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Total Pressure Measurements for Pentane + Methanol + Ethanol at 
303.15 K 

Jay L. Relmers, Venkat R. Bhethanabotla, and Scott W. Campbell’ 
DepatTment of Chemical Engineering, University of South Florida, Tampa, FlorEda 33620-5350 

Total pressure Is reported as a function of Ilquld-phase 
composltlon for pentane + methanol + ethanol at 303.15 
K. The data were reduced using Barker’s method. The 
excess Glbbs energy of the llquld phase Is represented by 
a ratlonal function obtained by maklng an empirical 
modiflcatlon to the nonrandom two-liquid (NRTL) equatlon. 
The resulting fit to the data Is superlor to that obtained 
uslng a previous representatlon based on a modified 
Margules equatlon. 

Introduction 

As part of a continuing study of vapor-liquid equilibrium in 
ternary systems that contain two associating species, total 
pressure measurements are reported here for pentane + 
methanol + ethanol at 303.15 K. These data supplement those 
for ethanol + heptane + isobutanol(7) and pentane + meth- 
anol + 2-butanol (2) reported earlier. Total pressure meas- 
urements are also reported here for pentane + ethanol, and 
for methanol + ethanol, at 303.15 K. Data for the third con- 
stiiuent binary system of this study, pentane + methanol, were 
reported earlier (2). 

Experimental Sectlon 

Apparatus and Procedure. The apparatus and procedure 
are identical to those used in previous studies (7, 2). The 
isothermal cell is of the Van Ness type (3) into which measured 
volumes of the components are charged and the pressure is 
recorded. Overall cell composition is determined from the 
volumetric data using saturated liquid densities from the Iitera- 
ture. Saturated densities at room temperature were obtained 
for n-pentane from ref 4 and for methanol and ethanol from 
ref 5. 

For binary systems, each of the two piston injectors is filled 
with a pure compound. For ternary measurements, one injector 
is filled with a pure compound and the other filled with a mixture 
of the other two components. In  this work, pure n-pentane 
was charged to one piston injector and mixtures of methanol 
and ethanol were charged to the other. Excess volume data 
given by Benson (6) were used with the room-temperature 
saturated liquid densitiis of the pure components to obtain the 
density of the methanol-ethanol mixtures in the piston injector. 
The methanol + ethanol mixtures In the piston injector were 
characterized by the parameter C’ 

where z2 and z3 are the overall mole fractions of methanol and 
ethanol in the equilibrium cell. Values for C’of 0.2627, 0.5061, 
and 0.7584 were examined in this work. 

Experimental data consists of pressure as a function of the 
overall mole fractions in the equilibrium cell. Corrections to 
obtain the exact liquid-phase composition are made as part of 
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the data reduction procedure, as described earlier ( 7, 2). Ex- 
perimental uncertainties are 1 0 . 1  % in pressure, f0.02 K in 
temperature, and between f0.0005 and fO.OO1 in liquid phase 
mole fraction, the smaller number applying toward the extremes 
in composition. 

Mafenhb. The chemicals were of the same grade, and from 
the same suppliers, as those used in previous investigations ( 7, 
2). Methanol and n-pentane (HPLC grade) were purchased 
from AMrich Chemical and had minimum purities of 99.97 and 
99.5 %, respectively. Ethanol was obtained from Aaper Alcohol 
and Chemical and had a minimum purity of 99.9%. All chem- 
icals were degassed as described earlier (7). No further pu- 
rification was attempted. 

An indication of the purity of the chemicals used is given by 
a comparison of the measured vapor pressures with previously 
measured values. The vapor pressure for methanol was 
measured as part of the methanol + ethanol binary measure- 
ments, and a value of 21.85 kPa was obtained. This is in good 
agreement with the value of 21 -88 kPa measured earlier (2) as 
part of the pentane + methanol study. The vapor pressure of 
ethanol was measured twice: once for the methanol + ethanol 
blnary and once for the pentane + ethanol binary. The meas- 
ured values of 10.47 and 10.51 kPa, respectively, are in good 
agreement with the average value of 10.46 kPa reported p r a  
viously (7). Because of the manner in which the ternary 
measurements were made, the vapor pressure of n -pentane 
was measured five times. Values ranged between 81.97 and 
82.07 kPa with an average of 82.03 kPa. This is also in 
agreement with the previously reported value of 82.01 kPa (2). 

Data Reducthm. Data reduction proceded by Barker’s m a  
thod (7 ) ,  as described earlier ( 7, 2). Unwelghted regressions 
were performed in which the sum of the squares of the dlf- 
ferences between the measured and calculated pressures were 
minimized. In  the present work, a new model for the excess 
Gibbs energy of the liquid phase was applied. In  earlier work 
(7,2), the approach outlined by Abbott et al. (8) was used in 
which it was assumed that GE of the ternary system is given 
by the sum of all of the binary GE functions plus a contribution 
containing ternary terms. The excess Gibbs energies of the 
binary systems were represented by a modified Margules 
equation and a tenparameter function was used for the ternary 
contribution. This function did not prove adequate for the 
system examined here since the regressions converged to a 
parameter set that introduced a pole In the denominator of one 
of the ternary terms. 

