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TheP-T-F behavior of the CO2-CO-H2 system was studied in the supercritical region under operative conditions
close to those adopted to perform hydrogenation and hydroformylation reactions in dense CO2, thus providing
new interesting information on this fluid mixture. Experiments were performed in a fixed volume reactor in the
temperature range from 298 K to 343 K changing the density and the composition of the fluid phase. The one-
component (Hildebrand) solubility parameter of the mixture was estimated from experimentally measuredP vs
T profiles, and its dependence on the density and composition of the system was analyzed to study the antisolvent
effect of the permanent gases. We have found that, under adopted operative conditions, the Peng-Robinson
equation of state (PR-EOS) can be used to predict with good accuracy the values of the Hildebrand solubility
parameter of the binary and ternary mixtures without using adjustable binary interaction parameters. The PR-
EOS was eventually used to calculate the dependence of the solubility parameter of CO2-containing mixtures on
the composition, pressure, and density. By this approach, it seems that the antisolvent effect of CO and H2 is
mainly due to the reduction of the density of the fluid phase, at fixedT andP, when the mole fraction ofsyn-gas
components is increased.

Introduction

In the last two decades, the interest in the utilization of
supercritical carbon dioxide (scCO2) as a reaction medium has
greatly increased because of the interesting environmental, health
and safety, process, and chemical benefits that can be obtained
when it is used in several synthetically useful chemical
reactions.1 In particular, when gaseous reagents are involved,
as in the case of homogeneously catalyzed hydrogenation and
hydroformylation reactions, the adoption of scCO2 as an
alternative to liquid solvents can allow the operator to perform
the reaction under single-phase conditions thus increasing the
local concentration of the dissolved gases and markedly
accelerating the mass transfer kinetics both for the elimination
of the gas-liquid interphase and for the better transport
properties of supercritical fluids in comparison with liquid
solvents. These benefits can be attenuated or even vanified by
the limited solubility of conventional homogeneous catalytic
systems in scCO2. This problem can be further complicated
when low critical temperature gaseous reagents are involved,
as it has been observed that the solvent power of CO2 is
progressively reduced when the mole fraction of permanent
gases loaded in the system increases. This effect has been clearly
observed in the case of nitrogen and helium.2,3

For these reasons, the need arises for characterization of the
P-T-F behavior of CO2-syn-gas mixtures at supercritical
conditions, collecting novel experimental data to validate a
simple EOS that can become a precious tool to predict the
properties of these mixtures under different operating conditions
in the perspective of industrial utilization.

In the present work, pressure, temperature, and density
relations have been experimentally measured for several fluid

mixtures containing CO, H2, and CO2 at different compositions.
Such data were used to estimate the Hildebrand solubility
parameter4 of the mixture under adopted experimental condi-
tions, as this concept, even if originally defined for condensed
systems, has also been proposed as a useful indicator of the
solvent power of supercritical fluids.5

The regular solution theory approach, even if only semiquan-
titative in the description of the mixture, can be useful also as
a rough guide to orient molecular design of ligands because it
has been observed that experimentally measured mole fraction
solubility of copper(II) and chromium(III)â-diketonates in
scCO2 can be correlated with the solubility parameter of the
free ligand.6

The Peng-Robinson equation of state (PR-EOS) has been
tested to fit experimental points and to be used as a predictive
tool for a more complete description of the dependence of the
solubility parameter on composition, temperature, and pressure
of the fluid system.

Materials and Experimental Apparatus

Hydrogen and carbon dioxide were purchased from AirLiquid
with a purity of 99.999 % and 99.998 %, respectively. Carbon
monoxide was supplied by Sapio with a reported purity of
99.0 %.

