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Abstract: The solubilization, solution thermodynamics, solvation behavior and Hansen solubility
parameters (HSPs) of an anti-inflammatory medicine flufenamic acid (FFA) in various Carbitol +
water mixtures were evaluated in this study. The experimental solubility of FFA in mole fraction
(xe) was measured at T = 298.2-318.2 K and p = 0.1 MPa using a static equilibrium method. The x.
values of FFA in various Carbitol + water mixtures were correlated with van’t Hoff, Apelblat,
Yalkowsky-Roseman, Jouyban—Acree and Jouyban—Acree-van’t Hoff models. All the studied models
showed good correlation with mean error values of less than 2%. The x. value of FFA was found
to increase significantly with the increase in temperature and Carbitol mass fraction in all Carbitol
+ water mixtures evaluated. The maximum and minimum x, values of FFA were recorded in pure
Carbitol (2.81 x 107!) at T = 318.2 K and pure water (5.80 x 1077) at T = 298.2 K, respectively.
Moreover, the HSP of FFA was found to be more closed with that of pure Carbitol, indicating the
maximum solubility of FFA in pure Carbitol. The estimated values of activity coefficients showed
higher molecular interactions in FFA—Carbitol combinations compared with FEA—water combinations.
Thermodynamic studies indicated an endothermic and entropy-driven dissolution of FFA in all
Carbitol + water mixtures. The solvation behavior of FFA was observed as enthalpy driven in all
Carbitol + water combinations evaluated.

Keywords: carbitol; cosolvent mixtures; flufenamic acid; solubility; solution thermodynamics

1. Introduction

Flufenamic acid (FFA; Figure 1) is a small molecule non-steroidal anti-inflammatory drug (NSAID)
which is used in the treatment of pain and inflammation associated with different diseases [1,2]. It is
available in oral and topical dosage forms on the market [2,3]. It is a potent NSAID and has a pK,
value of 3.9, with a high octanol/water partition coefficient (log P = 4.88) [3].
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Figure 1. Molecular structure of flufenamic acid (FFA).
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FFA is practically insoluble in an aqueous media such as water. Hence, its dosage form design,
especially in terms of liquid dosage forms, such as syrups and injections, is difficult [4]. Various methods
of solubility enhancement have been reported in literature [5-7]. However, the cosolvency method
of solubility enhancement is the simplest and most convenient [5]. The solubility values, solubility
parameters and other physicochemical characteristics of drugs in cosolvent-water mixtures are
important for drug discovery research and dosage form development [6-8]. Hence, this physicochemical
behavior of FFA in cosolvent-water combinations must be investigated in order to get its proper
physicochemical data [8]. The commonly used cosolvents for solubility enhancement are ethanol,
propylene glycol and polyethylene glycol 400 (PEG 400) [6,9]. However, Carbitol [also known
as Transcutol or 2-(2-ethoxyethoxy) ethanol] has also been reported as a potent cosolvent in the
solubility enhancement of various poorly-soluble drugs in addition to its complete miscibility with
water [10-12]. The efficiency of Carbitol had been investigated in the solubilization of different,
poorly water-soluble compounds in literature [10-15]. The solubility of FFA in water, light mineral
oil and polyethylene glycol 400 (PEG 400) at T =295.2 K, T = 305.2 K and T = 298.2 K, respectively,
has been reported elsewhere [3,16-18]. The solubility of FFA in some organic solvents like hexane,
methyl benzene and ethanol at T = 298.2 K has also been reported [19]. Temperature-dependent
solubility values of FFA in hexane and 1-octanol at T = 293.2-315.2 K was also reported [2,20]. Some
researchers also reported the temperature-dependent solubility values of FFA in ethanol and 1-octanol
at T =298.8-322.3 K [21]. Temperature-dependent solubility values of FFA in eleven different pure
solvents, including water, methanol, ethanol, isopropanol, 1-butanol, 2-butanol, ethylene glycol,
propylene glycol, PEG 400, Carbitol and dimethyl sulfoxide at T = 298.2-318.2 K was also reported
elsewhere [4]. However, the solubility values of FFA in different Carbitol + water mixtures have not
been studied and reported so far. Therefore, solubilization, Hansen solubility parameters, solvation
behavior and solution thermodynamics of FFA in various Carbitol + water mixtures, including pure
solvents (Carbitol and water), at T = 298.2-318.2 K and p = 0.1 MPa, were evaluated and reported
in this work. The obtained solubility values of FFA were correlated using van’t Hoff, Apelblat,
Yalkowsky—Roseman, Jouyban—Acree and Jouyban—Acree-van’t Hoff models. The solubility values
and physicochemical data of FFA reported in this research could be applicable in the drug discovery
process and dosage form design of FFA.

