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Abstract: The main objective of this research was to correlate the equilibrium solubility
of sodium sulfadiazine in several {ethanol (EtOH, 1) + water (2)} mixtures reported in
mass/volume and mass/mass percentages at different temperatures. Aqueous solubil-
ity of sodium sulfadiazine decreases almost linearly with decreasing temperature, but it
decreases non-linearly with the addition of EtOH to water. Logarithmic solubility was
adequately correlated with a bivariate model involving temperature and mixture compo-
sition. These solubility results were also well correlated with the Jouyban—Acree-based
models. Moreover, an adapted version of the Jouyban-Acree model was used to represent
the density of the saturated solvent mixtures at different temperatures. Furthermore, the
apparent specific volumes of this drug at saturation were also calculated from densities
of saturated solutions and cosolvent mixtures free of drug as well as from the respective
mixture compositions. These findings provide valuable insights into the solubility and
volumetric behavior of sodium sulfadiazine, which could be useful for pharmaceutical
formulation and process optimization.

Keywords: sodium sulfadiazine; aqueous alcoholic mixtures; solubility; cosolvency; apparent
specific volume

1. Introduction

It is well-known that the exhaustive physicochemical characterization of drugs in
dissolution plays a crucial role in all stages associated with the R&D of homogenous
liquid pharmaceutical dosage forms, especially those intended for parenteral administra-
tion in small volumes like ampules, because these products supply high doses of active
pharmaceutical ingredients [1-4].

Sodium sulfadiazine (sodium [(4-aminophenyl)sulfonyl](2-pyrimidinyl)azanide, NaSD,
Figure 1) is a drug extensively used for the treatment of certain infections caused by several
kinds of microorganisms [5-7]. Although NaSD is widely used in therapeutics, its physic-
ochemical information regarding its behavior in aqueous solutions is not yet complete.
However, some physicochemical studies have been reported in the literature. Thus, the
molar and mole fraction equilibrium solubility as well as the respective dissolution and
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mixing thermodynamic quantities in some ethanol-water blended solvents have been
reported [8-10]. Moreover, its equilibrium solubility and apparent specific volumes at satu-
ration in different {cosolvent (1) + water (2)} mixtures at 25.0 °C have also been reported,
involving propylene glycol, formamide, N-methylformamide, N,N-dimethylformamide,
dimethyl sulfoxide, N-methyl-2-pyrrolidone, 1,4-dioxane, and methanol [11,12]. On the
other hand, apparent molar volumes at several drug concentrations have been determined
at several temperatures in aqueous-cosolvent media [13,14]. Ultimately, the molar electrical
conductivity of this saline drug has also been studied as a function of drug concentra-
tion as a function of temperature [15]. All these investigations have demonstrated the
role of hydrophilic and hydrophobic hydration processes of this drug on the observed
physicochemical magnitudes in aqueous media.
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Figure 1. Molecular structure of sodium sulfadiazine (NaSD).

From a pharmaceutical viewpoint, the systematic searching, acquisition, and system-
atization of equilibrium solubility values and volumetric contributions of active pharma-
ceutical ingredients and excipients at saturation conditions in aqueous and non-aqueous
cosolvent mixtures are very significant for theoretical and practical purposes. This is be-
cause cosolvent blends are frequently employed in pharmaceutical ingredient purification
methods, dosage form preformulation studies, and the development and preparation of
homogeneous liquid medicines, as already mentioned [16,17]. Therefore, it is almost manda-
tory for the global chemical and pharmaceutical community to systematically determine
the solubility and specific volume contribution of every pharmaceutical agent.