Although it would be possible to eliminate this difficulty by 
choosing a different empirical form for the ternary function, the 
search for an appropriate model is tedious and a new model 
developed by Campbell (9) was used instead. This model as- 
sumes that the excess Glbbs energy is given by an empirical 
modlflcatlon of the nonrandom two-llquid (NRTL) (70) model: 

GE/RT = 7x/(F 7/1 x,/cGk/ x k )  (2) 
k 

The modification allows the parameters Gu to depend on com- 
position according to 

G I =  c’ 
k 

(3) 
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Table I. Saturated Liquid Volumes Vk and Second Molar 
Virial Coefficients Bij Used for Pentane (1)  + 
Methanol (2) + Ethanol (3) at 303.15 K 

n-Dentane methanol ethanol 
VC/(cm3 mol-') 117.1 41.0 
Bii/(cm3 mol-') -1172 -1840 

Blz/(cm3 mol-') = -666 Bl,/(cm3 mol-') = 
Bz3(cm3 mol-') = -2200 
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Figure 1. Pressure Pvs liquickphase mole fraction x , ,  or vapor-phase 
mole fractlon y , ,  for pentane (1) + ethanol (3) at 303.15 K. The points 
are experimental results, the solid curve Is the fitted P-x result, and 
the dashed curve is the predicted P-y result. 

The resulting expression for the activity coefficient of species 
i is 

Gk/2ak/ xk \ 

With the additional assumptions that 

ril=O i = j  

and 

eq 4 contains six adjustable values of r1 and eighteen adjustable 
values of ah] for a ternary system. All of the rl/ parameters and 
twelve of the akii parameters may be found from data for the 
constituent binary systems (each binary system is described by 
two values of rl/ and four values of akl). Not all binary systems 
require six parameters to provide an adequate fit to the data, 
and special cases described by Campbell (9) may be applied 
in such instances. 

Six of the akJ parameters (those for which no two subscripts 
are the same) are ternary constants and require ternary data 
for their evaluation. Equation 4 has been found (9) to provide 
an excellent fit to data for systems consisting of two alcohols 
and a hydrocarbon and contains four fewer ternary parameters 
than the function used in previous studies ( I ,  2). 

Table 11. Total Pressure P as a Function of Liquid-Phase 
Mole Fraction xi for Pentane (1) + Ethanol (3) and 
Methanol (2) + Ethanol (3) at 303.15 K 

pentane (1) + 
ethanol (3) 

O.oo00 10.51 
0.0337 30.33 
0.0529 38.89 
0.0792 48.24 
0.1047 55.33 
0.1429 63.33 
0.1931 70.45 
0.2446 75.25 
0.2958 78.47 
0.3467 80.66 
0.3956 82.11 
0.3974 82.19 
0.4458 83.18 
0.4481 83.30 
0.4956 83.98 
0.4983 84.13 
0.5378 84.51 
0.5413 84.61 
0.6263 85.37 
0.6967 85.87 
0.7686 86.31 
0.8387 86.71 
0.9006 87.02 
0.9392 87.06 
0.9748 86.46 
1.OoOo 81.97 

X l  PlkPa 

methanol (2) + 
ethanol (3) 

x2 

O.oo00 
0.0325 
0.0611 
0.1017 
0.1500 
0.2005 
0.2501 
0.3003 
0.3499 
0.3997 
0.4504 
0.5000 
0.5497 
0.5999 
0.6492 
0.6500 
0.7001 
0.7496 
0.8005 
0.8503 
0.9002 
0.9402 
0.9706 
1.0000 

PlkPa 
10.47 
10.81 
11.13 
11.59 
12.12 
12.69 
13.25 
13.83 
14.40 
14.97 
15.53 
16.11 
16.69 
17.27 
17.85 
17.87 
18.43 
18.99 
19.57 
20.11 
20.68 
21.17 
21.50 
21.85 
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Figwe 2. Pressure P vs liquickphase mole fraction x 2 ,  or vapor-phase 
mole mole fraction y2, for methanol (2) -t ethanol (3) at 303.15 K. The 
points are experimental results, the solid curve is the fitted P-x result, 
and the dashed curve is the predicted P-y result. 

Second molar virial coefficients and saturated liquid molar 
volumes at 303.15 K are required in the reduction of the data. 
Values used in the present study are shown in Table I. Sat- 
urated liquid volumes were taken from the same sources used 
for the room-temperature values. Second virial coefficients 
were calculated using the method of Tsonopoulos ( 7 1 ) .  

