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The activity coefficients of the binary mixtures ethan#l 2,2,4-trimethylpentane, 1l-butanct 2,2,4-
trimethylpentane, and ethan#! o-xylene were determined at temperatures of (308.15, 313.15, and 318.15) K.
The determination of the vapor phase composition at equilibrium was carried out using headspace gas
chromatography analysis. Multiple headspace extraction was used to calibrate the headspace gas chromatograph.

Comparison of the experimental phase diagrams with

phase diagrams from the literature shows good agreement.

The composition of the azeotropes are reported, where they exist. The molar Gibbs energy of mixing is reported
for all mixtures studied. The infinite dilution activity coefficients are reported for all components of all mixtures.
Some thermodynamic models (those of Wilson, NRTL, UNIQUAC, and FH@&watchard) have been compared

with regard to their suitability for modeling the experimental data.

Introduction

The reasons for studying mixtures of hydrocarbons and
oxygen-containing compounds relating to the use of oxygen-

more stringent test is the point test, which was applied to the
experimental data reported here and in our companion gaper.

The point test compares experimental values of the vapor

containing compounds in motor fuels have been presented inPhase composition with those obtained from fitting the data to

our companion papérFurther mixture data are presented here.
Part I includes a description of the experimental techniques
and a comparison of the experimental data with literature data.
Further comparison with literature data is included in this work.
This work extends parttwith a calculation of the molar Gibbs
energy of mixing and the infinite dilution activity coefficients
for the mixtures studied. An investigation into the suitability
of a variety of models for mixtures of hydrocarbons and oxygen-
containing compounds is also included.

Experimental Section

Most of the experimental details have been reported in our
companion paperlt is necessary to include here details of the
materials used. Also final experimental details on the verification
procedures are discussed.

Materials. The reagents 1-butanol, 2,2,4-trimethylpentane,
and o-xylene with a main substance content of not lower than
99.8 % were obtained from Merck. Ethanol 99.7 % volume was
obtained from Solveco Chemicals AB. All these reagents were
used without additional purification. In addition, chromato-

graphic analysis of the reagents did not reveal any detectable

admixtures.
Verification Tests.Two verification tests, the integral test
and the point test, described in Gmehling and O#dkare

a Legendre polynomial series of the form of eq 12 in ref 1. As
originally described (see also ref 3), the objective function for
determining the coefficients of the series is based on pressure
data as a function of liquid mole fraction. The same could be
done here, but since the pressure results from the combination
of the activities of the components of the mixtures, it is more
appropriate to construct an objective function based on both
sets of activity data as a function of liquid mole fraction. This
has the added advantage of using all the experimental informa-
tion available and avoids the loss of information that would be
inherent in using a weight-averaged thermodynamic variable
such as pressure or excess Gibbs energy.

A further consideration is the exact form of the activity that
should be used. It is customary to use the natural logarithm of
the activity coefficient rather than the activity itself for use in
equations of chemical potential, Gibbs energy, etc. Accordingly,
the objective functior is constructed on the natural logarithm
of the activity coefficients Iny; rather than the activities;:

2 N
G= IZ ]Z (Iny; —1In Vi(xlj))z

whereyj is the activity coefficient of componenbf data point
J» In yi(xy) is the natural logarithm of the value of the activity

@)

generally applied to vapor equilibrium data. These tests check coefficient functions defined in eqs 13 and 14 of ref 1 evaluated

for the overall consistency of the data and are well-known. The
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for the liquid mole fraction of component 1 of data pgjinand

N is the number of data points. The objective contains a double
summation, so it is applied equally to both activity coefficients
of the mixture. The objective function is quadratic in the series
coefficients so standard least-squares techniques minimiing
are used to determine them.
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Figure 1. Semilog plot of the Legendre series fit to activity coefficient 100

data for the mixture 1-butanol (H 2,2,4-trimethylpentane (2) &K = 0 1 2 3 4

313.15. The values of the coefficients are in Tablelll:y4; O, y2. n

Figure 2. Semilog plot of multiple headspace extraction data where the
peak ared is shown in terms of the extraction numberThe lines are
least-squares linear approximations to the d#ao-xylene; a, 1-butanol;

@, 2,2 4-trimethylpentane.

