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Abstract Biodiesel is a mixture of monoalkyl esters of long chain fatty acids. The knowledge of the thermodynamic 

properties of fatty acids methyl esters (FAME) leads to know some biodiesel thermo-physical properties. the main 

aim of this work is to analyze the density correlation of seven FAME listed as follows: Methyl laurate (12:0), 

Methyl myristate (14:0), Methyl palmitate (16:0), Methyl stearate (18:0), methyl oleate (18:1), methyl linoleate 

(18:2) and methyl linolenate (18:3) between 270K and 393.15K and for pressures up to 80 MPa. For that, the PR, 

Tait and PC-SAFT equations of state (EoS) have been used. When using the PR equation of state, the critical 

parameters: Tc, pc and acentric factor ω were selected using a comparative study based on several previous works of 

literature. However, the Tait equation was fitted to the experimental density data for each compound (FAME) and 

for the PC-SAFT equation, the characteristic parameters related to each ester have been estimated by adjusting the 

equation to the experimental data. In order to compare the experimental density values with those obtained with the 

correlation considered in this work, we have used the Absolute Average Deviation, AAD. The Tait equation and PC-

SAFT equation showed effectiveness to correlate the density, whereas, the PR equation is not appropriate to 

correlate the density of complex long-chain fluids. Moreover, the derived thermodynamic properties, such as the 

isothermal compressibility, κT, and isobaric thermal expansivity, αp, have been derived from the Tait equation. The 

same behavior is observed for, κT, and, αp, as a function of pressure and temperature and the effect of alkyl chain 

length was revealed. The isotherms, αp, of FAME showed a point of intersection as expected, which means that αp 

was independent of the temperature in this pressure.    

Keywords Biodiesels, PC-SAFT EoS, FAME, Thermodynamic properties, density 

1. Introduction 

Due to the environmental impacts and high prices of fossil diesel, biodiesel has been the subject of a great deal of 

attention in recent years because it is biodegradable, non-toxic and renewable [1]. Biodiesels are defined as a 
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mixture of fatty acids mono-alkyl esters of long-chain, products from vegetable and/or animal oils according to the 

American Society of Testing and Materials (ASTM D 6751) [2]. A large number of studies have shown that 

biodiesel is a potential alternative of fossil fuel [3]. Numerous studies have attempted to develop models to quantify 

the relationship between the operating conditions and the performance of the process. To simulate the mass and 

energy balances, it is essential to know four fundamental thermophysical properties: the liquid density (ρliq), the 

saturation pressure (Psat), the liquid heat capacity (Cp(liq)) and the vaporization enthalpy (Hvap) [4]. This work 

presents the correlation of density results of same FAME using the Tait, PR and PC-SAFT EoS, based on the 

literature experimental data [5-9]. 

In order that biodiesel can replace the diesel, it must be produced on a large scale. For this purpose, it requires 

specific information on thermodynamic properties. It is very difficult to measure these properties for biodiesel 

because they are formed by high molecular weight components and complex structures. Therefore, it is necessary to 

develop models that predict these properties [10], for example, the prediction of the phase equilibria of the ternary 

biodiesel + glycerol + alcohol reactive system is essential to design and optimize the conditions of trans-

esterification reactors [11-13]. In order to predict accurately the phase equilibrium, it is necessary to use 

thermodynamic models. 

Ferreira et al. [14] studied the contribution of groups associated with the equation of state to represent the phase 

equilibria of mixtures containing acids, esters and ketones with water, alcohol and inert compounds. The authors 

have found a good representation of pure component properties and phase equilibria for mixtures of carboxylic acids 

with inert compounds, alcohols, and water at both low and high pressures. 

Pena et al. [15] performed bibliographic research of phase equilibrium data of high pressure carbon dioxide reagents 

and enzyme reaction products, with trans-esterification reactions of vegetable oils. They have evaluated the 

correlation capacity of these data using the cubic equation of state of PR with van der Waals mixing rules with two 

binary interaction parameters to describe the phase equilibrium of those systems. The PR equation accurately 

represents the systems studied. 

