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Solubility and thermodynamic function of apremilast in different
(Transcutol + water) cosolvent mixtures: Measurement, correlation
and molecular interactions
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A B S T R A C T

The solubility of apremilast (APM) in different “Transcutol1 + water” cosolvent mixtures was determined
and correlated at “T = 298.2 K–318.2 K” and ‘p = 0.1 MPa’. The experimental solubilities of APM were
determined and correlated with “Apelblat, van’t Hoff, Yalkowsky and Jouyban–Acree equations”. The
maximum solubilities of APM in mole fraction were obtained in neat Transcutol (2.53 � 10�2 at
T = 318.2 K). Based on activity coefficients, strong molecular interactions were obtained between APM and
neat Transcutol in comparison with APM and neat water. “Apparent thermodynamic analysis” showed an
“endothermic and entropy-driven dissolution” of APM.
© 2017 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
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Introduction

Apremilast (APM) [Fig. 1; IUPAC name: “(S)-N-(2-[1-(3-ethoxy-
4-methoxyphenyl)-2-methane sulfonylethyl]-1,3-dioxo-2,3-dihydro-
1H-isoindol-4-yl) acetamide” and CAS registry number: 608141-41-
9] occurs as a slightly yellow to off-white crystalline solid with
molecular formula and molar mass of C22H24N2O7S and 460.50 g
mol�1, respectively [1,2]. It has been reported as an active inhibitor
of type-4 cyclic nucleotide phosphodiesterase and recommended
in the treatment of psoriatic arthritis and plaque arthritis [3–5]. It
is practically insoluble/poorly soluble in water [3,6]. Only tablet
dosage forms of APM are available in the market [3,6,7]. Due to
poor solubility in water, its oral bioavailability is very poor which is
around 20–33% [6]. The development of liquid dosage forms of
APM is great challenge for pharmaceutical industries due its poor
solubility in water. The solubility data and thermodynamic
functions of poorly soluble drugs in aqueous-cosolvent mixtures
had great role in the design of liquid dosage forms of such drugs for
clinical use [8–10]. It has been reported that most of the drugs
existing in the market show poor solubility in water [11]. Hence,
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the solubility data and thermodynamic functions of these drugs in
aqueous-cosolvent mixtures must be determined in order to
produce complete physicochemical information about these drugs
[10,11]. The IUPAC name of Transcutol1 is “2-(2-ethoxyethoxy)
ethanol” [12]. Recently, Transcutol has been proven as a great
cosolvent in the solubilization of various poorly soluble drugs in an
aqueous media [12–15]. Literature survey revealed that only
extended release tablet dosage form of APM had been evaluated
for the enhancement of its oral bioavailability [2]. Other dosage
forms and cosolvency technique have not been evaluated for
solubility/dissolution enhancement of APM. Recently, we reported
the solubility of APM in eleven different neat solvents including
neat water and neat Transcutol at temperatures “T = 298.2 K–
318.2 K” and pressure “p = 0.1 MPa” [16]. However, the solubility
data and thermodynamic function of APM in any aqueous-
cosolvent mixture or “Transcutol + water” cosolvents mixtures
have not been reported till date. Therefore, in this work, the
solubilities of APM in mole fraction in different “Transcutol +
water” cosolvent mixtures including neat solvents were deter-
mined by a static equilibrium method at “T = 298.2 K–318.2 K” and
“p = 0.1 MPa”. The temperature range of “T = 298.2 K–318.2 K” was
selected randomly at the interval of 5.0 K in order to obtain good
statistical analytical data. This temperature range was selected in
such a manner that the higher temperature i.e. T = 318.2 K should
not exceed the fusion temperature of APM. “Apparent
hed by Elsevier B.V. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jiec.2017.07.002&domain=pdf
mailto:faiyazs@fastmail.fm
http://dx.doi.org/10.1016/j.jiec.2017.07.002
http://dx.doi.org/10.1016/j.jiec.2017.07.002
http://www.sciencedirect.com/science/journal/1226086X
www.elsevier.com/locate/jiec


Fig. 1. Chemical structure of APM.
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thermodynamic analysis” on measured solubility data of APM was
also performed in order to obtain dissolution behavior of APM in
different “Transcutol + water” cosolvent mixtures including neat
solvents. The molecular interactions between APM and cosolvent
mixtures were determined by the determination of activity
coefficients of APM. The solubility data obtained in this work
would be useful in preformulation studies and dosage form design
of APM.