Experiments were performed in a stainless steel reactor with
a volume of 28.5( 0.1 mL (determined by several measure-
ments with scCO2 and Ar at different masses, pressures, and
temperatures) designed to operate up to 60 MPa. The pressure
vessel was equipped with a pressure transducer (Barksdale
UPA3) (estimated accuracy by calibration with a high-precision
manometer is( 0.05 MPa) and a Pt100 temperature sensor
(estimated accuracy of( 0.3 K). Both temperature and pressure* Corresponding author. E-mail: galia@dicpm.unipa.it.
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inside the reactor were monitored in real time by a National
Instrument acquisition board.

ExperimentalP vs T profiles were obtained by submerging
the reactor in an electronically controlled thermostatic bath
described elsewhere.7 The vessel was heated from 298 K to
343 K and then cooled between the same temperatures. Both
thermal paths were obtained by a progression of stepwise
increases of temperature having an amplitude of 5 K; each
experimental point was recorded after the equilibrium was
achieved, as detected from the invariance of the recorded values
of the intensive parameters.

The procedure for pressurizing the reactor started with the
determination of its mass. Air was then removed by purging at
least three times with gaseous hydrogen or carbon monoxide at
a pressure lower than 5 MPa. Then, H2 and/or CO were dosed
by adjusting their partial pressure while the reactor was
immersed in a thermostatic bath at (283( 1) K. For this
purpose, a Tescom pressure reducer connected to both storage
vessels through a suitable valve system was used. When present,
hydrogen was always delivered first to estimate its mass from
temperature and pressure readings using the PR-EOS with
effective critical parameters (vide infra), after having tested the
accuracy of the EOS usingP-T-F NIST data on pure
hydrogen. With such a procedure, the experimental error was
estimated to be less than( 0.004 g. The total mass of CO loaded
was measured gravimetrically by an electronic balance with an
accuracy of( 0.01 g. The last component introduced was liquid
CO2 delivered by means of a Maximator air-driven pump until
the final selected pressure was reached. Before charging each
compound, the corresponding lines were always carefully
purged, and back flows were prevented by keeping CO and CO2

lines at higher pressure than that inside the reactor. The total
mass of loaded components was then measured. This value was
used to determine the amount of delivered carbon dioxide
(uncertainty of( 0.01 g) and the density of the mixture. Mass
and molar fractions were then calculated, and with the afore-
mentioned uncertainties in the values of the mass of each
component, the uncertainty in the mole fractions of the gaseous
components was estimated to be lower than 0.005.

The pressurized vessel was submerged in the thermostatic
bath, and the experimental run was started according to the
procedure previously described. A sketch of the experimental
apparatus has been reported elsewhere.7

Peng-Robinson EOS

The Peng-Robinson equation of state8 belongs to the family
of semiempirical cubic EOSs, and it has been frequently used
to model the phase behavior of fluid mixtures at supercritical
conditions with good accuracy.3,9-11

The PR-EOS can be written in the following form

In the case of a pure component, the two parametersa andb
are related to the critical properties by the equations

The dependence of dimensionless functionR on the reduced
temperatureTr and the acentric factorω is expressed by the
following equation

In the case of mixtures, the same eq 1 can be used, provided
that parametersa andb of the mixture are defined by suitable
mixing rules. The following van der Waals mixing rules were
used in the original article of Peng and Robinson and have been
adopted in this study

where kij is an empirically determined binary interaction
coefficient characterizing each pair of components of the
mixture.

The pure component parameters used in the PR-EOS are listed
in Table 1. Because of its small molecular mass, the configu-
rational properties of hydrogen, like those of helium and neon,
are described by quantum rather than classical statistical
mechanics. For this reason, acentric factors of such “quantum
gases” are slightly negative and physically not significant.
Corresponding-state correlations for virial coefficients may also
be applied to these molecules by using the so-called effective
critical constants andω ) 0.12 Even if the parameters change
with temperature, corrections are not important at room or higher
temperatures and “classical” values extrapolated at very high
absolute temperature can be used. This approach has already
been adopted to describe the antisolvent effect of helium
dissolved in scCO2.3 The same choice has been made in this
work, as theP-T-F data of pure H2 taken from the NIST
database, in the temperature and pressure range adopted in the
present study, have been better correlated using the high-
temperature effective parameters rather than real critical pa-
rameters withω ) -0.216 (see Supporting Information).

