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Highlights:

(1) In this work, several methods of biodiesel production were discussed and compared. A
conclusion can be drawn that biodiesel production with supercritical methanol is the best one.

(2) The research status in multi-phase equilibrium of biodiesel production with supercritical
methanol was summarized, including related articles, basic data and thermodynamic models.

(3) Base on summarizing articles and form studies, several important problems concerning phase

equilibrium were put forward.
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A review of multi-phase equilibrium studies on biodiesel production
with supercritical methanol
Jie Xu®, Zhao Jiang °, Lu Li ¢ and Tao Fang ¢,

Biodiesel production with supercritical methanol has several advantages over the conventional process, including being
non-catalytic, a high production efficiency and a wide range of potential feed-stocks and required simple post-processing for the
product. The high-pressure phase equilibria of the reactants, intermediates and products in supercritical methanol are the basis
for these reactions under supercritical conditions. For an improved understanding of the influence of the phase behaviour of
multicomponent mixtures on transesterification, studies on phase equilibrium of relative reaction systems and transesterification
kinetics are needed. The relationship between the phase behaviour and the reactions should be classified. Due to the sensitivity
of the phase behaviour to temperature and pressure and the difficulty of sampling at high temperature and pressure, the study of
phase equilibrium involving supercritical methanol is just starting. This paper compares the advantages and disadvantages of
several biodiesel production methods and provides a summary of multi-phase equilibrium studies on biodiesel production with
supercritical methanol.

1 Introduction

As the use of fossil energy deadlines, the environmental and energy problems have become the restricting factor for sustainable
development. Biodiesel is a type of efficient renewable energy resource that can be an alternative for fossil energy. As a result,
biodiesel has become a research topic of considerable interest and has gained international attention. Before the 1990s, the
biodiesel produced from pure vegetable oil and refined vegetable oil was very expensive, which hindered its development and
application. Additionally, biodiesel could not compete economically against conventional diesel. With the development of
biodiesel production technologies in recent years, biodiesel produced from waste animal fat and vegetable oil can economically
compete economically against conventional diesel'. Additionally, biodiesel can efficiently reduce the burden of carbon dioxide
emissions from transportation and industry and improve the competitiveness of biodiesel. Furthermore, biodiesel emits lower
levels of CO, SO, NO, and unburned hydrocarbons than conventional diesel®>. Currently, a new wave of research on biodiesel
production technologies has commenced internationally.

Conventional biodiesel production has several disadvantages, including environment pollution, low productivity and the high
purity of feed stocks. In 2001, Saka and Kusdiana® first produced biodiesel using supercritical methanol. Supercritical methanol is
in a special state in which the temperature and pressure are higher than the critical point of methanol (512K, 8.1 MPa). Biodiesel
production with supercritical methanol does not require any catalysts or auxiliary chemicals and does not generate significant
waste. Furthermore, pretreatment of the feed stocks (for removing moisture and free fatty acids) in not required. The products only
require a simple post-treatment process (without neutralisation, washing and drying). Therefore, biodiesel production with
supercritical methanol is an environmentally friendly method for producing biodiesel”.

To determine the effects of the phase behaviour of a multicomponent mixture on transesterification at high temperature and
pressure, several basic problems should be studied, such as the phase equilibria of methanol + triglycerides (reagent system),
methanol + diglycerides and methanol + monoglycerides (intermediate product system), methanol + fatty methyl acid esters
(product system), transesterification kinetics, and the relationship between phase equilibrium and kinetics. These problems are the
most challenging in the research on biodiesel production with supercritical methanol.