Otherwise, the study of molar and specific volumes of every kind of pharmaceuti-
cal solute has been carried out basically with the aim of facilitating the design of liquid
medicines on the one hand and also as an aid to proposing mechanisms for the transferring
processes of drugs through biological membranes. Within the first group, studies have
been carried out focused on the generation of useful information in the design of drug
delivery systems, and as an example, the determination of partial specific volumes and
critical micellar concentrations of surfactants from density measurements of their aqueous
solutions [18]; in a similar way, these determinations facilitate the proposal of novel cal-
culation methods of partial molar volumes of surfactants dispersed at the micellar level
owing to the difficulty observed in determining experimentally this property under extreme
conditions [19]. However, from density measurements, the apparent specific volumes of
poly(ethylene oxide), poly(butylene oxide), poly(propylene oxide), and octadecyl chains
in the micellar state as a function of temperature have been calculated and reported [20].
Moreover, Sarazin and Francois, analyzing various polymers in solvents of differing molec-
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ular size and polarity, confirmed the dependence of their apparent specific volume on
polymer molecular weight and solvent molar volume [21]. Moreover, it is noteworthy that
use of apparent specific volumes is relevant in chemical analysis varying from milk food
science to blood biochemistry [22,23]. On the other hand, molar volumes are required to
calculate Hildebrand solubility parameters as required for the estimation of the solubility of
organic compounds [24,25]. Thus, partial molar volumes and solubility parameters of com-
pounds of pharmaceutical interest such as some esters have been studied [26]. Specifically,
regarding the penetration of biological membranes, the solubility and partial molar volume
of the ophthalmological drug physostigmine in binary mixtures of isopropanol-isopropyl
myristate have been studied as an aid in clarifying the effects of these solvents on the
penetration of physostigmine through biological membranes [27].

The extended theory of regular solutions has been applied to explain and estimate the
percutaneous absorption of different non-electrolytes or undissociated weak electrolytes by
studying the solubility and partial molar volumes of these solutes in certain solvents, with
the aim of finding application in the design of dermal controlled release systems. Some
of these solutes correspond to certain alkanoic acids, theophylline, and adenosine, among
others [28-30].

In the research field related to identifying action mechanisms of active ingredients, the
effect of volumetric properties has also been studied, as shown in the case of volatile anes-
thetics such as halothane, which have been evaluated for compressibility, molar volume,
and partial molar volume in different solvents [31,32]. More recently, the partial molar
volumes of some local anesthetics like lidocaine in water and ethanol were evaluated exper-
imentally, and from these values the corresponding transfer volumes were calculated, and
the respective interpretation was made in terms of solute—solvent interactions highlighting
the role of the hydrophobicity of the compounds on the binding to the cell membrane [33].

Other compounds of pharmaceutical interest studied include sodium salicylate, methyl
orange, tryptophan, phenol and propranolol hydrochlorides, procaine, pilocarpene and
ephedrine, whose volumes and apparent molal compressibilities have been determined as
a contribution to the clarification of solute—solvent interactions in QSAR studies [34]. A
similar investigation was performed with tetracycline hydrochloride and chlortetracycline
involving determining the partial molal volumes and compressibilities, interaction coeffi-
cients, and several thermodynamic activation parameters from ultrasonic speed, density,
and viscosity measurements [35]. Furthermore, the partial molal volumes at infinite dilu-
tion of different phenyl alkylamines have also been reported [36]. Moreover, the volumetric
properties of several other compounds, including active ingredients and excipients, have
also been studied [37-41]. Otherwise, apparent specific volumes have been correlated with
primary tastes as well as with specific tastes like amino acids and sweetener agents [42—48].

In this way, the present research studied the mass/volume (% m/v) and mass/mass
(% m/m) percentages, equilibrium solubility, and apparent specific volume (go?f /mL/g) at
saturation of NaSD (solute identified as component 3) in several aqueous—alcoholic binary
mixtures at different temperatures from 5.0 to 35.0 °C. Thus, this research expands the
available database of these properties reported earlier for other drugs and excipients in
several binary and ternary aqueous—cosolvent mixtures that include some non-electrolyte
organic compounds and active organic salts. These compounds and solvent systems include
propranolol-HCI in aqueous binary mixtures of 1,4-dioxane, acetonitrile, polyethylene
glycol 400, propylene glycol, and methanol at 25.0 °C [49]; sodium naproxen, procaine-HCl,
and lysine clonixinate in (propylene glycol + water) [50] and (methanol + water) [51]
mixtures at 25.0 °C; lidocaine-HCI-H,O in aqueous binary mixtures of polyethylene glycol
200, ethanol, and propylene glycol at 25.0 °C [52]; and sodium diclofenac in aqueous binary
mixtures of formamide, N-methylformamide, and N,N,-dimethylformamide at 25.0 °C [53].
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All these reported physicochemical values of pharmaceutical compounds could be used for
improving research and development activities.

Thus, it is noteworthy that these basic physicochemical properties of solid compounds
in aqueous solutions have been key factors long time ago in the design of liquid dosage
forms like syrups, elixirs, and injectable solutions, as well as in predicting the biological
behavior of drugs [54,55].

