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Abstract

:

A sol-gel matrix was generated from S– and P-based acids to prepare a fire-retardant solution system for coating natural cotton fibers. The physical properties, surface morphology, and elemental composition of the coated samples were assessed using optical scanning electron microscopy. The thermal behavior of the coated samples was documented using TGA and VFT tests, which confirmed higher thermal stability of the phosphate-based coatings. High char residue formation (~44.5%) and self-extinguishing properties were observed for the phosphate-based coating under non-curing conditions. The superior properties of phosphate-based coatings P5-4h could be ascribed to the collaborative effect of P–Si–N—i.e., the combined activity during the combustion process and pyrolysis of the coated sample.
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1. Introduction


The massive use of textile fabrics enhances human life. Several distinctive characteristics, such as noble texture, comfort, excellent hygroscopicity, biodegradability, “breathability”, and antistatic properties, account for the widespread use of these fabrics. However, two major deficiencies hinder widespread application in a diverse spectrum of areas, ranging from the high-tech industry to home commodities made from cotton fabric: high intrinsic flammability and ignitability, which can lead to serious property and human loss during fire accidents [1,2,3,4]. Existing commercial fire-retardant solutions in the form of Pyrovatex CP or Proban can offer a satisfactory reduction in flammability [5]. However, due to increasing restrictions of laws/regulations regarding the use of toxic fire-retardant chemicals, particularly the halogen group derivatives [6,7], and some phosphorus-based compounds, including tetrakis hydroxymethyl phosphonium chloride (THPC) and N-methylol dimethyl phosphono-propionamide (MDPA), which have the potential to release formaldehyde [8], this is highly discouraged. Therefore, eco-friendly, non-toxic chemicals or their combinations, which can fulfill demands as superior fire retardants, are highly desired. A surface modification approach has been effective for the deposition of various chemicals on cotton fabric to impart fire-retardant properties. Major surface modification can be accomplished, including; layer-by-layer deposition techniques [9,10,11,12,13,14,15,16,17], the application of reactive monomeric or polymeric species [18,19,20,21,22,23], coating with phosphorous-containing biomolecules such as DNA or casein [20,24,25], treatment with UV–curable [26,27] or plasma-curable systems [28], and the use of sol-gel techniques [29,30,31,32,33].



For several reasons, such as the capacity for trapping both organic and inorganic compounds on the surface of fabric and the simplicity of the process, interest in the use of the sol-gel process for depositing fire-retardant materials onto the surface of textile fabric has remarkably grown in the last decade. The textile field has been so responsive to the sol-gel process that it has been successfully adopted for various applications such as the production of antimicrobial and UV radiation protective materials [34,35,36,37,38,39], the generation of materials exhibiting dye fastness, anti-wrinkle finishing, super-hydrophobicity, and immobilization of biomolecules. Furthermore, sol-gel-derived hybrid structures have shown substantial effectiveness for thermal insulation, significantly enhancing the flame retardancy of coated substrates. Especially when applied to cellulosic substrates, these inorganic structures absorb ambient heat, forming a physical barrier that protects the degrading polymer by restricting heat transfer from the combustion zone. That insulation not only reduces the generation of volatile compounds that contribute fuel to the combustion zone but also accelerates the development of a carbonaceous layer (char). Moreover, this char layer contributes to flame retardancy by providing an extra layer of thermal protection. A sol-gel coating offers an interesting combination of physio-chemical activity to impart nano-modification and nano-structuring to the fabric surface. A large alkoxide Si(OR)4 may be used to form sol and gel through hydrolysis and a polycondensation process. Depending on the conditions, a hybrid organic-inorganic polymer is created with linear branches or colloid elements. Silica acquired via the sol-gel process from the precursor tetraethoxysilane (TEOS) can improve the thermal resistance of the cotton to some extent. The presence of additional moieties such as N-based and P-based units may enhance performance. This is superior to simply doping flame-retardant additives (N-, B-, and P-) into silica sol during the sol-gel process. Coatings generated using this method could face poor washing durability for treated fabrics. Therefore, there has been growing interest in utilizing alkoxysilane precursors bearing evaporative chemical moieties in this process. Extensive analysis of the individual and combined role of nitrogen, phosphorous, and silicon units in precursors has been reported [31,32,40,41]. However, the precursors used are highly complex and expensive, which limits their commercial use. Thus, the use of cost-effective precursors displaying enhanced fire retardancy is of great interest. Generally, hydrochloric acid is used to catalyze the gelation process during the sol-gel method. However, in the current study, phosphoric acid and sulfuric acids were used to achieve gelation as well as cause significant improvement in the flame extinguishing and thermal stability of the cotton fabric. The formation and effect of (P–N–Si) and (S–N–Si) cross-linkers on the FR and structural properties have been evaluated. A hybrid silica gel has been formed through the addition of two types of acids, i.e., phosphoric acid and sulfuric acid; subsequently, melamine (N-precursor) was introduced to obtain a P–Si–N-based gel for deposition as a coating on cotton fabric.