Oliveira et al. [12] used the equation CPA (Cubic-Plus-Association) developed by Soave-Redlich-Kwong (SRK) in 

association with a term proposed by Wertheim to predict the solubility of water in different methyl esters, In fact, it 

reveals a good prediction of vapor-liquid equilibrium data, with deviations below 1%. According to the authors, the 

average deviation for predicting the solubility of water in ethers was less than 7%, while for predicting biodiesel, 

using the ester-mixing rule (biodiesel as a pseudo-component), the average deviation was around 16%. This study 

has been extended to the ternary systems containing methanol + glycerol + methyl oleate (as principal constituents 

of soybean oil biodiesel). Good results have been found in the prediction of the liquid-liquid equilibrium, thanks to 

the optimization of the binary interaction parameters. 

Shimoyama et al. [13] used the equation of PR Stryjet-Vera (PR-SV) to predict the vapor-liquid equilibrium of 

glycerol + ethanol and glycerol + methanol systems, using a rule of conventional mixture (quadratic) and a rule of 

mixture proposed by PRASOG (Peng-Robinson group contribution method). The equation PR-SV represented well 

the compositions of the liquid phase when the quadratic mixing rule was used, but the best results for the vapor 

phase were found using the mixing rule proposed by PRASOG. 

Cheng et al. [16] used the UNIQUAC model to represent the liquid-liquid phase equilibrium of the methanol + 

triglyceride + methyl oleate system at temperatures of 293, 313 and 333 K at atmospheric pressure. The model gave 

consistent results with the measured experimental results. 

Huber et al. [10] proposed a Helmholtz-type equation for modeling the thermodynamic properties of biodiesel from 

the mixture of five methyl esters that make soybean biodiesel (methyl palmitate, methyl oleate, methyl stearate, 

methyl linoleate and methyl linolenate). The density, speed of sound, and boiling point data at 83 kPa were 

compared with the properties obtained by the model. The authors indicated that the model could represent the 

thermodynamic properties of any biodiesel that may have the composition expressed in the esters mentioned above. 

The average deviations noted by the authors are 0.6% for density prediction, 0.4% for the speed of sound and 

boiling temperature. 
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Ndiaye et al. [17] studied the behavior of soybean and castor oils and their ethyl esters in equilibrium with carbon 

dioxide at high pressures. The authors used the PR and SAFT (Statistical Associating Fluid Theory) equations to 

represent the experimental data. For fatty acid esters (biodiesel components), the PR equation and the SAFT 

equation represented the experimental data, whereas for oils, the SAFT equation was better. 

M’Hamdi Alaoui et al. [18] have studied the liquid density of mixtures of biofuels for the system 1-heptanol + 

heptane at pressures up to 140 MPa and temperatures between 298.15 K and 393.15 K, the data of the experimental 

density have been predicted with Tait (EoS) with low standard deviations less than 0.06%. The excess volumes have 

been calculated from the experimental data. In addition, thermo-physical properties such as the isobaric thermal 

expansivity and isothermal compressibility were derived from the Tait equation. 

In this work, experimental densities of fatty acid methyl esters (FAME) were compiled from the literature [5-9], 

especially for Methyl laurate (12:0), Methyl myristate (14:0), Methyl palmitate (16:0), Methyl stearate (18:0), 

Methyl oleate (18:1), Methyl linoleate (18:2) and Methyl linolenate (18:3) over the temperature range between 270 

K - 393.15 K and pressures between 0.1 MPa - 80 MPa. Experimental density data were correlated by three 

equations of state: PR, Tait and PC-SAFT. For PR EoS, we adopted a synthesis approach of previous studies to 

select the critical parameters. However, for the Tait equation, the characteristic coefficients for each methyl ester 

were determined by fitting the equation to the experimental data, and for the PC-SAFT equation, the characteristic 

parameters related to FAME were estimated by adjusting the equation to the experimental data. In addition, the 

isobaric thermal expansivity and isothermal compressibility were derived from the Tait equation for each fatty acid 

methyl ester.  

