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Density, viscosity, and speed of sound data for (sulfolane + ethyl acetate (EA)), (sulfolane + n-propyl
acetate (PA)), and (sulfolane + n-butyl acetate (BA)) were determined at T ) (303.15 to 313.15) K. From
this data, excess molar volume and deviation in isentropic compressibility, ∆κs, have been calculated. The
computed properties were fit to a Redlich-Kister polynomial.

Introduction

Physical properties of liquid mixtures are required in most
of the engineering calculations where fluid flow or mixing
is an important factor in many practical problems concerning
mass transport applications. Sulfolane is an important
industrial solvent that has several advantageous physico-
chemical properties and the ability to extract monocyclic
aromatic hydrocarbons from petroleum products. Mixtures
of sulfolane with other solvents are also of particular interest.
An understanding of the mixing behavior of sulfolane with
esters is therefore important and has applications in many
engineering areas. To the best of our knowledge, no extensive
studies have been made on the mixtures of sulfolane with
esters. In a continuation of our ongoing program of research,1–3

we now report the results of density, viscosity, and speed of
sound for the binary mixtures of sulfolane with ethyl acetate,
n-propyl acetate, and n-butyl acetate over the entire range
of composition at T ) (303.15 to 313.15) K. With this data,
the excess molar volume and deviation in isentropic com-
pressibility have been computed. These results have been
fitted to the Redlich-Kister polynomial equation using a
multiparametric nonlinear regression analysis technique to
derive the binary coefficients and to estimate the standard
deviation (σ) between experimental and calculated data.

Experimental Procedure

Materials. Ethyl acetate, n-propyl acetate, and n-butyl
acetate that were all supplied by Sigma-Aldrich with stated
purities of better than 99 % were stored over molecular sieves
(0.3 nm Merck, India). Sulfolane with a purity of 99 % was
provided by Sigma-Aldrich Chemicals and was used without
further purification. To minimize the contact of this deli-
quescent reagent with moist air, the product was kept in
sealed bottles in a desiccator. The purity of the substances
was determined by GLC. Densities and viscosities of pure
substances and their comparison with literature values are
listed in Table 1.4–14

Apparatus and Procedure. Binary mixtures were prepared
by mass in airtight bottles. The mass measurements were
performed on a Dhona 100 DS (India) single-pan analytical

balance with a resolution of ( 0.01 · 10-6 kg. The required
properties of the mixture were measured on the same day.
The uncertainty in mole fraction was estimated to be less
than ( 1 · 10-4. The detailed procedures for measuring density
and viscosity have been described in our previous publica-
tion.15

The speed of sound was measured with a single-crystal
variable-path interferometer (Mittal Enterprises, India) op-
erating at a frequency of 2 MHz that had been calibrated
with water and benzene. The detailed procedure was de-
scribed in our previous papers.2,3 The uncertainty in speed
of sound was found to be ( 0.2 %. In all property
measurements, the temperature was controlled within ( 0.01
K using a constant temperature bath (INSREF model IRI-
016 C, India) by circulating water from the thermostat.

Results and Discussion

Experimental values of densities, F, viscosities, η, speeds of
sound, u, and excess molar volumes, VE, for the binary mixtures
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Figure 1. Plots of excess molar volume, V E, of the sulfolane (1) + esters
(2) system as a function of mole fraction at T ) 308.15 K: 4, ethyl acetate;
2, n-propyl acetate; 0, n-butyl acetate. The symbols represent experimental
values.
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of sulfolane with ethyl acetate, n-propyl acetate, and n-butyl
acetate at T ) (303.15 to 313.15) K are listed as a function of
the mole fraction of sulfolane in Table 2.

The density values have been used to calculate excess molar
volumes, V E, using the following equation

VE/(m3·mol-1)) (x1M1 + x2M2)/Fm - (x1M1/F1 + x2M2/F2)
(1)

where Fm is the density of the mixture and x1, M1, F1 and x2,
M2, and F2 are the mole fraction, molar mass, and density of
pure components, respectively.

