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A B S T R A C T   

In this communication, the solubility of digitoxin drug in supercritical CO2 was studied at different operating 
conditions (311 < T (K) < 343, 120 < P (bar) < 300). The results revealed digitoxin drug solubility (in mole 
fraction) was between 0.095 × 10− 5 to 1.12 × 10− 5. In the case of thermodynamic solubility modeling, cubic and 
non-cubic equation of states i.e. SAFT (statistical associating fluid theory), SRK (Soave-Redlich-Kwong) and sPC- 
SAFT (simplified perturbed chain SAFT) EoSs and six density-based correlations (Chrastil, Kumar-Johnston (KJ), 
Mendez-Santiago-Teja (MST), Garlapati and Madras (GM), Bartle et al. and Sung-Shim models) were considered. 
All used equations indicated reasonable behavior with appropriate accuracy for the solubility of the digitoxin 
drug. Meanwhile, sPC-SAFT EoS and Kumar-Johnston correlation with AARD% set to 8.96 % and 6.25 %, 
respectively exhibited greater accuracy in fitting the solubility data. Moreover, total, solvation and vaporization 
enthalpies of the digitoxin/supercritical carbon dioxide binary mixture were calculated based on KJ, Chrastil and 
Bartle et al. models.   

1. Introduction 

Carbon dioxide (CO2) is a greenhouse gas that contributes to climate 
change. It is produced from burning fossil fuels and makes up 76 % of 
global greenhouse gas emissions (Oparin et al., 2020; Long et al., 2019). 
The current level of in the atmosphere is 410 ppm. To address this issue, 
we need to improve knowledge that can capture or use carbon dioxide 
(Sodeifian et al., 2024; Soleymani et al., 2023; Bagheri et al., 2021). 
Supercritical fluids (SCFs) are substances that are at extremely high 
temperatures and pressures. They exist in a state where there is no clear 
distinction between liquid and gas. Supercritical CO2 (SC–CO2) and 
water are the most commonly studied SCFs (Khodov et al., 2023; Wang 
et al., 2023; Bagheri et al., 2019; Asar et al., 2020). They can be used as 
alternatives to solvents in chemical processes and for environmental 
cleanup. SC–CO2 refers to carbon dioxide that is above its critical 
temperature and pressure (Wang et al., 2023; Bagheri et al., 2019). CO2 
can exist in a supercritical state at certain temperature and pressure 

conditions (Tc = 304.25 K, Pc = 73.80 bar). It has a lower critical point 
compared to other compounds. CO2 is readily available due to its high 
concentration in the atmosphere from industrial activities. This makes it 
useful for various industrial applications. In normal conditions, CO2 is a 
gas or a solid called dry ice. However, under supercritical conditions, it 
has properties of both a gas and a liquid. SC–CO2 is used in various 
industries for processes such as food extractions and pharmaceutical 
applications (Asar et al., 2020; Karn et al., 2013; Bian et al., 2016). 

Supercritical substances have both gas and liquid properties, making 
them useful for various industries (Bagheri et al., 2021). SCFs have been 
found to be a viable means of processing various substances, including 
organometallic compounds, monomers, dyes, bioactive compounds, and 
drugs. Consequently, the application of this technology has extended to 
multiple industrial sectors (Bagheri et al., 2021; Rezaei et al., 2022; 
Bagheri et al., 2021). Among all, we considered the application of 
SC–CO2 in the pharmaceutical industry (Pan et al., 2022; Shen et al., 
2023; Xiang et al., 2023; Li et al., 2019). The much of the newly 
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discovered drugs, have poor solubility in water. Commonly, poor 
permeability and low aqueous solubility are key reasons for usage of 
high dosage of poorly water-soluble drug. One of the main challenges in 
the pharmaceutical industry is creating drugs that can dissolve easily in 
water and be easily absorbed by the body. To overcome this challenge, 
new techniques are needed (Xiang et al., 2023; Li et al., 2019; Yi et al., 
2018; Su et al., 2023; He et al., 2023; Liu et al., 2023; Jiang and Yan, 
2021). Reducing the drug particle size has been introduced as one of the 
more practical procedures (Knez et al., 2014; Bagheri et al., 2022; 
López-Periago et al., 2009). So, producing fine solid particles by a pro
cess based on an SCFs has received great attention. Various techniques 
are recommended based on SCF technology to reduce the particle size of 
drugs and increase the drug solubility. The drug solubility is the main 
factor to select a desired technique (Soleymani et al., 2023; Sabegh et al., 
2012). Consequently, determining the drug solubility of in SCFs and in 
various circumstances is very important to design processes for a drug 
applicant (Bagheri et al., 2019; Bagheri et al., 2019). 

Supercritical fluids, such as supercritical CO2, are being applied as an 
alternative to conventional methods of drug processing in the field of 
drug delivery. These fluids have been found to be effective and provide a 
clean way to control the shape, size, and release of drug particles (Karn 
et al., 2013; Sodeifian et al., 2023). Various techniques using super
critical fluids have been developed for micronizing drug particles, 
particularly for drugs that are not easily soluble in water. Understanding 
the solubility behavior of drugs in SCFs is crucial for the production and 
purification of pharmaceuticals. Therefore, studying the phase behavior 

