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ABSTRACT: A shake-flask method was used to investigate the solubility and thermodynamic 

properties of budesonide (BDS) in the temperature scope of 293.2-313.22 K in aqueous mixtures 

of 2-propanol. There are two categories of mathematical models used to fit the experimental 

data: linear and non-linear cosolvency mathematical models, such as the van't Hoff's model, 

Yalkowsky's equation, CNIBS/R–K model, Buchowski, and Ksiazczak equation, modified Wilson 

model, the Williams-Amidon excess Gibbs energy model, and two Jouyban-Acree models:  

the Jouyban-Acree and the Jouyban-Acree-van't Hoff. The experimental data for BDS solubility 

at 298.1 K was also represented with KAT-LSER model. Using back-calculated solubility data, 

mean relative deviations (MRDs %) of used models were calculated to illustrate fitness and 

accuracy. Furthermore, van't Hoff and Gibbs equations have been applied to describe how BDS 

dissolves in binary solvent mixtures with entropy, enthalpy, and Gibbs free energy included.  
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INTRODUCTION 

Budesonide (BDS, sold under the brand name Pulmicort), 

a potent synthetic corticosteroid, was approved by the FDA 

on January 14, 2013 to treat mild to moderate ulcerative 

colitis (UC). [1]. Patients with mild-moderate and distal 
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UC can benefit from this treatment in oral and rectal forms. 

It is used topically to treat IBD, as well as to induce 

remission in Crohn's Disease (CD) patients who suffer 

from disease distribution involving the distal ileum and 
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right colon [2,3]. In addition, studies have shown that BDS 

can be used in the treatment of some other illnesses containing 

autoimmune hepatitis, asthma, eosinophilic esophagitis, 

rhinitis, Berger's disease, Chronic Obstructive Pulmonary 

Disease (COPD) and inflammatory bowel disease [4-6]. 

The COVID-19 outbreak, which is regarded as the 

most serious problem of humanity since the start of World 

War II, was first detected in Wuhan City, Hubei Province, 

China, on December 19, 2019. SARS-CoV-2 infection  

is responsible for this new type of pneumonia [7,8].  

As a result of SARS-CoV-2 infection, patients may suffer 

from fatigue, fever, and dry cough. World Health 

Organization (WHO) recommendations include using a 

mask, keeping social distance, and washing hands 

frequently. In addition to vaccines, some drugs such as 

remdesivir, favipiravir, ribavirin, penciclovir, lopinavir/ritonavir, 

hydroxychloroquine and chloroquine and arbidol are 

potentially therapeutic for the treatment of COVID-19 [9]. 

A recent research study showed that BDS reduced 

COVID-19-related urgent care or hospitalization, resulting 

in shorter recovery times, quicker self-reported clinical 

recovery, and a steep reduction in fever. However, BDS 

has also been shown to reduce rhinovirus replication  

in vitro. The results suggest that adult people with early 

COVID-19 might benefit from treatment and the extreme 

pressure on the healthcare system might be reduced  

by treating early COVID-19 [10]. 

BDS, in Class II of the biopharmaceutics classification 

system, are practically insoluble in water with a solubility 

of about 16 𝜇g/mL, and possess log𝑃 of 2.32 [11]. These 

features at physiological pH in the intestinal region may 

lead to reduced dissolution and therapeutic potential of 

BDS. It is due to liver biotransformation that three 

potential metabolites can be produced, resulting in BDS's 

low oral bioavailability of about 10%, effectual systemic 

removal and a great hepatic clearance [12-14]. Also, BDS 

is effective and safe in treating respiratory diseases such as 

asthma by way of inhalation, but its solubility in aqueous 

solutions can impact its systemic absorption and the rate  

at which it leaves the respiratory tract by way of cough and 

mucociliary clearance [15,16]. Given the widespread  

use of BDS in various diseases, especially COVID-19,  

as well as limitations in its physicochemical properties, it is 

important to conduct studies to improve the existing properties. 

Drug solubility can be utilized to procure drug 

formulations, characterization of solid phases, improvement 

of purity and also yield with recrystallization comparison 

of experiments in vitro and in vivo and developing 

pharmaceutical analysis techniques, by testing the 

solubility of drugs in various types of solvents, including 

aqueous and non-aqueous solutions [17-20]. Furthermore, 

the study of different factors influencing the solubility of 

the drug in a solvent, such as the polarity, dielectric 

constant, cosolvents, temperature, and pH allow the 

scientist and research to select the appropriate solvent  

for using during the different stages in the research, 

development, and industrial processes [21]. It is worth 

mentioned that the details of the solubility process and  

a description of a drug's structure and intermolecular 

forces may be useful in the following cases: i) introducing 

of the appropriate separation processes, ii) finding a high 

separation ratio, iii) predicting the dividing of molecules 

of drugs in immiscible and nonimmiscible phases, and iv) 

acquire the suitable solvent system to extract drugs and drug-

like molecules from a variety of biological samples [22]. 

In the case of drugs with low aqueous solubility such 

as BDS in class II biopharmaceutics with 16 μg/mL, 

solubilization allows us to enhance the bioavailability, 

reduce doses, improve efficiencies and develop chemical 

processes e.g. methods based on crystallization and 

chromatographic separation/purification [23, 24]. On the 

other hand, improving the solubility of BDS can lead to 

decrease variability in 𝑇max and 𝐶max. As you know, reaching 

faster to Minimum Effective level Concentration (MEC) is 

a critical point for therapeutic efficacy [13]. 

Various techniques have been used to alter the drugs 

solubility including i) cosolvency method, ii) procedures 

based on size reduction, iii) approach of solid dispersion, 

iv) salt formation of drug, v) method based on crystal 

engineering, vi) using of surfactants and complexation, 

vii) pH adjustments of solutions, viii) chemical 

modifications on the structure of drugs, ix) emulsions 

production, x) production of liposomes, xi) micronization, 

xii) hydrotropic, etc [19-21]. Among these methods, 

cosolvency is a popular method to increase the solubility, 

particularly of drugs that are poorly water-soluble. It is  

a simple and easily applicable method widely used  

in the pharmaceutical industry [25,26]. In the cosolvency 

method, the solvent selection step is crucial to the design 

and formulation process [27,28]. Nevertheless, solubility 

measurements in all possible solvent mixtures have two 

major limitations including time-consuming procedure 
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and low feasibility [19,20]. As an alternative approach 

and to overcome these limitations, several mathematical 

models were introduced to predict the drugs solubility 

when mixed with water and cosolvents. Another goal is to 

find the optimal concentration of cosolvents to maximize 

drug solubility. Until now, the solubility of special drugs 

in various cosolvent mixtures (including aqueous and 

non-aqueous solutions) has been predicted using several 

models by our group, and their accuracies were compared 

with each other [20,27,29-31]. 

