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Abstract: The aim of this study was to optimize the composition of enamel consisting of aluminum
pigment and polyphenylsiloxane polymer, in order to achieve the maximum aggregative stability of
suspensions. Sedimentation rate (SR) was used as a criterion for assessing the aggregative stability of
the suspensions. An original product, AS-1, and industrial additives PEPA and Telaz, were tested
as surfactants. AS-1 was obtained from oil refining waste at M. Kozybayev North Kazakhstan
University. All the studied surfactants improved the stability of the suspensions. The AS-1 additive
significantly improved the stability of the suspensions, but exhibited a lower stabilizing ability by
10–20% than PEPA. The maximum overall stability of the suspensions was recorded at a PEPA level
of 0.25–0.375 g/dm3 in the enamel. The Taguchi method was used to optimize the composition of the
enamel, using AS-1 as the surfactant. It is recommended to use AS-1 in silicone enamels. Optimum
compositions can reduce the petrol absorption of coatings by 1.5 times, their roughness by 2.5 times
and increase their gloss.

Keywords: optimization of composition content; aggregative stability; Taguchi method; mathematical
modeling; surfactants; silicones; polyorganosiloxanes; organic coatings

1. Introduction

Currently, two-component silicone enamels with excellent anticorrosive properties
of coatings available at a relatively reasonable cost are widely used in industry [1]. These
enamels consist of silicone varnish and aluminum pigments that are mixed immediately
before use. This mixing creates difficulties in assessing the stability of the obtained enamels,
since over time they become stratified into a pigment and a layer of varnish. When applied,
the pigment particles agglutinate, and the protective properties of the coatings deteriorate
significantly. The size of the pigment particles is a very important characteristic of the
silicone coating, which determines its anticorrosive (permeability as well as insulating and
adhesive abilities), decorative (color, gloss) and structural/mechanical (opacity, porosity,
hardness, tensile strength and impact) properties in coatings. Thus, the introduction of
nanoparticles of various materials (metals, titanium dioxide) significantly increases the
anticorrosive properties of silicone coatings [2] and polymer composites [3,4].

In order to reduce the processes of aggregation of pigment particles that occur when
using two-component enamels, various surfactants are used. At the same time, it is
interesting to note the positive effect of various surfactants on improving the aggregative
stability of “pigment-silicone-solvent” suspensions. A significant amount of research
has been devoted to investigate the effect of surfactants on the aggregative stability of
suspensions in different environments [5–10]. The effectiveness of surfactants on the
stability of suspensions obtained during dispersion (assessing their aggregative stability) is
determined by making rational choices based on the literature data.
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For years, polyester and alkyds have been well known to be surfactants in silicone
enamels [11,12]. The introduction of a nitrogen-containing surfactant significantly increased
the adhesion of the silicone matrix (oligomethylsiloxane) to the filler, thus improving the
characteristics of the composite [13]. The positive effects of the resulting formation of an an-
tifouling coating from the nitrogen-containing compound—2-(2-benzimidazolil) ethantiol
in silicone enamel were shown in [14]. The introduction of benzotriazole and nanosilicon
(as a filler) into a polydimethylsiloxane composite significantly improves the anticorrosive
properties of coatings [15]. The introduction of an adhesion enhancer additive into a sili-
cone composite significantly improves its operational characteristics [16]. In the literature,
we found information about the development of silicone composites with the following
nitrogen-containing additives: aniline oligomer [17], 3-aminopropyltriethoxysilane [18],
erucamide [19], melamine [20], polyamidoamine [21], amines [22] and polyimides [23]. In
addition, the introduction of surfactants into paints not only improves the dispersion of the
pigment [24,25], but also improves the wetting of pigments as well as the steel surfaces of
painted parts, with their solutions [26–29].

For the effective selection and use of additives in specific silicone paint and varnish
materials (primers, enamels, etc.), it is necessary to conduct in-depth research in the field of
colloidal and physical chemistry. However, in practice, we often observe only compliance
with the recommendations of additive manufacturers with “approximate additive costs”.
Currently, a large number of reference books and catalogs of manufacturers of various
additives are known [30], which are used by technologists who create paint formulations in
industry. However, the information in these sources about the use and optimal content of
additives in coatings is purely empirical. Currently, there is no generally accepted “unified
scientific theory of additive selection” for various coatings, depending on the polarity of
the polymer and solvent, their solubility parameters, the surface properties of pigments
and fillers, etc. Although scientific attempts are being made to systematize this issue, in
particular, the research of [31] provided a complete analysis of surfactants in coatings used
throughout the entire period of human development, from ancient times to the present day.
The authors focused on the physico-chemical bases pertaining to the use of surfactants in
composite materials, including in coatings. The influences of the types and concentrations
of surfactants on the change in interphase energy and the stability of dispersed systems
were shown. It has been proven that using surfactants in enamels and paints improves
the aggregative and sedimentation stabilities of suspensions/dispersions. The study [32]
showed that the introduction of surfactants into the paintwork causes an increase in the
number of adhesive “organic coating—pigment” and “organic coating—steel surface,
painted parts” contacts; as a result, the protective properties of the paintwork increase
significantly. This article has been a part of our research at North Kazakhstan University
since 2009 on the development of a “unified scientific theory of additive selection” for
various coatings, such as silicone, pentaphthalic, oil, bitumen, perchlorvinyl, water-acrylic,
urethane-alkyd, etc.

