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Abstract
Nylon fabric possesses high strength, good resilience, abrasion resistance and moisture absorption which is widely used as 
the textile materials. However, there are some potential safety risks due to its high flammability, poor heat and light stability, 
and melt-dripping phenomenon during combustion. In this paper, nylon fabric was multifunctional modified by bio-based 
tannic acid (TA) and phytic acid (PA) to obtain flame retardancy, ultraviolet protection and antibacterial properties simultane-
ously. The multifunctional coating was constructed on nylon fabric using the simple finishing method. The limiting oxygen 
index (LOI) of treated nylon fabric significantly increased to 39%, and its dripping was completely eliminated, showing 
excellent flame retardancy and anti-dripping property. In order to improve the washing durability of the multifunctional 
coating, polyethyleneimine (PEI) was introduced to form covalent and ionic bonds with TA, PA and nylon fabric to enhance 
the interfacial binding strength. After four times washing, the LOI value of treated fabric was still higher than 29% showing 
good washing durability. The antibacterial rates of treated nylon fabric against E. coli and S. aureus were higher than 99%. 
And the ultraviolet protection factor (UPF) value of treated nylon fabric increased from 12.105 to 264.82, showing excel-
lent antibacterial and ultraviolet protection properties. This research provides the experimental basis for multifunctional 
modification of textile fabrics by using bio-based compounds.
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1 Introduction

Nylon fabric is used extensively in aerospace, automotive, 
electronic appliance, military, home decoration and indus-
trial textile industries because of its excellent physical and 
mechanical properties, including exceptional wear resist-
ance, high strength, and chemical resistance [1]. However, 
it has non-negligible shortcomings, such as the poor light 
stability and easy oxidation in prolonged high temperature 
environment, resulting in the discoloration and brittleness of 
nylon fabric [2]. And its high flammability and melt-drip-
ping during combustion cause the potential safety hazards 

[3, 4]. Therefore, improving the flame-retardant properties 
and light stability of nylon fabrics has practical significance.

At present, the main flame-retardant methods for syn-
thetic fiber and fabric are blending method, copolymeriza-
tion method, and flame-retardant finishing method [5, 6]. 
Among the above methods, finishing method is widely used 
for the advantages of easy application, simplicity and low 
cost [7, 8]. The commonly used flame-retardant finishing 
methods include pad-dry-cure, coating, layer-by-layer (LBL) 
assembly, sol–gel and graft modification [9–12]. And the 
pad-dry-cure method is the widely used finishing method. In 
recent years, with the increasing awareness of environmental 
protection, green flame retardants have become an impor-
tant development direction in flame-retardant field [13, 14]. 
Bio-based flame retardants have received more and more 
attention, such as DNA, protein, chitosan (CS), phytic acid 
(PA) and tannic acid (TA) [15].

PA is a natural organophosphorus compound rich in 
phosphorus content (28 wt%), which is known as a “green” 
compound and an excellent bio-based flame retardant. 
Our previous research has studied to construct a PEI/PA 
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intumescent flame-retardant (IFR) coating with a gradient 
structure on cotton fabric using LBL method [16]. The 
PEI/PA-coated cotton fabric obtained excellent flame-
retardant properties with the LOI value higher than 40%. 
Our research group has also studied to flame-retardant 
treatment of PET fabrics by PEI/PA coating. The LOI 
value of coated PET fabric could increase to higher than 
40% from 21.3% of uncoated fabric. And the coated PET 
fabric had no melt-dripping [17]. The bio-based flame 
retardants have also been studied to flame retardant of 
nylon fabric. Kundu et al. [18] reported to construct the 
fully bio-based IFR coating on nylon fabric using CS, PA 
and oxidized sodium alginate (OSA). The dripping of 
treated nylon fabric was eliminated, while its LOI value 
increased slightly to 21.8% indicating that the flame retar-
dancy of treated nylon fabric was not improved obviously. 
Kundu et al. [19] studied to synthesize the phosphorylated 
CS which was grafted onto the surface of nylon fabrics 
and modified by (3-aminopropyl) triethoxysilane (APTES) 
to form a cross-linking coating through sol–gel process. 
Though the LOI value of treated nylon fabric reached 
24.3%, the flame retardancy of treated nylon fabric was 
not satisfactory.

