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AbstractSolubility of salicylic acid in binary mixtures of water and betaine/propylene glycol (Bet/PG, molar ratio of
1 : 5), betaine/ethylene glycol (Bet/EG, molar ratio of 1 : 3) or betaine/glycerol (Bet/Gly, molar ratio of 1 : 3) deep eutec-
tic solvents (DESs) was investigated via the shake flask method at 293.15-313.15 K under atmospheric pressure
(85 kPa). The results indicate that the solubility values are enhanced with mass fraction of each DES and temperature
and DES containing PG is the best cosolvent. The Hansen solubility parameter (HSP) of salicylic acid, neat solvents of
each DES and water was calculated and used to predict the solubility of drug in each neat solvent. The experimental
solubility values were in good agreement with the ones predicted from HSPs. Three cosolvency models (Jouyban-Acree,
Jouyban-Acree-van’t Hoff and the modified version of Jouyban-Acree-van’t Hoff) and two activity coefficient models
(NRTL and UNIQUAC) were selected to correlate the solubility data. Based on the obtained percentage mean relative
deviations (MRD%) for back-calculated data, all the investigated models show good correlation and validation. Addi-
tionally, investigation of the apparent thermodynamic analysis presented an endothermic and entropy-driven dissolu-
tion of salicylic acid in all cosolvent compositions including neat DESs and water.
Keywords: Salicylic Acid, Betaine-based Deep Eutectic Solvents, Hansen Solubility Parameters, Apparent Thermody-

namic Analysis, Cosolvency Models, Activity Coefficient Models

INTRODUCTION

Salicylic acid (ortho-hydroxybenzoic acid or 2-hydroxybenzoic
acid, C7H6O3, with molecular structure given in Table 1) is consid-
ered as an inhibitor of cyclo-oxygenases 1 and 2 and it is able to
decrease the formation of prostaglandins and thromboxanes from
arachidonic acid. This alteration in the production of prostaglan-
dins and thromboxanes is utilized to manage the majority of dis-
orders which result from inflammation [1]. Salicylic acid is currently
used in the manufacture of a well-known drug, i.e. aspirin [2], and
many other medicinal compounds involving salicylates (its ester
and salt derivatives). It also an active metabolite of acetylsalicylic
acid, represents anti-inflammatory effects and is applied in topical
formulations as a chemical exfoliating agent [1]. According to the
United States Pharmacopeia, salicylic acid is a chemical slightly solu-
ble in water [3] and improvement in its solubility in water is neces-
sary. Drug solubility in water is an essential process for investigation
of biological activity and preparation of many liquid dosage forms
as well as the formulation of soft gelatin capsules [4-7]. On the other
hand, the biopharmaceutical and pharmacokinetic properties of
drugs can be affected by their low aqueous solubilities [8]. Several

methods have been developed to increase the solubility of drugs,
including the use of soluble cyclodextrin complexes, self-emulsify-
ing drug delivery systems, solid dispersions, nanonization, ordered
mesoporous silica, nanocrystals, cosolvency, and so on [9,10]. Con-
sidering the importance of cosolvent+water mixtures in chemical
and pharmaceutical industries as a recrystallization solvent or reac-
tion medium [7,11], cosolvency is introduced as an effective and
optional solubilization method. Thereby, it is essential to systemat-
ically determine the solubility of poorly soluble drugs such as sali-
cylic acid in variety aqueous and nonaqueous solvent mixtures [12].

Up to now, the solubility of salicylic acid has been investigated
in mono-solvents of sodium dodecyl sulfate and polyvinyl pyrroli-
done with different molar masses, Solutol Hs 15, polidocanol and
Lutrol F-68 [13], water [14-16], alcohols from methanol to hepta-
nol [13,14,16], ethyl acetate, acetone and acetonitrile [15-17], xylene
and chloroform (CCl4) [15], polyethylene glycol 300 (PEG 300) and
1, 4-dioxane [16], propylene glycol (PG) and N-methyl-2-pyroli-
done (NMP) [1]. Besides, the binary solvent mixtures of methanol,
ethanol, 1-propanol or 2-propanol+water [14,16], PEG 300 or 1,
4-dioxane+water [16], PG, NMP or ethyl acetate+ethanol [1,16]
and NMP+PG [1] have been reported for investigation of salicylic
acid solubility. However, some of these investigated solvent mixtures
include the low-vapor pressure highly-toxic and costly solvents. This
issue could be solved by using low-toxic and biodegradable sol-
vents such as ionic liquids (ILs) and deep eutectic solvents [18].
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DESs are a new category of green solvents which are formed by
mixing at least two organic chemicals, i.e., a hydrogen bond donor
(HBD) and a hydrogen bond acceptor (HBA) with forming hydro-
gen bond ability [19]. DESs are non-flammable, thermally stable,
less toxic than organic solvents and ILs, economical to prepare and
most of them are colorless, liquid at room temperature and usu-
ally biodegradable [20,21]. Also, DESs have a high solubilization
power especially for some of the poorly water-soluble compounds
[22]. In this respect, our research group used successfully used the
low-toxic biodegradable betaine or choline chloride-based DESs for
acetaminophen and naproxen solubilization and reported a high
power solubilization of these DESs [18,23,24]. Betaine (Bet) is a
methyl group donor utilized for the treatment of homocystinuria
to reduce elevated homocysteine blood levels. It has gained more
attention from the scientific community due to its plant nature and
lower toxicity as well as its lower cost in comparison to ChCl which
is used commonly as an HBA in preparation of DESs [25,26]. The
asymmetric structure of Bet and its polar functional groups allow
to easily form a eutectic bond with diversity of HBDs [25-29]. There
are some reports in the literature about utilizing of aqueous solu-
tions of Bet-based DESs as a solubilizer and stabilizer agent for
drugs and enzymes in the pharmaceutical industrial [29-33].

Based on the literature review, there is no report about the solu-
bility profile of salicylic acid in mono-solvents of Bet-based DESs
and their binary aqueous mixtures. Hence, the main goal of this
work is studying the equilibrium solubility of salicylic acid in the
mono-solvents of Bet/PG and Bet/EG DESs along with the binary
(Bet/PG, Bet/EG or Bet/Gly DESs+water) mixtures in DES mass
fractions from 0.1 to 0.9 using a shake flask technique [34] at
293.15-313.15 K and ambient pressure (85 kPa). Hansen solubil-
ity parameters (HSPs) were also computed for salicylic acid, neat
solvents of each DES and water to predict the solubilization power

of each neat solvent for salicylic acid. The solubility values deter-
mined for salicylic acid in the aforementioned systems were then
correlated by three cosolvency models of Jouyban-Acree [35], Jouy-
ban-Acree-van’t Hoff [36] and the modified version of Jouyban-
Acree-van’t Hoff [37,38] along with the activity coefficient models
of nonrandom two-liquid (NRTL) [39] and universal quasi chemical
(UNIQUAC) [40,41]. Finally, the apparent thermodynamic parame-
ters for salicylic acid dissolution and mixing processes in Bet/PG,
Bet/EG or Bet/Gly DESs+water were determined to report its main
driving force.

