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SELECTION OF PRECURSORS OF SAFE SILICA-BASED FIREPROOF
COATINGS FOR TEXTILE MATERIALS

The selection of the inorganic precursor SiO- as the main component of the simplified safe tech-
nology for obtaining flame-retardant coatings on textile materials was carried out. By thermographic
research of organic and inorganic SiO; precursors, performed on an OD-102 derivatograph under condi-
tions of heating at a rate of 10°C/min in an air environment, the processes of decomposition of the coat-
ing that occur during the action of fire were investigated. Gels based on inorganic precursors produced
by industry (silica sol, silica gel) and silicic acid, which was obtained by the exchange reaction of an
aqueous solution of sodium silicate of liquid glass and acetic acid, were studied for the comparative
characteristics of thermal destruction of coatings. As organic precursors of SiO2, gels of ethyl silicate-
32 and methyltriethoxysilane were studied, which were obtained by hydrolysis of organosilicon com-
pounds in an acidic water-alcohol medium with subsequent polycondensation of the hydrolysis prod-
ucts. The effect of temperature on the nature of thermal destruction of silica gel, silica sol, silicic acid
and organosilicon gels of ethyl silicate and methylotriethoxysilane was investigated. It is shown that
inorganic precursors differ favorably from organosilicon precursors in terms of the overall thermal ef-
fect during their decomposition, mass loss during heat treatment, and the rate of change of this parame-
ter. Considering that, in addition to total mass loss, the increase in mass loss during heating is less than
1 % in compositions based on inorganic precursors, it is possible to use all three types of inorganic pre-
cursors, but from the point of view of acidity and safety of impregnation compositions, preference is
given to silicic acid obtained by the exchange reaction of silicate sodium liquid glass with acetic acid.

Keywords: liquid glass, siliceous coatings, fire protection of textile materials, precursors of inor-
ganic and organic origin

1. Introduction

The sol-gel method is very widely used in various fields of science and technolo-
gy. Obtaining protective coatings securely attached to fabric fibers is due to the pro-
cesses that occur during the sol-gel transition.

Organosilicon compounds of different chemical composition, degree of polymeri-
zation and modification are usually used as starting components. But, regardless of the
chemical composition of the organosilicon component, the processes that take place in
the sol and lead to its transformation into a gel can be described by sequential-parallel
reactions of hydrolysis and polycondensation. With the help of sol-gel transformation, it
is possible to obtain materials of a new generation with increased physical and chemical
properties [1, 2].

Recently, the sol-gel method is used not in its pure form, but as an auxiliary meth-
od for creating a layer-by-layer coating [3], as well as for creating nanoparticles of met-
al and non-metal oxides for their deposition on the surface of textile material [3]. The
so-called hybrid protective coatings are quite often used, in which, in addition to the or-
ganic component in the form of a sol of the organosilicon component, there are inorgan-
ic compounds of varying degrees of water solubility [4].

Given that the formation of a siloxane framework can only occur after the appear-
ance of OH- hydroxo groups in the structure of the organosilicon component (after the
hydroly5|s reaction), which are prone to condensation with the formation of oxygen
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bridges in the siloxane structure, a large number of technical literature sources are de-
voted to the study of these processes and their influence on the formation of dense pro-
tective coatings on textile materials [5].

Organosilicon components usually have a developed structure and contain phenol-
Ic groups to increase fire resistance [6], but such structures need to be synthesized in
advance, which is quite a difficult task. In addition, organophosphorus compounds con-
taining halogens, amino or nitro groups also need to be synthesized first. The developed
structure of the components of the fire-resistant coating ensures the formation of a coke
residue during the action of fire on the treated fabric, that is, the fabric is quickly de-
stroyed. In addition, halogenated organophosphorus compounds and their thermal de-
composition products are usually toxic.

Considering the above, the issue of developing a technology for obtaining gel
coatings based on safe components is urgent.

2. Analysis of literature data and problem statement

The use of the sol-gel process allows you to create a gel silicate film on the sur-
face of fabric fibers, which acts as an insulating barrier [7]. 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 ob-
tain a different degree of distribution of the silicon dioxide dispersion on the fibers. For
example, work [8] shows that not only the type of organosilicon precursor affects the
structure of the gel coating, but also the quantitative ratio of the components. It is
shown that the time of modification and the content of tetraethylorthosilicate directly
affect the number of SiO2 nanoparticles formed on the surface of fabric fibers. The
main drawback is the need to strictly control the kinetic parameters of the sol-gel transi-
tion in order to obtain a more or less uniform coating.

