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onwovens modified by novel
antimicrobials configured with both N-halamine
and dual quaternary ammonium with different alkyl
chain length†

Hsiu-Wen Chien,a Ying-Yuan Chen,b Yen-Lun Chen,b Chi-Hui Cheng *c

and Jui-Che Lin *b

This work describes the synthesis of novel antimicrobial agents consisting of N-halamine and dual

quaternary ammonium with different alkyl chain lengths and their antimicrobial applications for PET

nonwovens. The antimicrobial agents were grafted onto PET nonwovens via esterification with

a crosslinker, 1,2,3,4-butanetetracarboxylic acid (BTCA). The cyclic amide structure in the antimicrobial

agents could be easily converted to N-halamine after immersion in a diluted chlorine bleach solution.

Variations in surface chemical composition of the modified PET nonwovens were examined by XPS.

Antimicrobial activities of the nonwovens/fabrics were tested against S. aureus (Gram-positive) and E.

coli (Gram-negative) strains. Systematic investigation showed the antibacterial activities were dependent

upon the alkyl chain length. The synergism of N-halamine and dual quaternary ammonium could lead to

significant antimicrobial activity with inactivation of up to 90% of S. aureus and E. coli after 10 minute

contact. This work suggested that the novel composite biocides with N-halamine and dual quaternary

ammonium groups and the associated surface modification methods could be of use for further

developing antimicrobial nonwoven applications.
Introduction

An antibacterial surface can effectively prevent the initial
attachment of bacteria to surfaces of devices and subsequently
avoid infections. In the past, a simple design to add soluble and
low molecular weight antimicrobial agents to existing restor-
ative materials would exhibit inhibitory effects against bacteria
by release of agents in a wet environment.1,2 However, such an
approach has not been well accepted from the clinical point of
view, as the release of agents results in a limited period of
effectiveness over time, toxicity to the environment and possible
antimicrobial resistance in bacteria with repeated overuse.3

Thus, it is necessary to develop immobilized bactericides on the
surface of devices.

Among the numerous antibacterial agents, the N-halamine
and quaternary ammonium compounds have attracted great
attention as effective antibacterial agents used in different
neering, National Kaohsiung University of

tional Cheng Kung University, Tainan,

iversity, Chang Gung Memorial Hospital,

msa.hinet.net

tion (ESI) available. See DOI:

hemistry 2019
elds.4–7 N-Halamines are one of antimicrobial agents have
created a lot of interests in application of antimicrobial textiles
due to their long-term stabilities, weak toxicities to humans,
and antimicrobial activities against a broad spectrum of
microorganisms including Gram-negative and Gram-positive
bacteria. An N-halamine compound can be dened as
a compound containing one or more nitrogen–halogen covalent
bonds that is usually formed by halogenation of imide, amide,
or amine groups. An N-halamine has biocidal properties thanks
to the oxidation state of halide atoms in chloramine (pN–Cl).8–10

Other common antibacterial agent, such as quaternary ammo-
nium salts containing with alkyl chain are widely used in anti-
bacterial applications since the cationic charges in the
structures attract cell membrane surface through ionic inter-
action, then disrupt the structure of cellular membranes
resulting in the leakage of intracellular components and
consequent cell death.11–13

To bond the antibacterial agents to surfaces of devices,
various methods have been reported, such as chemical gra-
ing,14 layer-by-layer assembly deposition15 or surface polymeri-
zation.16,17 In general, the strategies are developingmethacrylate
monomers with pendant bactericide moieties which are
subsequently polymerized or copolymerized with other mono-
mers. For example, Cerkez et al. reported a vinyl N-halamine
monomer, hydantoin acrylamide, was copolymerized with
RSC Adv., 2019, 9, 7257–7265 | 7257

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra00094a&domain=pdf&date_stamp=2019-03-04
http://orcid.org/0000-0002-0070-0571
http://orcid.org/0000-0003-4436-655X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra00094a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009013


