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Abstract: In this study, process control factors such as dipping time, heat treatment time and curing
conditions were optimized to prepare N-5Si network sol-gel-based coatings on a cotton fabric. The
dipping time was varied from 14 h to 30 min, the heat treatment time at ~90 °C was varied between
no heating conditions to 15 h and the curing was performed at 165 °C. The microstructure of the
coating was analyzed using low electron scanning microscopy (LV-SEM), while a compositional
study of the coated substrate was carried out using FTIR and EDS techniques. From the thermal and
combustion analysis of the coated samples using thermogravimetric and vertical flame test tech-
niques, significant resistance to the degradation process was observed, particularly in the initial
stages, in addition to the highest char residue for DI-0.5 h-15~32.93%. Similarly, for DI-5 h-RT, the
peak degradation temperature was around ~372 °C, accompanied by a notable char residue of ap-
proximately 31.12%. The flame spread and burning rate profile further supported the findings; DI-
0.5 h-15 and DI-5 h-RT had the lowest flame spread.

Keywords: Si-N; sol-gel; combustion; fire retardant; thermal properties; FTIR; UL-94; TGA

1. Introduction

Cotton is the most widely used natural fiber due to its softness, breathability, safety,
affordability, regeneration ability, strength, elasticity, biodegradability and hydrophilic-
ity [1,2]. Cotton is a well-known naturally available bio-source, which can be utilized in
wide-scale industrial applications ranging from textiles to high-tech electronics and the
medical, nanotechnology and communication industries [3-6]. However, all these poten-
tial applications are hindered due to several major drawbacks of the cotton fabric, such as
low limiting oxygen index (LOI~18%), high peak heat release rate (PHRR~200-270 w/g)
and heat release capacity (HRC~10.6), no self-extinguishing behavior and lower combus-
tion temperature/self-ignition temperature (360425 °C), which makes it highly flamma-
ble; thus, these pose challenges in many high tech and local applications [7-10].

Consequently, cost-effective, user friendly and eco-friendly ways and techniques
must be found to produce coatings on cotton fabric in order to cope with the stated ther-
mal vulnerability of the cotton fabric. Various ways were applied to modify the surface of
the cotton for enhanced fire retardance, such as ultrasonic radiation [11,12], thiol-ene click
chemistry, plasma-induced grafting, photo-induced grafting, layer-by-layer (LBL) and or-
ganic and inorganic sol-gel processes [13-29].

In general, the sol-gel process is extremely practical for attaching inorganic and or-
ganic thin films to textiles because of their uneven surface topography and ability to with-
stand harsh environments. Under mild circumstances, the numerous hydroxyl function-
alities present on the cellulosic substrate can be effectively employed to covalently attach
the sol-gel coatings to the textiles (inorganic/organic hybrid thin films), thereby enhanc-
ing their resilience to frequent washing treatments, which are a common occurrence for
textiles [30-33]. Therefore, it has been used as an economical and environmentally safe
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method of constructing heat- and fire-resistant coatings to increase the flame retardancy
of textiles [22,34]. Furthermore, its industrial use can be implemented using the existing
technology of industrial surface finishing systems.

The effectiveness of a traditional sol-gel coating made from metal-alkoxide and
alkoxysilane precursors in decreasing the flammability of natural and synthetic fibers is
often quite low. Thus, to further increase the flame-retardant efficacy of the hybrid mate-
rials, sol-gel systems modified with halogen-, phosphorus- and/or nitrogen-rich com-
pounds as synergists have been produced [35-38]. Using these various kinds of materials,
and the sol-gel technique, fire retardance of the substrate material can be achieved
through either the condensed phase mechanism or gaseous phase mechanism. However,
the inclusion of these chemicals in the deposited coating systems could produce unwanted
hazards and toxic chemicals, which are under serious restrictions from environmental and
health organizations.

For instance, various efforts have been conducted to pursue sol-gel-based coating
techniques for various vulnerable substrates such as cotton fabric, polyester fabric, nano-
composite fibers, blended textile fabrics, etc. [3,39-45]. However, there are certain con-
sistent issues with these coatings that the scientific community are still facing. The fore-
most issue is that the chemicals used are hazardous and expensive. At the same time, due
to the evolution of new methods, less interest has been granted to the sol-gel technique
through the years, even though it is the simplest and most effective way of depositing
coatings on a variety of substrates if optimized effectively. Therefore, the search for new,
efficient and relatively environmentally benign chemicals for the sol-gel system to impart
fire retardance has always been a hot topic of research for researchers and scientists. This
study worked to use simple and relatively non-toxic and non-hazardous chemicals for fire
retardant coatings. The study was performed using an acidic precursor and N-based ad-
ditives for depositing highly flame retardant coatings on cotton.

