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Abstract: In the Supercritical Antisolvent process (SAS), the thermodynamic behavior of complex
multicomponent systems can influence the particles’ morphology. However, due to the limited
thermodynamic data for multicomponent systems, the effect of solutes is often neglected, and the
system is considered as pseudo-binary. It has been demonstrated that the presence of a solute can
significantly influence the thermodynamic behavior of the system. In particular, when the SAS process
is adopted for the production of drug/polymer coprecipitated microparticles, the effect of both the
drug and the polymer in the solvent/CO2 mixture should be considered. In this work, the effect of
polyvinylpyrrolidone (PVP), used as the carrier, and of the liposoluble vitamins menadione (MEN)
and α-tocopherol (TOC), as model drugs, was investigated as a deviation from the fundamental
thermodynamic behavior of the DMSO/CO2 binary system. Vapor–liquid equilibria (VLE) were
evaluated at 313 K, with a PVP concentration in the organic solution equal to 20 mg/mL. The effect
of the presence of PVP, MEN, and TOC on DMSO/CO2 VLE at 313 K was studied; furthermore,
the effect of PVP/MEN and PVP/TOC, at a polymer/drug ratio of 5/1 and 3/1, was determined.
Moreover, SAS precipitation experiments were performed at the same polymer/drug ratios using
a pressure of 90 bar. Thermodynamic studies revealed significant changes in phase behavior for
DMSO/CO2/PVP/TOC and DMSO/CO2/PVP/MEN systems compared to the binary DMSO/CO2

system. From the analysis of the effect of the presence of a single compound on the binary system
VLE, it was noted that PVP slightly affected the thermodynamic behavior of the system. In contrast,
these effects were more evident for the DMSO/CO2/TOC and DMSO/CO2/MEN systems. SAS
precipitation experiments produced PVP/MEN and PVP/TOC microparticles, and the obtained
morphology was justified considering the quaternary systems VLE.

Keywords: vapor–liquid equilibria; supercritical carbon dioxide; dimethyl sulfoxide; supercritical
antisolvent precipitation; optical high-pressure cell

1. Introduction

Supercritical antisolvent (SAS) precipitation is a successful micronization technique [1–4].
In this process, the solute to be micronized has to be soluble in the organic solvent but
insoluble in the mixture formed by the supercritical fluid (generally carbon dioxide) and by
the organic solvent. Therefore, when the supercritical fluid is added to the organic solution,
the solute precipitates due to supersaturation; for this reason, it is possible to state that
supercritical carbon dioxide (scCO2) plays the role of antisolvent [2]. The SAS process
is a valid alternative to the classic liquid antisolvent processes. The main advantages
of this process are that the solvent and the antisolvent can be separated by a simple
depressurization, avoiding further separation processes. Moreover, the SAS process is fast
thanks to the high diffusivities of scCO2, about two orders of magnitude higher than those
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of liquids solvents. Therefore, an adequate control of the particle size distribution (PSD) is
also possible.

A wide range of materials has been processed using the SAS process, and various par-
ticle morphologies have been observed [5,6]. Applications of SAS include the precipitation
of explosives, pharmaceutical compounds, pigments, superconductor precursors, and poly-
mers [2,7–11]. Coprecipitation of drugs and polymers has also been investigated [12–16].
Interesting particle morphologies have been observed by varying the operating conditions:
microparticles (MP), nanoparticles (NP), and expanded microparticles (EMP), but also
fibers, crystals, and interconnected networks. The theoretical basis for experimental ob-
servations has been extensively discussed in the literature. However, the overall process
is a complex interaction between several phenomena involving jet hydrodynamics, mass
transfer, nucleation kinetics, and phase equilibria [5,17].

The SAS process is particularly complex, and it is therefore possible to fully understand
it only if all the phenomena involved are taken into consideration: the hydrodynamics
of jet break-up when in contact with the supercritical fluid, the mass transfer between a
single droplet and the surrounding environment, the possible phase behavior that a solvent–
solute–antisolvent system can reach, and the nucleation kinetics inside the droplet. These
will all be valuable steps in developing a comprehensive model and a better understanding
of the SAS process [18].