In summary, the use of amino surfactants to enhance the overall stability of suspen-
sions in silicone compositions looks very promising. Due to the growing global economic
crisis (the COVID-2019 pandemic and large inflation of reserve currencies such as the
US dollar and the Euro), the demand for cheap additives obtained from petrochemical
waste is increasing significantly. In this study, the AS-1 product obtained from the petro-
chemical refinery waste at M. Kozybayev North Kazakhstan University was used [33]. In
order to evaluate the overall stability of the suspensions in the presence of the original
product AS-1 compared to industrial additives, we used additional additives: “Telaz” and
“PEPA”. Previously, we proved the effectiveness of these surfactants (PEPA, Telaz, AS-1)
as dispersant additives in silicone enamel [34,35]. However, due to the two-component
nature of this enamel (it is obtained immediately before painting by mixing varnish and
dry pigment), the aggregative stability of pigment suspensions during their storage was
not taken into account. Consideration of this factor is necessary to make the correct choice
of the type and content of surfactants in the studied enamel. Sometimes, there is a good
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dispersal ability of surfactants accompanied simultaneously by low stabilizing activities
against the pigment suspension. As a result, during enamel storage, pigment suspensions
settle quickly, particles agglutinate and organic coatings with a significant number of large
pores form.

In order to avoid these phenomena from occurring, we assessed the overall stability
of suspensions in this article by measuring the sedimentation rates of the suspensions
(SR) of the enamel under investigation. SR allows us to take into account the influence
of the content of not only surfactants, but also of solvents, on the aggregate stability
of suspensions, and to quantify these changes in order to mathematically optimize the
composition of the enamel.

2. Materials and Methods
2.1. Materials

In this study, polyphenylsiloxane KO-85 based on GOST 11066-74 (hereafter referred
to as PPhS) was used as the primary polymer (film-forming agent). Toluene was used
for the dissolution of PPhS. This brand of toluene was characterized as follows: density—
0.866 g/cm3 (at 20 ◦C); impurity content—no more than 0.2% (the rest is toluene). In
silicone enamel, aluminum powder of the PAP2 brand was used as a pigment. This
pigment contains no more than 3% impurities (of which no more than 2.5% constitutes fat).
The following nitrogen additives were used in the study:

(1) AS-1 additive. It was obtained (synthesized), according to the technological scheme
shown in Figure 1, from two main components: cubic residues of petrochemicals KON-92
and croton aldehyde.
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maintained using water circulation through a water jacket and heat exchangers pos.3. The 

Figure 1. Technological scheme for obtaining the AS-1 additive (1—reactor; 2—gas reducer;
3—water/cooling jacket).

The first component is the cubic residues of the production of butyl alcohols and
2-ethylhexanol, under the trademark KON-92 (TU 38.302-75-03-92), which is a mixture of
aldehydes (acetic—5.6%, oil—4.4%, croton—1.1%, 2-ethylbutenal—12.8%, hexanal—2.4%)
and alcohols (2-ethylhexenol—2.3%, isohexanol—1.6%, 2-ethylhexanol—4.0%, butanol—
the rest). The second component is industrial croton aldehyde (C4H6O), with a base
substance content of 98.3%. In the reactor (item 1) made of AISI 316 steel, with a volume
of 0.5 dm3 (maximum filling factor—0.7), KOH-92 was poured in the amounts of 300 g
and 75 g of croton aldehyde. Then, industrial ammonia (NH3) was fed into the reactor
according to GOST 3760-79 under a fixed partial pressure of 0.025 MPa (due to the gearbox
pos.2) from a gas cylinder. The temperature in the reactor (25 ± 2 ◦C) was maintained
using water circulation through a water jacket and heat exchangers pos.3. The synthesis
time was 55 min. As a result, the additive AS-1 was obtained, in the amount of 375 g. A
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mixture of primary and secondary amines was obtained (molecular weight—250 a.m.u.;
amine number (mg HCl/g)—30) [33].

(2) Additive “Telaz D” (molecular weight—2121 a.m.u.; amine number (mg HCI/g)—32).
“Telaz” is a condensation product of vegetable oils with diamines.

(3) “PEPA” additive is a mixture of high molecular weight amines (molecular weight—
4950 a.m.u.; amine number (mg HCI/g)—31).

The structures of the base polymer and nitrogen-containing surfactants are shown in
Figure 2.
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2.2. Measurement of Aggregative Stability of Suspensions “Aluminum Pigment-PPhS-Toluene”

The aggregative stabilities of the aluminum pigment and toluene suspensions were
measured by calculating the sedimentation rate in meters/second (SR). The aggregative
stabilities of the “aluminum pigment-PPhS-toluene suspensions” were measured by calcu-
lating the sedimentation rate in 10−2 m/3600 s (10−2 m/h). All measurements were taken
at least five times, and the average values are reported. The measurements were carried
out at a temperature of 20 ± 2 ◦C.