With the use of interpolation and the least of data 

points for solubility, various theoretical and semi-

empirical models have been considered to predict drug 

solubility in different conditions of solvent ratio and 

temperature [19]. In studies, the Jouyban-Acree model 

has been found to have advantages over the rest  

in the point view of good predictability across a wide 

range of temperatures and solvent composition [20,26,32]. 

The BDS solubility in aqueous mixtures of 

polyethylene glycol 400 (PEG400) [33], N-methyl-2-

pyrrolidone (NMP) and ethanol [35], some non-aqueous 

mono-solvents [36] and six mono solvents including i) 

ethyl acetate, ii) ethanol, iii) acetone, iv) carbon 

tetrachloride, v) water and vi) n-hexane [37], has been 

reported in previous studies. Aiming to present an 

appropriate and best solvent system special for BDS, 

experimental measurements of the BDS solubility were 

carried out at various temperatures in 2-propanol aqueous 

mixture. Our systematic investigation in field of solubility 

of drugs in mixed systems for various applications at 

laboratory and industrial scale continues with this study. In 

the following, the experiment solubility data are 

correlated/back-calculated with the CNIBS/R–K model, 

Yalkowsky's equation, Buchowski, and Ksiazczak equation, 

modified Wilson model, the Williams-Amidon excess Gibbs 

energy model, and two Jouyban-Acree models: the Jouyban-

Acree and the Jouyban-Acree-van't Hoff, as a comprehensive 

investigation, were performed. A KAT-LSER model was also 

investigated to show BDS solubility properties at 298.2 K. 

Additionally, BDS dissolved in 2-propanol + water was 

evaluated for its apparent thermodynamic data. 

 

EXPERIMENTAL SECTION 

Materials 

BDS (obtained from Lirok Pharma, Tehran, Iran with 0.98 

mass fraction purity), 2-propanol (obtained from Scharlau 

Chemie, Spain with 0.995 mass fraction purity), distilled 

water (Lab made) and ethanol (obtained from Jahan 

Alcohol Teb, Arak, Iran with 0.935 mass fraction purity) 

in order to dilution the solution before spectrophotometric 

determination were the materials applied throughout 

this work. The chemicals were used without further 

purification as obtained directly from manufacturers. 

 

Solubility determination 

In this study, we used the famous shake-flask 

approach as common technique based on solid-liquid 

equilibrium to investigation solubility of BDS in 

2-propanol aqueous binary mixture [38]. The additional 

of BDS was first added into vials containing mixtures of 

various solvents in the range of 0.1 to 0.9% in mass 

fractions. In the next step, exactly for 48 hours, the 

primed vials were shaken using a shaker (Heidolph® 

Unimax 1010 Orbital Shaker) placed in an incubator 

(Heidolph® Model 1000 Incubator Heating Unit) having 

a temperature-control system that operates between 

293.2 and 313.2 K (with a 0.2K uncertainty). After 

equilibrium was reached, the syringe filters (0.22 μm) 

were applied to remove the solid phase. In the following, 

sample solutions were diluted with the appropriate 

amount of ethanol, and the absorbance of the ready 

mixture at 242 nm was measured for drug contents 

applied with UV–Vis spectrophotometer (Shimadzu, 

Kyoto, Japan). After diluted solutions were tested for 

absorbance, the concentration of BDS in saturated 

solutions was interpolated in accordance with the calibration 

curve. The average of the experimental data points  

was determined after measuring all data points in triplicate. 

 

Thermodynamic analysis of dissolution 

It has been proven which there is a correlation between 

dissolution process of solubility and the absorption and 

ΔH° known as freedom of heat, and ΔS° known as changes 

in entropy () [33,39]. To obtain the essential data in the 

dissolution procedure of BDS, the Gibbs and in the study 

of BDS dissolution in 2-propanol aqueous mixtures, van't 

Hoff's equations were applied.  In the present study ΔH°, 

ΔS° and ΔG° respectively known as the dissolution 

standard enthalpy, standard entropy of process and 

changes in Gibbs free energy were computed as apparent 

thermodynamic functions to investigate the BDS 

dissolution behavior in the binary solvent mixture of 
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{2-propanol (1) + water (2)}. The general form of the 

modified version of van't Hoff's equation can be written as [40]: 

 

(1) 

In Eq. (1), C, Thm and T denote molar solubility of drug in the 

desired cosolvent mixture, the mean harmonic temperature 

and the absolute temperature based on the Kelvin unit, 

respectively. The ideal gas constant is show by R. 

The symbol Thm represents the mean harmonic 

temperature that was written pursuant to 

 (2) 

While the number of investigated temperatures is indicated 

by the sign n. As a result of temperature variations between 

293.2 and 313.2 K, 303.0 K was obtained as the Thm value. 

Based on Eq. (3) and (4), the values of ΔH∘ related  

to solutions from intercept of the plot of ln x vs 1/T − 1/Thm 

and ΔG∘ of solutions from the slope of the plot of ln x vs 

1/T − 1/Thm, were obtained, respectively [40]. 

 (3) 

 

(4) 

At Thm value of 303.0 K, Gibbs's equation was used to 

compute the ΔS° in the dissolution process: 

 (5) 

 

(6) 

The relative contributions of H (related to the 

enthalpy) and TS (related to the entropy) to , for 

dissolution procedure of BDS in the binary solvent mixture 

of {2-propanol (1) + water (2)} were calculated by  

the following equations [41]. 

 (7) 

 

(8) 

Computational validation 

Eight commonly used mathematical models such as i) 

van't Hoff's model, ii) CNIBS/R–K model, iii) 

Yalkowsky's equation, iv) modified Wilson model, v) 

Buchowski, and Ksiazczak equation, vi) Williams-

Amidon excess Gibbs energy model and two Jouyban-

Acree models: vii) the Jouyban-Acree and viii) the Jouyban-

Acree-van't Hoff, are used to correlate BDS investigational 

solubility data in 2-propanol aqueous mixtures. 

The following equations are detailed: 

 

The van't Hoff equation 

Using van't Hoff's formula we can create a correlation 

between solubility of given solute and temperature  

at a specific solvent ratio as follows [42]: 

ln 𝐶𝑇 = 𝐴 + 
𝐵

𝑇
 (9) 

The parameters of the equation are A and B. 

It is noteworthy that by utilizing Eq. (10), it is possible 

to investigate temperature-dependent solubility data for 

drugs by using a modified van't Hoff's equation [43]. 

 (10) 

A and B are the constants of the model, and using Eq. (2), 

Thm (mean harmonic temperature) is calculated. 

 

The CNIBS/R–K model 

Based on the log-linear Yalkowsky and Redlich–

Kister extension, Acree in 1992 developed the combined 

nearly ideal binary solvent/Redlich–Kister model to 

relate the value of solute solubility in binary isothermal 

solvent mixtures [44]. 