2. Methods

The equilibrium solubility values of NaSD (CAS number: 547-32-0, molecular formula:
C10H9N4NaO,S, molar mass: 272.26 g/mol, provider: Sigma-Aldrich, Burlington, MA,
USA, mass fraction purity > 0.99) in binary mixtures of ethanol (CAS number: 64-17-5,
molecular formula: C,H¢O, molar mass: 46.07 g/mol, provider: Merck, Darmstadt,
Germany, mass fraction purity > 0.995) and water (CAS number: 7732-18-5, obtained
by distillation, conductivity <2 uS/cm) as a function of mixture composition and temper-
ature were expressed in molarity and mole fraction earlier [10,11]. Thus, these solubility
values were determined at seven temperatures from 5.0 to 35.0 °C in EtOH mass fractions
(wy) from w; = 0.10 to w; = 0.90 varying by 0.10, studying nine binary mixtures and both
pure solvents.

Classical shake-flask method and UV-vis spectrophotometry were employed for solu-
bility determinations [56,57]. An excess of NaSD was added to 50 mL of each cosolvent
mixture in stoppered dark glass flasks. Solid-liquid mixtures were stirred in a mechanical
shaker (Burrel, Wrist Action Shaker, Model 75, Pittsburgh, PA, USA) at room temperature
for at least four hours. After this, the flasks were kept at 35.0 & 0.05 °C in recirculating
thermostatic baths (Neslab RTE 10 Digital One, Thermo Electron Company, Waltham, MA,
USA) with sporadic stirring at least for three days until equilibrium is obtained. After
this time, the supernatant solutions were filtered (at isothermal conditions) using 0.45 pm
pore diameter cartridges to ensure that they were free of particulate matter before sam-
pling. NaSD concentrations at saturation were determined by measuring UV absorbance
after appropriate gravimetric dilution with pure water and interpolation from a UV spec-
trophotometric calibration curve (UV/Vis BioMate 3 spectrophotometer, Thermo Electron
Company, Waltham, MA, USA). Then, the temperature was diminished in successive steps
of 5.0 °C following the same procedures indicated above to reach 5.0 °C as the lowest
research temperature. All the solubility experiments were run at least in triplicate.

Moreover, in order to facilitate the transformation between volumetric and gravimet-
ric concentration scales [2,58] and allow the calculation of apparent specific volumes of
NaSD, the density of the saturated solutions at every temperature was determined with
a digital density meter (DMA 45 Anton Paar, Graz, Austria) connected to a recirculating
thermostatic bath (Neslab RTE 10 Digital One Thermo Electron Company, Waltham, MA,
USA). All calculations, correlations, and plots were performed with different tools of MS
Excel® v. 2013.

3. Results and Discussion
3.1. Experimental Solubility at Different Temperatures and Mixture Compositions

Table 1 summarizes the experimental mass/volume percentage solubilities of NaSD in
the aqueous mixtures of ethanol as a function of the mixtures’ composition and temperature.
As visual help, % m/v solubilities are depicted as a function of mixture compositions at all
temperatures in Figure 2. As observed, NaSD solubility increases with temperature rising,
but it diminishes with the increasing EtOH proportion in the mixtures at all temperatures.
The respective trends were adjusted to regular polynomials in the fourth degree in all
cases [59-61]. Moreover, % m /v solubilities are depicted at all mixture compositions as a
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function of temperature in Figure 3, observing linear NaSD solubility increasing in all the

solvent systems [59-61].

Table 1. Equilibrium solubility of sodium sulfadiazine in aqueous alcoholic mixtures at different

temperatures expressed in mass/volume percentage (% m/v).

a

Temperature (°C) ®

wq

5.0 10.0 15.0 20.0 25.0 30.0 35.0
0.00 46.90 4833 49.73 51.06 52.29 53.72 55.15
0.10 37.05 38.66 40.24 41.72 43.28 44.74 46.14
0.20 27.53 29.14 30.84 32.39 34.14 35.72 37.35
0.30 18.92 20.19 21.63 23.06 24.34 25.81 27.30
0.40 12.89 13.89 14.93 15.89 17.06 18.21 19.22
0.50 7.82 8.35 9.08 9.79 10.50 11.15 11.92
0.60 443 479 5.15 5.49 5.92 6.33 6.73
0.70 2.35 2,52 2.69 2.88 3.05 3.23 3.42
0.80 0.904 0.954 1.01 1.05 1.10 1.15 1.19
0.90 0.248 0.260 0.272 0.282 0.293 0.304 0.312
1.00 0.036 0.037 0.038 0.039 0.040 0.041 0.043