Addition of aluminum titanate, zirconate, or aluminum isopropylate to the SiO sol
allows modification of the gel film containing Si—O-Al- or —Si—O-Zr—0O-Si- blocks and
other types of architecture to obtain an organic-inorganic coating with increased flame
retardant properties. But the authors [9] observed the formation of dense coating films in
the gaps between the fibers, and the film was partially fixed on the surface of the fibers,
which, of course, negatively affects the elasticity and softness of the fabric.

In the case of using a phosphorus-containing compound during the sol-gel process,
for example, using orthophosphoric acid in the hydrolysis of alkoxysilane, it is possible to
improve the fire-retardant effect of the siloxane coating on the fibers of cotton fabrics
[10] due to thermal shielding, which ensures the presence of silicon dioxide, and carboni-
zation by due to the presence of phosphoric acid. But the amount and concentration of
orthophosphoric acid have a different effect not only on the fire-retardant properties of
impregnated fabrics, but also on the spatial structure of the siloxane film on the cotton
fibers. Although orthophosphoric acid mainly affects the linear polycondensation of the
organosilicon precursor SiOz, the structure of the gel film will be very heterogeneous due
to the low rate of hydrolysis of alkoxysilane and the much higher rate of the polyconden-
sation reaction, i.e. in different local areas the structure of the gel film will differ, accord-
ingly, the development of deformation stresses is possible in the case of fire, which leads
to the destruction of the coating, which is confirmed by research [11].

Complication of the structure of the fire-resistant coating leads to negative conse-
guences in relation to the ecological situation of the environment. The synergistic effect
of phosphorus-, nitrogen- and halogen-containing organosilicon substances is a Ioglcal
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explanation for their wide use as components of fire-resistant coatings on textile and
building materials. But, taking into account that there are no eternal materials and there
is always a moment of disposal of the material protected by a fire-resistant coating [12],
it IS necessary to pay attention to the processes of thermal decomposition of fire-
resistant compositions and treated fabrics. Usually, disposal takes place in high-
temperature furnaces and is accompanied by the release into the air of a large amount of
flue gases, which contain toxic components [13]. During the thermal decomposition of
textile materials, in addition to the gas component, a large number of small solid parti-
cles are released into the air, which are carried with flue gases over long distances and
gradually settle on soil and water [14]. The smallest particles move long distances with
the air. This is confirmed by a number of studies carried out by scientists from different
countries [15]. For example, Swedish scientists conducted research on the quality of air
that moved from the southern regions of Europe to the north [16]. The results of the
measurements proved the presence in the air of the remains of the decomposition of the
brominated cycloalkane hexabromocyclododecane, which is widely used in Europe and
is not used in Sweden [17]. Large-scale measurements of air, soil, water, food products
(sea fish, etc.) showed high concentrations of hexabromocyclododecane, which indi-
cates bioaccumulation [18].

Summarizing the above, known effective flame retardant compositions for textile
materials contain toxic halogenated organophosphorus compounds, which are attached
to organosilicon polymers with a developed spatial structure and require a preliminary
complex synthesis. Under the action of fire, the coating swells, which makes further use
of the textile material impossible, and the decomposition products of the coating nega-
tively affect the environment.

Thus, it is determined to be expedient to replace organophosphorus compounds
with inorganic phosphorus-containing safe substances, and instead of high-cost organo-
silicon compounds to use inorganic SiO> precursors, which will simplify the technology
of obtaining coatings and their application to fibers of textile material.

3. The purpose and tasks of the research

The purpose of the work is to substantiate the choice of the inorganic precursor
SiO; as a silica base for safe flame retardant compositions for textile materials.

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

—to investigate the processes of thermal destruction of inorganic silica-containing
precursors;

—to investigate the effect of mass loss of silica-containing precursors on the mi-
crostructure of fire-resistant coatings.