Model equation is presented in the following common form: 

𝑙𝑛𝐶𝑚 ,𝑇 = 𝑤1 ln𝐶1,𝑇 +𝑤2 ln 𝐶2,𝑇

+ 𝑤1 . 𝑤2  ∑𝐽𝑖

2

𝑖=0

. (𝑤1 −𝑤2)
𝑖 

(11) 

Herein C1 and C2, Cm and w1 and w2 are solubilities of 

solute in neat solvents 1 and 2, the binary mixture's solute 

solubility and solvent 1 and solvent 2 mass fractions when 

the solute is absent, respectively. Also, Ji as the model 

constant is calculated by regressing 

𝑙𝑛𝐶𝑚 ,𝑇 − (𝑤1 ln 𝑥1,𝑇 +𝑤2 ln 𝑥2,𝑇) versus w1w2, w1w2 (w1 - 

w2) and w1w2 (w1 - w2)
2. 
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Yalkowsky model 

In Yalkowsky's equation, the solubility of solute  

in pure solvents correlates very well with the solute 

solubility in different mixture of solvent.  

Calculate it using Eq. (12) [45]: 

𝑙𝑛𝐶𝑚 = 𝑤1𝑙𝑛𝐶1 +𝑤2𝑙𝑛𝐶2 (12) 

Rearranging the model would result in Eq. (13): 

𝑙𝑛𝐶𝑚 = 𝑙𝑛𝐶2 + (𝑙𝑛
𝐶1
𝐶2
)𝑤1 = 𝑙𝑛𝐶2 +  .𝑤1 (13) 

Here the model constant, σ, can be defined based on  

a direct correlation among the log P and σ as shown  

in the equation below [46]: 

𝜎 = 𝑀. 𝑙𝑜𝑔𝑃 +𝑁 (14) 

M and N are the constants of cosolvent. Replace σ  

of Eq. (14) with Eq. (13) can lead to a new predictive 

model as Eq. (15): 

𝑙𝑛𝐶𝑚 =  𝑙𝑛𝐶2 + (𝑀. 𝑙𝑜𝑔𝑃 + 𝑁) 𝑤1 (15) 

Based on this equation, the solubility of a drug (BDS 

in this study) in aqueous mixtures can be computed 

applying common M, N, log P values and investigational 

aqueous solubility of the drug. 

 

Jouyban-Acree model 

This model as a multiple linear cosolvency mode, is among 

the most precise models for binary solvent systems [20]. 

 In this model binary mixed solvent's solubility is 

determined by the relationship between the Temp. and 

composition of the solvent. In general, the model is 

showed by Eq. (16) [47]:  

ln 𝐶𝑚,𝑇 = 𝑤1 . ln𝐶1,𝑇 +𝑤2 . ln 𝐶2,𝑇

+
𝑤1 . 𝑤2
𝑇

∑𝐽𝑖 .

2

𝑖=0

(𝑤1 −𝑤2)
𝑖 

(16) 

Herein 𝐶𝑚,𝑇 ,𝐶1,𝑇and𝐶2,𝑇 , are defined as solvent mixture's 

solubility of BDS, BDS solubility in the pure solvents 1and 

2 at temperature T (Kelvin), respectively [47]. 

𝐽𝑖  is the constants of equation that can been produced  

by regressing ln 𝐶𝑚,𝑇 −𝑤1 . ln 𝐶1,𝑇 −𝑤2 . ln𝐶2,𝑇  versus 

𝑤1.𝑤2

𝑇
, 
𝑤1.𝑤2(𝑤1−𝑤2)

𝑇
  and  

𝑤1.𝑤2(𝑤1−𝑤2)
2

𝑇
. 

 

Jouyban-Acree- van't Hoff model 

By combining the Jouyban-Acree equation and van't 

Hoff's models a most precise mathematical model has 

been developed analyzing data on drug solubility  

in a solution mixture [48]. 

The mentioned model is expressed as [48]: 

𝑙𝑛𝐶𝑚,𝑇 = 𝑤1 (𝐴1 +
𝐵1
𝑇
) + 𝑤2 (𝐴2 +

𝐵2
𝑇
)

+
𝑤1𝑤2
𝑇

∑𝐽𝑖(𝑤1 −𝑤2)
𝑖

2

𝑖=0

 

(17) 

As a linear regression is used to obtain the equation 

coefficients, A1, B1, A2, B2, and Ji. Based on data on 

temperature-dependent solubility in aqueous mixture of 

2-propanol, A and B terms could be calculated and Ji terms 

are obtained by regressing ((𝑙𝑛𝐶𝑚,𝑇 −𝑤1 (𝐴1 +
𝐵1

𝑇
) −

𝑤2 (𝐴2+
𝐵2

𝑇
))) versus , , and 

. 

The modified version of Eq. (18), that proposed  

by Sun et al. can be given as [49]. 

𝑙𝑛𝐶𝑚 ,𝑇 = 𝐷1 +
𝐷2
𝑇
+ 𝐷3𝑤1 + 𝐷4

𝑊1
𝑇
+ 𝐷5

𝑤1
2

𝑇

+ 𝐷6
𝑤1
3

𝑇
+ 𝐷7

𝑤1
4

𝑇
 

(18) 

In which a regression analysis is used to compute constants 

of model D1 through D7. 

 

Modified Wilson model  

For all investigated temperatures, in addition to the linear 

mathematical models, non-linear equations like the 

mentioned model can be used for correlating, predicting 

and fitting the obtained data of solubility [20,50].  

Wilson's modified model is written in the following form: 

−𝑙𝑛𝑐𝑚 = 1 −
𝑤1(1 + 𝑙𝑛𝐶1)

𝑤1 +𝑤2𝜆12
−
𝑤2(1 + 𝑙𝑛𝐶2)

𝑤1𝜆21 +𝑤2
 (19) 

Here, the constants of model including ʎ12 and ʎ21 are 

obtained via an analysis based on nonlinear least squares. 

 

Buchowski–Ksiazczak equation 

Buchowski et al. originally proposed this non-linear/ 

activity coefficient mathematical model which also known 

as ʎh equation [51]. With only two adjustable parameters, 

it can be applied to systems with equilibrium between solid 

and liquid phases with suitable relationship results. 

Molecular systems featuring strong polarities and strong 

interactions are suited to this model approach. 



T

ww 21 .

T

wwww )(. 2121 −

T

wwww 2
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Table S1: Kamlet- Abboud -Taft parameters * (dipolarity-polarizability),  (hydrogen bond donor parameter) and  (hydrogen bond 

donor parameter) and Hildebrand solubility parameter, H, of the investigated solvent mixtures at 298.15 K. 

