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To supply biodiesel with the quality levels required by the standards for alternative fuels, the separation and
purification units are extremely important in the biodiesel production plants. The correct knowledge and
description of the phase equilibria in systems composed by transesterification products is essential for a correct
operation and optimization of the purification process. For that purpose, the cubic-plus-association equation
of state (CPA EoS) was here applied to model the phase equilibria of multicomponent systems common to
biodiesel production and purification processes. It is shown that the CPA EoS can provide a good description
of the liquid-liquid equilibria of multicomponent mixtures containing alcohols, glycerol, and fatty acid esters
in the temperature range of operation of the separation units in biodiesel plants. As the liquid-liquid phase
equilibrium description depends on the EoS parameters, a discussion is also presented about the best set of
parameters and the method to estimate them.

Introduction

The various environmental, economical, and political prob-
lems related to the use of conventional fossil fuels are leading
toward the search for new renewable energy sources. Carbon
dioxide emissions contributing to global warming; countries
depending on petroleum-based fuel imported from socially,
politically, and economically unstable regions; and current
reserves of crude oil based fuels that will only last a few more
decades1 (global production will decline sometime between 2010
and 20322) are focusing the attention on alternative fuels.3

Biodiesel is at the forefront of the alternatives to petroleum-
based fuels being environmentally acceptable and easily avail-
able. When using adequate raw materials and production
processes along with the recovering and valorization of byprod-
ucts, biodiesel can be considered economically competitive4 and
a socially and ethically acceptable alternative. It is biodegrad-
able, nontoxic, and able to considerably decrease the emissions
of noxious gases. It consists of a blend of fatty acid alkyl esters
that can also be mixed in all proportions with regular diesel.5

Among the various approaches to produce biodiesel, trans-
esterification is the preferable method. It consists of the reaction
of an oil or fat with an alcohol producing fatty acid esters and
glycerol. As the reaction rate is very slow, a catalyst is required
for industrial applications (usually an alkaline catalyst) to
increase reaction speed and yield.5,6 The reaction occurs with
an excess of alcohol, and commonly used alcohols are methanol
and ethanol although the use of higher alcohols has already been
proposed.7

The majority of the European countries regulate the biodiesel
properties under the European Union (EU) standards for
alternative diesel fuels (DIN EN 14214:20038) since the
biodiesel purity level has important effects on its performance
as a fuel. Among the restrictions imposed by these standards
are the free fatty acids, methanol, glycerin, and water contents.
Consequently, regardless of the technologies used for biodiesel

production, the raw materials or the catalysts, the operation of
the biodiesel purification units in the biodiesel production plants
is particularly important to produce a fuel with the quality levels
required by the standards for alternative fuels. Moreover, the
excess methanol recovery reduces the operating costs and the
environmental impact while improving biodiesel characteristics
since the alcohol content controls the fuel flammability.5

The glycerol recovery section is also required to minimize
its presence in the fuel since a high glycerol content leads to
several fuel problems, such as blocking of fuel filters and fuel
pressure drops. Glycerol is also seen as a versatile and valuable
chemical with a wide variety of uses and applications, namely,
in medical and pharmaceutical preparations and in cosmetics
among others.9 The inclusion of a glycerol recovery and
purification unit allows selling this byproduct as a good instead
of having to manage it as a waste.

A succinct description of the involved purification processes
may by summarized as follows5,10 (Figure 1): after the trans-
esterification reaction, the glycerol formed separates from the
oil phase, and at the outlet of the reactor, two liquid phases
coexist, one of them rich in glycerol and the other rich in fatty
acid esters (biodiesel). The unreacted alcohol is distributed
between these two liquid phases. These phases are afterward
separated by settling, and the glycerol-rich phase is sent to the
alcohol recovery section where it is recovered by distillation
and is recycled into the transesterification reactor. The glycerol-
rich stream coming from the distillation process is then
evaporated to decrease its water content and to meet the
specifications of the glycerol market.

Simultaneously, the fatty acid ester stream leaving the
transesterification reactor is washed with acidified water to
neutralize the catalyst and to convert any existing soaps into
free fatty acids. After the alcohol recovery, the methyl ester
product is finally dried to reduce the water content to meet the
biodiesel required standards.