2. Experimental Section


2.1. Materials


The experimental substrate consisted of 100% pure cotton fabric (180 g m−2). Prior to use, the fabric was cut precisely into sample pieces (height/width~230 mm/120 mm), followed by cleaning and drying to prepare it for experimentation. Ethanol and HCl were purchased from Sigma Aldrich Seoul, Republic of Korea, however, melamine and tetraethoxysilane (TEOS) were purchased from Samchun Republic of korea. H2SO4 and H3PO4 additives were obtained from Sigma Aldrich industry Republic of Korea, Seoul. DI water used in the experiment had a resistivity of 18.6 Ω∙cm.




2.2. Preparation of Sol


The sol was prepared using the following chemical ratios: TEOS:ETHANOL:DI = 1:2:4. After thoroughly mixing these chemicals, 1 mL of HCl (37%), 5 mL of H2SO4, and 5 mL of H3PO4 were added to the mixture, and stirred at room temperature for 4 h until a clear transparent sol-gel system was achieved. Simultaneously, a 10% melamine solution was prepared using ethanol and subsequently blended with the sol during the stirring process. The resulting sol was then transferred into a 500 mL beaker for cotton impregnation.




2.3. Cotton Treatment


A total of 8 sequential cotton fabric samples, each measuring 230 mm × 120 mm, were taken for the treatment. Under each experimental condition, two fabric samples were treated. Samples P5-4h-C and P5-4h were treated in the phosphoric acid-based solution under the conditions mentioned in Table 1. Likewise, S3-4h-C and S5-4h were treated in the sulfuric acid-based sol-gel system under the conditions mentioned in Table 1. The letter “C” with the sample abbreviation was used for the curing process.




2.4. Characterization Techniques


By using a low–voltage scanning electronic microscope (LV-SEM, Merlin Compact), examined the surface morphologies of both treated and untreated fabric species. Additionally, to investigate the elemental composition of coated surfaces, EDAX (energy-dispersive X-ray spectroscopy) was used as a combined means of characterization alongside LV-SEM. To enhance surface microscopy effectiveness, the as-coated fabric samples were Pt-sputtered for 3 min under high vacuum conditions to facilitate conduction to the fabric surface. To quantitatively evaluate the attachment of coating species to the cotton fabric, pre- and post-coating weight was measured using a highly sensitive weight balance (5 digits). The coated samples were then analyzed using attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy (JASCO 6300) over a frequency range of 4000 to 400 cm−1. The spectra profiles were collected after 32 scans at a resolution of 4 cm−1. Additionally, the thermal stability of both uncoated and coated fabrics was then assessed in a nitrogen atmosphere (20 mL min−1) using the Sinco Thermogravimetric Analyzer (N-1000/1500) within the temperature range of 50–700 °C, with a heating rate of 20 °C min−1. Each sample, weighing 10~15 mg was placed in an empty Pt crucible, which was then balanced with a standard one before being introduced into the heating chamber. Macro-combustion tests, including the vertical flame test (VFT), were conducted for both the coated and the control samples in accordance with documented ASTM D6413 standards. Accordingly, each sample was ignited in a lab-manufactured vertical flammability chamber (300 mm/120 mm) using a Bunsen burner flame. The flame was directed to the fabric sample for precisely 10 s, positioned 20 mm below it, and the entire process was captured using a high-speed optical camera.





