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Abstract A novel environmentally friendly flame-retar-

dant compound, diethyl 3-(triethoxysilanepropyl) phos-

phoramidate (DTP) was synthesized via a simple one-step

procedure with good yield and characterized by FT-IR and
1H-NMR, 31P-NMR and 29Si-NMR. The synthesized

compound was coated onto cotton fabrics with different

levels of add-ons (5–17 mass%) using the traditional pad-

dry-cure method. SEM and XPS were conducted to char-

acterize the surfaces of the coated cotton fabrics. The XPS

results showed that DTP was attached to cotton through

covalent bond. Cone calorimeter test showed that the cot-

ton fabric treated with DTP became less flammable due to

the lower HRR, THR and CO2/CO ratio. The modified

cotton fabrics exhibited efficient flame retardancy, which

was evidenced by limiting oxygen index (LOI) and vertical

flammability test. Cotton fabrics treated with DTP in

5–17 mass% add-ons had high LOI values of 23–32%.

Thermogravimetric analysis results show that the usage of

DTP promotes degradation of the cotton fabrics and cat-

alyzes its char formation.

Keywords Cotton � Phosphorus � Nitrogen � Flame

retardant � Thermal degradation

Introduction

Over the past several decades, a variety of organic flame

retardants has been developed to reduce the inflammability

of various products, especially in textiles. Cotton is one of

the most widely used textiles in the world, but the

inflammability largely limits its application in some fields.

Therefore, it is necessary to improve the inflammability of

cotton fabrics with flame-retardant treatment. In the past,

the traditional halogenated compound is one of the widely

used flame retardants in the world, and most of their

products are used for commercial purpose. However, they

were gradually restricted due to the release of toxic gases

and corrosive smoke during combustion [1–5]. The

development of nonhalogenated flame retardants becomes

a crucial and emergent issue. In recent years, phosphorus-

and nitrogen-containing flame retardants have attracted

much attention because they have a wide range of thermal

and chemical stabilities [6–8]. In addition, they can

strengthen the thermal and flame-retardant properties [6],

and their synergism has been demonstrated in the previous

studies [9, 10].

Phosphorus-containing compounds are considered to be

the most effective flame retardants in the gas and condensed

phases [11]. During combustion, phosphorus-containing

parts act as an acid source which promotes the char for-

mation in the condensed phase by promoting the dehydra-

tion of the substrate [12]. Phosphorus-containing parts are

converted to phosphoric acid during the primary thermal

degradation. Further thermal degradation results in the for-

mation of nonvolatile polyphosphoric acid which could react

with the decomposing polymer by esterification and dehy-

dration to facilitate the formation of char residues [13]. The

gas phase mechanism prevails in most thermoplastics and

nonoxygenated thermoset polymers. Phosphorus-containing
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compounds release radicals during combustion, and these

radicals can interact with hydrogen radical and hydroxyl

radical to slow down the process of chain reaction [11].

However, flame retardants only containing phosphorus

rarely provide acceptable flame-retardant property to

polymers to meet the practical requirement. To solve this

problem and further increase the flame retardancy, the

phosphorus-containing compounds are used with some

nitrogen- and silicon- containing flame retardants due to

their synergistic effect. The nitrogen-containing com-

pounds are typically used as a gas source and produce

nontoxic and nonflammable gases at high temperature

which can dilute the oxygen concentration near the flame

and form a protective layer when heating [14, 15]. The

silicon-containing compounds are considered to be one of

the environmentally friendly flame retardants. Silicon-

containing parts are transformed into silica carbon with

high thermal stability during fire [16]. Silica carbon could

form a silica layer and protect the char residues from

further thermal decomposition and oxidation [2, 17]. The

proposed synergistic effect of phosphorus–nitrogen–sili-

con-containing compounds is that phosphorus guarantees

the formation of char residue, nitrogen forms the protec-

tive char and silicon enhances the thermal stability of the

char residue during combustion [18, 19]. Gao et al. [20]

synthesized a novel organic phosphorus-based flame

retardant (AHDTMPA) which reacted with cotton fabrics

to form P–O–C covalent bonds. The treated cotton

exhibited good flame retardancy. Alongi et al. [21–23] and

Leistner et al. [24] exploited the sol–gel processes and

layer by layer assembly to enhance the flame retardancy

of cotton or polyester–cotton blends. Each has an expected

consequence.

In this paper, a novel phosphorus–nitrogen–silicon-con-

taining flame retardant (DTP) was designed and synthesized

via substituted nucleophilic reaction. The flame retardant

was coated onto cellulose to produce flame-resistant cotton

fabrics. The treated cotton fabrics were characterized by

SEM and XPS. Thermogravimetric analysis was conducted

to analyze the thermal property of the coated cotton fabrics.

