the range of 600–1200 rpm. The rotating shearing cylin-
der on the sharpened ledger blade creates a continuously cutting effect. To achieve
better cutting performance, the height of ledger blade should match at the centre of
shearing cylinder (called as cutting point). The fibres cut during the operation are
removed by a vacuum system. Shearing quality directly depends on quality of suction
applied (Fig. 2).
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Fig. 2 Shearing unit

Fig. 3 Metal detector

To and from Device

The unit generates alternate axial movement of the shearing cylinder in relation to
the ledger blade during operation. It is designed to automatically sharpen the helical
blades and ledger blade and to provide more regular shearing.

Inlet Section

The fabric is to be fed to the machine uniformly without any creases. The fabric
unwinds from the batch by the un-winder roll drive. For synchronisation and ensuring
even fabric tension, a dancer is provided between un-winder and draw roll.

Metal Detector

It is fixed on inlet frame. It detects foreign metal particles and stops the machine
instantly. This is to avoid damage to the shearing cylinder and ledger blades (Fig. 3).

Seam Detector

Fabric seam detector is designed to sense seam between fabrics, so that blades are
protected.
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Fig. 4 Brushing roller

Expanding Rollers/Curve Bar

The expanding rollers make sure that the fabric stays unfolded and does not roll up
in the machine. The speed of these rollers can be adjusted with the help of variable
frequency inverter.

Brushing and Beating Rollers

Brushing rollers raise the pile to be shear, while beating rollers clean the fabric
before shearing. Speed of brushing rollers can vary between 50 to 300 rpm. Distance
between fabric and beating rollers is adjustable (Fig. 4).

Exit Section

Used for winding fabric on big batcher carriage. Roller pressure and fabric tension
are adjustable (Fig. 5).

2.3 Singeing Machine

Singeing operation is carried out to remove protruding fibres from the fabric surface.

2.3.1 Advantages of Singeing Operation

• It improves end use and wearing properties of textiles
• Gives clean surface due to burning off of protruding fibres, which gives clean and
brighter appearance of the treated fabric

• Effectively reduces pilling tendency of fabric, especially in case of blends
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Fig. 5 Parts of exit section

• Closely singed fabric is essential for printing FME intricate patterns
• The singed fabric can be desized using the fabric surface temperature.

2.3.2 Major Disadvantages of Singeing

• Uneven singeing results in streak marks which appear prominent after dyeing
• Singeing of blended fabrics containing synthetic fibres may result in deposition of
small globules of melted synthetic fibres. This melt absorbs more dye which gives
fabric specky appearance post dyeing

• Temperature sensitive fibres like polyester can get thermally damaged if flame
intensity and distance is not managed properly

• Machine stoppages causes heat bar marks on fabrics
• Heat sensitive sizing agents when exposed to heat results in firmly binding of
sizing agents with fibres which makes desizing difficult

• When singeing operation is done after dyeing, heat in singeing causes colour loss
in case of low sublimation fast dyes

• It may result in loss of tear strength.
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2.3.3 Gas Singeing Machine

The latest advancement in singeing machine is gas singeing. There are machines
which uses different technique to remove protruding fibres from the fabric surface.
Some of the earlier machines use heated plate or roller for singeing, however, incase
of gas singeing machine, as the name suggests, gas flame is used for this purpose.
Heart of the gas singeing machine is its burner, which is the most advanced part of
the machine. Usually, pre-mixed air and gas mixture prepared using proportional
mixing valve is supplied to the burner which ensures uniform flame across the width.
Ratio of gas to air always remains in accordance with the stoichiometric value so
that irrespective of intensity of flame, its height remains same (Fig. 6).

The machine can be divided into three main sections—inlet, singe unit and
exit section. The inlet section of the machine may be divided into two main sub-
sections—pre-cleaning and inlet. Various sub-assemblies attached in both these
sections include,

• Beating and brushing unit
• Cyclone dust collector
• J-scray
• Fabric guider.

Actual singing takes place in Singeing unit, which have number of sub-assemblies
such as,

• Burner assembly with adjustments
• Gas train and intensity control
• Hairiness tester.

