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ABSTRACT: In this work, the solubility of oxcarbazepine in polymers (PEG 6000, 

PEG 20000, PVP K25, and PVP K30) and their aqueous solutions was investigated by 

experimental measurement and thermodynamic modeling. Firstly, the solubility of 

oxcarbazepine in water and polymers was modeled and the corresponding binary 

interaction parameters (oxcarbazepine/water and oxcarbazepine/polymer) were 

determined based on the experimental phase equilibrium data. Furthermore, the 

solubility of oxcarbazepine in the polymer aqueous solution (the mass ratios of 

polymers in water were 2%, 4%, and 6%) was predicted by the solid-liquid equilibrium 

(SLE) coupled with the Perturbed-Chain Statistical Associating Fluid Theory (PC-

                  



SAFT). It was observed that the predicted results agreed well with the experimental 

data, and the average relative deviation (ARD) was less than 7%. In this study, the 

solubility of oxcarbazepine in polymer aqueous solution was successfully predicted 

through the SLE coupled with the PC-SAFT, which was expected to provide theoretical 

guidance for the selection of pharmaceutical excipients and the rational design of 

preparations. 

KEYWORDS: Oxcarbazepine, Polymers, PC-SAFT, Solubility 

1. Introduction 

The poor solubility of active pharmaceutical ingredients (APIs) in water is one of the 

most difficult problems in the development of pharmaceutical engineering[1]. The 

biopharmaceutical classification system (BCS) classifies drugs according to solubility 

and permeability[2]: BCS Class I (highly soluble, highly permeable), BCS Class II 

(poorly soluble, highly permeable), BCS Class III (highly soluble, poorly permeable), 

BCS Class IV (poorly soluble, poorly permeable). An increasing number of potential 

APIs (40-70%) are classified as BCS Class II or IV[3], which are poorly soluble and 

face significant challenges in formulation and commercialization as oral dosage forms. 

Poorly soluble APIs cannot reach the minimum blood concentration at low doses but 

will cause greater toxic side effects at high doses[4]. That seriously limits their clinical 

application. In response to this challenge, many solubilization strategies have emerged. 

Common techniques for increasing the solubility of poorly soluble APIs include solid 

dispersions[5], salt-forming[6], eutectic[7], etc. Among these technologies, one factor 

that plays an important role in improving solubility and bioavailability is the addition 

                  



of excipients. How to select excipients suitable for specific APIs is a key step in 

pharmaceutical engineering[8, 9]. 

Currently, the Food and Drug Administration (FDA) has approved hundreds of 

excipients. Common excipients include sugars such as mannitol[10] and polymers such 

as polyethylene glycol (PEG)[11] and polyvinyl pyrrolidone (PVP), etc.[12] Because 

the mechanism of the influence of excipients on API solubility has not been fully 

studied, a large number of trial-and-error methods are still used to select the appropriate 

excipients[5, 13]. This is a tedious project, that often consumes a lot of manpower, 

material, and financial resources. With the help of a suitable theoretical model to 

describe and predict the solubility of APIs, the experimental workload can be reduced 

and the efficiency of formulation design can be improved. 

The approach of chemical thermodynamics for solving the solubility problem is to 

employ molecular thermodynamic models. Common examples include the models 

based on the local composition concept: the non-random two-liquid (NRTL) model[5], 

the universal quasi-chemical model (UNIQUAC) model[14], and the Wilson model[15].  

Gross and Sadowski proposed the PC-SAFT model that is based on the thermodynamic 

perturbation theory and has been widely used for electrolytes[16], polymers[17], and 

supercritical fluids[18]. The PC-SAFT model proved successful in establishing the 

relationship between the macroscopic properties of the fluid and the microscopic 

interaction parameters of molecules. In this model, the molecule is considered as a chain 

composed of hard spheres of the same size, and the attraction and repulsion within and 

between the molecules is described[19]. It is expected that the PC-SAFT model can 

                  



help accelerate the pharmaceutical engineering development process, and improve the 

screening efficiency and selectivity of excipients. It also reduces trial-and-error and 

time costs and improves preparation quality and safety.  

In this paper, a neuropathic API, oxcarbazepine[20], used for localized and systemic 

seizures was selected as the model API; its molecular structure is shown in Fig. 1. 