2. Materials and Methods

2.1. Materials

FFA was procured from Sigma-Aldrich (St. Louis, MO, USA). Carbitol was obtained from
Gattefossé (Lyon, France). The deionized/chromatography-grade water was obtained from a Milli-Q
water purification unit. The details of the materials are presented in Table 1.

Table 1. A sample table for materials.

Molecular Molar Mass CAS Registry  Purification Mass Fraction Analysis

Material Formula (g mol-1) No. Method Purity Method Source
FFA C14H19F3NO, 281.23 530-78-9 None >0.97 HPLC Sigma-Aldrich

Carbitol CgH1403 134.17 111-90-0 None >0.99 GC Gattefossé
Water H,O 18.07 7732-18-5 None - - Milli-Q

The purity and analysis methods were obtained directly from the supplier; FFA: flufenamic acid; HPLC:
high-performance liquid chromatography; GC: gas chromatography.

2.2. Solvent Mixture Preparations

All Carbitol + water mixtures were prepared by mass, using an OHAUS Pioneer (Parsippany, NJ,
USA) analytical balance with sensitivity of +0.10 mg. The mass fraction of Carbitol for different binary
mixtures was prepared by varying 0.10 from 0.10-0.90.
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2.3. FFA Solubility Determination

The solubility of FFA in various Carbitol + water mixtures (1 = 0.1-0.9; m is the mass fraction
of Carbitol in mixed solvent systems), including pure water (m = 0.0) and pure Carbitol (m = 1.0),
was determined at T = 298.2-318.2 K and p = 0.1 MPa, using a static equilibrium method [22]. Prior to the
solubility determination of FFA, the reliability of the experimental technique was verified by measuring
the solubility of sodium chloride in neat water at T = 298.15 and T = 323.15 K. The solubility of sodium
chloride in neat water was also compared with its reported values [23]. For the solubility determination
of FFA, the excess amount of FFA was dispensed in known amounts of various mixed solvents,
including pure water and pure Carbitol. Each procedure was carried out in three replicates (n = 3).
The obtained mixtures were sonicated for about 10 min and kept in a WiseBath® WSB Shaking Water
Bath (model WSB-18/30/-45, Daihan Scientific Co. Ltd., Seoul, Korea) for equilibrium. Each sample in
the shaker was rotated at 100 rpm for a period of 72 h [4]. After saturation, each sample was withdrawn
carefully and centrifuged at 5000 rpm for 30 min. The supernatant from each sample was taken and
utilized for the estimation of FFA content using a high-performance liquid chromatography technique
at 245 nm [4]. The binary combination of methanol and ethanol (80:20%, v/v) was utilized as the mobile
phase for FFA estimation. The solubility of FFA in the mole fraction (x.) was determined using its
standard formulate, described previously [12,13].

2.4. Hansen Solubility Parameters (HSPs) of FFA and Pure Solvents

The HSP of drug molecules is related to its solubility in neat solvent or cosolvent-water mixtures.
It has been reported that the closed HSP value of drug molecules with that of a particular solvent could
result in the maximum solubility of the drug molecule in that particular solvent [24]. Therefore, HSP
for FFA, neat Carbitol and neat water were estimated in this work. The total HSP (6;) value for FFA,
pure Carbitol and pure water was estimated using the following equation [25-28]:

8f = 03+ 0, +0; (1)

where 6 = total HSP, 6, = dispersion HSP, 6, = polar HSP and 6;, = hydrogen-bonded HSP. These values
for FFA and pure solvents were estimated using HSPiP software (version 4.1.07, Louisville, KY, USA)
by putting the simplified molecular-input line-entry system (SMILES) of each component into the
software [26].

2.5. Solute-Solvent Interactions and Determination of Ideal Solubility and Activity Coefficients
The ideal solubility (x*) of FFA at T = 298.2-318.2 K was obtained using the following equation [29]:

o =AHp(Trs=T)  (AC\ Trp—T
lnxldl: fus( fus ) ( p)[ fus

T
RTfusT R T " ln( Tfus )] @

where Tjs = fusion temperature of FFA, R = universal gas constant, AHp,s = fusion enthalpy of FFA and
AC, = molar heat capacity different between the solid state and liquid state of FFA [29,30]. The values of
Trus, AHp,s and AC, for FFA were taken as 407.77 K, 29.85 k] mol~! and 73.29 ] mol~! K™, respectively,
from reference [4].

