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Abstract

This paper is devoted to the verification of the quality of experimental data regarding the solubility of sparingly soluble solids,
such as drugs, environmentally important substances, etc. in mixed solvents. A thermodynamic consistency test based on the
Gibbs—Duhem equation for ternary mixtures is suggested. This test has the form of an equation, which connects the solubilities
of the solid, and the activity coefficients of the constituents of the solute-free mixed solvent in two mixed solvents of close
compositions.

The experimental data regarding the solubility of sparingly soluble substances can be verified with the suggested testif accurate
data for the activity coefficients of the constituents of the solute-free mixed solvent are available.

The test was applied to a number of systems representing the solubilities of sparingly soluble substances in mixed solvents.
First, the testwas scrutinized for four nonaqueous systems for which accurate solubility data were available. Second, the suggested
test was applied to a number of systems representing experimental data regarding the solubility of sparingly soluble substances
in aqueous mixed solvents.
© 2005 Published by Elsevier B.V.
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1. Introduction regarding the aqueous solubility are not always reliable
and large discrepancies between the data from different
The solubility of drugs in water and aqueous mixed authors are typical. Indeed, according to a recently pub-
solvents is one of the important topics in pharmaceu- lished compilation of aqueous solubilitiegalkowsky
tical science and industry. However, the literature data and He, 2008 the aqueous solubility of naphthalene at
room temperature measured by different authors varies
T Comesponding author Tel.: +1 716 645 2011x2214; from 0.01254 to 0.04 g/L, for anthracene fronx3.0~*
faxc +1 716 645 3822, ' tq 7.3'x 10~“g/L, and so on. The same or even worse
E-mail addressesieaeliru@acsu.buffalo.edu (E. Ruckenstein), Situation could be observed for the solubilities of drugs
ishulgin@eng.buffalo.edu (I. Shulgin). in agueous mixed solvents. Consequently, it is difficult
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to judge whether the solubility data are accurate or not, McDermott and Ellis (1965applied Eq.(2) to a pair

and it is important to have a rigorous test for checking of points ¢ and d. In this case, HQ) reduces to

the experimental solubility data and selecting the

correct ones. Because we could not find such a method

in the literature, the purpose of the present paper Z(xt@ +x,(d))[ln Vi(d) —In Vi(C)] =0 ®)

is to suggest a thermodynamic method for testing i=1

the accuracy of the experimental data regarding the The McDermott and Ellis consistency test means that

solubility of drugs in agueous mixed solvents. if the vapor—liquid equilibrium data for points ¢ and d
Thermodynamic consistency tests are well known, are correct, then E¢3) should be satisfied. E¢3) will

and have been frequently used for vapour—liquid equi- pe used to derive a thermodynamic consistency test for

librium data in binary mixtures (for reviews one can see verifying the experimental data regarding the solubility
Gmeh“ng and Onken, 1977, Acree, 1984, Prausnitz of drugs in agueous mixed solvents.

etal., 1988. These tests are based on the Gibbs—Duhem
equation and allow one to grade the experimental data

for vapor—liquid equilibrium in binary mixtures. A 3. Thermodynamic consistency test regarding
more difficult problemis the consistency of dataregard- o solubility of drugs in binary aqueous mixed
ing vapor-liquid equilibrium in ternary or multicom- ¢, vents

ponent mixtures. However, several thermodynamic

consistency tests, also based on the Gibbs-Duhem p£,; ihe solubility of a solid substance (solute,
equation, were suggested for vapor—liquid equilibrium
in ternary or multicomponent mixturesi(and Lu,
1959; McDermott and Ellis, 1965

N

component 2) in a mixed solvent 1-3, one can write
the following equationRrausnitz et al., 1996

/s

. : f5(T. P)
2. General relations for multicomponent
mixtures wherexzt and y2; are the solubility (mole fraction)
and the activity coefficient of the solid in its saturated
The isothermal-isobaric Gibbs—Duhem equation solution in a mixed solventfs(7, P) is the hypo-
for anN-component mixtureN > 2) can be written as  thetical fugacity of a solid as a (sub-cooled) liquid at