of drugs with supercritical fluids is an important first step in drug de
livery using these techniques (Bagheri et al., 2021; Bagheri et al., 2019). 
Measurement of experimental solubility of drugs in SC–CO2 is very 
valuable, however, this process is a complex, costly, and 
time-consuming task, which requests to be substituted by other methods 
like thermodynamic models. Consequently, different theoretical pro
cedures have been presented for measurement the drugs solubility in the 
SC–CO2 (Long et al., 2019; Bagheri et al., 2021). Molecular dynamics 
simulations, intelligent methods, semi-empirical models, activity coef
ficient models, and cubic/non-cubic equations of state (EoS) are the 
most common methods used for theoretical calculation of drugs solu
bility in the SC–CO2 (Bagheri et al., 2021; Bagheri et al., 2019). Of 
course, the appropriate model for prediction the drug solubility in su
percritical CO2 should be determined by a comparison between the 
experimental solubility data and the computed data by the used ther
modynamic model. Peng-Robinson (PR) EoS and Soave-Redlich-Kwong 
(SRK) EoS as CEoS and SAFT (statistical associating fluid theory) family 
EoSs as non-CEoS are the most common EoS to predict drug solubility 
data. Also, many reports have presented various forms of semi-empirical 
correlations referring to relationships between the operational temper
ature, pressure, density of supercritical CO2, and the drugs solubility 
(Delma et al., 2023; Bagheri et al., 2018). Semi-empirical models are 
simple correlations, which have indicated satisfactory resultants for 
modeling the solubility of various drugs in SC–CO2. The EoSs are more 
complex in comparison with the semi-empirical correlations, due to 
EoSs need the thermodynamic properties of both drug and SCF that are 

Table 1 
The properties of all used substances (H Bagheri et al., 2021; Sodeifian et al., 2023, https://webbook.nist).  

Name Formula CAS number Tm (K) Mw Supplier Purity* 

Digitoxin C41H64O13 71–63–6 528 764.94 Jalinous Pharmaceutical Co. Tehran, Iran 99.90 % 
Ketoprofen C16H14O3 38,194–50–2 367–370 254.29 Jalinous Pharmaceutical Co. Tehran, Iran 99.90 % 
Carbon dioxide CO2 124–38–9 – 44.01 Havaie Pak Tabiat Industrial Gas Co. Kerman, Iran 99.99 % 
Methanol CH3OH 67–56–1 – 32.04 Merck Co. Germany 99.90 %  

* Mass fraction purity (As stated by the supplier). 

Fig. 1. The structures of drugs in the present investigation.  
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not accessible for all components. Furthermore, the SAFT family EoSs 
have at least three fitting parameters, which must be fitted by experi
mental vapor pressure or density of pure component (Chapman et al., 
1989; Gross and Sadowski, 2002; Gross and Sadowski, 2001). 

As far as we know, no investigation is presented for the measurement 
of the digitoxin drug solubility in supercritical CO2. The main motivation 
of this study is measurement of digitoxin drug solubility in SC–CO2. The 
drug solubility measurement was performed in following range of 
temperature and pressure: 311 < T (K) < 343 and 120 < P (bar) < 300. 
For evaluation of experimental setup, the solubility of ketoprofen drug 
was obtained and the results were compared with the presented exper
imental data. After that and for investigation of the drug-CO2phase 
behavior, two various groups of equations were considered, i.e. cubic/ 
non-cubic equations of state (EoS) and semi-empirical correlations. 
SAFT (statistical associating fluid theory) EoS and sPC-SAFT (simplified 
perturbed-chain statistical associating fluid theory) EoS, SRK (Soave- 
Redlich-Kwong) EoS are cubic/non-cubic EoS and Kumar-Johnston (K- 

J), Garlapati-Madras (GM), Mendez-Santiago-Teja (MST), Bartle et al., 
Sung-Shim and Chrastil models are six popular semi-empirical 
correlations. 

2. Material and method 

2.1. Material 

Digitoxin is a cardiac glycoside applied for the treatment of heart 
arrhythmia and heart failure. After characterization, Digitoxin shows an 
amorphous phase with some crystallinity (the X-Ray diffraction analysis 
(XRD) pattern is presented in the Supplementary file). The solubility of 
digitoxin drug in water is very low and is known as poor water-soluble 
(He et al., 2021; Haux, 1999; Wang et al., 2011; Dai et al., 2020; Cai 
et al., 2014; https://webbook.nist). More information of all substances is 
tabulated in Table 1 and the structure of digitoxin is illustrated in Fig. 1. 
No additional treatment was carried out for the substances before use. 

2.2. Supercritical CO2 setup and procedure 

We utilized a straightforward method to measure the digitoxin drug 
solubility in supercritical CO2, as previously described in research re
searches (Bagheri et al., 2022; Notej et al., 2023). The schematic of the 
laboratory setup is given in Fig. 2. All the piping, connections and 
equipment were constructed from stainless steel 316. 

With respect to Fig. 2, the laboratory setup is composed of a (1) 
carbon dioxide tank, (2) needle valve, (3) filter (pore size = 1 µm), (4) 
refrigerator unit, (5) high-pressure reciprocating pump (an air-driven 
liquid pump, type-M64, Shineeast Co., China), (6) compressor, (7) 
oven, (8) heating coil, (9) equilibrium column (200 mL), (10) syringe, 
(11) back pressure regulator, (12) micrometer valve, (13) collection 
vial, (14) UV–Vis Spectrophotometer (UNICO-4802 UV–Vis), and (15) 
automation. More details of supercritical setup performance were given 
else ever (Wang et al., 2011; Dai et al., 2020). First, CO2 enters the 
refrigerator unit once it has passed through a filter. The purpose of this 
unit is to completely liquefy CO2 by reducing the temperature from room 
temperature to approximately − 25 ◦C. CO2, in the liquid state, at the 
pressure of around 60 bar, which is the pressure in the carbon dioxide 

Fig. 2. The schematic of the laboratory setup for digitoxin solubility measurement.  

