
Journal of Molecular Liquids 234 (2017) 81–87

Contents lists available at ScienceDirect

Journal of Molecular Liquids

j ourna l homepage: www.e lsev ie r .com/ locate /mol l iq
Solid liquid equilibrium of an antifungal drug itraconazole in different
neat solvents: Determination and correlation
Mohd Abul Kalam a, Sultan Alshehri a, Aws Alshamsan b,c, Anzarul Haque d, Faiyaz Shakeel a,⁎
a Department of Pharmaceutics, College of Pharmacy, King Saud University, P.O. Box 2457, Riyadh 11451, Saudi Arabia
b Nanomedicine Research Unit, Department of Pharmaceutics, College of Pharmacy, King Saud University, P.O. Box 2457, Riyadh 11451, Saudi Arabia
c King Abdullah Institute for Nanotechnology, King Saud University, Riyadh, Saudi Arabia
d Department of Phytochemistry and Pharmacognosy, College of Pharmacy, Prince Sattam bin Abdul Aziz University, Alkharj, Saudi Arabia
⁎ Corresponding author.
E-mail address: faiyazs@fastmail.fm (F. Shakeel).

http://dx.doi.org/10.1016/j.molliq.2017.03.054
0167-7322/© 2017 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 27 January 2017
Received in revised form 13 March 2017
Accepted 16 March 2017
Available online 18 March 2017
The information regarding thermodynamic parameters on solid-liquid equilibrium (SLE) of itraconazole (ITR) in
different neat solvents is essential for its pharmaceutical and industrial applications. The SLE of ITR in different
neat solvents had not been studied previously in literature. Hence, in this study, the SLE of ITR in various neat sol-
vents including “water, ethanol, isopropanol (IPA), ethylene glycol (EG), propylene glycol (PG), n-butanol, ethyl
acetate (EA), dimethyl sulfoxide (DMSO), polyethylene glycol-400 (PEG-400) and Transcutol®”was determined
and correlated at temperatures “T= 298.2 K to 318.2 K” and pressure “p= 0.1 MPa”. The experimental solubil-
ities of ITR inmole fractionwere determined by shake flaskmethod and correlatedwith “Van't Hoff and Apelblat
models”. The measured solubility values of ITR in mole fraction were correlated well with “Van't Hoff and
Apelblat models” with root mean square deviation values of b5.0%. The mole fraction solubility values of ITR
were increasing with increase in temperature in all neat solvents investigated. The solubility of ITR was obtained
highest in Transcutol (9.80 × 10−4) followed by DMSO (8.79 × 10−4), PEG-400 (4.62 × 10−4), EA (3.35 × 10−4),
ethanol (4.84 × 10−5), n-butanol (4.46 × 10−5), IPA (3.58 × 10−5), PG (2.12 × 10−5), EG (9.85 × 10−6) and
water (8.12 × 10−8) at T = 318.2 K. The solubilities of ITR were obtained in similar magnitude in Transcutol
and DMSO, PEG-400 and EA and ethanol, IPA and n-butanol. The results of “apparent thermodynamic analysis”
showed an “endothermic and entropy-driven dissolution” of ITR in each solvent evaluated.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Itraconazole (ITR) [Fig. 1; IUPAC name: 2-butan-2-yl-4-[4-[4-[4-
[[(2R,4S)-2-(2,4-dichlorophenyl)-2-(1,2,4-triazol-1-ylmethyl)-1,3-
dioxolan-4-yl]methoxy]phenyl]piperazin-1-yl]phenyl]-1,2,4-triazol-3-
one); molecular formula: C35H38Cl2N8O4; molar mass: 705.64 g mol−1

