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Water is the most widely used solvent in the chemical and pharmaceutical industry, since it is the most phy-
siological and best tolerated excipient. However, in some cases water cannot be used as a solvent because the
active substance or solute is insoluble or only slightly soluble in water. For this and other reasons, nonwater
solvents may be used possessing the common characteristic of being soluble or mixable in water; as a result,
such solvents can be used to prepare binary or tertiary mixtures, etc., with different purposes such as increas-
ing water solubility, or modifying the viscosity or absorption of the dissolved substance, for example.

Ethanol, along with other alcohols either alone or in water—alcohol solutions involving different propor-
tions, are widely used in the pharmaceutical industry as excipients in different formulations, or as solvents.

Ethanol-water systems are characterized by the so-called volume contraction phenomenon, which is in turn
accompanied by a considerable increase in the viscosity of the system. This is attributed to the increase in size
of the molecular package secondary to solvation or the formation of hydrogen bonds between the alcohol and
water — a phenomenon referred to as viscous synergy.

The formation of hydrogen bonds between alcohol and water modifies with temperature, thus leading to
variations in the viscosity of the system.

The present study investigates the viscous synergy of systems comprising pure alcohol in water at different
concentrations, determining the proportion of alcohol-water at which maximum viscous synergy occurs,
along with the correlation between the viscosity increments and density. The ratio between the maximum visc-
osity reached by the mixture and the viscosity of pure alcohol is expressed by the enhancement index defined
as: E, = nmax/1,. Likewise, and since the viscosity of these systems varies with temperature, a thermodynamic
study has been made to determine the activation energy of the ethanol-water mixture as a function of
concentration.

Keywords: Viscosity; Viscous synergy; Ethanol; Solvation; Activation energy

INTRODUCTION

Ethanol is very widely used in the chemical, pharmaceutical, and cosmetic industry, and
presently also as an alternative energy source. Knowledge of its physico-chemical char-
acteristics is therefore interesting in order to define its behavior in each concrete case.
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Rheology, the field in physics which studies material deformation and flow, is
implicated in the mixing and flow of medicinal formulations and cosmetics, and is
increasingly applied to the analysis of the viscous behavior of numerous pharmaceutical
products [1-7].

In addition, the rheological and molecular behavior of a formulation can influence
aspects such as patient acceptability — since it has been well demonstrated that viscosity
and density both influence the absorption rate of such products in the body [8,9].

On the other hand, thermodynamics studies phenomena related to heat and tempera-
ture, and in our case is applied to determination of the activation energies of such
systems, since temperature is also an important factor [8,10] determining the physico-
chemical properties of these systems — influencing both product absorption rate and
reaction velocity [8,10-12].

The present study investigates and quantifies viscous synergy and volume contraction
in mixtures of pure ethanol and water, and their relation to concentration. Likewise,
and since the viscosity of these systems varies with temperature, a thermodynamic
study has been made of the elements constituting these systems, with the determination
of their respective activation energies.

THEORETICAL CONSIDERATIONS

Synergy is defined as mutual enhancement of the physico-chemical, biological, or
pharmaceutical activity between different components of a given mixture, as a result
of which the combined activity is greater than the simple sum of the activities of the
individual constituent components.

For the purposes of the present study, viscous synergy is the term used in application
to the interaction between the components of a system characterized by a net viscosity
greater than the simple sum of the viscosities of the individual constituent components.

In contraposition to viscous synergy, the term viscous antagonism refers to inter-
action between the components of a system whereby the net viscosity is less than the
simple sum of the viscosities of the individual constituent components. Finally, if the
net viscosity of the mixture coincides with the sum of the viscosities of its individual
components, then the system is said to lack interaction among its components [13].

From the rheological perspective, the study of viscous synergy is interesting, since
many products are formulated with more than a single component in order to yield
the desired physical structure and properties [14].

The method most widely used to study the synergistic and antagonic behavior of
ethanol-water mixtures was developed by Kaletunc-Gencer and Peleg [15]. This
method is able to quantify the synergic interactions taking place in solutions involving
components mixed in variable proportions, contrasting the viscosity of the system
as determined experimentally, 7., with the expected viscosity in the absence of
interaction, nmix, defined by the following equation:

NMmix = X4 * N4 + X N5, (1)

where x4 and xp are the fraction by weight of 4 and B in the system, and n 4 and 5z are
the experimentally determined viscosities of 4 and B, respectively. Accordingly, when
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Nexp > Tmix> Viscous synergy exists, while in the event that nexp < fmix, Viscous antagonism
is defined.

