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Abstract

In order to improve the flame retardancy of knitted cotton fabrics and investigate the flame-retardant mechanism of the
system formed by ammonium polyphosphate (APP) and chitosan (CS), flame-retardant knitted cotton fabrics coated with
APP and CS were successfully prepared by layer by layer assembly. APP and CS formed the intumescent flame-retardant
system, in which CS acted as the carbon source agent and APP acted as both the acid source and foaming agent. The
surface micromorphologies before and after flaming of coated knitted cotton fabrics were exploited by scanning electron
microscopy. The flammability, combustion behaviors, thermal degradation properties and flame-retardant mechanism of
this system were investigated by vertical burning test, cone calorimetry test and thermogravimetric analysis coupled with
Fourier transform infrared analysis in N, atmosphere, respectively. Compared with the control sample, the deposition of
APP and CS endowed the knitted cotton fabrics with improved flame retardancy, higher residual chars, lower heat release
rate and total heat release, while increased the smoke production. Improved flame-retardant behaviors are attributed to the
thermally stable residual chars, more release of inflammable gases and potential free radical scavengers (PO-) in the
gaseous products, named the combination of the condensed-phase and gaseous-phase flame-retardant mechanism.
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Introduction

As one of the most popular natural fibers in industry and
our daily life, cotton fibers have the advantages of good
sweat absorption, soft feel, easy cleaning, not easy to pil-
ling, moisturizing, heat resistance, alkali resistance,
hygiene and so on [1, 2]. However, the limiting oxygen
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index (LOI) value of cotton fabrics is only about 18.4%,
which makes it easy to be ignited and greatly limits its
broader applications [3]. Therefore, it is of great signifi-
cance to improve the flame retardancy of cotton fabrics. By
now, various methods such as traditional pad-dry-cure [4],
plasma [5], UV-curable [6, 7], sol—gel treatment [8, 9] and
layer by layer (LBL) assembly [10-13] have been devel-
oped to build a flame-retardant coating on cotton fabrics. In
recent years, layer compounds and compounds containing
flame-retardant elements were synthesized to apply in the
field of flame retardancy [14—18]; however, they were not
widely used in flame-retardant cotton fabrics. Among these
methods, the layer by layer (LBL) assembly has attracted
extensive attentions from researchers [10-13]. The prepa-
ration process of LBL assembly is simple and convenient
for fabricating functional, multilayer and thin films [19].
This technique utilizes the principle of alternate layer
deposited by positive and negative electrolytes [20]. It is a
technique that can effectively build a flame-retardant
coating on the surface of a polymeric material.
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Due to the amine protonation, chitosan (CS), acquired
from N-deacetylation of chitin, can form positive charges
in dilute acid solutions [21]. Therefore, CS can be used as
the polycation in LBL assembly [22, 23]. In the resent
researches, CS has been utilized to flame retard foams
[24, 25], nylon fabrics [26], and cellulose fabrics [27-29]
by LBL assembly. It is noted that the flame retardancy of
cotton fabrics can be obviously promoted combining CS
with phosphorus-containing compounds through LBL
assembly. These compounds containing phosphorus
include phosphorylated poly (vinyl alcohol) (PPVA) [28],
phosphorylated chitin [29], sodium phytate [21], ammo-
nium polyphosphate (APP) [27, 30, 31], and so on. APP, a
kind of phosphorus-containing compound, is one of the
most commonly used inorganic flame retardant [32-34]
and can form negative charges in aqueous solutions. As a
result, APP can be utilized as the polyanion in LBL
assembly to prepare flame-retardant cotton fabrics [35]. In
the previous researches, the results indicate that the flame-
retardant properties of the cotton fabrics coated with APP
and polyhexamethylene guanidine phosphate (PHMGP)
[36], polyethyleneimine (BPEI) [37], sodium montmoril-
lonite (MMT) [38], and vinyltrimethoxysilane (VTMS)
[38] are obviously improved, respectively.