The result of a typical fit of the data using the first five terms
of eq 12 of ref 1 is shown in Figure 1 for the mixture 1-butanol
+ 2,2,4-trimethylpentane at 313.15 K. The two curves use the
same set of coefficients, as they ultimately derive from the same Table 1. Experimental Data for the Binary Mixture Ethanol (1) +
equation, that of eq 12 of ref 1. Five terms were chosen to obtain 2.2,4-Trimethylpentane (2), Liquid Mole Fraction x, Vapor Mole
a sufficiently close fit to the data without overfitting. Erea\fig?igny' agg dA;tc;\i/:t)/T%Z?fgglr?;;tZ:é Temperature T, Standard

Having obtained a fit to the experimental data, the vapor mole z tal

fractions are obtained with eq 7 of ref 1 with the pressure _* V1 7 v2 X Vi 7 2
obtained from the fitted function rather than the experimental T/K =308.15,0 = 0.037,¢ = 0.0035
.056 0436 9.463 0.959 0779 0592 1.141 3.663

data. The point test as descriBeslthen given by the value of 0154 0500 4402 1057 0817 0611 1060 3964

the point test consistency parameter 0.199 0510 3504 1.102 0.841 0.630 1.093 4.466
0.240 0.519 3.096 1.193 0.861 0.648 1.071 4.735
0.329 0527 2215 1.289 0.893 0.669 1.034 5.655
) 0431 0532 1729 1518 0915 0.701 1.027 6.228
0.546 0.540 1.468 1.982 0.941 0.748 0.974 6.972
0.611 0548 1316 2.247 0.950 0.773 1.030 7.577
0.664 0.557 1.316 2.728 0.964 0.811 1.034 8541
wherey; is the value of the vapor mole fraction of component 0.744 0.585 1.199 3.264 0.972 0.836 1.027 9.269

1 of data point andy(xy) is the value of the vapor mole fraction 8-;?2 8-28? ﬁ% g-igg 8-3;8 8-822 (1)-823 g-égg
using the fitted function approximation evaluated at the data ™ ' ‘ ‘ ) ' ‘ ‘

N
€ =—

N

Yi — Y(Xy)

inti. The data set is considered t nsistent for a val T/K =313.15,0 = 0.058,¢ = 0.0036
p]? 20 Oi data set is considered to be consistent for avalue . 110 9001 0027 0756 0890 1225 3.653
or e il 0.105 0.484 6.459 1.120 0.779 0.610 1.168 3.637

Despite these results, it must be pointed out that no direct 0.154 0.504 5.033 1.247 0.817 0.623 1.152 4.302
measurement of the vapor pressure has been made, for which0.199 0515 3796 1227 0.841 0.640 1171 4812
the point test was orginall conceived. Nevertneless the 9210 $825 $138 12tz odsi oot Ll e
measurements of the activity coefficient of each componentin 9329 0541 2397 1383 0905 0697 1.073 6.171
the mixture are independent, so the test provides a measure 0f0.431  0.544 1989 1.743 0925 0.727 1122 7.192
the consistency of these data. The relatively small values of 0481 0548 1847 1952 0941 0761 1.004 7.007

reported may derive from the fact that the data are obtained 8:232 8:2?8 i:gg ;:ggg 8:329 8:;;2 i:ggg g:gg;‘

from the same piece of equipment. 0.641 0567 1.269 2.393 0976 0.865 1.046 9.082
Results.The additional calibration factors required for 2,2,4- 0.722 0586 1.190 3.019 0.989 0.930 1.037 9.816
trimethylpentane anad-xylene were determined according to T/K = 318.15,0 = 0.046,¢ = 0.0082

the procedure described in ref 1. Figure 2 shows the results of 8-(1)82 g-ig% 2-25292 i-fl’gi 8-?28 8-222 ﬁ% g-zgg
multiple headspace extractions for 2,2,4-trimethylpentane, 0154 0514 4579 1142 0779 0610 1027 3350

xylene, and 1-butanol. The calibration factors obtained using 0.199 0526 3.761 1.218 0.817 0.639 1.058 3.859

eq 4 of ref 1 are given in Table 1 of ref 1. 0.240 0535 3242 1.281 0.861 0.666 1.080 4.835
Tables 1 to 3 contain the experimental data for the binary 0279 0541 2644 1250 0893 0691 1.012 5483
. ) 0.329 0.548 2333 1.367 0.905 0.714 0.982 5.442
mixtures ethanot+ 2,2,4-trimethylpentane, 1-butan#l 2,2,4- 0431 0557 1907 1658 0925 0739 1007 6325
trimethylpentane, and ethandl o-xylene at temperatures of 0481 0562 1.683 1759 0.946 0.779 1.019 7.289
(308.15, 313.15, and 318.15) K. The liquid mole fractiqrof 0546 0566 1317 1754 0962 0821 1010 8108

; . L0611 0577 1258 2092 0966 0.834 1.022 8381
the first component was obtained from the known composition ger 0582 1325 2724 0989 0932 1023 9832

of the sample. The vapor mole fractignwas obtained using
eq 6 of ref 1. The activity coefficients of both components,
andy,, were obtained using eq 8 of ref 1. The tables include
the standard deviation using eq 10 of ref 1 and the value of the Phase DiagramsTable 4 lists the coefficients for fitting the
point test consistency parameter using eq 2. Tables 1 to 3 contairdata of this work and ref 1 using the procedure described in the
the experimental data necessary for the calculation of the activity Verification Tests section. The complete phase diagrams of the
and other physical chemical parameters of the mixtures studied.mixtures in this study are shown in Figures 3 to 5. The data

