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Supercritical  fluid  extraction  is  an interesting  alternative  for the  fractionation  of  essential  oils,  in  order
to obtain  concentrates  or compounds  of  interest.  This  technique  requires  information  about  the  distri-
bution  of  the components  of  the  mixture  between  the  phases  present  at  different  conditions  of  pressure,
temperature  and  composition.  In  this  work  equilibrium  information  of three  bioactive  essential  oils
(Salvia  officinalis,  Mentha  piperita  and  Tagetes  minuta  oil)  with  near-critical  and  supercritical  carbon
eywords:
upercritical extraction
agetes minuta
alvia officinalis
entha piperita

iocidal agents
ractionation

dioxide  is  measured  using  a dynamic  apparatus  in  the  range  of 313–323  K and  60–120  bar.  The  dis-
tribution  of  monoterpenes,  oxygenated  terpenes  and  sesquiterpenes  in  the extract  phase  is determined
by  gas  chromatography  in order  to  explore  the  best  operating  conditions  for  the  separation  of  the frac-
tions or compounds  with  higher  biocidal  activity.  Predictive  calculations  are  performed  using  the  group
contribution  equation  of  state  (GC-EOS)  and  compared  with  the  experimental  data.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Fractionation of natural complex mixtures in order to obtain
ure compounds or concentrates of interest has been the subject of
xtensive research. The traditional methods are steam distillation
with or without vacuum), liquid solvent extraction, preparative
hromatography, adsorption and selective membranes processes.
he use of supercritical fluid extraction, and in particular with
upercritical carbon dioxide, is an interesting alternative due to
everal advantages, like lower operating temperatures, preserva-
ion of thermo labile compounds and free of solvent extracts. In
ddition carbon dioxide is neither flammable nor toxic, allowing a
afer operation. The main drawback is that relatively high pressure
nd large flow rates are needed, which requires optimization of the
perating conditions. Comprehensive reviews have been reported
y Brennecke and Eckert [1] and Diaz and Brignole [2].

In the particular case of essential oils, the supercritical deterpe-
ation of citrus oils has been extensively studied. In this case the
eparation problem is the removal of hydrocarbon monoterpenes

 which are unstable and generate undesired flavors – to obtain

 concentrated oxygenated flavor (aroma) fraction. This fraction-
tion, carried out continuously or semi-continuously in a packed
olumn, notably increases oil quality and prize. Several studies have
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abrignole@gmail.com (E.A. Brignole).

896-8446/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.supflu.2011.04.010
been published reporting experimental data and modeling [3–7] as
well as process simulation and optimization [8,9].

The comprehensive reviews by Reverchon [10] and Reverchon
and De Marco [11] covered many studies regarding the supercritical
extraction of herbal essential oils. The fractionation of such oils gen-
erally appears coupled to the extraction itself. In this case, different
extract fractions can be collected, from the supercritical extract, in
one or more vessels operating at different temperature and/or pres-
sure conditions. Other works deal with fractionation of raw oils or
concretes, continuously or semi-continuously, both experimentally
and through modeling, in order to concentrate the aroma fraction,
modify its properties, or obtain compounds of interest [12,13].

Essential oils are, at the same time, complex and simple mix-
tures. Complex as they are composed of dozens and sometimes
even hundreds of different compounds, although there can be a
few predominant ones depending on species and variety. But they
are also simple because their components mainly have a terpenic
nature, i.e., their chemical structures are closely related and they
present a high degree of isomery. This similarity, which may deter-
mine similar phase behavior, can set a limit to the selectivity
of separation processes. In general three main fractions of com-
pounds can be distinguished: hydrocarbon monoterpenes (MT),
oxygenated monoterpenes (OT) and sesquiterpenes (ST), although
higher order terpenes, waxes, paraffins and pigments can also be

present in amounts that depend on the species and the conditions
at which the oil is obtained [14].

In this work the essential oils from three species: common sage
(Salvia officinalis), Tagetes minuta and peppermint (Mentha piperita)

dx.doi.org/10.1016/j.supflu.2011.04.010
http://www.sciencedirect.com/science/journal/08968446
http://www.elsevier.com/locate/supflu
mailto:ebrignole@plapiqui.edu.ar
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Table  1
Sage oil composition.

