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Excess volumes, densities, speeds of sound and viscosities for the binary
systems of diisopropyl ether with hydrocarbons at 303.15 K
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Abstract

Experimental results of excess volumes, speeds of sound and viscosities at 303.15 K are presented for the binary systems of diisopropyl ether with
hexane, heptane, octane, isooctane, benzene, cyclohexane, tetralin and decalin over the entire range of composition. Isentropic compressibilities
are calculated from speed of sound and density data. Speeds of sound are evaluated on the basis of Jacobson free length theory and Schaaffs
collision factor theory. Further, the viscosity data was analysed on the basis of corresponding states approach and Grunberg and Nissan treatment.
The experimental results are discussed in terms of molecular interactions between unlike molecules.
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. Introduction

Thermodynamic and transport properties of mixtures con-
aining fuel oxygenates are important as these fuel oxygenates
re used to enhance the octane rating and reduce pollution.
ethyl tert-butyl ether has been used extensively as an octane-
nhancing additive. But it dissolves easily in water and causes
ealth risk by contaminating drinking water[1–3]. In addition,

t is resistant to microbial decomposition. Recently, it has been
eplaced by diisopropyl ether, which is environmentally benign.
reszczanowicz et al.[4] reported excess volumes for the binary
ystem of diisopropyl ether with heptane at 298.15 K. Mahl
t al. [5] reported excess volume data for the binary systems
f diisopropyl ether with aromatic hydrocarbons at 308.15 K.
harma et al.[6] reported isentropic compressibilities for the
inary systems of diisopropyl ether with benzene and cyclohex-
ne and Blanco et al.[7] reported excess volumes of diisopropyl
ther + isooctane at 298.15 K. In continuation of our work on

hermodynamic and transport properties of octane-enhancing
dditives[8–10], we report excess volumes, densities, speeds
f sound, isentropic compressibilities, deviations in compress-

diisopropyl ether with hexane, heptane, octane, isooctane
zene, cyclohexane, tetralin and decalin at 303.15 K. Fu
speeds of sound data are evaluated on the basis of Jac
free length theory and Schaaffs collision factor theory. The
cosity data was analysed on the basis of corresponding
approach and Grunberg–Nissan treatment. The objective o
paper is to study the interactions between diisopropyl ethe
hydrocarbons through excess volumes, deviations in isen
compressibility and deviations in viscosity.

2. Materials and methods

All the chemicals, except diisopropyl ether, tetralin
decalin are supplied by S.D. Fine Chemicals Pvt. Ltd., M
bai (India). Analytical grade diisopropyl ether supplied by
Merk Ltd. (Mumbai, India) and tetralin and decalin supplied
Riedel (Germany) were used with out further purifications a
gas chromatography failed to show any significant impuri
Other chemicals hexane, heptane, octane, isooctane, be
and cyclohexane were purified through the methods desc
bility and deviations in viscosity for the binary systems of

∗ Corresponding author. Tel.: +91 9393621986; fax: +91 877 2249611.
E-mail address: abburikrish@yahoo.com (A. Krishnaiah).

by Riddick et al.[11]. The purity of the samples were checked
by comparing the measured boiling points and densities of the
samples with those reported in the literature[11]. Experimen-
tal values were in agreement with literature values. The data is
presented inTable 1.
040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2005.10.008
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Table 1
Boiling points (Tbp) and densities (ρ) at 298.15 K of the pure components

Component Tbp (K) ρ (kg/m3)

This work Reference This work Reference

Diisopropyl ether 341.35 341.45 718.14 718.20
Hexane 341.85 341.89 654.90 654.81
Heptane 371.35 371.57 678.93 679.51
Octane 399.15 398.81 697.36 698.49
Isooctane 383.05 382.99 711.22 712.07
Benzene 353.15 353.20 873.64 873.70
Cyclohexane 353.95 353.87 773.98 773.89
Tetralin 464.25 464.85 965.89 966.20
Decalin 481.45 480.72 879.14 878.90

