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  Abstract—The stability of aqueous dispersed systems of TiO2 and Fe2O3 microparticles in the presence of a water-soluble 
polymer - ethylhydroxyethylcellulose (EHEC) - has been studied under the condition of using two methods of mechanoactivation 
of the pigment surface - processing them in a disintegrator and in an ultrasonic field. It is shown that in the absence of a polymer 
stabilizer, an intense effect on aqueous dispersed systems of pigments leads to rapid coagulation of particles. In the presence of 
EHEC, a small stabilizing effect is observed, which is significantly enhanced when processing dispersed systems in a disintegrator 
and in an ultrasonic field. In this case, the stability of dispersed systems depends little on the method of mechanoactivation of their 
surface, but significantly depends on the duration of the intense exposure. 

Keywords—Pigments, stability, particles, mechanical activation, ultrasound.

1. Introduction

N recent years, environmentally friendly aqueous dispersions 
of pigments widely used in the paint and varnish and 

printing industries have attracted great scientific and practical 
interest. An important problem for dispersed systems is the 
problem of their stability. To stabilize dispersions, surfactants 
are usually used - low molecular weight and polymeric. 

A number of works have shown that some water-soluble 
polymers (such as polyvinyl alcohol, polyvinylpyrrolidone, 
polyvinylcaprolactam, cellulose derivatives) can be used 
as stabilizers of aqueous dispersed systems [1],[2],[3],[4]. In 
this case, polymers are reversibly and irreversibly sorbed on 
the surface of solid particles, forming protective 
adsorption-solvation layers. This method of stabilizing 
dispersed systems is commonly called adsorption-chemical 
modification. 

Recently, works have appeared showing that, in order 
to obtain highly dispersed stable systems, it is effective to 
use, along with adsorption-chemical modification of the 
surface of a solid phase, mechanical action on it - 
mechanochemical modification [5],[6],[7],[8],[9],[10],[11],
[12],[13],[14],[15],[16],[17],[18]. 

In a number of studies, the method of 
mechanochemical modification (mechanical action during 
processing in mills of various types) was used to obtain 
dispersions of oxides of iron, chromium and lead in organic 
solvents in the presence of polymers [4],[5],[6],[7],[8],[9],
[10]. The authors conclude that the rate of adsorption of 
the polymer from the solvent on the surface of metal 
oxides under mechanical action increases due to 

structural changes in the surface layer of the solid phase. 
Mechanical dispersion is a productive way to obtain large 

quantities of nanopowders of various materials: metals, alloys, 
intermetallic compounds, ceramics, composites. As a result of 
mechanical grinding and mechanical fusion, complete 
solubility in the solid state of elements can be achieved, the 
mutual solubility of which is negligible under 
equilibrium conditions [19], [20], [21], [22], [23], [24], [25], 
[26], [27], [28], [29], [30], [31], [32], [33], [34], [35], [36], 
[37]. The most common equipment for the mechanical 
activation of powders and the implementation of 
mechanochemical processes are mills (reactors) of various 
types, in which the value of the specific mechanical 
energy transferred to the powder can reach 102-103 kJ/g. 

By mechanical grinding, the size of 
microcrystalline primary particles can be reduced to 10 nm 
or less, which is equivalent to a reduction in the diffusion 
length required for the reaction [10]. With the joint 
mechanical processing of several components of the 
mixture, deformation mixing and mechanochemical 
reactions occur. The features of low-temperature mixing 
of solid reagents caused by the formation of intermediate 
metastable states and the possibilities of 
mechanochemical synthesis of various compounds 
are discussed in detail in [10],[11]. 

During mechanical dispersion of solid particles, plastic 
deformation develops according to the dislocation mechanism 
and is initially localized in shear bands containing a large 
number of dislocations. Upon reaching a certain stress level, 
these dislocations combine and recombine into low-
angle boundaries separating individual grains, capturing 
impurity atoms. At this stage of dispersion, particles with a 
diameter of 
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20-30 nm are formed, and their number increases with 
abrasion. In ductile metals, grain boundaries are usually 
formed by the polygonization mechanism [15]. At the next 
stage of grinding, the orientation of individual crystallites 
relative to each other becomes random due to sliding along the 
grain boundaries. This behavior during milling is typical for 
metals and intermetallic compounds with a bcc lattice [14].