Discussion
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Table 2. Experimental Data for the Mixture 1-Butanol (1) + Table 3. Experimental Data for the Mixture Ethanol (1) + o-Xylene
2,2,4-Trimethylpentane (2), Liquid Mole Fraction x, Vapor Mole (2), Liquid Mole Fraction x, Vapor Mole Fraction y, and Activity
Fraction y, and Activity Coefficient y at Temperature T, Standard Coefficient y at Temperature T, Standard Deviation ¢, and Point
Deviation ¢, and Point Test Consistencye Test Consistencye
X1 Y1 Y1 Y2 X1 Y1 Y1 Y2 X1 Y1 V1 V2 X1 Y1 Y1 Y2
T/K = 308.15,0 = 0.036,6 = 0.00086 T/K = 308.15,0 = 0.037,¢ = 0.00037

0.037 0.058 9.141 0974 0.618 0.151 1249 1959 0.017 0539 9327 0935 0485 0851 1.461 1.610
0.069 0.071 5774 0968 0.669 0.159 1.182 2165 0.027 0.634 8.670 0915 0.552 0.864 1.391 1.816
0.097 0.078 4592 0999 0.705 0.167 1.132 2321 0.052 0.731 7.061 0962 0.621 0873 1194 1914
0.150 0.088 3.638 1.141 0.737 0.177 1.148 2564 0.117 0.792 4528 1.057 0.678 0.879 1222 2370
0.172 0.089 3.173 1.163 0.801 0.196 1119 3.175 0.152 0.804 3.613 1.055 0.741 0.890 1.191 2.817
0.234 0.100 2521 1189 0835 0.218 098 3.078 0.183 0.816 3.273 1.107 0.807 0.903 1.060 3.195
0.313 0.112 2190 1361 0.863 0.244 1.013 3386 0.221 0.822 2902 1191 0.874 0.923 1058 4.110
0.420 0.129 1.764 1.488 0.891 0.278 0982 3.612 0.251 0.830 2503 1151 0901 0.932 1.027 4.526
0.479 0.134 159 1.633 0946 0.406 0976 4314 0.254 0.834 2555 1160 0.923 0.943 1.017 4.899
0.510 0.138 1507 1688 0972 0.560 1.021 4.848 0.327 0.841 1985 1220 0.962 0968 1016 5.725
0.553 0.142 1379 1.780 0994 0.846 1.038 5312 0407 0.849 1.752 1425 0.995 0.995 1.029 6.699
0.597 0.150 1.365 1.972 0.435 0.854 1.617 1.428

T/K = 313.15,0 = 0.040,¢ = 0.0016 T/K = 313.15,0 = 0.057,6 = 0.00046
0.037 0.064 8964 0962 0531 0.156 1436 1.692 0.016 0500 8405 0934 0678 0877 1196 2370
0.069 0.081 6.537 1.062 0597 0.163 1254 1.836 0.052 0.727 6.273 0.875 0.743 0.889 1128 2.729
0.097 0.088 4.763 1.017 0618 0.165 1301 2.048 0.117 0.797 4.933 1116 0.801 0.900 1.082 3.251
0.150 0.097 3.472 1.093 0.669 0.178 1.254 2246 0.183 0.818 3.473 1167 0.838 0.909 1.064 3.712
0.172 0.101 3.101 1106 0.705 0.187 1.165 2328 0.221 0.832 2674 1.023 0865 0916 1067 4.203
0.229 0.107 2566 1.218 0.737 0.198 1.163 2532 0.253 0.837 2.328 1.033 0.899 0931 1.033 4.582
0.239 0.108 2.388 1.197 0.766 0.209 1102 2.623 0.327 0.843 2168 1322 0946 0.955 1.016 5.566
0.249 0.109 2293 1200 0.818 0.232 1.008 2.892 0421 0.853 1.679 1412 0964 0970 0.986 5.632
0.311 0.118 2.234 1456 0863 0.273 1.032 3325 0532 0.858 1.387 1.755 0.987 0.987 0.968 6.202
0.315 0.118 1.948 1.289 0943 0429 0.962 4.047 0639 0.870 1.140 2.024
0.420 0.138 1.773 1545 0994 0.865 1.053 5.151 T/K = 318.15,0 = 0.058,¢ = 0.0060

