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SYNERGISTIC EFFECT OF 1,2-PHENYLENEDIAMINE AND DISODIUM NAPHTHALENE-1,5-
SULFONATE FOR ENHANCED CORROSION PROTECTION OF CARBON STEEL
IN 0.5 M H2SO4 SOLUTION: EXPERIMENTAL AND THEORETICAL INSIGHTS

Annotation: This work investigates the corrosion inhibition of carbon steel in 0.5 mol-dm = H,SO, using
a binary system of 1,2-phenylenediamine and disodium naphthalene-1,5-sulfonate. Experimental techniques,
including weight loss assay, electrochemical methods, and surface analysis, demonstrated significant
inhibition efficiency, reaching 88.43% under optimal conditions. The synergistic effect between the two
components was evaluated as 2.59, indicating enhanced performance compared to individual components.
Computational studies using molecular dynamics and DFT revealed strong interactions, driven by the
formation of hydrogen bonding promoted by electrostatic forces during adsorption, which stabilize the
protective layer on the metal surface. The adsorption mechanism was consistent with the Langmuir adsorption
model, and obtained thermodynamic parameters confirmed spontaneous physisorption of the inhibitor.
Electrochemical results identified the binary system as a mixed-type inhibitor, effectively reducing both anodic
and cathodic corrosion processes. These findings provide valuable insights into the design of synergistic
inhibitor systems for industrial applications.

Key words: metal protection, synergistic effect, corrosion inhibitors, inhibition efficiency, molecular
dynamics, reactivity descriptors.

INTRODUCTION

In modern corrosion science, the development of corrosion inhibitors is guided by several key
principles. The most common strategy is combining multiple inhibitors to achieve synergistic effects.
This approach enhances the overall inhibition efficiency by targeting both anodic and cathodic
reactions [1]. The synergetic strategy for developing new corrosion inhibitors involves combining two
or more substances to achieve enhanced corrosion protection through cooperative interactions. This
approach leverages the complementary properties of different components, leading to higher
inhibition efficiency than individual inhibitors alone. Such systems are very diverse and may contain
organic and inorganic components, both of synthetic and natural origin [2]. Synergistic mixtures often
reduce the required concentration of each component, lowering costs while maintaining high
inhibition efficiency [3]. Synergistic systems can be tailored for specific environments, such as acidic,
saline, or high-temperature conditions, making them versatile for industries like oil and gas, marine,
and construction [4]. Techniques like molecular dynamics simulations and density functional theory
(DFT) enable the prediction and optimization of synergistic interactions, accelerating the
development process [5].

Synergistic inhibitors are widely used to protect pipelines, storage tanks, and drilling
equipment. For instance, combinations of organic inhibitors (e.g., imidazolines) with inorganic salts
(e.g., zinc or phosphate ions) are employed to prevent corrosion in acidic and saline conditions.
Recent research has shown that the cation-rich and anion-rich catanionic mixtures of
cetyltrimethylammonium bromide (CTAB) and sodium dodecyl sulfate (SDS), as corrosion inhibitor
of mild steel, in aqueous solution of 3.5% NaCl. Mixed inhibitor demonstrates more appropriate
inhibition properties compared to the solutions of the individual surfactants, due to strong adsorption
on the metal surface and formation of a protective film [6]. The synergistic inhibition effect of sodium
phytate and benzotriazole on 20SiMn steel in 3.5% NaCl solutions was studied by Cao using
experimental and theoretical approaches. Results indicate that a protective double-layered film is
formed with the presence of the mixture of these compounds. The inhibition efficiency of the mixed
inhibitor was found to be 99.12%, with a synergism parameter of 3.62 [7].

In this case, our study focuses on synthesizing and evaluating the anticorrosive properties of
binary systems based on aromatic amines and sulfonic acid salts. Aromatic amines enhance
adsorption through nitrogen-containing functional groups, while sulfonates improve solubility and
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electrochemical stability [8]. These systems form in situ via electrostatic interactions between
protonated amines and sulfonate anions, leading to the formation of ionic pairs that enhance
adsorption and create a more stable protective layer. The inhibition efficiency and structural
properties of these systems were investigated using theoretical (PM3 and DFT) and experimental
(gravimetric and electrochemical) methods, comparing individual components and their binary
compositions in a 1:1 molar ratio.

EXPERIMENTAL DETAILS

Reagent and materials

All analytical-grade reagents were bought from commercial suppliers and used without any
further purification. The ST3SP2-GP2 (GOST 535-2005) carbon steel specimens used for the
corrosion tests with the following chemical compositions (w%): C — 0.22, Mn — 0.65, Si — 0.3, P —
0.04,S-0.05,Cr—0.3,Ni—=0.3, Cu—-0.3, N-0.01, As — 0.08, and the remainder — Fe.

