
Solubility prediction based on a minimum number of ex-
periments has not been comprehensively considered in the
pharmaceutical literature. Predictions using a few experi-
mental data can be employed in drug liquid formulations and
preformulation studies of a new drug/drug candidate where
only a small quantity of the drug is available. This is impor-
tant in pharmaceutics because it reduces the number of re-
quired experiments that are often expensive and time con-
suming. A number of papers have been published in the past
two decades regarding mathematical modelling of drug solu-
bility in binary solvents at a single temperature.1—9) However,
the works dealing with solubility in mixed solvents at differ-
ent temperatures and solubility prediction based on a mini-
mum number of experiments are scarce. In this work, an ex-
tension of the excess free energy approach presented by
Williams and Amidon3) to correlate/predict solubility in bi-
nary solvents at different temperatures is proposed. Binary
solvent systems are employed in drug formulation of water
poorly soluble drugs, liquid–liquid extraction and re-crys-
tallisation of drugs. The solubilities determined between of
20—40 °C are of particular interest because this range in-
cludes the physiological temperature and temperature varia-
tions that may occur during storage.

The accuracy and prediction capability of the proposed
model are critically examined using the experimental solubil-
ities of oxolinic acid (5-ethyl-5,8-dihydro-8-oxo-1,3-dioxo-
[4,5-g]-quinoline-7-carboxylic acid) and published data in bi-
nary solvents at different temperatures. Oxolinic acid is an
effective chemotherapeutic agent in the treatment of acute
and recurrent urinary tract infections. This drug is struc-
turally related to nalidixic acid, having a similar antibacterial
spectrum and mechanism of action.

Theoretical
Williams and Amidon3) derived relationships between

solute activity coefficient, solute’s Henry law constants in

pure solvents, and solute free cosolvent and water volume
fractions at a constant temperature. These models were used
to predict solubility in binary solvents by employing the
Wohl method.3) The three-suffix equation for a binary solvent
system is:

(1)

where xm, x1 and x2 are the solubility mole fraction of the
solute in the mixture and in the pure solvents 1 and 2, f1 and
f2 are the solute free volume fractions of solvents 1 and 2,
A1–2 and A2–1 stand for solvent–cosolvent interaction terms
calculated from vapour–liquid equilibrium data, Vs, V1 and V2

are the molar volumes of the solute and solvents 1 and 2, re-
spectively, and Cs is the solute–solvent interaction term.
From a theoretical point of view, Cs is the only unknown con-
stant. The Cs value can be calculated from one solubility
measurement in a binary solvent mixture, or it can be esti-
mated from a least square method setting the intercept equal
to zero3):

(2)

In another paper, Williams and Amidon10) suggested a sin-
gle point estimation of the Cs term. In water1ethanol mix-
tures, the values used for the solvent–cosolvent interaction
terms were A1–251.2160 and A2–150.9093. An important
goal in mathematical modelling is to provide accurate quanti-
tative relationships for correlating/predicting the experimen-
tal data points. The fitness (correlation) ability of a model
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can be used to identify outliers in order to re-determinate ex-
perimental data. The capability to provide accurate predic-
tions distinguishes the good from the poor models. As shown
in a recent work,11) the numerical methods proposed by
Williams and Amidon produced relatively high prediction er-
rors. In order to provide more accurate predictions, and since
the terms A1–2, A2–1, Vs, V1, V2 and Cs are constant for a solute
in a given binary solvent, it is possible to rewrite Eq. 1 as:

(3)

or

ln xm5f1 ln x11f2 ln x21M1f1f21M2f1
2f2 (4)

where M1 and M2 are the model constants that can be com-
puted by regressing ln xm2f1 ln x12f2 ln x2 against f1f2 and
f1

2f2 using a no intercept least squares method. In the origi-
nal derivation of Eq. 3,12) the excess free energy term, gE,
was divided by RT where R is the gas constant. At constant
temperature, RT may be included into the constants of the
model. For different temperatures, Eq. 5 can be derived
where R is included into the J1 and J2 terms.

