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ABSTRACT

Introduction. The production of plasticizing additives using nanoparticles for the construction industry represents a promising
sector in the development of advanced building materials. By incorporating nanoparticles, such as silicon dioxide, into complex
additives, it is possible to significantly enhance the structural and mechanical characteristics of cement-based systems, resulting
in increased strength, durability, and resistance to external forces. This study aims to investigate the process of synthesizing silicon
dioxide nanoparticles in aqueous media and creating a complex organic-mineral additive comprising phloroglucinol- furfural
oligomers with silicon dioxide nanoparticles. Materials and methods of research. A modifier based on phloroglucinol-furfural
oligomers was used as an organic component of the complex additive. To synthesize silicon dioxide nanoparticles, which are the
mineral component of the additive, liquid glass (sodium silicate solution) was used. Additionally, Aerosil, with a specific surface area
of 2,000 m*/kg, was used as the dispersed phase in the organic mineral additive to study the compatibility of the components and
the mechanism of their interaction. The particle and size distribution were determined using laser light diffraction on the Malvern
Mastersizer 3000 device and dynamic light scattering on the Microtrac S3500 device. Microscopic analysis of the complex additive
was performed on a TESCAN MIRA 3 LMU scanning electron microscope. The chemical structure and composition of the obtained
additive were monitored by UV and IR spectrophotometry on Specord 200 Plus and Alpha Bruker Optics devices, respectively. Results
and discussion. The article presents the results of the development of a method for the synthesis of silicon dioxide nanoparticles
and creating an organic-mineral additive based on phloroglucinol-furfural oligomers containing these nanoparticles. The additive
is designed for use in mineral suspensions in construction additive technologies. It has been shown that it is possible to obtain
nanoscale particles of silicon dioxide through the hydrolysis of sodium silicate. It has been demonstrated that as the concentration
of sodium silicate increases, the number of silica particles increases significantly, the number of silicon dioxide particles increases
significantly. This leads to faster coagulation of the particles, resulting in the formation of larger aggregates. It has been shown
that silicon dioxide particles smaller than 10 nm can be obtained through acid titration. During the maturation period, particles
increase in size by about 7 times over a period of 1 to 7 days. The optimal ratio for particle synthesis should be considered to be
a 2:1 ratio of reagent solutions (sodium silicate to hydrochloric acid) by volume. It is shown that the introduction of the specific
additive at the stage of particle formation can help to stabilize their growth. Conclusion. The complex organic-mineral additive
based on a phloroglucinol-furfural oligomer and silicon dioxide nanoparticles has been developed. It has been established that the
introduction of the specific additive in the process of synthesis of silicon dioxide particles contributes to an increase in the aggregate
stability of the dispersed system of the complex additive, reduces the tendency of particles to enlargement and sedimentation.
KEYWORDS: dispersed systems, nanomodification, aggregative stability, modifier, nanoparticles, silicon dioxide, SiO,, differential
distribution, sol — gel method, coagulation.
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INTRODUCTION

he modern construction industry requires innovative

solutions to enhance the performance of materials
used in various construction projects. One such solution
involves the use of complex organomineral additives with
nanoparticles, such as silicon dioxide, which can im-
prove the physical and mechanical properties of mineral
mixtures. Nanoparticles play a crucial role in strength-
ening the coagulation structure, reducing cracking and
increasing the durability of concrete. An important aspect
of developing these additives is optimizing the process of
structure formation and controlling the rheological prop-
erties of the cement system. This is essential for additive
technologies and 3D printing.

Multifunctional (complex) additives in cement mix-
tures play a key role in building additive technologies
due to their ability to enhance the rheological and me-
chanical properties of the mixture. These additives offer
a range of benefits that allow you to regulate the fluid-
ity, viscosity and plasticity of cement mixtures, which
greatly facilitates the mixing and extrusion processes
[1]. In view of this, the additives help to achieve a more
even distribution of concrete ingredients, due to their
peptizing property.

Based on the research conducted by the author [2], it
is known that silicon dioxide nanoparticles increase ce-
ment hydration rate and contribute to the directive forma-
tion of consolidated permolecular structures of calcium
silicate. These structures strengthen the cement matrix
and, therefore, increase its strength.

