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Abstract

Holguín, A. R., D. R. Delgado, F. Martínez, M. Khoubnasabjafari, A. Jouyban. Study of
some volumetric properties of glycerol formal + ethanol mixtures and correlation with the Jouyban-
acree model. Rev. Acad. Colomb. Cienc. 35 (136): 315-328, 2011. ISSN 0370-3908.

Molar volumes, excess molar volumes, and partial molar volumes were investigated for glycerol

formal + ethanol mixtures by density measurements at several temperatures. Excess molar volumes

are fitted by Redlich-Kister equation and compared with other systems. The system exhibits

negative excess volumes probably due to increased H-bond interactions. Volume thermal expansion

coefficients are also calculated. The Jouyban-Acree model was used for density and molar volume

correlations at different temperatures. The mean relative deviations between experimental and

calculated data were 0.03 ± 0.03% and 0.17 ± 0.13%, respectively for density and molar volume

data. Also, using a minimum number of data points, the Jouyban-Acree model can predict density

and molar volume with acceptable accuracies (0.03 ± 0.03% and 0.15 ± 0.12%, respectively).

Key words: glycerol formal; ethanol; binary liquid mixtures; excess volumes; partial volumes;

Jouyban-Acree model.

Resumen

En este trabajo se calculan los volúmenes molares, molares de exceso y molares parciales a

partir de valores de densidad para el sistema glicerol formal + etanol en todo el intervalo de

composición a temperaturas entre 278,15 y 313,15 K. Los volúmenes molares de exceso se mode-

laron de acuerdo a la ecuación de Redlich-Kister y se compararon con los reportados para otros

sistemas. El sistema estudiado presenta volúmenes de exceso negativos probablemente debido a
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fuertes interacciones por unión de hidrógeno. También se analizó el efecto de la temperatura sobre

las diferentes propiedades volumétricas estudiadas. Así mismo se calcularon los coeficientes tér-

micos de expansión volumétrica. Finalmente se usó el modelo Jouyban-Acree para correlacionar la

densidad y el volumen molar de las diferentes mezclas encontrando desviaciones medias relativas

de 0,03 ± 0,03% y 0,17 ± 0,13% para densidades y volúmenes molares respectivamente.

Palabras clave: glicerol formal; etanol; mezclas líquidas binarias; volúmenes de exceso; mode-

lo de Jouyban-Acree.

continuation of those presented previously about some

volumetric properties of glycerol formal + water mixtures

(Delgado, D.R. et al. 2011) and glycerol formal + propylene

glycol mixtures (Rodríguez, G.A. et al. 2011).

Experimental

Materials

In this investigation glycerol formal (5-hydroxy-1,3-

dioxane isomer) from Lambiotte & Cie S.A. was employed

and is in agreement with the quality requirements indicated

for veterinarian medicinal products. Density and refractive

index of glycerol formal (ρ = 1.2214 g·cm–3 and n
D

 = 1.4535

at 298.15 K, respectively) were in good agreement with the

values reported for the single 5-hydroxy-1,3dioxane isomer

( = 1.2200 g·cm–3 and  = 1.4527) (Budavari, S. et al.

2001). Figure 1 shows the molecular structure of 5-hydroxy-

1,3-dioxane isomer . In the same way, dehydrated ethanol

A.R. (Merck, Germany) was also used and is in agreement

with the quality requirements indicated for medicinal

products indicated in the American Pharmacopeia USP (US

Pharmacopeia, 1994). The dehydrated glycerol formal and

ethanol employed were maintained over molecular sieve to

obtain dry solvents prior to prepare the solvent mixtures.

Introduction

Non-aqueous solvent mixtures have sometimes been

used in human and veterinarian pharmacy in order to

increase the solubility of drugs poorly soluble in water

during the design of injectable homogeneous dosage forms

(Rubino, J.T., 1988). Ethanol and propylene glycol are the

cosolvents most used in design nowadays and sometimes

have been employed blended (Yalkowsky, S.H., 1999).

Glycerol formal is a non-toxic and environmentally-friendly

organic solvent (Budavari, S. et al. 2001), miscible with

water, ethanol and propylene glycol in all possible

compositions and has been widely used as cosolvent for

veterinarian formulations such as those containing the

antinematodal drug, ivermectin (Lo, P.K.A. et al. 1985;

DiPietro, J.A. et al. 1986; Reinemeyer, C.R. & Courtney,

C.H., 2001). Glycerol formal is available as the mixture of 5-

hydroxy-1,3-dioxane and 4-hydroxymethyl-1,3-dioxolane

(60:40) and as the individual isomers (Budavari, S. et al.

2001; Pivnichny, J.V., 1984).

The mixtures obtained using these cosolvents are non-

ideal due to increased interactions between unlike

molecules and differences in molar volumes of pure

components, which leads to non-additive volumes on

mixing (Battino, R., 1971; Kapadi, U.R. et al. 2001). For this

reason it is necessary to characterize the volumetric

behavior of these binary mixtures as a function of

composition and temperature in order to extend the

physicochemical information available for liquid mixtures

used in pharmacy. This information is useful to represent

the intermolecular interactions present in liquid pharma-

ceutical systems and to facilitate the processes of medici-

nes design at industrial level (Jiménez, J. et al. 2004).

In this report, the excess molar volumes and the partial

molar volumes of the binary system of glycerol formal +

ethanol at various temperatures as well as other volumetric

properties are reported. The physicochemical properties

reported here were calculated according to several

mathematical procedures widely exposed in the literature

(Wahab, M.A. et al. 2002; Salas, J.A. et al. 2002; Peralta,

R.D. et al. 2003; Resa, J.M. et al. 2004). This work is a

Figure 1. Molecular structure of glycerol formal
(5-hydroxy-1,3-dioxane isomer).

Cosolvent mixtures preparation

All glycerol formal + ethanol mixtures were prepared in

quantities of 40.00 g by mass using a Ohaus Pioneer TM

PA214 analytical balance with sensitivity ± 0.1 mg, in

º '..../º 
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concentrations from 0.05 to 0.95 in mass fraction (varying

in 0.05) of glycerol formal, to study 19 mixtures and the

two pure solvents. This procedure implies an uncertainty

of ± 2 x 10–5 in mole fraction. The mixtures were allowed to

stand in Magni Whirl Blue M or Neslab RTE 10 Digital Plus

(Thermo Electron Company) water baths at temperatures

from 278.15 K to 313.15 K varying in 5.00 ± 0.05 K for at

least 30 minutes prior to density determinations.

