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Abstract

Textiles, today, are no mojast traditional textiles. With the advancements in
nano and fiber technology, they find various technical applications and are known
as technical textiles. Antimicrobial functialization is an integral requirement for
some of these applications that include medical textiles, aerospace textiles and
textiles used in filtration. Various organic and inorganic antimicrobial agents are
being explored for antimicrobial functionalizatiof textileswith the objectivao

obtain effective, durable and broad spectrum antimicrobial propert@sever,

these antimicrobial agents may have their own advantages and disadvantages.
Some of them may lack broad spectrum antimicrobial propertiewedisas
complex method of their synthesis and application which may not always be
environmenal friendly.

Silver is well known inorganic antimicrobial agent with effective antimicrobial
action against broad spectrum of microbes. Silver is being intepsittelied in nano
particle form for the functionalization of textilesdowever, mostly the synthesis and
application of silver nano particleso textiles is carried tiough wet routes. These
may have environmental consideratiathge to possible use abxic reducing and
stabilizing agents. In addition their solution or colloidal based application to textiles
is intense in water and energy consumpatang with production olvaste water and
necessitating ittreatment.This may not help reduce enviroental burden of textile
industrywhich is regardedsaone of the most polluting industrial sector of the world.
Therefore, along with providing antimicrobial protection, the process of obtaining

antimicrobial textiles itself should not create adverse enuiental impact.

In this context, ecofriendly processes for textile industry hawaya been in
focus of research.7KH REMHFWLYH RI WKLV WKHVLV ZDV WR

functionalization of technical textilefor medical, aerospace and civil applitaR Q V'~



via a simple and single step environment friendly technique known as radio frequency
SFFRY SXWWHULQJ” 6SXWWHULQJ LV D SODVPD EDVHG
automotive, tools and electronics industry. It is not yet fully explored in textile
indudry. This study aimed at obtaining antimicrobial textiles viaspattering and

exploring some of the its key strengths and weaknesses for textiles.

In the adopted cgputtering technique, an antimicrobial silver nano clusters/silica
composite coating wadepositedon four different textile substrate3.he deposition
parameters of both silica and silver were controlled independently such that silica
constituted the matrix of the composite coating and sikes depositedh the form
of nano clusterembeded in the silica matrix.The four textile substrategsed in this
study were: otton fabric intended for medical applications, high performance
Kevlar® and Vectrafi fabrics for aerospace applications and activatton fabric
(ACF) to be used iair filtration.

The morphology and composition of the deposited coating was investigated in
detail using FESEM, EDX and XPS which showed that silver nano clustefs0(25
nm) were uniformlydistributed and firmly embedded in the silica matfigtal silver
concentration in the composite coating was evaluated through ICP_MS and was
found to be dependent on deposition time and thus on coating thickiless.ion
release test in water and in artificial sweat showed a progressivgrashaal release
of silver ions, beneficial for prolonged antimicrobial activithe nature of the fabric
substrate was also found to influence the release of silver ions. The coating showed
effective antimicrobial properties against Gram positi8e dureus S. epiderndis),

Gram negative E. coli) bacteria and fungu<C( albican$ with varying intensity of

the action depending upon the micrade well as silver ion release profile&ater
contact angle and sorption tests revealed hydrophilic nature of the coating. Moisture
maragement properties evaluated by Moisture Management Tester showed that
coating imparted fast absorbing and quick dryingrabteristic to the fabricThe
coating was highly conformal andid not altered air permeability of the substrates

which is a highlydesirable characteristic to preserve thermo physiological comfort of

SUI



the fabric as well as maintaifiltration capacity of ACF. However, the washing

stability of the coating was found not to bempletelysatisfactory

The work was carried with in theame wok of an Italian regional project with
seweral other project partners. Somesults from these partnemuly acknowledged,

are also discussed ihis thess and summarized in conclusion.
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Chapter 1

Objective of the thesis

This chapter describes briefly the necessity to impart antimicrobial properties to
textiles for various technical applications and objective of the thesis. The need for
antimicrobial properties for various textiles, used in this study (natural and high
performance fabrics), is discussed with respect to the intended applications. The
importance of the processes for achieving antimicrobial functionalization is
highlighted with respect tenvironment friendliness of process as well as impact
of the process on bulk properties of textiles.

1.1 Need for antimicrobial textiles

Microbial contamination is key issue of concern in various areas including health
care infrastructures, medical des&; food packaging and storage, personal and
protective clothing and other house hold produts Microbes are found
everywhere and can grow easily when suitable moisture, temperature and nutrient
medin is available. Textiles provide conducive environment for their growth.
Natural fibers, for example wool (proteins) and cotton (carbohydrates), are more
susceptible to microbial attacks than synthetic fibers as they can provide nutrients
and source of emgy to the microbes under favorable conditions. Microbial attack
can develop bad odor, discoloration of the textile and potentially deteriorate the
textile itself[2].

Other than inherent ability of x&le materials ¢ absorb moisture, textile
structures offer high surface area and hence ability to retain moj8iuteat put

even synthetic fibers susceptible to microbial attacks and biofilm formation.
Today, with the invention of high performance fibers and advancements in nano
technology as well as improved performance of traditional fibers and textiles due
to wide variety of functional and protective coatings, textiles find their



2 Obijective of the thesi:

applications in wide range of technological fields rather than being simple
traditional textiles. These textiles are better known as technical textiles as their
primary function is to delier technical value and their aesthetic and decorative
properties are not importafjd]. Some categories of these textiles requiring
antimicrobial properties are discussed below.

1.1.1Medical textiles

Medical textiles are one of the categories of technical textiles. Combination of
strength and flexibility of textiles have been utilized to design products that can
meet the requirements of medical and surgical end use. Medical textiles include
products that range from simple yarns (mono and multifilament) and fabrics
(woven, knitted and nonwoven ets) to complex composite strudtjrelgledical

textiles can be broadly classified into four categories: r(@h implantable
materials, e.g bandages, plasters, wound dressings, (2) implantable materials, e.g
sutures, artificial joints, vascular grafts, (3) extra corporeal devices, e.g artificial
kidney and liver ets, (4) healthcare and hygiene products, etgngpbed sheets,
gowns and wipep5].

Clothing and gowns of the nursing staff is one of the possible source of
contamination and infection to other patients as they can carry bgd&erlais
estimated that nosocomial infections cause three million deaths per year and 1 out
of 10 patients in Europe get hospital acquired infectjéhsSince texte products
are common in the hospital environment and are also in close contact with
patients and health care personals, they can easily be contaminated with different
microbes originating from different body fluids of patients and transported with
the arrier to other$6].

1.1.2 High performance textiles for aerospace applications

The application of textiles in various high tech areas including aerospace,
automotive, protective clothing, textile réanced composites and wind mills etc,

has also increased with the development of high performance fibers. High
performance fibers have excellent mechanical properties, thermal and chemical
resistance combined with flexibility which is characteristic ofitexnaterials and
structures. Kevldr, Vectrarf, Spectr and Zylorf are some of the examples of
these fiber$7].

Light weight, strong and flexible structures are of particular importance when
it comes to space missions and protection from microbes is of great importance in
aerospace applications of high performance textiles. Inflatable habitat module for
space statios is an excellent example exploiting these properties of high
performance polymeric fibers. This module is designed to occupy small room and
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has minimal payload on the rocket during launch and after being in space can be
expanded to provide more volume ttee astronauts to live and work. The first
LQIODWDEOH KDELWDW PRGXOH NQRZQ DV *%LJHORZ
% ($0 ~ VKRHdurdlChas been attached in A2016 to the International
Space Station (ISS)8]. It consists of aluminum structure with two metal
bulkheads and multiple layers of fabrics with spacing between the layers
protecting an internal rasiint layer. Vectrafi and Kevlaf are ideal candidates to
be used in its constructidi®]. This module will undergo investigations over a
period of two years of test mission. During this period, astitsnaill spend few
hours from time to time to collect sensor data and surface samples to evaluate its
performance regarding protection against solar radiation, extreme temperatures
and space debris. The surface samples collected by the crew will be aralyzed
assess microbial growth in the inflatable moddl@ .

Figurel ,QIODWDEOH KDELWDW PRGXOH 2%LJHORZ ([SDQGDEOH
attached to the ISS in 2016, imagese NASA website [8]

Several studies have confirmed the presence of different types of bacteria in
space. The presence of bacteria can pose not only health threats to the astronauts
but can trigger degradation of different materials of the space stathrding
polymers.Novika et al[11] reported the results of a six year study, conducted on
554 samples collected from air and surfaces of ISS, for the presence of bacteria.
They reported a total of 36 bacterial species recovered from surface samples
whereas 15 bacterial species were founthénair samples. Various fungal species
were also found in the samples collected from surfaces and air of the ISS. 32
fungal species were detected in the samples from the surfaces whereas 5 fungal
species were recovered from air samples. Some of theesp#t can cause
polymer deterioration and be corrosive for metals were also detected, however,
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the concentration of all of these bacterial and fungal species have been reported to
be less than the permissible limifsl].

Several factors can increase the threat of infection caused by microbes during
space missions. Bacterial growth may increase in microgravity and may require
increased minimum inhibitory concentration of antimicrobial agents. Human
immune system may also change during space tf@#l Most of the water as
well as air is reclaimed in space stations and relative crowded conditions can
further increase the risk of microbial infectigi3]. Most of these studies address
disease causing (pathogen) bacteria. However, the ability of these pathogenic
bacteria to survive and affect a host or the others is also partly dependent on the
existence of nonpathogenic bacteria in the host or the others. It was reported that
most of the human related built environment associated nonpathogenic bacteria
behave similarly, regarding their growth patterns, both on earth and onboard
International Space &tion (ISS).Coil D.A. et al.[14] studied the growth of 48
nonpathogenic bacterial strains on ISS that were collected from different built
environments on earth and sent to the ISS via Falcon 9 vdké&trim April 2014.

They reported that 45 out of 48 bacteria showed similar growth behavior and
kinetics both on earth and at ISS. Since environmental conditions in ISS are
maintained close to that of on earth, vast majority of bacteria behaved sinmilarly i
space and on earfh4].

Bacterial and fungal species found in space station may have the potential to
deteriorate polymeric materials. Polymeric materials used in electronics circuits
and fiber reinbrced composites are susceptible to bio deterioration as they can
support bio film formation by providing organic carbon as a nutrition source.
Biofilm formation and possible deterioration of polymeric materials have been
assessed using qualitative tests loss of mechanical integrity has not yet been
assessed as currently available methods for mechanical characterization are not
applicable due to very slow biodegradation riiés.

Despite these microbial threats, continuous improvements and effective
measures have contributed to provide safe environment in the space $ficjons
Therefore, the increased use of textile fabricagdenof high performance fibers, in
aerospace applications highlights the importance of antimicrobial coatings on
these fabrics to provide biologically safe environment in space. The Rendr
Vectrarf woven fabrics used in this study were intended toidesl in aerospace
applications, especially in the inflatable habitat module. However, very little has
been reported on antimicrobial functionalization of fabrics made of high
performance fibers as most of the work in literature is focused on antimicrobial
coating of traditional textiles made of cotton, polyester, nylon etc.
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1.1.3 Textiles in filtration

Various types of textildased woven and nemoven materials are used in water
and air filtration. Among these materials, activated carbon fibers and fabrics
constitute an important category. Activated carbon fibers and fabrics (ACF) are
known for their high specific surface area as a result of surface porosity and
excellent adsorption capabilities due to which they are widely used in waste water
treatment anair filtration. However, ACF may support the growth of different
microbes on its surface which reduces its adsorption capacity as well as becoming
itself a source of contaminatidi6]. The intended gpication of the activated
carbon fabric used in this study was air filtration to improve the quality of air for
personal use, in various transportation systems and particularly closed
environments like space stations.

1.2 Antimicrobial functionalization of textiles: Process
perspective

Various antimicrobial agents and coating techniques have been studied for
antibacterial functionalization of textiles as are described in detahamext
chapter. Most of these textile treatments and coating techniguel/anwet
processes. These processes rely on heavy water and energy consumption and
hence produce waste water containing potential hazardous chemicals. This implies
additional costs for waste water treatments or danger of being released to the
environment. Moreover, subsequent drying process for the textiles becomes
compulsoryand this increasdbe overall cost of the process.

Among all industrial sectors, textile industry is known to be the most
polluting sector in terms of high volumes of water constiompand waste water
production Waste water produced by textile processes is complex and diverse due
to wide variety offibers, dyes, process auxiliaries, and finishing treatméhts.
Additionally, corcern over environment friendliness of textile processes has
increasingly grown up as guidelines by environment control authorities has
become more and more stringefit8]. This provides a driving forceof
innovations in textile processes and technologies.

Most of the water consumption takes place in dyeing and finishing of textiles
which may vary from 70 250 I/kg fabric depending on textile process being
applied. The amount of chemicals used may aoyn 10% to 100% on the
weight of the fabric whose residues end up in the waste effluent of textile
processes raising environmental concerns. Textile processes also produce other
hazardous solid and air pollution. However, waste water production stards hig
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among all other waste streams in textile indugli§]. Therefore, more research
efforts are focused on textile process improvements and innovations.

The focus of process developments shifted from20@0 approach of mass
production, consistency and profitability to the process innovations having less
LPSDFW RQ HQYLURQPHQW 7KH WHUPV 3FDUERQ DQG :
WHUPLQRORJ\ IRU H[DPSOHV 30LWHU SHU mdsORJUDP " IF
environment friendliness of textile processes to quantify the impact on
environment so that everything cannot be dressed up as green. This will finally
lead to lowering the overall costs as process innovations will reduce the costs
related to heavy war and energy consumption, waste water treatment and air
emissiong20].

