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The importance of squalene in both the cosmetic and pharmaceutical industries motivated the development
of new technologies to purify squalene from different sources, one of such technologies being the supercritical
fluid extraction using carbon dioxide (CO2). Knowledge of phase equilibria behavior is essential for the
design of these processes. In this work, vapor-liquid equilibria of the binary system squalene + CO2 at
high pressures (10 to 35) MPa and at T ) (313, 323, and 333) K were measured using a variable-volume
view cell. Experimental compositions of both the liquid and vapor phases were compared with previous
data available in the literature. Additionally, the results obtained in this work were employed to evaluate
the capability of a group contribution based equation of state in the phase equilibria modeling of the squalene
+ CO2 mixture.

Introduction

Squalene (2,6,10,15,19,23-hexamethyl tetracosaheaxaene) is
an important component of epidermis, protecting the skin surface
from lipid peroxidation. Further, it was recognized that diet
supplementation with squalene may reduce cholesterol and
triglyceride levels in animals.1 Thus, squalene might be a useful
complement to promote the effects of some cholesterol-lowering
drugs. Additionally, recent studies directed the therapeutic use
of squalene in a variety of cancers.2

Several processes to purify squalene from different sources
have been reported in the literature, such as molecular distil-
lation, high-speed countercurrent chromatography, and coun-
tercurrent supercritical CO2 extraction.3-8

The primary natural source of squalene is shark liver oil,
but it can also be found as a minor constituent in olive oil.
Thus, residues of the olive oil deodorization process are
viable raw materials for the production of squalene from
vegetal sources.

Regarding the squalene production using supercritical CO2

technology, several works have been reported in the literature.
The recovery of squalene from shark liver oil was studied by
Catchpole et al.;3-7 the concentration of squalene from olive
oil deodorizer distillates was considered by Bondioli et al.;8 and
the purification of squalene from an ethylated olive oil deodor-
izer distillate was reported by Vázquez et al.9 All works agreed
on the feasibility of supercritical CO2 technology to purify
squalene from lipid-type raw materials. Simulation and opti-
mization of these processes require knowledge of CO2 +
squalene phase equilibria data, as well as a thermodynamic tool
capable of predicting phase compositions accurately. Previous
data available in the literature are the measurements reported
by Catchpole et al.4,5 and Brunner et al.10 Recently, Martı́nez-
Correa et al.11 reported new squalene solubility data and
discussed the application of two well-known thermodynamic

models: the Peng-Robinson Equation of State and the Group
Contribution Equation of State (GC-EoS).

In this work, vapor-liquid phase equilibria compositions of
the binary system squalene + CO2 at pressures ranging from
(10 to 35) MPa and at T ) (313, 323, and 333) K were
measured. Experiments were conducted by the static analytical
method, using a high-pressure variable-volume cell. The ex-
perimental results obtained were compared with previous data
available in the literature4,5,10,11 and were represented using the
GC-EoS model.

Materials and Methods

Chemicals. Squalene, 98 % mass of purity according to seller
specifications, was used in the present study and was obtained
from Sigma-Aldrich (St. Louis, MO, USA). Carbon dioxide N38
(99.98 % mass) was purchased from AL Air Liquid España
S. A. (Madrid, Spain).

Equipment and Experimental Procedure. Measurements
were carried out by the static analytical method, using a high-
pressure variable-volume cell (maximum capacity 120 cm3). A
scheme of the experimental device employed is given in Figure
1. The equipment consists of a cylinder vessel with a front
window and a piston, which is smoothly displaced inside the
cylinder using a manual pressure generator. The cylinder is
surrounded by a thick aluminum jacket, externally heated by
two electrical resistances connected to a temperature controller.
The uncertainty in the temperature measurement is ( 0.1 K. A
gauge transducer coupled with a digital indicator provides the
pressure measurements with an uncertainty of ( 20 kPa. A
detailed explanation of the experimental device can be found
elsewhere.12

Squalene was introduced into the cell, and it was purged with
CO2 at low pressure to remove the residual air. Then, CO2 was
allowed to flow into the cell. Once the temperature was
stabilized, the desired pressure was achieved (by means of the
manual pressure generator), and the magnetic stirrer was turned
on. After 1.5 h, stirring was stopped, and the mixture was
allowed to repose at least for 3 h in order that phase segregation
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occurred. The frontal window with the cold end light was
employed to visually verify the existence of two phases.