CS has many reactive hydroxyl groups [21] and can be
used as a carbon source to form the intumescent flame
retardant with APP. Recently, the thermal stability prop-
erties and flame retardancy of cotton fabrics coated with
APP and CS through LBL assembly were investigated [27].
The results indicate that the coating with APP and CS can
greatly reduce the values of peak heat release rate (PHRR)
and total heat release (THR) obtained from microscale
combustion calorimetry (MCC) test, and the afterflame
time in the vertical burning test. However, the coated
cotton fabrics with 14.3 mass% add-on cannot pass the
vertical burning test. In addition, CS/APP, silica/APP and
CS/APP/silica coating system on PET-CO blends were also
investigated [30, 31]. The results show that the suppression
of the afterglow phenomenon after the LBL assembly can
be obtained. However, the PET-CO fabrics with 20 BL
coatings still failed in the vertical burning test, and the
flame-retardant mechanism of coated cotton fabrics with
APP and CS is not explored in the papers mentioned above.

In order to prepare flame-retardant cotton fabrics with
APP/CS coating passing the vertical burning test and
understand the flame-retardant mechanism of this system,
the coated knitted cotton fabrics were successfully pre-
pared with APP and CS through LBL assembly. Before
APP and CS coating, the knitted cotton fabrics were dipped
into 3-aminopropyl triethoxysilane (APTES) aqueous
solutions to endow the surface of the fabrics with positive
charges. The structure, micromorphologies, thermal sta-
bilities, flame-retardant properties, combustion properties
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and flame-retardant mechanism of coated knitted cotton
fabrics were investigated by Fourier transform infrared
analysis (FTIR), scanning electron microscopy (SEM),
thermogravimetric analysis coupled with Fourier transform
infrared analysis (TG-FTIR), vertical burning test, and
cone calorimetry test.

Experimental
Materials

Knitted cotton fabrics (160 g m~2) were supplied by
Shanghai Challenge Textile Co., Ltd. (Shanghai, China).
APTES was purchased from Aladdin Industrial Co. Ltd.
(Shanghai, China). APP was obtained from Shifang Tai-
feng New Flame Retardant Co., Ltd. (Shifang, China). CS
with a deacetylation degree of 95-100% was obtained from
Shanghai Luna Biological Technology Co., Ltd. (Shanghai,
China). The sulfuric acid and glacial acetic acid were
provided by Sinopharm chemical Reagent Co., Ltd.
(Tianjin, China). All the reagents were used as received.

Preparation of flame-retardant knitted cotton
fabrics

In order to remove the dust on the surface of knitted cotton
fabrics, the substrates were washed in deionized water and
dried at 100 °C. Then, the knitted cotton fabrics were dipped
into 1 mass% APTES aqueous solution at 40 °C for 5 min,
dried in an oven at 100 °C, and this sample was named as the
control sample. And then, the treated knitted cotton fabrics
were alternately immersed into 1 mass% APP aqueous
solutions and 0.5 mass% chitosan aqueous solutions,
respectively. The immersion process for each step was set to
be 5 min to promote and achieve a uniform deposition. After
each immersion step, the coated knitted cotton fabrics were
dried in the oven at 100 °C. The coated knitted cotton fabrics
were weighed after each bilayer. The process was repeated
until the mass gain of the fabrics reached 6.0 mass%,
10.1 mass%, 16.6 mass% in each system.

Measurements
Cone calorimetry

According to ISO 5660-1 standard, the spacemen with
100 mm x 100 mm were wrapped in the aluminum foil,
and put in a metallic grid holder. The combustion behav-
iors of the control sample and coated knitted cotton fabrics
were investigated under a 35 kW m ™ heat flux horizontal.
This test was carried out by a cone calorimetry (Fire
Testing Technology, UK). Each sample was tested for
three times.
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TG-FTIR in N,

In order to investigate the thermal decomposition behaviors
of the control and coated knitted cotton fabrics, a TG ana-
lyzer (PerkinElmer STA 6000) coupled with an FTIR spec-
trometer (PerkinElmer Frontier FTIR) was employed. In a
nitrogen atmosphere with a flow rate of 50 mL min~',
10 £ 0.2 mg of each sample was heated to 710 °C at arate of
10 °C min~". The gaseous compounds released during the
thermal degradation process were input to the FTIR gas cell.
The spectral range of FTIR spectrometer was from 4000 to
450 cm™" with a 2 cm ™" resolution. A stainless steel pipe
was used to link the TG analyzer and the FTIR spectrometer
which was equipped with the gas cell. The stainless steel pipe
and the gas cell were maintained at 280 °C to avoid tar
condensation of volatile products generated during the
pyrolysis process and minimize secondary reactions.