Results 

Total pressure as a function of liquid-phase composition is 
reported for pentane + ethanol and methanol + ethanol at 
303.15 K in Table 11. P-x-y curves are shown in Figures 1 
and 2. Binary parameters for these two systems are given in 
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Table 111. Constants iij and 8 k i j  in Equation 4 for 
Pentane (1)  + Ethanol (3) and Methanol (2) + Ethanol (3) 
at 303.15 K, Average Deviations AP,,, and Maximum Devia- 
tions AP- 

i.i 7;; k , i i  ah;? 

1,3 1.880 17 LL3 13.95944 
3,1 1.836 78 3,193 5.289 43 
2,3 -0.106 56 L ~ J  0.854 81 
3 2  0.102 19 3,3J 1.191 38 

2,2,3 0.963 39' 
3,2,3 0.963 39' 
2 3 2  1.03461* 
3A2 1.03461* 

aPavlS3JkPa = 0.01 AP,,,33JkPa = 0.06 
APaV2,3/kPa = 0.02 M,, 2,3 JkPa = 0.04 

"Values marked with an asterisk were calculated from eq 7, or 
ita analogue, with a12 = 0.35. 

Table 111, along with the corresponding average and maximum 
deviations in pressure. 

For the pentane + ethanol system, all six binary parameters 
in eq 4 were treated as adjustable. No other data over the full 
range of composition could be located for this system at this 
temperature, so no comparison with previous results can be 
made. However, Cori and Delogu (72) measured Infinite dilution 
activii coefficients for mixtures of ethanol and n-pentane and 
correlated theii results with temperature. Infinite dilution activity 
coefficients predicted from the parameters in Table I11 are 9.61 
for n-pentane and 56.0 for ethanol and are in fair and excellent 
agreement, respectively, with those calculated from the corre- 
lations of Cori and Delogu (8.96 and 56.2, respectively). 

The full flexibility of eq 4 was not required to fit the nearly 
ideal methanol + ethanol system, and the number of parame- 
ters was reduced by making several assumptions. First, it was 
assumed that a 2 , 3  = and a,,, = a 3 3 , .  Next it was as- 
sumed that 

with an analogous expression for a 2 3 2  and 8 3 3 ,  in terms of 732 .  

Finally, it was assumed that ( ~ 2 3  = a 3 2  = 0.35. The resulting 
equation is the two-parameter form of the NRTL equation for 
which the resulting parameter values are given in Table 111. 
Only values of 7 2 3  and 7 3 2  were obtained by regression: the ak,, 
values were calculated from eq 7 and its analogue. 
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Flguro 3. Pressure residuals P 
(1) + methanol (2) + ethanol3) at 303.15 K (C'from eq 1). 

-P, for the ternary system pentane 

Data for the methanol + ethanol system at 303.15 K were 
reported recently by Zielkewicz et al. (73). After corrections 
are made for slight discrepancies (<0.02 kPa) in the pure 
component vapor pressures between studies, the two data sets 
agree to within an average of 0.01 kPa and the maximum 
discrepancy is 0.03 kPa. 

Experimental P-x data for the temary system are presented 
in Table IV .  To regress the ternary measurements, it was 
necessary to choose average values for the pure component 
vapor pressures. Values of 82.03, 21.86, and 10.49 kPa were 
wed for n-pentane, methanol, and ethanol, respectively. Since 
these values are slightly different from those reported in Table 
11, the pentane + ethanol and methanol + ethanol binary data 
were regressed again using the averaged vapor pressures. 
Furthermore, data reported earlier (2) for pentane + methanol 
were regressed using eq 4 and the average vapor pressures. 
The full six-parameter binary form of eq 4 was used for pentane + methanol and pentane + ethanol, while the two-constant 

Table IV. Total Pressure P for Pentane (1) + Methanol (2) + Ethanol (3) at 303.15 K as a Function of Liquid Mole 
Fractions x1 and x2 for Given Values of the Parameter C', Equation 1 

