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Abstract This research focused on preparing
antibacterial and flame-retardant multifunctional cot-
ton fabric to decrease the threat of harmful microor-
ganism and fire, which might have huge potential
application in household textiles. A water-soluble N-
halamine precursor based on s-triazine (TIAPC) was
synthesized by introducing iminodiacetic acid (IDA),
which can chelate with metal ions to obtain flame
retardancy. After coating with TIAPC, the cotton
fabric was chlorinated in dilute bleach solution and
chelated in metal salt solution to achieve antibacterial
and flame-retardant properties. The surface morphol-
ogy and chemical state of TIAPC-coated cotton fabric
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were characterized by FT-IR, XPS, SEM and EDX.
The chlorinated TIAPC-coated cotton fabric displayed
high-efficacy and rapid bactericidal effect against S.
aureus and E. coli O157: H7 with 100% bacterial
reduction in 1 min. Meanwhile, the chelated TIAPC-
modified cotton fabric presented good thermal stabil-
ity and char-forming capability. The hydrophobic
property of modified cotton fabric was greatly
improved after chlorination. Besides, this multifunc-
tional coating had little effect on the cytotoxicity,
tensile strength, air permeability, whiteness and drape
of cotton fabric.
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Introduction

To prevent and control emerging diseases, numerous
researchers are devote to the development of efficient
antibacterial technologies. As a new kind of antibac-
terial agent, N-halamines possess the characteristics of
ideal antibacterial agent, such as rapid disinfection,
long-term stability, broad-spectrum activity, safety
and regenerability (Yin et al. 2020). In the last several
decades, N-halamines have attracted significant
research interest and been extensively applied to
prepare efficient antimicrobial textiles, which can
protect people from harmful microorganisms (Wen
et al. 2020; Zhang et al. 2019). Except for avoiding
cross-infection of diseases, introducing N-halamines
can prevent microorganisms from deteriorating phys-
ical-mechanical properties and producing unpleasant
odors of textiles (Bai et al. 2016).

In the early 1990s, Sun et al. prepared antibacterial
cotton fabrics with N-halamine precursor, 1,3-dihy-
droxymethyl-5,5-dimethylhydantoin (DMDMH), and
durable and excellent biocidal performance was
obtained after exposing to dilute household bleach
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except for formaldehyde emission (Sun et al. 2001).
Then, formaldehyde-free N-halamines attracted sig-
nificant research interest. Many kinds of N-halamine
precursors with different reactive groups, such as
double bond (Ren et al. 2009; Sun and Sun 2002),
siloxane bond (Ren et al. 2008; Worley et al. 2005) and
epoxy group (Cerkez et al. 2012; Kocer et al. 2011),
were developed and applied to fabricate durable and
desirable antibacterial textiles. However, considering
eco-friendly preparation process and practical appli-
cation, reactive N-halamine precursors with good
water solubility should be more attractive and worthy
because harmful organic solvents can be avoided in
the finishing process.

In recent years, some quaternarized N-halamine
precursors, such as 3-chloro-2-hydroxypropyl)-(5,5-
dimethylhydantoinyl-1-ylmethyl)-dimethylammo-
nium chloride (CDDAC) (Kang et al. 2013) and (5,5-
dimethylhydantoinyl-3-ylethyl)-dimethylamine
(DEADH) (Zhang et al. 2013), were designed to
enhance water solubility and antimicrobial efficacy.
Also, antibacterial cotton fabrics can be prepared with
cationic/anionic water-soluble N-halamine polymers
through layer-by-layer technology (Li et al. 2019). In
our previous studies, some N-halamine precursors
(BTMPT, ATDT) based on s-triazine were prepared
by introducing water-soluble groups such as sulfanilic
acid and taurine (Jiang et al. 2014; Xu et al. 2020),
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which rendered cotton fabrics with highly effective
biocidal properties. On this basis, introducing other
water-soluble groups, which can improve the inherent
flammability of cotton, should be an efficient way to
further broaden its application in the safe protection
field.