2 Several methods for producing biodiesel

2.1 Homogeneous Catalysis

The conventional process for producing biodiesel is shown in Fig. 1. The transesterification process is shown in Fig. 1(a). The
transesterification reaction occurs between triglycerides (TG) with alcohols (methanol) to form esters (biodiesel). Under suitable
conditions (catalysed or supercritical condition), the triglycerides can be partially hydrolysed to fatty acids and diglycerides (DG),
as shown in Fig. 1(b). Also, DGs can be partially hydrolysed to fatty acids and monoglycerides (MG) as shown in Fig.1(c). MGs
can be hydrolysed to fatty acids and glycerol as shown in Fig.1 (d). Through the esterification reaction, those fatty acids and the
free fatty acids (FFAs) present in the feed-stocks also convert to fatty acid methyl esters (FAMEs) as shown in Fig. 1(e). Several
undesired by-products (e.g. fatty acid salts) are produced by the reactions between fatty acids and metal ions as shown in Fig. 1(f).

This conventional biodiesel production employs a homogeneous catalyst, such as NaOH or H,SO,.
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Fig. 1 Conventional process for producing biodiesel
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A conventional process for producing biodiesel® involves the following steps: the expelling of raw oil from oil crops with oil cake
as by-product; the removal of free fatty acid and other impurities from the raw oil by adding a calculated amount of caustic soda
solution while avoiding saponification; a single-step KOH-catalysed transesterification with methanol; the refinement of methyl
esters by washing with water; and the use of dry air to eliminate moisture from the fuel. The reactions occurred at 338.15K with a
6:1 molar ratio of methanol to oil and with 1% of basic catalyst by weight of oil. The nearly 100% methyl ester concentration was
obtained at 45 min.

The conventional production of biodiesel has several disadvantages, including environmental pollution, low productivity and high
purity feed-stocks. First, the conventional process produces considerable amount of wastewater and several fatty acid salts
(saponification products). The wastewater and fatty acid salts should be treated before being discharged to the environment or
should be recycled in the process. However, the catalysts and neutralisers used in the process are difficult to recycle and treat.
Second, the feed-stocks used in the conventional process require pretreatment and refinement. To remove the saponification
components from crude biodiesel, the reaction products must be washed and dried. As a result, the entire production process
requires more than 4 hours. Third, the conventional process requires refined and expensive vegetable oil with the moisture content
lower than 0.06% (v/v) and a free fatty acids lower than 0.50% (w/w), as the feed-stocks®. Consequently, this requirement
increases the production cost reduces the competitiveness of biodiesel. Moreover, the use of refined oil as a raw material for
producing biodiesel indirectly conflicts with the human need for consuming plant or animal oils.

The two-step transesterification process can utilize inexpensive feed-stocks, including waste oils. Compared with one-step
transesterification, the two-step process is significantly more complex, requires additional time and generates added waste and
crude products that require extra treatments’ 5.

2.2 Heterogeneous Catalysis and Lipase Catalysis

New catalytic processes, such as heterogeneous catalysis and lipase catalysis, have been developed to address the shortcomings of
homogeneous catalysis, but these processes have several disadvantages. Kim et al. ° used a Na/NaOH/y-AL,O; heterogeneous
catalyst for the production of biodiesel from soybean oil. The reactions occurred at 333.15 K with a 6:1 molar ratio of methanol to
oil and with 1% of basic catalyst by weight of oil. Using n-hexane as the co-solvent with ratio of 5:1 oil to n-hexane, the maximum
biodiesel production reached 94% at 1 h. Heterogeneous catalysts can be easily separated and recycled to the process, but the

feed-stocks should be refined. Generally, heterogeneous catalysts lose their catalytic activity after several reuses'® "',

1. ' studied the enzymatic production of biodiesel via the methanolysis of cottonseed oil using an immobilised Candida

Royon et a
Antarctica lipase as a catalyst in z-butanol. A methanolysis yield of 97% was observed after 24 h at 323.15 K with a reaction
mixture containing 32.5% t-butanol, 13.5% methanol, 54% oil and 0.017 g enzyme (g oil)”'. With the same mixture, a 95% ester
yield was obtained using a one-step fixed bed continuous reactor with a flow rate of 9.6 mL h™' (g enzyme)™. Using lipase catalysis
can partially solve the problems of refining feed-stocks and product separation. However, because of methanol toxicity, water
deactivation and glycerol inhibition, the lipase catalysts lose their catalytic activities after extended use'*"'°. Furthermore, the cost
of lipase catalysts is significantly higher than that of conventional catalysts and the lipases’ catalytic activities are significantly
lower than those of conventional catalysts'’.

