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Recent Advances in Plasma /Nanoparticles Treatments of Textile
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GENERAL review on natural and synthetic fabrics treatments with low-temperature plasma

using various gases in presence of different types of nanoparticles is given. The effect of
using plasma/nanoparticles on the surface morphology, physical and mechanical properties of
the treated fabrics is declared. Using combined plasma and nanoparticles treatments show a
noticeable effect and great enhancement on many properties of all textile fibers. Improvement
of functional properties of textile materials is considered crucial to the textile industry. Dyeing
and printing improvement could be achieved and it was found to depend on the types of plasma
and nanoparticles used. Scanning electron microscopy showed that the surface characteristics of
all fabrics were changed while the bulk properties were mainly maintained unchanged. Textile
industries see a promising future for plasma/ nanoparticles technology, with the environmental
and energy conservation benefits, in developing high-performance materials for the world market.
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Introduction

The textile industry in developed countries is
confronting the world’s marketing conditions and
competitive challenges which are driving towards
the development of advanced, highly functional
textiles and textiles with higher added value. The
textile finishing industry, which is the backbone
of the fashion clothing sector, creates the highest
volume of waste water compared with other stages
in textile manufacturing. The expectations of
modern consumers regarding the textile products
have increased dramatically; consumers want
textiles that suit their taste and are health-friendly.
It is now very important for the textile industries
to reconsider the technologies and chemicals
used, so that they can satisfy environmental and
consumer requirements. Enzymes, nature-based
finishing agents, nanotechnology and disruptive
technologies such as plasma finishing are gradually
replacing conventional systems for finishing
textile materials . Enhancement of functional
properties of textile materials is considered
crucial to the textile industry. The developments
in chemical treatments of textile materials for
imparting functional properties will be determined
by factors like economic forces, market demands,
and environmental concerns. Textile chemicals are

required at economical cost at global level, which
is achieved by decrease in the quantity of water to
be shipped. Generally undesirable side effects are
caused by the use of textile chemicals. Products like
plasma need less energy and water to perform such
functional characteristics . Textile industries see
a promising future for plasma technology, with the
environmental and energy conservation benefits,
in developing high-performance materials for the
world market ®.

Plasma Treatments

The plasma state consists of an equal part
of negatively and positively charged particles,
excited states, radicals, and vacuum ultraviolet
(VUV) radiation. Surface treatments of materials
can be performed by non-equilibrium plasmas,
which are excited by electric fields. The electrons
gain energies to excite, dissociate and ionize
the atoms and molecules. The reactive plasma
particles and radiation yield a Nano-scaled
interaction with material surfaces by chain scission
and crosslinking reactions, radical formation,
etching or deposition. The bulk properties of
materials can thus be maintained. Textiles and
fibers differ from other materials mainly by their
complex structure showing openings at different
length scale (micro- to Nano meter range) such
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as filament or inter fiber distances, resulting in
higher surface areas ®. Plasma treatment is a fast
solvent free technique. The operation procedure
is simple and well controlled “- Today, with
increasing awareness of environmental concerns,
a significant amount of ecological legislation
has been introduced regarding fiber treatment
that use huge amount of chemicals and water ©.
Laboratory plasma treatment can be proving that
it changes the surface, chemical and physical
properties of the fibers. Future progress and
different techniques are used as a solution for
plasma scaling problems ©. Low pressure plasma
techniques have been used for textile and polymer
surface modification. The low pressure plasma has
advantages as like uniform glow, low breakdown
voltage, high concentration of reactive species
and generation of non-thermal plasma.

Nanoparticles Treatments

Recently, Nanoparticles (NPs) have attracted
a good deal of attention in various areas, including
chemistry, physics, materials science, life
sciences, and engineering because of their superior
characteristics, such as optical, magnetic, electronic
and catalytic properties @. AgNPs is one of the best
candidates for several applications including bio
sensing, antibacterial, antiviral, antifungal activities,
drug delivery, catalysis, electrochemical and
conductivity . Metal nanoparticles are prepared by
many physical and chemical techniques, but they are
not eco-friendly 1, Nano-technology is considered
as the futuristic approach for improvement in the
performance of textiles 4>19, The major emphasis
has been towards use of Nano size substances and
generating Nano structures during finishing and
manufacturing processes to impart anti-bacterial,
water and oil repellency, soil resistance, anti-
static, flame retardancy and enhanced dye-ability
properties. Silver nanoparticles have anti-bacterial
properties on Gram positive as well as Gram-—
negative bacteria. Nanoparticles were dispersed in
the polymer (binder) matrix or coated/impregnated
and finally become immobilized in the cotton fiber.
The polymeric materials have been found to be
suitable to form composite dressings with silver
nanoparticles because of their structure, tailor-ability
and flexibility. Several techniques have been reported
for polymer immobilization in antimicrobial coatings
based on their particular characteristics ®.

Plasma/Nanoparticles Treatment

The use of plasma technology to modify textile
surfaces, etching and deposition reactions can
be used to obtain Nano-particle or Nano-porous
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structures. It is a dry and eco-friendly technique.
Plasma technology avoids waste production as found
in wet-chemical processes. Both the feasibility of
scale-up and economic aspects have to be regarded
for the transfer of plasma technology into industry
(718 Plasma treatment alters the surface properties
of a textile and makes it more adsorptive for
nanoparticles. The consequence of an increased
nanoparticle adsorption is the decreased content of
nanoparticles in the bath @7 The so-called non-
thermal plasma is used to treat textiles. It enables
substrate reactions to take place without its thermal
degradation #*29, Plasma is created by using different
systems of electrical power such as the direct, radio-
frequency, and microwave systems ¢':2», Plasma
treatment introduces new functional groups and
active species on textile surface. Increasing the
time of treatment with plasma leads to increase the
formed sphere of etching and subsequently increases
Nano- or micro roughness of the surface substrate
@326 The concentration of carbonyl, carboxylic, and
hydroxyl functional groups on the surface of cotton
fabric depends on the used (water vapor, oxygen,
nitrogen or air) @39, The roughness of the surface is
increased by means of plasma etching, where plasma
causes desorption and elimination of by-products on
the substrate. To achieve a high degree of substrate
roughness, the treatment time and the reactor power
must be higher. ZnO nanoparticles have been
adsorbed poorly onto cotton fibers, so it is necessary
to use high concentration of ZnO nanoparticles.
An increased adsorption of ZnO nanoparticles by
means of low-pressure plasma is created in wet
tetrafluoromethane.

