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Departamento de Farmacia, Universidad Nacional de Colombia,
A.A. 14490, Bogotá, Colombia
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The excess molar volumes and partial molar volumes of components have been investigated
from density measurements in the entire range of mole fractions for the 1,2-propane-
diolþ ethanol system at 20.00, 25.00, 30.00, 35.00 and 40.00�C. The results of excess molar
volumes were fitted by Redlich–Kister equation using third-degree polynomials and compared
with those available in the literature for other systems. The system exhibited negative excess
volumes (up to 0.39 cm3mol–1 at 25.00�C) due to increased interactions like hydrogen bonding
between unlike molecules or large differences in the molar volumes of pure components.
The effect of temperature on the different volumetric properties studied has also been analyzed.
Finally, the thermal volume expansion coefficient has also been calculated, finding values
varying from 0.00073K–1 for 1,2-propanediol up to 0.00112K–1 for ethanol at 25.00�C.

Keywords: Ethanol; 1,2-Propanediol; Binary liquid mixtures; Excess volumes; Partial volumes

1. Introduction

Water–cosolvent mixtures are widely used in pharmacy in order to increase the
solubility of drugs poorly soluble in water during the design of homogeneous
pharmaceutical dosage forms, such as syrups and elixirs, among others [1,2]. Ethanol
(EtOH) and 1,2-propanediol (PD) are nowadays the most used cosolvents in the design
and especially for the elaboration of parenteral medications [3].

The cosolvent mixtures obtained among these cosolvents and water, are highly non-
ideal due to increased interactions between unlike molecules and large differences in
molar volumes of pure components, which conduce to non-additive volumes on mixing
[4,5]. For this reason, it is necessary to characterize the volumetric behaviour of these
binary mixtures as a function of temperature in order to extend the physicochemical
information available for liquid mixtures. This information is useful in the
pharmaceutical dosage forms design, and on the other hand, to inside in the
intermolecular interactions present in these pharmaceutical systems [6].

In this report, the excess molar volumes and the partial molar volumes of the binary
system of PDþEtOH at various temperatures were calculated in addition to other
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volumetric properties according to procedures widely exposed in the literature [7–10].
The present investigation is a continuation of those developed for EtOHþwater [11]
and for PDþwater [12] cosolvent mixtures. PD and EtOH have proton-donor and
proton-acceptor groups, which imply a significant degree of hydrogen bonding, leading
to self-association in the pure state, and on the other hand, leading to mutual
association in their binary mixtures [5].

2. Experimental

2.1. Materials

In this investigation propylene glycol USP [13] (Dow Chemical) and absolute EtOH
A.R. (Merck) were used. The dehydrated propylene glycol (PD) and absolute EtOH
employed were maintained over molecular sieve to obtain dry solvents before preparing
the cosolvent mixtures. The quality of PD and EtOH obtained was demonstrated by the
densities values obtained which coincide with those available in the literature [5,14].

2.2. Cosolvent mixtures preparation

All PDþEtOH cosolvent mixtures were prepared in quantities of 40.00 g by mass using
a Mettler AE 160 analytical balance with sensitivity �0.1mg, in concentrations from
10 up to 90% in mass varying in 10% to study nine mixtures and the two pure solvents.
The mixtures were allowed to stand in Magni Whirl Blue M water baths at
temperatures from 20.00 up to 40.00�C varying in 5.00� 0.05�C for at least 30min
previous to density determinations.

2.3. Density determination

This property was determined using a DMA 45 Anton Paar digital density meter
connected to recirculation thermostatic water baths according to a procedure
previously described [15]. The equipment was calibrated according to Instruction
Manual using air and water at the different temperatures studied [16]. All measurements
were repeated at least 5 times and the results were averaged. From density values, all
thermodynamic properties were calculated as it will be indicated in the next section.

