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Vapor-Liquid Equilibria for Three Aldehyde/Hydrocarbon Mixtures 
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Isothermal vapor-liquid equilibrium (VLE) data were 
measured for the mixtures n -pentane/propionaidehyde, 
n -heptane/n -butyraldehyde, and 
isobutyraldehyde/n-heptane at low pressures (100-1000 
mmHg) by uslng a dynamic stili. The data reported here 
are thermodynamically consistent according to the 
point-to-point consistency test. These data are correlated 
with five activity coefficient models with parameters 
estimated from the maximum likelihood method. Also, 
UNIFAC parameters were estlmated for the 
aidehyde/hydrocarbon functionalgroup interactions based 
on the new data. 

Introduction 

Reliable experimental vapor-liquid equilibrium (VLE) data are 
of importance in the design of separation processes based on 
phase equilibria, and also to the continuing development of 
group contribution methods for the semitheoretical prediction 
of VLE. 

In  this study, isothermal VLE data were measured for the 
following binary systems: n-pentanelpropionaldehyde at 40.0 
OC, n-butyraldehydeln-heptane at 45.0 and 70.0 OC, and iso- 
butyraldehydelnheptane at 45.0 OC. Accurate data for these 
aldehydelhydrocarbon systems, which have not been previously 
available, will allow for the revision of the UNIFAC parameters 
for the aldehydelhydrocarbon functional-group interactions. 
These data will also be useful in developing a better under- 
standing of polar-nonpolar interactions. 

Few vapor-liquid equilibrium data have been published for 
aldehydes, an industrially important and common class of 
chemicals. The lack of such data may be attributed to the 
difficulty involved in working with aldehydes, due to their chem- 
ical instability to oxidation and polymerization ( 1 ). 

Experimental Section 

A crucial step in the experimental procedure was ensuring 
that the materials used were pure. Three physical properties 
(density, refractive index, and normal boiling point) were mea- 
sured as a criterion of purity (2). The normal boiling point and 
the pure-component vapor pressure data are the most impor- 
tant and sensitive properties for determining purity. The pure- 
component vapor pressures of the same batch of chemicals 
as were used in the mixture experiments were measured with 
the Stage-Muller still to be described shortly, which was also 

0021-956818411729-0156$01.50/0 

used for the binary VLE experiments. The vapor pressure data 
were correlated by using the Antoine equation 

log P = A - B / ( T  + C) 

where the constants were determined by using the maximum 
likelihood method (3). The pure-component vapor pressures 
at the temperatures of interest are included in the experimental 
data sets which follow, and the Antoine constants appear in 
Table I .  

n -Pentane and n -heptane were available in relatively high 
purity (99+%) from Alfa Products. Further purification was not 
necessary since no secondary peaks were found from gas- 
chromatographic analysis and physical property measurements 
proved satisfactory (see Table 11). The aldehydes, also ob- 
tained from Alfa Products, were distilled in a packed, all-glass 
rectification column in a nitrogen atmosphere and stored over 
molecular sieves (Fisher, Scientific, M-514). Traces of an ox- 
idation inhibitor, hydroquinone (<0.05 wt %), were added to the 
distillation charge to minimize any oxidation. The physical 
property measurements of the aldehydes are summarized in 
Table 11. There was no evidence of polymerization or oxidiation 
during the VLE experiments. 

The vapor-liquid equilibrium experiments were the first that 
we have performed by using an all-glass, Stage-Muller dynamic 
equilibrium still ( 4 ) ,  in which both the liquid and vapor phases 
are recirculated. The still was manufactured by Fischer La- 
bor-und Verfahrenstechnik of West Germany. The essential 
features of the still, which have been described previously ( 4 ) ,  
are shown in Figure 1. The overall setup of the apparatus is 
shown in Figure 2. The important features of this still are the 
Cottrell pump, the silver-plated vacuum jacket, and the mag- 
netic sampling valves. The jacket, which surrounds the equi- 
librium chamber, eliminates partial condensation of the vapor 
disengaging from the liquid at the exit from the Cottrell pump. 
The magnetic valves allow sampling without disruption of op- 
eration of the still. The still used in this study was further 
modified by adding condensers above the sampling points to 
recover any partially vaporized sample. 

