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1. Introduction

The problem of preserving historical heritage occupies one of the top places in modern urban planning [1-3].
As a result of the processes of physical weathering aggressive external environment, the destruction of natural
stone occurs. Usually, the stone during the operation of the building is covered with layers of pollution from dust,
efflorescence, soot, rust, tar, and oil deposits, as well as organic substances emitted by plants. Therefore, natural
stone restoration is carried out in three stages. In the first stage, it is cleaned; in the second stage, the cracks are
puttied, and the lost fragments are added, after which, in the third stage, measures are taken to preserve the
stone [4-7].

The composition of the stone strengthener contains silicic acid ester, which forms a three-dimensional
adhesive bridge (a binder in the form of silica gel) in the pore space of the base, which leads to the hardening of
the base [8].

Firm Stalker (Russia), for strengthening white stone, marble, sandstone, and products made of natural and
artificial stone, offers the composition *AKSIL BeKam-I, which is based on ethyl ether of silicic acid [9]. The
composition provides deep processing. During the curing of the material, solid products are formed that do not
adsorb dirt. The treated surfaces become weather-resistant, incl. including acid rain, and remain vapor permeable.

The Corporation "Ukrrestavratsiya" (Kyiv, Ukraine) for the conservation of limestone uses structural
strengthening with an aqueous solution of amorphous non-porous silica - a bluish-white fluffy powder [10].

Remmers offers various types of fortifications, which differ according to the following criteria:
- according to the content of the binder (the so-called degree of gel settling);

- according to the gel structure (with/without the content of elasticizing structural components); - according
to the type of bond with the base [11]

Taking into account the law of structure affinity, it was proposed in [12] to use a dry mix containing white
cement, micro filler (ground limestone), and superplasticizer when performing restoration work to imitate
limestone.

Previous studies have confirmed the effectiveness of lime compositions for restoring architectural monuments
made of limestone [13, 14]. The compositions contain fluffy lime, sand with a fraction of 0.16 ... 0.315 mm, silicic
acid sol, stabilizer (polyvinyl alcohol, gelatin, cationic acrylamide copolymer), and aluminum sulfate.

In [15, 16], to intensify the process of lime hardening, it is proposed to add additives based on natural and
synthetic zeolites to the formulation of lime compositions. The authors found that with the introduction of an
additive based on synthetic zeolite in an amount of 10% by weight of lime, an increase in strength by 94.25% is
observed compared to the control sample. The results of thermodynamic calculations and X-ray phase analysis
allow us to assert that the most probable mechanism causing the hardening process is the formation of calcite,
calcium-sodium hydro silicate, minerals of the zeolite group, and portlandite.

In China, the restoration of historic buildings in the cities of Shanghai and Hangzhou used a system based on
hydraulic lime. It is proposed in [17] to restore historical masonry by using lime-metakaolin mixtures. According to
the authors, meta kaolinite MK shows high pozzolanic activity, which provides the quick formation of CSH, C;ASHs
(stratlingite), and C4AH13 in MK/lime systems. MK with portlandite is considered the primary reaction that results in
other dense C-S-H gel. Lime-metakaolin mortars have been used to produce some of the white plasters of Genoa.

To increase the stability of lime compositions, silica-containing additives are introduced into their formulation.
The use of polysilicate mortar in lime compositions for restoring and decorating building walls is of practical
interest. Polysilicates have a wide range of anion polymerization degrees and are a colloidal silica dispersion in an
aqueous solution of alkali metal silicates. The practical use of polysilicates is reflected in the manufacture of sol-
silicate paints, where polysilicates are used as a binder. The presence of oligomeric and monomeric forms of
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silicon-oxygen anions in the composition of the polysilicate solution ensures its reactivity during interaction with
lime.

However, it should be noted that, while remaining relevant, many issues of using a polysilicate mortar to
formulate a lime composition intended for the restoration and finishing of building walls have yet to be disclosed.

2. Materials and Methods

In continuation of further research, we have developed and tested the lime composition of the putty to restore
limestone. The composition contains, as a polymeric binder, a polysilicate solution obtained by mixing liquid glass
and silicic acid sol. To obtain a polysilicate solution, a silicic acid Nanosil 20 and Nanosil 30, produced by PK
Promsteklotsentr, and sodium liquid glass with a modulus of M = 2.78 were used.