3. Results and discussion

In table 1 the composition of EtOHþPD mixtures in mass percent and mole fraction
in addition to density values at several temperatures studied are presented. Our density
values for pure PD are in good agreement with those presented by Nakanishi et al. [17]
at 25.00�C and those presented by Kapadi et al. [5] at 30.00, 35.00 and 40.00�C; while
for EtOH, some differences were found with respect to those presented by Resa et al.
[10] and by Belda et al. [18]. The differences found were in general lower than
0.0001 g cm–3 for PD and near to 0.0005 g cm–3 for EtOH. In all cases, the density
decreases almost linearly as the temperature increases.
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The density of a liquid binary mixture is expressed as

� ¼
x1M1 þ x2M2

x1V1 þ x2V2 þ VE
ð1Þ

where x1 and x2 are the mole fractions, M1 and M2 are the molar masses, V1 and V2

are the molar volumes, for both components respectively, and V E is the molar excess
volume. In table 2 the molar volumes for binary mixtures at all temperatures are
presented which were calculated from equation (2).

V ¼
x1M1 þ x2M2

�
ð2Þ

On the other hand, the excess volumes calculated from equation (3) (where �1 and �2
are the densities of pure components) at all temperatures studied are also presented
in table 2. This behaviour is shown graphically in figure 1 at 25.00�C.

VE ¼
x1M1 þ x2M2

�
�

x1M1

�1
þ
x2M2

�2

� �
ð3Þ

In all cases, the excess volumes are largely negative (especially around 0.40 in mole
fraction of PD, where it is near to 0.39 cm3mol–1 at 25.00�C) indicating contraction in
volume. The behaviour obtained here is similar but lower with respect to that reported
by Cratin and Gladden [19] for methanolþ ethylene glycol mixtures. These authors
found the largest excess volume near to 0.40 in mole fraction of ethylene glycol
(�0.654 cm3mol–1). According to Fort and Moore [20], a negative excess volume is
an indication of strong heteromolecular interactions in the liquid mixtures and is
attributed to charge transfer, dipole–dipole, dipole-induced dipole interactions and
hydrogen bonding between the unlike components, while a positive sign indicates
a weak interaction and is attributed to dispersion forces (London interactions) which
are likely to be operative in every case.

In the system under study, where hydrogen bonding is very important, the
contraction in volume has been interpreted basically in qualitative terms considering
the following events: first: expansion due to depolymerization of PD and EtOH by

Table 1. Densitiesa,b for PDþEtOH mixtures at various temperatures.

1,2-Propanediol Temperature (�C)

% in mass Mole fraction 20.00 25.00 30.00 35.00 40.00

0.00 0.0000 0.7895 0.7853 0.7811 0.7767 0.7720
10.00 0.0630 0.8107 0.8065 0.8022 0.7980 0.7935
20.00 0.1315 0.8322 0.8282 0.8240 0.8197 0.8151
30.00 0.2060 0.8545 0.8506 0.8465 0.8422 0.8377
40.00 0.2876 0.8776 0.8737 0.8697 0.8654 0.8610
50.00 0.3771 0.9015 0.8977 0.8937 0.8896 0.8853
60.00 0.4759 0.9264 0.9227 0.9187 0.9148 0.9106
70.00 0.5855 0.9521 0.9485 0.9445 0.9406 0.9365
80.00 0.7078 0.9792 0.9756 0.9716 0.9678 0.9637
90.00 0.8449 1.0073 1.0037 0.9998 0.9960 0.9922

100.00 1.0000 1.0363 1.0328 1.0289 1.0251 1.0214

aUnit: g cm�3.
b The mean standard deviation was 0.0001 g cm�3.
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Table 2. Molar volumes, excess molar volumes and partial molar volumes of components for PDþEtOH
mixtures at various temperatures.

1,2-Propanediol

T (�C) % in mass
Mole

fraction
Molar

volumea,b
Excess

volumea,b @V=@xPD
a,b �VPD

a,b �VEtOH
a,b

20.00 0.00 0.0000 58.35 0.000 13.13 71.48 58.35
10.00 0.0630 59.16 �0.142 13.49 71.80 58.31
20.00 0.1315 60.10 �0.233 13.86 72.14 58.28
30.00 0.2060 61.15 �0.306 14.22 72.44 58.22
40.00 0.2876 62.33 �0.355 14.58 72.72 58.14
50.00 0.3771 63.66 �0.375 14.93 72.96 58.03
60.00 0.4759 65.15 �0.373 15.26 73.15 57.89
70.00 0.5855 66.85 �0.328 15.56 73.30 57.74
80.00 0.7078 68.75 �0.273 15.80 73.36 57.56
90.00 0.8449 70.92 �0.170 15.97 73.39 57.43

