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ARTICLE INFO ABSTRACT
Keywords: For the crystallization of an API in supercritical COg, a two — step nucleation mechanism involves the apparition
Two-step nucleation of metastable liquid droplets in the vapour phase composed of the API dissolved in the CO,, before crystalli-
Crystallization

zation. To find out the pressure and temperature conditions such a two — step mechanism could be observed, we
studied the stability / metastability / instability for {(S)-Naproxen + CO3} and {(RS)-Ibuprofen + CO3} vapour
binary mixtures. Thermodynamic computations proposed in the paper, have shown that a mixture of API and
CO at elevated pressures can be unstable and/or metastable with respect to a liquid-vapour equilibrium and at
the same time with respect to a solid-vapour equilibrium. Depending on the degree of supersaturation, such a
mixture can potentially first decompose via spinodal decomposition into coexisting liquid and vapour phases,
which turn due to nucleation and growth theory to a solid-fluid equilibrium.

PREOS
Supercritical CO2
Spinodal decomposition

1. Introduction unsatisfactory therapeutic efficiency and high attrition rates [1]. There
are two main strategies for improving the pharmacokinetics of these

About 40 % of the marketed and 90 % of the drugs under develop- molecules without sophisticated formulations. The first one is sub-
ment present low water solubility, resulting in low bioavailability, micronization that allows the surface to volume ratio of the particles to
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be drastically increased. The second one is the control of crystallinity.
Indeed, amorphous materials, which are characterized by the absence of
long-range molecular order, offer improved apparent solubility and
dissolution rates with respect to crystalline drugs, due to the lower en-
ergy barrier required to dissolve the particles. However, they suffer from
thermodynamic instability and crystallization tendencies through aging
processes and storage [2,3]. Therefore, controlling both the size and
crystallinity is very challenging, while it is an absolute requirement for
applications in the pharmaceutical field.

Regarding the reduction of particle size, recent studies of our team
[4] demonstrated that a combination of supercritical fluids and micro-
fluidic reactors (USAS) can significantly improve the performance and
reproducibility of antisolvent processes. Specifically, supercritical COy
was used for its mild critical conditions of temperature and pressure well
adapted to fragile organic molecules and for its non-reactive charac-
teristics. We highlighted the high performance of the microreactor
working in turbulent conditions, resulting in ultra-fast mixing times
(10’4 -107%s) [5] and organic nanoparticles (NPs) with unprecedented
average diameter down to 15 nm. These results underline the value of
this technique for the controlled production of very small organic NPs,
and potentially pave the way for practical applications involving the
processing of a large number of organic compounds. So far, the amor-
phous/crystalline phase control using this technique has not been
studied. The appearance of amorphous or crystalline phase depends on
the supersaturation levels, so, a media like supercritical fluids, for which
conditions can be easily tuned permits to reach a large window of su-
persaturation levels.

According to the classical nucleation theory, the supersaturation of a
solute in a mother solution leads to the formation of nuclei, which will
keep the same crystalline form throughout the process. It is assumed that
the two order parameters governing classical nucleation phenomena,
ordering and densification, occur simultaneously. In the non-classical
theory, the densification step, leading to an "amorphous or dense
liquid" phase, occurs prior to the ordering of the molecules, leading to
the crystalline phase. Many studies in the literature postulate that the
first step is due to spinodal decomposition of the mother solution due to
high levels of supersaturation [6,7]. These conditions of high supersat-
uration levels are often encountered in supercritical precipitation
processes.

Since the pioneering work of Wolde and Frenkel [8] on the demon-
stration of two-step protein nucleation by numerical simulation, the
community has been interested in this phenomenon for the precipitation
of organic (e.g. proteins [9]) and inorganic (mineral) materials. To date,
the literature offers serious studies, mainly based on in situ experiments,
to study this particular nucleation pathway. A consensus is now
emerging to rule that the classical nucleation theory is not the only
pathway to nucleation. Recent works proposed the demonstration of
two-stage nucleation for different media, including liquid-solid, solid--
solid and vapour-solid [9].

In this paper, we focus on the precipitation of organic materials from
a compressed fluid mixture. To our knowledge, there is no study of the
two-step nucleation phenomenon in such a medium. Given the proper-
ties of the supercritical fluid, between liquid (“high” density) and gas
(low viscosity), the behaviour of the phenomenon could be close to that
of precipitation in a vapour medium, for which the appearance of a
liquid phase has been observed in most studies [9]. In addition, several
works highlight the appearance of a dense liquid phase, rather stable
given its viscosity, in the case of the precipitation of organic materials
[10], certainly resulting from spinodal decompositions or liquid/liquid
separations. Wiedenbeck et al. [11] proposed to manage the appearance
of the amorphous or crystalline phase by playing with the appearance of
the liquid phase depending on the environmental conditions of precip-
itation. Very recently, Zhang et al. [12] proposed a CALPHAD thermo-
dynamic model of oiling-out coupled with microfluidic observations of
the precipitation of poorly water-soluble organic compounds when
water is added as an antisolvent. The authors demonstrated the

The Journal of Supercritical Fluids 211 (2024) 106292

appearance of a metastable liquid phase in the bulk liquid phase, before
or instead of the expected crystallization.

In this context, we intend to open up a new route for processing
amorphous or crystalline particles using supercritical processes. To do
so, we first need to analyse in depth, from a thermodynamic point of
view, the conditions under which two-step nucleation can occur from
COy-rich fluid mixtures at elevated pressure. In this paper, we propose a
thermodynamic study of a mixture composed of an API solute and
compressed COy, (S)-Naproxen (NPX) + carbon dioxide (CO3) and (RS)-
Ibuprofen (IBU) + carbon dioxide (COy), in order to determine the stable
limits (solid/vapour separation), the metastable limits (liquid/vapour
separation) and the unstable limits, i.e. spinodal decomposition. Finally,
we rationalize the probability of occurrence of a two-step nucleation by
estimating the supersaturation ratio, required to reach the metastability
and instability limits.