4. Research materials and methods

The main hypothesis is that silicic acid, which is formed during the exchange re-
action of sodium silicate with acid, is able to polymerize and form a protective film, but
the type of mineral or organic acid affects the nature of this polymerization and the spa-
tial structure of the polymer. Therefore, it is important to investigate the influence of the
conditions of production of silicic acid on the processes of its thermal destruction. Sols
and SiO2 gels of inorganic origin were used for research: silica sol, silica gel, and silicic
acid obtained by the exchange reaction between sodium silicate (liquid glass) and acetic
acid. Ethyl silicate-32 gel (ETS gel) and methyltriethoxysilane (MTEQOS gel) were used
as organic precursors.
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Processes of thermal destruction of silica-containing precursors of flame retardant
compositions were studied using differential thermal and X-ray phase analysis methods
and optical microscopy. DTA curves were obtained on an OD-102 derivatograph in the
temperature range of 20—-1000 °C with a temperature rise rate of 10 °C/min. X-ray phase
analysis was performed using a DRON-3M X-ray diffractometer in CuKa radiation.
Microscopic analysis of the coating surface was performed in reflected light using a
Digital Microscope S10 1000* optical microscope.

5. Results of the study of processes of thermal destruction of silica-containing
precursors

DTA curves of inorganic gel coating precursors are shown in Fig. 1. DTA curves
are similar in shape. A diffuse, low-intensity endothermic effect in the temperature
range of 85-125 °C, which is accompanied by a slight loss of mass, corresponds to the
beginning of the thermal decomposition of silica sol, silicic acid, and silica gel.

When the inorganic precursors are further heated to a temperature of about 640 °C
(Fig. 1), anhydrous amorphous SiO> is formed, which is accompanied by a slight exo-
thermic effect without a change in mass. Minor exothermic effects at a temperature of
820 °C without a noticeable change in mass can be attributed to the crystallization of SiOx.
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Fig. 1. Differential-thermal organosilicon gels based on: a —silica gel; b — silicic acid; ¢ —silica sol
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The low intensity of the exothermic effect indicates that the crystallization process
is insignificant, which is confirmed by x-rays: on the x-ray pattern of silicic acid, heat-
treated at a temperature of 840 °C (exposure for 1 hour), only an increase in the intensi-
ty of the halo is observed, and the formation of diffraction peaks of very weak intensity
on it (at the level of the main background X-ray diffraction pattern) corresponding to
cristobalite (Fig. 2).

Unlike silica gel and silicic acid, the thermogram of silica gel (Fig. 1a) shows a
weak endothermic effect at a temperature of 917 °C, which is accompanied by a slight
loss of mass and probably corresponds to the process of destruction of clathrates.

Organosilicon precursors decompose with a significant endothermic effect (Fig. 3).
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Fig. 2. X-ray pattern of silicic acid fired at 840 °C/1 hour
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Fig. 3. Differential thermal analysis of organosilicon gels based on: a — methyltriethoxysilane;
b — ethyl silicate-32

In addition, gels based on organosilicon precursors undergo thermo-oxidative de-
struction  with a significant exothermic effect in the range of
520-600 °C, which is accompanied by additional mass loss. A slight exothermic effect
at a temperature of 885 °C indicates the beginning of crystallization of SiO».
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6. The effect of mass loss of silica-containing precursors on the microstruc-
ture of fire-resistant coatings

The mass loss of silica gel, silicic acid, and silica sol is half as much as the mass loss
of ethyl silicate gel during heating (Tab. 1). The total mass loss of silicic acid is 8,22 %,
silica sol — 6,91 %, silica gel — 11,52 %. The increase in mass loss during heating of these
precursors is less than 1 %, and at the points of the endothermic effect — 0,86-2,3 %.

Unlike inorganic precursors, the ethyl silicate gel decomposes more actively: at
the point of endothermic effect, a mass loss of up to 13 % is observed, and the increase
in mass loss is 5,97 %. But a noticeable increase in mass loss persists in the temperature
range of 100250 °C, that is, to the temperature that corresponds to the end of the processes
of thermal destruction of the ethyl silicate gel and the exit of the DTA curve to the baseline.
Thermo-oxidative destruction of ethyl silicate gel at temperatures of 300-650 °C is accom-
panied by an increase in mass loss in the range of 0,31-0,8 %.

