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a  b  s  t  r  a  c  t

In this work  solubility  measurements  of  CO2 in three  vegetable  oils,  a  high  oleic  sunflower  oil (HOSO),
a  castor  oil  and  a  rapeseed  oil,  for mole  fractions  ranging  from  0.32  to 0.93  in the  temperature  range
298–363  K  and  up  to  75  MPa were  performed.  Moreover,  the  densities  and  viscosities  of  these  oils  are
reported  from  278.15  to  373.15  K at atmospheric  pressure.  These  data  were  used  to evaluate  the predictive
ability  of the  fragment  based  approach.  Solubility  data  were  modeled  by  means  of  the SRK  EoS  and
predicted  employing  the  Carvalho  and Coutinho  correlation.  Global  average  deviations  inferior  to  6%
in CO2 mole  fraction  composition  were  achieved  with  the  SRK  EoS  and  maximum  percentage  absolute
average  deviations  of  13%  in pressure  were  obtained  using  the Carvalho  and  Coutinho  correlation.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The environmental drive for the use of rapidly biodegradable
oils as lubricants has been a gradual process in Europe and niche
markets have arisen where mineral oils have been banned by leg-
islation. Vegetable oils are an obvious choice, which can offer an
optimum solution, particularly in total-loss systems (drilling muds,
chain-saw bar oils and outboard engines) and partial-loss systems
(hydraulic oils and greases). With the aid of selective plant breeding
and additives, more thermal and oxidative stable vegetable oils can
be formulated [1,2]. The commercial use of a vegetable-oil based
system would represent a significant environmental improvement
in areas where hydrocarbons are still employed [3–5].

The EU Ecolabel is a voluntary award system for the promo-
tion of products with a reduced environmental impact during their
life cycle. This scheme is part of the sustainable consumption and
production policy of the European Community, which aims at sub-
stituting hazardous substances by safer ones, wherever technically
possible [6]. The EU established in 2011 the latest ecological crite-
ria for the award of the EU Ecolabel to lubricants. This product
group comprises five categories that include hydraulic fluids and
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tractor transmission oils, greases and stern tube greases, chainsaw
oils, concrete release agents, wire rope lubricants, stern tube oils
and other total loss lubricants, two-stroke oils and industrial and
marine gear oils [7].

Vegetable oils as lubricants are environmentally preferred to
petroleum-based oils not only because they are renewable raw
materials but also because they are biodegradable and non-toxic
[8]. Other advantages include very low volatility due to the
high molecular weight of the triglyceride molecule and excellent
temperature-viscosity properties. Their polar ester groups are able
to adhere to metal surfaces, and therefore, provide good lubricity. In
addition, vegetable oils have high solubilizing power for polar con-
taminants and additive molecules [1]. However there are concerns
about their oxidative stability and low-temperature performance.
Improvements in oxidative stability can be made through chemi-
cal or genetic modifications [2,9–12], as well as adding antioxidant
additives. [13,14]

Two-stroke engines are one of the applications where most of
the lubricants and their degradation products are released directly
into the environment, polluting the soil, water and atmosphere
[15–17]. The knowledge of the solubility of different gases, such as
O2, N2 and CO2, in lubricants used for two stroke engines is impor-
tant because these gases are involved in the combustion process
together with the lubricant and the gasoline in the combustion
chamber and this can provide information on the best lubricant
choice. Moreover, CO2 is a natural refrigerant that is being con-
sidered as a potential candidate to replace existing refrigerants,
especially in small and medium systems [18]. Thus, in applications
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where the lubricant is in contact with the refrigerant, its solubil-
ity in the oil is a key property [19]. It is well recognized that the
surrounding gas affects lubrication performance in any lubrication
regimes. In hydrodynamic lubrication the surrounding gas and its
pressure affect the dissolution of the gas into the lubricant, which
may  cause changes in the lubricant viscosity and may  further cause
degradation of the lubricant. Therefore, investigating the effects of
the surrounding gas on lubrication is important to design the lubri-
cant for reliability and safety [20]. Furthermore, the knowledge of
the CO2 + vegetable oil solubility data is necessary for the design
of supercritical carbon dioxide oil extraction processes from seeds
[21–24].

