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Abstract

As in a previous paper [Int. J. Pharm. 258 (2003) 193-201], the Kirkwood—Buff theory of solutions was employed to calculate
the solubility of a solid in mixed solvents. Whereas in the former paper the binary solvent was assumed ideal, in the present one
it was considered nonideal. A rigorous expression for the activity coefficient of a solute at infinite dilution in a mixed solvent
[Int. J. Pharm. 258 (2003) 193—-201] was used to obtain an equation for the solubility of a poorly soluble solid in a nonideal
mixed solvent in terms of the solubilities of the solute in the individual solvents, the molar volumes of those solvents, and the
activity coefficients of the components of the mixed solvent.

The Flory—Huggins and Wilson equations for the activity coefficients of the components of the mixed solvent were employed
to correlate 32 experimental data sets regarding the solubility of drugs in aqueous mixed solvents. The results were compared with
the models available in literature. It was found that the suggested equation can be used for an accurate and reliable correlation
of the solubilities of drugs in agueous mixed binary solvents. It provided slightly better results than the best literature models
but has also the advantage of a theoretical basis.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction and methylene iodine, whilBmith et al. (1959hoted

such an enhancement in the solubility of iodine in the

The solubility of drugs in aqueous mixed sol-
vents often exhibits a maximum as a function of the
mixed solvent composition. The higher solubility of
a solid solute in a mixed solvent than in either of the
pure solvents, was frequently observédiee, 1984;
Prausnitz et al., 1986and is not an exception as it
seemed several decades ago.

Gordon and Scott (1952bserved an enhanced sol-
ubility of phenanthrene in the mixture of cyclohexane
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C7F16/CCls mixture. In their book,Hildebrand and
Scott (1962)pointed out that such enhancements can
be predicted in the framework of the regular solution
theory (the Scatchard—Hildebrand solubility parame-
ter model), when the solubility parameter of the solid
solute lies between those of the two solvents.

However, when the solute or either of the pure sol-
vents is polar, the regular solution theory could no
longer provide quantitative agreement regarding the
solubility of a solid solute in a mixed solver¢ree,
1984; Walas, 1985

Many models, including various modifications of
the Scatchard—Hildebrand solubility parameter model,
were suggested for the correlation and prediction of

All rights reserved.
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the solubility of solids in mixed solvents. Details
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other cosolvent component 1) in a binary mixed sol-

regarding these methods and their comparison with vent at infinite dilution can be written aRckenstein
experiment have been summarized in books and re-and Shulgin, 2008

cent publicationsAcree, 1984; Prausnitz et al.,
Barzegar-Jalali and Jouyban-Gharamaleki,

1986;

Gharamaleki et al., 1999

In a previous paperRuckenstein and Shulgin,
2003, the Kirkwood-Buff theory of solutions
(Kirkwood and Buff, 195) was employed to obtain
an expression for the solubility of a solid (particularly
a drug) in binary mixed (mainly aqueous) solvents. A
rigorous expression for the composition derivative of
the activity coefficient of a solute in a ternary solution
(Ruckenstein and Shulgin, 200Wvas used to derive
an equation for the activity coefficient of the solute
at infinite dilution in an ideal binary mixed solvent
and further for the solubility of a poorly soluble solid.

By considering that the excess volume of the mixed

1996;
Jouyban-Gharamaleki and Acree, 1998; Jouyban-
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whereP andT are the pressure and temperatutf?’el,_3
andyb 13 (i = 1, 3) are the mole fraction and the ac-
tivity coefficient of componeni in the binary solvent
1-3,V is the molar volume of the binary 1-3 solvent,
A(P, T) is a composition-independent constant of in-
tegration, and is a function of the Kirkwood—Buff

1)

solvent depends on composition, the above equationintegrals Ruckenstein and Shulgin, 200% B is con-

was modified empirically by including one adjustable

sidered independent of the composition of the binary

parameter. The modified equation was compared with mixed solvent 1-3Eq. (1)can be rewritten in the form:

the other three-parameter equations available in the lit-
erature to conclude that it provided a better agreement. In y§°°
In the present paper, an equation for the activity

coefficient of a solute at infinite dilution in a nonideal

mixed solvent is used to derive expressions for its

solubility in a nonideal binary mixed solvent.

