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Carbon dioxide can act as an expanding medium to carry out enzymatic reactions. Particularly, by dissolving
CO, in mixtures comprising lipid-type substances and simultaneously increasing the pressure, the miscibility
among reactants is enhanced, viscosity of the reaction mixture decreases, and diffusion of reactants and
products is improved. Knowledge about the phase equilibrium behavior of the reactive mixture + CO,
allows an adequate selection of conditions to achieve the homogeneous phase during reaction. In this work,
phase equilibria data of the pseudoternary system sunflower oil + ethanol + CO, at two different conditions
(313 K and 13 MPa; 333 K and 20 MPa) were investigated to provide an understanding of the phase behavior
of vegetable oil ethanolysis reactions in CO,-expanded media. Measurements were carried out by the analytical
static method, using a variable-volume view cell equipped with a cold end light and a magnetic stirrer.
Experimental tie-lines were determined for both types of equilibria observed: liquid + liquid and liquid +
supercritical phase equilibria. Additionally, the experimental compositions obtained were correlated using

a group contribution thermodynamic model.

Introduction

Catalytic reactions in supercritical or CO,-expanded media
are being intensely studied. Dense carbon dioxide as a reaction
medium is expected to play an important role in environmentally
benign processing." One of these applications is the lipase-
catalyzed ethanolysis of vegetable oils to produce monoglyc-
erides and diglycerides.>® These substances have numerous
applications in the food industry, such as emulsifiers for the
preparation of processed foods, fat substitutes, and starting
materials for the synthesis of defined lipids. Lipase-catalyzed
reactions can selectively improve the production of one type of
product or another (monoglycerides or diglycerides).

Lipase-catalyzed ethanolysis of vegetable oils in CO,-
expanded media preferably requires a single homogeneous liquid
phase during reaction. Thus, knowledge of the phase equilibrium
behavior of the reactive mixture with CO, allows the selection
of adequate ethanolysis conditions, such as temperature, pres-
sure, ethanol/oil ratio, and amount of CO, dissolved.

Binary experimental data related with high-pressure phase
equilibria of mixtures comprising CO, and triglycerides, edible
oils, or other lipid-type substances are extensively reported in
the literature, and the reader is referred to the review presented
by Giiclii-Ustiindag and Temelli.* Additionally, high-pressure
liquid—vapor data of the binary ethanol + CO, has also been
widely investigated and reported (as an example, the work of
Joung et al.’ is referred). With regard to the ternary CO, +
ethanol + oil system rather the solubility of the oil in
supercritical CO, with ethanol as a modifier was reported.®
Ndiaye et al.” presented phase equilibrium data of binary and
ternary systems involving CO,, ethanol, soybean oil, castor oil,
and their fatty acid ethyl esters in the temperature range of (286
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to 343) K, pressures up to 27 MPa, and CO, overall composition
ranging from (5 to 45) % w/w. Additionally, the work of Geana
and Stainer® presented two-phase equilibrium data (for the
system rapeseed oil + ethanol + CO,) in the temperature range
of (313 to 353) K and at pressures of (6 to 12) MPa.

In this work, the phase equilibrium behavior of the pseudot-
ernary sunflower oil + ethanol + CO, mixture was investigated
at different conditions of temperature and pressure (313 K and
13 MPa; 333 K and 20 MPa). Phase equilibrium was experi-
mentally studied employing the static method and a variable-
volume cell. Liquid + supercritical phase equilibrium was
observed when high a concentration of CO, was fed inside the
cell, while liquid + liquid equilibrium was attained in the low
CO, concentration range. In both cases, at a given temperature
and pressure, samples of the phases in equilibrium were
withdrawn from the equilibrium cell, and composition was
determined to obtain the corresponding tie-lines.

The group contribution equation of state (GC-EoS) as
developed by Skjold-Jgrgensen® was employed to correlate the
experimental data obtained for both types of phase equilibria.
This model has been previously applied to represent phase
equilibria of CO, + lipid-type substances.'”

