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Soluble silicon plays a significant role in living organisms. Orthosilicic acid is the only

bioavailable form of silicon. Sodium silicate solutions with various silicate moduli and

different types of acids were used in our work to investigate the effect of silicate modulus

and types of acids on the stability of the solutions of orthosilicic acid. It was determined

that both the silicate modulus and the type of acid have a certain impact on the stability

of orthosilicic acid solution. The effect of sulfuric, hydrochloric, orthophosphoric and

methanesulfonic acid on the stability of orthosilicic acid solutions was studied depending

on the silicate modulus of sodium silicate. It was shown that in the following series of

anions SO4
2–, Cl–, CH3SO3

–, PO4
3–, the stability of orthosilicic acid solutions increases. In

the following series of alkaline modulus 3.02, 2.72, 2.06, 1.96, the stability increases too.

The use of orthophosphoric acid and liquid glass with a silicate modulus of 1.96 allowed

obtaining a solution, which is stable for at least 40 days.
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Introduction

Silicon is the second of the most abundant
elements on the planet Earth after oxygen. It is a
part of most minerals of the Earth’s crust (about
28 wt.%). Its average concentration in ocean water
varies from 0.03 mg/l in surface water to 2 mg/l in
deep layers. Average concentration of silicon in the
freshwater sources (rivers, lakes, etc.) is 4 mg/l.

The main sources of the bioavailable silicon
are elementary silicon, silica gel or zeolite. Low
solubility in the water is the main disadvantage of
these materials. For example, water solubility of
silicon is 120 mg/l [1], but this is difficult to achieve
in practice. To reach the above value, fine ground
amorphous elementary silicone should be used at
the time exposure of 20, 39, and 62 days. Such
method is not suitable for producing concentrated
silicone solutions because of its low rate.

Bioavailable silicone in natural waters is largely
in the form of orthosilicic acid (H4SiO4). The
polymerization of orthosilicic acid occurs when ðÍ7
and its concentration is higher than 2 mM [2,3]. It
creates a dimer, colloidal particles and solid residue.

Reffitt et al. [4] and Belton et al. [5] showed

that only orthosilicic acid is a bioavailable form of
silicone, which provides about 50% of its income in
the body that is absorbed.

The last researches have stated a direct
dependence between the quantity of the consumed
silicone in form of the orthosilicic acid and the bones
mineralization, collagen production, the skin, hair,
and nails condition. However, the mechanism of
action of orthosilicic acid in the body is still unknown.

The existence of the orthosilicic acid as different
kinds of its polymers and monomer mostly depends
on the solution pH, and then on the anion nature
and the presence of stabilizers [6]. The polymerization
reactions are shown in Fig. 1. The dimers, trimers
and linear or branched polymers are formed in, and
then they create spherical structures. After that, the
slow gelation occurs.

To predict the behavior of orthosilicic acid in
the solution, the charts characterizing the existence
of different forms of orthosilicic acid vs. the solution
pH have been analyzed (Fig. 2) [7]. When pH is
higher than 7, orthosilicic acid starts to lose protons
and is transformed into a dimeric form, which
undergoes father polymerization and gelation. To
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produce stable solutions of orthosilicic acid, the pH
range from 2 to 3.5 has been chosen.

It is generally known that silicic acids are being
created during the action of strong acids on liquid
glass solutions. The data about the rate of conversion
of sodium silicate into orthosilicic acid depending
on the type of acid are absent in the literature.

Thus, this study was aimed at establishing the
dependence of stability of orthosilicic acid solutions
on silicate modulus and the nature of acid anion. In
order to fulfill this task, it is necessary to prepare
solutions of orthosilicic acid using sodium silicate
with different silicate moduli and hydrochloric,

sulfuric, orthophosphoric and methanesulfonic acids
and determine the change in the concentration of
orthosilicic acid over time.

Materials and methods

The measurements of the concentration of the
orthosilicic acid were performed using a standard
colorimetric method based on the formation of yellow
silicomolybdic complex. We used ammonium
paramolybdate aqueous solution (50 g/l) and dilute
sulfuric acid (5 M).

Calibration curve
3.16 g Na2SiF6 was dissolved in a 1 dm3

volumetric flask using gradual heating. The solution
was intensivly mixed for 2–3 hours until all the solids
will be dissolved. After that, the solution was poured
into the plastic bottle and sealed. To prepare a
standard solution with a concentration of 10 mg/l
with respect to SiO2, 10 ml of the prepared solution
were taken by dosing pipette and dissolved in 1 dm3

at thorough agitation. The solution could be stored
not more than 15 days in a sealed flask.

The doses of 2, 5, 10, 15, and 20 ml of the
prepared Na2SiF6 solution were added to five 50 ml
volumetric flasks, which corresponds to 20, 50, 100,
150, and 200 g of orthosilicic acid in the tube,
respectively.

