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Preface
Abstract
Healthcare-associated infections (HAIs), especially those caused by different antibiotic-resistant
bacteria such as methicillin-resistant Staphylococcus aureus (MRSA) and multidrug resistant
Pseudomonas aeruginosa are of growing concern in healthcare facilities. Since 1995, overall
incidence rates of MRSA in Canadian hospitals have increased 19-fold, leading to unnecessary
suffering by patients and increasing costs to hospitals. There have been many reports that link
pathogen-carrying hospital textiles and cases of infections. The development of effective,
durable and rechargeable antibacterial healthcare textiles is expected to impede the transmission
of infectious microorganisms, and act as an additional prevention measure to infection control.
N-chloramines have been proven to be one of the most suitable antimicrobial agents to be
immobilized onto healthcare textiles to impart them with potent and rechargeable antimicrobial
functions. However, the majority of the hospital used medical textiles are synthetic fibers which
are chemically inert and hard to be chemically modified with N-chloramine functions. This study
focuses on developing an industry scalable process to durably immobilize N-chloramine onto
poly (ethylene terephthalate) (PET), a common synthetic fiber used in healthcare textiles. Many
techniques have been reported till now to activate the chemically inert PET surface with reactive
functional groups. Among all the techniques, aminolysis and plasma treatments have attracted great
attention due to their easy process to introduce functional group onto PET and can be set up for large
production. However, aminolysis suffers from polymer degradation and plasma treatments suffer from
less deposition which hinders these two processes to produce commercial antibacterial textiles. In this
study, a new combined process was introduced by combining aminolysis and plasma treatments in a
specific way that not only minimize the problems associated with these two processes but also can create
more N-chloramine precursor functional groups onto the surface of PET. The covalently bonded Ni
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chloramine precursor groups can be easily converted to N-chloramine by dilute sodium hypochlorite
solution.

The presence of nitrogen on the PET substrates after the modification was confirmed by
CHNS/O elemental analyzer and ATR/FTIR analysis showing a successful incorporation of Nchloramine precursor. The morphology of the treated fibers was kept relatively similar with a
slight decrease in their diameter. Moreover, the tensile strength of the treated fabric was also
acceptably maintained. The N-chloramine modified PET presented highly effective antimicrobial
properties, even after 50 home launderings the rechargeable treated fabric demonstrated 100%
reduction of both MRSA and P. aeruginosa within a contact time of 5 min.
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Introduction
1.1.

Background

The wide spread of microorganisms through healthcare products is now one of the worrying
threats to the public health. Healthcare-associated infections (HAIs) especially those caused by
the multidrug resistant bacteria are common in the global healthcare systems. Hundreds of
millions of people around the world are affected by HAIs each year which not only increases the
hospital stays and medical cost but also is responsible for significant morbidity and mortality.
According to WHO, 7% and 10% hospitalized patients are affected by HAIs from developed and
developing countries respectively.1 HAIs cause annual death of 37, 000 in Europe and 99, 000 in
USA.1
Textiles (woven, nonwoven, knit) are extensively used in different healthcare facilities both as a
reusable and disposable form including uniforms and gowns, surgical drapes, bed sheets,
blankets, rugs, curtains. So it is necessary that they do not act as a media for transferring
microorganism to patients or people who are working in a hospital.2 However, textiles
themselves are recognized as a media for colonizing different microorganism such as bacteria,
fungi.3 Large surface area of textiles and the capability of retain moisture content by them are
mainly responsible for creating suitable environment for the growth of these microorganisms.4
Microorganisms can be cross transmitted to the textiles through indirect and direct contact of
different body substances including blood or blood-containing body fluids, other fluids, and body
tissues, vomit, skin, urine, stool. Healthcare textiles are one of the major sources for spreading
the HAIs, as some of the bacteria can survive prolong on them like Healthcare-associated
methicillin-resistant S. aureus (HA-MRSA).5
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To cope with the spread of the infectious diseases through the healthcare textiles, many
antimicrobial agents are incorporated into the fabric such as quaternary ammonium compounds
(QACs), N-halamines, poly biguanides, chitosan, triclosan, nanoparticles of noble metal and
metal oxide, and bioactive plant-based product6. Antimicrobial agents are mainly two types. One
inhibits the growth (-static) of the microorganism and another kill (-cidal) them. Most of the
antimicrobial agents which are available are biocides.6 One of the major problems associated
with most of the antimicrobial agents is the leaching properties. Leaching compounds such as
silver nanoparticles, triclosan can leach out easily during the washing process which is harmful
to the environment.6,7 So, the durable antimicrobial agent is necessary for effective antibacterial
textile. Among all the biocides, N-halamine compounds especially N-chloramines are one of the
most promising biocides due to their rechargeability and durability against washing. Moreover,
no bacterial resistance is yet reported against N-halamine because N-halamine is not specific to
any target.8,9
Antimicrobial agents which are commercially available are silver, quaternary ammonium
compounds (QACs), poly (hexamethylene biguanide) (PHMB), triclosan, chitosan and metal
ions.6,10 A few products are available commercially which are treated with N-chloramines.
Poly (ethylene terephthalate) is one of the most common synthetic fibers widely used in different
healthcare applications. Due to its mechanical strength, durability, flexibility and, more
importantly, availability and lower manufacturing cost, PET has become one of the most
desirable fibers for healthcare textiles. In addition, PET fabric and apparel can be reused for a
longer period of time which makes it unique for protective textiles in healthcare facilities.
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However, the absence of reactive functional groups makes PET quite challenging for introducing
antimicrobial agents onto it.
So, in this study, a novel method, combination of aminolysis and plasma treatments, was
introduced to durably immobilize the N-chloramine on to the surface of PET to overcome the
problems associated with the present conventional methods to impart PET with highly efficient
and rechargeable antibacterial functions for large production.

1.2. Objectives
The project aim is to establish an industrially scalable method for introducing antimicrobial
agent which should meet the following requirements:
•

Introduce a novel method for modifying the chemically inert Poly (ethylene
terephthalate) (PET) with minimum effect on bulk properties.

•

Incorporate an antimicrobial agent onto the PET fabric which is durable and rechargeable
after use.

•

Develop an easy, cheap and environmentally friendly process for producing antibacterial
textiles.

•

Overall make the process feasible for large production.
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Literature Review
2.1. Healthcare-associated infections (HAIs)
Healthcare-associated infections (HAIs) are one of the growing concerns in the healthcare sector.
Over 200,000 patients infected by healthcare-associated infection (HAIs) each year in Canada
alone. Among, 8,000 died each year as a consequence.11
Gram-positive methicillin-resistant Staphylococcus aureus (MRSA) is a drug-resistant and the
most common bacterium responsible for the healthcare-associated infections.12 According to the
estimation of CDC (Centers for Disease Control and Prevention), in the US, 80,461 patients are
infected by MRSA in 2011 in which 11,285 died.13 MRSA is resistant to beta-lactam antibiotics
including methicillin, penicillin, oxacillin and amoxicillin.14 MRSA can be spread very easily,
either direct contact or indirect contact. The bacteria can be transfer from person to person or
person to object and object to person and can survive for a long period of time in the patient
environment including different surfaces like door handles, floors, sinks, bedding sets, curtains,
towels, gowns.14
In contrast, gram-negative bacteria like Pseudomonas aeruginosa are also a common cause of
HAIs. According to the estimation of CDC, 51,000 healthcare associated P. aeruginosa
infections occur each year in the US. Among them over 6000 are multidrug resistant, with
around 440 death per year as a result.13
2.2. Healthcare textiles
Textiles are extensively used as health care products as woven, non-woven and knit fabrics.
Healthcare textiles include uniforms, patient dresses, surgical gowns, drapes, bedding, pillow
covers, curtains, linens, wraps, wipes. Textiles are suspected to be one of the major sources for
6
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spreading HAIs.
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Because, bacteria can multiply rapidly onto textiles if basic criteria are met

like moisture content, nutrient and temperature.4 Many studies have been reported about the
contamination of healthcare textiles by different pathogenic bacteria. Studies showed that,
nurse’s uniform can be contaminated within 24 hr by Staphylococcus aureus, Clostridium
difficile and vancomycin-resistant Enterococci (VRE);16 privacy curtain can be contaminated
within one week by mostly methicillin-resistant S. aureus (MRSA) and some VRE;17 bed linen,
mattress, sheets, pyjamas, patients cloth can be contaminated by MRSA and P. aeruginosa after
use.18–21 Besides, some of these bacteria like MRSA, VRE can not only exist but also survive a
long period of time on textiles surface.22 As a result, hospital staff and laundry personnel who
handle unclean healthcare textiles can be affected easily by different pathogenic bacteria.23,24
Moreover, these pathogenic bacteria can also be survived even after laundering at 60 °C.
Therefore, uses of antibacterial textiles become an increasingly important in the field of
healthcare facilities to inhibit or prohibit the growth of pathogenic bacteria.
2.3. Antimicrobial agents which have been applied onto textiles
Antibacterial activity can be normally classified as biocidal and biostatic. Antibacterial agents
that kill (-cidal) microorganisms are known as biocidal. On the other hand, the antibacterial
agents that inhibit (restrain) the growth (-static) of the microorganisms are known as biostatic.6
Killing ratios of the bacteria are better while antimicrobial agents are in solution. Therefore,
antibacterial agents which are water soluble showed better antibacterial efficacy against a wide
range of applications like HAIs. Most of the antimicrobial agents which are commercially
available are biocides.6 Biocides can be attached to the surface of textile or can be incorporated
within the fiber. However, with time the reactivity decreases with the loss of antimicrobial agent
7
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upon using and washing.