Table 2 
The ketoprofen solubility in SC–CO2.  

T (K) P 
(bar) 

Literature (Li 
et al., 2019) 

This 
study 

SD ×
106* 

RSD 
* 

AARD** 

318.15 200 6.58 × 10− 5 6.54 ×
10− 5 

0.36 0.55 0.60 

318.15 280 9.01 × 10− 4 8.95 ×
10− 4 

6.70 0.74 0.66 

328.15 200 1.16 × 10− 4 1.13 ×
10− 4 

2.99 2.64 2.58 

328.15 240 1.75 × 10− 4 1.71 ×
10− 4 

3.60 2.10 2.28 

338.15 200 2.45 × 10− 4 2.39 ×
10− 4 

4.35 1.82 2.44 

338.15 280 4.92 × 10− 4 4.87 ×
10− 4 

5.19 1.06 1.01  

* Calculated based on our experimental data. 
** Calculated based on our experimental data and literature data (Li et al., 

2019), AARD% =
∑

i=1

⃒
⃒
⃒
⃒
yExp.

i − yCalc.
i

yExp.
i

⃒
⃒
⃒
⃒
⃒
× 100.  
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reservoir, was pumped to the desired pressure by using the high-pressure 
pump. By using the transmitter and pressure gauge, measurements were 
done at an accuracy of ±1 bar. To maintain a stable temperature during 
the experiment, the equilibrium column was placed in a precise oven 
with a temperature accuracy of ±0.1 K. Each experimental run involved 
placing 2 g of digitoxin in the equilibrium column. To prevent any 
un-dissolved digitoxin drug from being physically mixed in, stainless 
steel sintered filters (1 µm) were installed on both ends of the 
high-pressure equilibrium column. To achieve the desired pressure, CO2 
was added to the equilibrium column. Afterward, the system was 
allowed to reach equilibrium for a period of 4 h. The 3-way valve was 
applied to inject the saturated SC–CO2 into a sampling loop. After that, 
the sampling loop was depressurized into a certain amount of MeOH. In 
this part and for controlling the flow, the micrometer valve was applied. 
To finish and for washing the loop, 1 ml of methanol was introduced into 
the loop using a syringe and the final solution volume in the collection 
vial amounted to 5 mL. The method was conducted three times for each 
data. 

The solubility of the digitoxin drug was obtained using absorbency 
measurements at a maximum wavelength (λmax = 228 nm) with UV–Vis 
spectrophotometer with 1-cm pass length quartz cells. The calibration 
curve was obtained (R2 set to 0.995) and was used to specify the con
centration of digitoxin in the collection vial. 

The drug solubility measurement device was validated using 
assessing the solubility of the ketoprofen drug under various conditions. 
The results obtained were then compared to those found in the literature 
(Sabegh et al., 2012) (see Table 2). 

The reliability of the used approach is demonstrated by using the 
relative standard deviation and relative standard deviation parameters. 
Furthermore, we assessed the performance of SC–CO2 apparatus by 
measured the solubility of paracetamol (Bagheri et al., 2022), salicylic 
acid (Bagheri et al., 2022) and mefenamic acid (Bagheri et al., 2022), 
phenytoin (Notej et al., 2023), raloxifene (Notej et al., 2023) and aspirin 
(Notej et al., 2023). 

3. SC–CO2/Digitoxin phase equilibria 

In this study, two various groups of models were studied for 
modeling the solubility of digitoxin drug in supercritical carbon dioxide, 
including six semi-empirical models (KJ (Kumar and Johnston, 1988), 
MST (Méndez-Santiago and Teja, 1999), GM (Garlapati and Madras, 
2010), Bartle et al., (Bartle et al., 1991), Sung-Shim (Sung and Shim, 
1999) and Chrastil (Chrastil, 1982) models) and cubic (SRK EoS) and 
non-CEoSs (SAFT, sPC-SAFT EoS) (Wang et al., 2011; Cai et al., 2014, 
https). 

The digitoxin solubility in supercritical CO2 is measured according to 

Table 3 
The information of all used thermodynamic equations for solubility modeling of 
digitoxin drug.  

Semi-empirical 
correlations     
Correlation (AARD 
%) 

a b c d 

Chrastil (7.89): lnS =
aln(ρSC− CO2

) + b +
c
T 

4.5074 − 14.6398 − 5645.1730  

KJ (6.25): lny = a +

b × ρSC− CO2 
+

c
T 

− 3.9691 0.0056 − 4023.3374  

MST (7.17): 

ln
( yP

PRef .

)

=
a
T 

+

bρSC− CO2

T 
+ c 

− 7903.6640 3.2371 9.8558  

GM (11.04): lny = a 

+
b
T 

+

cln(ρSC− CO2
× T)

− 11.1004 − 1732.9526 4.6427  

Bartle et al., (8.06): 

ln
( yP

PRef .

)

= a +

b(ρSC− CO2
− ρRef .)

+
c
T 

16.9229 0.0099 − 7814.0024  

Sung-Shim (12.14): 

lny =
(
a +

b
T

)

×

ln(ρSC− CO2
) +

c
T 

+

d 

5.3671 − 344.1417 414.7783 − 42.0863 

sPC-SAFT EoS     
T (K)  AARD%   
311  9.05   
323  8.78   
333  6.01   
343  11.97   
Total AARD%  8.96   
SAFT EoS     
T (K)  AARD%   
311  11.23   
323  10.06   
333  8.24   
343  14.70   
Total AARD%  11.05   
SRK EoS     
T (K)  AARD%   
311  12.65   
323  14.82   
333  16.31   
343  19.98   
Total AARD%  15.94    

Table 4 
The digitoxin drug solubility in supercritical CO2 at various conditions.  