100.00 1.0000 73.42 0.000 16.02 73.42 57.41
25.00 0.00 0.0000 58.67 0.000 12.94 71.61 58.67

10.00 0.0630 59.47 �0.142 13.33 71.96 58.63
20.00 0.1315 60.39 �0.247 13.72 72.31 58.59
30.00 0.2060 61.43 �0.325 14.11 72.63 58.53
40.00 0.2876 62.61 �0.371 14.49 72.93 58.44
50.00 0.3771 63.93 �0.394 14.86 73.19 58.33
60.00 0.4759 65.41 �0.394 15.21 73.39 58.18
70.00 0.5855 67.10 �0.350 15.52 73.54 58.01
80.00 0.7078 69.00 �0.287 15.78 73.61 57.83
90.00 0.8449 71.17 �0.175 15.95 73.65 57.69

100.00 1.0000 73.67 0.000 16.00 73.67 57.67
30.00 0.00 0.0000 58.98 0.000 12.80 71.78 58.98

10.00 0.0630 59.79 �0.136 13.21 72.16 58.96
20.00 0.1315 60.70 �0.249 13.62 72.53 58.91
30.00 0.2060 61.73 �0.335 14.03 72.87 58.84
40.00 0.2876 62.90 �0.388 14.43 73.18 58.75
50.00 0.3771 64.22 �0.409 14.82 73.45 58.63
60.00 0.4759 65.70 �0.407 15.18 73.66 58.47
70.00 0.5855 67.39 �0.360 15.51 73.82 58.31
80.00 0.7078 69.28 �0.293 15.77 73.89 58.12
90.00 0.8449 71.45 �0.182 15.95 73.92 57.97

100.00 1.0000 73.95 0.000 15.99 73.95 57.97
35.00 0.00 0.0000 59.32 0.000 12.74 72.05 59.32

10.00 0.0630 60.10 �0.152 13.13 72.41 59.28
20.00 0.1315 61.02 �0.257 13.53 72.77 59.24
30.00 0.2060 62.05 �0.342 13.93 73.11 59.17
40.00 0.2876 63.21 �0.392 14.33 73.42 59.09
50.00 0.3771 64.51 �0.425 14.73 73.69 58.96
60.00 0.4759 65.98 �0.433 15.10 73.89 58.79
70.00 0.5855 67.67 �0.379 15.44 74.07 58.63
80.00 0.7078 69.56 �0.312 15.74 74.16 58.42
90.00 0.8449 71.72 �0.193 15.95 74.20 58.24

100.00 1.0000 74.23 0.000 16.06 74.23 58.17
40.00 0.00 0.0000 59.68 0.000 12.59 72.26 59.68

10.00 0.0630 60.44 �0.166 13.00 72.62 59.62
20.00 0.1315 61.36 �0.262 13.41 73.01 59.60
30.00 0.2060 62.38 �0.350 13.82 73.35 59.53
40.00 0.2876 63.53 �0.404 14.24 73.68 59.44
50.00 0.3771 64.83 �0.438 14.64 73.94 59.31
60.00 0.4759 66.28 �0.446 15.02 74.15 59.13
70.00 0.5855 67.96 �0.390 15.37 74.33 58.96
80.00 0.7078 69.85 �0.312 15.67 74.43 58.77
90.00 0.8449 72.00 �0.201 15.88 74.46 58.58

100.00 1.0000 74.50 0.000 15.98 74.50 58.52

aUnits: cm3mol�1.
b The mean standard deviation for V and V E was 0.01 cm3mol�1 while for �VPD and �VEtOH was close to 0.03 cm3mol�1.
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one another, second: contraction due to free volume difference of unlike molecules and
third: contraction due to hydrogen bond formation between EtOH and PD through
–OH–OH bonding [5].

Thus, the negative values of V E over the free volume contribution indicate the
presence of strong specific interactions with predominance of formation of hydrogen
bonds between PD and EtOH over the rupture of hydrogen bonding in PD–PD and
EtOH–EtOH.

The excess molar volumes becomes more negative as the temperature is raised
indicating volume contraction which points out the increase in the interactions between
PD and EtOH molecules with increase in temperature.