Modification of Natural Fibers

Natural fibers and textiles have been used
for humans since ancient times. Our antecessors
firstly used fur and animal skin for dressing
and protection from the environment, but very
soon they started to use vegetal fibers to make
rudimentary fabrics. There are evidences of the
use of dyed flax fibers into clothes more than
30,000 years ago 7. For centuries, humans have
used vegetal fibers (such as flax or cotton) and
animal fibers (such as wool or silk) to produce
yarns and then weave them into textiles using
handmade processes.

Functionalization of Cellulose Fibers

Nowadays, there is a new revolution on
the textile industry with the apparition of new
technologies that could add special functions and
properties to the fabrics. For example, there has
been significant improvement in technologies
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for textile coloring, digital printing on textiles,
smart fabrics, and high performance functional
textiles. In this sense, nanoparticles play a key and
significant role in this technological evolution @9,

Treatment with Oxygen Plasma and ZnO
Nanoparticles

Recently, interest is focused on the use of
ZnO nanoparticles because the decreasing of the
size of the particles led to increasing the surface-
to-mass ratio and consequently changing the
chemical, mechanical, and optical properties
of the fabric ©37. ZnO nanoparticles have
excellent UV protective properties but have poor
adsorption capacity towards textile materials.
Low-pressure oxygen plasma created by an
electrode less radiofrequency (RF) discharge
was applied on cotton fibers in order to improve
adsorption properties towards zinc oxide (ZnO)
nanoparticles and increase ultraviolet (UV)
protective properties of the fabric. Cotton samples
were treated with oxygen low-pressure RF plasma
for different periods of time (10, 20 and 30 s) and
functionalized with 3% of ZnO nanoparticles.
The chemical and physical surface modifications
of plasma-treated cotton fabric were examined
by X-ray photoelectron spectroscopy (XPS)
and scanning electron microscopy (SEM). The
mechanical properties of plasma-treated samples
were evaluated by measuring the strength and
elongation of cotton fabrics. The quantity of zinc
on the ZnO-functionalized cotton samples was
determined using inductively coupled plasma
mass spectrometry (ICP-MS). The effectiveness
of plasma treatment for UV protection properties
of cotton fabrics was evaluated using UV-VIS
spectrometry by measuring the UV protection
factor (UPF). The results indicated increasing the
time of plasma treatment leads to increasing the
concentration of oxygen functional groups and
roughness of the surface of fibers. These results
lead to increasing the content of ZnO nanoparticles
on the fibers and improving UPF of treated cotton
up to 65.93 @Y, Increasing plasma treatment time
results in decreasing C-C bonds and increasing
C-O bonds. The highest increase of C-O bonds
is attained after 30s with oxygen plasma
treatment. Longer plasma treatment time causes
more grooved and etched surface of the fibers,
enhancing the roughness of the fibers surface.
Such physical changes of surfaces affect the
mechanical properties of substrate. The decrease
of the textile mechanical properties indicate
that the plasma etching effect occurred on the
surface and bulk of the fibers. It can be observed

that untreated sample has the lowest value of
breaking strength and elongation. Treating cotton
fabric with plasma for 10 s increases the breaking
strength for 18% and breaking elongation for 9%.
The reason for increased mechanical properties of
plasma-treated cotton fabrics is probably due to
the interlocking of microfibrils on the surface of
fabric. Plasma treatment enhances inter yarn and
inter fiber friction due to etching. The excellent
UPF was achieved on plasma-treated cotton fabric
functionalized with ZnO nanoparticles. Durability
of treatments to washing was performed for
one and ten home washing cycles. After one
performed wash, the UPF does not decrease
extensively. The untreated sample retains the UPF
rating of 30, while the UPF rating decreases for
plasma-treated for 10 and 20 s from 50+ to 30 and
40, respectively. The sample treated with plasma
for 30 s retains the UPF rating 50+ (UPF = 57.70),
meaning that it has the best wash stability ©V.

Treatment with Chitosan

ZnO nanoparticles are an excellent blocker of
UV radiation. Researches so far have proved that
UV protection of cotton fabrics improves when
being treated with ZnO/chitosan nanoparticles,
increasing in intensity when treated with higher
concentrations of nanoparticles of ZnO/chitosan.
UV protective properties of cotton fabrics depend
on the size of ZnO nanoparticles. Smaller particles
of ZnO offer better protection from harmful UV
radiation than larger particles. The application of
ZnO nanoparticles to textiles is primarily carried
out by means of wet-chemical procedures, using
synthesized or ready-made ZnO nanoparticles.
Synthetized ZnO nanoparticles are applied to
cotton fabrics by impregnating with a wet pick-
up of 100%, drying, and curing or by treating the
fabric in a bath for 10 minutes using a magnetic
stirrer, drying, and curing. Textiles functionalized
in such a manner offer sufficient, yet rarely
excellent UV protective properties ©# 52, Poor
adsorption of ZnO nanoparticles to textiles was
observed. Acrylic and epoxy binding agents
can be added to the treating bath to increase the
adsorption of ZnO nanoparticles. To achieve good
protective properties, high concentrations of ZnO
nanoparticles need to be used, meaning that most of
them remain in the bath, eventually being released
to the environment where they cause pollution.

Cotton textiles are dyed mostly with reactive
dyes because they produce bright colors with
excellent color fastness to washing. However,
reactive dyeing requires considerable quantities
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of inorganic salt and alkali for efficient
utilization and application of dyes. These salts
and alkalis when drained to effluent generate
heavy amounts of total dissolved solids leading
to environmental pollution. Substantial remedies
are being considered within the textile processing
sector to reduce the effluent pollution and to
fulfill the environmental regulations. So, cotton
fabrics pretreated with plasma / nanochitosan
and reactive dyeing carried out without salt.
Plasma and chitosan nanoparticles were used
for developing salt free ecofriendly dyeing. The
effect of plasma and chitosan nanoparticles in
color strength (K/S wvalue), color difference,
color fastness to crocking and washing of the
dyed cotton fabric was investigated. The cotton
fabric treated with plasma and 0.3 per cent Nano
chitosan had higher K/S values ©®-