In this work solubility measurements of CO2 in three vegetable
oils susceptible of being used as lubricant base oils, a high oleic
sunflower oil, a castor oil, and a rapeseed oil, were carried out in the
temperature range 298.15–363.15 K and for pressures up to 75 MPa.
It should be highlighted, that solubilities of CO2 in a rapeseed oil
were previously studied by Klein and Schulz [25] at 313.15, 333.15,
353.15 and 373.15 K and pressures up to 85 MPa. The present work
is focused on different temperatures and also broadens the range to
a lower temperature, i.e. 298.15 K. Data is also presented in a lower
CO2 composition range. Additionally, solubilities of CO2 in castor oil
were studied by Ndiaye et al. [26] in the temperature range from
308.15 to 343.15 K up to 25.5 MPa. Our experimental data broadens
both temperature and pressure ranges up to 363.15 K and 74 MPa,
respectively.

Additionally, in the present work, the SRK EoS was  used to model
the experimental solubility data, which were also used to evalu-
ate the prediction ability of the Carvalho and Coutinho correlation
[27]. Moreover, densities and viscosities of these oils were exper-
imentally measured over a wide range of temperatures in order
to perform a better characterization of the studied oils and also to
analyze the reliability of the fragment based approach [28,29].

2. Materials and methods

High oleic sunflower oil (HOSO), castor oil and rapeseed oil were
kindly provided by Verkol Lubricantes. Fatty acid composition of
these oils was determined in the Instituto de la Grasa (CSIC, Seville)
and is presented in Table 1, along with the respective standard
deviation. Prior to the measurements, oils were dried under high
vacuum (0.1 Pa) and at moderate temperature (around 353 K) for a
period of 48 h. Carbon dioxide (CO2) was provided by Air Liquide
with a purity ≥ 99.998%, their H2O, O2, CnHm, N2 and H2 impuri-
ties volume fractions being lower than (3, 2, 2, 8 and 0.5) × 10−6,
respectively. Molecular weights of the oils were estimated taking
into account their fatty acid composition presented in Table 1. The
obtained values are 881.77, 920.89 and 878.83 g mol−1 for HOSO,
castor oil and rapeseed oil, respectively.

Density and viscosity of the oils were measured at atmo-
spheric pressure in an automated SVM 3000 Anton Paar rotational
Stabinger apparatus [30]. The SVM 3000 uses Peltier ele-
ments for fast and efficient thermostatization. The temperature

uncertainty is 0.02 K from 288.15 to 378.15 K and 0.05 K outside this
range, whereas the uncertainty of the dynamic viscosity is 1%. This
equipment has also a vibrating-tube that permits measurements of
the densities with an uncertainty of 0.0005 g cm−3. Measurements
were performed from 278.15 to 373.15 K.

Solubility measurements were performed in a high pressure
equilibrium cell based on the design of Daridon and co-workers
[31,32] using the synthetic method which avoid the sampling and
analyses of liquid and vapour phases. The high pressure equilib-
rium cell is a variable volume high pressure cell that consists of a
horizontal hollow stainless steel cylinder, closed at one end by a
movable piston and at the other end by a sapphire window that
allows a visual observation of the interior of the pressure cell. The
volume of this cell varies from 8 to 30 cm3. Phase behavior as a func-
tion of temperature and pressure is observed by means of a video
acquisition system, consisting of an endoscope and a video cam-
era connected to a computer, which permits to follow the phase
change inside the cell. The interior of the equilibrium cell is illu-
minated by an optical fibber through a second sapphire window
located in the wall of the cell. A magnetic bar placed inside the cell
and controlled by an external magnetic stirrer is used to homog-
enize the system. The internal temperature is kept constant by
means of a thermostatic bath circulator. The temperature is mea-
sured with three-wire Pt100 thermometer (Bresimar, Aveiro), with
an uncertainty of 0.15 K, connected to a calibrated platinum resis-
tance inserted inside the cell close to the sample. The pressure is
measured by a piezoresistive silicon pressure transducer (Kulite
HEM 375) directly fixed inside the cell to reduce dead volumes.
This transducer was  previously calibrated and certified following
the EN 837-1 standard and with accuracy better than 0.2% and the
reproducibility of the pressure readings was 0.02 MPa. More details
can be found in a previous work [33].

Measurements were performed in the temperature range from
298.15 to 363.15 K for the systems CO2 + HOSO and CO2 + rapeseed
oil, whereas for the system CO2 + castor oil measurements were
performed in the temperature range from 323.15 to 363.15 K due
to the high viscosity of castor oil at 298.15 K that hinders a proper
homogenization of the system.