P (bar) (Solubility) ×
105 

ρCO2 (kg/m3) ( 
https) 

S (kg/ 
m3) 

SD ×
106 

RSD 

T = 311 
K      

120 0.32 739.09 0.0411 0.31 9.68 
150 0.45 795.64 0.0622 0.32 7.12 
180 0.56 832.33 0.0810 0.34 6.07 
210 0.66 860.14 0.0986 0.36 5.46 
240 0.71 882.77 0.1089 0.41 5.77 
270 0.78 902.02 0.1222 0.52 6.67 
300 0.87 918.84 0.1389 0.54 6.21       

T = 323 
K      

120 0.25 583.48 0.0253 0.26 10.40 
150 0.36 699.76 0.0437 0.36 10.00 
180 0.51 757.77 0.0671 0.34 6.67 
210 0.60 796.83 0.0831 0.37 6.16 
240 0.76 826.64 0.1092 0.51 6.71 
270 0.88 850.91 0.1301 0.53 6.02 
300 1.01 871.51 0.1529 0.61 6.04       

T = 333 
K      

120 0.16 439.25 0.0122 0.21 12.50 
150 0.28 604.05 0.0293 0.23 8.21 
180 0.42 687.51 0.0502 0.40 9.52 
210 0.56 739.35 0.0719 0.34 6.18 
240 0.81 776.81 0.1093 0.52 6.41 
270 0.97 806.26 0.1359 0.62 6.43 
300 1.08 830.60 0.1560 0.95 8.84       

T = 343 
K      

120 0.095 349.08 0.0057 0.62 6.58 
150 0.23 508.18 0.0203 0.20 8.69 
180 0.38 612.92 0.0404 0.26 6.96 
210 0.57 678.71 0.0672 0.34 6.08 
240 0.85 724.84 0.1071 0.46 5.39 
270 1.03 760.11 0.1360 0.98 9.57 
300 1.12 788.65 0.1535 0.96 8.52  
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the following (Bagheri et al., 2018): 

f̂
Sup.
1 = f drug

1 (1)  

where 

f̂
Sup.
1 = y1P φ̂Sup.

1 (2)  

f drug
1 = φsat.

1 Psat.
1 exp

⎡

⎢
⎣

∫P

Psat.
1

(
vdrug

1

RT

)

dP

⎤

⎥
⎦ = φsat.

1 Psat.
1 exp

[
vdrug

1
(
P − Psat.

1

)

RT

]

(3) 

Thus, digitoxin drug solubility is mathematically expressed by 

(Bagheri et al., 2022; Notej et al., 2023): 

y1 =

φsat.
1 Psat.

1 exp

[
vdrug

1 (P− Psat.
1 )

RT

]

P φ̂Sup.
1

(4)  

To calculate the fugacity coefficient of digitoxin drug (φ̂Sup.
1 ), SRK, SAFT 

sPC-SAFT EoSs were used. More details of all EoSs are given in the 
literature [(Sodeifian et al., 2023; Bagheri et al., 2018; Chapman et al., 
1989; Gross and Sadowski, 2002; Gross and Sadowski, 2001) (Bagheri 
et al., 2023)] and Appendix A. Moreover, the details of used 
semi-empirical correlations are given in Table 3. 

Fig. 3. The behavior of measured digitoxin solubility and the operational pressure/density.  
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4. Results and discussion 

4.1. Experimental results 

The solubility of digitoxin drug in supercritical carbon dioxide was 
measured at different operational temperatures (311–343 K) and pres
sures (120–300 bar), based on the mentioned procedure in Section 2.2. 
The solubility of the digitoxin drug is measured based on the following 
correlation (Bagheri et al., 2022): 

ydrug =
Cdrug × VC × Mw,CO2

Cdrug × VC × Mw,CO2 + VS × ρ × Mw,drug
(5) 

In the above relationships, VS is the vial collection volume and VC is 
the collection sampling loop volume, and other parameters are speci
fied. Also, the equilibrium solubility parameter was calculated based on 
the following correlation (Sodeifian et al., 2023): 

S =
ρ × Mw,drug × ydrug

Mw,CO2 ×
(
1 − ydrug

) (6) 

The resultants based on the mole fraction and equilibrium solubility 
parameter of the digitoxin drug are tabulated in Table 4 and depicted in 

Fig. 3. 
Clearly visible, a direct connection between the digitoxin solubility 

and the operational pressure is detected. This means that, when the 
operational temperature remains constant, an increase in operational 
pressure results in an increase in digitoxin solubility (see Fig. 3). As a 
matter of fact, because of reducing the distance of intermolecular among 
the CO2 molecules and the increase of CO2 density, which results to 
increase the intermolecular interactions of digitoxin-CO2 and increasing 
the solvation power of supercritical CO2. Similar results were reported in 
the literature (Sabegh et al., 2012; Sodeifian et al., 2023; Bagheri et al., 
2022; Notej et al., 2023). In reverse, the investigation of the effect of 
operational temperature on the solubility of digitoxin is not straightfor
ward. Referring to Fig. 3, at P (bar) < 220, the solubility of digitoxin, at 
higher operational temperatures, is less in comparison with lower 
operational temperatures. Nonetheless at operational pressures more 
than 220 bar, P (bar) > 220, increasing in the operational temperature 
leads to increasing in the digitoxin solubility. Therefore, P (bar) ≅ 220 is 
a crossover point of the digitoxin-supercritical CO2 binary system. At the 
crossover point, the density of SCF is the dominant parameter for the 
calculation of the digitoxin solubility. As operational pressures increase, 
the sublimation pressure of digitoxin also increases with increasing 
temperatures, resulting in an observed increase in digitoxin solubility. 
This behavior has been previously reported by other researchers 
(Sodeifian et al., 2023; Bagheri et al., 2022; Notej et al., 2023; Sodeifian 
et al., 2018). 

