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Summary. The use of inhibitors remains one of the most effective and economically sound methods of
corrosion protection in various aggressive environments. Since universal inhibitors do not exist, effective
inhibitors or compositions should be developed for each individual case. The inhibitory properties of N — phenyl —
decahydroacridindiones — 1,8 in groundwater imitats were investigated in this research. Inhibitory properties has
been studied by the use of the electrochemical and gravimetric methods.
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Statement of the problem. During operation, oil and gas equipment is subject to
corrosion due to various factors, including corrosive impact of the environment. To prevent
corrosion damage, various methods are used, among which the techniques of chemical
inhibition of both inorganic and organic compounds have become widespread.

Analysis of available research. The main inhibitors of organic nature are the
compounds containing atoms of nitrogen, oxygen and sulfur. Most frequently, nitrogen-
containing compositions used for metal corrosion protection are aliphatic amines and their salts,
amino alcohols, amino acids, nitromethanes, anilines [1]. Derivatives of pyridine [2-5],
dihydropyridine [6], quinoline [7, 8], pyrazine [9], benzimidazole [10], acridine [11]
demonstrate protective effect, mainly in acidic environments. Instead, it was found [2] that
triazoles and benzotriazoles are more effective in neutral media and saline solutions.
Effectiveness of the inhibitory impact of organic compounds is determined by their adsorption
capacity on the metal surface due to the active groups [1]. Adsorption may depend on the
interaction of the m-orbitals of the inhibitor with the d-orbitals of metal atoms on the surface,
which leads to the formation of a film that protects against corrosion [12] and can manifest
itself as physical or chemisorption [13].

For interpretation of the corrosion mechanism processes, theoretical research of the
interrelation between structural and electronic parameters and corrosion inhibition effectiveness
are used [14, 15].

Despite the large number of corrosion inhibitors, the search for new inhibitors and
creation of compositions are carried out, which will be effective for particular conditions.

Objectives of the research is experimental and quantum-mechanic investigation of
inhibitory properties of N-phoenildecahydroacriddindions-1,8 in NS4 medium.

Materials and methods. Compounds used as inhibitors (ingl, ing2) were synthesized
according to the developed method [16]. The molecular formula of the synthesized compounds
is shown in Fig. 1. Synthesized compounds — crystalline substances, insoluble in water, soluble
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in alcohols. Ethanol solutions of inhibitors were used for experimental studies of their anti-
corrosion properties.

Gravimetric experiments were carried out in a cylindrical vessel. The volume of the
solution was 500 ml. Experimental specimens were made of steel 17GS in the form of plates
measuring 50x10x3

mm. Steel plates were degreased, dried and weighed on an analytical balance to the
nearest 0.0001 g. Studies were performed on imitation of groundwater NS4 of the following
composition: KCI — 0.122 g/l, NaHCOs — 0.483 g/I, CaCl»-2H,O — 0.181 g/lI, MgSO4-7H20 —
0.131 g/l [17].

O O

R

where R=H (ing 1), NO2 (ing 2)
Figure 1. Chemical structure of inhibitors (R=H (inhibitor 1), NO; (inhibitor 2)

Gravimetric experiments were carried out in a cylindrical vessel. The volume of the
solution was 500 ml. Experimental specimens were made of steel 17GS in the form of plates
measuring 50x10x3 mm. Steel plates were degreased, dried and weighed on an analytical
balance to the nearest 0.0001 g.

The exposure time was 168 hours. After the experiments, the degreased and dried plates
were weighed on a weight with an accuracy of 0.001 g. The corrosion rate (K) was determined
in g/m?-h by the formula:

m, —m,

K = 1)

Sxrt

where my is the weight of the plate before testing, g;
my is the weight of the plate before testing, g;
S is the area of the plate, m?;
7 is the testing time, h.
The measurement result is the arithmetic mean of three parallel values of one series of
studies.
The degree of anti-corrosion (Z) protection of the metal was determined by the formula:
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Z=—""9x100%, (2)
K

where K is corrosion rate without inhibitor; King is corrosion rate with inhibitor.