2.3. Experimental Design

The Taguchi method was used to identify the influence of each optimization factor
(surfactant content and solvent content) on the aggregative stabilities of suspensions—
sedimentation rate (hereinafter SR). The Taguchi method makes it possible to identify the
optimal combination of optimization parameters in order to obtain composites with the
necessary parameters [36,37]. In our case, it was necessary to obtain a two-component
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silicone enamel with maximum aggregative stability of the “Pigment-Surfactant-Toluene-
PPhS” suspensions.

In the course of the study, compositions were used in which there were variations in
the following:

1. The content of surfactant AS-1 (hereinafter CS)—from 0 to 0.75 g/dm3;
2. The solvent content (hereinafter referred to as SC)—from 10 to 30% (by weight of

the composition).

Table 1 shows the factors under consideration and their corresponding levels [37].

Table 1. Parameters and levels used for the Taguchi method.

Factors Level 1 Level 2 Level 3

CS (g/dm3) 0 0.375 0.75
SC (wt.%) 10 20 30

Planning an Experiment Using the Taguchi Method

In this study, the L9 matrix was used, and the signal-to-noise ratio (S/N) was used as
a characteristic of the selection quality. In the Taguchi method, three different functions are
used to find the (S/N): “the-smaller-the-better (SB)”, “the-nominal-the-best (NB)” or “the-
larger-the-better (LB)”. In order to minimize SR, we used the SB function (Equation (1)) [34],
shown as follows:

S/N = −10 log10

(
1
n

n

∑
i=1

y2
i

)
(1)

where n is the number of test runs, and yi are the measured values of SR.
The S/N ratios for SR were calculated according to Equation (1), as shown in Table 2.

Table 2. S/N ratios of SB for the SR.

Trial CS (g/dm3) SC (wt.%) S/N Ratio for SR, (dB) SR,
10−2 m/3600 s (10−2 m/h)

1 0 10 15.391 0.170
2 0 20 9.119 0.350
3 0 30 5.680 0.520
4 0.375 10 18.416 0.120
5 0.375 20 11.057 0.280
6 0.375 30 7.535 0.420
7 0.75 10 18.273 0.122
8 0.75 20 10.663 0.293
9 0.75 30 7.371 0.428

2.4. Methodology for Checking the Quality of Coatings

The effects of the surfactants on the quality of the silicone coatings were assessed by
their effects on the decorative properties (gloss, film roughness) and protective properties
(petrol absorption and resistance to seawater) of the coatings.

The gloss of the coatings was determined in accordance with the ISO 2813:1994 stan-
dard on the FB2 gloss meter on steel plates 150 × 70 × 0.2 cm (length × width × thickness).
The coatings were applied to the plates by pouring, and were maintained for 8 h at a tem-
perature of (350 ± 5) ◦C. All of the samples were examined at least 5 times. The reported
results show the mean values.

The roughnesses of the films were determined using a double MIS-11 microscope (accord-
ing to a standardized technique) on steel plates 150 × 70 × 0.2 cm (length × width × thickness).
The coatings were applied to the plates by pouring, and were maintained for 8 h at a tem-
perature of (350 ± 5) ◦C. All of the samples were examined at least 5 times. The reported
results show the mean values.
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The petrol absorption and moisture absorption of the coatings were determined using
the gravimetric method (weighing the plates with the coatings before and after exposure
in petrol/distilled water for 20 days) on steel plates that were each 65 × 25 × 0.1 cm
(length × width × thickness). The coatings were applied to the plates by pouring, and
were stored for 8 h at a temperature of (350 ± 5) ◦C. All of the samples were examined at
least 5 times. The reported results show the average values.

The effects of the additives on the stabilities of the coatings to water of the Caspian
Sea were assessed by external inspection. The tests were carried out on steel plates that
were 65 × 25 × 0.1 cm (length × width × thickness) each, at a temperature of (18 ± 2) ◦C
for 168 h. The coatings were applied to the plates by pouring, and were stored for 8 h at a
temperature of (350 ± 5) ◦C.

2.5. Adsorption Measurements

The degree of PPhS and surfactants adsorption on the surface of the aluminum pigment
was calculated from the difference in concentrations before and after the adsorption mea-
surements, using a calibration curve. The adsorption was determined by photocolorimetry
methods (on the KK-3-01 device, by measuring the transmittance (T, %) wavelengths at
400, 440 and 490 nm), and by measuring the surface tension (σ, J/m2). The first stage of
the measurements was the preparation of PPhS/aluminum pigment suspensions in the
same systems, additionally enriched with surfactants. A suspension of aluminum pigment
(0.4 g) was added to 25 cm3 of a solution containing PPhS, and in some surfactant systems
(concentration range from 0 to 2 g/dm3). The suspensions were mixed for 30 min at a
temperature of (20 ± 2) ◦C in a sealed reactor (volume (0.2 ± 0.01) dm3, filling factor—0.60)
that was equipped with a mixing device (impeller agitator, speed—300 min−1) in order to
achieve adsorption–desorption equilibrium.

3. Results
3.1. Effects of Surfactants on the Aggregative Stability of Suspensions “Aluminum
Pigment-PPhS-Toluene”

The effects of the surfactants on the sedimentation rates of suspensions in pure toluene
are shown in Figure 3a, and in the presence of PPhS in Figure 3b–d.
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The effects of the solvent content on the sedimentation rates of the silicone enamel
suspension are shown in Figure 4.
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3.2. Optimization of Aggregative Stability of Suspensions by Taguchi Method

The average values of the signal-to-noise ratio for the SR for each parameter level for
the AS-1 are shown in Table 3, and these values are illustrated by the graphs of the main
effects shown in Figure 5a,b.
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Table 3. S/N ratios of SR by parameter level (SB).

