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Excess Enthalpies of Ternary Mixtures Consisting of a Normal
Alkane, Methyl tert-Butyl Ether, and tert-Amyl Methyl Ether

Zhangfa Tong, George C. Benson,* Laurie Luo Wang, and Benjamin C.-Y. Lu

Department of Chemical Engineering, University of Ottawa, Ottawa, Ontario, Canada K1N 6N5

Excess molar enthalpies, measured at 298.15 K in a flow microcalorimeter, are reported for the two ternary
systems heptane + methyl tert-butyl ether + tert-amyl methyl ether and decane + methyl tert-butyl
ether + tert-amyl methyl ether. Smooth representations of the results and analyses in terms of the Flory

theory are presented.

Introduction

The thermodynamic properties of hydrocarbon + ether
mixtures are of interest in view of the use of ethers as
oxygenating agents in gasoline technology. Previous pa-
pers from our laboratory have reported excess enthalpies
of mixtures of alkanes with methyl tert-butyl ether (MTBE)
(Wang et al., 1992, 1993; Zhu et al., 1994c) and with tert-
amyl methyl ether (TAME) (Zhu et al., 1994a,b; KneZevit-
Stevanovit et al., 1995a,b,c). As an extension of those
earlier investigations we have now measured excess en-
thalpies at 298.15 K for two ternary systems formed by
mixing either heptane (nC7) or decane (nC10) with binary
mixtures of MTBE and TAME.

Experimental Section

The nC7 used in the present work was Pure Grade
material from Phillips Chemical Co.; nC10 was obtained
from Sigma Chemical Co. MTBE was HPLC Grade from
Aldrich Chemical Co. The purities stated by the manu-
facturers of these materials were at least 99 mol %. TAME
(Fluka, purum) had a stated purity exceeding 97 mol %.
All of the components were used without further purifica-
tion. Densities, measured at 298.15 K in an Anton-Paar

digital densimeter, were 679.70, 726.28, 735.84, and 766.26
kg-m~3 for nC7, nC10, MTBE, and TAME, respectively.
These are comparable with the literature values 679.46,
726.35, 735.3, and 765.6 kg:m~3 (TRC, 1988a,b).

Excess molar enthalpies HE, were determined in an
LKB flow microcalorimeter (Model 10700-1) at 298.15 K,
maintained within £0.002 K. Details of the equipment and
its operation have been described previously (Tanaka et al.,
1975; Kimura et al., 1983).

In studying the ternary systems, the excess molar
enthalpy H§,1+23 was determined for several pseudobin-
ary systems in which component 1 (nC7 or nC10) was
added to binary mixtures of components 2 (MTBE) and
3 (TAME), having fixed compositions. These binaries
were prepared by mass. The excess molar enthalpies
HrEny123 of the ternary mixtures were then obtained from
the relation

HIrEn,123 = HrEn,1+23 +(@1 - Xl)HE'I,ZS )

where x; is the alkane mole fraction and Hfmz3 is the
excess molar enthalpy of the particular binary mixture of
MTBE and TAME. The errors of Hf, ,,,, are estimated to
be less than 0.5% over most of the alkane mole fraction

Table 1. Experimental Mole Fractions, x;, and Excess Molar Enthalpies, Hﬁyij (i <j), at 298.15 K for nC7 (1) + MTBE (2),

nC7 (1) + TAME (3), and MTBE (2) + TAME (3)