Scheme 1 Synthesis scheme of antibacterial agents.
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silane and epoxide group-containing monomers, and the
resultant copolymers were coated onto cotton fabric through
hydrolysis of alkoxy groups with formation of silyl ether
bonding and opening of the epoxide ring, respectively.14 Zhang
et al. synthesized a quaternary ammonium compound, 2-
dimethyl-2-hexadecyl-1-methacryloxyethyl ammonium bromide
(DEHMA), which was copolymerized with acrylic acid (AA) onto
polyester (PET) bres via EB irradiation process.16 The graed
bres were further soaked in AgNO3 solution to load silver ions
for signicantly enhancing the antibacterial efficiency.16

Recently, the synergetic antimicrobial activity via two
different bactericides rendered different antimicrobial mecha-
nism have attracted more attention.18–20 Chen et al. showed the
cellulose bres initially graed with polyquaternarized ammo-
nium then followed by halamine functionality end attachment
exhibited antimicrobial capability.18 Hu et al. rather used two
different monomers that carry quaternarized ammonium and
halamine chemical conguration, respectively, to modify the
cellulose bres for antimicrobial application.19 Ning et al.,
instead, prepared various antimicrobial small molecules by
incorporating quaternary ammonium and long alkyl chain into
N-halamine antimicrobial agents.20 In addition, the antimicro-
bial efficacy were evaluated by either direct microbial solution
contact with the biocides (i.e. not immobilized onto any
substrate)20 or by immersing the graed bres into plenty of
microbial solutions.18,19

Considering the rise of antimicrobial agent resistance, the
development of new antibacterial agents with improved
biocidal functions is required for the nonwovens used
biomedical applications, namely PET nonwoven. In this study,
the PET nonwoven bres were graed with novel “composite”
biocides combining “dual” quaternary ammonium with
different alkyl chain length and N-halamine along the same
alkyl chain that are not reported before. The modied surfaces
were further characterized by XPS. The wettability (water
absorption capability) and biocidal efficacies were examined by
the American Association of Textile Chemists and Colourists
(AATCC) methods. Most importantly, the modied AATCC
antimicrobial testing method employed, in which a limited
amount of bacterial suspension was added and sandwiched in
between two pieces of nonwovens, is more similar to the real
application scenario than those reported in earlier investiga-
tions for the graed cellulose bres.18,19

Experimental
Materials

PET nonwoven with bre density of 50 g m�2 was purchased
from Web-Pro Co., Ltd, Taiwan. 5,5-Dimethylhydantoin (DMH),
N,N,N0,N0-tetramethylethylenediamine (TMEDA), 1,2-epox-
yoctane, 1,3-dibromopropane, 1,2,3,4-butanetetracarboxylic
acid (BTCA), and starch from potato powder were purchased
from Sigma-Aldrich. 2-Bromoethanol and sodium hypo-
phosphite monohydrate were purchased from Alfa Aesar. All
other chemicals were purchased from Sigma-Aldrich unless
specied otherwise. The starch solution contained with 6% (w/
v) starch, 3% (w/v) BTCA and 1.5% (w/v) NaH2PO2.
7258 | RSC Adv., 2019, 9, 7257–7265
Staphylococcus aureus (ATCC 21351) and Escherichia coli
(ATCC 23501) was received from Food Industry Research and
Development Institute (Hsinchu, Taiwan). Trypticase soy agar
contained 15 g L�1 agar (BD, USA) with 15 g L�1 tryptone (BD,
USA), 5 g L�1 soy peptone (HiMedia Laboratories, US), and 5 g
L�1 NaCl. Bacteria suspension buffer was prepared by 0.85%
NaCl, pH 7.
Synthesis of antimicrobial agents

Three antimicrobial agents including DQAC0, QAC8 and QAC12
were synthesized. DQA0 is incorporating of dual quaternary
ammonium with N-halamine. QAC8 is incorporating of dual
quaternary ammonium with octane (C8) tail while QAC12 is
incorporating of dual quaternary ammonium with dodecane
(C12) alkyl end. The structure of these antimicrobial agent and
procedure of synthesis are described in Scheme 1.

