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Abstract

ABSTRACT

Vapor-Liquid-Liquid Equilibrium (VLLE) systems amomplicated
systems; they involve both a two phase liquid ahdaphase vapor.
Obtaining equilibrium data on these systems is ddficult, Vapor-
LiquidEquilibrium
(VLE) recirculation stills can
not be used to obtain accurate
VLLE
data due to incorrect composition
of
the recycled condensed vapor to
the
boiler, modifications are made to



these stills to obtain accurate

equilibrium

data for partial and immiscible

liquid systems.

Another difficulty

when collecting the vapor & liquid samples, a mmdifion must be made
in

order to collect a sample with the correct compasit

VLLE systems are non-ideal and polar systenas)y Equations Of
States
(EOS) failed in correlating or predicting VLLE datsctivity coefficient
models gave reasonable accuracy in correlatingealigting VLLE data
such
as T.K.Wilson and NRTL (Non-Random-Two-Liquid) adtlIQUAC
(Universal-Quasi chemical-Activity-Coefficient) meld while the
UNIFAC
(Uniguac-Functional group-Activity-Coefficient) meldfailed in
predicting
VLLE data especially for immiscible and some paurtigscible liquid
systems.

In this study the following was accomplished:

1- A modified recirculation still was assembledital with partial and
immiscible liquid systems. The still consisted &frfam diameter boiling
section and a 40 mm diameter condensing sectioniddification
involved
supplying the still with mixers in the two mentiahgections, the speed
of
mixing was 1400-1600 rpm. The mixers helped in kegthe two phase
liquid mixtures in the boiler and the condensea kind of a homogenous
state.

Abstract

This gave a correct composition of the recycleditign the condenser
and a

correct boiling temperature reading in the boiler.

2- Isobaric VLLE data for two binary systems; Ethgletate\Water and



Toluene\Water and one ternary system Toluene\Etbgtate\Water have
been measured at 101.325 kPa in the modified Alilthe systems are
two

phase mixtures were the system Ethyl-acetate\\i&gepartial miscible
system and the systems Toluene\Water and Toludnd\&tetate\Water
are

iImmiscible systems. No equilibrium data are avédain the ternary
system

measured in this study. The binary systems antethary system forms
minimum boiling point Azotropes.

3- The VLLE data where correlated and predictedisigg the
PengRobinson

Equation Of State (EOS) in both

the vapor and liquid phases and

one

of the activity coefficient models
T.K.Wilson, NRTL, UNIQUAC and
UNIFAC

in the liquid phase and the Peng-Robinson
(EOS) in the vapor

phase.

The overall average absolute deviations

in vapor mole

fraction for the

system

Ethyl-acetate \ Water measured

in

the present study by the prediction

and

correlation methods

was

37.98 and 0.12 respectively and for the system

Toluene

\ Water it was 1.62 and 0.08 respectively

and for the system Toluene

\

Ethyl-acetate \ Water it was 0.16 and 0.06 respelgti

4- A modification was applied on the the UNIQUAC aed by
converting the



coordination number ( Z/ 2 ) which was consideas@ constant = 5 into
a

third adjustable parameter, this helped in decngasie average absolute
deviation in vapor mole fraction from 20% to 65%.

Abstract

5- liquid-liquid-Equilibrium (LLE) data of the bimg system
Ethylacetate\Water

was measured in

the Temperature range 20

Cto 75

C by the

same modified still and the overall average absdlatviationn
predicted

activity coefficient ratio of top and bottom layexg

1

!
ly
1

B

) were 0.0561,

0.0112, 0.0361 and 0.1512 by using the activityffament models
T.K.Wilson, NRTL, UNIQUAC and UNIFAC respectively.
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CHAPTER ONE

INTRODUCTION

Many of the azotropic systems, particuldéinky aqueous ones that are
being used for industrial distillations involve pally miscible regions
for
which a few data are available. An adequate mettogeasuring the
vapor—
liquid equilibrium (VLE) data of such systems isgs€at importance. In
both
processes of azotropic distillation and liquid-ldjextraction, solvent is
generally removed from one or more streams bymtrgpcolumns from
which the condensed overhead separates into tweosldy]. To make
accurate and economic design, an equilibriumtsl to be designed
which
permits the determination of VLE for systems inwayboth a two phase
liquid and a two phase vapor condensate.