The flame retardancy of the treated cotton fabrics was

determined by the LOI and vertical flammability test. The

results showed that DTP-coated cotton exhibited high flame-

retardant efficiency and the synergistic effect exists among

the phosphorus, nitrogen and silicon.

Experimental

Materials

The scoured and bleached cotton fabric (133 9 72/

40s 9 40s) was purchased from Zhejiang Guandong Tex-

tile Dyeing Garment Co., Ltd. c-Aminopropyl tri-

ethoxysilane and diethyl chlorophosphate were obtained

from the J&K Chemical Co., Ltd and Aladdin Industrial

Co., Ltd, respectively. Other chemicals were from Sino-

pharm Chemical Reagent Co., Ltd. All the chemicals were

reagent grade and used without further purification.

Synthesis of diethyl 3-(triethoxysilanepropyl)

phosphoramidate (DTP)

Diethyl 3-(triethoxysilanepropyl) phosphoramidate (DTP)

was prepared in one step through the substituted nucle-

ophilic reaction (Scheme 1). Diethyl chlorophosphate

(0.1 mol) was added into a 500-mL three-neck round-bot-

tom flask with 200 mL ethyl acetate, and the temperature

was kept at 0–5 �C. A solution of c-aminopropyl tri-

ethoxysilane (0.13 mol) in 50 mL ethyl acetate was added

dropwise within 30 min under nitrogen atmosphere. Tri-

ethylamine (0.1 mol) was added as acid-binding agent. The

mixture was refluxed for 12 h after temperature increased to

85 �C. Yellow oil was obtained with the yield of 82.6% after

filtration and evaporation of solvent. Then, DTP was char-

acterized by FT-IR and 1H-NMR, 31P-NMR and 28Si-NMR.

The Fourier transform infrared spectroscopy (FT-IR)

analysis was carried out using a NICOLET 10 FT-IR

spectrometer (Nicolet Instrument Corporation, Madison,

WI) with the scanning number of 500–4000 cm-1. NMR

spectra were recorded on an AVANCE III 400 MHz Dig-

ital NMR spectrometer (Bruker AXS GmbH, Germany)

using DMSO as the solvent. 1H NMR (400 MHz, DMSO):

d (ppm): 0.61 (2H); 1.23 (6H); 1.34 (9H); 1.61 (2H); 2.88

(2H); 3.67 (1H); 3.79 (4H); 4.06 (6H); 31P NMR
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Scheme 1 Synthesis of diethyl

3-(triethoxysilanepropyl)

phosphoramidate (DTP)
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(162 MHz, DMSO): d (ppm): 10.04; 29Si NMR (79 MHz,

DMSO): d (ppm): -59.13.

Fabric treatment

The synthesized compound was dissolved in 30% aqueous

ethanol at different concentrations. Cotton samples were

soaked in the coating solution until thorough wetting,

padded with wet pickup of 100%, dried at 100 �C for 5 min

and cured at 150 �C for 90 s. The treated cotton fabrics

were soaked in 0.5% detergent solution for 15 min, washed

with distilled water and dried at ambient temperature.

The capable routes during the fabric treatment are shown

in Scheme 2. The cotton fabrics were weighed before and

after treatment to obtain add-on percent using Eq. (1).

Add-on ð%Þ ¼ ½ðmassafter treatment

� massbefore treatmentÞ=massbefore treatment�
� 100 ð1Þ

Thermogravimetric analysis

Thermogravimetric analysis was conducted under nitrogen

with ramping conditions from 25 to 600 �C at a rate of

10 �C min-1. The mass of the samples was in the range of

9–11 mg. The onset of degradation and char contents at

600 �C were obtained from TG curves.

Limiting oxygen index (LOI) and vertical

flammability test

The flame retardancy of the samples was measured by LOI

according to the standard oxygen index test GB/T

5454-1997. LOI denotes the lowest volume concentration

of oxygen sustaining candle burning of materials in a

mixture of oxygen and nitrogen. Vertical flammability test

was conducted on vertical flammability model YG815

instrument with strips of fabrics (30 cm 9 8 cm) accord-

ing to GB/T 2406-93.

Cone calorimetry test

Cone calorimetry test was employed to investigate the com-

bustion behavior of square samples (100 mm 9 100 mm)

under an irradiative heat flow of 35 kW m-2 in horizontal

configuration according to the standard international testing

method ISO 5660.