This procedure is used in application to Newtonian fluids, since in the case of non-
Newtonian systems shear rate must be taken into account — with the resulting definition
of other synergy indices [16].

In order to make viscous synergy results more comparable, we also study the
so-called synergic interaction index (/,) introduced by Howell [17] and defined as:

In = (nexp - nmix)/nmix = AN/ Nmix- 2)

Another aspect to be taken into account is the fact that the viscosity of a product
(in our case ethanol) is increased by the simple addition of water. Accordingly, the
enhancement index of the viscosity of the mixture (£,) is defined as the ratio between
the maximum viscosity of the solution (n,ax) and the viscosity of the pure substance

(n,), 1.e.:
Ey = Nmax/No- (©)

The method used to analyze volume contraction is similar to that applied to viscosity,
i.e., the density of the mixture is determined experimentally, pxp, and a theoretical
value is calculated, o, corresponding to the situation where no volume contraction
exists, based on the following equation:

Pmix = X4 - P4+ XB - PB, “4)

where x4 and xp are the fraction by weight of 4 and B in the system, and p,4 and pp are
the experimentally determined densities of 4 and B, respectively. Calculations are then
made of Ap = pexp — pmix the density synergy index, I/, = Ap/pmix, and the density
enhancement index, E,,.

The mixtures analyzed establish hydrogen bonds between the alcohol and water
molecules. These bonds in turn undergo changes with temperature, giving rise to
variations in the viscosity of the system. Thus, in order to complete the description
of the viscous behavior of such mixtures, a thermodynamic study is required.

The analysis of activation energy is an important and complementary aspect in the
rheological study of a product, with implications for the stability of the latter, and
moreover affords information on the absorption rate of the system and its velocity
of reaction [8,10,12].

Activation energy is defined as the minimum energy necessary for a phenomenon,
process, or reaction to take place — i.e., its required initial “triggering” energy. In
systems with a high-activation energy, only a small proportion of the colliding particles
conforming the system have sufficient energy to react, and the reaction process is slow.
In contrast, in low-activation energy systems almost all the particles possess sufficient
energy to react, and the reaction process is therefore rapid [8]. In our case the activation
energy is the energy required to initiate flow among the system molecules.

We have determined the activation energy of the alcohol-water mixture based on the
Eyring theory of transport phenomena in liquid systems [18], where viscosity is related
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to temperature by the Arrhenius equation:
n = AeEWRIT) — foBIT (5)
which after linear conversion becomes:
Lnn=LnA+ (Ea/R)-(1/7), (6)

where: A4 is a constant characteristic of the substance involved; R is the universal gas
constant (cal/mol k); FEa is the activation energy of the system; and T is the absolute
temperature of the system.

EXPERIMENTAL METHOD

Ethanol was used as alcohol, with a richness of over 99.5% (v/v), supplied by Aldrich.
Ethanol-water mixtures were prepared at concentrations of 0, 10, 20, 30, 40, 50, 60, 70,
80, 90, and 100%, (w/w), distributing each preparation in three containers to ensure
determinations in triplicate and thus assess possible dispersion of the results obtained.
Posteriorly, in order to precisely determine the condition of maximum viscosity, the
concentrations between 40 and 50% were also measured, incorporating to our table
the results corresponding to a 46% concentration (w/w) of ethanol (equivalent to
one ethanol molecule per three water molecules).

The viscosity of the mixtures was determined using a Canon-Fenske viscometer,
while density was evaluated with an immersion densitometer. Both instruments were
used in the 10-70°C temperature range — higher temperatures being discarded, since
ethanol evaporation prevents stability of the measurements obtained.

The determinations in triplicate in all cases showed a percentage dispersion of under
2% — the mean value being recorded in all cases.

RESULTS

The results corresponding to Nexp, Nmix» AN, and I are jointly presented in Table I. For
increased clarity, Table I only includes the measures corresponding to temperatures of
10, 30, 50, and 70°C.