The speed of sound, u, was used to calculate the isentropic
compressibility, κs, using

κs)1/u2F (2)

The deviation from isentropic compressibility, ∆κs, has been
evaluated using the equation

∆κs/(m
2 ·N-1)) κs - (Φ1κs1 +Φ2κs2) (3)

where κs1, κs2, and κs are the isentropic compressibility of the
pure components and observed isentropic compressibility of
liquid mixture, respectively. In eq 4, Φi is the volume fraction
and is calculated from the individual pure molar volumes, Vi,
with the relation

Φi ) xiVi/(ΣxiVi) (4)

The excess or deviation properties, Y E, were fitted by the
method of nonlinear least-squares to a Redlich-Kister-type
polynomial16

YE ) x1x2ΣAi(x1 - x2)i (5)

In each case, the optimum number of coefficients, Ai, was
determined from an examination of the variation of standard
deviation, σ, as calculated by

σ(YE)) [Σ(Yobsd
E - Ycalcd

E )2/(n-m)]1/2 (6)

where n represents the number of experimental points and m is
the number of coefficients. It is found that for the solution of
the fifth degree polynomial, the agreement between the experi-
mental values and the calculated values is satisfactory. The
derived parameters, Ai, and the estimated standard deviation,
σ, for V E and ∆κs are given in Table 3.

Excess Molar Volume. Excess molar volumes of (sulfolane
+ esters) at T ) 308.15 K are shown in Figure 1. The values
of V E are negative for all (sulfolane + EA), (sulfolane +

PA), and (sulfolane + BA) over the whole mole fraction
range and are less negative with increasing chain length of
the ester molecules. The negative values of V E vary in the
following order: EA < PA < BA < 0. The V E values are
less negative with increasing temperature in the case of BA,
whereas no particular trend was observed in the case of EA
and PA. These plots are not furnished to avoid overcrowding.

DeWiation in Isentropic Compressibility. The ∆κs values are
negative over the whole composition range for all mixtures and
become more negative at higher temperatures. It can be pointed
out that the influence of the structure of the homologous series
of esters on the isentropic compressibility behavior is very
marked. An inspection of Figure 2 reveals that the ∆κs values
become more negative with decreasing chain length of the
ester.

In the present study, the behavior of V E and ∆κs are similar
in nature. The sign of ∆κs supports the postulates used to
interpret the sign of excess molar volume. The negative V E and
∆κs values may result from dipole-dipole and dipole-induced
dipole interactions13,17–19 that enhance the solvent structure in
the mixture, in turn making negative contributions to V E and
∆κs.

Conclusions

The experimental values of density, viscosity, and speed of
sound and calculated excess molar volume and deviation in

Figure 2. Plots of deviation in isentropic compressibility, ∆κs, of the
sulfolane (1) + esters (2) system as a function of volume fraction at T )
308.15 K: 4, ethyl acetate; 2, n-propyl acetate; 0, n-butyl acetate. The
symbols represent experimental values.

Table 1. Comparison of Experimental Densities, G, Viscosities, η, and Speeds of Sound, u, of Pure Components with Available Literature at
Different Temperatures

F ·10-3/kg ·m-3 η ·103/mPa · s u/m · s-1

component T/K exptl lit. exptl lit. exptl lit.

sulfolane 298.15 1.2639 1.264014 1601
303.15 1.2618 1.26184 10.0304 10.07425 1588 1588.813

313.15 1.2516 1.25195 7.8365 1558
ethyl acetate 298.15 0.8951 0.89466 1.3716 1.37107 1142

303.15 0.8894 0.889611 0.3806 1122 111911

308.15 0.8839 0.88329 0.3622 1101
n-propyl acetate 298.15 0.8837 0.88317 1.3838 1.38357 1156
n-butyl acetate 298.15 0.8756 0.87597 1.3934 1.39317 1203 120112

303.15 0.8716 0.87138 0.6072 0.608010 1176 117611

313.15 0.8620 0.861810 0.5340 1135
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Table 2. Values of Density, G, Viscosity, η, Speed of Sound, u, and Excess Molar Volume, V E, for the Binary Liquid Mixtures at
Temperature T

F ·10-3 η ·103 u V E ·106 F ·10-3 η ·103 u V E ·106

x1 kg ·m-3 mPa · s m · s-1 m3 ·mol-1 x1 kg ·m-3 mPa · s m · s-1 m3 ·mol-1

Sulfolane (1) + Ethyl Acetate (2)

T/K ) 303.15
0.0000 0.8894 0.3806 1122 0.000 0.5980 1.1276 2.0539 1408 -1.633
0.0218 0.8978 0.4006 1134 -0.065 0.7331 1.1754 3.2106 1472 -1.300
0.1511 0.9507 0.5566 1196 -0.705 0.8548 1.2155 5.2851 1524 -0.757
0.2748 1.0011 0.7832 1251 -1.197 0.9799 1.2555 9.2053 1579 -0.114
0.4012 1.0523 1.1179 1313 -1.573 1.0000 1.2618 10.0304 1588 0.000
0.5068 1.0940 1.4995 1366 -1.735