3. Results and Discussion


3.1. Microstructural and Physical Properties


Optical images of the samples of treated cotton fabric obtained in different additives and concentration conditions were taken and analyzed for rupture tests as shown in Figure 1. All the processing conditions applied for the coating formulation process and subsequent post-coating treatment conditions can be seen in Table 1. Images show no significant apparent changes, except the intrinsic physical properties of the coated cotton. It can be seen that except P5-4h, all the samples, including the sulfur-based coated and phosphorus-based coated samples, were ruptured. This suggests the combined effect of chemical and heat processes on the mechanical properties of the coated samples. P5-4h sustained the maximum possible force in order to resist the rupturing process. Importantly, it can be seen that the rupture line is very straight and sharp, suggesting the brittleness of the fabric in the cases of S5-4h-C and P5-4h-C. However, in the case of S5-4h, the rupture line is not sharp instead, fibers mesh alongside can be seen evidently, which suggests a lower degree rupture process in the S5-4h. Since there is a possibility that the heating procedure could induce a reaction between the acidic component and silica network to react and potentially activate an exothermic reaction in the presence of a high-temperature environment. This reaction could lead to damage in the cellulosic network of the cotton fabric, as can be observed in the first two samples. Further, from the sharp and straight rupture line in S5-4h-C and P5-4h-C samples, it can be presumed that the curing process aggravated the rupturing and thus significantly compromised the mechanical properties of the coated samples. Add-on’s % was calculated from the weight comparison between the coated and uncoated samples using the following equation and was drawn as shown in Figure 2.


    W   a d d − o n   ( % ) =      W   2   −   W   1       W   1      × 100  











Here W1 represents the weight of the untreated fabric and W2 is the weight of the treated fabric. It can be seen that more than 30% of the coated material was deposited on the cotton fabric. In the case of P5-4h-C and P5-4h, the weight gain is higher compared to the sulfur-based coated sample (S5-4h).



The treated cotton samples were subsequently analyzed using a low–voltage scanning electron microscope, which allows an understanding of the coating process and its effect on the fabric’s microstructure as shown in Figure 3a–d. We can observe the results, which provided valuable insights into the deposition of coating layers at a micro-level scale. The SEM images of the treated fabric samples demonstrated a surface that appears consistently smooth, with clearly visible gaps between the fibers. Furthermore, a denser and more cohesive coating is observed on the surfaces of the coated samples. It can be seen in Figure 3 that the fiber thickness is increased after treatment, which suggests that the coating deposited successfully, and also, uniform coverage of all the fibers on the fabric by the coated layers can be observed. This uniformity suggests a controlled application process and enhancement across the entire fabric surface. Such precision in coating application signifies a sophisticated manufacturing technique aimed at enhancing the fabric’s properties while maintaining its integrity. Further, the original microstructure of the fabric can be seen as clear and distinctive, without any ceiling or tapping by thick sheet layers of the coated species. The coated species, however, sealed the individual fibers of the cotton fabric instead of covering the entire fabric matrix. Coating of the individual fibers suggests the perseverance of the originality of the fabric microstructure. Unlikely, the coating layers on the P5-4h-C can be seen as thick and seal the cotton fabric microstructure at various random locations. Thus, the individual fibers of the cotton fabric cannot be resolved as compared to other samples. Similarly, from the high-resolution images of the P5-4h-C, the coating layers can be seen as broken into patches, which validates the higher thickness of the coating layers as compared to other samples. Furthermore, micro-details can be observed from the individual fiber images as shown in the high-resolution (HR) images of the respective samples. The HR images present the level of thickness of coating layers and fabric matrix.




3.2. Compositional Analysis


Elemental compositional profiles of the samples were obtained via EDS mapping of the whole sample as shown in Figure 4 and numerically recorded in Table 2. Generally, C, O, Si, P, S, and N were obtained in the elemental profiles. Importantly, % of “Si” was found higher in the sulfur-based samples at ~6.25 and ~8.37 compared to phosphate-based samples at ~5.90 and ~4.23. The Si was majorly obtained from the TEOS, a sol-gel precursor. The presence of a significant amount of “Si” indicates the successful deposition of the sol-gel species to the individual fiber, and consequently, it could aid in safeguarding the coated fabric against fire. The acid species that were added were also obtained in the EDS spectra with numerical values above 2% for both phosphorous and sulfur. The presence of sulfur and phosphorous suggests effective hydrolysis and condensation during the sol-gel deposition process and thus successful deposition of coatings.