The solubility of a compound in supercritical CO2 is mostly deter
mined by the amount of amorphous material present. This is because the 
increased disorder and free space in the amorphous structure enable 
better penetration of CO2 and diffusion of the solute. Hence, the exis
tence of a somewhat crystalline structure inside the mostly amorphous 
matrix would have minimal effect on the measurements of solubility, 
since the dissolution process in supercritical CO2 is mostly aided by the 
amorphous regions. 

Table 5 
The SAFT and sPC-SAFT EoSs parameters, digitoxin and CO2.  

Substance m σ (Å) ε/kB (K) εAB/kB (K) κAB Ref. 

sPC-SAFT 
EoS       

Digitoxin 3.1941 4.3509 401.0665 5972.2678 0.0867 This 
study 

CO2 2.8246 2.8147 160.1094   42        

SAFT EoS       
Digitoxin 2.0632 3.1649 573.9856 4792.6458 0.0569 This 

study 
CO2 3.4207 15.1792 220.0871   This 

study  

Fig. 4. The results of the sPC-SAFT EoS: digitoxin-supercritical CO2 system.  

M. Sheikhi-Kouhsar et al.                                                                                                                                                                                                                     



European Journal of Pharmaceutical Sciences 195 (2024) 106731

7

4.2. Theoretical study of digitoxin solubility 

4.2.1. Cubic/Non-Cubic EoSs 
As mentioned, the resultants of experimental data of digitoxin were 

modeled by semi-empirical correlations and cubic/non-CEoSs. For the 
first step, the parameters of SAFT and sPC-SAFT EoSs of carbon dioxide 
and digitoxin must be calculated. The SAFT and sPC-SAFT EoSs contains 
five parameters in order: three parameters for non-associating compo
nents (m (segment number), ε/κ (interaction energy) and σ (hard core 
segment radius)) and two parameters for associating components (κAB 

(association co-volume) and εAB (association energy)). The SAFT and 
sPC-SAFT EoSs use similar association terms. Similar to a procedure that 
was presented in the reference (Sodeifian et al., 2018), the parameters of 
digitoxin were obtained using curve-fitting with experimental solubility 

data, such that kij = 0 (BIP, binary interaction parameter). The obtained 
parameters are given in Table 5. 

The accuracy of the mentioned equations to fit the experimental data 
is evaluated by using the AARD% value. It was computed as follows: 

AARD% (average absolute relative deviation) =
1
N
∑

i=1

⃒
⃒
⃒
⃒
yExp.

i − yCalc.
i

yExp.
i

⃒
⃒
⃒
⃒× 100

(7)  

where yExp.
i , yCalc.

i and N are the experimental digitoxin solubility value, 
the resultant solubility value based on the desired model, and the 
number of experimental data, respectively. 

The SAFT EoS only considers the shape of molecules in the repulsive 
part of the equation, while sPC-SAFT EoSs also accounts for the chain 

Fig. 5. Correlated digitoxin solubility data using semi-empirical models.  
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length in the attractive interactions. The PC-SAFT model is suitable for 
pure components and mixtures of solvents and gases. In the case of SRK 
EoS as CEoS, these types of CEoSs consider only repulsive and attractive 
forces and at high pressures so, SRK EoS shows poor capability for 
modeling drug solubility. The sPC-SAFT EoS performs better than other 
EoSs. The results of the digitoxin solubility modeling at temperatures of 
311, 323, 333, and 343 K by the sPC-SAFT equation of state in the 
considered operational pressure range, are illustrated in Fig. 4. The sPC- 
SAFT EoS used a BIP (kij). 

Applying the BIP results in significant improvements and decreases 
the average absolute relative deviation. The values of binary interaction 
were positive. Referring to experimental solubility values, at constant 
operational temperature and by increasing the operational pressure, 
higher solubility values of the digitoxin in SC–CO2 will be obtained. The 
sPC-SAFT EoS follows this trend with acceptable accuracy and the 

resultants have less relative deviation. The sPC-SAFT equation of state 
can foresee the digitoxin solubility with more accuracy, particularly at 
high pressures, and better agreement between the digitoxin drug solu
bility experimental data and modeling resultants of mole fractions is 
observed. It is important to note that, at high operational pressure, the 
interactions between molecules are crucial, and it is necessary to use an 
equation of state that can accurately depict these interactions. Some 
researchers have offered the SAFT family as an equation with a powerful 
thermodynamic base for modeling solid solubility in supercritical fluids 
(Chapman et al., 1989; Gross and Sadowski, 2002; Gross and Sadowski, 
2001; Anvari and Pazuki, 2014). Moreover, Bagheri et al. (Bagheri et al., 
2022) and Sodeifian et al. (2018) applied the SAFT family equations of 
state to model the solubility of two various drugs in supercritical carbon 
dioxide. They used sPC-SAFT EoS for the paracetamol/SC–CO2 binary 
system and PCP-SAFT EoS for the Ketotifen fumarate/supercritical 

Fig. 5. (continued). 
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carbon dioxide binary system. The resultants showed that, the SAFT 
family EoSs could predict solubility of drugs with good agreement. Be
sides, the AARD values of the SRK, SAFT, sPC-SAFT equations of state 
are given in Table 3. 

