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(LOI) of 25.7% and self-extinguished immediately 
after removing the igniter in the vertical flame test. 
Additionally, the total heat release value and heat 
release rate are significantly decreased by 59.4% and 
88.2%, respectively, in the cone calorimeter test com-
pared with pure cotton. A combined condensed-phase 
flame-retardant mechanism by forming a phosphorus-
rich intumescent and gas-phase mechanism by dilut-
ing effect of the non-flammable volatiles is proposed. 
Moreover, enhanced washing durability is achieved 
even after 10 detergent laundering cycles with a LOI 
value of 23% due to the partial chemical grafting of 
PCS on cotton fibers. Meanwhile, the tensile prop-
erty remained almost unchanged. Herein, this work 
provides a promising approach for fabricating dura-
ble flame-retardant cotton fabrics with satisfactory 
tensile performance and for applying to other fabric 
substrates.

Keywords  Cotton fabric · Chitosan · Flame 
retardancy · Durability

Introduction

Cotton fiber, a kind of natural fiber, attracts great 
attention increasingly recently in textile markets due 
to the increasing concerns regarding the effect of 
non-biodegradable synthetic polymer fibers on the 
environment, especially for these from nonrenewable 
sources. However, cotton fiber is cellulose-rich and 

Abstract  Eco-friendly biomass-based coating was 
designed to endow cotton fabrics with durable flame 
retardancy through a dip-pad-dry-cure process. The 
coating involved phosphorylated chitosan (PCS) as 
intumescent flame retardant that is fixed onto the fiber 
surface by the co-action of electrostatic interaction 
and chemical grafting. Consequently, the obtained 
fabrics exhibit good flame retardancy and improved 
durability. The resultant cotton fabrics treated by 7.5 
wt% of PCS solution show limiting oxygen index 

Supplementary Information  The online version 
contains supplementary material available at https://​doi.​
org/​10.​1007/​s10570-​022-​04566-x.

X.-L. Li · M.-J. Chen 
School of Science, Xihua University, Chengdu 610039, 
China

X.-L. Li · X.-H. Shi (*) · Q.-Y. Liu · Y.-M. Li · Z. Li · 
Y.-H. Huang 
China‑Spain Collaborative Research Center for Advanced 
Materials, College of Materials Science and Engineering, 
Chongqing Jiaotong University, Chongqing 400074, China
e-mail: sxh729@cqjtu.edu.cn

D.-Y. Wang (*) 
IMDEA Materials Institute, C/Eric Kandel 2, 
28906 Getafe, Madrid, Spain
e-mail: deyi.wang@imdea.org

D.-Y. Wang 
Universidad Francisco de Vitoria, 
Ctra. Pozuelo‑Majadahonda Km 1, 
800,  28223 Pozuelo de Alarcón, Madrid, Spain

http://crossmark.crossref.org/dialog/?doi=10.1007/s10570-022-04566-x&domain=pdf
https://doi.org/10.1007/s10570-022-04566-x
https://doi.org/10.1007/s10570-022-04566-x


5290	 Cellulose (2022) 29:5289–5303

1 3
Vol:. (1234567890)

flammable in nature with limiting oxygen index (LOI) 
of 18–19%, and it burns quickly accompanied by 
smoldering after being ignited (Lu et al. 2018; Rosace 
et  al. 2018). Statistically, most of the fire accidents 
occurring in houses involve various cotton materi-
als (Gao et al. 2015; Rehan et al. 2018; Zhang et al. 
2019). Consequently, it is urgent to impart high flame 
retardancy to cotton fibers both in scientific research 
significance and application value.

