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In this work, the thermodynamic modeling of high-pressure phase equilibrium data of
essential oils present in three odoriferous plants (clove buds, eucalyptus and Lippia sidoides)
in carbon dioxide is presented. The proposed estimation method uses the volatile oil
composition obtained by supercritical fluid extraction for modeling solid-vapor equilibria
(SVE). Based on the chemical composition of the volatile oil and using a group contribution
method, a pseudo component is defined. The thermodynamic model combines the cubic Peng-
Robinson equation of state (PR-EOS) with the van der Waals (VDW), Non-Quadratic
Generalized (NQG) and Wong-Sandler-UNIQUAC (WS-UNIQUAC) mixing rules. The
fugacity coefficient is obtained numerically by differentiating the pressure with respect to the
mole numbers, allowing the combination of any EOS with any mixing rule and eliminating
the need for the cumbersome analytical determination. Parameter estimation is performed by
using a modified Marquardt method with an objective function that includes the gas phase
concentration. The results demonstrate that, in spite of the simplifying assumptions, the model
quantitatively describes the experimental data.

INTRODUCTION

The worldwide energy crises and the costumer’s choice for natural products have stimulated
the search for new technologies. Supercritical fluid extraction (SFE) is known as a clean
technology because it presents no harm to either man or the environment. SFE using CO,
requires no additional treatment of the product and the residues, since the solvent is not toxic.
In addition, due to the use of relatively low temperatures, the solute maintains its original
characteristics [1].

For the process design of SFE of essential oils from odoriferous plants, reliable methods to
calculate the phase equilibrium parameters of the extraction step (plant + CO,) and the
separation step (volatile oil + CO,) must be available. The volatile oil is a multicomponent
mixture composed of very different substances, such as adehydes, alcohols, terpenes,
sesguiterpenes, oxygenated and phenolic compounds, etc. Such systems have a behavior that
is appreciably far from the ideal. In addition, the strong asymmetry of the system due to
differences of size and polarity of the substances, and the proximity of the solvent critical
point require thermodynamic modeling of the SVE using a complex EOS. This would need a
considerable amount of experimental data, not yet available. Therefore, simplified models are
currently used to assess some information of the system. This work proposes a model for the
solubility of three essential oil + CO, systems, combining the PR-EOS with several mixing
rules. The oils were extracted from three odoriferous plants. clove buds (Eugenia
caryophyllus), eucalyptus (Eucalyptus tereticomis Smith), and Lippia sidoides Cham.. The
solubility data for these binary systems were obtained using the dynamic method [2].



CHARACTERIZATION OF THE VOLATILE OIL

Volatile oils are multicomponent mixtures composed of substances from several chemical
classes, for which the thermophysical properties are mostly unknown. In this work, the entire
volatile oil was considered a pseudo-component. The composition of these multicomponent
mixtures were obtained by gas chromatography coupled to mass spectrometry [3,4]. The
thermophysical properties of CO, and some volatile oil components were obtained from
AIChE-DIPPR [5]. When the thermophysical properties of the substances were missing, their
values were estimated using the group contribution method de Joback [6]. The vapor
pressures were estimated using the modified Wagner equation [7]. Once the thermophysical
properties of each compound were known, the Kay rule [8] was used to calculate the pseudo-
component properties.

THERMODYNAMIC MODEL AND MIXING RULES

In general, the solubility of a solid solute in a supercritical solvent can be derived from the
condition of equal fugacities in both phases and represented by:
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where P® is the vapor pressure of solid component, v;° is the solid molar volume, Pand T are
the system pressure and temperature, and ;" is the fugacity coefficient of the solute in the
supercritical fluid phase. In al calculations, the PR-EOS [9] was used, given by:
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|. CLASSICAL vDW AND NQG MIXING RULES
The energy parameter, a, is given by:
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where the cross parameter, a;, is given by the combination rule:

& =4/&q (1- kij) (4)
For the classical Van der Waals (vDW) mixing rule, k; is constant. For the Non Quadratic
Generalized (NQG) mixing rule [10], ki; depends on concentration in the form:

kij = XS XS ®)
with x; being the mole fraction of component i and s;; and s;i being empirical parameters.
This rule for the energy parameter a can be considered as a general case, where the well-
known Panagiotopoulos and Reid [11] and Adachi and Sugie [12] mixing rules, among
others, are special cases. The model takes advantage of the good characteristics of the above
mentioned models, allowing more flexibility for the correlation of the experimental data. The
proposed model can be reduced to anyone of the above cited models by a correct choice of
parameters. The volume parameter, b, is calculated from:

b= é. Xib; (6)
Here, a and by are pure component parameters.