Synthesis of 3-(3-bromopropyl)-5,5-dimethylimidazolidine-
2,4-dione (DBr) was performed with DMH (0.01 mol) and 1,3-
dibromopropane (0.01 mol) in 170 mL acetone with 10 g K2CO3

in a round-bottom ask for reaction of 18 h. Aer reaction,
K2CO3 and the part of solvent and were removed by ltration
and rotary vacuum evaporation, respectively. Next, the residue
was puried by column chromatography eluting. The nal
product was dried and analysed. The 1H NMR (500 MHz CDCl3,
d): 5.49–5.60 (s, 1H, NCONHC), 3.60–3.70 (s, 2H, NCH2CH2),
3.35–3.45 (s, 2H, CH2CH2Br), 2.20–2.30 (s, 2H, CH2CH2CH2),
1.40–1.50 (s, 6H, C(CH3)2) (Fig. 1a).

Synthesis of 3-(4,4-dimethyl-2,5-dioxoimidazolidin-1-yl)-N-
(2-(dimethylamino)ethyl)-N,N-dimethylpropan-1-aminium
bromide (DN) was mixing DBr (0.008 mol) and TMEDA (0.04
mol) in 25 mL acetonitrile (AN). The mixture was heated to
reux for 24 h. Aer removing the solvent under a reduce
pressure, the excess TMEDA was removed in an oven at 40 �C
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 The 1H-NMR spectra of (a) DBr; (b) DN; (c) DQAC0; (d) QAC8;
(e) QAC12 after purification.
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overnight. Aer that, diethyl ether was added to the solution
and stirred to produce white crystals. The powder was dissolved
in H2O and then precipitated with diethyl ether for several
times. The white powder product was dried and analysed. The
This journal is © The Royal Society of Chemistry 2019
1H NMR (500 MHz D2O, d): 3.55–3.68 (s, 2H, –NCH2CH2), 3.35–
3.50 (d, 4H, CH2(CH3)2N

+CH2), 3.10–3.20 (s, 6H, CH2(CH3)2-
N+CH2), 2.78–2.90 (s, 2H, CH2CH2N(CH3)2), 2.25–2.35 (s, 6H,
CH2–CH2–N(CH3)2), 2.08–2.20 (s, 2H, CH2CH2CH2), 1.40–1.53
(s, 6H, C(CH3)2) (Fig. 1b).

Synthesis of N1-(3-(4,4-dimethyl-2,5-dioxoimidazolidin-1-yl)
propyl)-N2-(2-hydroxyethyl)-N1,N1,N2,N2-tetramethylethane-1,2-
diaminium bromide (DQAC0) was mixingDN (0.005 mol) and 2-
bromoethanol (0.0075 mol) in 15 mL acetonitrile. The mixture
was reuxed for 24 h. Aer reaction, the plenty of diethyl ether
was added to the solution and stirred to produce white crystals.
The powder was repeatedly dissolved in ethanol and then
precipitated with diethyl ether for several times. The white
powder product was dried and analysed. The 1H NMR (500 MHz
D2O, d): 4.08–4.10 (s, 2H, CH2CH2OH), 3.93–4.06 (d, 4H,
(CH3)2N

+CH2CH2(CH3)2N
+), 3.50–3.68 (s, 4H, NCH2CH2,

(CH3)2N
+CH2CH2(OH)), 3.40–3.50 (s, 2H, CH2CH2(CH3)2N

+),
3.10–3.35 (d, 12H, (CH3)2N

+CH2CH2(CH3)2N
+), 2.08–2.20 (s, 2H,

CH2CH2CH2), 1.38–1.50 (s, 6H, C(CH3)2) (Fig. 1c).
The N-(2-(dimethylamino)ethyl)-2-hydroxy-N,N-

dimethyloctan-1-aminium chloride (QCA8) was synthesized by
a reaction of TMEDA (0.05 mol) with 1,2-epoxyoctane (0.01 mol)
and HCl (0.01 mol) in 60mL of 80% ethanol aqueous solution at
50 �C for 4 h. Aer the solution was removed by rotary evapo-
ration, diethyl ether was added to the solution and stirred to
produce white crystals. The powder was repeatedly dissolved in
H2O and then precipitated with diethyl ether for several times to
obtain a puried product. The white powder product of QCA8
was dried and analysed. The 1H NMR (500 MHz D2O, d): 4.18–
4.30 (s, 1H, CH2CH(OH)CH2), 3.50–3.75 (s, 2H, (CH3)2-
N+CH2CH(OH)), 3.35–3.45 (s, 2H, CH2CH2(CH3)2N