According to the authors [3—7], the addition of silicon
dioxide nanoparticles to mineral suspensions helps to
eliminate structural defects in concrete due to the filling of
micropores and microcracks with silicon dioxide particles.
According to this, the strength characteristics of concrete
increase, shrinkage and water absorption decrease, and
frost resistance improves [8—9].

The use of silicon dioxide particles is justified by their
ability to act as crystallization centers in the hydrosilicate
phases of cement stone and to integrate into its structure
due to their similar crystallochemical nature with calcium
hydrosilicates [4, 9—10].

It is known [4] that the production of multifunctional
(complex) additives using nanoparticles involves several
processes: synthesis of a plasticizer, creation of nanopar-
ticles, the mixing of active ingredients, and maturation of
the final product.

Currently, two main methods are used to obtain na-
noscale particles — dispersion and condensation [11—12].
In the first method, the main process is the grinding of
coarsely dispersed materials with subsequent dispersion
of the obtained particles. In the second method (sol —
gel method), the main process of obtaining particles is
a phase change or chemical transformation.

To obtain nanoscale particles of silicon dioxide by the
sol — gel method, two directions are used: synthesis from
organic substances and mineral substances, respectively.
The main ongoing process is the hydrolysis of the sub-
stances used.

As a reagent for the synthesis of silicon dioxide par-
ticles, sodium liquid glass of the composition Na,O(SiO,),
is used, the anionic part of which consists of silicic acids
of various polymerization [13—14]. Hydrolysis of an aque-
ous solution of sodium silicate proceeds according to the
scheme [15-16]:

Na,0+nSiO, + nH,0 - nSi0,«H,0! +
+ 2NaOH. )

The interaction of a sodium silicate solution with solu-
tions of mineral acids can be presented according to the
scheme [13-14]:

Na,O+nSiO, + 2H" =nSi0,«H,0¢ + 2Na". 2)

However, it is difficult to accurately describe the
scheme of the chemical reaction, since sodium silicate
has a wide range of polymer transformations during the
interaction [13—14].

This method allows the synthesis of silicon dioxide par-
ticles with sizes ranging from 5 to 50 nanometers. However,
with optimized synthesis conditions and the use of spe-
cialized reagents, even smaller particles can be obtained
[4, 17, 18]. However, it is worth noting that the exact size
and distribution of the particles may vary depending on
experimental conditions and analysis methods.

According to the research [4, 9], and [19—-20], it is
possible to produce silicon dioxide particles of sizes rang-
ing from 2 nanometers in laboratory conditions. To syn-
thesize nanoscale silicon dioxide particles, the researchers
used the titration of 0.1 M Na,SiO, solution with 0.1 M
HCl solution and the subsequent maturation of the result-
ing particles, as described in [9] and [19—20].

The aim of this study is to develop a method for ob-
taining silicon dioxide nanoscale particles in an aqueous
medium, to study their aggregative stability for further
production of a multifunctional (complex) organic-min-
eral additive.

METHODS AND MATERIALS

As the organic component of an additive, we used
a modifier based on phloroglucinol-furfural oligomers,
which was synthesized by the authors using the polycon-
densation method (hereinafter referred to as a specific
additive) [21].

Sodium liquid glass was used to obtain nanoscale
silicon dioxide particles (the mineral component of an
additive).
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To test the stability of sodium silicate solutions, aque-
ous solutions of sodium silicate with different concentra-
tions were prepared: 1, 4, 7 and 10%, respectively. Particle
sizes in freshly prepared sodium silicate solutions were
determined by a laser light diffraction on a Malvern Mas-
tersizer 3000 device. Purified water was used as a disper-
sion medium, and particle size measurement was carried
out at a speed of 2000 rpm using a red laser (wavelength
632.8 nm) and a blue light source (wavelength 470 nm).
The data was processed statistically using the device’s
software based on the Mie theory. The average particle
size was determined as the median of the integral distribu-
tion, namely D(x) 50.

