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Abstract A novel P–N based, flame retardant

ammonium salt of pentaethylenehexamine octa

(methylene-phosphoric acid) (APHOMPA) was syn-

thesized in this study. The structure of the prepared

material flame retardant contains eight reactive

ammonium phosphorus groups and was characterized

by 1H NMR, 13C NMR, 31P NMR, and (Fourier-

transform infrared) FT-IR. The results showed that

cotton fabrics finished with this flame retardant

exhibited excellent flame retardancy and durability.

The cotton fabrics finished with 30% APHOMPA

solution had limiting oxygen index value 40.5%, and

maintained 28.8% even after 50 laundering cycles.

The FT-IR results showed that APHOMPA could be

grafted on cellulose through P–O–C covalent bond.

Vertical flammability, cone calorimetry, thermogravi-

metric (TG), and TG-IR results revealed the excellent

flame retardancy of the finished cotton fabrics and

suggested that the flame retardant mechanism of

APHOMPA is a condensed phase process. Scanning

electron microscopy results suggested the flame

retardant entered the inner space of the cotton fabrics,

and the X-ray diffraction results showed slight

changes to the cotton crystal structure in the finishing

process. The breaking strength, softness, and white-

ness of finished cotton fabrics were sufficient, sug-

gesting this retardant can be used to prepare treated

cotton for multiple applications.
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Introduction

Cotton is one of the most important crops in the world,

with high output and low production costs (Abdelra-

heem et al. 2019). As a renewable, decomposing, and

sustainable resource, cotton is the most widely used

natural fiber for textiles and apparel (Xie et al. 2013).

However, cotton fabrics have a limiting oxygen index

of only about 16–18%, make its stability very low

under fire. To counter this limitation, cotton fabrics

must be treated to provide flame retardancy. Many

studies have examined how to effectively endow flame

retardancy and durability to cotton fabrics (Liu et al.

2008; Pan et al. 2015). Because cotton fabrics is a

natural material, endowing flame retardancy to cotton

fabrics can only be performed by an after-finish

method.

Halogen flame retardants were widely used in the

past, but this kind of flame retardants is now restricted

due to the high toxicity of these chemicals (Lecouvet

et al. 2013; Qiu et al. 2018). Therefore, phosphorus-

based flame retardants developed rapidly. Phosphorus

flame retardants have only low toxicity by-products,

low smoke yield, and provide excellent flame retardant

performance (Reddy et al. 2005). The widely used

phosphorus based flame retardants are tetramethy-

lolphosphonium chloride (THPC) and N-hydrox-

ymethyl-3-(dimethoxyphosphono) propionamide

(Pyrovatex CP). The cotton fabrics finished with these

two flame retardants have good flame retardancy and

excellent durability, but do release formaldehyde

during usage (Moon et al. 2009; Yang et al. 2012).

As an alternative, researchers have proposed a series

of novel reactive groups to replace the reactive –OH

produced by formaldehyde. For example, triazine-

based reactive groups were tested, but the flame

retardancy of cotton fabrics finished with triazine-

based flame retardants was not sufficient (Chang 2012;

Easson et al. 2011; Nguyen et al. 2012). Another

reactive group, olefin, was used to synthesize reactive

flame retardant, but the cotton fabrics finished with

this kind of flame retardant similarly have only low

flame retardancy, because homopolymerisation of the

flame retardant can easily occur in the finishing

process (Edwards et al. 2015; Xing et al. 2011).

Some emerging after-finish technologies have been

described, such as nano-adsorption (Pan et al. 2016;

Shahidi and Ghoranneviss 2013), layer-by layer

assembly (Liu et al. 2017), and microcapsulation

(Liu et al. 2013), but these new technologies have not

been thoroughly studied. In recent years, there have

been reports on natural flame retardancy materials,

such as nucleic acids (Bosco et al. 2017), phytic acid,

and casein (Alongi et al. 2014; Carosio et al. 2014;

Kumar Kundu et al. 2017; Lessan et al. 2011; Liu et al.

