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Abstract Unique quadlayer assembly film of poly-
hexamethylene guanidine phosphate (PHMGP)/am-
monium polyphosphate (APP)/PHMGP/a-zirconium
phosphate (o-ZrP) was constructed on cotton fabric to
achieve excellent flame-retardant modification. X-ray
diffraction and attenuated total reflection Fourier
transform infrared spectroscopy confirmed that
PHMGP, APP, and o-ZrP grew linearly in the layer-
by-layer assembly process. Thermogravimetric anal-
ysis was carried out to assess the thermal stability of
the coated fabric, and the relevant results showed that
cotton fabric were effectively protected by the
assembly coating during burning. The microscale
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combustion calorimetry results indicated that the
coated fabric showed smaller values of the peak heat
release rate and total heat release than the uncoated
one. Characterizations of burning behaviors of all
fabrics in vertical configuration revealed that the
nanobrick wall coating obviously decreased the burn-
ing time, thoroughly eliminated the afterglow phe-
nomenon, and significantly enhanced the residue char
left after burning. Moreover, the unique nanobrick
wall coating provides an enhanced flame-retardant
effect as compared to the PHMGP/APP, PHMGP/a-
ZrP and APP coatings. The scanning electron micro-
graph and Fourier transform infrared spectra of the
residue chars revealed that the excellent flame retar-
dancy of the coated cotton was attributed to the
catalytic charring of the intumescent component and
the protection of the unique nanobrick wall as an
reinforced barrier layer during burning.

Keywords Layer-by-layer assembly - Nanobrick
wall - Coating - Flame retardant - Cotton fabric

Introduction

Owing to the excellent characteristics of the smooth
handle, good breathability and hygroscopicity, cotton
fabric has been widely applied in clothing, furniture
and industrial textiles, and so on (Wakelyn et al.
2007). However, its intrinsic nature of flammability
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can easily result in fire, which can pose immediate
danger to human health and environmental quality. To
date, various flame-retardant treatments, such as
nanoparticle adsorption (Alongi et al. 2011b, 2012a;
Horrocks et al. 2011; Liu et al. 2008), surface chemical
grafting (Reddy et al. 2005; Yuan et al. 2012) and sol-
gel technology (Alongi et al. 2011a, 2012b), have been
applied in textile fabrics to improve the flame-
retardant properties. However, these strategies have
the disadvantage of limited flame-retardant perfor-
mance or complex chemical processes under harsh
conditions, which could restrict further industrial
applications.

Recently, polymer-clay layer-by-layer (LBL)
assembly coating, as a frontier of nanotechnology,
has been applied to conferring flame-retardant perfor-
mance to various textile fabrics. This technique, as an
evolution of the nanoparticle adsorption process
(Cobo et al. 2006), involves simple alternate immer-
sion of the substrate into an oppositely charged
(usually water-based) polyelectrolyte solution or
nanoparticle dispersion (Berndt et al. 1992; Decher
and Hong 1991; Tang et al. 2003). As a result, the
polymer-clay assembled films have a nacre-like
nanobrick wall microstructure, which could lead to
the superior fire-resistant property (Liu et al. 2011;
Sehaqui et al. 2013; Walther et al. 2010; Yao et al.
2010). In addition to the flame retardance, by incor-
porating different building materials, these multilayers
have been demonstrated to have various perfor-
mances, including electrical conductivity (Chen
et al. 2008; Park et al. 2010), anti-ultraviolet (Daw-
idezyk et al. 2008; Guin et al. 2015), mechanical
(Finnemore et al. 2012; Wang et al. 2012) and barrier
properties (Stevens et al. 2014; Yang et al. 2013). The
first attempt on cotton fabric was carried out in 2009
by alternately depositing cationic  branched
poly(ethylenimine) and negatively charged laponite
nanoplatelets (Li et al. 2009). This polymer/clay
assembly could significantly improve the thermal
stability of cotton fabric. Pursueing this research,
various nanoplatelets have been introduced in these
nanobrick wall coatings, such as sodium montmoril-
lonite (Cain et al. 2014b; Huang et al. 2012a; Kim et al.
2012; Li et al. 2010, 2013; Xu et al. 2014), layered
double hydroxide (Li et al. 2015) and alpha-zirconium
phosphate (o-Zr(HPO,4),-H,0, a-ZrP) (Carosio et al.
2011), and so on. Although the flame-retardant results
appeared promising to some extent, these nanobrick
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wall coatings were unable to fully suppress the flame
only through the deposition of nanoparticles.