Using thermodynamic models in simulation of biodiesel
purification processes allows an easy evaluation and optimization
of the operating variables and process configurations thereby
giving more insight into the influence of important parameters
on process design and operation. It makes possible the identi-
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fication of process bottlenecks early in the design stage or
existing ones allowing to operate with higher productivity within
product specifications while minimizing environmental impacts
therefore improving profits, reducing operating costs, and
justifying the industrial feasibility of the process.

For that purpose, a thermodynamic model is necessary to
correctly describe the transesterification products distributed
between the two formed immiscible phases, one rich in glycerol
and the other rich in biodiesel, in a broad range of thermody-
namic conditions.

Up to now, only limited experimental phase equilibrium data
has been made available for the separation processes of interest,
and essentially, the conventional activity coefficient models have
been applied to predict these data. The UNIFAC and UNIFAC-
Dortmund models were applied with satisfactory results to the
prediction of the system glycerol + methanol + methyl oleate.11

Andreatta et al.12 used the UNIFAC with association (A-UNIFAC)
model and also the group contribution with association equation
of state (GCA-EoS) to describe this same system. A good
agreement with the experimental data was obtained particularly
with the GCA-EoS model. The Wilson activity coefficient model
was also applied to describe mixtures of biodiesel and glycerol
as well as biodiesel + glycerol + methanol.13,14

To analyze the possibility to use hexane for biodiesel
extraction, Tizvar et al.15 experimentally measured the liquid-
liquid equilibria (LLE) of the methyl oleate + glycerol +
methanol + hexane system and modeled it with the UNIFAC
and modified UNIFAC models.

Recently, França et al.16 reported new experimental data for
methyl ricinoleate + methanol + glycerol and methyl ricinoleate
+ ethanol + glycerol systems and their satisfactory correlation
with the UNIQUAC model.

Experimental results for other useful systems for the biodiesel
purification processes were also presented by Zhou et al.17 and
Liu et al.18

The change from oil to vegetable oils or animal fats as raw
materials for diesel production represents a minor change in
terms of fuel properties but a significant change in complexity
in terms of intermolecular interactions. While in the conventional
oil industry vapor-liquid is the dominant phase equilibria, in
biodiesel production both vapor-liquid and liquid-liquid

equilibria are involved and water becomes an important
component. To describe these highly nonideal systems in broad
temperature, pressure, and composition conditions, associating
equations of state are required.

During the last two decades, several equations of state have
been proposed to explicitly consider association. Among these,
there are the several versions of the statistical associating fluid
theory (SAFT),19 the associated perturbed anisotropic chain
theory (APACT),20 and more recently, the cubic-plus-association
equation of state (CPA EoS).21,22 The CPA EoS had already
demonstrated to be a flexible and reliable thermodynamic tool
for correctly modeling the phase equilibria of mixtures contain-
ing both associative and nonassociative components distributed
by different fluid phases. In fact, the results obtained until
present seem to indicate that within the association equations
of state, the CPA EoS is the most successful association model
for aqueous systems21-23 and is also mathematically simpler
thus substantially simplifying and accelerating the phase equi-
librium calculations.

The CPA EoS was previously successfully applied to model
the phase equilibria of mixtures containing hydrocarbons,
alcohols, glycols, water, amines, organic acids, aromatic or
olefinic hydrocarbons, perfluorocarbons, esters, and phenolic
compounds. It provided very good results in modeling the
vapor-liquid equilibria (VLE) of the glycol + water system,24

the LLE and VLE of water + heavy alcohol systems,25 the LLE
of water + amine systems,26 the VLE and solid-liquid
equilibria (SLE) of water + small alcohols systems,25 the VLE
of small acids + water or small acids + alcohol systems,27 the
VLE of amine + alcohol26 systems, the SLE of the monoeth-
ylene glycol (MEG) + water systems,24 and the LLE of water
+ hydrocarbon systems.23 The CPA EoS had also shown to be
able to take into account the solvation phenomena occurring
between water and aromatic hydrocarbons23,28 and perfluoro-
carbons.29