3. Models

3.1. Soave–Redlich–Kwong EoS

The Soave–Redlich–Kwong EoS [34] was  used to model the
experimental solubility data measured in this work. The SRK EoS,
in terms of pressure is given by:

p = RT

Vm − b
− a

Vm(Vm + b)
(1)

where p is the pressure, T is the temperature, R is the gas con-
stant, Vm is the molar volume and a is the pure component energy

Table 1
Fatty acid composition of high oleic sunflower oil (HOSO), castor oil and rapeseed oil, along with their standard deviations (�).

HOSO Castor oil Rapeseed oil

Fatty acid % Mass fraction � % Mass fraction � % Mass fraction �

Palmitic 3.98 0.01 2.25 0.04 4.86 0.01
Estearic 2.99 0.02 2.50 0.06 1.65 0.05
Oleic  82.89 0.20 7.21 0.18 65.28 0.49
Linoleic 9.17 0.11 8.40 0.14 19.49 0.23
Linolenic – – – – 7.69 0.26
Ricinoleic – – 79.64 0.24 – –
Arachidic 0.26 0.01 – – 0.79 0.04
Behenic 0.72 0.04 – – 0.26 0.01
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parameter which has a Soave-type temperature dependency given
by the following equation:

a = a0

[
1 + c1(1 −

√
Tr)

]2
(2)

where Tr is the reduced temperature (T/Tc, where Tc is the critical
temperature). a0 and c1 are given by the following expressions:

a0 = 0.42747
R2T2

c

pc
(3)

c1 = 0.48 + 1.574ω − 0.176ω2 (4)

The pure compound co-volume parameter, b, is given by:

b = 0.08664RTc

pc
(5)

where pc is the critical pressure and ω is the acentric factor.
When dealing with mixtures, the energy and co-volume param-

eters are calculated employing the conventional van der Waals
one-fluid mixing rules,

a =
∑

i

∑
j

xixjaij (6)

aij =
√

aiaj(1 − kij) (7)

b =
∑

i

∑
j

xixjbij (8)

bij =
√

bibj(1 − lij) (9)

There are two adjustable parameters from the solubility data
for the studied mixtures, i.e. the binary interaction parameters kij
and lij. The objective function employed for the binary parameters
regression was

OF =

√√√√ 1
N

N∑
i

(xexp .
i

− xcal.
i

)
2

(10)

where xi is the mole fraction of component “i” in the phases selected
in the optimization.

3.2. Carvalho and Coutinho correlation

Carvalho and Coutinho [27] have proposed the following gen-
eral correlation for predicting the solubility of CO2 in nonvolatile
solvents:

p = mCO2 e

(
6.8591− 2004.3

T

)
(11)

where p is the pressure in MPa, mCO2 is the CO2 solubility expressed
in molality (mol kg−1) and T is the temperature in K. Eq. (11) is
valid for pressures up to 5 MPa, for temperatures ranging from room
temperature up to 363 K and molalities up to 3 mol  kg−1. This cor-
relation infers that when the molecular weight effect is removed
from the solubility analysis by comparing the solubilities expressed
in molalities instead of in mole fractions, the solubility differences,
among different systems are minimized and the solubility of CO2
in nonvolatile solvents becomes essentially solvent independent.

4. Results and discussion

4.1. Density and viscosity of the pure oils

The densities and the dynamic viscosities were measured in the
278.15–373.15 K temperature range, at atmospheric pressure. The
experimental values are depicted in Fig. 1 and presented in Table S1
in the supplementary data. These results complement those from
literature. Thus, in the case of castor oil, up to our knowledge, den-
sity has been reported only from 298 to 333 K by Sankarappa et al.
[35] and what concerns rapeseed oil, density and viscosity data
have not been previously measured at 278.15 K. The rapeseed oil
and HOSO have similar density and viscosity values whereas castor
oil is the densest and also the most viscous. This behavior is due to
the additional hydroxyl groups of the ricinoleic chains of the castor
oil, which can form hydrogen bonds.

The percentage relative deviations between the experimental
HOSO density data and those reported for HOSO [36,37] and sun-
flower oil [35,38,39] are presented in Fig. 2a. Agreement between
our experimental density and viscosity data and those from liter-
ature has been quantified in terms of absolute average deviation
(AAD%) which is given by:

AAD(%) = 100
N

N∑
i=1

∣∣∣∣Yexp
i

− Y ref
i

Y ref
i

∣∣∣∣ (12)

and the bias%:

bias(%) = 100
N

N∑
i=1

Yexp
i

− Y ref
i

Y ref
i

(13)

where N is the number of experimental data points and Yexp
i

and Y ref
i

represent the experimental and literature values, respectively. Con-
cerning the information given by the bias%, it should be mentioned
that, when AAD% = bias%, all the experimental points are higher
than the literature data and if AAD% = −bias%, all the experimental
densities are lower than the literature values [40].

