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A CT

Binary end ternary vapor-liquid equilitrium
data were determined at 75°C for the mixture of benzene,
n-heptane and n-propyl slcohol using & modified Glllesple
type of still.

The equilibrium data for the three blnary
and the ternary systems are considered to be thermo-
dynamioally consistent as shown from the consistency
test.

Correlating the data with the Redlioch~Kister
equations for the binary and ternary systems shows that
these equations would represent the data aocuiately over
the entire range of compositions.

The experimental results indicate that two
tinary systems, namely, n-heptsne-n-propyl alcohol and
n-propyl alcohol-benzene form an azeotrope at 75°C, '~ Neve
ertheless no termary azeotrope is found from the experi-

ment.
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I. INTRODUCTION

Ag part of a continuing study of thermodynemic
properties of solutions, vapor-liquid equillibriur dates, X
y—PQT, for the ternary systemn bhenzene-n~heptane~n-propyl
alcohol and the three binaries which constitute the ternary
system were determined at 75°C by means of a modified Gil-
lesple still.,

This system was chosen because of the different
types of hydrocaxrbon compounds 1nvolved; benzene being an
aromatic, n-heptane being a stralght chain saturated paraffin
and n-propyl aslcohol being a polar compound of stralght chain
aliphatic alcohol. Mixtures of paraffins, eromatiocs and
saturated alcohols were expected to show nonideal volatility
cheracteriatics and the equilibrium data for mixtures of
saturated alcohols, paraffins and aromatics are incomplete.
This work was then undertakemn to flll in some of the missing
aronatic-paraffin-aliphatic alcohol data, in order that the
nonideal behavior could be bstter understood and predicted.
The data reported in this investigatlon should be useful in
seeking some means of prediocting multicomponent equilibrium
data from binary equilidbrium deta and extending the equili-
briun data of the multicomponent systems from one baslc con=

| dition to various desired conditions.




For a systematic exploration of the field of
vapor-liquid equilidbrium, isothermal measurements are far
more veluable than isobaric determination (#0). It has
beeﬁ'observed that most of the ternary data for the past
years were determined as isobars and only few ternary
systems (20, 26, 47, 52) as lsotherms, The complete three
binery iscotherms and the ternary isctherm studlied here
enable interpolstion for construction of isothermal ternary
data.

_ Finally, it was intended to correlate three bi-
naries and ternary data with an integrated Glbbs~Puhenm

equation,




II. HISTORICAL DISCUSSION

Evaluation of Vepor-Liguid Equilibrium Dats
The widespread Ainterest which has continued over

many years in the study of vapor-liquid equilibria haes re-
celved its main impetus from the demands of process industry
for information vital to its basic operations. There has
arisen, in addition, a desire for highequality equilibrium
data to be used in the efforts to provide a comprehensive
theory of solutions. 1he varied goals implict in both of
these areas hag engendered a correspondingly large number
of view points, experimental methods and theoretlcal ap~
proaches,

From the engineer®s standpoint an adequate des-
cription of a system would yield the compositions of co-
existing phases over the pressure and temperature ranges
commion to industry at the cost of relatively llttle‘experi-
mentzal investigation and computation. In other words, a
better description would generate such data from the more
cormon and easily measured properties of the pure compo-
nents. The desire for limiting experinmental work to mea-
surements on the pure component is ralsed by the growlng

interest in multlcomponent systems.
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The thermodynamic model of the ideal solution
fulfills these requirements well for a system composed of
1soﬁers and members of homologous series at moderate pres-
sures. There is also 1little doubt for the mixtures which
belong to some of the combined groups suggested by Ewell,
Harrison and Berg (16). I1ts mathematical relationships
are simple. The only experimental data needed are the vapor
pressures of the pure components, one of the first propertles
determined for new compounds, In fast, the only information
necegsary may be the normal boliling point 1f it can be shown
that the compound is a member of one of the many Cox Chart
families.

In the case of systems which cannot be approxi-
mated by the ideal solution, experimental data other than

the vapor pressures of the components must be obtained, The

‘nature of the dats depends on the method used to produce the

equilibrium relationship for the non-ideal system.,

Great and continued efforts have been turned to-
ward the direct determination of the pressures, temperature
and composltions of the equllibrium phases by methods surveyed
in the next section., Once these data have been determlined,

2 correlation of them is desirsble for the applicatlon.

Attempts have been nade in the literature to re-

' late the liguid composition to the liquid activity coefficlent.




The activity coefficlent 1s a factor into which ell the
deviations from the ideal solution behavior can be char-
acterized, It is a function not only of composition, mut
also of temperature and pressure, Any attempt to use it
over any but the smallest variation of these variables
demends that this dependence be defined.

Semi-enpirical equations satisfying the Gibdbse
Luhem equation are used to express the zctivity coefficlents
of the'components in terms of the composition of the so-
Jution, Some of the famous relations include the ¥Margules
(7, 38), ven Laar (7, 49) and Redlich-Kister (41) equations.
These equations will be discussed in detail in the theory
sectlon, '
| Mention must be made of other emplirical rela-
tionships which link the phase compositlons directly with-
out recourse to the activity coefficlent such as those
proposed by Prahl (38) and Hirata (25). .

Anather avenue of approach is that of finding
the compositions of one of the equilibrium phasesz from
properties of the other by calculation. Ljiunglin (32)
and several other workers (2, 9, 39, #6) have worked in
this area wlth success. This method makes unnecessary
the measurement of vepor-phase composition and gives a

"quick, simple way of obtaining vapor-liquid equilibrium




date., The only drawback of this method is that it is
rather ilmpossible to tell whether results are correct
froﬁ the calculation., Consequently, the vapor-liguid
equilibrium data for the purpose of comparison with
that of the calculated value are greatly needed, The
data presented in this thesis were determined from

direct measurements,




EXPERIMENTAL WETHODS OF EQUILIBRIUM DETERMINATION
The methods for the direct determination of

equilibrium data can be clagsified for the most part into
the following groupss

1. Distillation method

2. Static method

3. Dew ond Bubble point method

L, Flow method

5. Circulatlion method.

The oldest method for the dlrect determination
of vapor-liquid equilibrim data is the distillation methed
in which & snall emount of liquid is distille@ off from the
boiling flask which contains e large charge. The method is
very silmple but it has marked disadvantages and generates
loxrge errors (8). Today, this method is no longer used.

In the statlc or bomd method the solution is Qharged
into a closed and evacuated cylinder which is placed in a
constant temperature bath., Once equilidrium is achieved and
pressure determined, samples 'of both phases are withdrawn
for analysis, At low pressures the asmount of vapor required
for analysis ls of the same order as the total amount of the
vapor phase in thé equilidrium bomdb, so that removal of &
semple causes & marked disturbsnce of the equilibrium. For

~this_reason the static metheod is not used at low or moderate




pressures. On the other hand, at high pressures, particu-
larly if the temperature is in the vieinlty of the critical
point of one of the constituents, thls method is more prac-
tical and gives more precige results then the other more
complicated experimental apparatus and is frequently used
(50).

A nmesthod employlng‘apparatus sinmilar to the statlc
method, but omitting the analyses, 1s the dew-bubble point
method. A solution of known compeosition is introduced into
en evacuated chamber located in a constant temperature dath.
The pressure is varied in order to totally vaporize or li=-
quefy the enclosed material. The pressure at which the final
drop or bubble remains at the end of these processes 1s noted
and from such data the saturation curves of the two phases
at constant femperature can be drawn against composition.

The compositions indicated at the same pressure are the equl-
1ibrium compositions, This method has been used for a long
time for the study of the phase behavior of hydrocarbons,
particularly those of lower molecular welght, which are gases
or low boiling ligquids at normal conditions (&4, 45),

The flow method is used for measuring equilidrium
data in systems of limited misecibllity in the liquid phase.
In this method, one feeds to the equilibrium chamber a steady




stream of constant composition which can be elther in
the liquid or in the vapor phase or a combination of the
two (11)., After the temperatures and in fact the whole
operation of the still become steady, samples of both
phases are withdrawn for analysis.

The most widely used method of modern times 1s
that employing the circulatory still, It 1ls convenlent to
use both in the reglon of medium and low pressures. In
this equipment the phases are recirculated into and out of .
contact with each other. In the meanwhile they are stored
in areas from which samples may be withdrawn for analysis.
Both phases or the vapor phase slone may be recirculated.

The number and variety of circulatbry stllls is
very great, Four of the most prominent stills sre those
of Othmer (37), Gillespie (18), Jones, Schoenborn and
Colbturn (29) and Ellis (15).

The Othmer still recirculates only the vapor
phase which 18 produced by normel boiling in an insulated
still pot. It is removed, condensed and the ovexrflow
from the condensate storage chember is returned to the
pot. An lmmersion heater is used to provide turbulent
nixing and bolllﬂs\wlthout bumping.

