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SILICON PROTECTIVE COATINGS FOR TEXTILE MATERIALS
BASED ON LIQUID GLASS

The problem of development of technological principles of obtaining silica coatings on the basis
of stable concentrated SiO, sols on the basis of liquid glass is solved in the work. The composition was
developed and SiO; sols based on liquid glass of technical purity were obtained by mixing a solution of
liquid glass and acetic acid. Experimental coatings on tissues were prepared by the bath method. After
applying each coating layer and removing excess sol, the experimental samples were dried by heating in
an oven at (60-80) °C. The resulting silicic acid solution is characterized by pH5-6, has sufficient re-
sistance to coagulation for about an hour. To improve the quality of impregnation of fabric threads with
the composition, ethanol was added in the amount of 5 to 15 vol. %. The obtained compositions were
examined by spectrophotometric (CPK-2) and microscopic (Digital Microscope S10) 1000x methods of
analysis. The behavior of experimental sols in the induction period of maturation was studied and it was
found that the viability of sols increases with increasing alcohol content. It is shown that small amounts
of alcohol lead to a decrease in the buffer capacity of the composition and, accordingly, to a decrease in
the viability of sols. The alcohol content of 15 vol. % significantly increases the survivability of the sol.
The influence of alcohol content on fire-retardant properties of impregnated tissue samples was studied.
It has been shown that regardless of the concentration of the SiO, sol, 10 % ethanol must be added to
the composition to improve the fire-retardant properties of the impregnated tissues. After the fire tests,
the fabrics have a fairly dense structure, but all the threads have become much thinner. All samples did
not lose their elasticity, the coating did not crumble. Given that the stability of impregnated fabric sam-
ples compared to non-impregnated samples increased 5—7 times, it can be concluded that the use of SiO,
sols based on liquid glass for fire protection of textile materials is promising.

Keywords: liquid glass, siliceous coatings, fire protection of textile materials, fire resistance, sol-
gel method

1. Introduction

Recently, the scientific direction on the development of fire-resistant coatings on
textile materials using the sol-gel method has been actively developing. This method
has been known for a long time, it was developed in the 50 s of the last century. Initial-
ly, it was used to obtain self-hardening binders for ceramic products, molding soils for
metal casting, hydrophobic substances. Later, sol-gel technology developed in the di-
rection of creating especially pure ceramic materials of a given composition, optical and
quartz glass, products for fiber optics, protective coatings for automobile and window
glass, and other applications. This technology makes it possible to create new materials
with a high degree of homogeneity at the molecular level and with exceptional physical
and chemical properties that are significantly different from the properties of materials
obtained by traditional methods.

The sol-gel method is based on conducting hydrolysis and condensation reactions
of metal alkoxides, such as tetraethoxysilane, tetramethoxysilane, titanium tetrai-
sopropoxide, etc., which leads to the formation of completely inorganic, organic com-
pounds or organic-inorganic hybrids, which are widely used for fire protection of vari-
ous textile materials purpose [1-3]. These coatings are able to protect the surface of the
fabric, creating a physical barrier, improving the fire-resistant properties and combus-
tion characteristics of the treated materials.
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The use of sol-gel processes for fixing silicon dioxide nanoparticles on the surface
of tissues is well described in the technical literature [4-6]. Usually, the sol-gel ap-
proach is used to create new functional properties, such as protection against UV radia-
tion, superhydrophobicity, antimicrobial protection, etc., which additionally opens up
new areas for the application of protective coatings [7-9].

However, in some works, conflicting data on the influence of the sol-gel process
on increasing the fire resistance of fabrics of various nature have been published. For
example, in work [10] it was found that sol-gel treatment acts selectively on different
fibers in fabrics: the fire resistance of polyester does not improve, and in mixed fabrics
containing 35 % cotton, a noticeable increase in the time to flash was established. In
addition, there have been many publications on the negative impact of components of
flame retardant compositions, as well as modified fabrics on human health and the envi-
ronment [11, 12]. The described situation makes it necessary to solve the problem of
ensuring safe fire protection of textile materials without losing their functional proper-
ties for wide application. Taking into account the importance and complexity of the
processes of ensuring the safety of people during a fire, the problem of creating effec-
tive elastic fire-resistant siliceous coatings on textile materials is an urgent one.

