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a  b  s  t  r  a  c  t

The  self-extinguishing  coating,  consisting  of  biobased  chitin  derivatives,  phosphorylated  chitin  and
deacetylated  chitin  (chitosan),  was  deposited  on  cotton  fabrics  via  the Layer-by-Layer  (LbL)  assembled
method.  The  content  of  phosphorylated  chitin  prepared  on  cotton  fabrics  surface  is dependent  on  the
bilayers’  number  and  concentration  of phosphorylated  chitin.  In  the  vertical  flame  test,  the  cotton  fab-
ric with  20  bilayers  prepared  at the  high  phosphorylated  chitin  concentration  (2  wt%) could  extinguish
eywords:
elf-extinguishing
hosphorylated chitin
hitosan
ayer-by-Layer assembly method

the  flame.  Microcombustion  calorimetry  result  showed  that  all  coated  cotton  fabrics  showed  lower  peak
heat-release  rate  and  total heat-release  values  compared  with  that  of the  pure one.  Thermogravimetric
analysis  result  indicated  that  thermal  and  thermal  oxidation  stability  of  all coated  cotton  fabrics  were
enhanced  in  the  high  temperature  range  (400–700 ◦C).  This  work  provided  the  flame  retardant  multilayer
films  based  on  fully  biobased  chitin  derivatives  on cotton  fabrics  to enhance  its  flame  retardancy.

©  2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Polysaccharides are a family of carbohydrates that play funda-
ental roles in many biological contexts. Their structure is made of

ugar rings linked by glycosidic bonds and various side functions.
hitin, the second most abundant polysaccharide, occurs in nature
s ordered microfibrils and is the major structural component in
he exoskeleton of arthropods and cell walls of fungi and yeast.
t is a linear cationic heteropolymer of randomly distributed N-
cetyl glucosamine and glucosamine residues with �-1,4-linkage.
hitobiose, 4-O-(2-amino-2-deoxy-�-d-glucopyranosyl) -(1→4)-
-amino-2-deoxy-d-glucose, is the structural unit of native chitin
Yui, Kobayashi, Kitamura, & Imada, 1994). Chitin has emerged as

 new class of physiological materials due to its versatile biological
ctivity, excellent biocompatibility and complete biodegradability

n combination with low toxicity (Marguerite, 2006). It is also an
nteresting polysaccharide because of the presence of an amino
unctionality and two hydroxyl functionalities, which could be
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∗∗ Corresponding author at: State Key Laboratory of Fire Science, University of
cience and Technology of China, 96 Jinzhai Road, Hefei, Anhui 230026, People’s
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E-mail addresses: leisong@ustc.edu.cn (L. Song), yuanhu@ustc.edu.cn (Y. Hu).
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144-8617/© 2014 Elsevier Ltd. All rights reserved.
suitable for chemical modification. As with cellulose, chitin can
undergo many reactions such as etherification (Gorochovceva and
Makusuka, 2004; Kurita, 2001; Zhang and Ren, 2007), esterification
(Yoshifuji, Noishiki, Wada, Heux, & Kuga, 2006), graft copolymer-
ization (Jayakumar, Prabaharan, Reis, & Mano, 2005), etc. After the
chemical modification, chitin would bring new properties depend-
ing on the nature of the group introduced. Recently, phosphorylated
chitin is widely reported owing to its interesting biological and
chemical properties: biocompatible (Wang, Ma,  Wang, & He, 2002;
Wang, Ma,  Feng, & Cui, 2002; Wang, Zhu, Feng, Cui, & Ma, 2003),
bioabsorbable (Wang, Ma,  Wang et al., 2002; Wang, Ma,  Feng et al.,
2002; Yokogawa et al., 1997) and metal chelating properties. Phos-
phorylated chitin could be the anionic polyelectrolyte owing to the
phosphate group introduced. Additionally, phosphorylated chitin
could show the flame retardant property due to the introduction
of flame retardant phosphorus element. Chitosan that composed of
residues of glucosamine and N-acetyl glucosamine connected via
a–b (1–4) linkage is the deacetylated derivatives of chitin. Chitosan
is expected to act as a char-forming agent owing to the structure of
polyhydroxy and could also be a blowing agent, releasing ammonia
as it degrades.
It is simple and versatile to incorporate various polymers,
colloids or molecules into a thin film via the Layer-by-Layer
assembled method. Recently, the extensive application of the
LbL assembly technique in improving the flame retardancy of

dx.doi.org/10.1016/j.carbpol.2014.08.084
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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ubstrate was widely reported. Grunlan and co-workers firstly
sed the Layer-by-Layer assembled thin films comprised of
ranched polyethylenimine and Laponite clay platelets to improve
ame retardancy of cotton fabric (Li, Schulz, & Grunlan, 2009). Then,
any nanoparticles and polyelectrolytes have been successively

sed as Layer-by-Layer assembled films to deposit on cotton fabric
r other fabrics (Alongi, Carosio, & Malucelli, 2012; Carosio, Alongi,

