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ABSTRACT

This article investigates the physicochemical properties of water-soluble sodium silicate
synthesized from modified raw materials. During the research process, several compositions of
soluble glass samples were prepared, and their structural characteristics were analyzed using
infrared (IR) spectroscopy. In addition, X-ray fluorescence (XRF) analysis was employed to
determine the chemical composition of the products and the distribution of their components.
The results demonstrated that two of the studied compositions are considered promising in terms
of technological and physicochemical parameters. In particular, the third composition provided
the most optimal outcome, exhibiting superior stability, structural homogeneity, and practical
applicability of the soluble glass. The findings of this study highlight the potential for developing
energy-efficient technologies for the production of water-soluble sodium silicate based on local
and modified raw materials. The results of infrared spectroscopic analysis showed that the BMK-3
sample exhibited significantly more stable and intense Si-O—Na bonds compared to other analyzed
samples and compositions. This phenomenon is explained by the structural uniformity of the
composition, the balance of cation—anion interactions, and the strength of the glass network
structure. Therefore, the third composition is recommended as the most promising sample.

Keywords: water-soluble sodium silicate, modification of raw materials, IR analysis, X-ray
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Introduction

method of production, type of cation,
concentration, or polymeric structure of silica [[1],

Water-soluble sodium silicates belong to the
group of alkali metal silicates and are primarily
obtained from a mixture of silicon dioxide and
sodium oxide. Many researchers believe that the
terms “soluble glass” and “liquid glass” are
interchangeable. However, the concept of “liquid
glass” is much broader, as it refers to all aqueous
solutions of alkali silicates, regardless of their

[2]].

While soluble glass serves as a raw material for
the production of liquid glass, the latter can also be
synthesized through the dissolution of silica in
alkalis, as well as by dissolving amorphous or
crystalline, hydrated or anhydrous powdered alkali
silicates. Liquid glass may be potassium-based,
sodium-based, lithium-based, or ammonium-based.
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Both substances are considered large-tonnage
products of inorganic synthesis [[3], [4], [5], [6]].

A key feature of liquid glass production lies in its
environmental friendliness, the availability of raw
materials, and its low cost. The composition of
soluble glass is expressed as R,0:SiO,. In terms of
physical properties, it exists as silicate lumps (solid
pieces) and as an aqueous solution, which
represents the actual liquid glass. The molar ratio
between alkali metal oxides and silica, known as the
silicate  modulus (n), ranges from 2.0 to 4.0.
Depending on the type of raw material used, soluble
glasses are categorized as soda, soda-sulfate, or
sulfate-based, while by composition they are
classified as sodium, potassium, mixed, or double. In
construction, sodium-based liquid glasses are most
widely applied, followed to a lesser extent by
potassium-based glasses [7].

Liquid glass is classified according to the
following parameters:

1. type of cation: sodium, potassium, lithium,
or organic bases;

2. silicate modulus;

3. absolute content of R0 and SiOy;

4. content of impurities such as oxides of iron,
aluminum, calcium, magnesium, and sulfur;

5. density of the solution.

The density of sodium liquid glass ranges from p
= 1.30-1.60 g/cm?® with a silicate modulus n = 2.0-
3.5, while potassium liquid glass typically has a
density of p = 1.25-1.40 g/cm® and n = 2.8-4.0 [8].
Due to their wide compositional range, liquid glasses
may contain various cations, silicate anions ranging
from monomeric to highly polymerized forms, and
silica in different structural and aggregate states.
Consequently, their properties also vary within a
wide range [9].

A specific feature of soluble glass lies in the
gradual change of its chemical composition during
operation. With decreasing alkalinity,
transformation toward silica sols  occurs,
accompanied by changes in the physicochemical
nature of the solution. Conventional sodium and
potassium glasses occupy only a narrow segment
within this diversity of systems [10].

The process of silicate formation from glass melt
is multistage in nature, proceeding sequentially and
often simultaneously through high-temperature
reactions between components in both solid and
liguid phases. The main transformations occurring
during heating include: removal of hygroscopic
moisture at 110-120 °C; elimination of

crystallohydrate moisture, which may form upon
moistening of the raw mixture, at 200 °C;
polymorphic transitions of sodium carbonate at 235
°C; polymorphic transformations of quartz at 575 °C;
and dissociation of potassium carbonate. At 800—
900 °C, solid-phase silicate formation reactions
begin, while at 855 °C, melting of mixture
components is initiated. In the range of 900-1400
°C, eutectic phases are formed within the R,0-SiO,
system, followed by the melting of alkali-quartz
compounds and the dissolution of silica. At 1400 °C,
glass mass formation occurs, after which the melt
undergoes cooling. In the case of sodium soluble
glass, the reactions typically begin at approximately
380 °C[[11], [12], [13], [14]].
Na,COs + Si0; ® Na,O = nSiO, + CO,. (1)

