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Densities, refractive indices, and speeds of sound were measured at 298.15 K and atmospheric pressure
for the ternary system 2-ethoxy-2-methylbutane + methanol + water. Excess molar volumes and molar
refraction and isentropic compressibility changes of mixing have been calculated from the obtained values
of measured physical properties and satisfactorily correlated with the corresponding composition data
using the Redlich-Kister polynomial.

Introduction

The work described in this paper is a part of an ongoing
study on thermophysical properties of alcohol and ether
mixtures used as octane-enhancing components in gaso-
line.1-4 2-Ethoxy-2-methylbutane (tert-amyl ethyl ether or
TAEE) is a higher molecular weight tertiary ether, which
suggests, besides the 2-methoxy-2-methylbutane (tert-amyl
methyl ether or TAME) and 2-ethoxy-2-methylpropane
(ethyl tert-butyl ether or ETBE), it could be an alternative
to 2-methoxy-2-methylpropane (methyl tert-butyl ether or
MTBE), the largest additive employed as an octane-
enhancer of unleaded gasoline.

Densities (F), refractive indices (nD), speeds of sound (u)
and isentropic compressibilities (κs) have been measured
for completely miscible mixtures of 2-ethoxy-2-methylbu-
tane + methanol + water at 298.15 K. Excess molar
volumes (VE), molar refraction changes of mixing (∆R), and
isentropic compressibility changes of mixing (∆κs) have
been calculated from the measured properties and cor-
related with composition data using the Redlich-Kister
polynomial. Some physical properties are available in
several publications for the binary system water + metha-
nol, but no comparable data have been found in the sur-
veyed literature for the binary system methanol + TAEE
and for the ternary system TAEE + methanol + water.

Experimental Section

Materials. 2-Ethoxy-2-methylbutane (TAEE) was sup-
plied by Yarsintez Research Institute (Yaroslav, Russia)
with nominal purity >99.9 mass %. Methanol was supplied
by Merck (Madrid, Spain) and had a nominal purity >99.5
mass %. Water was purified using a Milli-Q Plus system.
The water contents of methanol and TAEE were 0.05 and
0.02 mass %, respectively, determined with a Metrohm 737
KF coulometer.

Apparatus and Procedure. The samples were pre-
pared by filling flasks with the liquids and weighing,
immediately, on a Mettler AE 240 balance. Samples were
measured with an accuracy of (0.0001 g, and the composi-
tions were determined by mass difference. Sample prepa-
ration flasks were stoppered by using a septum to prevent

evaporative losses. Sample additions were made by extend-
ing a syringe through the septum. Densities were measured
to an accuracy of (0.000 01 g‚cm-3 in an Anton Paar DMA
60/602 densimeter, and speeds of sound were measured to
an accuracy of (1 m‚s-1 in an Anton Paar DSA 48
densimeter and sound analyzer. Both densimeters were
calibrated with air and water. Refractive indices were
measured to an accuracy of (0.000 04 in an ATAGO RX-
5000 refractometer. The temperature was controlled with
a Hetoterm thermostat to maintain the temperature at
(298.15 ( 0.02) K.

The pure component densities, refractive indices, and
speed of sound values obtained are listed in Table 1 and
compared with published values5-7 for these parameters.

Results

The experimental values of the measurements obtained
for density (F), speed of sound (u), and refractive index (nD)
for single-phase mixtures of the methanol + TAEE binary
system and the TAEE + methanol + water ternary system
are listed in Tables 2 and 3, respectively. These tables also
include the calculated values for isentropic compressibility
(κs), excess molar volume (VE), molar refraction changes of
mixing (∆R), and isentropic compressibility changes of
mixing (∆κs). Corresponding data for the binary system
water + methanol have already been published.1

The excess molar volumes (VE) and molar refraction
changes of mixing (∆R) are calculated as a function of mole
fraction, xi, using the following expressions:
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Table 1. Densities (G), Refractive Indices (nD), and
Speeds of Sound (u) for Pure Components at 298.15 Ka

F/g‚cm-3 nD u/m‚s-1

component exptl lit. exptl lit. exptl lit.

water 0.997 04 0.997 045 1.332 50 1.332 505 1497 14976

methanol 0.786 63 0.786 645 1.326 40 1.326 525 1101 11027

TAEE 0.760 57 - 1.388 57 - 1096 -

a (-) means not found.