Component M (g/mole) %

Hydrocarbon monoterpenes (MT)
�-Pinene 136.24 8.71
Camphene 136.24 5.54
�-Pinene 136.24 1.59
Myrcene 136.24 1.30
Other (<1%) – 0.95
TOTAL MT 18.09

Oxygenated monoterpenes (OT)
1,8-Cineol 154.25 5.27
�-Thujone 152.23 36.31
�-Thujone 152.23 7.61
Camphor 152.23 14.66
Other (<1%) – 5.47
TOTAL OT 69.32

Sesquiterpenes (ST)
�-Caryophyllene 204.36 4.04
�-Caryophyllene 204.36 4.18
Gurjunene 204.36 3.29
Other (<1%) – 1.07
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Table 2
Tagetes minuta oil composition.

Component M (g/mole) %

Hydrocarbon monoterpenes (MT)
�-Pinene 136.24 1.32
d-Limonene 136.24 7.01
E-ocimene 136.24 25.97
Other (<1%) – 0.80
TOTAL MT  35.10

Oxygenated monoterpenes (OT)
Dihydrotagetone 154.25 1.72
E-tagetone 152.23 2.25
NI –  2.33
Z-ocimenone 150.22 11.20
E-ocimenone 150.22 44.13

above: MT,  OT and ST. Sage oil contained the three fractions but
Tagetes oil only contained significant amounts of MT  and OT. In
TOTAL ST 12.58

re studied. The fractionation of the extracts with near-critical and
upercritical carbon dioxide is considered in order to obtain frac-
ions with biocidal activity. Biocidal agents are defined as “active
ubstances and preparations containing one or more active sub-
tances intended to destroy, deter, render harmless, prevent the
ction of, or otherwise exert a controlling effect on any harmful
rganism by chemical or biological means” [15]. The biocidal activ-
ty exhibited by many essential oils is well known. Biocidal agents
re natural defense mechanisms of plants against insects, bacteria,
ungi, weeds or other plants. The biocidal activity of many essential
ils against different organisms has been the subject of several stud-
es. See for example the review by Nerio et al. [16] about essential
ils with activity against insects and other arthropods or the review
y Zygadlo and Juliani [17].

Among the oils studied in this work, sage oil is used mainly
or its flavoring properties, but also for its therapeutic attributes.
or this oil 1,8-cineol (eucalyptol), thujone and camphor have been
dentified as their most active components against different types
f bacteria [18]. Several authors have studied supercritical extrac-
ion of sage oil with carbon dioxide, for example Reverchon et al.
19], Aleksovsky and Sovová [20], Glisic et al. [21]. Glisic et al. [22]
ave also recently reported a work using ultrasound followed by
upercritical extraction.

T. minuta oil, besides its aromatic properties, exhibits biocidal
ctivity. This property has been studied by several researchers:
ells et al. [23] and Gillij et al. [24] have studied its mosquito repel-

ency, Scrivanti et al. [25] and López et al. [26] have considered it as
n allellopatic agent, Vasudevan et al. [27] and Singh et al. [28] have
pproached it from an economic point of view, and Daghero et al.
29] and Gil et al. [30] have studied its composition and extraction
y traditional methods and supercritical fluids. The unsaturated
erpene �-ocimene and the unsaturated ketones ocimenone, tage-
one and dihydrotagetone have been identified as the components
ith high antimicrobial activity [31].

Peppermint oil is, after citrus oils, one of the most broadly
sed in the flavor and fragrance industry. Its antiseptic properties
re mainly due to the presence of l-menthol [32]. Supercrit-
cal extraction of peppermint oil has been studied by several
uthors, for example Barton et al. [33], Reverchon et al. [34] and
oy et al. [35].

