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A FIRM knowledge of the vapor-liquid equilibrium 
relationships involved is a prerequisite to reliable design 
of distillation equipment, particularly where difficult sepa- 
rations are involved. 

The systems considered here are the cyclohexanol-phenol, 
cyclohexanol-cyclohexanone, and cyclohexanol-phenol- 
cyclohexanone systems. The cyclohexanol-phenol system 
was previously investigated a t  atmospheric pressure by 
Agliardi (1). Because both cyclohexanol and cyclohexanone 
form azeotropes with phenol (3), it  becomes apparent that  
two of the above systems-cyclohexanol-phenol and cyclo- 
hexanol-phenol-cyclohexanone-deviate considerably from 
ideal behavior. Data for the two binary systems were found 
thermodynamically consistent and were fitted with 4-suffix 
Margules equations. Attempts to fit the ternary system 
with an equation of the same type failed because of incom- 
plete experimental data. 
MATERIALS 

Cyclohexanol and U.S.P. phenol (Monsanto Chemical 
Co.) and cyclohexanone (National Aniline Co.) were 
subjected to fractional distillation. I n  each case, a 60 to 80% 
heart cut was taken. The boiling points of the materials 
as closely as could be ascertained were within 0.5" C. of the 
values cited in the literature-161.00 C. for cyclohexanol, 
155.6' C. for cyclohexanone, and 181.9" C. for phenol (7). 
The refractive indices of cyclohexanol and cyclohexanone 
were 1.4645 and 1.4484 a t  25" C., respectively. Literature 
values of the refractive indices are 1.46477 nz for cyclohex- 
anol and 1.4484 ng for cyclohexanone (8). 

ANALYSIS 

The cyclohexanol-phenol system was analyzed by 
measuring refractive index a t  25" C. (Table I). For this 
purpose a curve of refractive index us. concentration was 
plotted from measurements with samples of known compo- 
sition. The estimated error in the analysis was estimated 
to be & O . l  mole % (absolute, not relative). 

In  the ternary system, cyclohexanol-cyclohexanone- 
phenol, a family of curves of refractive index us. cyclo- 
hexanol concentration with cyclohexanone concentration as 
parameter was plotted from measurements with samples of 
known composition. Once the cyclohexanone concentration 
of the sample was determined by chemical means, the 
phenol and cyclohexanol concentrations could be obtained 
from the refractive index curves. The estimated maximum 
error in the cyclohexanone analysis is *2% of the amount 
present. Themaximum error in the cyclohexanol and phenol 
analyses was estimated a t  approximately &0.3 mole %. 

The cyclohexanol-cyclohexanone system was analyzed by 
vapor phase chromatography with a Perkin-Elmer Model 
154-B Vapor Fractometer. The 2-meter column was of fire- 
brick impregnated with 28% Santicizer 409 (Monsanto 
Chemical Co.) . Component concentrations were determined 

Table I. Refractive Indices of Mixtures of 
Cyclohexanol Phenol and Cyclohexanone a t  25' C. 

Wt. % Cyclo- Wt. % Cyclo- Wt. % Refractive 
hex an o 1 hexanone Phenol Index 
100 0 
81.8 0 
60.6 0 
51.2 0 

0 
18.2 
39.4 
48.8 

1.4645 
1.4787 
1.4957 
1.5040 

40.0 0 60.0 1.5134 
30.7 0 69.3 1.5215 

75.fi 5.5 18 FI 
21.8 0 78.2 1.5290 

27.6 10.0 62.4 ~~ ~ 

68.0 15.0 17.0 1.4752 
50.6 15.0 34.4 1.4899 
33.7 15.0 51.3 1.5043 
17.0 15.0 68.0 1.5185 
65.4 20.0 14.6 1.4718 
48.4 20.0 31.6 1.4868 
24.5 20.0 55.5 1.5075 

by measuring the areas under the peaks corresponding to 
these components with a planimeter. The peak areas were 
first corrected for the relative response of the various com- 
ponents and then were normalized. The correction factors 
were determined by running with samples of known compo- 
sition extending over the concentration range to be studied. 
The maximum analytical error was estimated to be +3% 
of the amount present. 

APPARATUS A N D  PROCEDURE 

The experiments were carried out in a Colburn vapor- 
recirculating still. The design of the still was taken from the 
article by Jones and others (5). The only variation was the 
use of calibrated standard thermometers rather than 
thermocouples to determine the equilibrium temperature. 
Estimated error in the temperature readings was f0.1" C. 
Pressure was held constant in the system to within k 0 . 5  
mm. of mercury with an automatic vacuum regulator. 

In  each run, a t  least 1 hour of operation a t  constant 
conditions was allowed to ensure the attainment of 
equilibrium. 

The vapor pressure data used in the calculations were 
taken from the article by Stull (7). 

The estimated maximum error in the activity coefficient 
is approximately &5%. This would be the error caused by 
the most unfavorable combination of errors in analyses and 
temperature and pressure readings. 

