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Ternary excess molar enthalpies for the ethanol + 2-propanol + methyl tert-butyl ether (MTBE) and
1-propanol + 2-propanol + MTBE systems have been measured by a flow microcalorimeter at 298.15 K
and ambient pressure. The pseudobinary excess molar enthalpies are positive over the whole range of
composition. The ternary experimental results are correlated with a polynomial equation. The results
have been compared with those calculated from a UNIQUAC associated-solution model taking into account
the self-association of alcohols as well as the solvation between unlike alcohols and alcohols with MTBE
using only binary parameters.

Introduction

Tertiary alkyl ethers are nontoxic, nonpolluting, and
high octane number blending agents for gasoline; therefore,
they are of great industrial interest, and mixtures contain-
ing such ethers have been extensively investigated, as
recently reviewed by Marsh et al.1 Methyl tert-butyl ether
(MTBE) is one of the oxygenated additives used in gasoline
to reduce the polluting components in exhaust gases such
as CO, NOx, unburned hydrocarbons, ground level ozone,
and polynuclear aromatics.2 It has outstanding physical
properties such as volatility, miscibility in gasoline, and
storage stability besides its noteworthy blending charac-
teristics.3,4 On the other hand, the most recent concern
about health risks caused by the contamination of drinking
water from MTBE into the ground makes it appear to be a
somewhat controversial gasoline additive. The excess en-
thalpy data provide information about intermolecular
interactions between component molecules as well as
essential knowledge from an ecological point of view. The
ternary excess enthalpies reflect differences in the molec-
ular interactions among three components; therefore, it is
of importance to use the ternary data for a prediction by
model development. Following the above, it is desirable to
know the thermodynamic properties of MTBE mixtures,
and excess molar enthalpies of the ternary mixtures
(ethanol or 1-propanol) + 2-propanol + MTBE at 298.15 K
have been brought forward in this paper as a part of our
systematic study.5 Excess molar enthalpies of the binary
mixtures making up the above two ternary systems at
298.15 K are available in the literature: ethanol + 2-pro-
panol;6 ethanol + MTBE;7 1-propanol + 2-propanol;8 1-pro-
panol + MTBE;9 and 2-propanol + MTBE.9

Experimental Section

Materials. Ethanol, 1-propanol, and 2-propanol were
obtained from Wako Pure Chemical, and MTBE was from
Kanto Chemical. Chemicals were kept in sealed dark
bottles dried over molecular sieves 4A 1/16 (Wako Pure

Chemical) for 2-3 weeks prior to their use to eliminate
residual traces of water and avoid moisture gain. All of the
chemicals were manipulated under a nitrogen atmosphere
and degassed nearly at 298.15 K by using an ultrasonic
technique. No further purification was performed as they
did not show any significant peak of impurities by GC
analysis. The purities of all the chemicals were estimated
to be >99.7 mass %. Their densities were measured with
a DMA 58 digital densimeter (Anton Paar) at 298.15 K,
and the measured densities of the chemicals are compiled
in Table 1 along with their recent published values.5,10-13

Apparatus and Procedure. Excess molar enthalpies
were determined by a flow microcalorimeter at 298.15 K.
Details of its experimental setup and operational proce-
dures were described previously.12,14 Agreement between
our results and the literature values for the benzene +
cyclohexane mixtures14,15 was good. Experimental uncer-
tainties were <0.5% in Hm

E, 5 × 10-5 in mole fraction, and
3 mK in temperature over most of the range of experimen-
tal values.

Three experimental runs of the measurements were
carried out for ternary mixtures formed by adding MTBE
to the initial binary mixtures of ethanol (1) and 2-propanol
(2) or 1-propanol (1) and 2-propanol (2). Thus, a ternary
mixture may be considered as a pseudobinary mixture
composed of MTBE and one binary alcohol mixture. The

* Corresponding author (e-mail tamura@t.kanazawa-u.ac.jp; fax +81-
76-234-4829).

