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DEVELOPMENT OF A FIRE-PROOF COATING CONTAINING SILICA
FOR POLYSTYRENE

The possibility of applying a silica-containing coating to the surface of XPS extruded polystyrene
foam, which is characterized by a high degree of flammability, was evaluated. The effect of the content
and concentration (11, 22, 44 and 85 %) of orthophosphate acid on the optical properties of silicic acid
sols obtained by the exchange reaction between aqueous solutions of liquid glass and acetic acid was
studied. The fact of incorporation of orthophosphate acid into the gel structure was confirmed by the
results of acid-base titration with a sodium hydroxide solution of the intermicellar liquid isolated as a
result of gel syneresis. Using an optical microscope, the structure of the polystyrene film coating after
treatment with orthophosphate and sulfuric acid solutions was investigated. In both cases, the effect of
an increase in the pore area and a general increase in the looseness of the surface was noted, which can
help reduce its hydrophobicity and improve adhesion to the coating. The increase in hydrophilicity of
the surfaces of polystyrene films after treatment with acids was also confirmed by the flatter, non-
spherical shape of the drops of the composition on them. The structure of the obtained coatings on poly-
styrene films was analyzed. The similarity of the directions of the cracks in the case of treatment of the
films with solutions of both acids was noted, and an assumption was made about the presence of uni-
form deformation stresses during gel shrinkage. A microscopic study of coatings on the surface of ex-
truded polystyrene foam was conducted, and a positive effect of orthophosphate acid on the density of
their structure was established. It was determined that the optimal solution for obtaining a uniform coating
is the modification of the sol with the help of a 22 % solution of orthophosphate acid. Schemes of the in-
teraction of the silica coating and the polystyrene base in cases of electrostatic interaction and in the case
of the formation of covalent bonds between the coating and the polystyrene surface are proposed.

Keywords: liquid glass, silica-containing coatings, fire protection of building materials, extruded
polystyrene foam

1. Introduction

One of the most urgent problems today is energy saving, among the key aspects of
which should be highlighted the preservation of heat in houses and apartments. To insu-
late facades, roofs, plinths and foundations of buildings, heat-insulating materials are
used, which usually have a porous structure and are characterized by a low coefficient
of thermal conductivity.

Among such construction materials, polystyrene foam has become widely used,
which is waterproof, easy to process and cheap.

According to the state standards of Ukraine, harmonized with European standards,
there are two types of expanded polystyrene: expanded (or foamed) and extruded, la-
beled as EPS (DSTU B EN 13163:2012) and XPS (DSTU B EN 13164:2019), respec-
tively. Since EPS polystyrene belongs to building materials of low and moderate flam-
mability (groups G;—Gy), it is more often used for facade insulation. XPS polystyrene
has a denser monolithic structure, is stronger compared to EPS polystyrene and frost-
resistant, which is why it is called a new generation heat-insulating material.

Extruded polystyrene foam is used to insulate surfaces where there are high re-
quirements for mechanical stability and adhesion of heat-insulating boards to the base
on which they are fixed.

Despite high energy efficiency, one of the main disadvantages of polystyrene XPS
is a high degree of flammability — it is classified as materials with medium and high
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flammability (groups Gs-G4). Of course, certain types of polystyrene contain flame re-
tardant additives, but such brands have a higher price, so they are not always in demand
among consumers. In addition, flame retardants often contain halogens and emit toxic
substances during combustion.

In view of the above, the study of ways to increase the fire safety of highly flam-
mable heat-insulating materials is relevant.

2. Analysis of literary data and formulation of the problem

The analysis of recent publications shows that effective polystyrene fire-retardant
coatings are compositions based on SiO, gels obtained from organosilicon precursors
by sol-gel technology, with the addition of phosphorus- and nitrogen-containing flame
retardant agents [1-3], but the release of toxic substances into the atmosphere is a big
problem during their disposal or fire. In addition, it should be noted that the coatings on
an organic basis, proposed by the authors of the works [1-3], have a high cost and a
high smoke-generating capacity, compared to the coatings formed on the basis of inor-
ganic substances.

