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Abstract - This work reports a new set of experimental data for the liquid-liquid equilibrium (LLE) of the
system (soybean oil + ethyl acetate + anhydrous ethanol) and the kinetics of crude oil extraction from soybean
flakes using anhydrous ethanol + ethyl acetate mixtures. Data for the LLE binodal were measured at 298.15,
313.15 and 333.15K by the cloud point method and tie-lines were obtained at 298.15 and 313.15 K. LLE data
were successfully modeled using the NRTL model. Batch extractions were performed at 298.15, 313.15 and
328.15 K at a fixed (4:1) solvent to soybean flake mass ratio and two concentration of ethyl acetate (5% and
10%) in ethanol. Higher temperatures increased the solubility of the system and improved the extraction yields.
In addition, higher ethyl acetate ratios in anhydrous ethanol led to an increase in the total amount of crude oil
extracted when operating at 298.15 and 313.15 K. At 328.15 K, no improvement in extractions was verified when
5% and 10% of ethyl acetate were used in the ethanol. A mass transfer model based on Fick’s Law was applied to
describe the extraction kinetics, presenting an average relative deviation of = 5.11%, in terms of extraction yield.
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INTRODUCTION

Production of vegetable oils is an important sec-
tor of agribusiness. This product is supplied to several
areas of processing, transformation and consumption,
such as chemical plants, steelmaking, and the food
and feed industries. Soybean is the second largest oil
source in the world, and Brazil stands as the second
largest producer worldwide (USDA, 2017).

Soybean oil extraction is a well-established pro-
cess, based on dragging oil and nonpolar components
by a solvent, followed by subsequent steps of purifi-
cation and refining. Predominantly, the solvent used

in soybean oil extraction is commercial hexane, a
mixture of petroleum hydrocarbons. The versatility of
this solvent lies in its high oil solubilizing efficiency
and low boiling point, ranging from 338 to 342 K
(65 to 69 °C), which facilitates its recovery (Kemper,
2005). However, hexane is toxic if determined con-
centrations are ingested or inhaled. The compound
present at highest amounts in commercial hexane is -
-hexane, a highly flammable component that presents
autoignition at 498 K (225 °C). Furthermore, due to
its high volatility, it can form explosive mixtures with
air in the range of 1.1 to 7.5% (vol.) (NRC, 1995).
According to US health agencies, the daily limit of

* Corresponding author: Dr. Marcos L. Corazza, Department of Chemical Engineering, Federal University of Parana, PO Box 19011 Polytechnic Center,

Curitiba 81531-980, PR, Brazil. Email: corazza@ufpr.br; Tel.: + 55-41-33613190.

This is an extended version of the manuscript presented at the VIII Brazilian Congress of Applied Thermodynamics - CBTermo 2015, Aracaju, Brazil.



416 Jodo L. A. Dagostin, Danielle Carpiné, Paulo R. S. dos Santos and Marcos L. Corazza

exposure allowed for this component is 500 ppm
(OSHA, 2017), and the maximum limit recommended
is 50 ppm (NIOSH, 2017). In Brazil there are no regu-
lations set for this specific type of solvent.

Several alternative solvents have been proposed
in substitution to hexane in oil-seed extractions, such
as trichloroethylene, n-heptane, ethanol, isopropanol
and propanol (Gandhi et al., 2003; Seth et al., 2007,
Thomas, 2003), besides the use of other techniques
such as supercritical fluid extraction (de Melo et al.,
2014; dos Santos Freitas et al., 2008; Eggers et al.,
1985; Koubaa et al., 2016; Rai et al., 2016; Stahl et
al., 1980), compressed fluid extraction (Coelho et al.,
2016; dos Santos Freitas et al., 2008; Pederssetti et al.,
2011), microwave and ultrasound-assisted extraction
(Adam et al., 2012; Araujo et al., 2013; Cravotto et
al., 2008; Hu et al., 2012; Lee et al., 2012; Uquiche
et al., 2008). Among the alternative replacements
for hexane, ethanol seems to be a promising solvent
for Brazilian industries, since the country is a pione-
er in the technological development and production
of ethanol from sugarcane, making its cost relative-
ly low when compared to those obtained from other
sources, such as corn or sugar beet (Baiimler et al.,
2016; Gandhi et al., 2003; Seth et al., 2007; Toda et
al., 2016). In addition, ethanol presents lower health
risks and flammability than hexane and its isomers.
However, the oil solubilization in ethanol is lower
(partial) than in hexane (completely miscible), what
causes a reduction in extraction efficiency (Baiimler
et al., 2016; Gandhi et al., 2003; Seth et al., 2007).

It is very common to use co-solvent phase equi-
librium studies to evaluate the performance of com-
ponents solubility. For this purpose, the co-solvent
should be soluble in both solvent and solute. Thus,
using a co-solvent in the soybean crude oil extraction
with ethanol as solvent could be a viable alternative to
the process.