2016). However, cotton fabrics treated with these

natural materials typically have poor durability,

because the natural flame retardants lack reactive

groups.

In this study, a novel flame retardant ammonium

salt of pentaethylenehexamine octa (methylene-phos-

phoric acid) (APHOMPA) was synthesized.

APHOMPA has eight P=O–O–NH4
?)2 groups, which
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are flame retardancy groups and are also reactive

groups that can react with hydroxyls on cellulose

molecules. The high P and N contents of this flame

retardant provide the high flame retardancy of this

material. Because every APHOMPA molecule has

eight reactive groups, after grafting on cellulose, all

the P–O–C covalent bonds between APHOMPA

molecules and cellulose would be hydrolyzed, and

the flame retardant APHOMPAs would be washed

away, so cotton fabrics finished with this flame

retardant should have excellent durability.

Experimental

Materials

Pure cotton fabrics (100%; 124.89 g/m2) were pur-

chased from the Chaotianmen Market (Chongqing,

China). Pentethylenehexamine was purchased from

Shanghai Macklin Biochemical Co., Ltd. Phosphorous

acid (H3PO3). Urea and formaldehyde (37 Wt %) were

obtained from Chengdu Kelong Chemical Reagents

Co. Ltd. (Chengdu, China). Dicyandiamide was sup-

plied by Aladdin Reagent Co. Ltd. (Shanghai, China).

All reagents were used without further purification.

Synthesis of APHOMPA

Pentethylenehexamine (1, 10 g, 0.043 mol), phospho-

rous acid H3PO3 (2, 28.230 g, 0.344 mol), formalde-

hyde (3, 10.366 g, 0.344 mol), and 50 ml distilled

water were added to a 250-mL flask equipped with a

reflux condenser. The mixed solution was reacted at

110 �C for 3.5 h, and a viscous brown-yellow liquid

was obtained (4). Urea (5, 20.672 g, 0.344 mol) was

then added to the resulting liquid with mechanical

stirring, and the reaction was maintained at 110 �C for

1.5 h to obtain APHOMPA (6). The crude APHOMPA

was purified with ethanol. The synthesis reactions of

APHOMPA are shown in Scheme 1.

The APHOMPA structure was characterized by
1HNMR (D2O, 600 MHZ): 1 h NMR (D2O, 600 MHz)

:d (ppm):2.51 (s, 2CH2, H17, H18), 2.71 (s, 2CH2,

H15,H16), 2.87 (s, 2CH2, H13, H14), 2.97 (s, 2CH2,

H11, H12), 3.13 (s,2CH2, H9, H10), 3.35 (s, 2CH2,

H7, H8), 3.60 (s, 2CH2, H5, H6), 4.38 (s, 4CH2, H1,

H2, H3, H4) and 4.76 (s, D2O), (s, 4CH2, H1, H2, H3,

H4);

13C NMR (D2O, 600 MHz): d (ppm): 40.28 (2C,

C17, C18), 43.49 (2CH2, H15, H16), 46.55 (2CH2,

H13, H14), 51.31 (2CH2, H11, H12), 52.73 (2CH2,

H9, H10), 52.99 (2CH2, H7, H8), 53.42 (2CH2, H5,

H6) and 57.56 (4C, C1, C2, C3, C4);
31PNMR (D2O) d (ppm): - 9.91 (2P, P1, P2),

- 5.18 (2P, P3, P4), 0.19 (2P, P5, P6), 2.60 (2P, P7,

P8).

Flame retardant finishing of cotton fabrics

APHOMPA solutions of 20%, 25%, and 30% con-

centrations were prepared with distilled water.

Dicyandiamide was added as a catalyst to the solution

at a final mass concentration of 10%. Then, cotton

fabrics were immersed into the different APHOMPA

solutions and incubated at 75 �C for 60 min with a bath

ratio of 1:20. Subsequently, the samples were padded

using a nip to gain wet pickup of about 100%. Next,

the samples were cured at 180 �C for 4 min in an

automatic continuous baking machine. Finally, the

samples were rinsed with distilled water and dried in

an oven at 110 �C. The graft reaction is shown in

Scheme 2.