+), 3.10–3.30
(s, 6H, CH2(CH3)2N

+CH2), 2.88–3.10 (s, 2H, CH2CH2N(CH3)2),
2.30–2.50 (s, 6H, (CH3)2NCH2), 1.10–1.60 (m, 10H, CH3(CH2)5-
CH(OH)), 0.81–0.91 (s, 3H, CH3(CH2)5CH(OH)) (Fig. 1d).

The N-(2-(dimethylamino)ethyl)-2-hydroxy-N,N-
dimethyldodecan-1-aminium acetate (QCA12) was synthesized
by a reaction of TMEDA (0.05 mol) with 1,2-epoxydodecane (0.01
mol) and CH3COOH (0.01 mol) in 25 mL of acetonitrile. The
mixture was heated to reux for 24 h. Aer removing solvent by
rotary evaporation, the powder was repeatedly dissolved in H2O
and then precipitated with diethyl ether for several times to
obtain a puried product. The white powder product of QCA12
was dried and analysed. The 1H NMR (500 MHz D2O, d): 4.10–
4.30 (s, 1H, CH2CH(OH)CH2), 3.50–3.75 (s, 2H, (CH3)2-
N+CH2CH(OH)), 3.35–3.45 (s, 2H, CH2CH2(CH3)2N

+), 3.10–3.30
(s, 6H, CH2(CH3)2N

+CH2), 2.88–3.10 (s, 2H, CH2CH2N(CH3)2),
2.30–2.50 (s, 6H, (CH3)2NCH2), 1.10–1.60 (m, 18H, CH3(CH2)9-
CH(OH)), 0.81–0.91 (s, 3H, CH3(CH2)5CH(OH)) (Fig. 1e).

The yields for DBr, DN, DQAC0, QAC8 and QAC12 were
63.5%, 95.1%, 90.6%, 87.7%, and 81.4%, respectively.
Preparation of starch-pretreated PET nonwovens

PET nonwovens were rst cut into 1.5 � 1.5 cm2 and rinsed in
50% ethanol aqueous under ultrasonic condition. The hydro-
lysis of PET nonwoven bre was then obtained by immersing in
1 N NaOH at 70 �C for 10 min. The PET nonwovens were rinsed
RSC Adv., 2019, 9, 7257–7265 | 7259
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with excess deionized water and 1% acetic acid to remove NaOH
and dried at 50 �C for 24 h. The hydrolysed PET nonwovens were
further immersed in starch/BTCA/NaH2PO2 solution (6 wt%/
3 wt%/1.5 wt%) at 90 �C for 15min and cured at 170 �C for 5min
to gra starch on bres. The starch pretreated PET nonwoven,
called PETs, was nally washed in hot water at 70 �C for 1 h to
remove residue.

Surface modication of PETs nonwovens with different
antimicrobial agents

The procedure of surface modication with antimicrobial
agents was shown in Fig. 2. The antimicrobial agent solution
contains 10% (w/v) antimicrobial agent (DQAC0, QAC8 and
QAC12), 10% (w/v) BTCA and 2.5% (w/v) NaH2PO2, respectively.
The PETs nonwovens were immersed in antimicrobial agent
solution at 90 �C for 5 min and curing at 170 �C for 10 min. The
antimicrobial agent modied PETs nonwoven were rinsed with
deionized water several times and sonicated for 15 min.

The PETs nonwovens treated with QAC8 and QAC12 were
further reuxed in 10 mL acetone with excess of DBr for 48 h.
Aer reaction, the nonwovens bres were washed with plenty of
acetone to remove residue and air-dried for further testing.