Figure 1(a) compares experimental viscosity, ey, With ethanol concentration in the
mixture, C (%). As the latter increases, 7y, is seen to increase to a maximum value cor-
responding to a concentration (w/w) of 46%, beyond which the experimental viscosity
values decrease. In all cases these values decrease with increasing temperature.

Figure 1(b) and (c) respectively correspond to An and In as a function of ethanol
concentration, C (%); in both cases the behavior is qualitatively similar to that seen
in Fig. 1(a). Of note is the fact that the values of An, and therefore of I, are always
positive — thus reflecting the viscous synergy phenomenon. It should also be pointed
out that maximum viscous synergy is always observed for the 46% ethanol concentra-
tion (w/w), which has already been mentioned as the corresponds to one alcohol mol-
ecule per three water molecules. The explanation for this behavior is clearly based on
the alcohol solvation phenomenon resulting from the hydrogen bonds formed between
the molecules of the two mixture components, with an increase in the volume of the
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TABLE I Values corresponding to experimental (1).y,) and theoretical viscosity (mix), AN = (Tlexp — Mmix)
differences, and viscous synergy index, I, =(An/nmix), of the ethanol-water mixtures for the indicated
temperatures and concentrations

t(°C) Concentration in weight of the ethanol (%)

0 10 20 30 40 46 50 60 70 80 90 100

Nexp X 1073 (Pas)
10 1274 2342 3150 3.802 4.168 4273 4121 3.611 3314 2596 2.134 1396
20 1.004 1.602 2.180 2592 2879 2980 2915 2.669 2497 2092 1.711 1.202
30 0830 1.263 1.687 1980 2161 2227 2133 1982 1814 1.556 1.222 0974
40 0.649 0927 1.148 1352 1466 1.513 1483 1442 1354 1211 1.010 0.831
50  0.571 0.798 0980 1.124 1219 1257 1226 1.177 1.110 0.998 0.853 0.721
60 0462 0614 0740 0831 0891 0929 0928 0.896 0.859 0.791 0.694 0.596
70 0408 0.512  0.601  0.675 0.728 0.742  0.735  0.716  0.695 0.668 0.605 0.537

Nmix X 1073 (Pa S)
10 1.274 1.286 1.298 1.311 1.323 1.330 1.335 1.347 1.359 1372 1.384 1.396
20 1.004 1.024 1.044 1.063 1.083 1.095 1.103 1.123 1.143  1.162 1.182 1.202
30 0.830 0.844 0.859 0.873 0.888 0.896 0902 0916 0931 0.945 0.960 0.974
40 0.649 0.667 0.685 0.704 0.722 0.733  0.740  0.758  0.776 0.795 0.813 0.831
50 0.571 0.585 0.599  0.613 0.627 0.636  0.642 0.656 0.670 0.684 0.698 0.712
60 0.462 0475 0489 0502 0.516 0.524 0.529 0.542  0.556 0.569 0.583 0.596
70 0.408 0421 0434 0447 0460 0467 0473 0485 0498 0.511 0.524 0.537

A’? = (nexp - 77mix) X 1073 (Pa S)

10 0 1.056 1.852 2.491 2.845 2.943 2.786 2.264 1.955 1.224 0.750 0
20 0 0.578 1.136 1.529 1.796 1.885 1.812 1.546 1.354 0.930 0.529 0
30 0 0.419 0.828 1.107 1.273 1.331 1.231 1.066  0.883 0.611 0.262 0
40 0 0.260 0.463 0.648 0.744  0.780  0.743 0.684  0.578 0.416 0.197 0
50 0 0.213  0.381 0.511 0.592  0.621 0.584  0.521 0.440 0.314 0.155 0
60 0 0.139 0.251 0.329 0.376 0.405 0.389 0354  0.303 0.222 0.111 0O
70 0 0.091 0.167 0228 0.268 0.275 0.262  0.231 0.197 0.157 0.081 0
Ir] = (An/nmix) (OA’)
10 0 82.1 142.7 190.0  215.0 221.3 208.7 168.1 143.9 89.2 542 0
20 0 56.4  108.8 143.8 165.8 172.1 164.3 137.7 118.5 80.0 448 0
30 0 49.6 96.4 126.8 143.4 148.5 136.5 116.4 948 647 273 0
40 0 39.0 67.6 92.0 103.0 106.4 100.4 90.2 74.5 52.3 242 0
50 0 36.4 63.6 83.4 94.4 97.6 91.0 79.4 65.7 459 231 0
60 0 30.1 51.3 65.5 72.9 71.3 73.5 65.3 545 390 190 0
70 0 21.6 38.5 51.0 58.3 58.9 55.4 47.6 39.6 30.7 15.5 0

resulting molecular package. This logically increases both viscosity and the density of
the system.