I[I. WONG-SANDLER (WS) —UNIQUAC MIXING RULE
The origina WS mixing rule, based on the excess Helmholtz free energy, is given by



22, xFH. 20
_alhaj.XIXJg RT gj & a  AFO
b= = a=btg x —+ T (7
L A & b QRTG
QRT “ "'RTh

where Q is a constant that depends of the EOS (for the PR EOS. Q = In (\/E -1)/ V2 ) and
A’ /RT is caculated from UNIQUAC model. The cross virial coefficient was modified by
Orbey and Sandler [13] and is given by:
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where ki is the binary interaction parameter, g and by are pure component parameters.

(8)

NUMERICAL CALCULATION OF THE FUGACITY COEFFICIENT
For any mixing rule, the fugacity coefficient, f, required for phase equilibrium calculations,
is calculated from exact thermodynamic relationship given by Prausnitz [14].
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In this work, the fugacity coefficient is obtained by numerical differentiation of the pressure
with respect to the mole numbers of respective component and then integrating egn. (9). This
differentiation allows the combination of any EOS with any mixing rule and eliminates the
need for the cumbersome analytical determination of this property.
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where: X and X are the perturbed composition vectors, V is absolute volume and V isthe
molar volume.

RESULTS
Table 1 shows the thermophysical properties of the volatile oils, obtained by Sousa [1].

Table 1. Thermophysical properties of clove oil, eucalyptus oil, and L. sidoides oil

Volatile Ol MW (g/mol) | Tb(K) | Tc(K) | Pc(bar) W A B
Clove 172.38 530.11 | 737.60 | 32.44 | 06397 | 14254 | -0.0014
Eucalyptus — NE 184.00 54131 | 762.38 | 24.93 | 04435 | 14897 | -0.0017
L. Sidoides 150.66 53324 | 755.71 | 3090 | 05145 | 1.3933 | -0.0015

* 1 (g/em®) = Ap + Bp.T (K), from 283 to 298 K

Table 2 reports estimated values of the binary interaction parameters obtained in the modeling
of the solubility of essential oilsin CO,. Several models of mixing rule and binary interaction
parameter were studied. In cases | [1] and Il (this work), k;j remains constant. In case I11, k;
varies lineally with temperature. In case 1V, k;; varies inversely proportional to temperature.
In all these cases, the model was the vDW mixing rule. In case V, the binary interaction
parameter, k;;, depends on the concentration. This case corresponds to the Non Quadratic
Generalized mixing rule, NQG [10]. In case VI, the WS-UNIQUAC mixing rule was applied
for optimizing the binary interaction parameter, kj;, and its own parameters (tj, t;). In all



cases, the PR-EOS was used to modeling the high pressure phase equilibria of these binary
systems.

Table 2: Interaction parameters for modeling of solubilities of essential oilsin CO..

mixing rule interaction parameter CO, +
clove oil L. sidoides ail eucalyptus ail
[ ki = cte 0.019 0.234 0.2960
[l ki = cte 0.2164 0.4236 0.5773
A -0.1592 0.2812 0.4912
DW L= *
i v ki=A+B*T =5 0.0013 0.0005 0.0003
_ A 0.4962 0.4921 0.2714
v kj=A+BIT B -81.7045 -19.3251 88.7152
e v re v LSi 0.1023 0.1852 0.1972
v NQG k= sixi* siX =0 5 6081 -0.1013 0.4128
k; -0.2854 -0.1421 -0.8741
VI | WS-UNIQUAC t;; (cal/mol.K) 205.36 652.12 821.36
t; (cal/mol.K) 453.21 400.41 450.36

The parameter estimation is performed by using the modified Marquardt method [15] and an
objective function including the oil and CO;, vapor phase concentrations.
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where NP is the number of experimental data, 1 represents the CO, and 2 represents the
volatile oil.. Tables 3, 4, and 5 report the estimated values of solubilities for modeling of
essential oils in carbon dioxide and the relative and mean deviations. These deviations were

calculated by: ((ye® - y*)/ys®)*100.

Table 3: Solubilities for the SVE for the binary system: CO; (1) + clove ail (2)

e SVE Tor |

Exp.| P | T Solubility (y * 10) Relative deviation (%)
Data | (bar) | (K) |Exp Calculated

T T [ VIV v T T 0 vV Vi

[1] 66.7 | 283.15 |1 6.18| 746 | 5.11 | 555|541 {580 (534 | 20.71 | 17.30 | 10.12 | 1250 | 6.21 | 13.58

66.7 | 288.15 | 6.25 | 555|558 | 563 | 558 | 6.24 | 6.21 | 11.20 | 10.70 | 992 | 10.77 | 0.20 | 0.64

66.0 | 288.15 | 536 | 548 | 556 | 561 | 556 | 546 | 532 | 224 | 3.80 | 471 | 3.72 | 1.85 | 0.75