Experimental

Materials

APM “(mass fraction purity: 0.998 by HPLC)” was obtained from
“Bejing Mesochem Technology Co. Ltd. (Beijing, China)”. Trans-
cutol1 “(mass fraction purity; 0.999 by GC)” was obtained from
“Gattefosse (Lyon, France)”. Water was obtained from “Milli-Q
unit”. The information about these materials along with their
sources and purity are listed in Table 1.

Analysis of APM by HPLC-UV method

The analysis of APM in solubility samples was carried out using
reversed phase HPLC coupled with ultra-violet (UV) detector at
254 nm [16]. The separation of APM was performed at T = 298.2 K
using “Waters HPLC system (Waters, USA)”. The column “Nucle-
odur (150 � 4.6 mm, 5 mm) RP C8 column” was used for the
quantification of APM. The mobile phase was used for the
quantification was composed of the binary mixture of methanol
and ethanol (2:1% v/v). The elution of APM was carried out at a
flow rate of 1.0 mL min�1 at 254 nm. The volume of injection was
10 mL. The proposed analytical methodology was validated well in
terms of “linearity, precision, accuracy, sensitivity, reproducibility
and robustness”. All validation parameters for the quantification of
APM were within the prescribed limits.
Table 1
Information about the materials used in this work.

Material Molecular formula Molar mass (g mol�1) CAS Registry no. Purifica

APM C22H24N2O7S 460.50 608141-41-9 None 

Transcutol C6H14O3 134.17 111-90-0 None 

Water H2O 18.07 7732-18-5 None 

Apremilast (APM); high performance liquid chromatography (HPLC); gas chromatograp
Determination of APM solubility in “Transcutol + water” cosolvent
mixtures

The solubility of APM against mass fraction of Transcutol
(m = 0.1–0.9; m is the mass fraction of Transcutol in “Transcutol +
water” cosolvent mixtures) in different “Transcutol + water”
cosolvent mixtures including neat solvents [water (m = 0.0) and
Transcutol (m = 1.0)] was determined at “T = 298.2 K–318.2 K” and
“p = 0.1 MPa”. Static equilibrium method was applied for the
determination of solubility of APM [17]. The excess amount of
APM was added in known quantities of each “Transcutol + water”
cosolvent mixture including neat solvents in glass vials. Each
experiment was carried out in triplicate manners. The resultant
mixtures were vortexed for about 5 min and transferred to the “OLS
200 Grant Scientific Biological Shaker (Grant Scientific, Cambridge,
UK)” at the shaking speed of 100 rpm for 3 days. After 3 days, the
samples were taken out from the shaker and allowed to settle the
particles of APM for about 24 h [18]. After 24 h settling of APM
particles, the supernatants from each sample were taken carefully,
diluted suitably with mobile phase and subjected for the analysis
of APM content by HPLC-UV method at 254 nm. The experimental
solubilities of APM as mole fraction (xe) were determined using
Eqs. (1) and (2) [10,19]:

xe ¼ m1=M1

m1=M1 þ m2=M2
ð1Þ

xe ¼ m1=M1

m1=M1 þ m2=M2 þ m3=M3
ð2Þ

Here, m1 is the mass of APM (g) and m2 and m3 are the masses of
Transcutol and water (g), respectively. M1 is the molar mass of APM
(g mol�1) and M2 and M3 are the molar masses of Transcutol and
water (g mol�1), respectively.

Eq. (1) was applied for the determination of xe values of APM in
neat solvents (Transcutol and water) and Eq. (2) was applied for the
determination of xe values of APM in “Transcuto + water” cosolvent
mixtures.

Results and discussion

Solubility data of APM

The xe values of APM determined by a static equilibrium method
in different “Transcutol + water” cosolvent mixtures including neat
solvents at “T = 298.2 K–318.2 K” and “p = 0.1 MPa” are furnished in
Table 2. The solubility data of APM in different “Transcutol + water”
cosolvent mixtures with respect to temperature have not been
reported in literature. However, the solubility of APM in neat water
and neat Transcutol has been reported in literature [6,16]. The
solubility of APM as mole fraction in water at “T = 298.2 K” was
obtained as 2.74 �10�7 [6]. The solubility of APM as mole fraction
in water at “T = 298.2 K” was recorded as 4.15 �10�7 in this work.
The solubility of APM in water recorded in this work was in similar
magnitude with reported one [6]. Recently, the mole fraction
solubility of APM in neat water at “T = 298.2 K” has been reported as
tion method Mass fraction purity Analysis method Source

0.998 HPLC Beijing Mesochem Ltd.
0.999 GC Gattefosse
– – Milli-Q

hy (GC).