Shortly after these inorganic LBL nanocoatings,
another flame-retardant system, an organic intumes-
cent coating was designed by combining cationic
poly(allylamine) with anionic poly(sodium phos-
phate) (PSP), showing a powerful flame-resistant
effect on cotton fabric (Li et al. 2011). It is well
known that intumescent coatings have an excellent
flame-retardant effect on textiles by the powerful
alliance of an acid source, carbon source and blowing
agent (Kandola et al. 2001), showing different flame-
retarding ingredients and mechanisms with an inor-
ganic LBL coating. When exposed to fire, intumescent
coating promotes the formation of thermally stable in-
tumescent char, which acts as a barrier layer separat-
ing the underlying matrix from outside heat and
oxygen (Apaydin et al. 2014; Cain et al. 2014a;
Carosio et al. 2013; Huang et al. 2012b; Laufer et al.
2012; Zhang et al. 2013). Recently, our research group
first employed polyhexamethylene guanidine phos-
phate (PHMGP) coupled with ammonium polyphos-
phate (APP) in an intumescent coating, which had a
perfect flame-retardant effect on cotton fabric (Fang
et al. 2015a).

Lately, the inorganic nanomaterial montmorillonite
(MMT) and organic intumescent components
(poly(allylamine hydrochloride) (PAH) and PSP)
were combined in a single coating system, which
was demonstrated by Grunlan (Cain et al. 2013). This
unique nanobrick wall collected the advantages of two
flame-retardant systems (an inorganic insulating layer
and organic intumescent coating), which could be
considered as an important advance in LBL flame-
retardant coatings. As expected, this PAH/PSP/MMT
trilayer has been proved to be an effective thermal
insulating layer, which could completely shut down
melt dipping and reduce the heat release of poly-
urethane foam. Moreover, another nanobrick wall
coating, based on the diffusion of PSPs in PAH-MMT
multilayer films, has also been proved to possess
excellent fire-resistant, mechanical and gas barrier
properties (Laachachi et al. 2011). However, there was
no report about the unique nanobrick wall coating used
for flame-retardant cotton fabric.

In the present work, we combine the intumescent
ingredients PHMGP and APP with a-ZrP nanoplate-
lets in an effort to obtain an excellent flame-retardant
effect on cotton fabric. In this scenario, PHMGP and
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APP are used as the polymer mortars to bind o-ZrP
nanoplatelets forming a reinforced nanobrick wall
structure as a thermal insulating physical barrier layer
during burning. As a well-known MMT-like layered
nanoplatelet, o-ZrP possesses a high ion-exchange
capacity, narrow particle size distribution and con-
trollable aspect ratio (Trobajo et al. 2000; Wang et al.
2003). Thus, it has been identified as a promising
alternative nanoplatelet to MMT to develop polymer/
layered inorganic nanocomposites (Hongdian and
Wilkie 2011). What is more, as a “solid acid,” o-
ZrP can catalyze dehydrogenation of the polymer and
further acts as good synergistic agents with an
intumescent fire retardant (Liu et al. 2013; Ullah and
Ahmad 2014; Weiyi et al. 2014). Additionally, o-ZrP
nanoplatelets can function as mechanical and flame-
retardant reinforcements on several polymer matrixes
at relatively low loading (10 %) (Sue et al. 2004; Wu
et al. 2010). Specifically, as a kind of negatively
charged nanoplatelet, a-ZrP can be assembled with the
cationic polymer PHMGP, which can be further
assembled with anionic APP. In this way, PHMGP/
APP/PHMGP/o-ZrP quadlayer nanoarchitecture is
constructed on cotton fabric step by step. The assem-
bly coating growth was monitored by X-ray diffraction
(XRD) and attenuated total reflection Fourier trans-
form infrared (ATR-FITR) spectroscopy. The flame-
retardant effect of the assembly coating on cotton
fabric was evaluated by thermogravimetric analysis
(TGA), microscale combustion calorimetry (MCC)
and the vertical flammability test (VFT).