Weight loss (gravimetric) measurements

The preparation of metal coupons and the weight loss experiment were carried out as we
previously reported [9]. Corrosion rate (CR, g-m?-ht) was calculated as follows:

cr="M (1)
St
where m; and m, are the masses of the steel specimens before and after immersion
respectively, g; S — metal specimen surface area, m?; r — exposure time, h.
The inhibition efficiency (IE%) was calculated using the following equation:

IE(%) = CR, -CRyy | 100 (2)

0
where CRo and CRinn are the corrosion rates in the absence and in the presence of an inhibitor in
g'm™h, respectively.

The degree of surface coverage (8) was calculated as the following ratio:
_IE
100

Activation parameters and effect of temperature.
Activation energy values were calculated in accordance with the Arrhenius equation as follows:

ogSRe E_[ii) @)
CR, 2303R (T, T,
where CR; and CR; — corrosion rates of carbon steel (g'm?-h?) at T, and T, respectively, Ea —
activation energy, R — universal gas constant (8.314 J-mol*-K?), T- absolute temperature.
The heat of adsorption (Qags) of the inhibitor on the metal surface was evaluated for the trend
of surface coverage with temperature using the following equation (5):

0 0 T,-T
=2.303R| log—2%—-log—2%- || 22 5
Quads { 916, 91_9J [TZ_TJ (5)

®3)

Adsorption and thermodynamics.
In our study, the Langmuir adsorption model was used to describe the mechanism of
adsorption of the developed inhibitor in accordance with the following mathematical representation:

c, 1
—h —_—_+C 6
9 K inh ( )

ads
where Cinn, g-dm=— inhibitor concentration, 6 — degree of surface coverage, Kags — the equilibrium
constant for adsorption-desorption processes.

The relationship between the Gibbs free energy and the equilibrium constant of the adsorption
process was determined by the equation:

AG]

aas =-RTIn(55.5K ) @)

where AGPs is the Gibbs free energy, kJ-mol?; R — universal gas constant (8.314 J-K1-mol?);
T — absolute temperature, K; 55.5 — molar concentration of water, mol-I%.

Electrochemical experiment

Electrochemical test was carried out using Autolab PGSTAT 101 Metrohm
potentiostat/galvanostat with three electrode cells as we previously reported [10]. The calculation

of inhibition efficiency through polarization resistance (IEr /%) was derived using the equation (8):
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where R,™ and Ry’ represent the charge transfer resistance with and without inhibitor
respectively, Q.

Computational details

The interaction of organic ions in solution, such as sulfonates and protonated amines, was also
studied using computational techniques. All quantum chemical calculations were performed on a
desktop PC with Windows 11, a 12th generation Intel (R) Core (TM) i7-12700H (2.30 GHz, 16 GB
RAM) with GAMESS software [11]. Initially, full geometry optimization was achieved using the
Molecular Mechanics (MM+) force field. The results from MM+ were used for final optimization using
the semi-empirical PM3 method to obtain the equilibrium geometry and total energy (Ew:) of model
systems. The PM3 method was used because the alternative method, AM1, has limitations in
accurately modelling hydrogen bonding, electrostatic interactions, and systems with charged
species, which are critical for studying ion pair interactions. The interaction energy (Ein) for two-
component systems was calculated as follows:

Eint = Etot - (Eprotonated amine t Esulphonate-ion) (9)

The quantum chemical study of the most efficient system was carried out using DFT/B3LYP/6-
311+G(d,p) method. The calculations were performed as described above, and then a more accurate
optimization and calculations using the chosen DFT method was used. All calculations were done
for the aqueous phase because the electrochemical corrosion always appears in an aqueous
medium. The solvent (H2O) was incorporated via the Conductor-like Screening Model (COSMO)
[12].

Molecular dynamics (MD) simulation

Molecular dynamics is used to study the mechanisms of adsorption, the energy of interactions,
and the stability of the protective layer of the inhibitor. The MD simulations were carried out by using
the GROMACS 2020.4 software [13]. Adsorption energy was calculated by Equation (10):

Eadsorption = Etotal - (EFe(llo) + Einhibitor) (10)
where Eadsorpiion IS the adsorption energy (or interaction energy), E:wa is the total energy of the whole
system, Ere(110) is the energy of the metal and Eininitor IS the energy of the inhibitor molecule.