Oxcarbazepine is a neutral lipophilic compound belonging to BSC Class II with low 

water solubility and high permeability[20]. PEG and PVP have been widely used to 

improve poorly soluble drugs due to their low toxicity, excellent hydrophilicity and 

biocompatibility[21, 22]. In this paper, four commonly used excipients PEG 20000, 

PEG 6000, PVP K30, and PVP K25 were selected as model excipients. Based on the 

experimental phase equilibrium data, the solubilities of oxcarbazepine in water and the 

polymers at different temperatures were modeled, and the corresponding binary 

interaction parameters were determined. The solubility of oxcarbazepine in different 

polymeric aqueous solutions (ternary systems) was predicted. This prediction does not 

rely on the solubility data of the ternary system and successfully predicts the solubility 

of oxcarbazepine in the ternary system through the SLE coupled with the PC-SAFT, 

which is expected to provide reliable theoretical guidance for the screening of 

pharmaceutical excipients. 

 

Fig. 1. Chemical structures of Oxcarbazepine (a), PEG (b), and PVP (c). 

                  



2. Theory 

2.1 Solid-Liquid Equilibrium 

In this study, excipients were considered as solvents and APIs as solutes. The 

solubility of the API in polymer excipients was determined using the SLE. The 

calculation formula is shown in Eq. (1), where the solubility is temperature-

dependent[23].  

𝑥𝐴𝑃𝐼
𝐿 =

1

𝛾𝐴𝑃𝐼
𝐿 𝑒𝑥𝑝 [−

Δℎ𝐴𝑃𝐼
𝑆𝐿

𝑅𝑇
(1 −

𝑇

𝑇𝐴𝑃𝐼
𝑆𝐿 ) −

Δ𝐶𝑃,𝐴𝑃𝐼
𝑆𝐿

𝑅
(𝑙𝑛 (

𝑇𝐴𝑃𝐼
𝑆𝐿

𝑇
) −

𝑇𝐴𝑃𝐼
𝑆𝐿

𝑇
+ 1)] (1) 

Here 𝑥𝐴𝑃𝐼
𝐿  represents the solubility of the API in mole fraction, 𝑇𝐴𝑃𝐼

𝑆𝐿 , Δℎ𝐴𝑃𝐼
𝑆𝐿  and 

Δ𝐶𝑃,𝐴𝑃𝐼
𝑆𝐿  represent the melting point in K, the enthalpy of melting in 𝐽/𝑚𝑜𝑙, and the 

difference of heat capacities in the solid and liquid phases of the API in 𝐽 𝑚𝑜𝑙⁄ /𝐾, 

respectively. 𝑅 and 𝑇 represent the ideal gas constant in 𝐽 𝑚𝑜𝑙⁄ /𝐾 and temperature 

in K. 𝛾𝐴𝑃𝐼
𝐿  is the activity coefficient of the API in the liquid phase, which is calculated 

by the PC-SAFT. 

The weight fraction of the API in the API/polymer can be converted to the mole 

fraction follows Eq.(2). 

𝑥𝐴𝑃𝐼
𝐿 =

𝐶𝐴𝑃𝐼/𝑀𝐴𝑃𝐼

𝐶𝐴𝑃𝐼/𝑀𝐴𝑃𝐼 + (1 − 𝐶𝐴𝑃𝐼)/𝑀𝑝𝑜𝑙𝑦𝑚𝑒𝑟
 (2) 

Here 𝐶𝐴𝑃𝐼  represents the solubility of the API in weight fraction, 𝑀𝐴𝑃𝐼  and 

𝑀𝑝𝑜𝑙𝑦𝑚𝑒𝑟 represent the molar mass of the API and polymer in 𝑔/𝑚𝑜𝑙. 

2.2. PC-SAFT 

Based on statistical mechanics and Wertheim's first-order thermodynamic 

perturbation theory, the PC-SAFT model describes fluids that may contain chain-like 

                  



molecules[24]. In PC-SAFT, the residual Helmholtz energy (𝑎𝑟𝑒𝑠) is the sum of several 

contributions: the hard-chain contribution (𝑎ℎ𝑐), the dispersive contribution (𝑎𝑑𝑖𝑠𝑝) and 

the contribution caused by the association (hydrogen bonding) of the molecules (𝑎𝑎𝑠𝑠𝑜𝑐), 

as shown in Eq. (3). 