= x2,t)/2,t(T7 P, {x}) 4)

follows a given pressureP) and temperatureT], fzS is the
N fugacity of a pure solid component 2, afwd indicates
Zx,-d(ln vi)=0 (1) that the. gctivity coefficien_t. of the solid. depends on
1 composition. If the solubility of the mixed solvent

) o in the solid phase is negligible, then the left hand
wherex; andy; are the mole fraction and the activity side of Eq.(4) depends only on the properties of the
coefficientof componentntheN-component mixture. ¢4 te.

Integrating Eq(1) directly along a loop of points &, b, Rewriting of Eq.(3) for a ternary mixture yields the
C, ..., Y, Z,... by using the trapezoidal rule, one can expression
obtain the following equation_{ and Lu, 1959

d d d
N {x(a) P (@7 412000 1 = Inyi?) + 65+ 42
i i

T8 qiny® _n @
2.\ "z i x [ D — 1y 4 (9 + D)
d
ikt SRR x[Inys? —Inyg?) =0 (5)
~— L [Iny” —Iny; . I
+ 2 (inv vl Let us consider the solubilities of a poorly solu-

OB ble solid in two mixed solvents of close compositions
+-4+—~—""1Tn y,.(z) —1In y,.(y)] + .. } =0 (2 (points ¢ and d). Because these solubilities satisfy Eq.
2 (4), one can express the activity coefficients of the solid
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via Eq.(4), and Eq(5) acquires the form

O+ x(d))[ln P~y + (5 + x5
x [In x —1In x(d)] + (x(c) + x(3d))
s [In & —in ) = (6)

Let us suppose that the solubility of the solid in
the mixed solvent is so low, that one can consider the
activity coefficients of the solvent and cosolvent equal
to those in the solute-free binary solvent mixtuye §
andys,0). In addition, the following relations for the
mole fractions of the constituents of the solvent can be
used

X1 = X1,0 — X1,0X2;¢ (7)
and
X3 = X3,0 — X30X2; (8

wherex; gandxs pare the mole fractions of constituents
1 and 3 in a solute-free mixed solvent.
Consequently, Eq6) becomes

d d) _(d d
(T + x40 — b — o) viig — In iy
+ (x(C) + x(d))[m x(ZC) —In x(d)] + ( (C) (d())
x(c) x(zc) xg%x(zd))[ln yédg In y(c)] =0 (9)

The last equation can be simplified by applying
Eq. (5) to the pair of binary mixed solvent mixtures of
compositions (%, x)) and (%, x{). For this pair,
Eq.(5) becomes

(d)

d
@+ xD)in D

—In %]

+ 5y + 25N Y —In {2 =0 (10)
Subtracting Eq(10) from Eq.(9) yields
W+ DI D — Iy + (8 + 1Y

x [N x5 — )+ S + xS

x [In Y50 — In 53] = (11)

Eq. (11) provides a thermodynamic consistency
test for the solubility of poorly soluble substances,
such as drugs, environmentally important sub-
stances, etc. in mixed solvents in terms of the
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activity coefficients of the constituents of the bi-
nary solute-free mixed solvent and mixed solvent
composition.

Two limitations are involved in the derivation of
the above equation: (1) the compositions of mixed
solvents (points ¢ and d) should be close enough to
each other for the trapezoidal rule used to integrate the
Gibbs—Duhem equation to be valid, (2) the solubility
of the solid should be low enough for the activity coef-
ficients of the solvent and cosolvent to be taken equal
to those in a solute-free binary solvent mixture. In ad-
dition, the fugacity of the solid phase in E¢) should
remain the same for all mixed solvent compositions
considered.