4.2.2. Semi-Empirical correlations 
Some semi-empirical correlations such as Chrastil, Kumar-Johnston, 

Sung-Shim, Bartle et al., Mendez-Santiago-Teja and Garlapati and 
Madras models were applied for correlating digitoxin drug solubility in 
SC–CO2 at different operational pressures and temperatures. For eval
uation of the capabilities of six semi-empirical correlations, the AARD 
parameter was applied as statistical criteria for comparison between the 
obtained resultants and drug solubility data (see Table 3). The modeling 
resultants are given in Fig. 5. 

The semi-empirical correlation parameters were obtained by the GA 
(genetic algorithm) tool (Bagheri et al., 2021; Bagheri et al., 2021; 

Bagheri and Ghader, 2017; Sheikhi-Kouhsar et al., 2015; Mokhtari et al., 
2022; Bagheri and Mohebbi, 2017) and the results are tabulated in 
Table 3. As is evident, the AARD values are in the range of 6.25 to 12.14. 
Among all used models, KJ, and MST models with AARD% = 6.25, and 
AARD% = 7.17, respectively indicate more association with drug solu
bility data. These semi-correlations are three-parameter correlations. 
Furthermore, the Sung-Shim model, as four-parameter model, with 
AARD% = 12.14 shows acceptable behavior referring to experimental 
solubility data. The examined correlations are accurate and can be used 
to make predictions. Based on the values of AARD% for each of the 
investigated semi-empirical correlations, it is obvious that all of them 
applied in this communication can accurately model the digitoxin solu
bility in SC–CO2. The used semi-empirical correlations can be applied 
to calculate the digitoxin solubility within the specified pressure and 
temperature ranges, according to the obtained adjustable parameters. 
These correlations are simple and accurate, making them good for 

Fig. 5. (continued). 
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modeling drug solubility data. 
The ability of computing ΔHtot and ΔHvap of the digitoxin-supercritical 

carbon dioxide binary mixture is one of the advantages of the semi- 
empirical correlations. The mentioned enthalpies can be calculated 
based on c parameter of KJ, Chrastil and Bartle et al. models through the 
following relationships: 

ΔHtot.(total enthalpy) = − cKJ × R = 33.45 kJ.mol− 1 (8)  

ΔHtot.(total enthalpy) = − cChrastil × R = 46.93 kJ.mol− 1 (9)  

ΔHvap.(vaporization enthalpy) = − cBartle et al. × R = 64.97 kJ.mol− 1 (10)  

According to the Hess’s law, ΔHsol of the digitoxin-supercritical carbon 
dioxide binary mixture is following: 

ΔHsol.(solvation enthalpy) = ΔHtot.KJ − ΔHvap.Bartle et al. = − 31.52 kJ.mol− 1

(11)  

ΔHsol.(solvation enthalpy) = ΔHtot.Chrastil − ΔHvap.Bartle et al.

= − 18.04 kJ.mol− 1 (12)  

5. Conclusions 

Supercritical CO2 refers to carbon dioxide that is above its critical 
pressure and temperature. SC–CO2 has unique properties that make it 
useful in various industries. It has improved solvation properties and 
mass transfer. These properties make it suitable for tasks like increasing 
water insoluble drugs. In this communication, the digitoxin solubility in 
SC–CO2 was measured at 120–300 bar and 311–343 K in the range of 
0.095 × 10− 5 to 1.12 × 10− 5. Changing pressure and temperature can 
impact the solubility of digitoxin in supercritical carbon dioxide. The 
measurements showed that pressure and temperature affect the solubi
lity of digitoxin in supercritical CO2. At higher pressures, the solubility 
increases because SC–CO2 has a higher solvating power due to its 
higher density. Below a pressure of 220 bar, temperature has a reverse 
effect on solubility because it reduces density, but above this pressure, 
increasing temperature increases solubility due to solid sublimation 
pressure compensating for density reduction. This leads to higher solu
bility of digitoxin in SC–CO2. The measured experimental data were 
modeled through SAFT, sPC-SAFT, SRK EoSs and six semi-empirical 
models (Chrastil, Kumar-Johnston, Garlapati and Madras, Mendez- 
Santiago-Teja, Bartle et al., and Sung-Shim). The cubic/non-cubic EoSs 
and density-based models were adjusted to fit experimental solubility 
data and assessed based on the AARD values. The results showed that the 

sPC-SAFT EoS and KJ correlations had good agreement with the 
experimental data for digitoxin solubility, with an AARD% of 8.96 and 
6.25, respectively. Finally, the total, solvation and vaporization en
thalpies of the digitoxin-supercritical CO2 binary mixture were calcu
lated using Bartle et al., Chrastil, and Kumar-Johnston correlations. The 
use of SC–CO2 for extracting useful substances and preparing drugs 
needs more research on a larger scale. It is also important to analyze the 
cost and environmental impact of this process. This information will 
help determine if using SC–CO2 in drug solubility for micronation of 
valuable drug is a good idea. Indeed, the research found that digitoxin 
can be used in new technologies to make its particles smaller and change 
their shape. This could make it easier to use in medical treatments. To 
micro/nanozation of low of non-water-soluble drugs, such as digitoxin, 
based on SCF processes, the drug solubility experimental data is the first 
and main step. So, the experimental solubility results that are obtained 
in this investigation, are valuable to reduce particle size of digitoxin drug 
via RESS (rapid expansion of supercritical solutions) and SAS (super
critical anti-solvent) processes. 
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Appendix A 

The simplified perturbed chain statistical associating fluid theory equation of state is expressed as follows (Sodeifian et al., 2024; Chapman et al., 
1989; Gross and Sadowski, 2002): 