Table 2
Experimental solubilities (xe) of APM in mole fraction in different (Transcutol +
water) mixtures (m) at “T = 298.2 K–318.2 K” and “p = 0.1 MPa”.a

m xe

T = 298.2 K T = 303.2 K T = 308.2 K T = 313.2 K T = 318.2 K

0.0 4.15 �10�7 5.83 � 10�7 7.90 � 10�7 1.00 � 10�6 1.28 � 10�6

0.1 1.20 � 10�6 1.70 � 10�6 2.20 � 10�6 2.70 � 10�6 3.50 � 10�6

0.2 3.43 � 10�6 4.62 � 10�6 6.06 � 10�6 7.43 � 10�6 9.32 �10�6

0.3 9.72 � 10�6 1.31 �10�5 1.67 � 10�5 2.05 �10�5 2.52 �10�5

0.4 2.81 �10�5 3.65 �10�5 4.60 � 10�5 5.54 �10�5 6.74 �10�5

0.5 8.02 �10�5 1.03 � 10�4 1.28 � 10�4 1.54 �10�4 1.82 � 10�4

0.6 2.31 �10�4 2.86 � 10�4 3.47 � 10�4 4.11 �10�4 4.86 � 10�4

0.7 6.59 � 10�4 8.04 �10�4 9.54 �10�4 1.12 �10�3 1.32 � 10�3

0.8 1.89 � 10�3 2.26 � 10�3 2.67 � 10�3 3.07 � 10�3 3.51 �10�3

0.9 5.39 � 10�3 6.34 �10�3 7.26 � 10�3 8.26 � 10�3 9.44 �10�3

1.0 1.54 �10�2 1.77 � 10�2 1.99 � 10�2 2.24 �10�2 2.53 �10�2

xidl 2.58 � 10�1 2.75 �10�1 2.81 �10�1 2.92 �10�1 3.09 � 10�1

a The standard uncertainties u are u(T) = 0.13 K, ur(m) = 0.1%, u(p) = 0.003 MPa and
ur(xe) = 1.40%.

F. Shakeel et al. / Journal of Industrial and Engineering Chemistry 56 (2017) 99–107 101
4.30 � 10�7 [16]. The mole fraction solubility of APM in neat water
at “T = 298.2 K” was recorded as 4.15 �10�7 in this study. The mole
fraction solubility of APM in neat Transcutol at “T = 298.2 K” has
been reported as 1.58 � 10�2 [16]. The mole fraction solubility of
APM in neat Transcutol at “T = 298.2 K” was recorded as 1.54 �10�2

in this study. The mole fraction solubilities of APM in neat water
and neat Transcutol at “T = 298.2 K” were very close with literature
values [16]. The graphical correlation between experimental and
literature solubilities of APM in neat water and neat Transcutol at
“T = 298.2 K–318.2 K” are presented in Figs. 2 and 3, respectively.
Figs. 2 and 3 indicated good graphical correlation between
experimental and literature solubility values of APM in neat water
and neat Transcutol. These results showed that the results of this
study were in good agreement with those reported in literature.

The solubility data furnished in Table 2 indicated that the xe
values of APM at constant pressure (0.1 MPa) were increasing with
increase in temperature and m value of Transcutol in “Transcutol +
water” cosolvent mixtures. The maximum xe value of APM was
recorded in neat Transcutol (2.53 � 10�2 at “T = 318.2 K”). However,
Fig. 2. Comparison of experimental solubilities of APM in water with literature value
solubilities of APM and the symbol represents the solubility values of APM taken fro
the minimum xe value of APM was recorded in neat water
(4.15 �10�7 at “T = 298.2 K”). The maximum xe value of APM in
Transcutol was possible due to the lower polarity of Transcutol in
comparison with higher polarity of water [12–14]. The influence of
the m value of Transcutol on natural logarithmic xe values (ln xe) of
APM at “T = 298.2 K–318.2 K” was also investigated and results are
shown in Fig. 4. Fig. 4 indicated that an increase in the m value of
Transcutol in “Transcutol + water” cosolvent mixtures resulted in
the linear increase in the logarithmic solubilities of APM at each
temperature level. The xe value of APM was significantly enhanced
from neat water to neat Transcutol at each temperature level
evaluated. The enhancement in the solubility of APM in neat
Transcutol was around 37108 fold higher than the solubility of APM
in neat water at “T = 298.2 K” (room temperature). The addition of a
small quantity of Transcutol in water resulted in significant
improvement in the solubility of APM. Due to this fact, Transcutol
could be used as a potent solubilizer/cosolvent in solubilization of
APM in water. Based on the solubility data of APM recorded in this
work, APM was considered as practically insoluble in neat water
and freely soluble in neat Transcutol at “T = 298.2 K” [11,12].