2.3 Biodiesel production with supercritical methanol

In recent years, several researchers have attempted to solve aforementioned problems by producing biodiesel with supercritical
methanol. In the transesterification reaction with supercritical methanol, no catalysts or auxiliary chemicals are used and no wastes
that require special treatment are generated. This process is an environmentally friendly method for producing biodiesel® 8.

Valle et al. '° discovered that the non-catalytic transesterification of fodder radish oil with supercritical alcohols can be performed
with molar ratios of alcohols to oil in the range of 30:1 to 40:1 and with temperatures of 583-590 K. While the pressures are in the
range of 11-14MPa, high ester contents (more than 96% by weight fraction) can be obtained when the reaction time is greater than
20 min. During product post-treatment, the unreacted alcohol was separated in a vacuum oven at 343 K and 3.3 kPa. Without

alcohol, the biodiesel and glycerine become practically immiscible and can be separated by gravimetric precipitation. The

biodiesel phase contains several impurities (mainly triglycerides, diglycerides and monoglycerides) and fatty acid methyl esters.
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In Tsai’s?® work, the transesterification rate and increased with temperature but were insensitive to pressure. The presence of CO,
cannot enhance the reaction rate and increase field of FAMEs. By using the supercritical process, the presence of FFAs in the raw
material provides a positive contribution to the production of FAMESs and is regarded as acid catalysts.
Because the feed-stocks do not require complex pretreatment (for removing free fatty acids and moisture) and the products only
require a simple post-treatment (without neutralisation, washing and drying), biodiesel production with supercritical methanol is
highly efficient and has a relatively short processing time. In addition, the reaction rate under supercritical conditions is very fast.
As a consequence, biodiesel production with supercritical methanol requires a smaller reactor than conventional processes.
Because the moisture and free fatty acids in the feed stocks do not significantly affect biodiesel production with supercritical
methanol, waste oil and low-grade feed stocks can be used in this process.
To decrease the cost of feed-stocks, several low-grade feed stocks have been studied to replace the refined oil, such as the
by-products from vegetable oil factories, spent oils and microalgae oil*'. The use of microalgae oil has several advantages. The
planting of microalgae does not utilize agricultural land. The acre yield of microalgae is high and can be 8 to 24 times greater than
oil crops. Microalgae can adsorb heavy metals, degrade organic and purify the environment. In addition, microalgae contain many
high value-added components, such as carotene and astaxanthin. All of these advantages can reduce the cost of feed stocks and
increase the competitiveness of biodiesel compared with fossil 0il*2. Using mathematical modelling and engineering computations,
Chisti®* ?* concluded that biodiesel produced from microalgae oil is the only type of biodiesel that can replace fossil oil. The
production of biodiesel with supercritical methanol is suitable for these low-grade feed stocks.
Although biodiesel production with supercritical methanol has many advantages, such as a fast reaction rate, high efficiency and
feedstock flexibility, the high temperature and pressure for transesterification are the main obstacles for its application. Therefore,
the supercritical process should be optimised to retain its advantages and to reduce the operation and equipment costs. Current
research is focused on optimising the operational parameters, including reducing the operating temperature and pressure, obtaining
an optimised ratio of methanol to oil or adding cosolvents, such as CO, and propane®> ?°. A new reaction process that uses
hydrolysis and the esterification reaction has been studied to improve the conversion efficiency of the supercritical process®’.

2.4 Economic feasibility of biodiesel using supercritical technology

Biodiesel is more significant in today’s society and economy because of its remarkable advantages. As a result, energy and

economic feasibility analysis are necessary for investigating whether a process is profitable. Because an energy analysis is

dependent upon the reaction system and the scale of production, economic analysis is used as an alternative solution?®.