 

2. Correlation and Modeling 

2.1. Databank 

The experimental density data (448 points) reported in this work are accumulated and selected from the literature [5-

9]. Table 1 summarizes the references, the names and the chemical formula of each compound (FAME), in addition, 

the number of experimental points (Nexp) and the pressure and temperature ranges. 

Table 1: Database for Experimental FAME Density 

Reference FAME 
FAME 

names 

FAME 

formula 

M 

(g/mol) 

Nex

p 

Temperature 

range (K) 

Pressure 

range (MPa) 

[5] C(12:0) Methyl laurate C13H26O2 214.35 83 [283.15-333.15] [0.1-45] 

[6] C(14:0) Methyl myristate C15H30O2 242.40 89 [303.15-393.15] [0.1-80] 

[6] C(16:0) Methyl palmitate C17H34O2 270.45 47 [313.15-383.15] [0.1-50] 

[7] C(18:0) Methyl stearate C19H38O2 298.51 10 [313.15-363.15] [0.1] 

[8] C(18:1) Methyl oleate C19H36O2 296.49 83 [270-390] [0.1-50] 

[8] C(18:2) Methyl linoleate C19H34O2 294.48 83 [270-390] [0.1-50] 

[9] C(18:3) Methyl linolenate C19H32O2 292.46 83 [273.15-363.15] [0.1] 

 

2.2. Empirical Models: 

2.2.1 Peng-Robinson (PR) equation 

The information concerning the cubic PR EoS presented in equation (1) is available in the literature [19]. The 

intention of choosing a cubic equation of state was to be able to represent the pVT (pressure-volume-temperature) 

behavior of the liquid and vapor biodiesel in a wide range of temperature and pressure with only three parameters, 

thus, adding its simplicity and its generality. With the parameters of this equation, it is possible to predict the 

fugacity coefficient of FAME and the other thermodynamic properties. The PR equation is well documented and its 

formulation is presented as follows: 
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        (1) 

Where a and b are defined as: 

   (2) 

          (3) 

Tc and pc represent the temperature and the critical pressure respectively, the dependence of parameter (a) with 

temperature introduces a new parameter into the PR equation, the acentric factor (ω). This dependency has been 

added to the equation to make it possible to reproduce the vapor pressure of the hydrocarbons with the equation of 

state [20]. 

To use the PR equation, it is necessary to obtain experimental critical data for long-chain ester molecules. These 

molecules that make biodiesel submit a thermal degradation before the critical point is obtained experimentally [21]. 

Several works have predicted the critical properties of pure substances as fatty acid methyl esters [20, 22-24]. 

The performance of the equation of PR has been evaluated by calculating the absolute average deviation (AAD) 

defined as follows: 

         (4) 

 

2.2.2 PC-SAFT equation 

The PC-SAFT equation, as well as the SAFT equation, developed by Chapman et al. [25] is based on statistical 

thermodynamics. The PC-SAFT equation proposed by Gross and Sadowski [26] for complex fluids is a modification 

of the SAFT equation. The general equation of PC-SAFT is written as a sum of three terms of residual Helmholtz 

energy that reflects different contributions of the intermolecular forces present in the molecule: the first term is 

relating to the hard chain part, the second one to the dispersion part and the third to the association. The equation 

presented in this work contains only two terms of the general equation. The PC-SAFT equation can be expressed in 

terms of residual Helmholtz energy for mixtures of non-associative molecules according to the equation (5). 

disphcres aaa


           (5) 

Where, 𝑎 ℎ𝑐 , is the contribution of the hard chain reference system and,  

𝑎 𝑑𝑖𝑠 , is the contribution of the dispersion force, The contribution of the hard chain reference system was provided 

and defined by Gross and Sadowski. It depends on the average number of segments, , and on the distribution of 

radial pairs of segments, , as can be seen in equation (6) 
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        (6) 

The dispersion term, 𝑎 𝑑𝑖𝑠 , explains the Van der Waals forces between different segments. In this work, we use the 

dispersion expression defined by Gross and Sadowski. This expression is presented as follows: 
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        (7) 
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Where the coefficient C1 depends on the number of segments ( ) and the reduced density 
𝜌 ; the perturbation integrals I1 and I2 are expressed also by the reduced density  
𝜌  and represent the parameters of size and pair energy of segments, respectively. 

