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Abstract Cotton (CO) fabrics with flame retardant
properties based on ionic liquids: 1-methyl-3-(-((tri-
ethoxysilyl)oxy)propyl)-1H-imidazol-3-ium chloride
(MCPTS) and 1-(3-(triethoxysilyl)propyl)pyridine-1-
ium chloride (PCPTS) with boron from boric acid are
successfully obtained via a sol-gel process. Fourier
transform infrared spectroscopy (FTIR), optical micro-
scopy analysis, and scanning electron microscopy
(SEM) images, were first carried out to characterize
the chemical composition and the morphology of the
treated and untreated cotton fabrics, respectively. The
investigation of flame resistance was evaluated by the

vertical burning test. It was observed that the treated
cotton fabrics exhibited good flame-retardant proper-
ties and did not burn even after 10 s flame application
duration and the rate of flame spread was inhibited
compared to the pristine cotton fabric. Furthermore,
the thermal comportment of cotton fabrics was ana-
lyzed by thermogravimetric (TG) analysis and differ-
ential scanning calorimeter (DSC). Moreover, the
tensile strength of the treated textiles is mostly
reserved. In this work, we prove that the sol-gel
method using ionic liquids and boron could be used as
an effective flame retardant to develop finishing cotton
fabrics for textile fireproof applications.
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Introduction

Even as diverse novel fibers have appeared in the
textile market, cotton fibers remain the most exten-
sively used, thanks to their superb properties, namely:
breathability, softness, comfort and wide availability.
All these benefits make cotton material essential in
various fields such as clothing, automotive, and deco-
rations.1 Recently, several cotton products have
appeared by adding some functionalities for example
electrical conduction,2–5 oil-water separation6–8 water
repellency,5,9–13 and antimicrobial finishing.14–16 How-
ever, cotton is more combustible and its inflammability
is one of its largest drawbacks. It ignites easily, is less
thermally stable, and degrades during ignition with the
formation of highly combustible volatile compounds,
mainly levoglucosan, with the spread of fire causing
injury and death in fire accidents. Thus, the demand for
flame retardant cotton fabrics has grown rapidly and
has become a fundamental requirement for the pro-
duction of high-performance and fire protection textile
products. Therefore many researchers have been
focused on the development of flame retardant treat-
ment,17–23 for example, flame-retardant finishing on
cotton fabric by deposition of a polyethyleneimine,
ammonium polyphosphate, and fluorinated-octyl poly-
hedral oligomeric silsesquioxane,24 the deposition of
phosphorus-rich hybrid organic-inorganic silica coat-
ing25 phosphorus, nitrogen and silicon,20 TiO2

nanoparticles and chitosan phosphate26 and the sol
system containing silica, boron, and nitrogen.17,27

These flame retardants can react in two modes of
action: chemical and physical action.28 Concerning the
chemical reactions, the flame retardant interferes with
the gas phase and condensed combustion processes. In
the gas phase, the flame retardants inhibit radical
reactions (trapping the HÆ and HOÆ radicals) respon-
sible for flame propagation and are responsible for
slowing down the combustion reaction and reducing
the heat released. In the condensed phase, flame
retardants promote the formation of a carbonaceous
layer (char) that insulates the material from flame and
oxygen and slows down the emission of flammable
gases resulting from the degradation of the textile
material (barrier effect).29 The ionic liquids get the
increasing attention of researchers.30,31 They are
defined as salts with melting points under 100�C. They
are useful in different applications namely: as electro-
deposition of metals32 and as solvents for polymeriza-
tion methods.33 Additionally, in the textile domain,
ionic liquids are employed in the process of removing
textile dyes from aqueous solutions,34,35 improving
antifungal activity for linen fabric36 and as flame
retardants for cotton fabric. In addition, the ionic
liquids have a fireproof performance due to a dilution
of combustible gases by the emission of degradation
products with the endothermic effect.37 In this regards,
Xu et al.38,39 studied the use of ionic liquid derivatives
of hydroxymethylimidazolium and the phosphinates
such as 1-methyl-3- (oxiran-2-ylmethyl)-1H-imidazol-
3-ium dimethyl phosphinate and dimethyl phosphinate
of 1-allyl-3-methylimidazolium in the flame retardant
finish of cotton fabrics. Recently, Boukhriss et al.40

developed a new eco-friendly finishing method which
consists of treating cotton fabrics with 1-methyl-3-
chloride (triethoxysilylpropyl) imidazolium and 1-
methyl-3 chloride (triethoxysilylpropyl) pyridinium.
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The treated fabrics have shown effective flame retar-
dant properties. With the same finishing method,
Bentis et al.37 developed a flame retardant applied to
cotton fabrics based on methylimidazolium and pyri-
dinium cations combined with Cl–, PF6