Ideal solubilities and activity coefficients of APM at different
temperatures

The ideal solubility of APM (xidl) was determined using Eq. (3)
[20]:

lnxidl ¼ �DHfusðTfus � TÞ
RTfusT

þ DCp

R

� �
½Tfus � T

T
þ ln

T
T fus

� �
� ð3Þ

Here, R is the universal gas constant and DCp is the difference
between the molar heat capacity of the crystalline solid form and
hypothetical super-cooled liquid form [20,21]. Tfus is the fusion
temperature of APM which was obtained as 432.02 K by differen-
tial scanning calorimetry (DSC). DHfus is the fusion enthalpy for
APM which was obtained as 13.09 kJ mol�1 by DSC analysis. It was
proposed that DCp may be equal to the entropy of fusion (DSfus)
[22,23] which has been clarified previously in literature [24].
s at temperatures T = 298.2 K–318.2 K; the symbol represents the experimental
m reference [16].



Fig. 3. Comparison of experimental solubilities of APM in Transcutol with literature values at temperatures T = 298.2 K–318.2 K; the symbol represents the experimental
solubilities of APM and the symbol represents the solubility values of APM taken from reference [16].

Table 3
Activity coefficients (g) of APM in different (Transcutol + water) mixtures (m) at
“T = 298.2 K–318.2 K”.

m g

T = 298.2 K T = 303.2 K T = 308.2 K T = 313.2 K T = 318.2 K

0.0 625000.0 472000.0 357000.0 292000.0 243000.0
0.1 212921.4 164736.8 128026.2 106552.6 89164.8
0.2 75600.0 59600.0 46500.0 39300.0 33200.0
0.3 26600.0 21000.0 16900.0 14300.0 12300.0
0.4 9210.0 7540.0 6130.0 5270.0 4590.0
0.5 3230.0 2660.0 2200.0 1890.0 1700.0
0.6 1120.0 961.0 811.0 711.0 638.0
0.7 393.0 342.0 295.0 261.0 235.0
0.8 137.0 122.0 106.0 95.1 88.2
0.9 48.0 43.4 38.8 35.4 32.8
1.0 16.8 15.6 14.2 13.0 12.2
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Hence, the DSfus value for APM was determined using Eq. (4) [20]:

DSfus ¼
DHfus

Tfus
ð4Þ

Using Eq. (4), the value of DSfus/DCp was obtained as 30.30 J mol�1

K�1. Using Eq. (3), the xidl values for APM were determined and
obtained values are furnished in Table 2.

In this work, the values of Tfus, DHfus and DCp for APM were
recorded as 432.02 K, 13.09 kJ mol�1 and 30.30 J mol�1 K�1, respec-
tively. The values of Tfus, DHfus and DCp for APM were obtained as
432.02 K, 13.09 kJ mol�1 and 30.30 J mol�1 K�1, respectively in our
previous work [16]. These values for APM were in good agreement
with literature values.

The activity coefficients (g) for APM in different “Transcutol +
water” cosolvent mixtures including neat solvents were deter-
mined using Eq. (5) [20,23]:

g ¼ xidl

xe
ð5Þ

The values of g for APM in different “Transcutol + water” cosolvent
mixtures including neat solvent at “T = 298.2 K–318.2 K” are
furnished in Table 3. With the help of g values of APM, the
molecular interactions between solute and solvent molecules have
been described.

Fromdata furnishedinTable 3, itwasobservedthatthe valuesofg
for APM were maximum in neat water at each temperature level
evaluated. However, the values of g for APM were minimum in neat
Transcutol at each temperature level evaluated. The values of g for
APM were found to be decreased with the rise in temperature in all
“Transcutol + water” cosolvent mixtures including neat solvents.
The values of g for APM were also found to be decreased
significantly fromneat waterto neat Transcutol ateach temperature
level evaluated. The maximum g values for APM in neat water were
possible due to the minimum solubility of APM in water and higher
polarity of water. Based on these results, it was concluded that the
solvation/solute-solvent molecular interactions of APM were
higher in neat Transcutol in comparison with neat water.
Correlation of experimental solubilities of APM

The xe values of APM determined by a static equilibrium method
were correlated with three different semiempirical equations
including “Apelblat, van’t Hoff, Yalkowsky-Roseman and Jouyban–
Acree” equations [9,25–30]. The “van’t Hoff” solubilities (xvan’t) of
APM in different “Transcutol + water” cosolvent mixtures including
neat solvents were determined using Eq. (6) [9]:

lnxvan
0t ¼ a þ b

T (6)
Here, the symbols “a and b” are the parameters of van’t Hoff

equation which were determined by the graphs plotted between
the ln xe values of APM and 1/T.

