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Abstract 

Deep eutectic solvents (DESs) are called 'designer solvents' due to various structural 
variations and the benefit of tailoring their physicochemical properties. For industrial 
applications of DESs it is crucial to know their physical and thermodynamic properties such 
as density, viscosity, and refractive index. These properties were measured for three lecithin 
(LEC)-based DESs with glycerol (G), triethanolamine (TEOA), and oleic acid (OLA) as functions 
of temperature. The viscosity was fitted by both Arrhenius-type and Vogel-Tamman-Fulcher 
equations. The density, viscosity, and refractive index of tested DESs decreased with the 
increase in temperature. The LEC:G DES exhibited the lowest density at all tested tempe-
ratures. This DES was selected as a cosolvent in the ethanolysis of cold-pressed black 
mustard (Brassica nigra L.) seed oil catalyzed by either calcined or non-calcined CaO. The 
reaction was carried out in a batch stirred reactor under the following conditions: the 
temperature of 70 °C, the ethanol-to-oil molar ratio of 12:1, and the amount of DES and CaO 
of 20 and 10 wt.% (to oil), respectively. The presence of DES accelerated the reaction, while 
the separation of the final reaction mixture phases was faster. 

Keywords: Brassica nigra L.; black mustard; ethanolysis; fatty acid ethyl esters; deep eutectic 
solvent.
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1. INTRODUCTION  

Tendency to eliminate or reduce the use of organic solvents in various technological processes has led to the 

increased interest in developing different 'green' solvents, such as deep eutectic solvents (DESs). DESs are defined as 

mixtures of two or more components, hydrogen bond acceptors (usually choline chloride (ChCl)) and hydrogen bond 

donors (like alcohols, amides, carboxylic acids, esters, ethers, etc.), which are interconnected by hydrogen bonds. This 

newly formed mixture has a melting point lower than the individual components. These solvents are desirable and 

acceptable due to the possibility of adjusting their properties by selecting the appropriate components (often natural, 

cheap, safe, and available) that enable the formation of hydrogen bonds. Appropriate DESs possess several advantages: 

low cost, easy preparation, biodegradability, nontoxicity, wide liquid range, non-volatility, thermal stability, and non-

reactivity with water [1]. However, for applying any DES, for instance, in biodiesel production combined with non-edible 

vegetable oils, it is essential to determine their physical and thermodynamic properties. 

In recent years, the application of DESs as efficient cosolvents or catalysts in biodiesel synthesis has been raising at-

tention [2,3]. ChCl:glycerol (ChCl:G) DES has been successfully applied for transesterification of different oils, such as palm 

oil [3], expired sunflower oil [4], cooking waste oil [5], rapeseed oil [6], and Xanthoceras sorbifolia Bunge seed oil [7]. The 
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application of DESs for biodiesel production from black mustard (Brassica nigra L., Brassicaceae) seed oil (BMSO) has not 

been reported in the literature.  

Black mustard is one of the few oilseeds adapted to colder regions, with a minimum amount of pesticides and other 

agricultural inputs [8]. BMSO contains a large proportion of erucic acid (up to 50 %) that can harm the cardiovascular 

system, so its application in the diet must be cautious [9]. However, due to containing single double-bond, branched, 

and long-chain fatty acids, this oil has lower pour and cloud points than the oils with a higher content of saturated fatty 

acids, making it suitable for diesel engines as an alternative fuel [10,11]. Biodiesel produced from BMSO demonstrates 

excellent potential as a lubricant additive with lower cloud and pour points (3.5 and -15 oC, respectively), making it 

suitable for regions with cold climates [8]. Shahzadi et al. [12] performed the KOH-catalyzed methanolysis of a previously 

esterified BMSO, while Aslan and Eryilmaz [10] reported the KOH-catalyzed ethanolysis of BMSO. 

Since lecithin (LEC) has the same choline group in its structure as ChCl, it seems to be a possible replacement for 

ChCl, a well-known substance used for preparing various DESs. It represents a mixture of naturally occurring lipids, from 

which more than 50 % are phospholipids [13]. As a surfactant with a hydrophilic head and two hydrophobic tails,  LEC 

forms organogels [14,15], which are used for preparation of cosmetic and pharmaceutical formulations [13], drug 

delivery [16], lubrication, food processing [17], and extraction [14,18]. The amphiphilic molecular structure of LEC also 

allows its application as a natural emulsifier in food products [17,19,20]. However, the use of LEC to prepare DESs is not 

reported in the literature. 

In this paper, three novel DESs were prepared by combining LEC with G, triethanolamine (TEOA), or oleic acid (OLA) 

in a molar ratio of 1:2. Density, viscosity, and refractive index of these DESs were measured at atmospheric pressure in 

the temperature range of 293.15-363.15 K relevant for the practical use. Several thermodynamic properties were 

calculated, such as molar volume, lattice energy, heat capacity, as well as molar Gibbs energy, enthalpy, and entropy of 

activation of viscous flow. Finally, the possibility of using the LEC:G DES as a suitable replacement for the ChCl:G DES as 

a cosolvent in the heterogeneously-catalyzed ethanolysis of cold-pressed BMSO was tested in which either calcined or 

non-calcined CaO was used as catalysts. Moreover, the catalytic activities of non-calcined and calcined CaO without or 

with LEC:G or ChCl:G DESs were compared. To the best of the authors' knowledge, this is the first study of the physical 

and thermodynamic properties of the DESs mentioned above and the application of the LEC-based DES in 

transesterification reactions. 

