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Abstract. In present work, the effect of additional treatment of detonation nanodiamond (DND) powder 
of basic purification on the surface composition of DND particles, their electrokinetic properties, as well 
as aggregate stability in solutions of indifferent electrolyte (NaCl) in a wide pH range was studied. It has 
been found that a higher degree of purification of the samples and an increase in the number of protonated 
carboxyl groups on the surface of the DND particles due to additional acid and thermoammonia treatment 
leads to a shift in the position of the isoelectric point (IEP) from pH 7.0 for the initial sample to pH 6.3 
and pH 6.0, respectively. It is shown that the coagulation thresholds of hydrosols at natural pH and the 
position of stability zones in 10–3 M sodium chloride solution are in full compliance with the IEP values. 
The highest thresholds are observed at pH 5.8 for the initial DND, while for the dispersion of DND 
particles after thermoammonia treatment, fast coagulation occurs already at a concentration of 10–4 M. 
It is also shown that the aggregate stability zones for additionally treated DND samples almost coincide. 
In the case of DND of basic purification, the stability zone expands in the area of positive zeta-potential, 
and in the area of negative values stability is not observed, probably due to the partial dissolution of 
surface impurities at high pH and their transition in ionic form to the solution, which causes coagulation 
of DND particles.

Keywords: detonation nanodiamond, surface modification, surface functional groups, aggregate stability, coagulation 
threshold, zeta-potential, isoelectric point
DOI: 10.31857/S00232912250101e6

1 Supplementary materials can be found at the DOI page of the article: https://doi.org/10.31857/S00232912250101e6

INTRODUCTION

Detonation nanodiamonds, due to such classical 
properties of diamond as hardness and chemical 
inertness, are widely used as materials for finishing 
polishing, in electroplating, and in oil compositions 
[1, 2]. It is possible to use DND as sorbents with ion 
exchange properties [3–5]. In recent years, DND 
nanoparticles have attracted increasing interest due 
to the prospect of their use in biomedical applications 
[6–9]. The possibility of effective practical application 
of both dilute and concentrated dispersions of DND is 
largely determined by their electrosurface properties, as 
well as sedimentation and aggregation stability, which 
depend on the surface composition and, consequently, 
on the conditions of detonation nanodiamond 
production. In this case, sedimentation stability in 

concentrated dispersions (for example, when obtaining 
polishing compositions) can be achieved due to the 
formation of periodic colloidal structures, i.e., due 
to the loss of aggregative stability by the system [10]. 
The position of the zero charge point and isoelectric 
point, and, consequently, the sorption properties 
and values of the electrokinetic potential of DND 
particles, other things being equal, can be influenced 
by refining DND base powders from both surface 
impurities, including water-soluble metal-containing 
impurities [11, 12], and non-diamond forms of carbon. 
Unification of the detonation nanodiamond surface, 
often leading to disaggregation of powders due to 
the removal of at least most of the sp2-carbon, is 
performed by chemical and/or thermal treatment of 
DND both basic and deep purification: most often by 
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oxidation or reduction in the liquid or gas phase (air, 
ozone, argon, hydrogen) [13–20]

In addition, aqueous DND sols can serve as a model 
system for studying the electrokinetic characteristics  
and the structure of the boundary layer depending 
on the  functional composition of the surface in 
contact with the electrolyte solution, as well as the 
regularities of aggregation in nanodisperse systems 
[21] containing both nanoparticles and primary 
aggregates. Such fundamental studies are important 
both for the improvement of theoretical ideas about 
the structure of the electrical double layer at the 
solid-solution interface and for the development of 
existing theories of the stability of real dispersions. 
It should be noted that most of the works devoted to 
the study of electrokinetic properties and stability of 
DND sols consider systems in which the sign of the 
surface charge of DND particles does not change 
practically in the whole pH region [22–28]. In turn, 
the IEP position in the neutral pH region (as in the 
case of DND powders studied in the present work) 
makes it possible to study the coagulation behavior of 
sols depending on their colloidal-chemical properties, 
both in the positive and negative surface charge region. 
From the point of view of applied problems such DND 
powders depending on pH can be used, for example, 
as  sorbents for the  extraction of both cationic and 
anionic impurities from the liquid phase, to form 
various kinds of coagulation structures in concentrated 
dispersions. 

In connection with the above, the aim of the 
present work was to investigate the aggregative 
stability of aqueous sols of industrial DND powders 
(basic and additional acid and thermoammonia 
purification) in a wide range of concentrations and pH 
of sodium chloride solutions, as well as to establish the 
relationship between the conditions of their production, 
composition of the surface, electrokinetic properties 
and the position of stability and coagulation zones of 
detonation nanodiamond hydrosols.

EXPERIMENTAL PART

As an object of study we used industrial detonation 
nanodiamond powder produced by FSUE SCTB 
“Technolog” (St. Petersburg, Russia), obtained by 
detonation of TNT–hexogen mixture in the ratio 
60/40 and separated from the diamond-containing 
charge by thermoxidation with aqueous ammonium 
nitrate solution with nitric acid additives according to 
the method presented in the patent RU2599665C2. 
The sample is labeled in the article as DND. To establish 
the relationship between the conditions of purification 
and unification of the surface of DND powders and 
the aggregative stability of dispersions obtained from 
them, SCTB “Technolog” also provided samples of 
detonation diamond obtained from the initial DND 
of basic purification (“raw material”) by additional 

thermoammonia treatment (DND-TA) and treatment 
with a mixture of nitric (56%) and hydrofluoric (40%) 
acids (DND-A) at room temperature. 

To remove possible ionic impurities remaining after 
chemical treatment of DND powders, all provided 
samples were purified three times by electrodialysis. 
The purification cycle is described in detail in [29].

The specific surface area values Ssp of the powders 
were determined by BET method by thermal desorption 
of nitrogen with chromatographic registration. The 
average size of primary nanoparticles do was calculated 
by the formula:
	 d So sp= 6 ρ ,	 (1)

where ρ = 3.52 g/cm3 is the density of DND.
The phase composition of the powders was 

determined at the Resource Center (RC) for X-ray 
Diffraction Studies using a  Bruker “D2 Phaser” 
desktop automatic powder diffractometer (Bruker AXS, 
Germany). Phase identification was carried out with 
the help of the PDXL 2.0 software package using the 
Powder Diffraction File database (PDF-2 Release 2020 
RDB, PDF-2/Release 2011 RDB).

Elemental analysis of DND powders was 
performed by X-ray photoelectron spectroscopy 
(XPS) using a  Thermo Fisher Scientif ic Escalab 
250Xi integrated photoelectron and scanning Auger-
electron spectrometer (Thermo Fisher Scientif ic, 
UK) in the Resource Center for Physical Methods of 
Surface Investigation of the SPSU Science Park and 
energy dispersive X-ray f luorescence spectroscopy 
on a Shimadzu EDX-800P spectrometer (Shimadzu, 
Japan) in the RC for Innovative Technologies of 
Composite Materials of the SPSU Science Park.

The surface composition of DND particles was also 
studied by Raman methods on a Senterra instrument 
(Bruker, Germany) in backscattering geometry and 
disturbed total internal reflection (DTIR) on a Nicolet 
8700 FT-IR spectrometer (Thermo Scientific, USA) 
with a DTIR attachment (Smart iTR) with a diamond 
crystal at the Resource Center for Optical and Laser 
Materials Research of the SPSU Science Park. Raman 
excitation was performed using an external solid-
state laser with a wavelength of 532 nm. Spectra were 
recorded in the range of 100–2,200  cm–1. The IR 
absorption spectra after subtraction of the base line 
caused by scattering were given by the maximum value 
in the region of valence vibrations of OH-groups.

To study the electrokinetic properties and aggregative 
stability of aqueous dispersions of detonation 
nanodiamond as a  function of the concentration of 
sodium chloride solutions (10–4–10–1 М)  at natural 
pH (5.8–6.0) and рН (4–11.5) in 10–3 М NaCl solution, 
dilute hydrosols of DND were prepared according to 
the method [29], which retained their dispersibility 
throughout the experiment. The particle sizes of the 
initial aqueous DND hydrosols are given in Table 1. 
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It should be noted that the obtained initial sols diluted 
twice with deionized water had similar values of optical 
density (0.19 ± 0.01 at a light wavelength of 380 nm) 
and partial concentration (2–4)×1010 particles/cm3,  
determined by particle trajectory analysis on 
a NanoSight NS300 device (Malvern, UK).

Particle sizes of DND hydrosols were determined 
by scanning electron microscopy (SEM) using a Carl 
Zeiss Merlin scanning electron microscope (Carl Zeiss 
Merlin, Germany) in the Interdisciplinary Resource 
Center for Nanotechnology at the SPSU Science Park 
and by dynamic light scattering (DLS) on a Zetasizer 
Nano ZS analyzer (Malvern Instruments, UK) in 
a universal capillary U-shaped cuvette (DTS1070) with 
integrated gold-plated electrodes with pre-tempering 
for 2 min at 20°С.

To study the coagulation process of DND sols, 
turbidimetry methods were used (the detailed 
experimental procedure is described in [29]) using 
a  photoelectrocalorimeter KFK-3-01 (optical path 
50 mm, light wavelength 380 nm) and dynamic light 
scattering. Measurements of optical density were carried 
out within 15 minutes from the moment of electrolyte 
addition to the ash, particle size after 20 minutes after 
system creation.

The electrophoretic mobility (Ue) of DND particles 
was determined by laser Doppler electrophoresis on 
a Zetasizer Nano ZS analyzer (Malvern Instruments, 
UK) in parallel with the measurement of particle size 
distributions under similar conditions. The values of 
electrokinetic potential (ζS) in the first approximation 
were calculated by the Smoluchowski equation:

	 ζ η
εε

S
e=

0
U .	  (2)

Deionized water with specific conductivity not 
exceeding 1.5×10–6 Ohm–1cm–1 (Aqualab AL Plus 
water purification system) was used to prepare solutions 
and dispersions. The required pH values were set using 
3×10–2 М and 10–1 М solutions of hydrochloric acid 
and sodium hydroxide. pH of the medium was measured 
using a SevenMulti pH meter (Mettler Toledo).

RESULTS AND DISCUSSION

Phase composition and surface 
composition of DND particles.

Fig. 1 shows the results of X-ray phase analysis 
(XRD) of the investigated DND powders. It can be 
seen that in addition to the main phase of diamond on 
the XRD there are also weak peaks of impurity phases, 
which most likely belong to the phases of zinc sulfide 
and titanium dioxide in the modification of rutile. 
It can also be seen that according to the intensity of 
these peaks, the content of impurity phases is maximum 
in the initial sample of DND, while phase ZnS and 
phase TiO2 are practically undetectable in the DND-TA 

sample and in the powder DND-A, respectively. In this 
connection, it should be noted that each method of 
additional processing is somewhat selective with respect 
to surface impurities.

The results of energy-dispersive X-ray fluorescence 
analysis showed (Fig. 2) that additional treatment of 
the initial powder of detonation nanodiamond leads 
to an increase in the relative content of such elements 
as iron (especially in the case of DND-TA) and 
titanium due to the partial removal from the surface 
of DND particles, apparently, more acid- and alkali-
soluble components: calcium, silicon, aluminum, etc. 
The higher total content of iron and titanium elements 
in the DND-TA sample compared to DND-A may 
indicate a  more effective purification in the general 
case of thermoammonia treatment. At the same time, 
the observed lowest content of zinc and sulfur for the 
DND-TA sample is in good agreement with the XRD 
results.

Fig. 3 shows the FT-IR spectra of the investigated 
DND powders. It can be seen that for all three samples 
at 1,325 cm–1 nanodiamond peak corresponding to 
the valence vibration of the С–С bond in the DND 
crystal lattice is observed [30, 31]. It can also be seen 
that the main differences in the spectra of the samples 
are observed in the range 1,330–1,800 см–1. Thus, the 
noticeable absorption at 1,350 cm–1 for the original 
sample, which is most likely due to symmetric vibrations 
of the deprotonated carboxyl group (COO–) [17], is 
much less pronounced for DND-TA and is practically 
absent in the spectrum of the DND-A sample. 
The change in the ratio of intensities of the peak at 
1,735 cm–1, which characterizes the valence vibrations 
of the carbonyl group С=O as part of the protonated 
carboxyl group, and the peak at 1,555 cm–1, which can 
be attributed to asymmetric valence C=O vibrations as 
part of the deprotonated COO– group, attracts attention. 

1
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3

0 20 40 60 80 100 120
2 deg,

0

1,000

2,000

3,000

4,000
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Fig. 1. X-ray radiographs of detonation nanodiamond 
powders.
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Probably due to the binding of some of the carboxyl 
groups to impurities, the number of deprotonated 
carboxyl groups on the surface of the base purification 
DND particles is greater than the protonated ones. 
Additional chemical treatment leading to the removal 
of part of these impurities from the surface leads to an 
increase in the number of protonated and a decrease 
in the number of deprotonated carboxylic groups, with 
the maximum COOH/COO– ratio observed for the 
DND-TA sample.

Another possible reason for the increase in the 
number of COOH groups for additionally treated 
samples is probably a  decrease in the amount of 
sp2-carbon on the surface of DND particles due to the 
oxidation of С=С bonds. Thus the absorption band 
1,555 cm–1 may also correspond to a possible, but less 
intense than C=O valence vibrations in C=C bonds, 
the presence of which is also confirmed by the Raman 
spectroscopy results.

As can be seen from Fig. 4, in addition to the 
nanodiamond peak at 1,328 cm–1 [32] in the Raman 
spectra, there is a  broad asymmetric peak with 
a maximum at 1,620 cm–1, corresponding to carbon 
in sp2-hybridization. Upon decomposition of this 
peak (on the example of DND-A, Fig. P1 of the 
Appendix), D- and G-lines of graphite are observed 
for all samples. It should be noted that the appearance 
of the graphite D-line in the Raman spectrum of DHA 
is associated in the literature with the formation of 
onion-like carbon shells around the diamond nucleus, 
on which the inclusions of graphite-like phase are 
located [33, 34]. The greater intensity of the graphite 
D-line in the spectrum of DND-TA compared to 
the original DND and DND-A (Fig.  4), apparently, 
characterizes the lower ordering and greater defectivity 
of the graphite-like phase in DND-TA. This probably 

indicates a  more eff icient removal of impurities 
contained in this phase from the surface of DND-TA 
particles, which confirms the results described above. 
It should also be noted that in the Raman spectra of 
all DND powders a peak at 1,735 cm–1 characterizing 
vibrations in the C=O bond is observed.

The X-ray photoelectron spectra of the C1s of DND 
powders are shown in Fig. 5. It can be seen that the C1s 
spectrum for the basic-cleaned DND powder is shifted 
to the region of higher binding energies compared 
to the additionally treated samples. The results of 
deconvolution of C1s peaks for DND and DND-A 
powders (similarly for DND-TA) (Fig. 6) showed that all 
samples are characterized by the presence of a peak with 
energy 287.7 ± 0.1 eV, corresponding to the C=O bond in 
the carbonyl [35, 36] or carboxyl group [14], and a peak 
286.7 ± 0.1 eV corresponding to the C–O bond in hydroxyl 
and ether groups [14, 35–37] and probably to the С–N 
and C=N bonds according to [32, 38] and N1s spectra 
data (peak 399.3 eV, Fig. P2 of the Appendix). The peak 
at a binding energy of 403.1 eV probably characterizes 
the bonding of a nitrogen atom with three neighboring 
carbon atoms [32]. The least intense peak at a binding 
energy of 288.8 eV, appearing only in the spectrum of the 
initial DND (Fig. 6a), is often attributed to the carbon-
oxygen bond in the СООН-group [39]. It can also be 
seen that, while the peak at 286.7 eV is the most intense 
for the original sample, for the DND-TA and DND-A 
samples (Fig. 6b) the main peak corresponds to a binding 
energy of 285.5  eV, corresponding to sp3-hybridized 
carbon in the diamond crystal lattice, which is absent 
in the spectrum of the original sample. The observed 
changes in the C1s spectrum of the original sample 
after additional acid or thermoammonia treatment 
indicate a deeper purification of the samples from the 
non-diamond phase and, first of all, summarizing 

Fig. 2. Relative content of some elements on the surface 
of DND particles.
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all the obtained results on the study of the surface 
composition, apparently from the bulk graphite-like  
phase.

From Fig. 7 shows that the O1s spectra for all the 
studied samples are quite close. When deconvolving 
the peaks of the O1s spectra (shown on the example of 
DND-A, Fig. P3 of the Appendix), at a binding energy 
of 533.1 ± 0.1 eV, the main peak corresponding to 
bonding between carbon and oxygen atoms in С–О–С 
and  С–О–Н groups is observed, as well as a  peak 
of low intensity with a  maximum of 530.8 ± 0.1 eV 
corresponding to the C=O bonding energy in the 
carbonyl or carboxyl group [35–37, 40].

It is known that surface charging of nanodiamond 
particles in liquid dispersion medium in the presence 

of ionogenic carboxyl and hydroxyl functional groups 
on their surface is described by the following surface 
reactions [23, 41]:

	 –COH –COH + H2
+

s
+



� ,	

	 –COOH –COO + H–
s� � +,	

	 –COH –CO +H–
s
+� .	

Analysis of all obtained results showed that there 
is an obvious increasing contribution of carboxyl 
groups to the formation of surface charge of samples 
with additional acid or thermoammonia treatment 
in comparison with the initial sample of detonation 
nanodiamond.

Fig. 4. Raman spectra of DND powders.
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Stability and electrokinetic properties of 
aqueous DND sols in NaCl solutions.

The study of electrokinetic properties and 
aggregative stability of aqueous sols of the provided 
DND powders was initiated in 10–3 M sodium chloride 
solution at different pH values. The results of the 
electrokinetic properties are summarized in Fig. 8 and 
Table 2. It can be seen that acid treatment of the initial 
DND powder leads to a shift of the IEP position from 
pH 7.0 to pH 6.3, and thermoammonia treatment – to 
pH 6.0, which is in good agreement with the results of 
the study of the surface composition of these samples: 
both with an increase in the number of surface carboxyl 
groups and a decrease in the content of impurities as 
a  result of additional treatment. It can also be seen 
that the slope of the linear part of the dependences Ue 
(ζS) – logC for DND and DND-TA samples coincides 
and is equal to about 16 mV/pH unit, and for DND-A 
is 34 mV/pH unit. It should be noted that at the same 
offset from IEP (∆рН = рН – рНIEP) (Fig. P4 of the 
Appendix) in the region of positive values the values 
of electrokinetic potentials coincide within the error 
limits for all investigated DND samples, which is 
apparently due to the contribution of only hydroxyl 
functional groups to charge formation (Eq. 3). In 
the region of negative values, small differences are 
observed: so the minimum absolute values of zeta-
potential correspond to the initial sample, while the 
maximum values correspond to DND-A. This is 
probably due to the different degree of influence of 
surface impurities on the electrokinetic properties 
of DND particles at pH change, which is mainly 
manifested in the alkaline pH region, and the different 
contribution of carboxyl groups to the formation of 
negative charge.

The results of studying the coagulation kinetics 
and determining the average particle size of DND 
sols on the background of 10–3 M NaCl solution as 
a function of pH are shown in Fig. 9, P5–P7 of the 
Appendix and Fig. 10, respectively. It can be seen 
that rapid coagulation of sols occurs in the region of 
the isoelectric point, as the distance from it towards 
higher and lower pH, a transition to the zones of slow 
coagulation accompanied by a  decrease in optical 
density and average particle size is observed, and 
then to the regions of aggregative stability. It should 
be noted that in the region of slow coagulation at 
some pH a  bimodal particle size distribution was 
observed (the value of average peak sizes in Fig. 10 
are connected by a dashed line). As can be seen from 
Figs. 9 and 10, for aqueous DND-TA and DND-A 
sols, the zones of aggregative stability practically 
coincide (hydrosols are stable at рН  ≤ 4.9 and at 
pH ≥ 8.4 – regions of positive and negative values 
of electrokinetic potential, respectively), which is 
apparently due to the close position of isoelectric 
points. The shift of the IEP to pH 7.0 for the 
baseline purif ication DND causes an extension 
of the stability zone in the region of positive zeta 
potential values up to pH 5.8. It should be noted 
that for the initial DND, in contrast to the samples 
subjected to additional treatment, no stability in the 
region of negative values of ζ-potential is observed. 
Apparently, at high pH values, partial dissolution of 
surface impurities, which are removed in the case of 
DND-A and DND-TA during additional treatment, 
may occur, accompanied by the appearance of multi-
charged cations in dispersion medium, which cause 
coagulation of DND particles. It can also be seen that 
in the region of negative values of zeta potential in 
the stability zone for DND-TA and DND-A, in some 
cases, optical density values are observed even lower 
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Fig. 8. Dependence of electrophoretic mobility (Ue) 
and electrokinetic potential (ζS) of hydrosol particles 
of different DND samples on the pH of 10–3 M sodium 
chloride solution.
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than for the initial aqueous sol. This, apparently, can 
be related to the partial disintegration of primary 
aggregates and the increase in the fraction of smaller 
particles with increasing absolute values of surface 
charge and electrokinetic potential.

Due to the fact that most often manufacturers 
of DND are primarily interested in their stability in 
aqueous medium at natural pH, coagulation thresholds 
in sodium chloride solutions were determined for 
the sols of the studied DND. For this purpose, the 
coagulation kinetics of DND sols was studied (the 
results are shown in Figs. 11–13) and the average 
particle sizes of dispersions were determined (Fig. 14) 
at different concentrations of NaCl solutions and 
natural pH 5.8 ± 0.2. On the basis of the obtained 
kinetic data, concentration dependences of the 
optical density of sols at 0.5 and 15 minutes of 
observation were plotted, from which the values of 
the slow CSC and fast СFC thresholds were found 
graphically (according to the method described in 
[29]). An example of the determination of coagulation 
thresholds is shown in Fig. P8 of the Appendix. The 
values of threshold electrolyte concentrations thus 
found are summarized in Table 2. It can be seen that 
the values of the coagulation thresholds of the studied 
samples agree well with the results of particle size 
determination (Fig. 14) and are in good agreement 
with the provisions of their IEP. Thus, the highest 
values of zeta potential (Fig.  15) and, accordingly, 
the thresholds of both slow and fast coagulation are 
observed for the basic purification DND (Table 2), 
whereas for the dispersion of DND-TA particles, 
which are practically in isoelectric state at natural 
pH, the threshold of slow coagulation could not be 
determined, and fast coagulation occurs already at 
a concentration of 10–4 M. As can be seen, detonation 
diamond sols are characterized by a  rather narrow 
zone of slow coagulation, possibly due to the relatively 
high Hamaker constant of DND particles; however, 
it is noteworthy that additional acid treatment leads 
to the expansion of the slow coagulation zone of the 
DND-A sample compared to the initial DND.