𝑎𝑟𝑒𝑠 =  𝑎ℎ𝑐 +  𝑎𝑑𝑖𝑠𝑝 +  𝑎𝑎𝑠𝑠𝑜𝑐 (3) 

 

The PC-SAFT model depicts the molecule as a chain of connected 𝑚𝑖
𝑠𝑒𝑔

segments of 

diameter 𝜎𝑖, using the hard sphere chain fluid as the reference fluid. In general, three 

pure component parameters are used to represent molecules: the number of segments 

(𝑚𝑖
𝑠𝑒𝑔

), the diameter of segment (𝜎𝑖) and the dispersion energy parameter (𝑢𝑖 𝑘𝐵)⁄ , 

where  𝑘𝐵  is the Boltzmann constant. In associating fluids, to characterize the 

interaction between the donor and acceptor in the molecular hydrogen bond, the number 

of association sites ( 𝑁𝑖
𝑎𝑠𝑠𝑜𝑐 ), the association volume parameter ( 𝑘𝐴𝑖𝐵𝑖 ), and the 

association energy parameters (𝜀𝐴𝑖𝐵𝑖 𝑘𝐵⁄ ) are added. The Berthelot-Lorentz combining 

rule is used to describe the interaction between component i and component j in the 

mixture, as shown in Eqs. (4) and (5). To correct the dispersion energy parameter, the 

binary interaction parameter (𝑘𝑖𝑗) is introduced [25], as shown in Eq. (6). 

𝜎𝑖𝑗 =
1

2
(𝜎𝑖 + 𝜎𝑗) (4) 

𝑢𝑖𝑗 = (1 − 𝑘𝑖𝑗)√𝑢𝑖𝑢𝑗 (5) 

𝑘𝑖𝑗 = 𝑘𝑖𝑗,𝑇 · 𝑇 + 𝑘𝑖𝑗,0 (6) 

The Wolbach and Sandler mixing rules are used to describe the association energy 

(𝜀𝐴𝑖𝐵𝑗) and the association volume parameter (𝑘𝐴𝑖𝐵𝑗) for the mixture[26], as shown in 

Eqs. (7) and (8).  

                  



𝜀𝐴𝑖𝐵𝑗 = 0.5 × (𝜀𝐴𝑖𝐵𝑖 + 𝜀𝐴𝑗𝐵𝑗) (7) 

𝑘𝐴𝑖𝐵𝑗 = √𝑘𝐴𝑖𝐵𝑖𝑘𝐴𝑗𝐵𝑗 × [
2 × √𝜎𝑖𝑖𝜎𝑗𝑗

𝜎𝑖𝑖 + 𝜎𝑗𝑗
]

3

 (8) 

2.3 Determination of activity coefficients from PC-SAFT 

The residual chemical potential (𝜇𝑖
𝑟𝑒𝑠) is calculated from the residual Helmholtz 

energy (𝑎𝑟𝑒𝑠, Eq. (2) ), as shown in Eq. (9)[27].  

𝜇𝑖
𝑟𝑒𝑠

𝑘𝐵𝑇
=

𝑎𝑟𝑒𝑠

𝑘𝐵𝑇
+ 𝑍 − 1 +

𝜕(𝑎𝑟𝑒𝑠 (𝑘𝐵𝑇))⁄

𝜕𝑥𝑖
− ∑ 𝑥𝑗(

𝜕(𝑎𝑟𝑒𝑠 (𝑘𝐵𝑇))⁄

𝜕𝑥𝑗
)

𝑁

𝑗−1

 (9) 

Here 𝑥𝑖 and 𝑥𝑗 are the mole fractions of components 𝑖 and 𝑗 in the fluid mixture, 

respectively, and Z is the compressibility factor, which can be obtained from Eq. (10). 

𝑍 = 1 + 𝜌(𝜕(𝑎𝑟𝑒𝑠 (𝑘𝐵𝑇)⁄ ) 𝜕𝜌⁄ ) (10) 

Here ρ is the system density in 𝑘𝑔/𝑚3. 

