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INTRODUCTION 

Fractional distillation is defined as a process of separating 

a 'Jnixture of two or more volatile substances into its individual com

ponents. Separation is achieved by successive vaporization and con

'densation into fractions of successively varying composition until 

the desired degree of separation is reached (9). 

A separation of a mixture of volatile liquids by fractional 

distillation is possible when the composition of the vapor coming 

from the liquid mixture is different from that of the liquid. The 

greater the difference between the vapor and liquid compositions, 

the easier the separation. In order to design fractional distil

lation equipment it is necessary to know t he relation between 

vapor and liquid composi tions. Usually this is obtained from 

measurements of the vapor and liquid compositions in equilib1·iurn 

with one anothero 

vJtien one liquid is dissolved in another the partial pressure of 

each is decreased (10). When the two liquids a re composed of molecules 

of the same si ze and structure and mix without such complicating 

effects a s molecula r association or chemi ca l combinat i on, the reduc

tion in partial pressure of each is in proportion to i ts concentra

tion. Such a mixture is termed ideal. In this ideal mixture t he 

partial pressure of each component will be equal to t he product of 

the vapor pres sure of the pure component a!ld its mol fraction i n t!1c 

mixture. This generalization is known as :Rp.oult 1s Lawe It is 

expressed by the relationship, 

Pa = Pe.Xa. 



where: Pa. is the partial pressure of component A in the solution 

.xa, is the mol fraction of A in the solution 

Pa is the vapor pressure of pure A at the temperature of 
the solutiono 

Because of the nature of the assumptions made in deriving 

Ra.cult's law there are relatively few systems to i\hieh it applies 

a 

rigorously. Deviations from Ra.oult's law range from moderate - for 

such systems as paraffin and aromatic hydrocarbons - to large for a 

system such as hydrogen chloride-water. 

In non-ideal systems it is necessary to use basic thermo-

dynamic relations to derive expressions for the equilibria involved. 

These basic thermodynamic expressions ruay be applied readily to the 

vapor phase to calculate deviations from ideal behavior but there 

are no convenient conditions for calculating liquid phase deviations 

due to association or chemical reaction. For this reason it is 

customary to use as a basis the pure liquids before they are mixed 

and then calculate the deviations resulting from mixing. These 

deviations are then lumped together in what is termed an activity 

coefficient which is inserted on the right hand side of the equation 

to make it exact: 

At low pressures - two atmospheres or less - deviations from 

ideal behavior in the vapor phase are small and it is general practice 

to ignore them, Under these conditions the pressure of any component 

is equivalent to the product of the system pressure and the mol frac ... 

tion of that component in the vapor phase. The vapor-liquid equilibril.Un 

expression then becomes: 



3 

in which n is the system pressure. 

A number of attempts have been made to calculate the value of 

c( from the physical properties of the substances in the mixture and 

the thermodynamic changes occurring on mixingo Van Laar attempted to 

calculate the internal energy of mixing by the use of the van der Waals 

equation of state. It was necessary for him to make certain simplify

ing assumptions which were (11): 

1. The excess partial molal entropy of mixing is zero. 

2. There is no volume change on mixing .. 

3. Van der Waals equation applies to each component and to 

the mixture, for both liquid and vapor phaseso 

4. The van der Waals constants of the mixture can be calcu-

lated from the constants of the pure constituents. 

On the basis of these assumptions Van Laar derived the fol-

lowing equations for expressing the activity coefficients as func-

tions of the van der Waals constants for the mixture: 

1n o =--B __ _ 
1 T(l + A2Sl.)2 

Xz 

whBre A= b1/b2 

B = (b1/R) (-va";./b1 - -v a2/bz )2 

1n O ___ A_B__,,,,......_ 
2 - T(A + if)2 

a a.nd b are the constants in the van der. i/aals equation of 
state, P = RT/(V-b) - a/V2 

R = Universal gaa constant - liter-atmospheres/mol - °Kelvin 
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SiJ.l'Jilar expressions were derived by Scatchard and Hildebrand 

and by Cooper (12) using different assl.lmptions and different expres-

sions for evalua. ting the internal energy change in mixing per mol 

of mixture. 

c.i the basis of the derivations, the two constants of the Van 

Iaar equation5tor the modifications of them, are related to the 

physical propertie8 of the two components.. However beeause of the 

assumptions made in the derivations it is seldom that an actual 

mixture fits the equations. In general practice the equations are 

used empirically and the constants chosen to fit the observed data. 

Two constants are used in the equations. Since in a binary 

mixture one vapor-liquid equilibrium point gives the activity 

coefficients of both components only one measurement is required. 

Such a procedure has seldom been found satisfactory since any errors 

involved in the single point measurement will be reflected in the 

values of the constants. In practice a number of equilibrium points 

are measured covering the entire concentration range. In this case 

the Van Iaar equations are rearranged to the .following: 

1 1 
-V,;T::::;ln:::::=:o:=1 == -Ji 1 A =-

-vf..i 
l 

+ - (&.) -,,,/AB. X1 

These are the equations of two straight lines of different but 

related slopes and intercepts. The constants A and Bare readily 

calculated from the values of the individual slopes and intercepts. 

Ideally the values of hand B derived from each curve should be equalo 

Actually because of experimental errors the constants 1rdll be different 
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from each plot. The magnitude of the difference is a measure of 

the accuracy of the data. 

Somewhat better data correlation is obtained by eliminating 

x 1 and x 2 from the Van l,aar equat,ions. The, resulting equation is: 

-VT ln t 1 = -fB 

Thi.s is also the equation of a straight line with slope ot -VA 

and intercept equal to '"VB. 

Although x 1 and x 2 do not appear directly they are included 

indirectly in the 1n '1 terms. Errors in the values of x are of a 

smaller magnitude then the corresponding values of x/(l - x). As 

a result the data plotted in this mannar show less scattering. 

Also this type of plot gives more weight to points obtained in the 

middle composition ranges where the effects of analytical errors 

are minimized whereas the other forms of the Van Laar equations 

tend to emphasize points obtained in the terminal concentration 

regions where analytical errors are intensified. 

Consequently this fonn of the Van Laar equations was used to 

correlate data from the naphthene-naphthene and paraffin-paraffin 

binary systems which are essentially ideal. 

In the design of fractionating columns the concept of relative 

volatility is often usedo This is defined as the volatility of one 

component with respect to a second. Volatility is defined as the 

partial pressure of a component in the vapor in equilibrium. with 

a liquid phase divided by the mol fraction in the liquid or: 
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volatility = ny/x 

relative volatility= a=( nya./xa)/( n Yb/~)= Ya~1X,?b• 

In an ideal system the partial pressure in the vapor is equal 

to the vapor pressure of the pure component times its mol traction 

in the liquid. Relative volatility in an ideal system reduces to 

the ratio of the vapor pressures of the pure components: 

a: = PafPb 

In systems which are non-ideal the partial pressure of a com

ponent in the vapor is the product of its vapor pressure times its 

mol fraction in the liquid times its activity coefficient. Rela

tive volatility for non-ideal systems then becomes: 

a = o aPa/ ;\blb 

The utility of the concept of relative volatility is that it 

shows at a glance the ease or difficulty of making a given separation 

by distillation. The greater the value of a the more easily may the 

separation be made. As, a approaches unity the separation becomes 

more difficult. When a = 1 separation by distillation ii& 

impossible. 

In ideal systems relative, vclat ility, or the ratio of the vapor 

pressures of the pure components, changes only slightly ·with tem

p~r ature although the individual volatilities or vapor pressures 

change greatlye In non-ideal systems the relatively constant 

vapor pressur~ ratio is modified by the activity coefficiont ratio 

·which may va-ry g:rr3atly with changes in liquid comppaition . In 

systems which form constant boiling mixtures, or azeatropes, the 

r elative volatility will range.from below uniw-to above unity over 



the entire composition range, At the a:zuot:rape amu:positiona, 

is unity end no separation. is voasible, 

7 

In Figures 3, 4, 5, and 6 relative volatilities o! the C6 

paraffins, naphthenes and benzene with respect to hexane, methyl

cyclopenta.ne, cyclohexane, and benzene are plotted as .functions of 

the composition of the liquid phaseo For the non-ideal systems the 

activity coefficients were calculated using the average values of 

the Van Laar equation coefficients reported in Tables I-XXI. For 

the paraffin systems which are considered to be ideal the relative 

volatility is calculated as the vapor pressure ratio. 

Although vapor-liquid equilibrium data have been published for 

a great many systems only a relatively £ew systems composed of C6 

hydrocarbons have been studied. nt the eight hydrocarbons only 4, 

hexane, methylcyclopentane, cyclohexane, and benzene have been 

investigatedo This study was made to complete the data ir.volving 

these compounds. 



EXPERIMENTAL MATERIALS AND EQUIPMENT 

1. Hygr2£arbon;:i_v Pure grade hydrocarbons were used in all 

experiments. In most cases the original stock which had a minimum 

purity of 99 .o mol per cent was distilled in a 3611 x 25mm Podbielniak 

Heli-grid packed Hyper-Cal Fractionating colunm. A center-cut from 

this distillation was used after discardlllg the initial and final ten 

per cent distilled. The hydrocarbons are tabulated below along with 

their refractive indices. 

