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Abstract. One of the promising directions for ensuring the fire resistance of wooden building
materials is the development of silicon phosphate compositions, thanks to which the formation of a
protective layer is possible, which effectively prevents the spread of fire. The paper examines the
possibility of using orthophosphate acid as a modifying additive for silicic acid sols. The influence
of H3PO4 concentration on the rheological characteristics of the studied sols was determined. Sols
with small amounts of orthophosphate acid (1-2%) lost their fluidity in the interval of 45-70
minutes. Increase of the additive content to 8% led to a sharp increase in optical density values and
extended the survivability interval of the sol to 24 hours. Coatings based on gels with 1-2%
orthophosphate acid were elastic, but increasing the content of the additive led to the formation of
hard, inelastic coatings.

According to the results of infrared (IR) spectroscopy, the effect of orthophosphate acid on the
nature of polycondensation was confirmed. The degree of polycondensation was estimated by the
ratio of intensity (I) and band width (d) at 1050 cm™!, which corresponds to the vibrations of Si-O-
Si bonds. Based on the comparison of I/d indicator values, the formation of linear siloxane chains
was confirmed in the case of the use of small H3PO4 additions. Linear polycondensation ensures
greater homogeneity of the gel, which was confirmed by IR spectroscopy of gels heat-treated at
800 °C and by microscopic observations. The coating on the wood surface, based on a fire-resistant
silica-containing composition with small additions of orthophosphate acid, had the most uniform
and continuous structure.

1 Introduction

A well-known problem of wooden structures is their vulnerability to fire [1, 2], thus, a large
number of studies are devoted to the development of fire-resistant compositions for this type of
material [3, 4]. According to state standards, the use of means of preventing the occurrence of fire-
hazardous situations in the construction of wooden structures [5, 6] is possible only if the required
level of fire resistance of premises and objects of various types is ensured [7]. The use of fire-
resistant materials is determined by the type, size and purpose of the premises [8, 9].

Phosphorus compounds are one of the most effective groups of flame retardant compositions.
The main advantages of such substances compared to halogen-containing flame retardants, which
are effective but dangerous for human health and the environment, are environmental friendliness,
low toxicity, and low smoke-generation capacity. Environmental friendliness of fire protection
materials is most relevant when used in household and construction conditions [10, 11]. Instead,
industrial capital buildings usually have metal or reinforced concrete structures [12, 13], where non-
combustible panels, plates [14, 15], heat-resistant plasters [16, 17], fire-retardant paints and
coatings are mainly used [18, 19]. The effectiveness of the use of phosphorus-containing
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compounds in the field of fire protection is based on their pyrolysis products that inhibit reactions in
the gas phase due to the deactivation of active radicals in the flame [20, 21].

Since the formation of a swollen carbonized layer, which prevents the spread of flames, is
important for fire protection, it is organophosphorus substances that are widely used. These
compounds are substitutes for environmentally harmful brominated flame retardants (in particular,
polybrominated diphenyls, which are classified as persistent organic pollutants according to the
Stockholm Convention and are currently banned for use). Organophosphorus flame retardants rank
second in terms of use in Europe after aluminum hydroxide [22]. Such compounds are organic
esters of phosphoric acid: triethylphosphate (TEP) [23], tris(phenyl)phosphate (TPHP) [24],
tris(3,5-xylenyl)phosphate (TXP), 1sodecyldiphenylphosphate ~ (IDPP) [25],  tris(2-
chloroethyl)phosphate (TCEP) [26], tris(2-butoxyethyl)phosphate (TBOEP), tris(1-chloro-2-
propyl)phosphate (TCIPP), tris(2,3-dichlorodipropyl)phosphate ( TDCIPP) [27, 28].