Unlike synthetic fibers that have enhanced fire 
resistance by the inclusion of flame retardants into 
their matrices (Rehman et al. 2021; Shi et al. 2022a, 
b), surface treatment is the most effective and appro-
priate method for cotton fabrics. Some commercial 
treatment methods such as Pyrovatex® and Proban® 
are phosphorus-containing and endow fabrics with 
excellent fire-resistance, laundry-resistant and soft 
handle (Abdelrahman and Khattab 2019; Lewis et al. 
2020). One of the major disadvantages is the release 
of formaldehyde in the process of using, which would 
bring severe physical discomfort, particularly for eyes 
and respiratory system (Zhang et al. 2021). Therefore, 
several studies have been devoted to exploit formal-
dehyde-free and flame-retardant cotton fabric finish-
ing strategies such as layer-by-layer (LBL) assembly, 
sol–gel reaction, grafting and so on (Liu et al. 2017a, 
b; Chen et al. 2020b, a; Wang et al. 2020a, b; Xu et al. 
2020; Zhao et al. 2017). LBL assembly technique is 
a sort of versatile and tunable strategy to construct 
flame-retardant coating on diverse substrates. How-
ever, the assembly process is always time-consuming 
and needs several bilayers to achieve satisfying flame 
retardancy (Lazar et al. 2018; Xue et al. 2020; Yang 
et al. 2013). However, the washing durability of LBL 
coating is always not mentioned. Sol–gel technique 
is regarded as a facile method to reduce flammability 
with only two steps, while changed morphology and 
reduced mechanical strength for cotton fabrics would 
occur (Yuan et  al. 2017). There are different meth-
ods to graft flame-retardant groups into cotton fibers 
such as plasma or photo induced, chemical grafting, 
ultrasonic radiation to improve flame retardancy and 
durability. However, structural damage would inevita-
bly occur due to the harsh grafting process (Liu et al., 
2021a, b, c; Liang et al. 2017; Lin et al. 2019). There-
fore, it is necessary to develop some eco-friendly 
and high-efficiency methods to fabricate durable 
flame-retardant cotton fabrics without damaging the 
mechanical properties and fibrous structure.

Environmental concerns encourage the develop-
ment of high-efficiency and renewable flame retard-
ants. As a consequence, biomass derived flame 
retardants draw great interest in improving the flame 
retardancy of cotton fabrics (Costes et al. 2017; Fang 
et al. 2019; Li et al. 2019a, b; Gao et al. 2021). Zhang 
et al. (2021) developed an eco-friendly biomass-based 
coating containing biomass tannin (TA), tartar emetic 
(TE) and Fe2+ on cotton fabrics. The fabrics showed 
great flame retardancy with excellent laundering and 
friction durability. Even after 100 laundering or fric-
tion cycles, the LOI value was hardly changed. Chi-
tosan (CS) is a kind of biomass and possesses abun-
dant deacetylated-glucosamine, serving as promising 
green charring agent and foaming agent (Leistner 
et  al. 2015; Shi et  al. 2018a, b). Nevertheless, it is 
reported that self-extinguishing cannot be achieved 
by employing chitosan alone. It is always applied in 
combination with acid source of phosphorus-con-
taining such as ammonium polyphosphate and phytic 
acid to form intumescent flame retardants (IFRs) (He 
et  al., 2022; Shi et  al. 2018a, b; Shi et  al. 2021a, b; 
Liu et al., 2021a, b, c). More specifically, the cellulose 
units in cotton fabrics can serve as carbon source. In 
this case, IFRs can generate some reactive phospho-
rus-containing acid directly in  situ at high tempera-
ture, which is able to dehydrate and generate water 
vapor, favoring the formation of thermally stable char 
structure and enhancing the fire-resistance of cotton 
fabrics (Shi et al. 2018a, b). Moreover, chitosan can 
offer cotton fabric the additional benefit of antibacte-
rial action. That action occurs by CS destroying the 
cell wall and infiltrating the cell to disturb the normal 
physiological activity of the bacterium with the posi-
tive charge of -NH3

+ in CS (Li et al. 2020).
In this work, enlightened by the aforementioned, 

we synthesized a phosphorylated chitosan (PCS) by 
Mannich condensation as IFR to improve flame retar-
dancy of cotton fabrics and functional PCS coating 
was constructed on the surface of fibers through dip-
pad-dry-cure process. During the heating and curing 
process, the PCS flame retardant can construct a net-
work within the fibers and even form covalent bonds 
with the hydroxyl groups of the cellulosic units. 
Therefore, it is expected that the obtained cotton fab-
rics would exhibit promising flame retardancy, wash-
ing fastness and mechanical strength. The morpholo-
gies and compositions of the flame-retardant cotton 
fabrics were characterized thoroughly. The flame 
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retardancy, combustion behavior and flame-retardant 
mechanism were investigated in detail. Finally, the 
washing fastness and mechanical strength of the fab-
rics were also discussed.

Experimental

Materials

Chitosan (CS) is purchased from Damas-beta (99%, 
deacetylation 90%). Formaldehyde (37–40%), urea 
(99%) and phosphorous acid (99%) are provided by 
Sinopharm Chemical Reagent Co., Ltd., Shanghai, 
China. Dicyandiamide (DCDA) is obtained from 
Yien Chemical Technology Co., Ltd Shanghai. All 
reagents are not purified before used. Deionized 
water is prepared by our laboratory. Pure cotton fab-
rics (100%; 110 g/m2) are purchased from Chaotian-
men Market (Chongqing, China) and are washed by 
2 wt% of sodium hydroxide solution at 100 °C for 3 h 
to remove the impurities and sizing agent and dried at 
80 °C overnight in a vacuum oven.