A modified sodium silicate solution was used as a base
for the growth of silicon dioxide particles. 11.8 grams of
42.5% sodium liquid glass was placed in a 500 ml flask
and dissolved in 493 ml of water. The flask containing the
solution was heated at a temperature of 90 25°C for two
hours. After that, the solution was cooled and settled at
a temperature of 25°C for one day. Then, the solution was
decanted and filtered under rarefied air through a nylon
membrane filter with a pore size of 0.45 microns. A hy-
drochloric acid solution was used as a neutralizer solution.
Since hydrochloric acid is a precursor, the solution has
been prepared from fixanals.

To study the effect of a specific additive in the compo-
sition of the complex additive as an anticoagulant of the
dispersed phase, we used extra research with Aerosil 200
(colloid silicic acid) — colloidal silicon dioxide according
to GOST 14922-77 with a specific surface area equal to
2000 m3/kg [22]. Mineralogical composition, weight. %:
SiO, — 99.8. For the research 20 ml of purified water was
poured to an Acrosil suspension weighing 100 mg, care-
fully suspended on a vortex-type mixing device and the
particle size distribution was measured by a laser light
diffraction method. After that, an aliquot of the specific
additive was added to the solution so that the concen-
tration was 0.2% and the solution was slowly mixed to
eliminate mechanical effects on the agglomerates. Then
the particle distribution was measured. After measure-
ment, the sample with the specific additive was treated
with ultrasound in an Elmasonic S150 ultrasonic bath at
a frequency of 37 kHz for one minute.

To study the kinetics of silicon dioxide particles sizes
in the presence of the specific additive, the following
concept was used: a modified sodium silicate solution
with the specific additive of various concentrations was
prepared: 0.2, 0.5 and 1.0%. Then the synthesis of sili-
con dioxide particles was carried out. 50 ml of 0.1 M
hydrochloric acid solution was added to the prepared
modified solutions with different concentrations of the
specific additive at a rate of 5 ml /min, while stirring the
solutions at a speed of 500 rpm. The obtained samples
were thermostated at a temperature of 25°C for maturing
the particles for 7 days.

The particle size distribution and aggregative stability
were determined by two different methods:

1) By the laser light diffraction method on the Master-
sizer 3000 device, Malvern. Water was used as a dispers-
ing medium, and measurements were taken at a speed of
2,000 rpm. The data was processed statistically using the
device’s software based on the Mie theory;

2) By the method of dynamic light scattering on the
Microtrac S3500 device. Water was used as a dispersing
medium. The data was processed statistically using the
Microtrac FLEX device’s software.

Microscopic analysis of the complex additive was
performed on a TESCAN MIRA 3 LMU electron scan-
ning microscope, which has a Schottky cathode with field
emission used to obtain high-resolution images with high
brightness, contrast and low noise.

The chemical structure and composition of the syn-
thesized additive were monitored by UV and IR spec-
trophotometry using Specord 200 plus device manufac-
tured by Analytik Jena, and Alpha device manufactured
by Bruker Optics.

RESULTS AND DISCUSSION

During the preparation of sodium silicate solutions with
various concentrations, we noticed that the solutions ex-
hibited different degrees of opalescence (see Fig. 1). At the
same time, with an increase in the concentration of sodium
silicate, the degree of opalescence also increased, indicating
an increase in aggregates of silicon dioxide particles. To
confirm the growth of silicon dioxide particles as a result
of hydrolysis of a soluble salt, we studied the kinetics of the
aggregation of silicon dioxide particles in solutions with
different concentrations of sodium silicate using laser light
diffraction on the Malvern Mastersizer 3000 device.

According to the data obtained (see Fig. 2), it has been
revealed that during the hydrolysis of a sodium silicate
solution, the particles of silicon dioxide are coagulating
with forming large aggregates. With an increase in the
concentration of sodium silicate, the hydrolysis process is
significantly enhanced, which contributes to an increase
in the rate of coagulation of particles. It has been estab-
lished that sodium silicate solutions are subject to strong
hydrolysis, as a result of which large aggregates of silicon
dioxide are formed, which means that the system does
not have aggregative stability.

