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The equilibrium solubilities of dibenzoylmethane, 1,10-phenanthroline, and 8-hydroxyquinoline have been
measured in supercritical carbon dioxide using a simple and reliable static method. Solubility isotherms
were obtained at (308, 318, 328, 338, and 348) K in the pressure range (101 to 355) bar; solubilities
increased linearly with increasing density at constant temperature and increased with increasing
temperature at high densities. The solubilities obtained were correlated with the density of carbon dioxide
by using Bartle’s semiempirical equation. The calculated solubilities show good agreement with the
experimental data.

Introduction

Recently, supercritical fluids (SFs) modified by the
addition of suitable complexing agents have been utilized
in the extraction of metal ions from various solid and liquid
matrixes.1-9 This has opened a whole area of research into
the use of SFs as an environmentally acceptable technol-
ogy, as an analytical preconcentration technique, and as
an extractive system for large-scale metallurgical extrac-
tion.10

The first and most important requirement for the selec-
tion of suitable ligands for the supercritical extraction
(SFE) of metal ions includes the study of solubility in SFs
at acceptable ranges of temperature and pressure for the
ligands that show good selectivity and high efficiency for
the extraction of proper metal ions. Some researchers have
worked on the solubility determination of various ligands
and metal chelates in SF CO2.11-16

An important class of chelating agents includes â-dike-
tones, present in both keto (I) and enol (II) forms, as
follows:

In their reaction with metals, the â-diketones yield six-
membered chelating rings. Aromatic derivatives yield more
stable complexes then their aliphatic analogues. The most
important â-diketones are acetylacetane (AA), thenoyltri-
fluoroacetone (TTA), and dibenzoylmethane (DBM). DBM
has been used for the extraction and photometric deter-
mination of metal ions.17-19

8-Hydroxyquinoline (HOX) reacts with many metal ions
to form stable chelate compounds that can be readily
extracted in organic solvents. Although many cationic
species yield HOX complexes of the M(OX)n type, with
bivalent cations, it has been shown that complexes of type

M(OX)n‚HOX and M(OH)n‚2HOX can be extracted into
organic phases. HOX (1%) dissolved in CHCl3 is usually
used for the extraction, separation, and photometric de-
termination of different metal ions.19,20

1,10-Phenanthroline (phen) reacts rapidly with Fe(II)
ions over a wide range of pH to give an orange-red or pink
complex.19 Recently 1,10-phenonthroline was used for the
extraction of Ag(I)21 and trivalent lanthanide ions.22

The possibility of selecting chelating ligands DBM, HOX,
and phen in chelation-SFE studies of metal ions obviously
depends on the solubilities of these ligands and their metal
ion complexes in pure or modified SF CO2. In the present
study, the solubilities of DBM, HOX, and phen (Figure 1)
were measured in SF CO2 over wide ranges of temperature
and pressure. The measured solubilities were nicely cor-
related using a semiempirical model proposed by Bartle.23,24

Experimental Section

Materials. Carbon dioxide of 99.99% mass purity (Sa-
balan, Tehran, Iran) was used for all extractions. HPLC-
grade methanol (Merck) was used as received. Reagent-
grade dibenzoylmethane (DBM, Fluka), 8-hydroxyquinoline
(HOX, Merck), and 1,10-phenanthroline (Phen, Merck)
were of the highest purity available and were used as
received.

Apparatus and Procedures. A Suprex MPS/225 inte-
grated SFE-SFC system modified for solubility determi-
nation in SFE mode was used. A complete description of
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Figure 1. Structures of dibenzoylmethane (DBM), 8-hydroxy-
quinoline (HOX), and 1,10-phenanthroline (phen).
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this system was reported in one of our previous papers.25

Solubility measurements were accomplished with a 1-mL
extraction vessel in the pressure range (101 to 355) bar at
temperatures (308, 318, 328, and 338) K for DBM and HOX
and (308, 318, 328, 338, and 348) K for phen for a duration
of 30 min. It should be noted that, by monitoring the
solubility data versus time, 30 min was found to be
adequate to ensure the attainment of equilibrium. The
equilibrium temperatures and pressures were measured
to accuracies of (1 K and (0.5 bar, respectively. The solid
solutes (100 to 200) mg were mixed well with 1 g of glass
beads and packed into the extraction vessel. This procedure
prevents channeling, increases the contact surface between
the sample and the SF, eliminates the dead volume and,
consequently, reduces the equilibration time.

A 2100 Shimadzu UV-vis spectrophotometer was used
for solubility determination by absorbance measurements
at λmax of each compound. Stock solutions of DBM, HOX,
and phen (1000 µg‚mL-1) were prepared by dissolving
appropriate amounts of the solid samples in methanol, and
a set of the standard solutions were then prepared by the
appropriate dilution of stock solutions. The calibration
curves obtained (with regression coefficients better than
0.999) were used to establish the concentrations of DBM,
HOX, and phen in the collection vial. The solubilities of
the solutes were generally reproducible within (3%.

Results and Discussion

The reliability of the apparatus was preliminarily checked
by measuring the solubility of naphthalene in supercritical
CO2 at 308 K, as described before.25 The experimental
solubilities in mole fraction (x) of the solute and in grams
per liter of the solute in supercritical CO2 (s) are sum-
marized in Table 1. Each reported solubility is the average
of three replicate measurements.