Materials and Methods

Chemicals. Sunflower oil, with less than 0.5 % w/w of
humidity, according to supplier specifications, was used in the
present study. The sunflower oil fatty acid composition (w/w)
was 7.5 % palmitic acid, 0.2 % palmitoleic acid, 14.7 % stearic
acid, 43.6 % oleic acid, and 34 % linoleic acid. Ethanol absolute
(water content < 0.1 % w/w) was obtained from Panreac
(Barcelona, Spain) and was dried with molecular sieves 4 A
from Sigma-Aldrich (St. Louis, MO, USA). Carbon dioxide N38
(99.98 %) was purchased from AL Air Liquid Espafa S. A.
(Madrid, Spain).

Equipment and Experimental Procedure. Experimental
measurements were carried out by a static method using a high-
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Figure 1. Experimental device employed to high-pressure phase equilibria
measurements. C, variable-volume cell; P, piston; MPG, manual pressure
generator; MS, magnetic stirrer; W, glass window; CL, cold light; HR,
heating resistances; MFG, magnetic field generator; TS, temperature sensor;
TC, temperature controller; PS, pressure sensor; PI, pressure indicator; ER,
ethanol reservoir; CO2R, CO, reservoir; V, on—off valve; MSV1 and
MSV2, micrometering sampling valves; PG, pressure gauge.

pressure variable-volume cell (see Figure 1). The equipment
consists of a variable-volume cell, supplied with a front window
and cold end light to observe phase segregation. The cell has a
maximum capacity of 120 cm® and comprises a cylinder and a
piston, both made of stainless steel with a mirror finish, to allow
a smooth displacement of the piston inside the cylinder. The
movable piston has a double seal (Polypak from Parker) to
separate the equilibrium chamber from the pressurizing circuit.
The piston is driven by a manual pressure generator (HIP model
62-6-10), and ethanol was utilized as the pressurizing fluid.

The cell has a front window for visual observation, and
illumination is provided by a cold end light. Screw retainers
are used to hold the glass windows with a pair of Viton O-rings
for sealing. A Teflon-coated magnetic bar, driven by an external
alternating magnetic field, provides appropriate stirring inside
the cell.

The cylinder is surrounded by a 20 mm thick aluminum
jacket, externally heated by two electrical resistances connected

to a temperature controller (Glas-Col). The temperature is
measured by a 100 € Pt resistance thermometer, placed inside
a groove in the aluminum jacket, and is controlled to within
0.1 K. A gauge transducer (Barksdale) coupled with a digital
indicator (Redlion) is connected to one of the four capillary
lines. The estimated accuracy of the pressure measurements is
4 0.02 MPa. The rest of the capillary lines are employed to
feed chemicals and to sample.

Weighted amounts of ethanol and sunflower oil were intro-
duced into the cell, which was purged with CO, to remove the
residual air. Then, a weighted mass of CO, was let to flow into
the cell. Once the temperature was stabilized, the desired
pressure was achieved (by means of the manual pressure
generator), and the magnetic stirrer was turned on. After 1.5 h,
stirring was stopped, and the mixture was let to repose for 3 h
in order that phase segregation occurred. The front window with
the cold end light was employed for visual verification of the
existence of one or two phases. The stirring and repose times
were established according to preliminary experiments carried
out in the liquid + supercritical phase equilibria region. The
repose times applied in the case of liquid + liquid equilibria
were longer (up to 5 h), in order that a definite and clear interface
was kept inside the equilibrium cell for at least two hours.

Samples were withdrawn through capillary lines and mi-
crometering valves and decompressed to atmospheric pressure.
Both valves were thermostatized at the same temperature of
the equilibrium cell. The manual pressure generator was
employed to keep pressure constant during sampling.

