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A method for evaluating solid–liquid equilibria of mixtures of lipids and carbon
dioxide (CO2) under pressure is developed and presented in this article. Experimental
measurements by high-pressure differential scanning calorimetry (DSC) are performed
to determine solid–liquid transition temperatures as a function of composition. These
data are used to develop a simplified approach for thermodynamic modeling, that is,
correlation and prediction, of the solid–liquid equilibria. The model requires fewer
pure component properties in comparison with cubic equations of state: the solid-state
fugacity is determined with reference to the subcooled liquid state whereas regular so-
lution theory is applied for the calculation of liquid-phase activity coefficients. Appli-
cation of the model is demonstrated for mixtures of ceramide 3A and cholesterol in
compressed CO2 in the range of pressure from 0.1 to 6.1 MPa. A satisfactory correla-
tion of solid–liquid equilibria is obtained for binary systems consisting of either the
lipid mixture or one lipid in compressed CO2. With the fitted binary interactions pa-
rameters, the eutectic temperature of the ternary mixture is predicted to within 18C of
the experimental value in the range of pressure considered. The proposed evaluation
method looks sufficiently accurate for representing multiphase equilibria of lipid mix-
tures in compressed CO2 and has direct application to gas-assisted micronization proc-
esses such as PGSS (Particles from Gas-Saturated Solution). � 2008 American Institute
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Introduction

Solid lipid nanoparticles (SLN) are colloidal dispersions
that have attracted increasing attention in the production of
pharmaceutical and cosmetic formulations.1–3 Such materials
are employed as drug carrier systems and permit a more con-
trolled and targeted release of the active drug. The conven-

tional techniques for producing SLN include high pressure
homogenization, high shear homogenization, and ultrasound.4

More recently, the gas-assisted micronization process known
as Particles from Gas-Saturated Solutions (PGSS)5 has been
considered for the preparation of SLN.6,7

The PGSS process exploits the melting point depression of
a solid in the presence of a compressed gas. Under these
conditions, the molten solid becomes saturated with appreci-
able quantities of the gas. The solution is expanded through
a fine nozzle where it undergoes rapid cooling because of the
Joule-Thomson effect. Simultaneously, the evaporation of the
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gas from the solution leads to the formation of very small
solid particles. Carbon dioxide is the gas of choice in most
applications because of its benign characteristics and low
cost. The PGSS process is well suited to lipids because they
can be melted at relatively mild operating temperatures and
CO2 exhibits high solubility in the liquid phase.

The solid–liquid-vapor (SLV) coexistence curve of a solid
in a compressed gas is of primary importance in assessing
the feasibility of PGSS and the selection of appropriate oper-
ating conditions.8–10 Future application of the PGSS process
for producing SLN is expected to involve lipid mixtures.
Multiphase equilibria of lipid mixtures in compressed gases
are therefore of growing interest. In the simplest case of a bi-
nary solid mixture, the pressure-dependence of the eutectic
melting temperature is represented by the solid 1-solid 2-liq-
uid-vapor (S1S2LV) coexistence curve.11–13 In a similar
manner to pure solids, the eutectic temperature may be sig-
nificantly reduced in the presence of high pressure CO2.
Thermodynamic modeling of this complex phenomenon is a
challenging task in view of the highly asymmetric nature of
the mixtures.

Cubic equations of state are commonly used to represent
SLV equilibria of solids in compressed gases.8,14,15 While
the liquid and vapor fugacity coefficients are calculated with
the equation of state, a different approach is followed for the
solid-state, which is assumed to be pure. A hypothetical sub-
cooled liquid is normally used as the reference state for eval-
uating the solid-state fugacity.16 The temperature, pressure,
and phase compositions are obtained from simultaneous solu-
tion of the various fugacity equations. The pure component
properties required in the equation of state are the critical
temperature, critical pressure, and acentric factor. For lipids
and other biomaterials, these properties are usually unavail-
able or indeterminate because of thermal degradation of the
materials below the critical point. Furthermore, estimation
methods for these properties are known to be less reliable for
solids compared with liquids.

