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Abstract 
 

Liquid-liquid equilibrium data were measured and  analyzed for two ternary systems (biodiesel + methanol + glycerol 

and methyl palmitate + methanol + glycerol). Biodiesel, produced by the conventional chemical route at 60 °C for 60 

min, using methanol and soybean oil at a molar rate of 10:1 and potassium hydroxide concentration (KOH) of 1 wt% 

exhibited thermal decomposition at  temperatures between 100 and 250 ºC, reaching mass loss of approximately 

98.8%, confirming soybean oil conversion into biodiesel by gas chromatography and thermogravimetry. Tie line 

composition quality was verified using Othmer-Tobias and Hand correlation equations. The distribution and 

selectivity coefficients were calculated for the immiscibility regions. The experimental tie line data exhibited good 

correlation in the UNIQUAC and NRTL thermodynamic models. The biodiesel system displayed deviations of 0.66 

and 0.53% for the UNIQUAC and NRTL models, respectively. In addition, the methyl palmitate system showed a 

1.23 and 0.48% deviation for the UNIQUAC and NRTL model, respectively. The individual behavior of the main 

biodiesel esters , based on the UNIQUAC model parameters, demonstrated that the type of fatty acid does not interfere 

in model correlation, likely due to the similarity between their composition and properties. 
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1. Introduction  

The production and indiscriminate use of fossil fuels 

should decline in the coming decades due to global warming 

caused by greenhouse gas emissions, which lead to serious 

climatic disorder. Diversification of the global energy matrix 

has broadened and strengthened renewable energies and 

biofuels aimed at combining energy safety with sustainable 

development [1,2]. Responding to the technical, economic 

and environmental challenges to diversify the biodiesel-

producing processes, the scientific community has 

conducted extensive research on adding new raw materials 

and catalysts to the biodiesel production chain aimed at 

improving its performance and reducing greenhouse gas 

emissions by transforming an environmental liability into an 

energy asset [3,4].  

Biodiesel is a feasible alternative to diesel owing to its 

similar properties and applications, without requiring 

changes to internal combustion engines [5]. It is superior to 

fossil fuels because of its biodegradable, sustainable and 

environmentally friendly nature. In addition, its cetane 

number is higher, it contains practically no sulfur or 

aromatics and 10-11% oxygen by weight, characteristics that 

help reduce hydrocarbon emissions, carbon compounds and 

gases such as sulfur dioxide (SO2) and nitrogen oxide (NOX) 

[6–9]. 

The conventional biodiesel production route is based on 

the transesterification reaction of vegetable oils/animal fats, 

in the presence of an alcohol and catalyst. Biodiesel 

composition is directly related to the raw material used, 

conversion rate of the transesterification reaction and 

separation process efficiency of the resulting products. The 

compounds commonly found in soybean-based biodiesel 

include the following fatty acid methyl esters (FAMEs): 

methyl palmitate, methyl stearate, methyl oleate and methyl 

linoleate [10]. On an industrial scale, biodiesel production 

generates multiple impurities, including large amounts of 

glycerol that may reach 10% of the total, far higher than the 

market demand for the reuse of this by-product in other 

processes [11]. In this respect, a number of studies seek ways 

to optimize the transesterification reaction and reinsert  

glycerol into new production chains, making the process 

more economically and environmentally efficient [12,13]. 

Biodiesel requires a high purity grade and must undergo 

rigorous purification to prevent traces of glycerol, water, 

catalyst or alcohol. These products are easily separated by 

forming two immiscible liquid phases: the heavy (glycerol) 

and light (biodiesel) phase. Alcohol is also divided into the 

two phases [14]. In this regard, understanding liquid-liquid 

equilibrium (LLE) is an indispensable tool to raise the 

conversion rate of the transesterification reaction with an 

increase in biodiesel selectivity [15]. On the other hand, 
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thermodynamic modeling with the excessive use of Gibbs 

free energy levels, governed by the contribution of functional 

groups (UNIFAC) or the local composition theory 

(UNIQUAC, NRTL, among others), is important in 

predicting phase separation behavior [16–19].  