2. Numerical modeling
2.1. Determination of the stable and metastable limits

The Peng — Robinson [13] Equation of State (Eq. (1)), a well-known
cubic equation of state, has been chosen to describe both vapour and
liquid phases and along with supercritical fluids phase for single com-
pounds or mixtures, it reads as:

p_ NRT a,N? D
~ V—Nb, (V—Nb,m)(V— Nb,m,)

my=-1-v2 3

For each compound i:
R?T?,
a; = 0.45724 o 4
Pc,i

b; = 0.07780 };T‘_"’ 5)
2

a = [1 +x,»(1 77*3_'1.5)] (6)

T
T, = T, @
ki = (0.37464 + 1.542260; — 0.2699207) ®)

The Van der Walls mixing rule is chosen for its ease of application
and relatively good accuracy:

an = Zinxj(aa)ij ©)
J

i

bm = inbi (10)
(aa)ij = (1 — kl]) (aiai) (aj(lj) (11)
ki=0 13)

with k;; the binary interaction parameters. The physical properties of
all the components studied in this paper are reported in appendix,
Table A.1.

The liquid-vapour equilibria are calculated in a classical way, using
chemical potentials through the use of fugacities. So, the equilibria
compositions are deduced from the equality of the component fugacities
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in each phase. The calculation of the fugacity coefficient ¢; of the
compound i in the liquid or vapour phase using Eq. (14) leads to the
fugacity f; (Eq. (15)):

In(p,) = p-(Z 1)~ In(Z—B) - Z%EB(%Z&(M)U - f—m>
' a4
|2t (1+v2)B
Z+(1-v2)B
fi = pxiP (15)

The solubility of the compound i of interest is defined as the molar
fraction x; dissolved in the fluid phase at the fluid — solid equilibrium.
For the considered binary systems, the API pure solid phase sublimates
in a supercritical vapour-like phase enriched in COo, so that calculating
the solubility of the API is equivalent to calculate the molar fraction x; of
the API in the supercritical vapour-like phase at the solid — fluid equi-
librium. For the sake of simplicity, the solid — supercritical vapour-like
fluid equilibrium will hereafter be referred to as solid — vapour equi-
librium. In this paper, we have compared two classical ways of modeling
the fugacity f of compound i in the solid phase.

First, the “Subcooled - liquid approximation™ has been developed by
De Swaan Arons and Diepen [14], then detailed by Prausnitz et al. [15]
at moderate pressures with an incompressible liquid phase, and Kikic
etal. [16] and Seiler et al. [17] at higher pressures: the pure solid phase is
considered as a pure subcooled liquid phase, the fugacity is then
adjusted using melting properties and some volumetric data relative to
compound i. As suggested by Kikic et al. [16], the pressure term in the
exponential factor in Eq. (16) can be neglected since the difference be-
tween the pure solid and liquid molar volumes is usually negligible. So,
the solid fugacity can be described by the following relation:

AI_Im,i Tm.i i sz _ V{‘
e (), ()]

AHp; Toni
~ P (T, P)P (1 -
ot e s (1

i

fEPTE(T, P) =~ 7" (T, P)exp {

(16)

Secondly, we tested the “Sublimation pressure estimation” detailed
by Tester and Modell [18]. For that, we used the Lee — Kesler Eq. (18)
[19], assuming that the fugacity coefficient of compound i in the vapour
above pure solide phase i at its sublimation pressure at temperature T is
close to unity. Consequently, the solid fugacity can be estimated by the
following relations:

i (P - P:ub.i)

fls(T P) = qub,iq)iV(Ta qub,i)exp|: : M}

RT :|z sub,iexp|: RT
17

Where the sublimation pressure Py ; is given by:

Pypi A B
In(=224) — A, +72+A31n(Tr.i) +A4TE 4+ o By +72+B31n(Tr.i) + B,
Pe; Tr,i ’ T,

Two sets of LK parameters have been compared (Table A.2). The first
one (LK°"8nl) jg the original set of Lee and Kesler [19] and the second
(LKB%) was proposed by Wang and Hsieh [20], which may provide more
accuracy on the sublimation pressure estimation in some cases.

The main advantage in using the sublimation pressure estimation is
that it does not require the knowledge of the melting characteristics of
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the solid, which can be experimentally challenging to obtain. On the
other hand, it requires the knowledge of the pure solid molar volume v{.

From a numerical point of view, all calculations for phase equilibria
have been performed using an open source Matlab code published by
Martin et al. [21]. The code is well documented, easy to use and modify.
Numerical algorithms are derived from Walas [22] or Gupta et al. [23].
For the liquid - vapour equilibria estimation, the standard bubble point
algorithm, the standard dew point algorithm, the isothermal flash
multi-component Rashford - Rice algorithm, and the isothermal
multi-component multiphase equilibrium flash based on minimization
of Gibbs free energy are available. For the solid — vapour equilibria, the
isothermal multi-component multiphase equilibrium flash based on
minimization of Gibbs free energy has been used.

For the k; parameters estimation, at a given temperature T, the
Absolute Average Relative Deviation (ARRD) between the experimental
data of API solid solubilities and the numerical ones, AARD =

n,
I

Xp __ model
Xap1—Xapr

22|, has been minimized.
XAPI

2.2. Determination of the unstable limits

The spinodal limit is classically defined as the limit of stability,
where no nucleation energy barrier has to be overcome: the phase
change then occurs spontaneously. For our binary mixtures {API +
COs}, the vapour single phased initial mixture decomposes spontane-
ously into 2 phases: the first is a vapour-like phase enriched in CO5 and
the second is a liquid-like phase enriched in API. This transformation is
called a “spinodal decomposition”, described by the Cahn-Hilliard
formalism [24,25], different from the Classical Nucleation Theory
(CNT), describing nucleation in the metastable domain.