A generalized and simplified descriptive model was developed by Reverchon and
De Marco [19]. This model assumes that due to the rapid mass transfer that characterizes
supercritical fluids-related processes, quasi-equilibrium conditions can be reached quickly,
even in continuous processes. Therefore, the morphology and size of the SAS precipitated
particles can be substantially correlated to the high-pressure vapor–liquid equilibria (VLE)
of the binary system (liquid+supercritical fluid). In particular, generalizing the observed
results: (a) nanoparticle production can be expected when precipitation occurs from a
supercritical phase, i.e., when the operating point is located well above the mixture critical
point (MCP) of the system under study; (b) expanded microparticles can be expected when
precipitation occurs from a gaseous subcritical phase, i.e., when the operating point is
below the MCP; (c) microparticles are obtained in the immediate vicinity of the MCP; and
(d) crystalline particles are typically obtained from a liquid phase.

This approach can be a quick and easy method to determine the operating conditions
of a SAS experiment to obtain the desired particle morphology. It is based on pseudo-binary
diagrams, obtained by neglecting the equilibria involving the third component (the solute)
and therefore assuming that the solute does not modify the binary system high-pressure
vapor–liquid behavior. However, substantial modifications in binary VLE can occur in
some cases due to the presence of the solute.

In a previous paper, it has been shown that the thermodynamic behavior of a solvent/
CO2/solute ternary system can be studied using the static synthetic method. This method
is based on the visual observation of the phase separation for mixtures of known composi-
tions. Typical results are a set of phase boundaries of the P-x diagram. Using this method,
the effect of the presence of a solute in a mixture is considered to be a modification of the
solvent/CO2 pseudo-binary system. For a solvent/CO2/solute ternary diagram, it was
observed that the simplest modification of the VLE that can occur is a shift of the MCP
towards higher pressures, but substantial modifications of the shape of the binary VLE
curves can also be obtained [20]. Quaternary systems have also been studied, considering
the use of a solvent mixture to induce the precipitation of specific solutes in the desired mor-
phology [6,21]. In this case, the description of the phase behavior is even more complicated
due to the presence of more than one solvent or the solute [22]. Furthermore, it was demon-
strated that the morphologies obtained with SAS were successfully correlated with the VLE
obtained experimentally considering the presence of the solute. Therefore, the hypothesis,
commonly used in the literature, that the solute does not affect the VLE is not always a
valid claim and can induce errors in determining the correct SAS operating conditions.
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From these first exploratory investigations, it seems even more necessary to obtain
more data on the thermodynamic behavior of the systems of interest for the SAS process.
Considering that the recent application of the SAS process is for the production of coprecip-
itated particles, as evidenced by the numerous articles published in this field, a quaternary
system has been considered in this work. Polyvinylpyrrolidone (PVP) was selected as the
model polymer because it is one of the most successful polymers used to obtain coprecipi-
tated microparticles through the SAS process. As model drugs, α-tocopherol (TOC) and
menadione (MEN), liposoluble vitamins, were used. Dimethylsulfoxide (DMSO) was the
solvent selected because it is the most used solvent in the SAS process.

To investigate the modifications induced by the polymer and the vitamin in the
solvent/CO2 mixture, VLE measurements using a static synthetic method for the qua-
ternary systems DMSO/CO2/PVP/TOC and DMSO/CO2/PVP/MEN were performed.
Subsequently, targeted PVP/TOC and PVP/MEN SAS coprecipitation experiments were
performed, in which the operating conditions were selected considering the results obtained
during the previous investigation.

2. Materials and Methods
2.1. Materials

Polyvinylpyrrolidone (PVP, MW = 10 kg/mol), menadione (MEN), and α-tocopherol
(TOC) were provided by Sigma-Aldrich (Milan, Italy), whereas DMSO was purchased by
Carlo Erba. CO2 (purity 99.9%) was purchased from Morlando group s.r.l. (Naples, Italy).