The values obtained from the density measurements, with processing analogous to
that employed in the case of viscosity, are shown in Table II. These values allowed
us to plot the graphic representation in Figs. 2(a), density, pexp, versus ethanol concen-
tration, C (%); Fig. 2(b), Ap versus ethanol concentration, C (%); and Fig. 2(c), I,
versus ethanol concentration, C (%). In all cases the observed behavior was entirely
analogous to that seen in the previous figures — thus reflecting the relation between vis-
cous synergy and volume contraction.

This fact becomes apparent on representing An as a function of Ap, as can be seen in
Fig. 3, where the linear dependency of both phenomena is clearly seen — each straight
line being traced for each of the temperatures studied. These representations have been
fitted by means of functions of the type of An=k- Ap, yielding correlation coefficients,
r, in excess of 0.991 in all cases. The coefficients, k, i.e., the gradients of the straight lines
corresponding to the different temperatures, are shown in Table III. Posteriorly, and
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FIGURE 1 (a) Graphic representation of the experimental values for viscosity, ey, X 1073 (Pas), of the
ethanol-water mixtures according to the ethanol concentration involved (w/w), for temperatures of 10, 30, 50,
and 70°C. (b) Graphic representation of the viscosity differences, An x 107> (Pas), of the ethanol-water
mixtures according to the ethanol concentration involved (w/w), for temperatures of 10, 30, 50, and 70°C.
(c) Graphic representation of the viscous synergy index, I, (%), of the ethanol-water mixtures according to
the ethanol concentration involved (w/w), for temperatures of 10, 30, 50, and 70°C.
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TABLE II Values corresponding to experimental (p.xp) and theoretical density (omix), AP =(Pexp — Pmix)
differences, and density synergy index, I,=(Ap/pmix), of the ethanol-water mixtures for the indicated
temperatures and concentrations

t(°C) Concentration in weight of the ethanol (%)

0 10 20 30 40 46 50 60 70 80 90 100

Pexp (kg/m?)
10 999.4 985.1 9702 9545 936.5 9254 916.0 891.7 867.6 8425 817.8 792.1
20 998.5 983.8 969.0 953.0 934.8 9238 9143 8903 866.1 841.0 816.5 790.8
30 995.7 980.7 9659 949.6 931.5 9204 911.0 887.2 863.1 8379 813.6 7879
40 9923 9772 9624 9460 9279 9169 907.6 884.1 860.1 835.1 8Il.1 785.6
50 988.0 9729 958.1 9419 924.0 9129 903.8 880.6 8569 832.2 8084 7832
60 983.2 968.2 9537 9374 9198 9088 899.8 877.1 853.8 829.2 8058 781.0
70 977.8 9629 9485 9324 9151 9043 8954 872.8 850.1 8259 802.8 7784

Pmix (kg/m3)
10 999.4 978.7 9579 9372 9165 9040 8958 8750 8543 833.6 812.8 792.1
20 998.5 977.7  957.0 936.2 9154 903.0 8947 8739 853.1 8323 8I1.6 7908
30 995.7 974.8 9542 9334 912.6 900.2 8919 871.1 850.3 829.5 8088 788.0
40 9923 971.6 951.0 930.3 909.6 8972 889.0 868.3 847.6 8269 806.3 7856
50 988.0 967.5 947.0 926.6 906.1 893.8 8856 865.1 844.6 8242 803.7 783.2
60 983.2 963.0 9428 9225 9023 890.2 882.1 8619 841.7 8214 801.2 781.0
70 9718 9579 9379 918.0 898.0 886.1 878.1 857.8 838.2 8183 7983 7784