Current union dyeing processes rely on
one or two dye baths with one or two dyes for
cotton/nylon blend fabrics. For 50:50 cotton/
nylon fabrics, cotton is dyed first under alkaline
condition with reactive dyes and then the nylon
is dyed with acid dyes under acidic condition.
Atmospheric plasma/nanochitosan treatment as an
environmentally friendly method was employed
to modify surface properties of cotton/nylon blend
fabrics to develop union dyeing with acid dyes.
Cellulose fibers when immersed in water produce
a negative electro-kinetic potential. The negative
charge on the fiber repels the anionic dye ions and
consequently the exhaustion of the dye bath is
limited. When the fabric is treated with chitosan,
the primary hydroxyl groups of cellulose is
partially modified into amide groups, which intern
leads the cellulose to act like as polyamide fiber.
The possibility of one bath dyeing of plasma-
chitosan pretreated cotton/nylon fabric with acid
dyes was carried out. Plasma treated cotton/nylon
surface characteristics were evaluated using FTIR.
The surface activation using air plasma introduces
different functional groups in cotton/nylon
blend fabric. The effect of plasma/nanochitosan
pretreatment on dye ability, fastness, and few
physicochemical properties has been investigated.
The cotton /nylon sample treated with 0.3% of
chitosan nanoparticles had higher K/S wvalues,
washing, and crocking fastness. New method of
union dyeing showed good fastness properties
and offers the option of eco-friendly ¢.

Flame Retardant Cellulose Fibers
The permanent fire proofing of natural textiles
such as cotton is still challenging because only a
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surface treatment can be applied. Moreover, to be
resistant to washing or harsh weather conditions
the flame retardant must be fixed strongly to the
surface via covalent bonds. The grafting of fire
retardant monomers on cotton fabric induced
by argon plasma have been investigated with
four acrylate monomers containing phosphorus,
diethyl (acryloyloxyethyl) phosphate (DEAEP),
diethyl-2-  (methacryloyloxyethyl) phosphate
(DEMEP), diethyl (acryloyloxymethyl)
phosphonate (DEAMP) and dimethyl
(acryloyloxymethyl) phosphonate (DMAMP).
The plasma-induced graft-polymerization
(PIGP) of diethyl (acryloyloxyethyl)
phosphoramidate (DEAEPN) and acryloyloxy-
1,3-bis (diethylphosphoramidate) propan
(BisDEAEPN) on cotton fabrics was reported.
The flame retardant effect was compared with the
previously used monomers. DEAEPN and Bis-
DEAEPN exhibit the highest LOI values (28.5
and 29.5 respectively). The good flame retardant
properties of these phosphoramidate monomers
are attributed to the presence of nitrogen which
causes a synergistic enhancement in the efficiency
of phosphorus-based flame retardants. The fire
retardant character of the treated fabrics was
investigated by thermogravimetric analyses and
LOI measurements .

El-Hady et al. proposed a novel flame retardant
approach based on the use of zinc oxide (ZnO)
nanoparticles for their application to cellulosic
fabrics (cotton polyester blend) ¢®. A pad-dry-
cure method was selected to incorporate the ZnO
nanoparticles onto the fabrics. The use of two
different polycarboxylic acids such as succinic
acid (SA) or 1,2,3,4-butane tetarcarboxylic acid
(BTCA) together with sodium hypophosphite
(SHP) as catalyst have been employed for cross-
linking fabrics. The effect of curing temperature
was investigated. It has been demonstrated that
an increase of the curing temperature from 160°
to 180 °C could form ester cross-linking between
cellulose chains and poly carboxylic acids “.
The measuring of char yield was performed to
study the influence of flame retardant. The results
indicated that both SA and BTCA are effective
agents in reducing flammability of treated fabrics
in the presence of SHP. Better experimental results
were observed for BTCA in comparison with SA
in reducing flammability. Increasing the nano-
ZnO concentration (from 0.25 to 0.5 %) as well as
BTCA and SHP concentrations led to decrease the
fabric flammability.
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The possibility of using atmospheric pressure
dielectric barrier discharge plasma treatment for
textile surface activation to facilitate deposition of
nano-TiO,/SiO, onto cotton fabric is investigated.
It is aimed to develop a multifunctional cotton
textile using plasma and nanotechnology. The
treated fabric is evaluated through measuring
the ultraviolet protection factor, antimicrobial
activity, and flame retardancy as functional
finishes. Surface morphology (Scanning electron
microscopy, SEM), thermogravimetric analysis,
and mechanical properties were also studied.
SEM shows deposition of nanoparticles onto
the fabric. He-O, plasma pretreatment improves
the flame retardancy, antibacterial activity, and
thermal stability of the samples was compared
with the untreated samples ¢4,

N-methylol dimethylphosphonopropionamide
flame retardant agent (FR) combined with a
melamine resin crosslinking agent (CL) and a
catalyst (phosphoric acid, PA) is used to enhance
the flame-retardant of cotton fabrics. Titanium
dioxide (TiO,)/nano-TiO, co-catalyst is added to
the FR formulation to enhance the crosslinking
of the FR-CL-PA components. Atmospheric
pressure plasma is used as a pre-treatment, to
enhance the fabric properties by a sputtering or
etching effect. The Kawabata Evaluation System
for Fabrics (KES-F) was used to determine
the tensile, shearing, bending, compressional
and surface properties. The specimens after
FR treatment had worse tensile, bending,
compression, surface friction and variation
properties; an improvement was observed only
in the shearing properties. Plasma pre-treatment
improved tensile and compressional properties
of the FR-treated specimens, while the shearing
and bending, as well as the surface friction and
variation properties, were affected negatively ¢.