Xi HE, /J-mol 1 Xi HE, /d-mol 1 Xi HE, /d-mol 1 Xi HE, /J-mol 1
nC7 (1) + MTBE (2)
0.0500 79.4 0.2995 355.3 0.5501 410.8 0.7999 263.8
0.1000 154.5 0.3497 384.0 0.5999 396.4 0.8500 210.0
0.1499 2195 0.3996 401.8 0.6499 375.9 0.8997 149.8
0.1998 273.6 0.4496 4115 0.6999 345.1 0.9499 81.2
0.2498 319.0 0.5000 416.5 0.7498 308.4
nC7 (1) + TAME (3)
0.0500 53.8 0.2998 247.2 0.4997 293.6 0.7499 222.0
0.1000 104.9 0.3497 267.8 0.5498 290.7 0.7999 190.8
0.1498 149.3 0.4000 282.7 0.5998 282.4 0.8499 152.2
0.1998 187.7 0.4500 291.2 0.6499 267.8 0.8999 107.4
0.2500 220.8 0.4996 293.8 0.6999 247.4 0.9499 56.7
MTBE (2) + TAME (3)
0.0500 0.231 0.2998 0.860 0.5000 1.003 0.7500 0.771
0.0500 0.239 0.3001 0.807 0.5000 0.992 0.7500 0.797
0.1000 0.390 0.3500 0.897 0.5500 1.000 0.8000 0.687
0.1000 0.450 0.3501 0.913 0.5500 1.014 0.8501 0.517
0.1500 0.546 0.3998 0.956 0.6000 0.965 0.8501 0.496
0.1500 0.582 0.4001 0.931 0.6501 0.928 0.9000 0.353
0.1999 0.676 0.4492 0.988 0.6502 0.963 0.9000 0.359
0.2000 0.682 0.4498 0.976 0.6998 0.883 0.9500 0.195
0.2500 0.745 0.4998 1.003 0.7001 0.862 0.9500 0.209
0.2500 0.759 0.4999 1.007
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Table 2. Coefficients, hx, and Standard Deviations, s, for
the Representation of Hfﬂj at 298.15 K for the
Constituent Binary Mixtures (Eq 2)

component

i ] h1 h2 h3 h4 h5 S
nC7 MTBE 1662.94 70.87 42.38 —58.64 1.06
nC7 TAME 1176.17 4.48 10.07 —41.00 0.53
MTBE TAME 3.999 -0.433 0.513 1.308 0.016

nC10 MTBE? 2000.50 313.32 110.94 100.36 —87.36 1.17
nC10 TAMEP 1525.57 166.24 147.24 6.11 —90.84 1.01

aWwang et al. (1993). P Zhu et al. (1994b).
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Figure 1. Excess molar enthalpies, Hﬁhzs, for nC7 (1) + MTBE
TAME (3) mixtures at 298.15 K. Experimental results: (v)
0, nC7 + TAME; (O) Xa2/x3 = 0.3334; (O) x2/x3 = 1.0200; (<)
= 2.9532; (A) X1 + x2 = 1, nC7 + MTBE. Curves: (—)
calculated from eq 3 with H,iT from the footnote of Table 3; (---)
calculated from the Flory theory.

range. Errors in the mole fractions of the final ternary
mixtures are estimated to be less than 5 x 1074,

Results and Discussion

Table 1 summarizes the experimental values of x; and
ij for the three binary systems nC7 + MTBE, nC7 +
TAME, and MTBE + TAME. The smoothing function

Hy i d-mol ™ = x;(1 — xi)th(l —2x)t 2
K=

was fitted to each set of results in Table 1 by the method
of least squares with all points assigned equal weight.
The values of the coefficients hy obtained from the analy-
ses are listed in Table 2, along with the standard deviation
s for each representation. Our previous papers have
reported the excess molar enthalpies of the other con-
stituent binaries nC10 + MTBE (Wang et al., 1993) and
nC10 + TAME (Zhu et al., 1994b). The coefficients for
the representations of those results are also included in
Table 2.