It is due to this @ason that projects focusing annovations in textile
manufacturing and finishing processes with respect to water and energy
consumption are increasingly gaining funding from public and private
organizations. A project by North Carolina State University College of Textiles
was awardedecently with research grant from Walmart Foundation. The project
aims at designing a sustainable commercial textile dying method with 95% saving
in water and energy without producing effluent. The fabric will be dyed in single
step by converting the dyeath into a foam and eliminating the need of washing
and drying[21]. Companies advertise the ability of their textile processing
machinery to eliminate the need of additional processes as their conepedige.
Albergo digital textile printer by Kornit is an examg?]. The company claims
to challenge the textile industry status quo as their roll to roll digital printer can
print the fabric in a sifg step with no need of pretreatment and post printing
washing. The fabric can be printed in shortest possible time saving water and
energy and thus bringing the whole printing line in a single step.

Summing up, more research has been focused on ecofripratlesses that
can potentially replace traditional processes. In this regard research addresses
following main areas: (1) reduction in water and energy consumption, (2) heat
recovery, (3) water reuse in textile processes, (4) efficient utilization @frialat
and avoiding hazardous chemicals. Since presence of some species in textile
waste water, as highlighted in literature, may lead to problems in waste water
treatment plants due to inhibition of microbial activity. Therefore, research is also
addresmg the substitution of hazardous chemicals with nonhazardous or at least
chemicals with relatively less hazard potential to be used in textile pro¢g9kses
In addition, presence of metal nano paes, from residual textile processes, may
affect the efficiency of biological treatment plants leading to their failure. On the
contrary, with the advancements in nano technology, the use of metal
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nanoparticles has increased in textile products to agldesired properties. This

has exaggerated the risk of more contaminants in textile waste streams. Therefore,
other than substitution of hazardous chemicals and wet processes improvements to
reduce water consumption and waste water production, compdeyehrocesses

are of particular interest especially for finishing treatments of textiles. Plasma
based processes are one of the most attractive emerging alternatives for traditional
wet textile finishing treatments that can deliver promising benefitsdegpthese
issues.

Plasma based processes has long been used to modify and functionalize the
surfaces of various substrates. Wide variety of plasma processes are available both
at low and atmospheric pressures. Initially in the field of textiles, plasmase
primarily to activate the surface of the textiles by generating radicals to assist and
promote subsequent wet chemical processes. Today, single step plasma based
processes have been developed that can be used to apply different textile finishes
and coatings thus eliminating the need of additional processes. In addition,
chemical inertness and high crystalinity of some high performance fibers like
Kevlar® and Vectrafi may make it difficult to apply finishes through traditional
processes involving orge reactiong23]. However, plasma processes can easily
modify or functionalize the inert surfaces and are limited to top 100 nm of the
surface and thus bulk properties of the textiles are pres¢@4dDepending
upon the type of the plasma gases and precursors that are fed, different surface
treatments ranging from mere surface etchinghgsical sputtering to plasma
polymerization can take place dretsurface of the textile substraf2d].

Plasma etching, surface functionalization and plasma polymerized coatings
are intensively studiedand equipmentcan be found commercially, although not
widely acceped, fortextile industry. However, plasma based metallic deposition
techniques, for example sputtering, are not yet fully exploited in the field of
textiles. Sputtering is a Physical Vapor Deposition (PVD) technique, extensively
used to deposit a varietf coatings ranging from thin films in electronics to hard
coatings. Sputter depositions, although widely reported on metallic and glass
substrates, were rarely reported on text[l2§ [26]. However, an increase in
number of publications on textile functionalization using sputtering has been
observed during past few years due to its environment friendly nature and
diversity of functimal coating that can be applied. Nevertheless, the number of
these publications are far less than those reported for textile functionalization
using wet processes. This thesis work focuses on antimicrobial functionalization
of technical textilewvia sputteing.
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1.3 Requirements for antimicrobial coatings

Ideally, antimicrobial coating or finish should fulfilthe following key
requirementg2]: (1) it should be effective against a wide varietynatrobes
including various bacterial and furlgapecies, (2) it should be nmoxic to
humars, (3) the coating should be durable to laundering, (4) it should not
deteriorate textile properties (5) coating method should be environment friendly.
Practically t is difficult to combine all these characteristics in single process.
Especially, durability to repeated washing is perhaps the greatest challenge.
However, it is equally important for the coating process to be environment
friendly as it should not releasharmful and toxic substances to the environment.
Moreover, the process should be efficient in water usage and energy consumption.

1.4 Obijective of the thesis

The objective of this study was to achieve effective antimicrobial coating on
technical textiles while preserving typical bulk properties of textiles, via an
ecofriendly Radio Frequency (RF)-sputtering technique. The research work of
this thesis wagpatrtially carried in the frame work of an Italian project named

MARTe Materiali Antibatterici (ger) Rivestimento (di) Tessuti (PAR FSC
2013 Asse-|, QQRYD]LRQH H 3 0, ,QWHUYHQWL D VRVWHJIQR

The deposited coating was a composite coating comprised of silver nano
clusters embedded in the silica matrix obtained viamdteriry. Different metals
in free state or in the form of compounds exhibit antimicrobial effect against
microbes at very low concentrations. Silver has antimicrobial performance
reported against a wide variety of microbes and has also been known and used as
artibacterial agent throughout histof®7]. Silica was used to provide the matrix
of the composite coating as it has good thermal stabilitgobnpatibility and it is
nontoxic andnert. These propertiesf silica make it ideal candidate to be used as
matrix to achieve additional functionalities by incorporating active agents in it
[28]. Additionally, embedding functional agents in the silica matrix can provide
stability against chemical attacks, light and h¢a®] whereas polymeric
antibacterial agents may reduce the thermal staloiithe treated fabrig30].

Silver can either be applied on the surface of natural and synthetic fibers
during finishing and coating or it can be incorporated into the polymer matrix of
the synthetic fibrs before extision. Incorporation o$ilver in the matrix of the
fibers can limit its availability for biocidal action whereas surface treatments of
textiles with metals through wet process also have serious technical and
environmental consideratiorf2]. Moreover, most of the surface treatments of
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textiles with metal nanopatrticles are multistep proceanvolving synthesis of

metal nanopartiels and their application method which are not always
environmeral friendly. Most of these processes involve reducing agents,
stabilizers and other chemical auxiliaries that may be hazardous along with
necessity of high water usage and thus waste watetugtion. In addition,
application of Ag NPs from a solution may not give uniform results depending
upon the nature of the textile substrates. Silver uptake from a solution is favored
by amorphous structure and the presence of functional groups on fikeresur

Due to this reason ldyophilic fibers can absorb greasmnount of silver particles

than hydrophobic fiber§31]. Coating by sputtering may offer solution to these
problems and this work will prage an evidence that uniform application of silver
nanoclusters on different fabric surfaces can be achieved irrespective of the nature
of fabric substrate. This thesis work will exploit the potential of the silver
nanoclusters/silica composite coating txtile substrates and explore the key
strengths and weaknesses of the deposition technique on textiles. The coating is
obtained through novel esputtering technique of silver andisd originally
GHYHORSHG E\gfoudial Rqlitecnico di Torinand previouslystudied

on other substrates.
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Chapter 2

Antimicrobial textiles: state of the
art

This chapter will provide a state of the art description of the different types of
antimicrobial agentsnost commonlyused inthe textile industry. The merits,
demerits and possible mechanism of action of these agents is highlighted.
Various textile surface modification processes are also descAbeaktempt has

been made to incorporati@test advancements anesearchtrends in he
application of these antimicrobial agents tdaextiles Since silver was the
antimicrobial agent used in this study, therefore, it has been discussed in detail.
Latest trends in the synthesis of silver nano particles for textile applications, their
release behaviorfrom textilesin different types of fluid (waterartificial sweat,

soap etc) has beemscussed with reference to availalierature

2.1 Two broad categories of antimicrobial coatings

Antimicrobial coatings can be broadly divided intaot categories namely
leaching and noteaching type of coating depending upon whether the
antimicrobial agent leaches from the coating or is permanently attached to the
surface. In leaching type of antimicrobial materials, the agent responsible for the
animicrobial action is leached into the surrounding for killing the pathogens
through chemical interaction. These kind of antimicrobial agents require
minimum inhibitory concentration (MIC) of the leached antimicrobial agent for
the antimicrobial action toazur. Below this concentration no antimicrobial action
occurs and antibiotic resistance can develop in microorganisms after repeated
exposure to these antibiotics. Leached agents can also cause sensitization to the
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patient when applied in medical applicais [32]. Another disadvantage of
leaching antimicrobial agents is that these are not usually chemically linked to the
fabric surface, therefore, they cannot withstand repeated washing processes and
their antimicrobial efficiency is dependent on the conadidn of these agents
present orthe textile surfacg33].

In nonleaching type of antimicrobial materials, the antimicrobial agent or
additive isbound to the surface or the polymer. These bio active materials work
only when the microbes come in direct contact with the surface of these materials.
Their mode of action depends on the physical interference with the bacterial
structures that destroysdiarial cell wall and cell structure due to direct contact
of the bacteria to the antibacterial surface. However, their exact mode of action is
not exactly known. Another benefit of ndegaching antimicrobial materials is that
they are not yet reported tocrease microbial resistan¢82]. Majority of the
antibacterial agents used in textile industry are of leaching type. Consequently,
antibacterial activity is not durable dteegradual release of aggé agent from the
coating leading to decrease in its concentration on the textile and finally loss of
the antibacterial action[34]. Even in case of neleaching agents, the
antimicrobial activity may decrease due to several reasons including presence of
dirt and dead microorganismi33]. Majority of the coatings applied to texslare
of leaching type where antimicrobial agent leaches from the coating and cause
bactericidal action.

2.2 Different antimicrobial agents for textile
functionalization

2.2.1N-Halamines

N-Halaminesstarted to be studied as an effective biocidal aged®80s. They
are interesting as they are nontoxic to humans and are rechar@ablél-
Halamines are generally formed by the halogenation of amine, imide or amide
groups so that @anor more covalent s are formedbetween the halogen and
nitrogen. Biocidal activity of these -Nalamines depends on the oxidative
properties of these dNalogen bonds. The oxidative reaction occurs when
microorganisns come in contact with NHalamines that leads to inactiiat of
these microorganism86]. Direct transfer of halogen from-Nalamines to the
cell membrane of the microorganisms can lead to cell dg&dh There is a
variety of NHalamines but they can bepresentedy a general structuras
follows [37]
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where R1 and R2 can lamorganic or inorganic group, Cl, Bror Hand X is Cl,
Brorl.

The advantage of using HNlalamines is that the consumed halogens can be
recharged byanother halogenation treatmetithas been shown that the coating
recharged even for 50 times exhibit the same level of antimicrobial action as that
of freshly applied coatm It is due to this reason thatHlamines are widely
used as disinfectants in different fielf®86]. The chlorine loading was found to
decrease from 0.35% from unwashed coatdtbiedo 0.09% after ® washes for
which 51% chlorine loss was restored upon rechlorinaf®s). They can be
regenerated after treatment with solution of sodium hypochlorite. Their stability in
agueous solutions is very gooand are considered to be effectivaaiagt wide
spectrum of microbg83].

The limitations of traditional wet processes forhBlamine applications, as
wet processes consume excessive amounts of meyngewilting in high cost,
pollution and health and safety problems, have driven efforts to search for other
application routes of NHalamines on textilesXi G et al.[33] fabricated N
Halamine coating on plasma activated polyester fabric in a solvent free vapor
phase assisted polymerization (VAP) process. In VAP, the initiator is immobilized
on the solid surface and monomer is gasified to deposit a thin polymer layer on
the surface. The monomefor N-Halamine, 3allyl-5,5-dimethylhydantoin
(ADMH), was heated to vaporize in a vacuum flask in which polyester fabric was
hanged. Afer VAP, the fabric was treatedith NaClO solution to obtain
halogenized fabric. The treated fabric resulted in 80 daaton in the growth of
S. aureusand E. coli. More than 60 % bacterial rediont was retained after 30
washing cycles[33]. N-Halamine coating on cotton fabric have also been
achieved via LbL coatings will described in the respective section below. The
rate of antibacterial activity of so coated cotton fabric has been reported to be
higher than other antibacterial agents. It was also shown by the authors that
cationic and anionic Nhalamine polymersvere not irritant to rabbit skin and
therefore, suggested to be safe antibacterial ag8@sis In another study N
Halamine chitosan derivative was prepared which was further quaternized to
prepare catioic polyelectrolye which was deposited by LbL method on cotton
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fabric. The treated cotton showed 100% bacterial reduction agaiastreusand
E. coliin one minute contact tin[&9].

N-Halamines, botimonomeric and polymeric (cyclic as well as acyclic) have
demonstrated durable and regenerable antibacterial functions. However, it has
been found that acyclic halamine structure was more vulnerable to hydrolysis
during repeated washing as more than 70%efamide groups/ere hydrolyzed
after 50 washing cyclesCopolymers containing Mhalamines havelso been
synthesized in order to obtain ideal water soluble compounds with improved
antibacterial efficacy. Water solubility can make the application prassand
relatively ecofriendly [39]. Various types of NHalamines having polyacrylate,
polystyrene, polysiloxane and poly(oxyethylene)s as polymeric backbones have
been reported to be usgdl]. Liu et al.[39] grafted cotton fabric with a water
soluble NHalamine precursor monomer  -&rylamidopropyl)
trimethylammonium chloride), coaning both NH and quaternary ammonium
groups, via radical polymerization. The-HN was then coverted to NCI by
chlorination. Quaternary ammonium compounds themselves have antimicrobial
effect and are used as antibacterial agents in textile roatitihs Therefore,
treated cotton fabric showed bacterial reduction of 96.08 ¥%Sfoaureusand
48.74% fork. coliO157:H7within 30 min contact time which increased to 100 %
within contact time of 5 min upon chlorination. The bactericidal action based on
oxidative chlorine transfer from NHalamine to bacteria was much stronger than
bactericidal action based on electrostatic interaction between positively charged
guaternary ammonium group and negatively charged bacterial cell surface. The
advantage of this comimtion is that a certain level of antibacterial effect,
although moderate, will be there because of quaternary ammonium groups even if
all the chlorine of NHalamine is consumg@9].

