W~ WM

Solution thermodynamics and preferential solvation of sulfamethazine in (methanol + water)

mixtures

Daniel R. Delgado', Ovidio A. Almanza’, Fleming Marlinez’*, Maria A. Pefia’, Abolghasem
Jouyban®®, William E. Acree Jr.”

! Programa de Ingenieria Industrial, Facultad de Ingenieria, Universidad Cooperativa de Colombia,
Neiva, Colombia.

? Grupo de Fisica Aplicada, Departamento de Fisica, Facultad de Ciencias, Universidad Nacional de
Colombia -Sede Bogota, Cra. 30 No. 45-03, Bogota D.C., Colombia.

* Grupo de Investigaciones Farmacéutico-Fisicoquimicas, Departamento de Farmacia, Facultad de
Ciencias, Universidad Nacional de Colombia —Sede Bogota, Cra. 30 No. 45-03, Bogotd D.C., Colombia
* Corresponding author. Tel.: +571 3165000x14608; fax: +571 3165060. E-mail address:
fmartinezr@unal.edu.co (F. Martinez).

! Departamento de Ciencias Biomédicas, Facultad de Farmacia, Universidad de Alcala, 28871, Alcali
de Henares, Madrid, Spain.

* Pharmaceutical Analysis Research Center and Faculty of Pharmacy, Tabriz University of Medical
Sciences, Tabriz 51664, Iran.

® Kimia Idea Pardaz Azarbayjan (KIPA) Science Based Company, Tabriz University of Medical
Sciences, Tabriz 51664, Iran.

? Department of Chemistry, University of North Texas, Denton, TX 76203-5070, USA.

Abstract

The solubility of sulfamethazine (SMT) in {methanol (1) + water (2)} co-solvent mixtures was
determined at five different temperatures from 293.15 K to 313.15 K. The sulfonamide exhibited iis
highest mole fraction solubility in pure methanol (6; = 29.6 MPa'?) and its lowest mole fraction
solubility in water (3, = 47.8 MPa'?) at each of the five temperatures studied. The Jouyban-Acree
model was used to correlate/predict the solubility values. The respective apparent thermodynamic
functions Gibbs energy, enthalpy, and entropy of solution were obtained from the solubility data
through the van’t Hoff and Gibbs equations. Apparent thermodynamic quantities of mixing were also
calculated for this drug using values of the ideal solubility reported in the literature. A non-linear

enthalpy—entropy relationship was noted for SMT in plots of both the enthalpy vs. Gibbs energy of
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mixing and the enthalpy vs. entropy of mixing. These plots suggest two different trends according 1o
the slopes obtained when the composition of the mixtures changes. Accordingly, the mechanism for
SMT transfer processes in water-rich mixtures from water to the mixture with 0.70 in mass fraction of
methanol is entropy driven. Conversely, the mechanism is enthatpy driven in mixtures whenever the
methanol composilion exceeds 0.70 mole fraction. An inverse Kirkwood-Bult integral analysis of the
preferential solvation of SMT indicated that the drug is preferentially solvated by walter in water-rich

mixtures but is preferentially solvated by methanol in methanol-rich mixtures.

Key words: Sulfamethazine, methanol, solubility, Jouyban-Acree model. aclivity coelficient, solution

thermodynamic quantities, preferential solvation.

1. Introduction

Experimental determination of the solubility of drug molecules in aqueous-organic co-solvent sysiems
is needed in order to design effective purification processes and 1o formulate suitable pharmaceutical
drug delivery sysiems [1, 2]. For this. it is very important to determine systematically the solubility of
pharmaceutical ingredienis in mixtures containing different types of organic co-solvents in order 1o
obtain complete physicochemical data about liquid pharmaceutical systems [3]. Sulfamethazine (SMT,
also known as sulfadimidine, figure 1, molar mass 278.33 g'mol ', IUPAC name: 4-amino-N-(4,6-
dimethylpyrimidin-2-yl)-benzenesulfonamide, CAS number: 57-68-1) is a commonly employed
sulfonamide drug for the prevention and cure of various types of baclerial infections [4, 5]. SMT
equilibrium solubility in water at room temperature is low and SMT is thus classified as a very slightly
soluble drug [6, 7]. Added co-solvents often provide a convenient means to increase the solubility of
slightly sotuble drug molecule. Researchers have measured the solubility of SMT in several {hydroxyl-
co-solvent (1) + water (2)} mixtures in order lo provide useful information that is needed to develop
some pharmaceutical dosage forms and/or to understand the main mechanisms involved in the drug
solubilisation [8-10). For example, the solubility and solution thermodynamics of SMT has been
studied in {ethanol (1) + water (2)} [8] and {-propanol (1) + waler (2)} [9] binary mixtures; whereas,
the preferential solvation of the drug by the solvent components has been studied in {ethanol (1) +
water (2)} [11], {I-propanol (1) + water (2)} [12], and {propylene glycol (1) + water {23} [10] binary

mixtures.
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The main goals of this research study are the following: i) to determine the equilibrium
solubility of SMT in several {methanol (1) + water (2)} mixtures at five temperatures from 298.15 K to
318.15 K, ii) to calculate the respective thermodynamic quantities of solution and mixing of this drug in
this binary aqueous-organic co-solvent system, and iii) to estimate the respective preferential solvation
parameters of SMT as a function of binary solvent composition. Thus, this research would be a
continuation of carlier studies published in the chemical and pharmaceutical literature for SMT
dissolved in other aqueous-organic co-solvent mixtures [8-10]. We note that methanol is a semi-polar
co-solvent completely miscible with water which is widely used as mobile phase in HILPC analytical
techniques [13]. Methanol is sometimes utilized in microencapsulation procedures due to it has high
solubilizing power [14]. Thermodynamic studies regarding the solubility of two other structurally
related suifonamides (sulfadiazine and sulfamerazine; see figure 1 for the molecular structures of both
compounds) in aqueous-methanolic mixtures have been recently reported in the literawre [13. 16).
Published solubility studies for both sulfadiazine and sulfamerazine further suggest the practical

uselulness of aqueous-methanolic mixtures in the pharmaceutical field.

2, Experimental

2.1. Reagents

In this study, SMT (Sigma Chemical Co.. USA, compound 3, with purity at least 0.990 in mass
fraction), methanol A. R. (Merck, Germany, solvent component I, purity @ least 0.998 in mass
fraction), and distilled water with conductivity < 2 pS-cm (the solvent component 2), were used.
Chemical suppliers, puritics and other select properties of the reagents are summarized in table 1, The

sample of SMT met the United States Pharmacopeia requirements [17].
**¥Table 1+**

2.2. Preparation of solvent mixtures
All {methanol (1) + water (2)} solvent mixtures were prepared by mass, using an Ohaus Pioncer TM
PA214 analytical balance with sensitivity + 0.1 mg, in quantitics of 50.00 g. The mass fractions of

methanol. )., of the nine mixtures prepared varied by 0.10 from 0.10 to 0.90.
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2.3. Solubility determinations

