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AN DiIPROVED VAPOEt-LIQUITD EQUILIBRIUM STILL 

INfRUCT ION 

In the chemical engineering design ar operation oí distillation 

aixi absorption equipment, a knowledge of the vapor-liquid equilibrium 

data is ir1ispensab1e Great quantities oi tbi8 data have been 

gathered over the last half century and are reported in the literature 

in numerous places and fms. Although there are often discrepancies 

fow1 in data for identical systems from different authors, there are 

fortunately, methods by which the thermodynamic consistency or incon- 

sistency of such data can be determined. Redlich and Kister (11, 12) 

have proposed two such methods of analyzing experimental data based 

on the use of activity coefficients and the Duhem equation. 

The equilibrium stills used by experimenters in gathering vapor- 

liquid equilibrium data are marr and varied in both size arid method 

of operation. Johnson (6) made a study of two types of equilibrium 

stills both differing in method of operation; the most commonly used 

apparatus vías designed by Othmer (9), and a second type of still based 

on a paper by Jones, Schoenborn and Colburn (7) and described by 

Johnson (6, pp. 1h-18). 

Johnson stndied three binary systems with each type of stili and 

after a thermodynamic analysis of each system, concluded that the 

vapor-liquid equilibrium data from the Jones stili were thermodynani- 

ical]y consistent, while that from the Othiner still were slightly 

inconsistent. Further analysis suggested that the difficulty with 

the Othmer still was probably due to poor mixing of the liquid within 

that still. 
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In comparing the operation of the two equilibrium stills, the 

Othxner still appears advantageous in both method of operation arti 

reduction of sampling error because of the larger amount of material 

contained in both the liquid and vapor sections of the still. 

In an attempt to improve the thermodynamic consistency of the 

vapor-liquid equilibrium data obtained from this type of apparatus, 

the Othmer still was modified to include a stirring mechanism to as- 

sure uniform composition of the liquirl within the body of the stil. 

Two of the three binary systems studied by Johnson were repeated to 

evaluate the result of the modification, and a third binary system 

was run to add previously unreported data to the literature. The 

two systems repeated were ethyl acetate-ethylene dichioride and ethyl 

acetate-benzene. The third system stndied for addition to the 

literature was ethyl acetate-cyclohexane. 

The thermodynamic consistency or inconsistency of the equili- 

brium data obtained was checked br two methods, both suggested by 

Redlich and Kister. 
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THE ICAL BACKGROUND 

The diffusional unit operations of distillation ar absorption 

both involve the transfer of mass from one fluid phase to another, 

across an interface. The design of equipment for carrying out this 

function is based fuxxlamentally on (1) allowable flow rates, (2) 

mass transfer rates, (3) stoichiometric calculations, aixl (4) equili- 

briuni relations between the concentrations in the liquid and vapor 

phases . Whereas the determination of flow rates is largely based 

on enfrical correlations, elements 2, 3, and 4 all have a theoret- 

ical background. This section is intezxled to present the thermo- 

dynamic basis for vapor-liquid equilibrium data, first for ideal 

cases, and then to indicate means by which predictions can be made 

for other conditions. 

Vapor-liquid equilibrium data are readily calculated for ideal 

solutions and vapors by means of the combinad laws of Raoult and 

Dalton, i.e., 

111f = x1P°1 (1) 

This equation, however, involves the assumptions of equal molecular 

size arid no assocìation, both of which are conditions that are 
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seldom f outh in practical use. It is, therefore, necessary to correct 

for these deviations from ideality. 

Two such corrections are possible, one resulting from non-ideal 

vapors ar the other from non-ideal liquids In order to correct 

for non-ideal vapors, Lewis ar1 Rarxiall (8, p. 221, 328) have sug- 

gested replacing the pressure terms by fugacities, determined for 

the pure vapors at the correspoixiing pressures Thus: 

= x1f0. (2) 

However, for most practical applicationi, the fugacity is equal to 

the pressure for most substances when near one atmosphere As the 

pressure increases above one atmosphere toward the critical pressure, 

it becomes increasing).y necessary to make the f ugacity correction. 

Deviations from the ideal solution laws in the liquid phase are 

more important than those for the vapor phase, because they are en- 

countered even at law pressures, and in general their magnitudes are 

greater. The deviations from ideality in the liquid phase are uzual]y 

combined into one correction factor which is called the activity 

coefficient The vapor-liquid equation when written with the two 

phase corrections appears thus: 

y1f11 = /1x1f10 (3) 

At low pressure assuming fugacity is equal to pressure, equation 3 
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y1íI = ¿1x1P°1 . (4) 

By rearranging equation 4, the activity coefficient can be readi]y 

computed from the experimental data: 

¿j- 
= ?JL.. 

i pO (5) 

The activity coefficients are different for each component in 

a solution but for a binary mixture, they are inter-related by the 

Duhem equation: 

[ala sj1 [ila 21 
Xl 

I I = ' I I 

(6) [cX1J L2J 1i,T 

Several empirical ai semitheoretical solutions of the Duhem 

equation have been made, all of which require experimental vapor- 

liquid equilibrium data for predicting the required activity coeffi- 

ciente The two most common2r used solutions are the Mergules and 

the Van Laar equations. 

The Mergules equations are empirical expre8sions in series form. 

When rearranged in form as done by Canson ax Colburn (2, p. 589), 

they appear as: 

Log / = (2B - A) x22 + 2(A - B) x2 

Log2(2L-B)x2+2(BA)x13 



Van Laar attempted to follow a more theoretical approach to the 

solution of the Duhem equation and based his derivation on the ther- 

modynamic changes occurring when two pure liquids are mixed Certain 

assumptions were necessary to accomplish a theoretical solution of 

the Luhein equation. Van Laar assumed that the change in entropy was 

equal to that of an ideal solution, that there was no volume change 

on mixing, azï that the Van Der Waals equation of state applied to 

each of the components and to the mixture, both as liquids axil as 

vapors. The Van Laar equations appear in one form as: 

, A 
Log rl+Ax11 2 

LmJ 
(8) 

Log Y2 = 
B_ 

2 

L Ax1J 

The two constants A ax B in the two pairs of equations can be 

readi]y obtained ìr plotting the 1ogaritk of the activity coeffi- 

cients against the molar composition of the liquid On this graph 

at x = O, Log A and Log è O; at x O, log B ath Log 

The agreement of the Margules and Van Laar equations with 

experimental data is dependent upon the agreement of the character- 

istics of the system with the assuntions made in the derivations of 

the equations. Canson arid Colburn (2, p. 581) found that either 

the 1argules or the Van Laar equations worked well for systems 



approaching symmetry where the constants A and B were of the same 

order of magriltizie. For non-symmetrical systems where the constant 

A is two to three times larger than 13, the Van Laar equations were 

preferable. 

The use of experimental data to calculate activity coefficients 

necessitates the application of some procedure wherer the data can 

be smoothed. The data should also be checked for thermodynamic con- 

sistency to ensure the best possible results. Several methods are 

available for smoothing experimental data, but most methods do not 

necessarily assure the thermodynamic consistency of the final result. 

Redlich and Kister (12) have proposed a method of smoothing experi- 

mental data for a binary system which also indicates its thermodynamic 

consistency or inconsistency. 