For all of the systems in Table 1, the excess molar en-
thalpies are positive throughout the mole fraction range
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Figure 2. Excess molar enthalpies, HE,1+231 for nC10 (1) +
MTBE (2) + TAME (3) mixtures at 298.15 K. Experimental
results: (-—-—) x2 =0, nC10 + TAME (Zhu et al., 1994b); (O) x2/x3
= 0.3336; (O) Xa/xz = 0.9991; () xofxz = 2.9705; (*+*) X1 + X2 = 1,
nC10 + MTBE (Wang et al., 1993). Curves: (—) calculated from
eq 3 with Hﬁ,T from the footnote of Table 4; (---) calculated from
the Flory theory.
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Figure 3. Contours for constant values of Hfmm/.]-molfl for nC7
(1) + MTBE (2) + TAME (3) at 298.15 K obtained from the
representation of the experimental results by eqs 1—4 with

HE, + from the footnote of Table 3.

and nearly symmetrical about x; = 0.5. The thermal effect
of mixing the two ethers is quite small, reflecting their mo-
lecular similarity. Tusel-Langer et al. (1991) have reported
values of H,'fm for nC7 + MTBE. In general, their results
are lower than ours; for an equimolar mixture the differ-
ence is approximately 30 J-mol~%. We are unaware of other
directly comparable results for these systems.
Experimental results for H§,1+23 and the corresponding
values of Hfm123 are listed in Tables 3 and 4 for the two
ternary systems. The values of Hfml+23 are plotted in

Figures 1 and 2. The results for the pure binary systems
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Table 3. Experimental Excess Molar Enthalpies HE1l+23 at 298.15 K for the Addition of nC7 to MTBE + TAME To Form
nC7 (1) + MTBE (2) + TAME (3), and Values of Hm123 Calculated from Eq 1

X1 HE 11233-mol—t  HE |,3/3-mol 2 X1 He1i2343-mol2 HE 1,3/3-mol 2 X1 HE 112343-mol—1  HE ,,5/3-mol 2

Xalxs = 0.3334, HY, ,5/3-mol~1 = 0.76
0.0500 57.3 58.0 0.4001 308.2 308.6 0.7001 268.3 268.5
0.1000 113.8 114.5 0.4498 316.2 316.6 0.7500 241.0 241.2
0.1499 163.1 163.8 0.4997 320.2 320.6 0.8000 206.5 206.6
0.2000 206.2 206.8 0.5004 319.2 319.6 0.8500 163.0 163.2
0.2500 241.9 2425 0.5501 316.4 316.8 0.9000 115.6 115.7
0.2998 270.1 270.6 0.5997 306.9 307.2 0.9500 60.3 60.4
0.3501 293.4 293.9 0.6498 290.7 291.0

Xalx3 = 1.0200, HE, ,5/J-mol~1 = 1.00
0.0501 64.1 65.0 0.3999 334.6 335.2 0.6999 290.7 291.0
0.1000 125.7 126.6 0.4498 345.1 345.7 0.7502 260.9 261.2
0.1501 179.0 179.9 0.4998 348.4 348.9 0.8000 222.4 222.6
0.2000 224.4 225.2 0.5000 348.3 348.8 0.8501 175.0 175.2
0.2497 264.5 265.3 0.5501 3435 344.0 0.9000 123.7 123.8
0.3000 296.6 297.3 0.6001 3321 3325 0.9500 66.4 66.4
0.3504 319.0 319.6 0.6500 314.8 315.2

Xalx3 = 2.9532, HE, ,5/J-mol~1 = 0.79
0.0500 70.8 71.6 0.3998 362.4 362.9 0.7000 311.9 3121
0.1000 137.3 138.0 0.4499 371.8 372.2 0.7501 279.8 280.0
0.1499 194.7 195.4 0.5000 374.8 375.2 0.8001 238.2 238.4
0.1999 243.6 244.2 0.5000 374.4 374.8 0.8501 187.7 187.8
0.2498 285.8 286.4 0.5501 369.3 369.6 0.9000 132.3 132.3
0.2998 320.4 320.9 0.6000 357.3 357.6 0.9500 70.5 70.6
0.3499 344.2 344.7 0.6501 337.9 338.2

Ternary term for representation of Hm 1423 Dy eqs 2—4: HE mr/d'mol™l = x1xox3(—844.06 + 3247.75x; + 2027.54x; — 3551.29x,2 —
4370.63x1X, — 1875.78x%22), s = 1.72.