Hildebrand Solubility Parameter of the Mixture

The concept of solubility parameter was originally defined
for regular solutions by Hildebrand and Scott and has been
widely used to correlate and predict the solubility behavior of
two components based on the knowledge of the individual
components alone.13 This concept has been frequently used to
qualitatively correlate the solvent power of supercritical flu-
ids.2,3,14

For nonpolar/nonassociating fluids or polar fluids with a
dipole moment lower than 2 D (1 D is equal to 3.336‚10-30

C‚m), the cohesive energy density (∆U/V) can be approximated
by the internal pressure (∂U/∂V)T that can be calculated from a
thermodynamic EOS15

P ) RT
V - b

- a
V(V + b) + b(V - b)

(1)

a ) 0.45724
R2Tc

2

Pc
R(Tr,ω) (2)

b ) 0.0778
RTc

Pc
(3)

Table 1. Critical Properties of the Three Mixture Components

component Tc/K Pc/MPa ω

1 CO2 304.1 7.38 0.239
2 CO 132.9 3.50 0.066
3 H2

a 43.6 2.05 0.000

a All parameters taken from ref 12. In the case of hydrogen, high-
temperature effective critical properties have been used.

R ) [1 + (0.37464+ 1.54226ω - 0.26992ω2)(1 - Tr
1/2)]2

(4)

a ) ∑
i

∑
j

xjxiaij ) ∑
i

xi
2ai + ∑

i*j

xixjaij (5)

b ) ∑
i

xibi (6)

aij ) (1 - kij)ai
1/2aj

1/2 (7)
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In the system under consideration, both CO2 and H2 are
nonpolar gases, whereas CO has a dipole moment of 0.112 D
(3.74‚10-31 C‚m) and can, therefore, be assumed a nonpolar
gas too.15 From eq 8, it can be inferred that one component
solubility parameter of a dense gaseous mixture can be estimated
from the P vs T profiles recorded in a fixed volume reactor.
Some typical experimental profiles obtained in this study are
reported in Figure 1. The experimental points can be excellently
fitted by straight lines, and for this reason, the last term in eq
8 corresponds to the square root of the modulus of intercepts.

Experimentally estimated values of the solubility parameter
can be compared with those obtained using an EOS to
analytically express the last term in eq 8. Using the PR-EOS,
the term in the square brackets in eq 8 can be written under the
form

In the case of a mixture, using Van der Waals mixing rules
(eq 5), the partial derivative in eq 9 can be expressed by the
equation

wheremi ) 0.37464+ 1.54226ωi - 0.26992ωi
2.

The solubility parameter can be analytically expressed by eq
11.

In the present work, this equation has been used to predict
the solubility parameter of the mixture taking the value of the
interaction parameterskij ) 0.

Results and Discussion

Selection of the Value of Binary Interaction Parameters.
Experiments were performed to collectP vs T profiles for
several different binary mixtures, H2-CO2, CO-CO2, and H2-
CO. Such data are reported in Tables 2 to 4 together with the

values of densities. The latter were computed from the masses
of loaded components, estimated as previously described, and
from the value of the volume of the pressure vessel. All these
data were used to evaluate the accuracy of the PR-EOS in the
prediction of the volumetric behavior of the mixtures without
using adjustable binary interaction parameters.