The paper is organized as follows: first, an equation

for the activity coefficient of a solute at infinite dilu-
tion in a binary nonideal mixed solveriR(ckenstein

and Shulgin, 2008is employed to derive an expres-
sion for its solubility in terms of the properties of the

mixed solvent. Second, various expressions for the /2 =

activity coefficients of the cosolvents are inserted into

the above equation. Finally, the obtained equations

are used to correlate the drug solubilities in binary

aqueous mixed solvents and the results are compared
with experimental data and other models available in

the literature.

2. Theory and formulas

The following rigorous expression for the activity
coefficient 6/5"0) of a solid solute (the designation of

the components in this paper is as follows: the solid so-

I
:—BI1+§2+A )
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On the other hand, the solubility of a poorly soluble
solute in a mixed solvent is given by the expression

(Prausnitz et al., 1996
7 :
- ©
2

where f2 (T, P) is a hypothetical fugacity of compo-
nent 2 as a (subcooled) liquid at a given pressije (
and temperatureTy, f2S is the fugacity of the pure
solid component 2 and, is the solubility of the solid

lute is component 2, the water is component 3 and the solute. The combination dEgs. (2) and (5provides
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an expression for the solubility of a poorly soluble
solid in a mixed binary solvent:
|nxf2=B|1—I—22+A(P,7) (6)
whereA(P, ) = —A(P, D) +In| f3/f5(T, P)|.

The integrald; andl;, can be calculated if the com-
position dependencies of the activity coefficients and
of the molar volumeV of the binary mixed solvent
1-3 are known. The solubilities of the solute in the
individual solvents are also needed for the calculation
of the composition-independent constaats, T) and
B(P, T).

Because it contains the derivative of the activity
coefficient and this gives rise to numerical errors,
Eq. (6) is not entirely suitable for numerical cal-
culations. ThereforeEq. (6) was first modified by
replacing the derivative of the activity coefficient with
a less error-prone quantity.

The integrall, can be transformed by using the
Gibbs—Duhentq. (7)for a binary system at constant
temperature and pressure:

bl 3d|n)/bl —3 _ bl 3d|nj/b 13

(@)

Consequently,
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The integral 1 will be modified by assuming that
can be still considered as ideal:

L=Iny;” " +Inyy

R AN (10)
wherevl.O is the molar volume of the pure component
i(i =1,3).
Then,
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Integrating by partsizq. (11)becomes:
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Egs. (9) and (12for the integrald; andl, no longer
contain the derivative of the activity coefficient. The
simplifying assumption that the molar volume can be
treated as idealHg. (10) does not introduce major
errors (seé\ppendix A).

Eq. (6)combined withEgs. (9) and (12&llows one
to calculate the solubility of a poorly soluble solid in
a mixed solvent in terms of the solubilities in the indi-
vidual solvents (which provide the values 4f P, T)
andB(P, T), their molar volumes and the activity co-
efficients of the components of the mixed solvent.

There are numerous expressions for the activity co-
efficients, which can be employed to calculate the sol-
ubility of a poorly soluble solid in a mixed binary
solvent. In this paper two expressions for the activity
coefficients will be used.