FTIR analysis of the coated samples was carried out, and the results are plotted as shown in Figure 5. The peaks observed in the coated samples correspond to various stretching and vibrational modes associated with the bonds between the coating species deposited on the cotton fabric. The major modes as identified in the cotton fabric include OH stretching, CH stretching, H2O absorption, CH absorption, CH2 bending, C-O-O glycoside bend stretching, and C-H rock vibration. The OH and CH stretching were observed at wave numbers exceeding 2500 cm−1, exhibiting lower energy levels for these resonances. It is hypothesized that these vibrations have stemmed from the presence of C-H and O-H groups in both the ethanol and cotton fabric. Moreover, it is observable that the width of these two peaks has been significantly modified under different coating conditions, indicating that OH groups may be removed through an extended heating duration.



The hydrolysis of the Si–OR group as it proceeded through the sol-gel process could possibly decrease the intensity of the absorption peaks of C–H groups belonging to the alkoxy groups at approximately 2900 cm−1 [42]. However, the degree of decrease varies with the type of additives, suggesting the efficiency of the sol-gel process. It can be seen that the decrease in C–H peaks was higher for P5-4h-C and P5-4h, suggesting improved hydrolysis and sol-gel processes. The formation of the Si–OH groups results in an increased intensity of the absorption peak of −OH groups around 3450 cm−1 [43,44]. Additionally, the formation of Si–O–Si and/or Si–O–P networks can cause the absorption peaks to broaden around ~1150 cm−1 [43]. Furthermore, the phosphate units exhibit four principal domains in the IR spectrum, each corresponding to specific vibration modes: the symmetric stretching mode (νs) from 900 to 1000 cm−1, the antisymmetric stretching mode (νas) between 1000 and 1250 cm−1, the antisymmetric bending mode (δas) from 500 to 700 cm−1, and the symmetric bending mode (δs) between 300 and 500 cm−1. In the studied compound, the bands identified between 1010 and 1185 cm−1 correspond to the triply degenerate νas (PO4) mode, while the band near 962 cm−1 is attributed to the νs (PO4) mode in the stretching vibration domain. For the bending modes, bands were assigned to the doubly degenerate δs (PO4) (ranging from 383 to 461 cm−1) and the triply degenerate δas (PO4) modes (ranging from 492 to 628 cm−1)




3.3. Thermal Analysis


To examine the thermal degradation stability, deterioration stages, and ash residue of the treated cotton, thermogravimetric analysis was performed for all the treated species. TGA was conducted over a temperature range of 25 °C to 700 °C at a heating rate of 20°/min as shown in Figure 6, and the obtained parameters were recorded as in Table 3. Ton (onset temperature, where the degradation starts) and Toff (offset temperature, where the degradation ends) for each sample can be seen in Table 3. P-based samples have a higher Ton and a lower Toff, suggesting a limiting region of degradation. It can be seen that the rapid degradation that occurred between 320 °C and 460 °C was due to the thermal degradation of the polymer backbone through pyrolysis. It is significant to mention that the char yield obtained for phosphorous-based samples was above ~40%. The highest value of residue was obtained for P5-4h ~44.5, followed by P5-4h-C ~41.99%. At higher temperatures (350~500 °C), phosphoric acid is converted into pyro-meta and poly-phosphate species, as illustrated in Figure 6b. The reaction route through which the formation of these species occurred is presented in Equation (1). These phosphate species, which were also identified in the FTIR profile, at higher temperatures could form a strong shield on the outermost layer of the cotton fabric, thereby delaying the further decomposition of the material, while the latter could have an additional effect of diluting the oxidizing gaseous species [44].
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(1)





