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ABSTRACT: In this work, ternary liquid�liquid equilibrium (LLE) data for the castor oil biodiesel (BIO�CO) þ ethanol þ
glycerol and quaternary LLE data for biodiesel (BIO�CO) þ ethanol þ glycerol þ NaOH systems at (298.2 and 333.2) K and
atmospheric pressure (≈ 95 kPa) were determined by gas chromatography. The influence of temperature and catalyst in the phase
diagrams were studied. Ethanol partition coefficients and biodiesel selectivities were calculated. Results showed that ethanol
distributed slightly more to the glycerol phase and that biodiesel solubilizes preferentially ethanol than glycerol. LLE experimental
data were correlated with the NRTLmodel, presenting root-mean-square deviations < 1.3 %. Hand andOthmer-Tobias correlations
were used to test the data quality, which presented R2 > 0.98 for all systems.

’ INTRODUCTION

Biodiesel is a future prospective fuel and competes economic-
ally with petroleum diesel fuels. As an alternative for diesel
engines, it has become important due to the future scarceness
of petroleum reserves. As an environmental consequence, the
emission of pollutants such as SOx, CO, and CO2 will be
reduced.1 Biodiesel can be produced from biomass, such as
oleaginous seeds and animal fats. It consists of a mixture of alkyl
esters of fatty acids. Regarding soybean oil, it is a raw material
widely available almost worldwide. Other oleaginous seeds are
also used for biodiesel production like canola, cotton, sunflower,
and castor. Methanol has been the most commonly used alcohol
to perform transesterification reactions.2,3 Ethanol has received
some attention in the last decades, once it is derived from
biomass4 and so provides an alternative totally renewable bio-
diesel production.

Liquid�liquid equilibrium (LLE) data are essential for a
proper understanding of the solvent extraction process. In the
biodiesel industry this data can be used for understanding the
process of purification and separation of biodiesel-rich phases
from glycerol-rich phases. In the literature, liquid�liquid
equilibrium data for biodiesel or fatty acid esters þ alcohol
þ glycerol systems has been reported by Komers et al.,5 Zhou
et al.,6 Negi et al.,7 Andreatta et al.,8 Liu et al.,9 Tizvar et al.,10

Franc-a et al.,11 Barreau et al.,12 and Follegatti-Romero et al.13

LLE data involving systems with ethanolysis reagents were
determined by Lanza et al.14 Distribution of alcohol between
two phases involving biodiesel systems were reported by
Felice et al.15

In a previous paper,16 the authors have studied the solubility
curves in a system of soybean oil and castor oil biodiesel þ
ethanol þ glycerol at different temperatures. However, tie lines
or complete LLE data were not determined.

This work is part of a larger study, in that LLE data for ternary
and quaternary involving (soybean oil or castor oil biodiesel),
ethanol, glycerol, water, NaOH systems at (298.2 and 333.2) K.
Here, ternary liquid�liquid equilibrium (LLE) data for castor oil
biodiesel (BIO�CO)þ ethanolþ glycerol and quaternary LLE
data for biodiesel (BIO�CO) þ ethanol þ glycerol þ NaOH
systems at (298.2 and 333.2) K and atmospheric pressure (≈ 95
kPa) were determined. Partition coefficients of ethanol were
obtained, in order to investigate its behavior for future industrial
biodiesel purification processes. The LLE data were correlated
with the NRTL local composition model.

’EXPERIMENTAL SECTION

Chemicals. Castor oil biodiesel was produced, separated,
purified, and characterized according to previous work,16 which
also describes its properties and characteristics. The synthesis
procedure of this biodiesel does not affect considerably its
composition, so, the mass fraction of ethyl esters present in the
biodiesel used here is 0.011 ethyl palmitate, 0.027 ethyl oleate,

Table 1. Properties of Other Chemicals used in This Work

M

chemical g 3mol�1 purity supplier

ethanol 46.07 g 99.5 Synth

glycerol 92.09 g 99.5 Synth

NaOH 40.00 g 97.00 Synth
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0.049 ethyl linoleate, 0.004 ethyl linolenate, and 0.909 ethyl
ricinoleate. The other chemical properties are described in
Table 1.
Procedure. Experiments were carried out in glass equilibrium

cells of aprox. 45 mL equipped with a external jacket that main-
tains the interior cell temperature through circulation of water
from a Tecnal TE-184 thermostatic bath, precise to ( 0.1 K.
For determining LLE data, mixtures with compositions within

the immiscibility region were prepared directly inside the equi-
librium cells. Each component was weighed using a Geraha
AG200 analytical balance, precise to ( 1 3 10