The correlation of xe values of APM with xvan’t values of APM was
performed in terms of root mean square deviations (RMSD) and
determination of coefficients (R2). The RMSD values for APM were
determined using Eq. (7) [13]:

RMSD ¼ 1
N

XN

i¼1

xvan’t � xe
xe

� �2
" #1

2

ð7Þ

Here, N is the number of experimental points.



Table 4
The results of van’t Hoff equation in terms of equation parameters (a and b), R2 and %
RMSD values for APM in different (Transcutol + water) mixtures (m).

m a b R2 RMSD (%)

0.0 3.10 �5298.60 0.9959 2.47
0.1 2.93 �4928.30 0.9967 2.12
0.2 3.22 �4706.80 0.9965 2.07
0.3 3.43 �4458.10 0.9956 2.17
0.4 3.34 �4115.80 0.9973 1.65
0.5 3.59 �3877.60 0.9954 1.85
0.6 3.39 �3506.50 0.9986 0.93
0.7 3.64 �3267.10 0.9993 0.65
0.8 3.57 �2931.40 0.9983 0.99
0.9 3.60 �2630.00 0.9991 0.58
1.0 3.63 �2327.00 0.9997 0.37
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The results of van’t Hoff correlation along with van’t Hoff
parameters, RMSD and R2 values of APM in different “Transcutol +
water” cosolvent mixtures including neat solvents are furnished in
Table 4. The RMSD values for APM in different “Transcutol + water”
cosolvent mixtures including neat solvents were recorded in the
range of (0.37–2.47) %. The maximum value of RMSD for APM was
recorded in neat water (2.47%). However, the minimum value of
RMSD for APM was recorded in neat Transcutol (0.37%). The mean
value of RMSD for APM was obtained as 1.44% with relative
standard deviation (RSD) value of 0.52. The R2 values for APM were
recorded in the range of 0.9954–0.9997. The mean value of R2 for
APM was obtained as 0.9974 with RSD value of 0.0015. These
results showed good correlation of experimental solubilities of
APM with “van’t Hoff equation”.

The “Apelblat solubilities (xApl)” of APM in different “Trans-
cutol + water” cosolvent mixtures including neat solvents were
determined using Eq. (8) [24,25]:

lnxApl ¼ A þ B
T
þ ClnðTÞ ð8Þ

Here, the symbols “A, B and C” are the parameters of “Apelblat
equation” which were determined by applying nonlinear multi-
variate regression analysis of xe values of APM furnished in Table 2
[9]. The xe values of APM were correlated with xApl values of APM
again in terms of RMSD and R2.

The results of Apelblat correlation along with Apelblat
parameters, RMSD and R2 values for APM in different “Trans-
cutol + water” cosolvent mixtures are furnished in Table 5.
However, the graphical correlation between xe and xApl values of
APM at different temperatures are shown in Fig. 5. Fig. 5 showed
good graphical correlations at each temperature level evaluated.
The RMSD values for APM in different “Transcutol + water”
cosolvent mixtures including neat solvents were recorded in the
range of (0.51–3.96) %. The maximum value of RMSD for APM was
recorded in neat water (3.96%). However, the minimum value of
Table 5
The results of Apelblat correlation in terms of equation parameters (A, B and C), R2

and % RMSD values for APM in different (Transcutol + water) mixtures (m).

m A B C R2 RMSD (%)

0.0 829.84 �43259.10 �122.76 0.9990 3.96
0.1 651.30 �34701.20 �96.27 0.9989 1.32
0.2 618.62 �32965.80 �91.38 0.9986 1.36
0.3 715.32 �37144.70 �105.71 0.9990 1.20
0.4 506.69 �27230.10 74.74 0.9991 1.04
0.5 700.78 �3587.60 �103.52 0.9997 1.11
0.6 331.39 �18570.90 �48.70 0.9996 0.69
0.7 196.42 �12125.00 �28.62 0.9996 0.55
0.8 314.53 �17212.60 �46.17 0.9997 0.52
0.9 145.17 �9135.52 �21.01 0.9994 0.51
1.0 �1.91 �2079.51 0.82 0.9997 0.60
RMSD for APM was recorded at m = 0.9 of Transcutol in “Trans-
cutol + water” cosolvent mixtures (0.51%). The mean value of RMSD
for APM was obtained as 1.16% with RSD value of 0.84. The R2 values
for APM were recorded in the range of 0.9986 to 0.9997. The mean
value of R2 for APM was obtained as 0.9993 with RSD value of
0.0003. These results showed good correlation of experimental
solubilities of APM with “Apelblat equation”.