In order to control or kill the growth of bacteria more antimicrobial

agents have to be applied onto the textile.6
Antimicrobial agents which have been applied onto textiles are silver, quaternary ammonium
compounds (QACs), poly (hexamethylene biguanide) (PHMB), triclosan, chitosan and metal
ions.6,10
2.3.1. Quaternary ammonium compounds
Quaternary Ammonium Compounds (QACs) are common antibacterial agents used as antiseptic
and disinfectants. QACs become antibacterial when they contain 6 or a higher carbon atom in
their alkyl chain.8 They are effective against a broad spectrum of bacteria, fungi, and some
viruses. In solution, QACs contain a positive charge (N+) which affect the microorganism,
leading to the destruction of the cell membrane, protein denaturation and interruption in the cell
structure.25 A number of factors are involved for the antimicrobial activity of quaternary
ammonium moieties like the length of the alkyl chain, the number of N+ in the molecule,
existence of perfluorinated hydrocarbon groups. Besides, the antimicrobial activity of QACs is
proportional to the adherence of the agent with the textile.10,26 It has been reported that acrylic
groups containing quaternary ammonium moieties with alkyl chain of at least eight carbon can
effectively kill 6 log reduction of both S.aureus and Escherichia coli within contact time of 2
hr.27
Many techniques have been used to produce QACs containing antibacterial textiles. Among
them, sol-gel technology has become the most convenient process as nanocomposite polymer
network formation can be possible with a hybrid organic-inorganic material.28–30 QACs can be
directly applied to synthetic fibers by exhaustion or can be attached to textile during the finishing
8
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process.10 There are also a number of commercial products available which are based on QACs
such as Bioguard by AEGIS Environment,10 Biosil by Toyobo, Ruco-Bac EXE by Rudolf
Chemie, Singard(DC,7500,500) and Sanigard KC by L.N. Chemical Industries.6 All of these
commercially available QACs have been applied onto the textile surface as a finishing agent
during the finishing process.6
Leaching from the substrates is one of the major disadvantages of QACs. Because there is no
chemical bonding between QACs and the substrates, due to the absence of reactive functional
group. Moreover, less physical bonding of QACs lowers its concentration dramatically below the
MIC (Minimum Inhibit Concentration). In addition, bacterial resistance has also been reported
widely against QACs.10
2.3.2. Chitosan
Chitosan is deacetylated derivative of chitin and evolves from the shells of crustaceans like
shrimps.6 Chitosan is positively charged so that it can interact with negatively charged
microorganisms. This causes massive changes in the cell membrane and cell structure resulting
in the leakage and inactivation of the cells.31,32 In general, chitosan is much more effective
against fungi and algae than bacteria.33 Different derivatives of chitosan are also used as
antimicrobial agents. To increase the antimicrobial properties some of the derivatives contain
quaternary ammonium compound.6
Chitosan is normally used in textiles as a composite fiber or as textile chemicals.34 Fiber can be
formed from chitin/chitosan as they possess microfibrils which allow fiber spinning.35 Composite
textile fibers can then be produced by blending chitosan fiber with other polymers like polynosic,
cellulose viscose, rayon.6
9
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Many commercial finishing agents and composite fibers are available which are based on
chitin/chitosan like Eosy® (finishing agent) by Unitika, Chitopoly® by Fuji-Spinning,
Crabyon® by SWICOFIL, , Ultex by Nantec Textile Co., Ltd.6
Despite some advantages, chitosan has poor adhesion to the cellulose fibers and causes leaching
in the regular interval during washing. The different crosslinking agent is used to enhance the
adhesion properties of chitosan with cellulose like polycarboxylic acids, imidazolidinone.34,36,37
Another drawback of chitosan is the poor handle property which limits their applications of
chitosan on textiles where comfort is a great concern.6,31
2.3.3. Triclosan
Triclosan (2,4,4’-trichloro-2’-hydroxyphenyl ether) has been widely used in different cosmetics
since 1960. It is also used in different household and personal health-care products along with
textiles. Triclosan is effective against different microorganisms, including gram-positive and
gram-negative bacteria.38,39
Triclosan is mainly applied onto textiles during the finishing process. For example, cotton can be
treated with triclosan solution by conventional exhaust process. Efficient reduction of both E.
coli and. S. aureus has also been reported using this process.40 For synthetic polymers, triclosan
can be incorporated onto them by suspension polymerization or melt-mixing process.41,42
Many commercial antimicrobial fabrics are also available which are based on triclosan like
Microban (Microban International), Tinosan AM 100, CEL (Ciba Speciality Chemicals), Silfresh
(Novaceta).43
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However, many bacterial resistances have been reported which is the main concern of using
triclosan.44 In addition, it can create a toxic substance (2,8-dichlorodibenzo-p-dioxin) while
exposing it to sunlight.10 Besides, triclosan was found to be toxic to the human as well as other
wildlife like aquatic animals. Moreover, in many cases, the products that have been based on
triclosan ended up by wash away to the lake or river.45 Concerning about the health and
environment issue, the uses of triclosan is limited to the textile and some other applications.10
2.3.4. Polybiguanide
Polybigaunides are polymeric polycationic amines. Among them, Poly (hexamethylene
biguanide) (PHMB) is widely used as a disinfectant, particularly for wound infection by bacteria.
PHMB contains an average of 11 units of biguanide. It has better antimicrobial efficacy than
dimeric or monomeric biguanides because of the cationic structure (+NH2) and the
hexamethylene group which linked between two biguanide units.46,47
When the bacterial cell attaches with PHMB, it can increase the permeability of cell membrane
by dislocating the cytoplasmic structure. PHMB can then replace the ions from the negatively
charge bacteria and deactivate them.28,48
PHMB usually applied onto textiles during pretreatment and finishing processes.6 There are a
number of commercial products available which are based on PHMB like Biobac ZS by
Zschimmer & Schwarz Mohsdorf GmbH & CoKG, Reputex 20™ by Arch Chemicals, Vantocil
IB by Zeneca Ltd. These products are mainly finishing agents and applied onto textiles during
the finishing process.6 Reputex is primarily applied to cellulose using pad dry cure process in the
beginning. More recently it has also been applied onto nylon and polyester commercially as
Purista.10
11
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As PHMB is cationic in nature, they can create ionic as well as hydrogen bond with the anionic
structure of cotton. When cotton color with reactive dyes, cotton can increase the pickup of
PHMB due to extra anionic groups presents in the fabric. However, these strong ionic bonding
causes reduction in antimicrobial efficacy, which is their main disadvantage.49
2.3.5. N-halamines
N-halamines are one of the promising classes of biocides and have been used as an anti-infective
agent since long ago. N-halamines are durable against washing and can be recharged again after
deactivation of the bacteria. In addition, no bacterial resistance is yet reported against them.
Halogen, mainly chlorine, and iodine has been used as the anti-infective agent. Between chlorine
and iodine, chlorine enables stable compound N-Cl and O-Cl which are known as active
chlorine.9
The structure of N-halamines can be inorganic and organic. Hydantoin and dimethyl hydantoin
are the common moieties of many organic N-halamine polymers.50 Organic N-halamines can be
classified into three namely, imide N-halamine, amide N-halamine and amine N-halamine.
Stability of the N-halamine depends upon their structure and follows a sequence which is imide
N-halamine > amide N-halamine > amine N-halamine. On the contrary, antimicrobial activity of
N-halamine follows the reverse trend: amine N-halamine > amide N-halamine > imide Nhalamine.51
N-halamines can be applied onto different textile surface.6,52–55 Vinyl functional group can be
incorporate into N-halamines which can be polymerized on the cellulosic fiber to form a durable
coating.6 Besides, heterocyclic N-halamines can be covalently bonded with different types of
fibers including cotton, polyester, nylon and can also be grafted onto both cellulosic and
12
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synthetic fabric like PET, acrylic, polyethylene, Nomex (m-aramid fibers), PET/polyamide
(70/30) microfibers, nylon-66, polyethylene, polypropylene, Kermel.56,57
2.3.5.1. Mechanism of killing bacteria by N-chloramines
When external protein matrix of the bacterial cell comes in contact with N-chloramine, it can
transfer Cl+ directly from the N-chloramines bond to the suitable receptors by trans-chlorination
and aromatic substitution, and it can then commence oxidative reaction of sulfur compound in
the cell of microorganisms. This can destroy or hinder the enzymatic or metabolic processes
which result in an efficient destruction of microorganisms.6 Trans-chlorination is the result of
chlorine cover whereas aromatic substitution and oxidation are the results of consumption.
Generally, oxidation of sulfur compound completes within a second, but substitution reaction of
aromatic takes comparatively longer time. Conversely, trans-chlorination takes minutes to settle
down. These reactions are irreversible and are responsible for the destruction of the bacterial
cell.9
After deactivating the microorganisms, N-chlormines bond are reduced to its precursor N-H.
However, the biocidal function of inactive N-H can be recharged again by chlorine using NaClO
solution during washing process(Equation [1]).58
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Equation [1]

Synthetic fibers are more resistant to bacteria than natural fiber as they possess less moisture
content. Synthetic fibers currently have 62.6% share of total world fiber market.59 And polyester
is the most used synthetic fiber with a market share of 72% among all synthetic fibers.60
2.4. Poly (ethylene terephthalate) (PET):
Polyester which largely means poly (ethylene terephthalate) (PET) is a common fiber used in
different textiles including protective and healthcare textiles. Since the introduction of PET, it
started to dominate the global technical and textile market. The uses of PET are innumerable due
to some excellent and desirable physical properties such as high mechanical strength, light
weight, high flexibility, wash and wear durability, anti-wrinkle properties and most importantly
cheap and easy production from petrochemical sources.61 The crystalline structure of PET allows
the formation of both van der Waal forces as well as weak hydrogen bond which makes them
stronger as well as wrinkle-resistant.62 These properties make PET ideal for reusable healthcare
textiles.
Tons of waste is generated every day from healthcare facilities around the world. Waste of textile
can vary from 11- 26% on total weight based upon the area and hospitals.63,64 So, reusable
healthcare textiles can be a good alternative choice to reduce medical waste as well as healthcare
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cost. PET is widely used is different reusable healthcare textiles including privacy curtain,
uniforms, scrub suits due to their availability and cheaper cost.
PET could be a good choice for introducing antibacterial agent like N-Chloramine to make
reusable antibacterial textiles as N-chloramine can be recharged a number of times. However, the
lack of polar reactive groups on the PET surface makes PET quite challenging for chemical
modification.65

Table 1
Strength, strain at break (%) and moisture regain (%) of different fibers at 20° C and 65%
relative humidity 66,67

Fiber

Manmade
fiber

Natural fiber

Polypropylene
Acrylic
Nylon 6.6, regular
Nylon 6.6, high-strength
Polyester, regular
Polyester, high-strength
Cotton
Flax
Jute
Ramie
Wool
Silk

Strength
(grams per
denier)

Strain at
break (%)

2.0-7.8
2.0-3.6
4.3-6.0
6.0-9.0
2.5-6.0
6.0-10.5
3.0-5.0
2.6-7.7
3.0-5.8
5.3-7.4
1.0-.17
2.4-6.1

