Progress in Organic Coatings 90 (2016) 258-266

Contents lists available at ScienceDirect

COATINGS

Progress in Organic Coatings

journal homepage: www.elsevier.com/locate/porgcoat

Environmentally friendly assembly multilayer coating for flame
retardant and antimicrobial cotton fabric

@ CrossMark

Fei Fang®":!, Xiaoxuan Chen® ', Xian Zhang”*, Cheng Cheng?, Dezhi Xiao?,
Yuedong Meng?, Xin DingP, Hui Zhang¢, Xingyou Tian"*

3 Institute of Plasma Physics, Chinese Academy of Sciences, Hefei 230031, People’s Republic of China
b Institute of Applied Technology, Hefei institutes of Physical Science, Chinese Academy of Sciences, Hefei 230031, People’s Republic of China
¢ School of Physics and Materials Science, Anhui University, Hefei 230039, People’s Republic of China

ARTICLE INFO ABSTRACT

Article history:

Received 27 September 2015
Accepted 29 September 2015
Available online 15 November 2015

Potassium alginate (PA), a green polymeric material extracted from seaweed, was firstly coupled with
environmentally friendly antimicrobial polyhexamethylene guanidine phosphate (PHMGP) to build flame
retardant and antimicrobial coating on cotton fabric via layer-by-layer (LBL) technique. Attenuated total
reflectance infrared spectroscopy analysis shows that PHMGP and PA grow linearly in LBL deposition pro-
cess. Thermogravimetric analysis results indicate that the coated fabric leaves higher residue char than the
uncoated after testing, owing to the char former feature of the assembly coating. Microcombustion tests
show that the peak heatrelease rate and total heat release of fabric sample are decreased after coated with
PHMGP-PA coating. The results of flammability tests reveal that the afterglow phenomenon was effec-
tively eliminated by the PHMGP-PA coating. Scanning electron microscope and infrared spectroscopy
results confirm that the assembly coating exerts useful intumescent flame retardant effect on cotton
fabric. Furthermore, antimicrobial qualitative assessment reveals that the fabric coated with increased
bilayers performs an improved antimicrobial effect on Escherichia coli (E. coli). The quantitative determi-
nation results show that the coated fabric can inactivate 100% E. coli and Staphylococcus aureus in 5 and
30 min, respectively.
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1. Introduction

Cotton, one of the most abundant natural celluloses, has been
widely applied in clothing, home textiles and industrial goods [1].
However, to further extend its application in some special sce-
narios, researchers have paid more and more attention to the
functional modifications on cotton fabric. Through surface grafting
or coating with functional materials, cotton was imparted vari-
ous properties such as flame retardation [2,3], UV resistance [4,5],
antimicrobial [6,7], and super-hydrophobic [8,9].

In recent years, layer-by-layer (LBL) technique, a promising
method capable of imparting versatility on various substrates
[10-12], has been widely applied on the functional modifications
of cotton [13,14]. This technique was firstly suggested by Iler
[15], largely developed by Decher [16] and further established as
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a simple and inexpensive approach for material surface modifi-
cation. Multifarious potential functions such as flame retardant
[17], antimicrobial [18], and super-hydrophobic [19], have been
exploited on the assembled multilayer film by alternating depo-
sition of positive and negative charged materials.

It is noteworthy that, to overcome cotton’s shortcoming of
flammability, LBL assembly technique has been introduced to
assemble flame retardant coating on cotton fabric. This tech-
nique was firstly applied in cotton fabric in 2009 by depositing
polyelectrolyte/nanosilicate inorganic LBL flame retardant coating,
which could effectively improve the thermal stability of cotton
[20]. Afterwards, various inorganic nanoplatelets or nanoparticles
including montmorillonite [17,21], alpha-zirconium phosphate
[22], polyhedral oligomeric silsesquioxane [23] and colloidal sil-
ica [24] were used to the LBL flame retardant treatment of
textile fabrics by creating thermal shield layer on the fabric
surface. Significantly, a more efficient flame retardant system,
organic intumescent coating, was constructed on cotton in 2011 by
alternately depositing anionic poly(sodiumphosphate) (PSP) and
cationic poly(allylamine) (PAAm) [25]. 20 bilayer (BL) PSP/PAAmM
assembly coating could completely extinguish the flame on
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cotton fabric during burning. As we known, the high flame
retardant efficiency of the intumescent coating was attributed
to the strong combination of blowing agent, acid and carbon
sources [26]. When exposed to the fire, the assembly coat-
ing favored the formation of intumescent char that served as
a thermal insulating layer and shielded the internal cellulose
from outside heat and oxygen. Subsequently, the intumescent
coatings with various combinations were constructed on tex-
tile fabrics for effective flame retardant treatment by employing
intumescent components including cationic chitosan (CH) [27],
polyethylenimine [28,29], and starch [30], and anionic ammonium
polyphosphate (APP) [31], phytic acid [32] and deoxyribonu-
cleic acid (DNA) [33], PSP [34], phosphorylated cellulose [35],
poly(vinylphosphonic acid) [36], poly(phosphoric acid), phospho-
rylated chitin [37].

