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Abstract. By introducing, in addition to phosphorus, nitrogen and halogens into the structure of the 

organosilicon compound, a synergistic effect of the flame retardant effect of the fabric is achieved, 

but the issue of protecting the environment from the effects of thermal decomposition products of the 

flame retardant composition arises. In view of the numerous publications on the impact of thermal 

destruction products of flame retardants on the ecological state of the environment, the problem of 

finding safe types of flame retardants that do not release toxic decomposition products during thermal 

destruction has arisen. The aim of the work was to develop a phosphorus- and nitrogen-containing 

silicate fire-retardant composition based on safe components that do not produce toxic products 

during thermal destruction of the treated fabric. As a result of the conducted research, it was 

established the possibility of using modifying additives (orthophosphoric acid and ammonium 

dihydrogen phosphate) in the composition of protective sol based on liquid glass. It was established 

that the introduction of small additions of orthophosphoric acid into the SiO2 sol contributes to the 

formation of continuous thin silica films on the surface of the fibers of cotton fabric threads and 

significantly increases the time of the beginning of the destruction of the fabric under the action of 

fire. A positive result was achieved under conditions of single impregnation with sol of low 

concentration (8 % SiO2). It has been established that the addition of ammonium dihydrogen 

phosphate also has a positive effect on increasing the flame retardant properties of the fabric. The 

optimal range of concentration of the solution of the phosphorus-containing additive is 10–15 %. 

Additional impregnation with a flame retardant solution increases the fire-resistant properties of 

textile materials and prevents final burning and smoldering. 

1 Introduction  

Textile materials are very widely used in various industries, in everyday life, as upholstery and 

decoration materials due to their elasticity, sufficient tear strength, abrasion resistance, easy dyeing 

process and aesthetics [1]. However, a big disadvantage is a high tendency to flash, which often 

occurs with the release of a large amount of heat, which adds problems not only during a fire [2], but 

also during its extinguishing [3–5]. Therefore, an important issue is the development of new ways of 

reducing the fire hazard from textile materials, especially in places with large crowds of people [6, 

7]. In some cases, such fires also cause significant damage to the environment [8, 9]. 

Recently, more and more publications have been published on research in the field of finding new 

methods of surface treatment of fibers of textile materials with the aim of increasing flame retardant 

properties [10, 11]. Many publications are devoted to the methods of introducing nitrogen and 

phosphorus atoms into the structure of the flame retardant composition based on organosilicon 

substances of various classes, the degree of surface development and the number of grafted functional 

groups [12–14]. But mostly emphasis is placed on the use of complex organosilicon structures that 

undergo polycondensation with the formation of inclusion compounds or clathrates of phosphorus or 
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nitrogen in the layer of the protective composition on the surface of textile fibers. Red phosphorus 

[15], organophosphorus compounds [16], various phosphates [17], polyphosphates [18], 

orthophosphoric acid [19], nitrogen-phosphorus sums [20] etc. are used as a phosphorus precursor 

for flame retardant compositions. 

The method of applying the protective composition affects the level of fire protection. The sol-gel 

method [21], layer-by-layer assembly [22], deposition of nanoparticles on the fiber surface [23], as 

well as chemical modification of synthetic fibers directly during their extraction from the melt [24] 

are most often used. 

The use of the sol-gel process allows you to create a gel silicate film on the surface of fabric fibers, 

which acts as an insulating barrier [25–27]. But the principle is the type and structure of the sol-gel 

precursor: depending on the number and type of functional groups that can be hydrolyzed, the 

presence of aromatic rings, etc. it is possible to obtain a different degree of homogeneity of the 

distribution of silicon dioxide on the fibers, as well as to obtain an uneven structure of a protective 

silica film, the structure of which corresponds to the opal-like glass phase [28]. 