PC-SAFT parameters were estimated by fitting the PC-SAFT equations to the experimental density presented in this 

work. The parameters were determined by minimizing the following objective function (Obj.F): 

         (8) 

Where N represents the number of data points.  and  Represent the experimental and calculated densities, 

respectively. 

 

2.2.3. Tait equation 

Density data at different temperatures and pressures were fitted to Tait EoS [27]. This equation is a simple and fast 

way to obtain derived thermodynamic properties, such as isothermal compressibility, isobaric expansivity from 

experimental data of p, ρ and T. The empirical Tait EoS has been used since the end of the 19th century to adjust the 

high pressure density of all types of liquids, high molecular weight polymers and even compressibility data for 

solids and molten salts [28-30]. The Tait EoS has the following expression: 

        (9) 

Where ρ is the molar density, p, the pressure, T, the temperature, (T, Pref(T)) is the dependence of the density with 

the temperature at the reference pressure, normally at atmospheric pressure or saturation. For this work, the 

atmospheric pressure was taken as the reference pressure. This function 0(T, p=0.1MPa) has the following form: 

         (10) 

Where, the coefficients Ai are determined from the experimental results of the density at atmospheric pressure. The 

denominator of equation (9) changes with temperature and pressure. The parameter C is considered independent of 

the temperature and for B(T), the following polynomial expression has been used: 

         (11) 

The experimental values of the density can be derived to obtain important quantities such as isothermal 

compressibility, , expressed as follows. 

    (12) 

Or isobaric thermal expansivity, αp, expressed by equation (13) 

          (13) 

Some authors [31] and [32] note that the isobaric expansivity depends on both functions B (T) and ; In the 

same way, they report that the differences which can sometimes be found for αP values in the literature compared to 
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experimental values are due to the difference in density values, and also due to the adjustment equations used. In this 

way, it is proposed to derive the isobaric expansivity from the isobaric densities. Thus, at each pressure we can 

assume that: 

P(T) = a0 + a1T + a2T
2          

(14) 

Therefore: 

(/T)p = a1 + 2a2T                                                   (15) 

For each pressure, a set of values (a0, a1, a2) are obtained by means of a least squares adjustment. Inserting the 

differentiated density ρP (T) and the densities calculated in equation (14) we arrive at the isobaric expansivity 

expression: 

         (16) 

The estimated uncertainty is ±1% for the isothermal compressibility, and around ±3% for the isobaric thermal 

expansivity. 

The performance of the Tait equation was evaluated by calculating the absolute average deviation (AAD), the 

maximum deviation (MD), the average deviation (Bias) and the standard deviation (σ) which are defined as follows: 

         (17) 

         (18) 

         (19) 

         (20) 

Where, N, is the number of experimental data and, m, is the number of parameters (m = 8). 

 

3. Results & Discussion 

3.1. Density 

Several density data of FAME are available in the literature at various temperatures and pressures. The densities of 

FAME were compiled under temperature conditions between 270 K and 393.15 K and at pressures up to 80 MPa. 

Experimental density data (448 points) reported in this work are presented as a function of temperature and pressure 

in Figure 1 (from (a) to (e)). 
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Figure 1: Experimental densities of studied FAME as a function of pressures and temperatures: A: Methyl laurate 

(12:0); B: Methyl myristate (14:0); C: Methyl palmitate (16:0); D: Methyl oleate (18:1); and E: Methyl linoleate 

(18:2). 

To our knowledge, the density data for several pressures (except atmospheric pressure) for FAME (18: 0) and (18: 

3) are not available in the literature. As expected, the density of FAME decreases with temperature and increases 

when the pressure increases at a constant temperature. Due to the increase of kinetic energy, the temperature rises 

and causes a strong movement of molecules. As a result, the molecular weight per unit volume decreases, thus, the 

density drops with temperature. 