2.2.2Chitosan

Chitosan is a biopolymer extensively used for antibacterial functionalization of
textiles. It is synthesized from chitin, a polysaccharide and main component of
crustaceans shells. Deacetylation of chitin produces chitosan by converting acetyl
amineto primay amino group$41]. The chemical structure of chitosangisen
below[42]

It is known for its unique properties as it is biocompatible, biodegradable,
nontoxic and bioactive. Its antibacterial action depends on protonization of its
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amino groups due to which it acquires positive charge. The electrostatic
interaction between pdsie charge of the polymer and negative charge on
bacterial membrane is considered to be responsible for antibacterial action.
Therefore, it displays its antibacterial properties at low pH (<6). In addition, its
agueous soluhtl is also limited to low pHThis limits its antibacterial properties

in alkaline and neutral mediufd3]. Moreover, chitosan coatings on textiles have
poor durability. Sometime crosslinking agents are used to improve duralbility o
chitosan coatings on textilg41]. However, crosslinking agents can deteriorate
the mechanical properties of natural fibers like coftsh.

Chemcal modification of chitosan can improve its bioactivity and aqueous
stability. Quaternization of the amino group of chitosan is one such modification.
Quaternary ammonium derivatives can impart positive charge permanently on the
polymer backbone. The pessce of permanent charge on polymer can improve
the binding with the negative charge on the bacterial cell membrane leading to its
disruption and cell deathN,N,N-trimethyl chitosan (TMC), a quaternary
ammonium derivative, was applied to polypropylene paolylactide nonwovens
by layerby-layer (LbL) technique. The fiber surface was first grafted with acrylic
acid to give negative charge to the surface to develop electrostatic interaction with
TMC. Antibacterial properties of the treated nonwoven fabviese verified
againstS. aureug43]. Quaternizatiorof chitosan is also reported with quaternary
ammonium compounds (QAC). The grafting of QAC on chitosan may result in
increased number of quaternary ammonium groups per chitosan Ainit.
guaternary ~ ammonium compound, Poly[2-(acryloyloxy)ethyl]trimethyl
ammaium chloride, was grafted on chitosan backbone and applied to wool
fabric. Wool fabric was first treated with Polystyrene sulphonate to introduce
anionic cites on the surface for further grafting cationic chitosan derivative. The
treated wool fabric wasotind effective againsS. aureusand Klebsiella
pneumoniaePretreatment of wool fabric with styrene sulphonate was important.
Without styrene sulphonate pretreatment, the application of chitosan deivati
was removed within 5 wasly cycleswhereas pregated fabric was reported to
maintain antilacterial effect up to 5 wastg cycles[45].

In another study, chitosan was modified to chitosan phosphate and applied to
cotton fabric in combination with T#®ONPs. The treated fabric showed good
antimicrobial properties against the tested microbial strains and synergistic effect
of both TG DQG FKLWRVDQ SKRVSKDWH ZDV REVHUYHG RQ
properties[44]. As antibacterial effect of chitosan alone is not as prominent as
other antibacterial agents, its efficiency can be enhanced by combining it with
some other antibacterial agents. In this regard, chitosan derivatives with N
Halamines were repted to be very effective in achieving 100 % bacterial
reduction in 1 minute contact tinjd8]. Chemical structure of chitosan is similar
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to that of cellulose, another polysaccharide, with the differémateacetylamine
group replaces one of the hydroxyl groups in celluld$erefore,it is studied a

lot for antibacterial functionalization of cotton fibers to obtain tailor made
properties but it can cause yellowing and impart stiffness to the fabrito dugh
weight add orj41].

Generally, chitosan is applied by impregnating the fabric in chitosan solution
and then thermally curing it. Environmental considerations in textile finishing has
driven the research attention to process innovations that are green and consume
relatively less water and energ¥errero F. et al.applied UV radiation to cure
chitosan replacing thermal curingl]. Cotton fabric coated with UV cured
chitosan showed good antibacterial properties. UV curing@ aisproved
durability of the chitosan coating. First, the curing was done on dried samples and
in inert atmosphere as is required for radical cubegauseresence of oxygen
and wet conditions are considered worse for radical reactions. Later, curing was
also done on wet samples and in air in a scaled up process. Total bacterial
reduction was achieved with these samples and antibacterial activitynegimai
unvaried even after 30 washing cycl@he authors suggested UV grafting of
chitosan as a sustainalpieocess.

2.2.3Quaternary ammonium compounds

Quaternary ammonium compounds (QACs) are known to have antimicrobial
activity since 1930. QAC can induce structural and functional changes in the cell
wall and leakage of intracellular components. QACs exlaibitbacterial action

by adsorbing and penetrating throulghcterial cell wall, binding tdipid and
protein members of cell membrane, leakage of intracellular components, protein
and nucleic acid degradation and release of autolytic \vi]s They are reported

to be effective over wide pH range and against Gram positive, Gram negative
bacteria, molds and yedgt7]. An example oQAC (mono quaterngrammonium

salt: alkyltrimehylammonium bromidejs show below[42]

The length of the alkyl chain can influence the antibacterial properties of
QACs. The silk fabric coated with quaternary ammonium salt (QAS), via graft
radical copolymerization, having alkyl chains of different lengths (C8, C12 and
C18) showed different levels of bacterial reduction agatsareusand E. coli
[48]. QAS with longer alkyl chains showed higher level of biocidal action.
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Bacteria can adsorb on fabric surface, treated with these cationic biocides, through
ionic interaction and alkyl chains can penetrate the cell membesudting in
inactivation of bacteria. Phospholipids and membrane proteins, with alkyl chain
lengths of C12C20 with two fatty acid ends, are the two main components of the
cytoplasmic membrane of the microbes. Due to this reason, longer chain alkyls of
QAS can be attached to the surface of microbes in aasesémbled manner
through hydrophobic affinity between alkyl chains and phospholipids of bacterial
cell membranes leading to higher antibacterial action for QAS with longer chains.

In another study, caih fabric coated with long chain quaternary ammonium
salt hexadecyltrimethyl ammonium bromide was found effective against five
fungal strains[29]. Whereas cotton fabric treated with glycidyltrimethyl
ammonium chloride (GTAC), a shorter molecule, was not as effective adgainst
aeruginosa(Gramnegative multidrug resistant bacteria) as it was agé&sst
aureus(Grampositive) andS. typhimurium(Gram negative) in antibacterial test
conducted by coloniesofming unit (CFU) method. Further, no inhibition zone
was observed in any case in disk diffusion test. However, additional treatment of
GTAC treated cotton fabric with silver NPs with a cross linking agent improved
the antibacterial efficacy to the extetitat it completely killed all the tested
bacteria in CFU method and a clear inhibition halo was observed against all the
tested bacterial strains in disk diffusion meth86d]. This shows that synergy in
moderate antibacterial effect of QAS can be achieved by combining them with
silver NPs. Possibly, longer chain QAS inactivate bacteria both by binding them
to the surface as well as by penetrating the bacterial cell strydi§jreLonger
alkyl chains promote hydrophobicity and can have enhanced penetration through
hydrophobic bacterial membranes through hydrophobic interaptign On the
other hand, shorter QAS may inactivate bacteria mainly by adhering them on the
treated surface due to interaction between positive charge on QAS and negative
charge on microbial surfad@0]. This may lead to less significant antibacterial
action of shorter chain QAS which can be improved by Ag NPs incorporation as
they can penetrate bacterial cell membrane and thus enhance cell permeability
concurrently providing synergy in the effect.

In another sidy, zinc oxide sol containing diallylmethyl alkyl ammonium
bromides,with four different alkyl chain lengths (C12, C14, C18, C18), was
applied on cotton fabri¢49]. The antibacterial activity, oppositto what was
reported in[48], was found to decrease with increase in alkyl chain length of
QAS with minimum level for C1&n0O. The authors attributed the difference in
antibacterial effect to particlsize and dispersity of ZnO sol and dissolution of
ZnO from treated fabric which was found to vary with alkyl chain length.
Therefore, longer chain length of QAS may not be the sole cause of decreasing
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level of antibacterial effect. Alkyl lain lengths mayhow differenteffect on
antimicrobial activity of different QACs. A review Bijischer Met al discussed in

detail the structuractivity relationship of various QACs towards different
microbes. The review mentioned that antibacterial activity of QACy var
considerably against different bacterial species and may increase, decrease or
have no correlation with varying alkyl chain lengf4§).

QAC have also been applied in combination with other inorg&iis.
Antibacterial finish comprising QAC based Ti@as applied via sejel route to
cotton fabric. The treated fabric showed strong antibacterial effect against Gram
positive and Gram negative bacteria, however, washing stability of the coating
was not atisfactory[47]. Washing stability of the biocidal coatings is the main
issue confronted by almost all types of antimicrobial agents including [Q8|S
as QAC may b easily removed by diffusion @fater[49]. Washing stability can
be improved by formation of nemydrolysable covalent bond beten QAC and
the fiber surfaceAn antimicrobial finish comprising sodium aliginate QAC
complex nano particles applied to cotton fabric was repottednaintain
significant antibacterial effect (99% bacterial reduction) after 30 washing cycles.
Nano sized colloidal of sodium alginat&A) and 3(trimethoxysilyl)propyt
octadecyldimethylammonium chloride (TSA), a quaternary ammonium
compound, was synthesized using ionic gelation method with,Gadl applied
to cotton fabric via padry-cure method. The authors attributed the improved
adhesion to covalent bond formation between hydroxyl groups on cotton fiber and
silanol groups of SATSA nanoparticle complex formed due to partial hydrolysis
of trimethoxysilyl groups. In addition authors reported enhanced antibacterial
efficiency which thg linked to NP formation. NPs of SASA complex may
result in high positive charge density for improved electrostatic interaction with
negative surface of bacteria and long chain of QAC may promote hydrophobic
interaction with cytoplasmic cell membrafi).

Incorporating the functional agent in organosilicon is one of the approaches to
impart some durability to the coating as organosilicon coatings are considered to
bind well to the fibers. Applying theame approach, cotton fabric was modified
with quaternary ammonium salt and Tetraethoxysilane (TEOS). The treated fabric
showed high hydrophobicity due to siloxane layer formed on the surface of cotton
fabric but the reported washing stability was not ssa#y as good as claimed
by the authord29]. The other potential disadvantage of QAS is that tensile
strength of fabrics treated with QAS may be decreased. High temperature curing
of QAS can cause adrease in the tensile strength of the protein fibers like silk
due to breakage of peptide bonds at high temperpagfeCellulosic fibers were
also found to lose tensile strength upon treatment witB [29].
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2.2.4Triclosan

Triclosan, diphenyl ether derivative known agtBoro-2-(2,4-dichlorophenoxy)
phenol, is another synthetic antibacterial agent used in a wide variety of personal
care and houseld cleaning products including textiles. Triclosan is reactive
towards chlorine and ozone and photo unstable. As an antibacterial agent, its
activity is attributed to the inhibition of lipid synthesis enzymes in microbes
whereas some bacteria can alscciivate triclosan and hence it is regarded as
biodegradable alsfbl]. Triclosan is a synthetic odorless chlorinated bisphenol
with chemical structure given as folloj42]

In a comparative study, cotton fabric modified with tetraethoxysilane along with
triclosan exhibited higher biocidal activity against fimelds than that was shown
with tetraethoxysilan@alongwithQAC treatment. However, washing performance
of the fabric modified with triclosan was very poor as novégtiwas observed
after 5 wasing cycles[29].

Although antibacterial properties of triclosare aeported against a range of
Gram positive and Gram negative bacteria, it has poor water solybilifythat
can give rise to problems in its formulations and sgbest application to
textiles.To improve the solubility and to enhance the binding of triclosan with the
fabric, cotton fabric has beeWUHDWHG ZLWK WU L FdURN WRIHWKHU
derivative. The modification wasarried in two ways. In one cotton fabric was
first grafted with mond- K O R U R W 4dyclodéx@ih Ohaving vynilsulphonic
functional group and then soaking the so obtainbddan triclosan solution. In
second approach, solutions of both triclosan and tbgclodextrin were mixed
first and then grafted on the fabric sagé. The fabric modified using second
approach was more resistant to washing whereas significant loss of antibacterial
activity was observed after two washing cydesthe fabric modified using first
approach52].

The binding oftriclosan with synthetic fibers can also be increased after
plasma pretreatment of the fabric surface. Plasma treatment can produce surface
roughening and induce functional groups on fiber surface that may increase
wettability with the applied coating material. Plasma pretreatment of polyester
(PET) fabric resulted in increased wet pick up of the triclosan solution and hence
increased antibacterial activity was observed compared with the fabric coated with
triclosan without plama treatmenfi53]. Another approach to increase durability
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of the applied finish is to use cross linking agents which are usually small
molecules. Crosslinking agents may contain several functionapgnehich can
chemically react with other functional groups on polymeric materials. However,
crosslinking agents, for example formdigde basedmay not be safe and
environment friendly. Two polycarboxlecids, 1,2,3,9utanetetracarboxylic acid
(BTCA) and citric acid (CA), were used as crosslinking agents in the finishing of
cotton fabric with triclosan to increase the durability of the finiSH]. The
durability of thefinish applied using BTCA wasnuch higher than the finish
applied with CA as it was able to show 100 % baakereduction after 50
washing cyclesBTCA has four carboid groups and resulted in higéross
linking yield as compared to & However, cross linking agents decreased the
breaking strength of the cotton fabric. The disadvantage of triclosan is that its
higher dosage and long term exposure can cause bacterial resistance to increase.
Moreover concerns has been raised over byymtsdobtained by degradation of
triclosan in the environmeif51].