Chlorination and analytical titration

TheDQAC0, DQAC8 and DQAC12 graed PETs nonwovens were
chlorinated by exposure to a diluted bleach solution with 10%
Fig. 2 Schematic illustrations of preparing antibacterial agent conjugate

7260 | RSC Adv., 2019, 9, 7257–7265
sodium hypochlorite at pH 7 for 1 h. The chlorinated nonwo-
vens were washed with a plenty of distilled water and dried at
50 �C for 1 h to remove free chlorine from the surface of the
nonwovens.

The oxidative chlorine loading (Cl+%) in the nonwovens were
determined by the iodometric/thiosulfate titration method.21

The Cl+(wt%) in the nonwovens was calculated according to the
following equation:

Clþð%Þ ¼ 35:45�N � V

2�m
� 100

where Cl+ (wt%) is the weight percentage of oxidative chlorine in
the samples, N and V are the normality (equiv. per L) and
volume (L) of the titrant sodium thiosulfate, respectively, andm
(g) is the weight of the samples.
Nonwoven fabrics characterization

The surface composition measurement was performed by X-ray
photoelectron spectroscopy (XPS or ESCA) (PHI Quantera SXM,
USA). The X-ray source was monochromatic Al-Ka (hn ¼ 1486.6
eV), and the take-off angle was set at 45�. The high-resolution
spectra were deconvoluted by mixing the Gaussian–Lorentzian
functions using the free soware program, XPSPEAK. Quanti-
cation of the element was performed on the peak areas of the C
1s, O 1s, N 1s and Cl 2p multiplex.22
d PETs nonwovens.

This journal is © The Royal Society of Chemistry 2019
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Table 1 Apparent surface chemical compositions of PETs nonwoven
treated with different antibacterial agents as determined by XPS

Sample

Atomic percentage (%)

C 1s O 1s N 1s

PET 70.1 29.9 <0.1
PETs 58.8 38.5 2.8
PETsDQAC0 65.5 31.6 3.0
PETsDQAC8 62.0 32.2 5.8
PETsDQAC12 62.4 32.4 5.2

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
0/

30
/2

02
5 

7:
07

:3
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
American Association of Textile Chemists and Colourists
(AATCC) 39-1980 test method was designed to measure the
wettability of the nonwovens by measuring the time it takes
a drop of water placed on the fabric surface to be completely
absorbed into the fabric.23 The wettability of the nonwovens was
assessed by a 10 mL drop of water placed on the nonwovens.
Time was recorded until the water drop absorbs completely.

Evaluation of antimicrobial activity

To mimic the antimicrobial nonwovens' applications in
hospital setting, the antimicrobial activity of the modied PET
nonwovens was evaluated by using a modied AATCC 100 Test
Method in which the PET nonwoven bres were challenged with
Staphylococcus aureus (ATCC 21351) and Escherichia coli (ATCC
23501).24 The bacteria were suspended in saline at pH 7 to
a nal concentration of about 106 CFU mL�1. Then 25 mL of the
bacterial suspension was added and “sandwiched in between
two pieces of nonwovens” (1.5 � 1.5 cm2). Aer different
periods of contact times (3 min and 10 min), nonwovens were
vortexed in 5 mL of 0.001 N sodium thiosulfate solution for
5 min. SEM analyses on the vortexed nonwovens were per-
formed to ensure the removal of adhered microbial. Serial
dilutions of the vortexed solutions were prepared and 100 mL of
dilutions were placed on sterile Trypticase soy agar plates. Aer
incubation at 37 �C for 24 h, the number of bacterial colonies on
plate was counted to get the corresponding concentration of
living bacteria.

The antimicrobial efficacy of the modied PET nonwovens
was also evaluated aer repeatedly washing in a beaker (50� 70
mm2) containing 100 mL water, 2 wt% neutral detergents, and
1 wt% sand at 40 �C with stirring speed of 200 rpm for 10 min.
Aer each cycle of washing, the modied PET nonwovens was
exposed to a diluted bleach solution with 10% sodium hypo-
chlorite for rechlorination. The rechlorinated PET nonwoven
bres were then challenged with S. aureus and E. coli to examine
the antimicrobial efficiency.