and CAS number: 84625-61-6) occurs as a white to slightly yellowish
crystalline powder [1,2]. It has been categorized as a broad-spectrum
antifungal drug which is effective against clinical isolates of various
pathogenic fungal species [1,3]. According to the biopharmaceutical
classification system (BCS), it is a BCS class II drugwhich had high intes-
tinal permeability and poor solubility [1,3–5]. Due to its poor solubility
in water and body fluids, its oral bioavailability is very low after oral ad-
ministration [3]. It is rapidly absorbed after oral administration and its
bioavailability has been reported as around 55% after oral administra-
tion of ITR capsules [1,3]. Its pKa value has been reported as 3.7 and
its partition coefficient in n-octanol/water was obtained as 5.66 at pH
of 8.1 [1]. The solid-liquid equilibrium (SLE) of poorly water-soluble
compounds in various “aqueous and organic solvents” have significant
importance in their preliminary studies, pharmaceutical/chemical engi-
neering and for their industrial applications [6–11]. Therefore, it is im-
portant to determine the SLE of ITR in various aqueous and organic
solvents in order to obtain its complete physicochemical information.
Various formulation approaches such as solid dispersions [12–19], cy-
clodextrin complexation [20–22], eutectic mixture [23], mesoporous
silica particles [24], nanocrystal [3], nanosphere [25], nanoemulsion
[26], microemulsion [27] and noisome [28] of ITR were evaluated for
the enhancement of its solubility, in vitro dissolution rate, drug delivery
potential or in vivobioavailability. The solubility data of ITR in someneat
solvents including water, ethanol, isopropyl alcohol (IPA) and polyeth-
ylene glycol-400 (PEG-400) at temperature “T=298.2 K” are available
in literature [2,21]. However, the SLE/solubility data of ITR in neat sol-
vents including “water, ethanol, IPA, ethylene glycol (EG), propylene
glycol (PG), PEG-400, n-butanol, ethyl acetate (EA), Transcutol® and di-
methyl sulfoxide (DMSO)”with respect to various temperatures are not
reported in literature. Hence, in this study, the SLE/solubility of ITR
in ten different neat solvents including “water, ethanol, Transcutol,
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Fig. 1.Molecular structure of itraconazole (ITR) [molar mass: 705.64 g mol−1].
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PEG-400, PG, EG, IPA, n-butanol, EA and DMSO” were measured and
correlated at “T = 298.2 K to 318.2 K” and pressure “p = 0.1 MPa”.
“Apparent thermodynamic analysis” on measured SLE/solubility data
of ITR was also carried out by “Van't Hoff and Krug et al. analysis” in
order to evaluate the dissolution behavior of ITR. The SLE/solubility
data of ITR of in this research would be useful in preliminary studies,
chemical/pharmaceutical engineering and industrial applications of ITR.

2. Experimental

2.1. Materials

ITR, n-butyl alcohol (IUPAC name: n-butanol) and IPA (IUPAC name:
isopropanol) were obtained from “Sigma Aldrich (St. Louis, MO)”.
Transcutol® [IUPAC name: 2-(2-ethoxyethoxy) ethanol] was obtained
from “Gattefosse (Lyon, France)”. PEG-400 (IUPAC name: polyethylene
glycol-400), PG (IUPAC name: 1,2-propanediol), EG (IUPAC name: 1,2-
ethanediol), EA (IUPAC name: ethyl ethanoate) and DMSO (IUPAC
name: dimethyl sulfoxide) were obtained from “E-Merck (Darmstadt,
Germany)”. Ethyl alcohol (IUPAC name: ethanol) was obtained from
“Scharlab SL (Barcelona, Spain)”. Water was obtained from “Milli-Q
water unit”. The information regarding thesematerials alongwith puri-
ty and source of these materials is presented in Table 1.

2.2. UPLC analysis of ITR

“Waters Acquity H-class ultra-performance liquid chromatography
(UPLC)” system coupled with a Waters diode-array-ultra-violet detec-
tor (DAD-UV) by Aqcuity “UPLC (Waters, MA) was used for the analysis
of ITR in solubility samples. The chromatographic system includes qua-
ternary solventmanager, samplemanager (Aqcuity, UPLCWaters),with
injection capacity of 10 μL and a column heater. The elution of ITR was
performed on “Acquity UPLC BEH™ C18 column (2.1 × 50 mm, 1.7 μm,
Waters, USA)” maintained at T = 298.2 K. The reported liquid chro-
matographic method was used for the analysis of ITR contents with
slight modifications [29]. In reported method, HPLC technique was
used but in this work, UPLC method was used. The mobile phase was
composed of 70:30% v/v ratio of acetonitrile and water (pH of water
Table 1
A sample table for materials used in solubility experiment.