4. Numerical estimations

Of course, for real mixtures the left hand side of
Eqg. (11) is not exactly equal to zero; it has certain
finite values even for very accurate data. Let us
denote that value withD. McDermott and Ellis
(McDermott and Ellis, 196p suggested that the
vapor-liquid equilibrium data in a ternary mixture
are thermodynamically consistent |D| for Eq. (6)
is smaller tharDmax=0.01. Now we should find the
value of Dpax for the solubility of poorly soluble
substances in mixed solvents for Edj1). Of course,
this value should differ from that for the vapor-liquid
equilibrium.

In order to findDmax the following procedure was
employed:

(1) Several data sets for the solubilities of poorly
soluble substances in mixed solvents were selected
from Solubility Data SeriesAcree, 1995,

(2) The selected data were correlated with reliable
equationsRuckenstein and Shulgin, 2003g,b

(3) Using the above equations, the solubility of the
solute was calculated for small changes in the
mixed solvent composition (2.5 mol%);

(4) The value oD was calculated for each of the two
neighboring points;

(5) Artificial deviations (“errors”) were added to
selected points and a criterium for thermodynamic
consistency was identified.
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Table 1
Correlation of the experimental data regarding the solubility (at room
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temperature) of anthracene in mixed solvents

Solvent + cosolvent Solute Reference Deviation from experimentat data
3-Parameter equation 4-Parameter equation
(Ruckenstein and Shulgin, 2003a  (Ruckenstein and Shulgin, 2003b
1-Propanol-2-propanol Anthracene Acree, 1995 0.41 0.39
n-Hexane-cyclohexane Anthracene Acree, 1995 0.48 0.29

a Deviation from experimental data calculated as the mean percentage deviation (MPD) (%) deﬁmﬂngsl G

1P — 2930/ /N,

wherexf"p amdxl.ca'C are experimental and calculated solubilities (mole fractions) Nyriglthe number of experimental points in the dataj set

5. The use of the solubilities of anthracene in
1-propanol-2-propanol and anthracene in
n-hexane—cyclohexane mixtures for the
determination of the Dmax value

The experimental data regarding the solubility of
anthracene in 1-propanol-2-propanol and anthracene
in n-hexane—cyclohexane mixtures were taken from
the Solubility Data SeriesAcree, 199% and corre-
lated with equations based on the fluctuation theory
of solutions Ruckenstein and Shulgin, 2003n,bhe
results of these correlations are presentedahble 1
The values oD, calculated using Eq11), are plot-
ted in Fig. 1a and b (Throughout this paper, the
activity coefficients of the constituents of a solute-
free mixed solvent were calculated with the Wilson
equation Wilson, 1964, using the Wilson param-
eters the values listed in Gmehling’s vapor-liquid
compilation Gmehling and Onken, 197) In or-
der to understand how the errors affected the val-
ues of D, 20% “error” was added to every second
point and theD values were again calculated via
Eqg. (11). The results of these calculations are pre-
sented inFig. 2 Figs. 1 and 2show that for ther-
modynamically consistent daf2| < Dypax= 10~4.0ne
should note that the solubility of anthracene in 1-
propanol-2-propanol varies in the range #%.10~*4
to 5.9x 1074 mole fraction and the solubility of
anthracene inn-hexane-cyclohexane varies in the
range 1.3< 1073 to 1.6x 10~3 mole fraction. It is
of interest to calculate th® values for more sol-
uble substances. We carried out such calculations
(Fig. 3 for the solubility of pyrene in 1-propanol-2-
propanol (for which the solubility varies in the range
3.9x 1073 to 4.3x 103 mole fraction) and pyrene in

n-hexane—cyclohexane mixtures (for which the solubil-
ity varies in the range 8.5 103 to 10.9x 103 mole
fraction) (Acree, 1995; Zvaigzne et al., 199%ig. 3
shows that the established limjD) < Dmax=10"%) is
valid when the mole fraction solubility is smaller than
1 mol%.
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Fig. 1. D values obtained via Eq(l1l) for the solubilities of
anthracene in 1-propanol-2-propanol (a) and anthracene-in
hexane-cyclohexane (b).
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Fig. 3. D values obtained via E¢11)for the solubilities of pyrene in

Fig. 2. D values obtained via Eq11) for the solubilities of an-
thracene in 1-propanol-2-propanol (a) and anthracemehiexane-
cyclohexane (b) when 20% “errors” were added to every second
point.