2. Analysis of literary data and formulation of the problem

Silicon dioxide applied to the fabric by sol-gel technology plays a protective role
during the pyrolysis of fabrics, but the degree of influence of the silica coating depends
on the nature of the silica precursor, that is, on the conditions of preparation of the orig-
inal SiO, sols, as well as the chemical composition and spatial structure of flame retard-
ant and modifying additives [13].

As an alternative to coatings based on silicon dioxide (derived from tetraethylor-
thosilicate), oxide phases synthesized from other precursors are used, as well as alkox-
ides (aluminum tetraethylorthotitanate, zirconate, and isopropylate) that can be applied
to cotton fabrics to increase fire resistance. Titanium, zirconium, and aluminum oxides
significantly increase the fire resistance of treated fabrics, but their effectiveness is low-
er than that of silica [14].

The use of phosphorus-containing compounds as components of organosilicon sol
helps to increase the fire-retardant properties of impregnated fabrics. A high content of
phosphorus compounds (30 and 50 wt. %) increases the emission of smoke. On the con-
trary, with a low content of phosphorus compounds (5 and 15 wt. % in relation to tet-
ramethoxysilane), the fire resistance of the fabric is significantly improved due to the
synergistic effect [15]. But the complexity of the synthesis of phosphorus-containing
compounds and the toxic effect of flame retardants on the human body and the envi-
ronment limit the use of such compositions.

There is a known method of obtaining nanoparticles for applying them in the form
of aqueous suspensions to fabric fibers, which were used as polyester, cotton, and poly-
ester-cotton mixtures [16]. Similar to the sol-gel process used to create a silicon dioxide
screen on the surface of fibers, nanoparticles can also be applied to fabric as a protec-
tive layer. But the quality of the application of the protective layer is affected by the re-
action conditions of the deposition of SiO, nanoparticles on the surface of the fabric fi-
bers, the modification time and the content of tetraethyllorthosilicate, that is, those fac-
tors directly affect the amount of silica applied to the surface of the fiber, the distribu-
tion of nanoparticles by diameter, as well as thermal stability. However, the layer-by-
layer application of a siliceous coating is a very long process, and requires additional
fixing of each layer by heat treatment, which increases the cost of the process.

From the point of view of applying SiO, nanolayers, silicic acid salts obtained by the

110 : © 0.Skorodumova., O.Tarakhno., 0.Chebotareva., K.Bajanova



ISSN 2524-0226. NMpobnemu Haa3BUMYAUHUX cuTyauin. 2022. N 1(35)

action of mineral acids on sodium silicate (liquid glass) are interesting. However, in the
publications cited in the technical literature, ways of obtaining gel powders of the desired
structure, given porosity or pore morphology were considered, but not stable sol.

Thus, the problem of developing technological principles for obtaining siliceous
coatings on the basis of stable concentrated SiO, sols on the basis of liquid glass is not
solved.

3. The purpose and objectives of the research

The purpose of the work is the development of a stable concentrated SiO, sol
based on liquid glass in the pH range of 5-6 for fire protection of textile materials
against the action of open fire.

To achieve the set goal, the following research tasks needed to be solved:

— to investigate the influence of the organic solvent content on the rheological
properties of the impregnation composition

— to investigate the effect of alcohol content on the fire-resistant properties of sili-
ceous coatings (the time of the beginning of charring, the time of the beginning of the
destruction of the fabric and the area of damage to the fabric under the action of fire).

4. Results of studies of the effect of organic solvent on the rheological proper-
ties of the impregnation composition and their durability

Liquid glass of technical purity, acetic acid and ethanol were used for research.

