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Abstract. Vapor-liquid equilibria for supercritical modified alcohol + fatty acid ester systems were 

predicted by ASPEN software using Peng Robinson Equation of State (PR-EOS) with one kij binary 

parameter.  The model has been employed to predict the operating conditions in the supercritical phase 

when different alcohols are present in the mixture. The effect of several alcohols (e.g. methanol, ethanol, 

propanol and butanol) using CO2 as cosolvent, is theoretically studied for obtaining mild operating 

conditions that increase the feasibility of continuous single-phase transesterification. Compared with the 

conventional supercritical alcohols technique less energy consumption required for the process.  

Furthermore, the reaction pressure required is significantly reduced, which makes the process safer and 

lowers production costs. For specific operating conditions (feed composition, concentration of cosolvent, 

pressure and temperature. 

 

 

1. Introduction 

 

Biodiesel is defined as the fatty acid alkyl monoesters derived from renewable 

feedstocks, such as vegetable oils, animal fats, etc. There are four chemical processes 

used to solve the high viscosity problem of triglycerides: dilution, microemulsification, 

pyrolysis (thermal cracking), and transesterification [1]. Among these four ways, the 

most commonly preferred process is transesterification. Transesterification is an ester 

conversion process that splits up the triglycerides; that is, takes the glycerol of the 

triglyceride and replaces it with alkyl radical of the alcohol used. Through 

transesterification, high viscosity is reduced to a value closer to that of diesel fuel while 

cetane number and heating value are saved. As seen in Fig. 1, three moles of alcohol are 

used per mole of triglyceride for the stoichiometric transesterification reaction. This 

reaction results in three moles of fatty acid alkyl monoester (biodiesel) and a mole of 

glycerol that is the by-product of this reaction. Among the alcohols that can be used in 

the transesterification reaction are methanol, ethanol, propanol, butanol and amyl 

alcohol. Methanol and ethanol are used most frequently. Ethanol is a preferred alcohol 

in the transesterification process compared to methanol because it is derived from 

agricultural products and is renewable and biologically less objectionable in the 

environment, however, methanol is lower in cost and has some physical and chemical 

advantages like more polarity and the shortest alcohol chain lenght. 
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Figure 1.  Stoichiometric transesterification reaction 

 

 

Vegetable oils are becoming a promising alternative to diesel fuel because they are 

renewable in nature, environmental friendly and can be produced locally. The most 

widely used vegetable oils for the production of biodiesel are taken from rape seeds, 

sunflowers, and soybeans. The possibility of using vegetable oils as fuel has been 

recognized since the beginning of diesel engines.  

 

Biodiesel has recently attracted considerable attention due to its environmental benefits 

and the fact that it comes from renewable resources. The different stages in the 

production of sunflower seed methyl esters generate by-products which offer further 

outlets. The supercritical fluids (SCFs) have been shown to be a promising technique 

for future large-scale biofuel production, especially for biodiesel production from oils 

and fats. Compared with conventional biofuel production methods, the SCFs technology 

has a number of advantages that includes fast kinetics, high fuel production rate and 

ease of continuous operation. 

 

The supercritical method requires high molar ratios of alcohol to oil and the adoption of 

high temperatures and pressures for the reaction to present satisfactory conversion 

levels, leading to high processing costs and causing, in many cases, the degradation of 

the fatty acid esters formed [2], hence decreasing the reaction conversion [3]. Attempts 

to reduce the expected high operating costs and product degradation have been made 

through the addition of cosolvents [4-6], a two-step process with removal of glycerol 

generated in the first step [7], and adopting a two-step process comprising hydrolysis of 

tryglicerides in subcritical water with subsequent esterification of fatty acids [8,9]. 

 

The use of cosolvents can decrease the mixture critical point and allow the reaction to 

be carried out under milder conditions, enhancing the mutual solubility of the oil-

alcohol mixture [4, 5], reducing the transport limitations, and increasing the reaction 

rates. Just a few works are available in the open literature regarding the use of 

cosolvents in the supercritical transesterification, such as the use of carbon dioxide [5, 

10-12] and propane [4,13,14] all of them with methanol. In those studies, it has been 

shown that the use of the aforementioned cosolvents led to a decrease in the operational 

conditions with high reaction yields. It is well-known that supercritical carbon dioxide, 

besides its low-cost, non-toxicity, favorable critical parameters and transport 



coefficients, may be a good cosolvent for short and intermediate chain length organic 

molecules, and it is a low-cost and facile material [5, 15-19]. 

 

In this work, we studied in a prelimary  way, the phase behaviour of modified  methanol 

ethanol/propanol/butanol systems at different temperatures and pressures.  The Peng-

Robinson [20] equation of state (PR-EOS) was used to estimate the vapour-liquid 

equilibria of the reactants and the possible operating conditions to assure the presence of 

a single phase in the reactor. 