Recently, a combined method of layer-by-layer assembly is used, when layers of organosilicon 

compounds are applied using the sol-gel method, and flame retardant solutions or their mixtures are 

applied by the method of deposition on the surface of the silicate coating with subsequent fixing by 

appropriate heat treatment [29]. This approach makes it possible to control the kinetic parameters of 

the reactions of hydrolysis and polycondensation of organosilicon precursors, and the main stages of 

the sol-gel transition for the formation of layers of silicate coating, which can significantly increase 

the fire resistance of the fabric [30]. 

2 Unresolved Issues  

Usually, a toxic compound or silicophosphate compound is formed in the complex of an 

organophosphorus compound with an organosilicon component of a complex spatial structure, which 

decomposes under the action of fire with the formation of toxic products of thermal destruction [31, 

32]. The introduction, in addition to phosphorus, of nitrogen and halogens into the structure of the 

organosilicon compound achieves a synergistic effect of the flame retardant effect of the fabric, but 

the thermal decomposition products of such compositions significantly pollute the environment [33, 

34]. In view of the numerous publications on the impact of thermal destruction products of flame 

retardants on the ecological state of the environment, the problem of finding safe types of flame 

retardants that do not release toxic decomposition products during thermal destruction has arisen. 

In view of the above, the aim of the work was to develop a phosphorus- and nitrogen-containing 

silicate fire-retardant composition based on safe components that do not produce toxic products 

during thermal destruction of the treated fabric.  

3 Main Part 

Silicic acid sols were used for research, which were prepared by mixing an aqueous solution of liquid 

glass with a solution of acetic acid. Additions of orthophosphoric acid and ammonium dihydrogen 

phosphate (ADHP) were introduced into the composition slowly, monitoring the pH. Experimental 

coatings were applied to the fabric by the bath method. After a single application of the coating layer 

and removal of excess sol, the experimental samples were dried by heating in a drying cabinet at a 

temperature of (60–80) ºС. An aqueous solution of flame retardant - diammonium hydrogen 

phosphate (DAHP) - was also applied by the bath method. 

During the fire tests, the time of the beginning of carbonization of the fabric, the time of the 

beginning of its destruction, and the time of final burning and smoldering were determined.  

Study of the influence of the composition on the rheological properties of impregnating 

compositions. In the induction period of aging of SiO2 sols, nanoparticles are formed from associates 

of silicic acid micelles, their sizes increase, and recondensation of small particles on the surface of 

larger ones occurs according to R. Eiler's theory. A change in the size and number of nanoparticles 

168 Protection Materials and Energy Engineering



leads to a change in the value of the optical density of the sol, therefore, measurements were made 

using a CPC-2 photocolorimeter. 

The curves of changes in the optical density of sols containing orthophosphoric acid practically 

overlap each other (Fig. 1). The increase in the angle of inclination of the tangents to the curves shows 

that the process of growth of colloidal sol particles and their aggregation into large associates begins 

after approximately 45 minutes in the composition with 0.1 % and 4 % H3PO4 after preparation and 

after 60 minutes in the composition with 2 % H3PO4 . This term is sufficient to impregnate a large 

area of fabric. 

After the coagulation process is completed, the composition remains transparent. Thin films of the 

composition, which were obtained by applying to the glass surface, have a uniform dense structure, 

soft and elastic. 

 

Fig. 1. Changes in the optical density of sol-gel compositions based on liquid glass over time. 

Figure 2 shows the curves of changes in the optical density of sol-gel compositions containing 

ammonium dihydrogen phosphate (ADHP) as a phosphorus-containing compound. Despite the fact 

that the pH of the colloidal solution remains approximately 6, the process of growth of colloidal sol 

particles and their aggregation into large associates begins earlier than in compositions containing 

orthophosphoric acid, and is about 25 min for compositions containing 15 % and 20 % solutions of 

ADHP and about 30 min for compositions with a lower concentration of ADHP.  

 

Fig. 2. Changes in the optical density of compositions with the addition of ADHP over time. 