 Malucelli, 2011; Carosio, Laufer, Alongi, Camino, & Grunlan,
011; Carosio, Alongia, & Malucelli, 2012; Carosio, Blasio, Alongi,

 Malucelli, 2013; Laufer, Carosio, Martinez, Camino, & Grunlan,
011; Laufer, Kirkland, Morgan, & Grunlan, 2012; Li, Mannen,
chulz, & Grunlan, 2011; Li, Mannen, Morgan, Chang, & Yang, 2011).
any synthetic polyelectrolytes, such as polyethylenimine (PEI),

olyallylamine (PAH) and polyacrylic acid (PAA), have been widely
sed as polyelectrolytes multilayer (PEM) films for Layer-by-Layer
ssembly. The polysaccharide-based PEM films have also attracted
onsiderable attention due to the interest in green chemistry and
oncern over toxicity and environmental issues in the recent years.
ecently, chitosan was used as cationic part of PEM films to impart
he flame retardancy to PET fabric and cotton fabric (Carosio et al.,
012; Laufer et al., 2011). Furthermore, the green nanocoating
ased on chitosan/phytic acid and chitosan/DNA bilayers were also
tudied to antiflammable treatment for cotton fabric (Carosio et al.,
013; Laufer et al., 2012). Among these films, chitosan generally
cted as a char-forming agent and foaming agent. Recently, our
esearch group has successfully prepared some phosphorylated
olysaccharides, which show effective flame retardancy for poly-
eric materials (Hu, Song, Pan, Hu, & Gong, 2012; Hu, Song, Pan,

 Hu, 2012; Hu, Song, Pan, & Hu, 2013). Phosphorylated polysac-
harides can show flame retardancy owing to the flame retardant
ntumescent-like system, in which polyhydroxy structure of sugar
nits could act as carbon source and phosphate group could act
s acidic source. In our present study, a biobased flame retardant
EM film consisting of fully chitin derivatives was deposited on the
urface of cotton fabric to reduce its flammability. Flame retardant
roperties of uncoated and coated cotton fabrics were studied by
ertical flame test and microcombustion calorimetry (MCC). The
hermal properties were investigated by the thermogravimetric
nalysis (TGA), real-time Fourier transform infrared (RT-IR) and
hermogravimetric analysis/infrared spectrometry (TGA-IR).

. Experiment

.1. Materials

Chitin was purchased from ShangHai Guoyao Chemical Com-
any. Chitosan (viscosity 50–800 mPa  s, degree of deacetylation
0–95%), phosphorus pentoxide and methanesulfonic acid were all
rovided by Sinopharm Chemical Reagent Co., Ltd. Deionized water
ith a resistance of 18.2 M� was used for all experiments. Cotton

abric was supplied by Jiangxi JingZhu Ramie Textile Co.

. Preparation of phosphorylated chitin

Phosphorylated chitin (PT) was prepared by the reaction with
hosphorus pentoxide in methanesulfonic acid solution according
o the procedure mentioned by Nishi et al. (1986). Briefly, chitin
2 g) and methanesulfonic acid (30 mL)  were placed into a three-
ecked flask with a mechanical stirrer. The flask was  put in an ice
ath with N2 gas that was aspirated to eliminate residual moisture.
hosphorus pentoxide (10 g) was added and the reaction went on

or 3 h in ice bath. The product was washed with ether, acetone,

ethanol and ether for three times. Then, the product was further
urified by diafiltration overnight. As a result, the PT solution could
e obtained.
mers 115 (2015) 516–524 517