Adhesion of the coating to the base material is of great importance [4]. It is known
that polystyrene has adsorption properties, which, in particular, is used during the man-
ufacture of synthetic ion exchange resins. This is stated in the paper [5], where the use
of such adsorbents for the purification of wastewater from dyes is considered, but other
fields of application are not described. The results of numerous studies on the absorp-
tive capacity of polystyrene show that the adsorption of the polymer can be caused by
van der Waals interactions, capillary condensation, the formation of a Langmuir mono-
layer, and the filling of micropores [5-7]. The works [5-7] are of great theoretical and
practical importance, at the same time we should not forget that it will not be possible
to achieve the adhesive strength determined only by the surface forces described by the
authors of these publications. Works [8-9] proposed a method of modifying the surface
of polystyrene by introducing compounds that give the surface a positive or negative
charge. In work [8], for example, vinylpyridine and cetyltrimethylammonium bromide
were used as surfactants, in work [9] polyvinylpyrrolidone and polyacrylic acid, and
then a silicic acid sol obtained by hydrolysis of tetraethylorthosilicate was applied. But
it should be taken into account that under the influence of meteorological conditions,
partial compensation of charges on the surface of the coating and polystyrene foam may
occur, which leads to a significant decrease in the adhesion of the coating to the base.
Therefore, publications devoted to the issue of fixing coatings on the surface of the base
by chemical transformation are of great interest.

The results of work [10] deserve attention, where the structural and chemical mod-
ification of the polystyrene surface was investigated during treatment with a solution
containing a phosphate buffer solution (Na,HPO, and KH,PO,, pH 7,39) and sodium
chloride. The authors assumed that it is the phosphate ions adsorbed on the polymer
surface and the corresponding value of the ionic strength that contribute to the
photooxidation process, the scheme of which is shown in Fig. 1. Adsorption of ionic
groups can lead to the extension of polymer chains due to electrostatic repulsion and
subsequent hydration.

The appearance of charged particles on the surface of polystyrene can contribute to
the strengthening of the electrostatic interaction between the organic matrix and sols of
silica precursors, which also carry a positive charge in an acidic medium, and a negative
charge in an alkaline one [11]. However, adsorption and electrostatic attraction cannot
ensure reliable and strong adhesion between the coating and the substrate material.
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Fig. 1. Scheme of photooxidation of polystyrene after treatment with a phosphate buffer solution

It is known that the silica-containing coating is much better retained on the surface
if covalent bonds with functional groups (hydroxyl, carboxyl) are formed. Structurally,
polystyrene is a non-polar vinyl polymer, the main chain of which contains phenyl
groups (CgHs-) as substituents. To improve adhesion, chemical modification of polysty-
rene with the formation of functional groups or adsorption immobilization of certain
substances on the surface of polystyrene is necessary.

Among the methods of formation of functional groups on the surface of polysty-
rene, it is possible to consider the hydration of the vinyl fragment, the catalysts of the
process should be strong acids. The results of the work of the author of the publica-
tion [12], where the hydration of polystyrene was carried out in the medium of sulfuric
acid and perchloric acid at 25 °C, deserve attention (Fig. 2).
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Fig. 2. Scheme of hydration of final fragments of polystyrene under the action of sulfuric acid

Under the action of these acids, the surface of polystyrene is somewhat activated,
but the reverse process is likely during the action of fire. In addition, the percentage of
release of toxic gases increases. On the other hand, the authors of the work [13] investi-
gated that an acidic medium is favorable for the development of pathogenic microor-
ganisms, viruses, fungi, and, taking this into account, the preliminary treatment of poly-
styrene with an acid solution is questioned.

It is known that orthophosphate acid is able to polymerize, especially in the pres-
ence of an alkaline component. Therefore, it is often used as a binding component in
refractory concrete compositions, as well as during the pressing of refractory products
for various purposes. Under the influence of temperature, the phosphate anion is able to
integrate into the structure of the siloxane framework and form a heat-resistant
silicophosphate chain.

Orthophosphate acid can also be used to hydrate the double bond, but stricter con-
ditions are required: high pressure and heat, which can cause destruction of the material
[14]. Therefore, it seems appropriate to study in more detail the influence of the content
of orthophosphate acid on the changes in the properties of the silica fire-resistant coat-
ing and its fixation on the polystyrene base.
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3. The purpose and tasks of the research

The purpose of the work is to substantiate the composition of the silica composi-
tion as a basis for the fire-resistant coating of heat-insulating polystyrene building mate-
rials.