@ wy is the mass fraction of ethanol in the binary mixtures free of sodium sulfadiazine. b Mean relative uncertainty
in mass/volume percentage solubility is 2.0%.
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Figure 2. Equilibrium solubility of sodium sulfadiazine expressed in mass/volume percentage in

some aqueous alcoholic mixtures as a function of the ethanol mass fraction at different temperatures.

Trends from top to bottom: 35.0 °C, 30.0 °C, 25.0 °C, 20.0 °C, 15.0 °C, 10.0 °C, and 5.0 °C.
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Figure 3. Equilibrium solubility of sodium sulfadiazine in some aqueous alcoholic mixtures as
a function of temperature expressed in mass/volume percentage. O: neat water; O: w; = 0.10;
A wy, =0.20; O: wy = 0.30; @ wq = 0.40; B: wy = 0.50; A: w, = 0.60; ¢: wy = 0.70; ®: w; = 0.80;
®: wy = 0.90; A: neat ethanol.

On the other hand, all logarithmic % m /v solubility values of NaSD (compound 3) in
{ethanol (compound 1) + water (compound 2)} (InS3 1,7) were correlated as the bivariate
polynomial model shown as Equation (1), where w; denotes the mass fraction of ethanol in
the solvent mixtures free of drug and the temperature (f) is expressed in degrees Celsius (°C).
Obtained statistical parameters were as follows: r2 = 0.9997, mean standard error = 0.0400,
and statistical F value = 45,526. This model allows the calculation of NaSD solubility
with a mean percentage deviation (MPD %) of 3.0%—as calculated with Equation (2),
where Sgak“lated and Sg)bser‘“?d are the calculated and experimental solubility NaSD values,
respectively [59-61]. It is worth noting that this MPD is slightly higher than the mean
relative uncertainty in mass/volume percentage solubility of 2.0% (Table 1), demonstrating
the usefulness of this correlation model.

InS31:0 = 3.714 4 0.0102(£0.0005) - £(°C) — 0.769(£0.223) - w;

1
—10.04(+0.98) - w? + 16.46(+1.50) - w$ — 12.80(+0.75) - wf @
n gCalculated __ Sgbserved
igl 100~ SObserved
MPD % = n3 @)

On the other hand, Table 2 summarizes the experimental mass/mass percentage
solubilities of NaSD in the aqueous mixtures of ethanol as a function of both the mix-
tures” composition and temperature. Moreover, as a visual help, % m/m solubilities are
depicted as a function of mixture compositions at four temperatures in Figure 4 as a Gibbs—
Roozeboom triangular graph [62,63]. It is noteworthy that mass fraction solubilities are
required for calculating apparent specific volumes of NaSD as indicated below.
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Table 2. Equilibrium solubility of sodium sulfadiazine in aqueous alcoholic mixtures at different

temperatures expressed in mass/mass percentage (% m/m).

a

Temperature (°C) b

w1

5.0 10.0 15.0 20.0 25.0 30.0 35.0
0.00 39.14 40.18 41.19 42.18 43.13 44.12 45.07
0.10 32.22 33.38 34.53 35.61 36.70 37.74 38.72
0.20 25.08 26.30 27.54 28.69 30.03 31.21 32.44
0.30 18.01 19.11 20.18 21.30 22.33 23.51 24.65
0.40 12.77 13.66 14.56 15.37 16.40 17.41 18.28
0.50 8.07 8.58 9.27 9.93 10.60 11.20 11.92
0.60 4.75 5.13 5.51 5.87 6.31 6.74 7.16
0.70 2.62 2.82 3.01 3.24 343 3.65 3.87
0.80 1.04 1.11 1.17 1.22 1.29 1.36 1.42
0.90 0.297 0.313 0.329 0.343 0.358 0.374 0.386
1.00 0.044 0.046 0.048 0.050 0.051 0.053 0.055

2w, is the mass fraction of ethanol in the binary mixtures free of sodium sulfadiazine. ® Mean relative standard
deviation in mass percentage solubility is 2.0%.