Tab. 1. Mass loss of gel coating precursors*
A silica precursor

T, °C silica sol silicic acid silica gel ETS gel MTEQOS gel
Lm ALn Lm ALn Lm | ALn Lm | ALn Lm ALn
100 4,32 0 2,47 0 0,77 0 2,19 0 0,36 0
150 5,18 0,86 4,11 1,64 3,07 2,3 8,16 5,97 0,72 0,36
200 5,18 0 4,52 0,41 3,84 0,77 | 13,13 | 4,97 1,08 0,36
250 5,62 0,44 4,93 0,41 4,61 0,77 | 16,88 | 3,75 1,58 0,5
300 5,62 0 5,45 0,52 4,61 0 17,5 0,62 2,02 0,44
350 5,62 0 5,45 0 5,37 0,76 18,3 0,8 2,52 0,5
400 5,62 0 5,75 0,3 5,76 0,39 | 19,06 | 0,76 2,74 0,22
450 6,05 0,43 6,17 0,42 6,53 0,77 | 19,69 | 0,63 3,24 0,5
500 6,05 0 6,57 0,40 6,91 0,38 | 20,00 | 0,31 3,24 0
550 6,91 0,86 6,99 0,42 7,68 0,77 | 20,63 | 0,63 3,96 0,72
600 6,91 0 6,99 0 8,06 0,38 | 20,94 | 0,31 4,32 0,36

650 6,91 0 6,99 0 8,45 039 | 2125 | 031 5,04 0,72
700 6,91 0 7,40 0,41 8,83 0,38 | 2156 | 0,31 5,76 0,72
750 6,91 0 7,40 0 9,21 0,38 | 21,75 | 0,19 6,12 0,36
800 6,91 0 7,40 0 9,21 0 21,88 | 0,13 6,48 0,36
850 6,91 0 7,40 0 9,60 0,39 | 219 | 0,08 6,48 0

900 6,91 0 7,81 0,41 9,98 038 | 22,19 | 0,23 6,48 0

950 6,91 0 8,22 0,41 | 10,75 | 0,77 | 22,19 0 6,62 0,14

1000 6,91 0 8,22 0 11,52 0,77 22,19 0 6,84 0,22
* Lm —mass loss, % AL, — increase in mass loss, %

Methyltriethoxysilane gel loses 6,84 % of mass when heated to 1000 °C. The in-
crease in mass loss practically does not differ from the results obtained during the ther-
mographic analysis of silicic acid. At the point of exothermic effect (600°C), the mass
loss was 0,31 %, which practically corresponds to the mass loss of inorganic precursors.

Figure 4 shows the microstructure of fabric samples treated with flame retardant
compositions based on MTEQS, ETS and silicic acid obtained from liquid glass.

Fire safety. DOI: 10.52363/2524-0226-2023-37-14 $197
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Fig. 4. Microstructure of coatings on cotton fabrics based on: a — methyltriethoxysilane; b —
ethyl silicate-32; ¢ — silicic acid

The structure of the coatings is not destroyed after fire tests. The coating based on
an inorganic precursor (Fig. 4, ¢) was not destroyed even in the area of fire on the fab-
ric, but it shrank as a result of partial pyrolysis of the cellulose fibers of the fabric.

7. Discussion of the results of studies of thermal destruction processes of sili-
ca-containing precursors

It is known that SiO; sols become stable over time, that is, they do not coagulate
in two pH intervals: less than 2 and more than 10 [5].

Sols obtained in the alkaline pH range are characterized by the greatest stability in
the case of low concentrations. Stabilizers — sodium oxide or aqueous ammonia — are
added to concentrated sols to prevent coagulation. The amount of stabilizer depends on
the amount of silica sol concentration and is directly proportional to this amount.

The studied gels are most often used in various industries, in particular as starting
components (precursors) of flame retardant compositions for textile and construction mate-
rials. Inorganic silica sols, which do not contain inclusions of hydrocarbon radicals on the
surface of the colloidal particles of the solid phase, are produced by industry with con-
trolled dispersion of the solid phase, concentration and pH level. Usually, the concentration
of silica sols varies in the range (200450 g/l), and the size of the micelles is 5-15 nm.