  

2. Modelling Phase Equilibria 

 

The transesterification rate is low at subcritical (multiphase) conditions but significantly 

accelerated at supercritical (single phase) conditions. A portion of this acceleration is 

due to temperature effects, but a portion is also due to the presence of  single 

supercritical phase at supercritical conditions. Therefore, the phase behavior of the 

mixture in the system is an important consideration in biodiesel production. Large 

excess amounts of alcohol have been used in previous supercritical transesterification 

research because this practice reduces the critical temperature of the mixture. The 

critical properties of triglyceride-alcohol mixtures have not been a topic of much 

research, so the precise amount of alcohol needed to achieve supercritical conditions at 

a given temperature is not readily available. Bunyakiat et al. [21] report results from an 

investigation that was intended to address this issue. They used Lydersen’s method of 

group contributions to estimate the critical temperature and pressure of vegetable oil and 

then used Lorentz-Berthelot type mixing rules to calculate what they took to be the 

critical values for mixtures of oil and alcohol. The properties they calculated, though, 

are actually pseudocritical properties, not true critical points. Therefore, the results from 

their thermodynamic calculations have no bearing on the actual phase behavior. 

Pseudocritical properties are used to parameterize equations of state for mixtures, but 

these values are not the same as the true thermodynamic critical point of a mixture. The 

two are often quite different. To determine the actual critical point of a mixture, one can 

use an appropriate equation of state. It is important to recognize, as well, that the critical 

temperature of the mixture will change as the transesterification reaction progresses, 

because the reaction changes the identities of species present in the mixture and their 

mole fractions. Thus, if one intends to examine or use supercritical conditions for 

transesterification, it is not adequate to simply choose a reaction temperature that 

exceeds the critical temperature of the alcohol being used. Rather, one needs to know 

the critical temperature of the mixture as the reaction progresses and ensure that the 

reaction temperature remains above these values throughout. 

 

The phase behavior and critical points for some binary mixtures important in 

supercritical transesterification have been studied. Shimoyama et al. [22] examined 

methanol-methyl ester systems, which reflect the final products from transesterification. 

They provide experimental measurements for the compositions of the coexisting liquid 

and vapor phases, and they correlated the results using the Peng-Robinson equation of 

state. Glisic et al. [23] examined systems that reflect the reactants. They measured the 

phase equilibria for methanol-sunflower oil mixtures. The best correlation of the 

experimental results was by the Redlich-Kwong-ASPEN equation of state with van der 

Waals mixing rules. It must be noted, however, that the system examined is a reactive 



one and that sunflower oil is a mixture but it was treated thermodynamically as a single 

pseudocomponent. The effect of these items on the conclusion about the best equation 

of state to use is not clear. The conditions examined by these authors always resulted in 

only a single liquid phase being present. They provide no data for liquid-liquid-vapour 

equilibrium, which would exist when there are separate oil-rich and methanol-rich 

liquid phases. Despite these limitations, this article is significant because it explores the 

use of different equations of state and it begins to address key issues in supercritical 

synthesis of biodiesel. Tang et al. [24] reported liquid–liquid equilibrium data of the 

system methanol–triolein in the temperature range between 353 and 463K at three 

different pressures 6, 8 and 10MPa that were above the bubble pressure of the binary 

mixture. Hegel et al. [25] examined mixtures of soybean oil, methanol, and propane. 

They showed visually how the system evolves from three phases (LLV) to two (LV) to 

one (supercritical) as the mixture is heated and reacts. A single liquid phase was 

observed to exist for several mixtures at temperatures as low 160ºC. Supercritical 

temperatures are not required to have a single homogeneous fluid phase containing the 

reactants. 

 
Taking into account the facts mentioned above, the phase equilibria was modelled as 

follows: sunflower oil is composed mainly of triolein and trilionolein, with minor 

contents of tripalmitin, tristearin and other triglycerides.  However, to simplify the 

problem, it is convenient to represent the complex composition of sunflower oil with a 

pseudo component.  In this case, the selected pseudo component was triolein and non 

trilinolein, since it is the components for which more thermodynamic data is available 

in the literature [26].  The critical constant of the pure components are needed for the 

calculation of a(T) and b(T), but these constants are not available for compounds such 

as fats, since they are chemically unstable and decompose at high temperatures. The 

critical properties and other parameters of the pure components are listed in Table 1. 

 
Table 1. Critical properties and substance parameters in equation of state. 