0479 0148 1.600 1636 0010 0370 8198 0981 0639 0868 1275 2.318

TIK = 318.15,0 = 0.041,¢ = 0.0027 0016 0472 7568 0923 0678 0874 1181 2.408
0037 0071 9637 1017 0618 0185 1.301 1.985 0027 0597 7.938 0988 0741 0882 1141 2.960
0083 0093 5406 1023 0687 0200 1177 2208 0117 0790 4562 1082 0782 0893 1046 3.046
0161 0109 3.327 1113 0737 0219 1125 2405 0168 0810 3.418 1085 0801 0897 1.075 3.363
0239 0119 2425 1205 0783 0236 1009 2527 0221 0820 2713 1135 0838 00906 1.095 3.044
0313 0130 1.997 1310 0849 0284 1.005 3041 0253 0828 2408 1136 0865 0916 1.118 4.456
0420 0147 1615 1448 0911 0370 0983 3.678 0327 0837 2115 1348 0883 0921 1110 4.801
0479 0167 1568 1541 0943 0464 0963 3917 0421 0846 1689 1509 0901 0932 1073 4812
0510 0168 1591 1756 0966 0578 0994 4372 0485 0850 1452 1628 0946 0955 1.090 6.020
0553 0175 1457 1816 0994 0880 1.001 4743 0532 0857 1459 1872 00964 0968 1.046 6.236
0597 0181 1.366 1.962 0604 0864 1248 2016 0995 0995 1.073 7.343

shown are smoothed data using the Legendre parameters offable 4. Legendre Polynomial Series Parameters for the Mixtures
Table 4 along with egs 12 to 15 of ref 1 so that the diagrams ©f Ref 1 and This Work at Temperature T

can be shown as curves rather than individual data points. mixture  T/K ao a a As a
The compositions of the azeotropes have been calculated by g 308.15 1.853 —-0.360 0266 —0.137 0.086

determining the point of intersection of the bubble and dew 31315 1.839 —-0.403 0.298 -—0.135 0.071

curves shown in Figures 3 to 5. The results are shown in Table 318.15  1.820 -0.450 0.313 -0.155 0.071

; ; BO 308.15 1937 -0.321 0.206 —0.068 0.025
5. The alcohol concentration of the azeotropes of the mixtures 31315 1871 —0392 0163 —0.060 0.026

thanoI + 2,2,4-tr_imethylpenta_ne and_ 1-butandt 2,2,4- 31815 1883 -0359 0222 0067 0035
trimethylpentane increases slightly with temperature. The FE 308.15 2.284 —0.207 0.343 —0.090 0.069
mixture ethanoH- o-xylene does not exhibit an azeotrope for 313.15 2335 —0.199 0.266 —0.065 0.030
temperatures of (308.15 and 313.15) K but does for 318.15 K. 31815 2266 -0.211 0.311 -0.048  0.062

EO 308.15 2.352 —0.080 0.351 -0.081 0.064

This last result requires further corroboration. 31315 2369 —0081 0244 —0.037 0.027

The results of a comparison with the only literature data 318.15 2.306 —0.099 0282 —0.006 0.058
readily availablé,the mixture ethanot- 2,2,4-trimethylpentane EX 308.15 1.922 -0.188 0.234 —0.057 0.006
at a temperature of 313.15 K, are shown in Table 6. The table 313.15 1913 -0.144 0.156 -0.046 —0.029
gives the standard deviation of the distance to the literature data gég'ig _1(')9126 ~0.075 0156 ~0.028 -0.020
o in terms of the pressure differenqes(x,;) — pi] between the 313.15 -—.056
two sets of data as 318.15 —.027

1 N 12 aBl, 1-butanol+ 2,2,4-trimethylpentane; BO, 1-butanél octane; El,
o=|— [pe(xli) — p!]2 3) ethanol+ 2,2,4-trimethylpentane; EO, ethanol octane; EX, ethanot-

& o-xylene; EB, ethano#- 1-butanol.