The Jones still cperates ln a simllar menner,

It only ciroculates the vepor phase, tut the overflow con-
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densate is vaporized outside the still pot before it is
recontacted with the liquid phase contained thereln., The
heat inputs must be carefully sdjusted in this sppvaratus
to prevent the accumulation of one phase snd depletion of
the other,

The family of Gillesplile stllls uses the action
of a Cottrell pump to recirculate both of the phases.
Equilibrium is assumed to have been achieved as the cone
tacted phages separate after leaving the upper end of the
Cotirell pump which may be altered to faclilitate phsase
contact, Temperature and pressure are measured at this
point, The overflow condensate may or nay nop be vaporized
before being returned to the base of the Cottrell pump and
contacted with the liquid,

The Ellis still uses a gless splral of several
turns which functions a8 the Cottrell pump to recirculate
both of the phases., The mlxture distilled off from the
special bolling flask flows through the glass spiral and
spurts on the thermometer well, Equilibrium is assumed to
have been obtailned as the contacted phases separate after
leaving the glass'spiral. The overflow condensate may or
may not be vaporlized before beilng returned to the flask
and contacted with the liquid.

There has long been dispute over the relative
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merits of the various types of stills. It arises both
from theoretical considerations and the inconslstencles
of the reported data, Summaries and discussion of then

¥ ere given by Hala et al., (21), Fowler (17) and Gillespie
(18).
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III. ZTHEORY

Evaluation of ILiguid Phage Activity Coefficient
Vapor ilquid equilibrium date nay be critically

evalusted and reesdlly extended by the use of activity co-
efficlents, Since the activity ccefflclent 1s related to
composition and is a precisely defined thermodynamic function,
ita calculation and correlation 1s desirable.

By definition,

&Y .
or filqul Xy (f1°)1

where (1) and (v) denote the ligquid and vapor phases res-
pectively, and
fy = fugeclty of component 1 in the solution
: f1°a fugacity of pure component 1 at the tem-
perature and pressure of the solution
yl.z ectivity coefficlent,
As a regsult of the criteris of equilibrium

vt = (55 =T 3y (2,27 (2)

or ’Yi L Qe /Y1 - J— M
| | x (£,°)7 xy (£,%)/p

or 1n,¥11 = 1In yy/x + 1n¢£vﬁp11+ ln'Yi'v




-13 =

where P,V = fugacity coefficient of component i in the
vapor phase
?11 = fugacity coefficlilent of component 1 in the
liquld phase
P = pressure of the system,
At moderate pressures, where the virlal equation truncated
to just two terms ls essentially valid (3), fugacity coef-
ficient for the wvapor phase 1s squal to

Basy P
ln‘Piv e 31
RT

where By4 = second virial coefficient of component i

(3)

R = gas constant

T = absolute temperature.
The 1iquid-phase 1n P, must be calculated in two parts. At
temperature T and st the vapor pressure of pure component i,
the fugaclty coefficlent for the 1liquid phase is equal to the
fugacity coefficlient of the vapor phase and is therefore given
by the same equation:

Byy py
RT

In P,° = (32)

wheTre Dy is the vapor pressure of pure component i. Now the
change in ln\Pil in going from the vapor pressure py to the
total pressure P 18 given by

A




0-138,‘-

P .
1 RT
| 7yt - =) aP. (3b)
RT P
Py
Since the volumes of liquids are insensitlve to small changes
in pressure, Vil may be taken as constant in the integral,

giving
1

B v P
LA “’pi-l' im(P-pi)-lni;... (3¢)

in
&! R T R

Combining the equations for In ¥’ and lntpll, we have

v 1
(Byy = V4~) (P = py) P
in %1 = P2l e (30)

Substitution of Equation 34 in Equation 2 gives

1

P -P)(V, -B
1034711 = log b + Py ) Ny 11) +
X Py 2,303 B T
1og ¥y (&)

If the vapor phace is assumed to be an 1deal solution, then

v
X4 =1 end the last term of Equation %4 is zero. Thus Equation

& veconmes
. §s P Z |
vy =t (5)%
Xy, Py
where Zy is defined as
1
. (pg = P) (V4 ~ Bgy)
Z4 = ©Xp i : 34 . (52)

BT




The value of the second virlal coefficlent
of the pure component, Bsq, can be calculated relatively
easily, if the eritical pressure and temperature of the
conponent are known. This may be done elther from the
generalized diagren or from the generallzed equations such
as given by Keyes et al. (30) and Black {(4).

* It 1s assumed that 7, '=1, therefore, the superscript 1

of 4,4t

ficlent of component i In the liquid phase.

will be omitted and ¥y represents the activity coef-




A number of integrated formg of the Gibbs~
Duhem equation are avallable for correlating activity
coefficients for a binary systemn, They wlll be discussed

belows

li. Yan Lasr Equations. They were flrst derived

by ven Lasr (49) and rearranged by Carlson and Colburn (7).

log ¥y = A (6)
2
i+ L x1)
B

log Yo = (7)

vhere A and B, constents of the van Laar equations, have
the property of belng egqual to the terminal values of
log of the two curves,

2, Margules Equations. The Margules equations
were originally proﬁosed by Hargules (34) and modified
by Carlson and Colburm (7).

log ¥4 = (2B-A) x,2 + 2 (A-B) x3 (8)

log v, = (2A~B) 112 + 2 (BeA) x13 {9)
where A and B are oconstants of the Margules equstions,
The Margules equations become identical with those of
5an~Laar when A is equal to B8 and they are expressed by
the following equations:




log/¥q4 = A x22 (10)
logyy = A %42 (11}

3. Redlich-Kister FEguations. The Redlich-Klster

equations arec the most commonly used equations for relating
Jiquild activity coefficients with the liquid compositions.
The authors (41) started from the molar excess free energys
specially from tbe *Q function®, which 1s related to the
rnolar excess Tree energy by the following simple relation:

E
- B¢ (12)
2,303 BT
For a binary system Q@ 18 equal to
Q = ¥xX log ¥y + X3 108 7o (13)

where x; and x, denote the mole fractions and ¥4 and ¥,
the'acttvity coefficlents. The usual convention ¥4=1 for
x4=1 and ¥Y,=1 for x,=1 is adopted. The function Q is Zexo
for a perfect solution at emy concentration. It is eals=o
zero for eny solution at the end points xy=1 and x,=1.
Redlich and Kilster proposed that the Q function be repre-~
sented by an appropriste power series of the liquid con-

position, the expansion:

@ = le:Bla * Cyp (33 = Fp) +
D12 (xi _12)2 + *° -oco] (11&)
(at T,P)




where the constemts By.y Cyoy Dys .. depend on the tem-
perature only.

Differentiating Equation 13 with respect to x3,
d .

L.e. 2 = 2o 112 (15)

dxq

the degree of this function is one unit lower than Q as well

as the function. The individual asctivity coefflicients are

therefore given conveniently by the thermodynamic relation

log ¥4 = Q + xp aQ (16)
axg
1 - x, 82 1
08 Yo = Q 1 &I ° (17)
g0 that

2 .
Z [312 + Cyp (3% = %) +

DIZ (11 - 22) (511 - 32) o QOGO] (18)

log 1 = x? [Piz + C15 (X3 = 3xp) +
D1z (xg - Tp) (X3 - Sxp) + -'~'] (19)

Iz most application, the quentity

log Yi/¥p = 4Q/dxy = Byo (xp ~%) +

Ciz (633X = 1) + Byp (X3 =~ )
(1 = 8x4x,) # »ooe

(20)
ir nged. I

It nresente the advantage thet lts order with
respect to the mole fraotlon is lower than that of @,
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log Y4 and 10g Yae

The selection of the proper sufflix equation
depends on the molecular complexdty of the system and
the precision of the experimental data. It should be
mnentioned that the Redlich-Kister equations do not have
to be limited to the three constants as shown in Equa-
tions 18 and 19, In general, this series furnishes for
each case the most convenlent representation. According
to Bedllch, Hister and Turnquist (42), only the first
term is requlired for a neari& porfect solution; for solu-
tion ceontaining an assoclated component such as alcohol
and acld the third term is necessary; however, only very
accurate mezssurcments for an extremely imperfect solution
require four terms, This is further supported by Ho, Boshko
end Iu (28) that three-constant Hedlich-Eister equetions
such as Equations 18 and 19 are adequate for representing
liqulid activity coefficlents for most systems.