(1) The Flory—Huggins equatioMalas, 198%

®1 1
Inybl =In |:mj| + (1_ _)¢3+X§03
Xl’
(13)
and
|n)/b1 3—|n |:m:| +(r—1)§01+X(,01
X3
(14)
(2) The Wilson equationWilson, 1964:
In yf’l_g
= —Ine 2 425 P + 51
y Li3 _ L31
bl 3+x1§1 3115 x bl 3+x111 3 a1
(15)
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In Egs. (13)-(16) i = (Vo0 /(v +
V§x§'1_3) is the volume fraction of component =
1, 3) in the mixed solvent 1-3; = (VJ)/(VD), x is
the Flory—Huggins interaction parameter dnd and
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Fig. 1. Comparison between experimenta) (Bustamante and

Bustamante, 1996and calculated (solid lines) solubilities of
phenacetin$is the mole fraction of phenacetin) in the mixed sol-
vent water/dioxanexgiox is the mole fraction of dioxane) at room

Ls; are the Wilson parameters. All these parameters temperature. The solubility was calculated uskg (6) combined

are assumed to be composition independent.
Eqg. (6) combined withEgs. (9) and (12)Jeads to

a slightly cumbersome expression. The expression for

the integral inEqg. (12) when the WilsonEq. (16)
is used for the activity coefficierpzé"l_3 is given in
Appendix B

3. Calculations and results

with Egs. (9) and (12)(1) the activity coefficients expressed via
the Flory—Huggins equation; (2) the activity coefficients expressed
via the Wilson equation.

Each data set is treated usiBg. (6)combined with
Egs. (9) and (12)with the activity coefficients ex-
pressed via the Flory—Huggins or Wilson equations.
The Flory—Huggins interaction parametey) @nd
the Wilson parameterd {3 and L31) are considered
here adjustable parameters and are calculated from the
experimental data regarding the solubility of drugs in

For the sake of comparison, the same 32 sets of agueous mixed solvents.

experimental data regarding the solubility of drugs in

The results of the calculations are listedlambles 1

aqueous mixed solvents correlated in a previous paperand 2 and some details are provided for illustration

(Ruckenstein and Shulgin, 2008re used here.

in Figs. 1 and 2
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Fig. 2. Comparison between experiment) (Romero et al., 1996and calculated (solid lines) solubilities of paracetan®ls(the mole
fraction of paracetamol) in the mixed solvent water/ethamgl i6 the mole fraction of ethanol) at room temperature. The solubility was
calculated usind=q. (6) combined withEgs. (9) and (12)(1) the activity coefficients expressed via the Flory—Huggins equation, (2) the
activity coefficients expressed via the Wilson equation.



Table 1
The experimental dataregarding the solubilities (at room temperature) of drugs in aqueous mixed solvents and comparison with the predictions