–, (CF3SO2)2N–,
BF4

–
, and CH3CO2

–.
Currently, various techniques of functionalization of

cotton textile have been used such as electrostatic layer
by layer assembly,41 surface grafting,42 and sol-gel.43,44

The latter method is carried out at a low temperature,
considered as an evolving flexible surface modification,
which can generate a hybrid material with homogene-
ity dispersion on the fabric’s surface. In this context,
Hribernik et al.45 have used tetraethylorthosilicate
(TEOS) coatings to reduce the flammability of viscose
fibers. Continuing this research, Malucelli23 and col-
leagues studied the fire resistance and the burning
behavior of cotton, polyester, and cotton/polyester
blends treated with the same TEOS coating. Other
work has been designed for the preparation of hybrid
flame retardants by the sol-gel method. Kappes et al.46

designed a new coating formulation derived from sol-
gel, based on the combination of (3-trimethoxysilyl-
propyl) diethylenetriamine and phenyl phosphonic
acid, to have flame-retardant characteristics for differ-
ent fabrics. Recent work has successfully incorporated
nitrogen and phosphorus into a siloxane precursor for
flame retardant sol-gel coatings.47,48

In this work, we have prepared a mixture solution
based on ionic liquids and boric acid. For this purpose,
1-methyl-3-(-((triethoxysilyl)oxy)propyl)-1H-imidazol-
3-ium chloride (MCPTS) and 1-(3-(triethoxysi-
lyl)propyl)pyridine-1-ium chloride (PCPTS) were
firstly synthesized. Then, the sol-gel reaction was
achieved by adding boric acid on the MCPTS and
PCPTS separately. The coating on the cotton fabric
surface was carried out using the pad-dry-cure process.
The treated samples were characterized by Fourier
transform infrared spectroscopy (FTIR). After that,
optical microscopy analysis and scanning electron
microscopy (SEM) was carried out. The burning test
by vertical flame test was performed to evaluate the
flame retardancy of untreated and treated samples.
The thermal stability was evaluated by thermogravi-
metric analysis (TGA) and differential scanning
calorimeter (DSC). Finally, the mechanical test
was performed to assess the tensile strength of all
samples.

Experimental

Material

Pure cotton fabric weighing 122.7 g.m–2 was used. The
following reagents were obtained from Sigma-Aldrich:
1-methylimidazole (99%), chloropropyltriethoxysilane
(CPTS), pyridine (99%), ethanol (99%), and boric acid
(H3BO3, 99.5%). All reagents were analytically pure.

Synthesis of MCPTS and PCPTS salts

The preparation of the salts was achieved according to
our previous work.40 In the round-bottom flask, one eq
1-methylimidazole or pyridine and one eq chloro-
propyltriethoxysilane (CPTS) were added. The mixed
product was fitted to a reflux condenser for 18 h at
100–115�C to obtain 1-methyl-3-(-((triethoxysi-
lyl)oxy)propyl)-1H-imidazol-3-ium chloride (MCPTS)
and 1-(3-(triethoxysilyl)propyl)pyridine-1-ium chloride
(PCPTS).

Sols synthesis based on MCPTS doped boron

To achieve the insertion of boron in the silica system.
The MCPTS and PCPTS were utilized as precursors,
and the boric acid was added to mixture compounds
according to the sol-gel reaction (Scheme 1).

Treatment of cotton fabric

The treatment of CO was achieved by the sol-gel
process using MCPTS and PCPTS salts. At first,
PCPTS or MCPTS, H3BO3, distilled water, and EtOH
were mixed respecting a molar ratio of 5/2.5/55/60
(PCPTS or MCPTS/ H3BO3/EtOH/H2O), and the
mixture was stirred for 3 h at 70�C until a homoge-
neous solution was achieved. After this, the CO
samples were impregnated in this solution followed
by padding. The obtained samples were dried at 80 and
120�C for 1 h each the samples’ codes were given in
Table 1.