Table 4. Experimental Excess Molar Enthalpies Hml+23 at 298.15 K for the Addition of nC10 to MTBE + TAME to Form
nC10 (1) + MTBE (2) + TAME (3), and Values of Hm123 Calculated from Eq 1

1 HE 11233-mol—2  HE ;,3/3-mol 2 X1 HE 123-mol~2  HE 1,3/3-mol 2 X1 HE 123-mol=2 HE ,,/3-mol 2

Xalx3 = 0.3336, H, ,5/J-mol~1 = 0.76
0.0500 85.9 86.6 0.4000 395.0 3955 0.6502 351.7 352.0
0.1000 161.5 162.2 0.4500 401.7 402.1 0.7500 286.6 286.8
0.1499 226.5 227.1 0.4996 401.6 402.0 0.8001 241.0 241.2
0.1998 280.1 280.7 0.5000 400.8 401.2 0.8501 189.9 190.0
0.2500 323.0 323.6 0.5499 391.4 391.7 0.9000 133.0 133.1
0.3000 356.3 356.8 0.5998 375.3 375.6 0.9500 69.8 69.8
0.3497 380.0 380.4 0.6500 351.3 351.6

Xalx3 = 0.9991, HE, ,5/J-mol~1 = 1.00
0.0500 94.3 95.2 0.3999 428.8 429.4 0.6999 345.7 346.0
0.1000 176.5 177.4 0.4500 434.6 435.1 0.7498 304.1 304.3
0.1499 245.6 246.5 0.4999 430.3 430.8 0.7999 257.6 257.8
0.2001 302.6 303.4 0.4999 430.8 431.3 0.8500 204.0 204.2
0.2500 350.1 350.9 0.5500 422.0 4225 0.9000 143.6 143.7
0.3002 385.1 385.8 0.5997 403.0 403.4 0.9500 76.9 76.9
0.3500 409.9 4105 0.6500 378.0 378.4

Xalxs = 2.9705, HE, ,5/J-mol~1 = 0.79
0.0500 102.1 102.9 0.4001 459.5 460.0 0.7001 370.7 370.9
0.1000 191.9 192.6 0.4499 465.1 465.5 0.7499 325.6 325.8
0.1499 266.0 266.7 0.5000 464.4 464.8 0.8000 273.8 273.9
0.2002 329.0 329.6 0.5001 465.2 465.6 0.8500 216.9 2171
0.2500 378.0 3785 0.5500 453.0 453.3 0.9000 153.0 153.1
0.3001 416.0 416.6 0.5997 433.9 434.2 0.9500 81.8 81.8
0.3501 441.4 441.9 0.6500 405.9 406.2

aTernary term for representation of Hm 14023 Dy eqs 2—4: HmT/J mol™! = X;Xox3(—821.97 + 862.51x; + 1873.54x, — 1112.12x,% +

58.17x1x; — 2039.95x%,?), s = 1.72.

nC7 + MTBE and nC7 + TAME and their representations
by eq 2 are also included in Figure 1. The representations
of our earlier results for nC10 with MTBE and TAME are
plotted in Figure 2. In all cases, the maximum values of
Hp, 1425 and HE, 1,5 occur near x; = 0.5, and for comparable
values of the ratio x,/xs, the maximum is larger for the
mixture containing nC10. For both systems at constant
X1, the enthalpies increase as the proportion of MTBE
increases.

The values of HrEMJr23 were represented as a sum of bi-
nary terms (Tsao and Smith, 1953) with an added ternary

term
X, X3
E E E
Hi 1403 = (1 —x )H 12T (1 X )H 13T Hy, mt (3)
and following Morris et al. (1975) the form

Hi, 1/3-mol ™ = X;X,X5(Co + €%, + CX, + Caxy* +

CXiXp F CsXo” F CeXy® + CX 2%, + CgXyXy + ...) (4)

was adopted for the latter. Least-squares analyses in
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Figure 4. Contours for constant values of HE1,123/J-moI*1 for

nC10 (1) + MTBE (2) + TAME (3) at 298.15 K obtained from the
representation of the experimental results by eqs 1-4 with
from the footnote of Table 4.

