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Ebuliiometric Determination of PTx Data and GE for Acetone + 
Methyl Acetate from 20 to 60 "C 

James D. Olson 
Research and Development Department, Union Carbkie Corporation, South Charleston, West Virgin& 25303 

An ebullkmeter was used to measure total vapor-preswre 
(Px) data on 21 mixtures of acetone + methyl acetate 
(and the pure components) at 5 OC Intervals between 20 
and 60 O C .  A two-parameter Redlkh-Klster GE model 111 
the lndivldual isotherms vla Barker's method with an 
average standard error of 0.05% in pressure. Equhnoiar 
GE values thus derived vary 33% depending on whlch 
vlrial coefflclent correlation Is used to calculate the 
mlxture fugaclty coefficlents. Use of the 
Hayden-O'Connell vlrial colreiatlon ylelds GE values 
whose temperature dependence Is consistent wRh 
calorimetrlcaliy determlned HE data. The azeotroplc 
composltlon decreases from 0.78 mole fractlon acetone at 
20 O C  to 0.57 at 60 OC, 

Measurement of PTx data as a route to vapor-liquid equilibria 
is an alternative to direct measurement of P Txy data in equi- 
librium stills. Use of PTxdata requires rigorous and complete 
thermodynamic analysis of the equations and methods used to 
compute GE and y (  7 ,  76). This is possible with the advent of 
digital computers. 

Px data are usually measured isothermally in a static va- 
por-pressure apparatus (tensimeter). However, in this work, 
data were obtained from experiments in an ebullbmeter which 
is a one-stage total-reflux boller equipped with a vapor-lift pump 
to spray slugs of equilibrated liquid and vapor upon a ther- 
mometer well. Swietoslawski showed (74 )  that, although 
ebulliometry uses steady-state boiling rather than gradlent-free 
static equilibrium, vapor-pressure data measured in an ebul- 
liometer for pure components agree well wlth data from iso- 
thermal static measurements. The purpose of this work is 
twofold: (i) to compare ebulliimetrically determlned Pxdata at 
50 O C  for the system acetone (1) + methyl acetate (2) with 
recent measurements of DiElsi, Patel, Abbott, and Van Ness (6) 
which were determined isothermally in a static tensimeter and 
(ii) to present &data and CE for this system in 5 OC increments 
from 20 to 60 OC. Heatsf-mixing data, HE, computed from the 
temperature slope of the GE data are compared to calorimetric 
HE data to test thermodynamic consistency. 

Experimental Section 

The acetone and methyl acetate were chromatoquality 
(99.5+ mol %) reagents from Matheson Coleman and BeH used 
as received. No volatile impuities were detected in the acetone 
by our own gas chromatography (FID) analysis: however, a 
small peak (0.1 area %) was detected from the methyl acetate. 
This impurity was found by GC/MS to be benzene. Karl Fischer 
titration revealed 0.053 W % water present in the acetone and 
0.27 % in the methyl acetate. Care was taken during the ex- 
periments not to expose the chemicals to the humld laboratory 
atmosphere. Of course, no degassing is necessary for ex- 
periments in an ebulliometer. 

The ebullimeter (9) is shown in Figure 1. The boiler, which 
was constructed from concentric pieces of glass tubing, has 
sintered glass fused to the heated surface'to promote smooth 
ebullition. A nichrome wire heats the boiler electrically. Twin 
vapor-lift pumps spray liquid and vapor slugs on the thermom- 
eter well which is wrapped with a glass spiral to promote 
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Table I. Vapor Pressures (torr) of Acetone and Methyl Acetatea 

T, "C acetoneb methvl acetateC 
20.000 
25.000 
30.000 
35.000 
40.000 
45.000 
50.000 
55.000 
60.000 

185.373 
230.677 
285.423 
349.1 10 
4 24.74 7 
512.497 
615.340 
732.391 
868.087 

172.450 
216.218 
269.695 
332.225 
406.823 
493.835 
596.524 
713.700 
850.190 

a Antoine equation constants (log,, Ptat = Ai - [Bi/(Ci + 
TCC))]:  acetone,A, = 7.10485,E1 = 1202.05, C, = 228.510, 
z p  = 0.28 torr; methyl acetate, A, = 7.15892, E ,  = 1202.20, C, = 
224.246, $ p  = 0.36 torr. Mean of three replicates, standard 
error at each temperature, 0.02-0.06%. Mean of five replicates, 
standard error at each temperature, 0.02-0.07%. 

thermal equilbrium. The ebulUometer is connected to the ma- 
nostat through a standard condenser which is cooled with a -20 
O C  glycol-water mixture. The entire apparatus is insulated 
except the condenser and condensebvapor return. Finally, the 
side view shows a septum-covered stopcock where materials 
can be introduced into the apparatus. 