Ethanol and the oil were collected in glass vials and separated
from the CO, by using a cool trap. Vials were weighed in a
precision analytical balance and placed in a heater at 323 K
where ethanol was eliminated by evaporation. Then, vials were
weighted again to determine the amount of ethanol evaporated
from the sample and the amount of remained material (sunflower
oil).

Table 1. Liquid + Liquid (L + L) and Liquid + Superecritical (L + SC) Phase Compositions (% Weight) of the Pseudo-Ternary Mixture CO,

(1) + Ethanol (2) + Sunflower Oil (3) at 313 K and 13 MPa

heavy phase

light phase

wy W, Wy Wy W, Ws type of phase equilibria

0.00 £ 0.00 15.26 £ 0.42 84.74 £ 0.42 0.00 £ 0.00 92.83 £ 0.37 7.17 £0.37 L+L

6.73 £ 0.53 18.68 4 0.25 74.57 +0.78 13.83 £ 0.12 81.35+£0.71 4.82 £0.59 L+L
16.56 £ 0.31 20.96 £ 0.62 62.47 +0.31 26.89 +0.43 583 +0.12 14.80 £+ 0.31 L+L
26.20 £+ 0.61 0.00 & 0.00 73.80 & 0.61 100.00 £ 0.00 0.00 & 0.00 0.00 % 0.00 L+ SC
31.00 £ 0.08 2.60 £ 0.11 66.40 = 0.03 95.68 +0.21 4324021 0.00 £ 0.00 L+ SC
31.73 £ 0.54 6.92 +0.23 61.35+0.77 90.17 4+ 0.37 9.83 +0.37 0.00 % 0.00 L+SC
31.96 £+ 0.62 11.03 +£0.12 57.01 £ 0.50 84.55 £ 0.85 14.95 +0.32 0.50 +0.53 L+ SC
34.13 +£0.37 16.14 4 0.06 49.73 £ 043 58.45 4+ 0.93 37.50 £ 0.76 4.05+0.16 L+ SC
31.47 +£0.03 50.03 +0.38 18.50 £+ 0.35 3253 +£0.22 49.01 £0.22 18.46 +0.44 homogeneous phase

Table 2. Liquid + Liquid (L + L) and Liquid + Supercritical (L. + SC) Phase Compositions (% Weight) of the Pseudo-Ternary Mixture CO,

(1) + Ethanol (2) + Sunflower Oil (3) at 333 K and 20 MPa

heavy phase light phase
wy Wy w3 w, W, ws type of phase equilibria

0.00 £ 0.00 23.05 4+ 0.34 76.95 +0.34 0.00 £ 0.00 87.77 £ 0.55 12.23 +£0.55 L+L

7.37+0.21 24.84 £ 0.01 67.79 4+ 0.20 9.03 +0.40 77.72 £ 0.07 13.25 +£0.47 L+L
10.41 £+ 0.53 25.28 +0.82 64.31 +0.29 13.08 + 0.63 72.44 +0.31 14.48 4+ 0.32 L+L
28.04 £ 0.36 0.00 & 0.00 71.96 4 0.36 100.00 £ 0.00 0.00 & 0.00 0.00 & 0.00 L+SC
31.74 £ 0.19 4.04 +£0.11 64.18 + 0.30 93.72 +0.10 6.28 +0.10 0.00 % 0.00 L+ SC
33.92 £ 0.23 8.47 £ 051 57.60 &+ 0.74 89.11 £ 0.65 10.88 & 0.65 0.01 & 0.00 L+SC
36.45 + 0.35 11.38 £ 045 52.17 +£0.10 84.30 £ 0.56 15.69 £+ 0.16 0.01 +£0.72 L+ SC
37.87 £ 0.57 14.02 +£0.73 48.11 £0.16 7721 =047 20.69 £ 0.23 2.09 £ 0.24 L+SC
41.11 £ 0.26 16.24 4+ 0.56 42.65 +0.30 69.05 £+ 0.07 24.66 £+ 0.13 6.29 £ 0.06 L+ SC
42.95 £0.37 30.54 £0.15 26.53 £0.22 43.01 £0.21 29.35 +0.46 27.64 £0.25 homogeneous phase
24.89 +0.14 28.86 4 0.41 46.25 +0.27 25.04 £ 0.52 27.96 £+ 0.31 47.00 £ 0.21 homogeneous phase
19.52 £ 0.27 25.67 £ 0.16 54.81 £ 0.11 18.96 £ 0.11 26.02 £ 0.11 55.02+0.22 homogeneous phase
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The amount of CO, was determined volumetrically using a
1000 mL graduated tube filled with a saturated solution of
Na,SO, to prevent CO, dissolution. The volume of gas was
quantified as the displaced liquid volume and corrected by
accounting for the effects of temperature, atmospheric pressure,
and water vapor pressure.