15-50
25-55
15-40
13-16
22190
42193
42134
1.3-3.3
1.3-3.0
3.0-7.0
20-45
42302

Moisture
Regain
(%)
0
1.3-2.5
3.5-5.0
0.4
42195
42197
12.0-13.7
6.0-8.5
13.6-18.0
10.0-11.0
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2.5. Antibacterial modification of PET
There are a lot of techniques that have been developed to modify the surface of textiles by
introducing the polar reactive groups. In addition, these modifications also improve different
properties of textiles. Modification should introduce a specific functional group in order to attach
a bioactive compound to make textiles antibacterial. The techniques which are currently used to
modify PET to introduce antibacterial properties can be broadly classified in three ways namely
physical treatment, wet chemical process, and ionized gas treatment.
2.5.1. Physical treatment
This modification can be done by coating, bending or amalgamating with appropriate additives.
The modification can be done during or after the manufacturing process.68,69

Different

antibacterial agents can be coated with this technique including QACs, N, N-dimethyl-2morpholinone, Silver, fluoride ion, copper oxide.
Nonetheless, physical treatments are generally coated in a disorderly way. Additionally, these
treatments are unstable and mechanically weak. Moreover, optimum concentration level drops
below to the leaching time which affects the bactericidal activity.70–72
2.5.2. Wet chemical process
This process is used to modify the surface in the presence of the liquid reagent in order to create
the reactive functional groups on the substrate surface. This is a conventional process to modify
the surface and can be done in most laboratories using simple equipment. Many research has
been reported till now to activate the PET surface for immobilization of antimicrobial agent
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including aminolysis, reduction, hydrolysis, nucleophilic substitution with formaldehyde, semiinterpenetrating polymer network (semi-IPN).52,73,74
2.5.2.1. Aminolysis
Aminolysis is one of the effective ways to introduce functional groups onto the surface of the
chemically inert PET. This functional group can then act as a potential anchoring site for the
various antimicrobial agents. Aminolysis is based on wet chemistry method and normally
consists of polyester bulk and diamino solution.75–77 Diamine offers two possibilities as they
have two -NH2 groups. While one -NH2 groups can attack the carbonyl carbon of PET, another
free -NH2 groups can later react with the biocides to impart antimicrobial function78. Primary
amine functional group can be easily introduced onto the surface of PET by this reaction.
Secondary amine can also play a role in aminolysis, but the reactivity is insignificant compared
to a primary amine.78 Commonly used amines are ethylenediamine, hydrazine

79,80

and 1,6-

diaminohexane.81 The highest activity was found by using ethylenediamine.82 To achieve more
functional group onto the surface, this process needs to go either higher temperature or moderate
temperature with a longer period of time. This causes serious damages to the mechanical
strength. Because in aminolysis, diamine molecules attack the backbone of ester which causes
the polymer degradation of PET.78,82 Though aminolysis is a convenient and versatile method for
modifying the inert PET, this reaction influences the surface as well as the bulk properties of
PET.
2.5.2.2. Other processes
Reduction and hydrolysis also cause polymer degradation of PET.73 The drawback of using
nucleophilic substitution with formaldehyde for PET modification is toxicity of the chemical
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involved in the process.73 Semi-IPN technique showed some changes in physical properties of
the treated PET that compromise its application.
Despite some advantages, these processes have some detrimental effect too. These processes are
non-specific and can produce a variety of functional group containing oxygen. In addition,
harmful chemical waste produced by using these processes which can be applicable in a
laboratory setting but may not be convenient for the large production for commercial use.83
2.5.3. Ionized gas treatment
2.5.3.1. Flame treatment
Flame retardant is a non-specific technique for surface modification. In this method, ionized air
bombard the surface of the polymer to create a significant amount of oxidation product on the
surface.84 A range of functional group can be imparted to poly(ethylene) including aldehyde,
hydroxyl, and carboxylic group.85
However, this technique needs to control precisely in order to avoid inconsistency and burning.
In addition, this process can also be responsible for weakening the polymer optical clarity.86
2.5.3.2. Corona discharge
Corona discharge is an inexpensive and simple process where ionized air generated from current
flows bombard the surface of the polymer. Generally, this process is used to improve adhesion
properties of the inert polymer.84,85,87
One of the shortcomings of the process is contamination as this process is not run in a vacuum.
So other parameters can also affect the consistency of the treatment.86
18

Literature Review
2.5.3.3. Ultraviolet irradiation
In ultraviolet irradiation, polymer surface can create reactive site upon exposure to UV light
which can then converted into functional groups while exposing to gas. Surface reactivity depth
depends on the wavelength and absorption coefficient.68
However, UV irradiation can affect the substrate’s optical properties. In addition, consistency of
the treatment can be hampered if UV light is hindered by particles.88
2.5.3.4. Plasma
In order to avoid the uses of carcinogenic organic chemicals, researchers are trying to find out
the alternate way to do the surface modification.89 Solvent free technique plasma is a good
choice for imparting biocompatible and antibacterial functional groups onto the surface of PET
due to some of their unique properties like the stability of surface and control reactive functional
group.90 Surface modification by the plasma can be classified either physical or chemical
modification. Because during plasma treatments both surface morphology and chemistry can be
changed.91,92 The technique is industrial scalable, non-pollutant, clean, reproducible and can be
implemented easily with an easy setup.
Gas plasma treatments are making a revolution in changing textile processing. Although it has
been known for a few decades, industrially scalable machinery and the commercial uses started
recently. Plasma is a complicated combination of electrons, photons, positive and negative ions,
free radicals and excited molecules. As a result, all these components can interact with the
surface of textiles.93,94 There are two kinds of plasma, thermal (hot) and non-thermal (cold). Hot
plasma is not suitable for the textiles as well as other substrates due to their excessive high
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temperature (1000 K). On the contrary, near room temperature is needed for the cold plasma
process. Different species (electron, photons, ions, molecules) require a different range of eV
(electron volt) to acquire energy. Energy is required in different stages in plasma treatments like
during interactions and reactions inside the plasma, radiation, surface conduction. Therefore, an
external source is necessary to supply the energy to the plasma in a continuous basis.94 Widely
used a source of external energy are electric discharge, plasma device using atmosphericpressure or in a vacuum chamber using low pressure. Mainly three types of power supply are
used in plasma treatments: low frequency (50 – 450 kHz), radio frequency (13.56 MHz or 27.12
MHz) and microwave (915 MHz or 2450 MHz).93,94
2.5.3.4.1. Plasma formation
2.5.3.4.1.1. Low-pressure plasma
In low-pressure plasma, up to 5kW electrical power required depending upon the size of the
chamber and the treatment. Pressure normally used in the range between 0.1 mbar to 1 mbar.
Power generated in either by radio frequency range or by the source of the microwave.93
Though the initial cost of low-pressure plasma is more expensive than the atmospheric plasma,
low-pressure plasma possesses better uniformity as well as less use of gasses. Moreover lowpressure plasma possesses less contamination than the atmospheric pressure plasma due to the
use of vacuum chamber during the process.93,94
2.5.3.4.1.2. Atmospheric-pressure plasma
Atmospheric pressure plasma can be classified into three categories namely, atmospheric
pressure glow discharge, corona discharge, and dielectric barrier discharge. Atmospheric plasma
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requires less energy as it does not need to achieve low pressure for the process. This process is
mainly continuous process.93,94
In spite of some pros, it is difficult to use in different textile treatment due to less control and less
uniformity during the treatment on the surface of textiles.93,94
2.5.3.4.1.3. Plasma treatments
Plasma treatments are mainly the etching or cleaning of the surface. It offers the surface
modification with nanometer level to impart functional groups depending upon which gas (like,
O2, N2, Ar, He, CO2, CF4, NH3) is selected in plasma.61 For example, while oxygen is used to
improve the hydrophilicity, fluorocarbon is used to obtain hydrophobicity of the surface.95
Functionality is varied upon the gas and parameter (like power, pressure, and gas flow rate)
used.61 The easiest way to impart amine group is treating the surface with plasma by ammonia,
ammonia with hydrogen, nitrogen in combination with hydrogen, nitrogen, argon or ethylene.
However, ammonia could be turned into polymer bulk and part of the surface returned to its
initial untreated states.96
Plasma treatments can also be introduced for other surface modification. First activated the
functional groups onto the surface by plasma treatments followed by other modification (like
dielectric barrier discharge or ultraviolet graft polymerization).61 This technique is known as pre
or post-irradiation grafting.
The use of O2 is used to impart the peroxide functional group on the surface of PET. This
functional group can improve the hydrophilicity of the surface of PET which can then be used
for the initiation of the treatments during monomer deposition by plasma. This technique is
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known as plasma deposition. In plasma deposition, the monomer in the vapor phase is initiated to
plasma discharge to convert it to the reactive species which can then react with the functional
surface to produce crosslink polymer coating.97
Plasma can create only a depth of few tenth of nanometer on the surface substrates either
physically or chemically.98 Though plasma is a good choice but the ultimate goal to achieve
more biocides on to the substrates surface is still unreachable.
2.6. Conclusion
In this study, a novel industrial scalable method was introduced to durably immobilize the Nchloramine on the surface of PET. Amine-containing PET surface was introduced by combining
aminolysis and plasma treatments processes not only to minimize the problems associated with
these two processes but also to create a high amine functional group onto the surface. This amine
functional group can later convert to N-chloramine for effective and rechargeable antibacterial
functions.
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3.1. Materials
Poly (ethylene terephthalate) (PET) fabric (plain woven 1/1) (#777) was purchased from Test
fabric, Inc. Ethylenediamine (EDA) (Reagent Plus≥ 99%), was obtained from Sigma-Aldrich.
3.2. Modification of PET
3.2.1. Plasma treatments of PET (PLA-PET)
Oxygen Plasma: PET sample surface was first activated by plasma using oxygen for 20 minutes.
Specification: Chamber pressure: 0.4 mbar,
RF Power: 100%
Flow rate: 22-27 sccm
Monomer Deposition: Afterward, ethylenediamine was deposited onto the surface of PET using
plasma for 3 minutes 9 times.
Specification:
Chamber pressure: 0.4 mbar,
RF Power: 40%,
Flow rate: 22-29 sccm.