The binding energy is regarded as the reciprocal of the adsorption energy of the inhibitor molecule
as follows (11):
Ebinding = ‘Eadsorption (11)

where Epinding is the binding energy.
The Fe (110) metal structure was chosen due to its lowest surface energy, thermodynamic
stability and the largest area of the Fe crystal [14].
Synergistic effect
Synergistic effect (S) for two-component systems was calculated as follows:
S= IE, +IE;
IEA+B

where IEa and IEg — inhibition efficiencies (%) of individual components A and B respectively, and
IEa+g denotes inhibition efficiency of mixture A and B.
RESULTS AND DISCUSSION

Determination of the most effective inhibitory system

A theoretical and experimental approaches were used to determine the most effective
anticorrosive system. Protonated amines, naphthalene sulfonates (NS) and their binary systems
were studied at a molar ratio of 1:1. The total concentration of the inhibitor remained constant (1-10
% mol-dm=). The weight loss assay was used to evaluate the corrosion rate (CR), the inhibition
efficiency (IE), and the degree of surface coverage (0). The total energy (Ew) of each system was
calculated for a theoretical evaluation using the semiempirical PM3 method. The interaction energies
(Ein) were calculated for two-component systems using EQ.9. Synergistic effect (S) for two-
component systems was obtained with Eq.10.The results obtained by both methods and calculated
values of synergistic effect (S) for two-component systems are summarized in Table 1.

(12)
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Table 1 — Corrosion rate (CR), inhibition efficiency (IE), degree of surface coverage (8) and
synergistic effect (S) obtained from gravimetric experiment for 24 hours of immersion in 0.5 mol-dm-
3 H,SO4, and total energy (Ewt) and interaction energy (Ein) of the model systems calculated with

semi-empirical (PM3) level of theory.

. Etot, Eint, CR,
Ne Protonated amine NS kcal-mol™ | kcal-mol* | g-m?-ht IE% 0 S
1 - - - - 15,87 - - -
2 Aniline - 175,07 - 6,88 56,64 | 0,5664 -
3 1.2-PDA* - 425,34 - 10,28 | 35,23 | 0,3523 -
4 1.3-PDA - 404,62 - 10,93 | 31,28 | 0,3128 -
5 1.4-PDA - 402,11 - 11,67 26,43 | 0,2643 -
6 Benzidine 393,84 - 9,16 42,26 | 0,4226 -
7 - a- -113,62 - 9,26 41,26 | 0,4126 -
8 - B- -117,14 - 7,28 54,15 | 0,5415 -
9 - 1,5- -225,26 - 10,61 | 33,15 | 0,3315 -
10 - 2,6- -238,50 - 7,11 55,18 | 0,5518 -
11 Aniline a- -33,70 -95,15 8,23 48,51 | 0,4851 | 0,49
12 Aniline B- -38,95 -96,88 6,86 56,75 | 0,5675 | 0,51
13 Aniline 1,5- -183,76 -133,56 6,34 60,04 | 0,6004 | 0,67
14 Aniline 2,6- -191,25 -127,83 7,18 54,78 | 0,5478 | 0,49
15 1.2-PDA a- 106,56 -205,15 7,39 53,46 | 0,5346 | 0,69
16 1.2-PDA B- 95,79 -212,41 8,21 48,25 | 0,4825 | 0,54
17 1.2-PDA 1,5- -92,24 -292,32 2,85 82,01 | 0,8201 | 2.59
18 1.2-PDA 2,6- -90,55 -277,38 10,49 | 33,88 | 0,3388 | 0,37
19 1.3-PDA a- 110,85 -180,15 8,35 47,34 | 0,4734 | 0,65
20 1.3-PDA B- 107,26 -180,22 8,03 49,37 | 0,4937 | 0,58
21 1.3-PDA 1,5- -87,62 -266,97 5,20 67,38 | 0,6738 | 1,05
22 1.3-PDA 2,6- -90,55 -256,68 8,21 48,65 | 0,4865 | 0,56
23 1.4-PDA a- 128,47 -160,01 9,20 42,08 | 0,4208 | 0,62
24 1.4-PDA B- 124,91 -160,06 8,13 48,78 | 0,4878 | 0,61
25 1.4-PDA 1,5- -50,56 -227,40 8,16 48,55 | 0,4855 | 0,81
26 1.4-PDA 2,6- -51,98 -215,59 6,39 59,73 10,5973 | 0,73
27 Benzidine a- 139,05 -141,16 6,00 62,34 | 0,6234 | 0,75
28 Benzidine B- 140,22 -136,48 6,44 59,42 | 0,5942 | 0,62
29 Benzidine 1,5- -33,96 -202,54 6,66 58,06 | 0,5806 | 0,77
30 Benzidine 2,6- -35,82 -191,16 8,86 44,18 | 0,4418 | 0,45

* — phenylenediamine (PDA)

Table 1 shows that the system consisting of diprotonated 1,2-phenylenediamine (1.2-PDAH,?")
and naphthalene-1,5-disulfonate (1.5-NDS?) (1 : 1) has the lowest value of interaction energy (Eint =
-292.32 kcal'-mol ). The system also exhibits the best inhibition efficiency (82.01%) for carbon steel
obtained using a weight loss assay. Moreover, this composition demonstrates the highest synergistic
effect (S = 2.59). Individual components demonstrated a negligible protective effect in given
corrosion medium. At the same time, maost of two-component systems exhibit an antagonistic effect
(S < 0). The system consisting of 1,3-phenylenediamine and 1,5-disulfonate demonstrates
insignificant additivity (S = 1.05). Thus, both theoretical calculations and experimental methods
confirm the high inhibition efficiency and ability to form the binary system between 1.2-PDAH.?* and
1.5-NDS? at a molar ratio of 1:1 and total concentration of 1:10° mol-dm=. Therefore, this system
was chosen for further, more detailed theoretical and experimental investigation.