Solubilities were determined by a static spectrophotomeiric method. The experimental methodology
was nearly identical to that reported previously for SMT dissolved in binary aqueous-alcoholic mixtures
containing cthanol {8) and I-propanol [9]. Briefly, an excess amount of SMT was added (o
approximately 10.0 g of each binary solvent mixture or pure solvent, in stoppered dark glass flasks. The
flasks were then placed in an ulirasonic bath (Elma® EGO!! Elmasonic, USA) for approximately 15 min
and then transferred to thermostatted mechanical shakers (Julabo SW23, Germany) maintained o
303.15, 308.15, or 313.15 (+ 0.05) K and to re-circulating thermostatied baths (Neslab RTE 10 Digital
One Thermo Electron Company, USA) maintained at 293.15 K or 298.15 (£ 0.05) K. The samples
were allowed to equilibrate for at least four days to insure that saturation had been achieved. A four-day
equilibrium time was previously established by measuring the drug concentrations in pure water until a
constant solubility was obtained. After four days the supernatant solutions were filtered at isothermal
conditions (Millipore Corp. Swinnex®-13, USA) to ensure that they were free of particulate matter
before sampling. Drug concentrations were determined afier appropriate gravimetric dilution with
dehydrated ethanol by measuring the UV light absorbance at the wavelength of maximum absorbance,
268 nm (UV/VIS BioMate 3 Thermo Electron Company spectrophotometer, USA), and interpolation
from a previously constructed UV spectrophotometric gravimeiric calibration curve following a
validated method [18]. Basically, the parameters evaluated during the validation were specificity,
lincarity, precision, and detection and quantification limits, as well as the drug stability under the
solubility analysis conditions. The obtained calibration curve was y = 1.2 x 10 % + 6.21 x 10 2 x, where y
is the absorbance and x is the SMT concentration expressed in pg-e . This curve was constructed for
drug concentrations (rom (2.0 to 15.0) pg-g ' with absorbance lower than 1.00 [18]. It is important 1o
note that the gravimetric dilution factors varied from almost 100 for pure water solutions to almosi
2000 for pure methanol solutions. All the solubility experiments were performed at least three times.
The density of the saturated solutions was measured using a digital density meter (DMA 45 Anton Paar,
Austria) connected to re-circulating thermostatic baths (Neslab RTE 10 Digital One Thermo Eleciron
Company, USA) in order to transform solubility values into different concentration scales [19]. The

densitly meter was calibrated by using air and water as standards.

2.4. Calorimetric study
Melting point and enthalpy of fusion of SMT as original sample and bottom phases of salurated
solutions in pure water, pure methanol and the mixtures with w, = 0.50 were determined by DSC

studies (TA Instruments DSC 2920, USA). Thermal analyses were performed at a heating rate of 10
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K-min' in a dynamic nitrogen atmosphere (10 em>min ). Nearly 7.0 mg of SMT was used in each
Y g P g

case. The equipment was calibrated using indium as standard.

2.5. X-ray diffraction analysiy

In order to identify the SMT polymorph employed here as original sample and also in bottom phases of
saturated solutions in pure water, pure methanol and the mixtures with w, = 0.50 the respective X-ray
diffraction specirum was carried out on the original of the sample was measured. The spectrum was
obtained by using a PANalytical X'Pert PRO diffractometer with Cu Kal radiation line (A =0.1540598
nm) and Bragg-Brentano geomeltry. It was operated in continuous mode between 20 = 5° and 20 = 90°

and angle variation of ¢.02° with detector data acquisition time of 60 s.

3. Results and discussion
3.1 Equilibrinm solubility of SMT

Table 2 reports the experimental solubility of SMT expressed both in mole fraction and molarity (imol-
dm’) at each of the five lemperatures studied. Table 3 reports the density of the saturated solutions.
These density values were used to convert the solubility values expressed in mole fraction into molarity
(mol-dm *). The equilibrium mele fraction solubility of SMT increased with increasing methanol
concentration, from x; = 2.81 x 10 ° in pure water to v; = 2.01 x 10 * in pure methanol a1 298.15 K. On
a mole fraction basis, SMT is approximately 72 times more soluble in methanol than in water at 298, 15
K. Regarding the mole fraction solubility of SMT (3) in pure water (2) at temperatures from 298.15 K
10 313.15 K our values are almost similar compared with those reported by Martinez and Gomez [20]
and by Zhang ¢f al. [21], except at 313.15 K (i.e. x5 = 2.896 x 10 [20] and x5 = 2919 x 10° [21]
298.15K; x5 =3.613 x 10 *[20) and x: = 3.565x 10 ° (2110t 303.15 K; vy = 4.244 x 10 *[20] and x; =
4.188 x 10 ° [21] a1 308.15 K; and x5 = 5.175 x 10°[20] and x; = 4.903 x 10 ° [21] at 313,15 K,
respectively). Moreover, it is noteworthy that the values reporied by Martinez and Goémez were
determined in a buffer with ionic strength adjusted with potassium chloride to 0.15 mol-dm * instead of
pure water (1) [20]). In the case of pure methanol, our solubility values are almost one-hundred times
higher than those reported by Zhang er af. [22), i.e. a1 298.15 K: v = 1.30 x 10 ° compared with x5 =
2.00 x 107 (able 2). A graphical comparison of SMT (3) solubility values in pure methanol (1)
between our data and those reported by Zhang ef al. [22] is depicted in figure 2. The solubility value

reported by Zhang ¢r al. seems abnormally low, and would mean that SMT is more soluble in water

L1
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than in pure methanol on both a mole fraction and molarity basis. The reasons for this high
disagreement between experimental values are not clear because discrepancies between values
measured by independent research groups are normally only a few relative per cent, and in the worst
case differ by much as a factor of two or three [3]. X-ray diffraction and DSC analyses shown in ligures
2 and 3 would demonstrate that no polymorphic or solvatomorphic transitions arc observed after the
SMT saturation in pure water, pure methanol and the mixture with w, = 0.50. Although, some
polymorphic transitions and/or solvate formations have been reported in the literature [23, 24},
apparently, this is not the case in our experiments because all the diffractograms are very similar
(figures 3A, 3B, 3C, and 3D) and only one endothermic peak is obscrved in all the DSC analyses
(figure 4). In this way, the onset fusion temperatures are almost the same as indicated as follows: 4692
K for the original sample, 469.9 K for solid from pure water-saturation, 470.1 K for solid from pure
methanol-saturation, and 469.7 K for solid from the methanol-water mixture-saturation. Mean standard
uncertainty in SMT {usion temperature was 0.4 K. These temperature values are similar 1o those
reported in the literature for this drug, i.e. 469.0 K [20], 471.6 K [25], and 468.6 K [26]. Furthermore,
the respective specific enthalpies of fusion are also very similar just as follows: 135.5 J-g ' for the
original sample, 135.5 J-g' for solid from pure water-saturation, 124.9 J.g' for sotid from pure
methanol-saturation, and 137.0 J-g ' for solid from the methanol-water mixture-saturation. The mean
standard uncertainty in SMT specific enthalpy of fusion was 2.6 J-g '. Nevertheless, these enthalpy
values show some significant differences in comparison with those of the literature, i.c. 140.9 Jg ' [20].
111.8 J-.g ' [25], and 161.0 J-g”' [26]. These differences could be due to the thermal method employed,
i.e. differential scanning calorimetry or differential thermal analysis, or even to the heating rate. On the
other hand, to the best of our knowledge no sotubility values for this drug in {methanol (1) + water (2)}
mixtures have been reported and comparisons are not possible. It is interesting to note that SMT
solubility in terms of both mole fraction and molar increases constantly from pure water (2) to pure
methanol (1) reaching the solubility maximum in pure methanol (1) (1able 1). Table 2 also eports the
ideal solubility of SMT taken from the literature [8, 9). To evaluate the effect of methyl groups
substitution on solubility figure 5 compares the logarithmic mole fraction solubility of SMT,
sulfadiazine [13] and sulfamerazine [16] in binary {methanol (1) + water} mixtures. It is clear that in all
the solvent mixtures and in both pure solvents the solubility decreases in the following manner: SMT >

sulfamerazine > sulfadiazine.

