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Abstract A novel N–P ammonium salt 1,3-propy-

lene glycol diphosphate ester (APGDPE) flame retar-

dant was tersely synthesized under solvent-free

condition to lower cotton fabric fire hazard. The

APGDPE structure was characterized by 1H NMR,
13C NMR, 31P NMR and IR spectroscopy. The

reactive P = O(NH4
?)2 and PO(OH)2 groups of

APGDPE were successfully grafted into cotton fabric

to form P–O–C covalent bond. The limiting oxygen

indexes (LOI) of treatment cotton with weight gain

rate of 14.7%, 17.2% and 20.8% reach 40–44.5%.

After 50 laundering cycles (LCs), the LOI value of

treatment cotton with weight gain rate of 20.8% still

maintains 27.3%. These results verified that the treated

cotton has obtained outstanding flame retardancy and

prominent durability. TG test indicates that the

thermal stability and thermal oxidative stability of

treated cotton are much higher than those of control

cotton. TG-IR test displayed that treated cotton

released less flammable volatile gases than those of

control cotton. Cone calorimetry revealed that the

PHRR and THR values of treated cotton decreased by

5.57% and 26.8%, respectively. XRD results suggest

that the crystallization zone of cotton fabric before and

after treatment hardly change. TG-IR and cone

calorimetry tests verified the APGDPE condensation

phase mechanism for treated cotton.

Keywords Cotton fabric � Solvent-free synthesis �
N–P synergia � Flame retardant � Durability

Introduction

Natural cotton fabrics contain many hydrophilic

hydroxyl groups which have been widely applied in

the textile industry(Xie et al. 2013), and possess the

superior properties such as water-absorbing quality,

breathability, acceptable physiological comfortable-

ness and excellent mechanical properties which are

used extensively in the manufacture of the soft and

breathable textile e.g. underwear, hospital healthcare

textiles, bedding and sleeping product, military and

protective garments, etc. (Gao et al. 2015). However,

cotton fibers have inflammable defect with 18% LOI

(Abou-Okeil et al. 2013), which easily brings the life

safety risk and the property losses once cotton fabrics

catch fire. In order to figure out the key issue, many

researchers have researched various flame retardants

for cotton fabrics.
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In the early research, the traditional halogen-

containing flame retardant was widely applied for

cotton fabrics, polyethylene terephthalate (PET) and

nylon textiles etc. to obtain excellent flame retardancy.

However, halogen-containing flame retardants can

release cancerogenic dioxin, which is dangerous to

human health and ecological environment (Sharma

et al. 2018). Therefore, some halogen-containing

flame retardants have been banned in many countries

(Basak and Ali 2019). Phosphorus-containing and

nitrogen-containing flame retardants have the advan-

tages of low toxicity, high efficiency, and good

durability, which have been proved to be an excellent

substitute for halogen-based flame retardant (Ling and

Guo 2020). Currently, N-P flame retardants which are

widely used in the market mainly include ‘‘Proban’’

and ‘‘ Pyrovatex CP ’’(Ali 2019). However, textiles

treated with these flame retardants will release

carcinogenic formaldehyde during finishing and use

(Jia et al. 2017). Therefore, it is necessary to study the

formaldehyde—free, halogen—free and durable flame

retardant for cotton. In addition, in order to further

enhance the fire resistance and durability of cotton

fabrics, some effective strategies were implemented

by coating (Zhang et al. 2019), grafting (Wang et al.

2020), layer-by-layer (LBL) self-assembly (Pan et al.

2015), plasma treatment (Lam et al. 2011) and sol–gel

technology (Periyasamy et al. 2020) etc. which can

efficiently enhance the cotton fabric fire resistance.

In recent years, along the global human desire for

environmental friendliness, many researchers mainly

focused on eco-friendly flame retardant by utilizing

natural raw material (e.g. bio-based DNA coat-

ing(Luo et al. 2020), phytic acid/chitosan (Cheng

et al. 2019), banana pseudostem sap (Kambli et al.

2018), casein (Xu et al. 2019), nacre (Xie et al. 2019),

citric acid (Taherkhani and Hasanzadeh 2018), lignin

(Shukla et al. 2019) and xylitol (Wang et al. 2019) etc.)

as one of the components to synthesize no poisonous-

ness flame retardant for combustible material (Paul

et al. 2019). However, the dosages of natural resource

materials are very limited. The excessive exploitation

of natural resource will lead to environmental and

ecological imbalance.