2. EXPERIMENTAL 

2. 1. Materials  

For the preparation of the DESs, soybean LEC (from TCI, Germany), G (Ph Eur grade, MeiLab, Belgrade, Serbia), OLA 

(99 %, Sigma-Aldrich, St. Louis, USA), and TEOA (99.%, Centrohem, Stara Pazova, Serbia) were used. CaO (extra pure) 

and ChCl (≥ 98.0 %) were obtained from Sigma Aldrich (St. Louis, USA). Absolute ethanol (99.5 %) was purchased from 

Sani-Hem (Novi Bečej, Serbia). HPLC grade methanol, 2-propanol, and n-hexane were provided from Lab-Scan (Dublin, 

Ireland). Ethyl acetate (99.5 %, Merck-Millipore, Darmstadt, Germany) and glacial acetic acid (Zorka, Šabac, Serbia) were 

employed as solvents. Hydrochloric acid (36.0 %) was purchased from Centrohem (Stara Pazova, Serbia). The standards 

of triolein, diolein, and monoolein and the standards containing ethyl esters of palmitic, stearic, oleic, linolenic, and 

linoleic acids (20.0 % of each ester), were provided from Sigma-Aldrich (St. Louis, USA). 

2. 2. Cold pressing of black mustard seeds 

Black mustard seeds were provided from the Institute of Field and Vegetable Crops, Novi Sad, Serbia. The moisture 

content of the seeds (4.2 ± 0.2 wt.%) was determined by drying seeds at 105 °C until constant weight. The BMSO was 

obtained by cold pressing (oil press Komet, Germany) and filtered first under vacuum through a sterile gauze and filter 

paper to remove all impurities. The physicochemical properties of the oil were as follows: the density of 985.1 kg m-3 at 

20 °C, the viscosity of 123.3 mPa∙s at 25 °C, the acid value of 2.08 mg KOH/g, the saponification value of 169.4 mg 

KOH / g, and the iodine value of 99.2 g I2 / 100 g [9]. 
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2. 3. Preparation of LEC-based DESs  

LEC was mixed with the desired compound (G, TEOA, or OLA) at the molar ratio of 1:2 in a round-bottom flask. The 

flask was placed on a rotary evaporator at 348.15 K until a homogeneous viscous liquid was obtained, as described 

elsewhere [21]. The prepared DESs were stored in glass bottles placed in a desiccator with CaCl2 until use. 

2. 4. Measurements of the physical properties of LEC-based DESs 

Density, viscosity, and refractive index were measured by using a densitometer (DMA 4500 Anton Paar, Austria), 

rotational viscometer (Visco Basic Plus, ver. 0.8, Fungilab S.A., Barcelona, Spain), and an automatic refractometer (Atago 

A100, Japan), respectively, at atmospheric pressure in the temperature range between 293.15 and 363.15 K. Two 

replicates were carried out for each measurement. 

2. 5. Fourier transform infrared spectroscopy (FTIR) analysis of LEC-based DESs 

FTIR spectra of the solid compounds were recorded at 25 °C by a spectrophotometer (Michaelson Bomen MB-series, 

Canada) using the KBr pastille (1.5 mg/150 mg) technique (4000-400 cm-1 range and 2 cm-1 resolution). The solid 

compound and KBr were mixed, vacuumed, and pressed (200 MPa) to form a thin, permeable pastille. The FTIR spectra 

of the liquid compounds were recorded by the same spectrophotometer with using the special discs. 

2. 6. BMSO ethanolysis: equipment and experimental procedure 

The reaction of BMSO ethanolysis was performed at 70 ± 0.5 °C under reflux in a magnetically stirred (600 rpm) two-

neck round-bottom flask (250 cm3) placed in a glass chamber. Water temperature in the chamber was kept constant by 

circulating water from a water bath by a pump. Two series of experiments were performed using calcined and non-

calcined CaO. For the first series of experiments, commercial CaO was activated by calcination at 550 °C for 2 h [22], 

cooled, and kept in well-closed glass bottles in a desiccator with CaCl2 and KOH pellets. The same, not calcined CaO, was 

used in the second experimental series. For all experiments, ethanol (22.5 g), the catalyst (4 g), and the cosolvent (8 g) 

were added to the reaction flask. After stirring the suspension for 30 min, BMSO (40 g), previously preheated at the 

reaction temperature, was poured into the reaction flask, the magnetic stirrer was switched on, and the reaction was 

timed. The reaction samples (1 cm3) were taken from the mixture during the reaction at different time intervals, cooled 

in an ice bath, and centrifuged (Sigma 2-6E, Sigma Laborzentrifugen GmbH, Germany; 3500 rpm, 10 min). The upper 

ester/oil layer was withdrawn and dissolved in the 2-propanol/n-hexane (5:4 v/v) mixture in a 1:10 or 1:200 ratio for 

qualitative thin layer (TLC) or quantitative liquid chromatography (HPLC) analysis (HPLC chromatograph details: Agilent 