In recent years, a number of studies on experimental data 

and and thermodynamic modeling involving systems 

containing biodiesel + glycerol + alcohols were reported in 

the literature. Nunes et al. [20] assessed experimental data to 

define miscibility regions and determine parameters for the 

UNIQUAC model, applying the liquid-liquid equilibrium   of 

sunflower oil biodiesel – methanol – glycerol ternary 

systems. Bazooyar et al. [21] provided an accurate intelligent 

model for the behavior of biodiesel – alcohol – glycerol 

system phases, comparing it with activity models  

(UNIQUAC). Noriega and Narváez [22] correlated the  

UNIFAC model from experimental data in order to 

accurately describe and predict the liquid-liquid equlibrium 

of the systems involved in the biodiesel process. However, 

there are few studies on liquid-liquid equilibrium for ternary 

systems containing pure esters, including ethyl palmitate + 

ethanol + glycerol [23], methyl oleate + methanol + water 

[24]. Thus, experimental liquid–liquid equilibrium data of 

systems involving pure fatty acid esters (such as methyl 

palmitate) are scarce in the literature, requiring more robust 

and conclusive studies [25]. In this context, the present study 

aimed at promoting methylic biodiesel using commercial 

soybean oil in a homogeneous route with potassium 

hydroxide (KOH). In addition, the LLE data of the two 

ternary systems were obtained as follows: system 1 

(biodiesel + glycerol + methanol) and system 2 (methyl 

palmitate + glycerol + methanol). Finally, the experimental 

data were validated by  Othmer-Tobias [26] and Hand [27] 

correlations and fit to the NRTL and UNIQUAC 

thermodynamic models.  

 

2. Materials and Methods  

2.1 Raw Material 

Soybean oil (Soya®), methyl alcohol (Dinâmica Química 

Contemporânea, 99.8%) and potassium hydroxide (KOH) 

(Ciavicco®, 88%) were used in the transesterification 

reaction to produce biodiesel. Methyl palmitate (Sigma-

Aldrich, 97.0%) and glycerol (Dinâmica Química 

Contemporânea, 99.5%) were used only in the liquid-liquid 

equilibrium study.  
.  

2.2 Biodiesel Synthesis 

The biodiesel was produced by the methyl 

transesterification reaction of soybean oil, using potassium 

hydroxide as catalyst. The reaction was performed at 60 °C 

for 60 min, using a methanol to oil molar ratio of 10:1 and 

KOH concentration of 1 wt.%. The biodiesel was then 

separated from glycerol, added with hydrochloric acid to 

neutralize the catalyst and then washed with distilled water. 

Next, the biodiesel was distilled to remove any trace of 

methanol and unreacted oil residue (diglycerides and 

monoglycerides) [28]. Product composition and the amount 

of methyl ester were determined using a gas chromatograph 

(GC) (GCMS-QP2020 - Shimadzu) under the following 

conditions: SH-Rtx-5MS column (length, 30 m; diameter, 

0.25 mm); injector temperature 230 °C; column temperature: 

90-160 °C (10 °C.min-1), 160-180 °C (2 °C.min-1) and 180-

230 °C (4 °C.min-1); carrier gas: 1.0 mL.min-1 of helium 

and thermogravimetric analysis (TGA) using a Shimadzu 

DTG-60 analyzer, with a heating rate of 10 °C/min, ambient 

temperature up to 1000 °C and flow rate of 50 mL/min in a 

nitrogen atmosphere. 