Thus, our HOSO density data show an overall AAD% of 0.55% with
literature data for HOSO [36,37] and sunflower oil [35,38,39]. We
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Fig. 1. (a) Experimental density and (b) viscosity values of the oils measured in this work. (�) Castor oil, (©) rapeseed oil and (�) HOSO. Lines represent correlations according
to  Eqs. (14) and (15) for density and viscosity values, respectively.
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Fig. 2. (a) Comparison between the reported density data of HOSO and values from literature for HOSO (Quinchia et al. [37] (♦) and Regueira et al. [36] (©)) and for sunflower
oil  (Esteban et al. [38] (×), Sankarappa et al. [35] (�) and Guignon et al. [39] (�)). (b) Comparison between the reported viscosity data of HOSO and values from literature for
HOSO  (Regueira et al. [36] (�) and Quinchia et al. [42] (∗)) and for sunflower oil (Fasina et al. [43] (�) and Esteban et al. [38] (+)).

Table 2
Parameters of the polynomial density correlation (Eq. 14) for the vegetable oils.

a0 g cm−3 103 a1 g cm−3 K−1 107 a2 g cm−3 K−2 1010 a3 g cm−3 K−3 104 � g cm−3

HOSO 0.96336 0.7519 −45.553 48.192 1.4
Castor  oil 1.37463 −2.6617 60.723 −61.982 1.0
Rapeseed oil 1.12203 −0.7073 0.0840 0.9028 1.2

Table 3
Parameters of the VFT equation (Eq. (15)) for the vegetable oils.

A B/K T0/K 102 �

HOSO −2.171884 908.218 155.0831 0.2
Castor  oil −3.343743 1247.729 171.3842 1.2
Rapeseed oil −2.097011 886.062 154.1951 0.1

have found bias% values different from AAD% for one data series
and bias% = |AAD%|  for four sets (one of them positive). Further-
more, the density obtained for the castor oil was compared with
those published by Sankarappa et al. [35] showing an AAD% of
0.98%, the AAD% being equal to the bias%. Finally, the rapeseed
oil density was compared with those of the 48 samples mea-
sured at 293 K by Wesołowski and Erecińska [41], showing an
AAD% of 0.80%, and with those reported by Esteban et al. [38]
in the 283.15–373.15 K temperature range, showing an AAD% of
0.19%. For these last data sets the AAD% are different from the
bias%.

The viscosity of HOSO was compared with literature val-
ues of HOSO [36,42] and sunflower oil [38,43], as depicted in
Fig. 2b, showing an overall bias% of 2.6% and an overall AAD%
of 5.9%. Besides, the castor oil viscosity values were also com-
pared with those reported in literature [42,44,45], finding an
overall bias% of 2.9% and an AAD% of 10%. Finally, the rapeseed
oil viscosity values were compared with reported literature val-
ues [38,43,46] yielding an overall bias% of −2.5% and a global AAD%
of 8.4%.

The high deviations found with some of the literature data for
the oils densities and viscosities can be explained by the different
fatty acid composition of the oil samples, particularly in the case of
sunflower oil and HOSO. Sunflower oil from Esteban et al. [38] has
a composition of only 38.7% in oleic acid whereas our sunflower oil
has 83%. Guignon et al. [39] and Sankarappa et al. [35] do not report
the sunflower oil compositions.

Density values were correlated as a function of temperature by
means of a polynomial, as follows:

� = a0 + a1T + a2 T2 + a3 T3 (14)

where � is the density in g cm−3 and T is the temperature in K.
The parameters of the density adjustment are presented in

Table 2 along with the standard deviations (�).

The viscosity values were correlated as function of temperature
by the Vogel–Fulcher–Tammann (VFT) equation:

ln(�) = A + B

T − T0
(15)

where � is the dynamic viscosity in mPa  s.
The parameters obtained by fitting the VFT equation against the

experimental data are presented in Table 3 along with standard
deviations (�) of the fit.