System number Cosolvent Solute Reference Deviation from experimentl data

Flory—Huggins Wilson activity

activity coefficients coefficients
1 N,N-Dimethylformamide Sulfadiazine Martin et al. (1982) 30.5 13.7
2 N,N-Dimethylformamide Theophyllene Gonzalez et al. (1994) 134 7.8
3 N,N-Dimethylformamide Caffeine Herrador and Gonzalez (1997) 11.1 6.5
4 Dioxane Caffeine Adjei et al. (1980) 10.4 9.6
5 Dioxane p-Hydroxybenzoic acid Wu and Martin (1983) 15.3 35
6 Dioxane Paracetamol Romero et al. (1996) 16.5 8.6
7 Dioxane Phenacetin Bustamante and Bustamante (1996) 16.2 3.6
8 Dioxane Sulfadiazine Bustamante et al. (1993) 12.4 3.5
9 Dioxane Sulfadimidine Bustamante et al. (1993) 12.7 3.0
10 Dioxane Sulfamethizole Reillo et al. (1995a) 34.3 18.9
11 Dioxane Sulfamethoxazole Bustamante et al. (1993) 9.5 2.9
12 Dioxane Sulfapyridine Reillo et al. (1995b) 25.9 7.1
13 Dioxane Sulfamethoxypyridazine Bustamante et al. (1993) 10.6 2.6
14 Dioxane Sulfanilamide Reillo et al. (1993) 19.9 4.0
15 Dioxane Sulfisomidine Martin et al. (1985) 23.2 10.6
16 Dioxane Theobromine Martin et al. (1981) 3.2 8.4
17 Dioxane Theophyllene Martin et al. (1980) 155 6.3
18 Ethanol Paracetamol Romero et al. (1996) 11.4 6.2
19 Ethanol Sulfamethazine Bustamante et al. (1994) 12.3 5.8
20 Ethanol Sulfanilamide Bustamante et al. (1994) 14.6 3.2
21 Ethanol Oxolinic acid Jouyban et al. (2002) 14.6 5.2
22 Ethylene glycol Naphthalene Khossravi and Connors (1992) 13.9 9.8
23 Ethylene glycol Theophyllene Khossravi and Connors (1992) 4.8 3.4
24 Methanol Theophyllene Khossravi and Connors (1992) 5.2 8.9
25 Propylene glycol Butyp-aminobenzoate Rubino and Obeng (1992) 10.2 9.0
26 Propylene glycol Butyp-hydroxybenzoate Rubino and Obeng (1992) 171 24.0
27 Propylene glycol Ethyp-aminobenzoate Rubino and Obeng (1992) 7.2 8.5
28 Propylene glycol Ethyp-hydroxybenzoate Rubino and Obeng (1992) 17.9 2.3
29 Propylene glycol Methyp-aminobenzoate Rubino and Obeng (1992) 4.3 6.6
30 Propylene glycol Methyp-hydroxybenzoate Rubino and Obeng (1992) 7.2 12.4
31 Propylene glycol Propyp-aminobenzoate Rubino and Obeng (1992) 10.3 9.7
32 Propylene glycol Propyp-hydroxybenzoate Rubino and Obeng (1992) 5.2 16.1

@ The same experimental data regarding the solubility of drugs in aqueous mixed solvents were used in a previoRuigapestgin and Shulgin, 2003

T62-€82 (€002) 09 SonNsoBW feyd JO [eunor [euoifeusiu| /ulbinys | ‘upisusyony 3

b Deviation from experimental data calculated as MPD (%) (the mean percentage deviation) def'(rlédggzjﬂ(xex')— x50 /(PP /(N ), wherex{® and x¢3° are

i

experimental and calculated (usifgj. (6) combined withEgs. (9) and (13)solubilities (mole fractions)N; is the number of experimental points in the datajset

18¢
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Table 2
Comparison between the results of calculation of the drug solubilities using the present niegh¢@)(combined withEgs. (9) and (12)
and various literature models

Number of MPD (%)

parameters - - -
Eqg. (6) combined withEgs. (9) and (12) Literature models
Flory—Huggins Wilson activity MRSP GSMe CNIBS/R-Kd
activity coefficients coefficients

3 14.4 - 15.9 15.9 22.3

4 - 7.7 18.7 9.1 10.7

2 MPD (%) is the mean percentage deviation defined(mzj}ilzl{i"ﬂ(xfmf xfa'%/xieXp|)/(Z¢4=1Nj) where x7® and x%3° are
experimental and calculated solubilities (mole fractioms),is the number of experimental points in the data set &&#e ) andM is
the number of experimental data sets (here 32).

b MRS is the mixture response surface methddck{sner et al., 1995 The value of MPD was taken fronTable 2 of the
Jouyban-Gharamaleki et al. (1998aper.

¢ GSM is the general single modeB4rzegar-Jalali and Jouyban-Gharamaleki, }996e value of MPD was taken fromable 2of the
Jouyban-Gharamaleki et al., 1998aper.

d CNIBS/R-K is the combined nearly ideal binary solvent/Redlich—Kister equatianse¢ et al., 1991 The value of MPD was taken
from Table 2of the Jouyban-Gharamaleki et al. (1998per.