The weight gains (WG) (wt %) of the cotton fabrics

were calculated using Eq. (1) :

WG ¼ ðW1 � W0Þ=W0 � 100% ð1Þ

where W0 is the weight of the untreated cotton fabrics

and W1 is the weight of the cotton fabrics treated with

flame retardant.

Characterization

Limiting oxygen index (LOI) and durability

The LOI values of samples were measured at room

temperature by an M606B digital oxygen index

apparatus (Qingdao Shangfang Instrument Co., Ltd.,

Shangdong, China) according to ASTM D2863-2000

standard. The sample size was 5 cm 9 14 cm.

The washing resistance of samples was estimated

by a soaping fastness tester (Roaches Co., England)

according to the AATCC-61-2006 standard. The

sample was washed in a 49 �C wash solution for

45 min, rinsed with tap water, and dried. The detergent

was sodium dodecylbenzene sulfonate.
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Vertical flame test

Vertical burning tests were performed on an YG815B

vertical fabric FR tester (Nantong Sansi Electrome-

chanical Science & Technology Co., Ltd. China)

according to the ASTM D6413-99 standard. Samples

measuring 350 mm 9 80 mm were placed in a ver-

tical flame of 40 mm for 12 s.

Scanning electron microscope (SEM)

An energy dispersive spectrometer–scanning electron

microscope (EDS-SEM, Phenom ProX, NED) was

used to observe the surface morphologies of control,

treated, and burnt samples (imaging beam voltage:

20 kV).

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectrometer (Thermo Fisher

Scientific K-Alpha, USA) was used to detect the

element content of the samples. The excitation source

was Alka radiation (hv = 1253.6 eV), the voltage was

15 kV, the filament current was 10 mA, and the signal

accumulation was performed for 5–10 cycles. The

testing energy (Passing-Energy) was 50 eV, the step

length was 0.05 eV, and the charge correction was

performed with the binding energy of C1s = 284.80

eV as the energy standard.

Fourier transform infrared (FT-IR) spectroscopy

Fourier transform infrared (FT-IR) spectroscopy was

performed on samples of the control and treated cotton

fabrics, within the range of 500–4000 cm- 1 with a

solution of 4 cm- 1 using a Spectrum GX spectrom-

eter (PE Co., USA).

X-ray diffraction (XRD)

X-ray diffraction (XRD) data were obtained using a

Rigaku XD-3 wide-angle diffractometer with Cu Ka

radiation generated at 36 KV and 20 mA (Beijing

Purkinje General Instrument Co. Ltd., Beijing, China).

Scheme 1 Synthesis reactions of flame retardant APHOMPA
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The XRD angle ranged from 5� to 60� with a step size

of 0.02� (k = 0.154 nm).

Cone calorimetry tests

The combustion process of samples were measured

using a fire testing technology cone calorimeter (FTT

0007, UK), in conformance with the ASTM E1354

standard. Samples with size of 100 9 100 9 3 mm3

were exposed to a heat flux of 35 KW/m2 and

measured.

Thermal stability

Thermogravimetric analyses of samples were carried

out using the Pyris-1 thermogravimetric Analyzer

(PerkinElmer, USA). The test was performed in

nitrogen atmosphere, and the mass of cotton sample

was about 8 mg (the heating rate was 10 K min- 1).

Mechanical property tests

Tests of breaking strength were performedusing an

electronic tension tester (HD026N, Nantong Hongda

Experiment Instruments Co., Ltd., China) according to

the ASTM 5035 -2006 standard. Tests of bending

length were conducted using an YG (B) 022D-type

automatic fabric stiffness tester (Wenzhou Darong

Textile Machinery Co. Ltd., Zhejiang, China).