In silica sols of industrial production, the pH is kept in the range of 8,5-10,5. If
modifier additives are used, pH 1,3-2 can be obtained (provided chromium oxide is
added). But in both the first and second cases, the use of such silica sols is not advisable
for fire protection of textile materials, because long-term exposure to a strongly alkaline
or strongly acidic environment negatively affects the physical and mechanical proper-
ties of textiles, as well as human skin in case of moistening of impregnated fabric. In
addition, it should be taken into account that during disposal in high-temperature fur-
naces in an oxidizing environment, high-temperature oxidation of trivalent chromium
into the highly toxic carcinogenic form of chromium VI occurs. Therefore, in accord-
ance with the purpose of these studies to create a safe technology of fire-resistant coat-
ings, the use of silica sol is not advisable.

According to the results of DTA, silica gel can be used as a component of a flame
retardant coating, but, taking into account the presence of an endothermic effect in the
region of 900-1000 °C, which can be attributed to the process of destruction of water
clathrates formed during polycondensation in acidic conditions to obtain SiO> sol,
doubts arise about the homogeneity of the gel. In previous studies, it was established
that the more homogeneous the initial SiO- sol, the denser the gel coating on the fibers
of the fabric threads and the higher the fire protection of the textile material.

Silicic acid, obtained by the exchange reaction of sodium silicate and acetic acid, to

f'108 ! ©70."skorodumova, 0. Chebotareva, A. Sharshanov, A. Chernukha



ISSN 2524-0226. Mpobnemu Haa3BuYanHUX cuTyauin. 2023. N 1(37)

the greatest extent meets the requirements for precursors of flame retardant coatings. The
acidity of the original sol is 5,5-6. Very weak crystallization of SiO, (practically the for-
mation of a cryptocrystalline phase) indicates the presence of an opal-like glass phase
Si0O2.nH>0, the so-called technical opal, which is formed during the polycondensation of
silicic acid under conditions of a slightly acidic environment and makes it difficult for crys-
tals to form [1] and prevents the destruction of the coating during fire of research (Fig. 4).
The main disadvantage of organic precursors is the presence of significant exo-
thermic effects on the DTA curves, which correspond to thermo-oxidative destruction
and additionally increase the temperature of the coating during the action of the flame.

8. Discussion of the results of the study of the influence of mass loss on the
microstructure of the fire-resistant coating

From the point of view of the mass loss of the studied gels, not only the total mass
loss of the coating, but also the rate of its loss, that is, the increase in mass loss, is fun-
damental. Despite the fact that in the range of 20-1000 °C inorganic precursors lose
about 7-12 % of mass, the coating does not break down during fire tests. This is ex-
plained by the small values of the increase in mass loss in the temperature intervals in
which endothermic effects are present on the thermograms. The same situation is ob-
served in the case of the use of ethyl silicate or methyltriethoxysilane as precursors: de-
spite the significantly greater total mass loss during the heat treatment of gels based on
organosilicon compounds, the low rate of increase in mass loss prevents the destruction
of the coating during fire tests, due to which the treated fabrics do not catch fire, but
gradually charred under the action of fire.

9. Conclusion

1. Through thermographic research of organic and inorganic precursors of silica
coating, the processes of thermal destruction of SiO» gels based on various precursors:
organic (methyltriethoxysilane, ethyl silicate) and inorganic (silica sol, silica gel, silicic
acid) were investigated. The main disadvantage of organic precursors is the presence of
significant exothermic effects on the DTA curves, which correspond to thermo-
oxidative destruction and additionally increase the temperature of the coating during the
action of the flame.

2. The effect of gel mass loss during heating on the integrity of the fireproof coat-
ing was investigated. It was established that during thermal destruction, inorganic SiO»
precursors have significantly lower mass losses, which makes them promising for ob-
taining flame-retardant compositions for textile materials.

