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Excess Enthalpies of 2,2,4-Trimethylpentane + Hexane + (Octane or

Dodecane) at 298.15 K

Ding-Yu Peng," George C. Benson,* and Benjamin C.-Y. Lu

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

Microcalorimetric measurements of excess molar enthalpies, measured at 298.15 K, are reported for the
ternary systems 2,2,4-trimethylpentane (1) + hexane (2) + octane (3) and 2,2,4-trimethylpentane (1) +
hexane (2) + dodecane (3). Smooth representations of the results are described and used to construct
constant-enthalpy contours on Roozeboom diagrams. It is shown that the Flory theory provides a

reasonable correlation of the results.

Introduction

Methyl tert-butyl ether (MTBE) is widely used as a
gasoline additive to enhance the octane rating and to
reduce pollution effects. However, there have been some
concerns of potential adverse health risks associated with
MTBE, and a recent study in California suggested that use
of MTBE should be phased out of all gasoline sold in that
state. Accordingly, investigation of the thermodynamic
properties of hydrocarbon mixtures involving other gasoline
additives is of relevance. The present paper reports excess
molar enthalpies, measured at 298.15 K, for ternary
mixtures comprised of the alkylate 2,2,4-trimethylpentane
(TMP), normal hexane (nC6), and either normal octane
(nC8) or normal dodecane (nC12).

Experimental Section

The TMP (HPLC Grade), nC6, and nC8 were obtained
from Sigma-Aldrich; the dodecane (Pure Grade) was ob-
tained from the Phillips Chemical Co. In all cases, the
purities stated by the manufacturers exceeded 99 mol %.
Apart from partial degassing, all of the components were
used without further purification. The densities, p/kg-m~3,
measured at 298.15 K in an Anton-Paar digital densimeter,
were 687.90, 655.46, 698.69, and 745.34, for TMP, nC6,
nC8, and nC12, respectively. These values are in reason-
able agreement with values in the literature (TRC, 1988).

Excess molar enthalpies, Hﬁ, were measured in an
LKB-Produkter AB (Bromma, Sweden) flow microcalorim-
eter (Model 10700-1), thermostated at 298.15 K, main-
tained within +£0.003 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 HE],1+23 was determined for
several pseudobinary mixtures in which component 1
(TMP) was added to binary mixtures of components 2 (nC6)
and 3 (either nC8 or nC12). For this purpose, binaries with
fixed mole ratios x,/x3 were prepared by mass. The excess
molar enthalpy Hﬁ,m of the ternary mixture was then
obtained from the relation

H 51,123 = HE],1+23 + (@1 = x)H i,zs 1

where x; is the mole fraction of TMP and H5‘23 is the
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Table 1. Experimental Mole Fractions x; and Excess
Molar Enthalpies Hf, ; for TMP (1) + nC12 (3) at
298.15 K

X1 H 5,18/ J-mol~? X1 H& 15/ J-mol~?
0.0500 20.51 0.5502 117.94
0.1001 39.77 0.5997 114.96
0.1500 57.18 0.6502 109.12
0.2001 73.84 0.7001 101.47
0.2499 87.24 0.7501 91.00
0.3003 98.12 0.8001 77.80
0.3498 106.11 0.8506 61.14
0.3998 111.26 0.9000 43.45
0.4499 115.57 0.9500 21.65
0.4998 117.51

Table 2. Coefficients hx and Standard Deviations s for
the Representation of H Eﬂj (i <j) by Eq 2 for the
Constituent-Binary Mixtures at 298.15 K

component

i j h1 h2 h3 h4 h5 s/J-mol—?
TMP nC12 470.62 —24.85 39.15 6.66 —89.15 0.48
TMP nC62 —44.61 16.65 1.97 0.12
TMP nC8> 102.1 0.1
nC6 nC8¢ 7.353 2770 —0.539 0.021
nCé6 nC124¢ 156.22 1458 —11.12 0.10

alLam et al. (1974).  Lundberg (1964). ¢ Hamam et al. (1984a).
d Hamam et al. (1984b).

excess molar enthalpy of the particular binary mixture.
Over most of the mole fraction range, the errors of the
excess molar enthalpies and the mole fractions of the final
mixtures are estimated to be <0.5% and <5 x 1074
respectively.