The activity coefficient (𝛾𝑖
𝐿) can be obtained by the ratio of the fugacity coefficient 

of the component 𝑖 in the mixture (𝜑𝑖
𝐿) to the fugacity coefficient of the pure liquid 

(𝜑0𝑖
𝐿 ), as shown in Eq. (11). Eq. (12) illustrates how to calculate the fugacity coefficient 

using the compressibility factor (Z) and the residual chemical potential. 

𝛾𝑖
𝐿 = 𝜑𝑖

𝐿 𝜑0𝑖
𝐿⁄  (11) 

𝑙𝑛 (𝜑𝑖
𝐿) = 𝜇𝑖

𝑟𝑒𝑠 (𝑘𝐵𝑇) − ln (𝑍)⁄  (12) 

The solubility of the API in solution is obtained by substituting the activity coefficient 

𝛾𝑖
𝐿 into Eq. (1) and solving the resulting nonlinear equation with respect to the mole 

fraction of API. The accuracy of the model is determined by root mean square deviation 

(RMSD) and mean relative deviation (ARD)[23], as shown in Eqs. (13) and (14).  

𝐴𝑅𝐷 =
1

𝑛𝑒𝑥𝑝
× ∑  

𝑛𝑒𝑥𝑝

𝑖=1

|
𝑥𝑒𝑥𝑝,𝑖 − 𝑥𝑐𝑎𝑙,𝑖

𝑥𝑒𝑥𝑝,𝑖
| × 100% (13) 

                  



RMSD = [
1

𝑛𝑒𝑥𝑝
× ∑  

𝑛𝑒𝑥𝑝

𝑖=1

(𝑥𝑒𝑥𝑝,𝑖 − 𝑥𝑐𝑎𝑙,𝑖)
2

]

0.5

× 100% (14) 

Here 𝑛𝑒𝑥𝑝 represents the number of data points used to calculate the error, 𝑥𝑐𝑎𝑙,𝑖 

and 𝑥𝑒𝑥𝑝,𝑖 are the calculated and experimental solubilities, respectively, expressed in 

weight fraction. 

3. Materials and methods 

3.1 Materials 

Oxcarbazepine (purity > 98%) was purchased from Adamas Reagent Co. LTD 

(Shanghai, China). PEG 6000 and PEG 20000 were obtained from Energy Chemical 

Co., Ltd (Shanghai, China). PVP K25 and PVP K30 were bought from Macklin Co., 

Ltd (Shanghai, China). Fig.1 depicts the structures of various materials. All aqueous 

solutions were prepared with ultrapure water using an ultrapure water machine. 

3.2 Measurement of API solubility in excipients 

DSC (Q20, TA, America) was used to determine the solubility of oxcarbazepine in 

polymers. In this study, based on the work of Tao et al.[28], a method for measuring the 

solubility of crystalline APIs in solvents was used to measure the solubility of APIs in 

polymers. Oxcarbazepine + polymer with a known oxcarbazepine content of x is heated 

gradually to a molten state. Assuming phase equilibrium is maintained during heating, 

the solubility of the oxcarbazepine in the polymer at the measured melting temperature 

is x. However, it is worth noting that the measured melting temperature is affected by 

the heating rate; The higher the heating rate, the higher the temperature obtained, and 

there is a linear correlation between the two[29]. Therefore, in the actual measurement, 

                  



the DSC heating rate is set to 15 K/min, 10 K/min, and 5 K/min. The result of different 

heating rates corresponding to different melting temperatures was extrapolated to a 

heating rate of 0 K/min, and the solubility of the oxcarbazepine in the polymer was 

obtained. In order to make the oxcarbazepine and the polymer fully mixed, weigh the 

corresponding quantities of the oxcarbazepine and the polymer, place them in a mortar, 

and fully grind them at room temperature. The mass fractions of oxcarbazepine were 

0.85, 0.70, and 0.55, respectively. 

