ABSTRACT

Total vapor pressures of the binary mixtures cyclohexane-
benzene, n-hexane-cyclohexane and n-l;lexane -benzene were determined
by a static method over the temperature range from 0° to 25°C. The
Antoine equation was used for the interpolation of the experimental data
to 0°, 5°, 10°, 15°, 20° and 25°C, At these isothermal conditions,
both direct and indirect methods were employed to calculate the vapor
compositions and the total vapor pressures and it was shown that the
results are in a close agreement, the standard deviation is less than

0. 006 mole fraction and 0,3 mm Hg respectively,
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CHAPTER 1

INTRODUCTION

Vapor - liquid equilibrium data for aromatic - saturated
hydrocarbon mixtures are of interest to petroleum and petrochemical
indugtries. The separation of the petroleum components is one of
the most important operation processes in the chemical industry.
Such mixtures are non~ideal and many mixtures of this type contain
azeotropes. For efficient design of separation equipment, deparfures'
from ideal behaviour must be taken into account and reliable experimental

data for the thermodynamic properties of mixtures are essential,

The purpose of this investigation was to determine the total
vapor pressures for the binary systems cyclohexane-benzene,
n-hexane-cyclohexane and n-hexane-benzene. These three binary
systems were selected because they are the simplest representatives

of the petroleum systems, containing combinations of an aromatic,
a cycloparaffin and a straight-chain aliphatic hydrocarbon,

The vapor-liquid equiilibrium data available in the literature

-

for the three binary systems are listed in the following table:

sttem Conditions | Reference

Cyclohexane- Isothermal at 39.99°C, 69.98°C 1

benzene 10.0°C 6
Isobaric at 760 mm Hg 2,3

759 mm Hg 4

n-hexane- Isothermal at 70°C 5

cyclohexane Isobaric at 760 mm Hg 2



n-hexane- Isothermal at 309405 50% 60°C 8
benzene 25°C ) 9
Isobaric at 760 mm Hg 2,7, 10

For the systematic exploration of the field of vapor-liquid
equilibrium, isothermal measurements are far more valuable than
isobaric ‘measurements As observed from the above table, very few
experimental data are available at the isothermal conditions,

especially over the temperature range from 0° to 25°C.

The objectives of this study were to correlate the Antoine
equation, This correlation, together with other thermodynamic -
relationships could then be used to compﬁte equilibrium vapor

compositions,



CHAPTER 11

LITERATURE SURVEY

A. Experimental Determination of Vapor-Liquid Equilibrium

There are a large number of industrially important systems
whose equilibrium relations cannot be predicted from purely theoretical
considerations and which must be obtained by a direct experimental
determination. The methods for the direct determination of
equilibrium data can be generally classified into dynamic and static
methods.

1) Dynamic Method 01:12,13,14)

The most typical example of this method is the circulation
method. The vapor is circulated through a system and brought it .
back into repeated contact with the 1iquid until no further change

in the composition of either phases can be detected. This method is

‘usually done in an equilibrium still such as Othmer 1) (12),

Jones, Schoenbornand Colburn (13) and Ellis (14). In such a dynamic

,» Gillespie

method, the main disadvantage {2 in the difficulty in obtaining the true
samples and their correct compositions at equilibrium conditions.

2) Static Method (15)

In this method, the equilibrium tota:1 vapor pressure of a
degassed liquid mixture of known liquid composition is measured at
isothermal conditions. This method has the advantage that the
procedures for sampling and chemical analysis of the vapor composition

can be avoided and the true equilibrium conditions can be assured.

T



B. Calculation Methods for Obtaining Equilibrium Vapor Compositions
from Total Vapor Pressure-Liquid Composition Measurements

Over a period of years, considerable effort has been performed
on the development and refinement of the methods of the direct’
measurements of pressures, temperatures and compositions of
equilibrated vapor an& liquid phases, Since it is difficult to determine
the composition of the vapor phase at low pressure conditions, methods
have been developed to predict the vapor composition from the
properties of the liquid phase, The required data are the total vapor
pressure, temperature and liquid phase composition, There are two
approaches to the problem, One is the so called "indirect method"

(16, 17, 18 - 24) in which,prior to the calculation,the equation representing
conc entratiop dependence of both liquid phase activity coefﬁciénts,

must be chosen in such a way that the Gibbs-Duhem equation is fulfilled,
Vapor phase compositions are then calculated from the activity
coefficients, The other method is the direct calculation of vapor

ces (25, 26,27)
compositions

by an integration of the vapor-liquid coexisting
equation, In this case, no prior assumption about the concentration
dependence of the activity coefficients has to be assumed, However,
some difficulties also arise because of the numerical integration
involved, In this investigation; beoth ""direct' and "indirect" methods
were used to evaluate the vapor compositions and the results were

compared,



CHAPTER 111

THEORETICAL CONSIDERATIONS

At each constant composition, the temperature dependence of
the vapor pressures of cyclohexane-benzene, n-hexane-cyclohexane
and n-hexane-benzene systems in equilibrium with the liquid phase

can be correlated by means of the Antoine equation

log P=a - —— (1)

The calculated constants of the equation then can be used to obtain the
relationship between the isothermal total vapor pressure and liquid

composition,

A,‘ Indirect Method

At low pressure conditions, assumptions can be made about
the behavior of the vapor phase, in simplifying the deriving equations
required for the calculation of liquid-phase activity'coefﬁcients from
phase-equilibrium data, The activity coefficient is related to composition

and is a precisely defined thermodynamic.function,

Y. = — , (@)

The condition of equilibrium requires that -

s -V (3)
1 I §

L o L Vv .. oV
vy x5 ) =y yidg)



oV o,V

or LY %) v _ Y% (£7)/ \' @

Yi T &, oL, Yi T x, oL Yy

- i (£°) i (£) /P
y A\
L i i v '
or Iny,” = In— +ln — '+1nYi (5)
i, o o
i

where

f i = fugacity of component i in the solution'

2 = fugacity of pure component i at the standard state

(i. e. at the temperature and pressure of the solution)
yv. = activity coefficient of component i in the solution
9, = fugacity coefficient of pure component i

and the superscripts L and V denote the liquid and vapor phases
respectively. At low pressures, the virial equation truncated after the

second term is adequate for representing the vapor phase, Hence,
In \/Z2 Bii P ' (6)
i T~ RT
The liqﬁid-phase In (piL must be calculated in two parts, At
temperature T ard at the vapor pressure.of pure i, the fugacity coefficient

for the liquid phase is equal to the fugacity coefficient of the vapor

phase and is therefore given by.the same equations

v Py Py
Ing, = ===

RT (0

. . L
(') indicates values at the vapor pressure, Now the change in lnqpi ~in

going from the vapor pressure p, to the solution pregsuré P is given by:

P -a P
L LI i L RT
- In o, = ‘f dP = J' (Vi - P )y dP, .

