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Some numerical analyses
on the solubility of
vanillin in Carbitol® +
water solvent mixtures

Algunos analisis
numeéricos sobre la
solubilidad de la vainillina
en mezclas cosolventes
Carbitol® + agua

Alguns analises numéricas
da solubilidade de
vanilina em misturas de
solventes carbitol® + agua

Abstract

Resumen

Resumo

In this communication some reported
solubility values of vanillin (component 3)
in 2-(2-ethoxyethoxy)ethanol (Carbitol®,
component 1) + water (component 2)
mixtures at five temperatures from 298.15 to
318.15 K were correlated with the Jouyban-
Acree model combined with van't Hoff

or Apelblat equations, obtaining models

in second degree regarding the mixtures
compositions. Mean percentage deviations
were near to 6.0%. On the other hand,

by means of the inverse Kirkwood-Buff
integrals it was demonstrated that vanillin

is preferentially solvated by water in water-
rich mixtures (with a minimum 8x , value
in the mixture x, = 0.05, i.e. -4.29 x 10~%) but
preferentially solvated by the cosolvent in
mixtures with compositions 0.12 < x, < 1.00
(with a maximum 6x , value equal to 3.61 x
107 in the mixture x, = 0.25). It is conjectural
that hydrophobic hydration plays a relevant
role in the first case, whereas, in the second
case, vanillin would be acting as Lewis acid
with Carbitol®.

En esta comunicacidn se presenta la
correlacién de algunos valores de solubilidad
de vainillina (componente 3) en mezclas
2-(2-etoxietoxi)etanol (Carbitol®, componente
1) + agua (componente 2) reportados
previamente en la literatura a cinco
temperaturas desde 298,15 hasta 313,15

K mediante el modelo de Jouyban-Acree
combinado con las ecuaciones de van’t Hoft

y de Apelblat. En el andlisis se obtuvieron
modelos de segundo orden respecto a la
composicion de las mezclas disolventes. Las
desviaciones porcentuales promedio fueron
cercanas al 6,0%. Por otro lado, mediante

las integrales inversas de Kirkwood-Buff

se demostrd que la vainillina es solvatada
preferencialmente por el agua en mezclas

ricas en agua (con un valor minimo de Ox
igual a -4,29 x 10~? obtenido en la mezcla de
composicion x, = 0,05) pero preferencialmente
solvatada por el cosolvente en mezclas con
composiciones 0,12 < x, < 1,00 (con un valor
mdximo de dx, , igual a 3,61 x 10~ obtenido en
la mezcla de composicion x, = 0,25). Se podria
conjeturar que la hidratacion hidrofébica juega
un papel relevante en el primer caso, mientras
que en el segundo caso, la vainillina estaria
actuando como acido de Lewis frente a las
moléculas de Carbitol®.

Nesta pesquisa alguns valores de solubilidade
da vanilina (componente 3) em misturas
2-(2-etoxietoxi)etanol (Carbitol®, componente
1) + 4gua (componente 2) em varias
temperaturas (298,15-318,15 K) foram
correlacionados com o modelo Jouyban-
Acree combinado com as equagdes do

van't Hoff ou Apelblat obtendo modelos de
ordem dois. Os desvios médios percentuais
foram cercanos a 6,0%. Por outro lado, por
meio das integrais inversas do Kirkwood-
Buff demonstrou-se que a vanilina é
preferencialmente solvatada pela 4gua em
misturas ricas em agua (com um valor
minimo de 8x1‘3 igual a —4,29 x 10~? obtido
na mistura de composigdo x, = 0,05), mas,
preferencialmente, solvatada pelo cosolvente,
em misturas com composigoes 0,12 < x, <
1,00 (com um valor méximo de 8x1’3 igual a
3,61 x 1072 obtido na mistura de composigao
x, =0,25). E conjecturdvel que a hidratagdo
hidrofébica desempenha um papel relevante
no primeiro caso, enquanto que, no segundo
caso a vanilina estd atuando como dcido de
Lewis com moléculas do Carbitol®.