Not wanting to impose the restriction of satisfying the Duhem 

equation, Redlich and Kister used an expression derived from 

Scatchard's "excess free energy" function (14) as the starting point: 

Q = x1 log ì'i + (1 - x1) log (9) 

Applying the usual boundary conditions that i for x1 1, and 

i for x 1, the function Q becomes zero for any solution at 

the end points x1 = i and x2 = 1. Taking the derivative of equation 

9 with respect to x1, the expression is redueed to a more useful 



form: 

dQ cYl 
log (lo) 

dz1 

Equation 10 may then be rewritten in the integral form axxi evaluated 

using the boundary coziitions that Q O at z1 O ar1 z2 O. 

1 

dQ = log dx1 O (U) 

Q,x10 o 

Equation 11 can now e used to evaluate the thermodynamic consistency 

or inconsistency of the experinenta1 data using the activity coeffi- 

cienta calculated from the data. The quantity log j plotted 
Y2 

on the ordinate against the molar composition of the more volatile 

component in the liquid phase on the abscissa. If the net area 

bounled by the curve log f(x), the abscissa log o, 

arv3. the ordinates x1 O and x1 i is not zero, the data are not 

thermodynamically consistent. This relationship is strictly appli- 

cable only at constant temperature and pressure, but for practical 

applications, it can be extended to small boiling ranges with little 

discrepancy. 

Johnson (6, p. 11) has rearranged equation 3, which mathematically 

defines the activity coefficient, to give a relationship that provides 

&lditional information on the source of experimental errors. 



Ii X2 P02 

Y2 Xl 12 Pl . (12) 

From this relationship ar1 the area plot, it can be seen that if the 

net area umer the curvo is not zero, but positive, the ratïo y/x is 

too high. Conversely, if the net area is negative, the ratio y/x is 

too 1av. Ythile this relationship does point to the direction of error, 

it does not indicate whether it is the vapor or the liquid compositions 

which are in error. 

Redlich and Kister (11) have suggested another test for experi.. 

mental data which niar pinpoint the exact source of error. in this 

method of analyzing data, equation 4 is logarithmically differentiated 

ar1 substituted in the Duhem equation which furnishes: 

[ - 
l-x11dy 

[X1 
din?01 

(l-x1) o. (13) 

Li l_y1jdt dt dt 

This may be rearranged to the form: 

dt 0.4343 (x1 - - = 
diog P1 dlog 

i i (1 - x + (1 x.) . 
(14) 

This equation is again strictly applicable only at constant temper- 

ature and pressure but is sufficiently accurate to allow for small 

changes in either temperature or pressure. 
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The slope of the dew point cw've is calculated at the experimental 

data points and these slopes are plotted on the dew point curve at the 

experimental points If the calculated points lie tangent to the 

smooth curve drawn through the experimental data on the temperature 

versus mole fraction of the more volatile component in the vapor dia- 

gram, the data i thermodynamically consistent This calculation of 

8lopes is very sensitive to the difference in the composition of the 

liquid and the vapor. If either the vapor composition is too high or 

the liquid composition too low, the calculated slopes will be greater 

than that irxìicated 1r the smooth curve. If the reverse is true, the 

calculated slopes will be too small. Redlich an-1 Kister have suggested 

that the experiiiental curve should be adjusted to satisfy the preLb 

slopes conditions even at the sacrifice of' close approach to the ex- 

perimental points. After this smoothing process, the erx. points on 

the dew point curve must still agree with the boiling points of the 

pure components. 

Johnson (6, p. 13) points out that the adjustment of either the 

liquid or vapor composition sufficient to correct the slope lines airl 

temperature erIpoints may irzicate the source of systematic errors in 

the experimental data, 



EXP.IMEI1TAL EQUIPME 

Equilibrium SUll 

li 

The vapor-liquid equilibrium still used in this work was the 

Othmer continuous distillation type used by Johnson (6, p 14) with 

the addition of a stirring mechanism to provide a meaxs o± auring 
uniform composition of the liquid in the body of the still. The 

Othmex' still, illustrated in Figure 1, is composed of a main body 

containing the liquid, a pair of external heating legs, a condenser, 

a condensed vapor trap, an a return leg for recirculating the con- 

densed vapor. Boiling of' the liquid was acconlished by heat supplied 

from a nic1rome heating elennt arourd the larger of the two 

heating legs. A hose connection was provided at the top of the con- 

denser for pressure control. A thermocouple weil for measuring the 

temperature of the exiting vapor was provided in the glass stopper 

at point A (see Figure 1). The lictuid axxi vapor sailes were with-. 

draim from the still through stopcocks B and C respectively. 

The stirring mechanism consisted of a pair of glass beads 

approximately one sixteenth of an inch in diameter 1y three quarters 

of an inch long attached by a circular hook to the end of a steel 
wire. The wire entered the stiU through a five inch section of 

capillary tubing which acted as a bearing, and extended into the body 

of the still along the thermocouple well. A variable speed motor was 

used to rotate the steel wire ar. spread the glass beads by 
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centrifugal motion, thus causing a rotary type of circulation. 

The body of the still was covered with a one-fourth inch layer 

of magnesia insulation, a nichre compensating heating element and 

a second three-eights inch layer of insulation to prevent heat loss. 

Pressure Control 

During the experimental runs, it was desired to control the 

pressure at 760 millimeters of mercury to maintain the same conditions 

of the previous investigation with this still. The controlling mech- 

anism used was a Cartesian manostat as manufactured y the 

Emil Greiner Company. A schematic of the pressure control system is 

shown in Figure 2. Compressed air from the 65 pound per square inch 

source was passed successively through a water trap, pressure regu- 

lator, nsle valve, the manostat and a five gallon reservoir. Air 

lines were taken from the reservoir to the still and to a water filled 

manometer from which the pressure In the still could be determined. 

The pressure line between the reservoir and the still contained a 

calcium chloride drying tube. 

Because of the variation in atmospheric preses above and be1aw 

760 millimeters, it was sometimes necessary to introduce a vacuum 

correction which was done by attaching a vacuum hose froni the labo- 

ratory vacuum tap to the exhaust connection of the nianost t. 
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Temperature Measurement 

The temperature of the vapor leaving the boiling liquid was 

measured by a four junction copper-constantan thermocouple located 

in the thermocouple weil in the body of the still. The hot junctions 

oi the thermocouple were spread outward to make four separate contacts 

with the walls of the thermowell arid therefore gave a more average 

reading. The cold junctions of the thermocouple were spread also arid 

placed directly in a bath of ice and distilled water The thermal 

electromotive force generated by the thermocouple was measured on a 

Leeds and Northrup Number 8662 potentiometer. The potentiometer 

could easily be read to 40.002 millivolts which was equivalent to 

40.02e C. Considering variations in pressure above and below 760 

millimeters of mercury, the temperature measurements are believed to 

be accurate within +0.05e c 

Measurement of 1efractive Index 

The samples of liquid arid vapor witMrawn from the still were 

analyzed for molar composition by refractive index. A Bausch and 

Lomb Precision Refractometer was used for this purpose. The 

refractometer is reported by the manufacturer to have an accuracy of 

+0,00003. The refractometer was equipped with a constant temperature 

circulating water bath manu.factured by the Precision Scientific 
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Company. The water bath waa maiiitained at a temperature oÍ 20.0 

+0. 030 C. ly a Merc-to-Merc Thermoregulator. 