Experimental section
Materials

Cotton fabric with a density of 230 g m~> was
purchased from an online fabric store. Polyhexam-
ethylene guanidine phosphate (PHMGP, (C;H;sNj;
-H3;POy)n, polymerization degree >60, 25 wt% in
water) was obtained from Shanghai Scunder Industry
Co., Ltd. Ammonium polyphosphate (APP, (NH4
PO;)n, polymerization degree >1000) was received
from Shandong Shian Chemical Co., Ltd. o-ZrP
(Zr3(PO4)4) was synthesized by adding 3 ml
(1.6 g ml™") zirconium oxychloride octahydrate drop
by drop to 45 ml (3.0 M) phosphoric acid at 200 °C
for 72 h. The detailed synthetic process of a-ZrP can

be found elsewhere (Shuai et al. 2013). Figure 1 shows
the morphology of o-ZrP nanoplatelets with width and
thickness of about 500 and 50 nm. All self-assembled
products were prepared in 0.1 wt% aqueous solutions
or suspension for LBL assembly; the pH values for
PHMGP and APP solutions and o-ZrP suspension
were adjusted to 7.0, 10.0 and 7.0, respectively.

Layer-by-layer process

Cotton fabric was successively immersed into cationic
PHMGP and anionic APP solutions and then succes-
sively immersed into cationic PHMGP solution and
anionic o-ZrP suspension. After each immersion step,
the fabric was rinsed with deionized water and dried in
air at 60 °C for 30 min. A first quadlayer (QL) was
obtained after these four immersion steps. The
immersion period for the primer QL was 5 min to
promote the deposition, and the subsequent immersion
only lasted for 1 min. The final coated fabrics were
acquired until the desired QL number (5, 10 and 20)
was achieved. The add-ons for the 5-, 10- and 20-QL-
coated fabrics were 1.2, 3.7 and 5.4 wt%, respectively,
as shown in Table 1. Additionally, the PHMGP/APP-,
PHMGP/o-ZrP- and pure APP-coated fabrics with
1.3 wt% add-on were prepared according to the above
similar method.

Characterization

ATR-FTIR spectra of the uncoated and coated fabrics
and FTIR spectra of the char residues of the coated
fabrics after burning were collected using a Nicolet 8700
spectrometer (Thermo Nicolet Corp., USA). The spec-
trometer was equipped with a Ge crystal for the
recording of ATR-FTIR spectra. TGA was conducted
on a Pyris 1 Thermogravimetric Analyzer (PerkinElmer,
USA) in the temperature range of 50-600 °C, at the
heating rate of 10 °C min~"', in air atmospheres. MCC
was executed on an FAA microscale combustion
calorimeter (FTT Ltd., USA) in the temperature range
of 50-600 °C, at the heating rate of 1 °C s~!, with the
oxygen/nitrogen flow rate of 20/80 ml/ml. VFT was
performed on an AG5100A Horizontal Vertical flame
tester (Zhuhai Angui Testing Instrument Co., Ltd.). The
fabrics (120 x 37 mm?) were exposed to the flame
(height: 40 mm =+ 2 mm, gas: methane) for 12 s. The
surface morphologies of the neat and coated fabrics and
the char residues of the coated fabrics were analyzed by a
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Fig. 1 The SEM micrographs of o-ZrP nanoplatelets