It nmay be readlily shown that the Marsules equa-
tions (Equations 8 and 9) are one of the typical forms of
the Redlich-Kister equatlions. In comparison with the flex-
ibility of the Redllich-Kister equation, the ven Laar equation
is much more cumbersome for solutions which can be repre-
sented by means of Equations 18 and 19 with one or tmo terass
and 1t is always entirely insufficient for solutions which

require three or four terms,




The llqnld activity coefficlent for multicomponent
system may be expressed by the expsnsion of Redlich-Kister
power series (41) without difficulty. For a ternary system
the function @ cen be expressed as follows:

Q123 = X logyy + X, log ¥, + x4 log Y (21)
or in the form of
0Q123 29123

0%y 0 Xy .
The following threc sgquations may also be obtainad conven-~

108'1"3/’“ (22)

lently.
d Q12 2 Q2
xp 22123 4 x, 2%23) (23)
RN
' d Q2 3 Yo
log ¥, = Qqpq + 5323 - (x bxz +
) Q Q
xp L1235, 0 2123 e
) Xp d X5
d Q123 0 Q23
ey = Qa3+ —pE - (m o
23123, 5, 2U23 (25)

3%z 2 x5
The function, Q123, can be represented as the
sum of the Equation 14 for all binary systems involved




plus terms for the interaction of diffsrent wolecules. These
latter terms are to be determined by measurements on the
ternary system, The Q funotion, for the ternary system, is

expressed as followss
Q123 = Qiq + Qegy + Q31 *+ X1X2Xj [
C123 + D3 (xg-xp) + D1 (xp~x3) +

Dp (x5-x1) + :I (26)
where Qp,, Qp3 and Qg are evaluated from the mole fractions,
X439 Xp and xa.of'the texrnary systenm.

Formulation of individual activity coeffieclents of
the termary system ls obtalned by differemtiation of Equation
26,

log 74 = Bypxp (1—x1).+ Cy5Xp (221-12-2x1242x112)

+ Dy pXo{3%g %=3%y F46xq 2 Xo=UXq Xom3Xy X2
+x22)
- Bz3xzx3 - 2023x213(12-13) - 3D23
(12-13)2

+ BgyXa(1-xq) + 031x3(x3-211x3+2x12-2x1)
+ D31xa(x3z+6x1213-#z1x3~312132+3x12

-3113)
Cqp3xpxg(1-2x1)

DaXp%s( X3=2%1=3%) X5+3%, %)

o+~

+ Dy XoX4(Xn=X9=3%y X431 X5)

&

* D32233(2x1~xg-3x12*331xz) (27)




iog Yo =

log Yg =

o+ o+ O+ o+
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-l Py 2. - - = 2t
Bypxg{i-xp) 4+ C1ox1 (X1=2Xp=-ZxgX+2X, )

+ Dgoxq (xi2-4x1x2+3x22-3x12x2+6x1x22
-3123)

+ ,823:3 (1-12) K2 02323 (212—23—23(22*21213)

+

D2313 (x32+3x23-bx213-3x23+6x22x3-312x3)
= Ba1¥yXy - 251%1%3 (x3-3)

- 3D31x1x3 (xa-x1) * 6123x1x3 (1-2x5)

+ Dyxyxq (212~=3-3!22*3x213)

* 9211x3 (13-x1*3x122-3x2x3)

+ Daxgxq (x1-2x2-3x112+3122) {28)

=~ ByoXqXp = 2C1oX1Xs (X3-X5)

- 3Dyo%1Xo (xl-xz)z + BagXp (1-x4)

+ Cpq%p (32-2x3-232x3*2132)

+ DpsXp (222~4x2z3*3x32+3x22x3+612x32
-3x4°) |

Bygxy (1-x3) + Cqyxy (2x3-x1=2x5%42x1x5)

Dagxy (x12+3132-4x113-3133#611132—3x12x3)

C125%X1%p (1-2%3)

Dyx1x» (12-2x3-3x213+3x32)

Doxyxs (~11+Zx3~3132+3x1x3)

DgxyXp (Xg=Xom3X1Xy+3X5X4) (29)
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THERMODYNAMIC CONSTSTENCY TEST OF THE EXPERIMENTAL DATA

——— v ey

1., Consistenscy of the Binary Isothermal Data
Various thermodynamic relations furnish oppor-

tunities to check available experimental data. These tests
are particularly valuable because they often reveal system-
atic errors in sets of data which can be represented by
smooth curves, Conslstency of binary isothermal data may
be tested by the method recommended by Lu, Spinner and Ho
{33) and that of Bedlich and Kister (4i)., Iu et al. (33)
proposed that consistency of the data can be tested by the
visual methods by using the Gibbs-Duhenm eqnatiqn on a logy
ve. X plot at strategic liquid compositions of 0.00, 0.25,
0.50, 0.75 and 1.00 mole fractions. Furthermore, this method
has been extended to test the thermodynamic consiétency of
equilibrium data y-x-P-T directly (33).

Redlich and Kister (41) developed a simple and
general test obtained by integration of Equation 15, E&ince
Q is zero for both xq=0 end x;=1, they proposed that the
relationship -

1
5’0 log (¥1/¥5) dxy = O (30)

be satisfled for consistent data. In other words, if
log (Y4/¥,) is plotted against xy from xy=0 to xX4=1, the




&

nat

——— e n wedn v

rea of the curve iz squal to zero, The area condision
1s stricet only at constant temperature. Prectically it can
be applied also to data obtained in a moderately small boil-

ing interval.

2, Congistency of the Ternary Isothermal Data
Graphical integration methods of teasting tewnary

isothermal vepor-liquid equilibrium data for conegistency
have been proposed by Herington (23, 24). Before graphical
integration can be carried out, experimental data are needed
elther on lines of constant mole ratio of two or constant
mole fraction of one of the components. Such experimental
data are not usually avallable and thus existing results
must be interpolated to provide values on the chosen lines.
This method requires a large number of experimental results
and the necessity for interpolation is a major disadvantage.
Ii and Iu (31) proposed a consistency test suite
able for ternary isothermal data which involves numerical
1ntegratioh around selected loops of experimental points,
This test does not require that the data should lie in any
specified part of the composition range or that the whole
range should be cdvgred. Ne data-fitting procedure is in-
volved in this propésed method, therefore, the uncertainty
as to whether deviations are due to the experimental errors
or to.the inadequacy of the employed equation can be avoided.
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The authors have suggeated the foliowing equation for ine
tegration

(b b
Qp = Qg = ) log Yq dzqy + 103‘Y2 dxo +
a a

S: log 4 434 (at T, P) (31)
where a and b are any two points on the some curve, A
direct method would be integrating each of the integrals
graphically, This can be done by plotting log 4y ageinst
4T logfyz against xp, and 1os,y3 against X3e The evaluntion
of the integrals of Equation 31 mey also be carried out by
means of & numerical lntegration, .This method has the ad-
vantage that it can be appllied to almost any cet of data
without using any graphical procedure provided that the ex-
verimental points are reasonably spaced. Loops chosen may
be elthexr open or closed, 1i.e., the first and last points

in the loops may or may not coinclde. Lxperimental data
over the entire concentration range may be conveniently di-
vided into several emall sets and the thermodynamic consist-~
ency cen be tested on each of them., 1In doing so the lezs
rellable reglon may be easlly spotted. If one of the ex~
perimental points is much in error in a set of data, it ney

be singled out by successively including points, one by one,




L8

in a get,

Recently McDermott and Ellls {35) have proposed
e consistency test that enables the terary experimental
results to be examined in pairs., The authors have suggested
the isothermal-isobaric Gidbbs-Duhem equation in the form

N

2 x4 (log 4y) =0 (32)

1=1
for integration which is carried out directly round e loop
of points a, b, ¢, *e*e ¥y, Z, The evaluation of the integrals
of Equation 32 accomplished by means of trapezoidal rule

glves

N
Xy X
121[ ""‘2 15 (1og ¥4y = 108 144) +
=
x1b+xlc
2

(108/Y1c - log ’Yib) * oo +

xi y'!‘xi z
2

where N 1s the number of componentsg in the nixture. The

(los'le-los'Yiy)] = 0 (33)

Aindividual terms in Equation 33 glve a direct comparison
of each point with 1its nelghbour. The form of Equation 33
thus offers a basls for the two-point consistency test. A
Inowledge of each term in Equation 33 quickly indiocates the
conslstency, of any point in the loop, as each term is the
deviation of the palr of poilnte with which it is concerned.