Proteinic Fibers

Silk Fabric

Silkisananimal fiberanditisalso called protein
fiber. Silk is only natural fiber which is found in
filament form. Silk is produced by insects. It is
an excellent natural fibrous material with notable
gloss and softness, good moisture absorption, and
breathability. Owing to silk superior properties, it
has been considered as one of the popularly used
textile materials and also as the queen of textiles
8 Fabrics produced from silk are distinctly
luxurious and possess a number of outstanding
qualities such as luster, wearing comfort, fine and
smooth texture, soft handle, and excellent draping

quality. Over the years natural silk has been used
conventionally in textiles because of its inherently
elegant sheen, great flexibility, environmental
friendliness and excellent mechanical strength
9 As a natural protein fiber, silk possesses a
chemical structure very similar to human skin
with smooth, breathable, soft, non-itching and
antistatic characteristics, which endow it a
suitable material for high grade clothing ©7,
Potential defects of silk fabrics include their
tendency to crease easily during home laundering,
tendering nature when wet and easy microbial
attack due to its hygroscopic nature &%, Since
silk can be easily attacked by bacteria *V, which
can cause damage to fibers in the silk products
and even bring about skin diseases, it is preferred
to be modified to show the antimicrobial activity
in order to widen its scope of end uses (%13,
Bacteria can adhere easily and grow on silk, and
can result in its degradation and deformation.
Its use is greatly hindered by hard conditions of
storage ®. Hence, it is much preferable to modify
silk fabrics to show the antimicrobial activity
in order to widen its scope of the end uses.
Antibacterial finishes are applied to textiles for
three major reasons, namely, to prevent the spread
of disease and avoid the danger of injury-induced
infection, to limit the development of odour from
perspiration, stains and soil on textile materials
and to prevent the deterioration of textile caused
by mildew ©®. Compared with organic reagents,
inorganic Nano-materials, especially PtNPs, are
stable and effective for antimicrobial applications
2 PtNPs have high activity 419 and selectivity
for catalytic reaction. They can enhance the
cleansing function of skin surface.

Plasma Pretreatment on Tasar Silk Fabrics Coated
With ZnO Nanoparticles against Antibacterial Activity

It is well known that plasma pretreatment
is an eco-friendly process employed to modify
the surface properties and improve the adhesion
properties of tasar silk fabrics. The plasma
pretreatment has been carried out in DC glow
discharge plasma at constant power and for
different treatment durations (5, 10 and 30
min). Since ZnO nanoparticles (ZnO NPs)
play a significant role in antibacterial, cleaning
and UV protection, ZnO NPs have been
synthesized by the wet chemical method. Plasma
treated silk fabrics are coated with ZnO NPs
using vacuum thermal evaporation technique.
Structural and chemical change of raw, untreated
and plasma treated silk fabrics coated with ZnO
NPs are analyzed by XRD and attenuated total
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reflection Fourier Transform infrared (ATR-
FTIR) studies. The surface morphologies of
all the fabrics are analyzed by using scanning
electron microscope (SEM), which confirms
the adherence of ZnO NPs on the surface of the
fabrics. Elemental analysis is carried out using
energy dispersive spectroscopy, which confirms
the presence of ZnO NPs on the surface of the
fabrics. The improved surface property in terms
of hydrophobicity is analyzed by using a contact
angle test. It is found that the plasma pretreated
silk fabrics coated with ZnO NPs have better
antibacterial activities against Escherichia Coli
bacteria ®D. ZnO coated and plasma pretreated
silk fabrics showed excellent antibacterial activity
against E. Coli bacteria. This coating approach is
a dry clean process that avoids waste. Plasma pre-
treatment on silk fabrics improves the adhesion of
ZnO NPs. The silk surface coated with ZnO NPs
has been characterized using XRD, ATR-FTIR,
contact angle, SEM, EDS, TGA and antibacterial
test. Characterization of XRD and ATR-FTIR
on raw and coated fabrics signs that bulk
properties of fabrics do not change. Contact angle
measurement clearly shows that the hydrophobic
nature of coated fabrics can be increased with
plasma pretreatment. SEM analysis shows the
improvement of the adsorption on plasma treated
fabric and EDS shows the presence of ZnO @V,
The antibacterial activity and thermal stability
improve significantly after plasma pretreatment.

Effect of Coating Time on LPP Treated Silk Fabric
Coated With ZnO Nanoparticles

Zinc oxide nanoparticles have remarkable
properties that play a role in antifungal and
antibacterial properties to static electricity and UV
protection as well. This is an outstanding property
to develop industrial and medical sites. It was also
animportantrole in the textile industry as well. LPP
of materials has become an attractive method in
the modification of surface chemical and physical
properties without affecting the bulk material ©?.
The clean technology reduced environmental
pollution because it uses less water and chemicals.
It is an improvement over the original surface and
does not affect the quality of the material itself.
By keeping the texture of silk, the low pressure
plasma ZnO nanoparticles substance that can bind
to water ®¥, The ZnO nanoparticles was able to
change the properties of oriented surface fibers of
silk because these particles created new chemical
bonds with molecular constituents of silk fibers or
could be inserted into the structure of molecules
using milling (etching) the surface of silk fibers
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©, The effect of coating time on the coating
of ZnO nanoparticles on low pressure plasma
(LPP) treated silk fabric was studied, aiming at
improving the ZnO coating on silk. Silk fabric
was treated with LPP with conditions of power 50
and 100 Watts at radio frequency of 13.56 MHz
under argon atmosphere with the pressure of 100
mTorr and holding time for 5 minutes. After LPP
treatment, the fabric samples were coated with
ZnO nanoparticles using dip coating technique
with variation of treatment time (5, 25, 45 and 60
minutes). The results showed that coating time of
45 minutes exhibited the optimum coating of ZnO
nanoparticles. It was found that LPP treatment
could enhance the hydrophobicity of silk fabric
when compared with that of untreated sample.
Morphology of the samples was determined
using scanning electron microscopy technique
(SEM) 2, Plasma treatment results indicated a
pronounced change in the surface properties of
silk at the R.F. 100 Watt in LPP process. Higher
discharge power leads to more significant increase
of the contact angle in comparison with surface
wettability. The optimum condition was reached
with coating of ZnO nanoparticles with 2% w/w
concentration for 45 minutes. SEM measurement
shows the coat of ZnO nanoparticles on silk
surface. It was found that deposition of ZnO
could be performed onto the silk fabric through
plasma treatment.

