
Journal of Molecular Liquids 
Volume 261, Pages 174–188, 2018

Preprint
l solvents 
A novel approach to predict drugs solubility in supercritica
for RESS process using various cubic EoS-mixing rules
Hamidreza Bagheri 1, G.Ali Mansoori 2, Hassan Hashemipour 1 

(1). Shahid Bahonar University of Kerman, Kerman, Iran,

(2). University of Illinois at Chicago (M/C 063), Chicago, IL 60607-7052, USA

olutio
s in RE
ve cub
nd Gri
, Redl
pe I an
ers. Ba
olute 

of the drug is determined by all EoSs and

E-mail addresses of authors: 
H. Bagheri: hamid.bagheri101@gmail.com
G.A. Mansoori:  mansoori@uic.edu
H. Hasehmipour: h-hashemipour@uk.ac.ir
a b s t r a c t
Rapid Expansion of Supercritical S
drug. One of the crucial parameter
size distribution. In this study, fi
ns (RESS) is an advantageous process to achieve micronization of poorly water-soluble 
SS is drug solubility in supercritical solvent as it affects the supersaturation and particle 
ic equation of sate (EoS) with two mixing rules are used to predict the solubility of 
seofulvin in supercritical carbon dioxide and trifluoromethane as solvent. The equations 
ich-Kwong (RK), Riazi-Mansoori (RM), Mohsen-Nia-Moddaress-Mansoori (MMM) and 
d Kwak-Mansoori (KM) mixing rules. The results are presented for mixing rules with 
sed on the calculated solubilities, two of the most accurate equations of sate are PR-KM 
percent deviation (AAPD) than the other EoS for all systems. Consequently, particle size 
 compared with experimental data.
Ibuprofen, Aspirin, Salicylic acid a
of state are van der Waals (vdW)
Peng-Robinson (PR) with vdW ty
and without interaction pa-ramet
and PR-vdW with less average abs
Keywords: Drug Solubility, Equations of State, M
ixing Rules, RESS Process, Supercritical Solvent
1. Introduction

There are several reasons that researchers in the pharmaceutical in-
dustry are seeking smaller particle sizes of drugs. Most of pharmaceuti-
cal products are in solid form having low solubility in aqueous media.
Generally, reducing size of the solid drug is a usual method to increase
the dissolution rate. Charoenchaitrakool et al. [1] found that dissolution
rate of micronized Ibuprofen is five times faster than macro sized of the
drug. In the pharmaceutical industry, there are several top-to-down and
bottom-to-up methods to reduce particle size such as milling, riding,
spray-drying, freeze-drying, high-pressure homogenization and recrys-
tallization [2].The mechanical processes (crushing, milling and grind-
ing) as the top-to-down methods are insufficient in attaining small
particles enough and also may induce heat which could destroy drugs.
In the recrystallization process as a bottom-to-up method, the solute
is first dissolved in a solvent [3–5]. As the anti-solvent is added
(which is miscible with the solvent but doesn't dissolve the solute),
the compound precipitates out of solution. The disadvantages of this
method are the large consumption of expensive solvent and most cru-
cial, residues of the toxic solvent may remain on the drug [1]. Briefly,
the conventional techniques have several disadvantages such as usage
of excessive solvent, high energy consumption, thermal and chemical
degradation and wide distributions of particle size [6].
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To reduce hazardous effects of chemical solvent, green solvents such
as ionic liquid and supercritical fluid are suggested [7–9]. Supercritical
fluids (SCF) process is a novel and effective method that recently have
been proposed to reduce size and control of morphology and size distri-
bution of the particles. The properties of SCFs are frequently described
as an intermediate of gas and liquid phases. These properties are very
sensitive to small variation of temperature and pressure in the vicinity
of the critical point [6]. When the pressure and temperature is reached
above its critical values, density increases rapidly. This high density
gives to the solvent greater dissolution power.

The advantages of supercritical CO2 (SC-CO2) are non-toxic and non-
flammable solvent, relatively low critical temperature and pressure,
high purity at low cost and environmentally safe nature [10]. There
are different techniques based on SC-CO2 to form ultrafine particles.
These techniques are classified according to the role of SC-CO2. CO2

acts as a solvent in both processes rapid expansion of supercritical solu-
tion (RESS) and rapid expansion of supercritical solution into a liquid
(RESOLV) and while it acts as an anti-solvent in the other processes
such as supercritical anti-solvent (SAS), gas anti-solvent (GAS) and
aerosol solvent extraction system (ASES) [11–13].