1100 Series, Agilent Technologies, Germany), respectively, followed by filtration through a 0.45 μm Millipore filter 

(Merck KGaA, Germany). After completing the reaction, the reaction mixture was poured into a separation funnel, and 

the separation of the phases was timed. All experiments were performed twice. For the X-ray powder diffraction (XRD), 

the precipitated CaO catalyst was removed from the reaction mixture, washed with ethanol, filtered, and dried in an 

oven at 110 °C for 2 h. 

2. 7. Separation of fatty acid ethyl esters (FAEEs) 

During the separation of the final reaction mixture, three layers were formed. The upper layer consisted of FAEEs 

and insignificant amounts of triacylglycerols (TAG), diacylglycerols (DAG), and monoacylglycerols (MAG). The middle 

layer contained excess ethanol, glycerol, and cosolvent. CaO was precipitated in the bottom layer. 

2. 8. Analytical methods 

Chemical composition of the reaction mixture samples was analyzed qualitatively and quantitatively by the TLC and 

HPLC methods, respectively [23,24]. The contents of FAEEs and acylglycerols were calculated from the corresponding 

peak areas by using the calibration curves obtained by using the standard mixtures. The XRD measurements were 

performed by using a Philips PW 1050 X-ray powder diffractometer (Philips, The Netherlands) with Ni-filtered Cu Kα1,2 
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(λ = 0.154178 nm) radiation and the Bragg-Brentano focusing geometry. Measurements were performed over a 2 

range of 7 to 70° at room temperature. The scanning step was 0.05° the counting time was 3 s per step. 

3. RESULTS AND DISCUSSIONS 

3. 1. The effect of temperature on the physical properties of LEC-based DESs 

3. 1. 1. Density 

Figure 1 represents temperature dependences of density of the studied DESs, while the experimental density values 

are given in Tables A1-A3 in the Supplementary material. The density of the tested LEC-based DESs decreased slightly 

and linearly with the increase in temperature due to the increased mobility of the molecules and decreased molecular 

interactions, which agrees with the previous reports [25-27]. For the investigated temperature range, the density of the 

tested DESs lies within the range of 1285.8 - 1397.6 kg∙m-3 with the LEC:G DES having the lowest density values. At 

313.15 K, all LEC-based DESs are liquid, and their densities follow the following order: LEC:G < LEC:TEOA < LEC:OLA.  

 

 
Figure 1. Densities (ρ) of the LEC-based DESs as functions of temperature: LEC:G -  (STD ≤ 3.5 %), LEC:TEOA - (STD ≤ 2.8 %), and 
LEC:OLA - (STD ≤ 3.9 %). 

 

Due to the lack of literature data for the tested LEC-based DESs, their density values were compared with those 

reported for the DESs with the same hydrogen bond donors. Formation of hydrogen bonds between constitutional 

components of DESs strongly affects the density of all DESs. The LEC:TEOA and LEC:OLA DESs have higher density values 

than the LEC:G DES due to the highest number of -OH groups in TEOA and the largest molecular size of OLA, providing 

a stronger intermolecular H-bonds' network as compared to that of the LEC:G DES [28]. 

The LEC:G DES has a significantly higher density than the DESs with G, such as the N,N-diethylethanolammonium 

chloride:G (1:2) [29], tetrapropylammonium bromide:G (1:3) [30], ChCl:G (1:2) DESs [27,31,32] because LEC has the 

larger molecular mass than the other hydrogen bond acceptors [28]. For the same reason, the density values for the 

LEC:TEOA DES are higher than those reported for the ChCl:TEOA (1:2) [33] and ChCl:TEOA (1:1) DESs [25]. 

For the design of technological processes, it is very important to know the effect of temperature on the density of 

DESs. In addition, density values can be used to calculate values of thermal expansion or compressibility coefficients 

that are valuable liquid structure and interactions data. When a DES system is heated, the molecules move faster, 

increasing the molar volume and, thus, decreasing the density [34]. Although high density of a DES is a problem for 

handling or mixing in chemical processes, it may be desirable in extraction processes since a relatively large difference 

in density between the raffinate and extract phases is required to guarantee more efficient phase separation [26].  

The density values were correlated to the temperature by the following linear equation (1): 

ρ = a + bT (1) 
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The parameters a (the density at 0 K) and b (the coefficient of volume expansion) were obtained from the intercept 

and slope of the best linear fits, respectively (Table 1). The obtained low mean relative percent deviations (MRPD), and 

coefficients of determination (R2) close to unity (> 0.996) indicate excellent agreement of the linear density-temperature 

dependences with experimental data. 
 