The initial binder was lime (Atmis-sugar, Russian Federation) with an activity of 75-84%, a natural density of
2205 kg/m3, a bulk density of 500 kg/m?3, and a specific surface area of 10,000 cm?/g. KM2 micro calcite was used
as a filler, and the Khidetal P-4 additive was used as a plasticizer.

The investigation of finishing layers for strength in compression and bending was researched using a setup
developed by the authors on specimens 10 x 10 x 10 mm and 10 x 10 x 50 mm in size, respectively (Fig. 1).

Figure 1: Setup for determining the strength in bending (a) and compression (b).

The molybdate method was used to determine the composition of the polysilicate solution [18, 19]. The
content of silicon-oxygen anions in the monomeric form a-SiO, was determined as follows. 0.5 g of the test
solution was weighed and diluted with distilled water to 20 ml, then 1.5 N H,SO4 was added. To 40 ml of molybdic
acid was added 10 ml of the test solution, stirred, and after 2.5 minutes, the optical density of the solution was
measured (at a wavelength of A=410 nm). Next, the change in optical density over time was recorded for 30 min.
The proportion of SiO; (P, %) that reacted with molybdic acid at each moment from the total content of SiO; in the
test solution was calculated by the formula:

P = g,-100/9gsi02 (1)
where gy is the concentration of SiO; reacted with molybdic acid at each time point, mg;
gsioz is the total content of SiO; in the sample, mg.

9x = Csip2 * M/100, (2)
where Csjotor is the concentration of total SiO; in the sample, %;

M is the sample weight, mg.
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The total silica content in the binders was evaluated using a UNICO 2100 spectrophotometer. To do this, a
sample of the analyzed solution (0.3-0.7 g) was weighed on an analytical balance in a platinum crucible with a lid,
then evaporated in a water bath to a dry residue. After cooling, the dry residue was weighed. A fivefold amount of
anhydrous sodium carbonate was added to the dried residue and melted in an EKPS-10 muffle furnace at a
temperature of 1000 °C for 20 minutes. The alloy was rapidly cooled by lowering the crucible into distilled water.
Then the crucible was transferred to a thermal beaker for 1 |; the alloy was leached in hot distilled water. After
leaching, the mixture was cooled to room temperature, and 50 ml of 1.5 N H,SO4 was added and made up to the
mark with distilled water. A graduated solution was prepared from a standard sample with a silicon mass
concentration of 1.00 mg/cm3. Aliquots of 1, 3, 5, 6, 8, and 10 ml were taken and transferred to a volumetric flask
with a capacity of 100 ml, and 10 ml of 1.5 N H,SO4 was added to each flask and diluted with water to the mark.
The optical density was measured on a UNICO 2100 spectrophotometer at a wavelength of A=410 nm. As a result
of processing the graduated graph, we obtained an equation for calculating the concentration of SiO:

C, = (D —0.0913037)/26.7478 (3)
where Cy is the concentration of silica in the test solution, mg/mL;
D is the optical density of the colored solution, rel. units

In a 50 ml flask, 10 ml of the test solution was added to 40 ml of a molybdic acid solution, stirred, and kept until
the color was completely yellow. Then, the optical density was determined in rectangular cells made of quartz
glass 10 mm thick. Taking into account the dilution, the amount of SiO; in the sample was determined by the total
content of SiO; according to the formula:

9x = Cx " Ve Veom/V2 (4)
where Cy is the concentration of SiO,, mg/mL;
Vy is the volume of the colored test solution, ml;
Viot is the total volume of the test solution;
V; is the volume of an aliquot of the test solution taken to prepare a colored solution, ml.
The formula determined the percentage of silicon dioxide in the test solution:
Csioz = gx * 100/M, (5)
where M is the weight of a sample of an alkaline silicate solution, mg.

Static water resistance was determined according to GOST 9.403-80 (method A). The stained samples were
vertically placed in a desiccator with water at 2/3 of the height and covered with a lid. The tests were conducted at
a water temperature of (20 = 2) °C for 72 h. After the tests, the samples were removed, and the decorative and
protective properties of the coatings were determined by comparison with the control sample using a magnifying
glass. Changes in gloss, shade, whitening of the film, and the appearance of bubbles, peeling, and wrinkling were
recorded. The paintwork is considered resistant to the static action of liquids if the coating meets the
requirements established in the standard or technical specifications for the paintwork material after testing.