The activity coefficient (y;) for FFA in a mixed solvent system was calculated using the following

equation [29,31]:
Kl
== ©)
Vi X
The solute-solvent interactions at the molecular level were explained based on the quantitative
values of y;.
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2.6. Apparent Thermodynamic Analysis of FFA Solution

The dissolution characteristics of FFA in mixed solvent systems and pure solvents were investigated
using apparent thermodynamic analysis with the help of van’t Hoff and Gibbs equations. The van’t
Hoff equation was applied to determine apparent thermodynamic parameters of FFA in the mixed
solvent system. The van’t Hoff equation was recorded at the mean harmonic temperature (T},,) of
308 K at T = 298.2-318.2 K, expressed using the following equation [29,32]:

_ AsolI_I0
S )

{ dlnx,
o+ -)
where AqH® = apparent standard enthalpy for FFA.

By making the graphs between In x, values of FFA and % - ﬁ (supplementary Figure S1),

P

the AgH? and apparent standard Gibbs energy (A;,G) values for FFA were calculated from the slope
and intercept, respectively, by applying the following equations [33]:

BotH® = —R[%] )
(T - Thm) P
AgiG® = —RTy,,, X intercept (6)

The apparent standard entropy (AsS”) value for FFA in mixed solvent systems and pure solvents
was calculated using the Gibbs equation, expressed as follows [29,32,33]:

AsolI_I0 - Asol GO

AgiS° =
sol Thm

@)

2.7. Enthalpy—Entropy Compensation Analysis

The solvation behavior of FFA in mixed solvent systems and pure solvents was investigated
using enthalpy—entropy compensation analysis [12,32]. Such analysis was carried out by plotting the
weighted graphs of Ay H® vs. AgG° at Ty, = 308 K [12].

2.8. Computational Modeling

The solubilities of FFA recorded in this work were regressed using various computational models
like the van’t Hoff, Apelblat, Yalkowsky-Roseman, Jouyban—Acree and Jouyban—Acree-van’t Hoff
models [34-40].

The van’t Hoff model solubility (x"***) of FFA in mixed solvent systems and pure solvents was
calculated using the following equation [34]:

InxVom't = g 4 b (8)
T
where 2 and b = model coefficients of Equation (8) and the values of these model coefficients were
obtained using the least square method. The correlation between the experimental and van’t Hoff model
solubilities of FFA was performed in terms of root mean square deviation (RMSD) and determination
coefficient (R?). The RMSD was calculated using the following equation:

1
2

e

i=1

RMSD =
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where N = number of experimental data points and x, = calculated solubility of the respective
model. The Apelblat model solubility (x4*') of FFA in mixed solvent systems, including pure solvents,
was estimated using the following equation [35,36]:

Inx = A+ g + CIn(T) (10)

where A, B and C = model coefficients of Equation (10) and the values of these model coefficients were
obtained by adopting a nonlinear multivariate regression analysis of experimental solubilities of FFA
provided in Table 2 [34]. The correlation between the experimental and Apelblat model solubilities of
FFA was also performed in terms of RMSD and R>.

Table 2. Experimental mole fraction solubilities (x,) of flufenamic acid (FFA) in various Carbitol +
water mixtures (m) at T = 298.2-318.2 K and p = 0.1 MPa 2.

Xe
T=2982K T=3032K T=3082K T=3132K T=3182K

0 580x1077 801x1077 106x107°® 132x10° 1.63x10°°
01 216x107® 283x10° 370x10°® 454%x10° 554x10°°
02 742x107® 976x107® 127x10° 153x107° 1.86x107°
03 267x107° 343x10° 430x10° 511x107° 6.10x107°
04 939x107° 122x10™* 149x10™* 176x10™* 211x107*
05 336x107% 412x10™* 499x10™* 584x10* 6.83x107*
06 121x103 143x10% 1.73x10° 199x107% 2.32x1073
07 425x1073 495x103 581x102% 6.62x103 758x%x1073
0.8 153x1072  1.73x1072 200x1072 224x102 255x1072
09 537x102 599%x1072 678x102 751x1072 844x1072

1 190x 1071 2.07x10°! 231x107! 253x101 281x107!
¥ 635%1072  736x1072 850x1072 9.79x10°2 1.12x 107!