It has been reported that phosphorous agents significantly boost the char yield [45]. Furthermore, phosphoric acid showed a catalytic role in the dehydration reaction of terminal alcohols as shown in Equations (1)–(4), represented by the endothermic plateau on the TGA plot. Such dehydration at lower temperatures results in the generation of carbo-cations and unsaturated carbon species, which convert to stable carbonized structures at higher temperatures.
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Furthermore, several other significant effects of these carbonized layers were observed, such as (a) limiting the volatilization of fuel, (b) limiting the oxygen diffusion to the cotton matrix, and (c) insulating the cotton from the surface heat. In addition, the formation of poly-phosphoric acids and pyrophosphate allows the silicon reaction during pyrolysis to convert into silicate and form a protective layer, which further retards the thermo-oxidative combustion of cellulose [45,46,47]. It is also believed that phosphoric acid can produce active radicals (PO2−, PO−, HPO−), which act as scavengers of H+ and OH−, thus inhibiting the combustion process 10 times more effectively than chlorine during pyrolysis [48]. The melamine (N-Source) is used as an additive to catalyze the production of char and thus co-inhibit the pyrolysis process in combination with P-Si. Therefore, the use of a sole precursor, e.g., silicon, can also be responsible for the higher residue [49,50,51]. The combination of the Si-P-N network offered significant thermal resistance against fire and higher char residue as observed for P5-4h and P5-4h-C samples. It is also believed that the Nitrogen species produced during the degradation process could lead to the formation of gaseous phosphaphenanthrene groups in the presence of acidic phosphorus groups. Likewise, the phosphaphenanthrene groups further combine with silicon groups to promote the char formation. On the contrary, char residue obtained for the S5-4h and S-4h-C were found to be significantly lower at 38.8 and 34%, respectively, as shown in Figure 6. The sulfur species could not collaborate with “Si” and “N” to form a networking effect against the combustion and pyrolysis processes.



The DTGA profile was obtained from the differentiation of the TGA curve to analyze the maxima and minima on the temperature axis as shown in Figure 7. The width and length of the DTGA peaks represent the temperature region and the quantity of the weight loss, respectively. The minima and maxima on the temperature axis could provide the details and identify the temperature point, where the highest and lowest degradation of the samples occurred during the thermogravimetric analysis. Endothermic peaks with different lengths for each sample appeared, as can be seen in Figure 7. The DTGA profile plot clearly shows degradation at three different temperature points. The initial degradation took place in the range of 100 °C to 150 °C, which can be attributed to the low melting point species and volatiles and is more evident in the P5-4h compared to other samples. The next degradation, which is the major degradation, occurred in the range of 200 °C to 300 °C, which is due to the pyrolysis of the cotton fabric. The major loss is much steeper but narrower for P5-4h and P5-4h-C samples compared to the S-5 sample, suggesting singular deep degradation in the P5-4h and P5-4h-C samples, albeit with less weight loss. In contrast, in S5-4h and S5-4h-C samples, the degradation occurred less steeply but extended through the wide region of the curve. Furthermore, additional degradation peaks can also be seen for S5-4h and S5-4h-C, suggesting two additional doses of weight loss for the stated samples. This could be possible due to the weak protective layers and carbonaceous structure formed during the major degradation process. As stated earlier, the carbonaceous char formed by the P–Si–N network, as in the case of P5-4h and P5-4h-C samples, has considerable retardance against fire.



For the additional examination of the thermal characteristics of the treated samples, a vertical flame test was performed, and the relevant images were captured after the removal of flame burner at intervals of 10 s, 20 s, and final char images. As shown in Figure 8, the sulfur-based samples S5-4h and S5-4h-C are easy to ignite and could not withstand the flame. The final visual representation of the stated samples is observable as fully burned, as well as mechanically disintegrated, suggesting the complete failure of the sulfur-based coatings to protect the samples against fire and subsequently against mechanical disintegration. Similarly, the char residue obtained through VFT was found to be more than 50%, which is higher than the TGA values, having erroneous inclusion, which can be attributed to the irregular burnt area. Likewise, poor values for the burning spread and burning time were obtained for S5-4h and S5-4h-C samples as mentioned in Table 4 and plotted in Figure 9. In contrast, the phosphate-based coated samples offered significant resistance to the fire, as can be seen in Figure 8c,d. After the removal of the burning burner, the fire was immediately extinguished for both P5-4h and P5-4h-C samples, which is a significant achievement for the current combination of used materials and process. In consensus regarding the TGA results, it is observable that flame spread is higher for the P5-4h-C sample compared to the uncured sample (P5-4h) suggesting the superior role of the latter. It is believed that the curing process could cause the volatile species and lower melting point radicals to release from the cotton surface and thus could not play its role during the higher temperature tests (TGA and VFT).