T/K ) 308.15
0.0000 0.8839 0.3622 1101 0.000 0.5980 1.1239 1.8819 1398 -1.787
0.0218 0.8932 0.3819 1121 -0.170 0.7331 1.1715 2.9230 1465 -1.414
0.1511 0.9471 0.5275 1185 -0.921 0.8548 1.2116 4.7555 1515 -0.856
0.2748 0.9977 0.7300 1241 -1.418 0.9799 1.2519 8.0778 1569 -0.207
0.4012 1.0488 1.0424 1301 -1.771 1.0000 1.2570 8.7947 1576 0.000
0.5068 1.0903 1.3942 1355 -1.897

T/K ) 313.15
0.0000 0.8758 0.3426 1082 0.000 0.5980 1.1167 1.7516 1397 -1.789
0.0218 0.8851 0.3633 1092 -0.167 0.7331 1.1647 2.6995 1464 -1.410
0.1511 0.9395 0.4961 1154 -0.971 0.8548 1.2055 4.2809 1513 -0.857
0.2748 0.9899 0.6874 1216 -1.434 0.9799 1.2458 7.0920 1555 -0.163
0.4012 1.0405 0.9781 1283 -1.721 1.0000 1.2516 7.8365 1558 0.000
0.5068 1.0821 1.2925 1346 -1.838

Sulfolane (1) + n-Propyl Acetate (2)

T/K ) 303.15
0.0000 0.8777 0.4878 1149 0.000 0.6489 1.1249 2.6244 1419 -1.457
0.0247 0.8869 0.5146 1154 -0.182 0.7639 1.1695 3.9199 1474 -1.113
0.1746 0.9414 0.7260 1214 -0.841 0.8733 1.2123 5.8629 1530 -0.671
0.3110 0.9929 1.0193 1266 -1.285 0.9823 1.2554 9.3047 1579 -0.140
0.4416 1.0431 1.4384 1322 -1.485 1.0000 1.2618 10.0304 1588 0.000
0.5468 1.0846 1.9225 1368 -1.551

T/K ) 308.15
0.0000 0.8731 0.4595 1139 0.000 0.6489 1.1201 2.3752 1410 -1.474
0.0247 0.8819 0.4827 1147 -0.134 0.7639 1.1647 3.5015 1469 -1.127
0.1746 0.9358 0.6764 1203 -0.745 0.8733 1.2076 5.2167 1521 -0.692
0.3110 0.9869 0.9439 1257 -1.156 0.9823 1.2510 8.1319 1573 -0.175
0.4416 1.0379 1.3250 1312 -1.459 1.0000 1.2570 8.7947 1576 0.000
0.5468 1.0796 1.7617 1359 -1.550

T/K ) 313.15
0.0000 0.8667 0.4329 1126 0.000 0.6489 1.1141 2.1758 1401 -1.498
0.0247 0.8757 0.4554 1134 -0.163 0.7639 1.1594 3.1853 1458 -1.191
0.1746 0.9298 0.6342 1189 -0.798 0.8733 1.2022 4.6616 1510 -0.724
0.3110 0.9813 0.8781 1243 -1.257 0.9823 1.2454 7.2221 1555 -0.165
0.4416 1.0324 1.2220 1301 -1.555 1.0000 1.2516 7.8365 1558 0.000
0.5468 1.0740 1.6173 1352 -1.623

Sulfolane (1) + n-Butyl Acetate (2)

T/K ) 303.15
0.0000 0.8716 0.6072 1176 0.000 0.6793 1.1205 3.0273 1424 -1.336
0.0311 0.8808 0.6426 1182 -0.068 0.7887 1.1682 4.2748 1477 -1.131
0.1903 0.9323 0.8950 1232 -0.624 0.8876 1.2122 6.1997 1528 -0.750
0.3402 0.9852 1.2425 1280 -1.040 0.9836 1.2542 9.0492 1577 -0.098
0.4740 1.0361 1.7220 1327 -1.291 1.0000 1.2618 10.0304 1588 0.000
0.5789 1.0785 2.2995 1372 -1.396

T/K ) 308.15
0.0000 0.8671 0.5687 1155 0.000 0.6793 1.1144 2.7172 1418 -1.224
0.0311 0.8769 0.6016 1164 -0.162 0.7887 1.1621 3.8367 1468 -1.028
0.1903 0.9286 0.8248 1212 -0.746 0.8876 1.2071 5.4987 1520 -0.733
0.3402 0.9809 1.1452 1261 -1.100 0.9836 1.2501 7.9251 1572 -0.154
0.4740 1.0309 1.5770 1316 -1.258 1.0000 1.2570 8.7947 1576 0.000
0.5789 1.0727 2.0816 1366 -1.303