1-propanol-2-propanol (a) and pyreneniexane-cyclohexane (b).

less than 0.3 were analyzed by us, because the exper-
imental determinations in the above publications were
made with small changes in composition in that range
only, and with large changes outside that range. For the
latter cases, the trapezoidal rule for the integration of
the Gibbs—Duhem equation might no longer be valid.

6. Application of Eq. (11)to the solubility of
poorly soluble solids in aqueous mixed solvents

6.1. Solubility of naphthalene in ethanol-water

mixtures
5.00E-05
. . . 4.50E-05 %
There are several experimental determinations of , . .| X
the solubility of naphthalene in ethanol-water mix- 3 sg.05 |
tures at room temperaturBénnett and Canady, 1984; 3.00E-05 | [

Morris, 1988; Dickhut et al., 1989; LePree et al., 25005 x

1994. These data deviate appreciably from each other 2% .
(Fig. 4). The analysis of the above data with Efj1) :zgig: - -

(Table J indicated that those regarding the solubility ;.06 jqmm = * ° —
of naphthalene in ethanol-water mixtures at room o.coe+00 4 ; ; ;

temperature, obtained by various authors, were thermo- o 405 04 0:ib 02

dynamically consistent in the dilute region; however, _ . _ _

. Fig. 4. The solubility of naphthaleng&) in ethanol-water mixtures
the data oLeP'ree eF al. (19_94}andquS (1988)ar§ atroom temperatures) Bennettand Canady, 1984) Morris, 1988
thermodynamically inconsistent at high mole fractions (m) pickhut et al., 1989(x) LePree et al., 19094xeTon is the mole
of ethanol. Only the data for ethanol mole fractions fraction of ethanol in the solute-free mixed solvent.
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Table 2

D values obtained via E@11) for data regarding the solubility of naphthalene in ethanol-water mixtures

Mole fraction of ethanol in the solute-free mixed solvent Mole fraction of naphthalene solubility Reference D

0.0333 5.3E-06 A

0.0720 8.2E-06 A —5.9E-06
0.1173 1.2E-05 A —6.6E-06
0.1713 1.9E-05 A —1.6E-05
0.2367 2.3E-04 A —6.2E-04
0.0159 5.9E-06 B

0.0329 8.3E-06 B —3.1E-06
0.0508 1.1E05 B —4.9E-06
0.0508 1.5E-05 B —4.5E-06
0.0031 4.5E-06 C

0.0095 4.8E-06 C —5.5E-07
0.0161 5.8E-06 C —2.0E-06
0.0333 8.0E-06 C —4.4E-06
0.0937 3.0E-05 C —5.1E-05
0.0438 7.3E-06 E

0.0672 1.1E05 E —7.0E-06
0.1024 2.4E-05 E —7.5E-06
0.1308 4.8E-05 E —2.7E-05
0.1826 1.6E-04 E —5.0E-05
0.2101 2.7E-04 E —2.5E-04

A (Morris, 1988; B (Bennett and Canady, 1984 (Dickhut et al., 1989 E (LePree et al., 1994

In the present paper, E¢11) was used to ana- 6.2. Solubility of naphthalene in acetone—water
lyze separately each of the sets of experimental datamixtures
listed above. Therefore, each of the examinations was
concerned with the internal consistency of a selected The analysis of the experimental solubilities of

set. naphthalene in acetone—water mixtures at room
Table 3

D values obtained via E@11) for data regarding the solubility of naphthalene in acetone—water mixtures

Mole fraction of ethanol in the solute-free mixed solvent Mole fraction of naphthalene solubility Reference D

0.0176 7.4E-06 A

0.0557 2.9E-05 A —5.0E-05
0.0907 7.3E-05 A —1.3E-04
0.1339 2.9E-04 A —4.6E-04
0.1816 4.2E-04 A —2.6E-04
0.2261 1.9E03 A —3.5E-03
0.0128 1.0E-05 B