In the RESS process as amain process of supercritical conditions, sol-
ute is dissolved in a supercritical fluid under high pressure condition
and subsequently is rapidly expanded to a collection chamber at low
pressure conditions through a capillary nozzle at ~10−5 s as a supersonic
free jet. As the supercritical mixture moves along the capillary nozzle,
supersaturation is achieved and increased dramatically at the end of
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the nozzle. Due to strong pressure and temperature drop in the expan-
sion vessel, fast decreasing of dissolution ability occurs. The rapid ex-
pansion yields a supersaturated solution incorporating high values of
nucleation (up to of 1029 formed nuclei/cm3·s) [14] and agglomeration
that may also be used to produce nanoparticles with a very narrow par-
ticle size distribution (PSD). RESS process has advantages such as low
cost and simplicity. In addition, the operation can be carried out at
low temperatures that do not alter the drug activity. However,main dis-
advantage of RESS process is the solubility of polar drugs in SC-CO2. In
this case co-solvent is added to provide higher levels of solubilities
[15–17].

Kwauk and Debenedetti [16] presented a mathematical model of
homogeneous nucleation and particle growth during RESS process of
binary CO2-phenanthrene system in a subsonic converging nozzle.
Shaub et al. [18] studied CO2-phenanthrene system in the supersonic
adiabatic free-jet. The process was studied by numerical calculation
of moments of population balance equation at different initial
conditions. They obtained small particles under low pressures and
high temperatures of pre-expansion. Lele and Shine [15] investi-
gated precipitation of polymers via rapid expansion of supercritical
chlorodifluoromethane. The results showed that increasing
temperature and polymer concentration and decreasing pressure
and size of capillary will cause various morphologies of the polymer.
Micronization of some drugs such as Griseofulvin [10,19], Salicylic
acid [20,21], Ibuprofen [22], Aspirin [2,20], Piroxicam and Naproxen
[23,24] have already investigated. Reverchon et al. [10] measured
solubility of Griseofulvin in supercritical trifluoromethane. The
RESS process was performed at different temperatures and pressures
of pre-expansion. The morphology of Griseofulvin particles was
quasi-spherical in the size range of 0.9–1.4 μm. The solubility data
were fitted by Ping-Robinson equation of state (PR EoS) and binary
interaction parameter were used to reduce deviations from the ex-
perimental data. Domingo et al. [20] studied effect of nozzle type
(capillary and frit) on particle size distribution of benzoic acid,
Salicylic acid, Aspirin and phenanthrene in SC-CO2 solvent. The per-
formance of frit nozzle was better than capillary nozzle to form
smaller particles except for phenanthrene. Helfgen et al. [25,26]
studied RESS process mathematically to better understand mecha-
nisms of particle formation and growth for systems of Ibuprofen,
benzoic acid, Griseofulvin, Cholesterol and β-sitosterol with SC-CO2

and CHF3 as solvent. Their model consisted four parts including
inlet region, capillary nozzle, supersonic free jet and subsonic free
jet but the particle mean size did not match exactly with experimen-
tal data. Türk [14] investigated thermodynamic behavior of dilute
supercritical solution in RESS process and showed that the particle
Table 1
Properties and structure of in used drug.

Drug Molecular structure Solubili

Ibuprofen 0.021 g

Aspirin 3 g/L (2

Salicylic acid 2.48 g/L

Griseofulvin 8.65 × 1
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size depends on process condition and solvent and solute type.
Franklin et al. [27] studied a three-stage model including various
mechanisms for modeling perfluoropolyether coatings through
RESS process SC-CO2.Weber et al. [28] predicted the particle size dis-
tribution in homogeneous nucleation, condensation and coagulation
during the subsonic expansion of a solute in a SCF. Several process
parameters such as expansion vessel aspect ratio, pre-expansion
pressure, temperature and supersaturation were considered in this
study. Weber and Thies [29] presented a simplified and generalized
model to predict size distribution of particles generated by RESS.
They showed that particle growth by condensation follows the Dp

∝ t0.5 law.
This paper discusses RESS process of four binary solid drug-

supercritical solvent systems i.e. Ibuprofen-CO2, Aspirin-CO2, Salicylic
acid-CO2 andGriseofulvin-CHF3 incorporating the role of cubic equation
of state (EoS) and mixing rules and resulting particle size. To this pur-
pose, the following EoSs were used: the van der Waals (vdW), the
Redlich-Kwong (RK), Peng-Robinson (PR), the Mohsen-Nia-
Moddaress-Mansoori (MMM) and the Riazi-Mansoori (RM) with two
mixing rules of vdW I [30,31] and modified vdWmixing rules of Kwak
andMansoori (KM) [30] to predict the solubility of solid drugs in super-
critical solvent. Moreover, the structure and properties of these drugs
are given in Table 1.