Water

NaSD

EtOH

Figure 4. Equilibrium solubility of sodium sulfadiazine expressed in mass/mass percentage in some
aqueous alcoholic mixtures as a function of the mixture composition at different temperatures. Trends
from top to bottom: 35.0 °C, 25.0 °C, 15.0 °C, and 5.0 °C.

The effects of solubility units on the accuracy of the cosolvency model of Jouyban-
Acree and Jouyban-Acree-van’'t Hoff models are investigated [64], and the obtained results
are listed in Table 3. As it has been shown in Table 3, the model constants varied with
different solubility units; however, there is no big difference among the MPD% values. This

is in agreement with the findings reported in a previous study [64].
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Table 3. Jouyban—Acree and Jouyban-Acree-van’t Hoff models parameters for equilibrium solubility
of sodium sulfadiazine in aqueous alcoholic mixtures at different temperatures.

Jouyban—-Acree Model

Scale Jo 1 I2 MPD%
Molar 2251.523 1343.278 912.184 7.1
Mole fraction 1951.167 1365.791 966.519 6.9
% mass/volume 2261.926 1362.768 939.024 8.1
% mass/mass 2257.024 1395.509 937.151 7.3

Jouyban—-Acree-van’t Hoff Model

Scale By Ay B, To 1 Ja MPD%
Molar —3.893 —770.676 2.191 —457.996  2251.206 1342.885 911.391 7.1
Mole fraction —7.346 —598.184 —0.816 —662.826 1950.841 1365.970 965.703 6.9
% mass/volume —1.595 —482.387 5.495 —457.990  2262.116  1363.003 939.497 8.1
% mass/mass —0.885 —621.286 5.114 —402.209  2256.757 1395.700 936.483 7.3

MPD, mean percentage deviation.

3.2. Apparent Specific Volume of Sodium Sulfadiazine at Saturation

As widely described in the literature, the complete knowledge of the volumetric
contribution of drugs and excipients after dissolution in aqueous cosolvent mixtures as
a function of systems composition and temperature is very important from practical and
theoretical viewpoints. Thus, a well-described property of every pharmaceutical solute in
saturated solutions is its apparent specific volume (cpi’f), which is commonly calculated by
means of Equation (3) [49-51]:

oP — w3 + w142(1 — p11243/p142) 3)
v W30142+3

Here, w3 and w1, are the mass fractions of the solute (3) and the {ethanol (1) + water (2)}
mixture in the saturated solution, respectively. Furthrmore, p1,7.3 and p;., are the densities
of the saturated solution and the cosolvent mixture free of solute, respectively.

The density values of the NaSD saturated solutions in all the cosolvent mixtures and
neat solvents at all temperatures are shown in Table 4 and Figure 5.

Regarding the saturated mixtures, the density values diminish with the ethanol pro-
portion in the mixtures (Table 4 and Figure 5) because ethanol is the compound exhibiting
the lowest density and also because NaSD solubility decreases as the ethanol proportion
increases in the mixtures. Regarding temperature increasing, the density of saturated
systems increases in pure water and the mixtures of 0.10 < w; < 0.60 because the effect of
NaSD concentration increasing at saturation is more important than the density decreasing
of the solvent systems free of drug as shown in Figure 6. Otherwise, the density of saturated
systems decreases with temperature increasing in the solvent systems of 0.70 < w; < 1.00,
demonstrating the main role of density diminishing of solvent systems with temperature
increasing compared with the NaSD solubility increasing owing to the low drug solubilities
observed in these solvent systems.



J. Pharm. BioTech Ind. 2025, 2,5

90f18

Table 4. Density of saturated solutions of sodium sulfadiazine in aqueous alcoholic mixtures

(p1+42/g/mL) at different temperatures.

