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Densities (F), viscosities (η), refractive indices (nD), and surface tensions (σ) have been measured for
dimethyl sulfoxide + butyl acetate mixtures, over the entire composition range at (293.15, 303.15, and
313.15) K. The excess volumes (VE), the viscosity deviations (∆η), and the deviations in refraction (∆R)
were calculated from these experimental data. All the properties have negative values. The results have
been fitted to the Redlich-Kister type polynomial relation, and the corresponding parameters have been
derived. The results are discussed in terms of molecular interactions.

Introduction

Continuing our work on solution properties (Palaiologou
and Molinou, 1995; Palaiologou, 1996; Tsierkezos and
Molinou, 1998; Tsierkezos and Molinou, 1999), we present
in this paper experimental data on the density, viscosity,
refractive index, and surface tension of binary mixtures of
dimethyl sulfoxide (DMSO) + butyl acetate at (293.15,
303.15, and 313.15) K. From these results the excess
volumes, viscosity deviations, and deviations in refraction
have been derived.

Dimethyl sulfoxide is a versatile nonaqueous dipolar
aprotic solvent having the relative dielectric constant ε )
46.6 and the dipole moment µ ) 3.90 D at 298.15 K. It is
extensively used in kinetic studies and electrochemistry
and serves as a solvent for polymers. Butyl acetate is a
very good solvent for polymers too. The study of the
thermodynamic properties of DMSO + butyl acetate mix-
tures is of interest in industrial fields, where solvent
mixtures could be used as selective solvents for polymers.

The excess properties of binary liquid mixtures contain-
ing DMSO have been studied previously (Cowie and
Toporowski, 1961; Fort and Moore, 1966; Pruett and
Felker, 1985; Aminabhavi and Gopalakrishna, 1995; Ni-
kam et al., 1996). Densities and viscosities of binary
mixtures of butyl acetate with aromatic hydrocarbons
(Iloukhani et al., 1984; Qin et al., 1992), xylenes (Ram-
achandran et al., 1995), methylacetoacetate (Aminabhavi
et al., 1993), diethylene glycol dimethyl ether (Aminabhavi
et al., 1993), 4-methyl-2-pentanone (Fermeglia et al., 1990),
and nitroethane (Liu et al., 1999) are reported in the
literature.

A survey in the literature showed that dimethyl sulfoxide
+ butyl acetate mixtures have not been studied.

Experimental Section

Materials. The reagents, dimethyl sulfoxide (Riedel-de
Haën, >99.9%) and butyl acetate (Merck p.a., >99.5%)
were used without further purification. The purity of
the liquids was assessed by comparing the experimental

densities, viscosities, and refractive indices with the lit-
erature values (Table 1). The agreement was satisfactory.

The binary mixtures were prepared by mass (Mettler
A210P, (0.01 mg). The error in mole fraction is <(0.0001.

Measurements. A digital densimeter (Anton Paar,
model DMA 58) was used for the determination of the
densities of the pure components and the binary mixtures.
The estimated uncertainty of the measured densities is
(0.000 01 g‚cm-3. The DMA cell was calibrated with dry
air and doubly-distilled water at atmospheric pressure. The
sample volume was 0.7 cm3, and the sample thermostat
was controlled to (0.01 K.

The flow times of the mixtures and the pure liquids were
measured in a Schott Geräte AVS 310 unit, equipped with
an Ubbelohde capillary viscometer. The viscometer was
calibrated with conductivity water. The time measurement
tolerance was (0.005%, and the display accuracy was
(0.01 s. The viscometer was placed in a thermostat (model
Schott CT 050/2) electronically controlling the set temper-
ature. The temperature was maintained constant within
(0.03 K. The accuracy in the viscosity measurements was
(0.001 mPa‚s.

The refractive indices at the sodium D-line were mea-
sured with a thermostated Abbe refractometer (model A.
Krüss) with a built-in light source for the measuring prism
with an accuracy of (0.0001. The thermostat temperature
was constant (0.01 K.

Surface tensions were measured by detachment of a
platinum ring using a temperature-controlled ((0.2 K)
surface tensiometer (Kruss, Model K8600). The ring was
washed successively with dilute HCl and water. The
tensiometer was calibrated with distilled water, and the
correction factor was employed. The accuracy of the surface
tension measurement was (0.1 mN‚m-1.