Excess volumes were measured by dilatometer described by
Reddy et al.[12]. The experimental method was checked for
the test system benzene + cyclohexane and the results showed a
standard deviation of±0.004 cm3 mol−1. Four dilatometers with
different capacities were used to cover the entire range of compo-
sition. Densities of pure liquids were measured with bicapillary
pycnometer described by Rao et al.[13]. These values are accu-
rate to five parts in 105. The speeds of sound of the liquids
and mixtures were measured with single crystal ultrasonic inter-
ferometer at a fixed frequency of 3 MHz, and the values were
accurate to±0.15%. The viscosities of pure liquids and liq-
uid mixtures were determined by suspended Ubbelohde-typ
viscometer described by Krishnaiah et al.[14]. The measured
viscosities were accurate to 0.001 cP. All the measurements we
made using a thermostat bath maintained at 303.15± 0.01 K.

3. Results and discussion

The experimental excess volume data at 303.15 K for the
binary systems of diisopropyl ether with hexane, heptane
octane, isooctane, benzene, cyclohexane, tetralin and decal
are reported inTable 2. The dependency ofVE on mole frac-
tion of diisopropyl ether is graphically represented inFig. 1.The
isenropic compressibilities (ks) are computed from the density

F
t ctan
(

(ρ) and sound speed (u) data using the equation:

ks = 1

u2ρ
(1)

Densities are computed from measured excess volume data
from the following equation:

ρ = x1M1 + x2M2

x1V1 + x2V2 + VE (2)

wherex1 andx2 are the mole fractions,M1 andM2 the molecular
weights andV1 and V2 are the molar volumes of diisopropyl
ether and hydrocarbons, respectively. Deviation in isentropic
compressibility (�ks) are calculated using the relation:

�ks = ks − φ1ks,1− φ2ks,2 (3)

whereks,1, ks,2andks are the isentropic compressibilities of pure
components 1, 2 and mixtures, respectively,φ1 andφ2 are the
volume fractions of components 1 and 2, respectively. Data on
speed of sound (u), density (ρ), isentropic compressibility (ks)
and deviation in isentropic compressibility (�ks) are given in
Table 3and variation of�ks with volume fraction is shown in
Fig. 2.

Sound speeds, evaluated on the basis of Jacobson free length
theory[15–17]and Schaaffs collision factor theory[18–20], are
given inTable 3. The details of the theories are discussed in our
earlier publication[9]. The required parameters to evaluate the
s
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ig. 1. Excess volume (VE) vs. diisopropyl ether (DIPE) mole fraction (x1) for
he binary systems of DIPE with hexane (�), heptane (�), octane (�), isoo
×), benzene (�), cyclohexane (), tetralin (+) and decalin (©).
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ound speeds are given inTable 4.
The viscosities of the pure components and mixtures ar

ulated using the equation:

= kvρt (4)

herekv is viscometer constant andρ andt are the density an
ow time, respectively. The densities of mixtures are calcul
rom Eq.(2). Deviation in viscosities (�lnη) of the mixtures ar
alculated using the following relation:

ln η = ln ηmix − x1 ln η1 − x2 ln η2 (5)

hereηmix is the viscosity of the mixture,η1 andη2 are the
iscosities of diisopropyl ether and hydrocarbons, respect

ig. 2. Deviation in isentropic compressibility (�ks) vs. diisopropyl ethe
DIPE) volume fraction (Φ1) for the binary systems of DIPE with hexane (
eptane (�), octane (�), isooctane (×), benzene (�), cyclohexane (), tetralin
+) and decalin (©).
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Table 2
Data on density (ρ), excess volume (VE), viscosity (η) and deviations in viscosity (�lnη) for the binary mixtures of diisopropyl ether with hydrocarbons at 303.15 K

x1 ρ (g cm−3) VE (cm3 mol−1) ηExp (cP) ηEq. 6 (cP) ηEq. 7 (cP) �ln η (cP)