2,2-dim.ethylbutane 
2,3-dimethylbutane 
2-methylpentane 
J-methylpentane 
n-Hexane 
Methylcyclopentane 
Cyclohexane 
Benzene 

n20 
D 

1.3688 
1.3749 
1.3715 
1.3765 
1.3749 
1.4099 
l.iJ260 
1.5011 

B.P.-0c 
(760mm Hg) 

49.74 
57.82 
60.24 
63.28 
68.74 
71.80 
80.78 
80.10 

Analyses of these m.aterials by gas-liquid chromatography are 

tabulated in the appendix. 

2. An American Optical Company Spencer refractometer was 

used to measure the refractive index of the paraffin-naphthene, 

paraffin-aromatic, and naphthene-aromatic mixtures. It has a 

precision of +0.0001 refractive index units. 

3. An American Instrument Company constant temperature bath 

was used to circulate water through the prisms of the refractometer. 

It maintained a temperature of 20!0.05 degrees Centigrade. 

8 
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4o Vapor-Liquid Eouilibrium Stills. A great number of vapor

liquid equilibrium stills have been designed. Barr-David (1) has 

made a survey of the types of stills most commonly used along with 

the advantages and disadvantages of each. Ideally the still should 

require a minimum. of attention while operating and should come to 

equilibrium. in a short time. 

Two types of stills were used in this worko One was a vapor 

recirculating still and the other a Cottrell pump with means for 

separating and collecting the vapor and liquid phases. A number of 

systems were run in each still. Good agreement was obtained indi

cating that either still was acceptableo 

a. Modified Hipkin and Myers Still, Figure le This still 

was adapted from a design· b~r Hipkin· and Myers (4). · In ·their ·· . 

design, heat transfer from:or to the still was reduced to a 

minimum by boiling and condensing a\.liq\ltd·of· similar boiling 

point in the jacket space around the stilla Pressure en the: 

:acket was \!'aried" so :that the boiling point• of the jacket 

liquid would be the same as the mixture under consideration in 

the stillo 

Although this system reduces heat transfer to a minim'llm 

it requires two heaters and two pressure control systems as 

well as two sets of thermocouples to record still and jacket 

temperatures. 

In order to simplify operation the separate jacket heat

ing system wa.s omitted, Vapors from the reboiler flowed through 

the annular space around the still proper to a condenser where 
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they were condensed and returned to the reboiler. As air 

collected in this condens·er it was bled off to the atmosphere 

to maintain a ring of reflux in the condenser 

Other vapors from the reboiler bubbled thro"ttgh the 

liquid and then passed to a condenser where they were con

densed and returned to the reboiler. This second condenser 

was connected to the pressure control system. 

Wben this still was used it was observed that the liquid 

level in the liquid sample cup varied with ti.me. This was 

believed due to a slight flow of heat to or from this portion 

of the still which would cause refluxing to take place in the 

vapor space above this point or would boil off some of the 

liquid phase sample. For this reason a new still of simpler 

design was constructed from a design by Gillespie (3)& 

b. Modified Gillespie Still, Figure~. This still was 

constructed from the design originated by Gillespie (3). The 

position of the vapor condenser ~~s altered to provide a more 

compact unit o Vapor and liquid sample points were changed frcm 

the original design and were altered to allow samples to be 

drawn off by hypodermic syringe" 

This still makes use of a Cottrell pump to carri:J an inti

mate mixture of liquid and vapor to the disengaging zone in 

which the two phases are separatedo The liquid phase returns 

directly to the reboiler, The vapor phase is totally condensed 

in the external condenser~ Condensed v~pcr phase is mixed with 

the returning liquid phase ahead of the reboiler, Thus the 
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liquid mixture returned to the reboiler is the same composition 

as the liquid in the reboiler~ 

5. Temperatures were read from an A.S.T .h. 14C, paraffin 

mell:.ing point thermometer, 79mm immersion, graduated 38-82 °c 

in U.l 0 c divisions. Temperature readings were precise to 

±0.02 °c. 

The thermometer was immersed directly in the fluid being 

measured. An 11 0" ring sealed the thermometer to the male por

tion of a standard taper joint which fitted the female joint 

sealed to the still. 

6. Still pressure was held at 760mm. mercury pressure by 

means of an Emil Greine.r Cartesion Mano stat #6. 

?. All stopcocks and ground glass joints were lubricated 

with Non-Aq stopcock lubricant which is hydrocarbon insoluble. 

8. Reboiler heat was supplied by a suitable Glas-Col heat• 

ing mantle controlled by a Variac. 



EXPERil'iENTAL PROCEDURES 

When the modified Hipkin and Hyers still was used it was 

charged with 200 cc of a pure component,, Heat was applied to the 

reboiler. When reflux was established in the vapor condenser the 

sample stopcock was turned to shut off flow of condensate to the 

reboiler. This caused reflux to overflow from the condenser into 

the liquid sample pot. When sufficient liquid had accumulated the 

vapor sample stopcock was turned to allow condensate to flow from 

the condenser back to the reboiler. 

Heat input to the reboiler was then adjusted to give the 

desired amount of reflux in the two conuensers. At this point a 

measured volume of the second component was introduced into the 

vapor condensate stream. The still was then allowed to operate 

for 30-35 minutes to come to equilibrium,, Equilj_bration time of the 

still was deterrrdned and found to be less than 30 minutes. Such 

data are shown in the Appendix. During this interval the jacket 

condenser was bled off as necessary to prevent the top of the 

jacket from "gassing-off" with air and the pressure control 

manostat was adjusted to give the desired pressure in the still. 

At the end of the equilibration period the still pressure 

and temperature were noted and samples taken of the vapor and 

liquid phases, Vapor phase samples were taken by evacuating the 

sample system, shutting off the vacuum, and turning the sample stop

cock so that condensed vapor flowed into the sample receiver. When 

12 
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a sufficient volume had collected the sample stopcock was returned 

to its original position_. 

Liquid samples were taken by first draining off 4-5 cc to 

flush out the sample line. The sample receiver was then installed 

and evacuated and the sample collected as for the vapor sample. 

After collecting the samples a measured volume of the second 

component was introduced to the system and the process repeatede 

This ir~cedure was repeated until approximately equimolar concen

trations of the twc components were reached. The still was then 

shut down, drained, and evacuated. 

The still was then charged with 200 cc of the second component 

and the procedure repeated. 

The refractive indices of the vapo- and liquid phase samples 

were measured using the Spencer refractometer. Compositions of the 

two phases were then determined from a calibration curve relating 

the refractive index of the mixture to its composition. Such 

calibration curves were made up for each of the paraffin-naphthene, 

paraffin-arornat ic, naphthene-a:"omatic .• and naphthene-naphthene 

systems studied. These data are tabulated in the appendix. 

When the modified Gillespie still was used it was charged 

with 110-115 cc of one component. Heat was applied to the reboiler 

and adjusted to give the desired reflux in the vapor condenser. 

The pressure control man~stat was adjusted to give tne desired pres

sure. When the system was operating as desired a measured volume 

of the second component was added to the reboiler. The still was 

~llowed to operate for a minimum of 30 minutes to allow it to reach 
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equilibrium. Actually a steady state was reached in 10-15 minuteso 

Equilibration time data for this still are in the appendix. 

At the end of the equilibration period samples of the vapor and 

liquid phases were drawn off with hypodermic syringes and run on the 

refractcmeter. In the case of paraffin-paraffin systems the samples 

were transferred from the syringes to small glass ampoules sealed 

with rubber serum caps. Samples of the material in the ampoules were 

then analyzed by gas-liquid partition chromatography. 

After sampling, a measured volume of the still contents was 

withdrawn and replaced with a similar volume of the second component. 

The still was allowed to reach equilibrium and samples again taken. 

This procedure was repeated until the mixture was approximately 

equimolar. At this point the still was shut down, drained and 

evacuated. It was then charged with the second pure component and 

the procedure repeated. 



METHODS OF CALCULATIONS 

Compositions of the vapor and liquid phases were determined 

either from refractive index measurements or by gas-liquid 

chromatography. 

Vapor pressure - temperature curves for each of the eight 

hydrocarbons were constructed using the Antoine equation 

log P = A - B/(C,t) 

where Pis the vapor pressure in mm Hg 

tis the temperature in °c 

A, B, C are empirical constants, different for each compound. 

Values of A, B, and C for each of ~he eight hydrocarbons 

were obtained from the data published by A.P.I. Project 44 (14). 

The curves so constructed are believed to be accurate to +v,5 mm 

Hg. A sample curve is shown in Figure 7. 

From the vapor and liquid phase compositions and the vapor 

pressures of the individual pure components at the observed 

temperature the activity coefficient was calculated for each 

component from the following equations 

Y1 ,Yz 

01 = nY1 /P1 X, 

0 ;e = ny z /P 2.X.z 

are the activity coefficients of components 1 and 
2 respectively. 

are the mol fractions of components 1 and 2 in 
the vapor phase. In a binary system :r1 + y2 -= L 

are the vapor pressures of components 1 and 2 
respectively at the observed temperature. 

rfS 
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are the mol fractions of components 1 and 2 in 
the liquid phase. In a binary- system x1 + x2 T 1. 

n is the total pressure on the system, 760 mm Hg 
in this study. 

