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A static method coupled with gravimetric analysis was used to measure the solubility of L-proline in subcritical
1,1,1,2-tetrafluoroethane (HFC-134a) and supercritical CO2 (scCO2). The solubility of L-proline is much
higher in HFC-134a fluid than in scCO2. The solubilities of L-proline in HFC-134a and scCO2 are affected
by temperature and pressure. The solubilities increase with increasing temperature and pressure for both
scCO2 and HFC-134a solvents. The densities of scCO2 and subcritical HFC-134a were calculated using the
Peng-Robinson (P-R) equation. Experimentally determined density data were used to assess the accuracy
of the P-R equation.

Introduction

In recent decades, L-proline, the simplest “protein”,1 has
become one of the most attractive molecules in green synthetic
chemistry because it is an inexpensive and readily available
amino acid. As an effective organocatalyst,2 it has been
successfully applied to a variety of reactions3 of which the direct
aldol reaction is particularly interesting.4 L-proline suffers from
a number of problems that reduce its attractiveness as a catalyst:5

(1) poor solubility in most solvents except water (where it
functions as a catalyst, but without enantioselectivity); (2)
potential side reactions such as oxazolidinone formation, de-
carboxylation, and subsequent [3 + 2] cycloaddition reactions;
and (3) most of the L-proline-catalyzed aldol reactions have been
carried out in organic media such as DMF and DMSO.6 Large
amounts of organic solvents are used in chemical reactions, most
of which are volatile, toxic, and flammable. From the viewpoint
of greener processes, the use of nonhazardous and renewable
materials is one of the most important goals of green chemistry.

The advantages of supercritical fluids (SCF) compared with
conventional liquid solvents include low surface tension, high
diffusivity, low viscosity, and high compressibility. In addition,
the density, dielectric constant, diffusion coefficient, and solubil-
ity parameter can be tuned continuously by varying pressure
and temperature. For those reasons supercritical fluids have
become attractive solvents for many industrial processes includ-
ing extraction,7 polymer processing,8 phase transfer reactions
and catalysis,9 enzymatic catalysis,10 processing of microelec-
tronic devices,11 and synthesis of nanoparticles.12-15

Supercritical carbon dioxide (scCO2) is the most popular
solvent among SCFs due to its nontoxicity, nonflammability,
low cost, ready availability, and near-ambient critical temper-
ature. Unfortunately, because CO2 is a nonpolar solvent with
weak van der Waals forces it is not suitable for dissolving polar
substances. That disadvantage has limited its application to
separation, reaction, and material formation processes. Fortu-
nately, polar substances can easily dissolve in fluorohydrocar-
bons such as chlorodifluoromethane (HCFC-22), trifluo-

romethane (HFC-23), difluoroethane (HFC-32), pentafluoroethane
(HFC-125), 1,1,1,2-tetrafluoroethane (HFC-134a), and 1,1,1-
trifluoroethane (HFC-143a).16-23

Generally, two techniques, the flowing method and the static
method, are used to measure solubility in SCFs. Calculations
of solubility are correlated using a mathematical model such as
the semiempirical model proposed first by Bartle, which was
subsequently used successfully by others, the model proposed
by Chrastil, and some equations, such as the Peng-Robinson
(P-R) and the Soave-Redlich-Kwong (S-R-K) equations.24-29

In the present study, a static method coupled with gravimetric
analysis30 was developed for measuring the solubility of solids
in scCO2 and HFC-134a. The densities of scCO2 and HFC-
134a, which are functions of temperature and pressure, were
also simulated with the P-R equation. Experimentally determined
density data were used to assess the accuracy of the P-R
equation, which will provide useful data for future applications
of the aldol reaction in SCFs.

Experimental Section

Materials and Instruments. CO2 was obtained from Xi’an
Yatai Liquid Gas Co., and 1,1,1,2-tetrafluoroethane (HFC-134a)
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Figure 1. Schematic diagram of experimental setup. 1, Carbon dioxide
cylinder; 2, ISCO model 260D syringe pump; 3, magnetic stir device; 4,
SF-400 high-pressure vessel; 5, pressure transducer; 6, thermocouple
assembly; 7, intake valve; 8, back pressure valve; 9, sample vial; 10,
reclaimer vase.
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(99.9%) was obtained from Xi’an Jinzhu Modern Chemical
Industry Co., Ltd. L-proline (chromatography pure) was pur-
chased from Sinopharm Group Chemical Reagent ShanghaiCo.,
Ltd. The reagents used in this study were analytically pure grade
chemicals. All chemicals were used without further purification.

A schematic diagram of the experimental setup for solubility
measurements is given in Figure 1.

