introduction

The industrial synthesis of esters is based on the chemical esterification of fatty acids with alcohol in the presence of inorganic catalysts at high temperatures [1]. These chemical processes are slow, non-selective, consume large amounts of energy and have low productivity [2-4]. A number of industrial technologies generate waste that creates the risk of pollution of the environment. 
The chemical effects of ultrasound are not the result of the direct impact of the sound field with the constituent units at the molecular level. Because the most commonly used sound frequencies are in the 20-45 kHz range, they do not even cause the molecules to rotate. For this reason, there is no direct interaction between the ultrasonic wave and matter. The energy density of the acoustic field is also of low density, some 10-2 eV/μm3. The reason why ultrasound is capable of generating chemical effects is cavitation. Cavitation is the process by which microbubbles are created in a liquid under high negative pressure. There are two basic methods for generating cavitation, either by fluid motion (hydrodynamic cavitation) or by ultrasound (acoustic cavitation) [5].

Like any sound wave, ultrasound is transmitted through waves that consistently shrink and stretch the molecular structure of the medium they pass through. Thus, the average distance between the molecules in the liquid varies as the molecules vibrate around their position. If appropriate sound pressure is applied to the liquid, the distance between the molecules may exceed the critical molecular distance necessary to retain the fluid in its entirety. When this happens, “gaps” will appear in the liquid, i.e. cavitation bubbles will form. This critical point is called the cavitation threshold.

experimental

Conventional synthesis

The alcohol used was placed in a 3003 cm Erlenmeyer flask, then 2 mmol of conc. H2SO4 were added as a catalyst, followed by 1.13 g of oleic acid. The flask was connected to a water-cooled reflux condenser and heated to boiling. After 120 minutes, the reaction was quenched and the reaction mixture was intensively cooled by adding 100 cm3 of ice-cold distilled water and neutralisation was carried out with 10% Na2CO3. A three-fold extraction with 20 cm3 diethyl ether was performed. The extracts were combined and dried with anhydrous Na2SO4. After filtration, the ether and alcohol were distilled off in vacuo. The residue was separated and the ester yield was determined.

Table 1. Quantities of alcohols used

Ultrasound synthesis

The alcohol used was placed in a 3003 cm Erlenmeyer flask, then 2 mmol of conc. H2SO4 were added as a catalyst, followed by a weighted quantity of 4 mmol of oleic acid. The flask was connected to a water-cooled reflux condenser and placed in Dimoff А-2/2 (100 W, 44 kHz) (Fig. III.2.) ultrasonic bath. It was sonicated for 15 min at room temperature. After completion of the reaction, the reaction mixture was intensively cooled by the addition of 100 cm3 ice-cold distilled water and neutralisation was carried out with 10% Na2CO3. A three-fold extraction with 20 cm3 diethyl ether was performed. The extracts were combined and dried with anhydrous Na2SO4. After filtration, the ether and alcohol were distilled off in vacuo. The residue was separated and the ester yield was determined.

Methods of identification and characterization 

Chromatographic methods 

Thin layer and gas chromatography were used to monitor the course of the reaction.

The aliphatic esters obtained were also identified by gas chromatography (Shimadzu GC / FID).

	Fig. 1. Ultrasonic synthesis of esters


Infrared spectroscopy

Fourier transform infrared spectroscopy was used to identify and characterize the esters obtained. The spectra were recorded on a Nicolet Avatar spectrometer (Termo Scientific, USA) in a KBr tablet, in the range of 4000-500 cm-1.

NMR imaging

The NMR spectra (1H and 13C) of the synthesized esters were recorded on a Bruker spectrometer (500 MHz) in a CDCl3 solution and standard tetramethylsilane. 

RESULTS AND DISCUSSION

The esters were synthesized using H2SO4 (2 mmol) catalyst and the corresponding alcohol in excess of 120 times the organic acid. In all experiments, the reaction time was 120 min for the conventional synthesis and 15 min for the ultrasonic. 
Summarized data from the synthesis of oleic acid esters conducted by both methods are shown in Table IV.11. They show an increase in yield by 2% when using the US method compared to the conventional synthesis.
Table 2. Reaction time and yield data for the synthesis of oleic aliphatic esters

The esterification is a reversible process and for its realization the reaction mixture is heated to the boiling point, i.e. the reaction rate depends on the amount of organic acid, alcohol, and catalyst mixture. With an improper reagent ratio, the temperature may rise to values where the alcohol is dehydrated and converted into ether or alkene and the unsaturated acid isomerized to form new positional or geometric isomers.

The experimental results obtained confirm the conclusions drawn by Hobuss [6] treating mixtures of methanol and ethanol with caprylic, capric, lauric, myristic and palmitic acid with a US of 20 kHz (500W) for 10-15 min received ester amounts comparable and in some cases higher than the ester amount after refluxing for 120 minutes. The application of ultrasound effects accelerates the achievement of equilibrium concentrations and reduces the time by 8 times.

