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Low-menthol  or dementholized  oils  can be regarded  as  potential  sources  of biocidal  compounds,  partic-
ularly  monoterpenic  ketones  such  as  menthone,  piperitone,  piperitenone,  pulegone  and  carvone.  In this
work,  the  recovery  of  piperitenone  from  peppermint  oil  by  supercritical  carbon  dioxide  fractionation  is
studied.  Separation  selectivity  and  gas  loading  measurements  were  performed  in  a  semicontinuous  high-
pressure  apparatus  in  order  to evaluate  the  effect  of  temperature  and solvent  density  on these  properties.
Semicontinuous  fractionation  was  also  carried  out  at a fixed  temperature  (313  K) and  pressure  (85  bar),
collecting  and  analyzing  extract samples  until  a  purified  piperitenone  raffinate  was  obtained.  The  phase
eppermint oil
upercritical fluid fractionation
C-EOS
ountercurrent fractionation

behavior  of  the  system  was  modeled  and  predicted  with  the  group  contribution  equation  of state  (GC-
EOS).  Good  agreement  with  the experimental  results  was  obtained.  Finally,  a  continuous  countercurrent
multistage  fractionation  process  was simulated,  based  on  the GC-EOS  model.  The  effect  of  operation  tem-
perature  and  pressure,  solvent-to-feed  ratio  and  reflux  ratio  was  studied  for different  purity  and  recovery
requirements  and  oil feed  compositions.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Peppermint (Mentha × piperita L.) oil is one of the most impor-
ant commercial essential oils, along with citrus peel oils, both in
roduction volume and applications. It is used as flavoring agent in
he food industry, as well as in fragrance, personal care, cleaning
nd pharmaceutical industries. During the last decades, pepper-
int oil world production has oscillated between 2000 and 4000
etric tons per year [1]. It is usually obtained by steam or hydrodis-

illation of fresh or dried leaves, yielding a volatile product rich in
xygenated monoterpenes, together with small amounts of hydro-

arbon monoterpenes and sesquiterpenes. Its commercial value
s mainly related to its (−)-menthol content, mint oils being the

ost common natural source of this compound. Menthol – which

∗ Corresponding author at: IDTQ – Grupo Vinculado PLAPIQUI – CONICET (Univer-
idad Nacional de Córdoba), Av. Vélez Sarsfield 1611, X5016GCA Córdoba, Argentina.
el.: +54 351 5353800x29784.

E-mail address: nganan@plapiqui.edu.ar (N.A. Gañán).

ttp://dx.doi.org/10.1016/j.supflu.2014.12.018
896-8446/© 2014 Elsevier B.V. All rights reserved.
is solid at ambient conditions – is generally isolated from the oil
by slow crystallization at low temperatures, followed by filtra-
tion or centrifugation. The residual liquid is commonly known as
“dementholized oil” and its value is considerably lower, although
its menthol content can be still as high as 50%.

However, the dementholized oil usually contains several
compounds of interest for different applications. For example, men-
thone can be converted to menthol by catalytic hydrogenation, thus
increasing the amount of this compound that can be obtained from
the oil. Currently, the main limitation of this process is its low selec-
tivity, yielding a non-specific mixture of stereoisomers of menthol
[2,3]. Other components are valuable for their aromatic properties;
for example menthyl acetate, menthofuran and 1,8-cineol, which
are used in the formulation of fragrances and aromas for giving
special or particular notes.

Besides organoleptic applications, mint oils also show biocidal

activity against different agricultural and stored product pests
and disease vectors, acting as repellents, insecticides, acaricides or
antimicrobials [4–7]. Due to this property, combined with increas-
ing environmental and health concerns about synthetic pesticides,

dx.doi.org/10.1016/j.supflu.2014.12.018
http://www.sciencedirect.com/science/journal/08968446
http://www.elsevier.com/locate/supflu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.supflu.2014.12.018&domain=pdf
mailto:nganan@plapiqui.edu.ar
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ssential oils and terpenes have gained attention as a potential
lternative within the framework of integrated pest management
8,9]. In general, biocidal activity has been attributed to some of
he oxygenated constituents, particularly monoterpenic ketones –
uch as menthone, carvone, pulegone, piperitone and piperitenone
6,10–12]. It has been observed that �,�-unsaturated ketones are
enerally more active than other ketones, suggesting that this
hemical functionality can play an important role in their toxicity
13].

The isolation of the active compounds – or their concentration
o a desired level of purity – requires the removal of inactive or less
ctive components of the oil, such as hydrocarbon monoterpenes,
hich are also unstable and can easily undergo oxidation reactions.

his concentration can be performed by conventional methods,
uch as vacuum distillation (rectification) or liquid extraction. The
ractionation with supercritical fluids – particularly carbon diox-
de – is an interesting alternative, for several well-known reasons.
O2 is considered a “green” solvent, because it is not toxic, non-
eactive, gaseous at ambient conditions – yielding solvent-free
roducts – and can be easily regenerated and recycled to the
rocess. Moreover, due to its relatively low critical temperature
304 K), operation can be performed at mild conditions, preserving
nsaturated compounds from thermal degradation and oxidation.

Fractionation is advantageously carried out in multistage
ountercurrent columns, which can be operated with different
onfigurations: continuous or semicontinuous, with external or
nternal reflux, etc. The design and optimization of a fractionation
olumn requires reliable phase equilibrium information, necessary
or the selection of suitable conditions that ensure operation within
he biphasic region as well as a high selectivity and minimum sol-
ent consumption [14].