2. Mathematical modeling of RESS process

2.1. Solid-supercritical phase equilibrium

The role of EoS and supersaturation is very important in REES pro-
cess. Accurate calculation of density, pressure, temperature, speed of
sound and other thermodynamic properties of the process are depend
on the accurate EoS. Supersaturationwhich is calculated using EoS is af-
fected directly on the particle formation and consequently on the PSD.
Therefore, EoS and mixing rules are important in the modeling of the
process. Supersaturation (S) in the real fluid is calculated by Eq. (1) as
follows:

S ¼ yE TE; PEð Þφ TE; P; yEð Þ
y� T; Pð Þφ T; P; y�ð Þ ð1Þ

where yE is the solute mole fraction in mixture at pre-expansion or
extraction conditions (TE,PE) with fugacity coefficient, φ, calculated
at the same conditions, and y* is the solute equilibriummole fraction
at the prevailing temperature and pressure (T,P) of the expansion
ty in water Application

/L (20 °C) Arthritis fever pain

0 °C) Inflammation fever pain

(25 °C) Antiseptic calluses psoriasis dandruff

0−3 g/L (25 °C) fungal infection dermatophyte infections

Unlabelled image


Table 2
Summary of EoS and its fugacity coefficients [30–32,34].

EoS type Formula

vdW P ¼ RT
v−b−

a
v2 ; a ¼ 27ðRTcÞ2

64Pc
; b ¼ RTc

8Pc

Z3−ðBþ 1ÞZ2 þ AZ−AB ¼ 0 ; A ¼ aP
ðRTÞ2 ; B ¼ bP

RT

RK P ¼ RT
v−b−

a
T0:5vðvþbÞ ; a ¼ 0:42728 R2T2:5

c
Pc

; b ¼ 0:08664 RTc
Pc

Z3−Z2 þ ðA−B−B2ÞZ−AB ¼ 0 ; A ¼ aP
R2T2:5 ; B ¼ bP

RT

MMM P ¼ RTðvþ1:3191bÞ
v−b − a

T0:5vðvþcÞ ; a ¼ 0:48748 R2T2:5
c

Pc
; b ¼ c ¼ 0:064462 RTc

Pc

Z3 + (C − B − 1)Z2 + (A − BC − C − 1.3191B)Z − (AB + 1.3191BC) = 0
A ¼ aP

R2T2:5 ; B ¼ bP
RT ; C ¼ cP

RT

RM P ¼ RT
v−b−

a
T0:5vðvþbÞ ; a ¼ 0:42728 R2T2:5

c
Pc

; b ¼ 0:08664β RTc
Pc

β−1 ¼ 1þ f0:02½1−0:92 expð−1000j T
Tc
−1jÞ�−0:035ð TTc

−1ÞgðR�−1Þ
Z3−Z2 þ ðA−B−B2ÞZ−AB ¼ 0 ; A ¼ aP

R2T2:5 ; B ¼ bP
RT

PR P ¼ RT
v−b−

aðTÞ
v2þ2bv−b2

; aðTcÞ ¼ 0:457235 ðRTcÞ2
Pc

; b ¼ 0:077796 RTc
Pc

aðTÞ ¼ aðTcÞð1þ κð1−
ffiffiffiffiffiffiffiffiffi
T=Tc

q
ÞÞ

2
; κ ¼ 0:37464 þ 1:5422ωi−0:26992ω2

i

Z3 þ ðB−1ÞZ2 þ ðA−2B−3B2ÞZ þ ðB3 þ B2−ABÞ ¼ 0 ; A ¼ aP
ðRTÞ2 ; B ¼ bP

RT

EoS-mixing rule Fugacity caffeinate
vdW-vdW
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Z−B expf

2
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2
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2
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Table 3
Thermodynamic properties of solids and solvents used in this study.