The experimental results also confirm the previous data of the authors made by ultrasonic synthesis of sucrose and inulin esters of higher fatty acids [7-11].

The increased yield of the equilibrium esterification reaction can be justified by the theory of chemical equilibrium. According to the principle of Le Chatelier-Brown, the equilibrium of a reaction in organic chemistry can be shifted in the desired direction either by changing the concentration of only one of the substances in the system, or by changing the temperature. 

Ultrasound causes the formation of cavitational bubbles, which are assumed to be a chemical reaction because the pressure and temperature are very high. At the same time, the temperature of the acoustic medium as a whole rises from 20 to 30-35° C, as opposed to the high temperature in conventional synthesis. Obviously, a lower temperature determines the higher value of the equilibrium constant of esterification, which will lead to an increase in the amount of the final product, that is, of the ester.

Characterization of the esters obtained

Gas chromatography

The aliphatic esters obtained were also identified by gas chromatography (Shimadzu GC / FID). The number of peaks and the retention time of the analytes were determined.

The application of US effects on organic molecules with a long carbon skeleton can lead to C – C rupture. According to Mason and Peters [12], in cavitation bubbles the temperature can reach 1000 K and hundreds of atmospheres of pressure. Under these conditions, carbon bond breaking and isomerization cracking processes occur. Then, in the chromatogram, in addition to the main peaks with a retention time of 10-13.5 min, there should be noticed others - one with a retention time of 5-7.0 min, whose Tk is lower, which suggests peaks be at the beginning of the chromatogram. Cracking in the alcohol chain will also be recorded in the chromatogram.

Only the main peak is observed on the gas chromatograms obtained. From this it can be concluded that under the reaction conditions - US with frequency of 44 kHz, power of 100W, reaction time of 15 min and concentrated H2SO4 as a catalyst, the ultrasonic effect does not cause C – C bonds rupture.

Infrared spectrum 

The aliphatic esters obtained by US esterification are characterized by IR-FT spectroscopy. In the spectra of the synthesized esters, there are several areas typical of esters. In the area of 600-1500 cm-1 there are absorption bands associated with the hydrocarbon chain. The intense and narrow band in the spectrum at 1743 cm-1, due to the valence vibrations (νC = O) of the carbonyl group in the ester, is very clear. The valence vibrations of the C – H bond are manifested in a medium intensity band observed in the 2930 cm-1 area. In esters, a band appears at about 2850 cm-1 corresponding to νC-Has(CH2). In addition, there are bands typical of C-O-C of the ester group - 1270, 1223 cm-1. 

The trend is also evident in t - butyl esters. Theoretically, tertiary alcohols are the most difficult to esterify, and it can therefore be expected that the synthesis of their esters will produce isomer and oxidation by-products. However, no typical OH- groups of absorption bands are observed in the IR spectra of the synthesized t -butyl esters. The IR spectra of higher fatty acid esters with different alcohols in the US field do not show isomerization and oxidation processes.

NMR imaging

In the 1H NMR spectra of i - propyl esters, resonance signals in the range of 4.83-4.90 ppm, typical of the methyle protons CH of i - propyl group are observed. The methyl protons of the i - propyl group are observed at 1.35-1.39 ppm and the methylene protons of the aliphatic acid chain - at 0.97-1.0 ppm. 

The methylene protons are recorded in the spectrum at 1.29-2.31 ppm, with the resonance signals for the CH2 protons associated with the C = O group being observed at 2.28-2.31 ppm.
At 13C NMR spectra, the signal for the carbonyl carbon atom was observed at 174.35 ppm and that for the secondary carbon atom of i - propyl group at 70.04 ppm. Signals for the methylene groups are observed in the range of 22.93-31.64 ppm, and those for the carbon of the methyl group of the acid - at 14.01 ppm, respectively for the carbon of the i - propyl group - at 22.51 ppm. 

In the proton spectrum of t -butyl oleate, the resonance signals for -CH = CH - are observed at 5.47 ppm. From the determined value of the J constant of 5.7 Hz and 3.9 Hz, it can be unequivocally concluded that the protons in the double bond are in cis - configuration.

Reading the 1H NMR spectra of tertiary alcohol esters confirms that, under ultrasonic irradiation for 15 min of the reaction mixture, isomerization, oxidation and polymerization processes do not occur in the structure of oleic acid.

CONCLUSION

The intensifying effect of the ultrasonic effect on the synthesis of esters of aliphatic alcohols with oleic acid has been demonstrated. As a result, the reaction time is reduced and the reaction temperature is lowered. 

Under the conditions of ultrasonic synthesis, the composition of the esters obtained is the same as that obtained by the conventional method.

By means of chromatographic and spectral methods, it was unambiguously established that under the chosen synthesis conditions, no carbon-carbon bond rupture was observed as well as isomerization of cis - oleic acid isomer and auto-oxidation of the reaction product.