Supercritical CO2 has been applied to the fractionation of essen-
ial oils (and synthetic mixtures of terpenes) by many authors,
ho have reported experimental, modeling and optimization stud-

es. The goal is generally the concentration or purification of a
articular compound or fraction, which can be of interest due to
rganoleptic and/or bioactive properties. The first application case
as the deterpenation of citrus peel oils, i.e., the parcial removal

f the hydrocarbon monoterpene fraction (mainly limonene) in
rder to concentrate de valuable oxygenated fraction (linalool, cit-
al), improving the aromatic profile of the oils. Orange and lemon
eel oil fractionation has been studied by many authors, providing
seful information on the phase equilibrium behavior, separation
erformance and hydrodynamic aspects of continuous and semi-
ontinuous countercurrent columns [15–19]. These studies have
hown that essential oils and terpenic mixtures are readily soluble
n supercritical CO2, and that a good selectivity can be achieved if
he operation conditions are properly selected.

Some authors have applied this methodology to the fraction-
tion of herbal essential oils obtained by hydrodistillation, as an
lternative to the fractionated supercritical fluid extraction (FSFE)
rom the plant material. In the case of FSFE, the oil fractions can
e successively extracted by changing the extractor conditions (for
xample, increasing pressure by steps), or can be recovered from
he total extract in two or more separation vessels operating in
eries at different temperature and/or pressure conditions. With
his approach, several authors have studied the supercritical fluid
xtraction of mint essential oils and the subsequent separation of
he cuticular waxes from the oil [20–22].

On the other hand, some noteworthy applications of supercrit-
cal CO2 fractionation of herbal essential oils are the purification of
romatic oxygenated monoterpenes (mainly carvacrol) from ori-

anum oil [23], the separation of linalool and linalyl acetate in
avandin oil [24] and the recovery of 1,8-cineol from eucalyptus
il [25]. In previous works, Gañan and Brignole [26,27] have stud-
ed the concentration of the oxygenated fraction from essential oils
cal Fluids 98 (2015) 1–11

rich in monoterpenic ketones, such as Salvia officinalis and Tagetes
minuta oils, determining recommended operation conditions by
experimental studies and computer assisted simulation.

Solubility and phase equilibrium data of main peppermint oil
components in supercritical CO2 has been reported by several
authors, namely menthol [28,29], carvone [30], 1,8-cineol [31,32]
and hydrocarbon monoterpenes, among others, including also
ternary and multicomponent systems. The separation of menthone
and menthol as key components in a peppermint oil sample was
studied by Gañán and Brignole in a previously cited work [26], con-
cluding that the relative volatility between these compounds was
too low in the entire studied range of conditions to allow a practical
fractionation.

In this work, the supercritical CO2 fractionation of a pep-
permint oil rich in piperitenone is studied. Piperitenone is an
�,�-diunsaturated ketone related to menthone. It is also a precur-
sor of piperitenone oxide, a compound which has been reported
as an insecticidal, larvicidal, antiviral and antitumoral agent [33].
Based on these facts, the main objective is the purification or con-
centration of the piperitenone fraction as a model case for the
revalorization of dementholized or natural mint oils having low
menthol content, regarded as a source of biocidal and biologically
active compounds or fractions.

A systematic approach is followed, applying phase equilibrium
engineering concepts [34]. Experimental results obtained in a semi-
continuous high-pressure apparatus at different temperature and
density conditions are presented and discussed in terms of pro-
cess selectivity and gas loading. The influence of composition is
then evaluated by semicontinuous fractionation at fixed temper-
ature and pressure conditions. The phase equilibrium behavior
of the CO2 + peppermint oil system is predicted with the group
contribution equation of state (GC-EOS) [35] and compared with
experimental results. Based on this thermodynamic model, a con-
tinuous countercurrent fractionation column is simulated and
analyzed in order to select operating conditions for different pro-
cess or product quality requirements, providing useful information
for the design and optimization of a fractionation process.

2. Materials and methods

2.1. Materials

In this work, a sample of peppermint (Mentha × piperita L.)
essential oil rich in piperitenone was  used. It was  obtained at
Universidad Nacional de Córdoba by steam distillation from fresh
leaves harvested in the province of Córdoba (Argentina) and was
stored at 263 K protected from light. The essential oil composition
was determined by gas chromatography and mass spectrometry
(GC–MS) following the method described in Section 2.3.

Industrial extra-dry carbon dioxide (≥99.8%, Linde, Argentina)
was used in the supercritical fluid fractionation experiments.
Methanol (≥99.8%, HPLC grade, Sintorgan, Argentina) was used for
the recovery of the extracted fractions and samples. Ethanol (95%,
v/v, food grade, Porta, Argentina) was  used for cleaning the exper-
imental apparatus and for the recovery of residues.

2.2. Experimental setup and procedure

Equilibrium and fractionation experiments were performed in
a lab-scale semicontinuous apparatus schematically described in
Fig. 1. It consists of a high-pressure column of 30 cm3 of internal

volume (1.1 cm inner diameter, 32 cm height), filled with 1 mm-
diameter glass spheres, where the oil sample (1 cm3) is loaded.
The column is kept at constant temperature by an external alu-
minium jacket heated by electrical resistances and connected to
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ure generator; 4, manometer; 5, high-pressure extraction column; 6, aluminium
eating jacket; 7, temperature controller; 8, pressure transducer; 9, solute trap; 10,
ubble gas meter; V, valves.

 temperature controller (DH-101, Dhacel, Argentina). After load-
ng the oil, CO2 is fed to the system through a high-pressure liquid
ump (Waters 501, Millipore, USA) up to the desired pressure value,
easured by a pressure transducer (CS-PT300 Xian Chinastar M&C

td., China). Pressure was controlled within a range of ±0.5 bar and
emperature within a range of ±0.1 K.