Distilled water was added to achieve the volume
of about 40 ml and then 5 ml of the molybdic solution
and 1 ml of the diluted sulfuric acid were added.
The solution was vigorously stirred and then its
volume was adjusted to the mark by distilled water.

After 7 minutes, the absorbance of solutions
was measured at the wavelength of 400 nm compared
with distilled water. The graph of absorbance vs.
concentration of SiO2 was used as a calibration curve
for further measurements.

Analysis procedure
The 20 ml of a solution that should be analyzed

was added to the 50 ml volumetric flask, then 5 ml
of the molybdic solution and 1 ml diluted sulfuric
acid were added to the same flask and filled to the
mark by distilled water. The liquid in the flask was
vigorously stirred and the absorbance was measured
in 5–7 minutes at the wavelength of 400 nm.

The concentration of the SiO2 in the flask was
determined by the calibration curve and the
calculation was performed by the following
expression:

 2
M

SiO 1000,
V

   g/l

where M is the mass of orthosilicic acid in the sample
determined via calibration curve (g); and V is the
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Fig. 1. Polymerization mechanism of orthosilicic acid in

solutions

Fig. 2. Dissolved silica speciation vs. pH at 250C [7] (published

by MDPI under the terms of the Creative Commons

Attribution 4.0 License)
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volume of a sample taken for analysis (cm3).
Stable solution of orthosilicic acid
A stable solution of orthosilicic acid should

maintain a concentration of 2.0–1.8 g/l for at least
40 days.

Results and discussion

The orthosilicic acid concentration of 2 g/l was
chosen as a working concentration. This
concentration responds to the optimum ratio between
maximum concentration and polymerization rate.

The time dependences of orthosilicic acid
concentration obtained with the use of H2SO4 are
shown in Fig. 3.

In the initial moment of the observation, the
maximum concentration of the orthosilicic acid was
67% for the liquid glass with a silicate modulus of
1.96. The maximum content of orthosilicic acid is
observed in 40 days with a silicate modulus of 2.06

that represents 25% of the maximum expected
concentration (2 g/l).

Figure 4 shows time dependences of orthosilicic
acid concentration obtained with the use of HCl.
The use of hydrochloric acid in the reaction of
neutralization of sodium silicate with various silicate
moduli yields low stable solutions of orthosilicic acid.
The maximum initial concentration of the orthosilicic
acid can be achieved in the test with sodium silicate
with silicate modulus of 3.02. In 40 days, irrespective
of the silicate modulus, the concentration of
orthosilicic acid will reduce to 15–20% of the
maximum expected concentration (2 g/l).

Figure 5 shows that the use of orthophosphoric
acid allows producing a stable solution of orthosilicic
acid during a long time (40 days). A decrease in the
concentration up to 8% is observed for the sodium
silicate with silicate moduli of 1.96 and 2.06. It is
worth noting that the initial concentration of
orthosilicic acid is relatively high and more than

Fig. 4. Concentration change of H4SiO4 vs. time. HCl was

used. Silicate modulus:  – 1.96;  – 2.06;  – 2.72;

 – 3.02

Fig. 3. Concentration change of H4SiO4 vs. time. H2SO4 was

used. Silicate modulus:  – 1.96;  – 2.06;   – 2.72; and

 – 3.02

Fig. 6. Concentration change of H4SiO4 vs. time. CH3SO3H

was used. Silicate modulus:  – 1.96;  – 2.06;   – 2.72;

 – 3.02

Fig. 5. Concentration change of H4SiO4 vs. time. H3PO4 was

used. Silicate modulus:  – 1.96;  – 2.06;   – 2.72;

 – 3.02
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90% of the expected concentration when using
H3PO4.

It is known that methanesulfonic acid is highly
biodegradable and biocompatible, so we used it to
produce orthosilicic acid. However, as shown in
Fig. 6, the use of methanesulfonic acid for the
production of orthosilicic acid is not suitable. The
character of the dependences of graphs for all
modules is symbatic. The initial concentration of
the orthosilicic acid was 40–50% of the expected
concentration. It was only 9–27% in 40 days,
depending on the silicate modulus of sodium silicate.
That shows that the use of methanesulfonic acid
results in the formation of unstable solutions of
orthosilicic acid.

Conclusions

Preparation of the stable solution of orthosilicic
acid with a given concentration depends both on
the nature of acid anion and on the silicate modulus.
The stability of the solution of orthosilicic acid
increases in the series of anions:

Cl–<SO4
2–<CH3SO3

–<PO4
3"

and in the series of silicate modulus: 3.02,2.72,
2.06,1.96.

The effect of the acid anion on the stability of
orthosilicic acid solutions can be explained by the
strength of the hydrogen bonds between H4SiO4 and
the anion of the corresponding acid.

