Animal fats and vegetable oils – promising resources for obtaining effective corrosion inhibitors for oil refinery equipment
Serhiy Pyshyev1, Oleksandr Romanchuk2, Petro Topilnytskyy3, Viktoriya Romanchuk4,                   Denis Miroshnichenko5, Yurii Rohovyi6, Hennadii Omelianchuk7, Yurii Parkhomov8
1. Department of Chemical Technology of Oil and Gas Processing, Lviv Polytechnic National University,
UKRAINE, Lviv; E-mail: serhii.v.pyshiev@lpnu.ua;
2. The Department of Chemical Technology of Oil and Gas Processing, Lviv Polytechnic National University, UKRAINE,  Lviv; E-mail: oleksandr.o.romanchuk@lpnu.ua;
3. The Department of Chemical Technology of Oil and Gas Processing, Lviv Polytechnic National University,
UKRAINE, Lviv; E-mail: petro.i.topilnytskyi@lpnu.ua;
4. The Department of Chemical Technology of Oil and Gas Processing, Lviv Polytechnic National University,
UKRAINE, Lviv; E-mail: viktoriia.v.romanchuk@lpnu.ua;
5. Department of Oil, Gas and Solid Fuel Refining Technologies, National Technical University «Kharkiv Polytechnic Institute,» UKRAINE,  Kharkiv; E-mail: denys.miroshnychenko@khpi.edu.ua;
6. Department of Oil, Gas and Solid Fuel Refining Technologies, National Technical University «Kharkiv Polytechnic Institute,» UKRAINE,  Kharkiv; E-mail: yurii.rohovyi@ihti.khpi.edu.ua;
7. Department of Oil, Gas and Solid Fuel Refining Technologies, National Technical University «Kharkiv Polytechnic Institute,» UKRAINE,  Kharkiv; E-mail:hennadii.omelianchuk@ihti.khpi.edu.ua;
8. Department of Oil, Gas and Solid Fuel Refining Technologies, National Technical University «Kharkiv Polytechnic Institute,» UKRAINE,  Kharkiv; E-mail:yurii.parkhomov@ihti.khpi.edu.ua.
Abstract: The conditions for the synthesis of new corrosion inhibitors (CIs) from distilled higher acids of beef fat or vegetable oils are considered, and the protective effect of the synthesized corrosion inhibitors in comparison with industrial inhibitors is investigated. The results prove the possibility of alternative use of animal fats and waste from their production as new resources for obtaining highly effective equipment corrosion inhibitors. Using alternative inexpensive raw materials  to obtain CIs will improve the economic performance of inhibitor production. 
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 Introduction
The sustainable process of waste and low-quality minerals engineering and reuse and valorization of biomass are the main directions of creating new raw materials and resource sources. This significantly increases the circular economy's role and improves the ecology of the environment.
The refining industry and other fuel industries face significant corrosion challenges due to exposure to aggressive media, including mineralized water, acids, and other corrosive components This requires effective corrosion inhibitors to protect equipment and increase its service life. The use of inhibitors is one of the most critical and widespread corrosion control methods [1].  According to the oil companies’ requirements, the inhibitors must provide maximum protective effect at a sufficiently low concentration, be technological (not to disrupt the normal technological mode of operation of the plant), and not degrade the quality of products and the operation of catalysts of secondary processes. 
Given the above, it is advisable to study the production of corrosion inhibitors based on the most common vegetable oils, animal fats, or their production wastes in Ukraine and the world. Comparative tests of corrosion inhibitors from well-known companies and corrosion inhibitors based on renewable raw materials showed a relatively high protective effect of the latter.Therefore, this work aims to continue the above experiments using amino derivatives to synthesize green corrosive inhibitors from raw plant and animal materials. Investigating their protective effects in a highly corrosive medium and comparing their efficiency with known inhibitors of world manufacturers is also necessary. Given that much of the research is devoted to synthesizing corrosion inhibitors from different types of raw materials at various temperatures, the simplest way to analyze their effectiveness (weight tests to assess the mass loss) is to select 1-3 optimal inhibitors. This will allow valorizing oils, animal fats, and waste from their production as potential raw materials for producing highly effective, inexpensive compounds used in the oil industry to reduce equipment corrosion
Materials and Methods
To compare the protective effect of the synthesized inhibitors and those used today in oil refining, we used corrosion inhibitors manufactured by Chimec (Italy), SUEZ (France), Clariant (Switzerland), Nalco (USA), and Barva LLC (Ukraine). The active substance of inhibitors is dissolved in a hydrocarbon solvent. 
The corrosion studies were performed on samples of St20 steel with a total area of 30 cm2 and a rectangular shape. Diethanolamine, diaminoethanol, and triethanolamine used in the study were of 99.7% purity. Isopropyl alcohol and hydrocarbon solvent were of PA grade. 
The high protective effect of corrosive inhibitors is caused by the interaction of higher fatty acids in the composition of raw materials with amines [2, 3]. That is why natural raw materials and amines were used for the synthesis. A flow diagram of the preparation of the corrosion inhibitor working solution is shown in Fig. 1.