Diisopropyl ether + hexane
0 0.65064 0 0.309 – – 0
0.1305 0.65854 0.137 0.312 0.312 0.312 −0.0087
0.2555 0.66605 0.245 0.315 0.315 0.314 −0.0138
0.3920 0.67425 0.326 0.319 0.319 0.319 −0.0177
0.4661 0.67875 0.344 0.321 0.321 0.321 −0.0198
0.5633 0.68474 0.334 0.325 0.325 0.325 −0.0205
0.6050 0.68730 0.325 0.326 0.327 0.327 −0.0213
0.7173 0.69423 0.279 0.331 0.333 0.333 −0.0195
0.8460 0.70228 0.174 0.338 0.340 0.340 −0.0142
1 0.71197 0 0.350 – – 0

Diisopropyl ether + heptane
0 0.67438 0 0.387 – – 0
0.1462 0.67894 0.167 0.385 0.378 0.376 0.0091
0.2667 0.68301 0.245 0.377 0.371 0.368 0.0004
0.4165 0.68823 0.316 0.365 0.364 0.361 −0.0164
0.4774 0.69047 0.324 0.359 0.362 0.359 −0.0267
0.5331 0.69254 0.327 0.356 0.360 0.357 −0.0302
0.6068 0.69543 0.301 0.352 0.357 0.354 −0.0345
0.7371 0.70057 0.261 0.346 0.354 0.352 −0.0364
0.8642 0.70586 0.173 0.345 0.351 0.350 −0.0271
1 0.71197 0 0.350 – – 0

Diisopropyl ether + octane
0 0.69256 0 0.477 – – 0
0.1650 0.69472 0.158 0.464 0.453 0.450 0.0232
0.2501 0.69594 0.226 0.451 0.442 0.437 0.0224
0.3816 0.69804 0.295 0.429 0.424 0.419 0.0116
0.4395 0.69906 0.304 0.417 0.417 0.411 0.0020
0.4911 0.70005 0.302 0.404 0.410 0.405 −0.0142
0.6217 0.70269 0.278 0.381 0.394 0.389 −0.0319
0.7805 0.70626 0.203 0.360 0.375 0.372 −0.0392
0.8706 0.70852 0.126 0.354 0.364 0.362 −0.0284
1 0.71197 0 0.350 – – 0

Diisopropyl ether + isooctane
0 0.67991 0 0.455 – – 0
0.1561 0.68368 0.143 0.441 0.436 0.435 0.0104
0.2397 0.68582 0.209 0.432 0.427 0.425 0.0107
0.3083 0.68771 0.228 0.422 0.419 0.418 0.0067
0.4565 0.69178 0.279 0.405 0.404 0.402 0.0033
0.4804 0.69283 0.275 0.400 0.400 0.399 −0.0028
0.6222 0.69750 0.250 0.380 0.386 0.384 −0.0151
0.8133 0.70444 0.154 0.360 0.367 0.366 −0.0189
0.8775 0.70687 0.124 0.355 0.361 0.360 −0.0167
1 0.71197 0 0.350 – – 0

Diisopropyl ether + cyclohexane
0 0.76914 0 0.793 – – 0
0.1180 0.76038 0.032 0.666 0.671 0.666 −0.0781
0.2172 0.75357 0.047 0.589 0.590 0.589 −0.1192
0.3570 0.74466 0.063 0.513 0.503 0.513 −0.1436
0.3972 0.74223 0.066 0.494 0.483 0.494 −0.1471
0.5029 0.73613 0.069 0.452 0.440 0.451 −0.1513
0.6777 0.72683 0.063 0.403 0.393 0.403 −0.1230
0.8199 0.71996 0.039 0.373 0.369 0.373 −0.0820
1 0.71197 0 0.350 – – 0