Measurement of Density 

The denaities oÍ the pure chemicala were measured using a 25 

milliliter covered Kimble glaas pycnometer. The pycnometer cap con- 

tamed a thermometer which extended into the center of the liquid to 

facilitate knowing when the liquid temperature hi reached the desired 

temperature. Temperature control was maintained by a 16 gallon 

constant temperature water bath manufactured by Pinerican Instrimient 

Company. The bath was maintained at a temperature of 20.0 +0.1° C. 

through the use of a Bimetallic-Quickzet Regulator. The pycnometer 

was weighed on a Christian Becker chainamatic balance using a set of 

calibrated weights. 

Sample Tubes 

The liquid and vapor samples witIirawn from the still into 

glass sample bottles of approximately 60 milliliters for the liquid 

sample, and 120 milliliters for the vapor sample . It was found nece8- 

sary to use a larger sa1e bottle for the vapor sample to complete2y 
drain the condensed vapor trap ar facilitate start-up of the following 

run. Both sample bottles were evacuated prior to sampling. The sa1e 
bottles were connected to their respective outlets on the still through 

stopcocks connected to po2yet]r1ene tubing. Lmnediatoly after sa1ing, 

the bottles were placed in an ice bath for several minutes to recon- 

dense any of the sample that may have vaporized during the sampling 

process. 
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CHEMICALS AND PURIFICATION 

Four orgaxic ro1vents were used in this work. They were ethyl 

acetate, et1r1ene dichioride, bonzerie arK.I cyclohexane. The Lirst 

three solvents were used to rerun part of the work of Johnson using 

the improv1 Otbaner still. Johnson (6, p. 23) cho8e these solvents 

because they could be easily azta)yz& by refractive index or aensity, 

because they possessed comparable boiling points aiding in the 

thermodynamic analysis of the data, and because they represented three 

dissimilar molecular structures In ari atteiit to improve the Othmer 

still, two of the three systems sttiiec1 by Johnson were rerun to in.. 

vestigate the effect of the iuproved mixing of the liquid. A third 

system using cyclohexane was run to add data to the literature, 

Etbyl Acetate 

The "Certffied grade of etyl acetate was purchased from the 

fisher Scientific Comparj The ot1rl acetate was dried over anbydrous 

potassium carbonate for a period of about four weeks ari then distilled 

at a 10 to i reflux ratio in an Oiiershaw laboratory distillation 

colnui (9) . The material used in the investigation consisted of a 

"hearth cut of about 50 percent of the distillate. The first aiì 

last portions of the distillate were discarded, The properties of the 

purified product are shown in Table 1. 



18 

Ethylene Dichioride 

The "Purified grade of ethylene dichioride was purchased from 

the mer tru rìd Chemical Company, and dried over calcium chloride 

for a period of about four weeks Lfter drying, the ethylene di.- 

chloride wa diatillod in the Oldershaw column at a 10 to i reflux 

ratio. The initial distillate was discarded until material vdth a 

suitable refractive index was obtained This constituted about 35 

per cent of the material. The ethylene dichioride used in the 

investigation was a "heart" cut of about 60 per cent of the distillate. 

The properties of the purified product are shovin in Table 1. 

Benzene 

Johnson (6, p. 25) pointed out the various difficulties en- 

countered in the attempt to purify henzene in the same mamner as the 

ethyl acetate and ethylene dichioride The author finally obtained 

the purified product r starting with a 99 per cent benzene derived 

fror coal tar, treating it dth 10 per cent eodïuxn hydroxide, washing 

it several times with concentrated sulfuric acid and £inafly distilling 

it at a 10 to 1 reflux ratio. In an attempt to better the final 

product, Fisher t'Certffled" grade benzene, derived from coal tar, was 

obtained and treated in the same manner The results, however, were 

unsuccessful as both refractive index and specific gravity were too 

low. A. crxie benzene (99 per cent) was then obtained and treated in 

the saine manner but results again iz1icated that both refractive 
index and specific gravity were too low. 
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Finally a tReagentft grade benzene processed by Merck aixi Comparr 

Inc was obtained and distilled in the 0].dershaw column at a 10 to i 

reflux ratio, The initial distillato was discarded until material 

with a suitable refractive index was obtained. This constituted almost 

40 per cent of the material. The last 20 per cent was also discarded. 

The properties of the purified product are shown in Table 1. 

Çyc lohexane 

The cyclohexane used in this investigation was a product of 

Matheson Coleman and Bell Division of the Matheson Company Inc The 

cyclohexane was distilled in the Olderahaw column at a 10 to 1 reflux 

ratio until material with a suitable refractive index was obtained. 

The properties of the purified product are given in Table i. 
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The experimental procedure followed by Johnson (6, p. 27.-34) 

was adhered to as ucii as possible in this work to avoid the intro- 

duction oi new variables into the sty. 

Operation of the Still 

The still was charged with approximate]y 350 milliliters of 

liquid arxl aflowed to boil, condense and recirculate for a period 

of about hours before sanipling. Heat to boil the liquid was 

supplied from a 110 volt source through a variable transformer power- 

stat, Sufficient heat was supplied to produce abovt 100 milliliters 

of vapor per hour, thus causing complete recircttlation of the vapor 

in the condensate trap about twice each hour. The variable speed 

stirring motor was turned on after charging, a intained at about 

50 per cent of Lull power, giving a stirrer speed of about 1200 

revolutions per minute At this speed, a true and stable equili'ium 

condition was obtained after about three to four hours of operation. 

Several points were ri operating the stirrer at different speeds for 

different lengths of time to determine the amount of mixing necessazy 

to obtain a true equilibrium condition, arxì the length of time re- 

quired to roach this equilibrium. 

About one-half to one full hour before sampling, the pressure 

was carefully adjusted to exactly 760 millimeters, and several temper- 

ature checks were made to obtain the correct value. The temperature 
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reading was usually foind to be reproducible vdthin 4O.O2 C. 

Inmiediately before sanpling, the sample bottles were evacuated 

using a 15 inch laboratory vacuum, aid attached to their respective 

stopcocks on the still. A Linal temperature check was made and the 

sampling process begun. The liquid san1e was collected as long as 

it ran into the bottle and usually aiuounted to about 25 milliliters. 

The vapor sample was collected in the same nianner, but the amount 

collected was usually enough to completely drain the condensed vapor 

trap. After collecting the samples, the stopcocks were closed a 

the sample bottles were immediately placed in an ice bath Lar 3 to 

4 minutes to cool arMI condense any of the samples that might have 

flash vaporized during the sampling process The samples were then 

placed in a constant temperature bath maintained at 20.0e C prior 

to analysis by the refractometer. 

The next run was begun mixing about 60 milliliters of a mixture 

of the desired proportion and adding it to the contents of the still. 

Johnson (6, p. 28) operated the still with about 250 milliliters of 

liquid in the body of the still With the addition of the stirrer, 

however, it was found desirable to have between 300 and 350 muli- 

liters of liquid in the still to allow for the vortex formed by the 

mixing action. 
The stirring mechanism was cleaned and relubricated about every 

four to five days to prevent excess wear and to avoid contamination. 
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The contents of the still were also emptied at this time axil the work 

continued with fresh materials to avoid a build up of reaction products. 