CHEMICALS AND METHODS

1. Chemicals
A brief summary of the purity and chemical structure of the uti-

lized materials is provided in Table 1. Betaine-based DESs were syn-
thesized according to the described method in a reference [42]. In
brief, a certain amount of Bet as a HBA and PG, EG or Gly as
HBDs was put in a 50-mL round-bottom flask with molar ratios
of 1 : 5, 1 : 3 and 1 : 3, respectively, followed by placing the flask in
an oil bath under 80 oC using a hot plate stirrer (with an accuracy
of ±0.01 oC). Then, the as-prepared mixtures were stirred until form-
ing a homogeneous and clear self-made liquid solvent without any
precipitation.
2. Solubility Determination of Salicylic Acid in Aqueous Mix-
tures of Bet-based DESs

The shake flask method [43] has been employed for determina-
tion the solubility of salicylic acid in each mono-solvent and the
binary (Bet/EG, Bet/PG or Bet/Gly+water) mixtures. First, certain
amounts (in grams) of each solvent (Bet/EG, Bet/PG or Bet/Gly
DESs and water) were weighted with an analytical balance (Shi-
madzu, 321-34553, Shimadzu Co., Japan) with a precision ±0.1 mg

Table 1. Some details of the purity and chemical structure of the employed materialsa

Material Molecular
formula

Molar mass
(g mol1) Molecular structure Mass fraction purity Source

Betaine (Bet) C5H11NO2 117.15 >0.990 Dae-Jung of Korea

Ethylene glycol (EG) C2H6O2 62.07 >0.995 Merck, German

Propylene glycol (PG) C3H8O2 76.09 >0.990 Merck, German

Glycerol (Gly) C3H8O3 92.09 >0.990 Merck, German

Ethanol C2H5OH 46.07 >0.935 Jahan Alcohol Teb, Iran

Salicylic acid C7H6O3 138.121 >0.980 Julian Kimia Sanat,
Tabriz, Iran

Water H2O 18.02 Distilled deionized water with
conductivity<0.1 S cm1 -

aThe purity of the employed chemicals was provided by the suppliers.
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to prepare different mixtures in mass fractions of DESs (w2) from
0.0 to 1.0. In the case of Bet/Gly DES, the solubility values of sali-
cylic acid in Bet/Gly DES+water mixtures were measured in w2<
0.9 due to a high viscosity of DES which did not allow drug homoge-
nization and further analysis in its neat state (i.e., w2=1.0). Next,
excess amounts of salicylic acid were added to sealed vials contain-
ing the as-prepared neat solvents or binary solvent mixtures. The
vials were placed in an incubator (Nabziran Industrial Group, Tabriz,
Iran) on a shaker (Behdad, Tehran, Iran) for shaking at a defined
temperature with the uncertainty of 0.1 K for 2 days. After equili-
bration, the solid phase was removed by centrifugation at 1,0000
rpm for 30 min and the obtained each clear solution was diluted
by ethanol :water mixture (70 :30 v/v%) followed then by recording
the absorbance of these solutions at 236 nm with a UV-Vis spec-
trophotometer (Shimadzu UV-1800, Kyoto, Japan). The dilution
order of each saturated solution was approximately between 150 to
28140, 150 to 42084, 150 to 4854 for Bet/PG, Bet/EG and Bet/Gly
DESs, respectively, depending on the DES mass fractions in the
studied mixtures and temperatures; so that, the saturated solutions
were more diluted by increasing DES mass fractions as well as en-
hancing temperature due to more solubilization of salicylic acid. In
the maximum wavelength of salicylic acid, the absorbance of aque-
ous solutions of three DESs in the absence of salicylic acid and the
same conditions was recorded and they were 0.006, which shows
there is no interference between salicylic acid and the investigated
DESs absorbance in water medium. Thereby, the salicylic acid con-
centrations for the diluted solutions in mass fraction unit (w1) were
determined from the calibration curve plotted for salicylic acid in
ethanol:water mixtures (in volume percent of 70 : 30) at the same
wavelength (as seen in Fig. 1). Each experimental data point was
the mean of at least three experimental measurements. Finally, the
values of w1 in pseudo-ternary systems of (salicylic acid (1)+Bet/
EG, Bet/PG or Bet/Gly DESs (2)+water (3)) were converted to the
mole fraction values (x1, T) by the help of Eq. (1). This equation has
been recently utilized in pseudo-ternary systems containing drug,
ChCl-based DESs and water [44,45].

(1)

where, Mi and wi correspond to the molar masses and mass frac-
tions of component i in the studied mixtures. The molar masses of
DESs were calculated by Eq. (2) which was reported recently in
Ref. [46].

(2)

where, xHBA, xHBD, MHBA and MHBD are the molar ratios and molar
masses of Bet as an HBA and EG, PG or Gly as HBDs, respectively.
3. Correlation Section

Three cosolvency models including Jouyban-Acree [35], Jouy-
ban-Acree-van’t Hoff [36] and the modified version of Jouyban-
Acree-van’t Hoff [37,38] along with two activity coefficient mod-
els of NRTL [39] and UNIQUAC [41] were used for modelling the
values of x1, T measured for salicylic acid in (salicylic acid (1)+Bet/
PG, Bet/EG or Bet/Gly DESs (2)+water (3)) systems. More details
of each model are provided in the next subsections.
3-1. Cosolvency Model

The models of Jouyban-Acree [35], Jouyban-Acree-van’t Hoff
[36] and the modified version of Jouyban-Acree-van’t Hoff [37,38]
as precise descriptions of temperature and compositions depen-
dency of solubility data were employed to correlate the experimen-
tal values of x1,T for salicylic acid in Bet-based DESs+water mixtures.
The general form of these models respectively is:

(3)

(4)

(5)

in Eqs. (3)-(5), x1, T, x2, T and x3, T are the solubility of salicylic acid in
terms of mole fraction in the investigated mixtures, neat Bet/PG,
Bet/EG or Bet/Gly DESs and water, respectively, at temperature T/
K. The model constants, i.e., Ji terms, were determined by a linear

regression of lnx1, Tw2lnx2, Tw3lnx3, T or 

 against  (w2w3) and (w2w3)2,
respectively, as reported previously in a reference [47]. w2 and w3

are the mass fractions of Bet/PG, Bet/EG or Bet/Gly DESs and
water in the absence of salicylic acid. A1, B1, A2, B2 are the model
constants of the van’t Hoff equation. Besides, D1 to D7 are related
to the model constants of Eq. (5).
3-2. Activity Coefficient Models

The activity coefficient models of NRTL [39] and UNIQUAC
[40,41] are semi-empirical models with adjustable parameters. These
two semi-empirical models work for a wide range of ideal and non-
ideal solvents, including alcohols, ketones, amines, ionic liquids, deep
eutectic solvents and water. For a solution with m components,
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Fig. 1. The calibration curve for salicylic acid (absorbance against
mass fraction of salicylic acid (w1)).
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the UNIQUAC model is described as:

(6)

where,

(7)

(8)

in Eq. (8), a'ij and b'ij correspond to the adjustable parameters of
the UNIQUAC equation and z is assumed to be equal to 10. The
dimensionless parameters r, q and q' are pure component constants
which depend on the van der Waals area and volume as follows
[48]:

(9)

where, Qi and Ri denote the van der Waals molar volume and area
of the molecules. Basically, q/ is equal to q except for alcohols [49].
The van der Waals area and volume of many compounds have been
reported by Yaws and coworkers [50] and they can be calculated
for cases that are not available in the literature using the functional
group approach suggested by Fredenslund and coworkers [51].

The NRTL model for a solution with m components is:

(10)

(11)

where, ji, ij, and ij are the adjustable parameters, and gij is an
energy parameter characteristic of the i-j interaction. To use these
models, the melting temperature (Tm) and fusion enthalpy (fusH)
of salicylic acid are needed and they were obtained from Ref. [52]
as 431.8 K and 24.6 kJ mol1, respectively. In the NRTL model, the
non-randomness factors 12, 13 and 23 are set to 0.4, 0.4 and
0.04, respectively. In the case of UNIQUAC model, the values of r
and q for salicylic acid, water and Bet/PG, Bet/EG and Bet/Gly
DESs are reported in Table S1.

The percentage mean relative deviation (MRD%) (Eq. (12)) is
calculated to report the capability of each model in representation
of experimental solubility data.

(12)

where, N,  and  are the number of data points, the exper-
imental and calculated solubility of salicylic acid in term of mole
fraction, respectively.

4. Hansen Solubility Parameters (HSPs) of Salicylic Acid and
Each Neat Solvent

For investigation of the solubilization power of the selected DESs
for salicylic acid, Hansen solubility parameters (HSPs) were used as
a proper method to predict and choose a suitable solvent. The con-
cept of a solubility parameter () was first introduced by Hildebrand
and Scott, who proposed that components with similar values of 
would be miscible [53]. As illustrated in the following equation, it
can be seen that the second root of the solubility parameter ( 2) is
a result of dividing the vaporization energy (E) by the molar vol-
ume (Vm):

(13)

Depending on the solubility parameters, the tendency of a solvent
for solubilization of a solute can be determined. It was found that
the solubility of two compounds will be increased when their sol-
ubility parameters are more similar. Based on the Charles Hansen
concept, the solubility parameter of one material contains three fac-
tors: dispersion forces (d

2), polar interactions (p
2) and hydrogen

bonds (h
2) [54,55].

