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Abstract
In this work, two imidazole-containing phosphoramides with the formulas of (C6H5)2P(O)[C6H10N3] (MIP)

and (C6H5)P(O)[C6H10N3]2 (DIP) were synthesised and characterised using 1HNMR, 13C NMR, 31P NMR,
IR, and MASS spectroscopies. MIP and DIP were treated on cotton fabric (CF) to promote thermal stability
and �ame retardancy of CF. IR spectroscopy and SEM-EDS analyses were utilized to indicate treatment of
MIP and DIP on CF. TGA-DTG and SEM-EDS analyses were applied to investigate thermal stability of
phosphoramides treated cotton fabrics (CF-MIP and CF-DIP). VFT, LOI, and cone calorimeter analyses
were applied to evaluate MIP and DIP �ame retardancy on CF. The characteristic key data of cone
caloriometer test such as TTI, tPHRR, PHRR, THR, ACO2Y, FGI and FPI con�rmed these compounds are
e�cient �ame retardant on CF. All results indicated that thermal stability and �ame retardancy of CF-MIP
and CF-DIP had been promoted in comparison to CF, and DIP are better than MIP.

1. Introduction
Washed and bleached cotton contains 99% cellulose, cellulose is one of the biopolymers that abundantly
available on earth 1. The chemical composition of cellulose is composed of carbon (C), hydrogen (H), and
oxygen (O), which is easily ignited and burns. There are many methods and techniques that have been
familiarized to improve the retardancy of cellulose from �re. In general, cellulose can be produced from
many bioresources origin, for the most part from plants and woods. To improve the properties of
cellulose, especially in the physical, mechanical and thermal �elds can be used �llers or reinforcements
and other polymer matrices 2–4. To improve �ame retardancy and better thermal resistance of cellulose,
various methods such as silanization 5, oxidation 6, 7, esteri�cation 8, 9, polymer bonding 10, 11,
phosphorus 12–15, boric acid and compounds containing borate salts 16, 17 have been introduced in
literature. These methods are the latest green methods applied for advanced cellulose �ame retardant
performance.

Phosphorus compounds have been used as an effective �ame retardant and as a coating agent on
cellulose to slow the �ame reaction during combustion 2. Phosphorus based �ame retardants are
commonly used due to their low toxicity and low smoke production when burning in a �re 12. This has
been the most common choice for halogen �ame retardant replacement. The hydroxyl groups in cellulose
are suitable positions to react with phosphorus compounds as �ame retardants 12. Phosphorus
compounds, when exposed to heat or combustion, form phosphoric and polyphosphoric acids that
dehydrate cellulose and accelerate 18. Present, several phosphate reagents are used as �ame retardant
agents such as [N-methylol-3-(dimethylphosphono)propionamide] or commercial name as Pyrovatex CP,
phosphoric acid, triallyl phosphate, diammonium phosphate, tributyl phosphate and triallyl phosphoric
triamide and many more 2, 18, 19. These �ame retardants were desired by dint of effective �ame and
cellulose processing reactivity under extreme conditions 20, 21. In this literature, the main challenge is that
cotton should be treated to improve its thermal and �ame retardant properties. While future research
could focus on modi�ed cotton with other chemical treatments to investigate �ame retardant properties.
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Researchers need to �nd better treatment for cotton, which is more economical and environmentally
friendly. Current methods are not applied due to the high cost of use on an industrial scale.

In this study, a facile method for the synthesis of two new phosphoramides containing (3-aminopropyl)
imidazole is employed (Scheme 1). Starting materials are readily available and the e�ciency of the
reactions was very good (87–91%). Synthesized compounds were characterized by elemental analyses,
1H, 13C, 31P NMR, IR, and mass spectroscopy. The effects of the synthesized compounds on cotton were
investigated. The characterization of cotton �ame retardant was investigated by using fourier transform
infrared (FT-IR) absorption spectroscopy, electron microscopy analysis (SEM), energy-dispersive X-ray
spectroscopy (EDS), thermogravimetric analysis (TGA), and cone calorimeter testing.

2. Experimental

2.1. Materials and methods
(3-Aminopropyl) imidazole, triethylamine, dichlorophenyl phosphinoxide, Phenylphosphonic dichloride,
and acetonitrile were procuremented from Merck Co and used without further puri�cation. The mercerised
cotton fabrics were prepared from Yazd Baft textile industries, Yazd, Iran.

