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Vapor—Liquid Equilibria and Excess Enthalpy Data for the Binary
Systems 2-Methyltetrahydrofuran with 2,2,4-Trimethylpentane
(Isooctane), Ethanol, Toluene, Cyclohexane, and Methylcyclohexane®

Sven Horstmann,” Hergen Gardeler," Rainer Bolts," David Zudkevitch,* and Jurgen Gmehling*'
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Isothermal P—x data (vapor—liquid equilibrium (VLE)) and excess enthalpy data (HE) for the five binary
systems 2-methyltetrahydrofuran with 2,2,4-trimethylpentane (isooctane), ethanol, toluene, cyclohexane,
and methylcyclohexane are presented. The VLE data were obtained experimentally, in a computer-
controlled static apparatus, and the heat of mixing data were measured in an isothermal flow calorimeter.
Also presented are linear temperature-dependent interaction parameters for the NRTL and UNIQUAC
models which were fitted simultaneously to the experimental VLE and HE data. These data and the
correlation parameters should be useful for predicting properties, e.g., volatility (Reid vapor pressure
(RVP), etc.) of blends of alternative automotive fuels which contain ethanol, 2-methyltetrahydrofuran,

and light hydrocarbons.

Background

Blends of ethanol, 2-methyltetrahydrofuran (MeTHF),
and light naphthas, e.g., natural gas liquids (NGL), have
been proposed as alternative P-series automotive fuels
(Paul, 1997 and 1998). More than 70% of these fuels are
made from renewable biomass, such as waste paper, wood,
and agricultural waste. Both ethanol and MeTHF, to be
produced from furfural, are derived from these renewable
resources (Caruana, 1998). However, reliable predictions
of the properties of such blends, as has been proposed by
Zudkevitch et al. (1995), could not be made due to lack of
phase equilibrium and heat of mixing data on mixtures of
MeTHF with hydrocarbons and oxygenated additives such
as ethanol and tertiary ethers. The study described herein
is part of a larger undertaking to augment the parameter
matrix for simulating the behavior of reformulated and
alternative automotive fuels.

No experimental VLE or HE data are available in the
literature on binary systems of 2-methyltetrahydrofuran
with 2,2,4-trimethylpentane (isooctane), ethanol, toluene,
cyclohexane, and methylcyclohexane. Paul (1998) presented
P—x (Reid vapor pressure (RVP)) data on some mixtures
of MeTHF with ethanol, light hydrocarbons, and NGL.
Though those data provide an indirect description of the
phase behavior, at 37.8 °C, of the system studied by Paul,
it is apparent that more experimental data would be
needed for supporting reliable predictions of fuel blends’
behavior, e.g., volatility and emissions.

In this study, isothermal P—x data were measured in a
computer-operated static apparatus at temperatures be-
tween 310.93 K and 318.15 K. In addition, HE data for
these systems were measured at 323.15 K. For this purpose
a commercial isothermal flow calorimeter was used.
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Table 1. Suppliers, Purities and Water Contents of the
Chemicals Used

water content®

component supplier purity?/% /(mass ppm)
2-methyltetrahydrofuran Aldrich 99.80 100
2,2,4-trimethylpentane Aldrich >99.9 20
ethanol Scharlau  >99.9 30
toluene Scharlau 99.97 70
cyclohexane Scharlau 99.95 10
methylcyclohexane Merck >99.9 10

a Determined by gas chromatography. P Determined by Karl
Fischer titration.

The excess enthalpy (HE) data are useful in interpolation
and extrapolation of the temperature-dependent activity
coefficient y; to the excess enthalpy with the Gibbs—

Helmholtz equation
(a In yi) _HP L
T Jpx R @)

The experimental VLE and HE data of this work are
presented together with linear temperature-dependent
NRTL and UNIQUAC parameters and the derived azeo-
tropic conditions.

Experimental Section

Purity of Materials. For the VLE measurements all
chemicals were dried over molecular sieves, degassed, and
distilled as described by Fischer and Gmehling (1994). For
the HE measurements the compounds were used without
degassing. The properties and final purities, as determined
by gas chromatography and Karl Fischer titration, are
listed in Table 1.