After reaching constant temperature and pressure, the system
s allowed to equilibrate for at least 3 h, with inlet and outlet valves
losed, to ensure equilibrium conditions and saturation of the gas
or supercritical) phase. During equilibration the oil components
istribute between the liquid and gas phases according to their
olatility and affinity with CO2. Then, the outlet or expansion valve
V4) is gently opened in order to adjust the gas flow rate to a
ufficiently low value (0.1 g/min) to keep equilibrium conditions
dynamic or “gas saturated” method). The exiting gas phase is con-
inuously replaced by fresh CO2 using a pressure generator, with
alve V3 opened. After depressurization, the solutes dissolved in
he gas stream are condensed and collected in a solute trap. The
O2 flow rate is measured and controlled using a bubble gas meter
onnected to the outlet of the solute trap. The accuracy of the gas
eter column is 0.1 cm3. This procedure has been already tested in

 similar device described in the above mentioned previous works
26,27] and validated by reproduction of solubility and fraction-
tion data reported in the literature for the system CO2 + lemon
eel oil.

The solute samples were collected using two  alternative meth-
ds: (a) by bubbling the gas stream in a closed vessel filled with

 ml  of methanol and (b) by direct condensation in a glass U-tube
rovided with glass wool in the exit shoulder in order to minimize
xtract losses. In both cases, the solute traps were kept refriger-
ted at 250 K by means of a thermostatic bath (RE-107, Lauda,
ermany). The mass of the glass U-tubes is in the range of 17–19 g,
nd the typical mass of the collected extract samples is in the range
f 20–50 mg.  In the first method the solution is directly analyzed
y GC, while in case (b) the condensed solutes are dissolved in
ethanol prior to analysis. Direct condensation allowed determin-

ng the gas loading (or oil solubility) gravimetrically, by weighing
he U-tube before and after the extract recovery in an analytical
alance (Ohaus Adventurer Pro, New Jersey, USA, d = 0.1 mg). The
mount of CO2 is calculated volumetrically by integrating the flow
ate measurements over time and by subsequent conversion of

he calculated volume to mass, at room temperature, pressure and
umidity conditions. The gas flow rate was checked every 1–2 min
long each run, in order to minimize integration errors. Once the
ow rate was stabilized, the variation was very low (<5%). The
cal Fluids 98 (2015) 1–11 3

samples obtained by bubbling were used for determining the com-
position of the extract phase, which was  in good agreement with
the composition of the samples obtained by condensation, showing
that both methods were consistent.

Two  kinds of experiment were conducted. In the equilibrium
measurements only a small sample of the gas phase was  extracted
at fixed temperature and pressure conditions. The aim of these
experiments was  to determine the composition of the gas phase
in equilibrium with the liquid feed (essential oil) at different con-
ditions, as well as the gas loading or “global solubility”.

In the fractionation experiments the sample of oil was contin-
uously (and selectively) extracted until total or partial removal of
the more volatile components, at fixed temperature and pressure
conditions. Samples were successively collected and analyzed, in
order to track the gas phase composition during the whole frac-
tionation process. These experiments can also provide information
about how the relative volatility depends on the system global com-
position (at fixed temperature and pressure conditions), as it is
continuously changing during the extraction. After reaching the
desired degree of extraction, pressure was raised up to 150 bar,
in order to dissolve and extract the residual liquid or raffinate
(piperitenone-rich fraction).

2.3. Chromatographic analysis

The characterization of the peppermint essential oil was per-
formed in a gas chromatograph (Clarus 600, Perkin Elmer, USA)
coupled with an ion trap mass detector (GC–MS) and equipped
with a capillary column DB-5 (60 m × 0.25 mm i.d. and 0.25 �m
film thickness). The temperature of the column was programmed
to increase from 333 to 513 K at a rate of 4 K/min. Detector and
injector temperatures were set at 523 K. Helium was used as car-
rier gas at a flow rate of 0.9 ml/min. Ionization was  achieved by
electron impact at 70 eV. Mass spectral data were acquired in the
scan mode in the m/z range 35–250. Retention indices (RI) of the oil
components were determined on the basis of homologous n-alkane
hydrocarbons under the same conditions. The compounds were
identified by comparing their retention indices and mass spectra
with published data [36] and available libraries (NIST).

The quantitative analysis of the oil and the extract samples
obtained in the different experiments was  performed in a gas chro-
matograph (Clarus 500, Perkin Elmer, USA) equipped with a flame
ionization detector (GC–FID), using the same column and tempera-
ture program as for GC–MS. In all cases, samples were diluted with
methanol and the injection volume was 1 �l. The quantitative com-
position was  obtained by peak area normalization, and the response
factor for each component was  considered equal to 1.

3. Modeling

3.1. Thermodynamic model: GC-EOS

The thermodynamic behavior of the CO2 + peppermint oil sys-
tem was modeled with the group contribution equation of state
(GC-EOS) [35]. This equation is particularly suitable for the descrip-
tion and prediction of the phase behavior of natural complex
mixtures using a limited number of group parameters, and has been
successfully applied to the description of CO2 + terpenic systems by
several authors [19,26,27,37,38].

The essential oil is represented here as a pseudo-binary mix-
ture of 1,8-cineol and piperitenone. The selection of these key

components is based on their abundance and volatility behavior,
as explained in Section 4. The chemical structure of these com-
pounds is shown in Fig. 2 and their group structure is presented
in Table 1. The relevant physico-chemical properties (molar mass,
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Fig. 2. Chemical structure of oil key components. (a) 1,8-Cineol, (b) piperitenone.

Table 1
Group structure of key components.