The objective of this work is to develop a simplified
approach to modeling multiphase equilibria of lipid mixtures
in compressed CO2. Here we retain the subcooled liquid as
the reference state for the solid-phase fugacity. The advant-
age of this method is that only the heat of fusion and the
melting temperature of the solid are required. Both of these
properties can be determined directly from differential scan-
ning calorimetry (DSC). For the vapor phase, we note that
the solubility of heavy components in compressed CO2 rarely
exceeds 1 mol %.17 Since the vapor phase is of minor impor-
tance in the PGSS process, it is convenient to assume that
the vapor phase is pure CO2. Carbon dioxide is a well-char-
acterized gas and any number of equations of state can be
used to evaluate the fugacity. Finally, regular solution theory
is applied for the calculation of activity coefficients to quan-
tify nonideality in the liquid phase. The use of activity coef-
ficients rather than fugacity coefficients eliminates the need
for critical properties of the solids.

Ceramides, fatty acids, and cholesterol are examples of
epidermal lipids that find application in the preparation of
SLN, because they represent an innovative ‘‘dermatological
ingredient’’ for topical formulation. These lipids, in fact,
have been demonstrated to be successful in treatment of
common skin diseases, involving barrier deficiencies, such us

atopic dermatitis, psoriasis, xerosis, and pruritous in elderly
patients.18 In the present study, we examine the solid–liquid
phase behavior of mixtures of ceramide 3A and cholesterol
in CO2 in the range of pressure from 0.1 to 6.1 MPa. For
thermodynamic modeling purposes, solid–liquid equilibrium
data are reported for the pure lipids and their mixtures in
CO2. Differential scanning calorimetry is used to determine
solid–liquid transition temperatures as a function of composi-
tion. This technique has been reported previously for con-
structing solid–liquid phase diagrams for lipid mixtures at
atmospheric pressure.19–22 Typically, lipid mixtures are
described by eutectic-type phase diagrams. To the best of our
knowledge, the use of this technique for lipid mixtures in
high pressure CO2 has not been reported.

Thermodynamic Modeling

Binary SL equilibria: 2 lipids

The melting behavior of two lipids at ambient pressure
was modeled as the solubility of a solid (2) in a liquid sol-
vent (1). If the solid phase is assumed to be pure, the equi-
librium distribution of the solute between the two phases is
represented as:

f s2 ¼ c2x2f
1
2 (1)

where fs2 is the fugacity of the pure solid, c2 is the liquid-
phase activity coefficient, x2 is the liquid-phase mole frac-
tion, and f12 is the standard-state fugacity of the solute as a
hypothetical subcooled liquid. The ratio of the fugacities in
Eq. 1, at a given temperature (T), is given by16:
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Dcp ¼ c1p � csp (3)

where DHt is the enthalpy of fusion at the triple-point tem-
perature (Tt), c

1
p and csp are the heat capacities of the sub-

cooled liquid and solid, respectively. It is common practice
to substitute Tt with the normal melting temperature (Tm) and
to replace DHt with the enthalpy of fusion (DHm) at Tm. Fur-
ther simplification to Eq. 2 can be made by noting that the
terms containing Dcp are approximately equal. The solubility
of the solid in the solvent may therefore be expressed as:

ln c2x2 ¼ �DHm

RTm

Tm
T

� 1

� �
(4)

The liquid-phase activity coefficient of the solute was esti-
mated using the Scatchard-Hildebrand relation:

lnc2 ¼
m12½ðd1 � d2Þ2 þ 2l12d1d2�U2

1

RT
(5)

with U1 ¼ x1ml1
x1ml1 þ x2m12

(6)

where v12 is the molar volume of the subcooled liquid, d1 and
d2 are the solubility parameter of the solvent and of the
subcooled liquid, respectively, F1 is the volume fraction of
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solvent and l12 is the binary interaction parameter. Although
solubility parameters are functions of temperature, the nu-
merator in Eq. 5 displays a weak dependence on temperature.
Any convenient temperature may be used to evaluate the
molar volume and solubility parameter, provided that the
same temperature is used for both components.

It should be noted that Eq. 5 was developed from regular
solution theory for pure components that are normally
liquids. The lipids of interest here are solids in pure form at
the solution temperatures. Prausnitz et al.16 describe a ther-
modynamic cycle by which values of m and d can be calcu-
lated for a solid in the form of a hypothetical subcooled
liquid. However, the additional thermal and volumetric prop-
erties required for the calculation are unavailable in this
case. Here we introduce an empirical modification to Eq. 5
by employing values of m and d for each lipid in the solid
state at 258C. Adjustment to the liquid-phase activity coeffi-
cient is made with l12. Molar volumes and solubility parame-
ters were estimated using the group contribution methods
described by Van Krevelen.23 A list of the pure component
parameters used in the modeling of solid–liquid equilibria is
presented in Table 1.