Fig. 6 Line diagram of modern singeing and desizing range
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Exit section contains,

• Spark extinguishing device
• Beating unit
• Batcher-optional.

Let us see all the sub-assemblies:

Inlet Section

This unit is used for feeding the fabric to the machine in a uniform manner. The
fabric may be plaited, batched on rolls or on horse-back. The fixed bars on infeed
section ensures smooth feed of fabric. The centering device ensures alignment of
fabric with the machine. Dancer ensures uniform tension along the length and width
of fabric.

J-Scray

Is used to store the fabric, which helps in uninterrupted running of machine. It also
helps in detecting weak stitch identification, re-stitching and leader cloth passing
etc. Inverter controlled take up roller is used to convert fabric from batch to J-
scray. Compensator equipped with load cell is used to ensure even fabric tension by
adjusting speed of take up roller and stopping the machine when fabric exits (Fig. 7).

Beating and Brushing Unit

It is also called as Vibra plus. Main function of the unit is to pre-cleaning of fabric.
The fabric passes between driven brushing and beating rollers. The cloth runs from
top to bottom, while cleaning brushes rotates in opposite direction. Action of beaters
remove the dust particles. This removed dust is collected in a cyclone dust collector
(Fig. 8).

Cyclone Dust Collector

The exhaust air passes through the system from top to bottom. Flying dust, fibre
residues and lints are removed by brushes, is effectively sucked away via bottom
ducts to entire width. The contaminated air from pre-cleaning chamber is passed
into the cotton bag, so that dust is settled into the bags and normal air goes out. This
system prevents contamination of outside air (Fig. 9).

Singeing Unit

This unit is a heart of the machine. The recent features of the singeing unit give
various advantages over earlier machines such as,
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Fig. 7 J scray

Fig. 8 Beating roller

• Even effect of singeing across the length and width of the fabric.
• Gas and air mixture is used to ensure uninterrupted homogeneous concentrated
flame.

Themachine can be used to singe various textilematerials such as, natural, animal,
regenerated and synthetic fibres and their blends. To achieve even singeing effect on
all these substrates, various parameters that can be adjusted in the machine includes,

• Brushing intensity
• Flame intensity
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Fig. 9 Cyclone dust collector

Fig. 10 Singeing unit

• Speed of the machine
• Singeing positions
• Burner to fabric distance
• Selection of burner
• Burner width adjustment.

Latest advances in singeing machine is the accessory such as hairiness tester
which is and optional accessory (Fig. 10).
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Fig. 11 Online hairiness
tester

Hairiness Tester

This is an accessory which helps in controlling the singeing operation from quality
as well as utility consumption point of view. It is a combination of a light source and
a monochrome camera. It is fitted at a strategic position on a fabric path where it
can monitor the hairiness of a moving fabric. Here, the light source illuminates the
fabric surface and it is recorded by the camera. Arrangement of light source is done
in such a way that the camera should not record the shadows of protruding fibres, but
only reflected light is measured. The method is known as dark field measurement.

By using signals from camera, PLC can adjust intensity of flame and speed of
machine as well. This will save the utility (gas) as well as improves the production
(Fig. 11).

Exit Section

Spark Extinguishing Unit

The selvedge guiding ribbons are pressed against the burning selvedges and
consequently extinguish them by removal of oxygen (Fig. 12).

Beating Unit

The unit has two rollers equipped with beating segments. They rotate in opposite
direction of the fabric to remove brunt fibers from both fabric surface. Ash from the
brunt fibers is then suck by suction duct and pass through the wet filter. The water
spray nozzles are provided in wet filter to extinguish residual spark, if any.
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Fig. 12 Spark extinguishing
unit

2.4 Desizing Range

The desizing range is usually immediately after singeing range. This way, it serves
two purpose: firstly, it can use the temperature on the surface of the fabric due to
exposure to live flame and secondly, the liquor in desizing tank actually act as an
extinguisher apart from desizing (Fig. 13).