Group CO2 1,8-cineol Piperitenone

CH3 – – 3
CH3(B) – 3 –
CYCH2 – 4 2
CYCH – 1 –
C  CH – – 2
CH2 O – 1 –
CH2C O – – 1
CO2 1 – –

Table 2
Physicochemical properties of key components.

MW (g/mole) Tc (K) Pc (bar) NBP (K)

CO2 44.0 304.2 72.8 –

c
i
c
b
i
t
t
t
g
t

Table 3
GC-EOS pure group parameters.

Group T* q g g′ g′′

CH3 600.0 0.848 316910 −0.9274 0
CH3(B) 600.0 0.789 316910 −0.9274 0
CYCH2 600.0 0.540 466550 −0.6062 0
CYCH 600.0 0.228 466550 −0.6062 0
C  CH 600.0 0.676a 546780 −1.0966 0
CH2 O 600.0 0.240b 503700 −0.9821 0
CH2C O 600.0 0.640b 888410 −0.7018 0
CO2 304.2 1.261 531890 −0.5780 0

T
B

T
B

1,8-Cineol 154.3 796.1 27.3 450.2
Piperitenone 150.2 777.3 28.9 512.2

ritical temperature and pressure, normal boiling point) are shown
n Table 2. Critical properties were estimated using Joback’s group
ontribution method [39]. The pure group, binary interaction and
inary non-randomness parameters used in the model are reported

n Tables 3–5. All the available parameters were used, according to
he most recent update [40]. The number of surface segments q of

he ketone and ether groups was modified in order to account for
he lack of one or more H atoms, thus avoiding the definition of new
roups. The binary interaction and non-randomness parameters of
hese groups were not modified. The correlated binary parameters

able 4
inary interaction parameters (kij above diagonal, k′

ij
below diagonal).

Group CH3 CH3(B) CYCH2 CYCH

CH3 1 1 1 1 

CH3(B) 0 1 1 1 

CYCH2 0 0 1 1 

CYCH  0 0 0 1 

C  CH 0 0 0 0 

CH2 O −0.056 −0.056 0 0 

CH2C O 0.084 0.084 0.097 0.097
CO2 0 0 0.210 0.210

able 5
inary non-randomness parameters (˛ij above diagonal, ˛ji below diagonal).

Group CH3 CH3(B) CYCH2 CYCH

CH3 0 0 0 0 

CH3(B) 0 0 0 0 

CYCH2 0 0 0 0 

CYCH  0 0 0 0 

C  CH 0 0 0 0 

CH2 O 0 0 0 0 

CH2C O 5.146 5.146 5.146 5.146
CO2 3.369 3.369 0 0 
a q = 0.485 for the C C group of piperitenone.
b Modified in order to account for the lack of one or more H atoms.

for the interaction between the ketone and olefinic groups were
reported in a previous work [26]. The binary parameters between
the ether group and cyclic paraffin, olefin and ketone groups are
not available. In a first approach, they were given ideal values. As
a globally good agreement between predictions and experimental
results was achieved upon this consideration, these ideal values
were kept. The calculations were then completely predictive, as no
information from our experiments was  used in the estimation of
the model parameters.

Solubility prediction of the key components in near critical
and supercritical carbon dioxide was verified against binary data
reported in the literature [30–32]. As can be seen in Fig. 3, solubil-
ity prediction for 1,8-cineol is in fair agreement with experimental
data at 318 K, with higher deviation at 323 and 333 K. However,
it has to be noticed that the data points at these temperatures are
somewhat scattered. To the best of our knowledge, there is no infor-
mation in the literature concerning solubility or phase equilibrium
data of piperitenone. Therefore, the comparison was made with
data for the isomeric ketone carvone, also a diunsaturated monoter-
penic ketone with a similar group structure and close boiling point
(504.2 K). In this case, GC-EOS predictions are in good agreement
with literature data at 312 and 322 K, as shown in Fig. 4.

3.2. Semicontinuous fractionation
From the standpoint of the oil components (i.e., on a solvent-free
basis), the semicontinuous fractionation process can be analyzed as
a batch distillation. This process is mathematically described by the
well-known Rayleigh equation, which is essentially a component

 C CH CH2 O CH2C O CO2

1 0.924 0.834 0.892
1 0.924 0.834 0.892
1 1 0.870 0.928
1 1 0.870 0.928
1 1 0.975 1
0 1 1 1.042

 0 0 1 1.025
 0 0 0.108 1

 C CH CH2 O CH2C O CO2

0 0 0.854 3.369
0 0 0.854 3.369
0 0 0.854 0
0 0 0.854 0
0 0 0 0
0 0 0 0

 0 0 0 0.170
0 0 0.170 0
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Table 6
Peppermint essential oil composition.

Component RI M (g/mole) % GC area

�-Pinene 933 136.2 1.69
Sabinene 972 136.2 1.33
�-Pinene 978 136.2 2.61
�-Myrcene 986 136.2 3.96
1,8-Cineol 1035 154.3 20.28
(−)-Menthone 1159 154.3 0.95
(−)-Menthol 1182 156.3 1.58
Isopiperitenone 1274 152.2 1.04
Piperitenone 1353 152.2 61.15
ig. 3. Solubility of 1,8-cineol in supercritical CO2 as a function of temperature and
ressure. Experimental data: (�) T = 318 K, (�) T = 323 K [32], (�) T = 333 K [31], (—)
C-EOS predictions.

ass balance. For a binary system, this equation can be easily solved
o the following expression:

n
(

W0

W

)
= 1

 ̨ − 1

[
ln

(
x0

x

)
+  ̨ ln

(
1 − x

1 − x0

)]
(1)

here W0 and W are the moles of liquid feed (oil) at the begin-
ing of the process and at a given time t, respectively, and x0 and

 are the corresponding compositions of the volatile component
n this liquid-phase [41]. This equation contains only one param-
ter: the relative volatility between the volatile and the heavy
omponent (˛), which is assumed composition-independent and
herefore constant during the whole process. It can be obtained
xperimentally or predicted by a reliable equation of state or other
uitable method.

