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Abstract. In this article, study of the syntheses an oligomer-type corrosion inhibitors based on polycaprolactam, urea, melamine and orthophosphoric acid were reacted in a different mass ratio at a temperature of 391 К. Oligomer corrosion inhibitors such as polycaprolactam with urea adduct (PUA-1) and melamine adduct (PUM-1) were synthesized as a result of the reaction of 113 kg of polycaprolactam, 400 l of acetic acid, gradually add 158 kg of adduct of urea and phosphoric acid and at a temperature of 391 K. The structure of the obtained corrosion inhibitors was studied and analyzed by methods such as IR-spectroscopic, and its composition elemental analysis. The inhibition efficiency of these two types of PUA-1 and PUM-1 brand corrosion inhibitors was determined using gravimetric and electrochemical methods in water, acidic (HCl and H2SO4), and saline (NaCl=3%) environments. In addition, the factors affecting the inhibition efficiency, such as the pH of the solution, the duration of time, and the concentration of the inhibitor, were also studied. Also, the protection mechanism of corrosion inhibitors on the steel surface was studied and analyzed by scanning electron microscopy and atom force microscopy methods.
INTRODUCTION
Protection of metals against corrosion in various corrosive environments [1–3]. A corrosion inhibitor is a compound that is added in low concentrations to a corrosive solution to reduce and/or minimize the corrosion rate [4-6]. If we talk about the economic damage of this corrosion process, as an example, we can cite the following figures, for example: according to the results of international research conducted by NACE (IMPACT 2016), the annual economic damage of the corrosion process worldwide is 2.5 trillion US. It is concluded that, if we analyze this figure in each country section, it is about 3.4% of the average gross domestic product (GDP) of each country[9]. The results of many years of scientific research carried out by world scientists show that the environment should be taken into account when choosing corrosion inhibitors, and that the use of compounds containing nitrogen and sulfur and substances based on them is more effective for acidic environments[10]. In addition, such as aldehydes, thioaldehydes, including various alkaloids, such as papaverine, strychnine, quinine, and nicotine, have been proven to be highly effective corrosion inhibitors and meet the requirements for corrosion inhibitors. Many researchers show that the use of corrosion inhibitors based on benzoates, nitrites, and inhibitors based on them, as well as chromates and phosphates, have a high inhibition efficiency for alkaline and acidic solutions[11,12]. An anti-corrosion additive is proposed, which is a mixture of orthophosphoric acid, water and a tertiary amine. It has been shown that the synthesized new anti-corrosion composition based on nitrogen- and phosphorus-containing organic compounds, which provides a high protective effect under conditions of sulfide corrosion of steel, amounting to Z = 53.0-80 at low dosages, 9%[13].