Ares

NkT
=

Ahs

NkT
+

Adisp

NkT
+

Aassoc

NkT
(A.1)  

Ahc

NkT
= m

Ahs

NkT
−
∑

i
yi(mi − 1)lnghs

ii (σii) (A.2)  

m =
∑

i
yimi (A.3)  

Ahs

NkT
=

4η − 3η2

(1 − η)2 (A.4) 

M. Sheikhi-Kouhsar et al.                                                                                                                                                                                                                     

https://doi.org/10.1016/j.ejps.2024.106731


European Journal of Pharmaceutical Sciences 195 (2024) 106731

11

ζn =
π
6

ρ
∑

i
yimidn

i (A.5)  

ρ =
6
π

η
∑

iyimid3
i

(A.6)  

ghs =
2 − η

2(1 − η)3 (A.7)  

di = σi

[

1 − 0.12exp
(
− 3εi

kT

)]

(A.8)  

Adisp

NkT
= − 2πρI1(η,m)m2εσ3 − πρmC1I2(η,m)m2ε2σ3 (A.9)  

C1 =
1

1 + m8η − 2 η2

(1− η)4 + (1 − m) 20η − 27 η2+12 η3 − 2 η4

[(1− η)(2− η)]2
(A.10)  

m2εσ3 =
∑

i

∑

j
yiyjmimj

(εij

kT

)
σ3

ij (A.11)  

m2ε2σ3 =
∑

i

∑

j
yiyjmimj

(εij

kT

)2
σ3

ij (A.12)  

σij =
1
2
(
σi + σj

)
(A.13)  

εij =
̅̅̅̅̅̅̅εiεj

√ (
1 − kij

)
(A.14)  

I1(η,m) =
∑6

i=0
ai(m) ηi (A.15)  

I2(η,m) =
∑6

i=0
bi(m) ηi (A.16)  

ai(m) = a0i + a1i
m − 1

m
+ a2i

m − 1
m

m − 2
m

(A.17)  

bi(m) = b0i + b1i
m − 1

m
+ b2i

m − 1
m

m − 2
m

(A.18)  

Aassoc

RT
=
∑

i
yi

[
∑

Ai

(
lnXAi − 0.5XAi)+ 0.5Mi

]

(A.19)  

XAi =
1

1 + NAv
∑

j
∑

Bj
ρyjXBjΔAiBj

(A.20)  

ΔAiBj = σ3
ijg

hsKAiBj

[

exp
(

εAiBj

kT

)

− 1
]

(A.21)  

KAiBj =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KAiBi KAjBj

√
(A.22)  

εAiBj =
εAiBi + εAjBj

2
(A.23) 

Furthermore, φ̂Sup.
1 according to the sPC-SAFT EoS is (Chapman et al., 1989; Gross and Sadowski, 2002; Gross and Sadowski, 2001): 

lnφ̂Supercritical
i =

μsPC− SAFT
i

kT
+

μassoc
i

RT
(A.24)  

where 

μsPC− SAFT
i

kT
=

Ahc

NkT
+

Adisp

NkT
+
(
Zhc +Zdisp)+

∂
∂yk

(
Ahc

NkT
+

Adisp

NkT

)

|T,v,yi∕=k −
∑N

j=1

[

yj

(
∂

∂yk

(
Ahc

NkT
+

Adisp

NkT

)

|T,v,yi∕=j

)]

(A.25)  

ζn,xk =

(
∂ζn

∂yk

)

|T,v,yj∕=k =
πρ
6

mk(dk)
n (A.26)  

M. Sheikhi-Kouhsar et al.                                                                                                                                                                                                                     



European Journal of Pharmaceutical Sciences 195 (2024) 106731

12

∂
∂yk

(
Ahc

NkT

)

|T,ρ,yj∕=k = mk
Ahs

NkT
+ m

∂
∂yk

(
Ahs

NkT

)

|T,ρ,yj∕=k −
∑

i
yi(mi − 1)

(
ghs

ii

)− 1
(

∂ghs
ii

∂yk

)

|T,ρ,yj∕=k (A.27)  

∂
∂yk

(
Ahs

NkT

)

|T,ρ,yj∕=k =
ζ0,yk

ζ0

Ahs

NkT

+
1
ζ0

[
3
(
ζ1,ykζ2 + ζ1ζ2,yk

)

1 − ζ3
+

3ζ1ζ2ζ3,yk

(1 − ζ3)
2 +

3ζ2
2ζ2,yk

ζ3(1 − ζ3)
2 +

ζ3
2ζ3,yk(3ζ3 − 1)
ζ2

3(1 − ζ3)
3 +

(
3ζ2

2ζ2,ykζ3 − 2ζ3
2ζ3,yk

ζ3
3

− ζ0,yk

)

ln(1 − ζ3)+

(

ζ0 −
ζ3

2

ζ2
3

)
ζ3,yk

1 − ζ3

]

.

