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Abstract
In this study, intumescent �ame retardant coating of  polyethylenimine/phytic acid (PEI/PA) with gradient
structure was constructed on cotton fabric through facile layer-by-layer (LBL) assembly method. The LOI
value of coated cotton fabric reached over 40% indicating excellent �ame retardancy. Reasonable
controlling the LBL assembly process of PEI/PA coating brought less in�uence to the physical properties
of cotton fabrics. And the coated cotton fabric revealed good �ame retardant washing durability.
Thermogravimetric analysis results of coated cotton fabrics showed that PEI/PA �ame retardant coating
changed the thermal decomposition process and promoted char formation revealing the obviously
condensed phase �ame retardant action. SEM images of char residues revealed that PEI/PA �ame
retardant coating promoted to form the intumescent �ame retardant (IFR) char layer showing obvious IFR
action. This research provides novel strategy for the development of high-e�ciency �ame retardant cotton
fabric with good durability and physical properties using simple LBL assembly method.

1. Introduction
Cotton is one of the most widely used natural textile �bers in clothing, bedding and decorative �elds for its
comfort and breathable (Zhou, Chen, & Xing, 2018; Rehan, El-Naggar, Mashaly, Wilken, 2018). However,
cotton with the limiting oxygen index (LOI) value about 18% is easily to ignite which will result in serious
�re hazard (Ling, & Guo, 2020; Dong, He, Lu, Wang, Sui, Liu et al., 2017). The high �ammability of cotton
restricts its applications. Therefore, improving the �ame retardancy of cotton by �ame retardants is
extremely important.

Halogen-containing compounds is one kind of the most e�cient �ame retardants to reduce the
�ammability of cotton (Tawiah, Yu, Yang, Yuen, & Fei, 2019; Gao, Zhang, Lyu, Wang, & Ma, 2019). While
they may produce dioxin and other toxic gases during the combustion (Fang, Zhou, Xing, & Wu, 2017a;
Fang, Zhou, Xing, & Wu, 2017b). Therefore, halogen-containing �ame retardants have been forbidden to
use in more and more countries, especially in European countries.

In recent decades, halogen-free �ame retardants, such as phosphorus, nitrogen, silicon and boron
containing compounds have received more and more attention, especially phosphorus containing �ame
retardants which could promote the char formation of cotton fabric and inhibit the production of
�ammable gas (Wang, Zhong, Zhang, Li, Tian, Zhang, & Zhang, 2019; Shariatinia, Javeri, & Shekarriz,
2015). Flame retardant durability is very important for the practical application of �ame retardant cotton
fabric. By forming covalent bond between the cotton �ber and phosphorus containing �ame retardants is
the effective way to improve �ame retardant durability (Jia, Hu, Zheng, Zhang, Zhang, & Liang, 2017a; Jia,
Hu, Zhang, Liang, & Zhang, 2017b; Zheng, Zhou, Zhong, Zhang, & Zhang, 2016). Tetrakis (hydroxymethyl)
phosphonium chloride (THPC) is one of the most widely used durable �ame retardants for cotton fabric,
which contains reactive hydroxylmethyl groups forming the covalent bond with cotton �ber (Zhao, Liu,
Zhang, Liu, Li, & Liu, 2017; Zhang, Williams, Shrestha, Nasir, Becher, Lo�nk, & Sun, 2017). However, the
treated cotton fabric would release formaldehyde which is the probable human carcinogen during the
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processing and using process. Therefore, these �ame retardants are restricted to use (Liu, Chen, & Wanga,
2012; Lessan, Montazer, & Moghadam, 2011).