2.2.5Natural antimicrobial agents

Natural antimicrobial agents are also gaining attention of the researchers due to
different undesiredenvironmental and toxic effects associated with synthetic
agents. They are considered to be less toxic and environment friendly as they are
biodegradableThey can be obtained from natural resources and include plant
extracts, natural dyes and spicddowever, they are reported to have non
standardized antibacterial effect and are not available in quantities to fulfill
industrial requirements. Some of them may also be smdlf}. Natural
antibacterial ompounds include polyphenols and phenolics, alkaloids, essential
oils, polypeptide, polyacetylenes, lactins and terpeni@ds[55] [56]. Chitosan,

one of the famous antibacterial agents used for textile functionalization, also
belongs to this categoifyb]. With the passage of time, bacterial susceptibility to
existing antimicrobial agents is decreasing resulting in evolution of multidrug
resistant bacterigb5]. Whereas, antibacterial resistance hasyabbeen reported
against natural agents probably due to their antibacterial action hasedltiple
mechanisms. Althougbxact mechanism of action of these agents is not yet fully
known, various inhibition mechanisms have been prop[&&id

Various plant based antibacterialextracts have been reported to be used for
textiles. Cotton fabric was finished with Aloe vera gel with 1, 2, 3, 4
butanetetracarboxlic acid (BTCA) as cross linking agent and ateita
properties were verified agairSt aureusandE. coli. High weight add on (7%) of
Aloe vera was required for bacterial reduction of up to 99%. At 3% weight add
on, bacterial reduction was 90%ntibacterial activity was decreaseni50% after
8 repeated washing cycle®ther than high weight add on, 44% decrease in the
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tensile strength of the fabric was obsery&d|. In another study, cotton fabric
treated with curcumin (1;dis(4hydroxy-3-methoxyphenyl}1,6-heptadienes,5
dione), a turmeric based natural compound, exhibited antibacterial properties
againstS. aureusandE. coli[58]. Extract ofOcimum sanctum leaves (Tulsi) was
also appliedo cotton and cotton/polyester blended fabric using glutaraldehyde as
crosslinking agent and sodium hypophosphite as catalyst. A maximum of 95%
and 85% bacterial reduction was achieved agafistaureusand E. coli
respectively. The wasig durability ofthe fabric was reported to be p¢66€].

Various plant based dyes also possess antimicrobial properties. Natural dyes
rich in naphthoquinones and tennimave been shown to exhibit antifungal and
antibacterial propertig4]. Although many of the plants used to extract dyes are
described as medicinal, the study of antibacterial potential of the dydsfarse
textile purposes was not usually considemedhe past. Antibacterial properties of
5 different natural dyes available commercially in powder form were evaluated by
Singh et alagainst five common bacteria. Some of the dyes were effective against
al the tested bacteria, some were selective in antibacterial action and one showed
no activity against any bacterium. However, when these dyes were applied to the
wool fabric, the level of their antibacterial effect exhibited in solution form
decreased gatly. The authors suggested that dye concentration on fabric could be
less than the minimum inbitory concentration (MIC) of5-40 pg whereas
maximum dye concentration on fabric was reported to be 9.2% on weight of
fabric [60]. There are also some disadvantages associated with natuseasdye
they impart poor quality colors and show poor fastness properties due to
heterogeneity and complexity of their structures. It is also difficult to reproduce
different shadeg61]. Naturalbased colors are rich in diverse active compounds
including tannins, alkaloids, curcuminoids, quinines and flavonoids. Various plant
based extracts based on these active compoalotg with various anchoring
agents for application to textiles and current challenges have been discussed in a
comprehensive reviey6?2].

2.2.6 Metal nano patrticles

Heavy metals are known to be toxicr fmicrobes at very low concentrations.
They can be used either in metalBtate or in the form ofalts [2]. Since
properties of materials change dramatically at nano metric scale, extensive
researchd being made to exploit unique properties of metalo particlesNPS.
Consequently large number of studies report functionalization of textiles with
metal nano particles to achieve antibacterial properties

Textiles coated with metal NPs also undergdomaion due tolocalized
surface plasmon resonan@sPR of metal NPs. Conduction electrons of noble
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metal NPs oscillate locally at particular frequency upon interactitnlight and

is known as LSPRSince LSPR is sensitive to morphologies of metal NPs, the
color of the fabrics can be tuned by controlling this factor. The color of the
bamboo pulp fabrics treated with gold and silver NPs varied with the size, content
and shape of metal NPs as was reggbbyTang B. et a[63]. Colors imparted by

metal NPs are different from those imparted by dyes. Colors of dyed fabrics
originate from chromophores present in the structure of dye molecules vghere a
those of metal NPs are due to LSPR. This can be interesting as dyes are sensitive
to photo degradation and hence photo fading whereas metal NPs are expected to
be stable to sunlight exposy&s]. Antimicrobial performance of textiles finished

with silver, gold, copper and platinum NPs have been investifjadgd

Metal oxide nano particles have also been reported to demonstrate
antibacterial progprties[6]. TiO, NPs are well known for their photo catalytic
activity and have chemical and thermal stability. They have been studied for their
antibacterial, UV protection and salieaning propertieg44]. It has been
suggested that the surface defects of some metal oxides, e.g MgO and ZnO, are
reactive in nature and in wet condition can produce reactive oxygen species
(ROS) that can impair the cadtructure of the microbes. The generation of ROS
by metal oxides can be enhanced at nano metric scale due to increased surface to
volume ratio thus making the metal oxide NPs effective antibacterial agents.
Cotton fabrics coated with ZnO and CuO NPs shlibvgmod antimicrobial
properties[6]. CuO NPs are reported to exhibit higher antibacterial effect than
that of ZnQ[65] and TiQ NPs[66]. For some other metal oxide NPs, for example
alumina (AbOs3), the electrostatic positive charge can possibly disrupt the
bacterial membrane thus causing cytotoxic action. However, antibacterial
properties of textile fabric coated with &AD; have been found to be less
significant than textiles coated with other metal oxide N&%. Synergy in the
antibacterial effect can be achieved by combinatibdifferent metal oxide NPs.
Cotton fabric treated with Ti€CuO/citric acid/polyethylene glycol nano
composite showed enhanced antibacterial effect compared to what was observed
when CuO an Ti@were applied individually66].

Since silver was used as antimicrobial agent in this study, therefore, detailed
discussion has been done in the following section about possible mechanism of
antimicrobial action of silver NPs, their shesis with reference to xtle
applications and their release from nano silver containing textiles in different
relevant fluids (water, artificial sweat and washing solutions).
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2.2.6.1 Silver

Among metal NPs, Ag NPs arthe most widely used for antibacterial
functionalization of éxtiles as well as in majority of other consumer products
[68]. Silver nano particles show highest antimicrobial efficiency compared with
other metallic biocides like copper, zinc and titanii8] and have highest share

in consumer products among all other engineered nano matdi@]s
Antimicrobial properties of silver against wide variety of microbes are extensively
reported in literature. Silver is considered to have relatively low toxicity towards
human cells and does not cause skin irritation, argyria and does not disturb the
balane of microflora of healthy human sk[81]. However, there is also some
evidence of toxicity found to be associated for silver N

There has &en increased interest in the development of nanopatrticles based
antibioticsover past few decades. Thgact mechanism of antibacterial action of
Ag NPs is not yet completely known, however, it is reported to be due to several
mechanisms including binding the cell walls and disrupting them, damaging
intracellular and nuclear membrane, damaging respiratory system and denaturing
DNA and RNA [72]. The mechanism of Ag NPs toxicity has been found
dependenton reactive oxygen species (ROS) generation and oxidative stress.
There is debate in literature whether these are Ag NPs ‘oresgonsible for the
toxicity. Ag NPs release Agin aqueous media therefore, some studies suggest
that Ag NPs deliver Agand hese silver ions are responsible for the toxicity
whereas other studies find both silver ions and silver nano particles responsible
for the toxic action[70]. The generation of reactive oxygen speciesy rhe
accelerated by Ag NPs and Aas shown in the following reactigB1].

. S cUCEoUs . .
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Although ROS are produced normally as by products during cell respiration,
their large amount causes oxidative stress which can lead to cell destrudéon .
W. et al.[73] studied the generation of hyxkyl radicals and oxygen produced by
decomposition of kD, induced by Ag NPs at different pH values. Sing®kis
produced continuously in the cells and tissues at micro molar levels, the study
gives an insight into the interactions betwee®#and Ag NPs. The study used
electron spin resonance spectroscopy (ESR) with spin trapping which was
reported to be the most reliable and direct method to identify short lived free
UDGLFDOV (65 VSHFWURVFRS\ VKRZHG WKDW WKH
generated whe decomposition of kD, occurred with Ag NPs under acidic
conditions. Whereas little hydroxyl radicals were generated (equivalent to control)
when AgNQ was present indicating that Achad no significant activity in
generating hydroxyl radicals from decoogjtion of HO,. No appreciable effect

K\
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on ESR signal was observed even at higher concentrations of AgN@
generation of hydroxyl radicals in presence of Ag NPs was found to be heavily
dependent on the pH with more hydroxyl radicals at lower pH (1 .hydroxyl
radicals generation decreased to the level of control when pH increased to 4.6.
Under alkaline conditions, 4@, againreduced Adto Ag” thus forming a cyclic
reaction between elemental silver and silver ipfh3. Keeping in view these
literature insights, it can be suggested that antimicrobial activity of Ag NPs can be
due to these mechanisms involved simultaneously as also suggefidit if1)
penetration through bacterial cell wall and thus collapse of cell structure, (2)
formation of free radicals that can damage cell membrane, (3) release of silver
ions from silver NPs that can bind with thiol groups of proteins and inactivate
enzymes functions.

Many consumer products like sprays, fabrics, cosmetics and other house hold
appliances contain silver nano particles. Physicochemical parameters like size,
shape and specific surface area are potential factors that affect mechanism of
toxicity, uptake and exposure do$é5]. Ag nano particles may lose their
bactericidal effect if their interaction and uptake by bacteria is hindered. Ag NPs
showed no antibacterial activity againBseudomonadluorescens a Gam
negative bacterium, when a thin layer of humic acid was formed around them by
adding humic acid in the suspension of silver NIF§. The basicdifference in
numerous studieseporta in literature, for the functionalization of different
fabrics with Ag NPslies in the synthesis of NPs. Therefore, latest trends and
approaches in Ag NP synthesis will be discussed separately in the next.section

Silver NPs can also be combined in a posite coating where matrix of the
composite coating is made of different material and silver NPs are embedded in
this matrix. This approach can possibly offer several advantages as embedding the
metallic NPs in the matrix can avoid direct contact of tiis Mith the skin and
matrix can also be selected to reducé Mgsitu on the fabd surface. Using this
approachLu Z. et al.functionalized silk fabric with silver NPs where the fabric
was first coated with polydopamine which provided the matrix andaated as
reducing agent to reduce silver ions. Functionalized silk fabric, containing 4 wt %
silver NPs, showed excellent antibacterial properties againstliandS. aureus
[76]. Embedding Ag NPsni a different matrix can also control the release of
silver NPs from the coating.

Silver containing antimicrobial textiles can also be produced by incorporating
silver into the bulk of synthetic fibers or filaments before extrusion process. This
method carresult in high consumption of silver and less antimicrobial efficiency
as most of the silver is entrapped within the fiber material and is not available for



24 Antimicrobial textiles: state of the a

biocidal action. However, this technique can be of interest for wound dressings
where innovative ew fiber materials are being studied for improved wound
healing and antimicrobial protectioMasood R. et aldeveloped a new silver
containing fiber, Psyllginate, based on natural polymers. The fiber was formed by
coextruding Psyllium with sodium/calciuralginate. Alginate is biocompatible

and biodegradable polysaccharide used in wound care applications. Psyllium is
also a natural polysaccharide used in herbal medicines and possess excellent
gelation properties. The resultant fiber showed slow rate wérsielease and

good capabilities to gel and absorb body fluids, higher in comparison with
commercially available silver containing dressifigg.

Along with imparting excellent antibacterial properties, silver NPs treated
textiles can also provide UV protection thus giving multifunctional textiles.
Cotton fabric coated with silver NPs have been found to demonstrate improved
ultra violet protection stwell as increased electrical conductijifyg]. Silver NPs
loading on cotton fabric can reduce UV transmittance to 90 % where as 25 %
reduction was observed for wopr9]. Ultra violet protection factor (UP of
bamboo pulp fabricaas increased to 8@rom18) after treatment with silver NPs
[63].

Other than silver NPs, silver nano wires alsospss interesting properties
and have been used for antibacterial functionalization of textiles. Cotton fabric
loaded with silver nano wires showed significant antibacterial effect against
coli and S. aureus[80]. Excellent UV protection of cotton fabric was also
achieved as ultra violet protectidactor (UPF) increased from 4 to 1H3ter
silver nano wires loading. The white color of the cotton fabric changed to green as
silver nano wires have plasmaoabsorption peak at about 390 nm which is
different than that of silver NPs. Silver NPs absorb at wave lengths higher than
400 nm and impart yellow or brown color to white textile substrgg6s New
silver containing compounds are being synthesized and studied for their potential
use as antibacterial agents in textile finishing. Silver abietate, a silver containing
complex, was synthesized from the reaction of AgN@d abieticacid. After
synthesis, silver abietate was applied to cotton fabric by padding and was found to
be effective against six tested bacteria. Antibacterial effast maintained after
20 washing cycleslt was proposed that silver abietate has no environinenta
hazard and difficult to get on the sK].