SEM

The micromorphologies of the control and coated knitted
cotton fabrics before and after flaming were analyzed by
scanning electron microscope (SEM, vega3, TESCAN,
Czech). The samples before test were coated with gold and
photographed at an accelerating voltage of 10 kV.

Vertical burning test

The research of flame-retardant properties of the control
sample and coated knitted cotton fabrics were exploited by a
vertical burning instrument (CZF-2 typed, Jiangning,
China). According to GB/T 5455-1997, the cotton fabrics
were cut to 80 mm x 300 mm. A propane burner was used
to ignite the spacemen for 12 s from the bottom, and the
length of the flame for the igniter was 40 £ 2 mm. The
whole burning process was recorded by a digital video
recorder.

ATR-FTIR

An attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectroscopy was recorded by a Nicolet iS 50
FTIR spectrometer (Thermo Fisher Scientific, USA) using
32 scans in the frequency region of 4000-500 cm™'. The

resolution was about 2.0 cm™!.

Results and discussion

Structure of flame-retardant knitted cotton
fabrics

An ATR-FTIR spectroscopy was utilized to explore the
characteristic groups on the surface of the control and

coated knitted cotton fabrics. Figure 1 plots the ATR-FTIR
spectra of the control and knitted cotton fabrics coated with
APP and CS. The bands of the control sample at about
3330 and 3271 cm™' are ascribed to —O-H and -NH,
stretching vibration, which are overlapped; the peaks at
about 2898 cm™' are attributed to —CH,— stretching
vibration; the bands at about 1635 and 1518 cm™! are due
to the -NH, and -NHZ bending vibration, respectively; the
bands at 1426 and 1314 cm™' are assigned to —CH,—
deformation vibrations and C-H bending vibrations,
respectively; the peak at about 1106 cm™' is ascribed to
Si—O stretching vibration; the peaks at 1157 and
1028 cm™' are due to C—O-C antisymmetrical bridge
stretching and stretching vibrations, respectively. Due to
the polysaccharide nature of cellulose and CS, the signals
of CS are not obvious from those of cotton; however, some
typical signals of APP can be obtained. The typical
absorption peaks of APP include 1256 cm™' (P=0),
1075 cm ™! (P-O symmetric stretch) and 880 cm! P-0
asymmetric stretch) [39]. The peaks at 892 cm ™' appeared
on coated knitted cotton fabrics are attributed to P-O-P
stretching vibration of APP [40]. It is worth noting from
Fig. 1 that the peaks between 3440 and 2700 cm ™' overlap
in a single signal with increasing the number of BL. The
appearance of P—O-P groups for coated knitted cotton
fabrics shows that APP was successfully deposited on the
surface of knitted cotton fabrics.

Surface micromorphologies of flame-retardant
knitted cotton fabrics

In order to assess the micromorphologies of the flame-
retardant knitted cotton fabrics, SEM observations had

6BL

3BL

Control

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/cm™1

Fig. 1 ATR-FTIR spectra of the control and coated knitted cotton
fabrics
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Fig. 2 SEM images of control
and coated knitted cotton fabrics
at different magnification