FTIR analysis

Fourier transform infrared (FTIR) spectra of the
studied samples were recorded from 4000 to 400 cm–1

with a 4 cm–1 resolution along with an accumulation of
32 scans, using Nicolet IS10 FTIR-ATR spectropho-
tometer associated with the golden gate single atten-
uated total reflection (ATR) accessory.

Morphological analysis

The morphology of samples was observed by SEM
Hirox SH-4000M microscope with an acceleration
voltage of 15 kV. The samples were mounted on a
conductive adhesive tape and coated with carbon
before testing to make the textile material conductive.

Vertical flame test

The vertical combustion test of the pristine and treated
cotton was carried out according to ISO 6940:2004
standard. A butane flame of 4 cm was applied at the
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bottom of the fabric samples for 10 s. At the end of the
test, the burning time and residue weight was deter-
mined for each sample. The rate of flame spread was
calculated as reported in the following49,50

Rate of flame spread mm=sð Þ
¼ char length mmð Þ= X sð Þ þ after flame sð Þ½ �

where X: is flame application duration (s).

Thermogravimetric analysis

The thermal stability of the textile samples was
evaluated by Versa Therm. The approximate weight
of 10 mg was placed in a quartz crucible. Thermo-
gravimetric (TG) analysis was performed in the tem-
perature range of 25–600�C under air (25 mL/min) with
a heating rate of 10�C/min.

Differential scanning calorimeter (DSC)

The differential scanning calorimeter (DSC) experi-
ments were achieved with differential scanning
calorimetry (SETRAM DSC Evo 131) instruments at
a heating rate of 10�C/min. For this, 20 mg of each
sample was analyzed under a nitrogen atmosphere (30
mL/min). The runs were performed over a temperature
range from 40 to 600�C.

Mechanical properties measurements

Fabric tensile and strain measurements of the pristine
and treated cotton fabrics were tested using an elec-
tronic fabric tensile tester (LUDWIC mpk) referring to
the ISO 13934-1:2013 standard. The results given are
the average of the triple test with their standard
deviation.
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The washing test

The washing fastness of the cotton fibers was carried
out to ISO 105-C06:2010. The treated samples were
immersed in 150 mL of a phosphate ECE (European
Colour Fastness Establishment) detergent solution
with a pH = 9.7. The test was achieved for 30 min at
40�C.51

Results and discussion

FTIR analysis

The chemical composition of the untreated and treated
cotton fabrics was assessed by FTIR analyses as
presented in the spectra in Fig. 1.

For untreated cotton fabrics, the feature peaks of
cellulose have occurred. The wideband around
3300 cm�1 is attributed to the vibration of the O–H
groups linked by hydrogen bonds. The C–H vibration
has occurred at 2900 cm–1. The C–O–C bond vibration
of the cellulosic structure is observed in the re-
gion 1200–1000 cm�1.51

The bands attributed to Si–O–Si are located at 1000
and 1110 cm–1 for Si–O–C.37 The peaks occurring at
1430 and 920 cm–1 are assigned to B–O and Si–O–B,
respectively,27 which shows that the insertion of boron
in the silica network was well achieved. The peak
region 1700–1490 cm–1 corresponds to the amino
groups given by the ionic liquids precursors.52

Morphological analysis

To investigate the surface morphologies of CO, CO–
[MCPTS]–B and CO–[PCPTS]–B the SEM observa-
tions were carried out. As shown in Fig. 2a, the CO
sample presents irregularity levels due to natural
growth. All the treated samples reveal a continuous
hybrid film.