Level
S/N Ratio

CS (g/dm3) SC (wt.%)

1 10.063 17.360
2 12.336 10.279
3 12.102 6.862

Delta 2.273 10.498

Rank 2 1
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Figure 5. Main effect plot for signal-to-noise ratio: content of the surfactant (CS) for SR (a), solvent
content (SC) for SR (b).

The highest point on the graph indicates the level to be selected for the optimum
parameter. The rank and delta values indicate the most significant parameter. The delta
values for each parameter show the difference between the highest and lowest values of
the SR.

From Table 3, the solvent content (SC) was found to be the most significant parameter
affecting the SR, followed by surfactant content (CS). Figure 5a,b show that the addition of
0.375 g/dm3 of AS-1 to the composition resulted in the highest aggregate stability of the
suspensions/pigment dispersion for SC 10%. In order to evaluate the contribution of each
factor to the aggregative stability of the suspensions, an analysis of variance (ANOVA) was
conducted, and the results of the calculations are presented in Table 4.

Table 4. ANOVA for S/N ratios (for SR).

Factor Degrees of Freedom Sum of Squares Contribution of Factor, (%)

CS (g/dm3) 2 9.38 5.17
SC (wt.%) 2 172.02 94.83

Total 4 181.40 100

ANOVA analysis for the S/N ratios in Table 4 showed that the solvent content (SC)
(contribution of 94.83%) affected the aggregate stability (SR) more than the surfactant
content (CS) (contribution of 5.17%).

In order to derive a multifactorial statistical mathematical model of the effects of
surfactants and solvent content on the SR, the following equation proposed by M. M.
Protodiakonov (2) was used:



Polymers 2022, 14, 3819 9 of 15

Y0 =

p
∏
i=1

Yi

yp−1 (2)

where Y0 is the generalized equation; Yi is the particular function;
p

∏
i=1

Yi is the product of all

particular functions; p is the number of particular functions equal to the number of input
parameters; and y is the average value of the output parameter for all n experiments (the
general average).

The reliability of the obtained mathematical model was determined by calculating the
coefficient of nonlinear multiple correlation (3) [31]:

R =

√√√√√√√1 −
(n − 1) ·

n
∑

i=1
(yi − ŷi)

2

(n − p − 1) ·
n
∑

i=1
(yi − y)2

(3)

where n is number of experiments; p is number of input (independent) parameters; i
is serial number of the experiment; yi is the actual value of the output parameter in
the i experiment; ŷi is the calculated value of the output parameter, calculated using a
multi-factor mathematical model, for the conditions (values of input parameters) of the
i experiment; y is the average value of the output parameter for all n experiments (the
general average).

After approximating the dependencies using Equation (2) and Microsoft Excel, the
following equation for SR (4) was obtained:

SR =

(
a · CS2 + b · CS + c

)
· (d · SC + e)

SRM
(4)

where SR is the sedimentation rate in 10−2 m/3600 s; SC is the solvent content as a
percentage; and CS is the surfactant concentration in solution, g/dm3.

Values of the coefficients from Equation (4) for studied surfactants presented in Table 5.

Table 5. Values of the coefficients from Equation (4) for various surfactants.

№ Surfactant a b c d e SRM

1 PEPA 0.5084 −0.5284 0.3467 0.0151 −0.0348 0.2677
2 Telaz 0.4030 −0.4089 0.3467 0.0158 −0.0272 0.2878
3 AS-1 0.2880 −0.3036 0.3467 0.0159 −0.0183 0.3003

The reliability of the obtained mathematical models was estimated by calculating the
coefficients of nonlinear multiple correlation (3). The minimum coefficient obtained of
nonlinear multiple correlation among the proposed mathematical models was 0.994.

3.3. Investigation of Surfactant Adsorption on Pigment

The effect of the surfactant type on adsorption in solutions of PPhS on aluminum
pigment (at SC 10%) is shown in Figure 6.

In order to evaluate the mechanism of surfactant adsorption, the energy characteristics
of the adsorption were calculated. The values of the activation energy (Eact.) of the surfactant
adsorption processes are shown in Table 6.
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Figure 6. Adsorptions of surfactants in the presence of PPhS (SC10%) on the surface of aluminum
pigment (at t = (20 ± 1) ◦C).

Table 6. Energy parameters of surfactant adsorption.

Parameter PEPA Telaz AS-1

Eact., kJ/mol 18 15 16

3.4. The Effects of Surfactants on the Quality of Coatings

The effects of different surfactants on gloss are shown in Figure 7a, on their effects on
the roughnesses of coatings are shown in Figure 7b.
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Figure 7. Effects of different surfactants on gloss (a) and roughness of coatings (b) at SC10%.

The effects of different surfactants on the petrol absorption of coatings are shown in
Figure 8.
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Taking into account the use of the studied silicone enamel for painting gas and oil
pipelines, as well as wellhead equipment of oil wells and shut-off valves that are in contact
with water of the Caspian Sea, the effect of surfactants on the resistance of the coatings of
the studied enamel to the water of the Caspian Sea was studied, as shown in Figure 9.
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Caspian Sea water at 18 ◦C for 168 h) (Content of PEPA additive: (a) 0%; (b) 0.125%; (c) 0.25%;
(d) 0.5%; (e) 0.875%; (f) 1%).