Apparatus and Procedure. The VLE measurements
(isothermal P—x data) were performed with a computer-
driven static apparatus. The experimental procedure is
based on that proposed by Gibbs and Van Ness (1972) in
which the total pressure P of each of several mixtures of

10.1021/je990023x CCC: $18.00 © 1999 American Chemical Society
Published on Web 07/30/1999



960 Journal of Chemical and Engineering Data, Vol. 44, No. 5, 1999

Table 2. Experimental P—x Data for the System
2-Methyltetrahydrofuran (1) + 2,2,4-Trimethylpentane (2)
at 310.93 K

Table 5. Experimental HE Data for the System
2-Methyltetrahydrofuran (1) + Ethanol (2) at 323.15 K
and 1.51 MPa

X1 P/kPa X1 P/kPa X1 P/kPa

X1 HE/J-mol~1 X1 HE/J-mol~1 X1 HE/J-mol~1

0.00000 11.863 0.40731 17.981 0.87493 21.756
0.00242 11.912 044939 18436 0.89895 21.881
0.00491 11.961 0.48584 18.808 0.92100 21.988
0.007 74 12.016 0.52010 19.142 0.94073 22.076
0.01024 12.067 0.55314 19.453 0.95596 22.141
0.01391 12140 0.58456 19.734 0.96797 22.193
0.02064 12.274 0.61339 19.985 0.97755 22.232
0.026 95 12.398 0.62134 20.069 0.98316 22.252
0.03701 12593 0.63845 20.196 0.98696 22.266
0.05146 12.860 0.64924 20.285 0.99083 22.278
0.076 11 13.306 0.66338 20.400 0.99274 22.285
0.106 02 13.830 0.67800 20.502 0.99466 22.294
0.14152 14409 0.70653 20.708 0.99599 22.297
0.18418 15.069 0.73445 20.902 0.99733 22.301
0.22894 15.733 0.76239 21.089 0.99867 22.307
0.27443 16.360 0.79256 21.278 1.00000 22.313
0.31980 16.948 0.82127  21.453

0.36451 17.493 0.84936 21.616

Table 3. Experimental HE Data for the System
2-Methyltetrahydrofuran (1) + 2,2,4-Trimethylpentane (2)
at 323.15 K and 1.48 MPa

X1 HE/J-mol~1 X1 HE/J-mol~1 X1 HE/J-mol~1t

0.0797 136.40 0.4420 483.98 0.8315  301.53
0.1546 242.34 0.5231 496.68 0.8681  251.38
0.2250 332.09 0.6220 481.41 0.9031 192.98
0.2914 395.56 0.7116 431.21 0.9367 133.89
0.3542 442.17 0.7736 371.63 0.9690 68.229

Table 4. Experimental P—x Data for the System
2-Methyltetrahydrofuran (1) + Ethanol (2) at 318.15 K

X1 P/kPa X1 P/kPa X1 P/kPa

0.00000 23.007 0.16462 27.686 0.71699 32.512
0.00071 23.038 0.19181 28.248 0.76293 32.427
0.00143 23.066 0.22049 28.787 0.80808 32.256
0.00207 23.091 0.24734 29.250 0.85092  31.992
0.00366  23.147 0.27431 29.676 0.88560 31.687
0.00581 23.226 0.30258 30.076 0.91420 31.365
0.00789 23.301 0.33084 30.447 0.93738 31.064
0.01012 23.382 0.35817 30.760 0.95386  30.804
0.01331 23.489 0.38331 31.020 0.96660 30.576
0.018 79 23.677 0.40972 31.267 097512 30.412
0.02860 23.997 0.43268 31467 0.98372 30.242
0.04052 24381 046586 31.719 0.98807 30.144
0.05419 24805 0.50050 31.941 0.99108 30.072
0.07214 25.343 053760 32.144 0.99408 30.003
0.09236 25911 058067 32.324 0.99704 29.934
0.11455 26.496 0.62484 32445 1.00000 29.860
0.13832 27.083 0.67140 32.515

different overall compositions is measured at the same
constant temperature T. The apparatus and measurement
procedure have been described previously (Rarey and
Gmehling, 1993, Rarey et al., 1999). They have been found
applicable at temperatures between 278 K and 368 K and
pressures from 0 MPa to 0.3 MPa.