It has also been previously demonstrated that this model can
be adequately applied to the description of several binary
systems present at the operation units of biodiesel production
processes. Very good results were reported for the description
of the LLE and SLE of water and free fatty acids systems30

and for the description of the water solubility in fatty acid methyl

Figure 1. Biodiesel production and purification simplified flowsheet.
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esters and biodiesels.31 The VLE of several glycerol + alcohol
systems and of the glycerol + water system, essential for the
design of the separation and purification processes of the
glycerol recovery section, were also successfully described with
the CPA EoS.32

In the present work, the CPA EoS capability to model the
phase equilibria of systems of transesterification products will,
for the first time, be evaluated. Modeling results will be
presented for several multicomponent systems composed of
glycerol, fatty acid esters, ethanol, methanol, and n-hexane. The
CPA EoS is summarized in Appendix A.

Two approaches were considered to evaluate the binary
interaction parameters for all possible component pairs for each
multicomponent system, and a discussion about the best
approach to carry the parameter estimation is provided.

Results and Discussion

1. Pure Component CPA Parameters. The initial step to
apply the CPA EoS to the description of mixture phase equilibria
is the estimation of the CPA parameters of the pure compounds
involved. Both self-associating and non-self-associating com-
pounds constitute the multicomponent systems studied here. For
most of these compounds, the three or five CPA pure compound
parameters were already estimated in previous works, and these
are presented along with the correspondent critical temperatures
in Table 1. For the ester compounds, because of the lack of
available literature data for critical properties, the best group
contribution models to estimate these properties were previously
assessed for several methyl and ethyl esters.33 With these
parameters, CPA provided very good results for correlating the
LLE of water + fatty acid ester systems31 and the VLE of
glycerol + n-alcohol systems.32

For methyl ricinoleate, no CPA pure compound parameters
were previously estimated. For this compound, vapor pressure
and liquid density data were calculated by literature group
contribution methods: the SIMPOL.134 model for vapor pres-
sures and the GCVOL35 model for liquid densities. The
SIMPOL.1 was developed using a set of 277 compounds and
was examined using a test set of 184 compounds. The average
overall points of the absolute difference between experimental
and predicted values of log10 P was 0.34. Elbro et al.35 showed
that liquid densities can be predicted with an error of ap-
proximately 1% for several compounds of different families
(alkanes, aromatics, alkenes, ketones, ethers, esters, chlorides,
etc).

Its critical temperature was estimated through the Constan-
tinou and Gani group-contribution method.36 This unsaturated
fatty ester has a hydroxyl group, and so, the 2B association
scheme was used for this compound. A satisfactory description
of pure component vapor pressure and liquid density data was
obtained covering the range of reduced temperatures from 0.45
to 0.85 with global average deviations of 0.6% and 0.3% for

vapor pressure and liquid density, respectively. The five CPA
parameters and the critical temperature for methyl ricinoleate
are also presented in Table 1.

2. Binary Interaction Parameters from Binary Data. Having
the pure component parameters, the remaining parameters to
be fitted are the binary interaction parameters to be regressed
from experimental data. Although the liquid-liquid equilibria
of ester + glycerol + alcohol systems are important to evaluate
the separation of transesterification products in biodiesel produc-
tion, not much experimental data is available. Data was found
for the ternary systems methyl oleate + glycerol + met-
hanol,11,12,37 methyl myristate + ethanol + glycerol,38 methyl
laurate + ethanol + glycerol,38 methyl stearate + ethanol +
glycerol,38 methyl ricinoleate + glycerol + methanol,16 and
methyl ricinoleate + glycerol + ethanol.16 Data for the
quaternary system methyl oleate + glycerol + methanol +
n-hexane was also accessible in literature.15

The first approach to model those systems was to use binary
interaction parameters for the binary subsystems obtained from
binary equilibria data. The subsystems possible comprise fatty
acid ester + glycerol, glycerol + alcohol, and fatty acid ester
+ alcohol mixtures. For fatty acid ester + glycerol mixtures,
phase equilibria data was only available for two LLE systems,
namely, methyl dodecanoate + glycerol and methyl hexanoate
+ glycerol.39 The cross-association between the ester group and
the glycerol was taken into account as previously described in
the model section with both the binary interaction kij and the
cross-association �ij parameters fitted to the mutual solubility
data. As the majority of the regressed values for �ij were close
to 0.1, this parameter was fixed, and afterward the kij’s were
refitted. Satisfactory results were obtained as seen in Figure 2.
As no other binary systems composed by ester and glycerol
were available in the literature, the results obtained for methyl
dodecanoate + glycerol were considered to represent binary
subsystems glycerol + ester.