Preparation of phosphorylated chitosan

The phosphorylated chitosan (denoted as PCS) was 
prepared through a Mannich condensation reaction 
according to our previous study (Shi et  al. 2022a, b). 
As depicted in Fig. 1a. In brief, 10 g of chitosan was 
added into three-necked flask containing 200  mL 
deionized water and acetic acid was added dropwise 
until CS dissolved entirely and 4.6 g of phosphoric acid 

was added. Then 4.58 g of aqueous formaldehyde solu-
tion was added and followed by heating at 80 °C for 6 h 
under vigorous stirring. Afterwards, appropriate urea 
was added to the solution and heated to 110 °C for 2 h. 
Finally, the product was precipitated after cooling down 
to room temperature and washed by anhydrous ethanol. 
The yellowish product was dried at 80 °C for 12 h.

Preparation of flame‑retardant cotton fabrics

The preparation of flame-retardant cotton fabrics is 
illustrated in Fig.  1b. In detail, 5 wt% dicyandiamide 
was added as catalyst in different concentrations (5 
wt%, 7.5 wt%, 10 wt%) of PCS solution and stirred 
vigorously at 80  °C until dissolved completely. The 
cotton fabrics were soaked into the solution for 40 min 
followed by padding to achieve a wet pickup of 150%. 
Subsequently, the cotton fabrics were cured at 180 °C 
for 10 min and washed with deionized water to remove 
the excess PCS, and then dried at 80 °C overnight in a 
vacuum oven. The resultant flame-retardant cotton fab-
rics treated by 5 wt%, 7.5 wt% and 10 wt% of PCS solu-
tion were marked as FR1, FR2 and FR3, respectively. 
The untreated cotton fabric was marked as control.

The weight gain (WG) of treated cotton fabrics was 
calculated according to the following equation:

where WG% represents the weight gain of treated 
cotton fabrics by PCS, W1 and W0 represent the weight 

WG% =
W1 −W0

W0

× 100%

Fig. 1   a Preparation of 
PCS, b Schematic prepara-
tion process of treated 
cotton fabrics
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of cotton fabrics before and after treatment with PCS, 
respectively.

Characterization

Fourier transform infrared spectroscopy (FTIR) 
spectra and attenuated total reflection Fourier infra-
red spectra (ATR-FTIR) spectra were recorded on 
Nicolet 380 FTIR instrument scanning from 4000 to 
600 cm−1.

Scanning electron microscope (SEM) equipped 
with X-Ray spectrometry (EDX) was observed by 
Carl Zeiss EVO MA15. All the samples were cut and 
fixed with conductive adhesive and coated with gold 
dust.

X-ray photoelectron spectroscopy (XPS) was con-
ducted by Kratas AXIS SUPRA fitted with an X-ray 
source (Al Kα with photon energies 1486.6 eV).

X-ray diffraction (XRD) data were obtained by 
using a TD-3500 device (Dandong Tongda science 
and Technology Co., Ltd) at the scanning rate of 
4°/min with the step length of 0.02° in the range of 
5–60°. The flame retardant was ground using agate 
and then tested. Cotton fabric was tested without any 
treatment. The XRD data were collected in reflection 
mode.

Thermogravimetric (TG) tests were performed on 
a TGA 550 instrument from 40 °C to 700 °C at a flow 
rate of 20  mL/min and a heating rate of 10  °C/min 
under nitrogen and air atmospheres.

Limiting Oxide Index (LOI) was determined with 
a HC-2C oxygen index apparatus (Nanjing Shangy-
uan Analytical Instruments Co., Ltd. China). The 
samples were tailored into 150  mm × 50  mm strips 
according to the ASTM D2863-2000 standard.

Vertical flame test (VFT) was conducted with a 
CZF-4 vertical flame test (Nanjing Shangyuan Ana-
lytical Instrument Co., Ltd). The samples were pre-
pared into 300  mm × 80  mm according to the GB/
T5455-2014 standard and placed in a vertical flame 
of 40 mm ± 2 mm for 12 s.

FTIR spectrometer connected with a TG analyzer 
(PerkinElmer Co., USA) was used for the thermo-
gravimetry-Fourier transform infrared spectrometry 
(TG-FTIR) to analyze the gaseous components with a 
heating rate of 10 °C min−1 and a flow rate of 20 mL/
min under nitrogen atmosphere from 40 to 700  °C, 
and the corresponding spectral range was from 4000 
to 500 cm−1.