Results and discussion

Flame retardancy and durability

The flame retardancy of cotton fabrics treated with

APHOMPA was evaluated using LOI. Generally, a

higher LOI value corresponds to better flame retar-

dancy (Cordner et al. 2013). Table 1 shows the

relationship between the concentration of the flame

retardant (APHOMPA) solution and the measured

LOI values of the treated cotton fabrics. It can be seen

from the data in Table 1 that from the initial LOI value

of 18.2% for the untreated cotton fabrics, the LOI

values of the cotton fabrics increased with increased

concentration of the flame retardant. For concentra-

tions of 20%, 25%, and 30%, the LOI values of the

treated cotton fabrics samples were 33.8%, 37.5%, and

40.5%, and the WG values were 15%, 19.8%, and

22.1%, respectively. Overall, the results showed that

Scheme 2 Graft reaction between APHOMPA and cotton fabrics
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the cotton fabrics finished with APHOMPA exhibited

excellent flame retardancy due to the high P and N

contents of the APHOMPA. The LOI value of the 25%

APHOMPA-treated cotton fabrics decreased to 29.2%

after 30 LCs, and the LOI value of the 30%

APHOMPA-treated cotton fabrics decreased to

28.8% after 50 LCs. Thus, treatment of cotton fabrics

with 30% APHOMPA was sufficient for use as durable

flame retardant fabric.

The cotton fabrics finished with APHOMPA have

excellent durability, due to the presence of eight

P=O(–O–NH4
?)2 reactive groups, with several P–O–

C covalent bonds between APHOMPA molecules and

cellulose. Only when all the P–O–C covalent bonds

between the flame retardant molecules and cellulose

were hydrolyzed, the flame retardant could be washed

away from cotton fabrics. Then the flame retardant

was difficult to be washed away. Therefore, the cotton

fabrics finished with APHOMPA FR had excellent

durability.

Vertical flame test results

As shown in Table 2; Fig. 1, the control cotton fabrics

incinerated completely after ignition, leaving only a

small amount of carbon residue. In contrast, all

APHOMPA-treated cotton fabrics stopped burning

immediately and formed intact chars after removal

from the ignition source. The char lengths of the 20%,

25% and 30% APHOMPA-treated cotton fabrics after

combustion were 56 mm, 52 mm, and 40 mm, respec-

tively. After 50 LCs, the char length of the 30%

APHOMPA-treated fabric was only 63 mm. Obvi-

ously, the cotton fabrics finished with APHOMPA had

excellent resistance to burning and excellent

durability.

Surface morphologies of the cotton fabrics

Figure 2 shows the SEM images of the pure cotton

fabrics, cotton fabrics treated with 30% APHOMPA,

and the combustion char of the finished cotton fabrics.

Figure 2a–c present the SEM images of the control

cotton fabrics; Fig. 2d–f exhibit the SEM images of

the cotton fabrics treated with 30% APHOMPA;

Fig. 2g–i show the char SEM images of the cotton

fabrics finished with 30% APHOMPA. As shown, the

control cotton fabrics surface was smooth, flat and

curly. The APHOMPA-treated cotton fabrics surface

showed no obvious change, suggesting that the

APHOMPA infiltrated the interior of the fibers. After

burning, the fiber surface shrank a little and some gas

bubbles appeared, but the samples still maintained a

Table 1 LOI and concentrations of APHOMPA-treated cotton for different LCs

Concentration of APHOMPA (%) WG (%) LOI (%)

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

0 0 18.2 – – – – –

20% 15.0 33.8 30.4 27.6 – – –

25% 19.8 37.5 33.7 30.2 29.2 – –

30% 22.1 40.5 35.2 32.5 30.6 29.7 28.8

Table 2 Vertical flammability test results of control and treated samples

Concentration of APHOMPA (%) WG (%) After-flame time (s) Afterglow time (s) Char length (mm)

Control cotton 0 28 30 0

20% APHOMPA-treated fabric 15.0 0 0 56

25% APHOMPA-treated fabric 19.8 0 0 52

30% APHOMPA-treated fabric 22.1 0 0 40

30% APHOMPA-treated fabric after 50 LCs 14.1 0 0 63
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complete structure. Gas bubbles formed on the char

fibers due to the presence of nitrogen element in the

flame retardant (Lu et al. 2018). The nitrogen decom-

posed at high temperature and released ammonia to

create expansion

X-ray photoelectron spectroscopy (XPS) analysis

XPS was used to further analyze the surface chemical

composition of control and treated cotton (Jiang et al.