Diisopropyl ether + benzene
0 0.86839 0 0.566 – – 0
0.0962 0.84710 −0.161 0.542 0.543 0.542 0.0043
0.1813 0.82994 −0.287 0.522 0.523 0.522 0.0072
0.3084 0.80652 −0.417 0.492 0.493 0.493 0.0086
0.3375 0.80153 −0.442 0.486 0.486 0.486 0.0098
0.4703 0.77997 −0.486 0.456 0.457 0.456 0.0113
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Table 2 (Continued)

x1 ρ (g cm−3) VE (cm3 mol−1) ηExp (cP) ηEq. 6 (cP) ηEq. 7 (cP) �ln η (cP)

0.6323 0.75656 −0.462 0.422 0.422 0.422 0.0101
0.7927 0.73584 −0.332 0.389 0.389 0.389 0.0070
1 0.71197 0 0.350 – – 0

Diisopropyl ether + tetralin
0 0.95544 0 1.749 – – 0
0.1358 0.92602 −0.708 1.445 1.441 1.445 0.0279
0.2509 0.89997 −1.135 1.223 1.218 1.223 0.0459
0.3997 0.86495 −1.459 0.976 0.972 0.976 0.0599
0.4474 0.85343 −1.505 0.904 0.903 0.904 0.0600
0.5718 0.82279 −1.503 0.739 0.741 0.739 0.0580
0.7163 0.78622 −1.261 0.578 0.583 0.578 0.0447
0.8473 0.75228 −0.813 0.460 0.464 0.460 0.0287
1 0.71197 0 0.350 – – 0

Diisopropyl ether + decalin
0 0.86850 0 2.091 – – 0
0.1596 0.84777 −0.400 1.586 1.579 1.586 0.0092
0.2785 0.83132 −0.603 1.289 1.280 1.289 0.0139
0.4286 0.80927 −0.739 0.989 0.981 0.989 0.0179
0.4734 0.80244 −0.760 0.913 0.906 0.913 0.0176
0.6153 0.77984 −0.724 0.706 0.703 0.706 0.0147
0.7514 0.75698 −0.584 0.553 0.550 0.553 0.0126
0.8663 0.73665 −0.359 0.448 0.446 0.448 0.0090
1 0.71197 0 0.350 – – 0

Viscosities and deviations in viscosity are presented inTable 2
and deviations in viscosity as function of diisopropyl ether mole
fraction are graphically represented inFig. 3.

Further, the viscosities are analysed in terms of correspond-
ing states approach and Grunberg and Nissan treatment. On the
basis of corresponding states approach, Teja and Rice[21,22]
proposed the following expression for the liquid mixture viscos-
ity:

ln(ηmixξmix) = x1 ln(η1ξ1) + x2 ln(η2ξ2) (6)

whereξ = (Vc)2/3/(T cM)1/2; Tc, Vc andM are critical tempera-
ture, critical volume and molecular mass, respectively. The val-
ues of these parameters are evaluated by the procedure described
by Krishnaiah and Viswanath[23]. The values of the interaction
parameter (ε12) used in this theory are given inTable 5.

F n
( (�),
i

According to Grunberg and Nissan treatment[24], the low
temperature viscosity for the mixture is given as

ln ηm = x ln η1 + (1 − x)ln η2 + x(1 − x)d12 (7)

whered12 is an interaction parameter, which is a function of
chemical nature of the component and temperature. The value
of d12 obtained from a fit of the above equation to the viscosity
at x = 0.5, was used to compute the viscosities over the entire
range of composition. The values ofd12 are given inTable 5and
the values of viscosities based on these two theories are reported
in Table 2.

Finally, the values ofVE,�ksand�ln η for the binary systems
are fitted to the following equation:

A = z1z2[a0 + a1(z1 − z2) + a2(z1 − z2)2] (8)

wherez1 andz2 represent, respectively, the mole fractions with
respect toVE, �ln η and volume fractions in case of�ks andA
is the corresponding thermodynamic property. The values of the
parameters,a0–a2 obtained by least square analysis are included
in Table 6along with the standard deviation. The values of stan-
dard deviation are calculated by the following equation:

σ(A) =
[

Σ(Acal − Aexp)

n − p

2
]1/2

(9)

w r
o

nary
s tane,
i n and
d l
ig. 3. Deviation in viscosity (�lnη) vs. diisopropyl ether (DIPE) mole fractio
x1) for the binary systems of DIPE with hexane (�), heptane (�), octane
sooctane (×), benzene (�), cyclohexane (), tetralin (+) and decalin (©).
heren is the number of experimental points andp is the numbe
f parameters.