(x 500, x 2000) before burning

been performed. Some SEM images of the control and
coated knitted cotton fabrics at different magnifications
(x 500, x 2000) are collected in Fig. 2. First of all, it can
be observed that the typical micromorphology of the con-
trol sample exhibits smooth and clean. When 2 APP/CS
bilayers are deposited on the knitted cotton fabrics, the
surface of the fibers still appears quite smooth and clean
obtained from the 2000 magnification. However, the sur-
faces of flame-retardant knitted cotton fibers exhibit
rougher when the bilayers increase to 3BL and 6BL
because the coating covers the cotton fibers completely.
The gaps among cotton fibers vanished because of the
increasing amount of the coatings, and the add-ons of 2BL,
3BL and 6BL are 6.0 mass%, 10.1 mass% and
16.6 mass%, respectively. It is worth noting that there are
no cracks in the thickness and stiffness coatings attributed
to the fine and homogeneous dispersion of APP and CS.
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Thermal stabilities of flame-retardant cotton
fabrics

In order to investigate the thermal decomposition behaviors
of the systems, a thermogravimetric analysis coupled with
FTIR in nitrogen was utilized. Figure 3 displays the TGA
and DTG curves of the control and coated knitted cotton
fabrics, and the obtained data are summarized in Table 1.
One step can be observed for the thermal degradation of the
control sample, which occurs between 247 and 426 °C.
During this stage, about 70% mass losses, which is ascribed
to the degradation of saccharide rings for cotton fibers to
produce glucose and further broken down into smaller
molecular volatiles and residual chars [41]. At the end of
the test, the residual char is 20.4% remaining. All the
coated knitted cotton fabrics display the similar one step of
the thermal degradation behaviors to the control sample.
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Fig. 3 TGA (a) and DTG (b) curves of control and coated knitted cotton fabrics
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Table 1 Data from TGA and

DTG curves for control and Samples Ts54/°C T10%/°C Tinax/°C Ryax/ % oc™! Residues at 700 °C/%
Ic\?zated knitted cotton fabrics in Control 269 277 282 98 204

2BL 269 283 306 14.4 30.6

3BL 257 278 303 13.6 343

6BL 244 263 293 12.7 36.8

However, the thermal stability with respect to Tsqs is
reduced, which is attributed to the earlier decomposition of
APP and CS. The Tsqs and the maximum decomposition
temperatures (T,.xS) decrease consequently by increasing
the coating amount of APP and CS, which is agreement
with the results of Alongi group’s work [31]. These flame-
retardants containing nitrogen and/or phosphorus generally
show lower thermal stability than the matrix, and decom-
pose in advance to produce the residual char to protect the
matrix from heat/mass transfer. It can be observed from
Fig. 3 and Table 1 that the residual chars at higher tem-
perature zone increase with the increment of the APP/CS
coating. Polyphosphoric acid produced from the decom-
position of APP can catalyze cellulose and CS containing
lots of hydroxyl groups to promote residual char formation.
And the higher residual char is useful to retard the heat/-
mass transfer between the matrix and the surrounding [41].

Flammability and combustion behaviors
of flame-retardant knitted cotton fabrics

Flammability versus vertical burning test

The flame retardancy of the control and the coated knitted
cotton fabrics was assessed by the vertical burning test. The
obtained corresponding data are presented in Table 2, the
digital images of the control and the coated knitted cotton
fabrics during vertical burning tests are displayed in Fig. 4,
and the SEM images of the residual char after vertical
burning tests are listed in Fig. 5. The control sample
completely combusted, and its afterflame and afterglow
time are 14 and O s, respectively. And the residual char of
the control sample after the vertical burning test retained.
Compared with the results of our previous study [21] and
Hu group’s work [41], there is no afterglow phenomenon
for the control sample which was treated by APTES. And

Fig. 4 Snapshots during vertical burning test of control and coated
knitted cotton fabrics recorded at 0, 5, and 10 s

this result indicates that the coating of APTES improves
the flame retardancy of the cotton fabrics. 6.0 mass%
deposition of APP and CS on the surface of fibers still
cannot prevent the fire spread, however, the residual char
completely retained. When the deposition amount of APP
and CS increased to 10.1 mass%, the knitted cotton fabrics
exhibit good flame retardancy, and the flame extinguishes
after burning for 2 s. Moreover, the knitted cotton fabrics
with 16.6 mass% deposition of APP and CS emerge better
flame retardancy, and the flame extinguished immediately
when the fire igniter was removed. Polyphosphoric acid
formed from the thermal decomposition of APP catalyzes
the dehydration and carbonization of cotton fabrics,
reducing the release amount of combustible gases and
producing more amount of residual char. The residual chars
protect the matrix from heat/mass transfer, thus improving
the flame retardancy of the coated knitted cotton fabrics
[27, 31].