In a previous study, the solubility of soybean oil in
ethanol was improved by using biodiesel as co-solvent
(Dagostin et al., 2015a). Biodiesel is a renewable fuel
produced from oil and/or fatty acids and an alcohol
through appropriate processes. It comprises a mixture
of monoalkyl esters of varied composition according
to the fatty raw material used as substrate. Due to the
fatty material nature (long chain fatty acids), biodiesel
esters present high molecular weight, which directly
influences the boiling point of each component and
also the whole mixture towards higher temperatures.
This characteristic of biodiesel makes its recovery
from oil unfeasible if regular extraction processes are

used. Following the results obtained in the previous
work (Dagostin et al., 2015a), the use of a single, re-
coverable, and adequate low boiling point ester in the
ethanolic extraction of vegetable oils is a promising
strategy for future purification processes.

Ethyl acetate is an oxygenated organic solvent,
frequently used in chromatographic techniques and in
chemical, cosmetic and food industries. This chemical
presents a relatively low-boiling point (~350 K), is a
renewable and low toxicity component, and is com-
pletely miscible with ethanol. Also, the use of ethanol
+ ethyl acetate mixtures (instead of pure ethyl acetate)
is justified mostly due to the lower price of ethanol,
which can be more evident in areas where the alcohol
is produced from sugarcane, as in Brazil for instan-
ce. The synthesis of ethyl acetate can occur through
different pathways, such as a Fischer esterification of
ethanol with acetic acid, the addition of acetic acid to
ethylene, a Tishchenko reaction involving two acetal-
dehydes, and the dehydrogenate dimerization of etha-
nol (Inui et al., 2002; Nielsen et al., 2012). The first
and last methods may represent interesting alternatives
for industries already working with ethanol as feedsto-
ck, since ethyl acetate could be produced at the same
plant.

Taking into account these characteristics, using
ethyl acetate as a co-solvent in the ethanolic extrac-
tion of soybean oil emerges as a promising possibil-
ity. Furthermore, this solvent mixture (ethanol+ethyl
acetate) could be completely removed by distillation,
allowing separation in conventional extraction plants.
In this context, this work aims to evaluate solubility, in
terms of liquid-liquid equilibrium information, for the
ternary system involving soybean oil (solute) + ethyl
acetate (co-solvent) + ethanol (solvent) and also to in-
vestigate the kinetics of ethanolic extraction of soy-
bean crude oil using ethyl acetate as co-solvent.

MATERIALS AND METHODS

Materials

Absolute ethanol (>99.8%vol, Panreac, Spain),
ethyl acetate (99.5 wt%, F.Maia, Brazil) were used
in both the liquid-liquid equilibrium (LLE) measure-
ments and soybean crude oil extraction. Refined soy-
bean oil (LIZA, Brazil) was used in the LLE experi-
ments. The fatty acids composition of this soybean
oil is described elsewhere (Dagostin et al., 2015a).
Soybean flakes (Glycine max) provided by IMCOPA
(Brazil) were used in the extraction procedures. The
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soybean flakes were stored (-12°C) in vacuum-sealed
polyethylene bags when received, which were opened
prior to the extractions. All chemicals were used wi-
thout further purification.

Determination of solubility curves and liquid-liquid
equilibrium data (tie-lines)

Solubility curves (binodals) and (liquid + liquid)
equilibrium data of the soybean oil(1) + ethyl aceta-
te(2) + ethanol(3) system were obtained by the cloud
point method, using a jacketed 30 cm?® glass cell, as
previously described (Dagostin et al., 2015a). All LLE
measurements were carried out at local atmospheric
pressure (~91.5 kPa). Binodal curves were determined
at 298.15, 313.15 and 333.15 K, while tie-lines where
obtained at 298.15 and 313.15 K. It was not possible
to measure tie-lines at 333.15 due to the experimen-
tal difficulty in obtaining the liquid-phase split at this
temperature; as the temperature is relatively high rela-
tive to the boiling point of solvents, the system became
unstable when collecting the phases.

Because soybean oil is a complex mixture of diffe-
rent triacylglycerols and other minor compounds, for
determining experimental and calculated phase com-
positions a single compound was considered. In other
words, the oil was considered as a pseudocomponent,
ignoring the variation and arrangements of its fatty
acids composition.