In this study, using the non-toxic chemical reagents

1, 3-propylene glycol and phosphoric acid as reac-

tants, an efficient and environmentally friendly N–P

synergistic flame retardant APGDPE was synthesized

under solvent-free conditions. Compared with Proban

and Pyrovatex CP, APGDPE is halogen-free and does

not release formaldehyde. Moreover, the treatment

cotton fabric with weight gain rate of 20.8% can still

meet the flame retardant standard after 50 LCs.

Therefore, APGDPE can also solve the durability

problem of some biological macromolecules.

APGDPE has the advantages of simple synthesis

route, low raw material cost, environmental

Table 1 Codes of the fabric samples according to the weight gain and treatment of the cotton fabric

Samples’ code Treatment WG (%)

C0 – –

FRC1 Cotton fabrics treated by 20 wt % APGDPE flame retardant solutions 14.7

FRC2 Cotton fabrics treated by 30 wt % APGDPE flame retardant solutions 17.2

FRC3 Cotton fabrics treated by 40 wt % APGDPE flame retardant solutions 20.8

FRC3-50LCs 40 wt% APGDPE-treated cotton after 50LCs 18.5

Table 2 LOIs of control

cotton and treated cotton

with different weight gain

rate

WG (%) LOI (%)

0 LCs 10 LCs 20 LCs 30 LCs 40 LCs 50 LCs

14.7 40.0 33.1 29.2 26.6 24.1 22.9

17.2 42.7 36. 8 32.1 30.3 27.6 25.5

20.8 44.5 39.3 34.5 31.8 29.2 27.3
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protection, high efficiency and it is easy to be applied

in industry.

Experimental section

Materials

Plain cotton fabrics (100%, 133.27 g/m2) were pur-

chased from the Chaotianmen Market in Chongqing,

China. 1, 3-propylene glycol (98%) was bought from

Aladdin Reagent Co., Ltd. (Shanghai, China). Phos-

phoric acid (85%) was purchased from Chongqing east

Sichuan Chemical Co., Ltd. (Chongqing, China). Urea

and dicyandiamide were supplied by Chengdu Kelong

Chemical Reagent Co., Ltd. (Chengdu, China). All

reagents were of analytical grade and were not further

purified.

Synthesis of flame retardant APGDPE

1, 3-propylene glycol (0.100 mol, 7.765 g) and phos-

phoric acid (0.200 mol, 23.059 g) were added into a

250 mL beaker. The mixture was heated 130 �C for

3 h under magnetic stirring to obtain buff viscous

liquid. The urea (0.200 mol, 12.012 g) was continu-

ously added into the buff viscous liquid, and the

mixture was further heated to 170 �C for 2.5 h under

magnetic stirrer to obtain a crude product APGDPE,

which was purified with absolute ethanol, then filtered

and dried in oven at 60 �C to obtain white solid

product. The yield is about 88%. The synthesis of

APGDPE is shown in Scheme 1.

The structure of flame retardant APGDPE is

characterized by NMR as follows:
1H NMR (D2O, 600 MHz) d (ppm): 3.93 (t, 2CH2,

H1), 1.87 (m, 1CH2, H2). 13C NMR (D2O, 600 MHz) d
(ppm): 67.67 (t, 2C, C1), 26.52 (t, 1C, C2). 31P NMR

(D2O, 600 MHz) d (ppm): -0.03.

Flame retardant finishing of cotton fabrics

The 20%, 30% and 40% APGDPE solutions were

prepared by dissolving APGDPE in distilled water.

The dicyandiamide as catalyst was added to the

APGDPE solution. Cotton fabrics were immersed in

different concentrations of APGDPE solution with a

bath ratio of 1:20 (the cotton weight versus the volume

ratio of the solution) at 70 �C for 40 min. The cotton

fabric was taken out and padded through a nip to

obtain a wet pick up of 120%. The fabric was then

cured by an automatic continuous backing machine at

180 �C for 5 min (Scheme 2). Finally, the treated

fabric was rinsed with running water and dried in an

oven at 60 �C for 1 h.

The weight gain (WG) of cotton fabrics is calcu-

lated by Eq. (1):

WG ¼ W2 �W1

W1

� 100 ð1Þ

Scheme 1 Synthesis of flame retardant APGDPE

Scheme 2 The grafting reaction between APGDPE and cotton

123

Cellulose (2021) 28:8205–8219 8207



where, the W1 and W2 are corresponding to the masses

of before and after cotton fabric grafting flame

retardant, respectively.