Supercritical process is an expensive alternative because of the high operational pressure and temperature requirements. Contrary

to conventional processes, the supercritical process can utilize low-grade raw materials, such as waste cooking oil. The cost of

waste cooking oil is 110-220 US$ per tonne®’, whereas the cost of refined vegetable oil is 478-650 US$ per tonne®. Supercritical
process has an economic advantage with respect to the raw material.

Biodiesel’s selling price is a key variable of this process. The price depends on tax incentives, the price of petroleum oil and the
subsidies for transportation. Considering the fossil energy is being used up, the price of petroleum oil is increasing. Different
countries have different taxes for their products. In most countries, the use of biodiesel as an environmentally friendly fuel
receives tax benefits. Influenced by the increased petroleum oil price and tax incentives, biodiesel’s selling price is becoming
more competitive.

Alcohol is another important raw material for biodiesel production, and its price is crucial for the economic analysis. Research?®

has shown that the internal return rate of biodiesel production suffers a reduction of 82% when the price of alcohol increases from

0.1 to 0.4 USS$/kg. The price of alcohol price has a significant influence on the global process.

Glycerol is an important by-product of biodiesel production. The market price for glycerol is extremely variable and depends on

purity and availability. Pharmaceutical-grade glycerol (purity above 98%) could be sold at a price of approximately 1.322

US$/kg®', whereas industrial grade glycerol is less expensive because it is produced in large amounts due to the biodiesel industry.

As aresult, refining glycerol to increase purity is an effective way to enhance economic performance.

In conclusion, biodiesel using supercritical technology has advantages, such as the cost of raw materials and tax incentives, but the

expensive costs of operation and equipment still restrict its economic profit.

3 Research status of multi-phase equilibrium studies on biodiesel production with supercritical methanol
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The extent of miscibility of the reactants is of extreme importance for all reactions, including the transesterification between
methanol and fatty glyceride at high temperature and pressure. To obtain optimised reaction efficiency, the temperature and
pressure must be controlled so that the reactants are partially or completely miscible (homogenous) with each other. By studying
the multi-phase equilibrium, the relationship between the phase behaviour and the pressure/temperature can be clarified easily. By
correlating the experimental data of phase equilibrium with the equation of state (EOS), the operation conditions can be optimized.
During transesterification, methanol, diacylglycerols and monoacylglycerols are partially miscible. Additionally, methanol, fatty
acid methyl esters and glycerol, are partially miscible. Therefore, research on the multi-compound phase equilibrium has received
continuous attention globally.

To elucidate the effects of the phase behaviour of a multicomponent mixture on transesterification, several basic problems should
be studied, including the phase equilibria of methanol + triglyceride (reagent system), methanol + diglyceride and methanol +
monoglyceride (intermediate product system), methanol + fatty methyl acid esters (product system); transesterification kinetics;
and the relationship between phase equilibrium and kinetics. These problems are the most challenging in research on biodiesel
production with supercritical methanol.

3.1 Relevant literature

Several researchers have realised that research on the phase equilibria of methanol and reactants (triglyceride), intermediate
products (diglyceride and monoglyceride) and products (fatty acid methyl esters and glycerol) in supercritical methanol is the basis
for optimising this reaction. Because the supercritical fluids are highly sensitive to temperature and pressure, sampling at high
temperature and pressure is difficult. The research on phase equilibrium is just beginning, and there is a lack of basic data. A few
reports regarding the phase equilibrium in biodiesel production with supercritical methanol are shown in Table. 1.

Table. 1 Phase equilibrium studies on biodiesel production with supercritical methanol