2-Propanol (1) + water (2) Ethanol (1) + water (2) NMP (1) + water (2) 

w1
a b  b  b δH 

c    δH    δH 

0.00 1.09 0.47 1.17 47.82 1.09 0.47 1.17 47.82 1.09 0.47 1.17 47.82 

0.10 1.10 0.50 1.04 44.80 1.08 0.52 0.99 45.12 1.12 0.56 1.03 45.36 

0.20 1.08 0.57 0.88 41.94 1.05 0.57 0.79 42.59 1.13 0.62 0.91 42.9 

0.30 0.95 0.64 0.82 39.22 0.97 0.62 0.72 40.20 1.13 0.65 0.79 40.49 

0.40 0.86 0.67 0.81 36.66 0.90 0.66 0.72 37.84 1.13 0.66 0.7 38.01 

0.50 0.80 0.71 0.81 34.20 0.83 0.70 0.75 35.66 1.13 0.67 0.61 35.54 

0.60 0.76 0.72 0.81 31.87 0.79 0.71 0.75 33.59 1.12 0.68 0.53 33.05 

0.70 0.72 0.74 0.80 29.66 0.74 0.72 0.75 31.60 1.1 0.69 0.42 30.55 

0.80 0.67 0.76 0.79 27.54 0.69 0.74 0.78 29.72 1.07 0.71 0.31 28.03 

0.90 0.62 0.79 0.78 25.51 0.63 0.75 0.80 27.86 1.01 0.74 0.17 25.51 

1.00 0.48 0.84 0.76 23.58 0.54 0.75 0.86 26.13 0.92 0.77 0.00 22.96 

a w1 is the mass fraction of solvent (1) in the cosolvency system free of the solute. 

b Kamlet-Taft parameters are taken from literature for aqueous mixtures of ethanol and 2-propanol[56] , NMP[57].  
c H values for pure solvents are obtained from the Hoy solubility parameter software[58], and for binary mixtures are estimated as a function 

of the mass fraction of solvents by  +  in the mixture.  

 

The Buchowski, and Ksiazczak (ʎh) equation can be written 

as: 

𝑙𝑛 [1 +
𝜆(1 − 𝐶)

𝐶
] = 𝜆ℎ [

1

𝑇
−
1

𝑇ℎ𝑚
] (20) 

Here ʎ and h are the model constants. 

 

The excess Gibbs energy model of Williams–Amidon 

As another cosolvency model, Williams-Amidon excess 

Gibbs energy model can be presented as follows [52]: 

ln Cm =  w1ln C1 +w2ln C2 − A1−2w1w2 

(2 w1− 1) (
Vs

V1
) + (2 A2−1) w1

2w2 (
Vs

V2
)  +

3D12w1
2w2

2 (
Vs

V2
) + a2w1w2

2 (
Vs

V2
) + a1w1

2w2  

(21) 

Here A1−2, A2−1, α1, α2 and D12 are defined as the terms 

related to interactions between solvent and solvent as well 

as solvent and solute. Also, V1, V2, and Vs denote the 

cosolvent molar volume, water molar volume and solute 

molar volume, respectively. Using data obtained from 

experimental solubility study, interaction terms between 

the solute-solvent and solvent -solvent are derived. 

 

KAT-LSER model 

This model is utilized for correlating the solubility of 

solute in pure solvents and solute solubility in mixed solvents 

at 298.15 K [53, 54]. In this equation, the polarity of solvent 

is divided into three empirical constants related to solvent 

according to the crucial parameters of solvatochromic, i.e. π*, 

β and  that defined as the solvent dipolarity/polarizability, 

measures a solvent's basicity and acidity, respectively. 

The KAT-LSER model is given as:  

log𝐶 = 𝑐0 + 𝑐1 . 𝜋
∗ + 𝑐2 . 𝛽 + 𝑐3. 𝛼 + 𝑐4 . (

𝑉𝑠𝛿𝐻
2

100𝑅𝑇
) (22) 

Here ci=0-4 is the model factors, the term (
VsδH

2

100RT
) refers  

to the cavity term that originated from interaction energy 

between solvent molecules [27]. Also, VsδH
2

, Vs,  H, R and 

T are cavity terms that defined as the solute 

accommodation energy, solute molar volume, solvent 

Hildebrand solubility constant, ideal gas parameter  

and the specific temperature of solution. Table S1 and S2 

summarize KAT parameters of investigated binary 

mixture and mono solvent, respectively. 

 

The combined van’t Hoff equation 

A new combined van't Hoff's model with the well-

known parameters of solubility (i.e. Abraham, Hansen  

and Catalan solvation parameters) is described [55]. The 

trained model with noteworthy contributions for studied 

parameters is obtained from the general form of the model: 

ln 𝑥 = (𝛼0 + ∑ 𝛼𝑖,𝐴𝑃𝐴𝑃𝑖
5
𝑖=1 +∑ 𝛼𝑖,𝐻𝑃𝐻𝑃𝑖

3
𝑖=1 +

∑ 𝛼𝑖,𝐶𝑃𝐶𝑃𝑖
4
𝑖=1 ) +

(
𝛽0+∑ 𝛽𝑖,𝐴𝑃𝐴𝑃𝑖

5
𝑖=1 +∑ 𝛽𝑖,𝐻𝑃𝐻𝑃𝑖

3
𝑖=1 +∑ 𝛽𝑖,𝐶𝑃𝐶𝑃𝑖

4
𝑖=1

𝑇
)  

(23) 
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Table S2: Kamlet- Abboud -Taft parameters * (dipolarity-

polarizability),  (hydrogen bond donor parameter) and  

(hydrogen bond donor parameter) and Hildebrand solubility 

parameter, H, of the investigated mono solvents at 298.15 K. 

Solvent a  a  a δH 
b 

1-Propanol 0.52 0.9 0.84 24.45 

Acetonitrile 0.75 0.4 0.19 24.4 

Ethyl acetate 0.5 0.5 0 18.2 

1,4-Dioxane 20.5 0.55 0.37 0 

Ethylene glycol 0.92 0.52 0.9 33.11 

Methanol 0.7 0.7 1.1 29.6 

N-Methyl-2-pyrrolidone 0.92 0.77 0 22.96 

Propylene glycol 0.83 0.78 0.76 30.22 

Acetic acid 0.64 0.45 1.12 13.5 

a Kamlet-Taft parameters are taken from literature for mono solvents of 

1-Propanol, Acetonitrile and Ethyl acetate [59], 1,4-Dioxane, Ethylene 

glycol, Methanol, N-Methyl-2-pyrrolidone and Propylene glycol [60] and 

Acetic acid [61]. 

b H values for pure solvents are obtained from the Hoy solubility 

parameter software [58], and for binary mixtures are estimated as a 

function of the mass fraction of solvents by  +  in the mixture.  

