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Abstract: This study presents the results of electrochemical investigations on the anticorrosion
efficiency of the supramolecular complex beta-cyclodextrin-orthophenylenediamine (3—-SDOFDA)
for N20 steel. The inhibitory properties of 3—~SDOFDA were examined using potentiodynamic
polarization and electrochemical impedance spectroscopy methods. Based on the obtained data,
key parameters such as corrosion current density, corrosion potential, inhibition efficiency, double-
layer capacitance, charge transfer resistance, constant phase element parameters, and the average
surface roughness of the metal were determined. The results demonstrated that the selected
inhibitor effectively protects the metal surface against corrosion.
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1. Introduction

Corrosion inhibitors are adsorbed onto metal surfaces, forming a stable and
protective thin film. Both chemical and physical adsorption mechanisms are considered
the most favorable for inhibitor adsorption and the formation of a protective layer [1]. The
formation of a stable protective film at the interface between the metal surface and the
solution effectively isolates the corrosion process. As a result, the influence of ions, water
molecules, and oxygen on the metal surface is significantly reduced [2].

It has been established that compounds based on beta-cyclodextrin are stable and
environmentally friendly corrosion inhibitors. In general, 3-CD derivatives contain a
higher number of nitrogen atoms, which are prone to protonation. Physical adsorption
occurs due to electrostatic interactions between the positively charged nitrogen atoms of
the inhibitor and the negatively charged metal surface [3].

On the other hand, the inhibitor is adsorbed onto the metal surface through the
formation of strong covalent bonds. This is attributed to the presence of electron-rich
heteroatoms, functional groups, and aromatic rings in these compounds, which facilitate
chemical interactions between the corrosion inhibitor and the metal surface. Electron pairs
from the inhibitor are transferred to the vacant d-orbitals of the metal, resulting in the
formation of strong chemical bonds [4].

B-SD is a macrocyclic oligomer with an external diameter of 7.8 A, a cavity diameter
of 6.5 A, a cone height of 7.8 A, and a cavity volume of 25.35 As, consisting of seven
glycosidic units. It possesses a truncated cone-shaped structure with a hydrophilic outer
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surface and a hydrophobic inner cavity. During the formation of supramolecular
complexes, this cavity enables the inclusion of guest molecules [5].

Using techniques such as infrared spectroscopy (IR), differential scanning
calorimetry (DSC), scanning electron microscopy (SEM), X-ray diffraction (XRD), and
proton nuclear magnetic resonance (\H NMR), it has been confirmed that the hydrophobic
cavity of 3-SD can form host-guest complexes and facilitate the encapsulation of organic
compounds. In particular, 3-SD also enhances the anticorrosion properties of other
compounds [6].

B-SD has a non-hygroscopic, homogeneous, crystalline molecular structure and
consists of seven D-glucose units linked by a-(1—4) glycosidic bonds [7]. The lone electron
pairs of the glycosidic oxygen bridges are oriented toward the interior of the cavity,
indicating a high electron density and Lewis base character. These properties suggest that
the inner surface of 3-SD is hydrophobic, in contrast to its hydrophilic outer surface [8].

The primary hydroxyl groups (attached to glucose units via -CH,) and secondary
hydroxyl groups (directly bonded to glucose units) located on the outer surface of (3-SD
enhance its water solubility [9]. Although hydroxyl groups are present on both the inner
and outer surfaces, the internal cavity of 3-SD remains hydrophobic, while the external
surface is hydrophilic [10].

Modifications of 3-SD-based nanomaterials and polymers occur through reactions
between the external hydroxyl groups of 3-SD and the carboxyl groups of substrates [11].
The inhibitory properties of 3-SD can be further improved by chemical modification of the
—OH groups on its outer rings [12].

2. Materials and Methods

The selection of N20 steel in this study is o6ycaosaen its widespread use as a primary
material for metal pipes in oil and gas transportation [13]. The protection of N20 steel
against corrosion is a relevant issue in materials science, chemistry, and engineering. It
belongs to the class of carbon steels [14]. The chemical composition of N20 steel is as
follows: Fe ~98%, Cr <0.25%, Cu <0.30%, Ni <0.30%, Mn 0.35-0.65%, As 0.08%, Si 0.17-
0.37%, C 0.17-0.24%, P <0.035%, and S <0.040% [6;7].

Prior to the experiments, the metal samples were mechanically cleaned and polished
using abrasive papers of varying grit sizes (from 400 to 1200), resulting in a clean and
smooth surface [15]. The prepared metal specimens were then rinsed three times with
distilled water and ethanol. Subsequently, they were degreased with acetone and air-dried
[16].

All electrochemical experiments were carried out in 0.5 M hydrochloric acid (HCI)
solutions at temperatures of 303, 313, 323, and 333 K. The selected strongly acidic and
aggressive medium has significant practical relevance, as highly concentrated acid
solutions are commonly used for cleaning N20 steel pipelines [17]. Therefore, a 0.5 M HCIl
solution was chosen as the test medium. The solutions were prepared in accordance with
international standards using reagents of appropriate purity [18].