Cone Calorimeter test was conducted to assess 
the fire hazards of samples by Fire Testing Technol-
ogy (UK) according to ISO5660-1 standard under a 
25 kW/m2 heat flux with size of 100 mm × 100 mm. 
A wire grid was used to prevent expanding samples 
in the test.

The washing fastness of the flame-retardant cotton 
fabrics was tested according to ATCC Test Method 
61–2006. The samples were repeatedly washed at 
49  °C for 45  min in water and using 0.15% sodium 
dodecylbenzene sulfonate solution as the detergent. 
Each washing cycle was equivalent to five domestic 
laundering cycles.

The tensile property of cotton fabrics was con-
ducted on the electronic universal testing machine 
(Shenzhen SUNS Technology Stock Co., Ltd.) 
according to GB/T 3923.1–2013. In the test, five rep-
licates with a dimension of 200  mm × 50  mm were 
prepared. In the test, the drawing speed was 5  mm/
min at a clamping distance of 100 mm.

Result and discussion

Characterization of PCS

The chemical structure of PCS was certified by 
FTIR and XPS as presented in Fig. 2. It is clearly 
observed that there are two characteristic peaks 
at 1618  cm−1 (asymmetric deformation) and 
1513 cm−1 (symmetric deformation) for PCS com-
pared with the spectrum of CS in Fig.  2a, which 
is caused by the deformation of amino modi-
fied by phosphorous acid and formaldehyde (Liu 
et  al. 2017a, b). A weak absorption peak appears 
at 798  cm−1 and it is assigned to P-OH of PCS. 
Particularly, the amino group of CS is covered by 
the broad and strong peak of hydroxyl in the range 
from 3100  cm−1 to 3500  cm−1. To further demon-
strate the chemical state and composition of PCS, 
XPS was carried out and the result was shown in 
Fig. 2b. In detail, PCS exhibits P-containing group 
in XPS and FTIR spectrum compared with that 
of CS due to reaction between P-OH of phospho-
rous acid and -NH2 of CS, so the high-resolution 
P 2p and N 1  s spectra are checked in Fig.  2c–d. 
The spectra of P 2p exhibit the fitted peaks at 
132.91  eV (ascribed to P–C) and 133.67  eV 
(ascribed to P = O) (Shi et al. 2018a, b; Wang et al. 
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2021), which is agreement with the structure of 
PCS. The N 1 s could be deconvoluted to two peaks 
at 399.66 eV and 401.73 eV, which is attributed to 
N–C and typically protonated amine, respectively 
(Gou et al. 2021; Shi et al. 2020). Therefore, FTIR 
and XPS results confirmed that PCS is successfully 
prepared.

Characterization of the flame‑retardant fabrics

SEM was utilized to distinguish the morphology of 
cotton fabrics as presented in Fig. 3. All fabrics have 
a typical morphology of natural fabrics and main-
tain threadlike cellulose. The control cotton fabrics 
(Fig.  3a) present a clean but a little rough surface 
with distinct fiber boundary. When it comes to 5 
wt% of PCS treated fabrics, there is almost no visible 

Fig. 2   a FTIR spectra of 
CS and PCS, b XPS full 
survey spectrum of PCS, c 
P 2p spectra of PCS, d N 
1 s spectra of PCS

Fig. 3   SEM photographs 
of a Control, b FR1, c FR2, 
d FR3 and e EDX mapping 
photos of FR3
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difference from the control cotton, which is attributed 
to the padding technology with no damage to the mor-
phology of fabrics. With the increase of the concen-
tration of PCS, the boundary of fibers is increasingly 
indistinct and the surface is increasingly smooth as 
shown in Fig. 3b–d, indicating that most of the PCS is 
squeezed into the interface of cellulose and a continu-
ous thin film is built on the surface of cotton fabrics. 
Furthermore, EDX mapping was carried out to ana-
lyze the element composition and distribution of the 
flame-retardant cotton fabrics as exhibited in Fig. 3e. 
Obviously, the specific elements such as phosphorus 
and nitrogen derive from PCS are detected and these 
elements are well-distributed in the thin film of the 
flame-retardant fabrics, further confirming that the 
functional PCS coating containing phosphorus and 
nitrogen is constructed on the surface of the fabrics.