Thus, we would like to note that the approach often 
used to assess the prospects of using DND powders 
by their stability and zeta potential value in water with 

Fig. 9. Dependence of the optical density of aqueous 
detonation diamond sols on the pH of 10-3 M sodium 
chloride solution for 15 minutes of observation.
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Table 2. IEP pH values of DND samples and thresholds of fast and slow coagulation of their hydrosols in NaCl solutions 
at natural pH value 

Sample рНIEP 
(10–3 М NaCl)

Threshold of slow 
coagulation СSC, М

Fast coagulation threshold 
СFC, М

DND 7.0 2.5×10–3 7.5×10–3

DND-A 6.3 2.8×10–4 1.5×10–3

DND-ТА 6.0 – ≤ 10–4 М
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differences in the position of their IEP is incorrect, 
since, despite the lowest coagulation thresholds, 
the most promising for further use (e.g., obtaining 
carboxylated or hydrogenated DND on its basis) seems 
to be the DND-TA sample.

CONCLUSION

Analysis of the results of the study of the phase 
composition and surface composition of detonation 
diamond particles with different prehistory of 
production showed that additional acid and especially 
thermoammonia treatment of initial DND leads to 
a more complete purification of the surface of DND 
particles from the non-diamond phase. This leads 
to an increase in the number of surface protonated 
carboxyl groups due to both the removal of some 
impurities remaining in the graphite-like phase after 

primary treatment and the oxidation of C=C bonds 
of the sp2-hybridized shell around the diamond  
core. 

It was found that the main contribution to the 
formation of surface charge for all samples is made by 
surface dissociation-association reactions of hydroxyl 
groups, while the increase in the number of carboxyl 
groups for DND powders with additional treatment 
and different efficiency of acid and thermoammonia 
treatment to dissolve different types of surface 

5 .10 М–4

5 .10 М–3

7.5 .10 М–3

3 .10 М–3

3 .10 М–2

10 М–3

10 М–2

10 М–1

0 2 4 6 8 10 12 14 16
t, min

Initial sol
0.16

0.18

0.20

0.22

0.24

0.26

0.28

0.30
D

Fig. 11. Dependence of the optical density of 
DND hydrosol on the observation time at different 
concentrations of sodium chloride solutions and natural 
pH value.

2.5 .10 М–4

5 .10 М–4

3 .10 М–3

10 М–4

10 М–3

10 М–2

0 2 4 6 8 10 12 14 16
t, min

Initial sol

0.16

0.18

0.20

0.22

0.24

0.26

0.28

0.30
D

Fig. 12. Dependence of optical density of DND-A 
hydrosol on observation time at different concentrations 
of sodium chloride solutions and natural pH value.

3 .10 М–3

10 М–4

10 М–3

0 2 4 6 8 10 12 14 16
t, min

Initial sol

0.16

0.17

0.18

0.19

0.20

0.21

0.22

0.23

0.24

0.25

0.26
D

Fig. 13. Dependence of optical density of DND-TA 
hydrosol on observation time at different concentrations 
of sodium chloride solutions and natural pH value.

1 DND
DND-A
DND-ТА

2
3

dI, nm

Initial sols

–5.5 –4.5 –3.5 –2.5 –1.5 –0.5–5.0 –4.0 –3.0 –2.0 –1.0
0

3
2 1

1,500
1,000

500

300

200

100

94
95.8

99.9
99.5

6 4.2

0.10.5

Fig. 14. Dependence of the average particle size dI on 
the concentration of NaCl solutions at natural pH value. 
Numerical values at dots are the fraction (%) of light 
intensity scattered by particles of a given size (given for 
the case of bimodal distribution).



12	 VOLKOVA﻿ et al.

COLLOID JOURNAL Vol. 87 No. 1 2025

impurities leads to differences in the electrokinetic 
properties and aggregative stability of the studied 
samples especially in the region of negative values of 
zeta potential.

It was found that acid treatment of basic 
purification of DND powder leads to a  shift in the 
position of the isoelectric point from pH 7.0 to 
pH 6.3, and thermoammonia treatment – to pH 6.0 
on the background of 10–3 sodium chloride solution. 
The zones of aggregative stability of DND sols were 
determined: hydrosols of detonation nanodiamond 
with additional treatment are stable in the region of 
positive values of electrokinetic potential at pH ≤ 4.9 
and at pH ≥ 8.4  – in the region of negative ones 
according to the change of their electrokinetic 
properties. Aqueous sol of positively charged DND is 
stable at pH ≤ 5.8, in the whole investigated region 
of negative values of ζ-potential the sol coagulates, 
probably, due to dissolution of part of surface 
impurities at high pH values and their transfer in ionic 
form into solution.

The thresholds of slow and fast coagulation in 
NaCl solutions at natural pH were determined and 
compared for the studied DND hydrosols. It is shown 
that the values of coagulation thresholds of the studied 
samples are in full compliance with the provisions of 
their IEP.
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Abstract. This paper presents the results of a numerical simulation of an electrolyte solution behavior near 
a spherical dielectric microparticle covered with a homogeneous ion-selective shell under the influence of 
an external electric field. The particle is assumed to be stationary, and the electrolyte either stays still or 
is pumped externally with a constant velocity in absence of the electric field. The field, in turn, generates 
electroosmotic flow near the particle’s surface. It is shown that concentration polarization can occur 
near the particle, whereas electrokinetic instability only occurs near particles with a sufficiently thick 
shell. When the particle’s surface charge is opposite to the one of its shell, non-stationary regimes may be 
observed when the shell is thin enough.
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simulation
DOI: 10.31857/S00232912250102e9

INTRODUCTION

The study of electroosmosis near solid particles is 
inextricably linked to the study of electrophoresis [1]. 
The forces generated by electroosmotic motion act on the 
particle immersed in the electrolyte. By the beginning of 
the 21st century, the study of the motion of microparticles 
and fluids in microscales – microfluidics – has gained 
special interest. In particular, electrophoresis finds 
application in labs-on-chip for solving problems of medical 
diagnostics and chemical analysis [2].

One of the main characteristics of electrophoresis is the 
dependence of the velocity developed by a microparticle 
on the properties of the electric field: this dependence 
turns out to be different for different types of particles. 
Smoluchowski [1] studied the motion of dielectric particles 
and established the linear character of the dependence of 
their velocity on the field strength. Later Dukhin showed 
[3] that the considered dependence is more complicated, 
and in theoretical works of Yariv’s group [4–6] a deviation 
from the linear dependence was predicted for strong fields 
and strongly charged particles. Experimental confirmation 
of this prediction was obtained by Tottori [7]. A review 
of modern concepts of dielectric particle electrophoresis 
can be found in Khair [8].

Electrophoresis of ion-selective particles in liquid 
electrolyte shows a much more complex behavior 
due to the presence of concentration polarization and 
electrokinetic processes of the second kind [9–14]. 
The electrophoresis rate maintains the linear dependence 
on the field strength as long as it is small [11], but as 
the strength increases, the dependence becomes more 
complicated [12], and in strong fields unsteady f low 
regimes with various types of instabilities arise [13, 14].

When studying the behavior of more complex 
particles, like biological ones, the assumption of particle 
homogeneity turns out to be inapplicable [15, 16]. One of 
the simplest ways to overcome this obstacle is to consider 
composite particles with a fixed internal structure. The 
model of “soft” particles [17, 18], having a homogeneous 
core impermeable to the electrolyte and a homogeneous 
shell permeable to salt ions, has been quite successful. 
At the same time, there is a noticeable lack of theoretical 
research in this direction, and the existing works usually 
use significant simplifications (in particular, linearization 
of motion equations). A semi-analytical approach based 
on the splicing of asymptotic expansions, actively used 
by Yariv’s group for both electrophoresis [6] and related 
electrokinetics problems [19], should be separately 
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emphasized. Nevertheless, the possibilities of analytical 
study of electrokinetics are approaching the limit, and 
further development requires the use of direct numerical 
simulation.

In the present work, we attempt to fill this gap and 
model the motion of a “soft” particle in a nonlinear 
statement with minimal simplifications. The results of 
numerical modeling can be used to predict the modes of 
motion arising in experiments and create a foundation 
for the development of labs-on-chip for manipulating 
complex biological particles.

PROBLEM STATEMENT 
AND SOLUTION METHODOLOGY

We consider a spherical microparticle consisting of 
a spherical electroneutral dielectric core of radius r0 and 
a homogeneous uniformly charged shell made of an ion-
selective layer of thickness L (Fig. 1). The core’s surface is 
assumed to carry a uniform surface charge density σ, and 
the volumetric charge density of the shell is N. The particle 
is stationary and is bathed by a solution of electroneutral 
symmetric binary electrolyte with ion concentrations C∞, 
which is pumped at an external velocity U∞. To simplify 
the mathematical formulation, the value of C∞ is assumed 
to be sufficiently small, the charge numbers of the salt 
ions are assumed to be ±1, and their diffusion coefficients 
are assumed to be equal. These simplifications are valid, 
for example, for KCl solutions with concentration up to 
hundreds of mol/m3, and allow us reducing the number 
of parameters of the problem. An external electric field 
of strength E∞ acts on the system. This formulation is 

similar to the one for electrophoresis [20], but  U∞ acts as 
an additional parameter.

If we neglect chemical reactions and dissociation 
of the solvent liquid, the behavior of dilute electrolyte 
ions can be described by the system of Nernst–Planck 
equations, which should be complemented by the Poisson 
equation describing the electric potential distribution and 
the Navier–Stokes equations for the velocity field. Due 
to the smallness of characteristic Reynolds numbers, 
the Navier–Stokes equations are taken in the Stokes 
approximation:

�
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�

� � �








 

 



 





C
t

C
DF

RT
C D CU � 2 ; (1)



 
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 




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 � � � � � �� ��� �� �� 2U F C C ; (3)


� � �U 0. (4)

It is convenient to solve equations (1)–(4) in 
a spherical coordinate system with the origin at the center 
of the particle. Since the system has axial symmetry along 
the electric field direction, it is solved in axisymmetric 
formulation, so the spatial variables are the radius r  
and azimuthal angle 0 � �� �. The unknowns are the 
molar ion concentrations C±, the electric potential Φ, 
the pressure Π and the velocity vector U. The symbol 
F  denotes the Faraday constant, R  is the universal gas 
constant, and  T  is the absolute temperature, which is 
assumed to be constant. The diffusion coefficient of 
electrolyte ions is denoted by D, the dynamic viscosity 
of the electrolyte is denoted by µ, its absolute dielectric 
constant is denoted by ε. The last two quantities are 
assumed to be constant, independent of the local ion 
concentration. The dielectric constant of the core is 
denoted by εp, and the dielectric constant of the shell, 
which is filled with electrolyte, is assumed to be ε. The 
ion diffusion coefficients in the shell are for simplicity 
assumed to be  D as well. The tilde in notations denotes 
dimensional quantities.

The following characteristic quantities have been 
chosen for making the system dimensionless: core radius r0, 
diffusion coefficient D (included in the characteristic time 


r D0
2  and characteristic velocity  D r0 ), thermal potential 


  �0 � RT F, concentration C∞, and viscosity µ. Note that 
the choice of the diffusion velocity as the characteristic 
velocity simultaneously allows taking zero pumping 
velocity and does not introduce constraints into the 
hydrodynamics. Two dimensionless parameters appear 
in dimensionless equations (1)–(4): the Debye number 
� ��  D r0 , where  

   � �D
2 2� �RT F C  is the square of the 

electric double layer thickness, and the coupling coefficient 
between the hydrodynamic and electrostatic parts of the 
problem � � ��  

�0
2 D . The equations eventually take 

the form

Fig. 1. Schematic representation of a composite micro
particle.

Ion-selective 
shell

Electrolyte

Dielectric 
core

r

L

E

U



	 ELECTROCONVECTION NEAR TWO-LAYER COMPOSITE MICROPARTICLES� 17

COLLOID JOURNAL Vol. 87 No. 1 2025

�
�

� � � � �� � �� � � �
�

� � �C
t

C C CU � 2 ; (5)
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2

U
�

�
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� � �U 0. (8)

Equations (5)–(8) in this form are not applicable in 
all spatial areas. For example, no electrolyte penetrates 
into the core, so at r < 1 C� � �U 0  and only equation 
(6) reduced to the Laplace equation remains of the 
whole system. For convenience in setting the boundary 
conditions, we denote the electric potential inside the 
core by φ:

� �2 0� . (9)

Inside the shell, 1 1< < +r L,  there is no electrolyte 
motion, U = 0, and equations (5)–(6) take the form

�
�

� �� � �� � � �
�

� �C
t

C C� 2 ; (10)

�2 2� � � �� �� C C N , (11)

where N N C� �
   is dimensionless volumetric charge 

density. This parameter determines the ability of the 
shell to attract ions of the same sign and repel ions of the 
opposite sign: at N � ��  the shell is perfectly cation-
selective, at N � ��  – perfectly anion-selective. More 
details about its influence are given in [21] on the example 
of a flat membrane.

The considered formulation contains several boundaries, 
on each of which different conditions are imposed. All 
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Fig. 2. Distributions of charge density � � �� �C C  and salt concentration K C C� �� � outside the particle at E� � 10, 
U� � 0 and � � 0. (a) L = 0 1. , (b) L = 0 5. , (c) L = 1 0. . The distributions inside the shell are not shown.
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unknown functions are assumed to be continuous in 
the whole domain. At the boundaries � � 0  and � �� , 
symmetry conditions are set for C±, Φ and normal velocity 
components U r, and antisymmetry condition for the 
tangential component U� � 0. At r = 0, the zero level of 
potential, � � 0, is assumed and the condition of absence of 
singularity is imposed. At the boundary of the core, r = 1,  
one should expect a jump of the field strength by the value 
δ ε ε=  p  and the absence of ion flux:

r = 1 : Φ = φ ; ν δν φ σ∂
∂

= ∂
∂

−Φ
r r ; 

± ∂
∂

+ ∂
∂

=±
±

C
r

C
r

Φ
0 .

(12)

On the boundary of the shell, r L� �1 , simple no-
slip and no-flux conditions, U = 0 , which ensure the 
continuity of the velocity field, are assumed. They can be 
considered as a special case of liquid slip conditions near 
a hydrophobic surface [22]. At a distance from the particle, 
the ion concentrations tend to the equilibrium value, the 
field strength tends to the one of the external field, and the 
velocity tends to the one of the incoming flow:

r � �: C� � 1; � � � �E r cos�; 

U Ur � � cos�; U U� �� � sin .
(13)

Finally, the electrolyte is assumed to be undisturbed 
at the initial time instant:

t = 0: C� � 1. (14)

This condition does not take into account the 
redistribution of ions due to the charge present in the 
particle, but calculations show that such redistribution 
occurs very quickly (within a few time steps) and does 
not affect the further behavior of the system.

To solve the system (5)–(14), we use a modification 
of the finite-difference method of the second-order 
approximation in space and the third-order approximation 
in time, previously used to solve the electrophoresis problem 
[20]. At each time step, the stationary equations (6)–(9) are 
transformed into systems of ordinary differential equations 
using the eigenfunction expansion of the differential 
operators with respect to the angle. The system for (9) is 
solved analytically and substituted into boundary conditions 
(12), the other equations are written in difference form 
and reduced to systems of linear algebraic equations 
with 3- and 5-diagonal matrices, which are solved by the 
tridiagonal matrix algorithm and its extension to 5-diagonal 
matrices. The found potential and velocity distributions are 
substituted into equations (5), which are integrated by the 
semi-implicit Runge–Kutta method [23].

In the calculations presented below, the following 
parameter values have been fixed: ν = −10 3,  � � 0 2. , 

N � �10 (cation-selective shell with good selectivity), 
� � 0 05. . The external electric field strength E∞, the 
surface charge density of the core σ and the velocity of the 
incoming electrolyte U∞ were varied, remaining constant 
within each of the calculations, with the direction of E∞ 
and U∞ following the scheme in Fig. 1.

RESULTS AND DISCUSSION

When comparing electrophoresis of dielectric and 
ion-selective particles, the main difference is the presence 
of electric current through the particle surface. For the 
problem under consideration, it also seems logical to 
estimate the current through the shell boundary:

j C
r

C
r

r L

� �
�

� �

� � � �
�

�
�
�

�

�
��

�

�
���

�

1
.

0 50 100 150
–20

–15

–10

–5

0

5

10

1

2

Front side 
of the particle

Rear side 
of the particle

Current 
out of the 

particle

Current into 
the particle

(a)

05–
x

–20

–10

0

10

20

30

40

1

2

5

CoreIon-selective 
shell

(b)

j

VSCR

Fig. 3. Distributions of (a) current through the surface 
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axis x r� cos� at E� � 5, � � 0 and L = 1 0. . Curves 
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According to the scheme in Fig. 1, cations enter the 
shell from the left, � �� 2, and exit from the right, � �� 2.  
In stationary modes, the total charge of the shell remains 

unchanged, so the condition j d+ ( ) =∫ θ θ θ
π

sin .
0

0 is 
satisfied. In the general case this condition can be violated 
(in particular, at t = 0).

Ion-selective surfaces are characterized by 
concentration polarization – redistribution of electrolyte 
ions near such a surface due to the influence of an external 
field with desalination and formation of a space charge 
area on the anode side, as well as with salt accumulation 
on the cathode side [11]. In sufficiently strong fields, 
the salt concentration can significantly exceed the 
equilibrium one [13]. Fig. 2 shows the charge and total 
ion concentration distributions in a still electrolyte near 

particles with different shell thicknesses. As it can be seen, 
concentration polarization takes place even near a thin 
shell.

Fig. 3 shows characteristic distributions of the current 
through the shell boundary and the electric potential 
along the symmetry axis. In the graph (b) one can note 
a significant voltage drop in the space charge region, 
denoted by ∆VSCR, which in combination with the current 
through the particle generates electrokinetic instability. 
The electroconvection caused by the instability is clearly 
visible in plot (c) in Fig. 2c.

While the velocity value U∞  is usually used to 
estimate the electrophoresis intensity, it is convenient to 
estimate the electroosmosis intensity near a stationary 
particle by the integral current. In the present work, the  
value
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j L j dabs � �� � � ��2 1 2

0
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�

sin

is introduced for this purpose.
By plotting the values ∆VSCR  and  jabs, realized in 

different modes, it is possible to construct the current-
voltage characteristics of the microparticle. Examples of 
such characteristics are shown in Fig. 4. The dependence 
of ∆VSCR on E∞, as shown in graphs (a) and (c), is almost 
linear. Graphs (b) and (d) demonstrate behavior similar 
to electromembrane systems: at low voltage drops, the 
underlimiting regime is realized (proportionally in 
proportion to voltage), at moderate voltage drops, the 
limiting mode is realized (current growth slows down 
sharply). When the shell thickness is large enough, even the 
overlimiting regime is realized: when the critical value of 
∆VSCR

*  is exceeded, electroconvection occurs, intensifying 
the current. The observed value ∆VSCR

*  corresponds to the 
theoretical predictions of [24].

In Fig. 4, there is a noticeable increase in the current 
through the particle with increasing thickness of its shell. 
This is largely due to the increase in the surface area of the 
particle. At the same time, with increasing shell thickness, 
the voltage drop in the space charge region also increases, 
so a stronger field is required for electroconvection to 
occur near particles with thin shells. Advection does 
not qualitatively affect the behavior of the system: the 
voltage drop slightly decreases, the current increases. The 
current increase is due to the convective inflow of charge 
carriers into the desalination zone. The flow structure 
did not undergo qualitative changes even at U∞ = 1 000, . 
The slip of the liquid near the shell was not considered 
in the present work, but its contribution can be expected 
to be quantitative as well, expressing itself mainly in the 
shift of the threshold of instability onset to the left [25].

The influence of the charge of the core surface on the 
effects described above was so insignificant that it is not 
shown in the diagrams. Any significant effect is observed 
only in the case when the shell thickness is small and its 
charge is opposite in sign to the charge of the core surface. 
This case is studied by the authors in a separate paper, the 
preprint of which is available on request [26].

Finally, we note that when the absolute value of 
the shell charge decreases, its selectivity decreases and 
conductivity increases, which leads to a decrease in ∆VSCR.  
As a consequence, a stronger field must be applied for 
a noticeable concentration polarization to occur, and the 
critical value of ∆VSCR

*  shifts to the right. Nevertheless, 
the shell thickness even in this case determines whether 
electroconvection will occur at all. Here it is necessary to 
emphasize the difference of the considered formulation 
from the electromembrane system with a non-ideal 
membrane [21]: if in the latter the membrane conductivity 
plays a determining role in the conductivity of the whole 
system, in the considered formulation the ion flux can 
bypass the particle, so the conductivity of the system is 
determined by the conductivity of the electrolyte.

CONCLUSION

The paper presents the results of numerical simulation 
of electrokinetics in electrolyte near a spherical dielectric 
microparticle covered with an ion-selective shell. It is 
shown that concentration polarization occurs near the 
shell, regardless of its thickness, but electroconvection 
can occur only at a sufficiently large thickness of the 
shell. The electrolyte pumping and the charge on the 
dielectric surface have no qualitative effect on the 
dynamics of the system. The results of this work can 
be used to develop methods for controlling composite 
microparticles, including biological ones, and to develop 
methods for investigating the structure of such particles 
in microdevices.
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Abstract. Porous cross-linked polyelectrolyte microspheres with diameter from 1 to 5 μm based on 
para-styrene sulfonate or copolymer of para-styrene sulfonate with vinyl acetate were synthesized. The 
content of sulfonate groups in the obtained polyelectrolyte microspheres is more than 2 mmol/g. It was 
shown that introduction of hydrophobic comonomer significantly increased the degree of swelling of 
polyelectrolyte microspheres. It was found that the value of adsorption of model compounds (fuchsin, 
methylene blue) significantly exceed the concentration of sulfonate groups. Morphology, structure of the 
surface layer of polyelectrolyte matrices were studied by optical and scanning electron microscopy, FTIR 
spectroscopy, specific surface by the BET method. 
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INTRODUCTION

Modern medicine and pharmacology are dynamically 
developing f ields aimed at introducing innovative 
technologies and improving diagnostic and treatment 
methods. One of the key challenges in these areas is 
targeted/targeted delivery of drug substances (DS) 
preferentially to areas of inflammation, resulting in 
a significant reduction of adverse reactions of the 
body to the used drugs and their dosage. In addition, 
such delivery systems can gradually release the active 
substance, which reduces the frequency of drug 
administration and increases the effectiveness of 
treatment [1]. The most promising materials for the 
development of drug delivery systems are polymers, 
which can be presented in the form of particles [2–4], 
capsules [5], hydrogels [6], dendrimers [7] and others. 
At the same time, it is hydrogels that are of particular 
interest to researchers involved in the development of 
drug delivery systems. They are characterized by high 
water content, biocompatibility and required mechanical 
properties. In addition, current knowledge allows the 
synthesis of hydrogels at macro-, micro- and nano-scale. 
According to the literature, it is micro- and nanogels 
that have the greatest potential for the development of 
drug delivery systems [8–10].