2 The relative uncertainties u, are u,(T) = 0.01 K, u,(m) = 0.00, u,(p) = 0.00 and u,(x.) = 0.01.

m

The logarithmic solubility of Yalkowsky-Roseman model (log ') for FFA in mixed solvent
systems was predicted using the following equation [37]:

Long“l = mylogxy + malogxy (11)

where x; = mole fraction solubility of FFA in pure Carbitol, x, = mole fraction solubility of FFA in
pure water, m; = Carbitol mass fraction and m; = water mass fraction. The correlation between the
experimental and Yalkowsky—Roseman solubilities of FFA was performed in terms of RMSD.

The Jouyban-Acree model solubility (x,, T) of FFA in mixed solvent systems was predicted using
the following equation [38-40]:

Inxy, T = mylnxy + malnxy +

E(my — mz)lw (12)

~I=

2
mimz )
i=0

where J; = model coefficient of Equation (12) and was predicted using no-intercept regression
analysis [41]. The correlation between the experimental and Jouyban-Acree model solubilities of FFA
was performed in terms of RMSD.

The Jouyban-Acree—van’t Hoff solubility of FFA in mixed solvent systems was predicted using
the following equation [41,42]:

B B
lnxm,T = ml(A1 + ?1) + mZ(Az + ?2) +

T Y Jilm - mz)ﬂ (13)
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where A1, B1, Ay, By and |; = model coefficients of Equation (13). The correlation between the
experimental and Jouyban—Acree—van’'t Hoff model solubilities of FFA was performed in term
of RMSD.

2.9. Statistical Evaluation

Statistical evaluation was carried out using the Kruskal-Wallis test, followed by Dunn’s test using
GraphPad InStat software (San Diego, CA, USA). This test was performed to evaluate the statistical
differences of FFA solubility. The p < 0.05 was taken as a significant value.

3. Results and Discussion

3.1. Solubility Data of FFA in Various Carbitol + Water Mixtures and Their Literature Comparison

The experimental solubilities of FFA in mixed solvent systems and neat solvents at T =298.2-318.2 K
and p = 0.1 MPa are tabulated in Table 2.

The solubility of FFA in different Carbitol + water mixtures has not been studied and reported
so far. However, the mole fraction solubility of FFA in pure water at T = 295.2 K was found as 4.29 X
1077 in literature [3]. In another report, the mole fraction solubility of FFA in pure water at T = 298.2 K
has been reported as 5.83 x 1077 [4]. The mole fraction solubility of FFA in pure water at T =298.2 K
was determined as 5.80 x 1077 in the present study (Table 2). The mole fraction solubility of FFA in
pure water recorded in the present work was in accordance with those reported in literature. The mole
fraction solubility of FFA in pure Carbitol at T = 298.2 K has been reported as 1.93 x 107! in literature [4].
The mole fraction solubility of FFA in neat Carbitol at T = 298.2 K was determined as 1.90 x 107! in the
present study (Table 2). The mole fraction solubility of FFA in pure Carbitol recorded in the present
work was also in accordance with its literature value [4].

The mole fraction solubilities of FFA in pure water and pure Carbitol at five different temperatures,
i.e, T =298.2-318.2 K, have also been studied and reported in literature [4]. The graphical correlation
of the x. value of FFA in pure water and pure Carbitol at T = 298.2-318.2 K is summarized in Figure 2A
and B, respectively, showing a good correlation of x. data of FFA with those reported in literature.
The RMSD values between the experimental and literature solubilities of FFA in neat water and neat
Carbitol at five different temperatures were recorded as 2.21% and 1.22%, respectively. These results
suggested good agreement of experimental solubilities of FFA with its literature values.

0.0018 320
0.0016 L
4 L]
0.0014 240
0.0012 .