T/K ) 313.15
0.0000 0.8620 0.5340 1135 0.000 0.6793 1.1088 2.4714 1408 -1.219
0.0311 0.8718 0.5637 1146 -0.167 0.7887 1.1566 3.4359 1466 -1.033
0.1903 0.9235 0.7699 1193 -0.772 0.8876 1.2015 4.9020 1510 -0.726
0.3402 0.9754 1.0664 1245 -1.088 0.9836 1.2448 6.9875 1556 -0.164
0.4740 1.0254 1.4573 1301 -1.256 1.0000 1.2516 7.8365 1558 0.000
0.5789 1.0671 1.9028 1354 -1.295
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speed of sound for the binary mixtures of sulfolane + ethyl
acetate, + n-propyl acetate, and + n-butyl acetate at T ) (303.15
to 313.15) K are reported. The results are correlated using the
Redlich-Kister polynomial equation.

Acknowledgment

We thank Dr. K. Sampath Kumar, Department of Applied Statistics,
Telangana University, Nizamabad, for his assistance in calculating
the binary coefficients of polynomial equation of various degrees
through nonlinear regression analysis.

Literature Cited
(1) Sathyanarayana, B.; Ranjithkumar, B.; Savitha Jyostna, T.; Satya-

narayana, N. Densities and Viscosities of Binary Liquid Mixtures of
N-Methylacetamide with Some Chloroethanes and Chloroethenes at
T ) 308.15 K. J. Chem. Thermodyn. 2007, 39, 16–21.

(2) Nallani, S.; Boodida, S.; Tangeda, S. J. Density and Speed of Sound
of Binary Mixtures of N-Methylacetamide with Ethyl Acetate, Ethyl
Chloroacetate, and Ethyl Cyanoacetate in the Temperature Interval
(303.15 to 318.15) K. J. Chem. Eng. Data 2007, 52, 405–409.

(3) Sathyanarayana, B.; Savitha Jyostna, T.; Satyanarayana, N. Acoustic
Studies on Binary Mixtures of N-Methylacetamide with Chloroethanes
and Chloroethenes at 308.15 K. Indian J. Pure Appl. Phys. 2006, 44,
587–591.

(4) Al-Azzawi, S. F.; Awwad, A. M. Excess Molar Volumes, Excess
Logarithmic Viscosities, and Excess Activation Energies of Viscous
Flow for 2-Ethoxyethanol + γ-Butyrolactone and + Sulfolane at
303.15 K. J. Chem. Eng. Data 1990, 35, 411–414.

(5) Yang, C.; Yu, W.; Ma, P. Densities and Viscosities of Binary Mixtures
of Ethyl Benzene + N-Methyl-2-pyrrolidone, Ethyl Benzene +
Sulfolane, and Styrene + Octane from (303.15 to 353.15) K and
Atmospheric Pressure. J. Chem. Eng. Data 2005, 50, 1197–1203.

(6) Ortega, J.; Matos, J. S.; Paz-Andrade, M. I.; Fernandez, J. Excess Molar
Volumes of Ethyl Formate or Ethyl Acetate + 1-Chloroalkane at
298.15 K. J. Chem. Eng. Data 1987, 32, 464–466.

(7) Aralaguppi, M. I.; Jadar, C. V.; Aminabhavi, T. M. Density, Viscosity,
Refractive Index, and Speed of Sound in Binary Mixtures of
2-Chloroethanol with Methyl Acetate, Ethyl Acetate, n-Propyl Acetate,
and n-Butyl Acetate. J. Chem. Eng. Data 1999, 44, 441–445.

(8) Oswal, S. L.; Patel, N. B. Speed of Sound, Isentropic Compressibility,
Viscosity, and Excess Volume of Binary Mixtures. 1. Alkanenitriles
with Alkyl Acetates. J. Chem. Eng. Data 1995, 40, 840–844.

(9) Tovar, C. A.; Carballo, E.; Cerdeirina, C. A.; Romani, L. Excess Molar
Volumes and Excess Molar Heat Capacities of Mixtures Containing
(Mono and Poly) Ethers + Ethyl Acetate. J. Chem. Eng. Data 1997,
42, 1085–1089.

(10) Djojoputro, H.; Ismadji, S. Density and Viscosity for a Binary Mixture
of cis-3-Hexenyl Formate, Butyl Acetate, trans-2-Hexenyl Acetate,
and cis-3-Hexenyl Acetate with Ethanol at Several Temperatures.
J. Chem. Eng. Data 2005, 50, 1009–1013.