Compound Tc (K) Pc (bar) ω vs (cm3/mol) Reference

Carbon dioxide (CO2) 304.19 73.82 0.2276 – 1
Trifluoromethane (CHF3) 299.05 48.30 0.2600 – 10
Aspirin (C9H8O4) 763.54 33.12 0.8202 128.55 35
Griseofulvin (C17H17CLO6) 1082.74 18.48 1.2110 223.86 10
Ibuprofen (C13H18O2) 749.52 23.15 0.820 182.14 1
Salicylic acid (C7H6O3) 861.17 50.87 0.7844 95.75 36
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fluid. The solubility can be calculated at equilibrium by following
equation [32]:

f SCFi T; P; yið Þ ¼ yiPφ
SCF
i ¼ f Si ¼ Psat

i φsat
i exp

1
RT

Z P

Psati

vsi dP

!
ð2Þ

where



Fig. 1. Schematic of nozzle in RESS process.

Table 4
Bender EoS regression parameters [40].

a1 0.22488558 a6 0.045554393 a11 0.12115286 a16 −0.29186718 × 1013

a2 0.13717965 × 103 a7 0.7704284 × 102 a12 0.10783386 × 103 a17 0.24358627 × 108

a3 0.14430214 × 105 a8 0.40602371 × 105 a13 0.43962336 × 102 a18 −0.3754653 × 1011

a4 0.29630491 × 107 a9 0.40029509 a14 −0.36505545 × 108 a19 0.11898141 × 1014

a5 0.20606039 × 109 a10 −0.39436077 × 103 a15 0.19490511 × 1011 a20 5
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Fig. 2. Comparison of pure CO2 speed of sound, based on PR and egB-EoS. The experimental data are taken from reference [41].
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Fig. 4. Solubility of Ibuprofen in supercritical carbon dioxide at different temperature. (a) kij=0, (b) kij ≠ 0. The results obtained by using various cubic equations of state. The experimental
data are taken from reference [1].
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fi
SCF is the supercritical fluid fugacity, fiS is the fugacity of the solid and
ϕi
sat is the fugacity coefficient of the vapor phase at its saturation

pressure Pi
sat. If it is assumed that the volume of the solid is indepen-

dent of pressure and also the fugacity coefficient ϕi
sat is equal to 1,

Eq. (2) simplifies to [33]:

yi ¼
Psat
i

PφSCF
i

exp
vsi P−Psat

i

� �
RT

 !
ð3Þ

In Eq. (3) φi
SCF should be calculated by EoS. Based on statistical-

mechanical arguments, mixing rules and their corresponding fugacity
coefficient equations were developed individually for several EoSs
[30]. Usually, to generalize cubic EoS to binarymixtures, the parameters
of EoS are replaced by mixing rules. Two mixing rules are used which
are vdW type I mixing rule [30,34]:
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experimental data are taken from reference [10].
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aij ¼
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aiaj

p
1−kij
� � ð6Þ
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bi þ bj

2
ð7Þ
and KMmixing rules [30]:
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∑
i
∑
j
yiy ja

2=3
ij b1=3ij

( )1:5
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bij ¼
b

1
3
i þ b

1
3
j

2

0
@

1
A

3

1−lij
� � ð10Þ

where, kij and lij are the binary interaction and the repulsive binary in-
teraction parameters respectively. Kwak and Mansoori wrote PR EoS
in following form [30]:

P ¼ RT
v−b

−
aþ dRT−2

ffiffiffiffiffiffiffiffiffiffiffi
adRT

p

v2 þ 2bv−b2
ð11Þ

a ¼ a Tcð Þ 1þ κð Þ2 ð12Þ

d ¼ a Tcð Þκ2= RTcð Þ ð13Þ

which in the term of compressibility factor would be:

Z3 þ B−1ð ÞZ2 þ D−3B2−2Bþ A−2
ffiffiffiffiffiffiffi
AD

p� �
Z

þ B3 þ B2−AB−BDþ 2B
ffiffiffiffiffiffiffi
AD

p� �
¼ 0 ð14Þ

A ¼ aP

RTð Þ2
ð15Þ
181
B ¼ bP
RT

ð16Þ

D ¼ dP
RT

ð17Þ

The fugacity coefficient of vdW, RK, MMM, RM, PR alongwith corre-
sponding mixing rules are listed in Table 2. Moreover, the critical prop-
erties and acentric factor of four drugs, CO2 and CHF3 solvents are
shown in Table 3.