The increased use of silver nano particles has also raised the concern about
their impact on human health. A review Bhamed M. et a]70] evaluated the
risk of possible exposures to silver nano particles and their cytotoxicity presented
in different studies. An exposure to nano particles can occur through dermal
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contact, inhalationrad ingestion. The review reveals that most of the studies have
been done to evaluate toxicity occurring through inhalation, ingestion and dermal
contact of damaged skin (e.g wound dressing) whereas there is lack of reports
dealing with silver nano partickexposure through intact skin via textillg&)]. In
another studyl arese F.F. et aktudied the penetration of the Ag NPs through
intact and damaged human skin in an in vitro diffusion cell system. The
penetration of the Ag NPs were found to be five time higher through damaged
skin than through intact skin. The permeation through intact skin was just above
or below the analytical detection limit suggesting that Ag NPs absorption through
intact human ski was low[82].

226.26LOYHU QDQR SDUWLFOHYV VIQWKHVLYV

For application to textiles, silver nano particles can be synthesized via various
methods. AgN@ is the most commonly used precursor for synthesi silver

NPs. Upon dissolution of AgNgn solution, Ag can be reduced to Ag NPs using

a reducing agent. The size of the NPs depend on whether strong or weak reducing
agent has been used. Stronger reducing agents yield smaller size as they result in
large number of nucleation cites and thus avoid agglomer@ipnThe selection

of reducing agent and functionalization of synthesized NPs can be done according
to the chemistry of textile substrates on which they have to be applied. Generally,
a stabilizing agnt is required to avoid agglomeration of silver NPs in case long
term stability is required. Stabilizers are not always ecofriendly and their presence
can also diminish antibacterial properties of silver NPs. Therefore, recent research
focuses on the symésis of silver NPs using ecofriendly reducing agents that can
also act as stabilize[83].

Dextran, synthesized using dextransucrase, has been used to synthesize silver
NPs assisted with microwaveower. Dextransucrase was synthesized using
microorganism Leuconostoc mesenteroidéds3 and resulted silver NPs had
bimodal size distribution of 15 nm and 50 r®8]. Carboxymethyl cellulose
(CMC) has ado been used both as reducing agent and as stabilizer in the synthesis
of silver nano particles. CMC has alcoholic and aldehydic groups that can reduce
Ag** to Ad® and polymeric chains of CMC can stabilize these NPs and avoid their
aggregatiorj7g]. In situ synthesis of silver NPs on the fabric surface is also being
reported increasingly. Trisodium citrate has been used as reducing, stabilizing
and crosslinking agent to synthesize silver NPs in situfabric surface.
Complexes may form between Agand chelating groups of cotton (COOH and
OH) and wool (COOH, NH2 and SH) upon impregnation of the fabric in the
silver nitrate solution. The addition of trisodium citrate can reduce silver ions into
silver NPs while citrate being oxidized to acetone carboxylate. Finally, functional
groups of cotton and wool and citrate may chelate produced silver NPs and
stabilize them. The size of synthesized NPs was different on cotton and wool with



26 Antimicrobial textiles: state of the a

wide range of size distrution. The difference of size of Ag NP was suggested to
be due to difference in electrostatic interaction between silver NPs and the
substratg79].

Starch, a biocompatible polysaccharide, has reduaidghyde groups and,
therefore, has been used as reducing as well as stabilizing agent to synthesize Ag
NPs in situ on cotton fabric under autoclave conditions at 103.42 kPa and 121 °C.
Reduction of silver ions may be linked to oxidation of aldehyde grafistarch
to carboxylic acid. Upon impregnation, Agan adsorb on®H groups of
cellulose and can be reduced to Ag NPs by starch at high temperature and
pressurg84]. Cellulose itself can also be waksas reducing agent due to presence
of hydroxyl groups. This can be of interest particularly for cellulosic fibers as
metal ions can be reduced to metal NPs due to abundant reducing hydroxyl ends
in the fibers. Silver and gold NPs were synthesized inasitbamboo pulp fabric
without using any other reducing agent and without the need of high temperature
unlike the reduction by starch as [84]. Contrary to the gold NPs, alkaline
conditions were required for the synthesis of silver N&3. Polydopamine
(PDA) has also been used to reduce’ Ag Ag NPs in situ on silk fibers.
Polydopamine § biocompatible and is formed by polymerization of dopamine
which is a neurotransmitter in human body. It is also suggested that PDA can
adhere on almost every kind of surface. Catechol moiety of polydopamine can
reduce Adto Ag NPS[76].

The interest in biological synthesis of silver nano particlesalssncreased
because of no use of toxic chemicals and no high temperature and pressure
requirements. In this regard both microbes and plants are seidigd for large
scale synthesis of silver nano particl&simar P. et alhas reported successful
synthesis ofsilver nano particles using seaweddlsa lactuca[85] that can be
applied to textiles.

2.2.6.3Silver leaching in water, atificial sweat and washing solutions

Nano technology has also raised environmental concerns related to silver release
in various forms from silver coated products including textiles. Research studies
are being conductecdedling with release of silver from treated textiles in water,
artificial sweat and during washing.

Liu J. andHurt R.H.[71] studied the kinetics of silver ion release in agueous
nano silver colloids. They studied the effect of dissolved oxygen, pH,
temperature, ocean salts and natural organic matter in the agueous media on the
kinetics of ion release. In the absence of disgbtweygen in deionized water, the
release of ionic silver was inhibited completely. This indicates that dissolved
oxygen in water plays an important role in the initiation of oxidation of nano
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silver. Ag release is strongly pH dependent and was found tugdbesr at lower

pH (acidic) values than at higher pH (basic) values. However, the role of
dissolved oxygen is important even at lower pH as inateence of dissolved
oxygen, Ag® release was significantly reduced compared with that of in the
presence otlissolved oxygen at pH 4. Sea salts were found to have only minor
effect on silver ion release whereas ionic release in sea water was less than that of
in deionized watej71].

In a study, textiles wergeated with a variety of silver containing additives
including conventional and nano silver and were characterized for the quantity
and form of silver released during washing proc&§. Textiles tha were
surface treated were found to release more Ag in washing liquid compared to that
where silver was contained in the fiber bulk. Furthermore, the nano treated textiles
yielded much lower amount of silver during washing compatedthe
conventional obulk treated textiles. This was suggested to be due to the higher
amount of silver usually deposited during bulk treatments. It was also found that
conventional treated textiles (not containing nano Ag) also released nano silver
into the washing solutiont @ concentration higher than that of released from nano
treated textiles indicating that conventional treatments also release nano sized
silver during practical conditions. Silver can exist in different forms in washing
effluent depending upon (1) the forof the silver deposited on textile (2) washing
bath composition and (3) washing conditig8§]. In another study, 8 different
silver containing commercial textiles were studied for their silver seléahavior
in washing liquid. It was found that not all the products contained silver as
claimed on their label and silver was released in different forms. Only one textile
released metallic silver whereas AgCI (nano and larger particles) and ngdo Ag
were also released. The study suggested, therefore, not to focus only on the
metallic but other forms of silver also while studying release of silver nano
particles from the textilel87].

Benn T.MandWesgerhoff P.[88] studied the leaching of the nano silver from
6 different commercially available socks in the washing liquid without detergent.
The socks contained silver contents from 2 to 1360 ug/g ofdtleveeightwere
found by ICROES. Socks containing higher amount of nano silver did not
necessarily leached more silver into the washing liquid. This was due the differen
manufacturing process f@ocks. The rate of silver release was also found to be
different among the tested socks. The socks washed with domestic tap water
released 15 ug of silver compared to 15pwhen the same socks were washed in
ultrapure water. This suggested that the piee water is more aggressive than
domestic tap watenistripping the metal nano particles from the tex{i&s.
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While in another study, 13 consumer products for children use were
investigated for their potential release of silver in different fluids, likewater,
synthetics sweat, saliva, urine and milk and orange juice. In this study the silver
release was also measured in saline (185 mM NaCl) and HCI solutions. Most of
the products released #6 % silver of their total silver mass. The silver release,
from all the products, was found to be the highest in sweat and urine compared to
other liquid media. The lowest silver release was found in tap water. The authors
VXJIJHVWHG WKDW WKH SUHVHQFH RI FKORULGH &0O@Q
similar quantities (like sweat) were found in saline and HCI solutions. The effect
of the individual ingredients of the artificial sweat was also investigated on the
leaching of silver and it was found that slightly less amount of silver was released
in the absece of NaCl whereas other ingredients had no effect. The study
suggested that the level of silver exposure of these products during neetan
be considered low, dhe ingested nano silver dose for slight liver daengga 10
Kg child was reportedb be 1230 mg of silver per dagnd bioavailable silver is
mostly in ionic form rather than particulate forfa9].

Textiles are in direct contact with the skin, therefore, silver release behavior
in artificial sweat from silver coated textiles is important to study as silver
exposure may have risk of inflammation and accumulation. Sweat is a body fluid
that comes in direct contact with the textiles used in medical or apparel. It
contains electrolytes, ion&pecies (G| S, SO, organic acids and seby®0].

Since metal nano particles are considered to be toxic above certain concentrations,
the potential risk of dermal exposure to any toxicity of tretahnano particles is
dependent on physical (during wear) or chemical (by sweat) mobilization of the
nano particles from treated textilessoetz N.V et abtudied the Ag and Ti©
release in artificial sweat under worst case scenario and reported maximum
GHUPDO H[SRVXUH OHYHO RI VLOYHU DW DQG
particulate Ag. They suggested that under realistic conditions, much lower
exposure was expectgell].

Stefaniak A.B et aktudied dermal exposure potential of silver nano particles
from textiles. It was found that silver ions immediately formed silver chloride,

F |

that isAg* reacted immediately wttDYDLODEOH &0@ LQ DUWLILFLDO V

through EDX. Moreover, UWis spectroscopy of the solid particles obtained as a
result of interaction with artificial sweat showed no surface plasmon resonance
(SPR) absorption in the wave length range-820 nm confirming the EDX
results as AgCl does not exhibit SPR. The study confirmed the absence of Ag NPs
as no SPR absorption peak was observed inVi$V spectracopy due to
formation of AgCl.In this study, silver release behavior was found to be similar
bath in simple formulation of artificial sweat and the more complex one. It was



Antimicrobial textiles: state of the art 29

suggested that the physiological factors of the body fluids (composition, pH, and
temperature) have little influence on the silver release from textiles, whereas the
way textiles have been treated with Ag nano particles (surface treated or
incorporded in the bulk) has the greatestiuence[90]. However, in this study

the variation in pH of the two sweat formulations over \whsdver release was
evaluated was narro@.5 vs 5.3).

Yan et al.[92] studied the silver dissolution into three different sweat
formulation over a wide pH range, acidic sweat (pH 3), basic sweat.§H8d
salt simulated sweat (pH 8). The silver dissolution rate was found to be different
in the three formulations over a period of 4 hours and silver concentration in
acidic sweat after 4 hours was found to be much higher (0.9 mg/L) compared to
that ofin the basic sweat (0.32 mg/L). Whereas in salt simulated sweat, the silver
solubility was found to be in between (0.65 mg/L) that of acidic and basic sweat
formulations[92]. The authorsalso investigad the form of silver, whether free
Ag’ or Ag NPs, present in the three sweat solutions. In acidic sweat, silver was
initially released as Agout after reaching a maximum further silver was released
as NPs. In the basic sweat, 85% of the total silver igbsased as free Ag
whereas very small amount of free ‘Agas detected in salt simulated sweat even
after 4 hours while total amount of silver released was high. The authors
suggested that the silver was largely released as NPs.

Summing up the discussion, the difference in the nature of released silver
species iranygiven fluid, as found in different studies in literature, could be due
to dynamic behavior of Ag NPs in aqueous solutions that can be attributed to the
medium redox ptential of the silver (0.80 V) enabling both oxidation and
reduction of silver in aqueous solutions. The same is true for studies dealing with
environmental effect of silver NPs where it is suggested that after being released
to the environment from thedANP containing products, Ag NPs undergo many
chemical and morpholgical transformations depending upon the chemical
environment they pasbrough during transportatidhat determine their ultimate
bio availability and toxicityf93].

2.3 Different textile surface modification/coating
techniques

This part of the chapter describes different textile surface modification techniques.
Particularly effort has been made to highlight recent research trendshn eac
discussed technique. Some of the techniques reported here are still at research
stage but are environmahfriendly and have potential to be scaled up or adopted
commercially.
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2.3.1Sonochemical coating

A sonochemical pilot plant development has besgorted byPerelshtein 1][6]

and colleagues that can operate in a continuous mode to deposit metal oxide
nanoparticles on textiles. The pilot plant can proced® am wide fabric at a
speed of1-3 m/mn in a roltto-roll process with 160 L capacity of the
sonochemical tank. The plant has been developed and evolved after a series of
studies reported by the same research group. The sonochemical process involves
the synthesis and simultaneous applicatainmetal oxide nano particles on
textiles. Metal oxide nano particles were synthesized by the basic hydrolysis of
the corresponding metal acetates. Initially, the synthesis of NPs was carried in
ethanol:water mixture, later on ethanol was eliminated forgoeot suitable for
industrial plants and synthesis was carried only in water. However, synthesis in
water resulted in lesser amount of metal oxide nano particles on textilédsebut
particle sizewas also reduced thus giving santevel of antibacterialeffect
Continuous addition of the concerned metal acetate and ammonia solution is
needed to compensate the depletion of the metal acetate and to maintain the pH
(pH 8) of the solution respectively, to ensure homogeneous coatitige fabric

[6].