Compound Molecular formula Molar mass (g mol−1) CAS registry no. P

ITR C35H38Cl2N8O4 705.64 84625-61-6 N
Ethanol C2H5OH 46.07 64-17-5 N
EG C2H6O2 62.07 107-21-1 N
Transcutol C6H14O3 134.17 111-90-0 N
PG C3H8O2 76.09 57-55-6 N
PEG-400 H(OCH2CH2)nOH 400 25322-68-3 N
IPA C3H8O 60.10 67-63-0 N
n-Butanol C4H10O 74.12 71-36-3 N
DMSO C2H6OS 78.13 67-68-5 N
EA C4H8O2 88.11 141-78-6 N
Water H2O 18.07 7732-18-5 N

Both the analysis method and mass fraction purity were provided by supplier.
was maintained at 3.2 with orthophosphoric acid) which was pumped
at an isocratic flow rate of 0.14 mL min−1. The injection volume was
10 μL and the column oven temperature was set at T = 296.2 ± 2 K
and detected by UV-detector at 255 nm [29]. The ‘EMPOWER software”
was used to control the UPLC/UV system as well as for data acquisition
and processing.

2.3. Determination of ITR solubility

The solubility of ITR in various neat solvents was determined by
“shake flask method” as reported in literature [30]. “Shake flask meth-
od” is one of the commonly used methods to achieve SLE of solutes
[7–9,30]. Hence, this method was applied in the current research work
in order to achieve SLE of ITR. The solubility of ITR in each neat solvent
was determined at “T=298.2 K to 318.2 K” and “p=0.1MPa”. The ex-
cess amount of ITRwas added in known amounts of each solvent in trip-
licates manner. Each ITR-solvent mixture was vortexed for about 5 min
and kept into the “Biological Shaker (Julabo, PA)” at 100 rpm for 72 h.
Preliminary studies were performed to optimize SLE time for ITR. The
optimum SLE time for ITR was recorded as 72 h. After SLE reach, each
ITR-solventmixturewas removed from the shaker and allowed to settle
ITR particles for 24 h [31]. After 24 h settling of ITR particles, the super-
natants were taken, diluted suitably with mobile phase (wherever ap-
plicable) and subjected for the analysis of ITR content by the proposed
UPLC technique at 255 nm described in above section. The calibration
curve was plotted between the concentration of ITR and measured
UPLC area. The calibration curve for ITR was obtained linear in the con-
centration range of (0.5 to 125.0) μg g−1 with coefficient of determina-
tion (R2) value of 0.9946. The experimental solubilities of ITR (xe)
expressed as mole fraction were then calculated with the help of
Eq. (1) [31,32]:

xe ¼ m1=M1

m1=M1 þm2=M2
ð1Þ

inwhich,m1 andm2 represent themasses of ITR and respective neat sol-
vent in g, respectively.M1 andM2 represent themolarmasses of ITR and
respective neat solvent in g mol−1, respectively.

3. Results and discussion

3.1. Experimental solubility data of ITR with literature comparison

The xe values of ITR determined by shake flask method in ten differ-
ent neat solvents at “T = 298.2 K to 318.2 K” and “p = 0.1 MPa” are
furnished in Table 2. The solubility data of ITR at T = 298.2 K in some
neat solvents such as “water, ethanol, IPA and PEG-400” are available
in literature [2,21]. However, the solubility data of ITR with respect to
various temperatures in any of the investigated neat solvent are
not available in literature so far. The mole fraction solubility of ITR
in water at “T = 298.2 K” was obtained as 3.52 × 10−8 [21]. The
urification method Mass fraction purity Analysis method Source

one 0.980 HPLC Sigma Aldrich
one 0.999 GC Scharlab SL
one 0.996 GC E-Merck
one 0.999 GC Gattefosse
one 0.995 GC E-Merck
one 0.999 HPLC E-Merck
one 0.997 GC Sigma Aldrich
one 0.998 GC Sigma Aldrich
one 0.990 GC E-Merck
one 0.997 GC E-Merck
one – – Milli-Q



Table 2
Measured solubilities (xe) of ITR in mole fraction in ten different neat solvents (S) at “T = 298.2 K to 318.2 K” and “p = 0.1 MPa”.a