Measurements of Solubility. For each experiment, an excess
amount of solute and a small magnetic stirring bar were placed
in a glass vial (16 mL) that was then capped with a coarse filter
paper attached to the vial with Teflon tape. The sample vial
was weighed (W1) and placed inside the pressure vessel.

The pressure vessel was sealed and weighed (M1) and then
heated to the desired temperature by a heater via a machined
internal heating rod. When the desired temperature was reached,
stirring was initiated and the vessel was slowly filled with CO2

or HFC-134a until the desired pressure was achieved. The vessel
was then reweighed (M2). After sufficient time (usually at least
24 h, as reported previously31) for HFC-134a/solute or CO2/
solute dissolution equilibrium to be attained, the vessel was
depressurized and opened. The vial was removed, wiped with
a clean tissue, dried, and reweighed (W2). The solubility of the
solute was then given by the following equation

Solubility (wt/vol) )
W1 - W2

V1 - V2
(1)

where W1 and W2 are the initial and final mass of solute in the
vial, V1 (59 mL) is the volume of the high-pressure vessel, and
V2 (16 mL) is the volume of vial. This equation incorporates a
correction factor that accounts for precipitation of the solute in
the fluid phase in the vial. The volume of the vessel in this
equation is the volume accessible to the fluid phase which was
determined to be 43 mL.

The Foundation of the P-R Equation. Although it has
obvious disadvantages, the P-R equation gives an appropriate
qualitative description and superior accuracy of quantitative
calculation for the phase behavior of supercritical fluids. The
P-R equation can apply to many complex systems based on
supercritical fluids. In previous work,32 we have derived a P-R
equation.

The standard form of the P-R equation29,33 is

P ) RT
V - b

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

(2)

The Measurement and Calculation of Pure CO2 and
HFC-134a Density. The calculation methods for pure CO2 or
HFC-134a density for the measurement system are given in eqs
3 and 4.

The density, F, of CO2 or HFC-134a in the high pressure
vessel is then

F ) m
Vvessel

(3)

or

F ) n
Vvessel

(4)

Results and Discussion

Model Analysis. The equations used to calculate standard
deviation (s) and absolute error (d) are as follows

s ) � ∑ (x - xj)2

n - 1
(5)

d ) x - xj (6)

where n - 1 is the degrees of freedom.
The density data from the P-R equation and measured for

scCO2 at 20 MPa and varying temperature are given in Figure
2. The analysis of these data is shown in Table 1. The standard
deviation of the measured density was 0.0515 g · cm-1, and the
standard deviation of the density calculated using the P-R
equation was 0.0528 g · cm-1. The density data from P-R
equation and the data measured for HFC-134a at 19.6 MPa and
varying temperature are given in Figure 3. The analysis of these
data is shown in Table 2. The standard deviation of the measured
density was 0.0474 g · cm-1, and the standard deviation of the
density calculated by P-R equation was 0.0564 g · cm-1. At the
same pressure, the density curve from the P-R equation for
scCO2 or HFC-134a is nearly parallel to the corresponding
measured density curve. The two standard deviations are very
similar which indicates that the P-R equation is accurate for
use in our experimental calculation.

The density from the P-R equation and the density measured
for scCO2 at 313 K and varying pressure are shown in Figure
4. The analysis of the density data is shown in Table 3. The
curve of measured density tends toward the curve of density
calculated by the P-R equation when the pressure is between
15 and 25 MPa. The two curves deviate from each other
gradually at lower and higher pressures. The standard deviation

Figure 2. Density of scCO2 calculated by the P-R equation and determined
experimentally at 20 MPa and a range of temperatures. 9, experimental
data (density of our work); b, P-R equation data (density of P-R equation).

Table 1. Standard Deviation and Absolute Error of CO2 Density
Calculated Using the P-R Equation and Experimentally Determined
at 20 MPa and a Range of Temperaturesa

T F1 F2 d1 d2 s1 s2

K g · cm-3 g · cm-3 g · cm-3 g · cm-3 g · cm-3 g · cm-3

308 0.87 ( 0.06 0.8669 0.0654 0.0684 0.0515 0.0528
313 0.85 ( 0.04 0.8412 0.0434 0.0427
318 0.82 ( 0.01 0.8143 0.0147 0.0158
323 0.79 ( 0.01 0.7860 -0.0116 -0.0124
328 0.76 ( 0.04 0.7565 -0.0403 -0.0419
333 0.73 ( 0.07 0.7258 -0.0715 -0.0726