Apart from the inherent defect of flammability, cotton fiber has
porous and hydrophilic structure, which encourages the growth of
bacteria [38]. The thriving bacteria may cause diseases in humans
and produce acidic compound that will catalyze the degrada-
tion of cellulose [39]. Therefore, it is highly desirable to prepare
flame retardant and antimicrobial multifunctional cotton fabric.
In our prior work, multifunctional cotton with flame retardant
and antimicrobial properties has been developed by introducing
polyhexamethylene guanidine phosphate (PHMGP) into assembly
coating [40]. This coating performed effective inhibitory action on
the growth of Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus). Except for antimicrobial performance, strong intumes-
cent flame retardant effect on the cotton was also achieved by the
cooperation of PHMGP with APP.

It is of great concern that there may be some toxicity and envi-
ronmental problems with various functional treatments on textiles
such as clothing and household articles that come in close con-
tact with skin. In view of that, researchers have started to distract
their attention on flame-retardant textile using green and renew-
able materials such as CH, phytic acid [32], DNA [33,41], caseins
[42],starch [30], and cellulose and chitin derivatives [35,37]. Hence,
it is favorable to use some environmentally friendly materials for
the multifunctional treatment on textiles. Remarkably, PHMGP can
theoretically perform intumescent flame retardant effect, because
of its richness of nitrogen and phosphorus elements. Even as a
synthetic antimicrobial, it is environmentally friendly, biodegrad-
able and nonirritant [43]. Moreover, polyhexamethylene guanidine
salts have been extensively used as disinfectors in food produc-
tion [44], healthcare industry [45] and aquatic agriculture [46,47].
Potassium alginate (PA) is a carbon-rich molecule that can be
assembled with PHMGP to compose a completely intumescent sys-
tem. As an anionic polyelectrolyte, it can be alternately deposited
with cationic PHMGP in LBL assembly coating. Importantly, algi-
nate is a green material extracted from seaweed [48], which is a
kind of extremely abundant biodegradable and biocompatible nat-
ural resource. The natural environmental protection feature has led
to its extensive use in food industry [49,50], biomedical [51,52]
and cosmetic fields [53]. Additionally, some divalent alginates have
been identified as intrinsic flame retardant materials by generat-
ing stable carbonaceous char during burning [54,55]. To the best of
our knowledge, although some renewable flame retardant coatings
have been introduced into cotton fabric, there are few reports on
environmentally friendly multifunctional assembly coating with
flame retardant and antimicrobial properties.

In the present work, environmentally friendly and biodegrad-
able PHMGP-PA assembly multilayer was constructed on cotton
fabric to achieve flame retardant and antimicrobial performances.
Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy analysis was conducted to detect the growth of
PHMGP-PA coating in the process of LBL deposition. Thermogravi-
metric analysis (TGA) and by microcombustion calorimetry (MCC)

were carried out to monitor the thermal decomposition of fab-
ric samples. The flame retardant properties were estimated by
flammability test in both vertical and horizontal direction. The
antimicrobial action was assessed by Kirby-Bauer test and a modi-
fied AATCC test method 100-2004.

2. Experimental
2.1. Materials

PHMGP solution (polymeric level >60, 25 wt%) was supplied by
Shanghai Scunder Industry Co., Ltd. PA solution (300-800 mpas,
1 wt%) was purchased from Qingdao Bright Moon Group Co., Ltd.
Cotton textile (230 g/m?) was obtained by an online textile shop.
All materials were used without treatment.