Characterization

The LOI values of control cotton and reacted cotton

were measured by M606B digital oxygen index

apparatus (Qingdao Shanfang Instrument Co., Ltd.

Shandong, China) according to the ASTM D2863-

2000 standard.

The vertical flammability test of control cotton and

treated cotton were tested on the YG815B vertical

fabric flame retardancy tester (Nantong Sansi Elec-

tromechanical Science & Technology Co., Ltd. China)

in accordance with the ASTM D6413-99 test standard.

The sample (35 cm 9 8 cm) was ignited by a 4 cm

fire for 12 s.

The durability of treated cotton was tested by a

soaping fastness tester at 49 �C according to the

AATCC 61-2006 standard test (Roaches Co.,

England).

The nuclear magnetic resonance (1H NMR, 13C

NMR and 31P NMR) spectra were measured on a

Bruker AV III 600 MHz Spectrometer (USA) using

D2O as a solvent or the TMS as the internal standard.

The chemical structures before and after cotton

fabric treatment were measured by VERTEX80v

Fourier transform infrared spectroscopy (FT-IR) (Ger-

many Bruker) in a scanning range of 500–4000 cm-1

with a resolution of 4 cm-1. The samples were

prepared using KBr pellets.

The thermal stability and thermal oxidative stabil-

ity of control cotton and treated cotton were deter-

mined by a TG209F3 thermogravimetric (TG)

(Germany Nets) in air and nitrogen atmospheres,

respectively. The measurement range is 40–800 �C
and the heating rate is 20 K/min.

The TG-IR was measured by TG209F3 thermo-

gravimetric analyzer connected to the FTIR via a

polytetrafluoroethylene pipe. The sample was heated

at a rate of 20 K/min under nitrogen atmosphere in the

temperature range of 40–800 �C.

Cone calorimetry was used to analyze the combus-

tion behavior of square cotton samples (10 cm 9 10

cm) in horizontal configuration in accordance with

ASTM E 1354 standard under 35 kW/m2 of irradiative

heat flux by using cone calorimetry (CCT, Mordis

Combustion Technology Co., Ltd.). Record time to

ignition (TTI, s), total heat release (THR, MJ/m2), heat

release rate (HRR, kW/m2), peak of heat release rate

(PHRR, kW/m2), total smoke release (TSR, m2/m2),

the ratio of carbon dioxide to carbon monoxide (CO2/

CO) and final residue (%).

The crystal structures of the control and treated

cotton were measured by an XD-3 X-ray diffractome-

ter (XRD) (Beijing Purkinje General Instrument Co.,

Ltd, Beijing, China) at a diffraction angle range of

5–60� at 36 kV and 20 mA.

The surface structures of control cotton and treated

cotton were observed by a Hitachi S-4800 scanning

electron microscope (SEM) (imaging beam voltage:

20 kV).

The tensile strengths of the samples were measured

on an HD026N electronic fabric tension tester (Nan-

tong Hongda Experiment Instruments Co., Ltd.,

China) in accordance with ASTM 5035–2006

standard.

The stiffness of the cotton fabric before and after

treatment was measured on an LLY-01 automatic

fabrics stiffness tester (Wenzhou Darong Textile

Machinery Co., Ltd., Zhejiang, China) in accordance

with ASTM D 1388–96 (2002) standard.

Air permeability of cotton fabric was determined

using an YG (B) 461D-II air permeability tester in

accordance with TS 391 EN ISO 9237 standard.

Results and discussion

FT-IR and XRD

The structures of C0 and FRC3 were characterized by

FT-IR spectra in Fig. 1a. The absorption peaks at 3345

and 2900 cm-1 are considered as stretching vibrations

of O–H and C-H bonds (from aliphatic hydrocarbon),

respectively (Zhang and Wang 2013). Compared to

control cotton, some new peaks appeared onto treated

cotton. The absorption peak at 1697 cm-1 was

assigned to the stretching vibration of C = O groups

in which the O–H groups of cotton fabric were

partially oxidized (Ortelli et al. 2019). The absorption

peaks at 1234 and 838 cm-1 were severally attributed

to stretching vibration of P = O and P-OH groups

derived from APGDPE (Zhao et al. 2016). The

absorption peak at 1004 cm-1 was assigned to the

P-O-C bond of APGDPE reacting with the -OH group
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of cotton fabric (Liu et al. 2020). The results indicated

that APGDPE is successfully grafted onto cotton

fabric through P-O-C covalent bond to enhance the

durability of treated cotton.