The mechanical action during the dispersion of the material 
is impulsive; therefore, the stress field does not act during the 
entire residence time of the particles in the reactor, but only at 
the moment of their collision. In a short time after the 
collision, partial relaxation occurs. For this reason, during 
mechanochemical synthesis, it is necessary to take into account 
the nature of the formation of the stress field in time and the 
kinetics of subsequent relaxation processes. Mechanical action 
is not only impulsive, but also local, since it does not occur in 
the entire mass of a solid, but only where a stress field arises 
and then relaxes. 

Among the many such approaches, the use of ultrasound for 
the mechanochemical synthesis of materials has been widely 
studied for many years and is now positioned as one of the 
most powerful tools in the synthesis of nanostructured 
materials [14],[15],[16],[17],[18]. 

Almost all processes for the preparation of nanoparticles 
can be attributed to the number of redox reactions in aqueous 
solutions, reactions of decomposition (dispersion) of 
substances during cavitation and partially to reactions in non-
aqueous systems, since water acts as the main solvent or 
reagent in them, although organic substance. Therefore, it is 
advisable to subdivide the processes of obtaining nanoparticles 
according to the types of reactions (for example, 
homogeneous, heterogeneous), and also to classify according 
to the types of substances and the composition of the resulting 
nanoparticles. This approach is used in some works [16],
[17],[18],[19],[20]. The results of the impact of acoustic 
vibrations on chemical processes are proposed to be divided 
into the so-called effects of the first and second order. These 
are nonlinear effects that develop in liquids when powerful 
acoustic waves propagate. Compared to traditional energy 
sources, ultrasonic exposure provides rather unusual reaction 
conditions (short duration of extremely high temperatures and 
pressures in liquids), which cannot be realized by other 
methods. 

However, with this approach, it is impossible to assess the 
degree of influence of individual ultrasound parameters on 
chemical reactions. Nevertheless, the equations describing 
each of these parameters and effects can be used to formalize 
the problems of mathematical modeling of the corresponding 
chemical processes [38],[39],[40],[41],[42],[43],[44],[45],[46],
[47],[48],[49],[50],[51],[52],[53],[54],[55],[56]. 

The action of acoustic vibrations is very diverse. Ultrasonic 
waves can accelerate chemical reactions due to emulsification 
of liquids and their components [28], dispersion of solid 
components, erosion of their surface, degassing, prevention of 
precipitation or coagulation of products, intensive mixing, etc. 
[29]. The action of ultrasound - solids is far from always 
reduced only to dispersion, since under certain conditions, the 

activity turns out to be much higher than that which would be 
expected after a simple grinding of particles. As a result of 
dispersion, the area of the interface between the phases of the 
reacting components increases. Dispersion in this case occurs 
both due to the destruction of particles of the solid phase and 
due to surface friction between the solid and liquid phases. As 
a result of a decrease in the thickness of the diffusion boundary 
layer, the number of effective collisions of molecules of 
reacting components increases [30]. The process of erosion of 
solids under the influence of low sound frequencies has the 
following feature: if, when using medium and high 
frequencies, rather large particles are crumbled from the 
surface, as a result of which it becomes rough, then under the 
influence of low frequencies, smoothing and a kind of 
polishing occurs. surface, apparently due to the chipping of 
microscopic particles from it. 

In this regard, it is extremely useful to consider methods for 
synthesizing nanomaterials using ultrasound in order to 
provide a fundamental understanding of their basic principles 
and demonstrate the powerful and unique aspects of ultrasound 
in the synthesis of nanostructured materials. 

High-intensity ultrasound has found many applications in 
organic synthesis, materials science and organometallic 
chemistry, as well as in industrial manufacturing processes. 
The use of high-intensity ultrasound provides a simple and 
versatile tool for the synthesis of nanostructured materials that 
are often unavailable by conventional methods. The main 
physical phenomena associated with ultrasound that are 
relevant to the synthesis of nanomaterials are cavitation and 
sputtering. Acoustic cavitation (formation, growth, and 
instantaneous collapse of bubbles in a liquid) creates extreme 
conditions inside a collapsing bubble and is the source of most 
sonochemical phenomena in liquids or liquid-solid 
suspensions. Another option is atomization (the creation of fog 
due to the passage of ultrasound through the liquid and hitting 
the liquid-gas interface), which is the basis of ultrasonic spray 
pyrolysis (USP) with subsequent reactions occurring in heated 
mist droplets. Sonochemical phenomena arise from extreme 
transient conditions caused by ultrasound, which creates 
unique conditions that can reach temperatures in excess of 
5000 K, pressures in excess of 1000 atmospheres, and heating 
and cooling rates in excess of 1010 K/s. 