Wool Fibers

Wool fiber ©¥ is one of the most natural
fibers employed considerably in textile industry.
It is composed of keratinous protein as a basic
constituent and the minor component cell
membrane complex (CMC). CMC forms a
continuous phase in the fiber, links cortical and
cuticular cells. The cuticular cells are located
on the outermost part of the fiber surrounding
the cortical cells. The surface of these cells is
hydrophobic nature due to the presence of a
fatty acid monolayer covalently bounded to the
epicuticle layer ©5¢7, External layer of the fiber is
a bundle of cells which have a structure of scales.
The scales having relatively hard and sharp edges
act as a barrier for the diffusion, which adversely
affects the sorption behavior of wool fibers. Scaly
structure determines performance and quality ofthe
finished wool fabric such as handle, luster, pilling,
dye-ability, felting, and shrinkage. To overcome
shrinkage and hydrophilicity disadvantages of
wool, various surface modification methods on
fiber surface are necessary. Chemical methods
were the major treatment for eliminating these
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problems in the past. However, the increasing
environmental pressure has motivated textile
industry to use ecological processes, such as
enzyme, plasma and biopolymers instead of
chemical treatments. In addition to escape
potential chemical pollutants and their effluents
as a result of chemical processes, bulk properties
of fabric can be protected ¢4,

Treatment of Wool with Nano Chitosan
Different techniques of surface modification on
surface of fiber are required so as to overcome
the problems associated with shrinkage and
hydrophilicity of wool. Chemical methods have
been the major treatment for eliminating such
problems earlier. But, owing to the increasing
environmental pressure, textile industry has
been encouraged to use ecological processes,
like enzyme, plasma and biopolymers in place
of chemical treatments. Besides escape potential
chemical pollutants and their effluents as a result
of chemical processes, bulk properties of fabric
can be protected. A renewable polysaccharide-
based cationic biopolymer, chitosan, is derived
from the chitin component of the shells of
crustaceans ©+), It can be seen as a suitable
candidate for replacing some synthetic polymers
with  advantageous  properties  including
nontoxicity, biocompatibility, biodegradability,
antimicrobial activity and chemical reactivity.
It can be used mainly for the purpose of shrink
resistance, dye-ability, antimicrobial effect in
wool finishing treatments. In order to reduce
wool damage, chitosan application before
enzyme treatment is used in many studies %V,
Because of its poly cationic character, it has an
interaction with oppositely charged molecule or
surfaces of enzymes and wool fibers. On the other
hand, it can be removed partially from the fabric
surface depending on washing conditions. The
combination of appropriate treatment/chemical
agents would be beneficial to provide the stability
against multiple washings. To obtain more
advantages of chitosan, new studies have been
focused on Nano sized chitosan particles. In textile
industry, Nano chitosan usage is relatively new
subject. Nano-particles possess unique properties,
such as large ratio of surface to volume, surface-
active multi-centers and high surface reactivity.
Nano chitosan is bioactive and frequently used in
many industrial areas including textiles 7,

Plasma treatment is offering an attractive
alternative to add new functionalities such as
water repellence, hydrophilicity, mechanical,

antibacterial properties, etc. due to the Nano
scaled modification on textile fibers. At the same
time, the natural aspect of fiber properties as well
as the handle of the material remains unaffected.
For wool fabrics, plasma treatments are replacing
chemical textile treatments to achieve shrink-
resistance and improved dye-ability. Also,
additional effects can be achieved such as
modification of the cuticle layer, generation of
new hydrophilic groups as a result of hydrocarbon
chain oxidation, reduction of the chain length of
fatty acids, improving of surface wettability,
dye-ability, fiber cohesion, and shrink resistance.
Atmospheric plasma treatments have significant
advantages in large-scale textile applications
in terms of the expense, time and space in
comparison to the vacuum plasma applications
@9, Bulk chitosan and nanochitosan particles were
used. All treated fabrics were evaluated in terms
of their antimicrobial effect, dyeing by acid dyes,
air permeability, and tensile strength and surface
morphologies. For antibacterial treatments, Ag-
loaded chitosan particles were synthesized as
well. Different treatments (enzyme, plasma and
enzyme + plasma combinations) were applied to
modify the wool surface to enhance biopolymer
particles effect and to obtain desired properties ¢4,

Wool fabrics are subjected to different surface
modification methods in order to improve their
hydrophilicity, dyeability, antimicrobial, shrink
proofing properties. Especially environmental
friendly methods and application of biopolymers
are gaining importance instead of conventional
processes and textile chemicals. Nano chitosan
particles were synthesized, applied on wool
fabrics and compared with bulk chitosan
in terms of various properties. Ag-loaded
chitosan nanoparticles was also synthesized and
examined in terms of its antibacterial activity
by different application methods. It has more
than 95 % antibacterial effect against gram
positive and negative bacteria. The influences
on hydrophilicity, antibacterial activity, dyeing,
air permeability, surface morphology and tensile
strength were studied. Enzyme and atmospheric
plasma treatments were used both alone and
combined treatments before application of
chitosan/Nano chitosan to increase their effects.
Enzyme and plasma treatments showed significant
contributions on chitosan and Nano chitosan in
wool properties. Combined treatments caused
a smoother surface on wool fabrics. Improved
hydrophilicity and dyeability properties could
be obtained by ecological methods. The effect of
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nylon and other polyamide fabrics will continue
unabated throughout the 21* century. The main
benefit of polyamide fabric is its elasticity, and
consumers also prize it for its softness. Beyond the
world of apparel, nylon and other polyamides have
found seemingly permanent homes in scientific
and industrial markets. A surprising number of
consumer goods are made with polyamides; for
instance, many different automotive parts are
made with these materials as are toothbrushes,
hair combs, firearm components, and various
types of food packaging 1%

Polyester

Polyester (PE) fiber is a category of polymers
that contain the ester functional group in their main
chain. As a specific material, it most commonly
refers to a type called polyethylene terephthalate
(PET). Fabrics woven or knitted from polyester
thread or yarn are used extensively in apparel and
home furnishings, from shirts and pants to jackets
and hats, bed sheets, blankets. Industrial polyester
fibers, yarns and ropes are used in car tire
reinforcements, fabrics for conveyor belts, safety
belts, coated fabrics and plastic reinforcements
with high-energy absorption. Polyester fiber is
used as cushioning and insulating material in
pillows, comforters and upholstery padding.
Polyester fabrics are highly stain-resistant 0,