To achieve the set goal, the following scientific tasks must be solved:

— to investigate the effect of the content and concentration of orthophosphate acid
on the physical and chemical properties of silicic acid sol;

— to investigate the possibility and determine the ways of fixing the protective
coating on the surface of polystyrene.

4. Research materials and methods

The object of research is silica sols based on liquid glass. The subject of research
Is the processes that occur during gelation in sols based on liquid glass and thermal de-
struction in case of contact with flames.

The main hypothesis of the research is the assumption that the effect of strong
mineral acids can activate the surface of polystyrene to increase the probability of cova-
lent bonds formation with the silicate coating.

Silicic acid sol was obtained as a result of the exchange reaction between sodium
silicate (liquid glass) and acetic acid. A solution of orthophosphate acid with a concen-
tration of 11, 22, 44 and 85 % was used as a modifying additive. The sol was applied to
the surface of XPS extruded polystyrene foam samples measuring 5x5x3 cm using a
bath method. Application of 2-3 layers of coating was carried out after drying the pre-
vious layer in the thermal shock mode at 80 °C in a drying cabinet. At the same time,
changes in the optical density of the sols over time were determined using a KFK-2
photocolorimeter. Distilled water was used as a comparison solution.

To determine the mass fraction of orthophosphate acid embedded in the gel struc-
ture, an acid-base titration of the intermicellar fluid released as a result of gel syneresis
was performed with a 0.001 M sodium hydroxide solution using phenolphthalein and
methyl orange as indicators.

The influence of surface treatment of polystyrene with acids was determined on
samples of polystyrene film with a smooth, dense surface. The samples were kept for a
day in solutions of concentrated orthophosphate and sulfuric acids, after which a silicic
acid sol was applied to the surface of the film by the bath method.

The structure and characteristics of the coating on the polystyrene foam surfaces
were evaluated using a Digital Microscope S10 1000x.

5. Study of the influence of orthophosphate acid on the physical and chemical
properties of experimental sols

The dependence of the change in the optical density of the experimental silicic ac-
id sols over time on the concentration of the orthophosphate acid used is shown
in Fig. 3. With an increase in the concentration of orthophosphate acid, an increase in
the rate of change in the optical density of sols over time is observed: in the case of us-
ing 85 % H3PO,, the optical density of the sols is maximum.

The dependence of the viability of experimental sols on the concentration of or-
thophosphate acid is shown in Fig. 4. The figure shows that an increase in concentration
has an almost linear effect on the increase in survival time. The sol without the addition
of orthophosphate has a slightly different structure of the siloxane framework and is
therefore not shown in the graph.
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The use of concentrated acid (85 %) leads to a sharp increase in the acidity of the
sol, therefore, an acid variant of polycondensation of silicic acid with the formation of
clathrates is realized, which proceeds slowly enough within 3 days.

It was determined how completely orthophosphate acid is incorporated into the
siloxane framework, for which the pH and mass fraction of the acid in the intermicellar
liquids above the experimental gels solidified in closed boxes were determined (Table 1).
The mass fraction of the acid that remained in the intermicellar liquid, which was re-
leased as a result of the syneresis of the silicic acid gel with the addition of 85 % ortho-
phosphate acid, was determined by titration with an alkali solution in the presence of
phenolphthalein and methyl orange indicators.
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Fig. 3. Dependence of the change in the optical density of the experimental silicic acid sols
over time on the concentration of the orthophosphate acid used
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Fig. 4. Dependence of the survivability of silicic acid sols on the concentration of orthophos-
phate acid
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Tab. 1. Results of determining the pH of intermicellar liquids over gels with different con-
tent of orthophosphate acid

Ne H;PO, concentration, % pH
1 0 5
2 11 55
3 22 5
4 44 4
5 85 3

It was established that the mass fraction of orthophosphate acid incorporated into
the siloxane framework is 97,1 %.