The values of excess volumes were positive for the bi
ystems of diisopropyl ether with hexane, heptane, oc

sooctane, cyclohexane and negative with benzene, tetrali
ecalin. The algebric values ofVE of the mixtures of diisopropy
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Table 3
Volume fraction (φ1) of diisopropyl ether (DIPE), density (ρ), sound velocity (UExp, UFLT, UCFT) and deviation in isentropic compressibility (�ks) for the binary
systems of diisopropyl ether with hydrocarbons at 303.15 K

φ1 ρ (g cm−3) UExp (ms−1) UFLT (ms−1) UCFT (ms−1) ks (TPa−1) �ks (TPa−1)

Diisopropyl ether + hexane
0 0.65064 1052.9 – – 1386.3 0
0.1399 0.65854 1039.2 1038.9 1044.2 1406.1 6.9
0.2710 0.66605 1027.5 1026.6 1034.7 1422.1 10.9
0.4112 0.67425 1016 1014.0 1024.2 1436.7 12.7
0.4861 0.67875 1009.9 1007.8 1019.0 1444.5 13.7
0.5829 0.68474 1002.6 1000.5 1012.0 1452.8 13.1
0.6240 0.68730 999.6 997.7 1009.4 1456.1 12.7
0.7333 0.69423 992.4 990.5 1001.7 1462.5 9.1
0.8562 0.70228 984.4 982.9 992.1 1469.4 4.7
1 0.71197 974.9 – – 1477.8 0

Diisopropyl ether + heptane
0 0.67438 1110.5 – – 1202.4 0
0.1419 0.67894 1090.7 1081.5 1096.1 1238.0 −3.4
0.2600 0.68301 1072.8 1063.7 1079.4 1272.1 −1.8
0.4081 0.68823 1050.6 1043.1 1058.3 1316.3 1.5
0.4688 0.69047 1041.8 1035.1 1050.1 1334.3 2.8
0.5244 0.69254 1033.9 1028.1 1042.4 1350.8 3.9
0.5985 0.69543 1023.9 1018.9 1032.8 1371.5 4.3
0.7303 0.70057 1006.9 1003.7 1015.0 1407.9 4.3
0.8601 0.70586 991.3 989.6 998.2 1441.6 2.3
1 0.71197 974.9 – – 1477.8 0

Diisopropyl ether + octane
0 0.69256 1152 – – 1088.0 0
0.1467 0.69472 1125.5 1118.0 1128.7 1136.3 -8.9
0.2249 0.69594 1112.3 1102.2 1113.5 1161.4 −14.3
0.3493 0.69804 1090.5 1078.3 1090.0 1204.6 −19.5
0.4056 0.69906 1080.3 1068.0 1079.6 1225.7 −20.4
0.4564 0.70005 1071.7 1058.9 1070.4 1243.7 −22.2
0.5885 0.70269 1048.3 1036.7 1047.3 1294.9 −22.4
0.7558 0.70626 1018.9 1010.4 1019.2 1363.8 −18.7
0.8541 0.70852 1000.4 995.7 1003.3 1410.2 −10.7
1 0.71197 974.9 – – 1477.8 0

Diisopropyl ether + isooctane
0 0.67991 1060.8 – – 1307.0 0
0.1364 0.68368 1047.6 1045.0 1052.8 1332.7 2.4
0.2122 0.68582 1040.4 1037.2 1045.4 1347.0 3.7
0.2757 0.68777 1034.5 1030.9 1039.4 1358.6 4.5
0.4086 0.69178 1022.6 1018.2 1027.3 1382.3 5.5
0.4413 0.69283 1019.7 1015.2 1024.3 1388.1 5.7
0.5845 0.69750 1007.5 1003.3 1012.1 1412.4 5.5
0.7882 0.70444 991.1 988.2 995.9 1445.1 3.5
0.8596 0.70687 985.6 983.3 990.5 1456.3 2.4
1 0.71197 974.9 – – 1477.8 0

