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Flgwo 2. Vlscous heat vs. mob traction of lower lalkanol for binary 
mixtures of Ce with Cl, Cz, C3, and C4: (01 C1-Ce; (A) c2-C~; (X) 
c,-c,; (0) c4-c,. 
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Figure 3. Preexponentlal factor vs. mole fractlon of lower 1-alkanol 
for binary mlxtues of C, with C,, Cz, C3, and C4: (0) Cl-Ce; (A) Cz-C,; 
(XI  C3-Ce; (0) C4-Ce. 

for all mixtures investigated are available as supplementary 
material. 

Glossary 
A ,  6, polynomial parameters 
C, D ,  
E 

Ml 

M2 

molecular weight of the lower component in a binary 

molecular weight of the higher component in a bi- 
mixture 

nary mixture 

P 
P,, P, 

respectively, in a binary mixture 
Xl 

mixture 
x2 

mixture 
a,2, aPl interaction parameters 
&,, bZ1 
77 viscosity of a sample 
vl ,  7, 

P density of a sample 
Regbtry No. 1-Decanol, 112-30-1; 1-nonanol, 143-08-8; 1-octanol, 

11 1-87-5; l-heptanol, 11 1-70-6 1-butanol, 71-36-3; 1-propanol, 71-23-8; 
ethanol. 64-17-5; methanol, 67-56-1. 

molar volume of a sample 
molar volumes of lower and higher components, 

mole fraction of the lower component in a binary 

mole fraction of the higher component in a binary 

coefficients which need to be determined by eq 2 

viscosity of lower and higher components, respec- 
tively, in a binary mixture 

LHerature Clted 

(1) McAlllster, R. A. A I C M  J. 1960, 6 ,  427. 
(2) Herrlc, E. L. J .  Chem. Eng. Data 1966, 7 1 ,  66. 
(3) Auslander, G. Br. Chem. Eng. 1964, 9 ,  610. 
(4) Glasstone, S.; Laldler. K. J.; Eyrlng, H. "The Theory of Rate 

Processes"; McGraw-HIII: New York. 1941. 
(5) Moore, R. J.; Oilles, P.; Eyrlng, H. J .  Phys. Chem. 1953, 57, 172. 
(6) Kattl, P. K.; Chaudharl, M. M. J. Chem. Eng. Data 1964, 9, 442. 
(7) Hardy, R. C. NBS Monogr. ( U . S . )  1962, No. 55. 
(8) Jones, G.; Fornwak, J. J. Am. Chem. SOC. 1938, 60, 1638. 
(9) Ewart, F. R.; Ralkes, H. R. J. Chem. SOC. 1926, 57, 1907. 

(IO) Won, Y. S.; Chung, D. K.; Mills, A. F. J. Chem. Eng. Data 1961. 26, 
140. 

(11) Trew, V. C. G.; Watklns. G. M. C. Trans. Faraday SOC. 1933, 29, 
1310. 

(12) Tlmmermans. J. "Physlcochemical Constants of Pure Organic 
Compounds"; Elsevler: New York, 1965; Voi. 1. 

(13) Dunstan. A. E.: Thole. F. B.: Benson. P. J. Chem. Sac. 1914, 105, . .  
782. 
Grlnneil. J.; Fornwait, H. J. J. Am. Chem. Soc. 1938. 80, 1683. 
Swart, F. K.; Ralkes. H. R. J. Chem. Soc. 1926, 117, 1907. 
Rlddlck, J. A.; Bunger. W. B. "Organic Solvents: Techniques of 
Chemistry"; Wlley-Interscience: New York, 1970; Vol. 11. 
Her& W.; Shuftan, P. Z .  Phys. Chem. 1922, 101, 284. 
Thorpe, J.; Rodger, J. Phibs. Trans. R. SOC. London, Ser. A 1694, 
185, 537. 

(19) Riggio. R.; Rumos. J. F. Can. J. Chem. 1961, 59, 3305. 
(20) Solomon, M. Metro/. Apl. 1967, 74 (5), 227. 
(21) Moelwyn-Hughes "Physical Chemistry", 2nd ed.; Macmlllan: New 

Ywk, 1961. 

Recelved for revlew September 8, 1982. Accepted March 14, 1983. F. 
Gratefully acknowledges the flnanclal support by the Robert A. Welch Foun- 
dation under grant No. M-721. 