The experimental data of density and temperature of the
different binary systems were used in the PR-EOS, assuming
kij ) 0, to predict the corresponding values of pressure. As a

δ ) (∆U
V )T

1/2 ≈ (∂U
∂V )T

1/2
) [T(∂P

∂T)V
- P]1/2

(8)

T(∂P
∂T)V

- P ) - T
V(V + b) + b(V - b)

‚∂a
∂T

+

a
V(V + b) + b(V - b)

) 1
V(V + b) + b(V - b) (a - T

∂a
∂T) (9)

-T
∂a

∂T
) ∑

i

xi
2ai

mix T

Tc,i

1 + mi(1 - x T

Tc,i
)

+

∑
i*j

xixjaij [12 mix T

Tc,i

1 + mi(1 - x T

Tc,i
)

+
1

2

mjx T

Tc,j

1 + mj(1 - x T

Tc,j
)]

(10)

δ )
(∑i

xi
2ai[1 +

mix T

Tc,i

1 + mi(1 - x T

Tc,i
)] + ∑

i*j

xixjaij[1 +
1

2
‚

mix T

Tc,i

1 + mi(1 - x T

Tc,i
)

+
1

2
‚

mjx T

Tc,j

1 + mj(1 - x T

Tc,j
)]

V(V + b) + b(V - b)

)1/2

(11)

Figure 1. Typical experimental pressureP vs temperatureT profiles of
binary and ternary mixtures of CO2, CO, and H2: O, system CO2-CO-
H2, mixture 5 in Table 6;9, system CO2-CO, mixture 4 in Table 2;2,
system CO2-H2, mixture 5 in Table 3;[, system CO-H2, mixture 3 in
Table 4.

Table 2. Experimental PressureP as a Function of TemperatureT
and Experimental Density G for Mixtures of Carbon Dioxide (1) and
Carbon Monoxide (2)

x2

F/g‚mL-1

mix.

0.138
0.758

1

0.134
0.769

2

0.117
0.790

3

0.115
0.791

4

0.089
0.808

5

0.046
0.835

6

0.065
0.845

7

T/K P/MPa

308 26.0 26.6 25.5 25.4 24.7 22.5 26.5
313 28.0 29.1 28.4 28.0 27.2 25.4 29.6
318 30.5 31.6 30.7 30.6 30.2 28.3 32.2
323 32.8 34.1 33.6 33.1 32.7 31.3 35.2
328 35.2 36.6 36.2 35.7 35.5 33.9 38.1
333 37.4 39.1 38.9 38.3 37.9 36.6 41.1
338 39.9 41.6 41.6 40.8 40.8 39.4 44.1
343 42.3 44.1 44.4 43.3 43.0 42.2 47.0

Table 3. Experimental PressureP as a Function of TemperatureT
and Experimental Density G for Mixtures of Carbon Dioxide (1) and
Hydrogen (3)

x3

F/g‚mL-1

mix.

0.244
0.461

1

0.130
0.624

2

0.138
0.728

3

0.135
0.748

4

0.045
0.795

5

0.065
0.819

6

T/K P/MPa

308 21.5 20.1 29.4 31.7 21.1 27.4
313 22.6 22.1 31.3 34.1 23.8 30.0
318 23.7 23.4 33.5 36.7 26.1 32.5
323 24.9 25.1 35.6 39.0 28.6 35.3
328 26.1 26.6 37.9 41.4 31.5 38.1
333 27.2 28.4 40.2 43.8 33.7 40.8
338 28.4 30.0 42.6 46.3 36.2 43.8
343 29.6 31.7 44.9 48.9 38.9 46.7
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comparison, a second approach was carried out using the binary
interaction parameters as an adjustable quantity. In this case,
the values ofkij were determined forcing the value of density
to those determined from the masses of loaded components
(Tables 2 to 4) by minimizing the sum of the squared deviations
between calculated and experimental pressureøP

2 for the whole
set of points of each binary mixture

whereN is the number of data points for each system;Pi
exptl is

the observed pressure; andPi
calcd is the analogous calculated

quantity.
Table 5 reports the values of the percentage root-mean square

deviation ε, defined in eq 13, for the values of the pressure
obtained assuming null interaction parameters and with thekij

optimized according to aforementioned criteria.

