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Abstract

The results obtained previously by Ruckenstein and Shulgin [Int. J. Pharm. 258 (2003a) 193; Int. J. Pharm. 260 (2003b) 283]
via the fluctuation theory of solutions regarding the solubility of drugs in binary agueous mixed solvents were extended in the
present paper to multicomponent aqueous solvents. The multicomponent mixed solvent was considered to behave as an ideal
solution and the solubility of the drug was assumed small enough to satisfy the infinite dilution approximation.

An expression derived for the activity coefficient of a solid solute in a multicomponent solvent was used to obtain an equation
for the solubility of a drug in terms of its solubilities in two subsystems of the multicomponent solvent and their molar volumes.
Ultimately the solubility can be expressed in terms of those in binary or even in individual solvents and their molar volumes.

The method was applied to the solubility of tioconazole and 19-Ng23-dihydrovitamin B in several ternary and in a
guaternary aqueous mixed solvents. The predicted solubilities were compared with experimental data and good agreement was
found.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction pared to that in pure water, they could also increase
the risk of toxicity. The right selection of a ternary and
The two previous paperf(ckenstein and Shulgin, multicomponent aqueous mixed solvent can, however,
20034, b of this series were focused on the solubil- improve the solubility of the drug with minimal toxic
ity of a solid (particularly a drug) in binary mixed effects Lachman et al., 1996
(mainly aqueous) solvents. The present paper extends The pharmaceutical practice has shown that many
the method suggested in the above publications to marketed liquid formulations, which utilize cosol-
the solubility of drugs in ternary and multicomponent vents, involve multiple solvents Yalkowsky and
mixed solvents. Roseman, 1981 However, the experimental deter-
While the binary aqueous mixed solvents usually minations of the solubilities in multicomponent solu-
increase the solubility of a poorly soluble drug com- tions are time-consuming because of the large number
of compositions needed to cover the concentration

_— ranges of interest and can be very expensive because
* Corresponding author. Tel#1-716-645-2911x2214;

fax: 4+1-716-645-3822. of the h_lg_h prices of some _modern_ drugs. For this
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mixed solvents from available experimental solubili-
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from equilibrium properties of mixtures formed of low

ties in subsystems such as pure solvents, binary mixedmolecular weight compounds.

solvents, etc.

For the solubility of a solid (solute, component 2)
in a (» — 1) multicomponent mixed solvent one can
write the following equationAcree, 1984; Prausnitz
et al., 198%:

s

m) —In(yy (T, P, {x}) (1)

In(x5) = In (

wherex; is the solubility (mole fraction) of the solid
component 2 in ar{ — 1)-component mixed solvent,
Y, is the activity coefficients of the solid in its satu-
rated solutionsr{-component mixture composed of so-
lute+ (n — 1)-component mixed solventhL(T, P)is

the hypothetical fugacity of the solid as a (subcooled)
liquid at a given pressureP] and temperatureTy,

f2S is the fugacity of a pure solid component 2, and
{x} indicates that the activity coefficient of the solid
solute depends on composition. If the solubility of a
(n — 1)-component mixed solvent in the solid phase is
negligible, then the right hand side Bf}. (1)depends
only on the properties of the solute and its activity co-
efficient in the saturated solution of tieecomponent
mixture.

The calculation of the activity coefficient of a solid
in a saturated solution of @component mixture con-
stitutes the main difficulty in predicting the solid solu-
bility. Generally speaking, the activity coefficient of a
solid in a saturated solution ofracomponent mixture

can be predicted using either group-contribution meth-

ods, such as UNIFAC and ASOG, or the experimental
solubilities of the solid in subsystems of the multi-
component mixed solvent combined with the Wilson,
NRTL, etc. equation Acree, 1984; Prausnitz et al.,
1986.

The application of UNIFAC to the solubility of

The prediction of the activity coefficient of a solid in
its saturated solution in acomponent mixture from
the experimental solubilities of the solid in subsys-
tems, such as binary mixed solvents or even individ-
ual solvents, is very attractive, because the solubilities
in many of the binary mixed solvents and individual
solvents are known or can be determined rapidly and
their determinations are cheaper than for multicom-
ponent mixed solvents. The method most often used
for the solubility of a solid in ternary and multicom-
ponent mixed solvents is the combined nearly ideal
binary solvent/Redlich—Kister equatioAdree et al.,
1991). This method was applied to the solubility of a
solid in ternary nonaqueous mixed solvents and even
to the solubility of a solid in a 7-component non-
aqueous mixed solvenfguyban-Gharamaleki et al.,
2000a; Deng et al., 1999Jouyban-Gharamaleki et al.
(2000b) suggested to apply this method also to the
solubility of drugs in multicomponent aqueous mixed
solvents.