2.2. Methods
2.2.1. VLE Equipment and Procedure

The VLE equipment (NWA, Lorrach, Germany) used for this experimental work,
shown in Figure 1a, consists of a variable volume cell in stainless-steel (AISI316) equipped
with two sapphire windows that allow the observation of the sample during measurements.
The internal volume of the cell can be varied from 60 to 30 cm3 with a precision of 0.05 cm3

through a piston connected to a hydraulic pressurization system. Thin band heaters heat the
cell, and the thermal control of this band is guaranteed by a PID controller (Watlow, mod.
305, Toledo, OH, USA). The pressure is measured with a pressure digital gauge manometer
(Parker, Minneapolis, MN, USA), whereas the temperature inside the cell is measured using
a NiCr-Ni thermocouple (accuracy 0.1 K). In the cell, a speed stirrer is present in order to
assure the mixing and to allow for the achievement of phase equilibrium. Depressurization
is obtained through a micrometric valve (MV, Hoke, mod. 1315G4Y, Spartanburg, SC, USA).
During a typical experiment, the cell is charged with a known amount of liquid sample that
varies in the range 1–15 mL; then, the cell is pressurized with CO2 up to the experimental
pressure and is heated up to the experimental temperature. The approach to an equilibrium
state is reached with the aid of continuous stirring for 20 min. Once the operating pressure
and temperature are reached, the stirrer is switched off and the complete phase separation
is awaited. At this point, it is possible to observe how many phases are visible in the
cell. If it is possible to visualize a separation between the phases, the pressure has to be
increased: for this purpose, CO2 can be added by fixing the cell volume, or the cell volume
can be reduced without changing the amount of loaded CO2. When the system reaches
equilibrium again, a new observation is required. This procedure is repeated until it is
possible to observe a unique phase inside the cell. In particular, it is possible to detect the
bubble point curve (when the vapor phase disappears) or the dew point curve (when the
liquid phase disappears), operating at a constant temperature [23]. The amount of the liquid
phase is known for each experiment. In contrast, at the end of the test, using the Bender
equation the amount of CO2 is calculated considering the final values of the temperature,
the pressure, and the volume of the cell [24]. In this way, the molar fraction corresponding
to the transition from two phases to a single phase can be calculated considering a given
pressure and temperature. VLE experiments were performed in triplicate, and the points
shown are the average of the three points. The difference between the various points at



Processes 2022, 10, 2544 4 of 11

each condition was less than 2%, and therefore the bar with the standard deviation was
not reported.
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Figure 1. (a) View cell equipment; (b) SAS apparatus. BPV: back-pressure valve; LS: liquid separator;
M: manometer; MV: micrometric valve; P1 and P2: pumps; PC: precipitation chamber; R: rotameter;
and V1 and V2: storage vessels.

2.2.2. SAS Apparatus and Procedure

The laboratory SAS plant is sketched in Figure 1b. It is mainly constituted by a
cylindrical reactor (PC) with a 500 cm3 internal volume used as the precipitation chamber.
The carbon dioxide and the liquid solution are delivered by two pumps (P1 and P2,
respectively). The liquid solution is injected into the precipitation chamber through a
stainless-steel nozzle of 100 µm diameter. The CO2 is pre-cooled through a refrigerating
bath (RB) (FL300, Julabo, Seelbach, Germany) and then delivered to the chamber. The
pressure in the PC is regulated by a micrometric valve (MV) and measured by a test
gauge manometer (M). The operating temperature inside the chamber is ensured by a
proportional integral derivative (PID) controller connected with heating bands. A steel
filter, characterized by 0.1 µm diameter pores, is located at the bottom of the PC to collect
the precipitated powders and permit the CO2–solvent mixture to pass through. Then, the
liquid solvent is recovered in a second collection vessel (LS), whose pressure (approximately
24 bar) is regulated by a back-pressure valve (BPV). The flow rate of CO2 and its total
quantity delivered are measured by a rotameter (R).
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During a typical SAS experiment, the CO2 is delivered to the precipitation chamber
until the desired pressure is reached; therefore, the CO2 flow rate is stabilized by regulating
the micrometric valve downstream of the precipitator. Then, the pure solvent is sent
through the nozzle to the precipitation vessel. When a quasi-steady state composition
of solvent and antisolvent is realized inside the chamber, the solution constituted by the
organic solvent and the solute is injected at a flow rate equal to 1 mL/min. After these
steps, supercritical CO2 continues to flow (at 30 g/min) to eliminate the solvent residues;
at the end of this washing step, P1 pump is switched off to stop the carbon dioxide flow
rate, and the precipitation chamber is depressurized down to atmospheric pressure. In
this work, SAS precipitation experiments were performed at a pressure of 90 bar and a
temperature of 313 K [2].