Sols based on liquid glass were prepared by mixing aqueous solutions of liquid
glass and acetic acid. Experimental coatings on fabrics were prepared by the bath meth-
od. After applying each coating layer and removing excess sol, the experimental sam-
ples were dried by heating in a drying oven at a temperature of (60-80) °C (Fig. 1).

iLiquid glass Aceticacid
Mixing «— C,HsOH
impregnation of fabric
Drying fabric (60-80 °C)

Fig. 1. Scheme of obtaining experimental coatings based on liquid glass

The optical density of sols was studied using a KFK-2 photo colorimeter. The flu-
idity of the sols was determined by the time it took for the sols to flow out of a burette
with a capacity of 10 ml through a standard hole with a diameter of 3 mm. The micro-
structure of fabric coatings was studied using a Digital Microscope S10 1000x optical
microscope.

Fire tests were carried out on a modernized laboratory unit, holding the samples in
the upper part of the flame of a gas burner and determining the time of the beginning of
charring (ty,c) and the time of the beginning of tissue destruction (tyg). The installation
consists of a burner, a gas cylinder with a reducer and a metal horizontal screen. With
the help of a manometer installed on the reducer, a constant value of gas pressure was
maintained. A hole with a diameter of 35 mm was cut in the center of the protectlve
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screen, with the help of which a sample of fabric fixed on top of the screen is brought
into contact with the fire. The test process was recorded on a video camera. During the
tests, the fabric on the reverse side changed its color from pink to dark yellow, and in
places of deep damage — to dark brown.

The damage area of impregnated tissue samples (from the wrong side) was deter-
mined at the value of the ignition time of non-impregnated fabric 7; (8 S), at the value of
the time of the beginning of charring (t,) and the time of the beginning of destruction
(tw) Of the impregnated samples as a percentage of the total area of the sample that was
in the fire zone.

In previous studies, we managed to obtain only a time-stable diluted SiO, sol of 4 %
concentration. The fire-retardant effect of a thin coating based on such sol was record-
ed, but due to the low concentration of SiO,, the impregnated fabrics smouldered after
the removal of the fire source during fire tests.

In these studies, an attempt was made to obtain SiO, salts based on liquid glass of
higher concentration (8-10 %). But, an increase in the concentration of sol leads to a
decrease in its stability over time, therefore, at the first stage of research, the influence
of SiO, concentration on the fluidity of sols was determined.

An increase in the concentration of SiO, in the sol increases its density, which
complicates the uniform impregnation of the fabric. From previous studies, it was estab-
lished that the impregnation of fabric samples with SiO, sols improves when small
amounts of ethanol are used, so the influence of the alcohol content in SiO, sols of 10 %
concentration on changes in fluidity over time was determined (Fig. 2).
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Fig. 2. Changes in the optical density of 8 % SiO; sol over time depending on the ethanol content

The effect of the content of the organic solvent on the change in the optical densi-
ty of the SiO, sol over time was studied (Fig. 2), when ethanol in the amount of 5, 10,
and 15 vol. % was added to the freshly prepared sol with a 10% concentration of SiO,
with constant stirring.

The shapes of the curves are similar. All curves have an inflection point at which the
process of increasing the optical density of the sols is activated. With an increase in the
amount of alcohol, the inflection point shifts to a longer time: in the case of using 5 % alco-
hol, an increase in optical density is observed after 5 minutes, and an increase in the alcohol
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content to 15 % increases this time to 44 minutes. According to the results of determining the
fluidity of sols with different alcohol content, the time during which the sols completely lost
their fluidity was determined (Fig. 3).

o BB 888838
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\\

Liveability of sol, min.

0 5 10 15
Alcoholcontent, vol.%

Fig. 3. Effect of alcohol content on the survivability of 8% SiO, sol

It can be seen from the graph that the introduction of 5-10 % alcohol reduces the
survivability of the sol. Increasing the alcohol content to 15 % leads to an increase in
the life of the sol.

5. Study of the effect of alcohol content on the fire-retardant properties of sil-
ica coatings

All samples impregnated with SiO, sol, with different alcohol content, were sub-
jected to fire tests. Table 1 shows the results of studies of the influence of alcohol con-
tent on the time of the start of charring of coatings (ty), the time of the start of tissue
destruction (tyy), as well as the area of tissue destruction at Ty (S(tyg)). TO prevent smol-
dering, a solution of diammonium hydrogen phosphate was applied to the dried silica
coating by spraying.