In order to demonstrate the chemical composi-
tion and state of PCS on flame-retardant cotton, 
ATR-FTIR and XPS spectra were obtained as shown 
in Fig.  4a–b. The typical functional groups of cot-
ton fabrics appear around 3332  cm−1, 3272  cm−1, 
2894  cm−1, 1053  cm−1 and 1427  cm−1 are assigned 
to the stretching vibration of C–OH, C–H, C–O–C 

and bending vibration of C–H, respectively. Nota-
bly, the absorption intensities of these characteristic 
peaks for cotton fabrics are all decreased. Meanwhile, 
the two characteristic absorption peaks at 1650 cm−1 
and 1550  cm−1 are observed due to the deformation 
to low frequency caused by the introduction of PCS 
as shown in Fig.  4a. Some new absorption peaks at 
1241 cm−1, 798 cm−1 and 764 cm−1 are also detected, 
which are attributed to P = O, P–OH and P–C, 
respectively. Furthermore, the absolute values of the 
absorbance for these new peaks are increased with 
the increasing concentration of PCS, indicating the 
uniform growth and successful formation of homo-
geneous PCS functional layer on the surface of cot-
ton fabrics. Analogously, P and N-containing groups 
are detected in FR3 compared with control fabric as 
seen in Fig.  4b, indicating the coating containing P 
and N is successfully constructed on the surface of 
cotton fabrics. Additionally, the flame-retardant fab-
ric is fabricated by simulating the industrial technol-
ogy of padding and baking to impregnate the fibers 
with flame retardant. Thus, XRD was utilized to 
analyze whether damage occurred to the structure 
of the treated fabrics. The structures of PCS and CS 

Fig. 4   a FTIR curves of 
control, FR1 and FR3, b 
XPS curves of control and 
FR3, c XRD curves of CS 
and PCS, d XRD of control 
and FR3
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were firstly detected as seen in Fig.  4c. Broad and 
weak intensity diffraction peaks are observed in XRD 
pattern for both CS and PCS. The diffraction peaks 
center at 12° and 20° are assigned to the chain seg-
ment and hydrated conformation of CS (Affes et  al. 
2022), respectively. When it comes to PCS, the dif-
fraction peak centered at 20° is shifted to 22.5° due 
to the mutual interference of phosphorous and other 
elements. For cotton fabrics as seen in Fig.  4d, the 
characteristic peaks centered at 2θ ≈ 15.06°, 16.46° 
and 22.76° are detected in XRD patterns in both 
control and FR3, which are attributed to the (1–10), 
(110), (200) crystal planes of cellulose, respectively 
(Ling and Guo 2020). The observation indicates that 
the structure of cellulose is not destroyed during the 
squeeze process. Notably, the diffraction peak of PCS 
is not observed in the spectra XRD of FR3 due to the 
coverage by peak of cellulose. The results of FTIR, 
XPS and XRD intensively demonstrate that PCS is 
squeezed into the surface of cellulose successfully 
and a continuous functional film is coated on the sur-
face of cotton fabrics.

Thermal stability

The thermal-oxidative stability of cottons was ana-
lyzed by TGA. The decomposed curves are displayed 
in Fig.  5, and corresponding data are displayed in 

Table S1. All cotton fabrics display a main decompo-
sition process and the decomposition peaks are found 
around from 240 to 270 °C in both N2 and air atmos-
pheres. The initial decomposition temperature (T5%, 
defined as temperature of 5% weight loss) and Tmax 
(the temperature where the first maximum weight loss 
occurred) of flame-retardant fabrics under N2 atmos-
phere are decreased as listed in Table S1. This phe-
nomenon is caused by the preceding decomposition 
of PCS meanwhile phosphoric acid compounds are 
generated at a relative lower temperature to promote 
the dehydration and carbonization of cotton fabrics 
(Jian et  al., 2019). The formed char layer acts as a 
barrier to prevent the matrix from degradation. As a 
consequence, the residue significantly increases from 
3.1 wt% of control to 36.3 wt% of FR3. As seen in 
Fig.  5c–d under air atmosphere, though the Tmax of 
flame-retardant fabrics still slightly decrease com-
pared with that of control, the T5% of FR3 is almost 
the same with that of control and even increased for 
FR1 and FR2. Notably, the control sample nearly 
decomposes completely at 324 °C with only 1.2 wt% 
of residue at 700  °C. The degradation rate of con-
trol fabric is obviously higher than that of the flame-
retardant fabrics, suggesting that the PCS coating 
can improve the stability of cotton fabrics and lead 
to an increased residue at 700 °C from only 1.2 wt% 
of control to 6.9 wt% of FR3. TGA results indicate 

Fig. 5   TG and DTG curves 
of cotton fabrics under N2 
a and b and air c and d 
atmospheres
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that the flame-retardant samples perform improved 
thermal oxidative stability and carbonization ability, 
which is beneficial to enhance the flame retardancy of 
cotton fabrics.