The use of a binary interaction parameter in Eq. 5 repre-
sents an empirical modification for correcting deviations
from the geometric-mean assumption in regular solution
theory. This modification permits regular solution theory to
be extended to asymmetric mixtures consisting of CO2 and a
heavy component whose molar volume is substantially larger
than that of the gas. Further extension to mixtures containing
moderately polar components can be made by employing an
extended solubility parameter. The extended solubility pa-
rameter is divided into separate contributions from nonpolar
(dispersion) forces, polar forces, and hydrogen bonding. The
Hoftyzer and Van Krevelen method23 expresses the solubility
parameter as:

d2total ¼ d2d þ d2p þ d2h (7)

where the subscripts d, p, and h indicate the contributions
from dispersion, polar, and hydrogen-bonding forces. This
method has been widely applied to polymers and is readily
extended to heavy components such as lipids.

Equations 4–6 provide a means of calculating the composi-
tion of the liquid phase in equilibrium with excess solid 2 at
various temperatures. By reversing the subscripts, the same
equations can be used to determine the liquid-phase composi-
tion in the presence of excess solid 1. In this way, a T–x

phase diagram can be constructed depicting regions of SL
equilibria. The intersection of the two branches of the T–x
diagram marks the eutectic point at which three phases
(S1S2L) are in equilibrium. According to the phase rule for
nonreacting systems, there is one degree of freedom for a bi-
nary system with three coexisting phases. For a specified
pressure (P), the eutectic temperature (Teut) and the corre-
sponding liquid-phase composition are therefore fixed. The
two unknowns (Teut, xeut) are determined by simultaneous so-
lution of the two solubility equations (one for each solid).

The value of l12 was regressed from experimental T–x
data. The experimental values of liquid-phase composition
were used to generate calculated values of the solution tem-
perature via Eqs. 4–6. The same value of interaction parame-
ter was used for each branch of the T–x diagram (l12 5 l21).
The optimum value of l12 was obtained by minimizing the
sum of squared deviations (SSD) with respect to tempera-
ture:

SSD ¼
XM
i¼1

ðTcalc � TexpÞ2 (8)

where M is the number of data points, Tcalc and Texp are the
calculated and experimental values of temperature, respec-
tively.

Binary SLV equilibria: 1 lipid 1 CO2

The melting behavior of a lipid in the presence of high
pressure CO2 was modeled using a procedure similar to that
described earlier. In this case, we consider the solubility of a
gas (2) in a liquid solvent (1). If the gas phase is assumed to
be pure, the equilibrium distribution of CO2 between the two
phases is represented as:

f g2 ¼ c2x2f
1
2 (9)

where fg2 is the fugacity of pure CO2, c2 is the liquid-phase
activity coefficient, x2 is the liquid-phase mole fraction, and
f12 is the standard-state fugacity of CO2 as a hypothetical liq-
uid. Regular solution theory (Eqs. 5 and 6) was again applied
for the liquid-phase activity coefficient. The required molar
volume and solubility parameter for CO2 as a hypothetical
liquid at 258C are listed in Table 1. The fugacity of CO2 as
a hypothetical liquid was evaluated as follows:

f 12 ðT;PÞ ¼ f 12;1atmðTÞ exp
m12ðP� 1:013Þ

RT

� �
(10)

Values of the fugacity at 1 atm (f12;1atm) are presented in a
corresponding-states plot elsewhere.16 The fugacity of pure
CO2 was calculated from the equation of state proposed by
Sievers.24 The solubility of CO2 in the molten lipid as a
function of pressure can therefore be represented as:

1

c2x2
¼ f 12;1atm

f g2
exp

m12ðP� 1:013Þ
RT

� �
(11)

For a binary system with SLV coexisting phases, there is
one degree of freedom. The melting temperature of the solid
and the liquid-phase composition are fixed once a value for

Table 1. Estimated Molar Volumes and Solubility
Parameters for Ceramide 3A, Cholesterol, and

Carbon Dioxide at 258C

Component
Molar Volume
(cm3/mol)

Solubility Parameter
(J1/2/cm3/2)

Ceramide 3A 588* 20.1†

Cholesterol 383* 19.0†

CO2 55* 12.3{

*Average of the values calculated from the Hoy method and the Fedors
method.22

†Calculated using the Hoftyzer and Van Krevelen method.22
{Value shown is for CO2 as a hypothetical liquid.16
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pressure is specified. Simultaneous solution of Eqs. 4 (solid
solubility) and 11 (gas solubility) yields the calculated melt-
ing temperature and liquid-phase composition. The value of
l12 was regressed from experimental melting temperatures
obtained at different pressures. The optimum value of l12
was obtained by minimizing the SSD with respect to temper-
ature (Eq. 8).