4. Layer-by-Layer deposition for cotton fabrics

Phosphorylated chitin (PT) solution (anionic deposition solu-
tions) at pH 7 was  prepared by adjusting pH values of deionized (DI)
water (18.2 M�)  with 1 M hydrochloric acid (HCl) or 1 M sodium
hydroxide solution. The concentrations were 0.5 wt%  and 2 wt%,
respectively. In addition, chitosan solution (cationic deposition
solutions) was  prepared as 0.5 wt% concentration using deionized
water and the pH was  adjusted to 4 with 1 M HCl solution. Prior
to the deposition, cotton fabrics were washed with distilled water,
and then air-dried at room temperature overnight. Substrates were
alternately dipped into cationic and anionic solutions. Cotton fab-
ric was  initially dipped in the cationic chitosan solution for 5 min,
subsequent dips were 1 min  in the anionic PT solution. Each dip
was followed by rinsing with DI water and wringed out by hand
to expel liquid among cotton fabrics. After the desired number of
bilayers was deposited, cotton fabrics were dried at 70 ◦C overnight
before testing. The weight gain for cotton fabric was calculated
from the mass measured before and after coating using a laboratory
microbalance. The Layer-by-Layer assembly process was  shown in
Scheme 1. In this work, we denote briefly the coated cotton fabric
that was assembled in chitosan solution at a concentration of 0.5
wt% and PT solution at a concentration of 2 wt%  for 20 bilayers as
(CH0.5/PT2)20.

5. Measurements

FTIR spectra were recorded on a Nicolet MAGNA-IR 750 FTIR
spectrometer. KBr was  ground in a mortar with a pestle, and enough
solid sample was ground with KBr to make a 1 wt% mixture for mak-
ing KBr pellets. The mixture was  pressed into a tablet, which was
then placed in a ventilated oven. The transition mode was used
and the wavelength range was set from 4000 to 500 cm−1. Atomic
absorption spectrometry (Analyst 800, Perkin-Elmer) was  used to
test the phosphorus content of phosphorylated chitin. Attenuated
total reflection Fourier transform infrared (ATR-FTIR) spectra, in
the frequency region of 4000 − 400 cm−1 at a 4 cm−1 resolution,
were recorded by a Nicolet 6700 spectrometer (Thermo-Nicolet)
using 32 scans. Thermogravimetric analysis (TGA) of samples was
examined on a TGA-Q5000 apparatus (TACompany, USA) from 50
to 600 ◦C at a heating rate of 20 ◦C/min. The weight of all samples
was kept within 3–5 mg  in an open Alumina pan. Vertical flame
tests were performed according to ASTM D6413-08, using a vertical
burning tester (CZF-3, Nanjing Jiangning Analytical Instrument Fac-
tory, China). The samples (300 mm × 76 mm),  held 19 mm over the
Bunsen burner, were first exposed to the flame for a period of 12 s
and then removed rapidly. Heat release rate (HRR) and total heat
release (THR) were measured in a microscale combustion calorime-
ter (GOVMARK MCC-2). About 5 mg  samples were heated at a
heating rate of 1 K/s in a nitrogen stream flowing at 80 cm3/min. The
degradation products of the sample in nitrogen atmosphere were
mixed with a 20 cm3/min stream of pure oxygen prior to entering
a 900 ◦C combustion furnace. Real-time Fourier transform infrared
(RT-IR) method used a Nicolet MAGNA-IR 750 spectrophotometer
(Nicolet Instrument Company, USA) to study the thermo-oxidative
degradation of pure and coated cotton fabrics. Powders of the cured
sample were mixed with KBr powders, and the mixture was pressed
into a tablet, which was  then placed into the oven. The tempera-
ture of the oven was raised at a heating rate of about 10 ◦C/min.
Thermogravimetric analysis/infrared spectrometry (TG-IR) of the
samples was performed using the TGA Q5000IR thermogravimetric

analyzer that was interfaced to the Nicolet 6700 FTIR spectropho-
tometer. About 5.0 mg  of the sample was put in an alumina crucible
and heated from 30 to 600 ◦C at a heating rate of 20 ◦C/min (nitro-
gen atmosphere, flow rate of 45 mL/min). The morphologies of pure
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Scheme 1. The scheme of layer by layer assemb

nd coated cotton fabrics, along with the char residues after verti-
al flame tests, coated with a gold layer in advance were observed
sing scanning electron microscopy with an energy-dispersive X-
ay (EDX) analyzer. (SEM, AMRAY1000B, Beijing R&D Center of the
hinese Academy of sciences, China).