2.4.1 Chemical Impregnation Tank

The chemical Impregnation tanks are made up of stainless steel. It has numbers
of guide rollers with special bearings at end, direct and indirect heating control,
automatic level control, liquor circulation with rotary filter. Following are some of
the commercially available impregnation tank (Fig. 14).

Fig. 13 Singeing and desizing range
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Fig. 14 Stainless steel rollers in impregnation tank (a); special bearings (b); level sensor (c)

Fig. 15 Line diagram of injecta

Injecta—(Benninger)

It is the technology introduced by M/s Benninger to wash the desized fabric effec-
tively. It uses only steam and water at higher temperature (above 100 °C) with high
turbulence. The process conditions results in extremely efficient removal of size
which helps in improved efficiency of subsequent processes.

The washing process is effective in removing any type of size, natural or synthetic
without preswelling. Other advantages of the system includes, compact designwhich
allows lesser space and suitability of size recovery (Fig. 15).
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Fig. 16 Line diagram of Dip sat (Goller)

Dip Sat (Goller)

The technology developed by Goller for desizing is known as Dip sat. The set up
involves a compartment in which 17-m fabric is treated. The line diagram is as shown
in Fig. 16. The arrangement of rollers is in such a way that the fabric is impregnated
three times. This gives good penetration of desizing liquor to the core of the fabric.
The complete penetration of liquor in the fabric results in effective removal of size
from the fabric resulting in even pre-treatment.

2.4.2 Squeezer

An impregnated fabric is then led between a rubber coated roller and an ebonite
roller. The two rollers are pressed together to squeeze out the excess liquor from the
fabric, which runs back into the impregnation tank. The squeezing effect depends on
hardness of the rubber coating and squeezer pressure. Usually, pick up is in the range
of 90–120% depending on the quality of fabric and size applied. The fabric treated
at this stage is greige fabric and it is not absorbent enough. Thus, more the amount
of desizing liquor that is applied on the fabric, more efficient desizing operation can
be. Hence, usually, instead of applying pressure, only dead weight of roller is used
to squeeze excess liquor.

S-Wrap Squeezer (Goller)

• Defined liquor with pick up above 100% results in excellent degree of desizing
• Slip-free and crease-free fabric transport.
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Fig. 17 Semi continuous pre-treatment range

In commercial batch process, fabric in open width is treated with desizing recipe
in a suitable machine such as jigger. Usually, the recipe consists of desizing agent,
preferably amylase enzyme, salt and non ionic wetting agent (Fig. 17).

In semi-continuous process, use of pad-roll installation is used. The cloth, in open
width is pre-heated in a steamchamber after impregnationwith desizing recipe,which
contains desizing agent, salt and non-ionic wetting agent. The padded goods after
steaming are batched inmoveable carriages and are rotated for 8–12 h under steaming
atmosphere. Thematerial is rotated gently to prevent uneven desizing due to drainage
and steam is injected into the chamber slowly to maintain required temperature.

In a continuous process, the padded fabric is steamed for 20–60 s at temperature
of 95–100 °C using saturated steam. The continuous process is described in detail
below.

2.5 Continuous Bleaching Range

The three Processes involved in Continuous Bleaching Range machine:

1. Desize Wash: (To wash the desized fabric so as to removed hydrolysed starch)
2. Scouring: (To remove the natural impurities present in fabric and to improve

absorbency)
3. Bleaching: (To bring uniform whiteness to the fabric) (Fig. 18).

Fig. 18 Continuous pre-treatment range (Goller)
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Machine consists of following subassemblies:

2.5.1 Infeed

The Infeed unit is used for the introduction of the fabric from batch carriers. The
infeed drive is guaranteeing the tensionless fabric transport to themachine. The fabric
tensioner is used to set the necessary fabric tension if required.

J-Scray at Inlet and Exit of Machine

J-scray stores fabric when enabled. It is use for interruption free operation. In a
continuous operation, the machine continues to run with unchanged speed when a
batch is changed. In this mode the fabric infeed always features a J-scray and an
automatic batch change program is carried out.