 

2.3 Isothermal Phase Diagrams 

Ternary phase diagrams were constructed based on the 

mass titration method using visual observation via the cloud 

point, in line with the methodology developed by 

Evangelista Neto et al. [29]. The experimental points 

representing the miscibility curves were prepared using a 

base calculation of 10 g and placed in an equilibrium cell 

with magnetic agitation (Matoli, model 100M028). The 

operating temperature was controlled by circulating water in 

a thermostatized water bath (Solab, model SL-155), that is, 

300.15 K for biodiesel and 308.15 K for methyl palmitate 

(MP), the latter selected based on the melting point of ester 

(303.15 K). The equilibrium lines were determined from the 

mass weight of the constituents, assuming a base calculation 

of 30 g, following a previously established ternary 

composition. Next, the samples were placed in an 

equilibrium cell under agitation for 3 h and then maintained 

at rest for 18 h for complete phase separation by decantation, 

similar to the study by Sena and Pereira [30]. Aliquots from 

each phase were collected to determine their mass fractions 

by measuring density in a digital densimeter (Anton Paar 

DMA 4500M). All measurements were performed in 

duplicate. Tie lines were used to determine the distribution 

() and selectivity (S) coefficients in order to quantify the 

extraction power of the solvent. The calcium of these 

parameters was determined by Equations (1), (2) and (3), 

where 2 represents the distribution coefficient of methanol; 

3,  the distribution coefficient of glycerol; S, the selectivity 

coefficient; w21, the mass fraction of methanol in the 

biodiesel or MP-rich phase of glycerol; w23,  the mass 

fraction of methanol in the glycerol-rich phase; w33, the mass 

fraction of glycerol in the glycerol-rich phase and w31, the 

mass fraction of glycerol in the biodiesel or MP-rich phase.  

 

𝛽2 =  
𝑤21

𝑤23

                                                                                   (1) 

 

𝛽3 =  
𝑤31

𝑤33

                                                                                   (2) 

 

𝑆 =  
𝛽2

𝛽3

                                                                                        (3) 

 

2.4 Thermodynamic Models 

The Othmer-Tobias [26] and Hand [27] correlations were 

applied to assess the thermodynamic consistency of the 

experimental LLE data observed by the tie lines. Model 

filling considered the mass fractions of the components in the 

glycerol and biodiesel or MP-rich phases, according to 

Equations (4) and (5), respectively, where w11 is the mass 

fraction of the biodiesel or MP in the biodiesel or MP-rich 

phase, a, the linear coefficient and b, the slope. 

 

𝑙𝑛 (
1 − 𝑤33

𝑤33

) =  𝑎 + 𝑏 (
1 − 𝑤11

𝑤11

)                                      (4) 

 

 𝑙𝑛 (
𝑤23

𝑤33

) =  𝑎 + 𝑏 (
𝑤21

𝑤11

)                                                     (5) 

 

In addition, thermodynamic modeling is assessed by 

using excess Gibbs energy models, in order to establish the 

reliability of the experimental data. In this sense, Non-
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Random Two Liquids (NRTL) and Universal Quasi-

Chemical (UNIQUAC) thermodynamic models were 

assessed based on the behavior of the binary interaction 

parameters of the ternary systems (biodiesel + glycerol + 

methanol and methyl palmitate + glycerol + methanol)]. The 

regression parameters of the UNIQUAC and NRTL models 

were obtained by the objective function (OF) shown in 

Equation (6), where j, I, and k indicate the phase, component 

and tile line, respectively; M represents the number of tie 

lines; wexp, experimental mass composition and wcal, the mass 

composition. The binary interaction of parameters was 

determined using the TML computational tool [31].  

 

𝑂𝐹 = ∑ ∑ ∑ [(𝑤𝑖𝑗𝑘
𝑒𝑥𝑝

− 𝑤𝑖𝑗𝑘
𝑐𝑎𝑙)

2
]

3

𝑖=1

2

𝑗=1

𝑀

𝑘=1

                                   (6) 

 

 To evaluate the accuracy of the two models, the root-

mean-square deviation (RMSD) was calculated by Equation 

(7), where k, j, i, 𝑤𝑒𝑥𝑝 and 𝑤𝑐𝑎𝑙  are the same as expressed in 

Equation (6). 