Table 1 The TG data of the uncoated and coated fabrics in air

Sample Add-on (wt%) Tonset (°C) Trmax1 (°C) Residue at Trnaxz (°C) Residue at
Tmax1 (Wt%) 600 °C (wt%)

Uncoated - 305 368 544 501 1.5

5QL 1.2 288 334 66.2 526 44

10 QL 3.7 288 332 66.3 527 5.4

20 QL 5.4 287 331 70.4 530 9.7

Sirion 200 field emission scanning electron microscope
(SEM) (FEI Corp., USA). The Zr and P element
mapping of the nanobrick wall-coated fabrics was
performed by an energy-dispersive X-ray (EDX)
detector.

Results and discussion
Surface composition

The surface compositions of the uncoated and coated
fabrics were explored by XRD and ATR-FTIR
spectroscopy, and the corresponding spectra are
shown in Fig. 2a, b, respectively. The XRD pattern
of pure cotton exhibits five characteristic peaks of
crystalline cellulose at 260 = 15.0° (101), 16.7° (101),
20.4° (021), 22.8° (002) and 34.7° (040) (see Fig. 2a)
(Ford et al. 2010). After the introduction of the
assembly coating, three new signals emerge in the
XRD patterns at 26 = 11.9° (002), 20.4° (110) and
25.7° (112) attributed to the characteristic peaks of a-
ZrP (Shuai et al. 2013), suggesting that o-ZrP
nanoplatelets are successfully deposited on cotton
fabric. Additionally, the characteristic peak intensities
of a-ZrP and cellulose become stronger and weaker
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with increasing QLs, respectively, indicating that the
o-ZrP amount grows gradually in the LBL assembly
process.

Figure 2b shows the ATR-FTIR spectra obtained
for the uncoated and coated fabrics. The spectrum of
the pure cotton exhibits the characteristic signals of
cellulose. It contains the O-H absorption around
3337 cm_l, C-H absorption peaks at 1312 and
1369 cm ™" and a C—O-C absorption band from 950
to 1200 cm ™' (Chung et al. 2004). With the increase of
QL number, these characteristic signals are attenuated
as a result of the shielding action of the assembly
coating. Beyond that, some new signals appear in the
spectra of the coated fabrics. As shown in Fig. 2, a
strong peak is observed at 1636 cm™ ' because of the
N-H bend vibration in PHMGP (Zhang et al. 1999).
Another two unique signals appear at 1245 and
858 cm~! from the P=0 and P-O-P vibration in
APP (Zheng et al. 2014). Additionally, three emerging
sharp peaks at 1039, 1001 and 962 cm™" are assigned
to the P-O stretching bands (Hajipour and Karimi
2014; Tian et al. 2010), further indicating the presence
of a-ZrP nanoparticles in the assembly coating. These
results suggest that the self-assembly materials
(PHMGP, APP and o-ZrP) used in the LBL process
are all deposited on cotton fabric.
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Fig. 2 The XRD patterns (a) and ATR-FTIR spectra (b) of the
uncoated and coated fabrics. The inser shows the relative
intensities (A1636 cm™'/A1058 cm ™!, A1245 cm™Y/
A1058 cm™") as a function of the QL number

To further monitor the LBL growth of the nanobrick
wall architecture, the absorption intensity at 1058 cm™!
of C-O-C in cellulose was chosen as the reference.
Because the P-O signals of o-ZrP at 1039, 1001 and
962 cm ™' are overlapped with the absorption band of
cellulose, the collected absorption values are not
absolutely attributed to the absorption of P-O. In view
of this, we calculate the relative intensities (N-H/C-O-
C intensity ratio: A1636 cm™'/A1058 cm™!, P=O/C—
O-C intensity ratio: A1245 cm™'/A1058 cm™') as a
function of the QL number (see inset). It can be seen
that the relative intensities increase approximately
linearly with the growth of the QL number from 5 to
20, indicating that the nanobrick wall coating grows
approximately linearly in the LBL process.