The crystal structures of the cotton fabric before

and after treatment were analyzed by XRD. The

crystal structures of control cotton and treated cotton

were shown in Fig. 1b. The diffraction peaks of

control cotton at 14.96�, 16.44�, 22.80� and 34.46� in

accordance with crystal faces (1–10), (110), (200) and

(004), respectively (Tian et al. 2019), which are

typical characteristics of I-cellulose crystals. The

crystal structure of treated cotton is much similar to

control cotton. The diffraction peak intensity of

treated cotton is slightly lower than that of control

cotton. The results suggested that flame retardant

APGDPE hardly effects on the crystal structure of

treated cotton.

Surface morphology of cotton fabrics

The surface morphologies of C0 and FRC3 before and

after combustion were observed by SEM in Fig. 2. The

surface morphologies of control cotton (Fig. 2a and b)

and treated cotton (Fig. 2c and d) are much similar,

which is smooth and flat shape, fiber crimping and

distinct fibrous structure. The surfaces of treated

cotton are not obviously damaged and no obvious

deposition. The results indicate that APGDPE flame

retardant don’t deposit onto the surface of cotton fiber,

but it permeates into the interior of cotton fiber by

grafting to generate P–O–C bond and no obvious

damage for cotton surface. The surface of treated

cotton after burning (Fig. 2e and f) substantially

remains intact, and only some small bubbles appear

on the fiber surface. The reason is that the APGDPE

flame retardant contains phosphorus and nitrogen

elements to trigger swell and arise many bubbles

during combustion process. The small bubbles are

attached onto the surface of the fiber. Furthermore, the

EDS test indicated that the treated cotton contains

16.69% N, 1.99% P, 44.9% O and 36.42% C (Fig. 2g),

and the control cotton retains only 52.63% C and

47.37% O (Fig. 2h). The results verify that the

APGDPE flame retardant has been successfully

grafted onto cotton fibers.

Flame retardancy and durability of treated cotton

The LOI values of cotton fabric treated with different

weight gain rate are used to characterize the combus-

tion properties of the cotton samples. The LOI value of

control cotton is about 18.0%. Once the LOI value of

the sample is higher than 26.0%, indicating the treated

cotton fabrics possess flame retardancy. The higher the

LOI value is, the better the flame retardancy is. The

LOI value of FRC1 reaches 40.0%. After 30 LCs, the

LOI value decreased to 26.6%, which could be used as

semi-durable flame retardant cotton. The LOI value of

FRC2 rises to 42.7%. After 30 LCs, the LOI value can

hold 30.0%. After 50 LCs, the LOI value only was

25.5%, which can be used as the self-durable flame

retardant cotton. The LOI value of FRC3 reaches

44.5%, and the LOI value was still 27.3% after 50 LCs.

The results indicated that FRC3 could obtain durable

flame retardant cotton. The higher the weight gain rate

Fig. 1 (a) FT-IR spectra and (b) XRD of treated cotton and control cotton
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of cotton fabric is, the better the flame retardancy and

durability of the fabric are.

According to Table 3, compared with other flame-

retardant cotton, the APGDPE- treated cotton fabric

has better flame retardancy and washability.

(g)

(a)

(b) (d)

(c) (e)

(f)

50µm 50µm 50µm

30µm 30µm 30µm

(h)

Fig.2 SEM micrograph of control cotton fiber (a, b); treated cotton fiber (c, d) and the residue from the vertical burning test (e, f). EDS

spectral analysis of the surfaces of treated cotton (g) and control cotton (h)
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In order to further determine the flame retardancy

of treated cotton, the vertical burning test was

performed on control cotton and the treatment cotton

with different weight gain. Figure 3 indicates that the

results of vertical flame tests after the samples were

ignited for 12 s. The relevant data are collected in

Table 4. The control cotton burned violently during

the ignition process. Even if the fire was removed, the

control cotton still continued to burn. The after-flame

time was 10 s, the fire gradually disappeared, and the

after-glow continued for 5 s until the control cotton

burned completely. No complete char structure was

left and only turned into ashes. For treated cotton, after

the fire source was removed, the fabric ceased to

burning. No after-flame and after-glow were observed,

and a complete and narrow carbon frame structure was

left after the ignition. These results displayed that

flame retardant APGDPE is very effective in prevent-

ing the spread of fire. The cotton fabrics with weight

gain rate of 14.7%, 17.2% and 20.8% were fired for

12 s, the lengths of the char frames correspond to 74,

66 and 54 mm, respectively. After 50 LCs, the char

length of FRC3 still leave over 95 mm after vertical

burning test, and no after-flame and after-glow time

Table 3 The WG (%) and

LOI test results of APGDPE

and other flame retardants

Flame retardant WG (%) LOI (%) References

0LCs 10LCs

Pyrovatex CP 25.80 34.4 – (Yang et al. 2012)