2019). The spectra and surface chemical composition

(atomic %) of the control and 30% treated cotton are

shown in Fig. 3; Table 3. It can be seen from Fig. 3

that compared with the control cotton, the treated

cotton has not only the peaks of C1s and O1s, but also

some new peaks of N1s and P2p. These results

suggested the flame retardant was grafted on cotton

fabrics.

FT-IR analysis

The spectra of cotton fabrics before and after 30%

APHOMPA-treated were obtained and are shown in

Fig. 4. The peaks at 2903 cm- 1 and 3334 cm- 1 are

attributed to the stretching vibration of C–H and O–H

bonds, respectively (Hamideh Mortazavi et al. 2013).

The peak at 1428 cm- 1 corresponds to the bending

vibration of –CH2– (Horrocks et al. 2005). The peak of

C–O–C corresponds to 1100 cm- 1 (Ghosh et al.

2011). Compared with the control cotton fabrics, the

new absorption peak at 1240 cm- 1 is caused by the

stretching vibration of P = O, and the peak at

1204 cm- 1 is attributed to P–O–C (Sun et al. 2012).

The weak peaks at 775 cm- 1 and 824 cm- 1 are

attributed to the stretching vibration of P–N and P–O–

H, respectively (Zheng et al. 2016). These results

indicated the successful grafting of APHOMPA onto

the cotton fabrics through P–O–C covalent bond.

X-ray diffraction analysis

The XRD spectra of the control and 30% APHOMPA-

treated cotton fabrics were determined and are

presented in Fig. 5. As shown in Fig. 5, both the pure

cotton fabrics and finished cotton fabrics exhibited

diffraction peaks at 14.81�, 15.94�, 22.53�, and 34.23�,
corresponding to the (1–10), (110), (200), and (004)

planes of cellulose-I, respectively (French 2014).

However, all the peaks weakened with treatment,

likely due to two factors. First, the flame-retardant

entered the inner space of cotton fabrics and reacted

with cellulose to affect the crystal structure. Second,

the weight gain of treated cotton fabrics was relatively

high, and the content of cellulose in the treated cotton

fabrics showed a slight decrease, corresponding to a

weaker characteristic peak of cotton fabrics. Addi-

tionally, there was a new diffraction peak at 10.95�,

Fig. 1 Vertical flammability test results of the original cotton fabrics (a), and APHOMPA -treated samples, (b) 20%, (c) 25%, (d) 30%,

and (e) 30% after 50 LCs
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which may be caused by the formation of a small

number of crystal structures of the flame retardant

grafted on the cotton fabrics (Gao et al. 2015).

Cone calorimetry tests

The cone calorimetry test data of control fabrics and

30% APHOMPA-treated cotton fabrics were obtained

and are presented in Table 4; Fig. 6. According to

Table 4, the peak heat release rate (PHRR) of the

flame retardant cotton fabrics was 12.28 kW/m2,

much lower than 201.40 kW/m2 measured for the

control cotton. The total heat release (THR) 1.17 mJ/

m2 of the flame retardant-treated cotton fabrics was

also much lower than 2.51 mJ/m2 measured for the

control cotton fabrics. These measurements indicated

that the finished fabric had excellent flame retardancy.

After the combustion of the treated cotton fabrics,

Fig. 2 SEM images of the original cotton fabrics (a–c); cotton fabrics treated with 30% APHOMPA (d–f); and treated cotton fabrics

after burning (g–i). Scale bars are 20 lm in a, d, g; 10 lm in b, e, and h; and 5.0 lm in c, f, i.
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there was more carbon residue than that of the control

cotton. The CO2/CO value of the control cotton fabrics

was 82.37, much higher than that of the flame

retardant-treated cotton fabrics, only 23.21. All these

data showed that APHOMPA treatment improved the

flame retardant property of the cotton fabrics (Dong

et al. 2017).