All experiments were carried out under an inert atmosphere 
of nitrogen (Matheson, purity greater than 99.99%) to avoid 
exposure to moisture and oxygen. The mixture was heated by 
immersing the boiling flask in a silicon oil bath. Mixing within 
the flask was accomplished by a magnetic stirrer. The tem- 
perature immediately outside the equilibrium chamber was 
maintained approximately 1 O C  lower than the equilibrium tem- 
perature by using a thermostated heating jacket. Steady-state 
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v a c u u m  
Con t ro l l e r  

Table I. Antoine Constantsa for Pure Compounds 

I Rotameter  
S tage-  
M u l l e r  
S t i l l  

compd A B 
rmsd(AP),b 

C mmHg rmsd( A P / P )  

n-pentane 7.572 42 1482.01 279.74 0.15 0.000 21 
propionaldehyde 6.876 44 1055.479 216.18 0.27 0.000 38 
n-heptane 6.783 81 1196.68 208.23 0.24 0.000 46 
n- bu tyraldehy de 6.933 52 1181.71 216.79 0.3 1 0.000 61  
isobutyraldehydeC 8.094 68 1868.82 294.56 0.20 0.000 43 

l o g P =  A - B / ( T  + C).  rmsd(AP) = [ X : i = l N ( P x p t i  - Pcdcd)2/(iV - 3)]"2. Temperature range: 40-51 "C. 

Table 11. Physical Properties of Pure Compounds 
property this study lit.= % A b  

n-Pentane 
dZo4, g/mL 0.6260 0.6262 0.03 
n 'OD 1.3575 1.35748 <0.01 
nbp, "C 36.14 36.074 0.18 

Propionaldehyde 
d204, g/mL 0.7969 0.7970 0.01 
n 2OD 1.3633 1.3619 0.10 
nbp, "C 47.97 48.0 0.06 

d20,, g/mL 0.6792 0.6795 0.04 

nbp, "C 98.38 98.427 0.05 

n-Heptane 

n 20D 1.3853 1.3851 0.01 

d2',,  g/mL 0.7964 0.7964 0.0 
nZs D 1.3767 1.3766 <0.01 
nbp, "C 74.79 74.8 0.01 

n-Bu tyraldehyde 

Isobu tyraldehyde 
d Z S , ,  g/mL 0.7834 0.7836 0.03 
n25D 1.3703 1.3727 0.17 
nbp,c "C 68.87 64.1 0.35 

a Literature values taken from Riddick and Bunger. 
% A  = 100(measd prop. - lit. prop.)/(lit. prop.). Ex- 

trapolated from data in 40-51 "C range. 

To vacuum source 1 r To digital multimeter 

Ne- - N Z  

1 9  
I 

Flgure 1. Detailed diagram of Stage-Muller still used in this work: (1) 
boiling flask, (2) vacuum jacket, (3) Cottrell pump, (4) equilibrium 
chamber, (5) condensers, (6) injection ports, (7) filling spout and 
thermometer well, (6) Teflon valves, (9) sample tubes, (10) glass ball 
valves, (1 1) equilibrium thermometer well, (12) equilbrlum thermometer, 
(13) solenoid devices (actuates 10). 

conditions, signified by stable temperature and pressure read- 
ings, usually required 60-90 min for the first data point and 
45-60 min between points thereafter. I n  general, 2-4 days 
were needed to collect the 20 or so data points for a particular 
isotherm, not including the purification and gas-chromatograph 
calibration steps. 

The equilibrium temperature was measured with a high-pre- 
cision platinum resistance thermometer (Rosemount, Model 
162N). whose calibration was traceable to the National Bureau 

Open 
Ended 
Manometer  

To A t m  4 1  

i 

f 
Vacuum Pump 

CopOcIty I 

Secondary  
F i l l i ng  Tank  for  
Ng ( 151 c a p a c i t y 1  

High p ressu re  N p  i 
U 

Flgure 2. Overall schematic of experimental setup 

of Standards. The resistance was measured and converted to 
temperature by a programmable, digital multimeter (Fluke, 
Model 8520A) capable of 4-wire resistance measurement and 
accurate to 0.07% of the reading. The accuracy of this com- 
bination is better than 0.02 O C  for the 0-100 OC range. The 
resolution of the temperature readings was 0.001 OC, which 
was advantageous for monitoring steady-state conditions. 