. Results and discussion

.1. Chemical structural analysis of chitin and phosphorylated
hitn (PT)

Fig. 1A shows the FTIR spectra of chitin and phosphorylated
hitin (PT). Typically, in the FTIR spectrum of chitin, the following
haracteristic bands can be observed: the bands at 3400–3300 cm−1

ould be attributed to the stretching vibration of OH group at the
ugar unit; the bands at 2870–2970 cm−1 is attributing to CH2
roups. Peaks at 1160 and 1110 cm−1 are corresponding to the
tretching vibration of C O C from the glucosidic units or from
-(1→4)-glucosidic bonds; peaks at 1640 and 1560 cm−1 are corre-
ponding to the stretching vibration of C O and N H, respectively,
ndicating the amide group from the sugar unit (Kim, Kim, & Lee,
996). In the FTIR spectra of phosphorylated chitin (PT), two  new
haracteristic peaks appear at 1040 cm−1 and 490 cm−1, which can
e attributed to the P O structure, such as P O C and P OH. The
eak at 1040 cm−1 overlaps the C O stretching vibrations in chitin
ther groups at 1100 cm−1 (Jayakumar, Egawa, Furuike, Nair, &
amura, 2009). In addition, atomic absorption spectrometry reveals
hat the content of phosphorus in PT is 12.5%.

. Characterization of (CH/PT) coated cotton fabrics

Surface chemical structures of cotton fabrics can be qualita-
ively determined by ATR-FTIR spectroscopy. ATR-FTIR is an IR
ampling technique and can measure the changes in an infrared
eam with totally internal reflection when it comes into contact
ith the surface of samples. The ATR-FTIR spectra of pure and

CH0.5/PT0.5) coated cotton fabrics are shown in Fig. 1B as rep-
esentatives to monitor the growth of bilayers on the surface of
otton fabrics. Compared with pure cotton fabric, the ATR-FTIR
pectra of (CH0.5/PT0.5) coated samples appear two new peaks
1640 cm−1and 1560 cm−1), which are ascribed to the stretching
ibration of amide group for phosphorylated chitin (PT). Further-
ore, the intensity of the two peaks’ absorbance increase obviously

s the bilayers’ number increase, indicating that PT have been
radually incorporated into the polyelectrolyte multilayer (PEM)
lms during the deposition. However, the similar phenomenon
s not observed for the peaks at 1040 cm−1 (stretching vibration
f P O C), which can be ascribed to the overlap of the vibration
f C O C (1046 cm−1) from cellulose molecular chain (chemical
omposition of cotton fabric) (Jayakumar et al., 2009).
g chitosan (CH) and phosphorylated chitin (PT).

Energy-dispersive X-ray (EDX) is used here to confirm the key
information concerning the element composition of samples. EDX
spectra of pure and (CH0.5/PT0.5) coated cotton fabrics are shown
in Fig. 1D as a representation to monitor the element composi-
tion of samples. It obviously shows that P element is only detected
in the coated cotton fabrics, indicating the presence of phospho-
rylated chitin (PT) in the PEM films. Interestingly, as the number
of deposition cycles is increased to 20, the P/C and P/O ratios are
clearly increased, indicating the reproducible coverage of PT on the
sidewall of cellulose fibers. On the other hand, the corresponding
surface morphology of pure and coated cotton fabrics is shown in
Fig. 1C. Pure cotton fabric shows a smooth and clean surface and the
LbL coating conformally coated each individual fiber for all coated
cotton fabrics. However, there are also some differences. The 5 and
10 (CH0.5/PT2) BL coated samples look very similar in terms of fiber
structure and shape. When the BL number increases to 20, the thin
coating can be obviously observed around the fibers. Especially for
(CH0.5/PT2)20 sample, some fibers appear linked together and the
gaps between fibers gradually disappear (Li et al., 2011; Li et al.
2011a, 2011b). From the SEM images, it indirectly indicates that
the thin coating is deposited on fibers via Layer-by-Layer assembled
style.

The weight gain of coating mass on the surface of cotton fabric
as a function of bilayers’ number and concentration of PT can be
shown in Table 1. The weight gain was  increased with the increases
of the bilayers’s number and concentration of PT, indicating that the
content of PT prepared on cotton fabrics surface is dependent on
the bilayers’s number and concentration of PT.

