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Relative permittivities (∈), densities (F), and refractive indices (nD) were measured for binary mixtures
of sulfolane with ethylene glycol, diethylene glycol, poly(ethylene glycol) with an average molecular weight
of 200, and poly(ethylene glycol) with an average molecular weight of 600 at 303.15 K over the whole
mole fraction range. From these experimental data, the excess molar volumes (VE), and deviations in
refractive indices (∆nD), relative permittivities (∆∈), and molar polarization (∆Pm) were calculated. These
quantities were fitted to the Redlich-Kister polynomial equation to derive the binary adjustable
parameters and standard errors.

Introduction

The present paper is a continuation of our studies1-6 on
the thermodynamic properties of binary and ternary mix-
tures containing sulfolane as a common solvent. Sulfolane
is an important industrial solvent having several advanta-
geous physicochemical properties and the ability to extract
monocyclic aromatic hydrocarbons from petroleum prod-
ucts. Mixtures of sulfolane with other solvents are also of
particular interest. Research on their thermophysical
properties has been reported by several authors.7-12 In the
present work, we have measured the density (F), refractive
index (nD), and relative permittivity (∈) over the entire
composition range at 303.15 K for binary mixtures of
sulfolane with ethylene glycol (EG), diethylene glycol
(DEG), poly(ethylene glycol) with an average molecular
weight of 200 (PEG-200), and poly(ethylene glycol) with
an average molecular weight of 600 (PEG-600). The
experimental results for F, nD, and ∈ were used to calculate
the excess functions VE and deviations from mole fraction
averages ∆n, ∆∈, and ∆Pm.

Experimental Section

Materials. Sulfolane (99 mol %), ethylene glycol (99 mol
%), diethylene glycol (99 mol %), poly(ethylene glycol) with
an average molecular weight of 200, and poly(ethylene
glycol) with an average molecular weight of 600 were
obtained from Aldrich. All chemicals were used without
further purification but were kept over freshly activated
molecular sieves of type 4A for several days before use.
Experimental values of F, nD, and ∈ of the pure liquids,
along with literature values at 303.15 K, are given in Table
1. The binary mixtures were prepared by mass using an
electronic Mettler balance (model AE-200) with a precision
of (0.01 mg. The accuracy of the mole fraction was
estimated to be ((2 × 10-4).

Measurements. Densities of pure liquids and their
mixtures were measured with an Anton Paar digital
densimeter (model DMA 60), equipped with a density
measuring cell (model 602), with a sensitivity up to 1 ×
10-6 g cm-3, which was thermostated with a temperature
stability better than (0.01 K. The accuracy in density
measurements was better than ((3 × 10-5) g cm-3.

Refractive indices for the sodium D line were measured
using a thermostatically controlled Abbe refractometer. The
refractometer was calibrated using twice distilled and
deionized water. A minimum of three independent readings
were recorded for each composition. The refractive index
values was ((2 × 10-4).

Relative permittivities were measured with a Dipolmeter
DM-O1 instrument from Wissenshaftlich Technische Werk-
staten GmbH. The thermostated measuring cells of types
MFL2 (7 e ∈ e 20) and MFL3 (20 e ∈ e 70) were adequate
to cover the relative permittivity range of sulfolane + glycol
mixtures at 303.15 K. The temperature was maintained
constant to within (0.01 K by means of a Haake F3-K
digital thermostat. The cells were previously calibrated
with the standard pure liquids ethanol, glycerol, acetone,
and cyclohexanol. The reproducibility of permittivity data
was within (0.05.

Results and Discussion

The experimental values of densities (F), refractive
indices (nD), and relative permittivities (∈) are listed in
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Table 1. Experimental and Literature Values for G, nD,
and ∈ of Pure-Component Liquids at 303.15 K

liquid F/(g cm-3) nD ∈
sulfolane 1.26140 1.4818 43.39

1.261414 1.482014 43.3014

ethylene glycol 1.10662 1.4288 37.60
1.10651217 1.428418 39.9516

1.1066414

diethylene glycol 1.11224 1.4440 29.11
PEG-200 1.11630 1.4564 18.43
PEG-600 1.11893 1.4637 13.74
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Table 2. Excess molar volumes (VE) were calculated using
the equation

where F and Fi are the densities of the mixture and of the
pure-component liquid i, respectively. Mi is the molecular
weight of component i.