***Tables 2 and 3, Figs. 2 to 5%%*
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As noted above, there is published literature data for the solubility of SMT dissolved in aqueouis-
ethanol and aqueous-propanol mixtures that can be used to study the effect that alkyl chain length has
on the solubility of SMT. Methanol, ethanol and 1-propanol are all primary alcohols, and their
molecular structures differ by a singte CI1, group. The mole fraction solubility of SMT in the fore-
mentioned alcohols decreases with increasing alkyl chain length, ie., SMT solubility is largest in
methanol (v; = 2.01 x 10 7), slightly smaller in ethanol (xs = 9.18 x 10 [8]), and smallest in 1-
propanol (x; = 5.41 x 107 [9]). The mole fraction solubility reported by Zhang ef of. (x3 = 130 x 10 %
[22]) talls way out of line with this trend. Figure 6 shows the logarithmic mole fraction solubility
profiles of SMT in {methanol (1) + water (2)}. {ethanol (1) + water (2)} [8). and {I-propanol (i) +
waler (2)} [9] mixtures, as a function of the Hildebrand solubility parameter of the mixtures free of

drug (dy.2) at T=298.15 K. For binary mixtures 8,1 is calculated as [19, 27):
Oz = 16, + (1= £,)S, (N

A solute-free ideal volume fraction, /£, average of the solubility parameier of the pure solvents (3, = 29.6
MPa'? for methanol, 26.5 MPa'? for ethanol, 24.5 MPa'? for 1-propanol, and finally, ¢, = 47.8 MPa""
for water; [28]). It is interesting to note that in this case the SMT solubility in {methanol (1) + water
(2)} mixtures is higher in comparison with the other two {n-alcohol (1) + water (2)! mixtures in
alcohol-rich mixtures but in water-rich mixtures it is similar to that exhibited in {ethanol (1) + water

{2)} mixtures [8] and lower than reported in { I-propanol (1) + water (2)} [9] mixtures.

FEXFigure GFok*

3.2 Log-linear maodel of Yatkowsky

Predictive methods to estimate the physicochemical properties ol drug molecules dissolved in solvent
mixtures are highly valued in practical pharmaceutical applications. Scveral methods have been
proposed in the pharmaceutical and chemical literature over the years to estimate the solubility in
aqueous-organic co-solvent mixtures. No one single model has been found 1o describe the variation of
drug solubility with binary solvent composition. In fact several of the suggesied methods have been
challenged in the correlation of the equilibrium solubility of several drugs [3, 29, 30]. The simplest
model 10 predict drug solubility in co-solvent mixtures is the one based on the algebraic rule of mixing

[31] which is presented as:

~J
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where (3112, is the molar drug solubility calculated in the respective co-solvent mixture, (5., is the
molar drug solubility in pure methanel (component 1), (%5, is the molar drug solubility in pure water
(component 2), and f and /; are the volume fractions of methanol and walter in the mixtures {ree of
drug. Although the original model was presented based on volume fractions of the solvent mixtures, it
is possible to employ the model concerning the mass fractions or other composition expressions,
Equation (2) is very useful from a practical point of view owing (o its simplicity because it requires
only the drug solubility in the pure solvents, i.e. water and the co-solvent under consideration.
Nevertheless, some significant deviations to this simple model have been reported in the literature for
several drugs [32-34]. In this way, figure 7 shows that negative and positive deviations are observed for
SMT and sullamerazine in {methanol (1) + waler (2)} mixtures when the differences between
experimental and ideal-additive solubility are plotted as a function of the volume fraction of methanol
(1) in the mixtures free of drug. This behaviour is similar (o those exhibited by sulfamethizole [32],
sulfapyridine [33], and some alkyl p-hydroxybenzoates and alkyl p-aminobenzoates [34). in propylene
{glycol (1) + water (2)} mixtures. It is relevant to consider that propylene glycol has a similar polarity
compared with methanol [19, 28]. It is noteworthy that negative deviations in water-rich mixtures have
been interpreted as a consequence of the possible auto-association of water molecules around the non-
polar moieties of the drugs (i.c. hydrophobic hydration); whereas, positive deviations in co-solvent-rich
mixtures have been discussed mainly in terms of a possible specific solvation of the drug by co-solvent
molecules, which could be apparently modifying the polarity of the solute if this is considered in its

solvated form [34].
FEEFigure 7+

A predictive version of the model was reported to predict the solubility of solutes in (methanol + water)

mixtures as [35]:

NCy 0 =InCy, + £;(0.8900g K, +0.36) (3)
in which log K is the logarithm of drug’s partition coefficient (equal to 0.89 for SMT 1aken from the

published literature [36]). It is important 1o keep in mind that Eqn. (3) was proposed to overcome the

requirement of the drug solubility value in pure methanol as it is necessary in Eqn. (2) [33]. The mean
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percentage deviation (MPD} for predicted solubility data of SMT using Eqn. (3) was 59.0 %. The MPD

is computed using:

ol ( 1|

100 <] -
MPD-TZ c )

where N is the number of experimental data points. 1t should be noted that Eqn. (3) requires only one
datum, .¢. aqueous solubitity of SMT for prediction of the values in (methanol + water) mixtures at

cach temperature,

3.3, Jouyban-Acree model

The solubility of solutes in mixed solvents could be computed using a number of co-solvency models
reported in the literature [29]. The Jouyban-Acree model is perhaps one of the more accurate and
versatile of the suggested models for mathematically representing the solubility of drugs in mixed

solvents at various temperatures [37]. The general form of the model is presented as:

2

NCy gy =w I +w,InC,, +(ﬂ7¥)z.;’,(\v, —w, ) (5)

where wy and wy are the mass fractions of sofvents 1 (methanol in this work) and 2 (water in this work)
and J, terms are the model constants computed using a no intercept least square analysis {38]. The

generated sotubility of SMT in (methanol + water) was fitted to Egn. (3) and the obtained model is:

W,

Ny =Gyt C, +(—T-J[710.470 +578.399(w, - w,)-193.549(, - wz)’] (©6)

The correlation coefficient of Eqn. (6) was 0.991, F value was 937, the correlation and the model
constants were significant with p < 0.0005. Eguation (6) is valid for calculating the solubility of SMT in
(methanol + water) mixtures at various emperatures by employing the solubility data of SMT in

methanol and water at 7. The obtained MPD for back-calculated solubility data of SMT using Eqn. (6)
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was 4.1 %. The Jouyban-Acree model was combined with the van’t Hoff equalion to provide 4 more

predictive model 39, 40] as:

InCyp,ay = w{a, + %)+ wz(ar2 -I-%J +(L7‘:i)z J(w, = w, ) )
r 0

where & and fi; terms represent the intercept and slope of van't HoiT equation for pure solvent
component /. The trained model for the solubility of SMT in (methanol + water) at various temperatures

is:

24 457 R
I Cy oy = ‘l’.(9.63 I _i?%] + ll'3[4.836 _ 457;766J

+ ("—'r"—)[o 18.007 + 543.944(w, =, )~ 175.183(w, — v, )|
which correlates the measured solubility to within a MPD of 3.0%.

The Jouyban-Acree model could be trained for representing the mole fraction solubility of SMT

HEN

Xy =y, sy, + ( l-l-,{r‘—v—z][620.]44 +560.791(w, —w, ) - 169.842(sv, - w:):] 9)

where x is the mole fraction solubility of the solute and the subscripts are defined the same as Eqn. (6).
Equation (9) back-calculates the solubility of SMT with the MPD of 4.0%.
A generally trained version of the Jouyban-Acree model employing Abraham parameters was

developed to predict the solubility of drugs in binary solvent mixtures [41]as:
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NGy =y Gy +, N C,

23 03( iy ) 1843.99~730.65c, — ¢} |~ 1585.60[(e, — e, |- 163155, -5, ]
2. T J1+0.89 A((.'l —-d, )3]+ |-40[B(b| b, )2]+ |.98[V(V, _ l,2)2]

2a 03( e (i, = ;) ) ~833.40+860.17[(c, — ¢, |+ 135,24, - e, ]+ 0.92]5s, 5, )]
' T +34.99(e, - a, ) |- 2.03(B(5, - b, F-2.90 (v, - v, )]
' 2a 03( wor (i =, ] 2281.87-1386.20[(c, - ¢, |- 166.92[ e, - e, } ]-16.60[S(s, ~ 5, F ]
B T +7.984(a, - 0, |+ 7.72[B(b, - 5, )]~ 1607 (v, - v, ¥]