When the activity coefficients are expressed via 4. Discussion
the Flory—Huggins equation, one adjustable pa-
rameter is introduced. When, however, the Wilson = One can see frorfiables 1 and 2hat our methods
expressions are employed, two adjustable param-for the correlation of the solubility of drugs in aqueous
eters are needed. The solubilities of the solute in mixed solvents provide accurate and reliable results.
the individual solvents are also necessary to calcu- A comparison with the models available in the litera-
late the composition-independent constaAts?, T) ture (Table 2 demonstrates that olirg. (6) provides
and B(P, T). Therefore, our method can be consid- slightly better results than the best literature models
ered a three-parameter method, when based on thewith the same number of parameters.
Flory—Huggins equations, and a four-parameter one, Only one- and two-parameter activity coefficient
when based on the Wilson equations (3able 2. expressions were employed in this paper. However,

Table 3
The Wilson parameterd {3 and L3;) determined from the solubilities of sulfadiazine, sulfadimidine, sulfamethizole, sulfamethoxazole,
sulfapyridine, sulfamethoxypyridazine, sulfanilamide and sulfisomidine in water (1)/dioxane (3) mixtures

Solute The Wilson parameters Deviation (%) from experimental data, when the

average values of the Wilson parameters are used
L1z La1

Sulfadiazine 0.11 0.10 194

Sulfadimidine 0.27 0.12 354

Sulfamethoxazole 0.19 0.12 31.1

Sulfamethoxypyridazine 0.19 0.10 22.0

Sulfamethizole 0.20 0.01 57.3

Sulfapyridine 0.31 0.04 20.7

Sulfanilamide 0.17 0.04 25.4

Sulfisomidine 0.12 0.02 48.6

Average 0.195 0.069 32.4
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expressions for the activity coefficients with any num- ubility of poorly soluble solutes, such as drugs, in
ber of parameters can be used. mixed solvents. The latter solubility is expressed in
It should be emphasized that the parameters in- terms of the solubilities in the individual solvents,
volved in the activity coefficients are adjustable pa- their molar volumes, and the activity coefficients of
rameters which cannot be obtained easily from the the constituents of the binary solvent. For illustration
properties of the mixed solvents, for instance the purposes, the one-parameter (Flory—Huggins) and the
vapor-liquid equilibria. However, for the solubili- two-parameter (Wilson) expressions were employed
ties of structurally related caffeine and theophyllene for the activity coefficients of the constituents of the
in waterN,N-dimethylformamide, the values of the solvent.
Wilson parameters are close to each other (1.96 Thirty-two experimental data sets were selected and
and 0.12 for caffeine and 1.81 and 0.10 for theo- used to test the equation suggested. The results were
phyllene). If the Wilson parameters for theophyl- compared with the models available in literature. It
lene are used to predict the solubility of caffeine in was found that the suggested equation provides an
waterN,N-dimethylformamide, a deviation of 8.8% accurate and reliable correlation of the solubility of
from experimental data is obtained. The deviation drugs in aqueous mixed solvents with slightly better

was, however, 6.5% when the Wilson parameters results than the best of the literature models.

were determined by fitting the experimental solubility
data [able ). The values of the Wilson parameters
determined from the solubilities of the structurally
more different sulfonamides (sulfadiazine, sulfadimi-
dine, sulfamethizole, sulfamethoxazole, sulfapyridine,
sulfamethoxypyridazine, sulfanilamide and sulfisomi-
dine) in water/dioxane mixtures are listedTiable 3

Appendix A

The aim of this appendix is to evaluate the sensitiv-
ity of the integral inEq. (12)to the ideality assump-
tion of the molar volume. For this purpose, the com-

Even for such cases, the average values of the Wilsonposition dependence afn yb 18 /(v2) for the mix-
parameters can be used for a first estimation of the tyre water/1,4-dioxane at 2& was calculated for two

solubilities of the above group of drug$aple 3.