Ternary SLV equilibria: 2 lipids 1 CO2

The melting behavior of two lipids in the presence of
high-pressure CO2 was modeled using Eq. 4 to represent the
dissolution of each solid in the liquid phase. This approach
again assumes that each solid phase remains pure. Equation
11 was used to calculate the solubility of CO2 in the molten
lipids. The use of regular solution theory to describe the liq-
uid-phase activity coefficient can be generalized for mixtures
containing more than two components as follows:

RT lnck ¼ mk
XN
i¼1

XN
j¼1

UiUj Dik � 1

2
Dij

� �
(12)

Dij ¼ ðdi � djÞ2 þ 2lijdidj (13)

Uj ¼ xjmjPN
i¼1 ximi

(14)

where N is the number of components and for every compo-
nent i, lii 5 Dii 5 0. No new interaction parameters are
required in the ternary system. Thus once the respective
binary interaction parameters are obtained the model
becomes predictive for multicomponent systems.

At the eutectic point, four phases (S1S2LV) are in equilib-
rium and there is one degree of freedom. For a specified
pressure, the eutectic temperature and the corresponding liq-
uid-phase composition are therefore fixed. In this situation,
there are three unknowns: Teut and two composition varia-
bles. The required values are determined by simultaneous so-
lution of the three solubility equations: Eq. 4 for each solid
and Eq. 11 for the gas solubility.

Experimental

Materials

Ceramide 3A25 (N-linoeoyl-phytosphingosine, 97%) and
cholesterol (C27H46O, 99%, CAS 57-88-5) were obtained
from Unifarco. The lipids were used as received without fur-
ther purification. Carbon dioxide (99.95%) was purchased
from Sapio.

Preparation of lipid mixtures

Small batches of lipid mixtures (100–150 mg) were pre-
pared by placing the required amounts of solid Ceramide 3A
and cholesterol into a glass container. The accuracy of
weighing was 60.0001 g. The mixtures were melted in an
air oven at 1408C and maintained at this temperature for a
period of 5 min. After briefly stirring the molten lipids, they
were allowed to cool to room temperature. The solidified
mixture was manually fractured with a metal spatula and
ground into a fine powder. The composition of the mixtures

is expressed in terms of the mole fraction of Ceramide 3A
(xcer).

DSC measurements

Differential scanning calorimetry was performed using a
TA Instruments calorimeter (model Q10P). This instrument
is equipped with a high pressure cell that enables measure-
ments to be performed in the presence of CO2 up to a maxi-
mum operating pressure of 7 MPa. An amount of 5–10 mg
of mixture (or pure lipid) was weighed into an aluminium
pan and placed in the calorimeter. For experiments involving
CO2, the cell was pressurized to the desired operating pres-
sure prior to heating of the sample. A continuous flow of
CO2 was maintained through the cell during the heating
cycle. The sample was heated from 25 to 1508C at a rate of
18C/min. DSC measurements for a given sample were per-
formed at least twice.

The influence of sample mass and heating rate on the
melting temperature was also considered for experiments at
ambient pressure. The uncertainty in the melting temperature
for a given mixture was generally less than 0.58C for the
stated range of sample mass and for heating rates in the
range of 0.5–18C/min. At higher pressures, the uncertainty in
the melting temperature was greater (\18C) because of fluc-
tuations in pressure (\0.1 MPa) during the heating cycle.

Results and Discussion

Binary SL equilibria: 2 lipids

Typical thermograms for the pure lipids and their mixtures
at 0.1 MPa are presented in Figure 1. Beginning with pure
Ceramide 3A, the thermogram reveals the onset of one large
endothermic peak at around 1208C and a smaller endother-
mic peak at 808C. The smaller peaks is probably a solid–
solid phase transition associated with polymorphism of the
lipid.25 In the case of cholesterol, only a single endothermic
peak is visible in the same range of temperature. In this
study, the melting temperature of a pure lipid is assigned the
value at the minimum of the main peak.20 The melting tem-
peratures and enthalpies of fusion obtained for the pure lipids
are presented in Table 2. Some reference values are also
shown in the table for comparative purposes.