2. Experiment and Analysis
2.1. Materials and Methods

The cotton fabric (100%) used in this experiment as a substrate material was pur-
chased from the local market. The cotton samples were cut into equal pieces before the
experiment (height/width~230 mm/120 mm), and each piece was cleaned and dried in
preparation for the experiment. Ethanol and hydrochloric acid were brought from Sam-
chun Korea Industry (Pyeongtaek-si, Republic of Korea). Tetraethoxysilane (TEOS) and
melamine were acquired from Sigma Aldrich (St. Louis, MO, USA). In the experiment,
18.6 Q)-cm of DI water was utilized.

2.2. Sol-Gel Matrix Preparation

Before starting the coating, the sol solution was first prepared using the chemicals
TEOS:ETHANOL:DI with a ratio of 1:2:4. These chemicals were then mixed into a beaker,
and 10 mL of HCI (37%) was added; then, they were stirred at room temperature for 4 h.
After that, a clear transparent sol was formed.

A melamine solution ~10% was prepared using DI water and was mixed into a sol
solution. The whole solution was stirred again at room temperature for 4 h. The solution
was then poured into a new beaker for cotton impregnation.

2.3. Coating Deposition Process

To deposit sol-gel coatings on the cotton fabric sample, a total of 8 samples were used
in order to carry out the deposition process under various conditions. The cotton samples
with dimensions of (230 mm x 120 mm) were numbered and deposited under various
conditions, as follows: #1 and 2 were used as control cotton fabric. #3,4, named (DI-0.5 h-
15), were treated for 0.5 h, dried for 15 h at 90 °C and cured at 165 °C for 1 min. #5,6, named
(DI-2 h-15), were treated for 2 h, dried for 15 h at 90 °C and cured at 165 °C for 1 min. #7
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and 8, named (DI-14 h-5), were treated for 14 h, dried for 5 h at 90 °C and cured at 165 °C
for 1 min. #9, 10, named (DI-5 h-RT), were treated for 5 h, dried at room temperature and
curing was performed for 1.0 min at 165 °C. Table 1 displays all of the parameters in a
detailed format.

Table 1. Process control parameters.

Heat Treatment 90 °C, Curing, 165 °C, Time

Samples Dipping Time (h) Time (h) (min)
DI-0.5 h-15 0.5 15 1 min
DI-2 h-15 2 15 1 min
DI-14 h-5 14 5 1 min
DI-5 h-RT 5 0 1 min

2.4. Characterization and Measurement Techniques

Low voltage scanning electron microscope (LV-SEM) was used to observe the surface
morphologies, texture and uniformity of the deposited coatings. The connected EDX (en-
ergy-dispersive X-Ray spectroscopy) tech was used to examine the elemental composition
of the coating surfaces (vide infra). To carry out the surface analysis, the coated samples
were Pt-sputtered for 3 min in order to have effective electron conduction on the cotton
surface. ATR-FTIR (attenuated total reflection—Fourier transform infrared) spectra
(JASCO 6300) in the 4000-400 cm™ frequency range were then used to evaluate the sam-
ples. Following 32 scans at a resolution of 4 cm™, the spectra profiles were recorded. Sub-
sequently, using the Scinco Thermogravimetric Analyzer (N-1000/1500) in the tempera-
ture range of 25 to 700 °C (Heating rate of 20 °C min™), the coated and uncoated cotton
fabric samples were examined for thermal stability in the presence of nitrogen atmosphere
(20 mL/min). The mass of each sample used for TGA was ~10-15 mg. A macro-combustion
investigation such as the VFT (vertical flame test) was carried out for all the coated and
uncoated samples according to established ASTM D6413 guidelines. Accordingly, a flame
was introduced using a Bunsen burner flame source and a lab-made vertical flammability
box (300 mm/120 mm). The flame was applied for 10 s and held at an angle of 45° and 20
mm below the fabric sample. The process was recorded using a high-speed optical camera.