It can be observed that the adoption of adjustable binary
interaction parameters does not significantly improve the
precision of the PR-EOS in the prediction of the pressure of
the mixtures at fixedT, F, and composition.

On this basis, we have decided to use the PR-EOS in a fully
predictive manner assuming null binary interaction parameters
for all couples of components.

The experimental data for different ternary mixtures of carbon
oxides and hydrogen are summarized in Table 6 together with
each mixture composition and experimental density.

A graphical representation of the deviations between calcu-
lated and experimental density values of all the investigated
systems is reported in Figure 2. Using the PR-EOS without any
adjustable parameters, deviations between calculated and ex-
perimental densities were always lower than 6 %, thus confirm-
ing that this cubic EOS can describe with good accuracy the
volumetric behavior of CO2-CO-H2 systems.

Estimation of the SolWent Power of the CO2-CO-H2

System.The values of Hildebrand solubility parameters of binary
and ternary mixtures containing carbon dioxide, obtained from

experimentalP vsT profiles recorded in a fixed volume reactor,
are reported in Table 7 together with the corresponding values
calculated using eq 11.

In the case of systems containing hydrogen, we have found
an excellent agreement between experimental and calculatedδ
with percentage differences lower than 3.2 % for most of the
mixtures analyzed. Larger deviations were obtained in the case
of binary mixtures of carbon oxides, but they were always lower
than 6 % sothat the agreement can be considered quite good.
Moreover, calculations confirmed the experimental observation
that changing theT at constant total density of the mixture
negligibly alters the value of the Hildebrand parameter (Figure
3). From these results, it seems that the PR-EOS is a candidate
not only to fit experimental data but also to analyze the effect
of syn-gas on the solvent power of the fluid phase.

For this purpose, in Figures 4 and 5 are plotted the values of
δ calculated using the cubic EOS for pure CO2 and for selected
mixtures having the same composition as those experimentally
investigated in this study. A comparison was made by fixing
the temperature at 333 K. It must be observed that, from the
operative point of view, each profile corresponds to a fluid phase
of fixed composition whose density is changed isothermally.

It can be immediately observed that, at fixedP, the addition
of CO and/or H2 to the supercritical solvent markedly decreases
the value ofδ and consequently the solvent power of the
mixture. In particular, although for pure CO2 δ varies from about
(2.7 to 12.6) MPa1/2 when pressure changes between (7 and
40) MPa, as also confirmed by literature data,15 it varies from
(1.6 to 7.3) MPa1/2, in the same pressure domain, for mixtures
containing about 0.2 mole fraction of H2 and CO.

Interestingly, a similar behavior can be calculated for the
change of density as a function of pressure when the mole
fraction of low critical temperature gases added to the system
is increased (Figures 6 and 7). Indeed, it is well-known that the
solvent power of a supercritical fluid is mainly affected by its
density, and this criterion seems respected also in the case of
the ternary system under consideration. To verify in a more
convincing way the aforementioned intuition, we have plotted
again the values ofδ against the values of densities of the
mixtures. By this choice, a substantial overlapping of all the
curves was obtained thus confirming that, in the range of
investigated compositions, the main parameter affecting the
solvent power of the fluid phase is the density (Figure 8).

This means that, on a first approximation, the antisolvent
effect of CO and H2 can be attributed to the reduction of the
fluid density that occurs when molar fractions of these com-
ponents at fixedT and P are increased. It must be observed

Table 4. Experimental PressureP as a Function of TemperatureT
and Experimental Density G for Mixtures of Carbon Monoxide (2)
and Hydrogen (3)

x3

F/g‚mL-1

mix.

