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1. Introduction

When using paints and varnishes, great attention is paid 
to environmental aspects [1], which leads to a large-scale 
replacement of organ-dilute paints with water-borne ones. 
In technological practice, there are primary and secondary 
aqueous dispersions of polymers [2], in which the dispersed 
phase consists of spherical polymer particles with a diameter 
of less than 1 µm, and the dispersion medium is water. In the 
paint and varnish industry, the most common is primary dis-
persions obtained by emulsion polymerization (WB paints). 
For example, in work [3], as a result of emulsion polymeriza-

tion, in contrast to polymerization in solution (secondary 
dispersion), polymer macromolecules contained inside the 
particles of the dispersed phase were obtained. This makes it 
possible to use high-molecular polymers as film formers for 
WB paints, which cannot be used in the form of solutions 
due to their high viscosity. As evidenced by world experi-
ence [4], the formulations of WB paints are dominated by 
aqueous dispersions of acrylic copolymers, acryl styrene 
copolymers, homo- and copolymers of vinyl acetate. Due to 
the multi-stage synthesis processes, polyacrylates are more 
expensive than styrene and vinyl acetate but have several 
significant advantages. Acrylic coatings are almost trans-
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This paper reports the results of studying 
the effect of two additives such as polyether 
siloxane (PS) and sodium polyacrylate (SPA) on 
the wetting of various substrates in water-borne 
paints (WB paints).

Titanium dioxide (TiO2), paraffin (PA), 
steel (ST), and glass (GL) were used as solid 
substrates. The edge wetting angle (θ0) and the 
ratio (dCosθ/dСS) were used as the criterion for 
assessing the wettability of solid substrates. In 
aqueous solutions (without acrylic resin), both 
surfactants improve the wetting of the substrates. 
For PS, all the substrates studied, depending 
on θ depression, can be arranged in a row: 
ST>PA>GL>TiO2.

For SPA: PA>TiO2>GL>ST. The introduction 
of an acrylic film-forming agent in the composition 
enhances the wetting ability of SPA (in comparison 
with the aqueous solution of surfactants). With 
an increase in the concentration of SPA from 0 to 
4 g/dm3 in acrylic resin solutions, the edge wetting 
angle of steel decreases by 6÷8° (while in water by 
only 3°).

With respect to TiO2, the wetting activity of SPA 
does not depend on the acrylic content of the water. 
PS in acrylic-containing compositions exhibits 
worse wetting activity than SPA. The introduction 
of surfactants in the compositions improves the 
quality of coatings. With optimal SPA contents in 
the compositions, the corrosion rate of coatings is 
reduced (in distilled water by 45 %, in 60 % NaCl 
solution by 60 %). At the same time, the gloss of 
coatings increases by 50 % while adhesion increases 
by 2 points (according to ISO 11845:2020). This is 
fully correlated with the nature of the effect of 
surfactants on the wetting of the steel substrate and 
pigment (titanium dioxide). Based on probabilistic-
deterministic planning, the compositions of WB 
paints were optimized, ensuring their maximum 
wetting of TiO2 and ST. Equations for calculating 
cosθ depending on the content of acrylic polymer 
and surfactants have been derived
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of the solid-phase particles of the pigment, while all these pa-
rameters are regulated by the content of surfactant additives 
in the paints. The influence of the type and concentration of 
the additive on the change in interfacial energy and the sta-
bility of dispersed systems is demonstrated. It is proved that 
surfactants in paint compositions improve the aggregate and 
sedimentation stability of suspensions. However, the reasons 
for the improvement of these indicators are not substantiated. 
Study [10] shows that in various paint compositions, the in-
troduction of surfactants makes it possible to obtain coatings 
with the most uniform distribution of pigment particles in 
the polymer matrix, due to the maximum stability of the 
“film-pigment-surfactant” suspensions. Moreover, for these 
coatings, the maximum is observed of protective resource, 
optical properties, gloss, concealment, and other characteris-
tics. Paper [11] shows that the introduction of surfactants into 
paints causes an increase in the number of adhesive contacts, 
as a result, the protective resource of paint coatings increases.

The introduction of surfactants into paints is charac-
terized by a decrease in surface energy at the interphase 
boundary of “film-forming agent/pigment” and “film-form-
ing agent/substrate” [12], which leads to an increase in 
wetting of pigment particles and substrate with a solution 
of film-forming particles. However, the cited study does not 
propose criteria for assessing the wettability of pigments. 
Study [13] shows that in order to quantify the change in the 
wetting of the pigment with a film-forming solution, it is 
advisable to use the calculated value ‒ the work of adhesion. 
The positive side of the cited work is the improvement of the 
indicators of wetting titanium dioxide with film-forming 
solutions (reducing the edge angle of wetting) as the ad-
hesion increases. At the same time, the cited paper did not 
study the effect of surfactants on the work of adhesion.

The difficulty of choosing surfactants for paint systems 
is primarily due to the fact that such systems are extremely 
difficult to generalize. The use of methods of probabilis-
tic-deterministic modeling (PDM) makes it possible to 
tackle this issue.