Pressure was measured with an accuracy of 0.16 mmHg by 
using a precision mercury manometer (Wallace and Tiernan, 
Model FA-187), whose flexible scale allowed compensation for 
local gravity and temperature effects. An electrical pressure 
regulator (manufactured by Fischer and supplied with the still) 
between the still and a vacuum pump maintained pressure 
constant to within 0.05 mmHg by means of a contact manom- 
eter and a solenoid valve. 

The composttiins of the collected liquid and condensed-vapor 
samples were determined by a gas chromatograph (Antek, 
Model 300), using a thermal conductivity detector. The chro- 
matographic peaks were measured with an electronic integrator 
(Spectra-Physics Minigrator). A stalnless steel column (6 ft long 
X ' I 4  in. i.d.), packed with 200 mesh Porapak Q, was used and 
operated isothermally from 175 to 220 OC, depending on the 
mixture being analyzed. Mole fractions were obtained from a 
calibration curve prepared from analyses of gravimetrically 
prepared samples. Each sample was analyzed at least 3 times. 
The relationship between response (area fraction) and compo- 
sition (mole fraction) was fitted with a three-constant Redlich- 
Kister expansion. The constants were determined by a stand- 
ard least-squares method. The accuracy of this method was 
found to be better than 0.5 mol %.  

The accuracy of the results obtained with this equipment and 
operating procedure was established by reproducing previously 
published pure-component vapor pressure data (5) and binary 
vapor-liquid equilibrium data for the 1,2dichIoroethaneln-hep- 
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Table 111. Vapor-Liquid Equilibrium Data for 
1,2-Dichloroethane (l)/n-Heptane (2) at 70.00 "C 

P, mmHg x, Y ,  P,  "Hg x,  SI 
302.87 0.0000 0.0000 536.58 0.7644 0.7696 
372.62 0.0911 
429.28 0.1979 
466.48 0.2867 
491.02 0.3674 
509.40 0.4467 
520.41 0.5044 
525.71 0.5733 
533.44 0.6578 

0.2485 535.78 0.8132 0.7877 
0.4174 530.90 0.8603 0.8201 
0.5052 524.21 0.8930 0.8458 
0.5590 515.15 0.9332 0.8900 
0.6078 505.64 0.9572 0.9253 
0.6535 498.04 0.9812 0.9537 
0.6646 486.41 1.0000 1.0000 
0.7089 

5 2 5  5 5 c ~  

50 0 

4 7 5  - 
OI r 
E 4 5 0  
E 

w 4 2 5  
- 
u 
I) 
v) 

u 
a 

8 4 0 0  

375 

350  

32 5 

t p-*1 d 

0 0  01 0 2  0 3  0 4  0 5  0 6  0 7  0 0  0 9  10 
X l > Y 1  

Flgure 3. P-x-y phase equilibrh diagram for l,2-dichloroethane (1) 
and n-heptane (2) at 70.0 OC. The points are our unsmoothed data 
and the lines are the smoothed data of ref 6 .  

t E 850  - s/ P 

1 1 

5 50 
0 0  01 0 2  0 3  0 4  0 5  0 6  0 7  0 0  0 9  10 

X l ~ Y l  

Figure 4. P-x-y phase equilibrium diagram for n-pentane (1) and 
propionaldehyde (2) at 40.0 OC. The points 0 and A are the vapor 
and liquid compositions, and the line results from the Wilson equation 
fit of the data. 

Table IV. Vapor-Liquid Equilibrium Data for 
n-Pentane (l)/Propionaldehyde (2) at 40.00 "C 

570.82 
589.40 
705.02 
747.81 
770.76 
798.40 
835.04 
871.90 
875.47 
913.19 
935.97 
956.93 
971.44 

0.0000 
0.0059 
0.0503 
0.0725 
0.0835 
0.1014 
0.1272 
0.1647 
0.1746 
0.2212 
0.2615 
0.3019 
0.3476 

0.0000 
0.0335 
0.2121 
0.2747 
0.3033 
0.3452 
0.3811 
0.4288 
0.4347 
0.4685 
0.4987 
0.5281 
0.5539 

990.05 
993.23 
1001.80 
1001.87 
1006.40 
1012.29 
1017.88 
1022.95 
1017.76 
1001.71 
961.29 
923.49 
865.77 