Results and Discussion

Excess molar enthalpies Hﬁyij (i <j) at 298.15 K, for
four of the constituent-binary mixtures of present interest,
have been reported previously: TMP (1) + nC6 (2) (Lam
etal., 1974); TMP (1) + nC8 (3) (Lundberg, 1964); nC6 (2)
+ nC8 (3) (Hamam et al., 1984a); nC6 (2) + nC12 (3)
(Hamam et al., 1984b). The experimental values for the
binary mixture TMP (1) + nC12 (3) at 298.15 K are
summarized in Table 1. The smoothing function

n
HE . /J-mol ! = xiijhk(xj —x)<t 2
K=

m,ij
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Table 3. Experimental Excess Molar Enthalpies Hml+23 Measured at 298.15 K, for the Addition of TMP to nC6 + nC8
Mixtures to Form TMP (1) + nC6 (2) + nC8 (3), and Values of Hm 103 Calculated from Eq 1

X1 HEm1425%d-mol~1  HF, ,5/3-mol—t X1 HEm1425%d:mol=  HF, ,5/3-mol~1 X1 HEm,14253/d:mol~ H, ,5/3-mol~1

Xalxs = 0.3501, HE, ,5/3-mol 1 = 1.64
0.0499 2.66 4.22 0.3997 15.53 16.52 0.7000 13.29 13.78
0.0999 5.53 7.01 0.4487 15.94 16.85 0.7497 11.98 12.39
0.1499 8.12 9.52 0.4994 16.20 17.02 0.7999 10.09 10.42
0.2001 10.25 11.57 0.5501 15.89 16.63 0.8498 7.98 8.22
0.2512 12.08 13.31 0.6003 15.31 15.97 0.9000 5.59 5.76
0.2994 13.58 14.73 0.6504 14.58 15.15 0.9500 2.93 3.02
0.3498 14.80 15.87

Xalxs = 0.9964, HY, ,;/3-mol~1 = 1.84
0.0500 1.63 3.38 0.3998 7.50 8.61 0.6996 6.17 6.73
0.0999 2.90 4.56 0.4498 7.59 8.60 0.7496 5.45 5.91
0.1498 4.24 5.80 0.4992 7.78 8.70 0.7997 450 4.87
0.1998 5.26 6.73 0.5497 7.42 8.25 0.8498 3.65 3.93
0.2497 6.08 7.46 0.5998 7.10 7.84 0.8999 2.38 2.56
0.2998 6.80 8.09 0.6497 6.94 7.59 0.9499 1.30 1.39
0.3500 7.22 8.41

Xalxs = 3.0000, H§, ,5/J-mol~1 = 1.09
0.0499 -0.22 0.82 0.4004 -1.16 —0.50 0.6998 -1.30 -0.98
0.0999 -0.26 0.72 0.4497 -1.26 -0.66 0.7499 -1.36 -1.09
0.1500 -0.53 0.40 0.4994 -1.60 —-1.06 0.7999 -1.17 -0.95
0.1998 -0.58 0.29 0.5502 -1.38 —0.88 0.8498 -0.92 -0.76
0.2494 -0.81 0.01 0.5999 -1.34 —0.90 0.9001 -0.67 -0.56
0.3002 —0.96 -0.19 0.6503 -1.49 -1.11 0.9500 -0.36 -0.31
0.3501 -1.10 -0.39

a Ternary term for representation of Hm 1423 Dy €gs 2 and 3: HE /3-mol~1 = {X1XoXa/(1 — X1 + X2)}(—300.81 + 1577.35x1 + 1114.47x,
— 2643.98x;2 — 4418.24x1%, — 1076.27%,2 + 1405.52%;3 + 4290. 70x12x2 + 2582.66x1%22), s =0.13 J-mol~1,

Table 4. Experimental Excess Molar Enthalpies HmlJr23 Measured at 298.15 K, for the Addition of TMP to nC6 + nC12
Mixtures to Form TMP (1) + nC6 (2) + nC12 (3), and Values of HE1123 Calculated from Eq 1

X1 H 1 2s?d'mol~t  HE ,5/d-mol~? X1 Hpi2s?d'mol~t  H o5/ d-mol 2 X1 Hi2s®d'mol~t  H o5/ d-mol 1