S xe

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

Water 1.44 × 10−8 2.48 × 10−8 3.86 × 10−8 5.80 × 10−8 8.12 × 10−8

Ethanol 1.58 × 10−5 2.23 × 10−5 2.94 × 10−5 3.92 × 10−5 4.84 × 10−5

IPA 1.64 × 10−5 1.96 × 10−5 2.38 × 10−5 2.88 × 10−5 3.58 × 10−5

EG 5.08 × 10−6 6.07 × 10−6 7.13 × 10−6 8.46 × 10−6 9.85 × 10−6

PG 9.06 × 10−6 1.10 × 10−5 1.36 × 10−5 1.68 × 10−5 2.12 × 10−5

PEG-400 2.47 × 10−4 2.98 × 10−4 3.50 × 10−4 4.02 × 10−4 4.62 × 10−4

Transcutol 4.27 × 10−4 5.42 × 10−4 6.87 × 10−4 8.36 × 10−4 9.80 × 10−4

n-Butanol 2.09 × 10−5 2.60 × 10−5 3.12 × 10−5 3.59 × 10−5 4.46 × 10−5

EA 2.09 × 10−4 2.35 × 10−4 2.68 × 10−4 3.02 × 10−4 3.35 × 10−4

DMSO 3.81 × 10−4 4.94 × 10−4 6.16 × 10−4 7.39 × 10−4 8.79 × 10−4

a The standard uncertainties u are u(T) = 0.10 K, u(p) = 0.003 MPa and ur(xe) = 1.54%.
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mole fraction solubility of ITR in water at “T=298.2 K”was obtained as
1.44 × 10−8 in the current research work. The solubility of ITR as mole
fraction in ethanol, IPA and PEG-400 at T=298.2 K have been reported
as 1.96 × 10−5, 6.43 × 10−6 and 2.22 × 10−4, respectively [2]. The sol-
ubility of ITR asmole fraction in ethanol, IPA and PEG-400 at T=298.2 K
were obtained as 1.58 × 10−5, 1.64 × 10−5 and 2.48 × 10−4, respective-
ly in this work. The mole fraction solubility of ITR in water, ethanol and
PEG-400 obtained in this work was very close to that reported in litera-
ture. However, the solubility of ITR in IPA was slightly deviated from its
reported value. This deviation could be due to little change in SLE time
and speed of shaker.

Generally, the xe values of ITR in the current researchwork were ob-
served as increasing with increase in temperature in all neat solvents
evaluated (Table 2). The xe values of ITR were obtained highest in
Transcutol (9.80 × 10−4) followed by DMSO (8.79 × 10−4), PEG-400
(4.62 × 10−4), EA (3.35 × 10−4), ethanol (4.84 × 10−5), n-butanol
(4.46 × 10−5), IPA (3.58 × 10−5), PG (2.12 × 10−5), EG (9.85 × 10−6)
and water (8.12 × 10−8) at T = 318.2 K. The xe values of ITR were ob-
tained in similar magnitude in Transcutol and DMSO, PEG-400 and EA
and ethanol, IPA and n-butanol. The xe values of ITR in Transcutol,
DMSO, PEG-400 and EA were significantly higher than its xe values in
“water, ethanol, IPA, n-butanol, EG andwater”. This observationwas ob-
tained due to the fact that ITR is having several nonpolar groups and
rings (Fig. 1) that would results in strong molecular interaction with
Fig. 2.Correlation/curvefitting of ln xe values of ITRwith “Apelblatmodel” in ten different neat s
lines represent the solubilities of ITR calculated by “Apelblat model”.
nonpolar solvents such as Transcutol, DMSO, PEG-400 and EA. The
highest xe values of ITR in Transcutol were possibly due low dielectric
constant/polarity of Transcutol as compared to high dielectric con-
stant/polarity of water [31,32]. The xe values of ITR in ethanol, IPA and
n-butanol were not significantly different because all these solvents
have similar dielectric constants/polarities [32]. The xe values of ITR in
PG and EG were also obtained in similar magnitude because both
of the neat solvents have two\\OH groups with similar dielectric
constants/polarities [31].

3.2. Correlation of xe values of ITR with mathematical models

Apelblat and Van't Hoff models are the commonly used computa-
tional models for the solubility prediction of solutes in various neat sol-
vents [31–35]. Therefore, the xe values of ITR were correlated and fitted
with two different computational models including “Apelblat and van't
Hoff models” [33–35]. The “Apelblat model solubility (xApl)” of ITR was
determined using Eq. (2) [33,34]:

ln xApl ¼ Aþ B
T
þ C ln Tð Þ ð2Þ

in which, the symbols A, B and C are the model parameters of
“Apelblat model”. The values of these parameters were calculated by
olvents as a function of 1/T; symbols represent the experimental solubilities of ITR and solid



Table 3
The resulting data of Apelblat correlation in terms of model parameters (A, B and C), R2 and % RMSD values for ITR in ten different neat solvents (S).