2.2. Characterizations
The 1H, 13C NMR, and 31P NMR spectra was recorded on a Bruker Avance DRX 300 MHz NMR
spectrometer. 1H, 13C NMR, and 31P NMR chemical shifts were determined relative to internal standard
TMS and external standard 85% H3PO4, respectively. IR spectra were recorded on a Nicolet 510P

spectrophotometer using KBr disks in the region 4000–400 cm− 1. Mass data were obtained by using an
Agilent Technologies 5975C inert MSD with a triple-axis detector. The limited oxygen index (LOI) tests
were measured on JF-3 oxygen index meter (Toyoseiki, japan, model: d) according to ASTM D2863 and
specimen dimensions were 100 × 6.5× 3 mm3. Using TGA/DSC/1, METTLER TOLEDO, thermogravimetric
analysis (TGA-DSC) was performed. At a heating rate of 10°C/min, samples were heated from 25 to
800°C in Nitrogen �ow. SEM (FEI ESEM QUANTA 200, USA) and EDX (EDS Silicon Drift 2017, USA) were
utilised. The accelerating voltage of SEM-EDX was 10 kV and all samples were treated with gold spray for
1 min in in a vacuum. The vertical �ame test (VFT) was performed in accordance with following
standard: fabrics with specimen dimensions 100 mm * 40mm was mounted in a sample holder. The
�ame from a Terrill burner was placed at a distance of 5 cm from the bottom of samples for 12 S and
then char length of samples was measured. The combustion test was carried out on the cone calorimeter
(FTT, UK) test in accordance with ISO 5660 with 100 × 100 × 3 mm3 specimen dimensions under 50kW
m− 2 (1033 K) external heat �ux.

2.3. Synthesis
MIP was synthesised according to previously dacumented procedure 22. To synthesis DIP, As shown in
scheme 1, monophenyl phosphoryl dichloride (5 mmol) was dropwise added to the mixture of 1-(3-
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Aminopropyl)imidazole (1 mmol) and triethylamine (1.1 mmol) in MeCN (10 mL) at 0°C. Then solution
was stirred for 5h under N2 atmosphere. Upon the reactions completion (monitored by TLC), solution was
dried and washed three time with distilled water to eliminate triethylammonium chloride salt. Watery pink
yellow product was obtained after water evaporation under vacuum pomp.

2.3.1. (C6H5)P(O)[C6H10N3]2 (DIP). Yield: 87%; IR: 3418 (m, N—H), 2939(m), 3187 (m), 1628(m, C=N), 1512
(s), 1437(s), 1399 (m), 1183 (s, P=O), 1134 (vs),1084 (vs), 1044 (vs, P—N), 921 (m), 755 (s), 701 (s), 663
(s) 5598(s). 1H NMR (DMSO-d6, 300.13 MHz): 1.98(2Hb), 2.75(2Ha), 3.94 (2Hc), 4.7(1HNH) 6.8-7.9 (m,
10Hph and 3Himidazole). 13C NMR (DMSO-d6, 75.46 MHz): 32.33 (s, Cb), 37.69(s, Ca), 43.65 (s, Cc),
119.33-137.57 (m, 3C imidazole and 10C, Ph). 31P NMR (DMSO-d6, 121.49 MHz): 9.37 (d, 2JPNH= 11.64,)
p.p.m. m/z = 372.

2.3.2. (C6H5)2P(O)[C6H10N3] (MIP). Yield: 91%; IR: 3418 (m, N—H), 2940(m), 3187 (m), 1636(m, C=N),

1508 (m), 1437(s), 1363 (s), 1172 (s, P=O), 1123 (vs), 1036 (w, P—N), 725 (s), 699 (s) 559 (s). 1H NMR
(DMSO-d6, 300.13 MHz): 1.9 (2Hb), 2.7(2Ha), 4.04 (2Hc), 5.5(1HNH) 6.9-7.8 (m, 10Hph and 3Himidazole).
13C NMR (DMSO-d6, 75.46 MHz): 32.74 (s, Cb), 37.10(s, Ca), 43.76 (s, Cc), 119.37-142 (m, 3C imidazole
and 10C, Ph). 31P NMR (DMSO-d6, 121.49 MHz): 22.36 (d, 2JPNH= 9.26,) p.p.m. m/z = 325.