6. Study of the possibility of coating the surface of polystyrene
The results of surface treatment of polystyrene with orthophosphate and sulfuric
acids and subsequent application of the composition are shown in fig. 5.

o

) e)
Fig. 5. Photo of drops of the composition on the surface of polystyrene films: a — untreated
film; b—e — films kept for a day in solutions of orthophosphate (b, d) and sulfate (c, e) acids. After
etching: b, ¢ — washed with running water; d, e — unwashed

On the untreated polystyrene film, the drop has a shape closer to spherical, which in-
dicates the hydrophobicity of the surface. After treating the surface with acids, the drops
acquire a flatter shape, that is, the wettability of the surface increases. It is possible to clear-
ly observe the spreading of the composition on the surface of the polystyrene film treated
with sulfuric acid without further washing (Fig. 5, €), which demonstrates the maximum
positive effect of H,SO,4 on increasing the hydrophilicity of the polystyrene surface.

The microstructure of the surfaces of polystyrene films after treatment with acids
Is shown in Fig. 6.

Analysis of the microstructure of the films shows that treatment of polystyrene
films with acids makes their surface more voluminous and porous. Despite the fact that
sulfuric acid is stronger compared to orthophosphate, treatment with them gave similar
effects. The images clearly show an increase in the total area of indentations on the sur-
face of acid-treated polystyrene films compared to the untreated sample. It should also be
noted that washing the surface of the film with running water after treatment with acids
did not have a decisive effect on modifying the structure of the polystyrene surface.

The coating obtained on the acid-treated polystyrene films held slightly better than
on the untreated sample, although the purpose of this experimental study on the control
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samples was not to achieve a sufficient level of adhesion. The coatings obtained on the
processed samples had cracks, and attention should be paid to their uniform branching,
which suggests the presence of uniform deformation stresses during gel shrinkage.
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Fig. 6. Microstructure of the surfaces of polystyrene films treated with solutions of sulfuric
and orthophosphate acids: a — untreated film; b—e — films kept for a day in solutions of ortho-
phosphate (b, d) and sulfate (c, e) acids. After etching: b, ¢ — washed with running water; d, e —
unwashed, 1 — indentations formed after treatment with acids

The microstructure of coatings obtained on the surfaces of extruded polystyrene
foam based on compositions with different concentrations of orthophosphate acid is
shown in Fig. 7.

We observe that the coatings obtained on the basis of compositions with the addition
of orthophosphate acid (Fig. 7, c—f) are denser compared to those obtained without the use
of additives (Fig. 7, b). The most homogeneous in thickness are coatings based on compo-
sitions with the addition of orthophosphate acid with a concentration of 11 and 22 %.

Polystyrene adsorbs phosphate ions, and its surface is negatively charged. Due to
the electrostatic attraction of the positively charged silicic acid sol to the surface, better
adhesive characteristics and fixing of the protective coating on the surface of the mate-
rial are ensured, so it is possible to assume the scheme of the electrostatic interaction of
the coating and the polystyrene surface shown in Fig. 9.

Based on the conclusions made, the following chemical mechanism of the for-
mation of a silica-containing coating on the surface of polystyrene can be assumed, as
shown in Fig. 10.
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Fig. 7. Microstructure of the surface of extruded polystyrene: a — without coating; coatings
based on compositions: b — without addition of orthophosphate acid and with addition of ortho-
phosphate acid of the appropriate concentration; ¢ — 11 %, d — 22 %, e — 44%, f — 85 %
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Fig. 9. Scheme of the electrostatic principle of adhesion of a silica-containing coating on the
surface of polystyrene
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It can also be assumed that the orthophosphate will covalently bind the =Si-OH
groups of the gel and the -CH2OH- group of polystyrene and be incorporated into the
siloxane structure.