The complete binding of sodium carbonate is
observed at temperatures of 920-950 °C. During this
process, the product consists of sodium
metasilicate, silica, and alkali silicate, forming a
glass-like  solid structure. With increasing
temperature, this mass undergoes a series of
physicochemical transformations associated with
the dissolution of silica, which leads to an increase in
the melt volume and the formation of an excess
amount of material of up to approximately 30%
[[15], [16], [17]].

The minimum temperature for the formation of
an alkali silicate melt is 780 °C; however, to obtain a
homogeneous melt of industrial composition, a
temperature of 1250 °Cis required. During the glass-
forming process, quartz residues gradually dissolve
in the viscous sodium silicate melt, resulting in the
formation of a zone enriched with SiO,. As
saturation of this zone increases, the solubility of
sand decreases, while the excess amount of silica is
removed through diffusion driven by the
concentration gradient [18].

The diffusion rate determines the rate of glass
formation and depends on temperature, viscosity,
surface tension of the melt, as well as the intensity
of mixing. To clarify the glass mass—removing visible
gas inclusions and achieving homogenization to
obtain a uniform mass—a temperature of 1400 °C is
required [[19], [20]].

Experimental part

In this study, the chemical structure of sodium
silicate samples was investigated using infrared (IR)
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spectral analysis. The analyses were performed on a
Shimadzu Fourier-transform IR spectrometer within
the range of 4000400 cm™, with a resolution of 4
cm™'. Sample preparation was carried out using the
potassium bromide (KBr) pellet technique: pre-dried
and finely ground samples were uniformly mixed
with KBr and compressed into transparent pellets
using a specialized press. The characteristic
absorption bands observed in the spectra were used
to identify functional groups present in the sodium
silicate structure. The elemental composition of the
synthesized glass samples was analyzed using X-ray
fluorescence spectroscopy (XRF). This method
enables the accurate detection of both major and
minor components in glass without destruction of
the sample. The analyses were conducted with a
modern XRF analyzer equipped with an Rh-anode X-
ray tube, operating at 50 kV and 40 mA. The samples
were prepared either in pressed pellet form or fused
with a flux. The identified elements included the
main oxides - SiO,, Na,O, Al,03, Fe,0s, MgO, and
Ca0 - as well as minor components such as K0, TiO,,
and P,0s. The analytical results were presented in
the form of spectra, images, and tables. Data
processing and phase interpretation were carried
out using specialized software packages such as
Spectra Plus and Shimadzu XRF Manager. Calibration
of the instruments was performed using
international standard reference materials (SRM,
NIST). The applied analytical methods demonstrated
several advantages, including rapid analysis, high
accuracy, non-destructive sample preparation, and
broad elemental coverage. These features are of
critical importance for the comprehensive
evaluation of glass composition and the analysis of
technological processes.

Results and Discussion

The infrared spectroscopic (IR) analysis of the
sample was carried out, and the obtained IR spectra
are presented in Figures 1, 2, 3, and 4. In the
spectrum of the sample shown in Figure 1, several
distinct absorption bands were observed. The high-
frequency sharp peaks at 3732, 3691, 3667, and
3610 cm™ correspond to the Si—OH hydroxyl groups.
The broad absorption band in the range of 3519-
3193 cm™ is attributed to hydrogen-bonded —OH
groups and molecular water.

The characteristic deformations related to
silicate structures were identified at 1245 and 1139
cm™, which correspond to Si—O-Si linkages in
sodium silicate. Additionally, the absorption band at
1022 cm™ indicates the presence of Si—-O—Na
vibrational groups coordinated with sodium, which
is a distinctive feature of sodium silicate.