Density determination

This property was determined using a DMA 45 Anton

Paar digital density meter connected to a Neslab RTE 10

Digital Plus (Thermo Electron Company) recirculating

thermostatic water bath according to a procedure

previously described (Martínez, F. et al. 2002). The

equipment was calibrated according to Instruction Manual

using air and water at the different temperatures studied

(Kratky, O. et al.  1980). From density values, all

thermodynamic properties were calculated as will be

indicate in the next section.

Results and discussion

In order to define the solvents 1 and 2 in the binary

mixtures according to polarity the Hildebrand solubility

parameter (δ) of glycerol formal was calculated as 24.8

MPa1/2 according to procedures described by Barton,

A.F.M. (1991), which are presented in Table 1. Accordingly,

glycerol formal is a solvent less polar compared with

ethanol (δ value is 26.5 MPa1/2, Barton, A.F.M., 1991).

In Table 2 the composition of glycerol formal + ethanol,

in mass (µ
GF

) and mole (x
GF

) fraction, in addition to studied

Figure 2. Experimental density values (g·cm-3) in mixtures of
glycerol formal + ethanol at different temperatures (K).

density values at several temperatures, is presented. Figure

2 plotted experimental density data against fraction of

glycerol formal and temperature.

In the literature no values are available for this binary

solvent system and therefore no direct comparison is

possible. Nevertheless, it is important to remember that Pi-

neda, L.M. et al. (2003) and Arias, L.J. et al. (2004) reported

density values at 298.15 K for binary mixtures obtained

employing material raw without any dehydration process,

just as they are used in the pharmaceutical industries.

Accordingly, the cosolvents studied by these authors had

c Dipolar parameter.
d Hydrogen-bonding parameter.
e Total solubility parameter.

Table 1. Hansen partial solubility parameters and total solubility parameter of glycerol formal
(5-hydroxy-1,3-dioxane isomer).

a Calculated from values and procedures described by Barton, A.F.M.
(1991).
b Dispersion parameter.

Van Krevelen Group or 

atom 

Group 

Number Fd / J
1/2 cm3/2 mol–1 a Fp

2 / J cm3 mol–2 a Uh / J mol–1 a 

–OH 1 1 × 210 1 × (500)2 1 × 20000 

–O– 2 2 × 100 2 × (400)2 2 × 3000 

–CH2– 3 3 × 270 3 × (0)2 3 × 0 

>CH– 1 1 × 80 1 × (0)2 1 × 0 

1300 570000 26000 

δd = (1300/85.23) 

= 15.25 MPa1/2 b
 

δp = ((570000)1/2/85.23) 

= 8.86 MPa1/2 c
 

δh = (26000/85.23)1/2 

= 14.47 MPa1/2 d
  

δT 
e = (15.252 + 8.862 + 17.472)1/2 = 24.82 MPa1/2 
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some low quantities of water, i.e. 0.31 % m/m and 6.52% m/m

for glycerol formal and ethanol, respectively. Table 2 shows

that in all cases the density increases as the glycerol formal

proportion increases in the mixtures and it decreases linearly

as the temperature increases. In the other hand, density

values decrease as the ethanol proportion increases in the

mixtures following concave parabolic trends

Molar volumes and excess molar volumes

In Table 3 the molar volumes (V
0
) for binary mixtures at

all studied temperatures are presented which were

calculated from Equation (1).

 (1)

Table 2. Densities 
a, b

 for glycerol formal + ethanol mixtures at various temperatures

Glycerol formal Temperature / K 

278.15 283.15 288.15 293.15 
µGF xGF 

Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal. 

0.0000 0.0000 0.8035 0.8035 0.7990 0.7990 0.7946 0.7946 0.7895 0.7895 

0.0500 0.0228 0.8174 0.8182 0.8132 0.8138 0.8089 0.8095 0.8047 0.8044 

0.1000 0.0469 0.8331 0.8336 0.8286 0.8292 0.8246 0.8249 0.8202 0.8199 

0.1500 0.0724 0.8494 0.8495 0.8449 0.8451 0.8408 0.8409 0.8364 0.8360 

0.2000 0.0996 0.8661 0.8660 0.8616 0.8617 0.8574 0.8575 0.8531 0.8526 

0.2500 0.1285 0.8832 0.8832 0.8789 0.8789 0.8747 0.8748 0.8704 0.8700 

0.3000 0.1594 0.9011 0.9011 0.8968 0.8968 0.8925 0.8927 0.8882 0.8879 

0.3500 0.1924 0.9197 0.9196 0.9156 0.9154 0.9112 0.9113 0.9069 0.9066 

0.4000 0.2278 0.9395 0.9389 0.9352 0.9347 0.9308 0.9307 0.9264 0.9260 

0.4500 0.2658 0.9596 0.9589 0.9552 0.9548 0.9509 0.9508 0.9464 0.9461 

0.5000 0.3068 0.9803 0.9798 0.9760 0.9756 0.9716 0.9716 0.9672 0.9670 

0.5500 0.3510 1.0019 1.0014 0.9976 0.9972 0.9932 0.9933 0.9889 0.9887 

0.6000 0.3990 1.0243 1.0239 1.0199 1.0197 1.0156 1.0158 1.0114 1.0112 

0.6500 0.4511 1.0476 1.0473 1.0433 1.0431 1.0389 1.0392 1.0346 1.0346 

0.7000 0.5080 1.0722 1.0716 1.0680 1.0674 1.0636 1.0635 1.0592 1.0590 

0.7500 0.5704 1.0973 1.0969 1.0930 1.0927 1.0887 1.0888 1.0841 1.0842 

0.8000 0.6390 1.1236 1.1232 1.1192 1.1189 1.1147 1.1150 1.1104 1.1105 

0.8500 0.7149 1.1511 1.1505 1.1472 1.1463 1.1428 1.1423 1.1382 1.1378 

0.9000 0.7993 1.1796 1.1789 1.1751 1.1746 1.1710 1.1707 1.1664 1.1661 

0.9500 0.8937 1.2092 1.2085 1.2049 1.2042 1.2002 1.2002 1.1957 1.1956 

1.0000 1.0000 1.2393 1.2393 1.2349 1.2349 1.2309 1.2309 1.2263 1.2263 

298.15 303.15 308.15 313.15 
µGF xGF 

Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal. 