wherep! is the literature vapor pressure value of data pgint Infinite Dilution Acti vity Coefficient Values for the Mixtures
pe(xy) is the value of the experimentally determined vapor Studied.The infinite dilution activity coefficient values for the
pressure fitted function evaluated at the liquid mole fraction of mixtures studied are readily obtained from the fitted functions
component 1 of the data pointandN is the number of literature  yi(x;) of eq 1 using the Legendre parameters of Table 4 and
data points. Also shown in Table 6 is a comparison of the evaluating them ai; = 0,1. The infinite dilution activity
estimate of the azeotrope for the mixture with good agreement. coefficients of the first and second component of the mixture
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18 T/K=318.15 Ta_lble 5. Azeotrope Compositionsc; at Temperature T of the
16 Mixtures Studied
TIK X1
14 | -
Ethanol (1)+ 2,2,4-Trimethylpentane (2)
12 308.15 0.563
313.15 0.570
g 318.15 0579
o 8 1-Butanol (1)+ 2,2,4-Trimethylpentane (2)
6L 308.15 0.072
313.15 0.086
4t 318.15 0.096
2 | Ethanol (1)+ o-Xylene (2)
308.15 none
0 : - * - 313.15 none
0.0 0.2 0.4 0.6 0.8 1.0 318.15 0.981
X3
Figure 3. Phase diagram of the mixture 1-butanol (H)2’2’4_trimethy|_ Table 6. _Comparison of EXperimental_ Data with Literature Values
pentane (2) for the temperatures as indicated. At each temperature there id0r the Mixture Ethanol (1) + 2,2,4-Trimethylpentane (2), EF
a pair of curves; the upper one being the bubble point curve and the lower T o X1
one being the dew point curve. Azeotropes are given in Table 6.
g P P g K kPa © 0 ref
35 El 313.15 0.144 0.570 0.560 4
30 a Standard deviation defined in eq 3. Azeotrope compositignis given
T/K=313.15 for experimental data (e) and literature data (I), which is indicated with the
25 | corresponding reference.
o 20 - I - -
2 Table 7. Infinite Dilution Values of the Activity Coefficients for the
T 15 Mixtures of Ref 1 and This Work?2
TIK y1(xa = 0) y2(X2 = 0)
10 Ethanol (1)+ Octane (2)
308.15 18.7 13.6
> 313.15 15.8 12.4
0 318.15 15.6 12.7
0.0 0.2 0.4 0.6 0.8 1.0 1-Butanol (1)+ Octane (2)
X1 308.15 12.9 5.9
Figure 4. Phase diagram of the mixture ethanol ¢12,2,4-trimethylpen- gigig igg gé
tane (2) for the temperatures as indicated. At each temperature there is a ’ T '
pair of curves; the upper one being the bubble point curve and the lower Ethanol (1)+ 2,2,4-Trimethylpentane (2)
one being the dew point curve. Azeotropes are given in Table 6. 308.15 19.9 11.0
313.15 18.1 10.7
25 318.15 18.1 10.8

T/K=318.1

1-Butanol (1)+ 2,2,4-Trimethylpentane (2)
308.15 14.9

20 | 313.15 15.6 5.3
318.15 16.6 4.9
15 | Ethanol (1)+ o-Xylene (2)
& 308.15 11.1 6.8
X 313.15 9.3 6.4
Qg0 318.15 9.0 7.3
Ethanol (1)+ 1-Butanol (2)
308.15 1.0 1.0
5 313.15 0.9 0.9
318.15 1.0 1.0
0 a ' . .
0.0 0.2 0.4 06 0.8 10 The value for the first component in the mixture corresponds; (e

X = 0), and the value of the second component correspongs(xe = 0).
Figure 5. Phase diagram of the mixture ethanol {1p-xylene (2) for the
temperatures as indicated. At each temperature there is a pair of curves;1-butanol+ octane at a temperature of 308.15 K. The data
the upper one being the bubble point curve and the lower one being the Shown are smoothed similar to that used for the vapor pressure
dew point curve. Azeotropes are given in Table 6. data of the Phase Diagram section.

Analysis of Gibbs energy for these mixtures shows that the
arey1(xy = 0) andya(x2 = 0) = ya(x1a = 1), respectively. The mixture ethanot- 1-butanol has the lowest value of molar Gibbs
values obtained for the mixtures studied are shown in Table 7. energy of mixing. The minimum is not shown in Figure 6 but

Gibbs Energy of Mixing for the Mixtures StudiedThe molar was calculated to be-1780 IJmol~t. The mixture ethanol-
Gibbs energy of mixing for all mixtures of this work and ref 1  octane has the highest one368 Jmol~1. These results give
was calculated based on the experimental data obtained in thisan indication of the mixing behavior of fuel systems. It is readily
study. Figure 6 shows the results for the mixtures ethanol apparent from Figure 6 that adding ethanol to octane is
1-butanol, ethanot 2,2,4-trimethylpentane, ethansloctane, considerably more difficult than adding 1-butanol to 2,2,4-
ethanol+ o-xylene, 1-butanok 2,2,4-trimethylpentane, and trimethylpentane.
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o T T T T an asymmetric interaction energy, dre andA,;:
0 0.2 0.4 0.6 0.8 0
-100 In(y)) = (% Vi 212 421 (4)
-200 whereV, is the molar volume of substantand the parameters
\ / A12 and/,; are dimensionless interaction energies. The param-

g/3 mol™?