Sample fabric was flip and repeat oxygen plasma and monomer deposition process again to
polymerize the both side of the fabric. Sample fabric was then rinsed thoroughly with DI water 3
to 5 times and dried it in the oven at 105°C for 1 hr to remove unreacted monomer from the
surface of PET and kept in desiccators for 15 minutes to reach its constant weight.
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3.2.2. Aminolysis (EDA-PET)
PET fabric was first immersed in 30 mL of ethylenediamine (EDA) solution at 50°C temperature
for desired time. Rinse the PET fabric thoroughly 3 to 5 times to remove the physically adsorbed
EDA form the fabric. Afterward, dried it in the oven at 105°C for 1hr and kept in desiccators for
15 minutes to reach its constant weight.
3.2.3. Combination of aminolysis and plasma treatments without adsorbed amine (EDAPLA-PET)
PET fabrics were first immersed in 30 mL of ethylenediamine (EDA) solution at 50°C
temperature for desired time. PET fabric was then rinsed thoroughly with DI water 3 to 5 times
to remove the physically adsorbed EDA form the fabric. Afterward, dried it in the oven at 105°C
for 1hr and kept in desiccators for 15 minutes to reach its constant weight.

Oxygen Plasma: PET sample surface was first activated by plasma using oxygen for 20 minutes.
Specification: Chamber pressure: 0.4 mbar,
RF Power: 100%
Flow rate: 22-27 sccm
Monomer Deposition: Afterward, ethylenediamine was deposited onto the surface of PET using
plasma for 3 minutes 9 times.
Specification:
Chamber pressure: 0.4 mbar,
RF Power: 40%,
Flow rate: 22-29 sccm.
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Sample fabric was flip and repeat oxygen plasma and monomer deposition process again to
polymerize the both side of the fabric. Sample fabric was then rinsed thoroughly with DI water 3
to 5 times and dried it in the oven at 105°C for 1 hr to remove unreacted monomer from the
surface of PET and kept in desiccators for 15 minutes to reach its constant weight.

3.2.4. New combined process of aminolysis and plasma treatments with adsorbed amine
(EDA-AD-PLA-PET)
PET fabrics were first immersed in 30 mL of ethylenediamine (EDA) solution at 50°C
temperature for desired time. Then kept it in a paper towel and dried properly using a blow dryer.
Total drying time was around 5 min to keep desired weight pick up% (3.23% for aminolysis 5
min and 10.26% for aminolysis 10 min)
Oxygen Plasma: PET sample surface was first activated by plasma using oxygen for 20 minutes.
Specification: Chamber pressure: 0.4 mbar,
RF Power: 100%
Flow rate: 22-27 sccm
Monomer Deposition: Afterward, ethylenediamine was deposited onto the surface of PET using
plasma for 3 minutes 9 times.
Specification:
Chamber pressure: 0.4 mbar,
RF Power: 40%,
Flow rate: 22-29 sccm.
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Sample fabric was flip and repeat oxygen plasma and monomer deposition process again to
polymerize the both side of the fabric. Sample fabric was then rinsed thoroughly with DI water 3
to 5 times and dried it in the oven at 105°C for 1 hr to remove unreacted monomer from the
surface of PET and kept in desiccators for 15 minutes to reach its constant weight.
3.3. Characterization:
3.3.1. ATR-FTIR
Attenuated total reflectance fourier transform infrared spectroscopy (ATR-FTIR) spectra were
performed using Nicolet iS10 spectrometer from Thermo Electron corporations.
3.3.2. Scanning electron microscope
Cambridge Stereoscan 120 Scanning Electron Microscope (SEM) was used to evaluate the
surface morphology of the PET before and after various treatments. PET samples were gold
coated using Edward sputter coater S150B. 10 KV accelerating voltage was used to capture the
images of SEM.
3.3.3. Contact angle measurement
Water contact angle measurements were carried out in the air with a water droplet (static sessile
drop method) and analyzed using Image J software. A water droplet was placed on the first place
on the sample and captured the image by camera. Both untreated and treated PET fabric was
evaluated and measured the contact angle by suing 3 reading from each sample and mean value
were calculated.
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3.3.4. Elemental analysis
Elemental analyses of untreated and treated PET samples were performed using 2400 Series II
CHNS/O analyzer.
3.4. Chlorination
The immobilize amine can be converted to N-chloramine structure by simple chlorination
process. Treated PET samples were chlorinated using sodium hypochlorite solution (1500 ppm)
(adjust pH to 8 using 10% HCl) and were shaken by wrist shaker at room temperature for 1 hr.
The ratio of the total weight of the fabric to liquor was (1:50). Sample fabric were then rinsed
thoroughly with DI water 3 to 5 times and dried it in the oven at 45°C for 1 hr to remove to
remove any remaining free chlorination.
3.5. Iodometric titration
The active chlorine concentration of treated samples was measured using iodometric titration. In
brief, small pieces of fabric weight around 0.26-0.27 gm were dissolved in 30mL of water and
25 mL sodium thiosulfate (Na2S2O4) solutions (0.001N). Mixture solutions were then shaken for
1 hr. Afterward active chlorine ppm was calculated from the data obtained from electric potential
(mV) changes was using redox electrode.
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Active chlorine concentration [Cl+] (ppm) = 35.45 × (V1-V2)×N×1000 /(2×W)(2)
Here,

V1

Volumes (mL) of the iodine solution consumed in titrations of
blank sodium thiosulfate solution.

V2

Volumes (mL) of the iodine solution consumed in titrations of
sodium thiosulfate solution with fabric sample.

N

Normality of I2 = 0.001N

W

Samples weight in grams

35.45

Molar mass of Chlorine

3.6. Fabric stiffness test
SDL Atlas, model-M003B was used to measure the stiffness of the samples by cantilever test.
Tests were done according to ASTM Method –D1388-08 for standard test method for stiffness of
fabrics. PET sample was cut into 25 mm X 200 mm. The sample was kept on a horizontal
platform of the machine. A movable slide bar was placed onto the top of the sample and
gradually moved the bar with samples towards the longer dimension. Edge of the sample was
started bending upon its own mass and continue until the edge touches the indicated mark line at
41.5° from the horizontal plane. This length is known as overhang length. Reading was collected
from the both end and both side of the fabric. Flexural rigidity was then calculated from the
following equation:
c = O/2
G= 1.421 x 10-5 x W x c3
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Here, G = Flexural rigidity, μ joule/m
W= Fabric mass per unit area, g/m2 and
C = Bending length, mm
O=Length of overhang, mm

3.7. Tensile strength test
The tensile strength of the samples was carried out using Instron, Model 5965, with a 5 KN load
cell at a constant strain rate of 300 mm/min. Tests were done according to ASTM Method –
D5035-11 for standard test method for breaking force and elongation of textile fabric (Strip
Method).53 There are mainly two test methods for determining the tensile strength of woven and
nonwoven fabric namely ravel strip method and cut strip method. Ravel strip method is used
mainly for woven fabric and cut strip method is used mainly for nonwoven fabrics. Fabric
samples were tested using the ravel strip (1 R) method. Fabric samples were first cut 35 mm
(width) and then remove ten yarns from each side from warp direction. 75 mm gage lengths were
used for the experiment. At least three samples were tested for each experimental
measurement, and the mean values as well as the standard deviations, and coefficient of
variation were calculated.
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3.8. Laundering test
The durability of active chlorine concentration on treated fabric was investigated using AATCC
Test Method 61-201399. Fabric samples were tested using test no 2A. At first 150 mL of DI
water, powder detergent (without optical brightening agents) (0.15% of total volume) and 50
stainless steel balls were added to each canister and placed it into the laundering machine. The
temperature was then set to 49±2 °C. After the preheat, fabric sample (50mm X 150 mm) was
added to the canister (one sample in each canister) and run the machine for 45 min (one washing
cycle) at 40±2 rpm. One washing cycle by this method is equivalent to five home machine
launderings at medium temperature (38±3°C). Samples were then washed three times using DI
water. Samples were laundered at 1, 2, 5 and 10 washing cycle.
3.9. Antibacterial test
The antibacterial performance was evaluated according to AATCC Method 100-200453,52.
Treated fabrics were cut into two small round pieces. The diameter of each sample was 4.8 cm.
100 µL aqueous suspension containing 106-107 CFU (Colony forming unit) /mL was placed onto
the surface of one sample swatches. Second fabric sample was sandwich over the first one and in
order to ensure the contact between fabric and suspension a sterilized 100mL beaker was then
kept onto the fabric samples. 10 mL of 1% Na2S2O4 solution were placed onto the samples to
neutralize the samples Cl+ (active chlorine) after different contact time. Afterward, samples with
the mixture solutions were shaken thoroughly for two minutes followed by vortex 1 min. Liquid
solution was then diluted serially. Dilution was then placed onto a nutrient agar plate (100 µL of
each). Chlorinated untreated PET was used as control samples. Viable bacterial colonies were
then counted after incubation for 24 hr at 37°C.
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Reduction of bacteria was counted using the following formulae.
Percentage reduction of bacteria (%) = (A-B) / A x 100
Log reduction: Log (A/B)
: Log (A) – Log (B)
Or Log (A) (Consider only A, if B=0)
A

Number of bacteria counted from untreated fabrics

B

Number of bacteria counted from treated fabrics
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Amine functional groups were first incorporated onto PET using different techniques in order to
introduce N-chloramine onto the PET surface. But the PET surface is hard to modify due to the
lack of polar reactive groups. Many techniques have been developed in the past to introduce
functional groups onto PET substrates. Among them, aminolysis and plasma treatment show
great potential to introduce functional groups onto PET. Aminolysis is an easy process to
incorporate amine functional groups onto PET. On the other hand, plasma treatments are well
known for their stability and capability for incorporation of the reactive functional groups onto
the surface of the substrate.
Ethylenediamine (EDA) was chosen for both aminolysis and plasma treatments because of its
two –NH2 groups. While one –NH2 group can react with PET, other free –NH2 group can later
react with biocides to introduce antibacterial agents onto the surface. PET is chemically inert
because of lack of functional groups.78 So, in order to introduce functional surface onto PET,
aminolysis and plasma treatments were first studied to find out the problems associated with
these two processes. Then a new industrially scalable method was approached to modify PET for
durable and rechargeable antibacterial function.
4.1. Plasma treatments of PET (PLA-PET)
Ethylenediamine (EDA) was first attempted to incorporate onto the PET fabric by conventional
plasma treatments process. The PET surface was first activated using plasma. Different gasses
can be used depending upon the requirement of the functional group. Here, oxygen plasma was
used to activate the PET surface with a peroxide functional group which can later act as an
initiation of the deposition. EDA was then deposited onto the PET surface by plasma deposition.
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Plasma activation and plasma deposition were done for both one side and two sides of the PET
samples.