The fragment based approach for estimating thermophysical
properties of fats and vegetable oils [28,29] was tested to predict
the density values of the studied oils. This methodology adopts
a chemical constituent fragment-based approach to estimate the
triglyceride pure component properties from fragment compo-
sition and parameters of the fragments. The fragment-specific
parameters were obtained by Zong et al. [28,29] by regressing
against very limited experimental data for triglycerides. Accord-
ing to this method, the liquid molar volume of triglycerides can be
calculated according to the following equation:

Vl =
∑

A

Nfrag,AV l
A(T) (16)

where Vl
A is the liquid molar volume contribution of fragment A

and Nfrag,A is the number of fragments A in the component. The
temperature dependency for the liquid molar volume of fragment
A is given by [28,29]:

Vl
A = 1 + B2,AT

B1,A
(17)

where B1,A and B2,A are the temperature dependency correlation
parameters of fragment A. This method [28] predicts the density
values reported in Table S1 with percentage absolute average devi-
ations (AAD%) of 0.8% for HOSO and 1.1% for rapeseed oil. For
the castor oil, the authors [28] do not provide parameters for the
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Fig. 3. Experimental solubility data of the system CO2 + HOSO at 298 K (♦), 323 K
(�), 348 K (�) and 363 K (©). Data from Fernández-Ronco et al. [47] for the system
CO2 + sunflower oil at 325.9 K (∗). Lines represent the SRK EoS with two interaction
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ricinoleic fragment. We  have calculated the values of these param-
eters, B1,A and B2,A, finding a value of 4.27 kmol m−3 for B1,A and of
1.2485 × 10−4 K−1 for B2,A with an AAD% of 0.03%.

Additionally, the fragment based approach [28,29] was also
employed to estimate the viscosity of the studied vegetable oils.
Through this approach, the triglycerides liquid viscosities can be
calculated from the viscosity fragment composition and fragment-
specific parameters according to the equation:

ln � =
∑

A

Nfrag,A ln �A(T) (18)

where ln�A represents the liquid viscosity contribution of the frag-
ment A (expressed in units of Pa s) and Nfrag,A is the number of
fragments A in the component.

The expression for the liquid viscosity contribution of fragment
A, as a function of temperature is the following:

ln �A = C1,A + C2,A

T
+ C3,A ln T (19)

where C1,A, C2,A and C3,A represent temperature dependency cor-
relation parameters for viscosity. AADs% of 3.6% and 4.0% for the
viscosity prediction of HOSO and rapeseed oil, respectively, were
obtained using this correlation. These uncertainties are quite low,
i.e. the values of the parameters are reliable. For the castor oil,
parameters for the ricinoleic fragment are not available [28]. Thus,
we have calculated the parameters for viscosity prediction for the
ricinoleic fragment, using our experimental viscosity data, find-
ing the following values for the parameters: −129.17 Pa s for C1,A,
7269.3 K for C2,A and 32.471 K for C3,A with an AAD% of 0.38%.

4.2. Experimental solubility data

Experimental solubility data are presented in Tables 4–6 for the
three systems studied whereas the p-x diagrams are depicted in
Figs. 3–5. The temperature increase leads to an increase on the
equilibrium pressure up to a crossing point that is observed for
all the systems. These crossing of isotherms are located at (wCO2 , p)
around 0.31, 21 MPa, 0.26, 28 MPa, and 0.32, 25 MPa for the systems
CO2 + HOSO, CO2 + castor oil and CO2 + rapeseed oil, respectively.
Above this point the temperature dependency of the solubility is
inversed, increasing with the temperature increase. Crossovers of
the isotherms for these systems have been previously reported by
Klein and Schulz [25] for CO2 + rapeseed oil and also by Ndiaye et al.
[26] for CO2 + castor oil. The solubility data for the CO2 + HOSO sys-
tem were measured for CO2 mass fractions up to 0.40 and 61 MPa
and are depicted in Fig. 3 along with the values for the CO2 + a

Table 4
Solubility data of the system CO2 + HOSO.