Table 1. CPA Pure Compound Parameters and Modeling Results

AAD %

compound Tc (K) a0 (J m3 mol-2) c1 b × 105 (m3 mol-1) ε (J mol-1) � × 103 Pσ F

glycerol 766.1 1.21 1.06 6.96 19 622 9 0.77 1.49
methyl laurate 712.0 7.46 1.37 24.04 0.80 1.31
methyl myristate 742.4 8.84 1.51 27.95 3.66
methyl stearate 788.6 11.64 1.72 35.07 3.53
methyl oleate 764.0 10.70 1.86 33.39 4.81 1.74
methyl ricinoleate 798.2 9.41 1.36 32.76 22 665 90.30 0.58 0.31
methanol 512.7 0.43 0.75 3.22 20 859 34 0.29 0.14
ethanol 514.7 0.68 0.94 4.75 21 336 19 0.35 0.51

Figure 2. CPA (___) results for the mutual solubilities of methyl hexanoate
+ glycerol (kij ) 0.102) (squares) and methyl dodecanoate + glycerol
(kij ) 0.129) (lozenges). Open symbols correspond to the glycerol phase,
and closed symbols correspond to the ester phase.
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Glycerol + methanol and glycerol + ethanol systems were
previously studied with the CPA EoS and the new association
scheme proposed for glycerol, the 3 × 2B scheme.32 With a
single and temperature independent binary interaction parameter,
it was possible to successfully correlate the VLE data of these
systems.

The last binary subsystems for the ternary modeling are the
fatty acid ester + methanol (or ethanol) binary mixtures. The
CPA EoS has already been applied to the description of
the VLE of these systems.40 Studying ester + methanol and
ester + ethanol systems with ester carbon numbers from 5 up
to 19 for ethanol systems and from 3 up to 19 for methanol
systems, it was possible to establish a linear correlation for the
binary interaction parameter with the ester carbon number. Also,
a constant value for the cross-association volume was found
being 0.10 for the ethanol systems and 0.13 for methanol
systems. The use of this constant value and the linear correlation
for the kij binary interaction parameter provides the CPA EoS
with a predictive capability to model multicomponent systems
containing these binaries. Values for the temperature indepen-
dent binary interaction parameters are presented in Table 2.

To model the quaternary system composed by methyl oleate
+ methanol + glycerol + hexane,15 it was also necessary to
describe the binary systems hexane + methanol and hexane +
glycerol. For the binary system hexane + methyl oleate, the kij

value was set to zero, as the cross-energy parameter between
these components is expected to be well described solely by
the geometric mean combining rule (eq 3 of Appendix A).
Experimental data was available for the VLE and LLE of the
methanol + hexane mixture,41,42 and with a low and temperature
independent binary interaction parameter fitted to the mutual
solubility data of -0.00174, it was possible to provide a good
description of LLE and to successfully predict the VLE as can
be seen in Figure 3. Scarce experimental data is available for
the hexane + glycerol system with only one point for the LLE
of this system being available in the literature.43 Even so, the
CPA EoS was applied to correlate this system with the binary
interaction parameter estimate being -0.0205.

With the binary interaction and cross-association parameters
evaluated from binary equilibria data, it is then possible to
attempt modeling multicomponent systems. Starting with the
methyl oleate + methanol + glycerol system, experimental tie-
line data from different authors were available at five different
temperatures.11,12,37 Promising results for this system were
previously reported with the CPA EoS using the association
scheme recently proposed for glycerol,32 and because of the
lack of binary data, using either binary parameters set to zero
or obtained from similar systems, and a kij for the methyl oleate
+ methanol fitted from the ternary data. As seen in Figures
4-6, improved results were obtained using the CPA EoS and
the binary interaction parameters kij and �ij correlated from
binary equilibrium data. The CPA EoS can correctly predict
the immiscibility between glycerol and methyl oleate and the
formation of a glycerol phase richer in alcohol than the ester
phase. Higher deviations are obtained for the methyl oleate

solubility in the glycerol-rich phase, but these were already
expected as these solubility values are typically small at about
10-3.