In (pi

...... (8)



or

P P

L piipi 1 L

n = + V P-ln —

1 P3 RT RT "rp i dpP P, (9)

1
1

Since the volumes of liquids are insensitive to small changes in pressure,

3

L
Vi may be taken as constant in the integral, giving

L
B.. P, A .
L ii i i P
= P - - —_—
Ing, RT + g7 P,) - 1n P, (10)
- . Vv L.
combining the equations for lng, and In ®; 8gives
h'A i
In I = R T + 1n o (11)
?; 1
Substituting Eq (11) in Eq (5), the following equation is obtained
L :
P (B.. - V. ) (P -p.) '
L Yy ii i i v
Iny,” = In o + RT +Iny, (12)
i5i
P81z ¥;
A\ 12 7
But 1 'z —— 13
7Y RT - (13)
Thus for a binary solution at low pressfres:
2
o Loy it P m VP R) P,y 14
Yi TP xp, T . RT RT
where 8 12 =2 [312 - 511 - BZZ (15)
L 2
Therefore ~(B..-V.)(P-p,)- P61 y
P=x ex il 1 12°2 + x ex
=% Yy P exp | RT ] *xzv2p; exp.
VL P P 2
“(PppmVo)(P-py)- P8 oYy 16)

RT

The activity coefficients may(:ae represented by means of an equation
{1
such as the Redlich-Kister { ).
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2 | .
lnyl=x2 [:B+C(4x1-1)+D(2x1-1)(6x1-1)+...]
(17 a)

1ny2=x12 [ B+ C (4x) - 3) + D(2x -) (6x, - 5) +...] (17b)

In this investigation, the parameters of Eq (17) were
‘evaluated by means of the non-linear regression technique proposed
previously by Ho et al (17‘). After substituting Eq (17) into Eq (16)
the total vapor pressure in the new equation obtained is a function of
liquid composition and coefficients B, C, D, Tkis equation is used
for the evaluation of B, C and D, Since it is non-linear with regard to
the coefficients B, C and D, the following procedure 'waé employed for
their evaluation, A set of initial values of B,C and D was as signed

using constants of a similar system as a guide, Using the first

approximation the pressure residues, AP, and the derivatives dP/»B,

+AC-§-% + aD 2E_

dP/> C and pP/dpD were determined by means of the following equations

P
AP = Pobs - Pcalc = AB &—

B > D (18)
P 2 . 2 :
%1'3' = IxQ-x)"p v +x"A-x)p, v,] 19a)
-D_P_ _ _ 2 - . Z - sk
G = [ x) (1 D:;l), (‘J:x1 1) P, vyt xy (1 x, )

(4x) - 3) b, v,] | (19 b)
2P = - (- %)% @2x, - 1) (6x, - 1) rxl(-x)*
5D = b -x) (2x) 1~ VP Y tx 1

(2x, -1) * (6x - 5)p, v,1 (19¢)

In obtaining Eq (19) , the vapor phase was considered as an ideal gas,
The calculation procedure is to determine the changes AB, AC, and

AD in B, C and D so that the pressure residuals can be reduced to a
minimum by means of the least-squares method, which is briefly

described as follows, These increments are added to the initial values




of B, C and D for improved approximations, Thus, the quantities B,
C and D are determined by successive approximations, The process is
repeated until the increments AB, AC and AD are equal to or less than

the tolerance desired in the values of B, C and D.

For ""n" number of observations, there are '""n'" residual

equations:

AB (-Z%) + AC (:Pé ) + AD (%—1:—;}—-) AP, (26)

"\

B (3) * 8 (3

'
e

) + AD( ) = AP
Therefore, the normal equations are

ABZ(;L%') +A02(°B)( )+AD2(DB)(QD)

- p, 2E
LA (3 B)

-

AB}:( ) +Acz(bc) +AD2\°C)\b (21)
“EAP(SG)

2P 2P, L%, 2P P P
and sB2(33)(35) * A9 (o) (3p) v AP =)

_ 2P
=ZAP(YD)

2

where the summations are taken over '"n'" observations, There are
three normal equations as there are three unknowns B, C and D to

be determined,

The second virial coefficients |3n and [322 may be calculated

(2)

according to the equation of Pitzer and Curl
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Pei Pis . (0)

RT B~ fp
Cl

(1

(TR)+w, £8' (TR) . S (22)

where P = critical pressure of component i

'1“:i = critical temperature of component i

Ww-. = acentric factor of component i

= -log,_(p/P_,) - 1.000

p.'s = saturated vapor pressure of i at T/Tc. =0,7

1 1
£ o0 M

functions

(TR) and £ 8" (TR) are the empirically determined

The cross coefficient B._ may be calculated according to the method

12 29

by O'Connell and Prausnitz » in which Eq (22) is used with mixing

rules for the various parameters,

In the actual calculation the third term on the right hand
side of Eq (14) was neglected in the first approximation, The y
values obtained from this approximation was used in the evaluation
of this term in the second approximation, The calculation was repeated
until the difference is within the precision required, The total vapor
pfessure, the vapor compositichsy natural logarithm of liquid activity
coefficients and the excess Gibbs free energies were then ctalculated, .
The excess Gibbs free energies are obtained from:

E : _
G = RT (xllnyi+ lenyz) (23)

B. Direct Method

The method used in this investigation follows the modified

(26)

procedure as described by Chang and Lu At moderately low pressures,

the virial equation of state truncated to the second term, gives good
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representation of the volumetric properties of vapor mixtures, Under
these conditions, the equation for the direct evaluation of equilibrium

]
vapor compositions for binary systems at constant temperature is given

by

Ly -x)/y, Q-] - &y, - x) (2P 5 ,/RT)

in which L »
Y. Y, 6., -V +x B..+x, B
¢ = 172 "12 1711 2 22 + 1/1?. (25)
RT '

Assuming that the vapor phase is an ideal solution

Lo} 2 - 0 (26)
and that
L

o o
A4 -xlvl +xZ'V2

Equation (24)reduces to

v _ ynt-y

3

= (27)
which can be rearranged to give
dy; ¥ -y dP 28)
dx, (yy = %) dx)

Numerical integration of Eq, (28) may proceed either from x, = 0 to

x1=10r fromx1=1tox1§0,

An approximation has been used for the initial step of the

integration
dy Ay , )
— = 1 N (29)
dx A X, .

1 1
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If the integration starts at x, = 0, then

1

1 *1 1
and h is the size of the integrated step, With this approximation, the
14 values at the end of the initial step can be solved algebraically,

x1[1+(dP/dxl)¢] -
] (31)
1+x1(dP/dx1)¢ x.=h

V% -ni
1 1

Similar expression can be derived for the first approximation in the case
that the integration proceed from x = 1. The subsequent points were |,

integrated by using the Runge-Kutta method,

The total vapor pressure - liquid composition values were

correlated by means of
-
P =P, X +pZ x, + x) *, [Cl-i- Cz(x1 - xz) +C3(x1 - xz) +..]
(32)

The quantity (dP/dxl) used in Eq (28) and (31) was then calculated
by differentiation of Eq (32),

Equation (28) is not continuous in the azeotropic point

where dP/dx, = 0 and Yy - X

1 1

azeotrope, numerical integration should proceed from x, = 0 to

= 1 down to x azeotrope, Care

= 0. Therefore in the presence of an

x azeotrope and then from xy
should also be taken in the selection of how many coefficients will be
used in Eq, (32) as the calculated P-x curve tends to '"wobble'" in

some cases,
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CHAPTER IV ‘

EXPERIMENTAL DETAILS

A. Materials

Research grade n-hexane (99.99 mole % purity),
cyclohexane (99.99 mole % purity) and benzene (99. 90 mole %
purity) supplied by Philips Petroleum Co. were used without further
purification. The refractive indices and densities of the pure

components measured are listed in Table 1.

TABLE 1
Physical Properties of the Materials Used at 25°C

Material Expte . Lit Reference
Refractive Index

n-Hexane ’ 1.37230 " 1.37226 -2
Cyclohexane 1.42351  1.42354 2
Benzene ' 1.49787 - 1.,49790 2
Density '

n-Hexane 0. 65490 0.65480 2
Cyclohexane 0.77383 ' 0.77389

Benzene 0.87384 0.87368

B. Apparatus

1. Equilibrium Cell and the Solution Reservoir

The arrangement of the apparatus is schematically shown
in figure 1. The main parts of the apparatus consists of an equilibrium

cell and a solution reservoir.
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The equilibrium cell was made of a 100 ml flat-bottomed
Pyrex flask containing a small magnetic stirrer. The cell was
connected to a precision quartz gauge (Texas Instruments, Model 144-01,
Serial Number 1981) which had been calibrated by measuring the total
vapor pressures of the pure components: benzene, cyclohexane .
and.n-hexane. The quartz spiral of the gauge was therrnoétated

at 44.2 £ 0.1°C.