Keywords: Vanillin, Carbitol® + water
mixtures, Jouyban-Acree model, preferential
solvation, IKBI.
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Introduction

Solubilization and desolubilization of solutes are required in many in-
dustrial applications. Despite of collecting experimental solubility data,
mathematical models could be employed to provide predictive tools and
also derive some thermodynamic parameters for better understanding
of the phenomenon. Vanillin (Figure 1, 4-hydroxy-3-methoxybenzal-
dehyde, CAS number 121-33-5) is a flavoring agent commonly used in
several industrial foods and pharmaceutical dosage forms as well as a
fragrance in some cosmetic products (1,2). Carbitol® or Transcutol® (also
known as 2-(2-ethoxyethoxy)ethanol, CAS number 111-90-0) is a com-
monly used cosolvent in some pharmaceutical and industrial formula-
tions (1). Sullivan et al. (3) reviewed the safety of Carbitol® as a phar-
maceutical excipient. In a recent paper, Shakeel et al. (4) reported the
experimental solubility of a flavoring agent, vanillin (component 3), in
some Carbitol® (component 1) + water (component 2) mixtures at dif-
ferent temperatures from 298.15 to 318.15 K along with some numeri-
cal correlation analyses. The work provided useful data for food indus-
tries and also expanded the available solubility database of the solutes in
mixed solvents (5). The aim of this manuscript is to expand the results of
numerical analyses in terms of the solubility data modeling according to
the Jouyban-Acree model (6), as well as the evaluation of the preferential
solvation of vanillin by both solvents in the saturated mixtures based on
the inverse Kirkwood-Buff integrals (7). These complementary analyses
provide trained versions of the cosolvency models for accurate prediction
of vanillin solubility in Carbitol® + water mixtures at different tempera-
tures. Otherwise, the preferential solvation analysis allows the proposal
of mechanisms involved in the solubilization increasing by the cosolvents
in aqueous mixtures. In turn, this research expands the analyses made
previously with vanillin in 1,2-propanediol + water mixtures (8,9).

Results and discussion

The solubility data of vanillin at various temperatures was mathemati-
cally represented by both the van't Hoff and Apleblat equations (4).
These Equations are represented as:

Inx=a +£
T (1]

and

Inx =4 +§+ClnT 2]
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Figure 1. Molecular structure of vanillin.

where x is the mole fraction solubility, T is the absolute tempera-
ture of the solution, a, b, A, B and C are the models constants. Equa-
tion [2] describes the solubility of vanillin in Carbitol®, water, and their
mixtures more accurately than Equation [1], since it possess one more
curve-fitting parameter. The overall mean percentage deviations (MPD)
of 2.4 and 0.6 % were obtained from Equations [1] and [2], respectively,
in which the MPD difference was statistically significant (paired t-test,
P <0.0004). The MPD was calculated by:

xcal

_x‘

mpp=10% 3]
N X
where N is the number of experimental data points and X cal s
the correlated solubility. There are some physicochemical reasons for
observing these deviations from the linear pattern which are discussed
by Grant et al. (10).

Shakeel et al. (4) used the log-linear model to represent the solubil-
ity of vanillin in the binary solvent mixture as:

Inx, ,=mInx ;+m,lnx,, (4]

In which m, and m, are the mass fractions of Carbitol® and water
in the absence of vanillin, X, ; and X, ;. are the solubility of the sol-
ute in the mono-solvents 1 and 2 at T, i.e. in neat Carbitol® and water.
The respective linear solubility trends at each temperature are shown in
Figure 2.