(10)

where E s the excess molar refraction, § is dipolarity/polarizability of solute, A denotes the solute’s
hydrogen-bond acidity, B stands for the solute’s hydrogen-bond basicity and I is the McGowan
volume of the solute calculated from atomic group sizes and the number of chemical bonds in the solute
molecule. The constant (c) and equation coeflicients (¢, 5, a, b and 1) that follow the solute descriptors
in Eqn. (10) provide the complimentary properties of the respective solvent components, For example,
the ¢, provides information pertaining 10 the hydrogen-bond basicity ol solvent compoenent |, which
when multiplied by solute descriptor A describes a hydrogen-bonding interaction where the solute
{unctions as the H-bond donor and the solvent is the I1-bond acceptor. The Abraham solvent
coefficients (¢, ¢, 5, a, b and v) for methanol are 0.329, 0.299, -0.671, 0.080, —3.389 and 3.512,
respectively. The corresponding values for water are —0.994, 0.577, 2.549, 3.813, 4.841 and —0.869.
The numerical values of the Abraham solute parameters (£, S, .1, B and Iy for SMT were 2,13, 2.46,
0.59. 1.41 and 2.08, respectively [42]). The subscripts 1 and 2 denote methanol and water. respectively,
The molar solubility of SMT was predicted using Eqn. (10) and the MPD value for the predicted data
poinis was calculated as 21.5 % which is significantly less than 42.4 % of the original report [41)
obtained for prediction of 47 drugs in aqueous mixtures of eight co-solvents at several temperatures.
Eqn. (10) is very simple model that permits a straightforward computation of the solute’s solubility in
mixed solvents as described in XLS file of the supplementary information of a previous paper [41]. To
use the XLS file one simply inserts the numerical values of Abraham solvent parameters for methanol,
the Abraham solute parameters for SMT and the fractions of methanol. The solubility of STM will be
computed automatically. It is noteworthy that MS Excel® and TableCurve 2D computer programs were

used to perform the mathematical analysis along this rescarch.

3.4, Activite coefficients of SMT
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Table 4 gives the activity coeflicients of SMT (3) 7, which were calculated as x!*/x; from the

respective mole fraction solubility values presented in table 2. In almost all of the methanol-rich
mixtures the calculated activity coeflicients are smaller than those reporied for this drug in other
aqueous-ethanol and aqueous-propanol mixtures [8, 9] because the experimental solubility of SMT in
{methanol (1) + water (2)} are larger. The calculated aclivity coefficients atlow one to obtain a rough

estimate of solute-solvent intermolecular interactions through Eqn. (i 1) [43]:

l"'3‘/"|2
RT an

Iny, = (e, +e3; =2¢;)
Here subscript 1 stands for the solvent (which in the present case is the {methanol (1) + water (2))
solvent mixture), ¢, e¢s; and e¢); represent the solvent-solvent, solute-solute and solvent-solute
interaction energies, respectively, I3 is the molar volume of the super-cooled liquid drug solute, and ¢,
is the volume fraction of the solvent mixture. For drugs with low mole fraction solubility (such as
SMT) the volume fraction of the solvent is nearly unity and the V0, */RT term can be considered a
constant at the given temperature. Thus, y; depends mainly on ¢y, eys and ¢} [43]. The ¢y and ¢35 terms
are unfavourable for the dissolution processes, whereas the ¢; term favours these processes, Generally,
the contribution from the e;; term is considered as constant in all mixtures containing the dissolved
solute. The term ey, represents solute-solute interactions. which 1o a first approximation would be the

same irrespective of the properties of the dissolving solvent media.
**xTable 4***

As was already described for SMT dissolved in other aqueous-organic co-solvent mixtures [8.9].a
qualitative analysis based on the magnitudes of the energetic quantities in the Eqn. (11) yielded the
following observations: The ¢y, term is highest in pure water (2) (Hildebrand solubility parameter &
47.8 MPa'?) and is smallest in methanol (1) (= 29.6 MPa'?) (28], Pure water (2) and water-rich
mixtures exhibiting larger y values (even higher than 370 at 298.15 K) would imply high ¢}, and low
enn values. Otherwise, in methanol-rich mixtures (with w, higher than 0.80 and exhibiting » values
lower than 8.0), the ¢, values are relatively low and the ¢ values would be relatively high.
Accordingly, the solvation of SMT (3) would be higher in methanol-rich mixtures. In ail cases, the 5

values are temperature dependent and diminish with increasing temperatures.
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3.5. Apparent thermodynamic quantities of SMT dissolution

The apparent standard enthalpy change for the dissolution of SMT in aqueous-methanolic solvent
mixtures was obtained from the Eqn. (12). The calculated mean harmonic {emperature was Ty, = 303.0
K [44]). In all the mixtures and pure solvents, weighted lincar regressions were used, obtaining

determination coefTicients (r*) greater than 0.990,

dn Xy o Asulni-lo ( ] 2)
a(l/T_I/T;tm) r R

The apparent standard Gibbs energy change for the solution process {(ManT®) at the mean

harmonic temperature (303.0 K) is calculated by means of the following expression:

A, G ==RT, - intereept (13

using the approach proposed by Krug er af. [44] The numerical value of the intercept comes from the
analysis of In x; vs. 1/T — U/T;,. Finally, the standard apparent entropic change for solution process
(B0n5°) is obtained by subtracting the respective Ay, f° and A,G° values at 303.0 K and then
dividing the resulting value by the harmonic mean temperature [45):

A [-IO — Asuln(;a)

saln 14
T (14)

AsnhlS" = (

{11}

The standard apparent molar thermodynamic functions for dissolution of SMT (3) in all the
{methanol (1) + water (2)} co-solvent mixtures, including those for the pure solvents and the ideal

solution processes [8, 9], are presented in 1able 5.
k¥ Table S***
Examination of the numerical values in the second, third and fourth columns of Table 4 reveals that the

AsoC®, Bunt® and Ay, S° values associated with dissolution of SMT (3} in all agueous-methanolic
q

solvent mixtures and in both pure solvents are all positive. Therefore, the global dissolution processes

13
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are always endothermic and entropy-driven, which would be expected for the dissolving of a crystalline
drug molecule in a liquid solvent. In general way, (he A,,,(* values decrease from pure walter (2) 1o
pure methanol (). Otherwise, the Ay H® and A,4,S° values increase from pure water (2) to the mixture
wy = 0.70 and then decrease from here to the pure methanol (1). It is noteworthy that the dissolution
enthalpies are very similar in pure water and pure methanol. The relative enthalpic (&) and entropy

(s} contributions to the solution process are given by the Eqns. (15) and (16) [46]:

= IAxulnlﬂlol 5
o lAsquI']Ol +ITl'uuAm|"S°|
ITAsnInS,oI
— .
gh A“’I"]-{ol +]7;'"IAM|]||SOI ( l )

In all the cases studied, the main contributor 1o the positive standard molar Gibbs energy of
dissolution of this drug is the positive enthalpy, indicating the energetic predominance on the
dissolution processes. The contributions in pure methanol are nearly the same as in the dissolution ideal

process.