Results and discussion

FT-IR spectra characterization of DTP

Figure 1 shows the FTIR spectra of diethyl 3-(tri-

ethoxysilanepropyl) phosphoramidate, c-aminopropyl tri-

ethoxysilane and diethyl chlorophosphate. The NH group

stretching appeared at 3229 cm-1 (Fig. 1a), and its

stretching and deformation vibrations are barely affected

by the presence of the phosphorus atom. The absorption

band of the P=O stretches are shown at 1230 and

1189 cm-1 [8]. The first absorption represents the P=O

frequency with two O-alkyl groups and NHR group

attached. The second absorption is attributed to the

stretching bands of hydrogen bond between P=O and

neighboring NH [25]. The absorption band near

1000–953 cm-1 is assigned to the P–O-ethyl [8]. The peak

at 1028 cm-1 corresponds to the Si–O vibration. The new

peak at 780 cm-1 is attributed to the P–N group.

cell-O
H

cell-OH

150 °C

150 °C

cell

cell

Scheme 2 Routes during the

fabric treatment
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SEM and XPS analysis

SEM micrographs of cotton and DTP-coated cotton fabrics

are shown in Fig. 2. It can be seen that the surfaces of the

uncoated cotton fibers are smooth, and the cotton fibers

treated with DTP have uneven coverage which provides

evidence that DTP was attached onto fibers.

In order to determine the surface composition and chemical

states of the cotton treated with DTP, the samples were

characterized by XPS. The results are shown in Fig. 3. For the

untreated cotton (Fig. 3a), two elements were detected which

corresponded to C 1s (283 eV) and O 1s (531 eV), respec-

tively. The XPS survey of the treated cotton exhibited new

peak at 108.4, 139.4 and 408.4 eV, which were assigned to Si

2p, P 2p and N 1s, respectively. In Fig. 3b, the peak of Si

2p was divided into two peaks at 101.8 and 102.6 eV. The

binding energy ranges of the chemical species Si–O–C and Si–

O–Si were 101–102 and 103–104 eV, respectively [26]. The

peak at 101.8 eV was assigned to the chemical species Si–O–

C, which demonstrated the formation of covalent bond

between cotton and DTP.

Thermal properties

The thermal degradation data were obtained under nitro-

gen atmosphere. TG analysis provides information about

degradation mechanism and thermal stability by measur-

ing mass loss of samples as a function of temperature. The

experimental TG and DTG curves of cotton and the

coated cotton fabrics under nitrogen atmosphere are

shown in Fig. 4. Thermogravimetric data of the cotton

and treated cotton fabrics in nitrogen are shown in

Table 1. Untreated cotton fabric showed the onset of

degradation (5% mass loss) at 304 �C, and obtained 11%

char yield of the mass at 600 �C. While the onset of the

degradation of cotton fabric treated with DTP was

256 �C, and provided char yield of 43% at 600 �C. It is

reported that thermal decomposition of cotton produced

volatiles including combustible and noncombustible spe-

cies at 350 �C [27], and phosphorus additives lowered the

onset temperature of the second stage of the treated
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Fig. 1 FTIR spectra of diethyl 3-(triethoxysilanepropyl) phospho-

ramidate (a), c-aminopropyl triethoxysilane (b) and diethyl

chlorophosphate (c)

Fig. 2 SEM micrographs of cotton fabric (a, 93000) and cotton

fabric treated with DTP (b, 93000)
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(a) (b)Fig. 3 XPS spectra of cotton

and the treated cotton (a), and

high resolution spectra of Si

2p (b)
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cellulose by 50–150 �C [22, 28]. The reason is that the

phosphorus content may accelerate the process of fabric

degradation. When the treated fabrics are heated and

ignited, the phosphorus-containing flame retardants

decompose to form the phosphoric acid which is able to

acid-catalyze the dehydration by phosphorylating the C(6)

primary hydroxyl groups of cellulose and inhibiting the

C(6)–C(1) intramolecular rearrangement which produces

levoglucosan and promotes the char formation [29]. The

protective and continuous carbon layer from the decom-

position resists the transport of mass and heat. In the

meanwhile, the nitrogen-containing compounds produced

amino gases which can dilute the concentration of the

oxygen near the flame. The gases could form the protec-

tive layer while heating. The formed char layers serve as

superior protective barriers to the main material against

flame and heat [30]. The silicon dioxide formed by the

silicon-containing compounds during fire is not ignited,

and can be fixed in the materials [17]. In addition, it was

reported that silicon usually immigrated to the surface of

the char as char enhancer [2, 31]. Therefore, DTP exhibits

good flame retardancy due to the synergistic effect among

phosphorus, nitrogen and silicon.