Malrrbl Avelbbk: Table of rms errors for fits of viscosities 
of mixtures to various equations, and three figures for viscous heats and 
three figures for preexponentlal factors as functions of mole fractions of 
lower 1-alkanols in binary mixtures of lalkanols (9 pages). Ordering 
information is given on any current masthead page. 

Solubility of Solid Acetic Acid in Liquid Organic Solvents 

Renzo Carta and Stella Dernlnl' 
Istituto di Chimica Applica ta e Metallurgk, Facott2 di Ingegnera dell'Universit2 di Cagliari, I tah 

Introductlon The solubilltles of acetk acid In 801118 organlc solvents 
( n  -heptane, cyclopentane, carbon tetrachlorlde, toluene, 
chloroform, ethyl acetoacetate, methanol, ethanol, and 
acetone) have been measured for temperatures ranghrg 
from melting polnt to -30 OC. The rewlt, are compared 
wHh those predicted wlth UNIFAC and thore cakulated 
wlth the NRTL equatlon (vapor-llquld equlllbrium (VLE) 
parameters). 

The experimental measurements of vapor-liquid (VLE), liq- 
uid-liquid (LLE), and liquid-solid equilibria available provide an 
abundance of Information both theoretical and of interest in 
process design. While numerous experimental data are readily 
available for the first two types of equilibria (VLE and LLE), this 
is not so for liquid-solid equilibria ( 7 ,  2). 
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Table I. Solubilities of Acetic Acid in Some Common Organic Solvents 
t ,  "C x, Yexptl' Y d c d  t, "C X, rexptl' Y - ~  t, "C xz Yexptla Y - ~  

Carbon Tetrachloride n-Heptane 
12.5 
11.9 
11.3 
10.1 

8.7 
6.5 
5.6 
4.3 
3.2 

-0.1 
- 2.4 
-3.9 
-9.0 

- 15.2 
- 21.0 

12.5 
10.0 
6.9 
4.3 
2.2 
0.7 

- 3.0 
- 3.9 
-7.3 
-9.0 

- 15.2 
-21.1 
- 26.8 
-29.2 

Cy clopentane 
0.905 1.0309 
0.870 1.0615 
0.845 1.0817 
0.780 1.1340 
0.775 1.1394 
0.430 1.9550 
0.345 2.3979 
0.275 2.9389 
0.230 3.4447 
0.155 4.8106 
0.115 6.2099 
0.100 6.9404 
0.095 7.7302 
0.065 8.5183 
0.055 8.8761 

0.930 1.0032 
0.900 0.9931 
0.855 0.9927 
0.805 0.9927 
0.785 0.9965 
0.740 0.9962 
0.700 1.0087 
0.675 1.0243 
0.620 1.0448 
0.615 1.0480 
0.580 0.9543 
0.520 0.9388 
0.440 0.9551 
0.380 1.0701 

Chloroform 

1.0189 
1.0352 
1.0499 
1.1009 
1.1056 
1.8767 
2.3436 
2.3436 
3.4976 
5.0166 
6.4046 
7.1276 
8.2013 
9.9600 

11.3653 

1.0217 
1.0247 
1.0485 
1.0712 
1.0971 
1.1347 
1.1717 
1.1964 
1.2550 
1.2443 
1.3020 
1.3769 
1.4719 
1.5735 

12.0 
10.0 
7.5 
5.2 
3.8 
2.3 
0.7 

-1.3 
- 2.8 
-4.3 
-6.7 
- 9.0 

-15.2 
- 21.1 
- 26.8 

10.0 
7.2 
4.6 
2.4 
0.0 

- 2.0 
-4.0 
- 5.5 
-9.0 

-15.2 
-21.1 
- 26.8 

0.925 0.9999 
0.870 1.0272 
0.795 1.0330 
0.727 1.1071 
0.689 1.1538 
0.650 1.1988 
0.595 1.2717 
0.547 1.3327 
0.495 1.4315 
0.440 1.5650 
0.402 1.6317 
0.365 1.7211 
0.270 2.0507 
0.170 2.8717 
0.110 3.9073 

Toluene 
0.870 1.0273 
0.805 1.0573 
0.735 1.1056 
0.678 1.1516 
0.605 1.2348 
0.562 1.2804 
0.485 1.4283 
0.462 1.4567 
0.400 1.5705 
0.300 1.8456 
0.260 1.8776 
0.180 2.3878 