Log-linear model is the simplest cosolvency model and is a popu-
lar equation in the pharmaceutical area, but it represents the effect of
only solvent composition on the solubility and for each temperature a
separate model should be trained. To cover these points and also to add
the temperature term in the computations, the Jouyban-Acree model
was derived by introducing additional terms to Equation [4] (6,11). The
basic Jouyban-Acree model for representing the solubility of solutes in
binary solvent mixtures at various temperatures is:

n J )
j I3
Inx, ,=mInx  +m,Inx,, +mm, Z —’(m1 - mz) [5]
i=0

Where the J ; terms are the model constants computed using a no
intercept least square analysis (12). The trained version of Equation [5]
for vanillin solubility data in Carbitol® + water mixtures at various tem-
peratures is:

Figure 2. Logarithmic mole fraction solubility of vanillin in Carbitol® + water mixtures at
several temperatures (4). o: 298.15 K; o: 303.15 K; A: 308.15 K; 0: 313.15K; x:
318.15K. m, is the mass fraction of Carbitol® in the Carbitol® + water mixtures free
of vanillin. Right lines correspond to log-linear solubility model.
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mym,

Inx, , = m Inx,, +m, Inx, + ( : )[2242.300 - 742.835 (m, - m,) + 4968.536(m, - m,)’] [6]

Which back-calculated the solubility data with MPD of 5.6%. One may replace In x, , or In x,  with van't Hoff values as:

b b - J, i
Inx, = m, (al + 7%) +m, (al + ;) + mlmZZ ?(ml' mz) 7]
i=0

The ] terms of Equation [7] are taken from Equation. [6] and the 4 and b terms from the corresponding van't Hoft analysis in neat solvents 1

and 2 and the provided model is:
473.711 2912.245
Inx, = m1(0.153 - —T ) +m, (2.794 - T)

+(m;nz) [2242.300 - 742.835(n,- m,) +4968.536(n - m)'|

(8]

The solubility of vanillin in these solvent mixtures at various temperatures was predicted using Equation [8] with the MPD of 6.0%. One may
combine Equations [2] and [5] to provide the following model:

5201.706 49087.8

Inx, = m1(102.817- - 15.237lnT)+ m2(1007.623— - 149.1301nT)

mimy 9]
+(m1Tm2) [2242.300 - 742.835(m, - m,)+4968.536(m,~ m.,Y’]

Table 1. Some physicochemical properties associated to the preferential solvation of vanillin (component 3) in Carbitol® (component 1) + water (component 2) mixtures at 298.15 K.

X KJ 111)1/01‘1 cm?;:li)l‘l cm?;fli)l‘l cm‘:crorrl(/)l‘1 100 5x‘!3
0.00 -84.09 -713.5 -101.9 592 0.00
0.05 -55.36 -564.7 -277.1 610 -4.29
0.10 -35.83 -420.8 -361.1 764 -1.35
0.15 -24.94 -320.2 -389.1 912 1.65
0.20 -18.16 -248.3 -380.3 1027 3.14
0.25 -13.74 -199.6 -355.0 1123 3.61
0.30 -10.79 -168.2 -327.6 1208 3.61
0.35 -8.81 -148.3 -305.1 1289 3.43
0.40 -7.47 -135.8 -289.7 1368 3.24
0.45 -6.55 -127.7 -281.3 1448 3.08
0.50 -5.90 -1224 -278.9 1526 2.95
0.55 -5.40 -118.5 -281.0 1604 2.85
0.60 -4.97 -115.6 -285.9 1681 2.73
0.65 -4.55 -113.2 -291.6 1756 2.57
0.70 -4.09 -110.9 -294.6 1829 2.32
0.75 -3.54 -108.7 -290.3 1899 1.95
0.80 -2.88 -106.4 -272.1 1967 1.45
0.85 -2.08 -104.2 -233.8 2033 0.87
0.90 -1.11 -102.4 -173.7 2098 0.32
0.95 0.03 -101.4 -99.5 2166 0.00
1.00 1.37 -101.4 -26.2 2237 0.00

2x, is the mole fraction of Carbitol® in the Carbitol® + water cosolvent mixtures free of vanillin.
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Which predicts the solubility data with the MPD of 5.7%. The main
advantage of Equations. [8] or [9] over [6] is that these models do not
require any further experimental data for predicting the solubility of
vanillin in Carbitol® + water mixtures at various temperatures, whereas
Equation [6] requires X, , and X, ;. values at each temperature of in-
terest.