Xalxs = 0.3346, Hf, ,5/J-mol~1 = 30.19
0.0500 14.57 43.25 0.3998 77.26" 95.38 0.7009 69.75 78.78
0.1000 27.96 55.13 0.4502 80.20 96.80 0.7501 62.75 70.30
0.1504 40.54 66.19 0.5005 80.84 95.92 0.8001 53.72 59.76
0.1995 51.31 75.48 0.5508 80.94 94.50 0.8499 43.04 47.57
0.2501 60.46 83.10 0.6003 78.95 91.02 0.8998 30.37 33.40
0.3002 67.33 88.46 0.6498 75.26 85.83 0.9500 15.73 17.24
0.3507 73.00 92.61

Xalxs = 0.9997, H, ,5/J-mol~* = 39.06
0.0500 8.78 45.89 0.4001 45.87 69.30 0.6499 43.92 57.59
0.1000 16.84 51.99 0.4497 46.84 68.33 0.7002 40.53 52.24
0.1501 23.89 57.08 0.4500 47.37 68.85 0.7500 36.25 46.02
0.2001 30.48 61.72 0.5001 47.86 67.39 0.7999 30.99 38.81
0.2501 35.69 64.98 0.5008 47.89 67.38 0.8500 24.65 30.51
0.3001 39.48 66.82 0.5500 47.46 65.03 0.9000 17.40 21.31
0.3499 43.15 68.54 0.5996 46.13 61.77 0.9500 8.65 10.61

Xalxs = 2.9992, Hf ,5/d-mol~1 = 27.41
0.0501 3.32 29.35 0.4002 17.01" 33.45 0.7002 14.67 22.89
0.0998 6.36 31.03 0.4501 17.32 32.39 0.7500 12.93 19.78
0.1500 9.08 32.38 0.5001 17.82 31.52 0.7999 11.07 16.55
0.2000 11.32 33.25 0.5502 17.42 29.75 0.8502 8.81 12.92
0.2501 13.09 33.64 0.6004 16.81 27.76 0.9000 6.26 9.01
0.3002 14.92 34.10 0.6497 15.90 25.50 0.9499 3.12 4.49
0.3503 16.01 33.82

a Ternary term for representation of HEMHS by Egs 2 and 3: H

& 7/3:mol~ = xixpx3(104.58 — 1278.14x; — 361.32x; + 2345.83x:2 +

829.88x1x, + 183.55%,2 — 1988.26%:3), s = 0.27 J-mol 1.

was fitted to these results by a least-squares method, with
all points weighted equally. Values of the coefficients hy
are listed in Table 2, along with the standard deviation s
of the representation. For convenience, the coefficients and
standard deviations for the representations of HrEn’ij for
the four other binary mixtures are also included in Table
2.

The experimental results for HE mi+23 and the corre-
sponding values of Hm 123 Calculated from eq 1 are listed
in Tables 3 and 4 against the mole fraction x; of TMP. The
values of H 5,1+23 in Table 3 for the various values of x./x3
are plotted in Figure 1, along with curves for the constitu-
ent-binaries having x, = 0 (Lundberg, 1964) and x; + X, =
1 (Lam et al., 1974). These latter values were calculated
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Figure 1. Excess molar enthalpies, HELHB, for TMP (1) + nC6
(2) + nC8 (3) at 298.15 K. Experimental results: A, xa/x3 = 0.3501,;
O, Xalxz = 0.9964; v, X2/x3 = 3.0000. Curves: -+, xo =0, Lundberg
(1964); —-+, x1 + x2 = 1, Lam et al. (1974); —, calculated from the
representation of the results by eqs 2—4, using the ternary term
Hﬁ‘T given in the footnote of Table 3; - - -, calculated from the
Flory theory.
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Figure 2. Excess molar enthalpies, HEL1+23' for TMP (1) + nC6
(2) + nC12 (3) at 298.15 K. Experimental results: <&, x2 = 0; 4,
XolX3 = 0.3346; O, Xo/xz = 0.9997; v, Xo/X3 = 2.9992. Curves: -+, X»

=0; —, X1 + X2 = 1, Lam et al. (1974); —, calculated from the
representation of the results by eqs 2—4, using the ternary term
HE,VT given in the footnote of Table 4; - - -, calculated from the

Flory theory.

from eq 2 using the values of the coefficients given in Table
2. The results for the mixtures contaning nC12 are plotted
in Figure 2, along with the values of HrEny13 given in Table
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Figure 3. Contours for constant values of H E,vm/‘l-molf1 for
TMP (1) + nC6 (2) + nC8 (3) at 298.15 K: (a) calculated from the
representation of the experimental results by eqs 1—4 with H E,VT
from the footnote of Table 3; (b) calculated from the Flory theory.