The feasibility of separation of the essential oil mixture

omponents or fractions depends on the way the components dis-
ribute between the phases present in the separation device. This
Other (<1%) – 3.27
TOTAL OT 64.90

information is usually given in terms of the “relative volatility”,
defined as:

˛ij = yi/xi

yj/xj
= Ki

Kj
(1)

where yi and xi are the molar fractions of component “i” in the light
and heavy phases in equilibrium, respectively, and Ki is the distri-
bution coefficient (or K-factor). Relative volatility is, in general, a
function of temperature, pressure, and composition of the mixture.

As pointed out by Diaz et al. [9],  when dealing with multi-
component mixtures it is important to take into account not only
the relative volatility obtained from binary information but also
from ternary or multicomponent data, because mutual interaction
among solutes can notably change their individual behavior. Pre-
dictions based only on binary information may  be inaccurate when
applied to multicomponent systems.

In the present work we  experimentally studied the fractionation
of sage, T. minuta and peppermint essential oils, using a dynamic
extraction apparatus, in order to determine the equilibrium distri-
bution of their components in near-critical and supercritical carbon
dioxide, at different conditions of temperature, pressure, and com-
position. The equilibrium composition was also predicted using
the group contribution equation of state (GC-EOS) [36]. The model
predictions, in particular the predictions of relative volatilities in
multicomponent mixtures, were validated by present experimen-
tal results and data reported by other authors. The best operating
conditions for fractionation are selected based upon these experi-
mental and modeling results.

2. Experimental

2.1. Materials

Sage and peppermint essential oils were extracted in PLAPIQUI
by hydrodistillation from fresh plant material from Sierra de la Ven-
tana, Argentina. They exhibit very light green colors and densities
of 0.93 and 0.90 g/mL at 293 K, respectively.

T. minuta essential oil was extracted in Universidad Nacional de
Cordoba, Argentina, by hydrodistillation from fresh plant material
from Sierras de Cordoba. It has a strong yellow color and a density
of 0.88 g/mL at 293 K.

Essential oils were stored in a freezer at 263 K. Tables 1–3
show their compositions determined by gas chromatography and
mass spectrometry (GC–MS). In order to analyze and model these
data, components were grouped into the three fractions mentioned
the case of peppermint oil, mainly constituted by OT, two fractions
were identified: a more volatile one (F1) that includes menthofuran,
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Table 3
Peppermint oil composition.

Component M (g/mole) %

Fraction 1 (F1)
�-pinene 136.24 1.01
Terpinyl acetate 196.29 2.57
1,8-Cineol 154.25 3.61
Isomenthone 154.25 1.30
Menthofuran 150.22 11.79
TOTAL F1 20.27

Fraction 2 (F2)
Isomenthol 156.27 4.18
Menthol 156.27 26.51
Menthyl acetate 198.30 3.63
Isomenthyl acetate 198.30 44.36
ig. 1. Experimental apparatus. 1. CO2 reservoir; 2. pressure generator; 3. manome-
er; 4. thermostatic chamber; 5. extraction column; 6. expansion valve; 7. heating
esistance; 8. temperature controller; 9. collector U-tube; 10. bubble gas meter.

,8-cineol and menthone, and a less volatile one (F2) constituted
ainly by l-menthol, menthyl acetate and their isomers. In the

athegory “other” all components whose fraction is individually
ower than 1% are included.

Industrial extra-dry carbon dioxide from Linde was  used in
he experiments. In GC analysis, chromatographic n-hexane from
berkon Quimica and hydrogen 99.999% from Air Liquide were
sed.

.2. Experimental apparatus and procedure

Experimental runs were performed in a semi continuous extrac-
ion apparatus, as shown schematically in Fig. 1. It consists of a
tainless steel extraction column of 50 mL  of internal volume (5) in
hich the essential oil sample is loaded (1.0–1.5 mL), embedded on
0-mesh glass beads. The ends of this column are filled with glass
ool in order to improve solvent distribution and avoid entrain-
ent of oil droplets. Carbon dioxide is continuously fed to the