The solution reservoir ié made of a 100 ml round-bottomed - .
Pyrex flask which can be isolated from the system By méans_-of_ two '
u-tube mercury seal-off valves (valve 1 and 2). These values-could be
by-passed to the vacuum manifold or to the atmosphere by a three
way stop-cock so that the mercury level in the u-tube could be manipulated’
A capillary tube is connected to the upper part of the reservoir through
which the liquid solution is introduced. ‘A Liebig condenser was
built above the reservoir to condense and reflux the vaporized materials

from the reservoir,

2. Accessory Equipment Used in Connection with the Equilibrium
Cell )

They are divided intp two parts:

(i) Temperature Measuring Device

Temperature was measured by means of a Leeds and
Northrup K-3 potentiometer with a SRI Tinsley galvanometer us-
ing a 5-junction iron-constantan thermopile, The |
thermocouple was calibrated by comparison with a standard
platinum resistance thermometer. The calibration is
tabulated as shown in appendix I. For isothermal operations,
the desired temperatures from 0° to 25°C ‘were obtained and

regulated by a thermotrol and a cooler.
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(ii) Pressure Measurement Device

The pressure of the system was read from a precision
quartz pressure gauge (Texas Instruments). The calibration

table is shown in Appendix I1I.

3. Equipment for Physical Properties Measurements

(i) Refractometer

A Bausch and Lomb Abb-3L precision refractometer
and sodium lamp were used to determine the refractive
" ‘indices of the pure components. The prism temperature

4

was kept constant at 25°C £ 0.02°C.

(ii) Pycnometer (for quantitative analysis)

Pycnometers were used to measure the densities of
the mixtures at 25°C. The volume of the pycnometers
were found by using distilled water,. The density-liquid
composition calibration table for the three binary systems
are shown in Appendix II1. |

¥ .

C. Experimental Procedure

1. Test of the Apparatus by the Determination of Total Vapor
Pressure of Pure Compounds and Mixtures

(8)

The equipment was used previously by the author to

obtain the P-t-x data on the following pure compounds and mixtures:

(i) Benzene, n-hexane, toluene and n-pentane at a
temperature range from 25°C to 60°C. They agree
extremely well with the total vapor pressures calculated

(30)

from the Antoine equation constants reported in the literature
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(ii) Total vapor pressures were measured for the system
n-hexane-benzene from 30 to 60°C and for the system
toluene-n-pentane from 20°to 40°C. The data are reliable

by comparing with literature data.

The equipment was then improved by replacing the
mercury manometer with a precision pressure gauge. More accurate
total vapor pressure values could be obtained. The total vapor
pressures of pure components benzene, n-hexané and cyclohexane
“were measured from 0°%o 25°C. They agree very well with the vapor
pressures calculated from the Antoine equation constants reported

in the literature a, 2).

2. Determination of Total Vapor Pressures for the Binary Systems

(a) Preparation of Binary Liquid Mixtures

A 100 ml volumetric flask containing a magnetic
- stirrer was first weighed. The less volatile component
of the mixture was then added and the weight was obtained.
The other component was subsequently added to fill up the flask
to the 100 ml mark and weighed. The mixture, of known
liquid composition, %as mixed thoroughly by e ans of a

magnetic stirrer.

(b) Experimental Procedure

The whole apparatus was evacuated. The valve 2 Qas
closed in order to isolate the equilibrium cell and the pressure
gage from the system. About 80 ml of the sample solution
of known composition was introduced into the reservoir
through the capillary tube with an hypodermic syringe.

The reservoir was immersed in liquid nitrogen in a Dewar
flask. After the liquid sample was cooled, the capillary was ~

sealed off and the degassing procedure of the solution
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-

followed. Valve 3 was opened and all the non-condensable

gas was evacuated. Then valve 3 and valve 1 were closed

and the reservoir was heated to expel ﬂae dissolved or trapped
gases in the solution, which was then again cooled down

and the non-condensable gas evacuated. The process was |
repeated until no change of the residual vacuum could be

detected (0, 0005 mm Hg).

When the whole apparatus was evacuated, valve l
was closed and valve 2 was opened and the degas sed solution
was distilled into the equilibrium cell, which was then
totally immersed into a constant temperature bath. After
equilibrium was established, the total vapor pressure
measurements wére recorded from the pressure gauge.
Precision of the temperature measurement is estimated
to be £ 0.005°C, and of the pressure measurements,

+ 0.03 mm Hg.

(c) Analysis of Mixtures

A sample of the solution was obtained and the liquid

composition of the sdlution was determined by measuring its
density at 25°C, Precision of the composition measurements

is estimated to be £ 0.0005 mole fractions.



-19 -

CHAPTER V

RESULTS

Experimental Data

Vapor pressure of the three binary systems containing
n-hexane, cyclohexane and benzene were measured over the
temperature range from 0°to 25°C, and are tabulated in Tables 2, 3
and .4,

Correlation of Results

At each constant composition, the total vapor pressures
were correlated by the Antoine equation and the constants of the
equation are listed in Table 5. Redlich-Kister constants are listed
in Table 6. Constants for correlating total vapor pressures as
a function of liquid composition over a temperature range from 0° _
to 25°C are listed in Table 7. Calculated results of Pcalc, vy, vy
and GE for the three binary systems are listed in Tables 8, 9, and 10.

The graphical presentation of results for these three

systems are shown in Figures 2 - 11.
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"TABLE 2

Total Vapor Pressure-Liquid Composition Data

for the Cyclohexane-Benzene System

t°C Pobs(mmHg_) t°C Pobs(mm I-Igl t°C Pobs(rmm Hg) t°C Pobs(mm Hj)

x =0 - % =0.102 x, = 0174 x =0.418

6. 68 38.16 0.50 29.83 0.45 31.40 0.53 32.92

7.02 38.94 2.51 33.36 3.24 36.45 = 6.13 44.13

9. 88 45.30  6.30 40.63 5.77  41.66 10.23 . 54.36
10.07 45.70 10.18 49.81 9.35. 50.06 14.19 66. 20
11.43 4918 13.59 59.09 12.58 58.89. 17.74 78.51
12.80 52.71 16.91 69.57 17.04 73.16  21.68 94. 37
13.47 54.49 20.87 83.99 21.08 88.66 25.06 109.93
15.29 59.60 25.51 104.07 24.94 105.61 |

16.63 63.89
17.97 68.13
20.00 75.31
20.07 75.54
22. 34 84.13
25.05 95.59
25.32 . 96.66 .

t°C Pobs(mm Hg) t°C Pobs(mm Hg) t°C Pobs(mm Hg) t°C Pobs(mm Hg)

x =,0.735 ' x = 0.838 x = 0.923 x = 1.000
0.63 32.98 0.62 31.91 0.42 30.13 6.08 38.73
4.41 40. 34 3.69 37.60 3.18 34.96 10.70 49. 32
8. 28 49. 37 7.14 44.81 ~ 5.56 39.74 12.53  54.21

11.97 59.28 9. 66 50.97 6.10 40. 88 15.03 6l1.20
16.52 73.97 12.80 59.58 10.33 50. 67 17.23 68.21
20.48 89.11 16.00 69.63 13.99 60.84 20.74 80. 39
22. 37 97.23 18.87 79.71 17.86 73.30 23.13 89.90

24.92 109.00 21.66 90.59 21. 82 88.13 25.14 98.41
- 25.00 105.03 25.05 102.11
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TABLE 3

Total Vapor Pressure-Liquid Composition

Data for the n-Hexane-Cyclohexane System

Pobs (mm Hg)

t°C
xl = 0,064

0. 60 31.06

3.74 36.74

8.49 46.95
12.19 56.66
16. 23 68.81
20, 83 85.47
25.42 105.10

£°C Pobs(mm Hg) t°C Pobs(mm Hg) t°C Pobs(mm Hg) t°C Pobs(mm Hg)

t°c Pobs (mm Hg)
x, = 0,321
1

0.61 37.27
3.49 43.24
4.92 46.52
6. 24 49.76.
10. 30 60.93
13.31 70.45
14.90 75.79
17.98 87.46
21.41 101.98

t°C Pobs {mm
x = 0. 349
0.52 37.14
5.21 47.33
10.43 61.51
14,98 76.61
17.27 85.31
20.43 98.56
24.99- 120.86

x1= 0. 504 x1= 0.736
0.48 40.46 0. 37 42.80
4.35 49.51 3.41 50.15
8.26 ' 60.31 8. 32 64,24

