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The solubility of synthetic trans-â-carotene was measured in two near-critical solvent mixtures of (ethane
+ propane) (mixtures I and II containing 50 mol % and 60 mol % propane, respectively) using a flow
apparatus. The measurements were carried out at the temperatures (333.15, 343.15, and 348.15) K for
solvent mixture I and at (313.15, 333.15, and 343.15) K for mixture II, at pressures ranging from (5.0 to
30.0) MPa. The solubility measurements were correlated with the Chrastil equation.

Introduction

â-Carotene is a hydrocarbon (C40H56) having a highly
unsaturated chain forming a chromophore responsible for
its yellow-orange color. The compound is used as a coloring
agent in the food industry, and its pro-vitamin A and
antioxidant properties are also well established.1

In the past two decades supercritical fluid technology
has received considerable attention as a viable alterna-
tive and promising new technique for separation and
recovery of highly nonvolatile organic compounds.2 Solubil-
ity studies of â-carotene in carbon dioxide and other
supercritical solvents have appeared in the literature,3-13

but the bulk of these studies dealt mainly with single-
solvent systems. However, the use of solvent mixtures
can simultaneously increase the solvent power and main-
tain the operation temperature of supercritical systems
below the value at which degradation of the compound
occurs. For instance, propane has a critical temperature
of 369.85 K, but â-carotene, which is sensitive to heat,
can suffer degradation10 at such temperature. However, an
ethane and propane mixture has a lower critical tem-
perature, since the critical temperature for ethane is
305.35 K.

On the other hand, theoretical studies for the calculation
of the solubilities of benzoic acid and phenanthrene in
mixtures of carbon dioxide and propane showed that the
solubility of these compounds was about 100 times higher
than that in pure carbon dioxide.14

The objective of the present work, following our previous
determination of the solubility of â-carotene in supercritical
carbon dioxide and in supercritical ethane,11 was to mea-
sure the solubility of the same compound in near-critical
mixtures of ethane and propane, compare the results with
those obtained with single solvents, and correlate them
with an appropriate equation.

Experimental Section

Synthetic trans-â-carotene (type 1, 95% purity) was
purchased from Sigma. Solvent mixture I, containing
ethane and propane (99.995% purity) with 50 mol %
propane, was obtained from Praxair (Portugal). Solvent
mixture II, containing ethane and propane (99.995% purity)

with 60 mol % propane, was obtained from Air Liquide
(Portugal). Both cylinders, with a volume of 50 L, were
filled with the gases to give the overall composition
indicated and were provided with full-length eductor tubes
for liquid withdrawal. The hexane (p.a) was purchased from
Merck.

Before the solubility measurements, the synthetic trans-
â-carotene was submitted to supercritical CO2 (typically
150 g of CO2 per g of compound) in order to remove
impurities interfering in spectrophotometric analysis.11

The flow type apparatus (Figure 1) used in these studies
was described in detail in a previous paper.15 It was tested
through solubility measurements of naphthalene in super-
critical carbon dioxide, and recently it was also used to
carry out the determination of the solubility of â-carotene
in supercritical carbon dioxide and ethane.11

With reference to Figure 1, the liquid solvent mixture
was pumped from the cylinder, 1, to the equilibrium cell,
11, through a positive-displacement minipump, 5, with the
pressure controlled by a back-pressure regulator, 8. The
equilibrium cell, a 32 cm3 vessel filled with 8 g of synthetic
trans-â-carotene mixed with glass beads and enclosed
between two layers of glass wool, was immersed in a
controlled temperature water bath, 16. The temperature
of the bath was measured with a platinum resistance
thermometer, with the uncertainty (0.1 K. The pressure
inside the cell was measured with a Bourdon type Heise
gauge, 7, with the uncertainty (0.05 MPa.

The near-critical solvent mixture was expanded to
atmospheric pressure through a three-way valve, 12,
heated to the temperature of the bath, and the solute was
collected in a cooled glass U-tube, 13, filled with glass wool.
The gas flow rate was monitored through a rotameter, 14,
and the total volume was measured with a wet test meter,
15, with the uncertainty (0.005 L. The actual compositions
of the mixtures of propane and ethane were checked by
GC, and they agreed with the overall compositions of the
cylinders.

At the end of each run, the inside of the three-way valve
and expanding tubing, as well as the glass wool inside the
U-tube, was washed with hexane, to recover all the
â-carotene. The hexane contained 0.2 wt % of an antioxi-
dant, 2,6-di-tert-butyl-4-methylphenol, to avoid the degra-
dation of the solute.16,17 The presence of the antioxidant
did not interfere with the spectrophotometric analysis.
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Before each solubility measurement, the system was
purged, removing 10 L of expanded gas, to ensure the
saturation of the lines following the equilibrium cell. The
system was then allowed to equilibrate for 1 h, after which
the solubility was measured by passing about 5 L of gas
(STP) at a low flow rate (0.1 L/min, STP).

The amount of the collected trans-â-carotene, in known
volumes of hexane, was determined by UV-visible spec-
trophotometry (Spectrophotometer Hitachi U-2000), using
the Lambert-Beer law, A ) abc, in which A is the
absorbance, a is the absorptivity, b is the light path, and c
is the concentration of the compound in hexane.