2.3. Analytical Methods

Samples of the precipitated powder are then recovered from the precipitation cham-
ber to be analyzed using a Field Emission Scanning Electron Microscope (FESEM, mod.
LEO 1525, Carl Zeiss SMT AG, Oberkochen, Germany). The powders are made conductive
(and, therefore, analyzable through the microscope) through a metallization step with gold
realized through a sputter coater (mod. 108 A, Agar Scientific, Stansted, UK).

3. Results
3.1. Thermodynamic Analysis of the DMSO/CO2/PVP, DMSO/CO2/MEN, and
DMSO/CO2/TOC Ternary Systems

The behavior of the DMSO/CO2 binary system has already been studied in the
literature [25–27]. After carrying out tests on that binary system to verify the reliability of
the experimental method, some tests were carried out on the DMSO/CO2/PVP ternary
system. Indeed, the thermodynamic aspect of the process is one of the most influencing
factors on the powders’ morphology and particle size distribution, and in the literature,
there are very few examples of this system phase equilibria.

The starting solution used for the experiments had a concentration of 20 mg/mL of
PVP; the experiments were carried out at a temperature of 313 K. The results obtained
are shown in Figure 2. It can be observed that for solutions consisting of DMSO/PVP
at the temperature of 313 K, the shape of the hole remains unchanged compared to the
DMSO/CO2 one, characterized by a simple type I equilibrium, according to the classifica-
tion of van Konynenburg and Scott [28]. Therefore, the behavior of the thermodynamic
mixture is similar to that of the pure solvent. In particular, by comparing the VLE of the
DMSO/CO2/PVP mixture at 313 K with that of the DMSO/CO2 binary system of Figure 2,
a substantial overlap between the curves can be observed. This means that the presence of
PVP does not modify the binary mixture VLE. The MCP for the system containing PVP is
90.2 bar with an XCO2 of 0.97.

The miscibility hole of the DMSO/CO2/MEN system was experimentally determined
to verify the effect of the presence of the vitamin. The solution was prepared by adding to
DMSO an amount of MEN corresponding to the amount that would have guaranteed a
3/1 PVP/MEN ratio (but without adding the PVP itself).

The data obtained are reported in Table 1; from the graph of Figure 3, it can be seen
that the MCP, which was at 90.2 bar in the presence of PVP, rises to 162.1 bar.

Comparing the DMSO/CO2 system with the DMSO/CO2/MEN system, it is clear
that the vitamin causes the modification of the VLE, while the DMSO/CO2/PVP and
DMSO/CO2 curves have an overlap.

Similarly, some tests were carried out for the DMSO/CO2/TOC system to verify the
effect of the vitamin alone. The data obtained are reported in Table 2, and from the graph
of Figure 4, it can be seen that the MCP, also in this case, from 90.2 bar (in the presence of
PVP), rises to 121.1 bar.
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Figure 2. Comparison P-x diagram between DMSO/CO2 system and DMSO/CO2/PVP mixture at a
temperature of 313 K.

Table 1. Experimental data for DMSO/CO2/MEN system at 313 K.

XCO2 P, Bar
DMSO

0.98 88.8
0.90 88.4
0.79 85.0
0.69 79.1
0.61 72.0
0.57 66.0

DMSO/MEN

0.99 162.1
0.97 151.6
0.93 130.6
0.85 112.3
0.81 106.1
0.60 75

Table 2. Experimental data for DMSO/CO2/TOC system at 313 K.

XCO2 P, Bar

DMSO

0.98 88.8
0.90 88.4
0.79 85.0
0.69 79.1
0.61 72.0
0.57 66.0

DMSO/TOC

0.96 121.1
0.93 112.8
0.84 101.3
0.79 96.3
0.70 88.3
0.61 80.2
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3.2. Thermodynamic Analysis of DMSO/CO2/PVP/Vitamin Quaternary Systems

To evaluate the VLE of the quaternary systems, first, a solution of PVP/DMSO at a
concentration of 20 mg/mL was prepared; then, an amount of the chosen vitamin (MEN or
TOC) necessary to have a PVP/vitamin ratio of 5/1 and 3/1 was added to that solution.