VE ) VM - ∑
i

xiVi (1)

∆R ) RM - ∑
i

xiRi (2)
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Table 2. Densities (G), Speeds of Sound (u), Isentropic Compressibilities (Ks), Refractive Indices (nD), Excess Molar
Volumes (VE), and ∆Ks and ∆R Changes on Mixing for the Methanol (1) + TAEE (2) Binary System at 298.15 K

x1 F u κs nD VE ∆κs ∆R

g‚cm-3 m‚s-1 T‚Pa-1 cm3‚mol-1 T‚Pa-1 cm3‚mol-1

0.0558 0.762 05 1099 1087 1.388 13 -0.207 -7 -0.006
0.1008 0.763 14 1100 1083 1.387 65 -0.337 -11 -0.009
0.1470 0.764 19 1101 1079 1.387 03 -0.441 -14 -0.012
0.1901 0.765 11 1102 1076 1.386 35 -0.516 -16 -0.014
0.2216 0.765 76 1103 1074 1.385 79 -0.560 -18 -0.015
0.2598 0.766 53 1103 1072 1.385 02 -0.602 -19 -0.016
0.3024 0.767 38 1103 1070 1.384 06 -0.636 -20 -0.016
0.3604 0.768 52 1104 1068 1.382 57 -0.666 -20 -0.017
0.3813 0.768 94 1104 1068 1.381 97 -0.672 -20 -0.017
0.4423 0.770 18 1104 1066 1.380 02 -0.679 -21 -0.017
0.5017 0.771 44 1104 1064 1.377 80 -0.670 -21 -0.017
0.5356 0.772 19 1104 1062 1.376 37 -0.660 -22 -0.017
0.5950 0.773 57 1105 1059 1.373 51 -0.631 -23 -0.017
0.6534 0.775 02 1105 1056 1.370 16 -0.589 -23 -0.017
0.6972 0.776 18 1105 1055 1.367 23 -0.548 -23 -0.016
0.7454 0.777 54 1105 1054 1.363 48 -0.494 -21 -0.016
0.7865 0.778 77 1104 1054 1.359 75 -0.439 -18 -0.014
0.8407 0.780 50 1103 1054 1.353 90 -0.353 -14 -0.012
0.8901 0.782 21 1103 1051 1.347 35 -0.260 -12 -0.010
0.9438 0.784 25 1103 1048 1.338 47 -0.142 -9 -0.006

Table 3. Densities (G), Speeds of Sound (u), Isentropic Compressibilities (Ks), Refractive Indices (nD), Excess Molar
Volumes (VE), and ∆Ks and ∆R Changes of Mixing for the TAEE (1) + Methanol (2) + Water (3) System at 298.15 K

x1 x2 F u κs nD VE ∆κs ∆R

g‚cm-3 m‚s-1 T‚Pa-1 cm3‚mol-1 T‚Pa-1 cm3‚mol-1

0.0201 0.9799 0.785 77 1099 1053 1.331 13 -0.053 1 -0.002
0.0188 0.9159 0.796 35 1132 979 1.333 01 -0.300 -55 -0.008
0.0170 0.8267 0.811 89 1181 883 1.335 59 -0.582 -126 -0.014
0.0150 0.7322 0.829 30 1236 789 1.338 15 -0.811 -188 -0.020
0.0131 0.6396 0.847 23 1292 707 1.340 34 -0.967 -235 -0.023
0.0113 0.5513 0.865 08 1348 636 1.342 00 -1.048 -267 -0.025
0.0987 0.9013 0.782 62 1103 1050 1.345 67 -0.237 -12 -0.009
0.0892 0.8141 0.796 44 1144 960 1.347 82 -0.585 -80 -0.016
0.0793 0.7245 0.811 63 1187 875 1.349 80 -0.864 -139 -0.022
0.0696 0.6360 0.827 65 1229 800 1.351 40 -1.055 -184 -0.027
0.0611 0.5576 0.842 73 1266 740 1.352 40 -1.148 -213 -0.029
0.1974 0.8026 0.779 20 1103 1054 1.358 10 -0.415 -17 -0.014
0.1853 0.7533 0.786 58 1124 1007 1.359 13 -0.635 -53 -0.019
0.1687 0.6858 0.797 15 1152 945 1.360 34 -0.890 -96 -0.025
0.1449 0.5892 0.813 42 1191 867 1.361 57 -1.144 -145 -0.032
0.2900 0.7100 0.776 46 1105 1054 1.366 25 -0.535 -22 -0.016
0.2722 0.6664 0.782 82 1122 1015 1.367 00 -0.747 -51 -0.022
0.2583 0.6324 0.788 01 1135 986 1.367 52 -0.891 -73 -0.027
0.2444 0.5984 0.793 36 1148 957 1.367 95 -1.015 -92 -0.031
0.2301 0.5633 0.799 01 1161 929 1.368 25 -1.119 -110 -0.034
0.2164 0.5297 0.804 50 1173 903 1.368 37 -1.195 -125 -0.036
0.3956 0.6044 0.773 77 1105 1059 1.372 99 -0.625 -23 -0.017
0.3697 0.5648 0.779 65 1119 1025 1.373 56 -0.847 -47 -0.025
0.3510 0.5363 0.784 05 1128 1002 1.373 88 -0.977 -63 -0.030
0.3344 0.5108 0.788 05 1138 981 1.374 07 -1.074 -77 -0.034
0.3129 0.4780 0.793 21 1149 954 1.374 11 -1.168 -93 -0.038
0.4965 0.5035 0.771 46 1104 1064 1.377 72 -0.670 -21 -0.017
0.4626 0.4691 0.776 90 1115 1036 1.378 17 -0.901 -40 -0.027
0.4397 0.4459 0.780 74 1122 1017 1.378 40 -1.018 -53 -0.032
0.4162 0.4220 0.784 76 1130 998 1.378 52 -1.108 -65 -0.037
0.5878 0.4122 0.769 57 1104 1067 1.381 03 -0.677 -21 -0.017
0.5431 0.3808 0.774 95 1113 1042 1.381 35 -0.930 -36 -0.028
0.5150 0.3611 0.778 41 1119 1027 1.381 43 -1.034 -46 -0.033
0.7024 0.2976 0.767 28 1103 1070 1.384 18 -0.633 -20 -0.016
0.6695 0.2837 0.770 22 1107 1060 1.384 36 -0.798 -26 -0.023
0.6449 0.2732 0.772 44 1110 1051 1.384 44 -0.886 -30 -0.027
0.7996 0.2004 0.765 33 1103 1075 1.386 17 -0.532 -17 -0.014
0.7698 0.1929 0.767 48 1104 1069 1.386 33 -0.650 -20 -0.018
0.7571 0.1898 0.768 42 1105 1066 1.386 38 -0.689 -21 -0.020
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where VM is the molar volume of the mixture, RM is
the molar refraction of the mixture obtained from the
Lorentz-Lorenz equation, and Vi and Ri are the molar
volume and the molar refraction, respectively, for compo-
nent i.