The thermograms for the lipid mixtures generally reveal
two main endothermic peaks. The temperature at the mini-
mum of the first peak remains almost constant whereas that
for the second peak increases as the mole fraction of choles-
terol increases. The temperature at a peak minimum is
assumed to represent the point at which the last trace of a
given crystalline phase disappears. Proceeding on this basis,
the phase boundaries of the solid–liquid phase diagram can
be constructed as shown in Figure 2. The resulting diagram
is similar to that for a eutectic-type system. The mean value
of the eutectic temperature is 1068C and the eutectic compo-
sition is close to 40 mol % Ceramide 3A, in view of the sin-
gle peak observed at this composition. Previous studies have
also reported eutectic-type phase diagrams for mixtures of
other Ceramide 3A forms with cholesterol or fatty acids.20–22

For a mixture at the eutectic composition, both solids melt
completely before further increases in temperature occur. For
mixtures on either side of this point, there are two regions of
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solid–liquid equilibria in which only one solid melts com-
pletely. Accordingly, the transition enthalpy per mole of mix-
ture at the eutectic temperature exhibits a maximum value at
the eutectic composition.20 The experimental values of the
transition enthalpies obtained at Teut are presented as a func-
tion of composition in Figure 3. For the 57% and 67% mix-
tures, the two peaks were resolved into separate peaks, using
Igor Pro 5.04B software, before the calculation of the transi-
tion enthalpy. Based on the data in Figure 3, the estimated
eutectic composition is slightly higher than 40 mol % Cer-
amide 3A (xeut ; 0.46).

Correlation of the solid–liquid equilibria using regular so-
lution theory is also presented in Figure 2. It can be seen
that there is close agreement between the model and the
experimental data. The average absolute relative deviation
(AARD) with respect to the calculated temperature is 2%
and the fitted value of l12 is 20.0002 (Table 3). Estimation
of molar volumes and solubility parameters in the solid state
at 258C clearly yields a satisfactory outcome in this analysis.
The relatively small value for l12 is attributed to the similar
values of d for the lipids, a result that implies near-ideal so-
lution behavior (c ; 1). Simultaneous solution of the solubil-
ity equations with the fitted value of l12 produces the follow-
ing coordinates for the eutectic point: Teut 5 105.78C, xeut 5

0.47. The predicted eutectic composition is consistent with
the value estimated from analysis of transition enthalpies
(Figure 3).

Binary S-L-V equilibria: 1 lipid 1 CO2

Typical thermograms for Ceramide 3A in the presence of
high pressure CO2 are shown in Figure 4. At a pressure of
6.1 MPa, the melting point for Ceramide 3A decreases by

Figure 1. Typical thermograms for the pure lipids and their mixtures at 0.1 MPa.

The percentage figure denotes the composition of ceramide 3A in the mixture.

Table 2. Melting Temperatures and Enthalpies of Fusion
for Ceramide 3A and Cholesterol

Components

Tm (8C) DHf (kJ/mol)

This Work Reference This Work Reference

Ceramide 3A 124.0 – 50.8 –
Cholesterol 146.9 147.125 20.0 29.925

149.226 28.426

Figure 2. Solid–liquid phase diagram for ceramide 3A-
cholesterol at 0.1 MPa.

The solid line represents the correlation of the data with the
regular solution model.
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88C in comparison with the normal value. The corresponding
reduction for cholesterol is 108C (thermograms not shown).
A close examination of the thermogram for Ceramide 3A at
6.1 MPa reveals the appearance of two unresolved peaks in
the main endothermic peak whereas the smaller endothermic
peak observed in Figure 1 is much less evident. This sug-
gests that pressure exerts some influence over the formation
of Ceramide 3A polymorphs. Spilimbergo et al.9 have
observed a similar effect in the melting and crystallizations
curves of a triglyceride in the presence of compressed CO2.

The solubility parameter for CO2 (Table 1) is much lower
than that for either lipid and greater deviation from an ideal
solution is expected. This is illustrated in Figure 5, which
depicts the P–T projection of the SLV coexistence curve for
each lipid. For an ideal solution, the correlation of the melt-
ing temperatures is unsatisfactory. With the fitted interaction
parameters shown in Table 3, the correlation of the data is
significantly improved. The AARDs with respect to tempera-
ture are less than 1% for both Ceramide 3A and cholesterol.

A near-linear dependence is observed between pressure
and the lipid melting temperature in Figure 5. At higher pres-
sures this is not expected to be the case. The SLV coexis-
tence curve often exhibits a temperature minimum, beyond
which the melting temperature usually increases with pres-
sure.8,28,29 Because of the pressure limitation of the DSC
unit, we were unable to generate SLV data beyond 7.0 MPa.