For the quaternary system methyl oleate + methanol +
glycerol + n-hexane, experimental data at 293.15 K were
available from Tizvar et al.,15 and similar good results were
also obtained when using the CPA EoS with the kij’s and �ij’s
correlated from binary data as observed in Figure 7, where the
predicted mole fractions are plotted versus the experimental
mole fractions for both phases. As the authors of the experi-
mental data state, the precision for the reported glycerol content
on the methyl oleate rich phase was too low to allow the
evaluation of model performance in predicting that data. Still,
the plots of the two equilibrium phases in Figure 7 clearly
illustrate the good performance of the proposed model for these
biodiesel systems.

Other systems of interest for the biodiesel industry are those
constituted by a fatty acid ester, ethanol, and glycerol. Saturation
lines for methyl myristate/methyl stearate/methyl laurate +
ethanol + glycerol systems were available at 303.15 K.38 The
approach described above for considering the kij’s and �ij’s

Table 2. Binary Interaction Parameters Correlated from Ester +
Methanol/Ethanol VLE Data

kij

methyl laurate + methanol -0.0326
methyl myristate + methanol -0.0432
methyl oleate + methanol -0.0589
methyl laurate + ethanol -0.0002
methyl myristate + ethanol -0.0046
methyl oleate + ethanol -0.0197

Figure 3. VLE and LLE CPA EoS correlation for the system hexane +
glycerol. Experimental data ([).

Figure 4. Methanol distribution coefficient from the CPA EoS versus the
experimental methanol distribution coefficient ([], 313 K; 2∆, 333 K;
•O, 353 K; 90, 373 K). Full symbols represent CPA EoS results using
interaction parameters correlated to the ternary data, and the empty symbols
represent the CPA EoS results using interaction parameters correlated from
binary data.
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poorly predicts these saturation lines, as seen in Figure 8,
opposed to the good tie-line results presented before. This is
particularly the case for the ethanol-rich zone.

3. Binary Interaction Parameters from Multicomponent
Data. Another possible approach to consider binary interaction
parameters and cross-association parameters is to evaluate them
directly from the ternary data. At Table 3, the binary interaction
kij and the cross-association �ij parameters estimated when
correlating the LLE data of the system methyl oleate + methanol
+ glycerol are presented. All data at all temperatures were
considered for evaluating the kij’s and �ij’s. Using these new
temperature independent kij’s and �ij’s, the model performance
is enhanced, as noticed in Figures 4-6, specially for the
glycerol-rich phase in particular for the mole fraction of methyl
oleate that was not so well described using the binary interaction
parameters obtained from binary data.

Using the same kij’s and �ij’s from Table 3, similar good
results are obtained for the quaternary system as can be seen in
Figure 7.

Figure 5. CPA results for methyl oleate + methanol + glycerol at 313 K
(kij and �ij correlated from binary data (O, · · · ); kij’s and/or �ij’s correlated
from this ternary (0, ---); experimental data (•, s)).

Figure 6. CPA results for methyl oleate + methanol + glycerol system at
333 K (kij and �ij correlated from binary data (O, · · · ); kij’s and/or �ij’s
correlated from this ternary system data (0, ---); experimental data (•, s)).

Figure 7. Experimental versus CPA EoS estimated mole fractions for the quaternary system methyl oleate + glycerol+ methanol + n-hexane. (Full symbols,
binary parameters from binary data; empty symbols, binary parameters from methyl oleate + methanol + glycerol system. Compositions: glycerol, 90;
methanol, •O; methyl oleate, []; hexane, 2∆).

Figure 8. CPA results for methyl myristate + ethanol + glycerol at 303.15
K (kij’s and �ij’s correlated from binary data (O, s); kij’s and/or �ij’s
correlated from methyl oleate + ethanol + glycerol LLE data and kij (ester
+ ethanol) ) -0.0317 (0, ---)). Experimental data (•).