Calibration of Thermocouple 

The thermocouple was calibrated uther conditions which were very 

close to the actual conditions in the still. A constant temperature 

bath manufactured by the American Instrument Company was heated to 

a temperature slightly belcv 800 C. A Bureau of Starilards calibrated 

thermometer and a Beckman differential thermometer were inserted into 

the bath to a depth of about three inches The bath temperature was 

then adjusted to the 80.0° C line of the Bureau of Standards ther- 

mometer. Alter the necessary stein and accuracy corrections (1, p. 

246-247) hed been applied, the Beckman thermometer was considered to 

be calibrated. 

The thermocouple well used in the still was then inserted into 

the bath to the same depth as the mercury reservoir of the Beckman 

thermometer. The thermocouple was inserted in the well, with the 

four junctions spread outward to make good contact with the walls of 

the thermowell, and the cold junctions were placed directly in a 

bath of distilled water and ice. The thermocouple wes then cali- 

brated in one-half degree intervals over the range frani 77 to ß30 C., 

axil in one degree intervals from 71 to 77° C. The calibration data 

for the thermocouple are presented in Table 2. 



23 

Determination of Calibration Curvos 

The calibration curves for each of the three binary systems were 

made in the following manner. The relationship between the molar 

percentage and the volume percentage of the more volatile component 

was calculated and plotted for each of the three systems From this 

curve, the relative amounts of each component for a given mole fraction 

could be re&i1y obtained. A predetermined amount of one component 

was run from a buret into a clean, weìghi, 50 milliliter glass stop- 

pored bottle. The bottle and its contents wore then weigh1 accurately 

on a chainamatic balance, The total volume of liquid in the bottle 

was then brought to about 10 milliliters by the addition 0.1 the second 

component, and the bottle was again accurately weighed The bottle 

was well shaken, with care taken to avoid splashing the liquid mate- 

riais onto the ground glass portion of the bottle until the contents 

were thoroughly mixed. The temperature of the bottle and its contents 

was then adjusted to 20.00 C. in the water bath, and the mixture was 

then analyzed on the refractometer. The calibration curves for the 

three systems are given in Tables 3, 4, and 5. 

Accuracy of' the Analysis 

The Bausch and Lomb Precision Refractometer as reported by the 

manufacturer has an accuracy of +0.00003. For the case of etrl 

acetate-ethylene dichioride, this was sufficient to provide an accuracy 

of analysis of 40.0004 mole fraction. For the system of ethyl 
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acetate-benzeria, the accu'acy was 40.0002 molo fraction, and for the 

system of ethyl acetate-cyclohexane, the accuracy was +0.0004 mole 

fraction. 

In consideration of the possible suurces of error in analyzing 

the samples, inclmxiing both mechanical and human, the overall accuracy 

of the analysis is believed to be within 40.0005 mole fraction. 
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DISCUSSION OF CALCULATIONS 

At the conletion of the experimental work, the data were tabu- 

lated in x, y, ar T form. The activity coefficients were calculated 

from equation 5 assuming that the fugacity of the vapor was equal to 

the total pressure. 

Yi ii 
(5) 

The vapor pressures of the puro coonents were calculated using the 

Antoine formula: 

log10 po A . (15) 

The constants for each of' the components were found in the literature 

and appear as follows: 

Ethyl acetate, (4, p. 221): 

1359.48 
log10 P° = 7.30692 - 

+ 23 (16) 

Ethylene dichioride, (3): 

Benzene, (3): 

Cyclohexane , (3): 

log10 p0 7 .18431 -t523.2 
. (1?) 

1206.35 log10 Po = 6.89745 - 
+ 220.24 . (18) 

log10 p0 = 6.84498 - (19) 
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The ratios of the activity coefficients were then calculated and 

their logarithms plotted against the molar compositions in the liquid 

pha$e. The net area uz1er the curve was determined and a conclusion 

drawn as to the thermodynamic consistency or inconsistency of the 

data. 

The slopes of the experimental points on the teerature versus 

mole fraction in the vapor curve were calculated using equation 14. 

Equations 16, 17, 18 and were used in the differentiated form to 

obtain values of dlpg for use in equation 14. The calculated 

slopes were plotted at each respective experimental point and a corn- 

parison was made of the plotted slopes and the smooth curve drawn 

through the experimental points, as a measure of the thermodynamic 

consistency of the data. 
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EVALUATION OF CPIMENAL DATA 

Ethyl Acetate-Ethylene Dichioride 

The experimental data obtained from the modified Otbmer still 

are contained in Table 6. The calculated slopes of the dew point 

curve, the activity coefficients arKi the rtios of the activity 

coefficienta are contained in Table 7. 

Figure 3 shows the vapor-liquid equilibrium data obtained from 

the modified Othmer still in comparison with the data that Johnson 

obtained from both the Othmer ar1 Jones stills (6, p. 83-86). Un- 

fortunate]r, the graph is somewhat small to permit a ready grasp of 

the differences involved, but it can be observed that the data from 

the modified Othmer still and Jones still of Johnson lie on the saine 

curve while the data from the original Othmer still by Johnson lie 

above this curve. 

The logarithms of the ratios of the activity coefficients are 

plotted against the mole fraction of the more volatile component 

in Figure 4. For comparative purposes the data from Johnson's 

Othxner ar Jones stills are also shown on the saine figure. This 

method of testing experimental data gives a very good illustration 

of the consistency or inconsistency of the data. It is observed that 

again the data for the modified Othmer still and the Jones still data 

of Johnson lie essentially on the sanie curve while the data for the 

original Othiner still of Johnson lie outside this curve. The data 
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for the modified Othmer still fulfill the 'area" requirement o! Redlich 

a do the data for the Jone8 still by Johnson. It is re&liiy observed 

that there is a definite improvement in the data from the modified 

Othmer still over that from the original Othiner still as run by Johnson 

when the data are ana],yzed arid compared by this method. The data for 

the Othmer still of Johnson fail to meet the "area" crIteria of 

Redlich, whereas, the data for the modified Othmer still used in this 

work do satisfy the requirement. 

Figure 5 shows the dew and bubble point curves for the modified 

Othmer still. The slopes of the experiniental points have been plotted 

on the dew point curve and it is seen that they are tangent to the 

smooth curve over the whole range. Johnson (6, p. 40) found the 

"slope" criteria satisfactory for the data from the Jones still, but 

for the Othmer still data, the slopes were too great, indicating that 

the ratio y/x was too high. This same phenomena was encountered with 

several experimental points at the outset of this investigation, and 

was subsequently corrected by increasing the stirrer speed. 

Since the experimental data for the modified Othiner still satisfy 

both the "area' and "slope" conditions as suggested by Redlich, it 

may be conc1z1ed that the data are thermodynamically consistent. 

Etl Acetate-Benzene 

The experimental data obtained from the modified Othmer still for 

this system are contained in Table 8. The calculated slopes of the 

dew point curve, the activity coefficients and the ratios of the ac- 

tivity coefficients are contained in Table 9. 
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Figure 6 shows the vapor-liquid equilibrium data obtained from 

the modified Othmer still for this system in comparison with the data 

that Johnson obtained from the original Othiuer and the Jones stills, 
(6, p . 91-94) . It is observed that the data far the modified Othmer 

still an the Jones still o1 Johnson lie on the same curve while the 

data for the Othmer still of Johnson fall outside this cve. 