Should a particular point be common to several palrs and if




it glves large deviatlong, then., it may be concluded that

this point is inconsistent.
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IV. EXPERIMENTAL DETAIIS

Materlials and Proverties
The benzene and n~heptane used in the experimental

work were spectro quallty reagents obtained from the Matheson
Colemn and Bell Co. and had a purity of 99+molef. They were
uged without further purification. The n-propyl alecohol
obtained from Matheson Colemn and Bell Co. with a bolling
point range of 96-98 degrees was fractionated in an adiaba-
tlcally operated packed column (25 mm. in dismeter and packed
to a depth of 90 mm, with 3/16 inch dlameter Pyrex brand glass
hellces) at a reflex ratio of 50 to 1. The distillation was
carried out in an entirely closed systen, Onlf the middle
portion of the constant bolling distillate was collected and
used in thls study for making up the solutions. A chroma-
tographlic analysls was performed using a Perkin~-Elmer model
154~D vapor fractometer with e column of Calbotwax 1500 on
Teffon. At the highest sensitivity only trace amounts of
impuritiss were observed in thesze compounds respectively,
This indlcated the purity of the chemicals.

Formal bolling pointe of the pure components were
measured with a Swiétoslawsk two-stage etulliometer, Densities
were determined wlth a callbrated 10-m) pycnometer. Refractive

indices measurements were made on a Beusch and Lomd precision




|

refractometer. The physical properties of the chemicals

are listed in Table 1.
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Apparatus

l. Equilibrium Still The eiroculation method was
used -to obtain the equilidbrium date. The equilidbrium still
employed in the equllibrium determination was the modified
Glllespie type. In addltion to the modifications suggested
by Fowler and Norris (17), further modifications were
necessary to improve the cperation of the still, Figure 1
shows the general schematic diagram for the equilibrium
still used for this study. The following Aimprovements were
made in the still employed in this investigation.

(a). A vacuum-sealed double jacket glamss thermowell
was used for the thermocouple Jjuncticn to obtaln better tenm-
perature measurement, |

{(b). A double-jacket tube was used in the re-
ceiver instead of simple tubing for better mixing of liquid
and vapor condensgate,.

(¢}, The internal heater in the boller was
placed at the bottom instead of on the top to avoid for-
mation of alr tubbles around the opening and elininate any
pesslible leakage of liquild.,

(d)., Teflon plug~valves were used instead of
glase stopcocks for permitting the eliminetion of all stop-
cock grease and any possible cohtaminatlon.

The still was made of pyrex gless. The boiler was




e

heated both exterrally and internally with electric neating
elements controlled by powerstats respectively. The Cottrell
pump end the equillibrium chember were insulated with asbestos
end raw eilk.

2, Accessory Bquipment with Still The accessories
were classified into two main parts, namely, temperature and
pressure measurements,

The temperature was measured by means of a lLeeds
and Northrup K-3 potentiometer with a SRI Tinsley galvano-
meter using a copper constantan thermocouple. For lsothermal
operations, the desired temperature of 75°C was obtained and
regulated by a Cartesian manostat of Type 7A (19) incurporated
with a vacuum pump and 2 surge reservolr. The pressure of the
system was read dlrectly from a mercury manometer.

3. Equipment for Quantitative Analysis of Sample
The equipment employed in this investigation for quantitative

analysis of the samples were a refractometer and a vapor
fractometer.

{a). Refractometer A Bausch and Lonb Abbe-=3L pre-
cizion refractometeor and a sodium lamp were used to determine
the refractive indices of the mixtures when refractive lndex
vas used to analyze unknown composition mixtures., Prism ten-
perature was controlled at 25 ¥ 0.02°¢c by circulating water

which was regulated by constent temperature device.
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{vi. Vapor Fractometer The vapor fractometer
employed in this work was a Perkin-Elmer model 154-D wvapor
fractometer, A Hamilton 10-microliter syringe with cemented
needle was used for injection of samples, The results of
the snalysis of the samples were recorded by a Philips type
PR2216/21 Automatic Compensator. An automatic integrator

was employed to evaluate the peak areas.
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Figure 1. Scheﬁatic diagram of the modified Gillespile
equilibrium still
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PROCEDURE

1, Test of the Eguilibrium Still The equilibrium
still was used previously to obtaln y-x-P-T data on the fole-

lowing three systems: (a)., n-hexane-ethanol-benzene at 55°C
and 760 mm. Hge., (D). ethanol-cyclohexene at 1 atm, and (¢).
ethanol-benzene~-cyclohexene at 1 atm. (27, 12). Before this
study, series o runs wexe performed with the still on the
system of benzene-n-heptane at 80°C and 760 mm. Hg. The
results obtained agreed very well with those reported by
Brown (3) and Myers (36). This confirmed the consistency of
the experimental results over wlde ranges of charge volumes

and boll-up rates through the use of the egquilibrium still,

2, Binayy System of Benzene-n-Heptane and Benzene

=n-Proonyl Alcochol
{(a). Preparation of binary liquid mixtures: In

order to obtain & reasonable composition range of vapor-liquid
equlilibrium data with reduced experimental runs for é systen,
predetermined composltions were desired before starting each
run. The procedure was carried out dy adding a known amount
of one component to anothex,

{b). Determination of vapor-liquid equilibrium
data: The prepared solutions were charged to the still be-
fore starting the experiment. The reboliler, 1igquid samnle

—— 0 ———

chamber and vapor condensate chamber were charged with solution




N

to the apprepriate level, The total volume of the solution
wag about 285 ml. Mention must be made that the heater in
the feboller should always be fully immersed into the liquid
before starting heating.

For isothermal operation, the deslred temperature
was controlled at 75 * 0,1°C by adjusting the total pressure
of the still. A schematic diagraﬁ of the pressure control
system, whioh conslists of a cold trap, & surge tank and a
Cartesian manostat connected in series, 1s shown in Figure
2. The col& trap was connected to the vapor condenser
whioch, in turn, was connected to the equilibrium still, A
temperature~compensated mercury manometer, installed be-
tween the cold trap and the surge tank through a three-way
Joint, was used to measure the pressura in the system, A
vacuum pump was attached to the upper arm of the Carteslan
manostat for the purpose of manipulating the pressure of
the systcm.

Temperature was measured by means of a copper
conegtantan thermocouple in ccnjunction with & Leeds and
Northrup K-3 potentliometer. The thermocouple was calitxrated
in a stirred coil bath by comparison with & standard platinum
resistance thermometer. The cold Jjunction of the thermocouple

was imersed into an ice-~water bath in a Dewar flask. The
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uncertainty of the calibration was 0,02°C, The calibration
curve is shomm in Figure 19 and listed in Teble 6. When

the apparatus was in operation, the thermocouple was inserted
into the themmowell of the equilibrium chamber, A few drops
of Silicone 704 of Dow Corming Silicones Ltd, was added into
the thermowell to provide a good contact for the bead of the
thermocouple.

The still was gllowed to operate for two and haelf
hours for each rTun to emsure the attairment of equillibrium.
Temperature and pressure were noted before samples were withe
dratm for analysis. Prior to sampling, several milliliters
of sample were taken to flush the lines. Sample receivers
were placed in ice bath to minlmizé evaporation losses during
sampling.

(c). Analysis of mixturess In a case where a
sufficlent difference in the refrasctive index of the two com~
ponents existed, angslysis of the mixtures was made with en
Abbe refractometer., The difference in refractive index be-
tween benzene and n-heptane at 25°C is 0.1127 and between
n-propyl alcohol and benzene is 0.1147, conseguently, the
couposition of the above two binary mixtures can be measured
to better then ¥ 0,1%, However, the refractive index differ-
ence at 25°C between n~heptane and n-propyl alcchol is 0.0017,




- 37 -

the sensitivity of determining the composition of this
system 1s much reduced, Therefere, the refractive index
method.was employed in this study to anelyze binary systems
of benzene-n-heptane and n-propyl aleohol-~benzene, The
gas chromatograph nethod was used to enalyze the binary
system of n-heptane-n-propyl alcohol and ternary system of
benzene-n~hep tane-n~propyl alcohol,

Anelyzing instruments must be calibrated prior
to the determination of the composition of the mixture.
Calibration of the Bausch and Lomb Abbe~3L precision re-
fractometer for the refractive indexbcomposition of the
systems under studied was carried out by observation of the
refractive indices of a mixture of knowm composition. The
Inown composition of the mixture was determined analyticalily
by welghing components individually with an analytical
balance, Table 7 indicates the composition-refractlvq in-
dices of the calibration and Figure 20 is the calibration
plot for the system of benzene-n-heptane. Table 8 shows
the composition-refractive indices of the calibration and
Figure 21 is the calibration plot for the sgystem of n-propyl

alcohol-benzene,

3. Ternery System and the Binery System of n-
Deptane-n-Propyl Alcohoi
' (a). Preparation of binary and ternary liquid

mixtures: The rlanning of the experiment and the method
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for preparing solutions for the binary system of n-heptane
~n-propyl alcohol were exactly the same ags that described
previcusly for the other two binaries, For the ternary
system, a procedure simllaer to that of Severns et al. (47)
was followed for the purpose of reducing appreciably the
nunbexr of experimental determinations, It should be men-
tioned, however, that the coneentrétion range covered in
this investigation wars greater than that proposed by Sevemns
et al., In order to precisely obtain the desired concen-
tration, ternary nixtures were prepared by adding Imown
amounts of one component to known mixtures of the other
two components.