RESULTS 
Cyclohexanol-Phenol a t  90 Mm. of Mercury. In Table I1 are 

listed vapor and liquid concentratons, equilibrium tempera- 

282 JOURNAL OF CHEMICAL AND ENGINEERING DATA 



data. In  this case the condition for thermodynamic 

D < J  (6) 

D is the percentage deviation from zero of the quantity 

Table II. Experimental Data for the System consistency is 
Cyclohexanol-Phenol a t  90 Mm. of Mercury 

Mole Fraction of 
C yclohexanol Activity Coefficients Temp., 

OC. Liquid Vapor Cyclohexanol Phenol calculated in Equation 5 .  D is calculated as follows: 
102.4" 0.977 0.9963 0.986 0.32 
104.3 0.931 0.987 0.927 0.38 
106.9 0.801 0.944 0.930 0.45 
107.6 0.792 0.934 0.906 0.50 
107.8 0.795 0.945 0.891 0.42 
111.0 0.705 0.878 0.824 0.565 . __. - _ _ _  
111.3 0.671 0.855 0.837 0.601 
116.0 0.514 0.676 0.713 0.750 
118.0 0.430 0.547 0.636 0.831 
118.9 0.354 0.417 0.574 0.912 
119.2, 0.284 0.305 0.520 O.97lb 
111 O.26Ob 0.260, 0.530* 1.03 
119 0.157 0.126 0.52 0.994 

Because of low phenol concentrations, analyzed by ultraviolet 
spectrophotometric method. 
This point (azeotropic composition) obtained a t  70 mm. of mercury. 

tures, and activity coefficients calculated by the following 
relationship : 

(1) 

One experimental point (Table I ,  111" C.) was obtained 
a t  a pressure of 70 rather than 90 mm. of mercury. The 
azeotropic composition a t  90 mm. was estimated to be a 
mole fraction of cyclohexanol of 0.29. The estimated 
equilibrium temperature for the azeotrope a t  90 mm. of 
mercury is 120" C. The method of estimation which was 
utilized is based on the condition that for any azeotrope 
the following holds true. 

Y l  = ( A  Ydi  (PI XI) 

PlIP2 = Y2/Y I  

A comparison of plots of the left side of Equation 2 us. 
temperatureand of the right side of Equation 2 us. liquid 
phase concentration allows an estimation of azeotropic 
composition a t  various pressures. The method is discussed 
more thoroughly by Carlson and Colburn f2). 

The calculated activity coefficients are plotted us. cyclo- 
hexanol concentration in Figure 1. The  curves in Figure 1 
were calculated from the 4-suffix Margules equations. 

(3) 
(4) 

In y l  = X: (-0.511 - 3.63X1+ 3.36X:) 
In yz  = Xi2 (-1.205 - 0.852X2 + 3.36X:) 

where 
1 = cyclohexanol 
2 = phenol 

The  2-suffix Margules equation gave only qualitative 
correlation with experiment. The 4-suffix equations above 
give a good correlation except in the region of high concen- 
tration of the component under consideration. Here the 
equations predict higher activity coefficients than were 
obtained. 

The experimental data were tested for thermodynamic 
consistency by a modification of the method of Redlich and 
Kister (6). The Redlich-Kister equation which is given 
below applies only to isothermal data. 

6' In dX, = 0 

Herington ( 4 )  extended the method to  include isobaric 

where is the sum of the absolute values of the areas 
calculated by Equation 5. 

The quantity J is a function of the over-all boiling point 
range of the system and is defined by the following equation. 

1501 01 J =  - 
m 
1 min 

where 6 is the over-all range of boiling points of the system 

0.11 
I ,-. 
I \ 
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Figure 1 .  Activity coefficients vs. cyclohexanol con- 
centration for the cyclohexanol-phenol system a t  90 

mm. of mercury 

and T,,, is the lowest measured boiling point of the system 
in degrees Kelvin. 

For the cyclohexanol-phenol system, D = 1.81 and 
J = 7.16. Hence, the data are thermodynamically 
consistent. 

Cyclohexanol-Cyclohexanone at 100 Mm. of Mercury. Calcu- 
lated activity coefficients and experimental data for this 
system are listed in Table 111. Activity coefficients are 
plotted us. cyclohexanone concentration in Figure 2. The 
curves in this figure were calculated by the following 4-suffix 
Margules equations. 

In y3 = X: (-0.106 + 1.50X3 - 1.56X:) (9) 
In X: (+0.122 + o.58X1 - 1.56X:) (10) 

VOL. 5, No. 3, JULY 1960 283 



gated. Preliminary calculations were made in trying to fit 
the data with a ternary 4-suffix Margules equation, but 
the data were too sketchy to allow the quantitative fitting 
of an equation. Over the range of cyclohexanone concen- 
tration covered by the data, the effect of cyclohexanone on 
the cyclohexanol-phenol system is slight and consists of a 
small increase in the activity coefficient of cyclohexanol in 
mixtures rich in phenol. 