The data are analyzed by the Redlich "area criteria in Figure 

7 Also shown in this figure are the data from the Othmer and Jones 

stills used in the st1y by Johnson. it is again readily observed 

that the data for the modified Othmer still an the data for the Jones 

still of Johnson lie on the same curve and also satisfy the Redlich 

'tarea" requirement. The data for the Othmer still of Johnson lie 

outside the curve and do not satisfy the "area" requirement. It is 

noted that there is a marked improvement in the thermodynamic consist- 

ency of the data for the modified Othmer still over that for the 

original Othxner still used by Johnson. 

The dew and bubble point curves for the modified Othmer still 
are shown in Figure 8. The calculated slopes for the dew point curve 

are plotted with short straight lines through each respective point 

and it is observed that the slopes fai]. tangent to the smooth curve 

over the whole range. 

Since the experimental data for this system obtained from the 

modified Othmer still satisfy both the areat and Uslopelt tests, it 
may be concluded that the data are thermodynamically consistent. 
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Ethyl Acetate-Çyclohexane 

The experimental data for this system obtained from the modified 

Othmer stiU are contained in Table 10. The calculated slopes of the 

temperature versus the mole fraction of ethyl acetate in the vapor 

curve, the activity coefficients and the ratios of the activity co 

efficients are contained in Table 11. 

The vapor-liquid equilibrium data for this system are shown 

graphically in Figrne 9. It is observed that the equilibrium curve 

crosses the x y line, forming a minimum boiling azeotrope at a 

composition of 0.5400 mole fraction ethyl acetate. This phenomena 

occurs for miscible systems when the ratio of the activity coefficients 

is equal to the reciproca]. of the ratio of the vapor pressures of the 

pure components (i.e., when '1P°1 
a ¿y'2P02), Systems that form 

minimum boiling azeotropes such as this are quite cnmon and are 

usually characterized by large positive deviations from Raoults law. 

The large deviations present in this system can be shown by comparing 

the magnitndes of the activity coefficients in this system with those 

from either of the systems, ethyl acetate-ethylene dichloride, or 

ethyl acetate-benz ene. 

This type of a system has several interesting aspects when ap- 

plied to the process of distillation. When a liquid of any composition 

below the azeotropic point is boiled, the vapor formed is richer in 

the more volatile component Il' the process is continued, as in a 

fractionating column, the liquid composition will continue toward the 
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pure component that is less volatile (in this case, cyclohexane). 

The composition of the diti11ate formed from this liquid Will proceed 

only to the azeotropic point, however, and no Thrther, since at this 

point, the driving force ceases to exist. Simi11y if a liquid of 

arr composition above the azeotropic point is continuously distilled, 
the distillate composition will again text tards the azeotropic 

point whereas the final residue will approximate pure ethyl acetate 

in composition. For systems havi ng a minimum boiling azeotrope, the 

oni way possible to obtain a reasonably purified product by straight 

fractional distillation is to retain the final residue. The vapor 

or distillate composition will always tend toward the azeotropic point. 

The boiling and dew point curves are shown in Figure 11 plotted 

with temperature on the ordinate and mole fraction ethyl acetate on 

the abscissa. The calculated slopes of the dew point curve are drawn 

through the experimental points with short straight lines, and it is 

observed that the calculated slopes fall tangent to the smooth curve 

over the whole range, thus satisfying the criteria for consistent 

data. The boiling an dew point curves are seen to come together at 
the azeotropic point as woui be expected The two curves were care- 

fully plotted on a large diagram and the temperature of the azeotropic 

point was found to be 71.38° C. horse3r (5, p. 115) in a compilation 

of azeotropic data reports the system ethyl acetate-cyclohexane to 

form an azeotrope at a temperature of 72.80 C. and a weight fraction 

ethyl acetate of 0.54. This was based on some early experimental 

work performed in 1918. The temperature and molar composition 
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reported in this work, however, are believed to represent more accurate 

figures The equilibrium curve was f our to cross the 45 degree line 

at a composition of 0.5400 mole fraction ethyl acetato when this point 

was approached from both directions. The temperature of the minimum 

boiling azeotropic point was also approached from both directions and 

the two curves were found to come together within +0.060 C. 

The logarithms of the ratios of the activity coefficients are 

plotted in Figure 10 and it is observed that the two areas are es- 

sentially equal. Since the experimental data for this system satisfy 

both criteria as suggested by Redlich, it is concluded thnt the data 

are thermodynamically consistent. 
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DISCUSSION OF RESULTS 

The experimental data obtained from the modified Othmer still 

show a niarked improvement over the data obtain by Johnson with the 

original still, This is immediately apparent when the two sets of 

data are compared on a vapor-liquid equilibrium plot, and by the 

"area" test of Redlich. The data from the modified Othmer still 

satisfy the "area" and "slope" criteria as suggested by Fed1ich and 

can therefore be judged thermodynamically consistent. The data from 

the original Othrner still by Johnson did not meet the requirements 

for either of these tests and it therefore concluded by Johnson 

(6, p. 63) that the data were not thermodynamically consistent. 

Johnson, from a comparison of the data from the Othmer aud 

Jones stills was able to c iclude that the ratio y/x for the Othmer 

still data was too high. From an analysis of the two boiling and 

dew point curves, the author further concluded that it was the liquid 

composition that was in error and postulated that the cause of this 

error was inadequate mixing of the liquid in the body of the still. 

This postulation is apparently correct since by modifying the Othmer 

still to include a centrifugal stirrer and thus provide a uniform 

liquid composition, the still does produce vapor-liquid equilibrium 

data that is thermodynamically consistent. 

Figure 12 illustrates in an expanded portion of the equilibrium 

diagram how the equilibrium values that were attained are affected 

by the amount of mixing induced in the liquid. The actual equilibrium 
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cirve was obtained at a stirrer speed of moro than 1200 revolutions 

per minute. All of the points shown were run for a period of eight 

hours which was more than sufficient to attain a steady state con- 

dition. It is observed that the points approach the equilibrium 

curve as the stirrer speed is increased, ar finally fall on the 

curve at a stirrer speed of around 1050 revolutions per minute. 

In arr discussion of' vapor-liquid. equilibrium studies, the 

inìediate assurance of steady state conditions is the necessary 

starting point. In order to determine what length of' time was re- 

quired to reach equilibrium, one point was run consecutively for 

time lengths of , 6, 5, 4, 3, and 2 hours The results indicated. 

that only about 3 hours were required to produce a true and stable 

equilibrium condition. Throughout this study, however, at least 

6 hours and in most cases hours were allowed before sampling, 

With a continuous distillation type of' equilibrium still, of 

which the Othmer is a member, the initial assumption must be made 

that the vapor obtained by boiling a liquid is in equilibrium with 

that liquid Robinson and Giflïland ( 13 , p 9 ) have stated that 

while this assumption has not yet been total]y proved or disproved, 

theoretical considerations would indicate that it is not true. 