TA as the bio-based polyphenol could be an excellent 
carbon source in intumescent flame-retardant system. Pre-
vious researches have confirmed that TA can play a good 
synergistic effect with phosphorus containing acid sources 
[20, 21]. Kulkarni et al. [22] reported that a novel surface 
functionalization method to improve the flame retardancy 
of nylon/cotton fabric using a synergistic combination of 
TA and PA. Moreover, TA has excellent antibacterial and 
ultraviolet (UV) protection properties [23–26]. Luo et al. 
[27] reported to prepare multifunctional protective cotton 
fabrics by LBL assembly TA and PA. The modified cotton 
fabrics exhibited excellent flame retardancy, antibacterial 
and UV protection properties. Zhou et al. [28] reported to 
prepare environmentally friendly cotton fabric with UV 
resistance and flame-retardant properties by using TA and 
PA. However, the multifunctional modification of nylon 
fabric using bio-based TA and PA has not been reported.

In this study, bio-based PA and TA were used for mul-
tifunctional modification of nylon fabric through finishing 
method to endow it with flame retardancy, antibacterial 
and UV protection properties. However, the durability of 
multifunctional fabric was poor due to the water solubil-
ity of both PA and TA. In order to improve the washing 
durability of multifunctional fabric, PEI was introduced 
into the PA/TA system in this research which could form 
insoluble polymer with PA [16]. The flame retardant, anti-
bacterial and UV protection properties of multifunctional 
finished nylon fabric were studied, and the washing dura-
bility was also investigated.

2  Experimental

2.1  Materials and Chemicals

Phytic acid solution (PA, 50%) was purchased from 
Huangshan Shexian Xingcheng Phytic Acid Co., Ltd. Pol-
yethyleneimine (PEI, M.W. 10,000, 99%), sodium dodecyl 
sulfate and glacial acetic acid were purchased from Shang-
hai Aladdin Biochemical Technology Co., Ltd. Tannic acid 
(TA, AR) and sodium hydroxide (NaOH, 96%) were pur-
chased from Shanghai Macklin Biochemical Reagent Co., 
Ltd. Nylon oxford fabric (130 g/m2) was purchased from 
Zhejiang Qianxun Textile Co., Ltd.

2.2  Multifunctional Finished Nylon Fabric

2.2.1  Treatment of Nylon Fabric with TA

The nylon fabric was put into sodium hydroxide solution 
(4 g/L), and then it was heated to 100 °C and kept for 
30 min. After treatment, the nylon fabric was washed with 
deionized water and dried at 80 °C for 30 min.

A certain amount of TA were added into deionized 
water which was stirred until the TA was completely dis-
solved to prepare 10% TA solution. The sodium dodecyl 
sulfate (0.04 g) and glacial acetic acid (20 g) were added 
into this solution to adjust the pH to 3.5. Then, the TA 
solution was heated to 40 °C, and the nylon fabric was 
immersed in TA solution for 30 min, and then the solu-
tion was heated to 100 °C with a heating rate of 1 °C/min 
and kept at this temperature for 60 min. After that, it was 
washed in deionized water at 60 °C for 2 min and dried at 
80 °C for 30 min.

2.2.2  Flame‑Retardant Treatment of Nylon Fabric

50% PA solution was diluted into the deionized water to 
prepare 20% PA solution. A certain amount of pure PEI 
was added into the deionized water to prepare 3% PEI 
solution. The TA-treated nylon fabric was immersed into 
20% PA solution for 3 h to make nylon fabric combining 
with PA adequately, and then it was dried at 80 °C for 
30 min. The treated nylon fabric was immersed in 3% PEI 
solution for 3 min, which was padded with the wet-pick 
up of 60 ~ 70%, and dried at 120 °C for 10 min. And then, 
the treated nylon fabric was immersed in 20% PA solu-
tion for 3 min, which was padded with the wet-pick up of 
60 ~ 70%, and dried at 120 °C for 45 min. Repeating the 
above dip-pad-dry process for 2 and 4 times, the treated 
samples were named TA/PA/PEI-2 and TA/PA/PEI-4, 
respectively. And the samples without TA were named PA/
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PEI-2 and PA/PEI-4, respectively. Flame-retardant treat-
ment process and the combination of nylon fabric, TA, PA 
and PEI are shown in Fig. 1.