0.049
0.472

1

0.112
0.484

2

0.095
0.500

3

0.056
0.530

4

0.068
0.540

5

0.049
0.672

6

T/K P/MPa

308 8.8 20.6 17.3 10.9 13.0 12.6
313 8.9 21.0 17.6 11.1 13.2 12.9
318 9.1 21.3 17.9 11.3 13.4 13.0
323 9.3 21.7 18.2 11.5 13.7 13.2
328 9.4 22.1 18.6 11.7 13.9 13.5
333 9.6 22.4 18.8 11.8 14.1 13.7
338 9.7 22.8 19.2 12.0 14.3 13.9
343 9.9 23.1 19.4 12.3 14.6 14.1

Table 5. Effect of Interaction Parameters for the System CO2
(1)-CO (2)-H2 (3)

binary system kij ε/% kij ε/%

1-2 0 4.33 0.204 2.51
1-3 0 3.15 -0.112 2.94
2-3 0 2.37 0.429 2.23

Figure 2. Discrepancy between density predicted by the PR-EOS and
experimental data plotted vs experimental density for all CO2-containing
mixtures investigated in this work.

øP
2 ) ∑

i)1

N

(Pi
calcd- Pi

exptl)2 (12)

ε ) 100x1

N
∑
i)1

N [(Pi
calcd- Pi

exptl)

Pi
exptl ]2

(13)
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that this affirmation can be considered acceptable only if the
cumulative molar fraction of the low critical temperature
components is lower than a suitable threshold value.

In fact, if the trend of the Hildebrand parameter atT ) 333
K is plotted against thesyn-gas mole fraction, for the sake of
simplicity assumed constituted by equimolar amounts of CO
and H2, for different values of constant densities (Figure 9), it
can be easily observed that the solubility parameter can be

significantly depressed, also keeping the density unchanged,
when the mole fraction of CO and H2 is high enough. In the
same figure, we reported how pressure must be changed to keep
the density constant when the mixture is depleted in carbon
dioxide. It is evident that pressure increases steeply with the
syn-gas mole fraction thus soon making the compensation of

Table 6. Experimental PressureP as a Function of TemperatureT and Experimental Density G for Mixtures of Carbon Dioxide (1), Carbon
Monoxide (2), and Hydrogen (3)

x2

x3

F/g‚mL-1

mix.

0.074
0.087
0.237

1

0.212
0.240
0.268

2

0.124
0.120
0.488

3

0.204
0.203
0.501

4

0.132
0.154
0.604

5

0.049
0.069
0.718

6

0.072
0.049
0.736

7

0.023
0.065
0.774

8

0.063
0.063
0.784

9

0.070
0.018
0.800

10

0.032
0.035
0.844

11

T/K P/MPa

308 9.3 18.0 19.5 31.9 31.0 21.9 23.2 24.2 29.3 24.9 28.3
313 9.8 19.0 20.8 33.4 33.1 24.0 25.4 26.7 31.9 27.5 30.9
318 10.4 19.5 22.0 34.9 34.8 26.1 27.5 29.2 34.6 30.0 33.9
323 10.6 20.2 23.1 36.2 36.5 28.3 29.7 31.7 37.2 33.0 37.1
328 11.0 20.9 24.2 37.5 38.7 30.4 32.0 34.1 40.0 35.3 40.0
333 11.3 21.5 25.4 39.0 40.1 32.4 34.2 36.6 42.6 37.8 43.1
338 11.8 22.1 26.6 40.4 42.0 34.6 36.3 39.1 45.3 40.4 46.2
343 12.2 22.7 27.6 41.7 43.7 36.6 38.6 41.6 48.0 43.0 49.3

Table 7. Comparison of Experimental Solubility Parameters with Analogous Quantities Calculated with the PR-EOS for Different Ternary and
Binary Mixtures Containing Dense Carbon Dioxidea

System CO2 (1)-CO (2)

x2

F/g‚mL-1

mix.