Diisopropyl ether + cyclohexane
0 0.76914 1231 – – 857.9 0
0.1494 0.76038 1187.4 1186.1 1205.7 932.7 −17.8
0.2670 0.75357 1157.7 1153.1 1179.4 990.0 −33.3
0.4215 0.74466 1117.9 1111.7 1142.5 1074.5 −44.6
0.4638 0.74223 1106.9 1100.8 1132.2 1099.6 −45.8
0.5704 0.73613 1080.7 1073.8 1104.9 1163.1 −48.4
0.7340 0.72683 1041.6 1034.4 1060.5 1268.1 −44.8
0.8569 0.71996 1011.6 1006.5 1025.0 1357.2 −31.6
1 0.71197 974.9 – – 1477.8 0

Diisopropyl ether + benzene
0 0.86839 1275.5 – – 707.8 0
0.1452 0.84710 1232.1 1233.2 1253.6 777.6 −42.0
0.2610 0.82994 1201.5 1199.2 1227.7 834.6 −74.1
0.4157 0.80652 1159.2 1154.0 1189.2 922.7 −105.2
0.4483 0.80153 1148.4 1144.4 1180.5 945.9 −107.0
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Table 3 (Continued)

φ1 ρ (g cm−3) UExp (ms−1) UFLT (ms−1) UCFT (ms−1) ks (TPa−1) �ks (TPa−1)

0.5862 0.77997 1108.5 1103.0 1140.1 1043.3 −115.8
0.7329 0.75656 1064.1 1058.3 1091.0 1167.3 −104.8
0.8591 0.73584 1022.2 1019.4 1042.6 1300.5 −68.7
1 0.71197 974.9 – – 1477.8 0

Diisopropyl ether + tetralin
0 0.95544 1477 – – 479.7 0
0.1402 0.92602 1396.1 1399.9 1417.9 554.0 −65.6
0.2578 0.89997 1342.5 1341.6 1361.5 616.5 −120.6
0.4085 0.86495 1276.3 1267.2 1287.6 709.7 −177.7
0.4564 0.85343 1253.0 1244.7 1264.1 746.2 −189.0
0.5807 0.82279 1191.8 1180.8 1200.9 855.6 −203.7
0.7236 0.78622 1119.7 1107.8 1126.7 1014.4 −187.5
0.8520 0.75228 1054.2 1044.1 1059.1 1196.1 −134.0
1 0.71197 974.9 – – 1477.8 0

Diisopropyl ether + decalin
0 0.86850 1404 – – 584.1 0
0.1478 0.84777 1329 1328.7 1345.3 667.8 −48.3
0.2606 0.83132 1282.3 1272.4 1294.9 731.5 −85.4
0.4064 0.80927 1220.1 1204.1 1230.5 830.0 −117.2
0.4507 0.80244 1199.7 1184.9 1211.3 865.8 −121.1
0.5935 0.77984 1141.3 1124.7 1149.9 984.4 −130.0
0.7340 0.75698 1084.9 1069.0 1090.3 1122.3 −117.7
0.8554 0.73665 1035.8 1026.8 1040.2 1265.2 −83.3
1 0.71197 974.9 – – 1477.8 0

ether with hydrocarbons fall in the order:

hexane> heptane> octane> isooctane> cyclohexane

> benzene> decalin> tetralin

This trend would seem to indicate more organised packing
effect in mixtures containing bicyclic compounds and benzene
than other hydrocarbons. The excess volumes were negative in
mixtures containing tetralin, decalin and benzene. The values
were more negative with tetralin (aromatic) when compared
to decalin (alicyclic), this may be due to the specific interac-
tions present between oxygen atom of ether andπ electrons of
aromatic hydrocarbons.VE values were negative with benzene
when compared to cyclohexane. This reflects stronger specific
interactions present between branched chain ethers and aromatic
hydrocarbons throughn–π (aromatic) interactions. In the case of
normal hydrocarbonsVE decreases with increase in chain length

of n-alkanes. The same trend was observed by Rodriguez et al.
[25] in case of methyltert-butyl ether with alkanes.