2.2. LBL deposition

0.1 wt% PHMGP and 0.1 wt% PA aqueous solutions were used as
the cationic and anionic deposition solutions, respectively.

Before the LBL assembly, cotton fabric was dipped in deion-
ized water for one day, and then it was further dried at 60 °C for
40 min. Cotton fabric was tandem dipped in cationic PHMGP depo-
sition solution and anionic PA solution for 5min, as a primer BL.
In this process, cationic PHMGP was initially deposited because
there exhibits the electrostatic linking between PHMGP and the
anionic carboxylate groups on cotton. Then, the cotton was alter-
nately immersed into the cationic and anionic solution for 1 min
until the desired number of BL (5, 10 and 20) was obtained. After
each immersion, the sample was washed with deionized water for
1 min and dried at 60 °C for 40 min. The final add-ons of the 5, 10
and 20 BL coated fabrics relative to the uncoated fabric were 1.1,
2.0 and 4.8 wt%, respectively, as listed in Table 1.

2.3. Characterization

ATR-FTIR spectra of the fabric samples were obtained by an
infrared spectrometer (32 scans and 4cm~! resolution, Thermo
Nicolet Corporation, USA). This spectrograph is provided with a
Ge crystal. FTIR spectra of their residual chars after VFT were also
recorded by a Nicolet infrared spectrometer.

Thermal-oxidative decomposition of the fabric samples was
monitored by a Pyris 1 thermo gravimetric analysis (TGA)
(PerkinElmer, USA). The samples were heated form 50 to 600°C
at the rate of 10°C /min in air atmosphere.

The combustion behaviors of the fabric samples were investi-
gated by a FAA Microscale Combustion Calorimeter (FTT limited,
USA). All fabric samples were analyzed from 50 to 600°C at the
heating rate of 1°C/s. In addition, the oxygen and nitrogen flow
rates were 80 mL/min and 20 mL/min, respectively.

Vertical flammability test (VFT) and horizontal flammability test
(HFT) was carried out on an AG5100A Horizontal Vertical flame
tester (Zhuhai Angui Testing Instrument Co., Ltd) according to ASTM
D6413 and D5132, respectively.

The fabrics samples and residual chars were photographed by a
Sirion 200 field emission scanning electron microscope (SEM) (FEI
Corporation, USA); an energy-dispersive X-ray (EDX) spectrometer
was used to conduct elemental analysis (beam voltage: 10kV).

The antimicrobial performances of the fabric samples were qual-
itatively assessed against E. coli by the Kirby-Bauer test described
by Fang et al. [40]. The number of inhibited colony was calculated
by Eq. (1):

(r2 — 64)

=2 x CFU

Inhibited Colony number =
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Fig. 1. ATR-FTIR spectra of the cotton fabrics samples. The inset shows the relative intensity ratios of N-H/C-0-C and COO-/C-0O-C.

where r is the diameter of the zone of inhibition (ZOI), R is the
diameter of the bacterial growth area, and CFU represents colony
forming unit.

The antimicrobial effects of the fabric samples were quantita-
tively tested against E. coli and S. aureus by using a modified AATCC
Test Method 100-204. This method was designed for the dissolv-
ing type antimicrobial fabric. Fabric swatches with 10 mm x 10 mm
were inoculated with 100 wL of 1.7 x 10 E. coli or 1.6 x 105 CFU/mL
S. aureus in sealed and sterile petri dishes. All samples were incu-
bated at 37°C for 5 or 30 min and then added into 10 mL sterile
water. Afterwards, the samples were ultrasonic treated and vor-
texed for 1 min, respectively. Serial dilutions of these samples were
deposited on tryptose agar and cultivated at 37 °C for 24 h. Finally,
bacterial reduction was calculated by the following Eq. (2):

(Ue = Cr)
t

Bacterial reduction = x 100%
where U; and C; are the surviving bacterial colonies (CFU/mL) for
the fabric samples, respectively.