Thus, despite the fact that the life of such compositions is about 1 hour, it is desirable to impregnate 

the fabric in the first 30 minutes after preparing the compositions. 

The structure of the gel film of the composition with ADHP is slightly different from the 

composition with orthophosphoric acid: it is porous and less uniform, but also elastic and transparent. 

Study of the influence of the content of orthophosphoric acid on changes in the fire-retardant 

properties of impregnated cotton fabric samples. The composition of the experimental compositions 

is given in Table 1. With an increase in the content of orthophosphoric acid, the time of the beginning 
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of charring and the beginning of destruction practically does not change (Fig. 3). After the fire source 

was removed, only the 4 % orthophosphoric acid sample showed final combustion. The smoldering 

time of all samples not treated with flame retardant decreased with increasing H3PO4 content. 

Table 1. Compositions of experimental compositions with orthophosphoric acid and results of fire 

tests. 

No. 

compo-

sition 

DAHP 

H3PO4 

content 

[%] 

The time of 

the beginning 

of charring, 

[sec] 

The time of the 

beginning of 

destruction, 

[sec] 

Final 

burning 

time, [sec] 

Decay 

time, 

[sec] 

0 not treated 3 4 27 50 

1  0.1 4 6 0 90 

2 + 0.1 5 154 0 0 

3  2 3 4 0 75 

4 + 2 4 74 0 0 

5  4 4 6 16 79 

6 + 4 5 121 0 0 

 
а                                                                                b 

Fig. 3. Influence of the content of orthophosphoric acid on the time of the beginning of charring (1) 

and destruction (2) of samples without flame retardant (a) and with DAHP flame retardant (b). 

In the case of additional impregnation with a flame retardant solution, final burning and 

smoldering were not observed, and the time of the onset of destruction increased from 4 to 154 sec. 

It can be seen from the graph that the best results can be obtained by introducing a micro-addition of 

orthophosphoric acid (0.1 %). Figure 4 shows the microstructures of the samples before and after fire 

tests.   

The single-layer coating is transparent, colorless, not visible on the fibers of the fabric threads. 

The samples do not lose their elasticity. In the case of additional application of an aqueous solution 

of diammonium hydrogen phosphate, the tissues become a little stiffer, but they also do not lose 

elasticity. 
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No.  

of the 

composition 

H3PO4 

content 

Presence of 

flame 

retardant 

Microstructure of fabric samples 

before the tests after the tests 

1 0.1 – 

  

2 0.1 DAHP 

  

4 2 DAHP 

  

5 4 – 

  

6 4 DAHP 

  

7 not treated 

 

completely burned 

Fig. 4. Microstructure of experimental samples. 

During fire tests, impregnated samples do not support combustion, but gradually char. After 

removing the fire, smoldering is observed for 0.5–1.5 minutes. If flame retardant is used, smoldering 

and final burning are not observed. 

The structure of the samples after fire remains dense. The photos show that after long-term 

exposure to fire, the coating is not destroyed even in the immediate area of fire. 
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Investigation of the effect of ammonium dihydrogen phosphate (ADHP) content on the fire-

retardant properties of impregnated cotton fabric samples. Ammonium dihydrogen phosphate 

solutions have a pH of 6, so their addition to the composition based on liquid glass did not affect the 

pH change. 

At the first stage of research, the influence of the content of the 5 % ADHP solution was studied. 

Table 2 shows the results of fire tests of experimental samples. It was established that the content in 

terms of dry matter of 0.5 % of ADHP significantly increases the time of onset of tissue destruction. 

At the same time, it is not important whether a diluted solution was added to the composition in an 

amount that ensures the introduction of 0.5 % ADHP, or whether such an amount of ADHP was added 

in the form of a more concentrated solution. As can be seen from the table, there is a synergistic effect 

of the action of ADHP and DAHP: the time to the beginning of tissue destruction increases sharply. 

Table 2. Compositions of compositions with ammonium dihydrogen phosphate and results of fire 

tests. 