3. The aim and objectives of the study

The purpose of this study is to optimize the wetting 
of titanium dioxide and steel substrate with solutions of 
acrylic resins, by regulating the content of surfactants and 
film-forming agents in the paint, with the construction of a 
mathematical model of the process. This will make it possible 
to obtain environmentally friendly water-borne paints, with 
the maximum possible protective characteristics of coatings.

To accomplish the aim, the following tasks have been set:
– to determine the effect of surfactant content on wet-

ting various substrates (steel, titanium dioxide, paraffin, and 
glass) with water; 

– to study the effect of surfactant and acrylic film-forming 
agent content on the wetting of water-borne compositions of 
various substrates (steel, titanium dioxide, paraffin, and glass);

– to study the effect of the content of surfactants and an 
acrylic film-forming agent on the work of adhesion (Wa) of 
solutions of water-borne compositions on steel; 

– to conduct mathematical modeling of the effect of the 
concentration of surfactants and an acrylic film-forming 
agent on the wetting process;  

– to assess the effect of surfactants on the anti-corrosion 
characteristics of modified formulations.

parent to ultraviolet rays, so the processes of destruction of the 
film former in them occur much more slowly, as a result of which 
they are not prone to yellowing and retain shine with prolonged 
atmospheric exposure. However, despite the advantages of 
acrylic coatings, they, like all water-borne paints, are inferior to 
organ-dilutable ones in terms of anti-corrosion properties [5].

Work [6] shows that the organization of reliable and 
long-term corrosion protection of coatings is one of the prior-
ity tasks in the VD-paint technology. Modern technological 
solutions are focused on the introduction into their composi-
tion of surfactants that have the ability to change the surface 
energy of film formers at the interfaces with the contacting 
phases (air, steel substrate, pigment). Minimization of surface 
energy contributes to better wetting of pigment particles 
when they are combined with the film-forming one, which 
makes it possible to obtain dense, impermeable to aggressive 
environments insulating films. In addition, an increase in the 
wetting capacity of the paint compositions of the steel surface 
increases the adhesion of the coatings formed by them. High 
adhesive strength, in turn, prevents the formation and spatial 
growth of corrosion products under the WB paints film, 
which improves the protective ability of coatings.

The relevance of our scientific area is due to the need 
to study the effect of surfactants on the wettability of pig-
ments and steel substrates with solutions of acrylic resins in 
the composition of WB paints. The results of these studies 
are important for the industry as they would create new 
environmentally friendly anti-corrosion WB paints, with 
an increased protective resource of operation. These acrylic 
paints could well be used in everyday life and industry for 
painting various surfaces.

2. Literature review and problem statement

There are no universal wetting modifiers for WB paints. 
The wetting properties of surfactants are related to their chem-
ical composition and conformational structure and depend on 
the qualitative and quantitative characteristics of the disper-
sion medium and solid-phase components. For the effective use 
of modifiers in certain paint compositions, it is necessary to 
conduct thorough research in the field of physical and chemical 
mechanics and colloidal chemistry. It follows from [7, 8] that, as 
a rule, the selection of modifiers is carried out for each individ-
ual case and without taking into consideration the regularities 
of the influence of the nature of the binder, pigment, and surfac-
tant on the effectiveness of modification.

In addition, a purely empirical approach to the dosage of the 
modifier is characteristic. There is no generally accepted theory 
of the selection of surfactants for various paints depending on 
the parameters of the solubility of the polymer and solvent, 
their polarity, surface properties of pigments and fillers. 

Work [8] shows that the use of additives in paint compo-
sitions can be of a dual nature.

First, some additives are effective in certain paint sys-
tems, and in others, they are already ineffective (or even 
harmful). Second, the introduction of additives often leads 
to undesirable effects if they are used in concentrations high-
er than optimal. For example, surfactants are introduced 
into paints to improve wetting of the pigment surface but 
lead to foaming processes, which are corrected by another 
additive (silicone solution). Paper [9] shows that the dura-
tion of the protective resource of paint and varnish products 
is determined by the supramolecular structure and the size 
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4. The study materials and methods

When conducting research, the following were used:
1. As a film-forming agent – acrylic compositions based 

on water-borne dispersion (TU 2316-014-88753220-2006).
2. As surfactants: polyether siloxane (PS) and sodium 

polyacrylate (SPA).
3. As substrates for determining the edge angle of wet-

ting of the plate (26 mm×76 mm) of the following materials:
– steel according to GOST 16523-97; 
– pigment dioxide of titanium grade R-02 ((GOST 9804-84) 

of rutile form (mass fraction of titanium dioxide of rutile 
form – 95 %), manufactured at ChAO “Crimean TITAN”, 
Ukraine); 

– paraffin according to GOST 23683-89; 
– glass according to TU 21-0284461-058-90.
Binary and triple systems were investigated: “wa-

ter-surfactant”, “water-film-forming agent-surfactant”. 
Aqueous solutions with a given concentration of surfac-
tants (СS=0.25÷4 g/dm3) were prepared by sequential di-
lution of the initial solution (СS=4 g/dm3) with distilled 
water. Surfactant solutions with a concentration of 4 g/dm3 

were obtained by dissolving the batch of additives in dis-
tilled water. In water-borne compositions (CFFA=10÷30 %) 
the same quantitative contents of surfactants as water var-
ied (СS=0.25÷4 g/dm3).