Recently Ruckenstein and Shulgin, 2003ca
method was suggested to calculate the activity coeffi-
cient of a poorly soluble solid in an ideal multicom-
ponent solvent in terms of its activity coefficients at
infinite dilution in some subsystems of the multicom-
ponent solvent. The method, based on the fluctuation
theory of solutions Kirkwood and Buff, 195}, pro-
vided the following expression for the activity co-
efficient of a poorly soluble solid solute in an ideal
multicomponent solvent:

BInv )
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n,o00

where y,"™ is the activity coefficient of the solid
solute (denoted 2) in a-component mixture (so-
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naphthalene in nhonagueous mixed solvents provided lute+ (» — 1)-component solvent)y is the molar
satisfactory results when compared to experimental volume of an ideal { — 1)-component solventvi0

data @cree, 1984 However, the UNIFAC was inac-
curate in predicting the solubilities of solids in aque-
ous solutions Fan and Jafvert, 1997 Furthermore,
the application of the traditional UNIFAC to mixtures

is the molar volume of the individuatsolvent,x!' is
the mole fraction of componeitin the n-component
mixture, andA and B are composition independent
constants. The constandsand B can be determined

containing a polymer or another large molecule, such from the activity coefficients of the solid solute in two
as a drug, and low molecular weight solvents is debat- (» — 1)-component mixtures with the mole fraction of
able Fredenslund and Sgrensen, 1p%he reasonis  component 1 zero in one of them and the mole frac-
that the UNIFAC parameters were determined mostly tion of component 3 zero in the other one. Expression
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(2) was used to predict the gas solubilities and the sol-
ubilities of solid nonelectrolytes in multicomponent
mixed solventsRuckenstein and Shulgin, 2003c
Expression (2) implies that? # V5. WhenV =
V2, another expression for the activity coefficient of
a poorly soluble solid solute in an ideal multicompo-
nent solvent was obtaine®R(ckenstein and Shulgin,
20033:

Bx3
=~ ()

Details regarding such cases are provided in the

+A (2A)

n
Xi£1,3

above cited paper. In the present paper, only expression

(2) will be employed to predict the solubility of drugs
in ternary and quaternary aqueous mixed solvents. It
should be emphasized that]. (2)remains valid even
for small differences betweel and V2; it is not
valid only whenV) is mathematically equal t&2
(very rare case).

2. Solubility of drugsin a multicomponent mixed
solvent

In order to applyEqg. (2)to the solubility of a solid
solute in a ¢ — 1)-component solvent, one must calcu-
late the constantd andB. For this purpose, we con-
sider a ¢ — 1)-component solvent with mole fractions
xi, x5, ..., x,, among which, as required 5. (2)
all mole fractions with the exception af andx; are
constant. Because] + Y _/_sx" = 1, it is clear that
the sum of the mole fractions of components 1 and
3 must be constant. Consequently, the composition of
the @ — 1)-component solvent can be changed along
the linex] + x3 = const. To determine the constants
A andB one can use two limiting«(— 2)-component
solvents (along the linej + x = const); the mole
fraction of componeritin one of them will be denoted
y'~t and in the other” 2. In the first, the mole frac-
tion of component 3y§*1, and in the other one the
mole fraction of component 1’11_1, is taken zero. Be-
caus,eyf_1 n-l o zﬁ_1+z’§_1 = x] +x5 = const,
one obtains that] ! = x? +x% andzh = x + x4

Consequently,

e In the first limiting case, denoted |, the mole frac-

tions areyyt = xf + x4, ya7t = 0,y;7t
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xf, .oyl = X with yf_l + Z?:3yl.”_1 =1
and the mole fraction of the solute y§ .

e In the second limiting case, denoted Il, the mole
fractions arezﬁ_l =0, Z3—1 = x| + x3, zﬁ_l
2ot = ) with Y7 oz2"7t = 1 and the
mole fraction of the solute isg_l.

e In the limiting cases | and lIEq. (2) acquires the
form:

_ Blnv®
In(yy 100y = - 22— 4 3
i (Vg =vD)
_ Binv@®
InGr; %) = -5 @
(V3= Vi)

whereV(" and V() are the molar volumes of the
mixtures composed ofi(— 2)-component solvents

I and Il and the solid solute, respectively. Further-
more, for a poorly soluble solid, the molar volumes
of the mixtures can be taken equal to the molar vol-
umes of the solvents.