-300 EO etersii2 and A1 replace 12 — A11)/RT and @21 — 422)/RT,
400 \ \W respectively, in Gmehling and Onkén.
ElL / The NRTL modél corrects the shortcomings of the Wilson
model in that it allows the formation of two phases for certain

wl L N\, i |

\ & /// / choices of its parameters. It has three adjustable parameters,
-600 BI two of which are dimensionless interaction energigs,and

FB EX /\ EB//

721. A third parametent accounts for nonrandomness:

-700

X1 In(y;) = fi(X 715 oy, @) (5)
Figure 6. Dependence of the molar Gibbs energy of mixiggon
concentrationx; for binary mixtures at a temperature of 308.15 K: EB, The UNIQUAC modéel also corrects the shortcomings of the

ethanol (1)+ 1-butanol (2); Bl, 1-butanol (1) 2,2,4-trimethylpentane  \Wilson model this time by considering the surface area in
(2); BO, 1-butanol (1) octane (2); El, ethanol (1 2,2,4-timethylpentane  aqdition to the volume, for which it uses a relative volume
(2); EO, ethanol (1)t~ octane (2); EX, ethanol (1y o-xylene(2). parameter. It has two adjustable parameters, the dimensionless
Data Modeling interaction energiell1, and Ux1:

An investigation of the suitability of various model types for In(y) = fi(x Qi R; Upp Uzy) (6)
fitting the data was carried out. Simple models such as Porter ) ) . .
and Margules do not need to be considered. The types of modelVhereQi is the relative molecular area of substaneadR, is
are limited to the activity coefficient models of Wilson, NRTL, ~the relative volume of substanteThe parametersl,, andUz;
and UNIQUAC and an association model of the Flery rePlace tiz — Uzo)/RT and (21 — ui)/RT, respectively, in

Scatchard type. The Wilson model is included as it is often used @Mehling and Onkeh.
in studies of this kind despite the fact that it does not exhibita | "€ Flory-Scatchard model developed by Renon and Praus-

liquid—liquid equilibrium for real-valued paramete¥s. nitz® is the prototypical association model. The alcohol, the
A baseline from which all the models can be compared has associating species, is taken as the flrst component, and the

already been established through the earlier procedure of fitting Bydrocirbonhas;he stehgonddcomponenEjlnTcr?ntras;jt tlo Renon tand

orthogonal series of Legendre polynomials to the data (see the raL}1<sn| Z, W (_)l_bqve IS ort ertreverse " te m(:_ €l parameters

Results section of ref 1). Orthogonal series have the well-known are (a_ntec![w ! rslumt chonz ant) daln@ (an interaction energy

property of successively closer approximation to the data as appropriate to a Scatchard model):

the number of parameters is increased. There is, however, no

physical interpretation of such data fits. The Legendre poly- In(y) = — PRy —y

nomial fits serve to indicate to what extent the information in RTv,+ (L= xVo)" X% In( OV

the data are fitted by any other model drawn from the list. Each KRV, TRV

data set was fitted with five terms, and the standard deviation |(xv; + (1 - x)Vz)( T (1—1x)V 5 / T a —lX)V it 1)

was less than 0.06 in all cases; the actual value of the standard L > L 2

deviation is given in the appropriate experimental table of this (K- VAK+1+1xV,

work and ref 1. The corresponding Legendre series parameters 1 ( 2KxVy AKXV, )

; . X . ; = -1/ +1-2K—~4K+1
are given in Table 4. A typical plot of the fit to the data is 2K\(xV; + (1 = X)V,) (xVy+ (1= X)Vy)

shown in Figure 1.

(AN (A=X(,— V)

+

The second step was then to attempt to fit each of the modelsIn ()= KBV x(Vi—Vy) n Va i
to the data sets. For all the models considered the objective" RTXV, + (L— XV,)° XVi+ (1= XV, XV, + (1 — XV,
function G is given by eq 1. The minimization o6 is a v, 2KxV, 2KXV,
nonlinear least-squares problem. The routine to solve this vt @-0v) A ovira—xvy YO

problem uses the Levenburiylarquardt method to find the best

values of the parameters. The quality of fit is calculated as the whereR is the gas constart, is the temperature, and is the

standard deviation. The results were examined to decide on themglar volume of substande

best model, that is the one with the smallest standard deviation A summary of the parameters fitted to the model equations

overall. above is shown in Table 8 for each of the 15 mixtures
Physical ParametersThe physical parameters required for considered. Table 8 presents data for the best-fit parameters and

the various models are limited to the specification of various the standard deviation.

molecular parameters, namely, the molar volume, relative Discussion of the ResultsAn overall indication of which

surface area, and relative volume taken from Gmehling and models are better can be obtained by summing the root mean