Iminodiacetic acid (IDA) is a flexible diaryl ligand
with good water-solubility, which can form
stable chelates with many metal ions (Razak et al.
2018), and has enormous potential for use in electro-
plating process (Sosa et al. 2016), water treatment
(Razak et al. 2018; Zhou et al. 2018) and dyeing
(Acikel et al. 2017; Omer et al. 2020). It has been
found that metal ions or metal salt can improve the
thermal stability and combustion performance of
flammable materials, which opens up a new field for
preparing flame retardant materials (Zhang et al.
2016). Richards et al. found that metal ions introduced
into cotton fibers through ion exchange can effectively
increase the char-forming properties of cotton fiber
(Richards and Zheng 1991). The influence of Na¥,
Ca”" and Zn** on flame retardancy in cellulose fibers
was investigated by Xia’s group. They verified that
these metal ions can form barrier layers on the
cellulose fiber surface, which excludes oxygen,
restricts the release of gas and produces more carbon
residues (Shi et al. 2017; Zhang et al. 2016).

In this study, a water-soluble N-halamine precursor
based on s-triazine (TIAPC) was synthesized by
introducing iminodiacetic acid and coated on cotton
fabrics for improving antibacterial properties and
flame retardancy. The introduction of iminodiacetic
acid not only increased the water-solubility, but also
improved the thermal stability and char-forming
properties of cotton fabrics by chelating with metal
ions. The surface morphology and chemical state of
TIAPC-coated cotton fabrics were marked by FT-IR,
XPS, SEM and EDX. Meanwhile, the antibacterial
properties, combustion behavior, and thermal stability
of TIAPC-coated cotton fabrics were investigated.
Besides, the cytotoxicity of TIAPC-coated cotton
fabrics was evaluated by cell viability testing. The
effect of TIAPC coating on the intrinsic properties of
cotton fabrics, such as water contact angle, tensile
strength, air permeability, whiteness, and drape, was
also evaluated.

Experiment
Reagents and materials

Desized, scoured and bleached cotton fabrics
(122 g-m~2) were provided from Qingdao Fenghuang
Dyeing & Printing Co., Ltd., China. Cyanuric chloride
(CC) and 0.1 N Na,S,05; were provided by J&K
Scientific Co., Ltd, China. IDA was purchased from
TCI Chemical Industry Development Co., Ltd, China.
4-amio N-2,2,6,6-tetramentylniperidine (TEMP) was
obtained from Shanghai Macklin Biochemical Co.,
Ltd, China. KI, NaCl, Al,(SO4);, Na,CO; and
hydrochloric acid were purchased from Sinopharm
Chemical Reagent Co., Ltd, China. All reagents were
used directly without further purification.

Synthesis of TIAPC

The intermediate, 1,3,5-triazine-2-iminodiacetic acid-
4,6-dichloride (TTAC), was synthesized according to
previously published literature (Huang et al. 2013).
The synthesis route of 1,3,5-triazine-2-iminodiacetic
acid-4-(2,2,6,6-tetramethyl-4-piperidine)-6-chloride
(TTAPC) was presented Fig. 1.

0.22 mol cyanuric chloride was mixed with
150 mL deionized water in a 500 mL four-necked
flask equipped with a mechanical stirrer, a thermome-
ter and a constant pressure drop funnel, which was
cooled to 0-5 °C. The mixture of 0.2 mol IDA and
0.3 mol Na,CO3 in 150 mL deionized water was
added dropwise to the flask within 2 h at 0-5 °C. After
complete addition, the mixture was maintained at
0-5 °C for another 3 h and filtered to remove the
residual cyanuric chloride. Then, the pH of filtrate was
adjusted to 3 with concentrated HCI solution and an
amount of NaCl was added. After stirring at 0-5 °C for
30 min, the mixture was filtered and the intermediate
product (TTAC) was obtained with a yield of 80.4%.
The structure of intermediate TIAC was confirmed by
NMR and FT-IR. 'H-NMR (400 MHz, D,0) & (ppm):
4.41. BC-NMR (100 MHz, D,0) & (ppm): 50.5,
165.5, 169.7, 172.5. FT-IR (cm™'): 3419, 2989,
1710, 1566, 1489, 1397, 1228, 1175, 985, 848, 736.