Nowadays, bio-based �ame retardants have been studied extensively (Feng, Zhou, Li, He, Zhang & Zhang,
2017; Liu, Zhang, Peng, Ren, Cheng, Ding, Su, Hu, & Lin, 2020). Phytic acid (PA) as bio-based �ame
retardant has been used to �ame retardant treatment for cotton, silk and wool fabrics (Zhang, Ma, Leng, &
Wang, 2019; Cheng, Guan, Yang, & Tang, 2017; Cheng, Guan, Yang, Tang, & Yao, 2019). PA is a kind of
soluble organic phosphorous acid, which could be removed by washing resulting in poor durability of
�ame retardant treated fabric. Layer-by-layer (LBL) assembly method is a simple and eco-friendly method
which has been studied to use in the �ame retardant �eld in recent years (Qiu, Li, Li, & Zhang, 2018; Li,
Schulz, Mannen, Delhom, Condon, & Chang, 2010; Fang, Liu, & Tao 2019). Intumescent �ame retardant
(IFR) nanocoating were LBL assembly on cotton fabric by traditional and renewable phosphorus and
nitrogen containing �ame retardants to achieve excellent �ame retardancy (Laufer, Kirkland, Morgan, &
Grunlan, 2012; Li, Mannen, Morgan, Chang, Yang, Condon, & Grunlan 2011). However, these �ame
retardant coatings on fabric through LBL assembly resulted in poor durability due to the weak
combination of polyelectrolytes by the electrostatic force (Pan, Liu, Wang, Song, & Hu, 2018). Improving
the �ame retardant durability of these coating is extremely signi�cant for the practical application. The
opposite charge polyelectrolytes forming the insoluble coating on fabric surface would improve the �ame
retardant durability (Cheng, Tang, Yao, & Yang, 2019). The �ame retardant coating also could in�uence
the physical and mechanical properties of cotton fabrics.

In order to balance �ame retardancy and physical and mechanical properties of coated cotton fabrics, we
propose to control the layer-by-layer assembly process to form �ame retardant coating with gradient
structure, which hasn’t been reported. In this paper, polyethylenimine (PEI) and PA were used to construct
the �ame retardant coating on cotton fabric surface through LBL assembly method. PA was used as the
organic phosphorus acid, and PEI containing nitrogen element which coupled with PA to form P-N
synergistic IFR system. The gradient structure of PEI/PA coating on cotton fabric was formed by
reasonable controlling the LBL assembly process to investigate the in�ucence of the �ame reteardancy
and physical and mechanical properties of coated fabrics. The PEI/PA �ame retardant coating was
anticipated to achieve good �ame retardant durability by forming the insoluble coating on cotton fabric.
The �ame retardancy and durability of PEI/PA �ame retardant system on cotton fabric were studied, and
its �ame retardant mechanism was also investigated in this research.

2. Experimental
2.1. Materials and Chemicals

Pure cotton woven fabric (105 g/m2) was purchased from Dongguan Yunfan Textile Co., Ltd.
(Guangdong, China). Phytic acid (PA) solution (70 wt.%) and polyethylenimine (PEI, M.W. 10000, 99%)
were purchased from Aladdin reagent Co., Ltd (Shanghai, China).

2.2 Flame retardant and anti-crease modi�ed of cotton fabric
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3 wt.% PEI solution was prepared by dissolving in deionized water. Different mass concentration of PA
solutions (1.5 wt.%, 2 wt.%, 3 wt.%) were prepared by diluting the PA (70 wt.%) solution in deionized water.
Cotton fabric was immersed in the 3wt.% PEI solution for 30 min �rstly, after the cotton fabric was dried at
80 °C for 1h. Then the cotton fabric was immersed in the different concentration PA solution and dried at
80 °C for 1h. All the samples were repeated the cyclic process for three cycles, the process was shown in
Fig 1. The concentration of PEI solution was kept the same in whole process, while the concentration of
PA solution was different of the three cycles for different samples to form gradient structure, the speci�c
formulations were shown in Table 1. After the samples completing three immersion cycles, they were
rinsed for 2 min by deionized water and dried at 80 °C for 1h.

Table 1 Different formulations of different PA solution concentration for the three cycles of immersion
cyclic process

Sample PA solution concentration (%)

1 2 3

C1 1.5 1.5 3

C2 1.5 3 3

C3 2 2 3

C4 2 3 3

C5 3 3 3

The add-on of coated cotton fabrics were calculated as follows:

Where W0 is the weight of the uncoated cotton fabric, W is the weight of cotton fabrics after different
treatments.

2.3. Characterization

Fourier transform infrared (FTIR) spectra of cotton fabrics before and after coating were determined by a
Thermo Nicolet Avatar 6700 FTIR (Thermo Electron, USA). 

LOI value and vertical burning test were used to evaluate the �ame retardancy of cotton fabrics before
and after coating. LOI value was conducted according to ASTM D2863 testing procedure by a JF-3
oxygen index instrument (Jiangning Analysis Instrument, China) at room temperature. Vertical burning
test was performed on the YG(B)815D-I �ame retardant performance tester (Wenzhou Darong, China)
according to ASTM D6413 testing procedure. The �ame retardant durability of coated cotton fabrics was
determined according to AATCC 61-2006. The coated cotton fabrics were washed at 49℃ for 45 min by
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using 2 g/L synthetic detergent representing 5 home machine laundering cycles (LCs) (Ling, & Guo,
2020). 