Phase compositions were determined from re-
fractive index and density correlations following the
methodology described in the literature (Kanda et
al., 2013). The calibration curve and phase samples
were read in both a densitometer and refractometer
at 293.15 K. Phase samples were homogenized with
known amounts of ethyl acetate when necessary (to
obtain a single phase solution) which were taken into
account for the final result. The values of the density
and refractive index of ternary mixtures were used to
fit the following multiple linear equation (Eq. 1) using
the software Statistica 10 (StatSoft, Tulsa, USA):

y=A+Bw,+Cw, (D)

where y can be either density or refractive index; A4,
B, C are adjustable parameters for both density and
refractive index; and w, and w, are the mass fractions
of components 2 and 3 (ethyl acetate and ethanol), re-
spectively. No interactive or polynomial parameters
were considered in this equation due to their insignifi-
cance. Experimental and predicted composition devia-
tions were lower than 0.5% for any point analyzed and
lower than 0.3% in general (mean error). The equation

that describes the calculated refractive index (n<) at
298.15 K as a function of w, and w, is given by:

nc=1.47139 - 0.11116 w, — 0.11177 w, 2)

where the error of each parameter is 4 + 4.55 x 10,
B+220x 107, and C+4.56 x 10*. The equation that
describes the calculated density (p) at 298.15 K as a
function of w, and w, is given by:

e =0.91526 — 0.04081 w, — 0.13049 w, )

where, the error of each parameter is A + 1.25 x 10,
B £ 6.05 x 103, and C + 1.25 x 10*. Both models
presented a R? higher than 0.99 for the calibration
data. Experimental tie-line compositions were ob-
tained by minimizing an objective function (OF, Eq.
4) through the Generalized Reduced Gradient method
on Microsoft® Excel.

NP nf

OF — z Z (|nijexp_ ni]_calc |)2 + (|pijexp _pijcalc |)2 (4)
j=1 i=1 ’ ’

where nl,j“‘”" and n7 are the calculated and experimen-
tal refractive indexes, and pijc‘”” and p,S" are the cal-
culated and experimental densities of tie-line i in the
phase j; NP is the total number of tie-lines and nf is
the total number of phases. Mass fractions w, and w,
(ethyl acetate and ethanol, respectively) were consid-
ered decision variables in the optimization procedure
of the objective function above, while w, (soybean oil)
was obtained by mass balance.

LLE modeling

LLE experimental data obtained in this work were
modeled using the NRTL model for the activity coeffi-
cient calculation using a temperature-dependent equa-
tion, as presented by Dagostin et al. (2015a). The ad-
justed binary interaction parameters take into account
the interaction between solvents and oil (as a pseudo
component). This consideration is equivalent to assu-
ming that the partition coefficient is the same for all
compounds of soybean oil. In the present study, the
temperature dependence of the energetic parameters
Ag, was considered through the following equations:

Aa.=A.+BT (5)
ij ij ij

where

Agl,j = Aaij (6)
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and
Atij = exp(—aUAgij) (7)

The algorithm presented by Ferrari et al. (2009)
was applied for LLE calculations and parameter es-
timation of the NRTL model, in which liquid-liquid
equilibrium calculations are performed by applying
the liquid-liquid flash calculation with a phase stabil-
ity test. A weighted least square objective function was
used to optimize the binary interaction parameters for
the thermodynamic model, as presented in equation

(8).

®)

where wl.]_k"”k and w, “7are the calculated and experi-
mental mass fractions of component i in phase j for
the £ tie-line, NP is the total number of tie-lines, nf'is
the total number of phases, nc is the number of com-
pounds in the system and aijz is the estimated variance
of compound i in phase j and it was calculated from the
standard uncertainty u(w).

For the minimization of the objective function
(Equation 8), the Particle Swarm Optimization al-
gorithm was used (Ferrari et al., 2009) for obtaining
an initial guess, while the modified Simplex method
(Press et al., 1992) was used for reaching the final
value for the binary interaction parameters. To evalu-
ate the correlation of calculated values from the NRTL
model and experimental data, the root mean square de-
viation (rmsd) was calculated by equation (9):

©)

Extraction apparatus and experimental procedure

Extractions were performed in a batch system
using a pre-weighed amount of soybean flakes and a
solvent to solid (raw material) mass ratio of 4:1 (g/g)
at 298.15, 313.15 and 328.15 K. Kinetics at 298.15 K
were obtained in a previous work and used here as a
means of comparison (Dagostin et al., 2015b). In this
extraction step, temperatures up to 328.15 K were used
to avoid the solvent mass loss during the extraction ki-
netic sampling, which could compromise the solvent
to solid ratio. In addition, at 313.15 K a small content
of ethyl acetate (around 15 wt%) is enough to solubili-
ze the ternary system.

Extraction took place in sealed Erlenmeyer flasks
(50 mL) under vigorous shaking and water bath heat-
ing. The solvents used were anhydrous ethanol mixed
with 5 and 10% ethyl acetate (95% ethanol + 5% ethyl
acetate, and 90% ethanol + 10% ethyl acetate). At the
end of a predetermined extraction time (1, 2, 5, 10,
15, 30, 60, 90, 120 and 180 min), the bulk phase was
immediately collected using a syringe fitted with a pa-
per membrane (14 um), transferred to glass tubes and
covered. Each experiment was carried out at least in
duplicate. The oily extract was determined gravimetri-
cally by evaporating the collected samples (at 313.15
K for 24 h). The volatile fraction was considered to be
ethanol and ethyl acetate, while the heavier fraction
was composed of crude soybean oil. A mass balance
was used to calculate the amount of crude oil extracted
(Equation 10).