3. Results and discussion
3.1. FTIR analysis

The coatings of the fabric samples were assessed by ATR-FTIR
spectroscopy (see Fig. 1). The virgin cotton presents the character-
istic peaks of cellulose at 1430, 1374, 1315 and 1058 cm~!, which
are ascribed to the C-H in-plane bending, deformation stretch-
ing, wagging and C-0-C asymmetry stretching [56], respectively.
Due to the similar structure with cellulose, PA shows overlapping
absorption peaks with cotton among 1034-1163 cm~!, belonging
to C-0O-C stretching. The presence of PA on the coated fabrics can
be confirmed by the appearance of the signal at 1599 cm~!, which
is ascribed to antisymmetric COO- stretching vibration [57]. Com-
pared to the uncoated cotton, the coated samples show a new signal
at 1635cm1, ascribing to the N-H bending of PHMGP [58]. The

intensities of the peaks at 1635 and 1599 cm~! are strengthened
gradually with the growth of PHMGP-PA BL.
To further analyze the PHMGP-PA coating growth, the

absorption value at 1058cm~! (C-O-C stretching vibra-
tion) is wused as the reference. The relative intensity
ratios (N-H/C-0-C: A1635cm~!/A1058cm~!, COO-/C-O-C:

A1599cm~1/A1058cm~!) are calculated as the representa-
tives of BL number of the PHMGP-PA coating. As shown in
inset, the relative intensity ratios (A1635cm~1/A1058cm~! and
A1599 cm~1/A1058 cm~1) increase linearly with the number of BL,
confirming that the PHMGP and PA amounts increase linearly in
whole LBL process.

3.2. Thermal stability

The thermal-oxidative decomposition processes of the fabric
samples were investigated by TGA. Pure cotton fabric starts to break
down at 317°C (T_s%) and is dehydrated to form aliphatic com-
pounds [59]. In the first decomposition stage (200-400 °C), it shows
the maximum weight loss rate at 362.6 °C (Tax1 ). During the sec-
ond decomposition stage (400-600°C), the aliphatic compounds
are further carbonized into graphitized char and simultaneously
oxidized to generate volatile gases CO, and CO.

By introducing the PHMGP-PA coating, the 5 BL and 10 BL
coated fabrics show increased initial degradation temperatures
(T_s%) with respect to pure cotton, as listed in Table 1, indicating
an enhanced thermal stability of cotton fabric after the LBL assem-
bly process. However, as the BL number increases to 20, the T_sy
anomalously decreases to 285 °C due to the more obvious decom-
position of PA, which involves the destruction of glycosidic bonds
[60]. As shown in Fig. 2(a) and (b), PA decomposes rapidly at 257 °C
to form some decomposition products, which have high thermal
stability below 500°C and provide a protective layer for cotton. As
a consequence, the coated samples show increased Tyhax1, Suggest-
ing that cotton’s thermal decomposition process is delayed under
the protection of the decomposition products. Furthermore, thanks
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Table 1
TGA data of pure PHMGP, PA and cotton and coated fabrics in air.

Sample Add-on (wt%) T 5% (°C) Tmax1 (°C) Tmax2 (°C) Residue at 500°C (wt%) Residue at 600°C (wt%)
Uncoated 317 363 482 7.3 3.9
5BL 1.1 328 386 - 15.8 8.2
10 BL 2.0 331 377 - 20.6 11.9
20BL 4.8 285 373 - 24.2 12.7
PA 229 257 526 29.8
PHMGP 148 385 464 14.6