The edge angle of wetting was determined on four types 
of solid surface. Glass was used as a reference for the polar 
surface, paraffin ‒ non-polar. When choosing a steel plate, 
we proceeded from the positions of maximum approximation 
to the real conditions for applying paints.

The procedure for measuring the edge angle of wetting 
was as follows.

The ability of surfactants to influence the interaction 
of the liquid with a solid surface (in the presence of si-
multaneous contact with air) was assessed on the basis of 
determining the edge angle of wetting (θ) at a fixed tem-
perature (T=293 K). θ measurement was carried out using 
the ACAM series automatic dynamic wetting angle mea-
surement system (Fig. 1).

Hamilton’s 0.25 ml syringe (Gastight, 1725 RN, Hamil-
ton) was filled with the test solution and placed in dispenser 
module 1. After turning on the main controller 8 and the 
engine of the dispenser module 10, the ApexAcamSoftware 
program was launched (Fig. 2). Then, with the light inten-
sity control 3 (Fig. 1), an absolutely white background was 
achieved, as shown in Fig. 2, for the purpose of accurate 
calculation of the contact angle.

Using the needle adjustment system 9 (Fig. 1), horizontal-
ly and vertically, the centering of the tip of needle 2 (Fig. 2) 
was achieved. A shadow image of the droplet was obtained 
using a high-speed C-mount camera, CCD-type 6 (Fig. 1).

The study of the spread of the drop was carried out 
during the implementation of forced injection and pumping 
of liquid to the substrate by a system consisting of the main 
controller 8, engine 10, and the dispenser module 1 (Fig. 1). 
The feed rate of 5 µl/s and the droplet volume of 10 µml were 
set constant by setting the appropriate values in the Setpa-
rameters tab of the software (Fig. 3).

A drop of the required volume, from the tip of the needle 
of Hamilton’s syringe, was transferred to the substrate, rais-
ing the table up until the drop came into contact with the 
surface (Fig. 4).

 

 
Fig. 1. Automatic system for measuring the dynamic 

wetting angle of ACAM series: 1 – module of the dispenser 
ADCAM-02; 2 – light source; 3 – light intensity control;  

4 – base; 5 – table raising regulator; 6 – camera;  
7 – table with a substrate; 8 – chief controller;  

9 – horizontal and vertical needle adjustment systems;  
10 – engine of the dispenser module

 

 

 

 

Fig. 2. Adjusting the intensity of the white background and 
the centering of the needle using ApexAcamSoftware:  

1 – white background; 2 – needle alignment; 3 – substrate

Fig. 3. Set parameters tab of Apex Acam Software
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a                                                 b 

 

Fig. 4. The process of acquiring an image of the droplet:  
a ‒ the process of transferring a drop of solution from the 

tip of the needle; b – to the surface of the substrate

Static contact angles in the equilibrium state were mea-
sured 20 seconds after dosing, according to the recommen-
dations from [14]. The shadow two-dimensional image of the 
droplet was processed by a circular method (Fig. 5). 

The essence of the method is to capture and save the 
image from the fallen droplet. The algorithm for determin-
ing the edge angle of wetting includes the following three 
operations:

1. Baseline recognition 1 (Fig. 5). 
2. Selection of points at the edge of the curvilinear pro-

file of droplet 2 (Fig. 5). 
3. Finding the equation of the circle and the angle of 

the tangent to the baseline at the two points of intersec-
tion of the circle with the baseline, which is the angle of 
wetting.

Fig. 5. Finding the edge angle of wetting using 
ApexAcamSoftware

The edge angle of wetting was determined by five par-
allel measurements, the average values are reported. The 
measurement accuracy was ±0.05°.

Modeling of the joint effect of surfactants and a 
film-forming agent on the wetting ability of water-borne 
compositions was carried out in line with the method of 
probabilistic-deterministic planning (PDP) [15]. A detailed 
description of the process of applying the PDP method for 
modeling multifactorial processes is shown in work [16]. 

Research work using PDP consisted of several stages:
1. As input factors, the following were determined: 

the content of acrylic dispersion in the aqueous solu-
tion (CFFA, %: 0÷30), and the concentration of surfac-
tants (СS, g/dm3:0÷4). The numerical values of the levels 
for each factor are given in Table 1.

Table 1

Numeric level values for each factor

Factor
Level

1 2 3 4 5 6

СS, g/dm3 0 0.25 0.5 1 2 4

CFFA, % 0 10 20 30 – –

2. They compiled an orthogonal plan-matrix of a two-fac-
tor experiment 4×6. Taking into consideration the different 
number of levels of the two input factors, the total number of 
experiments would be 4*6=24. The accepted response func-
tion was the cosine of the edge angle of wetting (here, i is the 
serial number of the experiment).