3. Results and Discussion

It has been established that polysilicate solutions contain, along with sol particles, a monomer, oligomers, and
polymeric varieties of silica [20-22]. It has been established by the molybdate method that in the polysilicate
solution, the content of the monomeric form of silica y-SiO2 is 15-19.93%, depending on the content of the silicic
acid sol [23]. Such a composition of the polysilicate solution contributes to the manifestation of silica's high
reactivity in various compositions. The optimal concentration of the polysilicate solution was determined, which is
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1% by weight of the lime. The composition of repair composition includes slaked lime and filler. After preparation,
the compositions were deposited on a limestone substrate.

A topological analysis of the coating structure's formation was carried out to determine the probable
mechanism for the formation of the strength of the "lime-polysilicate mortar" system. It has been established that
the most probable mechanism for forming strength is the diffusion transfer of lime ions and the subsequent
reaction of their interaction with the polysilicate solution. An increase in lime composites' strength with a
polysilicate solution additive is due to the presence of other chemical formations.

X-ray diffraction and differential thermal analysis show that the most probable mechanism causing the
hardening process is the formation of calcite, calcium-sodium hydro silicate, portlandite, and hydrate phases
similar in chemical composition to C-S-H (I).

This composition of the putty was tested during the restoration of the church of St. John the Theologian in the
village of Synkova, Podolsky district, Moscow region (Fig. 2). When analyzing the state of the object, cracks in the
plaster were recorded (Fig. 3), and in the Znamensky Cathedral (Varvarka St., Moscow), cracks and potholes on the
floor tiles made of limestone (Figs. 4-5).

Figure 3: Microcracks in plaster (before repair).
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Figure 4: Limestone floor tiles (after renovation).

Figure 5: View after repair and painting.

The technology for carrying out restoration work provides the application of a primer layer - liquid glass,
followed by the application of a solution of calcium chloride. When liquid glass interacts with calcium chloride,
calcium hydro silicates are formed. In studying the new growth's qualitative composition, it was found that the
samples’ degree of crystallization is low. The X-ray diffraction pattern (Fig. 6) of the filler samples contains
diffraction lines (A) of the following compounds: calcium silicate hydrates of the tobermorite group (10.13059;
3.58269; 3.25556; 3.2579; 2.82015; 2.4662; 1.29764; 1.2618), solid solution CSH (B) in the form of slightly
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crystallized gel (4.76541; 3.03952; 2.82163) solid solution C-S-H (ll): (2.22058; 1.87721; 1.41032); hydrohalites
(hydrohalite mineral): (3.85831; 1.99449; 1.62748).
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Figure 6: X-ray diffraction pattern of filler samples synthesized with the introduction of CaClz additive in 50% of the mass of the
water glass with a silicate modulus of 2.9.

Analysis of the IR spectrum of the obtained filler sample was performed for additional assessment. Fig. (7)
shows distinguished absorption bands in 850-1100 cm-', 550-750 cm™', and 400-550 cm™', confirming the
presence of calcium silicate hydrates in the synthesized material.
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Figure 7: IR spectrum of the synthesized calcium silicate hydrates (CSH) filler sample.

The resulting calcium hydro silicates increase the adhesive interaction between the limestone and the applied
finishing layer.

After 20-30 minutes after applying the primer, putty can be applied with a spatula.

The resulting calcium hydro silicates strengthen the limestone surface layer and contribute to a stronger
interaction of the applied finishing layer due to the interaction of calcium hydro silicates with lime.

The compositions are characterized by good workability, and the drying time to degree 3 is 10 minutes. The
compressive strength at 3 days is 1.75 MPa, and at 28 days - 5.42 MPa. After curing the coatings, tests were carried
out for moisture and adhesion strength. At 28 days from the moment of mixing, the compressive strength of the
control samples of limestone is 1.2 MPa, and with the use of a polysilicate mortar - 5.42 MPa. In the case of using a
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polysilicate solution, a decrease in shrinkage deformations by a factor of 3 is observed. The adhesion strength of
the coating to the limestone substrate is more than 1.3 MPa. There is a significant decrease in the water
absorption of the composite. Resistance to static action of water by GOST 9.403-80 (method A) is more than 72
hours.

4. Conclusion

The composition of a lime building mixture with a polysilicate solution additive intended to restore and finish
building walls, containing fluffy lime, micro calcite, and a polysilicate solution additive, has been developed. It has
been established that the introduction of a polysilicate mortar additive into the lime mixture formulation
contributes to an increase in the adhesion strength of the finishing layer, compressive strength.

Using liquid glass and calcium chloride as primers enhances the adhesive interaction between the restored
object and the finishing material.
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