To confirm the aggregative stability, sodium silicate
solutions with different concentrations were heated at
a temperature of 90°C for two hours. After that, the so-
lutions were cooled and left to settle at a temperature of
25°C for one day. Over time, it was found that all the
solutions were transparent (had no opalescence) and with
a white, amorphous sediment at the bottom. Due to this,
it was determined that the temperature had violated the
thermodynamic stability of the system. As a result, ag-
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Fig. 1. Images of aqueous solutions of sodium silicate with different degrees of opalescence:
a) 1% solution; b) 4% solution; ¢) 7% solution; d) 10% solution

gregates with a significant mass were formed, leading to
a loss of sedimentation stability, and, as a result, the sys-
tem was divided into two phases: a dispersion medium
and a sediment.

Based on the data obtained, it is found that in order to
obtain nanoscale particles, it is necessary to modify the
sodium silicate solution to prevent coagulation of dioxide
particles to exclude the formation of large aggregates.

To slow down the growth of aggregates, the effect of
a phloroglucinol- furfural modifier (specific additive) on
silicon dioxide particles (aggregates) was studied in order
to increase the aggregate stability of a system with silicon
dioxide particles.

For the research, we prepared a 1% aqueous solution
of sodium silicate and measured the particle size distribu-
tion with laser light diffraction. After that, we added an
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Fig. 2. Formation kinetics of silicon dioxide particles aggregates

aliquot of the specific additive to the solution so that the
concentration was 0.2%. Then we slowly mixed the solu-
tion to eliminate any mechanical effects on the aggregates.
After that, we measured the particle size distribution. The
volume of distribution curves of the silicon dioxide par-
ticle size before and after the introduction of the specific
additive are shown in Figure 3.

The results showed that in the initial sample, the aver-
age particle size was about 102 nm, and after introducing
the specific additive, some of the particles decreased to
71 nm.

Thus, the addition of a specific additive (at a concen-
tration of 0.2% in the solution) caused the peptization of
the aggregates, breaking them down into smaller particles,
resulting in a bimodal particle distribution (see Fig. 3 b).

To confirm the effect of the specific additive as an
anticoagulant, the study was performed on amorphous
synthetic silica Aerosil 200, with a specific surface area
of about 200 m?/g.

The results of the study showed that in the initial sus-
pension of Aerosil, most of the particles were approximately
430 nanometers in size. After the addition of a specific
additive, the particles’ sizes decreased to 117 nanometers.
After ultrasonic treatment of the Aerosil suspension with
the additive, the particle size reduced to approximately
43 nanometers, and the distribution changed from bimodal
to monomodal (see Fig. 4 b and 4 c). This indicates the
complete breakdown of large aggregates.

Based on the research done, it has been found that the
specific additive promotes the peptization of particles. The
effect of ultrasound allows for complete particle dispersion
with the formation of nanoscale particles.

Subsequently, the acid titration method was used to
obtain silicon dioxide nanoparticles. A modified sodium
silicate solution was used as a system for particle growth,
and hydrochloric acid was used as a titrant solution.

The synthesis of silicon dioxide nanoparticles with
acid titration method was carried out according to the
research plan presented in the Table 1.

The titrant solution was supplied at a predetermined
rate using a peristaltic pump. The synthesis of nanopar-
ticles was carried out at room temperature. After the syn-
thesis, the resulting solutions were stored for up to 7 days.

According to the data obtained, it can be seen that
after one day, the growth of sol particles of silicon di-
oxide has begun. In test sample 1, where the volumes of
solutions were mixed in an equimolar ratio (1:1 rpm),
most of the particles were 14 nm in size (Fig. 5 a), in test
sample 2, where the volumes of the solutions were mixed
in a ratio of 2:1 rpm (silicate : acid) some of the particles
were 9 nm in size (Fig. 5b), and in test sample 3, where
the acid concentration was 2 times higher, some of the
particles were 10 nm in size (Fig. 5 c¢). It should be noted
that no particles were detected in three samples immedi-
ately after synthesis.