2.2. Prediction of particle size of RESS process through homogeneous nucle-
ation theory

During the RESS process, supersaturated solute molecules rapidly
nucleate as a result of isentropic expansion of the supercritical solution.
In other words, in the initial stage of this process, atoms combine into
small clusters which grow fast and then generate the drug particles.
As particles are subject to Brownian motion, they often collide with
each other and tend to associate themselves to form larger particles.
This process takes some time, and must be under the control until the
formed particles achieve a stable condition. At this point, the Gibbs en-
ergy change at constant temperature and pressure should be negative
((ΔG)T, P ≤ 0). The reduced Gibbs free energy change in the formation
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of a single spherical nucleus of radius r is given by [37]:

ΔG
kT

¼ 4πr2σ
kT

þ 4πr3σ
3vs

lnS ð18Þ

where σ is the interfacial tension of the solute, vs the molecular volume
of the solid phase and k is the Boltzmann's constant. In Eq. (18) the first
term is the volume free energy contribution and the second is the sur-
face free energy [37,38]. If the changes in Gibbs energy is plotted vs. par-
ticle radius, a maximum is found at a particular radius known as critical
radius r*, in other word dΔG

dr jr¼r� ¼ 0. This is the minimum stable radius
of nuclei formation. In this state, the critical radius of nuclei can be cal-
culated as [39]:

r� ¼ 2σvs
kT lnS

ð19Þ

According to Eq. (19) larger supersaturation eventuate in smaller
critical nucleus size. Once r* is reached, the nuclei grow rapidly. The
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Fig. 6. Solubility of Salicylic acid in supercritical carbon dioxide at different temperature. (a
experimental data are taken from reference [43].

1

assumption in the RESS process is that concentration of solute is so
low that nuclei have little chance to grow beyond r*. This assumption
has been shown experimentally by Türk et al. [17] that higher dilution
in the expansion chamber leads to smaller particles. When studying
RESS process of benzoic acid, Griseofulvin and β-sitosterol in SC-CO2,
they found that lower solubility leads to lower concentrations and
smaller particles.

3. Governing equations along the RESS nozzle

Micronized particles formed in the RESS process are achieved
through the rapid expansion of the solvent to a low-pressure collection
chamber. The supercritical fluidmixture moves along the nozzle at sub-
sonic speed until it reaches the chokeflow to a supersonic free jet, at end
of the nozzle. The transition to the supersonic free jet yield high super-
saturation which gives small and uniform particles [3]. To insure that
the solvent remains as a single phase, the nozzle is heated slightly
above the critical temperature of solvent.
3 4 5
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The first step in prediction of particle size produced from RESS is to
predict pressure, temperature, density and velocity of the supercritical
solvent throughout the nozzle (see Fig. 1).

To this purpose, coupled differential mass, momentum and energy
balances and an EoS are solved for compressible flow in a one dimen-
sional, time independent flow filed. The continuity equation is given by:

ρA
dw
dx

þwA
dρ
dx

¼ −ρw
dA
dx

ð20Þ

where ρ, w, A and x are fluid density, flow velocity, flow area and dis-
tance along the nozzle, respectively. Themomentumbalance in thenoz-
zle is:

ρw
dw
dx

þ dP
dx

¼ −2 fw2 ρ
D

ð21Þ

where f is Fanning friction factor, P is pressure andD is nozzle diameter.
The energy equation is:

w
dw
dx

þ dh
dx

¼ dq
dx

ð22Þ
183
where h is fluid specific enthalpy and q is specific heat. The differential
form of fluid specific enthalpy can be written as [34]:

dh ¼ CpdT þ v−T
∂v
∂T

� �
P

� �
dP ð23Þ

The assumptions and boundary conditions for Eqs. (20)–(22) are
givenby Türk et al. [17]. Since it is not possible to determine thefluid ve-
locity at the nozzle inlet, it is assumed that velocity equals speed of
sound at exit of nozzle [19]:

ws ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cp

Cv

∂P
∂ρ

� �
T

s
ð24Þ

Supercritical fluid is also supposed as a pure solvent because of the
low drug concentration. As mentioned, an accurate EoS is needed to de-
scribe the dilute supercritical mixtures quite well [33]. The extended
generalized Bender equation of state (egB-EoS) is a suitable equation
to describe thermal and caloric properties like residual enthalpy,
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Fig. 7. Solubility of Aspirin in supercritical carbon dioxide at different temperature. (a) kij=0, (b) kij ≠ 0. The results obtained by using various cubic equations of state. The experimental
data are taken from reference [44].
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specific heats and speed of sound [17].The egB-EoS can predict well the
thermodynamic properties of afluid even in the near-critical region. The
Bender equation is a modified virial equation with 20 parameters [40]:

