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a  b  s  t  r  a  c  t

In this  study  the  phase  equilibrium  behavior  of  the binary  system  CO2 (1)  +  medroxyprogesterone  acetate
(2)  was  determined.  The  static  synthetic  method,  using  a  variable-volume  view  cell,  was employed  to
obtain  the  experimental  data  in the  temperature  range  of  303.15–343.15  K and  pressures  up to about
22  MPa.  The  mole  fraction  of  medroxyprogesterone  acetate  varied  in  the  range  from  4 ×  10−5 to  9 ×  10−5.
For  this  system  (fluid  +  solid)  and  (fluid  +  fluid  +  solid)  transitions  were  observed.  The  phase  equilibrium
eywords:
hase equilibrium
edroxyprogesterone acetate

O2

upercritical
quation of state

data  obtained  in  this  work  were  modeled  using  the Peng–Robinson  equation  of  state  for  describing  fluid
mixtures,  and  an expression  for  the  fugacity  of  pure  solid  medroxyprogesterone  acetate  (MPgAc)  for
representing  the  solid  phase.  The  thermodynamic  model  was  able  to satisfactorily  describe  the  phase
behavior  of  the system  investigated.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

Various hormonal treatments are designed to synchronize the
hases of the reproductive cycle of animals, which includes the
strus, i.e., the time when the lining of the uterus is thickest and
he sex urge is at its height. In particular, the medroxyprogesterone
cetate (MPgAc) has a clear importance in estrus induction proto-
ols for cows, in post partum period, in the context of fixed-time
rtificial insemination (TAI) [1–4].

Medroxyprogesterone acetate (MPgAc) (pregn-4-ene-3, 20-
ione, 17-hydroxy-6�-methyl-, acetate) is a synthetic derivative
f progesterone (Fig. 1) [5]. Its contraceptive effect mainly results
rom the inhibition of ovulation [6]. MPgAc has several pharmaco-
ogical actions on the endocrine system [6,7].

MPgAc is presented in the form of a white crystalline powder,
dorless, stable in air, insoluble in water, but very soluble in chloro-

orm, acetone, acetonitrile, dioxane and partially soluble in ethanol
8,9].

∗ Corresponding author. Tel.: +55 44 30114749; fax: +55 44 30114793.
E-mail addresses: cardozo@deq.uem.br, lucio.cardozo@gmail.com

L. Cardozo-Filho).

378-3812/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.fluid.2013.03.019
Recent investigations have shown that the knowledge of the
phase behavior of steroids in supercritical fluids, such as CO2, is
an important step in the development of techniques for encap-
sulation and release of active nanoparticles with applications in
pharmaceutical, cosmetic and veterinary industries [10–16].

However, the drug + biopolymer + pressurized fluid systems
involve mixtures of highly asymmetric compounds, and thus the
determination of the phase envelopes is complex, both experimen-
tally and theoretically [17–20].

Alessi et al. [11] investigated the phase behavior of CO2 + MPgAc
in a pressure range from 11 to 22 MPa  at temperatures of 313 K and
333 K. Asghari-Khiavi et al. [12] determined the solubility of MPgAc
in CO2 within a pressure range from 12.2 to 35.5 MPa  and at tem-
peratures from 308 to 348 K using a static method. The solubilities
measured by Asghari-Khiavi et al. [12] are lower at all pressures
than those measured by Alessi et al. [11]. In the work by Asghari-
Khiavi et al. [12] samples of supercritical CO2 saturated with MPgAc
where withdrawn from an extraction vessel and analyzed with
the help of a spectrophotometer. On the other hand, Alessi et al.
[11] used a dynamic method where a stream of saturated CO2 was

flashed so that the CO2 and MPgAc became completely separated.
The amount of precipitated MPgAc was  quantified by weighing the
drug, and the amount of CO2 determined using a wet gas meter
[11].

dx.doi.org/10.1016/j.fluid.2013.03.019
http://www.sciencedirect.com/science/journal/03783812
http://www.elsevier.com/locate/fluid
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.fluid.2013.03.019&domain=pdf
mailto:cardozo@deq.uem.br
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Fig. 2. Experimental setup. TB, thermostatic bath; SP, syringe pump; EC, equilibrium
cell; MS, magnetic stirrer; TC, sensor of the temperature controller; B-EC, equilib-
rium cell thermostatic bath; ER, electrical resistance; PT, pressure transducer; PI,

�H2f = 88.76 J/g and Tm = 481 K. A Shimadzu UV spectrophotome-
ter was  used to obtain the wavelength of maximum absorption
Fig. 1. Molecular structure of medroxyprogesterone acetate (MPgAc).

Both methods [11,12] are analytical, i.e., they require to measure
he composition of the fluid mixture withdrawn either from a con-
inuous extractor [11] or from a batch extractor [12]. Such analysis
s involved because the mixture is asymmetric, i.e., made of compo-
ents whose states differ significantly at ambient conditions (solid
ersus gas). In view of the disagreement between the solubility data
f Refs. [11,12], it would be desirable to have available experimen-
al phase equilibrium data for CO2 + MPgAc obtained through an
xperimental technique alternative to those used by Alessi et al.
11] and Asghari-Khiavi et al. [12].

One such independent technique is the synthetic method, where
he overall system composition is imposed (and known with high
ccuracy), and hence no portions of the fluid mixture need to
e removed from the equilibrium cell to experimentally find the
elationship among phase composition, temperature and pressure.
or analytical methods, such as those of references [11] and [12],
he measured solubility, i.e., the composition of the fluid phase
t equilibrium with the solid phase, is expected to have a larger
ncertainty in the low solubility range. This problem is minimized

n the synthetic method, because the amount of solute loaded
nto the equilibrium cell is known with high accuracy. In this
ontext, the main purpose of this work was to obtain, using the
ynthetic method, new solid–fluid equilibrium data for the system
O2 + MPgAc, in the solubility range where analytical methods are

ess reliable (i.e., in the low solubility range), and to compare the
ew data with the data from Refs. [11,12].