Polymeric drug delivery systems can be divided into two 
broad groups: bio- and non-biodegradable compositions, 
the choice between which depends on the specific clinical 
requirements and the type of drug. Non-biodegradable 
systems are often used in the field of radiosurgery as 
embolizates [6], in dentistry as dental restorative materials 
[4] or universal implantable DS delivery systems [11]. 
Common polymers for non-biodegradable drug delivery 
systems are polymethyl methacrylate [12, 13], polyethylene 
vinyl acetate [14], polyvinyl alcohol [15], and copolymers 
based on them. Recently, in addition to the previously 
mentioned polymers, polyelectrolytes have also become 
the object of active research in the field of targeted DS 
delivery [5, 16]. This is due to their unique properties: high 
adsorption capacity and ion exchange ability [17]. This is 
particularly interesting for extended-release formulations, 
where DS diffusion is limited by ion exchange between 
drugs with ionic groups and polyelectrolytes.

Polyanions contain negatively charged ionogenic groups, 
SO3

– (COO–). They demonstrate their effectiveness in the 
delivery of cationic DS, which is confirmed by a number 
of examples: polystyrene sulfonate for the delivery of 
ligustrazine phosphate for the treatment of various eye 
diseases [3] or CaCO3 particles coated with polyvinyl 
sulfonate or dextransulfonate for the delivery of doxorubicin 
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hydrochloride for cancer therapy [18]. It appeared that 
modification of CaCO3 particles with dextransulfonate 
was the most optimal for subsequent in-vivo studies of 
such particles. In addition, polyanions can be used for the 
delivery of hormones such as insulin [2].

Nevertheless, the synthesis of polyelectrolyte-based 
microspheres is not a simple task. Most published 
articles use sulfation of polystyrene particles [19, 20] 
to form sulfonate groups in their structure, but the 
morphology, electrical surface properties, or swelling of 
such microspheres in solvents differ significantly compared 
to microspheres obtained using para-styrene sulfonate 
as a functional monomer. Another common method for 
the preparation of microspheres with sulfonate groups 
is multistep synthesis, which includes protection of 
sulfonate groups, synthesis of hydrophobic microspheres, 
and removal of protection [21, 22]. Despite the high 
content of sulfonate groups in the final microspheres, 
this method is rather complicated, and some steps are 
characterized by low yields or the formation of unstable 
compounds. Therefore, the most promising method is 
the synthesis of microspheres based on commercially 
available monomers with sulfonate groups in the reverse 
emulsion polymerization process.

Thus, cross-linked systems based on polyanions may 
be promising as non-biodegradable DS delivery systems. 
In this regard, it is necessary to study the mechanisms 
of sorption and desorption of drugs on polyelectrolyte 
microspheres. In the present work we synthesized cross-
linked hydrogel microspheres based on polystyrene 
sulfonate and its copolymer with vinyl acetate in order 
to study their ability to sorb cationic forms of drugs on 
the example of fuchsin and methylene blue. The optimal 
conditions for the preparation of polymeric microspheres 
by reverse emulsion polymerization were determined 
and the effect of vinyl acetate co-monomer on the 
sorption ability of the synthesized particles was studied. 
The structural characteristics of all polymeric microspheres 
were investigated using IR spectroscopy, optical and 
scanning electron microscopy, and BET method. 
The results showed that the synthesized microspheres 
have a developed specific surface area and a high content 
of sulfonate groups (more than 2 mmol/g), most of which 
are localized in the volume of microspheres. These values 
are an order of magnitude higher than the concentration 
of surface sulfonate groups for polystyrene microspheres 
(obtained after their sulfation). At the same time, the 
introduction of vinyl acetate as co-monomer reduces the 
content of sulfonate groups, which, in turn, worsens their 
sorption properties with respect to fuchsin and methylene 
blue.

EXPERIMENTAL PART

Materials

Particles were synthesized using the following 
reagents: sodium styrene sulfonate (SSS) (Sigma Aldrich, 

Germany), N,N’-methylene-bis-acrylamide (MBA) 
(Vecton LLC, Russia), vinyl acetate (Vecton LLC, 
Russia), potassium persulfate (K2S2O8) (Vecton LLC, 
Russia), Span 80 (Sigma Aldrich, Germany), Tween 80 
(Sigma Aldrich, Germany). Vinyl acetate was purified 
by vacuum distillation according to standard methods, 
potassium persulfate was purified by recrystallization from 
water. Other monomers and emulsifiers were used without 
prior purification. NaCl, HCl, NaOH, ethanol (Vekton 
LLC, Russia), cyclohexane (LenReactiv JSC, Russia) 
without preliminary purification were used for particle 
studies. Fuchsin (Vekton LLC, Russia) and methylene 
blue (Vekton LLC, Russia) were used without preliminary  
purification.

Synthesis of polystyrene sulfonate particles

Synthesis of polymer particles was carried out in a 
three-neck flask equipped with a top-driven stirrer and 
a reflux condenser. First, the emulsifier Span 80 was 
dissolved in 12 ml of cyclohexane at 50° C in the flask. In 
parallel, a solution of the reagents in water was prepared 
by successively dissolving Tween 80, SSS (1.98 g), vinyl 
acetate (0–10 wt% of SSS-Na), MBA (50 wt% of total 
monomer content) and K2S2O8 (3 wt% of total monomer 
content) on an ultrasonic bath at 50°C. The amount 
of emulsifiers was 5 wt% of the total emulsion content 
(monomers and solvents), and the Tween 80/Span 
80 ratio was 16/84. Immediately after dissolution of 
K2S2O8, the prepared solution was introduced into a 
three-neck flask. The resulting emulsion was stirred 
for 30 minutes at 600 rpm at 50°C for 30 minutes to 
reach equilibrium. The temperature was then raised to 
70°C and the reaction was continued for 4 hours with 
constant stirring. The unreacted monomers, emulsifier 
and cyclohexane were removed by centrifugation for 
30 minutes at 10,000 rpm (Centrifuge 5804, Eppendorf, 
Germany), redispersing the precipitated particles in the 
water-alcohol mixture.

Determination of particle size and shape

The size and shape of particles were determined by 
optical and scanning electron microscopy (SEM). Optical 
microscopy was performed using an optical microscope 
(MIKMED-5, Russia) equipped with lenses with 
magnification ×100 and ×40. For the study, a dispersion 
of particles in water was prepared, after which it was 
applied to a slide and the particles were photographed in 
the swollen state. SEM was performed on a SUPRA 55 
VP scanning electron microscope (Germany). For SEM, 
dried samples were applied on glass substrates and then 
coated with Au/Pd. The diameter of microspheres was 
calculated using the Image J software.

Determination of the content of sulfonate groups

The content of sulfonate groups was determined by 
conductometric titration and by measuring the ion exchange 



24	 LAISHEVKINA﻿ et al.

COLLOID JOURNAL Vol. 87 No. 1 2025

capacity. Measurement of ion exchange capacity was carried 
out according to the standard method, for this purpose 
0.3 g of particles were dispersed in 10 ml of HCl (0.5 n.) 
and incubated for 24 hours, after which the particles were 
washed (excess acid was removed by centrifugation) and 
dried by lyophilic drying. The particles were then dispersed 
in a 20% aqueous solution of NaCl and incubated for 
24 hours. The acid released as a result of ion exchange under 
argon current was titrated with aqueous NaOH solution 
(0.01 n.) in the presence of phenolphthalein indicator.

Conductometric titration was carried out in argon 
current using 0.1% wt. dispersion of particles. For this 
purpose, a known excess of HCl (0.01 n.) was introduced 
into the dispersion, after which the introduced HCl and 
sulfonate groups were titrated with an aqueous solution 
of NaOH (0.01 n.), taking values of the electrical 
conductivity of the dispersion using a SevenMulti 
conductometer (MetlerToledo, Switzerland).

Determination of specific surface area of particles

The specific surface area of particles was measured 
using a NOVA 1200e surface analyzer (Quantachrome, 
USA). Prior to measurements, the sample was degassed 
in a nitrogen current at reduced pressure.

FTIR spectroscopy

The spectral characteristics of the synthesized samples 
were studied by FTIR spectroscopy of disturbed total 
internal ref lection. FTIR spectra were taken on an 
FTIR spectrometer FTIR-Affinity-1S (Shimadzu, 
Japan) with a diamond prism. All spectra represent the 
average of 32 scans taken in the wave number range of  
20,000–600 cm–1.

Determination of sorption of fuchsin and methylene blue

Determination of sorption ability of synthesized 
microspheres with respect to fuchsin and methylene blue 
(MB) was carried out by spectrophotometric method. For 
this purpose, 1.1–4.3 mg of synthesized particles were 
incubated in an aqueous solution of fuchsin or methylene 
blue with a concentration of 4.8∙10–5 to 1.45∙10–3 mol/L 
for 1.5 hours. The particles were then precipitated by 
centrifugation and the supernatant solutions with unsorbed 
fuchsin/MB were studied by optical spectroscopy in the 
visible region (λ = 542 nm and λ = 662 nm for fuchsin 

and MB). The concentration of fuchsin and MB was 
determined using a previously constructed calibration line.

The experimental data on the sorption capacity with 
respect to hydrocarbons were analyzed using the Langmuir 
and Freundlich models. For this purpose, linear isotherms 
were constructed and parameters were calculated 
according to formulas (1) and (2) for the Langmuir and 
Freundlich models, respectively.

	
1 1 1 1
q C K q q

=
⋅

⋅ +
e L max max

, 	 (1)

where q is the adsorption value, mol/g; qmax is the 
maximum adsorption value, mol/g; KL is the Langmuir 
constant, g/mmol; Ce is the equilibrium concentration, 
mol/g.
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where q – adsorption value, mol/g; KF – Freundlich 
constant (at С = 1 mol/L KF is equal to qmax); 1/n – 
constant (adsorption index depending on temperature 
and nature of adsorbent).

In addition, the parameter RL, the partition coefficient 
(equilibrium parameter), was calculated for the Langmuir 
model using formula (3).
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where С0 – initial concentration of absorbate, mol/g.

Table 1. Composition of the monomer mixture

N Concent. mon, 
mol/L

SSS-Na: MBA, 
mol. %

Vinyl acetate, 
wt%

Emulsifier
Tween 

80/
Span 80

Content,
wt% HLB

PSS 2 60:40 – 16/84 5 6
P(SSS-VA) 2 60:40 10 16/84 5 6

Fig. 1. Schematic arrangement of emulsifiers at the 
water–cyclohexane interface.
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The applicability of the theoretical model of adsorption 
isotherms to the obtained experimental data was evaluated 
based on the coefficient of determination (R2) calculated 
in Origin 2019 software.

RESULTS AND DISCUSSION

Synthesis of microspheres

Polyelectrolyte particles promising for drug sorption 
were synthesized in this work. The aim of this work was to 
investigate the sorption properties of microspheres based 
on cross-linked polystyrene sulfonate with respect to 
cationic drugs. Polyelectrolyte particles were synthesized 
by reverse emulsion copolymerization of SSS-Na and 

MBA, and copolymerization of SSS-Na, MBA and vinyl 
acetate P(SSS-VA) (Table 1). Polystyrene sulfonate (PSS) 
is a biocompatible polymer that is used for the treatment 
of hyperkalemia. The introduction of the crosslinking 
agent MBA into the reaction system was necessary to form 
crosslinked polymer chains to prevent their solubility in 
the aqueous phase. Vinyl acetate was used in order to form 
hydrophobic sites in the polymer chain structure, which can 
improve the interaction of microspheres with water-insoluble 
DS. In addition, vinyl acetate will allow the formation of 
polyvinyl alcohol links in the polymer structure (due to 
further hydrolysis of polyvinyl acetate links). Polyvinyl 
alcohol links contribute to the improvement of mucoadhesive 
properties of polymer microspheres, which is important 
when microspheres are used as embolizers or universal 
implantable DS delivery systems. Cyclohexane was chosen as 

(a) (b) (c)

(d) (e) (f)

20 µm

20 µm

10 µm 1 µm

1 µm10 µm

Fig. 3. Optical microscopy micrographs of PSS (a) and P(SSS-VA) particles (d); SEM micrographs of PSS particles (b, c) 
and P(SSS-VA) copolymer particles (e, f).
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Fig. 2. Particle size distribution for PSS particles (a) and P(SSS-VA) copolymer (b).
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the dispersion medium. The stability of the resulting emulsion 
is important in the reaction. Therefore, Span 80 and Tween 
80 emulsifiers were chosen as the emulsifying system. Span 
80 has a low hydrophilic-lipophilic balance (HLB) value 
(4.3), which effectively stabilizes the monomer droplets 
in the oil phase. The auxiliary emulsifier Tween 80 with 
a HLB value of 15 provided uniform distribution of polar 
substances in the aqueous phase and improved the stability 
of emulsions by reducing droplet coalescence. In addition, 
the hydrophobic tails of these emulsifiers are identical and 
the hydrophilic head differs greatly in size (Fig. 1), resulting 
in maximum synergistic effect [23]. In addition, according to 
the study [24], the most effective stabilization of emulsions 
is observed when emulsifiers are introduced into different 
phases (lipophilic – into oil phase, hydrophilic – into water 
phase). In this case, after mixing the phases, there is no 
diffusion of surfactant (surfactant) into the aqueous phase, on 
the contrary, surfactant molecules are immediately oriented 
at the interface in the desired direction, which provides the 
formation of a denser layer at the interface. Therefore, in this 
work, surfactants were introduced into different phases and 
after mixing were kept for 30 min to establish equilibrium.

The emulsions formed were white colored colloidal 
systems. After equilibrium was established, the temperature 
was increased to 70°C to start the reaction polymerization. 
After two hours of the reaction, a sharp increase in the 
viscosity of the system was observed, which is probably due 
to the high content of the polymer swollen in water relative 
to the volume of the aqueous phase. The synthesis resulted 
in the formation of hydrogel spherical microspheres with 
a diameter of 1–5 μm in the swollen state (Fig. 2), as 
evidenced by optical microscopy photographs (Fig. 3a, d). 
The introduction of vinyl acetate promoted the formation 
of particles with a narrower particle size distribution, 
which may be due to a slight increase in the amount of 
emulsifiers in the system, dependent on the mass of the 
introduced co-monomers. In addition, the synthesized 
microspheres had a large specific surface area, the value of 

specific surface area for PSS and P(SSS-VA) microspheres 
was 2.09 and 2.23 m2/g, respectively. However, it is worth 
noting that this size of microspheres is not suitable for all 
drug delivery routes. It is known that when polystyrene 
sulfonate particles are used orally, particles smaller than 
5 μm can be absorbed through the mucosa and deposited 
in the tissues of the mononuclear phagocyte system.

The size and shape of polymer particles based on PSS and 
copolymer P(SSS-VA) were also investigated by scanning 
electron microscopy. It can be seen from the photographs 
that all particles have a spherical shape. At the same time, the 
size of particles in SEM (dry form) and optical microscopy 
(swollen form) photographs are different, which confirms 
their gel-like structure. In addition, the swelling degree of 
the particles based on cross-linked PSS and P(SSS-VA) 
copolymer, were ~20% and 95%, respectively. The swelling 
degree of P(SSS-VA) is higher compared to that of PSS 
despite the fact that the MBA content in the conditions 
for synthesizing P(SSS-VA) microspheres is higher by 
10 wt%. The introduction of VA may have affected the 
phase homogeneity at the water–cyclohexane interface, 
which affected how the MBA was arranged in the polymer 
mesh structure. The IR spectroscopy results (Fig. 4) showed 
that the vinyl groups of MBA were present in the polymer 
structure and were not involved in the polymerization 
reaction. Taking this into account, it can be assumed that 
the crosslinking agent is incorporated into the polymer 
chain by only one vinyl group.

FTIR spectroscopy

The chemical composition of the obtained particles 
was analyzed by FTIR spectroscopy of disturbed total 
internal reflection. The obtained FTIR spectra for the 
samples of PSS and copolymer P(SSS-VA) are presented in 
Fig. 4. The polystyrene sulfonate structure in the particles 
is indicated by the transmission bands at 673 cm–1, which 
corresponds to C–S and C–H bonds in the sulfonate group 
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Fig. 4. FTIR spectra of SSS-Na (green), MBA (blue)  
and synthesized particles PSS (red) and P(SSS-VA) 
(black).
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attached to the aromatic ring. The valence asymmetric 
vibrations at 1,179 cm–1 and valence symmetric vibrations 
at 1,033 cm–1 also indicate the presence of the group SO3

−,  
substituted in the para-position in the structure, which 
is confirmed by the planar vibrations at 1,122 cm–1 and 
1,007 cm–1. The transmission bands at 836 cm–1 and 
772 cm–1 correspond to δ(C–H) deformation vibrations 
of the aromatic ring. The bandwidth at 1,651 cm–1 is much 
broader relative to the starting monomers. This may be 
due to the simultaneous overlap of the ν(С=С) valence 
vibrations of the aromatic ring of PSS and the ν(C–O) 
valence vibrations belonging to the MBA structure with 
the ν(С=С) valence vibrations of the vinyl group of MBA 
(bandwidth at 1,620 cm–1). The content of MBA particles 
is also indicated by a band at 1,521 cm–1 corresponding to 
δ(N–H) strain vibrations [25]. However, the IR spectra 
of P(SSS-VA) particles lack the characteristic transmission 
bands at 1,018 cm–1, 1,206 cm–1 and 1,755 cm–1 
corresponding to C–O, O–C=O and С=О vibrations in 
the VA structure. This may indicate that the vinyl acetate 
content in the copolymer structure is below the sensitivity 
threshold of the method.

Sulfonate group content

The content of sulfonate groups in the synthesized 
microspheres was studied by 2 methods: conductometric 

titration and measurement of ion exchange capacity. 
As can be seen from Fig. 5, the results for the two 
methods are very different. The hydrogel/solvent-
permeable structure of the microspheres contributed to 
the fact that sulfonate groups located both on the surface 
and in the entire volume of the particles participated in 
ion exchange. Probably due to diffusion limitations, 
only sulfonate groups localized in the surface layer of 
the microspheres could be titrated by conductometric 
titration. Whereas the measurement of ion exchange 
capacity implied a prolonged incubation of particles in 
aqueous solutions of HCl and NaOH, which made it 
possible to exclude diffusion limitations and measure 
the total content of sulfonate groups available for ion 
exchange. The introduction of VA into the composition of 
microspheres led to a decrease in the content of sulfonate 
groups by 33 and 24% for conductometric titration and 
measurement of ion exchange capacity, respectively, which 
can serve as an indirect confirmation of the presence of 
VA in the copolymer structure.

Adsorption of fuchsin and methylene blue

Two drugs were chosen to study the sorption properties 
of the synthesized microspheres: methylene blue (MB) 
and fuchsin. Methylene blue is a multifunctional drug with 
antimicrobial properties and is used for the treatment of 
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urinary tract diseases, methemoglobinemia, and as a dye 
in various medical manipulations. Fuchsin also exhibits 
antimicrobial properties and can be used as an antiseptic 
for the treatment of wounds and other surfaces. These 
compounds were chosen as model samples because of 
their positively charged cationic structure, which is able 
to interact with the sulfonate groups in the structure of 
the synthesized microspheres. The interaction of MB and 
fuchsin with the particles was carried out due to ion–ion 
interaction (Fig. 6), as well as due to other types of bonding 
(hydrogen, π–π interaction, etc.).

The sorption properties of the synthesized particles 
with respect to MB and fuchsin were studied by 
spectrophotometry. Fig. 7 shows the adsorption 
isotherms of fuchsin and MB from aqueous solutions 
onto the synthesized PSS microspheres and copolymer 
P(SSS-VA). The figure shows that all isotherms belong to 
class L according to the Charles Giles classification. They 
are characterized by an increase in adsorption with rising 
equilibrium concentration of adsorbate and its gradual 

approach to the maximum value of sorption capacity. 
According to the data obtained, the maximum values of 
fuchsin sorption after 2 hours are 3.3 and 2.3 mmol/g 
for PSS and P(SSS-VA), respectively. For MB, the 
maximum sorption capacity after 2 hours was 2.7 and 
2.5 mmol/g for PSS and P(SSS-VA), respectively. It is 
worth noting that the obtained values exceed the content 
of sulfonate groups available for ion–ion interaction. 
In this connection, it can be assumed that multilayer 
adsorption of fuchsin and MB onto the synthesized 
particles occurs.

The adsorbent-adsorbate interactions were 
investigated by analyzing the linear adsorption isotherms 
using the Langmuir (equation (1)) and Freundlich 
(equation (2)) models. The linear correlations of the 
Langmuir and Freundlich isotherms are shown in Fig. 8. 
The calculated constants corresponding to each model, 
as well as the coefficient of determination, showing the 
convergence of theoretical and experimental data, are 
presented in Table 2.