P ¼ ρTR
Mw

þ Bρ2 þ Cρ3 þ Dρ4 þ Eρ5 þ Fρ6

þ Gþ Hρ2� �
ρ3 exp −a20ρ2� � ð25Þ

B ¼ a1T þ a2 þ a3
T

þ a4
T2 þ

a5
T3 ; C ¼ a6T þ a7 þ a8

T
; D ¼ a9T þ a10;

E ¼ a11T þ a12 F ¼ a13 ; G ¼ a14
T2 þ a15

T3 þ a16
T4 ; H ¼ a17

T2 þ a18
T3 þ a19

T4

ð26Þ

The value of parameters is given in Table 4.
Variations of CO2speed of sound vs. pressure at temperatures

325–350 K using PR and egB-EoS are shown in Fig. 2. According to
Fig. 2, egB-EoS predicts experimental data well in this range. Further-
more, Fig. 3 shows variations of CO2 density vs. pressure at different
temperatures. The egB-EoS predicts density variations with acceptable
accuracy. According to this Fig., egB-EoS has also adequate results near
the critical point of CO2. For example, the critical density of CO2 calcu-
lated with egB-EoS is 0.4677 g/cm3.while the experimental value is
0.4682 g/cm3.

To calculate the properties of the mixture, mixing rules have to be
set. Equilibrium binary drug-SC solvent phase diagrams are produced
at each point aswell as in the extractor. The equilibriumdrugmole frac-
tion will then be inserted into Eq. (1) to determine supersaturation. Fi-
nally, the critical radius will be determined from Eq. (19).

4. Results and discussion

Fig. 4 shows the solubility of Ibuprofen in supercritical carbon diox-
ide predicted by various EoS and compares themwith the experimental
data. According to Fig. 4a, the uptrend of solubility is followed by all
EoSs but the deviation is more when interaction parameter is not
used. However, as Fig. 4a shows, the PR-vdW mixing rule is in good
agreement with the experimental data, even without using kij. Ibupro-
fen solubility calculated by vdW EoS is 2–3 times lower than the exper-
imental data and use of this equation is not recommended.

To reduce the EoS deviations fromexperimental data, the interaction
parameters (kij, lij andmij) of each EoS is calculated and shown in Fig. 4b.
Table 5
AAPD of solubility calculated at various pressure and temperatures using different EoS.

System T (K) PR-vdW PR-KM RK-KM

Ibuprofen-SC-CO2
a 308.15 2.06 1.84 55.79

313.15 3.12 1.01 48.28
318.15 4.29 0.63 68.52
Average AAPD 3.16 1.16 57.53
Total number of data – – –

Aspirin-SC-CO2
b 308.15 0.12 0.22 4.25

318.15 0.61 0.87 18.48
328.15 0.56 1.15 22.73
Average AAPD 0.43 0.75 15.16
Total number of data – – –

Salicylic acid-SC-CO2
c 313.15 2.14 3.84 16.29

333.15 1.96 4.24 19.88
Average AAPD 2.05 4.04 18.09
Total number of data – – –

Griseofulvin- SC-CHF3d 313.15 1.76 4.07 48.19
333.15 3.44 1.12 42.28
Average AAPD 2.60 5.19 45.24
Total number of data – – –

a Experimental data from reference [1].
b Experimental data from reference [44].
c Experimental data from reference [43].
d Experimental data from reference [10].

1

In this case, PR EoSwith vdW type I and KMmixing rules havemore ac-
curate predictions on solubilities than the other two-parameter EoS. The
PR-KM required three interaction parameters while PR-vdW used one
(PR-KM required three interaction parameters at temperature 313.15
and 318.15 K and two parameter at other temperatures). Another ad-
vantage of PR-vdW is positive and smaller value of interaction parame-
ter than other EoSs. Other EoSs have approximately good agreement
with experimental data using optimized fitting parameter, except
vdW EoS.