(14)

The HSP difference between a cosolvent and a pure chemical sub-
stance can be calculated using the following equation:

(15)

i, j presents the level of difference; and the symptoms i and j denote
the solvent (we considered the influences of PG, EG and Gly alone,
since water and Bet exist in three systems) and salicylic acid as a
solute, respectively. For estimation of the partial solubility parame-
ters of pure organic compounds, Hoftyzer and van Krevelen [56]
proposed a method according to group contributions method using
Eqs. (16) to (18).

(16)

(17)

.
(18)

where, Fd and Fp are the group contributions of the dispersion and
polar component, respectively, and Eh is hydrogen-bonding energy
per structural group. This method has been recently utilized for
determination of HSPs for several chemicals involving drugs, tra-
ditional organic solvents, polymers and DESs in the literature [57-
59]. The numerical values of Fd, Fp, Eh and V of common structural
groups are in Table S2.
5. Dissolution and Mixing Properties

During the dissolution process of a solute, its thermodynamic
properties in solvent mixtures can provide useful information. The
apparent standard dissolution enthalpy (solHo) for dissolution pro-
cess of salicylic acid in (Bet/EG, Bet/PG and Bet/Gly DESs+water)
mixtures can be obtained from the van’t Hoff analysis [60,61].
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(19)

where, R is the universal gas constant and it has a value of 8.314J K1

mol1. Thm is harmonic temperature and it is achieved from Eq. (20).

(20)

The standard Gibbs free energy of dissolution (solGo) and the val-
ues of solHo for the saturated mixed solutions were calculated from
the intercept and the slope of the plot of ln x1, T against 1/T1/Thm,
respectively. Also, Gibbs equation was used for calculation the val-
ues of standard entropy of dissolution (solSo) [62]. The relative con-
tributions of enthalpy (H

sol) and entropy (TS
sol) to solGo for dissolu-

tion of salicylic acid in the studied mixtures were determined with
the following equations [63]:

(21)

(22)
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Table 2. Experimental mole fraction solubilities (103. xm, T) as the average of three measured for salicylic acid in the binary (Bet/PG, Bet/EG
or Bet/Gly DESs+water) at T=293.15 to 313.15 K and atmospheric pressure (85 kPa)a

Bet/PG DES (molar ratio of 1 :5 )+water Bet/EG DES (molar ratio of 1 : 3)+water Bet/Gly DES (molar ratio of 1 : 3)+water
T/K 103. x1, T T/K 103. x1, T T/K 103. x1, T

w2
b=0.00

293.15 0.205×103 293.15 0.205×103 293.15 0.205×103

298.15 0.251×103 298.15 0.251×103 298.15 0.251×103

303.15 0.306×103 303.15 0.306×103 303.15 0.306×103

308.15 0.372×103 308.15 0.372×103 308.15 0.372×103

313.15 0.460×103 313.15 0.460×103 313.15 0.460×103

w2=0.10
293.15 0.710 293.15 0.903 293.15 0.814
298.15 0.928 298.15 1.153 298.15 0.928
303.15 1.128 303.15 1.350 303.15 1.093
308.15 1.371 308.15 1.495 308.15 1.256
313.15 1.644 313.15 1.673 313.15 1.425

w2=0.20
293.15 1.241 293.15 1.534 293.15 1.286
298.15 1.553 298.15 1.872 298.15 1.381
303.15 1.863 303.15 2.189 303.15 1.552
308.15 2.234 308.15 2.428 308.15 1.743
313.15 2.509 313.15 2.729 313.15 1.990

w2=0.30
293.15 1.971 293.15 2.428 293.15 1.891
298.15 2.507 298.15 2.908 298.15 2.051
303.15 2.861 303.15 3.333 303.15 2.299
308.15 3.215 308.15 3.702 308.15 2.493
313.15 3.690 313.15 4.084 313.15 2.870

The obtained values for thermodynamic parameters of salicylic
acid dissolution were then used to calculate the mixing thermody-
namic functions (i.e. mixHo and mixSo) using Eqs. (23) and (24)
[62,64]:

(23)

(24)

where, fusH303 and fusS303 correspond to thermodynamic functions
of fusion process at Thm and they achieved from Eqs. (25)-(27).

(25)

(26)

(27)

Using the values of fusHTfus (24.6 kJ mol1) and Tfus (431.8 K) for sali-
cylic acid from Ref. [52], the changes of enthalpy (fusH303) and
entropy of fusion (fusS303) at Thm were calculated as 17.26 kJ mol1

and 36.79 J mol1 K1, respectively. The enthalpic (H
mix) and entro-

pic (TS
mix) contributions to mixGo could be determined as:

solH
o

   fusH
303

  mixHo

solS
o

   fusS
303

  mixSo

fusH
303

  fusH
Tfus

   Cp Tfus  Thm 

fusS
303

   fusS
Tfus

   Cp
Tfus

Thm
--------

 
 ln

Cp � 
fusH

Tfus

Tfus
------------------
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Table 2. Continued
Bet/PG DES (molar ratio of 1 :5 )+water Bet/EG DES (molar ratio of 1 : 3)+water Bet/Gly DES (molar ratio of 1 : 3)+water

T/K 103. x1, T T/K 103. x1, T T/K 103. x1, T

w2=0.40
293.15 3.303 293.15 3.890 293.15 2.599
298.15 4.105 298.15 4.691 298.15 2.815
303.15 4.659 303.15 5.208 303.15 3.244
308.15 5.242 308.15 5.820 308.15 3.589
313.15 6.194 313.15 6.394 313.15 4.144

w2=0.50
293.15 06.573 293.15 06.522 293.15 3.971
298.15 07.944 298.15 08.125 298.15 4.264
303.15 08.911 303.15 09.473 303.15 4.744
308.15 10.027 308.15 10.913 308.15 5.480
313.15 11.539 313.15 12.065 313.15 6.489

w2=0.60
293.15 13.756 293.15 12.555 293.15 06.361
298.15 15.891 298.15 15.836 298.15 07.096
303.15 17.918 303.15 19.355 303.15 08.288
308.15 19.960 308.15 22.116 308.15 09.418
313.15 22.445 313.15 24.231 313.15 11.030

w2=0.70
293.15 29.816 293.15 26.302 293.15 11.701
298.15 34.288 298.15 31.556 298.15 13.588
303.15 39.849 303.15 37.218 303.15 16.244
308.15 44.225 308.15 41.437 308.15 18.179
313.15 48.997 313.15 45.624 313.15 21.566

w2=0.80
293.15 65.710 293.15 57.823 293.15 30.290
298.15 72.078 298.15 66.867 298.15 36.306
303.15 78.950 303.15 76.154 303.15 41.734
308.15 84.927 308.15 85.301 308.15 47.102
313.15 92.770 313.15 90.177 313.15 52.411

w2=0.90
293.15 118.635 293.15 84.023 293.15 37.231
298.15 138.385 298.15 92.643 298.15 43.917
303.15 151.665 303.15 99.647 303.15 49.764
308.15 166.935 308.15 107.176 308.15 55.051
313.15 181.775 313.15 114.779 313.15 61.140

w2=1.0
293.15 128.858 293.15 090.177 293.15 -c

298.15 153.030 298.15 100.444 298.15 -c

303.15 166.384 303.15 109.318 303.15 -c

308.15 180.024 308.15 116.212 308.15 -c

313.15 193.938 313.15 125.898 313.15 -c

aStandard uncertainty (u) for pressure and temperature are u (P)=0.5 kPa, u (T)=0.1 K; the relative standard deviation for the mole fraction
of salicylic acid and mass fraction of betaine-based DESs are ur (x1, T)=4.8% and ur (w2)=0.1%, respectively.
bw2 is mass fraction of Bet/PG, Bet/EG or Bet/Gly DESs with molar ratios of 1 : 5, 1 : 3 and 1 : 3, respectively, in the binary mixtures of betaine-
based DESs and water in the absence of salicylic acid along with the standard uncertainty (u) of DES molar ratio equal with u (molar ratio)=0.1.
cThese values could not be experimentally measured due to the high viscosity value of neat Bet/Gly DES.
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(28)

(29)

RESULTS AND DISCUSSION

1. Experimental Solubility
The measured values of x1, T for salicylic acid in cosolvent mix-

tures of (Bet/PG DES (molar ratio of 1 : 5)+water), (Bet/EG DES
(molar ratio of 1 : 3)+water) and (Bet/Gly DES (molar ratio of
1 : 3)+water) are listed in Table 2. To check the accuracy and reli-
ability of the experimental method employed in present work, we
compared our measured solubility x1, T=0.205×103, 0.251×103,
0.306×103, 0.372×103 and 0.460×103 in water at 293.15, 298.15,
303.15, 308.15 and 313.15 K, respectively, with those reported in
the literature [65], i.e., x1, T=0.208×103, 0.247×103, 0.304×103,
0.368×103 and 0.452×103 at 293.15, 298.15, 303.15, 308.15 and
313.15 K, respectively. The individual percentage deviations (IPDs%)
calculated by Eq. (30) between our determined solubility data and
the literature values [65] are 1.4%,1.6%, 0.7%,1.1% and 1.8% at 293.15,
298.15, 303.15, 308.15 and 313.15 K, respectively, which may be
related to the distinction of impurities in the salicylic acid, experi-
mental error, and/or analysis method.