2.3  Characterization

Fourier transform infrared spectroscopy test (FTIR) of nylon 
fabric was carried out on FTIR (IRPrestige-21, Shimadzu, 
Japan) in the range of 4000–500   cm−1. Flame-retardant 
properties were determined by LOI value on a JF-3 oxygen 
index instrument (Jiangning Analysis Instrument, China) 
according to GB/T 5454-1997, and the vertical burning 
test on a YG (B)815D-I fabric combustion tester (Wen-
zhou Darong, China) according to GB/T 5455-1997. The 
durability of flame-retardant nylon fabric was evaluated by 
determining the LOI values after four times washing. The 
washing process was performed at 49 °C for 45 min using 
2 g/L synthetic detergent according to AATCC 61-2006 
standard. The morphology of nylon fabrics and char resi-
dues were observed by field emission scanning electron 
microscope (FE-SEM, Hitachi S-4800, Japan). The thermal 
mass loss rates both under air and nitrogen atmosphere were 
measured on a microcomputer differential thermal balance 
(DTG-60H, Shimadzu, Japan) in the temperature range from 
30 to 700 °C. The gas flow rate and the heating rate were 
20 ml/min and 10 °C/min, respectively. The antibacterial 
properties of treated nylon fabrics were tested according to 
GB/T 20944.3–2008 standard, the antibacterial rates of the 
samples were calculated. The UV protection properties of 
nylon fabrics were determined on a YG902C UV transmit-
tance tester according to GB/T 18830-2009 standard, and 
the values of ultraviolet protection factor (UPF), T(UVA) 
and T(UVB) were recorded, respectively.

3  Results and Discussion

3.1  Characterization of Treated Nylon Fabric

Figure 2 shows the FTIR spectra of nylon fabrics before and 
after treatment.

As shown in Fig.  2, the absorption peak at about 
3400  cm−1 in the spectral curve of untreated nylon fabric 
corresponds to the amine group. And the peaks at 2938 and 
2867  cm−1 correspond to the methylene group. The peak 
at 1638  cm−1 is assigned to amide I causing by the C = O 
bond. And the peak at 1542  cm−1 is attributed to the amide 
II stretching vibration absorption peak belonging to the N–H 

Fig. 1  Flame-retardant treat-
ment process of nylon fabric 
and the combination of nylon 
fabric, TA, PA and PEI

Fig. 2  FTIR curves of nylon fabric before and after treatment
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bond. As for the treated nylon fabric (PA/PEI-4 and TA/
PA/PEI-4), the new absorption at 1650  cm−1 is attributed 
to absorption peak of the N–H bond from the PEI. The new 
absorption peaks at 1160, 1058 and 983  cm−1 belong to the 
characteristic peaks of the P = O, O–P–C and P–O bonds 
of PA. These results show that PA and PEI have been suc-
cessfully attached to nylon fabrics. And the new peaks at 
1307  cm−1 and 1177  cm−1 appear in the TA/PA/PEI-4 curve 
belong to the vibration peaks of the –C–NH–C– forming 
by TA and –NH2, indicating that TA has been covalently 
combined with nylon fabric and PEI of TA/PA/PEI-4. These 
results show that the multifunctional coating of PA, TA and 
PEI has been constructed on nylon fabrics, and the covalent 
bonds among them have been formed.

As shown in Fig. 3, the surface morphology of untreated 
nylon fiber is smooth and the fibers are clearly distinguisha-
ble. The treated nylon surface is covered with a layer of coat-
ing, and the fibers are bonded to each other. These results 
also show that the flame-retardant coating has been formed 
on nylon fabric.

3.2  Flame Retardancy of Nylon Fabric

The LOI values and vertical burning properties of nylon 
fabric are listed in Table 1. And the photographs of nylon 
fabrics after the vertical burning are shown in Fig. 4.