 
Figure 2: Experimental densities of studied FAME as a function temperatures at atmospheric pressure:  ◊: Methyl 

laurate (12:0); □: Methyl myristate (14:0); Δ: Methyl palmitate (16:0); ×: Methyl stearate (18:0); Ж: Methyl oleate 

(18:1); : Methyl linoleate (18:2); + : Methyl linolenate (18:3) 
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Figure 2 shows the density variation for the methyl esters. An opposite effect of density vs molecular weight was 

observed. i.e. The density decrease proportionally with increasing molecular weight: ρ(C18: 0)>ρ(C16: 0)> ρ(C14: 

0)> ρ(C12: 0). On the other hand, the densities of FAME are proportional to the number of double bonds at 

atmospheric pressure (for example: ρ(C18: 3)> ρ(C18: 2)> ρ(C18: 1)> ρ(C18: 0). 

 

3.1.1. Tait equation results 

Figures 3 and 4 show the capability to reproduce the experimental density of FAME. They describe the comparison 

between the experimental data and the results predicted by the Tait and PC-SAFT equations, as a function of 

pressure and the temperature at atmospheric pressure, respectively. 

 

 

 

 
Figure 3: Comparison of experimental density data (symbols) for FAME relatives to those calculated by (—) PC-

SAFT and (---) Tait equations as a function of pressure at several temperatures. 
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Figure 4: Comparison of experimental density data (symbols) for Methyl stearate (18:0) and Methyl linolenate 

(18:3) relatives to those calculated by (—) PC-SAFT and (---) Tait equations as a function of temperatures at 

atmospheric pressure 

The coefficients of the Tait equation for each FAME, as well as MD, bias and standard deviation, σ, are listed in 

Table 2. In order to compare the predicted densities obtained in this work with previous publications results, the 

average absolute deviation (AAD) was calculated for multiple articles. The results showed reasonable accuracy 

according to literature, with a low average deviation. In fact, the value of AAD for methyl laurate is equal to 0.009% 

closed to 0.008% found by Pratas et al [5]. In addition, The AAD of methyl myristate obtained is 0.006%, exactly 

the same value compared to Pratas et al [5] work but inferior to the AAD found in Ndiaye et al [6] publication. 

According to Pratas et al [5], The AAD of methyl oleate is 0.003% well below 0.01% determined in the present 

work. Besides, for methyl palmitate, the AAD calculated is 0.03%, slightly below 0.052% based on Ndiaye et al [6] 

work. For methyl linoleate and methyl setearate, the AAD is respectively 0.01% and 0.04%. In contrast, the highest 

proportion of AAD observed is for methyl linolenate with a percentage of 0.35%. Overall, we can summarize that all 

the studied components show a low average of AAD except methyl linolenate with the highest percentage. 

 

Table 2: Obtained parameters and deviations for density predicted by Tait equation of FAME 

 12:0 14:0 16:0 18:0 18:1 18:2 18:3 

A0 / g·cm
-3

 1.696 1.651 0.727 0.727 1.111 1.15 1.15 

A1 / g ·cm
-3

·K
-1

 -6.65·10
-3

 -5.57·10
-3

 2.40·10
-3

 2.40·10
-3

 -9.36·10
-4

 -1.17·10
-3

 -1.17·10
-3

 

A2 / g ·cm
-3

·K
-2

 1.92·10
-5

 1.37·10
-5

 -9.21·10
-6

 -9.21·10
-6

 6.42·10
-7

 1.28·10
-6

 1.28·10
-6

 

A3 / g·cm
-3

·K
-3

 -2.09·10
-8

 -1.31·10
-8

 8.96·10
-9

 8.97·10
-9

 -6.47·10
-10

 -1.22·10
-9

 -7.99·10
-10

 