3. Results and Discussion
3.1. Coatings Microstrucutre and Composition

General images of the uncoated and coated samples, obtained under various
conditions, can be seen in Figure la—e. It can be observed that for longer heating times,
the color of the samples changed, in addition to severe self rupturing caused by the stress
and tension imparted to the cotton fabric upon coating deposition. Furthermore,
mechenical disintegration of the coated samples occurred, as shown in DI-0.5 h-15, DI-2
h-15 and DI-14 h-15, while the other samples resisted mechnical distengraton. The colour
change and excessive rupturing suggest partial degrdation of the caoted samples,
however this varied with dipping time and heating conditions. The complex network of
acid-silica might result from the heating process, which could have possibly augmented
the pre-exothermic reactions in the highly flammable environment and thus damaged the
molecular structure of the cotton fabric for the samples coated with longer dipping times.
In contrast, less physical appearance and breaking of the cotton fabric were observed,
caused by the decrease in the level of exothermic reactions with no heating process. Con-
trary to the heat-treated samples, as the heating time reduced to “0” hours, the cotton
fabric could be seen as resistant to self-rupturing and color changes. To further investigate
and understand the microstructural features of the coatings, low-voltage scanning elec-
tron microscopy was used to inspect the surface topography and microstructure, as shown
in Figure 2a—d. The cotton fabric is cellulosic in nature, containing oxygen and carbon
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molecules, and thus, to avoid the risk of damaging these molecular networks, low-voltage
SEM was used. Further, the LV-SEM could reveal the micro-structural details of the coat-
ing matrix at the individual fabric level. Thus, from the SEM images, the rupturing of the
individual fabric can be observed at the individual fabric level, in agreement with the
macro images. It can be seen that deposition of the coating samples increased with an
increase in the dipping time, as shown in Figure 2a—d. Samples coated for 30 min (0.5 h)
had the lowest quality of coating (thinner coating); however, as the dipping time in-
creased, the level of the attached coating increased, particularly for the 14 h dipping time.
Localized substrate zones, as indicated by the arrow in the figure, can be seen as covered
by the coating samples. However, as the dipping time further decreased, the attached
coating decreased, and thus a uniform coverage of the whole fabric can be achieved. It is
believed that as the time passes (increase in dipping times), the sol-gel matrix becomes
more saturate and thus the affinity of the coating to attach with the cotton fabric increases.
In addition, the saturation of the sol-gel matrix causes localized coverage of the cotton
fabric. Chunks of the coating matrix can be seen in sample DI-14 h-5. Cracks and broken
parts, as can be seen on the coated surface of the fibers, suggest a brittle and unstable
composition of the coating. This might have occurred due to the irregular deposition and
high acidic level, where various fibers zones can also be seen as split apart, particularly in
the case of samples # DI-0.5 h-15 and DI-2 h-15. It is important to note that the deposition
layers could not alter or conceal the originality and compact nature of the cotton fabric,
and thus, the original weave structure of the cotton fabric can be seen.

(¢) DI-5h-RT

: t.,[(a)‘_cfb,ntrdl";ab'rjfﬂ

A
——

Figure 1. Optical images of coated samples showing color range and other physical properties (a)
Control fabric (b) DI-0.5 h-15, (c) DI-2 h-15, (d) DI-14 h-5 and (e) DI-5 h-RT.
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(@DI-0.5h-15 = () DI-2h-15

Figure 2. LV-SEM surface micrograph of the coating deposited on the cotton fabric (a) DI-0.5 h-15,
(b) DI-2 h-15, (c) DI-14 h-5 and (d) DI-5 h-RT.

The elemental composition of the coating was inspected using EDS analysis tech-
niques, conjointly attached with the SEM microscopic equipment. An elemental profile for
each coating can be seen in Figure 3a, supported by the quantitative outline, as in Table 2.
The major components of the precursors can be seen as “C” Si, Cl, N and O. From the
ethanol and cotton fabric, C and O were obtained, whereas Si was obtained from TEOS.
“Cl” was obtained from HCI, whereas “N” was deposited in a lesser amount compared to
other components, as can be seen in Table 2 and the elemental profile plot. The presence
of an excessive amount of “Si” suggests successful deposition of the sol-gel components
to the individual fibers and could help to protect the coated fabric against fire. The per-
centage of the “Si” can be seen as a monotonic relationship with dipping time, as can be
seen from the quantitative values. Initially, for 0.5 h, Si ~7.89% was obtained. However, as
the dipping time increased, the percentage of the “Si” increases. With recurring decrease
in the dipping time, “Si” followed suit and 11.40 % was obtained. The peak intensities
were found to be random with the non-uniform coatings obtained in the different sam-
ples. However, a contrasting trend can be observed for “N”. “N” was higher with lower
dipping times, at ~12.37%. However, it decreased with increasing dipping times and fi-
nally reached ~7.35%. As the dipping time decreased again, the percentage of “N” again
rose.
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Figure 3. (a) EDS profiles and (b) ATR-FTIR spectra of the coated samples.