As detailed by Tester and Modell [18], in the case of a single com-
pound, the spinodal limits can easily be calculated by estimating the (P,
V) couple ensuring Eq. (19) at a given temperature T. This is done by
solving Eq. (20), which represents the analytical derivative of pressure
with respect to volume, using PREOS:

oP
=0 19
). a9

NRT anN? ‘ a,N?

(V—Nbyp)? ' (V—Nbyum)(V—Nbumy)®  (V—Nbpumy)?(V—Nbyums)

(20)

However, the estimation of the spinodal limits is much more
complicated in the case of mixtures. As shown by Heidemann and Khalil
[26] and Aursand et al. [27], a formalism based on the Helmholtz free
energy A is well adapted for PREOS using a (T, V, N) approach. Heide-
mann and Khalil [26] calculated the spinodal limit on calculating de-
terminants of Hessian matrices, whereas Aursand et al. [27] used a
mathematically equivalent approach based on the eigenvalues of Hes-

) (18)

sian composition matrices. We chose the Aursand’s approach because it
provides, to our opinion, an easiest and interesting geometrical inter-
pretation of the spinodal limits. Characterizing the stability of a given
single phase mixture is equivalent to evaluate the local curvature of its
Helmholtz free energy A. It is evaluated calculating the eigenvalues of
the Hessian composition matrix of A for each composition. When all the
eigenvalues are positive, the Helmholtz free energy is locally a convex
surface, so that the mixture is thermodynamically considered as stable.
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When all the eigenvalues are negative, the Helmholtz free energy is
locally a concave surface, so that the mixture is thermodynamically
considered as unstable. Finally, when at least one eigenvalue is negative,
we have locally a saddle point, so that the mixture is also thermody-
namically considered as unstable. The saddle points represent the spi-
nodal limits.

2.2.1. Numerical procedure

By considering the Peng — Robinson [13] equation of state, we
worked directly on analytical expressions of the derivatives of 2nd order
of the Helmholtz free energy A, instead of using fugacities. The method
used in this paper is summarised below, looking for the saddle points in
the composition space (the theoretical and mathematical details are
described in [27]).

When coming from a stable domain to an unstable domain, the
original stability criteria, at fixed (T, V, N), is given by:

min{eig(VynVynA(T,V,N)) } >0 @1

From a mathematical point of view, only the study of the matrix ®,
part of the Hessian matrix of A relative to the molar quantities, is
necessary. The spinodal limit is then found when the smallest eigenvalue
of ® becomes zero, which means that we cross the spinodal limit at a
local saddle point:

® = VyVNA(T,V,N) (22)

min{eig(®) } =0 (23)

For binary mixtures, the Hessian matrix @ is given by:

A *A
ON?  ON;.0N»

®(T,V,N) = 24
A 0*A

ON,.ON,  ON2

The ® matrix has to be decomposed into its ideal and excess parts
according to:

A(T7 V7 N) = Aideal(T7 V7 N) +Aexcess(T7 V7 N) (25)

D = Digeqr + Dexcess (26)

The necessary 2nd order derivatives of the ideal part ®jgeq are
deduced from the following relations:

aAideal) 0 NiRT
=u;(T) + RTln 27)
ON; TN %
02Aideul> RT
=—-— (28)
aNiZ T.V.Njzi i
0*Ajgeat
ON; aNJ) TV =0 @9

For an ease of resolution, the ideal part ®;ge, of the Hessian matrix is
then normalized [27,28] at a fixed composition N and temperature T
to make the ideal part of the Hessian matrix equal to the identity matrix

I . For that, we introduced the variables g; defined as follows:

RT —
& = ﬁ(Ni - N (30
— N;
Ni=Ni + &\ | oo GD
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N _
G Algeaz) N, (32)
07 Jrve—o Ni
2
A.
0 1deal> -0 (33)
0¢;0¢; T,V,e=0

The 2nd order derivatives of the excess part ®excess are calculated
using PREOS:

o0
Acxcess (T, V,N) = / (p _ NRT) av 34
v 4
Acsces(T VN)_/W - e - v
excess\ 1, V) = v V — Nb,, (V—meml)(V_memZ) v
(35)
74 a,N

Aexcess(T7 V7 N) = NRTln (V - me) - bm(ml - mZ)
(36)

n (V= Nowmmz

V — Nb,,m;

Considering the previous developments, at the given composition of
the mixture N, the Hessian matrix is finally defined by:

CD(W) = (I)e:() =1+ q)excess,e:o (37)

It is then possible to easily visualize the spinodal line in the (Vp,, T)
space at the intersection of the zero plan and the min{eig(®) } surface, as
represented for example in Fig. 1, for a {(S)-NPX + CO3} mixture (xco2 =
0.65).

This type of representation is very useful to initialize the following
algorithm, to find the couples (Vy,, T) all along the spinodal line, and
then the pressure, at a given composition N. The calculation algorithm is
as follow:

Stepl: Vi, and composition N are given, calculate ® when varying T
around an initial well chosen temperature Ty

Step 2: find numerically T with min{eig(®) } = O for the saddle point

Step 3: calculate P using PREOS

Step 4: slightly modify Vy, at N and use the previous temperature T to
initialize the new temperature research, then go to step 2

3. Validation

While equilibrium calculations are rather classical in solid — vapour
or liquid - vapour supercritical conditions, spinodal calculations are far

mineig(P)
0.5 I zero plan
0 N
s
5 05
(7
£
£
EN
15,
800
750
700\
650 . N ,,,////\(; 5 0
TR g0 T 1 ' 10
5 V (m3/mol)

Fig. 1. Spinodal limit visualization in the (V,, T) space for a {(S)-NPX + CO5}
mixture (Xcoz = 0.65).
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less common. We present in this part two validation cases to compare
our calculations with literature results.