�6 kg. For ternary
systems, the addition of each component was made following the
order of volatility: biodiesel, glycerol, and ethanol; for quatern-
ary, the order is biodiesel, glycerol, and NaOHþ ethanol binary
solution (NaOH needs first be solubilized in ethanol). The
NaOH (feed) mass fraction used was 0.0105 ( 0.0004 and
0.0095 ( 0.0002 at (298.2 and 333.2) K, respectively.
The system was mixed at approximately 1200 rpm with a

Fisatom 752 magnetic stirrer for 2 h to allow good contact
between the phases, and was left to settle for 12 h until complete
separation into two clean liquid phases. Preliminary experiments
showed that the agitation and separation times were enough for
the system to reach equilibrium.
Phase compositions in mass fraction were determined using

the calibration curves reported as Supporting Information.
Calibration curves were obtained by gas chromatography using
an Agilent Technologies, Model 6850 CG System coupled with
flame ionization detector (FID). The capillary column utilized
was a SGE Forte BP-225 with 50%-cyanopropyl-phenyl 50%-
dimethyl polysiloxane (25 m � 0.32 mm �0.25 μm). Nitrogen
was used as a carrier gas at a flow rate of 1.0mL/min. The column
temperature was programmed from (308.15 to 458.15) K at the
linear rate of 35 K/min. After, the temperature was programmed
to reach 473.15 K in a linear rate of 5 K/min, keeping this for 2.5
min then heating at 10 K/min, to reach a final temperature of
503.15 K which was kept constant for 1.75 min.

’THERMODYNAMIC CORRELATIONS

The LLE calculation is basically defined by eq 1.

wI
iγ

I
i ¼ wII

i γ
II
i ð1Þ

γi and wi represent the activity coefficient and mass fraction of
component i present in both phases I and II. In this work, the
well-known nonrandom two-liquid model (NRTL),17 based on a
local composition concept, was used to calculate the component
activity coefficient in both phases. The model energy interaction
and nonrandomness parameters were estimated by using a
procedure similar to Stragevitch and D’�Avila.18 This procedure
is based on the modified Simplex method19 and consists in the
minimization of a concentration-based objective function, F,20

given by eq 2.

F ¼ ∑
T

l
∑
D

k
∑
M

j
∑
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i
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ijkl � wcalc
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N is the number of components, j represents each tie line in a
total ofM tie lines, k represents each phase in a total ofD phases, l
represents each temperature in a total ofT temperatures, exp and
calc represent experimental and calculated data respectively, and
Wijk is the weight associated with component i in tie line j at
phase k and temperature l. In this work,Wijk = 1 was used, which,
according to Sørensen et al.,20 neglects large relative errors
between experimental and calculated compositions in small
concentrations. Calculated compositions can be compared with
the experimental ones through the percent root-mean-square
(rms) deviation, δx, given by eq 3.

δx ¼ 100
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Figure 1. Experimental and calculated liquid�liquid equilibrium data
for the BIO�CO þ ethanol þ glycerol system at T = 298.2 K: b, feed
points; (2, solid line), experimental tie lines; (Δ, dotted line), NRTL
calculated tie lines; *, NRTL calculated plait point; dashed line, NRTL
calculated binodal curve.

Figure 2. Experimental and calculated liquid�liquid equilibrium data
for the BIO�CO þ ethanol þ glycerol system at T = 333.2 K: b, feed
points; (2, solid line), experimental tie lines; (Δ, dotted line), NRTL
calculated tie lines; 9, cloud points of ref 16; *, NRTL calculated plait
point; dashed line, NRTL calculated binodal curve.
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’RESULTS AND DISCUSSION

Liquid�Liquid Equilibrium Data. LLE data obtained for
ternary BIO�CO (1) þ ethanol (2) þ glycerol (3) and quater-
nary BIO�CO (1)þ ethanol (2)þ glycerol (3)þNaOH (4) at
T = (298.2 and 333.2) K and atmospheric pressure (≈ 95 kPa)
are shown in Figures 1�4 and reported in Tables 2 and 3.
Uncertainties in mass fraction of each component were calcu-
lated to be less than 10�4. In Figures 3 and 4 the LLE data for
quaternary systems are represented as pseudo ternary systems by
inserting the NaOH composition into each component mass
fraction using eq 4.

w0
i ¼

wi

1� w4
ð4Þ

In eq 4, i refers to components 1, 2, and 3, w0
i is the pseudo

ternary system mass fraction, and wi is the quaternary system
mass fraction.
The study of the ethanol phase distribution was made from the

solute distribution coefficient (K) and the biodiesel selectivity
(S) given by eqs 5 and 6, respectively.