At the next step of our research, the proposed binary system was investigated with a different
ratio of components at a constant total concentration of the inhibitor (1-10-3 mol-dm). A graphical
representation of the obtained results is shown in Figure 1.

As can be seen, the highest inhibition efficiency (82,01%) and synergistic effect (2.59) are
demonstrated by a system with a 1:1 component ratio at a total concentration of 1-10- mol-dm= and
a concentration of individual components of 5-10* mol-dm=. Furthermore, investigated binary
systems demonstrate a synergistic effect at all component ratios, but at a significantly lower level
than at a 1:1 molar ratio of the components.
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Figure 1 — The inhibitor efficiency of 1,2-phenylenediamine (1.2-PDA) and disodium naphthalene-
1,5-sulfonate (1.5-NDS) (A) and synergistic effect (B) at different component ratios on carbon steel
in 0.5 mol-dm= H,SO4 solution for 24 hours of immersion

Subsequent determinations of thermodynamic and activation parameters were carried out,
maintaining the most effective molar ratio of the binary system components, but at different total
concentrations of the inhibitor. Table 2 shows the molar and weight ratios of the components for
binary systems at different total concentrations of the inhibitor.

Table 2 — The molar and weight ratios of the 1.2-PDA and 1.5-NDS in binary systems at
different total concentrations of the inhibitor.

1,2-PDA 1,5-NDS Total
104 mol-dm3 g-dm? 104 mol-dm3 g-dm? *10* mol-dm g-dm?
2,50 0,0270 2,50 0,0831 5,00 0,1101
3,75 0,0406 3,75 0,1246 7,50 0,1651
5,00 0,0541 5,00 0,1661 10,0 0,2202
12,50 0,1352 12,50 0,4153 25,0 0,5505
25,00 0,2704 25,00 0,8306 50,0 1,1010

For all subsequent results, the total mass of the inhibitor in grams is indicated in accordance
with the data in Table 2.

Corrosion parameters of the most effective system.

The weight loss test was performed for different inhibitor concentration at room temperature
for a 2-24 hours exposure time. Relationships between corrosion rate and inhibition efficiency with
exposure time are shown in Figure 2.
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Figure 2 — The relationships between the CR (A), IE (B) and exposure time at different
concentration of the binary system of 1,2-PDA and 1.5-NDS on carbon steel in 0.5 mol-dm= H,SO4

Figure 2 shows that in the presence of an inhibitor, the corrosion rate decreases significantly,
which leads to a corresponding increase in the inhibition efficiency. With increasing exposure time,
the protective effect increases equivalently, reaching a maximum value of 88.43% at the highest
inhibitor concentration in 24 hours of immersion. The presence of an insignificant induction period
and the subsequent uniform increase in the protective effect until the maximum values are reached
indicates that the corrosion inhibitor rapidly adsorbs onto the metal surface and gradually forms a
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stable, protective layer. This allows to suggest that the inhibitor molecules interact with the metal
surface, initiating the adsorption process almost immediately. This behavior is typical of inhibitors
that act due to strong physisorption, where the protective effect improves as the surface coverage
approaches saturation.

Figure 3 represents corrosion, adsorption, thermodynamics, and activation parameters of 1,2-
PDA — 1.5-NDS 1: 1 binary system at 298 and 313K.
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Figure 3 — The corrosion rate, and inhibition efficiency (A), the Langmuir adsorption isotherms (B),
and variations of the activation energy (Ea) and heat of adsorption (Qads) (C) at different
concentrations of the 1,2-PDA — 1.5-NDS 1: 1 binary system at 298 and 313K for 6 hours
immersion period in 0.5 mol-dm= H.SO, solution (r? — linear regression coefficient)

The results demonstrate that increasing temperature enhances the inhibition efficiency (Figure
3A), suggesting sufficient adsorption energy to counteract the elevated kinetic energy of corrosive
species, leading to improved surface coverage and a more stable protective layer. Higher inhibitor
concentrations further increase protection, indicating that optimal efficiency is achieved at maximum
concentration and high temperature. The linear relationship between C and C/8 (R? > 0.995) confirms
that adsorption follows the Langmuir model (Figure 3B), implying monolayer adsorption where
inhibitor molecules occupy active metal sites without lateral interactions. Negative Gibbs free energy
values indicate spontaneous adsorption, with values near —-20 kJ-mol™ suggesting its physical
nature (physisorption). The observed decrease in activation energy (Ea) and heat of adsorption (Qads)
with increasing inhibitor concentration (Figure 3C) supports a physisorption mechanism, where the
inhibitor forms a protective barrier via weak van der Waals forces, lowering the energy barrier for
corrosion. Exceeding Qags relative to Ea further confirms the formation of a stable protective layer on
the metal surface.