a F1, experimentally determined density; F2, density from P-R
equation; d1, absolute error of experimental density; d2, absolute error of
density from P-R equation; s1, standard deviation of experimental
density; s2, standard deviation of P-R equation density.
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of the measured density was 0.1313 g · cm-1, and the standard
deviation of density calculated by P-R equation was 0.1153
g · cm-1. The density from the P-R equation and the measured
density for HFC-134a at 308 K at varying pressures are shown
in Figure 5. The analysis of the density data is shown in Table
4. The standard deviations of the measured density and the
density calculated from the P-R equation were 0.0429 and
0.0424 g · cm-1, respectively. At the same temperature, the
density curve from the P-R equation for HFC-134a is nearly
parallel to the measured density curve. The two standard

deviations are very similar, which indicates that the P-R equation
is sufficiently accurate for our experimental calculation.

There are systematic errors between data calculated by the
P-R equation and data obtained in our experimental calculation.
We hypothesize that the systematic errors are from estimated
errors on the pressure and temperature settings. The temperature
was controlled during each experiment with a variation of
(0.5 K). The pressure was measured using a pressure transducer
(Beijing, Zhengkai, MCYB) and controlled during each experi-
ment with a variation of (0.01 MPa). The other errors are from
the experimentally determined weights.

Solubility Measurement. A static method coupled with
gravimetric analysis was developed for measuring the solubility
of L-proline in scCO2 and HFC-134a.

Figure 6 reveals that the solubility of L-proline in HFC-134a
increases with increase in temperature at constant pressure (19.6
MPa). The solubility of L-proline in scCO2 at 20 MPa and

Figure 3. Density of HFC-134a calculated using the P-R equation and
determined experimentally at 20 MPa and a range of temperatures. 9,
experimental data (density of our work); b, P-R equation data (density of
P-R equation).

Table 2. Standard Deviation and Absolute Error of HFC-134a
Density Calculated Using the P-R Equation and Experimentally
Determined at 19.6 MPa and a Range of Temperaturesa

T F1 F2 d1 d2 s1 s2

K g · cm-3 g · cm-3 g · cm-3 g · cm-3 g · cm-3 g · cm-3

288 1.29 ( 0.06 1.3146 0.0592 0.0655
298 1.27 ( 0.03 1.2879 0.0306 0.0388
308 1.24 ( 0.002 1.2600 0.0018 0.0109 0.0474 0.0564
318 1.21 ( 0.03 1.2309 -0.0323 -0.0667
328 1.18 ( 0.06 1.2004 -0.0592 -0.0487

a F1, experimentally determined density; F2, density from P-R
equation; d1, absolute error of experimental density; d2, absolute error of
density from P-R equation; s1, standard deviation of experimental
density; s2, standard deviation of P-R equation density.

Figure 4. Density of scCO2 calculated using the P-R equation and
determined experimentally at 313 K and a range of pressures. 9,
experimental data (density of our work); 2, P-R equation data (density of
P-R equation).

Table 3. Standard Deviation and Absolute Error of scCO2 Density
Calculated Using the P-R Equation and Experimentally Determined
at 313 K and a Range of Pressuresa

P F1 F2 d1 d2 s1 s2

MPa g · cm-3 g · cm-3 g · cm-3 g · cm-3 g · cm-3 g · cm-3

10 0.57 ( 0.22 0.6373 -0.2189 -0.1789
15 0.78 ( 0.01 0.7824 -0.0137 -0.0338
20 0.83 ( 0.03 0.8412 0.0349 0.0250 0.1313 0.1153
25 0.89 ( 0.09 0.8802 0.0949 0.0640
36 0.90 ( 0.10 0.9400 0.1029 0.1238

a F1, experimentally determined density; F2, density from P-R
equation; d1, absolute error of experimental density; d2, absolute error of
density from P-R equation; s1, standard deviation of experimental
density; s2, standard deviation of P-R equation density.

Figure 5. Density of HFC-134a calculated using the P-R equation and
determined experimentally at 308 K and a range of pressures. 9,
experimental data; 2, P-R equation data.