0.0000 0.0000 0.7853 0.7853 0.7811 0.7811 0.7767 0.7767 0.7720 0.7720 

0.0500 0.0228 0.8004 0.8002 0.7961 0.7961 0.7918 0.7917 0.7875 0.7870 

0.1000 0.0469 0.8158 0.8157 0.8117 0.8116 0.8071 0.8073 0.8027 0.8026 

0.1500 0.0724 0.8321 0.8318 0.8278 0.8277 0.8233 0.8234 0.8190 0.8188 

0.2000 0.0996 0.8487 0.8485 0.8444 0.8444 0.8401 0.8402 0.8354 0.8356 

0.2500 0.1285 0.8660 0.8658 0.8617 0.8617 0.8573 0.8576 0.8528 0.8530 

0.3000 0.1594 0.8839 0.8838 0.8798 0.8797 0.8753 0.8756 0.8709 0.8710 

0.3500 0.1924 0.9025 0.9024 0.8982 0.8983 0.8944 0.8943 0.8896 0.8897 

0.4000 0.2278 0.9219 0.9218 0.9176 0.9177 0.9131 0.9137 0.9089 0.9091 

0.4500 0.2658 0.9419 0.9419 0.9376 0.9378 0.9331 0.9339 0.9288 0.9293 

0.5000 0.3068 0.9628 0.9628 0.9583 0.9586 0.9539 0.9547 0.9496 0.9501 

0.5500 0.3510 0.9843 0.9844 0.9799 0.9803 0.9755 0.9764 0.9714 0.9718 

0.6000 0.3990 1.0069 1.0069 1.0023 1.0027 0.9980 0.9989 0.9941 0.9943 

0.6500 0.4511 1.0300 1.0303 1.0255 1.0261 1.0213 1.0223 1.0167 1.0176 

0.7000 0.5080 1.0546 1.0546 1.0501 1.0503 1.0458 1.0466 1.0420 1.0419 

0.7500 0.5704 1.0796 1.0798 1.0751 1.0754 1.0706 1.0718 1.0665 1.0670 

0.8000 0.6390 1.1060 1.1060 1.1014 1.1016 1.0972 1.0979 1.0932 1.0932 

0.8500 0.7149 1.1338 1.1332 1.1295 1.1287 1.1250 1.1251 1.1214 1.1203 

0.9000 0.7993 1.1616 1.1615 1.1575 1.1569 1.1539 1.1533 1.1490 1.1484 

0.9500 0.8937 1.1913 1.1908 1.1868 1.1862 1.1822 1.1826 1.1778 1.1777 

1.0000 1.0000 1.2214 1.2214 1.2167 1.2167 1.2131 1.2131 1.2081 1.2081 
a
 Unit: g.cm

–3
. 
b
 The mean standard deviation was 0.0001 g.cm

–3
 

,j 
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exhibited negative excess volumes (Delgado, D.R. et al.

2011) whereas glycerol formal + propylene glycol exhibited

positive excess volumes (Rodríguez, G.A. et al. 2011).

As was already said (Jiménez, J & Martínez, F., 2005,

2006; Delgado, D.R. et al. 2011), according to Fort, R.T. &

Moore, W.R. (1966), 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 cases.

In the evaluated system, where the hydrogen bonding

predominates, the contraction in volume has been

interpreted basically in qualitative terms considering the

following events: first: expansion due to depoly-

merization of glycerol formal and ethanol by one another,

second: contraction due to free volume difference of

unlike molecules, and third: contraction due to hydrogen

bond formation between glycerol formal and ethanol

through –OH---O< or –OH---OH bonding.

Thus, the large negative values of V0–E over the free

volume contribution indicate the presence of strong

specific interactions with predominance of formation of

hydrogen bonds between glycerol formal and ethanol over

the rupture of hydrogen bonding in ethanol-ethanol and

water-water.

The excess molar volumes become more positive as the

temperature although this result is not clear at molecular

level.

where M
1
 and M

2
 are the molar masses, for both components

respectively (104.10 g·mol–1 for glycerol formal and 46.07

g·mol–1 for ethanol, Budavari, S. et al. 2001), x
1
 and x

2
 are

the respective mole fraction of components, and ρ is the

mixture density. Figure 3 shows the molar volume as a

function of mixtures composition and temperature.

Figure 3. Experimental molar volumes (cm3·mol-1) in mixtures of
glycerol formal + ethanol at different temperatures (K).

Figure 4. Excess molar volumes of glycerol formal + ethanol
mixtures at several temperatures. (�): 278.15 K; (�): 283.15 K;
(�): 288.15 K; (•): 293.15 K; (�): 298.15 K;( ): 303.15 K; (∆):

308.15 K; (�): 313.15 K.

On the other hand, the excess molar volumes (V0-E)

calculated from Equation (2) (where, ρ
1
 and ρ

2
 are the

densities of pure components) at all studied temperatures,

are also presented in Table 3. This behavior is shown

graphically in Figure 4 at all studied temperatures.

  (2)

In similar way to the behavior obtained in other similar

investigations developed in our reseach group with other

solvent systems (Jiménez, J. et al. 2004; Jiménez, J. &

Martínez, F. 2005, 2006; Ruidiaz, M.A. & Martínez, F., 2009;

Rodríguez, S.J. et al. 2010), in almost all cases the excess

volumes are negative (especially around 0.60-0.70 in mole

fraction of glycerol formal, where it is approximately equal

to –0.60 cm3·mol–1 at 313.15 K) indicating contraction in

volume, except at 278.15 and 283.15 K in the mixture with

composition 0.05 in mass fraction of glycerol formal where

positive values near to 0.03 cm3·mol–1 were obtained. It is

interesting to note that glycerol formal + water mixtures
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Table 3. Experimental and calculated molar volumes, excess molar volumes, and partial molar volumes of components for glycerol
formal + ethanol mixtures at various temperatures.