7. Discussion of the results of the study of the impact of orthophosphate acid
on the physicochemical properties of experimental sols

Analysis of the dependence of the optical density of silicic acid sols with H3PO,
additives showed that with an increase in the concentration of orthophosphate acid, the
time of solidification of the sol increases, but the time of latent coagulation decreases.
Just before the beginning of hidden coagulation, when colloidal particles begin to thick-
en, it is advisable to apply sol to the surface of the building material in order to obtain a
uniform coating. An interesting observation is that the solidification time of the sol with
HsPO,4 of 11 % concentration is the shortest among those studied. On the other hand, it
is known that it is precisely at a pH of ~5,5 that the rate of silica gel formation is maxi-
mal (the pH value in the intermicellar liquid above the solidified gel is exactly 5,5).
Taking into account the time of onset of hidden coagulation and the durability of the
composition, which will be acceptable and satisfactory for applying a coating to the sur-
face of the building material, it is possible to give preference to the use of sol with the
addition of a 44 % solution of orthophosphate acid.

However, the study of the microstructure of coatings on the surface of extruded
polystyrene shows that greater homogeneity in thickness can be achieved by adding a
solution of orthophosphate acid with a concentration of 11 or 22 % to the sol. Taking
into account the fact that the survivability of sols with 11 % H3PO, solution is the low-
est among those studied, it is optimal to modify the sols using a solution of orthophos-
phate acid with a concentration of 22 %.

Calculations of the mass fraction of orthophosphate acid in the gel structure sug-
gest that orthophosphate acid forms covalent bonds with silanol groups. However, it
should be noted that not all orthophosphate acid is incorporated into the structure, a cer-
tain amount of it is neutralized by the action of the alkali formed as a result of the hy-
drolysis of sodium silicate.

Treatment of the polystyrene surface with acids has a positive effect — the
hydrophilicity and wettability of the surface increases. Considering the higher heat re-
sistance of silicophosphate compositions compared to silicosulfate compositions, it is
more expedient to use orthophosphate acid for surface treatment.

However, under the influence of certain conditions, partial compensation of
charges on the surface of the coating and polystyrene foam may occur, which will lead
to a significant decrease in the adhesion of the coating to the base (Fig. 9), so the option
of more reliable fixation of the coating on the surface of polystyrene should be consid-
ered, namely due to the formation of covalent bonds connections (Fig. 10). Then it will
be more effective to treat the surface with sulfuric acid, which contributes to the for-
mation of hydroxyl groups that will covalently bind the applied coating and improve
adhesion. It can be asserted that in the case of application of silicic acid sol on the sur-
face of polystyrene and subsequent heating, water molecules condense between the =Si-
OH groups of the gel and —CH,OH of polystyrene, resulting in the formation of cova-
lent bonds.

It should be noted that the key to conducting the chemical polycondensation reac-
tions shown in Scheme 10 is the preservation of the conditions for the electrostatic fixa-
tion of the coating on the surface of polystyrene.

It remains unclear how stable the bond between the coating and the polystyrene

:164 § © N. Lysak, 0. Skorodumova, A. Chernukha



ISSN 2524-0226. Npobnemu Haa3BuMYanHUX cuTyauin. 2023. N 2(38)

base will be under conditions of high temperatures or open fire, so further studies are
expected to study the influence of the composition of silicate sol on the stability of fire-
resistant coatings and changes in the fire resistance of extruded polystyrene.

8. Conclusions

1. The effect of the content and concentration of orthophosphate acid on the prop-
erties of silicic acid sol was investigated spectrophotometrically. The density and struc-
ture of coatings on the surface of extruded polystyrene were evaluated using a micro-
scopic study. It was established that the addition of a 22 % H3PO, solution is optimal
for obtaining a uniform coating on the surface of polystyrene foam.

2. The positive effect of treating the surface of polystyrene with solutions of sulfu-
ric and orthophosphate acids to reduce hydrophobicity and improve the adhesive char-
acteristics of the silica-containing coating was noted. Schemes of the interaction of the
silica coating and the polystyrene base in cases of electrostatic interaction and in the
case of the formation of covalent bonds between the coating and the polystyrene surface
in places of partial destruction of the double bonds of the polymer are proposed.
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PO3POBKA BOTHE3AXHCHOI'O KPEMHE3ZEMBMICHOI'O HOKPUTTA
JJIs HOJIICTHPOJTY