0.138
0.758

1

0.134
0.769

2

0.117
0.790

3

0.115
0.791

4

0.089
0.808

5

0.046
0.835

6

0.065
0.845

7

δexptl/MPa1/2 10.6 11.2 11.7 11.5 11.9 12.1 12.2
δcalcd/MPa1/2 10.7 10.9 11.0 11.0 11.3 11.7 11.9

|∆δ/δ|/% 0.4 3.0 5.7 4.0 4.6 2.9 2.4

System CO2 (1)-H2 (3)

x3

F/g‚mL-1

mix.

0.244
0.461

1

0.130
0.624

2

0.138
0.728

3

0.135
0.748

4

0.045
0.795

5

0.065
0.819

6

δexptl/MPa1/2 6.9 8.9 10.1 10.7 11.4 11.8
δcalcd/MPa1/2 6.9 9.0 10.4 10.8 11.3 11.6

|∆δ/δ|/% 0.0 1.3 3.6 0.9 0.9 1.0

System CO2 (1)-CO (2)-H2 (3)

x2

x3

F/g‚mL-1

mix.

0.074
0.087
0.237

1

0.212
0.24
0.268

2

0.124
0.12
0.488

3

0.204
0.203
0.501

4

0.132
0.154
0.604

5

0.049
0.069
0.718

6

0.072
0.049
0.736

7

0.023
0.065
0.774

8

0.063
0.063
0.784

9

0.070
0.018
0.800

10

0.032
0.035
0.844

11

δexptl/MPa1/2 3.9 4.7 7.2 7.4 8.9 10.1 10.4 10.9 11.3 11.2 12.1
δcalcd/MPa1/2 3.8 4.3 7.1 7.2 8.6 10.1 10.3 10.9 11.1 11.2 11.9

|∆δ/δ|/% 3.0 8.5 1.0 2.8 3.2 0.7 0.9 0.2 2.2 0.4 1.7

a Numbering of mixtures is the same as that reported in Tables 2, 3, and 6.

Figure 3. Effect of temperature on the calculated solubility parameters of
mixtures investigated in this work under isochoric conditions:O, ternary
mixtures;[, CO2-CO mixtures;×, CO2-H2 mixtures.

Figure 4. Hildebrand parameter vs total pressure for mixtures containing
CO2, CO, and H2 at different molar fractions andT ) 333 K: sss, pure
CO2; s s, x2 ) 0.032 andx3 ) 0.035;- - - -, x2 ) 0.063 andx3 ) 0.063;
s ‚ s, x2 ) 0.074 andx3 ) 0.087;s ‚ ‚ s, x2 ) 0.132 andx3 ) 0.154;
......, x2 ) 0.204 andx3 ) 0.203.
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the aforementioned density reduction technically unpractical by
increasing the working pressure.

These observations are very useful in the study of homoge-
neously catalyzed hydroformylation, hydrocarboxylation, and
hydrogenation reactions. These processes are deeply investigated
in scCO2 also because the complete miscibility of CO and H2

with CO2 makes possible a significant enhancement of their
concentration in the reaction medium. On the other hand, the
problem of the limited solubility of conventional transition metal
complexes must be faced to have the chance of concrete transfer
of the technology from the laboratory to the industrial plant. A
strategy to overcome this drawback is the design and synthesis
of suitable CO2-philic ligands that could act not only to optimize
selectivity and activity of the metal center but also as solubilizing
agents of the catalytic system in the fluid phase.

In this scenario, it could be useful to have a first tentative
criterion to predict the solubility behavior of the ligand in the
reaction system from the knowledge of its behavior in pure
carbon dioxide. From the results of this study, we can propose
as a first approximation that the solubility of the species should
be comparable provided that the total densities of the two fluid
phases are similar. As previously highlighted, this criterion is
valid only if the antisolvent mole fraction is low enough, and
this could make its real utility questionable. For this reason, in
Figure 10, we reported the curves to convert the concentration
of H2 and CO from the mole fraction scale to molar concentra-
tion for the same systems considered in Figure 9. We may
observe that, in correspondence to mole fraction values of 0.1,

Figure 5. Hildebrand parameter vs total pressure for selected binary CO2-
CO (empty symbols) and CO2-H2 (filled symbols) mixtures atT ) 333
K: O, x2 ) 0.046;0, x2 ) 0.089;4, x2 ) 0.138;b, x3 ) 0.045;9, x3 )
0.135;2, x3 ) 0.244.