(30)

where,  and  are the experimental and reported in the lit-
erature mole fractions of salicylic acid in water. The relationship
between the values of x1, T, temperature and cosolvent composition
are plotted graphically in Fig. 2. It can be observed from Table 2
and also Fig. 2 that the solubility data of salicylic acid is a function
of temperature and cosolvent composition for the all (cosolvent+
solvent) mixtures, so that they are increased with increasing tem-
perature and mass fraction of Bet/PG, Bet/EG or Bet/Gly DESs.
Apparently, the maximum solubility of salicylic acid is observed in
neat Bet/PG or Bet/EG DESs and 0.9 mass fractions of Bet/Gly
DES. Table 2 also demonstrates that the solubility of salicylic acid in
(Bet/PG DES+water) is greater than those in (Bet/EG DES+water)
or (Bet/Gly+water) systems at the same temperature and cosolvent
composition.
2. HSP Results

The HSPs for salicylic acid, neat solvents of Bet/PG, Bet/EG
and Bet/Gly DESs were computed using the suggested method by
Hoftyzer and van Krevelen [56] and the results are listed in Table 3
along with the values of  (MPa1/2) determined for the (salicylic
acid+water or Bet-based DES) systems. The HSP for water (2) was
gathered from Ref. [55] and it was 47.8 MPa1/2. The values of 
reported in Table 3 follow the order: Bet/PG DES (15.8 MPa1/2)<
Bet/EG DES (17.7 MPa1/2)<Bet/PG DES (19.5 MPa1/2)<water (32.5
MPa1/2), indicating the high miscibility of salicylic acid occurs by
Bet/PG DES. This result is in good agreement with our solubility
measurements.

The solubilization power of Bet/PG, Bet/EG and Bet/Gly DESs

for salicylic acid was compared with another binary solvent mixture
reported in the literature by calculation two parameters: one useful
parameter defined by Yalkowsky () [66] (Eq. (31)) and another defi-
nition derived from Jouyban-Acree model () [4] (Eq. (32)). The
results are listed in Table 4.

(31)

(32)

H
 mix

  
mixHo

mixHo
  ThmmixSo

------------------------------------------------

TS
 mix

  
ThmmixSo

mixHo
  ThmmixSo

------------------------------------------------

IPD%  
x1, T

exp
   x1, T

rep

x1, T
rep

----------------------- 100

x1, T
exp x1, T

rep

   
Solubility of salicylic acid in binary solvent

Solubility of salicylic acid in water
------------------------------------------------------------------------------------------------------

 
 log

   

Maximum solubility of salicylic acid in cosolvent
Solubility of salicylic acid in water

---------------------------------------------------------------------------------------------------------------------

 
 log

wcosolvent, max
----------------------------------------------------------------------------------------------------------------------------------

Fig. 2. Experimental solubility of salicylic acid expressed in mole
fraction (xm, T) in (a) Bet/PG DES (molar ratio of 1 : 5)+water,
(b) Bet/EG DES (molar ratio of 1 : 3)+water mixtures and (c)
Bet/Gly DES (molar ratio of 1 : 3)+water mixtures at differ-
ent mass fractions of DESs and T=293.15 K to 313.15 K.
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where, wcosolvent, max is the cosolvent mass fraction which provides
the highest solubility of salicylic acid. From Table 4, it is clearly obvi-
ous that the DES-based systems present a high ability to solubilize
salicylic acid in an aqueous medium than that of the traditional
organic cosolvent, and they can be considered as a proper cosol-
vent for solubilization of salicylic acid.
3. Thermodynamic Modeling

For description of the equilibrium solubility in the mixed solvents,
thermodynamic correlation models have been used and reviewed
systematically in a reference [5]. In the present work, five thermo-
dynamic models were utilized to fit the solubility of salicylic acid
in cosolvent mixtures of (Bet/PG DES+water) and (Bet/EG DES+
water), which correspond to Jouyban-Acree [35], a combination of
the Jouyban-Acree model with van’t Hoff [36], a modified version
of Jouyban-Acree-van’t Hoff [37,38], NRTL [39] and UNIQUAC
[40,41]. Note that the Jouyban-Acree and Jouyban-Acree-van’t Hoff
models were not used for correlation of the experimental solubil-
ity data of salicylic acid in Bet/Gly DES+water mixtures, since we
did not measure the drug solubility in neat Bet/Gly DES due to its
high viscosity. So, these data were fitted with the modified version
of Jouyban-Acree-van’t Hoff and two activity coefficient models of
NRTL and UNIQUAC. Based on the measured solubility data, the
parameters of Eqs. (3) to (6) and (10) can be calculated by the soft-
ware of SPSS and Mathcad. The attained values of each model para-
meters together with the MRDs%±(SDs) are listed in Tables 5 and 6.
It can be observed from Tables 5 and 6 that for the studied pseudo-
binary solvent mixtures, the minimum values of MRD%±SD be-

Table 3. Solubility parameter for the used materials along with the values of  for salicylic acid as a solute and each DES used as a cosol-
vent

Materials d (MPa1/2) p (MPa1/2) h (MPa1/2) t (MPa1/2)
Water [55] 15.5 16.0 42.3 47.8
Propylene glycol [55] 16.8 09.4 23.3 30.2
Ethylene glycol [55] 17.0 11.0 26.2 33.1
Glycerol [55] 17.4 12.1 29.3 36.1
Salicylic acid 22.6 00.3 17.7 28.7

 values
Bet/PG DES Bet/EG DES Bet/Gly DES Water

15.8 17.7 19.5 32.5

Table 4. Comparison of the solubilization powers of different cosol-
vents utilized for salicylic acid

Solvent mixtures   Ref.
Bet/PG DES (molar ratio of 1 : 5)+water 5.60 5.63 This work
Bet/EG DES (molar ratio of 1 : 3)+water 5.40 5.44 This work
Bet/Gly DES (molar ratio of 1 : 3)+water 5.12 5.69 This work
Methanol+water 2.34 2.61 [16]
Ethanol+water 2.64 2.68 [16]
PEG 300+water 2.95 3.22 [16]
1,4-Dioxane+water 2.86 2.94 [16]
1-Propanol+water 2.67 2.97 [14]
2-Propanol+water 2.68 2.69 [14]
2-Propanone+water 2.76 3.45 [14]
Ethanol - 1.86 [15]
Carbon tetrachloride - 0.22 [15]
Ethyl acetate - 1.66 [15]
Xylene - 0.55 [15]
Ethanol - 2.56a [13]
1-Propanol - 2.59a [13]
1-Butanol - 2.60a [13]
1-Pentanol - 2.61a [13]
1-Hexanol - 2.62a [13]
1-Octanol - 2.62a [13]

aFor calculation of these values the mole fraction of salicylic acid in
water at 318.15 K (0.507×103) reported in Ref. [14] was used.

Table 5. The parameters of Jouyban-Acree, Jouyban-Acree-van’t Hoff and the modified version of Jouyban-Acree-van’t Hoff and the corre-
sponding MRDs% for salicylic acid in Bet/PG (1 : 5 molar ratio) or Bet/EG (1 : 3 molar ratio) DESs+water mixtures

Jouyban-Acree Jouyban-Acree-van’t Hoff Modified version of
Jouyban-Acree-van’t Hoff

Bet/PG DES+water mixtures
J0 204.242 A2 4.143 D1 4.369
J1 40.207 B2 1,805.192 D2 3,690.607
J2 2,480.182 A3 4.103 D3 0.810

B3 3,694.827 D4 2,211.740
J0 204.449 D5 117.041
J1 40.076 D6 199.576
J2 2,480.700 D7 NSa

MRD%±SD 4.5±4.4 4.8±4.2 18.4±8.9
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Table 5. Continued.