3.3 Measurement of API solubility in excipients/water ternary systems 

The solubility of oxcarbazepine in polymer aqueous solution was determined by 

static method[23]. The mass fraction of polymers in water was 2%, 4%, and 6%, 

respectively. The aqueous solution of different mass fractions of the polymer was added 

to an excess amount of oxcarbazepine and placed in a 50 mL container. The 

temperatures selected in this experiment were 300.15 K, 305.15 K, 310.15 K, 315.15 

K, and 320.15 K. To achieve thermodynamic equilibrium, the container was placed in 

a water-controlled thermostat and stirred with a magnetic stirrer for 72 hours and then 

keep it in static condition for 24 h until the solution became clear[30]. The samples 

were collected by syringe, filtered through a 0.45 μm microporous membrane, and then 

measured. The concentration of oxcarbazepine was determined using the UV–vis 

spectroscopy (Analytic Jena Specord 210 Plus spectrophotometer, Jena, Germany). The 

UV absorption peak of oxcarbazepine is 254 nm, as shown in Fig 2 (a). The linear 

calibration curve for the absorbance versus concentration of oxcarbazepine in water 

was plotted and given in Fig 2 (b) (r2 = 0.99685) 

                  



 

Fig.2. UV spectra of oxcarbazepine solubilized in water. (b) Absorbance vs. 

Concentration of oxcarbazepine drug at 254 nm. 

4. Results and discussions 

4.1 Solubility of oxcarbazepine in polymers 

The solubility of oxcarbazepine in the polymer was determined by DSC. The melting 

temperatures of oxcarbazepine + polymer at heating rates of 15 K/min, 10 K/min, and 

5 K/min were measured, and the melting temperatures at zero heating rates were 

calculated by a linear relationship. The linear equations between the melting 

temperature of oxcarbazepine + polymer and the DSC heating rate are shown in Table 

S1, and the DSC curves are shown in Fig. S1. 

Fig. 3 shows the solubility of oxcarbazepine in the four polymers measured in the 

experiment. With the increase of polymer proportion, the melting temperature gradually 

decreases, which is more conducive to maintaining the stability of the drug. This is 

consistent with the research results of Khushboo Kothari et al[31]. They studied the 

effects of different polymer concentrations on the molecular mobility and physical 

stability of nifedipine solid dispersions and found that with the increase of polymer 

concentration, the molecular mobility of nifedipine solid dispersions decreased and the 

drug stability increased. Different polymers showed different solubility of 

oxcarbazepine at the same phase equilibrium temperature. As shown in Fig. 3, except 

                  



for the 85% PEG 20000 system, the ability of different polymers to enhance the 

solubility of oxcarbazepine follows the order: PEG 20000 > PEG 6000 > PVP K25 > 

PVP K30. In general, the solubilization effect of PEG on oxcarbazepine is stronger than 

that of PVP. This may be due to the stronger interaction of oxcarbazepine with hydroxyl 

groups in PEG than with amide groups in PVP. 

 

Fig. 3. Oxcarbazepine solubility in excipients (obtained by correlation between DSC 

heating rate and melting temperature): PEG 6000(dark gray squares), PEG 20000(red 

solid circles), PVP K25(blue solid triangles), PVP K30(green solid inverted triangles).  

4.2 PC-SAFT parameters 

4.2.1 Oxcarbazepine pure component parameters 

PC-SAFT requires a small amount of experimental data to fit the parameters of the 

relevant substances. In general, the liquid density and vapor pressure of pure substances 

are often used to fit pure component parameters[32]. However, it is difficult to measure 

the density and vapor pressure of solid materials with high melting points and difficulty 

in volatilizing. For these substances, experimental data on the solubility in pure solvents 

can normally be used to determine the parameters[33]. 

                  



In this study, the pure component parameters of oxcarbazepine were regressed from 

experimental data on the solubility in methanol, 1-propanol, 1-butanol, acetone, 2-

propanol, ethanol, and acetonitrile. The solubility data were obtained from the 

literature[34]. The melting temperature, 504.42 K, and the melting enthalpy, 45.83 

𝑘𝐽 𝑚𝑜𝑙⁄ , of oxcarbazepine are obtained from literature[20]. The pure component 

parameters of the four polymers PEG 6000, PEG 20000, PVP K25, and PVP K30 are 

obtained from literature and shown in Table 1. 

Table 1. PC-SAFT pure component parameters of oxcarbazepine, excipients, and 

water. 

 M 

(g/

mol) 

𝑚𝑖
𝑠𝑒𝑔

 

𝜎𝑖 

(Å)  

 
𝑢𝑖

𝜅𝐵
 (K) 

𝜀
𝐴𝑖𝐵𝑗

𝜅𝐵
 

(K) 

𝜅𝐴𝑖𝐵𝑖 𝑁𝑖
𝑎𝑠𝑠𝑜𝑐 Ref. 