Scheme 1. Plasma treatments of PET (PLA-PET)

Table 2
+

Cl ppm and tensile strength of PLA-PET
Active Chlorine ppm

Tensile Strength

ppm

N

Untreated PET

0

639±6

PLA-PET (OS)

0

637±5

PLA-PET (BS)

0

637±6

Methods

From Table 2, it can be seen that the chlorinated plasma treated sample (PLA-PET) did not affect
the strength of PET fabric. In addition, PLA-PET one side and PLA-PET both sides of the
samples showed the same tensile strength. Which means plasma treatments did not affect the
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tensile strength whether it was a one sided or a two sided treatment. However, no active chlorine
was observed for the untreated as well as the treated PET using plasma treatment. The reason
could be that there is less deposition of amine group onto the PET surface, which is not enough
to create a further reaction with sodium hypochlorite solution (NaClO) during the chlorination
process. Although this method did not effect on the mechanical strength of the PET, the target of
having active chlorine on the surface is not yet achievable (See Table 2).
4.2. Aminolysis of PET (EDA-PET)
Aminolysis is one of the easiest processes for incorporating the amine functional group on the
surface of PET. This reaction is based on the nucleophilic reaction between amine and ester
bonds. Generally, aminolysis of PET consists of PET and a diamine solution.77,100 One –NH2 of
diamine attacks the carbonyl carbon of the ester bond resulting in the cleavage of the ester.

Scheme 2. Aminolysis of PET using ethylenediamine (EDA)
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In this study, ethylenediamine (EDA) was used for the reaction because of its higher activity.
The mechanism of the aminolysis reaction using ethylenediamine can be seen from the Scheme
2. The aminolysis reaction was carried out at 50ºC using different reaction times. The aminated
PET was then chlorinated to convert –NH to –NCl. It can be seen from the Figure 1 that active
chlorine ppm was increased with the increases in reaction duration. 50, 75, 110, 181 and 336 Cl +
ppm was observed using aminolysis 5 min, 10 min, 15 min, 20 min and 25 min respectively.
However, a rapid decreased in tensile strength was observed in the aminolysis reaction (see
Figure 2). Tensile strength decreased with the increases of reaction duration.

Active Chlorine Concentration
500
EDA-PET 5min
EDA-PET 10min
EDA-PET 15min
EDA-PET 20min
EDA-PET 25min

Cl+ ppm

400

**

300

**

200
**
**

100

0
EDA-PET 5min

EDA-PET 10min

EDA-PET 15min

EDA-PET 20min

EDA-PET 25min

Figure 1. Active chlorine concentration of different samples of aminolysis (EDA-PET)
** represents the significant differences between different EDA-PET processes (P < 0.05, n=5).
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Tensile Strength
700
Untreated PET
EDA-PET 5min
EDA-PET 10min
EDA-PET 15min
EDA-PET 20min
EDA-PET 25min

Maximum Load (N)

600
500
400

**

300
**

200
100

**
**

0
Untreated PET

**

EDA-PET 5min EDA-PET 10min EDA-PET 15min EDA-PET 20min EDA-PET 25min

Figure 2. Tensile strength of different samples of aminolysis (EDA-PET). ** represents the
significant differences between untreated PET and different EDA-PET processes (P < 0.05, n=5).

Only a moderate active chlorine ppm was achieved using aminolysis. But it enormously affects
the strength of the aminated PET (EDA-PET). To achieve 180 Cl+ ppm EDA-PET for 20 min
lost 98% of its tensile strength. Tensile strength was almost destroyed using the aminolysis for
25 min.
In aminolysis, the amine molecule can directly attack the carbonyl carbon of the PET backbone
which causes degradation of the polymer.73 Although aminolysis is an easy approach to
introducing the functional amine group on the surface, the continuous degradation of polymer
causes the serious damages in order to achieve N-chloramine onto the PET surface, making it not
feasible for commercial uses of antibacterial textiles.
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4.3. Combination of aminolysis and plasma treatments
With only plasma treatments, the deposition of EDA was negligible. On the other hand, only a
moderate Cl+ ppm was obtained in aminolysis with severe degradation of the PET backbone. So,
in this research, the combination of aminolysis and plasma treatments was studied to increase the
Cl+ ppm with minimum degradation of the PET backbone.
4.3.1. New combined process with adsorbed amine (EDA-AD-PLA-PET)
In the new combined process, amine groups were introduced onto the PET surface by three steps,
as shown in Scheme 3. The first step consists of the incorporation of amine by aminolysis. The
second step involves plasma deposition of an adsorbed monomer layer. The third step includes
monomer deposition using plasma treatments.

Scheme 3. New combined process with adsorbed amine (EDA-AD-PLA-PET)
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EDA has two amine groups. One –NH2 of EDA can react chemically with the carbonyl carbon of
PET during aminolysis while other –NH2 remains free. After aminolysis aminated PET samples
were treated with plasma without washing. Samples were dried few minutes to reach the desired
pick up%. Here, adsorbed amine group attached physically onto the PET surface. The hypothesis
for keeping physically adsorbed amine is that some of this physically adsorbed amine group
might create bonding with the functional group on the surface during the plasma activation by
oxygen plasma and the other physically adsorbed amine group might chemically react with the
remained free –NH2 of EDA of aminolysis process during the monomer deposition by plasma
treatments. It is also hypothesized that when EDA in the vapor phase is initiated to plasma
discharge, plasma can then convert this vapor into the reactive species which can later react with
the functional surface of the PET as well as the free –NH2 group to produce a crosslink polymer
coating.

Active Chlorine Concentration

1000

EDA-AD-PLA-PET(OS) 5min
EDA-AD-PLA-PET(BS) 5min
EDA-AD-PLA-PET(OS) 10min
EDA-AD-PLA-PET(BS) 10min

900
800

Cl + ppm

700

**

**

600
500
400

**

300
200
100
0
EDA-AD-PLA-PET(OS)
5min

EDA-AD-PLA-PET(BS)
5min

EDA-AD-PLA-PET(OS)
10min

EDA-AD-PLA-PET(BS)
10min

Figure 3. Active chlorine concentration of different samples of EDA-AD-PLA-PET. **
represents the significant differences between each process of EDA-AD-PLA-PET (P<0.05,
n=5).
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From Figure 3, it can be seen that new combined process of aminolysis and plasma treatments
can create high amine functional PET surfaces resulting in high active chlorine ppm. In addition,
plasma treated with both sides (BS) of the PET fabrics showed better results than the plasma
treated with only one side of the PET fabric without further effect to their tensile strength. This
is because of the interlacement of the weave structure of the PET woven fabric. As a 1/1 plain
weave structure was used for the PET fabric, so there are certain parts of the yarn of the PET
fabric remain underneath other strands of yarn.
Plasma can cover a maximum area of the fabric if the treatment is done on both sides of the
fabric. For this reason, only 5 min of aminolysis and plasma treatments of only one side of the
PET surface (EDA-AD-PLA-PET OS 5 min) showed 230 ppm of active chlorine whereas with
the same combination both side plasma treatments (EDA-AD-PLA-PET BS 5 min) showed 338
ppm of active chlorine. Again, 550 Cl+ ppm was observed using EDA-AD-PLA-PET OS 10
min. In contrast, 838 Cl+ ppm was observed using the same combination with both sided plasma
treatments (EDA-AD-PLA-PET BS 10 min).
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Tensile Strength
700
Untreated PET
EDA-AD-PLA-PET (OS)5min
EDA-AD-PLA-PET (BS)5min
EDA-AD-PLA-PET (OS)10min
EDA-AD-PLA-PET (BS)10min

600

Maximum Load (N)

500
400
*
300

*

200
100
0
Untreated PET

EDA-AD-PLA-PET
(OS)5min

EDA-AD-PLA-PET
(BS)5min

EDA-AD-PLA-PET
(OS)10min

EDA-AD-PLA-PET
(BS)10min

Figure 4. Tensile strength of different samples of EDA-AD-PLA-PET. * represents that there
are no significant differences between EDA-AD-PLA-PET (OS) and EDA-AD-PLA-PET (BS)
(P > 0.05, n=5).

From Figure 4, it can be seen that only the first processes (aminolysis) of the new combined
process affect the strength of the fabric. However, the second processes (plasma treatments) of
the new combined process did not affect the strength of the fabric regardless of whether the
treatments were done either one side or both sides. So, the tensile strength of EDA-AD-PLAPET 5 min and EDA-AD-PLA-PET 10 min was around same as it was for EDA-PET 5 min and
EDA-PET 10 min.
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4.3.2. Combined process without adsorbed amine (EDA-PLA-PET)
The combination of aminolysis and plasma treatments was also studied without adsorbed amine
(EDA-PLA-PET) to prove our hypothesis, as shown in Scheme 4. After aminolysis of the desired
time, the PET samples were rinsed with DI water to remove adsorbed amine from the PET
surface. Afterward, the PET samples were dried and treated with plasma.

Scheme 4. Combined method without adsorbed amine (EDA-PLA-PET)

Table 3
+

Cl ppm and tensile Strength of EDA-PLA-PET

Methods

Untreated PET
EDA-PLA-PET 5 min
EDA-PLA-PET 10 min

Active Chlorine ppm

Tensile
Strength

ppm

N

0
39±1
69±3

639±6
339±6
181±4
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From Table 3, it can be seen that 39 and 69 Cl+ ppm was observed for EDA-PLA-PET 5 min and
EDA-PLA-PET 10 min where 5 min and 10 min aminolysis was done, respectively, followed by
plasma treatments of both sides of the PET. Active chlorine ppm of EDA-PLA-PET 5 min and
EDA-PLA-PET 10 min was similar to the active chlorine ppm of aminolysis 5 min (EDA-PET 5
min) and aminolysis 10 min (EDA-PET 10 min) respectively. This means that plasma treatments
did not contribute to the active chlorine of EDA-PLA-PET. However, in the new combined
process (EDA-AD-PLA-PET) plasma treatments have boosted the EDA because of the adsorbed
amine which indicates a linkage between aminolysis and plasma treatments.

