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Corrosion, a pervasive phenomenon in both natural environments and industrial processes, poses significant
safety hazards and incurs substantial economic losses. Consequently, the study of corrosion mechanisms and anti-
corrosion strategies has become a focal point of research. The article discusses metal corrosion inhibitors based on
organic amides The article examines the features of the chemical structure and the presumed mechanism of anticorro-
sive action on metal surfaces of corrosion inhibitors such as imidazoline, its quaternary ammonium salts, polyamide
corrosion inhibitors, and compounds with heterocyclic nitrogen-containing structures. It has been shown, that a prom-
ising direction in the development of technology for obtaining metal corrosion inhibitors based on amides is their modi-
fication with naturally occurring products.
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Introduction. Metal materials are extensively utilized in the construction, petroleum, metallurgical, and aero-
space industries as a result of their excellent physical-chemical properties and high ductility [1]. Metals are highly ac-
tive, resulting in an oxide film on the metal surface under the action of an aerobic environment. Metal corrosion is the
process by which the action of the surrounding media damages metal materials. Corrosion is a spontaneous chemical
reaction that can be divided into chemical corrosion and electrochemical corrosion, according to the reaction mecha-
nism. Whether chemical corrosion or electrochemical corrosion occurs, metallic materials and chemical substances in
the environment, such as acids and alkalis, are subject to redox reactions. The oxidation-reduction reactions of metals
become stronger over time, and eventually, metals lose their original capacity. Every year, about a quarter of the world's
metal products are scrapped due to corrosion. The loss caused by metal corrosion accounts for 30% of its annual output.
In industrialized countries, the loss caused by corrosion accounts for about one tenth of the national income, and the
maintenance and replacement costs of equipment and pipelines are far more than the cost of materials [2]. Therefore,
the study of corrosion and anti-corrosion has important economic significance.

The second important aspect of studying corrosion and corrosion resistance is based on safety. Corrosion has caused
many serious casualties, and many accidents involving cars, ships, and airplanes are more or less related to corrosion.

The third area of the importance of studying corrosion and corrosion-proofing is the conservation of resources
and the protection of the environment. Because of corrosion, a lot of precious earth resources are wasted. It has been
estimated that the world's metal resources are becoming increasingly depleted, and even with an optimistic estimate of
10 times the current reserves plus 50% recycling, the years of maintenance will not be long. The waste of materials is
also a waste of energy, because the extraction of metals from ore consumes a lot of energy [3].

Studying corrosion, mastering corrosion, and being expert in anti-corrosion can effectively reduce economic
losses, powerfully prevent disasters, and save resources and energy further.

There are many kinds of corrosion inhibitors, which can be classified in different ways. From the perspective of
composition and structure, corrosion inhibitors can be divided into organic and inorganic categories. Organic com-
pounds used as inhibitors, occasionally, they act as cathodic, anodic, or together, as cathodic and anodic inhibitors; nev-
ertheless, as a general rule, they act through a process of surface adsorption, designated as a film-forming process. Nat-
urally, the occurrence of molecules exhibiting a strong affinity for metal surfaces compounds showing good inhibition
efficiency and low environmental risk. These inhibitors build up a protective hydrophobic film adsorbed molecules on
the metal surface, which provides a barrier to the dissolution of the metal in the electrolyte. They must be soluble or
dispersible in the medium surrounding the metal [4].

Organic corrosion inhibitors can be classified into nitrogen-containing corrosion inhibitors, sulfur-containing
corrosion inhibitors, oxygen-containing corrosion inhibitors, and other types. Nitrogen-containing organic corrosion
inhibitors show excellent corrosion inhibition activity because there is an unshared electron pair on the nitrogen atom,
so the research on nitrogen-containing organic corrosion inhibitors is in full swing.
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Main part. The use of corrosion inhibitors is an important means of corrosion protection. It plays an important
role in the production, storage, and transportation of oil and gas. Amide-based corrosion inhibitors are widely used be-
cause of their superior performance. They can be classified into many types according to their molecular structure and
active groups, and each type has unique structural characteristics and corrosion inhibition properties. Understanding
these molecular structural characteristics is crucial for the rational design of high-performance corrosion inhibitors.

Imidazoline corrosion inhibitors. Imidazoline and its derivatives are the most widely used corrosion inhibitors
in oil and gas fields, accounting for about 90% of the total corrosion inhibitors [5]. These kinds of corrosion inhibitors
are characterized by non-irritating odor, low toxicity, good thermal stability, and easy biodegradation. They can effec-
tively inhibit the overall corrosion and local corrosion of metal in the corrosion environment. The nitrogen atom in the
imidazolin ring of its molecular structure, along with adjacent functional groups such as hydroxyl and amino-group,
collectively form multiple adsorption centers, which enhance their binding capacity to the metal surface.