To study the surface morphologies of the cotton
fabrics, all fabrics were photographed by SEM. As
shown in Fig. 3, the uncoated fiber has a very clean
and smooth surface as compared to the coated
samples. It is surprising that with only a 5-QL coating
the o-ZrP nanoplatelets mount layer upon layer
forming a nanobrick wall architecture on the fiber
surface. The only downside is that there are still some
smooth spots without any o-ZrP nanoplatelets, which
could be because of insufficient immersion during the
LBL process. As the QL number increases to 10, the
LBL structure becomes more uniform with respect to
the 5 QLs. It is noteworthy that the assembly coatings
do not fill the spaces between cotton fibers for the 5-
and 10-BL-coated fabrics, so the handle feelings of
these fabrics cannot be stiffened drastically by intro-
ducing the nanobrick wall coating. In the case of the
20-QL-coated fabric, a relatively perfect brick wall
architecture appears on the fiber surface; meanwhile,
some fibers begin to bond together, which inevitably
results in the stiffening of the fabric. The EDX
mapping shows that the Zr and P elements are
uniformly distributed on the fiber surface, indicating
that the nanobrick wall architecture is coated evenly
on the cotton fabric. Additionally, it can be found that
the amount of self-assembled materials increases with
the growth of QL number.

Thermostability

The thermal decomposition behaviors of the uncoated
and coated fabrics were monitored by TGA, as shown
in Fig. 4, and the corresponding data were collected in
Table 1. Cotton begins to degrade at 305 °C (Typser)
and undergoes two decomposition stages, 300-400
and 400-600 °C, in the whole testing process. It shows
the maximum decomposition rates at 368 and 501 °C
(Tmax), which involves the depolymerization of cellu-
lose and oxidization of aliphatic char (Alongi et al.
2014), respectively. After TGA, 1.5 wt% residue char
is left at 600 °C.

However, the coated fabric shows decreased onset
temperature (Tonse) and Tpax, and the Topsec and Traxy
also decrease with the growth of the QL number. It has
been suggested that APP in the assembly coating
begins to degrade and generates phosphoric acid.
Then, the catalytic sites on o-ZrP and released
phosphoric acid from APP at the bottom of the
nanobrick wall accelerate the initial decomposition of
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Fig. 3 The SEM images of
the uncoated and coated
fabrics and and their Zr and
P mapping

cotton fabric (Horrocks 2011; Yang et al. 2008).
Meanwhile, the catalytic effects can also favor the
formation of char, which is thermally stable at high
temperature (Carosio et al. 2012). Therefore, the
coated fabric shows a significantly decreased mass
loss rate with respect to the uncoated fabric. In
addition, the residue char of the coated fabric at Ty,4;
is much higher than that of the uncoated one, and the
char mass increases with the growth of the QL number.
The coated fabric also presents a higher T},,.x2, and the
value increases further with the growth of the QL
number. After TGA, the coated fabric leaves more
residue at 600 °C than the uncoated one, and the mass
of char increases with the QL number. Furthermore,
the residue chars left after TGA are much higher than
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the coating increment on cotton fabric. These results
indicate that the underlaying cotton substrate is
effectively protected by the nanobrick wall coating,
and the protective effect increases with the growth of
the QL number.