2 Unresolved Issues

Despite the fact that organophosphorus flame retardants are safer for the environment compared
to brominated derivatives and are presented in many works as eco-friendly, the issue of the safety of
these compounds remains the subject of study by many scientists [29, 30]. Toxicological studies
have revealed the danger of using such substances, since these components are not chemically
bound to the material being protected and can be released into the environment through
evaporation, leaching or wiping, or decompose into toxic components during a fire [31, 32].

Therefore, an important stage in the development of flame retardant compounds is the
incorporation of phosphorus into the polymer matrix to obtain thermally and energetically stable
bonds [24, 33]. Such materials are obtained, as a rule, with the help of the sol-gel method, which
allows obtaining homogeneous fire-resistant coatings thanks to the regulation of the conditions of
hydrolysis and polycondensation of organosilicon compounds [34, 35]. Low-toxic inorganic
phosphorus-containing substances can be used as precursors for phosphorus in Si-O-P bonds:
ammonium phosphates [36], phosphoryl chloride [37], phosphorus pentoxide [24], phytic acid [38].
The incorporation of phosphorus into the structure of the siloxane frame allows to increase the
resistance of such environmentally safe substances to leaching.

In this context, orthophosphate acid is interesting for studying the effect on flame retardant
properties. The safety of this compound for the human body is obvious, as it is widely used in the
food and pharmaceutical industry [32]. It is also known that orthophosphate acid is widely used as a
binder system for the formation of fire retardants [39, 40], which indicates its predicted
effectiveness as a component of a flame retardant composition [41].

In earlier studies [42], it was established that buffer systems ensure the formation of silicic acid
sols with high fluidity. In particular, the buffer pair CH;COOH / CH3COOQO™ can be formed by acetic
acid, which is used during the production of silicic acid sol from liquid glass [42]. Orthophosphate
acid is able to dissociate in an aqueous environment, forming a pair of HoPOs~ / HPO4> and
providing an additional weak buffering effect. This aspect provides an additional rationale for
studying the properties of orthophosphate acid as part of a silica-containing composition.

Taking into account the above, the aim of the work was to investigate the effect of
orthophosphate acid on the rheological properties of silicic acid sols, as well as the type of
polycondensation in SiO; hybrid gels, which are the basis of fire-retardant coatings for wood.

3 Main Part

Silicic acid sols were prepared by mixing aqueous solutions of liquid glass and acetic acid,
adding orthophosphate acid solutions (1, 2, 4, and 8 wt. %).

Study of the influence of phosphate-containing additives on the rheological properties of
silicic acid sols. The optical density of the experimental sols was measured using a
photocolorimeter KFK-2 at a wavelength of 490 nm. The curves of changes in optical density
depending on the composition of the SiO; sol are presented in Fig.1.
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The small content of orthophosphate acid practically did not affect the optical density in the first
20 minutes of sol maturation. Increasing the content of orthophosphate to 4-8% led to a sharp
increase in optical density values.
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Fig. 1. Dependence of the change in optical density of experimental silicic acid sols on time

The addition of small amounts of orthophosphate acid (1-2%) did not exceed the buffer capacity
of the acetate buffer solution formed during the preparation of the SiO> sol, so the pH of the mixture
remained at 6, corresponding to the pH of the sol without the addition. Such sols lost their fluidity
in the interval of 45—70 minutes. Increasing the content of orthophosphoric acid reduced the pH to 3
and extended the survival interval to 24 hours.

Study of the effect of a phosphate-containing additive on gelation processes in SiO; sols.
Gelation processes were studied using IR spectroscopy. For raw and heat-treated samples of gels
(800 °C, holding at the maximum temperature for 2 hours, temperature rise rate 4-5 °C/min), IR
absorption spectra were recorded on an infrared spectrophotometer FTIR-8400S (Shimadzu)
equipped with a QATR 10 attachment (Shimadzu) in the range of 4004000 cm™'. IRsolution and
ACD/Labs software were used to analyze the spectra.