3.4. Conclusions


Sol-gel-based fire-retardant coatings were effectively applied onto the cotton fabric using phosphoric and sulfuric acid additives. The addition of sulfuric acid species was a complete failure due to the mechanical disintegration of the coated samples and weak fire resistance properties. On the contrary, it was found that the phosphate-based coatings offered significant protection to the cotton fabric against flame and ignition. For instance, the highest char residue was obtained for Ph-4h ~44.5%, with a peak degradation temperature of 284 °C. In addition, complete self-extinguishing occurred for both P5-4h and P5-4h-C samples, suggesting the superior protection properties of the phosphate-based coatings against ignition. The superior fire-retardant behaviors of the phosphate-based coated samples were due to the synergistic effect of phosphorus–silicon–nitrogen, i.e., the combined reaction activity during the combustion and ignition process.
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Figure 1. (a–d) Optical images of the coated cotton samples showing rupturing performance indicated by red lines. 
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Figure 2. Add-on’s (%) of the coated species obtained from the weight difference before and after coating for each sample. 
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Figure 3. (a–d) LV-SEM images of the coated samples obtained under various conditions. 
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Figure 4. EDS profile of the coated fabric samples. 
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Figure 5. (a–e) FTIR analysis profile of the coated cotton fabrics. 
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Figure 6. (a) Thermogravimetric analysis curves of the coated fabric and (b) reaction mechanism of the coating components during the thermal process. 
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Figure 7. DTGA analysis curves of the coated fabrics obtained under various conditions. 
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Figure 8. VFT images and flame spread after 10 s, 20 s, and final char, (a,b) sulphate based coated samples, (c,d) phosphates based coated samples. Self-extinguishing occurred in (c,d). 
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Figure 9. (a–d) Burning time, char residue, burning rate, and flame spread of the coated samples obtained from VFT data. 
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Table 1. Experimental parameters and adds on (%).
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	Samples
	Dipping Time (hrs)
	Weight before Coating (g)
	Weight after Coating (g)
	Adds on (%)
	Heating Time/T
	Curing Time/T





	S5-4h
	4
	3.46
	4.97
	30.30
	12 h/65 °C
	60 s/130 °C



	S5-4h-C
	4
	3.49
	5.14
	32.11
	12 h/65 °C
	60 s/130 °C



	P5-4h
	4
	3.50
	5.13
	31.74
	12 h/65 °C
	60 s/130 °C



	P5-4h-C
	4
	3.39
	4.97
	31.84
	12 h/65 °C
	60 s/130 °C










 





Table 2. EDS compositional profile of the coated samples.
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	Elements#
	S5-4h
	S5-4h-C
	P5-4h
	P5-4h-C





	C
	44.63
	41.79
	46.72
	46.78



	P
	
	
	1.38
	2.11



	O
	46.62
	46.37
	45.91
	46.67



	Si
	6.25
	8.37
	5.90
	4.23



	S
	2.36
	3.26
	-----
	-----



	N
	0.14
	0.21
	0.09
	0.21



	Total
	100.00
	100.00
	100.00
	100.00










 





Table 3. Parameters obtained from the thermal analysis of the coated samples.
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	#
	Ton
	Ron
	Toff
	Roff
	Tpeak1
	Tpeak2
	Char Residue (%)





	S5-4h
	155.27
	92.44
	340.53
	53.1
	232.61
	297.18
	34.0



	S5-4h-C
	146.77
	95.82
	355.45
	56.24
	226.26
	281.75
	40.81



	P5-4h
	227.60
	92.37
	281.99
	68.03
	145.5
	
	44.5



	P5-4h-C
	229.87
	92.59
	284.07
	65.84
	283.87
	
	41.99










 





Table 4. Combustion parameters obtained through VFT analysis.
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Samples

	
Flame Spread (mm2/s)

	
Char Residue (%)

	
Burning Rate (g/s)

	
Burning Time (s)






	
S5-4h

	
7.44

	
44.06

	
0.12

	
25




	
S5-4h-C

	
7.71

	
51.40

	
0.16

	
26




	
P5-4h

	
Fire Extinguishes




	
P5-4h-C

	
Fire Extinguishes
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