The partial molar volumes for PD ( �VPD) and EtOH ( �VEtOH) were calculated using the
classical Bakhuis Roozeboom method by means equations (4) and (5) (where xPD is the
mole fraction of PD) applied to variation of the respective molar volumes as a function
of PD mole fraction (table 2) and adjusting them to third-degree polynomials by least
squares regression analyses [6,21,22]. The first derivatives were taken out on the
polynomials obtained and solved at each composition point.

�VPD ¼ Vþ xEtOH
dV

dxPD
ð4Þ

�VEtOH ¼ V� xPD
dV

dxPD
ð5Þ

The �VPD and �VEtOH values are also presented in table 2 in addition to the slopes
obtained at each composition (dV/dxPD). Almost in all cases, the partial molar volumes
for PD and EtOH in the mixtures are lower than those for the pure solvents. The partial
volumes varied for PD from 71.96 cm3mol–1 (at 10%mm�1 of PD) up to
73.65 cm3mol–1 (at 90% in mass of PD), and varied for EtOH from 58.63 cm3mol–1

(at 10% in mass of PD) up to 57.69 cm3mol–1 (at 90% in mass of PD) at 25.00�C. The
results obtained for �VPD and �VEtOH are in accordance with the negative excess volumes
obtained. The variation of this property is presented in figure 2 as a function of PD
mole fraction at 25.00�C for PD and EtOH respectively. These values were calculated as
the difference between partial molar volumes and molar volumes presented in table 2.

−0.500

−0.400

−0.300

−0.200

−0.100

0.000
0.00 0.20 0.40 0.60 0.80 1.00 

X PD

V
E
 (

cm
3
m

ol
−1

)

Figure 1. Excess molar volumes of PDþEtOH mixtures at 25.00�C (XPD¼mole fraction of PD).
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For both solvents the partial molar volume diminishes as their proportion in the
mixtures diminishes.

Redlich and Kister [23] introduced in 1948 the general form of equation (6) to

facilitate the representation of thermodynamic properties and the classification of

solutions of multicomponent systems, especially those important in petroleum

chemistry. The Redlich–Kister equation (R–K equation) has been used for various

decades for manipulating several kinds of physicochemical values of mixtures such as:

excess volumes, excess viscosities, solubilities in cosolvent mixtures, among others.

VE ¼ x1x2
X

ai x1 � x2ð Þ
i

ð6Þ

In the analysis of our data about excess volumes the equation (6) was used in the
form of third-degree polynomial equations using least square analyses, and therefore,

obtaining four coefficients as presented in equation (7).

VE

x1x2
¼ a0 þ a1 x1 � x2ð Þ þ a2 x1 � x2ð Þ

2
þ a3 x1 � x2ð Þ

3
ð7Þ

The R–K equation parameters for PD–EtOH mixtures at all temperatures studied

are presented in table 3 in addition to determination coefficients and standard

deviations calculated according to equation (8) (where D is the number of compositions

studied and N is the number of terms used in the regression, that is 9 and 4 respectively

−2.50

−2.00

−1.50

−1.00

−0.50

0.00

0.50
0.00 0.20 0.40 0.60 0.80 1.00 

X PD

V
 −

 V
 (

cm
3
m

ol
−1

)

Figure 2. Partial molar volumes of EtOH (circles) and PD (squares) in PDþEtOH mixtures at 25.00�C.
Y-axis calculated as �V� V using data from table 2.

Table 3. Redlich–Kister regression results for the excess volumes of PDþEtOH mixtures
at various temperatures.

T (�C) a0 a1 a2 a3 r2 � (cm3mol–1)

20.00 �1.4421 0.3831 �0.4603 0.3350 0.9894 0.0210
25.00 �1.5300 0.4619 �0.3999 0.2236 0.9984 0.0034
30.00 �1.5860 0.6010 �0.3707 �0.1257 0.9992 0.0024
35.00 �1.6588 0.4030 �0.3894 0.3373 0.9908 0.0074
40.00 �1.6894 0.3529 �0.4781 0.5364 0.9687 0.0130
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in our cases). Equation (8) has been widely used in the literature [5,7,9]. Figure 3 shows
the R–K equation applied to PD–EtOH data at 25.00�C.