Flame retardancy and combustion behavior

Vertical flame test and limiting oxygen index are car-
ried out to evaluate the resistance of fire spreading 
under high heat feedback and ignitability, respectively 
(Li et  al. 2018). The digital photos were recorded 
during VFT as shown in Fig. 6 and the correspond-
ing data are illustrated in Table 1. As seen in Fig. 6, 
the control sample burns out rapidly after igniting and 

burns completely with little residue and the LOI value 
is only 19.0%. The afterflame time and afterglow 
time are 6 s and 30 s, respectively. When it comes to 
flame-retardant fabrics, the flame spread slows down 
and the fire even self-extinguishes. In detail, the flame 
is obviously suppressed for FR1 and slowly reaches 
the top of sample with no afterglow, exhibiting the 
LOI value of 24.6% and remaining a complete and 
soft char frame. Furthermore, FR2 and FR3 are diffi-
cult to catch the fire and easily self-extinguish imme-
diately when the igniter is removed. Both afterflame 
and afterglow phenomenon are not observed in the 
whole test. The damage length dramatically decreases 
with 83  mm and 73  mm as shown in Fig. S1. And 

Fig. 6   Digital photos of 
different cotton fabrics dur-
ing vertical flame test

Table 1   Data of LOI value 
and vertical flame test 
results of different cotton 
fabrics

Samples WG (wt%) LOI (%) Afterflame 
time (s)

Afterglow 
time (s)

Damaged length (mm)

Control 0 19.0 ± 0.2 6 ± 3 30 ± 3 Burning out
FR1 11.3 ± 0.2 24.6 ± 0.2 30 ± 2 0 Burning to the clamp
FR2 12.7 ± 0.1 25.7 ± 0.2 0 0 83 ± 2
FR3 14.1 ± 0.2 28.3 ± 0.2 0 0 73 ± 2
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the corresponding LOI value is 25.7% and 28.3% for 
FR2 and FR3, respectively. Apparently, the cotton 
fabric is transformed to flame-retardant material from 
flammable material thanks to the PCS layer on its sur-
face. It is suggested that the coating containing P and 
N is highly effective in suppressing flame spread and 
improving flame retardancy.

To fully assess the fire-retardnacy and fire safety 
of flame-retardant cotton fabrics in fire scenario, 
the cone calorimeter test (CCT) was employed and 
the results are summarized in Fig.  7 and Table  2. 
The peak value of heat release rate (PHRR) for 
FR2 reduce sharply by 88.2% in contrast with 
that of the control sample. The value of total heat 
release (THR) decreases by 59.4% from 3.4 MJ/m2 
of control to 1.3  MJ/m2 of FR2. Particularly, FR3 
cannot be ignited at the heat flux of 25  kW/m2, 
exhibiting highly flame retardancy and fire safety. 

Furthermore, the reduction of fire growth rate index 
(FIGRA is defined as PHRR divided by the time to 
PHRR) from 1.8 to 0.1 kW/ (m2 s) suggests that the 
flame propagation is inhibited. That means there is 
enough time to evacuate people or to extinguish the 
fire in an event. In addition, the declined weight loss 
rate of FR2 is detected in comparison with the con-
trol cotton as listed in Fig. 7c. The residue of FR2 is 
significantly increased to 24.6 wt% from 6.0 wt% of 
the control. The control almost burns out after CCT, 
while FR2 maintains the original shape and cellu-
lose structure as presented in Fig. 7d, implying the 
possible condensed-phase flame-retardant mecha-
nism. The aforementioned results of VFT, LOI and 
CCT all demonstrate that treated cotton fabrics 
exhibit high efficiency flame-retardant property.

Fig. 7   the results obtained 
from cone calorimeter test 
of control and FR2: a HRR 
curves, b THR curves, c 
weight loss curves, d digital 
photos of residues after 
CCT​

Table 2   CCT data of 
control and FR2

Samples PHRR (kW/m2) THR (MJ/m2) Av-HRR (kW/m2) FIGRA 
(kW/
(m2/s))

Residue (wt%)

Control 107.8 ± 3.2 3.4 ± 0.2 24.3 ± 0.5 1.8 6.0 ± 0.1
FR2 12.7 ± 1.3 1.4 ± 0.1 7.0 ± 0.4 0.1 24.6 ± 0.3
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Flame‑retardant mechanism