Results and Discussion

The experimental values of density, viscosity, and refrac-
tive index at (293.15, 303.15, and 313.15) K are given in
Table 2.
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The excess molar volumes, VE, were calculated from the
experimental data according to the following equation:

where xi and Vi represent the mole fraction and the molar
volume of the ith pure component, respectively, and Vm,
the molar volume of the mixture, can be calculated from
the following equation:

where Fm is the mixture density and Mi is the molecular
weight of the ith component in the mixture.

The viscosity deviations, ∆η, were calculated from the
following equation:

where ηi and ηm represent the viscosity of the ith pure
component and that of the mixture, respectively.

The refractive index deviations, ∆R, were obtained from
the Lorentz-Lorenz (Lorentz, 1909) equation

where Ri and Rm are the molar refraction of the ith
component and that of the mixture, respectively, and æi is
the volume fraction of the ith component, given as

The calculation of molar refraction Ri and Rm was reported
in a previous paper (Tsierkezos and Molinou, 1998).

The experimental values of VE, ∆η , and ∆R were fitted
to the Redlich-Kister equation (Redlich and Kister, 1948)

where Y represents the excess volume, the viscosity devia-
tions, or the deviations in refraction and Ak represents the
parameters. A nonlinear least-squares method was used
to estimate the parameters Ak. The optimum number of
parameters was obtained through examination of the
standard deviation, d, according to the equation

where n is the total number of data points and p is the
number of estimated parameters. The values of Ak and d
are presented in Table 3.

Plots of excess molar volume at (293.15, 303.15, and
313.15) K versus mole fraction of DMSO are shown in
Figure 1. For all mixtures the values of VE are negative,
indicating specific interactions between DMSO and butyl
acetate molecules. There is a decrease of the VE with
increasing temperature.

The viscosity deviations versus the mole fraction of
DMSO are plotted in Figure 2. The ∆η values are negative
through the entire composition range and for all temper-
atures investigated, and they increase with a rise in
temperature.

The deviations in refractive indices are shown in Figure
3. The ∆R values are negative for the whole composition
range for all mixtures. The values are independent of
temperature, as predicted by the theory, and the molar
refraction depends only on the wavelength of light used
for measurement (Glasstone, 1965).

Table 1. Comparison of Experimental Densities (G),
Viscosities (η), and Refractive Indices (nD) of Pure
Liquids with Literature Values

T/K
η(exp)/
mPa‚s

η(ref)/
mPa‚s

F(exp)/
g‚cm-3

F(ref)/
g‚cm-3 nD(exp) nD(ref)

Dimethyl Sulfoxide
293.15 2.244 1.100 53 1.100 50a 1.4795 1.4776a

303.15 1.830 1.788b 1.090 49 1.090 50b 1.4752
313.15 1.534 1.080 32 1.080 46c 1.4700

Butyl Acetate
293.15 0.735 0.7279e 0.881 45 0.881 65d 1.3947 1.3939e

0.881 45e

303.15 0.648 0.6361e 0.871 09 0.870 96e 1.3902 1.3911h

0.634h 0.871 34f

0.871 27g

0.870 50h

313.15 0.565 0.5617e 0.860 67 0.860 64e 1.3858 1.3864h

0.557h 0.860 00h

a Korosi and Kovats (1981). b Nikam et al. (1996). c Pruett and
Felker (1985). d Qin et al. (1992). e Liu et al. (1999). f Iloukhani
et al. (1984). g Ramachandran et al. (1995). h Aminabhavi et al.
(1993).