Measurement range Thermodynamic model
Researchers Research systems
Temperature (K) Pressure(MPa) Equation of State (EOS) Mixing rule
Tang et al.*? Triolein + Methanol 333 -463 6-10 Peng-Robinson van der Waals
Shimoyama et Methyl myristate + Methanol
493 - 543 2.16 - 8.49 Peng-Robinson ASOG
al® methyl laureate + Methanol
Shimoyama et
" Glycerol + Methanol 493 - 573 2.27-8.78 Peng-Robinson-Stryjek-Vera van der Waals
al.
Fang et al.*® Methanol + C18 methyl esters 523 -573 245-1145 Peng-Robinson van der Waals
Methanol + C18 FAMEs +
exponent-type
Fang et al.’ 2,5,7,8-Tetramethyl-2-(5,9,13-trimet 523 -548 6-8 Peng-Robinson
mixing rule
hyl-tetradecyl)chroman-6-ol
Glisic et al.>’ Sunflower oil + Methanol 473 -503 29-56 Redlich-Kwong-ASPEN van der Waals
Soave-Redlich-Kwong Wong-Sandler
Shimoyama et Methyl myristate + Methanol
493 - 543 2.16 - 8.49
al Methyl laureate + Methanol COSMO-Segment
Activity Coefficient mode
Methyl oleate + Glycerol + Methanol
Hegel et al. > % 543 - 588 7-21.1 Group Contribution with Association model
+ Propane
MGs, DGs & TGs of fatty acids,
Anikeev et al. *! 300-700 0-12.9 modified Joback group method
FFAs FAMEs
CO,+methanol van der Waals
Pinto et al. *** COx+soybean methyl esters 303.15-343.15 0-21 Peng-Robinson
COy+biodiesel+methanol Wong-Sandler
Srinophakun et Methanol + triglycerides
323.15-823.15 6.95-19.33 GCA-EOS

al. ™ Methanol + glycerol + FAME
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Glisic et al.® Methanol + glycerides 423.15-483.15 1.1-4.5 RK-Aspen EOS

3.2 Analysis of literature data

The reported research systems fall into three categories: reactant systems, product systems and byproduct systems. These three

types of data are plotted in Fig.2 to Fig.4.

3.2.1 Product systems
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Fig. 2 Experimental data of methanol + methyl laurate/methyl myristate/C18 methyl esters
Fig. 2 is the experimental data of methanol + methyl laurate/methyl myristate/C18 methyl esters. These systems can be treated as
the representatives of the product systems. As shown in Fig. 2, the two-phase regions significantly increase with temperature. A
notable phenomenon is that the equilibrium pressures of the different systems are similar at the same temperature. When the
temperature is 493 K, the equilibrium pressures of the two systems, methanol + methyl laurate ester and methanol + methyl
myristate ester, are nearly the same. The same phenomenon appears at 523 K. The peak equilibrium pressures are 4.5 MPa at 493
K and 8 MPa at 523 K for the two systems, respectively. However, the equilibrium pressures increase equably as the temperature
increases at the same composition point. Therefore, the molar weight of the FAMEs has little effect on the phase equilibrium of the
methanol + FAMEs system. This phenomenon is significant for measuring the equilibrium pressures and compositions of a new

system.

3.2.2 Reactant systems
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Fig. 3 Experimental data of methanol + triolein
Fig. 3 is the experimental data of methanol + triolein. This system is one of the reported reactant systems. As shown in Fig. 3, the
two-phase regions increase with temperature. A few articles discussed the system of methanol + triolein, and no obvious regularity
occurs in Glisic’s experimental data. Therefore, additional work and experimental data are required for measuring the equilibrium

compositions of reactant systems.

3.2.3 By-product systems
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Fig. 4 Experimental data of glycerol + methanol/ethanol

Fig. 4 is the experimental data of glycerol + methanol/ethanol systems. As shown in Fig. 4, the two-phase regions increase with
temperature. Contrary to the methanol + FAMEs system, the molar weights of the alcohols have a significant effect on the phase
equilibrium of the glycerol + alcohols system. The two-phase regions of the glycerol + methanol system are much greater than that
of the glycerol + ethanol system at the same temperature. It means that the mutual solubility of ethanol + glycerol is higher than
that of methanol + glycerol near and at the critical temperature and pressure of methanol. Additionally, the phenomenon in which
the equilibrium pressures equably increase with temperatures at the same composition point appears in two systems. As a result,
we can determine whether the equilibrium data are correct when measuring a new system by using this conclusion.