The deviations in isentropic compressibility (�ks) for the
binary systems of diisopropyl ether follow the order:

hexane> heptane> isooctane> octane> cyclohexane

> benzene> decalin> tetralin

The deviation in isentropic compressibility is approximately
proportional to strength of interactions between dissimilar
molecules in the mixture. In case of aromatic hydrocarbons, neg-
ative deviations in isentropic compressibility indicate that the
mixture is tends to become a closed packed structure and hence
less compressible. In case of normal hydrocarbons and cyclic
alkanes, the deviations in compressibility were greater than those
of aromatic hydrocarbons. It may be due to the presence ofπ

electrons in aromatic hydrocarbons. This further supports the

Table 4
Molar volume (V), molar volume at absolute zero (V0), available volume (Va), free length (Lf ), surface area (Y), collision factor (S) and average molecular radius
(rm) of the pure liquid components at 303.15 K

Component V (cm3 mol−1) V0 (cm3 mol−1) Va (cm3 mol−1) Lf (Å) Y S rm (Å)

DIPE 143.51 108.51 35.00 0.767 91.274 1.340 2.959
Hexane 132.45 100.82 31.65 0.743 85.190 1.463 2.873
H .34
O .69 4
I .45 1
B .66
C .20
T .95
D .147 2
eptane 148.59 116.04 32
ctane 164.94 131.25 33

sooctane 168.01 131.54 36
enzene 89.95 71.28 18
yclohexane 109.44 86.23 23
etralin 138.37 117.41 20
ecalin 159.18 135.03 24
0.691 93.479 1.487 3.02
0.659 102.19 1.502 3.15
0.721 101.06 1.429 3.14
0.530 70.307 1.718 2.549
0.585 79.384 1.658 2.722
0.437 95.908 1.879 2.998
0.482 100.19 1.863 3.10
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Table 5
Values of interaction parameters (ε12,d12) and average absolute deviation (AAD)
for the binary systems of diisopropyl ether (DIPE) with hydrocarbons at 303.15 K

DIPE with ε12 AAD d12 AAD

Hexane 0.921 0.001 −0.078 0.001
Heptane 0.928 0.005 −0.111 0.004
Octane 1.009 0.005 −0.054 0.006
Isooctane 0.997 0.004 −0.020 0.004
Benzene 1.085 0.001 0.046 0.001
Cyclohexane 0.411 0.007 −0.593 0.004
Tetralin 1.218 0.004 0.271 0.005
Decalin 0.997 0.005 0.065 0.001

explanation forVE given above. In case of normal hydrocarbons,
the deviations in compressibility decreases with increase in the
carbon number ofn-alkanes.Table 3shows that the sound speed
values decrease with increasing ether concentration, and corre-
sponding values ofLf , which are used in FLT theory decreases
for all the binary systems, as a results of mixing of the compo-
nent liquids. This observation is in accordance with the views
proposed by Eyring and Kincaid[26]. Though FLT and CFT
theories are based on different concepts, they are capable of

Table 6
Values of the parameters of Eq.(8) and standard deviations at 303.15 K

Property a0 a1 a2 σ (property)

Diisopropyl ether (1) + hexane (2)
VE (cm3 mol−1) 1.3743 0.0730 −0.1955 0.004
�ks (TPa−1) 53.2 −11.9 −11.9 0.7
�ln η (cP) −0.0819 0.0596 −0.1088 0.008

Diisopropyl ether (1) + heptane (2)
VE (cm3 mol−1) 1.2879 0.0689 0.180 0.007
�ks (TPa−1) 11.9 32.6 −37.8 0.6
�ln η (cP) −0.1060 −0.2 0.0632 0.001

Diisopropyl ether (1) + octane (2)
VE (cm3 mol−1) 1.2218 −0.0155 −0.1571 0.004
�ks (TPa−1) −95.3 −13.7 20.3 2.7
�ln η (cP) −0.0473 −0.3177 0.2087 0.003

Diisopropyl ether (1) + isooctane (2)

D

D

D

D

predicting the sound speed data with maximum deviation of
2.9%.