The pressure was controlled with a Mensor Model 10205 
quartz manometer/manostat. This instrument is equipped with 
a direct-reading option for 0-1000 torr (1 torr = 133.3224 Pa) 
with resolution of 0.01 torr. Pressures derived from the dial 
reading and the calibration chart are accurate to f(0.01% + 
0.02 torr) for a recently calibrated instrument. 

Temperatures on the IPTS-68 scale were measured with a 
Hewlett-Packard Model 280 1 A quartz thermometer. This 
thermometer was calibrated at each of the experimental tem- 
peratures by comparison to a Leeds and Northrup primary- 
standard platinum resistance thermometer traceable to NBS. 

E-d hcakwe.  The ebulliometer was flushed with 
dry nitrogen, and the condenser coolant clrculation started. A 
Hamilton gas-tight syringe (capacity = 50 cm3) was Rushed with 
nitrogen, and a sample of methyl acetate was drawn from the 
reagent container through a septum. The methyl acetate was 
then injected Into the ebuliometer through the septumcovered 
port. Thi i  procedure was repeated with a clean syrlnge for the 
desired amount of acetone. The syringes were weighed on a 
Voland balance to fl mg before and after each addltlon which 
gave the total mass of each component added to the ebul- 
liometer. The ebullbmeter was then connected to the manostat 
which was set at the approximate vapor pressure of mixture 
at 20 OC, and the electrical heater turned on. After steady-state 
boiling was observed (30-45 min), the manostat dial was ad- 
justed until the ebulliometer temperature read exactly 20.000 
f 0.0005 OC. The corrected manostat reading was then re- 
corded as the solution vapor pressure. Data were obtained 
similarly at 5 O C  increments to 60 OC by manipulation of the 
manostat control pressure. EquWratbn was rapld (10-15 min) 
at each new pdnt. In thii fashion, data for two mixtures were 
measured per 8-h day. 

Results 

Table I contains vapor-pressue data from measuements on 
the pure components. These data are essential for meaningful 
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Table 11. Experimental Data for Composition Calculations ra n 1 
E 
R 
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Figwe 1. Front and slde cross-sectional views of ebulliometer: (a) 
to manostat; (b) condenser: (c) themKxneter well; (d) vapor-lift pump 
(two-arm); (e) boiler; (f) stopcock; (9) condensed vapor retum; (h) 
condenser coolant inlet; (i) septum; (---) Indicates llquld level ~ 7 5  
cm3. 
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20 30 40 50 60 
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Flgm 2. Acetone vapor pressure residual from Antokre equatbn: (0) 
experimental point; (-) indicates deviation from data of ref 2. 

mixture experiments to insure that the derived GE represents 
only the mixture nonidealtty, not systematic errors in the pure- 
component vapor pressures ( 7 ,  76). Note the agreement be- 
tween the vapor pressures of acetone and the data of Ambrose 
et ai. (2) as shown in Figure 2. No such deflnithre reference 
data are available for methyl acetate. 

Raw data far calculation of the liquidphase mole fractii, x, 
are ghren in Table 11. These data are essentlal to compute x 
from I, the overall mole fraction charged to the ebuiiiometer. 
A material-balance correction was computed to take into ac- 

run" 1 7 1 1 9  g m,, g ZI 

1 24.070 42.889 0.4172 
2 47.396 15.236 0.7987 
3 34.965 29.023 0.6058 
4 6.853 65.550 0.1177 
5 25.048 39.752 0.4456 
6 40.219 23.190 0.6887 
7 16.644 51.354 0.2925 
8 11.588 56.287 0.2080 
9 53.893 8.358 0.8916 

10 31.818 32.955 0.5519 
11  28.680 36.256 0.5022 
12 37.498 26.092 0.6470 
1 3  56.960 5.729 0.9269 
14 3.925 66.740 0.0698 
15 9.4 94 60.808 0.1661 
16 50.048 12.127 0.8404 
17  14.488 53.870 0.2554 
18 41.962 18.577 0.7423 
19 14.967 53.006 0.2648 
20 55.960 5.741 0.9256 
21 19.849 47.271 0.3488 

" Chronological order of experiments. = 210 cm3. FV = 
2.0 cm'. 

I I I I I I I , I 
02 0 4  06 0 0  

X I  

Flgurs 3. Pressure deviation' from Raoult's law for acetone (1) + 
methyl acetate (2) at 50 O C :  (0) this work; (A) ref 6. 

count the composition change due to the vapor space and the 
presence of a film of condensed vapor (holdup) on the upper 
walk of the ebuiibmeter (7). This correction is small, as seen 
by comparing z in Table I1 to x in Table 111. The vapor-liquid 
equDibrium model used to compute this conection was obtalned 
from a preliminary analysis of the data in which x = z .  