2.4. Preparation of samples
Two concentrations of MIP and DIP phosphoramides (25% and 50% o.w.f.) were done in methanol and
grafted on CF in this investigation. To reduce and prevent homopolymerisation and improve free radical
graft polymerisation of the phosphoramides on the substrate, the thermal initiator potassium persulphate
(KPS) (K2S2O8) 5% and Mohr's salt (ammonium iron (II) sulfate, (NH4)2Fe(SO4)2.6H2O) 1% were dissolved
in distilled water separately and two solutions were pad applied separately on a 100 mm * 40mm Cotton
fabrics were then dried and padded with a phosphoramide solution. The Cotton samples were dried
again, and the treated samples were cured in a furnace at 125 oC for 3 minutes at a heating rate of 5
oC/min. 3 fast-washing steps with the durability of 20 min were accomplished (Scheme 2). The degree of
grafting (DG) was calculated as (1) 23:

DG =
Wg − W0

W0
× 100

1
where Wg and W0 are the weight of sample after and before grafting, respectively

3. Result And Discussion

3.1. Characterization of CF, CF-DIP, and CF-MIP

3.1.1. FT-IR analysis
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Cellulose is a natural polymer of glucose with a structural function and is the constituent of cotton �bers.
The cellulose building blocks, b-1,4-D(+)-glucopyranose, are linked by 1,4-glycosidic bonds creating the
long cellulose chain (Scheme 2). Each building block has 3 hydroxyl groups (OH), the abundance of OH
groups, and the conformation of the chain enable a complex hydrogen bond network, between and within
the cellulose chains, contributing to the excellent mechanical properties of cellulose. On the other hand,
the interaction between cellulose polymer and phosphoramide compounds can be caused by covalent
forces or by non-covalent forces coupled by electrostatic interactions. So, FT-IR spectroscopy can be a
very simple and fast method to measure the additive or impurities on fabric cotton. Figure 1 shows the IR
spectra of the cotton fabric and phosphoramide-treated cotton fabrics. The broad peak at 3300 cm− 1

corresponds to O–H stretching. Also, peaks are observed 3000–2800 cm− 1 region for C–H stretching,
cellulose has –CH2– groups in its structure, the peaks corresponding to the symmetric and asymmetric

stretching modes are observed as weak peaks, and the absorption band 1000–1200 cm− 1 region refers
to asymmetric bridge C–O –C vibrations (Fig. 1-CF)

The CF-DIP and CF-MIP comprise a cellulose backbone with side chains that carry phosphoryl groups
that are evidenced by new characteristic absorption bands (Fig. 1-CF-DIP (CF-MIP)). The absorption band
at 1635(1636) cm− 1 refers to tensile vibrations of the C = N bond of amide groups of the phosphoramide-
treated, the absorption band at the 1170 (1163) cm− 1 peak of P = O and absorption band at the
1035(1029) cm− 1 corresponding to the P–O. The stretching band of –NH are overlapped with the OH
stretching band of the cellulose of the phosphoramide-treated cotton fabrics.

3.1.2. SEM-EDS samples preparation
FE-SEM images of CF, CF-DIP, and CF-MIP are illustrated in Fig. 2. As can be seen, the CF, CF-DIP, and CF-
MIP have soft and smooth surface (Fig. 2a-f) and they are not much different. This indicates
phosphoramides (DIP and MIP) have penetrated into the inner of the fabric.

EDS analysis was used to characterize the elements present on the surface of cotton fabrics treated by
phosphoramides. Figure 3 illustrates the EDS spectra of CF-DIP and CF-MIP. The main elements on the
surface of CF-DIP and CF-MIP are C, O, N and P. The weight % of phosphorus existing in the CF-DIP and
CF-MIP is 11.93% and 7.81%, respectively (Fig. 3a and b). Also, a potent signal at about 2 keV, can
con�rm the phosphoramidites attachment on fabric samples.