Samples from the top and bottom of the equilibrium cell were
withdrawn using capillary lines and micrometering valves and
decompressed to atmospheric pressure. Both valves were
thermostatized at the same temperature of the equilibrium cell.
The manual pressure generator was employed to keep pressure
constant during sampling (( 10 kPa). Squalene was collected
in glass vials and separated from the CO2 by using a trap. Vials
were weighed in a precision analytical balance with 0.0001 g
accuracy (Denver Instrument Apx-60) to determine the amount
of squalene. The amount of CO2 was determined volumetrically
using a 1000 mL graduated tube filled with a saturated solution
of Na2SO4 to prevent CO2 dissolution. The volume of gas was
quantified as the displaced liquid volume and corrected by
accounting for the effects of temperature, atmospheric pressure,
and water vapor pressure. All samples were collected by
duplicate.

Typically 450 mL of CO2 (ambient conditions) was with-
drawn from the supercritical phase, and the mass of squalene
collected in the glass vials was in the range from (1 to 100)
mg. In the case of the liquid phase, (100 to 200) mL of CO2

(ambient conditions) was withdrawn when sampling, and (200
to 1000) mg of squalene was recovered in the vials.

The uncertainty of the experimental CO2 mass fractions (zCO2)
was calculated as the average standard deviation (ASD) between
the values obtained

where I and II represent the duplicate experiments and Nexp is
the number of data points. The calculated ASD values were
0.004 in the CO2 liquid mass fraction and 0.008 in the case of
the CO2 mass fraction in the supercritical phase.

Results and Discussion

Experimental Results. Table 1 shows the experimental
vapor-liquid equilibria data obtained at the different conditions
of temperature and pressure. As expected, both the solubility
of squalene in the supercritical phase and the solubility of CO2

in the liquid squalene-rich phase increase with pressure.

Figure 2 shows a general comparison between the squalene
solubility data reported by different authors4,5,10,11 and the new
data measured in this work. Symbols in Figure 2 do not
differentiate temperature but only the source of data (the
experimental temperature range is given in the Figure 2 caption).
As can be observed, our data compare qualitatively well with
the rest of the data available. Particularly, in the high-pressure
range, our data are more similar to the data reported by Brunner
et al.9 than to the solubility data given by Martı́nez-Correa et
al.11

Figure 3 depicts the different squalene solubility data as a
function of pressure and temperature. As can be observed in
the different representations, all different sets of data show a
weak dependence of solubility with temperature; at low pressure
(< 25 MPa) solubility increases with decreasing temperature
(due to the increase of CO2 density), but crossover is observed
in all cases at pressures higher than 25 MPa.

To give an order of magnitude of the discrepancies between
the different sources of experimental data, the average relative
deviations (ARD) between the phase compositions reported in
the literature and the new data reported in this work are given
in Table 2. Only the data obtained at exactly at the same
temperature and pressure were considered; Table 2 reports the

Figure 1. Scheme of the experimental device. C, variable-volume cell; P, piston; MPG, manual pressure generator; MS, magnetic stirrer; W, glass window;
CL, cold light; HR, heating resistances; MFG, magnetic field generator; TS, temperature sensor; TC, temperature controller; PS, pressure sensor; PI, pressure
indicator; ER, ethanol reservoir; CO2R, CO2 reservoir; V, on-off valve; MSV1 and MSV2, micrometering sampling valves; PG, pressure gauge.