It is therefore difficult to assess whether the regular solution
model can accurately describe the temperature minimum in
the SLV curve. Nonetheless, the regular solution model
presents certain simplifying features and these are high-
lighted more clearly in the next section.

Ternary SLV equilibria: 2 lipids 1 CO2

The constructed solid–liquid phase boundaries for the lipid
mixtures in the presence of CO2 are shown in Figure 6. Mix-
ture composition is expressed on a CO2-free basis. The ther-
mograms under these conditions exhibit similar characteris-
tics to those shown in Figure 1 and are not reproduced here.
At both pressures, the phase diagram again exhibits the fea-
tures of a eutectic system. The eutectic temperature decreases

Figure 3. Experimental values of the transition enthal-
pies obtained at Teut as a function of compo-
sition.

The solid line denotes the curve of best fit.

Table 3. Optimized Values of lij (5lji) for the
Estimation of the Liquid-Phase Activity Coefficient Using

Regular Solution Theory

Binary System lij SSD AARD (%)

Ceramide-cholesterol 20.00021 3.07 2.1
Ceramide-CO2 20.095 0.18 0.2
Cholesterol-CO2 20.0025 0.19 0.1

Figure 4. Typical thermograms for pure ceramide 3A in
CO2 at various pressures.

Figure 5. P–T projection of the SLV coexistence curves
for the pure lipids in CO2.

The solid lines represent correlation of the data assuming
an ideal solution (c 5 1). The dashed lines are the correla-
tion of the data with the fitted binary interaction parame-
ters.
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by around 98C at a pressure of 6.1 MPa. Only a single peak
was detected in the DSC thermogram for the 40 mol % mix-
ture at both pressures, indicating that the eutectic composi-
tion (CO2-free basis) is not strongly influenced by pressure
in the range considered.

The calculated solid–liquid equilibria in Figure 6 show
excellent agreement with the experimental data. It should be
noted that the ternary phase equilibrium data are predicted
only from pure component properties and the binary interac-
tion parameters fitted on binary lipid-CO2 data (Table 3). A
comparison between the predicted and experimental values
of Teut is given in Table 4, along with the calculated liquid-
phase composition. In general, the model predicts the eutec-
tic temperature to within 18C of the mean experimental
value. Determination of the solubility of CO2 in the molten
lipids is not possible with the DSC method used in this
study. The modeling results, however, clearly indicate the
presence of significant quantities of CO2 in the liquid phase.
The estimated solubility at the eutectic point at 6.1 MPa is
25 mol % CO2, thus highlighting the potential utility of
PGSS for the preparation of SLN.

A cubic equation of state can also be used to predict the
ternary solid–liquid equilibria once the required interaction
parameters have been fitted from binary data. However, the
use of regular solution theory to model the liquid phase rep-
resents an easier approach, mainly because of the relative
simplicity of the activity coefficient expression. Calculation
of the activity coefficient also requires fewer pure component
properties of the lipids compared with the corresponding
fugacity coefficient equation. The molar volumes and solubil-
ity parameters of the lipids used in this work were estimated
using group contribution methods originally proposed for
solid polymers.23 The accuracy of the modeling results in
conjunction with the relatively small values of the interaction
parameters confirm that this approach is satisfactory for the
system of interest.

Conclusions

A general and simplified method for evaluating solid–liq-
uid equilibria of mixtures of lipids and carbon dioxide (CO2)
under pressure was developed. The method is based on ex-
perimental measurements by high-pressure differential scan-
ning calorimetry (DSC) and thermodynamic modeling with
regular solution theory. It allows a simple correlation of bi-
nary data and an accurate prediction of ternary solid–liquid
coexistence curves. Measurements performed on mixtures of
ceramide 3A and cholesterol pressurized with CO2 indicated
that, under the influence of compressed CO2, the eutectic
temperature decreased by around 98C at a pressure of 6.1
MPa. The proposed thermodynamic model provided a satis-
factory correlation of solid–liquid equilibria for binary sys-
tems consisting of either the lipid mixture or one lipid in
compressed CO2. With the fitted binary interactions parame-
ters, the eutectic temperature of the ternary mixture was pre-
dicted to within 18C of the experimental value in the range
of pressure considered. Regular solution theory comple-
mented with a few experimental determinations offers a sim-
pler approach to modeling multiphase equilibria of lipid mix-
tures in compressed CO2 and looks valuable in view of the
development of new and emerging solvent-free micronization
processes such as PGSS (Particles from Gas-Saturated
Solution).
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