Electrochemical experiment

OCP vs. time diagram and Tafel polarization curves for carbon steel in 0.5 mol-dm= H,SO4
solution in the presence and absence of various inhibitor concentrations of the inhibitor at room
temperature are shown in Figure 4.

/
[ //
log | {Alem?)

——1.10gdm?

10 20 30 40 50 60 450 400 -350 -300 -250 -200
Time (sec) E (mV}

Figure 4 — OCP vs. time diagram (A) and Tafel polarization curves (B) for carbon steel
in 0.5 mol-dm= H,SO, solution with and without of the inhibitor at room temperature.

The electrochemical parameters of the corrosion process are presented in Table 3.

As can be seen, the presence of an inhibitor causes a noticeable shift in both the cathodic and
anodic sites of the polarization curves, but the shift of the anode sections is more significant,
suggesting that the developed composition acts as a mixed-type inhibitor, primarily slowing down
the anodic process. As in the gravimetric experiment, the electrochemical experiment shows an
increase in the protective effect with an increase in the concentration of the inhibitor. A corresponding
increase in the polarization resistance indicates the formation of a protective film on the metal surface
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and, as a result, a decrease in the rate of corrosion destruction of the metal. The data of the
electrochemical measurements are in full agreement with the results of the weight loss experiment.

Table 3 — The electrochemical parameters of carbon steel corrosion in 0.5 mol-dm=H,SO, in
the absence and presence of different concentrations of the inhibitor at room temperature

Cinh, g*dm2 | Ecorr, mV Jcorr, A:cm2 |ba], mV-dect | |b¢|, mV dec? Rp, Q IER, %
0 355,16 1,16-10+4 94,20 86,76 109,75 -
0,1101 352,69 1,18-10+4 95,33 87,93 193,97 68,88
0,1651 352,29 9,28-10° 83,09 77,66 254,30 76,26
0,2202 345,23 7,93-10° 101,50 99,83 305,30 80,23
0,5505 330,57 6,85-10° 118,19 97,11 439,46 86,26
1,1010 317,40 5,35-10° 85,56 111,51 578,30 89,56

Metal surface analysis

The metal surface was analyzed using optical microscopy and measuring the contact angle.
Figure 5 displays microphotographs of the carbon steel surface before and after immersion of carbon
steel specimen in 0.5 mol-dm2 H,SO, solution with and without an inhibitor, and corresponding
contact angle values.

N

Figure 5 — Micrographs (*50) of the carbon steel surface and contact angle values (inserts) before
and after immersing the carbon steel in 0.5 mol-dm= H.SO, solution for 24 hours in the presence
of different inhibitor concentrations

Figure 5 shows that before immersion the surface of a pure metal is uniform and has a metallic
luster. After 24 hours of exposure to an uninhibited corrosive environment, the metallic luster
disappears completely. The surface of the metal becomes dark and loose with clearly visible damage
and pits. In the presence of an inhibitor, the metal surface also loses its metallic luster, but retains
its uniformity and clearly identifiable structure. The visible damage of the metal surface decreases
with increasing inhibitor concentration, demonstrating the protective effect of the developed inhibitor.
A higher contact angle indicates increased hydrophobicity, confirming the adsorption of the inhibitor
onto the metal surface. As the experiment showed, the contact angle of a pure metal specimen is
53,04° £ 0.79 which indicates its significant hydrophilicity. After immersion of the metal sample for
24 hours in an uninhibited acid solution, the contact angle was only 59,98° + 0.84. However, when
the metal sample is immersed in an acid solution in the presence of an inhibitor, the contact angle
increases significantly, reaching 100,73° + 1,03 at the maximum concentration of the inhibitor. An
increase in the hydrophobicity of the metal surface indicates the formation of a protective film.

Computational results

Optimized structure, mechanism of bonds formation and Mulliken atomic charge distribution
(MACD) in ion pair of protonated 1,2-phenylenediamine (1.2-PDAH.?*), naphthalene-1,5-
disulphonate (1.5-NDS?) at 1:1 ratio calculated with DFT/B3LYP/6-311+G(d,p) method are depicted
in Figure 6.