� VE
� �

¼
X VE

expt � VE
calcdÞ

2

D�N

 #0:5
2
4 ð8Þ

The r2 values vary from 0.97 up to 1.00, which indicates that the obtained regular

polynomials regressions adequately describe the excess volumes, because the standard

deviations are similar to those presented in the literature for other mixtures [7–10].
Nevertheless our � values are almost 10 times lower than those presented by Kapadi

et al. [5] for PDþwater mixtures at temperatures from 30.00 to 45.00�C because they

used polynomial models of second order, that is, using three coefficients.
In pharmaceutical preformulation studies, it is very important to predict the variation

of properties presented in pharmaceutical dosage forms by effect of temperature;
especially those properties which may affect the concentration of drugs in the

formulations designed. For this reason the volume thermal expansion coefficients (�)
were calculated by means of equation (9) [24] using the variation of molar volumes with

temperature (table 2).

� ¼
1

V

@V

@T

� �
P,x

ð9Þ

Table 4 summarizes the (@V/@T ) and � values for all mixtures and pure solvents whereas

figure 4 shows the volume thermal expansion coefficients at 25.00�C. The � values
varied monotonically from 0.00073K–1 in PD up to 0.00112K–1 in pure EtOH.

An additional and important treatment is the evaluation of change of the excess

molar volumes with temperature (@V E/@T ). Figure 5 shows this property at 25.00�C

which was obtained considering linear behaviour of (@V E/@T ) in all mixtures studied

[24]. From figure 5 it follows that there is only a tendency according to composition.
This property is negative which reflect the fact that excess volume increases with

increasing temperature. This behaviour is just opposite with respect to that found for

EtOHþwater and PDþwater cosolvent mixtures [11,12].

−2.50

−2.00

−1.50

−1.00
−1.00 −0.50 0.00 0.50 1.00

X1 − X2

V
E

 / X
1X

2 
(c

m
3
m

ol
−1

)

Figure 3. Regression adjusted to R–K equation using four terms for PDþEtOH mixtures at 25.00�C.
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Table 4. Volume thermal expansion coefficients of PDþEtOH mixtures at 25.00�C.

1,2-Propanediol

% in mass Mole fraction
102 (@V/@T )

(cm3mol–1K–1) 104 � (K–1)

0.00 0.0000 6.59 11.2
10.00 0.0630 6.40 10.8
20.00 0.1315 6.30 10.4
30.00 0.2060 6.13 9.98
40.00 0.2876 6.01 9.60
50.00 0.3771 5.82 9.11
60.00 0.4759 5.65 8.64
70.00 0.5855 5.58 8.32
80.00 0.7078 5.54 8.02
90.00 0.8449 5.42 7.61
100.00 1.0000 5.39 7.32

6.00E-04

7.00E-04

8.00E-04

9.00E-04

1.00E-03

1.10E-03

1.20E-03

0.00 0.20 0.40 0.60 0.80 1.00

X PD

a

Figure 4. Volume thermal expansion coefficients (K–1) for PDþEtOH mixtures at 25.00�C.

−4.00E−03

−3.00E-03

−2.00E-03

−1.00E-03

0.00E+00

1.00E-03
0 0.2 0.4 0.6 0.8 1

X PD

∂V
E
 /

∂T

Figure 5. Change of the excess molar volumes with temperature (cm3mol–1K–1) for PDþEtOH mixtures
at 25.00�C.
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Finally, from the excess molar volumes presented in table 2 was calculated the change
of the excess molar enthalpies with pressure according to equation (10) [24]:

@HE

@p

� �
T

¼ VE � T
@VE

@T

� �
p

ð10Þ

Figure 6 shows (@H E/@p) values at 25.00�C where it follows that this property is
positive in all compositions, indicating an increase in the excess molar enthalpy as the
pressure is increased. Again, this behaviour is just opposite with respect to that found
for EtOHþwater and PDþwater cosolvent mixtures [11,12].

In general terms, it can be considered that PDþEtOH mixtures show a non-ideal
behaviour. These results conduces to characterize systematically this important binary
system in order to dispose complete information about the physical and chemical
properties useful in design of liquid pharmaceutical dosage forms, especially, in those
destined to parenteral administration of drugs in low volumes. On the other hand, these
binary mixtures have been evaluated as possible solvents for acetaminophen in a recent
study about solution thermodynamics of drugs [25].
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