Oxcarbazepi

ne 

252.2

7 

6.59 3.67 376.60 2522.8

6 

0.02 1/1 this 

wor

k 

PEG 6000 6000 303.6 2.89

9 

204.6 1799.8 0.02 2/2 [21] 

PEG 20000 20000 1012 2.89

9 

204.6 1799.8 0.02 2/2 [35] 

PVP K25 25700 1045.

2 

2.71 205.59 0 0.0450

9 

231/23

1 

[25] 

                  



PVP K30 58000 2360.

6 

2.71 205.59 0 0.0451 521/52

1 

[36] 

Water 18.02 1.204

7 

2.79

3 

353.94

5 

2425.7 0.0451 1/1 [37] 

4.2.2 Binary interaction parameter 

Binary interaction parameters are used to correct the interaction between two 

components, which is particularly important for some strongly non-ideal systems, such 

as azeotrope systems and association systems[38]. In this study, binary interaction 

parameters are used to correct the dispersion energy parameters between components, 

which are temperature-dependent. The binary interaction parameters are fitted from the 

phase equilibrium data of the binary mixture, and the results are shown in Table 2. 

Among them, are the binary interaction parameters of PEG 6000, PEG 20000, PVP 

K25, and PVP K30 with water that were obtained from the literature. The binary 

interaction parameters of oxcarbazepine with PEG 6000, PEG 20000, PVP K25, and 

PVP K30 are obtained by fitting the solubility of oxcarbazepine in the polymers. 

Table 2. PC-SAFT binary interaction parameter between different species. 

system 𝑘𝑖𝑗,𝑇 𝑘𝑖𝑗,0 Ref. 

Oxcarbazepine + Water 3.002 × 10−4 -0.09636 this work 

Oxcarbazepine + PEG 6000 1 × 10−4 -0.0756 this work 

Oxcarbazepine + PEG 20000 8.9 × 10−5 -0.0526 this work 

Oxcarbazepine + PVP K25 1.2 × 10−4 -0.046 this work 

Oxcarbazepine + PVP K30 1.05 × 10−4 -0.037 this work 

PEG 6000 + Water 2.344 × 10−4 -0.1035 [37] 

                  



PEG 20000 + Water 2.344 × 10−4 -0.1035 [35] 

PVP K25 + Water 0 -0.1480 [37] 

PVP K30 + Water 0 -0.1480 [36] 

 

4.3 Modeling of oxcarbazepine solubility in binary systems 

4.3.1 Modeling of oxcarbazepine solubility in organic solvents and water 

Based on the binary interaction parameters of oxcarbazepine with organic solvents 

and water and their pure component parameters, the solubility of oxcarbazepine in 

organic solvents and water can be modeled for different temperatures. As shown in Fig. 

4 (a) and Fig.8, the solubility of oxcarbazepine in water and organic solvents increases 

with an increase of temperature, and the modeling results correlate accurately with the 

experimental data. The results of solubility modeling in organic solvents give ARD < 

5% and RMSD < 6 × 10−5, as shown in Fig. 4(b). The results of solubility modeling 

in water give ARD < 3% and RMSD <  1 × 10−5, as shown in Fig. 8 (b). 

 

Fig. 4. (a)Solubilities of oxcarbazepine in different pure solvents: methanol (black 

solid squares),1-propanol (red solid triangles), 1-butanol (blue solid inverted 

triangles), acetone (green solid diamonds), ethanol (purple solid hexagons), 2-

propanol (yellow solid stars), acetonitrile (aqua green solid circles); Dashed lines are 

the modeled solubility with PC-SAFT. (b) ARD (orange) and RMSD (blue) between 

                  



the experimental and modeled oxcarbazepine solubility in different pure solvents. 

4.3.2 Modeling of oxcarbazepine solubility in polymers 

In this study, the solubility-versus-temperature curve of oxcarbazepine in polymers 

PEG 6000, PEG 20000, PVP K25, and PVP K30 shown in Fig. 5 was obtained using 

the binary interaction parameters of oxcarbazepine with polymers and the pure 

component parameters of PC-SAFT. The black dots in this figure are experimental 

values, and the black solid lines are PC-SAFT modeling results. The model results are 

basically consistent with the experimental values. The ARD of oxcarbazepine-polymer 

modeling is less than 12%, and the RMSD is less than 0.1, as shown in Fig. 6. 