(11) Oswal, S. L.; Patel, N. B. Speeds of Sound, Isentropic Compressibili-
ties, and Excess Volumes of Binary Mixtures of Acrylonitrile with
Organic Solvents. J. Chem. Eng. Data 2000, 45, 225–230.

(12) Mariano, A.; Postigo, M.; Gonzalez-Salgado, D.; Romani, L. Speeds
of Sound and Refractive Indices of the Ternary Mixtures (Toluene +
Methyl Acetate + Butyl Acetate) and (Toluene + Methyl Acetate +
Methyl Heptanoate) at 298.15 K. J. Chem. Thermodyn. 2007, 39, 218–
224.

(13) Karvo, M. Ultrasonic Speeds and Isentropic Compressibilities of
Sulfolane + Benzene, + Toluene, + p-Xylene, and + Mesitylene at
303.15 K. J. Chem. Thermodyn. 1986, 18, 809–813.

(14) Organic SolVents: Physical Properties and Methods of Purification,
4th ed.; Riddick, J. A., Bunger, W. B., Sakano, T. K., Eds.; Wiley:
New York, 1986.

(15) Bachu, R. K.; Patwari, M. K.; Boodida, S.; Nallani, S. Volumetric
and Transport Properties of Binary Liquid Mixtures of Aliphatic
Ketones with Phenylacetonitrile at T ) 308.15 K. J. Chem. Eng. Data
2008, 53, 2403–2407.

(16) Redlich, O.; Kister, A. T. Thermodynamics of Nonelectrolytic
Solutions: Algebraic Representation of Thermodynamic Properties and
the Classification of Solutions. Ind. Eng. Chem. 1948, 40, 345–348.

(17) Fort, R. J.; Moore, W. R. Adiabatic Compressibilities of Binary Liquid
Mixtures. Trans. Faraday. Soc. 1965, 61, 2102–2110.

(18) Gill, D. S.; Arora, K. N.; Tewari, J.; Singh, B. Transference Number
Measurements of Copper(I) Perchlorate in Binary Mixtures of Ac-
etonitrile with Water, Methanol, Acetone and N,N-Dimethylformamide
at 25° C. J. Chem. Soc. 1988, 84, 1729–1736.

(19) Haijum, W.; Guokang, Z.; Mingzhi, C. Excess Molar Volumes of (an
Aliphatic Nitrile + an Aromatic Hydrocarbon) at the Temperature
298.15 K. J. Chem. Thermodyn. 1993, 25, 949–956.

Received for review August 30, 2008. Accepted December 24, 2008.

JE800653D

Table 3. Binary Coefficients (Ai) and Standard Errors (σ) of
Sulfolane (1) + Esters (2)

function T/K A0 A1 A2 A3 A4 σ
Sulfolane (1) + Ethyl Acetate (2)

V E ·106/
m3 ·mol-1

303.15 -6.824 -0.68 2.38 0.20 -0.4 0.021
308.15 -7.556 -0.13 3.05 0.36 -4.4 0.024
313.15 -7.345 -0.42 1.08 1.62 -1.8 0.018

∆κs ·1011/
m2 ·N-1

303.15 -45.65 10.46 1.9 9.3 -10 0.070
308.15 -51.78 11.2 7.5 25.2 -43 0.30
313.15 -57.76 6.61 4.9 8.9 -11.7 0.083

Sulfolane (1) + n-Propyl Acetate (2)
V E ·106/

m3 ·mol-1
303.15 -6.216 -0.72 1.2 1.27 -2.0 0.022
308.15 -6.166 -1.44 2.57 1.22 -3.5 0.027
313.15 -6.477 -1.06 2.44 0.66 -3.47 0.017

∆κs ·1011/
m2 ·N-1

303.15 -39.07 9 -10.1 -0.8 13 0.20
308.15 -40.96 8.38 -6 -1.3 3.4 0.096
313.15 -44.83 7.39 1.8 -0.7 -8.1 0.042

Sulfolane (1) + n-Butyl Acetate (2)
V E ·106/

m3 ·mol-1
303.15 -5.293 -2.12 -0.99 -0.69 1.36 0.017
308.15 -5.140 -0.913 -0.42 -0.95 -2.14 0.0088
313.15 -5.103 -0.94 -0.71 -0.6 -2.1 0.011

∆κs ·1011/
m2 ·N-1

303.15 -32.81 3.8 -11.1 5.5 15.7 0.17
308.15 -38.20 2.63 8.1 6.1 -17.3 0.094
313.15 -42.80 -1 5.7 12.9 -16.5 0.10
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