Results far 188 PTx measurements are shown in Table 111. 
Note that y ,  the vapor-phase V m n ,  is a c&hted vakre 
based on the Rediich-Kister GE model and the Hayden-0'- 
Conneii virlai correlation. The PTx data at 50 OC may be 
compared to the results of DiEisi et ai. (6) by computing AP, 
the difference between the measured mixture vapor pressure 
and the pressure predicted by Raoult's law ( x ,  P," + xzP2.a). 
This deviation-pressure comparison minimizes the effect of 
small differences in the measured pure-component vapor 
pressures. Figure 3 is a plot of APvs. x. Note that the two 
sets of data agree within experimental error except near the 
equimolar point where differences of 4-6% in AP are ob- 
Served. 

Values of GE and y were computed by a Gauss-Newton 
nonlinear least-squares fii to the experimental mixture vapor 
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Table III. PressureTemperatureComposition Data 

XI P, torr Y l a  *, P, torr Y I a  

0.0 
0.069 41 
0.117 14 
0.165 43 
0.207 25 
0.254 68 
0.264 04 
0.291 74 
0.348 07 
0.416 57 
0.444 99 
0.501 74 
0.55 1 48 
0.605 49 
0.646 82 
0.688 55 
0.742 29 
0.798 70 
0.840 41 
0.891 66 
0.925 62 
0.926 97 
1.000 00 

0.0 
0.069 43 
0.117 17 
0.16546 
0.207 30 
0.254 72 
0.264 09 
0.291 79 
0.348 12 
0.416 62 
0.445 04 
0.501 80 
0.551 53 
0.605 54 
0.646 86 
0.688 59 
0.742 34 
0.798 75 
0.84043 
0.891 68 
0.925 63 
0.926 98 
1.000 00 

0.0 
0.069 45 
0.117 19 
0.165 50 
0.207 34 
0.254 76 
0.264 13 
0.291 84 
0.348 17 
0.416 67 
0.445 09 
0.501 85 
0.551 58 
0.605 58 
0.646 91 
0.688 63 
0.742 34 
0.798 78 
0.840 46 
0.891 70 
0.925 64 
0.926 99 
1.000 00 

T =  20°C 
172.45 
174.81 
176.54 
178.23 
179.36 
180.61 
180.45 
181.17 
182.52 
183.63 
183.86 
184.66 
185.31 
185.76 
185.86 
186.19 
186.50 
186.32 
186.26 
186.17 
185.75 
185.81 
185.37 

T =  25 "C 
216.28 
219.13 
221.03 
223.09 
224.40 
225.84 
225.69 
226.5 1 
228.13 
229.39 
229.66 
230.67 
231.27 
231.69 
231.80 
232.05 
232.30 
232.15 
232.01 
231.78 
231.23 
231.30 
230.68 

T =  30°C 
269.70 
273.05 
275.34 
271.66 
279.25 
280.87 
280.70 
281.64 
283.51 
284.92 
285.18 
286.30 
286.96 
287.36 
287.45 
287.62 
288.02 
287.64 
287.35 
286.99 
286.22 
286.34 
285.42 

0.0 
0.0823 
0.1359 
0.1881 
0.2319 
0.2803 
0.2897 
0.3173 
0.3724 
0.4380 
0.4649 
0.5182 
0.5647 
0.6151 
0.6539 
0.6930 
0.7439 
0.7981 
0.8387 
0.8893 
0.9235 
0.9248 
1 .ooo 

0.0 
0.0815 
0.1 348 
0.1867 
0.2303 
0.2785 
0.2879 
0.3154 
0.3704 
0.4360 
0.4629 
0.5163 
0.5628 
0.6134 
0.6522 
0.6916 
0.7428 
0.7971 
0.8379 
0.8888 
0.9231 
0.9245 
1.000 

0.0 
0.0808 
0.1337 
0.1853 
0.2287 
0.2767 
0.2861 
0.3135 
0.3685 
0.4340 
0.4609 
0.5144 
0.5611 
0.6118 
0.6507 
0.6902 
0.7415 
0.7962 
0.8371 
0.8883 
0.9227 
0.9241 
1.000 

0.0 
0.069 46 
0.117 21 
0.165 53 
0.207 37 
0.254 80 
0.264 17 
0.291 88 
0.348 21 
0.416 72 
0.445 14 
0.501 89 
0.551 62 
0.605 63 
0.646 95 
0.688 68 
0.74240 
0.798 81 
0.840 48 
0.891 71 
0.925 65 
0.927 01 
1.000 00 