 

𝑅𝑀𝑆𝐷(%) = 100𝑥 [∑ ∑ ∑
(𝑤𝑖𝑗𝑘

𝑒𝑥𝑝
− 𝑤𝑖𝑗𝑘

𝑐𝑎𝑙)
2

6𝑀

3

𝑖=1

2

𝑗=1

𝑀

𝑘=1

]

1
2

        (7) 

 

The van der Waals molecular volume (r) and molecular 

surface area (q),  parameters of the UNIQUAC model, were 

determined by the sum of the individual terms of each 

subgroup in the molecule of each component, as established 

by Equations (8) and (9) [32], where i is the system 

component; k, group identification; vk
(i), the number of k 

subgroups of component i; Rk, the value of the UNIFAC 

group volume parameter and Qk, the value of the UNIFAC 

surface parameter. In the case of biodiesel, the parameters 

were determined using the weighted average that considered 

the composition of the principal esters.  

 

𝑟𝑖 = ∑ 𝑣𝑘
(𝑖)

𝑅𝑘

𝑘

                                                                          (8) 

 

𝑞𝑖 = ∑ 𝑣𝑘
(𝑖)

𝑄𝑘

𝑘

                                                                          (9) 

 

3. Results and Discussion 

3.1 Biodiesel Synthesis 

Figure 1 presents the TGA curve obtained from the 

biodiesel produced in the transesterification reaction. The 

biodiesel TGA curve showed only one mass loss event, 

reaching 98.8%,  between 150 and 250 ºC, which 

corresponds to the volatilization and/or decomposition of 

fatty acid methyl ester, according to the results obtained by 

Andrade et al. [28]. Freire et al. [33] evaluated the thermal 

decomposition of biodiesel obtained  between 243 and 266 

ºC, which indicated the volatilization and/or combustion of 

the esters, mainly ethyl oleate and ethyl linoleate, and total 

mass decomposition above 266 °C. 

Table 1 shows the composition of distilled biodiesel, 

according to GC-MS analysis. The main compounds in the 

biodiesel are methyl linoleate, methyl oleate and methyl 

palmitate, as observed by [34]. According to [35], the main 

fatty acids present in soybean oil are linoleic (52.83%), oleic 

(25.85%), and palmitic (11.05%), and the biodiesel produced 

from soybean oil contains a larger amount of their esters.  

 
Figure 1. TGA curve of the distilled biodiesel. 

 

Table 1. Biodiesel Composition. 

Compound Content % 

Methyl caprate 2.93 

Methyl laurate 4.74 

Methyl palmitate 16.97 

Methyl linoleate 42.69 

Methyl oleate 27.36 

Methyl stearate 5.02 

 

3.2 Liquid-liquid Equilibrium 

3.2.1 Ternary Diagrams 

Knowledge of the biphasic region on a ternary diagram 

depends on the mutual solubility of the constituents present 

in the mixture, which must precede the implementation of 

the extraction or purification processes [18,36]. The 

miscibility curve (binodal) and tie line data of system 1 

[biodiesel (1) + methanol (2) + glycerol (3)] and 2 [methyl 

palmitate (1) + methanol (2) + glycerol (3)] are presented in 

Tables 2 and 3 and plotted on the ternary diagrams of Figure 

2.  

 

Table 2. Experimental binodal curve data of the systems: 

[biodiesel (1) or MP (1)] + methanol (2) + glycerol (3). 