Table 1. Densities G/g‚cm-3 for the Pure Liquids at
298.15 K

F/g‚cm-3

component this work lit.

ethanol 0.78524 0.78524a

0.78530b

1-propanol 0.79973 0.79973a

0.79975c

2-propanol 0.78123 0.78120b

0.78122d

methyl tert-butyl ether (MTBE) 0.73538 0.73538a

0.73540e

a Tamura et al.5 b Tu et al.10 c Nagata et al.11 d Tamura et al.12

e Tamura et al.13
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value of Hm,123
E for 1 mol of the ternary mixture of compo-

sition x1, x2, and x3 can be obtained from the relationship

where ∆Hm
E is the molar enthalpy measured for the

pseudobinary mixture, Hm,12
E the molar enthalpy for the

initial binary ethanol (1) + 2-propanol (2) or 1-propanol
(1) + 2-propanol (2) mixture, and x3 the mole fraction of
MTBE. The values of Hm,12

E at three specified compositions
(approximate compositions of these mixtures were 25, 50,
and 75 mol % of component 1) were interpolated by means
of a spline-fit method. The mixtures were prepared by mass
using an analytical balance (LIBROR AEX-180, Shimadzu)
ensuring accuracy in the mole fractions of 10-4.

Results and Discussion

The experimental ∆Hm
E for the ternary mixtures of

(ethanol + 2-propanol + MTBE) and (1-propanol + 2-pro-
panol + MTBE) at 298.15 K are presented in Tables 2 and

3, respectively, along with Hm,123
E calculated from eq 1.

The values were correlated using the equation

where Hm,ij
E were fitted to a polynomial equation of the

form

In each case, the optimum number of coefficients p was
ascertained from an examination of the variation of the
standard deviation σ with the number of parameters n

where m is the number of experimental data points. The
coefficients an of eq 3 and the standard deviation σ

Table 2. Experimental Ternary Excess Molar Enthalpies of the Ethanol (1) + 2-Propanol (2) + MTBE (3) System at
298.15 Ka

x′1 ) 0.2501, Hm,12
E ) -36.81 J‚mol-1 x′1 ) 0.5002, Hm,12

E ) -45.30 J‚mol-1 x′1 ) 0.7499, Hm,12
E ) -32.41 J‚mol-1

x1 x2 ∆Hm
E/J‚mol-1 Hm,123

E /J‚mol-1 x1 x2 ∆Hm
E/J‚mol-1 Hm,123

E /J‚mol-1 x1 x2 ∆Hm
E/J‚mol-1 Hm,123

E /J‚mol-1

0.2376 0.7124 103.9 68.9 0.4752 0.4748 87.1 44.1 0.7124 0.2376 69.9 39.1
0.2251 0.6749 202.4 169.2 0.4502 0.4498 170.4 129.7 0.6749 0.2251 137.5 108.3
0.2126 0.6374 294.4 263.1 0.4252 0.4248 250.8 212.3 0.6374 0.2126 206.7 179.1
0.2001 0.5999 380.1 350.6 0.4001 0.3999 326.9 290.3 0.5999 0.2001 274.0 248.1
0.1876 0.5624 458.0 430.4 0.3751 0.3745 396.4 362.5 0.5624 0.1876 336.2 311.9
0.1751 0.5249 525.6 499.9 0.3501 0.3499 459.8 428.1 0.5249 0.1751 394.8 372.1
0.1626 0.4874 587.4 563.5 0.3251 0.3249 517.2 487.8 0.4874 0.1626 447.9 426.9
0.1501 0.4499 637.5 615.4 0.3001 0.2999 564.5 537.3 0.4499 0.1501 490.5 471.0
0.1376 0.4124 675.5 655.3 0.2751 0.2749 601.5 576.9 0.4124 0.1376 529.5 511.7
0.1251 0.3749 700.6 682.2 0.2501 0.2499 628.0 604.9 0.3749 0.1251 555.1 538.9
0.1126 0.3374 723.2 706.6 0.2251 0.2249 649.4 629.0 0.3374 0.1126 576.2 561.6
0.1001 0.2999 728.1 713.4 0.2001 0.1999 657.9 639.8 0.3000 0.1000 589.0 576.0
0.0875 0.2625 719.5 706.7 0.1751 0.1749 654.7 638.8 0.2625 0.0875 587.9 576.6
0.0750 0.2250 697.4 686.3 0.1501 0.1499 637.9 624.3 0.2250 0.0750 576.4 566.6
0.0625 0.1875 656.4 647.2 0.1250 0.1250 603.2 591.8 0.1875 0.0625 548.3 540.2
0.0500 0.1500 595.0 587.6 0.1000 0.1000 550.3 541.2 0.1500 0.0500 506.4 499.9
0.0375 0.1125 510.9 505.4 0.0750 0.0750 471.8 465.0 0.1125 0.0375 437.4 432.5
0.0250 0.0750 405.4 401.7 0.0500 0.0500 368.8 364.2 0.0750 0.0250 352.3 349.1
0.0125 0.0375 260.6 258.7 0.0250 0.0250 232.0 229.8 0.0375 0.0125 220.8 219.2