Then, 0.2 mol TIAC and 150 mL of deionized
water were fed into a 500 mL four-necked glass flask
equipped with a mechanical stirrer, a thermometer and
a constant pressure dropping funnel, which was heated
up to 4045 °C. 0.2 mol TEMP in 50 mL deionized
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Fig. 1 Synthesis route of TIAPC and preparation of multifunctional cotton fabric

water was then added dropwise within 2 h, and the
mixture was maintained at 40—45 °C for another 3 h.
After the pH of the mixture adjusted to 5, the mixture
was stirred at room temperature for 20 min. Then, the
white product (TIAPC) was obtained with a yield of
65.7% after filtering and drying at 45 °C for 1 h. The
structure of TIAPC was confirmed by NMR and FT-
IR. "H-NMR (400 MHz, D,0) & (ppm): 1.23-1.55 (m,
14H), 1.87-1.98(m, 4H), 3.98-4.12 (d, 4H), 4.13-4.28
(m, 1H), 8.17-8.23(d, 1H). "*C-NMR (100 MHz,
D,0) & (ppm): 26.5, 32.5, 40.1, 56.2, 59.4, 166.8,
167.2,170.7, 174.8. FT-IR (cm™'): 3318, 2981, 2941,
1566, 1497, 1401, 1254, 1033, 804, 534.

Sample preparation

The cotton fabrics were soaked in deionized water for
10 min to remove some impurities, rinsed with tap
water several times, dried and weighed.

The cotton sample was immersed in a 15% NaOH
solution for 2 h and padded with one nip to achieve a
wet pick-up of 150%. The sample was then immersed
in a pH = 7.5, 20% TIAPC solution for 30 min with
two dips and two nips to achieve a wet pick-up of
100%. Then the sample was dried at 100 °C for 5 min
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and then cured at 150 °C for 5 min. After washing
with tap water thoroughly and drying at 45 °C for 1 h,
the coated cotton sample designated as Cotton-TIAPC
was obtained with 7.2% of weight gain.

To obtain antibacterial sample, the Cotton-TIAPC
was soaked in 10 wt % aqueous sodium hypochlorite
solution (the pH was adjusted to 7 using dilute HCI
solution) under room temperature for 1 h. Then, the
chlorinated Cotton-TIAPC samples, denoted as Cot-
ton-TIAPC-Cl, were obtained after washing thor-
oughly with deionized water and dried at 45 °C for
1 h. The active chlorine content of Cotton-TIAPC-CI
was determined by the iodometric/thiosulfate titration
method and calculated according to the following
equation:

CI*% = (N x V x 35.45 x 100)/(2 x W)

where CIt% is the weight percent of oxidative
chlorine on the Cotton-TIAPC-CIl, N and V are the
normality (equiv/L) and volume (L) of the titrant
Na,S,0j3 solution, respectively, and W is the weight
(g) of the Cotton-TIAPC-CI.

To render cotton samples with flame retardancy, the
Cotton-TIAPC-Cl was immersed in a 5 wt% alu-
minum sulfate solution at room temperature for 2 h.
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Then the sample was washed thoroughly with distilled
water and dried at 45 °C for 1 h. The A" chelated
Cotton-TIAPC-CI sample was denoted as Cotton-
TIAPC-CI-Al. Besides, the Cotton-TIAPC sample
chelated with AI** was designated as Cotton-TIAPC-
Al

Measurement and characterization

The Fourier Transform Infrared Spectrometer (FT-IR)
of TIAPC, control cotton, and TIAPC-coated cotton
fabrics before and after chelation/chlorination were
characterized by Nicolet iS 50 infrared spectrometer
(Thermo Fisher Scientific, USA).

"H-NMR and ">C-NMR spectra of TIAPC were
recorded on a Bruker AVANCE III HD 400 MHz
spectrometer (Bruker, Germany) and DMSO was used
as a solvent.