Fig. 7. Adsorption isotherms of fuchsin (a) and methylene blue (b) on the synthesized microspheres.
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Table 2. Main parameters of models of fuchsin and MB adsorption isotherms on PSS and P(SSS-VA) microspheres

Model Model parameters
Fuchsin Methylene blue

PSS P(SSS-VA) PSS P(SSS-VA)

Langmuir

qexp,
mmol/g 3.3 2.3 2.7 2.5

qmax theor, mmol/g 5.2 4.6 10.1 7.6
KL∙10–3 0.83 0.78 0.29 0.41

RL (at 0.25) 0.83 0.84 0.93 0.91
R2 0.83 0.86 0.64 0.63

Freundlich

1/n 0.86 0.81 0.91 0.88
KF, mmol/g 2.48 2.02 2.33 1.09

R2 0.97 0.95 0.98 0.97
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The Langmuir model implies the formation of 
a monolayer of adsorbate molecules due to their 
adsorption on a homogeneous solid surface containing 
a finite number of active centers with equal energy. The 
Freundlich model describes multilayer adsorption of 
adsorbate on a homogeneous solid surface with active 
centers having different adsorption energies. The obtained 
coefficients of determination for the Langmuir model 
showed low values (0.63–0.86) for all investigated 
microspheres for both adsorption towards fuchsin 
and MB. This indicates the low applicability of this 
theory to the processes occurring during adsorption. 
The Freundlich model (R2 = 0.95–0.98) was found 
to be the best fitting model for all microspheres. This 
indicates the formation of several layers of fuchsin and 
MB molecules both on the surface and in the volume of 
the polymer microspheres. In addition, in the Freundlich 
model, the parameter 1/n is a power-law parameter and 
shows the nature of adsorption proceeding. At 1/n = 1, 
the distribution of adsorbed molecules between the two 
phases is independent of concentration; at 1/n equal 

to 0, adsorption is irreversible; at 1/n < 1 adsorption 
is favorable, and at 1/n > 1 adsorption is unfavorable. 
For this work, the 1/n was in the range of 0.81–0.91 in 
all cases, indicating favorable adsorption of fuchsin and 
MB onto the synthesized particles.

Taking into account the use of the Freundlich 
multilayer adsorption model and the increased value of 
the maximum sorption capacity relative to the content 
of sulfonate groups in the synthesized microspheres, it 
can be assumed that the adsorption of fuchsin and MB 
occurs not only due to ion–ion interaction. It is possible 
that other interactions, such as hydrogen bonds [26] or 
π–π stacking between the aromatic rings of DS and the 
aromatic ring in the PSS structure, are also important 
in adsorption. In addition, it is known that MB is prone 
to self-association and formation of dimers and trimers 
[27], so it can be assumed that not only monomeric MB 
molecules, but also dimers and trimers are involved in 
adsorption, which may be the reason for such a high 
sorption capacity.
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CONCLUSION

Cross-linked polystyrene sulfonate microspheres were 
synthesized by reverse emulsion polymerization with 
and without the use of VA monomer. It was shown that 
this method formed microspheres with a high content 
of sulfonate groups, which were localized both in the 
surface layer and in the volume of the microspheres. 
Such localization of sulfonate groups inf luences the 
sorption properties of microspheres with respect to 
model cationic chromophores – fuchsin and methylene 
blue. The obtained polyelectrolyte microspheres possess 
developed specific surface area, which was confirmed 
by BET method. The obtained results indicate that the 
polyelectrolyte microspheres obtained are promising for 
their further study as carriers of hydrocarbons.
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Abstract. The stabilization of bulk nanobubbles is considered with the balance of the Laplace pressure at 
their boundary due to surface tension and electrostatic pressure due to Coulomb forces. The presence of 
a hydrate layer of thickness ~1 nm with a tangential orientation of water dipoles around it is taken into 
account, the low permittivity of which, approximately equal to 3, increases the pressure at the nanobubble 
boundary. The sizes and charge of a stable nanobubble are determined. It is shown that in salt water, 
the hydration layer, regardless of the charge of the nanobubble, increases the pressure at its boundary by 
almost 30 times, and in fresh water – several times less. 
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INTRODUCTION

Interest in bulk nanobubbles (BNBs) in water is 
associated with the prospects of their application in 
various fields [1–30]. A distinction is made between 
surface nanobubbles (SNBs) and bulk nanobubbles 
(BNBs). The main difference between them is that the 
former is stationary and the latter is mobile. Nanobubble 
technologies are widely demanded to address climate 
change, environmental protection, cost and energy 
reduction in industrial processes such as f lotation, 
aeration and ozonation, which can remove pollutants 
and color, disinfect water and oxidize organic pollutants. 
Also, BNBs are used to solve problems in ecology, 
agriculture, in medicine/biomedical, in optimizing 
therapeutic and diagnostic methods and other fields 
due to their small size, large specific surface area, long 
residence time in water, high mass transfer capacity, and 
high zeta potential [3]. The use of BNBs in the treatment 
of commercial and domestic wastewater instead of the 
previously used biological approaches reduces energy 
costs, increases efficiency, and eliminates expensive 
chemicals and multi-stage treatment [6]. Therefore, the 
study of the properties of BNBs, including their stability, 
is relevant, which explains the wide discussion of this 
issue in the literature.

Atomic force microscopy experiments for the detection 
of SNPs can be considered as already proven, but the 

existence of BNBs, which are attempted to be proven 
by dynamic light scattering techniques [1], is still open 
to debate; however, there are strong indications for 
their existence [19]. BNBs are generated using solvent 
replacement, temperature change, hydrodynamic 
cavitation, and electrolysis [4].

For practical application, BNBs should be stable, 
i.e., have long lifetimes. The stability mechanism 
has been widely discussed in the literature [21–24]. 
In the hydrodynamic approach, taking into account 
the possible coalescence of neighboring BNBs, it was 
found that gases dissolved in the electrolyte inhibit the 
coalescence of BNBs, taking into account the reduction 
of the force of attraction between them. Similarly, but 
to a lesser extent, the surface tension gradient at bubble 
fusion (Gibbs–Marangoni effect) has an effect [21, 22]. 
The inf luence of ion hydration has also been noted 
[23]. The electrostatic approach is more widespread 
[1, 2, 5, 7, 8, 10, 11,1 3,1 6, 17, 20, 24–31], in which 
it is usually assumed that the stability of the BNB is 
ensured by the fact that the Coulomb pressure P0 and 
the Laplace pressure PL acting on the boundary of the 
BNB balance each other. The gas pressure inside the 
BNB is not taken into account, since it is by orders of 
magnitude smaller than the pressures РС and PL in the 
whole range of BNB sizes. It is clear that the stability 
of BNBs has a thermodynamic character and cannot 
be considered in isolation from their homogeneous 
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generation, f ission, and coalescence. In [28], the 
regions of charge and radius values where BNBs are 
stable, coalesce and fission were determined. In [29] 
the thermodynamic analysis of their homogeneous 
generation BNBs in supersaturated aqueous solution 
was carried out, the minimum work of formation and 
the radius of critical nuclei were calculated, and the 
conditions of BNBs stability were derived. It was shown 
in [30] that homogeneous generation of BNBs is due to 
the minimization of the Gibbs energy of the gas-liquid 
disperse system. Note that the model of a single charged 
bubble in a homogeneous liquid dielectric was usually 
used, which was refined in [31] by the hypothesis of 
the presence of a hydrate shell of BNB with a thickness 
Δ~1 nm and relative permittivity (RP) of water ɛ = 3 
with a tangent orientation of dipoles. This was explained 
by the conservation of hydrogen bonding energy of water 
dipoles in the “tangential” shell structure compared 
to the energy of their polarization orientation in the 
previously assumed “radial” structure. The basis for 
this hypothesis was the known results of the molecular 
dynamics method [34] where it is said that molecules 
tend to keep the maximum number of hydrogen bonds, 
“packing forces” create a dense layer in contact with the 
surface. The directions of dipole moments p are aligned 
in the near-surface layer in the tangential direction. 
Moreover, the orientation of the dipole polarization 
vector is determined by hydrogen bonding rather than 
the electric f ield. In addition, scanning dielectric 
microscopy of the local water capacitance between 
atomically f lat walls [32] revealed an interfacial Δ‑layer 
(Δ~1 nm, ɛ = 3) near the charged electrode. It is known 
from [33] that near the interface, water is ordered in 
layers extending several molecular diameters from the 
interface. It was also shown in [35] that water exhibits 
a clear layered structure near all surfaces, regardless of 
their hydrophilicity within Δ ≈ 1 nm from the electrode. 
Since the law of energy conservation is universal and 
does not depend on the shape of the surface near 
which it is realized, its effect at extended charged 
surfaces [32–35] can be fairly applied to the spherical 
BNBs surface [31]. Probably, an indirect experimental 
confirmation of the presence of an electrically “dead” 
shell of the BNBs can be considered as their increased 
stability. The calculations in [36] of the van der Waals 
forces at the registered stable bubbles lead to the 
conclusion about the peculiarity of interfacial properties 
at the BNB boundary, which also serves as an indirect 
support of the conclusion [31] about the presence of the 
BNB hydrate shell. The refined model was used in [37] 
in analyzing the characteristics of stable BNB, where 
the conditions for the existence of its Stern layer were 
found. In [38], an increase in stability is reported due 
to the reduction of the BNB capacitance by the Δ-layer.

As noted above, BNB stability is usually considered 
to be ensured by the balance of Coulomb pressure at 
the BNB boundary (hereinafter referred to as BNB 
pressure):
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and Laplace pressure:

	 P r rL( ) /0 02� � , 	  (2)

where r0  and q0  are the radius and charge of BNB, 

respectively; ε0
128 85 10= ⋅ −.

F
m  is the dielectric constant  

of vacuum; α  = 0.072 N/m is the surface tension 
coefficient of water.

1. PROBLEM STATEMENT

Note that formula (1) is valid for a homogeneous 
dielectric medium. However, as noted above, a hydrate 
∆-layer (� � 1 nm, �1 3� ) of polar water molecules with 
a tangent orientation of the polarization vector is formed 
at the boundary of the BNB. Outside the ∆-layer, the RP 
of water returns to the usual value of �2 80�  (Fig. 1). 
Therefore, let us refine the formula (1) taking into account 
the influence of the hydrate ∆-layer and the concentration 
of dissolved c salts.

2. ANALYZING THE STRUCTURE 
OF NANOBUBBLES IN WATER

A spherical system with a double-layer dielectric is 
similar to two capacitors of capacitance С1 and С2 [39].  
For the BNB with radius r0, the inner capacitor has the 
shell radii r0 and r0+∆, RP �1 3� , and the outer capacitor 
parameters are (r0+∆), (r0+ ∆+L) and RP �2 80� , where:  

L k T e N c� � �0 2
22B A/  – Debye length, m; kB = 1.38. 

.10–23 J/K is the Boltzmann constant; NA =6.1023 mol–1 is 
Avogadro’s number; T =293 К is the temperature, c is the 
concentration of the salt solution, mol/m3; e = 1.6.10–19 C 
is the elementary charge.
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Fig. 1. Structure of the shell of the bulk nanobubble.
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total capacitance is determined by the well-known 
formula:
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Let’s determine the electrostatic pressure of the BNB 
P rC ( )0  in a liquid dielectric (ε2 = 80) without ∆-layer and 
the pressure P r( )0  for the BNB with ∆-layer. The energy 
of each of the BNB variants is U = q0

2/2C. The pressure 
for the BNB at ∆ = 0 is [40]:
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where the capacitance C r r L� �4 10 2 0 0�� � ( / )   . Similarly, 
taking into account (3), we find for BNB with ∆-layer:
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which refines (1) taking into account the Debye length L and 
∆-layer. As one would expect, formulas (4) and (5) at ∆ = 0, 
L� � come to the form (1). Note that the Debye length  
L = 9.6 nm in pure water and L = 0.96 nm in salt water.

Fig. 2 shows the dependences of pressure Pi(r0) on 
the BNB radius according to formulas (4) and (5) in 
pure (c = 1 mol/m3) and salt (c = 100 mol/m3) water, as 
well as the Laplace pressure PL(r0), where the pressure 
index Pi(r0) corresponds to the number of the curve in 
the graph of Fig. 2. The increase in Coulomb pressure 
due to ∆  -layer of BNB can be seen, which increases its 
stability and is particularly strong in salt water. Note that 
when Pi(r0)>PL(r0), it is the charge that makes the BNB 
stable, especially in its smaller size region. This points to 
erroneous conclusion [41] about the unattainability of 
BNB stability by fulfilling the condition P(r0) = PL(r0).

Let us compare the effectiveness of the influence of 
∆-layer in salt and pure water by determining the pressure 
ratio k0(r0)=P4(r0)/P2(r0) in pure and kс(r0)=P3(r0)/P1(r0) 
in salt water for BNB with and without ∆-layer, which 
is shown in Fig. 3.

Let us analyze the obtained results. The increase in 
pressure P(r0) at the BNB with ∆-layer is due to the fact 
that the capacitance C(r0) of the series connected capacitors 
С1 and С2 is determined by the smallest of these values – the 
capacitance С1 of the BNB ∆-layer, taking into account 
� �1 2��  . This, according to (5), increases P(r0). It can also 
be seen in Fig. 2 that as the radius of the BNB increases, 
its pressure P(r0) becomes lower than the Laplace pressure 
PL(r0), since PL(r0)/P(r0) ~ r0

3, subject to (1), (2). In addition, 
the size of the stable BNB due to ∆-layer increases with 
increasing its radius, but decreases with increasing salinity 
of c solution. This can be explained by the decrease in the 
Debye length L and the capacity of the BNB, considering 
(5). It can also be seen that ∆-layer weakens the effect of 
salinity on pressure and on BNB stability. This is due to the 
fact that the influence of the capacitance С2 is suppressed by 
the first summand in square brackets (5), which is relatively 
large for the above reason � �1 2�� .

Fig. 3 shows that in salt water ∆-layer increases 
the pressure of BNB almost 30 times, and in fresh 
water – from 10 to 4 times in the range of BNB sizes of 
5–100 nm. This is also explained by the competition of the 
above-mentioned summands of formula (5). Moreover, 
in salt water, the summand dependent on L is so small 
that its change almost does not affect the value of kc(r0), 
in contrast to the dependence of k0(r0) in pure water. It is 

0 10 20 30r0, nm
106

107

108
P, Pa

1 2

3

4

5

Fig. 2. Plots of dependence of pressures Pi(r0) at the 
nanobubble boundary (q0 = 4.10–16 C) as a function of 
its radius: curves 1, 2 – pressures P1(r0) and P2(r0) for 
BNB without ∆-layer in salt (с  = 100 mol/m3) and 
pure (с  = 1 mol/m3), water, respectively; curves 3, 
4 – pressures P3(r0) and P4(r0), for BNB with ∆-layer in 
salt (с = 100 mol/m3) and pure (с = 1 mol/m3) water, 
respectively; curve 5 – Laplace pressure P5(r0) = PL(r0) 
according to formula (2).



	 STABILIZATION OF BULK NANOBUBBLES WITH A HYDRATE LAYER � 35

COLLOID JOURNAL Vol. 87 No. 1 2025

also important to note that the plots of Fig. 2 depend on 
the value of the BNB charge q0, while the plots of Fig. 3 
do not, since q0 is a factor in expressions (4) and (5).

CONCLUSION

—  The stability of the BNB is provided by ∆-layer 
with an RP of ε1 = 3;

—  the multiplicity of BNB pressure rise due to ∆-layer 
is independent of its charge;

—  the BNB pressure due to salinity drops markedly for 
BNB without ∆-layer and slightly for BNB with ∆-layer.
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INTRODUCTION

At present, there are no generally accepted views 
on the problem of non-Newtonian flow. Types of flow 
in suspensions, emulsions, micellar solutions, polymer 
solutions and melts are considered separately. Many local 
models and rheological equations have been proposed for 
each type of these structured systems [1–4].

Two main classes of rheological models can be 
distinguished, which consider f luid media either as 
homogeneous, homogeneous, or as heterogeneous, 
possessing some structure. In the first case, the methods 
of theoretical rheology based on continuum mechanics 
are used. Some physical justification of such rheological 
models is provided by mechanical models composed 
of springs, dampers, dry friction elements (Maxwell, 
Kelvin–Voigt, etc.).

In the second case, models describing aggregates of 
particles or associations of macromolecules that move in 
a viscous medium are used. The hydrodynamic approach 
is based on the laws of flow of particles and aggregates with 
viscous fluid and on the consideration of hydrodynamic forces 
that break the aggregates. The kinetic approach is based on 
kinetic equations describing the processes of formation and 
destruction of particle aggregates in shear flow.

The current state of the problem of non-Newtonian 
flow is described in various monographs, e.g., [5–7]. 

We have proposed a structural rheological model [8, 9] 
that allows us to describe the rheological behavior of 
various disperse and polymeric systems under steady-state 
and oscillatory flow.

The model is obtained by modifying and combining 
the well-known models of Casson [10] and Cross [11] 
(see Appendix 1).

In this paper, rheological equations derived from a 
unified structural approach will be fully summarized for 
both steady-state and oscillatory flow. These rheological 
equations are suitable for describing both viscous and 
elastic properties. As an example of using the rheological 
equations of the structural model, we have approximated 
the flow curves of some disperse systems.

STRUCTURED LIQUIDS

The structural rheological model describes shear flow 
of structured systems under equilibrium flow conditions. 
Such flow, the characteristics of which do not depend 
on time, is called steady-state or stationary f low. 
The structure of a system is the organization of particles 
by means of physical or chemical bonds into a unified 
whole. Concentrated suspensions, emulsions, micellar 
solutions, polymer solutions and melts, liquid crystals 
can be called structured liquids because they have some 
structure and shear flow.
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In concentrated suspensions, particles combine into 
aggregates during collisions. In the process of shear 
flow, an individual aggregate moves for some time as 
a whole, i.e. as an independent flow unit. Aggregates 
are capable of disintegrating spontaneously, e.g. due to 
thermal motion, or forced, e.g. due to hydrodynamic 
breaking forces. Under certain conditions, particles 
form aggregates during collisions in shear flow (shear 
induced structure).

Aggregates and individual particles are elements of 
the structure. If a unit volume contains N  particles, we 
denote the number of aggregated particles (included 
in all aggregates) as N2, and the number of individual 
particles as N1. In this way we can introduce an integral 
characteristic of a structured system, assuming that with 
increasing N2 both the number of aggregates and their 
sizes increase.

In polymer melts and solutions, the role of particles 
is played by macromolecules, and the role of contacts 
is played by entanglements between macromolecules 
or direct interaction of chemical groups of neighboring 
macromolecules.

EQUATIONS OF THE STRUCTURAL 
RHEOLOGICAL MODEL

We can conditionally divide the full interval of shear 
velocities γ  and the full interval of shear oscillation 
frequencies ω into four parts. In each separate interval 
there is a special structural state to which a certain 
f low regime corresponds. Measured rheological 
quantities: shear stress � �( ) , first normal stress difference 
N1( )γ , loss modulus ��G ( )� , accumulation modulus  
�G ( )� .

Here we briefly review the existing flow regimes, which 
are described in more detail in [9, 12–16]. Rheological 
curves � �( ) , N1( )γ , ��G ( )� , �G ( )�  can be conditionally 
divided into the following sections: low (II), high (III), 
very low (I), very high (IV) shear rates or oscillation 
frequencies.

Based on hydrodynamic considerations, a generalized 
flow equation [8, 9] was derived for the high shear rate 
interval (III) in the form:

	 τ
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The shear viscosity can be written in the following form
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The physical meaning of the coefficients χ, τс
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1 2/  is described in [8, 9], their values, in accordance 

with the hydrodynamic approach of Casson, have the 
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The coeff icient χ ref lects the compactness or 
friability of the aggregates and is zero if a continuous 
mesh of particles is formed. 

Taking into account the presence of square roots 
in equation (2), let us write the equation for shear 
viscosity, according to the kinetic approach of Cross: 

	 � �1 2 1 2
2� �� BN ,	 (3)

where the coefficient ��
1 2/  describes the viscosity of all 

individual single particles, B is some positive constant 
independent of the shear rate. 

Using the kinetic approach, let us write down the 
kinetic equation of formation and destruction of particle 
aggregates:

	 dN
dt

k N k N k N k N
� � � � � � � � � � �2

2 0 2 1
1 2

2 3
1 2

1� � � �� �/ / .	 (4)

Equation (4) contains the following coefficients: 
k2 – rate constant of aggregate formation at particle 
collisions; k0 – rate constant of spontaneous destruction 
of aggregates, for example, as a result of thermal motion; 
k1 – rate constant of aggregate destruction under the 
action of tensile hydrodynamic forces, k3 – rate constant 
of formation of particle aggregates from single particles 
under the action of shear. This kinetic equation does not 
consider the interaction of aggregates of different sizes 
with each other, nor does it introduce a specific form of 
aggregate as a duplex as, for example, in [17]. The integral 
characteristics of the system, namely the total number 
of aggregated particles and the total number of particles 
in a unit volume, are used to describe the process of 
destruction/aggregate formation. A comparison of the 
proposed kinetic equation with other similar equations 
reviewed in [18] is given in Appendix 1.

At the interval of high shear rates (III), shear-induced 
contact failure occurs, which leads to a decrease in the 
number of aggregated particles N2 under the condition 
(k1 0> , k3 0= ). The equation of state under equilibrium 
conditions dN dt

2 0=  takes the form:

	
�
�

�
� � �

N

N

k

k k
2 2

1
1 2

0

�
�� /

.	 (5)

Substituting (5) into (3) we obtain a rheological 
equation similar to the generalized flow equation in the 
form (2):

	 �
�

�1 2 2 1
1 2

0 1

1 2/
/

//

/
�

�
� �

BNk k

k k

�� �

� � � .	 (6)
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Thus, the coefficients of the generalized f low 
equation (1) or (2) can be expressed through the rate 
constants of the kinetic equation (4): �с

1 2
2 1

/ /� BNk k  , 
� �  k k0 1/ , η η∞ =1 2 1 2/ /

с .
At interval (III), the shear viscosity decreases 

naturally with increasing shear rate, with the value 
of the structural viscosity τ χс

1 2/ /  or the value of the 
aggregation coefficient τс

1 2/  being much larger than the 
value of the coefficient ηс

1 2/ . 
If shear results in strong contacts between particles 

under the condition (k1 0> , k3 0> ), it is necessary to 
use equations (3) and (4) containing all four positive 
coefficients. Then one can obtain [9] an approximate 
expression for shear viscosity under the condition 

γ   > 


 

k

k k
0

3 1

2

�
�

�
�

�

�
� :

	 � �
�

1 2 1 2 3

3 1

0 2

3 1
1 2

/ /
/

( )

( )
� �

�
�

�
�

�

�
� �

�

�
� BN

k

k k
BN

k k

k k
�
�
� �

�
� �
� � �

.	 (7)

Hence the rheological equation of the form

	 τ η γ τ1 2 1 2 1 2 1 2/ / / /= −сv cv ,	 (8)
whose coefficients are equal to:

 η ηcv
1 2 1 2

3 3 1
/ / /( )= + +∞ BNk k k   ;

τcv
1 2

0 2 3 1
/ ( ) / ( )= − +BN k k k k     .