Table 1. Parameters obtained by the best linear fits of ρ as a function of temperature in the range 293.15-363.15 K (Eq. 1) for LEC-
based DESs  

DES Density range / kg·m-3 a / kg·m-3 b / kg·m-3·K-1 MRPD, % R2 

LEC:G 1285.8-1342.3 1577.5 -0.803 0.03 0.999 

LEC:TEAO 1347.9-1379.9 1513.6 -0.4581 0.04 0.996 

LEC:OLA 1341.4-1397.6 1634 -0.8054 0.02 0.999 

According to the values of the coefficient of volume expansion it could be deduced that thermal sensitivities of the 

LEC-based DESs are in the following order: LEC:OLA ˃ LEC:G ˃ LEC:TEAO.  

Expansion of DESs with temperature is best quantified by the thermal expansion coefficient (α), which is obtained 

as a slope of the ln ρ-T linear fit of Eq. (2) [25]: 

ln ρ = c - αT (2) 

where c is an empirical constant. Thermal expansion coefficient values were determined in the range between 3·10-4 K-1 

and 6·10-4 K-1 (Table 2), indicating that the investigated DESs do not expand appreciably in the covered temperature range. 
 

Table 2. Parameters obtained by the best linear fit of experimental data by Eq. (2) for LEC-based DESs in the temperature range 
293.15-363.15 K. 

DES c / kg·m-3·K-1 α·10-4/ K-1 MRPD, % R2 

LEC:G 7.38 6 0.05 0.999 
LEC:TEAO 7.33 3 0.16 0.996 
LEC:OLA 7.42 6 0.05 0.999 

 

Molar volumes (Vm), lattice energies (Upot), and heat capacities (Cp) for the LEC-based DESs at 313.15 K were 

calculated using the well-known equations [25,35] and presented in Table 3. The molecular size of OLA induced the 

highest value of the molar volume of the LEC:OLA DES, which also resulted in its highest heat capacity among all 

prepared DESs. The liquid state of DESs at lower temperatures can be explained by the lattice energy values similar to 

those reported for molten salts [36]. 
 

Table 3. Calculated values of Vm, Upot, and Cp for the LEC-based DESs at 313.15 K 

DES Vm / nm3 Upot / kJ·mol-1 Cp / J·mol-1K-1 

LEC:G 0.390 1178 450 
LEC:TEAO 0.424 1141 485 
LEC:OLA 0.528 1048 593 

3. 1. 2. Refractive index  

The refractive index is correlated with temperature as shown in Figure 2, while the experimental refractive index 

values are given in Tables A1-A3 in the Supplementary material. The refractive indices of the tested LEC-based DESs 

linearly decreased with temperature due to the reduction in density. This decrease strongly depends on the structure 

and nature of the constitutional components combined with LEC. The refractive index values for the investigated 

temperature range lie within 1.4305-1.4853, with the LEC:OLA DES having the lowest refractive index. At 313.15 K, these 

values are in the following order: LEC:OLA < LEC:G < LEC:TEOA and are higher than those reported for N,N-di-

ethylethanolammonium chloride:G [29], and ChCl:G (1:2) [32] DESs. At the same time, they are close to those reported 

for tetrapropylammonium bromide:G (1:2) [30] and ChCl:G (1:2) [27] DESs.  



Hem. Ind. 77(1) 53-67 (2023) Z. B. TODOROVIĆ et al.: PROPERTIES OF THE LECITHIN-BASED DEEP EUTECTIC SOLVENTS 

58  

 
Figure 2. Refractive indices (nD) of the LEC-based DESs as functions of temperature: LEC:G -  (STD ≤ 0.05 %),  
LEC:TEOA -  (STD ≤ 0.07 %), and LEC:OLA -  (STD ≤ 0.11 %). 
 

Refractive index is a property beneficial for many applications, such as identification of individual substances and 

determination of their concentrations in mixtures, verification of the substance purity, etc. [37]. The determined 

parameters of linear dependences, refractive index ranges, MRPD, and R2 are listed in Table 4. 
 

Table 4. Parameters obtained by the best linear fits of nD as a function of temperature in the range 293.15-363.15 K for the LEC-
based DESs  

DES nD range Intercept Slope MRPD, % R2 

LEC:G 1.4628-1.4703 1.5031 -0.0001 1.98 0.997 
LEC:TEAO 1.4601-1.4853 1.591 -0.0004 0.80 0.993 
LEC:OLA 1.4305-1.4651 1.61 -0.0005 0.13 0.997 

 

Values of the phase velocity (υ), molar refractivity (A), and the free volume (fm), calculated using the well-known 

equations, are listed in Table 5 [38,39]. The lowest LEC:OLA DES refraction index values are explained by the lowest 

phase velocity values. The molar refractivity is mainly affected by the molar mass, while it is only weakly affected by 

temperature [39]. Also, the influence of density and refraction index is only minor [39]. Heating causes an increase in 

the free volume of DESs [39]. The highest free volume values determined for the LEC:OLA DES can be explained by the 

longest alkyl chain of OLA [39]. 
 

Table 5. The υ, A, and fm ranges determined for the LEC-based DESs in the temperature range 293.15-363.15 K. 