Table 4. Standard Deviation and Absolute Error of HFC-134a
Density Calculated Using the P-R Equation and Experimentally
Determined at 308 K and a Range of Pressuresa

P F1 F2 d1 d2 s1 s2

MPa g · cm-3 g · cm-3 g · cm-3 g · cm-3 g · cm-3 g · cm-3

5.0 1.15 ( 0.05 1.1712 -0.0536 -0.0601 0.0429 0.0424
10.1 1.18 ( 0.03 1.2088 -0.0299 -0.0225
15.4 1.21 ( 0.002 1.2383 0.0023 0.0070
19.6 1.24 ( 0.03 1.2600 0.0291 0.0287
23.7 1.26 ( 0.05 1.2782 0.0523 0.0469

a F1, experimentally determined density; F2, density from P-R
equation; d1, absolute error of experimental density; d2, absolute error of
density from P-R equation; s1, standard deviation of experimental
density; s2, standard deviation of P-R equation density.
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varying temperature is shown in Figure 7. The error bars
correspond to one standard deviation calculated from three
replicate measurements done at each temperature and pressure.
The solubility increased with increasing temperature at constant
pressure for L-proline in HFC-134a and scCO2, because when
the temperature increases, compared with the decrease of
density, the increase of vapor pressure is the most important
factor. This explanation applies to both CO2 and HFC-134a
solvents.

The solubility of L-proline in HFC-134a at a fixed temperature
(308 K) and varying pressure (5 MPa to 25 MPa) is given in
Figure 8. The solubility of L-proline in scCO2 at a fixed
temperature (313 K) and varying pressure (10 MPa to 36 MPa)
is given in Figure 9. The error bars correspond to one standard
deviation calculated from triplicate measurements at each
temperature and pressure. The solubility of a solute in a fluid
depends strongly on the density and increases with increase in
density hence with increase in pressure. This is in accord with
conventional wisdom that the density of a supercritical fluid
must increase in order to increase the solubility and extraction
efficiency.34 Considering the thermodynamic view, at a given
temperature the Hildebrand formula ∆HM ) V(δ1-δ2) predicts

that if the solubility parameters of a fluid solvent δ1 and a solute
δ2 are almost equal in magnitude, the enthalpy of mixing, ∆HM,
is small and the solute should dissolve in the solvent. The results
indicate that at low pressure (10 MPa to 15 MPa) the increasing
trend of solubility with increase in pressure is slow, while at
higher pressure (15 MPa to 20 MPa) the increasing trend is
fast. Pressure has the predominant influence on the density of
a supercritical fluid; the density increases with increasing
pressure at constant temperature.

The solubilities of L-proline in scCO2 and HFC-134a at the
same pressure are listed in Table 5. Under the same conditions,
the solubility of L-proline in HFC-134a is much higher than in
scCO2. The results indicate that HFC-134a is a more polar

Figure 6. Solubility of L-proline in HFC-134a at 19.6 MPa and a range of
temperatures. Error bars use the 95 % confidence interval, which corresponds
to approximately 3 standard deviations taken from triplicate runs. 9,
solubility data.

Figure 7. Solubility of L-proline in scCO2 at 20 MPa and a range of
temperatures. Error bars use the 95 % confidence interval, which corresponds
to approximately 3 standard deviations taken from triplicate runs. 9,
solubility data.

Figure 8. Solubility of L-proline in HFC-134a at 308 K and a range of
pressures. Error bars use the 95 % confidence interval, which corresponds
to approximately 3 standard deviations taken from triplicate runs. 9,
solubility data.

Figure 9. Solubility of L-proline in scCO2 at 313 K and a range of pressures.
Error bars use the 95 % confidence interval, which corresponds to
approximately 3 standard deviations taken from triplicate runs. 9, solubility
data.

Table 5. Experimental Solubility Data for L-Proline in scCO2 and
HFC-134a at 20 MPa and 308 K, 318 K, and 328 Ka

CO2 HFC-134a CO2 HFC-134a

P/MPa T/K m/g m/g S × 104 /g ·mL-1 S × 104 /g ·mL-1

308 0.0120 0.2232 2.79 51.90
20 318 0.0327 0.3211 7.60 74.70

328 0.0462 0.4134 10.74 96.20

a m, amount dissolved; S, solubility
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solvent than scCO2 for dissolving the polar compound. Because
scCO2 is a nonpolar solvent with weak van der Waals forces,
between solute and scCO2 there are dipole-quadrupole forces
that inhibit dissolution of the solute.35 Consequently, polar
solutes cannot easily dissolve in scCO2. However, HFC-134a
is a polar solvent that has a strong solvent power for polar
solutes. Since the dipole-dipole force between polar solute and
HFC-134a promotes dissolution, the solubility of L-proline in
HFC-134a is higher than in scCO2.

32

Conclusion

A static method coupled with gravimetric analysis was
developed for measuring the solubility of L-proline in scCO2

and HFC-134a fluids. The solubility increases with increasing
temperature and pressure for scCO2 and HFC-134a. The
solubility of the polar solute in HFC-134a was found to be much
higher than in the most commonly used supercritical solvent,
that is, CO2. The densities of CO2 and HFC-134a calculated
using the P-R equation are close to the experimental values in
a wide range of temperatures and pressures.
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