12.43 73.98 12.53 79.04
15.77 86.560 16.53 95.63
19.46 102.69 20.67 115.52
25.02 131.63 24.93 139.52

x, = 0.850
0.57 44.81
4.18 54. 04
7.93 65. 39
13.06 84.25
16.13 97.13
20.51 118.82

x = 1. 000
0.43 46.41
1.64 49.48
3.53 54.68
5. 65 60.77
8.05 68.79
9.93 75.43

12.56 85.77
14.93 96.00
17.53 108.44
19.96 121.18
22. 33 134.56
25.17 152.53

Hg)
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TABLE 4

Total Vapor Pres sures~-Liquid Composition Data
for the n-Hexane-Benzene System

t°C Pobs (mm Hg) t°C Pobs (mm Hg) t°C Pobs (mm Hg)
x. = 0,048 : x. = 0,118 x, = 0,269
1 1 : 1

5. 28 40,07 0. 47 34, 80 0.53 39,98
10,42 52,43 3,74 41 29 3.95 47.91
14,98 65, 66 6.61 47. 94 7. 34 57,02
17.98 75.91 10, 74 59,13 10, 77 67.21
21,07 87.97 < 16,22 77.12 16,57 89,12
24, 98 105,13 21,14 96.96 20, 25 105, 54

24,36 112, 09 24,10 125, 27

t°C Pobs(mm Hg) t°C Pobs(mm Hg) t°C Pobs(mm Hg) t°C Pobs(mm Hg)

x, = 0,366 x = 0. 501 x = 0. 735 X, = 0,910
0,70, 42,61 1,17 45,88 0. 84 47, 39 . 0. 38 46, 99
4,15 50,93 5.11 56, 22 5,33 59, 74 4, 77 58.99
7. 63 61, 08 9.29 69, 43 10, 48 77,23 8. 69 71, 84
12,83 78,66 13,56 85, 44 13,91 90,96 13,85 92,14
16,55 93,64 17,24 101,27 17.68 108, 52 17.95 111, 47
20,15 110,59 20.81 119.18 21,15 .126, 83 20,71 126, 30

25,06 137.38 24,91 142,98 25,30 152,625 25,16 153, 65
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TABLE 5

¥
Antoine Equation Constants Evaluated Over
the Temperature Range from 0° to 25°C .

X a . b ' c dev.mm Hg dev.Percent
Cyclohexane-Benzene
0.000 6.96343 1237. 825 223. 340 0.07 0.11
0.102 7.53637 1542.020 253. 895 0.06 0.15
0.174 7.49495 1524.031 253.630 0.06 0.08
0.418 7.67334 1621.910 262.928 0.08 0.11
0.635 7.12865 1336.133 237.524 0.05 0.08
0.838 7.05846 1315.966 236. 285 0.10 0.16
0.923 7.00396 1282. 882 231.782 0.04 0.09
1.000 6.36153 981 . 989 199. 645 0.07 0.11
n-Hexane- Cyclohexane
0.000 6.36153 981 . 989 199. 695 0.07 0.11
0.064 6.93232 1251.582 229.450 0.06 0.11
0.321 6.54830 1073.091 214. 966 0.06 0.11
0. 349 7.22000 1385.402 244, 663 0.03 0.06
0.544 7.20582 1364.571 243. 252 0.03 0.04
0.736 7.09476 1292.816 -236. 242 0.07 0.11
0.850" 6.76029 1125.796 219.763 0.11 0.16
1.000 6.86222 1163.436 223.485 0.07 0.10
n-Hexane-Benzene
0.000 6.96343 1237. 825 223. 340 0.07 0.11
0.048 6.96618 1247. 376 227.301 0.08 0.13
0.118 7.06454 1300.516 234.969 0.05 0.13
0.269 6.98980 1252.119 231.859 0.15 0.24
J.366 6.79161 1150. 587 222.180 0.11 0.17
0.501 6.971 54 1230.136 230.494 0.09 0.10
0.735 6.991 20 1233.325 231.178 0.05 0.05
0.910 7.07062 1269.972 234. 861 0.02 0.03
1.000 6.86222 1163.436 223.485 0.07 0.10
* LoggpP=2ar-

t+ ¢
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TABLE 6
Redlich-Kister Constants for Correlating Liquid

Activity Coefficients Obtained from the Indirect Method,

and the Deviations Obtained from the Correlation

Cyclohexane-Benzene

0
5.
10
15
20
25

0.68153
.63873
. 60295
. 57340
. 54945
. 53045

o000 C0C

n-Hexane-Cyclohexane

0
5
10
15
20
25

0.24752

0.22211
0.19985
0.17993
0.16256

0.14729

n-Hexane-Benzene

0
5
10
15
20
25

0.76000
0.72859
0.69871
0.67082
0.64442
0.61947

C

-0.06759

" -0.05811

-0.05241
-0.05074
-0.05269
-0.05819

-0.10364
-0.09483
-0.08396
-0.07093
-0.05683
-0.04020

-0.10004
-0.10314

'-0.10339

-0.10235

-0.09992

-0.09652

©COO0OO0O0O

0.13845
0.12093
0.10381
0.08817
0.07408

_ 0.06222

0.01142
0.01935
0.02179
0.02123
0.01900
0.01352

. 08646
. 06985
. 06011
. 05265
. 04786
. 04754

St Dev
mm Hg

0.18
0.21
0.25
0.30
0.35

. 0.39

0.16
0.18
0.20

- 0.22

0.23
0.30

0.10
0.12
0.15
0.19
0.23
0.27

Ave %
Dev.

0.41

0.33
0.29
0.27
0.24
0.19

0.27
0.21
0.19
0.18

"0.15

0.16

0.14
0.14
0.15
0.14
0.14
0.14
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TABLE 7

Canstants for Correlating Total Vapor Pressures
as a Function of Liquid Composition over the Temperature
range from 0° to 25°C

_ * St Dev Dev Max

t°C Cl C2 C3 C4 mm Hg % X, PmmHg
Cyclohexane-Behzene

0 20.077 - 2.4438 12.385 : 0.16 0.53 .508 32.06

5 24.529 - 3.1636 13.477 . 0.21 0.54 .505 41.85
10 29.934 - 4,1094 14.598 ' 0.27 0.54 .499 54.06
15 36.537 - 5.1365 15.875 - 0.34 0.52 .494 69.16
20 44.636 - 6.4458 17.515 0.40 0.49 .487 87.68
25 54,589 - 8.0325 19.936 i 0.45 0.43 .478 110.20
n-Hexane-Cyclohexane
-0 8.6651 - 6.6404 4.1282 0.21 0.59
5 9.8748 - 7.2259 4.3775 0.24 0.52
10 11.318 - 7.6564 4.1787 0.26 0.44
15 13.000 - 7.9810 3.6377 0.27 0:35

20 15.068 - 8.1215 2.7151 0.26 0.28

25 18.078 - 2

.9486 0.2351 -16.507 0.19 0.14

n-Hexane-Benzene

0 28.307 -13.632 19.082 ' 0.19 0.55 .882 46.11
5 35.446 -17.1'36 22.068 0.23 0.52 .888 59.75
10 43.943 -21.002 25.636 0.29 0.50 .892 76.64
15 53.926 -25.378 29.563 . 0.34 0.47 .896 97.31
20 65.593 -30.157 34.016 0.40 0.43 .899 122.41
25 79.454 -30.970 38.035 -11.658 0.46 0.38 .901 152.62

% Constants from Equation (32)
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TABLE 8

Compari‘son of the Calculated Results from the
Direct and the Indirect Methods for the Cyclohexane-
Benzene System

. . E .