(b). Anelytical method:  Samples of the binary
system of n-heptane-n-propyl alcohol end the ternary system,
obtained by using the same apparstus and experimental tech-
nique as described before, were analyzed by means of a gas
chromatogrephy. |

The instrunent used for the technigue of gas
chromatograph was a Perkin-Elmer vapor fractometer, Cali-
brations and the determination of unknown compositions of
the samples were carried out using two 4-meter, 1/4 inch
W columns packed with Celbotwax 1500 on teffon in series
and helium asg the earrier gms. The vapor fractometer was
operated at 10490, column pressure of 27 psig. and a bridge
voltage of 8 volts. Under these conditions and a helium
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flow rate of 72.9 c.c. per minute, an analysis of a ternary
sample would be completed in approximately 23 minutes. The
peaks'were well spaced and completely separated. Operating
conditions for the gas chromatographlic analysls are listed
in Table 11, The retention times for the three components
in the column were in the followlng order: n-heptane, benzene
and n-propyl alcochol. The peak area of each component was
recorded and measured by an automatic integrator.

Numerous known samples of the binary system of
n-heptane-n-propyl alcohol and the ternary system were used
for calibration purposes. Curves which were similar to that
obtained by Despande and Lu (13) were drawn on & (xi/xj)
mole fraction vs. (xllxj) peak area plot for the components
in the binary and ternary mixtures. Table 9 and Flgure 22
show the calibration of the bilnary system of n-heptane-n-
propyl alcohol. Table 10 and Figures 23, 24 and 25 show
the calibration of the ternary system. |

It is found in this investigetion that the equa-
tion suggested by Wagner and Weber (51) as follows

(Xiij)fgole fraction .
(x3/%3) pesk area

KiJ

is only velid over a limited concentration range. This can

be shown from Figures 22 to 25.
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From the experimontal measurements, the average
deviation obtained in the calldbration is }.0.5 molef and
the error in the reported equilibrium composition is of
the same order, At = peek ares of one component is in
much large than others, an uncertainty of asg much as §
molef in composition is possible. This shows why the
experimental determination of the relisble terminal vapor-
liquid equilibrium date is diffieult.
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| Summarized data for binary systems of benzene-
n-heptane, n-heptane-n-propyl alcohol and n-propyl alcohol
~benzene are given in Tablee 2, 3 end 4 and Figures 3 to
1%, The ternary dats are summarized in Table 5 and plotted

on triangular diagrams as shown in Figures 15, 16, 17 and
18.
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‘Figure 3..Binary x-y curve for the penzene(1)-
n-heptane(2) system at 75°C
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Figure L, Total pressure vs, composition diagram for the
benzene(1l)-n-heptane(2) system at 75°C
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Flg;ure 5. Activity coefficlents vs. composition
diagram for the benzene(l)-n-heptane(2)
system at 75 C .
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Figure 6. log Y1/Y2 Vs. composition diagram for the

benzene(1l)-n-heptane(2) system at 75°C
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Figure 7. Binary x-y plot for the n-heptane(2)-n-
propyl alcohol(3) system at 75°C
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Figure 8. Total pressure Vs, composition diagram for
““the n-heptang(z)-n-propyl alcohol(3)
system at 75 C ‘
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T=75°C

o4 06 08 10
-3

Figure 9. Activity coefficlients vs, compositlon
diagram for the n-heptane(2)-n-propyl

alcohol(3)

»

system at 75°C
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Figure 10..1og Y%/ya vs., composition diagram for the

n-heptané(2)-n-propyl alcohol(3) system
at 75°C_
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T=75°C

X

11. Binary x-y curve for the n—gropyl alcohol

Figure
(3)-benzene(1) system at 75°C
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Figure 12. Total pressure vs. composltlon diagram for the
n-propyl alcohol(3)-benzene(l) system at
75°C
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T=75°C
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Figure 13. Activity coefficlents vs. compositlion
diagram for the n-propyl alcohol(3)-
benzene(l) system at 75°C
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Figure 14. log 73/71 vs. composition diagram for the

n-propyl alcohol(3)-benzene(l) system

at 75°¢C
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In thlis investigation, Redlich-Kister equations
(41) were applied to correlate the vapor-liquid equilibrium
data of the termary and also the three binarles,

Redlich-Kister's free energy functlon for the

ternary system is represented by the following equation:

Qi2q = Q12 + Q23 + Q31 4+ XXX C123 4
3 3

D3 (11-22) L Dl (12-33) L

|

Dp (Xg=Xq1) # *oo° J (3%)
where Q123 = Xy log ¥y + Xp log ¥, + X3 log 45. (35)

In Equations 34 and 35, x4, Xp and x4 are experimentally
determined ternary liquid mole fractions and log /4, log ¥o
and log 73 are thelr corresponding liquid phase activity
coefficlents. Qq2, Qp5 8nd Q31 are the excess free energles

of the binary systems and can be evaluated as follows:
21
Q12 = X1X2 [812 + C1p (x1=-%p) + D1z (xy=x,)“|(36)

Q23 = IZXB [823 + 923 (12-3(3) 4+ D23 (XQ—XB)Z‘ (37)

1
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The Redlich-Kister constants for the binary
gystems are determined from the characteristic points on
the 103'71/43 vs. %3 plot as suggested by Redlich and
Kister {(41) in the system of components i and j. Values
of those characteristic points are listed in Table 15,
The values of these constants, Byp, Cy2 and Dys for the
system of benzene(l)-n~-heptane(2), B23,.023 and Dpq for
the n-heptane(2)-n-propyl alcohol(3) system and Bsy, Cqg
end D31 for the system of n-propyl alcohol(3)=-benzene(l),
arc listed in Table 16,

Rearranging Equation 34, Equation 39 is obtalned

as follows:
C123 4+ DB (21-12) > D1 (Xz’XB) + Dz (IB—XI) =
(Q123-Q12~C23~Q31}/X1 XpX5 (39)

Employing the least squares fitting, sixty two sets
reliable exverimental values were used in determining the
constants in Equation 39, The consteants thus determined are

as follows:
D1 = —2.?358
Dz = -2,2500

Dqg = -2, 5950




The reliabilitvy
calculating the
for the ternary

values as showmn

of ths tarnary constants was checked by
term Qip3 « The calculated Q4 Values

system are compared with the experimental

in Table 13.
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1. The vapor pressure date for pure components

; at 75°C were calculated from the Antoine equation

B
C+ ¢

logp = A= .
For benzene, n-heptane and n-propyl alcohol, these constants
were taken from literature (1, 14 ). The second virial co=-
efficient for n-propyl alcohol was caloulated from the equation
of Keyes, Smith and Gerry (30) using the critlcal constants
Te=536.9°K and Pg=50.15 atn, (48) and those for benzene and
n-heptane were obtained from interpolating the available 1lit-
erature values given by Brown (5). 'The liquid molar volunmes
of benzene, n-heptane and n-propyl alcohol were taken fironm
Mmmermans (48). Both the second virisl coefficients and
1iquid molar volumes used for this study ere listed in Table
14,

2. Reliabllity of the experimental results,

(a)., For the system of benzene(l)-n-heptane(2), the
net area of the log Y1/¥» vs. X3 plot is 0,000015 at 75°C.
The binary Redlich-Kister constants evaluated from the plot
it the experimental deta reasonably well as illustrated in
Figure 6. It is therefore believed that the experimental data

are consistent,
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{b). For the system of n-heptane(2)-n-propyl
alcoholﬁs), the net area of the log 42/43 v8. Xz plet is
0.00125, The Redlich-Kister constants fit the experimental
data adequately as Andicated in Flgure 10. EHence, it may
be concluded that the experimental data are thermodynaml-
cally oonsistent.

(c). For the system of n-propyl alcohol(3)-
benzene{l), the net area of the log ya/yl vs. X3 diagram
is 0,001675. 'The binary Redlich-Kister constants of this
system also f£it the experimental data properly as showm in
Figure 14, Thus, it is claimed that the data are consistent.