The authors reported in situ synthesis of ZnO NPs and their simultaneous
application to textile material via sonochemical process. During synthesis,
ammonia acts as a catalyst in hydrolysis of zinc acetat&@@ds produced via
zinc ammonium complex formatid®4]. Since the synthesis of some of the metal
oxide NPs, for example MgO and 8k, could be impossible through sonication
of the corresponding metatetates due to amorphous metal hydroxide formation,
the authors have reported successful application of already synthesized
(commercially available) metal oxide NPs through sonicafx}. However, it
was also reported that using water as solvent can result in partial hydrolysis of
MgO NPs and thus did not result in any coating on the fabric. Instead, a
combination of ethanol and ethylene glycol yielded good deposition of metal
oxide on the fabric thatvas reported to be sufficient for a good antibacterial
action. However, this implies an important limitation of the process as it requires
suitable combination of solvents for the process that could be undesirable for an
industrial level plant. Pure ethalnhas high vapor pressure and may not lead to
formation of acoustic bubbles that were proposed to play key role in deposition
according to the authors. Pure ethylene glycol gk viscosity and it is not
suitable for ultrasound irradiation. The proposkegosition mechanism lies in the
asymmetric collapse of the cavities (acoustic bubbles), that are formed due to
ultrasound irradiation of the liquid suspension containing fabric, near the solid
(fabric) surface. After collapse, the potential energy oflibbble is converted
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into kinetic energy of liquid jets that can impinge nano particles on the fabric
surface with high speed resulting in a coated fgl&7t.

This mechanism may result in stroraglhesion of the NPs as they get
effectively embedded in the fabric. In anotherdstlby the same research group,
the authors have reported cotton fabric coated by CuO NPs through sonochemical
treatment that was able to withstand 65 washing cycles andtd#lito retain its
antibacterial properties5]. Silver nano particles has also been synthesized and
applied on cotton, polyester and nylon fabric via the same sonochemical process.
AgNO; was used as rpcursor and ethylene glycol as reducing agent. The
deposited coating was able to withstand 20 washing cycles as no reduction of Ag
contents vas reported after repeated washj@d]. Later on, an improvement in
the adhesion of ZnO NPs was achieved due to enzyme activation of the cotton
fabric in a single step sonochemicalenzymatic coating process. Significant
enzymatic activation of cotton fabric was achieved as only 10 to 20v%me
activity loss was observed due to ultrasonic radiaf@s. Recently, a nano
composite solution comprising THZuO/citric acid/Polyethylene glycol was
applied on cotton fabric via ultrasonic gg#¢l method. The sols were prepared
separately, mixed together and then applied via sonication under different
conditions. Antibacterial activity of the composite coating was higher than that of
individual TiO, and CuO NPs. Significant decrease in antiaak activity was
observed after 3 washing cyclés).

2.3.2Pad-dry-cure method

In this technique the fabric is dipped in the prepared coating formulation and then
passed through the wringer or padtteobtain a desired wet pickup on the fabric.
The fabric is then dried and cured under proper conditions to obtain the final
coated fabrig78]. This method of coating application to textiles@simge that

even formulations that involve complex multistep and time consuming
preparation procedure, for exame presented 28], can be applied easily.
Therefore, a variety of antimicrobial agentsmgising metal NPs, polymers,
metal NPs/polymer composites etc can be applied viedpadure method44).
Moreover, emerging textile finishing techniques, like UV curing of polymers, can
be integrateaasily with this techniquptl]. This method is also adopted for-sol

gel finishing of the textiles where textile is impregnated with a sol, dried after
padding and then cured at desired temperjtigle

2.3.3Layer by Layer assembly method

Layerby-layer (LbL) deposition technique is based on electrostatic interaction
between ppositely charged species. Llalssembly can be achieved by stepwise
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dipping of solid substrate in the corresponding solgti@ontaining these
oppositely charged species. Substrate can be charged properly before dipping in
the solution first time and intermediate rinsing steps can be carried. The technique
was initially empbyed to deposit multilayer coating of oppositely charged
polyelectrolytes (polycations and polyanions) but later on a wide variety of nano
metric sized charged species have been deposited using LbL technique. Other than
electrostatic interaction, hydrogéonding, covalent bonding, charge transfer and
other types of interactions have been studied to achieve LbL assemblies on
various substrate§74]. N,N,N-trimethyl chitosan (TMC) was applied on the
surface of polypropylene nonwovens by LbL technigue and antibacterial
properties were investigated agairit aureus The surface of polypropylene
fibers was first grafted with acrylic acid to impart negative charge to the surface to
develop electrostatic intection with positively charged TMC. Although nano
scale precision can be obtained using U@Y], it may be difficult to achieve
homogeneous coating on some substrates as was fo{#i8] where full surface
coverage was not obtained on polypropylene nonwovens.

N-Halamines, rechargeable antibacterial agents, containing positive or
negative charge bearing species on polymer have also beessatfiblecbn
textiles substrated.iu Y. et al.[35] synthesized NHalamine cationic and anionic
homopolymers via free radical polymerization and applied them on bleached
cotton fabric via LbLmethod. The surface of bleached cotton fabric is negatively
charged due to large number of carboxylate gros©Q) and hydroxy groups
(#H) and therefore, can attract polymer of opposite charge. The fabric was
coated by alternately immersing it into agjtely charged solutions of -N
Halamine polyelectrolytes. The coated fabric was chlorinated by immersion in
NaClO solution. About 50% of oxidative chlorine of thus coated cotton was
retained during storage in dark at ambient temperature and the lossyaiaede
by rechlorination[35]. Metallic NPs can also be deposited using this technique. A
multilayered nano composite film comprising polyethyleneimine (PEI), a
polycation, and negatively charged siNéPs were obtained on silicon wafers and
studied for their antibacterial properties.

2.3.4Solgel method

Using sotgel method a variety of functional coatings, consisting of hybrid
organicinorganc networks can be applied on textiles.-8el process is based on

WKH SUHSDUDWLRQ RI WKH DSSURSULDWH FROORLGDO "
the precursors used include metal oxidesetal or semimetakilicon containing

alkoxides also knownas organometallics. The hydrolysis of these compounds

results in the formation of corresponding hydroxides in acidic medium which are

unstable and further undergo condensation process to form nano sized particles
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[96]. The size of the nano particles is usually less than 50 nm with solid contents
in the range €0 wt%. Sols prepared using alcohol as solvent have high long term
stability but the recovery of inflammable solvents using textile processing
equpment may be difficult. Therefore, it is advantageous to work either with
agueous nano sols or obtaining sol from other precursors, for example, hydrolysis
of other metal salts like metal halid€s].

The sol formation is influenced by pH, temperature, concentration and solvent
type. Textiles are impregnated in these sols and are dried at elevated temperature
to condense them to form three dimensional network called lyogel[RgJ€97].

These gels contain high water content and further drying at high temperature
leaves a porous coating on the fibers or fabrics. The cross linking in this coating is
up to the level of xerogels which is required for textiles to retain some elasticity.
The conditions of hydrolysis and thermal treatment determine mechanical
properties, porosity and density of the deposited 149&f. Intense thermal
treatments up to 600 °C may lead to highly cross linkedl lzard gel coating.
Lower temperature thermal treatments are required for textiles to avoid
degradation but results in less cross linked coating (xerogel) having less hardness
but higher elasticity[96]. Usually thermal treatments for textiles are kept below
180 °C[97].

In solgel application, under thermal treatments for textiles may result in
insufficient adhesion of the coating with the textildostwates. The adhesion can
be improved by appropriate precursors and heat treatments. An additional
treatment on prepared sol may be helpful in improving the adhesion if activation
of the functional groups in the sol can be aeckée It was demonstratedath
sdvothermal treatment of the SJO sol, modified by 3
glycidyloxypropyltriethoxysilane, before application to the fabric can improve the
adhesion of the resultandating with the textiles. The bBmthermal treatment was
carried in the autoclave at teemature 10aL80 °C and at pressure-8 bar.
Sdvothermal treatment at temperature 12 °C resulted in increased adhesion
which was attributed to the activation of the glycidyloxypropyl group utitese
autoclave conditions. 8mthermal treatment &it80 °C may result in degradation
of certain sol modifying additive$98]. High temperature curing of applied
coating may also degrade base textile materislsvas reported for silk fabric
[48].

Mostly sols are obtained from metal alkoxides by hydrolysis and
polycondensation of alkoxy groupg7]. Various antibacterial agents including
QACs[47] [49], triclosan[29], silver NPS[99] naturalbiocidal agent$58] have
been applied on textiles via sgél route. Other than antimicrobial, functional
coatings imparting hydrophobic, oil and soil repellent, -adtiesive, improved
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electrical condctivity and coatings with other desired properties can be applied to
the textiles via sefjel method97]. After preparation of sols of interest, it can be
applied at high speed with almost all convenél textile coating method97].
Applying the sol by padiry-cure method is the most common metljdé] [49]

[58]. Dip coating and spray coatii§8] can also be used to apply the sols to the
textiles. Inorganic sols containing Ti@nd CuONPs have also been applied via
sonication[66]. The main demerits of sglel technique includenecessity of
thermal treatmenthat can possibly degrade fibers materials, inhomogeneous
coating and possifp poor adhesion of the coatingth the substratgl0Q.

2.3.5Chemical vapor deposition technique (CVD)

In chemical vapor deposition, chemicals in vapor form are reacted to deposit films
on solid subtsates. The precursors used are in gaseous state unlike phgsioal v
deposition (PVD)where the precursors are in solid form. Different variations of
the CVD involve atmgsheric pressure, low pressumasma enhanced chemical
vapor depositions and somogher variations. CVD does not alter the porosity of
the substrates, therefore, textiles can be coated maintaining their breathability
[101].

Plasma enhanced chemical vapor deposition (PECVD) is mosinonin
used for modification of textile surfaces. When precursors are fed to the plasma
chamber, they get energized through inelastic collision with the high energy
species in the plasma. This leads to breaking and formation of new bonds and
deposition of slid thin films on the substrates. Since this process is limited to the
top most layers of the surface, bulk properties of the substrates can be maintained
while imparting new functionalities to the surfaces. Like other plasma based
processes, PECVD offetise advantages of less material consumption, no effluent
production and being environment friendly compared with other textile surface
modification techniquegl02].

A wide variety of monomeric precunsohaving polymerisable bonds can be
deposited on different substrates. Uniform coatings can be deposited on substrates
with complex geometries and shapes due to conformal nature of the deposited
coatings[103] as demonstrated {i104]. In addition, plasma deposited films can
easily be tailored with respect to type and density of functional groups and surface
topologies can be engineerdd04. However, contrary to other polymerizing
techniques where regular (real) polymeric chains are obtained, plasma
polymerization result in deposition of oligomeric fragmerftdl03 [105.
Therefore, the term plasma polymerization may not qualify the true definition of
polymerization process. However, a plasma polymer is a material that is formed
asa result of an electric discharge in an organic gas. Plasma polymerization yields
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a polymer that consists of randomly branched short chains with a high cross
linking density[10§.

PECVD can also be atictive for modification of inert surfaces, e.g surfaces
of high performance fibers like Kevfaand Vectrafi, that are relatively difficult
to modify through usual chemical formulations. It has been shown that the friction
among the yarns in woven Kewfarfabric was increased by plasma
polymerization of Dichlorodimethylsilane ((CH®)I,Si) with reactive nitrogen
plasma. Kevldt has very low coefficient of surface friction. Friction among the
fibers in the woven fabrics in protective clothing is importanstow down and
deform the penetrating projectile or bullet to provide enhanced ballistic protection
[24]. Selfcleaning and hydrophobic Tiroatings have been obtained through
radio frequency (RF) PECVD aotton fabric using titanium chloride (Ti{}las a
source of titanium. Deposition process parameters including RF power and flow
rate of plasma gas (oxygen) was found to have strong effect over the properties of
the coating and the treated fari®qQ.

A right mix of propertiesanbe achieved by polymerization or deposition of
more than one monomers by feeding them simultaneously in the plasma chamber.
Fluorine containing polymers are used to render hydrophobic properties to the
textiles but intermolecular forces between the polyenehains are weak which
may lead to poor mechanical properties of films compgighese fluoralkyl
polymers. The durability of the fluorinated acrylate films has been found to
increase when the precursor (2,2,3,4,4,4 hexafluoro butyl acrylate (HW&X))
co deposited with glycidyl methacrylate (GMA). Plasma induced cross linking
may occur between epoxide and fluorine containing functional groups leading to
durable film deposition. However, co polymerization triggered by PECVD
conditions may not lead t@al expected co polymer, rather irregularly structured
fragments of co polymers may be deposjteal.

Recently, PECVD has also been exploited to produce reactive polymeric
films on substrates thato be useful for further modification of the surface for
added functionality.GilabertPorres et al. FRPELQHG 3(&9' ZLWK 7ROOH
method for in situ reduction of silver ions with reductive sugars to fabricate an
antibacterial layer with increased hydroplaty. First, the PECVD deposition of
pentafluorophenyl methacrylate (PFM) was carried on prosthesis made of
polydimethylsiloxane (PDMS) and on silicon wafers, resulting in reactive film
due tothe presence of ester groups which are highly reactive.s@ngples were
then incubated with glucoseamine (a reducing sugar) solution for six hours and
ILQDOO\ WUHDWHG ZLWK 7ROOHQYVY UHDJHQW VLOYHU
situ reduction of silver ions to metallic silver upon completion of the reactian. Th
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modified surfaces showed complete bacterial reduction and were biocompatible
when tested against animal cell (C@$ells)[104].