a Ternary mixtures were prepared by mixing pure MTBE with {x′1 ethanol + (1 - x′1) 2-propanol}.

Table 3. Experimental Ternary Excess Molar Enthalpies of the 1-Propanol (1) + 2-Propanol (2) + MTBE (3) System at
298.15 Ka

x′1 ) 0.2501, Hm,12
E ) -37.93 J‚mol-1 x′1 ) 0.5005, Hm,12

E ) -48.95 J‚mol-1 x′1 ) 0.7499, Hm,12
E ) -35.02 J‚mol-1

x1 x2 ∆Hm
E/J‚mol-1 Hm,123

E /J‚mol-1 x1 x2 ∆Hm
E/J‚mol-1 Hm,123

E /J‚mol-1 x1 x2 ∆Hm
E/J‚mol-1 Hm,123

E /J‚mol-1

0.2376 0.7124 97.7 61.6 0.4755 0.4745 93.8 47.2 0.7125 0.2375 81.4 48.1
0.2251 0.6749 199.0 164.9 0.4504 0.4496 182.6 138.6 0.6750 0.2250 158.6 127.0
0.2126 0.6374 296.6 264.3 0.4254 0.4246 265.9 224.0 0.6375 0.2125 235.4 205.6
0.2001 0.5999 386.6 356.2 0.4004 0.3996 348.5 309.4 0.6000 0.2000 307.2 279.2
0.1876 0.5624 466.7 438.2 0.3754 0.3746 422.1 385.4 0.5625 0.1875 373.1 346.8
0.1751 0.5249 537.7 511.1 0.3503 0.3497 486.8 452.6 0.5250 0.1750 436.4 411.9
0.1626 0.4874 603.4 578.7 0.3253 0.3247 544.7 512.9 0.4875 0.1625 491.3 468.6
0.1500 0.4499 652.7 630.0 0.3003 0.2997 592.8 563.5 0.4500 0.1500 536.9 515.9
0.1376 0.4124 692.9 672.1 0.2753 0.2747 628.9 602.0 0.4125 0.1375 571.4 552.1
0.1251 0.3750 720.8 701.8 0.2502 0.2498 650.7 626.2 0.3750 0.1250 593.9 576.4
0.1125 0.3375 737.2 720.1 0.2252 0.2248 672.5 650.4 0.3375 0.1125 614.7 598.9
0.1000 0.3000 741.4 726.2 0.2002 0.1998 679.2 659.6 0.3000 0.1000 623.4 609.4
0.0875 0.2625 732.5 719.2 0.1752 0.1748 674.3 657.2 0.2625 0.0875 619.0 606.7
0.0750 0.2250 707.0 695.7 0.1501 0.1499 653.5 638.8 0.2250 0.0750 601.5 591.0
0.0625 0.1875 661.7 652.2 0.1251 0.1249 615.7 603.5 0.1875 0.0625 567.8 559.0
0.0500 0.1500 598.9 591.3 0.1001 0.0999 558.9 549.2 0.1500 0.0500 516.7 509.7
0.0375 0.1125 512.8 507.2 0.0751 0.0749 478.4 471.0 0.1125 0.0375 440.7 435.4
0.0250 0.0750 396.7 392.9 0.0500 0.0500 368.7 363.8 0.0750 0.0250 344.8 341.3
0.0125 0.0375 242.7 240.8 0.0250 0.0250 222.6 220.2 0.0375 0.0125 210.1 208.4

a Ternary mixtures were prepared by mixing pure MTBE with {x′1 1-propanol + (1 - x′1) 2-propanol}.