4. Discussion

The introduction of surfactants into the enamel reduces the sedimentation rates of
suspensions (Figure 3). This indicates an increase in the aggregative stabilities of the sus-
pensions “aluminum pigment-toluene” (Figure 3a) and “aluminum pigment-PPhS-toluene”
(Figure 3b–d). The three surfactants studied by the degree of influence on the sedimentation
rate of suspensions “PPhS-toluene-aluminum pigment”/“toluene-aluminum pigment” can
be arranged in a row (in descending order of stability): PEPA > Telaz > AS-1 (Figure 3).
According to the results, the most effective surfactant stabilizer of suspensions in the
sedimentation study was PEPA. In a pure solvent (a system without PPhS), the SR was
stabilized by all three surfactants at their content level of 1 g/dm3; with a further increase in
CS (over 1 g/dm3), the SR does not increase. With an increase in CS above 0.375 g/dm3, the
SR increases, and for different surfactants, this increase in sedimentation rate is different.
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With an increase in the amount of solvent (SC) in the composition, the SR naturally
increases. Previously, we conducted a study of the effects of these various surfactants
on the dispersion of pigment in silicone enamel [34]. It proved that all three studied
surfactants (PEPA, Telaz, AS-1) significantly improved the dispersion of pigment in silicone
enamel [34].

An interesting correlation was observed between SR (Figure 3), the specific number of
pigment particles (Figure 10b) and the change in the wetting operation (∆Wcm), previously
studied [28] (Figure 10a).
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to (a) the aluminum substrate (SC 10%) and (b) the dispersion of the pigment (SNP, pcs.), at CS
0.25 g/dm3 and at a temperature of 25 ◦C [28].

Among the three surfactants studied, the most effective additive in silicone enamel is
PEPA, because of its maximum wetting, dispersion and stabilization effects (Figures 3 and 10).

Of the three surfactants studied, the minimum values of the specific adsorption of PPhS
are characteristic of PEPA; therefore, it is PEPA that is most fully adsorbed on the active
centers of the aluminum pigment. The calculated values of the activation energies of all of
the surfactants and PPhS in the studied temperature range indicated the chemisorption
nature of adsorption on the surface of aluminum pigment (since the Eact. is more than
8 kJ/mol) Table 6.

The introduction of surfactants into the composition caused an increase in the gloss of
the coatings, with the greatest in the case of PEPA (Figure 7a). With CS PEPA at 0.25 g/dm3,
the gloss of the coatings increased by 13% (from 75 to 85%). The introduction of surfactants
into the enamel reduced the roughness of the coatings, as shown in Figure 7b. When testing
with PEPA CS 0.25 g/dm3, the roughness of the films decreased by 2.5 times (from 5 to
2 microns). The introduction of surfactants reduced the petrol absorption of coatings by
about 1.5 times (from 1 to 0.6 g/m2), as shown in Figure 8. The introduction of PEPA at CS
0.25 g/dm3 increased the resistance of coatings in the water of the Caspian Sea, thereby
increasing protective characteristics significantly (Figure 9). Therefore, it can be concluded
that the maximum decorative and protective characteristics of coatings are observed when
the surfactant content in the enamel is 0.25 g/dm3.

Using the Taguchi method in addition to Equation (4) calculations, the optimal com-
position of silicone enamel (surfactant—0.375 g/dm3 and solvent 10%) was determined
that provided maximum aggregative stability of suspensions as well as protective and
decorative characteristics of coatings. For the surfactants studied, Figure 11 presents nomo-
grams for SC (in %) graphical determination using known SR (in 10−2 m/3600 s) and CS
(in g/dm3) values.
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In view of the use of silicone coatings for heat resistance, the logical continuation of this
study is to investigate the effect of surfactants on the supramolecular structure (domains)
of coatings under repeated heating. Currently, this issue has seldom been investigated in
the literature.

Currently, one of the most effective ways to reduce environmental pollution by chemi-
cal waste is to recycle the waste into useful products. In particular, oil refining waste under
the trademark KON-92 that is produced in large quantities, is a valuable chemical raw
material, which is currently being used mainly for heating houses in winter. We propose
using this material to obtain an original additive AS-1 (Figure 1), which can be used as a
dispersant and stabilizing additive for silicone enamels. The effectiveness of the AS-1 as an
additive that exhibits dispersion, stabilization and wetting activities in various paint and
varnish materials (pentaphthalic, silicone, urethane-alkyd, bitumen, oil, perchlorovinyl),
has been confirmed by this study, and by previous research [28,29,34].

5. Conclusions

(1) All of the studied surfactants were found to increase the aggregative stability
of suspensions, due to the joint chemisorption of resin molecules (polyphenylsyloxane)
and surfactants on the pigment. The maximum aggregative stability of suspensions was
achieved using PEPA, when its content in enamel was 0.25–0.375 g/dm3. As a result, there
was a decrease in roughness (2.5 times) and petrol absorption (1.5 times), and an increase
in the gloss of coatings by 13%. Using the Taguchi method, the optimal formulation of
silicone enamel (surfactant—0.25 g/dm3 and solvent 10%) was determined that provided
maximum protective and decorative characteristics to the coatings.