Figure 6 shows that optimized structure of the formed ion pair is characterized by the three-
centered (bifurcated) hydrogen bond. The MCDA revealed that formation of hydrogen bonds between
1.2-PDAH2?* and 1.5-NDS? at 1: 1 ratio occurs via covalently bonded H-atoms of amino group.
Hydrogen atoms that have formed a donor-acceptor bond with the nitrogen atoms due to protonation
of 1.2-PDA are not involved in the formation of aT intermolecular hydrogen bond with the 1.5-NDS?
. The higher tendency of 1,2-phenylenediamine to form ion pairs with sulfonates compared to 1,3-
or 1,4- isomers is due to its unique molecular structure when two amino groups are adjacent so that
they can simultaneously interact with a single sulfo group through hydrogen bonding. This dual
interaction increases the stability of the ion pair by the formation of a three-centered hydrogen bond.
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Therefore, the proximity of the amino groups in 1,2-phenylenediamine results in a more favorable
charge distribution during protonation, which increases the intermolecular electrostatic interactions.
The lowest value of the total negative charge (TNC) calculated for the ion pair clearly indicates its
greater tendency to donate electrons to the metal surface and thereby to better exhibit anticorrosive
properties. These results are in great agreement with the experimental data.

INC
1.2.PDAH," -1,1858
1.6-NDS? -4,9469
wor | lonpair 64597

Figure 6 — Structural formula with MACD (A) and optimized structure with atomic enumeration (B)
of hydrogen-bonded ion pair of 1.2-PDAH.?* and 1.5-NDS?# at 1 : 1 ratio (dashed lines represents
hydrogen bonds, Mulliken atomic charges of separate individual components are red colored,
in ionic pair — blue colored)

Molecular dynamics (MD) simulation

To account for the effect of the metal surface on the mechanism of inhibitor sorption and the
formation of a stable ion pair, molecular dynamic modeling was performed. For this purpose, the
adsorption energies were calculated for a system containing individual components and for a system
containing an ion pair. The lowest energy configurations of both systems are presented in Figure 7.
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A Eroc = -117265,76 kJ-mol

Eags = 972,75 kd-mol!

Eping = -972,75 kJ-mol*
Eor= 279,78 kJ-mol!

Eror=-115733,87 kJ-mol!
Eags = -263,62 kJ-mol!
Ebing = 263,62 kJ-mol!

Evor= 15,74 kJ-molt LSS

Figure 7 — View of binary system of pair of 1.2-PDAH,?* and 1.5-NDS? at 1: 1 ratio as individual
components and hydrogen-bonded ion pair (A), and side and top views of the most appropriate
configuration for adsorption of system of individual inhibitor components (B) and hydrogen-bonded
ion pair (C) on Fe(110) surface.

Molecular dynamics simulations reveal that individual inhibitor components adsorb onto the
Fe(110) surface, and this system exhibits a positive adsorption energy (972.75 kJ-mol™), indicating
a tendency toward desorption. In contrast, when the system presents as an ion pair, the adsorption
energy becomes negative (-263.62 kJ-mol™), favoring adsorption. Using Hess's law, the energy
required to form the ion pair in solution is calculated as -295.62 kJ-mol™, and -1531.89 kJ-mol™ on
Fe(110) surface, unequivocally emphasizes that the joint sorption of inhibitor components on the
metal surface contributes to the formation of an ion pair and increases the inhibition efficiency. The
formation of an intermolecular hydrogen bond upon adsorption strengthens the protective layer,
emphasizing the synergistic effect of the inhibitor components in improving overall inhibition
efficiency.

Conclusion

This study introduces a novel binary system comprising 1,2-phenylenediamine and disodium
naphthalene-1,5-sulfonate, which demonstrates great corrosion inhibition efficiency for carbon steel
in 0.5 mol-dm™ H,SO,. Experimental results revealed that the system achieves a maximum
inhibition efficiency of 88.43% under optimal conditions, with a synergistic effect parameter of 2.59.

ISSN 2788-7995 (Print) [IIokopiM yHHBEpCUTETiHIH XabapIubichl. TexHukanbIk FeutbiMaap Ne 2(18) 2025 518
ISSN 3006-0524 (Online) Bulletin of Shakarim University. Technical Sciences Ne 2(18) 2025



The protective mechanism is attributed to the formation of a stable ion pair through
intermolecular hydrogen bonding directly on the metal surface, as confirmed by molecular dynamics
simulations and DFT calculations. Adsorption studies indicated monolayer adsorption, in accordance
with the Langmuir isotherm, and thermodynamic parameters confirmed spontaneous physisorption.
Electrochemical analysis identified the binary system as a mixed-type inhibitor, primarily reducing
the anodic reaction. Surface characterization further validated the formation of a dense protective
film, enhancing hydrophobicity and reducing corrosion damage. The results obtained indicate that
the formation of an effective inhibitor is possible not only directly in solution but also on the metal
surface. Such additional stabilization of the structure makes the resulting ion pair more stable,
thereby increasing the overall effectiveness of the inhibitor.
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CUHEPTETUYECKUNA SPOPEKT 1,2-OEHUNEHAWAMUHA U HADTAJINH-1,5-ANCYIIb®OHATA
HATPUA ONA YCUNEHHOM 3ALWLUTbI YTMIEPOOUCTOM CTAJIU OT KOPPO3UU B 0.5 M PACTBOPE
H2S04: 9KCMEPUMEHTAJIbHbLIE U TEOPETUYECKUE BbIBObl