, Indirect Method G Direct Method
T ©Pobs Pcalc - cal Pcalc
°C mmlHg % mmHg A lny1 lnyz gmole mmHg vy,

0 26.37 0.000 26.36 0.000 0.8876 0.000 0.00 0..000
29.05 0,102 29.27 0.179 0.6172 0.0138 40.90 29.24 -0.182.
30.64 0.174 30.39 0.257 0.4763 0.036261.21 30.48 0. 264
31.99 0.418 32.03 - 0.446 0.2037 0.144891.96 32.00 0.436
31.89 0.635 31.99 0.606 0.0910 0.269384.72 31.94 0.614
30.85 0.838 30.71 0.778 0.0237 0.4633 51.52 30.77 0.773
29.47 0.923 29.55 0.876 0.0061 0.5950 27.92 29.53 0.871
27.72 1.000 27.86 1.000 0.000 0.7524 0.00 1.000

5 34.87 0.000 34.86 0.000 0.8178 0.000 0.00 _ 0.000
38.06 0.102 38.33 0.172 0.5737 0.0125 38.55 38.30 0.175
40.04 0.174 39.72 0.250 0.4455 0.0328 57.82 39.81 0.256
41.70 0.412 41.78 0.445 0.1928 0.133987.62 41.76 0.436
41.65 0.635 41.73 0.607 0.0854 0.252680.93 41.66 0.613
40.25 0.838 40.10 0.782 0.0219 0.4354 49:13 40.16 0.780
38.57 0.923 38.66 0.879 0.0056 0.5573 26.58 38.67 0.877
36.56 1.000 36.60. 1.000 0.000 0.7015 0.00 1.000

10 45.66 0.000 45.56 0.000 0.7592 0.000 0.00 0.000
49.36 0.102 49.69 0.166 0.5378 0.0114 36.62 49.66 0.169
51.80 0.174 51.40 0.245 0.4202 0.0300 55.08 51.49 0.250
53.83 0.418 53.96 0.443 0.1834 0.125184.10 53.95 0.436
53.82 0.635 53.86 0.607 0.0801 0.239377.76 53.78 0.612
51.94 0.838 51.80 0.784 0.0201. 0.4115 46.98 51.85 0.784
49.92 0.923 50.01 0.882 0.0051 0.5235 25.33 50.06 0.882
47.59 1.000 47.52 1.000 0.000 0.6544 0.00 1.000



Pobs
°C mmHg

15 58.87
63.39
66.36
68 .86
68.84
66.35
63.95
61.18

20 75.27
80.67
84.26
87.32
87.22
83.95
81.11

77.76

25 95.29
101.79
106.07
109.82
109.51
105. 27
101.93

97.78

1
0.000
0.102
0.174
0.418
0.635
0.838
0.923
1.000

0.000
0.102
0.174
0.418
0.635
0.838
0.923
1.000

0.000
0.102
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Indi.‘rect Method

Pcalc
mmHg

58.87
63.79
65.88
69.03

68.86

66.24
64.02
61.03

75.26
81.15
83.70
87.52
87.21
83.87
81.15
77.58

95.26
102. 34

0.174105.43
0.418110.03
0.635109.49
0.838 105.24
0.923101.91
1.000 97.66

0.000
0.162
0.241
0.441
0.607
0.787
0.884
1.000

©0.000

0.158
0. 237
0.439
0.606
0.788
0. 887
1.000

0.000
0.155
0.234
0.437
0. 635
0.790
0.888
1.000

lny&
0.7123
0.5092
0.4000
0.1751
0.0749
0.0183
0.0046
0.000

0.6762
0.4873
0.3844
0.1677
0.0699
0.0165
0.0041
0.000

0.6509
0.4716
0.3728
0.1610
0.6051

-0.0148

0.0036
0.000

GE

cal
lny2

0.000 0.00
0.0105 35.14

0.0278 53.00°

0.1184 81,36
0.2291 75.11
0.3910 45.05
0.4932 24.18
0.6108 0.00

0.000 0.00
0.0098 34.08
0.026151.52
0.1136 79.35
.2217 72.99
.3735 43.30
.4661 23.11
.5708 0.00

QOO0

0.000 0.00

Direct Method

Pcalc

g mole mmHg

63.75
65. 97
69.03
68. 75"
66. 28
64.10

1
0.000
0.164
0. 245
0.435
0.610
0.788
0.885

© 1.000

- 0.000

81.10
83.79
87.54
87.09
83.91
8l1.24

0.0093 33.45102. 29

0.0250 50.66105. 54
0.1108 78.07 110,06
0.2166 71.33109. 36
0.3587 41.77105. 29
0.442122.14102.00

0.5345 0.00

0.160
0.241
0.434
0.609
0.789
0.887
1.000

0.000
0.157

0.237
0.432
0.607
0.790
0.888
1.000
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TABLE 9

Comparison of the Calculated Results from the
Direct and the Indirect Methods for the n-Hexane -
Cyclohexane System

Indirect Method GE Direct Method
Pobs x ‘ Pcalc - y In In cal Pcalc
mmHg "1 mmHg 1 k)| Y2 gmole mmHg 1
27.72 0.000 27.86 0.000 0.3626 0.000 0.00 . 0.000

30.03 0.064 30.01 0.129 0.2900 0.002411.29 29.90 0.130
36.01 0.321 35.85 0.447 0.0989 0.0451 33.85 35.89 0.450
36.10 0.349 36.34 0.474 0.0858 0.0517 34.52" 36.37 0.476
39.46 0.544 39.34 0.643 0.0266 0.0980 32.11 39.31 0.642
. 41.91 0.736 41.94 0.799 0.0045 0.135521.21 41.93 0.800
43.40 0.850 43.43 0.888 0.0007 0.149512.50 43.45 0.889
45.32 1.000 45.34 1.00C ©2.900 0.1553 0.00 1.000

36.56 0.000 36.60 0.000 0.3363 0.000 0.00 0.000
39.26 0.064 39.24 0,125 0.2657 0.002310.59 39.16 0.124
46.76 0.321 46.54 0.442 0.0872 0.0418 31.16 46.58 0.444 -
46.87 0.349 47.17 0.470 0.0754 0.0477 31.71 47.19 0.471
51.18 0.544 51.05 0.642 0.0238 0.0880 29.34 51.02 0.641
54.42 0.736 54.48 0.800 0.0048 0,120319.51 54.46 0.800
56.43 0.850 56.43 0.889 0.0011 0.134111.63 56.45 0.889 .-
58.92 1.000 58.93 1.000 0.000. 0.1466 0.00 . 1.000

47.59 0.000 47.52 0.000 0.3056 0.000 0.00 0.000
50.75 0.064 50.73 0.121 0.2403 0.0021 9.759 50.66 0.119
60.02 0.321 59.78 0.438 0.0779 0.0379 28.55 59.80 0.440
60.24 0.349 60.58 0.466 0.0675 0.043129.04 60.59 0.467
65.71 0.544 65.55 0.642 0.0219 0.0786 26.87 65.55: 0.641
69.92 0.736 69.99 0.800 0.0050 0.107618.05 69.98 0. 800
72.52 0,850 72,52 0,889 0,0014 0,121210.,91 72,53 O, 889

75.73 1,000 75,74 "~ 1,000 0,000 0,1377 0,00 1,000

-~



°C

15

20

25

Indirect Method .

Pcacl

Pobs Hg

mmHg *1

61.18 0.000 61.03
64.91 0.064 64.85
76.21 .0.321 76.01
76.67 0.349 77.02
83.55 0.544 83.34
88.93 0.736 89.02
92.22 0.850 92.25

96.33 1.000 96.33

77.76 0.000 77.58
82.22 0.064 82.08
95.79 0.321 95.73
96.70 0.349 97.00
105.27 0.544 104.97
112.06 0.736112.14
116.10 0.850 116.20
121.32 1.000121.32

97.78 0.000 97.66

"103.17 0.064102.89 .