In the spectrum of the sample shown in Figure 2,
a broad absorption band at 3436 cm™ was identified,
corresponding to —OH groups and molecular water,
although present in very small amounts. The
absorption bands at 2361 and 2342 cm™ are typically
associated with the vibrational modes of residual
CO; carbonates, which may indicate that the sample
absorbed CO, from the atmosphere. A strong
absorption peak observed at 1033 cm™ is attributed
to the Si—O-Si stretching vibrations and, to some
extent, to Si-O™—Na vibrations, which are
characteristic for sodium silicate. The band at 912
cm™ corresponds to Si—-O~ groups coordinated with
sodium, confirming features typical of soluble glass.
Furthermore, the absorption peaks at 777 and 687
cm™ represent the bending vibrations of Si—O-Si
bonds, while the bands at 581 and 454 cm™
correspond to the skeletal vibrations of the silicate
framework, indicating the structural stability of the
silicate network.
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Figure 1 - IR spectroscopic analysis of Sample 1 of soluble sodium silicate
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Figure 3 - IR spectroscopic analysis of Sample 3 of soluble sodium silicate

In the spectrum of the sample shown in Figure 3,
a broad absorption band at 3434 cm™ was observed,
corresponding to the —OH groups and molecular
water. The absorption peaks at 2361 and 2336 cm™
are typically attributed to the vibrational modes of
CO; carbonate groups. A strong and sharp band at
1030 cm™ is assigned to the Si—O-Si stretching
vibrations, while the absorption band at 912 cm™
indicates the presence of Si—-O~ groups coordinated
with sodium, a characteristic feature of soluble
glass.

Additionally, the absorption bands at 787 and
719 cm™ correspond to the bending vibrations of Si—
0O-Si bonds, whereas the peaks at 654, 614, and 454
cm™ are associated with the skeletal vibrations of
the silicate framework, reflecting the stability and
integrity of the silicate network structure.

According to the results of the spectrum shown
in Figure 4, the broad absorption bands in the range
3957-3610 cm™ correspond to the O-H stretching
vibrations of hydroxyl groups. The peaks at 2929
cm™ and 2854 cm™ are attributed to the C-H
stretching vibrations of methyl or methylene groups.
The absorption at 2358 cm™ is assigned to CO,
molecules, which may have been absorbed from the

surrounding atmosphere. The band at 1994 cm™ can
be related to complex Si—O-Si vibrations or mixed
vibrational modes.

The absorption range 1732-1566 cm™ indicates
the presence of C=0 groups, which may belong to
carboxyl or carbonate compounds, as well as
possible H-O-H bending vibrations of molecular
water. A very strong absorption band between
1054-995 cm™ is attributed to the Si—O-Si
stretching vibrations of the silicate framework. The
bands at 823-761 cm™ correspond to Si-O
deformation vibrations within the silicate structure,
while the absorptions at 665-472 cm™ are
associated with the Si—-O bending vibrations
characteristic of sodium silicates.

The spectrum clearly demonstrates that sodium
silicate is the main component. The presence of
organic residues (C—H, C=0 bands) suggests that the
sample was derived from a waste-based or mixed
raw material system. In the lower-frequency region
(400-800 cm™), the presence of distinct absorption
bands further confirms the inorganic silicate
network structure. Overall, this spectrum is typical
of soluble sodium silicate synthesized from waste-
containing or mixed-component systems.
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Figure 4 - IR spectroscopic analysis of Sample 4 of soluble sodium silicate
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Figure 5 - X-ray fluorescence (XRF) analysis of soluble sodium silicate, Sample 3
Table 1 - Chemical composition of soluble sodium silicate
Sample Oxide content, wt.% LOI Wt.%
. " WTL. 7%
SiO2 Al2Os Fe20s3 Cao MgO K20 Na20 TiO2 P20s ’
Sample - 3 67.9 1.74 1.86 1.77 0.844 1.79 23.0 0.2 0.02 0.876

Based on the results of the IR spectroscopic
analysis, the characteristics of Sample 3 revealed
properties and features typical of soluble glass.

To further verify these findings, an X-ray
fluorescence (XRF) analysis was carried out in order
to determine the oxide composition of Sample 3 and
to evaluate its compliance with the requirements of
GOST 13079-2021, as well as to calculate the silicate
modulus (fig. 5 and Tab. 1).

The chemical composition of the obtained
samples was analyzed based on Table 1, and it was
determined that their main components are SiO,,
Na,0, Ca0, Al,0s, and Fe,0s oxides. The SiO, content

of 67.9% plays an important role in ensuring the
structural stability of the glass. Na,O (23.0%) is the
main compound required for the synthesis of soluble
glass. Its sufficient amount accelerates the bonding
process with SiO, and increases solubility. CaO
(1.77%) and MgO (0.844%) serve as additional
modifier oxides that improve the mechanical
strength and thermal resistance of the glass mass.
However, their excessive content may reduce the
solubility of the glass. Fe,O; was found in a
concentration of 1.86%, and a higher amount of this
oxide can negatively affect the quality of the glass.
In addition, other impurities such as CI~ and SO4%, if
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present in significant amounts, can also have a

detrimental effect. Therefore, technological
regulation of their concentration is of great
importance.