Treatment of Synthetic Fibers with Nanoparticles

Treatment with Titanium Dioxide TiO2

The scanning electron microscopy (SEM)
investigates the surface morphology of the
plasma-treated polyester surface before and after
TiO, coating. It is concluded that the surface-
etching process occurs on the surface of oxygen
plasma-pretreated fiber, keeping and remaining
the bulk properties with no change. Granules,
micro craters, and ripple-like structures of sub
micrometer size are formed on the oxygen
plasma-pretreated surface %> 1%, The removal
of the surface layers leads to an increase in the
surface roughness which is far more accentuated
than that of the original fiber surface. In contrast
to the original polyester filament, the surface
structure of the TiO, -coated polyester filament
pretreated with oxygen plasma indicates the
formation of TiO, layers. The change in the
chemical composition on the polyester surfaces
occurring in the oxygen plasma pretreatment
process and the relative amount of TiO, deposited
on the polyester surface without and with oxygen
plasma pretreatment were investigated by XPS.
It was found that oxygen plasma pretreatment
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led to an increase in oxygen concentration and
a decrease in carbon concentration due to the
plasma oxidation of polyester substrates, thus
indicating the creation of oxygenic functional
groups (—CO—, COO-) on the polyester filament
surface 1% 1% The relative element content in
the TiO,-coated polyester surface without and
with oxygen plasma pretreatment shows that Ti
percentage in the TiO,-coated polyester surface
with oxygen plasma pretreatment was larger than
that in the TiO,-coated polyester surface without
oxygen plasma pretreatment. This means that the
oxygen plasma-pretreated polyester surface is
beneficial for the formation of TiO, coating which
enhanced the increase in the quantity of TiO, on
polyester filament pretreated by oxygen plasmas.
This can be attributable to the increase in the
roughness of polyester filament surface % and
the introduction of negative groups COO~, —O—
O™ at the polyester surface “*¥, to which TiO, can
attach through ionic attraction with the positively
charged Ti*" of TiO, 1%

The bactericidal activities under UV irradiation
(UV intensity was about 35uW/cm2) of TiO,-
coated polyester with oxygen plasma pretreatment
according to a modified procedure of the shaking
method (ASTM E2149-01) 1, in which a Gram-
positive bacterium S. aureus was used to assess the
activities was investigated. It is concluded that S.
aureus was completely killed on the TiO,-coated
polyester substrate pretreated with oxygen plasma
within 5 h under UV irradiation, which means
that the TiO, coated polyester substrates showed
excellent bactericidal activities. Furthermore,
the TiO, coated polyester substrate pretreated
with oxygen plasma showed higher bactericidal
activity than the original substrate which may be
due to greater deposition of TiO, particles on the
polyester surface after oxygen plasma treatment
and in turn nullify the viable bacteria. The UV
absorption of the TiO,-coated polyester substrate
pretreated with oxygen plasma according to the
Australian/New Zealand Standard demonstrated a
very high ultraviolet protection factor (UPF) value
compared to the original fiber surface. This may be
attributed to greater deposition of TiO2 particles on
the polyester surface resulting from the increase in
the roughness %2 demonstrated in SEM above and
the introduction of negative groups COO—, -0-O—
onto the polyester surface 1 after oxygen plasma
pretreatment. These results indicate that the TiO,-
coated polyester substrate can provide excellent
protection classification. A higher UPF and stronger
UV absorption power are achieved after oxygen
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enzyme, plasma and Nano chitosan treatments
led to 2.5 times higher K/S values than that of
untreated fabric. All treatments had no detrimental
effects on bulk properties of fabrics ©¥,_

Chitosan nanoparticles and chitosan/silver
nanoparticles were synthesized 7> ™. Enzyme
and plasma treatment contributions of Nano
chitosan treatments on wool fabrics were
investigated in terms of various properties.
Comparison of chitosan and Nano chitosan in
dyeing, antimicrobial effect, tensile strength,
and surface morphology and air permeability
properties was investigated. Chitosan addition
on the wool surface generates additive functional
groups which cause increase in hydrophilicity.
Protease enzyme has hydrolytic effect on wool
fibers and the diffusion barrier to water and dye
molecules can be overcome. Plasma treatment
enhances capillarity by means of oxidation and
etching reactions. Dual effects of enzyme, plasma
and chitosan showed significant improvements
while triple effects gave the best results. Chitosan,
enzyme and plasma treatments alone increase
dye uptake of wool by different mechanisms to
a great extent compared to the control sample.
Enzyme and plasma treatments facilitate dye
diffusion prior to chitosan treatment. Enzyme +
plasma + chitosan combined treatments improves
K/S values in comparison to untreated one with
good fastness properties. Nano chitosan showed
better properties due to its large surface area and
smaller size when compared with bulk chitosan.
Chitosan showed 93, 98% effect against gram
negative bacteria with combined treatments of
enzyme and plasma. Chitosan silver nanoparticles
showed the highest antibacterial effect on fabrics
up to 97, 66%. Nearly 100% antibacterial effect
was achieved by means of enzyme and plasma
pretreatments prior to chitosan-silver nanoparticle
application. Enzyme treatment caused the loss of
tensile strength in acceptable limits. However,
post application of chitosan or Nano chitosan
showed protective effect and improved tensile
strength. Enzyme, plasma and chitosan decreased
permeability to a certain degree ©9.

Treatment of Wool with Plasma/ Nano Silver

One of the more effective anti-bacterial
methods currently under investigation is based
on the design of a coating that contains silver ®*
82, Silver is effective in killing over 650 disease-
causing organisms. Silver is active against
gram-negative bacteria, such as Pseudomonas
Aeruginosa, as well as gram-positive bacteria,

fungi and certain viruses. It was reported that low
concentrations of silver is non-toxic. Monovalent
silver is non-toxic to mammalian cells @8, It is
hypothesized that Ag/plasma polymer films may
offer long-term resistance to bacterial adhesion.
Ag/plasma polymer Nano-composite materials,
consisting of Nano-scaled metal clusters
embedded within a plasma—polymer matrix, can be
deposited using a mixed plasma polymerization/
sputtering process *39, The plasma deposition of
Nano-Ag/plasma polymer films can be described
as a mixed process, including the deposition of
a plasma polymer matrix and the sputtering of
silver atoms at lower pressure (ca. 0.1 mbar) and
higher input power than is commonly used for
plasma polymerization. The deposition of Nano-
Ag/plasma polymer films can be considered as
a compromise between having an acceptable
quantity of silver to add an anti-bacterial property,
and maintaining enough of the functionality of
the matrix in order to confer additional properties
of the coatings. Nano-particle quantity and
characteristics of the films can be adjusted by
altering deposition parameters such as power
input, pressure and Ar feed ratio ®+%9_ Plasma
Ag/PEO-like coatings completely prevented the
adhesion of four different P. aeruginosa strains
when deposited on medical grade PVC. Another
example includes Ag/Teflon-like coatings which
were also capable of reducing adhesion of P.
aeruginosa strain. It was demonstrated that
increasing the Ag-content, through changes in
input power, allowed for an increased reduction
in bacterial adhesion.