Jouyban-Acree Jouyban-Acree-van’t Hoff Modified version of
Jouyban-Acree-van’t Hoff

Bet/EG DES+water mixtures
J0 541.036 A2 2.706 D1 3.085
J1 73.436 B2 1,495.166 D2 3,292.255
J2 2,604.473 A3 4.103 D3 0.745

B3 3,694.827 D4 2,004.763
J0 541.362 D5 400.750
J1 73.351 D6 88.358
J2 2,605.286 D7 NSa

MRD%±SD 6.6±5.9 6.8±5.7 19.4±11.1
Bet/Gly DES+water mixtures

J0 -b A2 -b D1 1.142
J1 -b B2 -b D2 2,734.869
J2 -b A3 -b D3 3.645

B3 -b D4 1,412.784
J0 -b D5 2,823.139
J1 -b D6 2,147.106
J2 -b D7 NSa

MRD%±SD  16.5±10.1
aNS denotes to not statistically significant (p-value>0.05).
bSince we did not measure the drug solubility in neat Bet/Gly DES due to its high viscosity, these data were not fitted with these models.

Table 6. Values of parameters of NRTL and UNIQUAC models, as a function of temperature, for the (salicylic acid (1)+Bet/PG, Bet/EG or
Bet/Gly DESs (2)+water (3)) system at T=(293.15 to 313.15) K

NRTL model
Bet/PG DES+water mixtures Bet/EG DES+water mixtures Bet/Gly DES+water mixtures 

A12 3.7315 A12 2.6302 A12 0.4986
B12 1.0057 B12 0.5000 B12 0.5351
A21 1.0422 A21 0.5501 A21 0.1185
B21 0.9561 B21 0.4454 B21 0.0992
A13 2.2965 A13 4.4083 A13 4.6649
B13 0.9931 B13 0.5057 B13 0.5432
A31 3.5328 A31 4.1981 A31 4.2338
B31 1.0076 B31 0.5042 B31 0.4396
A23 51.2487 A23 19.5852 A23 21.2539
B23 1.0024 B23 0.5047 B23 0.5053
A32 80.8816 A32 1.2799 A32 1.3777
B32 1.0017 B32 0.5071 B32 0.5684

MRD%±102.SD 1.2±0.5 MRD%±102.SD 1.8±0.8 MRD%±102.SD 2.2±0.5
UNIQUAC model

Bet/PG DES+water mixtures Bet/EG DES+water mixtures Bet/Gly DES+water mixtures 
a'12 0.7846 a'12 0.3318 a'12 0.7824
b'12 0.4975 b'12 0.6093 b'12 0.5025
a'21 1.6199 a'21 0.7982 a'21 1.7686
b'21 0.7394 b'21 0.5966 b'21 0.5043
a'13 1.1248 a'13 0.7364 a'13 1.0519
b'13 0.5140 b'13 0.5504 b'13 0.5028
a'31 2.2262 a'31 1.2746 a'31 2.0199
b'31 0.4905 b'31 0.5086 b'31 0.5015
a'23 1.5652 a'23 1.0237 a'23 1.7219
b'23 0.4780 b'23 0.4761 b'23 0.5022
a'32 0.4032 a'32 0.3692 a'32 0.5501
b'32 0.4929 b'32 0.4416 b'32 0.4974

MRD%±102.SD 1.2±1.9 MRD%±102.SD 2.2±1.3 MRD%±102.SD 1.4±0.5
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Table 7. The parameters of Jouyban-Acree, Jouyban-Acree-van’t Hoff and modified version of Jouyban-Acree-van’t Hoff models along with
the corresponding MRDs%±SDs for salicylic acid in the aqueous mixtures of Bet/PG or Bet/EG DESs with selection of minimum
solubility data, i.e., the values of x1, T in neat Bet/PG or Bet/EG DESs and water at 293.15 K and 313.15 K and DESs+water mixtures
with w2=0.3, 0.5 and 0.7 at 298.15 K

Jouyban-Acree Jouyban-Acree-van’t Hoff the modified version of
Jouyban-Acree-van’t Hoff

Bet/PG DES+water mixtures
J0 296.955 A2 4.143 D1 4.090
J1 88.436 B2 1,805.192 D2 3,686.031
J2 1,725.357 A3 4.103 D3 0.174

B3 3,694.827 D4 2,180.027
J0 316.288 D5 58.454
J1 114.431 D6 283.495
J2 1,748.372 D7 NSa

MRD%±SD 6.6±6.8 6.8±6.5 18.5±12.5
Bet/PG DES+water mixtures

J0 574.895 A2 2.706 D1 2.243
J1 23.067 B2 1,495.166 D2 3,000.393
J2 2,145.279 A3 4.103 D3 2.082

B3 3,694.827 D4 1,397.879
J0 580.001 D5 111.993
J1 14.009 D6 191.539
J2 2,151.357 D7 NSa

MRD%±SD 7.4±6.8 7.4±6.6 19.1±13.4
aNS denotes to not statistically significant (p-value>0.05).

Table 8. Apparent thermodynamic parameters for salicylic acid dissolution behavior in the binary (Bet/PG, Bet/EG or Bet/Gly DESs+water)
mixtures at Thm=303.0 K

w2
a solGo

(kJ mol1)
solHo

(kJ mol-1)
solSo

(J mol1 K1)
TsolSo

(kJ mol1) H
sol TS

sol

Bet/PG DES+water
0.00 20.38 30.74 34.18 10.36 0.748 0.252
0.10 17.14 31.67 47.96 14.53 0.685 0.315
0.20 15.89 27.09 36.97 11.20 0.707 0.293
0.30 14.82 22.99 26.96 08.17 0.738 0.262
0.40 13.56 22.96 31.03 09.40 0.710 0.290
0.50 11.91 20.74 29.15 08.83 0.701 0.299
0.60 10.16 18.42 27.26 08.26 0.690 0.310
0.70 08.18 19.09 35.99 10.90 0.637 0.363
0.80 06.42 13.04 21.85 06.62 0.663 0.337
0.90 04.78 15.93 36.80 11.15 0.588 0.412
1.00 04.57 15.00 34.43 10.43 0.590 0.410

Bet/EG DES+water
0.00 20.38 30.74 34.18 10.36 0.748 0.252
0.10 16.77 22.88 20.16 06.11 0.789 0.211
0.20 15.52 21.60 20.05 06.08 0.780 0.220
0.30 14.44 19.59 17.01 05.15 0.792 0.208
0.40 13.28 18.51 17.24 05.22 0.780 0.220
0.50 11.81 23.36 38.13 11.55 0.669 0.331
0.60 10.07 25.26 50.13 15.19 0.624 0.376
0.70 08.39 21.02 41.68 12.63 0.625 0.375
0.80 06.55 17.30 35.50 10.76 0.617 0.383
0.90 05.82 11.76 19.60 05.94 0.664 0.336
1.00 05.61 12.44 22.53 06.83 0.646 0.354
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tween the computed and experimental values were 4.5%±4.4 and
1.2%±0.5 which obtained with Jouyban-Acree-van’t Hoff and NRTL
models for the system of (Bet/PG DES+water).

In high throughput crystallization methods, time is a vital fac-
tor and solubility is the most basic information in this process. It is
well-known that solubility measurements are commonly a time-

Table 8. Continued

w2
a solGo

(kJ mol1)
solHo

(kJ mol-1)
solSo

(J mol1 K1)
TsolSo

(kJ mol1) H
sol

TS
sol

Bet/Gly DES+water
0.00 20.38 30.74 34.18 10.36 0.748 0.252
0.10 17.20 21.71 14.86 04.50 0.828 0.172
0.20 16.26 16.86 01.97 00.60 0.966 0.034
0.30 15.31 15.72 01.38 00.42 0.974 0.026
0.40 14.45 17.94 11.52 03.49 0.837 0.163
0.50 13.39 18.75 17.70 05.36 0.778 0.222
0.60 12.08 21.11 29.83 09.04 0.700 0.300
0.70 10.43 23.11 41.82 12.67 0.646 0.354
0.80 08.06 20.75 41.88 12.69 0.621 0.379
0.90 07.61 18.61 36.28 10.99 0.629 0.371

aw2 is mass fraction of Bet/PG, Bet/EG or Bet/Gly DESs in the binary (Bet/PG, Bet/EG or Bet/Gly DESs+water) in the absence of salicylic
acid.