Ap:(pexp —_ Pmix) (kg/l’l’l3)
21.4

10 0 6.4 12.3 17.3 20.0 20.2 16.7 13.3 8.9 5.0 0
20 0 6.1 12.0 16.8 19.4 20.8 19.6 16.4 13.0 8.7 4.9 0
30 0 5.9 11.7 16.2 18.9 20.2 19.1 16.1 12.8 8.4 4.8 0
40 0 5.6 11.4 15.7 18.4 19.7 18.6 15.8 12.5 8.2 4.8 0
50 0 5.4 11.1 153 17.9 19.1 18.2 15.5 12.3 8.0 4.7 0
60 0 5.2 10.9 14.9 17.5 18.6 17.7 15.2 12.1 7.8 4.6 0
70 0 5.0 10.7 14.4 17.1 18.2 17.3 15.0 11.9 7.6 4.5 0
Ip: (Ap/pmix) (0/")
10 0 0.65 1.28 1.85 2.18 2.37 2.25 1.91 1.55 1.07 0.62 0
20 0 0.64 1.25 1.79 2.12 2.30 2.19 1.87 1.53 1.04 0.61 0
30 0 0.60 1.23 1.74 2.07 2.25 2.14 1.85 1.50 1.02 0.60 0
40 0 0.58 1.20 1.69 2.02 2.19 2.09 1.82 1.48 0.99 0.59 0
50 0 0.56 1.17 1.65 1.98 2.14 2.05 1.79 1.46 0.97 0.58 0
60 0 0.54 1.16 1.61 1.94 2.09 2.01 1.77 1.44 0.95 0.57 0
70 0 0.52 1.13 1.57 1.90 2.05 1.97 1.74 1.43 0.93 0.56 0

based on Eq. (3) applied to the values in Table I, we calculated the corresponding visc-
osity enhancement index, E,, the results of which are shown in Table IV.

With the aim of amplifying the rheological analysis of the ethanol-water system, and
since viscosity of the latter varies with temperature, we carried out a thermodynamic
study of the individual elements conforming the system, and also of each of the
mixtures evaluated, to determine their corresponding activation energies.

Based on Eq. (6), the values in Table I allowed us to determine the activation energy
of each of the systems indicated, since in all cases the distributions of points obtained
on representing In n = f{1/T) were practically linear, with correlation coefficients of over
0.996.

The graphic representations for concentrations of 0, 30, 46, 70, and 100% are shown
in Fig. 4, where the equations of the regression straight lines fitted to the experimental
points are also presented, with their corresponding correlation coefficients.

From this figure it is deduced that the viscosity of water, ethanol, and of the different
mixtures analyzed varies inversely with absolute temperature according to a function of
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FIGURE 2 (a) Graphic representation of the experimental values for density, pexp (kg/m?), of the ethanol—
water mixtures according to the ethanol concentration involved (w/w), for temperatures of 10, 30, 50, and
70°C. (b) Graphic representation of the density differences, Ap (kg/m?), of the ethanol-water mixtures
according to the ethanol concentration involved (w/w), for temperatures of 10, 30, 50, and 70°C. (c)
Graphic representation of the density synergy index, I, (%), of the ethanol-water mixtures according to
the ethanol concentration involved (w/w), for temperatures of 10, 30, 50, and 70°C.
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FIGURE 3 Graphic representation of viscosity differences, An x 107> (Pas), according to density differ-
ences, Ap (kg/m?), of the ethanol-water mixtures for temperatures of 10, 30, 50, and 70°C.

TABLE III Values corresponding to k, obtained by fitting linear functions of the type An=+k-Ap, in
ethanol-water mixtures for the indicated temperatures and concentrations

T (K)
283 293 303 313 323 333 343
k 141.20 93.90 66.99 41.57 33.51 22.67 15.756
r 0.997 0.996 0.998 0.992 0.995 0.991 0.991

TABLE IV Enhancement index values, E,, obtained from Eq. (3), corresponding to the ethanol-water
mixtures for the indicated temperatures and concentrations

T (K)
283 293 303 313 323 333 343
E, 3.061 2.479 2.286 1.821 1.743 1.559 1.382

the type of Eq. (5). Accordingly, the gradient, m, of these straight lines multiplied by the
universal gas constant, R, allows us to calculate the corresponding activation energies
(with values shown in Table V). These values are graphically illustrated in Fig. 5.

On examining Fig. 5 it can be deduced that the activation energies present a distri-
bution of points similar to that seen in Fig. 1(a), (b), and (c), with a maximum value
likewise corresponding to an ethanol concentration of 46% (w/w).