After calculating ?S the value of l/-v'Tln7 was calculated 

where T is the absolute temperature and ln o is the natural 

logarithm of 6 • The values of 1/-VTln o were then plotted cm 

rectangular cc~rdinate paper as a function of the corresponding 

values of ::-1 /x 2 • Ideally these pointG should fall on a straight 

line. By visual inspec~ion of the plots ~ertain points were rejec-

ted because of abnormal deviation. In this manner two sets of 

points were obtained approximating two different straight lines 

for each system studied. A typical plot. of these p0ints is 

shown in ~igure 9. 

A straight line was then fitted to each set of points using 

the method of least squares, This computation was carried uut on 

an I.B.l\1. C.P.C. computer which derived the equations of the 

straight lines and determined the probable error of the measure-

ments. 

From the s:ope and intercept values of the two l~nes the Van 

Laar coefficients A and B were determinedo These values are given 

in Tables I-XXI along with the observed x....;y data ~n each binary 

system. 

This m';;lthod of cox-rel.;Jtion was not s·1itable for the systems 

which were only slightly non-ideal. In such systems the observed 

values of o are very nearly unity and may be slightly less than 

unity because of experimental errors. Also a small experimental 



error in a number close to one becomes an appreciable error in the 

logarithm of that number. This causes the data to scatter con

siderably. 

In these systems the data were correlated by eliminating x1 

and x 2 from the Van Laar equationso The resulting equation is: 

-{Tlno1.:::: ~ - -{A- · -JTln o 2, 

which is the equation of a straight line. This equatioL has the 

advantage of emphasizing points obtained in the middle r~nge of 

rompositions where analytical errors arc mir:>imiz(:d, 



DISCUSSION OF RESULTS 

Vapor-liquid equilibrium data for the systems studied are 

listed in Tables I-XXI and shown in Fi,gures 3- 6. The. greatest 

deviations from ideality are shown for the paraffin-aromatic and 

naphthene aromatic systems listed in Tables I-VII 0 

This is to be expected because of the fundamental differences in 

the nature of the molecules. The observed deviations however are 

not large compared to systems of chemically dissimilar compounds 

such as chloroform and acetone or to systems in which mo~ecular 

association plays an important role such as hydrogen chlo~ide 

and water~ 

Maximum deviation from ideality, as measured by the value 

of Bin the Van Laar equations, was observed in the system 

benzene-neohexane, In this system the value of B was 170~ 

Values of D for benzene and neohexane, each at zero concentra

tion, are L69 and 1.83 respectively,. Despite this relatively 

large deviation the system did not form an azeotrope~ 

Minimum deviation from idealityi for binaries cont:,aining 

benzene, was observed in the system benzene-cyclohexaneo In this 

system B had a value of 118 ~5. At zero concentrations of each 

component values of o for benzene and cyclohexane respectively 

were 1.40 and L46 o This deviation was sufficient for these 

close-boiling components to result in the formation of an 

azeotropeo 

18 
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Azeotrope formatioh in. this system has been reported in the 

literature. Compo.st~ion and boiling point data are listed for 

Azeotf:Q I?e: s¥.~t~m . Benz.ene-9¥:clohexane 

B~P.-0 c 
(760 mm Hg). 

77.65 
77.5 
77o7 

Mol Per Cent Benzene 

54,.2 
56 .. 9 
53 .6 

Reference 

This work 
Perry (8) 
Horsley (5) 

An azeotrope was also observed in the system benzene-methyl-

cyclopentane. Other investigators have also reported azeotropes. 

These data are summarizred: 

~trope: System Benzene-Methyle,y~~open,tane 

B.P.-OC 
(760 mm Hg) 

71.5 
71.68 
?L65 

Mol Per Cent Benzene 

1) .. 0 
14.,0 
12,8 

Reference 

Horsley (5) 
This work 
Myers (7) 

A number of investigators have published data on the system 

benzene-normal hexane, Some report evidence of azeotrope forma-

tion, others do not~ Inspection of the x-y data reported in 

Table V do not show evidence of an azeotrope o The values of the 

Van Laar coefficients however show that an azeotrope does form 

containing 1.57 mol per cent benzene" It is evident that the 

volatility of benzene iD this mixture, in the region of the 

azeotrope, is so close to unity that the analytical method was 

not sensitive enough to show differences in the vapor and liquid 



compositions. Ds.ta reported on this system a.re shown below: 

Azeotrope: System Benzene-Normal Hexane 

B~P.-0 c 
{760 mm Hg) 

68.72 
68.5 
None 

Mol Per Cent Benzene 

1.57 
5.2 

Reference 

This work 
Hqrsley (5) 
Horslay (5) 

20 

The systems benzene-neohexane, benzene-diisopropyl, benzene-

2-methylpentane, and benzene-3-methylpentane did not form 

azeotropes. The relative vc;,latility of benzene at zero c~n-

centration, in these mixtures increased with the increasing 

boiling point of the other component but the maximum was 0 .. 893. 

For an azeotrope to exist the relative volatility would have to 

be greater than one. 

The pa.raffin-~ephthene systems listed in TaLles VIII-XVIII 

and Figures ~ .... 6. · showed slight deviat, ivns from ideal solution 

laws. For systems in which cyclohe:im.ne waa one of the components 

the Van Laar constant B varied between 29 and 57 ~ Activlty co-

ei'ficienta of the indi-ridual compo11ents at. zero concentration 

were in the range Ll0-1...20. This indicates a may,.imum deviation 

from ideality of 1J-2U per cent, 

De.ta from these systems correlated quite well with the Van 

Laar equations except for the system cyclohexane-.3-methylpentane. 

In t.his case values of both A and B obtained from th;;: two straight 

line plots do not agree.. The actual deviations are great but it 

is probable that the average values are reasonably accuratea 
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Systems in :1hich methylcyclopentane was one of the components 

showed slightly smaller deviations from the ideal. Values of the 

Van Laar constant B varied between 10 and 2.ho Values of the activity 

coefficient for each component at infinite dilution ranged from lo03 

to Ll?. 

A minimum boiling azeotrope of methylcyclopentane and he~ane 

has been reported ( 2), ( 5) •. However, the data obtained in this 

W'Jrk do not show an azeotrope. This result agrees -with other 

published data on this system (6) o None of the other paraffin

naphthene systems showed any tendency to form azeotropes. 

The system cyclohexane-methylcyclopentane appears to be ideal 

within the limits of experimental error •. 

Refractive index was usc:id to deteminc compositonse The total 

difference in refractive index for the pure components is 0.0265 

units~ An error of 0.0001 units in the refractive index is equiva

lent to an error of 0~4 mol :pr cent,, In the ccncentration ranges 

in which either component is present at low concentration an 

erro:C' of this magnitude creates a considerable error in the 

x1/:x2 ratio .. 

Data from. the three paraffin-paraffin systems studied are 

present0C: in Tables XIX-XXI, Within thti limits' of experimental 

erroz· these SJ:Stems may be considered ideal.. Analyses for these 

syst"-ms were made by gas-liquid partition chromatography. Composi

tion err.:irs for any component arc probably of tlhl order of 0&5 mol 

per oento An error of this magnitude can easily lead to deviations 

of the a(l!tivity cocffidents from unity of sever•al per cent. It 

is therefore concluded that these systems are ideal. 
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The three syst,ems studied represent the extremes in boiling 

point and molecular structure differenceso Since they are ideal 

it was ooncluded that the other paraffin-paraffin systems are also 

ideal., It was not considered necessary to study these systemso 



SUl.lliMARY AND CONCLUSIONS 

Vapor-liquid equilibria have been determined for twenty-one 

of the twenty-eight binary systems involving paraffin, naphthene 

and aromatic hydrocarbons containing six carbon atoms~ Included 

in these twenty-one systems are five paraffin-aromatic systems, 

two naphthene-aromatic, one naphthene-naphthene, ten naphthene

paraffin and three paraffin-paraffin systems. 

The data were correlated according to the Van La.ar equations 

and the Van Laar coefficients A and B determined, 

As expected, maximum deviations frcm ideal solution laws were 

observed for the systems in ·.;hich benzene was a component~ These 

deviations were moderate when compared to such systems as chloro

form-acetone or hydrogen chloride-water.. Activity co-efficients 

for a component at infinite dilution -:raried from L40 to L69 for 

benzene in cyclohexane and neohexane respectively and L46 to L83 

for cyclohexane and neohexa:;:ie r 

The paraffin-naphthene systems showed only slight deviations 

from ideality. Systems eon ta ining cy:?.lohexene devia t,,d 10-20 per 

cent and th::)So in 'thich m"thylcyclopontr>i:rn was a component d ,viated 

3-1'7 per cent., 

The naphthene-naphthene and paraffin-paraffin systems behaved 

ideally within the limits of eJi::;-e:riments.l error, The methods of 

analysis em.ployod in these systoms are inherently ]B ss accurat,, 

23 
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than those employed in the other systems. Consequently these data 

are of a somewhat lower order of accuracy. 

Three azeotropes were observed: benzene with cyclohexane, 

benzene with methylcyclopentane, and benzene with hexanee None of 

the other systems formed azeotropese 

The systems studied in this work cover the paraffin, naphthene, 

and aromatic hydrocarbons containing six carbon atomsfi These com

pounds are present in natural and straight run gasolines~ Several 

of the compoUllds are becoming important aa chemical raw materials 

or as blending ingredients in high octane number motor or aviation 

fuels. The data reported here should find application in the design 

of fractionating columns to separate the various ccmµonents from 

the raw feed stocks. 