In this work, the Rayleigh equation was applied to the simulation
f the pseudo-binary semicontinuous fractionation of peppermint
il, using the experimental value of the relative volatility. On the

ther hand, calculations with a composition-dependent relative
olatility predicted with the GC-EOS model were also performed.
n this case, the fractionation process was simulated by a series
f successive flash calculations at fixed temperature and pressure

0
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312  K
322  K

ig. 4. Solubility of carvone in supercritical CO2 as a function of temperature and
ressure. Experimental data: (�) T = 312 K, (♦) T = 322 K [30], (×) solubility of pep-
ermint oil (this work), (—) GC-EOS predictions.
�-Caryophyllene 1427 204.4 2.22
d-Germacrene 1488 236.4 3.18

conditions [42], taking into account the global composition changes
at each extraction step.

3.3. Continuous countercurrent fractionation

A multistage countercurrent fractionation column was simu-
lated using the subroutine GCEXTRAC, a robust simulator of a
high-pressure extractor supported by the GC-EOS thermodynamic
model [43]. It has been applied to the simulation and optimiza-
tion of several supercritical fluid fractionation processes, such as
the deterpenation of citrus peel oils [19], the extraction of solvents
and pollutants from edible oils [44] and the fractionation of fish oil
ethyl esters [45], among others.

In this case, a 10-stage isothermal column was  simulated, with
solvent feed at the bottom and oil feed at the top (simple coun-
tercurrent) or at an intermediate stage, with partial recycle of the
extract product at the top stage (external reflux).

Besides temperature and pressure conditions, the effect of other
variables such as the solvent-to-feed ratio (S/F) and the reflux ratio
(RR) was investigated, and appropriate operation conditions were
chosen in order to meet specified piperitenone purity and recov-
ery requirements. Solvent consumption and investment costs were
additional criteria taken into consideration.

4. Results and discussion

4.1. Selectivity and gas loading measurements

Peppermint oil composition (determined by gas chromatogra-
phy) is presented in Table 6. Piperitenone and 1,8-cineol are the
main components, making up about 80% wt.  of the oil. Hydrocar-
bon monoterpenes and sesquiterpenes account for approx. 10% wt.
and 5% wt.  of the oil, respectively.

In order to investigate the influence of temperature and CO2
density on the separation selectivity and gas loading, equilib-
rium measurements were performed according to the dynamic
method described in Section 2.1. Three experimental conditions
were selected: (i) 313 K and 85 bar, (ii) 323 K and 97 bar, (iii) 323 K
and 120 bar. Conditions (i) and (ii) correspond to a similar pure
CO2 density of ∼350 kg/m3, while condition (iii) corresponds to a
CO2 density of ∼580 kg/m3, according to data reported by NIST
[46]. In this way, the effects of temperature and density were
evaluated separately with a minimum number of experimental
runs, due to limited availability of essential oil. The experiment
(i) was performed by duplicate, in order to assess the experimental
error.

For each experimental condition, the extract-phase composition

in terms of CO2-free mass fraction is shown in Table 7. Distribu-
tion coefficients for each component on a solvent-free basis (K ′

i
)

are also presented as a measure of their volatility. Each K ′
i

is cal-
culated as the ratio between the concentration of component i in
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Table 7
Extract-phase composition (% wt., CO2-free), distribution coefficients (K ′

i
), relative volatility (˛12) and gas loading at different operation conditions.

Component 313 K/85 bar
(� = 350 kg/m3)

323 K/97 bar
(� = 350 kg/m3)

323 K/120 bar
(� = 580 kg/m3)

% area K ′
i

% area K ′
i

% area K ′
i

�-Pinene 5.47 3.24 4.92 2.91 2.00 1.18
Sabinene 2.53 1.90 3.65 2.74 1.95 1.47
�-Pinene 6.87 2.63 4.39 1.68 2.63 1.01
�-Myrcene 10.58 2.67 8.26 2.09 4.48 1.13
1,8-Cineol 41.43 2.04 35.53 1.75 26.37 1.30
(−)-Menthone 1.30 1.37 1.23 1.29 1.45 1.53
(−)-Menthol 0.88 0.56 1.89 1.20 1.86 1.18
Isopiperitenone 0.40 0.38 0.84 0.81 0.93 0.89
Piperitenone 27.24 0.45 35.86 0.59 50.05 0.82
�-Caryophyllene 1.66 0.75 2.22 1.00 3.54 1.59
d-Germacrene 1.64 0.52 1.93 0.61 4.74 1.49

Total  fraction 1 68.18 2.21 59.87 1.94 40.74 1.32
Total  fraction 2 31.82 0.46 40.13 0.58 59.26 0.86
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he extract-phase and its concentration in the natural oil, which
s considered approximately equal to the CO2-free composition of
he liquid phase. Two different groups of components can be rec-
gnized in terms of their relative volatility: a more volatile fraction
, rich in 1,8-cineol, which tends to concentrate in the gas phase
K ′

i
> 1) and a less volatile fraction 2, rich in piperitenone, which

ends to remain in the liquid phase (K ′
i

< 1). Based on this consid-
ration, the relative volatility of fraction 1 with respect to fraction

 (˛12) is calculated as a measure of the fractionation selectivity.
as loading (or global oil solubility) results are also reported. The
xperimental error estimation was ±0.5 for the relative volatility
nd ±1.4 g/kg for the gas loading, based on the duplication of the
xperiment at 85 bar and 313 K.