DES υ / 107 m∙s-1 A / 10-6 m3∙mol-1 fm / 10-6 m3∙mol-1 

LEC:G 20.40-20.51 64.86-66.78 167.48-175.77 
LEC:TEAO 20.20-20.55 84.76-86.94 180.97-188.60 
LEC:OLA 20.48-20.97 71.16-72.76 227.48-242.88 

3. 1. 3. Viscosity 

Knowing viscosity of solvents is of great importance for their further applications in technological processes. High 

viscosity of DESs poses a significant problem due to reduction of the mass transfer rate, which can be overcome by 

heating or modifying molar ratios of the DES components [26]. The viscosity values obtained in the present work were 

correlated with temperature by both the Arrhenius (Eq. 3) [25] and Vogel-Tamman-Fulcher (VTF) (Eq. 4) [40] equations 

(Fig. 3). The experimental viscosity values are presented in Tables D1-D3 of the Supplementary material. Evidently, the 

viscosity decreases with the temperature increase, probably due to breaking the hydrogen bonds in DESs. For the 

investigated temperature range, the viscosity values of the tested DESs lie within the range of 0.588-22.369 Pa·s. At 

temperatures up to 283.15 K, the LEC:G DES is solid. The viscosity values of the LEC-based DESs at 313.15 K are in the 

following order: LEC:OLE < LEC:TEOA < LEC:G. 
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 T-1 / 10-4 K-1 (T-T0)-1 / 10-3 K-1 

Figure 3. Logarithmic dependences of viscosity (η) of the LEC-based DESs on temperature and application of: a) Arrhenius equation; 
b) VTF equation (LEC:G -  (STD ≤ 0.03), LEC:TEOA -  (STD ≤ 0.02) and LEC:OLA - (STD ≤ 0.03)) 

 

As expected, the LEC-based DESs are highly viscous at lower temperatures. Due to heating, the constituents move faster, 

thus reducing the viscosity value [26]. To eliminate the negative viscosity effect on the technological process, these DESs 

should be used at temperatures higher than 313.15 K. The LEC:G DES exhibits higher viscosity than the N,N-diethylethano-

lammonium chloride:G (1:2) [29], tetrapropylammonium bromide:G (1:3) [30] and ChCl:G (1:2) [27,31,32] DESs.  

In the Arrhenius equation (3): 

ln η = ln Aη + (Eη/RT) (3) 

η, T, Eη, Aη, and R represent the viscosity, the absolute temperature, the activation energy for the viscous flow, the pre-

exponential constant, and the universal gas constant, respectively; values of these parameters are shown in Table 6. 
 

Table 6. Parameters of the Arrhenius-type equation for the LEC-based DESs in the temperature range 293.15-363.15 K. 

DES Viscosity range, Pa·s 
Arrhenius equation  

(η / Pa·s; T / K) 
Aη / µPa s Eη / J·mol-1 MRPD, % R2 

LEC:G 0.588-11.457 ln η = 6891.8T-1-19.5 0.180 57298 10.32 0.997 
LEC:TEAO 0.702-22.369 ln η = 5523.1T-1-15.5 0.004 45919 11.22 0.990 
LEC:OLA 0.711-20.610 ln η = 5308.0T-1-15.0 0.305 44131 12.71 0.993 
 

The VTF equation (4) is expressed as: 

0

0

exp
B

T T


 =

−
 (4) 

The values of T0 (so-called ideal glass-transition temperature), η0 (adjustable parameter), and Bη (factor related to 

the activation energy) are listed in Table 7.  
 

Table 7. Parameters of the VTF equation for the LEC-based DESs in the temperature range 293.15-363.15 K. 

DES VTF equation (η / Pa·s; T / K) η₀ / Pa s Bη / K T₀ / K MRPD, % R2 

LEC:G ln η=3118.4(T-T₀)-1-12.88 2.528·10-6 3118 110 8.01 0.998 
LEC:TEAO ln η=5489(T-T₀)-1-15.47 1.899·10-7 5489 1 11.35 0.990 
LEC:OLA ln η=5210.4(T-T₀)-1-14.85 3.543·10-7 5210 3 12.67 0.993 

To get more information about DESs viscous flow, the equation (5) is used [25]: 
* *

A

ln
V H S

hN RT R

  
= −  (5) 

where V - the molar volume of DES (the ratio of average MDES and density of the DES at desired temperature), NA - the 

Avogadro's number; h - the Planck's constant; ΔH* -viscous flow activation enthalpy; R - universal gas constant;  

ΔS* - activation entropy of viscous flow. The plots of ln (ηV/hNA) vs. the inverse temperature are shown in Figure 4, while 

the values of R2, ΔH*, TΔS*, and ΔG* for the LEC-based DESs at 313.15 K are listed in Table 8. The DESs values of the viscous 

ln
 (


 /

 P
a 

s)
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flow activation enthalpy were greater than the TΔS* values. These facts indicate that the energetic contribution due to the 

viscous flow activation enthalpy is more significant than the entropic input to the activation Gibbs energy.  
 