2.5.2 Pre-washer (Desize Wash)

The washing module washes out the hydrolysed starch and other impurities from
desized fabric. The washing process is divided into several washing steps. Different
manufacturers use different technologies to improve washing efficiency. Some of the
examples are,

Unipulsa

In this system, a pulsating perforated drum is used which gives high turbulent, inten-
sive flow of liquor through fabric resulting in effective removal of hardly soluble
impurities.

Vacuuset (Effecta by Goller)

Vacuum slit is used for economic water removal from fabric being processed. The
technology can be used in washing off process which is used after desizing, pretreat-
ment and dyeing. Thus, apart from extracting excess water, many other impurities
such as lint, emulsified and disperse contaminants, hydrolysed dyestuffs and sizing
agents can also be removed. The fresh water consumption is considerably reduced
due to the increased degree of concentration that develops during the ensuing wash-
ing process. Partial disposal of this higly polluted liquor can reduce waste water
contamination considerably (Fig. 19).



366 K. S. Kulkarni and R. Adivarekar

Fig. 19 Hydrovac technique of Goller

Fig. 20 Three roller
squeezing device

Fig. 21 Line diagram of continuous washing range

Three Roller Squeezing Device FXT

Maximum dewatering of the fabric with evenness of dewatering over the full width.
Tension on fabric is minimum with crease free running with the help of expanders
(Figs. 20 and 21).
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Fig. 22 Line diagram of chemical metering station

2.5.3 Chemical Metering Station

A chemical metering station is used to dose the desired chemicals and auxiliaries
which are used for scouring and bleaching. In a usual pretreatment recipe, wetting
agent, sequestering agent, sodium hydroxide, hydrogen peroxide and hydrogen per-
oxide stabiliser are used. These chemicals are dosed according to the recipe set. It is
important to dose these chemicals precisely as per recipe and also every time con-
sistently. Thus, reproducibility of dosing is extremely important for successful and
consistent results. Specially designed pumps are used for this purpose which ensure
uniform and reproducible results. Usually, following points are required for PLC to
dispense desired chemicals uniformly: weight of fabric, capacity of tank so as to
decide initial filling and dosage in ml/kg (Fig. 22).

2.5.4 Impregnation Chamber

An impregnation chamber is used to impregnate fabric with desired chemicals and
auxiliaries, followed by reaction chamber, neutralisation chamber and fabric delivery
section. Following are impregnation chambers manufactured by various machine
manufactureres.

Impacta

The technology is developed by M/s Benninger. Important feature of the machine is
a specially designed nip, which ensures uniform pick up. It is independent of speed
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Fig. 23 Impacta—
impregnation range from
Benninger

and fabric quality and chemical dosing system and gives consistent application of
chemicals while processing different qualities (Fig. 23).

Dip Sat (Goller)

Technology for impregnation chamber is known as dip-sat. the technology is suitable
forwet onwet or dry onwet application of chemicals. The compartment has a capacity
of 17 m of fabric. The threading of fabric is such that fabric is dipped in a liquor
three times so that maximum penetration of liquor takes place. Usually, pick up after
impregnation can go as high as 100% (Figs. 24 and 25).

2.5.5 Steaming Chamber

Steamer is an extremely crucial part of the continuous bleaching range. Each
manufacturer has different designs for their reaction chambers.

Reaction chamber in a continuous bleaching range manufactured by Goller is
known as Complexa. In the chamber fabric is piled so that more amount of fabric
can be treated at a time. It takes 30–40 min to treat the fabric in a reaction chamber
(Fig. 26).

It is fitted with a sealed housing so that steam is not leaked. The bottom of the
chamber is also heated with a saturated steam so that it gives effective heating to the
fabric and does not allow impurities to condense on fabric surface. The steamer is
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Fig. 24 Dip
sat—impregnation range
from Goller

Fig. 25 Pictorial representation of liquor penetration using Dip sat (Goller)

Fig. 26 Pictorial representation of steaming chamber
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Fig. 27 Proportionate valve
to control steam

usually fitted with frequency controlled drives and torque motors which maintains
smooth flow of fabric and prevents crease formation. Load cells are used to measure
fabric tension and compensator for drive control.