a

Temperature (°C) b

w1
5.0 10.0 15.0 20.0 25.0 30.0 35.0

0.00 1.1983 1.2028 1.2074 1.2106 1.2124 1.2175 1.2236
0.10 1.1498 1.1583 1.1652 1.1714 1.1793 1.1855 1.1918
0.20 1.0979 1.1078 1.1197 1.1289 1.1369 1.1446 1.1513
0.30 1.0507 1.0565 1.0716 1.0826 1.0898 1.0980 1.1074
0.40 1.0097 1.0172 1.0257 1.0341 1.0403 1.0462 1.0518
0.50 0.9686 0.9738 0.9796 0.9858 0.9904 0.9957 1.0001
0.60 0.9321 0.9337 0.9347 0.9357 0.9374 0.9382 0.9401
0.70 0.8967 0.8945 0.8924 0.8899 0.8881 0.8857 0.8831
0.80 0.8669 0.8629 0.8583 0.8545 0.8500 0.8494 0.8410
0.90 0.8359 0.8321 0.8269 0.8221 0.8173 0.8122 0.8073
1.00 0.8035 0.7990 0.7946 0.7910 0.7873 0.7835 0.7793

2 is the mass fraction of ethanol in the binary mixtures free of sodium sulfadiazine. ® Mean uncertainty in
density of saturated solutions is 0.0010 g/mL.

1.10

[
>
n

Density (g/mL)
5

e
)
7

oo oo

5 10

20

30

Temperature (°C)

40

Figure 5. Density of saturated solutions of sodium sulfadiazine in some aqueous alcoholic mixtures

as a function of temperature. O: neat water; 0: w; = 0.10; A: w, = 0.20; O: wy = 0.30; @: wy = 0.40;
®: wy = 0.50; A: w, = 0.60; 9: wy = 0.70; ®: w; = 0.80; B: w; = 0.90; A: neat ethanol.

Moreover, Table 5 summarizes the difference in densities of saturated solutions of

sodium sulfadiazine and aqueous alcoholic mixtures free of drug at different temperatures.

It is noteworthy that densities of binary mixtures free of drug shown in Figure 6 were taken

numerically from the literature [65,66]. It is important to note that volumetric and acoustic

measurements have also been used for characterizing (EtOH + water) mixtures, demon-

strating that the enhanced packing efficiency of ethanol in water at low concentrations is
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affected by the formation of cage-like structures around the hydrophobic moiety; however,
at high concentrations, linear chains or rings of ethanol molecules are formed, changing its
mode of packing within the 3D structure of water [67].

1.00 H‘g*_g‘_e_\e_‘o

. .\.\.\I\.\.\.

085 .\'\‘\v\'\’\.
- ‘\‘\‘\‘\.\‘\‘

0.75

Density (g/mL)

0 5 10 15 20 25 30 35 40
Temperature (°C)

Figure 6. Density of some aqueous alcoholic mixtures free of sodium sulfadiazine as a function of
temperature. O: neat water; O: wq = 0.10; A: w, = 0.20; QO: wy =0.30; @: w; = 0.40; B: wy = 0.50;
A: wy =0.60; 9: wy = 0.70; @: wq = 0.80; B: w; = 0.90; A: neat ethanol.

Table 5. Difference in density of saturated solutions of sodium sulfadiazine and aqueous alcoholic
mixtures free of drug (Ap/g/mL) at different temperatures.

a Temperature (°C) b

w1
5.0 10.0 15.0 20.0 25.0 30.0 35.0

0.00 0.1983 0.2030 0.2082 0.2124 0.2154 0.2218 0.2296
0.10 0.1638 0.1733 0.1816 0.1896 0.1991 0.2068 0.2151
0.20 0.1239 0.1352 0.1489 0.1603 0.1703 0.1807 0.1901
0.30 0.0879 0.0965 0.1144 0.1288 0.1389 0.1506 0.1633
0.40 0.0637 0.0744 0.0864 0.0989 0.1082 0.1185 0.1277
0.50 0.0429 0.0516 0.0612 0.0720 0.0804 0.0898 0.0984
0.60 0.0281 0.0337 0.0379 0.0446 0.0502 0.0553 0.0608
0.70 0.0159 0.0177 0.0188 0.0222 0.0244 0.0265 0.0284
0.80 0.0100 0.0104 0.0090 0.0110 0.0108 0.0147 0.0099
0.90 0.0044 0.0050 0.0031 0.0041 0.0041 0.0028 0.0015
1.00 0.0011 0.0007 —0.0006 0.0015 0.0020 0.0024 0.0026

@ wy is the mass fraction of ethanol in the binary mixtures free of sodium sulfadiazine. b Mean uncertainty in
density differences is 0.0015 g/mL.