The thermostated, purified, and degassed compounds are
charged into the VLE cell which is evacuated and kept in
a thermostatic oil bath. The pressure inside the cell is
monitored with a Digiquartz pressure sensor (Model 245A,
Paroscientific), and the temperature is measured with a
Pt100 resistance thermometer (Model 1506, Hart Scientific,
Provo, UT). The total compositions are determined from
the known quantities of liquids which are injected into the
equilibrium cell by stepping-motor-driven injection pumps
and valves. The liquid-phase compositions are established
from the injected quantity by solving mass and volume
balance equations which also account for the vapor—liquid

0.0297 54567  0.2187 401.29 0.6356 714.74
0.0607  112.03 0.2793 493.71 0.6993 680.63
0.0931  174.18 0.3677 606.68 0.7672 608.90
0.1269  238.48 0.4659 690.01 0.8396 481.23
0.1623  303.38 0.5470 720.10 0.9170 291.21

Table 6. Experimental P—x Data for the System
2-Methyltetrahydrofuran (1) + Toluene (2) at 313.15 K

X1 P/kPa X1 P/kPa X1 P/kPa

0.000 00 7908 0.35352 13.418 0.79195 20.780
0.002 57 7.949 0.38735 13.970 0.82555 21.361
0.005 46 7.994 0.42002 14508 0.85775 21.918
0.007 25 8.024 0.45236 15.045 0.88788 22441
0.010 85 8.080 0.46783 15.248 0.91521 22915
0.014 52 8.138 0.48390 15,572 0.93636  23.282
0.018 20 8.195 049551 15.709 0.95303 23571
0.022 29 8.259 051314 16.060 0.966 14  23.798
0.028 46 8.352 0.52259 16.164 0.97480 23.946
0.037 64 8.497 0.53930 16.503 0.98165 24.069
0.055 60 8.763 055281 16.673 0.98680 24.159
0.076 53 9.080 0.56587 16.953 0.99029 24.215
0.102 11 9.467 058473 17.215 0.99386 24.279
0.133 88 9.951 0.61715 17.767 0.99635 24.319
0.16763 10.471 0.64962 18.322 0.99758 24.338
0.20291 11.015 0.68292 18.894 0.99879 24.362
0.23906 11.582 0.71983 19.529 1.00000 24.381
0.27760 12194 0.75586  20.154

0.31514  12.795

Table 7. Experimental HE Data for the System
2-Methyltetrahydrofuran (1) + Toluene (2) at 323.15 K
and 1.38 MPa

X1 HE/J-mol~1 X1 HE/J-mol—1 X1 HE/J-mol—1

0.0528 —42.345 0.3377
0.1053 —81.121 0.4138

—197.56 0.7606 —163.64
—214.70  0.8090 —141.49

0.1574 —114.41 0.5143  —224.67 0.8572 —111.53
0.2093 —143.88 0.6137  —213.37  0.9050 —78.721
0.2609 —170.04 0.6874  —194.58  0.9527 —42.080

Table 8. Experimental P—x Data for the System
Cyclohexane (1) + 2-Methyltetrahydrofuran (2) at 310.95
K