3.2. Flame retardancy of samples
To compare and evaluate the CFs of the treated and untreated, vertical �ame test was implemented. The
char length of the treated and un-treated CFs is provided in Table 1. the results of vertical burning tests
have been shown on CFs treated with phosphoramidites in Fig. 4. At can be seen, the untreated CF rapid
ignited and burned after vertical �ame testing (Fig. 4a), while treated CFs with phosphoramides have char
lengths. Due to the presence of �ame retardant materials on the treated CFs is lower decomposition

temperature that causes the �ame to increase rapidly in quest of in�ammable fuel 24. Flame from
untreated CF surface is quickly with high heat of ignited and CF burns intensely with much stronger
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�ame. For treated CFs with phosphoramides, the �ame is very faint with little heat of combustion and
notable char formation. gree of phosphoramides grafting on the CFs. The shortest char length is reported
for the CF-DIP sample, which due to the presence of two amine groups. The effects of electron resonance
with the P–N bond increase and also the synergistic effects of the P-N system increase 25. The char
lengths of CF-DIP and CF-MIP were increased after washing and treated CFs with lower degree of grafting

% showed higher increase in the char length 23. The covalent bonds formed between the phosphoramides
and cellulose �bers are stable and do not break after washing. Thus, the cause can be removing and
washing the intercalated unreacted phosphoramides into the CFs. The �ame retardant containing P–N

bonds are considered as effectual and non-toxic materials among other �ame retardants 26.

Table 1
The degree of grafting of CFs treated with two concentrations of phosphoramides and the char lengths of

the burnt treated CFs.

Sample Concentration

(% o.w.f)

Raw
fabric

weight
(g)

Degree of
grafting
(%)

Char
length

(mm)

Degree of grafting
after washing (%)

Char length
after washing
(mm)

DIP-CF 25% 1.2 11.56 7 7.25 9

MIP-CF 25% 1.2 9.23 9 4.83 12

DIP-CF 50% 1.2 22.75 4 16.45 6

MIP-CF 50% 1.2 18.92 6 11.62 10

The limited oxygen index test (LOI) was performed for more scrutiny about �ame retardancy properties of
treated CFs. CF-DIP and CF-MIP 50% o.w.f illustrated LOI values of 25 and 23, respectively. While, LOI
values decrease with reduction of percentage treated phosphoramides on the CFs and changed to 22 and
20 in CF-DIP and CF-MIP. values of LOI for treated CFs are higher than untreated CFs (Table. 2), that
indicates the synthesized phosphoramides enhancement the �ame retardancy properties of CFs

considerably.

Table 2
The relevant data of LOI

sample LOI (%)

25% o.w.f 50% o.w.f

CF 18.2 18.2

DIP-CF 24.6 29.4

MIP-CF 22.3 26.8
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The FE-SEM images of untreated and treated with phosphoramides CFs after vertical burning have been
shown in Fig. 5. It is seen than the warp and weft of CF become approximately destroyed by burning
(Fig. 5a, and b). While, the treated CFs with phosphoramides retain their shape and the main texture
(Fig. 5c, d, e, and f). The SEM images of CF-DIP and CF-MIP shows due to the presence of
phosphoramides on the surface of CFs the �re spreaded to the internal tissues of CFs is prevented.

The elemental composition of CF-DIP and CF-MIP after burning demonstrated in Fig. 5. The EDS of
treated CFs con�rmed the presence of carbon, oxygen, nitrogen, and phosphorus atoms on the surface of
fabrics before burning (Fig. 3). The increase of percentage of carbon element in both samples has
indicated the layer of carbon is generated the combustion process. Also, the decrese of the percentage of
oxygen element may relate to release of H2O. phosphorus element percentage in CF-DIP and CF-MIP has
remained almost constant due to the phosphorus of phosphoramides promoted the dehydration and
carbonisation of cellulose 27. The results show that CFs treated with DIP are more effective �ame
retardant than MIP.

3.4. Thermal stability and �re behavior of samples
The thermal degradation properties of CF and phosphoramide treated CF in the nitrogen atmosphere were
obtained. Thermogravimetry (TG) and derivative thermogravimetric (DTG) curves were shown in Fig. 7
and the data obtained from TG and DTG curves are presented in Table 3. The thermal degradation
process for control CF, CF-DIP and CF-MIP occurs in two steps. As listed in Table 3, the 𝑇𝑖 and 𝑇𝑚𝑎𝑥 for
CF appeared at 70°C and 344°C, respectively, while those of CF-DIP and CF-MIP were signi�cantly
decreased. It was inferred that phosphoramides were decomposed to produce phosphate and the related
derivatives which induced the degradation of cotton fabrics in advance 22. CF-DIP exhibited no signi�cant
change in RC in comparison with Rmax indicating that phosphoramides might mainly work in the gaseous
phase rather than condensed phase. Also, CF-MIP showed considerable change in RC in comparison with
Rmax indicating MIP makes cotton fabric more resistant against weight losing rather than DIP.