When the solubility of the solute is small (which
is typical for drugs in aqueous mixed solvents), one
can write the following expressions (s&g. (1) for
the solubility of a solute in the above multicomponent
mixed solvents:

In(x5) =1In f—zs —In®) ®)
? fE(T.P) 2
S
In(ygfl) —In Lf—z _ |n(y2n—l(|),oo) ©)
S
In(Zg—l) =In Lf_2 _ |n(y£1—l(ll),oo) %
wherey; 1% andy; 71" are the activity coef-

ficients of the solid solute at infinite dilution in the
(n — 2)-component solvents | and I, respectively.

Taking into accounEgs. (3) and (4)Eq. (2)can be
recast as:

(nV —InvI)in(y, 102
+(n VD —InV)ingpy 1)
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Eq. (8) provides an expression for the activity co-
efficient of a poorly soluble solid at infinite dilution
in an ideal £ — 1)-component mixed solvent in terms
of its molar volume and the activity coefficients at in-
finite dilution in the two limiting cases | and Il and
their molar volumes.

The combination oEq. (8)with Egs. (5)—(7)ields
an expression for the solubility of a poorly soluble
solid in an ideal £ — 1)-component mixed solvent in
terms of its solubilities in the ideak (— 2)-component
mixed solvents | and Il and their molar volumes.

NV —InvW)in(ys
+(nv®O —InV)inza™

ny __
In(x) = ny® —in v
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Furthermore, the solubilities of a poorly soluble
solid in ideal ¢ — 2)-component mixed solvents |
and Il can be expressed through those in the ideal
(n — 3)-component mixed solvents and so on. There-
fore, the suggested procedure allows one to predict
the solubility of a poorly soluble solid in an ideal
(n — 1)-component mixed solvent from the solubilities
in binary mixed solvents or even from the solubilities
in the individual solvents.

3. Comparison with experiment
3.1. Ternary mixed solvents

The experimental solubility of tioconazol&¢uld
et al., 1984 in the following mixed solvents:

(1) ethanol-propylene glycol-water,

(2) ethanol—polyethylene glycol 400 (PEG 400)—water,

(3) propylene glycol-PEG 400—water,
and the solubility of 19-Nor-d,25-dihydrovita-
min D, (an analog of vitamin B) (Stephens et al.,
1999 in

(4) ethanol—propylene glycol-water

were selected for comparison of the developed method
with experiment.

The above systems were selected because the ex-

perimental solubilities of tioconazole in the binary
mixed solvents: ethanol-water, propylene glycol—
water and PEG 400—water, and the solubilities of
19-Nor-1n,25-dihydrovitamin B in the binary mixed

solvents: ethanol-water and propylene glycol-water
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are available Gould et al., 1984; Stephens et al.,
1999.

The solubilities of the drugs in ternary aqueous
mixed solvents were calculated from those in binary
aqueous mixed solvents usikg. (9) The solubilities
in the limiting binary aqueous mixed solvengsand
2) were evaluated using two different procedures:

(1) The experimental solubility data were correlated
using the following relation Ruckenstein and
Shulgin, 2003a

(In V® —In v H29)In (™)
+(nV© —In V®)in(xi)

o)y _
InG™) = In vV — In v (H20)

(10)

where xéb) is the drug solubility in the binary

solvent: wate#- cosolvent (co),cy 2% and x5™®

are the drug solubilities in water and cosolvent,
respectively,V (H20) and v (€9 are the molar vol-
umes of water and cosolvent at A5, respectively,
and V® = xf v + xp (VO 1 e o,
where x%, and x, ,, are the mole fractions of
the cosolvent and water, respectively, in the
mixed solvent: wate# cosolvent anck is an ad-
justable parameter introduced in a previous paper
(Ruckenstein and Shulgin, 2003a

Finally, the solubility of the drug for the com-
positions of the mixed solvents corresponding to
the limiting binary mixtures | and Il were calcu-
lated usingeq. (10)

The solubilities in binary aqueous mixed solvents
(y and2) were evaluated graphically from experi-
mental data.

A comparison between predicted and experi-
mental drug solubilities in ternary aqueous mixed
solvents is made iffable 1

It is worth mentioning that all the predictions
listed in Table 1were obtained on the basis of
experimental drug solubilities in binary aqueous
mixed solvents, without using any experimental
drug solubilities in ternary aqueous mixed sol-
vents.

One can see fromable 1that the drug solubil-
ities in ternary agueous mixed solvents could be
accurately predicted using the experimental drug
solubilities in binary aqueous mixed solvents.