Table 5. Parameters Used in Flory Calculations at T =
298.15 K for [nC7 (1) + MTBE (2) + TAME (3)]2 and [nC10
+ MTBE (2) + TAME (3)]°

component p*/J-cm~3 Vi/cm3-mol-1 T*/K ref
nC7 431.9 113.60 4648.1 Wang et al., 1989
nC10 447.0 155.75 5091.4 Wang et al., 1989
MTBE 442.9 90.20 4385.0 Wang et al., 1993
TAME 456.1 103.32 4714.8 Zhuetal., 1994b

Interchange energy parameters X;j/J-cm=3: X1, = 15.062, X13
10.122, from fit of data in Table 1. Xz3 = 0.2886 from fit of
data in Table 1. ? Interchange energy parameters X;j/J-cm=3:Xy»
15.651 (Wang et al., 1993), X13 = 11.076 (Zhu et al., 1994b). X3
0.2886 from fit of data in Table 1.

which egs 3 and 4 were fitted to the values of H,‘i'H23
indicated that adequate representations of the present
results were obtained with six adjustable coefficients c;.
These representations are given in the footnotes of Tables
3 and 4, along with their standard deviations s. Curves
calculated from these representations are shown in Figures
1and 2. Equations 1—4 were used to calculate the constant

m.123 contours plotted on the Roozeboom diagrams in
Figures 3 and 4. The general characteristics of these are
very similar. All of the contours extend to the edges of the
triangle, and there is no indication of an extremum lying
within the triangle.

Previously it has been shown (Wang et al., 1993; Zhu et

., 1994c; KneZevit-Stevanovic et al., 1995a,b) that the
Flory theory (Flory, 1965; Abe and Flory, 1965) as extended
to ternary mixtures by Brostow and Sochanski (1975) could
provide reasonable estimates of the ternary excess molar
enthalpies for mixtures containing alkanes and an ether,
when only properties of the pure components and their
binary mixtures were used. The same approach was
investigated for the present systems. The equations for
the treatment have been outlined by Wang et al. (1993).
The parameters used in the calculations are summarized
in Table 5. The characteristic pressures p*, molar volumes
V% and temperatures T* were taken from our previous
publications, as indicated in the last column of the table.
In evaluating si/s;, the ratio of the molecular surface areas
of contact per segment between components i and j, it was
assumed that the molecules were spherical. The values
of the interchange energy parameters X;; for nC7 + MTBE,
nC7 + TAME, and MTBE + TAME were obtained by fitting

TAME

Figure 5. Contours for constant values of Hf,vm/\]-molf1 for nC7

(1) + MTBE (2) + TAME (3) at 298.15 K estimated by the Flory
theory.

the Flory formula for HrEnyij to the smooth representations
of the results in Table 1. As indicated in the footnotes of
Table 5, the values of X;; for nC10 + MTBE and nC10 +
TAME were taken from our previous work.

The Flory estimates of Hr':;]'1+23 are shown as dashed
curves in Figures 1 and 2. In general, these estimates tend
to be higher than the experimental results at low alkane
mole fractions and to fall below the results at higher mole
fractions. The mean absolute relative deviations for the
99 experimental points of the nC7 system and the 60 points
of the nC10 system amount to 2.6% and 2.3%, respectively.
Constant Hﬁm contours were also estimated on the basis
of the Flory theory. The overall characteristics of these
were quite similar to those derived from the smooth
representations of the experimental data. The results of
the calculations for the nC7 system are shown on the
Roozeboom diagram in Figure 5. It is clear from a
comparison of this with Figure 3, that the Flory theory
provides useful estimates of HELm without requiring the
direct investigation of the excess enthalpies of any ternary
mixtures.
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