In Fig. 5, the region above the solubility curve is the thermodynamically stable region, 

and the drug is in an amorphous state when it is in this region. When the concentration 

of the drug in the preparation exceeds the solubility, the amorphous drug will 

recrystallize. The size of the area above the curve shows the ability of the polymer to 

maintain the thermodynamic stability of the drug, and the larger the area, the stronger 

the ability to maintain the stability of the amorphous drug. As shown in Fig. 5, the area 

proportion of the thermodynamic stability zone increases in the order: PEG 20000 > 

PEG 6000 > PVP K25 > PVP K30. 

In theory, the solubility curve can be used to measure the melting temperature by 

DSC. However, when the temperature is low and the glass transition temperature of the 

system is close, it is difficult for the system to reach thermodynamic equilibrium due to 

the high viscosity of the drug-polymer system, so only part of the curve can be obtained 

in the experiment, and the workload is huge[39]. In this study, the solubility curve of 

                  



oxcarbazepine in polymers was modeled by PC-SAFT based on a small amount of 

experimental data. This method saves a lot of manpower, material, and financial 

resources, and provides some guidance for the screening of excipients in 

pharmaceutical preparations. 

 

Fig. 5. Solubilities of oxcarbazepine in different polymers. Dots represent 

experimental measurements: PEG 6000(purple solid squares), PEG 20000(green solid 

circles), PVP K25(blue solid diamonds), PVP K30(red solid triangles) and the full, 

dashed, dot-dashed, short-dashed lines denote the modeled solubility with PC-SAFT: 

PEG 6000(purple dashed-dot line), PEG 20000(green short dashed line), PVP 

K25(blue dashed line), PVP K30 (red solid line). 

 

Fig. 6. ARD (orange) and RMSD (blue) between the experimental and modeled API 

solubility. 

                  



4.4 Prediction of solubility of oxcarbazepine in ternary systems 

The solubility of oxcarbazepine in PEG 6000, PEG 20000, PVP K25, and PVP K30 

polymer aqueous solutions was predicted by the solid-liquid equilibrium combined with 

the PC-SAFT without relying on the solubility data for the ternary system. In part 4.2, 

the phase diagrams of oxcarbazepine + water, oxcarbazepine + polymer (PEG 6000, 

PEG 20000, PVP K25, PVP K30) binary systems are established, and the corresponding 

binary interaction parameters are obtained. The parameters of the binary interaction 

between polymer and water are obtained from the literature. The interaction parameters 

are summarized in Table 2. Using these parameters in the PC-SAFT model combined 

with the thermodynamic condition of solid-liquid equilibrium, we predicted the 

solubility of oxcarbazepine in the aqueous solutions of polymers by the Fortran 

programs within the Version 16.8.3 of Visual Studio Community 2019[24].  In order 

to verify the accuracy of the PC-SAFT model in predicting the solubility of 

oxcarbazepine in polymer aqueous solution in the ternary system, experiments were 

conducted according to part 3.3, and the results are shown in Table S2. The 

experimental results show that PC-SACT accurately predicts the solubility of 

oxcarbazepine in the polymer aqueous solution without relying on the experimental 

data in the ternary system. As shown in Table S2 and Fig.7, the ARD of the solubility 

prediction of oxcarbazepine in polymer aqueous solutions is less than 7%, and the 

RMSD is less than 4×10−6. 

                  



 

Fig. 7. ARD and RMSD between the experimental and predicted oxcarbazepine 

solubility in ternary systems. Gray, orange, and blue represent polymer solutions with 

a polymer mass fraction of 2%, 4%, and 6%, respectively. Bars without slashes 

represent ARD, and bars with slashes represent RMSD. 