In order to further evaluate the flame-retardant
effect of the assembly coating, MCC was conducted
on the coated fabrics and an uncoated sample. The heat
release rate (HRR) curves are shown in Fig. 5, and the
collected data are summarized in Table 2. Unlike the
thermo-oxidative decomposition behavior, which con-
sists of two stages, cotton’s anaerobic pyrolysis
exhibits only one peak. By introducing the assembly
coating, cotton is pyrolyzed earlier, which can be
verified by the decreased onset temperature (7ypser)
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Fig. 5 The MCC curves of the uncoated and coated fabrics

Table 2 The MCC data of the uncoated and coated fabrics

Sample  Toner (°C) PHRR (W/g) Tp (°C) THR (kl/g)
Uncoated 322 260 375 13.5
5 QL 284 142 316 7.7
10 QL 281 134 313 7.5
20 QL 282 107 313 6.4

and decreased temperature at the peak heat release rate
(Tp). This phenomenon agrees with the advanced
decomposition behavior in TGA and is attributed to
the catalyzed pyrolysis of cellulose by the released
phosphoric acid and acid sites on o-ZrP, which can
further promote the char formation during testing.
What is more, the nanobrick wall as a protective
barrier can also suppress the release of combustible
volatiles. As a result, the coated fabrics all show a
decreased peak heat release rate (PHRR) and total heat
release (THR) as key parameters in accessing the
flammability of a material, indicating that the
nanobrick wall coating can effectively reduce the
flammability of cotton fabric. Additionally, the PHRR
and THR values decrease with the growth of the QL
number, suggesting that the char-forming effect
increases with the growth of the QL number. As the
QL number increases to 20, the PHRR and THR values
decrease to 107 W g~ 'and 6.4 kJ g, reducing by 59
and 53 %, respectively.

Flammability property

The uncoated and coated fabrics were put through
vertical flammability tests to evaluate the burning
behaviors, and the related data are collected in
Table 3. All fabrics were ignited by direct exposure
to a methane flame, but a brighter flame appeared on
the uncoated fabric, as shown in Fig. 6 at 8 s after
ignition. In addition, the uncoated fabric showed 20-s
afterglow time and was almost completely consumed
after burning. The 5-QL-coated fabric showed a
similar burning time as the uncoated one, but the
burning time was reduced substantially with increas-
ing QL numbers. The 10 QL burned for 19 s, and as
the QL number increased to 20, the burning time was
reduced to 14 s, only 2 s longer than the ignition time
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Table 3 The collected data of the uncoated and coated fabrics during VFT

Sample Add-on Horizontal damaged Burning Afterglow (s) Residue
(wt%) length (mm) time (s) (wt%)

Uncoated - 37 24 20 -

5QL 1.2 37 25 - 22.0

10 QL 3.7 36 19 - 23.5

20 QL 5.4 35 14 - 482

PHMGP/APP 1.3 36 20 - 16.2

APP 1.3 37 24 - 8.4

PHMGP/a-ZrP 1.3 37 25 - 10.5

(12 s). Furthermore, no afterglow phenomenon was
observed on the coated fabrics, and the entire fabric
structure was preserved after burning, while the
uncoated fabric left no residue on the sample holder.
The decreased burning time and disappearing after-
glow for the coated fabric could be attributed to the
catalytic charring by the acid sites in the assembly
coating and the rapid formation of thermally
stable char under the protection of the nanobrick wall
coating. As shown in Fig. 6, the 5-QL-coated fabric
was completely damaged with 22.0 wt% residue left,
while the 10 QLs left some undamaged areas at the
sample edge (horizontal length: 1 mm), and its
residual char was 23.5 wt%. When the QL number
increased to 20, some undamaged areas appeared near
the fire source, and the fabric left a longer horizontal
undamaged length (35 mm); even the left residue
significantly increased to 48.2 wt%. This 20-QL
nanobrick wall coating (5.4 wt%) leaves more resi-
dues after burning than other intumescent coating
systems with similar add-ons (Fang et al. 2015b; Li
et al. 2011), indicating that this unique nanobrick wall
coating has an excellent flame-retardant effect on
cotton fabric. Interestingly, the damaged area in all
coated fabrics also maintains the fabric structure, as
shown in Fig. 6.