The “logarithmic solubilities of Yalkowsky” equation (log xYal)
for APM in different “Transcutol + water” cosolvent mixtures
including neat solvents were determined using Eq. (9) [27]:

LogxYal ¼ m1logx1 þ m2logx2 ð9Þ
Here, “x1 and x2” are the solubilities of APM as mole fractions in
neat solvent 1 (Transcutol) and neat solvent 2 (water), respective-
ly; and “m1 and m2” are the mass fractions (g) of neat solvent 1
(Transcutol) and neat solvent 2 (water) in the absence of APM,
respectively.

The RMSD values for APM in different “Transcutol + water”
cosolvent mixtures were recorded in the range of (0.43–1.42) %
(Table 6). The maximum value of RMSD for APM was recorded at
m = 0.1 of Transcutol in “Transcutol + water” cosolvent mixtures
(1.42%). However, the minimum value of RMSD for APM was
recorded at m = 0.9 of Transcutol in “Transcutol + water” cosolvent
mixtures (0.43%). The mean value of RMSD for APM was obtained
as 0.98% with RSD value of 0.41. These results showed good
correlation of experimental solubilities of APM with “Yalkowsky
equation”.

For the solubility correlation of solutes in binary solvent
mixtures, various cosolvency equations have been reported but
“Jouyban–Acree equation” has been reported as the most accurate
and precise one [28–30]. Therefore, “Jouyban–Acree” equation was
applied for solubility correlation of APM in this work.

The “Jouyban–Acree” solubility (xm,T) of APM in different
“Transcutol + water” cosolvent mixtures was determined using
Eq. (10) [31–33]:

lnxm;T ¼ m1lnx1 þ m2lnx2 þ m1m2

T

X2

i¼0
Jiðm1 � m2Þ

h i
ð10Þ

Here, the symbol Ji represents the constant of “Jouyban–Acree”
equation. The value of constant Ji was determined by no-intercept
regression analysis [34,35]. By putting the value of constant Ji, the
trained version of Eq. (10) for present data set can be expressed
using Eq. (11):

lnxm;T ¼ m1lnx1 þ m2lnx2 þ 118:89m1m2
T (11)

The xe values of APM were correlated with xm,T values in terms
of RMSD.

The “Jouyban–Acree” equation reproduced the solubility data of
APM with the RMSD value of <1.0% which was more accurate and
precise than other equations evaluated.

The combination of “Jouyban–Acree” equation with “van’t Hoff”
equation can produce more comprehensive computation and it can
Table 6
Log xYal values of APM calculated by Yalkowsky equation in different (Transcutol +
water) mixtures (m) at “T = 298.2 K–318.2 K”.

m Log xYal RMSD (%)

298.2 K 303.2 K 308.2 K 313.2 K 318.2 K

0.1 �5.92 �5.78 �5.66 �5.56 �5.46 1.42
0.2 �5.46 �5.33 �5.22 �5.12 �5.03 0.72
0.3 �5.01 �4.88 �4.78 �4.69 �4.60 1.21
0.4 �4.55 �4.44 �4.34 �4.25 �4.17 0.82
0.5 �4.09 �3.99 �3.90 �3.82 �3.74 1.70
0.6 �3.64 �3.54 �3.46 �3.38 �3.31 0.61
0.7 �3.19 �3.09 �3.02 �2.95 �2.88 0.82
0.8 �2.72 �2.64 �2.58 �2.51 �2.45 1.14
0.9 �2.26 �2.20 �2.14 �2.08 �2.02 0.43



Table 7
Results of “apparent thermodynamic analysis” in terms of DsolH

0, DsolG
0, DsolS

0 and
R2 values for APM in different (Transcutol + water) mixtures (m).a

M DsolH
0/kJ mol�1 DsolG

0/kJ mol�1 DsolS
0/J mol�1 K�1 R2

0.0 44.10 36.10 25.99 0.9957
0.1 41.02 33.45 24.57 0.9965
0.2 39.18 30.87 26.98 0.9963
0.3 37.11 28.25 28.75 0.9955
0.4 34.26 25.65 27.95 0.9971
0.5 32.27 23.02 30.14 0.9952
0.6 29.19 20.44 28.39 0.9985
0.7 27.19 17.83 30.38 0.9992
0.8 24.40 15.22 29.80 0.9982
0.9 21.89 12.63 30.06 0.9991
1.0 19.37 10.03 30.30 0.9997