Glycerol formal V
0 a,b

 
T / K 

µGF xGF Exp. Cal. 

V
0-E a,b

 








∂
∂

GF
µ
V

 

a 0

GF
V  

a b 
0

EtOH
V  

a,b 

0.0000 0.0000 57.34 57.34 0.000 –0.4633 81.33 57.34 

0.0500 0.0228 57.98 57.86 0.034 –0.4610 81.77 57.42 

0.1000 0.0469 58.56 58.43 –0.022 –0.4587 81.99 57.41 
0.1500 0.0724 59.19 59.05 –0.081 –0.4564 82.18 57.39 

0.2000 0.0996 59.87 59.71 –0.126 –0.4540 82.39 57.38 

0.2500 0.1285 60.61 60.42 –0.155 –0.4517 82.60 57.37 
0.3000 0.1594 61.39 61.18 –0.194 –0.4494 82.78 57.34 

0.3500 0.1924 62.24 62.00 –0.233 –0.4471 82.94 57.30 
0.4000 0.2278 63.11 62.89 –0.302 –0.4447 83.03 57.23 

0.4500 0.2658 64.09 63.84 –0.339 –0.4424 83.16 57.18 

0.5000 0.3068 65.16 64.89 –0.360 –0.4401 83.29 57.13 
0.5500 0.3510 66.32 66.02 –0.382 –0.4378 83.40 57.08 

0.6000 0.3990 67.58 67.27 –0.394 –0.4355 83.50 57.01 

0.6500 0.4511 68.97 68.65 –0.399 –0.4331 83.59 56.95 
0.7000 0.5080 70.46 70.17 –0.419 –0.4308 83.64 56.86 

0.7500 0.5704 72.15 71.86 –0.395 –0.4285 83.72 56.79 

0.8000 0.6390 74.01 73.75 –0.369 –0.4262 83.78 56.71 
0.8500 0.7149 76.07 75.87 –0.334 –0.4238 83.82 56.62 

0.9000 0.7993 78.38 78.26 –0.271 –0.4215 83.87 56.53 

0.9500 0.8937 80.99 80.95 –0.176 –0.4192 83.91 56.45 

278.15 

1.0000 1.0000 84.00 84.00 0.000 –0.4169 84.00 56.38 

0.0000 0.0000 57.66 57.66 0.000 –0.4690 81.47 57.66 

0.0500 0.0228 58.28 58.19 0.011 –0.4665 81.88 57.73 

0.1000 0.0469 58.88 58.77 –0.026 –0.4640 82.16 57.74 
0.1500 0.0724 59.50 59.39 –0.087 –0.4615 82.37 57.72 

0.2000 0.0996 60.18 60.06 –0.134 –0.4591 82.59 57.70 

0.2500 0.1285 60.91 60.77 –0.178 –0.4566 82.80 57.68 

0.3000 0.1594 61.69 61.54 –0.219 –0.4541 82.99 57.65 

0.3500 0.1924 62.51 62.36 –0.272 –0.4516 83.14 57.60 

0.4000 0.2278 63.40 63.25 –0.330 –0.4491 83.26 57.54 
0.4500 0.2658 64.38 64.22 –0.360 –0.4467 83.41 57.49 

0.5000 0.3068 65.44 65.26 –0.389 –0.4442 83.54 57.43 

0.5500 0.3510 66.60 66.40 –0.411 –0.4417 83.66 57.37 
0.6000 0.3990 67.87 67.65 –0.416 –0.4392 83.78 57.31 

0.6500 0.4511 69.25 69.03 –0.427 –0.4367 83.87 57.24 
0.7000 0.5080 70.74 70.55 –0.452 –0.4343 83.91 57.14 

0.7500 0.5704 72.43 72.23 –0.421 –0.4318 84.01 57.07 

0.8000 0.6390 74.30 74.12 –0.386 –0.4293 84.08 56.99 
0.8500 0.7149 76.32 76.23 –0.382 –0.4268 84.08 56.87 

0.9000 0.7993 78.68 78.60 –0.275 –0.4243 84.17 56.80 

0.9500 0.8937 81.28 81.27 –0.189 –0.4219 84.21 56.70 

283.15 

1.0000 1.0000 84.30 84.30 0.000 –0.4194 84.30 56.63 

0.0000 0.0000 57.98 57.98 0.000 –0.4734 81.73 57.98 

0.0500 0.0228 58.59 58.52 0.003 –0.4708 82.13 58.04 

0.1000 0.0469 59.17 59.10 –0.057 –0.4683 82.37 58.03 
0.1500 0.0724 59.79 59.73 –0.113 –0.4658 82.60 58.01 

0.2000 0.0996 60.47 60.40 –0.154 –0.4632 82.84 58.00 

0.2500 0.1285 61.20 61.12 –0.199 –0.4607 83.05 57.98 

0.3000 0.1594 61.99 61.89 –0.234 –0.4581 83.26 57.95 

0.3500 0.1924 62.82 62.72 –0.281 –0.4556 83.42 57.91 

0.4000 0.2278 63.70 63.61 –0.339 –0.4531 83.54 57.84 
0.4500 0.2658 64.67 64.58 –0.377 –0.4505 83.68 57.79 

0.5000 0.3068 65.74 65.63 –0.398 –0.4480 83.83 57.74 

0.5500 0.3510 66.90 66.77 –0.419 –0.4454 83.95 57.67 
0.6000 0.3990 68.16 68.02 –0.430 –0.4429 84.06 57.60 

0.6500 0.4511 69.54 69.39 –0.432 –0.4404 84.16 57.53 

0.7000 0.5080 71.03 70.91 –0.456 –0.4378 84.21 57.43 
0.7500 0.5704 72.72 72.59 –0.428 –0.4353 84.29 57.36 

288.15 

0.8000 0.6390 74.60 74.46 –0.376 –0.4327 84.38 57.28 
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Continuation Table 3.

Glycerol formal V
0 a,b

 

T / K 

µGF xGF Exp. Cal. 