Investigations of the mechanism of the inhibitor action, evaluation of its effect on partial
electrochemical processes on steel in the model media, determination of the corrosion rate of
steel by the magnitude of the corrosion current were performed using the method of polarization
curves. The experiments were performed on a MTech COR—410 potentiostat. Measurements of
voltammograms were carried out within the potential of the working electrode — 1.6...+0.3 V.
The studies were performed in a three-electrode electrochemical cell with a working solution
volume of 250 ml. The working electrode was made of 17GS steel with the area of 0.03 cm?,
the reference electrode — chlorine silver, auxiliary — graphite. Electrode prepared for
electrochemical studying, was placed in a cell with imitation groundwater NS4, kept for some
time before the establishment of the equilibrium corrosion potential. The inhibitor was
administered after pre-dissolving it in ethanol.

To investigate the possible correlation between the experimental inhibition efficiency
and the electronic parameters of the molecules, the density functional theory (DFT) was applied
using a hybrid exchange-correlation electron density functional in the generalized gradient
approximation B3LYP with a standard set of basic functions 6-31G (d,p).

Results and discussion. According to the results of studies using ing 1 with a
concentration of 0.3 g/l, the corrosion rate was 0.062 g/m?-hours, the protective effect is 39.6%,
when using inhibitor 2 with a concentration of 0.3 g/l, the corrosion rate was 0.080 g/m?-hours,
protective effect was 27.6% (table 1).

Table 1

Protective effectiveness of corrosion inhibitors inNS4 (gravimetric)

o Concentration of Corrosion rate, Degree of protection
Inhibitor o ) of metal against
inhibitor, g/l g/m=-hours 2
corrosion, %
ing 1 0,3 0,062 39,6
ing 2 0,3 0,080 27,6

As can be seen from the results, the inhibition effect of corrosion was negligible.
Probably, in the mineralized environment inhibition occurs due to the adsorption of molecules
on the metal surface.

Polarization studies were performed to study the effect of inhibitors on the anodic
and cathodic reactions of the corrosion process of 17GS steel in NS4 groundwater
imitation. According to the results of electrochemical studies, potentiodynamic curves were
constructed (Fig. 2).

The study was performed without inhibitor (curve 1), with the addition of alcohol
solution ingl (curve 2), ing 2 (curve 3). The corresponding concentrations were 0.3 g/l. The
potential without current is smoothly shifted towards negative values and is set in
10-15 minutes after immersion in the working solution. The shift of the equilibrium potential
to the negative area, which indicates the activation of corrosion processes in the pipeline steel
is recorded.

The obtained electrochemical parameters, namely, the corrosion potential Ecor, the
corrosion current density lcorr and the calculated protective efficiency are given in table 2.
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Table 2

Electrochemical parameters of 17GS steel and protective effectiveness of corrosion inhibitors inNS4
(electrochemical)

Inhibitor Ecorr lcorr, MA/CM? EL%
- -1,033 1,995 -
ing 1 -0,934 0,562 71
ing 2 -0,911 1,585 20
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Figure 2. Potentiodynamic curves of 17GS pipe steel in NS4: 1) blank; 2) ing 1; 3) ing 2

As it turned out, when using inhibitors, the corrosion potential shifts to the range of
positive values. If the Ecorr Shift exceeds 85 mV, the inhibitor can act as anodic one. Therefore,
both compounds inhibit the anodic process of dissolving steel. The obtained results show that
the corrosion current density decreases in the presence of the ingl inhibitor compared to the
uninhibited solution in both the cathode and anode areas. Instead, for ing 2, despite a significant
shift in the corrosion potential, the current density is practically not reduced.

The inhibition efficiency was determined by the equation:

Icorr -

I .
El% = COTT I . 100%.

corr
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The calculated parameters and the effectiveness of corrosion inhibition were determined
to establish the relationships that may exist between them. Possible correlations between
experimental inhibition efficiency and electronic parameters such as the highest occupied
(EHomo) and lowest unoccupied (ELumo) molecular orbitals and their difference (AEL - 1), as
well as some structural characteristics were investigated.

It is known [18] that the limiting orbital energies of Homo and Lumo inhibitor molecules
are related to the ionization potential (1) and electron affinity (A) by the ratios:

| = — EHowmo,
A =—ELumo.

Absolute electronegativity (y), absolute hardness (7), softness (o) of the inhibitor
molecule were calculated by the equations [19]:

I+4
X_ 2 )
_I—A
77_ 2 )

1
o =—.

n

The number of transferred electrons (AN) was calculated by equation [18]:

AN = XFe T Xcomp '
Z(TIFe - T]comp)

where yreand y comp Stand for the absolute electronegativity of iron and compounds, and 7. and
ncomp Stand for the absolute stiffness of iron and compounds.