B daHHOU pabome uccriedyemcsi uHeubuposaHue Kopposuu yarnepoducmol cmarnu e cpede 8 0,5 M
pacmeope H>SO, ¢ ucnonb3oeaHuem 6uHapHol cucmembl 1,2-¢pbeHuneHOuamuHa u HagmanuH-1,5-
ducynbboHama Hampus. OKcriepumeHmarsbHble  MemoObl, 8KwYas Memod romepu  Macchbl,
a/leKmpoxuMuydeckue MemoObl U aHa/u3 o8epxHocmu, MpoOeMOHCMpUpPo8anu 3HaYumersibHyHo
agpgpekmusHocmb  uHaubuposaHusi,  docmuearwyro  88,43% npu  onmumarsbHbIX  YCIIOBUSIX.
CuHepzemudeckull aghgpbekm mexdy 08ymMsi KOMIOHEHmamu cocmaeun 2,59, umo ykasbigaem Ha
3HayumersibHoe MosbiWeHUe 3¢pHEKMUBHOCMU 10 CPABHEHUK C OMOESIbHLIMU KOMIMOHeHmMamu. Pac4émHbie
uccrnedogaHusi C UCMOAb308aHUEM Memo0o8 MonekynapHoli OuHamuku u DFT ebisgunu cusnbHble
g83aumodelicmeusi,  obycnosefnieHHble  obpa3ogaHueM  8000pOOHbIX  cesizeli  nod  delcmeuem
afiekKmpocmamu4eckux cus 80 epemsi adcopbuyuu, Komopblie cmabunusupyrom 3awumHbell crol Ha
nosepxHocmu memarnna. MexaHusm adcopbuyuu coomeemcmeogan Modesnu adcopbuyuu fleHamiopa, a
rofy4eHHble  mepMoOuHaMu4yeckue napamempbl 100meepousiu  caMorpPoOU3B0sIbHYH  (hU3UYECKYHO
adcopbuyuro uHaubumopa. Pe3ynbmambl 351eKmpoXuMU4eCcKo20 aHau3a riokasasnu, 4Ymo buHapHas cucmema
sen1semcsi UHaubumopoM cMewaHHo20 murna, 3¢hHeKMUBHO CHUXatoWUM MPoyecchl Kak aHoOHOU, mak u
KamoOHoU Kopposuu. Omu pe3yrbmambl 0arm UeHHYK UHgopmayuro 0 pa3pabomke CUHep2emu4yeckux
cucmem uHeubumopos O MPOMbILWIEHHOZ0 NPUMEHEHUS.

Knroyeebie cnoea: 3awjuma mMemarsnsios, CuHepeemuyeckul aghghekm, uHaubumopbl Koppo3uu,
agbgbekmusHoCcmMb UHaUbUPOBaHUS, MOJIEKynspHasa OuHaMmuka, OecKpunmopbl peakyUuoHHOU crnocobHocmu.
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0,5 M H2S04 EPITIHAICIHAEr KOEMIPTEKTI BOJNIATTbI KOPPO3UAOAH KOPFAY[bl KYLWEWTY YLIH
1,2-oEHUWNEHOUWAMWH MEH HA®TAJIUH-1,5-HATPUU OAUCYNIb®OHATbIHbIH CUHEPTETUKATNBIK
OCEPI: 3KCMEPUMEHTTIK XXOHE TEOPUAINDIK TY>KbIPbIMOAP

byn xywmbic 1,2-cheHuneHOuamMuH MeH HagpmanuH-1,5-Hampuli OucynbghoHamblHbIH 6uHapribi
XyueciH KondaHa ombipbir, 0,5 M H,SO4 epimiHdiciHOeai kemipmexkmi 6onammbiH KOppO3UusicbiH mexeyoi
3epmmelidi. SxcnepumeHmmik adicmep, COHbIH iWiHOe MaccaHbl XofFanmy a0dici, 31eKmpoxuMussiK adicmep
XoHe bemmik manday oHmadlinsi xardalinapda 88,43% - ra xxememin mexenyOdiH alimaprnsikmal muimoiniaiH
kepcemmi. Eki komnoHeHm apacbiHOarbl CUHepaemukasbik acep 2,59 Kypalbl, Oyn Xeke KOMIOHEHMMepPMeH
canbicmbipraH0a muimOinikmiq altmaprbikmal XakcapraHbiH kepcemedi. Monekynansik QuHamuka >XoHe
DFT oadicmepiH KondaHamblH ecenmernzeH 3epmmeynep adcopbuyusi kesiHOe arnekmpocmamukarsblk
KywmepOiH acepiHeH cymeai baliniaHbicmapbiHbIH my3inyiHe balnaHbicmbl Kywmi e3apa spekemmecynepdi
aHblIKkmadbi, 6yn memarsnn 6emiHOeai KopraHbiC KabambiH mypakmaHObipadbl. AGcopbyusi MexaHu3mi
JleHemwop adcopbuusi yneiciHe colikec Kendi XoHe arnbiHFaH mepMoOuUHaMuUKanbIK rapamempriep
UHaubumopOsiH e3diciHeH ¢busukarnslk adcopbuyusicblH pacmadbl. SNeKmMpoxXuMusinbiK manday Hemuxersnepi
€eKinik XxytieHiH aHoOmbl xeHe KamoOmhbl KOppPo3us npoyecmepiH muimdi memeHdememiH apanac munmi
UHaubumop ekeHiH kepcemmi. byn Hemuxxernep eHepkacinmik KondaHyfa apHasnfaH CUHepaemukarblK
uHaubumoprnbiK XylenepdiH damybl myparbl KyHObI aknapam 6epedi.