The coefficient τcv
1 2/  is positive if  k k0 2> , and 

negative if  k k0 2< . Therefore, three types of rheological 
behavior are possible in the interval (II). In the first 
case, the viscosity increases with increasing shear rate 
(shear solidification phenomenon). In the second case, 
the viscosity decreases with increasing shear rate, with 
the coefficient τcv

1 2/  being less than or comparable in 
magnitude to the coefficient ηсv

1 2/ . In the third case, 
the coefficient τcv

1 2/  is close to zero under the condition 
 k k0 2≈ , then the rheological behavior is similar to 
“Newtonian” flow with an almost constant value of 
shear viscosity ηсv .

In the interval (IV) of very high shear rates, 
a  significant decrease in shear stress τ is observed 
compared to the values calculated from equation (1). 
The value of τ decreases with increasing γ  or remains 
constant over a large range of shear rates. This 
phenomenon is referred to as flow “stall”; it is possibly 
related to shear delamination of the sample or to a 
change in the flow velocity profile. In the interval (I) of 
very low shear rates, flow with constant shear viscosity 
is observed, possibly because the shear magnitude is 
not large enough to break existing particle aggregates 
or to create new strong contacts. Thus, the structure of 
the system remains constant. This “Newtonian” flow 
regime is usually observed at low velocities. 

Separation of f low curves into separate intervals 
with different f low regimes can be done using root 

coordinates ( )/ /� �1 2 1 2�  , where rectilinear dependencies 
are clearly visible ( ~ )/ /� �1 2 1 2

 . Each section has 
a separate f low regime with its own values of the 
coefficients of the rheological equation. Therefore, it is 
impossible to describe the entire range of measurements 
with one rheological equation.

Note that individual particles can be solids, droplets, 
micelles, macromolecules. The role of aggregates 
of particles can be played by groupings of micelles, 
associations of macromolecules linked by entanglements.

The reasoning presented above can be applied to 
explain the elastic properties of matter under equilibrium 
shear flow. The elastic behavior at steady-state flow 
is described by the f irst normal stress difference 
N1 11 22= −τ τ . Let us introduce an expression for 
shear elasticity of the form � �ST � N1 /  . Let us write 
the equation for shear elasticity in the form:

	 ηST
1 2

2
/ = +∞n BN .	 (9)

If there are no aggregates, the shear elasticity is 
provided only by the elasticity of individual particles, 
i.e. it is related to the coefficient n∞.

Let us assume that the number of particles forming 
“elastic” aggregates is equal to N2. Let us write the 
kinetic equation of destruction and formation of 
“elastic” aggregates in the form similar to (4):

	 dN
dt

k N k N k N k N
� � � � � � �2

2 0 2 1
1 2

2 3
1 2

1� � � �� �/ / .	 (10)

The meaning of the rate constants remains the 
same, but their magnitude changes. Similar previous 
considerations lead to the rheological equation for the 
interval (III) of high velocities:

	 N
n

n1
1 2

1 2
1 2 1 2/

/
/ /�

�
� �

ST

ST

 

� �
� � , 	 (11)

where �ST �k k0 1/ ; n B N k kST = 

2 1/ .
For the interval (II) of low shear rates, we obtain the 

equation:
	 N n N1

1 2
0

1 2
1
1 2/ / /� �� � ,	 (12)

where 
n n BN

k
k k

N BN k k k k0
3

3 1
1
1 2

0 2 3 1= +
+

= − +∞
 ; ( ) / ( )./∆

The coefficient ∆N1
1 2/  is positive if k k0 2> , and 

negative if k k0 2< .
At the interval of very high shear rates, no anomalies 

similar to “stall” were observed on the curves N1 ( )γ , 
considered by us [16].

In the interval (I) of very low shear rates, a power-law 
dependence of the following form is observed 

	 N n1 00� �n, 	 (13)
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where n ≈ 2. This kind of dependence does not follow 
from the mechanism of formation/destruction of particle 
aggregates. The structure of the system should probably 
be considered unchanged over the interval (I), and the 
elastic response should be attributed to the reaction of 
the entire system of bound particles. It is important to 
note that the boundaries of the flow regimes found for 
the dependence � �( )  and for the dependence N1( )γ  in the 
same structured fluid do not coincide completely.

We consider oscillating shear flow [9] as a type of 
shear f low whose magnitude and direction change 
according to a harmonic law. The amplitude of the 
shear velocity ( )� �0  is some analog of the shear velocity 
γ: γ ω= kDIS , where kDIS  is the displacement factor. 
The model describing the dynamic moduli ��G ( )�  and 
�G ( )� , is completely analogous to the model developed 

for steady-state f low [9]. The rheological equation 
describing viscous properties for the high frequency 
interval (III) has the following form:

	 �� �
�

� �
� ��G

g1 2
1 2

1 2
1 2 1 2/

/

/
/ /�

� �
� � .	 (14)

The aggregation coefficient ′g  indicates the degree of 
particle aggregation or the strength of macromolecule 
entanglements, the compactness coefficient ��  indicates 
the tendency to form loose aggregates of particles or 
associates of macromolecules, the ultimate viscosity 
coefficient ���

1 2/  describes the viscosity resulting from the 
streamline of individual particles or macromolecules. 
The values of the coefficients present in equation (14) 
are: � � � �� k k0 1/ ; � � � �g B N k k

2 1/ .
The rheological equation for the low frequency 

interval (II) is as follows:

	 �� � � � ��G g G1 2
0

1 2 1 2/ / /� � ,	 (15)

where � � � � � � � ��g BNk k k0
1 2

3 3 1� / /( ) ;
� �� � � � � � � �G BN k k k k1 2

0 2 3 1
/ ( ) / ( ) .

The coefficient � ��G 1 2/  is positive if � � �k k0 2, and 
negative if k k0 2< . If  k k0 2≈ , the rheological behavior 
is similar to “Newtonian” with a nearly constant value 
of dynamic viscosity �� .

Quite similarly, we obtain the equations describing 
the elastic properties:

	 � �
��

� ��
� ���G

g1 2
1 2

1 2
1 2 1 2/

/

/
/ /�

� �
� � ,	 (16)

where �� � �� ��� k k0 1/ ; �� � �� ��g B N k k

2 1/  and

	 � � �� � �G g G1 2
0

1 2 1 2/ / /� � ,	 (17)

where �� � �� � �� �� � ���g BNk k k0
1 2

3 3 1� / /( ) ;
� � � �� � �� �� � ��G BN k k k k1 2

0 2 3 1
/ ( ) / ( ) .

The coefficient � �G 1 2/  is positive if �� � ��k k0 2, and 
negative if �� � ��k k0 2. The physical meaning of these rate 
constants is the same as described earlier in the case of 
steady-state flow.

At very low frequencies on the interval (I) there is a 
power-law dependence 

	 � � ��G g1 2
00

2/ /�n ,	 (18)

where n ≈ 2. It can be assumed that at this frequency 
interval the structure of the system does not change 
with increasing frequency. Then the frequency 
dependence (18) is due to the response of the entire 
elastic entanglement mesh to the action of oscillating 
shear flow.

At the interval (IV), an anomalous decrease of the 
dynamical moduli ′′G  and ′G , is observed, and their 
value can even decrease with increasing frequency. We 
will call this phenomenon the “stall” of the oscillating 
flow or the “stall” of the moduli ′′G  and ′G .

Examples of analyzing the frequency dependences 
of the loss modulus ′′G  and accumulation modulus ′G  
from the viewpoint of the structural model are given in 
[13–15]. Here, some rheological curves obtained for 
steady-state flow of structured fluids of different nature 
will be shown and interpreted.

EXAMPLES OF STEADY-STATE 
FLOW REGIMES. VISCOSITY–
STRUCTURE RELATIONSHIP

In [19], the viscosity curve of polymer aqueous 
solution of polyethylene oxide (PEO) is given, 
which has a section (II) of shear solidification at low 
shear rates ( � �0 1.  s–1). The experimental data are 
shown in Table  2 (Appendix 2); the viscosity curve 
with approximation results is shown in Fig. 1. Shear 
solidification at low velocities was attempted by the 
authors [19] to be explained by a special intermolecular 
interaction. However, the uncharged, f lexible and 
hydrophilic PEO chains are hardly capable of strong 
intermolecular interaction, although the formation of 
dimers is quite possible.

Plot (II) in Fig. 1 corresponds to the equilibrium 
f low, during which the processes of entanglement 
formation and destruction due to shear occur, but 
the formation process prevails (k1 0> , k3 0> ,  k k0 2> ). 
Plot (III) corresponds to equilibrium flow, in which 
shear entanglement formation does not occur 
( k1 0> , k3 0= ) and the process of entanglement 
destruction predominates.

At plot (IV), there is an abnormal decrease in 
viscosity, which gradually approaches the dependence 
� �~ /1   (dashed line in Fig. 1). Such rheological 
behavior is called flow stall.

Fig.  2 shows the results of approximation by 
equations (1) and (8) in root coordinate plots.
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According to the structural rheological model [9], 
the coefficient ηс

1 2/ is the root of the minimum limiting 
viscosity, i.e., the viscosity of the non-aggregated 
system. This viscosity arises from the movement of 
individual macromolecules in aqueous solution and is 
quite small compared to the zero viscosity of a polymer 
solution with entanglements, which is described by the 
coefficient η1 2 0/ ( ).

The coefficients of equation (8) are equal:

	 � �cv
1 2 1 2

3 3 1
/ / /( )� � �� BNk k k   ,	 (19)

	 �cv
1 2

0 2 3 1
/ ( ) / ( )� � �BN k k k k     .	 (20)

It follows from equation (19) that ηcv
1 2/ >��

1 2/ ; the 
coefficient ηcv

1 2/ can be comparable in magnitude to the 
coefficient η1 2 0/ ( ). It follows from equation (20) that 
the value of τcv

1 2/  can be negative, positive and close to 
zero depending on the relationship between the rate 
constants k0 and k2. These conclusions are confirmed 
by comparing the magnitudes of the coefficients in 
Table 1.

In [20], the rheological behavior of aqueous micellar 
solutions was considered. The cationic compound 
cetyltrimethylammonium bromide (CTAB) was used 
as a surface active agent, and the organic salt sodium 
salicylate (NaSal) was used as an additive. In such systems, 
cylindrical or worm-like micelles are formed. Shear 
solidification in micellar solutions is attributed to the 
formation of shear induced structure (SIS).

The experimental data are shown in Table 3 
(Appendix 2), the viscosity curve with approximation 
results is shown in Fig. 3.

The graph (Fig. 3) shows three sections of the viscosity 
curve with three different flow regimes. At very low shear 
rates, the Newtonian flow regime is observed (plot I). 

Since the viscosity does not change, it can be assumed that 
the structure of the system also remains constant. Since 
the Newtonian viscosity ηN  is less than the maximum 
viscosity but greater than the minimum viscosity present 
in the plot, it can be assumed that the constant structure 
at very low velocities contains both individual micelles 
and small micelle associations. 

Fig. 4 shows the results of approximation by equations 
(1) and (8) in root coordinate plots.

The coefficients of the rheological equations are presented 
in Table 2. It can be seen that the value of ηс

1 2/  is much 
smaller than η1 2 0/ ( ); the value of η1 2 0/ ( ) is comparable 
to the value of ηсv

1 2/ . The value of τcv
1 2/  is positive, which 

indicates the predominance of the process of formation 
over the process of destruction of contacts between micelles.

Fig. 5 shows the viscosity curve for the emulsion of 
Newtonian oil in aqueous solution given in the book 
[7]. The experimental data are presented in Table 4 
(Appendix 2). The oil is a mixture of: tritolyl phosphate 

k3 = 0~
k k0 2>~ ~
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Fig. 1. Dependence of viscosity on shear rate in double  
logarithmic coordinates for aqueous solution of 
polyethylene oxide with a mass concentration of 2.5 %. 
Experimental data from [19].
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Fig. 2. Dependence of shear stress on shear rate in root coordinates for aqueous solution of polyethylene oxide with a mass 
concentration of 2.5%. a – on the full range of shear rates; b – on the range of low shear rates.
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(24 wt%) and dioctyl phthalate (76 wt%). The aqueous 
solution has a viscosity of 0.00265 Pa·s and contains 
20 wt. % of anionic surfactant. The ratio of the viscosity 
of the oil to the viscosity of the aqueous solution  
is 24.7.

Fig. 6 shows the results of approximation by equations 
(1) and (8) in root coordinate plots.

In Fig. 5. there are two flow regimes. Regime (II) 
corresponds to equilibrium f low, during which the 
processes of formation and destruction of contacts between 
drops due to shear occur, but the destruction process 
prevails (k1 0> , k3 0> ,  k k0 2< ). Therefore, the value 
of τcv

1 2/  is less than zero. Plot (III) corresponds to the 
equilibrium flow, in which no contacts are formed due 
to shear, but only the destruction of contacts takes place 
(k1 0> , k3 0= ).

The coefficients of the rheological equations are 
presented in Table 2. The value of ηс

1 2/  is much smaller 
than η1 2 0/ ( ); the value of η1 2 0/ ( )  is comparable to 
the value of ηcv

1 2/ . The value of τcv
1 2/  is negative, which 

indicates the predominance of the process of destruction 
over the process of formation of contacts between the 
droplets.

The considered examples show that “experimental 
windows” demonstrate different f low regimes in the 
study of different structured fluids. Difficulties in data 

interpretation can arise if the f low regimes are only 
partially represented in the plots. Therefore, it is important 
to perform measurements over as large an interval of shear 
rates as possible, as well as to choose a measurement time 
sufficient to reach the equilibrium flow state at each 
measurement.

It should be added that there is another structural 
approach to describe the viscosity of a structured fluid. 
The rheological model [21] describes the dependence of 
shear viscosity on the volume concentration �( )� , with 
each viscosity curve obtained for a constant shear rate [22]. 
In the model proposed by us, the coefficients (parameters) 
of the rheological equation of the form � �( )  depend on the 
concentration of the dispersed phase. The generalized flow 
equation is able to approximate the flow curves, which 
were previously described by the Herschel–Bulkley or 
Cross equations, for a variety of disperse systems, including 
polymer composites [23].

CONCLUSION

This paper presents the equations of the structural 
rheological model, which describe equilibrium steady-state 
and equilibrium oscillatory flow from a unified point of 
view. These equations are necessary and sufficient for 
analyzing rheological curves � �( ) , N1( )γ , ��G ( )� , �G ( )� . 
The equations provide an alternative to equations using 
the power law (Herschel–Bulkley, etc.) and equations 
based on mechanical models (spring, damper, dry friction 
element).

Four f low regimes are distinguished on the full 
interval of shear rates (or oscillation frequency). In 
the interval (I) the structure of the system is practically 
constant, which corresponds to the “Newtonian” 
behavior. In the interval (II) there is simultaneous 
formation and destruction of contacts between 
particles (entanglements between macromolecules), 
which is described by a rheological equation with two 
coefficients. If the formation process prevails, the shear 
viscosity η increases; if the destruction process prevails, 
the viscosity η decreases with increasing shear rate 
γ . The same applies to shear elasticity � �ST ( / )� N1  , 
dynamic viscosity ��  and dynamic elasticity ��� . In the 
interval (III), only shear-induced contact failure 

Table 1. Rheological characteristics of polymer solution, micellar solution, and emulsion: coefficients of rheological 
equations 1 and 8 (SI system)

Structured fluid τc
1 2/ ηc

1 2/ χ �1 2 0/ � � ηcv
1 2/ τcv

1 2/

Polyethylene oxide 
solution 5.29 0.364 0.362 14.98 11.62 0.288

CTAB/NaSal  
micellar solution 2.36 0.042 7.32 0.364 0.232 1.924

Oil emulsion in 
aqueous solution 5.35 0.306 0.676 8.211 2.30 –1.04

Fig. 3. Dependence of viscosity on shear rate in double 
logarithmic coordinates for CTAB/NaSal micellar 
solution with surfactant concentration CD(M) = 0.08. 
Experimental data from [20].
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(entanglement rupture) occurs, which is described by 
a rheological equation with three coefficients. As the 
shear rate (or frequency) increases, the rheological 
quantities η, ηST , �� , ���  decrease.

At interval (IV), there is an anomalous decrease in 
rheological values τ, ′′G  and  ′G , which is possibly due to 
shear stratification and change in flow velocity profile.

Examples of the use of the equations at selected shear 
rate intervals in describing the flow curves of some disperse 
systems (polymer solution, micellar solution, emulsion) 
are given.
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APPENDIX 1

Casson rheological model [10]. The model considers 
fluid systems possessing a limiting dynamic shear stress. 
The plastic behavior of such systems is well described by 
the equation τ τ η γ1 2 1 2 1 2 1 2= +с с 

, where the Casson 

coefficients τс
1 2/  and ηс

1 2/  correspond to the limiting 
dynamic shear stress and viscosity coefficient at infinitely 
large shear rate. Experimental points in the root 
coordinates � �1 2 1 2/ /�   in this case are located on the same 
straight line, which is well confirmed by experimental data 
for dye dispersions, blood and many structured fluids.

Casson derived this equation based on the 
microrheological theory, in which aggregates-chains 
of two or more particles arise under the action of some 
cohesive forces Fs. Since hydrodynamic calculations to 
describe the chain breakage and energy dissipation during 
chain flow proved to be too complicated, Casson replaced 
chains with long model cylinders, assuming that their 
hydrodynamic behavior in simple shear flow is identical 
to that of rigid chains of particles. When flowing around 
opposite parts of the cylinder, a hydrodynamic force 
Fн along the axis arises, which at a certain orientation 
of the cylinder contributes to its rupture. The cylinder 
breaks into two parts if the tensile hydrodynamic force Fн 
exceeds the cohesive force Fs, which prevents the cylinder 
from breaking. Long cylinders rupture in shear flow, and 
short cylinders spontaneously unite upon collision into 
longer cylinders. This replacement of chains by cylinders 
made it possible to use Kuhn’s model to calculate the 
hydrodynamic rupturing force and the magnitude of 
energy dissipation. 

Omitting Casson’s calculations given by us in published 
monographs [8, 9], let us write down the expression for the 
viscosity of the “diluted” suspension of model cylinders:

� � � � � � �� � � �� � � �� �0 0 0
1 21 � �a / /

 , 

where η0 – is the viscosity of the dispersion (liquid) 
medium, the coefficient а  ≈ 0.7 assuming random initial 
orientation of model cylinders. The parameter α can be 
interpreted as an extremely low axial ratio at infinite shear 
rate. The root of the shear rate appears in the equation. 
The mean-field method (approximation of Brinkman and 
Roscoe, 1952) was used to account for the hydrodynamic 
interaction of the particles. As a result of the calculation, 
the root of the viscosity value appears in the equation: 

η
τ
γ

η1 2
1 2

1 2/
/

/= +с
1/2

с


.

As a result of modification of the Casson model,  
we obtained a generalized flow equation 

τ
τ

γ χ
γ η γ1 2

1 2
1 2 1 2 1 2/

/
/ / /=

+
+с

1/2

с


  , and the calculated values  

of coefficients slightly differ from those obtained in the 
Casson model.

Cross rheological model [11]. The processes of 
destruction and recovery of aggregates during shear flow 
can be described using kinetic equations. This approach 
was used by Cross, who replaced the concentration of a 
substance used in chemical kinetics by the number of 
bonds between particles (L). Cross assumed that 
a  suspension consists of chains of particles with an 
average number L of bonds between particles, introduced 
a rate constant for bond formation (k2), a rate constant 
for spontaneous bond breaking (k0) and a rate constant 
for bond breaking due to shear f low ( � �k1γ

n ).  
The rate of change of the number of bonds between 

particles is assumed to dL
dt

k N k k L� � �� �� � � �2 0 1�
n , where 

N is the total number of initial particles in a unit volume, 
L is the number of bonds between particles.

Cross used an empirical expression from polymer 
theory: � �� �� BL , where �� is the viscosity of the 
system at � � �, when all bonds are broken, B is some 
coefficient. Omitting here Cross’s calculations, let us 
write down the final equation of Cross in the form: 
� �
� � �

�
�

�
� � �

�

�( )0
1

1 1 0
� � �k k n

.

Commenting on the derivation of the Cross 
equation, Hunter noted that there is no theoretical 
justification for the choice of the constant as � �k1γ

n . 
The Cross equation is widely used to describe dispersed 
and polymeric systems.

As a result of the modification of the Cross model, 
we obtained an equation similar to the generalized flow 
equation, where the coefficients are expressed through 
the rate constants of fracture/aggregate formation, 
the number of bonds is replaced by the number of 
aggregated particles, and the viscosity root and shear 
rate root are introduced by analogy with the Casson 
model.

Coagulation and aggregation of particles. Let us 
consider the relationship between the equations of the 
structural model and the classical theory of coagulation. 
Let us assume that there is no spontaneous detachment 
of particles from aggregates (k0  = 0) and no f low  
(� �k1

1 2γ / =0). Then the process of particle aggregation 
formally occurs up to the formation of a continuous mesh  

(N N2 = ): dN
dt

k N2
2=  ; dN k Ndt

N t

2

0

2

0
� �� 

g

; N k Nt= 2 g ; 

i.e., the time of formation of a continuous mesh is equal 
to t kg =1 2/  .

In coagulation theory, the initial equation contains 
some number of “conditional” particles ν, which represent 
both individual particles and aggregates of particles:

 d
dt

k
�

��� 2. The solution has the form:
 

v
v

v
( )t

k t
=

+
0

01
. 

The formation of a continuous mesh of particles is formally 
equivalent to the formation of one large “particle” i.e. 
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�
�
0

01
1

�
�

k tg
. Hence, the time of “complete” coagulation 

is formally equal to t
k kg � � �
1

1
1 1

0
( )

�
. Thus, there is no 

direct contradiction between the description of the 
aggregation process (in the Cross equation) and the 
description of the coagulation process, although both 
kinetic equations actually no longer work when large 
aggregates of particles appear.

Kinetic equations for aggregate 
formation/destruction processes

We have proposed the expression 
dN

dt
k N k N k N k N

� � � � � � � � � � �2
2 0 2 1

1 2
2 3

1 2
1� � � �� �/ / .