The speed of sound in a typical liquid is from 1000 to 1500 
m/s, and the ultrasonic wavelengths can vary from about 10 cm 
to 100 μm in the frequency range from 20 kHz to 15 MHz, 
which is much larger than the characteristic sizes of molecules. 
Thus, the chemical and physical effects of ultrasound do not 
arise from the direct interaction between chemicals and sound 
waves, but rather from the physical phenomenon of acoustic 
cavitation: the formation, growth and collapse of cavitation 
microbubbles. When longitudinal acoustic vibrations of a 
certain amplitude propagate through the liquid, the liquid is 
under dynamic tensile stress, and the density changes with 
alternating waves of expansion and contraction. 
Discontinuities in the medium (bubbles) are often formed from 
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pre-existing impurities (for example, gas-filled gaps in dust 
grains) and vibrate with the applied sound field. Bubbles can 
grow by slowly pumping gas out of the liquid volume into an 
oscillating bubble (rectified diffusion). Bubbles of a critical 
size (usually tens of micrometers) can strongly influence the 
acoustic field and undergo rapid inertial growth during 
expansion followed by instantaneous collapse. The bubble 
collapse process is almost adiabatic in its final stages and is 
the cause of the extreme conditions characteristic of 
sonochemistry. 

There are two main approaches to explaining the energy-
intensive chemical and physicochemical effects caused by 
cavitation: thermal and electrical. These effects 
were thoroughly studied by several groups of researchers 
[2],[3],[4],[5],[6],[7],[8],[9]. With the thermal approach, these 
effects are associated with a high temperature inside the 
cavitation bubble, achieved during its adiabatic compression 
with a continuously increasing rate, and with an electric 
approach, with a discharge inside the bubble due to the 
accumulation of electric charges on its walls. 

It was previously shown that treatment in an ultrasonic field 
of aqueous dispersions of titanium dioxide in the presence 
of water-soluble polymers leads to a significant increase in 
their stability [5],[6],[7],[8],[9],[10],[11],[12],[13],[14],[15],
[16],[17],[18]. It is assumed that in the process of 
mechanical activation in the presence of a polymer 
stabilizer, two processes occur simultaneously: the 
disaggregation of pigment agglomerates and the 
formation of protective adsorption-solvation polymer 
layers on the “freshly formed” and therefore “active” 
surface of the solid phase. As a result, highly dispersed 
stable systems are obtained.    

However, these assumptions have not yet 
found experimental confirmation and the 
mechanism of mechanoactivation processes remains unclear 
[2],[3],[4],[5],[6],[7],[8],[9]. 

In this work, the task was set to obtain highly 
dispersed stable aqueous systems of TiO2 and Fe2O3 
pigments in the presence of the EHEC polymer stabilizer 
as a result of mechanical action on them in two ways - by 
treating them in an ultrasonic field and in a disintegrator. 

2. Experimental part

2.1 Materials  

Pigment Fe2O3 from Bayferrox; the surface of the pigment is 
treated with aluminum and silicon oxides. 

Pigment TiO2 RN-56 from Kronos; the surface is treated 
with oxides of aluminum, silicon and zirconium to reduce light 
sensitivity. 

A non-toxic water-soluble polymer, ethyl hydroxyethyl 
cellulose (EHEC) with a molecular weight of 60,000, was used 
as a stabilizer for aqueous dispersions of pigments. 

2.2 Methods  

For study the dispersed systems, standard methods were 
applied, as it has been already described in our previous 
studies [2]-[9]. 

The sedimentation behavior of dispersed systems was 
investigated as follows: a weighed portion of the pigment was 
mixed with an aqueous dispersion medium. The dispersion was 
placed in a glass cylinder with graduations and, then, the 
descent of the interface between the solid phase and the pure 
dispersion medium was monitored in time. Sedimentation 
curves were plotted as the dependence of the sedimentation 
volume Vsed., ml. from the time of sedimentation (min., 
logarithmic coordinates).  

The average particle size of fillers and pigments was 
evaluated using a Photocor Compact device. 