Otherwise, as an example, Figure 7 allows the visual comparison of densities for all
the saturated solutions and the respective cosolvent mixtures free of sodium sulfadiazine
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at 25.0 °C. Moreover, Figure 8 allows the comparison of densities of saturated solutions in

pure water regarding the water free of sodium sulfadiazine at different temperatures from
5.0 t0 35.0 °C.

1.25

1.10

Density (g/mL)
g =

e
v
P

0.90

0.75

00 01 02 03 04 05 06 0.7 08 09 1.0
Ethanol mass fraction

Figure 7. Density of saturated solutions of sodium sulfadiazine (O) and density of aqueous alco-

holic mixtures free of drug ([J) in some aqueous alcoholic mixtures as a function of the mixtures
composition at 25.0 °C.

1.25

| O/Q/Q/M/G/Q

1.10

Density (g/mL)

10 F—B—H—8—a—g o

0.95 1 I 1 1 1 1 1
0 5 10 15 20 25 30 35 40
Temperature (°C)

Figure 8. Density of saturated solutions of sodium sulfadiazine in pure water (O) and density of pure
water free of drug (0J) as a function of temperature.
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As expected, all saturated solutions exhibit density values higher than those of the
cosolvent mixtures free of sodium sulfadiazine, which indicates that this drug is denser
than all the respective solvent systems.

As observed, density differences decrease as the ethanol proportion decreases in the
mixtures owing to the NaSD solubility decreasing. Moreover, density differences increase
with the temperature arising from pure water to the mixture of w; = 0.70 owing to the
increase in the NaSD solubility. In mixtures from w; = 0.80 to pure EtOH, the differences
follow erratic tendencies where differences in uncertainty are significant.

An adopted version of the Jouyban—Acree model could be used to represent the
physico-chemical properties of the solvent mixtures at different temperatures, including
density values [68]. Because of the ignorable effects of the dissolved solute on the density of
the saturated solutions of poorly soluble drugs, one may use the trained model using solute-
free solvent mixtures and then predict the density of the saturated solutions employing
the experimental density of the saturated solutions in the neat mono-solvents. The trained
model using the NaSD-free mixtures of aqueous alcoholic mixtures is as follows:

1.048wqw,

. @

Inp,, v =winpyr+wrInpy T+

This model predicted the density of the NaSD saturated solutions with the MPD %
of 1.6%.

Otherwise, the calculated apparent specific volumes of NaSD at saturation (¢}}) as
functions of mixture composition and temperature are summarized in Table 6. Moreover,
as visual help Figures 9 and 10 depict this property as a function of (EtOH + water) mixture
composition and temperature, respectively. It is important to note that significant (p?f values
are obtained from pure water to the mixture of w; = 0.70, while from w; = 0.80 to pure
EtOH, negative @)} values are observed, some of them being too high, like —6.40 mL/g.
For this reason, only the first (p?}o values are considered for discussion.

Table 6. Apparent specific volume of sodium sulfadiazine at saturation ((ps{}) /mL/g) in several
aqueous alcoholic mixtures at several temperatures.

a Temperature (°C) ®

w1
5 10 15 20 25 30 35

0.00 0.577 0.580 0.582 0.585 0.590 0.590 0.587
0.10 0.566 0.560 0.558 0.556 0.551 0.550 0.547
0.20 0.565 0.551 0.533 0.521 0.518 0.513 0.511
0.30 0.556 0.544 0.492 0.463 0.452 0.440 0.425
0.40 0.535 0.493 0.448 0.404 0.392 0.376 0.363
0.50 0.487 0.414 0.355 0.289 0.258 0.215 0.194
0.60 0.404 0.330 0.293 0.211 0.171 0.142 0.110
0.70 0.365 0.339 0.346 0.264 0.230 0.209 0.198
0.80°¢ —0.120 —0.102 0.127 —0.060 0.013 —0.333 0.209
0.90 € —0.915 —1.129 —0.170 —0.553 —0.506 0.111 0.657
1.00¢ —2.483 —1.243 3.243 —3.582 —5.040 —6.136 —6.430