OIiHEHO MOXIJIMBICTh HAHECEHHSI KPEMHE3EMBMICHOIO TIOKPUTTS Ha MOBEPXHIO EKCTPYJOBAHOTO
miHOMOMICTUPONY Mapku XPS, mo xapakTepu3yeTbcss BUCOKHM CTyIeHeM Jerkoszaimuctocti. Jocoi-
JDKEHO BIUIMB BMicTy Ta KoHueHtpauii (11, 22, 44 ta 85 %) oprodocdarHoi KHCI0TH HA ONITHYHI Biac-
THUBOCTI 30J1iB KPEMHI€BOT KUCIIOTH, T00YTUX pPeakiiero OOMiHy MiXK BOJHHMHU PO3YMHAMH PIIKOTO CKJia
Ta onToBOI KHCIOTH. DakT BOYNOBYBaHHS OpTOhOChaTHOT KUCIOTH B CTPYKTYPY Telis MiATBEPHKEHO
pe3yJIbTaTaMH KHCIOTHO-OCHOBHOT'O TUTPYBAHHS PO3YMHOM HATPIH TiPOKCHIY IHTEPMILEISPHOI pian-
HH, BUAIJIEHOT BHACIIJOK CHHEPE3UCY TeIT0. 3a TOMOMOI00 ONTHYHOI'O MIKPOCKOIA JOCTIIKEHO CTPY-
KTypYy TOKPHTTS MOJICTHPONBHOI TUIIBKH Ticisl 00poOku po3urHamu opTtodocdaTHol Ta cyabpaTHOi
KHCJIOT. B 000X BUMaaKaX Big3HAYCHO e(eKT 3pOCTaHHS ILIOIII TIOp Ta 3arajbHe 30UTBIICHHS PUXIIOCTI
ITOBEPXHI, III0 MOXKE CIPHATH 3MEHIIEHHIO 11 TiApoh0OHOCTI Ta MOKpaIeHHIO aare3ii 10 mokputTs. I1i-
JBUIIEHHS TiIpO(IILHOCTI MOBEPXOHDb MOJICTUPOIBHUX IUTIBOK IMiciIs 00pOOKH KMCIOTAMH TAaKOX ITijI-
TBEPJUKYBAIIOCS OUTBII IJIOCKO0, HechepuiHoto GOopMOI0 Kparellb KoMro3ullii Ha Hux. [IpoananizoBa-
HO CTPYKTYpPY OTPHMaHUX NOKPHTTIB Ha IOJIICTUPOIBHUX TUIIBKaX. 3ayBa)KEHO CXOXKICTh HAIPaBJICHOC-
Ti TPIMIMH Yy BUNAJAKY OOpOOKH IUTIBOK PO3YMHAMH 000X KHCJIOT Ta BUCYHYTO NMPHUIYIIECHHS PO HasB-
HICTh PIBHOMIpHUX JieopMaIliiHIX HAIIPYKEHb II1J1 Yac ycaaku remo. [IpoBeneHo MiKpOCKOMiYHe J10-
CIII/DKEHHSI TIOKPHUTTIB HA TOBEPXHI EKCTPYJOBAHOTO MiHOMOJICTHPOIY, BCTAHOBJIEHO MO3UTUBHUN
BIUTMB OpTO(OCHATHOI KUCIOTH HA IIJBHICTh IXHBOI CTPYKTYpH. BHU3HAUEHO, 110 ONTHUMATBHOK JUIS
OTPUMAHHS OJHOPITHOTO TMOKPHUTTS € MoudiKallis 30110 3a gornoMororo 22 %-ro pozunHy oprodocda-
THOI KHCJIOTH. 3alIPOTIOHOBAHO CXEMH B3a€MO/IIT KPEMHE3EMHUCTOTO MIOKPUTTSI Ta IMOJIICTHPOIBHOT OCHO-
BU Y BHIIQJIKaX €JICKTPOCTATUYHOI B3a€MOJII Ta y pa3i yTBOPEHHS KOBAJCHTHHUX 3B’S3KIB MiXK IMOKPHUT-
TSIM Ta TOJICTUPOJIBHOIO TIOBEPXHEIO.

KarouoBi cioBa: pinke ckiio, KpeMHE3EMBMICHI MTOKPUTTS, BOTHE3aXHUCT Oy/IiBEILHUX Marepia-
JB, €KCTPYIOBaHUH MIHOTIOICTHPOI
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