0.0266 1.7E05 B —1.3E-05
0.0580 6.9E-05 B —1.2E-04
0.0954 2.0e-04 B —2.86-04
0.1410 7.2E-04 B —1.2E-03
0.1975 2.3E03 B —3.5E-03
0.0266 9.3E-06 C

0.0580 3.0E-05 C —4.6E-05
0.0954 7.9E-05 C —-1.1E-04
0.1410 3.1E04 C —5.2E-04
0.1975 1.2E03 C —2.1E-03

A (LePree etal., 1994B (Fu and Luthy, 198 C (Morris, 1989.
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temperaturel(ePree et al., 1994; Fu and Luthy, 1985;
Morris, 198§, summarized inTable 3 shows that,
as in the previous case, there is thermodynamic
consistency in the diluted region. However, the data

become increasingly inaccurate in more concentrated ©°0&° —

mixed solvents. Again, only the data for mole fractions
of acetone less than 0.3 were considered.

6.3. Solubility of naphthalene in ethylene
glycol-water mixtures

The analysis of the experimental solubilities of
naphthalene in ethylene glycol-water mixtures at room
temperatureihossravi and Connors, 1992; Huotetal.,
1991 showed that both experimental sets were accu-
rate in a wide composition range with the exception
of the points betweeKgtp ~ 0.5 and 0.6Fig. 5).

6.4. Solubility of sulphamethoxypyridazine in
ethanol-water mixtures

The solubility of sulphamethoxypyridazine in

ethanol-water mixtures represents a rare kind of drug

solubility in an aqueous mixed solvent, because it
exhibits two solubility maxima on the curve solubility
versus mixed solvent compositiofcgcalera et al.,
1994. It is of interest to verify if such behavior
satisfies the thermodynamic consistency criterion.
The values oD were calculated using E¢11), and

1.00E-04

X ETD
0.00E+00 faow-arwo—g o] - ; : ‘
0.1 02 ¢ 3 , 04 05 0.6 0.7

-1.00E-04 A o .
-2.00E-04

o o
-3.00E-04

A

-4.00E-04
-5.00E-04
-6.00E-04 -

-7.00E-04

Fig. 5. D values calculated with Eq§11) for the solubility of naph-
thalene in ethylene glycol-water mixtures at room temperature;
(o) (Khossravi and Connors, 19924) (Huot et al., 1991 XeTtp

is the mole fraction of ethylene glycol in a solute-free ethylene
glycol-water mixture.
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1.50E-03 ~
1.00E-03

5.00E-04 -

0|4 0.6 0.7 0.9
-5,00E-04 4

-1,00E-03 -

-1.50E-03 -

-2.00E-03 -

Fig. 6. D values @) calculated with Eq(11) for the solubility of
sulphamethoxypyridazine in ethanol-water mixture at room tem-
perature.xgion is the mole fraction of ethanol in a solute-free
ethanol-water mixture.

the results are presented fig. 6. The latter figure
shows that the second maximum (mole fraction of
ethanol approximately 0.75) is thermodynamically
less consistent than the first maximum (mole fraction
of ethanol approximately 0.5).

7. Discussion and conclusion

The Gibbs—Duhem equation for ternary mixtures is
used to analyze the quality of experimental data per-
taining to the solubility of drugs and other poorly solu-
ble solids in a binary mixed solvent. In order to test the
quality of the data, a thermodynamic consistency test
is suggested. This test is based on the thermodynamic
relation between the solubilities of a solid in a binary
mixed solvent at two different compositions and the
activity coefficients of the constituents of the solute-
free mixed solvent. The suggested test is applicable to
all kinds of systems with the following limitations: (1)
the solubility of the solid should be low, (2) the above
two compositions of the mixed solvent should be close
enough to each other.

The test was applied to a number of systems repre-
senting different types of solubilities of drugs and other
poorly soluble substances in binary mixed solvents. It
was shown that the suggested test could be helpful in
the analysis of such experimental data.
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