Biodiesel  

(300.15 K) 

Methyl Palmitate  

(308.15 K) 

w1  w2   w3 w1  w2   w3 

0.07488 0.73697 0.18815 0.10046 0.71866 0.18087 

0.03956 0.67011 0.29033 0.05238 0.66333 0.28429 

0.02704 0.58028 0.39268 0.03195 0.57846 0.38958 

0.01503 0.49122 0.49375 0.03169 0.48607 0.48224 

0.01047 0.39438 0.59515 0.02506 0.38919 0.58574 

0.00594 0.29722 0.69684 0.03541 0.28836 0.67623 

0.00527 0.19831 0.79642 0.03543 0.19294 0.77163 

0.00398 0.10069 0.89533 0.03995 0.09587 0.86418 

0.18028 0.72000 0.09971 0.17475 0.69444 0.13081 

0.28011 0.65186 0.06804 0.27364 0.63767 0.08870 

0.38136 0.57215 0.04649 0.37461 0.56322 0.06216 

0.48162 0.48210 0.03628 0.47958 0.48006 0.04036 

0.58474 0.38936 0.02589 0.58063 0.38935 0.03002 

0.69095 0.29595 0.01310 0.68456 0.29376 0.02168 

0.79084 0.19822 0.01094 0.78582 0.19678 0.01740 

0.88824 0.09974 0.01202 0.88237 0.09810 0.01954 
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Table 3. Phase equilibrium composition of the constituents. 

Biodiesel-rich phase Glycerol-rich phase 

w1 w2 w3 w1 w2 w3 

Biodiesel (1) + methanol (2) + glycerol (3) at 300.15 K 

0.95030 0.03499 0.01471 0.00746 0.30918 0.68336 

0.96835 0.01573 0.01592 0.00968 0.35745 0.63287 

0.88841 0.09995 0.01163 0.02024 0.58708 0.39268 

0.89162 0.09663 0.01175 0.05620 0.68287 0.26093 

MP (1) + methanol (2) + glycerol (3) at 308.15 K 

0.89414 0.08829 0.01756 0.05783 0.65770 0.28446 

0.90542 0.07465 0.01993 0.03473 0.57018 0.39509 

0.92375 0.05071 0.02554 0.02026 0.34881 0.63094 

0.93157 0.03941 0.02902 0.02977 0.22871 0.74152 

 

The binodal curves (Figure 2) obtained with system 1 

(containing biodiesel) and 2 (with MP) show similar 

behavior, consisting of an external biphasic zone due to the 

low miscibility of the constituents, indicating a large region 

favorable to the extraction process. This low miscibility is 

attributed to the fact that the polar molecules methanol and 

glycerol show no affinity for biodiesel because it is a mixture 

of nonpolar substances. This behavior was also observed in 

the Sterculia striata biodiesel + glycerol + ethanol [37] and 

soybean FAME + water + glycerol systems [17]. 

Analogously,  the tie lines obtained here are similar in both 

systems, and their slopes demonstrate that methyl alcohol 

solubility in the biodiesel-rich (Figure 2a) and MP-rich phase 

(Figure 2b) is lower than in the glycerol-rich phase, 

indicating that a small amount of methanol and glycerol 

needs to be removed in the FAME-rich phase during 

biodiesel production via fatty acid esterification with 

methanol. The volume of the soluble component in the 

alcohol generally depends on its intermolecular strength 

[38]. With respect to the experimental points representing the 

two equilibrium phases of the tie lines, good agreement was 

observed with the respective binodal curves, ensuring the 

reliability of the equilibrium data obtained. These results 

corroborate the studies reported by Esipovich et al. [39], who 

assessed FAMEs + vegetable oil + methyl alcohol  + FAMEs 

+ glycerol + methyl alcohol ternary systems, and Asoodeh et 

al. [7] who evaluated linseed oil biodiesel + methanol + 

glycerol. 

 

 
(a) 

 
(b) 

 

Figure 2. Ternary diagram for LLE of (a) system 1, with 

Biodiesel (1) + Methanol (2) + Glycerol (3) at 300.15 K () 

and (b) system 2, with Methyl palmitate (1) + Methanol (2) 

+ Glycerol (3) at 308.15 K (■). 