(10)

where Yield (%) is the crude soybean oil fraction (g oil
per 100 g soybean flakes), M, and M, are the solvent
and soybean weight used in the extraction process, re-
spectively. M, ~is the weight of the glass tube with
the evaporated samples, M, is the empty tube weight
and M, is the weight of the tube with the collected
sample. Extraction yields are expressed as the amount
of extract (g) per 100 g of soybean.

Mass transfer kinetic model (MTKM)

Experimental kinetic data for crude soybean oil
extraction were used to fit a mass transfer model ba-
sed on Fick’s law of diffusion, as previously described
(Dagostin et al., 2015b). This model considers the soy-
bean flakes as infinite slabs immersed in a well-stirred
solvent of infinite volume. The basic assumptions used
in this work to simplify the problems of mass transfer
were:

(a) The soybean flakes are symmetrical infinite pla-

tes measuring 2L.

(b) The matrix is considered to be a porous pseu-

do-homogeneous medium. The concentration of

solute in the solid particle depends on time and
thickness.

(c) The crude oil is uniformly distributed in the

soybean flakes before the extraction process takes

place.

(d) Solvent and solute consists of a homogeneous

mixture. Soybean oil concentration in the solvent

depends only on time.
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(e) The extraction process is a phenomenon of di-

ffusion, where the diffusivity is constant.

(f) The diffusion of compounds occurs in parallel

and they do not interact with each other.

(g) There is no external mass transfer. The concen-

tration of solute in the bulk solvent is the same as

the concentration of solute in the solvent at the in-

terior of the solid matrix.

(h) The bulk solvent was considered a liquid of

infinite volume. The slab is washed by a liquid

constantly kept pure. This assumption resulted in a

good model fitting and was considered in this case

to simplify the calculations.

The initial and boundary conditions used for the
modeling purpose were:

Initial t=0, C=C, L<x<lL;
Boundary ¢>0, ©C/ox)=0, x=0;
t>0, c=0C, x=x1L;

where C, and C, are the initial and interfacial con-
centrations of solute in the particle. Considering the
above assumptions and boundary conditions applied,
the corresponding model is expressed (Equation 11) as
already described by Crank (1975).

(11)

where M and M are the amount of crude soybean oil
transferred at a given time and at infinite time, respec-
tively (g), D is the diffusivity of this solute inside the
particle (mm? min') and ¢ is the extraction time (min).
In terms of solute concentration, Equation 11 can be
rewritten as:

(12)

where C and C_ are the solute concentration in the sol-
id particle (w/w) at a given time and after infinite time,
respectively. The numerical approach applied to all
models was based on the minimization of a chi-square
function involving the measured and calculated results
using the Levenberg-Marquardt optimization method.

The goodness of fit for the kinetic model was cal-
culated by the average relative deviation (ARD(%),
Equation 13), and the root mean square error (RMSE,
Equation 14).

(13)

(14)

where 7 is the number of experimental data collected,
Cexp and Cﬁt are the concentrations of crude oil ob-
tained experimentally and estimated by the model,
respectively, and g and g correspond to the mass of

crude oil and soybean flakes, respectively.

Thermodynamic assessment

The distribution coefficient (K) for the liquid—solid
(extraction) systems was calculated by:

(15)

where values of C| were determined experimentally,
while values of C_ were obtained from the kinetic model
fitting. Thermodynamic parameters of enthalpy change
AH® (kJ mol') and entropy change AS°® (J mol'K")
for the crude oil extraction were calculated by a linear
fit of the Van’t Hoff equation (Equation 16), and the
Gibbs energy change (AG®, k] mol') was determined
according to Equation 17.

(16)

AG® = AH® — TAS° (17)

where R is the universal gas constant (J mol'K™). In
order to find the values of AG®, the standard deviations
of AH® and AS° were propagated considering the ex-
traction to be an isothermal process. Thus, the standard
deviation for the change in standard Gibbs free energy
was obtained by Equation 18, where ¢ is the standard
deviation of each parameter.

(18)
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RESULTS AND DISCUSSION

Liquid-liquid equilibrium curves for the system
(anhydrous ethanol (1) + soybean oil (2) + ethyl ac-
etate (3))

Experimental binodal data for the ternary system
soybean oil (1) + ethyl acetate (2) + anhydrous ethanol
(3) are presented in Table 1, for three different temper-
atures. Experimental tie-lines for this ternary system
are presented in Table 2, at 298.15 K and 313.15 K.