olumn using a pressure generator (2). Pressure and temperature

Fig. 2. Chemical structure of
�-Caryophyllene 204.36 1.05
TOTAL F2 79.73

in the column are kept constant. A preheating coil ensures that the
carbon dioxide reaches the desired temperature before entering the
column. After loading, the system is allowed to reach equilibrium
conditions with all valves closed, for a period of time of no less
than 2 h. At this point inlet and outlet valves are opened and the
outlet flow rate is adjusted. In the outlet valve (6) the expansion of
the light phase (extract) takes place. The outlet valve was wrapped
with a heating tape to avoid the formation of solid particles due to
the cooling effect of carbon dioxide expansion. The expanded gas
goes through a collector glass U-tube (9). This tube is filled with
metal and glass wool in order to increase contact area and it is
immersed in a cooling bath (ethanol at 223 K) in order to minimize
solute losses. Gas flow rate is measured at room temperature with
a bubble gas meter (10). For each experimental run, a small sample
of about 50 mg  of extract is condensed to ensure that equilibrium
conditions inside the cell are not perturbed. For each condition,
a new sample of oil is loaded into the cell. The collected samples
are weighed in a precision balance Sartorius CP224S (d = 0.1 mg),
recovered with n-hexane and stored in a freezer for further chro-

matographic analysis. The amount of carbon dioxide consumed
in each run is volumetrically determined by integrating the flow
rate vs. time. Total volume is converted to mass after pertinent

 selected components.
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Table  4
Critical properties for selected components.

Component Tc (K) Pc (bar) Dc (cm/mole)c

�-Pinene 644.0a 27.6a 5.3167
Menthone 686.6b 26.0b 5.8165
E-ocimene 643.3b 24.5b 5.8985
�-Thujone 680.5b 28.8b 5.4496
l-Menthol 685.0a 20.0a 5.9772
Z-ocimenone 640.8b 26.0b 5.3948
�-Caryophyllene 746.3b 20.1b 6.5205
CO2 304.2a 72.8a 3.1289
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Table 6
Pure group parameters.

Group T* (K) q g* g′ g′′

CH3 600 0.848 316,910 −0.9274 0
CH2 600 0.540 356,080 −0.8755 0
CH 600 0.228 356,080 −0.8755 0
CH3(B) 600 0.789 316,910 −0.9274 0
CYCH2 600 0.540 466,550 −0.6062 0
CYCH 600 0.228 466,550 −0.6062 0
CH  CH2 600 1.176 337,980 −0.6764 0
C  CH2 600 0.988 323,440 −0.6328 0
C CH 600 0.676 546,780 −1.0966 0
CH2C O 600 1.18a 888,410 −0.7018 0
CHOH 512.6 0.908 1,207,500 −0.6441 0

T
G

a Data from literature.
b Estimated by Joback group contribution method.
c Determined from a vapor pressure point.

orrections related to atmospheric pressure, temperature and
umidity are taken into account.

With this apparatus the extract-phase composition and total
olubility or solvent load capacity were determined at different
emperature and pressure conditions for each oil. In the case of
age oil, runs were performed at 313 K and pressures in the range
f 70–100 bar. In the case of T. minuta and peppermint oil, runs
ere carried out at 313 and 323 K and pressures in the range of

0–120 bar. In both cases the runs were performed at increasing
ressure until homogeneous conditions were reached. Solvent flow
ate was set at approximately 0.1 g/min, low enough as to obtain
aturation conditions at the outlet (dynamic or “gas saturated”
ethod). Results are discussed in Section 4.

.3. Analysis

Analyses of the samples obtained in the experiments were
erformed in a Varian CX3400 gas chromatograph with a flame ion-

zation detector (GC-FID), and a capillary column DB5-HT (Agilnet
echnologies Inc., 15 m length, 0.32 mm i.d., 0.1 �m film thickness).
ydrogen was  used as carrier, at a flow rate of 1 mL/min and a split

atio of 100:1. Injection temperature was fixed at 493 K and detec-
or temperature at 543 K. The column temperature program was
18 K constant for 4 min, 8 K/min up to 513 K.

Peak identification was performed by comparison with the raw
il chromatographic profiles obtained by GC–MS under similar con-
itions. It was assumed that the ratio between the area of each peak
nd the total area (without computing the solvent peak area) was
qual to the mass fraction of the corresponding component on a
olvent-free basis.