(d). For the termary system, the consistency of
the date was checked by the method of Li and Lu (31) and
that of McDermott and Ellls (35). Ll and Iu's method was
used to test the consistency of a set of data, while the
method of McPDermott and Ellils was employed to check the con-
sigtency of a8 single experimental point, If one set of data
proved by Ii and Iu's method (31) was much in error, points
in this set would dbe exaﬁined one by one by the method of
MeDermott end Ellisg (35), and therefore the inconsistent one
could be singled out, The total deviation (31) for runs 23,
15, 19, 6, 3, 10, 9 and 12 was observed to be 22%. From the
consistency test suggssted by MeDermott and Ellis (35), T™uns

15, 19 and 9 were considered to be inconsistent. Consegquently,
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these points were excluded when the conslstency test methoed
prOposeg by Li and Lu wagz employed, The deviation was then
decreased to 0.27% from 22%. TFollowing this procedure, it
maey be stated that runs 1, 9, 15,16, 19, 20, 26, 27, 38, 56,
59, 64, 69, 74, 75, 76 and 78 are considered to be less re-
liable as indicated by the test (35). |

The results of the consistency test are summerized
and shown in Figure 26. It appears that most of the data
determined for the ternary system are consistent. However,
the data in the region of very high concentration of any
component are less congistent. The fact is that the uncer-
tainty of the analytical techmique increases when one com=
ponent 1s in nuch high concentration then others. This shous
why the experimental determination of terminal activity co-
efficients 1s difficult. In conclusion, the data at 75°C
are considered to be consistent.

3. Azeotrope determination

(a). To determine the conditions for azeotrope
formation for the system of benzene-n-heptane, P-x and x-y
disgrame were drawn. No azeotrope was found in this system
as shown in Figures 3 and 4., Previously, Brown and Ewald
(6) suggested that an azeotrope might be found at a high
benzene concentration st a tempersture below 38°C. The

result of thie investigntion seems to confirm thelr sugges-
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tion.

{b). For the system n-heptane(2)-n-propyl alcohol
(3), the P-x diegram is rather flat on either side of the
azeotrope as shown in Flgure 8, This condition makes 1t
difficult to select precisely the true azeotroplec peint,
When the x-y diagram (Pigure 7) is drawn, the azeotrope may
be found graphically without difficulty. The pressure as-
signed to the azeotrope was the maximum of the P-x diagran.
In moet cases, the final point was very close to the pre-
viously selected one. At 75°C, the azeotrope found for this
system from the x-y plot was at xp=0.56.

{c). An %=y diagram (Figure 11) was alsc drawn
to determine the azeotrope for the system of n-propyl alcohol
(3)-benzene{l) because the P-x dlagrem (Figure 12) is also
rather flat on either side of the azeotrope. The azeotxope
observed in this investigation from Figure 11 was at x1=0.785.

(d). No azeotrope was found in this ternaryAsystem
directly from the experimemnt. However, it is interesting
to mention that en azeotrope trough (43) jJoining binary azeo-
tropes of the systems of n-heptane(2)-n-propyl alcohol(3) and
n-propyl alcohel{3)-benzene(1l) was notlced. It is obwious
that most of the vapor compositions tend to converge along
a psth which comneets the azeotropes of the two binaries as

shown in Flgure 27,




and temmary 1sotherms were used to interpolate the com-
plete isothermal ternary data in a trianguler diagram.

It 18 noted that the bengene vapor isoi'orms are nearly
regularly spaced as the mole fraction of benzene in the
vapor phase is lower than 0.65. The experimental ternary
points on each isotherm permit the complete isoforms to
be sketched in with confidence as to their reliability
(Figure 28).

5, The ternary as well as the binary experi-
mental vapor-liquid equilibrium data have been correlated
satisfactorily with the Redlich-Kister equations. The
calculated activity coefficlents deviates from ﬁhe experi-
mental values within 5% for the binary systems, and within
13% for the ternary system.
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. CONCLUSIONS

1, Vapor-liquid equilibrium data obtalned for
the tinsry and ternary systems in this investigation are
consldered to be thermodynamically conslstent.

2., The results indicate that the modified
Gillesplie equilibrium still can be used to produce with-
out difficulty good equilibrium data and the technigque of
analysis for the binery and termary systems proves to be
adequate,

3. The binery Redlich-Eister constants at 75°C
determined from experimental results are as follows:

(a). Benzene(1i)-n-Eeptane(2) System |

Byp = 0.1386
C42 = 0.0240
Dyp = -0,0016
(b). n-Heptane(2)~n-Propyl Alcohol(3) System
Bpq = 0.7467
Cza3 = 0.0120
Dp3 = 0.0893

(o). n'??0P31 Alcohol(3)-Benzene(1l) System

| By = 0.5k15
Cyg = ~0.0856
Dgg = 0.0020
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4, The ternary Hedlich-Kister constants at 75°C

evaluated by the IBM 1620 computer are listed below:

; Cipy3 = 1.,0487
| Dy = -=2.7385
Dy = =2,2500
Dy = =2.2595
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IX. NOMENCLATURE

A, B = constants of van Laar equation

: A, B = constants of Nargules equation
Ay, B, C = constants of Antoine equation
a, b = any two polnts on the sgame curve in

a triangular plot
8y Dy C voee Jo Z = points on a loop in a triangular plot
Byy =  second virlal coefflcient of component

1 in the virial equation of state

Biz, Ci2v P12
constants of Redlich-Xister equation

jo)
N
W

U

23" 723 in the binary systems

B31s C31s Doy

0123, Byy Dos D3 = constants of Redlich-Kister equation
in the ternary system

f = fugaclty

log = Jlogarithm to base 10

N = number of components

P = total pressure

Po = c¢ritical pressure

D = vapor pressure

Q = A GE/2.303 RT? = excess free energy
function

R | = gas constant

T "~ = absolute temperature




Te = oritical temperature
t = temperature
v = 'molar volume
x = mole Traction in the liquid phase
y = mole fraction in the vapor phase
. [(py=P) (v t-ny,)
24 = exXp L 1 1 11 ]
RT
& = residual molar volume
Ay = activity coefficlent
X = 1iquid phase activity coefficlent
¥ = fugacity coefflcient
Superscripts
1l = liquid phase
v = vapor phase
o = standard state
Subscripts
i = compenent 1
2 = component 2
3 = component 3
12 = components 1 and 2
23 = components 2 and 3
31 = components 3 and 1
123 = components 1, 2 and 3
i = conponent 1
ija = component 1 at point a
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TABLE 6

Calibration of Temperature - Absolute Millivolts
Par the Copper Constantan Thermocouple

Temperature E.M.F,
9¢ Absolute 1illivolts
0.00 0.0005
5,82 1,8605
b5.95 1.8620
50.15 2,0480
5947 . 2./4535
68.95 2,8666
79.64 3.3455
89.24 3.7841

96,02 4,0937
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50 60 70 80 90 100
Temperature  °C

Figﬁre 19. Calibration curve of copper constantan
thermocouple
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IABLE 7

Calibration of Composition ~ Refractive Index
for the System Benzene(l) - n~Heptene (2)

Mole Fraction Hefractive Index
Bun of Benzene at 25°C
1
1 0.0000 1.3852
2 0.,0703 1.3897
3 0.'1370 1.3945
L 0.1045 1.3981
5 04,2953 1.4060
6 043799 1.54131
7 0sh901 ' 1.4236
8 0.5846 1.4338
9 0. 5941 1.4348
10 0.7048 1. 5461
i1 0.7079 1.4491
12 0,8803 14624
13 0.8832 1.4759
14 0.,9001 1,4787
15 0.9095 1.4807
16 0.,9236 1.4833
i7 1,0000 1.4979
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Figure 20, Calibration curve of compositlon-refractive
index for benzene(1l)-n-heptane(2) system




TABLE 8

Calibration of Composltion « Refraoctive Index

for the System n-Propyl Alcohol(3) ~ Benzene(1)

Run Mggsggiggg:on Befrggtgggolndex
1 0.0000 1,3835
2 0.,0663 1,3922
3 0.1170 1.3987
b 0.4235 1.3995
5 - 0.2097 1,4103
6 0,2459 1.5148
7 0.3050 1.4217
8 0.3354 1.4255
9 0.3642 1.4288

10 0.k01L 1.4330

11 0./ l746 14415

12 0.'5580 14520

13 0.6910 1.4655

14 0.7569 1.4721

15 047630 1.4732

16 0.8771 1.4852

17 0,9367 1.4911

18 1,'0000 1.4983
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Figure 21, Calibration curve of composition -

refractive index for n-propyl alcohol(3)
"=benzene(l) system
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IABLE O

Calibration of Mole Fraction Ratlo vs, Area Ratio for

the System of n-Heptane(2)=n-Propyl Alcohol(3)