In [17], a kinetic equation is presented, which we 
present here in the form necessary for comparison, 
replacing the volume concentration by the number of N1 
singlet or N2 duplets in a unit volume and substituting 
indices for the rate constants:

dN
dt

k N k N k N
� � � � � � � �1

2 1
2

0 2 1 2� � � � �
 or

dN
dt

k N k N k N
� � � � � � � �2

2 1
2

0 2 1 2� � � � .

The difference is the lack of square root, the change of 
the system to singlet and duplets, and the use of classical 
coagulation theory for the particle aggregation process.

In [18], a kinetic equation for thixotropic dispersion 
of the form d dt k k k� � � �/ ( ) ( )/� � � � � �1 3

1 2
01 1 � �� ,  

where Λ is a structural parameter that describes the change 
in internal structure with changing shear rate, is used. If we 
write the structural parameter as the relative number of 
aggregated particles (� �  N N2 / ), we obtain an equation 
of the form dN dt k N k N k N k N� � � � � � �

2 0 0 2 1 2 3
1 2

1/ /� � � �� �� .
The difference is that the rate constants  k k0 2=  are 

equated and the degree exponent β has an arbitrary 
value. It is important to note that the terms of the 
equations describing the formation of aggregates under 
the action of shear completely coincide.
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APPENDIX 2

Table 2. Dependence of viscosity on shear rate of aqueous solution of polyethylene oxide with mass concentration of 
2.5%

lg γ, с–1 –2.686 –2.425 –2.273 –2.116 –1.954 –1.724 –1.473

lgη, Pa.s 1.479 1.661 1.739 1.818 1.909 2.000 1.987

lg γ, с–1 –1.028 –0.824 –0.594 –0.343 –0.061 0.211 0.462

lgη, Pa.s 1.844 1.739 1.609 1.479 1.297 1.115 0.945

lg γ, с–1 0.755 1.001 1.283 1.582 1.822 2.042 2.293

lgη, Pa.s 0.698 0.548 0.333 0.151 –0.018 –0.188 –0.344

lg γ, с–1 2.460 2.669 2.837 2.962 – – –

lgη, Pa.s –0.487 –0.643 –0.760 –0.865 – – –

Table 3. Dependence of viscosity on shear rate of CTAB/NaSal micellar solution with concentration of surface active 
substance CD (M) = 0.08 at the ratio of C CD NaSal/ .= 4 21

lg γ, с–1 2.050 2.142 2.233 2.300 2.333 2.375

lgη, Pa.s –2.082 –2.078 –2.074 –2.047 –1.990 –1.941

lg γ, с–1 2.417 2.463 2.517 2.617 2.733 2.892

lgη, Pa.s –1.897 –1.853 –1.826 –1.818 –1.849 –1.924

lg γ, с–1 3.067 3.250 3.425 3.550 3.700 –

lgη, Pa.s –2.003 –2.091 –2.179 –2.215 –2.281 –

Table 4. Dependence of viscosity on shear rate of oil emulsion in aqueous solution with volume concentration ϕ = 0.8 
and average droplet radius 7.7 μm

lg γ, с–1 –1.000 –0.795 –0.577 –0.385 –0.179 0.013

lgη, Pa.s 1.484 1.369 1.280 1.204 1.102 1.038

lg γ, с–1 0.218 0.410 0.615 0.808 1.026 1.218

lgη, Pa.s 0.975 0.847 0.720 0.579 0.439 0.312

lg γ, с–1 1.410 1.628 1.833 2.038 2.230 2.436

lgη, Pa.s 0.166 0.045 –0.076 –0.197 –0.312 –0.427
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Abstract. The aim of this work is to find new ways to synthesize latexes (polymer suspensions) with a given 
size and surface structure of particles. The need for such latexes is not large-scale, but their development 
and production are extremely important for the development of high technologies. Monodisperse latexes 
are especially valuable in immunological diagnostics of a wide range of diseases. The article presents the 
results of studies of the nucleation of latex particles in a heterogeneous monomer–water system. The results 
of these studies made it possible to find conditions for the reproducible synthesis of monodisperse 
polystyrene latexes. In order to change the surface structure of latex particles, cetyl alcohol was dissolved 
in the initial monomer phase (styrene). The article presents the results of electron microscopic studies of 
the synthesized latexes. Nano crystals of this alcohol are clearly visible on the surface of the latex particles. 
It is suggested that, in deep monomer conversions, the process of crystallization of cetyl alcohol begins 
in polymer-monomer particles.
Keywords: polymerization, latex, cetyl alcohol, styrene, phase formation, crystallization, interface
DOI: 10.31857/S00232912250106e3

INTRODUCTION

The mechanism of nucleation and formation of latex 
particles during emulsion polymerization has been studied 
by many authors. According to the Harkins theory [1], in 
micellar emulsions latex particles are formed from micelles 
in the form of polymer-monomer particles (PMPs). In 
[2, 3] it is assumed that PMPs are also formed as a result 
of homogeneous association of oligomers in the aqueous 
phase.

Latexes are also synthesized without emulsifiers, 
in monomer–water dispersions. The aim of such 
works is to synthesize monodisperse latexes with a 
specific chemical structure of the surface of dispersed 
particles. Such synthesis is often possible by selection 
of monomers and co-monomers [4–6]. In [7], the 
results of a systematic study of polymerization processes 
and polymer disperse phase formation in emulsifier-
free monomer–water systems are presented. The 
authors showed that the choice of conditions for 
heterophase polymerization largely determines the 
colloidal parameters of the f inal suspension. This 
work also shows ways to modify the surface structure 
of emulsifier-free polymer suspensions.

The mechanism of latex particle formation, without 
emulsifier (in the absence of micelles) has been studied 
in [8, 9, 10]. In [8], measurements of optical density in 
different zones of the aqueous phase during polymerization 
led the author to the conclusion that as a result of 
polymerization in the monomer–water interface, the 
monomer is dispersed into small droplets containing 
polymer molecules. The stability of such polymer-
monomer particles, according to the author, is due to the 
ionic end groups of the polymer molecules. The authors 
[9, 10] came to the same conclusion after using atypical 
experimental methods (conductivity measurement, optical 
microscopy, and polymerization without stirring) to study 
emulsion polymerization of styrene.

In [11] it is assumed that in emulsifier-free systems 
PMPs are also formed by the mechanism of homogeneous 
association of oligomers in the aqueous phase. In [12], 
the possibility of PMP generation by penetration of a 
growing radical into the volume of monomer droplets is 
also considered.

In micellar emulsions, the generation of latex 
particles can occur simultaneously by different 
mechanisms [12]. Obviously, for this reason, the size 
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distribution of latex particles narrows in the absence 
of micelles. 

It becomes obvious that one of the ways to synthesize 
monodisperse latexes may be to find a polymerization 
method in which only one mechanism of latex particle 
formation is active. This is what the experimental part of 
this work is aimed at.

Mass transfer occurring during the polymerization 
reaction at the monomer–water interface was confirmed 
experimentally during styrene polymerization in 
microf luidics, which allowed the use of infrared 
thermospectroscopy for simultaneous IR transmittance 
and thermoemission imaging measurements [13]. In this 
experiment, intense heat and concentration f luxes in 
the contact layer of laminar flows of styrene and toluene 
containing an initiator were recorded in the contact zone 
of the two f luids. Styrene and toluene are unlimitedly 
soluble in each other, and mass transfer does not change 
the homogeneity of the system, but in the two-phase system 
styrene–water solution of the initiator, mass transfer from the 
monomer phase to the aqueous phase can lead to saturation 
of the aqueous phase with the monomer [14–15]. In water, 
nonpolar hydrocarbon molecules tend to associate [16], 
and a small supersaturation is sufficient for the nucleation 
of styrene microdroplets in the aqueous phase.

Diffusion in liquids is a slow process, and it can be 
assumed that microdroplets of monomers can exist in a 
static system until they transform into PMP, the stability 
of which is ensured by ionic end groups of growing radicals 
and polymers.

The formation of monomer microdroplets also follows 
from the strong dependence of the interfacial surface 
tension of liquids on temperature. It can be assumed that 
mixing of liquids and dispersion of the system occurs 
as a result of a local increase in the temperature of the 
monomer–water interfacial layer during polymerization 
reactions there.

Supersaturation and phase formation can also occur in 
PMP if the monomer phase includes substances that do 
not participate in polymerization reactions. Depending 
on the nature of the substances and polymerization 
conditions, nuclei of a new phase may appear both during 
polymerization and during evacuation of residual monomer 
from latex. Phase formation in PMP can also occur when 
the latex storage temperature changes. Depending on the 
structure of the impurity molecules, crystals can grow 
on the surface of latex particles. Obviously, the crystals 
must be insoluble in water. The experimental part of the 
paper presents the first results of studying the formation 
phases in PMP. The studies were carried out during styrene 
polymerization in a static heterogeneous monomer–water 
system in the presence of cetyl alcohol (CA).

The choice of CA was conditioned by the fact that 
this alcohol is insoluble in water, is not an emulsifier 
and crystallizes from solutions of organic solvents. The 
low density and melting point of this alcohol were also 
taken into account. All these qualities of CA allowed us 

to hopefully detect nanoscale CA crystals on the surface 
of styrene latex particles.

RESULTS AND DISCUSSION

1. Starting substances and methods of research

Starting materials: styrene (Aldrich) was purified 
from stabilizer by distillation under vacuum, potassium 
persulfate (Sigma Aldrich), cetyl alcohol, azoisobutyric 
acid dinitrile – reagent grade products, water – double 
distillate.

Electron microscopic photographs were obtained 
using a Prism3 scanning electron microscope (Czech 
Republic), NMR spectra were obtained using a Mercury 
300 spectrometer (Varian). The size and Z-potential of 
latex particles were determined using a Liteizer 500 device.

2. Polymerization and phase formation in static 
and semi-static monomer–water systems

Polymerization was carried out in temperature-
controlled tubes in which the monomer phase (styrene or a 
solution of CA in styrene) was gently applied to the surface 
of an aqueous solution of potassium persulfate (PP). 
The experimental temperature was 50 °C, the volume 
of monomer phase was 2 mL, the volume of aqueous 
phase was 30 mL, and the concentration of potassium 
persulfate in water was 0.4%. The dry residue of the 
aqueous phase was determined by gravimetry, the viscosity 
of the monomer phase was determined by viscometry.

In the static system, polymerization is accompanied 
by turbidity (change in optical density) of the aqueous 
phase, which indicates the formation of a dispersed 
phase in the system. The turbidity of the aqueous phase 
was determined using a SF-24 spectrophotometer at 
a wavelength of 540 nm. The experiments were carried 
out simultaneously in six test tubes. One sample was taken 
from each tube for analysis.

As noted above, in the static system polymerization is 
accompanied by a turbidity of the aqueous phase, which is 
recorded by the spectrometer after a certain period of time 
from the beginning of polymerization. In our experiments, 
this period lasted 90 min and did not depend on the 
concentration of CA (from 0 to 6%). This result indicates 
the inertness of CA in the process of “emulsification” of 
the system. A photograph of the initial stage of aqueous 
phase turbidity is presented in Fig. 1.

As can be seen in Fig. 1, turbidity begins at the 
monomer–water interface and gradually deepens into 
the aqueous phase. This pattern is particularly clear when 
an inert salt (potassium sulfate) is dissolved in water [8], 
or ethanol in styrene [17]. Potassium sulfate increases the 
density of the aqueous phase, while ethanol decreases the 
density of dispersed particles. In both cases, the residence 
time of dispersed particles in the zone of their formation 
increases.
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The concentration of latexes synthesized in the 
static system does not exceed 2%. The time to reach this 
concentration is approximately 24 hours. The viscosity 
of the monomer phase does not change during this time.

The dynamics of aqueous phase turbidity changed 
dramatically when polymerization was carried out in 
a semi-static system in which only the aqueous phase 
was stirred. A photograph of this experiment is shown 
in Fig. 2. In the first test tube, the polymerization was 
carried out under semi-static conditions, while in the 
second test tube, the static condition was maintained. 
In the semi-static system, the aqueous phase remained 
transparent in throughout the entire stirring time (more 
than 240 min). In all probability, this is the amount 
of time required to reach supersaturation in the entire 
volume of the aqueous phase in this experiment. Turbidity 
in this test tube only began to be observed after the 
mechanical stirrer was suspended. In the control tube, 
the results of the previous experiment were reproduced 
(Fig. 1).

In a semi-static system, local supersaturation of 
the aqueous phase is impossible, and the results of 
this simple experiment can be considered to confirm 
the assumption that in a static system the driving force 
for the nucleation of monomer microdroplets is the 
supersaturation of the monomer–water interface layer 
by styrene molecules.

An electron microscopic photograph of latex 
synthesized in a semi-static system is shown in Fig. 3. 
The sample was taken after complete turbidity of the 
aqueous phase. As can be seen from the figures, the 
latex synthesized in the semi-static system has a rather 
narrow particle diameter distribution. This result is well 
reproducible.

The synthesized latexes are stable (Z-potential of 
particles is equal to –67.3 mV), have a fairly narrow 
distribution of particles in diameter, which allows their 
use in immunodiagnostics, as well as for other applied 
purposes. The particle diameter distribution is shown 
in Fig. 4.

3. Phase formation in a polymer-monomer particle

Initially, phase formation in PMP was investigated 
by polymerization of styrene in a block. The CA content 
in styrene was 6%. The polymerization was initiated by 

azoisobutyric acid dinitrile. Crystallization began to 
be observed in the viscous polymer-monomer mixture 
when the temperature of the system was slowly lowered 
to 5°C. (Fig. 5). The 1H NMR spectrum of the crystalline 

Fig. 1. The picture of turbidity change in the aqueous 
phase at the initial stage of polymerization.

Fig. 2. Photographs of tubes in which polymerization 
was carried out in semi-static (tube 1) and static (tube 2) 
mode.

Fig. 3. Electron microscopic photograph of polystyrene 
latex synthesized in a semi-static monomer–water system.
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Fig. 4. Particle diameter distribution of latex synthesized in 
a semi-static styrene–water potassium persulfate solution 
system.
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particles was identical to that of the CA. The nucleation 
and growth of the CA crystal was also observed when the 
temperature of the solution of this alcohol in styrene was 
lowered (Fig. 6).

Electron microscopic photographs of latex particles 
synthesized in a static heterogeneous styrene–water PP 
solution system in the presence of CA are shown in Fig. 7. 
The needle-like crystals and the “growth cone” on the 
PMP surface are clearly visible in these photographs. 
These photos also show very small spherical particles, the 
composition of which is not very clear yet.

Structural formations on the surface of latex particles 
are also detected at low concentrations of CA in styrene. 
Fig. 8 shows electron microscopic photograph of 
polystyrene latex synthesized at 2% CA in styrene.

CONCLUSION

The results of this work allowed us to make a 
f inal conclusion that in the static heterogeneous 

monomer–water system the interface is one of the 
generation zones of latex particles, which allowed us to 
find conditions for reproducible synthesis of monodisperse 
polystyrene latexes.

The paper reveals the conditions for the synthesis of 
latex particles in the heterogeneous monomer–water 
system carrying nanoscale crystals of organic substances 
on their surface.
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Fig. 5. Appearance of CA 
crystals in styrene block 
copolymer when the 
temperature is lowered 
to 5°C.

Fig. 6. Crystallization of 
CA in styrene when the 
solution temperature 
is lowered to 5°C. The 
concentration of CA in 
styrene is 6%.

Fig. 7. Electron microscopic photographs of polystyrene latex synthesized in the presence of 6% CA in styrene.

Fig. 8. Electron microscopic photograph of diluted 
polystyrene latex synthesized in the presence of 2% CA 
in styrene.
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Abstract. Antibacterial coatings are used in the food and textile industries, in the construction industry, 
in biotechnology and medicine. The review considers the main types of coatings that prevent fouling 
with biomacromolecules and microorganisms: anti-adhesive, contact, release-based, multifunctional 
and intelligent (“smart”) coatings. For each type of coating, the most relevant and effective active 
substances and their mechanism of action are described. Despite the widespread use of anti-adhesive 
surfaces and contact coatings, they have many disadvantages that limit the scope of their application 
and reduce activity and durability. Numerous studies show that multifunctional and intelligent coatings 
have high potential for practical application and further research on their modification to obtain 
universal and cost-effective coatings. The main problem of the practical application of such surfaces 
is the imperfection of methods for assessing the stability and antibacterial properties of the coating in 
laboratory conditions. 

Keywords: antibacterial coatings, contact, release-based, anti-adhesive, multifunctional, intelligent
DOI: 10.31857/S00232912250107e9

INTRODUCTION

The original role of surface coatings in industrial 
applications was to provide corrosion protection and 
mechanical resistance of materials [1]. Recently, there 
has been great interest in developing surfaces that reduce 
microbial adhesion and provide biocidal activity or exhibit 
combined effects [2–5]. Antimicrobial coatings are 
materials and substances that modify the surface of another 
material and give them functions that limit or prevent the 
growth and multiplication of microorganisms without 
changing the characteristics of the material itself [6, 7]. 
To create such coatings, various physical and chemical 
methods are used to ensure the formation of homogeneous 
layers. For coatings to be effective, they must include active 
compounds with a wide range of antimicrobial activity, 
including antibiotic-resistant microorganisms [8].

Bacterial resistance to antibiotics is one of the most 
important problems of modern medicine. Bacterial strains 
can modify the targets of antibiotic action, inhibit the 
penetration and active excretion of antibiotics from the 
microbial cell (efflux), form metabolic “shunts”, and 
produce enzymes that destroy antimicrobial drugs [9, 10]. 
A particularly alarming factor is the ubiquity of bacterial 
strains with multiple resistance to antimicrobial agents, 

as well as the ability of microorganisms to form biofilms 
[11]. Bacterial biofilms are aggregations of bacteria in 
a self-secreted polymer matrix. They are formed both 
on biological and non-biological surfaces and are an 
important step in the emergence of persistent infections. 
Within the biofilm, microbes have increased resistance to 
immune system factors, antibiotics and disinfectants [12]. 
The matrix of bacterial biofilms slows down the diffusion of 
antibiotics, and changes in the chemical microenvironment 
within the biofilm leads to the formation of persistent forms 
of bacteria that have increased resistance to antimicrobial 
agents [13, 14]. Therefore, to combat antibiotic resistance, 
it is necessary to search for new antibacterial agents that 
would be effective against isolated bacterial strains and 
bacterial communities forming biofilms.

The development and creation of coatings with 
antimicrobial properties is of great practical importance 
and finds application in various fields [15–17]. For 
example, food packaging systems containing antimicrobial 
agents can be used not only to reduce the number of 
pathogens, but also to combat microorganisms that 
cause food spoilage [18]. Such packaging isolates food 
from the environment and suppresses microbial growth 
without affecting its composition [19]. Due to the 
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slow and/or controlled release of antibacterial agents, 
their inhibition during transportation and storage is 
ensured, which increases the shelf life of foods [20, 
21]. In healthcare facilities, antimicrobial coatings are 
used as a modern hygienic method to control bacterial 
contamination [22–24]. Current coatings against bacterial 
fouling and contamination are capable of: controlling 
pathogen populations on surfaces and minimizing the 
risks of resistance to their constituent antimicrobial agents; 
being stable and (eco)toxicologically safe; affordable 
and easily implemented in hospital settings [25–27]. 
Recent advances in the architectonics of nanomaterials 
have led to the emergence of antibacterial nanoparticles, 
which can be useful in the textile industry to enhance 
the antibacterial properties of fabrics, control the spread 
of pathogenic bacteria and associated infections among 
humans, and safe for human health and the environment. 
Such nanoparticles are introduced into the surface of the 
fabric by plasma technique, laser treatment, cationization, 
and by functionalizing or modifying the surface of the 
textile. Moreover, biosensor nanoparticles are embedded 
into the fabric to monitor human disease states [28–30]. 
The antimicrobial properties of materials are used in 
the construction of institutions where high standards of 
hygiene are required to prevent the formation of bacterial 
biofilms, mold and mildew, and to protect structures 
from biodegradation [31, 32]. Antimicrobial agents are 
introduced by applying paint or coating to the finished 
surface after construction, by mixing inorganic additives 
(metal nanoparticles, metal oxides) with concrete or 
mortar during construction and by mixing antimicrobial 
agents during the manufacture of building materials 
[33]. The creation of a protective layer, in the form of a 
paint or coating, which is active against a wide range of 
microorganisms and stable over a wide pH range is more 
demanded in the construction field [34–36].

Thus, modern antibacterial coatings in the medical 
and food industries must meet such criteria as: efficiency, 
safety and durability. The review considers the main types 
of existing antibacterial coatings, mechanisms of action of 
coatings and their constituent components. Advantages 
and disadvantages for further design of future antimicrobial 
materials are evaluated.

TYPES OF ANTIBACTERIAL COATINGS

Over the past two decades, the attention of scientists 
and biomedical manufacturers has been focused on the 
development of coatings capable of resisting bacterial 
colonization that could be applied to various surfaces and 
devices [37, 38]. Antimicrobial coatings (Fig. 1), depending 
on their mechanism of action, are divided into: contact-
type antimicrobial coatings [39–41] and release-based 
coatings, anti-adhesive antimicrobial coatings [42–45], 
multifunctional coatings [46–48], and smart antimicrobial 
coatings [49–51].

Earlier designs of antibacterial coatings for the strategy 
of preventing bacterial adhesion and subsequent biofilm 

formation were mostly monofunctional. They were based 
on the antibacterial effect inactivating microorganisms in 
contact with the surface or preventing their attachment 
[52, 53]. The first in this field were coatings with copper 
oxide, arsenic, mercury oxide and organoleaf derivatives 
that prevented biofouling of marine vessels [54, 55]. Since 
1906, the development of anti-corrosion and anti-fouling 
paints for marine vessels based on zinc oxide and mercury 
oxide began [56]. In 1954 G.J.M. Der Van Kerk and 
J.G.A. Luijten showed biocidal properties of organotin 
compounds [57], which later became widespread as 
effective antifouling coatings. In 1995, polyurethane 
films containing quaternary ammonium compounds 
were developed, showing high biocidal activity against 
Escherichia coli [58] and polymer coatings modified with 
silver nitrate, which showed antibacterial effect against 
Staphylococcus epidermidis [59]. Lowe A.B. et al. in 
2000 described a statistical copolymer of butyl acrylate 
with sulfobetaines, which when adsorbed on plastic 
disks reduced the adhesion of Pseudomonas aeruginosa, 
macrophages and fibroblasts [60].