. Modeling
.1. Thermodynamic model

Modeling of the essential oil + CO2 systems was carried out using
he group contribution equation of state (GC-EOS) [36]. This model

able 5
C-EOS group composition for selected components.

Group �-Pinene �-Thujone �-Caryophyllene O

CH3 1 3 1 3
CH2 – – – 1
CH  – 1 – –
CH3(B) 2 – 2 –
CYCH2 2 1 5 –
CYCH  2 2 2 –
CH  CH2 – – – 1
C  CH2 – – 1 –
C CH 1 – 1 2
CH2C O – 1 – –
CHOH –  – – –
CO2 – – – –
CO2 304.2 1.261 531,890 −0.5780 0

aq = 0.88 in ocimenone

is particularly suitable for the representation of complex mixtures
of a great number of compounds using a limited number of func-
tional groups and binary interaction parameters. This model has
been previously used in several studies to describe the behav-
ior of essential oils and other mixtures in supercritical processes
[8,9,37].

The different essential oils were modeled, according to their
complexity, as pseudo-binary or pseudo-ternary mixtures. For that
purpose, a representative compound of each fraction, generally the
most abundant one, was  chosen. This approach is justified because
the differences in volatility of these fractions are mainly due to
the presence of polar oxygenated groups or due to their different
molecular weights. �-pinene, �-thujone and �-caryophyllene were
selected for the modeling of sage oil, E-ocimene and Z-ocimenone
for T. minuta oil and menthone and l-menthol for peppermint oil.
Table 4 shows the critical temperature, pressure and critical diam-
eter of these components. Fig. 2 shows their molecular structures.

The parameter matrix of the GC-EOS, with its successive exten-
sions and revisions, was used [9,38,39]. As the binary interaction
parameters between the ketone group and the different olefinic
groups were not available, they were determined by correlation
of vapor pressure data of the unsaturated ketones dihydro-
carvone [14], 4-methyl-3-penten-2-one [40] and 5-hexen-2-one
[41] and experimental vapor–liquid equilibrium data of binary
systems (olefin + ketone): 1-hexene + 2-butanone [42], 2-methyl-
2-butene + 2-butanone [43], 2-methyl-2-butene + methyl isopropyl
ketone [43], isoprene + methyl isopropyl ketone [43]. Tables 5–8
show the GC-EOS component group compositions, pure group
parameters, and binary interaction parameters for the selected
components. Only the pure group parameters for the ketone group
of ocimenone had to be modified in order to compute the lack of a

hydrogen atom in the adjacent carbon atom.

The experimental information obtained in the present work was
not included in the parameter estimation of the model; therefore
all the calculations are completely predictive. Experimental vapor

cimene Ocimenone Menthone Menthol CO2

 3 3 3 –
 – – – –
 – 1 1 –
 – – – –
 – 2 3 –
 – 2 2 –
 1 – – –
 – – – –
 1 – – –
 1 1 – –
 – – 1 –
 – – – 1
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Table  7
Binary interaction parameters (kij above diagonal, k′

ij
below diagonal).

Group CH3 CH2 CH CH3(B) CYCH2 CYCH CH CH2 C CH2 C CH CH2C O CHOH CO2

CH3 1 1 1 1 1 1 0.977 1 0.977 0.834 0.715 0.898
CH2 0 1 1 1 1 1 0.977 n.a 0.977 0.834 n.a 0.898
CH 0  0 1 1 1 1 n.a 1 0.977 0.834 0.682 0.898
CH3(B) 0 0 0 1 1 1 n.a 1 0.977 0.834 n.a. 0.928
CYCH2 0 0 0 0 1 1 n.a 1.04 1 0.870 0.722 0.928
CYCH  0 0 0 0 0 1 n.a 1.04 1 0.870 0.722 0.928
CH CH2 0 0 n.a n.a n.a n.a 1 n.a 1.094 n.a n.a 0.948
C  CH2 0 n.a. 0 0 0 0 n.a 1 1.094 1 n.a 1.057
C CH 0 0 0 0 0 0 0 0 1 0.975 n.a 1
CH2C O 0.084 0.084 0.084 0.084 0.097 0.097 n.a 0 0 1 0.953 1.025
CHOH 0 n.a. 0 n.a. 0 0 n.a n.a n.a 0 1 0.985
CO2 0 0 0 0 0.210 0.21 0 0 0 0.108 0 1

n.a. = not necessary for calculations.