Ethyl Acetoacetate Methanol 
10.4 0.915 0.9834 1.0366 10.4 0.934 
7.1 
2.7 

-2.0 
- 4.8 
-9.0 

- 12.3 
- 14.9 
-20.3 
- 24.5 
-29.0 

exptl= 

0.855 0.9935 1.0384 7.1 0.880 
0.782 0.9911 1.0128 2.7 0.820 
0.730 0.9846 0.9659 -2.0 0.778 
0.660 0.9942 0.8963 -7.7 0.712 
0.610 1.0288 0.8420 -12.3 0.663 
0.551 1.0668 0.7731 -17.1 0.602 
0.510 1.0925 0.7230 -24.7 0.522 
0.442 1.1239 0.6364 -30.3 0.464 
0.420 1.0783 0.6003 
0.365 1.1195 0.5312 

experimental, calcd = calculated from UNIFAC. 

0.9434 
0.9653 
0.9573 
0.9238 
0.9053 
0.8866 
0.8838 
0.8635 
0.8541 

1.0074 
1.0235 
1.0626 
1.1532 
1.1752 
1.2079 
1.2949 
1.3907 
1.5209 
1.6981 
1.8891 
2.0395 
2.7618 
4.3463 
6.4595 

1.0241 
1.0564 
1.1092 
1.1683 
1.2698 
1.3466 
1.5240 
1.5907 
1.8099 
2.3500 
2.6892 
3.5859 

1.0230 
1.0444 
1.0568 
1.0562 
1.0420 
1.0210 
0.9866 
0.9250 
0.8725 

14.8 
13.7 
12.4 
11.9 
9.5 
7.5 
5.4 
3.5 
1.7 

- 0.9 
- 2.6 
- 3.5 
-4.9 

- 14.1 
- 29.2 

11.2 
7.2 
1.9 

-4.1 
- 6.7 
- 8.0 

-12.3 
- 14.9 
- 16.9 
-20.3 
-20.9 
-24.9 
-29.4 

10.5 
3.7 

- 2.4 
- 7.9 

-13.4 
- 18.6 
- 24.0 
- 29.0 

0.935 1.0064 
0.885 1.0250 
0.680 1.2769 
0.550 1.7343 
0.305 2.5783 
0.240 3.0566 
0.205 3.3231 
0.155 4.1062 
0.145 3.9750 
0.115 4.7113 
0.080 6.3549 
0.075 6.6018 
0.075 6.2115 
0.040 7.5520 
0.020 8.3688 

0.922 1.0002 
0.861 0.9892 
0.816 0.9489 
0.718 0.9628 
0.700 0.9381 
0.657 0.9743 
0.623 0.9435 
0.595 0.9364 
0.573 0.9324 
0.548 0.9203 
0.540 0.9154 
0.503 0.8921 
0.457 0.8856 

Ethanol 

Acetone 
0.918 
0.821 
0.763 
0.681 
0.640 
0.575 
0.507 
0.460 

0.9819 
0.9736 
0.9358 
0.9428 
0.8980 
0.8962 
0.9021 
0.8881 

1.0179 
1.0521 
1.3497 
1.5809 
3.1149 
3.8679 
4.4221 
5.4539 
5.6190 
6.7003 
8.1240 
8.3936 
8.4873 

12.844 1 
15.4985 

0.9944 
0.9868 
0.9777 
0.9537 
0.9481 
0.9364 
0.9251 
0.9159 
0.9086 
0.8973 
0.8910 
0.8834 
0.8669 

0.9968 
0.9844 
0.9718 
0.9478 
0.9311 
0.9012 
0.8628 
0.8297 

This article had the dual purpose of offering an additional 
contribution to existing experimental data and verifying the 
possibilities of predicting solubilities of solids in liquids by using 
the UNIFAC method. In fact, whHe it has been ascertained that 
the latter method represents with considerable accuracy VLE 
and LLE (3-5), much less attention has been given to the 
application to liquid-solid equilibria (5-7), i.e., at temperatures 
lower than the estimated one of the parameters. 

Furthermore, the possibility was considered of extendlng the 
properties derived from the data reduction of the vapor-liquid 
equilibria to those of the liquid-solid (8), resorting in this case 
to one of the analytical tools which presents greater flexibiltty 
in the representation of VLE, namely, the NRTL equation (9). 
For this equatlon the parameters were estimated at tempera- 
tures relating to the VLE and, when these parameters were 
used, the liquid-solid equilibrium was predicted at much lower 
temperatures. 

