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ABSTRACT -

The available theorctical and cmpirical models for expression a solute aolubllm ina hmar} solvent
system as a function of the solvent concentration have been compared by the accuracy and
predictability points of view. In order to evaluate the accuracy of the equations with different number
of curve fitting parameters, 3 to 7 parameter models from the considered methods were employed
using whole data points in each set. In addition, a mimimum number of 3 and/or 3 data point was used
to caleulate the model parameters from which the whole data points in each set was predicted. Using
the whole data in a set, it became evident that no single model was superior in all aspects of accuracy.
Hewever, one of the models i which the number of data expressed as percentage of all data pomnts m
all scts was adhered best whereas another model was the best when the percent overall average error
for all the set was used as a measure of accuracy. When a mimmum number of data in a set was
cmploved to estimate model constants for evaluating the predictability, it became apparent that those
produced accurate results when the whole data pomts did not yield satisfactory predictions and other

maodels were superior in this regpect.
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INTRODUCTION

The solubility of a solute in a solvent mixture
{ie. cosolvency) has a wide appheations in di-
fferent ndustries including pharmaceutical in-
dustry. One of the main uwse of the solvent
mixture for influcncing the solubility 15 m the
formulation of the hiquid dosage forms. The
benefit of cosolvency modelling is to predict
and caleulate the solvent composition for an
acceptable drug formulation,

Several cosolvency models are available. Some
af them such as excess free energy model, EFE
(1), the combined nearly ideal binary  sol-
vent/Redlich-Kister equations, CNIBS/R-K (2),
a general single model, GSM, derived from
EFE and CNIBS/R-K equations (3} arc theo-
ritical and others like extended Hildebrand
approach, EHA {4), mixture responsc-surface
methodology, MR-5, (5), lincar double log-log
models, LDL-L (6), double log-log, DL-1,
double log-exponential, DL-E. modified EFE,
M-EFE  and modified CNIBS/R-K, M-
CNIBS/R-K (7)) are semicmpirical or empirical
in nature.

The purpose of this paper 15 to compare the
accuracy and predictabulity of the models which
express  the relationship  between  the  solute

solubility and the concentractions of the sol-
vents in the mixture using 3 to 7 parameter
models. A similar comprehensive study has not
been reported. The criteria of comparison were
percent average crror, %A E., and percent
overall average error (7) produced by a model
in all syvstems as well as a number of sets
adhered best to a model cxpressed as percent of
best adherence, %oB.A., by model parameters
obtained either from the whole data pomnts or a
mininum number of data in a set.

THEORETICAL TREATMENT

The theoretical EFE methods were two, three
and four suffix equations cxpressed by the equ-
ations -3
log X =FlogX .+, logX, + A ff(0./0) 1
logX,, = f, logX, + f. logX. - ARG
1)qafg ) + 2As '_fzzﬂ:-{q.'!'lf{‘h) + 2
logXe = £, logX, + fi logX, - A sfH(2f-
Digafg) + 2A5,10 E(q q} + 3DER {qu’q_.,] 1

Cufifi2(g2/q:) + G fulgeiq)
where X, is the solute solubility in the m]u ent
mixture, . and fi, are the volume fractions of the
solvents a and b m the mixture, X, and X,
denote the solubility m the neat solvents a and
b, A;; and A, represent  the vapour pressure
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of the mixed solvent, qi, gz and oz are the molar
volumes of the solvent a, the solute and solvent
b, and C.-C. and Dy are the interaction terms
between nuxed solvent and the solute.

These cquations could be smmplified to the
following forms, respectively:

logX, = £ logX, + £ logX, + K f.f, 4
lopX,. = flogX, Hilog X HK, f.f.+K .6, -
logX,, = f. logX, + f; logX,+ K, fifi + Ko 76 +
R O e f
where Ki=[As(g/ai)]. Ki=[Aardq)] + Gl
Ke= 2[As{gp/qe)-Acla'a], K =[As{g/q) ).
Ko =2[Asig/qs) - Aws(gefg)] + Cilgaiqu),
Ks =Ci(qs/qs) and Ky =[3D,1(g-/qs)].