Table 2

Orthogonal plan-matrix of a two-factor experiment

Level of factor СS, g/dm3
Level of factor CFFA, %

0 10 20 30

0 y1 y7 y13 y19

0.25 y2 y8 y14 y20

0.5 y3 y9 y15 y21

1 y4 y10 y16 y22

2 y5 y11 y17 y23

4 y6 y12 y18 y24

3. We conducted a series of experiments according to the 
plan-matrix (Table 2) and formed an experimental array, set-
ting the numerical values of the response functions (output 
parameters) for each experiment.

4. We sampled an experimental array for each level of 
each factor according to Table 3.

Based on a sample of an experimental data array (Ta-
ble 3), partial dependences of response functions on the 
content of the film-forming agent and the concentration of 
the surfactant were constructed.

6. Each partial dependence was approximated by a function 
of one variable, then these functions were combined into a mul-
tifactorial statistical mathematical model (generalized equa-
tion) based on the semi-empirical formula (1) proposed in [17]:

1
0 1
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     (1)

where Yo is a generalized equation; Yi is a private function; 
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=
∏ – the product of all particular functions; p is the num-

 

    

 

 

Table 3

Sample of the experimental array

Level of 
factor 

СS, g/dm3
Sample

Level of 
factor 

CFFA, %
Sample

0 (y1+y7+y13+y19)/4 0 (y1+y2+y3+y4+y5+y6)/6

0,25 (y2+y8+y14+y20)/4 10 (y7+y8+y9+y10+y11+y12)/6

0,50 (y3+y9+y15+y21)/4 20 (y13+y14+y15+y16+y17+y18)/6

1,00 (y4+y10+y16+y22)/4 30 (y19+y20+y21+y22+y23+y24)/6

2,00 (y5+y11+y17+y23)/4 – –

4,00 (y6+y12+y18+y24)/4 – –
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ber of particular functions equal to the number of input fac-
tors; 1p

avY − is the arithmetic mean of all the considered exper-
imental values of the response function (general mean) to 
the power of one lesser number of particular functions.

7. The accuracy of the obtained multifactorial statistical 
mathematical models was evaluated by calculating the coef-
ficients of nonlinear multiple correlation (R) from (2):

( ) ( )

( ) ( )

2
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i
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where n is the number of experiments; p is the number of 
input (independent) parameters; i is the serial number of the 
experiment; yi is the actual value of the output parameter in 
the i-th experiment; ˆ

iy  – the estimated value of the output 
parameter, calculated using a multifactorial mathematical 
model, for the conditions (values of the input parameters) 
of the i-th experiment; y  – the average value of the actual 
value of the output parameter for all n experiments (general 
average).

The significance of the calculated coefficient of non-
linear multiple correlation was confirmed using the Stu-
dent’s criterion. 

The effect of surfactants on the adhe-
sion of water-borne paint to the surface of 
the steel substrate was evaluated by the 
“work of adhesion Wa (J/m2)”. The work 
of adhesion was calculated on a steel sub-
strate, due to the need to trace the effect of 
surfactants on the anti-corrosion proper-
ties of coatings. The work of adhesion was 
found according to the combined Dupré-
Young equation:

Wa=δl–g×(1+cosθ),   (3)

where δl–g is the surface tension at the 
boundary “solution of water-borne com-
position/air”, J/m2; θ is the edge wetting 
angle of the steel substrate (degrees).

The corrosion rate was determined 
in distilled water and 60 % NaCl solu-
tion (by weight) in accordance with  
ISO 11845:2020 (en) on steel plates of 
65×25×1 mm (length×width×thickness). 
The test time was 60 minutes. 

Corrosion rate as a function of time was calculated using 
the equation:

1 2 ;
k

m m
V

S t

−
=

×
     (4)

where m1 is the weight of the immersion plates in the solution 
of the test medium, g; 

m2 is the weight of plates after immersion in the solution 
of the test medium, g; S=0.00325 is the full plate area, m2;  
t is the test time, in hours.

The corrosion rate was determined by the gravimetric 
method (weighing the plates before and after holding in the 
test solution).

The adhesion of the coatings to the steel substrate 
was assessed in accordance with ISO 11845:2020 on steel 
plates measuring 150×70×2 mm (length×width×thickness) 
in natural (sunlight) light. The coating was applied to the 
plates by pouring and kept for 24 hours at a temperature 
of 20±5 °C. All samples were examined at least 5 times. The 
results show averages.

The gloss of coatings was determined in accordance with 
ISO 2813:1994 on the gloss gauge BF5–60/60, according to 
the instructions for the device. 

The appearance of the coatings was evaluated on steel 
plates measuring 150×70×2 mm (length×width×thick-
ness) in natural (sunlight) light. The coating was applied 
to the plates by pouring and kept for 24 hours at a tem-
perature of 20±5 °C. All samples were examined at least 
5 times.

5. Results of the pigment wettability study 

5. 1. Studying the edge angle of wetting with water of 
various substrates in the presence of surfactants

The effect of surfactant concentrations in water on the 
edge wetting angles (θ) is expressed by the dependences 
shown in Fig. 6.

The introduction of additives into the water causes a 
decrease in the edge wetting angle (θ°) on all the substrates 
examined.