0.4082 
0.4135 
0.4463 
0.4600 
0.4759 
0.5031 
0.5610 
0.6812 
0.7597 
0.8333 
0.9180 
0.9577 
1.0000 

0.5686 
0.5727 
0.5877 
0.5875 
0.6002 
0.6146 
0.6311 
0.6827 
0.7293 
0.7669 
0.8452 
0.9114 
1.0000 

Table V.  Vapor-Liquid Equilibrium Data for 
n-Butyraldehyde (l)/n-Heptane (2) at 45.00 "C 

P, mmHg x l  Y ,  P,  "Hg x ,  Y I  

114.33 
131.30 
180.01 
205.29 
221.38 
231.66 
240.13 
245.50 
247.75 
250.60 

0.0000 
0.0288 
0.1270 
0.2159 
0.2979 
0.3577 
0.4291 
0.4743 
0.5010 
0.5434 

0.0000 
0.1448 
0.4264 
0.5302 
0.5942 
0.6221 
0.6573 
0.6788 
0.6865 
0.7041 

261.70 
265.56 
267.40 
268.22 
268.30 
267.55 
266.42 
264.55 
262.74 

0.6761 
0.7535 
0.8134 
0.8498 
0.8865 
0.9245 
0.9585 
0.9860 
1.0000 

Table VI. Vapor-Liquid Equilibrium Data for 
n-Butyraldehyde (l)/n-Heptane (2) at 70.00 "C 

P, mmHg x 1  y 1  P, mmHg x, 
303.93 0.0000 0.0000 662.93 0.5613 
333.49 0.0227 0.1065 638.75 0.6416 
371.28 0.0575 0.2139 650.79 0.7211 
394.68 0.0857 0.2833 658.93 0.7850 
423.67 0.1195 0.3480 664.18 0.8376 
446.14 0.1465 0.3974 666.07 0.8638 
474.23 0.1893 0.4551 666.62 0.8902 
517.24 0.2645 0.5241 667.52 0.9222 
538.54 0.3074 0.5617 665.77 0.9533 
570.87 0.3767 0.6079 652.78 0.9922 
601.29 0.4755 0.6612 650.47 1.0000 

0.7594 
0.7983 
0.8287 
0.8502 
0.8772 
0.9124 
0.9468 
0.9800 
1.0000 

Y I  

0.7038 
0.7387 
0.7772 
0.8144 
0.8492 
0.8659 
0.8830 
0.9154 
0.9407 
0.9894 
1.0000 
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Figure 5. P-x-y phase equilibrium diagram for n-butyraldehyde (1) 
and n-heptane (2) at 45.0 and 70 O C .  Legend as in Figure 4. 
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114.33 
149.37 
187.03 
225.09 
257.76 
285.02 
303.06 
310.53 
315.63 
328.98 

0.0000 
0.0348 
0.0846 
0.1583 
0.2420 
0.3312 
0.4073 
0.4373 
0.4669 
0.5319 

0.0000 
0.2550 
0.4292 
0.5523 
0.6344 
0.6924 
0.7266 
0.7426 
0.7499 
0.7786 

336.25 
345.10 
356.43 
364.64 
371.13 
377.06 
381.41 
386.36 
388.68 
389.97 

0.5843 
0.6284 
0.7043 
0.7636 
0.8167 
0.8616 
0.9020 
0.9562 
0.9833 
1.0000 

0.7938 
0.8116 
0.8404 
0.8626 
0.8842 
0.9074 
0.9301 
0.9641 
0.9839 
1.0000 

tane system at 70 OC (6), as described below. 

Experlmental Results and Dlscusslon 

Isothermal measurements were made for 1,2-dichloro- 
ethaneln-heptane at 70 OC, n-pentane/propionaidehyde at 40 
OC, heptaneln-butyraldehyde at 45 and 70 OC, and isobutyr- 
aldehydeln-heptane at 45 OC. The raw (unsmoothed) data are 
presented in Tables 111-VI1 and plotted in Figures 3-6. The 
thermodynamic consistency of the data was checked by the 
point-to-point test of Van Ness et al. (7) as modified by Fre- 
denslund et al. (8), which allows analysis of individual data 
points. The consistency was considered good for the suggested 
criterion of AAD(Ay) < 0.010 (8) for consistent data (see Table 
VIII). 