1 for TMP (1) + nC12 (3) and with curves for the two
constituent-binaries, calculated from eq 2.

The values of HrEnyl+23 were represented as a sum of
binary terms (Tsao and Smith, 1953) with an added ternary
contribution

H §,1+23 = [x/(1 - Xl)]HrE],lz + [x/(1 — x)IH 51,13 +H E’\,T
3)
E

where the values of the H ; were calculated from the
appropriate smoothing functions. The form

H 5 r/3:mol ™t = [x%,x5{ 1 + b(x, — X)}(Co + €%, +
CoXy F CaXy” F CoXyXy + CsXo” + CeXy> + +++) (4)

which was adopted for the ternary contribution, is similar
to that used by Morris et al. (1975) with the possibility of
an extra skewing factor [1 + b(x, — x1)] ! inserted. In the
case of the nC8 system b = 1 was used, while for the nC12
system b = 0 was found to be more appropriate. Values of
the parameters c; were obtained from least-squares analy-
ses in which egs 3 and 4 were fitted to the experimental
values in Tables 3 and 4. The resulting representations of
HE’T are given in the footnotes of the tables, along with
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Table 5. Parameters Used in Flory Calculations at T = 298.15 K for [TMP (1) + nC6 (2) + nC8 (3)]2and [TMP (1) + nC6

(2) + nC12 (3)]°

component p*/J-cm—3 Vxm/cm3-mol 1 T*/K ref
TMP 383.2 129.08 4759.5 Treszczanowicz and Benson, (1988)
nC6 424.2 99.52 4436.1 Benson et al. (1988)
nC8 436.8 127.70 4827.0 Benson et al. (1988)
nC12 445.2 184.40 5351.4 Benson et al. (1988)

a Interchange energy parameters X;j/J-cm=3: Xi» = —0.1637; X153 = 0.7604; X3 = 0.3675. ° Interchange energy parameters X;/J-cm=2:

X2 = —0.1637; X13 = 3.5227; X3 = 2.5083.
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Figure 4. Contours for constant values of Hi,m/.]-molfl for

TMP (1) + nC6 (2) + nC12 (3) at 298.15 K: (a) calculated from
the representation of the experimental results by eqs 1—4 with
HE,VT from the footnote of Table 4; (b) calculated from the Flory
theory.

the standard deviations s of the fits. The solid curves for
H5,1+23 in Figures 1 and 2 were calculated from eq 3,
using these representations. For both systems, the curves
of H ﬁ,1+23 for a fixed value of x»/x3 are approximately
symmetric about x; = 0.5, and for a fixed value of x; the
values of Hﬁwg increase with an increase in the relative
content of NC8 or nC12 in the binary mixture.

Equations 1—4 were also used to calculate the constant
Hﬁvm contours plotted on the Roozeboom diagrams in
Figures 3a and 4a. The general characteristics of these are
similar. However, the change from nC8 to nC12 leads to a
marked reduction to the area of negative values of H 511123.

Previously, we have found that the Flory theory (Flory,
1965; Abe and Flory, 1965), as applied to ternary mixtures

by Brostow and Sochanski (1975), could provide reasonable
estimates of the ternary excess molar enthalpies for
mixtures containing alkanes and ethers, when only the
properties of the pure components and their binary mix-
tures were used. The equations for the treatment have been
outlined by Wang et al. (1993). The values of the param-
eters for applying this approach to the present systems 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 parameters Xj; are given in
the footnotes of Table 5. These were obtained by fitting the
Flory formula for Hﬁyij to the smooth representations of
the excess molar enthalpy of each of the constituent-
binaries by eq 1 using the coefficients given in Table 2.

The Flory estimates of HEIHZ3 are shown as dashed
curves in Figures 1 and 2. The root-mean-square deviations
for the 57 experimental points in Table 3 and the 59 points
in Table 4 are 0.2 and 1.2 J-mol~?1, respectively. Constant
Hfmm contours estimated on the basis of the Flory theory
are shown in Figures 3b and 4b. The overall characteristics
of these are very similar to those derived from the smooth
representations of the experimental results. It is clear from
the comparison of the two parts of Figures 3 and 4 that
the Flory theory provides useful estimates of Hﬁvm for
both of the present systems, without requiring the direct
investigation of the excess enthalpies of any ternary
mixtures.