Hm,123
E ) ∆Hm

E + (1 - x3)Hm,12
E (1) Hm,123

E ) Hm,12
E + Hm,13

E + Hm,23
E + x1x2x3∆123/RT (2)

Hm,ij
E /(J‚mol-1) ) xixj∑

n)1

p

an(xi - xj)
n-1 (3)

σ(Hm
E) ) {∑

i)1

m

(Hexptl
E - Hcalcd

E )2/(m - p)}1/2 (4)
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calculated from eq 4 for the five constituting binary
mixtures are summarized in Table 4. The term ∆123 in eq
2, which stands for the ternary contribution to the mag-
nitude, was correlated by the following expression:

The values of the coefficients bj and k, the absolute
arithmetic-mean deviation δ(Hm

E) ) ∑i)1
m |Hexptl

E -
Hcalcd

E |/m, and the standard deviation obtained in fitting
eqs 2, 3, and 5 to the experimental ternary Hm

E are b1 )
-1.0555, b2 ) 0.0510, b3 ) -0.4045, b4 ) -1.2666, b5 )
1.4373, k ) -1.0931, δ(Hm

E) ) 3.3 J‚mol-1, and σ(Hm
E) )

4.8 J‚mol-1 for the ethanol + 2-propanol + MTBE system
and b1 ) -1.0049, b2 ) 0.2401, b3 ) 0.0409, b4 ) -1.4779,
b5 ) 0.8516, k ) -1.0817, δ(Hm

E) ) 2.5 J‚mol-1, and σ(Hm
E)

) 3.3 J‚mol-1 for the 1-propanol + 2-propanol + MTBE
system. Equation 2 was used to calculate contour lines of
constant Hm,123

E plotted in Figure 1 for the ethanol +
2-propanol + MTBE system and in Figure 2 for the
1-propanol + 2-propanol + MTBE system.

The excess molar enthalpies of the constituent binary
alcohol mixtures, ethanol + 2-propanol6 and 1-propanol +
2-propanol,8 are completely exothermic, whereas for etha-
nol + MTBE,7 1-propanol + MTBE,9 and 2-propanol +
MTBE9 these valures are highly endothermic. Figure 3
illustrates the experimental excess molar enthalpies of the
above constituting binary mixtures together with the
calculated results from eq 3.

The excess enthalpy ∆Hm
E reported results mainly from

two contributions of opposite signs: (i) a positive term due
to the disruption of alkanol-alkanol hydrogen bonds and

(ii) a negative term due to the formation of -OH‚ ‚ ‚
O(CH3)C(CH3)3 hydrogen-bonded complexes.

The positive excess enthalpy of the pseudobinary mix-
tures as shown in Tables 2 and 3 indicates the predomi-
nance of the disruption of the existing hydrogen bonds of
the alkanol multimers over the formation of weak hydrogen

Table 4. Coefficients an of Equation 3 and Standard Deviations

σ(Hm
E)

system (1 + 2) a1 a2 a3 a4 J‚mol-1

ethanol + 2-propanola -181.80 23.33 -11.64 6.88 0.3
ethanol + MTBEb 1947.30 -901.61 578.29 -760.01 4.3
1-propanol + 2-propanolc -195.64 14.56 3.16 -2.68 0.2
1-propanol + MTBEd 2136.60 -1007.80 361.70 -372.20 1.1
2-propanol + MTBEd 3106.10 -914.70 598.40 -629.70 3.4

a Pflug et al.6 b Nagata.7 c Polak et al.8 d Nagata et al.9

Figure 1. Contours of excess molar enthalpies for the ternary
mixtures of {ethanol (x1) + 2-propanol (x2) + MTBE (x3)} at 298.15
K.