Onken? squared deviations over all 15 data sets. The results of this are
Models and Fitting ParametersThe Wilson modél consid- shown in Table 9. The Legendre model is included as the

ers the molar volume of each substance and is the simplestbenchmark fit from which all the other models can be compared.

model of this kind. The major drawback of the Wilson model Two metrics are shown, the total standard deviation and the

is its normally assumed inability to model phase separatibn.  total standard deviation relative to the Legendre model fit.

has two adjustable parameters for each side of a binary The results of this procedure show a number of interesting

interaction. The model parameters, which can be interpreted asfeatures. As expected the orthogonal series fit proves to be an
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Table 8. Model Parameters Calculated for the Mixtures Studied Table 9. Summary of Model Comparisond
mixture  T/K Wilson NRTL  UNIQUAC Flory—Scatchard model total SD total relative SD
BI 308.15 2.530 0.7241 —0.3334 35.16 Legendre 0.6641 15.00
0.2020  0.4967 1.130 5.622 Wilson 0.7034 16.00
—1.387 NRTL 0.6889 15.66
{0.0449 {0.045%  {0.0693 {0.0373 UNIQUAC 1.045 24.43
313.15 2.690 1.068 —0.3872 44.89 Flory—Scatchard 0.6924 15.64
0.1020  2.074 1.229 4.360
0.5860 aSD, standard deviation.
{0.0496 {0.0443 {0.080Q {0.0424
318.15 2.793 1.004 —0.3901 54.88 o
0.05941  2.161 1.247 3.287 standard deviation in Table 9 ranges only over 15.64 to 16.0.
(0,046 {8.3%8 (0.0783 (0.0423 The benchmark total is 15.0, so these three models are
BO 30815 & 2579 1063 —0.3139 36,49 essentlally opt|maI.IThere would not be any significant observ-
03367  1.884 1.133 7746 able improvement if a more complicated model were used.
0.5044 There are two models which incorporate various physical
41515 {02-0742583 {obogggs jg-gigg {gé0é253 aspects of the molecules of each species, Wilson and UNI-
: 01793 1902 1168 4,783 QUAC. The Wilson model uses the molar volume, and the
0.4863 UNIQUAC model uses both the surface area and volume ratio
{0.0434 {0.0434 {0.053 {0.04% relative to water of each molecular species. Although both
318.15  2.609 1.007  —0.3482 38.21 models are an improvement on regular solution theory, the
0.2301 1.926 1.173 6.509 . : ! .
0.5250 contrast in the quality of the fit between the Wilson and
{0.0394 {0.039% {0.0599 {0.0410 UNIQUAC models is striking. Generally the Wilson model fits
El 308.15 3.177 1621 —0.2068 108.6 the data as well as the best, but the UNIQUAC model only
0.4519 024%%67 1.534 9.166 shows a mediocre performance as compared with Wilson and
{0.0383 {0.0383 {0.073% {0.0369 NRTL. This result has been noted previously by many workers
313.15 3.414 0.8701 -0.2278 193.8 in the field for mixtures of hydrocarbon and alcoRdl.
0.4724 0092?2%0 1.645 8.943 Nevertheless, because the Wilson model does not exhibit phase
{0.0584 {0:0578 {0.0749 (0.0584 separationt,it cannot be useful for our purposes. _
318.15 3.197 0.8112 —0.2374 124.8 The Flory—Scatchard model, which incorporates the notion
0.4044 10.1678242 1.610 8.561 of association between the alcohol species and also takes into
{0.0463 {0:046} {0.0753 {0.0464 accou_nt the molar volume of ea_ach species, shows exce_II(_ent
EO  308.15 2.990 1831 -0.1509 61.49 behavior over all the data sets. This result is somewhat surprising
0.7486 1.930 1.454 14.22 given that the model is not expected to be valid at low
0.4732 concentrations of alcoh8IThe Flory—Scatchard model has the
313.15 {03;024010Q {Ofgég _{8'%;”1} {39093‘?3 presumably unphysical characteristic of an infinite activity
T 06700 1.863 1.538 12.83 coefficient for the alcohol in the limit of infinite dilution of the
0.4321 alcohol for the data sets here, but this does not affect the quality
21615 {03;0&57@ {Ofgﬂ Eg??gg {%035654 of the fit over any nonzero alcohol concentration data. The
: 0.6271 1928 1492 12 56 Flory—Scatchard model as it stands in eq 7 is not suitable for
0.4679 more complicated mixtures than binary. Some work has been
{0.0333 {0.034 {0.067% {0.0364 reported to extend the model for mixtures of two alcohols and
EX 308.15 2.469 1.294  -0.2671 22.87 an alkan€. A further extension reported in the paper of
0.3140 1.777 1.453 12.00 . .
0.5582 Campbef is appropriate for any number of alcohols and
{0.0424 {0.0373 {0.0689 {0.038% alkanes.
313.15 2.337 1211 —0.2235 18.17
0.3792 01550%1 1.343 13.81 Conc|usions
{0.0583 {0.0583 {0.068% {0.062% The activity coefficients of the binary mixtures ethanel
318.15  2.246 1314  —0.1821 13.83 2,2,4-trimethylpentane, 1-butan®l2,2,4-trimethylpentane, and
0.5274 1.507 1.292 17.72
0.4875 ethanol+ o-xylene at temperatures of (308.15, 313.15, and
{0.059¢ {0.0583 {0.069Q {0.0628 318.15) K have been studied using the method of headspace
_ gas chromatography analysis. Vapor pressures for the binary
aBl, 1-butanol+ 2,2,4-trimethylpentane; BO, 1-butant¢l octane; El, mixtures ethanott 2,2,4-trimethylpentane, 1-butanel 2,2,4-