0.0 
0.069 48 
0.117 24 
0.165 55 
0.207 40 
0.254 84 
0.264 21 
0.291 92 
0.348 26 
0.416 76 
0.445 18 
0.501 94 
0.551 66 
0.605 67 
0.646 98 
0.688 68 
0.74243 
0.798 83 
0.840 50 
0.891 73 
0.925 67 
0.927 02 
1 .ooo 00 

0.0 
0.069 49 
0.117 25 
0.165 58 
0.20743 
0.254 87 
0.264 24 
0.291 95 
0.348 29 
0.416 80 
0.445 23 
0.501 98 
0.551 70 
0.605 7 1 
0.647 02 
0.688 73 
0.742 46 
0.798 86 
0.840 52 
0.89 1 74 
0.925 68 
0.927 03 
1 .ooo 00 

T=35"C 
332.23 
336.20 
338.83 
341.47 
343.31 
345.11 
344.98 
346.01 
348.29 
349.75 
350.03 
351.17 
351.92 
352.25 
352.31 
352.49 
352.69 
352.22 
351.85 
351.29 
350.29 
350.41 
349.1 1 

T = 4 0 " C  
406.82 
411.50 
414.50 
417.53 
419.66 
421.71 
421.46 
422.81 
425.23 
426.69 
427.20 
428.41 
429.18 
429.46 
429.54 
429.64 
429.73 
428.98 
428.46 
427.64 
426.36 
426.51 
424.75 

T = 4 5  "C 
493.84 
499.24 
502.70 
506.05 
508.46 
510.86 
510.65 
512.03 
514.61 
516.72 
516.84 
518.10 
518.92 
519.18 
519.11 
519.07 
519.13 
517.95 
517.27 
516.16 
514.56 
514.71 
5 12.50 

0.0 
0.0802 
0.1327 
0.1840 
0.2272 
0.275 1 
0.2845 
0.3119 
0.3667 
0.4322 
0.4592 
0.5127 
0.5594 
0.6102 
0.6493 
0.6889 
0.7404 
0.7953 
0.8362 
0.8877 
0.9224 
0.9238 
1.0000 

0.0 
0.0795 
0.1317 
0.1828 
0.2259 
0.2737 
0.2830 
0.3103 
0.3651 
0.4307 
0.4576 
0.5112 
0.5580 
0.6089 
0.6480 
0.6877 
0.7394 
0.7944 
0.8357 
0.8873 
0.9220 
0.9234 
1.000 

0.0 
0.0790 
0.1309 
0.1817 
0.2247 
0.2723 
0.2816 
0.3088 
0.3635 
0.4 29 1 
0.4560 
0.5096 
0.5565 
0.6076 
0.6468 
0.6867 
0.7385 
0.7938 
0.8352 
0.8869 
0.9218 
0.9232 
1.000 
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Table III. (Continued) 

XI P, torr Y I 4  X I  P, torr YIa  

0.0 
0.069 50 
0.117 27 
0.165 60 
0.207 46 
0.254 90 
0.264 28 
0.291 98 
0.348 33 
0.4 16 84 
0.445 27 
0.502 02 
0.551 74 
0.605 77 
0.647 02 
0.688 77 
0.742 50 
0.798 89 
0.840 54 
0.891 76 
0.925 67 
0.927 04 
1.000 00 

0.0 
0.069 51 
0.117 29 
0.165 62 
0.207 49 
0.254 93 
0.264 31 
0.292 02 
0.348 36 
0.416 87 
0.445 30 

T =  50 "C 
596.52 
602.68 
606.69 
610.38 
613.10 
615.72 
615.51 
617.17 
620.12 
622.04 
622.33 
623.61 
624.51 
624.54 
624.42 
624.34 
624.02 
622.64 
621.62 
620.09 
618.11 
618.37 
615.34 

T=55"C 
713.70 
721.73 
725.37 
729.39 
732.54 
735.59 
735.24 
737.11 
740.38 
742.85 
742.49 

Calculated by Barker's method. 