119.25 0.321119.49
120.91 0.349121.07
131.50 0.544131.05
139.97 0.736140.01
144.80 0.850 145.06
151.39 1.000151.39
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b4

0.000
0.117
0.435
0.463

0.641

0.800

. 0.889

1.000

0.000

0.113,
0.432 -

0.461

0.641°

0.800
0.889
1.000

0.000
0.110
0.430
0.459
0.641
0.800
0.889
1.000

In Yl

0.2721
0.2140
0.0705
0.0613
0.0210

'0.0053

0.0016
0.000

0.2384
0.1885
0.0647
0.0566
0. 2007
0.0058
0.0018
0.000

10,2010

0.1617
0.0607
0.0537
0.0214
0.0063
0.0020
0.000

Direct Method

GE Pcalc
Iny cal mmHg
2 gmole :

0.000 0.00
0.0019  8.860 64.79
0.0334 25.94 76.02
0.0381 26.51 77.02
0.0696 24.7 1 83.36
0.096516.82 89.00
0.110610.28 92.23
0.1302 0.00 '

0.000 0.00
0.0016- 7.900 82.00

.0.0289 23.53 95.74

0.0330 24.02 97.00
0.0611 24.54105.02
0.086915.85112.12-
0.1020 9.80116.15
0.1247 0.00

0.000 0.00

0.0013 6.85103.11

0.023821.12119.33
0.0273 21.63120.91
0.0528 21.16131. 36
0.079015.10140.15

0.0955 9.49 144.68°

0.1206 0.00

Yy

0.000
0.115
0.437
0. 465
0.641
0.800
0.889

1.000

0.000
0.111
0.434
0.463
0.641
0. 800
0.889
1.000

0.000
0.110
0.429
0.458
0. 644
0.798
0.885
1.000
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TABLE 10

Comparison of the Calculated Results from the Direct

and the Indirect Methods for n-Hexane-Benzene System

Pobs
mmkHg

26.37

30.09

33.86
38.85
41.02
43.11
45.32
46.06
45.32

34.87
39.49
44.16
50.52
53.33
55.96
58.77

59.70
58.92

45.56
51.25
56.97
64.97
68.55
71.86
75.41
76.58
75.73

Indirect Method

0.000
0.048
0.118
0.269
0. 366
0.501
0.735
0.910
1.000

0.000
0.048
0.118
0.269
0. 366
0.501
0.735
0.910
1.000

0.C00
0.048
0.118
0.269
0.366
0.501
0.735
0.9190
1. 000

Pcalc

mmHg

26.36
30.06
33.90
38.85
40.95
43.11
45.47
45.89
45. 34

34.87
39.42
44.23
50.55
53.22
55.96
58.94
59.51
58.93

45.56
51.12
57.07

65.02

68.39
71.86
75.61
76.37
75.74

Yy

0.000
0.162
0.301
0.463
0.534
0.620
0.770
0.905
1.000

0.000
0.155
0.292
0.455
0.528
0.616
0.768
0.906
1.000

0.000
0.148
0. 284
0.448
0.522
0.612
0.767
0.907
1.000

lny:1

0.9465
0.8133
0.6471
0.3891
0.2752
0.1646
0.0496
0.0066
0.000

0.9016
0.7773
0.6a2l1
0.3747
0.2641
0.1560
0.0451
0.0058
0.000

0.8622
0.7447
0.5963
0.3602
0.2534
0.1484
0.0419
0.0052
0.000

' E
lny, Sa
g mole

0.000 0.00
0.0032 22.84
0.0181 50.11
0.0787 88.04
0.1314 99.89
0.2154103.10
0.4005 77.39
0.6033 32.73
0.7464 0.00

0.000 0.00
0.0030 22.20
0.0170 58.80
0.0749 85.97
0.126197.61
0.2083100. 65
0.3861 74.87
0.5705 31.30
0.6953 0.00

0.000 0.00
0.0028 21.61
0.0161 47.60
0.0717 84.01
0.12r2 95.42
0.2009 98. 24
0.3715 72.72
0.5426 30.14
0.6554 0.00

Direct Method
Pcalc
mmHg 1

0.0C0
0.157
0.302.
0.470
0.535
0.613 -
0.777

0.904

1.000 -

29. 85
33. 80
39.07
41.04
42.93
45, 38
46.07

0.000
0.151
0.293
0.462
- 0.529
0.609
0.775
0.906
1.000

39.18
44.10
50. 79
53.33
55. 77
58. 83
59.72

0.000
0.145
0.285
0.455
0.524
0. 606
0.773
0.907
1.000

50. 84
56.92
65. 30
68.53
71.65
75.47
76.61




T

°C mmHg

15

20

25

Pobs

58.87

65.79
72.75
82.72
87.19
91. 34
95.79
97.25
96.33

75.27
83.60
92.01
104. 30
109.81
115.00
120.51
122. 35

121.32

95.29
1Q5.24
115.33
130.33

-137.01

143.48
150.27
152.58
151.39
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Indirect Method

Pcalc
*

0.000
0.048
0.118
0.269
0.366
0.501
0.735
0.910
1.000

58.87
65. 60
72.91
82.78
87.00
91.33
96.02
97.02
96.33

0.000 75.26
0.048 83.35
0.118 92.23
0.269 104. 37
0.366 109.60
0.501114.97
0.735120.51
0.910 122.08
1.000 121.32

0.000 95.26
0.048 104.93
0.118115.61
0.269 130.38
0.366 136.80
0.501143.42
0.735150.60
0.910 152.26
1.000 151.39

mmHg

41

0.000
0.143
0.276
0.442
0.517
0.608
0.766

0.908.

1.000

0.000
0.137
0.269
0.435
0.512
0.605
0.766
0.909
1.000

- 0.000

0.133
0.262
0.429
0.507
0.601
0.765
0.909
1.000

0.8258
0.7143
0.5728
0.3464
0.2433
0.1417
0.0392
0.0048
0.000

0.7922
0.6858
0.5505
0.3332
0.2338
Oal 358
0.0371
0.0045
0.000

0.7635
0. 6605
0.5296
0.3200
0.2244
0.1304
0.0358
0.0044
0.000

0.0027 21.10

- 0.5177 29.18

Direct Method

E Pcalc
lnyz cal mmHg
gmole

0.000 0.00

65. 28
72.72
83.10
87.16
91.11
95. 86

97. 30

0.0154 46.48
0.0687 82.11
0.1165 93.28
0.1937 95.99:
0.3575 70.74

0.6211 0.00

0.000 0.00

0.0026 20.62 82.99
0.0147 45.39 91.99
0.0659 80.27 104.72
0.112091.21109.79
0.186493.81114.72
0.3439 68.97 120.60
0.4956 28.37122.40
0.5924 0.00

0.000 0.00

0.0025 20.19104.71
0.0142 44.44115.49
0.0636 78.54 130. 64
0.1079 89.191 36.87
0.179391.71143.24
0.3304 67.46 150. 56
0.4767 27.79152. 34

0.5705 0.00

Yy

0.000
0.139
0.277
0.448
0.518
0.603
0.771

0.908

1.000

0.000
0.134
0. 269
0.441
0.513
0. 600
0.770.
0.909
1.000

0.000
0.128
0.260
0.434
0.509
0.601
0.771 -
0.908
1.000
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CHAPTER VI -

DISCUSSION OF THE RESULTS

A. Vapor Pressures of Mixtures at Constant Composition

Total vapor pressures of pure components n-hexane,
cyclohexane and benzene measured were compared with the vapor
pressures calculated from the Antoine constants reported in the

Q
literature (1, 30)

. The agreement is extremely good, and the deviation
is less than 0.03 mm Hg. In the binary system of cyclohexanc- ‘
benzene, it was observed that the freezing points of the mixtures

are lower than those of the pure components. The vapor pressures
measured were correlated by the Antoine equation and the standard

deviation of the fitting is very small, less than 0.15 mm Hg.