Treatment of Wool with Cyclodexterine

Undesirable side effects are caused by the
use of textile chemicals. Plasma need less energy
and water to perform functional characteristics.
Textile industries see a promising future for
plasma technology, with the environmental and
energy conservation benefits, in developing
high-performance materials. Plasma technology,
as a very active tool applied to wool to modify
the surface substrate. The decrease in shrinkage,
felting and pilling in the case of wool, polyester,
polyamide and polyester has been caused by
application of cyclodextrins ®?. On the other
hand such application resulted in properties like
antimicrobial, hydrophilic, soil-resistant, and so
on. Cyclodextrins are nontoxic and biodegradable,
there by offering “green” solutions to enhance the
properties and providing new functionalities to
textile products. An increase in the improvements
on the application areas of nanotechnology in
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textile industry was carried out like anti-bacterial
textiles, antistatic textile, flame-retardant textiles,
and so on.

Eco Friendly Coating of Wool / Polyester

One of the widely used blend textile materials
in the textile industry is wool/polyester fabric.
Investigation has been carried out regarding the
self-cleaning finishing of this fabric ®*V, The
loading of titanium dioxide nanoparticles have
been improved by pretreatments using lipase
enzyme and potassium permanganate as oxidizing
agent. The adsorption of titanium dioxide
Nanoparticles on fibers has been improved by
oxygen plasma treatment which introduces
oxygen containing functional groups to the
surface of wool and polyester fibers and removes
the hydrophobic scales of wool. This is affected
without yellowing and affecting the physical
properties of the fabric. The wool/polyester fabric
was treated with oxygen plasma and then coated
with TiO, nanoparticle and the self-cleaning
property of the finished fabric was evaluated.
Plasma treatment has improved the amount of
nanoparticle loading on the fabric. The plasma
treated and coated samples with TiO, exhibit
better self-cleaning property compared with non-
coated and raw coated samples ®”. The physical
properties of the fibers can be preserved by
plasma treatment which can substitute processes
like oxidizing and enzyme pretreatments that do
not consume water and chemicals.

Modification of Synthetic Fibers

The conventional textile finishing techniques
are wet chemical modifications where water and
rather hazardous chemicals are used in large
quantities and wastewaters need to be processed
before discharging effluent, whereas the most
problematic factor are ecological impacts to the
environment and effects to human health. The
increasing environmental concerns and demands
for an environmentally friendly processing
of textiles leads to the development of new
technologies, the use of plasma being one of
the suitable methods ©?. Plasma technology is
an environmentally friendly technology and a
step towards creating solid surfaces with new
and improved properties that cannot be achieved
by conventional processes ®». The continuous
advances in organic chemistry, especially with
the apparition of polymer chemistry discipline,
enable the fabrication of synthetic fibers which are
made from polymers or small molecules, being
the petroleum as the most important raw material.
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Among the high amount of different types of
synthetic fibers, the most known are polyamide,
polyester, acrylic, and polyolefin. Within these
four types, the polyamide (especially PA6, known
as polyamide 6 or nylon) and polyesters (especially
PET, known as polyethylene terephthalate) are the
most used in the textile industry. Here, it is focused
on the development of functionalized synthetic
fibers, concretely polyamide and polyester
fabrics. In general, these fabrics show poor
wettability properties and hydrophobic in nature
which can affect the polymer process ability and
fiber dyeability ®¥. With the development of the
nanotechnology, different types of nanoparticles
(mostly inorganic or metal oxide) have been
successfully incorporated into synthetic fibers
in order to obtain functionalized fibers with
special properties ©>*®, The major effects such as
flame retardancy, antibacterial activity, or super
hydrophobicity are presented in detail using
different deposition techniques.

Plasma technology has been in use for the
synthesis, processing, treatment, and deposition
of polymers, Nano-particle or Nano-porous
structures, textile surfaces, and etching, etc.
Moreover, it is a clean and eco-friendly technique
which minimizes waste, unlike wet-chemical
processes. However, for mass-scale industrial
production, both the feasibility of scale-up
and economic aspects have to be given due
consideration. Nanoparticles are very interesting
because of their surface properties, different
from bulk materials. Such properties make
possible to endow ordinary products with new
functionalities. More relevant contributions of
the use of nanoparticles for functionalize textile
materials. Their relatively low cost with respect
to other Nano-additives make them a promising
choice for industrial mass-production systems.
Nanoparticles of different kind of materials such
as silver, titania, and zinc oxide have been used
in the functionalization of fibers and fabrics
achieving significantly improved products with
new macroscopic properties as well as providing
new properties such as antibacterial activity,
flame retardant properties, UV-protection, super
hydrophobicity, and others ©*.

Polyamide

Polyamide (PA) fabrics represent about %12
of global synthetic fiber production. The unique
benefits of this type of fabric continue to accord
it an integral place in many types of textiles,
and it’s practically guaranteed that production of
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plasma pretreatment. The stronger UV-absorption
intensity implies higher photo activity. Therefore,
the TiO, coated polyester substrate pretreated with
oxygen plasma would have higher photo catalytic
activity than the TiO, coated polyester substrate
without oxygen plasma pretreatment.

The tearing strength of original polyester and
TiO,-coated polyester pretreated with oxygen
plasma, were studied. The study was carried
out before and after 20 h of light irradiation
in Xenon test Alpha LM light exposure and
weathering test instrument. The tearing strength
of TiO,-coated polyester substrates pretreated
with oxygen plasma before light irradiation
was reduced compared with that of the oxygen
plasma-pretreated polyester. This could be due to
the increase of stiffness after TiO, coating. After
20 h of light irradiation, the tearing strength of
original polyester, and TiO,-coated polyester
substrates was reduced. However, the decrease in
the original was nearly the double of the decrease
in TiO,-coated polyester substrates. This suggests
that there is no photo catalytic decomposition of
the molecular chains of polyester caused by the
titania layers. On the contrary, the titania layers
reduced the decline of tearing strength due to its
ability to absorb UV irradiation. This is agreement
with the results of self-cleaning cotton in our
previous work 197,