0.0 
0.0784 
0.1300 
0.1806 
0.2234 
0.2709 
0.2802 
0.3075 
0.3621 
0.4277 
0.4547 
0.5084 
0.5553 
0.6065 
0.6457 
0.6857 
0.7377 
0.7930 
0.8345 
0.8865 
0.9215 
0.9229 
1.0000 

0.0 
0.0780 
0.1293 
0.1798 
0.2224 
0.2698 
0.2790 
0.3062 
0.3608 
0.4262 
0.4532 

pressures coupled with a bubble-point calculation during each 
iteration (Barker's method). No attempt was made to correct 
for the presence of the trace water. The equation which de- 
scribes the thermodynamic equilibrium between the phases at 
a particular temperature Tand equilibrium pressure Pis eq 1, 

4, y, P = yI x, P,"'4,"' exp[(P - P,=?V,/(RT)] i = 1, 2 
(1) 

where 4 is the vapor-phase fugacity coefficient, y is the iiq- 
uid-phase activity coefficient (reference state: pure liquid at 
system Tand P), P" is the pure-component vapor pressure, 
and V is the pure-component saturated-liquid molar volume. 
The exponential pressure correction terms contain usual a p  
proximations ( 72) for the pressure dependence of the voiu- 
metric properties of the liquid phase. 

The GE model was the Redlich-Kister equation 

GE = xlx2[A + B(xl - x,) + C(x, - x2)' + ...I (2) 

RTin y , =  GE + ~ , ( d G ~ / d x , ) ~ ~  i ,  j =  1, 2 (3) 

where A, 6, C, ... are parameters to be estimated in the 
least-squares fit. 

The equation of state for the vapor-phase mixture was the 
pressure-explicit viriai equation truncated to the first correction 
term 

Z =  1 + B,P/(RT) (4) 

where 611, BZ2, and B12 are the pure-component and mixed 

0.502 06 
0.551 78 
0.605 77 
0.647 09 
0.688 80 
0.742 53 
0.798 91 
0.840 57 
0.891 77 
0.925 70 
0.927 05 
1 .ooo 00 

0.0 
0.117 30 
0.165 64 
0.207 51 
0.254 96 
0.264 33 
0.292 04 
0.348 40 
0.416 91 
0.445 34 
0.502 09 
0.551 82 
0.605 82 
0.647 13 
0.688 84 
0.742 56 
0.798 94 
0.840 59 
0.891 79 
0.925 71 
0.927 06 
1.000 00 

T= 55 "C 
743.90 
744.72 
744.50 
744.28 
743.97 
743.48 
741.67 
740.40 
738.26 
735.74 
736.55 
732.40 

T=60"C 
850.19 
863.34 
868.20 
871.35 
875.10 
874.70 
876.63 
880.04 
882.44 
882.16 
883.79 
884.49 
884.14 
883.74 
882.79 
882.49 
879.74 
878.19 
875.90 
872.22 
873.02 
868.09 

0.5069 
0.5540 
0.6052 
0.6446 
0.6847 
0.7368 
0.7924 
0.8341 
0.8862 
0.921 3 
0.9227 
1.0000 

0.0 
0.1287 
0.1789 
0.2214 
0.2687 
0.2779 
0.3051 
0.3596 
0.4250 
0.4520 
0.5058 
0.5527 
0.6042 
0.6437 
0.6838 
0.7361 
0.7918 
0.8336 
0.8858 
0.9210 
0.9224 
1.0000 

Table TV. Physical Properties and Vuial Correlation Data for the 
Acetone (1) + Methyl Acetate (2) Systema 

compd T,, K P,, atm V,, cm3 mol-' pa, g cm-3 (dp/dn20 

Physical Property Data 
1 508.1 46.4 209 0.7900 -0.001 00 
2 506.8 46.3 228 0.9339 -0.001 30 

w a b k;; 
Tsonopoulos Correlation Parameters 

1 0.309 -0.0309 0.0 0.10 
2 0.324 -0.0109 0.0 0.10 

lOZ5fi, (J M3)"* 108R', cm qii 17 ii 
Hayden-O'Connell Correlation Parameters 

1 9.044 2.740 0.900 1.10 
2 5.534 2.862 0.850 1.10 

a Molecular weights of acetone and methyl acetate are 58.080 
and 74.080, respectively. 

second vHai coeffidents. The vaporphase fugacity coefficients 
may be calculated from eq 0. Two correlations were used to 

estimate the second viriai coefficients: the method of Tsono- 
poulos ( 75) and the method of Hayden and O'ConneH (8). Data 
used in these correlations and liquid density data are listed in 
Table IV. 

The PTx data at 50 O C  were fit with the one-, two-, and 
three-constant Rediich-Kister models as shown in Table V. 
Two parameters are sufficient to describe 6, as was found by 
DiElsi et ai. (6). The two parameters from their Margules model 
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0 
1 I - 

F W e  4. Mixture pressure residual for acetone (1) + methyl acetate 
(2) at 50 O C .  