After the fire tests, the fabrics have a fairly dense structure (Fig. 4), but all the
threads have become much thinner.

c)
Fig. 4. Microstructure of samples impregnated with 8 % SiO2 sol with the addition of 5 %
alcohol depending on the number of coating layers: (a) 1; (b) 2; (¢) 3
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Tabl. 1. Composition and fire-retardant properties of protective coatings based on liguid glass

Sample ) The ] )
No SiO; Alcohol Carboni- | Time of onset Area of
. number - . .
concen- content in . zation start | of destruction destruction
. of coating . . 2
tration, % sol, % time, sec Tig, MIN S(Tyg), mm
layers
1 1 8 6,04 38
2 5 2 7 6,07 72
3 3 7 6,42 6
4 1 8 2,53 16
5 8 10 2 7 5,15 36
6 3 7 5,08 48
7 1 7 6,44 31
8 15 2 6 5,47 29
9 3 8 6,10 36
10 1 7 6,58 43
11 5 2 8 7,18 29
12 3 7 1,19 32
13 1 8 5,32 8
14 10 2 7 6,13 38
15 3 7 421 50
16 10 1 7 6,45 51
17 2 7 5,39 12
15 without flame
18 3 8 204 retardgnt
smoldering 3
min
19 without 1 7 5,19 50
alcohol
20 non-impregnated fabric ) 7 1,02 completely
sample burnt

An increase in the number of fabric impregnations, that is, the thickness of the
protective layer of the coating, leads to an increase in the time of the beginning of fabric
destruction. But the results shown in the table do not show a clearly established regular-
ity of the dependence of the time of the beginning of destruction and the area of tissue
damage on the number of layers of impregnation. The content of alcohol in the impreg-
nation composition has a noticeable effect on the changes in the listed properties, which
allows us to conclude that the 10 % ethanol content in SiO, sols is necessary, despite
the fact that this content reduces the survivability of the sols by almost half.

6. Discussion of the results of the influence of the organic solvent on the rheo-
logical and flame-retardant properties of the impregnation composition

The buffer effect of the acetic acid used and the sodium acetate formed during the
preparation of the protective composition ensures that the pH of the sol is maintained in
the range of 5-6. This pH value is necessary for obtaining long-lasting SiO, sols of low
concentration. An increase in the mass fraction of SiO, in the sol leads to an increase in
the viscosity of the sol, reduces its fluidity and service life, and complicates the uniform
impregnation of the fabric. Therefore, a substance capable of reducing surface tension —
ethanol, was added to the composition. But, taking into account that after drying the
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impregnated samples, a certain amount of alcohol remains adsorbed on the surface of
the fabric, residual burning or smoldering of the sample may be observed during fire
tests. Therefore, it was necessary to determine the minimum amount of alcohol, which
would be sufficient to reduce surface tension and improve impregnation, but would not
be enough for residual smoldering.

The introduction of small amounts of alcohol probably reduces the buffer capacity
of the acetate buffer solution formed at the time of preparation of the sol-gel composi-
tion due to the reaction of acetic acid with alcohol with the formation of a complex
ether — ethyl acetate. The presence of sodium ions in the sol can also lead to the for-
mation of sodium ethoxide. Simultaneously with the listed reactions in the sol, poly-
condensation processes of silicic acid occur with the formation of di-, tri- and tetrame-
ters as the main components necessary for the formation of primary SiO, particles at the
nanolevel. Condensation water can participate in the hydrolysis of ester and sodium
ethoxide. During the passage of the listed reactions, a change in the pH value during the
induction period of sol maturation is possible and, as a result, a change in the optical
density of the sol and the life span. If the alcohol content increases, the effect of chang-
ing the buffer capacity is leveled and the pH of the sol is stabilized, which ensures an
increase in the survivability of the SiO, sol.

Conducting fire studies showed that a non-impregnated sample of cotton fabric
burned out in 1 minute. When the source of fire was removed, the fabric continued to
actively burn and smolder for 5 minutes until complete destruction, so the area of com-
plete burning was 2340 mm?.