The tensile strength of cotton fabrics was determined by a YG(B) 026G electronic fabric tensile tester
(Wenzhou Darong, China) according to ASTM D5034 standard. The stiffness
of cotton fabrics was measured by the bending length of fabric in warp direction which was
determined according to ASTM D 1388-96 (2002) standard by an YG(B) 022D automatic fabric stiffness
tester (Wenzhou Darong, China) to evaluate the handle feel of cotton fabric. All the samples were
balanced under the constant temperature and humadity (20±2 °C, 65±5% RH) for over 24 h. And the
whiteness of cotton fabrics before and after coating was determined by WSB-3A intelligent digital
whiteness tester (Wenzhou Darong, China).

DTG-60H thermal analyzer (Shimadzu, Japan) was used to investigate the thermal stability of cotton
fabrics both under nitrogen and air atmosphere with a heating rate of 10 °C/min in the range of room
temperature and 800 °C. The morphology of cotton fabrics and char residues were determined by a
Hitachi S-4800 scanning electron microscopy (SEM). 

3. Results And Discussion
3.1. FTIR analysis of cotton fabric

The FTIR spectra of cotton fabrics before and after coating are shown in Fig 2.

As can be seen from Fig 2, the peaks at 2900 cm-1, 1640 cm-1, 1420 cm-1, 1365cm-1 and 1100 cm-1 in the
uncoated cotton FTIR spectra curve which are assigned to the characteristic peaks of cellulose
macromolecule of cotton. While these peaks are almost disappeared in the FTIR spectra curve of coated
one. And the new peak at 1650 cm-1 which is assigned to the vibration absorption of N-H bond of PEI. The
new peaks at 1160, 1060 and 983 cm-1 are attributed to the characteristic absorption peaks of P=O, O-P-C
and P-O bonds. These results demonstrated that PEI and PA have been successfully applied on cotton
fabric.

3.2 Morphology of cotton fabrics

The surface morphology of cotton fabrics before and after coating are shown in Fig. 3.

As can be seen from Fig. 3, the surface of uncoated cotton fabric was �at and smooth. While the surface
of cotton fabrics after coating was rough, and the coating layer became thicker and thicker for the
samples of C3, C4 and C5. Therefore, the SEM results also showed that PEI and PA were successfully
formed the coating on cotton fabrics.

3.3. Flame retardancy and durability of coated cotton fabric

3.3.1 Flame retardancy of cotton fabrics
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The results of LOI values and vertical burning test of cotton fabrics are listed in Table 2. The tensile
strength, bending length and whiteness of cotton fabrics are also listed in Table 2. Fig 4 shows the digital
photographs of cotton fabrics after vertical burning. 

Table 2 Flame retardancy and physical properties of cotton fabrics before and after coating

Sample add-
on

(%)

LOI

(%)

Vertical burning test Tensile
strength retention

(%)

Bending
length

(mm)

Whiteness

Char
length
(mm)

After

-�ame
time(s)

After

-glow
time(s)

uncoated - 18.0 Burn
out

6.4 26.8 - 25.7 82

C1 25.6 36.7 108 0 0 69.9 33.2 75

C2 30.4 38.5 102 0 0 65.6 40.5 75

C3 29.3 34.5 103 0 0 62.7 40.8 76

C4 45.2 40.0 88 0 0 59.2 41.2 74

C5 51.1 54.0 80 0 0 37.0 44.6 73

 As shown in Table 2 and Fig. 4, the LOI value of uncoated cotton fabric was only 18%, which was burnt
out with the after-�ame time of 6.4s and after-glow time of 26.8s indicating high �ammability of origin
cotton fabric. The LOI values of coated cotton fabrics are all over 30%, and LOI value increased steadily
with the add-on of different samples. When the add-on was 45.2%, the LOI value reached 40% for C-4. As
for the sample of C-5, its LOI value was 54% with the highest add-on of 51.1% among the samples in this
research. The vertical burning performance of coated cotton also related with the add-on, the char length
decreased with the add-on. It decreased to around 100 mm when the add-on was low than 30%, and it
could continue decrease to 80 mm of C-5. Both the after-�ame time and after-glow time for all the
samples after coating were 0s. The �ame retardancy of cotton fabric was greatly improved after the LBL
assembly PEI/PA coating. 