A much larger field of study, as a natural extensiun of this 

work, would b.; the determimation of vapor-liquid equilibria among 

the C6 olefins and combinations of them with the paraffins, 

naphthenes, and aromatics studied hereo 



TABl,.E I 

VAPOR-LIQUID EQUILIBRIUM AT 760 MM HG: BENZENE AND NEOHEXANE 

Tempera-
Mol Fraction Bonzenea 

Tempera. 
Mol Fraction Benzeneb ture ture 

OC X y 00 
49.60 0.000 0.000 49.84 
50.04 0.024 0.015 50.12 
50.08 0.026 0.017 50.78 
50.40 0.043 0.025 51.62 
50.84 o.oso 0.048 53.14 
51.60 0.144 0 .. 080 54.60 
52.44 0.200 0.115 56.02 
53.,90 0.311 0 .. 177 56.38 
64.00 0.746 0.483 56.48 
67.64 0.832 o.595 56.52 
72.88 0.917 0.737 56056 
75.42 0.965 0.835 58.10 
77.42 0.974 0.900 60.34 
78.58 0.984 00948 60.56 
79.82 0.9985 0.998 63.uO 

65.02 
67.42 
70.48 
74.68 
77 .. 18 
80.10 

Van Iaar Constants 

From Benzene 
From Neohexane 
Average 

.Aa 
0.667 
0.789 
0.727 

Ba 

17LO 
156.8 
163.9 

Van Iaar Equations 

Benzene: 
a 164 

Tln o'B = (1 + .727 xB/xti) 2 

a 119 
Neohexane: TlnoN = (0727 + ~fxB)2 

a. Modified Hipkin and Myers Still 
b. Modified Gillespie Still 

X 

0.000 
0.030 
0.01a 
0.140 
0.244 
0.335 
0.414 
0.446 
0.446 
0.448 
0.449 
Oa533 
0.,630 
0.632 
0.708 
0.762 
0.816 
0.8?4 
0,9,4 
0.967 
1.000 

Ab 
0,.780 
0.813 
0.796 

Bb 

186.0 
154.0 
170.0 

y 
0.000 
0.019 
0.048 
0.080 
0.138 
0.188 
0.240 
0.249 
0.255 
0.255 
0.250 
0.300 
0.371 
0 .. 369 
0.432 
o.534 
0.586 
').657 
0.795 
0.;876 
1.000 
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TABLE II 

VAPOR-LIQ,UID EQUILIBRIUM AT 760 MM HQ:: BENZENE; AND DIISOPROPYL 

Temperature 

00 

5?o96 
58 .. 10 
58.26 
58.38 
58.66 
59 ,,2() 
60032 
6L38 
63.10 
63.54 
65.12 
65.18 
6?e52 
71.62 
75.24 
77 .. 42 
?8.,82 
79.52 
80.10 

Vanlaar Constants 

From Benzene 
From Diisopropyl 
Average 

Van Iaar Equa~Jpns 

Mol Fraction Benzene 

X 

OoOOO 
00016 
00033 
0.051 
0.089 
0.149 
0.258 
0.360 
0.4?8 
0.499 
0.590 
0~599 
Oa?08 
0.845 
0~922 
0.962 
Oc-982 
0.990 
1.000 

A 
00731 
0,806 
00769 

y 
0.000 

0.027 
0.039 
0.067 
0.110 
0.182 
0.250 
0.324 
0.341 
0.40? 
0.415 
0.512 
0.667 
0.802 
0-..888 
0 .. 948 
0,.973 
1.000 

B 
16400 
14700 
155,5 

Benzene~ 
155r5 

Tlna'B = (1 + ,769 xB/xD)2 

Diisopropyl~ 
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TABLE III 

VAPOR-LY<l.UID EQ,UIUBRIUM AT 760 MM HG: BENZENE AND 2-MEI.'HYIJ?llNT.ANE 

Temperature 

Oc 
60.30 
60.46 
60.56 
60.76 
61.24 
62042 
63.36 
64.98 
66.42 
68.,96 
71016 
75.04 
77.40 
78.,82 
79.46 
80.10 

Van Iaar Constants 

From Benzene 
From 2-Methylpentane 
Average 

Van I.aar Equations 

lVIol Fraction Benzene 

X 

0.000 
00015 
0.033 
0.070 
0.131 
0.253 
0.348 
0.454 
0.583 
0.719 
0.803 
0.909 
0.956 
0.980 
00990 
leOOO 

A 
0.513 
0.680 
00597 

y 
OoOOO 
0.013 
0.025 
0.056 
0.103 
0.194 
0.256 
0.349 
0.430 
0.,541 
0.625 
0 .. 785 
0.883 
0.946 
o.974 
1.000 

B 
136.1 
115 .. 6 
125.8 

126 
Benzene: T 1n o B = ( 1 + .597 xyx2 ) 2 

75 
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TABLE IV 

VAPOR-LIQUID EQ.UILJ.BRIUM AT 760 MM HG: BENZ:mE AND 3-METHYIJ?ENTANE 

Temperature 

oc 
63.44 
63.52 
63~60 
63~80 
64.04 
64.94 
66050 
6?.60 
67.72 
68.68 
68.80 
70038 
'73.96 
76,,46 
78ol6 
79.20 
79.,72 
80.10 

Van Iaar Constants 

From Benzene 
From 3-Methy lpentane 
Average 

Van Iaar Equations 

Mol Fraction Benzene 

:x: 
0.000 
o.oqo 
00075 
00130 
0.222 
0.276 
0.441 
0.543 
0.549 
0.619 
0.625 
0.715 
00856 
0.927 
0.963 
0.984 
0.993 
1..000 

A 
09736 
0.763 
Oe750 

y 
0.000 
0.049 
0.060 
0.111 
0.193 
00229 
0.340 
0.413 
0.418 
0.472 
0.479 
0.560 
0.718 
0~833 
0.911 
0 0 958 
0.980 
loOOO 

B 
160.7 
128.C 
144.4 

Benzene: 
144 2 

Tln oB = (1 + .750 ~/x3 ) 

108 
3-Methylpentane: 
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TABLE V 

VAPOR-LIQUID EQUILIBRIUM AT 760 MM HG: BENZENE AND N-~E 

Tempera- Tempera-
ture Mol Fraction Benzene8 ture Mol Fraction Benzeneb 

oc 
68.,78 
68.74 
68.,78 
68078 
68.,82 
68,,88 
68 .. 96 
69.,00 
69056 
69.88 
70.,58 
70.92 
'11.32 
71078 
73s-02 
74 .. 40 
76092 
78 .. 38 
79.22 
79.64 
80.12 

X 

0.000 
0 .. 017 
0 .. 034 
0 .. 050 
0.083 
0.118 
0 .. 149 
0.211 
0.337 
0.,430 
Oo.50'7 
0.549 
0.592 
0.631 
0.'720 
0.805 
00912 
Oa958 
0.982 
0.,990 
1.000 

From Benzene 
From n .. Hexane 
Average 

y 
0.000 
0.017 
0.034 
0.,052 
0 .. 082 
0.115 
Ocl42 
0.199 
0.296 
0 .. 367 
0.433 
Oc465 
00499 
o.530 
0.609 
0.694 
0.833 
0.912 
0.960 
0~979 
loOOO 

00 
68.74 
680'72 
68072 
68.70 
68.74 
68.72 
68076 
68.74 
68.,78 
68.90 
69.,16 
69.56 
70.00 
70.58 
71.'34 
71.92 
72~b8 
73.,40 
74.38 
74.48 
75.18 
75.60 
'76.70 
77 0 88 
79.,08 
80el2 

Van Laa~ Constants 

A,8 

0.620 
o.5so 
0.600 

Ba 

13LO 
12609 
129.,0 

Van I.aar Equa~i9ns 

Benzene: Tln o; = (1 + .6o;1!B/xH) 2 

X 
0.,000 
00015 
0.027 
0,.043 
o.065 
0.065 
0.075 
00081 
0 .. 123 
0.193 
00272 
0 .. 358 
Oo44l 
0 .. 513 
00581 
00646 
0,.699 
0.'746 
0.799 
0.807 
0 .. 839 
0.856 
0 .. 901 
0 .. 931 
0.973 
loOOO 

Ab 
00706 
0.682 
00694 

Bb 
13409 
119s5 
127.2 

b 127 

y 
0.000 
0.015 
0.02'7 
0 .. 042 
0.064 
0.065 
o.oni 
o.oeo 
0.116 
0.181 
0.,245 
o.318 
0 .. 375 
0.,438 
0.488 
00539 
0.,588 
0,629 
0.684 
0,697 
0.731 
0.755 
0.814 
0.882 
0,.931 
LOOO 