Applying a silicate coating to the fabric increased its resistance to burning for up
to 5 minutes (sample 19), but did not prevent residual decay. When applying diammo-
nium hydrogen phosphate as a 20 % solution to the surface of the fabric, no residual
burning or smoldering was observed after fire tests of impregnated samples.

When increasing the thickness of the coating based on sol of 8 % concentration,
the time of the beginning of carbonization of the impregnated samples practically did
not change, but the time of the beginning of destruction increased significantly (by 3—
4 times) regardless of the alcohol content. At the same time, the area of fabric destruc-
tion was minimal under the condition of three-time application of the coating with an
alcohol content of 5 %.

After exposure to fire for 6 minutes (Fig. 4 a), first of all, only those threads of the
fabric that were closer to the fire are charred. As can be seen from the figure, the sam-
ple that was in the fire zone for 6 min 42 sec was characterized by a minimal area of
destruction (6 mm,) and had a dense structure. All samples did not lose their elasticity,
the coatings did not crumble.

In the case of the introduction of 15 % alcohol, the samples were exposed to fire
to a greater extent: the fibers of the threads became thinner (higher shrinkage), the fab-
ric was destroyed, forming a large crack.

When fabric is impregnated with SiO, sol of 10 % concentration, the picture
changes slightly. Since the sol has a higher viscosity, part of the alcohol probably re-
mains in the fabric after drying, which is the reason for the reduction in the time of the
onset of destruction of the impregnated samples.

An increase in the number of fabric impregnations, that is, the thickness of the
protective layer of the coating, leads to an increase in the time of the beginning of fabric
destruction. But the results shown in the table do not show a clearly established regular-
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ity of the dependence of the time of the beginning of destruction and the area of tissue
damage on the number of layers of impregnation. The content of alcohol in the impreg-
nation composition has a noticeable effect on the changes in the listed properties, which
allows us to conclude that the 10 % ethanol content in SiO, sols is necessary, despite
the fact that this content reduces the survivability of the sols by almost half.

Taking into account that the resistance of impregnated fabric samples compared to
non-impregnated samples increased by 5-7 times, it can be concluded that the use of
SiO, sols based on liquid glass is promising for fire protection of textile materials.

The developed flame retardant composition does not contain harmful components,
is characterized by ease of manufacture, does not require expenditure of energy, and has
a low manufacturing cost, which favorably distinguishes it from foreign analogues. The
first results obtained will form the basis of further research on determining the optimal
composition of the fire-retardant composition in relation to the concentration of SiO,
and the amount and concentration of flame retardants.

7. Conclusions

1. The composition was developed and SiO, sols were obtained based on liquid
glass of technical purity by mixing a solution of liquid glass and acetic acid. The effect of
ethanol content on the optical density and durability of SiO, sols based on liquid glass
was investigated. It is shown that small amounts of alcohol lead to a decrease in the buff-
er capacity of the composition and, accordingly, to a decrease in the viability of the sols.
The alcohol content of 15 vol. % significantly increases the durability of the sol.

2. The effect of alcohol content on the fire-retardant properties of impregnated
fabric samples was studied. It is shown that, regardless of the concentration of SiO, sol,
it is necessary to introduce 10 % ethanol into the composition to improve the fire-
resistant characteristics of impregnated fabrics. Given the lack of a clear regularity of
the influence of alcohol content on the fire-retardant properties of fabrics, it seems ap-
propriate to study the behavior of SiO, sols based on liquid glass without alcohol over
time and the influence of the concentration of SiO, sol on the fire-retardant properties
of coatings. The resistance of impregnated fabric samples compared to non-
impregnated samples increased by 5-7 times, so it was concluded that the use of SiO,
sols based on liquid glass is promising for fire protection of textile materials.
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KPEMHE3EMHUCTI 3AXUCHI IOKPUTTA
IO TEKCTUWIBHUX MATEPIAJIAX HA OCHOBI PIIKOI'O CKJIA