The physical properties of cotton fabric including tensile strength, softness and whiteness are very
important for its practical application. Table 2 also shows the tensile strength retention, bending length
and whiteness of cotton fabrics before and after coating. The tensile strength retention of coated cotton
fabrics reduced linearly with the add-on and the PA concentration for the �rst immersion cycle. Cellulose
macromolecule in cotton fabric was easily acid degradation, the strong acidic PA solution may destroy
the cellulose macromolecule resulting in the decreasing of strength. PA solution concentration was lower
than 2% for the �rst and/or second immersion cycles, the strength retention of cotton fabric was around
or over 60%. While the PA solution concentration was 3% for the �rst immersion cycle, the strength
retention was only 37%. The reason about this may be due to that the low PA concentration for the �rst
and/or second immersion cycles to form the PEI/PA coating with gradient structure of gradual increasing
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Sample add-
on

(%)

LOI

(%)

Vertical burning test Tensile
strength
retention

(%)

Bending
length

(mm)

Whiteness

Char
length
(mm)

After

-�ame
time(s)

After

-glow
time(s)

C2-1 19.7 35.0 96 0 0 81.6 29.9 75

C2-2 24.2 37.5 92 0 0 78.8 37.5 74

C2-3 29.2 40.5 87 0 0 73.8 38.2 74

uncoated - 18.0 Burn out 6.4 26.8 - 25.7 82

PA concentration, which bring less in�uence of cotton fabric, and PA may form the �lm with PEI to protect
the cellulose macromolecule to be destroyed in the high concentration of PA solution for the next
immersion cycles. Therefore, the PEI/PA coating with gradient structure could form by reasonable
controlling PA solutions during the LBL assembly process cycles. The bending length of coated cotton
fabrics increased steadily with the add-on of coated cotton fabric indicating the softness of the coated
cotton fabrics was in�uenced to increase the stiffness. Especially when the add-on of coated cotton
fabrics higher than 30%, their softness would be in�uenced with the increasing of bending length higher
than 60%. The whiteness of coated cotton fabric after coating was reduced comparing with uncoated one,
but it hasn’t caused serious in�uence of the appearance. Therefore, the �ame retardant cotton fabrics by
PEI/PA coating endowed them with excellent �ame retardancy. While the PEI/PA coating may brought out
adverse in�uence on the physical properties of cotton fabrics, especially when the add-on of PEI/PA
coating was higher than 30%. 

In order to balance the �ame retardancy and physical properties, the coated cotton fabrics with lower add-
on of PEI/PA coating was investigated by reducing the immersion time. The concentration of PEI and PA
solutions were chose as C2, while the LBL assembly process was different from the previous process. The
speci�c process was as follow: the immersion time of cotton fabric in the PEI and PA solutions was 5 min
for the �rst cycle, while the next immersion cycles for 1 min. The samples were named by C2-1, C2-2 and
C2-3 which were repeated the cyclic LBL process by 4, 5 and 6 times. The �ame retardancy, physical and
mechanical properties of coated cotton fabrics were shown in Table 3.

Table 3 Flame retardancy, physical and mechanical properties of cotton fabrics 

As can be seen from Table 3, the cotton fabric with lower add-on of PEI/PA coating also obtained
excellent �ame retardancy. All the LOI values of the coated fabrics were  higher than 35%, even when the
add-on of PEI/PA coating was low about 20%. And the char length of all coated fabrics were less than 100
mm with no after-�ame and after-glow. And the tensile strength retention of all coated fabrics were higher
than 70%, it could reach higher than 80% when the add-on was about 20%. The bending length of all
coated fabrics were also greatly reduced comparing with that the fabrics were long time immersion (as
shown in Table 2) . The bending length of C2-1 was just increased about 16% comparing with the
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uncoated one. And the whiteness of all coated fabrics were less in�uenced. Therefore, the cotton fabric
achieved excellent �ame retardancy and physical and mechanical properties when the add-on of PEI/PA
coating was about 20% by the short time immersion of LBL assembly method. 