ASD ) (1/2)√(1/Nexp) ∑ (zCO2
I - zCO2

II )2

Table 1. Vapor-Liquid Equilibria Data Measured in this Work for
the Binary System CO2 (1) + Squalene (2)

T p w1 w2

K MPa (liquid phase) (supercritical phase)

333 35 0.448 0.101
30 0.369 0.054
25 0.326 0.037
20 0.272 0.023
15 0.236 0.007
10 0.177 -

323 35 0.388 0.093
30 0.345 0.066
25 0.318 0.045
20 0.295 0.027
15 0.271 0.011
10 0.198 0.001

313 30 0.378 0.079
25 0.305 0.054
20 0.274 0.033
15 0.253 0.016
10 0.224 0.001
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calculated ARD values at 333 K. As can be deduced from the
table, our data are more similar to the values reported by Brunner
et al.10 than those given by Catchpole et al.4,5 Analogous
conclusions can be established at the other temperatures.
Similarly to our work, Brunner et al.10 employed a closed
equilibrium cell system, from which small amount of samples
were withdrawn after the mixture attained the equilibrium

conditions (in our experiments, 3 h was necessary to ensure a
clear segregation of phases). Catchpole et al.4,5 employed a
countercurrent packed column device, which is not a common
device utilized to carry out phase equilibria measurements;
several sources of error can be identified, such as too small
density difference between squalene and CO2, insufficient
squalene flow rate and/or packed height to achieve saturation,
and variation of apparent solubility with CO2 flow rate.4 The
larger discrepancies of our data in comparison with the data
reported by Catchpole et al.4,5 can be attributed to the different
type of experimental equipment employed.

Thermodynamic Modeling. The solubility of squalene in
SCCO2 was represented in the literature using different ap-
proaches, such as simple empirical density based equations4,5,11

or the Peng-Robinson EoS.4,11 The modeling of the equilibrium
composition of both the liquid and the supercritical phases was
reported by Catchpole et al.,4 applying the Peng-Robinson EoS
and the Kwak and Mansoori mixing rule (PR-KM EoS), and
by Brunner et al.10 using the Soave-Redlich-Kwong EoS with
the Mathias-Klotz-Prausnitz mixing rule (SRK-MKP EoS).

Figure 3. Temperature dependence of squalene solubility w2 in SCCO2 according to different sets of data: (a) refs 4 and 5; (b) ref 10; (c) ref 11; (d) this
work. Symbols: O, T ) 313 K; 2, T ) 323 K; 0, T ) 333 K; b, T ) 363 K.

Figure 2. Squalene solubility w2 in supercritical CO2: comparison between
experimental data reported in the literature and the data measured in this
work: ×, refs 4 and 5, T ) (313 to 323) K; 0, ref 10, T ) (313 to 373) K;
4, ref 11, T ) (313 to 323) K; b, this work, T ) (313 to 333) K.

Table 2. CO2 (1) + Squalene (2) Phase Equilibria: Average
Relative Deviations (ARDa) between the Phase Compositions
Reported in the Literature and the New Data Reported in this
Work at 333 K and Pressures from (10 to 35) MPa

ref 100 ARD (w1) 100 ARD (w2)

Catchpole et al.4,5 15.9 48.1
Brunner et al.9 6.4 27.1

a ARD ) (1/Nexp)∑|wi
this work - wi

ref|/wi
this work, Nexp being the number of

experimental data points and wi the mass fraction of CO2 in the liquid
phase or the mass fraction of squalene in the supercritical phase.
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Although deviations between experimental and calculated
compositions were not reported in any of the works, a
satisfactory representation of phase compositions could be
observed in the pressure vs CO2 weight fraction representations
depicted in the corresponding works.

Despite the utilization of a separate set of parameters for
each considered temperature, the procedure adopted to
correlate the experimental data was not the usual. For
example, Catchpole et al.4 optimized the CO2 a and b
parameters of the PR-KM EoS at each temperature and
pressure condition so that the density and fugacity/pressure
ratio matched that predicted by the IUPAC equation of state
for CO2. Using the SRK-MKP EoS, Brunner et al.10 cor-
related saturated liquid densities and vapor pressures to fit
pure component critical parameters and acentric factors: the
resulted critical parameters for CO2 (310.11 K and 8.28 MPa)
were considerably higher than the real values (304.19 K and
7.38 MPa), and also exaggerated values for the squalene
acentric factor (ω ) 1.9083) resulted. These modeling
results4,10 suppose that the phase equilibria representation
of the squalene + CO2 system is not easy to be satisfactorily
carried out.