Figure 2. Contours of excess molar enthalpies for the ternary
mixtures of {1-propanol (x1) + 2-propanol (x2) + MTBE (x3)} at
298.15 K.

Figure 3. Excess molar enthalpies of constituting binary mix-
tures: 9, ethanol (x1) + 2-propanol (x2); 4, 1-propanol (x1) +
2-propanol (x2); [, ethanol (x1) + MTBE (x3); 2, 1-propanol (x1) +
MTBE (x3); b, 2-propanol (x2) + MTBE (x3); -, calculated from eq
3; ‚ ‚ ‚, obtained from the association model.

∆123/RT ) ∑
j)1

p

bj(1 - 2x3)
j-1/{1 - k(1 - 2x3)} (5)
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bonds between alkanol multimers and sterically hindered
MTBE molecules during the mixing process.

Figures 4 and 5 compare the experimental ternary Hm
E

with the results calculated from eq 2 for the ethanol +
2-propanol + MTBE and 1-propanol + 2-propanol + MTBE
systems, respectively.

Data Analysis

In our present investigation, the ternary excess molar
enthalpies containing two alcohols and an active nonasso-
ciating component were analyzed by means of a UNIQUAC
associated-solution model.16 The model assumes the linear
self-association of ethanol (A) and 1-propanol or 2-propanol
(B) to form pure i-mers, Ai and Bi, and multisolvated

copolymers, (AiBj)k, Ai(BjAk)l, (BiAj)k, and Bi(AjBk)l, where
the suffixes i, j, k, and l can be any integer from 1 to
infinity. These alcohol polymers and copolymers form
ternary complexes with C (MTBE as active nonassociating
component): (AiBj)kC, Ai(BjAk)lC, (BiAj)kC, and Bi(AjBk)lC.
The equilibrium constants for these chemical complex-
forming reactions are also assumed to be independent of
the degree of self-association, cross-association, and mul-
tisolvation. Thus, the model includes totally five equilib-
rium constants: KA, KB, KAB, KAC, and KBC. The tempera-
ture dependence of the equilibrium constants is fixed by
the van’t Hoff equation, and the enthalpies of complex
formation are independent of temperature.

The model gives the excess molar enthalpy for the
ternary systems as the summation of chemical and physical
contribution terms:

The chemical contribution term is related to the enthalpies
of complex formation in the mixing system the derivation
of which was presented previously.16 On the other hand,
the physical contribution term is derived by applying the
Gibbs-Helmholtz relationship to the residual term of
excess Gibbs free energy given by the UNIQUAC model,17

which has two adjustable energy parameter aij for each
binary i-j pair. The association parameters of alcohols A
and B expressed in KA and KB at 323.15 K were taken from
ref 18. The enthalpy of H-bonding formation for all alcohols
is assumed to be hA ) hB ) hAB ) -23.2 kJ‚mol-1, which
is the same as the enthalpy of dilution of ethanol in
n-hexane19 at 298.15 K. The enthalpy of complex formation
between alcohols and MTBE is estimated as -19.5 kJ‚mol-1

from the difference between the enthalpy of dilution of
ethanol in n-hexane and that of ethanol in MTBE. Table 5
summarizes the solvation constants and enthalpies of
complex formation between unlike molecules. Pure com-
ponent molecular size parameters were calculated using
the method of Vera et al.20 In fitting the model to binary
Hm

E data, the energy parameters aij in Hphys
E are assumed

to be a linear function of temperature as given by

The coefficients Cij and Dij were obtained by using the
simplex method,21 and the objective function is given by

The binary coefficients and the absolute arithmetic-mean
deviations 〈|Hm

E |〉 between the binary experimental and
calculated values are given in Table 6. Figure 3 shows a
comparison of the experimental binary Hm

E with those
calculated by the association model. The model with the
association and solvation constants and binary parameters

Figure 4. Excess molar enthalpies for the ternary mixtures of
{ethanol (x1) + 2-propanol (x2) + MTBE (x3)} at 298.15 K: 0, x′1 )
0.25; 4, x′1 ) 0.50; O, x′1 ) 0.75; -, calculated from eq 2; ‚ ‚ ‚,
predicted from the association model.