Most of the PECVD coatings reported in literature involve low pressure
plasma as they are carried in vacuum. However, recently the interest in
atmospheric pressure plasma has gained momentum because of its benefits of
being economic and easy processivign et al.obtained antimicrobial coating on
spectra and nylon/cotton fab by atmospheric pressure plasma polymerization of
1,1,3,3tetramethylguanidine, a monomer derived from guanidine. The coating
deposited on nylon/cotton fabric exhibited 5 log reduction of bacteria whereas that
deposited on spectra did not show satisfigcbacterial reduction. This difference
was attributed to different adhesion of the coating on different substrates. The
coating on spectra was suggested to be removed when subjected to ethanol/water
rinse before the antimicrobial tefst05. A double layer organosilicon film has
been applied on polyester fabric through atmospheric pressure plasma process
using hexamethyldisiloxane (HMDSO) precursor. Three antibacterial agents,
namely silver, copper arzinc oxide nanoparticles, were incorporated in between
the two films in a three step process. The fabric was first deposited with an
HMDSO layer which was then immersed in NPs suspension and driedly,Fina
the fabric hosting NPs waegain deposited wit HMDSO to serve as a barrier
layer. Enhanced washing stability of the NPs was observed on the fabric deposited
with barrier layer compared to that of without barrier I1gdy€x7].

2.3.6Physical vapor deosition techniques (PVD)

Physical vapor deposition (PVD) is another technique to modify and structure the
surfaces of the materials at nano level. The surface of the metals (or targets) is
evaporated in vacuum and the evaporated material is depositée oaquired
substrate. PVD has the advantalike other plasma based techniquétsgt the
process is dry and ecofriendly cpared with other wet chemictaeatments that
produce waste water with hazardous chemical compounds. The following section
describe some of these techniques to modify and functionalize the surfaces of
textiles.

2.3.6.1Sputtering

Sputtering was first developed in late 1970s. Sputtering has been used to produce
thin films of metals and their oxides on a wide variety of substrates. Sputtering
process is carried in vacuum where a high voltage is applied across a gas (inert or
reactivg to create plasma. Plasma consists of high energy electrons, ions or
radicals that can extract atoms from a target of desired coating material. The
extracted atoms from the target have sufficient kinetic energy and orientation to
travel to and condense @nsubstrate to deposit a thin functional film. The rate of
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deposition depends on number of excited species hitting the surface of the target
material to extract the atoms. Magnetron sputtering (with magnets placed parallel
to the target surface) was dewaéd to confine the plasma and increase the plasma
density on the target surface and hence to increase the depositiptD6itd he
magnetic field in front of cathode (target surface) can trap free electrons and
hence the probability of ionizing the neutral gas atoms or molecules is increased
by an order of magnitudgl09. Other techniques include direct current (DC)
sputtering, reactive sputtering and radio frequency (RF) sputtering. DC sputtering
is used for metals and RF for insulating materials to avoid charge build up. In
reactive sputtering, the deposited layer is a tefudthemical reaction between the
target material and reactive gas used as plasma source. Argon is used normally for
nonreactive sputterin§l0§.

The use of sputtering to deposit coating on metédssgs and ceramics is not
new, but sputter coating of textiles is relatively new and has increased over the
past years because of its solvent free and ecofriendly befSjitDepositions of
various netals have been reported in literature enhancing the desired functionality
for a particular application. Sputtering has been reported to produce more uniform
metallic coating on textiles compared with other textile metallization methods. A
blended cottorfabric (90% cotton, 10 % spandex) was more uniformly coated
with sputter deposition compared with metal powder printing and metal foil
laminating. The coating resulted in uniform silver grains over fiber surface and
mechanical properties of the fabric watso not degrade€d 1(.

Different sputtering process parameters can influence the structure and
morphology of the deposited filnWu et al.investigated the effect of working
pressure on the thickneaad growth of Lanthanum hexaboride (LaB6) thin films
on the polyester (PET) fabric. Film thickness increased with increase in working
pressure, due to increased deposition rate, up to certain level and then decreased.
At higher working pressures, the diap®of the argon gas is increased resulting in
decrease in mean free path of colliding particles. This can lead to decrease in
deposition rate with reduced film thickness. Ultra violet protection factor of the
PET fabric ncreased from 6 for uncoated fio 18for coated fabri¢g111].

Various metals have been deposited on different fabrics and evaluated for
their different functional properties. Glass fabrics have been deposited with thin
layers (300nm) of copper, silver, gold, platinum and platinum/rhodium using
magnetron sputtering and studied for their antimicrobial and electrical properties.
Antimicrobial properties were studied against two bacterial str&naureusand
K. pneumoniand thregungal strainsAspergillus niger, Chaetomium globosum
and Penicillium funiculosunsilver and copper were found to be effective against
both the bacteriaomparedvith gold, platinum and platinum/rhodium lay¢6gs].
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In another study, cotton fabric was deposited with silver and silver/platinum
alloy (1% Pt) and evaluated for its antibacterial properties against air born
bacteria. Silver was found effective against air born bacteria whereas no
synergistc effect was observed due to platinum. Minimum sputtering time of 60 s
was required to get minimum silver quantity (0.0026 wt% on cotton) sufficient for
bactericidal effect. Below 60 s no bactericide effect was observed. However, at
increased sputteringntie, the presence of Ag(ll)O was also observed via XPS.
The oxidized species were found to be present only on the surface with Ag°® as
the major coating componefit09. At increased sputtering time, thicker silver
coating is obtained resulting in higher amount of silver itwas can beeleasd
for antibacterial action as was also reportedVidgng H. et al Antimicrobial
performance and electrical conductivity of palgpylene nonwoven deposited
with silver increased with the increase in sputtering time and coating thickness
[29]. A nano structured layer of Ag was also deposited on polyester fabric by
sputtering and \aluated for its morphology, wettability and antimicrobial
properties. The layer consisted of dense silver aggregates uniformly distributed
over the fabric surface. Water contact angle on the fabric surface was increased
after silver deposition. Untreatdabric showed aF RQWDFW R fabGcXH WR ORR!
VWUXFWXUH WKDW LQFUHDVHG WR U DIWHU PLQX
created by nano structure and air entraprfieti.

Cotton fabric deposed with metallic layer of copper has also been found to
exhibit good antibacterial properties. The coating was reported to retain
antibacterial properties up to 30 washing cycles. Surprisingly, the antibacterial
activity of the coated fabric was found tacrease with increasing number of
washing cycles as the size of the inhibition halo increased after multiple washings.
The authors attributed this effect to the formation of Cu complexes with the soap
while providing no further experimental evidence arplanation[26].

Electricaly conductive textiles can also be obtairngd metallic depositions
via sputteringWang RX. et aldeposited silver thin films on nylon and polyester
plane woven fabrics. Thelectrical conductance of the films was found different
on both the textiles. The electrical conductivity of the silver film on the nylon was
found to be 2.4*19S/m compared to bulk silver (6.3*18/m) whereashat of
silver film on polyester fabric wasix orders of magnitude less than thatoof
nylon fabric. This was attributed to the discontinuous film formation on polyester
fabric. Silver coated nylon fabric, when used as an electrode, produced the similar
signal for human heart beat in electrocagdaph as that of produced by
commercial electrode. However, the washing performance of the sihated
fabric wasnot satisfactory. The electrical conductivity of silver coated textile
decreased significantly eveafter one washing113. Polyamide nanofibers
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produced via electrospinning have also been deposited with T1d and silver
[115 to improve their wettability and electrical conductivity respectively.

Polymers can also be deposited using sputteringspgDttering has been used
to deposit metal NPs in polymeric matrix where polymer matrix was obtained by
sputtering fron solid polymer target.Liu et al. fabricated Polymemetal
composite film by co sputtering polytetrafluoroethylene (PTFE) and gold from
independent targets and studied their electrical and optical properties as a function
of metal contents. The influencef post deposition heat treatment was also
studied on ofical properties of the coatifd1§. In another study, silveand gold
nano particles were esputtered with polytetrafloroethylen (PTFE) to puwod
metal/polymer composite antimicrobial coating. The metal nano clusters were
embedded in the polymer matrix and coating showed good antimicrobial
properties against different microbes. The metal filling factor (MFF) was reported
to be 30% in a coatingfd00 nm thickness. The obtained coatings demonstrated
antibacterial efficiency at extremely low metal contents: about 0.1 fnigm
silver and 1 mgrf for gold NPs. [108].

Washing performance of the coatings deposited on textiles via sputtering has
beenreported not to be satisfactory. Efforts have been made to increase the
adhesion of the sputter coatings on the textMgsi et alstudied the effect of
plasma pretreatment and heating of the substrate on the adhesion of copper
coating deposited on the lgpropylene noavoven. The improvement in adhesion
was evaluated by abrasion and peel test methods and was reported to be increased
both after plasma pretreatment and heating during sputtering. The increase in
adhesion was attributed to surface roughempglasma treatment and diffusion
during heating[117]. However, the resistance of the coating against repeated
laundering, which is usually found to be poor, was not evaluated.

2.3.6.2Room temperaturepulsed laser deposition

Pulsed laser deposition (PLD) is another physical vapor deposition technique in
which a high power laser beam is focused periodically on the surface of the
targets to evaporate it and ionize the surface atoms making dense plasia ins
the evaporated environment. These plasma species travel under vacuum and hit
the surface of the substrate to nucleate and grow thin films having chemical
compositionas that of evaporated materi@ith this technique Ti, TiN, Ti(C,N)

and diamond likecarbon coating have been deposited on flexible polymer
(polyurethane). The coatings were reported to be dense, less porous, uniform in
thickness and highly elastic compared with the coatings deposited by other
deposition techniques like sputterifigl§. PLD can be used to apply thin films
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of high melting point materials. The film structure damtailored from layer to
layer in case of multiple layer structyel9.

Over the past years, research output reporting the deposition of thin films
using PLD has increasednO thin films were applied on cotton/polyester fabric
using PLD It was shown that depending upon the deposition chamber
environment varyig it from oxygen to vacuum, wettability of the textile surface
with ZnO thin film can be tuned from hydrophilic to hydrophopl@(Q. Thin
films comprising polytetrafluoroethylene (PTFEBEave also beemleposited on
cotton fabric using this technique The fabric was rendered with super
hydrophobicityafter thedeposition as water contact angle increase from 0° to
151°[119. In another studyCO, lasers have been used to deposit thin films on
textile substrates. CQasers have received less attention due to their poor pulse
ability, however, carbon fiber fabrics have been reported to be deposited
successfully with anatase TiQsing CQ laserg[121]. Metal oxide thin films can
be grown through reactive PLD if reactive gas is used for metallic targets.
Dellasega et al.obtained silver oxide thin films on cellulosic substrates by
employing oxygenatmosphere during PLD. The films demonstrated superior
antibacterial properties towaréscoli [122.

2.3.6.3PVD combined with CVD

The two processes of PVD (sputtering) &CVD (plasma polymerizatigrhave

also been investigated together to obtain the combined benefits of the two
processes. The advantage of the combination of the two process is that different
metal NPs can be embedded in different polymeric matrices to tailor the
properties of the obtned coatind106. Using this approachilver clusters were
embedded in polymeric matrices of vinyltrimethylsilane (VTMS) and
tetraethoxysilane (TEOS) prepared by simultaneous polymerization and
sputering. The mean diameter of silver clusters was found to be between 1.3 nm
and 4.5 nm in the matrix from VTMS and between 4.2 nm and 6.2 nm in the
matrix from TEOS. The influence of the size and filling factor on the optical and
structural properties of éhsilver clusters in polymer matrix was studied. It was
suggested that the polymeric matrix around the clusters protects them against
oxidation. The deposition was carried out in an apparatus where metal cluster
source was separated from the plasma digehaegion123.

Peter et al.reported the successful combination of magnetron sputtering
techniqgue and plasma polymerization process for the deposition of Ag
nanoclusters in the polymer matrix over different substrates. Ag nano clusters
were obtained through sputtering whereas hexiaytdisiloxane (HMDSO) was
plasma polymerized on the substrates. Spherical shaped Ag nanoclusters were
distributed in the polymer matrix with in size range of 2 to 12 nm. The effect of
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different process parameters was studied on the deposition rate ahAgumsters

and plasma polymerization rate. At low power, Ag sputtering was found to be less
effective than plasma polymerization but at higher power coating composition
remained almost same but deposition ratefaasd to bechanged124).

The literature shows that a difficult to achieve, if not impossible, balance is
required to be established between the two processes (sputtering and plasma
polymerization)if they are going on simultaneously in theame deposition
chamber.Metal target poisoning with the polymeric material is an important
problem to overcome but it can be avoided by optimization process parameters.
Despax and Raynaumbtained polysiloxane thin films containing Ag nanoclusters
by an RFasymmetrical discharge on silicon substrate and characterized their
composition and morphology. The films were deposited by a combination of
silver sputtering and plasma decomposition of hexamesgilgane (HMDSO).

The authors showed thabntrol of flov of HMDSO was crucial to have balance
between cathode coverage and silver sputtering. Too high flow of HMDSO in the
sputtering chamber covered the silver target completely and deposited only
SiCOyH; over the substrate. The control was achieved by pofsati the
HMDSO flow. The polymer matrix composition was found to be a function of RF
power and silver volume fractidqi25.

Nano composite coatisgcataining silver nano particlesan also be prepared
through plasma polymerization of ethylene and carbon dioidebtain the
polymer matrix as reportetdy Drabik et al. (2015) The size of the metal
nanoparticles changed from 6 nm to about 60 nm as the power was varied from 30
W to 60 W. Optical propeds of the films were dependent on the microstructure
and an absorption peak was observed at 500 nm due to surface plasmon resonance
(SPR) of the Ag nano particles. The aging of the films in air and in water was
studied in detail. The microstructure ane thptical properties of the films were
found to be changed with aging both in air and in wgk8f]. In another study,
the effect of input power and varying ratio of &£QH, was studied on Ag
contents. The films were characterized for Ag quantity and Ag release in
deionized water. Initial film growth contained higher silver contents that later on
decreased due to Ag target poisoning by polymer deposited on the. target
However homogeneous depositias possible after reaching steady stateThe
authors observed that thembsition with unclean Ag target, target that was used
for previous processes, resulted in more homogeneous silver distributions as the
process was alreadly steady state relative[yL2§].