Roller Bed or Conveyer Bed

Steamer is equipped with roller bed or conveyer bed for transportation of fabric with
required dwell timewith respect to the type of fabric being processed.Aplaiter is used
to plait the fabric so that more amount of fabric is accommodated and desired dwell
time is achieved. The strokes by plaiter is adjusted by using frequency converter.

Steam control: Desired quantity of steam is required to be introduced in the reac-
tion chamber to achieve best results. This is achieved by using proportionate control
valves (Fig. 27).

2.5.6 Post-washer

The post washingmodule washes out the residual chemicals from the fabric precisely
and counter flow in washing tank gives high degree of efficiency. For better quality
result and to minimize fresh water intake, reuse post washer liquor to pre washer by
adding feed water pump having required flow rate can be used (Fig. 28).
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Fig. 28 Neutralisation chamber

Neutralization Compartment

This compartment neutralizes the fabric pH by automatic acid dosing system.
This compartment is equipped with pH monitoring probe to measure actual pH
of liquor and control amount of acid dosing linearly by adjusting strokes of acid
dosing pump. The liquor is continuously circulated by circulation pump to achieve
pH consistency.

2.5.7 Vertical Drying Range

It consists of stacks of large diameter drying cylinders arranged in vertical manner
to dry the fabric. Drying range are equipped with automatic moisture controller
to maintain required moisture content in the fabric being processed by controlling
temperature of drying cylinders precisely with the help of proportionate control valve
(Fig. 29).

2.5.8 Fabric Delivery

The fabric delivery serves to wind fabric onto a batch after processing. During
continuous operation, the fabric delivery with chute allows fabric changes to take
place without stopping the machine, and thus delivers the optimum production result
(Fig. 30).
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Fig. 29 Actual photo and line diagram vertical drying range

Fig. 30 Line diagram of
fabric batching unit

2.6 Continuous Dyeing Ranges

As the name suggests, dyeing takes place in a continuous manner. Various methods
include, pad-dry-pad-steam, pad-steam, and E-control. Machine consists of three
main sections which are, inlet section, chamber and exit section.

Inlet section consists of, J-Scray, cooling cylinders, padding mangle, wetting
trough and pre-dryer. Chamber consists of chamber atmosphere control unit and
steam injection unit. Exit section consists of cooling cylinder, J scray, batching unit.
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Fig. 31 Line diagram of continuous dyeing range

2.6.1 Inlet Section-J scray consists of following subassemblies:

• Rotary for tension adjustment- to neutralise uneven tension in the fabric
• Feed roll
• Traction roll with anti-lapping roll
• Optical sensor, if any lapping occurs
• Optical sensor for checking fabric presence
• Tensioner
• Brake roll
• Selvedge guider (Fig. 32).

Fig. 32 Line diagram of feeding section
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Cooling Cylinder

To get the even dyeing in the continuous process, the inlet fabric should bemaintained
at even conditions of temperature and humidity. The important function of cooling
cylinders is to maintain the temperature of the infeed fabric throughout the length
and width. This will ensure that there is no variation in fabric conditions as well as
no change in dye bath temperature. The temperature of the trough should always be
below 25° C during application of dye to the fabric.

2.6.2 Padder

The padder consists of two swimming rollers which has two pipes for hydraulic pres-
sure. This portion is always coveredwith rubber sleeve.During application, hydraulic
pressure portion always faces the nip. Only the rubber sleeve moves (Fig. 33). Four
rollers are used to give more contact time between fabric and liquor. Padder is the
most important part of semi continuous and continuous dyeing machines.

S-Roll Padder Features

• Two swimming rollers
• Hydraulic system is used at the centre of padder whereas pneumatic system is used
at the edges

• Hydraulic pressure portion always faces the nip.
• Only rubber sleeve will move (Figs. 34 and 35).