Tylin ce30ep: MmemarObl KopFay, CUHEP2emMUKariblK 8cep, Koppo3usi uHaubumopnapsl, UHaubupney
muimoiniei, MonieKynanbiKk QUHaMuKa, peakmusmirik 0eckpunmopapbi
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NCMNoJib3OBAHUE CBEPXKPUTUYECKUX ®JTIONAO0B B HE®TENEPEPABOTKE

AHHOMauyus: Ha ce2o0HAWHUU deHb 8 MUpe HeghmsiHasi MPOMbIUIIEHHOCMb 10 ceoeli dessmeribHocmu
ocoboe  eHUMaHuUe  ydensem  pa3gumulo  HO8bIX  Nodxodos  repepabomku, r108bILWEHUI
3HEepP203GhhekmMUBHOCMU U CHUXXEHUIO 3KCrlyamayuoHHbIx 3ampam. O630p paccmampusaem co8peMeHHbIe
mMemoOb! nepepabomku msikenbix Heghmel C UCrnosib308aHueM ceepxkpumu4yeckux ¢hioudos. OCHo8Hoe
8HUMaHue ydersnisiemcsi ceepxkpumudeckol ¢boudHOU IKCmpakyuu, Komopbie Mo380sssrom 3¢hhekmusHo
u3eriekampb yare8000p0odbl U ydasisimb HexesnamesribHble rnpuMmecu. B 0630pe paccMompeHbl KUHemuka
g83aumodelicmeusi ceepxkpumuyeckux ¢proudos, a makxe enusHUe memnepamypbl, 0OaeneHus u
pacmeopumenel Ha 3hghekmusHOCMb ceepxKpumu4yeckold ¢hmoudHol  akempakyuu. Knodesbie
ocobeHHocmu 0OaHHO20 Memoda sensarmcsi 2iybuHa OYUCMKU, CEeIeKMUBHOCMb [POYECCO8, 8bICOKas
u3bupamersibHOCMb, CHUXEHUE 0mxo0008, B803MOXHOCMb peseHepayuu pacmeopumesiel, CokpaweHue
8b16poCco8 U yMeHbUeHUe HezamugHo20 8o30elicmeusi Ha okpyxarowlyto cpedy. O0Hako 8 ucrofb308aHuuU
ceepxkpumuyeckux oudos 8 HechmsHoU MPOMbIWIEHHOCMU UMEoMCcs ornpedesieHHbIe 02paHUYeHUs,
BK/IIOHasi BbICOKUE 3Hepz2o3ampambl, Heobxo0UMOCMb CIIOXHO20 0060pydos8aHuUsi U MEeXHO/I02u4ecKue
crioXHocmu  npu  MacwmabuposaHuu rnpouyeccos, 4mo mpebyem OdanbHelwux uccredogaHul U
onmumu3ayuu napamempos. PaccMompeHbi Nnepcriekmuebl uHmezpayuu ceepxkpumuyeckol ¢hrtoudHol
mexHosioauli 8 Heghmenepepabambi8arOWyr0 MPOMbIWIEHHOCMb, 8K/ToYasi KOMOUHUPO8aHHbie Memoodbl C
Kamanusamopamu U  MoOughukamopamu  pacmeopumernell.  YcmaH08/1eHo, 4mo  eHelOpeHue
ceepxkpumuyeckol ¢houdHoOU mexHonoauli 8 HeMSHy0 ompacsib MOXem 3Ha’yumesibHO [108bICUMb
agbgbekmusHocmb nepepabomku msixkenbixX ya2rneeo0opoOHbIX cucmeM, criocobecmeys co3daHuro 6ornee
9KOJ102UYHbIX U 3KOHOMUYECKU yCcmou4uebix mexHoio2aud.

Knroyeebie cnoea: ceepxkpumudeckue ¢hnoudbl, repepabomeka, ceepxkpumuyeckas hrroudHas
aKcmpakyusi, pacmeopumersib, HeghmebumyMUHO3HbIE MOPOOkI.
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