With regard to the modeling of the solid–fluid equilibria of
symmetric systems, it is often found in the literature that the cal-
ulations are limited to the ranges of conditions of the experimental
ata (see, e.g., Fig. 2 in Ref. [12] and Fig. 5 in Ref. [11]). However,
alculations extended to wider ranges of conditions, considering
hase equilibria of different kinds (solid–fluid, fluid–fluid) and
overing both, phase envelopes and heterogeneous regions, are
onvenient to gain a deeper insight on the possible behavior of
he system under study. This is basically the approach used, for
nstance, by Giufrida et al. [21]. Another aim of the present work
s therefore to apply such approach to the system CO2 + MPgAc,
ot only for describing the new experimental data, but also to
xtend our comprehension of its phase behavior beyond the under-
tanding that could be achieved on the grounds of solely the raw
xperimental data correlated only within the ranges of conditions
f the experiments. The system CO2 + MPgAc has a very complex
hase behavior, as expected from its high size and polarity asym-

etry. The correct modeling of this system is, therefore, a scientific

hallenge.
pressure indicator; P, movable piston; SSW, side sapphire window; FSW, front sap-
phire window; V, needle type valve; C, carbon dioxide cylinder; VP, vessel of the
pump.

Alessi et al. [11] used an empirical form [their Eq. (1)] to correlate
the drug solubility with the density of the pure supercritical fluid.
Those are the only variables available to such correlation, which
means that a variety of situations of interest, e.g., the conditions
for solid–fluid–fluid equilibrium, cannot be computed. Alessi et al.
[11] also used a modeling approach where the reference state is
the sublimation point of the heavy component (the drug) at the
system temperature, and the fluid phase is described by an equa-
tion of state. Such approach is applicable as long as the temperature
is less than the triple point temperature of the (pure) heavy compo-
nent. On the other hand, Asghari-Khiavi et al. [12] used a correlation
that connects the pressure, the temperature, the solubility of the
drug and the density of the pure supercritical solvent. Such cor-
relation is not valid for low pressures [12]. In the present work,
we have used an expression for the fugacity of pure solid MPgAc
that is applicable, at least from the qualitatively point of view, at
any temperature and pressure. To describe the fluid state, we  have
used the Peng–Robinson equation of state. Due to the high level
of non-linearity of the phase equilibrium behavior of asymmetric
systems, the required computations are best performed, as done in
this work, with the help of numerical continuation methods.

2. Experimental

2.1. Materials

The carbon dioxide used here was  purchased to White Martins
and had a minimum mass fraction purity higher than 0.999. MPgAc
(pregn-4-ene-3,20-dione, 17-hydroxy-6�-methyl-, acetate) was
obtained from Sigma–Aldrich with minimum purity of 97%. The
heat of fusion (�H2f) and melting point temperature (Tm) of
the MPgAc were measured in this work using Differential Scan-
ning Calorimetry (DSC-50, Shimadzu), resulting in the values
(�) for MPgAc, using methanol as solvent. The resulting value was
� = 241 nm.  Table 1 presents a comparison between the properties



L.F. Pinto et al. / Fluid Phase Eq

Table 1
Physical properties of the medroxyprogesterone acetate.

Formula MW (g/mol) Tm (K) Heat of fusion (J/g) � (nm)a

C24H34O4 387 481b 88.76b 241b

481c – 240c

a Solvent: methanol.
b
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variables logarithmically. A more detailed description is available
This work.
c Asghari-Khiavi et al. [12].

f MPgAc mesaured in this work (Tm and �) and those obtained by
sghari-Khiavi et al. [12]. Clearly, the agreement is excellent. The

nformation here obtained through DSC and spectrophotometry are
ndicative of the good level of purity of the MPgAc used in this work.
ll materials were used without further purification.

.2. Phase equilibrium apparatus and experimental procedure

Phase equilibrium experiments were carried out employing a
tatic synthetic method. Fig. 2 shows a schematic diagram of the
xperimental apparatus used here to obtain high-pressure phase
ransition data. The core of the equipment is a high pressure
ariable-volume view cell. The experimental apparatus and pro-
edure have been previously used in a variety of studies made by
ur group [10,21–26].

Briefly, the experimental setup consists of a variable-volume
iew cell with two sapphire windows for visual observation, an
bsolute pressure transducer (Smar, model LD 301), with an accu-
acy of ±0.01 MPa, a portable programmer (Smar, model HT 201)
or the pressure data acquisition, and a syringe pump (ISCO, model
60D).

The equilibrium cell contains a movable piston that permits the
ressure control inside the cell. The cell is equipped with a water
ath and PID controller (DIGI MEC  mark, SHM 112 model).

The pressure transducer was calibrated against a digital
ultimeter HP-34401A model. The temperature controller was

onnected to a thermocouple (T type, accuracy ±1.0 K), which was
n direct contact with the fluid mixture inside the equilibrium
ell. The thermocouple was calibrated using a primary thermome-
er (Incoterm, 47342 model) at four fixed temperatures ranging
rom 273 to 373 K, providing a temperature control within 1.0 K.
ig. 2 shows the experimental apparatus used here to obtain high-
ressure phase transition data.

Phase transitions were achieved by manipulating the pressure
hile keeping the temperature constant. Initially, the cell and all

ines were flushed out with low-pressure CO2 to remove residual
ir. An amount of MPgAc was weighed on a high accuracy scale
Ohaus Analytical Standard, uncertainty: 0.0001 g) and loaded into
he cell. The amount of MPgAc was established according to the
esired global composition. The syringe pump is maintained at
xed temperature and pressure. Under these constant conditions,
he CO2 was withdrawn from the syringe pump, and pumped into
he cell, to reach the pre-established global composition. At the
emperature and pressure of the syringe pump, the density of CO2
as computed. This was necessary for the further calculation of the

verall composition of the mixture loaded into the equilibrium cell.
Then, the cell content was kept at continuous agitation with a

agnetic stirrer and a Teflon-coated stirring bar. After reaching the
esired temperature, the cell pressure was increased by applying
ressure on the back of the piston with the syringe pump, using
O2 as an auxiliary fluid, until the system reached a single phase
tate. At this point, the system was allowed to stabilize for at least

0 min. This stabilization time was considered suitable after having
erformed a set of exploratory tests carried out for a range of stabi-

ization times. For the systems studied in this work, the measured
uilibria 349 (2013) 1– 11 3

phase equilibrium was  found to be insensitive to the stabilization
time for stabilization times equal or greater than 30 min.

To promote a phase transition, the cell pressure was  decreased
slowly (typically at a rate of 0.1–0.3 MPa/min) until the incipient
formation of another phase was observed through the sapphire
window (static synthetic method).

The pressure was  then recorded. The previous procedure was
repeated at least three times, for each temperature and global com-
position, leading to experimental standard deviations in the order
of 0.01–0.06 MPa. After completion of the measurement at a given
temperature, the cell temperature was  set at a new value and the
experimental procedure was repeated.