Tln DB= (1 + .. 694 Xi,/211)2 

Hexane: 
a 77.4 2 

Tln o H = ( .,600 + xwxB) 
b 88.3 

Tln ?(H = ( 0694 + xJxB) 2 

a. Moditied Hipkin and Myers Still 
b. M::>dified Gillespie still 



TABLE VI 

VAPOR-LIQUID -.u.ILlllRIUM AT 760 ?11.M ..... RG: BENZNE AND METHYLCYClOPENTANE 

Tempera- Tempera-
ture Mol Fraction Benzene ture 

oc X y oc 
71.78 0 .. 001 0.001 71.8 
71.80 0.,016 0.018 7108 
71~72 o.ooo 00037 71.'75 
71 .. 80 0.,030 00035 71.65 
71..64 o,.04i;, 0.054 71.65 
71.64 o.Os9 0.069 71.'7 
71 .. 64 o.osa 0.089 71.8 
71.70 011088 0.089 72.0 
71.64 0;,105 0.106 72.3 
71.66 0;,1.20 0.122 72.95 
71 .. 68 0.136 0.137 73.4 
71~69 o .. i.52 0.152 74.,2 
'71.72 0.169 o.1sa 75.,l 
71.72 0.189 0.185 76 .. 1 
71.74 0.190 0.185 77.15 
71.78 0.232 0~221 77.8 
71.88 0.,271 0.255 78.35 
72.04 0.380 o.:ns 79.45 
n?.74 0.476 0.426 80.15 
72~84 0.606 0~446 
?3,.30 0.560 0.496 
74.08 Oe713 0,,574 
74.36 0.6'72 o .. 594 
75,;l.4 0.740 0.656 
75644 0.'761 0 .. 665 
76,50 0.896 0.760 
78.14 0 .. 925 00876 
79.20 0~961 Oe937 
79.,64 o.9a4 o.968 
79,,98 0.992 0.,985 
80,,14 1.000 1.000 

Van Iaar Constants 

From Benzene 
From Methyloyclopentane 
Average 

A 
00694 
0.606 
0.680 

B 
114.9 
113.0 
113.9 

Van Iaar Equations 

Benzene 

Methylcyelopentane: 

Mol Fraction Benzene(7) 

X 
0.000 
0.036 
0.079 
Oi.125 
0.,155 
0.192 
0.251 
o.323 
0.399 
0.511 
o.570 
0.659 
0.728 
0.805 
0.865 
0.904 
0.9305 
0.975 
1.000 

A ( 7) 

0.897 
0.8~7 
0.897 

B(7) 
123.5 
108.,5 
116.0 

y 
0.000 
0.036 
0.079 
0.125 
0.154 
0.185 
0.238 
0.296 
0.362 
0.452 
0.500 
o.575 
0.642 
0.?22 
0.794 
o.S45 
0.887 
0.955 
1.000 



TABLE VII 

VAPOR-LIQ.UID ]Q.UILIBRIUJ.\li AT 760 MM HG: Bm'Z.ENE AND CYCI.OHEXANE 

~ 6m.:perat,ure 

oc 
80.74 
80.38 
79~80 
78092 
78.28 
77~92 
77 c70 
77a72 
77.56 
77 .. 5,8 
77.5'8 
77 .. 68 
77 .. 96 
78 .. 18 
78.,,6-2 
79.,28 
79 .. 70 
80.10 

Van Iaar Constants 

From Benzene 
From Oyelf"hexane 
Average 

Van I.aar Equations 

Mol Fraction Benzene 

X 

. 0.000 
0.038 
0.087 
0.189 
0.276 
0.,343 
0.404 
0.432 
0.499 
o.536 
o •. 551 
0 .. 614 
0.,731 
0 .. 794 
0 .. 862 
Oc934 
0.,9'?1 
1.000 

A 
0 .. 933 
0 .. ,848 
0.890 

y 
0.000 
0.046 
0.115 
0.226 
0.507 
Oa379 
0.435 
0.449 
0.504 
Oa5i9 
o .. 550 
o .. &01 
0 .. ?·03 
0 .. 761 
0~833 
00913 
0.,960 
leOOO 

B 
11'.9 .. U 
118.0 
118.5 

Benzene: 
J,.18 2 

Tln o B = (1 + a890 xB/to) 

105 
Oyclobexane: 

31 



TABLE VIII 

VAPOR-LIQ.UID E~UILIBRIUM AT ?60MM HG: CYCIO:S:E:qUJE AND NEOHEXANE 

Temperature 

oc 
49.74 
50.84 
52.20 
53.78 
54.78 
55.42 
57020 
58 .. 84 
59.08 
60.48 
61..18 
62.20 
E.4.16 
66~32 
68.70 
71.00 
73.60 
76.16 
79.10 
80.78 

Mol Fra~tio.n Cyelohexane 

X 

0.000 
0.057 
Ooll8 
0.195 
0.244 
u.270 
0.347 
0-.415 
0.425 
0.475 
0~506 
o.537 
00604 
0.667 
Oe'l35 
0.792 
00855 
o.s12 
0.969 
loOOO 

y 
u.ooo 
0.021 
0.051 
').088 
0.114 
r.128 
Ool'73 
0.212 
0~223 
00259 
0.282 
0.306 
0.361 
0.429 
0.515 
0.592 
0.688 
0.791 
0.919 
1.000 

Van Iaar 00nstants 

From Cyelohexane 
From N eohexa.ne 
Average 

.A 
0.736 
0.790 
0.763 

B 
44.4 
26.8 
35.6 

Van I.aar Equations 

Cyelohe:x:ane: 

Neohexane 

36 
Tln o0 (1 + .763 x0/xN)2 

27 

32 



33 

TABLE IX 

VAPOR-UQ.UID EQUILIBRiillti AT 760 MM HG: CYCI..OHEXANE AND DIISOPROPYL 

Temperature Mol Fraction Oyclohexane 

oc 
57.90 
58$02 
58.08 
58~50 
59.54 
(ilo20 
63.0G 
65.76 
67.60 
69.72 
73618 
75.70 
78.10 
79~44 
80 .. 22 
80678 

X 

0.000 
0.012 
0.015 
0.042 
0 .. 106 
0.165 
0 .. 318 
0.454 
0.540 
0.635 
0.768 
0.853 
o.929 
0.969 
0.992 
LOOO 

Van Laar Constants 

From Cyclohexane 
From Diisopropyl 
.Average 

.A 
0.863 
0/760 
0.812 

Van ~a~ Equations 

y 
0.000 
o.oos 
0.006 
0.019 
0.061 
0.0'79 
0.1~5 
0.292 
u.372 
0.459 
0.6.L6 
0 .. 730 
0.856 
0.931 
0.,985 
1.000 

B 
49.5 
33.4 
4L5 

Cyc lohexane : 
42 2 

( l + 0812 x0/xD) · 

34 
Diiso:propyl: 



TABLE X 

VAW:S.UQ.UID EQ,UIUBRIUM AT 760 MM HG:. Ci'CIOH.Er.ANE 

AND 2-MEI1HYLP:ENTANE 

Temperature 

oc 
60.38 
60.60 
61.06 
61.82 
61.86 
63.56 
65.14 
66~44 
67 .. 58 
69.48 
69.,50 
71.42 
74,.20 
'76 .Z2 
78.44 
'79 .. oo 
80 .. 38 
80056 

X 

0.000 
0.017 
0 .. 055 
0.107 
0.107 
0 .. 213 

-0.314 
0.392 
00462 
0.569 
0.563 
0.658 
0.,777 
0.857 
0.930 
0.9'10 
0.994 
1.000 

Van" ~ar Constants 

Frem Cyclohexane 
From 2~Methylpentane 
AveJ:Oage 

A 
1.535 
1.33'1 
1.436 

Van Ia.ar Equations 

Cyclohexane: Tl,n :5 C 

2-Methylpentane: 

y 
0.000 
0.010 
0.032 
0.068 
0.066 
0.136 
0.205 
0.269 
0.324 
0.410 
0.410 
0.499 
0.640 
0.749 
0.819 
o •. 938 
0.981 
1.000 

57 2 
= ( l + lo436 x07x2 ) 

82 

34 



'.:T.ABLE XI 

VAPOR-LIQUID EQUILIBRIUM AT 760 MM HG: CYCIOHEKANE 

AND.3-MillI'BYLPENTANE 

Temperature Mol Fraction Cyclohexane 

00 

63.28 
63.80 
65.36 
66,54 
67.72 
68094 
70.08 
70.44 
71.36 
71.80 
72.38 
73.24 
74.62 
76.08 
77 .. 48 
78.68 
79.70 
80.,74 

X 

0.000 
0.,039 
0.165 
0.25? 
0.339 
0.419 
0~4~2 
0.519 
0;571 
0.600 
0.629 
0 .. 674 
0 .. 747 
0.815 
0,,873 
0,.925 
0 .. ,968 
l~.000 . 