(2) The AS-1 additive we offer can be used as an effective stabilizing additive in
industrial silicone enamels. The stabilizing ability of AS-1 is close to that of industrial
additives (PAPA and Telez); however, AS-1 is synthesized from oil refining waste, which is
its unsurpassed advantage, both from an economic point of view (low cost) as well as an
environmental point of view (reduction in environmental pollution).



Polymers 2022, 14, 3819 14 of 15

Author Contributions: Conceptualization, A.D. (Alexandr Demyanenko); methodology, A.D.
(Alexandr Demyanenko); software, G.A.; formal analysis, K.O.; investigation, K.O.; data curation,
A.D. (Antonina Dyuryagina); writing—original draft preparation, A.D. (Antonina Dyuryagina);
writing—review and editing, V.T.; visualization, G.A.; supervision, V.T.; project administration, A.D.
(Antonina Dyuryagina). All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Science Committee of the Ministry of Education and
Science of the Republic of Kazakhstan (Grant No. AP08856284).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author upon reasonable request.

Acknowledgments: During the research, the staff of the Department of “Chemistry and Chemical
Technology” of M. Kozybayev North Kazakhstan University and the management of “AVAGRO”
LLP provided significant assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Witucki, G.L. The Evolution of Silicon-Based Technology in Coatings. Dow Corning Corp. 2003, 8. Available online: https://www.dow.

com/content/dam/dcc/documents/en-us/tech-art/26/26-12/26-1208-01-evolution-of-silicone-based-technology.pdf?iframe=true (ac-
cessed on 22 August 2022).

2. Lu, Y.; Chen, Z.; Wang, C.; Zhao, Q.; Zhang, K.; Du, Y.; Xin, L.; Zhu, S.; Wang, F. Protection of 304 stainless steel by nano-modified
silicone coating in cyclically alternate corrosion environment. Corros. Sci. 2021, 190, 109712. [CrossRef]

3. Fattahi, A.M.; Safaei, B.; Qin, Z.; Chu, F. Experimental studies on elastic properties of high density polyethylene-multi walled
carbon nanotube nanocomposites. Steel Compos. Struct. 2021, 38, 177–187. [CrossRef]

4. Tebeta, R.T.; Fattahi, A.M.; Ahmed, N.A. Experimental and numerical study on HDPE/SWCNT nanocomposite elastic properties
considering the processing techniques effect. Microsyst. Technol. 2020, 26, 2423–2441. [CrossRef]

5. Li, X.; Yoneda, M.; Shimada, Y.; Matsui, Y. Effect of surfactants on the aggregation and sedimentation of zinc oxide nanomaterial
in natural water matrices. Sci. Total Environ. 2017, 581–582, 649–656. [CrossRef]

6. Chen, H.-N.; Huang, C.-T.; Tseng, W.J.; Wei, M.-H. Dispersion and rheology of surfactant-mediated silver nanoparticle suspensions.
Appl. Surf. Sci. 2010, 257, 650–655. [CrossRef]

7. Colic, M.; Fuerstenau, D.W. The influence of surfactant impurities on colloid stability and dispersion of powders in aqueous
suspensions. Powder Technol. 1998, 97, 129–138. [CrossRef]

8. Jin, L.; Haiyan, Z.; Ping, L.; Xijiang, Y.; Aikseng, L. The accelerated de-dispersion and sedimentation behaviors of multi walled
carbon nanotube suspensions using surfactants. Mater. Chem. Phys. 2013, 142, 667–676. [CrossRef]

9. Tkachenko, N.H.; Yaremko, Z.M.; Bellmann, C.; Soltys, M.M. The influence of ionic and nonionic surfactants on aggregative
stability and electrical surface properties of aqueous suspensions of titanium dioxide. J. Colloid Interface Sci. 2006, 299, 686–695.
[CrossRef]

10. Löf, D.; Hamieau, G.; Zalich, M.; Ducher, P.; Kynde, S.; Midtgaard, S.R.; Parasida, C.F.; Arleth, L.; Jensen, G.V. Dispersion state of
TiO2 pigment particles studied by ultra-small-angle X-ray scattering revealing dependence on dispersant but limited change
during drying of paint coating. Prog. Org. Coat. 2020, 142, 105590. [CrossRef]

11. Holberg, S.; Losada, R.; Blaikie, F.H.; Hansen, H.H.; Soreau, S.; Onderwater, R.C. Hydrophilic silicone coatings as fouling release:
Simple synthesis, comparison to commercial, marine coatings and application on fresh water-cooled heat exchangers. Mater.
Today Commun. 2020, 22, 100750. [CrossRef]

12. Shamshiri, M.; Jafari, R.; Momen, G. Icephobic properties of aqueous self-lubricating coatings containing PEG-PDMS copolymers.
Prog. Org. Coat. 2021, 161, 106466. [CrossRef]

13. Osipchik, V.S.; Molotova, R.I.; Serebryakova, N.V.; Bochorishvili, N.S. Regulation of adsorption interaction and properties of
filled organosiloxanes. Plast. Masses 1992, 4, 15–17.