Considering that, in addition to total mass loss, the increase in mass loss during
heating is less than 1 % in compositions based on inorganic precursors, it is possible to
use all three types of inorganic precursors, but from the point of view of acidity and
safety of impregnation compositions, preference is given to silicic acid obtained by the
exchange reaction of silicate sodium liquid glass with acetic acid.
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BUBIP IPEKYPCOPIB BE3IIEYHUX KPEMHE3EMUCTHUX BOI'HE3AXNCHHUX
IOKPUTTIB JJIAA TEKCTUWIBHUX MATEPIAJIIB

Bukonano BuOip HeopranigHoro mpekypcopy SiO; SK OCHOBHOTO KOMITOHEHTA CIIPOIIEHOI Oe3med-
HOI TEXHOJIOTII 0Jiep>KaHHs BOTHE3aXUCHUX MOKPUTTIB MO TEKCTWILHUX Marepianax. Illmsixom tepmorpa-
(digHOTO IMOCTimKEHHs, BUKOHaHOTO Ha nepuBarorpadi OJI-102 B yMoBax HarpiBaHHS 31 IIBHIKICTIO
10°C/xB y NOBITpSHOMY CEepelOBUIL, OPraHiYHUX Ta HEOpraHiuHUX HpeKypcopiB SiOz gocmimkeHo mpo-
LecH po3KiIaJaHHs TOKPUTTS, IO BiAOYBarOTHCS MiJ Yac Ail BOrHIO. sl MOPIiBHSUIBHOT XapaKTEePUCTHKH
TEPMOAECTPYKIII] MOKPUTTIB JTOCITIPKYBaIU Telli Ha OCHOBI HEOPraHIYHHUX MPEKYPCOPIB, SIKi BUITYCKAIOTh-
Cs1 IPOMUCIIOBICTIO (KPEMHE30JTh, CHIIIKArelib), Ta KPEMHEKHCIIOTY, SIKy OyJI0 ofepkKaHO 0OMIHHOIO peak-
II€I0 BOAHOTO PO3YMHY CHITIKATy HATPIIO PIIKOTO CKJIa Ta ONTOBOI KUCIIOTH. B SIKOCTI OpraHIYHHUX TPEeKy-
pcopiB SiO2 mocimKyBaId Telli eTHICHITIKATy-32 Ta METHITPUETOKCUCHIIAHY, sIKi OyJI oaepskaHi Tiapo-
J30M KpEeMHIHOPraHiYHUX CIOJYK B KHCIOMY BOXHO-CIIUPTOBOMY CEPENOBHILI 3 MOJATBIIOI0 IOJIIKOH-
JICHCALl€I0 MPOAYKTIB Timpomi3y. JocmiiKeHo BIUTUB TeMIlepaTypd Ha XapakTep TepMOJECTPYKLIl Chli-
Kareito, KpeMHE30JIF0, KPEMHEKHUCIIOTH Ta KpEMHIHOpraHIYHUX TelliB eTHIICHITIKATy Ta METHIIOTPUETOKCH-
cunany. JlocnipKkeHo BIUTMB BTpAT MacH TeJIiB MpW HArpiBaHHI HA HUTICHICTh BOTHE3aXHCHOTO TIOKPUTTSL.
[Toxazano, 110 IPeKypCOpPH HEOPTAaHIYHOTO TIOXO/KEHHS BUTIIHO BiIPI3HSIOTHCS BiJl KpEMHIHOPTaHIYHAX
MPEKYPCOpiB 3 TOUKH 30py 3arajibHOTO TEIJIOBOTrO eeKTy MiA yac iX po3KIalaHHs, BTPaTH MAcH IiJ 4ac
TEpMOOOPOOKH Ta MIBUAKOCTI 3MIHM IIbOTO MapameTpy. BpaxoByioun, 10 OKpiM 3arajibHUX BTpaT Macu
MPUPICT BTpaT MacH Mifl 4ac HarpiBaHHs cKiagae MeHme | % B KOMIO3MIISAX HA OCHOBI HEOPTaHIYHUX
MPEKypPCOpiB, MOKIMBO BUKOPHUCTOBYBATH BCI TPU THUIH HEOPTaHIYHHUX MPEKYpPCOPIB, ajie 3 TOYKH 30pY
KHCJIOTHOCTI Ta O€3MEYHOCTI MPOCOUYBATLHUX KOMIIO3HITIH TIepeBary HallaHO KPEMHEKHUCIIOTI, IO Ofep-
yKaHa OOMIHHOIO PEaKIIi€l0 CHITIKATy HATPilO PiKOTO CKJIa 3 OITOBOIO KUCIIOTOXO.

KirouoBi cioBa: pinke Ko, KpEeMHE3EMHUCTI MOKPUTTSI, BOTHE3aXHUCT, TEKCTWIBbHI MaTepiainy,

HpeKypcopH
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