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Results of measurement of vapour-liquid equilibria in the benzene-propionic acid-acetic acid 
ternary system at normal pressure are presented. The activity coefficients were, within the frame
work of inaccuracies determined on the basis of the law of error propagation, subjected to a test 
of consistency and correlated by the Wilson equation. The experimental values of activity coeffi
cients are compared with the values calculated on the basis of the Wilson equation with its 
constants obtained both from the ternary and from the binary data and with the values estimated 
hy the UNIFAC method. 

After measuring several binaryl- 5 and one ternary6 systems, the study of strongly 
associating systems was continued by determining vapour-liquid equilibrium in the 
benzene-propionic acid-acetic acid ternary system. To calculate the deviations 
from the ideal behaviour in the vapour phase, the model was used of ideally asso
ciating system with six microcomponents: monomer and dimer of both acids, mixed 
dimer, and benzene monomer. 

EXPERIMENTAL 

Preparation of pure substances. Benzene (Lachema Brno, plant Neratovice) was pre dried by 
means of calcined calcium chloride, and then rectified on a sixty-plate column. Propionic acid 
(Spolana Neratovice) was pre dried with calcined sodium sulphate and twice rectified with a small 
KMn04 addition on a twenty-plate bubble-cup column with outer heating mantle. Acetic acid 
(Lachema Brno, plant Neratovice) was purified by double rectification with a small addition 
of chromium oxide on a forty-plate bubble-cup column. The physico-chemical properties of sub
stances used are given in Table I. 

The recirculation equilibrium still used for measuring the vapour-liquid equilibrium was 
descri hed previousl y4. 

The analysis of the ternary mixtures was to be carried out by measuring density and refractive 
index. To calibrate the dependence V~ = V~(xJ' x2)' where V~ is the excess volume, and ne = 

= ne(x" x2)' 45 samples of known compositions were measured. The density was measured 

* Part C in the series Liquid-Vapour Equilibrium; Part IC: This Journal 51, 194 (1986). 
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in 25 ml pycnometers of the Bruin type at 20 ± o·tOe with the accuracy s(d) = t . 10-4 , the 
refractive index was measured with a Pulfrich refractometer illuminated by the green Hg line 
with the accuracy s(ne) "" 5 . 10 - s. 

The dependence of excess volume on composition was expressed in the form 

where 

E MtXt + M 2 xz + M3 x 3 Mtx t M 2 x 2 M3 X3 V = ... --.-------------= 
m d d t d 2 d 3 

c_~ AtXtX2 + A2X2X3 + A3XtX3 + A4XtX3(Xt - x3) + 
+ AsXtX3(Xt - X3)2 + A6Xzx3(X2 - X3)2, 

At = 1'46797, A2 -~ 0'399787, A3 •• ~ 3'26148, 

A4 = -0'710044, As ~~ 0'250541, A6 = -0'078638. 

Standard deviation of the correlation has been s( V~) = I . 10 - 2. 

The dependence of refractive index on composition was expressed in the form 

where 

ne = n~lXt + n~2xZ + 1l~3X3 + B t X t X3 + B 2 X t X2 + 
+ B 3X t X3(Xt - x3) + B4XtX2(Xt - x2) + B S X t X2X3' 

n~l = 1'50490, n~2 = 1'38773, n~3 = 1'37295, 

B t = 0'027101, B z = 0'003260, B3 = -0'002961 , 

B4 = -0'003574, Bs = 0'009359. 

(/) 

(2) 

Standard deviation of the correlation has been s(ne),....., I . 10- 4 • The result of correlation was 
subjected to an analysis. 

For standard deviation in composition, one can write 

TABLE I 

Physico-chemical constants of substances used 

Substance 

Benzene 

Propionic 
acid 

Acetic 
acid 

1'5006 
I· 5009- I· 50115a 

1-3863 
1'3865b 

1'3714 
1'3717- I-3719a 

0·8787 
0'87888- 0.879 lOa 

0'9934 
0'9934b 

1'0492 
1'0491O-1'04926a 

(3) 
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Considering only random errors, the error in the determination of benzene concentration would 
be lower than 1 . 10 - 3 in the whole concentration region for the given variances in refractive 
index and excess volume. With the same accuracy it is therefore possible to determine also the 
total amount of acids. With regard to the close values of quantities measured for both the acids. 
the error in the mole fraction determination of the individual acids is, however, higher. In the 
regions with lower benzene concentration, the error in the mole fraction determination of acids 
does not reach the val ue of 1 . 10 - 2, in the region richer in benzene increases with a maximum 
in the vicinity of xl ,..., O·S. 

In the regions where one can expect s(xl) ~ 1 . 10- 2 , gas chromatography was used for the 
determination of the acid concentration. A GC-ALPHA chromatograph with a thermal-conducti
vity detector was employed. Its column packing was a polymer sorbent Separon SDA. The 
temperature of thermostat and injection port was 190°C, that of the detector 140°C. The hydrogen 
flow rate was 40 ml/min. 