3.3.2 Flame retardant durability of coated cotton fabric

The �ame retardant durability is very important for the practical application of textile fabric. The LOI
values of coated cotton fabrics after different washing cycles are shown in Table 4. 

Table 4 LOI values of treated cotton fabric after different washing cycles 

Sample LOI(%)

0 5 LCs 10 LCs 20 LCs

C2-1 35.0 27.3 25.8 22.3

C2-2 37.5 31.0 28.3 24.0

C2-3 40.5 33.2 30.0 26.3

As can be seen from Table 4, the LOI values of all coated samples greatly decreased after 5 LCs, while all
of them were over 27%. As for 10 LCs, the LOI values of coated cotton fabric were over 26% except for C2-
1. After 20 LCs, the LOI value of C2-1 and C2-2 were 22.3% and 24.0% indicating their �ame retardancy
was greatly reduced. While the LOI value of C2-3 was 26.3% revealing it still possessed �ame retardancy.
These results demonstrated that the coated cotton fabrics possessed good �ame retardant durability. The
reason about this may be due to PEI and PA would form insoluble polymer �lm on the cotton fabric
surface (Cheng, Tang, Yao, & Yang, 2019).

3.4. Thermal stability of cotton fabric

The thermal stability of cotton fabrics before and after coating were investigated by TGA both
under nitrogen and air atmosphere, which were shown in Fig. 5 and Table 5, including the onset
decomposition temperature (T-10% represents the temperature of 10 wt% mass loss), the temperature of
maximum mass loss rate (Tmax), the mass loss rate at Tmax and the char residues at 800 °C.

Table 5 TGA data of cotton fabrics under nitrogen and air atmosphere

As can be seen from Fig. 5a and Table 5, there are only one mass loss stage of the cotton fabrics before
and after coating under nitrogen atmosphere. The onset decomposition temperature decreased from 340
°C of uncoated one to 280°C of C2-1. It continued decreased to 262°C for C2-3. The Tmax of coated cotton
fabrics were also lower than the uncoated one. The lower T-10% and Tmax may be ascribed to the low
decomposition temperature of PEI and PA and the promoting degradation of cotton fabric at onset
decomposition stage. The mass loss rate at Tmax of coated cotton fabric greatly decreased, and the char
residues at 800 °C increased from no char residue of uncoated cotton to 6.86%, 19.95% and 24.98% of C2-
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  Samples T-10% (°C) Stage 1 Stage 2 Residue
at
800 °C

(wt%)

Tmax

(°C)

The mass loss rate
at Tmax (%/°C)

Tmax

(°C)

The mass loss
rate at Tmax (%/
°C)

N2 uncoated 340 378 2.50 - - 0

C2-1 280 318 1.43 - - 6.86

C2-2 275 315 1.26 - - 19.95

C2-3 262 313 1.14 - - 24.98

Air uncoated 306 365 2.53 512 0.56 0

C2-1 266 302 1.70 514 0.26 1.86

C2-2 255 303 1.62 520 0.24 5.21

C2-3 238 292 1.30 530 0.17 9.36

1, C2-2 and C2-3, respectively. These demonstrated that the �ame retardant coating of cotton fabric would
improve the thermal stability at higher temperature and promote the char formation under nitrogen
atmosphere.

As can be seen from Fig.5b and Table 5, the cotton fabrics before and after coating both existed two main
mass loss stages under air atmosphere. The �rst stage is mainly arisen from the dehydration of cellulose
and the decomposition of levoglucosan, �ammable gas and char, and the second stage may be due to the
char further oxidized  decomposition to form CO2 and CO. The T-10% and Tmax of coated cotton fabrics
also much lower than that of uncoated one, and the reason may be the same with that under nitrogen
atmosphere. While the Tmax of coated cotton fabrics at second stage were higher than uncoated one.
Both the mass loss rate at Tmax of the two stages were lower than that of the uncoated one. The char
residues at 800 °C under air atmosphere of coated cotton fabrics increased to 1.86%, 5.21% and 9.36% of
C2-1, C2-2 and C2-3, respectively. These also revealed that the �ame retardant coating on cotton fabrics
could improve the thermal stability at higher temperature and promote the char formation under air
atmosphere. Therefore, PEI/PA coating promoted the char formation of cotton fabric both under nitrogen
and air atmosphere. And the �ame retardant mechanism by this coating of cotton fabric mainly act
through condensed phase �ame retardant action. 