All samples were collected by duplicate, even when a single
homogeneous phase was observed inside the cell. Deviations
between the resulted mass fractions were lower than 1 % in all
measurements.

GC-EoS Model. The residual Helmholtz energy in the GC-
EoS model” is described by two terms

AreszAfv+Aatl (1)

The free volume contribution (A™) is modeled assuming hard
sphere behavior for the molecules, characterizing each substance
i by a hard sphere diameter d;. A Carnahan—Starling type of
hard sphere expression for mixtures is adopted

AY/RT =30 A/ A) (Y — 1)+ (A/AD(~Y+ ¥ —In ¥) +
nlnY (2)
where

A\ ! NC
Y=(1—6—V3) and/lk=znidf

l

NC is the number of components; 7; is the number of moles of
component 7; and V is the total volume. A temperature-
dependent generalized expression is assumed for d;

d.=1.065655d{1 — 0.12 exp[—2T./BT)]}  (3)

d.; is the pure component critical hard sphere diameter, given
by

d ;= (0.08943RT,/P )" @

when the compound matches with a group (e.g., H,O, CO,,
H,, etc.). For the remaining cases, d_; is fitted to a point of the
pure component vapor pressure curve, usually the normal boiling
point. Since vapor pressure data for low volatile or thermolabile
substances are often not available or not reliable, infinite dilution
activity coefficients can be used to estimate the d_; parameter
of high molecular weight compounds, such as alkanes and
triglycerides, as demonstrated by Espinosa et al.'?

For the evaluation of the attractive contribution to the
Helmholtz energy, a group contribution version of a density-
dependent NRTL-type expression is derived

. NC NG NG NG
AM/RT = _EZ niz v}qu (Hkgkjc]p)/z 91‘611- 5)
7 7 k l

where

NC
0,= (/DY ny, ©)
N
a= my v @
1 J
7; = expla,;Ag; G/ (RTV)] (®)
Agi=8;~ 8 ©)

NG is the number of groups; z is the number of nearest
neighbors to any segment (set to 10); ¥ is the number of groups
type j in molecule i; g; is the number of surface segments

assigned to group j; 6, is the surface fraction of group k; g is
the total number of surface segments; g;; is the attraction energy
parameter for interactions between groups i and j; and a; is
the NRTL nonrandomness parameter (o.; = ;). The interactions
between unlike groups are calculated from

g’/ = klj(gugjj)”z (kU = k/l) (10)

with the following temperature dependences for the interaction
parameters

g =8l +&{T/T; = 1)+ g/ In(T/T})) (1)
k= k{1 + K In[2T/(T; + T;)]} (12)

being g; the interaction parameter at the reference temperature

i

Results and Discussion

Tables 1 and 2 report the compositions obtained for the liquid
+ liquid (L + L) and liquid + supercritical (L + SC) tie-lines
at the two different conditions of pressure and temperature
investigated. The different two-phase regions observed are
represented in Figure 2 (313 K and 13 MPa) and Figure 3 (333
K and 20 MPa). As can be observed in the figures, the
compositions of the two liquid phases in equilibrium become
more similar as the amount of CO, dissolved is increased.
Similarly, the compositions achieved for the liquid and super-
critical phases in the L + SC region become more similar as
the amount of ethanol dissolved is increased. The existence of
a homogeneous region (among the two-phase regions) was
visually observed. Additionally, in the case of the homogeneous
phase, samples were collected from the top and bottom of the
equilibrium cell to determine their composition and verify that
it was equal to the composition loaded in the equilibrium cell.
As can be deduced from Figures 2 and 3, the homogeneous
region is larger at 333 K and 20 MPa than at 313 K and 13
MPa.