wCO2 T/K p/MPa wCO2 T/K p/MPa

0.024 298.34 0.519 0.024 348.39 1.800
0.032 298.10 0.879 0.032 348.20 2.338
0.042 298.27 1.294 0.042 347.95 2.934
0.051 298.31 1.681 0.051 348.05 3.570
0.060 297.88 1.978 0.060 347.94 4.226
0.070 298.39 2.247 0.070 347.96 4.858
0.085 298.05 2.699 0.085 347.90 5.749
0.112 298.01 3.378 0.112 348.20 7.271
0.130 298.02 3.722 0.130 348.23 8.470
0.164 298.39 4.579 0.164 348.19 10.70
0.191 297.92 5.189 0.191 348.06 12.68
0.220 298.03 5.800 0.220 348.24 15.18
0.235 298.48 6.046 0.235 348.14 16.57
0.253 297.96 6.310 0.253 348.37 18.36
0.273 298.39 8.762 0.273 348.36 20.75
0.292 298.36 13.67 0.292 348.23 23.57
0.312 298.39 20.71 0.312 348.04 26.96
0.333 298.49 29.93 0.333 348.36 30.76
0.352 298.00 41.48 0.352 348.22 34.00
0.372 298.17 60.92 0.372 348.44 38.38
0.024 323.18 1.130 0.392 348.21 42.98
0.032 323.16 1.630 0.024 362.92 2.310
0.042 323.35 2.090 0.032 362.87 2.824
0.051 323.26 2.523 0.042 363.27 3.528
0.060 323.15 3.077 0.051 363.21 4.236
0.070 323.44 3.532 0.060 363.14 4.976
0.085 323.29 4.175 0.070 362.92 5.716
0.112 323.03 5.115 0.085 363.21 6.880
0.130 323.22 5.958 0.112 362.98 8.636
0.164 323.55 7.555 0.130 363.20 10.15
0.191 323.30 8.631 0.164 363.21 12.73
0.220 323.35 10.14 0.191 363.24 15.11
0.235 323.33 11.01 0.220 363.26 18.00
0.253 323.34 12.37 0.235 363.31 19.57
0.273 323.14 14.75 0.253 363.11 21.28
0.292 323.33 18.00 0.273 363.11 23.81
0.312 323.16 22.31 0.292 363.25 26.48
0.333 323.08 27.28 0.312 363.21 29.68
0.352 323.03 32.42 0.333 363.52 33.24
0.372 323.02 38.47 0.352 363.34 36.26
0.392 323.45 45.93 0.372 363.19 39.82

0.392 363.14 43.60

sunflower oil system, reported by Fernández-Ronco et al. [47] at
325.9 K. The solubility data for the CO2 + castor oil system were
determined for CO2 mass fractions up to 0.35 and 74 MPa  and are
depicted in Fig. 4, along with the literature solubility CO2 data in

Table 5
Solubility data of the system CO2 + castor oil.

wCO2 T/K p/MPa wCO2 T/K p/MPa

0.024 323.46 1.506 0.240 348.45 23.94
0.061 323.30 3.645 0.260 348.31 28.46
0.101 322.93 5.633 0.293 348.30 36.66
0.130 323.45 7.198 0.309 348.45 40.15
0.150 323.31 8.337 0.334 348.29 47.00
0.190 323.20 11.06 0.350 348.00 52.34
0.221 323.22 15.47 0.024 363.39 2.449
0.240 323.28 20.85 0.061 363.41 5.673
0.260 323.32 27.35 0.101 363.15 9.167
0.293 323.39 40.99 0.130 363.30 11.87
0.309 323.16 46.30 0.150 363.12 13.75
0.334 323.46 58.91 0.190 363.06 18.24
0.350 323.27 73.97 0.221 363.29 22.74
0.024 348.23 2.197 0.240 363.17 26.20
0.061 348.25 4.919 0.260 363.35 30.28
0.101 348.19 7.796 0.293 363.36 37.29
0.130 348.45 10.25 0.309 363.14 40.18
0.150 348.38 11.74 0.334 363.23 46.08
0.190 348.22 15.78 0.350 363.31 50.24
0.221 348.35 19.94
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Table 6
Solubility data of the system CO2 + rapeseed oil.

wCO2 T/K p/MPa wCO2 T/K p/MPa

0.024 298.25 0.585 0.024 348.45 1.779
0.062 298.15 1.938 0.062 348.25 4.338
0.104 298.25 3.230 0.104 348.15 7.049
0.131 298.15 3.932 0.131 348.05 8.718
0.161 298.25 4.708 0.161 348.15 10.82
0.200 298.15 5.594 0.200 348.15 13.68
0.246 298.15 6.476 0.246 348.15 18.35
0.280 298.25 11.83 0.280 348.05 22.73
0.301 298.25 17.66 0.301 348.25 26.14
0.320 298.15 25.47 0.320 348.15 29.29
0.345 298.15 36.31 0.345 348.15 33.84
0.372 298.15 58.03 0.372 348.14 39.59
0.024 323.25 1.183 0.390 348.35 44.02
0.062 323.35 3.113 0.024 363.45 2.119
0.104 323.25 5.046 0.062 363.25 5.077
0.131 323.15 6.207 0.104 363.35 8.278
0.161 323.15 7.567 0.131 363.15 10.26
0.200 323.15 9.269 0.161 363.15 12.73
0.246 323.15 12.38 0.200 363.15 16.19
0.280 323.25 17.06 0.246 363.15 21.32
0.301 323.15 21.12 0.280 363.05 25.89
0.320 323.05 25.35 0.301 363.15 29.02
0.345 323.05 31.55 0.320 363.05 31.84
0.372 323.05 39.80 0.345 363.05 35.97
0.390 323.05 47.58 0.372 363.05 40.86