Table 3. Binary Interaction and Cross-Association Parameters
Correlated from Methyl Oleate + Glycerol + Methanol LLE Data

kij (methyl oleate + glycerol) -0.098
�ij (methyl oleate + glycerol) 0.011
kij (glycerol + methanol) -0.037
kij (methyl oleate + methanol) -0.022
�ij (methyl oleate + methanol) 0.245
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As no tie-line data were available for the methyl myristate/
methyl stearate/methyl laurate + ethanol + glycerol systems,
it is more difficult to use these LLE ternary data to evaluate the
binary interaction and cross-association parameters. Taking
advantage of the predictive capacity of the model, the same
parameter set obtained before from the tie-line data of the system
methyl oleate + methanol + glycerol was investigated leaving
only as an adjustable parameter the ester + ethanol kij parameter.

As can be seen from Figures 8 and 9, the interaction and
cross-association binary parameters are easily transferable as
seen by the overall agreement between the experimental data
and the model calculations.

Other relevant systems are the ones derived from castor oil,
which is one of the most important nonedible biodiesel
feedstocks and which is widely available in Brazil and in other
regions; methyl ricinoleate is the major component of castor
oil biodiesel at about 90% of its composition.16 As far as methyl
ricinoleate + methanol + glycerol and methyl ricinoleate +
ethanol + glycerol systems are concerned, experimental tie lines
and saturation curves were only available from França et al.16

Starting with the methyl ricinoleate + methanol + glycerol
system for which tie-line data were available at 298 K, the
second approach used before was adopted, that is, the estimation
of binary interaction parameters for all the three subsystems
from the ternary LLE data. That decision was supported by the
good results obtained for other systems by this method and the
absence of binary data in literature for mixtures with methyl
ricinoleate. Results for these kij’s are presented in Table 4, and
modeling results are presented in Figure 10. Very good tie-line
results were accomplished. For methyl ricinoleate + ethanol +
glycerol, the authors did not present tie-line data and, as done
before for the methyl myristate/methyl stearate/methyl laurate
+ ethanol + glycerol systems, the kij’s calculated from the
methyl ricinoleate + methanol + glycerol system were evaluated
to predict this mixture at 298 and 333.15 K. Good predictive
results were obtained as shown in Figure 11.

Several attempts were made to describe two other systems
available in literature constituted by fatty acid methyl esters,

methanol, and glycerol and by fatty acid ethyl esters, ethanol, and
glycerol presented by Zhou et al.17 and Liu et al.,18 respectively.
None of the approaches presented before were able to satisfactorily
correlate this data. However, and as already stated in other
experimental papers, the data presented by Zhou et al. and Liu et
al. are in total disagreement with other literature available
experimental data.11,12,37 Zhou et al. also stated that glycerol and
methyl ester separation is temperature independent, which totally
diverges from what Negi et al.,11 Andreatta et al.,12 and Cerce et
al.37 concluded for the same temperature range.

The results presented here clearly demonstrate that the CPA
EoS can be used to describe ternary and multicomponent
systems of transesterification products. This follows other good
results already published from our group in several binary
subsystems of interest for the biodiesel industry. As there is
still a considerable lack of data for many of the binary
subsystems, and even more ternary and multicomponent systems
of interest, the results presented so far are expected to be
improved when more (and accurate) data become available.

Conclusions

In this work, the performance of the CPA EoS is evaluated
for the modeling of several multicomponent systems of rel-
evance for the biodiesel industry using experimental data for
multicomponent systems that appeared recently in literature.

Figure 9. LLE for methyl stearate + ethanol + glycerol (•) and for methyl
laurate + ethanol + glycerol (9) systems at 303.15 K. CPA results using
kij’s and/or �ij’s correlated from the methyl oleate + methanol + glycerol
system and kij (methyl stearate + ethanol) )-0.0425 and kij (methyl laurate
+ ethanol) ) -0.02173 (empty symbols, s).