SEM images (Figs. 2d and 2e) show that the residue
maintains the shape of the original fibers and its weave
structure, and many bubbles were observed on the
surface of the fiber: these findings are attributed to the
intumescent effect and expansion of CO modified. It is
possible to see big bubbles on the surfaces of the
burned layer of flame-retardant CO textile. These
bubbles prevent the release of flammable gases from
the degradation of the cellulosic material, and also the
transmission of heat to the substrate. The intumescent
keeps the fibers from extra burning, preserving the
structure of the fibers, which is responsible for the self-
extinguishing of the flame observed in a vertical
burning test of cotton.20

Vertical flame test

The vertical flame test was carried out to investigate
the impact of the sol-gel treatment on the cotton
fabrics. Table 2 lists the flame retardant test results of
CO fabrics treated with the ionic liquids and boron
prepared via the sol-gel process. Figure 3 shows the
images taken after the flammability test for untreated

3500 3000 2000 1500 1000

1700- 1490 cm-1 1430cm-1 920cm-1

1110- 1000 cm-1

CO–[PCPTS]–B

CO

Wavenumber (cm- 1)

CO–[MCPTS]–B

1430cm-1

3400 cm-1 2900 cm-1

Fig. 1: FTIR spectra of the untreated and treated cotton fabrics
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(a)

(b) (c)

(d) (e)

Fig. 2: SEM images of (a) untreated CO sample, (b), CO–[MCPTS]–B, (c) CO–[PCPTS]–B, (d) residue of CO–[MCPTS]–B and
(e) residue of CO–[PCPTS]–B

Table 2: Results of vertical flammability test of untreated CF and TCF samples

Samples Total burning time (s) after 10 s of flame
application

Residue % Char length (width)
(cm)

Rate of flame
speard (mm/s)

CO 18.33 ± 0.57 0.48 ± 0.02 – –
CO–[MCPTS]–B 0±0 97.16 ± 0.28 4.98 ± 0.01 4.98 ± 0.01
CO–[PCPTS]–B 0±0 82.80 ± 0.34 6.03 ± 0.02 6.03 ± 0.02
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and treated cotton textiles. The obtained results
indicate that the untreated cotton fabrics burn quickly
for 18 s after the flame exclusion with a residue of 0.5%
and the surface was burned totally. For the CO–
[MCPTS]–B and CO–[MCPTS]–B, they remained a
char length of 5 cm and 6 cm. Contrarily, the pristine
CO fabrics were completely burned. In addition to the
char length, from Table 2, the rate of flame spread was
decreased for CO–[MCPTS]–B compared with CO–
[PCPTS]–B. Concerning the treated samples, their
flammability is lower than that of the control cotton as
illustrated in Figs. 3a–3c. CO–[MCPTS]–B and CO–
[PCPTS]–B did not entirely ignite after the flame was
eliminated remaining a final residue of 97.5% and
82.4% respectively. The flame retardant based on the
combination of Si, N generated by organosilicon ionic
liquids and boron-based flame retardant generated by
boric acid can lead to synergy effects.

The results demonstrate that the solution system,
containing boron according to the synergistic effect of
Si–O–B, shows an effective flame retardancy.22,53

Thermogravimetric analysis

The thermal stability of cotton fabric finishing by
MCPTS and PCPTS containing boron was studied by
thermogravimetric analysis, which is a crucial test to
evaluate thermal degradation.23 The mechanism of
stability was investigated by measuring the percentage
mass loss in the variant temperature.18,54 Figure 4
illustrates the TG and DTG curves of control cotton
and treated cotton fabric, while Table 3 presents the
thermogravimetric information. T (20%) is the temper-
ature needed to lose 20% of initial mass, and Tmax(�C)
is the temperature corresponding to the maximum mass
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Fig. 3: Vertical flammability test results of untreated and treated CO
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loss. The residue at 600�C is the percentage of the mass
found at the end of TG analysis which allows us to judge
thermal stability and the resistivity of samples against
the high applicable temperature.

From Fig. 4, the degradation of CO has been
assessed at 246.1�C which occurred the maximum of
mass loss.55 The second step of CO fabric thermal
degradation (depolymerization), was observed at
372.1�C, due to the high flammable behavior of control
cotton. According to the curves presented in Fig. 4 the
thermal stability of the treated samples is much more
important than untreated which is confirmed by the
results shown in Table 3 with the CO–[MCPTS]–B and
CO–[PCPTS]–B showing a T (20%) at 235.6 and
222.2�C. However, the recorded temperature for
untreated (CO) at T(20%) was 238.2�C. The residues
at Tmax1 and Tmax2 were 94.2%, 72% and 80.3%,
23.5% respectively. Although the residue indicated at
Tmax1 and Tmax2 for CO fabrics is of 60.3% and
8.4%.