UV-visible spectra were run, between (300 and 500) nm,
and the absorbance was measured, with an uncertainty of
(0.002, at 450 nm (wavelength of the maximum absor-
bance of trans-â-carotene in hexane). A value of 259.2 L/(g‚
cm) was used for the absorptivity of â-carotene18 in hexane
at 450 nm. The spectrophotometer was checked regularly
with standard solutions of known concentration of synthetic
trans-â-carotene.

Results and Discussion

The solubility of trans-â-carotene in near-critical solvent
mixtures of ethane and propane was determined at the
temperatures (313.15, 333.15, 343.15, and 348.15) K and
at pressures up to about 30.0 MPa. The results are an
arithmetic average of two to four measurements. For the
near-critical solvent mixture of ethane and propane con-
taining 50 mol % propane (mixture I), the reproducibility
of the solubility measurements was within 11% at pres-
sures below 10 MPa, while, for the near-critical solvent
mixture of ethane and propane containing 60 mol %
propane (mixture II), the reproducibility was 9%. At
pressures above 10 MPa, the reproducibility was within
5% for both mixtures. The obtained mole fractions for trans-
â-carotene ranged from 3.7 × 10-7 to 9.4 × 10-5, at 5.1 MPa
(348.15 K) and 30.1 MPa (348.15 K), respectively, for
mixture I, and from 5.1 × 10-6 to 9.2 × 10-5, at 5.1 MPa
(343.15 K) and 30.1 MPa (343.15 K), respectively, for
mixture II. The average experimental error was (4%, for
mixture I, and (3%, for mixture II.

Tables 1 and 2 show the solubility (in both mole fraction
and mass of solute per volume unit of near-critical fluid)
of trans-â-carotene in the two mixtures of ethane and
propane. These results are plotted as a function of pressure
in Figures 2 and 3.

The solubility of trans-â-carotene increases in both near-
critical solvent mixtures with pressure at constant tem-
perature. The crossover pressure (the solubility above
this value increases with the temperature) is between (7.0
and 9.0) MPa, for mixture I, and around 5.0 MPa for
mixture II. With pure supercritical ethane, the crossover
pressure of the solubility of â-carotene was between (11.5

and 12.5) MPa.11 The trend seems to indicate a decrease
of the value of this pressure as the amount of propane
increases.

In Figure 4 is presented the comparison of the solubility
of trans-â-carotene obtained in this work at 333.15 K with
our published data of the solubility of the same compound
in ethane11 at the same temperature and in liquid propane
at 288.15 K.9 The solubility of trans-â-carotene at 333.15
K in mixture II was about 2 orders of magnitude higher
than that in ethane at low pressures, 1 order of magnitude
higher than in that ethane at high pressures, and almost
two times higher than that in mixture I. The solubility of
trans-â-carotene for pressures higher than 10 MPa, for both
mixtures, is also higher than the value reported in the
literature9 for the solubility of the same compound in liquid
propane.

The increasing solubility of trans-â-carotene with the
amount of propane in the mixture can be explained by the

Figure 1. Schematic diagram of the apparatus for measurements of the solubility of trans-â-carotene in supercritical solvent mixtures:
1, cylinder; 2, check valve; 3, ice cooler; 4, filter; 5, pump; 6 and 7, manometers; 8, back-pressure regulator; 9, heat exchanger; 10, high-
pressure cell; 11, equilibrium cell; 12, three-way valve; 13, glass U-tube; 14, rotameter; 15, wet test meter; 16, water bath; 17-26, valves.

Table 1. Solubility of trans-â-Carotene in a Near-Critical
Mixture of Ethane and Propane Containing 50 mol %
Propane (Mixture I)

T P F 103S P F 103S

K MPa g‚dm-3 106x g‚dm-3 MPa g‚dm-3 106x g‚dm-3

333.15 5.1 355.1 3.0 14.9 17.6 436.3 22.4 136.6
7.1 381.1 6.2 33.0 20.1 444.1 26.4 163.8
9.1 397.1 7.8 43.3 25.1 457.4 35.9 229.4

15.1 427.3 19.3 115.0 30.1 468.4 43.8 286.6
343.15 5.1 283.3 1.2 4.9 17.6 421.7 34.2 201.2

7.1 350.1 7.0 34.4 20.1 430.6 45.9 275.6
9.1 373.6 11.6 60.7 25.1 445.4 60.8 378.0

11.6 392.6 14.8 81.3 30.1 457.4 73.2 467.2
15.1 411.3 25.3 145.5

348.15 5.1 169.1 0.4 0.8 17.6 414.2 43.9 253.9
7.1 331.0 3.9 18.1 20.1 423.7 63.0 372.6
9.1 360.6 8.4 42.0 25.1 439.3 77.7 476.3

11.6 382.4 24.2 129.3 30.1 452.0 93.7 590.9
15.1 403.0 35.8 201.5

Table 2. Solubility of trans-â-Carotene in a Near-Critical
Mixture of Ethane and Propane, Containing 60 mol %
Propane (Mixture II)