Table 8
Binary non-randomness parameters (˛ij above diagonal, ˛ji below diagonal).

Group CH3 CH2 CH CH3(B) CYCH2 CYCH CH CH2 C CH2 C CH CH2C O CHOH CO2

CH3 0 0 0 0 0 0 0 0 0 0.854 1.471 4.683
CH2 0 0 0 0 0 0 0 n.a. 0 0.854 n.a. 4.683
CH  0 0 0 0 0 0 n.a. 0 0 0.854 1.471 4.683
CH3(B) 0 0 0 0 0 0 n.a. 0 0 0.854 n.a. 4.683
CYCH2 0 0 0 0 0 0 n.a. 0 0 0.854 1.471 0
CYCH 0 0 0 0 0 0 n.a. 0 0 0.854 1.417 0
CH  CH2 0 0 n.a. n.a. n.a. n.a. 0 n.a. 0 n.a. n.a. 0
C  CH2 0 n.a. 0 0 0 0 n.a. 0 0 0 n.a. 0
C  CH 0 0 0 0 0 0 0 0 0 0 n.a. 0
CH2C O 5.146 5.146 5.146 5.146 5.146 5.146 n.a. 0 0 0 0 0.17
CHOH  10.22 n.a. 10.22 n.a. 10.22 10.22 n.a. n.a. n.a. 0 0 −0.39

0 
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CO2 4.683 4.683 4.683 4.683 0 

.a. = not necessary for calculations.

ressure data were taken from Guenther [14] and Perry [44] and
re compared with GC-EOS predictions in Fig. 3. A good agreement
s observed between experimental data and model predictions in
he range of temperature studied. Experimental vapor pressure
ata for ocimene and ocimenone were not found in the open

iterature.

Solubility predictions of the selected components in near-

ritical and supercritical carbon dioxide were also verified against
inary experimental data from other authors. Solubility data of
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ig. 3. Vapor pressure of selected components. (�) �-Pinene, (�) �-thujone, (�)
-caryophyllene, (�) menthone, (�) l-menthol, and (-) GC-EOS prediction.
0 0 0 0.17 0.468 0

�-pinene [45,46], thujone [47] and l-menthol [48–50] in carbon
dioxide are compared with GC-EOS predictions in Figs. 4–6.  A good
agreement is observed with the exception of menthol solubility.
In this case the experimental data reported by different authors
present great discrepancy as indicated by Sovová et al. [49]. The
GC-EOS underestimates menthol solubility in all cases. Predictions

could be improved by including solute-solute association effects in
the model. No information about ocimene or ocimenone solubility
was  found in the literature.
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Fig. 4. Solubility of �-pinene in near critical and supercritical CO2. (©) T = 313 K [34],
(�) T = 313 K [35], (�) T = 323 K [35], (�) T = 333 K [35], and (-) GC-EOS prediction.
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ig. 5. Solubility of thujone in near critical and supercritical CO2 (T = 313 K). (�)
xperimental data [36] and (-) GC-EOS prediction.

. Results and discussion

.1. Global solubility

The experimental essential oil total solubility (or solvent load
apacity) increases with pressure, as shown in Fig. 7(a–c). The sol-
bility increase is of one order of magnitude over the pressure range
tudied in the present work. In the case of peppermint oil an inver-
ion in solubility behavior is observed, as a consequence of the
pposite effects of pressure and temperature on solvent density,
nd therefore on its solvent power. This is the well-known “cross-
ver” phenomenon. In Fig. 8(a–c) the solubility data are plotted as

 function of pure solvent density (instead of pressure), so that the
ffects of pressure and temperature can be seen separately.