S A B C R2 RMSD (%)

Water 1495.03 −76,386.20 −220.60 0.9999 2.29
Ethanol 888.48 −45,809.50 −130.91 0.9998 1.70
PG −537.36 20,700.67 80.09 0.9999 0.62
PEG-400 355.26 −19,182.90 −52.52 0.9995 0.69
Transcutol 635.69 −32,911.40 −93.56 0.9992 1.15
EG 40.55 −5088.70 −6.26 0.9998 0.68
IPA −509.85 19,770.63 75.91 0.9999 0.83
n-Butanol −20.78 −2503.46 3.23 0.9954 1.82
EA 65.48 −5323.86 −9.84 0.9992 0.49
DMSO 695.15 −35,618.90 −102.42 0.9993 1.16
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“multivariate regression analysis” of xe values of ITR furnished in Table 2
[32]. The xe values of ITR were fitted/correlated with its xApl values in
terms of “root mean square deviations (RMSD)” and R2 values. The
RMSD values between xe and xApl of ITR were calculated using its stan-
dard formula reported in literature [10].

The graphical correlation/curve fitting between xe and xApl values of
ITR in ten different neat solvents against 1/T is shown in Fig. 2. Fig. 2
showed good graphical correlation/curve fitting between xe and xApl

values of ITR. The results of Apelblat correlation/fitting are furnished
in Table 3. The values of model parameters (A, B and C) for this model
were not significant (P N 0.05) in most of the neat solvents investigated.
Therefore, the results were not correlated with model parameters. The
RMSD values in ten different neat solvents were recorded in the range
of (0.49 to 2.29) %. The RMSD value for ITR was obtained highest for
neat water (2.29%) followed by n-butanol (1.82%), ethanol (1.70%),
DMSO (1.16%), Transcutol (1.15%), IPA (0.83%), PEG-400 (0.69%), EG
(0.68%), PG (0.62%) and EA (0.49%). The R2 values for ITR in ten different
neat solvents were recorded in the range of 0.9954 to 0.9999. The lower
values of RMSD and higher values of R2 for ITR showed good correlation
of xe values of ITR with “Apelblat model”.

The “Van't Hoff model solubility (xVan't)” of ITR was determined
using Eq. (3) [35]:

ln xVan0t ¼ aþ b
T

ð3Þ
Fig. 3. Correlation/curve fitting of experimental natural logarithmic solubilities (ln xe) of ITR wi
experimental ln xe values of ITR and the solid lines represent the ln xVan't values calculated by
in which, the symbols “a and b” are themodel parameters of “Van't Hoff
model”. The values of these parameters were calculated by plotting ln xe
values of ITR against 1/T.

The xe values of ITRwere correlated/fittedwith xVan't valueswith the
help of RMSD and R2 values [32].

The graphical correlation/curve fitting between xe and xVan't values
of ITR in ten different neat solvents against 1/T is shown in Fig. 3.
Fig. 3 presented good correlation/curve fitting. The results of Van't
Hoff correlation are furnished in Table 4. The values of model parame-
ters (a, and b) for this model were not significant (P N 0.05) in most of
the neat solvents investigated. Therefore, the results were not correlat-
edwithmodel parameters. The RMSD values for ITR in ten different neat
solvents were recorded in the range of (0.31 to 4.27) %. The RMSD value
for ITR was also obtained highest for neat water (4.27%) followed by
ethanol (2.48%), DMSO (2.01%), Transcutol (1.90%), n-butanol (1.75%),
PG (1.50%), IPA (1.45%), PEG-400 (1.05%), EA (0.47%) and EG (0.31%).
The R2 values for ITR in ten different neat solvents were recorded in
the range of 0.9953 to 0.9998. The lower values of RMSD and higher
values of R2 for ITR again showed good correlation of xe values of ITR
with “Van't Hoff model”.

3.3. Apparent thermodynamic analysis

“Apparent thermodynamic analysis” of SLE/solubility data of ITRwas
performed for the evaluation of the dissolution behavior of ITR in ten
th Van't Hoff model in different mono solvents as a function of 1/T; symbols represent the
Van't Hoff model.