The second theorctical model, 1.c., CNIBS/R-
K. in general form is:

lop X, =flogX + f, logX, + LAZS(L-) 7
n which 5, 18 the model constant and 1 could be

cgual to 0-3 (2 8-9), Depending on the values of

1 four equations could be obtained from Eq. 7.
The  general  single model, GSM, which
obtained from the two theoretical models EFE
and CNIBS/R-K, is represented as

logX,,= LB,(f.Y E;

i which B, is the model constant and j=1-5.
MR-5 models are as follows:

logX, = Wif, + W, + Wi f, 9
logX, =W, £AW, £ W, ()P WL (1) 10
logXe = W £, + W 6y + Wi (1L ) + W (1/R)
+ W f, ]
in which W,-W,, W, - W.;_' and W, - W, are the
models parameters and £, and fi, arc given by
f, = 0.96 f,+ 0.02 and f, = 0.96 f, +0.02 (5).
The LDL-L method was expressed by Fgs 12
and 13

log[logi X/ Xe)] = Intercept + slope log{f/f)
when (<t,<0.3 12
log[log(XJ/X,)] = Intercept + slope log{f/0.3)
when O<f,=<0.5 13
This method 15 wsed to linearize the solubility
data, which has not been linearized by the log-
linear model (%) The LDL-L method are
apphcable only to those cases where plot of
solubility ws the selubility parameter of the
solvent, &, lacks a maximum.

The DL-L and DL-E methods are given by Egs.
14 and 15:

log(-logXm) = "'ﬂk{]mgﬂ,}k {k=-3,-2 -1, 1,1,
2,3} 14
log(-logXm) = SA 0™ (g=.5 3 1,0, 1,
3. 5) ]
By and A, are constants of the models.

The M-EFE and M-CNIBS5/R-K arc presented

0

by Egs. 16-18 and Eq. 19, respectively.

logX, = Mif, + Maf, + Mufif, 16
log X, =M, f, + My i, + M I,f, +M,F, }7
logX, = M, f, + Mz f, + Ms 6, + My &, +
M. 6, + M, £,°1.2 18
logX.= 5, f, + S+, + LLES; (£,-£.) 19
where M-M;, M'-M' MY -MY 8, 8 and S
are the models constants, The resons for
emploving M-Ma, M-M' MU-M", 5254
instead of the ongnal constants {logX, and
logX,:) 1s provided in a previous paper (7).

COMFPUTATIONAL RESULTS AND

DISCUSSION
All the models with 3-7 parameters, except
LDL-L methed. have been applied to 8% data
sets by references provided in Table 1. The
percent average error, %A E. for each model
with the specified number of parameters was
calculated by:

WA E=VZE 100 [(Xm)p - (Xm)e)/ Xmp |
where Z equals the number of data | N | in cach
system for models | and 3-7 and (N-2) for the
maode] 2, (Xm)p and (Xm)c denole the predic-
ted and expenimental valucs of Xm at fa The
percentage overall average error (% OAE)
was calculated by:

YOAE =(L%AE)YES

The corresponding %0 A E, is shown in Fig. 1.
As il 1s shown in the Figure 1, in each model
with inerease in the number of parameters there
iz an increase in the accuracy. Also, as the
number of parameters increases, the difference
in accuracy among the models generally be-
comes less apparent. Overall, M-CNIBS/R-K
madel, because of the least %0 A E. values was
found to be the best model. However, in a
recent report (10} it 15 shown that the accuracy
of the onginal CNIBS/R-K model is consi-
derably mmproved. and becomes comaprable to
that of M-CNIBS/R-K model  when  the
variables of this model s used a2 new
arrangement.

In term of %B.A, DL-L model is the best
among all models and the maximum %0 A
oceurs with n=6. Also, the CNIBS/R-K model
exhibits a2 miumum value with n=4 and the
pattern for other models does not obey a gencral
trend (Fig. 2} The GSM derived from the
theoretical models provided theoretical qustifi-
cations for other semiempirical or empirical
models (3), and was the least accurate model
from both %O AE. and %GB A points of view
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Table | Systems used for comparison of the models