Table 2 Data obtained from

Afterflame time/s

Afterglow time/s Damaged length/mm

vertical burning test Sample
Control 14
2BL 13
3BL )
6BL 0

300
300
166

89

S o o O
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Fig. 5 SEM images of char
residues for control and coated
knitted cotton fabrics at
different magnification (x 500,
x 2000) after vertical burning
test

The micromorphologies of residual char after the ver-
tical burning test were investigated by SEM, as shown in
Fig. 5. The surface of the remained fibers in 3BL and 6BL
seems very rough, and there are lots of bubbles and intu-
mescent residual chars on the surface of fibers. These
phenomena result from the intumescent effect of CS and
cellulose containing a great number of hydroxyl groups as
the char agent and phosphorus- and nitrogen-containing
APP as the acid agent and gas agent. And some of the inert
gas released from APP was trapped in the residual chars, so
bubbles were formed on the surface of fibers [38]. When
cotton fibers coated with APP and CS were on fire, they
formed intumescent chars to prevent the matrix from fur-
ther burning, thus improve flame retardancy of coated
knitted cotton fabrics.

Combustion properties versus cone calorimetry (cone)

The combustion properties of the control and coated knit-
ted cotton fabrics were assessed by a cone calorimetry, the
corresponding data collected are summarized in Table 3.
Figure 6a and b displays the heat release rate (HRR) and
total heat release (THR) curves of the control and the
coated knitted cotton fabrics as a function of time. It is
worthy to note that the HRR and THR values of 2BL, 3BL
and 6BL are much lower than these of the control sample.
Compared with the control sample, the peak HRR (pHRR)
values of 2BL, 3BL and 6BL are reduced by 44%, 56% and
75%, respectively; and THR values are decreased by 20%,
37% and 40%, respectively. In addition, the time-to-igni-
tion (TTI) values increased with the increase in the coating
amount of APP and CS. This is attributed to the compact
coatings which are able to protect the matrix during the
early stage of the combustion process. And the formation
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of the residual chars during the combustion process further
protected the matrix from heat/mass transfer, thus fewer
flammable gases attended the combustion. As a result, the
THR values, average HRR (Av-HRR) values and the fire
growth rate indexes (FIGRA, defined as pHRR divided by
TpHRR [42]) of the coated knitted cotton fabrics were
sharply reduced, while the residual chars at the end of the
combustion obviously increased. The results mentioned
above indicate that APP and CS have an obvious effect on
delaying the combustion of the knitted cotton fabrics.

Figure 7a—d presents the smoke production rate (SPR),
total smoke production (TSP), CO, production (CO,P), and
CO production (COP) curves. It can be observed that the
coating of APP and CS has a positive effect on the smoke
production of the coated knitted cotton fabrics, and the
results are accordant with Alongi group’s work [31]. The
flame-retardant effect of APP and CS prevented the knitted
cotton fabrics from complete combustion, thus resulted in
the release of SPR, TSP and COP and obvious decrease of
CO,P. The effective heat of combustion (EHC) is an
important parameter to evaluate the heat emission from
combustion of the gaseous compounds of the flammable
materials [43]. Herein, the average EHC (Av-EHC) values
of coated knitted cotton fabrics were lower than that of the
control sample. The lower EHC and higher smoke pro-
duction indicate that the more inflammable gaseous com-
pounds appear in the gaseous phase [43].