Furthermore, the preferential solvation parameter of vanillin by
Carbitol® in Carbitol® + water mixtures (éxm) is defined as the following
equation (13):

L
OXp3 = X3 = X =

- 5x2’3 [10]

where, Xl 3 is the local mole fraction of Carbitol® in the environ-
ment near to vanillin. If 0x,, > 0 vanillin is preferentially solvated by
Carbitol®. If this parameter is negatlve vanillin is preferentially solvated
by water. 0x , values are obtained from the inverse Kirkwood-Buff inte-
grals for the individual solvent components as shown in Equations [11]
and [12]:

G ;=RTx,-V;+x,V,D/Q (11]

G,; =RTx, -V, +xV\D/Q [12]

Where «, is the isothermal compressibility of the solvent mixtures
(in GPa™), v, and V, are the partial molar volumes of the solvents, and
V, is the partial molar volume of vanillin. The functions D and Q are
defined by the following equations:

aA G3 2—1+2

[13]
ox, .
aZGExc
) =RT+x,x, —1;2 [14]
Ox, -

Here, A G3 5142 is the standard molar Gibbs energy of transfer
of vanillin from neat water to Carbitol® + water mixtures and Giz is
the excess molar Gibbs energy of mixing of Carbitol® and water in the
mixtures free of vanillin.

With all these quantities the preferential solvation parameter was
calculated from the Kirkwood-Buff integrals as follows:

XX, (G1,3 -G, 3)
x1G1,3+ x2G23+ V

cor

(15]

5x1’3 =

To use Equation [15], the correlation volume (V) was obtained by
means of the following expression:

V. =2522. 5(r3+0 1363(x5,V; +x57,) -0 085) [16]

Where r, is the molecular radius of vanillin (expressed in nm). How-
ever, the definitive correlation volume required iteration done by replac-
ing dx, , in the Equation [10] to calculate X, 5 until a non-variant value
of V__is obtained.

Table 2. Fedors' method applied to the estimation of internal energy, molar volume, and Hildebrand solubility parameter of vanillin.

Group Group number AU° / kJ mol™ V/cm?® mol™!
~CH, 1 471 335
Trisubstituted phenyl ring 1 31.9 33.4
-CHO 1 21.4 22.3
-O- 1 3.35 3.8
-OH 1 29.8 10.0

X AU°=091.16 2 V=103.0

AgG® /1T mol 1

B |

Figure 3. Gibbs energy of transfer of vanillin from neat water to Carbitol® + water mixtures
at298.15K.

d,=(91,160/103.0)"* = 29.7 MPa'?

X1

Figure 4. Jx,, values of vanillin in some aqueous cosolvent mixtures at 298.15 K.
Carbltol®+waterm|xtures 0: 1,2-propanediol + water mixtures (9).
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Figure 3 shows the Gibbs energy of transfer behavior of vanillin
from neat water to Carbitol® + water mixtures at 298.15 K. These values
were calculated from the mole fraction solubility of vanillin reported by
Shakeel et al. (4) according to the following equation:

A G;z—mz —RTln( ) (17]
X3 142

The A G3 5,110 values were correlated with the polynomial pre-
sented as Equatlon [18] with the following coefficients (k] mol™): a =
0.00, b = 1.75, c = -143.95, d = 338.85, e = 320.79 and f = 111.10, with r*
=0.9998 and standard fitting error = 0.0608.