The surface morphology and elemental composi-
tions of all cotton samples were examined using a
TESCAN VEGA3 scanning electron microscope
(TESCAN, Czechoslovakia) coupling with an
E1856-C2B energy-dispersive X-ray analysis (EDAX,
USA) with an accelerating voltage of 11.0 kV.

X-ray photoelectron spectra (XPS) of control
cotton, TIAPC-coated cotton fabrics before and after
chelation/chlorination were recorded with a KRATOS
AXIS-ULTRA DLD high-performance imaging X-ray
photoelectron spectrometer (SHIMADZU, Japan),
using an Al K X-ray source (1486.8 eV).

In vitro antibacterial tests of all cotton samples
were challenged with S. aureus and E. coli O157: H7
by colony-counting methods according to a modified
AATCC Test Method 100-2012 (Chen et al. 2020b).
Briefly, an aliquot of 25 pL of the bacterial suspen-
sions (107 CFU/mL) was added to the middle of two
pieces of 2.54 cm x 2.54 cm square cotton samples
and held by a sterile weight to ensure sufficient contact
with the bacteria. After a certain contact time (1, 5,
10 min), the cotton samples were quenched by 5 mL
of sterile 0.05 N sodium thiosulfate solution (2.5 mL
of PBS and 2.5 mL of 0.1 M of Na,S,05 solution) to
neutralize any oxidative chlorine. After vortex for
several minutes, the solution was serially diluted with
PBS solution. Then, the dilution was plated on
trypticase soy agar plates and survival colonies were
counted after incubation at 37 °C for 24 h.

The inhibition zone of uncoated and TIAPC-coated
cotton fabric was evaluated against S. aureus and

E. coli according to AATCC-147 (Demir et al. 2017).
Briefly, S. aureus and E. coli were suspended in 100
pL phosphate buffer (pH = 7.4) to produce a suspen-
sion of a known population (10" CFU/mL). Then, an
aliquot of 100 pL of the bacterial suspension was
evenly plated on soy agar plates. All cotton samples
were cut into disc with a diameter of 1.5 cm and
placed onto the trypticase soy agar plates. After
incubation at 37 °C for 24 h, the inhibition zone
around the disc was observed.

The cytotoxic effect of the TIAPC-coated fabrics
was assessed with NIH3T3 mouse fibroblasts, which
were seeded on 24 well plates with a density of
2 x 10* cells per well and cultured in a humidified
environment at 37 °C and 5% CO, for 24 h. After
washing twice with phosphate buffer saline, 500 pL
MTT solution (5 mg/mL) was added to each well and
continue incubating for 4 h. The absorbance was
measured at 570 nm wusing a full-wavelength
EPOCH2T reader. To demonstrate repeatability, each
experiment was repeated three times and the cell
viability was expressed as the percentage to the control
cells.

The burning performance of the uncoated and
TIAPC-coated cotton samples was investigated by
vertical flammability test (VFT), limiting oxygen
index (LOI) and Thermogravimetric (TG). The VFT
was measured according to GB/T 5455-2014 with a
LFY-601A vertical combustion device (Shandong
Textile Research Institute, China). All cotton samples
with 300 x 89 mm? in size were arranged vertically,
and the bottom of cotton sample was exposed to flame
for 12 s. The LFY-606B digital limiting oxygen index
apparatus (Shandong Institute of Textile Science,
China) was used to test the LOI values according to
GB/T 5454-1997, and the test size of all cotton
samples was 150 x 98 mm?®. TG was carried out on a
thermogravimeter (TG209F3, Netzsch, Germany)
from room temperature to 800 °C at a heating rate of
10 °C /min under nitrogen atmosphere.