Statistical analysis

The data were reported as means � standard deviation (SD).
The statistical analyses between different groups were deter-
mined using Student's t-test. Probabilities with p # 0.05 were
considered as signicant difference. All statistical analyses were
performed using the GraphPad Instat 3.0 program (GraphPad
Soware, USA).

Results and discussion
Characterization of modied PET samples

PET is a linear polyester widely used in textile because of ease of
processing, reduced weight, plasticity, and low cost. Despite
many excellent properties of PET, the lack of reactive groups is
the major disadvantage for textile bre production. Thus, it is
necessary to impart desired properties by introducing specic
functional groups on the surface of PET. Hydrolysis of PET is
a common approach to yield a surface mixture of hydroxyl and
carboxylic acid groups.25 However, the density of hydroxyl
This journal is © The Royal Society of Chemistry 2019
functional group is not enough for further modication. In this
context, we used a hydrolysed PET as a base to create a polyol
surface via a chemical method with the use of starch and BTCA
as nishing chemicals. The esterication between hydroxyl
groups of starch and hydrolysed PET, and carboxylic acid
groups of BTCA acts as crosslinking under a heat to form
a polyol thin lm on the surface. The characteristics of the
starch modied PET bres (PETs) were examined by XPS to
conrm the increase of surface oxygen content (Table 1). Similar
results were obtained in the C 1s high resolution scan. Fig. 3
shows a peak was detected at 286.5 eV which can be attributed
to the C*–O in the starch, further conrming the polyol cross-
linking. The notion of N1s on the PETs was likely due to the low
level of protein within the potato powder starch or the adsorp-
tion of adventitious N atoms prior the ESCA measurement.

Aer the treatment, three antimicrobial agents, including
DQAC0, DQAC8 and DQAC12 were immobilized on the PETs
surface. As expected, the nitrogen contents on the PETsDQAC0,
PETsDQAC8 and PETsDQAC12 surfaces were higher than those
on the PETs surface due to the additional immobilization of
antimicrobial agents with hydantoin and quaternary ammo-
nium structure (Table 1). However, the nitrogen contents on
PETsDQAC0 (3.0%) was less than those on PETsDQAC8 (5.8%)
and PETsDQAC12 (5.2%). This was likely resulted from easier
surface migration for the DQAC8 and DQAC12 which carries
longer alkyl chain (i.e. more hydrophobic structure) under the
vacuum condition (i.e. hydrophobic environment) in which XPS
analysis was performed.

Aer chlorination of DQACx (x ¼ 0, 8 and 12), the content of
oxidative chlorine in the bulk was iodometrically titrated. The
oxidative chlorinated content (wt%) was 0.15%, 0.093%, and
0.053% for the PETsDQAC0, PETsDQAC8, and PETsDQAC12,
respectively. In contrast, the surface chlorine contents
(atomic%) evaluated by XPS were quite different from the bulk
ones. The surface chlorine content on PETsDQAC0, PETsD-
QAC8, and PETsDQAC12 as determined by the XPS were
0.45 wt%, 1.08 wt% and 1.22 wt%, respectively (Fig. 4). These
results suggested that the chlorination of PETsDQAC8 and
PETsDQAC12 were probably dominated on the surface rather
than in the bulk, likely resulted from the longer alkyl chain
associated (see discussions in the following wettability
analyses).

The representative SEM micrographs for the pristine non-
treated PET nonwoven and the one modied by DQAC0
(PETsDQAC0) were shown in ESI Fig. 1.† There is no distinct
RSC Adv., 2019, 9, 7257–7265 | 7261
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Fig. 3 The high-resolution XPS spectra of the C 1s region of (a) PET nonwovens grafted with (b) starch, starch plus (c) DQAC0, (d) DQAC8, (e)
DQAC12.

Fig. 4 The high-resolution XPS spectra of the Cl 2p region of chlo-
rinated PETsDQAC0, PETsDQAC8 and PETsDQAC12 nonwovens.