 
Figure 4. The plot of ln (ηV/hNA) vs. inverse temperature for LEC-based DESs: experimental data (LEC:G -  (STD ≤ 0.3),  
LEC:TEOA -  (STD ≤ 0.5) and LEC:OLA -  (STD ≤ 0.9)) and the best linear fits (lines) 

 

Table 8. Values of R2, ΔH*, TΔS*, and ΔG* determined for the LEC-based DESs at 313.15 K 

DES Eyring’s equation (T / K) R2 ΔH* / kJ·mol-1 TΔS* / kJ·mol-1 ΔG* / kJ·mol-1 

LEC:G ln (ηVm/hNᴀ) = 6821.4T-1 - 4.9 0.997 56.7 -12.9 43.8 
LEC:TEAO ln (ηVm/hNᴀ) = 5487.2T-1 - 0.9 0.990 45.6 -2.4 43.2 
LEC:OLA ln (ηVm/hNᴀ) = 5245.4T-1 - 0.2 0.993 43.6 -0.5 43.1 

3. 1. 4. FTIR spectra 

The FTIR spectra of LEC and the investigated DESs are shown in Figure 5.  
 

 
 Wavenumber, cm-1 Wavenumber, cm-1 
Figure 5. FTIR spectra of the LEC and the investigated LEC-based DESs (25 oC, 400-4000 cm-1) 
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The spectra of the DESs show an intensive broadband at 3200-3500 cm-1 due to stretching ν(OH) vibrations. The 

shape and position suggest the existence of hydrogen bonds. This band is intensive in the spectra of all starting 

components of DESs except for the OLE spectrum since the long carbon chain does not allow the formation of 

intramolecular hydrogen bonds. The amine vibrations present in the spectrum of TEOA are covered by the stretching 

vibrations of hydroxyl groups [41]. The FTIR spectra of the DESs and their constituents [41] show stretching ν(C-H) 

vibrations at 2800-3000 cm-1. The intensive band at 1712 to 1773 cm-1 in the spectra of all DESs originates from the 

stretching ν(C=O) vibrations characteristic for the spectrum of LEC. The bending δ(OH) vibrations at 1660-1647 cm-1 in 

the spectra of the LEC:G and LEC:TEOA DESs overlap the bending δ(NH3
+) vibration at 1660 cm-1 in the spectrum of TEOA. 

Bending δ(C-H) vibrations at 1376 to 1474 cm-1 are present in all spectra. Bands originating from the stretching ν(C-O) 

vibrations are present in all spectra at 1170 to 1287 cm-1. The bands arising from the POC and PO2 groups in LEC overlap 

in the spectrum of LEC and are visible in all spectra of the DESs at 1060 to 1099 cm-1. The FTIR analysis shows the 

presence of characteristic functional groups of LEC-based DESs constituents, proving that the preparation of DESs does 

not lead to their chemical changes. Also, the FTIR analysis shows the presence of hydrogen bonds created in the 

investigated DESs.  

3. 2. CaO-catalyzed ethanolysis of BMSO 

Figure 6 presents FAEE contents during the CaO-catalyzed BMSO ethanolysis in the presence of DESs or each 

component, compared to the control reaction in the absence of any cosolvent. BMSO and ethanol did not react in the 

absence of CaO catalyst, indicating that the tested DESs did not exhibit catalytic activity. The CaO-catalyzed ethanolysis 

of BMSO without any cosolvents provides a three-phase system, so the sigmoidal dependence of the FAEE content with 

time is typical due to the mass transfer limitations and the slow TAG conversion at the start of the reaction [4,42,43].  

 

 
Figure 6. Effects of the LEC- and ChCl-based DESs or their constituents on the FAEE content during the ethanolysis of BMSO catalyzed 
by non-calcined (open symbols) or calcined (filled symbols) CaO (reaction conditions: temperature 70 °C, ethanol-to-oil molar ratio 
12:1, the amounts of DES and CaO to BMSO: 20 and 10 wt.%; average STD ≤ 1.56 (left) and 1.41 (right)) 

 

Calcined CaO has shown a more intensive catalytic activity as compared to the non-calcined CaO due to the removal 

of CO2 and H2O from the catalyst particles in the former case by calcination as these components are considered 

poisonous to the catalyst active sites. As a result, the FAEE content in the presence of calcined CaO rose to 96.2±1.2 % 

within 4 h; further prolongation of the reaction resulted in a negligible increase in the FAEE content. On the contrary, in 

the presence of non-calcined CaO, high FAEE content was not achieved even after 6 h of the reaction. 

The LEC:G and ChCl:G DESs accelerated the BMSO ethanolysis over both catalysts. A more positive influence of the 

hydrophobic LEC:G DES on the calcined CaO-catalyzed reaction was observed after only 15 min reaching the FAEE 
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content of 82.7±1.8 %, as compared to that reported for the hydrophilic ChCl:G DES (42.8±4.5 %) [4]. However, the 

efficiency of these DESs was similar after 45 min, with FAEE contents of 93.3±0.9 and 95.1±2.5 % for the system 

containing the LEC:G and ChCl:G DES, respectively. Maximal FAEE contents of 97.6±0.6 and 97.4±1.2 % for the LEC:G 

and ChCl:G DES, respectively, were achieved after 90 min. Further prolongation of the reaction resulted in a negligible 

increase in the FAEE content (97.9±1.5 and 98.1±0.7 %, respectively, after 3 h).  