@ wy is the mass fraction of ethanol in the binary mixtures free of sodium sulfadiazine. b Mean uncertainty in the
apparent specific volume of sodium sulfadiazine is 0.009 mL/g. ¢ Values in italics are not considered for analysis
owing negative or low values.
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Figure 9. Apparent specific volume of sodium sulfadiazine at saturation in aqueous alcoholic mixtures
as a function of ethanol mass fraction at several temperatures. @: 5.0 °C; @: 10.0 °C; A: 15.0 °C;
9:20.0°C; @: 25.0 °C; ®: 30.0 °C; A: 35.0 °C.
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Figure 10. Apparent specific volume of sodium sulfadiazine at saturation in aqueous alcoholic
mixtures as a function of temperature. @: neat water; B: w; = 0.10; A: w, = 0.20; 9wy =0.30;
®: wy = 0.40; ®: w; = 0.50; A: w; = 0.60; ®: w; =0.70.
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As observed, ¢;} values diminish as the EtOH proportion decreases in the mixtures
from 0.590 mL/g in pure water to 0.171 mL/g in the mixture of w; = 0.60, but it increases
again to 0.230 mL/g in the mixture of w; = 0.70. Moreover, go?f values apparently increase
with the temperature rising in pure water, but these values decrease in the composition
interval 0.10 < wy < 0.70.

The main technological purpose of determining the ¢}7 values of drugs and excipients
is to verify if this property is almost constantly independent of temperature and mixture
composition. However, in this ternary (or binary in the case of pure solvents) system, it is
observed that in the interval of 0.20 < w; < 0.70, the ¢;¥ values change significantly with
temperature. In this way, only in the cases of pure water and the mixture of w; = 0.10 no sig-
nificant changes with temperature are obtained as follows: (p?}o =0.584 (£0.005) mL/g (with
relative standard deviation, RSD = 0.83%) in pure water and ¢} = 0.555 (+0.007) mL/g
(with RSD = 1.20%).

Regarding reported literature (p?f values of NaSD in some other aqueous cosolvent
binary solvent systems, our present q)?}j values in {ethanol (1) + water (2)} at 25.0 °C are
significantly lower. In particular, if considering that the following mean qo?f values were
reported earlier: 0.617 (£0.013) mL/g (RSD = 2.06%) in {dimethyl sulfoxide (1) + water (2)}
mixtures, 0.591 (£0.009) mL/g (RSD = 1.54%) in {methanol (1) + water (2)} mixtures, 0.598
(£0.009) mL/g (RSD = 1.51%) in {N-methyl-2-pyrrolidone (1) + water (2)} mixtures, 0.588
(£0.011) mL/g (RSD = 1.82%) in {1,4-dioxane (1) + water (2)} mixtures, 0.705 (£0.024) mL/g
(RSD = 3.45%) in {formamide (1) + water (2)} mixtures, 0.668 (£0.012) mL/g (RSD = 1.76%)
in {N-methylformamide (1) + water (2)} mixtures, and 0.659 (+0.015) mL/g (RSD = 2.22%)
in {N,N-dimethylformamide (1) + water (2)} mixtures, respectively, when considering all
the possible mixtures in almost all the binary systems [12].

As it is clearly observed, the relative deviations are higher than 1.0% in almost all
binary solvent mixtures but lower than 2.50%, which is commonly accepted during the
different stages associated with research and development of homogeneous liquid pharma-
ceutical dosage forms [69-72].

4. Conclusions

From all topics discussed previously, it can be concluded that the NaSD solubility
in (EtOH + water) mixtures is strongly dependent on temperature and the cosolvent
mixture composition. NaSD equilibrium solubility increases with temperature rising,
but diminishes with the EtOH proportion increasing in the mixtures at all temperatures
studied. Mass/volume percentage logarithmic solubility is adequately correlated with
a multivariate model involving a linear effect of temperature and a polynomial effect
of mixture composition. Furthermore, the apparent specific volume ((pif) of NaSD at
saturation is also dependent on temperature and ethanol proportion in the mixtures. Thus,
(p?}? values diminish as the EtOH proportion decreases in the mixtures from 0.590 mL/g in
pure water to 0.171 mL/g in the mixture of w; = 0.60, but it increases again to 0.230 mL/g
in the mixture of w; = 0.70. Moreover, q)?}j values apparently increase with the temperature
rising in pure water, but these values decrease in the composition interval 0.10 < w; < 0.70.
Further, it can be said that the solubility and volumetric data presented in this report
expand the physicochemical information about the behavior of saline drugs in mixed
aqueous solutions. As described deeply in the literature, this information is highly in
demand in the pharmaceutical and chemical laboratories where drug solubilization and/or
desolubilization and volumetric contributions toward dissolution processes are required in
many industrial processes.
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