On the basis of the uncertainties estimated for the masses of
CO2 and MPgAc introduced into the cell, it was  possible to estimate,
through propagation of error analysis, that the uncertainties in the
here reported carbon dioxide and MPgAc mole fraction values were
never greater than 10−4% and 1.9%, respectively. These uncertainty
levels were estimated using the procedure of Rodriguez-Reartes
et al. [27]. In such work, the authors carried out their experiments
using an experimental apparatus similar to the one used here.

3. Modeling of the phase behavior of the CO2 + MPgAc
system

In this work we modeled, according to Appendix A,
the phase behavior of the binary system carbon dioxide
(CO2) + medroxiprogesterone acetate (MPgAc). We  used the
Peng–Robinson equation of state (PR-EOS) [28], with classical
combining and mixing rules, for calculating component fugacities
and phase densities in fluid state for pure compounds and mixtures.
For solid–fluid and solid–fluid–fluid equilibrium calculations, we
assumed that the solid phase is pure MPgAc, since the system
CO2 + MPgAc is highly asymmetric. The fugacity of the pure heavy
component (MPgAc) in solid state at system temperature (T) and
pressure (P), is given in this work by Eq. (1′) of Appendix A.

The set of equations for phase equilibrium calculations arises
from imposing the classical necessary conditions: equal tempera-
ture, equal pressure, and equal component fugacities in all phases.
With regard to the calculation algorithms, we used numerical con-
tinuation methods (NCMs) for all phase equilibrium computations
[29–31] where a line is generated. As a “line” we  mean, e.g., a
solid–fluid equilibrium segment of an isopleth phase envelope.
Each point of a phase equlibrium line corresponds to a non-linear
system of equations. After a converged point has been obtained, the
initialization of the next point of the line is performed by using a
local linear representation of the line. This is done with the help of
the sensitivity vector, whose elements are the derivatives of all vari-
ables with respect to the variable considered to be the independent
one. In other words, this vector quantifies the sensitivity of the solu-
tion of the system of equations with respect to the value specified
for the independent variable. Once a converged point is available,
the sensitivity vector is easily computed by solving a linear sys-
tem of equations. The expression for such system of equations
is straightforwardly derived by applying the method of implicit
differentiation to the equilibrium non-linear system of equations.
Both, the identification of the optimum variable to be specified for
obtaining the next point on the line, and its initialization, are car-
ried out with the help of the sensitivity vector. NCMs are able to
track phase equilibrium lines of varying shapes without failing to
converge in the vicinity of turning points (local minima or maxima)
or of self-intersection points. When using NCMs we have scaled the
in Refs. [29–31].
We present, in Section 4.2, among other results, calculated

isopleths which are characterized by segments corresponding to
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Fig. 3. Experimental pressure-composition diagrams for the systems
CO2(1) + naphthalene(2) and CO2(1) + biphenyl(2) under solid–fluid equilib-
rium conditions. System CO2(1) + naphthalene(2) at 328 K: �: Present apparatus
and  experimental procedure [10]; �: McHugh and Paulaitis [38]; ©:  Chang and
L.F. Pinto et al. / Fluid Ph

uid–fluid (FF) and solid–fluid (SF) equilibrium transitions (phase
nvelope of the isopleth), and by relevant solid–fluid–fluid (SFF)
quilibrium segments (heterogeneous region of the isopleth).

.1. Parameterization

For CO2 we obtained the pure compound critical properties and
centric factor from the DIPPR database (see Table 3) [32]. For
PgAc, we estimated such information through the Constantinou

nd Gani group contribution method [33]. The obtained values are
eported in Table 3 together with the calculated boiling tempera-
ure and critical volume for MPgAc. Table 1 reports the values for
ther MPgAc physical properties that we obtained experimentally
n this work. For modeling purposes we have taken the MPgAc triple
oint temperature as equal to the experimental melting tempera-
ure (Tm) reported in Table 1.

To the best of our knowledge, there are no experimental data
vailable for the pressure as a function of temperature for pure
PgAc under solid–liquid equilibrium conditions. Under such cir-

umstances, the model used here has six parameters whose values
eed to be set, i.e., the binary interaction parameters k12 and l12
of the Peng and Robinson equation of state), and the four param-
ters in Eq. (1′) of Appendix A, i.e., ��S–L, C1, C2 and C3. Notice
hat these last four parameters are pure MPgAc parameters, while
12 and l12 are parameters characteristic of the binary system
O2 + MPgAc. The values for the parameters k12 and l12 and for
arameter ��S–L in Eq. (1′) of Appendix A (see Tables 4 and 5,
espectively) were obtained by reproducing some selected exper-
mental solid–fluid (SF) equilibrium data reported in Table 2 (see
ootnotes in Table 2). During the optimization, the Ci constants of
q. (1′) of Appendix A were restricted as follows: C1 = −150 MPa,
2 = 0 MPa  and C3 = 0 MPa  (see Table 5). This gives a calculated pure
PgAc liquid–solid equilibrium curve (not shown in this article)

hat has a positive slope; similar to the calculated slope for proges-
erone in a previous study [29].

More specifically, we have simultaneously adjusted the param-
ters (k12, l12 and ��S–L) by minimizing the following objective
unction (OF):

F =
∑
NP

(
1 − f̂2(Texp, Pexp, x2,exp)

f S
2 (Texp, Pexp)

)2

(1)

here Texp, Pexp, x2,exp are respectively the experimental temper-
ture, pressure and mole fraction of the heavy component in the
uid phase, for a binary solid–fluid equilibrium point with a solid
hase made of the pure heavy component. f̂2(Texp, Pexp, x2,exp) is
he fugacity of the heavy component (2) in the fluid phase evalu-
ted, with the model, at Texp, Pexp, and x2,exp. f S

2 (Texp, Pexp) is the
ugacity of the pure heavy component (2) in solid state evaluated,
ith the model, at Texp and Pexp. The summation is over the NP

olid–fluid equilibrium points selected as indicated in the footnotes
f Table 2. Actually the solid–liquid–vapor (SLV) equilibrium infor-
ation given in Table 2 was not included in the objective function

ue to the lack of experimental information on the composition
f the fluid phases at SLV equilibrium. Notwithstanding, in the
election of experimental data points, to be used in the objective
unction, we considered that the resulting set of parameters should
e able not only to represent the experimental solid–fluid equilib-
ium data but also the temperature-pressure coordinates of the (in

 way, actually unique) experimental solid–fluid–fluid equilibrium
oint found in this work at 303.15 K (see Section 4). During the opti-
izations, we did find some sets of parameters that were able to
roperly reproduce the SF data but not the SFF point. This is not a
rivial matter: the location of the SFF equilibrium loci given by the

odel has a great influence on the predicted phase behavior of the
ixture over a wide range of conditions.
Morrell [39]; �: Zúniga-Moreno et al. [37]). System CO2 (1) + biphenyl(2) at 328 K:
�:  Present apparatus and experimental procedure [10]; : McHugh and Paulaitis
[38]. The variable x2 is the mole fraction of the heavy component in the fluid phase.