 

3.2.2 Distribution and Selectivity Coefficients 

Liquid-liquid extraction, the selective transfer of a solute 

or impurity from a medium to a solvent, can be used in 

biodiesel purification to remove the glycerol obtained with 

the by-product in the transesterification reaction. The 

efficiency of biodiesel and MP extraction was assessed by 

the selectivity (S) and distribution coefficient (β). While 

selectivity indicates the capacity of the solvent to extract the 

solute without the need to extract other primary components 

from the solute, the distribution coefficient estimates the 

ability of the solvent to dissolve the solute, and can 

determine whether the number of extraction stages declines 

[40–42].  

The distribution coefficients for systems 1 and 2, 

biodiesel and MP exhibited low values (2  1), indicating 

the preferential distribution of methanol in the glycerol-rich 

phase (Figure 3). The effect of the number of carbons in the 

FAME chain on the distribution coefficients of methanol 

remains unclear [43]. On the other hand, the distribution 

coefficients of methanol are smaller for MP than for 

biodiesel. A more marked decline was observed for system 

1, given that it contains a mixture of methyl esters from 

longer and more saturated carbon chains than those of system 

2. This behavior has a significant influence on the separation 

and purification stages involved in the optimization of 

methylic biodiesel, since higher distribution coefficients 

indicate a greater trend for biodiesel to absorb the solute 

(alcohol). Cavalcanti et al. [25] observed the same behavior 

in an LLE study for systems containing fatty acid, ethanol 

and glycerol ethyl esters. Analysis of the standard error of all 

experimental data showed that the value did not exceed 0.01, 

demonstrating dataset uniformity, indicating that the values 

obtained are concentrated around the mean. 

Figure 4 shows that the selectivity values decline with an 

increase in the amount of methanol and are greater than one 

in all cases. This behavior demonstrates that most of the 

methanol is concentrated in the glycerol-rich phase, as 

confirmed by the tie lines in the LLE diagrams in Figure 2. 

However, selectivity values indicate a biodiesel-rich 

contamination phase and an increase in methyl ester 
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concentration in the glycerol-rich phase due to excess 

methanol [44,45]. This means that the cost of biodiesel 

purification rises owing to the higher amount of excess 

methanol and its effect on glycerol and biodiesel or MP 

distribution between the two phases. The results corroborate 

those reported by Melo et al. [46], who reported that the 

selectivity coefficients obtained were higher than 1, 

indicating that methanol is an excellent solvent for glycerin 

extraction in the biodiesel-rich phase. 

 

 
Figure 3. Experimental solute distribution coefficient (2) as 

a function of methanol mass fraction for system 1, with 

biodiesel () at 300.15 K, and system 2, with methyl 

palmitate (■) at 308.15 K. 

 

 
Figure 4. Experimental selectivity value (S) as a function of 

methanol mass fraction for system 1 () at 300.15 K, and 

system 2 (■) at 308.15 K. 

 

3.3 Thermodynamic Models 

3.3.1 Othmer-Tobias and Hand Correlations 

The reliability of LLE experimental data, represented by 

the tie lines, was assessed by Othmer-Tobias and Hand 

correlations (Figure 5). These correlations can reproduce the 

tie lines using a straight line as a function of molar fractions 

[36,38]. Applying the Othmer-Tobias and Hand 

thermodynamic models to the experimental data obtained for 

the systems analyzed proved to be reliable and consistent, 

since they exhibited correlation coefficients above 0.97 

(Table 4). Mousavi et al. [47] reported that the Othmer-

Tobias and Hand correlations consistently represented the 

experimental equilibrium data of the systems containing 

glycerol + methanol + organic solvents.  

 

Table 4.  Othmer-Tobias and Hand and linear coefficient 

(R²) for the systems studied. 