(5)

where xm,T, x1,T and x2,T are the solute solubility in the binary
mixture, the pure solvents 1 and 2 at temperature T, respec-
tively and J1 and J2 are the constants of the model. Equation
5 is also derivable from a previously published model based
on the combined nearly ideal binary solvent/Redlich–Kister
model.13) It should be noted that the model assumes a con-
stant contribution from the solid phase, that is, the solvent
mixtures do not induce significant solid phase changes (poly-
morphism or solvates). Therefore, the solid phase contribu-
tion is included as a constant value into the regression coeffi-
cients.

The correlation/prediction capability of the models is eval-
uated by the average relative error (ARE):

(6)

where N is the number of data points obtained in each set
which equals the number of different cosolvent ratios and
temperatures used.

Experimental
Oxolinic acid was purchased from Sigma. The purity of the lot employed

in this work (20H0315) was .99%. The solvents used were ethanol and
ethyl acetate (spectrophotometric and analytical grade, respectively, Panreac,
Monplet and Esteban, Barcelona, Spain) and double distilled water.

An excess amount of oxolinic acid was added to sealed flasks containing
the pure solvents and solvent mixtures and shaken at four temperatures
(20—40 °C) in a temperature-controlled bath (60.1 °C, Heto SH 02/100).
The binary mixtures were prepared by volume. When the saturation concen-
tration was attained, the solid phase was removed by filtration (Durapore
membranes, 0.2 mm pore size). The drug did not significantly adsorb onto
the membranes as shown from the similar results obtained in preliminary ex-

periments (centrifugation and filtration). For example, the solubility in water
at 25 °C was 29.5060.11 mg/ml (centrifugation) and 29.2060.10 mg/ml (fil-
tration). The solubilities in ethanol at 25 °C were 71.8660.58 mg/ml (cen-
trifugation) and 71.5660.25 mg/ml (filtration). The clear solutions were di-
luted with ethanol 96% volume and assayed in a double beam spectropho-
tometer. The calibration line was obtained by preparing in triplicate with 14
concentrations ranging from 1 to 5.6 mg/ml and measuring the absorbance at
the wavelength of maximum absorption, 260 nm. The relationship is linear
at this concentration range: Absorbance50.1297 (60.006) Concentration1
0.043 (60.024), n514, r 250.999, S.D.50.003, F540929. The intercept is
not statistically different from zero. The molar absorptivity is 12.973104

l mol21 cm21. To test the accuracy, known concentrations of oxolinic acid
(10, 20, 25, 30 mg/ml) were assayed at different days. Three dilutions were
prepared in triplicate from these initial concentrations to obtain 2, 3 and
4 mg/ml (a total of 12 samples). The absorbance readings of these samples
were converted into concentrations using the equation above. The coeffi-
cients of variation among replicated samples range between 0.06—2% and
the differences between the known and the measured concentrations were
less than 2% except for one case (2.7% error). The densities of the solutions
were determined at each temperature in 10-ml pycnometers to convert mo-
larity units into mole fraction units.

Differential scanning calorimetry (Mettler TA 4000) was performed on
the solid phase before and after equilibration with the solvent mixtures at
heating rates of 2 °C/min, 5 °C/min and 10 °C/min.

Results and Discussion
The onset melting temperature of oxolinic acid is 314

(60.1) °C at 2 °C/min and 5 °C/min and 314.4 (60.1) °C at
10 °C/min. These values agree with literature results (314 °C
at 10 °C/min.14)). The molar heat of fusion only varies 1.6—
3% with the heating rate (2 °C/min, DHF542172 (6172)
J/mol; at 5 °C/min, DHF543594 (6178) J/mol; at 10 °C/min,
DHF542953 (690.2) J/mol). It should be noted that decom-
position starts during melting and an accurate determination
of the heat of fusion is not possible, a fact that was also re-
ported.14) The differential scanning calorimetry (DSC) curves
after equilibration with the saturated solutions do not show
new thermal effects that could indicate solid-phase changes.
To save journal space, the curves are not included.