V
0-E a,b

 








∂
∂

GF
µ
V

 

a 
0

GF
V  

a b 
0

EtOH
V  

a,b 

0.8500 0.7149 76.62 76.56 –0.375 –0.4302 84.38 57.16 

0.9000 0.7993 78.96 78.92 –0.282 –0.4276 84.45 57.07 

0.9500 0.8937 81.60 81.57 –0.149 –0.4251 84.53 56.99 

  

1.0000 1.0000 84.58 84.58 0.000 –0.4226 84.58 56.90 

0.0000 0.0000 58.35 58.35 0.000 –0.4803 81.86 58.35 

0.0500 0.0228 58.89 58.89 –0.065 –0.4774 82.15 58.35 
0.1000 0.0469 59.49 59.48 –0.112 –0.4746 82.46 58.36 

0.1500 0.0724 60.11 60.11 –0.168 –0.4718 82.72 58.34 

0.2000 0.0996 60.78 60.79 –0.218 –0.4690 82.97 58.32 
0.2500 0.1285 61.50 61.51 –0.264 –0.4662 83.21 58.30 

0.3000 0.1594 62.29 62.29 –0.299 –0.4634 83.44 58.27 

0.3500 0.1924 63.11 63.12 –0.347 –0.4606 83.63 58.23 
0.4000 0.2278 64.00 64.01 –0.398 –0.4578 83.78 58.17 

0.4500 0.2658 64.98 64.98 –0.428 –0.4550 83.95 58.11 

0.5000 0.3068 66.04 66.03 –0.455 –0.4521 84.10 58.05 
0.5500 0.3510 67.19 67.17 –0.482 –0.4493 84.22 57.97 

0.6000 0.3990 68.44 68.42 –0.498 –0.4465 84.34 57.89 

0.6500 0.4511 69.83 69.79 –0.492 –0.4437 84.46 57.82 
0.7000 0.5080 71.33 71.30 –0.506 –0.4409 84.52 57.71 

0.7500 0.5704 73.03 72.98 –0.461 –0.4381 84.63 57.63 

0.8000 0.6390 74.89 74.84 –0.426 –0.4353 84.69 57.53 
0.8500 0.7149 76.93 76.93 –0.399 –0.4325 84.71 57.41 

0.9000 0.7993 79.27 79.27 –0.299 –0.4296 84.78 57.31 

0.9500 0.8937 81.91 81.91 –0.165 –0.4268 84.84 57.21 

293.15 

1.0000 1.0000 84.89 84.89 0.000 –0.4240 84.89 57.10 

0.0000 0.0000 58.67 58.67 0.000 –0.4848 82.10 58.67 

0.0500 0.0228 59.21 59.22 –0.061 –0.4819 82.41 58.67 
0.1000 0.0469 59.81 59.82 –0.104 –0.4790 82.73 58.68 

0.1500 0.0724 60.42 60.46 –0.172 –0.4761 82.98 58.66 

0.2000 0.0996 61.09 61.14 –0.217 –0.4732 83.25 58.64 
0.2500 0.1285 61.81 61.87 –0.268 –0.4704 83.49 58.62 

0.3000 0.1594 62.59 62.65 –0.313 –0.4675 83.71 58.58 

0.3500 0.1924 63.42 63.49 –0.357 –0.4646 83.91 58.54 

0.4000 0.2278 64.31 64.39 –0.404 –0.4617 84.08 58.48 

0.4500 0.2658 65.29 65.36 –0.438 –0.4588 84.25 58.42 

0.5000 0.3068 66.34 66.41 –0.474 –0.4559 84.39 58.35 
0.5500 0.3510 67.50 67.56 –0.490 –0.4531 84.54 58.28 

0.6000 0.3990 68.75 68.81 –0.516 –0.4502 84.64 58.20 

0.6500 0.4511 70.15 70.18 –0.505 –0.4473 84.77 58.12 
0.7000 0.5080 71.64 71.69 –0.522 –0.4444 84.84 58.02 

0.7500 0.5704 73.33 73.37 –0.485 –0.4415 84.94 57.93 

0.8000 0.6390 75.18 75.23 –0.458 –0.4386 84.99 57.82 
0.8500 0.7149 77.23 77.31 –0.433 –0.4358 85.01 57.70 

0.9000 0.7993 79.60 79.64 –0.307 –0.4329 85.12 57.61 

0.9500 0.8937 82.21 82.27 –0.200 –0.4300 85.15 57.49 

298.15 

1.0000 1.0000 85.23 85.23 0.000 –0.4271 85.23 57.40 

0.0000 0.0000 58.98 58.98 0.000 –0.4893 82.34 58.98 

0.0500 0.0228 59.53 59.54 –0.057 –0.4863 82.67 58.99 
0.1000 0.0469 60.11 60.14 –0.118 –0.4834 82.97 58.98 

0.1500 0.0724 60.73 60.79 –0.175 –0.4804 83.25 58.97 

0.2000 0.0996 61.41 61.48 –0.223 –0.4775 83.52 58.96 
0.2500 0.1285 62.12 62.21 –0.276 –0.4745 83.76 58.93 

0.3000 0.1594 62.88 63.00 –0.338 –0.4716 83.96 58.88 

0.3500 0.1924 63.73 63.85 –0.371 –0.4686 84.19 58.85 

0.4000 0.2278 64.62 64.75 –0.421 –0.4657 84.37 58.79 

0.4500 0.2658 65.59 65.73 –0.457 –0.4627 84.54 58.73 

303.15 

0.5000 0.3068 66.65 66.79 –0.483 –0.4597 84.70 58.66 
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Continuation Table 3.

Glycerol formal V
0 a,b

 

T / K 

µGF xGF Exp. Cal. 