The water contacting angle (WCA) was measured
using a WCA measurement device (Theta, Biolin,
Sweden). The air permeability of control cotton and
Cotton-TIAPC-CI-Al was measured according to GB/
T 5453-1997 method using a YG461E-III fully
automatu permeability instrument (Ningbo Textile
Instrument Factory) with a pressure applied of 100 Pa.
The whiteness of control cotton and Cotton-TIAPC-
CI-Al was measured by X-rite 8400 colorimeter (X-
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rite, America). The tensile strength and breaking
elongation of control cotton and Cotton-TIAPC-CI-Al
were measured on a YGO65H series strength tester
(Laizhou Electron Instrument Co. Ltd., China) accord-
ing to GB/T 3923.1-1997 method. Besides, the
storage stability of Cotton-TIAPC-Cl-Al was mea-
sured by detecting oxidative chlorine loading and
whiteness. The tensile strength after 25 storage days
was also determined and the sample was marked as
Cotton-TIAPC-CI-Al-S. The washing stability of
Cotton-TIAPC-CI-Al was assessed by detecting
oxidative chlorine loading and LOI values.

Results and discussions
Structural characterization of TIAPC

The molecular structure of TIAPC was characterized
via FT-IR, "H-NMR and '*C-NMR spectra (presented
in Fig. 2). Figure 2a showed the FT-IR spectrum of
TIAPC, the characteristic absorption peaks for TTAPC
were attributed as follows: 3318 cm™' (V_np),
534 cm™ ! and 1033 em™' (V. tr meant triazine
ring here) (Xu et al. 2020), 1497 cm™' and 804 cm™'
(Vi) (Wang et al. 2018), 1566 cm ™" (V_nc), 1254
(V_cen) (Lai et al. 2012), 1713 cm™' (V_coo))
(Kagarise 1955), which indicates that the TIAPC
was successfully obtained.

NMR technology was used to further verify the
molecular structure of TIAPC, Fig. 2b, ¢ showed the
3C-NMR and "H-NMR of TIAPC, respectively. The
BC-NMR spectrum of TIAPC shows the following
proton signals & (ppm): 26.5 (a), 32.5 (b), 40.1 (c), 56.2
(d), 59.4 (e), 166.8 (g), 167.2 (f), 170.7 (h), 174.8 (i).

In addition, the "H-NMR spectrum of TIAPC shows
the following proton signals & (ppm): 1.23—1.55 (14H,
1 and 2), 1.87-1.98 (4H, 2), 3.984.12 (4H, 3),
4.13-4.28 (1H, 4), 8.17-8.23 (1H, 5). Therefore, all of
the above NMR assignment indicates that the TIAPC
was successfully synthesized.

Characterization of TIAPC-coated cotton fabrics

FT-IR, SEM-EDX and XPS were used to access the
difference of surface appearance and chemical com-
position between uncoated and TIAPC-coated cotton
fabric. Figure 3f presents the FT-IR spectra of control
cotton, Cotton-TIAPC, Cotton-TIAPC-CIl, Cotton-
TIAPC-ALl, and Cotton-TIAPC-CI-Al. Compared with
control cotton, there are two new characteristic peaks
that were observed at 810 cm™"' and 1580 cm™" after
coating with TIAPC, which belong to skeleton vibra-
tion of triazine ring and the vibration of COO™ group
(Viola et al. 2019; Xu et al. 2020). Besides, the peaks
at 1540 cm ™' and 1506 cm™" were attributed to the
deformation vibration of two types of secondary
amine groups (-NH-) in piperidine amine. After
chlorination, one type of N-H was changed to N-CI,
as evidenced by the disappearance of the peak at
1540 cm™'. The slight increase in the intensity of
characteristic peaks (the other amine groups) from
1506 to 1525/1528 cm™' may be caused by the
formation of quaternary amine and hydrogen bond
(Hanshaw et al. 2008; Hisaki et al. 2012; Mazik and
Cavga 20006).