No.  Soluteinsolventa+solventb _ ~— Reference
1 Anthracene in benzene + cyvclohexane 15
2 Anthracene in benzene + n-heptane 15
3 Anthracene in benzeng + isooctane 15
4 Anthracene in cyclooctane + benzene 15
5 Anthracene in cyclooctang + cyclohexane 15
i Anthracene in dibutyl ether + n-hexadecane 16
9 Anthracene in dibuty] ether + squalane 16
8 Anthracene in n-heplane + cyclohexane 15
Q Anthracene i n-hexane + benzene 13
i Anthracene in n-hexane + cyclohexane 13
11 Anthracene o isooctane + evelohexane 13
12 Anthracene in n-octane + cyvclohexane 15
13 Benzil in carbon letrachlonde —isooctane 17
14 Benzil in cyclohexane + cyvelooctanc 17
15 Benzil in cyclohexang + n-heptane 17
16 Benzil in cyclohexang + isooctane 17
17 Benzil in cyclehexane + n-octang 17
18 Benzil in cycloociane + carbon tetrachloride 17
19 Benzil in n=octane + carbon tetrachloride 17
20 Benzoic acid in cvelohexane + carbontetrachloride 18
21 p-Benzoquinone in cyclohexane +Hsooctane 14
22 p-Benrzoquinone in cyclooctane +cyclohexane 14
23 p-Benzoquinone in n-dodecane + n-heptane 14
24 p-Benzoquinone in n-heplane + carbonletrachlonde 14
25 p-Benzoquinone in n-heptane + cvclohexane 14
26 p-Benzoguinone in n-octane < carbontetrachloride 14
27 Butyl-p-aminobenzoate in propylensglveol twater 20
28 Butvl-p-hyvdroxybenzoate in propvleneglveol+water 20
29 Caffeine in dioxane + water 2]
30 Carbazole in dibutyl ether + chlorocvelohexane 23
3 Carbazole in dibutyl ether + 1-chlorohexane 23
iz Carbazole in dibutyl ether + 1-chlorooctane 2
33 Carbarole in dibutyl ether + 1-chloroletradecane 22
34 Carbazole m dibutyl ether + cyclohexans 24
i5 Carbazole m dibatyl ether + cycloocianc 24
16 Carbazole i dibutyl ether + n-heptane 24
7 Carbazole in dibutyl ether + n-hexadecane 16
38 Carbazole in dibutyl ether + n-hexane 24
39 Carbazole in dibutyl ether + isooctane 24
4] Carbazole in dibutyl ether = methyl-cyclohexane 24
41 Carbazole in dibutyl ether + n-octane 24
42 Carbazole in dibutyl ether + squalane 16
43 Carbazole in tetrahydropyran + t-butyvlevelohexane 9
44 Carbazole in tetrahydropyran + cvclohexane El
43 Carbazole in tetrahydropyran + n-heptane 9
46 Carbazole in tetrahydropyran + n-hexadecanc E]
47 Carbazole in weirahydropyran + n-hexane 9
48 Carbazole in telrahydropyran + isooctane b
49 Ethyl-p-amincbenzoate in propyleneglycol+water 20
30 Ethyl-p-hydrosybenzoate in propyleneglveal twater 20
31 p-Hydroxvbenzoic acid in dioxans+water 25
52 loding in n-heptane + benzens 26
53 loding in n-hexadecane + n-heptane 27
54 loding in n-hexadecans + isooctane 27
33 lodine in n-hexane + benzene 26
36 [odine in isooctane + benzene 26
57 Methyl-p-aminobenzoate in propylencglyeol+water 20
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58 Methyl-p-hyvdroxybenzoate in propyleneglyool +water 20
59 Maphthalene in acetonitrile + water 24
Bl Maphthaleng in ethylene glycol +water 28
fl MNaphthalene in methanol + water 28
A2 Faracetamol in ethyvl acetate + methanol 24
%) Paracetamaol in methanol + water 20
B Fropyl-p-aminobenzoate in propylencglyeol +water 20
PRl Fropyl-p-hydroxybencoate in propyleneglveol+water 20
e sulphadiazing in dimethylformamide+water 3l
67 Sulphamethazine in ethanol + water il
] Sulphamethazine in ethy] acetate+ethanol 3l
oy Sulphanilamide in dioxane + water 32
70 Sulphanilamide in ethanel + water 31
71 Sulphanilamide in ethy] acetate+ethanol 31
72 Sulphisomidine in dioxane + water 32
73 Sulphamethoxypyridazine in ethanol+water, 20°C 33
74 Sulphamethoxypyridazine in ethanol+water, 23°C i3
75 sulphamethoxypyridazine in ethanoldwater, 30°C 33
76 sulphamethoxypyridazine in cthanol+water, 33%C 33
7 sulphamethoxypyridazine i ethanol+water, 40°C 33
TA Testosterone in chlorofurm + cyclohexane 4
79 Theobromine in dioxane + water 34
Al Theophylline in acetonitrile 1+ water 29
Al Theophylline in dioxane + water 35
a2 Theophvlline in ethylene glveal+water 29
53 Theopbylline m methanol + water 29
54 Tolbutamide in hexane + ethanol iG
B3 p-Tobvlacetic acid in cyclohexane+n-hexane 37
He p-Tolvlacetic acid in n-heptane+eyclohexane 37
BT p-Tolylacetic acid in 1sooclane+ovelohexane 37
88 p-Talylacetic acid in n-octane teyelohexane L)