Conclusions

In all spectra, broad peaks were observed in the
range of 3200-3600 cm™, indicating the presence of
hydroxyl groups. Higher peak intensity suggests that
the sample has better potential for dissolution
during liquid glass production. Strong Si—O-Si
stretching vibrations were observed in the range of
1000-1200 cm™ across all four spectra. To
determine the most suitable composition, the peaks
should be sharp and well-defined, without
additional side signals, as this indicates a well-
developed silicate network. Si—O bending vibrations
were present in the range of 450-800 cm™ in all
samples. In the spectra of Figures 3 and 4, a distinct
peak around 470 cm™ was observed, confirming the
presence of a fully polymerized silicate structure. In
Figures 2 and 3, weak peaks in the range of 1450—
1500 cm™ were detected, suggesting the presence
of small amounts of carbonates and organic
impurities, which can lower the quality of the
solution. In this study, a peak at 2358 cm™ was
detected, corresponding to absorbed CO,, likely
introduced from the surrounding atmosphere.
Although this can be removed during processing,
excessive amounts may negatively influence product
quality. Based on these observations, the first
sample revealed OH groups but also noticeable
carbonate impurities. The second sample showed
strong Si—0 peaks, but additional signals in the range
of 1400-1500 cm™" were present. The third sample
exhibited distinct silicate peaks, with a strong peak
at 470 cm™, indicating a well-polymerized structure.
The fourth sample contained Si—O peaks but also

CO; traces at 2358 cm™. Overall, the third sample
spectrum was determined to be the most suitable
for liquid glass production. This is attributed to its
sharp and strong Si—O-Si peaks, high degree of
polymerization, lower carbonate (CO,) impurities,
and balanced OH content related to moisture.
Comparative analysis of the chemical composition
confirmed that the third sample was optimal for
liquid glass synthesis. This is due to the balanced
ratio of SiO, and Na,O, along with relatively lower
levels of harmful impurities such as Fe,03 and SO,%".
These findings demonstrate the potential of
producing liquid glass through energy-efficient
technologies based on waste-derived raw materials.
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TYWIHAEME

Makanaga MoANOUKALMANDBIK WWKI3aTTap HerisiHAe CUHTe3AeNreH epuTiH HaTPUI CUIMKATbIHbIH,
YATINepiHiH, GU3NKa-XMMUANBIK KacueTTepi 3epTTenai. 3epTrey 6apbicbiHAA SPTYPAi Kypamaarbl
€PUTIH WbIHbI YArinepi AanbiHAANbIN, OnapAblH, KypblibiMbl MHGPaKpI3bin (MK) cnekTpockonus
o4ici  apkpiibl  TandaHapl. COHbIMEH KaTap, OHIMAEPAIH XMMUANBIK KypambliH KaHe
KOMMOHEHTTEPAiH, TapanyblH aHbIKTay MaKcaTbiHAA peHTreHodyopecueHTTiK (P®) Tanaay aaici
Makana kenai: 9 KipKyliex 2025 KONAaHbINAbI. ANbIHFAH HITUXKeNep 3epTTenreH KypamaapablH, eKeyiHiH TeXHONOTMANbIK XaHe
CapanTamapaH eTri: 17 KasaH 2025 PU3MKa-XMMUANBIK, KepceTKiluTepi GoiblHWa Gonalwarsl 6ap eKeHiH KepceTTi. AN YLiHWI Kypam
Kabeinparavi: 1xenmokcar 2025 €PUTIH WbIHbIHBIH, }XOFapbl TYPAKTbINbIFbIH, KYPbIIbIMABIK KOHCUCTEHLMACBIH KaHe NPaKTUKaNbIK
KON AQHYAaFbl TUIMAINITIH KAMTamacbI3 eTETiH OHTa/Ibl HATUKeNep KepceTTi. 3epTTey HaTUKenepi
JKEPTINIKTI )KaHe MoaMbUKauMANaHFaH WKKI3aT Heri3iHAe epuTiH HAaTPUI CUAMKATbIH OHAIPY YLWiH
SHEpPrua YHeMAENTiH TEXHONOrMANAPAp! 33ipNey MYMKIHAITH aHbIKTanabl. UK-cnekTpocKonuanbIk,
Tanpay HatuKenepi GoMbiHWA YWiHWI YAriHiH, cnekTporpammacbiHaa Si—-O—-Na 6alinaHbicTapbl
6acka 3epTTenreH yarinep meH KypamaapMeH CanbICTbipFaHAa aHafFyp/IbiM TYPAKTbI KaHe XoFapbl
MHTEHCMBTINIK BaiKkanabl. bByn KybblibiC KYPamHbIH, KYpPbIAbIMAbIK 6ipTeKTinirimeH, KaTMOH-aHWUOH
6alinaHbICTapbIHbIH, Tene-TeHAIrMeH XaHe WbIHbl TOPbIHbIH, 6epikTirimeH TyciHaipineai. OcbifaH
6alinaHbicTbl BMK-3 Kypambl eH 60n1alwafbl 30p yAri peTiHAe YCbiHbINAAbI.