The final values used in this work for the binary interaction
parameters (k12 and l12) are given in Table 4, while the final value
for ��S–L is given in Table 5, which also reports other pure MPgAc
characteristic constants. They are needed for evaluating the vari-
able U of Eq. (1′) of Appendix A. The meaning of the constants is
explained in Appendix A and in Table 5. For more details on possi-
ble ways of parameterizing the model used in this work see Refs.
[29,21].

4. Results

4.1. Experimental results

The experimental apparatus and methodology used in this
work have been thoroughly tested in previous works correspond-
ing to the study of solid–fluid phase equilibria. See, e.g., Refs.
[10,21–26,34,35]. Favareto et al. [10] have shown that the present
aparatus and experimental procedure is able to reproduce the
experimental solubility data of CO2 (1) + naphthalene (2) and CO2
(1) + biphenyl (2) available in the literature [36–39]. This is shown
in Fig. 3.

Table 2 presents the phase transition data measured in this work
for the system CO2 (1) + MPgAc (2) at temperatures from 303.15 K
to 343.15 K and at global CO2 mole fraction (x1) values from 0.99991
to 0.99996 [i.e., at global MPgAc mole fraction (x2) values from
4 × 10−5 to 9 × 10−5]. The results are presented in terms of temper-
ature, composition, transition pressure and type of phase transition.
� is the standard deviation of replicate measurements of the tran-
sition pressure. The pressure values reported in Table 2 have an
estimated uncertainty in the order of 1%. Table 2 shows the occur-
rence of SF (solid + fluid) and SFF (solid + fluid + fluid) equilibria. In
the case of SF transitions the reported composition is regarded as
that of the equilibrium fluid phase, since such fluid phase is at
equilibrium with a solid phase of negligible size (incipient phase).
The measured SFF points correspond to solid–liquid–vapor (SLV)
equilibria, where (in general) none of the phases has a composition
equal to the SLV overall composition reported in Table 2. As shown

in Table 2, we  have experimentally found a SLV point for every iso-
pleth. This has happened at 303.15 K in all cases. Table 2 shows
that the pressure of the SLV point is practically independent from
the isopleth composition and has a value of about 7.2 MPa. This is
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Table 2
Experimental solid–fluid (SF) and solid–liquid–vapor (SLV) transition data for CO2 (1) + medroxiprogesterone acetate (2) binary mixtures. (This work. BP: bubble point.).

T (K) P (MPa) � (MPa) Transition type T (K) P (MPa) � (MPa) Transition type

x1 = 0.999910, x2 = 0.000090 x1 = 0.999946, x2 = 0.000054
303.15 14.587 0.04 SFa 303.15 11.027 0.02 SF
313.15 16.803 0.02 SF 313.15 13.42 0.02 SF
323.15 18.647 0.04 SF 323.15 15.646 0.03 SF
333.15 20.247 0.01 SF 333.15 17.634 0.03 SF
343.15 21.774 0.01 SF 343.15 18.71 0.01 SF
303.15 7.163 0.02 SLV (BP)b 303.15 7.18 0.01 SLV (BP)b

x1 = 0.999926, x2 = 0.000074 x1 = 0.999960, x2 = 0.000040
303.15 13.897 0.01 SF 303.15 9.284 0.03 SFa

313.15 15.63 0.04 SF 313.15 11.413 0.06 SF
323.15 17.7 0.04 SF 323.15 13.797 0.04 SF
333.15 19.267 0.03 SF 333.15 15.464 0.02 SF
343.15 20.44 0.04 SF 343.15 17.347 0.05 SFa

303.15 7.17 0.03 SLV (BP)b 303.15 7.17 0.03 SLV (BP)b

x1 = 0.999936, x2 = 0.000064
303.15 12.713 0.01 SF
313.15 14.847 0.06 SF
323.15 16.69 0.01 SF
333.15 18.374 0.02 SF
343.15 19.337 0.03 SF
303.15 7.13 0.02 SLV (BP)b

a Solid–fluid experimental data considered for the fitting of the binary interaction parameters (k12, l12) of the PR-EOS together with parameter ��S–L of Eq. (1′) in Appendix
A
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Fig. 4. Experimental phase equilibrium data for CO2 (1) + MPgAc (2) mixtures
obtained in this work at the following global MPgAc mole fractions: x2 = 9.0 × 10−5
 (see Tables 4 and 5).
b SLV experimental data also considered in the parameter fitting.

onsistent with the Phase Rule, which establishes that a three-
hase equilibrium of a binary system has a single degree of freedom,

.e., once the temperature is set at a value of 303.15 K, then, the value
or the pressure at SLV equilibrium becomes defined, regardless the
verall concentration of MPgAc in the heterogeneous system. We
ave taken the SLV equilibrium pressure at 303.15 K as the average
alue of the SLV pressures reported in Table 2. Experimentally, we
ound SLV points as follows: first, we looked for a solid–fluid tran-
ition as already described in Section 2.2. Next, under solid–fluid
onditions, we reduced the pressure further until we observed the
ppearance of a third (fluid) phase.

Notice that the experimental pressure and temperature condi-
ions (303.15 K and 7.2 MPa) of the SLV point found in this work
re very close to the P and T conditions of the pure carbon dioxide
ritical point (304.21 K and 7.383 MPa, see Table 3). Then, it is likely
hat the SLV curve, to which the SLV point here measured belongs,
nds at a critical end point located very close to the critical point
f carbon dioxide. Such behavior could correspond to a type F [29]
ehavior, in which case the measured SLV point would belong to
he low-temperature SLV curve, i.e., not to the high-temperature
LV curve that would emanate from the pure MPgAc triple point, if
he behavior were of type F. This is further discussed in Section 4.2
f the present work.