0.390 363.05 44.60
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Fig. 4. Experimental solubility data of the system CO2 + castor oil at 323 K (�), 348 K
(�) and 363 K (©). Data from Ndiaye et al. [26] for the system CO2 + castor oil at
323.15 K (∗). Lines represent the SRK EoS with two interaction parameters (kij and
lij) from Table 8 at 323 K (– –), 348 K (. . .)  and 363 K (—).
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Fig. 5. Experimental solubility data of the system CO2 + rapeseed oil at 298 K (♦),
323 K (�), 348 K (�) and 363 K (©). Data from Klein and Schulz [25] at 333 K (∗). Lines
represent the SRK EoS with two interaction parameters (kij and lij) from Table 8 at
298  K (–·–), 323 K (– –), 348 K (. . .)  and 363 K (—).
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Fig. 6. Solubility of CO2 in HOSO (empty symbols) and in BIO-2T-03 [48] (filled
symbols) at 298 K (©,  �), 323 K (�, �) and 348 K (�, �).

other castor oil reported by Ndiaye et al. [26] at 323.15 K. This fig-
ure shows that our values at this temperature are in agreement
with those from Ndiaye et al. [26] Also, it must be noted that other
isotherms (different from the ones studied in the present work, i.e.
313.15, 333.15 and 343.15 K) were reported by Ndiaye et al. [26]
for this system but they were not plotted to avoid a misleading
figure. The solubility data for the CO2 + rapeseed oil system mea-
sured for CO2 mass fractions up to 0.39 and 58 MPa  are depicted in
Fig. 5, along with the solubility data reported by Klein und Schulz
[25] at 333.15 K. These last authors have also reported solubility
data for this system at 313.15, 353.15 and 373.15 K. A good agree-
ment is found between the experimental data and those available
in the literature at a single temperature, taking into account that
fatty acid composition of the oils is not the same for the compared
samples. In a previous work we have reported the CO2 solubil-
ity in a HOSO-based lubricant [48], BIO-2T-03. Interestingly, and
despite the composition differences inherent to the two oils, the
CO2 solubility in both is remarkably similar, as depicted in Fig. 6.

In Fig. 7a comparison between the solubility of the CO2 in the
different oils in mole and mass fraction, at 323 K, is presented. The
solubilities up to a CO2 mass fraction of 0.2 are similar in the three
of them. Over this composition, CO2 solubility starts to increase
slower for the three oils, keeping similar values in HOSO and in the
rapeseed oil, whereas in the castor oil the CO2 solubilities are lower.
This is likely due to the hydroxyl groups of the ricinolecic chains
of the castor molecule, which are not present in the other two  oils.
However, when solubility is expressed in mass fraction, the solubil-
ity curve of the system CO2 + castor oil is closer to the other systems,
but still having lower solubility values. Carvalho and Coutinho [27]
have recently investigated the behavior of the CO2 solubility in sev-
eral solvents, among them alcohols, indicating that in spite of the
strong CO2· · ·OH interactions observed spectroscopically [49–53],
the alcohol systems are the only ones with positive deviations to
ideality (Raoult’s Law). According to these authors, for this type
of mixtures strong solute-solvent interactions are not enough to
guarantee enhanced solubility if the solvent-solvent interactions
destroyed during the solvation of the solute are not energetically
compensated by that process.

4.3. SRK EoS modeling

The SRK EoS was here applied to describe the experimental sol-
ubility data and modeling was performed through the PE 2000
software [54]. The critical properties and acentric factor needed
to apply the SRK EoS were obtained for the oils by the Constanti-
nou and Gani group contribution method [55,56]. This method uses
first and second order group contributions to distinguish special
configurations such as isomers and was  already previously used to
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Fig. 7. Experimental solubility values (a) in mass fraction and (b) in mole fraction of the systems CO2+ castor oil (�), CO2 + HOSO (�) and CO2 + rapeseed oil (©) at 323 K.

Table 7
Critical temperatures, pressures and acentric factors for oils estimated using the
group contribution method of Constantinou and Gani [55,56].