The mole fraction solubilities of oxolinic acid in the sol-
vent mixtures studied at 20, 25, 30, 35 and 40 °C are listed
in Table 1 along with the coefficient of variation, CV5
(S.D./mean)3100, of the replicated measurements to show
the precision of the data. Among the 95 mean solubility val-
ues listed, 84 cases have CV values less than 1% and the re-
maining 11 solubilities have CV values between 1—2.5%,
that is, very close to 1%. In our knowledge, the literature
does not report any solubility data for oxolinic acid in sol-
vent mixtures. The only value reported is the solubility in
water at 20 °C (1060.5 mg/ml).14) We obtain 1260.09 mg/ml
at the same temperature. Figure 1 shows the experimental
and predicted mole fraction solubilities for oxolinic acid ver-
sus solvent’s solubility parameter at different temperatures.

The mixtures studied contain a common cosolvent
(ethanol) and the polarity of the medium ranges from
d1548 MPa1/2 (water) to d1518 MPa1/2 (ethyl acetate). The
Hildebrand solubility parameter d1 is a measure of the over-
all polarity. From Fig. 1, the solubilization power of the less
polar mixture (ethyl acetate–ethanol, d1518—26 MPa1/2) is
larger than that of the amphiprotic mixture (ethanol–water,
d1526—48 MPa1/2). The solubility of oxolinic acid in the
pure solvents decreases from ethyl acetate (hydrogen bond
acceptor).ethanol (amphiprotic).water (amphiprotic). Al-
though these cosolvents are able to hydrogen bond with ox-
olinic acid, the solubility is low due to the high melting tem-
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perature of the solute. The less ordered structure of the non-
aqueous mixture may also explain the larger solubilities ob-
tained for oxolinic acid in ethanol–ethyl acetate. Addition of
ethanol to water enhances the solubility of the solute to a
maximum (80% ethanol–in water, d1532 MPa1/2). Ionization
also contributes to the aqueous solubility of oxolinic acid.
The total solubility of oxolinic acid is the sum of the intrinsic
solubility of the non-ionized species and the concentration of
the ionized species. As ethanol is added to water, the effect
of ionization is expected to decrease. The overall solubility
increase suggests a dominant contribution from the enhanced
intrinsic solubility of the non-ionized species. The solubility
maximum is not related to solid phase changes and it may be
related to an optimal polarity value for the solute–solvent in-
teractions. The nature of the cosolvent added to ethanol
(water, electron donor/acceptor or ethyl acetate, electron
donor) also plays an important role, in addition to polarity.
Thus a higher solubility maximum is obtained in the

ethanol–ethyl acetate mixture (40% ethanol–in ethyl acetate)
at a smaller polarity value (d1522 MPa1/2). Sulphonamides
and paracetamol also show two solubility peaks at the same
polarity range, one in each solvent mixture,7,15,16) whereas
mefenamic acid displays a single maximum in the less polar
mixture (ethanol–ethyl acetate).17)

Although oxolinic acid has polar groups and consequently
it forms non-ideal solutions, the van’t Hoff plots of the loga-
rithm of the mole fraction solubility against the reciprocal of
temperature are linear (r 2$0.99) for both mixtures at all co-
solvent ratios, as shown in Fig. 2 for the pure solvents. Lin-
ear relationships are often observed for sparingly soluble
drugs at the temperature range used in this study. This can be
interpreted as a local linearity from a more general non-lin-
ear function. As the temperature range spans, it is expected
to observe curved rather than linear relationships.18) How-
ever, from a practical point of view, the linear behaviour
commonly observed allows to interpolate the results to pre-
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Table 1. Mole Fraction Solubility (xm) of Oxolinic Acid in Ethanol1Water and Ethanol1Ethyl Acetate Mixtures between 20 and 40 °Ca)

T
Ethanol % (v/v)

40 °Cb) 35 °Cb) 30 °Cb) 25 °Cc) 20 °Cb)

Water (solvent 2)1ethanol (solvent 1) mixtures
0 2.023931026 1.626231026 1.340031026 1.078531026 8.691031027

(0.47) (0.58) (0.50) (0.99) (0.73)
10 4.043231026 3.693431026 3.306731026 2.921231026 2.643631026

(0.65) (1.09) (1.08) (0.71) (1.09)
20 7.622231026 6.925831026 6.032731026 5.399131026 4.779031026

(0.24) (0.44) (0.26) (0.33) (0.74)
30 1.108731025 9.636231026 8.537831026 7.410231026 6.614931026

(0.74) (0.78) (0.66) (0.46) (0.62)
40 1.587331025 1.348231025 1.164331025 9.968631026 8.841131026