As shown in Table  1 and Fig.  4, the LOI value of 
untreated nylon is only 24.0%. And the damage length of 
untreated nylon fabric is 14 cm, and its dripping phenom-
enon is severe of the vertical burning. The LOI values 
of treated nylon fabrics increase with the treatment times 
of PA/PEI, which reach to 38.5% and 39% of PA/PEI-4 
and TA/PA/PEI-4, respectively. Their char lengths reduce 
to 11 cm and 10 cm, and their dripping phenomenon is 
completely eliminated. As shown in Fig. 4, the damage 
length of nylon fabric reduces with the increasing of PA/

Fig. 3  Surface morphology of nylon fabrics before and after treatment a untreated, b PA/PEI-4, c TA/PA/PEI-4

Table 1  Flame retardancy of 
nylon fabric before and after 
treatment

Sample Weight gain (%) LOI (%) Vertical burning test Dripping LOI after 
washing 
(%)Damage 

length 
(cm)

After-
flame time 
(s)

After-
glow time 
(s)

Untreated / 24.0 14.0 0 0 Heavy –
PA/PEI-2 56.2 27.5 17.0 20 0 Light 24.5
PA/PEI-4 81.7 38.5 11.0 8 0 No 26.5
TA/PA/PEI-2 57.5 29.0 16.5 18 0 Light 25.7
TA/PA/PEI-4 85.8 39.0 10.0 4 0 No 29.0

Fig. 4  Photos of nylon fabrics after the vertical burning test a 
untreated, b PA/PEI-2, c PA/PEI-4, d TA/PA/PEI-2 and e TA/PA/
PEI-4
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PEI treatment times. Though the damage length of PA/
PEI-2 and TA/PA/PEI-2 are larger than that of untreated 
nylon fabric, their dripping phenomenon is attenuated. 
After 4 times washing, the LOI values of PA/PEI-4 and 
TA/PA/PEI-4 are higher than 26%, especially that of TA/
PA/PEI-4 is higher than 29%, indicating that the flame-
retardant nylon fabric has good washing durability. The 
reason about this may be due to the strong covalent bonds 
and electrostatic attractions are formed through PEI with 
TA, PA and nylon fabric as shown in Fig. 1.

Cone calorimetry testing (CCT) was used to investigate 
the combustion characteristics of nylon fabrics as shown 
in Fig. 5 and Table 2.

As shown in Fig. 5 and Table 2, the TTI and TTF of 
TA/PA/PEI-4 are 18 s and 70 s which are much less than 
that of untreated nylon fabric. The results show that the 
combustion of nylon fabric is advanced and the com-
bustion time is shortened after treatment. The pHRR of 
TA/PA/PEI-4 is 227.84 kW/m2 which is lower than that 
of untreated nylon fabric (289.25 kW/m2). The THR of 
TA/PA/PEI-4 significantly reduce from 10.05 MJ/m2 of 
untreated one to 5.38 MJ/m2. The pHRR and THR of TA/
PA/PEI-4 reduce about 21.23% and 46.47% comparing 
with that of untreated nylon, respectively. The results 
demonstrate that the fire hazard of nylon fabrics was sig-
nificantly reduced after multifunctional treatment.

The average effective heat of combustion (av-EHC) 
of TA/PA/PEI-4 is 13.99 MJ/kg, which is lower than that 
of untreated nylon (15.70 MJ/kg). This indicates that the 
degree of combustion of combustible volatiles is reduced. 
The  CO2/CO ratio of TA/PA/PEI-4 is greatly reduced 
from 71.43 of untreated nylon to 35.40. The reason about 
this may be due to the incomplete combustion inhibit the 
conversion of CO to  CO2, which confirms the gas phase 
flame-retardant action of the multifunctional coating 
on nylon fabric. The residual mass of TA/PA/PEI-4 is 
22.60% comparing with no residue of untreated nylon. 
The result demonstrates that multifunctional coating can 
promote nylon fabric to form stable char showing obvious 
condensed phase flame-retardant action.