Although 1,8-cineol and piperitenone are polar molecules (due
o the presence of oxygenated functions) and have approximately
he same molar mass, they show a significant difference in vapor
ressure, as reflected by their boiling points (Table 2), being
,8-cineol closer to hydrocarbon monoterpenes. This could be
xplained in terms of their molecular configuration: as the bicyclic
tructure gives 1,8-cineol a more “spherical” shape, piperitenone is

 rather “planar” molecule due to the conjugated double bonds, as
an be seen in Fig. 2. This particular behavior of 1,8-cineol has been
bserved by other authors. Matos and Gomes de Acevedo [32] have
eported that the solubility of 1,8-cineol in dense CO2 is similar
o the solubility of limonene (a typical hydrocarbon monoterpene)
nd that no selectivity between them can be obtained. Francisco
nd Sívik [31] have pointed the same conclusion regarding the sep-
ration of an equimolar mixture of limonene and 1,8-cineol with
upercritical CO2 in the context of eucalyptus oil fractionation. In a
reviously cited work, Gañán and Brignole [26] have also observed
hat 1,8-cineol volatility behavior in supercritical CO2 was  closer
o the monoterpene fraction than to the ketone fraction during the
ractionation of S. officinalis essential oil.

From Table 7, it can be seen that increasing temperature at
onstant CO2 density (∼350 kg/m3) enhances gas loading (from

 g/kg at 313 K to 8.5 g/kg at 323 K) but decreases selectivity, which
rops from 4.8 to 3.4. This can be due to a higher influence of
emperature on the vapor pressure of piperitenone than for 1,8-
ineol (and hydrocarbon monoterpenes). Increasing CO2 density to
580 kg/m3 at constant temperature (323 K) has the same effect,
ith a remarkable increase in gas loading but an almost complete
oss of selectivity. This opposite behavior of selectivity and gas
oading is a well-known phenomenon in supercritical fluid frac-
ionation, and usually leads to a trade-off between product quality,
olvent consumption and investment costs.
– 3.35 – 1.54
– 8.5 – 33.5

GC-EOS model predictions are shown in Figs. 5 and 6 together
with the experimental results. As mentioned before, the oil
was modeled as a pseudo-binary system composed of a more
volatile and a less volatile fraction, represented by 1,8-cineol and
piperitenone respectively. Fig. 5 shows the changes of relative
volatility and gas loading with pressure for the temperature range
313–333 K. Fig. 6 presents the same information, but as a func-
tion of pure CO2 density. It can be seen that the model predicts a
nearly exponential increase of gas loading with density and a cor-
relative exponential decrease of selectivity, along with a negligible
effect of temperature, only appreciable at low density conditions
(below 300 kg/m3). When represented as a function of pressure
instead of CO2 density, a crossover region is predicted between 80
and 90 bar for the relative volatility as well as for the gas load-
ing isotherms. Quantitatively, the prediction of the experimental
results is acceptable in the lower pressure range, but at higher pres-
sure conditions higher relative deviations are obtained (up to 41%
for relative volatility and up to 52% for gas loading).

The experimental results, as well as the model predictions, are
in agreement with data reported for similar systems. Gas loading
values typically observed for terpenic systems (binary or multi-
component) are in the range 1–50 g/kg, with a more pronounced
increase with pressure at lower temperatures, until reaching sin-
gle phase conditions. The pressure limit of the biphasic region
increases with temperature. This behavior can be seen in the binary
systems CO2 + 1,8-cineol and CO2 + carvone shown in Figs. 3 and 4,
as well as in the above mentioned works [17,24,26]. The oil
composition has also great influence, oils rich in hydrocarbon
monoterpenes – like citrus peel oils – being more soluble in super-
critical CO2 than the oils richer in oxygenated compounds, at given
temperature and pressure conditions. Regarding relative volatility,
typical values for terpenic mixtures are in the range 1–15, depend-
ing on the involved compounds and their relative abundance. For
example, high selectivity values (∼15) were reported for the sep-
aration of �-ocimene and ocimenone fractions in T. minuta oil at
323 K and 75–80 bar [26], but the selectivity reported between
linalool and linalyl acetate fractions in lavandin oil at the same
conditions was  only about 1.4 [24].

4.2. Semicontinuous fractionation
Based on the previous results, semicontinuous fractionation
of peppermint oil was performed at 313 K and 85 bar. Although
higher selectivity is expected at lower pressures, density con-
trol can be very difficult when operating too close to the CO2
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ritical region, due to its high sensitivity to small pressure and/or
emperature variations. A sample of oil (1 cm3) was  loaded into
he high-pressure cell and a continuous stream of CO2 was  fed to
emove the more volatile components, leaving a residue (raffinate)
nriched in piperitenone. As previously explained, successive sam-
les from the gas (or extract) phase were taken at different intervals
nd analyzed by gas chromatography.

The gas-phase composition along the fractionation process is
hown in Fig. 7(a) as a function of the extraction degree. It can
e seen that the composition of the volatile fraction (Y1, on CO2-
ree basis) is initially higher than that in the feed oil (around 0.7),
nd it continuously decreases as the more volatile compounds are
emoved and the liquid is enriched in piperitenone. Fractionation
as performed until ∼55% of the oil sample was  extracted. Then,
ressure was raised up to 150 bar and the residual liquid or raffinate
as recovered, with a residual content of 1,8-cineol of approx. 5%
t.