As can be seen from Figure 3, the data measured for 1,2- 
dichloroethaneln-heptane at 70 OC in this study agree well with 
the data reported by Gutsche and Knapp (6). The values for 
the AAD(Ay) from the point-to-point consistency test for the 
two data sets (see Table VIII)  are considered very good. The 
low-boiling azeotropic point estimated from our data is also 
comparable to that determined by Gutsche and Knapp, as 
shown in Table IX. The azeotropic points were estimated from 
the best-fit model in both cases. 

Moderately positive deviations from ideality were observed 
for each of the aidehydelhydrocarbon systems. Minimum- 
boiling azeotropes were formed in all but the isobutyr- 
aldehydeln-heptane system. An azeotrope does not occur in 
this last system because of the larger difference in the vapor 
pressures of the pure components. The azeotropic points were 
calculated by using the activity coefficient which gave the best 
fit (see below) and are presented in Table IX .  

Actlvlty Coefficients and Models 

was calculated for each data point by using 
The experimental activity coefficient for component i ,  T i ,  

Ti = Wi4i P) / (x i f io)  (2) 

Table VIII. Results of Point-to-Point Consistency Test 

1 bo 
0 0  01 0 2  0 3  0 4  05 06 0.7 0 0  09 10 

x l '  YI 
Flgure 6. P-x-y phase equilibrium diagram for isobutyraldehyde (1) 
and n-heptane (2) at 45 O C .  Legend as in Figure 4. 

where x, and y, are the liquid and vapor mole fractions of 
species i ,  respectively, and 4, is its vapor-phase fugacity 
coefficient. The fugacity coefficients were calculated from the 
virial equation, truncated after the second term 

(3) 

The second virial coefficients, B ,  were obtained by the method 
of Hayden and O'Conneil (9). The standard-state fugacity, 4" 
(that is, the fugacity of pure liquid i at the system temperature 
and pressure), is given by 

(4) 

The form of the Poynting correction factor, exp[v,(f - f,*)/RT], 
for the effect of pressure on f,' assumes that the liquid molar 
volume, v,, is independent of pressure. The liquid molar vol- 
umes were calculated from the COSTALD method (IO). 

The activity coefflclents calculated in this manner were 
correlated by fitting the three-suffix Margules ( I I ) ,  Van Laar 
( I I ) ,  Wilson (12) NRTL ( I S ' ) ,  and UNIQUAC (14) activity 
coefficient models for each isotherm. The two adjustable pa- 
rameters for each model (the a parameter in the NRTL model 
was fixed at 0.3) were estimated by using the maximum iike- 

f," = 4,s4* exp[v,(f - f,S)/RT] 

system 
AAD( AP), consis- 

T, "C gas phase N AAD(Ay) mmHg tencya 
1,2-dichloroethane/n-heptane (Gutsche) 70.0 real 18 0.0051 0.75 + 
1,2-dichloroethane/n-heptane (this study) 70.0 real 17 0.0048 0.83 + 
n-pentanelprop ionaldehyde 40.0 ideal 26 0.0070 1.31 + 
n-butyraldehydeln-heptane 45.0 real 19 0.0055 0.45 + 
n-butyraldehydeln-heptane 70.0 real 22 0.0068 0.98 + 
isobutyraldehydeln-hep tane 45.0 real 19 0.0021 0.37 + 

a The data are considered consistent ( + )  if AAD(Ay) < 0.01 (3). 

Table IX. Estimated Azeotropic Points 

system T, "C x , =  Paz,mmHg model A ,, A 21 

1,2-dichloroethane/n-heptane (Gutsche) 70.0 0.749 537.22 UNIQUAC 85.006 1004.42 
1,2-dichloroethane/n-heptane (this study) 70.0 0.746 536.46 Van Laar 0.8400 1.2610 
n-pentanelprop ionaldehyde 40.0 0.656 1023.25 Wilson 0.4160 0.4458 
n-bu tyraldehydeln-heptane 45.0 0.876 267.99 Wilson 0.5405 0.5082 
n-bu tyraldehydeln-hep tane 70.0 0.880 664.61 Wilson 0.8148 0.3932 