14. Chen, G.; Wen, S.; Ma, J.; Sun, Z.; Lin, C.; Yue, Z.; Mol, J.; Liu, M. Optimization of intrinsic self-healing silicone coatings by
benzotriazole loaded mesoporous silica. Surf. Coat. Technol. 2021, 421, 127388. [CrossRef]

15. Liu, J.; Yao, Y.; Chen, S.; Li, X.; Zhang, Z. A new nanoparticle-reinforced silicone rubber composite integrating high strength and
strong adhesion. Compos. Part A Appl. Sci. Manuf. 2021, 151, 106645. [CrossRef]

16. Hu, P.; Xie, Q.; Ma, C.; Zhang, G. Fouling resistant silicone coating with self-healing induced by metal coordination. Chem. Eng. J.
2020, 406, 126870. [CrossRef]

17. Li, F.; Chen, L.; Ji, L.; Ju, P.; Li, H.; Zhou, H.; Chen, J. Ultralow friction and corrosion resistant polyurethane/silicone oil composite
coating reinforced by functionalized graphene oxide. Compos. Part A Appl. Sci. Manuf. 2021, 148, 106473. [CrossRef]

https://www.dow.com/content/dam/dcc/documents/en-us/tech-art/26/26-12/26-1208-01-evolution-of-silicone-based-technology.pdf?iframe=true
https://www.dow.com/content/dam/dcc/documents/en-us/tech-art/26/26-12/26-1208-01-evolution-of-silicone-based-technology.pdf?iframe=true
http://doi.org/10.1016/j.corsci.2021.109712
http://doi.org/10.12989/scs.2021.38.2.177
http://doi.org/10.1007/s00542-020-04784-y
http://doi.org/10.1016/j.scitotenv.2016.12.175
http://doi.org/10.1016/j.apsusc.2010.07.057
http://doi.org/10.1016/S0032-5910(97)03406-2
http://doi.org/10.1016/j.matchemphys.2013.08.019
http://doi.org/10.1016/j.jcis.2006.03.008
http://doi.org/10.1016/j.porgcoat.2020.105590
http://doi.org/10.1016/j.mtcomm.2019.100750
http://doi.org/10.1016/j.porgcoat.2021.106466
http://doi.org/10.1016/j.surfcoat.2021.127388
http://doi.org/10.1016/j.compositesa.2021.106645
http://doi.org/10.1016/j.cej.2020.126870
http://doi.org/10.1016/j.compositesa.2021.106473


Polymers 2022, 14, 3819 15 of 15

18. Denga, Y.; Songabc, G.L.; Zhenga, D.; Zhangd, Y. Fabrication and synergistic antibacterial and antifouling effect of an or-
ganic/inorganic hybrid coating embedded with nanocomposite Ag@TA-SiO particles. Colloids Surf. A Physicochem. Eng. Asp.
2020, 613, 126085. [CrossRef]

19. Seo, E.; Lee, J.W.; Lee, D.; Seong, M.R.; Kim, G.H.; Hwang, D.S.; Lee, S.J. Eco-friendly erucamide–polydimethylsiloxane coatings
for marine anti-biofouling. Colloids Surf. B Biointerfaces 2021, 207, 112003. [CrossRef]

20. Öztürk, A.; Özçelik, N.; Yurtcan, A.B. Platinum/graphene nanoplatelets/silicone rubber composites as polymer electrolyte
membrane fuel cell catalysts. Mater. Chem. Phys. 2020, 260, 124110. [CrossRef]

21. Kumar, S.A.; Sasikumar, A. Studies on novel silicone/phosphorus/sulphur containing nano-hybrid epoxy anticorrosive and
antifouling coatings. Prog. Org. Coat. 2010, 68, 189–200. [CrossRef]

22. Chattopadhyay, D.K.; Webster, D.C. Hybrid coatings from novel silane-modified glycidyl carbamate resins and amine crosslinkers.
Prog. Org. Coat. 2009, 66, 73–85. [CrossRef]

23. Tiwari, A.; Sugamoto, R.; Hihara, L.H. Analysis of molecular morphology and permeation behavior of polyimide-siloxane
molecular composites for their possible coatings application. Prog. Org. Coat. 2006, 57, 259–272. [CrossRef]

24. Dyuryagina, A.N.; Lutsenko, A.A.; Tyukanko, V.Y. Study of the disperse effect of polymeric surface-active substances in acrylic
dispersions used for painting oil well armature. Bull. Tomsk. Polytech. Univ. Geo Assets Eng. 2019, 330, 37–44. [CrossRef]

25. Dyuryagina, A.; Lutsenko, A.; Ostrovnoy, K.; Tyukanko, V.; Demyanenko, A.; Akanova, M. Exploration of the Adsorption
Reduction of the Pigment Aggregates Strength under the Effect of Surfactants in Water-Dispersion Paints. Polymers 2022, 14, 996.
[CrossRef] [PubMed]

26. Dyuryagina, A.; Lutsenko, A.; Demyanenko, A.; Tyukanko, V.; Ostrovnoy, K.; Yanevich, A. Modeling the wetting of titanium
dioxide and steel substrate in water-borne paint and varnish materials in the presence of surfactants. East.-Eur. J. Enterp. Technol.
2022, 1, 31–42. [CrossRef]

27. Tyukanko, V.Y.; Dyuryagina, A.N.; Ostrovnoy, K.A. Effect of Adding Phosphorus-Containing Surfactants on the Properties of
Organosilicon Compositions. Glass Phys. Chem. 2019, 45, 79–81. [CrossRef]

28. Tyukanko, V.Y.; Duryagina, A.N.; Ostrovnoy, K.A.; Demyanenko, A.V. Study of wetting of aluminum and steel substrates with
polyorganosiloxanes in the presence of nitrogen-containing surfactants. Bull. Tomsk. Polytech. Univ. Geo Assets Eng. 2017, 328,
75–81.