3.1. Test case 1: the single component CO,

We first tested our multicomponent spinodal calculations on pure
CO to compare with the classical single component spinodal calcula-
tions usually used for pure components (Eqgs. (19) and (20)).

We present our (P, T) results in Fig. 2.

We note that the multicomponent calculations are consistent with
single component calculations, since the two methods give exactly the
same results. As expected, the critical point lies at the top of the spinodal
curve in the (P, T) diagram. The equilibrium curve is more difficult to
calculate when approaching the critical point because of classical
convergence problems, but due to the shape of the curve, we can assume
that it merges with the spinodal curve at the critical point as expected.

Physically, when coming from the stable liquid domain on the left of
the diagram, it is possible to cross the equilibrium line without vapor-
ization, the liquid phase becomes metastable. Then, when crossing the
liquid spinodal, the liquid phase becomes intrinsically unstable and
suddenly vaporizes. The inverse phenomenon can also occur, the
condensation, with the vapour phase (starting from the right side of the
diagram) crossing successively the equilibrium line and the vapour
spinodal.

3.2. Test case 2: mixture with 5 components

We then tested our modeling on a 5 components mixture already
studied by Aursand et al. [27], which composition is given in Table 1.
The spinodal limits and the liquid — vapour equilibria are represented in
a (P, T) diagram in Fig. 3. The interaction parameters k;; are chosen to be
equal to 0.

As for pure COj, the equilibrium curves become difficult to calculate
when approaching some points, particularly the critical point located
close to (245 K, 96 bar) according to Aursand et al. [27], but due to the
shape of the global curve, we can assume that they merge with the

Table 1
Composition of the 5 components mixture studied by Aursand et al. [27].
Methane Ethane Propane n-butane Nitrogen
CH,4 C,H6 Cs C4Hyo Ny
Molar 0.75 0.10 0.07 0.03 0.05

fraction
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Table 2
PREOS kjj and AARD on solubility for (S)-NPX at 313.1 K.

Subcooled liquid method Lee — Kesler equation

k; AARD (%) k; AARD ( %)
0.14399 11.5 0.24598 (LK1iginaly 20.7 (LK°1iginaly
0.16286 (LK®?) 7.5 (LK®%)
120 T T T T T T
——PR equilibrium
——PR spinodal
100 - GERG2008 equilibrium (Aursand et al. [27]) |
GERG2008 spinodal (Aursand et al. [27])
® Critical point (Aursand et al. [27])
80
Unstable
Liquid spinodal loop
= Stable liquid
_\g, 60 - region B
o Metastable 7
liquid region 7" W Vapour
40 spinodal
Metastable
20 ¢ vapour region
Stable vapour
) region
0 E= = - 1 1 1
100 120 140 160

180 200 220 240 260 280 300
T(K)

Fig. 3. Spinodal limits and equilibria of the 5 components mixture studied by
Aursand et al. [27], (P, T) diagram.

spinodal limits at the critical point. Compared to the work of Aursand
et al. [27], we found similar overall results for both the equilibrium and
the spinodal limits, except for the vapour spinodal curve below
approximatively 40 bar. It’s probably due to the fact that Aursand et al.
[27] has carried out his calculations using GERG2008EOS instead of
PREOS.

Physically, as for the previous single component case, the diagram
shows the existence of two metastable domains where respectively the
liquid phase and the vapour phase could be observed. In contrast, an
unstable loop is highlighted, where the single phased mixture is intrin-
sically unstable: it decomposes into two phases with different compo-
sitions by “spinodal decomposition”. The mechanism of this demixtion is
fundamentally different from the mechanism described by the Classical
Nucleation Theory.

4. Results and discussion

In this section, we have chosen to study two API model organic
components, largely studied in the supercritical community [29], for
which solubility data and/or triple-points data (SLV-lines = Solid —
Liquid - Vapour lines) in compressed CO, are available: the (S)-Nap-
roxen [30-32] and the (RS)-Ibuprofen [33-38], denoted respectively
(S)-NPX and (RS)-IBU.

4.1. The (S) - naproxen case

4.1.1. Step 1: PREOS solubility modeling and determination of k;
parameters

According to PREOS presented in the first section, we have chosen to
fit the (S)-NPX experimental solubility data set of Ting et al. [30] at
313.1 K, both with the Subcooled liquid and LK solid fugacity models
(LKOriginal 44 LK®), on a range of pressure from about 100 bar to
200 bar, standard work pressure in supercritical crystallization process.
The original data set of Ting et al [30] is reported in appendix,
Table A.3.
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Fig. 4. (S)-NPX experimental and PREOS solubilities at 313 K.

The fitted PREOS k;; parameters and the AARD(xypx) at 313.1 K are
reported in Table 2:

The LK®2 model is the best to describe the solubility of (S)-NPX in
supercritical CO, and the kj; are quite similar to the PREOS kj; of the
Subcooled liquid model, while the LK™ model leads to unaccurate
predictions.