5. 2. Studying the edge angle of wetting of sub-
strates, in the presence of surfactants and an acrylic 
film-forming agent

The influence of PS on the edge angles of wetting of sub-
strates is shown in Fig. 7.

The effect of SPA on the edge angles of wetting of sub-
strates is shown in Fig. 8.

The introduction of PS into acrylic-containing compo-
sitions has an ambiguous effect on wetting the substrates. 
When using SPA, the edge wetting angles are reduced on 
all substrates.
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Fig. 6. Edge angles of wetting of hard surfaces with aqueous solutions of 
surfactants: a – polyether siloxane (PS); b – sodium polyacrylate (SPA)
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Fig. 7. Edge angles of wetting of hard surfaces with aqueous and acrylic-containing compositions in the presence of polyether 

siloxane (PS): a – glass; b – steel; c – titanium dioxide; d – paraffin; acrylic resin content in solution: 

  – 0 %;  – 10 %;  – 20 %;  – 30 % 

0
10
20
30
40
50
60
70
80

Ed
ge

 w
et

tin
g 

an
gl

e (
θ)

, °

0
10
20
30
40
50
60
70
80

Ed
ge

 w
et

tin
g 

an
gl

e (
θ)

, °

0 0.5 1 1.5 2 2.5 3 3.5 4 

Surfactant content, g/dm3
0 0.5 1 1.5 2 2.5 3 3.5 4 

Surfactant content, g/dm3

0
10
20
30
40
50
60
70
80

Ed
ge

 w
et

tin
g 

an
gl

e (
θ)

, °

0
10
20
30
40
50
60
70
80

0           0.5               1              1.5          2                   2.5        3                3.5            4

Ed
ge

 w
et

tin
g 

an
gl

e(
θ)

, °

Surfactant content, g/dm3
0           0.5               1              1.5          2                   2.5        3                3.5            4

Surfactant content, g/dm3

c                                                                                  d 

Fig. 8. Edge angles of wetting of hard surfaces with aqueous and acrylic-containing compositions in the presence of sodium 
polyacrylate (SPA): a – glass; b – steel; c – titanium dioxide; d – paraffin; acrylic resin content in solution: 

  – 0 %;  – 10 %;  – 20 %;  – 30 % 

a                                                                                  b
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5. 3. Studying the work of adhesion of an acrylic 
film-forming agent solution on a steel substrate

The influence of surfactants on the adhesion of in-
dustrial WB paints solutions (the content of an acrylic 
film-forming agent of 60 % by weight) to the steel sub-
strate is shown in Fig. 9.

Fig. 9. Influence of surfactants on the adhesion of solutions 
of industrial acrylic paints (a film-forming agent’s content of 

60 % by weight) to the steel substrate

The introduction of surfactants into acrylic-containing 
compositions increases the adhesion of WB paints solutions 
on a steel substrate.

5. 4. Modeling the joint effect of the concentration of 
surfactants and a film-forming agent on the wetting abil-
ity of water-borne compositions

To derive a two-factor statistical mathematical model 
of the effect of surfactants and the content of an acrylic 
film-forming agent on the wettability of titanium dioxide, we 
used (1). The reliability of the obtained mathematical models 
was estimated by calculating the coefficient of nonlinear 
multiple correlation R (2).

For PS, the following equation (R=0.776) was built:
where СS is the surfactant content, g/dm³;

CFFA – the content of an acrylic film-forming agent, %. 
For SPA, the following equation was built (R=0.818)

where СS is the surfactant content, g/dm³; CFFA – the con-
tent of an acrylic film-forming agent, %.

To derive a two-factor statistical mathematical model of 
the effect of surfactants and the content of acrylic film-form-
ing on the wettability of steel, we used (1). The reliability of 
the obtained mathematical models was estimated by calcu-
lating the coefficient of nonlinear multiple correlation R (2).

For PS, the following equation (R=0.648) was built:

For SPA, the following equation was constructed 
(R=0.997)

( )( ) ( )( )− ⋅ − ⋅

θ =

+ ⋅ − ⋅ + ⋅ −
=

1.3 0.3

cos

0.69 0.06 1 0.45 0.37 1
,

0.7241

S FFA
C C

e e

  (7)

where cos θ is the cosine of the edge angle of wetting; CFFA 
is the content of an acrylic film-forming agent, %; СS is the 
concentration of surfactants in the solution, g/dm3. 

Using the Student’s criterion, the significance of all coef-
ficients of nonlinear multiple correlation calculated from (2) 
was established. Thus, all the resulting approximation equa-
tions are reliable.

The obtained two-factor statistical mathematical models 
can be used to search for optimal concentrations of surfac-
tants and an acrylic film-forming agent, providing the maxi-
mum wetting ability of water-borne compositions in relation 
to titanium dioxide and steel. In addition, these models can 
be used to build nomograms.

5. 5. Studying the effect of surfactants on the an-
ti-corrosion characteristics of coatings

The effect of surfactants on the corrosion rate in distilled 
water is shown in Fig. 10. To assess the effect of surfactants on 
the resistance of acrylic coatings to the effects of salt spray, we 
studied corrosion rate in 60 % NaCl solution, shown in Fig. 11.