3.3  Thermal Stability of Nylon Fabrics

As shown in Fig. 6 and Table 3, nylon fabrics have two mass 
loss stages under air atmosphere. The first stage is caused 
by the breakdown of nylon to form small molecules and 
char residues. And the further oxidative degradation of 
unstable char residues results in the second mass loss stage. 
The  T−10%,  T1max and  R1max of flame-retardant nylon fab-
rics significantly reduced comparing with that of untreated 
one. The  T2max of flame retardant treated nylon is slightly 
higher than that of untreated nylon fabric. The char residues 
at 700 °C of PA/PEI-4 and TA/PA/PEI-4 are 26.37% and 

Fig. 5  a HRR and b THR of the nylon fabrics before and after treatment

Table 2  CCT data of PET 
fabrics before and after 
treatment

Samples TTI (s) TTF (s) pHRR (kW/m2) THR (MJ/m2) av-EHC (MJ/kg) CO2/CO Residual 
mass 
(%)

Untreated 56 131 289.25 10.05 15.70 71.43 0
TA/PA/PEI-4 18 70 227.84 5.38 13.99 35.40 22.60
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24.35% comparing with 2.77% of untreated one. The results 
show that the PA/PEI and TA/PA/PEI coatings can promote 
nylon fabric to form char.

Both untreated and treated nylon fabrics have one mass 
loss stage under  N2 atmosphere. The  T−10%,  Tmax and  Rmax 
of nylon fabric after treatment are significantly lower than 

Fig. 6  TG and DTG curves of nylon fabrics before and after treatment under a air and b  N2 atmospheres

Table 3  TGA data of nylon 
fabrics before and after 
treatment

T−10% is the onset degradation temperature corresponding to the temperature of 10% mass loss, the maxi-
mum mass loss rate is defined as  Rmax,  Tmax is the temperature at  Rmax

Samples T−10% Stage 1 Stage 2 Residue at 
700 °C (wt%)

T1max (°C) R1max (%/°C) T2max (°C) R2max (%/°C)

Air Untreated 422.6 471,.9 1.84 553 0.087 2.77
PA/PEI-4 333.4 379 0.96 776 0.135 26.37
TA/PA/PEI-4 341.2 395 1.02 782 0.072 24.35

N2 Untreated 417.9 467.9 1.95 – – 3.472
PA/PEI-4 326 377.7 1.01 – – 27.09
TA/PA/PEI-4 317.9 375 0.89 – – 28.78
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those of untreated nylon fabric. The amount of char residues 
increase from 3.472% to 27.09% and 28.78%. The results 
also indicate that the promoting char formation effect of 
PA/PEI and TA/PA/PEI flame-retardant coatings. And the 
PA/PEI-4 and TA/PA/PEI-4 show almost the same thermal 
decomposition process. Therefore, both PA/PEI coating and 
TA/PA/PEI coating on the nylon fabric can act through con-
densed phase action by promoting the formation of char to 
act as the barrier layer for inhibiting the diffusion of com-
bustible gas and heat transfer.

3.4  SEM Images of Char Residues

SEM is used to observe the morphology of char residues, 
and the results are shown in Fig. 7.

As shown in Fig. 7, the char residue surface of untreated 
nylon fabric exists cracks and holes. However, the char resi-
due surface morphology of treated nylon fabrics changes 
obviously comparing with that of untreated one. The char 
residue of treated nylon is more continuous and intact than 
that of untreated one. And many bubbles exist on char 
residues surface of PA/PEI-4 and TA/PA/PEI-4, which are 
formed by the blowing effect of nonflammable gas originat-
ing from the PA/PEI and TA/PA/PEI flame-retardant coat-
ing. Therefore, TA, PEI and PA can form IFR system to act 
through IFR action.