.2. Extract phase composition
Tables 9–11 show the distribution of MT, OT and ST frac-
ions for sage and T. minuta oil and F1 and F2 for peppermint oil
n a solvent-free basis as a function of pressure for the studied
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ig. 6. Solubility of l-menthol in near critical and supercritical CO2. (�) T = 313 K
37],  (�) T = 313 K [38], (�) T = 323 K [37], (�) T = 323 K [38], (�) T = 323 K [39], and
-)  GC-EOS prediction.

Fig. 7. Global solubility of (a) sage oil, (b) Tagetes oil, (c) peppermint oil in extract
phase vs. pressure. (�) T = 313 K, (©) T = 323 K, and (-) smoothed line.

Table 9
Extract-phase composition for sage oil as a function of pressure (mass fraction in
solvent free basis, T = 313 K).

P (bar) MT  OT ST

70 0.514 0.474 0.012
80  0.489 0.503 0.008
85  0.451 0.546 0.002
90 0.365 0.615 0.020
95  0.281 0.682 0.037
Feed 0.181 0.693 0.126
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Fig. 9. (a) Extract phase composition (solvent free basis) for sage oil, T = 313 K. (�)
MT,  (�) OT, (�) ST, and (-) GC-EOS prediction. (b) Extract phase composition (MT in
solvent free basis) for Tagetes oil (�) T = 313 K, (©) T = 323 K, and (-) GC-EOS predic-
tion.  (c) Extract phase composition (MT  in solvent free basis) for peppermint oil. (�)
T = 313 K, (©) T = 323 K, and (-) GC-EOS prediction.
ig. 8. Global solubility of (a) sage oil, (b) Tagetes oil, and (c) peppermint oil in extract
hase vs solvent density. (�) T = 313 K, (�) T = 323 K, and (-) smoothed line.

emperatures. In all cases extracts are richer in MT  (or F1) than
he raw oil, which can be expected as a consequence of the higher
olatility of these fractions. It can also be seen that MT  (or F1)
oncentration decreases with pressure, approaching the raw oil
omposition as the system approaches homogeneous conditions.
hese results and GC-EOS predictions are plotted in Fig. 9(a–c). In

he case of sage oil the solvent-free extract phase composition of the
hree fractions is shown, while for T. minuta and peppermint oil only
he more volatile fraction is shown. The predictions are performed
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Table  10
Extract-phase composition for Tagetes minuta oil as a function of pressure (mass
fraction in solvent free basis).

T (K) P (bar) MT OT

313 70 0.849 0.151
75 0.810 0.190
80 0.830 0.170
85 0.779 0.221
90 0.732 0.268
95 0.667 0.333

100 0.480 0.520

323 70 0.895 0.105
80 0.837 0.163
90 0.932 0.068

100 0.851 0.149
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110 0.733 0.267

Feed 0.351 0.649

olving a flash calculation at fixed temperature and pressure with
he software GC-THREE [51]. The feed composition used in each
alculation is the global composition of the respective experimen-
al system for each run. It can be seen that the model accurately
redicts the composition of the extract phase.

The results suggest that the separation between fractions F1 and
2 in peppermint oil is the most difficult to achieve: in fact, it can
e seen that the extract-phase composition is similar to that of the
aw oil. The relatively similar vapor pressure of menthone and l-
enthol (see Fig. 3) helps to explain the difficulty in separating

hese two fractions.
The effect of temperature on extract-phase composition can

e seen in the runs performed with Tagetes and peppermint oils.
esults indicate that increasing temperature from 313 K to 323 K
oes not considerably affect the extract composition at lower pres-
ures; the main effect is to extend the two-phase region over a
igher range of pressure, allowing operation in conditions of higher
olubility.

.3. Selectivity, binary and multicomponent volatility

The analysis of the experimental data suggests that there is a
radeoff between process selectivity and solvent capacity. In order
o achieve a higher degree of separation between MT  and OT it
s necessary to operate at relatively lower pressures (70–80 bar),
ange in which solvent density (and solvent power) is lower, thus
equiring a high flow rate of carbon dioxide.