The TGA results of coated cotton fabrics after 20 LCs are shown in Fig .6 and Table 6. 

Table 6 TGA data of coated cotton fabrics after 20 LCs under nitrogen and air atmosphere

 As can be seen from Fig.6 and Table 6, both the thermal decompositon process of coated cotton fabrics
after 20 LCs under nitrogen atmosphere and that under air atmosphere are the same with that before
washing. The main difference between the coated fabrics before washing and after washing is the char
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  Samples T-10% (°C) Stage 1 Stage 2 Residue
at
800 °C

(wt%)

Tmax

(°C)

The mass loss rate
at Tmax (%/°C)

Tmax

(°C)

The mass loss
rate at Tmax (%/
°C)

N2 C2-1 288 313 1.89 - - 0.37

C2-2 272 315 1.57 - - 1.33

C2-3 263 312 1.43 - - 3.04

Air C2-1 275 305 1.61 512 0.12 0.29

  C2-2 267 304 1.57 513 0.12 1.26

  C2-3 268 303 1.49 513 0.12 2.80

residue at 800 °C, which quite decrease after 20 LCs. However, the char residues at 800 °C of coated
fabrics were still higher than the uncoated one. This shows the coated fabrics still contain the PEI/PA
coating on their surface con�rming the PEI/PA coating possesses good washing duability, which is
concidence with the LOI results of coated fabrics after washing.

3.5. Morphology of the char residues 

The SEM morphology images of char residues of cotton fabrics after vertical burning were shown in Fig.
7.

As can be seen from Fig. 7, uncoated cotton fabric was burnt to form ash with no char   residue, and the
�ber shape was destroyed. While the coated cotton �ber shape was kept intact after vertical burning.
There are also covering with char layer on the residual cotton �ber. These results also revealed that the
PEI/PA coating could promote char formation. There also exist small bubbles on the char residue surface
of coated cotton fabrics which may be arisen from the intumescent �ame retardant (IFR) action by PEI/PA
coating, and the PEI containing N element could coupled with PA to form P-N synergistic effect. Therefore,
PEI and PA could construct P-N synergistic IFR system on cotton fabric surface to endow it with excellent
�ame retardancy.

4. Conclusion
In this study, we propose to control the layer-by-layer assembly process to construct the PEI/PA coating
with gradient structure of gradual increasing PA concentration to balance the �ame retardancy and
physical and mechanical properties of cotton fabrics. LOI values and vertical burning test of coated
cotton fabrics revealed that their �ame retardancy was greatly improved. The LOI values of coated cotton
fabric reached over 40% with the char length lower than 100 mm. The strength retention of coated cotton
fabric retained over 60% through the strategy of low PA concentration for the �rst and/or second
immersion cycle of LBL assembly to form gradient structure. By reducing the immersion time to LBL
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assembly, PEI/PA coating would cause less in�uence on the physical properties of cotton fabrics. The
cotton fabrics achieved excellent �ame retardancy and physical and mechanical properties when the add-
on of PEI/PA coating was about 20% by the short time immersion of LBL assembly method. TGA results
of coated cotton fabrics showed that PEI/PA coating promoted char formation both under nitrogen and
air atmosphere revealing the obviously condensed phase �ame retardant action. SEM results of the char
residues of cotton fabric before and after coating demonstrated that PEI/PA �ame retardant system could
promote the formation IFR char layer. This research provides new strategy for the development of high-
e�ciency �ame retardant cotton fabrics with good durability and physical properties by LBL assembly
method.
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Figure 1

Schematic representation of LBL assembly �ame retardant process
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Figure 2

FTIR spectra of cotton fabrics (a) before and (b) after coating

Figure 3

Surface morphology of cotton fabrics (a) uncoated, (b) C3, (c)C4, and (d)C5.
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Figure 4

The digital images of cotton fabrics after vertical burning test (a) uncoated, (b) C-1, (c) C-2, (d) C-3, (e) C-4
and (f) C-5.
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Figure 5

TG and DTG curves of cotton fabrics under (a) nitrogen and (b) air atmosphere.
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Figure 6

TG and DTG curves of coated cotton fabrics after 20 LCs under (a) nitrogen and (b) air atmosphere.

Figure 7
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The morphology of char residuals of cotton fabrics (a) uncoated, (b) C2-1, (c) C2-2 and (d) C2-3.
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