B. Vagor-Liquid Egquilibria at Constant Temperature

Total vapor pressures at constant compositions were
interpolated using the calculated Antoine equation constants at 0°,
5°, 10°, 15°, 20° and 25°C for the three binary systems. The
'vépor compositions, liquid-pha.ge activity coefficients, calculated
total vapor pressures and Gibbs excess free energies were calculated
from the interpolated data, based on the results of the indirect
method. At the same temperatures 0°, 5°, 10° 15°, 20° and 25°C,
the constants for correlating total vapor pressures as a function of
liquid compositions were calculated and the vapor compositions were
calculated by the direct method, As oBserved from Tabies 8,9, and
10, the y and P values calculated, agree very well with each other, with
the sta:ndard deviations are less than 0.006 mole fraction and 0.3 mm Hg

respectively.



-~ 43 -

C. Comparison with Literature Data

1. Comparison between the Interpolated and Literature Data
at Isothermal Conditions

The total vapor pressures of the cyclohexane-benzene
system at 10°C were compared with the results from the reference (6)
as shown in Figure 12. Both data agree extremely well as observe&

from Figure 12.

The vapor pressures of the n-hexane-benzene at 25°C
was compared with recent report of Smith and Robinson 9 as
shown in Figure 13. It is observed that the comparison are quite
satisfactory, except in the high concentration region of n-hexane.
This is perhaps due to the fact that the vapor pressure of the pure
n-hexane employed is higher than the value obtained from this

investigation and the literature values @, 30). When the vapor pressures

of this work and of the work of Smith and Robinson ) were
individually fitted by means of Eq. (32), the maximum value of P
and * obtained agrees closely (154.13 mm Hg, 0.904 mole fraction

and 152. 62 mm Hg, 0. 901 mole fraction respectively).

2. Comparison Between the, Extrap‘olated and Literature Data

In combining with some of the literature data, a new
set of Antoine equation constants at extended temperature range from
0°to 80°C were calculated and are given in Table 11. The percent
deviation of the fitting is less than 0. 55 % . From the Antoine
equation constants the total vapor pressures at isothermal conditions
and the bubble-point temperatures at isobaric conditions were calculated
"and compared with the literature data, as shown in Table 12, The
graphical presentations are shown in Figure 14-19. They all agree

extremely well, as observed in all the figures. Maybe, due to the
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presence of impurities, the P value of n-hexane of Susarev (5) is

slightly higher than that of this work and the value reported from
Scatchard () and Dreisbach (30). . ’

3. Azeotroges

Azeotropes were observed to be present in the benzene
containing systéms: cyclohexane-benzene and n-hexane-benzene.
The correlated constants and the numerical values of the azeotropic
concentration and total vapor pressure calculated by differentiation of
of Eq. (32) are tabulated in Table 13.and 7, As observed from Table 13,
the comparison of the azeotropic composition and azeotropic total
vapor pressure between this work and the calculated literature values
agree-very well, with the difference less than 0, 02 mole fraction and

1, 5 mm Hg respectively,
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TABLE 11

Coxrrelation of Total Vapor Pressure Data at Constant
Liquid Compositions by Means of the Antoine Equation over
the Temperature Range from 0° to 80°C

Dev Dev
x, S b c mmHg % References
Cyclohexane-Benzene
0.000 6.927628 1222.099 . 221.942 1.25 0.19 1, 2, 3, 4
0.102 6.999122 1268.769 229.141  0.70 0.18
0.174 7.017695 1285.989 232.485 0.93 0.27
0.418 6.963348 1253.913 229.661 0.91 0.20
0.635 6.957421 1253.981 229.924 0.47 0.13
0.838 6.977865 1275.377 232.346 0.63 0.16
0.923 . 6.866721 1215.856 225.240 0.85 0.16 )
1.000 6.706008 1129.255 214.501 0.55 0.27
- n-Hexane-Cyclohexane
0.000 6.706008 1129.255 214.501 0.55 0.27 2,5
0.064 6.584733 1071.424 209.518 0.83 0.84
0.321 7.037570 1310.907 239.247 0.27 0.18
0.349 6.866009 1211.571 228.236 0.33 0.14
0.544 6.678382 1100.163 216.327 1.06 0.38
0.736 6.752910 1125.475 219.304. 0.84 0.24
0.850 6.799194 1143.880 221.613 0.10 0.12
1000 6.850457 1157.834 222.913 0.26 0.09
n-Hexane-Benzene
0.000 6.927628 '1222.099 221.942 1.25 0.19 2,7,8,10
0.048 6.981803 1260.889 229.147 1.52 0.35
0.118 6.717801 1124.258 216.498 1.58 0.55
0.269 6.704669 1109.485 216.778 1.10 0.34
0.366 6.803830 1155.973 222.684 0.62 0.15 .
0.501 6.880692 1189.042 226.664 0.59 0.15
0.735 6.879121 1180.799 226.065 .0.96 0.23
0.910 6.887916 1184.030 226.630 0.72 0.16
1,000 6.850457 1157.834 222.913 0.26 0.09
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TABLE 12
Comparison of Calculated Total Va{:or

Pressures from the Antoine Equation Constants
of Table 11 with Literature Values

Cyclohexane-Benzene

Isobaric ' . Isothermal
x] 760 mmHg 759 mmHg 39.99°C 69.98°C
t° C PmmHg P mmHg
0.000 80.05 80.00 182, 88 551.20
0.102 78.94 78.80 192,65 572.66
0.174 78.37 78.33 : 197, 60 583. 68
0.418 77.48 77.44 20567 601.21
0.635 77.68 77.64 204, 58 596. 48
0.838 78.95 78.90 197, 00 576.00
0.923 79.80 79.75 191, 43 562.08
1.000 80.71 80. 67 184, 79 546. 20

n-Hexane-Cyclohexane

x 760 mmHg . 70°C

0.000 80.71 ' 545,46
0.064  79.75 564.44
0.321 76.12 628.31
0.349 75.78 . 636.14
0.544 73.37 685.58
0.736 71.36 728.82
0.850 70.31 752.67
1.000 68.76 790.02

n-Hexane-Benzene

x1 760 mmHg 30°C 40°C 50°C 60°C

0.000 80.05 119.38 182.85 271.44  391.80
0.048 78.31 130.69 198.17 291.65 ..417.90
0.118 76.51 143.51 216.12 315,62  448.47
0.269 73.37 161.73 242.03  351.42  496.70
0.366 71.98 T 169. 46 253.05 366.94 518.27
0.501 70.61 177.01 264.08 382.74 540.54
0.735 69.26 185.26 276.1.3 399.82 564.14
0.910 68. 85 188.00 280.02 405.25 571.55

1.000 68.76 187.27 279.64 405. 47 572. 69



- 49 -

TABLE 13

Constants for Correlation total vapor pressures
as a function of Liquid Composition over a Temperature
Range from 0° to 70°C

St Dev Dev Max Ref
t°C ’
C, C2 C3 C, mmiyg % X, P o
Cyclohexane-Benzene ' mm g
39.99 88.8817 - 6.37889 16.6930 - © 0.08 0.04 .491 206.06 :1
: 0.30 0.15 .488 206.10 *
69.98 211.040 -14.6222 '27.0566 0.32 0.05 .462 600.63 1
0.63 0.11 .462 601.07 *
n-Hexane-Cyclohexane
70 14.0013 - 23.5485 =70.7333 -178.197 2.74 0.39 5
1.97 0.28 %
n-Hexane-Benzene
30 92.3274 -47.3497 29.1300 0.51 0.35 .968 187.70 - 8
0.51 0.33 .942 187.99 *
40 130.229 -63.5619 47.3866 0.53 0.22 .945 279.96 8
0.41 0.17 .435 280.18 *
50 177.831 =-70.7001 58.3663 - 27.518 0.74 0.21 .935 406.26 8
_ : 0.47 0.13 .941 406.07 *
60 ' 235.164 -T1.6639 70.3216 - 48.434 0.88 0.18 .926 574.53 8
0.73 0.14 .946 573.50 *
25 82.7678 -37.0834 47.9422 - 20.389:0.74 0.55 .904 154.13 9
0,46 0,38 ,901 152,62 *