PCEPAM 28.50 35.2 25.4 (Li et al. 2018)

FR-0 25.20 33.4 29.7 (Yasemin et al. 2009)

APGDPE 20.80 44.5 39.3 This work

Fig. 3 Vertical flame tests of C0 (a), FRC1 (b), FRC2(c), FRC3 (d) and FRC3- 50 LCs (e)

Table 4 Vertical

flammability data of control

cotton and treated cottons

Samples After-flame time (s) After-glow time (s) Char length (mm)

C0 10 ± 1 5 ± 1 –

FRC1 0 0 74 ± 3

FRC2 0 0 66 ± 1

FRC3 0 0 54 ± 1

FRC3-50 LCs 0 0 95 ± 2
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once the fire source left. The experimental results

further prove that the treated cotton already possess

excellent flame retardancy and gratifying durability.

Cone calorimetry analysis

To further investigate the flame retardancy of cotton

fabrics. The cone calorimetry test was used to simulate

the combustion behavior of the sample under real fire

conditions. The HRR and THR curves for control

cotton and treated cotton were presented in Fig. 4, and

the cone calorimetric data were listed in Table 5. TTI

is an important parameter to characterize the flamma-

bility of materials. The TTI value of control cotton

fabric is 9.0 s, while the treated cotton has not

recorded the burning time, so APGDPE can effec-

tively prevent the spread of fire. The HRR value is one

of the effective parameters used to evaluate flame

retardancy, and the lower HRR value represents better

flame retardancy. From Fig. 4a, b and Table 5, the

PHRR values of control cotton and treated cotton were

199.66 kW/m2 at 20 s and 11.13 kW/m2 at 24 s,

respectively. The PHRR value of treated cotton

significantly was lowered to 94.4% of control cotton.

The decomposed mechanism of treated cotton is that at

the initial stage, the treated cotton was promoted the

degradation and carbonization to form char layer

which prevents the heat transfer during the combus-

tion. However, the treated cotton combustion releases

non-flammable gases to dilute the combustible gases

which reduce the intensity of the combustion reaction

pyrolysis and the rate of heat release. Therefore, the

THR value (0.78 MJ/m2) of treated cotton was much

lower than 73.2% of control cotton (2.91 MJ/m2).

Based on the HRR curve, the fire growth rate (FGR)

can be used to assess the fire hazard of the material.

The FGR can be calculated by Eq. 2:

FGR ¼ PHRR=TPHRR ð2Þ

In general, the lower the FGR value is, the more

delayer of fire flashover time is, which allows

sufficient time to evacuate and extinguish the fire.

The FGR values of control cotton and treated cotton

were 9.93 and 0.46 kW/ (m2/s), respectively, in which

the treated cotton was reduced to 95.4% by contrast.

The results indicated that the FGR value of treated

Fig. 4 Cone calorimetry tests of control cotton and treated cotton at irradiative flux of 35 kW/m2. (a) HRR, (b) THR curves

Table 5 The related data of cone calorimetry

Sample TTI (s) PHRR (kW/m2) TPHRR (s) FGR (kW/(m2/s)) THR (MJ/m2) CO2/

CO

Residue (%) TSR (m2/m2)

Control cotton 9.00 199.66 20.00 9.93 2.91 75.21 2.22 2.11

CV % 5.40 3.92 4.55 – 1.22 3.06 4.21 4.06

Treated cotton – 11.13 24.00 0.46 0.78 36.54 34.67 25.54

CV % – 4.49 4.17 – 3.92 3.85 2.74 3.92
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cotton is greatly reduced, which can increase the