To assess the effect of surfactants on the decorative char-
acteristics of acrylic enamel, the gloss of coatings was inves-
tigated. The effect of surfactants on the gloss of coatings is 
shown in Fig. 12.

Fig. 10. Effect of surfactant content on the corrosion rate 
of steel substrate protected by acrylic coating in distilled 

water (within 30 minutes and temperature (25±2) °C)

The effect of surfactants on the adhesion of the coating 
is shown in Fig. 13.

The effect of surfactants on the appearance of the coating 
is shown in Fig. 14.

Fig. 14 shows that the introduction of surfactants into 
acrylic compositions improves the appearance of the coat-
ing (reduces the roughness of the films).
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Fig. 11. Influence of surfactant content on the corrosion rate 
of steel substrate protected by acrylic coating in 60 % NaCl 

solution (within 30 minutes and temperature (25±2) °C)

Fig. 12. Effect of surfactant content on the gloss  
of acrylic coatings

Fig. 13. Effect of surfactant content on the adhesion  
of acrylic coatings

a                      b                      c                      d 

Fig. 14. The effect of the content of surfactants on the 
appearance of the acrylic coating: a ‒ without surfactants;  

b – with PS 1 g/dm3; c – with SPA 1 g/dm3;  
d – with PS 4 g/dm3

6. Discussion of results of the substrate wetting study

According to Fig. 6, the wetting activity of the sur-
factant can be delimited into two areas. The first region 
includes a concentration area of 0 to 0.25 g/dm3, the sec-
ond ‒ exceeding 0.25 g/dm3. Analysis of the results obtained 
at the first site shows that in the absence of surfactants 
in water (СS=0 g/dm3), the surfaces for reducing hydro-
philicity form a series: glass (∆θ=40.50°)>titanium diox-
ide (∆θ=53.27°)>steel (∆θ=65.05°)>paraffin (∆θ=77.49°), 
that is, water wets the glass best.

Experimental data indicate that the introduction of sur-
factants into water stimulates the development of wetting 
processes, the features of which are determined by the na-
ture of the surface and the concentration of the surfactant. 
Due to the maximum decrease in the edge angle of wetting 
on the test substrates on the initial (СS≤0.25 g/dm3) section 
of isotherms and to compare the wetting activity of PS  

0

cos

S
S C

d

dC
→

 θ
    

on the substrates under study, these areas were 

approximated by an equation of the following form:

cosθ=cosθ0+Z∙СS,    (8)

where cosθ0 is the cosine of the angle formed by water in the 
absence of surfactants; 

Z is a constant. 
After differentiating equation (8), the following was 

obtained:

cos

.

S

d
Z

dC

θ
=     (9)

The corresponding Z values are given in Table 4.

Table 4

Coefficients in equation 9

Surfactant substrate steel paraffin glass ilmenite

PS dcosθ/dСS 1.15 1.03 0.29 0.26

SPA dcosθ/dСS 0.02 0.97 0.26 0.38

As follows from the analysis of the data obtained, the 
maximum wetting activity of PS is shown in relation to 
steel (Z=1.15) and the minimum (Z=0.26) ‒ on titanium diox-
ide. It is interesting to compare the intermediate values of the 
wetting activity of PS on paraffin (Z=1.03) and glass (Z=0.29).

In the reference literature, data are given that paraffin 
has a significantly lower dielectric constant (ε=2.2) than 
glass (ε=5÷9) and even more so water (ε=81). It is for this 
reason that polar water better wets the polar surface of 
glass (θ=40.50°) than paraffin (θ=77.49°).

The PS introduced into the water demonstrates 3.55 
times greater wetting activity on paraffin than glass, which is 
quite understandable from the Rehbinder equation rule. The 
surface activity of PS is greater, the greater the difference in 
polarities (ε), contacting phases, and it is greater between par-
affin and water. The same patterns with respect to these two 
diametrically opposed surfaces persisted for SPA (Fig. 8). The 
values of the wetting activity of SPA on paraffin (z=0.97) and 
glass (z=0.26) were very close to PS. However, this indicator 
for SPA in relation to the steel surface is much less (z=0.02) and 
slightly more in titanium dioxide (z=0.38) than for PS (Fig. 7).
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With the subsequent dosing of surfactants (СS˃0.25 g/dm3), 
a deviation of the dependences θ=f(СS) from rectilinearity 
was noted (section II, Fig. 6, a, b). The decrease in the in-
crease in the hydrophilicity of PS solutions at the second 
concentration site in relation to the studied surfaces was 
different. On the steel plate, the edge angle further changed 
by 15.10° with an increase in the concentration of PS from 
0.25 to 4 g/dm3 and became close in value (θ=29.60°) to 
the wetting index of the hydrophilic surface of the glass 
itself (θ=26.67°).

