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ABSTRACT: Benzethonium chloride (BTC) has various applications in several industries. The solubility and solution
thermodynamic properties of BTC were measured. The solubility of BTC in methanol, ethanol, 1-propanol, 2-propanol, 1-
butanol, water, dimethyl sulfoxide, acetic acid, and dimethyl formamide neat solvents and methanol + water and ethanol + water
binary solvents at 298.15−318.15 K over an atmospheric pressure was measured. The solubility data of BTC is positively related to
the temperature in all selected solvents. The solubility data was fitted by the Apelblat model, λh model, Yaws model, Van’t Hoff
equation, CNIBS/R-K model, and modified Jouyban−Acree equation. The RMSD and ARD were chosen to evaluate the fitting of
each model. The dissolution thermodynamic parameters, enthalpy of the solution, entropy of the solution, and Gibbs energy of the
solution were calculated. The solubility data and dissolution thermodynamic parameters of BTC will provide significant guidance for
purification, crystallization, and separation in various areas.

1. INTRODUCTION
Benzethonium chloride (BTC; Figure 1) (IUPAC name: N-
benzyl-N,N-dimethyl-2-{2-[4-(2,4,4-trimethylpentan-2-yl)-

phenoxy]-ethoxy}-ethylammonium chloride) contains a pos-
itively charged atom covalently bonded to four carbon atoms,
one of which is a longer alkyl chain of 2-{2-[4-(2,4,4-
trimethylpentan-2-yl)-phenoxy]-ethoxy} ethane, and the coun-
ter ion is a chloride anion.1 It has antimicrobial activity against
bacteria, fungi, and viruses on a broad spectrum. Several
pathogens have been tested, and BTC has been shown to be
highly effective against them, including methicillin-resistant
Staphylococcus aureus, salmonella, Escherichia coli, Clostridium
difficile, hepatitis B and C viruses, herpes simplex virus, HIV,

and respiratory syncytial virus. Chemical derivatives of BTC
are used in a variety of products, including detergents,
deodorants, astringents, creams, and antiseptics used in topical
applications, cold sterilization procedures, and spermicidal
applications. In addition to cosmetics, antibacterial moist
towels, anti-itch ointments, mouthwashes, and antibacterial
skin care products, it has also been found in a variety of other
products similar to toiletries and mouthwashes. However, there
is another application of BTC, namely, surface disinfection,
which is found in the food industry.2−9

Data of solubility and solution thermodynamics are used in
various fields, such as production, purification, separation,
crystallization, modification, and isolation.10−13 There are no
reports in the literature that discuss the solubility of BTC in
different solvents at varying temperatures along with the
thermodynamic properties of dissolution, which motivated us
to carry out the present work. The solubility of BTC in various
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Figure 1. Molecular structure of benzethonium chloride.
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pure solvents, including methanol, ethanol, 1-propanol, 2-
propanol, 1-butanol, water, dimethyl sulfoxide (DMSO),
dimethyl formamide (DMF), and acetic acid, and binary
solvent mixtures (methanol + water and ethanol + water) was
determined using a gravimetric method at 298.15−318.15 K
under an atmospheric pressure (p = 0.1 MPa). For the
theoretical correlations, the Apelblat equation,14,15 the Van’t
Hoff equation,16 the Yaws equation,17 the λh model,18 and the
modified Jouyban−Acree and CNIBS/R-K equation19 were
used. Finally, the Van’t Hoff model was used to determine the
solution thermodynamic properties of BTC in various solvents
at different temperatures.20,21 This dissolution thermodynamic
parameter, such as the enthalpy of the solution (ΔHs), entropy
of the solution (ΔSs), and Gibbs free energy of the solution
(ΔGs), explained dissolution behavior. The data on solubility
and solution thermodynamics might be used to improve the
crystallization, recrystallization, modification, and industrial
production of BTC.

2. RESULTS AND DISCUSSION
2.1. Solubility Data of Benzethonium Chloride in

Pure and Binary Solvents. The experimental mole-fraction
solubilities of BTC in pure solvents of methanol, ethanol, 1-
propanol, 2-propanol, 1-butanol, water, DMF, DMSO, and
acetic acid and in two binary solvents of methanol, ethanol,
and water were measured and are listed in Tables 1 and 2. The

graphical representation of the experimental solubility is shown
in Figures 2−4. In Figure 1, the solubility of all pure solvents
was enhanced with respect to the temperature and in the order
of the highest being methanol then acetic acid, ethanol, 1-
propanol, 1-butanol, DMF, 2-propanol, DMSO, and water.

In the pure alcoholic solvents, the solubility of the solute
decreases in the order of methanol, ethanol, 1-propanol, 1-
butanol, and 2-propanol. The main factor in the above order
might be a positive increase in the alkyl chain length of alcohol,
which may be the reason for the reciprocal relationship with
the solubility, except in 2-propanol. The interaction of BTC
with alcoholic solvents results in a discrepancy in its solubility.
We believe that, due to having one carbon in methanol, the
interaction of BTC with methanol results in higher solubility,
which decreases with an increase in the carbon chain.
However, in the case of 2-propanol, having the hydroxyl
group in the second position results in the repulsion of BTC
with the solvent, resulting in a lower solubility than that of 1-
butanol. Hence, the alkyl chain length and position of the
hydroxyl group are the contributing factors. The polarity order
is methanol (0.765) > ethanol (0.654) > 1-propanl (0.546) >
1-butanol (0.552), and the same order was found in the
experimental solubility.