a The relative uncertainties are u(DsolH
0) = 0.25 kJ mol�1,u(DsolG

0) = 0.37 kJ mol�1

and u(DsolS
0) = 0.06 J mol�1 K�1.
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be expressed using Eq. (12) [34,35]:

lnxm;T ¼ m1 A1 þ B1

T

� �
þ m2 A2 þ B2

T

� �
þ m1m2

T

X2

i¼0
Jiðm1 � m2Þ

h i
ð12Þ

Here, the symbols A1, B1, A2, B2 and Ji are the constants of Eq. (12).
The trained version of Eq. (12) can be expressed using Eq. (13):

lnxm;T ¼ m1 3:63 � 2327
T

� �
þ m2 3:10 � 5298:60

T

� �

þ 97:20m1m2

T
ð13Þ

Eq. (13) reproduced the solubility data of APM with the RMSD value
of <0.8%. The main advantage of “Jouyban–Acree” equation is that
it is a predictive equation and hence no more experimental data are
required for the solubility prediction of APM at different solvent
compositions and temperatures [34].

Apparent thermodynamic analysis

The dissolution behavior of APM in different “Transcutol +
water” cosolvent mixtures including neat solvents was evaluated
by “apparent thermodynamic analysis” of solubility data of APM.
Fig. 4. Influence of m value of the Transcutol on ln xe va
Different “apparent standard thermodynamic parameters” namely
“standard apparent enthalpy (DsolH

0), standard apparent Gibbs
free energy (DsolG

0) and standard apparent entropy (DsolS
0)” were

determined for the evaluation of dissolution behavior of APM. The
“DsolH

0 values” for dissolution behavior of APM in different
“Transcutol + water” cosolvent mixtures including neat solvents
were determined at the “mean harmonic temperature (Thm)” of
lues of APM at temperatures “T = 298.2 K–318.2 K”.
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308 K using “van’t Hoff analysis” with the help of Eq. (14) [19,36]:

@lnxe

@ 1
T � 1=Thm

� �
0
@

1
A

P

¼ �DsolH
0

R
ð14Þ

The “DsolH
0 values” for APM dissolution in different “Trans-

cutol + water” cosolvent mixtures including neat solvents were
calculated from the slopes of graphs constructed between ln xe
values of APM and 1

T � 1
Thm

��
.

The “DsolG
0 values” for APM dissolution in different “Trans-

cutol + water” cosolvent mixtures including neat solvents were
also determined at Thm value of 308 K using “Krug et al. analysis”
with the help of Eq. (15) [37]:

DsolG
0 ¼ �RThm � intercept ð15Þ

Here, the intercept value for APM in each cosolvent mixture
including neat solvents was determined from “van’t Hoff plot”
described under “van’t Hoff analysis”.

Finally, the “DsolS
0 values” for APM dissolution in different

“Transcutol + water” cosolvent mixtures including neat solvents
were determined by applying the combined approaches of “van’t
Fig. 5. Correlation of ln xe values of APM with Apelblat equation in different “Trans
represented by solid lines and experimental solubilities of APM are represented by the
Hoff and Krug et al. analysis” with the help of Eq. (16) [20,37,38]:

DsolS
0 ¼ DsolH

0 � DsolG
0

Thm
ð16Þ

The resulting data of “apparent thermodynamic analysis” for
APM dissolution in different “Transcutol + water” cosolvent mix-
tures including neat solvents are furnished in Table 7.

The “DsolH
0 values” for APM dissolution different “Transcutol +

water” cosolvent mixtures including neat solvents were recorded
positive values in the range of (19.37–44.10) kJ mol�1. The mean
“DsolH

0 value” for APM dissolution was recorded as 31.82 kJ mol�1

with RSD value of 0.25. The “DsolH
0 values” for APM dissolution

were found to be decreasing with increase in the m value of
Transcutol in “Transcutol + water” cosolvent mixtures and the xe
value of APM. The maximum “DsolH

0 value” for APM dissolution
was recorded in neat water (44.10 kJ mol�1) that was possible due
to minimum solubility of APM in neat water. However, the
minimum “DsolH

0 value” for APM dissolution was recorded in neat
Transcutol (19.37 kJ mol�1) that was possible due to maximum
solubility of APM in neat Transcutol. The “DsolG

0 values” for APM
dissolution in different “Transcutol + water” cosolvent mixtures
including neat solvents were also recorded positive values in the
cutol + water” mixtures at “T = 298.2 K–318.2 K” (Apelblat solubilities of APM are
 symbols).