8. Thermal stability

TGA provides direct information about thermal degradation and
thermal oxidation degradation mechanism by measuring weight
loss of sample as a function of temperature. The experimental TGA
and DTG curves of pure and (CH/PT) coated cotton fabrics under
nitrogen atmosphere are shown in Fig. 2A and B. The initial degra-
dation temperature (when the weight loss is 10 wt%) of samples,
the mid-point temperature of the degradation (T−50%), the max-
imum weight loss temperature (Tmax) and the char residue left
at 600 ◦C can be observed from TGA curves. The related data are
shown in table S1. All (CH/PT) coated cotton fabrics show a lower
initial degradation temperature than that of the pure cotton fabric,
which is mostly due to the earlier degradation of PT. However, all
(CH/PT) coated cotton fabrics exhibit much high thermal stability
in temperatures ranging from 400 to 600 ◦C, indicating the protec-
tive char formation provided by the intumescent coating at high

temperature (Ma  et al., 2007; Yang, Wang, Lei, Fei, & Xin, 2012).
For (CH0.5/PT2) coated system, samples have higher char residue
at the same bilayers number relative to (CH0.5/PT0.5) systems.
For example, the char residue of (CH0.5/PT2)20 sample at 600 ◦C is
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ig. 1. (A) FTIR spectrum of chitin and phosphorylated chitin (PT); (B) ATR-FTIR spe
f  pure and (CH0.5/PT2) coated cotton fabrics.

7.2%, which is higher than that (29.7%) of (CH0.5/PT0.5)20 sample.
 higher concentration of PT (2 wt%) can result in more content of
T during each deposition step than the dilute mixture (0.5 wt % PT).
ence, the result highlights the importance of the coating weight
dded to the cotton fabric even giving the self-extinguishing prop-
rty ((CH0.5/PT2)20 sample) during combustion by the controlling
he PT concentration.

Fig. 2C and D shows the TGA and DTG curves of pure and (CH/PT)
oated cotton fabrics under air atmosphere. Unlike under nitrogen
tmosphere, the pure cotton fabric decomposition occurred in two
ain steps in air. The first region around 380 ◦C is the main pyrol-

sis region, which shows significant degradation weight loss. And
t is attributed to the dehydration and decarboxylation reactions,

hich produce combustible gasses like aldehydes, ketones, ethers,
tc (Gaan, Rupper, & Salimova, 2009; Shafizadeh & Fu, 1973). The
econd region around 450 ◦C is attributed to the further decompo-

ition of residual char formed in the first region, which can result
n the release of CO and CO2 (Price, Horrocks, & Akalin, 1997).
he pyrolysis of the coated cotton fabrics also shows two  stages,
ut the initial decomposition temperatures generally decrease.

able 1
CC  data and vertical flame test data for pure and (CH/PT) coated cotton fabrics.

NUM BL (% weight gain) Burning
time (s)

After glow
time (s)

Char 

(cm)

Cotton fabric 0 7 8 30 

(CH0.5/PT0.5)5 4.7 6 0 30 

(CH0.5/PT0.5)10 9.2 5 0 30 

(CH0.5/PT0.5)20 14.5 3 0 30 

(CH0.5/PT2)5 8.5 4 0 30 

(CH0.5/PT2)10 13.5 3 0 30 

(CH0.5/PT2)20 20.5 0 0 12.5 
 pure and (CH0.5/PT0.5) coated cotton fabrics; SEM images (C) and EDX spectra (D)

Such an early thermal degradation is mainly ascribed to facile cat-
alytic dehydration and cross-linking of cotton fabrics by phosphoric
acid generated during pyrolysis of phosphorus-containing com-
pounds (PT) (Kandola, Horrocks, & Price, 1996; Giraud, Bourbigot,
& Rochery, 2002; Horrocks, Wang, & Hall, 2000). The coated cot-
ton fabrics show higher solid char in the high temperature range
(350–600 ◦C). Such improved thermal oxidation stability in the sec-
ond stage is most likely due to the formation of stable intumescent
chars in the first stage, which can efficiently retard the diffusion of
the oxygen and heat into underlying matrix (Horrocks, Kandola, &
Davies, 2005). In addition, the char residue in air for coated cotton
fabrics is also dependent on the bilayers’ number and concentration
of PT (can be seen in Table S1).

As a result, the thermal and thermal oxidation stability are both
enhanced for cotton fabric coated with (CH/PT) bilayers.
9. Flammability properties

It is necessary to test both the ignitability and the combustion
behavior of pure and coated cotton fabrics in the presence of flame

length Char residue
(%)

PHRR (w/g) Temperature
(◦C)

THR (kJ/g)