Oil Tc/K pc/MPa ω

HOSO 974.55 0.33 1.99
Castor oil 961.57 0.35 1.94
Rapeseed oil 973.98 0.34 1.98

estimate critical properties of triglycerides [57]. The estimated oil
critical properties and acentric factors are presented in Table 7.

Temperature dependent binary interaction parameters (kij and
lij) were employed for the SRK EoS solubility data description within
the equation of state framework. Two different approaches were
performed for modeling, one of them consists on adjusting only
the kij, i.e. lij = 0, and the other one on adjusting both parameters.
The use of two binary interaction parameters (Table 8) gives rise to
better modeling results for all the systems in comparison with the
use of only one parameter (Table S2). In Figs. 3–5 experimental sol-
ubility data together with SRK EoS and parameters of Table 8 were
plotted for all systems. Global average deviations lower than 6%
were obtained in the whole experimental temperature and pres-
sure range using the two binary interaction parameters (Table 8).
For all the systems and temperatures, positive binary interaction
parameters are obtained. It is important to highlight that the SRK
EoS, with the parameters of Table 8, predicts the existence of
VLLE at 298.15 K for the system CO2 + HOSO at p = 6.45 MPa  from
xCO2 = 0.916 and for the system CO2 + rapeseed oil at p = 6.45 MPa
from xCO2 = 0.922. This behavior was not experimentally investi-
gated.

Table 8
Values of kij and lij , and SRK EoS AAD% in xCO2 for the CO2 + oil systems modeled
using two binary interaction parameters.

Oil T/K kij lij AAD %

HOSO 298.15 0.0435 0.0200 7.3
323.15 0.0598 0.0297 2.5
348.15 0.0528 0.0115 4.9
363.15 0.0722 0.0200 2.3

Global AAD% 4.3

Castor oil 323.15 0.0436 0.0059 7.6
348.15 0.0612 0.0103 4.1
363.15 0.0710 0.0104 3.6

Global AAD % 5.1

Rapeseed oil 298.15 0.0418 0.0226 5.8
323.15 0.0449 0.0082 6.5
348.15 0.0590 0.0182 2.7
363.15 0.0714 0.0213 2.2

Global AAD % 4.3

4.4. Carvalho and Coutinho model

In Fig. 8 experimental solubility values are presented for the
three systems along with the predictions obtained from Carvalho
and Coutinho correlation [27] for all the temperatures studied and
CO2 molalities (mCO2 ) up to 5 mol  kg−1. The obtained AAD% in pres-
sure was  11% for the system CO2 + HOSO and 10% for the system
CO2 + rapeseed oil, whereas for the system CO2 + castor oil the AAD%
was 13%. It can be considered that the goodness of these predictions
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Fig. 8. Experimental solubility values of CO2 in (a) HOSO, (b) castor oil and (c) rape-
seed  oil. Lines represent the Carvalho and Coutinho model [27]. 298 K (♦, –·–), 323 K
(�,  – –), 348 K (�, . . .)  and 363 K (©, —).
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are quite good although we had previously [48] obtained a slightly
better prediction result (AAD% = 8.3%) for the system CO2 + BIO-2T-
3 with this model.

5. Conclusions

Density, viscosity and CO2 solubility were determined for three
vegetable oils, a high oleic sunflower oil (HOSO), castor oil and
rapeseed oil. The rapeseed oil and HOSO present similar density
and viscosity values whereas castor oil present both higher den-
sity as well as viscosity. A fragment based approach was employed
for density and viscosity prediction of the oils in the whole exper-
imental temperature range. This approach was able to predict the
density of HOSO and rapeseed oil within an AAD% lower or equal
to 1.1%. For the viscosity the fragment approach was able to pre-
dict within an AAD% of 3.6% for HOSO and 4.0% for rapeseed oil.
Additionally, we have proposed parameters for the ricinoleic frag-
ment to be employed in the fragment base approach for density
and viscosity predictions.

HOSO and rapeseed oil present similar CO2 solubilities in all
the composition range. For CO2 mass fraction higher that 0.2, the
solubilities start to increase slower especially for castor oil, because
of the hydroxyl groups of the ricinoleic chains of the later.

The experimental solubility data were described with the SRK
EoS, with mole fraction global average deviations inferior to 6%.
Furthermore, the Carvalho and Coutinho correlation predicts quite
successfully the solubility data, up to molalities of 5 mol  kg−1 within
an AAD%, in pressure, of 11% for the CO2 + HOSO, 10% for the
CO2 + rapeseed oil system and 13% for the CO2 + castor oil system.
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