duc to  the different arrangement of the variables.
In the pharmaceutical industry for ¢conomical and
practical considerations. a minimum number of
solubility experiments are required. Therefore, a
minimum number of data points which was equal
10 the number of constants in each model was used
to calculate the model constants in order to verify
the predictability of the models by using all
possible combmations of the data pomts in 88
systems. It was found that at least in nearly 25 %
of cases the %A E. was preater than the acceptable
30% level (11-12) which was not satisfactory from
practical point of view and indicated that the
models were not rcliable for this purpose of
accuracy. However, the LDL-L model was proved
1o be the most accurate method for this purpose. It
should be borne in mind that this model was
applicable to cases where a plot of solubility ws
solubility parameter of the solvent, §;. do not show
a maximum, This model together with other
models outhned above were applied to systems
No. 7,27, 28, 34-41, 43-50, 57, 58, 64 and 65 cited
m a previous paper (7) and a minimum number of
& data points were used for calewlation of models

constants in order to predict solubilities for whole
data points m each systems, Percentage of all
possible  six data pomnt  combinations  which
produced %A E. greater than 30% for LDL-L.
NIBS/R-K, DL-E, M-EFE, M-CNIBS/R-K., DI.-L
and MR-5 were 438, 455 1248, 13.17, 13 44,
2020, 23.51 and 32,72, respectively.

Because of the possible toxicity of pharmaceutical
cosolvents, their  concentrations in the liguid
dosage forms should be kept as low as possible
and should not exceed 50% V/V (13). In addition.
in the preformulation stage of a new drug due to
the scarcity of the drug, a minimum number of
solubility experiments should be carried-out in
order to predict the solubility at other concentra-
tions of the cosolvent. Thus, a minimum number
of three data points were used to venfy the
predictability of the models up to 0.5 volume
fraction of cosolvent for the 23 sets. Percent of all
possible three data point combmations which
produced %A E. greater than 30% for DL-L., DL-
E. LDL-L. CNIBS/R-K, M-CNIBS/R-K, M-EFE,
EFE and MRE-5 models were (.00, 1.83, 2.74_ 4 35,
435, 435, 2589 and 2589, respectively.
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O3 parameter B4 parameter W5 parameter BS parameter BT parameter

% O"AE.

Figure 1 Comparison of predictability of various equations on the basis of percent overall average error,
% A E | with different number of parameters,

Some models Le. EFE and M-EFE did not possess 5 and 7 parameter equations and ME-5 Tucked & and
7 parameter equations.

For 3-6 parameter DL-E models q was equal to -1, 0, 1. -3, 21,0, 1; =3, -1.0, 1, 3 and -5, -3, -1, 0, 1, 3,
respectively.

For 3-6 parameter DL-L models q was equal to -1, 0, 1 -2, -1, 0, 1; -2, -1,0, 1, 2and -3, -2, -1, 0, 1, 2,
respectively.

O3 parameter B4 parameter W5 parameter B6 parameter B 7 parameter

70
60 |
50 -

40

% of best adherence

Figure 2 Mumber of data {as percentage of sum of all data pouns in 3% sets) adhered best 1o models with
different munber of parameters

Some models i.e.. EFE and M-EFE did not possess 5 and 7 parameter equations and MR-5 lacked 6 and
7 parameter equations

For 3-6 parameter DL-E models q was equal to-1,0, 1;-3,-1,0, 1; =3, -1,0, 1, 3 and -5, -3, -1,0, 1, 3,
respectively.

For 3-0 parameter DL-L models g was equal to-1, 0, 1;-2,-1,0, 1, -2, -1, 0, 1, 2 and -3, -2, -1,0,1, 2,
respectively,



Evaluation of cosolvency models 13

CONCLUSIONS
The present investigation mdicated that no
single model 15 supenior in all aspects of
accuracy  and  prediction  requirments.  For
example, employing whole data points in a set,
M-CNIBS/R-K was the most accurate model in
terms of %0 A E, whereas DL-L model was
superior to the other models from %B A, point
of view. Also, DL-L and LDL-L methods were
the most accurate models when a minmum

number of data points in a set was used. These
findings were in parallel with previous results
{14) in which only three cosolvency models
were compared by a limited number of experi-
mental sets.
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