29. Ostrovnoy, K.; Dyuryagina, A.; Demyanenko, A.; Tyukanko, V. Optimization of titanium dioxide wetting in alkyd paint and
varnish materials in the presence of surfactants. East.-Eur. J. Enterp. Technol. 2021, 4, 41–50. [CrossRef]

30. Wypych, G. 3.6–Surface tension reduction and wetting. In Databook of Surface Modification Additives; Wypych, G., Ed.; ChemTec
Publishing: Scarborough, ON, Canada, 2018; pp. 492–585. ISBN 9781927885352. [CrossRef]

31. Chistyakov, B.E. 6. Theory and practical application aspects of surfactants. In Studies in Interface Science; Fainerman, V.B.,
Möbius, D., Miller, R., Eds.; Elsevier: Amsterdam, The Netherlands, 2001; Volume 13, pp. 511–618. ISBN 9780444509628.
[CrossRef]

32. Basin, V.E. Advances in understanding the adhesion between solid substrates and organic coatings. Prog. Org. Coat. 1984, 12,
213–250. [CrossRef]

33. Bolatbaev, K.N.; Dyuryagina, A.N.; Nurushov, A.K.; Korỳtina, O.G. Sposob Polucheniya Ingibitorov Kislotnoj Korrozii Metallov
(Variantỳ). Patent RK 14467, 25 February 2004. Available online: https://gosreestr.kazpatent.kz/ (accessed on 30 August 2021).

34. Tyukanko, V.; Demyanenko, A.; Dyuryagina, A.; Ostrovnoy, K.; Lezhneva, M. Optimization of the Composition of Silicone
Enamel by the Taguchi Method Using Surfactants Obtained from Oil Refining Waste. Polymers 2021, 13, 3619. [CrossRef]

35. Tyukanko, V.; Ostrovnoy, K.; Dyuryagina, A. Anticorrosive Thermal-Resistant Coating Composition. Eurasian (EA) Patent
041005, 29 August 2022. Available online: http://www.eapatis.com/Data/EATXT/eapo2022/PDF/041005.pdf (accessed on
30 August 2022).

36. Zaverl, M.; Misra, M.; Mohanty, A. Use of the Taguchi Method for Optimization of Poly (Butylene Terephthalate) and Poly
(Trimethylene Terephthalate) Blends through Injection Molding. Int. Polym. Process. 2013, 28, 454–462. [CrossRef]

37. El-Shekeil, Y.A.; Sapuan, M.S.; Azaman, M.D.; Jawaid, M. Optimization of Blending Parameters and Fiber Size of Kenaf-
BastFiber-Reinforced the Thermoplastic Polyurethane Composites by Taguchi Method. Adv. Mater. Sci. Eng. 2013, 2013, 686452.
[CrossRef]

http://doi.org/10.1016/j.colsurfa.2020.126085
http://doi.org/10.1016/j.colsurfb.2021.112003
http://doi.org/10.1016/j.matchemphys.2020.124110
http://doi.org/10.1016/j.porgcoat.2010.02.005
http://doi.org/10.1016/j.porgcoat.2009.06.004
http://doi.org/10.1016/j.porgcoat.2006.09.009
http://doi.org/10.18799/24131830/2019/8/2210
http://doi.org/10.3390/polym14050996
http://www.ncbi.nlm.nih.gov/pubmed/35267819
http://doi.org/10.15587/1729-4061.2022.252757
http://doi.org/10.1134/S1087659619010152
http://doi.org/10.15587/1729-4061.2021.237879
http://doi.org/10.1016/B978-1-927885-35-2.50010-6
http://doi.org/10.1016/S1383-7303(01)80067-3
http://doi.org/10.1016/0033-0655(84)80010-2
https://gosreestr.kazpatent.kz/
http://doi.org/10.3390/polym13213619
http://www.eapatis.com/Data/EATXT/eapo2022/PDF/041005.pdf
http://doi.org/10.3139/217.2714
http://doi.org/10.1155/2013/686452

	Introduction 
	Materials and Methods 
	Materials 
	Measurement of Aggregative Stability of Suspensions “Aluminum Pigment-PPhS-Toluene” 
	Experimental Design 
	Methodology for Checking the Quality of Coatings 
	Adsorption Measurements 

	Results 
	Effects of Surfactants on the Aggregative Stability of Suspensions “Aluminum Pigment-PPhS-Toluene” 
	Optimization of Aggregative Stability of Suspensions by Taguchi Method 
	Investigation of Surfactant Adsorption on Pigment 
	The Effects of Surfactants on the Quality of Coatings 

	Discussion 
	Conclusions 
	References