Figures 3 and 4 and Table 2 show the solubility of BTC in
the methanol + water binary solvent system and the ethanol +
water binary solvent system from 0.1 to 0.9 mole fractions

Table 1. Experimental (xexp) Mole-Fraction Solubility of BTC in Pure Solvents at a Temperature Range of 298.15−318.15 K
under an Atmospheric Pressure (p = 0.1 MPa)a

102 RD

T (K) χexp Apl. λh vf Yaws

methanol
298.15 0.0661 0.63 1.71 1.69 0.54
303.15 0.0735 −1.35 −2.03 −2.06 −1.40
308.15 0.0855 0.43 −0.78 −0.81 0.36
313.15 0.0989 0.92 0.34 0.31 0.83
318.15 0.1130 −0.48 0.64 0.61 −0.56

ethanol
298.15 0.0393 0.11 0.05 0.00 −0.05
303.15 0.0464 −0.16 −0.42 −0.43 −0.32
308.15 0.0553 0.92 0.59 0.54 0.75
313.15 0.0639 −0.71 −0.96 −0.94 −0.88
318.15 0.0756 0.40 0.36 0.40 0.24

1-propanol
298.15 0.0290 0.65 4.19 4.14 0.65
303.15 0.0338 −1.97 −3.93 −3.85 −1.87
308.15 0.0429 0.87 −2.75 −2.80 0.92
313.15 0.0543 0.52 −1.12 −1.10 0.52
318.15 0.0701 −0.57 3.09 3.14 −0.52

2-propanol
298.15 0.0195 −0.01 −0.32 −13.33 0.00
303.15 0.0232 0.50 0.26 −11.21 0.43
308.15 0.0269 −0.98 −1.19 −11.52 −1.12
313.15 0.0321 0.99 0.76 −8.10 0.93
318.15 0.0369 −0.24 −0.54 −8.13 −0.27

1-butanol
298.15 0.0236 0.50 2.31 2.12 0.37
303.15 0.0295 −0.99 −2.21 −2.03 −1.07
308.15 0.0384 0.34 −1.79 −1.82 0.24
313.15 0.0501 0.73 −0.31 −0.20 0.60
318.15 0.0651 −0.34 1.53 1.54 −0.44

102 RD

T (K) χexp Apl. λh vf Yaws

water
298.15 0.0085 −0.34 −5.89 −5.88 −0.52
303.15 0.0104 1.14 3.52 3.85 0.85
308.15 0.0117 0.05 4.74 5.13 −0.18
313.15 0.0125 −0.77 1.29 1.60 −0.93
318.15 0.0130 0.63 −4.97 −4.84 0.38

acetic acid
298.15 0.0550 0.02 −1.03 −0.91 −0.16
303.15 0.0628 0.46 0.57 0.64 0.27
308.15 0.0701 −0.19 0.28 0.43 −0.37
313.15 0.0782 0.23 0.29 0.38 0.05
318.15 0.0859 0.14 −0.91 −0.81 −0.04

DMSO (dimethyl sulfoxide)
298.15 0.0158 1.78 −0.48 −0.63 1.54
303.15 0.0183 −4.19 −3.40 −3.28 −4.45
308.15 0.0235 2.96 4.57 4.68 2.75
313.15 0.0268 0.76 1.37 1.49 0.56
318.15 0.0301 −0.62 −2.98 −2.99 −0.90

DMF (dimethyl formamide)
298.15 0.0212 −0.55 −2.30 −6.13 −0.47
303.15 0.0265 1.31 2.15 3.40 1.13
308.15 0.0309 −1.39 0.25 5.83 −1.29
313.15 0.0368 0.26 0.99 10.33 0.27
318.15 0.0421 −0.01 −1.77 11.64 0.00

aT is shown as the temperature in Kelvin, xexp is the experimental
mole fraction solubility of BTC, and Apl. (Apelblat model), λh (λh
model), vf (Van’t Hoff model), and Yaws (Yaws model) are values
that show the relative deviation (RD). For the standard uncertainty
(u), the standard uncertainty for temperature u(T) = 0.06 K, the
relative standard uncertainty of solubility u(r)(x) = 0.04, and the
relative standard uncertainty of pressure u(r)(p) = 0.5 KPa.
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Table 2. Experimental (xexp) Mole Fraction Solubility of BTC in Various Binary Solvents at Different Temperatures from
298.15 to 318.15 K under an Atmospheric Pressure (p = 0.1 MPa)a