Isentropic compressibilities (κs) and their changes of
mixing (∆κs) are calculated using the relations

where κs and κsi are the isentropic compressibilities of the
mixture and component i, respectively, and φi are the

volume fractions of component i in the mixture given by

and j refers to all the components in the mixture.
For the ternary system, Figures 1-3 show the density,

refractive index, and excess molar volume isolines, respec-
tively (system composition in mole fraction, xi), and Figures
4 and 5 show the speed of sound isolines and the isentropic
compressibility changes of mixing, respectively (system
composition in volume fraction, φi). These isolines are
limited to the miscible region of the ternary mixture, the
boundaries of which were established previously.8

Figure 1. Density isolines for the TAEE (1) + methanol (2) +
water (3) system at 298.15 K and atmospheric pressure.

Figure 2. Refractive index isolines for the TAEE (1) + methanol
(2) + water (3) system at 298.15 K and atmospheric pressure.

κs ) u-2F-1 (3)

∆κs ) κs - ∑
i

φiκsi (4)

Figure 3. Excess molar volume isolines for the TAEE (1) +
methanol (2) + water (3) system at 298.15 K and atmospheric
pressure (system compositions in mole fraction).

Figure 4. Speed of sound isolines for the TAEE (1) + methanol
(2) + water (3) system at 298.15 K and atmospheric pressure
(system compositions in volume fraction).

φi ) xiVi/∑
j

xjVj (5)
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Correlation

The VE, ∆R, and ∆κs calculated data were correlated with
the composition data by means of the Redlich-Kister9

polynomial, which for binary mixtures is

where Qij is VE or ∆R and xi is the mole fraction of
component i, or Qij is ∆κs, xi being the volume fraction of
component i. Ak is the polynomial coefficient, and k is the
number of the polynomial coefficient. For ternary systems
the corresponding equation, as a function of the composi-
tion, xi (in mole or volume fraction), is

where Q123 represents VE, ∆R, or ∆κs for the ternary
mixture TAEE (1) + methanol (2) + water (3) and Q21, Q32,
and Q13 are the values of the Redlich-Kister polynomial
for the same property fitted to the binary systems data;
Q13 in this case is equal to zero because of the immiscibility
of water and TAEE.

The values of the coefficients Ak for Q21 (methanol +
TAEE) and Q32 (water + methanol) are summarized in
Table 4 along with the standard deviations of the fit. For
the binary system water + methanol the parameters of the
fitted polynomials were previously obtained by this group
and have already been published.3 The Redlich-Kister
coefficients for the ternary system are listed in Table 5
together with the corresponding standard deviations of the
fit. All of these coefficients were obtained fitting, to the
appropriate parameters, eqs 6 and 7 by least-squares
regression, and the Fisher’s F-test was used to decide the
degree of the polynomial.

Conclusions

For the binary system methanol + TAEE at 298.15 K
and atmospheric pressure, excess molar volumes are nega-
tive, reaching a minimum around -0.68 cm3‚mol-1 for
mixtures with methanol in around 0.45 mole fraction. The
values of the isentropic compressibility changes of mixing
are always negative, reaching values of -23 T‚Pa-1.

For the ternary system TAEE + methanol + water,
excess molar volumes are relatively large and negative
throughout the entire range of homogeneous mixtures,
showing minimum values around -1.15 cm3‚mol-1. Also
the isentropic compressibility changes of mixing (∆κs) are
negative and have large values with the minimum values
those corresponding to the water + methanol binary
system.

For binary and ternary systems, molar refraction changes
of mixing (∆R) are negative; however, this property did
have small values.

It has been proved, for the calculated properties VE, ∆R,
and ∆κs, that the Redlich-Kister polynomial suggests an
appropriate correlation.
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