It can be observed that the first rapid weight loss
temperature of the finished cotton fabric CO–
[MCPTS]–B and CO–[PCPTS]–B is at 101.7 and
232.5�C. It can be explained by the dehydration
reaction of boric acid on the treated cotton fabric.56

Moreover, at 600�C the residue of CO–[MCPTS]–B
and CO–[PCPTS]–B is higher (37.2% and 16.18 %)
compared to CO fabrics 3.4%, which demonstrates
that the treatment has a good impact on thermal
stability. The results of TG analysis prove that the
hybrid mixture using MCPTS and PCPTS as ionic
liquids containing boron has flame barring, and it
promotes the formation of carbonization during the
combustion process thanks to the coating based on
ionic liquids combined boron. The total thermal
degradation of untreated cotton fabrics was terminated
at 400�C, while in the treated samples, the thermal
degradation was reached about 600�C.

Differential scanning calorimeter (DSC)

The differential scanning calorimeter of cotton fabric
treated by MCPTS and PCPTS containing boron was
studied and presented in Fig. 5.

DSC curves obtained in Fig. 5 show that all samples
have a dehydration phenomenon with an endothermic
peak around 100 and 160�C. As reported in Table 4,

DH is about 155.19, 125.48, and 113.08 J/g for CO, CO–
[MCPTS]–B and CO–[PCPTS]–B. The intensity of this
peak and their temperature increased from untreated
CO to treated CO fabrics due to the impact of the
treatment applied.

Concerning the modified cotton fabric, an exother-
mic peak occurred about 250�C. These peaks are
probably due to a high temperature of crosslinking
reaction. The decomposition of cotton leading to the
formation of levoglucosan was recorded at 380�C.

The results already mentioned in the TG analysis
are in agreement with the DSC tests that the boron
improves the creation of the thermal barrier with ionic
liquids and favors the intumescence phenomenon.

Mechanical properties measurements

The tensile strength test is one of the crucial physical
parameters to control the performance of cotton fabric
after treatment.57 Herein, the mechanical analyses
were carried out to CO and treated CO fabrics with
a sol-gel process based on ionic liquids containing
boron. The curves plotted of the tensile strength as a
function of the strain of untreated and treated CO
fabrics shown in Fig. 6a prove that the various curves
are practically the same. As well as presented, the

Table 3: Thermogravimetric data of untreated and treated CO in air atmosphere

Samples T
(20%)

Tmax1
(�C)

Residue at Tmax1
(%)

Tmax2
(�C)

Residue at Tmax2
(%)

Residue at 600�C
(%)

CO 238.2 246.1 60.3 372.1 8.4 3.4
CO–[MCPTS]–B 235.6 101.7 94.2 266.4 80.3 37.2
CO–[PCPTS]–B 222.2 232.5 72 523.3 23.5 16.2
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Fig. 5: DSC curves of untreated and treated CO fabrics

1616

J. Coat. Technol. Res., 19 (5) 1609–1619, 2022



maximum value of tensile strength for CO, CO–
[MCPTS]–B and CO–[PCPTS]–B (Fig. 6b) did not
change radically. These results are in agreement with
the literature.58

The washing test

The obtained properties for treated samples were
investigated after the washing fastness. The results
reveal that the functionalized fibers burned entirely
after five washing cycles.

Conclusions

A flame retardant cotton fabric was developed through
a sol-gel method using ionic liquids MCPTS and
PCPTS containing boron. The FTIR, optical micro-

scopy and SEM analysis prove that the deposition of
the targeted coating on the surface of cotton fabrics
was well performed. The vertical flame test demon-
strates that finishing cotton fabrics have the best flame
retardant properties. The TG and DSC analyses also
proved that the treated samples present thermal
stability. Finally, the mechanical analysis indicates that
the coated samples by the sol-gel method using ionic
liquids containing boron do not affect their mechanical
properties. Because of the excellent flame retardant
function based on ionic liquid containing boron, the
method presented in this work is believed to have
favorable potential in textile industries.

Acknowledgments The authors are grateful to the
Higher School of Textiles and Clothing Industries
(ESITH) for supporting this work. This work is done
through the support of the CNRST under the Program
Research Excellence Scholarships.

Table 4: Data of untreated and treated CO

Samples Tonset (�C) Tpic (�C) Toffset (�C) DH (J/g)
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