Imidazoline corrosion inhibitors are generally formed by the condensation of fatty carboxylic acid and polyam-
ine. First, the fatty carboxylic acid reacts with one of the amino groups in the polyamine and forms a salt. Then, this salt
will lose a molecule of water and form an amide when the temperature is above 100°C. At last, the other nitrogen atoms
in the polyamine undergo nucleophilic addition reaction to the carbonyl group in the amide group when the temperature
rises continuously, and generate nitrogen-containing heterocyclic compounds, that is, substituted imidazoline deriva-
tives. Their structure is related to the structure of fatty groups in carboxylic acids and polyamines. The substituent
groups play an important role in determining the corrosion inhibition effect of corrosion inhibitors [6]. Taking oleic acid
and triethyltetramine as an example, the reaction process can be expressed as follows:

B
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In the example reaction, the product obtained is a derivative of substituted imidazoline. The structure of the sub-
stituted imidazoline is influenced by group A in carboxylic acid and group B in polyamines. While group A does not
participate in adsorption, its length and structure significantly influence the molecule's water solubility. Group B also
contains a nitrogen atom, which not only has an unshared electron pair that can participate in adsorption but also serves
as an active center for substitution or nucleophilic addition reactions. A functional group with strong adsorption activity
can be introduced onto the nitrogen atom of group B, thereby forming a stronger and more stable adsorption effect with
the metal surface.

Quaternary ammonium salt corrosion inhibitors. An imidazoline quaternary ammonium salt is formed by
quaternization modification treatment through changing the valence of the nitrogen atom on the imidazoline ring to five
valence. Imidazolinium quaternary ammonium salts exhibit superior corrosion inhibition performance compared to un-
modified imidazoline due to the stronger adsorption of N+ ions on metal surfaces [6]. The quaternary ammonium cation
can be strongly adsorbed by the negatively charged metal surface. They are arranged on the metal surface just like they
are making the metal surface positively charged, and this makes it difficult for hydrogen ions to approach the metal sur-
face, enhancing isolation, obstructing charge transfer, and decreasing cathodic reaction rate significantly [7]. The basic
structure of imidazoline quaternary ammonium salt corrosion inhibitors is shown below [8]:

103



2026 BECTHUK T10JIOLKOI'O I'OCYJAPCTBEHHOI'O YHUBEPCUTETA. Cepusa B

Quaternary ammonium corrosion inhibitors can also be composed of positively charged nitrogen atoms and am-
phiphilic structures without imidazoline:
+> -

N Br
Br K]/\/\/\/ ‘ \\/
\/ | CnHZn+1

CnHZn+1

They still exhibit relatively good corrosion inhibition effects. In addition, a new type of twin quaternary ammo-
nium salt contains two hydrophilic head groups and two hydrophobic tail groups, connected by the head groups or the
spacer groups connected to the head groups. The spacer may have different structures, rigid or flexible, hydrophobic or
hydrophilic. The neutral charge of the molecule is maintained by the presence of organic or inorganic anions. Twin qua-
ternary ammonium salts exhibit an exceptionally low critical micelle concentration (cmc), hundreds of times lower than
that of their corresponding monomeric surfactants. Twin quaternary ammonium salts have a larger molecular area than
monomeric analogues, which makes them more effective as corrosion inhibitors [9].

Natural product modified amide corrosion inhibitors. According to the chemical structure, the commonly
used corrosion inhibitors include inorganic corrosion inhibitors and synthetic organic corrosion inhibitors. These two
kinds of corrosion inhibitors are easy to synthesize and apply, and have high corrosion inhibition efficiency at low con-
centration [10]. But they are highly toxic, not biodegradable, and they will cause potential pollution to the environment.
For example, phosphate corrosion inhibitors can lead to eutrophication of water bodies, and this disadvantage greatly
limits their development and application prospects [11]. In recent years, global attention has increasingly focused on
environmental protection and green development, and researchers have started to explore the anti-corrosion effects of
plant and natural product extracts [12]. Plant and natural product corrosion inhibitors are naturally effective components
extracted from natural products. Compared with traditional metal corrosion inhibitors, they have the characteristics of
being easy to obtain, low cost, green, and environmentally friendly, and have a broad development prospect. Using
common analytical methods such as high-performance liquid chromatography (HPLC), Fourier transform infrared spec-
troscopy (FTIR), gas chromatography-mass spectrometry (GC-MS), and ultraviolet spectroscopy (UV), it can be known
that these natural products are rich in triterpenoid saponins, Gynostemma pentaphyllum alkaloids, flavonoids, and other
bioactive components [13]. These compounds contain polar groups centered on nitrogen (N) and oxygen (O), such as -
O-H, -C=0, -N-H, -C-O, benzene rings, and aromatic heterocycles, which possess corrosion-resistant functional groups
[14]. For example, garlic contains allyl propyl disulphide, mustard seeds contain an alkaloid berberine, which has a long
chain of aromatic rings and an N atom in the ring, and, at several places, carrot contains pyrrolidine and castor seed
contains the alkaloid ricinine. Eucalyptus oil contains monomtrene-1,8-cineole. Lawsonia extract contains 2-hydroxy-
1,4-naphthoquinone resin and tannin, coumarin, gallic acid, and sterols. Gum exudate contains hexuronic acid, neutral
sugar residues, volatile monoterpenes, canaric and related triterpene acids, and reducing and nonreducing sugars.
Garcinia kola seed contains primary and secondary amines, unsaturated fatty acids, and bioflavonoids. Calyx extract
contains ascorbic acid, amino acids, flavonoids, pigments, and carotene. Many of these active ingredients have been
used as corrosion inhibitors [15].