Deviations in refractive indices, relative permittivities,
and molar polarization were calculated as

where ∆y represents ∆n, ∆∈, and ∆Pm. y1 and y2 refer to
the respective pure-component properties, viz., nD, ∈, and
P.

The molar polarization Pm was calculated with the
equation

where Vm is the molar volume of mixture
The excess functions VE and deviations ∆n, ∆∈, and ∆Pm

were fitted by a least-squares method to the Redlich-
Kister equation13

For each mixture, the optimum number of adjustable
parameters was ascertained from an examination of the
variation in the standard error σ

Table 2. Densities (G), Refractive Indices (nD), Dielectric
Constants (∈), and Excess Molar Volumes (VE) of
Sulfolane (1) + Glycols (2) at 303.15 K

x2 F/(g cm-3) VE/(cm3 mol-1) nD ∈
sulfolane (1) + ethylene glycol (2)

0.0000 1.26140 0.0000 1.4818 43.39
0.0439 1.25201 -0.0104 1.4777 42.24
0.10120 1.25194 -0.0178 1.4756 40.05
0.2144 1.24558 -0.2562 1.4709 38.60
0.2984 1.23562 -0.3529 1.4626 38.46
0.4092 1.22566 -0.5882 1.4579 38.84
0.5074 1.21633 -0.8218 1.4526 38.15
0.6064 1.20462 -0.9995 1.4452 38.36
0.7034 1.19058 -1.1009 1.4368 38.22
0.8046 1.17363 -1.1844 1.4320 38.31
0.9044 1.15417 -1.2442 1.4301 39.00
0.9533 1.13216 -0.6980 1.4295 38.42
1.0000 1.10662 0.0000 1.4288 37.60

sulfolane (1) + diethylene glycol (2)
0.0483 1.25431 - 0.0104 1.4789 40.70
0.0942 1.24759 - 0.0205 1.4769 37.96
0.1933 1.23384 -0.1034 1.4834 35.64
0.2933 1.22148 - 0.3041 1.4713 35.01
0.3964 1.21398 -0.9264 1.4698 34.37
0.4874 1.20887 -1.5982 1.4680 34.05
0.5991 1.19733 -2.0218 1.4652 33.09
0.6916 1.18291 -1.9957 1.4614 31.96
0.7987 1.16115 -1.5568 1.4548 30.88
0.9058 1.13153 -0.4447 1.4492 29.46
0.9499 1.12004 -0.0288 1.4464 29.00
1.0000 1.11224 0.0000 1.4440 29.11

sulfolane (1) + poly(ethylene glycol)-200 (2)
0.0514 1.25175 -0.3003 1.4778 35.77
0.0904 1.24400 -0.4504 1.4757 34.30
0.1992 1.22334 -0.7497 1.4719 31.71
0.3020 1.20882 -1.2496 1.4688 29.85
0.4024 1.19515 -1.6001 1.4660 28.26
0.5077 1.18501 -2.2505 1.4632 26.25
0.6031 1.17158 -2.2000 1.4612 24.67
0.7006 1.15934 -2.1469 1.4593 23.00
0.8059 1.14401 -1.5997 1.4578 21.37
0.9017 1.12933 -0.7494 1.4575 19.98
0.9545 1.12309 -0.5000 1.4568 19.16
1.0000 1.11630 0.0000 1.4564 18.43

sulfolane (1) + poly(ethylene glycol)-600 (2)
0.0463 1.23433 -0.3276 1.4777 32.11
0.0992 1.21316 -0.7172 1.457 28.29
0.2008 1.18863 -1.6528 1.4726 24.87
0.3034 1.17063 -2.0378 1.4703 22.57
0.4069 1.15913 -2.5820 1.4683 20.02
0.5007 1.15021 -2.7045 1.4668 19.03
0.6078 1.14176 -2.6034 1.4655 17.69
0.7010 1.13529 -2.2546 1.4642 16.99
0.8063 1.12916 -1.7563 1.4641 15.37
0.9404 1.12267 -0.9786 1.4639 14.21
0.9560 1.12130 -0.5641 1.4638 13.97
1.0000 1.11893 0.000 1.4637 13.74

VE/(cm3 mol-1) ) ∑
i

k

xiMi(F
-1 - Fi

-1) (1)

∆y ) ym - x1y1 - x2y2 (2)

Figure 1. Excess molar volumes VE for mixtures of sulfolane (1)
+ component (2) at 303.15 K as a function of mole fraction of
component (2). x2: ethylene glycol (0); diethylene glycol (b); PEG-
200 (4); PEG-600 (9).