The deviations in viscosity for the binary systems diisopropyl
ether with hydrocarbons follow the order:

tetralin> decalin> benzene> octane> isooctane> heptane

> hexane> cyclohexane

Deviations in viscosity displayed positive values for the
binary systems of diisopropyl ether with tetralin and benzene,
which further support then–π (aromatic) interactions between
the lone pair on the oxygen of diisopropyl ether and theπ

electrons in the aromatic ring. In case of then-alkanes, the devi-
ations in viscosity increases with increasing carbon number and
the deviations in viscosity with octane shows more sigmoid
shape than isooctane. The order of�ln η in the above mix-
tures is approximately anti-parallel to that observed in excess
volumes and deviations in isentropic compressibility. The data
included inTable 5indicate that the interaction parameters (ε12)
obtained from corresponding states approach are parallel to devi-
ation in viscosity (�lnη). In Grunberg–Nissan treatment, the
interaction parameter (d) is an approximat measure of strength
of interactions between dissimilar molecules. From the data
included inTable 5, it may be concluded that both the equa-
tions of corresponding states approach and Grunberg–Nissan
e these
s

4

alues
o clic
i enon
i
i r the
e

ative
v ns
c
p

ound
d ion
f data
i y
v roach
a ment
VE (cm3 mol−) 1.0837 −0.0191 0.0399 0.008
�ks (TPa−1) 19.6 −0.7 −6.4 0.9
�ln η (cP) −0.0163 −0.1588 0.0242 0.003

iisopropyl ether (1) + benzene (2)
VE (cm3 mol−1) −1.9684 −0.0955 0.0797 0.006
�ks (TPa−1) −458.5 −152.9 3.4 1.7
�ln η (cP) 0.0428 −0.0025 0.0068 0.001

iisopropyl ether (1) + cyclohexane (2)
VE (cm3 mol−1) 0.2750 −0.0111 0.0237 0.003
�ks (TPa−1) −192.0 −76.2 −17.0 1.3

�ln η (cP) −0.5923 0.1225 −0.1088 0.001

iisopropyl ether (1) + tetralin (2)
VE (cm3 mol−1) −6.1183 −0.2208 −0.1392 0.005
�ks (TPa−1) −786.7 −345.1 −32.8 2.3
�ln η (cP) 0.2412 −0.0176 −0.0250 0.001

iisopropyl ether (1) + decalin (2)
VE (cm3 mol−1) −3.0564 −0.1001 −0.0531 0.005
�ks (TPa−1) −510.1 −186.7 −41.2 2.3
�ln η (cP) 0.0682 0.0018 0.0084 0.001

w ation
o

A

ion,
N his
w

quations are capable of representing the bahaviour of
ystems.

. Conclusions

From the present study, it may be concluded, that the v
f VE decreases if aliphatic is replaced by alicyclic and alicy

s replaced by aromatic hydrocarbons. A similar phenom
s observed in case of deviation in compressibility (�ks), which
s in complete agreement with the conclusions reached fo
xcess volumes.

The results obtained in this study reveal, that strong neg
alues ofVE for diisopropyl ether with aromatic hydrocarbo
an only be explained by assumption of strongn–π interactions
resent between the dissimilar molecules.

A comparison of experimental and computed speeds of s
ata inTable 3indicates that both free length theory and collis

actor theory are capable of predicting the sound speed
n mixtures with maximum deviation of±2.9%. The viscosit
alues computed on the basis of corresponding states app
nd Grunberg and Nissan treatment were in good agree
ith the experimental values with an average absolute devi
f 0.007.
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