X1 P/kPa X1 P/kPa X1 P/kPa

0.00000 22.331 0.24200 24.195 0.81176 24.202
0.00146 22353 0.27788 24.358 0.84662 24.003
0.00295 22.366 0.31465 24.498 0.87942 23.778
0.00444 22381 0.34782 24.605 0.90942 23.542
0.00595 22395 0.38019 24.691 0.93268 23.338
0.00806 22.419 041253 24.761 0.95115 23.157
0.01239 22.465 0.44436 24.813 0.96690 22.991
0.016 66 22510 0.47453 24846 097616 22.885
0.02314 22578 0.50157 24.863 0.98284 22.807
0.03171 22.667 052922 24.870 0.98790 22.746
0.04506 22.797 055832 24.858 0.99125 22.705
0.06192 22957 059163 24.838 0.99465 22.665
0.08314 23.143 0.62523 24.801 0.99681 22.638
0.11045 23.370 0.65993 24.739 0.99785 22.626
0.14049 23594 0.69868 24.645 0.99892 22.617
0.17259 23.807 0.73690 24.525 1.00000 22.599
0.206 08  24.007 0.77551 24.371

equilibrium. At the low system pressures of this investiga-
tion, the calculated liquid-phase compositions are nearly
identical to the feed compositions. The experimental un-
certainties of this apparatus are as follows: o(T) = 0.03
K, o(P) = (20 Pa) + 0.0001(P/Pa), o(x;) = 0.0001.

A commercial isothermal flow calorimeter (Model 7501,
Hart Scientific), described by Gmehling (1993), was used
for determining the excess enthalpy data. In this experi-
mental setup, two syringe pumps (Model LC-2600, 1SCO)
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Table 9. Experimental HE Data for the System
Cyclohexane (1) + 2-Methyltetrahydrofuran (1) at 323.15
K and 1.48 MPa

X1 HE/J-mol~1 X1 HE/J-mol~1 X1 HE/J-mol~1

0.0466 86.136  0.3089 427.38 0.7358 419.61
0.0935 164.83 0.3823 477.70 0.7878 366.53
0.1408  235.96 0.4814 514.45 0.8403 299.51
0.1884  300.63 0.5820 508.99 0.8931 216.07
0.2363  355.76 0.6585 479.14 0.9463 111.96

Table 10. Experimental P—x Data for the System
2-Methyltetrahydrofuran (1) + Methylcyclohexane (2) at
310.95 K

X1 P/kPa X1 P/kPa X1 P/kPa

0.00000 11.387 0.38818 17.328 0.82323 21.152
0.00730 11540 046045 18.092 0.87402 21.501
0.01437 11.685 0.49765 18.444 091489 21.776
0.02200 11.851 0.52630 18.724 0.94554 21.972
0.03554 12.145 055805 19.016 0.97105 22.130
0.05652 12578 0.58730 19.272 0.98446 22.212
0.10726  13.486 0.62360 19.596 0.99078  22.257
0.16302 14.387 0.64105 19.732 0.99385 22.282
0.24819 15631 0.69220 20.165 0.99691 22.309
0.31443 16.476 0.76041 20.693 1.00000 22.315

Table 11. Experimental HE Data for the System
2-Methyltetrahydrofuran (1) + Methylcyclohexane (2) at
323.15 K and 1.48 MPa

X1 HE/J-mol~1 X1 HE/J-mol~1 X1 HE/J-mol~1

0.0627 100.15 0.3797 396.65 0.7923  279.93
0.1238 186.09 0.4587 419.09 0.8357  234.42
0.1832 257.39 0.5597 419.42 0.8781  183.76
0.2412 311.93 0.6560 380.31 0.9196  127.32
0.2976 354.39 0.7253 338.20 0.9602 65.392

provide a flow of constant composition through a calorim-
eter cell (in a thermostat) that is equipped with a pulsed
heater and a Peltier cooler. The use of a Peltier cooler
allows the measurement of endothermal as well as exo-
thermal heat effects. A back-pressure regulator serves to

keep the pressure at a level at which evaporation effects
can be prevented. The experimental uncertainties of this
device are as follows: o(T) = 0.03 K, o(HE) = 0.01(H&/(J-
mol~1)), and o(x;) = 0.0001.

Results

The experimental P—x and HE data for the investigated
systems are listed in Tables 2—11. All the experimental
VLE and heat of mixing data on each of the systems were
correlated simultaneously to obtain linear temperature-
dependent GE model parameters for the NRTL (Renon and
Prausnitz, 1968) and UNIQUAC (Abrams and Prausnitz,
1975) models. The following expression was used to de-
scribe the temperature dependence of the interaction
parameters:

Ayl(3-mol ™) = ay; + by(T/K) 2

where Aj; is either (gij — g;;) of the NRTL or (uj; — u;) of the
UNIQUAC correlation. The parameters of eq 2 are pre-
sented in Tables 12 and 13.

