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STUDY OF WATER RESISTANCE OF SILICA PROTECTIVE COATINGS
BASED ON LIQUID GLASS

The water resistance of cotton textile materials impregnated with SiO- sols obtained on the basis
of liquid glass was studied. Experimental coatings on fabrics were prepared by the bath method. After
applying each coating layer and removing excess ash, the experimental samples were dried at (60—
80) °C. Fabric samples impregnated with sol SiO, were immersed in containers with distilled water
maintaining the same sample/water ratio. The fire-retardant properties of the coatings were determined
after standing in water for 2—72 hours. The degree of destruction of coatings during hydrolysis was
studied by determining the optical density of the hydrolyzate above the surface of the samples using the
spectrophotometric (KFK-2) method. Fire-resistant properties were determined at a laboratory installation
for fire tests. Under the influence of water, partial hydration of the surface of the silica coating occurs,
which does not lead to its destruction. The presence of a layer of adsorbed water molecules on the sur-
face of the coating is the reason for an additional increase in the fire-retardant properties of the samples.
It is shown that the degree of homogeneity of the SiO; sol affects the resistance to hydrolysis of the gel
coatings. Low-concentration SiO; sols (8 %), which are characterized by high fluidity and have a long
service life, have a predominant effect. The long-term effect of water provides an increase in the fire-
retardant properties of impregnated samples in comparison with non-impregnated fabric samples. The
concentration and degree of homogeneity of the SiO- sol have a predominant effect on the flame retardant
properties. The surface layer of flame-retardants prevents the final burning and smoldering of the samples
after removing the fire source, but does not significantly affect values of flame-retardant properties.

Keywords: liquid glass, fire-retardant coatings, textile materials, water resistance, lay-by-layer
assembly, fire resistance

1. Introduction

The problem of preserving human life and health is one of the most important in
the field of civil defense and fire safety. Solving this problem consists of solving a large
number of humanitarian, social and technical tasks, including issues of reducing the
level of fire danger for people in places of large concentration, preventing the occur-
rence of fire, as well as developing ways of its localization [1].

One of the important tasks in this sense is the development of technological prin-
ciples for increasing the fire-resistant properties of textile materials used as upholstery
and decoration materials in residential buildings, offices and places of large crowds [2—
4]. In addition, it is important to reduce smoke emission during a fire by suppressing the
ignition of textile finishing materials [5].

From this point of view, research related to the development of flame-retardant
coatings on textile materials, which are able to be reliably fixed on the surface of the
fabric, reduce the overall thermal effect of ignition or prevent the ignition of the fabric
under the influence of a fire source, are relevant.

2. Analysis of literary data and formulation of the problem

Recently, silica coatings, which do not oxidize, do not burn, and do not undergo
reconstruction under the influence of flame, are used for fire protection of textile mate-
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rials. A class of organosilicon compounds of different spatial structure, which contain
phosphorus, bromine, nitrogen and other atoms, are usually used as precursors for the
production of silica coatings. In an attempt to increase the fire resistance of siliceous
coatings, various methods of applying these substances to the fabric are used: impreg-
nation, spraying, layer-by-layer assembly, etc. [6-9].

It is known that the nature of the siliceous precursor and the history of its prepara-
tion affect the degree of homogeneity of the gel coating and, accordingly, the quality of
the fire-retardant effect of the coating [10, 11].

The introduction of titanium, zirconium and aluminum oxides into the composi-
tions significantly increases the fire resistance of treated fabrics, but their effectiveness
is lower than that of silica [11].

The use of phosphorus-containing compounds as components of a protective coat-
ing helps to increase the fire-resistant properties of impregnated fabrics, but increases
the emission of smoke. A small content of phosphorus compounds (up to 15 wt.% in
relation to the organosilicon precursor) significantly improves the fire resistance of the
fabric due to a synergistic effect [12]. But the complexity of the synthesis of phospho-
rus-containing compounds and the toxic effect on the human body and the environment
limit the use of such compounds.

The method of forming a fire-resistant coating by impregnating the fabric with
aqueous suspensions in which SiO2 nanoparticles are the dispersed phase is quite wide-
ly used [13, 14]. But the quality of the application of the protective layer is affected by
the reaction conditions of the deposition of SiO2 nanoparticles on the surface of the fab-
ric fibers, the modification time and the content of tetraethylorthosilicate, the distribu-
tion of nanoparticles by diameter. It should be noted that 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 and energy consumption of the process.