In order to highlight the advantage of this nanobrick
wall coating, the flame retardancy of the PHMGP/
APP-, PHMGP/a-ZrP- and pure APP-coated fabrics
(1.3 wt% add-on) was further investigated and com-
pared with the 5-QL PHMGP/APP/PHMGP/a-ZrP-
coated fabric (1.2 wt% add-on). As shown in Fig. 6,
the PHMG/APP-coated fabric burned with a bright
white fire for 20 s and 16.2 wt% residue with a 1-mm
undamaged area left horizontally after the fire had died
out. The pure APP-coated fabric also showed a bright
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white flame that lasted for 24 s. However, it only left
8.4 wt% residue char after burning. For the PHMGP/
a-ZrP-coated fabric, the flame presented as fiery red
and continued for 25 s, and the remaining residue was
10.5 wt%. As compared to the 5-QL PHMGP/APP/
PHMGP/a-ZrP-coated fabric, the PHMGP/APP- and
pure APP-coated fabrics presented shorter burning
times and similar damaged areas. In spite of this, this
5-QL nanobrick wall-coated fabric left much more
residue than the PHMGP/APP-, PHMGP/o-ZrP- and
pure APP-coated fabrics.

SEM was further performed to observe the surface
morphologies of the cotton fabrics after VFT. Pho-
tographs of the post-burn uncoated fabric were
omitted because of the complete consumption during
the flammability test. For the PHMGP/APP-, PHMGP/
o-ZrP- and pure APP-coated fabrics, the residues left
after burning still retained the intact wave structure
(see Fig. 7). However, at higher magnification, it
could be found that cotton fibers shrank to some
extent. Moreover, few expanding bubbles appeared on
the surface of the cotton fiber residue. For the
PHMGP/a-ZrP-coated fabric, a rough and dense
thermal barrier with nanosheet-filled formed on the
surface of residue char. Despite this, since PHMGP
alone has a weak catalytic charring effect on cotton
fabric, cotton fibers still withered. In contrast, the post-
burn residues for all PHMGP/APP/PHMGP/a-ZrP-
coated fabrics kept the original shape of the wave
structure, as shown in Fig. 7. For previously reported
nanobrick wall systems, although the treated samples
partly retained the wave structure, the cotton fibers
seriously shrank and curled up after burning. How-
ever, for our unique nanobrick wall coating, all coated
fabrics kept the original shape of the fiber strands,
which could be observed at high magnification. After
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Uncoated 5QL 10qQL 20 QL PHMGP/APP APP PHMGP/a-ZrP

Fig. 6 Images of the uncoated and coated fabrics recorded at 8 and 14 s and after burning

burning, abundant large bubbles were generated at the while o-ZrP nanoplatelets with large width migrate
sticking joints of cotton fibers as the result of an into these narrow spaces with difficulty. PHMGP and
intumescent  effect.  Flexible  polyelectrolytes APP catalyzed the dehydration and carbonization of

(PHMGP and APP) tend to gather at the junction, cellulose by releasing phosphoric acid to form
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20 BL

PHMGP/a-zrP

Fig. 7 The SEM images of the uncoated and coated fabrics after VFT

graphitized char (Fang et al. 2015a), which was further
swollen by the incombustible volatiles from the
intumescent components. However, these bubbles
were prone to rupture without the barrier action of a-
ZrP nanoplatelets. Additionally, there appeared to be
plentiful minute wells without any rupture on the
surface of cotton fibers covered by the complete
nanobrick wall. When exposed to fire, the polymer
mortars transformed into phosphorus-rich ther-
mostable char, which could bond the o-ZrP nanoplate-
lets, forming a thermostable nanobrick wall structure.
Additionally, the Zr*" on the nanoplatelets may unite
with the phosphate group from polymer mortars to
form zirconium—phosphate bridges that lead to a
reinforced nanobrick wall structure (Yang et al. 2008).
Therefore, non-flammable gas released from polymer
mortars becomes trapped within the interlayers rather
than swelling to form larger bubbles observed at the
sticking joints of cotton fibers. Significantly, the
nanobrick wall as a toughened barrier layer can
effectively shield the internal fiber substrate from
external heat and oxygen. All these results indicate
that this unique nanobrick wall architecture consists of
organic intumescent components (PHMGP and APP)
and inorganic o-ZrP nanoplatelets, which combine
catalytic charring with an inorganic barrier action, can

@ Springer

have an enhanced flame-retardant effect on cotton
fabric.