Icopini et al. [8] point to a close relationship
between the stability of orthosilicic acid solutions
and pH and the ionic strength of the solution. In a
series of increasing silicate modulus, there is a
decrease in the amount of sodium oxide in liquid
glass, which leads to a decrease in the ionic strength
of the orthosilicic acid solution. It can be assumed
that the combination of the strength of hydrogen
bonds between molecules of orthosilicic acid and
anion and ionic strength is responsible for the stability
of the orthosilicic acid solution. There is no doubt
that the establishment of a more precise mechanism
for the formation of stable solutions of orthosilicic
acid requires further researches.
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ÑÒÀÁ²ËÜÍ² ÐÎÇ×ÈÍÈ ÎÐÒÎÊÐÅÌÍ²ªÂÎ¯ ÊÈÑËÎÒÈ

Î.Î. Ïàñåíêî, À.Ã. Ìàíäðèêà, ª.Ñ. Õðóï÷èê, Â.Ã. Âåðåùàê

Ðîç÷èííèé êðåìí³é ìàº âàæëèâå çíà÷åííÿ â æèòòºä³-
ÿëüíîñò³ æèâèõ îðãàí³çì³â. Îðòîêðåìí³ºâà êèñëîòà – öå ºäèíà
á³îäîñòóïíà ôîðìà êðåìí³þ. Ðîç÷èíè íàòð³é ñèë³êàòó ç ð³çíî-
ìàí³òíèì ñèë³êàòíèì ìîäóëåì òà ð³çí³ âèäè êèñëîò áóëè âè-
êîðèñòàí³ äëÿ äîñë³äæåííÿ ¿õ âïëèâó íà ñòàá³ëüí³ñòü ðîç-
÷èí³â îðòîêðåìí³ºâî¿ êèñëîòè. Âñòàíîâëåíî, ùî ³ ñèë³êàò-
íèé ìîäóëü, ³ òèï êèñëîòè çíà÷íî âïëèâàþòü íà ñòàá³ëüí³ñòü
ðîç÷èí³â îðòîêðåìí³ºâî¿ êèñëîòè. Áóëî âèâ÷åíî âïëèâ ñ³ð÷à-
íî¿, ñîëÿíî¿, îðòîôîñôîðíî¿ òà ìåòàíñóëüôîíîâî¿ êèñëîò â
çàëåæíîñò³ â³ä ñèë³êàòíîãî ìîäóëÿ. Âñòàíîâëåíî, ùî â ðÿäó
àí³îí³â êèñëîò SO4

2–, Cl–, CH3SO3
–, PO4

3– ñòàá³ëüí³ñòü ðîç-
÷èí³â îðòîêðåìí³ºâî¿ êèñëîòè çá³ëüøóºòüñÿ. Â ðÿäó ñèë³êàò-
íèõ ìîäóë³â 3,02; 2,72; 2,06; 1,96 òàêîæ â³äáóâàºòüñÿ çá³ëüøåí-
íÿ ñòàá³ëüíîñò³. Âèêîðèñòàííÿ îðòîôîñôîðíî¿ êèñëîòè òà
ð³äêîãî ñêëà ³ç ñèë³êàòíèì ìîäóëåì 1,96 äîçâîëÿº îòðèìàòè
ñòàá³ëüí³ ðîç÷èíè îðòîêðåìí³ºâî¿ êèñëîòè, ñò³éê³ ïðîòÿãîì
ì³í³ìóì 40 äí³â.

Êëþ÷îâ³ ñëîâà: íàòð³é ñèë³êàò, ñèë³êàòíèé ìîäóëü,
îðòîêðåìí³ºâà êèñëîòà, á³îäîñòóïí³ñòü, ñòàá³ëüí³ñòü.
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Soluble silicon plays a significant role in living organisms.
Orthosilicic acid is the only bioavailable form of silicon. Sodium
silicate solutions with various silicate moduli and different types
of acids were used in our work to investigate the effect of silicate
modulus and types of acids on the stability of the solutions of
orthosilicic acid. It was determined that both the silicate modulus
and the type of acid have a certain impact on the stability of
orthosilicic acid solution. The effect of sulfuric, hydrochloric,
orthophosphoric and methanesulfonic acid on the stability of
orthosilicic acid solutions was studied depending on the silicate
modulus of sodium silicate. It was shown that in the following
series of anions SO4

2–, Cl–, CH3SO3
–, PO4

3–, the stability of
orthosilicic acid solutions increases. In the following series of
alkaline modulus 3.02, 2.72, 2.06, 1.96, the stability increases
too. The use of orthophosphoric acid and liquid glass with a
silicate modulus of 1.96 allowed obtaining a solution, which is
stable for at least 40 days.

Keywords: sodium silicate; silicate modulus; orthosilicic
acid; bioavailability; stability.
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