The van der Waals properties r; and ¢; and the three
coefficients A;, Bj, and C; of the Antoine equation for vapor
pressures,

S _ _ i
log(P;/kPa) = A; —Ci TR

3
which were used in the calculations, are listed in Table 14.
The coefficients A; of the Antoine equation were adjusted
to the experimental vapor pressures of the pure compo-
nents in order to account only for the excess Gibbs energy
during the fitting procedure. The deviations between
experimental pure component vapor pressures and values
calculated with the Antoine coefficients taken from the
Dortmund Data Bank (Gmehling et al., 1999) are smaller
than 1.0% for all components except methylcyclohexane,

Table 12. Linear Temperature-Dependent NRTL Interaction Parameters Fitted Simultaneously to Isothermal P—x and

HE Data
component 1 component 2 i j ajj /J3-mol~* bjj /3-mol~1-K~1
2-methyltetrahydrofuran 2,2,4-trimethylpentane 1 2 838.02 1.7219
2 1 1308.79 —4.7525
o2 = 0.4700
2-methyltetrahydrofuran ethanol 1 2 4920.87 —9.4221
2 1 —996.64 4.0568
Q12 = 0.3325
2-methyltetrahydrofuran toluene 1 2 —2647.24 0.9114
2 1 3391.07 —1.5125
a2 = 0.2788
cyclohexane 2-methyltetrahydrofuran 1 2 1434.92 —1.4502
2 1 896.88 —2.3672
a2 = 0.4700
2-methyltetrahydrofuran methylcyclohexane 1 2 1526.43 —4.3451
2 1 241.12 2.0139
o2 = 0.4700
Table 13. Linear Temperature-Dependent UNIQUAC Interaction Parameters Fitted Simultaneously to Isothermal P—x
and HE Data
component 1 component 2 i j ajj/J-mol~1 bijj/J-mol~1-K1
2-methyltetrahydrofuran 2,2,4-trimethylpentane 1 2 —19.97 —0.5731
2 1 573.84 —0.0900
2-methyltetrahydrofuran ethanol 1 2 2915.02 —2.1221
2 1 —670.16 —0.5069
2-methyltetrahydrofuran toluene 1 2 —832.16 4.6593
2 1 383.70 —3.7343
cyclohexane 2-methyltetrahydrofuran 1 2 152.89 1.7373
2 1 468.23 —2.7657
2-methyltetrahydrofuran methylcyclohexane 1 2 800.86 —4.6939
2 1 —526.62 4.9370
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Table 14. Pure Component Parameters:2 Relative van
der Waals Volumes rj, Surfaces qi, and Antoine
Coefficients A;, Bj, and C;

component

Fi

Qi Ai

Bi/K CilK

2-methyltetrahydrofuran 3.6151

2,2,4-trimethylpentane

ethanol

toluene
cyclohexane
methylcyclohexane

5.8463
2.1055
3.9228
4.0464
4.7200

3.256 6.19376
5.008 6.09454°
1.972 7.32860°
2.968 6.07700P
3.240 5.97772°
3.776 5.97458°

1298.63 —43.150
1339.49 —44.117
1642.89 —42.809
1342.31 —53.963
1206.47 —50.014
1278.57 —50.982

a Dortmund Data Bank (Gmehling et al., 1999). P Adjusted to
the experimental data.
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Figure 1. Experimental and predicted P—x(y) behavior of the
system 2-methyltetrahydrofuran (1) + 2,2,4-trimethylpentane (2)
at 310.93 K: experimental (O) and UNIQUAC (—).
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Figure 2. Experimental and predicted excess enthalpy data for

the system 2-methyltetrahydrofuran (1) + 2,2,4-trimethylpentane
(2) at 323.15 K: experimental (O) and UNIQUAC (—).

where the experimental value is 2% higher than the
calculated one at the temperature of interest.