Fig. 4 presents the experimental solid–fluid transition pres-
ure of system CO2 (1) + MPgAc (2) as a function of temperature
or a number of isopleths. The data are those of Table 2. The
mpty squares are SLV points with varying overall composition,
ut all having the same temperature and practically the same
ressure. Consider for instance the isopleth at MPgAc mole frac-
ion x2 = 9.0 × 10−5 (full squares). The (not shown) continuous line
hat connects all the full squares in Fig. 4, sets the boundary
etween the single phase region, which lies above the line, and the
eterogeneous region, located below the line, where two phases
fluid + solid) coexist (at least at conditions close enough to those
f the line). Our experimental data (Fig. 4) behave as follows: (a)
t constant MPgAc solubility, an increase in temperature implies

n increase in the SF equilibrium pressure; (b) at constant tem-
erature, an increase in pressure gives a decrease in solubility; (c)
t constant pressure, an increase in temperature gives an increase
n solubility. In other words, within the ranges of conditions of our
(�, SFE; �, SFFE); 7.4 × 10−5(�, SFE; �, SFFE); 6.4 × 10−5(�, SFE; �, SVLE);
5.4  × 10−5(�, SFE; �, SFFE) and 4.0 × 10−5 ( , SFE; �, SFFE).

experimental data, pressure and temperature have opposite effects
on the MPgAc solubility in CO2.

4.2. Comparison with SFE data from the literature

Fig. 5 presents experimental solubilities of MPgAc in CO2 as a
function of pressure at varying temperatures. The data are from
this work and from Alessi et al. [11]. The agreement is good at 313 K.
However, the data from Alessi et al. [11] at 333 K are closer to our
data at 323.15 K than to our data at 333.15 K, except in the lowest
solubility range, where the agreement is better. Within the pressure
ranges of the experimental data, the fluid phase is always a quite
dense fluid. The pressure of dense fluids is quite sensitive to small

changes in temperature. The abscissa of Fig. 5, i.e., the pressure,
could be replaced by a variable expected to have, in relative terms,
a limited sensitivity to pressure. The compressibility factor of the
pure solvent (CO2) at the experimental temperature and pressure
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Table 3
Properties of pure compounds.

Compound Tb (K) Tcrit (K) Pcrit (MPa) �crit (cm3 mol−1) ω

CO2 304.21a 7.383a 0.223621a

Medroxiprogesterone acetate 660.0b 851.0b 1.316b 1144.64b 0.851112b

Tb = boiling temperature. Tcrit = critical temperature. Pcrit = critical pressure. �crit = critical v
a From DIPPR database [32].
b Estimated values for the properties of pure medroxiprogesterone acetate using Const
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emperatures: �: 303.15 K, �: 313.15 K, �: 323.15 K, �: 333.15 K, �: 343.15 K (this
ork, synthetic static method). -�- 313 K, -©- 333 K (Alessi et al. [11], analytical
ynamic method).
eems to be a good choice, since the pressure appears both (directly)
n the numerator and (indirectly through density, which increases

ith pressure at constant temperature) in the denominator. In this
ense, Fig. 6 shows the experimental solubility of MPgAc in CO2 as a

ig. 6. Experimental solubility of MPgAc in CO2 as a function of pure CO2 compressibility f
43.15  K (this work, synthetic static method). -�- 313 K, -©- 333 K (Alessi et al. [11], analyt
emperature and pressure using the NIST WebBook [40].
olume. ω = acentric factor.

antinou and Gani group contribution method [33].

function of the pure CO2 compressibility factor, at varying temper-
atures. Now we  see that the degree of agreement at 333 K is greater
than in Fig. 5, and that at 313 K the agreement seems to remain as
good as in Fig. 5. Fig. 7 is analogous to Fig. 6. Fig. 7 compares our
experimental data with those of Asghari-Khiavi et al. [12]. The dis-
agreement appears to be more important than in Fig. 6. A difficulty
in performing this comparison is that the temperature values of
the data of Ref. [12] are not the same than those of our data. In
conclusion, our data seem to have a higher level of agreement with
the data by Alessi et al. [11] than with the data by Asghari-Khiavi
et al. [12]. Measurements independently performed in the future
by other laboratories for CO2 + MPgAc would be most welcome, to
obtain more definitive conclusions on the solubility of MPgAc in
CO2.

4.3. Modeling results

The calculated average percent absolute-value relative devi-
ation (%AARD), corresponding to the quantitative comparison
between the model and the experimental solid–fluid equilibrium
data of Table 2 is 4.5%. The %AARD was  calculated as follows:

%AARD = 100
ND

∑
ND

∣∣∣∣Pexp − Pcalc

Pexp

∣∣∣∣ (2)
In Eq. (2), ND is the total number of experimental solid–fluid
data points in Table 2, Pexp is the experimental pressure value.
Pcalc is the solid–fluid equilibrium pressure predicted by the model
at the experimental temperature (Texp) and experimental fluid

actor at varying temperatures. �:  303.15 K, �: 313.15 K, �: 323.15 K, �: 333.15 K, �:
ical dynamic method). The compressibility factor was obtained at the experimental
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Fig. 7. Experimental solubility of MPgAc in CO2 as a function of pure CO2 com-
pressibility factor at varying temperatures. �: 303.15 K, �: 313.15 K, �: 323.15 K, �:
333.15 K, �: 343.15 K (this work, synthetic static method). -�- 308 K, -�- 318 K, -©-
328 K, -♦- 338 K, - - 348 K (Asghari-Khiavi et al. [12], analytical static method). The
compressibility factor was  obtained at the experimental temperature and pressure
using the NIST WebBook [40].

Table 4
Binary interaction parameters obtained in this work for the PR-EoS [28].

System k12 (attractive) l12 (repulsive)

Carbon dioxide 2.687 × 10−3 0.1493
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hase composition (x2,exp) (Table 2), using the parameter values
f Tables 4 and 5.

The model predicts, for the system CO2 (1) + MPgAc (2), a phase
ehavior of type F [29] at the parameters values of Tables 3–5 (see
ig. 8). The type F behavior [29] presents a critical line which stems
rom the critical point of the heavy compound (i.e., medroxipro-
esterone acetate in this case [empty circle at high temperature in
ig. 8]) and ends at a second critical end point (2nd CEP). From this
EP, a solid–liquid–vapor locus (SLV-HT) starts and ends at lower
ressure, at the triple point (TP) of the heavy compound. At a CEP,
f the type relevant to this work, a critical fluid phase is in equi-
ibrium with the pure heavy compound in solid state. Moreover,
nother (very short) critical line originates at the critical point of the
ight compound (i.e., CO2) and ends at a first critical end point (1st
EP), from which a solid–fluid–fluid locus stems and extends to low
emperatures (SLV-LT). The scale of Fig. 8 is such that the pure CO2
apor–liquid coexistence curve appears to coincide with the SLV-

T curve. This is also the case for the pure CO2 critical point and the
st CEP, which are indeed very close. The model, with the param-
ters values of Tables 3–5, predicts the following temperature,

able 5
edroxiprogesterone acetate constants for Eq. (1′) in Appendix A.