Mechanical activation by the ultrasound method was carried 
out on an UZDN-2 ultrasonic generator with immersed 
sonotrode with a frequency of 22 kHz and an intensity of 30 
W/cm2; the treatment time was varied from 2 to 30 min. 

For mechanical activation, we also used a laboratory 
disintegrator manufactured by the Disintegrator company 
(Estonia), of a through-type type, containing five rows of discs 
with teeth that rotate towards each other at a speed of about 
1000 revolutions per minute. 

3. Results and discussion

It is important to emphasize that in the studies, pigments
were used, the surface of which was treated with oxides of 
aluminum, silicon and zirconium. This circumstance suggests 
that the properties of the studied dispersions of TiO2 and 
Fe2O3 pigments are similar.   

The results of studying the effect of mechanical activation 
(ultrasonic treatment and disintegrator treatment (DI 
treatment) of aqueous dispersions of TiO2 pigment in the 
presence of EHEC on their sedimentation stability (Fig. 1), as 
well as on the average particle size of the corresponding 
dispersions show that in the absence of a polymer, dispersions 
are treated in an ultrasonic field and DI leads to their rapid 
coagulation, and the particle size is on average 1,0 – 1,1 μm. 
This is apparently due to the formation of a freshly formed 
surface with uncompensated charges on the TiO2 surface 
during mechanical activation. The system tends to reduce the 
surface energy, which leads to a sharp decrease in the stability 
of dispersions. 

The presence of EHEC in the system slightly increases the 
stability of dispersions, and the particle size decreases to 0,5 
μm. With mechanical activation (ultrasonic or DI treatment) in 
the presence of EHEC, the stability of dispersions increases 
significantly (approximately by a factor of 100). The particle 
size is thereby reduced to the original particle size of the 
titanium dioxide used. 

A similar effect can be observed by analyzing the 
sedimentation stability of Fe2O3 pigment dispersions in water 
and in an EHEC solution, and the data on the particle sizes 
confirm a significant decrease in the particle size of the 
dispersions after their ultrasonic and DI treatment. 

These results are presented in the Fig. 1 and Fig. 2. 
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Fig. 1. Sedimentation curves for TiO2 pigment in absence and in 
presence of EHEC. 

  1 – without EHEC, ultrasonic treatment 2 min., 
  2 – without EHEC, no ultrasonic treatment, 
  3 – with EHEC, no ultrasonic treatment, 
  4 – with EHEC, ultrasonic treatment 2 min.   
Concentration of TiO2 and EHEC – 1% wt. 

Fig. 2. Sedimentation curves for Fe2O3 pigment in absence and in 
presence of EHEC. 

  1 – without EHEC, ultrasonic treatment 2 min., 
  2 – without EHEC, no ultrasonic treatment, 
  3 – with EHEC, no ultrasonic treatment, 
  4 – with EHEC, ultrasonic treatment 2 min.   
Concentration of Fe2O3 and EHEC – 1% wt. 

It should be noted that the stability of systems obtained as a 
result of processing in an ultrasonic field is somewhat higher 
than the stability of the same dispersions after their DI 
processing, but this difference is insignificant. 

Thus, common to the investigated aqueous dispersions of 
inorganic pigments TiO2 and Fe2O3 is the disaggregation of 
pigment particles during mechanoactivation, and in the 
presence of a polymer stabilizer, protective adsorption-
solvation layers are formed, which, apparently, is the reason 
for the high activity of mechanoactivation methods for 
increasing the stability of dispersed systems.       

However, it should be noted that polymers can degrade 
during mechanical activation. This fact can significantly affect 
the efficiency of the method of mechanochemical 
modification.  

In fact, when studying the sedimentation of dispersions of 
the pigment Fe2O3 in an aqueous solution of EHEC at different 
durations of ultrasonic treatment, it was found that the optimal 
processing time for obtaining stable dispersions of this 
pigment is 2 min. An increase in the time of ultrasound 

exposure leads to a significant decrease in the stability of 
systems. It can be assumed that EHEC, being an insufficiently 
flexible polymer, undergoes mechanical destruction, which 
weakens its stabilizing effect. 

The experimental results showing the particle size 
distribution of aqueous dispersions of the Fe2O3 pigment in the 
presence of EHEC before and after ultrasonic treatment show 
that the distribution curve narrows significantly upon 
ultrasonic treatment of the dispersion, which indicates the 
obtaining of a Fe2O3 dispersion with a more homogeneous 
structure. 