It is concluded that KMmixing rule and PR equation of state can be
used for accurate correlation of solubility of binary drug-SCF mixtures.
Mixing rules are used extensively in mixture calculations and originally
KMmixing rule was developed for supercritical fluid extraction model-
ing [30]. Kwak and Mansoori [30] developed this mixing rule by aid of
statistical-mechanical theory of the van derWaals mixing rules and ap-
plicability of this concept is also investigated by them and other people
[42].

The results of Griseofulvin solubility in supercritical
trifluoromethane are shown in Fig. 5 at different temperatures. The PR
EoS with vdW type I mixing rule, has the most accurate reproduction
of data in both cases of with and without kij.

The calculated solubility obtained from two-parameter EoS with-
out kij, as shown in Fig. 5a, is at least 4 orders of magnitude lower
than the experimental data. Precision is increased by binary interac-
tion parameters which are small and positive except for PR-KM
which required two kij with negative and high values. The results of
RK, RM and MMM EoS with interaction parameters indicate the
right trend with pressure but the most accurate one is PR. Figs. 6–7
show plot of calculated solubilities of Salicylic acid and Aspirin in
SC-CO2, respectively.

The result of Salicylic acid data prediction at 313.15 K using RK-
vdW, RM-vdW and RK-KM without kij is better than three-
parameter EoS. The results of all EoS at 333.15 K have high deviation
relative to experimental data. Using interaction parameter produces
more precision in all EoS except for vdW-vdW and MMM-vdW. Also,
value of interaction parameter of three-parameter EoS is bigger than
other two-parameter ones. According to Fig. 7, RM-vdW, RK-vdW
and RK-KM predicted the solubility of Aspirin in SC-CO2much better
than PR EoS. When kij = 0 the results of two-parameter EoS are bet-
ter than three-parameter EoS. Basically, binary interaction parame-
ter in EoS improves the behavior of three-parameter EoS but the
value of kij is high.
MMM-vdW RM-vdW RK-vdW vdW-vdW Number of data

43.16 63.48 80.41 95.77 15
54.74 60.96 76.77 90.36 6
76.82 80.70 84.29 96.48 8
58.24 68.38 80.49 94.21 –
– – – – 29
15.82 2.41 3.05 34.14 8
12.23 9.77 11.84 56.29 8
11.52 10.98 14.72 66.51 8
13.19 7.72 9.87 52.32 –
– – – – 24
49.65 14.12 11.82 65.38 12
48.17 35.55 13.31 74.11 11
48.91 24.84 12.57 69.75 –
– – – – 23
34.48 59.88 61.54 73.35 9
36.85 50.91 63.14 70.93 9
35.67 55.40 62.34 72.14 –
– – – – 18
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Table 6
Results for the prediction of particle radius based on different EoS. PExit = 1 bar and
(a) Ibuprofen: TExtraction = 308.15 K. (b) Griseofulvin: TExtraction = 333.15 K. (c) Aspirin:
TExtraction = 343.15 K. (d) Salicylic acid: TExtraction = 323 K.

(a)

PExtraction (bar) EoS-mixing rule type Radius (μm)

130 vdW-vdW 0.000485
RK-vdW 0.000537
RM-vdW 0.000578
MMM-vdW 0.000621
RK-KM 0.000634
PR-vdW 0.000904
PR-KM 0.000709
Experimental radius from Kayrak et al. 22 3.78

150 vdW-vdW 0.000462
RK-vdW 0.000503
RM-vdW 0.000542
MMM-vdW 0.000580
RK-KM 0.000603
PR-vdW 0.000852
PR-KM 0.000646
Experimental Radius from Kayrak et al. 22 2.85

170 vdW-vdW 0.000501
RK-vdW 0.000562
RM-vdW 0.000606
MMM-vdW 0.000663
RK-KM 0.000693
PR-vdW 0.000982
PR-KM 0.000738
Experimental radius from reference [22] 4.12

(b)

PExtraction (bar) EoS-mixing rule type Radius (μm)

200 vdW-vdW 0.000124
RK-vdW 0.000179
RM-vdW 0.000196
MMM-vdW 0.000284
RK-KM 0.000201
PR-vdW 0.00104
PR-KM 0.00110
Experimental radius from reference [10] 1.1

(c)

PExtraction (bar) EoS-mixing rule type Radius (μm)