EXPERIMENTAL RESEARCH
The main goal of this study of the obtaining corrosion inhibitors based on polycaprolactam, urea, melamine and orthophosphoric acid and determining their inhibition efficiency by gravimetric and electrochemical methods in different corrosion environments. It consists of studying and analyzing the inhibition mechanism of the obtained corrosion inhibitors on the steel surface in environments with and without an inhibitor.
Materials. The experiments were carried out with samples of carbon steel grade St30 and steel samples of this brand were purchased from "Uzbekistan Metallurgical Combinat" JSC. Water (cooling water in the cooling system of "Mubarak gas processing" and "Shurtan gas processing" plants) was used as a corrosion medium (water composition and properties are as follows: total hardness 6.3 mg-eq/l, total alkalinity 2.08 mg-eq/l, 6.3 mg-eq/l, total alkalinity 2.08 mg-eq/l, Ca2+-4.2 mg-eq/l, Mg2+- mg-eq/l, HCO-3-2.00 mg-eq/l, CO32-0.08 mg-eq/l). Other chemical reagents: polycaprolactam, urea, orthophosphoric acid, and melamine were purchased "chemically pure" from “Merit Chemicals” company.
Methods. Polarization curves analysis. The corrosion-inhibiting properties of an aqueous dispersion of the studied corrosion inhibitor (PUA-1 and PUM-1), both with and without additives, were studied by the potentiostatic method on a PI-50-1.1 tool with a PR-8 program, by recording polarization curves on steel electrodes in different corrosion media aqueous, acidic and saline media. 
IR analysis. The composition of the inhibitors was investigated using IR-spectra and elemental analysis with Shimadzu IR Tracer-100.
SEM analysis. Surface morphology and microstructure studies of the samples were carried out using a scanning electron microscope SEM - EVO MA 10 (Carl Zeiss, made in Germany). 
Obtaining of oligomeric corrosion inhibitors. For the synthesis of an oligomeric corrosion inhibitor based on secondary polycaprolactam by acidolysis with acetic acid and a urea adduct at a temperature of 391 K. Various technological parameters of the method for obtaining the interaction of polycaprolactam with a urea adduct were studied. Based on this research, an optimal process for obtaining the corrosion inhibitors polycaprolactam with a urea adduct has been developed. 113 kg of polycaprolactam, 400 l of acetic acid are loaded into a reactor with a volume of 10 m3, equipped with a refrigerator and a stirrer, 158 kg of urea adduct with phosphoric acid are gradually poured and boiled with stirring at the boiling point of acetic acid 391 K for 1.0 hour. Then the excess acetic acid is distilled off and 264 kg of an oily, light yellow product, highly soluble in water, is obtained. Density 1.3 g/cm3. Optimal conditions for obtaining urea adduct with phosphoric acid: 40 kg of urea and 80 kg of phosphoric acid are loaded into the reactor, the reaction mixture is stirred for 10-12 minutes and a clear syrupy liquid is obtained [14]
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FIGURE 1. IR spectra of an oligomeric corrosion inhibitor based on polycaprolactam and urea adduct.

The IR spectrum of the resulting compound contains bands in the region of 3290 and 3330 cm-1, corresponding to free hydroxyl groups, the appearance of a band at 3140 and inflection at 3260 cm-1 indicates the presence of a bound NH group, and in the region of 2980 and 2900 we observe allowed resonances of the –CH– and –CH2– groups. Amide structures are characterized by the presence in the IR spectra of bands of primary and secondary amides, respectively, in the region of 1480 and 1550 cm-1. C=O groups in the region of 1650 cm-1, in the bands of 1550 cm-1 - NH and CN groups. However, from the data obtained, it can be said that acetic acid significantly affects the synthesis and yield of the product. When using a small amount of solvent - acetic acid - the yield of the product decreases sharply[15,16]. The resulting product of the interaction of polycaprolactam with a urea adduct has the following characteristics: a viscous liquid of light yellow or brown color, non-volatile, content of the main component 97.4%, impurities 2.6%.
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FIGURE 2. Dependence of oligomer yield on ratio starting materials. T= 391 K. Time 1.5 hours.
The use of a constant approximate ratio of reagents leads to a decrease in the proportion of polymer, and if the ratio of reagents is violated, the yield of the oligomer decreases and, in connection with this, a decrease in molecular weight (viscosity) is observed from 0.12 to 0.05 dl/g.
TABLE 1. Influence of the ratio of reagents on the composition of the product (T = 391 K, τ = 1.5 hour)
	PC+Ad U
	Yield, %
	ηпр 0.5 aq. solution. dl/g
	Elemental analysis

	
	
	
	Nitrogen
	Phosphorus

	
	
	
	Calculated
	Found
	Calculated
	Found

	1:3
	60,4
	0,05
	14,9
	14,7
	11,29
	11,12

	1:2
	62,6
	0,07
	
	14,9
	
	10,96

	1:1
	78,7
	0,12
	
	
	
	11,27

	2:1
	74,4
	0,10
	
	15,04
	
	10,97

	3:1
	66,3
	0,09
	
	14,3
	
	10,83


 Note*- PC- polycaprolactam; Ad- adduct; U-uren
To obtain a higher molecular weight, the reagents should obviously be taken in equimolar ratios (Table 2).
The study of the dependence of the polymer yield on the ratio of the initial reagents is extreme, with the maximum yield corresponding to a 1:1 ratio (Figure 3).
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1 — 1:3; 2 — 1:2; 3:1; 4 — 2:1; 5 — 1:1.
FIGURE 3. Kinetic dependence of polycondensation in the system polycaprolactam: urea adduct in acetic acid. (T =391 K)