Table Ill. Experimental Data for the System 
CyclohexanoCCyclohexanone a t  100 mm. of Mercury 

Mole Fraction of 
Cyclohexanone Activity Coefficients 

c .  Liquid Vapor Cyclo- Cyclo- 
hexanone hexanol 

104.6 0.0133 0.0201 0.922 0.984 
102.8 0.114 0.180 1.024 0.975 
101.6 0.165 0.276 1.130 0.944 ACKNOWLEDGMENT 
99.4 0.285 0.433 1.110 0.955 

Temp., 

c -0.1 
J 

96.4 
95.2 
92.8 
92.0 
91.2 
91.0 

+ = Cyclohexanone 
0 = Cyclohexanol 

* 

0.499 0.625 1.016 1.028 
0.585 0.710 1.030 1.000 
0.801 0.865 1.000 1.093 
0.899 0.932 0.987 1.116 
0.922 0.949 1.000 1.127 
0.945 0.966 1.001 1.068 

n 7 r  
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of E.M. Emery and A. Bybell in the analytical work, and 
of L. Copper and D.J. Kaufman in aiding in the attempt 
to fit an equation to the ternary data. 
NOMENCLATURE 

D = percentage deviation from zero in the Redlich-Kister test 
J = function of boiling point range and boiling temperature, 

1501 e l  
Tmin.  

PI = vapor pressure of pure component 1 a t  equilibrium tem- 
perature, mm. of mercury 

Tmin, = lowest measured boiling point of the system, K. 
XI = mole fraction of component 1 in the liquid phase 
YI = mole fraction of component 1 in the vapor phase 
y I  = activity coefficient of component 1 

e = over-all range of boiling points of the system, C. 
T = total pressure on the system, mm. of mercury 

= sum of the absolute values of the areas calculated in the 
Redlich-Kister test 

Table IV. Experimental Data for the Cyclohexanol-Phenol-Cyctohexanone System a t  90 Mm.  of Mercur 

Vapor Mole Fractions Liquid Mole Fractions 

OC. hexanol hexanone hexanol hexanone 
Temp., Cyclo- Cyclo- Cyclo- Cyclo- 

103.1 0.801 0.178 0.801 0.099 
105.1 0.879 0.060 0.798 0.056 
109.1 0.717 0.175 0.582 0.113 
110.8 0.800 0.067 0.637 0.042 
112.7 0.567 0.229 0.428 0.157 
116.0 0.544 0.158 0.389 0.121 
118.5 0.383 0.155 0.272 0.132 
119.0 0.408 0.045 0.316 0.054 
120.8 0.205 0.136 0.159 0.140 
121.2 0.184 0.046 0.164 0.062 
102.2 0.779 0.189 0.762 0.103 
102.4 0.800 0.175 0.763 0.099 

Activity Coefficients 

hexanol hexanone Phenol 
0.928 1.037 0.41 
0.944 0.58 0.52 
0.886 0.725 0.532 

Cyclo- Cyclo- 

0.837 0.71 0.574 - 
0.828 0.605 0.632 
0.757 0.486 0.684 
0.697 0.405 0.793 
0.628 0.282 0.878 
0.583 0.313 0.881 
0.500 0.237 0.923 
0.979 1.092 0.475 
0.994 1.040 0.360 

where 
3 = cyclohexanone, and 1 = cyclohexanol 

Equation 9 correlating the cyclohexanone data deviates 
slightly from the experimental data a t  both low and high 
cyclohexanone concentrations. 

The experimental data were subjected to the modified 
Redlich and Kister test and were found to be thermo- 
dynamically consistent (D = 3.2 and J = 5.4). 

Cyclohexanol-Phenol-Cyclohexanone at 90 Mrn. of Mercury. 
Equilibrium concentrations and temperatures and calcu- 
lated activity coefficients for this system are presented in 
Table IV. These data are incomplete in that only the 
region of low cyclohexanone concentration has been investi- 

LITERATURE CITED 

(1) Agliardi, N., Chirn. e ’id. (Milan) 28,87 (1946). 
(2) Carlson, H.C., Colbum, A.P., I n d .  Erg. Chern. 34, 586 (1942). 
(3) Cova, D.R., unpublished data. 
(4) Herington, E.F.G., J .  Inst. Petrol. 37,457 (1951). 
(5) Jones, C.A., Schoenbom, E.M., Colburn, A.P., Ind.  Erg. Chern. 

(6) Redlich, Otto, Kister, A.T., Ib id . ,  40, 345-48 (1948). 
(7) Stull, D.R., Ibid., 39, 517-50 (1947). 
(8) Timmermans, J.,  “Physico-Chemical Constants of Pure 

Organic Compounds,” pp. 491-4, Elsevier, New York, 1950. 

35, 666-72 (1943). 

RECEIVED for review June 17, 1959. Accepted December 14, 1959. 

284 JOURNAL OF CHEMICAL AND ENGINEERIGN DATA 