70.0 | 288.15 | 561 | 586|566 | 571|566 |570|554| 446 | 088 | 1.77 | 0.80 | 153 | 1.25

(7 72.0 | 288.15 | 573 6.04|570|575(570|576|563| 541 | 046 | 042 | 053 | 054 | 1.75

80.0 | 288.15 | 586 | 6.75| 586|591 |586|6.00|581|1519| 000 | 0.88 | 0.07 | 236 | 0.85

100.0 | 298.15 | 6.38 | 5.14| 7.20 | 6.37 | 6.54 | 6.40 | 6.28 | 1944 | 1283 | 0.16 | 252 | 0.36 | 1.57

Mean Deviation | 11.23| 657 | 400 | 442 | 1.86 | 2.91

Table 4: Solubilities for the SVE for the binary system: CO, (1) + L. sidoides oil (2)

VE Tor the

Exp.| P | T Solubility (¥,"10) Relative deviation (%)
Data | (bar) | (K) |Ex Calculated

P T M VIV Vi T 0 V]V Vi

[1] 66.7 | 288.15 | 053 |050|0.38|0.37038|054|048| 566 | 2879|2930 2787 | 191 | 9.39

66.7 | 293.15 | 062 | 050|047 | 045 0.47 | 058 | 051 | 19.35 | 2443 | 27.66 | 24.77 | 6.43 | 18.35

66.7 | 29565 | 052 (047052049 (051{055|052| 962 | 005 | 583 | 1.18 | 580 | 0.07

66.7 | 283.15 036 | 047 | 0.30|0.31 031|037 |046| 3056 | 16.30 | 1356 | 1355 | 3.74 | 26.44

[7] 66.7 | 298.15 | 0.36 | 0.42 | 0.58 | 0.53 | 0.57 | 0.37 | 0.43 | 16.67 | 60.14 | 48.30 | 56.98 | 3.74 | 20.04

785 | 288.15 049 |051|046| 046|047 |067|050| 408 | 6.31 | 699 | 497 | 3751 | 1.22

785 | 29315 | 055053058 |055(058|067|052| 364 | 491 | 045 | 457 | 2251 | 4.89

Mean Deviation | 12.80 | 20.13 | 18.87 ] 19.13 | 1166 11.49




Table 5: Solubilities for the SVE for the binary system: CO, (1) + eucalyptus oil (2)

V= Tor the

Exp.| P | T Solubility (¥,"10) Relative deviation (%)
Data | (bar) | (K) |Exp Calculated

T [V [V Vi T 0 ] V] V]V

66.7 | 288.15 (094 |(0.89|094|094|094(093|082| 532 | 009 | 0.28 | 0.02 | 0.58 | 12.67

66.7 | 288.15 (098 | 0.89|0.94|094|094|095|082| 918 | 417 | 435 | 410 | 355 | 16.23

[1] 66.7 | 283.15 049 | 0.64 | 0.67 | 0.69 | 0.63 | 0.61 | 0.47 | 30.61 | 37.71 | 40.34 | 27.68 | 24.73 | 4.73

66.7 | 293.15|1097|1.20| 129|126 (138 |1.17|1.00 | 23.71 | 32.76 | 30.00 | 42.13 | 20.66 | 3.01

785 | 28815 (11808209709 |095|106|095| 3051|1810 | 18.28 | 1949 | 10.45 | 19.71

Mean Deviation | 19.87 | 18.56 | 18.65 18.68 | 12.00 | 11.27

The results are analyzed in terms of mean deviations in oil vapor composition. For the
classical rules, the vDW form shows the highest deviations in oil vapor composition. Cases |
and 11, where binary interaction parameter remains constant, show highest deviations for this
mixing rule. When k;; depends on temperature (cases |11 and IV) the deviations decrease. The
NQG and WS-UNIQUAC mixing rules show the lowest deviations in oil vapor composition
for the three essential oils. The dispersion between calculated and experimental values of the
solubility for the three cases can be seen in Figures 1, 2 and 3.
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Figure 1. Solubility of clove oil in CO,
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Figure 3. Solubility of eucayptus oil in CO,



CONCLUSION

Solid-vapor equilibrium data for three complex binary mixtures de CO, + essentia oils have
been correlated using the PR EOS with the vDW, NQG and WS-UNIQUAC mixing rules.
The methodology employed to estimate the solubility of essential oils in CO, provided
satisfactory results, despite the simplifications made to treat the entire volatile oil as a pseudo
component. The dependence on composition of the binary interaction parameter, k;j;, for the
NGQ mixing rule improves the precision of calculations. However, the WS-UNIQUAC
mixing rule gives the best results.
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