Table 3
TGA data of CF, CF-DIP and CF-MIP.

sample Ti(°C) Tmax (°C) Rmax (%/min) RC (%)

CF 244.08 344 0.29 1.19

CF-DIP 235.9 268 0.0065 4.66

CF-MIP 162.15 308 0.0098 28.4

Ti : temperature at 5 %weight loss, Tmax: temperature at maximum weight loss rate, Rmax: maximum
weight loss rate, RC: char yield at 800°C

3.5. Cone calorimeter
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Cone calorimeter test was carried out for further evaluation of the �ame retardancy e�ciency of MIP and
DIP. The values of time to ignition (TTI), time to peak of heat release rate (tPHRR), peak of heat release rate
(PHRR), heat release rate (HRR), total heat release (THR), average of CO2 producing yield (ACO2Y), FGI
and FPI for CF, CF-DIP and CF-MIP are presented in Figure. 8 and Table 4. TTI and tPHRR for MIP and DIP
are more than those of CF and PHRR and THR values have been increased in comparison to CF. Such
remarkable changes in the cone calorimetric characteristic key data con�rmed the �ame retardancy
performance of MIP and DIP on CF. The CO2 values of CF-DIP and CF-MIP were reduced than that of
cotton, indicating that DIO and DIT are could be effective in the gaseous phase and changed the
combustion mechanism of the CF. To quantify the �ame retardancy performance of MIP and DIP, the �re

performance index (FPI, 
TTI/ s
PHRR ) and the �re growth index (FGI, 

PHRR
tPHRR ) are calculated 28. Accordingly, FPI

has a direct, and FGI has an indirect correlation with the �re hazards of the sample. FPI and FGI values
show following order for �re hazard of the samples: CF-DIP > CF-MIP > CF (FIP) and CF > CF-MIP > CF-DIP
(FGI).

Table 4
Cone calorimeter data of CF, CF-DIP and CF-MIP.

sample TTI/s tPHRR
(s)

PHRR
(kW.m− 2)

THR
(MJ.m− 2)

ACO2Y (kg.
kg− 1)

FPI (m2.s.

kW−1)
FGI (kW.m− 2.
s− 1)

CF 10 15 252.88 32.45 0.1238 0.0395 16.85

CF-DIP 15 22 172.89 15.61 0.0649 0.0867 7.85

CF-MIP 12 19 188.37 17.04 0.0923 0.0637 9.91

4. Conclusion
In this work, two imidazole-containing phosphoramides were synthesized using a high-yield one-step
reaction. Then, thermal stability, �ame retardancy and mechanical properties of phosphoramide treated
cotton fabric were investigated and compared with raw cotton fabric. Following result were obtained
according to experimental tests:

1) Synthesised compounds were fully characterised using IR, NMR and MASS spectroscopies.

2) IR and SEM-EDS showed successfully treating of synthesised compounds on cotton fabric.

3) Thermal stability of cotton fabric was signi�cantly promoted after treatment with phosphoramides.

4) Characteristic key data of cone calorimeter tests showed the MIP and DIP increased (TTI, tPHRR), and
decreased (HRR and THR) in comparison to CF. It can be inferred from the FPI and FGI values that MIP
and DIP have a good �ame retardancy performance on CF. The CO2 changes illustrated that MIP and DIP
are effective in gaseous phase and impress the combustion mechanism of CF.
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Schemes
Schemes 1 and 2 are available in the Supplementary Files section
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Figure 1

The FT-IR spectra of CF, CF-DIP, and CF-MIP.
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Figure 2

FE-SEM images of (a,b) CF, (c,d) CF-DIP, and (e,f) CF-MIP.
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Figure 3

EDS spectra of (a) CF-DIP, and (b) CF-MIP.

Figure 4

The digital photographs of vertical burning test on (a) CF, (b,c) 25% , and (d,e) 50% MIP and DIP,
respectively.
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Figure 5

The FE-SEM images of charred (a,b) CF, (c,d) CF-DIP, and (e,f) CF-MIP.
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Figure 6

EDS spectra of the burned (a) CF-DIP, and (b) CF-MIP.

Figure 7
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(a) The TGA curves and (b) DTG curves for CF, CF-DIP and CF-MIP.

Figure 8

(a) Heat release rate, (b) total heat release evaluation of CF, CF-DIP and CF-MIP.
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