Current coatings against bacterial contamination 
and fouling, focus on the synergistic combination 
of antibacterial and anti-adhesion effects in the form 
of multifunctional, smart coatings or interfacial 
materials [61]. The first example of a smart coating 
consisting of zwitterionic polymer derivatives that can 
rapidly switch their chemical structures and possess 
antibacterial, anti-adhesive properties and self-cleaning 
ability was described by Cheng G. et al., 2008 [62]. 
Subsequently, nanostructured coatings composed of 
temperature-sensitive poly N-isopropylacrylamide 
and quaternary ammonium salt were prepared by 
interferometric lithography and surface polymerization, 
which exhibit biocidal properties and the ability to 
release inactivated bacteria in response to temperature 
changes [63]. In 2018, a hybrid film was fabricated by 
successive deposition of a layer of gold nanoparticles and 
a phase transition lysozyme film, which had bactericidal 
activity under near-infrared laser irradiation, and its 
immersion in vitamin C promoted the removal of killed 
bacteria and surface regeneration [64]. In recent years, 
machine learning methods have been actively introduced 
in the development of various coatings. In 2021, a machine 
learning method (using an artificial neural network model 
and a model based on support vector regression) was 
developed to synthesize new anti-adhesive polymer 
brushes that demonstrated excellent resistance to protein 
adsorption at optimal film thickness [65].

Contact-type antibacterial coatings and 
antibacterial release coatings

Bactericidal coatings provide a reliable and simple 
way to prevent biofilm formation by exerting a biocidal 
effect on bacteria attached to the surface or suspended 
near the surface [5]. They are based on the introduction 
of antibacterial agents into the material or on its surface, 
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which through gradual release of agents (Fig. 2b) or contact 
action (Fig. 2a) inactivate, damage or inhibit bacterial 
growth [66, 61]. Different biocides are fixed on the surface 
by dipping the coating in antimicrobial agent, spraying 
and centrifugation, and using layer-by-layer application 
technique or surface modification with different polymers 
[52]. Contact coatings can be divided into inorganic 
and organic coatings. Inorganic antimicrobial coatings 
are represented by nanoparticles of metals and their 
oxides (Ag, Au, Zn, Mg, and Cu) [67] and antibiotics 
(aminoglycosides, quinolones, penicillins, glycopeptides, 
tetracyclines, rifamycins) [68]. Organic antimicrobial 
coatings, are represented by quaternary ammonium salts 
(QAS) [69] and natural organic substances (antimicrobial 
peptides (AMP), enzymes and polysaccharides (chitosan)) 
[70–72]. Metal nanoparticles and their oxides are effective 
antibacterial agents because they can penetrate bacterial 
cells through ion channels and trigger the Fenton reaction 
with the formation of excess reactive oxygen species, 
increase bacterial cell wall permeability and oxidative 
stress in the bacterial cell body; can form secondary toxic 
metabolites, affecting the metabolic activity of bacteria; 
and induce changes in bacterial genetic information 
(e.g., 16S rDNA) [73]. Coatings, releasing antibiotics 
are able to deliver them directly to the site of action, thus 
providing higher efficacy and avoiding high dose antibiotic 
administration, systemic toxicity and development of drug 
resistance [74]. Antibiotics can inhibit bacterial cell protein 
synthesis, DNA replication and transcription by acting 
on DNA topoisomerases II and IV or by binding to RNA 
polymerase, disrupt cell wall peptidoglycan synthesis by 
enzymatic inhibition or by binding to amino acids [75, 
76]. AMPs (Fig. 2c) are considered a promising candidate 
to replace conventional antibiotics because of their broad 
spectrum and nonspecific antibacterial mechanism of 

action [77]. They attach to the surface of the bacterial 
cell membrane, resulting in various forms of membrane 
damage; interfere with DNA and RNA synthesis and 
inhibit enzyme activity, causing bacterial death. In 
addition, AMPs exhibit excellent antibiofilm activity. 
Cationic molecules (e.g., QASs) can effectively kill bacteria 
through contact killing effect [78]. They can first adsorb 
on the bacterial cell wall through electrostatic action and 
then diffuse inward by disrupting the membrane potential, 
resulting in membrane damage, cytoplasmic leakage and 
bacterial death [73]. Chitosan and its derivatives exhibit 
antibacterial activity against fungi, Gram-positive and 
Gram-negative bacteria. The antibacterial activity of this 
polymer may be due to the interaction of amino groups of 
chitosan with the electronegative charges of the bacterial 
cell surface, resulting in the leakage of intracellular 
components [79]. It also exhibits biodegradability, 
biocompatibility, polymorphism and sorption properties 
[80]. Antibacterial enzymes are able to directly attack 
the microorganism, inhibit biofilm formation, degrade 
the biofilm, and/or catalyze reactions that lead to the 
production of antimicrobial compounds [81]. Release-
based surfaces exhibit their antibacterial activity by 
releasing antibacterial agents by diffusion, erosion, 
degradation, or hydrolysis of covalent bonds into the 
environment [82]. The compounds are released from 
the surface of the material and the antibacterial activity 
occurs locally, only where it is needed. Depending 
on the antibacterial agent incorporated in the matrix, 
release-based coatings are capable of releasing antibiotics 
(penicillin, chlortetracycline, streptomycin, vancomycin), 
metal ions and oxides (Ag, Zn, and Cu) and non-metallic 
materials, fluorine (F) [83, 84, 27]. Polymethacrylic 
acid, polyacrylic acid, lactic and glycolic acid-based 
copolymers, hydroxyapatite, polyurethane, hyaluronic 

Fig. 1. Classification of the main types of antibacterial coatings.
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acid, chitosan, and ceramic nanoparticles are used as 
a carrier in such surfaces. Antibacterial release based 
surfaces are prepared by impregnating a porous material 
or coating with the desired antibacterial compound, 
by layer-by-layer application or by plasma spraying of 
polyelectorlites [85, 86, 52].

The main disadvantages of such coatings are the limited 
supply of antibacterial agents, which make the coatings 
unusable once they are depleted, and the toxicity of some 
antibacterial agents (QASs, nanoparticles and metal 
ions). Nanoparticles penetrate cells and subsequently 
exert toxic effects on intracellular structures. They cause 
mitochondrial damage, oxidative stress and autophagy [87, 
88], and in high concentrations, cell necrosis and apoptosis 
[89]. Metal oxides (ZnO, MgO, CuO) are also cytotoxic 
and cause apoptosis, autophagy, oxidative stress and 
necrosis [90]. The accumulation of inactivated bacteria 
and intracellular components not only reduces coating 
efficacy, but can also promote biofilm formation [61] and 
induce immune reactions or inflammation. In addition, 
most biocidal agents are positively charged and can interact 
electrostatically with proteins. Moreover, different biocidal 
methods are based on different killing mechanisms and 
each method is effective for a specific type of bacteria. 
With the emergence of multidrug-resistant bacterial 
strains, approaches using a single killing mechanism are 
becoming less effective [5]. For example, silver-based 
materials have a strong bactericidal effect, but their activity 
decreases over time as the coatings continuously release 
the biocidal agent. In the case of polycationic polymer-
based coatings, surface treatment with a cationic surfactant 
may be required to restore antimicrobial activity. Low 
molecular weight bactericidal agents often cause resistance 
and gradually lose their effectiveness over time [91].

Anti-adhesion antimicrobial coatings

Surface characteristics of materials, including surface 
charge, free energy, morphology, wettability, etc., have an 
important influence on bacterial adhesion [92]. Bacteria 
can attach to various surfaces and form biofilms through 
non-specific interactions such as hydrogen bonds, 
electrostatic forces, hydrophobic interactions, and van 
der Waals forces (Fig. 3a). Thus, bacterial adhesion 
on the surface of implanted devices contributes to 
device-associated infections and is the main reason 
for the development of anti-adhesion coatings [93]. 
To prevent the development of biofilms on biomaterial 
surfaces, the surface must be able to prevent initial 
bacterial adhesion [22]. Anti-adhesion coatings are 
functional coatings created by modifying the surface of 
materials by changing their physicochemical properties 
(roughness, degree of wettability, charge, etc.), which 
prevents the adhesion of bacteria, fungi and proteins 
(Fig. 3b) [94]. The action of such coatings is based 
on steric, electrostatic and superhydrophobic effects, 
which can be observed on hydrophilic, superhydrophilic, 
charged and superhydrophobic surfaces, respectively 

(Fig. 3c) [52]. Hydrophilic surfaces prevent the 
attachment of cells and bacteria due to the fact that 
they are covered by a layer of water molecules that are 
closely hydrogen bonded to the hydrophilic material 
and act as a physical and energetic barrier that must be 
overcome for adsorption. Hydrophilic polymers can 
also inhibit bacterial attachment to some extent, but 
high antifouling properties are acquired only when steric 
repulsion complements surface hydration [95]. Thus, 
highly hydrated polymers such as polyethylene glycol 
(PEG), neutral and hydrophilic polymers poly(2-alkyl-
2-oxazoline) have demonstrated the ability to reduce 
bacterial and protein adhesion through steric hindrance 
[96, 97]. Hydrophilic coatings are prepared by physical, 
chemical adsorption, direct covalent attachment and 
block or grafted copolymerization [98]. Laser treatment 
of metal-based coatings with antibacterial properties 
makes it possible to obtain superhydrophilic coatings. 
In the zone of laser beam exposure the surface is 
heated and melting, sublimation and explosive ablation 
of the material takes place. At the same time, metal 
particles are removed from the surface and subsequently 
deposited, forming a micro-relief around the impact 
zone in the form of micro- and nanoparticles. Due 
to the high wettability of superhydrophilic coatings, 
the contact area is increased and metal ions from the 
formed nanoparticles are more efficiently transported 
into the liquid causing oxidative stress of bacterial 
cells. In addition, the formation of hierarchical surface 
porosity leads to bacterial death as a result of perforation 
and deformation of the membrane by the nanotexture 
elements and loss of intracellular f luid [99–101]. 
Compared to hydrophilic polymers, the interaction of 
bound water through ionic solvation is stronger than 
the hydrogen bonded water layer, which enhances the 
antifouling nature of zwitterionic surfaces [102]. Surfaces 
functionalized with zwitterionic polymers, which have a 
uniform distribution of anionic and cationic groups along 
their main chain in their structure, exhibit antifouling 
properties. These include polymethacryloyloxyethyl
phosphorylcholine, polysulfobetainmethacrylate and 
polysulfobetainacrylamide as they contain cationic 
quaternary ammonium salt on the one hand and 
anionic carboxylate, phosphate and sulfate groups on 
the other hand, respectively [103]. In addition to the 
steric hindrance effect of this hydration layer, the cationic 
groups can also kill bacteria on contact. In addition, 
the surfaces functionalized with zwitterionic polymers 
are more versatile and stable regardless of temperature 
and salt concentration than PEG functionalization. 
Consequently, these polymers are widely used as 
antibacterial coatings [104]. Superhydrophobic surfaces 
have attracted much attention for their excellent self-
cleaning properties and potential applications in various 
industries [105]. The water contact angle of such surfaces 
exceeds 150° and hence they are difficult to wet. The 
superhydrophobicity reduces the adhesion force between 
bacteria and the surface and facilitates the removal of 
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Fig. 2. a – Schematic representation of the mechanism of action of contact-type antibacterial coatings; b – Schematic 
representation of the mechanism of action of antibacterial coatings based on release; c – Images of viable cells (green) 
and dead bacteria (red) of S. sanguinis, L. salivarius and dental plaque obtained by confocal microscopy with 20x objective 
magnification after 4 weeks of incubation at 37°C (1) on titanium surface, (2) on titanium surface with silver electrodeposition, 
(3) on titanium surface coated with silane triethoxysilylpropylantharic anhydride, with immobilized hLf1-11 peptide. 
Reproduced from [39], with permission of the American Chemical Society, 2015.
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initially adhered bacteria before biofilm formation [106, 
52, 22]. This phenomenon is attributed to two physical 
principles: low surface energy and rough structures at the 
microscopic scale. Chemistry and surface topography 
are the main factors that interfere with interactions at 
the liquid–solid interface. Surface energy affects the 
adhesion of substances to the interface, including liquids 
and microorganisms. Low surface energy reduces the 
work of adhesion and hence increases hydrophobicity 
[107]. Superhydrophobic surfaces are achieved by 
preparing micro/nanostructures and then passivating 
them with low surface energy molecules [7]. The 
methods to obtain superhydrophobic antifouling coatings 
include chemical and physical etching, immersion 
method, sol-gel method, chemical vapor deposition, 

photolithography, centrifugation, electrospinning, layer-
by-layer deposition, and/or a combination of these [108]. 
However, superior durability of functional properties 
for such surfaces is demonstrated by the laser texturing 
method [109, 110].

Antifouling coatings only prevent bacterial adhesion, 
not eliminate it (Fig. 3d). Therefore, over time there is an 
increase in the concentration of planktonic bacteria in the 
substrate, which contributes to bacterial contamination 
and leads to infections. In addition, hydrophilic polymers 
can be gradually neutralized, passivated or degraded by 
other compounds such as proteins, salts and amphiphiles. 
Any localized defects in superhydrophobic coatings can 
act as local adhesion sites for bacteria with subsequent 
biofilm formation.

Fig. 3. a – Electron micrograph of a 7-day S. aureus biofilm on an uncoated surface; b – Electron micrograph of a polydodecyl 
methacrylate-polyethylene glycol methacrylate-acrylic acid coating preventing biofilm formation from S. aureus for 7 days. 
Reproduced from [43], with permission from the American Chemical Society, 2017; c – Schematic representations of anti-
adhesion coatings. (1) Hydrophilic polymers, (2) zwitterionic coatings, (3) superhydrophobic coatings, water contact angle 
greater than 150° like in a lotus leaf. Reproduced from [93], with permission of John Wiley & Sons, Inc., 2020; d – Schematic 
representation of the mechanism of action of the anti-adhesion coating.
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Multifunctional antimicrobial coatings

Advances in antibacterial and antifouling coatings have 
provided the basis for the development of multifunctional 
coatings [111–113]. They represent a class of antimicrobial 
materials that, in addition to inactivating bacteria, have 
additional capabilities such as long-term activity, stability, 
and recoverability. Various studies have shown that such 
coatings can reduce the number of bacteria on a surface 
by more than 99% compared to an uncoated surface 
[114–116]. The mechanism of action of multifunctional 
antibacterial coatings (Fig. 4a) includes: antibiofouling, 
bactericidal and removal of dead and/or live attached 
bacteria. Thus, the surface can resist or prevent the 
initial adhesion and spread of bacteria by steric and 
electrostatic repulsion or by reduced surface energy, 
and if bacteria make contact or partially attach to it, the 
bactericidal additives contained in the coatings destroy 
them (Fig. 4b, c) [117, 118]. Depending on the method 
used to incorporate antibacterial agents into anti-
adhesion materials, such surfaces can be divided into 
three categories: bound to hydrophilic polymers, layer-
by-layer applied or retained in and released from a non-
fouling matrix. Natural and synthetic chemicals such 
as QASs compounds, antimicrobial enzymes, AMPs, 
chitosan and bacteriophages can be used as antibacterial 
agents [119]. Such coatings are prepared by sequential layer 
deposition, chemical modification, plasma deposition, 
covalent binding, conjugation, immobilization and graft 
polymerization [120].

Despite the high eff iciency of multifunctional 
coatings, there are still many unsolved problems in 
the practice of their application and manufacture. 
Bactericidal agents included in the composition of such 
coatings have disadvantages related to storage stability, 
long-term effectiveness, biocompatibility, cost and 

labor intensity of their introduction into the coating 
composition. In addition, it is quite difficult to select 
materials for coating development that exhibit good 
biocidal activity, bacterial resistance properties and 
removal of dead bacteria. When using multifunctional 
coatings on medical devices, it is necessary to consider 
their composition, as it is not always the case that 
materials that combine antibacterial and anti-adhesive 
properties can be a universal means of combating 
bacterial infections. For example, the use of anti-
adhesive materials is inadmissible in the manufacture 
of orthopedic and dental implants, because the surfaces 
must inhibit bacterial colonization and simultaneously 
promote osteoblast adhesion [121]. At the same time, 
the use of anti-adhesive materials in the fabrication of 
multifunctional coatings for urinary and intravascular 
catheters enhances the bactericidal properties of the 
surface because they do not require special conditions 
in addition to antibacterial properties [122]. Moreover, 
for practical applications, surface fabrication should 
be simple, inexpensive and reproducible. For objects 
in contact with seawater, it is essential that the 
surfaces demonstrate enhanced corrosion resistance 
and durability, as well as resistance to fouling by 
various organisms that may colonize any underwater 
surface [123]. It should be noted that for biomedical 
applications, the toxic effects of antibacterial surfaces 
need to be determined first and their biocompatibility 
improved [124].

Intelligent antimicrobial coatings

In recent years, smart antibacterial coatings have been 
developed that combine: anti-adhesion, bactericidal and 
self-cleaning functions, and realize controlled release 

Fig. 4. a – Schematic representation of the mechanism of action of multifunctional antibacterial coating; b – Antibacterial 
activity of uncoated and coated cotton fabrics containing polyethylenimine, phytic acid, iron ion (Fe3+) and dimethyloctadecyl 
[3-trimethoxysilyl-propyl] ammonium chloride against E. coli and S. aureus, respectively; c – Optical images of water droplets 
placed on uncoated and coated cotton fabrics, respectively. E. coli and S. aureus, respectively; c – Optical images of water 
droplets placed on uncoated and multifunctional coated cotton fabrics, respectively. Reproduced from [48], with permission 
from Elsevier B.V., 2022.
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of antibacterial agents through physical and chemical 
approaches, thereby achieving prolonged exposure, 
reducing potential side effects (Fig. 5a). Thus, smart 
antibacterial coatings are considered to be  most optimal 
of all existing coatings. They can be categorized into 
endogenously and exogenously responsive types [125]. 
Endogenously responsive coatings primarily involve 
response to pH and bacterial secretions. The former is 
mainly stimulated through acidification of the medium 
by bacterial infection [126], whereas the latter refers to 
the response to various enzymes (such as phospholipase, 
hyaluronidase, cholesterol esterase and metalloprotease) 
or toxins secreted during the metabolic process [127, 
128]. Conventional pH-sensitive coatings are produced 

by electrostatic interactions. For example, coatings 
containing negatively charged molecules and positively 
charged antibiotics are prepared by layer-by-layer self-
assembly [129–132], or acid-sensitive Schiff bases [133, 
134], metal coordination bonds [135], and boronic acid 
esters [136, 137] are used for synthesis. In addition, pH-
sensitive coatings can be derived from reactive binding 
between nanoparticles and drugs, as well as sensitive 
molecules such as polymethacrylic acid [138]. Exogenously 
stimulated coatings exhibit antibacterial activity when 
stimulated by external conditions. Such coatings can 
solve the problems of poor stability, uncontrolled drug 
release and emergence of bacterial resistance. Exogenously 
sensitive coatings include temperature responsive surfaces, 

Fig. 5. a – Schematic representation of the mechanism of action of the smart antibacterial coating; b – Electron 
micrographs of E. coli and S. aureus cultured with carbon capsules modified with polyethylene glycol and doped with 
nitrogen with and without 808 nm laser irradiation. Reproduced from [138], with permission from the American Chemical 
Society, 2018; c – Confocal microscopy images of viable cells (green) and dead bacteria (red) of S. aureus obtained using 
confocal microscopy of uncoated 3D nanoporous surface, tannic acid-coated 3D nanoporous surface, tannic acid and 
gentamicin-coated 3D nanoporous surface, respectively. Reproduced from [129], with permission from the American 
Chemical Society, 2015.
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photosensitive surfaces that are activated by light and 
bioelectric surfaces that are activated by an external electric 
field [139–141]. Such coatings are obtained by covalent 
bonding, vapor deposition, multilayer films or hydrogel 
coatings containing enzyme-sensitive components, 
photopolymerization, or a combination of several methods 
[127].

The analysis of the conducted studies indicates a great 
potential of smart antibacterial coatings for practical 
applications, but there is a lot of room for improvement 
of current coating methods to make them more effective, 
versatile and cost-effective. Promising in this direction 
would be the development of smart coatings that have the 
ability to activate biocidal activity in response to changes in 
certain biological microenvironments, as well as improving 
their stability, durability and reducing cytotoxicity [142].

CONCLUSION

In the last decades, active research has been conducted 
to improve antibacterial coatings and give them new 
properties such as the ability to regenerate and clean up 
dead bacteria. In addition, the combination of several 
antibacterial agents or the combination of different types 
of antibacterial coatings improve their effectiveness and 
durability. For example, in multifunctional materials where 
more than one protection strategy (superhydrophobic 
and anti-adhesive)  incorporated into the coatings, 
bacterial adhesion is more effectively prevented, and if 
the compositions contain released antimicrobial agents, 
microbial cells will be inactivated upon contact with them. 
In addition, the need and use of an antimicrobial agent 
is reduced, and the service life of such a coating can be 
significantly longer than that of contact-type antimicrobial 
surfaces. Smart coatings based on the activation of 
antibacterial agents in response to changing environmental 
factors make surfaces even more effective durable, 
environmentally friendly, and in demand. Thus, further 
research on next-generation antibacterial coatings should 
focus on finding new and extending existing mechanisms of 
action against bacteria and developing additional pathways 
for their activation, as well as obtaining surfaces with 
multiple integrated functions.