Correlation a b R² 

Biodiesel (1) + Methanol (2) + Glycerol (3) 

Othmer-Tobias 1.91225 3.70232 0.97314 

Hand 1.72081 3.46989 0.97169 

Methyl palmitate (1) + Methanol (2) + Glycerol (3) 

Othmer-Tobias 4.14445 9.78547 0.99941 

Hand 2.37475 6.3189 0.99955 

 

 

 
(a) Othmer-Tobias correlation 

 

 
(b) Hand correlation 

 

Figure 5. Thermodynamic consistency of the experimental 

data for system 1, with biodiesel () and system 2, with 

methyl palmitate (■). 

 

3.3.2 NRTL and UNIQUAC Models 

The structural q (van der Waals molecular surface area) 

and r parameters (van der Waals molecular volume) (Table 

5) used for the UNIQUAC model were calculated from the 

contributions of the groups contained in the molecules of 

each component, in line with Prausnitz [32]. The binary 

interaction parameters of the UNIQUAC and NRTL models 

and parameter and non-randomness in a mixture (αij) were 

treated as adjustable parameters (Table 6). The root mean 

square deviation (RMSD) used to measure the accuracy of 
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the correlations was calculated from the difference between 

the experimental and calculated experimental mass (Table 

6). 

 

 

Table 5. The UNIQUAC structural parameters (r and q) for 

pure components. 

Component r q 

Biodiesel (Mix) 13.0726 10.7601 

Methyl Oleate 13.3625 11.003 

Methyl linoleate 13.1304 10.79 

Methyl palmitate 12.2458 10.136 

Methanol 1.4311 1.432 

Glycerol 4.7957 4.908 

 

 

Table 6. The binary parameters and the root mean square 

deviation (RMSD) of the Solvents (1) + Methanol (2) + 

Glycerol (3) ternary systems 

Model i-j Aij Aji αij 
RMSD 

(%) 

Biodiesel (1) + Methanol (2) + Glycerol (3)  

UNIQUAC 1-2 2996.4 -311.8   

 1-3 -93.41 388.9  0.65952 

 2-3 -85.932 654.33   

NRTL 1-2 2571.6 623.14 0.33632 

0.52932  1-3 824.9 946.37 0.20003 

 2-3 794.92 640.74 0.4472 

MP (1) + Methanol (2) + Glycerol (3)  

UNIQUAC 1-2 -1196.8 2532.8  

1.2319  1-3 -123.83 373.31  

 2-3 91.692 -148.54  

NRTL 1-2 747.88 -73.203 0.20206 

0.47579  1-3 781.03 920.07 0.27373 

 2-3 5736.7 995.66 0.26746 

 

 

Table 6 shows that both thermodynamic models 

correlated accurately with the experimental data for system 

1, obtaining RMSD values below 0.66%. The NRTL model 

correlated the experimental data of system 2 more accurately 

than its UNIQUAC counterpart, obtaining an average RMSD 

of approximately 0.48% (NRTL) compared to 1.23% 

(UNIQUAC), similar to the studies conducted by [16,48]. 

The results presented in Table 6 can be visualized in Figures 

6 (a) and (b), which show the fitting of the two models to the 

experimental data. In both systems (with biodiesel and MP), 

the NRTL model obtained smaller deviations, akin to the 

results presented by Rocha et al. [49], who obtained a good 

fit of this model to the experimental data of ternary systems 

with ethylic biodiesel from palm oil, obtaining an RMSD of 

0.180% at 298.15 K for NRTL model. Do Carmo et al. [50] 

assessed four different thermodynamic models of activity 

coefficients that can be used for biodiesel in 34 different 

systems. The best results for NRTL and UNIQUAC models 

exhibited an RMSD of 9.1 and 8.2%, respectively, obtaining 

higher deviations than those presented here 

 
 (a) 

 

 
(b) 

 

Figure 6. Ternary phase diagram for LLE of a) Biodiesel (1) 

+ Methanol (2) + Glycerol (3) at 300.15 K (system 1) () and 

(b) Methyl palmitate (1) + Methanol (2) + Glycerol (3) at 

308.15 K (system 2) (■). Experimental tie-line points (▲), 

NRTL model (∆) and UNIQUAC model (□). 