K ¼ wbio
2

wgly
2

ð5Þ

S ¼

wbio
2

wgly
2

wbio
3

wgly
3

ð6Þ

The superscripts bio and gly refer to the biodiesel-rich phase
and glycerol-rich phase, respectively.
Ethanol distribution between the biodiesel-rich phase and

glycerol-rich phase in the ternary system studied (without
influence of NaOH) is not influenced by a temperature
increase of 35 K; in the quaternary, the increase of 35 K in
temperature gives a small enhancement in K values. At T =
298.2 K, the 0.01 mass fraction of NaOH added to the ternary
system does not affect the ethanol distribution, but at T =
333.2 K, the presence of NaOH gives a small increase in
ethanol partition. This behavior can be explained by an
increase of ethanol solubility in the biodiesel-rich phase due
to the presence of NaOH. So, for all systems studied, the only

Figure 3. Experimental and calculated liquid�liquid equilibrium data
for the BIO�COþ ethanolþ glycerol system at T = 298.2 K with 0.01
feed mass fraction of NaOH catalyst: b, feed points; (2, solid line),
experimental tie lines; (4, dotted line), NRTL calculated tie lines.

Figure 4. Experimental and calculated liquid�liquid equilibrium data
for the BIO�COþ ethanolþ glycerol system at T = 333.2 K with 0.01
feed mass fraction of NaOH catalyst: b, feed points; (2, solid line),
experimental tie lines; (4, dotted line), NRTL calculated tie lines.

Table 2. Liquid�Liquid Equilibrium Data in Mass Fraction
(w) for BIO�CO (1)þ Ethanol (2)þGlycerol (3)a at (298.2
and 333.2) K

liquid�liquid

quilibrium

T feed

biodiesel-rich

phase

glycerol-rich

phase

K w1 w2 w1 w2 w1 w2 Kb Sc

298.2 0.6685 0.0704 0.9213 0.0674 0.0000 0.0620 1.09 90.24

0.5093 0.1634 0.8050 0.1559 0.0022 0.1646 0.95 20.18

0.1716 0.2009 0.7678 0.1855 0.0013 0.2050 0.90 15.38

0.5376 0.2230 0.7385 0.2025 0.0051 0.2184 0.93 12.20

0.2904 0.2582 0.6872 0.2498 0.0100 0.2734 0.91 10.39

0.4101 0.3032 0.6483 0.2922 0.0329 0.3200 0.91 9.93

333.2 0.3803 0.1181 0.8628 0.1104 0.0007 0.1166 0.95 31.19

0.4789 0.1192 0.8530 0.1197 0.0022 0.1228 0.97 31.24

0.5700 0.1543 0.8238 0.1439 0.0014 0.1521 0.95 24.79

0.3801 0.2066 0.7396 0.2123 0.0084 0.2090 1.02 16.53

0.5190 0.2806 0.6764 0.2721 0.0058 0.2930 0.93 12.64

0.3117 0.3110 0.6329 0.3036 0.0064 0.3155 0.96 10.28

0.1705 0.3302 0.6062 0.3191 0.0165 0.3340 0.96 8.31
a w3 = 1 � w1 � w2.

b Solute distribution coefficient, given by eq 5;
cBiodiesel selectivity, given by eq 6.
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systems which presents K > 1 is the BIO�CO þ ethanol þ
glycerol þ NaOH at T = 333.2 K.
The selectivity of biodiesel gives its preference to solubilize ethanol

(a solute) or glycerol (a diluent). Here all systems presented S values
between 2 and 90. Also, as shown in Tables 2 and 3, a decrease in
ethanol mass fraction in the glycerol-rich phase gives an increase in
selectivity of biodiesel for ethanol. This probably occurs because the
presence of ethanol in the glycerol-rich phase enhances the solubility
of this phase in the biodiesel-rich phase, which solubilizes an amount
of glycerol together with ethanol, diminishing the S value.
The quality of the LLE data was pointed out by two factors: (a)

agreement of tie lines with the feed composition, indicating low
experimental error by loss of mass or analysis, and (b) testing the
LLE data with Hand21 and Othmer-Tobias22 correlations (eqs 7
and 8, respectively).

log10
wbio
2

wbio
1

 !
¼ aH log10

wgly
2

wgly
3

 !
þ bH ð7Þ

log10
1� wbio

1

wbio
1

 !
¼ aOT log10

1� wgly
3

wgly
3

 !
þ bOT ð8Þ

a are the angular coefficients and b are the linear coefficients. The
standard deviations for Hand (σH) and Othmer-Tobias (σOT)
were calculated with eq 9.