to the protective effect, cotton shows synchronous decomposition
process with PHMGP in the initial stage. In this case, the released
phosphoric acids from PHMGP can accelerate the thermal degra-
dation of cotton. This can be verified by the higher weight loss
rate at Tpax1, as shown in Fig. 2(c). Meanwhile, the phosphoric
acids also catalyze the formation of graphitized char, as a protec-
tive layer, which will inhibit the further decomposition of cotton
in higher temperature. As a consequence, the second decomposi-
tion peaks disappear in the TGA curves of the coated fabrics, further
confirming the formation of highly stable carbon structure. Addi-
tionally, the catalytic charring of PHMGP can also be confirmed by
the increased residues of the coated fabrics at 500 and 600 °C (see
Table 1). Furthermore, the residue char increases with the growth
of the BL number and the final residues left are significantly higher
than the add-ons, as listed in Table 1, indicating a substantial part
of fabric has been transformed into thermally stable char in the
presence of PHMGP-PA multilayer during burning. These results
indicate that the PMGP-PA assemblies perform useful flame retar-
dant effect on cotton fabric by promoting the thermostable char
formation.
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In order to verify the char forming effect of the PHMGP-PA
coating, the combustion behaviors of the fabric samples were mon-
itored by MCC. The HRR curves were reported in Fig. 3 and the
calculated data were collected in Table 2. During testing, cotton is
pyrolyzed in nitrogen and the generated volatiles are further com-
busted in the presence of oxygen. In MCC, cotton begins to degrade
at 322 °C (Tonset) and presents the peak heat release rate (PHRR) at
375°C (Tp) that are higher than the T_sy and Trax1 in TGA, respec-
tively. It can be observed that cotton’s pyrolysis in nitrogen lags
behind its thermo-oxidative degradation in air. In this instance, cot-
ton’s pyrolysis synchronizes with that of PHMGP. As shown in Fig. 3,
the coated fabrics show lower T_sy and T, values as compared to
the uncoated sample, as a result of the catalyzed thermal degrada-
tion of cotton fabric caused by PHMGP. Furthermore, the released
phosphoric acids from PHMGP could further favor the char forma-
tion and impede the volatiles release. As a consequence, the coated
fabrics exhibit reduced values of PHRR and total heat release (THR)
(see Table 2). Additionally, the PHRR and THR values decrease with
the BL number, suggesting that the char forming effect increases
with the growth of BL number. As the BL number increases to
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Fig. 2. DTG and TG curves of pure PHMGP, PA and cotton (a and b) and the fabrics samples (c and d).
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Table 2
MCC data of the fabric samples.
Sample Tonset (°C) PHRR (W/g) T, (°C) THR (k]/g)
Uncoated 322 260 375 135
5BL 303 207 360 11.1
10BL 289 190 356 10.9
20 BL 302 184 357 10.3
300
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Fig. 3. MCC curves of the fabric samples.

20, the PHRR and THR values decrease to 184 W/g and 10.3 KJ/g,
reduced by 29% and 24%, respectively. These results confirm that
the PHMGP-PA coating facilitates the char formation and prevents
the generation of volatiles during combustion.

3.3. Flame retardant property

The flame resistances of the fabric samples were assessed by
VFT. The uncoated cotton burns with vigorous flame after direct
exposure to heat source. After extinguishing, there appears 14 s
afterglow and then cotton is almost completely burned up without
any remains left. After the introduction of the PHMGP-PA coating,
the coated fabrics show similar after-flame time with the uncoated

cotton, as listed in Table 3. Even so, the PHMGP-PA assembly coat-
ing can effectively eliminate the afterglow phenomenon, as shown
in Fig. 4 at 2 s after extinguishing. After VFT, the coated fabrics still
leave considerable residue char (see Figs. 4 and 5) and the mass
of the residue left increases with the increasing BL number. With
only 1.1 wt% coating on fabric, 5 BL leaves 2.7 wt% residue char after
burning. For the 10 BL coated fabric (2.0 wt%), 3.2 wt% residue char
is left after VFT. As the BL number grows to 20 (4.8 wt%), the residue
char increases to 5.5 wt%. Although no abundant residues are left
in the coated fabrics after VFT, the higher mass of the residues
with respect to that of coatings further suggest that the PHMGP-
PA coating promotes the formation of thermally stable char during
burning.

The combustion behaviors of the fabric samples were further
monitored by HFT. The virgin cotton burns for 174 s (burning rate
1.47 mm/s) and consumes completely after testing. After the depo-
sition of the PHMGP-PA coating, the burning time decreases to 137,
140 and 147 s for the 5, 10 and 20 BL coated samples, respectively.
It can be seen that the deposition of the assembly coating increases
the burning rate of cotton fabric during HFT. However, the burning
rate decreases with the growth of BL number, from 1.86 mm/s (5
BL)to 1.74 mm/s (20 BL), as a result of the enhanced flame retardant
effect of the coating with increased BLs. No residue char is left from
the uncoated fabric after HFT, and substantial residue chars are
left in the coated fabrics (see Figs. 4 and 5). Moreover, the residue
mass increases with the growth of the LBL coating, similar with the
results in VFT.