The solid solubilities are compared with experimental data for the
Subcooled liquid and LK® modeling in Fig. 4:

4.1.2. Step 2: liquid-vapour equilibrium and the spinodal limits estimation

The knowledge of the PREOS k;; has then been used to predict the
liquid - vapour equilibrium and the spinodal limits of the {(S)-NPX +
CO2} mixtures. The (P, Xco2) phase diagram at T = 313.1 K using the
Subcooled liquid modeling, including the spinodal limits, is presented in
Fig. 5a on a large scale and in Fig. 5b close to pure CO; (the LKB® model
leads to very similar results):

Several noteworthy observations have to be highlighted. First,
PREOS predicts the existence and the composition of a liquid phase
which would appear at sufficiently high molar (S)-NPX fractions in
single phased supercritical {(S)-NPX + CO.} mixtures when reaching
the liquid dew line. For example, at a pressure of 150 bar, a liquid phase
can appear when the (S)-NPX molar fraction is greater than 0.0004 (xco2
~ 0.9996, Fig. 5b) and the composition of the liquid phase is determined
at the bubble point with x¢o2 ~ 0.37 (Fig. 5a). Secondly, the upper part
of the spinodal curve is “opened”. Particularly, the upper spinodal curve
has to be calculated in two steps (the liquid spinodal on the left and the
vapour spinodal on the right) using different initial values of molar
volume Vp,. This is not due to numerical problem but it reveals that there
is no upper spinodal curve at 313.1 K between approximatively 0.74 and
0.98 in CO, molar fraction. The particular shape of the spinodal curve in
a (P, T) diagram has already been highlighted by Heidemann and Khalil
[26], with an unconditionally unstable mixture for all the pressures
above the pressure of the lowest vapour spinodal. An example is given in
Fig. 6 at xco2 = 0.8.

Furthermore, two domains of vapour metastability are highlighted in
Fig. 5b. The first domain lies between the dew line and the solid — vapour
equilibrium, where the vapour is metastable only with respect to solid —
vapour separation, which means that in this zone nucleation will lead to
pure solid particles. In the second domain with molar fractions of (S)-
NPX higher than given by the dew line, the vapour is metastable with
respect to solid — vapour separation and with respect to liquid — vapour
separation, which means that in this zone nucleation will lead to pure
solid particles and/or liquid droplets with compositions given by the
bubble curve. From this point of view, the liquid — vapour equilibrium
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Fig. 5. a) {(S)-NPX + CO2} mixtures at 313.1 K, Subcooled liquid modeling,
(P, xCO2) diagram; b) {(S)-NPX + CO2} mixtures at 313.1 K, Subcooled liquid
modeling, (P, xCO2) diagram (detailed close to pure CO2). Blue color is used to
describe the solid — vapour equilibrium, with the solid composition on the left
side of the diagram in Fig. 5a (pure solid), and the vapour composition on the
right side of the diagram in Fig. 5a and Fig. 5b. Green color is used to describe
the liquid - vapour equilibrium, with the liquid composition on the left side of
the diagram in Fig. 5a (bubble curve), and the vapour composition on the right
side of the diagram in Fig. 5a and Fig. 5b (dew curve). Lastly, black color is used
to describe the spinodal limits, with the liquid spinodal composition on the left
of the diagram, and the vapour spinodal composition on the right and at the
bottom in Fig. 5a.

can be qualified as a metastable equilibrium with respect to the solid —
vapour equilibrium.

4.1.3. Step 3: estimation of supersaturation levels to reach stable/
metastable/unstable states

To quantify and represent in a simple way the distances between the
vapour spinodal limit, the metastable liquid — vapour equilibrium (the
dew line) and the solid — vapour equilibrium, we can introduce the
“molar supersaturation” S, simply defined as the ratio of the molar
fraction of (S)-NPX in the vapour phase and the molar fraction of (S)-
NPX in the vapour phase at the solid - vapour equilibrium, at given
pressure and temperature:

(38)

_ XNPX.dew line
Sdew -
TP

XNPX solid—vapour equilibrium
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xNPXAsolid—vapour equilibrium

This definition leads to S = 1 for the solid - vapour equilibrium. The
results are presented in Fig. 7 for both Subcooled liquid and LKB3
calculations:

S ranges from about 10-25 (depending on the solid fugacity model)
on this range of pressure at 313.1 K for the metastable liquid — vapour
equilibrium, whereas supersaturation goes up to 800 — 4000 to reach the
vapour spinodal limit. It means that while it may be possible to observe
(S)-NPX liquid droplets before crystallization, it may be very difficult to
observe a spinodal decomposition in {(S)-NPX + CO.} mixtures at
313.1 K before crystallization on this range of pressure.

Table 3
PREOS kij and AARD on solubility for (RS)-IBU at 313.1 K.

Subcooled liquid method Lee - Kesler equation

ky AARD (%) ky AARD (%)

0.07674 15.3 8.9 (original)

18.7 (B3)

0.07859 (original)
0.00443 (B3)
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4.2. The (RS) - ibuprofen case

4.2.1. Step 1: PREOS solubility modeling and determination k; parameters

The data set of solubilities measured at 313 K by Charoenchaitrakool
et al. [33] has been first selected for the determination of the interaction
parameters kjj, both with the Subcooled liquid and LK models (LKriginal
and LKP%). A second data set will be used (Martin [35]) in the discussion
part to emphasise the possible appearance of solute liquid droplets
before solid phase crystallization.

The original data sets of Charoenchaitrakool et al. [33] and Martin
[35] are reported in appendix, Table A.4 and Table A.5 respectively.

The k;; parameters and the AARD are reported in Table 3.

The LK°812! model is the best to describe the solubility of (RS)-IBU
in supercritical CO2 and the kj; are quite similar to the kj; of the Sub-
cooled liquid model, while the LKB® model leads to inconsistent results.
The Subcooled liquid model leads to relatively unaccurate predictions. It
may be explained by the choice of the (RS)-IBU physical properties (Tc,
P¢, o), estimated by a contribution group method leading to great var-
iations, as reported by Kusnetzova et al. [36], and (Ty,, AHp,), estimated
by DSC measurements also subject to variations.

The solid solubilities are compared for the Subcooled liquid and
LK°"8! models in Fig. 8 in the pressure range of the study:

The two models seem to diverge considerably from each other above
approximatively 180 bar.

4.2.2. Step 2: liquid-vapour equilibrium and the spinodal limits estimation

Both Subcooled liquid and LK°"#" models lead to the same trends
for the determination of the phase equilibria. We chose to plot only the
“subcooled” model in Fig. 9.