In the reaction catalyzed by non-calcined CaO, the presence of the LEC:G and ChCl:G DESs as cosolvents provided 

FAEE contents of 96.0±1.1 and 98.1 % after 3 h, respectively. On the other hand, LEC, ChCl, and G were less efficient 

cosolvents used with the same catalyst, resulting in FAEE contents of 84.32±1.7, 81.09±0.8, and 26.0±3.1 %, respectively, 

for the same duration of the transesterification.  

Positive effects of the ChCl:G DES as a cosolvent in CaO-catalyzed transesterification of vegetable oils have already 

been reported [4,44]. The results obtained in the present study indicate that the LEC:G DES can successfully activate 

CaO, providing a more cost-effective procedure than thermal activation.  

3. 3. Separation of FAEEs 

Addition of the LEC- or ChCl-based DESs in the BMSO ethanolysis accelerated the phase separation of the final 

reaction mixture (30 min) as compared to the control reaction in the absence of any cosolvent (more than 12 h). Also, 

the presence of these DESs in reaction systems may cause the reduction of soap formation, as noticed for the ethanolysis 

of other oily feedstocks [4,45,46]. However, the systems containing CaO without and with LEC, ChCl, or G remained very 

viscous and separated much slower. 

3. 4. XRD of the used CaO catalyst 

Figures 7-9 show XRD spectra of the initial and used non-calcined and calcined CaO samples separated from the final 

reaction mixtures of the BMSO ethanolysis conducted in the presence of the LEC:G and ChCl:G DESs or their constituents 

(LEC, ChCl, and G). 
 

 
Figure 7. XRD patters of the fresh non-calcined (a) and calcined (b) CaO samples and the used non-calcined (c) and calcined (d) CaO 
pastes recovered from the reaction mixture after 6 h ( - CaO,  - Ca(OH)2,  - CaCO3,  - CaDG (calcium diglyceroxide)). 
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Figure 8. XRD patters of the used non-calcined (a,c) and calcined (b,d) CaO samples taken after 6 h from the ethanolysis reaction 
carried out in the presence of LEC:G (a,b) and ChCl:G (c,d) DESs ( - CaO,  - Ca(OH)2,  - CaCO3) 

 

 
Figure 9. XRD patterns of the used non-calcined (a,c,e) and calcined (b,d,f) CaO samples taken after 6 h from the ethanolysis 
reaction carried out in the presence of LEC (a,b), ChCl (c,d) or G (e,f) ( - CaO,  - Ca(OH)2,  - CaCO3) 
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The XRD analysis of the non-calcined CaO sample revealed the peaks attributed to the CaO phase (2 = 32.22 (32.4), 

37.36 (37.55), 53.86 (54.05), 64.16 (64.35), and 67.38 (67.55)°, JCPDS Card 43-1001), Ca(OH)2 phase (2 = 18.15 (17.98), 

34.25 (34.1), 47.3 (47.18), 51, 62.75 and 64.35°, JCPDS Card 84-1263), and CaCO3 phase (2  = 29.5 and 43.14°, JCPDS 

Card 81-2027). The presence of the CaCO3 and Ca(OH)2 peaks was attributed to the sensitivity of CaO towards 

atmospheric moisture and CO2. 

The fresh calcined CaO sample appeared as an almost single well-crystallized CaO phase with minor peaks 

characteristic for the Ca(OH)2 phase (2 = 18.15 (17.98), 34.25 (34.1), 47.3 (47.18), 51, 62.75 and 64.35°), and CaCO3 

phase (2 = 29.5 and 43.14°), confirming the CaO activation by calcination. 

There were apparent changes in the XRD patterns of calcined and non-calcined CaO used in the BMSO ethanolysis 

without or with cosolvents. However, a major difference was due to the absence of the CaO phase, which was converted 

into Ca(OH)2 and CaCO3 during the hydration and carbonation processes during the collection step [4, 47]. 

The calcined CaO sample collected from the reactions carried out in the absence of any cosolvent revealed the presence 

of calcium diglyceroxide (2 = 8.5 (8.2), 10.4 (10.2), 21.3 (21.2), 24.4, 26.6, 34.4, and 36.2°, PDF#21-1544) along with 

Ca(OH)2 (2 = 17.94 (17.98), 28.7 (28.72), 34.08 (34.12), 47.16 (47.18), 50.8 (50.84), 54.54, 59.4, and 62.62 (62.64)°), and 

CaCO3 (2 = 29.4 (28.8)°). The XRD spectrum indicated transformation of the majority of the CaO catalyst into calcium 

diglyceroxide with the by-produced G in the successful CaO-catalyzed transesterification, CaO particles are transformed 

into Ca(OH)2 in the initial stage. In contrast, in the last stage, these particles become calcium-diglyceroxide [48,49]. 