Table 4
The resulting data of Van't Hoff model in terms of model parameters (a and b), R2 and %
RMSD values for ITR in ten different neat solvents (S).

S a b R2 RMSD (%)

Water 9.41 −8176.80 0.9955 4.27
Ethanol 6.84 −5329.00 0.9961 2.48
PG 1.91 −4038.10 0.9973 1.50
PEG-400 1.57 −2940.60 0.9977 1.05
Transcutol 5.60 −3980.40 0.9959 1.90
EG −1.65 −3142.10 0.9998 0.31
IPA 1.30 −3678.40 0.9971 1.45
n-Butanol 0.93 −3490.10 0.9955 1.75
EA −0.85 −2272.30 0.9991 0.47
DMSO 5.39 −3949.50 0.9953 2.01
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different neat solvents. Therefore, different “apparent standard thermo-
dynamic parameters” including “apparent standard dissolution enthal-
py (ΔsolH

0), apparent standard Gibbs free energy (ΔsolG
0) and

apparent standard dissolution entropy (ΔsolS
0)” of ITR dissolution

were measured. The “ΔsolH
0 values” for ITR dissolution in ten different

neat solvents were measured at “mean harmonic temperature (Thm)”
value of 308 K by applying Van't Hoff analysis using Eq. (4) [36,37]:

∂ ln xe

∂ 1=T−1=Thm

� �
0
@

1
A

P

¼ −
ΔsolH

0

R
ð4Þ

The “ΔsolH
0 values” for ITR dissolutionwere calculated by plotting ln

xe values of ITR against 1
�
T−

1
�
Thm

. The results of Van't Hoff analysis are

presented in Fig. 4. These Van't Hoff plots for ITR dissolution in ten dif-
ferent neat solvents were obtained as linear with R2 values of 0.9952
to 0.9999 (Fig. 4).
Fig. 4. Van't Hoff plots for ITR between ln xe and
The “ΔsolG
0 values” for ITR dissolution were also measured at Thm

value of 308 K by applying the approach of “Krug et al. analysis” using
Eq. (5) [38]:

ΔsolG
0 ¼ −RThm � intercept ð5Þ

in which, the value of intercept for ITR in each neat solvent was deter-
mined from “Van't Hoff plot” constructed between ln xe values of ITR
and 1

�
T−

1
�
Thm

.

Finally, the “ΔsolS
0 values” for ITR dissolution were measured by ap-

plying the combined approach of “Van't Hoff and Krug et al. analysis”
using Eq. (6) [36–38]:

ΔsolS
0 ¼ ΔsolH

0−ΔsolG
0

Thm
ð6Þ

The resulting data of “apparent thermodynamic analysis” alongwith
R2 values for ITR dissolution in ten different neat solvents are furnished
in Table 5.

From “apparent thermodynamic analysis”, it was observed that the
“ΔsolH

0 values” for ITR dissolution in all solvents were obtained as pos-
itive values in the range of (23.07 to 68.07) kJmol−1. The “ΔsolH

0 value”
for ITR dissolution was obtained highest in water (68.07 kJ mol−1)
followed by ethanol (44.36 kJ mol−1), EG (37.28 kJ mol−1), PG
(33.62 kJ mol−1), Transcutol (33.13 kJ mol−1), DMSO (32.87 kJ mol−1),
IPA (30.62 kJ mol−1), n-butanol (29.05 kJ mol−1), PEG-400
(24.47 kJ mol−1) and EA (23.07 kJ mol−1). The mean “ΔsolH

0 value” for
ITR dissolutionwas recorded as 35.65 kJmol−1with relative standard de-
viation (RSD) value of 0.36. The highest “ΔsolH

0 value” for ITR dissolution
was obtained inwater thatwas possible due to the lowest solubility of ITR
in water. Generally, the “ΔsolH

0 values”were higher for ITR dissolution in
all neat solvents investigated which indicated that some extent of energy
is required for the solubilization of ITR in these solvents. The “ΔsolG

0

values” for ITR dissolution in all solvents were also obtained as positive
1/T-1/Thm in ten different mono solvents.