The experimental P—x and HE data are graphically
presented in Figures 1—10 together with values predicted
by the UNIQUAC model with the parameters from Table
13. As illustrated in the diagrams, the predicted values are
in good agreement with the experimental data.

The azeotropic conditions for the systems 2-methyltet-
rahydrofuran + ethanol and cyclohexane + 2-methyltet-

34.

P / kPa

0.5

X1 Y1

Figure 3. Experimental and predicted P—x(y) behavior of the
system 2-methyltetrahydrofuran (1) + ethanol (2) at 318.15 K:
experimental (O) and UNIQUAC (—).
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Figure 4. Experimental and predicted excess enthalpy data for
the system 2-methyltetrahydrofuran (1) + ethanol (2) at 323.15
K: experimental (O) and UNIQUAC (—).

P / kPa

X1: Y1

Figure 5. Experimental and predicted P—x(y) behavior of the
system 2-methyltetrahydrofuran (1) + toluene (2) at 313.15 K:
experimental (O) and UNIQUAC (—).
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Figure 6. Experimental and predicted excess enthalpy data for
the system 2-methyltetrahydrofuran (1) + toluene (2) at 323.15
K: experimental (O) and UNIQUAC (—).
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Figure 7. Experimental and predicted P—x(y) behavior of the
system cyclohexane (1) + 2-methyltetrahydrofuran (2) at 310.95
K: experimental (O) and UNIQUAC (—).
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Figure 8. Experimental and predicted excess enthalpy data for
the system cyclohexane (1) + 2-methyltetrahydrofuran (2) at
323.15 K: experimental (O) and UNIQUAC (—).
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Figure 9. Experimental and predicted P—x(y) behavior of the
system 2-methyltetrahydrofuran (1) + methylcyclohexane (2) at
310.95 K: experimental (O) and UNIQUAC (—).
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Figure 10. Experimental and predicted excess enthalpy data for
the system 2-methyltetrahydrofuran (1) + methylcyclohexane (2)
at 323.15 K: experimental (O) and UNIQUAC (—).

Table 15. Derived Azeotropic Condition

component 1 component 2 T/K Yaz.1 Pa/kPa

2-methyltetra-  ethanol 318.15 0.686 32.522
hydrofuran

cyclohexane 2-methyltetra- 310.95 0.533 24.870

hydrofuran

rahydrofuran, at the temperatures of this study, were
derived by graphical interpolation of the experimental P—x
data. They are given in Table 15. The same azeotropic
values have been reproduced by computations with the GE
models and the parameters from Tables 12 and 13.

Conclusions

P—x and HE data were measured for the binary systems
of 2-methyltetrahydrofuran with 2,2,4-trimethylpentane
(isooctane), ethanol, toluene, cyclohexane, and methylcy-
clohexane. The data were obtained with a static VLE
apparatus and an isothermal flow calorimeter. From these
data, linear temperature-dependent GE model interaction
parameters (NRTL, UNIQUAC) were established. Values
predicted with the correlation models and the derived
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coefficients are in agreement (practically identical) with the
experimental values. All relative deviations between ex-
perimental and calculated pressures, AP/P, are smaller
than 0.2%. Similarly, deviations between predicted values
of molar excess enthalpy and the experimental data are
within the margin of experimental error. The azeotropic
compositions and pressures of the binaries 2-methyltet-
rahydrofuran + ethanol and cyclohexane + 2-methyltet-
rahydrofuran were established by interpolations of the
experimental P—x data. They can be accurately calculated
with the GE model parameters reported herein. Due to the
excellent agreement between all experimental and calcu-
lated values, these parameters can be recommended for the
investigated systems in a temperature range from 293 K
to 343 K.

The data and the correlation parameters were deemed
necessary and, hence, obtained as part of an undertaking
to augment the capability to predict/simulate the volatili-
ties of reformulated and alternative automotive fuels
(Zudkevitch et al., 1995).
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