 

Where the model constants are  and  terms and also 

Abraham (APi), Hansen (HPi) and Catalan (CPi) solvation 

parameters were utilized as terms of interaction between 

solute and solvent. 

 

Model accuracy 

Eqs. (9) to (23) are used to fit and correlate with BDS 

experimental molar solubility in aqueous mixture of 

2-propanol at various temperatures. The %MRD (mean 

relative deviation) between the back-calculated and the 

experimental values are computed by Eq. (24) and applied for 

the study of the accuracy of the correlate. 

% 𝑀𝑅𝐷

=
100

𝑁
∑(

|𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 − 𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑣𝑎𝑙𝑢𝑒|

𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑣𝑎𝑙𝑢𝑒
) 

(24) 

The N indicates how many experimental data points are 

included in each set. 

 

RESULTS AND DISCUSSIONS 

Solubility of BDS in the mixed solvent of 2-propanol (1) + 

water (2)  

In Table 1, BDS molar solubility values ± standard 

deviations for binary mixtures of 2-propanol and water  

in the temperature range 293.2 - 313.2 Kelvin are presented. 

The solubility measurements for three times are used to 

calculate the mean in an experiment with RSD% value of <10. 

At 293.2 K, neat water shows the lowest molar solubility of 

BDS in aqueous mixtures of 2-propanol (3.62 (±0. 127) × 10–5 

mol/L), while at 313.2 K, in 0.8 mass fraction of 2-propanol 

shows the highest (1.17 (±0.038) × 10–1 mol/L). Our 

findings for solubility of BDS in pure solvent (2-propanol 

and water) are consistent with the reported data in a 

previous work [36]. Based on Table 1's data, the BDS 

molar solubility rises with enhancing temperature  

and 2-propanol mass fraction, so that after adding 2-

propanol, the value reached its maximum at 

0.8 mass fraction at all temperatures then decreased as 

2-propanol was added further. Observed patterns for 

solubility are influenced by the mixed solvents polarity.  

In the presence of a cosolvent like 2-propanol, the polarity 

of water will decrease and its polarity will be suitable for 

dissolving a drug like BDS with a log P of 2.32 (according 

to the principle of "like dissolves like"). From the 

literature, dielectric constants related to aqueous mixture 

of 2-propanol (1) were collected [62] and summarized in 

Table 2. As can be observed, BDS becomes more soluble 

when the polarity of the solvent mixtures decreases. Also 

in order to the drug solubility and respective polarities 

dependency study, Fedors' method was used to estimate 

BDS's internal energy, molar volume, and Hildebrand 

solubility parameter, so that these parameters are obtained 

192.57 kJ/mol , 371.4 cm3/mol and 0.720 MPa1/2 , 

respectively [63, 64] (Table 3). Nevertheless, solubility is 

determined by various factors such as polarity, interactions 

available at intermolecular scale, hydrogen bonds, and van 

der Waals' interactions of solute-solvent as well as 

between a solvent and a solvent. Therefore, it is extremely 

difficult to explain a solute's solubility behavior with only 

one factor. Based on the results obtained in the present 

investigation, the polarity of solvents can play a significant 

role in the solubility of BDS. 

UP to now, the BDS molar solubility is studied in four 

binary systems including PEG 400- water [33], ethanol-

water [35] and NMP-Water [34]. The comparison between 

BDS solubility data across various reported binary systems 

is shown in Fig. 1. As can be seen, there are two solubility 

profiles for the examined systems: systems containing 

ethanol-water and 2-propanol-water denote a maximal 

fraction of cosolvent; while in systems containing PEG 

400-water and NMP-water with increasing mass fraction 

of cosolvent, their solubility rises linearly. NMP - water 

system determines maximum solubility values. 
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Table 1: Experimental molar solubility ( ) values {as the mean of three experiments measured (± standard deviation)} for BDS 

(3) in 2-propanol (1) + water (2) solvent mixtures at various temperatures. 

w1
a 293.2 K 298.2 K 303.2 K 308.2 K 313.2 K 

0.00 3.62 (±0. 127) × 10–5 4.44 (±0.048) × 10–5 5.20 (±0. 122) × 10–5 5.93 (±0.166) × 10–5 6.73 (±0.333) × 10–5 

0.10 1.55 (±0. 073) × 10–4 1.78 (±0. 072) × 10–4 2.34 (±0. 147) × 10–5 2.79 (±0.192) × 10–4 3.19 (±0.133) × 10–4 

0.20 6.71 (±0.057) × 10–4 7.27 (±0.066) × 10–4 8.51 (±0.148) × 10–4 1.05 (±0.046) × 10–3 1.17 (±0.030) × 10–3 

0.30 2.30 (±0. 099) × 10–3 2.70 (±0. 078) × 10–3 3.29 (±0.116) × 10–3 4.06 (±0.152) × 10–3 4.50 (±0.244) × 10–3 

0.40 7.48 (±0. 143) × 10–3 8.70 (±0.086) × 10–3 9.47 (±0. 148) × 10–3 1.11 (±0.034) × 10–2 1.27 (±0.060) × 10–2 

0.50 2.00 (±0. 094) × 10–2 2.23 (±0. 077) × 10–2 2.65 (±0. 115) × 10–2 3.22 (±0.156) × 10–2 3.62 (±0.149) × 10–2 

0.60 4.20 (±0. 083) × 10–2 5.30 (±0. 116) × 10–2 5.98 (±0. 069) × 10–2 7.26 (±0.053) × 10–2 8.26 (±0.323) × 10–2 

0.70 6.44 (±0. 096) × 10–2 7.73 (±0. 384) × 10–2 8.51 (±0.511) × 10–2 9.67 (±0.229) × 10–2 1.05 (±0.051) × 10–1 

0.80 7.71 (±0.091) × 10–2 8.93 (±0.331) × 10–2 9.84 (±0.169) × 10–2 1.09 (±0.007) × 10–1 1.17 (±0.038) × 10–1 

0.90 5.84 (±0.135) × 10–2 6.97 (±0.113) × 10–2 7.94 (±0.378) × 10–2 9.47 (±0.478) × 10–2 1.06 (±0. 009) × 10–1 

1.00 3.67 (0.139) × 10–2 4.21 (±0.106) × 10–2 4.82 (±0.082) × 10–2 5.41 (±0.034) × 10–2 6.09 (±0.119) × 10–2 

a w1 is mass fraction of 2-propanol (1) in the 2-propanol (1) + water (2) mixtures in the absence of BDS (3). 