No of the 

compo-

sition 

DAHP 

ADHP 

concent-

ration, 

[%] 

ADHP 

content,

[%] 

The time of 

the beginning 

of charring, 

[sec] 

The time of the 

beginning of 

destruction, 

[sec] 

Final 

burning 

time, 

[sec] 

Decay 

time, 

[sec] 

8  

5 

0.25 3 5 9 50 

9 + 0.25 5 57 0 0 

10  0.5 4 6 30 71 

11 + 0.5 4 73 0 0 

12  0.75 4 6 4 20 

13 + 0.75 4 9 0 0 

14  

10 

0.5 4 22 0 100 

15 + 0.5 5 177 0 0 

16 + 0.5     

17  

15 

0.75 1 5 0 64 

18 + 0.75 4 9 6 0 

19 + 0.75   0  

20  

20 

1 2 6 0 90 

21 + 1 4 9 0 0 

22 + 1     

23 not treated 5 6 18 46 

Considering that the SiO2 sol has a sufficiently low concentration, the addition of a diluted solution 

of the additive further reduces the concentration of the impregnating composition, so the effect of the 

concentration of ADHP on the flame-retardant properties of the impregnated samples was further 

studied. 

Without flame retardants, the samples smoldered, and the smoldering time depended not so much 

on the concentration of ADHP, but on the texture of the cotton fabric and the presence of defects on 

it. Therefore, we can conclude that the average smoldering time was about 60 seconds. 

More important information is provided by the curve of the dependence of the time of the 

beginning of tissue destruction under the action of fire on the ADHP concentration: the graph shows 

an extremum in the area of 10 % ADHP concentration (Fig. 5a). Under the conditions of use of this 

particular concentration, a significant increase in the time of the onset of destruction (approximately 

3–4 times) is observed. Under the conditions of additional impregnation with a solution of flame 

retardant - diammonium hydrogen phosphate - this composition shows an increase in the time of the 

beginning of tissue destruction from 22 s to 177 s, that is, almost 9 times (Fig. 5, b). 
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а             b 

Fig. 5. Influence of the concentration of ammonium dihydrogen phosphate additive on the time of 

the beginning of charring (1) and destruction (2) of experimental samples without flame retardant 

(a) and with flame retardant (b). 

Ammonium dihydrogen phosphate decomposes under the influence of temperature with the 

release of meta phosphoric acid, which is capable of polymerization, and ammonia. But, taking into 

account that in terms of dry matter, its content was in the range of 0.25–1 % of the amount of 

impregnation composition, the coating did not collapse, but pores formed in it, due to which thermal 

destruction of fabric threads was activated (Fig. 3.5). In the case of using DAHP flame retardant, 

complete tissue destruction in the flame zone was not observed. This can be explained by the fact that 

the adsorbed and thermal shock-fixed flame retardant layer on the surface of the gel protects against 

ADHP decomposition. Further research of compositions based on liquid glass, which contain, in 

addition to orthophosphoric acid, ammonium dihydrogen phosphate is promising. 

4 Conclusion  

As a result of the conducted research, it was established the possibility of using modifying additives 

in the composition of protective sol based on liquid glass. It was established that the use of small 

additions of orthophosphoric acid contributes to the formation of continuous thin silica films on the 

surface of the fibers of cotton fabric threads and significantly increases the time of the beginning of 

fabric destruction under the influence of fire. A positive result was achieved under conditions of 

single impregnation with sol of low concentration (8 % SiO2). Additional impregnation with a flame 

retardant solution increases the fire-resistant properties of textile materials and prevents final burning 

and smoldering. 

It has been established that the addition of ammonium dihydrogen phosphate also has a positive 

effect on increasing the flame retardant properties of the fabric. The optimal range of concentration 

of the solution of the phosphorus-containing additive is 10–15 %. Additional impregnation with a 

flame retardant solution significantly enhances the positive effect of the protective coating on the fire-

retardant properties of the fabric. 
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