+n

X,
+n
-

2 0001
0.0008 .
0.0006 .
0.0004

0.0002

0 290 300 K 310 320

290 300 K 310 320
Figure 2. Graphical comparison of FFA solubility in (A) pure water and (B) pure Carbitol with reported
values at T = 298.2-318.2 K. The symbol u represents the experimental solubilities of FFA in (A) pure

water and (B) pure Carbitol, and the symbol * represents the reported solubilities of FFA in (A) pure
water and (B) pure Carbitol taken from reference [4].
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The experimental reliability proof of the method of solubility measurement was verified by the
measurement of the solubility of sodium chloride in neat water at T = 298.15 K and T = 323.15 K.
The solubility of sodium chloride in neat water at T = 298.15 K and T = 323.15 K was found as 0.26483
in mass fraction (converted to 9.99 x 1072 in mole fraction) and 0.26889 in mass fraction (converted
to 1.02 x 107! in fraction), respectively [23]. The mole fraction solubility of sodium chloride in neat
water at T = 298.15 K and T = 323.15 K was obtained as 9.96 x 1072 and 1.04 x 107!, respectively,
in the present work. The RMSD between the experimental and literature solubility of sodium chloride
was found to be 1.23%. These observations suggested that the solubility of sodium chloride in pure
water obtained using the current method was in accordance with its literature data [23]. Therefore,
the present method of solubility measurement was reliable and precise for the solubility determination
of FFA.

From the data summarized in Table 2, it was observed that the solubilities of FFA were found
to enhance linearly with an increase in temperature and Carbitol mass fraction in all mixed solvent
systems and pure solvents (p < 0.05). Therefore, the maximum solubility of FFA was obtained in pure
Carbitol (2.81 x 107! at T = 318.2 K), and the minimum one was found in pure water (5.80 X 1077 at
T =298.2 K). The maximum solubility of FFA in pure Carbitol was probably due to the lower polarity
and lower HSP of Carbitol compared with water [13-15]. The influence of Carbitol mass fraction on
logarithmic solubility (In x.) value of FFA at T = 298.2-318.2 K was also studied, and the results are
presented in Figure 3.

0 :
—T=2982K
-2
~T=3032K
-4 T=3082K #
| - To3132K
L T=3182K
5
8
-10 |
12
-14
-16
0 02 0.4 0.6 0.8 1

m

Figure 3. Influence of Carbitol mass fraction (1) on FFA logarithmic solubility (In x,) at T = 298.2-318.2 K.

The results presented in Figure 3 indicate a significant enhancement in the logarithmic solubility of
FFA with an increase in Carbitol mass fraction in mixed solvent systems at T = 298.2-318.2 K (p < 0.05).
It was also noted that the logarithmic solubilities of FFA increased significantly from pure water to pure
Carbitol (p < 0.05) at each temperature studied. Hence, Carbitol can be used as a potential cosolvent in
the liquid formulation design of FFA.

3.2. HSPs

Hansen solubility parameters provide a numerical estimate of the degree of interaction between the
solute and solvent and could be a good indication of solubility/miscibility [24]. The solute and solvents
with similar solubility parameters are likely to be soluble/miscible with each other [43]. Similar solubility
parameters also indicate a similar polarity between the solute and solvent. Hence, Hansen solubility
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parameters of FFA, pure water and pure Carbitol were estimated in this work. The estimation of
Hansen solubility parameters have various applications in different areas of research [24,43]. In the
current work, the main application was to obtain information about the solubility/miscibility between
the solute and solvent. The &; value for FFA was estimated as 20.90 MPa'/? using HSPiP software.
However, the values of 0; for pure Carbitol and 0, for pure water were estimated as 21.40 and
47.80 MPa'/?, respectively, using HSPiP software. The HSP of pure Carbitol (5; = 21.40 MPa'?) was
found to be closest to that of FFA (5; = 20.90 MPa'/2). Hence, FFA was highly soluble/miscible in
Carbitol compared with water. The recorded data of the HSPs were in accordance with x, values of
FFA in mixed solvent systems.

3.3. Solute-Solvent Interactions and Determination of Ideal Solubility and Activity Coefficients

The x*! values of FFA at T = 298.2-318.2 K are tabulated in Table 2. The x* values of FFA were
found as 6.35 x 1072 to 1.12 x 107! at T = 298.2-318.2 K. The x*! values of FFA were significantly
higher compared to its experimental solubilities in water (p < 0.05), while the x* values of FFA were
significantly lower compared to its experimental solubilities in Carbitol (p < 0.05). Due to the maximum
experimental solubility of FFA in Carbitol, it can be used as an ideal cosolvent for the solubility
enhancement of FFA.

The y; values for FFA in mixed solvent systems at T = 298.2-318.2 K are tabulated in Table 3.

Table 3. Activity coefficients (y;) of FFA in various Carbitol + water mixtures (m) at T = 298.2-318.2 K.