Fig. 3. The van’t Hoff plots of salicylic acid solubility in (a) Bet/PG DES+water, (b) Bet/EG DES+water and (c) Bet/Gly DES+water.

consuming process because of the requirement to reach thermo-
dynamic equilibrium. On the other hand, in many cases, there are
only a few grams of an expensive pharmaceutical or fine chemical
to make a large number of crystallization experiments. So, it is im-
portant to predict the solubility of a compound over a wide range
of temperatures, by measuring a minimum data point. For achieving
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this purpose, it is necessary to use thermodynamic models to pre-
dict the compound solubility data. In this work, we checked the pre-
diction capability of simple cosolvency models by using the mini-
mum number of experimental data points, i.e., solubility data in
water, neat Bet/PG or Bet/EG DESs at 293.15 and 313.15 K and
also in mixed solvents with Bet/PG or Bet/EG DESs mass frac-

Fig. 4. Enthalpy-entropy compensation plots for salicylic acid in (a)
Bet/PG DES+water, (b) Bet/EG DES+water and (c) and Bet/
Gly DES+water mixtures at Thm=303.0 K. The points pres-
net the mass fractions of Bet/PG, Bet/EG or Bet/Gly DESs in
the investigated mixtures in the absence of salicylic acid.

Fig. 5. The solGo values for dissolution processes of salicylic acid in
the binary mixtures of Bet-based DESs and water vs. mass
fraction of DES (w2) at harmonic temperature.

tions of 0.3, 0.5 and 0.7 at 298.15 K. The adjustable parameters of
each model are estimated using these minimum data points fol-
lowed then by extrapolation of their predictive capability over a wide
range of operating conditions. The parameters of each trained mod-
els are given in Table 7. Based on the MRDs%±SDs in this Table,
it is found that the prediction ability of the three modes is accept-
able and the overall MRDs%±SDs follow the order: Jouyban-Acree
model (7.0%±6.8)Jouyban-Acree-van’t Hoff model (7.1%±6.6)
the modified version of Jouyban-Acree-van’t Hoff model (18.8%±
13.0); however, the prediction ability of Jouyban-Acree and Jouy-
ban-Acree-van’t Hoff models is higher than that of a modified ver-
sion of Jouyban-Acree-van’t Hoff.
4. Calculation of Thermodynamic Parameters for Salicylic
Acid Dissolution and Mixing Processes

The values of solHo and solGo for salicylic acid dissolution in (Bet/
PG, Bet/EG or Bet/Gly DESs+water) mixtures were estimated by
plotting van’t Hoff curves (Fig. 3), and the values of solSo were also
calculated by Gibbs equation. The results are summarized in Table
8. The solHo values are found to be positive with a maximum value
(30.74 kJ mol1) at w2=0.0 and minimum values of 13.04 kJ mol1,
11.76 kJ mol1 and 15.72 kJ mol1 for 0.8 mass fraction of Bet/PG,
0.9 mass fraction of Bet/EG and 0.3 mass fraction of Bet/Gly DESs,
respectively. The solGo values are also positive and in the range of
4.57 to 20.38 kJ mol1, 5.61 to 20.38 kJ mol1 and 7.61 to 20.38 kJ
mol1 for Bet/PG, Bet/EG and Bet/Gly DESs, respectively, with the
minimum values in neat Bet/PG DES, Bet/EG DES and 0.9 mass
fraction of Bet/Gly DES where salicylic acid presents the maximum
solubility. The positive values of solHo and solGo show an endo-
thermic and more favorable dissolution process for salicylic acid in
neat Bet/PG DES, Bet/EG DES and 0.9 mass fraction of Bet/Gly
DES. The solSo values for salicylic acid dissolution in each solvent
mixtures and also in all compositions are positive, illustrating that
salicylic acid dissolution process has an entropy driven mechanism
in aqueous Bet-based DESs mixtures. H

sol and TS
sol values are also

reported in Table 8. For all mixtures, the values of H
sol are higher

than that of TS
sol values which shows that the enthalpy is the main
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contributor of solGo in the dissolution processes of salicylic acid.
The enthalpy-entropy compensation plots for salicylic acid dis-

solution processes in (Bet/PG, Bet/EG or Bet/Gly DESs+water)
mixtures are displayed in Fig. 4. It can be observed that salicylic
acid in the mixtures of 0.0w20.1, 0.3w20.4 and 0.8w20.9
for (Bet/PG DES+water) system, 0.4w20.6 and 0.9w21.0 for
(Bet/EG DES+water) system and 0.3w20.7 for (Bet/Gly DES +
water) system presents an almost-linear curve of solHo vs. solGo

with the positive slope values. On the other hand, in the regions of
0.1w20.3, 0.4w20.6, 0.7w20.8 and 0.9w21.0 for (Bet/PG

DES+water) system, 0.0w20.4 and 0.6w20.9 for (Bet/EG DES+
water) system and also 0.0w20.3 and 0.7w20.9 for (Bet/Gly
DES+water) system salicylic acid dissolution demonstrates a nega-
tive slope. Regions with positive and negative slopes represent an
enthalpy- and entropy-driving mechanism for salicylic acid trans-
fer from more polar to less polar systems in the mixtures of Bet-
PG, Bet/EG or Bet/Gly DESs and water. Moreover, a plot of solGo

values against mass fraction of each DES presented that by enhanc-
ing drug solubility, these values decrease and become lowest at neat
solvents of Bet/PG or Bet/EG DESs and also 0.9 mass fractions of

Table 9. Thermodynamic functions relative to mixing process of salicylic acid in the binary mixtures of Bet/PG, Bet/EG or Bet/Gly DESs and
water at 303 K

wDES
a mixGo

(kJ mol1)
mixHo

(kJ mol1)
mixSo

(J mol1 K1)
TmixSo

(kJ mol1) H
mix

TS
mix

Bet/PG DES+water
0.00 14.27 13.48 02.61 0.79 0.945 0.055
0.10 11.02 14.41 11.17 3.38 0.810 0.190
0.20 09.77 09.83 00.18 0.05 0.995 0.005
0.30 08.71 05.73 09.83 2.98 0.658 0.342
0.40 07.44 05.70 05.76 1.75 0.765 0.235
0.50 05.79 03.48 07.64 2.31 0.601 0.399
0.60 04.05 01.16 09.53 2.89 0.286 0.714
0.70 02.07 01.83 00.80 0.24 0.884 0.116
0.80 00.30 4.22 14.94 4.53 0.482 0.518
0.90 1.34 1.33 00.01 0.00 1.000 0.000
1.00 1.55 2.26 02.36 0.72 0.758 0.242
Bet/EG DES+water
0.00 14.27 13.48 02.61 0.79 0.945 0.055
0.10 10.66 5.62 16.63 5.04 0.527 0.473
0.20 9.41 4.34 16.74 5.07 0.461 0.539
0.30 8.32 2.33 19.78 5.99 0.280 0.720
0.40 7.17 1.25 19.55 5.92 0.174 0.826
0.50 5.69 6.10 01.34 0.41 0.937 0.063
0.60 3.96 8.00 13.34 4.04 0.664 0.336
0.70 2.28 3.76 04.89 1.48 0.718 0.282
0.80 0.43 0.04 01.29 0.39 0.093 0.907
0.90 0.29 5.50 17.19 5.21 0.514 0.486
1.00 0.50 4.82 14.26 4.32 0.527 0.473
Bet/Gly DES+water
0.00 14.27 13.48 02.61 00.79 0.945 0.055
0.10 11.09 04.45 21.93 06.64 0.401 0.599
0.20 10.15 0.40 34.82 10.55 0.037 0.963
0.30 09.19 1.54 35.41 10.73 0.126 0.874
0.40 08.33 00.68 25.27 07.66 0.082 0.918
0.50 07.27 01.49 19.09 05.78 0.205 0.795
0.60 05.96 03.85 06.96 02.11 0.646 0.354
0.70 04.32 05.85 05.03 01.52 0.794 0.206
0.80 01.95 03.49 05.09 01.54 0.694 0.306
0.90 01.50 01.35 00.51 00.15 0.900 0.100