The experimental phase equilibrium data obtained in this
work have been represented using the GC-EoS. This model
has two contributions to the residual Helmholtz energy of
the system: a repulsive Carnahan—Starling free volume term
and an attractive contribution term which is a group-
contribution version of the NRTL model. The GC-EoS model

Ethanol
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) 400
Oil 40 o1 02 03 04 05 06 07 08 09 10 C02

Figure 2. Phase diagram of the pseudoternary mixture sunflower oil +
ethanol + CO, at 313 K and 13 MPa. -B-, experimental L + L tie-line;
-A-, experimental L + SC tie-line; %, experimental homogeneous phase; -
- -, GC-EoS model.
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Figure 3. Phase diagram of the pseudoternary mixture sunflower oil +
ethanol + CO, at 333 K and 20 MPa. -B-, experimental L + L tie-line;
-A-, experimental L + SC tie-line; %, experimental homogeneous phase; -
- -, GC-EoS model.

Table 3. Pure Component Parameters

T./K pJ/MPa dJcm+mol !
CO, 304.2 7.28 3.125
ethanol 516.2 6.38 3.942
sunflower oil ¢ 1044.0 0.45 12.19

“T, estimated using Fedors group contribution approach'? and d,
value from Espinosa et al.'

Table 4. GC-EoS Pure Group and Binary Interaction Parameters
Employed in This Work

Pure Group Parameters

reference surface  pure group energy

temperature ~ area parameters”

A q g g ¢
CH; 600 0.848  316910.0 —0.9274 0.0
CH, 600 0.540  356080.0 —0.8755 0.0
CH=CH 600 0.867  403590.0 —0.7631 0.0
CH,OH 512.6 1.124 1207500.0 0.644 0.0
(CH5C00),CH,CO0 600 3.948  346350.0 —1.3460 0.0
triglyceride group (TG)
CO, 304.2 1.261  531890.0 —0.5780 0.0

Binary Group Interaction Parameters

attractive energy nonrandomness
parameters parameters
i j k; Ky o a;
CO, CH; 0.898 0.0 4.683 4.683
CH, 0.874 0.0 4.683 4.683
CH=CH 0.948 0.0 0.0 0.0
CH,OH 1.115 0.094 —1.615 —1.615
TG 1.094 0.112 —1.651 —1.651
TG CH,/CH, 0.860 0.0 0.0 0.0
CH=CH 0.883 0.0 0.0 0.0
CH,OH * 1.912 0.151 15.00 10.90
CH,OH “ 1.452 0.0 —12.10 —1.39
CH,OH CH; 0.715 0.0 10.22 1.471
CH, 0.682 0.0 10.22 1.471
CH=CH 1.006 0.0 —0.876  —0.876

“cm®-atm+mol-(surface area segment) 2. ” Parameters adjusted in
this work using the L + L phase equilibrium data of Tables 1 and 2.
¢ Parameters adjusted in this work using the L + SC phase equilibrium
data of Tables 1 and 2.

equations are given in the Appendix, clearing up the required
parameters to carry out phase equilibria calculations: pure
group and binary group interaction parameters, together with

pure component parameters (critical temperature, critical
pressure, and critical hard sphere diameter). For a detailed
description of the model equations and parameters, the reader
is referred to Skjold-Jgrgensen.’