Yi
T=2982K T=3032K T=3082K T=3132K T=3182K

0.0 110,000 91,900.0 80,400.0 74,200.0 69,200.0
0.1 30,323.3 25,981.8 22,959.3 21,588.6 20,326.8
0.2 8567.52 7541.16 6691.26 6385.92 6056.82
0.3 2379.81 2148.02 1977.9 1916.43 1846.53
0.4 677.404 601.039 570.85 555.446 534.634
0.5 188.975 178.627 170.372 167.843 164.91
0.6 52.4835 51.2066 49.1446 49.0884 48.3886
0.7 14.9338 14.8694 14.6094 14.7924 14.8495
0.8 4.13227 4.24933 4.24812 4.37149 4.4018
0.9 1.18203 1.22716 1.2527 1.30404 1.3335

1 0.333385 0.355174 0.367864 0.387139 0.400476

The y; values for FFA were found to be larger in pure water compared to pure Carbitol and mixed
solvent systems at each temperature investigated (p < 0.05). However, the y; values for FFA were
observed to be the minimum in pure Carbitol at each temperature investigated. The y; values were
obtained as <1.0 in pure Carbitol. The y; values for FFA were found to reduce significantly with the rise
in temperature at m = 0.0-0.5 (p < 0.05). However, there was no significant change in y; values of FFA
atm =0.6-1.0 (p > 0.05). The y; values for FFA were found to decrease significantly from neat water to
neat Carbitol (p < 0.05). The larger y; of FFA in neat water might be due to the minimum solubility of
FFA in water compared with neat Carbitol [12,13]. The obtained data of activity coefficients for FFA in
mixed solvent systems were in accordance with their solubility results [13]. Based on these results,
higher solute-solvent interactions were considered in FFA—Carbitol compared to FFA-water.

3.4. Apparent Thermodynamic Analysis of FEA Solution

The physical quantities of different apparent thermodynamic parameters for FFA dissolution in
mixed solvent systems and pure solvents are tabulated in Table 4.
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Table 4. Apparent standard enthalpy (A,,H"), apparent standard Gibbs energy (A;,G), apparent
standard entropy (Ago1S°) and determination coefficient (R2) values for FFA dissolution in various
Carbitol + water mixtures (m) b.

m Ay HYKJmoll  A,,;GYkJ mol-1  Agy;S%/J mol-1 K-1 R?

0 40.56 35.35 16.91 0.9942
0.1 38.08 32.14 19.31 0.9943
0.2 36.21 28.98 23.45 0.9946
0.3 3243 25.83 21.41 0.9956
0.4 31.34 22.63 28.26 0.9937
0.5 27.88 19.52 27.14 0.998
0.6 25.82 16.33 30.79 0.9989
0.7 22.84 13.21 31.25 0.9992
0.8 20.12 10.04 32.74 0.9987
0.9 17.8 6.9 35.37 0.9992

1 15.41 3.75 37.83 0.9973

b Mean relative uncertainties are #(AsH®) = 0.30, 11(As1G°) = 0.53 and u(A;S°) = 0.24.

The A,H? values for FFA in mixed solvent systems and neat solvents were recorded as
15.41-40.55 k] mol~!. The A,,;H° values of FFA were recorded as decreasing with an increase
in the m value of Carbitol in mixed solvent systems and solubilities of FFA. Therefore, the maximum
AstH? was obtained in neat water (40.56 k] mol~!), while the minimum one was estimated in neat
Carbitol (15.41 k] mol ™).

The A4y, G° values for FFA in mixed solvent systems were found as 3.75-35.35 k] mol~!. The A, G°
values for FFA also decreased with an increase in m value of Carbitol in mixed solvent systems
and solubilities of FFA. The maximum and minimum A,,G° for FFA was estimated in neat water
(35.35 k] mol~!) and neat Carbitol (3.75 k] mol~1), respectively. The recorded positive value of AgotHO
and A, G? for FFA suggested an endothermic dissolution of FFA in all Carbitol + water mixtures
investigated [25,26].

The A4y, S° values for FFA in mixed solvent systems were estimated as 16.91-37.83 | mol~1 K1,
indicating the entropy-driven dissolution of FFA in all mixed solvent systems, including neat water
and neat Carbitol [26]. The average relative uncertainties in AgotH?, AyiGP and A,,;S° were recorded as
0.30, 0.53 and 0.24, respectively. Based on recorded thermodynamic quantities, the final dissolution
of FFA was proposed as endothermic and entropy-driven in all mixed solvent systems and neat
solvents [25,26].