FTIR analysis of the thermal decomposition
products in gaseous phase

From the results of vertical burning test and cone
calorimetry test, APP and CS present the flame inhibition
in the gaseous phase and physical barrier effect in
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Table 3 Data obtained from cone test
Sample pHRR/ TpHRR/s Av-HRR/ TTUs FIGRA/ pSPR/ TSP/m? Av-EHC/ THR/ Residue/%
kW m™2 kKW m~2 KkWm2s!'  m?s! MJ kg~! MJ m~?
Control 157 60 27 25 5.8 0.007 0.45 14.92 73 10.5
2BL 87 50 22 29 4.0 0.013 0.41 12.08 5.8 19.9
3BL 69 55 18 42 3.8 0.020 0.62 12.43 4.6 332
6BL 39 55 18 46 22 0.020 0.55 10.88 44 40.0
160
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Fig. 6 HRR (a) and THR (b) curves of control and coated knitted cotton fabrics as a function of time
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Fig. 7 SPR (a), TSP (b), CO,P (c) and COP (d) curves of control and coated knitted cotton fabrics as a function of time
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Fig. 8 3D photographs of the
gaseous compounds during the
thermal degradation process of
the control and coated knitted
cotton fabrics
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Fig. 9 FTIR spectra of samples studied at 7,,,x values

@ Springer

(b)

[/
Q
<

0.010

0.008

0.006

0.004

0.002

0.000

L) 1
2000 1000
Wavenumber/cm™"

—0.002 1 1 L 1 L 1
4000 3500 3000 2500 2000 1500 1000 500

(d)

Abs

0.010

0.008

0.006

0.004

0.002

000
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/cm-1

[—6BL

W\\J

L L I

Wavenumber/cm1

Time/s Time/s Time/s

Time/s



The thermal degradation property and flame-retardant mechanism of coated knitted cotton...

599

—u— Control
0.004 —e—2BL H,O
—A—3BL
0.003 L =¥— 6BL
3
3 0.002
0.001
0.000
0 1000 2000 3000 4000
Time/s
—u— Control
0.003 | —e—2BL -N-H
—A—3BL
—v—6BL
0.002
[%2]
Ke}
<
0.001
0.000
0 1000 2000 3000 4000
Time/s
0.005
—u—Control
—eo—2BL -C—H
0.004 | —a—3BL
—v—6BL
0.003
[%2]
Q
<< 0.002
0.001
0.000 :
0 1000 2000 3000 4000
Time/s
0.0030
—u— Control
—P-O-H
0.0025 | —®—2BL
—A— 3BL
0.0020 —¥—6BL
0.0015
[%2]
Q
< 0.0010
0.0005
0.0000