. van Iaar Co;g,s:ta~~s 

A 
F:rom Cyclohe~ne 
Fi-om 3-Mdthylpentane 
Average 

Ll:82 
0.,259 
0,,770 

Van Iaa~ ~quations 
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y 
0.000 
0.027 
Ocll6 
0.182 
0.241 
o.316 
0.379 
0.398 
0.444 
0.467 
00496 
o.555 
0~639 
0.709 
0.787 
0.868 
0.944 
loOOO 

B 
77.,,.4 
l3o7 
4.5e6 

Tln O C = ( 1 + ~7¥'/0 xc/x3) 2 

35 
3-Methylpentane~ 

35 



TABLE XII 

VAJ?OR-LlQPlD EQ.UILIBRIUM DATA AT 760 MM HG: CYCIDH;ETJ\N~ 

AND NORl\lJA L HEXANE 

Temperature Mol Fractio~ Cyclohexane 

Oc 
68.74 
69.,,12 
69 ... 64 
70.26 
70.26 
70.94 
71.72 
?2.-56 
73.42 
73 .. '70 
'14 .. 30 
'74 .. 52 
'75..-14 
'15.30 
75.06 
76.08 
76.,90 
77.76 
78.50 
79,.30 
80 .. 06 
80.76 

X 

0.000 
0.002 
0.105 
0.176 
0.178 
v.245 
0.323 
0.398 
0 .. 4'78 
0.-502 
0.,555 
o •. 571 
0~628 
0.633 
Oa683 
0.-696 
0 •. 75'7 
C.816 
0.8'72 
0.92C 
0.,965 
1.000 

V~n Lsa,r Constants 

From Cyc lohexano 
Fr-om Normal Hexane 
Average 

A 
lo02Q 
Offl'76 
0.598 

Van Iaar EquatiQ~s 

Cyelohexane: Tlno c 

Hexane: 

y 
0.000 
0 .. 035 
0.018 
0.131 
0.138 
0.192 
0.259 
0.321 
Je391 
0.412 
0.,466 
0 .. 416 
0.5:33· 
o •. 546 
00592 
0.609 
u.6'77 
0.751 
0.818 
0.8'79 
o .. 9'42 
1 •. 000 

B 
30.3 
2'7.6 
29 .. 0 

29 
= (1 + .598 xc7~) 2 

17 2 
= (7598 + ~/x0) 
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TABLE XIII 

VAPOR-LIQ.UID .&J.UILIBRIUM AT 760 MlVI HG: CYCIOHEXANE AND 

ME.THYLCYCIOP.ENTANE 

Temperature 

oc 
71.69 
72.30 
72.86 
73.62 
74.,38 
75.00 
75·.70 
76.24 
76.38 
77~12 
77 .. 18 
77-..80 
78.52 
79.34 
80.24 
80~78 

,Mnl Fraction Cyclohexane 

X 

0.000 
00060 
0.130 
0.220 
Oo:318 
Oa391 
0&469 
0.,531 
0,,531 
0·.624 
0.630 
00703 
0.777 
0.843 
0.940 
l·.000 

Van Iaar Constants8 

A 0.,848 
B 0"06 

y 
0.000 
0.033 
0 •. 102 
00185 
0.268 
0.336 
0.398 
0.465 
0.470 
0.562 
0.562 
0.649 
0.732 
00815 
0.927 
1.000 

a. Derived from Plot cf;/ Tln d" MCP=-{f ----/1;-JTl:n '5 CH 

Van Iaa~ Equations 

Cyclohexane: Tln o C ( l + ,.848 xofxM) 2 

0 .. 05 
Methylcyclopentane: 
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TABLE XIV 

VAPOR-LIQUID EQUILIBRIUM AT 760 Mi\11 HG: MEI'HYLCYOIOPPN!'ANE 

AND NIDHl!XANE 

Temperature Mol Fraction Metbylcyclopentane 

oc 
49 .. 74 
50 .. 56 
51 .. 50 
52.80 
54.,22 
55.70 
57.,18 
57.42 
58.86 
59 •. 00 
60.30 
60 .. 52 
61.92 
63.70 
65.,80 
67.,52 
69 .. 18 
70.SS 
71.80 

X 

0.000 
0.052 
0.113 
0.190 
0.,270 
(J.,351 
0.429 
0.439 
o.507 
0.,517 
0.580 
0.585 
00650 
Oe717 
0.794 
o.864 
0.919 
Om965 
1.000 

Van Iaar Constants 

From Metbyloyclopentane 
From N eohe~ne 
Average 

Van Iaar Equations 

Methylcyclopentane: 

Neohexane: 

A 
o.3ao 
0.397 
0 .. 388 

y 
0.000 
0.029 
00058 
0.108 
0.161 
0.218 
0.280 
0.,290 
o.345 
0.356 
0.410 
0.415 
0.480 
(}.,561 
0.657 
0 .. 750 
0.843 
0.935 
loOOO 



TABLE XV 

VAPOR-LIQUID ~UILIBRIUM AT '160 MM HG; dB'ILCYCIDPl!NTANE 

AND DIIS:>PROPfL 

'l'•pa:ra~ure 

00 
58.00 
58.60 
59.50 
60.aa 
61.14 
62.08 
63.34 
6S.82 
64.22 
64.86 
65.16 
65.88 
66.88 
6'1.78 
68.80 
69.78 
70.80 
'71.80 

Mol Fraction Metglcyolopentaae 

X 
0.000 
0.062 
0.117 
0.199 
o.a73 
0.353 
o.4aa 
0.484 
0.514 
o.566 
0.584 
0.632 
0.700 
0.'160 
o.ea2 
0.884 
0.941 
1.000 

1 
o.ooo 
0.036 
0 .. 0'18 
0.145 
0.204 
0.264 
0.336 
o.saa 
0.410 
o.454 
0.4'15 
0.531 
0.601 
0.6'18 
0.753 
0.835 
0.915 
.1.000 

Van Iaar Constants 

From Metbyloyclopentane 
From Diisopropyl 
Average 

A 
0.396 
0.487 
0.442 

Van Iaar Equations 

Meth:ylcyclopentane: 
14 · 

T 1n if M = { 1 + .442 :x:Jxn) 2 

Diisoprowl: 
. s a 

'l'ln o D = ( .442 + iJ~) · 
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TABLE XVI 

VAl?OR-LIQ.UID E~UILIBRIUM AT ?60 MM HG: MEr!'RYWYCIOPJlNTANE 

AND 2-Ml1TBYI.P.ENT.ANE 

Telllp_erature Mal Fraction Methylcyclopentane 

00 
60.24 
60.74 
61.38 
62-.06 
62 ... 82 
63.50 
64.30 
64.80 
65.12 
65,.55 
66.04 
66.30 
67 .. 16 
67.96 
68.70 
69.52 
70.44 
71.-28 
71 .. 82 

X 

0.000 
0.053 
0,.125 
0.194 
0.267 
0,.333 
0.411 
0.458 
0.485 
0.516 
o.564 
0.593 
0.665 
0.725 
0.787 
0.844 
0.911 
o.964 
1.000 

Van Iaar Constants 

From Methylcyolopentane 
From 2-Metbylpentane 
Average 

Van Iaar Equations 

A 
0.215 
0.392 
0.303 

y 
0.000 
o.044 
0.092 
o.1p4 
0.210 
0.267 
0.330 
0.376 
o·.403 
0.434 
0.476 
o·.5oo 
0.579 
0.650 
0"'.724 
o-.795 
0.872 
0,.952 
1·.000 

B 
11~6 
16.3 
14 .• 0 

Methyloyolopentane: 
14 

Tln o M = (1 + .!303 Xy/x2) 2 

4 
2-Methyl:pentane i 
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TABLE XVII 

VAPOR-LIQ.UID EQ,UILIBRIUI\/I AT 760 MM HG: METl'HYLCYCIOPENTANE 

.AND 3-MEI'HYIP:ENTANE 

Temperature Mol Fraction Methylcyclopentane 

00 
63.28 
63.64 
64.12 
64.,68 
65.34 
65.96 
66.58 
67.00 
67018 
67~56 
67.80 
68.16 
68.,32 
68.,74 
69.32 
69e98 
70.66 
71 .. 20 
71 .. 80 

X 

0.000 
0.047 
0.120 
o.196 
0.274 
0.356 
0.430 
0.48'7 
o.512 
0.551 
0~585 
0.625 
0.647 
0.700 
(,, .. 758 
0.818 
0.891 
0.942 
1.000 

Van !;3.ar Constants 

From Methyleyclopentane 
From 3-Methylpentane 
Average 

Van Iaar Equations 

A 
0 .. 849 
o.684 
0.766 

y 
0.000 
0.040 
0.099 
0.162 
0.232 
o.301 
0.371 
0.424 
0.448 
0.490 
o.518 
o.564 
0.585 
o~.638 
0.706 
0.783 
0.865 
0 .. 924 
1.000 

B 
14.8 

6.,9 
10 .. 4 

Methyloyclopentane: 
.. 10 

= (1 + 0766 xi/x3}2 

3-Methylpentane: 
8 2 

= ( o 766 + x3/xM} 
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TABLE XVIII 

VAPOR-LIQUID EQUILIBRIUM AT 760 MM HG: MElI'HYLOYClOP:ENTANE 

AND NO RM'\ L HEY".AN E 

Temperature 

00 
68.74 
68.84 
69.00 
.9.14 
69.34 
69;,,54 
69.70 
69.72 
69.88 
70.08 
70.10 
70.2$ 
70 .. 36 
70.&0 
70.58 
70.84 
71.04 
71 .. 38 
71.64 
71.80 

Mol Fraotion Methylo;ycJ.opetane 

X 

0.000 
0.064 
0.127 
0 .. 200 
0.271 
0.356 
O.A;l.8 
0.418 
0.48~ 
0.544 
0.560 
O.CQ5 
0.,62'7 
0.708 
0.7C3 
0.'775 

· 0.836 
o.-906 
0.95~ 
1.000 

y 
0.000 
0.058 
0.117 
O.lM 
J.25.9 
0.3:31 
0.393 
o_.597 
o_.~68 
o_.roo 
o.535 
0.585 
o.GU 
0.68b 
G.679 
0.?5.5 
o.el9 
0.896 
0.,.954: 
.1 .. 000 