B0 / MPa 443.8 434.6 585.7 585.7 408.9 412.8 412.8 

B1 / MPa·K
-1

 -1.489 -1.485 -2.214 -2.214 -1.367 -1.371 -1.371 

B2 / MPa·K
-2

 1.34·10
-3

 1.39·10
-3

 2.31·10
-3

 2.31·10
-3

 1.25·10
-3

 1.26·10
-3

 1.26·10
-3

 

C 0.09143 0.08853 0.09193 0.09193 0.08118 0.08151 0.08151 

σ  g·cm
-3

· 7.89·10
-5

 6.45·10
-5

 2.46·10
-4

 1.26·10
-4

 1.11·10
-4

 9.57·10
-5

 1.33·10
-3

 

AAD / % 0.009 0.006 0.03 0.04 0.01 0.01 0.35 

MD / % 0.03 0.05 0.23 0.08 0.03 0.03 0.74 

Bias / % -9.94·10
-7

 2.73·10
-14

 -9.88·10
-7

 -4.07·10
-14

 -2.53·10
-15

 -9.93·10
-7

 -1.00·10
-6

 

        

        

Figure 5 illustrates the deviations vs. pressures between the experimental data for the studied FAME relatives to 

those calculated from Tait equation for each FAME as a function of pressure, with the exception of (18: 0) and (18: 

3) which were illustrated as a function of temperature at atmospheric pressure in Figure 6. 
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Figure 5: Deviations vs. pressures for the studied FAME relative to those calculated from Tait equation 

  

Figure 6: Deviations vs. temperatures for Methyl stearate (18:0) and Methyl linolenate (18:3) relative to those 

calculated from Tait equation 
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A good agreement is observed, the maximum standard deviation is noted for methyl linolenate with σ = 1.33·10
-3

 g 

.cm
-3

 at low pressure, the variation of the density as a function of temperature is non-linear, because the temperature 

range considered here is sufficiently large, which makes the use of equation (9) reliable. Moreover, the non-linear 

form of the Tait-like equation makes the representation of the behavior of density in relation to the pressure. The 

absolute deviations (%) between the experimental data and the predicted densities are summarized as follows: 

1.5·10
-4

≤ (12:0) ≤2.6·10
-2

; 6.7·10
-5

≤ (14:0) ≤4.6·10
-2

; 2.4·10
-3

  ≤ (16:0) ≤ 0.23; 5·10
-3

 ≤ (18:0) ≤8.4·10
-2

; 1.3·10
-

6
≤ (18:1) ≤3.3·10

-2
;2.6·10

-4
 ≤ (18:2) ≤2.7·10

-2
  and 1.1·10

-2
 ≤ (18:3) ≤0.74. 

 

3.1.2. PC-SAFT equation results 

The comparison between the experimental data and the results correlated by the PC-SAFT equation are illustrated in 

Figures 3 and 4. The PC-SAFT parameters and the average absolute deviation (AAD) for each FAME are listed in 

Table 3. 

Table 3: Characteristic parameters of PC-SAFT model of FAMEs: 

FAME 
MW 

[g.mol
-1

] 

m 

[–] 

 

𝜎[A] 

𝜀/k 

[K] 

 

AAD 

%(𝜌Liq
) 

12:0 214.35 6.9470 3.7242 297.35 0.01 

14:0 242.402 7.4190 3.7799 269.61 0.3 

16:0 270.456 9.50 3.6003 253.2952 0.2 

18:0 298.510 10.9387 3.5017 218.2502 0.001 

18:1 296.494 11.9615 3.4315 250.6074 0.4 

18:2 294.478 11.6435 3.4315 250.6074 0.06 

18:3 292.462 10.8387 3.5024 257.2502 0.005 

 

The density values correlated by the PC-SAFT equation as a function of pressure and temperature show a good 

agreement compared to the experimental data for (18: 0) with AAD = 0.001%, (18: 3 ) with AAD = 0.005%, (12: 0) 

and (18: 2) with AAD = 0.01 and 0.06% respectively. Moreover, we can conclude that generally all the studied 

components show a low average of AAD comparing with the AAD data reported by Dong et al [4] except methyl 

oleate. Figure 7 illustrates the deviations vs. pressures between the experimental data for the studied FAME relatives 

to those calculated from PC-SAFT equation, except (18: 0) and (18: 3) which were illustrated as a function of 

temperature in Figure 8. 
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Figure 7: Deviations vs. pressures for the studied FAMEs relative to those calculated from PC-SAFT equation. 