aw2 is mass fraction of Bet/PG, Bet/EG or Bet/Gly DESs in the binary (Bet/PG, Bet/EG or Bet/Gly DESs+water) in the absence of salicylic
acid.
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Bet/Gly DES (as seen in Fig. 5).
Table 9 summarizes the thermodynamic functions of mixing

for solubility of salicylic acid in (Bet/PG, Bet/EG and Bet/Gly DESs+
water) mixtures. As listed in this table, the mixHo is positive in water
and in the most of mixtures containing DES, and becomes nega-
tive in the aqueous mixtures containing Bet/PG, Bet/EG and Bet/
Gly DESs with w20.8, w20.9 and 0.2w20.3, respectively. The
neat values of mixHo can originate from the contribution of various
kinds of interactions: (i) the enthalpy of cavity formation is endo-
thermic because of the needed energy to overcome the cohesive
forces of the solvent, which decreases solubility of drug [4]. On the
other hand, the enthalpy of solute-solvent interaction is exother-
mic and results mainly from the van der Waals and Lewis acid-base
interaction [4]. The structuring of water molecules around the
nonpolar groups of solutes (hydrophobic hydration) contributes to
decrease the neat heat of mixing to small or even negative values in
aqueous solutions. Besides, the mixSo values in water have a nega-
tive value and they become less negative at high mass fraction of
each DES. According to Table 9, the mixGo values are decreased by
increasing mass fraction of three DESs reaching the lowest values
at high mass fractions of DESs, i.e., w2=1.0 for Bet/PG (1.55 kJ
mol1) or Bet/EG DESs (0.50 kJ mol1) and w2=0.9 for Bet/Gly
(1.50 kJ mol1), which show the highest values of salicylic acid sol-
ubility.

CONCLUSION

The equilibrium solubility values of salicylic acid (1) were experi-
mentally determined in three neat solvents of water, Bet/PG DES
(molar ratio of 1 : 5) and Bet/EG DES (molar ratio of 1 : 3) along
with the three aqueous solutions containing Bet/PG, Bet/EG or
Bet/Gly DESs at temperatures ranging from 293.15 to 313.15 K. At
the same mass fractions of Bet/PG, Bet/EG or Bet/Gly DESs and
temperature, the mole fraction solubility of salicylic acid was max-
imum in the Bet/PG DES (molar ratio of 1 : 5) (2)+water (3) mix-
tures. The salicylic acid solubility was mathematically correlated by
the models of Jouyban-Acree, Jouyban-Acree-van’t Hoff, the mod-
ified version of Jouyban-Acree-van’t Hoff, NRTL and UNIQUAC
and the obtained percentage mean relative deviations (MRDs%) no
higher than 6.8%, except for the modified version of Jouyban-Acree-
van’t Hoff model which its MRDs% was 19.1. Prediction of sol-
vent influence in solubilization of salicylic acid by Hansen solubility
parameters revealed that the solubility of the goal drug was maxi-
mum in the Bet/PG DES+water mixtures in good accordance with
the experimental results. From investigation of the thermodynamic
parameters of dissolution and mixing processes of salicylic acid, an
entropy-driven and endothermic dissolution process was concluded
with the lower Gibbs free energy values for salicylic acid in Bet/PG
DES+water mixtures compared with the others. Therefore, prelimi-
nary results demonstrate that the Bet/PG DES is a more proper
solvent for improvement of salicylic acid solubility in aqueous me-
dium than the others.

ACKNOWLEDGEMENTS

P. Jafari would like to thank for a post doctorate grant (64248)

of Tabriz University of Medical Sciences (Iran) for supporting this
work.

CRediT AUTHORSHIP CONTRIBUTION STATEMENT

Parisa Jafari: Formal analysis, Investigation, Writing original draft.
Mohammad Barzegar-Jalali: Writing - review & editing, For-

mal analysis, Funding acquisition.
Abolghasem Jouyban: Conceptualization, Writing - review &

editing, Supervision.

DECLARATION OF COMPETING INTEREST

The authors declare no conflict of interest.

SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.

REFERENCES

1. V. Panahi Azar, A. Jouyban and F. Khonsari, J. Mol. Liq., 160, 14
(2011).

2. Kirk-Othmer, Encyclopedia of chemical technology, Wiley, New York
(1997).

3. United States Pharmacopeia, US Pharmaceutical Convention, Rock-
ville, MD (2002).

4. A. Jouyban, J. Pharm. Pharm. Sci., 11, 32 (2008).
5. A. Jouyban, Handbook of solubility data for pharmaceuticals, CRC

Press: Boca Raton, FL (2010).
6. F. J. Martínez, A. Jouyban and W. E. Acree Jr., Pharm. Sci., 23, 1

(2017).
7. S. H. Yalkowsky, Solubility and solubilization in aqueous media,

American Chemical Society and Oxford University Press, New
York (1999).

8. M. E. Aulton, Pharmaceutics: The science of dosage forms design, 2nd
ed., Churchill Livingstone, London (2002).

9. A. D. Khan and L. Singh, J. Drug Deliv. Therap., 6, 34 (2016).
10. V. Shukla and R. Scholar, J. Med. Pharm. Allied Sci., 1, 18 (2012).
11. P. Kolar, J. W. Shen, A. Tsuboi and T. Ishikawa, Fluid Phase Equilib.,

194-197, 771 (2002).
12. D. Singh, N. Bedi and A. K. Tiwary, J. Pharm. Invest., 48, 509 (2018).
13. J. Lim, S. Jang, H. K. Cho, M. S. Shin and H. Kim, J. Chem. Ther-

modyn., 57, 295 (2013).
14. M. A. Fakhree, S. Ahmadian, V. Panahi-Azar, W. E. Acree Jr. and

A. Jouyban, J. Chem. Eng. Data, 57, 3303 (2012).
15. A. Shalmashi and A. Eliassi, J. Chem. Eng. Data, 53, 199 (2008).
16. H. Matsuda, K. Kaburagi, S. Matsumoto, K. Kurihara, K. Tochigi

and K Tomono, J. Chem. Eng. Data, 54, 480 (2009).
17. M. Sadeghi and A.C. Rasmuson, J. Chem. Eng. Data, 65, 4855 (2020).
18. M. Barzegar-Jalali, P. Jafari and A. Jouyban, J. Mol. Liq., 349, 118199

(2021).
19. E. L. Smith, A. P. Abbott and K. S. Ryder, Chem. Rev., 114, 11060

(2014).



924 P. Jafari et al.

April, 2023

20. Y. Marcus, Deep Eutectic Solvents, Springer Cham, Springer Nature
Switzerland (2019).

21. L. I. Tome, V. Baiao, W. da Silva and C.M. Brett, Appl. Mater. Today,
10, 30 (2018).

22. Y. Dai, G. J. Witkamp, R. Verpoorte and Y. H. Choi, Food Chem.,
187, 14 (2015).

23. M. Moradi and A. Jouyban, J. Mol. Liq., 345, 117023 (2022).
24. M. Barzegar-Jalali, P. Jafari and A. Jouyban, Fluid Phase Equilib.,

560, 113508 (2022).
25. S. Chanioti and C. Tzia, Innov. Food Sci. Emerg. Technol., 48, 228

(2018).
26. C. R. Day and S. A. Kempson, Biochim. Biophys. Acta, 1860, 1098

(2016).
27. M. Francisco, A. van den Bruinhorst and M. C. Kroon, Ang. Che-

mie Int. Ed., 52, 3074 (2013).
28. Y. Dai, J. van Spronsen, G. J. Witkamp, R. Verpoorte and Y. H.

Choi, Anal. Chim. Acta, 766, 61 (2013).
29. B. Yang, Q. Zhang, Y. Fei, F. Zhou, P. Wang and Y. Deng, Green

Chem., 17, 3798 (2015).
30. T. Jelinski, M. Przybylek and P. Cysewski, Pharm. Res., 36, 116

(2019).
31. S. Daneshjou, S. Khodaverdian, B. Dabirmanesh, F. Rahimi, S. Dane-

shjoo, F. Ghazi and K. Khajeh, J. Mol. Liq., 227, 21 (2017).
32. K. Radosevic, I. Canak, M. Panic, K. Markov, M. C. Bubalo, J.