Mole Fractlon Ratlo Area Ratio
n-Propyl Alcohol n-Prggz} Alcohol
n-Heptane n-Heptane
30746 0.0993
0.,1392 0,1310
0,3681 0,2846
0.3877 0.2827
0, 5008 0. 3649
045266 0.4048
0.,6172 0.4723
1.,0271 0.7440
1,0988 0,7740
1.3063 0.9148
1,6884 i.1074
1,8068 1.1949
241400 1.3387
2.,2551 1.3859
3.0808 1.9065
344592 2.0035
. 5.6615 2.8770
86597 b,0674
10,2605 L4, L4147
18,0965 65593
21,0849 7.1376
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Figure 22. Calibration curve of (n-propyl alcohol/n-heptane)
area vs, (n-propyl alcohol/n-heptane) mole
fraction for n-heptane(2)-n-propyl alcohol(3)
system
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Figure 23; Calibration curve of (n~-heptane/benzene) area
vs. (n-heptane/benzene) mole fraction for the
ternary system




- 106 -

28;

24

20k
e
516}
a
£
1
c
12 -
K
gy
1 8 8
i <
4 =
O ' ) . \ .
© 4 8 12 16 20 24
Mole FractionRatio n-Fropyl Alconol
n-Heptane

Figure 24, Calibration curve of (n-propyl alcohol/n-heptane)
area vs. (n-propyl alcohol/n-heptane) mole fraction
for the ternary system
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Figure 25. Calibration curve of (benzene/n-propyl alcohol)
area vs. (benzene/n-propyl alcohol) mole
fraction for the- ternary system
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TABLE 11

Operating Conditions For Gas Chromatographic Analysis

; Chromatograph 3 Perkin-Elmer Model 154-D
Columm dimensions @ Two L-meter x i-inch
Column packings Periin-Elmer Type W column

Calbotwax 1500 on Teffon
Carriexr gas Helium
Flow rate @ 72,9 cc/min,
Temperature : 104°¢
Pressure 3 - "27 P.Sed.8.
Semple sizoe @ : 0.,0045 1, (Hamilton‘micnuliter
syringe)
Recoxrder : Philips, Type PR2216A/21

Automatic Compensator
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ZABLE 12
Equations for Solving the Ternary Constants

in the Redlich=Kigter Equation

Run  C123 + (x1-x2) D3 + (X2=x3) D1 + (x3=31) Dz = S123=%2"%>4"Q4
212223

2 C123 = 0.0794 Dy + 044li79 D, = 03685 Dy = 1.3056
3 C123 + 045342 Dy + 051264 Dy - 06606 D = 2,1869
b Cy23 4 04031 D3 + 075871 Dy - 0.1840 Dy = 2,1894
5 C123 « 0,5648 D3 + 0.6495 D1 = 0.8470 Dy = 0.7695
6 C123 + 6:‘340& D3 + 0,1933 D1 - 0.5337 D2 = 2,1186
7 C123 = 043900 D3 + 045495 D1 «0,1595 Dz = 1,3549
8 C123 = 0.0045 D3 ¢ 0,307 D1 - 0.3362 D2 = 0,9375
1o Ci23 + 0.5362% D3 + 0,0440 Dy = 0.5801 Dp = 173215
11 C123 = 01611 D3 + 0,3836 Dy = 0,2225 D» = 0,8555
12 C123 + 0.7574 D3 + 0.0770 Dy = 0.6804 Dp = $2566
13 C123 - 0:4838 D3 + 05214 Dy = 070376 Dy _ 4 aqny
14 C123 = 0.3856 D3 + 0./4603 Dt - 0.0747 D2 = 0.7101
15 C123 + 04785 D3 + 0.0227 Dt - 0,5012 D2 = 1,5683
17 C123 = 0.0163 D3 + 02572 Dy = 02409 Dp = 1,0296
18 C123 = 0J0669 D3 + 0.2807 D1 = 0.2138 Dp = 0.9778
21 C123 + 0./1623 D3 + 0.1517 D1 - 0.'3140 D2 = 1.0375
22 Cg23 = 01962 D3 & 013116 Dy -~ 0,1158 Dy =-=2,1253

23  Cypy + 05342 Dy = 00776 Dy = 0.4566 Dz = 1,0277
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TABLE 12 tinued

+* (xrxi) Dp = Q12J?~:Q12"Q23-Q31

Rm: G123 + (X3~Xp) D3 + (xz-x3) Dy .
24 Cyp3 + 0,1549 D3 + 0.1080 D1 » 0.2629 Ds = 0.9455
25 C123 = 0.3251 D3 + 0.3438 Dy - 0,0187 D2 = 1,2732
28  Cyp3 + 0.2880 D3 + 0,0248 Dy - 0.3128 Dy = 0.9646
29 Ci23 + 0.1589 D3 + 0,0739 D1 - 0,2328 D2 = 0,7818
30 Ci23 + 0.2660 D3 + 0.0265 Df = 0.2925 Dp = 0.9667
31 Ci23 + 0.3293 D3 « 0.1042 Dy ~ 0,3251 Dz = 0.8511
32 Ci23 + 0.4242 Dy - 0,1054 Dy - 0.3188 D2 = 1.,1957
33  C133 = 0.4690 D3 + 0.3409 D1 + 0.1281 D2 = 1,3900
3%  Cy23 + 0.0066 D3 + 0.0833 Dy - 0.0899 D2 = 0,7921
35  Cyp3 + 0.4740 D3 = 0.,1663 Dy - 0.3077 Dz = 1.0245
36  C123 - 0.4875 D3 + 0.3119 Dy + 0.1756 D2 = 1.4073
37  C123 + 0,1303 D3 + 0,0000 Dy - 0,1303 Do = OJ8413
39  Ci23 = 0.0847 D3 + 0,0943 Dy - 0.0096 Dy = 0.8157
4o Ci23 + 0.5431 D3 - 0.2349 Dy - 0,3082 D2 = 1,5046
41 C123 + 042666 D3 ~ 0.1256 Dy - 0,1410 D2 = 0.9120
42 C123 - 0.,0469 D3 + 0,0235 Dy + 0.023% D2 = 0.7547
43  Cyp3 = 0,0135 D3 = 0.0037 Dy + 0.0172 Dz = 0.7839
by C123 = 0.2220 D3 + 0,0992 Dy + 0,1228 Do = 1.8106
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m;@’ 5-12' j‘ogngmugg)

€123 + (®1-%2) D3 + (Xz-%3) Di + (X3~%;) D2 = Q123" Qiz"an 'in
' xlxsz

C123 + 043568 D3 - 0,2163 Dy ~ 0,1405 D2 = 1,0114
C123 - 043967 D3 + 0s1327 D1 4 042640 Dy = 1.1153
C123 = 0,1180 D3 = 0,0290 D1 + 0,1470 Dy = 057172
Cy23 ~ 0.3020 D3 + 0,0450 Dy + 0,2570 Dp = 0,9750
C323 + 0.1852 D3 ~ 0,2250 Dy + 0,0398 Do = 0,6005
C123 + 0.1192 D3 ~ 0.1956 D1 + 0,0764 Dz = ©6.8988
Ci23 + 0.2145 Dy - 042488 Dy + 0,3430 D2 = 0,8011
C123 + 0.0084 D3 = 0,1765 Dy + 0.1681 Dp = 0.9012
C123 = 0.3545 D3 + 0.00000Dy + 03545 Dp = 1.3355
Ci23 + 0.3086 Dg -~ 0.3578 Dy + 0.0492 Dz = 11,2179
C123 + 041317 Dy = 02803 Dy + 0.1486 Dp = 0.'3981
Ci23 + 0.0872 D3 = 0,2903 Dy + 0.2031 D2 = 0,56584"
C123 - 0.0927 D3 = 0,2056 Dy + 0,2983 Dy = 1,0179
C123 = 0.1887 Dy - 0,222 Dy + 0.4111 Do = 0,6266
C123 4 0.2094 Dy - 0,4294 Dy + 0.2200 Dp = 0,8181
Ci23 ~ 0.0387 Dy - 043208 Dy + 0.3595 Dp = 0,7472
C123 ~ 0.0987 n3:- 0.3844 Dy + 0.4831 Do = 0.8153
C123 + 0.0650 Dy ~ 0.5006 Dy + 0,4356 Dp = 0,7893
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TABLE 12 {(continued)

- - -Q
Run 0123 <+ (X]_-xz) D3 + ‘22-'13) Dy + (xj-xi) D2 = 3_1_123 Qiz Q23 31

66 Cip3 + 0.1180 Dy = 0.5490 Dy + 0.4310 Dp = 11,0548
67 Ci23 = 0.0961 Dj - 0.4562 Dy + 0.5523 Do = 0.9285

68 C123 - 0.0167 D3 - 0.5103 Dy + 0.5270 Dp = 0.8781
. 70 C123 + 0.1810 D3 - 0.6387 Dy + 0.4577 Dp =  1.5255
71 C123 = 0.0453 Dy = 0.1681 Dy + 0.2134 Dp = =1,4949
72 €123 4 0.0492 D5 = 0.6223 Dy + 0.5731 Dy = 1.4698
73 C123 + 0/1495 Dg = 0.6945 Dy + 0.5450 Dp =  2.5577
77 Cyp3 = 0,0602 Dy = 0.7971 Dy + 0.8573 Dy =  5.3417
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TABLE 1

Secohd Virial Coefficlents and Molar Volumes at 75°C

1
Bli(llter/mole) Vg {1iter/mole)

Benzene(1) -0.,993 00,0954
n-leptane(2) -1.565 0.1576
n=-Propyli Alcohol(3) -1,053 0.0794
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TA 16
Redlich-Kister Constants for the Binary Systems of

Benzene-n~Heptane, n-Heptane-n-Propyl Alcchol and
n-Propyl Alcohol-Benzene at 75°C.