(A.28)  

∂
∂yk

(
Adisp

NkT

)

|T,ρ,yj∕=k = − 2πρ
[
I1,ykm2εσ3 + I1

(
m2εσ3

)

yk

]
− πρ

{[
mkC1I2 +mC1,ykI2 + mC1I2,yk

]
m2ε2σ3 + mC1I2

(
m2ε2σ3

)

yk

}
(A.30)  

(
m2εσ3

)

yk = 2 mk

∑

j
yjmj

(εkj

kT

)
σ3

kj (A.31)  

(
m2ε2σ3

)

yk = 2 mk

∑

j
yjmj

(εkj

kT

)2
σ3

kj (A.32)  

C1,yk = C2 ζ3,yk − C2
1

{

mk
8η − 2 η2

(1 − η)4 − mk
20η − 27 η2 + 12 η3 − 2 η4

[(1 − η)(2 − η)]2

}

(A.33)  

I1,yk =
∑6

j=0

[
ai(m)iζ3,ykηi− 1 + ai,ykηi] (A.34)  

I2,yk =
∑6

j=0

[
bi(m)iζ3,ykηi− 1 + bi,ykηi] (A.35)  

ai,yk =
mk

m2a1i +
mk

m2

(

3 −
4
m

)

a2i (A.36)  

bi,yk =
mk

m2b1i +
mk

m2

(

3 −
4
m

)

b2i (A.37)  

And the chemical potential association contribution is (Chapman et al., 1989; Bagheri et al., 2022): 

μassoc
i

RT
=
∑

Ai

[

lnXAi −
XAi

2

]

+ 0.5Mi +
∑

j
ρj

∑

Ai

[(
∂XAj

∂ρi

)

|T,ρ,yj∕=k

(
1

XAj
− 0.5

)]

(A.38)  

where 
(

∂XAj

∂ρi

)

|T,ρj∕=k = −
(
XAi
)2

[

NAv

∑

Bi

XBi ΔAj Bi +
∑

k

∑

Bk

NAvρk

(

ΔAj Bk

(
∂X Bk

∂ρi

)

|T,ρj∕=k +XBk

(
∂ΔAj Bk

∂ρi

)

|T,ρj∕=k

)]

(A.39)  

(
∂ΔAj Bk

∂ρi

)

|T,ρj∕=k = d3
jk

(
∂gjk
(
djk
)hs

∂ρi

)

|T,ρj∕=k

(

exp
(

εAj Bk

kT

)

− 1
)

KAj Bk (A.40)  

(
∂gjk
(
djk
)hs

∂ρi

)

|T,ρj∕=k =
πNAv

6
mi

{
d3

ii

(1 − ζ3)
2 + 3

djjdkk

djj + dkk

[
d2

ii

(1 − ζ3)
2 +

2d3
iiζ2

(1 − ζ3)
3

]

+ 2
(

djjdkk

djj + dkk

)2
[

2d2
iiζ2

(1 − ζ3)
3 +

2d3
iiζ

2
2

(1 − ζ3)
4

]}

(A.41)  

Furthermore, the simplified perturbed chain statistical associating fluid theory equation of state can be expressed based on compressibility factor as 
follows (Sodeifian et al., 2024; Bagheri et al., 2022): 

Z = 1 + Zhc + Zdisp + Zassoc (A.42)  

Zhc = m Zhs −
∑

i
yi(mi − 1)

(
ghs

ii

)− 1ρ ∂ghs
ii

∂ρ (A.43)  

Zhs =
ζ3

1 − ζ3
+

3ζ1ζ2

ζ0(1 − ζ3)
2 +

3ζ3
2 − ζ3ζ3

2

ζ0(1 − ζ3)
3 (A.44)  

ρ ∂ghs
ii

∂ρ =
ζ3

(1 − ζ3)
2 +

didj

di + dj

(
3ζ2

(1 − ζ3)
2 +

6ζ2ζ3

(1 − ζ3)
3

)

+

(
didj

di + dj

)2
(

4ζ2
2

(1 − ζ3)
3 +

6ζ2
2ζ3

(1 − ζ3)
4

)

(A.45) 
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Zdisp = − 2πρ ∂(ηI1)

∂η m2εσ3 − πρm
[

C1
∂(ηI2)

∂η +C2ηI2

]

m2ε2σ3 (A.46)  

∂(ηI1)

∂η =
∑6

j=0
aj(m)(j+ 1)ηj (A.47)  

∂(ηI2)

∂η =
∑6

j=0
bj(m)(j+ 1)ηj (A.48)  

C2 =
∂C1

∂η (A.49)  

Zassoc =
∑

i
yi

μassoc
i

RT
−

Aassoc

NkT
(A.50) 

The statistical associating fluid theory EoS is expressed as follows (Sodeifian et al., 2024; Chapman et al., 1989): 

Ares

NkT
=

Aseg

NkT
+

Achain

NkT
+

Aassoc

NkT
(A.51)  

Aseg

NkT
= m

(
Ahs

NkT
+

Adisp

NkT

)

(A.52)  

Ahs

NkT
=

4η − 3η2

(1 − η)2 (A.53)  

Adisp

NkT
=
∑

i

∑

j
Dij

( u
kT

)i
(

η
η0

)j

(A.54)  

η = η0m
v0

v
(A.55)  

v0 = v00
[

1 − Cexp
(
− 3u0

kT

)]3

(A.56)  

u = u0
(

1 −
e

kT

)
(A.57)  

Achain

NkT
= (1 − m)ln

(
ghs(η)

)
(A.58)  

ghs(η) = 2 − η
2(1 − η)3 (A.59) 

The SRK equation of state is expressed as follows (Bagheri et al., 2018; Bagheri et al., 2023): 

P =
RT

v − b
−

acα(T)
v2 + bv

(A.60)  

ac = 0.42747
R2T2

c

Pc
(A.61)  

b = 0.08664
R Tc

Pc
(A.62)  

α(T) =
[

1 + m
(

1 −

̅̅̅̅̅
T
Tc

√ )]2

(A.63)  

m = 0.480 + 1.574 ω − 0.176 ω2 (A.64)  

And in compressibility factor form (Notej et al., 2023): 

Z3 − Z2 +
(
A − B − B2)Z − AB = 0 (A.65)  

A =
aP

(RT)2 (A.66)  

B =
bP
RT

(A.67)  
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