As mentioned above, the relative volatility between compo-
ents is a measure of the selectivity in a separation process.

ig. 10(a–c) shows the experimental and predicted relative volatil-
ties of MT  vs. non-MT (or F1 vs. F2) as a function of pressure for the
tudied oils. Experimental values are calculated from the extract
hase composition and the heavy phase composition is estimated

able 11
xtract-phase composition for peppermint oil as a function of pressure (mass frac-
ion  in solvent-free basis).

T (K) P (bar) F1 F2

313 80 0.390 0.610
85 0.396 0.604
90 0.384 0.616
95 0.319 0.681

100 0.263 0.737

323 80 0.411 0.589
90 0.379 0.621

100 0.397 0.603
110 0.272 0.728

Feed 0.203 0.797

Fig. 10. (a) Relative volatility of MT vs. non-MT for sage oil (T = 313 K). (�) experi-
mental value (this work) and (-) GC-EOS prediction. (b) Relative volatility of MT  vs.
OT for Tagetes oil. (�) T = 313 K, experimental value (this work), (�) T = 323 K, experi-
mental value (this work), (-) T = 313 K, GC-EOS prediction, and (- -) T = 323 K, GC-EOS
prediction. (c) Relative volatility of F1 vs. F2 for peppermint oil. (�) T = 313 K, exper-
imental value (this work), (�) T = 323 K, experimental value (this work), (-) T = 313 K,
GC-EOS prediction, (- -) T = 323 K, GC-EOS prediction.
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ig. 11. Distribution coefficient (Ki) of �-pinene in carbon dioxide at T = 313 K.
inary: (�) experimental value [35], (- -) GC-EOS prediction. Multicomponent: (�)
xperimental value (this work) and (-) GC-EOS prediction.

o be equal to the raw oil composition corrected by the amount of
arbon dioxide dissolved in it. It can be seen that in all cases the
ighest values are achieved at lower pressures.

Three other different phenomena can also be observed. The sep-
ration degree for Tagetes oil is high and therefore it can be more
asily fractionated, obtaining a relatively pure OT fraction without
mportant losses in the extract phase. A simple counter-current
olumn could be sufficient to obtain fractions of high purity. On
he other hand, peppermint oil exhibits the most difficult separa-
ion. Relative volatility values are low in the complete range. As
n intermediate case, sage oil presents a limited separation degree
nd suggests a more complex scheme of interactions due to the
resence of a significant amount of ST. This phenomenon is also dis-
ussed in a recent work mentioned earlier [22]. Such behavior could
ot have been correctly predicted using only binary information, as
entioned above. The volatility of each component (represented

y the distribution coefficient or K-factor) is affected by the pres-
nce of the other components, and this effect can be significant. For
xample, Fig. 11 shows the experimental and predicted distribution
oefficients of �-pinene – the main component of the MT  fraction –
n binary mixtures with carbon dioxide [35] and in the multicom-
onent system studied in this work, computed from the individual
hromatographic results for �-pinene. In this case an important
hange in its volatility behavior above 80 bar can be observed. The
resence of higher amounts of ST in the extract phase, due to the
igher solvent density, extends the two-phase region to higher
ressures, at which �-pinene is totally miscible with carbon diox-

de in binary mixtures. The behavior of this particular component
an be extended to the other components of the MT  fraction.

. Conclusions

The total solubility of three essential oils in near-critical and
upercritical CO2, as a function of pressure and temperature, was
easured together with the distribution of the main fractions (MT,
T, ST, F1 and F2) of the essential oils in their extracts.

The GC-EOS model gave good correlations of the essential oil
omponent vapor pressures and good predictions of their relative

olatilities.

The purification of the active biocidal fraction of the T. minuta
ssential oil is quite good and can be carried out in a semi-
ontinuous process or in a simple countercurrent column without

[

itical Fluids 58 (2011) 58– 67

reflux. The separation of the sage essential oil active components
requires a more complex fractionation and the separation of pep-
permint fractions is no feasible by near-critical extraction with CO2.

Significant variation of relative volatilities in the multicom-
ponent mixture with respect to the values reported for binary
mixtures was observed.
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