V
0-E a,b

 








∂
∂

GF
µ
V

 

a 
0

GF
V  

a b 
0

EtOH
V  

a,b 

0.5500 0.3510 67.80 67.93 –0.508 –0.4568 84.84 58.59 

0.6000 0.3990 69.07 69.19 –0.521 –0.4538 84.97 58.51 

0.6500 0.4511 70.45 70.56 –0.519 –0.4509 85.09 58.43 
0.7000 0.5080 71.95 72.07 –0.537 –0.4479 85.15 58.32 

0.7500 0.5704 73.64 73.75 –0.502 –0.4450 85.25 58.23 

0.8000 0.6390 75.50 75.61 –0.468 –0.4420 85.32 58.12 
0.8500 0.7149 77.52 77.68 –0.464 –0.4391 85.31 57.98 

0.9000 0.7993 79.88 80.00 –0.351 –0.4361 85.40 57.88 

0.9500 0.8937 82.52 82.61 –0.217 –0.4332 85.46 57.78 

  

1.0000 1.0000 85.56 85.56 0.000 –0.4302 85.56 57.69 

0.0000 0.0000 59.32 59.32 0.000 –0.4946 82.54 59.32 

0.0500 0.0228 59.85 59.88 –0.066 –0.4916 82.86 59.32 
0.1000 0.0469 60.45 60.49 –0.106 –0.4886 83.21 59.33 

0.1500 0.0724 61.06 61.14 –0.171 –0.4855 83.48 59.31 

0.2000 0.0996 61.72 61.83 –0.235 –0.4825 83.74 59.28 
0.2500 0.1285 62.44 62.57 –0.281 –0.4795 84.00 59.26 

0.3000 0.1594 63.20 63.36 –0.337 –0.4764 84.22 59.22 

0.3500 0.1924 64.00 64.21 –0.419 –0.4734 84.36 59.14 
0.4000 0.2278 64.93 65.11 –0.419 –0.4703 84.63 59.12 

0.4500 0.2658 65.91 66.09 –0.454 –0.4673 84.81 59.06 

0.5000 0.3068 66.96 67.15 –0.485 –0.4643 84.97 58.99 
0.5500 0.3510 68.11 68.29 –0.508 –0.4612 85.11 58.91 

0.6000 0.3990 69.36 69.54 –0.526 –0.4582 85.23 58.83 

0.6500 0.4511 70.74 70.91 –0.527 –0.4552 85.35 58.74 
0.7000 0.5080 72.24 72.42 –0.535 –0.4521 85.42 58.63 

0.7500 0.5704 73.95 74.09 –0.481 –0.4491 85.55 58.55 

0.8000 0.6390 75.79 75.94 –0.462 –0.4461 85.59 58.43 
0.8500 0.7149 77.83 78.00 –0.431 –0.4430 85.62 58.30 

0.9000 0.7993 80.13 80.31 –0.372 –0.4400 85.64 58.17 

0.9500 0.8937 82.84 82.90 –0.158 –0.4370 85.79 58.09 

308.15 

1.0000 1.0000 85.82 85.82 0.000 –0.4339 85.82 57.97 

0.0000 0.0000 59.68 59.68 0.000 –0.5021 82.58 59.68 

0.0500 0.0228 60.18 60.25 –0.100 –0.4987 82.87 59.65 

0.1000 0.0469 60.78 60.86 –0.136 –0.4954 83.27 59.68 

0.1500 0.0724 61.38 61.52 –0.211 –0.4921 83.57 59.65 

0.2000 0.0996 62.07 62.21 –0.248 –0.4888 83.91 59.65 

0.2500 0.1285 62.77 62.96 –0.312 –0.4855 84.17 59.61 

0.3000 0.1594 63.52 63.75 –0.377 –0.4822 84.40 59.56 

0.3500 0.1924 64.34 64.60 –0.434 –0.4788 84.62 59.51 

0.4000 0.2278 65.23 65.51 –0.478 –0.4755 84.84 59.45 

0.4500 0.2658 66.21 66.49 –0.508 –0.4722 85.05 59.39 

0.5000 0.3068 67.26 67.55 –0.541 –0.4689 85.22 59.32 

0.5500 0.3510 68.40 68.70 –0.579 –0.4656 85.36 59.22 

0.6000 0.3990 69.63 69.95 –0.612 –0.4622 85.47 59.12 

0.6500 0.4511 71.06 71.32 –0.566 –0.4589 85.67 59.06 

0.7000 0.5080 72.51 72.83 –0.629 –0.4556 85.68 58.91 

0.7500 0.5704 74.23 74.49 –0.554 –0.4523 85.84 58.82 

0.8000 0.6390 76.07 76.34 –0.542 –0.4490 85.88 58.69 

0.8500 0.7149 78.08 78.39 –0.538 –0.4456 85.88 58.53 

0.9000 0.7993 80.47 80.69 –0.387 –0.4423 86.00 58.44 

0.9500 0.8937 83.15 83.27 –0.204 –0.4390 86.10 58.33 

313.15 

1.0000 1.0000 86.17 86.17 0.000 –0.4357 86.17 58.21 

 a Units: cm3·mol–1.b The mean standard deviation for V0 and V0-E was 0.01 cm3·mol-1 while for 

�

 and � 0

EtOH
V  and was close to 0.03 cm3·mol-1
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Partial molar volumes

The partial specific volumes of glycerol formal

 were calculated using the

classical Bakhuis-Roozeboom method by means of

equations (3) and (4) applied to the variation of the res-

pective specific volumes as a function of glycerol formal

mass fraction (Reciprocal of densities reported in Table 3

and presented in Figure 5 at four temperatures) and

adjusting them to second degree polynomials by least

squares regression analyses (Kestin, J., 1979; Perrot, P.,

1998). The first derivatives were taken out on the

polynomials obtained and solved at each composition

point.

 (3)

 (4)

86.10 cm3·mol–1 (for µ
GF

 = 0.95 at 313.15 K), and for ethanol

varied from 56.45 cm3·mol–1 (for µ
GF

 = 0.95 at 278.15 K) to

59.68 cm3·mol–1 (for µ
GF

 = 0.10 at 313.15 K). The results

obtained for � 0

GF
V  and � 0

EtOH
V  are in agreement with the negative

excess volumes obtained. The variation of this property is

presented in Figure 6 as a function of glycerol formal mole

fraction at 298.15 K for glycerol formal and ethanol,

respectively. These values were calculated as the difference

between partial molar volumes and molar volumes

presented in Table 3. For both solvents the partial molar

volume diminishes as their respective proportion in the

mixtures diminishes, except for ethanol in those mixtures

where it is in great proportion.