Within the same concentration limits of injected PS, 
the decrease in θ on the surface of paraffin, glass, and 
titanium dioxide was not as significant (8.43°, 6.93°, and 
5.28°, respectively). In SPA solutions at a concentration 
range of 0.25 to 4 g/dm3, the θ value was further changed 
on the steel surface from 64.68° to 61.10°, on titanium di-
oxide from 46.18° to 38.10°, on glass from 34.31° to 29.94°, 
on paraffin from 62.70° to 51.94°.

If we consider the entire area of the studied concen-
trations of surfactants (from 0 to 4 g/dm3), then the 
maximum increase in the wettability for SPA (∆θ=25.54°) 
occurs on the surface of paraffin, for PS ‒ on a steel surface 
(∆θ=35.46°). It should be noted that the achievement of 
such a high degree of reduction in surface energy at the 
water-solid boundary under the influence of additives 
significantly exceeds the surface activity of surfactants in 
organic media, as evidenced by numerous studies in this 
area [18–20].

As evidenced by experimental data, the introduction of 
10 % film-forming agent into water in the absence of addi-
tives (СS=0 g/dm3) is accompanied by a decrease in the edge 
angle of wetting.

Surfaces to reduce hydrophilicity form a series: steel 
(∆θ=25.90°)>paraffin (∆θ=23.33°)>glass (∆θ=18.99°)>tita-
nium dioxide (∆θ=0.50°), that is, polyacrylates best wet steel. 
A further increase in the content of a film-forming agent 
(CFFA˃10 %) in water slightly affected changes in the edge 
angle of wetting. This feature was also noted in organ-dilute 
compositions [21], that is, regardless of the nature of the 
solvent, an increase in the concentration of a high-molecular 

film-forming agent contributes to the association of 
its macromolecules and, as a consequence, a decrease 
in its surface activity.

As regards the influence of additives in wa-
ter-borne compositions, PS (Fig. 7) and SPA (Fig. 8) 
in such systems demonstrate pronounced differ-
ences in wetting activity. Polyether siloxane, in 
a situation where access to the active centers of 
the solid surface in the presence of a film-forming 
agent is different, shows an inversion in the wetting 
indicators with СS≤0.25 g/dm3. With respect to 
all types of solid surface, the values of θ increased 
(Fig. 7, a–d), while in water at the same concen-
tration interval the maximum wetting effect of 
PS was manifested (Fig. 6, a). The increase in the 
edge angle (relative to unmodified compositions 
with different film-forming contents) occurred 
most intensively on steel (∆θ=6.02°÷14.24°) 
and glass (∆θ=9.82°÷10.93°). The hydrophobic 
effect of PS was less on the surface of par-
affin (∆θ=3.76°÷7.91°) and titanium diox-
ide (∆θ=2.39°÷4.89°). However, outside the con-
centration area (СS˃0.25 g/dm3), the wetting 

effect of surfactants changed dramatically. The edge angle 
of wetting began to gradually decrease and, at СS=4 g/dm3, 
the θ values were approximately at the same level as in com-
positions without PS (Fig. 7, a‒d).

Unlike PS, when SPA is introduced into acrylic-con-
taining compositions, the inversion in indicators of θ is 
not established (Fig. 8). In the presence of a film-forming 
agent, the wetting effect of SPA is enhanced on the steel 
surface (Fig. 9, a). With an increase in the concentra-
tion of surfactants from 0 to 4 g/dm3, the decrease in 
θ values was in the range of 7.95°÷5.73°, while in water 
it was only 3.01°. On the remaining three surfaces, the 
extreme nature of the change in the wetting activity of 
SPA was noted. On non-polar paraffin, the minimum 
edge angle of wetting was recorded at a concentration 
of sodium polyacrylate 2 g/dm3, on more polar surfaces 
of glass and titanium dioxide (Fig. 8, b‒d) extremes shifted 
to the region of lower values (СS=0.25 g/dm3). The decrease 
in the values of θ on paraffin with an increase in concentra-
tion from 0 to 2 g/dm3 was 10.07°÷11.50°, which is almost 
two times less than its effect in water (Fig. 8, d). On glass, 
the difference in the wetting effect of SPA between acryl-
ic-containing compositions (3.34°÷7.30°) and water (10.75°) 
at the concentration point of the extremum (СS=0.25 g/dm3)  
is less significant and on the surface of titanium dioxide it is 
practically equalized: 9.23°÷7.68° (Fig. 8, c) and 7.08° (Fig. 8, c).

Using the PDP method, approximation equations 
(two-factor statistical mathematical models) were built, 
taking into consideration the influence of factors such as 
the concentration of surfactants and the concentration 
of acrylic film-forming agents on the process of wetting 
titanium dioxide and steel. These models can be used to 
determine the optimal compositions of water-borne com-
positions that provide maximum wetting of the surface of 
the pigment and steel substrate. For the process of wetting 
the steel surface and pigment, nomograms have been con-
structed (Fig. 16, 17) to find the required concentration of 
surfactants for the specified values of cosθ depending on 
the content of the acrylic film-forming agent in the paint 
composition.
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The introduction of SPA (Fig. 10) into paints significantly 
reduces the corrosion rate of coatings in distilled water, by 
45 %. For PS, this effect has not been recorded. In addition, 
the introduction of surfactants (Fig. 11) also reduces the cor-
rosion rate of coatings in a 60 % NaCl solution. For SPA, this 
decrease is 60 %, and for PS only 10...12 %. An interesting ef-
fect of surfactants on the gloss of acrylic coatings was revealed 
(Fig. 12). As the content of SPA in the coatings increased, 
the gloss increased by almost 50 % (from 18.1 to 26.9 %). For 
coatings with PS, a slight increase in gloss was registered. The 
introduction of SPA (Fig. 13) in the composition significantly 
improves the adhesion of coatings (from 3 to 1 point). This 
fully correlates with the growth of the adhesion of WB paints 
solutions on a steel substrate. The additive that most increases 
the wetting work and adhesion of the coating is sodium poly-
acrylate (SPA):