102 RD

x2
0 T (K) xexp Apl. λh vf Yaws CNRK MJA

methanol + water
x2
0 = 0.1 298.15 0.0102 −0.36 7.72 7.84 7.84 1.96 13.73

303.15 0.0111 −0.34 −4.88 −4.50 −4.50 3.60 0.00
308.15 0.0133 1.05 −7.53 −7.52 −7.52 3.76 −4.51
313.15 0.0165 −1.83 −5.77 −5.45 −5.45 2.42 −4.85
318.15 0.0232 0.39 8.57 8.42 8.42 1.51 7.99

x2
0 = 0.2 298.15 0.0112 0.47 5.36 5.36 5.36 −7.14 0.89

303.15 0.0126 −1.21 −4.15 −3.97 −3.97 −11.11 −10.32
308.15 0.0154 0.60 −4.76 −4.55 −4.55 −11.04 −17.53
313.15 0.0193 0.40 −2.10 −2.07 −2.07 −7.77 −10.88
318.15 0.0251 −0.31 4.72 4.78 4.78 −4.78 −4.38

x2
0 = 0.3 298.15 0.0149 −0.06 −5.10 −4.70 −4.70 6.04 3.36

303.15 0.0197 −0.29 2.07 2.03 2.03 5.58 8.63
308.15 0.0251 1.53 5.95 5.98 5.98 5.58 5.98
313.15 0.0288 −1.69 0.35 0.35 0.35 2.78 4.51
318.15 0.0332 0.65 −4.45 −4.22 −4.22 1.51 −1.20

x2
0 = 0.4 298.15 0.0163 −1.10 −13.45 −13.50 −13.50 0.61 −13.50

303.15 0.0259 2.11 8.09 8.11 8.11 6.95 10.81
308.15 0.0341 −0.18 10.88 10.85 10.85 6.45 11.44
313.15 0.0398 −2.14 3.27 3.27 3.27 6.78 12.06
318.15 0.0435 1.05 −11.29 −11.26 −11.26 5.06 1.61

x2
0 = 0.5 298.15 0.0188 0.01 −11.92 −11.70 −11.70 −2.13 −20.74

303.15 0.0287 0.11 5.64 5.57 5.57 −4.18 1.39
308.15 0.0391 1.47 11.58 11.51 11.51 −2.56 4.35
313.15 0.0453 −1.50 3.33 3.31 3.31 −2.21 4.86
318.15 0.0495 0.83 −11.23 −11.31 −11.31 −2.42 −6.26

x2
0 = 0.6 298.15 0.0231 −0.28 −8.93 −9.09 −9.09 −1.30 −15.15

303.15 0.0334 0.27 4.44 4.49 4.49 −5.69 0.60
308.15 0.0441 1.25 8.91 8.84 8.84 −6.12 −0.23
313.15 0.0511 −1.88 1.78 1.76 1.76 −5.87 0.78
318.15 0.0577 0.80 −7.92 −7.80 −7.80 −2.95 −7.28

x2
0 = 0.7 298.15 0.0289 −0.74 −7.17 −7.27 −7.27 −1.04 −4.84

303.15 0.0403 0.56 4.22 4.22 4.22 0.50 5.96
308.15 0.0508 −0.59 5.98 5.91 5.91 −1.38 0.20
313.15 0.0601 −0.91 2.33 2.33 2.33 0.00 3.99
318.15 0.0673 0.01 −6.50 −6.54 −6.54 −0.15 −4.90

x2
0 = 0.8 298.15 0.0379 0.38 −3.62 −3.69 −3.69 2.90 7.12

303.15 0.0481 −1.01 0.93 1.04 1.04 4.99 9.36
308.15 0.0603 1.11 4.71 4.81 4.81 6.63 3.32
313.15 0.0698 −0.31 1.33 1.29 1.29 4.73 5.87
318.15 0.0789 0.05 −4.03 −4.06 −4.06 2.92 −1.52

x2
0 = 0.9 298.15 0.0451 −0.23 0.46 0.44 0.44 −1.11 1.77

303.15 0.0539 −0.38 −0.38 −0.37 −0.37 −2.23 0.19
308.15 0.0645 −0.28 −0.49 −0.47 −0.47 −2.64 −10.39
313.15 0.0771 −0.16 −0.13 −0.13 −0.13 −2.08 −2.08
318.15 0.0918 −0.32 0.39 0.33 0.33 −1.20 −3.05

ethanol + water
x2
0 = 0.1 298.15 0.0157 −0.20 0.17 0.00 0.00 0.00 −6.37

303.15 0.0168 −0.03 −0.30 0.00 0.00 −0.60 −2.38
308.15 0.0181 0.61 0.14 0.00 0.55 −0.55 0.55
313.15 0.0191 −1.03 −1.27 −1.05 −1.05 −0.52 1.05
318.15 0.0208 0.31 0.68 0.96 0.48 −0.96 3.37

x2
0 = 0.2 298.15 0.0198 −0.33 0.64 0.51 −0.51 0.00 0.51

303.15 0.0209 0.80 −0.01 0.00 0.96 0.96 2.39
308.15 0.0218 −0.30 −1.66 −1.38 −0.46 0.46 1.38
313.15 0.0232 −0.38 −1.10 −0.86 −0.43 0.86 1.29
318.15 0.0251 0.27 1.27 1.20 0.40 2.39 1.59

x2
0 = 0.3 298.15 0.0228 0.62 1.70 1.75 0.44 1.32 4.82
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from T = 298.15−318.15 K at an atmospheric pressure. The
experimental mole-fraction solubility of BTC in both binary