The field of antimicrobial and antifouling surface 
development is a promising one and the potential for 
large and rapid impact through the implementation of 
developed technologies is evident. A large number of 
developments and studies described in the literature in 
the field of antimicrobial coatings do not reach practical 
application or even clinical trials. This is due to the fact 
that in laboratory conditions for testing antibacterial 
materials it is difficult to create conditions that occur 
in living organisms. The use of artificial intelligence 
and digital tools can help solve these problems. Thus 
analytical tools help to quickly and accurately process and 
analyze huge amounts of data, and artificial intelligence, 
by analyzing the chemical structure of coatings, helps to 
determine the toxicity of materials and select compounds 

for inclusion, saving time, resources and minimizing the 
risks of adverse effects in clinical trials.
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Abstract. The time dependences of the contact angle and the wetted surface spot diameter were 
measured during the interaction of Co–Cu melts with copper contents of 20, 40 and 60 at. % with 
graphite at temperatures of 1390, 1440, 1490, 1540 and 1590°C. Wetting of graphite by Co–Cu melts 
does not occur under these conditions: the final contact angle for Co80Cu20 is 95°, Co60Cu40 is 110°, 
Co40Cu60 is 100°. The final value of the diameter of the wetted surface spot increases somewhat. 
Metallographic analysis of the microstructure of Co–Cu–C composite materials obtained by contact 
alloying of Co–Cu melts with carbon showed the dependence of the morphology of the structural 
components and the phase composition of the samples on the copper content. Composite materials  
(Co–27%C–10%Cu) + (Co–32%C–62%Cu) + C and (Co–19%C–15%Cu) + (Co–25%C–72%Cu) + C,  
obtained by the interaction of Co–Cu melts with a copper content of 20, 40 at. % with graphite, have 
a macro-homogeneous structure.

Keywords: Co–Cu melt, graphite, contact alloying, metal-carbon materials Co–Cu–C, microstructure
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INTRODUCTION

The study of the kinetics of interaction of Co–Cu 
melts with graphite and microstructure of crystallized 
samples of Co–Cu–C composite materials is relevant 
both from the fundamental point of view and from the 
point of view of practical application. The peculiarity of 
the phase diagram of the Cu–Co system is the presence 
of a metastable mixing zone: under sufficiently deep 
supercooling, the Co–Cu melt splits into two liquids: 
cobalt-rich and copper-rich [1]. Phase separation occurs 
due to simultaneous nucleation, coalescence and diffusion 
[2] and determines the crystallization conditions of Cu–Co 
alloys [3–7]. The microstructure of crystallized Co–Cu 
samples contains spherulites of one phase embedded in 
the matrix of another; spherulites in alloys containing 
more than ~60 at. % Cu solidify from the Co-based melt, 
and in alloys containing less than~ 40 at. % Cu – from 
the Cu-based melt [8]. The microstructure of crystallized 
samples is determined by the morphology, segregation 

pattern and size distribution of Co-rich droplets, with 
droplet migration controlled by the Marangoni force 
and Stokes force [9–10]. The presence of carbon in 
the melt, as suggested by the authors, can change the 
crystallization conditions and lead to the formation of 
a specific microstructure of crystallized Co–Cu–C 
samples. The technology of contact alloying of melts 
Co–Cu with carbon allows to obtain bulk samples of 
metal-carbon materials Co–Cu–C and is simple enough 
in technical realization [11] . Earlier the method of contact 
alloying of Fe–Cu melt with carbon allowed to obtain a 
unique composite material Fe–60%Cu–C, where iron-
based phase is stratified into alloys of pre-eutectic and 
eutectic compositions (gray and white cast iron) [12–13].

Metal-carbon Co–Cu–C compositions are primarily of 
interest as materials that absorb microwave radiation [14–
15]. A thin film catalyst made of Co–Cu bimetallic alloy 
has also been developed, which allows the growth of single 
layer high quality graphene (SLG) [16]. Cobalt electrodes 
coated with SLG exhibit high magnetic anisotropy [17], 
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remain resistant to oxidation in air and are promising 
as spin filtration electrodes [18]. Known methods of 
obtaining metal-carbon Co–Cu–C compositions: the 
electrodeposition method [19]; methods when carbide-
forming metals are removed from metal carbides by acid 
etching [20] or chlorination [21], the method of thermal 
decomposition of the Co–Cu double salicylate complex 
in argon atmosphere [22], do not allow obtaining bulk 
samples. In this work another method of obtaining 
metal-carbon Co–Cu–C compositions – contact carbon 
doping of Co–Cu melts with copper content of 20, 40 
and 60 at. % was used. For the first time temperature 
and time dependences of the contact angle, diameter of 
the wetted surface spot were measured, metallographic 
analysis of the obtained Co–Cu–C samples was carried 
out. In the future, the results of the study are useful for 
working out the technology of obtaining granulated 
Co–Cu–C compositions. Granulated Co–Cu alloys 
have been intensively investigated since the discovery of the 
effect of giant magnetoresistance in these materials [23], 
which determines the ability of Co–Cu–C compositions 
to absorb microwave radiation [14]. Co–Cu alloys are 
known to be paramagnetic at Co concentrations less than 
25 at. % [24]. Therefore, the interaction of Co–Cu melts 
with Co content of 20, 40 and 60 at. % with graphite was 
studied in this work. Obtaining metal-carbon Co–Cu–C 
compositions by contact alloying is associated with a 
number of difficulties, since the copper-rich phase is 
displaced to the surface during separation [25] and 
prevents the melt from wetting the graphite substrate. 
Copper in solid and liquid states is in equilibrium with 
graphite [26]. Liquid copper does not wet carbon substrates 
[27–30], and graphite is impregnated with copper melts 
at high temperatures (>1200°C) and high overpressure 
(10–100 MPa) [31]. A slight decrease in overpressure 
can be achieved by alloying copper melts with surface-
active elements (Ti, Mn, Cr, W, Nb, Mo, Co in the 
amount of 1–2 wt%) [31–33]. Co interacts eutectically 
with carbon L ↔(σ-Со) + (С) at 1319°C and 11.9 at. % C 
[26, 34]. Although cobalt melt wets graphite – contact 
angle decreases from 82 to 35° when heated from 1425 
to 1495°C, Co–2.7%C melt at 1495°C does not wet the 
graphite surface – contact angle 130°, Cu–5%Co melt 
also does not wet graphite at 1300°C – contact angle 
138° [28]. Measurements of the contact angle at interaction 
of Co–Cu melts with copper content of 20, 40 and 60 at. % 
with graphite have not been carried out before.

This paper presents relevant data on the kinetics of 
the interaction of Co–Cu melts with graphite and a 
description of the microstructure of crystallized samples 
of Co–Cu–C composites.

1. KINETICS OF INTERACTION OF Co–Cu 
GRAPHYTIC ARMOSTS WITH GRAPHITE

Determination of graphite wetting angles with Co–Cu 
melts was carried out according to the standard lying 
drop technique under conditions of joint heating of 

the sample and substrate. Samples for the experiment 
were preliminary alloyed from pure components in 
a closed muffle resistance furnace at 1530°C for 60 min. 
The starting materials were metals of high purity: copper 
grade B-3 (99.98%) and cobalt grade K1Au (99.35%). 
The mass of the sample was 4 g. As substrates we used 
polycrystalline graphite of spectral purity. The porosity 
of graphite (13.5%) was determined by the technique of 
measuring the volume of open pores [35]. Substrates 
from such graphite were carefully polished and ground, 
then calcined in vacuum (at a pressure below 1 Pa) at 
1500°C for 1 h. The surface roughness of the substrate 
was of the order of 10 μm. Fusion of initial samples 
and measurement of edge angles were carried out in an 
atmosphere of high-purity helium. The working chamber 
was pre-vacuumed to 0.001 Pa. Helium was then run 
to a pressure of ~105 Pa. Wetting angles were measured 
in the mode of successive step heating from 1420 to 
1620°C with holding at each temperature for 20 min. 
The sufficiency of such holding time is confirmed both 
by earlier studies [28, 36] and by our studies of the flow 
velocity of Fe–Cu melts on the graphite surface [13]. 
The profile of the investigated drop was recorded every 
minute using a digital camera. The images were recorded 
in computer memory and analyzed using SIAMS700 
software. The wetting angle was determined with an 
accuracy of 0.3–0.6°. Signs of melt evaporation, drop 
volume reduction were not observed. The random error 
in determining the edge angle did not exceed 3% at a 
confidence level of 0.95. The method of measuring the 
angle of wetting of the graphite surface by metal melt 
(sitting drop method) and the setup for its realization 
have been previously described in [13, 28, 36–37].

The results of measuring the wetting angles θ of 
graphite with Co–Cu melts are presented in Fig. 1. Upon 
heating from 1390 to 1590°C, the final contact angle 
decreases from 125 to 95° (by 24%) in the experiment 
with Co80–Cu20 melt; from 138 to 110° (by 20%) in the 
experiment with Co60–Cu40 melt and from 110 to 100° 
(by 9%) in the experiment with Co40–Cu60 melt. Thus, 
the more Cu in the melt, the worse it wets the graphite 
surface. Note that the value of the contact angle depends 
little on time and decreases weakly with temperature: in 
the experiments with the Co80–Cu20 and Co40–Cu60 
melts from about 110 to 100°, in the experiment with the 
Co60–Cu40 melt – from about 130 to 110°.

The results of measuring the diameter d of the spot 
diameter of the graphite surface wetted with Co–Cu 
melts are presented in Fig. 2. The spot diameter of the 
graphite surface wetted by Co–Cu melts significantly 
increases at the beginning of the interaction at 1390°C, 
and in the experiments with Co80–Cu20 (by 2%) and 
Co60–Cu40 (by 7%) melts – during the first 5 minutes, 
in the experiment with Co40–Cu60 melt (by 3%) during 
15 minutes (Fig. 2). The spreading rate of Co–Cu melts 
at higher temperatures is weakly time dependent and 
does not significantly increase with temperature. The 
final value of the spot diameter of the graphite surface 
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wetted by Co–Cu melts when heated from 1390 to 
1590°C increases from 10.4 to 12.0 mm (by 15%) in the 
Co80–Cu20 melt experiment; from 11.2 to 12.4 mm (by 
11%) in the Co60–Cu40 melt experiment  from 11.8 to 
12.4 mm (by 5%) in the Co40–Cu60 melt experiment 
(Fig. 2). Thus, the more copper in the melt, the worse it 
sinks on the graphite surface.

The results of measuring the height h of Co–Cu melt 
droplet with Cu content of 20, 40 and 60 at. % above the 
graphite surface are presented in Fig. 3. The change of 
height h of Co–Cu melt drop above the graphite surface 
reflects the change of its geometrical dimensions, including 
due to the formation of a depression on the graphite 
surface as a result of its interaction with the melt. The 
height of Co–Cu melt drop above the graphite surface 

significantly decreases at the beginning of interaction 
at 1390°C in the experiments with Co80–Cu20 (by 6%) 
and Co60–Cu40 melt (by 16%), in the experiment with 
Co40–Cu60 melt (by 6%) within 15 minutes (Fig. 3). 
The height h of the Co–Cu melt droplet above the graphite 
surface at higher temperatures is weakly time dependent 
and does not significantly decrease with temperature. 
The final value of the height h of the Co–Cu melt droplet 
above the graphite surface when heated from 1390 to 
1590°C increases from 4.8 to 4.5 mm (by 7%) in the 
Co80–Cu20 melt experiment; from 5.9 to 5.7 mm (by 
4%) in the Co60–Cu40 melt experiment and from 5.1 
to 4.9 mm (by 4%) in the Co40–Cu60 melt experiment 
(Fig. 3). Thus, the more cobalt in the melt, the better it 
dissolves the graphite surface.
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Fig. 1. Time dependences of graphite wetting angles θ with Co–Cu melts with Cu content of 20, 40 and 60 at. % at 1390, 
1440, 1490, 1540 and 1590°C. The method of measuring θ is shown in Fig. 2a.
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Thus, it was possible to continue studies of the 
kinetics of interaction of Fe–Cu melts delaminating in 
the liquid state with graphite [13] for the system Co–
Cu with a similar type of phase diagram, the peculiarity 
of which is the presence of a metastable mixing zone; 
under sufficiently deep supercooling, the Co–Cu melt 
splits into two liquids: cobalt-rich and copper-rich [1]. 
It was found that, as for Fe–Cu [13], so for Co–Cu the 
contact angle and diameter of the wetted surface spot 
depend weakly on temperature, but there is a significant 
difference – wetting of graphite by Co–Cu melts with 
copper content of 20, 40 and 60 at. % at temperatures of 
1390, 1440, 1490, 1540 and 1590°C does not occur. Earlier 
it was noted that pre carburized cobalt Co–2.7%C melt 
does not wet graphite at 1495°C, contact angle 130° in 
contrast to Fe–C melts [28].

2. MICROSTRUCTURES OF Co–Cu–C 
SAMPLES OBTAINED BY CONTACT LAGGING 

OF Co–Cu ALLOYS WITH HYDROCARBON

Metallographic study of macro and microstructures of 
Co–Cu–C samples obtained after wetting experiments 
at cooling rates of 1–10°C/s was performed using a 
Neophot-32 light microscope. Fine structure studies and 
local microanalysis were performed on a Tescan MIRA 
scanning electron microscope with an energy dispersive 
analysis (EDS) attachment. The samples cut out of the 
alloy in longitudinal section were ground on grinding paper 
with different grits, from P80 to P2500. Then polishing 
was carried out on aqueous chromium oxide solution and 
colloidal silicon suspension.

The general view of the samples is shown in Fig. 4. 
By appearance they can be divided into two groups: 
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rich in cobalt (Co–20 at. % Cu–C and Co–40 at. % 
Cu–C) and copper (Co–60 at. % Cu–C). Both groups 
are characterized by melt stratification with displacement 
of the copper phase to the periphery of the sample. 
For samples of the first group there is isolation of the 
copper phase, and for samples of the second group – 
the phase rich in cobalt. Previously, phase reversal at 
the transition through equiatomic composition has been 
reported for Fe–Cu melts during graphite wetting [12–13]. 
The stratification of Co–60 at. % Cu–C sample occurs 
in the whole volume (Fig. 4c). The alloys Co–20 at. % 
Cu–C and Co–40 at. % Cu–C are characterized by a 
rather homogeneous structure. Earlier by the method of 
contact alloying of Fe–Cu melt with carbon a similar result 
was obtained: delamination of Fe–60%Cu–C sample 

occurred in the whole volume [12–13]. Consequently, 
obtaining bulk macro homogeneous samples of metal-
carbon materials Co–Cu–C by the technology of contact 
alloying of Co–Cu melts with carbon at low cooling rates 
(1–10°C/s) is possible with excess of cobalt in the melt.

As follows from the structural analysis, the increase 
of copper content from 20 to 60% leads to significant 
changes in the morphology of structural components and 
phase composition of samples after wetting experiments. 
The interaction of carbon with cobalt and cobalt with 
copper according to the state diagrams, Co–C and Co–Cu 
[1, 26, 34], causes the formation of complex multiphase 
structures.

The main structural component in the metal-carbon 
material Co–20%Cu–C is Co–C eutectic and primary 

Fig. 3. Time dependences of the drop height h of Co–Cu melt with Cu content of 20, 40 and 60 at. % at 1390, 1440, 1490, 
1490, 1540 and 1590°C relative to the graphite surface.
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carbon crystals, i.e. in the process of carbon diffusion from 
the substrate into the Co phase, its concentration becomes 
higher than the eutectic one, and the alloy solidifies 
according to the hypereutectic type. Co–C eutectic 
structure belongs to the category of disordered eutectics 
of plate-needle morphology. Primary carbon crystals have 
the form of thin plates, the length of which reaches 100–
300 μm (Fig. 5a). Rounded copper zones of rounded shape 
and ~10–50 μm in size are formed throughout the sample 
volume (to a greater extent along the periphery). Most 
often they are located near the carbon plates (Fig. 5a, b).

The formation of Cu phase occurs by peritectic 
reaction from Co-based solid solution and Cu-enriched 
melt. The presence of Co–C eutectic leads to the fact 
that the nucleation of copper phase is heterogeneous on 
the interfacial surface of particles of carbon and Co solid 
solution, which creates the effect of two-phase composite 
particles C/Cu. The structure of the Co–40%Cu–C 
metal-carbon sample, in contrast to the Co–20%Cu 
sample, is very heterogeneous (Fig. 6b). A ~300–350 μm 
thick copper layer is located near the substrate. Further up 
to the middle of the sample and above extends an extensive 

zone enriched with cobalt, within which a copper-based 
phase is located in the form of irregularly shaped zones 
(grains). Within this phase are cobalt crystals of dendritic 
morphology. Fig. 6a shows the boundary of Co and Cu 
zones and Co dendrites in the Cu zone.

The copper layer located near the substrate is also 
biphasic, the Co alloy dendrites in it grow perpendicular 
to the graphite substrate (Fig. 6b). Carbon in the form 
of thin needle-shaped crystals is present throughout the 
sample volume, however, its amount in the cobalt-based 
zone is much less than in the copper zone (Fig. 6a).

In the Co–60%Cu–C sample, an opposite set of 
structures is observed, in which the volume ratio of cobalt 
and copper zones changes in favor of the latter (Fig. 4c). 
Most of the sample has a eutectoid-type structure 
consisting of a copper base and cobalt dendrites (Fig. 7a).

At the substrate (Fig. 7a) and along the periphery of the 
sample, isolated zones of Co–C eutectic with inclusions 
of copper phase are formed (Fig. 7b). In these zones, the 
tendency of joint nucleation and growth of Cu and C 
phases is clearly manifested.

Fig. 4 General view of Co–Cu–C samples: a) Co–20%Cu–C; b) Co–40%Cu–C; c) Co–60%Cu–C.
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Fig. 5. Structure of Co–20%Cu–C metal-carbon material: a) Co–C eutectic; b) copper zones in Co–C eutectic and EDS 
map of element distribution (SEM).
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Thus, on the basis of the conducted studies it is shown 
that at the transition through the equiatomic composition 
there is a change in the composition and volume fraction 
of isolated zones. In the samples of metal-carbon material 
Co–20%Cu–C and Co–40%Cu–C the isolated zones 
are enriched with copper, and in the sample of metal-
carbon material Co–60%Cu–C – with cobalt. Previously, 
a similar phase reversal at the transition through the 

equiatomic composition was found for melts of the Fe–Cu 
system [12–13].

The kinetics of diffusion dissolution of carbon 
depends on the composition of the initial alloy. From 
the data [28] it is known that carbon does not diffuse 
through the copper phase, so in experiments on wetting 
the graphite substrate Co–Cu melts, its dissolution 
is carried out in the phase rich in cobalt. It is found 

500 µm500 µm

)b()a(

Fig. 6. Structure of metal-carbon Co–40%Cu–C material: a) boundary of Co and Cu zones and Co dendrites in Cu zone; 
b) area at the contact point of the sample with graphite substrate; EDS maps of element distribution (SEM).

50 µm50 µm

)b()а(

Fig. 7. Structure of Co–20%Cu–C metal-carbon material: a) Cu zone with Co dendrites; b) isolated Co–C eutectic zones 
with copper phase inclusions, EDS maps of element distribution (SEM).
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how the carbon content of metal-carbon Co–Cu–C 
materials varies with the cobalt content of the initial 
alloy. According to EDS-analysis data, contact 
alloying of Co–20%Cu melts with carbon resulted 
in the composite material (Co–27%C–10%Cu) +  
+ (Co–32%C–62%Cu) + C (Fig. 5a), Co–40%Cu –  
– (Co–19%C–15%Cu) + (Co–25%C–72%Cu) + C 
melt (Fig. 6a), Co–60%Cu – (Co–20%C–15%Cu) +  
+ (Co–23%C–74%Cu) + C melt (Fig.7a).

Despite the above-mentioned differences in the 
structure formation of metal-carbon Co–Cu–C materials 
with different copper content, it is possible to note the 
features common to all compositions. In particular, it is a 
change in the geometry of the contact zone of the substrate 
with the melt, which is manifested in the destruction of the 
graphite substrate. Changes in the geometry of the contact 
zone of solid and liquid metal – crater formation and 
dispersion of graphite were found. Crater formation is a 
sign of intensive dissolution of carbon in the melt. Graphite 
dispersion accompanies the process of phase infiltration 
of the melt through the pores. The destruction of the 
graphite substrate is most pronounced for the samples rich 
in cobalt: Co–20%Cu–C and Co–40%Cu–C (Fig. 6b), 
which agrees with the data of measuring the height h 
of the Co–Cu melt drop with copper content of 20, 40 
and 60 at. % above the graphite surface (Fig. 3). The 
final value of h height at heating from 1390 to 1590°C 
increases by 7% in the Co80–Cu20 melt experiment; by 
4% in the Co60–Cu40 melt experiment and by 4% in the 
Co40–Cu60 melt experiment (Fig. 2). Thus, the more 
cobalt in the melt, the better it dissolves the graphite 
surface.

Thus, by methods of light optics, scanning electron 
microscopy and local X-ray spectral analysis the 
following regularities of structure formation of metal-
carbon Co–Cu–C compositions obtained as a result 
of wetting graphite with Co–Cu melts have been 
established: (1) increase of copper content from 20 to 
60 at. % leads to changes in morphology of structural 
components and phase composition of samples; (2) at 
transition through equiatomic composition the ratio of 
volume fraction of phases changes, i.e. in Co–20%Cu–C 
and Co–40%Cu–C samples the copper phase is 
isolated, and in Co–60%Cu–C sample – the cobalt-
based phase; (3) due to intensive dissolution of carbon 
in cobalt, the cobalt-rich phase has the structure of 
Co–C eutectic; (4) interaction of cobalt and copper 
leads to the formation of a mixture of two solid solutions 
of eutectoid type, taking into account the weak mutual 
solubility of the components, it can be considered that 
the eutectoid consists of pure Cu and pure Co; (5) as a 
result of interaction of graphite substrate with Co–Cu 
melts, its destruction is observed.

CONCLUSION

Studies of kinetics of interaction of Co–Cu melts 
with copper content of 20, 40 and 60 at. % with graphite 

were carried out by measuring time dependences of 
contact angle and diameter of the wetted surface spot 
at temperatures of 1390, 1440, 1490, 1540 and 1590°C. 
Wetting of graphite by Co–Cu melts does not occur 
under these conditions: the final contact angle for 
Co80–Cu20 is 95°, Co60–Cu40 – 110°, Co40–Cu60 – 
100°. The spot diameter of the wetted surface increases 
significantly only at the beginning of the interaction 
within 5–10 min. The final value of the spot diameter 
of the wetted surface increases for Co80–Cu20 by 15%, 
Co60–Cu40 by 11%, and Co40–Cu60 5% when heated 
from 1390 to 1590°C.

Metallographic analysis of the microstructure of 
Co–Cu–C composite materials obtained by contact 
alloying of Co–Cu melts with carbon showed the 
dependence of the morphology of structural components 
and phase composition of samples on the copper content; 
macrohomogeneous samples were obtained with excess of 
cobalt melt; as a result of interaction of graphite substrate 
with Co–Cu melts, its destruction is observed.
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