0 204 ± 6.1 386.0 ± 7.0 8.7 ± 0.26
6.2 173 ± ± 5.2 344.0 ± 6.0 5.1 ± 0.15

11.5 129 ± 3.8 331.0 ± 5.8 3.8 ± 0.11
22.9 92.8 ± 2.7 320.0 ± 5.0 2.2 ± 0.060
13.8 124 ± 3.5 322.0 ± 4.2 3.2 ± 0.090
21.7 105 ± 3.1 312.0 ± 3.8 2.0 ± 0.056
95.2. 53.0 ± 1.6 296.0 ± 3.0 1.2 ± 0.006
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Fig. 2. TGA and DTG curves of pure and (CH/PT) c

pread. Fig. 3A shows real-time images of vertical flame tests for
ristine cotton fabric, (CH0.5/PT0.5)20 sample and (CH0.5/PT2)20
ample. The images of 6 s after ignition, 3 s after removal of the
urner and collected char residues are treated as represents to
tudy. For pure cotton fabric, the flame is very vigorous and spreads
pward rapidly and the afterglow is obviously seen on the side 3 s
fter removing the burner. There is no char left for pure cotton
abric after the vertical flame test. When the (CH0.5/PT0.5)20 sam-
le is exposed to the same flame, the cotton fabric is consumed
y the flame relatively slowly and the afterglow is disappeared.
he collected char residue is integral nearly with little slits on the
ottom side. As for the (CH0.5/PT2)20 sample, the flame is not burn-

ng for 6 s after ignition and self-extinguished phenomenon can
e observed, indicating that the char is durable enough to pre-
ent additional cotton decomposition and pyrolysis and starve the
ame of fuel (Li et al., 2011; Li et al. 2011a, 2011b). Flammabil-

ty data are collected in Table 1. From an overall point of view, it
an be shown that the (CH/PT) coated samples show some changes
n the presence of Layer-by-Layer assembled coating. Pure cotton
abric is completely consumed and no char residue left during the
est. In addition, afterflame time and afterglow time are 7 s and 8 s,
espectively. As for all (CH/PT) coated samples, afterflame time is
educed and afterglow is eliminated. Furthermore, all coated cot-
on fabrics show higher char residue than that of pure cotton fabric,
hich can be ascribed to the dehydration and char formation of PT
uring burning. (CH0.5/PT2)20 sample has the highest char residue

95.2%) owing to its self-extinguishing phenomenon. The char
ength of coated samples is yet the same to that of pure one except
CH0.5/PT2)20 sample. It should be noted that burn time and after-
row time for (CH0.5/PT2)20 sample are all eliminated and the char
 cotton fabrics: (A, B) in nitrogen and (C, D) in air.

length is 12.5 cm,  which is less than that of all other samples. The
reason maybe that a higher concentration of PT (2 wt%) can result
in more content of PT on cotton fabric (Li et al., 2010; Zhang et al.,
2013; Zhang, Yan, Wang, & Fang, 2013). Moreover, enough amount
of phosphorus content can give cotton fabric highly effective flame
retardancy (Gaan & Sun, 2007). The collected char residue images of
all samples are shown in Fig. 3B. The char residue of coated samples
at the higher concentration (2%) is denser and thicker. Additionally,
those images are consistent with the flammability data in Table 1.

Microscale combustion calorimetry (MCC) is an effective
approach to obtain the information regarding combustibility and
fire hazard of materials. It can quickly and easily measure the key
fire parameters from just a few milligrams of specimen in min-
utes. Fig. 3C and D shows heat release rate (HRR) and total heat
release (THR) curves of all samples. The associated data are shown
in Table 1. It appears that all (CH/PT) coated cotton fabrics have
lower PHRR, THR and Tmax values compared with pure one. This
may  be caused by the catalytic action of phosphorus compounds,
which enables cotton fabrics to dehydrate at lower temperature,
and accelerates the formation of char and reduces the release of
combustible gas. The lower THR values further indicate phospho-
rus containing PEM films could reduce fire risk of cotton fabric.
Furthermore, it is clearly shown that the higher bilayers’ num-
ber is, the lower combustion rate is. There is a greater reduction
in THR and PHRR values for (CH0.5/PT2) coated samples, just as
shown in Table 1. Its PHRR and THR values is 60.4 w/g  and 1.2 KJ/g,

respectively, which show 144.1 w/g  and 7.5 KJ/g lower than those
of pure cotton fabric. The phosphorus containing Layer-by-Layer
assembled coating accelerates formation of char residue, indicat-
ing that more volatile products were catalytically carbonized to
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ig. 3. (A) Real-time images of vertical flame tests for (a, d, g) pristine cotton fabric
CH/PT)  coated cotton fabrics after vertical flame test; Heat release rate (C) and total

articipate in the charring process, rather than transferred into the
CC  combustor (Lu et al., 2011).