To observe the coating growth and element distri-
bution of TIAPC-coated cotton fabrics, the scanning
electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDX) were employed to analyze

0 1,2
Hon
N N Cl DMSO
RS
NN
070H Y6
N
6 H 51, 1 3
i LA |
3 2 a2
2 - o
4000 3500 3000 2500 2000 1500 1000 500 180 160 140 120 100 80 60 40 20 8 7 6 5 4 3 2 1 0
Wavenumber cm™) ppm ppm

Fig. 2 FT-IR spectra (a), '>C-NMR spectra (b) and "H-NMR spectra (c) of TIAPC
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the surface morphology and chemicals on the surface
of uncoated and TIAPC-coated cotton fiber. As shown
in Fig. 3a, control cotton showed a smooth surface, the
TIAPC-coated cotton fabrics (Fig. 3b, c, d and e) have
similar structure and shape, but the rougher morpho-
logical characteristics might be due to a thin TIAPC
film formed on the cotton fiber (Zhu et al. 2020). From
the results of EDX in Fig. 3j, a large number of N
elements were detected on the surface of TIAPC-
coated cotton fabric, which further proved that TIAPC
was coated on the surface of fiber. After chlorination, a
little amount of evenly distributed Cl elements was
found on Cotton-TIAPC-CI and Cotton-TIAPC-CI-Al,
which proved that parts of N-H structure on TIAPC
was successfully converted into N-CI structure.

—— Control cotton AlZp (74.98)
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—\/___/\/-
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h i
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spectra (j) of different cotton samples; high-resolution spectra
Ols (h) and Cls (i) of Cotton-TIAPC-CI-Al

Cotton-TIAPC-Al and Cotton-TIAPC-CI-Al had a
few amounts of Al elements, which were evenly
distributed on the fibers. The above differences
between uncoated and TIAPC-coated cotton fabrics
indicted that TIAPC was successfully coated on the
cotton surface of cotton fabric.

To further confirm TIAPC, CI and Al existed on
cotton fabric, XPS measurements were performed and
the results were shown in Fig. 3g—i. Compared with
control cotton, three new characteristic peaks at
399.5 eV (Nls), 2004 eV (CI2p) and 75.0 eV
(Al2p) of Cotton-TIAPC-CI-Al were detected, indi-
cating the presence of N, Al and Cl on the surface of
coated sample. The Ols spectrum (Fig. 3h) of Cotton-
TIAPC-CI-Al could be deconvoluted into three
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individual component groups (COOH, C-O-C, and
Al-0O) at 532.9, 532.7 and 532.3 eV, respectively
(Chen et al. 2020a; Zhang et al. 2018). Figure 3i
displayed high-resolution Cls spectra with three main
components deconvoluted at 288.0, 286.7, and
285.1 eV, which were assigned to the O—C=0, C-N/
C-OH and C-C/C-H/C-O, respectively (El-Nahhal
et al. 2003). The above result proved that chlorination
and chelation happened in Cotton-TIAPC-CI-Al.

Antimicrobial assay

A combined biocidal mechanism of N-halamines,
including contact and release killing, has been
proposed (Ahmed et al. 2009). To investigate the
antibacterial mechanism of TIAPC-coated cotton
fabric, the antimicrobial efficacy and inhibitory zone
were evaluated in this study.

The antibacterial efficacy was measured against S.
aureus and E. coli O157: H7, and the results are
presented in Fig. 4a, b and S1. Control cotton, Cotton-
TIAPC and Cotton-TIAPC-AI showed a slight reduc-
tion of bacteria after 10 min of contact time, which

samples. The chlorinated sample, Cotton-TIAPC-Cl
and Cotton-TIAPC-CI-Al, displayed high-efficiency
and rapid bactericidal effect, all of the bacteria could
be killed within one minute, which proved that N-
halamine owns excellent contact sterilization mecha-
nism (Tian et al. 2017).

To further verify the release-killing mechanism of
N-halamines, the inhibition zone test was employed to
evaluate the antibiotics of TIAPC-coated cotton
fabric, and the results are shown in Fig. 4c. Compared
with cotton fabrics without chlorination, Cotton-
TIAPC-CI and Cotton-TIAPC-CI-Al samples show
significant inhibition zones around the sample disc.
The results indicated that N-halamine-containing
cotton fabric kills bacteria by at least some of
oxidizing chlorine diffused from materials.