Table V. Redlich-Kister Parameters at 50 "C 

no. parm' A, J mol-' B, J mol'' C, J mol-' Bp, torr 

1 275.948 0.447 
2 275.666 -21.484 0.250 
3 274.982 -21.866 2.79 0.25 8 

a Number of Redlich-Kister parameters, eq 2. - 

Table VI. Redlich-Kister Parameters for Acetone 
(I) + Methyl Acetate (2) 

T, "C A, J mol-' B, J mol-' Cp, torr max Pdevr torr 

20 
25 
30 
35 
40 
45 
50 
55 
60 

290.070 
286.979 
284.461 
282.428 
280.732 
277.740 
275.666 
275.391 
274.916 

-21.909 
-22.963 
-22.781 
-22.893 
-22.256 
- 24.46 2 
-21.484 
-25.986 
-25.730 

0.123 
0.136 
0.169 
0.186 
0.207 
0.232 
0.250 
0.368 
0.430 

0.232 
0.237 
0.29 1 
0.366 
0.413 
0.449 
0.510 
0.731 
0.982 

may be calculated from the Redlich-Kister A and B constants 
by eq 7 and 8. Subsequent fitting used only the twwrameter 

(7) A12 = ( A  - B) / (RT)  

model. The pressure-residual scatter plot shown in Figure 4 
indicates that the residuals are free from systematic runs. 

Table V I  contains results from fitting the two-parameter 
Redlich-Kister model to Px data at each temperature. Good- 
ness of fit is indicated by the standard root-mean-square error 
in the calculated pressures and the maxi" (P- Pedod). Other 
models were tested, including the Wilson and van b a r  equa- 
tions, but they offered no particular advantage over the two- 
parameter Redlich-Kister equation. 

Data given in Table VI1 compare the thermodynamic results 
at 50 O C  of DIEM et ai. (6) and our data using (i) the Tsono- 
poulos correlation and (ii) the Hayden-O'Connell correlation. 
The equimolar GE values computed from these two choices of 
virial correlation differ by -33%. Although there is no reason 
to pick one method over the other for data at a single tem- 
perature, the GE vs. Tdata computed by using the Hayden- 

Table MI. Effect of Virial Correlation on GE at 50 "C 

350 C 

, 
+ 
E 2 8 0  - 

w 
0 

n o  - 

TEMPERATURE ("C) 

Flguro 5. GEI(RT) from Barker's method analysis. (P) ref 6. 

O'Connell correlation are more consistent with HE, the heat- 
of-mixing, known from calorimetry as discussed in the next 
section. 

Discussion 

The precision of the results is indicated by (i) the root- 
mean-square standard error for replicates during the pura 
component vapor-pressure experiments (Table I), (il) the fitting 
error of the Antoine equation (Table I), and (iii) the fitting error 
for the mixture data (Table VI). On this basis the preclsion 
expressed as standard error at each temperature is -0.04% 
in pressure. The overall (between temperatures) standard error 
is probably 0.05-0.1 % . 

The evaluation of the accuracy of experimental measure- 
ments in the absence of exactly known reference values is a 
difficult and illdefined process ( 70). If systematic errors (bias) 
are absent, the experimental uncertainty Is the same as the 
uncertainty expected from random errors, 0.05-0.1 %. The 
overall integrity of the experimental method is shown by (i) the 
agreement of the acetone vapor-pressue data with the refer- 
ence data of Ambrose et at. (2) and (ii) the agreement of the 
50 OC mixture data with the data of DiElsi et at. (6). These 
comparisons indicate that serious systematic errors are absent 
from the procedure. 

The thermodynamic consistency of the temperature depen- 
dence of the GE values can be tested by comparison to cal- 
orimetrically determined HE data accordlng to eq 9, where g = 

(9) 
GEI(RT). The value of the equimolar determined from ca- 
lorimetry at 50 OC is 86.5 J mol-' ( 77). Figure 5 shows gvs. 
Tfrom analysls of our PTxdata which used, in the one case, 
the Tsonopoulos virial coefficient correlation and, in the other, 

ap,  torr max Pdev, torr GET J mol-' Yl* Y 2- Y l d  

this work' 0.250 0.510 68.9 1.1169 1.0992 0.508 35 
this workb 0.251 0.539 91.6 1.1547 1.1374 0.508 53 
ref 6b  0.29 0.71 94.1 1.1588 1.1421 

a Used Hayden-O'ConneU virial correlation. Used Tsonopoulos virial correlation. Equimolar value, x,  = x 2  = 0.5. Calculated value 
for experimental point, x ,  = 0.50202. 
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Table VI11 contains calculated azeotrope compositions and 
pressures from 20 to 6Q OC based on a second-order Lagran- 
gian interpolation of the data of Table 111 and the calculated 
pressures. These data are compared with previous work (4, 
6, 13). 

l o o t  

20 30 40 50 60 

TEMPERATURE l°C) 

Figure 6. Calculated excess second virlal coefficient of acetone (1) + methyl acetate (2). 