System Benzene(l)-n-Heptane(2)

Byo = 0,1386
012 = 00,0240
D42 = =0,0016

System n-Heptane(2)=-n~Propyl Alcohol(3)

023 = 0,0120
D23 = 0,0893

System n~Propyl Alcohol(3)=Benzene(l)

031 = «=0,0856
D31 = 00,0020
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XII. APPENDIX TI
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SAYPLE CALCULATIONS

1. Calculation of mole fractions, mole fraction ratios

and area ratios for calibration.
Using Table 10, run 1 as an example,

(a). Celculation of mole fractions:

From the experiment, a sample has the

following composition by welghlng:

benzene{l) = 1,9408 gnms,

n=-heptene(2) = 3,0571 gms.

n-propyl alechol(3) = 1.7331 gms.

Therefore,
xq = 0,2952
(b). Calculation of the mole fractlion ratios:
M f ti ~h . ‘
ole fraction of n~heptane - 0.3624 = 1.2282
Mole fraction of benzene 0.2952
Mole fraction of n-propyl alecohol  0.3434
prow = 343 = 0.9494
¥ole fraction of n-heptane 0.3624
Mole fraction of bengene 0.2952

Mole fraction of n-propyl alecohol 0Q,3434
(c). Eveluation of the area ratios:
From the experimental results,

of benzene, n-heptane and n-propyl alcohol are

the peak areas

as follows:




- 125 -

benzene(l) = 113.5
n-heptane(2) e= 69
n=prooyl alcohol(3) = 72

Therefore,
Pesk area of n-heptane 69 1. 6449
Peak area of benzene I & 5 P Sl
Peak area of n-propyl alcohol 72

= = 0.6363
Peak area of n-heptane 69

Peak area of benzene : .
= 21325 _ 5.9583

Peak area of n-propyl alcohol 72
2. Calculation of mole fraction of unimowmn.
Using Table 5, run 62 of l1liquid sample as an
example. ‘
From experimental determinations, the area ratio®

were obtained as follows:

Pealt area of n-heptane(2)

= 1.6113
Peak area of benzene(l)
Peak area of n-propyl alcohol(3) 1.5176
Peak area of n~heptane(2)
Peak area of benzeme(l

Peak area of n-propyl alcohol(3)

From Figures 23, 24 and 25,




- = 1,183
X1
x
2= 2.3
X2
x
*3
Since Xy + Xp 4+ Xg = 1
and xz/x1 = 1.183, 11/13 = 0,358

therefore x4 + 1,183 x4 + 1/0.358 %4 =1

Xy = et = 0,2006

3.9293

so that Xy = 0.5601

3. Evaluation of Z values.

Using Table 5, run 43 as an example,

Since Z, = exp [f?z’P) (Vzl-Bzz)/RT]

and po = 361, 5 mm. Hg.

therefore Z, = exp | (~292.3) (1.7226)/(760) (0.082) (348.18) ]
= 0.9773.

By & procedure similer to that above,
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L4, Evaluation of liquid phase activity coefficients.

Using Table 5, run 29 as an example.

Since Yq = 2k
P1 X3
Therefore,
y 0.9986 x 676.4 x 0.,5192
1=

6&?,8 x 0.4693

In the same manner,

at Pz = 361-5 mm. Hg.
Youm 1.3666
end et 3= 30%.9 mm. Hg.

P

5. Determination of binary Redllch-Kister constants.
The determination of Byp, Cy2 and D12 may be
shovm here as an example.
From Figure 6., the following values of log (Y1/75)
" are obtained in corresponding with those characteristiloc
roints.,
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X1 0.1464 0.2113 0.2959 0. 5000

log ¥1/¥p 0.092 0.081 0.064  0.012

The method proposed by Redlich and Kister (41) is employed
and from Table 15, the following relation is obtained.,
(a)e 0.5 C12 = 0,012
C12 = 0,0240
(b)e 0.7071 Byo = 0.25 C12 = 0.092
0.7071 By - (0.25) (0.0240) = 0,092
Byo = 0.1386
(c)e  0.4082 (By3-1/3D12) + 1/4 Ci2 = 0.063
0.4082 (0.1386-1/3D12) +(1/4) (0.0240) =
0,063 '
Dyp = =0.0016

6. Evaluntion of the right hand values of the equablons in
Table 12,
Using run 42 as an example.
Since C123 + (X1-X2) D3 + (xp- X3) Dy + (x3~% ) Dp
o U233 =~ Y2 - Q23 - Q31
X1 X2 X3

‘where Q123 = X1 log vy + X logyp + X3 log 13
| = (0.3099)(0.1046) + (0.3568)(0.1732) +
(0.3333)(0.2799)
= 0,1875
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Q2 = 3132[?12 + Cqp (x1~Xp) + Dyp (xz-xz)aw
= (0.3099)(0.3568) | (0.1386 + (0.0240) |
(0.3099 = 0.3568) + (~0.0016)(0.3099 - 0.3568)%

= 0,01520 | i

Qpy = XzIB[?za + Caq (zngB) + Doq (22-x3)2J
= (0.3568)(0.3333) Lo.ws'; + (=0,0120) ~
(0.3568 = 0.3333) + (0.0893)(0.3568 - 0.3333)7 |
= 0,0888

Qgq = X3Xq | B3y + C31 (x5-%¢) + D33 (x3-x1)2:]
(0.3333)(0.3099) [o.sms + (=0.0856)

(0.3333 =0.3099) + (0.0020)(6.3333 - 0.3099)° |
= 0.0557

Finally
Q23 = Y2 = Q@3 - Q31
X1 Xz X3
(0.3099) (0.3568) (0.3333)

]

= 0,8156

7. Consistency Test

(a). MoDermott and Ellls® Method
Using Table 5, rung 66 and 72 as example.
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(log Y1)92 = (log ¥1)66 =

(log ¥2)p2 - (log ¥2)66 =

(log 73)72 - {log /Y3)66 =

Thus

= -0.0166

= "00005“

(b). Il and Lu's liethod

30 as an example,

l—_-(xl)66 + (x1)722" Elog 71)92

(22)66 * (12)72 e= 0,1130 4+ 0,1095 = 0,2205

0.2991 - 0.2595
0.0396 |
0.4839 -~ 0.4580
0.0299

0.0562 - 0.,0681
-0.0119

Uﬁgwgsﬂ

[(12)66 + (x2)72] l:(loe: 'Yz)??_ - (log ’Y2)56:‘
(=306 + (x3)72][ (108 ¥3)72 = (Log T3)g]

end so Deviation = 0.015% + 0.0066 + (~0.0166)

Using Table 5, runs 37, 29, 24, 21, 28 and

'~ Tne following tabie is obtained irom ex-

perimental data,




[

“10%C =

2n690°0 + £3040°C

- 131 -

00T X “EES0°0 = £EOLoTn. - UomTIAsd ¢
2q690°0 ®» = <
€golote = +  (
9€610°0 200G 04220 6430600~ 1991°0 §652°0 #ILT0°0~  6650°C  5618°C OF
4ETT0°0  gELETC ©022'0  EITIOC0-  LEST°0 9542°0 962000  2I50°C  9LE5°0 g2
5000 CHER®O  18dt0 G5L00%0- 8021°C B62EL°0 144000 £C9G°0 1640 12
GZRGO*0=  694L°0 £6Ge°0 G000 0eE1°0  LA3E0 g.000°%0 QZL0%C 9Ein*0 42
L6910°0= Q16£°0 4822°0 4L010°C 96E1°0 (S0E°0 #1010°0 619C°0  Légn°o 62
04200°0= GLOL°0. 6692°0 HE000%C LCLT1°C 6682°0 69200%0~ 2460°C  2024°C  LE
mhm\.u\ ol , (94 3ot (34 Bot
<G4 g01) x B4 ot Ex  «TW4A Fop)®x 4 3oy  x -9t sorytx T4 For Ix uny

(poy3zem 8,011 puv Y1) O1quy 3831 Louslsisuo)