 

Table 2: Molar solubility profile {mean of three experiments (± SD)} of BDS and dielectric constant of the solvent mixtures of 

2-propanol (1) + water (2) at 298.2 K. 

w1
 Dielectric constant Solubility (mol/L) values {mean of three experiments (± SD)} 

0.00 78.5 44 (±0.048) × 10-5 

0.10 71.4 1.78 (±0. 072) × 10–4 

0.20 64.1 7.27 (±0.066) × 10–4 

0.30 56.9 2.70 (±0. 078) × 10–3 

0.40 49.7 8.70 (±0.086) × 10–3 

0.50 42.5 2.23 (±0. 077) × 10–2 

0.60 35.3 5.30 (±0. 116) × 10–2 

0.70 28.7 7.73 (±0. 384) × 10–2 

0.80 23.7 8.93 (±0.331) × 10–2 

0.90 20.3 6.97 (±0.113) × 10–2 

1.00 18 4.21 (±0.106) × 10–2 

 

Table 3: Using the Fedors' method to estimate BDS's internal energy, molar volume, and Hildebrand solubility parameter 

Group  Group number ΔU° / kJ mol−1 V / cm3 mol−1 

CH3 3 14.1075 100.5 

CH2 7 34.5268 112.7 

CH 6 20.5656 -6 

-CH= 3 12.9162 40.5 

C= 1 4.3054 -5.5 

Ring closure 5 or more atoms 5 5.225 80 

co 2 34.694 21.6 

0 2 6.688 7.6 

OH 2 59.5232 20 

Σ ΔU°= 192.5517 ,  Σ V= 371.4 ,  δ3=(192.5517/371.4)1/2=0.720 MPa1/2  

,

sat

m TC
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Fig. 1: A comparison of BDS solubility profiles in various 

reported cosolvency 

 

Furthermore, an analysis of the solubilization 

efficiency of different cosolvents used for BDS is 

presented in Table 4. There are two factors that contribute 

to the efficacy of cosolvents for solubilization; (i) the 

power and efficacy of solubilization expressed by 

Yalkowsky's parameter (σ) as Eq. (25) [65]: 

𝜎 = log (
𝐶𝑐
𝐶𝑠
) (25) 

and (ii) a new definition for power of solubilization (ω) as 

Eq. (26) [66]: 

𝜔 =
log (

𝐶𝑚,𝑚𝑎𝑥
𝑥𝑠

)

𝑤1,𝑚𝑎𝑥
 

(26) 

In which Cc and Cs are defined as the drug solubility 

related to cosolvent and solvent, respectively. Also Cm,max 

is the highest drug solubility of cosolvent-water mixture 

while              shows the cosolvent mass fraction that produces 

the greatest solubility.
 
 

As shown in Table 4, the having the same value for 

both ω and σ are found for binary mixtures of NMP - water 

and PEG 400 - water which means that BDS maximal 

solubility is revealed in the NMP and PEG 400 as 

cosolvents. On the other hand, the solubilization power 

based on ω shows a maximum value for 2-propanol + 

water system demonstrating that 2-propanol, as a 

solubilizer, can benefit for its employ as a cosolvent in 

formulations of various drugs. 

 

Thermodynamic analysis  

With the aim of calculating the apparent 

thermodynamic quantities of BDS dissolution, van’t Hoff 

Table 4: Evaluation of the solubilization powers of varying 

cosolvent systems used for BDS solubility study. 

Solvent mixtures δ ω 

2-Propanol + water 2.98 4.13 

NMP + water 3.98 3.98 

PEG 400 + water 2.84 2.84 

Ethanol + water 3.08 3.82 

 

 
Fig. 2: van’t Hoff plots of the experimental molar solubility of 

BDS in the binary mixtures of 2-propanol and water (2) 

 

plots is drawn for the BDS solubility in aqueous 

mixture of 2-propanol and neat solvents (Fig. 2). A correlation 

coefficient of greater than 0.991 was obtained in all cases, 

indicating parabolic trends [67-69]. Based on 

demonstration in Section 2.3 and through a well-

established connection, the apparent enthalpies and Gibbs 

energies at Thm = 303.0 K were computed by using Eq. (5) 

and Eq. (6) from respective slopes and intercepts, 

respectively. The ΔH°, ΔS°, and ΔG° as thermodynamic 

parameters of BDS dissolution process in binary mixture 

of 2-propanol (1) + water (2) is calculated from van't Hoff's 

model and Gibbs's equation. Table 5 shows the values 

obtained at Thm equal with 303.0 K. According to  

the positive values of ΔH°, ΔS° and ΔG°, BDS dissolution  

was observed in every case endothermic, entropy-driven 

and evidently not spontaneous, respectively. It should be 

noted that ΔS° in neat water has negative values. On the 

other hand, the highest value of ΔH° in w1 = 0.5 and the 

lowest value of ΔH° in w1 = 0.8 were obtained 38.64 and 

15.77 kJ/mol, respectively. Also, the maximum and 

lowermost positive values related to ΔS° in w1 = 0.5 and 

w1 =0.2 were observed 96.98 and 15.26 J/K.mol, 

respectively. The range of ΔG° changes was found 

24.95- 5.88 kJ/mol while maximum amount was produced 

in a mixture containing high levels of BDS solubility. 

1,maxw
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Table 5: Dissolution behavior of BDS (3) in 2-Propanol (1) + water (2) mixtures at Thm as based on apparent thermodynamic parameters 

w1
 ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/K.mol) TΔS° (kJ/mol) H

 
TS

 

0.00 24.95(0.04) 23.37(2.85) -5.21(9.52) -1.58(2.89) 0.937 0.063 

0.10 21.19(0.01) 28.85(3.19) 25.26(10.53) 7.66(3.19) 0.790 0.210 

0.20 17.77(0.01) 22.40(0.32) 15.26(1.10) 4.63(0.33) 0.829 0.171 

0.30 14.44(0.07) 26.75(0.87) 40.57(2.89) 12.31(0.88) 0.685 0.315 

0.40 11.69(0.03) 19.95(0.72) 27.24(2.47) 8.27(0.75) 0.707 0.293 

0.50 9.21(0.05) 38.64(1.96) 96.98(6.28) 29.42(1.91) 0.568 0.432 

0.60 7.08(0.02) 25.50(1.47) 60.70(4.89) 18.42(1.48) 0.581 0.419 

0.70 6.23(0.05) 18.50(1.38) 40.44(4.59) 12.27(1.39) 0.601 0.399 

0.80 5.88(0.04) 15.77(0.97) 32.60(3.28) 9.89(0.99) 0.615 0.385 

0.90 6.38(0.04) 22.86(1.42) 54.32(4.71) 16.48(1.43) 0.581 0.419 

1.00 7.68(0.03) 19.36(0.94) 38.49(3.00) 11.68(0.91) 0.624 0.376 

 

 
Fig. 3: Gibbs energy for transfer of BDS (3) from pure water 

(2) to 2-propanol (1) + water (2) mixtures at 303.4 K 

 

As can be seen from Fig. 3, in the presence of higher 

2-propanol proportions, the ΔG° value decreases, reaching 

a minimum value at 0.8 mass fraction. This is because as 

drug solubility increases, the dissolution process becomes 

more favorable. The values for H and TS are also shown 

in Table 5. In every case, BDS dissolution process  

was primarily driven by the ΔH° (H > TS and H > 0.560). 