Figure 1 presents the experimental binodal and tie-
lines, and also calculated values of binodal curves and

tie-lines from the NRTL model. It is worth mention-
ing that, at 333.15 K, it was not possible to measure
the tie-lines due to the high miscibility of the system;
however, it is possible to see that the NRTL model pre-
dicted the two-liquid region with accuracy. Binary in-
teraction parameters of the NRTL model fitted for this
ternary system are presented in Table 3. It is seen that
the NRTL model with a temperature-dependent func-
tion (Equation 5-7) was capable of correlating well all
the LLE data for the systems soybean oil (1) + ethyl
acetate (2) + ethanol (3).

Table 1: Binodal curves for the systems soybean oil (w,) + ethyl acetate (w,) + anhydrous ethanol (w,) at different

temperatures, in mass fraction.

298.15 K 313.15K 333.15K
w, w, w, w, w, w, w, w,
0.0495 0.0000 0.9505 0.0796 0.0000 0.9204 0.1951 0.0000 0.8049
0.0738 0.0787 0.8475 0.1007 0.0385 0.8608 0.2104 0.0061 0.7836
0.1020 0.1146 0.7834 0.1137 0.0573 0.8290 0.2250 0.0116 0.7635
0.1228 0.1322 0.7450 0.1290 0.0720 0.7989 0.2434 0.0162 0.7404
0.1495 0.1508 0.6997 0.1516 0.0881 0.7602 0.2662 0.0194 0.7144
0.1764 0.1642 0.6594 0.1822 0.1039 0.7139 0.3021 0.0222 0.6757
0.2088 0.1740 0.6172 0.2024 0.1097 0.6878 0.4023 0.0233 0.5744
0.2357 0.1775 0.5867 0.2165 0.1126 0.6709 0.4550 0.0187 0.5263
0.2689 0.1784 0.5527 0.2557 0.1181 0.6262 0.4947 0.0173 0.4881
0.3046 0.1764 0.5190 0.2901 0.1193 0.5906 0.5136 0.0147 0.4718
0.3355 0.1734 0.4911 0.3271 0.1172 0.5557 0.5539 0.0107 0.4354
0.3582 0.1706 0.4713 0.3578 0.1148 0.5274 0.5776 0.0072 0.4151
0.3960 0.1674 0.4366 0.3905 0.1118 0.4976 0.5963 0.0043 0.3994
0.4213 0.1659 0.4128 0.4171 0.1101 0.4727 0.6205 0.0000 0.3795
0.4420 0.1630 0.3950 0.4664 0.1036 0.4299
0.4642 0.1593 0.3764 0.4944 0.0999 0.4057
0.4976 0.1534 0.3490 0.5229 0.0961 0.3810
0.5223 0.1482 0.3295 0.5486 0.0911 0.3603
0.5573 0.1396 0.3031 0.5887 0.0820 0.3293
0.6008 0.1266 0.2725 0.6238 0.0719 0.3043
0.6439 0.1118 0.2443 0.6568 0.0618 0.2814
0.6924 0.0924 0.2152 0.6902 0.0503 0.2595
0.7355 0.0731 0.1914 0.7227 0.0369 0.2404
0.7867 0.0477 0.1655 0.7542 0.0240 0.2218
0.8243 0.0284 0.1473 0.7756 0.0153 0.2091
0.8740 0.0000 0.1260 0.8040 0.0000 0.1960

Standard uncertainties u are: u(7) = 0.5 K and u(w) < 0.0503. Experimental pressure is atmospheric pressure.
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Table 2: Experimental tie lines for the system soybean oil (w)) + ethyl acetate (w,) + anhydrous ethanol (w,), in
mass fraction basis.

Ethanol rich phase (I) Oil rich phase (II)
w, w, w, w, w, w,

T=298.15K

0.0761 0.0570 0.8669 0.8078 0.0118 0.1805

0.1025 0.0900 0.8075 0.7583 0.0442 0.1975

0.1036 0.0929 0.8035 0.7452 0.0531 0.2017

0.1372 0.1334 0.7295 0.6813 0.0865 0.2322

0.1923 0.1590 0.6487 0.6124 0.1142 0.2734
T=313.15K

0.1267 0.0436 0.8297 0.7345 0.0183 0.2473

0.1658 0.0867 0.7475 0.6611 0.0488 0.2902

0.2259 0.1177 0.6564 0.5708 0.0777 0.3515

Standard uncertainties u are: #(7) = 0.5 K and u(w) < 0.0503. Experimental pressure is atmospheric pressure

Ethyl acetat Ethyl acetate
0.):) a1c.%a ¢ (A) 0.0 ,1.0 B)

1.0 0.0

0.0 0.2 0.4 0.6 0.8 1.0 1.0 - 0.0
Anhydrous ethanol Soybean oil 0.0 02 0.4 06 08 oo
Anhydrous ethanol Soybean oil