Tensile Strength
700
Untreated PET
EDA-PLA-PET 5 min
EDA-PLA-PET 10 min

Maximum Load (N)

600
500
400

**

300
**

200
100
0
Untreated PET

EDA-PLA-PET 5 min

EDA-PLA-PET 10 min

Figure 5. Tensile strength of different samples of EDA-PLA-PET. ** represents the significant
differences between untreated PET and different methods of EDA-PET (P <0.05, n=5).
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It can be seen from the Figure 5 that strength of the PET fabric was decreased in EDA-PLA-PET
samples compared to the untreated PET. 337 N and 176 N tensile strength were observed for
EDA-PLA-PET 5 min and EDA-PLA-PET 10 min, which was similar to the strength which was
observed for aminolysis 5 min (EDA-PET 5 min) and aminolysis 10 min (EDA-PET 10 min).
Only the aminolysis affect the tensile strength as well as the active chlorine ppm of the treated
EDA-PLA-PET samples. Plasma treatments in EDA-PLA-PET did not affect the deposition of
EDA onto the PET because the plasma itself can create only a few tenths of a nanometer depth of
modification either physically or chemically. 21
4.4. Tensile strength and active chlorine ppm of untreated and treated PET

Table 4
Required tensile strength of fabric for different textile applications
Designation
(ASTM)

Fabric

Breaking Strength
N

lbf

D 3691 -78

Woven Household Curtain and drapery Fabric

67

15

D 3477-84

Men's and Boys' woven dress shirt

111

25

Woven Robe, Negligee, Nightgown, Pajama, Slip and
lingerie fabrics

67

15

Woven Handkerchief Fabric

80

18

Men's and Boys' woven beachwear and sports shirt
fabrics

111

0.25

D 4117-82
D 4154 - 83
D 4154 - 83

The mechanical properties especially the tensile strength of the textile product is one of the most
important properties for its commercial use. Tensile properties are generally measured by
elongation at break under gradual increase of load. The strength of the fabric or yarn depends
upon fiber properties such as fiber arrangement.101
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There are certain specific strength requirements for textiles to be used commercially. Depending
upon the end uses, the strength requirement can be varied. Required strengths of fabric for
different end uses are listed in Table 4. Only woven apparel, curtain, and drapery fabric are listed
in Table 4 as this study is mainly focusing on PET woven fabric for healthcare uses.

+

Cl ppm Vs Tensile Strength
Untreated PET
PLA-PET
EDA-PET
EDA-PLA-PET
EDA-AD-PLA-PET

700

Tensile Strength (N)

600
500
400
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5 min

300
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200

10 min

Strength requirement for
apparel by ASTM

100
15 min
20 min

0
0

200

25 min

400

600

800

Active Chlorine Concentration (ppm)
Figure 6. Tensile strength and active chlorine ppm of different methods
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Amine-containing PET surfaces can be converted easily to N-chloramine structure by a
chlorination process.52

Treated PET samples were chlorinated using a diluted sodium

hypochlorite (NaClO) solution (1500 ppm). pH was adjusted to 8 to reduce the appreciable
amount of hydrolysis. To improve chlorination, electrolyte NaCl was added to the NaClO
solution.54 N-Cl is the electrophilic substitution of Cl with H.102
Tensile strength and active chlorine ppm of untreated and treated PET samples can be seen from
Figure 6. No active chlorine was observed for plasma treatments of PET (PLA-PET). The reason
for this could be poor deposition of ethylenediamine (EDA). Deposition of EDA was not enough
to create further bonding during the chlorination process, but, PLA-PET did not affect the tensile
strength of the PET fabric. The strength remained the same as untreated PET.
On the other hand, moderate active chlorine ppm was observed by the aminolysis process. Active
chlorine ppm was increased with the increases of the duration of the reaction process. Although
active chlorine was increased with time, it enormously affected the tensile strength of the PET.
The tensile strength of the aminolysis dropped below the standard requirement from the
aminolysis 15 min (EDA-PET 15 min). Tensile strength was even worse in aminolysis 20 min
(EDA-PET 20 min) and aminolysis 25 min (EDA-PET 25 min). In aminolysis, one –NH2 of
diamine molecule can directly attack the carbonyl carbon of the ester group which degrades the
polymer backbone of the PET. This degradation can depend upon parameters like temperature
and time.78,82 The combination of aminolysis and plasma treatments without adsorbed amine
(EDA-PLA-PET) showed similar results to aminolysis.
Over 800 Cl+ ppm was observed using the new combined process (EDA-AD-PLA-PET 10 min)
(see Figure 6) which was over 10 times higher than aminolysis 10 min (EDA-PET 10 min).
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Though the tensile strength of the new combined process EDA-AD-PLA-PET 10 min was
compromised, still higher tensile strength was retained than the standard requirement (111 N) by
ASTM Standard Performance.
4.5. Surface characterization
4.5.1. ATR-FTIR analysis
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Figure 7. ATR spectra of a) untreated PET, b) aminolysis 10 min (EDA-PET 10 min) c) new
combined process (EDA-AD-PLA-PET 10 min).

FTIR spectra of untreated PET and treated PET were collected in order to confirm the successful
incorporation of amine groups onto the PET after treatment. Generally, for PET 1470 cm-1 and
1340 cm-1 correspond to CH2bending and CH2 wagging respectively. At 1712 cm-1 peak
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represents the ester bond of PET. Two C-O stretching can be found at 1242cm-1 and 1096-1 cm.
As can be seen from the Figure 7, there was no peak for amide bond in untreated PET because
there is no nitrogen on the structure of the PET. After modifying the surface of untreated PET by
aminolysis and the new combined process, two new, clear peaks at 1646cm-1 and 1544 cm-1 were
observed for both EDA-PET 10 min and EDA-AD-PLA-PET 10 min. 1646 cm-1 corresponds to
the amide I band and 1544 cm-1 corresponds to the amide II band.103
These two peaks represent the successful incorporation of amine groups onto the treated PET
surface. However EDA-AD-PLA-PET 10 min showed significantly higher and sharper amide
bands than EDA-PET 10 min which is evidence of the incorporation of more amine groups onto
the surface of EDA-AD-PLA-PET 10 min than EDA-PET 10 min.

4.5.2. Determination of N% by elemental analysis

Table 5
Determination of nitrogen (%) onto PET surface by elemental analysis
CHNS/O Analysis

Nitrogen

Methods
Nitrogen (%)

(µmol/cm2)

Untreated PET

0.021

0.2

Plasma treatments (PLA-PET)

0.024

0.23

Aminolysis (EDA-PET 10 min)

0.306

2.95

New combined process (EDA-AD-PLA-PET 10 min)

0.547

5.27
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Nitrogen (µmol/cm2)
4.5
Nitrogen (µmol/cm2)

4
3.5
3
Nitrogen (µmol/cm2)

2.5
2
1.5
1
0.5
0
Untreated PET

PLA-PET

EDA-PET 10 min

EDA-PET 25 min

Figure 8. Immobilization of nitrogen onto PET surface by different methods.

Immobilization of nitrogen onto untreated PET and treated PET samples were collected by
elemental analysis and are listed in Table 5. Nitrogen percentages were measured using CHNS/O
analyzer. Nitrogen µmol/cm2 of different samples was then calculated based on the weight of the
samples. Nitrogen percentage and nitrogen µmol/cm2 of PET samples are listed in Table 5. As
can be seen, from the Figure 8, neither untreated PET nor PET treated with plasma (PLA-PET)
showed any immobilized nitrogen on their surface. On the other hand, aminolysis 10 min (EDAPET 10 min) and the new combined process (EDA-AD-PLA-PET 10 min) showed 2.95 and 5.27
µmol/cm2 respectively. New combined process has around two times more nitrogen µmol/cm2
than the aminolysis 10 min process. This clearly indicates that around 50% of nitrogen was
immobilized onto the PET surface during plasma treatments with adsorbed amine after the
aminolysis process.
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Table 6
Immobilization of nitrogen onto treated PET
Cl+ ppm to µmol/cm2
Methods

Elemental
Analysis

Conversion
ratio from –
NH to -NCl
(%)

Weight
(gm)

Cl+ ppm

µmol/cm2

EDA-PET 10 min

0.27

52.66

0.02

0.295

0.68

EDA-AD-PLA-PET 10 min

0.27

723.39

0.28

5.27

5.22

Conversion ratios of –NH to –NCl is listed in Table 6. A simple chlorination (NaClO solution)
was done to convert –NH to –NCl. Calculations were done based upon data obtained from
iodometric titration and elemental analysis. The conversion ratio of aminolysis 10 min (EDAPET 10 min) was lower than that of the new combined process (EDA-AD-PLA-PET). There
could be different reasons for the lower conversion of –NH to –NCl. One possible reason could
be the side reactions during chlorination which could hinder the conversion ratio. Again, only the
–NH on the surface might convert to the –NCl. Not all –NH presents onto the substrates.
Moreover, water contact angle showed that the new combined process (EDA-AD-PLA-PET 10
min) was hydrophilic in nature whereas aminolysis 10 min (EDA-PET) showed hydrophobic
behavior (see Figure 14). The hydrophilic nature of the samples might also effect the conversion
ratio because hydrophilic behavior can increase the interaction with a water solution of NaClO.
The more hydrophilic the nature of the substrates, the more they interact with a water molecule.
As chlorination was done in a water solution of NaClO, the hydrophilic behavior of the new
combined process (EDA-AD-PLA-PET 10 min) might also affect the conversion ratio.
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4.5.3. SEM analysis
SEM was used to evaluate the surface morphology of the untreated PET and PET fabrics after
different modifications. The topography of the surface can be examined by detecting X-rays and
different electrons emitted while the incident beam interacts with substrates, so substrates needed
to be conductive in order to obtain information by SEM. The non-conductive surface needs to be
coated with a conductive material for further processing. The PET fabric is non-conductive. So,
PET samples were coated with thin layer of gold prior to being examined by SEM. The SEM
image was taken using x50, x 500 and x 1000 magnification.

a.

x 50 magnification

x 500 magnification

x1000 magnification

x 50 magnification

x 500 magnification

x1000 magnification

b.

Figure 9. SEM images of a) untreated PET, b) plasma treatments of PET (PLA-PET) with x50,
x500 and x1000 magnification.
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The morphology of the untreated PET is illustrated in Figure 9. Images were taken with different
magnifications. Smooth and continuous fibers were observed for the untreated PET (see Figure
9.a). The same appearance with smooth and continuous fiber was also observed from Figure 9.b.
for the plasma deposition sample (PLA-PET), so plasma treatments did not affect the surface
topography. Fiber strength can be retained the same as untreated samples.

a.

x 50 magnification

x 500 magnification

x1000 magnification

x 50 magnification

x 500 magnification

x1000 magnification

x 50 magnification

x 500 magnification

x1000 magnification

b.

c

Figure 10. SEM images of a) aminolysis 5 min (EDA-PET 5 min), b) aminolysis 10 min (EDAPET 10 min) and c) aminolysis 25 min (EDA-PET 25 min) with x50, x500 and x1000
magnification.