)
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Table 1
Comparison between predicted and experimental drug solubilities in ternary solvents
Solute Mixed solvent Reference Deviation (%) between experimental
and predictedEg. (9) solubilitiest
The solubilities in The solubilities in binary
binary solvents solvents evaluated
calculated using graphically from
Eq. (10% experimental data
Tioconazole Ethanol-propylene glycol-water Gould et al. 104 6.8
(1984)
Ethanol-PEG 400-water 19.6 15.4
Propylene glycol-PEG 400-water 39.1 15.2
19-Nor-1o,25- Ethanol-propylene glycol-water Stephens 55.4 15.0
dihydrovitamin By et al. (1999)

2 Deviation from experimental data calculated as MPD (%) (mean percentage deviation) defined g (106 — x%2%) /x>P|] /N,
wherex;exp andx,.“"'C are experimental and calculated (uskg. (9)) solubilities (mole fractions) anl is the number of experimental points.

b Because we could not find in literature the solubilities of 19-Ney25-dihydrovitamin B in ethanol and propylene glycol, they were
taken equal to the solubility of vitamin Din ethanol Penau and Hagemann, 1946

The difference in predicted solubilities when solvents: the solubility of tioconazole in ethanol—pro-
the solubilities in binary aqueous mixed solvents pylene glycol-PEG 400-wateGpould et al., 1984

(y and z) were evaluated usingq. (10) or ob- The prediction of the solubility of tioconazole in

tained graphically from experimental data is un- ethanol-propylene glycol-PEG 400—water was carried

derstandable. The accuracyky. (10)for predict- out using the following steps:

ing the drug solubility in binary aqueous mixed

solvents is about 14% (the mean percentage devi- (1) Two temary solvents: | (ethanol-propylene

ation) Ruckenstein and Shulgin, 2003and this glycol-water) and Il (ethanol-PEG 400-water)

inaccuracy plays a role in the prediction of the were selected, _

drug solubilities in ternary aqueous mixed sol- (2) The solubilities ofnoconazolemthg aboye ternary

vents (seefable 2for details). solvents were calculated as described in the pre-

vious section Eqg. (10)was used to evaluate the

3.2. Quaternary mixed solvent solubility of tioconazole in binary aqueous mixed

solvents, sedable 2for details),
We found in literature only one example regard- (3) The solubilities of tioconazole in ethanol-pro-

ing the drug solubilities in quaternary aqueous mixed pylene glycol-PEG 400-water mixed solvent
Table 2

Comparison between calculated (usiBg. (10) and experimental drug solubilities in aqueous binary solvents

Solute Cosolvent Deviation from experimental data Value of e (cm?/mol)°
Tioconazole Ethanol 4.12 40.87

Tioconazole Propylene glycol 7.74 37.75

Tioconazole PEG 400 18.60 507.09
19-Nor-1x,25-dihydrovitamin Q¢ Ethanol 27.56 —-34.71
19-Nor-1x,25-dihydrovitamin R Propylene glycol 8.72 —78.63

2 Deviation from experimental data calculated as MPD (%) (mean percentage deviation) defined 8 (106 — x%2%) /x| /N,
wherex;exp and xfa'c are experimental and calculated (usiig. (10) solubilities (mole fractions) andll is the number of experimental
points.

b parametere was used in the following equation for molar volume of binary mixed solvent Reekenstein and Shulgin, 2003a
v = XEOV(CO) + xil-)leV(Hzo.) +,®(g‘?x|l')|20' I . . . .

¢ Because we could not find in literature the solubilities of 19-Ney25-dihydrovitamin B in ethanol and propylene glycol, they were
taken equal to the solubility of vitaminDin ethanol Penau and Hagemann, 1946
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Table 3

Comparison between predicted and experimental tioconazole solubilities in quaternary solvent

Solute Mixed solvent Reference Deviation (%) between experimental
and predictedEg. (9) solubilitiest

Tioconazole Ethanol-propylene glycol-PEG 400—water Gould et al. (1984) 10.6

2 Deviation from experimental data calculated as MPD (%) (mean percentage deviation) defined a8 (1067 — x84 /x>®|]/N,
WherexfXp andxff"'C are experimental and calculated (uskg. (9) solubilities (mole fractions) anl is the number of experimental points.

were calculated witleq. (9) using the solubilities  method: (a) the multicomponent solvent was con-
of tioconazole in the ternary solvents obtained in sidered ideal, and (b) the drug solubility in a mixed

the previous step. solvent was supposed to be small enough to satisfy
o ) the infinite dilution approximation.
The results of the predictions are listedTable 3 The developed predictive method can be applied not
which show that there is an excellent agreement be- oy 1o ternary and quaternary mixed solvents, but also
tween the experimental and predicted solubilities. to any multicomponent solvent.

It is also noteworthy to emphasize that all the pre-
dictions listed inTable 3were made on the basis of ex-
perimental drug solubilities in binary agueous mixed
solvents, without using any experimental drug solubil-
ities in ternary and quaternary aqueous mixed solvents.
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