Table 5
The results of “Apparent thermodynamic analysis” in terms of various thermodynamic quantities and R2 values for ITR dissolution in ten different neat solvents.b

Parameters Water Ethanol PG PEG-400 Transcutol EG IPA n-Butanol EA DMSO

ΔsolH
0/kJ mol−1 68.07 44.36 33.62 24.47 33.13 37.28 30.62 29.05 23.07 32.87

ΔsolG
0/kJ mol−1 43.85 26.77 28.67 20.42 18.73 30.38 27.24 26.60 21.08 19.01

ΔsolS
0/J mol−1 K−1 78.61 57.09 16.05 13.17 46.76 22.40 10.97 7.94 6.46 45.01

R2 0.9953 0.9995 0.9975 0.9976 0.9999 0.9998 0.9972 0.9975 0.9979 0.9952

b The relative uncertainties are u(ΔsolH
0) = 0.36 kJ mol−1, u(ΔsolG

0) = 0.28 kJ mol−1 and u(ΔsolS
0) = 0.81 J mol−1 K−1.
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values in the range of (19.01 to 43.85) kJmol−1. The “ΔsolG
0 value” for ITR

dissolutionwas also obtained highest inwater (43.85 kJ mol−1) followed
by EG (30.38 kJ mol−1), PG (28.67 kJ mol−1), IPA (27.24 kJ mol−1), eth-
anol (26.77 kJ mol−1), n-butanol (26.60 kJ mol−1), EA (21.08 kJ mol−1),
PEG-400 (20.42 kJ mol−1), DMSO (19.01 kJ mol−1) and Transcutol
(18.13 kJmol−1). Themean “ΔsolG

0 value” for ITR dissolutionwas record-
ed as 26.27 kJmol−1with RSD value of 0.28. The highest “ΔsolG

0 value” for
ITR dissolution was also obtained in water that was possible due to the
lowest solubility of ITR in water. Generally, the “ΔsolG

0 values”were also
higher for ITR dissolution in all neat solvents investigatedwhich indicated
that some extent of energy is required for the solubilization of ITR in these
solvents. The results of ΔsolG

0 values for ITR dissolution were in good
agreement with measured solubility data of ITR. The positive values of
“ΔsolH

0 and ΔsolG
0” in all neat solvents showed an “endothermic dissolu-

tion”behavior of ITR in all neat solvents evaluated [39]. The “ΔsolS
0 values”

for ITR dissolution were also obtained as positive values in the
range of (6.46 to 78.61) J mol−1 K−1 in all neat solvents evaluated
(Table 5). The mean “ΔsolS

0 value” for ITR dissolution was recorded as
30.44 J mol−1 K−1 with RSD value of 0.81. The positive “ΔsolS

0 values”
showed an “entropy-driven dissolution’ of ITR in all neat solvents evaluat-
ed [40]. Overall, the dissolution behavior of ITRwas recorded as an “endo-
thermic and entropy-driven” in all neat solvents evaluated [39,40].

4. Conclusion

The SLE of an antifungal drug ITR was determined in ten different
neat solvents at “T = 298.2 K to 318.2 K” and “p = 0.1 MPa”. The solu-
bility of ITR in mole fraction was determined by “shake flask method”
and correlated with “Van't Hoff and Apelblat”models. The RMSD values
for ITRwere obtained as b5.0% for bothmodels, indicating good correla-
tion of experimental solubility data of ITR with both of the models. The
solubility of ITR was observed as increasing with increase in tempera-
ture in all solvents evaluated. The solubility of ITR in mole fraction
was obtained highest Transcutol (9.80 × 10−4) followed by DMSO,
PEG-400, EA, ethanol, n-butanol, IPA, PG, EG and water at T = 318.2 K.
“Apparent thermodynamic analysis” of solubility data of ITR showed
an “endothermic and entropy-driven dissolution” of ITR in all solvents
evaluated.
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List of symbols
xe experimental mole fraction solubilities
xApl mole fraction solubilities calculated by Apelblat model
xVan't mole fraction solubilities calculated by Van't Hoff model
m1 mass of solute
m2 mass of solvent
M1 molar mass of solute
M2 molar mass of solvent
T absolute temperature
p atmospheric pressure
Thm mean harmonic temperature
A, B, C model parameters of Apelblat model
a, b model parameters of Van't Hoff model
RMSD root mean square deviations
RSD relative standard deviations
R universal gas constant
R2 coefficient of determination
T absolute temperature
ΔsolH

0 apparent standard enthalpy
ΔsolG

0 apparent standard Gibbs free energy
ΔsolS

0 apparent standard entropy
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