(0.62) 80.55) (0.91) (0.55) (0.61)
50 2.212631025 1.830431025 1.541231025 1.265831025 1.069831025

(0.77) (0.71) (1.00) (0.82) (1.13)
60 2.933931025 2.390331025 1.970631025 1.633631025 1.412131025

(0.57) (0.56) (0.58) (0.88) (0.35)
70 3.549331025 2.952431025 2.325331025 2.016631025 1.712731025

(0.58) (0.57) (0.56) (0.84) (1.12)
80 4.094431025 3.284331025 2.583831025 2.099031025 1.737731025

(0.61) (1.11) (0.86) (0.22) (0.53)
90 3.211931025 2.654031025 2.111331025 1.687931025 1.407331025

(1.07) (0.41) (0.67) (0.93) (0.83)
100 1.629831025 1.290731025 1.056131025 8.235731026 6.833431026

(0.45) (0.81) (0.76) (0.15) (0.40)

Ethanol (solvent 1)1ethyl acetate (solvent 2) mixtures
90 2.389931025 1.912431025 1.496431025 1.178131025 9.874431026

(0.75) (0.75) (0.36) (0.26) (0.49)
80 3.290331025 2.653931025 2.074931025 1.653431025 1.345231025

(0.82) (0.19) (0.19) (0.23) (1.05)
70 4.279931025 3.405831025 2.784831025 2.256031025 1.820631025

(1.14) (0.91) (0.51) (0.29) (0.35)
50 6.339331025 5.123731025 4.117531025 3.488731025 2.968531025

(0.88) (0.23) (0.71) (0.77) (0.52)
40 6.446831025 5.394931025 4.603831025 3.813431025 3.291631025

(0.52) (0.94) (0.54) (0.87) (1.04)
30 6.930831025 5.888631025 4.911831025 4.158831025 3.475031025

(0.86) (0.93) (0.35) (0.12) (0.85)
10 5.838731025 4.907931025 4.077131025 3.427631025 2.998031025

(0.86) (0.59) (0.36) (1.25) (0.63)
0 4.228831025 3.545631025 2.980131025 2.450231025 2.010331025

(0.17) (0.55) (0.89) (0.60) (0.20)

a) Coefficient of variation (CV5S.D./mean)3100 in parentheses. The results are the average of at list three replicate experiments. b) From this work. c) Data taken from
a previous paper.21)



dict solubility at the temperature range which is more rele-
vant for pharmaceutical purposes.

The experimental solubilities were fitted to Eq. 5 and xm,T

was back calculated by the trained model. The ARE value ob-
tained from these calculations employing the whole data set
in water1ethanol and ethanol1ethyl acetate were 12 and
2%. This analysis (fitting whole data points in each set and

back-calculating solubility values) shows the correlation
ability of the proposed model. As mentioned above, this nu-
merical method could be employed to detect possible outliers
where re-determination is required.

To further investigate the accuracy of the proposed model
to correlate experimental solubilities, published solubility
data sets in binary solvent mixtures at different temperatures
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Fig. 1. The Experimental and Predicted Mole Fraction Solubility of Oxolinic Acid vs. Solvent’s Solubility Parameter at Temperatures 20, 25, 30, 35 and
40 °C

Fig. 2. Linear Relationship between ln x vs. 1/T in Pure Solvents 1—3

Table 2. Data Sets at Temperatures 20 to 40 °C, the References and Average Relative Error (ARE ) Values Using Eq. 5 and a Previously Published Model13)

Solute and mixed solvent Reference Eq. 5 Published model Na)

Oxolinic acid in water1ethanol This work and 21 12 4 55
Oxolinic acid in ethanol1ethyl acetate This work and 21 2 2 45
Paracetamol in water1ethanol 15 16 16 35
Paracetamol in ethanol1ethyl acetate 15 16 13 35
Sulphamethoxypyridazine in water1ethanol 16 10 10 35
Sulphamethoxypyridazine in ethanol1ethyl acetate 16 6 6 25
Paracetamol in water1dioxane 22 17 11 60
Nalidixic aicd in water1dioxane 22 14 11 72
Acetanilide in water1dioxane 22 24 17 55