Symbols as in Fig. 5. 

 

 
Figure 8: Deviations vs. temperature for the studied FAMEs relative to those calculated from PC-SAFT equation 

A good agreement is observed. The absolute deviations (%) between the experimental data and the correlated 

densities are summarized as follows :1.9·10
-3

≤ (12:0) ≤9.4·10
-1

, 1.1·10
-2

≤ (14:0) ≤8.9·10
-1

, 1·10
-2

 ≤ (16:0) ≤ 5.7·10
-

1
, 4·10

-3
 ≤ (18:0) ≤5.7·10

-1
, 3·10

-2
≤ (18:1) ≤5.5·10

-1
; 4·10

-2
≤ (18:2) ≤1  and 4·10

-2
 ≤ (18:3) ≤0.76. It is important to 

note that the high deviation showed (0.2, 0.3 and 0.4%) were probably not related to the PC-SAFT equation applied 

in this work, as some authors have shown that this equation can correlate density with accuracy for many classes of 

compounds, including esters [33-36]. In general, the densities correlated by the PC-SAFT equation show good 

agreement for FAME compared to experimental data. 

 

3.1.3. PR equation results 

Due to the thermal decomposition of FAME, the critical properties Tc, pc, and ω are not known from experimental 

sources. Some methods are proposed to estimate these properties using group contribution methods. For the use of 
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the PR equation, the Tc, pc and acentric factors, ω, parameters were selected using a comparative bibliographic study 

[37-41]. Density calculations were performed by Matlab®. Table 4 summarizes the source and values of these three 

parameters, thus the AAD found for each compound (FAME) by comparing the experimental and calculated density, 

and the figures 9 show a comparison of experimental density data relative to those calculated by PR EoS as a 

function of pressure at several temperatures. 

Table 4: Critical Parameters of Studied FAME: 

FAME MW[g.mol
-1

] Tc(K) Pc (bar) ω AAD ( % ) 

(12:0) 214.35 712
[38]

 19.9604
[39]

 0.6319
[39]

 0.75 

(14:0) 242.402 718
[39]

 17.4323
[39]

 0.7035
[39]

 1.23 

(16:0) 270.456 765
[38]

 16.4285
[39]

 0.8767
[39]

 1.01 

(18:0) 298.510 774
[36]

 13.9071
[39]

 1.0000
[35]

 6.85 

(18:1) 296.494 772
[37]

 13.8132
[39]

 1.0000
[35]

 9.75 

(18:2 294.478 795
[37]

 13.8132
[39]

 1.0000
[35]

 13.9 

(18:3) 292.462 797.3
[38]

 13.0170
[38]

 0.9770
[36]

 21.0 
[ ]

 reference of critical parameters 

 

 

 
Figure 9: Comparison of experimental density data (---) for FAMEs relatives to those calculated by PR EoS 

(symbols) as a function of pressure at several temperatures. Symbols as in Figure 3. 

Cubic EoS is probably the most widely used for engineering applications and, for this reason, many modifications 

have been proposed. Thus, in order to improve the cubic EoS, various functional terms or additional parameters 
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have been proposed which allows better calculations of liquid densities. However, despite the success of cubic EoS, 

the accuracy of these equations decreases when predicting the behavior of substances that form strong associations 

between molecules, such as hydrogen bonding or long-chain complex fluids with double bonding interactions, 

because classical EoS have been developed in considering only the attractive forces for dispersion. Generally, the 

results of AAD obtained was higher for all FAME using the PR as cubic EoS. Therefore, PR EoS is not appropriate 

for predicting the density of long-chain compounds. We claim that the methodologies that use cubic equations of 

state must be not safe for the evaluation of complex fluids, because these equations do not present good results for 

polar, associating and/or large molecules [42]. 