0. The analysis of real-time Fourier transform infrared
pectra (RT-IR)

In order to further investigate the thermal degradation of
oated cotton fabrics. The pure cotton fabric and (CH0.5/PT2)20
ample are chosen to measure the change in spectra of real-time
TIR, as shown in Fig. 4. It can be found that characteristic peaks
f pure cotton fabric do not change except the peak at 1635 cm−1,
hich is corresponding to the stretching vibration of H O H of
hysical absorbed water. The peak is disappeared at around 200 ◦C.
he absorptions at 3400 cm−1 (stretching vibration of O H),
905 cm−1(stretching vibration of C H), 1435 cm−1 (in plane
ending vibration of C H) and 1046 cm−1 (stretching vibration of

 O C) disappear at 300 ◦C, indicating that cotton fabric decom-
ose and carry on the dehydration reaction of cellulose chain. At

he same time, some new peaks at 1710 cm−1, 1443 cm−1 (stretch-
ng vibration of C O) and 1613 cm−1 (stretching vibration of C C)
ppear above 300 ◦C, further indicating the happen of hydration
eaction of cellulose chain and producing aldehydes, ketones and
, h) (CH0.5/PT0.5)20 and (c, f, i) (CH0.5/PT2)20, respectively; (B) Images of pure and
elease (D) as a function of temperature for pure and (CH/PT) coated cotton fabrics;.

other olefin compounds. However, with further increasing temper-
ature, the relative intensity of the absorption peaks (the absorptions
of C O) continues to weaken until disappear, which indicates that
the system is carrying out decarboxylation reaction and produc-
ing combustible gasses like aldehydes, ketones, etc. All peaks
almost disappear at 500 ◦C except the absorption at 1443 cm−1

(condensed aromatics), indicating that pure cotton fabric decom-
poses completely and forms the comparatively stable char
layer.

As for (CH0.5/PT2)20 sample, some different thermal decom-
position can be observed. The absorption at 3400 cm−1 disappears
earlier compared with pure cotton fabric, indicating coated cotton
fabric could carry out the dehydration reaction early, which is
consistent with the TGA result. The peak at 1060 cm−1 (stretching
vibration of P O C) vanished at 240 ◦C, implying the breaking
of P O C structure. The new peaks at 1098 and 870 cm−1 (the
symmetric and asymmetric stretching vibration of P O P band)
(Bugajn & Bourbigot, 1999) appear above 300 ◦C, indicating the

formation of poly phosphoric acid (PPA). Meanwhile, a new peak
at 1280 cm−1(stretching vibration of P O) appear (Zhu & Shi,
2003). It indicates that the phosphate group deviates from the
aliphatic structure and then forms PPA or re-links to the aromatic
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Fig. 4. Real-FTIR Spectra of pure cotton fabric (A) and (C

tructures at the temperatures over 300 ◦C. Furthermore, the peaks
t 1280 cm−1, 1090 cm−1 and 870 cm−1 are still obvious indicating
hat the char contained complex P O P and P O � structures,
hich show compact char structure with high thermal stability

Bourbigot, Bras, & Duquesne, 2004).

1. Volatilized products analysis of pure and coated cotton
abrics

Thermogravimetric analysis/infrared spectrometry (TGA-IR)
as performed to analyze the volatilized products after thermal
ecomposition of samples, which contributed to study the thermal
egradation process.

Fig. 5 shows the main absorbance of pyrolysis products for pure
otton fabric and (CH0.5/PT2)20 sample. The data obtained from
ure cotton fabric and (CH0.5/PT2)20 sample can be compared
uantitatively as the weight of sample during the testing of each

ample is kept constant (1 mg). Total and some specific volatilized
roducts were chosen to study, concluding H2O (3575 cm−1),
ydrocarbons (2820 cm−1), CO2 (2360 cm−1), CO (2180 cm−1), car-
onyl compounds (1741 m−1) and CH3OH (1100 cm−1). As shown

Fig. 5. Absorbance of pyrolysis products for pur
T2)20 sample (B) at different degradation temperatures.

in Fig. 5, it can be found that the released peak of (CH0.5/PT2)20
sample appears at 15 min, which is 3 min  earlier than that of pure
cotton fabric. It indicates that phosphorus-containing Layer-by-
Layer nanocoating promotes thermal degradation of cotton fabric at
a lower temperature. Therefore, the volatilized products come up
earlier. Additionally, the absorption intensity of volatilized prod-
ucts for (CH0.5/PT2)20 sample is lower than that for pure cotton
fabric, especially for CO and CH3OH. TGA curves have proved
that (CH0.5/PT2)20 sample has higher char residue, which is usu-
ally used as physical protective barrier to restrain the transfer
of mass and heat and insulate oxygen. So, the absorption inten-
sity of flammable volatilized products for (CH0.5/PT2)20 sample
decreased extraordinarily compared with pure cotton fabric. There-
fore, it will be beneficial for fire rescue when an accident happens.