The prediction and experimental results of oxcarbazepine in four polymer aqueous 

solutions are shown in Fig. 8 and Table S2. The solubility of oxcarbazepine in polymer 

aqueous solution increases with the increase of temperature. Compared with the pure 

water system without polymer, the solubility of oxcarbazepine in the polymer-

containing systems significantly increases. PEG 6000, PEG 20000, PVP K25, and PVP 

K30 showed good solubilization effects on oxcarbazepine. One reason for the increased 

solubility of oxcarbazepine in presence of the polymers can be attributed to increased 

wettability and decreased interfacial tension. The polymers selected in this study were 

all hydrophilic carriers, which greatly improved the wettability of the hydrophobic 

surface of the poorly soluble drug oxcarbazepine in water[40]. The solubilizing effect 

of oxcarbazepine is different, depending on the type and mass fraction of the polymer. 

The solubility of oxcarbazepine in 2%-6%PEG aqueous solution is 1.4-2.3 times that 

                  



in pure water, and the solubility in 2%-6%PVP aqueous solution is 1.8-3.0 times that in 

pure water. The effect of PVP K25 and PVP K30 on improving the solubility of 

oxcarbazepine in the aqueous solution was significantly better than that of PEG 6000 

and PEG 20000. This is inconsistent with the dissolution rule of oxcarbazepine in the 

polymer (anhydrous state) obtained in part 4.1. The reason may be that the addition of 

water affects the interaction between oxcarbazepine and polymer in the system. 

Consequently, the stronger solubilizing effect of PVP can be attributed to its higher 

potential of forming multiple hydrogen bonds with drug molecules compared to 

relatively weaker interactions of PEG. In the systems containing PEG, the 

solubilization effect of PEG 6000 on oxcarbazepine is obviously better than that of PEG 

20000, which is consistent with the study of Paus et al[21]. With the increase of PEG 

molar mass, API solubility decreases. When the mass fraction of the polymer is 

increased, the solubilization effect is more significant. This can be attributed to the 

increased wettability and the higher proportion of functional groups that can interact 

with drug molecules as the polymer mass fraction increases. 

 

Fig. 8. (a)Solubility of oxcarbazepine in water (black solid squares), in water with 2 

wt % PEG 6000 (red solid circles), in water with 4 wt % PEG 6000 (blue solid 

triangles), and in water with 6 wt % PEG 6000 (green solid inverted triangles); 

                  



(b)Solubility of oxcarbazepine in water (black solid squares), in water with 2 wt % 

PEG 20000 (red solid circles), in water with 4 wt % PEG 20000 (blue solid triangles), 

and in water with 6 wt % PEG 20000 (green solid inverted triangles); (c) Solubility of 

oxcarbazepine in water (black solid squares), in water with 2 wt % PVP K25 (red 

solid circles), in water with 4 wt % PVP K25 (blue solid triangles), and in water with 

6 wt % PVP K25 (green solid inverted triangles); (d) Solubility of oxcarbazepine in 

water (black solid squares), in water with 2 wt % PVP K30 (red solid circles), in 

water with 4 wt % PVP K30 (blue solid triangles), and in water with 6 wt % PVP K30 

(green solid inverted triangles). Dots are solubility values from experimental 

measurements. Solid black line, dashed red line, dashed blue line, and dashed green 

line represent the solubility of oxcarbazepine in water modeled by PC-SAFT, and the 

solubility predicted by PC-SAFT in aqueous polymer solution (polymer mass 

fraction:2%, 4%, 6%, respectively). 

5. Conclusions 

In this work, thermodynamic condition of solid-liquid equilibrium and the PC-SAFT 

model were used to predict the solubility of oxcarbazepine in the aqueous solutions 

containing PEG 6000, PEG 20000, PVP K25, and PVP K30 without relying on the 

solubility data of ternary system. A high accuracy of these predictions has been verified 

experimentally. Firstly, based on the experimental phase equilibrium data, the solubility 

of oxcarbazepine in water and polymers was modeled and the corresponding binary 

interaction parameters were determined. Then, the solubility of oxcarbazepine in the 

polymer aqueous solution is predicted without relying on the solubility data of the 

                  



ternary system. The predicted results of the model agree well with the experimental 

data, and the average relative deviation is less than 7%. This indicates that the PC-SAFT 

has high accuracy and reliability in predicting the solubility of oxcarbazepine, which is 

expected to provide guidance for the screening of pharmaceutical excipients and 

important theoretical support for drug development in the pharmaceutical industry. 
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