The paper aims, apart from making a contribution and ad- 
dition to existing experimental data, at providing a reliable tool 
for the evaluation of the possibility that certain components can 
give rise to precipitates in the process liquids. The study was 
restricted, for the purpose of this paper, to systems in which 
acetic acid is the solid component, both owing to its particular 
solidification temperature (16.6 "C) and in view of its dipole 
moment (=1.7 D), which ranks it halfway between nonpolar and 
strongly polar molecules. 

Experlmental Sectlon 

Solubilities of solid acetic acid in the liquid were determined 
by analyzing samples of the liquid phase in equilibrium with the 
solid. For this purpose liquid-solid systems were agitated in a 
thermostatic bath (fO. 1 OC). After equilibrium was reached, 
supernatant sample was removed for the analysis of concen- 
tration. Each determination was repeated 5 times with good 
reproducibiltty; the calculated standard deviation Is of the order 
of 0.005. 

Analyses of mixture samples were carried out by means of 
a precision refractometer as well as a Perkln-Elmer gas chro- 
matograph (a 3-m column was packed with Carbowax 20M, 
+2% H3P0,, on Chromosorb W.AW. 80-100 mesh). 

Purities of the components (Carlo Erba) were as follows (wt 
%): acetic acid, 99.9; cyclopentane, 99.0; toluene, 99.5; 
chloroform, 99.4; n-heptane, 99.5; ethanol, 99.9; methanol, 
99.9; carbon tetrachloride, 99.9; ethyl acetoacetate, 99.0: 
acetone, 99.7. 

Experimental solubilities of acetic acid in n-heptane, cycio- 
pentane, carbon tetrachloride, toluene, chloroform, ethyl 
acetoacetate, methanol, ethanol, and acetone are reported in 
Table I .  

Data Reductlon and Dlrrcusslon 

Activity coefficients of acetic acid have been obtained from 
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Flgure 1. Solubilities of acetic acid in n-heptane (a) and in cyclo- 
pentane (b): (-) from UNIFAC; (---) ideal; (e) experimental. 

the experimental solubilitles of d i d  acetic acid in liquid solvents 
through the equilibrium relationship 

In  data reduction, the normal melting temperature and the en- 
thalpy of fusion have been substituted into eq 1 for the corre- 
sponding values pertaining to the triple point ( IO, 7 1) .  The last 
term in eq 1 has little effect on the values of the activity 
coefficients and has therefore been neglected. Activity coef- 
ficients obtained from experimental solubilities have been com- 
pared with those predicted by using UNIFAC (Table I).  

For nonpolar solvent systems rather pronounced positive 
deviations from Raoult's law (y2 > 1) are observed: these are 
correctly predicted with UNIFAC, which represents well the 
activity coefficients of these solutions, at least for temperatures 
down to 0 O C .  At lower temperatures this representation de- 
teriorates for some systems, even if always correct from a 
qualitative point of view. 

As for the systems acetic acid-chloroform and acetic acid- 
ethyl acetoacetate, it should be observed that the solid-liquid 
equilibrium is predicted-within the limits of experimental 
error-also by assuming ideality (y2 = 1). 

Negative deviations from Raoult's law (y2 < 1) are encoun- 
tered in the systems acetic acid-methanol, acetic acid-ethanol, 
and acetic acid-acetone. Such deviations, which could be 
attributed to interaction of a chemical nature between the acid 
and the solvent, are llkewise correctly predicted by using 
UNIFAC; in particular, for the latter two systems there is very 
good agreement over the entire range of temperatures exam- 
ined. 

Figures I and 2 give a comparison for some systems be- 
tween solubilities predicted by using activii coefficients calcu- 
lated with UNIFAC and experimental values. For the systems 
reported the agreement is excellent. 

For those systems where negative deviations from ideality 
exist, the solubility of acetic acid was also calculated by means 
of the NRTL equation, employing the binary parameters ob- 
tained from the correlation of the respective vapor-liquid 
equilibria ( 72, 73). Mean errors are 5.94% for the system 
acetic acid-methanol, 1.44% for acetic acid-ethanol, and 
3.1 1 YO for acetic acid-acetone. 

In  conclusion, UNIFAC enables reliable estimates to be 
made for solubilities of solids in liquid solvents. Moreover, the 

\.' j 
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