Table 2. continued

102 RD

x2
0 T (K) xexp Apl. λh vf Yaws CNRK MJA

ethanol + water
303.15 0.0231 −0.76 −1.80 −1.73 −0.87 0.00 2.16
308.15 0.0242 −0.11 −1.81 −1.65 −0.41 0.83 0.83
313.15 0.0259 1.41 0.49 0.39 1.16 0.77 0.39
318.15 0.0271 −0.47 0.66 0.74 −0.74 −0.37 −4.06

x2
0 = 0.4 298.15 0.0239 −0.02 1.71 1.67 −0.42 −1.67 2.09

303.15 0.0245 −0.15 −1.09 −1.22 0.41 −1.22 0.41
308.15 0.0254 −0.85 −2.62 −2.36 −0.39 −1.97 −2.76
313.15 0.0274 0.84 0.04 0.00 0.00 −1.82 −3.28
318.15 0.0291 −0.51 1.26 1.37 −3.09 −3.78 −7.90

x2
0 = 0.5 298.15 0.0257 −0.52 3.89 3.89 −0.39 −0.39 1.56

303.15 0.0261 −0.18 −2.38 −2.30 0.00 −1.53 −1.15
308.15 0.0277 0.17 −4.10 −3.97 0.36 −1.08 −2.53
313.15 0.0301 −1.24 −3.12 −2.99 −1.00 −1.66 −3.32
318.15 0.0349 0.01 4.48 4.58 0.29 1.43 0.00

x2
0 = 0.6 298.15 0.0281 −0.43 3.03 3.20 −0.71 1.42 1.07

303.15 0.0298 1.51 −0.76 −0.67 1.34 3.02 2.35
308.15 0.0315 −0.58 −4.72 −4.76 −0.95 1.90 0.63
313.15 0.0353 −0.32 −2.34 −2.27 −0.57 2.83 1.70
318.15 0.0411 0.50 4.00 4.14 0.24 1.95 4.38

x2
0 = 0.7 298.15 0.0302 −0.60 3.52 3.64 −0.66 0.00 −2.65

303.15 0.0323 1.25 −1.35 −1.24 1.24 0.00 −0.62
308.15 0.0351 0.35 −4.38 −4.27 0.28 0.85 −0.28
313.15 0.0393 −1.65 −3.97 −3.82 −1.78 0.25 0.25
318.15 0.0478 0.85 5.00 5.02 0.84 0.42 5.86

x2
0 = 0.8 298.15 0.0331 −0.81 3.28 3.32 −0.60 −0.91 −3.93

303.15 0.0357 1.19 −1.13 −1.12 1.40 −1.68 −1.40
308.15 0.0388 −0.15 −4.52 −4.38 0.00 −2.06 −1.80
313.15 0.0438 −1.57 −3.61 −3.42 −1.60 −2.05 −1.60
318.15 0.0531 0.57 4.69 4.90 0.75 −2.07 2.45

x2
0 = 0.9 298.15 0.0368 0.18 1.31 1.36 −9.24 0.27 0.27

303.15 0.0401 0.04 −1.10 −1.00 −10.72 0.75 2.74
308.15 0.0446 0.71 −1.10 −1.12 −11.21 0.67 3.14
313.15 0.0493 −0.37 −1.38 −1.22 −13.59 0.81 −0.20
318.15 0.0561 0.39 1.56 1.60 −13.90 0.89 −4.28

ax2
0 is the initial mole fraction of methanol and ethanol in the absence of a solute, T is the temperature in Kelvin, CNRK stands for the CNIBS/R-K

model relative deviation, and MJA is the modified Jouyban−Acree model relative deviation. The standard uncertainty (u) is as follows: standard
uncertainty for the temperature u(T) = 0.06 K, relative standard uncertainty of solubility u(r)(x) = 0.04, and the relative standard uncertainty of
pressure p = 0.5 KPa.

Figure 2. Experimental mole-fraction solubility (xexp) of BTC in pure
solvents at temperatures ranging from 298.15 to 318.15 K under an
atmospheric pressure.

Figure 3. Experimental mole fraction solubility (xexp) of BTC in
methanol and water binary solvent systems at T= 298.15−318.15 K
under an atmospheric pressure p = 0.1 MPa.
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systems demonstrates an increase with the temperature as in
pure solvents. In a binary solvent system, we observe that
increasing the ratio of the positive solvent results in a higher
solubility. The solubility order at 318.15 K is as follows: 0.1
(0.0232), 0.2 (0.0251), 0.3 (0.0332), 0.4 (0.0435), 0.5
(0.0495), 0.6 (0.0577), 0.7 (0.0673), 0.8 (0.0789), and 0.9
(0.0918); and in the ethanol and water binary solvent system,
0.1 (0.0208), 0.2 (0.0251), 0.3 (0.0271), 0.4 (0.0291), 0.5
(0.0349), 0.6 (0.0411), 0.7 (0.0478), 0.8 (0.0531), and 0.9
(0.0561).