σH ¼ σOT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
d

i

ðLexp � LcalcÞi2
d� p

s
ð9Þ

L refers to the left-hand side of each correlation (Hand and/
or Othmer-Tobias), d represents the number of data points

Table 3. Liquid�Liquid Equilibrium Data in Mass Fraction (w) for BIO�CO (1)þ Ethanol (2)þGlycerol (3)þNaOH (4)a at
(298.2 and 333.2) K

liquid�liquid equilibrium data

T feed biodiesel-rich phase glycerol-rich phase

K w1 w2 w3 w1 w2 w3 w1 w2 w3 Kb Sc

298.2 0.4222 0.1217 0.4451 0.8432 0.1025 0.0525 0.0138 0.1248 0.8386 0.82 13.12

0.4997 0.1579 0.3314 0.7913 0.1571 0.0498 0.0144 0.1708 0.7973 0.92 14.73

0.2145 0.2788 0.4963 0.6803 0.2635 0.0472 0.0009 0.2851 0.6997 0.92 13.70

0.3765 0.3221 0.2909 0.6432 0.3126 0.0389 0.024 0.3477 0.6183 0.90 14.29

0.3396 0.3612 0.2889 0.5894 0.3489 0.058 0.0389 0.3829 0.5656 0.91 8.89

0.2672 0.3998 0.3226 0.5509 0.3749 0.065 0.0441 0.4093 0.5298 0.92 7.47

333.2 0.4975 0.1193 0.3735 0.8406 0.1284 0.0306 0.0008 0.1113 0.8717 1.15 32.86

0.3917 0.1329 0.4659 0.8150 0.1426 0.0422 0.0023 0.1233 0.8648 1.16 23.70

0.2962 0.1701 0.5243 0.7731 0.1820 0.0440 0.0089 0.1705 0.8099 1.07 19.65

0.3964 0.2096 0.3847 0.7190 0.2154 0.0648 0.0083 0.2011 0.7799 1.07 12.89

0.3412 0.2716 0.3775 0.6186 0.2777 0.1020 0.0067 0.2600 0.7259 1.07 7.60

0.1736 0.3440 0.4732 0.4702 0.3509 0.1783 0.0441 0.3389 0.6030 1.04 3.20

0.2177 0.3705 0.4021 0.4039 0.3777 0.2138 0.0785 0.3687 0.5357 1.02 2.57
a w4 = 1 � w1 � w2 � w3;

aw3 = 1 � w1 � w2;
b Solute distribution coefficient, given by eq 5; cBiodiesel selectivity, given by eq 6.

Table 4. Handa and Othmer-Tobiasb Equation Coefficients
(a, b) and Linear Coefficients of Determination (R2)c and
Standard Deviations (σ) for Systems Studied in This Work

T Hand Othmer-Tobias

K aH bH R2 σH aOT bOT R2 σOT

BIO�CO(1)þ Ethanol (2)þGlycerol (3)

298.2 0.9080 �0.0684 0.9990 0.0097 0.8995 0.0066 0.9938 0.0251

333.2 1.0246 0.016 0.9959 0.018 0.9947 0.0758 0.9961 0.0174

BIO�CO(1)þ Ethanol (2)þGlycerol (3) þNaOH(4)

298.2 1.0156 �0.047 0.9939 0.0256 0.9274 �0.0391 0.9864 0.0326

333.2 1.0806 0.1351 0.9956 0.0220 1.1599 0.2493 0.9915 0.0348
a See eq 7. b See eq 8. cmass fraction range of validity: from the lower to
the upper tie line composition for each temperature.

Figure 5. Hand plot for LLE data determined in this work. (9, solid
line), BIO�CO þ ethanol þ glycerol at 298.2 K; (0, dashed line),
BIO�CO þ ethanol þ glycerol at 333.2 K; (b, dotted line), BIO�
COþ ethanolþ glycerolþNaOH at 298.2 K; (O, dash dot line), BIO�
CO þ ethanol þ glycerol þ NaOH at 333.2 K.
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(tie lines), and p is the number of parameters in the Hand and
Othmer-Tobias equations (p = 2). The data quality is shown by a
R2 > 0.99, σH < 0.0256, and σOT < 0.0348 achieved for all
systems, as presented in Table 4 and Figures 5 and 6.
NRTL Parameters. The NTRL parameters estimated here are

shown in Table 5, and the calculated tie lines are shown in
Figures 1�4. The model correlates well the experimental data,
presenting percent root-mean-square deviation smaller than
1.3% for the ternary and quaternary systems studied here,
respectively.

’CONCLUSION

Ternary and quaternary LLE data for castor oil biodiesel
(BIO�CO) þ ethanol þ glycerol and quaternary LLE data for
biodiesel (BIO�CO)þ ethanolþ glycerolþNaOH (0.01mass
fraction) systems at T = (298.2 and 333.2) K and atmospheric
pressure (≈ 95 kPa) were obtained. The system which presents
higher values of ethanol distribution and selectivity is biodiesel
(BIO�CO)þ ethanolþ glycerolþNaOH at T = 333.2 K. The
NRTL model correlates well the experimental data, presenting a
root-mean-square deviations < 1.3 % for all systems. The quality

of experimental tie lines is assured by the Hand and Othmer-
Tobias correlations (R2 > 0.98) for all systems.
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