Fig. 1 Flow diagram of the preparation of the corrosion inhibitor working solution
As mentioned above, there are various approaches to analyzing the degree of corrosion and the effectiveness of inhibitors. The gravimetric method determined the inhibitor effect based on our developed methodology [4], which consists of determining the weight loss of a metal plate arranged in the medium with and without an inhibitor. 
The two-phase medium consisted of an aqueous salt solution and jet fuel. The composition of the aqueous salt solution was as follows: NaCl - 163 g/L, MgCl2·6H2O - 17 g/L, Ca(HSO4)2·2H2O - 0.14 g/L, CaCl2 - 34 g/L. The water: jet fuel ratio was 1:9 (wt/wt). This medium simulates water formation in oil production facilities or the corrosive environment formed in water tanks after electric dehydrators. 
The inhibitor introduced into the medium was 100 and 200 ppm of the active substance. Under the experimental conditions, this amounted to 0.65 mL and 1.3 mL of a 5% working inhibitor solution per 300 mL medium.
Figure 2 shows the laboratory setup for the investigation of the inhibitor effect. A magnetic stirrer heating element and a contact thermometer regulated and maintained the process temperature within the specified limits. The mixing intensity was controlled by changing the rotation speed of the magnetic stirrer.
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Figure 2. Setup for studying the anticorrosive ability of inhibitors using the gravimetric method.             1 - magnetic stirrer; 2 - chemical beaker; 3 - teflon lid; 4 - glass rod; 5 - metal plate; 6 - contact thermometer; 7 – thermometer.

Quantitative assessment of the inhibitor effect (at a specific concentration) on the rate of the corrosion process is characterized by the protective effect Z, which was determined at temperatures of 50, 60, and 70 °C. The protective effect Z is the ratio of the difference in metal corrosion rates in the media without and with an inhibitor to the metal corrosion rate in an aggressive medium without an inhibitor expressed as a percentage:

                                                              (1)
where V0 is the metal corrosion rate in an aggressive environment, g/(m2·h), and V is the metal corrosion rate after the addition of inhibitor, g/(m2·h). 
Сorrosion rate V (V0) [g/(m2·h)] was determined as the ratio of the plate weight loss due to corrosion to the plate surface area over a certain period: 
V (V0) = Δm/(S⋅t),                                                          (2)
where ∆m is the decrease in the metal plate weight due to corrosion, [g]; t is the time of the experiment, [h], equal to 2 hours; S is the surface area of the metal plate, [m2], equal to 0.003 m2
To confirm the reliability of the results obtained, the protective effect of inhibitors under certain conditions was determined 3 times using this method. The deviation of the values of the obtained results was no more than 5%, confirming these studies' reproducibility. The average value for each survey was taken as accurate.
The surface microstructure of the studied plates covered with a layer of inhibitor and without it was carried out on a desktop scanning electron microscope CEN NeoScop (Japan). For the study of corrosion inhibitors, an accelerating voltage of about 10 kV was chosen to ensure an optimal balance between image detail and surface integrity. The surface samples were magnified by 5000 times. 
Results
The protective effect Z was determined at a temperature of 50 °C. This temperature is typical for refinery equipment exposed to corrosive media. Thus, the coconut oil-based inhibitor provides long-term protection of metal surfaces through a combination of hydrophobicity and adsorption ability. This is practically the level of effect shown by sunflower oil (cf. 71.3%).
So, it is evident that the protective effect of inhibitors synthesized from vegetable oils and triethanolamine strongly depends on the synthesis temperature; for sunflower oil, the maximum impact is achieved at the synthesis temperature of 140 °C; for corn and coconut oils − at 130 °C. 
Therefore, for each type of oil, the efficiency of the inhibitor is achieved at certain synthesis temperatures, which may indicate the optimal ratio between the polar and nonpolar parts of the molecules that form a stable film. 
The effect of synthesis temperature on the quality of DHFA-based inhibitors is similar to that of vegetable oils-based inhibitors: 
- with increasing temperature, the density (and, accordingly, the molecular weight) of the products increases;
- the temperature of 130°C is optimal for achieving maximum molecular activity, which contributes to forming a stable protective film.
The surface microstructure of the studied plates was studied using an electron microscope at a magnification of 5000 times. 
At a magnification of 5000 times, it is seen that the surface of the plate, which was in an environment without an inhibitor, is uniformly corroded. At the same time, even the surface of the metal, which was stored in the air, was corroded. When the synthesized inhibitor is introduced into the environment, the surface of the plate looks solid without corrosion damage
Notably, the degree of protection of the synthesized inhibitor is relatively high and close to the degree of protection of the industrial corrosion inhibitor Dodigen 481.
Finally, the environmental and economic aspects of the work should be considered. Using alternative natural resources will allow the utilization of animal waste and the production of bio-friendly compounds and provide a significant economic effect. This, in turn, makes it attractive to introduce large-scale production and use of the corrosion inhibitors under study
Conclusions
This study emphasizes the prospects of using inhibitors based on organic raw materials in the industry, which contributes to the development of sustainable technologies and compliance with environmental requirements. New corrosive inhibitors based on natural raw materials were obtained under different conditions and with varying ratios of the components. The inhibitors synthesized from vegetable oils and triethanolamine were found to have a slight protective effect against metal corrosion compared with inhibitors based on distilled higher fatty acids derived from beef fat and diethanolamine. The best results were obtained for the sample with DHFA: amine ratio of 72:28 (wt/wt) synthesized at a temperature of 130 °C and time of 4 hours. It demonstrates a 99% protective effect at the corrosive medium temperature of 50 °C. The increase in temperature to 70 °C slightly decreases the impact to 95.6 %.
Studies have shown that the content of unsaturated compounds in the feedstock of plant origin has virtually no effect on the protective properties of the synthesized compounds. Therefore, vegetable oils can also be a promising raw material for producing N-containing corrosion inhibitors in the case of obtaining amides based on them. Thus, future research will aim to achieve higher protective properties of compounds synthesized based on Ukraine's most common vegetable oils (e.g., sunflower, rapeseed) and diethanolamine.
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