Solubilities in binary solvents increase with increasing the
temperature and positive solvent concentration. With an
increase in the amount of positive solvents or decrease in
the amount of co-solvent, the interaction of solute in binary
solvents lead to an increase in the interaction between the
solvent and solute that may facilitate solute dissolution easier.
As per dissolution molecular thermodynamics, it suggests that
alcohol + water binary mixtures have two intermolecular
relationships: solute−solvent cross-association and solvent−
solvent cross-association. A strong solvent−solvent interaction
between alcohol and BTC occurs when water is added to BTC
in an alcohol solvent, resulting in a marked decrease in
solubility due to a weakening of the initial intermolecular
forces between BTC and alcohol. The other factors that may
also affect solubility and dissolution parameters are the size and
shape of the solute and solvent molecules, polarity, dipole
moment, and many others.

2.2. Differential Scanning Calorimetry (DSC) Charac-
terization. A differential scanning calorimetry analysis was
carried out for the measurement of the melting temperature of
BTC. A PerkinElmer Simulation Thermal Analyzer STA 8000
instrument was used, which was calibrated with standard
indium and zinc under a nitrogen atmosphere at a heating rate
of 10 °C/min. Approximately 3−5 mg of BTC was taken for
the investigation in an aluminum pan. Figure 5 shows a DSC
plot of the melting temperature of BTC where the melting
peak was obtained at 437.13 K. The melting temperature of
BTC is used in further thermodynamic calculations.

2.3. P-XRD Characterization. Powder XRD analysis was
used to identify the nature of the solute used in the
experiment. No phase transformation is observed through
the powder-XRD diagram, as shown in Figure 6.

2.4. Theoretical Calculation and Correlation of
Solubility. In this work, the modified Apelblat model, λh
model, Yaws model, Van’t Hoff model, combined nearly ideal
binary solvent/Redlich-Kister model, and modified Jouyban−
Acree model were used for the theoretical correlation of BTC.

2.4.1. Modified Apelblat Model. Apelblat derived an
equation based on the Clausius−Clapeyron equation that
predicts the theoretical solubility of various molecules.22

Equation 1 reads as follows: Apelblat model where A, B, and
C are the model parameters listed in Table S1.

x A
B
T

C Tln lnApl. = + +
(1)

2.4.2. Yaws Model. The Yaws model,25 eq 2, is a semi-
empirical mathematical equation that can correlate the
temperature and the solubility and is derived as follows
where A, B, and C are the model parameters and are noted in
Table S2.

x A
B
T

C
T

ln Yaws 2= + +
(2)

2.4.3. CNIBS/R − K Model. The CNIBS/R − K model26 is
mainly used to calculate the solubility in binary liquids. This

Figure 4. Experimental mole fraction solubility (xexp) of BTC in the
ethanol + water binary solvent at temperatures ranging from 298.15 to
318.15 K under an atmospheric pressure of p = 0.1 MPa.

Figure 5. Differential scanning calorimetry thermogram illustrating
the melting temperature of BTC.

Figure 6. Powder X-ray diffraction patterns of BTC in different
solvents at the room temperature and under an atmospheric pressure.
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model accurately correlates the solubility data with the solvent
composition, but it does not account for the temperature. The
following is a simplified version of the equation

x B B x B x B x B xln CNRK 0 1 2 2 2
2

3 2
3

4 2
4= + + + + (3)

where B0−B4 are shown as model parameters that were
measured and are tabulated in Table S3.

2.4.4. Modified Jouyban−Acree Model. The Jouyban−
Acree model mentioned below can be used to relate the
solubility to both the solvent composition and temperature.
The modified Jouyban−Acree model27 is obtained from the
Jouyban−Acree and modified Apelblat equations, which can be
simplified as

x x x x x x x
J x x

T
ln ln( ) ln( )

( )

i

N
i

i

2 1 2 3 1 3 2 3
0

2 3= + +
= (4)

x A
A
T

A T A x A
x
T

A
x
T

A
x
T

A
x
T

A x T

ln ln
( )

( ) ( )
ln

MJA 1
2

3 4 2 5
2

6
2

2

7
2

3

8
2

4

9 2
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+ + +
(5)

where Ji denotes the model parameters and x1, x2, and x3
denote the mole fraction of the solute and the two pure
solvents, respectively. N is the composition of the solvents, and
A1 − A9 are the model parameters, which are recorded in Table
S4.

2.4.5. λh Model. The λh model23 proposed by Buchowski
and Ksiazaczak, which is widely used, has two parameters,
namely, λ and h. These parameters were measured and are
listed in Table 3. The mathematical representation of this
model is

i
k
jjjjj

y
{
zzzzz

Ä

Ç
ÅÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑÑ

x
x

h
T T

ln 1
(1 ) 1 11

1 m
+ =

(6)

2.4.6. Van’t Hoff Model. This model24 is based on the
principle of a solid−liquid equilibrium, and it correlates the
mole fraction solubility with the temperature. The model
mathematical representation is as follows where a and b are the
model parameters that are listed in Table 4.

x a
b
T

ln vf = +
(7)

2.5. Solubility Model Correlation Result. With the help
of the ARD and RMSD, all the solubility models were
compared, and the data were reported. The values of the
experimental mole fraction solubility and calculated mole
fraction solubility of BTC in all pure and binary solvent
mixtures are in good agreement. In pure solvents, the ARD%
values are in the order of Apelblat (0.75) ≈ Yaws (0.74) >λh
(1.73) > Van’t Hoff (3.49); in methanol and water binary
solvents, the order is Yaws (0.68) ≈ Apelblat (0.73) >CNIBS/
R − K (3.80) >λh (5.30) ≈ Van’t Hoff (5.26) > modified
Jouyban−Acree (6.09), and in ethanol and water binary
solvents, the order is Apelblat (0.58) >CNIBS/R − K (1.14) >
Yaws (1.91) >λh (2.11) ≈ Van’t Hoff (2.11) > modified
Jouyban−Acree model (2.21). Upon comparing the models
with the percentage of the ARD data values, the Apelblat
model has a higher accuracy for both pure and binary models
for the theoretical calculation of mole fraction solubility of
BTC. Further, all the calculated solubility data of BTC are
tabulated in Tables S5 and S6.