Table 4. Binary Interaction Parameters Correlated from Methyl
Ricinoleate + Glycerol + Methanol LLE Data

kij (methyl ricinoleate + glycerol) -0.074
kij (methyl ricinoleate + methanol) -0.131
kij (glycerol + methanol) -0.026

Figure 10. CPA results for methyl ricinoleate + methanol + glycerol system
at 298.15 K using kij’s correlated from this ternary system data (0, · · · ).
Experimental data (•, s).

Figure 11. CPA results for methyl ricinoleate + ethanol + glycerol system
using kij’s correlated from the ternary methyl ricinoleate + methanol +
glycerol system data (0, 298.15 K; O, 333.15 K). Experimental data (closed
symbols).
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Two approaches were used to estimate binary interaction and
cross-association parameters. The first, and more generalized
approach that was considered here, was to use binary parameters
estimated from experimental data of the corresponding binary
subsystems. The second was to use multicomponent data for
the regression of the model parameters. To apply the first
approach, several binary systems were also successfully modeled
here with the CPA EoS.

Different results are obtained for multicomponent systems
depending on the set of binary interaction parameters chosen.
The second approach seems to be the best one providing very
good results for several systems such as methyl oleate +
methanol + glycerol, methyl oleate + methanol + glycerol
+ hexane, methyl myristate/methyl stearate/methyl laurate +
ethanol + glycerol, methyl ricinoleate + methanol + glycerol,
and methyl ricinoleate + ethanol + glycerol although at the
expense of an increased correlative character.

The predictive performance of the model was also verified
while using the same binary interaction and cross-association
parameters to adequately model different ternary systems.

The CPA equation of state was found to give good
correlation results and can safely extrapolate and even predict
the liquid-liquid behavior of different complex ternary
systems using the same binary interaction and cross-associa-
tion parameters.
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Nomenclature

a ) energy parameter in the physical term
a0, c1 ) parameters for calculating a
Ai ) site A in molecule i
b ) covolume
g ) simplified hard-sphere radial distribution function
kij ) binary interaction parameter
P ) vapor pressure
R ) gas constant
T ) temperature
x ) mole fraction
XAi ) fraction of molecule i not bonded at site A
Z ) compressibility factor

Greek Symbols

� ) association volume
ε ) association energy
η ) reduced fluid density
F ) mole density
∆ ) association strength

Subscripts

c ) critical
i, j ) pure component indexes
r ) reduced

Superscripts

assoc. ) association
phys. ) physical

List of AbbreViations

AAD ) average absolute deviation (%AAD ) (1/
NP)∑i)1

NP ABS [(expi - calci)/(expi)] × 100)
APACT ) associated perturbed anisotropic chain theory
CPA ) cubic-plus-association
CR ) combining rule
ECR ) Elliot combining rule
EoS ) equation of state
FAME ) fatty acid methyl ester
GCA-EoS ) group contribution with association equation of state
KMethanol ) methanol distribution coefficient KMethanol )

(xmethanol
fatty phase)/(xmethanol

glycerol phase)
LLE ) liquid-liquid equilibria
MEG ) monoethylene glycol
NP ) number of points
SAFT ) statistical associating fluid theory
SLE ) solid-liquid equilibria
SRK ) Soave-Redlich-Kwong
UNIQUAC ) universal quasi-chemical activity coefficient model
UNIFAC ) universal functional activity coefficient model
VLE ) vapor-liquid equilibria

Appendix A

In this work, the cubic-plus-association equation of state
proposed by Kontogeorgis et al.44 is used. In terms of the
compressibility factor, it can be expressed as the sum of two
contributions: one of them describing the physical interactions,
that in the current work are taken into account by the SRK EoS,
and the other accounting for association interactions, the
Wertheim association term:45-49

Z ) Z phys. + Z assoc. ) 1
1 - bF

- aF
RT(1 + bF)

-

1
2(1 + F∂ ln g

∂F ) ∑
i

xi ∑
Ai

(1 - XAi) (1)

where a is the energy parameter, b is the covolume parameter, F
is the molar density, g is a simplified hard-sphere radial distribution
function, XAi is the mole fraction of pure component i not bonded
at site A, and xi is the mole fraction of component i.