Fig. 7(a) also shows the predicted behavior calculated with

ayleigh equation. The relative volatility was  given a constant
alue of 4.8, corresponding to the experimental value obtained at
hese process conditions. It can be seen that the agreement with
he experimental data is fairly good, suggesting that the relative
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volatility does not change significantly with composition along the
process. For comparison purposes, the predicted behavior consid-
ering a variable relative volatility, recalculated in each step by the
GC-EOS model, is also shown.

On the right side, Fig. 7(b) shows the X–Y equilibrium diagram
for the volatile molar fractions at process conditions (on a CO2-
free basis). The experimental results were calculated estimating the
liquid composition by successive mass balances. The equilibrium
curve was  calculated using the Rayleigh equation within the entire
composition range.

Both diagrams can be used together to analyze the fractionation
process of an oil sample for preparative purposes. For example, if
a final product with 90% of piperitenone (fraction 2) is required,
diagram (b) indicates that this liquid-phase composition is in equi-
librium with a gas-phase composition of approx. 40% of 1,8-cineol
(fraction 1). According to diagram (a) this gas-phase composition
corresponds to approx. 45% of extraction. In this way, the process
can be monitored gravimetrically, just by weighing the extracted

mass collected in the trap, instead of analyzing several extract sam-
ples by gas chromatography. Only one sample has to be analyzed
in order to obtain the experimental value of the relative volatility
between fractions 1 and 2 at the operation conditions, required for
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he calculation of both diagrams. Even this first analysis could be
voided if a reliable model for predicting the relative volatility is
vailable.

Ternary phase equilibrium information, including supercritical
O2, is presented in Fig. 8. GC-EOS predictions are shown and com-
ared to the experimental results for the gas phase obtained from
he semicontinuous fractionation experiment. As it can be seen,
he model correctly describes the gas phase behavior, and predicts

 significant dissolution of CO2 in the liquid phase, between 40 and
0% wt. at these conditions.
.3. Continuous countercurrent fractionation

Fig. 9 shows the schematic diagram of the studied fractionation
onfiguration. It consists of a multistage column with the solvent
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ig. 8. Ternary diagram for the system CO2 + 1,8-cineol + piperitenone at 313 K and 85 ba
hase composition (CO2-free basis) vs. extraction degree. (b) Equilibrium diagram
 relative volatility, (—) GC-EOS predictions. (The arrow indicates the fractionation

feed (S) at the bottom and the oil feed (F) at the top or at an interme-
diate stage. The raffinate (R) and extract (E) streams are recovered
at the bottom and top, respectively. The extract is condensed in a
separation vessel operating at 280 K and 35 bar and can be partially
recycled to the top of the column as an external reflux. Separator
conditions were chosen in order to obtain a quantitative conden-
sation of oil components and a sufficiently pure CO2 stream. The
solvent recovery system was not analyzed.

Fractionation performance was  evaluated taking into account
different criteria. The search for optimal or recommended condi-
tions aims at maximizing raffinate purity and recovery (in terms

of piperitenone or fraction 2) while minimizing solvent consump-
tion and investment costs. Solvent consumption was  evaluated
by means of the solvent-to-feed ratio (S/F), in order to general-
ize the analysis independently of the required column throughput.
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r. (�) Experimental data for gas phase, (—) GC-EOS predictions, (- - -) tie lines.
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Fig. 10. Solvent-to-feed ratio (S/F) and piperitenone loss in the extract as a function
ig. 9. Countercurrent fractionation scheme. Solid lines: simple countercurrent
ode. Dotted lines: countercurrent mode with external reflux.

nvestment costs are mainly related to the number of theoretical
tages (N) and the column diameter, the latter depending basically
n solvent flow rate and density.

In a first analysis, a simple countercurrent operation in an
sothermal 10-stage column was investigated. Preliminary simu-
ations showed that further increasing the number of stages did
ot improve the column performance in terms of product qual-

ty. Fig. 10(a) and (b) shows the predicted conditions (S/F ratio and
peration pressure) for two specified values of piperitenone purity
n the raffinate product (99 and 95% wt.) operating at 313 and 323 K,
espectively. These temperatures were selected based on the pre-
iminary experimental results and model predictions. It can be seen
hat a higher S/F ratio is needed when operating at lower pressures.
ig. 10 also shows that the piperitenone loss in the extract (in % wt.)
ncreases with pressure due to the increase in CO2 solvent power.
ue to this opposite behavior of S/F ratio and piperitenone loss, the
est choice of pressure will depend on further considerations. For
xample, for a product purity of 99% wt., if a maximum limit of 15%
f piperitenone loss is fixed, the required operation conditions will
e 90 bar and S/F = 98 kg/kg at 313 K, and 93 bar and S/F = 93 kg/kg
t 323 K. At 313 K and 90 bar, CO2 density is 485 kg/m3, while at
23 K and 93 bar it is 317 kg/m3. Therefore, although a higher S/F
atio is needed, the volumetric flow rate will be lower at 313 K (0.20
s. 0.29 m3 per kg oil feed), reducing the required column diameter
nd the associated investment costs. It can also be seen that it is not
ossible to reduce the piperitenone loss in the extract below 10%
ith this purity requirement within the operative region. If purity

equirement is relaxed to 95% wt., a lower S/F ratio is needed for a
iven pressure, and the piperitenone loss in the extract decreases.