Ttp (K)a 481
Ptp (MPa)b 4.3369 × 10−4

��S–L (m3/K mol) −0.42551
C1 (MPa) −150.0
C2 (MPa) 0
C3 (MPa) 0

a Experimentally obtained in this work (see Table 1).
b Ptp: pure compound vapor–liquid equilibrium pressure calculated at the triple

oint temperature Ttp using the PR-EOS [28].
(1st CEP), �: second critical end point (2nd CEP). Model: see Appendix A. Model
parameters from Tables 4 and 5. The predicted phase behavior corresponds to TYPE
F  [29].

pressure, and composition values for the 1st CEP: 304.2 K, 7.38 MPa
and x2 = 2.29 × 10−7; and for the 2nd CEP: 506.8 K, 43.8 MPa  and
x2 = 0.05008. Consistently, the calculated temperature and pressure
of the 1st CEP are slightly higher than the temperature and pressure
of the SLV equlibrium point measured in this work. A full schematic
pressure–temperature projection of the type F behavior is shown
in Ref. [29].

In Fig. 9, we present the pressure-composition projection of the
SFF loci of Fig. 8. The solid phase is always pure medroxiproges-
terone acetate for either SFF locus. At a CEP the two  fluid phases
at SFF equilibrium become identical. In Fig. 9 it is possible to read,
at a set pressure, the mole fraction of MPgAc in each of the two
1E-24 1E-21 1E-18 1E-15 1E-12 1E-9 1E-6 1E-3 1
0

10

1E-5 1E-4 1E-3
0

Med roxiproge sterone  Ac etate Mole Fraction
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Medroxiprogesterone Acetate Mole Fraction L 
(S

LV

L (SL V-LT)V (SL V-LT)

S

Fig. 9. Pressure-composition projection of calculated solid–liquid–vapor (SLV)
equilibrium curves for the system CO2 (1) + medroxiprogesterone acetate (2). SLV-
HT  is the SLV line that starts at the triple point (TP) of the pure MPgAc and ends at
the second critical end point (2nd CEP); and SLV-LT is the SLV locus that originates
at  the first critical end point (1st CEP) and extends toward low temperatures and
pressures. V: vapor phase. L: liquid phase. Model: see Appendix A. Model parameters
from Tables 4 and 5.
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ressure is read in Fig. 8. Fig. 9 is useful to quickly establish how
any SFF equilibrium points will appear in the calculated phase

nvelope of a given isopleth. For instance, the isopleth correspond-
ng to 9 × 10−5 MPgAc mole fraction (see inset in Fig. 9), must have
wo SFF equilibrium points.

In Fig. 10(a) we present an isopleth for the CO2
1) + medroxiprogesterone acetate (2) mixture, calculated using
he PR-EOS and Eq. (1′) from Appendix A. The isopleth corresponds
o 9 × 10−5 MPgAc fluid phase mole fraction, i.e., to the highest

PgAc concentration in Table 2. The phase envelope, presents
olid–fluid (SF) and fluid–fluid (FF) transition lines. The relevant
egments of the calculated solid-liquid–vapor lines are included in
he heterogeneous region of the isopleth.

At high pressure and low temperature, we observe in Fig. 10(a)
 SF transition segment that extends to low pressure and inter-
ects a liquid–vapor equilibrium line (FF, bubble point line) at
bout 2.46 MPa. This intersection point (full circle) is a three-
hase (solid–liquid–vapor) equilibrium point at 9 × 10−5 MPgAc
ole fraction for one of the fluid phases (see inset in Fig. 9). The

iquid–vapor (LV, FF) segment (bubble line) that originates at such
hree-phase point extends up to a maximum pressure of 4.23 MPa
here it intersects, at a second three-phase point, another SF

ransition segment. This second SF segment goes through a local
aximum in pressure, then through a local maximum in tempera-

ure, and it finally continues toward low pressures. In Fig. 10(a) the
FF line, i.e., the SLV-LT locus, sets boundaries between sub-regions
ithin the heterogeneous region. Thus, this SLV line completes the
ortrayal of the phase behavior inside the heterogeneous region of
he isopleth.

The SF experimental data [empty squares in Fig. 10(a)]
gree well with the model (dash-dot line). Similarly, the only
olid–liquid–vapor equilibrium point measured in this work [tri-
ngle in Fig. 10(a)] agrees well with the calculated SLV equilibrium
ine (SLV-LT line) that ends at the 1st CEP.

Fig. 10(b) is a zoom of Fig. 10(a). A mixture at the conditions of
oint A in Fig. 10(b) has a SF behavior (i.e., solid–vapor). If we  cool
he mixture, at constant pressure, we will observe a three-phase
FF system (SLV in this case) at point B. If we continue cooling the
ixture, we will observe a SF (solid–liquid) behavior at point C,

ut the nature of the fluid phase is liquid. This SL behavior will be
bserved up to point D, and by further lowering the temperature
e will have an homogeneous system (single liquid phase), e.g., at
oint E. Finally, at point F, a SF behavior will appear again, and will
emain at lower temperatures.

At the scale of Fig. 10(b) it is not possible to see the SFF segment
hat is located below the FF line, between the two full circles. Such
FF also contributes to the characterization of the heterogeneous
egion.

Fig. 10(a) includes the whole SLV-LT locus, because the compo-
ition of the isopleth (9 × 10−5 MPgAc mole fraction) is in between
he extreme compositions of the phases of the SLV-LT equilibrium
ine everywhere on such line (see the inset in Fig. 9). Moreover,
o segments of the SLV-HT locus were included in Fig. 10(a) and
b), because the composition of the isopleth (9 × 10−5 MPgAc mole
raction) is never in between the vapor phase composition (light-
st phase) and the solid phase composition (pure MPgAc, heaviest
hase), regardless the pressure condition. Otherwise, all phases of
he SLV-HT line have a MPgAc concentration always greater than

 × 10−5 MPgAc mole fraction (see Fig. 9 and its inset).
It is important to stress that at a pressure about 12.5 MPa the two