Fig. 33 Line diagram of
padding mangle



Developments in Textile Continuous Processing Machineries 375

Fig. 34 S roll padding mangle

Fig. 35 Front and side view of S-roll padding mangle

Fig. 36 Line diagram of
wetting trough

2.6.3 Wetting Trough

• With rough surface takes water and makes fabric wet.
• Comes into action onlywhen chamber requires cleaning and simulating conditions
inside the chamber (Fig. 36).
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2.6.4 Airing Zone

• After passing from the padding, fabric is offered time for dye
• Penetration into the fabric core for thick and tightly woven fabric substrates
• Top—5 rollers
• Bottom—6 rollers.

2.6.5 Pre-dryer

• Electrically heated or gas heated option available
• High speed evaporating efficiency which results in quick drying of fabric
• High operational safety and reliability
• Temperature range 650–950 °C
• IR modules to cater to different production requirements
• Immediate heating and cooling desired.

2.6.6 Chamber

There are fewmajor manufacturers of continuous dyeing ranges with E-control tech-
nique. Monforts and Bruckener are the major manufacturers while Menzel has also
started manufacturing the same. Some of the Indian machine manufacturers such as
Dhall et al. have also have manufactured these systems, however, their ranges are
only restricted to pad-dry technique.

Chamber of a continuous dyeing range has some desired features, which are as
follows:

• Good insulation to minimise radiation losses
• Good even temperature distribution in the chamber and setting of different
temperatures in separate chambers

• Even distribution of hot air and soft on fabric for even shade
• Dye migration free fabric travel
• Crease free run of fabric in the hot flue
• Easy cleaning and low maintenance
• Moisture management in the chamber—process control and exhaust control
• Low tensions—frequency controlled drives
• Easy fast cleaning in between shade change in hot flue.

Monforts

Major features of chamber used for E—Control technique are,

• Computer-controlled fast cleaning of the Teflon-coated fabric transport rollers.
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Fig. 37 Air flow in
Monforts continuous dyeing
chamber

• Chamber generously insulated for minimum heat radiation.
• Operating terminal with PLC system and touch screen monitor technology for
set-up, operation and monitoring (Fig. 37).

The air circulation in the chamber is as shown in adjacent figure. Two blower fans
are used to blow hot air from the radiator on the fabric from top as well as bottom.
The patented technology used by M/s Monforts to distribute the air equally ensures
the uniform development of colour on top as well as bottom surface of the dyed
fabric. If the air balance is disturbed due to any malfunction, it will reflect on the
dyed fabric by face—back uneven dyeing.

Another feature ofMonforts chamber is known as thermo cut system. This system
allows to adjust the width of the slit through which hot air is blown to desired width
based on fabric being processed. This saves in heat loss as well as protects the rollers
which are not covered with the fabric from direct exposure of hot air.

Up to the first chamber, brakes are provided which allows to clean the Teflon
coated rollers to clean efficiently after batch is completed so that the next batch is
not contaminated with colour on the rollers (Figs. 38 and 39).

Bruckener

See Fig. 40.

Main Features of Bruckner Chamber

• Symmetrical design of upper and lower pressure boxes for equal pressure in two
nozzles
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Fig. 38 Thermo cut system

Fig. 39 Braking system in Monforts CDR

Fig. 40 Chamber design of Bruckener CDR

• Each chamber has 4 fan motors—2 for upper and 2 for lower nozzles
• Patented SPLIT FLOW air system
• Direct drive for upper rollers with individual frequency-controlled motors
• Pendulum roll at end of each chamber
• Individual drives for bottom rollers for cleaning system by differential speed
(optional).
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Fig. 41 Line diagram of stenter machine

2.7 Stenter

Stenter is a universal drying machine, which is also one of the most expensive
machines. It has different assemblies for processing of woven and knitted fabrics. It
is one of the most important machines in the finishing chain as it is used for various
functions such as,

• Heat setting • Width adjustment

• Application of finishing chemicals • Dehydration

• Drying • Curing

The line diagram of stenter for woven fabrics is as shown in Fig. 41.
Major components of stenter machine are,