A study of the kinetic dependence of the reaction rate, determined by the rate of consumption of the urea adduct on the ratio of the initial reagents, showed that the kinetic dependence of the formation of the oligomeric product is characterized by a decrease in the slope in the event of a violation of equimolar (FIGURE 3). The optimal conditions for the synthesis of the condensation product of polycaprolactam with the melamine adduct were carried out at a temperature of 118°C, i.e. at the boiling point of acetic acid. First, 113 kg of polycaprolactam, and 500 l of acetic acid are loaded into a reactor with a volume of 10 m3, equipped with a refrigerator and a stirrer, and 252 kg of melamine adduct with phosphoric acid is gradually poured and boiled with stirring at the boiling point of acetic acid 391 K for 2.0 hours. Then the excess acetic acid is distilled off and 356 kg of an oily light yellow product, highly soluble in water, is obtained. Density 1.3 g/cm3[17,18].
Preparation of melamine adduct with phosphoric acid: 126 kg of melamine and 160 kg of phosphoric acid are loaded into the reactor, the reaction mixture is stirred for 15-30 minutes and a clear syrupy liquid is obtained.
The resulting substance has the following characteristics: viscous liquid of light yellow or brown color, non-volatile, main component content 99.5%, impurities 0.5%.
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FIGURE 4. IR spectra of an oligomeric corrosion inhibitor based on polycaprolactam and melamine adduct

The IR spectrum of the resulting compound contains absorption bands at 3450 and 3330 cm-1, corresponding to free hydroxyl groups, and, accordingly, –NH in the region of 3150, 3200 and 1550 cm-1, C=O in the region of 1650 and 1680 cm-1, the region 960 and 970 contains P=O and P–O–C. The data obtained showed that if the reagent ratio of 2:1 is violated, the yield of the oligomer decreases and, in connection with this, a decrease in molecular weight (viscosity) is observed from 0.1 to 0.08 dl/g, We also studied the effect of the solvent on the product yield. When using a solvent in small quantities, a decrease in the yield of the product is observed, and, in connection with this, the molecular weight decreases. The identified features are probably associated with shielding of the active groups of biradicals during the reaction.

TABLE 2. The influence of the ratio of reagents on the composition of the product(T = 391 K, τ = 2 hours)
	PC+Ad Melamin
	Yield, %
	ηпр 0.5 aq. solution. dl/g
	Elemental analysis

	
	
	
	Nitrogen
	Nitrogen

	
	
	
	Calculated
	Calculated
	Calculated
	Calculated

	1:3
	63,6
	0,08
	28,8
	28,4
	8,91
	8,87

	1:2
	67,2
	0,07
	
	28,3
	
	9,08

	1:1
	73,5
	0,1
	
	27,6
	
	9,1

	2:1
	77,9
	0,09
	
	28,91
	
	8,89

	3:1
	71,4
	0,08
	
	28,5
	
	8,65



TABLE 2 shows the results of the interaction of polycaprolactam with the melamine adduct in different ratios. At a molar ratio = 2:1, the yield of the oligomer increases and at the same time the molecular weight of the product increases.
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1—2:1; 2—1:1; 3—3:1; 4—1:2; 5—1:3
FIGURE 5. Kinetic dependence of polycondensation in the system polycaprolactam: melamine adduct in acetic acid. (T =391 K)

A study of the kinetics of the dependence of the reaction rate, determined by the rate of consumption of the melamine adduct on the ratio of the initial reagents, showed that the kinetic dependence of the formation of the oligomeric product is characterized by a decrease in the slope in the case of violation of the 2:1 equimolarity (Figure 5 and 6.).
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FIGURE 6. Dependence of oligomer yield on ratio starting materials. T= 391 K. Time 1.5 hours.
RESEARCH RESULTS
The rate of general corrosion was determined from metal samples in the form of plates made of steel grade St3 measuring 40×12×2 mm with a surface finish of V 6. Each value of the corrosion rate was calculated based on the test results of at least 9 control steel samples. The corrosion rate was calculated using the formula:
 							(1)

where p is the corrosion rate, g/(m2 h);
A is the mass loss of the metal sample during the study, g;
S - sample surface area, m2;
T - test duration, hours.
The protective effect of inhibitory compounds was calculated using the formula:
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where z is the protective action, %;
ρ0- rate of general corrosion without inhibitor, g/(m2 h);
ρ - rate of general corrosion with inhibitor, g/(m2 h).
The test results and their evaluation are shown in Table 3 a and b.