SiO2 sols of inorganic origin, for example, obtained as a result of the exchange re-
action of sodium silicate with mineral acid, can be considered as low-concentration
suspensions, in which the dispersed phase is silicic acid micelles capable of polycon-
densation with the formation of nanoparticles. From the point of view of applying SiO>
nanolayers, silicic acid salts obtained by the action of mineral acids on sodium silicate
(liquid glass) are interesting. However, in the publications cited in the technical litera-
ture, ways of obtaining gel powders of the desired structure, given porosity or pore
morphology were considered, but not the issue of obtaining a stable sol.

In previous studies [15], we proposed a method for obtaining a stable SiO> sol
based on liquid glass in the concentration range (4-16%), studied the rheological prop-
erties of the sols and showed the positive effect of protective coatings based on them on
increasing the fire protection of textile materials. But, taking into account the inorganic
origin of such sols, that is, the absence of hydrocarbon groups on the surface, it is pos-
sible to assume a partial decrease in the adhesion of the coating to the cellulose fiber.

Fire-resistant coating on textile materials works reliably only in case of sufficient
adhesion to the fabric fiber. It is possible to evaluate the adhesion of the coating to the
fiber of the fabric threads during the study of the water resistance of impregnated sam-
ples. This is explained by the fact that water has a wedging effect at the points of con-
nection of the coating with the threads of the fabric.

Thus, an unsolved part of the problem is determining the reliability of applying si-
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3. The purpose and objectives of the research

The purpose of the work is to study the processes occurring in the protective coat-
ing based on liquid glass during water resistance tests.

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

— determine the effect of long-term action of water (hydrolysis process) on the
structure of the coating based on liquid glass;

— determine the effect of long-term hydrolysis on the fire-retardant properties of
coatings.

4. Research materials and methods

Experimental SiO- sols were obtained by mixing aqueous solutions of liquid glass
and acetic acid. Cotton samples measuring 9 x 13 cm were impregnated by the "bath"
method, excess sol was removed on wringing rollers and dried at temperatures of 80-
100 °C. The coating was applied in three layers. Fire retardant solutions (diammonium
hydrogen phosphate and urea) were applied to the dried samples by spraying and dried
again. The marking of the samples consists of the concentration of SiO sol (8, 11, 14)
and the "a" mark in the case of using flame retardants.

Fabric samples impregnated with sol (SiO2 concentration 8, 11, and 14%) with
and without flame retardants were immersed in containers with distilled water with a
volume of 3 liters, maintaining the same sample/water ratio. For comparison, samples
of non-impregnated fabric were placed in a separate container. After standing in water
for some time (2, 4, 6, 24, 48 and 72 hours), one sample was removed from each con-
tainer and dried in a drying cabinet. At the same time, a portion of pre-scalated water
was taken from each container to determine the optical density of the liquid above the
samples subject to hydrolysis (hydrolyzate).

The optical density was determined using a KFK-2 photocolorimeter, using dis-
tilled water as a standard. Every day, the contaminated water was drained and the con-
tainers were filled with clean water.

After the samples were dried, they were subjected to fire tests using a laboratory
setup consisting of a protective metal horizontal screen with a hole in the middle with a
diameter of 30 mm. The burner was fed from the bottom of the hole in such a way that
the hole was in the middle of the flame from burning gas supplied under a pressure of
0.2 MPa.

A fabric sample was fixed on top of the screen. The process of the fire test was
recorded on a video camera, which was used to determine the time of the beginning of
carbonization of the fabric under the action of fire, the time of the beginning of its de-
struction, the time of final burning and smoldering after the removal of the fire source.
The area of damage to fabric samples from the action of fire for 6 seconds was deter-
mined separately.

5. Results of studies of the effect of long-term action of water on the structure
of the coating

Holding the samples in water for 2—6 hours does not lead to significant changes in
the optical density of the hydrolyzate (fig. 1a).