To investigate the fire-retardant mechanism of the PHMGP-PA
coating, the fabric samples and their residues after burning were
observed by SEM. Virgin cotton fiber presents a smooth surface (see
Fig. 6). After LBL assembly process, the PHMGP-PA multilayer film
is evenly coated on the fiber surface. No obvious adhesion phe-
nomenon appears in all coated fabrics, and as is expected, these
fabrics still maintain their high softness. Although all coated fabrics
are somewhat damaged, the wave structures are well-preserved
after burning. At high magnification, it can be observed that the
fibers shrink and curl for the 5 and 10 BL coated fabrics during burn-
ing. Remarkably, some intumescent bubbles appear on the fibers
surface of the 20 BL coated fabric, as a result of the flame retardant
coating reaction to the fire. EDX analysis result shows the pres-
ence of carbon, oxygen, phosphorus and potassium in the bubbles.
The formation process of intumescent bubbles can be described

Fig. 4. Photographs of the fabric samples at 2 s after extinguishing during VFT.
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Table 3
VFT and HFT data of the fabric samples.
Sample Vertical Horizontal
After-flame time Afterglow (s) Residue (wt%) Burning time (s) Burning rate (mm/s) Residue (wt%)
(s)
Uncoated 20 14 - 174 1.47 -
5BL 20 0 2.7 137 1.86 34
10 BL 22 0 3.2 140 1.82 4.4
20 BL 20 0 5.5 147 1.74 5.8

as follows: the phosphoric acid released from PHMGP phospho-
rylates the cellulose and alginate, catalyzes the dehydration and
carbonization reactions and then results in the formation of car-
bon and phosphorus-rich char, which is further expanded by the
non-combustible gas released from PHMGP. Thus, the PHMGP-PA
assembly coating exerts good intumescent flame retardant effect

Uncoated §

on cotton, in which PHMGP acts as both blowing agent and acid
source.

The char residues of the coated fabrics after VFT were further
studied by FTIR analysis. All residues after burning show charac-
teristic peaks of aromatic ring (skeletal vibration) at 1616, 1593
and 1451 cm~! (see Fig. 7). Additionally, the presence of benzene

Fig. 5. Photographs of the residue chars of the fabric samples after VFT (a) and HFT (b).

5BL

Uncoated

After burning

10 BL 20 BL

Fig. 6. SEM photographs of the fabric samples before and after burning.
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Fig. 7. FTIR spectra of the residues of the coated fabrics after burning.

ring in the char can be further confirmed by the emergence of the
absorption peaks at 899, 822 and 668 cm~!, which are attributed to
the out-of-plane vibrations of the aromatic compounds. The peaks
at 1099 and 883 cm~! can be assigned to the stretching vibrations
of P-O-P[61], indicating that the formation of polyphosphoric acid.
The 20 BL coated fabric shows a stronger absorption band between
1500 and 1680 cm~! as compared to the 5 and 10 BL coated fabrics,
indicating an enhanced aromatization effect with the increasing
number of BL during burning. Moreover, the intensities of the peaks
at 1377 and 750cm™! increase with the BL number, suggesting
the formation of phosphorus-nitrogen structure during burning
[62]. These results reveal that the PHMGP-PA coating promotes
the formation of aromatic char with stable phosphorus-nitrogen
containing structure during burning,.
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Fig.9. Inhibited colony as a function of E. coli CFU for each coated fabrics. Error bars
reflect 15% error range.

3.4. Antimicrobial properties

The antimicrobial actions of the coated fabrics on E. coli were
firstly qualitatively measured by Kirby-Bauer test. The coated sam-
ples inhibit the growth of bacteria and exhibit an augmented ZOI
with a decreased colony of E. coli (see Fig. 8). For example, the 10 BL
sample presents a 12 mm ZOI at the colony of 3 x 103 CFU, and the
ZOI is 11 mm at 3 x 10° and 3 x 10* CFU. As the colony increases
to 3 x 105, the ZOI decreases to 10.5 mm. With the colony rises to
3 x 107, the ZOI will be approximate to the size of sample and hard
to be measured accurately. Then, the inhibited colony number was
further calculated by Eq. (1) in the Characterization. As shown in
Fig. 9, the inhibited colony number grows approximately linearly
on a log-log plot with the colony of bacteria. For example, 10 BL
inhibits 90 CFU E. coli at the colony of 3 x 103 CFU, and the inhibited
colony number increases to 600 and 7000 at the colony of 3 x 10%

3X10% CFU

3% 108 CFU

Fig. 8. The photographs of E. coli growth inhibition by the coated fabrics.
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Fig. 10. Inhibited colony as a function of BL number in coatings for each E. coli CFU. Error bars reflect 15% error range.

and 3 x 10°, respectively. As the colony increases to 3 x 108, the
inhibited colony number reaches up to 50,000. These results sug-
gest that the PHMGP-PA coating brings the antimicrobial ability
into full play at a high colony of bacteria. Considering the large error
in calculating the inhibited colony number at the colony of 3 x 107,
it can be speculated that the measured antimicrobial performance
of the PHMGP-PA coating at the colony of 3 x 108 approaches its
true antimicrobial property in this test method.