 

The UNIQUAC tie line parameters of system 1 were 

assessed in order to determine the best fit when applying the 

model and justify the difference in residual error.  Figure 7 

shows that any of the components can be selected to calculate 

the parameters and apply the model to the biodiesel. The 

components with the highest concentrations in biodiesel and 

a weighted average of the mixture were considered. All of 

these exhibited good fit to the experimental data. Lee et al. 

[51] found that methyl esters, methyl linoleate and methyl 

oleate in the presence of glycerol and methanol showed 

optimal results in terms of the experimental data fit to the 

UNIQUAC model. Mohadesi [52] reported that the 

UNIQUAC model is highly accurate considering the 

biodiesel (methyl ester), glycerol and methanol ternary 

system. Both studies demonstrate that the contributions of 

the subgroups contained in the molecules do not interfere in 

correlating the UNIQUAC model to the experimental data. 

Thus, the UNIQUAC model with optimized parameters 
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provides a reliable base to simulate separation of the FAME 

and glycerol-rich phases in biodiesel production processes. 

 

 
Figure 7. Experimental tie-line points for system 1: Biodiesel 

(1) + Methanol (2) + Glycerol (3) at 300.15 K and FAME 

parameters for the UNIQUAC model. 
 

4. Conclusion 

In the study of LLE, the solubility curves for system 1 

(biodiesel + methanol + glycerol at 300.15K) and 2 (methyl 

palmitate + methanol + glycerol at 308.15 K) showed a curve 

with a large region of two phases. The tie lines constructed 

exhibited a marked decline, indicating good separation 

between biodiesel and the other components of system 1. 

Methanol content was higher in the glycerol-rich phase, 

resulting in important savings in the biodiesel purification 

stage. The study of equilibrium data consistency conducted 

using the Othmer-Tobias and Hand correlations show model 

fit, with R² values above 0.97. The Hand correlation 

exhibited better fit for both systems, confirming the good 

thermodynamic consistency of the experimental data. The 

UNIQUAC and NRTL thermodynamic models provided a 

good representation of experimental data, displaying an 

average square deviation of 0.66 and 0.53%, respectively for 

system 1. For system 2, the deviations were 1.23 and 0.48%, 

indicating better fit of the NRTL thermodynamic model. 

Assessment of UNIQUAC parameters, considering 

individual principal esters present in the biodiesel and a 

mixture of the respective esters, was conducted, showing that 

any of the components can be selected to calculate the 

parameters and apply the model to the biodiesel. The 

experimental data measured and presented in this study on 

pure biodiesel components and biodiesel system may be 

useful in building a database for researchers involved in 

biodiesel process development and optimization. The 

increasing diversification of the world energy matrix aims to 

combine energy security and sustainable development. For 

future research, the goal is to completely replace fossil fuel 

(diesel) with biodiesel and evaluate the effect of fuel  on 

compression ignition engines in order to reduce carbon 

dioxide emissions and global warming. 
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Nomenclature 

Symbol  Variable 

     β  distribution coefficient 

     S  selectivity coefficient 

    wexp  experimental mass composition 

   wcal  mass composition 

      r  van der Waals molecular volume 

     q  molecular surface area 

    vk,  the number of k subgroups 

    Rk,   UNIFAC group volume parameter 

    Qk,   UNIFAC surface parameter. 

 

Subscripts 

       1  Biodiesel or MP 

       2  Methanol 

       3  Glycerol 

        j  phase 

       i  component 

       k  tie lines 

      M  number of tie lines 

 

Abbrevations 

LLE  Liquid-Liquid Equilibrium 

MP  Methyl palmitate 

GC  Gas Chromatography 

OF  Objective Function 

TGA  Thermogravimetric analysis 

RMSD  Root-mean-square deviation 

R²  Regression coefficient   
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