Components M/kg kmol
-1

 Tc/K Pc/bar ω 

Methanol 32 512.6 80.1 0.5659 

Ethanol 46 513.9 61.4 0.6436 

Propanol 60 508 47.6 0.6689 

Butanol 74 536 41.9 0.5711 

CO2 44 304.2 73.8 0.225 

Triolein* 884 977.8 3.34 1.9780 

 

The PR-EOS was used to correlate the experimental data. The equation can be 

expressed as following: 

 

         
For a pure component i, the parameters ai and bi in the PREOS are the function of the 

critical temperature, critical pressure and acentric factor of the component. To model the 

molecular interactions between components i and j, the binary interaction parameters 

(ka,ij, kb,ij) are introduced through the mixing rules as follows [27]: 

 

(1) 

(2) 



 
 

where P is the pressure, R is the gas constant, T is the temperature, and V is the molar 

volume.  The parameters a and b are the energy and size parameters, respectively. The 

subscript c denotes the critical properties.  The experimental data of the critical 

properties and the acentric factor (ω) for alcohols and sunflower oil are available from 

the literatures [26, 28]. 

 

 The PT-diagrams for each system (Sunflower oil-alcohols) were generated using the 

standard Peng-Robinson equation of state (PR-EOS). Each isopleth plotted in these 

diagrams represents the phase limit between the two-phase and the one-phase regions. 

From these curves it is possible to find, for a given temperature and feed composition, 

the minimum pressure required to assure complete miscibility in the reactive mixture. 

 

The experimental information available in the literature on high-pressure phase 

equilibria of reactive mixtures is very scarce, which made difficult to determine the 

model parameters.  Because of vegetable oil properties such as vapor pressure and 

critical properties are experimentally unattainaible it was necessary to make a rough 

theoretical estimation of its critical properties according to the Chueh–Prausnitz 

approximation [29]. 

 

3. Results 

 

The binary vapor–liquid equilibrium (VLE) diagrams for sunflower oil in CO2 + 

alcohols are shown in terms of the VLE constants as a function of pressure at constant 

temperature in Figure 2. These diagrams were calculated for the system CO2+alcohols–

sunflower oil, estimating the Ki values from the fugacity coefficients calculated with the 

PR-EOS [30,31]. The calculations were performed with a PE 2000 [32] in terms of the 

convergence pressure [33]. 

 

Methanol, ethanol and propanol practically have the same convergence pressure of 

around 12 MPa, which is significantly higher than that for butanol-oil system. Nimcevic 

et al. [34] found that transesterification of oils by propanol or alcohol with longer alkyl 

chain always failed even after several hours of treatment at the boiling point of alcohol.  

 

(3) 



 

Figure 2. VLE binary systems. Sunflower (K1) and SC-CO2 + Alcohols (K2) VLE constants vs. pressure 

at constant temperature.  

 

Another factor to be considered is the alcohol size. The smaller size of the alcohols 

could facilitate the simultaneous attack of alcohol on all three chains of triglycerides, 

resulting in the higher reaction rate of fatty acid alkyl ester formation [35].  For this 

reason, we studied in a preliminary way, the phase behavior of methanol/ethanol-CO2 

systems at different pressures, temperatures and alcohols composition (see Table 2).  
 

Tabla 2. Mesured vapor liquid equilibrium data for methanol and ethanol – CO2 system. 

 

 Methanol Ethanol 

Alcohols (%wt) P (MPa) 

  T = 343 K   

5 % 14 13 

20 %  17 16 

30 %  19 17 

    

  T = 373 K  

5 % 20 19 

20 %  25 24 

30 %  27 25 

    

  T = 423 K  

5 % 29 27 

20 %  34 33 

30 %  36 34 

 

Isotherms at 343, 373 and 423 K for different concentration of methanol + CO2 and 

ethanol + CO2 systems were estimated with PR-EOS.  From the results in Table 2, it can 

be observed that on increasing the amount of alcohol and temperature, involves an 

increase in the convergence pressure.   

 

 There are no previous experimental studies in the open literature on high-pressure 

equilibria of these systems (alcohols+CO2 as cosolvent). The most similar application is 



the supercritical alcohols with propane or dimethylether as cosolvents. The estimated 

data of this study were compared with the literature data reported by Joung et al. [36], 

the comparisons were made for the CO2-methanol and CO2-ethanol systems. At 13 MPa 

and 343 K and at 11.97 MPa and 344.75 K,  Joung et al. [36] reported the vapor phase 

of the system CO2-methanol and CO2-ethanol respectively, which  favorably agrees 

with the vapor phase estimated in this study. 

 

4. Conclusion 

 

In this work, the phase equilibria of the sunflower oil-methanol/ethanol-CO2 ternary 

system was investigated using the PR-EOS.  This model is applied to the prediction of 

phase equilibria in the supercritical alcohols-CO2 of sunflower oil for the 

transesterification process.  

 

Compared with the conventional supercritical methanol/ethanol technique, less energy 

is required for the process.  Furthermore, the reaction pressure required is significantly 

reduced, which makes the process safer and lowers production costs. The supercritical 

process with cosolvent leads to milder conditions (160 K lower temperature) compared 

with conditions without cosolvent at higher pressure.  At present, experiments are being 

conducted in our laboratory and experimental data will be used to tune the PR-EOS 

model. 
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