However, the experimental data that are available indicate that the 

difference in composition between the vapor obtained by boiling and 

the true equilibrium is not great in most cases. 
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Mter the vapor leaves the surface of the liquid, it must pass 

through the body of the still. Any condensation of the vapor on the 

walls o1 the still will cause the rising vapors coming in contact to 

be enriched with the more volatile component. To guard against this, 

the still was jacketed with magnesia insulation and provided with a 

compensating heater. There is some danger, however, in using a 

coinperwating heater, because of the possibility of superheating the 

rising vapors and thus giving incorrect high temperature nieasurements. 

Also if the tenerature of the still wall is above the temperature of 

the boiling liquid, the liquid splashing on the walls of the still 
Will be totally vaporized, arxi an increase of the less volatile corn- 

ponent in the vapor will result. This is especially critical in the 

modified version of the Othrner still used in this work because of the 

increased agitation in the liquid. This same type of result can also 

be obtained if the vapor is passed through the body of the still with 

such a high velocity that small droplets of liquid are carried over 

into the vapor trap. 

Condensation of the vapor takes place in the section immediately 

above the still body, in the arm connecting the still body and the 

vapor trap, and in the condenser immediately above the trap, where 

condensation is completed. After condensation, the vapor is held in 

the condensate trap for a period of time and finally returned through 

the recirculating leg to the liquid in the body of the stil].. 
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Johnson (6, p. 6S) discussed the various actions that may take 

place at this point and pointed out that the returning condensate 

being of a lower boiling composition could either flash vaporize or 

mix with the liquid in the still. If mixing takes place, the type oi' 

øoluticn formed Will be eit2ior homogeneous or heterogeneous depending 

on the degree al' mixing in the body of the still. In the previous 

study with this stili, (6, p. 67) several samples were siniultaneously 

withdrawn from different locations within the still and front the 

sampling stopcock. The resulting analysis indicated that there was a 

concentration gradient across the body of the still. From this and 

an analysis of the effects of superheating and entrainment, it was 

concluded that the lack of proper mixing and consequent flash vapori- 

atien of the returning condensed vapor to the body of the still 

caused the ratio y/x to be too high and the data, therefore, in error. 

In this study, the condensed vapor returning to the body of the 

still was caught in the swirling action of the liquid and was forced 

in a rotary motion to disperse and mix with the liquid present in the 

body of the still, forming a homogeneous solution. This rotary action 

was great enough to prevent the returning vapor from uimediately 

rising to the surface of the liquid and vaporizing. 

Because of the marked improvement in the therxnodynanic consistency 

of the expoithnental data obtained from this still over the data ob- 

tained by Johnson, it is believed that the mixing problem was improved 

if not entirely eliminated. 
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This investigation was designed prthiarily to improve a piece 

of experimental apparatus, namely a vapor-liquid equilibrium still, 
that had been u.ed in mary previoua investigatior3s and had given 

erroneous results The Otlnner vapor-liquid equilibrium still uzed 

tr Johnson in a previous investigation was modifi to include a 

stirring mechanism for providing a uniform liquid composition in 

the body of the still. Two of the three binary systems studied by 

Johnaon were rerun to evaluate the effect oi the modification on the 

thermodynamic consistency of the experimental data. After observing 

the necessary improvement in the data, a third system not previously 

reported in the literature, was run for further analysis of the 

modification, arxì possible contribution to the literature The two 

systems rerun to investigate the effect of the stirrer were ethyl 

acetate-ethylene dichioride and ethyl acetate-benzene The third 

system run to add previously unreported data to the literature was 

ethyl acetate-cyclohexane 

The experimental data from each of the three systems were 

analyzed by the "area" and 'slop&' criteria as suggested by Redlich 

and were found to be thermodynamically consistent The experirr entai 

data obtained from the modified Othmer still were compared with the 

data from the Othiner and Jones stills studied by Johnson, aixi were 

found to be in agreement with the Jones stil]. data and much improved 

over the original Othmer still data. 



The vapor'-liquid equilibrium data for the systeni ethyl acetate- 

cyclohexarie are reported in this work for contribution to the liter- 

ature. This system was found to form a minimum boiling azeotrope at 

a composition of 0.5400 mole fraction ethyl acetate and a temperature 

of 71.38° C. 
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CONCLUSIONS AND RECOuJÍENUATIONS 

Since the experimental data from the modified Othmer still were 

found to satisfy the thermodynamic tests, it is concLxled that the 

data are thermodynamically consistent. This leads directly to the 

conclusion that the modification of the original Othmer still used 

by Johnson is successful, ar1 that with sufficient mixing of the 

liquid in the body of the Othmer still, this apparatus can be made 

to produce vapor-liquid equilibrium data that are thermodynamically- 

consistent. 

The still as modified for this work, however, leaves much to 

be desired in the way of a stirring mechanism. The stirring apparatus 

in its present form, is at best only a temporary solution because of 

the delicate nature of the construction. There were, during the course 

of the investigation, several breakdowns caused primarily by the large 

amount of vibration from the high speed rotation of the stirrer. 

Also, the wire shaft required periodic replacement because of' the cor- 

rosive action encountered. 

It is recommended that this temporary stirrer be replaced with a 

more permanent and sturdy type of stirring mechanism, preferably one 

that is somewhat larger, thus lowering the speed necessary to induce 

sufficient mixing. In considering the various ways agitation of a 

body o.f liquid can be induced, and the construction arid size of' the 

Othmer still, the best method of making a permanent modification 
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appears to be 1r introducing the stirring mechanism to the side of' 

the vapor tube, and by using a wedge type of propeller that would 

require a speed of only 400 to 500 revolutions per minute It is 

possible that the present still could be modified in this manner 

with the proper glass blawing and annealing equipment. 
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NOMENCL.T URE 

Fugacity of the pure vapor at the total pressure, mm Hg. 

Fugacity of pure vapor at the normai vapor pressure P0, 
1 

Po = Vapor pressure of pure component, mm Hg. 

Q Excess free energy function x1log 1 
+ x2log 2 

t Temperature, O 

x Mole fraction in liquid phase. 

y Mole fraction in vapor phase. 

Y = Activity coefficient. 

'Tr Total pressure. 

1 Subscript denoting more volatile component. 

2 Subscript denoting less volatile component. 
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Benzene 

Cyclohexane 

Ethyl Acetate 

Ethylene Dichioride 

TABI i 

Physical Properties of Purified Components 

Normal Boiling 
Point (° C.) 

Obs'd Ftef.(3) 

80.10 so.io 

80.72 80.74 

77.15 77,151 

83.45 83.47 

1 Reference: 15, p. 219 

Refractive Irex 
at 20.00 C. 

Obe'd Ref.(3) 

1.50103 1.50110 

1.42618 1.42623 

1.37239 1.37239 

1.44479 1.44476 

Density (g./ml.) 
at 200 C. 

Obs'd Ref,(3) 

0.87875 0.87903 

0.77825 0.77855 

0.90060 0.90063 

1.25319 1.25309 
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TAbLE 2 

Thermocouple Calibration Data 

Temperature Measured emf , 
C iillivolts 

83.86 14.171 

83.55 14.116 

83.05 14.022 

82.45 13.911 

81.79 13.787 

81.27 13.695 

80.82 13.611 

80.38 13.528 

79.99 13.458 

79.21 33.314 

78.85 33.249 

78.55 33.193 

77.99 33.109 

77.02 32.933 

75.94 12.739 

74.86 12.545 

73.95 32.384 

73.01 12.216 

72.05 12.046 

71.00 11.876 
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TABLE 3 

Calibration Curve Data 
Ethyl Acetate Ethylene Dichioride 

Mole Fraction Refractive Irex 
Ethyl Acetate n at 20.00 C. 