To evaluate the potential of new materials in
biomaterial applications, the cytotoxicity was per-
formed with NIH3T3 mouse fibroblasts by MTT
assay. As shown in Fig. 4d, the cell viability of
Control cotton, Cotton-TIAPC and Cotton-TIAPC-Al
was excellent, indicating that the introduction of
TIAPC and AI’" did not affect the cell cytotoxicity.

might be due to the adhesive of bacteria on the cotton However, the chlorinated samples exhibited a
, 4 b
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Fig. 4 Antimicrobial efficacy (S. aureus (a) and E. coli (b)), inhibition zone (c) and cytotoxic effect (d) of Control cotton, Cotton-
TIAPC, Cotton-TIAPC-CI, Cotton-TTAPC-Al and Cotton-TIAPC-CI-Al
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significant decrease, which might be related to the
surface hydrophilicity different from the tissue culture
plate (Ma et al. 2013).

Combustion behavior and thermal stability

To evaluate the combustion behavior of TIAPC-
coated cotton fabrics, the VFT and LOI were inves-
tigated. Figure 5 shows the digital photos of control
cotton, TIAPC-coated cotton fabrics before and after
chelation/chlorination after VFT. In this test, the effect
of different metal ions (Cu®**, Ca’", AI*", Zn*™,

Control cotton

{

-20 - —v— Cotton-TIAPC-Al

Temperature (°C)

a 100
| —a— Control cotton
| —e— Cotton-TIAPC
—a— Cotton-TIAPC-CI
| 80 - —v— Cotton-TIAPC-Al
| —o— Cotton-TIAPC-CI-Al
1 S
= 60 -
I 5
I 3
1 240
|
|
20
I 0
|
|
|
|

100 200 300 400 500 600 700 800

Mg>", Fe>") on the flame retardancy of cotton fabric
was investigated and the result was presented in
Fig. S2. Only AI’" chelated samples remained large
amounts of residue after combustion, although it
cannot pass the VFT with afterflame phenomenon. For
the samples of Cotton-TIAPC-Al, Cotton-TIAPC-CI-
Al, the char-forming properties and LOI were
improved. This might be due to the AI’*" on the
surface of cotton fabric was pyrolyzed to metal oxide
acting as a barrier to oxygen and heat on the surface of
fibers (Pan et al. 2017). Moreover, SEM and EDX
analyses were carried out to investigate the appearance

Cotton-TIAPC  Cotton-TIAPC-Cl Cotton-TIAPC-Al Cotton-TIAPC-CI-Al

>

Element_Weight (%) Atomic (%) _Error (%)
CK 9.57 24.65 24.16
0K 30.91 59.79 10.73
ALK 555 637 10.64
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Fig. 5 Digital photographs of uncoated and TIAPC-coated cotton fabrics after VFT; TG (a) and DTG (b) curves of control cotton and

TIAPC-coated cotton fabrics in the N,
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and elemental composition of char residue. After
combustion, the intact wave structure was retained and
the elements of Al were uniformly dispersed on the
char residue of Cotton-TIAPC-CIl-Al, which further
indicates that chelated metal ions can greatly improve
the char-forming of cotton fabric.

The thermal stability of TIAPC-coated cotton
samples was measured, and the TG curves were
shown in Fig. 5a, b. Compared with control cotton, the
maximum weight loss temperature (7,,,,,) of Cotton-
TIAPC and Cotton-TIAPC-CI had a little change and
the residue increased due to the introduction of
nitrogen and chlorine elements. After chelating with
A13+, lower T,,,, and more residue were observed,
which is mainly due to the catalytic dehydration and
carbonization of metal ions (Pan et al. 2017).

Water contact angle, tensile strength, air
permeability, whiteness and drape

The water contact angle (WCA) of TIAPC-coated
fabrics was checked and the result was presented in
Fig. 6. The sample of Cotton-TIAPC showed similar
hydrophilic surface with control cotton, but the
chlorinated sample (Cotton-TIAPC-CI) owned excel-
lent hydrophobic performance with WCA of 152°. The
chelation had little effect on the hydrophobicity of
cotton sample and WCA of Cotton-TAPC-CI-Al
decreased to 148°, which might be due to a small
reduction of active chlorine during the chelation
process.