In this work, the capability of a group contribution based
model, namely, the GC-EoS, to represent the experimental
data measured is evaluated. In previous works,13 this model
was satisfactorily utilized to represent phase equilibria of high
molecular weight substances and SCCO2. However, in the
case of squalene and using Catchpole et al.4,5 experimental
data, previous experience9 demonstrated a problematic
representation. Bearing in mind the discrepancies between
previous data reported4,5 and the data measured in this work,
the GC-EoS modeling of the squalene + CO2 system was
attempted again to ascertain the capacity or deficiency of the
model.

The Group Contribution Equation of State (GC-EoS) is based
on the generalized van der Waals partition function and
combines the group contribution principle with local-composi-
tion mixing rules. The model has two contributions to the
residual Helmholtz energy of the system: a Carnahan-Starling
type repulsive term and an attractive expression based on the
group contribution approach. The GC-EoS repulsive term is
modeled assuming hard sphere behavior for the molecules, and
each substance is characterized by its critical hard sphere
diameter dc. The attractive term is a group-contribution version
of the NRTL model and has five pure-group parameters (T*, q,
g*, g′, and g′′) and four binary interaction parameters (kij*, kij′,
Rij, and Rji). With regard to the pure group parameters g*, g′,
and g′′ are adjustable (energy) parameters, while T* and q are
not. T* is a reference temperature, and q is the group surface
parameter. For a detailed description of the model, the reader
is referred to Skjold-Jørgensen.14

The GC-EoS was previously employed to represent squalene
+ CO2 vapor-liquid equilibria.9,11 The parameters for the
CHdC group and its interactions with CO2 had been reported
by Pusch et al.15 but did not provide a satisfactory representation
of experimental data as was demonstrated in the previous works.
The original parameters15 were obtained by using vapor-liquid
binary data which include low molecular weight olefins, and
thus it is reasonable that they provided only an approximate
prediction of phase equilibria behavior of mixtures containing
high molecular weight olefins such as squalene.

Therefore, new parameters were estimated9 using the
experimental data of Catchpole et al.,4,5 and a considerable
improvement of the vapor-liquid equilibria representation

was achieved. Nevertheless, extrapolation of calculations at
pressures higher than those employed in the regression
procedure, that is (10 to 25) MPa, does not provide
satisfactory results (see Figure 4).

In a recent contribution, Martı́nez-Correa et al.11 demonstrated
that the VLE representation of the squalene + CO2 system using
the GC-EoS model is influenced by the energy parameters and
profoundly by the value of the critical hard sphere diameter dc of
squalene (the particular values of squalene critical temperature and
pressure showed no marked differences). Nevertheless, none of
the different combinations of energy parameters (CHdC pure group
and CHdC vs CO2 binary interaction) and squalene dc value
employed could reproduce both qualitatively and quantitatively the
solubility of squalene in CO2 up to pressures around 40 MPa.11

In this work, group parameters and squalene critical param-
eters (Tc and dc) were simultaneously regressed using the

Figure 4. Squalene equilibrium constants (k2 ) mass fraction in supercritical
phase/mass fraction in liquid phase): O, this work, T ) 313 K; 0, this
work, T ) 333 K; b, refs 4 and 5, T ) 313 K; 9, refs 4 and 5; T ) 333
K; - - -, GC-EoS with original parameters;15 - -, GC-EoS with parameters
regressed by Vázquez et al.;9s, GC-EoS with the new parameters regressed
in this work.