In this research, the theoretical value of yre = 7 eVV/mol, ycomp = 0 €V/mol were used.
The absolute electrophilicity index is determined by the equation [20]:

where x is chemical potential, whilst 4 =— .

A more reactive nucleophile is characterized by less values of x, @; and, conversely, a
more reactive electrophile is characterized by higher value of u, w.

The interaction between the inhibitor and the metal occurs due to the interaction of
electrons with the orbitals occupied by the inhibitor (mainly from HOMO), with d-orbitals of
the metal, and through the transition of electrons from d-orbital of the metal to unoccupied
orbitals (mainly to LUMO). Thus, EHomo determines the trend of donor properties of molecules
[21], which leads to increased adsorption of the inhibitor on the metal surface and,
consequently, better inhibition efficiency. Instead, ELumo indicates the ability of a molecule to
accept electrons. Therefore, the lower value of ELumo indicates better ability to accept electrons,
which will also increase the adsorption of the inhibitor on the metal surface and, accordingly,
better inhibition efficiency.

The ability of the inhibitor to bind to the metal surface increases with increasing HOMO
levels and decreasing LUMO energy values.
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Figure 3 shows that HOMO s distributed on the decahydroacridine fragment of the
molecules, and ingl has higher energy. Instead, the presence of a nitro group in ing2, which has
a significant acceptor effect, dramatically reduces the energy of LUMO. This causes the LUMO
ing2 to become an orbital localized on the nitrophenyl fragment. Although the nitro group is
not involved in the formation of HOMO ing2, it also slightly reduces its energy.

Comparison of Enomo Vvalues for compounds ingl and ing2 (table 3) shows better
inhibition efficiency by compound ing1, which is consistent with the experimental value. ELumo
shows a discrepancy with the experiment. The energy gap (AeL - H) IS an important parameter
of the functional ability of the inhibitor molecule to adsorb on the metal surface. As AgL - H
decreases, the reactivity of the molecule increases, which leads to better inhibition efficiency
[22]. From the table it is seen that inhibitor ing2 has a smaller energy gap value of 1.261 eV,
which should lead to better inhibition.

One of the main characteristics of the chemical activity of atoms and molecules is the
ionization energy (I). High ionization energy (1) indicates high stability and chemical inertness
and vice versa [23]. The lower ionization energy of 4.653 eV for ingl indicates its higher
inhibition efficiency compared to 4.950 eV for ing2, which corresponds to the results of
experiments.

Table 3

Calculated quantum-chemical parameters of ingl and ing2

Compound Enowmo, eB ELumo, eB AEL_H, eB Z, %
ingl — 4,653 - 2,115 2,539 39,6
ing2 — 4,950 - 3,689 1,261 27,6

0
-1 Ingl Ing2

LUMO

Figure 3. Frontier molecular orbitals of ingl and ing2 calculated at B3LYP/6-31G(d,p)
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From the table 4 the value of electronegativity (y) for ingl is less than ing2. According
to the principle of equalization of Sanderson's electronegativity [24], the compound ingl was
expected to have a greater inhibitory effect.

Absolute rigidity (n) and softness (o) are important properties for determining molecular
stability and reactivity. The rigid molecule has a larger energy gap (high value of AgL - H) [25].
It is generally expected that an inhibitor with lower absolute rigidity value (respectively, with
higher absolute softness value) has higher inhibition efficiency [26], which is not consistent in
this study.

Table 4

Calculated quantum-chemical parameters of electronegativity, molecular stability
and reactivity for ingl i ing2

Compound | I,eB | A,eB | x,¢eB n, cB w o AN Z, %
ingl 4,653 | 2,115 | 3,384 | 1,269 4511 0,788 1,424 39,6
ing2 4,950 | 3,689 | 4319 | 0,631 | 14,791 | 1,586 2,126 27,6

The number of transferred electrons (AN), which characterizes the ability of inhibitors
to transfer electrons to the metal surface [27], is greater for ing2, the inhibitory properties of
which should be higher.

Thus, based on the conducted experimental and computational studies, it can be stated
that only some quantum chemical parameters, namely, Exomo, 7, y correlate with the efficiency
of experimental inhibition.

Conclusions. The investigated derivatives of N-phenyl-1,8-dioxodecahydroacridines
show weak protective properties against low-alloy steel in NS4 medium. The presence of
nitrogen atoms and two carbonyl groups in the structure of molecules — probable coordination
centers on the metal surface, did not lead to the expected high results.