Fig. 10 reports the antimicrobial properties of the fabric sam-
ples with different number of BL. At the colony of 3 x 106 CFU,
5 BL inhibits 39,000 colonies, and 10 BL inhibits 51,000 CFU. As
the number of BL increases further to 20, the inhibited colony
increases to 69,000. The inhibited colony number increases with
the growth of BL at the colony of 3 x 106. Similar variation trends
can also be observed at the colony of 3 x 10°, 3 x 104 and 3 x 103.
It suggests that the PHMGP-PA coating with more BLs possesses an
enhanced antimicrobial ability, which is attributed to more antimi-
crobial PHMGP in the LBL coating. All these above results imply
that the PHMGP-PA coating performs an efficient inhibiting effect
on the growth of E. coli, in addition, it performs similar antimicro-
bial ability with the previous reported PHMGP-APP system with
same assembly structure [40]. Even so, the PHMGP-PA multilayer
assembled by the biodegradable materials without any obvious side
effects can be more promising for the applications in household and
healthcare items.

To further evaluate the antimicrobial ability of the PHMGP-
PA coating, a quantitative determination were conducted on the
antimicrobial properties of the fabric samples. In view of the coated
samples were identified as dissolving type antimicrobial fabrics, we
employed a modified AATCC test method 100-2004, in which two

important pathogenic bacteria of human, gram-negative E. coli and
gram-positive S. aureus, were selected as the representatives. As
shown in Table 4, some bacteria die on the uncoated cotton as a
result of the adhesion on the fabric surface. Because of the higher
bacterial activity, the bacterial reduction of S. aureus is lower than
that of E. coli for the uncoated fabric. With only 5 min contact time,
the fabric coated with only 5 BLs can inhibit 100% E. coli. How-
ever, the 5 BL inactivates 55% S. aureus, and the bacterial reduction
increases with the growth of bialyer number. As the BL number
increases to 20, the inhibited S. aureus reaches up to 90%. When the
contact time extends to 30 min, the coated fabrics can completely
exterminate S. aureus. These results prove that the antimicrobial
PHMGP possesses high antimicrobial activities on E. coli and S.
aureus by damaging the cell membrane of bacteria and leaking the

Table 4
The antimicrobial properties of the fabric samples against E. coli and S. aureus. The
error in the measured bacterial reduction is 15%.

Sample Contact time Bacterial reduction (%) S. aureus
(min) E. coli

Uncoated 5 14.29 25.00
30 14.29 50.00

5BL 5 100 55.00
30 100 100

10BL 5 100 75.00
30 100 100

20 BL 5 100 90.00
30 100 100
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intracellular components [63-66]. What’ more, E. coli is more sus-
ceptible to the antimicrobial PHMGP than S. aureus, which agrees
well with the result from Kirby-Bauer test in our previous work
[40].

4. Conclusions

An environmentally friendly intumescent flame retardant and
antimicrobial LBL coating was successfully constructed on fabric
by alternately depositing biodegradable ingredients of PHMGP and
PA. In TGA, more char residues are left for the coated fabrics, due
to the catalytic charring of PHMGP. In MCC test, the coated fabrics
show small values of PHRR and THR than that of the uncoated, as
a result of the inhibited release of volatile matters. In flammability
test, no afterglow phenomenon appears and the wave structure is
still maintained for the coated fabrics after burning. SEM images
of the char residue reveal that many bubbles appear on the fibers
for the 20 BL coated fabric, as a result of intumescent effect. Fur-
thermore, the FTIR spectra of the char residues indicate that the
PHMGP-PA coating performs flame retardant effect on cotton fab-
ric by promoting the formation of intumescent char containing
phosphorus-nitrogen aromatic structure during burning. Finally,
the antimicrobial qualitative test results prove that the coated fab-
rics with more BLs possess higher antimicrobial performance, and
the further quantitative tests results show the fabric coated with
only 5 BLs can completely eliminate E. coli and S. aureus in 5 and
30 min, respectively.
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