C'=  0.2627 C' = 0.5061 C' = 0.7584 

X1 x2 PJkPa X 1  2 2  PJkPa X1 x2 PJkPa 
0.0279 0.2549 32.61 0.0271 0.4920 37.78 0.0269 0.7377 44.85 
0.0557 0.2477 46.33 0.0551 0.4778 53.06 0.0646 0.7091 66.07 
0.0940 0.2376 59.46 0.0943 0.4580 66.87 0.1040 0.6792 78.22 
0.1439 0.2245 70.18 0.1441 0.4328 77.07 0.1439 0.6490 85.15 
0.1941 0.2114 76.77 0.1945 0.4073 83.01 0.1946 0.6106 90.01 
0.2446 0.1981 80.94 0.2450 0.3818 86.49 0.2451 0.5723 92.58 
0.2956 0.1847 83.66 0.2958 0.3561 88.63 0.2535 0.5660 92.74 
0.3463 0.1715 85.45 0.2957 0.3562 88.53 0.2954 0.5341 93.89 
0.3464 0.1714 85.49 0.3454 0.3309 89.86 0.3450 0.4965 94.69 
0.3963 0.1583 86.69 0.3949 0.3059 90.71 0.3946 0.4588 95.19 
0.4461 0.1452 87.54 0.4447 0.2806 91.34 0.4450 0.4206 95.57 
0.4966 0.1319 88.15 0.4953 0.2550 91.78 0.4950 0.3826 95.78 
0.5458 0.1189 88.65 0.5448 0.2298 92.11 0.5451 0.3446 95.97 
0.5962 0.1057 89.01 0.5959 0.2039 92.38 0.5957 0.3062 96.14 
0.6467 0.0923 89.31 0.6460 0.1785 92.61 0.6458 0.2681 96.27 
0.6972 0.0791 89.59 0.6972 0.1525 92.82 0.6973 0.2290 96.38 
0.7475 0.0658 89.83 0.7481 0.1267 92.99 0.7481 0.1905 96.47 
0.7986 0.0523 90.07 0.7983 0.1012 93.19 0.7990 0.1518 96.57 
0.8516 0.0384 90.18 0.8501 0.0749 93.29 0.8499 0.1131 96.59 
0.9Ooo 0.0257 90.29 0.9022 0.0486 93.22 0.9022 0.0735 96.42 
0.9407 0.0150 90.11 0.9417 0.0286 92.78 0.9436 0.0421 95.75 
0.9759 0.0059 88.94 0.9764 0.0112 91.17 0.9736 0.0194 94.13 
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Table V. Constants in Equation 4 for the Ternary System 
Pentane (1) + Methanol (2) + Ethanol (3) at 303.15 K, 
Average Deviation APnv ,  and Maximum Deviation AP,,. - ___ 

ij 7 i j  k , i j  a k i j  - - -  1.2 1.973 54 1,lJ 
~ 

16.759 36 
231 2.438 85 
1,3 1.857 32 
3 J  1.832 95 
2,3 0.002 03 
3.2 -0.014 71 

APa,fkPa = 0.05 

2,192 3.59074 
1,291 0.968 88 
2,2J 1.576 15 
1 ~ 3  13.748 54 
3,1,3 5.160 94 
1 , 3 ~  0.854 58 
3,391 1.188 35 
2 ~ 3  1.00072 
3,2,3 1.000 72 
2 3 2  0.994 87 
3 3 2  0.994 87 
1 ~ 3  0.623 48 
2,1,3 3.848 09 
13,2 1.81805 
3,12 6.545 97 
2,3,1 1.29804 
3 ~ 1  1.553 44 

AP,,lkPa = 0.13 

I I I I 
0.2 0.4 0.6 0.8 

=1 

Figure 4. Pressure P vs mole fraction x ,  for pentane (1) + methanol 
(2) + ethanol (3) at 303.15 K (C from eq 8). 

form was used for methanol + ethanol. All of the binary pa- 
rameters are reported in Table V. I t  is worth noting that eq 
4 provided a fit superior to that of the modified Margules 
equation for pentane + methanol (average deviation of 0.02 
kPa compared to 0.11 kPa). 

The last six values in the rightmost column of Table V rep- 
resent the ternary parameters appearing in eq 4 and were 
obtained by regression of the ternary data using Barker's me- 
thod. The average deviation between calculated and measured 
pressures for the ternary system was 0.05 kPa with a maximum 
deviation of 0.13 kPa. A plot of the pressure residuals is shown 
in Figure 3. The systematic discrepancy between one run (C' 

= 0.5061) and the other two is within the experimental un- 
certainties quoted earlier. 

P-x curves calculated using the parameter values given in 
Table V are shown in Figure 4. The parameter C, which 
appears in this figure, is defined by 

(8) 
x2 c=-  

where x 2  and x 3  are the liquid-phase mole fractions of meth- 
anol and ethanol, respectively. 

Glossary 

x2 + x3 

parameters for GE,  eq 3 
molar second virial coefficient for species i and j 
ternary composition parameter, eq 8 
ternary composition parameter, eq 1 
compositiondependent function, eq 2 
molar excess Gibbs energy 
pressure 
calculated total pressure 
measured total pressure 
(lln )C:=1IPexpt,i - Pcalc,iI 

max 1Pexpt.i - Pca1c.i I 
universal gas constant 
temperature 
saturated molar volume of pure liquid i 
liquid-phase mole fraction of species i 
overall mole fraction of species i in equilibrium cell 

Greek Letters 

Ti) parameters for GE,  eq 2 
Reglotry No. Ethanol, 64-17-5; methanol, 67-551; pentane, 109-650. 
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