Analysis of theoretical calculations of quantum chemical parameters and inhibitory
effect indicates satisfactory correlation of the obtained experimental values with Exowmo, 7, x.
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YK 620.19

EKCIIEPUMEHTAJIBHI TA KBAHTOBO-XIMIUHI JOCJIJPKEHHS
JNESIKAX NOXIJTHUX JEKATIIPOAKPUINHIIOHY-1,8 SIK
IHTIBITOPIB KOPO3Ii CTAJII 17 I'C Y PO3YUHI NS,

Tersina Kaaun'; JTro6omup Mobepexnuiil; Imurpo MeabHuK?

Yeano- @panxiecvruii nayionanvHuli mexuivHull yHisepcumem nagmu i 2azy,
leano-Dpanxiecvk, Ykpaina
2[eano-Dpanxiecokuii HAYiOHANLHUL MeOUYHULL YHigepcumen,
leano-Dpanxiecvk, Ykpaina

Pestome. YV npoyeci excnayamayii Hapmoeazose ycmamky8aHHs 3A3HAE KOPO3IUHO20 6NIUSY,
3YMOGAEH020 PIZHUMU HaAKmMopamu, 6 momy Yucii KoposiiHolo axmugnicmio cepedosuwa. Memow pobomu €
EKCNePUMEHMANbHE MA  KEAHOMOBO-XIMIUHI  QocnioxcenHs ineioyouux enacmusocmeti N-ghenindexaziopo-
axpuounoionie-1,8 y cepedosuwyi NS4. JJocniosxcenns mexanizmy Oii in2ibimopa, OYiHIO8AHHS 1020 GNAUSY HA
napyianbHi eleKmpoxiMiuHi npoyecu Ha CMaii y MOOeIbHOMY cepedosulyl, GU3HAUEHHs W8UOKOCMI KOpo3ii cmaii
30 BEIUYUHOIO KOPO3INIHO20 CMPYMY UKOHAHI 3 BUKOPUCTNAHHAM Memooy NOAAPU3AYIUHUX Kpusux. Bumiprosanns
80IbMAMNEPOSPAM 30TUCHIOBANU 8 MedCax nomenyiany pobouozo enekmpooa — 1,6...+0,3B. Pobouuti erekmpoo
suzomoenenuti 3i cmani 171C naowero 0,03 cm?, enekmpod nopisHsHHA — XJAOPCPiOHULL, OOROMINCHULL —
epagimosuii. ITiocomoenenuil 05 en1eKmMpOXIMIYHUX OOCTIONCEHb eleKMPoo 8MIUy8anu 8 KOMIPKY 3 iMimamom
epyHmoeoi 600u NS4, sumpumyeanu neguuii uac 00 CMAHOBIEHHS PIBHOBAICHO20 NOMeHYiany Koposii. Inzioimop
6600UU, NONEPEOHbLO POZUUHUBLUY 1l020 8 emaHoNi. Bcmanoseneno, wjo npu suxopucmanni ineioimopis nomenyian
KOpO3ii 3cy8aemubcs 6 001acmb NOZUMUBHUX 3HAYeHb. AKuyo 3miwents Ecorr Oinvwe 85 MV, mo ineibimop mooice
oismu sk anoonuu. Omoice, 0OUOBI CHOJYKU 2anbMYIOMb AHOOHUL npoyec posuunenHss cmani. Ompumani
pesyibmamu  ceiouamn, w0 2yCMuHA KOPO3IUHO20 CMPYMY 3MEHUWYEMbCA 8 npucymuocmi inzioimopa ingl
NOPIBHAHO 3 HEIH2IO0BANHUM POZUUHOM K 68 KAMOOHIl, MaK i anoouiu obracmi. Bzaemoodis midc ineioimopom i
Memanom 6i00y8acmvpCsi GHACIIOOK 63AEMOOIL eleKmpPOHI8 3 OpOimanamu, 3auHamumu ineibimopom, 3 0-
opoimansimu Memany, a makoxc 4epes nepexio enexkmponie 3 d-op6imani memany 0o mesaiinsmux opoimane
ineibimopa. Ananiz meopemuyHux po3paxyHKie KGAHMOBO-XIMIUHUX napamempie ma iHeiby04020 eghekmy 6Ka3ye
Ha 3a008IIbHY KOPesayilo OMpPUMAHUX eKCHepUMEHMAIbHUX 3Havens 3 Exomo, 1, .

Kniouosi cnosa: opeaniyni inzibimopu kopo3ii, 0exaciopoakpuouHoioH, npomonye8anHsi.
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