Although these phases are also seen in the XRD spectra of the used non-calcined CaO catalyst, the presence of the 

amorphous phase (a broad peak with a maximum at about 2 = 20°) was also observed. This peak could originate from 

calcium ethoxide (produced in the catalyst preparation step when the calcined CaO/ethanol mixture was stirred at 70 °C 

for 30 min) or be attributed to the deposition of organic molecules on the surface of the used CaO catalyst [47]. 

In the XRD spectra of non-calcined and calcined CaO used in the reaction with the addition of different DESs or their 

constituents, the presence of Ca(OH)2 and CaCO3 phases was evident, while calcium diglyceroxide was not identified. 

Furthermore, the peak at about 2 = 20.5° was more pronounced in the catalytic systems with the constituents of the 

DESs, suggesting that the synthesized amount of calcium diglyceroxide was quite low and insufficient for detection by 

the XRD apparatus. 

It should be noted that the absence of peaks characteristic for calcium diglyceroxide could be explained by its low 

amount (i.e., insufficient to surpass the XRD apparatus limit detection), easy dissolution [50], and instability, causing 

calcium leaching into the reaction medium [49]. Solubilization of calcium diglyceroxide in alcohol might also produce a 

soluble precursor, which could be later transformed into the final solid base catalyst [51]. Moreover, amorphization of 

calcium ethoxide during the catalyst drying [52] would result in the presence of only Ca(OH)2 and CaCO3 phases in the 

XRD spectra. Amorphisation was also reported after the reactions in which other calcium-based catalysts prepared by 

calcination of animal waste were used [53]. 

4. CONCLUSION 

Three novel DESs were prepared by combining LEC with G, TEOA, or OLE in 1:2 molar ratio. Densities, viscosities, and 

refractive indices of the tested DESs decreased with the increase in temperature applied in the range 293.15-363.15 K 

at the atmospheric pressure relevant for practical applications. All tested LEC-based DESs are liquid at 313.15 K. The 

FTIR spectra of LEC and investigated LEC-based DESs indicated absence of chemical reactions during the DES 

preparation. The LEC:G and ChCl:G DESs were further used for ethanolysis of cold-pressed BMSO catalyzed by non-

calcined or calcined CaO. Both DESs were shown to successfully activate the non-calcined CaO catalyst providing the 

FAEE contents of over 96.5 % after 3 h. However, in the presence of these DESs in the reaction catalyzed by calcined 

CaO, the FAEE contents above 96.5 % were obtained after 90 min. The hydrophobic LEC:G DES proved to be a more 

successful cosolvent than the hydrophilic ChCl:G prepared in the same molar ratio (1:2) at the beginning of the reaction, 

while after 45 min of the reaction, their efficiencies were similar. Both DESs accelerated separation of the esters from 

the final reaction mixture. This study proved that DESs composed of natural, safe, cheap, available, biodegradable and 

environmental-friendly compounds may serve as efficient cosolvents and/or activators of heterogeneous alkaline 



Z. B. TODOROVIĆ et al.: PROPERTIES OF THE LECITHIN-BASED DEEP EUTECTIC SOLVENTS Hem. Ind. 77(1) 53-67 (2023) 

 65 

catalyst for transesterification reaction. Thus, further investigation should be focused on improving the reaction by using 

other non-edible or waste oils and fats, additionally reducing the cost of the process and enabling successful 

industrialization of biodiesel production. 
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(Naučni rad) 

Izvod 

Zbog različitih strukturnih varijacija i mogućnosti prilagođavanja njihovih fizičkohemijskih svojstava, 

eutektički rastvarači se nazivaju ,,dizajnerski rastvarači”. Za industrijsku primenu eutektičkih rastvarača, 

važno je poznavati njihova fizička i termodinamička svojstva poput gustine, viskoziteta i indeksa 

prelamanja. Ova svojstva su merena u funkciji temperature za tri eutektička rastvarača lecitina sa 

glicerolom, trietanolaminom i oleinskom kiselinom. Za opisivanje viskoziteta primenjene su Arenijusova 

i jednačina Vogela, Tamana i Fulčera (Vogel-Tamman-Fulcher). Gustina, viskozitet i indeks prelamanja 

testiranih eutektičkih rastvarača opadali su sa porastom temperature. Eutektički rastvarač 

lecitin:glicerol (LEC:G) je imao najmanju gustinu na svim testiranim temperaturama. Na kraju, eutektički 

rastvarač LEC:G je izabran kao kosolvent u etanolizi hladno ceđenog ulja semena crne slačice (Brassica 

nigra L.) katalizovanoj žarenim ili nežarenim CaO. Reakcija je izvedena u šaržnom reaktoru uz stalno 

mešanje i pri sledećim reakcionim uslovima: temperatura 70 °C, molski odnos etanol-ulje 12:1, 

koncentracija eutektičkog rastvarača 20 mas. % (u odnosu na masu ulja) i koncentracija CaO 10 mas. % 

(u odnosu na masu ulja). Prisustvo eutektičkog rastvarača ubrzalo je reakciju i separaciju faza finalne 

reakcione smeše.. 
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kiselina; eutektički rastvarači 
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