3.6. Apparent thermodynamic quantities of SMT mixing

The dissolution process of this drug in these co-solvent mixtures may be represented by the following

three hypothetic stages:
SO'U[L’L‘;._““” il Thm -% SO]lllC(};uud:. at T,'u:,- » SOIU[C‘[ squidy L Tl'm. e SOIUIC{[ wuid) a Tkl'l - SOI‘-HQI_SUIuI:on] at TI'.-'l

where the hypothetical dissolution stages are the heating and fusion of the solid drug, the cooling of the
liquid drug to the harmonic mean temperature (7, = 303.0 K}, and then the subsequent mixing of the
hypothetical super-cooled liquid drug with the solvent mixture at this temperature [47). As has been
already described, this treatment also allows the calculation of the apparent partial thermodynamic

contributions to the overall dissolution process by means of the following equations:

A-«-Ir:l'jo = Afu-.h'hl: 1 Am:\h";J (17)
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where Ag, 7™ and A, 8™ represent the thermodynamic functions of fusion of SMT and its cooling to
the harmonic mean temperature, However, in this research the At and BoaST values for the
ideal solution processes were used instead of Ag 4™ and A, S8™ for the reasons already described
previously in the literature [48]. The same procedure was followed with this drug in other n-alcohol (1)
+ water (2) mixtures at Ty, = 303.0 K [8, 9]. Figure 8 depicts the apparent thermodynamic quantities of

mixing of the super-cooled liquid SMT (3) with all the {methanol (1) + water (2)} co-solvent mixtures.
*EXFigure Brr*

Gibbs energy of mixing is positive in all cases, which is similar (o that observed for SMT in two
other {alcohol (1) + water (2)} mixtures [8, 9]. As observed in table 5. the ideal dissolution
contributions to the apparent enthalpy and entropy of overall dissolution of SMT (A7 and A, 1S
) are positive as they always are. Nevertheless, according to figure 7, the contribution of the
thermodynamic quantitics of mixing toward the overall dissolution processes is clearly dependent on
the mixtures composition. A,;H? and A,..S? are positive in almost all systems with the exception of
mixing—entropy in compositions 0.00 < x, <0.20. In this way, the molar A, ° values diminish as the
methanol (1) proportion increases in the mixtures; whereas, both A and A,,S° values increase
nonlinearly from pure water (2) to the mixture with x, = 0.70 and then gradually decrease until the pure
methanol (1).

The nel variation in A H° values with the mixtures composition depends on the relative
contribution of several types of molecular interactions. The enthalpy of cavity formation is endothermic
because energy must be supplied in order 1o break the cohesive forces between neighboring solvent
molecules. Solvent-solute interactions, on the other hand, are exothermic in nature and result mainly
from van der Waals and Lewis acid-base interactions. On the other hand, the hydrophobic hydration
around the non-polar groups of SMT would lead to decrease the net A, H° 1o small or even negative
values in water-rich mixtures [49]. This is not observed in figure 8 but the mixing-entropy is negative in

water-rich mixtures as was already indicated.

3.7. Enthalpy-entropy compensation analysis of SMT

iy
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tnstances of non-enthalpy-entropy compensation have been observed during the solubility analysis of
drugs dissolved in different aqueous-organic co-solvent mixtures [50, S1]. These analyses were
performed in order to identify the main mechanisms involved in the co-solvent aclion on solubility
increasing.  Graphs of Auf° as a function of A,4.G° or of A,u,H® as a funclion of TA.,S° at the
harmonic mean temperature proved useful in such analyses. Figure 9 shows that SMT (3) gives a non-
linear AguH® vs. Ay G curve in the {methanol (1) + water (2)} co-solvent system with positive but
variable slope over the entire binary solvent composition range. The A,/ / (kJ-mol ') vitlues could be

satisfactorily approximated by a regular fourth-degree polynomial in A, G° / (kJ-mol ') as:

Ayt PRI mol 580+ 3LNAGERImol ) = 496(A, Gk mol DY+ 03294, GOk ol ') - 8,00 10
A GE (R mol 1y (1Y)

with ¥ = 0.9913, N = 11, typical error = 0.2830, and F = 170.0. In the composilion interval 0.00 <x, <
0.70 one notes a continuous bul variable negative slope, suggesting that the driving mechanism of
transfer of SMT from more polar to less polar media is entropic in nature. This is likely due 1o the
loosening of the water structure around the non-polar moieties of the drug. In the remainder of the
composition interval (0.70 < x) = 1.00) the positive slope is positive. and suggests that the transfer
mechanism is enthalpic in nature. This would be consistent with better solvation of methanol

molecules around SMT, as already discussed.
*EE[igure grkk

A second relevant Kind of compensation plot is that one obtained by plotting A, /° as a function
of TA,iS°, like that shown in figure 10. Thus, two different trends are observed according to the co-
solvent mixtures composition. The first trend corresponds to methano! proportions varying from pure

water (o the mixture with wy = 0.70, which can be mathematically described the parabolic equation:

B d PRI mol 'y 12,3 £ 0466 (74, 57/ (Klmol ') =1.29 x 10 3(7A LS AKk)-mol ")y (20)
with ¢ = 09978, N = 8, typical error = 0.1245, and F = 1124. The second trend corresponds to
methanol proportions {rom 1wy = 0.70 to pure methanol, which can be represented by the following

lincar equation:

Ap JERFmol 'y = LIS 4 1380-(TA, S (kd-mol ') 20

[ &
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with ¢* = 0.992, N = 4, typical error == 0.3043, and F = 262.2. Thus, as already described in the
literature. the equations with slope values smaller than 1.0 correspond to entropy-driven dissolution
processes; whereas, those with slope values higher than 1.0 represent enthalpy-driven processes [52,
53). It is important to indicate that the variable slope of Eqn. (20) assumes mean values from 0.466 in
purc water to 0.448 in the mixture with wy = 0.70, being them lower than 1.0 in all cases. In this way,
Eqns. (20} and (21} are also linding that the drug transfer from pure water to the mixture with w, =0.70
is driven by mixing-entropy and from w, = 0.70 10 pure methanol the transfer process is driven by
mixing-enthalpy. This second kind of compensation plots was used successfully for the solubility

analysis of sulfanilamide and ketoprofen in {propylene glycol (1) + water (2)} mixtures [52, 53].

F*EFigure 10***

3.8, Preferential solvation of SMT

Experimental solubility data in binary solvent mixtures can be used to examine the preferential
solvation of a solvent component around a dissolved solute molecule. In birary aqueous-methanol
solvent mixtures the preferential solvation parameter of SMT (3) by methanol molecules (&v, ;) is

delined as:

. el o .
&y = X3 =X ==, (L

Here, .\',[__,_ is the focal mole fraction of methanol (component 1) in the environment near to SMT. If SR

> 0 the drug is preferentially solvated by methanol. Conversely if this parameter is < 0 the drug is
preferentially solvated by water. Numerical values of &, ; can be conveniently calculated from the
inverse Kirkwood-BufT integrals for the individual solvent components based on select thermodynamic

quantities as shown in Eqns. (23) and (24) [34-56):

Gia = RTw, =1y +x,1,D/0 (23)
(;'_’.1 RT“\‘; pi Vg +.\'|J/1D/Q fZJ)
17
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[n these expressions, «; is the isothermal compressibility of the binary aqueous-methanol mixtures
(expressed in GPa ", 1, and Iy are the partial molar volumes of the solvents in the mixtures {expressed
in cm™mol '). Similarly ¥ is the partial molar volume of SMT in the mixed solvent (also expressed in
em®mol '), The function D is the first-derivative of the standard molar Gibbs energies of transfer of the
drug from water to the aqueous-methanol mixture with respect to the co-solvent mole fraction

(expressed in kJ-mol ' as also is RT). The function Q involves the second-derivative of the excess
molar Gibbs energy of mixing of the two solvents ((},132“ ) with respect to the mole fraction of water (2)

in the mixtures (also expressed in klmol ') [54-56):

"y
aAu(’.u »i42

D- 3.2 rie2 (25
av, , )
i.p
G
O=RT + x,x, (26)
A0
- I.p

The preferential solvation parameter by methanol (1) is determined from the Kirkwood-BufT integrals

as follows;

&, = ~":-“2 (G| 3 ‘_Gz.;) 27)
TG s+ x,G L+

cur
The correlation volume (V) needed in FEqn. (27) is obtained by means of the following empirical

expression [35, 36):
- . f |3 Y
V., =2522.50; 4 0.1363(x/ .1, + xL,) - 0.085 (28)

where r; is the molecular radius of the solute (expressed in nm). The definitive correlation volume of
the drug requires iteration because it depends on the local mole fraction compositions of the solvent
molecules around the dissolved drug molecule.