From the data given in Table 1, it is readily seen that
the solubility of ligands increases with increasing pressure

at constant temperature. The effect of pressure on the
solubility is more significant. This is in agreement with
conventional wisdom, stating that the density of a SF must
increase in order to increase the solubility and extraction
efficiency.26

An examination of the temperature effect on the solubil-
ity data (Table 1) reveals the existence of retrograde
(crossover) pressure effect behavior for all three ligands in
supercritical CO2. At pressures above the crossover region
(about 150 bar), solubilities increase with both increasing
pressure and temperature, but below this region, solubili-
ties increase with increasing pressure but decrease with
increasing temperature. The different effect of temperature
on solubility could be due to influences of temperature on
such diverse properties as the solute vapor pressure, the
solvent density, and intermolecular interactions in the
supercritical fluid phase. At lower pressures where the
density effect is predominant, the fluid density is lowered
by small increases in temperature. At higher pressures,
the fluid density is less dependent on temperature so that
the observed increase in solubility with temperature could
be primarily due to other factors, especially the higher
vapor pressure of the solid samples.

Predicting the equilibrium solubility of solutes in SF
solvents is very important for SFE and SFC. To carry out
an SFE experiment, it is necessary for the analyte to be
sufficiently dissolved in the SF solvent. Thus, without
knowledge of solubility phenomena, the optimization of
SFE conditions can be done only by trial and error. The
experimental solubility data for ligands were correlated
using the equation proposed by Bartle,23,24

where x is the mole fraction of solute, P is the pressure,
Pref is a standard pressure of 1 bar, F is the density (taken
as the density of pure carbon dioxide), Fref is the reference
density for which a value of 700 kg‚m-3 was used, and A
and C are constants. The reason for using Fref is to make
the value of A much less sensitive to the experimental error
in the data and to avoid the large variations caused by
extraction to zero density.24

The constant C, resulting physically from solvation by
the supercritical fluid, is assumed to be constant over the
temperature range, and the constant A, arising from the
vapor pressure (fugacity) of the solute, is assumed to obey
the equation

where T is the absolute temperature and a and b are
constants. A combination of eqs 1 and 2 will result in an
overall correlation equation,

In the first step, the ln(xP/Pref) values were plotted
against density (Figure 2) for each isotherm and then were
fit to a straight line by least-squares regression to obtain
A and C. The plots are expected to be reasonably straight
lines with similar slopes. However, the slopes show a little
increase with decreasing temperature, and in general, the
plots could be improved by removing the data at lower

Table 1. Solubilities of Dibenzoylmethane (DBM),
8-Hydroxyquinoline (HOX), and 1,10-Phenanthroline
(phen) in Supercritical Carbon Dioxide

DBM HOX phen

T/K P/bar F/kg‚m3 s/g‚dm-3 104x s/g‚dm-3 104 x s/g‚dm-3 104x

308 101 712 2.7 7.3 5.50 23.2 0.3 1.0
152 817 5.4 13.0 9.60 35.4 0.5 1.5
203 868 5.7 12.8 12.1 42.1 0.6 1.6
253 903 7.8 16.9 14.3 47.7 0.7 2.0
304 931 8.4 17.6 16.3 52.7 0.9 2.4
355 956 10.5 21.5 17.1 54.0 1.2 2.9

318 101 514 1.8 6.7 1.8 10.9 0.2 0.8
152 747 4.0 10.5 10.7 43.3 0.4 1.4
203 816 6.6 15.9 15.2 56.1 0.8 2.5
253 860 9.6 21.9 18.2 63.9 1.1 3.1
355 920 17.7 37.6 24.4 79.6 1.7 4.5

328 101 339 0.5 3.0 1.0 8.7 0.1 0.6
152 658 2.7 8.2 10.8 49.5 0.4 1.4
203 758 9.6 24.7 18.2 72.6 1.0 3.1
253 814 15.7 37.7 24.4 90.0 1.4 4.2
304 854 19.8 45.3 29.6 103.9 1.7 4.8
355 886 27.4 60.3 34.3 116.0 2.1 5.9

338 101 273 0.1 1.0 1.3 14.0 0.03 0.3
152 562 2.2 7.5 9.6 51.4 0.3 1.4
203 695 11.3 31.8 19.2 83.1 1.2 4.3
253 765 22.2 56.7 27.1 106.3 1.7 5.5
304 814 32.0 76.5 39.3 144.2 2.2 6.6
355 849 43.5 99.5 47.6 167.1 2.8 8.0

348 101 238 0.02 0.2
152 477 0.3 1.5
203 634 1.3 5.2
253 717 2.2 7.3
304 772 2.9 9.2
355 812 3.5 10.4

ln( xP
Pref

) ) A + C(F - Fref) (1)

A ) a + b
T

(2)

ln( xP
Pref

) ) a + b
T

+ C(F - Fref) (3)
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pressures. The values of C, obtained from the slopes of the
corresponding plots, were then averaged for each compound
(Table 2).

By holding C constant at its average value, the experi-
mental solubility data were then used to evaluate the A
values at various temperatures for each ligand. Plots of A
versus 1/T were then fit to straight lines (Figure 3) to
obtain constants a and b for each ligand. Nice straight lines
were obtained for all three ligands. The values of a and b,
obtained from the plots, are also included in Table 2.

The values of a, b, and C were then used to predict the
solubilities from eq 3. Figure 4 compares the calculated
isotherms with the experimental data for HOX. Similar
patterns were obtained for the other two ligands. As seen,
the agreement is satisfactory, and the poor consistency is

limited to data points obtained at the high-pressure limits
of the isotherms, which are close to the melting points of
the ligands. Similar results have been observed previ-
ously.27,28 Therefore, solubilities can be confidently calcu-
lated at any temperature and pressure within the experi-
mental range using eq 3 and the parameters listed in Table
2.

Parameter b is approximately related to the enthalpy of
sublimation of the solid solutes ∆subH by28

where R is the gas constant. The validity of eq 4 relies on
the assumption that the enhancement factor ln(xP/Pν),
where Pν is the vapor pressure of the solid solute, is
independent of temperature. This assumption has been
found to be nearly true in practice. The estimated ∆subH
values are also included in Table 2.
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