To avoid partial or total selectivity loss, it is fundamental to keep
eterogeneous (biphasic) conditions across the entire column. CO2
olvent power increases with pressure; hence, there will be a max-
mum operative value to avoid complete miscibility. In general,
he maximum pressure will shift to higher values with tempera-
ure, due to its effect on solvent density, as it can be seen in Fig. 9
or the 10-stage column operating at 313 and 323 K. It can also
e noticed that this maximum pressure decreases with S/F ratio

or a given temperature, due to the effect of CO2 composition on
he ternary phase equilibrium. The operation should be performed
elow the maximum pressure, in order to avoid entering the homo-
eneous region and to keep a density difference between gas and
of  operation pressure for 99 and 95% wt. of piperitenone purity in raffinate product.
Predictions for a 10-stage simple countercurrent column operating at (a) 313 K and
(b) 323 K.

liquid phase high enough to ensure a countercurrent flow with-
out entrainment or flooding risks. As it can be seen in Fig. 11, the
previously selected operation conditions are well below this limit.

In order to increase piperitenone recovery, the use of an external
reflux was studied. It has been demonstrated that the possibility of
simultaneously achieving a high recovery in the extract and raf-
finate phase in simple countercurrent columns is limited by the
relative volatility between the components or fractions to be sep-
arated at the prevailing column conditions [19]. A limited reflux of
the condensed extract product can improve the recovery of the less
volatile component in the raffinate by around 10%, as reported for
the fractionation of T. minuta and S. officinalis essential oils [27].

The operation of a 15-stage countercurrent column with oil feed
at stage 5 and external reflux at the top was simulated. Tempera-
ture, pressure and S/F ratio were kept constant at the previously

selected values for the simple countercurrent mode (313 K, 90 bar,
98 kg/kg). Table 8 shows the predicted results using a reflux ratio
of 0.5, in comparison with the simple countercurrent mode. It can
be seen that by using this reflux ratio piperitenone recovery is
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Table 8
Continuous countercurrent fractionation of peppermint oil. Selected operation con-
ditions and prediction of piperitenone purity and recovery in raffinate product.

Simple CC CC with
external reflux

Column temperature
(K)

313 313

Column pressure (bar) 90 90
S/F  ratio (kg/kg) 98 98
Number of stages 10 15
Feed stage 1 5
Separator temperature

(K)
– 280

Separator pressure
(bar)

– 35

Reflux ratio – 0.5
Piperitenone in

raffinate, CO2-free (%
wt.)

99.1 98.6
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ncreased from 85% to 91.1%, for a raffinate product of similar qual-
ty.

Finally, it is important to consider also the influence of feed
il composition. In general, qualitative and quantitative changes
n the natural composition of herbal essential oils are expectable
ue to geographical, environmental and genetic factors, as well
s extraction methods and conditions. These variations between
ots usually require the adjustment of fractionation conditions, as
he selectivity and phase scenario can be drastically modified. In
his case, the effect of quantitative variations in the piperitenone
ontent in the feed oil is analyzed. It can be seen in Fig. 12
hat the predicted pressure limit for biphasic conditions shifts to
igher values as the piperitenone content increases, at constant
emperature and S/F ratio. This is consistent with the fact that
iperitenone is the less soluble component in supercritical CO2,
ue to its lower volatility, expanding, therefore, the heterogeneous
egion. In the same way, the predicted relative volatility of 1,8-
ineol with respect to piperitenone increases with piperitenone

ontent. The separation performance and the operative region are
imited by these effects, making the purification of piperitenone
rom cineol-rich feeds more difficult. In these cases, larger columns
nd greater solvent flow rates might be required, as well as higher
Fig. 12. Influence of feed oil composition on a 10-stage column operating at sim-
ple countercurrent mode at T = 313 K and S/F = 98 kg/kg. (—) Maximum pressure for
biphasic conditions. (- - -) Mean column relative volatility at 90 bar.

temperatures, in order to operate at biphasic conditions and
increased selectivity.

5. Conclusions

In this work, a study concerning the fractionation of a
piperitenone-rich peppermint essential oil with supercritical CO2
was presented. The influence of operation temperature and solvent
density on fractionation selectivity and gas loading was  stud-
ied experimentally in a dynamic high-pressure apparatus with a
minimum number of runs. Based on the previous results, a semi-
continuous fractionation of a sample of oil was  performed at 313 K
and 85 bar, analyzing the gas phase composition until the total
removal of volatile compounds (mainly 1,8-cineol). The phase equi-
librium behavior of the system was described with the GC-EOS
model, getting a good agreement between experimental results
and model predictions. For simplicity, the oil was  represented as
a pseudo-binary mixture of 1,8-cineol and piperitenone, based
on their volatility behavior. The semicontinuous fractionation was
modeled using the well-known Rayleigh equation for a pseudo-
binary system, as a fast method for predicting the process evolution
with minimal experimental information.

Continuous countercurrent fractionation was also studied by
computer-aided simulation of a multistage column, using the
GC-EOS thermodynamic model and applying phase equilibrium
engineering concepts. In a first analysis, a 10-stage column oper-
ating under simple countercurrent mode was studied. An opposite
behavior with respect to the operation pressure was predicted for
the solvent/feed ratio and the piperitenone loss in the extract;
therefore, optimal conditions had to be searched for. For a 99%
wt. piperitenone purity in the raffinate and a maximum admissi-
ble loss of 15% in the extract, the best operating conditions were
313 K, 90 bar and a solvent-to-feed ratio of 98 kg/kg, based on
minimization of solvent consumption and column diameter. The
effect of an external reflux was  also analyzed. Piperitenone recov-
ery increased to approx. 91% by using a reflux ratio of 0.5 in a
15-stage column at the previously selected conditions. Finally, the
effect of quantitative variations in oil composition was  evaluated.
The results indicate a reduction in the operative pressure range and
separation selectivity as piperitenone content decreases.
In conclusion, supercritical CO2 fractionation is proposed as
an interesting alternative for the recovery of piperitenone and
other biologically active ketones from low-menthol or demen-
tholized mint oils. Semicontinuous fractionation can be useful
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