Practically the same situation is observed on the graph of the change in the optical
density of the hydrolyzate over the tissue samples impregnated, in addition to the SiO-
sol, with flame retardant solutions (fig. 1b). The compositions show sufficient stability
in the first 6 hours of hydrolysis.
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With increasing hydrolysis time, there is a sharp increase in the optical density of
the non-impregnated sample, which indicates a partial loss of their coloring. The optical
density curves of the impregnated samples are superimposed on the curve of the non-
impregnated sample (fig. 1a).

In the case of additional impregnation of the samples with flame retardants, a
sharp increase in the optical density of the hydrolyzates is observed in comparison with
the curve for the non-impregnated sample (fig. 1b).

The shape of the curves in graph 2(a) shows that the main damage to the coating
occurs after 24 hours of hydrolysis. Changing the water in the containers and waiting
for another 24 hours does not lead to noticeable changes in the coatings. Only on the
3rd day of hydrolysis, there is a slight increase in the optical density of the hydrolyzate
of samples impregnated with sol of 8% concentration.
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Fig. 1. Change in the optical density of the hydrolyzate depending on the time of hydrolysis

of the samples impregnated with sols of 8, 11 and 14% concentration: a — samples impregnated
with SiO; sol; b — samples additionally impregnated with flame retardant solutions
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Fig. 2. The influence of the hydrolysis time of impregnated samples on the optical density of
the hydrolyzate: a — samples impregnated with SiO; sol; b — samples additionally impregnated
with flame retardant solutions

A similar situation is observed in graph 2(b): the maximum damage to the coating
occurs in the first 24 hours of hydrolysis, and the subsequent two days of testing practi-
cally did not change the optical density values.

6. Results of studies of the effect of long-term hydrolysis on the fire-retardant
properties of coatings
The results of fire tests of experimental samples are shown in fig. 3—4. Curves of
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changes in the time of the beginning of charring and the time of the beginning of tissue
destruction from the time of hydrolysis of coatings. It should be noted that the non-
impregnated fabric significantly reduces its flame-retardant properties after hydrolysis:
the time of the beginning of charring decreases from 6 to 4 s, the time of the beginning

of destruction ranges from 5to 8 s.
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Fig. 3. The dependence of the time of the beginning of charring during the action of fire on
the samples impregnated with SiO; sol (a) and additionally impregnated with flame retardants (b)

on the hydrolysis time of the coatings
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Fig. 4. The influence of the time of hydrolysis of coatings on the time of the beginning of de-
struction of samples during fire tests: a — samples impregnated with SiO; sol; b — samples addi-

tionally impregnated with flame retardant solutions

Fire safety. DOI: 10.52363/2524-0226-2022-36-15



ISSN 2524-0226. Problems of Emergency Situations. 2022. N 2(36)

All non-impregnated samples after removal of the fire source showed final burn-
ing in the interval 11-130 s, final smoldering was observed only in the sample after hy-
drolysis for 2 hours and in the sample that was not subjected to hydrolysis.

The time of the beginning of charring of non-impregnated samples (fig. 3a) in-
creases with the increase of the hydrolysis term, which indicates the hydration of cellu-
lose fibers. The time of the beginning of charring of samples impregnated with sols of 8
and 11 % concentration after hydrolysis for 2—4 hours varies from 6 to 9 s (fig. 3a),
probably due to partial hydration of the surface of the protective coating. Adsorption of
water molecules on hydrophilic parts of the surface during hydrolysis for 2-4 hours in-
creases not only the time of the beginning of charring, but also the time of the begin-
ning of tissue destruction (fig. 4).

Further hydrolysis reduces the fire-retardant properties of the coatings, but in
comparison with non-impregnated samples, a significant improvement in fire-retardant
properties remains.

7. Discussion of the results of the study of water resistance of protective coatings

Hydrolysis of the samples within 24 hours is probably the cause of the partial loss
of staining by the samples, as evidenced by a sharp increase in the optical density of the
hydrolyzate in a container with non-impregnated tissue samples (fig. 1a).

The curves of changes in the optical density of the hydrolyzate in the containers
with samples practically overlap each other, so it can be assumed that the coatings have
some porosity, due to which the dyeing of the fabric partially reaches the hydrolyzate,
increasing its optical density.