Figure 5. Specific volume of glycerol formal + ethanol mixtures as
a function of the mixtures composition at several temperatures.

278.15 K (�), 288.15 (�), 298.15 K (�), 308.15 (•).

The partial molar volumes were calculated from the res-

pective partial specific volumes multiplied by the molar

masses.  values are also presented in

Table 3 in addition to the slopes obtained (dV/dµ
GF

) at

each composition and temperature. In all cases the partial

molar volumes of glycerol formal are lower than those

obtained for the pure solvent at all temperatures. In the

other hand, the partial molar volumes of ethanol are greater

than those for the pure solvent in the mixtures where this

cosolvent is in great proportion (0.00 < µ
GF

 < 0.30) but they

are lower in the other mixtures (0.30 < µ
GF

 < 1.00). In

cosolvent mixtures, the partial volumes for glycerol formal

varied from 81.77 cm3·mol–1 (for µ
GF

 = 0.05 at 278.15 K) to

Figure 6. Partial molar volumes of glycerol formal (•) and ethanol
(�) calculated as differences respect to pure solvent volumes in

glycerol formal + ethanol mixtures at 298.15 K.

Redlich-Kister equation

The Redlich-Kister equation has been used in recent

decades for manipulating several kinds of physicochemical

values of mixtures such as: excess volumes, excess

viscosities, solubilities in cosolvent mixtures, among others

(Redlich, O. & Kister, A.T., 1948). When applied to excess

molar volumes is presented as Equation (5),

  (5)

where x
1
 and x

2
 are the respective mole fractions.

In the analysis of our data about excess volumes, the

Equation (5) was used in the form of third degree

polynomial equations using least square analyses,

obtaining four coefficients as presented in Equation (6).

  (6)
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T / K a0 a1 a2 a3 r
2
 σ / cm

3
·mol

–1
 

278.15 –1.6945 1.1589 0.3270 –3.1113 0.6916 0.0409 

283.15 –1.8038 0.9608 0.2374 –2.5712 0.7825 0.0339 

288.15 –1.8381 0.8314 0.3572 –1.7244 0.5682 0.0306 

293.15 –1.9841 0.1711 –0.1807 0.4539 0.9285 0.0114 

298.15 –2.0536 0.2233 –0.3222 0.0254 0.8578 0.0102 

303.15 –2.1235 0.2344 –0.4761 –0.1687 0.9150 0.0111 

308.15 –2.1557 0.2543 –0.0994 0.3091 0.7230 0.0230 

313.15 –2.4351 0.3196 –0.2935 1.5102 0.7235 0.0293 

 

Table 4. Redlich-Kister regression results for the excess volumes of glycerol formal + ethanol mixtures
at various temperatures in mole fraction

The Redlich-Kister parameters for glycerol formal +

ethanol mixtures at all temperatures studied are presented

in Table 4 beside related determination coefficients and

standard deviations calculated according to Equation (7)

(where D is the number of compositions studied and N is

the number of terms used in the regression, that is 19 and

4 respectively). Figure 7 shows the Redlich-Kister equation

applied to glycerol formal + ethanol data at several

temperatures.

  (7)

2004; Ruidiaz, M.A. & Martínez, F. 2009; Cristancho, D.M.

et al. 2011). On the other hand, σ values obtained for

glycerol formal + ethanol mixtures were in general similarity

to those obtained for glycerol formal + propylene glycol

(near to 0.030 cm3·mol–1, Rodríguez, G.A. et al. 2011),

ethanol + propylene glycol (varying from 0.003 to 0.021

cm3·mol–1, Jiménez, J. & Martínez, F., 2006), and glycerol

formal + water (near to 0.008 cm3·mol–1, Delgado, D.R. et

al. 2011).

Volume thermal expansion

In pharmaceutical pre-formulation studies, it is too

important to know the variation of physicochemical

properties related to pharmaceutical dosage forms, with

respect to temperature changes; especially the properties

that affect the concentration of active ingredients. Thus,

the volume thermal expansion coefficients (α) were

calculated by means of Equation (8) (Ott, J.B. & Boerio-

Goates, J., 2000) by using the variation of molar volumes

with temperature (Table 2).

 (8)

Table 5 summarizes the (∂V0/∂T) and α values for all

mixtures and pure solvents. In all cases linear models were

obtained with determination coefficients greater than 0.999.

The α values varied from 7.28 x 10–4 K–1 in pure glycerol

formal to 1.135 x 10–3 K–1 in pure ethanol at 298.15 K

although the α variation is not linear with the mixtures

composition.

Data correlation using the Jouyban-Acree model

The Jouyban-Acree model was introduced to correlate

the physicochemical properties of the solution in mixed

solvents including the dielectric constants (Jouyban, A. et

al. 2004), viscosity (Jouyban, A. et al. 2005a), solvato-

chromic parameter (Jouyban, A. et al. 2006), density

(Jouyban, A. et al. 2005b), speed of sound (Hasan, M. et

Figure 7. Regression adjusted to Redlich-Kister equation using four
terms for glycerol formal + ethanol mixtures in mole fraction at
several temperatures. 278.15 K (�), 288.15 (�), 298.15 K (�),

308.15 (•).

The variation coefficients greater than 0.94 (except at

288.15 and 293.15 K) indicate that the obtained regular

polynomials regressions describe adequately the excess

volumes. In similar way, standard deviations are similar to

those presented in the literature for other kind of mixtures

(Kapadi, U.R. et al. 2001; Salas, J.A. et al. 2002; Wahab,

M.A. et al. 2002; Peralta, R.D. et al. 2003; Resa, J.M. et al.
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al. 2006; Kadam, U.B. et al. 2006) and more recently molar

volumes (Cristancho, D.M. et al. 2011; Delgado, D.R. et

al. 2011; Rodríguez, G.A. et al. 2011). The model uses the

physicochemical properties of the mono-solvents as input

data and a number of curve-fitting parameters representing

the effects of solvent-solvent interactions in the solution.

It is basically derived for representing the solvent effects

on the solubility of non-polar solutes in nearly ideal binary

solvent mixtures at isothermal conditions by Acree Jr.,

W.E. (1992); and then its applications were extended to the

solubility of polar solutes in water + cosolvent mixtures at

isothermal conditions (Jouyban-Gharamaleki, A. et al.