On the other hand, and in order to determine the relation between the synergic
interaction indices, power factors, and temperature, the values of 9, 1, and E,
were represented as a function of 7, for the 46% concentration (w/w) of ethanol, as
can be seen in Fig. 6(a), (b), and (c). Likewise, in Fig. 7(a) representation has been
made of k=(An/Ap) as a function of temperature. Figures 6 and 7 show the distri-
bution of points to be similar, fitting being possible in all cases via functions of the
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C(%) pend.(m) Coef. Corr(r)
—e— 0 1848.8 0.999

Lnn —-B— 30 2779.3 0.998
1.5 — — 7z 2833.0 0.999 ©
~ 5
i --%x--70 2523.0 0.999 /// >
- -+--100 1592.2 0.999 e

-1 — 77— (1M1
2900 3.000 3.100 3.200 3.300 3.400 3.500 @ 3.600

FIGURE 4 Graphic representation of the Naperian logarithmic values of viscosity, Lnn, as a function of
(1/T) x 1073 (K™"), of the ethanol-water mixtures for concentrations of 0, 30, 46, 70, and 100% (w/w) of
ethanol.

TABLE V Activation energy values, Fa (cal/mol), obtained from Eq. (5), corresponding to the ethanol-
water mixtures according to the ethanol concentration (w/w)

Concentration in weight of the ethanol (%)

0 10 20 30 40 46 50 60 70 80 90 100

Ea (cal/mol) 3660.6 4709.4 5244.4 5503.0 5566.8 5609.9 5489.7 5188.4 4995.5 4439.5 4068.1 3152.6

Ea(cal/mol)

6000 —

5500 — < o
- o

5000

|
o

4500 R
4000

3500 —

<
3000 T T T T 46" T T T T 1 C(%)
0 20 40 60 80 100

FIGURE 5 Graphic representation of the activation energies, Ea (cal/mol), of the ethanol-water mixtures
according to the ethanol concentration (w/w) involved.
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FIGURE 6 (a) Graphic representation of the experimental viscosity values, 7ex, X 107% (Pas), of the
ethanol-water mixtures according to the absolute temperature (7), for the 46% concentration (w/w) of
ethanol. (b) Graphic representation of the viscous synergy index, I, (%), of the ethanol-water mixtures
according to the absolute temperature (7), for the 46% concentration (w/w) of ethanol. (c) Graphic
representation of the enhancement index values, E,, of the ethanol-water mixtures according to the absolute
temperature (7), for the 46% concentration (w/w) of ethanol.
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FIGURE 7 Graphic representation of the values for k = An/Ap (m

R. BELDA et al.

k= An/Ap (Pa.s /kg.m™)
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2571, of ethanol-water mixtures accord-

ing to the absolute temperature (7), for 46% concentration (w/w) of ethanol.

type of Eq. (5) — the coefficients 4 and B, and their corresponding correlation coeffi-
cients, r, being:

Magnitude (Y) A B (K) R

Nexp (P s) 1.847 x 1077 2841.6 0.999
I, 0.1481 2074.8 0.995
E, 0.0360 1248.9 0.992
K=An/Ap (m*s™) 597 x 1074 3507.9 0.999

CONCLUSIONS

1. Ethanol and water mixtures present positive density and viscous synergies for all
temperatures considered — the maximum values for An, Ap, I,, and I, corresponding
to the 46% concentration (w/w) of ethanol, equivalent to the proportion of one
alcohol molecule per three water molecules.

2. For each temperature, a linear relation is observed between An and Ap, of the
following form: An==k- Ap.

3. A enhancement index has been defined, based on Eq. (3).

4. Calculations have been made of the activation energies of the ethanol-water
mixtures, the maximum values likewise corresponding to the 46% concentration,
at all temperatures considered.

5. The viscosity values of the mixtures, fexp, 1, £, Ea, and An/Ap, decrease with

temperature for all concentrations, according to expressions of the form
Y=A-e®7, the coefficients calculated for a 46% (w/w) alcohol concentration being:

Magnitude (Y) A B (K) R

Nexp (Pass) 1.847 x 1077 2841.6 0.999
I, 0.1481 2074.8 0.995
E 0.0360 1248.9 0.992

n
K=An/Ap (m*s™) 597 x 1074 3507.9 0.999
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