2.6. Dissolution Thermodynamic Analysis. The Van’t
Hoff equation was used to calculate the dissolution
thermodynamic parameters of the dissolution enthalpy,
dissolution entropy, and dissolution Gibbs free energy of
BTC in pure and binary solvent mixtures of methanol + water
and ethanol + water from 0.1 to 0.9 mole fractions. All the
dissolution thermodynamic properties are analyzed and
reported in Table 5.

According to Table 5, all these dissolution thermodynamic
properties are positive in all pure solvents, all methanol and
water binary solvents, and ethanol and water binary solvents
(exaction in 0.2, 0.3, and 0.4 mole fractions; entropy found to
be negative) observed positively, which indicates that the
dissolution mechanisms are endothermic, non-spontaneous,
and entropy-driven (expiation in ethanol and water of 0.2, 0.3,
and 0.4).

The negative dissolution entropy observed in binary solvent
systems specified in ethanol and water systems of 0.2, 0.3, and
0.4 mole fractions could be explained in the term of positive
hydrophobic hydration around the non-polar groups of BTC,
in particular, the alkyl groups and phenyl groups. Moreover, a
similar observation is reported in the literature.28,29 The
standard dissolution Gibbs free energy value increases with the
decreasing value of the experimental mole fraction solubility of
BTC. In the pure solvents, the standard Gibbs free energy of
the dissolution is found to be highest in water having the
lowest mole fraction solubility. The order of the Gibbs
dissolution free energy in pure solvents is as follows: water

Table 3. λh Model Parameters of BTC in Pure and Two
Binary Solvents under an Atmospheric Pressure

parameters λ h ARD RMSD × 10−10

pure solvents
1-propanol 2.6112 1624.130 0.0302 0.0097
1-butanol 4.1651 1164.675 0.0163 0.0022

ethanol 1.0746 2874.447 0.0048 0.0596
methanol 1.0471 2478.354 0.0110 0.0046

water 0.0738 26616.03 0.0408 0.0011
acetic acid 0.5321 3963.392 0.0061 0.0012

DMSO 0.4756 6671.594 0.0256 0.0025
DMF 0.6901 4680.548 0.0149 0.0012

2-propanol 0.5057 6003.952 0.0061 0.0209
x20 (0.1 − 0.9) methanol + water

0.1 0.5782 6648.656 0.0689 0.0067
0.2 0.6624 5827.528 0.0421 0.0027
0.3 0.8896 4238.965 0.0358 0.0052
0.4 2.4592 1856.291 0.0939 0.0005
0.5 2.7922 1634.220 0.0874 0.0006
0.6 2.5139 1709.697 0.0639 0.0004
0.7 2.2009 1808.367 0.0524 0.0004
0.8 1.6635 2102.227 0.0292 0.0002
0.9 1.6685 2022.810 0.0037 0.0321

x20 (0.1 − 0.9) ethanol + water
0.1 0.0638 20543.220 0.0051 0.8350
0.2 0.0636 17223.210 0.0094 0.0315
0.3 0.0569 15285.070 0.0129 0.0563
0.4 0.0654 14614.120 0.0134 0.0816
0.5 0.1133 12549.390 0.0359 0.0060
0.6 0.1788 9823.017 0.0297 0.0064
0.7 0.2778 7576.753 0.0364 0.0001
0.8 0.3280 6622.332 0.0344 0.0001
0.9 0.3055 6507.240 0.0129 0.0019
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(11.5253), DMSO (9.7406), 2-propanol (9.2461), DMF
(8.9236), 1-butanol (8.3245), 1-propanol (8.0121), ethanol
(7.4411), acetic acid (6.8240), and methanol (6.2889).
Moreover, the relative contributions of entropy and enthalpy
are also recorded and tabulated in Table 5.

3. CONCLUSIONS
The experimental mole-fraction solubility of BTC was
measured by the gravimetric method with pure solvents,
specifically, methanol, ethanol, 1-propanol, 2-propanol, 1-
butanol, acetic acid, DMF, DMSO, and water, and binary
solvent systems of methanol and water and ethanol and water
from 0.1 to 0.9 mole fractions of binary solvents at
temperatures ranging from T = 298.15 K to T = 318.15 K
over an atmospheric pressure. The solubility’s highest rank is in
the order of methanol > acetic acid > ethanol > 1-propanol >
1-butanol > DMF > 2-propanol > DMSO > water at a specified
temperature and in a binary-solvent 0.9 mole fraction. The
solubility of all solvents has been positively correlated with
temperatures, and in the binary solvent system, it is also
dependent on the positive solvents’ mass fraction. Further, the
Apelblat, λh, Van’t Hoff, Yaws, CNIBS/R − K, and modified
Jouyban−Acree models were used for the theoretical
calculation. The ARD and RMSD values were found to be
very small in all models with, among all models, the Apelblat
model having the highest accuracy. Lastly, the dissolution
thermodynamic parameters explained the endothermic and

non-spontaneous dissolution. The data obtained from this
work may contribute to BTC purification, crystallization,
modification, separation, and industrial production.