Table 3. CO2 (1) + Squalene (2) Phase Equilibria Modeling Using
the GC-EoS Model: Pure Group and Binary Interaction Parameters
Obtained Using Different Sets of Vapor-Liquid Phase Equilibria
Data

Pure Group Parameters

reference
temperature

group surface
area

pure group
energy parametersa

T*/K q g g′ g′′

CHdCb 600. 0.676 546780. -1.0966 0.0
CHdCc 600. 0.676 421650. -1.3756 0.0
CHdCd 600. 0.676 510000. -1.6379 -0.0416

Binary Group Interaction Parameters

attractive energy
parameters

nonrandomness
parameters

i j kij k′ij Rij Rji

CO2 CHdCb 1.057 0.0 0.0 0.0
CHdCc 0.882 0.022 -14.25 -14.25
CHdCd 0.9831 0.235 -7.91 2.50

CH2/CH3 CHdCd 1.0488 -0.033 -4.12 -5.58

a cm6 · atm ·mol · (surface area segment)-2. b Original parameters.15

c Parameters regressed by Vázquez et al.9 d Parameters regressed in this
work.
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experimental data given in Table 1. Squalene critical pressure
(Pc) was calculated according to the equation given by Skjold-
Jørgensen:13 dc ) (0.08943RTc/Pc)1/3. The squalene critical
values resulted to be Tc ) 828 K, Pc ) 8.9 bar, and dc ) 8.845
cm ·mol-1, which are in accordance with the different sets
presented by Martı́nez-Correa et al.11 The optimal values
obtained for the group energy parameters are given in Table 3
and are compared with the parameters regressed in previous
works9,15 and with those employed by Martı́nez-Correa et al.11

Figure 4 and Figure 5 show that the new GC-EoS parameters
can provide a much better squalene + CO2 phase equilibria
representation in comparison with previous parameters reported.
Nevertheless, it has to be pointed out that the improvement
obtained in this work has been achieved due to the introduction
of binary interaction parameters between the paraffin (CH2, CH3)
and olefin (CHdC) groups. That is, like in previous works9,11

when the CHdC pure group and the olefin-CO2 or
paraffin-CO2 interactions were considered as optimization
parameters, no satisfactory representation could be obtained.

The introduction of nonideal paraffin-olefin binary interac-
tion parameters is not a usual procedure adopted in group
contribution based models and should be interpreted as a
deficiency of the model, considering further the low number of
functional groups involved in the squalene + CO2 system.
Nevertheless, it is recognized that the quality of the GC-EoS
predictions decreases as the complexity and/or size of the
molecules are severely increased.14 Further, the model should
not to be expected to be very accurate at pressures above (25
to 30) MPa, owing to the bad representation of total as well as
partial liquid volumes.14 Several works11,13,16 confirmed these
deficiencies and solved them utilizing a particular parametriza-
tion procedure, applicable only to the case of high size-
asymmetric systems. In this work, a reasonable GC-EoS
representation of squalene + CO2 phase compositions up to
pressures around 40 MPa could only be obtained by introducing
nonideal energy interactions between the paraffin and olefin
functional groups.

Conclusions

New experimental vapor-liquid equilibria data of the binary
squalene + CO2 mixture were reported at pressures ranging from
(10 to 35) MPa and at T ) (313, 323, and 333) K. The
compositions measured were compared with previous data
available in the literature. Reasonably average relative deviations

(ARD) were obtained with respect to the data reported by
Brunner et al.:10 0.06 in the liquid phase CO2 mass fractions
and 0.27 in the squalene solubility determinations.

The new data obtained in this work were correlated using the
GC-EoS. Previous work9,11 attempted to provide satisfactory
parameters (the CHdC pure group and the CO2-CHdC energy
interactions), but no satisfactory representation could be obtained
even in qualitative terms. In this work, a qualitative satisfactory
representation was obtained by introducing energy interaction
parameters between the paraffin (CH2, CH3) and olefin (CHdC)
groups, which was habitually considered an ideal interaction. The
validity of introducing nonideal paraffin-olefin interaction param-
eters in the phase equilibria modeling of the squalene + CO2 system
should be investigated considering the high-pressure phase equi-
libria modeling of systems comprising supercritical alkanes (meth-
ane, ethane, propane) and high molecular weight olefins.
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