T P F 102S P F 102S

K MPa g‚dm-3 106x g‚dm-3 MPa g‚dm-3 106x g‚dm-3

313.15 5.1 432.4 5.6 3.2 17.6 475.1 10.3 6.6
7.1 442.0 5.2 3.1 20.1 480.8 13.7 8.9
9.1 450.0 5.4 3.3 30.1 499.5 19.9 13.4

15.1 468.8 9.4 5.9
333.15 5.1 381.3 5.8 3.0 17.6 448.3 31.1 18.8

7.1 400.1 9.3 5.0 20.1 455.7 36.9 22.7
9.1 413.4 15.8 8.9 30.1 478.5 65.4 42.2

15.1 440.1 29.5 17.6
343.15 5.1 341.1 5.1 2.4 15.1 424.8 38.4 22.0

7.1 373.8 10.4 5.2 17.6 434.3 52.6 30.8
9.1 392.0 19.1 10.1 20.1 442.6 59.8 35.8

11.6 408.1 28.7 15.8 30.1 467.8 92.3 58.2
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fact that propane is a better solvent for trans-â-carotene
than ethane, because, although both fluids are nonpolar,
propane has a higher polarizability9 than ethane (6.3 ×
10-24 cm3 and 4.4 × 10-24 cm3, respectively).

Correlation of the Solubility Results

The Chrastil19 equation was used to correlate the solu-
bility of â-carotene in near-critical mixtures of ethane and
propane. Although cubic equations of state can be more
reliable for the estimation of the solubility of solid com-
pounds in supercritical fluids, their applicability requires
the knowledge of solute critical parameters, which are not
possible to determine experimentally, since compounds
such as â-carotene undergo degradation at such high
temperatures. However, these parameters can be predicted
with correlations. With the Chrastil correlation, its esti-
mated parameters have an easily identifiable physical
meaning.19-21

This model postulates that the association between
solvent and solute molecules results in formation of a
solvated complex. In an ideal case, k molecules of solvent
A associate with one molecule of solute B to form a solvated
complex BAk. The association constant k is characteristic
for a given solvent and solute system. From equilibrium
considerations and entering with the Clausius-Clapeyron
equation, the following correlation was derived:19

in which

and where S is the solubility of the solute, F is the density
of the solvent, k is the number of molecules of the solvent
associated with one molecule of solute, ∆rH is the total
reaction enthalpy (sum of the enthalpy of vaporization of
the solute and the enthalphy of solvation), q is a constant,
MA is the molar mass of the solute, and MB is the molar
mass of the solvent.

The densities for the near-critical mixtures of ethane and
propane were obtained with the program NIST-NSB22 and
are listed in Tables 1 and 2. The parameters of the Chrastil
equation for the two solvent mixtures and for pure ethane23

are presented in Table 3. For each mixture of solvents, the
values of k were similar for the several isotherms, so the
average value was considered and introduced in eq 1,
allowing that the lines be parallel, as predicted by the
model. The term a/T + b was represented as a linear
function of 1/T, allowing the determination of a and b.
Figures 5 and 6 show the best fit of eq 1 to the experimental
data, for mixtures I and II, respectively. The comparison
between the calculated and experimental results shows

Figure 2. Mole fraction solubility x of trans-â-carotene in a near-
critical mixture of ethane and propane, containing 50 mol %
propane (mixture I), as a function of pressure: [, 333.15 K; 2,
343.15 K; 9, 348.15 K.

Figure 3. Mole fraction solubility x of trans-â-carotene in a near-
critical mixture of ethane and propane, containing 60 mol %
propane (mixture II), as a function of pressure: 9, 313.15 K; [,
333.15 K; 2, 343.15 K.

Figure 4. Mole fraction solubility x of trans-â-carotene as a
function of pressure: 2, 333.15 K, near-critical mixture of ethane
and propane containing 50 mol % propane (mixture I); [, 333.15
K, near-critical mixture of ethane and propane containing 60 mol
% propane (mixture II); b, 333.15 K, ethane;11 9, 288.15 K,
propane.9

ln(S) ) k ln(F) + a
T

+ b (1)

a )
∆rH

R
(2)

b ) ln(MA + kMB

MB
k ) + q (3)
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average absolute relative deviations, AARDs (eq 4), of 10%
for mixture I and 9% for mixture II.

The association numbers in the Chrastil equation,
parameter k, are very similar for both mixtures of solvents
and lower than the value obtained with supercritical
ethane.23 This shows a higher solubility dependence on

solvent density for trans-â-carotene in supercritical ethane
than in the mixtures of ethane and propane.

Conclusions

Solubilities of trans-â-carotene in near-critical solvent
mixtures of propane and ethane were determined, and it
was verified that their values were higher than those in
pure ethane. Moreover, the solubility increased with the
amount of propane in the mixture.

When the natural logarithm of solubility was plotted
against the natural logarithm of density, a linear correla-
tion was obtained and the isotherms were maintained
parallel, as predicted by the Chrastil equation.

The slope (k) of the solubility isotherms was about the
same for both solvent mixtures. However, this value was
lower than that obtained with pure ethane.
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