Pure-component parameters employed in this work for
CO,, ethanol, and sunflower oil are given in Table 3.
Sunflower oil was represented as a pseudotriglyceride with
the same molecular weight and number of unsaturated bonds
as the real oil, as described by Fornari.'! Taking into account
the fatty acid composition of sunflower oil, the group
composition of the pseudotriglyceride representing sunflower
oil resulted to be: ICH;COO),CH,COO (triglyceride group),
3CH;, 42CH,, and 3CH=CH (paraffin and olefin groups).

Pure group and binary group interaction parameters were
obtained from the literature,'® except for the binary interaction
parameters between the triglyceride group (TG) and the
alcohol CH,OH group which were not available in the
literature and thus were fitted in this work using the present
L + SC and L + L data. Table 4 gives all pure group and
binary interaction parameters employed in this work, together
with the TG—CH,OH interaction parameters adjusted.

Figures 2 and 3 shows a comparison between the experi-
mental data obtained and the phase equilibria representation
achieved with the GC-EoS model using the parameters given
in Table 4. A satisfactory representation of phase composi-
tions and tie-line slopes was obtained. The main drawback
of the thermodynamic modeling is that the oil content in the
ethanolic phase of the binary ethanol + sunflower oil is rather
underestimated. The average absolute relative deviations
(AARD) between experimental and calculated tie-line com-
positions

exp __ _cal

& i
2

1

1
AARD—]TXPZ

are 20.41 %, 9.84 %, and 10.14 % for, respectively, CO,,
ethanol, and sunflower oil in the liquid (heavy) phase of the L
+ SC phase equilibria and 3.44 %, 18.01 %, and 30.62 % in
the corresponding light phase. As can be deduced, the largest
AARD values are related with the sunflower oil composition
in the supercritical phase due to the low solubility of the oil in
this phase. With respect to the L. + L phase equilibria, the
corresponding AARD values are 10.15 %, 13.77 %, and 4.09
% for, respectively, CO,, ethanol, and sunflower oil in the heavy
phase and 18.03 %, 7.36 %, and 45.90 % in the light phase.
Again, major errors are produced in the calculation of the oil
mole fraction in the ethanolic (light) phase.

The global AARD values obtained in the calculation of CO,,
ethanol, and sunflower oil mole fractions are, respectively, 12.65
%, 12.06 %, and 20.67 %.

With respect to the parameter regression procedure, it has to
be pointed out that phase equilibria data corresponding to a
ternary system (CO, + ethanol + sunflower oil) were employed
to fit a binary (TG—CH,OH) interaction. Thus, the TG—CH,OH
parameters resulting from the fitting procedure should be
considered as an approach to evaluate the capability of the GC-
EoS model to represent the high-pressure phase behavior of the
triglyceride + ethanol + CO, ternary systems. As can be
observed in Table 4, different TG—CH,OH interaction param-
eters were necessary to correlate both types (L + L and L +
SC) of phase equilibria. A more extensive set of binary ethanol
+ oil data would be necessary to study this deficiency of the
model parameter table.
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Conclusions

High-pressure phase equilibria data of the sunflower oil +
ethanol + CO, mixture were experimentally obtained. Tie-lines
of the pseudoternary diagram were determined, indicating the
existence of two different liquid + liquid and liquid +
supercritical phase regions. The homogeneous region was
verified by visual observation and by sampling from the bottom
and top of the equilibrium cell. This single-phase region would
provide improved conditions to carry out the enzymatic etha-
nolysis of the oil when compared with the two-phase regions.

The experimental data obtained were correlated using the GC-
EoS. The model was capable of representing both types of phase
equilibria, but a different set of binary interaction parameters
between the triglyceride and CH,OH groups were required. The
application of the GC-EoS model in a nearly predictive manner
(almost all binary interaction parameters were obtained from
the literature) brought to light some deficiencies of the model
parameter table to represent phase equilibria of oil + ethanol
+ CO, mixtures.
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