Frece, V. G. Srcek and I. R. Redovnikovic, Environ. Sci. Pollut. Res.
Int., 25, 14188 (2018).

33. M. Hayyan, C. Y. Looi, A. Hayyan, W. F. Wong and M. A. Hashim,
PLOS ONE, 10, e0117934 (2015).

34. A. Jouyban and M. A. Fakhree, in Toxicity and drug testing, W. E.
Acree Jr (Ed.), Intech Co, New York (2012).

35. A. Jouyban and W. E. Acree Jr., J. Mol. Liq., 256, 541 (2018).
36. A. Fathi-Azarbayjani, M. Abbasi, J. Vaez-Gharamaleki and A. Jouy-

ban, J. Mol. Liq., 215, 339 (2016).
37. H. Ma, Y. Qu, Z. Zhou, S. Wang and L. Li, J. Chem. Eng. Data, 57,

2121 (2012).
38. Q. Gao, P. Zhu, H. Zhao, A. Farajtabar, A. Jouyban and W. E. Acree

Jr., J. Chem. Thermodyn., 161, 106517 (2021).
39. C. C. Chen, H. I. Britt, J. F. Boston and L. B. Evans, AIChE J., 28,

588 (1982).
40. D. S. Abrams and J. M. Prausnitz, AIChE J., 21, 116 (1975).
41. G. Maurer and J. M. Prausnitz, Fluid Phase Equilib., 2, 91 (1978).
42. M. Rogosic, A. Kristo and K. Z. Kucan, Braz. J. Chem. Eng., 36, 1703

(2021).
43. A. Jouyban and M. A. Fakhree, Experimental, computational meth-

ods pertaining to drug solubility, Toxicity Drug Test (2012).
44. H. Shekaari, M. T. Zafarani-Moattar and M. Mokhtarpour, Fluid

Phase Equilib., 462, 100 (2018).
45. D. Warminska, B. Nowosielski, A. Szewczyk, J. Ruszkowski and M.

Prokopowicz, J. Mol. Liq., 323, 114834 (2021).
46. P. B. Sanchez, B. Gonzalez, J. Salgado, J. Jose Parajo and A. Domín-

guez, J. Chem. Thermodyn., 131, 517 (2019).
47. A. Jouyban, M. Khoubnasabjafari, H. K. Chan and W. E. Acree Jr.,

Pharmazie, 61, 789 (2006).
48. A. Bondi, Physical properties of molecular crystals, liquids and glasses,

Wiley, New York (1968).
49. J. M. Prausnitz, R. N. Richtenthaler and E. G. Azevedo, Molecular

thermodynamics of fluid-phase equilibria, Upper Saddle River, New
Jersey, Prentice-Hall (1999).

50. C. L. Yaws, X. M. Wang and M. A. Satyro, Solubility parameter, liq-
uid volume, and Van Der Waals volume and area, In: Yaws CL,
editor. Chemical properties handbook: physical, thermodynamic,
environmental, transport, safety, and health related properties for
organic and inorganic chemicals, New York, McGraw Hill (1999).

51. A. Fredenslund, R. L. Jones and J. M. Prausnitz, AIChE J., 21, 1086
(1975).

52. E. S. Domalski and E. D. Hearing, J. Phys. Chem. Ref. Data, 3, 1
(1996).

53. J. H. Hildebrand and R. L. Scott, Regular solutions, Prentice-Hall
(1962).

54. C. M. Hansen, Danish Technical: Copenhagen, 14 (1967).
55. C. M. Hansen, A User’s Handbook, CRC Press (2002).
56. D. W. Van Krevelen, edited by K. Te. Nijenhuis, Properties of poly-

mers: their correlation with chemical structure; their numerical esti-
mation and prediction from additive group contributions, Elsevier
(2009).

57. H. Shekaari, M. T. Zafarani-Moattar and B. Mohammadi, J. Chem.
Eng. Data, 64, 3904 (2019).

58. S. Just, F. Sievert, M. Thommes and J. Breitkreutz, Eur. J. Pharm.
Biopharm., 85, 1191 (2013).

59. H. Shekaari, M. T. Zafarni-Moattar, M. Mokhtarpour and S. Faraji,
Sci. Rep., 11, 24081 (2021).

60. C. Cheng, Y. Cong, C. B. Du, J. Wang, G. B. Yao and H. K. Zhao, J.
Chem. Thermodyn., 101, 372 (2016).

61. N. J. Adel, M. Chokri and A. Arbi, J. Chem. Thermodyn., 55, 75
(2012).

62. F. Martinez and A. Gomez, J. Sol. Chem., 30, 909 (2001).
63. M. Aragon, J. E. Rosas and F. Martinez, Braz. J. Pharm. Sci., 46, 227

(2010).
64. C. M. Avila and F. Martínez, J. Sol. Chem., 31, 975 (2002).
65. F. L. Nordstro and A. C. Rasmuson, J. Chem. Eng. Data, 51, 1668

(2006).
66. A. Li and S. H. Yalkowsky, Ind. Eng. Chem. Res., 37, 4470 (1998).



Equilibrium solubility of salicylic acid in betaine-based DESs+water mixtures 925

Korean J. Chem. Eng.(Vol. 40, No. 4)

Supporting Information

Effect of temperature and composition on solubility and thermodynamics
of salicylic acid in aqueous mixtures of betaine-based deep eutectic solvents

Parisa Jafari*,
**, Mohammad Barzegar-Jalali***,

****, and Abolghasem Jouyban*,
*****

,†

*Pharmaceutical Analysis Research Center and Faculty of Pharmacy, Tabriz University of Medical Sciences, Tabriz, Iran
**Kimia Idea Pardaz Azarbayjan (KIPA) Science Based Company, Tabriz University of Medical Sciences, Tabriz, Iran

***Research Center for Pharmaceutical Nanotechnology, Tabriz University of Medical Sciences, Tabriz, Iran
****Drug Applied Research Center, Tabriz University of Medical Sciences, Tabriz, Iran

*****Faculty of Pharmacy, Near East University, PO BOX: 99138 Nicosia, North Cyprus, Mersin 10, Turkey
(Received 24 July 2022 • Revised 5 September 2022 • Accepted 5 September 2022)

REFERENCES

1. A. Merzougui, A. Hasseine, A. Kabouche and M. Korichi, Fluid
Phase Equilib., 309, 161 (2011).

2. C.-C. Hu, P.-H. Chiu, S.-J. Wang and S.-H. Cheng, J. Chem. Eng.

Data, 60, 1487, (2015).
3. D. W. Van Krevelen and K. Te Nijenhuis, Properties of polymers:

their correlation with chemical structure; their numerical estimation
and prediction from additive group contributions, Elsevier (2009).

Table S1. UNIQUAC r and q parameters for the used materials in pesudo-ternary systems composed betaine-based DESs, water and sali-
cylic acid

Component r q
Salicylic acid 02.8326 02.8240
Water [1] 00.9200 01.4000
Betaine 04.6650 04.0560
Propylene glycol [2] 03.0824 02.7840
Ethylene glycol [1] 02.4088 02.2480
Glycerol [1] 03.8399 03.6800
Betaine/propylene glycol DES with a molar ratio of 1 : 5 20.0770 17.9760
Betaine/ethylene glycol DES with a molar ratio of 1 : 3 11.2824 10.8000
Betaine/glycerol DES with a molar ratio of 1 : 3 15.5757 15.0960

Table S2. The numerical values of solubility parameter component group contributions utilized in Hoftyzer and Van Krevelen’s method [3]
Structuraul group Fd/((MJ m3)1/2 mol1) Fp/((MJ m3)1/2 mol1) Eh/(J mol1)
Benzen 1,430 110 0
-COOH 0,530 420 10,000
-COO- 0,390 490 07,000
-OH 0,210 500 20,000
-NH2 0,280 - 08,400
>N- 0,020 800 05,000
-CH2- 0,270 000 00,000
-CH3 0,420 000 00,000
>CH- 0,080 000 00,000
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