For the experimental studies, corrosion inhibitors were used at concentrations
ranging from 25 to 100 mg/L.

Electrochemical Methods.

Electrochemical studies were carried out in a three-electrode electrochemical cell
consisting of a platinum plate electrode (counter electrode), a saturated calomel electrode
(reference electrode), and a working electrode (N20 steel specimen with dimensions of 2 x
1 cm). The electrochemical experiments were performed using a CORRTEST instrument
(model CS310, Wuhan, China). Electrochemical data processing and calculations were
conducted using CS Studio software (Wuhan, China) [19].
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Potentiodynamic Polarization Method.

In the potentiodynamic polarization (PDP) study, a potential scan range of +0.250 V
was applied at a scan rate of 1 mV/s [20]. The electrochemical protection efficiency (n_PDP)
was determined as the difference between the corrosion current density of the system
without the inhibitor and that with the inhibitor (see Equation 1).

Npng, % = em=kerr x 100 (1)

tkorr

3. Results and Discussion

Effect of B-SDOFDA on the Electrochemical Corrosion Processes. The effect of the
inhibitor on corrosion processes, such as hydrogen evolution at the cathode and metal
dissolution into cations at the anode, was investigated using the potentiodynamic
polarization method. This method is based on Tafel curves obtained for solutions with and
without the f-SDOFDA inhibitor in 0.5 M hydrochloric acid (with N20 steel as the working
electrode) (see Fig. 1), as well as on the values of various electrochemical parameters (see
Table 1).

Based on the obtained results, the following conclusions were drawn:

(I) It is evident that the Tafel curves shift toward regions of higher corrosion current
density (i_corr) in uninhibited systems. With the formation of a protective layer due to
inhibition, the Tafel curves shift toward lower current density values (i_corr) as a result of
a significant increase in polarization resistance. This shift becomes more pronounced with
increasing inhibitor concentration. The decrease in i_corr indicates the strength and
effectiveness of the protective layers formed on the metal surface. This protective layer
shields the metal surface from the corrosive environment, thereby preventing corrosion
[21].

i
]

£ 5 -4

log iy, ... WA/smr

Figure 1. Tafel curves for N20 steel working electrode in 0.5 M HCl solution with and
without the B-SDOFDA inhibitor.

(IT) The difference between the corrosion potentials (E_corr) of the inhibited and
uninhibited systems is less than 40 mV, indicating a mixed-type adsorption of 3-SDOFDA
on the metal surface.

(II) The corrosion current density (i_corr) values for the uninhibited system are in
the ©A/cm? range, indicating a very high corrosion rate. Upon the addition of 3-SDOFDA,
this value decreased to 0.85 pA/cm? Based on these values, the corrosion inhibition
efficiency was calculated to be 93.38%.
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(IV) The Tafel polarization curves ((3_a, f_c) shifted in both anodic and cathodic
directions upon the addition of the 3-SDOFDA inhibitor, indicating a reduction in the
corrosion rate due to polarization processes associated with the formation of a protective
layer.

(V) The uninhibited metal surface undergoes a high corrosion rate in a highly
polarized solution, which is attributed to the low polarization resistance of the metal
surface. In contrast, in the presence of the -SDOFDA inhibitor, the polarization resistance
increases significantly due to the formation of protective films on the metal surface [22].

Table 1. Calculated electrochemical parameter values for solutions with and without the
-SDOFDA inhibitor in 0.5 M hydrochloric acid (N20 steel working electrode).

Cing, mg/l
Parameters
Phon 25 50 75 100
lkorr, MA/sm?2 12,85 1,87 1,65 1,03 0,85
Exorr, mV -479 -456 -459 -461 -452
B, mV 275,6 251,9 234,1 201,5 185,6
-, mV 230,9 221,7 201,5 184,1 152,6
Nepo, % - 85,44 87,15 91,98 93,38

Tafel curves for solutions with and without the 3-SDOFDA inhibitor. Since f3-
SDOFDA exhibits good hydrophobic properties, the interaction between the metal surface
and water molecules is significantly reduced. This also leads to an increase in polarization
resistance. As a result, a protective layer is formed due to the replacement of water
molecules on the metal surface by 3-SDOFDA.

4. Conclusion

Electrochemical studies based on potentiodynamic polarization lead to the following
conclusions:

1. During the complexation of iron ions in N20 steel with B-SDOFDA and upon the
introduction of the inhibitor into the corrosive medium, a decrease in entropy values
was observed due to adsorption on the metal surface;

2. The corrosion inhibition efficiency reached 93.38%. The corrosion current density
(i_corr) for the uninhibited system, which was 12.85 nA/cm?, decreased to 0.85 pA/cm?
in the presence of 3-SDOFDA;

3. Compared to the uninhibited solution, characterized by low polarization resistance of
the metal surface, a significant increase in polarization resistance was observed in the
presence of the f-SDOFDA inhibitor due to the formation of protective layers.
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