Consequently, there is a close correlation 
between the wetting activity of surfactants 
and the protective (anti-corrosion) and dec-
orative properties of acrylic coatings. SPA 
is characterized by the maximum increase 
in wetting of the steel substrate (relative 
to PS) and at the same time, the maximum 
protective characteristics of the coatings 
(minimum corrosion rate in water and NaCl 
solution) and maximum gloss are recorded.

This study was carried out strictly at a 
constant temperature (20±2) °C. Howev-
er, under actual industrial conditions (in 
the process of applying such paints), the 
temperature in the painting areas cannot 
always be in the range from 18 to 22 °C. In 
the paint/painting shops, more significant 
te perature fluctuations are observed (from 
−2 to +35 °C). When the temperature chang-
es, the fluctuations of the edge angles of 
wetting and surface tension of acrylic paint 
solutions can significantly change the opera-
tion of adhesion.

A logical continuation of this study is to 
investigate the influence of the considered additives on the 
physical and mechanical properties of coatings. It would 
be interesting to trace the effect of improving the wetting 
of pigment and steel substrate on impact resistance, wear 
resistance, and hardness of coatings. In addition, it would be 
interesting to study the effect of improving pigment wetting 
on the aggregate stability of its suspensions.

7. Conclusions

1. In aqueous solutions of surfactants, polyether si-
loxane exhibits maximum wetting activity against steel 
(dCosθ/dСS=1.15) and minimum wetting activity against 
titanium dioxide (dCosθ/dСS=0.26). Sodium polyacrylate 
in relation to the steel surface shows significantly less wet-

ting activity (dCosθ/dСS=0.02) and 
greater (dCosθ/dСS=0.38) on titani-
um dioxide, in comparison with poly-
ether siloxane. The wetting activity 
of sodium polyacrylate and polyether 
siloxane are close in their values on 
paraffin (dCosθ/dСS=0.97–1.03) and 
glass (dCosθ/dСS=0.26–0.29).

2. In acrylic-containing composi-
tions, the wetting effect of sodium 
polyacrylate relative to the steel sur-
face is enhanced in comparison with 
the aqueous solution of surfactants. 
With an increase in the concentration 
of SPA from 0 to 4 g/dm3, the de-
crease in the values of the edge angle 
of wetting was 7.95÷5.73°, while in 
water ‒ 3.01°. In relation to titanium 
dioxide, the wetting activity of SPA 
does not depend on the content of the 
film-forming agent in the water. The 
decrease in θ values with an increase 
in the concentration of SPA from 0 
to 0.25 g/dm3 is 7.08° in water and 
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Fig. 16. Nomograms СS=f(cosθ, CFFA) for wetting the surface of steel:  
a – polyether siloxane (PS); b – sodium polyacrylate (SPA)
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Fig. 17. Nomograms СS=f(cosθ, CFFA) for wetting the surface of titanium dioxide:  
a – polyether siloxane (PS); b – sodium polyacrylate (SPA)
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7.68°÷9.23 in acrylic-containing compositions. The contri-
bution of polyether siloxane to the development of wetting 
processes decreases in the presence of a film-forming agent, 
which is confirmed by an increase in the edge wetting angles 
at the concentration site from 0 to 0.25 g/dm3. The subse-
quent decrease in θ with an increase in the concentration of 
PS from 0.25 to 4 g/dm3 makes it possible only to approach 
the level of unmodified compositions, regardless of the na-
ture of the solid surface.

3. The introduction of surfactants into acrylic-contain-
ing compositions increases the adhesion of WB paints solu-
tions on a steel substrate. For SPA and PS, the maximum 
increase in adhesion is 125 %.

4. Based on the method of probabilistic-deterministic 
planning, equations for calculating the edge wetting angle of 
titanium dioxide and steel depending on the content of the 
film-forming and surfactant have been built.

5. The introduction of surfactants in the compositions 
improves the anti-corrosion and decorative properties of 
coatings. The most effective additive to acrylic paint is 
SPA. With optimal SPA contents in the compositions, the 
corrosion rate of coatings is reduced (in distilled water by 
45 % in NaCl solution by 60 %). At the same time, the gloss 
increases by 50 %, adhesion by 2 points (according to ISO 
11845:2020). This fully correlates with the nature of the 
effect of surfactants on the wetting of the steel substrate and 
pigment (titanium dioxide).
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