Eq. (6)is a rigorous equation for the solubility of
poorly soluble solids in a mixed solvent. The only ap-
proximation involved is that the solubilities of the solid
in either of the pure solvents and in the mixed solvent
are very small (infinite dilution approximation). It is
not applicable when at least one of these solubilities
has an appreciable value. Indeed (3able 1), when
the solubility of a solute in a nonagueous solvent ex-

cases: (1)VE = 0 (VE being the excess molar vol-
ume); and (2VE 0 (the mixture water/1,4-dioxane
was selected because it is the most frequently used
mixed solvent considered in the present paper). The
activity coefficient of water in water/1,4-dioxane mix-
ture was calculated using the Wilson equation with the
parameters provided by the Gmehling VLE compila-
tion (Gmehling and Onken, 197.7The molar volume

of the mixed solvent was calculated using the expres-

ceeds about 5mol%, such as the solubilities of drugs sjon:

in propylene glycol Rubino and Obeng, 19%2the
deviation from the experimental data is about 11.5% V

b,1-3 b13

for the Wilson equation, whereas the average devia- or

tion for all 32 mixtures ofTable 1is only 7.7%.

5. Conclusion

In this paper, the fluctuation theory of solutions was
applied to the solubility of drugs in aqueous mixed
solvents. A rigorous expression for the activity coef-
ficient of a solute at infinite dilution in a real mixed
solvent was used to derive an equation for the sol-

v =By BBy 4 vE (A.2)

The composition dependence of the excess molar
volume of the mixture water/1,4-dioxane atZ5was
found in a paper byAminabhavi and Gopalakrishna
(1995)

The composition dependence of the integrant
(In yb 1= 3)/(V2) is presented ifrig. 3, which demon-
strates that the numerical values of the integrand are
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Fig. 3. The composition dependence of the integr(inq/g'l_e')/(vz) of the integral inEq. (12) (1) The molar volume of the mixed

solvent was calculated usirtgg. (A.1), (2) the molar volume of the mixed solvent was calculated ugigg (A.2)

almost the same for the molar volumes expressed via Acree, W.E., McCargar, J.W., Zvaigzne, A.l, Teng, I.L., 1991.

bothEg. (A.1)or Eq. (A.2) Mathematical representation of thermodynamic properties.
Carbazole solubilities in binary alkane dibutyl ether and
alkane+ tetrahydropyran solvent mixtures. Phys. Chem. Liq.

23, 27-35.
Appendix B Adjei, A., Newburger, J., Martin, A., 1980. Extended Hildebrand
approach: solubility of caffeine in dioxane-water mixtures. J.
The aim of this appendix is to derive an analytical , Pham. Sci. 69, 659-661.

Aminabhavi, T.M., Gopalakrishna, B., 1995. Density, viscosity,

expression for the mtegral: refractive index, and speed of sound in aqueous mixtures of

In 5,13 N,N-dimethylformamide, dimethylsulfoxidey,N-dimethylace-
] = V3 dxb’l_s (B.1) tamide, acetonitrile, ethylene glycol, diethylene glycol, 1,4-
(xl{’l_?’Vf + xg’1_3Vg)2 3 dioxane, tetrahydrofuran, 2-methoxyethanol, and 2-ethoxy-

ethanol at 298.15 K. J. Chem. Eng. Data 40, 856-861.
in Eg. (12) when the activity coefficient is expressed Barzegar-Jalali, M., Jouyban-Gharamaleki, A., 1996. Models for
via the WiIsonEq (16) calculating solubility in binary solvent systems. Int. J. Pharm.

. : 140, 237-246.
The integration leads to:

po LhinV = InGd P+ 57 000) | L5 (Y +InGg T 4 53 P La)

(V§ — L13V})? (VP — L31V§)?
V(L1aLa1V — L13VP + L1aLaiV? — La1VY) (=14 Lap)In((1 — L3p)V)
(V§ — L1aVD)(La1V§ — VD) (V) — VD))V (V§La1— V) (Vg — VD)

CIn[EE T 4 P (g 4 BLan T — 24 2031 — BL305 0 + 13 + L3040

X
e 31%3 (B.2)
(—=1+ L3 (Lza1V3 — V) (La1V = V)

_ b18y0 | 517310
whereV = x;= Vi + x5 V3.
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