3.3 Thermodynamic models for phase equilibrium
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In 2006, Tang®? et al. published the first paper on multi-phase equilibrium study of biodiesel production with supercritical
methanol. In this paper, the binary system of triolein + supercritical methanol was studied. To prevent reactions at high
temperatures, the phase equilibrium measurement was limited to a low temperature. In a previous report, Glisic’” used sunflower
oil as the object of study. In fact, sunflower oil is a mixture of several different fatty glycerides. The system of sunflower oil +
methanol is approximately a binary system. In addition, several published works used C18 glyceride and C18 methyl ester as the
objects of study. Some studies have also reported on the use of methyl myristate and methyl laurate. However, there are
significantly less experimental data for the ternary system and quaternary system than for the binary system.

Many thermodynamic models have been used in the reported works and the equation of state (EOS) is the most employed. Several
classical cubic equations of state, such as the Peng-Robinson EOS (PR-EOS), the Redlich-Kwong EOS (RK-EOS)*® and their
advanced EOSs, have successfully been applied to the experimental data. These EOSs originate from the van der Waals cubic EOS,
which attempts to represent PV'T behaviour. They are based on the concept of a hard sphere reference term to represent the
repulsive interactions and a mean-field term to account for the dispersion and any other long-range forces. The van der Waals
mixing rule has been the most used mixing rule for matching the EOSs. According to Fang’s early research®®, the methanol + C18
esters mixture can be successfully correlated with the PR-EOS and the van der Waals mixing rule. The mixture was a
pseudo-binary system, and the interaction parameters could be correlated from experimental data. Except the above
thermodynamic models, the group contribution with association (GCA) and the conductor-like screening model (COSMO) have
been used to correlate the ternary and quaternary mixtures. The GCA-EOS results from the combination of the statistical theory of
associating solutions and the GC-EOS. The residual Helmholtz function is obtained from the sum of three terms representing the
contributions of different intermolecular forces: repulsive hard sphere, dispersive mean field and attractive specific interactions. In
the COSMO model, a prediction of the activity coefficients in a mixture is performed by using the activity coefficients of the
charge segments in a molecular surface. Shimoyama et al. *® have attempted to correlate the experimental data using both the
COSMO and UNIFAC models while using a combination of the Soave—Redlich—-Kwong (SRK) equation of state with the Wong—
Sandler (WS) mixing rules. The correlation results showed that the prediction of the liquid phase using SRK/WS/COSMO-SAC
reproduces the experimental data more accurately than calculations using SRK/WS/UNIFAC.

These above results indicate that correlating methanol + ester systems using classical cubic EOS with complex mixing rules
provides a good result for describing the vapour phase in over a broad range of temperatures and pressures. Due to the limited
prediction capabilities of these approaches, temperature-dependent binary interaction parameters must be obtained from the
experimental data. However, the experimental data are poor because of sampling difficulties and the high sensitivity of the phase
equilibrium to high temperature and pressure.

With the development of more rigorous explicit association models, the breakthrough in the modelling of polar and highly
non-ideal systems overcame the problems of using empirical corrections to cubic EOSs or mixing rules. These association models
contain the statistical associating fluid theory (SAFT)*, the cubic-plus-association (CPA) EOS*® **. SAFT was proposed by
Chapman et al. and was based on Wertheim’s theory. SAFT is a reference for fluids that incorporates both the chain length
(molecular shape) and the molecular association. The contributions from the monomeric segments, the formation of chains and the
existence of association sites are considered in this model. CPA-EOS is a combination of the SRK-EOS used for the description of
the physical interactions with Wertheim’s first-order perturbation theory, which can be applied to different types of associating
compounds. NguyenHuynh® et al. used the GC-SAFT approach to describe small ester + 1-alkanol systems (from ethanol to
butanol). When considering the cross-association interaction between esters and alkanols, reasonable results were obtained. To

compare the accuracy of two association models, Grenner '

et al. described the vapour—liquid equilibria under moderate
conditions for several systems including small ester + alcohol mixtures. A lattice model that explicitly accounts for hydrogen
bonding, the non-random hydrogen bonding (NRHB) theory, and the PC-SAFT equation were considered. The results revealed
that no one of the model is overall superior to the other models.