1998). Further extensions were made to represent the

solvent composition and temperature effects on the

solubility of drugs (Jouyban, A. et al. 1998); and also some

other parameters such as acid dissociation constants

(Jouyban, A. et al. 2005c), electrophoretic mobility in

capillary electrophoresis (Jouyban-Gharamaleki, A. et al.

2000) and retention factors in high performance liquid

chromatography (Jouyban, A. et al. 2005d) have been

calculated perfectly.

The model for representing the solvent composition and

temperature effects on the density of solvent mixtures is:

 (9)

where ρ
m,T

, ρ
1,T

, ρ
2,T

 are densities of mixed solvent, solvents

1 (glycerol formal) and 2 (ethanol) at different temperatures

(T), respectively. The x
1
, x
2
 are mole fractions of glycerol

formal and ethanol, respectively. The J
i
 terms are

coefficients of the model computed by using a no intercept

regression analysis of:

                         
  (10)

The following equation was obtained for density

correlation of mixtures of glycerol formal and ethanol at

different temperatures after excluding non-significant

model constants:

(11)

The calculated density values using Equation (11) are

presented in Table 1. The mean relative deviation (MRD)

between experimental and calculated data was calculated

as an accuracy criterion using:

          (12)

Glycerol formal 100 (∂V0/∂T) / 

cm3·mol–1·K–1 
104 α / K–1 µGF xGF 

0.0000 0.0000 6.660 11.35 
0.0500 0.0228 6.292 10.63 

0.1000 0.0469 6.312 10.55 
0.1500 0.0724 6.265 10.37 
0.2000 0.0996 6.240 10.21 

0.2500 0.1285 6.162 9.97 
0.3000 0.1594 6.063 9.69 

0.3500 0.1924 5.996 9.45 
0.4000 0.2278 6.097 9.48 
0.4500 0.2658 6.086 9.32 

0.5000 0.3068 6.039 9.10 
0.5500 0.3510 6.086 9.02 
0.6000 0.3990 5.914 8.60 

0.6500 0.4511 5.993 8.54 
0.7000 0.5080 5.918 8.26 
0.7500 0.5704 6.007 8.19 

0.8000 0.6390 5.918 7.87 
0.8500 0.7149 5.866 7.60 

0.9000 0.7993 5.936 7.46 
0.9500 0.8937 6.187 7.53 
1.0000 1.0000 6.205 7.28 

 

Table 5. Volume thermal expansion coefficients of glycerol formal + ethanol mixtures at 298.15 K.

ln p,., .- - ~-, lnp11 .... .r: ln¡p:J )= 

j x,x2 +J X¡X 2(X¡ - X2 ) +J X¡X2(X¡ - X2J 
o T i T 2 T 

h1 ,, 1 1 - '>'.,0.".J97x x. '"'" ''' = .1.-1 t1P1 r -.-x,, 11 P .:1 r 

J u,, - 1 l' ( 'a/L'J.m}Ial - !:J.{"-''Jilt..'1~1 1 
r1 ,.n,} -

.,· l .'tfJL tTIDl:'.l'liJ..d 
J 



326 REV. ACAD. COLOMB. CIENC.: VOLUMEN XXXV, NÚMERO 136-SEPTIEMBRE DE 2011

and was 0.03 ± 0.03 % for Equation (11). The N in Equation

(12) is the number of data points in the data set.

An adapted version of Equation (11) was used to

represent the effects of solvent composition and tempera-

ture on the molar volume of mixed solvents in recent works

(Cristancho, D.M. et al. 2011; Delgado, D.R. et al. 2011;

Rodríguez, G.A. et al. 2011). A similar model could be

trained to represent the molar volume data of glycerol for-

mal + ethanol data at various temperatures as:

          

(13)

The calculated molar volume values are presented in

Table 2. The model fits very well to the experimental data

and the MRD was 0.17 ± 0.13 %. In addition to the fitness

capability of the model, it could be used to predict the

molar volume data using the trained version of the model

employing the minimum number of experimental data points.

For this purpose, a minimum number of experimental data

(11 odd data points of set 278.15 K and 11 odd data points

of set 313.15 K) have been used for density and molar

volume data and the following equations obtained:

(14)

    

 (15)

The MRD values of Equations (14) and (15) for predicted

densities and molar volumes were 0.03 ± 0.03 % and 0.15 ±

0.12 % (N = 150). Figures 8 and 9 show the predicted values

versus experimental values of density and molar volume,

respectively. High regression coefficients (R2 = 1.0000 (i.e.

> 0.9999) for density and R2 = 0.9997 for molar volume)

suggest the predictability and applicability of the Jouyban-

Acree model to predict the density and molar volume data

using a minimum number of experimental data.

Conclusions

This work reports experimental information about the

volumetric behavior of the glycerol formal + ethanol at

eight temperatures commonly found in technological

conditions. Thus, this work complements the information

reported in the literature about volumetric properties of

the possible binary mixtures conformed by glycerol for-

mal, ethanol, propylene glycol, and water (Jiménez, J. et

al. 2004; Jiménez, J. & Martínez, F., 2005, 2006; Delgado,

D.R. et al. 2011; Rodríguez, G.A. et al. 2011). It can be

concluded that this binary system shows non ideal

behavior exhibiting negative deviations. These obser-

vations demonstrate that it is necessary to characterize

systematically representative binary systems in order to

have complete experimental information about the physical

and chemical properties useful in the understanding of

liquid pharmaceutical systems. Also, the Jouyban-Acree

model can predict density and molar volume of solution in

Figure 8. The predicted density values (g·cm-3) using Equation (14)
against the corresponding experimental values.

Figure 9. The predicted molar volume values (cm3·mol-1) using
Equation (15) against the corresponding experimental values.
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mixtures of solvents at different temperatures using

minimum number of experimental data points with

acceptable accuracy in comparison with experimental data.

Furthermore, the reported experimental values could be

used to challenge other theoretical methods developed for

estimation of thermophysical properties in mixtures

(Prausnitz, J.M. et al. 1986).
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