53

Results and Discussions
On the contrary, fibers of the PET fabric were affected during aminolysis (EDA-PET) process.
There were no visible changes in fiber appearances observed for EDA-PET 5 min and EDA-PET
10 min from Figure 10.a and Figure 10.b, but Figure 10.c clearly depicted the affected scenario
of the fibers for EDA-PET 25 min. In Figure 10.c, fibers were broken and cracked in a random
manner. Cracked and broken fibers were visible distinctly while SEM micrographs were taken
in higher magnification. In aminolysis, diamine molecules can directly attack the polymer
backbone of the PET. With time, it not only degrades the fiber surface but also destroys it.

Avg. Fiber Diameter
15
14
**

Fiber Diameter (µm)

13

**

12

**

11
10
9
Avg. Fiber Diameter (µm)

8
7
6
5
Untreted PET

PLA-PET

ED-PET 5 min

ED-PET10 min

ED-PET25 min

Figure 11. Fiber diameter measurement of different methods from SEM images using image J
software. ** represents the significant differences between untreated PET and different methods
of EDA-PET (P <0.05, n=50).
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The fiber diameter of different processes was measured from SEM micrographs by using image J
software to observe the fiber degradation by the aminolysis process. From the Figure 11, it can
be seen that fiber diameter degrades gradually with the increase of reaction time of the
aminolysis process. During aminolysis fiber can be degraded gradually and eventually can be
cracked or broken apart after a certain point. Significant differences in fiber diameter were
observed between untreated PET and different samples of EDA-PET (P > 0.05, n=50). On the
other hand, no significant differences were observed in fiber diameter between untreated PET
and PLA-PET (P > 0.05, n=50).
EDA-PET 5 min and EDA-PET 10 min only degrade the fiber surface. However, no cracked or
broken fibers were observed for these two processes and fiber surfaces were still smooth and
continuous, just like pristine PET. In contrast, with decreased fiber diameter EDA-PET 25 min
also made the fiber surface rough, cracked and broken.
The SEM micrograph of a combination of aminolysis and plasma treatments with or without
adsorbed amine can be seen from the Figure 12. As plasma treatments do not affect the surface
of PET, so one can say that the degradation only happened for the combined method of the
aminolysis process. Aminolysis 10 min was done for the combination process. As a result fiber
diameter decreases for the combination process is similar to the decreases for the aminolysis 10
min process. In addition, smooth and continuous fiber surfaces were also observed without any
breakage.
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a.

x 50 magnification

x 500 magnification

x1000 magnification

x 50 magnification

x 500 magnification

x1000 magnification

b.

Figure 12. SEM images of a) combination of aminolysis and plasma treatments without
adsorbed amine (EDA-PLA-PET 10 min), b) new combined process of aminolysis and plasma
treatments with adsorbed amine (EDA-AD-PLA-PET 10 min) with x50, x500 and x1000
magnification.

4.5.4. Evaluation of wetting behavior
Wettability of the pristine PET fabric and PET fabric after different treatments was evaluated by
using contact angle measurement. Hydrophilic natures of the treated fabrics were characterized
by water contact angle measurement. It can be seen from the Figure 13 that, 153º of contact
angle was created when a droplet of water was placed onto the surface of the pristine PET.
Hydrophobicity of the PET is responsible for the higher contact angle. Hydrophilicity of the
substrates is inversely proportional to the contact angle. The lower the water contact angle, the
higher the hydrophilicity and vice versa. 115° and 105º of contact angle was noted after placing
a droplet of water on the aminolysis samples 10 min and 25 min respectively.
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a.

c.

Pristine PET, Contact Angle: 153.5

b. EDA-PET 10 min, Contact Angle: 115.3

EDA-PET 25 min, Contact Angle: 105.5

d. PLA-PET, Hydrophilic

e.

EDA-PLA-PET 10 min, Hydrophilic

f.

EDA-AD-PLA-PET 10 min, Hydrophilic

Figure 13. Water contact angle and wetting properties of a) pristine PET, b) aminolysis 10 min
(EDA-PET 10 min), c) aminolysis 25 min (EDA-PET 25 min), d) plasma treatments of PET
(PLA-PET), d) combination of aminolysis and plasma deposition without adsorbed amine (EDAPLA-PET 10 min) and e) new combined process (EDA-AD-PLA-PET 10 min).
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The aminolysis process improved the hydrophilicity of the PET. In addition, the hydrophilicity
of the PET fabric decreased with the increase of time, which means hydrophilicity increases with
the increased reaction time of aminolysis.
In contrast, plasma treatments, as well as a combination of plasma treatments and aminolysis
samples, showed a highly hydrophilic nature. A water droplet spread as soon as it placed onto the
treated surface. The highly hydrophilic behavior of the plasma activated and polymerized
samples can be characterized by the presence of polar reactive groups on the surface of the PET.
In plasma treatments, plasma can create a polar functional group on the surface of the PET. In
this study, oxygen plasma was activated onto the PET surface to generate a polar functional
group, such as a peroxide ion, onto the PET. The deposition was done right after the plasma
activation which makes the functional group stable on the surface. This polar functional group
can boost the energy of the surface which causes a rapid declination in water contact angle.104

4.6. Fabric stiffness
Flexibility is one of the important properties of textiles used in different products. It is important
that textile products should not rupture when bending, flexing and twisting during use.
Flexibility can be determined from flexural rigidity by measuring the bending length. Flexural
rigidity is the resistance property against bending. Healthcare textiles, especially those with uses
next to skin, like gowns, dresses, uniforms, and gloves must be flexible to make them
comfortable to wear. Because bending always occurs especially near the body parts which
always move such as the knee and elbow joints, the legs, and near people's hands. The flexibility
of a textile depends upon the structure of the fibers within it. The more crystalline the fiber, the
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less is its flexibility. On the other hand, flexibility increases with increased fiber amorphous
regions.105
The PET has both crystalline and amorphous regions on its structure. A crystalline structure
makes the PET stronger at the same time its amorphous region makes the PET flexible. PET is
well known for its flexibility. For instance, while cotton needs 9000 of 180° bend to rupture,
PET needs over 400,000 bends to rupture.105 This is why PET is widely used in textile
applications, especially healthcare textiles. However, PET needs to undergo some different
modifications in order to make PET antibacterial which affects its primary properties, including
flexibility. During modification, some of the methods like semi-IPN make PET stiffer, which
minimizes its applications. Stiffness is an important property of textile fibers for versatile uses.
Textiles should be flexible in order to use them, especially where comfort is a great concern.

Fabric Stiffness
5
Untreated PET
PLA-PET
EDA-PET
EDA-AD-PLA-PET

Flexural Rigidity (µ joule/m )

4.5
4
3.5

*

*

*

PLA-PET

EDA-PET

EDA-AD-PLA-PET

3
2.5
2
1.5
1
Untreated PET

Figure 14. Fabric stiffness of different methods. * represents that there are no significant
differences between untreated PET and treated PET using different techniques (P > 0.05, n=5).
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Figure 14 presents the fabric stiffness in terms of flexural rigidity (µ joule/m). The higher the
flexural rigidity, the stiffer the fabric. It can be seen from the Figure 14, that flexural rigidity of
the untreated PET fabric was 3.03 µjoule / m. No significant differences were observed between
the untreated PET and the treated PET with different techniques (P > 0.05, n=5). Plasma
treatments (PLA-PET) and aminolysis did not affect the flexural rigidity of the PET fabric.
Flexural rigidity of the PLA-PET and EDA-PET was 3.23 and 3.42 µ joule/m respectively. As
plasma treatments and aminolysis did not affect flexibility, our new combined process (EDAAD-PLA-PET) also did not affect the flexibility of the PET fabric and 3.45 µjoule / m was
observed for the new combined process EDA-AD-PLA-PET. In summary, it can be seen that the
new combined process of aminolysis and plasma treatments with adsorbed amine (EDA-ADPLA-PET) does not compromise the stiffness of the PET fabric.

4.7. Regenerability study
One of the unique properties of the N-chloramine is its rechargeability against washing. EDAAD-PLA-PET samples can be converted to the N-chloramine by simple chlorination process by
using 1500 ppm of NaClO solution, where N-H converts to N-Cl. Later on, when this Nchloraminated EDA-AD-PLA-PET is challenged against bacteria, it can transfer Cl+ ppm to the
bacterial cells and kill them.6 After killing the bacteria, the N-Cl can be returned to N-H because
it is a reversible reaction. However, this N-H can be recharged again during washing process by
adding NaClO in the washing solution. Rechargeability of the samples can be done a number of
times depending upon the durability of the methods. The cycle of rechargeability of Nchloraminated PET surface can be seen from the Scheme 5. It depicts how the chlorine is
consumed after killing the bacteria and the recharged again during the washing process.
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Scheme 5. Cycle of rechargeability of N-chloraminated PET fabric

Table 7
Durability and rechargeability of EDA-AD-PLA-PET 10 min

Washing Cycle

Time
(min)

Initial Cl+ ppm

Recharged again with
1500 ppm of NaClO

0
1
2
5
10

0
45
90
225
450

801±20
179±10
131±8
107±5
84±4

X
399±12
370±10
315±8
291±7
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Table 7 showed the durability and rechargeability of the new combined process EDA-AD-PLAPET 10 min. Different wash cycles were used to measure the initial Cl+ ppm and the Cl+ppm
after recharging with 1500 ppm of bleach (NaClO) solution. Duration of each cycle was 45 min
which is equivalent to 5 home launderings. 0,1,2,5 & 10 washing cycles were used which means
0, 5 10, 25 & 50 home launderings. As can be seen from the Table 7, initial Cl+ ppm decreases
with the increase in washing cycles. It means that the Cl+ washes away during the washing
process and returns to its precursor N-H during the washing process. However, after recharge NH is converted to N-Cl again by using a 1500 ppm NaClO solution. The trend of reduction of
active chlorine during different home launderings and their rechargeability can be depicted
graphically from Figure 15. It can be seen from the Figure 15 that, initial Cl + ppm was reduced
over 4 times from 801 ppm to 180 ppm after 5 home launderings. Meanwhile, only a steady
reduction of Cl+ ppm was observed during further washing. Active chlorine ppm 132, 108 & 85
was observed initially after 10, 25 & 50 home launderings respectively. However, samples were
recharged again after different washing cycles and the active Cl+ ppm was increased two to three
times more than the initial active Cl+ ppm obtained after washing. 291 ppm of Cl+ was observed
for 50 home launderings sample after recharging, which was more than three times than the
initial Cl+ ppm obtained after washing.
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Figure 15. Rgenerability study of the new combined process (EDA-AD-PLA-PET 10 min). **
represents the significant differences between different samples of EDA-AD-PLA-PET 10 min
after home launderings with and without a recharge. (P < 0.05, n=3).