TABLE 3a. Comparative assessments of the protective properties of oligomeric corrosion inhibitors at pH=6
	Inhibitor
	Concentration, mg/l
	Protective effectiveness against general corrosion, %, with mineralization, mg/l

	
	
	30
	100
	270

	1
	2
	3
	4
	5

	PUA-1
	250
	88
	86
	82

	
	150
	85
	82
	78

	
	50
	75
	72
	70

	PUM-1
	250
	92
	92
	90

	
	150
	90
	90
	88

	
	50
	82
	80
	78

	
	50
	98
	94
	93



TABLE 3b. Comparative assessments of the protective properties of oligomeric corrosion inhibitors at pH=3
	Inhibitor
	Concentration, mg/l
	Protective effectiveness against general corrosion, %, with mineralization, mg/l

	
	
	30
	100
	270

	PUA-1
	250
	83
	82
	80

	
	150
	80
	80
	76

	
	50
	72
	70
	68

	PUM-1
	250
	90
	90
	88

	
	150
	87
	85
	84

	
	50
	78
	76
	70



Table 3 shows data on the aftereffect of inhibitors.
The protective effect of the corrosion inhibitor does not exceed 15-25% over the entire range of varied test parameters.
From Table 4 it follows that the addition of a corrosion inhibitor increases the effectiveness of inhibitory compounds. Corrosion inhibitors, along with dispersing properties, already exhibit solvent properties - leading to a decrease in the concentration of the active component.
TABLE 4. Comparative assessments of the protective properties of oligomeric corrosion inhibitors in aggressive environments
	Inhibitor
	Efficiency of the aftereffect of inhibitors,%, during exposure to an aggressive environment, hour.

	
	6
	24
	96
	120
	240

	1
	2
	3
	4
	5
	6

	рН=6

	PUA-1
	96
	90
	82
	76
	62

	PUM-1
	98
	90
	86
	78
	75

	рН=3

	PUA-1
	94
	90
	80
	72
	58

	PUM-1
	96
	88
	82
	76
	70



The difference in the protective effect of inhibitors between Tables 3 a, b and 4 with the same exposure duration is explained by different conditions for the formation of protective films: in the first case, the film is formed from an aggressive environment, and in the second - mechanically, which gives a slight increase in the protective effect. This is clearly seen in the examples of samples PUA-1 and PUM-1.
Oligomeric corrosion inhibitors at Cinh concentrations <20 mg/l somewhat stimulate corrosion in H2SO4 solutions at room temperature. However, with increasing concentration they become inhibitors, and the molecular weight provides a higher degree of protection of steel from corrosion than PUA-1 and PUM-1. At elevated t = 80°C, the differences in the anti-corrosion properties of oligomers are more pronounced. PUM-1 provides Z ≈ 90% at C > 10 mg/l, for PUA-1 even at C = 135 mg/l Z < 353 K. All oligomers slow down not only the anodic, but also the cathodic reaction, i.e. are mixed type corrosion inhibitors.
Oligomeric corrosion inhibitors are substances that protect metal surfaces from corrosion. The mechanism of the anti-corrosion effect of oligomeric corrosion inhibitors on metals, primarily steel, is to create a very thin film on the metal surface that protects the metal from corrosion.
SEM and AFM Analysis. The steel surface was examined in three different states: before corrosion, after corrosion, and after corrosion inhibition, using a scanning electron microscope (SEM-EVO MA 10, Zeiss, Germany). Specifically, the morphological characteristics of carbon steel samples at various concentrations were extensively analyzed using SEM imaging techniques.