Table 2. Experimental Densities (G), Viscosities (η), and
Refractive Indices (nD) of Dimethyl Sulfoxide (1) + Butyl
Acetate (2) Mixtures

x1 F/g‚cm-3 η/mPa‚s nD x1 F/g‚cm-3 η/mPa‚s nD

T ) 293.15 K
0.0000 0.881 45 0.735 1.3947 0.5427 0.968 77 1.211 1.4286
0.0510 0.887 78 0.774 1.3974 0.6419 0.991 07 1.363 1.4376
0.1000 0.894 50 0.789 1.3995 0.7402 1.015 98 1.527 1.4471
0.2052 0.909 17 0.868 1.4056 0.8611 1.051 43 1.791 1.4607
0.3643 0.934 67 1.011 1.4154 0.9565 1.084 00 2.063 1.4724
0.4408 0.948 49 1.098 1.4208 1.0000 1.100 53 2.244 1.4795

T ) 303.15 K
0.0000 0.871 09 0.648 1.3902 0.5427 0.959 08 1.032 1.4244
0.0510 0.877 71 0.678 1.3929 0.6419 0.981 18 1.146 1.4331
0.1000 0.884 21 0.692 1.3950 0.7402 1.005 97 1.280 1.4429
0.2052 0.898 95 0.752 1.4010 0.8611 1.041 96 1.488 1.4566
0.3643 0.924 66 0.879 1.4111 0.9565 1.074 12 1.697 1.4689
0.4408 0.938 60 0.931 1.4164 1.0000 1.090 49 1.830 1.4752

T ) 313.15 K
0.0000 0.860 67 0.565 1.3858 0.5427 0.949 11 0.889 1.4203
0.0510 0.867 56 0.592 1.3884 0.6419 0.971 46 0.983 1.4286
0.1000 0.874 01 0.606 1.3906 0.7402 0.996 72 1.117 1.4385
0.2052 0.888 76 0.662 1.3967 0.8611 1.031 93 1.258 1.4524
0.3643 0.914 77 0.766 1.4068 0.9565 1.064 13 1.423 1.4648
0.4408 0.928 66 0.809 1.4121 1.0000 1.080 32 1.534 1.4700

VE ) Vm - ∑
i)1

2

Vixi (1)

Vm ) ∑
i)1

2

xiMi/Fm (2)

∆η ) ηm - ∑
i)1

2

ηixi (3)

Table 3. Parameters of Eq 6 and Standard Deviations (d)
of Excess Functions of Dimethyl Sulfoxide (1) + Butyl
Acetate (2) Mixtures

function A0 A1 A2 A3 d

T ) 293.15 K
VE/cm3‚mol-1 -0.7795 -0.0538 -0.1456 0.0633 0.0102
∆η/mPa‚s -1.2974 -0.4942 -0.4986 -0.4456 0.0074
∆R/cm3‚mol-1 -6.6888 2.1316 -0.8994 -0.2082 0.0121

T ) 303.15 K
VE/cm3‚mol-1 -1.0031 -0.0609 -0.2719 -0.0547 0.0163
∆η/mPa‚s -0.9889 -0.3923 -0.3250 -0.2018 0.0062
∆R/cm3‚mol-1 -6.7636 2.0823 -0.7680 0.2048 0.0097

T ) 313.15 K
VE/cm3‚mol-1 -1.2914 -0.3251 -0.4821 0.4926 0.0186
∆η/mPa‚s -0.7569 -0.2420 -0.2183 -0.2947 0.0106
∆R/cm3‚mol-1 -6.8228 1.9879 -0.4768 0.8724 0.0097

∆R ) Rm - ∑
i)1

2

Riæi (4)

æi ) xiVi/∑
i)1

2

xiVi (5)

Y ) x1x2∑
k)0

n

Ak(2x1 - 1)k (6)

d ) [Σ(Yexpt - Ycalcd)
2

(n - p) ]1/2

(7)
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The surface tension values (σ) for the binary mixtures
of DMSO + butyl acetate are given in Table 4. The surface
tension of the binary mixtures was increased as the DMSO
concentration was increased too. This trend is nonlinear,
the change in surface tension being larger at high DMSO
concentrations than that at low concentrations.

Connors and Wright (1989) propose an equation of the
form

where σ2, σ1, and σ are the surface tensions of butyl acetate,

DMSO, and the mixture, respectively, to describe the effect
of composition on the mixture surface tension. The param-
eters R and â are given in Table 5. The values of σ
versus the mole fraction of dimethyl sulfoxide are shown
in Figure 4.

In the systems studied, surface tension decreased with
increasing temperature for any given mole fraction of
DMSO.
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x1 )
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x1 )
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0.4408
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0.7402
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0.8611
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