The tensile strength of the new combined process (EDA-AD-PLA-PET 10 min) after different
home launderings was also studied. A gradual decrease in tensile strength was observed during
the washing process (see Figure 16). Tensile strength decreased as the launderings increased.
Tensile strength 165 N, 155N, 140N and 128N was observed after 5, 10, 25 and 50 home
launderings respectively. Strength dropped 27% from 175N to 128N after 50 home launderings.
However, the new combined process (EDA-AD-PLA-PET 10 min) still retained higher tensile
strength than the standard requirement (111 N) by ASTM Standard Performance Specifications
for apparel.
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Figure 16. Tensile strength of new combined process (EDA-AD-PLA-PET 10 min) after
different home launderings. ** represents the significant differences between EDA-AD-PLAPET 10 min samples before and after different home launderings. (P < 0.05, n=3).

4.8. Antimicrobial performance
The amine-containing PET surface can be converted to N-chloramine by a chlorination process
using NaClO solution. The biocidal results of treated PET against different bacteria are shown in
Table 8 and Table 9. Chlorinated EDA-AD-PLA-PET samples were challenged against MDR
Pseudomonas aeruginosa 7134, HA-MRSA 70065, CA-MRSA 40065 in different contact time
with and without laundering. A modified AATCC method 61-2004 was followed for the test.
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Table 8
Antibacterial performance of EDA-AD-PLA-PET 10 min
Reduction of bacteria in
different contact times
Active
Laundering

Without
Laundering

Chlorine
(ppm)

875

Bacteria

P. aeruginosa 73104
HA-MRSA 70065
CA-MRSA 40065

5 min
Percent
Reduction

Log
Reduction

100%
100%
100%

6.29
6.4
6.47

It can be seen from the Table 8 that, N-chloraminated EDA-AD-PLA-PET 10 min showed high
efficacy for both gram-positive P. aeuroginisa and gram-negative MRSA bacteria. A 6 log
reduction of P. aeuroginisa, HA-MRSA, and CA-MRSA as well as 100% killing ratio was
observed within a contact time of 5 min (See Table 8).

In order to prove the durability and rechargeability of the new combined process (EDA-ADPLA-PET 10 min) after washing, EDA-AD-PLA-PET 10 min samples were also challenged
against different bacteria after continuously being laundered followed by chlorination with
NaClO solution. After 50 home launderings, the EDA-AD-PLA-PET 10 min samples were
recharged using 1500 ppm available NaClO solution and their biocidal activity against different
bacteria were examined according to a modified AATCC method 61-2004.52,53
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Table 9
Antibacterial Performance of EDA-AD-PLA-PET 10 min after different launderings

Laundering

Without
laundering

Recharge
after
50 Home
Launderings

Active
Chlorine
(ppm)

861

285

Reduction of bacteria in
different contact times
Bacteria

5 min
Percent
Reduction

Log
Reduction

P. aeruginosa 73104

100%

5.09

HA-MRSA 70065

100%

5.37

CA-MRSA 40065

100%

5.4

P. aeruginosa 73104

100%

5.09

HA-MRSA 70065

100%

5.4

CA-MRSA 40065

100%

5.37

From Table 9, it can be seen that recharged EDA-AD-PLA-PET 10 min after 50 home
launderings also showed the efficient killing of different bacteria. Chlorinated PET samples were
challenged against 105 CFU / sample of P. aeruginosa 73104, HA-MRSA 70065 and CA-MRSA
40065 with different contact times. Recharged EDA-AD-PLA-PET 10 min samples showed 5
log reduction as well as 100% killing ratio of both gram-negative P. aeruginosa and grampositive HA-MRSA, CA-MRSA within 5 min of contact time. Log reduction of the grampositive bacteria (HA-MRSA and CA-MRSA) was higher than the gram-negative bacteria (P.
aeruginosa). Because gram-negative bacteria possess one more outer membrane of
lipopolysaccharide than gram-positive bacteria, it is less permeable for a small molecule.106
Thus, it is more resistant to antibiotics than gram-positive bacteria.
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On the whole, it can be seen from the Table 8 and Table 9 that, the new combined process. EDAAD-PLA-PET 10 min was very effective and efficient at killing different bacteria. Even
recharged EDA-AD-PLA-PET 10 min samples after 50 home launderings showed high efficacy
against both gram-positive and gram-negative bacteria and can reduce 100 % of 5 log bacteria
within a contact time of 5 min.
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Conclusions
Healthcare-associated infections (HAIs) are one of the major concerns in healthcare facilities.
Hundreds of millions of people are affected each year by HAIs throughout the whole world
which causes a significant number of morbidity and mortality. In addition, increasing healthcare
cost adds burden to people especially to the low-income countries where HAIs are several times
higher than high-income countries.107 Textiles are extensively used in different healthcare
products such as gowns, dresses, bedding, and curtains. Healthcare products should not act as a
media of spreading HAIs, but, textiles are suspected to be one of the major sources for spreading
the HAIs. MRSA and MDR P. aeruginosa are one of the highest growing concerns for HAIs.
These bacteria can transfer from person to person and object to person and person to object.
Textiles have some specific properties like their ability to retain moisture content and their large
surface areas which provide a suitable environment for the growth of different bacteria.4 So, use
of antibacterial textiles in different healthcare applications is of primary importance in order to
prevent HAIs. In recent times, use of antimicrobial agents has grown rapidly in different sectors
such as healthcare textiles, pharmaceuticals, food, and agriculture.7,108 Numbers of toxic
chemicals have been used to incorporate antimicrobial function onto a textile surface such as
formaldehyde and its derivatives, phenols, and thiophenols.7 In addition, many possible side
effects and toxic reactions can also be experienced from the use of some of the commercially
available antimicrobial agents including QACs109, triclosan110, and silver.111 Most importantly,
many resistances have been reported against these antimicrobial agents.7 Among all the
antimicrobial agents, N-halamines are one of the most promising biocides due to their durability
and rechargeability with washing. Moreover, no bacterial resistance has yet been reported against
them.50 PET is widely used for different textile applications, including healthcare textiles, due to
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its unique properties like strength, availability, and flexibility. However, a lack of reactive
functional groups makes it difficult to incorporate functional groups on the surface of PET,
which is needed in order to make PET antibacterial. Several modifications have been developed
to impart functional groups onto PET, among them, aminolysis and plasma treatments are the
easiest and simplest methods. However, aminolysis degrades77 the polymer backbone whereas
plasma treatments can only create a few tenths of a nanometer of surface modification.98 In this
study, a novel method is introduced by combining aminolysis and plasma treatments for durable
immobilization of N-chloramine onto the PET surface for effective and rechargeable
antibacterial functions.
Immobilization of ethylenediamine onto PET via the new combined process (EDA-AD-PLAPET 10 min) was confirmed by ART-FTIR and CHNS/O elemental analysis. Immobilized
amines were then converted to N-chloramines with a simple chlorination process. Chlorinated
EDA-AD-PLA-PET sample showed over 800 Cl+ ppm which was more than ten times higher
than what was achieved by aminolysis process. Though plasma did not affect the tensile strength,
the target of immobilization of amine was still unreachable. In contrast, aminolysis showed some
active chlorine ppm, but this process gradually destroyed the mechanical strength of the PET
fabric while incorporating the amine group on the surface. EDA-AD-PLA-PET 10 min could be
recharged again to 290 ppm after 50 home launderings. Although the tensile strength was
compromised, the new combined process (EDA-AD-PLA-PET 10 min) retained higher tensile
strength than the standard requirement (111 N) by ASTM Standard Performance Specifications
for apparel even after 50 home launderings. Chlorinated EDA-AD-PLA-PET 10 min showed a
100% killing ratio (6 log reduction) of P. aeruginosa, HA-MRSA, and CA-MRSA within a
contact time of 5 minutes. The treated EDA-AD-PLA-PET 10 min could be recharged again to
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290 Cl+ ppm even after 50 home launderings which would still retain a higher tensile strength
than the standard requirement by ASTM and could bring a 5 log reduction and 100% killing ratio
of P. aeruginosa, HA-MRSA, and CA-MRSA within 5 min contact time.
In summary, a practical and industrial scalable method has been established for achieving a
higher amine-containing PET surface via a combined aminolysis and plasma treatment. The
process is simple, easy and can be reproduced in a large scale. The PET fabric surface treated
with the new combined process (EDA-AD-PLA-PET 10min) is durable, rechargeable and can
demonstrate efficient killing of both gram-positive and gram-negative bacteria which can make it
an ideal candidate as reusable antibacterial textiles for commercial uses.
Future Studies
N-halamines can be bifurcated into acyclic structure and cyclic structure. Cyclic structures are
stable as they do not have any α-hydrogen as dehydrohalogenation is possible in the presence of
α-hydrogens. For this reason, cyclic N-halamines are more durable and efficient than acyclic Nhalamines.112–115 Several cyclic organic substituents are used with N-halamines like hydantoin
and dimethyl hydantoin.50

Equation [2]
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Scheme 6. Quaternization of a portion of amine on the EDA-AD-PLA-PET

5,5-dimethylehydanotin can be converted to a halido-hydantoin structure by reacting with 1,3dihalo propane (Br, I) (Equation [2]).116 If this halido-hydantoin can be immobilized in the new
combined process (EDA-AD-PLA-PET), then the structure could be as Scheme 6. Theoretically,
the amount of -NH should be three times higher than the new combined process EDA-AD-PLAPET. If this hypothesis works, then it is possible to get the same number of active chlorine ppm
with the new combined process (EDA-AD-PLA-PET 10 min) with only EDA-AD-PLA-PET 1-2
min. It will then be possible to reach the window of opportunity where more active chlorine ppm
can be achieved with minimum effect on the tensile properties of PET.
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Cl+ ppm Vs Tensile Strength
Untreated PET
PLA-PET
EDA-PET
EDA-PLA-PET
EDA-AD-PLA-PET

700

Tensile Strength (N)

600

Window
Of
Opportunities
X-hydantoin EDA-AD-PLA-PET

500
400
5 min

5 min

300
10 min

200

10 min

Strength requirement for
apparel by ASTM

100
15 min
20 min

0
0

200

25 min

400

600

800

Active Chlorine Concentration (ppm)

Figure 17: Window of opportunities
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