In order to further clarify the flame-retardant mecha-
nism, SEM was applied to observe the morphology 
and the corresponding EDX was used to analyze the 
element composition and distribution of residue after 
burning as shown in Fig.  8. The residue of control 
is fragile and disorderly after burning, displaying 
damaged morphology of cotton fabrics as shown in 
Fig. 8a. However, the residues of coated cotton fab-
rics are much more continuous and almost have no 
broken fibers as shown in Fig.  8b–d, which main-
tain the structure of cotton fabrics and integrity of 
cellulose, especially for FR2 and FR3. As shown in 
the EDX images in Fig.  8e, phosphorus element is 
well-distributed and enriched in char residue, signify-
ing the condensed-phase flame-retardant mechanism 
of PCS. Notably, there are some small particles and 
small bubbles appearing on the fibers, which indi-
cates the presence of intumescent char layer. It is 
known that chitosan is a kind of typical char-forming 
agent and PCS could work as acid source and carbon 

source at same time (Li et al. 2021; Yang et al. 2021). 
The cellulose units in cotton fabrics can serve as car-
bon source. Therefore, polyphosphoric acid can be 
generated during the combustion due to the decom-
position of PCS and promote the dehydration and 
carbonization of cotton fabrics to form stable P-con-
taining compact shield. The generated shield can 
isolate the transform of heat and oxygen, suggesting 
the condensed-phase flame-retardant activity of PCS 
functional coatings (Chen et al. 2020b, a; Guo et al. 
2020).

To further investigate the flame-retardant mecha-
nism of functionalized cotton fabrics, TG-FTIR was 
employed to analyze the pyrolysis volatiles. For con-
trol as shown in Fig.  9, there are almost no charac-
terized peaks of flammable volatiles below 300  °C. 
The highest intensity of the most bands around at 
Tmax ranges from 300 to 400 °C. For control as seen 
in Fig.  9a, gaseous water and organic products con-
taining O–H groups (3500–3800  cm−1), hydrocar-
bons (2700–3200  cm−1), carbon monoxide (CO, 
2100–2200 cm−1), carbon dioxide (CO2, 2350 cm−1), 

Fig. 8   Morphologies of 
different cotton fabrics after 
VFT: a control, b FR1, c 
FR2, d FR3, e EDX map-
ping images of FR3
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carbonyl compounds (1750  cm−1), aromatic com-
pounds (the skeletal vibration, 1510 cm−1) and ether 
compounds (the stretching vibration, 1120 cm−1) are 
all detected (Gu et  al. 2021; Zhou et  al. 2019; Zhu 
et  al. 2018). In comparison, the absorption intensity 
of the flammable volatiles all weaken and the peaks 
of hydrocarbons around at 2700–3200  cm−1 disap-
pear. These results indicate that functionalized cotton 
fabrics reduce the generation of flammable volatiles 
during the thermal degradation of cellulose.

To further explore the change of some typical 
flammable volatiles during thermal degradation of 
cellulose, FTIR spectra of the released gases at maxi-
mum decomposition temperature and the absorption 
intensity versus time of selected groups are given 
in Fig. 9c-f). On the base of Lambert–Beer law, the 
concentration of gas and the absorption intensity of a 
specific wavenumber have a linear relationship (Wang 
et  al. 2020a, b; Zhang et  al. 2021). Compared with 
the control cotton, the absorption intensities of all the 
flammable volatiles are greatly suppressed, indicating 
remarkably reduced releasing amount of the flamma-
ble gases. These gases may be changed to carbona-
ceous residue before release, which leads to the lower 
transformation and feedback of heat and mass to the 

fire zone, resulting in the greatly increased residue 
after burning.

Overall, combined the above discussion, the flame-
retardant mechanism of the eco-friendly biomass PCS 
coating for cotton fabrics is proposed as illustrated 
in Fig.  10. PCS can generate phosphoric acid and 
polyphosphoric acid during degradation to accelerate 
the dehydration and carbonization due to the excel-
lent charring of CS, forming a stable and dense char 
barrier. The generated char barrier can prevent the 
transfer of heat, oxygen and flammable volatiles to 
feedback from the fire zone, also protect the under-
lying cotton. Meanwhile, H2O, CO2, NH3 and some 
nonflammable volatiles are produced to dilute the 
flammable volatiles and oxygen, and also cool down 
the temperature of the system. As a consequence, the 
obtained cotton fabrics exhibit high efficiency flame 
retardancy.