Table 6 and figure 11 show the Gibbs energy of transfer behaviour of SMT (3) from pure water
to {methanol (1) + water (2}} mixtures at (293.15, 303.15 and 313.15) K. The numerical values were

calculated according to Eqn. {(29):
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AGYs 0 = RTIn (29)

x.‘ilrz

using the drug mole fraction solubility from table 2.
The A,Gj, ,),,values were mathematically represented using the regular fourth-degree

polynomials given by Eqn. (30). Numerical values of respective equation coefficients of Eqn. (30) at
{293.15,303.15 and 313.13) K are listed in table 7.

A GYy o =a+ by, +ox] +dy) +ex) (30)

**¥*¥Tables 6 and 7, Figure | [*%*

The D values reported in table 8 were calculated from the first derivative of the polynomial models

solved according to the mixtures composition varying by 0.05 in mole fraction of methanol (1).
¥**Table §***

@ and RT&; values of the binary aqueous-methanol mixtures at these temperatures, as well as the partial
molar volumes of methanol and water were taken from the literature [15]. Otherwise, in a first approach
the molar volume of SMT was considered in this research as independent of the mixtures composition,
as it was calculated as 1 = 179.0 em’mol ' [11, 12], according to the groups contribution method
proposed by Fedors [57]. Table 9 shows that the G, 3 and G5 values of SMT (3) are negative at each ol

the mixtures compositions, indicating that the drug exhibits an affinity for both solvent components.
*¥ExTable 9% ¥
Solute radius value of r; = 0.391 nm, required to calculate the corrclation volume, was also
taken from the literature (11, 12]. We performed three iterations using Eqns. (22), (27) and (28) in order

to obtain the values reported in table 10 for this research study.

*EETable [Q***
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The caleulated values of the preferential solvation parameter by methanol, éx, s, were found 1o
vary non-lincarly with the methanol composition. See last three columns in table 10 and the three
curves depicied graphically in figure 12. Addition of methanol leads 1o negative dx, 5 values for this
drug at methanol compositions from 0.00 < x; < 0.31. At all temperatures. x5 reaches a minimum
value of about —1.7 x 10 * in the binary mixture having a methanol mole fraction of x, = 0.15. Similar
preferential solvation behaviour was exhibited by sulladiazine and sulfamerazine in the same co-solvent
mixtures [13, 16]. We believe that the dv;; values in these water-rich regions is possibly due to the
hydrophobic hydration around the non-polar groups of SMT (aromatic rings and methyl groups, Figure

1).
**FEFigure 12¥**

In the mixtures with methanol mole fraction compositions in the range of 0.31 < x, < 1.00, the
local mole fractions of methanol (1) are greater than the mole (ractions in the bulk mixtures. §lere, the
co-solvent action may be related to the breaking of the ordered structure of voluminous waler around
the non-polar moieties of the drug. as was postulated previously. Preferential solvation by methanol
solvent molecules reach a maximum value near x, = 0.55, with Jx, s near to 2.5 x 10 at 303.15 K. This
behaviour is also similar to what was observed previously for both sulladiazine and sulfamerazine [ 13,
16]. Based on the results of our preferential solvation compositions, it is reasonable to postulate that in
intermediate compositions and in methanol-rich mixtures. SMT (3) is also acting as a Lewis acid in its
molecular interactions with methanol molecules. As an informational note methanol is more basic than
water according to the respective Kamlel-Taft hydrogen bond acceptor parameters, ie. # - 0.66 for
methanol and 0.47 for water [58, 39]. Despite our preferential solvation computations and analysis the
specific solute-solvent interactions in this solvent system remain unclear because of the molecular
complexity ol this drug.

Figure 13 graphically compares the preferential solvation behaviour of SMT to that of both
sulfadiazine {15] and sulfamerazine [16] at 303.15 K in binary aqueous-methanol solvent mixiures [13,
16]. The three drug molecules differ from one another by the number of methyl groups present in the
diazine-moiety. Interestingly the composition intervals of preferential solvation by water (2) and by
methanol (1) are the same for these three drugs. Maximum preferential solvation by methanol is
observed for sulfadiazine and sulfamerazine in the binary mixture having x; = 0.50. with sulfamerazine
having the larger value of dx) 3. For SMT the maximum dx,; is obtained at a slightly larger methanol

mole [raction composition of x, = 0.53, and the maximum dx,; value is similar in magnitude to that

20
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exhibited by sulfamerazine. The maximum preferential solvation by water is obtained for these three

sulfonamides in the mixture with v, = 0.15.
R Figure 13%0*

Finally, Figure 14 compares the preferential solvation of SMT (3) in {methanol (1) + water
(2)}, {ethanol (1) + water (2)}, and {I-propanol (1) + water (2)} mixtures at 303.15 K [11, 12].
Noticeably large differences can be observed in the SMT behaviour depending on the n-alcohol under
consideration. In particular, and unlike methanol + water mixtures, SMT is found to be preferentially
solvated by walter in the ethanol-rich and |-propanol-rich mixtures as well. In the latier two solvent
systems the maximum SMT solubility occurs in the binary mixture instead of in the pure n-alcohol [8,
9]. The composition intervals where (he drug is preferentially solvated by water, i.c. the water-rich
mixtures, diminish in the order: methanol + water > ethanol + water > I-propano! + water mixtures.
which are in the same order as diminishing n-alcohol polarity. Methanol is more polar than ethanol,
which i turn is more polar than 1-propanol [28]. In the waler-region composition regions the
maximum preferential solvation values by water occur at methanol compositions of x; = 0,135, v, = 0.10,
and x, = 0.05, for methanol-, ethanol- and I-propanol-aqueous mixtures, respectively. The maximum
preferential solvation by the alcohol oceurs at alcohol composition of x, = 0.55 for methanol (1) + water
(2) mixtures, and at x, = 0.40 for {ethanol (1) + water (2)} and {1-propanol (1) + water (2)}).
Preferential solvation of SMT by water in water-rich mixtures in {methanol (1) + water (2)) mixtures is
fower in comparison to preferential solvation in {ethanol (1) + water (2)} and {I-propanol (1) + waler
{2)} mixtures. It is noteworthy that observed prelerential solvation by water in n-alcohol-rich mixiures
is higher with 1-propanol-mixtures compared to ethanol-mixtures; nevertheless, the high negative
magnitude of dx, » in the former case could be a consequence of the high positive excess Gibbs energy
of mixing between 1-propanol and water, which is affecting the term Q {Eq. (26)} as it was described
previously [12]. Conversely, the preferential solvation by the alcohol co-solvent is greatest in the
aqueous-methanol mixtures compared alcohol preferential solvation in either the aqueous-cthanol or

aqueous-propanol systems [11, 12],

FEEFigure [4¥%k

4. Conclusions
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Based on the above discussion, we concluded that the dissolution process of {SMT (3} in methanol (1)
+ water (2)} mixtures is highly dependent on both temperature and mixture composition. This
behaviour is similar o that reported for SMT dissolved in other {n-alcohol (1) + water (2)} mixtures
[15, 16]. Jouyban-Acree model calculates adequately the solubility of SMT with respect to the mixture
composition and temperature. Non-lincar enthalpy-entropy compensation was found for this drug in
these aqueous mixtures with variant positive slope in the plot of A,,.H° vs. AuCs®. Thus, entropy-
driving or enthalpy-driving were observed for the transfer processes of this drug in water-rich and
methanol-rich mixtures, respectively. Finally, the measured solubility as part of this study will expand

the database regarding sulfonamide drugs dissolved in aqueous-organic ¢o-solvent mixtures,
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Table 1. Source and purities of the compounds used in this research,