It can be concluded that in all solvent mixtures, the dissolution 

process of BDS indicated great energetic requirements  

for dominating the cohesive force of solute-solvent [70]. 

ΔH° versus ΔG° and ΔH° versus TΔS° enthalpy–entropy 

compensation plots of BDS at different temperatures  

also revealed the mechanism of dissolution [43].  

Based on Fig. 4, there is a nonlinear relationship between 

ΔH° and ΔG° the r solubility of BDS in the various ratios 

of 2-propanol aqueous mixture. These results show that 

the regions revealing positive and negative parts  

of the slopes related to the curve between ΔH° and ΔG° 

originate from the decreasing and increasing the role of 

 

 
Fig. 4. ΔH° vs ΔG° and ΔH° vs TΔS° enthalpy–entropy 

compensation plots for the solubility of BDS in 2-propanol (1) 

+ water (2) mixtures at 303.4 K (Thm). The points denote the 

mass fraction of 2-propanol (1) in the 2-propanol (1) + water 

(2) mixtures before the addition of solute (BDS, 3). 

 

entropy in the dissolution process of BDS, respectively. 

On the other hand, decreasing and increasing the influence 

of enthalpy in the dissolution process of BDS, lead to the 

regions revealing positive and negative part of the slopes 

between ΔH° and TΔS°. 
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Table 6: van’t-Hoff model constants and the corresponding 

MRD% for the back-calculated solubility of BDS in the binary 

mixtures of 2-propanol (1) + water (2). 

w1
 A B MRD% 

0.00 -0.61 -2812.43 1.6 

0.10 3.058 -3472.13 2.9 

0.20 1.852 -2695.79 2.7 

0.30 4.898 -3218.57 1.8 

0.40 3.296 -2402.64 1.3 

0.50 5.827 -2862.81 2.0 

0.60 7.317 -3068.32 2.0 

0.70 4.878 -2226.94 1.7 

0.80 3.93 -1897.52 1.5 

0.90 6.547 -2750.25 1.2 

1.00 4.633 -2326.48 0.3 

Overall 1.7 

 

Table 7: The CNIBS/R–K model constants and the corresponding 

MRD% for back calculated BDS solubility in the binary mixtures 

of 2-propanol (1) + water (2) at investigated temperatures 

w1
 J0 J1 J2 MRD% 

293.2 11.324 3.136 0a 2.4 

298.2 11.243 3.672 0a 2.9 

303.2 11.217 3.259 0a 3.6 

308.2 11.458 2.994 0a 4.2 

313.2 11.405 2.875 0a 4.7 

Overall  3.6 

 

Solubility modeling  

In the aqueous mixture of 2-propanol, experimental 

molar solubility data of BDS are fitted to various 

cosolvency mathematical models including linear and 

nonlinear ones such as the i) van't Hoff's model, ii) 

CNIBS/R–K model, iii) Yalkowsky's equation, two 

Jouyban-Acree models:  iv) Jouyban-Acree equation, v) 

Jouyban-Acree- van't Hoff's model, vi) modified  version 

of Wilson model, vii) Buchowski, and Ksiazczak equation 

and viii) Williams-Amidon excess Gibbs energy model 

and the constants related to models with MRDs % of back-

calculated solubility data are listed in Tables 6–11. 

Solubility data of BDS from the back-calculated for all 

investigated models showed low MRDs% (<19.0%). The 

Yalkowsky's model with MRD = 67.5% was an exception. 

It is apparent that a comparison of various equations' error 

levels cannot be performed, because some models such 

the van't Hoff's model is used for temperature-dependent  

Table 8: ln CYal values of BDS computed by Yalkowsky model 

in the binary mixtures of 2-propanol (1) + water (2) at 

investigated temperatures T = 298.2 K  

w1 ln CYal (298.2 K) 

0.00 -10.02 

0.10 -9.34 

0.20 -8.65 

0.30 -7.97 

0.40 -7.28 

0.50 -6.6 

0.60 -5.91 

0.70 -5.22 

0.80 -4.54 

0.90 -3.85 

1.00 -3.17 

MRD% 67.5 

 

Table 9: The Jouyban-Acree and Jouyban-Acree-van’t-Hoff 

models constants for BDS solubility in the binary mixtures of 

2-propanol (1) + water (2). 

 Jouyban-Acree Jouyban-Acree-van’t Hoff 

2-Propanol + water J0 3430.970 A1 4.633 

 J1 966.412 B1 -2326.482 

 J2 0a A2 -0.610 

   B2 -2812.428 

   J0 3430.933 

   J1 965.973 

   J2 0a 

R2 0.998 0.999 

F 17315.22 17697.776 

P <0.001 <0.001 

MRD% 5.7 5.8 

 

prediction of solubility in the equal value of solvent ratio, in 

contrast to that, some models like Yalkowsky, CNIBS/R–K 

model, ʎh equation, and the modified version of Wilson 

model calculate the solubility of the mixture in various 

solvents ratio in isothermal conditions. Whereas, at different 

temperatures and solvent mixtures, the Jouyban-Acree and 

Jouyban-Acree-van't Hoff models can be used to predict 

solubility data. If we want to discuss briefly, using Eq. (9) 

the overall back-calculated MRDs for van't Hoff model  

were obtained 1.7 % (Table 6). As seen in Table 7, the 

CNIBS/R–K model models show reasonable overall 

MRDs% for back-calculated solubility data at 293.2, 

298.2, 303.2, 308.2, and 313.2 K are 2.4%, 2.9%, 3.6%,  
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Table 10: Modified Wilson model' parameters at evaluated 

temperatures from 293.2 to 313.2 K and the relevant MRD% for 

back-calculated BDS solubility in mixed solvents of 2-propanol 

(1) and water (2).  

T/K λ12 λ21 MRD% 

293.2 10.62 2.13 17.4 

298.2 13.13 2.15 20.0 

303.2 14.02 2.23 18.2 

308.2 16.45 2.36 18.2 

313.2 18.49 2.42 19.0 

Overall   18.6 

 

4.2% and 4.7%, respectively. The overall MRD is 3.6%. 

The overall MRD is 3.6%. On the other hand, based on the 

Yalkowsky model (Table 8), the obtained MRD% values 

for the back-calculated BDS solubility at 298.2 K was 67.5%. 

In 1998, the Jouyban–Acree model was suggested  

as a solution to the problem of temperature dependence 

within the CNIBS/RK model [71]. According to the 

Jouyban-Acree model, the general MRD% at 293.2-313.2 K 

is 5.7%, while for the Jouyban-Acreevan't Hoff model, it is 4.6%. 