Fig. 6. DsolH
0 vs. DsolG

0 enthalpy-entropy compensation analysis for solubility of APM in different “Transcutol + water” cosolvent mixtures at Thm value of 308 K.
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range of (10.03–36.10) kJ mol�1. The mean “DsolG
0 value” for APM

dissolution was recorded as 8.64 kJ mol�1 with RSD value of 0.37.
The “DsolG

0 values” for APM dissolution were also found to be
decreasing with increase in the m value of Transcutol in “Trans-
cutol + water” cosolvent mixtures and the xe value of APM. The
maximum and minimum “DsolG

0 values” for APM dissolution were
also recorded in neat water (36.10 kJ mol�1) and neat Transcutol
(10.03 kJ mol�1), respectively. The minimum “DsolG

0 values” for
APM dissolution were also possible due to higher solubility values
of APM in neat Transcutol in comparison with its minimum
solubility values in water. The positive “DsolH

0 and DsolG
0 values”

for APM dissolution in different “Transcutol + water” cosolvent
mixtures including neat solvents indicated an “endothermic
dissolution” of APM [14,15]. The “DsolS

0 values” for APM dissolution
in different “Transcutol + water” cosolvent mixtures including neat
solvents were also recorded as positive values in the range of
(24.57–30.38) J mol�1 K�1. The mean “DsolS

0 value” for APM
dissolution was recorded as 28.48 kJ mol�1 with RSD value of
0.06. The positive “DsolS

0 values” for APM dissolution showed an
“entropy-driven dissolution” of APM in all “Transcutol + water”
cosolvent mixtures including neat solvents [39]. Overall, the
dissolution behavior of APM was recorded as an “endothermic and
entropy-driven” in all “Transcutol + water” cosolvent mixtures
including neat solvents [39,40].

Solvation behavior of APM in “Transcutol + water” cosolvent
mixtures

For the evaluation of “solvation behavior/cosolvent action” for
APM in different “Transcutol + water” cosolvent mixtures including
neat solvents, an “enthalpy-entropy compensation analysis” was
conducted [39,41]. This analysis was conducted by plotting the
weighted graphs of “DsolH

0 vs. DsolG
0” at Thm value of 308 K [41].

The weighted graphs of “DsolH
0 vs. DsolG

0” are shown in Fig. 6. Fig 6
showed that APM in all “Transcutol + water” cosolvent mixtures
including neat solvents indicated linear “DsolH

0 vs. DsolG
0” plot

with a positive slope value of greater than 1.0 with R2 value of
greater than 0.99. Hence, the “driving mechanism” for solvation
behavior of APM was considered as an “enthalpy-driven” in all
“Transcutol + water” cosolvent mixtures including neat solvents.
This observation was probably due to excellent solvation of APM in
Transcutol molecules as compared to its solvation behavior in
water molecules [15]. The solvation behavior of APM recorded in
this work was similar to those recorded for the solvation behavior
of “istain, reserpine and vanillin” in various “Transcutol + water”
cosolvent mixtures including neat solvents [9,14,15] (Figs. 5 and 6).

Conclusion

In the current research work, the solubilities of APM in different
“Transcutol + water” cosolvent mixtures including neat solvents
were measured at “T = 298.2 K–318.2 K” and “p = 0.1 MPa”. The
solubilities of APM were determined by a static equilibrium
method and correlated with “van’t Hoff, Apelblat, Yalkowsky and
Jouyban–Acree” equations. The solubilities of APM in mole fraction
were found to be increasing with increase in temperature and the
m value of Transcutol in all “Transcutol + water” cosolvent mixtures
including neat solvents. The maximum and minimum solubilities
of APM in mole fraction were recorded in neat Transcutol and neat
water, respectively at each temperature level evaluated. The
experimental solubilities of APM in mole fraction were correlated
well with “Apelblat, van’t Hoff, Yalkowsky and Jouyban–Acree”
equations in all “Transcutol + water” cosolvent mixtures including
neat solvents. The results of activity coefficients indicated higher
molecular interactions between APM and Transcutol molecules in
comparison with APM and water molecules. “Apparent thermo-
dynamic analysis” indicated an “endothermic and entropy-driven”
dissolution behavior of APM in all “Transcutol + water” cosolvent
mixtures including neat solvents. “Enthalpy-entropy compensa-
tion” analysis showed that the solvation behavior of APM was
“enthalpy-driven” in all “Transcutol + water” cosolvent mixtures
including neat solvents.
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