Van Iaar Constants 

From Methyloyolopentane 
From Normal Hexane 
Average 

Van Iaar Equaiiio.ns 

A 
0,,902 
0~400 
0~651 

B 
21.1 
31.1 
26.1 

Metbylcyclopentana: Tln (f:M = (1 + 0651 xJx13) 2 

17 
Hemii.e 



TABLE XIX 

VAPOR-LI~UID :m.UILIBRIUM:. NORMAL HEXA.NE AND NEOHJL'X:ANE 

Temperature 

oc 
49.74 
51.34 
53.00 
54.60 
56 .10 
57.60 
59.06 
60.50 
61.80 
64.04 
66.44 
68.74 

Hexane: 

N eohexans : 

Mol Fraction Normal Hexane 

X 

0.000 
0.101 
0.205 
0.298 
0.384 
0.465 
0.547 
0.633 
0.?04 
0.797 
0.905 
LOOO 

a 
Vanlaar Constants 

A == 7 .6 
B 2.1 

Van I.aar Equat io=:._~ 

y 
0.000 
0 ... 058 
0~124 
0.170 
0.250 
0.302 
0.392 
0.482 
0 .. 549 
0.694 
0~842 
1.000 

a. Derived from Plot of ./Tln o neo vs -,/TJ:n 6N 
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TABLE :XX 

VAPOR-LIQUID EQ.UILIBRiutI: 3·-METHY.LPENTANE AND NEDHEKANE 

!§mperature Mol Fraction 3-MethYlpe~ 

00 
49074 
50.80 
51.88 
53.18 
54-.44 
55.'78 
55-.84 
5? .14 
60.L'1 
60.62 
61,.88 
63,,.28 

X 

0.000 
0 .. 100 
0.190 
0.299 
0.424 
0.482 
0.509 
0.6·05 
0 .. 8'06 
0.803 
o.910 
1.000 

Van. Laar Constantsa. 
. -

A 2.8 
B = 0.5 

Van Iaar EquatJ~1'.l§_ 

3"'cMethylpentan.e ~ 

Neohexane: 'P1 X __ :n qN 

0.5 

y 
0.000 
0.066 
0.130 
0.224 
0.314 
0~408 
0 .. 408 
o·.501 
O.'i~a 
0.7~2 
o,es2 
1.000 

(1 + 2.8 X3/xN) 2 

L4 

a~ Derived from Plot of -yT 1n o neo vs .jT Jn o 3MP 
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TABLE XXI 

VAPOR-UQ,UID EQUILIBRIUM: DIISOPROPYL AND NIDHEKA1!'"E 

Temperature Mol Fraction Diisopropyl 

oc 
49.'74 
50 .. '76 
51:64 
52.68 
53.,54 
54.42 
54.'74 
55.80 
56.'76 
5'7.82 

X 

0.000 
0.143 
0.264 
0.382 
0.489 
0.589 
0.642 
0.759 
0.8'7'7 
1.000 

Van Iaar Constants8 

Van I.aar Eq_uatioIJS 

Diisopropyl: Tln On 

Neohaxane: TlnoN 

= 

= 

y 
0.000 
0.115 
0.211 
0.342 
0.439 
0 .. 544 
0.5'79 
o. '719 
0~840 
1.000 

.,03 
(1 + 1.1 xJ~) 2 

0~ .. 2 
{Ll + xN/:x:n) 

a.. Derived from flot of ./T 1n 6 neo vs -yT lJJ. -0 DIP 

45 
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ABSTRACT 

Vapor-liquid equilibria have been measured in binary systems 

comprised of pa raff in, na phthene, and aroma tic hydrocarbons contain

ing six carr,on a'bomso These hydrocarbons are: 2,2-dimethylbutane 

(neohexane), 2,3-dimethylbutane (diisopropyl), 2-methylhexane, 

3-methylhexane, n-h~xane, methylcyclopentane, cyclohexane, and 

benzene. 

These eight hydrocarbons make a total of twenty-eight binary 

systems. Of this total twenty-one systems were studied, all 

possible paraffin-aromatic, naphthene-aromatic, paraffin-naphthene 

systems and three paraffin-paraffin systems. 

Vapor-liquid equilibria for these systems were meas'!lred at one 

atmosphere pressure (760 mm mercury).. Data were correlated using 

the Van Laar equations. 

Only three systems formed azeotropes~ They were benzene

cyclohexane, benzene-methylcyclopentane, and benzene-normal hexan•. 

Systems in which benzene was one of the components showed 

moderate deviations from ideal solution behavior. The naphthenc

paraffin systems showed only slight deviations. The naphthene

naphthene and paraffin-paraffin systems behaved ideally. 
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· .APP:BNDlX .A 

Tabla 1 

REFFACl'IVE JNDEx:-CONiPOSJTION DATA: 

I\/Iol Fraction Benzene 

0.000 
0.130 
0.234 
0.380 
0.500 
o.596 
0.6'79 
0 .. '784 
0.881 
0.939 
1.000 

Table 2 

BEr\rl:ENE AND NEOIDXANE 

n-50 
103688 
1.3802 
1.3903 
1.4062 
L4199 
1.4323 
1.4451 
1~4618 
l.4'783 
104899 
1&5011 

REFfU\CTIVE INDEK-COMPOSJTION DATA: BENiENE. AND DIISOPROPYL 

Mol Fraction Benzene 

a.coo 
0 .15'7 
0.261 
0 .. 391 
0.484 
0.,603 
0.698 
0.768 
0.822 
0.,908 
1.000 

l .. 3'750 
1 .. 3881 
1.39'79 
L4113 
L4220 
L43'70 
1~4501 
L4605 
L4691 
L4838 
L50ll 

5'7 



Table 3 

REE'RACTIVE INDEX-COMPOSITION DATA: B:HNZJ!NE AND 2-MEI"rlYLPENTANE 

Mol Fraction Benzene 

0.000 
0.129 
0.229 
0.308 
0.425 
o.598 
o.749 
0.832 
o.882 
0 .. 9:? 
1.000 

Table 4 

1.3714 
1.3821 
l.3916 
1.3996 
1.4120 
1.4338 
1.4558 
1.4605 
l.4782 
1.4885 
1.5011 

REFF.ACTIVE lNDEx:-OOMPOSl'l'ION DAT.A: B:ENZI!NE AND 3-METHYLPI!NT.ANE 

Mol Fraction Benzene 

0.000 
0.145 
0.247 
0.379 
0.487 
o.ss2 
0.694 
0.772 
0.849 
0.913 
1.000 

1.3765 
1,.3880 
1.3975 
1.4109 
1.4231 
1.4359 
1 .. 4499 
l.,4617 
1 .. 4758 
1.4848 
105011 
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Table 5 

REFRACTIVE lNDEK-COMPOSITION DA.TA: B:ENZliNE AND HEXANE 

Mol Fraction Benzene 

0.000 
0.104 
0.241 
0.333 
0.476 
0.508 
0.622 
0.754 
0.799 
0.908 
1.000 

Table 6 

~ 
l.3749 
1.3831 
L3956 
1.4048 
1.4201 
1~4243 
1.4388 
1.4578 
1 .. 4648 
1.4833 
1.5010 

59 

REFRACT]NE. mDEX:-COMPOS1TION DATA: BENZENE AND MEI'HYLCYClOPllNTANE 

Mol Fraction Benzene 

0.002 
0.076 
0.).14 
0.210 
0.339 
0.4'74 
o.E£o 
o.646 
<Y.?61 
o.aog 
0.864 
0.927 
0.954 
1 .. 000 

1.,409.9 
1.4144 
1.4170 
1.4237 
1.4333 
1.4446 
1.4522 
1 .. 460? 
104726 
l .. 4780 
1 .. 4842 
l.4918 
1.4952 
105011 



Table 7 

REFBAcrIVE INDEX-COMPOSITION DATA: BENZJiNE AND CYCIDHEXANE 

Mol Fraction Benzene 

0.000 
0.139 
0.233 
0.318 
0.431 
o.520 
0.626 
0.731 
0.793 
0.874 
1.000 

Table 8 

. n~o 

1.4260 
1.4330 
1.4384 
1.4437 
1.4511 
1.457n 
1.4659 
1.4747 
1,4800 
1.4879 
1.5011 

60 

REFRAC'.i'IVE ThIDJ!;X:-OOMPOSITION DATA: CYCIOHE:XANE AND NEOHEXANE 

Mol Fraotion Benzene 

(,,000 
0.150 
0.249 
0.333 
o.445 
0.544 
o.666 
o.,·755 
0.831 
0.,901 
1 .. 000 

20 n;u 

1.3688 
1..,3763 

·' i.3816 
L3ss2 
1.'3924 
1.3980 
1.4052 
l.,4106 
1.41!53 
1~4;19'9 
1.,4260 
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Table 9 