TyiiiH ce30ep: epuTiH HaTpWi CUAMKATbI, MOAMPUKAUMANDBIK LWHKKI3aT, UK Tangay, peHTreH
bnyopecueHumA, OHTaNNbI Kypam, U3UKa-XMMUANBIK KAacUeTTep.
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PU3NKO-XMMMUYecKuii aHanns BOAOPACTBOPMMOro CUAMKATA HaTPUA, NONYYEHHOro
u3 MoAUPUKALMOHHOTIO CbipbA
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AHHOTALUMUA

B AaHHON cTaTbe M3y4yeHbl GpU3MKO-XMMUYECKME CBOMCTBA OOPasLOB PacTBOPUMOrO CU/IMKATA
HaTpWA, CUHTE3UPOBAHHbIX HAa OCHOBE MOAMMUKALMOHHOIO Chipbs. B npouecce uccnenosaHus
66111 NoAroToBAEHbI 06pasLbl PACTBOPUMOrO CTEKNA Pas3/MYHOrO COCTaBa, CTPYKTYpa KOTOPbIX
npoaHanusvMpoBaHa MeTogoM WHPpakpacHoi (MK) cnektpockonun. Kpome Toro, Ansa
onpefeneHna XMMUYECKOro COCTaBa NPOAYKTOB U pacnpeaesieHns KOMNOHEHTOB 6bll NPUMEHEH
Moctynuna: 9 cenmsabpa 2025 MeTOZ, peHTreHodpyopecLeHTHoro (P®) aHanusa. MoayyeHHble pesybTaTbl NOKa3anu, YTo ABa U3
Peuensuposanue: 17 okmabpa 2025 UccnefoBaHHbIX COCTABOB ABAAIOTCA NEPCMEKTUBHBIMU MO CBOUM TEXHOIOrMYECKUM U bGU3nKo-
MpurATa B nevare: 1 dekabps 2025 XMMUYECKMM MOKasaTensm. B 4acTHOCTW, TPeTWit COCTaB MPOAEMOHCTPUPOBAZ ONTUMA/bHbIE
pe3ynbTaTbl, OOecneynmB BbICOKYIO CTabUABHOCTb PACTBOPUMOrO CTEKNA, CTPYKTYPHYIO
COrNMacoBaHHOCTb U 3GGEKTUBHOCTL B NPAKTUYECKOM NPUMEHEHWUU. PesynbTaTtbl UcCnefoBaHuUA
CBUAETENbCTBYIOT O BO3MOXHOCTM pa3paboTKu sHeprocbeperatoLmx TeXHOOornii NPoV3BOACTBA
PacTBOPMMOTO CUIMKaTa HAaTPUA Ha OCHOBE MECTHOTO U MOAUPUKALIMOHHOIO CbipbA. Pe3ybTaTsl
MK-cneKTpoCcKonM4Yeckoro aHaimM3a Nokasanu, 4to B cnekTporpamme obpasua BMK-3 ceasm Si-O—
Na nposBAAtoTca 3HaUNTENbHO 60/1ee YCTOMUMBLIMM U UHTEHCUBHBIMM MO CPABHEHMIO C APYTUMMU
uccnefoBaHHbIMM 0bpasuamu M coctaBamu. [laHHOe sBneHVWEe OOGDBACHAETCA CTPYKTYPHOM
OHOPOAHOCTbIO COCTaBa, CHAaNAHCMPOBAHHOCTbIO KATUOH-aHWOHHBIX B3aUMOAEWNCTBUI 1
MPOYHOCTbIO CTEK/IOCETOUHOM CTPYKTYPbl. B CBA3M C 3TMM TPETUIA COCTaB PEKOMEHAYeTCAa Kak
Hanbonee nepcnekTUBHbLIN 0bpaseL,
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