We can note that, as for (S)-NPX, PREOS predicts the existence and
the composition of a metastable liquid phase which would appear at
sufficiently high molar IBU fractions in a single phased supercritical
{CO2 + (RS) - IBU} mixture, when reaching the dew line. But, compared
with (S)-NPX, the metastable liquid phase is almost 2 times richer in
CO», with Xco2 ~ 0. 7.

By zooming close to pure COy, we can observe that both Subcooled
liquid and LK°8™ models predict that the solid — vapour and meta-
stable liquid — vapour equilibria are very close together (Fig. 10a and
Fig. 10b).

4.2.3. Step 3: estimation of supersaturation levels to reach stable/
metastable/unstable states

The supersaturation of the vapour phase at the metastable liquid —
vapour equilibrium (dew line) and at the spinodal vapour limit (Egs.
(38) and (39)) are given in Fig. 11 for both Subcooled liquid and LKB3

0.01 T

— PR subcooled 313K
- - -PR LKoriginal 313K
X Experimental 313K (Charoenchaitrakool et al. [33])

0.009 |
~3 0.008 -
x
10007
20.006 -
0.005 -
0.004 -

0.003 -

Solid solubity of IBU (x,

0.002

0.001

80 100 120 140 160 180 200 220
Pressure (bar)

Fig. 8. (RS)-IBU experimental and PREOS solubilities at 313.1 K.
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Fig. 9. {(RS)-IBU + CO2} mixtures at 313.1 K, Subcooled liquid modeling, (P,
xCO2) diagram. Blue color is used to describe the solid — vapour equilibrium,
with the solid composition on the left side of the diagram (pure solid), and the
vapour composition on the right side. Green color is used to describe the liquid
- vapour equilibrium, with the liquid composition on the left side of the dia-
gram (bubble curve), and the vapour composition on the right side of the di-
agram (dew curve). Lastly, black color is used to describe the spinodal limits,
with the liquid spinodal composition on the left of the diagram, and the vapour
spinodal composition on the right and at the bottom.

calculations.

Both Subcooled liquid and LK°" 8" models lead to close supersatu-
rations with S ~ 1 as expected to reach the dew line, whereas super-
saturations goes up to 3 — 20 to reach the vapour spinodal limit.
However, an important difference can be denoted concerning the
metastable liquid — vapour equilibrium supersaturation. The two models
do not predict the same trend according to pressure: the Subcooled
liquid model predicts a decreasing supersaturation, with possibly a
triple-point (S = 1) at higher pressure, whereas this is not the case with
the LK°"8"! model, while increasing supersaturation.

4.3. Discussion

4.3.1. Comparison of the PREOS predictions for (S)-NPX and (RS)-IBU

The comparison of (S)-NPX and (RS)-IBU PREOS predicted behav-
iours leads to several interesting results that have to be highlighted.
First, the two PREOS models predict the existence of a metastable liquid
phase when reaching the dew line, with compositions strongly depen-
dent on the API, and provide self-consistent predictions with the same
order of magnitude for each API, concerning both the metastable liquid —
vapour equilibria and the spinodal limits.

The supersaturation levels to reach the dew line and the spinodal
vapour limit are very different for (S)-NPX on one hand, or (RS)-IBU at
313.1 K. Particularly, it seems that the metastable liquid phase and the
spinodal decomposition would be more difficult to observe at 313.1 K in
the case of (S)-NPX, with relatively high supersaturation, compared with
(RS)-IBU.

Specifically concerning the metastable liquid phase, previous cal-
culations showed that the supersaturation S to reach the dew line is
remarkably almost constant on the studied pressure range at 313.1 K for
(S)-NPX, and for (RS)-IBU to a lesser extent (Fig. 7 and Fig. 11). This fact
can be demonstrated in a general framework starting from the equalities
of the fugacities of the API in both liquid and vapour phases for the
liquid - vapour equilibrium (Eq. (40), index LV), and in both solid and
vapour phases when studying the solid - vapour equilibrium (Eq. (41),
index SV):

¢XPI,LV(TvvaLV)xXPI,LvP = q)ﬁPI,LV(T‘rpvxLV)x;PI,LVP (40)
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‘PXPI.SV(TvP 7xSV)xXPI.SVP :f:PI.SV(Tv P) (41)

Supersaturation to reach the dew line, introduced in Eq. (38), can be
written as follow:

(42)
o rprsv(T: P, Xsy) (p/LiPI,LV(T’P7xLV)xf{PI,LVD

 @hpruv (T, P, Xuy) ff\m.sv(Tv P)

By considering the Subcooled liquid model for the solid fugacity, Eq.
(42) becomes:

_ ¢XPI.SV(T7P7XSV) (p,ll-{PI,LV(T?P!xLV) xL exp |:AHm,API (TmAPI - 1>:|
ey (TP, Xy) gaz,l}re(T, P) APILY RT, a1 T

(43)

In the particular case of (S)-NPX, it can be demonstrated using
PREOS calculations that the two fugacity coefficients vapour and liquid
ratios in Eq. (43) are almost equal to 1. For the vapour ratio, this is due to
the very close compositions of the vapour phases for both solid — vapour
and liquid — vapour equilibria. For the liquid ratio, the fugacity of the
liquid phase does not depend strongly on its composition for low CO5
molar fraction. We can then obtain the following simple Eq. (44), valid
for temperature below the normal melting point of (S)-NPX:

AHy, npx (Tm.NPX _ l)
RTnwex \ T

(44)

Saew ~ Xypx 1y€XP {

Furthermore, previous PREOS calculations (Fig. 5a) showed that the
molar fraction of (S)-NPX in the liquid phase X]ﬁpx,w is almost constant
on the studied range of pressure, so that the supersaturation can be
considered almost constant. Eq. (44) seems to give good approximations
in the case of (S)-NPX: for example, at T = 313.1 K, P =150 bar and xhpx
~ 0.62 (Fig. 5a), Eq. (44) leads to S = 21.5, close to the previously
calculated value S ~ 23.5 using full PR Subcooled liquid model.