REFRACTIVE IND_ElC-COMJ?OSITION :00.TA: CYCI.DHZW°'IB AND DIISOPROPYL 

0.000 
J.144 
0.238 
o.307 
0.417 
o.537 
0.637 
0.,'746 
0.81.9 
0.892 
1.000 

Table 10 

REFRA.OI'IVE INDEx:-COMPOSlT.ION DATA: 

Mol Fraation Cyclohexane 

0.000 
0 .1'7'7 
0 .. 292 
0.360 
0.466 
0.565 
0.661 
0.794 
0.859 
lcOOO 

1.3750 
1.3813 
l,.3858 
1.3889 
1.3942 
1.,4004 
1.4057 
1.4117 
1 .. 4156 
1.4198 
1.4260 

CYCI.OHET.ANE ,1ND 2-MEI'HYLPBNTANE 

l.Yi'l5 
1.3796 
l.3851 
1.3886 
1.3940 
1.3994 
1.4047 
1.412B 
1.4168 
1.4259 
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Table 11 

REFRACTIVE INDEX..COMPOSITION DATA: CYCLOHEXANE AND .3-METHYLPENTANE 

20 Mol Fraction Cyclohexane nD 

0.000 
V.145 
0.242 
0.314 
0.434 
0.550 
o.649 
0.750 
0.822 
0.890 
1.000 

Table 12 

1.3767 
1.3824 
1.3866 
1.3898 
1.3955 
1.4011 
1.4062 
1.4115 
1.4156 
1.4193 
1.4260 

REFRACTION INDEX-COMPOSITION DATA: CYCLOHEXANE AND HEXANE 

Mol Fraction Cyclohexane 

0.(.00 
0.105 
0.221 
Oo.310 
0.426 
0.524 
0.612 
0.708 
0.808 
0.884 
1.000 

n2C. 
D 

1.3749 
1.3792 
1.3842 
1.3883 
1.39.38 
1.3986 
1.4031 
1.4083 
l.4UO 
1.4186 
l.426C 



,!::ble U 

REFRACTIVE INDEX-COMPOSITION DATA: CYCLOHEXANE AND METHYL-

CYCLOPEi\JTANE 

Mol Fraction Cyclohexa~ 

0.000 
0.136 
0.206 
0.286 
0.402 
0.504 
0.613 
0/721 
0.786 
0.883 
1.000 

Tabl!.l:ft 

1.4097 
1.4116 
1.4127 
1.4139 
1.4158 
1.4174 
1.4191 
1.4210 
1.42~1 
1.4239 
1.4260 

~FRACTIVE INDEX-COMPOSITION DATA: NETHYLCYCLOPENTANE AND 

NEOHEXANE 

Mol Fr?'ction MethylcycloJ2entane 

0.000 
0.126 
0.220 
0.351 
0.410 
0.512 
0.621 
0.72s 
0.801 
0.893 
1.000 

20 
nB--·. 

1.3687 
L.3735 
1.3771 
1.3824 
l.3848 
1.3890 
L3935 
103980 
104010 
L4050 
L409B 

63 



REFRACTIVE INDEX...COMPOSITION DATA: METHYLCYCLOPENTANE 

AND DIISOPROPYL 

Mol Fraction lviethylcyclopentane 

0.000 
0.114 
0.236 
0.307 
0.447 
0.507 
0.599 
0.733 
0.792 
0.879 
1.000 

Tabl~ 16 

1.3749 
1.3787 
1.3827 
1.3850 
1.3899 
1.3919 
1.3950 
1.3999 
1.4020 
1 •. 4051 
1..4099 

REFRACTIVE INDEX-COMPOSITION DATA: ME'IHYLCYCLOPENTANE 

AND 2-METHYLPENTANE 

Mol Fraction MethylcycloRentane 

0.000 
0.107 
0.201 
O.JOO 
0.421 
0.522 
0.614 
0.735 
0.809 
0.911 
1.000 

n20 
D 

1.3714 
1.3750 
1.3783 
1.3819 
1.3864 
1.3901 
1.3938 
1.3985 
1.4016 
1.4060 
1.4099 
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Table 17 

REF~CTIVE INDEX-COMPOSITION DATA: METHYLCYCLOPENTANE 

AND 3-METHYLPENTANE 

Mol Fraction Methylcyclopentanb' 

0.000 
0.11.3 
0.196 
0.301 
0.514 
0.615 
0~716 
0.809 
0.883 
1.000 

Table 18 

20 
...!!p.;__ 

1.3765 
L.3800 
L3824 
1.3858 
L3928 
1.3960 
1.39?5 
1.4029 
1.4056 
1.,4099 

REFRACTIVE INDEX-COMPOSITION DATA: METHYLCYCLOPENTANE AND HEXANE 

Mol Fraction Methylcyclop~ntane 

0.000 
0.169 
0.277 
0.407 
00519 
0.593 
Oo679 
On774 
On861 
1.000 

1.3749 
1.3800 
) ,3836 
1,3877 
1.3913 
L3')1;0 
L3971 
1.4.008 
Ll,.040 
lc4099 

65 



APPENDIX B 

VALUES OF ANTOINE EQUATION CONSTANTS USED IN CALCULATING 

VAPOR PRESSURES OF PURE HYDROCARBONS (14) 

log P = A - B/(c + t) 

P = Vapor pressure - mm Hg 
\=Temperature - 0c 

Nechexane 
Diisopropyl 
2-Methylpentane 
3-Methylpentane 
Hexane 
Methylcyclopentane 
Cyclohe..ieane 
Benzene 

A 

6.75483 
6.00983 
6083910 
6.84887 
6.87776 
6086283 
6084498 
6090565 

B 

1081.176 
1127.187 
11350410 
1152 • .368 
1171.530 
1186"059 
1203.526 
12llo033 

C 

229.343 
228.900 
226.572 
2270129 
2240336 
226e042 
222.86.3 
220.790 

66 
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APPENDIX C 

COMPOSITIONS OF HYDROCARBONS USED 

~ cu 
<D (!) +> s:: s:: s:: cu en <D 
+' +> 0.. 

,-I s:: s:: 0 ~ ~ (!) ().) ,-I 

~ 0.. 0.. 
~ ~ g r-1 ~ ~ I>, (.) (l) (!) 

0.. :S :S ~ ~ ..c: s:: 
()) 0 0 (]) 

..c:: !)) 

~ ~ ~ ..c: r-1 t,;) 
0 •rl +' 0 s:: 
q) •rl I I (l) .$1 l>, &3 Hydrocarbon: z A N ~ ::.:: .a; u 

Compcnent - Wt% 

Isobutanu Oo02 
Butanu (".01 
Isopontar10 0.10 
Pentane OoOl 
Neohexane 100.00 0.03 
Diisopropyl 99.6$ 0.46 
2-Methylpentane 0.18 99054 0.18 0.,02 
3-Methylpentane 99.82 0.10 0.,04 
Hexane 99.75 0 .. 04 
Methylcyclo-

pentane 0.15 99°6$ 0.09 
Cyclohexane O.Jr,9 99.?8 0.03 
Benzene 0,,10 99,73 
I.eohept,1ru:H!! 0.22 . 
Toluen~- 0.1~ 

100~00 100.00 100.00 100.00 100.00 100.00 100.00 100,.00 
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APPENDIX D 

EQUILIBRATION TIMES OF MODIFIED HIPKIN AND MYERS STILL 

Charge - Mixture of Benzene and Neohexane: 

Pressure mm Hg 

760 
?60 
760 
?60 
760 
760 
760 
760 
760 
760 

Elapsed Time Minutes 

0 
5 

10 
15 
20 
25 
30 
35 
40 
60 

Trial II 

20 
nD = L4430 

0 VaEor Temperature C 

52.0 
59.00 
5.,.2s 
59.38 
59048 
59.46 
59.52 
59.52 
59.52 
59.50 

Add 25 cc 2-Methylpentane to Mixture or Benzene anu 2-Methylpentane 

Pressure mm Hg 

760 
760 
760 
760 

ElaQsed Time Minutes 

0 
22 
30 
45 

Tr:.ial III 

Vapor T~parature 0c 

71.i.6 
68 .. 92 
6S.92 
6S.96 

Add 50 cc 2-Methylpentane to Benzene, 2-Methylpentane Mix+,ure 

Prosaure mm H_g 

760 
760 
760 
760 
760 
760 

0 
13 
20 
26 
34 
45 

68 .. 96 
67 .. 54 
66.50 
66.42 
66.42 
66 .. 42 
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T-rial IV 

Add 25 cc Benzene to Benzene, .3-Methylpen:tane Mixture 

Pressure mm Hg 

760 
760 
760 
760 
760 
761 
761 
760 

Elapsed Time Minute~ 

0 
10 
15 
23 
29 
35 
40 
45 

V~por Temperature 0c 

64.,.04 
64066 
64.84 
64e90 
64.94 
64~94 
65. .•. 00 
-64 ... 9·4 



APPENDIX E 

ElUILIBRATION TIME OF MODIFIED GILIESPIE STILL 

Trial I 

Add 5 cc Cyclohexane to Mixture of .3 Mol Per Cent Cyclohexane in 
Benzene 

70 

Pressurs mm Hg Ela£sed Time Minutes 
Refractive Index 8· f Vapor Sample 

n2 

760.5 O 
760.5 10 
760.5 25 
760.5 30 

1.4967 
1.4918 
1 .. 4918 
1.4918 
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