escape time in actual accidents. CO and CO2 are the

main components of fire gases. The lower CO2/CO

ratio means the more CO converted to CO2, the

combustion efficiency is much low. First, CO is

produced during the pyrolysis of the fabric; then, when

there is sufficient oxygen, the CO is oxidized to CO2

which releases into air. The CO2/CO ratio of treated

cotton (36.54) was significantly lower of control

cotton (75.21). Moreover, the SPR value of treated

cotton is higher than that of control cotton, probably

because the treated cotton fabric releases more H2O

and other gases during the combustion process. And

34.67% residual amount of treated cotton was

obtained, which was significantly higher than control

cotton (2.22%). Besides, the APGDPE flame retardant

can produce phosphoric acid or polyphosphoric acid

during the combustion process to promote the forma-

tion of char, thereby increasing the residual amount of

treated cotton after combustion. Generally, the char

layer can reduce heat/mass transfer between the gas

phase and the condensed phase, which limits the

combustion of the underlying substrate. Therefore, the

amount of flammable gases increase, and the amount

Fig. 5 TG and DTG of control cotton and treated cotton in nitrogen (a, c) and air atmosphere (b, d)

Table 6 TG data of control cotton and treated cotton in nitrogen and air atmosphere

Atmosphere Samples T5% (oC) T10% (oC) Tmax/(
oC) Rmax /(%/oC) Residue (%) at 800 �C

N2 Control cotton 307.3 327.2 377.5 1.86 3.89

Treated cotton 231.4 249.2 275.4 1.57 36.50

Air Control cotton 236.3 310.6 352.3 3.25 –

Treated cotton 226.8 246.5 272.3 1.49 2.59
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of heat release is reduced, thereby lowering the PHRR

value and the THR value.

TG analysis

Thermogravimetric analysis (TG) and derivative

thermogravimetric analysis (DTG) are commonly

used to test the thermal stability and thermal oxidative

stability of samples under nitrogen and air atmo-

spheres. The thermal and thermal oxidative degrada-

tion results of TG and DTG of control cotton, and 40%

APGDPE treated cotton fabrics are shown in Fig. 5.

The relevant characteristic data, such as the temper-

ature at which the sample 5% mass loss (T5%), the

temperature at which the sample mass loss 10%

(T10%), the maximum degradation rate temperature

(Tmax), mass loss rate (Rmax) at Tmax, and the residue

percentage at 800 �C (%) are summarized in Table 6

The thermal stability of the sample was analyzed

under a nitrogen atmosphere. In Fig. 5a and c, control

cotton began to decompose at 307.3 �C (T5%, the mass

at 95% was defined as the initial degradation temper-

ature of the sample) and showed the maximum weight

loss rate at 377.5 �C (Tmax). Because the glycosylation

depolymerization of cellulose and the formation of

coke, the weight loss during cellulose pyrolysis mainly

occurs at 310–400 �C. As the temperature increases,

the mass loss rate (MLR) of control cotton is

significantly reduced, and the char residue is slowly

decreased. The results indicate that the fragmented

char formed at a lower temperature is further degraded

to form a more stable residual char at a higher

temperature. For the treated cotton, the initial degra-

dation temperature (T5%) was 231.4 �C, which was

significantly lower than that of control cotton. The

lower thermal decomposition temperature can be

attributed to the water absorption of flame retardant

APGDPE, which releases the adsorbed water during

the initial degradation. Besides, the phosphorus-con-

taining group of APGDPE may produce phosphoric

acid or polyphosphoric acid during thermal degrada-

tion in which can catalyze the thermal degradation of

cellulose, resulting in a decrease in T5% of treated

cotton. The temperature (T10%) at cotton mass loss was

10% (249.2 �C), which was lower than the T10%

(327.2 �C) of control cotton. The Tmax and Rmax

values of the treated cotton were 275.4 �C and

1.57%/oC, respectively, which were significantly

lower than control cotton (Tmax: 377.5 �C, Rmax:

1.86%/oC). The residual amount of treated cotton

(36.50%) at 800 �C was significantly increased com-

pared to control cotton (3.89%). APGDPE produces

phosphoric acid and polyphosphoric acid during

thermal degradation to catalyze the thermal degrada-

tion of cotton fabrics, resulting in more char residue,

which can protect the cotton fabric from heat/mass

transfer, thus reducing the pyrolysis temperature of

treated cotton. The appearance of more char residues

prevented further combustion of the cotton fabric,hin-

dered the rate of formation of volatiles and the ease of

diffusion into the flame zone. These results indicated

that APGDPE effectively improved the flame retar-

dancy of cotton fabrics and increased thermal stability

of cotton fabrics.