F segments of Fig. 10(a) and (b) almost meet each other. However,
hey do not do it, as it is more clearly shown in Fig. 10(b).
Notice that the present model, used with the parameters of
ables 3–5, captures the qualitative behavior observed experi-
entally in the laboratory during the measurement process, in

articular in the one performed at low enough temperature. This
uilibria 349 (2013) 1– 11

can be clearly seen from Fig. 10(b). For example, at the tempera-
ture (303.15 K) and pressure conditions of point 1 in Fig. 10(b), the
model gives a homogeneous fluid state (liquid). If we  decrease the
pressure at constant temperature, i.e., at 303.15 K, from point 1 to
point 3, we reach a heterogeneous solid–fluid condition (at point
3). At such temperature, the limit between the homogeneous and
heterogeneous states is located at point 2, where the fluid (liquid)
phase is saturated in MPgAc (i.e., the liquid is at equilibrium with a
pure MPgAc incipient solid phase). Then, if we  continue decreasing
the pressure, we  will reach a three-phase equilibrium condition at
point 4 (SLV in this case). A further decrease in pressure results
again in a SF equilibrium condition (point 5). At point 5 the fluid
phase is a vapor phase. It is clear that in the transition from point 1
to point 3 in Fig. 10(b) a solid phase appears upon a pressure reduc-
tion. Thus, we  recognize the process that takes the binary system
from point 1 to point 3 as retrograde solidification at constant tem-
perature (RSCT). The experimental data indicate the existence of
RSCT, and the model properly captures such behavior, as seen in
Fig. 10(a)–(f).

From Fig. 10(a), we notice that the model [PR-EoS and Eq. (1′)
of Appendix A] predicts that at any temperature lower than about
260.7 K, i.e., lower than the lowest temperature at which a SF line
and a FF line meet), it would not be possible to observe a dense
homogeneous fluid system, even at very high pressure conditions
[at least up to 25.0 MPa, which is the maximum pressure shown in
Fig. 10(a)]. In other words, at a temperature lower than 260.7 K, it
would not be possible, starting from a dense homogeneous system,
to detect a phase transition by decreasing pressure, because such
dense homogeneous system simply does not exist.

In Fig. 10(a), and according to the model, at about 20.0 MPa and
475 K, the system is a homogenous fluid (made of only one phase).
Then, by decreasing the temperature while keeping the pressure
constant at 20.0 MPa, a solid phase, pure MPgAc, appears when the
solid–fluid line is crossed for the first time. The system presents
two phases (SF system), and the fluid phase has the composition
of the isopleth. If we  continue decreasing the temperature, the
relative quantity of the solid phase augments and then, it dimin-
ishes [retrograde melting at constant pressure (RMCP)]. Finally the
solid phase disappears when the SF boundary is crossed again,
i.e., when an homogeneous system condition is again reached. A
further decrease in temperature makes the solid phase reappear
(normal solidification) when the second SF boundary is crossed.
This solid–fluid coexistence remains present even at very low tem-
peratures.

Fig. 10(c)–(f) correspond to CO2 + MPgAc isopleths in the range
from 7.4 × 10−5 to 4 × 10−5 MPgAc mole fraction. They qualitatively
behave as the isopleth of Fig. 10(a), i.e., they all have: (A) a FF seg-
ment, a couple of SF segments and two SFF points in the isopleth
phase envelope, and (B) the full SLV-LT line in the isopleth hetero-
geneous region. Fig. 10(c)–(f) shows that the separation between
the two calculated SF segments increases with the decrease in the
MPgAc mole fraction. This is also the case for the temperature range
of existence of the calculated FF lines. We  again find a good level
of agreement between model and experiment when we  observe
Fig. 10(c)–(f).

In, e.g., Fig. 10(f), the calculation results obtained with the model
suggest that there is a pressure range within which it is possible
to reach, at constant pressure, solid–fluid transitions from an ini-
tial homogeneous fluid state, either by increasing the temperature
(retrograde behavior) or by decreasing the temperature (normal
behavior), as long as such initial homogeneous fluid state corre-
sponds to a point located in between the two  SF segments. Of both

phenomena, the retrograde behavior is confirmed by our experi-
mental data (squares) in, e.g., Fig. 10(f). For example, considering
an initial SF condition at 350 K and 15.0 MPa, a decrease in tempera-
ture takes the system to a single phase region after the SF segment is
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Fig. 10. Calculated isopleths for the CO2 (1) + medroxiprogesterone acetate (2) mixture. Fluid phase medroxiprogesterone acetate mole fraction values: Fig. 10 (a): 9 × 10−5,
Fig. 10 (b): 9 × 10−5 [zoom of Fig. 10(a)], Fig. 10(c): 7.4 × 10−5, Fig. 10(d): 6.4 × 10−5, Fig. 10(e): 5.4 × 10−5, Fig. 10(f): 4.0×10−5. �: experimental solid–fluid equilibrium data
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this  work, Table 2); �: experimental solid–liquid–vapor equilibrium datum (this 

solid–fluid, bubble line (fluid–fluid), and � solid–fluid–fluid po
ortion  appears to be coincident with the FF line, but it is actually located below it.

rossed (retrograde melting at constant pressure, RMCP). A further
ecrease in temperature takes the system again to a SF condition
t low enough temperature (normal solidification at constant pres-

ure) after the lower temperature SF segment is intersected. This
omplex behavior is due to the highly curved SF line that exists
t intermediate (and high) temperatures. It should be clear that
or a system showing RMCP it is possible to melt a solid phase by
Table 2). Phase equilibria calculated using the PR-EoS and Eq. (1′) of Appendix A:
 portion of the SFF line connects the two full circles: at the scale of the figure such
l parameters from Tables 4 and 5.

decreasing the temperature. The phenomenon of retrograde melt-
ing at constant pressure could be attributed to the decrease of the
solvent (CO2) density [and the corresponding behavior of its dielec-

tric constant (reduction of solvent power)], when temperature is
raised under conditions relatively close to the critical conditions
of the solvent (carbon dioxide) [21]. The solid–fluid segments pre-
dicted by the model for this isopleth conform to the common sense
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xpectation that at low enough temperature a solid phase must
e present in the system. This must happen even in the case of
xistence of RMCP.

. Remarks and conclusions

In this work we provide, for the system CO2 (1) + MPgAc (2), new
xperimental data on solid–fluid (SF) and solid–fluid–fluid (SFF)
ransitions for five isopleths in the low MPgAc concentration range
medroxiprogesterone acetate mole fractions: 9 × 10−5, 7.4 × 10−5,
.4 × 10−5, 5.4 × 10−5, and 4 × 10−5). Our data seem to have a higher

evel of agreement with the data by Alessi et al. [11] than with the
ata by Asghari-Khiavi et al. [12]. The experimental methods in
efs. [11,12] are analytical, while the one used in this work is syn-
hetic. Our experimental data show that pressure and temperature
ave opposite effects on the MPgAc solubility in CO2, within the
xperimental ranges of conditions covered in this work.