	[image: ]
	[image: ]
	[image: C:\Users\User\AppData\Local\Temp\Rar$DIa2440.42797\32 Zafar N4 SEM-EDS  15 KV 8-5mm SE Uchastok 202 500x.jpeg]

	FIGURE 7. The original photograph of the steel sample.
	FIGURE 8. SEM image of a steel sample
	FIGURE 9. SEM image of a steel sample after inhibition



Based on Figure 7, the initial steel sample underwent meticulous cleaning using various grades of sandpaper and was subsequently washed with acetone. Microphotographs of the untreated steel sample were captured using a scanning electron microscope in an uninhibited environment (Figure 7) and in an inhibited environment (Figure 9).
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	a)
	b)
	a)
	b)

	FIGURE 10. Scanning electron microscopy (SEM) and elemental analysis were conducted on an inhibited St20 steel sample treated with the PUM-1 inhibitor. a) SEM image of the PUM-1 inhibitor  b) elemental analysis were conducted on an inhibited St20 PUM-1 inhibitor
	FIGURE 11. SEM imaging and elemental analysis were performed on an inhibited St30 steel sample treated with the PUA-1 inhibitor. a) SEM image of the PUA-1 inhibitor b) elemental analysis were conducted on an inhibited St20 PUA-1 inhibitor



Figure 10. illustrates the SEM imaging and elemental analysis of corrosion inhibited by the PUA-1 inhibitor brand. The images demonstrate the adsorption of the inhibitor on the steel surface and its protective role against aggressive environments. In Figure 11, the elemental analysis reveals that the iron content in the annealed steel sample was 87.3%, indicating effective protection by the inhibitor. The scanning was performed at a nano-micro scale, utilizing high-precision instrumentation to study inhibitor effects on corrosion formation and prevention at metal/alloy interfaces[26,27].
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	a)
	b)

	FIGURE 12. A photomicrograph displaying the surface morphology of an St20 steel sample in a 3% NaCl saline solution, acquired using an atomic force microscope (AFM). a) general two-dimensional surface topography of the steel sample; b) magnified view of the same area, showing finer surface features, local roughness, and micro-scale corrosion-related irregularities;



Figure 12. illustrates that the surface of the initial carbon steel sample is nearly flat and devoid of any signs of corrosion damage
	
.
	


	


	FIGURE 13. Topographical analysis of the steel surface. (a) 2D surface topography over a 4.5 × 4.5 μm scan area; (b) height profile showing convex peaks (~350 nm) and depressions (~135 nm); (c) 3D surface morphology with wave-like structures reaching ~106 nm and surface coverage ranging from ~30% to 100%.



The carbon steel surface was examined at a size of 4.5x4.5 μm, revealing convex peaks measuring approximately 350 nm and depressions measuring 135 nm (Figure 13). These surface features were visually striking, with wave-like structures reaching a height of 106 nm (Figure 13). The analysis also identified various concave and convex dimensions on the steel surface, along with areas exhibiting coverage ranging from a minimum of 30% to 100%
Protection of steel against corrosion with oligomeric inhibitors. In general, two main factors influencing the anticorrosion properties of oligomers can be distinguished: the ability to form complexes and molecular weight. Due to the fact that anionic polymers with a lower molecular weight have the best protective ability in relation to low-carbon steel, various oligomers deserve attention, which are often not only more accessible for practical use, but also safe for the environment. Particles of the oligomer itself and its complexes with iron cations are adsorbed on the metal surface and slow down the anodic dissolution of the metal. The tendency to complex formation in solution has been studied and the high dispersing ability of oligomers, on the contrary, can negatively affect the corrosion resistance of iron in their solutions, since this facilitates the removal of metal corrosion products from its surface. This feature of the compounds considered allows them to be used as detergents and anti-scale compounds, and their combined use gives them anti-corrosion properties.
CONCLUSIONS
In present research, synthesis of the new oligomer-type of corrosion inhibitor based on polycaprolactam, urea, melamine and orthophosphoric acid also its various properties were studied. The new oligomer-type of corrosion inhibitors were synthesized and its structure was confirmed by the IR spectroscopy. The inhibition efficiency of both obtained corrosion inhibitors was studied by gravimetric and electrochemical methods in various aggressive environments. According to the results of the research, it was 97.8% for PUM-1 at a concentration of 400 mg/l in an aqueous medium, and 96.7% at a concentration of 100 mg/l for NaCl=3%. These corrosion inhibitors have been found to perform best in environments with a pH between 3 and 6. The surface morphology of this modification was studied by scanning electron microscopy and atom force microscopy methods. 
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