Compound CAS Formula I\/:’olar mass Source Puri‘ly il] mass A‘nal‘ylic“
2 mol fraction technigue
Sufamethazine  57-68-1  CiHuN,O:S 27833 SEmA Chemical g g4, HPLC
Methanol 67-56-1 Cl,0 32.04 Merck, Germany 0.998 GC
Water 7732-18-5 1%6] 18.02 ?j'l’;[:'l‘l‘;‘l'oiy >0.999 5
*HPLC is high liquid performance chromatography; GC is gas chromatography.
Table 2. Experimental solubility of sulfamethazine (3) in fimethanol (1) + water (2)} mixtures o
several lemperatures and local atmospheric pressure p= 73].9 kPa.
ab X3 '
b T=293.15K  T=298.15K T-303.15K T-30815K T-31315K
0.000°¢ 222x10° 281x10° 3.67x10° 433x10° 555x10°
0.100 3.36x10° 431x10° 563x10° 6.94x10° 873x10°
0.200 565x10° 727x10° 905x10° l.19x 10" 1.51x 10"
0.300 1.01x 10" 122x 10" 1.62x 10" 2.17x107 268x 10"
0.400 1.85x 107 230x 107 3.05x 10" 4.00x 10" 5.08x 10"
0.500 293 x 107 3.96x 107 514x 10" 6.58x10" 851x10"
0.600 4.59 x 10 6.18x 10" 7.76x10° 1.05x10° 1.33x10°
0.700 7.02x 107 930x 10" 1.24x10° 1.57x 107 205x10°
0.800 1.09x10° 1.34x10° .84 x 107 224x10° 3.00x10°
0.900 1.39x10° 1.78x10° 231x10° 277x10° 361 x10°
1.000 1.61x10° 201x10° 262x10° 3.20x10° 395x10°
Ideal ¢ 8.88x 10" 1.05x 10 ° 1.24 510 ° 1.47 x10* 1.72x10°
e _ mol-dm *® B
1 T=293.15K T=298.15K T=303.15K T=30815K 7T=313.15K
0.000* 1.23x10° 1.56x 10" 203x10° 239x10° 3.06x 107
0.100 1.75x 10" 224x10° 292x10° 3.59x10° 451 x10"
0.200 2.76x10° 3.55x 107 441x10° 579x 10° 730x10°
0.300 4.62x 107 5.60x10° 739x10° 9.86x10° 121 x 102
0.400 7.90x 107 9.79x 10° 1.30x 10° 1.69x10° 214x10°
0.500 1.16x 102 1.57x10° 203x10° 258x10° 333x10°
0.600 1.68x 10 225x10° 281x10° 3.79x10° 477x10°
0.750 235x10° 3.09x10° 4.10x10° 5.06x 107 6.68x10°
0.800 330x10° 404x10° 552x10° 6.65x 107 8.82x10°
0.900 3.82x 107 4.83x10° 6.24x10° 7415103 9.53x10°
1.000° 3.96x 107 490x10° 6.32x10° 7.66 x 10° 937x 10°
“wy is the mass fraction of methanol (1) in the {methanol (1) + water (2)} mixtures free of
sulfamethazine (3).
"Standard uncertainties are #(7) = 0.05 K, t(p) = 2.2 kPa, u(wy) = 0.0003. Average relative standard
uncertainty in solubility, w,(v;) and w(mol-dm ), are 0.025 {or 2.3%).
“Values from Ref. [8).
27
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Table 3. Density of the saturated solutions ol sulfamethazine (3) in {methanol (1) + water (2))

i mixtures al several temperatures and local pressure p = 73.9 kPa.
"f - o/ pem
S : T=203.15K T=20815K T=303.15K 7T=308.15K T-=-313.i5K
9 0.000 0.9983 0.9972 0.9959 0.9943 0.9925
10 0.100 0.9816 0.9802 0.9788 0.9767 0.9750
11 0.200 0.9670 0.9654 0.9634 0.9610 0.9590
17 0.300 0.9522 0.9498 0.9471 0.9446 0.9424
13 0.400 0.9356 0.9329 0.9296 0.9271 0.9235
. 0.500 0.9197 09171 0.9152 0.9125 0.9099
16 0.600 0.9005 0.8967 0.8932 0.8900 0.8873
17 0.700 0.8755 0.8722 0.8689 0.8655 0.8627
18 0.800 0.8511 0.8472 0.8456 0.8404 0.8381
19 0.900 0.8255 0.8213 0.8177 0.8130 0.8089
20 1.000 0.7956 0.7920 0.7896 0.7861 0.7827
21 “wy is the mass fraction of methanol (1) in the {methanol (1) + water (2)} mixtures free of
35 sulfamethazine (3). )
-4 " Standard uncertainties are 1(T) = 0.05 K. u(p) = 2.2 kPa, u(w,) = 0.0003, 1(p) = 0.0007 gem
“5
26
27
28
29
30
31_ Table 4. Activity coefficients of sulfamethazine (3) in {methanol (1) +water (2)} mixtures at several
:3 temperatures and local pressure p = 73.9 kPa. :
3 L b B
32 b T=293.15K T=29815K T=303.15K T=30815K T7T=313.15K
36 0.000°¢ 400 374 339 338 311
37 0.100 264 244 221 211 198
B 0.200 157 145 137 123 15
40 0.300 88.1 86.0 76.7 67.6 64.4
a1 0.400 48.1 458 40.7 36.6 339
2z 0.500 303 26.6 242 223 20.2
41 0.600 19.3 17.0 16.0 13.9 12.9
44 0.700 12.7 1.3 10.0 9.3 8.4
1 0.800 8.17 7.87 6.76 6.56 5.75
a6 0.900 6.38 5.93 5.38 5.29 4.78
38 1.000 5.50 5.22 4.75 4.58 4.36
49 “w is the mass fraction of methanol (1) in the {methanol (1) + water (2)} mixtures free of
50 sulfamethazine (3).
51 " Standard uncertainties are (1) = 0.05 K, u(p) = 2.2 kPa, 1) = 0.0003. Average relative standard
52 uncertainty in activity coefficients are 1(3:) = 0.038 (or 3.8%)
033 ‘Values from Ref. [8).
54
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Table 5. Apparent thermodynamic quantities relative 1o solution processes of sulfamethazine (3) in

methanol (1) + water (2) mixtures, including ideal process, at Ty, = 303.0 K and local pressure gz = 73,9
kPa.

, b BsotaG® / A/ Ao/ TAwInSo / - -

- kJ-mol " J-mol '® JK “mol " kJ:mol ' S S
0.000¢ 25.82 34.6 28.9 3.75 0.798 0.202
0.100 24.72 36.4 38.6 11.69 0.757 0.243
0.200 2341 375 46.4 14.05 0.727 0.273
0.300 21.97 38.5 54.7 16.58 0.699 0.301
0.400 20,39 39.3 62.6 18.95 0.673 0.325
0.500 19.11 40.4 70.2 21.27 0.655 0.345
0.600 17.99 40.6 74.7 22.64 0.642 0.358
0.700 16.92 40.8 78.7 23.86 0.631 0.369
0.800 13.95 38.8 754 22,85 0.629 0.371
0.900 1536 359 67.7 20.51 0.636 0.304
1.000 15.04 34.4 64.0 19.38 0.640 0.360
Ideal® 11.06 25.3 47.1 14.26 0.640 0.360

“w is the mass fraction of methanol (1) in the {methanol (1) + water (2)} mixtures free of
sulfamethazine (3).
> Standard uncertainties are () = 0.07 K, a(p) = 2.2 kPa, 1w} = 0.0003. Average relative standard
uncertainty in the apparent thermodynamic quantities of real solution processes are #,(A,,,G°) = 0,027
(or 2.7%), t,(Asuf®) = 0.032 (0r 3.2%), 14,(A,1,5°) = 0.047 (or 4.7%), 10(T30,S°) == 0.047 (0r 4.7%).
Standard relative uncertainty in thermodynamic quantities of ideal solution process are 1,(A,,(°) =

0.020 or (2.0

3.8%).

“Values from Ref. [8).

0), 1 (Avnf®) = 0.025 or (2.5%), 11(NnS®) = 0.038 (or 3.8%). (TAnS®) = 0.038 (or
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Table 6. Gibbs energy of transfer (kJ-mol 'Y of sulfamethazine (3) from pure water (2) 1o {methanol (1)
34 P

+ water (2)} mixtures at several temperatures.