Table 3. Coefficients Ai and Standard Deviations σ in
Equation 4 for Sulfolane (1) + Glycols (2) at 303.15 K

property A0 A1 A2 A3 σ

sulfolane (1) + ethylene glycol (2)
VE/(cm3 mol-1) -2.9387 3.1016 -5.1600 7.3161 0.0951
∆n 0.0128 -0.0235 -0.0031 -0.0187 0.0003
∆∈ -0.16 -26.75 67.43 -40.57 0.11
∆Pm/(cm-3 mol-1) -3.54 1.55 -7.64 -0.40 0.09

sulfolane (1) + diethylene glycol (2)
VE/(cm3 mol-1) -6.4967 11.8289 5.0172 -12.6953 0.0620
∆n 0.0199 -0.0300 -0.0315 0.0155 0.0003
∆∈ -0.85 -28.24 75.51 -46.89 0.10
∆Pm/(cm-3 mol-1) -3.20 1.83 -3.87 -1.15 0.05

sulfolane (1) + poly(ethylene glycol)-200 (2)
VE/(cm3 mol-1) -8.3045 6.5013 1.8702 -5.8343 0.0973
∆n -0.0220 0.0007 -0.0117 -0.0242 0.0002
∆∈ -1.58 -37.04 81.34 -43.26 0.10
∆Pm/(cm-3 mol-1) 8.75 -3.49 -9.02 3.76 0.18

sulfolane (1) + poly(ethylene glycol)-600 (2)
VE/(cm3 mol-1) -10.6101 -0.0864 -0.3059 5.1533 0.1117
∆n -0.0226 -0.0037 -0.0232 -0.0189 0.0003
∆∈ -4.15 -69.19 154.36 -82.01 0.09
∆Pm/(cm-3 mol-1) 34.24 -18.78 -9.74 -1.18 0.48

Pm ) (ε - nD
2)(2ε - nD

2)Vm/9ε (3)

VE (or ∆y) ) x1x2∑
i ) 0

k

Ai(x1 - x2)
i (4)

σ ) {∑[Vobs
E (or ∆yobs) - Vcal

E (or ∆ycal)]
2/n - p}1/2 (5)
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where n is the number of experimental points and p is the
number of adjustable parameters Ai. The values of Ai and
the standard errors σ are given in Table 3.

Excess molar volume versus mole fraction plots are
shown in Figure 1. For all mixtures, the values of VE are
negative over the entire composition range, suggesting
specific interactions between sulfolane and the glycol
components of the mixture. The VE results for the mixtures
follow the sequence PEG-600 < PEG-200 < diethylene
glycol < ethylene glycol, and the minima of the curves tend
to shift toward the glycol-rich region of the mixtures. A
large negative equimolar VE value of -2.65 cm3 mol-1 is
shown by the PEG-600 + sulfolane mixture, which is 3
times higher than the -0.73 cm3 mol-1 value observed for

ethylene glycol + sulfolane. Generally, the values of VE

increase as the carbon chain length of the glycol increases.
This is indicative of interstitial accommodation of sulfolane
in the glycol structure and is corroborated by the ∆∈ data
(Figure 2). The results of ∆n vs x2 at 303.15 K shown in
Figure 3 exhibit almost the same trend as the VE results.

The deviations in the molar polarization, ∆Pm, for the
binary mixtures of sulfolane + ethylene glycol and dieth-
ylene glycol are slightly negative and close to zero (Figure
4). The other two systems have positive ∆Pm values
throughout the entire composition range. The curves show
maxima at x ) 0.6 mole fraction that increase as the carbon
chain length in poly(ethylene glycol) increases.

The above data suggest that the specific interaction
between sulfalone and glycols increases as the glycol carbon
chain length increases and also as a result of molecular
size differences.
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