In addition, experimental solubility data of BDS were fitted 

with the recently modified version of Jouyban-Acree-van't 

Hoff model (Eq. (18)). With a p-value less than 0.001, D1, 

D2, D3, D4, D5 and D7 are found to be statistically significant 

coefficients (Eq. (27)). The overall MRD is 5.1%. 

𝑙𝑛𝐶𝑚 ,𝑇 = 1.858−
3559.995

𝑇
+ 4.580 𝑤1

+ 3135.369
𝑤1
𝑇
− 464.013

𝑤1
2

𝑇

−  1994.052
𝑤1
3

𝑇
 

(27) 

Data with the fewest fittings, i.e. at 293.2 and 313.2 K, data 

on solubility in 2-propanol and water and in solvent 

mixtures containing 0.3, 0.5 and 0.7 mass fractions of 2-

propanol at 298.2 K, was also employed to study the 

prediction abilities of the Jouyban- Acree-van't Hoff 

model. There is a semi-predictive aspect to the equation 

above. For this purpose, Eq. (17) is trained by applying 

these least experimental solubility data and next the solute 

solubility values related to another 2-propanol mass 

fractions were computed by utilizing the mentioned 

trained models. The overall back-calculated MRD%  

is obtained 1.26%. In isothermal conditions, the ʎh equation 

and modified version of Wilson model that were used  

to prediction of solute solubility at different mixed solutions,  

Table 11: The ʎh equation parameters and the relevant MRD% 

for the back-calculated solubility of BDS in mixed solvents of 

2-propanol (1) and water (2). 

w1
  h MRD% 

0.00 0.500 0.570 0.3 

0.10 0.501 3.162 2.9 

0.20 0.502 9.645 4.1 

0.30 0.509 42.318 2.8 

0.40 0.521 93.643 2.4 

0.50 0.569 300.876 3.3 

0.60 0.698 735.091 1.5 

0.70 0.708 702.246 1.2 

0.80 0.708 664.554 0.8 

0.90 0.770 927.585 1.1 

1.00 0.608 417.879 0.9 

Overall 1.9 

 

obtain the overall MRDs% of 18.6 and 1.9, respectively 

(Tables 10 and 11).  

In continuation, the model constants were correlated  

to the Williams-Amidon excess Gibbs energy model and 

the following results were obtained: 

𝑙𝑛 𝐶𝑚 = 𝑤1 𝑙𝑛 𝐶1 +𝑤2𝑙𝑛 𝐶2

+ 0.505(2 𝑤1 − 1)(
𝑉𝑠
𝑉1
)

+ 0.013𝑤1
2𝑤2

2 (
𝑉𝑠
𝑉2
) +  21.564𝑤1

2𝑤2 

(28) 

In which the back-calculated MRD% value was found 3.9%. 

Lastly, the KAT-LSER model was used to predicting 

solubility at 298.2 K in i) binary aqueous mixture of NMP, 

ethanol and 2-propanol and ii) mono solvents such as  

n-propyl alcohol, acetic acid, isopropyl alcohol, ethylene 

glycol, ethyl acetate, acetonitrile, ethanol, methanol, NMP, 

1,4-dioxane, propylene glycol and water. Furthermore,  

the combined van't Hoff's equation is utilized for BDS 

solubility representation in the pure solvents mentioned 

above. 

Eq. (29) presents the trained models for data related  

to solubility of BDS at 298.2 K in the binary systems 

mentioned. 

log𝐶𝑇 =− 6.030(±1.46) + 1.014(±0.30) 𝜋
∗

+ 4.490(±1.56) 𝛽

− 0.854(±0.19) (
𝑉𝑠𝛿𝐻

2

100𝑅𝑇
) 

(29) 
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The overall back-calculated MRDs% are 41.3 for 

ethanol-water, 33.9 for NMP-water and 72.3 for 2-propanol-

water, respectively (with an overall MRDs% of 49.2). 

Moreover, Eq. (30) shows the trained model for data 

related to solubility of BDS at 298.2 K in the pure solvents 

mentioned above. 

𝑙𝑜𝑔 𝐶𝑇 =− 1.640(±0.644)+ 1.509(±0.823) 𝜋
∗

+ 1.311(±0.594) 𝛽

− 1.579(±0.219) (
𝑉𝑠𝛿𝐻

2

100𝑅𝑇
) 

(30) 

The trained combined van’t Hoff equation with BDS 

solubility parameters in the studied mono solvents are  

also shown in Eq. (31). 

If we have a comparison between the KAT-LSER model 

and the combined version of van’t Hoff equation, the overall 

back-calculated MRDs% were obtained 5.4 vs 3.1 for  

1-propanol, 66.8 vs 5.6 for 1,4-dioxane, 134.6 vs 1.3 for  

2-propanol, 7.0 vs 4.8 for acetic acid, 61.0 vs 4.3 for 

acetonitrile, 80.4 vs 4.9 for ethylene glycol, 139.1 vs 13.1 for 

ethyl acetate, 1.1 vs 10.3 ethanol, 74.9 vs 2.0 for methanol, 

37.7 vs 1.5 for propylene glycol and 18.7 vs 2.0 for water, 

respectively. The overall MRDs% for Eq. (30) and Eq. (31) 

are 53.2 and 4.8, respectively. A conclusion can be drawn 

from the obtained data that the combined version of van’t 

Hoff equation has a better efficacy than KAT-LSER model 

for solubility correlation in mentioned mono solvents. It 

should be said that the KAT-LSER model is intended 

primarily to apply at a temperature of 298.2 K, so its inability 

to be applied in other temperatures is a significant limitation 

for this model. 

CONCLUSIONS 

Under atmospheric pressure, our measurements of 

the BDS solubility were performed by shake-flask 

approach as is commonly done in various solvent 

mixtures of 2-propanol (1) + water (2) within the range 

of temperature changes from 293.2 to 313.2 K to expand 

the experimental solubility database for BDS. Several 

cosolvency models were investigated linearly and 

nonlinearly in order to fit/back calculate and an 

examination of the accuracy of the result of computed 

solubility was conducted by calculating the MRD%. 

Outcomes shows that all investigated models produce 

MRDs% of less than 19%, which falls within the 

acceptable error range. Based on the results, it appears 

that Jouyban-Acree has the best ability to regress  

the solubility data in general due to extending  

the calculation to a variety of temperatures and solvent 

compositions. Moreover, the apparent thermodynamic 

parameters related to dissolution of BDS are discussed 

and considered as well. According to the computed 

apparent thermodynamic properties, BDS dissolution 

occurs in an aqueous mixture of 2-propanol under 

endothermic and entropic conditions. Pharmaceutical 

companies can benefit from the physicochemical data 

provided in the present study regarding BDS in mixtures 

of cosolvents and water. 
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