Ethyl acetate
0.00 , 1.00 ©)

1.00 0.00
0.00 0.25 0.50 0.75 1.00

Anhydrous ethanol Soybean oil

Figure 1: Ternary diagram for the system soybean oil(1) + ethyl acetate(2) + ethanol(3), at (A) 298.15 K, (B)
313.15 K and (C) 333.15 K. Experimental tie-lines ( ) and binodals (0), and tie-lines ( ) and binodals ( )
calculated with the NRTL model.
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Table 3: Fitted binary interaction parameters of the NRTL model for the system soybean oil (w,) + ethyl acetate

(w,) + ethanol (w)).

i-j A,/K A,/K g B, a,
1-2 -303.67 210.10 -412.58 359.70 0.2
1-3* 3774.80 44.50 -1289.43 491.26 0.4544
23 1087.68 -137.62 -595.93 206.80 0.2

RMSDx100 0.097

*Values used from Dagostin et al. (2015a)
all a, values were used as fixed.

From the experimental LLE data for the system
soybean oil (1) + ethyl acetate (2) + anhydrous etha-
nol (3) at 298.15, 313.15 and 333.15 K (Figure 1) it
is possible to observe that the LLE curves present a
very similar behavior. Temperature variations strongly
influenced the solubility of the system, evidenced by a
decrease in the heterogeneous region as the tempera-
ture is increased.

The mixture comprising soybean oil + anhydrous
ethanol is partially soluble in normal conditions of
pressure and temperature, where the oil-rich region
presents a higher solubility range than that rich in al-
cohol (Dagostin et al., 2015a). Regarding the binary
mixtures of soybean oil + ethyl acetate and anhydrous
ethanol + ethyl acetate, both showed complete solu-
bility in the temperature range studied. Analyzing the
results at 333.15 K, it can be noted that a small amount
of ester is enough to turn the system completely ho-
mogeneous at any ratio of soybean oil to anhydrous
ethanol. From the experimental results presented in
this work it can be observed that the complete solubili-
ty of the system is achieved at an ethyl acetate content
around 17.8, 11.9 and 2.3% (mass) for temperatures of
298.15, 313.15 and 333.15 K, respectively.

In a previous work (Dagostin et al., 2015a), the LLE
for systems involving anhydrous ethanol + soybean oil
+ biodiesel were studied and the existence of immisci-
bility regions of slightly larger size than those for the
systems presented herein was verified. This difference
was attributed to the fact that biodiesel is essentially
a mixture of esters of higher molecular weight than
ethyl acetate. A higher amount of biodiesel should be
used to reach the complete homogeneity of the system
(soybean oil + ethanol). In addition, systems contai-
ning ethyl acetate and biodiesel differed in the bino-
dal curvature shapes, in which those involving ethyl

acetate were steeper to the left, while binodal curves of
systems containing biodiesel were steeper to the right.
The data obtained for ethyl acetate systems also resul-
ted in a better-resolved curve, probably because a pure
ester was used in this case. Using ethyl acetate as a co-
-solvent in the soybean oil extraction with anhydrous
ethanol seems to be a promising process, since it pro-
motes the solubility of the oil and presents an ease of
recovery by conventional methods.

Kinetic extractions

Soybean flakes used in the extraction experiments
presented a moisture content of 9.33 + 0.11%, with a
mean thickness value of 0.220 = 0.019 mm, and 25.58
+ 0.25% crude oil content (Soxhlet, ethanol), as pre-
viously verified (Dagostin et al., 2015b). In this pre-
vious work, the extraction time and solvent to soybean
ratio were fixed at 2 h and 4:1 (solvent: soybean, mass
basis), respectively, assuring a sufficient extraction ti-
me to reach equilibrium and the presence of enough
solvent to achieve maximum extraction (avoiding the
use of unnecessarily higher amounts of solvent).

Figure 2 shows the kinetic curves for crude soybe-
an oil extraction with anhydrous ethanol (EtOH) and
its mixtures with 5% (Et5A) and 10% (Et10A) of ethyl
acetate at 298.15 (A), 313.15 (B) and 328.15 K (C).
It can be seen that the extraction rates are very simi-
lar until approximately 10 minutes of contact between
solvent and soybean flakes and the equilibrium con-
ditions reached (long time of extraction) are different
depending on the type of the solvent used. From these
results, it can be seen that the soybean oil solubility
increases as ethyl acetate in ethanol increased. The ex-
traction yields at equilibrium conditions were 15.2%,
18.8% and 21.6% using the solvents EtOH, Et5A and
Et10A, respectively.
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Figure 2: Kinetic experiments at 298.15 (A), 313.15 (B) and 328.15 K (C) using: anhydrous ethanol (m, Dagostin
et al., 2015a); 95% anhydrous ethanol + 5% ethyl acetate (®); 90% anhydrous ethanol + 10% ethyl acetate (A).