Analysis of the thermal cracking behavior

of cotton fabrics

The TG curves of the original and 30% APHOMPA-

treated cotton fabrics in air were determined and are

shown in Fig. 7a. The decomposition of the FR

finished cotton fabrics started at 229 �C, a much lower

temperature than the 270 �C observed for the control

cotton fabrics. In the range of 270–485 �C, the weight

loss of the control cotton fabrics was 92.92%,

probably reflecting the conversion of some aliphatic

carbon to aromatic carbon, which produced CO and

CO2 during carbonization and charring oxidation (Jia

et al. 2017a, b). Above * 500 �C, the char and

remaining hydrocarbons were further oxidized to CO

and CO2 (Cheema et al. 2013). In the range of 229–300

�C, 32.9% of the finished cotton weight loss was due to

the formation of char and some volatile gases, which

resulted in a higher amount of char material above 300

�C. At about 600 �C, the treated cotton produced a

high amount of char residue, while the control cotton

burned completely. These results showed the flame

retardant changed the decomposition path of the

treated cotton fabrics (He et al. 2018).

The TG curves of the original and 30%

APHOMPA-treated cotton fabrics in N2 were obtained

and are shown in Fig. 7b. The main thermal decom-

position range of the treated cotton fabrics was

230–310 �C, much lower than the 286–390 �C range

of the control cotton fabrics, and the 30% weight loss

Fig. 3 XPS spectra of original and treated cotton

Fig. 4 FT-IR spectra of the control and treated samples

Fig. 5 XRD spectra of control and APHOMPA-treated cotton

fabrics

Table 3 XPS data of original and treated cotton

Elements Atomic (%)

Original cotton Treated cotton (%)

C 68.60% 68.83

O 31.40% 22.75

N – 5.86

P – 2.56
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Fig. 6 HRR (a) and THR (b) curves for the untreated and 30% APHOMPA-treated cotton fabrics

Fig. 7 TG analyses of cotton samples under air and N2 atmosphere

Table 4 Cone calorimetry test results of control and treated cotton

Samples PHRR (kW/m2) TPHRR (s) THR (MJ/m2) CO2/CO (kg/kg) Residue Weight (%)

Control cotton 201.40 20.2 2.51 82.37 6.15

30% APHOMPA-treated cotton 12.28 15.09 1.17 23.21 25.80
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of treated fibers was also much lower than the 73.9%

weight loss of finished fibers. When the temperature

increased to 600 �C, the amount of residual cotton in

the control cotton was 11.9%, while that of treated

cotton was 45.4%. These differences indicate the

flame retardant decomposed to phosphoric acid and

promoted the formation of carbon (Chang et al. 2011).

The decomposition temperature of the treated cotton

was lower than that of the control cotton, probably

because the APHOMPA formed phosphorus or

polyphosphoric acid during the decomposition pro-

cess, which catalyzed the dehydration and carboniza-

tion of the cotton fabrics (Jia et al. 2017a, b). Overall,

the TG results suggested that APHOMPA conferred

good flame retardancy, consistent with a condensed

phase mechanism.