Flame-retardant performance

LOI and vertical flammability tests were used to evaluate

the flame-retardant properties of the treated fabrics with

different add-ons. The after-flame time and char length are

recorded in the vertical flammability test. LOI is the min-

imum percent of oxygen which is required to sustain a

candle-like flame when a sample is burned in an atmo-

sphere of nitrogen and oxygen. Figure 5 shows the images

taken after the vertical flammability test, and Table 2

summarizes the test results for the treated samples. There

was no occurrence of after-flame or after-glow burning

upon the removal of the fire for the treated samples with

add-ons at 15 and 17 mass%. The corresponding char

lengths were 13.4 and 10.1 cm, respectively (Table 2),

100

80

60

40

20

0
100 200 300 400 500 600 100 200 300 400 500 600

Temperature/°C Temperature/°C
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(a) (b)Fig. 4 TG (a) and DTG

(b) curves of cotton and the

treated cotton fabric under

nitrogen atmosphere

Table 1 Onset of degradation temperature (T0.05) and maximum

mass loss temperature (Tmax) of cotton and treated cotton fabrics from

TG and DTG curves

Samples T0.05/oC Tmax/oC Char/%

Cotton 304 381 11

Cotton ? DTP 256 345 43

Fig. 5 Vertical flammability test results of cotton and the treated

fabrics

Table 2 Results of vertical flammability test and LOI test of cotton

fabrics in different add-ons

Add-ons/

mass%

After-flame

time/s

After-glow

time/s

Char length/

cm

LOI/

%

17 0 0 10.1 31.3

15 0 0 13.4 29.1

10 3.2 0.4 24.3 26.4

5 16.5 3.7 [30.0 23.6
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which is within the required maximum char length

10.0–15.0 cm in order to pass a vertical flammability

test[22]. The samples with 5 and 10 mass% add-ons, which

had after-flame burning of less than 20 s and char length of

more than 20 cm, had poor flame retardance.

Textiles are thought to be flammable when LOI is below

21% and are considered to be flame retardant when LOI are

26–28% [32]. The LOI values for all samples are shown in

Table 2. It can be seen that the samples with 5 and

17 mass% add-ons have LOI values of 23.6 and 31.3%,

respectively. Cotton fabrics treated with DTP are consid-

ered to be self-extinguishing except for the 5 and

10 mass% add-ons which are classified as slow burn-

ing[22, 33]. Based on LOI and vertical flammability test

results, it can be concluded that DTP acts as a good flame

retardant applied on cotton fabric at the level of

15–17 mass% add-ons.

Cone calorimetry test

In order to investigate the combustion properties of the

treated cotton fabrics with DTP, cone calorimeter test was

conducted. Figure 6 shows the curves of heat release rate

(HRR) and total heat release (THR) of cotton and the

treated cotton. Untreated cotton has faster HRR than the

treated cotton (Fig. 6a). Peak of heat release rate (pHRR)

of pure cotton is 178 kW m-2, and pHRR of treated

cotton fabric is 113 kW m-2 which is 37% lower than

that of pure cotton. THR of the treated cotton fabric

(1.61 MJ m-2 in 300 s) is also lower than that of pure

cotton fabric (1.96 MJ m-2 in 300 s) (Fig. 6b). The

reduction in THR is associated with the formation of char

layer which can provide protection to cotton fabric

[34, 35]. It is reported that CO2/CO ratios play an

important role on the combustion of materials, and lower

CO2/CO ratios mean inefficiency of combustion [34]. The

ratio of the treated cotton fabric is lower than that of pure

cotton fabric in Table 3.

Conclusions

A novel reactive flame-retardant DTP containing phos-

phorus, nitrogen and silicon was successfully synthesized

by the substituted nucleophilic reaction and characterized

by FT-IR and 1H-NMR, 31P-NMR and 29Si-NMR. DTP

was coated onto cotton fabrics with the traditional pad-

dry-cure method. The XPS results indicated that DTP was

attached to the cotton fabrics via covalent bond. The

combustion properties were investigated by cone

calorimeter test. The results showed that the treated

cotton fabric with DTP generated less combustion heat

and obtained better flame retardancy proved with the

decrease in HRR, THR and CO2/CO ratio. According to

the LOI and vertical flammability tests, it was found that

the samples with more than 15 mass% add-ons had char

length of less than 15 cm and LOI of more than 28%,

which showed good flame retardancy. The modified cot-

ton fabric degraded at lower temperature and produced

higher char yields at 600 �C in nitrogen atmosphere by
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Fig. 6 Heat release rate curves (a) and total heat release curves (b) of cotton and the cotton treated with DTP after cone calorimeter test

Table 3 Cone calorimeter data of cotton and the treated cotton

Sample THR/MJ m-2 pkHRR/Kw m-2 pkMLR/g s-1 CO2/kg kg-1 CO/kg kg-1 CO2/CO

Cotton 1.96 178 0.49 4.22 0.12 35.17

Cotton ? DTP 1.61 113 0.07 4.98 0.34 14.65
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TG compared with that of pristine cotton fabric. The char

formed during the degradation of DTP makes a signifi-

cant contribution to the enhancement of the flame retar-

dancy of cotton fabrics. As demonstrated by TG, DTP

could significantly improve the thermal properties of

cotton.
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