Table 2 Time for water completely absorbed into different PET
nonwovens according to Association of Textile Chemists and Col-
ourists (AATCC) 39-1980 testing method

Sample Timea (s) Timeb (s)

PET >1800 >1800
PETs 60–120 120–180
PETsDQAC0 <3 <10
PETsDQAC8 <3 <60
PETsDQAC12 >1800 >1800

a Before testing, the nonwovens were washed in acetone and then dried
for 20 min. b Before testing, the nonwovens were washed in acetone and
then dried for 60 min.
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variation in surface morphology aer the antimicrobial surface
graing reaction.

The liquid absorption properties of fabrics are critical not
only to the success of wet processes such as dyeing, printing and
nishing, but also to the performance of products such as
performance clothing, disposable hygiene materials and
medical products.23 According to the wettability results
summarized in Table 2, we observed that the PET nonwovens
had a strong hydrophobic characteristic, while the PETs
nonwovens had a more hydrophilic character due to polyol
crosslinking. Aer graing with antibacterial agents, the
PETsDQAC0 showed the most hydrophilic character, as a result
of the “dual” quaternary ammonium in the chemical structure,
while the PETsQAC12 had a strongest hydrophobic character,
resulting from the long alkyl chains (C12) within the chemical
conguration. With a shorter alkyl chain length (C8), the
PETsDQAC8 showed an intermediate hydrophilicity as
7262 | RSC Adv., 2019, 9, 7257–7265
compared to the other two, more hydrophilic as compared to
PETsDQAC12 while only slightly more hydrophobic than the
PETsDQAC0. An increase in the alkyl chain lengths of these
novel antimicrobials containing halamine plus dual quaternary
ammonium conguration results in an increase in the surface
hydrophobicity, and further resulted in poor wetting of the
nonwovens. This surface hydrophobicity nding could be
further correlated with the oxidative chlorine content noted by
the iodometrically titration mentioned earlier. The aqueous
bleach solutions would become more difficult to pass through
the hydrophobic nonwovens and lead to lower active chlorine
content in the PETsDQAC8 and PETsDQAC12 nonwovens. Thus,
the oxidative chlorine in PETsDQAC12 showed the lowest
content as compared to that in PETsDQAC0 and PETsDQAC8.

Antibacterial efficacy

The antimicrobial efficacy of three compounds that can be
synthesized prior to be immobilized onto the PET nonwovens,
namely DQAC0, QAC8 and QAC12, were examined with free
bacterial suspension. All these three showed antimicrobial
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra00094a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
0/

30
/2

02
5 

7:
07

:3
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
effect as expected due to the halamine and quaternary ammo-
nium structure within the molecule conguration.

In order to simulate future antimicrobial nonwovens appli-
cations in hospital (e.g. disposable hospital apparels or dividing
curtains within ward), the antimicrobial efficacy of the modied
PET nonwovens was evaluated by a modied AATCC 100 Test
Method in which bacterial suspension was added and “sand-
wiched in between two pieces of nonwovens” instead of placing
the inoculated fabrics under the favourable conditions of
nutrients and temperatures as conventional AATCC 100 Test
Method suggests.

Due to a poor wetting of PETsDQAC12, only PETsDQAC0 and
PETsDQAC8 were evaluated their antimicrobial efficiency. Fig. 5
shows the biocidal efficacy of the nonwovens challenged with S.
aureus (Gram-positive) and E. coli (Gram-negative) bacteria aer
10 min of contact. The PET nonwoven was used as the control.
No antimicrobial efficacy was noted for the control against both
bacteria. The PETs showed 75% reduction for S. aureus, while
Fig. 5 Antimicrobial efficiency of modified nonwoven against S.
aureus (a) and E. coli (b) after 10 min of contact time. n ¼ 3, value ¼
mean � standard deviation. *Represent p < 0.05.