Table VIII. Acetone (1)  + Methyl Acetate (2) Azeotrope 

this work lit. 

T. "C x . A Z  PAZ, torr x,AZ pAZ,torr ref 

20 0.7788 186.36 0.7960 182.2 4 
25 0.7539 232.19 
30 0.7202 287.79 0.6880 282.3 4 
35 0.6949 352.58 
40 0.6686 429.70 0.5935b 423.7 4 
45 0.6427 519.27 
50 0.6204 624.66 0.6272 624.40 6 
50 0.6214a 624.6Ia 0.78 13 
50 0.6555' 623.81' 5 
55 0.5934 744.78 
60 0.5727 884.38 

Calculated with Tsonopoulos virial correlation. Estimated 
Data of Severns et al. reana- value;x = y  data point not given. 

lyzed by DiElsi, ref 5. 

the Hayden-O'Connell virial coefficient correlation. Use of the 
Hayden-O'Connell method leads to a value of -88 J mol-' for 
the 50 OC equimolar HE while use of the Tsonopoulos method 
gives an athermal or slightly exothermic equimolar HE at 50 OC. 
On this basis, I conclude that use of the Hayden-O'Connell virial 
correlation leads to a more realistic representation of the va- 
por-phase mixture properties. 

The difference between mixture virial coefficients predicted 
by the Tsonopoulos and Hayden-O'Connell methods can be 
seen by plotting the temperature dependence of the excess 
second virial coefficient 6, defined by eq 10, as shown in Figure 

(10) 

6. As seen, d6id T is negative for Tsonopoulos and positive 
for Hayden-O'Connell. This is the reason for the dramatically 
different GE vs. T plots in Figure 5. Note also that Hayden- 
O'Connell predicts negative values of 6, which indicates chem- 
ical interaction (solvation) between acetone and methyl acetate 
in the vapor phase. A k,,value of -0.04 used in the Tsono- 
poulos method gives approximately the same 6 vs. T as Hay- 
den-O'Connell. Moreover, the rough guide for prediction of k,/ 
given by Tsonopoulos ( 15) does not include ketone + ester 
systems: the most chemically similar choice is ketone + ether 
where ku = 0.13. A value of 0.10 is the kuused for data shown 
in Figure 6 and apparently also used by DiElsi et ai. (6). Tso- 
nopoulos points out that a negative k,, is observed in systems 
when chemical effects are present. 

A direct measurement of 6, perhaps by the Knobler method 
( 7 I ) ,  would eliminate the possibility that the more realistic GE 
temperature dependence obtained from use of the Hayden- 
O'Connell method is an artifact. Finally, note that, even though 
the equimolar GE values are 33% different for the different 
choices of virial correlation, the goodness of fii to pressure and 
the calculated y values are virtually unaffected (Table VII). 

6 = Biz - (B i i  + 822)/2 
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Glossary 

a ,  b 

9 
GE 

Pde" 
R 
R' 

T 
V' 

polar contribution parameters, Tsonopoulos vlrlal 

Margules GE model parameters 
Redlich-Kister GE model parameters, J mol-' 

correlation, ref 15 

Antoine vapor-pressure equation parameters, log,,, 

second virial coefficient, interaction between mole- 

mixture second virial Coefficient, cm3 mol-' 
GE/( RT) 
liquld-phase molar excess Gibbs energy, J mol-' 
liqubphase excess enthalpy (heat of mixing), J mol-' 
interaction parameter, Tsonopoubs virial conelation, 

mass of component iadded to ebulliometer, g 
pressure, torr 
pressure calculated from Antoine equation (Figure 

2 )  or from Barker method fit to mixture data (Fig- 
ure 4) 

p-  pcakd 

torr, OC 

cules iand j ,  om3 mol-' 

ref 15 

gas constant, 8.31433 J mol-' 
radius of gyration, Hayden-O'Connell virial correla- 

absolute temperature, K 
volume of phase i, cm3 

tion, ref 8, cm 

v, 

XI 

Y, 
4 

Z compressibility factor of vapor 

Greek Letters 

Y i  

6 
AP 

saturated liquid molar volume of component i, cm3 

liquid-phase mole fraction of component i 
vapor-phase mole fraction of component i 
total mole fraction of component iadded to ebul- 

mol-' 

liometer 

liquid-phase activii coefficient of component i (ref- 

excess second vlrial coefficient, cm3 mol-' 
difference of mixture pressure from RaouR's law, 