4. MATERIALS AND METHODS
4.1. Materials. In this present research study, chemicals

such as methanol, ethanol, 1-propaol, 2-propanol, 1-butanol,
DMSO, DMF, acetic acid, and water were used. The other
parameters of these chemicals are listed in Table S7.

4.2. Preparations of Binary Solvent Mixtures. All the
binary solvent mixtures (methanol + water and ethanol +
water) were prepared by their mass using an electronic
precision weight balance (Scale-Tech., SAB Classic Series)
with a sensitivity of 0.001g in quantities of 30−45 g. The mole
fraction in methanol and ethanol of the nine mixtures was
prepared, varying from 0.1 to 0.9. The relative standard
uncertainty for the preparation of binary solvents is as follows:
methanol + water is u(r)(x2

0) = 0.002 and ethanol + water is
u(r)(x2

0) = 0.007.
4.3. Method (Solubility Determination). Here, a

gravimetric method, which has high accuracy in the
determination of the solubility of many compounds, was
used to measure the solubility of BTC in various pure solvents,
including methanol, ethanol, 1-propanol, 2-propanol, 1-
butanol, acetic acid, DMF, DMSO, and binary solvents
(methanol + water and ethanol + water) within the
temperature range of 298.15−318.15 K under a normal
atmospheric pressure.30,31 The gravimetric method is sim-
plified as follows: First, the excess amount of BTC solids was
added to all selected pure and binary solvents. Then, the
constant temperature of all solutions was maintained by a
constant-temperature water bath with a standard error of 0.06
K. The equilibrium concentration of the solution was
measured by the UV−vis spectrophotometer (Shimadzu,
Model-1900). After the solution reached solid−liquid equili-
brium, the upper part of the clear solution was taken by a
micropipette (Lab Tech., India) with a standard uncertainty of
u = 0.01. Then, this clear solution was added to a glass beaker
that was pre-weighted using an Electronic Precision weight
balance (Scale-Tech., SAB Classic Series, Model-SAB-224CL
INCAL, India) with a sensitivity of 0.001g. Lastly, the glass
sample beaker was put in a drying oven (Remi Electronic
Tech. Ltd., Model-RDHO80, India) for the evaporation of
solvents. After the complete evaporation of solvents, the final
mass of residue in the glass sample beaker was noted using a
Scale-Tech weight balance. All the above processes were
carried out more than twice. The experimental mole-fraction
solubility of BTC in pure solvents (xexp) and binary solvents
(xexp) was calculated by mathematic eqs 1 and 2, respectively.

x
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where xexp is the mole-fraction solubility of BTC in pure and
binary solvent mixtures. m1, m2, and m3 and M1, M2, and M3 are
shown as the mass solute and solvents, respectively.

4.4. Method Validation and Literature Comparison.
The solubility of sodium chloride and potassium chloride in

Table 4. Van’t Hoff Model Parameters of BTC in Different
Pure and Two Binary Solvents under an Atmospheric
Pressure

parameters a b ARD RMSD × 10−10

pure solvents
1-propanol 10.641 −4241.13 0.0300 0.0097
1-butanol 12.500 −4851.22 0.0154 0.0021

ethanol 7.1250 −3089.62 0.0046 0.0580
methanol 5.9710 −2595.59 0.0109 0.0045

water 1.8760 −1964.20 0.0421 0.0012
acetic acid 4.1840 −2109.70 0.0063 0.0011

DMSO 6.5010 −3174.02 0.0261 0.0025
DMF 4.2090 −2386.74 0.0746 0.0004

2-propanol 5.5930 −2804.16 0.1046 0.0004
(x2

0) (0.1 − 0.9) methanol + water
0.1 8.227 −3844.34 0.0675 0.0065
0.2 8.399 −3860.20 0.0414 0.0027
0.3 8.491 −3771.26 0.0345 0.0049
0.4 11.321 −4565.34 0.0940 0.0005
0.5 11.445 −4563.80 0.0868 0.0006
0.6 10.734 −4298.45 0.0640 0.0004
0.7 9.874 −3980.21 0.0525 0.0004
0.8 8.492 −3497.30 0.0298 0.0002
0.9 8.217 −3375.36 0.0034 0.0270

(x2
0) (0.1 − 0.9) ethanol + water

0.1 0.237 −1310.01 0.0052 0.8235
0.2 −0.255 −1095.66 0.0095 0.0309
0.3 −0.882 −869.74 0.0131 0.0559
0.4 −0.547 −955.55 0.0135 0.0812
0.5 1.068 −1422.36 0.0357 0.0060
0.6 2.286 −1756.15 0.0296 0.0064
0.7 3.523 −2105.15 0.0362 0.0001
0.8 3.843 −2172.47 0.0341 0.0001
0.9 3.353 −1988.76 0.0127 0.0019

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07877
ACS Omega 2023, 8, 14430−14439

14436

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07877/suppl_file/ao2c07877_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07877?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


water was measured to ensure the accuracy and reliability of
the measurement method used in this study. The data obtained
from the sodium chloride and potassium chloride in water are
represented in Table S8 and in a graphical form in Figure S2.
The small difference between the experimental data value
obtained from this study and previous literature indicated that
the method and apparatus used in this study were reliable.