Washing durability

Washing durability of the flame-retardant cotton fab-
rics was explored with the assistance of LOI and VFT 
tests after washing with ionic detergent. As shown in 
Fig. 11 and Table S2, the weight remains on samples 

Fig. 9   Real time FTIR spectra of a control and b FR3, c FTIR of maximum thermal degradation, d-f absorption intensity versus 
time of selected thermal degradation compounds
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decreased to 7.5 wt% from 11.3% wt% for FR1 and 
to 11.0 wt% from 14.1 wt% for FR3 after 10 washing 
cycles (10 LCs). However, the cotton fabrics treated 
with PCS still behave satisfied flame retardancy 

with LOI value of 21% for FR1 and 23.5% for FR3, 
which are superior to the control sample. After VFT, 
the shapes and morphologies of the char residues 
still maintain after washing, though all the damaged 
lengths reach 300  mm as shown in Fig. S2. Such 
decreased weight gain can be explained that a portion 
of PCS is constructed on the interface of the fibers 
mechanically rather than grafted on fibers, which are 
washed off by the detergent. However, a new covalent 
bond of P-O-C can also be formed between PCS and 
the hydroxyl groups of the cellulose during the heat-
ing and curing process in the presence of dicyandi-
amide (Chen et al., 2020b, a). Therefore, the retained 
flame retardant on cotton fabrics will not peel off and 
can maintain stable flame retardancy for cotton fab-
rics. In fact, most of the unreacted PCS is lost in the 
first few washing and it retains stability thereafter.

The mechanical properties of cotton fabrics are 
illustrated in Table  3. The tensile strength of cot-
ton fabric treated with 10 wt% PCS is slightly 
decreased in both weft and warp directions in 

Fig. 10   Schematic diagram 
of flame-retardant mecha-
nism

Fig. 11   LOI value and weight gain of PCS for control, treated 
cotton fabrics (0 LCs) and treated cotton fabrics after 10 wash-
ing cycles (10 LCs)

Table 3   Tensile strength 
and elongation at break of 
control and FR3

Samples Tensile strength (N/m2) Elongation at break (%)

Weft direction Warp direction Weft direction Warp direction

Control 1620 ± 8 1238 ± 9 18.3 ± 0.6 15.3 ± 0.5
FR3 1352 ± 9 1139 ± 10 18.1 ± 0.9 16.6 ± 0.7
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comparison with that of the control fabrics. The 
phenomenon is probably caused by the breaking 
of acidic PCS solution to a few C–O–C bonds of 
cotton cellulose at a higher temperature of 180 °C 
(Feng et  al. 2017). Nonetheless, the retained 
strength is still strong enough for using as clothing 
fabrics and decoration textiles. Additionally, the 
elongation at break in both weft and warp direc-
tions are almost unchanged, indicating that the 
treated fabrics exhibit good anti-deformability and 
the PCS is well-distributed on the cotton fibers (Li 
et al. 2019a, b).

Conclusion

In this work, an eco-friendly biomass-based coat-
ing involved phosphorylated chitosan is fabricated 
and constructed on the surface of cotton fabrics 
to improve the durable flame retardancy through 
a dip-pad-dry-cure process. The coating is thor-
oughly characterized by FTIR, XPS, XRD and 
SEM–EDX. The coating is used as charring agent 
and acid source to catalyze and carbonize cellulose. 
Therefore, the treated cotton fabrics exhibit supe-
rior flame retardancy with a LOI value of 28.3% for 
FR3 and extinguish immediately after removing the 
ignitor in vertical flame test. More specially, FR3 is 
not ignited under a 25 kW/m2 heat flux. The values 
of PHRR and THR of FR2 have sharp reductions of 
88.2% and 59.4%, respectively, in comparison with 
that of control cotton. A typical condensed-phase 
flame-retardant mechanism by forming a phospho-
rus-rich intumescent and carbonaceous char layer 
and diluting effect of the non-flammable volatiles 
in gas-phase is certified by the char analysis and 
TG-FTIR. Furthermore, the flame retardancy of 
treated cotton fabric is still superior to the control 
after 10 washing cycles due to the partial chemical 
grafting of PCS on cellulose, indicating improved 
durable flame retardancy. In addition, an acceptable 
tensile strength and almost maintained elongation 
at break are obtained. Therefore, this eco-friendly 
biomass-based flame-retardant coating combined 
with the typical fabricating technique provides a 
promising strategy for fabricating durable flame-
retardant fabrics.

Supporting information

The detailed TGA data, digital photos recorded from 
VFT, the digital photos of cotton fabrics before and 
after washing, the LOI value and weight gain of dif-
ferent cotton fabrics before and after washing.
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