The solid line corresponds to the mass transfer model.

The same behavior observed in the overall extrac-
tion curves at 298.15 K was observed at 313.15 and
328.15 K. Similar extraction rates up to 10-15 minutes
of contact (regardless of the solvent used) and higher
total amount of crude oil extracted for those systems
containing ester. However, at 313.15 K a smaller di-
fference in the extraction capacity (at equilibrium con-
dition) for the three solvents was observed when com-
pared to the results at 298.15 K. At 328.15 K (Figure
2C), significant differences were not observed when
using anhydrous ethanol and its mixture with 5% and
10% ethyl acetate on the total amount of crude soybe-
an oil extracted. Moreover, at this last condition the
extraction rates were similar for all three types of sol-
vents used.

In order to describe the extraction process, a model
based on mass transfer by diffusion in an infinite flat
plate was adjusted to the experimental data. The con-
stants obtained for the model and the statistical results
are shown in Table 4. The mass transfer model was
fitted to the experimental data considering the sum
of several (n) terms in Eq. 12. In general, the fittings
presented different parameter values up to the fourth
term. However, considering the high order coefficients
(n number) greater deviations were observed (data not
shown). Thus, the mass transfer equation was truncat-
ed at the first term (n = 0) in order to better describe the
experimental data. The coefficient of determination
(R?) and ARD values ranged from 0.9278 to 0.9864
and 3.13 to 7.36%, respectively.
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Table 4: Parameters of the mass transfer kinetic model (MTKM) fits and their standard deviations for crude
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soybean oil extraction using (anhydrous ethanol + ethyl acetate) mixtures at 298.15, 313.15 and 328.15 K.

C b k¢ RMSE"®
T (K Solvent ® . R’ AARD (%
®© (€08, (min) %) (g,8")
EtOH¢ 0.1491 £0.0014  0.0745 £ 0.0037 0.9827 3.13 0.005
298.15 EtSA 0.1822 +£0.0030  0.0403 =£0.0031 0.9743 5.36 0.007
Et10A 0.2105 £ 0.0041 0.0345 + 0.0030 0.9678 7.11 0.010
EtOH¢ 0.2142 £ 0.0021 0.0495 £ 0.0023 0.9801 4.50 0.008
313.15 EtSA 0.2374 +0.0025 0.0433 +0.0023 0.9864 3.72 0.007
Et10A 0.2410 + 0.0064 0.0520 = 0.0070 0.9593 7.36 0.012
EtOH¢ 0.2505 + 0.0025 0.0633 +0.0035 0.9659 4.63 0.011
328.15 Et5SA 0.2440 + 0.0038 0.0999 + 0.0084 0.9666 4.83 0.010
Et10A 0.2459 £+ 0.0043 0.1202 £ 0.0126 0.9278 5.38 0.013
* C_ is the equilibrium concentration.
g ,and g correspond to the units (grams) of crude soybean oil and soybean flakes, respectively.
¢ parameter k for MTKM corresponds to D/L? from Equation (7), for L =0.110 mm.
4 Dagostin et al. (2015b).
The values are the parameters (C_ and k) + standard deviation.
In terms of maximum extraction yield, all kinetics 0.20
of extraction at 328.15 K were comparable to that of = 0.18 qq,x‘&
Et10A at 313.15 K, which means that using 10% ethyl .2 0.16 Woo\f/ﬂ
acetate in ethanol at 313.15 K could be an alternative § 014 w“*fﬂ e
to diminish the energy consumption for a batch system 2 012 W “
extraction. However, taking into account the extrac- = 010 “ﬁoo\ﬁ‘f;.

. . . . ~ . + —
tion time, increases in the ethyl acetate content and/or 2 008 X Mﬁé 0 S
applying higher temperatures leads to an increase in ko] 0.06 :5: 2 g R P}'/
the extraction rates and extraction yield. However, it ; 0'04 s%aa/
is worth mentioning that the choice of process condi- = /

. . . .. M 0.02 /
tions will depend on a technical and economic viabili- /

. 0.00 ok k% o . ]
ty evaluation. 0.00 0.05 0.10 0.15 0.20

From the kinetic extraction curves, considering the
data at equilibrium (MTKM) and assuming that the
micelle is composed only of ethanol + pure soybean
oil + ethyl acetate (Figure 3), it can be seen that there
is a deviation from these data (extraction equilibrium)
compared to the LLE data (Figure 1). This deviation
is related to the presence of several other components
extracted from the soybean flakes, assigning to the wa-
ter the role of main interfering agent, as related in a
previous work (Dagostin et al., 2015a). Assuming that
all the moisture present in the soybean flakes migrate
to the bulk solution, it would account for an approxi-
mately 2% increase in the water content of the solvent.
The presence of water will affect the solubility and ex-
traction of oils to some extent, although this was not
measured.