Chitosan is a linear polysaccharide of randomly distributed N-acetyl-D-glucosamine and D-glucosamine con-
nected together by a B-1,4-glycosidic linkage:

CH;

OH O=<
NH, NH
o OH o
NH,
OH OH

N-Acetyl-D-glucosamine and D-glucosamine are called acetylated and deacetylated units, respectively. General-
ly, the synthesis of chitosan is achieved by deacetylation of chitin. Chitin is primarily derived from the shells of crusta-
ceans such as shrimp and crabs, the cuticle of insects, and the cell walls of fungi like mushrooms. The anticorrosive
effect of chitosan for metals and alloys is widely reported. Because of their natural origin, chitosan-based corrosion in-
hibitors are considered friendly. Generally, chitosan modified with various organic compounds exhibits a higher corro-
sion inhibition efficiency than pure chitosan [16].

Phytic acid, which is the hexaphosphate of inositol, is a kind of organic phosphorus compound that exists natu-
rally and widely in the seeds and rhizomes of higher plants:
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It has the characteristic of chelating metal ions, and it can be used as a corrosion inhibitor. Six phosphate anions
linked to inositol can accept or donate up to 12 protons[17], so that it can effectively shield H+ from metal in the cor-
rosion environment to achieve the effect of corrosion protection. The mixture of phytic acid 13~ 15g/L, sodium benzo-
ate 11~13g/L, sodium gluconate 11~ 13g/L, and sodium citrate 3~5g/L was prepared and used as a corrosion inhibi-
tor. This corrosion inhibition rate on carbon steel can reach 95%. [18]

Polymer corrosion inhibitors. Polyethyleneimine (PFI) is one of the earliest discovered organic polymers with
notable corrosion inhibition properties. The number of methylene groups in its molecular structure influences the bond
angles of the -C-N-C- bonds, thereby affecting its corrosion inhibition capability [19, 20]:

CH;

| H i
CH»\/N\/NJNV\N/\/ NN

(

NH, NH,

Polyvinylpyrrolidone (PVP) also exhibits excellent corrosion inhibition properties, effectively suppressing the

corrosion of aluminum in hydrochloric acid, iron in sulfuric acid, and copper in nitric acid. Polyamine-based benzochi-

none polymers can be synthesized through the homopolymerization of diamines, triamine, and p-benzoquinone(PAQ).

PAQ is a hybrid corrosion inhibitor that significantly reduces the surface penetration current of steel in acidic solutions.

It can form a protective film on metal surfaces, with its effectiveness increasing over time. PAQ is suitable for industrial
acid washing and secondary oil recovery processes [19]. The structure is as follows:

ji
z
o]

Other amide corrosion inhibitors. In recent years, many novel corrosion inhibitors have been designed and
synthesized by researchers. These inhibitors exhibit excellent corrosion inhibition effects, but their structures are com-

plex, and their synthesis routes are intricate.

1,2,3-triazoles are present in a number of compounds with assorted biological activities such as anticancer, anti-
bacterial, antifungal, anti-tubercular, and anti-HIV properties. In the last years, the corrosion inhibition of steel in acid
solutions by nitrogen-containing heterocyclic compounds has been extensively studied. In this regard, 1,2,3-triazole
derivatives are considered to be effective acidic corrosion inhibitors:
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|
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) HN%N \ N/ R,
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New mono-1,2,3-triazole pyrimidine nucleobases were synthesized by copper(I)-catalyzed 1,3-dipolar cycload-
dition reactions between N-1-propargyluracil and thymine, sodium azide, and benzyl halides. This compound was in-
vestigated as a corrosion inhibitor for steel in 1 M HCI solution, using the electrochemical impedance spectroscopy
(EIS) technique. The results indicate that these heterocyclic compounds are promising acidic corrosion inhibitors for
steel [21].