Figure 5. Excess molar enthalpies for the ternary mixtures of
{1-propanol (x1) + 2-propanol (x2) + MTBE (x3)} at 298.15 K: 0,
x′1 ) 0.25; 4, x′1 ) 0.50; O, x′1 ) 0.75; -, calculated from eq 2; ‚ ‚ ‚,
predicted from the association model.

Table 5. Values of Solvation Constants and Enthalpies of
Complex Formation between Unlike Molecules

-hAB T

mixture (A + B) KAB kJ‚mol-1 K

ethanol + 2-propanola 47.6 23.2 323.15
ethanol + MTBEb 18.0 19.5 298.15
1-propanol + 2-propanola 36.1 23.2 323.15
1-propanol + MTBEb 6.0 19.5 298.15
2-propanol + MTBEc 5.0 19.5 298.15

a Tamura et al.12 b Tamura et al.5 c This work.

HE ) Hchem
E + Hphys

E (6)

aij/R ) Cij + Dij{(T/K) - 273.15} (7)

F ) ∑
k

m

(Hexptl
E - Hcalcd

E )k
2 (8)
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alone predicted the ternary excess molar enthalpies. The
absolute arithmetic-mean deviations between the experi-
mental and calculated excess molar enthalpies were 12.8
J‚mol-1 for the ethanol + 2-propanol + MTBE system and
9.8 J‚mol-1 for the 1-propanol + 2-propanol + MTBE
system. Comparison between the ternary experimental
Hm

E and predicted results obtained from the association
model are shown in Figure 4 for the ethanol + 2-propanol
+ MTBE system and in Figure 5 for the 1-propanol +
2-propanol + MTBE system. On the other hand, the
absolute arithmetic-mean deviations in ternary predictions
by the original UNIQUAC model with the binary param-
eters given in Table 6 were 21.7 J‚mol-1 for the ethanol +
2-propanol + MTBE system and 32.9 J‚mol-1 for the
1-propanol + 2-propanol + MTBE system.

Conclusion

Excess molar enthalpies at 298.15 K have been presented
for the ethanol + 2-propanol + MTBE and 1-propanol +
2-propanol + MTBE systems, and the experimental results
compare well with those calculated by using the polynomial
equation. Furthermore, the ternary excess molar enthalpies
of the mixtures formed by two lower alcohols and an active
nonassociating component were predicted by the UNI-
QUAC associated-solution model with sufficient accuracy
by using the binary parameters obtained solely from the
binary correlation.
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Table 6. Results of Fitting the Models to Hm
E for Binary Mixtures

CBA CAB δ(Hm
E)

system (A + B)
no. of data

points modeld K K DBA DAB J‚mol-1

ethanol + 2-propanola 19 I 104.21 95.60 0.3495 0.3014 2.3
II 75.31 42.19 0.3563 0.1284 0.4

ethanol +MTBEb 19 I 839.30 515.83 2.6866 0.7471 3.2
II 483.56 -212.28 0.5521 -0.7435 5.7

1-propanol + 2-propanola 19 I 204.09 29.25 0.7856 0.0339 0.7
II 168.56 -21.52 0.6249 -0.0423 0.2

1-propanol + MTBEb 18 I 264.91 377.01 0.7462 0.7250 5.4
II 299.95 21.51 0.1421 0.2319 4.3

2-propanol + MTBEc 18 I 283.78 316.54 0.6814 0.3358 3.9
II 399.10 29.81 0.4195 -0.0169 3.6

a Tamura et al.12 b Tamura et al.5 c This work. d I, UNIQUAC associated-solution; II, UNIQUAC.
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