The quaternary system of interest was studied as a pseudo-binary system, and the
molar concentrations were evaluated on a solute-free basis. This expedient allows for the
representation of a quaternary system on a P/x diagram instead of requiring the use of a
more complex graph. The systems were studied at a temperature of 313 K. The experimental
data obtained are shown in Figure 5a for MEN and Figure 5b for TOC; the quaternary
curves are compared with the curve of the DMSO/CO2 binary system.
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Figure 5. Comparison in a P-x diagram between the DMSO/CO2 system and the ternary and
quaternary systems at a temperature of 313 K for MEN (a) and TOC (b).

From the comparison of the equilibria reported in Figure 5a,b, it can be seen that the
presence of the vitamin at a PVP/vitamin ratio of 5/1 and a temperature of 313 K produces
a deviation of the mixture critical point at a slightly higher-pressure value. MCP is at
103.3 bar and XCO2 equal to 0.98 for the 5/1 PVP/MEN system and at 102.9 bar and XCO2
equal to 0.98 for the 5/1 PVP/TOC system. Therefore, in both cases, the MCP pressure is
higher than the one of the system containing only PVP.

Therefore, the effect of the presence of the vitamin was evaluated at a higher concen-
tration; in particular, the polymer/vitamin ratio was fixed at 3/1, whereas the temperature
was unchanged.

The obtained equilibrium curves are represented in Figure 5a,b for a comparison with
the curves previously obtained; it can be seen that the increase of the vitamin concentration
causes a further shift of the mixture critical point. Indeed, the critical point is located
at 119.1 bar and at a mole fraction of 0.99 for the PVP/MEN system and at 119.6 bar
and at the mole fraction of 0.99 for the PVP/TOC system. These values are significantly
higher than the values obtained in the case of the system with the PVP alone and with
PVP/vitamin ratio equal to 5/1 but lower with respect to the values found for DMSO/MEN
and DMSO/TOC system. The quaternary mixture exhibits intermediate behavior among
the observed behavior of DMS/PVP and DMSO/MEN or DMSO/TOC systems; this
behavior is sensitive to the amount of vitamin with respect to the polymer and vice versa.

4. SAS Precipitation Experiment of PVP/Vitamin

PVP-Vitamin SAS precipitation experiments were performed at 90 bar, 313 K, and
XCO2 = 0.97, fixing a total concentration of 20 mg/mL, with the aim of confirming/
emphasizing the hypothesis that the morphology and the particle size distribution are
closely related to the complex systems VLE.

From the FESEM images, reported in Figures 6 and 7 for PVP/MEN and PVP/TOC,
respectively, it can be observed that the micrometric particles obtained are spherical and
non-coalescing. According to the SAS theory, considering the DMSO/CO2 binary system,
in both cases, the operating point is beyond the mixture critical point, so one would expect
to obtain sub-microparticles [19]. On the other hand, considering the VLE determined for
the quaternary system, it appears clear that the operating point is far from the mixture
critical point both in the case of the 3/1 ratio and the 5/1 ratio.
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These results confirmed the data obtained for the quaternary system studied.

5. Conclusions

In this work, the results obtained confirmed the importance of determining the VLE
of complex (ternary or quaternary) systems. Indeed, from the analysis of the presence of
a single compound in the binary system, it was noted that the presence of PVP slightly
affected the thermodynamic behavior of the binary system. In contrast, the effects of the
presence of the vitamins were more evident (DMSO/CO2/TOC and DMSO/CO2/MEN
systems). The evaluation of the VLE of the quaternary systems revealed significant changes
in the phase behaviors both for DMSO/CO2/PVP/TOC and DMSO/CO2/PVP/MEN
systems with respect to the binary system solvent/CO2. The morphologies of the particles
obtained during the SAS process were successfully correlated with the VLE experimentally
obtained. In conclusion, determining the VLE of complex systems is essential to select the
right operating conditions in advance. Using these conditions, it is possible to obtain a
targeted mean particle size and a specific particle morphology.
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Abbreviations

DMSO dimethylsulfoxide
EMP expanded microparticles
FESEM field emission scanning electron microscope
MCP mixture critical point
MEN menadione
MP microparticles
NP nanoparticles
PSD particle size distribution
PVP polyvinylpirrolidone
SAS supercritical antisolvent process
scCO2 supercritical carbon dioxide
TOC α-tocopherol
VLE vapor liquid equilibria
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