Treatment with Silver NPs

In order to improve the interaction between
hydrophilic colloidal silver NPs and hydrophobic
fibers, corona treatment of PA and PE fabrics was
carried out. Generally, PA and PE fabrics exhibit
hydrophobic behavior and a low surface energy
(198,199 which were confirmed by the contact angle
measurements. Contact angles of the treated PE
and treated PA fabrics were decreased after corona
treatment, demonstrating that the fibers became
more hydrophilic. Significant increase in fabric
wettability, which was especially pronounced in
the case of PE fabrics, is suggested to be due to the
oxidation of the fiber surface and the formation
of new polar functional groups (-OH, —COOH,
etc.) during the corona treatment and through
the post-plasma reactions (%12, The changes
in fiber surface morphologies of PE and PA after
loading of silver NPs were analyzed using the
SEM technique. It is concluded that the untreated
PE and PA fabrics loaded with silver revealed a
low yield of unevenly distributed agglomerates
of NPs on the fiber surface. Corona treatment
positively affected the loading of silver onto both

samples. Remarkable increase in the number of
well-dispersed uniform silver NPs on the surface
of corona-treated PE fibers was noticed compared
to untreated ones. Unlike PE fibers, due to the
aggregation of silver NPs, bigger assemblies
were appeared on the surface of corona-activated
PA fibers. The almost covered surface of corona-
treated PE fibers with silver NPs and bigger
aggregates of NPs on the surface of corona-treated
PA fibers are probably the direct consequence of
the chemical changes on the surface and increased
hydrophilicity of both fibers induced by corona
treatment which influence the binding efficiency
of NPs from water-based colloidal solution. The
increased number of carboxyl groups along with
the presence of benzene rings in the polymer
structure indicates the possibility of a strong
interaction between PE fibers and silver NPs
(3. 19 From the studies of benzoic acid and its
derivate on the surface of silver NPs, it is well
known that, the strong interaction between the Ag
surface, benzene rings and carboxylic groups can
be established. In addition to carboxylic groups,
the polar amide groups take part in the interaction
between PA polymers and silver NPs (119,

Antibacterial effect for Gram-positive
bacterium S. aureus and Gram-negative bacterium
E. coli on PA and PE fabrics was studied by
deposition of silver NPs from colloids. PA fabrics
loaded with silver NPs from 10 ppm colloid
have better antibacterial properties compared
to PE fabrics. Antibacterial efficiency of silver-
loaded PA and particularly PE fabrics that
were previously activated by corona was more
prominent for E. coli. PA and PE fabrics double
loaded with silver NPs from 50 ppm colloid
demonstrated significantly enhanced antibacterial
properties and excellent laundering durability.
Improved antibacterial properties of corona-
treated fabrics can be attributed to higher fiber
surface roughness and increased hydrophilicity,
which made them more accessible to silver NPs
@9 The antibacterial effect of both bacteria types
on silver-loaded PE fabrics which were corona
pretreated was almost not altered after washing,
indicating the excellent laundering durability.
Modification of Semisynthetic Fibers

Viscose Fabric

Viscose is a semi-synthetic type of rayon
fabric made from wood pulp that is used as a silk
substitute, as it has a similar drape and smooth feel
to the luxury material. The term “viscose” refers
specifically to the solution of wood pulp that is
turned into the fabric. Viscose was first produced
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in 1883 as a cheaper, artificial silk. Viscose is
made from tree wood pulp, like beech, pine, and
eucalyptus, but can also be made from bamboo.
Viscose is a semi-synthetic fibers due to the many
chemicals involved in the viscose process, like
sodium hydroxide and carbon disulfide. Viscose
blends well with other fibers like cotton, polyester,
and spandex. Viscose rayon does not trap heat, but
it also absorbs water and sweat nicely, making it
great for t-shirts and athletic wear. It is extremely
airy, which makes it nice for blouses and summer
dresses. It’s a very light fabric that doesn’t stick
to the body, so it’s optimal for warm weather
clothing. While the material looks like silk, it
feels like cotton. The fabric is not elastic but can
be blended with other textiles, such as spandex, to
add stretch. Viscose can hold dye without fading,
even after long-term use and washes.

Nanoparticles Coated Viscose Fabric Using
Low Temperature Plasma

Plasma processing technology aims to modify
the chemical and physical properties of fabric
surface. The nanotechnology creates the structure of
excellent properties by controlling atoms, molecules
and functional materials. For coating of pure textile
viscose fabric by nanomaterial, The zinc oxide (ZnO,)
nanoparticles were prepared by sol-gel process, and
were used for coating pure viscose material using tip
coating methods for 1 hour. The nanoparticles coating
viscose materials was analysed and characterized
with, XRD, FTIR and SEM. These results showed
that the fabric surface treated with plasma was
modified when compared to the untreated fabric
surface 2, SEM of untreated and plasma treated
ZnO, coated viscose fabric shows that ZnO, particles
are not uniformly coated on the fabric, but uniformly
dispersed on the fabric surface. The smallest particles
appeared on the surface. After plasma treatment the
fabric wettability was increased. The increase in
wettability causes the increase in smoothness of the
fabric surface. Plasma treatment using atmospheric
air on ZnO, nanoparticles coated viscose fabric was
studied ®?. The comparative study of plasma treated
and untreated viscose fabric was analyzed. The SEM
results have confirmed the presence of ZnO, on the
fabric surface. Over all the results of this research
shows that the surface property of the viscose fabric
was modified when compared to untreated fabric.

Cellulose Acetate

Plasma treatments of cellulose and cellulose
based materials (paper, cellophane, cotton linters,
viscose fibers, cellulose acetate) can efficiently
change their surface properties, such as wettability
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(e.g. reduction of their hydrophobic character
and increase of wettability), surface energy and
adhesion (to improve the strength of their adhesion
to the matrix in composite materials). Plasma
treatment has already been implemented in several
laboratory studies, pilot-scale and also some
industrial environments in order to modify surface
characteristics of fibers and paper. An improvement
of adhesion of inks, adhesion of metals and metal
nanoparticles, and increase of the impermeability
of a transparent film after printing was studied
Using APPJ plasmas. The substrates were modified
using atmospheric pressure plasma jets (APPJ). In
addition, impregnation of nanoparticles assisted
by plasma and compared it to spin coating process
as a standard reference was studied. The applied
nanoparticles (Au, Ag, Cu) were synthesized by
laser ablation techniques from elemental metals
deposited in liquids. This led to improved surface
properties decorated with nanoparticles 7,
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