Samples additionally impregnated with flame retardants more easily give off a
certain amount of not only fabric coloring, but also partially flame retardants (fig. 1b).
The reason for this is probably the weak fixation of flame retardants on the surface of
the silica coating, which lacks hydrocarbon groups. Previous studies have already prov-
en that the concentration of SiO.-sol affects its rheological properties [7] (flowability,
viscosity), which, in turn, affect the quality (degree of uniformity) of coating applica-
tion. Applying flame retardants to a thin coating protects the fabric to a greater extent:
the optical density of the hydrolyzate practically does not change. Taking into account
that clean water was poured into the container every 24 hours, the change in the optical
density of the hydrolyzate can show the interval of stability of the coating (fig. 2). All
samples marked "a" were impregnated, except for SiO sols, with solutions of diammo-
nium hydrogen phosphate and urea of the same concentration under the same conditions
of impregnation, wringing and drying, so it can be concluded that the durability of the
coating depends, first of all, on the concentration of SiO: sol.

Conclusions regarding water resistance of experimental coatings based on pro-
cessing only optical density curves, of course, are not justified without the results of fire
tests after hydrolysis of the coatings.

It is known that fabric impregnation with flame retardant solutions has a negative
effect on physical and mechanical characteristics. This is explained by the loosening of
cellulose fibers during impregnation. If, at the time of impregnation, the threads of the
fabric are loosened into individual fibers, the protective coating should also be de-
stroyed, so it was expected to receive a significant decrease in fire-retardant indicators.

Long-term hydrolysis (within 2-3 days) reduces the time of the beginning of char-
ring of the fabric (fig. 3), but, taking into account the similarity of the shape of the
curves for samples without flame retardants and samples addltlonally |mpregnated with



ISSN 2524-0226. Npobnemn Haa3BuYanMHUX cuTyauin. 2022. N 2(36)

flame retardants, we can also conclude about the predominant role of concentration and,
accordingly, the degree of homogeneity SiO2 sol in increasing flame retardant proper-
ties. The fire retardant effect of flame retardants is mainly manifested during the deter-
mination of the time of the beginning of the destruction of the fabric, the time of final
burning and smoldering, because after removing the source of fire, the samples did not
burn and did not smolder.

The curves shown in Figures 1-4 agree with each other. In the first 5 hours of hy-
drolysis, the flame-retardant properties of the samples are significantly higher than
those of non-impregnated samples, and the use of SiO2 sols of low concentration (8-
11 %) has a greater effect. The layer of adsorbed water molecules formed during hy-
drolysis on the surface of the coating cannot be desorbed in the process of drying the
samples, so the time for the beginning of charring and destruction is significantly in-
creased. The long-term effect of water neutralizes the effect of the concentration of sili-
ca sol, but under the conditions of the participation of flame retardants, it highlights the
effect of the degree of homogeneity of the gel coating on the fire-retardant properties.

8. Conclusions

1. The water resistance of the developed compositions of fire-resistant siliceous
coatings on textile materials was studied. It was established that partial hydration of the
surface of the siliceous coating occurs under the action of water for 2—-6 hours, which
does not lead to its destruction. The main damage to the coating occurs after 24 hours of
hydrolysis. It is shown that the degree of homogeneity of the SiO> sol affects the re-
sistance to hydrolysis of the gel coatings. SiO2 sols of low concentration (8 %), which
are characterized by high fluidity and have a long life, demonstrate greater resistance to
prolonged action of water.

2. The influence of the hydrolysis term on the fire-retardant properties of impreg-
nated fabric samples was studied. It is shown that even the long-term effect of water
provides an increase in the fire-retardant properties of impregnated samples in compari-
son with non-impregnated fabric samples by 2-2.5 times. It is shown that the concentra-
tion and degree of homogeneity of the SiO- sol have a predominant effect on the flame
retardant properties. A thin layer of coating based on sols of 8-11 % concentration in-
creases the time of the beginning of fabric destruction by 2 times compared to a coating
based on SiO> sol of 14 % concentration and by 6 times compared to non-impregnated
fabric. The surface layer of flame retardants prevents the final burning and smoldering
of the samples after removing the fire source, but does not significantly affect numerous
indicators of flame-retardant properties.
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BOJIOCTIMKICTh KPEMHE3EMMCTHX 3AXUCHUX MOKPUTTIB HA OCHOBI
PIIKOT'O CKJIA