Within the framework of this model, the normal melting properties
of the API (normal melting temperature and melting enthalpy) and the
working temperature will have a major impact on the distance between
the solid — vapour and metastable liquid — vapour equilibria. In partic-
ular, working close to the normal melting temperature of the API will
make it easier to observe the metastable liquid phase with supersatu-
ration close to unity, as shown in our study with Ty, (rs)-1Bu = 354 K vs
T, (s)-npx = 458.8 K for an operating temperature of 313.1 K.

The precise range of validity of Eq. (44) has to be studied, but it could
be potentially useful to estimate the distance between the solid — vapour
and metastable liquid — vapour equilibria for various compounds in
supercritical CO, knowing only their experimental normal melting
properties.

4.3.2. Metastable liquid droplets of (RS) — IBU and experimental operating
procedures

Our PREOS calculations showed in previous parts that the dew line
was very close to the solid — vapour equilibrium in the case of (RS)-IBU
at 313.1 K with supersaturation close to unity. It indicates that (RS)-IBU
would be a good candidate to experimentally test our framework with
possible metastable liquid droplets formation observed before crystal-
lization. For this purpose, the experimental (RS)-IBU solubility data of
Charoenchaitrakool et al. [33] and Martin [35] at 313.1 K are both re-
ported in Fig. 12.

The solubilities diverge at pressure higher than approximatively
120 bar, but most important is that Martin [35] reported that he
observed liquid droplets on the whole range of pressure. It is then
possible that Martin [35] measured a liquid solubility curve, whereas
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Fig. 12. (RS)-IBU experimental solubility curves at 313.1 K.

Charoenchaitrakool et al. [33] worked on solid phases.

The liquid solubility data of Martin [35] are plotted on Fig. 10a and
Fig. 10b to compare with PREOS predictions. We can observe that the
experimental liquid solubility data of Martin [35] follow the trend of the
metastable dew line predicted by PREOS for both Subcooled liquid and
LK18M4! models, very close to the solid - vapour equilibrium of Char-
oenchaitrakool et al. [33].

Experimentally, it must be highlighted that the operating experi-
mental procedures used by Charoenchaitrakool et al. [33] and Martin
[35] are fundamentally different. Charoenchaitrakool et al. [33] worked
in an equilibrium cell at given T and P, measuring the composition of the
vapour phase coexisting with the solid phase, whereas Martin [35] is
varying T and/or P in a view-cell at given global composition to observe
phase appearance and locate solid — vapour equilibria or dew lines
(more details about the operating procedures in references [33,35]). The
procedure used by Martin [35] could sometimes induce a bias, with
possible delayed phase transitions (vapour phase to solid phase for
crystallization, or vapour phase to liquid phase for droplets formation),
for systems with very low transformation kinetics.

To explain the droplets observations, Martin [35] assumed that there
was an imbalance in the enantiomeric ratio of the studied (RS)-IBU solid
samples, lowering their melting temperatures. Indeed, the normal
melting temperature of enantiopure (R) or (S)-IBU is about 30 K lower
than that of racemic (RS)-IBU and has been measured by Charoenchai-
trakool et al. [33] at T, ~ 324.2 K. Here, we proposed another inter-
pretation, based on the highlighted previous elements. By considering
the experimental procedure of Martin [35], the kinetical pathway seems
here to play an important role, so it is possible that the solubility
measured is that of the metastable liquid, since he directly observed the
formation of the metastable liquid phase. This assumption is supported
by the fact that Martin [35] also reported same behaviour at 308 K.
When depressurising to reach the dew point, he observed initially the
formation of liquid droplets, which become solid after 30 — 60 s. This
may be the observation of a metastable liquid state leading to the for-
mation of the solid, which could be qualified as a two-step nucleation
process.

So, in our opinion, these comparisons between the (RS)-IBU solubi-
lity experimental data and observations of Charoenchaitrakool et al
[33] and Martin [35] on one hand, and the PREOS predictions on the
other hand, support the fact that such a thermodynamical framework
can help to better understand some experimental anomalies during su-
percritical crystallization processes.

Finally, to the best of our knowledge, metastable liquid — vapour
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equilibrium highlighted in this paper has never been taken in account in
classical supercritical crystallization processes such as RESS or SAS
processes. We demonstrated by a thermodynamical evaluation that non
classical nucleation could occur in some of our experimental configu-
rations. We think that it could sometimes be of great importance because
it could makes it possible to better understand and control amorphous
particles production (by quenching for example the liquid droplets), or
vary the crystal particle properties controling crystallization directly
inside or outside the liquid droplets.