The power of the physical effects of high-intensity 
ultrasound is well illustrated by the mechanochemical 
reactions of polymers, which include cavitation-induced 
rupture of covalent bonds. It has been well known that 
ultrasonic irradiation of solutions of high molecular weight 
polymers (both biopolymers and synthetic) leads to 
chain rupture and the formation of macroradicals [56]. 
Sonication accelerates rearrangement reactions, shifting 
towards reaction mechanisms that produce molecules that 
cannot be produced by purely thermal or light-induced 
reactions. Thus, the mechanical force induced by 
ultrasound can change the shape of the potential energy 
curves of chemical reactions, so that reactions that are 
otherwise impossible can proceed under milder conditions. 
Ultrasound makes it possible to implement reaction 
mechanisms that can differ sharply from those achieved 
by a simple change in chemical or physical 
parameters. If sensitive to mechanical stress and shock 
waves and cleavable groups are integrated into the polymer 
chain, sonication can lead to a point breaking of the polymer 
chains. Some weak covalent bonds, such as peroxide and 
azo bonds, tense cycles, and weak coordination bonds 
(for example, palladium-phosphorus bonds), can be broken by 
ultrasound. 

Ultrasonic treatment can also optimize the process of sol-gel 
synthesis, a universal method for the preparation of 
nanostructured metal oxides. The use of ultrasound in the sol-
gel synthesis of nanoparticles can accelerate the hydrolysis 
process to obtain nanoparticles of metal oxides with a 
narrower size distribution, larger surface area, and improved 
phase purity. A wide variety of nanosized metal oxides have 
been obtained by sonochemical methods. A number of works 
report the synthesis and stabilization of various nanostructured 
metal oxides, including TiO2, Mn3O4, ZnO, ZrO2 [5],[6],[7],
[8],[9],[10],[11],[12],[13],[14],[15],[16],17],[18]. In these 
synthesis processes, sonication of aqueous solutions of metal 
salts is carried out under ambient conditions (usually in the 
presence of air) to obtain various forms of nanostructured 
metal oxides. For example, nanometer-sized α-nickel 
hydroxide was prepared simply by sonicating an aqueous 
solution of nickel nitrate and urea. It is believed that ultrasonic 
irradiation significantly increases the rate of hydrolysis, and 
shock waves can cause unusual morphological changes in 
metal oxides. 

For example, in a number of previous works, TiO2, 
ZnO, CeO2, MoO3, V2O5, and In2O3 nanoparticles were 

WSEAS TRANSACTIONS on APPLIED and THEORETICAL MECHANICS 
DOI: 10.37394/232011.2021.16.13

A. V. Perchenok, E. V. Suvorova,
A. A. Farmakovskaya, V. Kohlert

E-ISSN: 2224-3429 130 Volume 16, 2021



obtained by ultrasonic treatment of their respective precursor 
solutions [3],[4]. TiO2 nanoparticles obtained by ultrasonic 
irradiation of a precursor solution are photocatalytically 
more active than those obtained by the traditional method 
or commercial TiO2 nanoparticles (for example, Degussa 
P25). The increase in photocatalytic activity is 
explained by the improved crystallinity of TiO2, which 
is achieved through accelerated hydrolysis under the action 
of ultrasound. Ultrasound can also induce the formation of a 
unique surface morphology during the synthesis of 
nanostructured metal oxides in the presence of soft matrices. 
For example, hollow spinels from PbWO4 were obtained by 
sonication of a solution of Pb (CH3COO) 2, NaWO4 and 
Pluronic EO20PO70EO20, (Mn = 5800). 

4. Conclusion

It was shown that ultrasonic treatment of aqueous
dispersions of inorganic pigments leads to a significant 
narrowing of the particle size distribution curve, which 
indicates the obtaining of a dispersion with a more 
homogeneous structure. The spectral studies carried out 
allowed us to conclude that EHEC is strongly adsorbed on the 
surface of pigments, and intense exposure leads to the 
activation of the processes of adsorption of polymer molecules 
on the freshly formed surface of pigments. This study opens 
the prospective for application of water-soluble polymers for 
synthesis of stable aqueous dispersions of hydrophilic 
particles. 
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