The TG analysis investigated the thermal oxidative

stability of the samples in air. The results of the TG

and DTG of the sample are shown in Fig. 5b and d.

The relevant data are summarized in Table 6. The

control cotton began to dehydrate at 236.3 �C (T5%)

and the main decomposition stage was in the temper-

ature range of 200–400 �C, due to the dehydration of

cellulose to form aliphatic char and volatile products.

Tmax at 352.3 �C, and the residual amount at Tmax

temperature was 48.51%. As the temperature

increases, the mass loss of control cotton gradually

increases, and there is almost no residue at 800 �C
because the formed aliphatic compound is converted

into aromatic compounds and decomposition into

CO2/CO was released. After APGDPE treatment, the

thermal oxidative stability and catalytic char forming

properties of the cotton fabric were greatly improved.

The T5% (226.8 �C), T10% (246.5 �C), Tmax (272.3 �C)

and Rmax (1.49%/oC) of the treated cotton were lower

than those of control cotton, but at 800 �C, the char

residue of the treated cotton was 2.59%, while the

control cotton has almost no residual amount. The

significant difference in decomposition temperature

and char residue between the control cotton and the

APGDPE treated cotton may be attributed to the

phosphoric acid or polyphosphoric acid produced by

APGDPE during the decomposition process to cat-

alyze the dehydration of the cellulose. The results

indicate that the APGDPE effectively increases the

thermal oxidative stability of treated cotton fabrics.
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TG-IR analysis

The gaseous volatile products of the samples during

thermal degradation were analyzed by TG-IR. The

TG-IR spectra of the pyrolysis products of treated

cotton and control cotton at different temperatures are

shown in Fig. 6a, b and c, respectively.

Figure 6a and b reveal that control cotton and

treated cotton have different degradation rates at

different temperatures. The maximum degradation

rates of control cotton and treated cotton are at about

400 and 280 �C, respectively. The maximum degra-

dation rate of control cotton was significantly higher

than that of treated cotton which was consistent with

the TG results. The volatile gases from control cotton

and treated cotton at the maximum degradation rate

were compared. The results indicated that the

APGDPE grafting on the cotton fabric did not

significantly change the characteristic absorption

peaks of control cotton. The treated cotton fabric has

almost no new volatile gas produced during the

pyrolysis process. The TG-IR spectrum of control

cotton was used to analyze the gaseous pyrolysis

products. The absorption peak at 3562 cm-1 was

attributed to the stretching vibration of -OH gaseous

water (Ghanadpour et al. 2015). The absorption peaks

at 2817 and 2356 cm-1 were attributed to the stretch-

ing vibration of the aliphatic C-H bond and CO2,

respectively (Wang et al. 2018). The absorption peaks

at 1746 cm-1 and 1077 cm-1 were attributed to the

stretching vibration of C = O bond and C–O–C bond

of ether (Chen et al. 2017). The peak values of the

volatile gases released from control cotton at the

maximum degradation rate is significantly higher than

that of treated cotton. The results verified that treated

cotton can release less volatile gases at the tempera-

ture of the maximum degradation rate.

To further investigate the flame retardant mecha-

nism of cotton fabric treated with APGDPE, the

maximum absorption strengths of flammable and non-

flammable gases produced from control cotton and

treated cotton at a maximum degradation rate temper-

ature are shown in Fig. 7. The volatile gases contain-

ing non-flammable gases H2O and CO2 were

displayed in Fig. 7a and b, respectively. The flam-

mable gases such as aliphatic hydrocarbons in Fig. 7c,

Fig. 6 TG-IR spectra of pyrolysis products of (a) control cotton, (b) treated cotton, and (c) Three dimensional (3D) at different time
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carbonyl in Fig. 7d and ether in Fig. 7e were produced

during pyrolysis of the samples. The strengths of the

volatile gases produced by treated cotton are much

lower than those of control cotton. Furthermore, the

absorption strengths of the flammable gases are much

lower than those of control cotton. The results

indicated that the treated cotton releases less flam-

mable gases, resulting in a reduction in the ‘‘fuel’’ of

the flame, thereby reducing the HRR and THR values.