160 vdW-vdW 0.00152
RK-vdW 0.00441
RM-vdW 0.00217
MMM-vdW 0.00576
RK-KM 0.00338
PR-vdW 0.00285
PR-KM 0.00149
Experimental radius from reference [2] 0.36

170 vdW-vdW 0.00142
RK-vdW 0.00231
RM-vdW 0.00183
MMM-vdW 0.00335
RK-KM 0.00205
PR-vdW 0.00221
PR-KM 0.00131
Experimental radius from reference [2] 0.18

180 vdW-vdW 0.00096
RK-vdW 0.00191
RM-vdW 0.00179
MMM-vdW 0.00311
RK-KM 0.00179
PR-vdW 0.00194
PR-KM 0.00105
Experimental radius from reference [2] 0.11

(d)

PExtraction (bar) EoS-mixing rule type Radius (nm)

200 vdW-vdW 0.25
RK-vdW 0.87
RM-vdW 0.98
MMM-vdW 1.02

Table 6 (continued)

(d)

PExtraction (bar) EoS-mixing rule type Radius (nm)

RK-KM 1.10
PR-vdW 1.58
PR-KM 1.49
Experimental radius from reference [21] 230
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Table 5 shows the average absolute percent deviation (AAPD) of
vdW, RK, RM, MMM and PR equations with two type of mixing rules
for drugs. The AAPD for all data point is calculated by:

AAPD ¼ 1
N

XN
i¼1

yExp:i −yCalc:i

yExp:i

					
					� 100 ð27Þ

whereN is the number of experimental data and yi
Exp.and yi

Calc.are exper-
imental and EoS calculated mole fraction of drugs, respectively.

One of the important results of RESS process is prediction of particle
size (Eq. (19)). Consequently, the results for the prediction of particle
size of Ibuprofen, Griseofulvin, Aspirin and Salicylic acid are compared
with experimental data in Table 6.

The particle size calculated by EoS is found to be at least two orders
of magnitude lower than experimental values. The reason of under cal-
culation can be attributed to coagulation. In the RESS process, the parti-
cles are formed by nucleation and growth. Because of high surface area
and therefore high number of energetic surface molecules, particles
have adhesive nature and tendency to stick together, resulting in coag-
ulation which generally produces bigger particles. Coagulation can also
occur because of either Brownianmotion or shear. In RESS process, each
synthesized particle is surrounded by many other ones in expansion
zone which combine together in coagulation process. In the expansion
zone, nuclei start to form colloidal forms which are subsequently
peptized. Indeed, because of van der Waals attractive forces, electro-
static or electro-kinetic repulsive (or attractive) forces, the formed par-
ticles tend to coagulation [45]. Therefore, the coagulation phenomena
are a main factor affecting the size of formed particles and to control
the particle size, the coagulation rate should be limited. Low tempera-
ture and concentration help to control coagulation rate. In order to ac-
count accurately for coagulation phenomena of the particles, a model
of particle size distribution must be modified and corrected to consider
the attractive and repulsive forces. In the absence of this consideration,
the predicted particle sizewill be lower than the observed values. In this
study, the coagulation phenomena are not considered in the model.
Therefore the predicted average particle size is lower than the experi-
mental data (see Table 6).

5. Conclusion

The main purpose of this study is to investigate an exhaustive RESS
modeling through subsonic nozzle and careful consideration of EoS
role in prediction of supersaturation and particle size. Five cubic EoS
with two type of mixing rule is used for estimating solubility of four
drugs (Ibuprofen, Griseofulvin, Aspirin and Salicylic acid) in tempera-
ture range of 308.15–333.15 K and pressure range of 80–350 bar in
two SCF (CO2 and CHF3). The EoSs are vdW, RK, RM, MMM and PR
and the mixing rule are vdW type I and Kwak-Mansoori. The results of
Aspirin-CO2 based on RM-vdW, RK-vdW and RK-KM in kij = 0 has the
best agreement with experimental data. In other cases of kij = 0, the
PR EoS with vdW mixing rule was closer to the experimental solubility
data of drug. To obtain better predictions, the interaction parameterwas
used. The PR EoS with both vdW type I and KM mixing rules gives the
least value of AAPD. The differencewas that PR-KMused at least two bi-
nary interaction parameters for GF-CHF3 and Ibuprofen-CO2 systems,
but PR-vdW required only one adjustable parameter. Moreover, to
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investigate the accuracy of EoS, the particle size of four drugs is also
predicted.
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