Based on the obtained data on the dependence of the
sol size of silicon dioxide particles on the maturation pe-
riod (Fig. 6), we can see that as maturation time increases,
the particles increase in size. In test sample 1, most of the
particles were 14 nanometers in size after 1 day, and 83 nm
after 7 days. In test sample 2, most of the particles were
9 nm in size after 1 day, and 68 nm after 7 days. In test
sample 3, most of the particles were 10 nm in size after
1 day, and 72 nm after 7 days. After 7 days of maturation
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Fig. 3. Volume of distribution curves for the size of silicon dioxide particles: a) before the introduction of the specific
additive; b) after the introduction of the specific additive
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Table 1
Research plan for the synthesis of silicon dioxide nanoscale particles
The samples
Parameter Test sample Test sample Test sample
No. 1 No. 2 No. 3
Mixing speed, rpm 500
HCl addition rate, ml/min 5
Volume of the modified Na,SiO, solution, ml 100
Synthesis temperature, °C 25
Concentration of the modified Na,SiO, solution, mol/I 0,1
HCl volume, ml 100 50 25
Concentration, mol/l 0,1 0,1 0,2
The period of particle size measurement Freshli/ (ar;?:,e,sa;;rs’l 6d321];152, c;agz;s days,
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in all test samples, a slight opalescence was observed,
indicating continued particle growth.

The results of studying the growth kinetics of the sili-
con dioxide particles obtained through acid titration in the
presence of the specific additive with different concentra-
tions are presented in Figure 7.

As can be seen in Figure 7, the specific additive at
a concentration between 0.2% and 1.0% stabilizes the
growth of particles, slowing down the coagulation process.
Over the maturation period, the average particle size has
increased by a factor of 2.5, which is a relatively small
increase for nanoparticles. Figure 8 shows the differential

distribution of silicon dioxide particles with the specific
additive at 1% concentration after one day and after seven
days of maturation.

Based on the particle distribution data obtained, after
one day of maturation, most particles were 7 nm in size,
as confirmed by a narrow monomodal distribution. After
7 days of maturation, the particle size increased to 20 nm,
while the particle distribution had a bimodal appearance,
indicating the formation of aggregates.

Studies have shown that the introduction of the spe-
cific additive during the particle synthesis process can help
stabilize the growth of particles. Based on the previous
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Fig. 6. Graph of the relationship of the sol size of silicon dioxide particles on the maturation period
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Fig. 8. Change in the differential distribution of silicon dioxide particles with a specific additive (1%) over time:

a) after one day; b) after seven days

research [25—27], it is believed that the adsorption of
these specific molecules onto the surface of the particles
could occur. This process reduces the surface tension at
the solid boundary — dispersion phase, which in turn
reduces the ability of the particles to aggregate.

Based on the presented research results, we have
developed a method for obtaining a complex organic-
mineral additive. The main stages of this process are de-
scribed below:

Before the synthesis of the specific additive, 50% by
weight of a modified sodium silicate solution has been
added to a phloroglucin solution. The synthesis of the ad-
ditive was then carried out under optimal conditions.

For the synthesis of silicon dioxide nanoparticles, the
chemical equilibrium in the solution was shifted by apply-
ing a hydrochloric acid solution at an optimal rate. The
maturation of silicon dioxide nanoparticles was carried
out at a temperature of 25°C for 3 days.

The composition of the resulting complex organic-
mineral additive was monitored by UV and IR spectros-

copy immediately after synthesis. The IR spectrum and
UV spectrum of the synthesized complex organic-mineral
additive are presented in Figure 9.

Based on the results of UV and IR spectroscopy, it
can be concluded that the addition of sodium silicate at
the synthesis stage does not affect the chemical structure
of the specific additive.

The particle size of silicon dioxide in the complex or-
ganic-mineral additive was approximately 7 nanometers
after 3 days of maturation. The volume of distribution curve
of silicon dioxide particles in the complex organic-mineral
additive after 3 days of maturation is presented in Figure 10.