The phosphorus-containing APGDPE free radicals (P•

and PO•) was generated in the gas phase which can

capture the OH• and H• free generated during the

pyrolysis process, thereby reducing the release of

flammable volatile gases. In the condensed phase, the

phosphorus-containing APGDPE decomposes to pro-

duce phosphoric acid or polyphosphoric acid, thereby

promoting the formation of char, and the char residues

can prevent the heat/mass transfer of cotton fabric into

the burning zone, thereby increasing the flame retar-

dancy of the cotton fabric. The flame retardant

Fig. 7 The intensities of the characteristic peaks of the pyrolysis products of control cotton and treated cotton (a) H2O; (b) CO2; (c)
hydrocarbon; (d) carbonyl and (e) ether
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mechanism of treated cotton can be considered as both

of gas phase and condensed phase flame retardant

mechanism.

Mechanical properties analysis

The mechanical properties of cotton fabric before and

after treatment were characterized. The data of tensile

strengths, bending lengths and air permeability were

listed in Table 7. It can be seen from Table 6 that the

air permeability of the control cotton is 402.2 mm/s,

while the air permeability of the cotton fabric treated

by 40% APGDPE is 377.8 mm/s, which is only

reduced by 6.46%, indicating that the air permeability

of the cotton fabric treated by APGDPE is well

maintained.

The tensile strength of the fabric is divided into

warp and weft directions, and the tensile strength of

the warp is significantly higher than that of the weft

direction. The tensile strength of cotton fabric treated

with APGDPE is reduced. The higher the treatment

concentration is, the more severe the fabric tensile

strength is. The tensile strengths of control cotton in

warp and weft directions were 718 and 512 N,

respectively. The tensile strengths in warp direction

of C0, FRC1, FRC2 and FRC3 were 590, 510 and

480 N, respectively, and the tensile strengths in weft

directions were 300, 289 and 234 N, respectively.

The stiffness of cotton fabric can be expressed in

terms of the bending length, and the greater the value

of the bending length of treated cotton fabric is, the

worse the softness is. The bending length of the fabric

is divided into warp and weft directions, and the warp

bending length is significantly higher than the weft

direction. As the weight gain rate of cotton fabric

increases, the bending length increases. The bending

lengths of control cotton in the warp and weft

directions were 18.1 and 15.4 mm, respectively. The

warp bending lengths of C0, FRC1, FRC2 and FRC3

were 21.5, 22.6 and 23.7 mm, respectively. The

bending lengths in the weft direction were 17.2, 18.3

and 19.3 mm, respectively. After treatment, the

bending length of the cotton fabric is increased to

some extent, but it does not affect the hand feeling and

softness of the cotton fabric. After 50 LCs, the

breaking strength and bending length of treated cotton

were restored. The flame retardant coating onto cotton

fabrics can be reduced after soaping; therefore, the

mechanical properties of the treated cotton are

restored to some extent. These results suggest that

flame retardant APGDPE has slight effect on the

mechanical properties of control cotton, which hardly

influences the practical application of treated cotton.

Conclusion

A phosphate ester ammonium salt (APGDPE) with

reactive N-P groups was synthesized by solvent-free

method. The synthesis process was simple and eco-

friendly. The APGDPE treated cotton fabrics can

achieve efficient flame retardancy and outstanding

durability. The treatment cotton fabric with weight

gain rate of 20.8% is used as durable flame retardant

cotton. APGDPE flame retardant scarcely effects on

the crystal structure of cotton fabrics. Cone calorime-

try result displays that the PHRR and THR values of

treated cotton are lower than control cotton. TG test

manifests that the T5%, T10% and Tmax of treated

cottons were much lower than those of control cotton.

Comparing to control cotton, the better thermal

stability and thermal oxidation stability of treated

Table 7 Mechanical properties of control cotton and treated cotton with different APGDPE concentrations

Samples Air permeability (mm/s) Breaking strength (N) Bending length (mm)

CV% Warp CV% Weft CV% Warp CV% Weft CV%

C0 402.2 5.87 718 5.62 512 6.64 18.1 6.99 15.4 5.43

FRC1 388.8 4.79 582 2.81 410 3.02 21.5 3.52 17.2 4.02

FRC2 380.8 6.11 556 4.37 391 4.74 22.6 4.97 18.3 3.17

FRC3 377.8 3.94 523 4.22 358 3.90 23.7 4.37 19.3 2.99

FRC3-50LCs – – 548 5.18 387 3.27 22.9 5.26 18.6 4.58
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cotton have been achieved. The TG-IR results indicate

that flame retardant cotton releases less flammable

volatile gases, the APGDPE flame retardant possess

excellent flame retardancy and sustainable durability

for treated cotton. The mechanical properties of

control cotton and treated cotton were almost

unchanged.
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