0 1000

2000
Time/s

3000 4000

Abs

Abs

Abs

Abs

0.012
0.010
0.008
0.006
0.004
0.002
0.000
-0.002
—-0.004

0.0030

0.0025

0.0020

0.0015

0.0010

0.0005

0.0000

0.0015

0.0010

0.0005

0.0000

0.004

0.002

0.000

—u— Control
—e—2BL
—A—3BL
—v—6BL

co,

0 1000 2000 3000 4000
Time/s
| c-o-C —u— Control
—e—2BL
i —a—3BL
—v—6BL

0 1000 2000 3000 4000
Time/s
—a— Control| cO
—eo—2BL
—A—3BL
—v—6BL

0 1000 2000 3000

Time/s
—=— Control 9
—e—2BL —

——3BL

0 1000 2000

Time/s

3000

Fig. 10 Absorption intensities of chosen peaks for thermal degradation compounds of samples studied
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condensed phase to flame retard knitted cotton fabrics,
respectively. To further prove our supposition, the gaseous
compounds formed in the thermal degradation process of
the control and coated knitted cotton fabrics were explored
by TG-FTIR test. 3D photographs and FTIR spectra at Ty«
values of the control and coated knitted cotton fabrics are
presented in Figs. 8 and 9. The peaks at about 3737 cm™'
are attributed to the stretching vibration of gaseous water
and —-O-H from gaseous organic chemicals; peaks from
3062 to 2782 cm™ ' are assigned to the stretching vibration
of all kinds of —C-H bonds; the bonds at about 2360 and
2308 cm™! are due to the stretching vibration of CO,; the
peaks at about 2185 and 2107 cm™ " are attributed to the
stretching vibration of CO; the bond at about 1750 cm s
attributed to the stretching vibration of —C=0 groups; the
peak at about 1505 cm™' is ascribed to the bending
vibration of N—H; the bond at about 1082 cm~ ! is due to
the stretching vibration of C—O-C groups; and the sharp
peak at about 750 cm™!' is attributed to the bending
vibration of (-CH,-), [43]. Compared with the control
sample, some new peaks appear in the FTIR spectra of
coated knitted cotton fabrics. The new peak at about
3228 cm ™' is ascribed to the stretching vibration of N-H
bond, and the peak at about 1240 cm™! is due to the
stretching vibration of P=0O [44]. It can be obtained from
Figs. 8 and 9 that the ratio values of y ¢ y/7co,,
7_c=0/7co, and yc_o_c/7Vco, (defined as the absorption
intensities of -C—H, —-C=0 and C-O-C bands divided by
the absorption intensity of CO,, respectively) for the coated
knitted cotton fabrics are much lower than that of the
control sample. According to the Lambert—Beer law, the
relationship between the concentration of a gaseous com-
pound and the absorption intensity of a specific
wavenumber is linear [45]. Consequently, the coatings of
APP and CS reduced the concentration of gaseous com-
pounds contained the —-C-H, —C=0 and C-O-C groups
(flammable gases) in the gaseous phase at Tj,.S, thus
suppressed the burning of the knitted cotton fabrics.

To further explore the flame-retardant mechanism of
coated knitted cotton fabrics with APP and CS, eight FTIR
spectra of special groups including H,O, C-H bond, CO,,
CO, C-O-C groups, N-H bond, P-O-H bond and C=0
groups versus time are depicted in Fig. 10. The
wavenumbers of chosen peaks are presented as follows:
H,0, 3737 cm™'; N-H, 3254 cm™'; C-H, 2982 cm™'; P-
O-H, 2756 cm™'; CO,, 2362 cm™'; CO, 2183 cm™'; C=0,
1753 cm™' and C-O-C, 1083 cm™'. The absorption
intensities of H,O, CO,, -N-H and -P-O-H for 3BL and
6BL, the inflammable gases, are higher than those of the
control sample; while the absorption intensities of C=0 and
C-O-C groups, the flammable gases, are lower than those
of the control sample. However, the absorption intensities
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of CO and C-H (the flammable gases) for coated knitted
cotton fabrics are higher than those of the control sample.

Figures 9 and 10 show that the appearances of N-H,
P=0 and P-O-H bonds indicate the formation of ammonia
and phosphorus-containing compounds in the gas phase.
On one hand, the NH3, a kind of inflammable gas, can
dilute the flammable gases and reduce the content of the
flammable gases; on the other hand, P=O and P-O-H
groups are the flame inhibitor and potential free radical
scavenger source in the gas phase. The reduction of the
content for the flammable gases and the flame inhibitor
decreases the “fuel” to support the flame, thus improving
the flame retardancy of coated knitted cotton fabrics. In
addition, the intumescent chars formed (shown in Fig. 5)
protect the matrix from heat/mass transfer, showing in the
condensed-phase flame-retardant mechanism. As a result,
the flame-retardant properties of coated knitted cotton
fabrics are dramatically improved.

Conclusions

Flame-retardant knitted cotton fabrics coated with APP and
CS were successfully prepared through LBL assembly. The
thermal stability at higher temperature, flame retardancy,
combustion behaviors is improved by the deposition of
APP and CS according to the results of TGA, vertical
burning and cone calorimetry tests. The formed intumes-
cent chars protected the matrix from heat/mass transfer in
the condensed phase. In the gas phase, P=O and P-O-H
groups were the flame inhibitor and potential free radical
scavenger source; moreover, inflammable gases such as
NH;, H,O, and CO, produced by the flame-retardant
coating diluted flammable gases such as CO and C-H.
Therefore, the flame-retardant properties of coated knitted
cotton fabrics were improved; the flame retardancy of APP
and CS coated knitted cotton fabrics was attributed to the
combination of the condensed- and gaseous-phase flame-
retardant mechanism. The results of this work can help to
further design effective LBL assembly systems for the
flame-retardant cellulosic fabrics.
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