This journal is © The Royal Society of Chemistry 2019
only 22% reduction for E. coli. All of the DQAC0 and DQAC8
graed samples provided an up to 90% reduction for the S.
aureus (Fig. 5a). In addition, the antibacterial efficiencies were
even better on the chlorinated samples as compared to the non-
chlorinated ones. These ndings could be attributed to the
formation of nitrogen-chloride bonds (i.e. N-halamine func-
tionalities) from the nitrogen-hydrogen ones aer chlorination,
becoming the strong oxidizing agents against bacteria.

As compared to the reduction of S. aureus, the E. coli was
signicantly reduced on PETsDQAC0 and its chlorinated one
(Fig. 5b). However, there was only about 20% reduction in E. coli
for PETsDQAC8 and its chlorinated one. Previous studies in
Mathias's group showed that the antibacterial activity against S.
aureus increased with an increase in the alkyl chain length for
antimicrobial with quaternary ammonium group, whereas the
antibacterial activity against E. coli decreased with the
increasing alkyl chain length.26 The different biocidal efficacies
between Gram-positive and Gram-negative bacterial are the
results of their different structures of bacterial membranes.26,27

In order to further examine the biocidal efficacy aer chlo-
rination, the PETsDQA0 was challenged with both bacteria with
a shorter contact of 3 min. Fig. 6a shows there was 65% and
90% reduction on the non-chlorinated and chlorinated one
against S. aureus, respectively. In addition, 30% and 85%
reduction on the non-chlorinated and chlorinated one against
E. coli, respectively, were noted (Fig. 6b).

All these results indicated the N-halamine can further
enhance the antimicrobial efficacies by acting synergistically
with quaternary ammonium functionalities. Nevertheless, the
enhancement was dependent upon the microbial contact
duration as well as the type of microbial tested.

To examine the practical applicability of the modied PET
nonwoven, the PETsDQAC0 was undergone repeated washing
and chlorination. The antimicrobial testing showed that over
90% reduction for the S. aureus aer 5 times of washing and
chlorination cycles (Fig. 7a), whereas the antibacterial activity
against E. coli slightly decreased aer 5 times of washing and
chlorination. Aer washing and chlorination for 5 cycles, the
Fig. 6 Antimicrobial efficiency of the DQAC0 modified nonwoven
against (a) S. aureus and (b) E. coli after 3 min of contact time. n ¼ 3,
value ¼ mean � standard deviation. *Represent p < 0.05.

RSC Adv., 2019, 9, 7257–7265 | 7263
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Fig. 7 Antimicrobial efficiency of the DQAC0 modified nonwoven
against (a) S. aureus and (b) E. coli after 3 min of contact time by
repeatedly washing and chlorination. n ¼ 3, value ¼ mean � standard
deviation. *Represent p < 0.05.
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reduction of E. coli dropped to 81% (Fig. 7b). In spite of this, the
antibacterial activity maintained on a high level. The results
indicated that the surface modication remained stable aer
repeated washing and chlorine content could be restored
through rechlorination. Henceforth, the novel “composite”
antimicrobials synthesized here could be of potential for anti-
microbial applications in nonwovens.

Conclusions

The antimicrobial agents consisting of cyclic amide group and
“dual” quaternary ammonium with different alkyl chain
lengths, including C0, C8, and C12, were successfully synthesized
and graed onto the starch-pretreated PET nonwovens via
esterication with BTCA. The cyclic amide structure could be
easily converted to N-halamine aer immersion in a diluted
chlorine bleach solution. The change in chemical properties for
the graed PET nonwovens was conrmed by XPS. The anti-
microbial efficacies for the graed PET nonwovens were eval-
uated against S. aureus and E. coli. The effect of the oxidative
7264 | RSC Adv., 2019, 9, 7257–7265
chlorine on antibacterial efficiency was also investigated. The
DQAC0 on the PET nonwovens exhibited a more hydrophilic
characteristics, and a highest antimicrobial activity against
both S. aureus and E. coli as compared to the DQAC8 and
DQAC12 graed ones, either before or aer chlorination.
Systematic investigation on the DQAC0 provided a capable idea
as an antibacterial agent for the nonwovens/fabrics used
biomedical applications.
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