Table 2. EDS profile values of the coated samples.

# (wt%) DI-0.5 h-15 DI-2 h-15 DI-14 h-5 DI-5 h-RT
C 34.22 31.57 50.65 52.07
N 12.37 8.10 7.35 8.54
@) 24.68 49.73 46.69 46.29
Si 7.89 18.54 2.08 1.40
Cl 4.84 0.16 0.44 0.24
Total: 100.00 100.00 100 100

Figure 3b shows FT-IR spectra of the coated and uncoated samples, which were used
to explore the molecular composition of the coated samples and verify the successful dep-
osition of coatings onto cotton fabrics from the obtained absorption bands. The peaks ob-
tained in the recorded spectra can be ascribed to various stretching and vibrational modes
of the bonds between the coating and substrate samples. The following major stretching
and vibrational modes were recorded as C—O-C glycoside bend stretching, C-H rock vi-
bration, hydroxyl group “~OH” stretching, —CH stretching, H>0O absorption, -CH absorp-
tion and CHz bending. From the FTIR profile, the bands around ~2900 cm™ can be associ-
ated with -CH and CHoa. It can be seen that increased dipping time causes a blue shift in
the OH peak position, suggesting a reaction between the cellulosic units and “H” from the
acidic samples. Furthermore, with longer dipping times, the peak intensity and split of
the OH band becomes more noticeable, as shown in Figure 3b. OH and CH stretching can
be seen at higher wave numbers, ~2500 cm™!, signifying lower energy values for these vi-
brational modes. It is believed that the C-H and O-H functional groups present in the
ethanol and cotton fabric could be the primary sources for CH and OH vibrations. Fur-
thermore, it is evident that the coating conditions have a considerable impact on the width
of these two peaks, suggesting removal of the OH groups with longer heating processes.
The C-H stretching caused by the “H” from the acidic samples decreases with increased
dipping times, suggesting an increased quantity of “Si” replacing the “H” samples. There-
fore, the C-H absorption peaks can be seen as intensive in the case of the 0.5 hr and 5 h
times; however, they weaken with 14 hr dipping. It is noteworthy that the stretching of
the Si—-O-cellulose and Si-O-Si-linkages is responsible for the peak shift and modification
seen at 1200 and 1135 cm™, indicating the effective deposition of the coating layers. It is
important to note that the peaks and peak-lets obtained at 1480 cm™ and 1040 cm™! are
ascribed to the Si-N peaks, further strengthening the argument of systematic deposition
of the sol-gel components to cotton fabric. Further, C=N benzimidazole rings alongside
the CH2 group were also observed as can be seen in the FTIR plot [46].
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3.2. Thermal and Combustion Analysis

The thermal degradation process of the control and treated samples in a nitrogen and
air atmosphere was investigated using thermogravimetric analysis, and the characteristic
curves of the respective TGA and DTGA can be seen in Figures 4 and 5. A lot of infor-
mation can be obtained from the TGA and DTGA curves, such as Ts« (temperature at
which mass loss~5%), which is regarded as the temperature of starting degradation, and
Tmax, which is the maximum rate of degradation and char residual quantity at ~700 °C, as
listed in Table 3. The highest Ton (which is the starting point of combustion) was obtained
for DI-5 h-RT of ~314.09 °C with a respective Totf (ending point of combustion) of ~366.59
°C. In contrast, the lowest Ton was obtained for the sample DI-2 h-15, of ~296.53 °C, and
the Tott was ~357.90 °C. The difference in the Ton suggests that degradation of DI-2 h-15
was initiated 20 °C earlier than that of DI-5 h-RT. The char residue of the coated samples
obtained at 700 °C was ~32.93%, ~28.50%, ~17.86% and ~31.12% for DI-0.5 h-15, DI-2 h-15,
DI-14 h-5 and DI-5 h-RT, respectively. It can be observed that the higher residue obtained
for DI-0.5 h-15 and DI-5 h-RT was either due to the lower dipping time or lack of heat
treatment. The higher dipping time caused the acidic samples to affect the cotton fabric
and thus could easily degrade during thermal degradation. Likewise, a longer dipping
time and slight heat treatment could aggravate the degradative effect of the acid samples
in the coating matrix. The superior anti-degradative behavior of DI-5h-RT can be at-
tributed to the complex network of the N-Si-Cellulose formed at optimum conditions of 5
h dipping and no heating, thus leading to significant resistance to the degradation. How-
ever, the longer dipping time and heating could lead to a broken N-Si-Cellulose network
and thus may not resist fire effectively. In addition, maximum degradation occurred by
increasing the temperature from Ton to Tort for DI-5h-RT up to ~700 °C, which is a relatively
larger temperature period with respect to the other samples. Lowering of the Ton and Tos
temperature values for the sample DI-2h-15 resulted a positive decrease in the peak deg-
radation temperature of the respective smaple. In addition, to explore the peak degrada-
tion temperature, the derivative of the TGA curves (DTGA) was obtained, as shown as
Figure 5. The maximum peak degradation temperature was recorded as ~367.34 °C for the
sample DI-5 h-RT, while the lowest peak degradation temperature was recorded as
~341.69 °C for DI-2 h-15. The highest peak degradation temperature suggests higher sta-
bility against the heat, offered by the coated materials and char formed on the surface of
the cotton fabric. From the DTGA curves, it can be seen that the char serves as an oxygen
and heat barrier, which restrains the thermo-oxidative degradation of the cotton fabric at
higher temperatures.