Bupimeno npobieMy po3po0iieHHsI TEXHOJIOTIYHUX MPUHIMITIB OACPKaHHI KPEMHE3EMHUCTHX T10-
KPHTTIB Ha OCHOBI CTIHKHX KOHIIECHTPOBAaHMX 30JiB SiO, Ha OCHOBI pimkoro ckia. Po3pobieno ckimam ta
oneprkano 3011 SiO; Ha OCHOBI PIAKOTO CKJIa TEXHIYHOTO PiBHS YHCTOTH 3MINTYBAaHHSIM PO3YHHY PiIKO-
r0 CKJIa Ta OLTOBOI KHCIOTH. EKCIIepUMEHTa bHI MOKPHUTTS 10 TKAHWHAX TOTYBaJld BAHHUM METOJIOM.
[Ticns HaHECEHHS! KOXKHOTO IIapy MOKPUTTS 1 BUAAJICHHS 3aiiBOTO 30JII0 €KCIIEPUMEHTaIbHI 3pa3KH CY-
VK TIPY HarpiBaHHI B cymmibHIHN madi mpu (60-80) °C. OxepxaHuil pO3UNH KPEMHEKHICIOTH Xapak-
TepusyeThes pH 5—6, Mae TOCTAaTHIO CTIHKICTh JIO KOATYJIAIIT MPOTATOM Yacy OJW3bKO roguHu. J{ms mi-
JBUIIEHHS SKOCTiI MPOCOYEHHSI HUTOK TKAHWHHM KOMITO3HIIIE€I0 B Hel Jo/laBaln €TaHOJ y KiNbKOCTI
5-15 06. %. Onpeprkani kommo3uilii gocmimkyBamu crnekrpodoromerpuaanm (KOK-2) ta mikpockorri-
ganm (Digital Microscope S10) 1000 x meTogamu aHamizy. J{ocimimKeHO MOBEAIHKY €KCIIEPHUMEHTAb-
HUX 30J1iB B iHAYKIIHHOMY TIepio/ii JO3piBaHHS Ta BCTAHOBJICHO, 10 KUBYYICTh 30JIiB 3pOCTAE 3 MiABU-
IeHHsIM BMicTy criupty. [lokazano, mo Maii KiUTBKOCTI CIIPTY MPHU3BOIATH 10 3MEHIIEHHS OydepHoi
€MHOCTI KOMITO3UIIi] Ta, BiIMOBITHO, O 3MEHIIEHHS XKUBYYOCTi 301iB. BmicT cimpty 15 06. % 3Ha4uHO
301IBLIYE KUBYUICTh 30.110. JlOCIHIPKEHO BIUTMB BMICTY CIIMPTY Ha BOTHE3aXHCHI BIACTHUBOCTI MpOcoYe-
HUX 3pa3KiB TKaHWHU. [loKa3aHO, 10 HE3aJEKHO Bij KOHIEHTpalii 3010 Si0, HEOOXiTHO BBOJUTH Y
kommno3suito 10 % eraHomy A7 HOKpaLIeHHs! BOTHE3aXUCHUX XapaKTEPUCTHK MPOCOYEHUX TKaHuH. [1i-
CJIsl BOTHEBUX BUNPOOYBaHb TKAHMHU MAIOTh JOCHTH HIUTBHY CTPYKTYpY, HE BTPa4alOTh CBOET eIacTuy-
HOCTI, HOKPHUTTS He oOcumanucs. CTIKICTh MPOCOYEHNX 3pa3KiB TKAaHWHHU y TIOPIBHSHHI 3 HE MPOcoYe-
HUMU 3pa3kaMu 301IbITyBaack y 5—7 pa3iB, TOMY 3p0OJIEHO BUCHOBOK ITPO MEPCIIEKTHBHICTh BUKOPHC-
TaHHs 3011iB Si0; Ha OCHOBI PiJIKOTO CKJIA /ISl BOTHE3aXHUCTY TEKCTHIIPHUX MaTepialiB.

KurouoBi cioBa: pinke ckiio, KpeMHE3EMHUCTi TIOKPHUTTS, BOTHE3aXHCT TEKCTHILHUX MaTepialis,
BOTHECTIHKICTD, 30JIb-T€JIb METOI
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