% This Work
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CHAPTER VII

CONC LUSION

The design and operation of the static ap;:;a;ratus is very
satisfactory, Vapor-liquid equilibrium data for the cyclohexane -
benzene, n-hexane-cyclohexane and n—hexane-bénzene systems
were obtained at 05 5° 10° 15? 20°and 25°C., The values so
determined were smoothed and correlated by both direct and indirect
meth.ods. The smoothed and correlated results of those three systems
are in good agreement with all the available literature data, The

azeotropic points were observed in the two benzene containing systems,
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CHAPTER VIII

NOMENCLATURE

a, b, c, = Antoine constants
Cl, CZ' C3 = constants, Equation 32
B, c, D, = Redlich-Kister parameters
£ = fugacity
E = molal excess Gibbs free energy
= total vapor pressure
P = vapor pressure of pure component
R = gas constant | .
T = temperature in °K
t = temperature in °C
v = liquid molal volume of pure component
x } = mole fraction,,?n. liquid phase |
y = mole fraction in vapor phase .
z = compressibility factor
ﬁn, ‘522 = second Yirial coefficient of\ pure component 1 aﬂd 2, -
respectively :
plz = cross second virial coe#icimt
Y = activity coefficient -
2] = defined in equation 15

) = fugacity coefficient
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APPENDIX I

Calibration of the 5-junction Cdpper Constantin Thermopile -

t°C ' EMF (uv)
2.867 559
3.519 | 686
5.928 1157
8.758 ' © 1715
11.866 2331
14.348 2827
16.235 3204
20.000 3954
23.282 4621
24.541 4885
28.178 5630

30.250 6058
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APPENDIX I1
1i ion of th ssure Gauge b easuring Vapor
Pressure of (i) Research Grade Benzene and Using Antoine
Esua.tion
Pressure Gauge Reading t°C : P = Antilog a t +bc
6.001 6.68 38.19
6.124 7.02 38.90
7.123 9. 88 45.28 -
7.185 - 10.07 ’ c - 45,73
7:732 1.43 49.08
8.285 12.80 52. 66
8.565 13,47 54. 49
9.366 15.29 59.73
10.039 16.63 63. 85
10.704 17.97 68. 20
11.830 20.00 75. 26
1. 867 20, 07 : 75.52
13.212 22, 34 84.14
15.009 25,05 95. 48
15,177 25. 32 96. 67
(i) Research Grade n-Hexane
7.296 0.43 46.40
7.778 _ - 1.64 49. 48
8.594 3.53 54, 63
9.550 ‘ 5. 65 60.93
10.807 8.05 ' 68.78
11 .849 9.93 75.49
13.470 12.56 . 85.78
15.074 14,93 96.02
17.023 ' 17.53 108.40
19.020 19.96 . 121.11
21.115 22.33 134. 67

23.930 25.17 1 52.52

<
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APPENDIX III
Data for Mole Fraction Against Density

Cyclohexane -Benzene

:h:1 Density * VE
0.0 0.87358 0.0
0.1391 0.85460 0.28019
0.2910 0.83602 ' 0.49470
- 0.3847 - 0.82554 0.58193
0.5448 - 0.80946 0.61758
0.7537 ' 0.79144 0.46388
0.8740 0.78249 0.26197
1.0 . 0.77385 ' 0.0
n-Hexane-Cyclohexane
0.00 . 0.77385 . 0.0 v
0.1545 e 0.75196 ' 0.04954
0.2191 0.74325 - 0.06497
0. 3498 0.82640 0.08139
0.5195 0,70607 0.05190
0.6670 : 0.68957 0.00009
0.8070 0.67553 -0,01595
1.0 0.65480 0.00
n-Hex\a.ne-Benzene
0.0 0.87358 0.0
0.0855 0.84762 -0.05535
0.0855 0.84762 2. =0.,02994
0.3086 0.78561 , 0.16009
0.4693 0.74785 0.29309
0. 6267 . 0.71584 0.32230
0.7569 0.69264 0.23636,
0.8642 0.67524 0.12386
1.0 0.65480 0.0

x K. Ridgway 2
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APPENDIX IV

COMPUTER PROGRAM FOR THE
EVALUATION OF THE ANTOINE EQUATION CONSTANTS
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APPENDIX V

COMPUTER PROGRAM FOR THE EVALUATION
OF THE TOTAL VAPOR PRESSURE CORRELATION CONSTAN TS
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APPENDIX VI

- COMPUTER PROGRAM FOR THE EVALUATION OF THE REDLICH-
KISTER CONSTANTS AND THE CALCULATION OF y, y AND P calc BY
' THE INDIRECT METHOD
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APPENDIX VII

COMPUTER PROGRAM FOR THE EVALUATION OF THE VAPOR
COMPOSITION BY THE DIRECT METHOD
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APPENDIX VIII

PHYSICAL PROPERTIES

" Benzene n-Hexane . Cyclohexane
Pc (mm Hg) 36985 22510 30835
Ve (cc/ g mole) 256. 5 367.6 309.6
Tc (°K) 562.7 508.0 554. 2
w ¥ 0.215 0.290 . 0.186
P 0. 3045 0. 2344 0.2718
P s 0.30570 0.23387 0.27327
Mb1? wt 78.108 86.172 84.156
a 6.90565 6.87773 6.84498
b 1211.033 1171.530 1203. 526
[ 220.79 224, 366 222.863
d 25°C 0.87384 0.65490 0.77383
ek L %k
t°C p- (mm Hg) V"~ (ml /g mole)
Benzene n-Hexane Cyclohexane Benzene n-Hexane Cyclohexane
0 26. 358 45. 344 27.858 86.897 127.133 105.989
5 34,865 58.933 36.599 87.370 127.967 106.579
10 45.563 75.744 47.522 87.851 128.820 107.179
15 58.871 96.335 61.032 88. 341 129.691 107.790
20 75.262 121.324 77.579 88,840 130.582 108.413
25 95.258 151.387 97.663 89.348 "131.494 109.048

* NGPSA DATA BOOK 1966, NATURAL GAS PROCESSON SUPPLIER
ASSOCIATION, TULSA , OKLAHOMA, P. 154-156, 74103

L] logP=a-b/(t+c) ’ .
1/3,
Fedeofe VL= Mol wt /([1+ a(l - Tr)+ p (1 - Tr) /3] xpLs)
' . Benzene n-Hexane Cyclohexane

0.73098 + 0.28908 W 0.7931 ~ 0.8148 0.7847
1. 75238 + 0.74293 W 1.9121 1.9678 1.8906

he)
nnu
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SECOND VIRIAL COEFFICIENTS

Pure Components '

Temperature (°C) n-Hexane Cyclohexane Benzene
0 -2451.8 -2165.8 -2046. 3

5 -2316.5 -2043.8 . =1923.2

10 -2194.1 -1934.0 -1813.0

15 -2082.8" '-1834.7 -1713.8

20 -1981.2 -1744.5 -1624.2

25 -1888.1 -1662.3 -1542.9

Binary Mixtures

Temperature (°C) Cyclohexane- n-Hexane- n-Hexane
Benzene Cyclohexane Benzene
0 -2107.6 -2323.0 -2255.0
. 5" -1984.8 -2192.9 -2125.2
10 -1874.6 -2075.5 ' -2008.3
15 -1775.3 -1969.1 -1902.6
20 . -1685.3 -1872.3 -1806. 6

25 -1603-3 -l 78308 -1719'0