' T=29315K T=:303.15K T=313.15K
0.0000 0.00 0.00 0.00
0.0588 -1.01 -1.08 -1.18
0.1233 =227 -2.28 -2.60
0.1942 -3.69 -3.75 —L10
0.2727 -5.16 -3.34 -5.76
0.3600 -6.28 -06.66 =711
0.4576 -7.38 -7.69 -8.27
0.5675 -B8.42 -8.87 ~9.40
0.6923 -9.48 —9.87 -10.39
0.8350 =10.09 -10.44 -10.87
1.0000 —10.44 =10.75 =11.11

" x; is the mole fraction of methanol (1) in the fmethanol (1) + water (2)} mixtures free ol
sulfamethazine (3).

Table 7. Coefficients and some statistical parameters of the Equation (30) (kJ-mol ') applied 1o Gibbs
energy of transfer of sulfamethazine (3) from pure water (2) to {methanol (1) + water (2)} mixtures at
several temperatures.

Coefficient or parameter T=20315K I'=303.15K T=313.15K
d 0.10 0.08 0.08
b -21.27 -20.56 -23.07
c 8.13 0.25 4.05
o 7.02 19.91 17.82
¢ —4.44 -10.45 -10.00
r? 0.9993 0.9993 0.9996
N 11 I 11
Typical error 0.1245 0.1315 0.1080
F 2208 2144 3415

30



Table 8. D values (kJ-mol ') of sulfamethazine (3) in Imethanol (1) + water (2)} mixtures at several

2 temperatures.
; 0" T=293,I15K T=303.15K T=313.15K
. 0.00 =21.27 -20.56 -23.07
1 ; 0.05 =20.40 =20.39 -22.54
11 0.10 =19.45 -19.95 =21.76
13 0.15 -18.42 -19.28 -20.79
13 0.20 -17.32 -18.41 -19.63
14 0.25 =16.17 -17.35 -18.33
15 0.30 -14.98 -16.16 -16.91
}g’ 0.35 -13.76 ~14.86 ~15.40
18 040 =12.53 -13.48 -13.83
19 0.45 =11.31 =12.05 =12.24
20 0.50 ~10.09 -10.60 ~10.65
21 0.35 -8.91 =917 =9.09
2. 0.60 =1.77 -7.78 =7.60
23 0.65 —6.68 —6.48 -6.20
“4 0.70 =3.66 =5.28 —.92
) 0.75 -4.72 —4.22 -3.80
i? 0.80 -3.88 -3.33 -2.85
o8 0.85 =3.14 =2.65 =2.12
29 0.90 -2,52 ~2.20 ~1.64
30 0.95 -2.04 -2.02 -1.42
31 1.00 =1.71 =213 -1.31]
5. * xy is the mole fraction of methanol (1) in the {methanol (1) + water (2)} mixtures frec of
:? sulfamethazine (3).
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Table 9. G, 5 and Gs 5 values (em™mol ') of sutfamethazine (3) in {methanol (1) + water (2)} mixtures
at several temperatures.

(J:I_T (;2_3 I
X" T= T T: T= = I=
29315 K 303.15K 313.15 K 203.15K 303.15 K 313.15K

0.00 =335.7 =325.7 -338.9 -177.9 ~177.8 -177.8
0.05 -320.8 -315.8 -327.0 =193.1 —192.7 =194.0
0.10 =3090.7 =307.7 -316.8 -207.6 -207.7 -210.1
0.15 -300.6 -300.2 =307.2 -122.2 =223.1 =226.2
0.20 =292.3 =292.6 =297.8 =237.1 ~238.9 =242.2
0.25 -284.2 -284.6 -287.9 -252.0 -254.7 -257.8
0.30 =275.5 -275.5 =277.3 -266.4 =269.7 =2723
0.35 -265.8 =265.3 =265.9 =279.5 -282.9 -284.7
0.40 =254.9 =253.9 =253.7 -289.8 -293.0 -293.8
0.45 =243.1 =241.6 -240.9 =-296.2 -298.7 -298.5
0.50 -230.9 -229.0 ~228.0 =197.6 -298.9 -298.0
0.55 -218.9 =216.9 =215.8 -293.8 -293.6 =2920
0.60 -208.0 =206.0 =205.0 -285.4 2834 —281.1
0.65 ~198.8 -196.8 -195.9 -273.8 ~209.8 ~-266.7
0.70 =-191.4 -189.7 -188.8 =260.6 =254.7 =250.7
0.75 ~186.0 -184.5 -183.7 =247.1 -239.9 -234.8
0.80 -182.1 -181.0 -180.3 =234.6 ~226.8 =220.6
0.85 =[79.5 -178.8 -178.2 =-223.7 -216.6 -209.2
0.90 -177.7 -177.4 -177.0 -214.8 =210.0 =201.6
0.95 -176.7 =176.5 =176.3 -208.2 =207.7 -198.2
1.00 =176.0 =175.9 -175.8 =204.3 =210.5 -199.9

" xy is the mole fraction of methanol (1) in the {methanol (1) + water (2)} mixtures free of

sullfamethazine (3).
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Table 10. Correlation volume and dx, 5 values of sulfamethazine (3) in {methanol (1) + water (2)}
mixtures al several tlemperatures,

Voo ! e’ mol ' 100 dx, 5
0 T T= Ts T- i T
293,15 K 303.15 K 313.15K 293.15K 303.15K 313.15K

0.00 768 769 770 0.000 0.000 0.000
0.05 789 786 787 -1.030 -0.997 -1.077
0.10 811 805 806 —1.548 -1.533 —1.640
0.15 835 826 828 ~1.662 -1.662 -1.754
0.20 860 848 851 ~[.445 -1.436 —1.488
0.25 885 872 875 -0.965 -0.918 -0.925
0.30 911 897 9201 -0.295 -0.195 -0.169
0.35 937 923 927 0.471 0.620 0.658
0.40 963 948 953 1.219 1.399 1.427
0.45 988 974 979 1.836 2.015 2.022
0.50 1012 998 1003 2.233 2.382 2.363
0.55 1034 1021 1026 2373 2.467 2.427
0.60 1055 1043 1049 2277 2.305 2.246
0.65 1076 1064 1071 2.007 1.971 1.897
0.70 1095 1086 1092 1.643 1.556 1.469
0.75 1115 1107 114 1.255 1.142 1.044
0.80 1134 1129 1136 0.892 0.781 0.680
0.85 1153 1151 1159 0.583 0.499 0.405
0.90 1172 1174 1182 0.337 0.295 0.221
0.95 1191 1197 1206 0.148 0.145 0.102
1.00 1211 1220 1230 0.000 0.000 0.000

" x is the mole fraction of methanol (1) in the {methanol (1) + water (2)} mixtures free of

sulfamethazine (3).
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H,N
Figure 1. Molecular structure of the sulfonamides considered. Sulfadiazine: Ry and R, = IL
Sulfamerazine: Ry = H, Ry = CHs. Sulfamethazine: R, and R, = CH:.

Er—

290.0 2950 300.0 305.0 310.0 315.0

Figure 2. Logarithmic mole fraction solubility of sulfamethazine (3) in pure methanol (1) at several
temperatures. (©): Our data (lable 2): (12): Values reported by Zhang ¢f af. [22]. Lines correspond to the
best regular polynomials correlating the values.
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Figure 3. X-ray diffraction specira of sulfumethazine as original sample (A) and bottom phases of
saturated solutions in pure water (B), pure methanol (C) and the mixture with w, -

Energy flow

310 350 390 430 470 510
T/K

0.50 (D).

Figure 4. DSC analyses of sulfamethazine from the top to the bottom: original sample. solid phases of

saturaled solutions in pure water, pure methanol, and the mixture with w, = 0.50,
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Figure 7. Excess logarithmic molar solubility of some sulfonamides (3) in methanol (1) + water 2)
mixtures at 298.15 K. (2): Sulfamethazine; (1): sulfadiazine [13]; (A): sulfamerazine [16]. Lines
correspond to the best regular polynomials correlating the values.
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