0.0000 1.44479 

0.0456 1.44050 

0.0983 1.43560 

0.1700 1.42930 

0.2120 1.42568 

0.3120 1.41760 

0.3697 1.41318 

0.4775 1.40518 

0.5544 1.39992 

0.6011 1.39676 

0.6964 1.39053 

0.7941 1.38438 

0.8463 1.38122 

0.8510 1.38076 

0.9517 1.37511 

1.0000 1.37239 
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TABLE 4 

Calibration Curve Data 
Ethyl Acetate - Bonzerie 

Mole Fraction Refractivo Izxlex 
Ethyl Acetate fl at 20.0° C. 

0.0000 1.50103 

0.0438 1.49426 

0.0902 1.48759 

0,1944 1.47269 

0.2942 1.45892 

0.3928 1.44568 

0.5140 1.43006 

0.5930 1.42015 

0.6877 1.40854 

0.7917 1.39617 

0.8948 1.38422 

1.0000 1.37239 
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TABLE 5 

Calibration Curve Data 
Ethyl Acetate - Cyclohexane 

Mole Fraction Refractive Ix1ex 
Ethyl Acetate at 20,0e C. 

0.0000 1.1+2618 

0.0428 1,42291 

0.1113 1.41815 

0.2060 1.41204 

0.3117 1.40570 

0.4108 1.40020 

0.5047 1.39511 

0.5752 1.39147 

0.6R69 1.38600 

0.7100 1.38490 

0.8262 1.37962 

0.9286 1,37523 

0.9749 1.37338 

1.0000 1.37239 



Vapor-Liquid Equilibrium Data 
Ethyl Acetate-Ethylene Dichioride 

Run Temp. Refractive lixiex Mole Fraction 
No. ° C. r at 20.00 C. Ethyl Acetate - 

Liquid Vapor Liquid Vapor 

:i 83.44 1.43996 l.439b9 0.0517 0.0521 

2 83.43 1.43586 1.43569 0.0959 0.0979 

3 83.39 1.43274 1.43252 0.1311 0.1336 

4 83.37 1.42865 1.42302 0.1777 0.1E349 

5 83.27 1.42546 1.42W 0.2148 0.2269 

52 83 .03 1.42087 1.41938 0.2715 0.2900 

5]. 1.41712 0.3185 0.3440 

50 82.56 1.41137 1.40889 0.3935 0.4265 

49 82.13 1.40614 1.40303 0.4645 0.5080 

48 81.84 1.40288 1.39948 0.5105 0.5610 

41 81.76 1.40143 1.39788 0.5320 0.5850 

45 81.46 1.39909 1.39550 0.5670 0.6205 

40 81.04 139532 1.39156 0.6230 0.6805 

39 80.35 1.39033 1.38661 0.6998 0.7580 

33 79.90 1.38721 1.38381 0.7485 0.8038 

38 79.38 1.38402 1.38100 0.8002 0.8503 

37 78.96 1.38184 1.37914 0.8362 0.8825 

36 78.05 1.37677 1.37533 0.9240 0.9485 

35 77.55 1.37452 1.37363 0.9628 0.9780 



TAII3LE 7 

Calculated Data: 
Ethyl Acetate-Ethylene Dichioride 

Activity 
Run Mole Fraction - dt Coefficients Ratio 
No. Ethyl Acetate dy Acetate Dichioride Act. Coef. 

Liquid Vapor 'l ____ 

i 0.0517 0.0521 0.25 O.2l 1.000 0.821 
2 0.0959 0.0979 0.86 0.832 0.999 0.833 

3 0.1311 0.1336 O.6 0,832 0.999 0.833 

4 0.1777 0.1849 1.52 0.850 0.994 0.855 

5 0.2148 0.2269 2.19 0.866 0.991 0.873 
52 0.2715 0.2900 2.84 O.8.2 0.988 0.892 
51 0.3185 0.34íO 3.56 0.896 0.981 0.913 
50 0.3935 0.4265 4,24 0,909 0.973 0.934 
49 0.4645 0.5080 5.46 0.930 0.958 0.970 
48 0.5105 0.5610 6.41 0.943 0.944 0.998 

4]. 0.5320 0.5850 6.82 0.946 0.936 1.010 

45 0.5670 0.6205 7.08 0.950 0.934 1.017 
40 0.6230 0.6805 8.22 0.962 0.915 0.051 

39 0.6998 0.7580 9.81 0.975 0.890 1.095 
33 0.7485 0.8038 10.80 0.981 0.874 1.122 

38 0.8002 0.8503 12.07 0.987 0.853 1.157 
37 0.8362 0.8825 13.66 0.994 0.828 1.200 
36 0.9240 0.9485 15.22 0.996 0.805 1.237 
35 0.9628 0.9789 21.36 1,002 0.715 1.401 



TABLE 8 

Vapor-Liquid Equilibrium Data 
Et1rl Acetate-Benzene 

Ruxi Temp. Refractive Ir1ex Mole Fraction 
No. ° C. r at 20.0° C, Ethyl Acetate - 

¡;iquid Vapor Liquid Vapor 

3 79.74 1.49126 1.48948 0.0640 0.0760 

28 79.62 1.48815 1.48591 0.0860 0.1010 

29 79.32 1.48091 1.47796 0.1370 0.1580 

31 79.31 1.48066 1.47776 0.2385 0.1590 

32 79.30 1.48030 1.47747 0.1415 0.1615 

7 79.07 1.47447 1.47104 0.1825 0.2060 

6 79.02 1.47239 1.46895 0.1970 0.2210 

27 78,77 1.46404 1.46042 0.2565 0.2830 

9 78.68 1.46308 1.45979 0.2630 0.2880 

26 78.60 1.45762 1.45393 0.3040 0.3310 

11 78.32 1.45038 1.44741 0.3575 0.3825 

25 78.30 1.44910 1.44553 0.3675 0.3940 

33 78.14 1.443.73 1.43835 0.4230 0.4492 

34 77.98 1e436]3 1.43282 0.4665 0.4925 

24 77.95 1.43568 1.43242 0.4700 0.4955 

23 77.87 1.42894 1.42612 0.5230 0.5450 

22 77.74 1.42254 1.42005 0.5740 0.5935 

21 77.60 1.41510 1.41303 0.6340 0.6500 

20 77.44 1.40684 1.40539 0.7020 0.7)40 

19 77.34 1.40024 1.39912 0.7575 0.7665 



63 

Table 8 (continued) 

Run Temp. Refractive Index Mole Fraction 
No. ° C. r at 20.00 C. Ethyl Acetate 

- Liquid Liquid Vapor 

18 77.28 1.39354 1.39283 0.8135 0.8190 

17 77,23 1.38659 1.38618 0.8740 0.8775 

16 77.20 1.38230 1.38210 0.9115 0.9135 

15 77.17 1.37537 1.37530 0.9732 0.9740 



TAB1 9 

Calculated Data: 
Ethyl Acetate - ßenzene 

Activity 
Run o1e Fraction - dt Coefficients Ratio 

!2.t Ethyl Acetate dy Acetate Benzene Act. Coef. 