One III sample was injected into the apparatus using simultaneously an external standard 
(a mixture of known composition close to the analysed sample) and internal standard (a known 
amount of benzene in the analysed sample). The peak areas were established by quadrature. 
On statistical treating, the accuracy in the acid determination as much as s(X2) ,..., 5 . 10 - 3 was 
attained. 

RESULTS AND DISCUSSION 

Activity coefficients were calculated from the measured equilibrium data using 
the relation 

(4) 

where y denotes the activity coefficient, P pressure, y the composition of the vapour 
phase, x the composition of the liquid phase, subscript i refers to a macroscopic 
component, il its monomer, superscript O refers to a pure substance, and* the v<:ilue 
of a microscopic quantity in a pure macroscopic substance. 

For the calculations, we used the Antoine constants given in Table II and the 
following dependences of equilibrium dimerization constants (standard state: pure 
substance in an ideal gas state at the pressure of 1 Pa) on temperature: for propionic 
acid4 

In K2 = 8 858·32!T - 33·3563 

and for acetic acid 10 

In K3 = 7 425·84!T - 29·2449 . 

For the mixed dimer, the approximation was used 

The measured equilibrium data along with the calculated actIVIty coefficients: 
and their standard deviation are given in Table III. The coexisting vapour and 

Collection Czechoslovak Chern. Commun. [Vol. 511 [1986] 



2668 Malijevska. PernickovB, Ledvinka, Dolebl: 

liquid phases are connected in Fig. 1 with arrows whose arrow-heads denote the 
compositions of the vapour phase. 

Consistency of the measured data was tested by the McDermott-Ellis method9 

with all the point pairs whose i\Xl and i\X2 ~ 0·1 and T ~ 3. As consistent were 
accepted, within the framework of the accuracy given, those experimental points 
which satisfied the condition 

3 

L (Xic + Xid) (In rid - In riC) = D, (5) 
1=1 

TABLE II 

Antoine constants of substances usedR 

Substance A B C 

Benzene 11 20'7343 2755·64 -53'989 

Propionic 
acid8 22'2749 3724'09 -67-480 

Acetic 
acid 11 22'2994 3785'56 -39'626 

"In P = A - B/(T + C), where T is thermodynamic temperature and P pressure in Pa. 

B 

FIG. 1 

Vapour-liquid equilibrium in the system 
benzene (1) -propionic acid(2) - acetic acid(3); 
circles denote the liquid phase compositions, 
arrow-heads the vapour phase compositions 
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where c and d denote the selected pair of experimental points and 

3 

D = [2(1n Yld - In Ylc)2 S2(XI) + 2 L (In Yid - In Yic)2 . 
i=2 

3 

• S2(X2) + L (Xic + Xid)2 (s2(ln Yid) + s2(In Yic»]1/2 . (6) 
i=l 

For the calculations, it was taken S(XI) = 0·001, S(X2) = 0·01, and s(ln Yi) (given 
in Table III) were calculated for the errors in composition given above and for 
S(YI) = 0·001, S(Y2) = 0·01, seT) = 0·05 K, s(p) = 50 Pa, s(P?)/pO = 0·003, S(K3)/ 
jK3 = 0·05, S(K2)jK2 = 0·1, and S(K23)/K23 = 0·1 on the basis of the law of error 
propagation. 

The input conditions of the test of consistency were not satisfied by points 1, 6, 7, 
14, 15, 21, 25, 26, 28, 29, 31, and 32 which consequently were not tested. The test 
of consistency was not passed by point 19 with Xl = 0·070 and X2 = 0·450 which 
was excluded from further treatment. 

The experimental data were then correlated in dependence on composition by the 
Wilson equation 

3 3 3 

In Yi = -In (L XsAiS) + 1 - L (Xri/ L: x.Ars), (7) 
0=1 r=1 0=1 

where 

(8) 

and Vm denotes molar volume. 

The sum of weighted sums of squares of deviations in logarithms of activity coeffi
cients was chosen as an objective function. 

The result is the following set of constants 

k12 = -139·7 

k13 = 676·6 

k23 = -309·1 

k21 = 673·0 

k31 = 676·6 

k32 = 438·2 

with the variance of correlation S2 = 69·8 which gives evidence that this six-constant 
equation is not able to represent the correlated data with the experimental accuracy. 

Table IV summarizes the activity coefficients calculated on the basis of correlation 
of the ternary data, yW, further the values predicted by the UNIFAC method12, 

yUN1F, and the values calculated from the Wilson equation on the basis of constants 
obtained from the measurement of binary systems, yWB. 
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The binary constants and the references corresponding to them are given below: 

k12 = -57·0 (ref. i ) k32 = 404·0 (ref. S) 

k2i = 441· 7 (ref. 1 ) k13 = 0·5 (refY) 

k23 = - 283·9 (ref. S) k31 = 664·3 (refY). 

It is evident from the table that the behaviour of both acids which does not differ 
too much from the ideal one and the positive deviations from the Lewis relation 
in case of benzene are very well described by the UNIF AC method and excellently 
predicted from binary measurements. 
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