160 Journal of Chemical and Engineering Data, Vol. 29, No. 2, 1984 

Table X. Estimated Parameters from Data Correlation 

parametersasb AAD( A P ) ,  
T,  "C model A I1 A 21 U F C  AAD( A Y 1 mmHg 

40 Margules 
Van Laar 
Wilson 
NRTL 
UNIQUAC 

45 Margules 
Van Laar 
Wilson 
NRTL 
UNIQUAC 

70 Margules 
Van Laar 
Wilson 
NRTL 
UNIQUAC 

45 Margules 
Van Laar 
Wilson 
NRTL 
UNIQUAC 

n-Pentane/Propionaldehyde 
1.3381 -0.0025 
1.2465 1.4037 
0.41597 0.44583 

1920.1 2007.6 
2021.5 365.3 

n-Bu tyraldehydein-Heptane 
1.0835 0.0302 
1.0526 1.1153 
0.5405 0.5082 

1715.1 1439.7 
-383.9 1458.4 

n-Butyraldehydeln-Heptane 
0.9244 0.1512 
0.7858 1.1002 
0.8143 0.3932 

1496.2 1550.1 
156.86 709.4 

Isobu tyraldehyde/n-Hep tane 
0.9952 0.0045 
0.9905 0.9999 
0.5459 0.5701 

1444.5 1423.1 
-492.0 1526.5 

2.92 
4.36 
1.79 
2.63 
4.54 

1.37 
1.36 
0.98 
1.31 
1.34 

3.31 
2.91 
2.55 
6.98 
2.88 

1.63 
1.63 
1.22 
1.52 
1.62 

0.0084 
0.0099 
0.0085 
0.0083 
0.0097 

0.0068 
0.0068 
0.0061 
0.0063 
0.0068 

0.0084 
0.0083 
0.0078 
0.0084 
0.0083 

0.0056 
0.0056 
0.004 5 
0.0053 
0.0057 

6.35 
10.06 
3.48 
5.61 

10.32 

0.82 
0.81 
0.60 
0.77 
0.79 

3.21 
2.92 
2.37 
6.94 
2.87 

1.50 
1.50 
1.13 
1.41 
1.49 

a The standard deviations used in the maximum likelihood method were ux = 0.003, u y  = 0.005, u p  = 0.5 mmHg, uT = 
Wilson: A, ,  = A,, - A l l ,  A,, = A,,  - A,,. NRTL: A,,  = g,, - g,,, A,, = g,, - g,, (J/mol). UNIQUAC: A, ,  = 0.02 "C.  

uI2 - u,,, A,, = u, ,  - u , ,  (Jimol). u~ = [ F / ( n  - 2)]"'. 

lihood method, which accounts for experimental error in all 
variables (T, P I  x ,  and y), by minimizing the following objective 
function: 

where d = a(f 1) a( f  2) - a( f  l,F,) and N = number of exper- 
imental points. The standard deviations in eq 5 are obtained 
by the propagation of error law (15). The following equations 
for F ,  and f 2r as suggested by Kemeny and Manczinger ( 15), 
were used: 

2 

F ,  = pexP'1- p a d  = pexp'1 - Cxiy,f,"@i (6) 

The results of the parameter estimation for each model are 
given in Table X. A lower value of the standard deviation of 
the minimized sum of squares of eq 5, as, indicates a better 
representation of the data given by a model. In  this study, the 
Wilson equation resulted in the lowest value of a, for all four 
data sets. However, an f -test ( 16) at the 95 % confidence 
level revealed this difference to be statistically significant only 
for the n-pentanelpropionaldehyde data. 

In  Figure 7 are presented the excess Gibbs free energies as 
a function of composition for each of the systems studied as 
derived from experiment using 

Ge(xl, x 2 ,  T )  = R T [ x ,  In y1 + x 2  In y2] (8) 

and from the best-fit thermodynamic model. I t  is interesting to 
note that the excess Gibbs free energy vs. composition curves 
for all the aklehyde/hydrocarbon systems are very similar in size 
and shape. 
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Flgure 7. Excess Glbbs free energies in J/mol as a function of com- 
position for each of the aldehyde/hydrocarbon systems studied here: 
n-pentane and propionaldehyde at 40 O C  (0 and -); n-butyraldehyde 
and n-heptane at 45 O C  (A and ---) and at 70 O C  (0 and e-); and 
isobutyraldehyde and n-heptane at 45 O C  ( 0  and ---). I n  each case 
the points are derived from the experimental data and the lines are 
the Wilson equation fit. 