To visualize silicon dioxide particles in synthesized
complex organic-mineral additive, the additive was ap-
plied to a conductive plate in a thin layer and dried at
a temperature of 105°C, after which micrographs were
taken on the TESCAN MIRA 3 LMU scanning electron
microscope (see Fig. 11).

The micrograph clearly shows a large number of
white inclusions, which consist of silicon dioxide par-
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Fig. 9. Spectra of the synthesized complex organic-mineral additive: a) IR spectrum; b) UV spectrum

ticles, which is confirmed by the local elemental spectrum
performed using the TESCAN MIRA 3 LMU scanning
electron microscope (see Fig. 12).

It has been established that nanoscale particles of sili-
con dioxide are present in the composition of the complex
organic-mineral additive. At the same time, the specific
additive performs two key functions: it stabilizes the pro-

cess of growth of silicon dioxide particles and promotes
uniform particle distribution throughout the entire vol-
ume of the complex additive.

As a result of the research, a patent of the Russian
Federation for the invention No. 2806395 “Complex ad-
ditive for concrete in construction with 3D printing “ was
granted [28].
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Fig. 10. The volume of distribution curve of silicon dioxide particles in a complex organic-mineral additive after 3 days

of maturation
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Fig. 11. Microstructure of the complex

For drying a complex organic-mineral additive, a vac-
uum drying method was tested at a temperature of 40°C.
Micrographs of the complex organic-mineral additive
dried in vacuum at a temperature of 40°C are presented
in Figure 13.

As can be seen, large particles of silicon dioxide are
present in the layer of the complex additive. This is due to
the fact that moisture was evaporating slowly during the
drying process, thereby increasing the concentration and,
as a result, active particle growth occurred (The drying
time was 2 hours).

In a further study, the additive was dried by spraying
a solution of the complex additive at a temperature of

organic-mineral additive

60°C. The micrograph of the spray-dried complex organ-
ic-mineral additive at a temperature of 60°C is presented
in Figure 14.

It can be seen that the particles are small and are not
enlarged. It should be noted that this method is techni-
cally difficult to implement in a laboratory setting, as the
dust formed from the particles of the dried additive can
be difficult to capture and fix.

The drying of the complex organic-mineral additive in
a vacuum proved to be ineffective, due to the significant
enlargement of silicon dioxide particles. When drying the
complex organic-mineral additive by spraying, there was
no significant particle growth, the plasticizing ability and
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Fig. 13. Micrographs of the vacuum-dried complex organic-mineral additive at a temperature of 40°C
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CONCLUSION

It has been established that nanoscale particles of
silicon dioxide can be obtained by hydrolysis of sodium
silicate. As the concentration of sodium silicate increases,
the number of silicon dioxide particles also increases sig-
nificantly. This leads to rapid coagulation of particles,
forming large aggregates. An increase in temperature
causes rapid growth of aggregates, as a result they are
precipitating out of solution.

It has been proven that the acid titration method is
suitable for obtaining of silicon dioxide particles with
a size less than 10 nm. During the maturation period from
1 to 7 days, the particle size increases approximately by
7 times. The optimal ratio for particle synthesis is con-
sidered to be the ratio of the reagent solutions of 2:1 by
volume (sodium silicate to hydrochloric acid).

The complex organic-mineral additive based on
a phloroglucinol-furfural oligomer and silicon dioxide

y ol
View field: 10.00 pm

Det: SE TR MIRA3 TESCAN
~

nanoparticles has been obtained.
SEM HV: 5.0 kV SM: RESOLUTION 2 pm . . .
e B0 B myx“n It has been found that introduction of the specific ad-

ditive at the stage of synthesis of silicon dioxide nanopar-
ticles helps to stabilize the growth of the particles, reduc-
ing their tendency to aggregate.

An effective drying process for the complex organic-
mineral additive has been determined by spraying it at
activity of the additive remained unchanged. Therefore,  a temperature of 60°C. This process prevents the signifi-
spray drying at a temperature of 60°C can be considered  cant growth of silicon dioxide particles, and the plasticiz-
an effective method. ing ability and activity of the additive remain unchanged.

Fig. 14. Microstructure of the complex organic-mineral
additive dried by spraying at a temperature of 60°C
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