Mean ARE 13 10

a) N is the number of data points in each set.



were collected from the literature. The results (Table 2) are
less accurate than those obtained with a previously published
model.13) However, Eq. 5 employs less curve-fitting parame-
ters and it is obvious that the larger the number of curve-fit-
ting parameters, the more accurate the result is likely to be.
The disadvantage for employing more curve-fitting parame-
ters is that the model needs more experimental data whose
collection is costly and time consuming. This is an important
factor to be considered in pharmaceutical industry where
often a limited amount of a new drug candidate is available.
Using the same number of curve-fit parameters, it is expected
that Eq. 5 would produce the same accuracy as the proposed
equation,13) because from a mathematical point of view the
published model and Eq. 5 can be made equivalent by simple
algebraic manipulations.

Equation 5 was also tested by calculating the model con-
stants with a smaller number of experimental data, i.e. 8 val-
ues, using f150, 0.3, 0.6 (or 0.7) and 1 at 20 and 40 °C. The
solubility at the remaining f1 and T values were predicted
from the x1,T and x2,T values and the trained model. The ARE
value for oxolinic acid in water1ethanol and ethanol1ethyl
acetate mixtures were 14 and 2% (the number of predicted
data points is N-14). There is no difference between ARE val-
ues obtained from back calculations using whole data points
and predictions using 8 experimental data points. This means
that instead of measuring the solute solubility in a large num-
ber of solvent compositions and temperatures, one may em-
ploy a smaller number of data points to reproduce the solu-
bility in mixed solvents at different temperatures. Since there
is a linear relationship between ln x and 1/T throughout the
entire solvent composition, one can use the interpolated val-
ues of ln x1,T, ln x2,T and ln x3,T instead of real experimental
values. Using this method, the following equations were ob-
tained for the oxolinic acid data in water1ethanol mixtures:

(7)

and for oxolinic acid in ethanol1ethyl acetate:

(8)

It should be noted that these equations are useful for drug
formulation and to predict drug solubility at physiological
temperature because many sparingly soluble drugs show lin-
ear van’t Hoff plots18) at this temperature range. Using Eqs. 7
and 8, there is no need to measure the solubility in pure sol-
vents at other temperatures in order to predict the solubility
in the mixed solvent system. The ARE value for the predicted
solubilities of oxolinic acid, which were not used to obtain
the model in water1ethanol and ethanol1ethyl acetate were
14 and 3%, respectively. This means that it is possible to pre-
dict the drug solubility at different f1 and T values employ-
ing just 8 experimental data points collected from 2 cosol-
vent concentrations (the best f1 are 0.33 and 0.66) and the

pure solvents at 2 different, preferably the lowest and the
highest, temperatures. Figure 1 shows the calculated curves
using Eqs. 7 and 8. The model gives excellent results in
ethanol–ethyl acetate (left curve), and the errors are larger
near the maximum in ethanol–water (right curve). However,
these errors are acceptable for practical application taking
into account the advantages of using a small number of ex-
periments.

In conclusion, it has been shown that we can extend the
applicability of the excess free energy model for calculating
solute solubility in mixed solvents at various temperatures
using a single equation. Because of the lack of theoretical
knowledge on solute–solvent and solvent–solvent interac-
tions, these terms should be estimated using experimental
data. The possibility of estimation of these terms using solu-
bility data at two temperatures and predicting solubility at
other temperatures using interpolation technique is shown
here. The mean ARE is around ((1412)/2) 8%. For com-
pounds showing low solubility, an estimation method can be
considered accurate if solubility predictions are, on the aver-
age, within 630% of the experimental values.20) Therefore,
this approach provides a rational drug formulation strategy
rather than a trial and error approach when the optimisation
of the cosolvent concentration at different temperatures is re-
quired. This is important in pharmaceutics because it saves
experiments that are often expensive and time consuming.
These computations are also applicable to re-crystallisation
processes of drug/chemical compounds. The model employs
the total solubility and does not differenciate the contribution
from ionized and non-ionized species. For sparingly soluble
drugs in solvent mixtures, the cosolvent effect on the non-
ionized species seems to be dominant as shown from the ini-
tial solubility increase as the cosolvent is added to water.
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