Figure 6. Density vs total pressure for mixtures containing CO2, CO, and
H2 at different molar fractions andT ) 333 K: sss, pure CO2; s s, x2

) 0.032 andx3 ) 0.035;- - - -, x2 ) 0.063 andx3 ) 0.063;s ‚ s, x2 )
0.074 andx3 ) 0.087;s ‚ ‚ s, x2 ) 0.132 andx3 ) 0.154;......, x2 ) 0.204
andx3 ) 0.203.

Figure 7. Density vs total pressure for selected binary CO2-CO (empty
symbols) and CO2-H2 (filled symbols) mixtures atT ) 333 K: O, x2 )
0.046;0, x2 ) 0.089;4, x2 ) 0.138;b, x3 ) 0.045;9, x3 ) 0.135;2, x3

) 0.244.

Figure 8. Hildebrand parameter vs density for different mixtures containing
CO2, CO, and H2 at T ) 333 K. O, ternary mixtures:x2 ) 0.032 andx3 )
0.035;x2 ) 0.074 andx3 ) 0.087,x2 ) 0.204 andx3 ) 0203.[, CO2-CO
mixtures: x2 ) 0.089,x2 ) 0.138.×, CO2-H2 mixtures: x3 ) 0.045 and
x3 ) 0.244.

Figure 9. Plot of Hildebrand parameter (empty symbols) and of pressure
(filled symbols) as a function of H2 and CO mole fraction atT ) 333 K
and different mixture densities.9, F ) 0.800 g‚mL-1; b, F ) 0.700 g‚mL-1;
2, F ) 0.600 g‚mL-1.

Figure 10. Plot of CO and H2 molar concentration (filled symbols) as a
function of their mole fraction atT ) 333 K and different mixture densities.
The trend of pressure (empty symbols) is also reported as a reference.9,
F ) 0.800 g‚mL-1; b, F ) 0.700 g‚mL-1; 2, F ) 0.600 g‚mL-1.
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the maximum concentration of H2 and CO in the fluid phase
can be modified from 1.5 mol‚L-1 to more than 2 mol‚L-1 by
changing the operating pressure from (30 to 55) MPa at 333 K
thus indicating that the domain of applicability of the criterion
covers the interval of concentrations of applicative interest.

Conclusions

Experimental data were collected on theP-T-F behavior
of supercritical mixtures of carbon dioxide, carbon monoxide,
and hydrogen at different compositions. The effect of the two
permanent gases was analyzed with respect to the fluid density
F and the Hildebrand solubility parameterδ chosen as a
semiquantitative estimation of the solvent power of the fluid
phase. We have observed that both quantities are significantly
decreased by increasing the molar fraction of H2 and CO at
constantT andP of the system, thus indicating an antisolvent
effect of thesyn-gas components. Quite interestingly, we have
found that the values ofF and δ can be predicted with good
accuracy using the Peng-Robinson EOS (errors lower than 5
% in most cases) under a fully predictive form. It was moreover
observed that the main factor determining the Hildebrand
solubility value is the density of the fluid phase provided that
the mole fractions of low critical temperature components are
not too high.

Such a result can be interesting in the context of homoge-
neously catalyzed carbonylation and hydrogenation reactions
in scCO2, as it offers a first approximation criterion to estimate
solubility of catalytic systems in the reaction system from their
behavior in pure carbon dioxide.

Supporting Information Available:

Table with hydrogen density data from NIST compared with
predictions of the PR-EOS using the two different sets of critical
parameters. This material is available free of charge via the Internet
at http://pubs.acs.org.
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