In addition, new group interaction parameters of the UNIFAC 
method were estimated from the data of this study for aldehyde 
(CHO)/hydrocarbon (CH,) interactions by the method described 
by Fredenslund et al. (8 ) ,  based on minimizing the following 
objective function: 

N 

1 
/= = [In yiewt' - In yiUNIFAC]f  (9) 
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Table XI. 
UNIFAC and Comparison with the Old Parameters 

New Group Interaction Parameters for 

ol d new 
parametersa parametersb 

AAD(AY,/Y,) 0 .050 0.038 

a(CH,/CHO) = 677.00, a(CHO/CH,) = 505.70. 
AAD(AY,/Y,) 0.033 0.020 

a(CH,/CHO) = 618.8,  a(CHO/CH,) = 2261.0.  

The new parameters are shown in Table XI, along with the 
comparison of activity coefficients calculated from both the 
previous parameters based only on propionaldehyde/cyclo- 
hexane data (77), and the new parameters. As might be ex- 
pected, the fit of the n-butyraldehyde and isobutyraldehyde data 
is better with the new parameters but is worse for the mixture 
containing propionaldehyde. Clearly, to obtain the best possible 
parameters for the aldehyde/hydrocarbon functional-group in- 
teractions, a regression of data for many systems is needed. 

Concluslons 

Previously unavailable vapor-liquid equilibrium data for three 
aldehydelhydrocarbon systems were measured. These data 
are themselves of potential use in engineering design and also 
will be of use in the estimation of more accurate group inter- 
action parameters in the UNIFAC method and other function- 
al-group methods for CHO-CH, and CH,-CHO interactions. 
Minimum-boiling azeotropes were observed for the n -pen- 
tanelpropionaldehyde system at 40 O C  and the n-butyr- 
aldehydeln-heptane system at 45 and 70 O C .  

Acknowledgment 

We thank Dr. B. Gutsche and Professor H. Knapp (Technical 
University of Berlin) for their advice and assistance in setting 
up the experimental equipment used here. 

Glossary 

A ,  B, C 
B 
C 
d4 
f 
Ge 
n ,  
P 
R 
T 

Antoine constants (eq 1) 
second virial coefficient, J/g-mol 
number of components 
density relative to that of water at 4 O C ,  g/mL 
standard-state fugacity of liquid (eq 4), mmHg 
excess Gibbs free energy, J/mol 
refractive index 
total pressure, mmHg 
gas constant 
temperature, O C  

V molar liquid volume, cm3/g-mol 
X liquid-phase mole fraction 
Y vapor-phase mole fraction 
Y activity coefficient 
4 fugacity coefficient (eq 3) 
U standard deviation 
A 

AAD absolute average deviation 
rmsd root mean square deviation 
nbP normal boiling point, O C  

Subscripts 
i component i 

superscripts 
exptl experimentally measured value 
calcd calculated value 
S saturation value 

difference between the experimental and calculated 
values 

0 reference-state value 
Reglstry No. n-Pentane, 109-66-0; propionaldehyde, 123-38-6; n - 

heptane, 142-82-5; n-butyraldehyde, 123-72-8; isobutyraldehyde, 78-84-2. 
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Excess Volumes of 1 ,I  ,2,2-Tetrachloroethane + Ketone 
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Introduction Excess volumes for the binary mlxtures of 

Many attempts have been made to study molecular interac- 
tions in mixtures containing chloroalkanes ( 7 - 4 )  and ketones 

nonthermodynamic techniques have been used to provide ev- 
idence for the existence of weak specific interactions in the 
mixtures of ketones and chloroalkanes (9 - 7 7 ). The electron- 

1,1,2,2-tetrachloroethane with methyl ethyl ketone, dlethyl 
propyl ketone have been measured at and 

303.15 and 313.15 K. YE Is n@atlve Over the entire (5-8) as the components. Various thermodynamic and 
tractlon range In all the mlxtures. The negative excess 
volumes have been explalned In terms of dlpole-Induced 
dipole Interactions. 

0021-9568/84/1729-0161$01.50/0 0 1984 American Chemical Society 