A G = a+ b+ cxt e+ fi7? 18]

In this way, the D values reported in Table 1 were calculated from
the first derivative of the polynomial model solved according to the mix-
ture’s composition. The values of Q, RT x, and partial molar volumes of
the solvents in the mixtures were taken from the literature (14). Molar
volume of vanillin was calculated by means of the Fedors’ method (15)
as shown in Table 2. G, , and G,, values shown in Table 1 are negative
in all cases indicating that vamlhn exhibits affinity for both solvents in
the mixtures, i.e. Carbitol® and water. Solute radius value (r3) was also
calculated from the vanillin molar volume as 0.344 nm according to that
described earlier (9). The correlation volume of this compound was it-
erated three times by using Equations [10], [15] and [16] to obtain the
values reported in the Table 1. This table also shows the preferential sol-
vation parameters of vanillin by Carbitol®.

Table 1 and Figure 4 show that the 8x, , values vary non-linearly with
the Carbitol® proportion in the aqueous mixtures. Thus, the addition of
Carbitol® to water makes negative the dx , values of vanillin from neat
water to the mixture xl = 0.12 reaching a minimum value in the mixture
x, = 0.05 with 8x, , = -4.29 x 107, It would be possibly that the hydro-
phOblC hydratlon around the non-polar groups of vanillin contributes
to lower the net 8x, , to negative values in these water-rich mixtures (9).

In mixtures with composition 0.12 < x, < 1.00, the local mole frac-
tions of Carbitol” are higher than those in the bulk mixtures because
8x ,are positive. In this way, the cosolvent action of Carbitol® to increase
the vamlhn solubility could be related to the breaking of the ordered
structure of water around the non-polar moieties of vanillin. This in-
creases the solvation by Carbitol” exhibiting a maximum value in the
mixture x, = 0.25 with 8x , = 3.61 x 1072 It is conjecturable that in the
0.12 < x, < 1.00 region vanillin is acting as a Lewis acid with Carbitol”
molecules because this cosolvent would be more basic than water owing
their ether and hydroxyl groups (Figure 1) (14).

Finally, Figure 4 also compares the preferential solvation of vanillin
in Carbitol® + water and 1,2-propanediol + water mixtures (9). Clearly
the magnitude of preferential solvation of vanillin by cosolvent and wa-
ter is higher in Carbitol® + water mixtures compared with 1,2-propane-
diol + water mixtures. It is important to note that Carbitol® is less polar
than 1,2-propanediol as described by their Hildebrand solubility param-
eters, i.e. § = 22.3 MPa'? for Carbitol® and 30.2 MPa'? for 1,2-propane-
diol (16). This behavior is similar to that exhibited by the antioxidant
agent daidzein and the analgesic drug ketoprofen in ethanol + water and
1,2-propanediol + water mixtures. It is noteworthy that ethanol is less
polar than 1,2-propanediol (17,18). In turn, the composition interval
lengths regarding vanillin are contrary when compared with daidzein
and ketoprofen. Thus, the composition interval, where vanillin is pref-
erentially solvated by water in Carbitol” + water mixtures, is lower than
that for the same compound in 1,2-propanediol + water mixtures. This
result is opposite to that reported for daidzein and ketoprofen in ethanol
+ water and 1,2-propanediol + water mixtures. In this way, the composi-
tion regions where the drugs are preferentially solvated by water in etha-

nol + water mixtures are higher than those for the same compounds in
1,2-propanediol + water mixtures. Unfortunately, the molecular reasons
involved in these opposite behaviors are not clear because the complex-
ity of the molecular structures of the compounds under analysis. Nev-
ertheless, it is noteworthy that the observed and discussed preferential
solvation of vanillin in Carbitol® + water mixtures is in very good agree-
ment with that previously described based on more classical thermody-
namic treatments (4).

Conclusions

Published vanillin solubility values in Carbitol® + water mixtures have
adequately been correlated with the Jouyban-Acree model combined
with van’t Hoff and Apelblat equations. Vanillin is preferentially solvated
by water in water-rich mixtures, but preferentially solvated by the co-
solvent in mixtures with compositions 0.12 < x, < 1.00. Based on these
behaviors, it is conjectural that hydrophobic hydration plays a relevant
role in the first case, whereas, in the second case, vanillin would be act-
ing as Lewis acid with Carbitol® molecules.
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