5. Conclusion

This study proposes a thermodynamical framework to study two-step
nucleation in vapour supercritical conditions. It is based on the well-
known Peng — Robinson Equation of State (PREOS) to describe the
fluid phases and solid fugacity model. Two different solid fugacity
models have been compared. The binary reference mixtures are studied
at 40 °C, using experimental solid solubility data obtained from the
literature, {(S)-naproxen + CO3} and {(RS)-ibuprofen + CO,}. Phase
diagrams are presented in which stability / metastability and instability
regions are highlighted, showing that PREOS predicts for both solid
models the existence of a metastable liquid phase which could appear at
moderate supersaturation. A simplified equation is presented and can be
used to estimate such supersaturation by knowing only the API normal
melting properties. The spinodal limits are also calculated and are
reached at higher supersaturation. This work can provide keys to a
better understanding of processes such as RESS or SAS to be able to
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target the production of amorphous or crystal organic materials in su-
percritical CO9. For SAS applications, this work will be extended to
ternary system.
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Appendix
Nomenclature
A Helmbholtz free energy of a single phased mixture (J)
Acxcess excess part of the Helmoltz free energy of a single phased mixture (J)
aj PREOS energy parameter relatively to compound i (J.m®.mol %)
Aideal ideal part of the Helmoltz free energy of a single phased mixture (J)
am PREOS energy parameter (J.m>.mol~2)
b; PREOS volume parameter relatively to compound i (m®.mol %)
bm PREOS volume parameter (m3.mol™)
fh fugacity of compound i in a liquid phase (Pa)
£ fugacity of compound i in a solid phase (Pa)
£ fugacity of compound i in a vapour phase (Pa)
- identity matrix
I
kij PREOS binary interaction parameter between compounds i and j (adimentional)
N total molar quantity (mol)
N vector of molar quantities (mol) N = [Ny,Na,...,N, ]
N vector of molar quantities at a fixed composition (mol) N = [N1, N, ..., N, |
N; molar quantity of compound i (mol) N = }"N;
i
N; molar quantity of compound i at a fixed composition (mol) N = S°N;
i
P pressure (Pa)
Py triple-point pressure of the API (Pa)
p° standard pressure = 1 bar
P. critical pressure of a mixture (Pa)
Pci critical pressure of compound i (Pa)
i I3
Pri reduced pressure relatively to compound i (adimentional) P.; = P
i
Pgsub,i sublimation pressure of compound i (Pa)
R ideal gas constant = 8.314 J.mol 1.K ™

T temperature (K)

Tei

Te critical temperature of a mixture (K)

Tei critical temperature of compound i (K)

Tr,i normal melting temperature of compound i (K) at Pames = atmospheric pressure = 101325 Pa
T reduced temperature relatively to compound i (adimentional) T;; = —

A% volume (m3)

vk liquid molar volume of pure compound i (m®.mol™)

v solid molar volume of pure compound i (m®.mol™!)

Vi molar volume (m3.mol’1)

10

(continued on next page)
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(continued)
Nomenclature
Xi . .. . . . . N;
molar fraction of compound i in a single phased mixture (adimentional) x; = N
Z compressibility factor of a singled phased mixture (adimentional)
o PREOS «(T) parameter relatively to compound i (adimentional)
AHp i normal melting enthalpy of compound i (J.mol ™) at P,es = atmospheric pressure = 101325 Pa
€ vector of the substitution variables ¢; € = [e1,€2,...,&n |
€ substitution variable to Nj in order to normalize the ideal part of ® (J'/2)
d standard chemical potential of compound i (J/mol) at standard pressure (P° = 1 bar)
® = VyVNA(T,V,N) part of the Hessian matrix of the Helmoltz free energy relatively to the molar quantities, so called “Hessian composition matrix”
or fugacity coefficient of compound i in a liquid phase (adimentional)
I fugacity coefficient of compound i in a solid phase (adimentional)
o fugacity coefficient of compound i in a vapour phase (adimentional)
®; acentric factor of compound i (adimentional)
VynVvnNA(T,V,N) Hessian matrix of the Helmoltz free energy at fixed (T, V, N)

Physical properties and experimental data

Table A.1
Physical properties of the compounds studied in this document
M (g.mol 1) T¢ (K) Pc (bar) ® 10°. V§ (m®.mol ™) Tim,i (K) AHp,; (kJ.mol ™)

Methane 16.04° 190.56° 45.99° 0.01142" - - -
Ethane 30.07° 305.32° 48.72° 0.0995° - - -
Propane 44.10° 369.89° 42,51° 0.1521° - - -
n-butane 58.12° 425.13" 37.96° 0.201° - - -
n-heptane 100.20° 540.20" 27.36° 0.349° - - -
Nitrogen 28.01° 126.19° 33.96° 0.0372° - - -
CO, 44.01° 304.1° 73.77° 0.22394° - - -
(S) - Naproxen 230.26" 807" 24.52° 0.904° 179.0° 428.8° 34.2°
(RS) - Ibuprofen 206.28" 776.8° 21.3° 0.932¢ 185.8¢ 354¢ 23.68°

2 NIST Webbook database
b Coimbra et al. [39]

¢ Martin [35]

4 Uchida et al. [34]

Table A.2

Parameters of the Lee - Kesler equation (original and B3 sets)
Parameter LKoriginal LKB3 (Wang and Hsieh [20])

Lee and Kesler [19]

Ay 5.92714 5.92714
Ay -6.09648 -6.09648
As -1.28862 -1.28862
Ay 0.169347 0.169347
B 15.2518 15.2518
By -15.6875 -15.6875
B3 -13.4721 -10.9803
B4 0.43577 0.43577

Table A.3
(S)-NPX experimental solubility data set of Ting et al. [30]
Pressure (bar) Solubility of (S)-NPX at 313.1 K: (S)-NPX molar fraction in the vapour phase at solid — vapour equilibrium, Ting et al. [30], 105.prx
89.6 0.2
110.3 0.83
131.0 1.29
151.7 1.72
172.4 2.08
193.1 2.43
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Table A.4
(RS)-IBU original experimental solubility data set of Charoenchaitrakool et al. [33]
Pressure (bar) Solubility of racemic IBU at 313.1 K: (RS)-IBU molar fraction in the vapour phase at solid — vapour equilibrium, Charoenchaitrakool et al. [33], 103‘X[BU
95 0.585
120 2.32
140 3.18
170 4.67
200 6.80
220 6.49
Table A.5
(RS)-IBU original experimental solubility data set of Martin [35]
Pressure (bar) Solubility of racemic IBU at 313 K: (RS)-IBU molar fraction in the vapour phase at liquid — vapour equilibrium, Martin [35]: 10%.xy
94 0.15
96 0.26
97 0.51
101 0.66
107 1.24
109 1.30
113 2.00
124 2.88
132 3.66
150 5.89
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