Fig. 2 presents the IR absorption spectra of raw Si0; gels. The IR spectrum of the gel without
additives (Fig. 2, a) is characterized by a wide absorption band located in the range of 2800-3600
cm ! and associated with valence vibrations of O—H bonds. O-H deformation oscillations can also
be observed in the interval 1300-1700 cm™!; the most intense are the absorption bands at 1410,
1540, and 1635 cm!. Clearly resolved absorption bands at 790, 1050 cm™! correspond to Si-O
valence vibrations. The absorption band at 970 cm™! characterizes deformation vibrations of =Si—
OH bonds. In the range of 400460 cm™!, deformational rotational vibrations of Si—O bonds are
recorded [43, 44]. A set of vibration absorption bands of Si—O, =Si—~OH, O-H bonds indicates the
presence of polysilicic acid in the gel.

The addition of orthophosphate acid to the SiO> sol is manifested in the IR spectra by an increase
in the intensity of the specified bands and is due to the fact that the characteristic absorption bands
of polysilicic acid and orthophosphate acid practically coincide (Fig. 2, b—e). The fluctuation of P—
O bonds is recorded in the range 650-800 cm .

In the range 500-530 cm!, bond fluctuations in the PO+~ groups are evident. Asymmetric
vibration of the P=0 bond on the IR spectrum was registered in the range 1115-1300 cm™! [45, 46].

According to [47], the band at 1540 cm™! may be characteristic of acetate, namely, it corresponds
to fluctuations of the C=0 bond. Moreover, the peak at 1129 cm™! corresponds to the vibrations of
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the Si—O—P bonds. Considering this, it can be assumed that Si-O—P bonds are present in the
experimental samples.

The intensity of the characteristic absorption bands varied depending on the content of
orthophosphate acid (Fig. 2). The intensity of the band at 1047-1054 cm™! increased with increasing
content of orthophosphate acid. At the same time, the relative intensities of the bands at 1410, 1540,
1635 cm™! decreased when orthophosphate acid was introduced.
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Fig. 2. IR spectra of raw SiO: gels: unmodified (a) and with H3PO4 content:
1% (b), 2% (c), 4% (d), 8% (e)

It is known that the higher the degree of polycondensation, the higher the intensity of the band
corresponding to the vibrations of Si-O-Si bonds (1050 cm™!) formed because of this process. It is
also known that the durability of SiO; sol increases under acidic conditions, but polycondensation
under such conditions takes place with the participation of hydroxonium ion with the formation of
mesh siloxanes. Diluted orthophosphate acid affects not only the rate of polycondensation, but also
its mechanism [48]. Adding small amounts of it to a sol leads to the initiation of linear
polycondensation. In the spectra, this will be manifested in the form of a decrease in the intensity of
the 1050 cm™! (I) band and an increase in its width. Therefore, the ratio of the intensity of this band
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to its half-width (d), i.e., the width of the band in the middle of its intensity, gives information about
the mechanism of polycondensation. If this ratio decreases, we can conclude about a predominantly
linear polycondensation. If this ratio increases, then mainly net polycondensation occurs. Fig. 3
shows the influence of the orthophosphate acid content on the value of the I/d indicator.

A branched mesh structure is formed in the event of an increase in the content of orthophosphate
acid. With the use of such compositions, the resulting coating will be more "hard" and less elastic.
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Fig. 3. Influence of the additive content on the nature of polycondensation in SiO gels

Addition of a small amount of orthophosphate acid (1%) leads to the initiation of linear
polycondensation and, as a result, an elastic coating is formed. This fact was experimentally
confirmed in [42]. The coating was applied to the textile cellulose-containing material by the bath
method. After removing the remains of the sol and heat treatment, water-resistant, transparent, very
thin coatings were obtained, which had a fire-retardant effect.

The polycondensation mechanism also affects the degree of homogeneity of the resulting gel.
Mesh polycondensation leads to the formation of an extremely heterogeneous gel, which in the
process of heat treatment transforms into an opal-like glass phase [48]. The greater the degree of
homogeneity of the gel, the more likely and easier the crystallization of SiO> during heat treatment.