JlocmikeHO BOAOCTIMKICTh OaBOBHAHUX TEKCTHIIBHUX MaTepialiiB, MPocoYeHuX 30iaMu Si0; ki
oJlep’KaHi Ha OCHOBI DiJIKOrO ckia. EkcrepuMeHTanbHI MOKPUTTS 10 TKAHWHAX TOTYBAJIH BaHHUM
MerozoM. [licnsi HaHeCeHHsT KOXKHOTO Iapy MOKPUTTS 1 BUJAJICHHsS! 3ai{BOTO 30J1F0 €KCIIepUMEHTANbHI
3pasku cymm B cymuibHin 1madi npu (60—80) °C. IIpocoyeni 3oiem (koHueHTpatiero SiO2 8, 11 ta
14 %) 3pa3ku TKaHWUHHM 3 aHTHIIpeHaMH Ta 0e3 HHX, 3arauONIOBaId B €MHOCTI 3 JUCTHUIHOBAHOO
BOJIOI0, JOTPUMYIOUMCh OJHAKOBOTO CIIBBIJHOIICHHS 3pa3ku/Boja. BoOrHe3axwiCHI BJIACTHUBOCTI
MOKPHUTTIB BHU3HAYAIM IIICJII BUTPUMYBAHHsS B BOAI mpoTsroM 2—72 roauH. CTymiHb pyHHYBaHHS
MOKPUTTIB MiYac TiIpoii3y JOCHIPKyBajiM, BH3HAYAlOYM ONTHYHY TYCTUHY TiAPOJi3aTy Hal
MOBEPXHEI0 3pa3kiB 3a jgomomoror cnekrpodoromerpuunoro (K®K-2) wmerony. BornesaxucHi
BIIACTUBOCTI BHM3HAYalld Ha JaOOPAaTOpHIM YCTAaHOBIII TPOBEJCHHS BOTHEBUX BHUIIPOOYBaHb.
BceranoBiieHo, 10 i Ji€l0 BOJAM BiAOYBA€ThCS YACTKOBA TiApaTallis MOBEPXHI KPEMHE3EMHCTOrO
MIOKPUTTS, SKa HEe MPU3BOIE A0 oro pyiHyBaHHs. HasBHICTH mapy afcopOOBaHMX MOJEKYN BOAM HA
MOBEPXHI MOKPUTTS € TMPUYMHOIO JOJATKOBOI'O MiJBHINCHHS BOTHE3aXMCHUX BIIACTUBOCTEW 3pa3KiB.
ITokazaHo, mo CTymiHb OMHOPimHOCTI 3010 SiO2 BIUIMBaE Ha CTIHKICT IO TiAPOINI3Yy TEIEBUX
mokputTiB. llepeBakHnid BB OKa3yloTh 3omi  SiO HU3bKOI KoHmeHTpamii (8 %), sKki
XapaKTepHU3yIOThCsl BUCOKOIO TEKYUICTIO Ta MAlOTh TPHBAIMMA TEpMiH KHUTTA. [lokazaHo, IO HaBiTh
JIOBTOTpHMBaia 1isi Bomu 30epirae MiABHINEHI BOTHE3aXHCHI BIIACTUBOCTI IMPOCOYEHUX 3pa3KiB ¥y
MOPIBHSHHI 3 HE POCOYEHUMH 3pa3kaMi TKaHWHHU. [loka3aHo, 110 mepeBayKHUl BIUIMB HA BOTHE3aXUCHI
BJIACTUBOCTI OKa3y€ KOHIIGHTpAIliA Ta CTYMmiHb oxHopigHocTi 3o0mio SiOj. IloBepxHeBwWil Tmmap
AHTUIIIPEHIB 3a1100irae 0CTaTOYHOMY TOPIHHIO Ta TIIIHHIO 3pa3KiB IICIIs BUAAJICHHS JPKEepena BOTHIO ajie
HE 3HAYHO BIUIMBAE HA YHCIICHHI MOKa3HUKY BOTHE3aXUCHUX BIACTHBOCTEH.

Kuro4uoBi cjioBa: pinke CKIIO, BOTHE3aXMCHI IMMOKPUTTS, TEKCTHJIBHI MaTepiany, BOAOCTIHKICTD,
TTonrapoBa 30ipKa, BOTHECTIHKICTb
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