• Inlet section • Chambers

• Padder • Weft straightener

• Radiators • Circulation fans

• Exhaust fans • Heat recovery

• Winder • Clips/pins

• Cooling drums • Electric cabinet

2.7.1 Padder

• Operator friendly design • Pneumatic lifting and lowering trough

• Technology for even pick up • Pneumatic valves for auto dosing of chemicals

• Rubber—ebonite roller with solid shaft • Level control sensor

• Safety limit switches for operator safety • Trough capacity approximately 64 lit
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Fig. 42 Weft straightener

2.7.2 Weft Straightener

A fabric experiences lot of longitudinal tension during various stages of wet pro-
cessing, which results in formation of bows and skews. The corrective action is to
re-align weft yarns. To achieve this, defined degree of lateral tension is applied to the
fabric. This is done by using different techniques. Most commonly used technique
include mechanical weft straighteners and differential tenter chains. Speed of tenter
chains can be varied to re-align weft or it can also be achieved by passing the material
across rollers that can be pivoted around the centre point of the web.

Essential parts of a weft straightener include skew rollers, bow rollers, nose
sensors, electric accuators etc. (Fig. 42).

2.7.3 Tenter Chain and Its Assemblies

The clips used by most of the manufacturers are manufactured in such a way that it
can be replaced easily as many times it gets damaged during production. These are
made of special aluminum alloy which are corrosion and heat resistant (Fig. 43).
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Fig. 43 Pins of tenter frame

Fig. 44 Brushes to press
fabric

2.7.4 Brushes After Pinning

Since the pinning shoes only bring the fabric onto the tip of the pins, the function
of the subsequent brushes is to press the fabric fully onto the pins. The brushes are
mounted on a pivoting lever which, after releasing a locking handle, can be moved
to the non-operating position or working position (Fig. 44).

2.7.5 Selvedge Tensioning and Fabric Guiding Unit

Fabric passage along the pin rail needs to be fixed properly and efficiently on the
pins. A special synchronized drive system is used for pinning the fabric efficiently
with large overfeeds or having higher lycra content. Pneumatic systems are used for
the efficient operation of the system. The drive of the selvedge tensioning and fabric
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Fig. 45 Fabric guiding unit

guiding unit is synchronized with the drive of stenter chain so that there is no shifting
and distortion of the fabric being treated (Fig. 45).

2.7.6 Selvedge Sensor and Rack/Pinion Assembly

The photoelectric detectors of the selvedge sensor operate with infrared light and are
thus not affected by the ambient light. Sensing can also be performed mechanically
by switch over to the mechanical sensors. Depending on the sensing signals, the rack
and pinion assembly alignes the fabric selvedge parallel to the pinning devices.

2.7.7 Selvedge Unculers

This assembly is mainly used to process knitted fabric, which has a tendency to
curl at the edges. The selvedge unculers may be equipped with two, three or four
spindles. These can be either fixed or motor driven threaded spindles. The pivoting
arrangement of the first threaded spindle means that, the wrap angle and thus the
uncurling effect is infinitely variable (Fig. 46).

2.7.8 Fabric Selvedge Glueing Device

This system is typically required for processing of knitted fabric. As the selvedges
of knitted fabric are prone to curling, these are required to be fixed to the tenter chain
by gluing. The application of this glue is done by a device called as fabric selvedge
gluing device. The device consists of a tank containing glue fitted with level sensor
which automatically maintains level of glue in the tank and it also ensures even and
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Fig. 46 Selvedge uncurling
unit

Fig. 47 Selvedge gluing unit

steady application of the glue to the fabric. This is completely enclosed systemwhich
prevents glue from drying (Fig. 47).

2.7.9 Width Adjustment Device at Inlet

The movement of the left-hand/right-hand infeed track can be adjusted or corrected
in “jog” mode at push-buttons on the small control cabinets on the chain tracks. A
separate motor is used to drive each spindle. Desired width adjustment is done from
the central location and can be automatically set through the entire length (Fig. 48).
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Fig. 48 Width adjustment of fabric

2.7.10 Screens

The screens prevent fluff, threads, etc. carried by the fabric from entering the air
circulation system. The screens are located on the suction duct. Depending on the
type and design, the machine may be equipped with fixed base screens which can
be removed after opening the service doors or with auxiliary screens which can be
removed during the machine operation. To ensure efficiency of the machine, lint
filters should be inspected and cleaned in every shift at least once. It gives efficient
cleaning of these filters if cleaned using brush or vacuum cleaners (Fig. 49).