Polyamides, which are based on tartaric acid as well as thiourea, are considered promising corrosion inhibitors,
with efficiency up to 90.6 % at 250 wppm. Factors affecting the inhibition mechanism are: (i) polyamide with 3 catego-
ries of high electron density atoms which are active centers and they donates lone pairs of electrons, hence, polyamide
molecules show easy adsorption on the metal surface; (ii) these polyamides show easy production in pure state; and (iii)
the polymeric compounds with comparatively high molecular weight are more inhibition efficient than the monomeric
compounds [22].

Amino acids have become the research object of metal corrosion because they are non-toxic, non-polluting, and
strong corrosion inhibitors. There are approximately 200 types of amino acids in nature, all with the amino and carboxyl
groups attached to the same carbon. In neutral solutions, amino acids exist as zwitterions. When the pH of the solution
changes, the molecular form of amino acids undergoes corresponding transformations as follows [23]:

H - _ OH H - gt H
R—c\—coo - R—C‘—C00—>R—C|—COOH

NH, NH; NH;

In neutral and acidic solutions, amino acid molecules adsorb onto the electrode surface via +NHs (in the cathodic
region of a galvanic cell), slowing the cathodic reaction rate and consequently reducing the anodic reaction rate (metal
dissolution). In alkaline solutions, amino acid molecules adsorb on the metal surface, suppressing corrosion active sites,
decreasing exposed metal surface area, increasing the corrosion potential, and reducing the corrosion current density.
Under normal circumstances, the adsorption of amino acid molecules on the metal surface is divided into two steps:
first, the amino acid molecules replace the water molecules on the metal surface, and then the amino acid molecules
combine with the metal ions formed on the surface to form a metal-corrosion inhibitor clathrate [24].

Conclusion. With the attention of human beings to the living environment, the harmlessness of production and
life has become a hot topic. Therefore, the production process of corrosion inhibitors and the inhibitors themselves also
need to be harmless. In other words, the corrosion inhibitor products themselves are low-toxic and harmless, unpollut-
ing the environment. The production process should not use toxic raw materials and should not discharge by-products
that pollute the environment. The whole process is environment friendly and is not harmful to people or living things.
Making full use of natural products and rational utilization of industrial wastes is an important way. Another crucial
point is to achieve an outstanding product with high effectiveness and considerable economic benefits. A promising
direction for the development of technology for obtaining metal corrosion inhibitors based on amides is their modifica-
tion with products of natural origin.
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Hocmynuna 13.01.2026

MHI'MBUTOPBI KOPPO3UH XEMOCOPBIHHMOHHOTI' O THUITA
HA OCHOBE AMHJOB (OB30P)

JIH O®5H, I[39H JIHIOHb
(Ynueepcumem Ilanvusicuxya, Kumait)
A.A. EPMAK
(Ilonouxuii zocyoapcmeennvtit ynusepcumem umenu Eeppocunuu Ilonoykoii)

Kopposus, wupokxo pacnpocmpanennoe senenue Kax 8 npupoonbix cpedax, max U 6 NPOMbIUICHHbIX NPOYeccax,
npeocmasisem 3HA4YUMeNbHYIo yepo3y 0e30nacHoCmu U eledem 3a cobol CyujecmgeHHble IKOHOMUYECKUe Nomepu.
B c653u ¢ amum uzyyenue mexanuzmos Kopposuu u cnocobos 6opbowvl ¢ Hell A61emest akmyaivhol 3aoadell. B cmamove
npusedeH 0630p COBPEMEHHBIX UHSUOUMOPOB KOPPO3UU MEMANL08 HA OCHOBE OPLAHUYECKUX AMUO08, MAKUX KAK UMUOA-
30/1UH, €20 YemBepmMuYHble AMMOHUEBbIE COU, NOTUAMUOHBIE UHSUOUMOPLL KOPPO3UU U COCOUHEHUSL C 2emepOoyUKIude-
CKUMU A30MCO0epIcamum. cmpykmypamu. Paccmompensl 0cobeHHOCMU UX XUMUYECKOU CIMPYKMYpbl U npednoiazae-
MbIE MEXAHUZM AHMUKOPPOZUOHHO20 OeliCBUsl Ha Memaniuyeckue nogepxnocmu. Ilokazano, 4mo nepcneKmueHbiM
Hanpagnenuem 6 paspabomre mexHoI02UYU NOLYYeHUss UHSUOUMOPOE KOPPO3UU MEMANL08 HA OCHO8E AMUOO8 ABNAEMCS
ux Mooupuyuposanue npooyKmamu NPUpOOHO20 NPOUCXONHCOCHUSL.

Kniouesvte cnosa: xopposusi, uneubumop Koppo3uu, amuo, UMuUoa3onul, cRocod NOayYeHUs, NPupooHvle MOOU-
Guxamopul.
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