Supporting Information Available:

The financial support of the Natural Sciences and Engineer-
ing Research Council of Canada (NSERC) is gratefully ac-
knowledged.

Literature Cited

Abe, A.; Flory, P. J. The Thermodynamic Properties of Mixtures of
Small, Nonpolar Molecules. 3. Am. Chem. Soc. 1965, 87, 1838—1846.

Benson, G. C.; Luo, B.; Lu, B. C.-Y. Excess Enthalpies of Dibutyl Ether
+ n-Alkane Mixtures at 298.15 K. Can. J. Chem. 1988, 66, 531—
534.

Brostow, W.; Sochanski, J. S. Prediction of Thermodynamic Properties
of Ternary Liquid Solutions Including Metal Alloys. J. Mater. Sci.
1975, 10, 2134—2145.

Flory, P. J. Statistical Thermodynamics of Liquid Mixtures. J. Am.
Chem. Soc. 1965, 87, 1833—1838.

Hamam, S. E. M.; Kumaran, M. K.; Benson, G. C. Excess Enthalpies
of Binary Mixtures of n-Octane with Each of the Hexane Isomers
at 298.15 K. Fluid Phase Equilib. 1984a, 18, 147—-153.

Hamam, S. E. M.; Kumaran, M. K.; Benson, G. C. Excess Enthalpies
and Excess Volumes of Each of the Mixtures: (n-Dodecane + an
Isomer of Hexane) at 298.15 K. J. Chem. Thermodyn. 1984b, 16,
537-542.

Kimura, F.; Benson, G. C.; Halpin, C. J. Excess Enthalpies of Binary
Mixtures of n-Heptane with Hexane Isomers. Fluid Phase Equilib.
1983, 11, 245—250.

Lam, V. T.; Picker, P.; Patterson, D.; Tancrede, P. Thermodynamic
Effects of Orientational Order in Chain-molecule Mixtures Part 1.



52 Journal of Chemical and Engineering Data, Vol. 45, No. 1, 2000

Heats of Mixing of Globular and Normal Alkanes. J. Chem. Soc.,
Faraday Trans. 2 1974, 70, 1465—1478.

Lundberg, G. W. Thermodynamics of Solutions XI. Heats of Mixing of
Hydrocarbons. J. Chem. Eng. Data 1964, 9, 193—198.

Morris, J. W.; Mulvey, P. J.; Abbott, M. M.; Van Ness, H. C. Excess
Thermodynamic Functions for Ternary Systems |. Acetone-Chloro-
form-Methanol at 50 °C. J. Chem. Eng. Data 1975, 20, 403—405.

Tanaka, R.; D'Arcy, P. J.; Benson, G. C. Application of a Flow
Microcalorimeter to Determine the Excess Enthalpies of Binary
Mixtures of Nonelectrolytes. Thermochim. Acta 1975, 11, 163—175.

TRC Thermodynamic Tables—Hydrocarbons; Thermodynamic Re-
search Center, The Texas A&M University System: College Station,
TX, 1988; 1956, loose-leaf data sheet 23-2-[1.203]-a; 1977 loose-leaf
data sheet 23-2-[1.101]-a, page 1.

Treszczanowicz, A. J.; Benson, G. C. Prediction of Excess Volumes of
1-Alkanol + Branched Aliphatic Hydrocarbon Binary Systems in
Terms of an Association Model with a Flory Contribution Term.
Fluid Phase Equilib. 1988, 41, 31—42.

Tsao, C. C.; Smith, J. M. Heats of Mixing of Liquids. Chem. Eng. Prog.
Symp. Ser. No. 7 1953, 49, 107—117.

Wang, L.; Benson, G. C.; Lu, B. C.-Y. Excess Molar Enthalpies of
Methyl tert-Butyl Ether + n-Hexane + (n-Decane or n-Dodecane)
Ternary Mixtures at 298.15 K. Thermochim. Acta 1993, 213, 83—
93.

Received for review July 19, 1999. Accepted September 24, 1999.
JE990197E