The infrared total spectra of thermal pyrolysis gases

of original and APHOMPA finished cotton fabrics

were determined and are shown in Fig. 8. In the

control cotton of Fig. 8a, large quantities of gases

products were detected at 380 �C. The CO2 formed by

pyrolysis exhibited a strong and wide absorption peak

at 2350 cm- 1 (Li et al. 2017); The absorption peak at

3555 cm- 1 corresponds to the bending vibration of

O–H in H2O, and the peaks at 2813 cm- 1 and at

2184 cm- 1 correspond to the vibration absorption of

C–H in aliphatic compounds and CO vibration,

respectively; The absorption peak at 1743 cm- 1 and

at 1076 cm- 1 are vibrations of carbonyl (C=O) and

C–O–C bonds, respectively (Chen et al. 2017). In the

treated cotton of Fig. 8b, large quantities of gases

products were detected at 320 �C. The absorption peak

of CO2 (non-flammable gas) at 2350 cm- 1 is signif-

icantly enhanced, and the absorption peaks of C–H,

C=O and C–O–C of the treated cotton are significantly

weakened. The spectra of decomposition gases for the

flame retardant-treated cotton fabrics revealed no new

peak compared with the spectra data for the control

cotton, suggesting that the flame retardant treated

cotton fabrics did not release new gas at high

temperature. The changes of absorption intensity of

the representative functional groups of gas products

released from thermal decomposition were also ana-

lyzed and the results are shown in Fig. 9. For the

finished cotton, with increased heating time, the

absorption peak strength of CO2 gradually increased,

reaching maximum value at 300 �C, and then

decreased gradually. For the control cotton, the

maximum absorption peak strength of the control

cotton fabrics occurred at 360 �C, consistent with the

TG result. The maximum absorption intensities of the

gaseous product functional groups of the flame

retardant-treated cotton fabrics were much lower than

those of the control cotton fabrics, indicating the

release of a much lower amount of gas products by the

flame retardant cotton fabrics compared to that of the

control cotton fabrics. Additionally, the amount of

combustible gases were greatly reduced, again con-

sistent with excellent flame retardancy of the finished

fabrics.

Fig. 8 Infrared total spectra of thermal pyrolysis gases of control (a) and treated (b) cotton fabrics
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Mechanical properties

Table 5 shows the tensile strength and stiffness of pure

and finished cotton fabrics. As presented in Table 5,

with increased concentration of flame retardant, the

warp and weft breaking strengths of the treated cotton

fabrics gradually decreased. Additionally, the down-

ward trend of warp strength was greater than that of

Fig. 9 Absorption intensity of characteristic peaks of thermal pyrolysis products of the pure and treated cotton fabrics
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weft strength. After treatment with 30% APHOMPA,

the tensile strengths decreased by 29.7% in the warp

direction and 21.7% in the weft direction; Addition-

ally, the elongation at rupture decreased by 9.7% in the

warp direction and 25.0% in the weft direction. The

results indicated there was some damage for the

treated cotton fabrics.

Softness is an important parameter of cotton

fabrics, and it is important that treated cotton fabrics

maintained good softness after finishing. From

Table 5, after treatment with 30% APHOMPA, the

bending lengths of the treated cotton were 46.8 mm in

the warp direction and 39.9 mm in the weft direction,

slightly increased values than those for control cotton,

which were 40.7 mm in the warp direction and

36.9 mm in the weft direction. These results indicate

that the softness of treated cotton fabrics was

maintained.

The whiteness indexes of the original and finished

cotton fabrics were evaluated and are shown in

Table 5. The whiteness index of the control cotton

fabrics was 92.9%, and the whiteness index of the

finished cotton fabrics was 88.2% after 20%

APHOMPA treatment. The whiteness indexes of

finished cotton fabrics decreased gradually with

increased concentration of the flame retardant. At

APHOMPA concentrations of 25% and 30%, the

whiteness indexes of the finished cotton fabrics were

87.0% and 85.9%, respectively, indicated that the

whiteness of the APHOMPA-treated cotton was well

maintained.

Conclusion

A novel flame retardant ammonium salt of pen-

taethylenehexamine octa (methylene-phosphoric acid)

(APHOMPA) was synthesized and applied to cotton

fabrics. This phosphorus-based flame retardant grafted

on cellulose through P–O–C covalent bond, and this

flame retardant exhibited a condensed phase mecha-

nism of flame retardancy. The cotton fabrics finished

with this new material exhibit excellent flame retar-

dancy and durability, the LOI value of the cotton

fabrics treated with 30% APHOMPA was 40.5%, and

28.8% after 50 LCs, suggesting that cotton fabrics

finished with APHOMPA could be used as durable

fabrics. The PHRR, HRR, THR, and CO2/CO values

were all lower than those of control cotton fabrics,

again consistent with excellent flame retardancy of the

finished cotton fabrics, without significant decreases

in whiteness and softness. The breaking strength of the

treated cotton fabrics had some damage.
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