4 The problems in multi-phase equilibrium studies on biodiesel production with supercritical methanol

At present, several problems exist for multi-phase equilibrium studies on biodiesel production with supercritical methanol. On the
one hand, this work is just in the initial stages; on the other hand, the scope and depth of the research are limited. The reliability

and accuracy of the predications of these thermodynamic models based on the experimental data cannot be guaranteed. As a result,
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these research studies cannot provide sufficient basic data and fundamental information for technology transformation and

engineering design. Furthermore, several additional problems exist as follows.

4.1 Phase equilibrium study on methanol + fatty glyceride (reactant system)

To improve the miscibility of the reactants, Cao® et al. used CO, as the cosolvent to reduce the critical point of the mixture. In
their work, the transesterification proceeded in a mild conditions and the conversion increased. However, in Imahara’s®* work,
which was conducted at the same reaction pressure, the addition of cosolvent did not increase the yield. Instead, the addition of
cosolvent diluted the initial concentration of fatty glyceride and decreased the reaction rate. Therefore, the effect of using CO, as
the cosolvent is disputed. To resolve this dispute, the phase equilibrium data of methanol + fatty glyceride + CO, are required.
However, no data are available these two systems. Considering the transesterification of monoglyceride, the intermediate product
is the rate-controlling step, and the phase equilibrium of monoglyceride + methanol deserves further study. Additionally, no paper

has been reported regarding this binary system.

4.2 Phase equilibrium study on methanol + fatty esters

For all biodiesel produced from fats and vegetable oils, the content of C18 methyl esters is the highest (70 wt. %) followed by C16
methyl esters (20-30 wt. %). Fang®” * first measured and reported the multi-phase equilibrium data of C18 methyl esters (methyl
oleate) + methanol and C18 methyl esters + methanol + a-tocopherol. In all of the reported phase equilibrium data, the C16 methyl
esters + methanol binary system is not present. However, C16 methyl esters, such as methyl palmitate, are abundant in biodiesel
produced from fats and vegetable oils and especially in biodiesel produced from microalgae (as much as 40 wt. %). Thus,
measuring and correlating the phase equilibrium data of C16 methyl esters + methanol is important for producing microalgae

biodiesel with supercritical methanol.

4.3 Thermodynamic models

Sawangkeaw” determined that no single thermodynamic model is suitable for the whole reaction process because different models
are suitable for the reactant system (glycerides + methanol) and product system (FAMEs + methanol) the reaction modifies the
polarity of mixtures, and the polarity changes influence th e predict ability of the thermodynamic models. However, Tang™” et al.
successfully correlated the phase equilibrium of glycerides + methanol (reactants system) using the Peng-Robinson EOS and the
van der Waals mixing rule for a temperature range of 333-493K. The thermodynamic model is the same as the one Fang®® used in
correlating C18 methyl esters (the main component is methyl oleate) + methanol (products system). The correlation of the phase
equilibria is possible for the whole process using a single thermodynamic model for the transesterification between supercritical
methanol and glycerides. To validate this hypothesis, the phase equilibria data of the whole reaction process, including the reactant
system, intermediate product system and product system, are required.

5 Conclusions

By analysing the advantages and disadvantages of several different method of biodiesel production, it can be concluded that
biodiesel production with supercritical methanol has obvious advantages. However, the supercritical fluids are sensitive to pressure
and temperature. Additionally, sampling at high temperature and pressure is difficult. As a result, the phase equilibrium study has a
delayed start and lacks basic data. In this paper, the research systems, measurement ranges and thermodynamic models in the
related literature are summarised. In addition, the experimental data in the literature are classified and plotted, and the
thermodynamic models are analysed and compared. Considering the simplicity and accuracy of the calculation, the use of
conventional EOS plus one or several correction terms is a relatively feasible simulation method. Based on a summary of the
literature, several important problems concerning phase equilibrium were identified.
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