 

3.2. The derived thermodynamic properties 

The derived thermodynamic properties, such as isothermal compressibility, κT, and isobaric thermal expansivity, αp, 

are calculated from the Tait equation. Generally, κT and αp can be obtained from the partial derivatives of density as 

a function of pressure or temperature (see eq (12) and (13): κT = (1/ρ) (∂ρ/∂p)T, αp = - (1/ρ) (∂ρ/∂T)p). These 

properties are used to provide more specific information on the dependence of fluid density at temperature as a 

function of temperature and pressure. Figures 10 and 11 show, respectively, the variation of the isothermal 

compressibilities, κT, and isobaric thermal expansivity, αp of FAME ((12:0), (14:0), (16:0), (18:1) and (18:2)) as a 

function of pressure at available temperatures. 

 

 

 
Figure 10: Isothermal compressibility, κT, calculated from Tait equation for the studied FAMEs as a function of 

pressure along several isotherms 
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Figure 11: Thermal expansivity, αp, calculated from Tait equation for the studied FAMEs as a function of pressure 

along several isotherms. Symbols as in Figure 10 

 

The same behavior is observed for, κT, and, αp, a decrease when the pressure gets higher at constant temperature and 

an increase when the temperature rises at constant pressure, in consistency with that expected. The isotherms, αp, 

had a clear point of intersection. It is important to note that the absence of this point at (18: 2) is probably related to 

experimental data of density applied in this work, as some authors have shown the presence of this point with 

precision for many classes of compounds, including FAME [43-46]. This point means that, αp, was independent of 

temperature in this pressure because it obeys the condition ( ). 

Concerning the effect of the alkyl chain length on the derived thermodynamic properties, Figure 12 illustrates a 

presentation according to the temperature at atmospheric pressure of all the FAME present in this work. 
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Figure 12: The derived thermodynamic properties for the studied FAMEs calculated from Tait EoS as a function of 

temperature at atmospheric pressure: (a) Isothermal compressibility, кT , (b) Thermal expansivity, αp. 

As seen in the figure, the derived properties, κT, or, αp, of all FAME decrease with the length of the fatty acid chain 

and with the unsaturation degree. In addition, the αp curves show a thermal stability domains at atmospheric pressure 

depending on the nature of studied FAME. for example, FAME (12: 0) shows a thermal stability range between 290 

K and 303 K, (18: 2) shows a thermal stability range between 270 K and 310 K, (16: 0) shows a thermal stability 

range between 343.15 K and 363.15 K. It was interesting to note that this information is of major importance 

because a larger isobaric expansivity coefficient means a larger engine power loss due to fuel heating [47]. 

 

Conclusion 

The densities of seven FAMEs were compiled under temperature conditions between 270 K and 393.15 K and at 

pressures up to 80 MPa. As expected, the density of FAME decreases with temperature and increases when the 

pressure increases at a constant temperature. The results suggest a relationship between molecular weight, fatty acid 

methyl ester type (saturated or unsaturated), and temperature, as dependent variables of the density. The PR, Tait 

and PC-SAFT models are used to predict and correlated the density methyl esters, the parameters of tait and PC-

SAFT models were adjusted using the experimental data and for PR EoS, the critical parameters: Tc, pc and acentric 

factors, ω, were selected using a comparative study based on several previous works of literature. The Tait and PC-

SAFT models represent and correctly reproduce the density of the of fatty acid methyl ester compounds, despite that 

PC-SAFT requires fewer parameters than Tait equation,  but  the methodologies that use cubic equations of state 

(such as Peng−Robinson) must be not safe for the evaluation of complex fluids properties. The derived 

thermodynamic properties, i.e. isobaric thermal expansion coefficient, αp, and the isothermal compressibility 

coefficient, κT, were calculated from the experimental density data using the Tait equation. The coefficient of 

thermal expansion αp follows a similar behavior of κT. However, for αp a clear point of intersection is observed for 

each compound, this point means that, αp, was independent of temperature in this pressure because it obeys the 

condition ( ). 
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