2.7.11 Type of Radiators

Circulating Oil/Steam Heating

The circulating oil heating system supplies air heaters with heat transfer oil. The
ambient air is heated to treatment temperature by the air heaters, whereby the heat
transfer oil cools down.

The oil is then returned to a heating circuit in a closed-circuit loop where it
is heated again. It is then pumped to the air heaters once again. The temperature
regulator drives the control valve which varies the heat transfer oil supply until the
preset temperature is reached (Fig. 50).
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Fig. 49 Screens to filter lint

Fig. 50 Different types of radiators

Gas Fired Burner Heating System

Compressed natural gas is used as heating medium. The arrangement is as shown in
(Fig. 51).
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Fig. 51 Gas fired system

2.7.12 Circulation Fan

The circulation fans can be located alongside or above the roof of the treatment
chambers. The air circulation fans ensure the necessary circulation of the treatment
air. The air circulation fans are driven by 3-phase AC motors and variable speed
inverter drives. All drive motors are of maintenance-free design.

2.7.13 Twin-Air

The technology is developed by M/s Monforts for stenter. The technology uses two
independent circulation fans which gives hot air to top and bottom nozzles from
radiator. The frequency of both fans can be adjusted independently. This allows
completely even temperature on the fabric surface (Fig. 52).

2.7.14 Nozzle System

The nozzles are important part of the stenter machine. The air is blown on the fabric
surface in such a way that maximum heat is transferred equally on both surfaces of
fabric. There is a different design for woven fabric and different for knitted fabric.

2.7.15 Exhaust Air Fan

Depending on the type and configuration of the machine, the chamber is connected
via a duct system to one or two exhaust fans.
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Fig. 52 Schematic representation of air flow inside chamber

The exhaust fan draws the exhaust air with the evaporated water and any finish-
ing agent vapours out of the heat treatment chamber and discharges them into the
atmosphere.

The exhausted mixture is replaced by fresh air. The exhaust air volume can be
regulated via mechanically adjustable air valves.

2.7.16 Heat Recovery Unit

A heat recovery system can be installed in order to save heating energy, thereby
saving on utilities.

The excess heat generated during process is directly exhausted through the exhaust
air ducts. In the heat recovery system, this excess heat which is simply wasted is used
to heat up the incoming process air using heat exchangers. Up to 60% of total volume
of the required air can be heated in this way. The savings are in the range of 10–30%,
depending on the production volume.

2.7.17 Selvedge Cutter and Suction Duct

Selvedge cutter assembly is primarily used when processing knitted fabric. The
knitted fabric has a tendency to curl at the selvedges. Hence, these are glued at the
selvedges using gluing device. When the process is completed, these glued portions
are removed by using a combination of optical and electronic control with pneumatic
support which ensureminimum selvedge cut-off. The latest technique involving laser
controlled pinning and top selvedge glueing, selvedge cut-off can be reduced by up
to 60% (Fig. 53).
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Fig.53 Selvedge cutter and
suction duct

3 Conclusion

With ever increasing pressure on textile wet processing industry to improve pro-
duction without affecting quality and environment, has resulted in development of
many new technologies. In the textile wet processing field, research is going on var-
ious levels and fields to improve the consistency by reducing consumption and load
on effluent. Auxiliaries, colorants and process are the major areas of focus; how-
ever, machinery manufacturing is also equally important, as the wet processing of
textiles involves three M’s—Man, Machine and Material. Machine manufacturers
continuously strive to deliver better products, which will help the user minimize
problems and optimize production. Machines have become more user friendly and
more sophisticated as compared to last century. In this chapter, continuous process-
ing machines are discussed, and prime focus is given on the existing techniques used
in the industry.
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