12. Analysis of the collected char residues
In an effort to understand the burn behavior of coated cot-
ton fabrics better, the char residues of (CH0.5/PT2) coated cotton
fabrics after vertical flame tests were collected and analyzed by
SEM as shown in Fig. 6A. All (CH0.5/PT2) coated cotton fabrics

e cotton fabric and (CH0.5/PT2)20 sample.
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ig. 6. (A) SEM images and of pure and (CH0.5/PT2) coated cotton fabrics after th
abrics  after vertical flame test.

an retain the orthogonal plain-weave architecture and no shrink-
ge is observed after burning. At low magnification, when bilayers
umber is increased from 5 to 20, the density of weave structure
f residues becomes compact. It indicates that more PT content
or coated cotton fabric is contributed to retain the virgin struc-
ure of fibers by the protective effect of enough char residue. At
igh magnification, different morphologies of coated cotton fab-
ics with different bilayers can be observed. For (CH0.5/PT2)5 and
CH0.5/PT2)10 samples, fibers still have the same shape and size,
hich is similar to the structure of fibers before burning. However,

ome different images can be observed for (CH0.5/PT2)20 samples.
he interspaces between fibers associated with the surface are filled
p with some small-sized bubbles, which are demonstrating excel-

ent intumescent effect (Laufer et al., 2012; Li et al., 2011; Li et al.
011a, 2011b). The intumescent char can insulate the heat trans-
ormation and the dispersion of oxygen into underlying polymeric
ubstrate to prevent thermo-oxidative reactions.

In order to understand the composition and content of coated
otton fabric surface after the vertical flame test, ATR-FTIR spectra
f char residue for (CH0.5/PT2) coated cotton fabrics were analyzed.
s shown in Fig. 6B, the peak at 1580 cm−1 reveals the formation
f an aromatic carbonaceous structure (Sevilla & Fuertes, 2009),
eaks at 1090 cm−1, 827 cm−1 (stretching vibration of P O P)
nd 1240 cm−1(stretching vibration of P O) can be also observed,
hich is consistent with the real-time FTIR result. In addition,

he intensity of those peaks absorbance (1090 cm−1, 827 cm−1 and
240 cm−1) increases obviously as the bilayers’ number increases.
ombining with the TGA result, it indicates that Layer-by-Layer
ssembled coating mainly plays the condensed phase flame retar-
ant mechanism role for improving flame retardancy of cotton
abric.

3. Conclusion

In conclusion, this work provided a self-extinguishing intu-
escent coating consisting of biobased fully chitin derivatives on

otton fabric by the Layer-by-Layer assembled method. By altering
he concentration of phosphorylated chitin (PT), it could modify
ts final PT content on cotton fabrics. As the number of bilayers
ncreased, the P/C and P/O ratio values of the coated cotton fabrics

ere increased, revealing reproducible coverage of phosphorylated
hitin on the surface of cotton fabric. Studies on thermal properties
emonstrated that all coated cotton fabrics show higher thermal

nd thermal oxidation stability than that of pure cotton fabric at the
emperatures ranging from 400 to 700 ◦C. In the vertical flame test,
he sample coated with 20 bilayers prepared at high PT concentra-
ion (2 wt%) could extinguish the flame, and almost 90% unburned
ical flame test; (B) ATR-FTIR spectra of residual char of (CH0.5/PT2) coated cotton

cotton fabric can be preserved. All coated cotton fabrics showed
lower PHRR and THR in relative to pure one. The (CH0.5/PT2)20 sam-
ple showed greatest reduction of PHRR and THR. The RT-IR result
of coated cotton fabric indicated the formation of stable char con-
tained complex P O P and P O � structures. As for coated cotton
fabrics, released amounts of pyrolysis products such as CO2, CH3OH,
carbonyl compounds, were lower than that for pure cotton fabric
owing to barrier and insulating behavior of phosphorus containing
char residue with high thermal stability. SEM images showed that
small-sized bubbles were formed on top and in the space between
fibers when the sample was  coated with 20 bilayers at the higher
PT concentration (2 wt%) after the vertical flame test. This work
expanded the flame retardant application of chitin derivatives for
cotton fabric by a simple and versatile method (Layer-by-Layer
self-assembly).
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