—&— DI-0.5h-15
100 4 —o— DI-2h-15
——d— DI-14h-5
i —v— DI-5h-RT
X 80
<
%)
-
= 60+
172}
%}
(24
= 404
“ 32.93%
= 3L12%
U 28.50%
20 al 17.86%
T T

0 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 4. Thermo-gravimetric analysis curves of the coated samples.
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Figure 5. DTGA curves of the coated samples.

Table 3. TGA parameters of the coated fabric samples.

# Ton Ron Tott Rost Thpeax RQSIdlll)al Char
%
Uncoated
DI-0.5 h-15 308.62 93.52 37754  40.14  359.78 32.93
DI-2 h-15 296.53 93.82 35790 40.30  341.69 28.50
DI-14 h-5 311.8 92.65 381.89 2622  367.34 17.86
DI-5 h-RT 314.09 92.02 366.59 39.74 372.21 31.12

According to the VFT results, shown in Figure 6, it can be seen that the samples
dipped for longer times and heat treated were mechanically rigid, damaged and broken,
in addition to presenting a shift in color. Moreover, from the flame spread, as in the 10 s
images, the samples with longer heat-treated times and longer dipping times were en-
gulfed by flames in a shortest time, compared to the other samples, which resisted the
flame quite efficiently. The samples obtained with shorter dipping times and no heat treat-
ment were found with considerable char residue and zero after-glow effects. In addition,
a significant decrease in the burning rate was observed for DI-0.5 h-15 and DI-5 h-RT,
which could be attributed to the effective physical barrier layer formed by the silica—mel-
amine complex network. In addition, DI-0.5 h-15 and DI-5 h-RT can be seen as mechani-
cally stable and thus could play a role in blocking the transfer of flame from one place to
another. The lower burning rate and higher burning time, shown in Figure 7, further sug-
gest effective catalyzing of the dehydration process by the acidic samples’ complexes in
the initial stage, which ultimately speed up char formation and block the spread of the
flame, as mentioned in Table 4 [47-49]. However, complete extinguishing of the flame
could not be obtained for any samples, suggesting that there is still room for further
improvement. The residues obtained for the sample with the shorter dipping time were
more integrated and compact, as can be seen in the DI-5 h-RT sample, which is in agree-
ment with the above discussion of the drastic effect of the acidic species on the substrates.
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Table 4. Results of the VFT.

Burning Time

Samples Burning Rate (cm?/s) ) Self-Extinguishing
DI-0.5 h-15 4.98 36 Not

DI-2 h-15 5.55 33 Not

DI-14 h-5 6.70 32 Not

DI-5 h-RT 6.49 30 Not

4. Conclusions

A Nitrogen-based (melamine)-containing sol-gel matrix was used to deposit coatings
on a pure cotton fabric. The fire resistance behavior of the pure cotton fabric was greatly
improved. It was found that the original color and mechanical properties of the samples
with longer dipping times and a heating process of ~15 h severely impacted. In contrast,
the samples obtained with shorter dipping times of 0.5 h and dried at room temperature
were found to be immune to the drastic effect of the acidic samples in the sol-gel matrix.
By offering effective resistance to the degradation process in the early stages, DI-0.5 h-
15~32.93% produced the greatest char residue. The results were further supported by the
flame spread and burning rate profile, with the lowest flame spread obtained for DI-5 h-
RT.
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