3.5. Enthalpy—Entropy Compensation Analysis

The solvation property of FFA in mixed solvent systems was evaluated by applying enthalpy-
entropy compensation analysis. The results are shown in Figure 4.

It was observed that FFA in all mixed solvent systems and neat solvents showed a non-linear
AsotH® vs. Agy)G° graph, and the value of the slope was positive. Based on such observation, the driving
mechanism for FFA solvation was considered as enthalpy-driven in all mixed solvent systems and neat
solvents. This observation was possible due to the higher solvation of FFA in neat Carbitol molecules
compared with neat water molecules [32]. The solvation property of FFA in mixed solvent systems was
in accordance with those reported for the solvation properties of various poorly water-soluble drugs,
such as sunitinib malate, apigenin, apremilast, pyridazinone derivative, celecoxib and lamotrigine,
in various Carbitol + water mixtures [10-15].
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Figure 4. Apparent standard enthalpy (A, H") vs. apparent standard Gibbs energy (As;G") enthalpy—
entropy compensation analysis graph for FFA solubility in various mixed solvent systems at the mean

harmonic temperature (T},,,) = 308 K.

3.6. Computation Modeling

The experimental solubilities of FFA were validated with van’t Hoff, Apelblat, Yalkowsky—Roseman,
Jouyban-Acree and Jouyban—Acree—van’t Hoff models [34-40]. The results of the van’t Hoff model for
FFA in mixed solvent systems, including neat solvents, are tabulated in Table 5.

Table 5. The parameters of van’t Hoff model (2 and b) along with R? and root mean square deviations

(% RMSDs) for FFA in various Carbitol + water combinations () €.

m a b R? RMSD (%) Overall RMSD (%)
0 2.01 —4872.80 0.9944 2.73

0.1 2.3 —4575.50 0.9945 2.53

0.2 2.8 —4350.00 0.9947 2.35

0.3 2.55 —3896.20 0.9957 2.03

0.4 3.38 —3765.20 0.9939 22

0.5 3.24 —-3349.90 0.9981 1.39 1.58

0.6 3.68 -3101.10 0.9989 1.03

0.7 3.74 —2744.30 0.9992 0.84

0.8 3.92 —2417.60 0.9987 0.97

0.9 4.24 —-2138.30 0.9992 0.62

1 4.54 -1850.90 0.9972 0.73

¢ The average relative uncertainties are u(a) = 0.24 and u(b) = 0.30.

RMSDs for FFA in mixed solvent systems and neat solvents were recorded as 0.62 to 2.73%, with a
mean RMSD value of 1.58%. The R? values for the van’t Hoff model were predicted as 0.9939-0.9992.
The graphical correlation between the experimental and van’t Hoff model solubilities of FFA is shown in
Figure S2, suggesting a good correlation of experimental solubilities of FFA with the van’t Hoff model.

The results of the Apelblat model for FFA in mixed solvent systems and neat solvents are tabulated

in Table 6.
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Table 6. The parameters of Apelblat model (A, B and C) along with R? and % RMSDs for FFA in various
Carbitol + water combinations (1) 9.

m A B c R? RMSD (%) Overall RMSD (%)
0 939.33 -47,907.30  -139.18 0.9993 1.43

0.1 846.56 —-43,337.80  —125.36 0.999 1.37

0.2 750.42 -38,676.20 —111.01 0.9985 1.31

0.3 618.72 —-32,187.80 -91.49 0.999 1.16

0.4 677.29 -34,706.60  —100.07 0.9982 1.46

0.5 354.45 -19,479.00 -52.14 0.9995 0.7 0.95

0.6 143.72 -9538.04 -20.79 0.999 0.64

0.7 110.9 —-7670.58 -15.90 0.9993 0.55

0.8 -132.19 3822.7 20.21 0.999 0.78

0.9 -97.61 2530.17 15.13 0.9994 0.41

1 -219.47 8425.15 33.27 0.9992 0.64

d The average relative uncertainties are u(A) = 1.16, u(B) = 1.02 and u(C) = 1.17.

The RMSDs for FFA in mixed solvent systems and neat solvents were obtained as 0.41-1.46%,
with a mean RMSD of 0.95%. The R? values for the Apelblat model were predicted as 0.9982-0.9995.
Graphical correlation between the experimental and Apelblat model solubilities of FFA is shown in
Figure S3 and shows good correlation of the experimental solubilities of FFA with the Apelblat model.