Tensile strength and breaking elongation of Control
cotton and Cotton-TIAPC-AI-Cl were measured and
the result was presented in Fig. 7. 90% of tensile
strength was maintained in warp and weft directions
for Cotton-TIAPC-CI-Al The slight reduction might
be due to the loss of intermolecular/intramolecular
hydrogen bonds and the substitution of hydroxyl

Control cotton Cotton-TIAPC

Fig. 6 Water contact angle of control cotton and TIAPC-coated cotton fabrics

@ Springer

Cotton-TIAPC-C1

> - >

groups on the cotton fabrics under alkaline conditions
(Mu et al. 2018). However, the breaking elongation of
Cotton-TIAPC-CI-Al had a significant increase, which
might be due to the stable cross-linking of TIAPC with
cotton fabrics, giving the cotton fabric good ductility
(Jahangiri et al. 2018). Besides, the tensile strength of
Cotton-TIAPC-CI-Al after storage (marked as Cotton-
TIAPC-CI-Al-S) was also investigated and the results
showed that short-term storage had no impact on the
tensile strength and breaking elongation of Cotton-
TIAPC-CI-Al

Air permeability, whiteness, draping coefficient
and draping were also investigated and the results
were given in Table 1. Due to the chemical deposition
onto the surface resulting in less air space between
cotton fibers, the air permeability had a small reduc-
tion and 80% was remained. However, the whiteness
and drape of Cotton-TIAPC-CI-Al has little effect,
which might be explained by the possibly due to high
curing temperature (Xu et al. 2020).

Conclusions

A water-soluble N-halamine precursor (TIAPC) was
successfully synthesized and characterized by FT-IR
and NMR, and bond onto cotton fabrics. The cotton
fabric coated with TIAPC was chlorinated with dilute
bleach and chelated in metal salt solution to achieve
antibacterial and flame retardant performance. The
chlorinated TIAPC-coated cotton fabrics show highly-
efficient and rapid bactericidal efficacy against S.
aureus and E. coli O157: H7, and all of the bacteria
could be killed within 1 min of contact time. The
antibacterial samples also presented release-killing
mechanism that was proved by the inhibition zone test.
Meanwhile, the chelated TIAPC-coated cotton fabric
presented good thermal stability and char-forming

Cotton-TIAPC-Al  Cotton-TIAPC-CI-Al



Cellulose (2021) 28:3265-3277

3275

500
Il Control cotton
I Cotton-TIAPC-CI-Al
400 4 Il Cotton-TIAPC-CI-Al-S
z
=
£ 300 -
=
£
w
= 200 -
5
=
100 4
0 -

Warp Weft

30 4 Il Control cotton
I Cotton-TIAPC-CI-Al
254 Il Cotton-TIAPC-CI-Al-S

— [
wn <
1 1

[y
=
1

Breaking elongation (%)

Warp

Weft

Fig. 7 Tensile strength and breaking elongation of Control cotton, Cotton-TIAPC-CI-Al and Cotton-TIAPC-CI-Al-S

Table 1 Air permeability, whiteness, draping coefficient and draping of uncoated cotton and Cotton-TIAPC-CI-Al

Whiteness (%)

Draping coefficient (%) Draping (%)

Samples Air permeability (mm/s)
Cotton-control 4165 £ 7.2
Cotton-TIAPC-CI-Al 329.3 £ 8.1

97.1
72.6

61.56
71.58

38.44
28.42

capability, which was caused by chelating with metal
ions. The hydrophobicity of TIAPC-modified cotton
fabric was greatly improved after chlorination, which
is due to the transformation of N—H to N-Cl. Besides,
the TIAPC coating had little effect on the cytotoxicity,
tensile strength, air permeability, whiteness and drape.
However, the flame retardant performance of TIAPC-
coated cotton fabric is unsatisfactory, which will be
further improved in our following researches.
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