The phase behavior experimentally observed in this work
solid–fluid and solid–fluid–fluid transitions) is properly captured
y a model built by combining the Peng–Robinson equation of state
PR-EoS, with classical combining and mixing rules) with an equa-
ion that describes the fugacity of pure compounds in solid state,
.e., Eq. (1′) of Appendix A.

For all isopleths studied here, the experimental data show the
ccurrence of retrograde melting at constant pressure (RMCP), for
edroxiprogesterone acetate in CO2, which means that it is pos-

ible to melt the solid phase by decreasing the temperature. The
MCP is also described by our model. The experimental data also
resent retrograde solidification at constant temperature (RSCT),
hich the model also captures.

The numerical continuation methods used in the calculations
ere essential to track the highly non-linear solid–fluid equilib-

ium curves computed with the model [29].
The calculated isopleths, an the calculated SFF loci (Figs. 8 and 9),

ave temperature ranges wider than the temperature range stud-
ed experimentally. In spite of the potentially important errors that,
rom the quantitative point of view, such extrapolations may  carry,
he calculation results obtained in the present work, over wide
anges of conditions, are useful to enhance our understanding of
he possible qualitative, highly non-ideal, behavior of the present
nd related systems.

cknowledgments

We are grateful to Mr  Pablo Salazar, for useful comments
nd, for their financial support, to the following institutions:
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ppendix A. Thermodynamic model

The model used in this work for describing phase equilibria
nvolving fluid and solid phases is the same than the model used
n previous works [21,27,29]. To describe the fluid state of a binary

ixture of a light component (labeled “1”) and a heavy component
labeled “2”), we use a pressure-explicit equation of state (EOS),
.e., a relationship between the absolute pressure (P), the absolute

emperature (T), the mixture molar volume (�) and the mixture
omposition z2, where z2 is the mole fraction of component “2”.

We represent such relationship as P = hPVT(T, z2, �), where the
orm of function hPVT corresponds to the adopted EOS, e.g., to the
uilibria 349 (2013) 1– 11

Peng–Robinson (PR) [28] EOS, i.e., the EOS that we used in this work.
The hPVT function, imposes the expression for the fugacity of com-
ponent “i” in the fluid mixture (f̂i). Thus, f̂i depends on the same
variables than function hPVT, i.e., f̂i = f̂i(T, z2, �). Indeed, this last
functional relationship also corresponds in this work to the PR-EOS
[28].

Due to the high asymmetry of the binary system that we con-
sider in this work, we  assume that a given solid phase is made of
only the pure heavy component (component “2”, i.e., medroxipro-
gesterone acetate in this work). Thus, for performing equilibrium
calculations, we  need an equation relating the fugacity of the pure
component “2” in solid state to the absolute pressure (P) and to the
absolute temperature (T) of the system. We  define, mathematically,
the fugacity of the pure heavy component “2” in solid state at T and
P, i.e., f S

2 (T, P, �) (where �o actually depends on T and P) as follows:

f S
2 (T, P, �o) = f̂2(T, 1, �o) exp (U) (1′)

In Eq. (1′), �o is the molar volume of the pure heavy component
(component “2”), in (subcooled hypothetical) liquid state, at T and
P. Such pure liquid has a fugacity f̂2(T, 1, �o) [first factor within the
right hand side of Eq. (1′)]. Notice that expression f̂2(T, 1, �o) simply
states that the function f̂i = f̂i(T, z2, �), with subscript “i” set equal
to “2”, is evaluated at z2 = 1 and at � = �o, i.e., that the computed
fugacity corresponds to a liquid made of the pure heavy compound,
having such pure liquid a molar volume equal to �o. Both, �o and
f̂2(T, 1, �o) are given in this work by the PR-EOS [28].

The exponential factor in Eq. (1′) relates [through Eq. (1′)] the
hypothetical liquid state with the solid state for a pure substance
at given temperature and pressure. The variable U, which depends
on T and P, is defined as follows:

U = ��S−L

RTtp

[
C1

(
1 − Ttp

T

)
+ C2

(
Ttp

T
− 1 + ln

(
Ttp

T

))

+C3

(
T

2Ttp
− 1 + Ttp

2T

)
+ Ttp

T
(P − Ptp)

]
(2′)

In Eq. (2′), the constants Ttp, Ptp, ��S−L, C1, C2, and C3 (see Table 5
in the main text) correspond to the pure heavy component (com-
ponent “2”). ��S–L is the solid-liquid molar volume difference
(�solid − �liquid). The constants C1, C2 and C3 characterize the pure
heavy component solid–liquid equilibrium curve (P versus T melt-
ing curve, [27]). Notice that the variable U is equal to zero at every
point of the pure heavy component melting curve. The condition
U = 0 set in Eq. (2′) makes possible to obtain the melting pressure as
a function of temperture T and of the parameters Ttp, Ptp, C1, C2 and
C3. More details on the physical meaning of constants C1, C2 and C3
are given in Appendix B of Ref. [29]. R is the universal gas constant.

For computing f S
2 (T, P, �o) at set T and P, we would first cal-

culate �o from the adopted EOS [P − hPVT(T, 1, �o) = 0], next we
would compute f̂2(T, 1, �o), then U from Eq. (2′), and, finally, plug
the results into de right hand side of Eq. (1′), to obtain the value
of f S

2 (T, P, �o). We  stress that the phase type for f S
2 (T, P, �o) is

“solid” while the phase type for f̂2(T, 1, �o) is “liquid”, and that both
fugacities correspond to the same T and P values.

The variable �o, i.e., a property of a pure liquid, appears as an
argument for the fugacity of the pure solid [on the left hand side
of Eq. (1′)] because the fugacity of the pure solid is partially com-
puted from the fugacity of the pure liquid, i.e., from a liquid-state
reference fugacity, being the temperature and pressure for such
reference fugacity the same than the temperature and pressure of

the solid.

The calculation of a binary phase equilibrium point requires
solving the isofugacity condition for component “1” in all fluid
phases and for component “2” in all fluid phases and in the solid
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hase (if present), after imposing the constraint of uniform pressure
nd uniform temperature throughout the heterogeneous system.

More details on the model used here were given by Rodriguez-
eartes et al. [29].
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