The aging behavior of polymer/metal composite films deposited under
various condition®f simultaneouplasma polymerization and sputtering has been
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studied in detail byHlidek et al Aging behavior was analyzed by FTIR
measurements for which reflection/absorption infrared spectroscopy (RAIRS)
method was used. IR spectra was acquired immediate after the epegiiout
exposure to air (ivacuumchambey and after 5 nm and 1day. Oxidation of the
polymer/metal composite film occurred after 5 min and 1 d exposure to ambient
air. Surface oxidation behavior was also determined by subjecting the films to
individual gases of the environment in the process chamber. Nitrogetownd

to have no effect and aging was suggested to proceed without contribution from
this gas. Oxygen caused the same aging effects as caused by the ambient air with
a minor difference. RAIR spectra showed that silver surface waszegidiy
carboxylateand carbonate groups bound to the silver partid@3]. Although
polymer/metal composite thin films obtained through combination of sputtering
and plasma polymerization are relatively ndor textiles it is particularly
promisng for environmenal friendly surface functionalization of textiles. A
successful scale up of any such process can provide a diverse and flexible
alternative to traditional processes to obtain either purenpig, metallic or
composite thin films possibly in a retb-roll batch process.
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Chapter 3

Experimental

This chapter provides brief introduction of the textile substratesingbd study
the description of the esputtering process of silver nano clusters/siticanposite
coating and all the characterizatsoperformedn this study.The key properties of
textile substrates and their intended applications are highlightet all the
characterizations preseut in this chapter has been perforroedeach textile.

3.1 Fabric substrates

Four types of woven textile fabrics, composed of natural as well as high
performance fibers, were used in this study. These include Cotton, Kevlar
Vectrarf, and Activated Carbon Fabric (ACF). Cotton is composed of natural
cellulose fibers. Kevlaf and Vectrafi are two high performce polymeric
fibers. ACF wasa Kynol based activated carbon fabric used in filtration. A brief
description of key progrties of each of these fibers along widkneral and
intended applicatiaof this stuly are described in the following section.

3.1.1 Cotton

Cotton is a natural fiber composed of cellulose molecules. Its molecular structure
consists of crystalline and amorphous regions in the ratio 2:1 respectively.
Cellulose with its native crystal struee is known as cellulose I. The structure of
the cellulose is modified after mercerization with NaOH (and some other
treatments also) and is termed as cellulose Il. The glucose molecules in the
cellulose are joined in long chains that render cotton fitsenatural structure
composed of microfibrils of thickness 4 nm. These fine microfibrils are crystalline
and combine to yield flat sheet or lamellae that finally result in ribbon like, long
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and convoluted cotton fibers. The hydroxyl groupSHKl) presentn the molecular
chain can result in hydrogen bonding wit®H) groups of other fibril§12§.

The presence of theydroxyl groups makes cotton a highly hygroscopic fiber.
Moisture absorbance, breathability and other desirable characteristics of the cotton
fibers have always made it an attractiveice for clothing and apparelotton
fabrics have been found to hag®od comfort properties compared to other
synthetic or blended fabrigd29. However, porous and hydrophilic structure of
cotton fibers is able to retain moisture and oxygen thus providing a gooemnutri
media for bacterial and fungal growfB6] [109. Cotton is extensively used in
medical applications in different forms includingound carge gauzs, lint,
bandages, wadding, plastdsedding and surgicalothing andhosiery good$5].

Cotton fabric used in this study wpkin woven fabridntended to be used as
gown in medical wear. Surgical gowns are normally made of cotton fabric and can
be a potential source of pollution in hospital wards and operating theaters. These
gowns can carry bacteria which can be transferred to other pateritseyn
generateand shed high level of pollutgrhrticles in the form of lint5]. The count
of the yarn(warp and weftusedin the fabricwas 24/1 resulting in fabric weight
(gram per square meter valGSM) of 290300g/n?.

3.1.2 Kevla®

Kevlar® is high performance polymeric arainfiber chemically composed of
poly(p-phenylene  terephthalamide) (PPTA). Its synthesis involves
polycondensation of terephthaloylchloride wigiiphenylene diamine in the
readion shown inFigure2

Figure 2: Synthesis of poly@phenylene terephthalamide) from polycondensation of
terephthaloylchloride andphenylene diamingl3(.

It was originally developed by DuPdNt The polymer has rigid rod like
molecular chains that form crystals in solution form known as liquid crystals. The
crystallinity of the fber is reported to be 100%. In the fiber crystallographic
structure, crystallites are formed from the molecular chains through hydrogen
bonding that develop in the radial direction of the fiber. The orientation of these
crystallites along the fiber axis lnown to impart high stiffness to the these
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fibers. The crystallites join together through hydrogen bonding to form fibrils
which are further connected to each other through hydrogen bonding to form the
core of the fibef131].

The fiber possesses high tenacity and modulus and exhiigotropy in
mechanical properties. It has high tensile strength, modulus, thermal stability and
chemical inertnes$1327 [133. Because of its excellent properties it finds its
application in various fields demanding high performance and lighter weights.
Aerospace, rail and marine industries exploigh strengthand light weight
characteristics of Kevi&rto achieve light weight and fuel efficiency. KeWlds
used in cabin floors and overhead bins of aircrafts where, in addition to light
weight, low electrical conductivity, fire resistance, thermal and soundatitsn
fulfill safety requirements and contribute to passenger comfort. Keidaalso
used in the production of landing gear doors, honey combs for-teibhgdy
fairings, filament wound oxygen pressure bottles, aircraft tires and rotor blades of
the aicrafts[134].

High mechanical strength, thermal stability and fire resistance properties of
Kevlar® make it excellent candidate in multipurpose protective clotf86 Low
density and high energy absorption properties make it a good candidate for
flexible body armor along with other high performance fibers. Protective vests
made of multilayered woven Kevfafabrics are used for ballistic protection of
soldiers in military[135. Because of its ability to retain its strength at high
temperature, internal tendons in the airbag landing system of the Mars Rathfind
were made of Kevl&rfibers [136]. Kevlar® is widely used as reinforcement in
high performance polymer composites but due to its chemical inertness and
smooth surface, these composites exhibit poterfice adhesion between the
fiber and the resin matrix. Interfacial adhesion between fiber and matrix can be
improved by chemical as well as plasma treatmgh8§. However, chemical
inertness and higbrystalinity of Kevlaf fibers may make it difficult to treat the
fiber surface through traditional processes involving organic read@sh
Whereas plasma processes can easily modify or functiortakzenert surfaces
and are limited to top 100 nm of the surface and thus bulk properties of the fibers
are preservefl4].

By antimicrobial functionalization of the Kevfarfabric, an additional
protection (biological) can be achieved in protective clothing made of Kevlar
along with other protections including thermal, chemical and cut resistance. The
Kevlar® fabric used in this study was intended to be used in aerospace
applications, especially in inflatable habitat moduléne fabric was coated with
antibacterial coatingo provide biologically safe environment to the astronauts
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The count of theyarnusedin the plain woven Kevl&rfabric was 26/2 Nmwarp
and weft densit 16.5 and 15.5 yarngh of fabricandfabric weight, in gram per
square meteiGSM), of 250+ 5% g/nf.

3.1.3 Vectrar®

Vectrarf is a high performance thermotropic liquid crystal polymer fiber. It is an
aromatic co polyester of-lpydroxy benzoate (HBA) and-Bydroxy-6-naphthoic
acid (HNA)with following chemical structure

It is melt spun into fiber at high temperatures. The liquid crystal polymer domains
in the melt state become highly oriented along the fiber axis during extrusion
through the spinnerets resulting in a fiber with high tensile prop¢ii8¥%. High
orientation of the molecular chains in Rrorystalline domains can vyield the
highest obtainable modulugl3§. Along with high mechanical properties,
Vectrarf also possess thermal stability over wide temperature range, excellent
chemical resistance, low moisture take up and no creep whdad up to 3% of

its breakng strength[139. Vectrarf exhibits much higher specific strength
compared to titanium, stainless steel and aluminum. Because of these excellent
properties, it finds its applications in diverse ared® lropes am cables,
protective clothingaerospace and medida4(.

In aerospace applications Vectfas used inD VW UR Q D XMW/ 4hdJiO R Y HV
inflatable habitat system#ir bags of Mars Pathfinder, in 1997 mission to help
landing, were made of Vectrardabric [141]. Flex-crack and abrasion resistance
properties of Vectrdhfibers are superior than those of KeVldibers Vectran
retains its full strength at low temperature. These properties led to its selection to
be used as bladder fabric layer in a multilayered airbag used in the landing system
of the Mars pathfindef136. Bumper shields designed usingétrarf fibers can
provide lighter weight and thinner protection system from the space {i&6#s
Medical applcations include catheter reinforcement, actuation cables and device
delivery systems[141]. Many of these applications require antibacterial
protection. Woven Vectran fabric used in this study was intetaldxt used in
inflatable habitat maule for aerospace applicatiod$e count of thegarn used in
the plain woverVectrarf’ fabric was 26/2 Nm, warp and weft nfgity 16 and 12
yarns/fabric cnrespectivelyand fabric weight, in gram per square meter (GSM),
of 240+ 5% g/nf
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3.1.4 Activated carbon fabric (ACF)

Activated carbon fabric (ACF)sed in this study was KyrfblActivated Carbon
Fabic (ACF). It is based orKynol novoloid precursor fibers and textle
Precursor fibers and fabriese carbonized and activated to form activated carbon
fibers or fabrics. ACF finds its application in air and water filtration, solvent
recovery and in electronics applications as double layer capacitors.
manufacturer repogt specific surface area of ACF fabused in this studyas

more than 1300 Ay with GSM (gram per square meter) value of 120%g/bue

to high specific surface area as a result of surface porosity and excellent
adsorption capabilities, activated carbfilmers and fabrics are widely used in
waste water treatment and air filtratigk6).

3.2 Method

3.2.1 Coating deposition by c@puttering

Antibacterial silver nano clusters/silica composite coating weposited by
means ofco-sputtering onthe four textile substratemamely Cotton, Kevl&r,
Vectrarf and ACF The novelty of the deposition lies in the-sputering oftwo
targets (silica andilver) in a way wheresilica is deposited as a matrix of the
composite coatig while silveris deposited and embedded in #ikkca matrix in

the form of nanoclustersfhe technique has been origiyatleveloped by the
same(GLANCE) research group and previously studied on other subsfiads
with deposition parameterthat can be varied keeping in view the intended
application The desired composition of the coating is obtained by manipulating
and controlling the flux of the material to extracted from the tgets and
deposited on the substrates.

Sputtering is carried in vacuum where plasma is crebyedpplying high
voltage across a gas. Bombardment of high energy species of plasma (ions,
radicals, electrons) can extract atoms from the desired target mttatiaan be
deposited on a substrate. The sputtering equipment used in this study was
OLFURFRDW @h idhGs equippedvith two cathodes: one"&liameterand
other onel” diameter Silica targeused in this study was 6f dia (99.9% purity
suppliedby JUDQFR &R U UWMBd sibelUta@etizas of 1" dia, (99.9%
purity) and suppliedby Sigma $ O G U LA Kiriple schematic representation of
the cosputtering processarried in this studis shown inFigure3.
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Figure3: Schematic representation of the-gputtering process.

Before deposition, sputtering chamber was evacuat&@ f&°a and working
pressure was maintained 5.5 dPawith argon as plasma gaSilica target was
supplieda power of 200 W RF (radio frequent8.56 MH2 and silver target was
supplied a power of 1 W DC (direct currenBince silver deposition ratgd 08
nm/hr)was quite high compared with that sifica (88 nm/hr)even at an applied
power of 1 W Figure 4 vs Figure5), a6 s plasma duty cycle was defined in
which silver target was switched on intermittently for 2 second while silica target
was switched on continuouslin preliminary investigationsyarious duty cycles
starting from 6 s to 24 s were investigated order to lower the silver
concentration to figure out where there would benti@imum effecton the color
of the substrates due to surface plasmon resonance associated with silver nano
clusters.The samples were inspected visually after coating to analyzeotbe c
effect. It was possible to achieve relatively transparent coating at longer duty
cycles (with lower silver concentrati@®) preserving the aesthetic look of the
original textile substrate. Howevefinally considering the technical applications
for the textile substrates used in this study, where functional performance of the
fabric was more important than aesthetic value, aesthetic properties were given
less priority and shorter duty cycleofnprising 6 ywas selected. With this duty
cycle, althoughthe color of the substrates changed after deposition bgttéym
antibacterial activity wasxpecteddue to higher silver concentrationwhen
combinedwith long termsupply of silver ims for antibacterial action in addition
to controlledand progressivsilver ion release propigs of the composite coating
which will be described indetail in the next chapterThree depositions were
carried for 15, 40 and 80 minutessulting in coatig thickness of abou0, 150
and 300 nnrespectively The depositia rates of silica and silver were calculated
from the graphs showm Figure4 andFigure5 respectively.The graphs report
coating thickness versus deposition time at specifideghplower.
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Figure4: Coating thicknessf silicaversus deposition timat anapplied power of 200 W
RF

The deposition rate of silica at 200 R¥ wascalculated to b&8 nm/hr.

Figure5: Coatingthicknesof silver versus deposition timat an applied power of 1 W
DC

The deposition rate of silver at an applied power of 1 W DCoaksilated to
be 108 nm/hr.

Theoveralldeposition parameteare simmarized infablel.
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