chemical interaction parameter, Hayden-O'Connell 

molecular dipole moment, Hayden-O'Connell vlrlal 

erence state: pure liquid at system T and P) 

torr 

virial correlation, ref 8 

correlation, ref 8, (J m3)'l2 
P 

P liquid-phase density, g cm3 
b P  

41 
0 
Subscripts 
1 of component 1, acetone 
2 
M of the mixture 
C 

Superscripts 
AZ at azeotrope 
cv 
T total in system (ebulliometer) 

standard root-mean-square error of least-squares fit 

fugacity coefficient of component i 
acentric factor, Tsonopoulos vkial correlation, ref 15 

of component 2,  methyl acetate 

at the liquid-vapor critical point 

to pressure, torr 

in the condensed vapor phase 
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sat pure saturated liquid 
m at infinite dilution 
20 value at 20 OC 
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Ultrasonic Velocities, Densltles, and Viscoslttes of Triethylamine in 
Methanol, Ethanol, and l-Propanol 

A. Kumar, 0. Prakash, and S. Prakash" 

Chemical Laboratories, Universlty of Allahabad, Allahabad, India 

Uitrasonlc velocities, densttles, and vlscodtles of 
trlethylamlne In methanol, ethanol, and l-propanol have 
been measured at 25 O C .  From experlmental data 
Isentropic compressiblllty, molar volume, and thek excess 
values along with excess vlscodty and excess molar 
Glbbs free energy for the actlvatlon of flow have been 
computed and presented as functlons of composition. The 
parameter dof the Grunberg and N h n  expression has 
also been cakulated. The results Indicate A-&type 
lnteractlon which decreases In strength wlth an Increase 
In the chaln length of alcohols. 

Introduction 

Considerable interest has been stimulated by the ultrasonic 
and viscosity investigations of binary liquid mixtures. The non- 
ideal behavior of liquid mixtures has been predicted by Tuom- 
ikoski and Nurmi ( I ) ,  Fort and Moore (2, 3), Flory and co- 
workers (4, 5), Prakash et al. (6 ) ,  Nigam and Singh ( I ) ,  and 
Raman and Naidu (8). The deviations from the law of additivity 
in the values of various parameters indicate the existence of 
specific interaction between unlike molecules. Triethylamine 
(TEA) is a weakly polar liquid, whereas alcohols are polar and 
associating. The present w a k  deals with the study of uttrasonic 
velocity, isentropic compressibility, molar volume, viscosity, and 
excess values along with excess molar Gibbs free energy for 
activation of flow and the Grunberg and Nissan (9) term dfor 
the systems (I) trtethylamine (TEA)-methend, (11) TEA-ethanoi, 
and (111) TEA-l-propanol at 25 OC. 

Experlmental Sectlon 

Ultrasonic velocity at 2 MHz was measured by a single- 
crystal variable-path interferometer. The transducer was a 
goldplated quartz cyrstai. The accuracy of velocity measure- 
ment was f0.18%. 

Density was determined by a doubie-wailed pycnometer 
having capiflaries of narrow bore provided with well-tmed glass 

Table I. Densities of Chemicals 

density at 25 "C 

compd exptl lit. ref 

triethylamine 0.7255 0.7254 16 
methanol 0.7868 0.7870 3 
ethanol 0.7851 0.78506 17 
propanol 0.7996 0.79968 18 

caps in order to avoid changes in composition due to evapo- 
ration of the more volatile liquid. The accuracy in density is of 
the order of 0.03%. (See Table I.) 

The suspended level Ostwaki viscometer calibrated with 
benzene and doubkdWled water was used for determining the 
viscosttiis. The values are accurate to 0.001 cP. The tem- 
perature was maintained constant by a thermostatic bath. 

Ethanol (BCPW) and TEA, methanol, and l-propanol (all BDH 
AR grade) were purified by Copp and Findlay's method (70). 
The m i m e s  were prepared by mixing welghed amounts of 
pure liquids and left for 2 h. 

The Isentropic compressibility 8, is given by 

p, = v-2p - 1 

where v is the ultrasonic velocity and p is the density. The 
molar volume Vof a mixture is defined as 

v =  # / p  (2) 

where # = xM1 + (1 - x)M2, M1 and x being the molecular 
weight and the mole fraction of the first component, respec- 
tively, and M2 and (1 - x) the molecular weight and the mole 
fraction of the second component, respectively. The viscosity 
was determined from eq 3, where tand 71 represent the time 

v = kinematic viscosity = q / p  = eft- b / t  (3) 

of flow in seconds and the viscosity in centipdse, respectively, 
of the mixtures, whereas a and b are the constants of the 
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