Fig. 4 presents the results of infrared spectroscopy of heat-treated samples of the investigated
Si0O2 gels. Silica gels were subjected to high-temperature treatment at a temperature of 800 °C with
a temperature rise rate of 4-5 °C/min in an oxidizing medium (air), with exposure at the maximum
temperature of 2 h.

After high-temperature treatment of the SiO» gel without additives (Fig. 4, a), the absorption
band in the range of 2800-3600 cm ™' disappeared completely, and the bands corresponding to
deformation oscillations of H-O—H, which may be the result of water removal, also practically
disappeared. It should also be noted the appearance of a broad absorption band in the range 850—
1100 cm™1 as a result of overlapping peaks that were clearly expressed in the IR spectrum of the
crude gel. This form of the combined band is characteristic of synthetic cristobalite, which contains
nuclei of the quartz phase (as a result of the heterogeneous structure of the initial gel), which are
fixed in the form of a doublet in the region of 780—-790 cm'. Probably, the combined absorption
band in the region of 900-1050 cm™! indicates the formation of intraskeletal silanol groups during
the restructuring of the gel structure under the influence of high temperatures.

The addition of orthophosphate acid (Fig. 4, b) led to the separation of the general absorption
band in the region of 1050 cm™! and a decrease in its intensity. This indicates the predominant linear
polycondensation of the gel with the addition of 2% H3POs.

In the IR spectrum of the heat-treated gel with the addition of 8% H3POs, an increase in the
intensity of the absorption band at 1046 cm™! is observed, while the characteristic quartz doublet is
absent. According to [49, 50], the bands of asymmetric oscillations of Si—O-Si bonds in this
region can also overlap with the peaks of valence oscillations of PO4* in the temperature range
550-950 °C.
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Fig. 4. IR spectra of heat-treated SiO> gels: unmodified (a) and with H3PO4 content: 2% (b), 8% (c)

An increase in the intensity of deformational rotational vibrations of Si—O—Si bonds in the range
400-460 cm™! is observed. In the region of 3200-3400 cm !, a sufficiently large absorption band of
vibration of O—H bonds appeared, which indicates the presence of water clathrates in the network
structure of the SiO> gel

Study of the effect of orthophosphate acid concentration on coating properties.

Experimental two-layer coatings were applied to wood surface by the bath method. After
applying each layer of the composition, the test samples were dried by heating in a drying chamber
at a temperature of 80 °C. The structure of the obtained flame retardant coatings was evaluated
using an optical microscope. The structure of coatings obtained on the surface of wood, based on
compositions with different content of orthophosphate acid, is presented in Fig. 5

It can be observed that the most continuous and homogeneous is the coating obtained on the
basis of the composition with H;PO4 content of 1%. The absence of cracks and cavities on the
surface of the coating protects the wood surface from the action of oxygen during a fire. Thus, it can
be concluded that linear polycondensation in SiO> sols contributes in obtaining the most uniform
coating without cracks, which is important for its fire-retardant efficiency.
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Fig. 5. The structure of coatings on the surface of wood obtained on the basis of compositions
containing orthophosphate acid (wt.%):a—1,b—2,c—4,d - 8.

4 Conclusion

The influence of orthophosphate acid on the rheological properties of silicic acid sols, as well as
the type of polycondensation in combined SiO> gels, which is the basis of fire-resistant coatings for
wood, was determined. The processes of gel formation in experimental compositions were studied
and it was shown that small additions of H3;POs contribute to the initiation of linear
polycondensation, which leads to obtaining a homogeneous gel and a coating based on it. The
influence of the degree of homogeneity of the gel on the phase composition of heat-treated
compositions was studied, which provides additional information about how fire-resistant coatings
will behave in fire conditions. It was established that linear polycondensation in the composition
provides a uniform coating without cracks and surface defects, which is the key to fire protection of
wood.
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