ethanol+ 2,2,4-trimethylpentane; EO, ethan¢l octane; EX, ethanot- .
o-xylene. Model parameter order for Wilsobys, Aoz for NRTL, 712, o1 trimethylpentane, and ethanel o-xylene at temperatures of

a; for UNIQUAC, U1y, Uyy; for Flory—ScatchardK, f. Values in braces (308.15, 313.15, and 318.15) K have been calculated using the
{ } are the standard deviations of the fit. activity coefficients obtained experimentally.

Diagrams of the vaperliquid phase equilibrium for the
effective benchmark from which the other models can be binary mixtures ethanet 2,2,4-trimethylpentane, 1-butanél
assessed in the sense that it consistently provides the best fit t®,2,4-trimethylpentane, and ethanob-xylene at temperatures
the data. It is readily apparent that the Wilson, NRTL, and of (308.15, 313.15, and 318.15) K have been plotted using the
Flory—Scatchard models perform significantly better than Legendre polynomials for averaging. The molar Gibbs energy
UNIQUAC model for the mixtures considered here. In fact, it of mixing has been calculated for the binary mixtures ethanol
was found that the UNIQUAC model is not a significant advance + 2,2,4-trimethylpentane, 1-butantl 2,2,4-trimethylpentane,
over Margules for low molecular weight alcohet alkane and ethanot- o-xylene at temperatures of (308.15, 313.15, and
mixtures. There is nothing to choose from between the Wilson, 318.15) K. It has been established that the mixture 1-butanol
NRTL, and Flory-Scatchard models as the total relative + ethanol has the lowest value of Gibbs energy among the
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binary mixtures studied and that the mixture ethahabctane (2) Gmehling, J.; Onken, Wapour-Liquid Equilibrium Data Collection
has the highest. 1; Dechema: Frankfurt am Main, 1978.

: (3) van Ness, H. C.; Byer, S. M.; Gibbs, R. E. Vaptiguid equilibri-
Parameters for the Wilson, NRTL, UNIQUAC, and Flery um: part I. An appraisal of data reduction metho8EChE J.1973

Scatchard models have been established for the binary mixtures 19 238244,
ethanoH- 1-butanol, ethanot- 2,2,4-trimethylpentane, ethanol  (4) Ratcliff, G. A.; Chao, K. CCan. J. Chem. Engl969 47, 148-153.

+ octane, ethanot o-xylene, 1-butanott 2,2,4-trimethylpen- () Elliott, J. R.; Lira, C. T.Introductory Chemical Engineering Ther-
tane, and 1-butanet octane at temperatures of (308.15, 313.15, modynamicsPrentice Hall PTR: Upper Saddle River, NJ, 1999.

; ; (6) Renon, H.; Prausnitz, J. M. On the thermodynamics of aleehol
and 318.15) K. The reported lower q.uahty offiiof UNIQUAC. hydrocarbon solution€Chem. Eng. Scil967, 22, 299-307. Errata.
models for hydrocarbor- alcohol mixtures as compared with Chem. Eng. Scil967, 22, 1891.

_Other models such as_NRTL is Conﬁrmed- The .VV.”SIOH model (7) pradhan, A. G.; Bhethanabotla, V. R.; Campbell, S. W. Vaiquid
is unfortunately not suitable for fuel mixtures as it is important equilibrium data for ethanein-heptane-1-propanol and ethaneh-

i i heptane-2-propanol and their interpretation by a simple association
Scalchard models are lear favores for modeling hycrocarbon , MoCEk U Piase Equilb1993 84 163-206.

. . . . 8) Campbell, S. W. Chemical theory for mixtures containing any number
+ alcohol mixtures for fuel design purposes. The quality of fit ®) of a|foh0|s.,:|uid Phase Equi”bi/g% 102 61-84. gany

of these models is such that the use of more sophisticated models
is not warranted.
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