4.5. P-XRD Analysis. The power XRD analysis was carried
out by the Rigaku XRD instrument model number miniflex-
600. The instrument had the tube voltage and current (1.54
A0) set as per the standard process. The raw material of BTC
and residual solid obtained from the equilibrium solution were
in the test angle 2θ range of 20−80° with a scanning rate of
10°/min.

4.6. Dissolution Thermodynamic Analysis. Dissolution
thermodynamic parameters such as the enthalpy of the
dissolution, entropy of the dissolution, and Gibbs free energy
of the dissolution were explained as were the salvation
processes or mechanisms of solid solutes in various solvents,
and they described an intercalation between the solute and
solvent. In this present study, the various dissolution
thermodynamic properties were measured by the Van’t Hoff
equation.32,33

The harmonic temperature Thm was measured by eq 10 as
follows:

T n

i
n

T
hm

1
1=

= (10)

The enthalpy of the dissolution (Van’t Hoff plot; Figures
S3−S5), Gibb’s free energy of the dissolution, and entropy of
the dissolution were calculated using eqs 11, 12, and 13.
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Lastly, the relative contribution entropy and the relative
contribution enthalpy of dissolution34,35 are determined by eqs
14 and 15.
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Table 5. Dissolution Thermodynamic Parameters of BTC in Various Pure and Binary Solvents under an Atmospheric Pressure
(p = 0.1 MPa)a

parameters ΔHs (kJ/mol) ΔGs (kJ/mol) ΔSs (J/(mol·K)) %ξH %ξTS
pure solvents

1-propanol 35.2597 8.0121 88.4695 56.0126 43.9874
1-butanol 40.3312 8.3245 103.922 55.3564 44.6436

ethanol 25.6819 7.4411 59.2258 58.0792 41.9208
methanol 21.5748 6.2889 49.6318 58.1392 41.8608

water 16.3287 11.5253 15.5961 76.9856 23.0144
acetic acid 17.5342 6.8240 34.7748 61.7005 38.2995

DMSO 26.3886 9.7406 54.0544 60.9340 39.0660
DMF 26.8542 8.9263 58.2099 59.5792 40.4208

2-propanol 25.2413 9.2464 51.9337 60.8285 39.1715
(x2

0) (0.1 − 0.9) methanol + water
0.1 31.9590 10.8954 68.3911 59.8881 40.1119
0.2 32.0920 10.5856 69.829 59.48741 40.5126
0.3 31.3521 9.6125 70.5858 58.6629 41.3371
0.4 37.9534 8.9647 94.123 56.3001 43.6999
0.5 37.9368 8.6369 95.1332 56.0265 43.9735
0.6 35.7336 8.2528 89.2267 56.1316 43.8684
0.7 33.0897 7.8073 82.0891 56.2918 43.7082
0.8 29.0741 7.3310 70.5971 56.8185 43.1815
0.9 28.0598 7.0212 68.3097 56.7554 43.2446

(x2
0) (0.1 − 0.9) ethanol + water

0.1 10.8913 10.2834 1.9739 94.6321 5.3679
0.2 9.1038 9.7610 −2.1339 93.2687 7.9171
0.3 7.2307 9.4896 −7.3345 76.2009 46.516
0.4 7.9440 9.3462 −4.5528 85.0008 21.858
0.5 11.8225 9.0902 8.8716 80.9805 19.0195
0.6 14.5994 8.7445 19.0102 71.0456 28.9544
0.7 17.5010 8.4782 29.2959 65.6199 34.3801
0.8 18.0580 8.2196 31.9443 64.3638 35.6362
0.9 16.5282 7.9456 27.8669 65.4578 34.5422

aHere, ΔHs, ΔGs, ΔSs, % ξH, and % ξTS represent the dissolution enthalpy, dissolution Gibbs free energy, dissolution entropy, relative contribution
enthalpy, and relative contribution entropy, respectively, of the BTC in different solvent systems. These values are obtained from eqs 11−15,
respectively.
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4.7. Solubility Model Correlation. The average relative
deviation (ARD) and the root mean square deviation (RMSD)
were utilized to determine the fitting effect of the different
solubility models.35−38 For the calculation, the following
equations are used:
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where xexp, xcal, and n signify the experimental mole-fraction
solubility of BTC and the calculated mole-fraction solubility of
BTC by various models and the number of observation data
points, respectively.

4.8. Statistical Analysis. The experimental mole fraction
solubility data and theoretical data obtained from various
models in this study were carried out in Origin and MS Office
software. The estimated P < 0.05 was taken into consideration
as statistically significant.
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