3.5  Antibacterial and UV Protection Properties

Table 4 lists the data of the antibacterial and UV protec-
tion properties of nylon fabrics. As shown in Table 4, the 
antibacterial rates of original nylon fabric against E. coli 
and S. aureus are only 19% and 40%, respectively. The 
antibacterial rates of PA/PEI-2 and PA/PEI-4 against E. 
coli increase to 98.62% and 97.93%, and the antibacterial 
rates of them against and S. aureus increased to 81.25% 
and 90.23%, respectively. PA has strong acidity, which is 
not conducive to the growth of bacteria showing certain 
antibacterial properties. The antibacterial rates of TA/

PA/PEI-2 against S. aureus and E. coli could increase to 
99.87% and 99.93%. TA as a kind of plant polyphenols, 
which can destroy bacterial cell membranes and inhibit 
bacterial activity is often used as a natural antibacterial 
agent. Therefore, TA can further enhance the antibacterial 
properties of nylon fabrics.

The UV protection properties of nylon fabrics are also 
shown in Table 4. The UPF value of original nylon fab-
ric is 12.105, its T(UVA) and T(UVB) are 18.52% and 
6.22%, respectively. The UPF values of PA/PEI-2 and 
PA/PEI-4 are almost the same with that of untreated one. 
And their T(UVA) values slightly decrease to 12 ~ 13%, 
while their T(UVB) values slightly increase. These results 
indicate that the UV protection properties of nylon fab-
ric after flame retardant by PA/PEI coating have not been 
improved. While the UPF values of TA/PA/PEI-2 and TA/
PA/PEI-4 significantly increase to 154.63 and 264.82. And 
their T(UVA) and T(UVB) values greatly decrease, espe-
cially those of TA/PA/PEI-4 reduce to 2.98% and 0.16%. 
According to the GB/T 18830-2009 standard, the sam-
ples with UPF value higher than 40 and the T (UVA) less 
than 5% could be considered to have good UV protection 
property. Thus, the nylon fabric treated with TA/PA/PEI 
could obtain excellent UV protection properties. The rea-
son about this may be due to the strong UV absorption 
properties of TA originating from the benzene rings and 
carboxyl groups in its molecule.

Fig. 7  Morphology of char residues of nylon fabrics after vertical flame a untreated, b PA/PEI-4 and c TA/PA/PEI-4

Table 4  Antibacterial rate and UV protection of nylon fabrics before 
and after treatment

Samples Antibacterial rate UV protection properties

S. aureus E. coli UPF T(UVA)% T(UVB)%

Untreated 40% 19% 12.105 18.52 6.22
PA/PEI-2 81.25% 98.62% 12.429 12.98 6.46
PA/PEI-4 90.23% 97.93% 12.232 12.4 6.64
TA/PA/PEI-2 99.93% 99.87% 154.63 5.79 0.15
TA/PA/PEI-4 91.43% 98.92% 264.82 2.98 0.16
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Therefore, multifunctional modification of nylon fabric 
using bio-based PA and TA could endow it with excel-
lent flame retardancy, antibacterial and UV protection 
properties.

4  Conclusion

In this paper, the multifunctional nylon fabric were pre-
pared by simple finishing method using bio-based tannic 
acid and phytic acid. And PEI was introduced in this sys-
tem to enhance the washing durability of multifunctional 
coating. The LOI value of treated nylon fabrics reach 39%, 
and its dripping was completely eliminated, showing the 
excellent flame retardancy and anti-dripping property. And 
the LOI value of treated nylon fabric after four times wash-
ing was 29%, indicating the treated nylon fabric with TA/
PA/PEI could obtain good washing durability. The ther-
mogravimetric analysis results showed that the TA/PE/
PEI flame retardant coating could enhance the high tem-
perature stability of nylon fabric and promote it to form 
stable char. The SEM of char residues confirmed that TA/
PA/PEI could construct the IFR system to act through IFR 
action. The antibacterial rates of TA/PA/PEI treated nylon 
fabric against S. aureus and E. coli could reach to higher 
than 99%, showing excellent antibacterial properties. And 
UPF value of TA/PA/PEI treated nylon fabric increases 
from 12.105 of untreated one to 264.82, indicating the UV 
protection properties of nylon fabric are greatly improved 
after treatment with TA/PA/PEI coating. This research 
provides an experimental basis for multifunctional modi-
fication of textile fabrics using bio-based compounds to 
obtain excellent flame retardancy, antibacterial and UV 
protection properties.
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