The pure component energy parameter, a, is obtained from a
Soave type temperature dependency

a(T) ) a0[1 + c1(1 - √Tr)]
2 (2)

where a0 and c1 are regressed (simultaneously with b) from pure
component vapor pressure and liquid density data.

When CPA is extended to mixtures, the energy and covolume
parameters of the physical term are calculated employing the
conventional van der Waals one-fluid mixing rules

a ) ∑
i

∑
j

xixjaij aij ) √aiaj(1 - kij) (3)

and

b ) ∑
i

xibi (4)

XAi is related to the association strength ∆AiBj between sites
belonging to two different molecules and is calculated by solving
the following set of equations:

XAi )
1

1 + F∑
j

xj ∑
Bj

XBj∆
AiBj

(5)

where
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∆AiBj ) g(F)[exp(εAiBj

RT ) - 1]bij �
AiBj (6)

where εAiBj and �AiBj are the association energy and the
association volume, respectively.

The simplified radial distribution function, g(F), is given by50

g(F) ) 1
1 - 1.9η

where η ) 1
4

bF (7)

For non-associating components, CPA has three pure com-
ponent parameters in the cubic term (a0, c1, and b), while for
associating components, it has two additional parameters in the
association term (ε and �). In both cases, parameters are
regressed simultaneously from vapor pressure and liquid density
data. The objective function to be minimized is the following:

OF ) ∑
i

NP (Pi
exp - Pi

calc

Pi
exp )2

+ ∑
i

NP (Fi
exp - Fi

calc

Fi
exp )2

(8)

For a binary mixture composed solely by non-associating
compounds, the binary interaction parameter, kij (eq 3), is the
only adjustable parameter.

When CPA is employed to mixtures containing two self-
associating compounds, combining rules for the association term
are required.25,51 In this work, the Elliott combining rule (ECR)25

is used

∆AiBj ) √∆AiBi∆AjBj (9)

Among other combining rules,25 the Elliot combining rule
performed better, for instance, in predicting the VLE and SLE
of water + small alcohol systems,51 the VLE of small acids +
water or small acids + alcohol systems,27 the VLE of amine +
alcohol26 systems, and the SLE of the MEG + water systems.24

It also provided very good results in modeling the phase
equilibria of several systems of interest for the biodiesel
production, such as the LLE of water + fatty acid systems30

and the VLE of glycerol + alcohol systems.32

Solvation can occur in some systems containing self-
associating and non-self-associating compounds as in the case
of the ester + self-associating compound mixtures investigated
in this work. For this type of system, this solvation phenomenon
is considered as a cross-association by the CPA EoS where the
cross-association energy (εΑiBj) is considered to be half the value
of the association energy for the self-associating component,
and the cross-association volume (�AiBj) is left as an adjustable
parameter fitted to equilibrium data. This approach proposed
by Folas et al.52 was successfully applied to several water +
aromatic systems.23 The same method was adopted to correlate
water + fatty acid ester31 and water + perfluorocarbon29 systems
and to model the water solubility in biodiesels.31 In these cases,
for estimating the kij and �AiBj parameters, the following objective
function was minimized:

OF ) ∑
i

NP (xi
calc - xi

exp

xi
exp )2

(10)

where single-phase or all-phase data can be selected during the
parameter optimization.

The association term depends on the number and type of
association sites. According to the nomenclature of Huang and
Radosz,53 two association schemes can be considered to
represent alcohols, the 3B and the 2B schemes. Kontogeorgis
et al.22 had already shown that there is not much to gain by
using the more rigorous (3B) over the simpler (2B) association
scheme. Therefore, for alcohols, the two-site (2B) association

scheme is applied, which proposes that hydrogen bonding occurs
between the hydroxyl hydrogen and one of the lone pairs of
electrons from the oxygen atom in another alcohol molecule.
For the ester family, a single association site is considered that
can cross-associate with self-associating molecules.

For glycerol, an association scheme recently suggested is here
adopted.32 It considers the glycerol molecule as having three
identical alcohol groups with each of them having two associa-
tion sites. The proposed 3 × 2B scheme proved to be the most
successful association scheme in describing the VLE for the
glycerol + water system and for different glycerol + alcohol
(from methanol to butanol) systems.32
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