The results of the Yalkowsky-Roseman model for FFA in mixed solvent systems are included in
Table 7. The RMSDs for this model were predicted as 0.42-3.14%, with a mean RMSD value of 1.53%.

Table 7. Log 1Y values of FFA obtained by Yalkowsky—Roseman model in various Carbitol + water
combinations (m) at T = 298.2-318.2 K.

LOg xYal
m RMSD (%) Overall RMSD (%)
298.2 K 303.2 K 308.2 K 313.2K 318.2 K

0.1 -5.68 -5.55 -5.44 -5.35 -5.26 1.83

0.2 -5.13 -5.01 -4.90 —4.82 -4.74 1.8

0.3 —4.58 —4.47 -4.37 -4.29 -4.21 1.35

0.4 -4.02 -3.93 -3.83 -3.76 -3.69 3.14

0.5 -3.47 -3.38 -3.30 -3.23 -3.16 0.99 1.53
0.6 -2.92 -2.84 -2.77 -2.70 -2.64 2.23

0.7 -2.37 -2.30 -2.23 -2.18 -2.12 0.55

0.8 -1.82 -1.76 -1.70 -1.65 -1.59 1.46

0.9 -1.27 -1.22 -1.17 -1.12 -1.07 0.42

Results of the Jouyban—Acree model and Jouyban—Acree—van’t Hoff models for FFA in mixed
solvent systems are tabulated in Table 8. The mean RMSD for the Jouyban-Acree model was predicted
as 0.76%, and the mean RMSD for the Jouyban—Acree-van’t Hoff model was predicted as 0.88%.

Table 8. The parameters of Jouyban—-Acree and Jouyban—-Acree-van’t Hoff models for FFA in Carbitol +

water mixtures.

System

Jouyban—-Acree

Jouyban—Acree—van’t Hoff

Carbitol + water

RMSD (%)

Ji

86.01

0.76

Aq
By
Ay
B,
Ji

4.54
—1850.90
2.01
—4872.80
74.42
0.88
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Overall, all models demonstrated good correlation based on low RMSD values. However,
the error values of each model were not comparable to each other. The error values of all models
were closed to the experimental uncertainties. This observation suggested that all studied models
reproduced the experimental solubility data with minimum error values. Apelblat and van’t Hoff
models are semi-predictive models and correlate the solubility at different temperatures at the given set
of cosolvent mixtures. Jouyban—Acree and Jouyban—Acree-van’t Hoff models predict the solubility in
the mixed solvents at the given set of temperatures. The Yalkowsky—Roseman model is a special case
of the Jouyban—Acree model with the adjustable parameter fixed and equal to zero. Among different
computational models utilizing adjustable parameters, the performance of the Jouyban—-Acree model
was the best because it utilized the least number of adjustable parameters compared to other models.
Hence, the Jouyban—Acree model can be utilized as the best model for solubility correlation compared
to other models utilizing adjustable parameters. Among the five different models studied, the
Yalkowsky—Roseman model had a serious advantage as it did not require any adjustable parameter.
Based on these observations, the Yalkowsky—Roseman model was found to be the best model among
all five different models for the correlation as it utilized no adjustable parameters.

4. Conclusions

The solubilization, HSPs, solvation behavior and solution thermodynamics of FFA in various
Carbitol + water mixtures and neat solvents at T = 298.2-318.2 K and p = 0.1 MPa were evaluated in this
study. The recorded solubility of FFA was regressed with the van’t Hoff, Apelblat, Yalkowsky-Roseman,
Jouyban—Acree and Jouyban—-Acree-van’t Hoff models. The solubility of FFA was found to be enhanced
significantly with an increase in temperature and Carbitol mass fraction in all mixed solvent systems
and pure solvents. The solubility data of FFA was in accordance with its HSPs. The results of
activity coefficients suggested higher molecular interactions in FFA-Carbitol compared to FFA-water.
Thermodynamic studies indicated an endothermic and entropy-driven dissolution of FFA in all mixed
solvent systems and neat solvents. Enthalpy-entropy compensation analysis studies showed that the
solvation of FFA was enthalpy driven in all mixed solvent systems and neat solvents.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/10/1204/s1.
This manuscript contains supplementary materials that can be found online. The van’t Hoff graphs for the
determination of different thermodynamic parameters are presented in Figure S1. The correlation between the
experimental and van’t Hoff model solubilities of FFA at five different temperatures is presented in Figure S2.
The correlation between experimental and Apelblat model solubilities of FFA at five different temperatures is
presented in Figure S3.
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