Soybean oil (Mass fraction)

Figure 3: Equilibrium data (*, EtOH; A, Et5A; and
+, Et10A, obtained from the kinetic model, MTKM)
of the micelles considering only the pure components
(ethanol + soybean oil + ethyl acetate) at 298.15,
313.15 and 328.15 K. LLE data: anhydrous ethanol at
298.15 (o) and 313.15 K (m) (from Figure 1).

According to the data obtained for the kinetics of
extraction involving anhydrous ethanol and ethyl ace-
tate (MTKM) (Table 4, Figure 2C), the maximum total
extraction took place at 328.15 K, for all solvents used.
Through this figure it can be inferred that, using over
10% of ethyl acetate in anhydrous ethanol for extrac-
ting crude soybean oil at 298.15 and 313.15 K (in the
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conditions applied), at some point the total amount of
oil extracted should be the same as the maximum, ob-
tained at 328.15 K. Comparing these curves, the mass
fraction of ethyl acetate used to achieve this maximum
extraction capability should be around 15% and 11%
for extractions at 298.15 and 313.15 K, respectively.

Thermodynamic analysis of the extraction process

A thermodynamic analysis was performed based
on concentration values obtained from the mass trans-
fer model (MTKM) fit to the experimental data. The
parameters K, AH°, AS°® and AG® are shown in Table
5, along with the coefficient of determination from the
Van't Hoff equation (Eq. 16) fit.

Enthalpy changes (AH®) were positive for all ex-
tractions evaluated, i.e., the extraction processes re-
quire energy due to their endothermic character. In a
previous work, involving the same extraction condi-
tions used in this study and biodiesel as a co-solvent,
slightly higher values of AH® were obtained for higher
biodiesel fractions in ethanol (Dagostin et al., 2015b).
In the present work, where these extractions involved
ethyl acetate as co-solvent, the results of enthalpy
change followed the opposite behavior. The enthalpy
required for the crude soybean oil extraction decreased
as higher amount of ethyl acetate were used as co-sol-
vent in the process, which is an advantage from the
energetic point of view.

Positive values of the entropy change, obtained
in all extraction kinetics evaluated, indicate that the
extraction process is irreversible. The deviations of
AG"° values were higher than the Gibbs energy change
values. On average, these deviations were = 30.37
kJ.mol! while AG® values were not higher than 11.61
kJ.mol! (in absolute values). Both the AH® and T.AS°

parameters have increased errors with similar magni-
tudes. Nevertheless, AG® values for the extraction pro-
cedures are presented in Table 5 as a basis for develop-
ing works in this area. Negative values for the Gibbs
energy changes indicate that the process is spontane-
ous and product-favored.

CONCLUSIONS

Liquid-liquid equilibrium data for the system
(anhydrous ethanol + soybean oil + ethyl acetate) at
T = (298.15, 313.15 and 313.15 K) were presented.
The LLE were well correlated using the NRTL mo-
del with a temperature-dependent binary interaction
parameter. Using higher temperatures allowed incre-
asing the solubility of soybean oil in ethanol. These
data were helpful for setting the operating conditions
used in the extraction process. From the LLE obtained
it was observed that ethyl acetate can be considered
to be a good solubilizing agent for (ethanol + soybean
oil) mixtures.

Overall curves of crude soybean oil extraction
using mixtures of (anhydrous ethanol + ethyl acetate)
as solvent were presented. At higher temperatures, hi-
gher extraction rates and amounts of solutes (at equili-
brium) were obtained for all mixtures. At lower tempe-
ratures, the effect of using ethyl acetate as co-solvent
was more pronounced in crude soybean oil extraction.
It was found that AH® and AS® are positive and AG® is
negative, indicating that these extraction processes are
endothermic, irreversible and spontaneous. The use of
ethyl acetate for recovery of crude soybean oil appears
as a promising alternative for decreasing the energy
demand of ethanolic extraction, since its effect beco-
mes larger at lower temperatures.

Table 5: Distribution constants (K) and the thermodynamic parameters (AH®, AS® and AG®) for the extraction of
crude soybean oil using anhydrous ethanol + ethyl acetate mixtures.

Solvent Temperature (K) K (k JAII;I;]_I) o onf"K") (& JAnGn(D)l") R?
298.15 1.40 95.01 +16.92 320.02 +54.14 -0.41 0.969
EtOH 313.15 5.15 -5.21
328.15 47.26 -11.61
298.15 2.48 58.02 + 16.86 203.56 +53.95 -2.67 0.922
Et5A 313.15 12.90 -5.72
328.15 20.68 -9.79
298.15 4.65 45.78 £ 11.75 167.30 + 37.63 -4.10 0.938
Et10A 313.15 16.28 -6.61
328.15 24.84 -9.96
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