Liquid Vapor 
'l _____ 

3 0.0640 0.0760 5.51 1.091 O.99 1.093 
28 0.0860 0.1010 5.31 1.083 0.998 1.085 
29 0.1370 0.1580 5,06 1.080 0.999 1.081 
31 0.1385 0.1590 4.91 1.068 0.999 1.069 
32 0.1415 0.1615 4.73 1.062 1.000 1.062 
7 0.1825 0.2060 4.58 1.059 1.003 1.057 
6 0.1970 0.2210 4.14 1.054 1.003 1,051 

27 0.2565 0.2830 4.14 1.046 1.005 1.041 
9 0.2630 0.2&O 3.86 1.041 1.009 1.031 

26 0.3040 0.3310 3.85 1.038 1.007 1.031 
11 0.3575 0.3825 3.33 1,029 1.016 1.014 
25 0.3675 0.3940 3.49 1.030 1.01]. 1.019 
13 0.4230 0.4492 3.32 1.028 1.014 1.013 
14 0.4665 0.4925 3.25 1.027 1.016 1.011 
24 0.4700 0.4955 3.18 1,024 1.015 1.009 
23 0,5230 0.5450 2.76 1.018 1.022 0.995 
22 0.5740 0.5935 2.50 1,014 1.027 0.988 
21 0.6340 0.6500 2.17 1.010 1.033 0.977 
20 0.7020 0.7140 1,80 1.007 1,042 0.966 
19 0.7575 0.7665 1.54 1.006 1,049 0,958 
18 0.8135 0.8190 1.13 1.002 1.059 0.946 
17 0.8740 0,8775 0.99 1,001 1.063 0.942 
16 0.9115 0.9)35 0.77 1.001 1.070 0.935 
15 0,9732 0.9740 0.95 1.000 1.063 0,941 
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TABLE 10 

Vapor-Liquid Equilibrium Data 
Ethyl Acetate-Cyclohexane 

Run Temp. Refractive Irex Mole Fraction 
No. ° 

C. r at 20.00 C. Ethyl Acetate 

Liquid Vapor LiQuid Vapor 

i 76.59 1.37261 1.37281 0.9942 0.991 
3 75.72 1.37397 1.37513 0.9605 0.9312 
4 75.43 1.37454 1.37623 0.9460 0.9047 
5 75.54 1.376].1 1.37877 0.9076 0.8459 
6 73.84 1.37726 1.38033 0.8807 0.8113 
7 73.25 1.37919 1.38275 0.8365 0.7572 
8 72.67 1.38138 1.38488 0.7879 0.7105 
9 72.31 1.38309 1.38633 0.7494 0.6806 

10 72.01 1.38481 1.38786 0.7117 0.6489 
11 71.79 1.38661 1.38918 0.6749 0.6219 
12 71.62 1.38906 1.39072 0.6242 0.5908 
13 71.54 1.39024 1.39148 0.6000 0.5752 
14 71.49 1.39171 1.39239 0.5708 0.5578 
34 71.39 1.39204 1.39258 0.5640 0.5539 
15 71.44 1.39341 1.39338 0.5375 0.5380 
33 71.41 1.39428 1.39382 0.5203 0.5293 
16 71.52 139479 1.39414 0.5112 0.5235 

17 71.51 1.39610 1.39488 0.4864 0.5097 
32 71.48 1.39644 1.39509 0.4801 0.5054 
18 71.62 1.39796 1.39598 0.4521 0.4893 
31 71.55 1.39844 1.39614 0.4431 0.4858 
30 71.76 1.40114 1.39757 0.3929 0.4594 
29 71.93 1.40332 1.39902 0.3540 0.4320 
28 72.35 1.40636 1.40092 0.3017 0.3972 
27 72.88 1.40915 1,40248 0.2546 0.3685 
26 73.26 1.41119 1.40390 0.2203 0.3440 
25 74.08 1.41381 1.40641 0.1780 0.3001 
24 74.73 1.41590 1.40841 0.1455 0.2671 
23 75.82 1.41852 1.41123 0.1059 0.2200 
22 76.46 1.41976 1.41309 0.0873 0.1893 
21 77.46 1.42163 1.41597 0.0604 0.1446 
20 78.24 l.4227 1.41825 0.0435 0.1097 
19 79.39 1.42444 1.42162 0.0225 0.0606 



TABlE :ii 

Calculated Data: 
Et1r1 Acetate - Cyclohexane 

Activity 
Run Mole Fraction dt Coefficient Ratio 

?!2± Etkrl Acetate Acetate-CyClOheXa Act. Coef. 

Li.ui1 Vapor 
.a 

1 0,9942 0.9891 14.55 1.014 2.132 0.476 
3 0.9605 0.9312 ]4.12 1.017 2.031 0.501 
4 0.9460 0.9047 15.03 1.013 2.c176 0,5170 
5 0.9076 0.8459 14.14 1.017 2.017 0,5042 
6 0.807 0.8113 13.50 1.029 1.956 0.5260 
7 0.8365 0.7572 12.84 1.032 1,37]. 0.5515 
8 0.7879 0.7105 11.20 1.049 1.751 0.5990 
9 0.7494 0.0806 9.42 1.069 1.654 0.6463 

10 0.7117 0.6489 .21 1.084 1.596 0.6791 
1]. 0.6749 0.6219 6.72 1.104 1.535 0.7192 
12 0.6242 0.59U8 4.13 1.141 1.445 0.7896 
13 0.6000 0.5752 3.04 1.159 1.413 0.8202 
3_4 0.5708 0.5578 1.58 1.183 1.373 0.8616 
34 0.5640 0.5539 - 0.06 1.193 1.367 0.8727 
15 0.5375 0.5380 - 1.49 1.214 1.333 0.9107 
33 0.5203 0.5293 - 2.82 1,235 1.311 0.9420 
16 0.5112 0.5235 - 4.5]. 1.239 1.297 0.9552 
17 0.4864 0.5097 ..21,99 1.267 1.269 0.9984 
32 0.4801 0.5054 -22.1.2 1.275 1,268 1.0055 
1g 0.452]. 0.4893 -22.07 1.305 1.237 1.0549 
31 0.4431 0.4858 -21.37 1.325 1.228 1.0789 
30 03929 0.4594 -21.25 1.478 1.139 1,2976 
29 0.3540 0,4320 49.65 1.503 1.129 1.3312 
28 0.3017 0.3972 -18.28 1.548 1.119 1.3833 
27 0.2546 0.3685 -16.82 1.671 1.080 1.5472 
26 0.2203 0,3440 -15.28 1.880 1.060 1.7735 
25 0.1780 0.3001 -12.28 1.869 1.045 1.7885 
24 0.1455 0.2671 - 9.72 1.991 1.031 1.9311 
23 0.1059 0.2200 - 8.15 2.172 1.014 2.1420 
22 0.0873 0.1893 - 5.18 2,214 1.012 2.1926 
21 0.0604 0.1446 - 3.06 2,370 1.006 2.3558 
20 0.0435 0.1097 - 1.09 2,514 1.035 2.4289 
19 0.0225 0.0606 + 2.06 2.493 1.001 2.4905 