FTIR spectroscopy was employed to investigate the
chemical composition of the coated fabrics’ residue
chars left after VFT. As shown in Fig. 8§, in the case of
the residues from the 5 and 10 QL, no characteristic
signals of C—O-C in cellulose are observed in the
spectra, but an absorption peak of the C—C chain at

Transmittance (a.u.)

M I v I v Ll v 1 v I v 1
2000 1750 1500 1250 1000 750 500
Wavenumber (cm™)

Fig. 8 The FTIR spectra of the post-burn residues of the
uncoated and coated fabrics after VFT
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1446 cm ™' appears. It indicates that the cellulose in
cotton fabric is dehydrated by the o-ZrP, and phos-
phoric acid is released to form carbonaceous char
during burning. What is more, these residues also
exhibit obvious peaks at 1704 and 1600 cm ™!,
attributed to the absorption bands of unsaturated
C=0 and aromatic rings, respectively. The result
suggests that cellulose is pyrolyzed and aromatized to
form graphitized char, which is thermostable at high
temperatures under the barrier effect of the reinforced
nanobrick wall structure as “a sealed microreactor.”
The presence of phosphate can be confirmed by the
signals at 1270 and 880 cm™', ascribed to the
absorption of P=0 and P-O-P, respectively (Ke
et al. 2011). In addition, the characteristic peaks of
o-ZrP can also be distinguished at 1088, 751 and
534 cm_l, which are attributed to the P-O—P stretch-
ing and deformation modes of PO, (Hajipour and
Karimi 2014; Tarafdar et al. 2006). Remarkably,
besides the above-mentioned signals, the residue from
20 QL also exhibits some weak characteristic signals
of C-O-C at 1144, 1059, 1037 and 975 cm™! (Chung
et al. 2004), suggesting that cellulose chains cannot be
completely dehydrated and aromatized to form graphi-
tized char. As a result, a portion of the cellulose in 20
QL-coated fabric may still be undamaged in a short
burning time (14 s) after testing. Therefore, the 20-QL
coating as a strong nanobrick wall structure can
effectively protect the inside of cotton from fire.

Conclusions

In this study, the PHMGP/APP/PHMGP/a-ZrP QL
nanocoating was constructed on cotton fabric to
achieve effective flame-retardant treatment via the
LBL assembly technique. Characterizations of XRD
and ATR-FTIR indicate that the assembly coating
grows linearly during the LBL process. The TGA
results show that the assembly coating could effec-
tively improve the thermal stability of cotton. In the
MCC test, the PHRR and THR values of the coated
fabrics are smaller than those of the uncoated ones. In
the VFT test, the coated fabric exhibits a decreased
buring time, disappearing afterglow phenomenon and
remarkably enhanced residue char left with respect to
the uncoated one. Furthermore, the PHMGP/APP/
PHMGP/a-ZrP-coated fabric has an enhanced flame-
retardant property compared to the PHMGP/APP-,

PHMGP/a-ZrP- and APP-coated fabrics. SEM pho-
tographs indicate that this unique nanobrick wall as a
toughened barrier layer could effectively protect the
internal fiber substrate during burning. FTIR spectra of
the residue char show that cellulose is catalyzed,
forming thermostable graphitized char under the
barrior effect of the reinforced nanobrick wall struc-
ture. This work demonstrates the flame-retardant
coating composed of inorganic nanoplatelet and
organic intumescent materials, which can provide an
effective alternative to the current flame-retardant
treatment on cotton fabric.
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