There are two major difficulties in studipgrtially miscible and
immiscible systems in addition to those in equilibr stills. Thefirst is
the
vapor when condensed will form an immiscible migtufhus the
recirculation type of apparatus can not be useckdine condensed vapor
cannot be returned to the boiler of the still vl two liquid phases in
proper portion. Theeconddifficulty lies in the great difference in
composition between the vapor and liquid. For eXampthe miscible
region
of Ethyl-acetate in Water, which extends to 2 npeecent Ethyl-acetate,
the
vapor is from 5 to 22 times as rich in Ethyl-acetas the liquid.
Therefore, if
an equilibrium study is undertaken where a liquachple is distilled, its
composition will change extremely rapidly as vapoiormed, and the
arrival
at the desired steady state in the still beconfésudt [2].

1
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Partially miscible and immiscible systems aon ideal and polar
systems. Correlating or predicting equilibrium dattéhese system is best
achieved by the aid of activity coefficient mod@galthough attempts
have
been made by the aid of Equations Of State (EQ3][4his gave good
results for high pressure immiscible systems biledan low pressure
systems. EOS is applied to determine the fugaoigffcients at the
vapor
phase and at the saturation. The most applied E@f% iPeng-Robinson
EOS
[4]. The fugacity coefficients can also be deterdifrom the Virial
equation

[6].

The most applied activity coefficient models the Wilson,
T.K.Wilson,
NRTL, UNIQUAC and the UNIFAC models. All these mdslexcept the
UNIFAC have adjustable parameters which are obtieireen non linear
regression of experimental equilibrium data [7from infinite dilution
activity coefficients [8], thus the UNIFAC modelnst as accurate as the



other models its only a predicting model and nobm@elating model. The
NRTL model has three adjustable parameters withpamameter more
than

the other models this increases the accuracy afdhelation and the
prediction of equilibrium data.

The scope of this study involves the followlgectives:

1- Assembling a modified equilibrium still to demith partial miscible
and
immiscible systems.

2- Measuring the vapor-liquid-liquid equilibrium XE) data of the
partial

miscible binary of Ethyl-acetate \ Water and thenistible binary of
Toluene

\ Water and the ternary of Toluene \ Ethyl-acetaéater in the new
modified

still at 101.325 kPa.

Chapter One
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3- Measuring the liquid-liquid equilibrium (LLE) taof the partial
miscible
binary of Ethyl-acetate \ Water in temperature eaQ

0

C to 65

C by the

same still at 101.325 kPa.

4- Correlating and predicting the VLLE and LLE dat#ained from the
new

modified still by applying the Peng-Robinson (E@&oth the vapor
and

liquid phases and applying the activity coefficiemddels (T.K.WILSON,
NRTL, UNIQUAC and UNIFAC) in the liquid phase artetPeng-
Robinson

(EOS) in the vapor phase.



5- The UNIQUAC equation is modified and convertezhi a two
adjustable
parameter model to a three adjustable parameteelmod

o

3
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CHAPTER TWO

THEORY & LITERATURE REVIEW
2.1 VLLE Phenomenon

When the binodal curve representing thadidigiuid equilibrium
(LLE)
data intersects the vapor-liquid equilibrium (VLd&ta curve this gives
rise to
the phenomenon of vapor-liquid-liquid equilibriuML_LE) [9].

A binary system consisting of two liquid gka and a vapor phase in
equilibrium has (according to the phase rule) cegrele of freedom, for a
given fixed pressure, temperature and compositia@llithree phases. On
a
temperature composition diagram the points reptaggethe states of the
three phases in equilibrium fall on a horizontaélat (T *) as shown in
Figure 2-1. At a temperature above (T*) the systeay be a single liquid
phase, two phases (liquid and vapor), or a singp®rphase, depending
on
the overall composition.

Figure2-1 VLLE T-X,Y diagram [9]

4
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In region a system is a single liquid rich in species 2; in region B it’s
;ngle liquid rich in species 1. In regiorV, liquid and vapor are in
equilibrium. The states of the individual phasdisda linesAC andAE.
me regiorB-V, liquid and vapor phases, described by liBBsandBE,
2;<Si§t at equilibrium. Finally, in the region desaged V, the system is a
:S/g]p?cl)? phase. Below the three phase temperature T

, the system is entirely
liquid this is the region of LLE.

2.2 Thermodynamics of Equilibriunf3]

The fundamental equations of phase equilibrare commonly
written in
terms of chemical potentials,

(®
U =

Wherep is the chemical potentiat,andp represent the phases in
equilibrium, for practical engineering problemstuseful to write
equation

(2.2.1) in other useful form where it can be redatethe chemical
potential in

terms of temperature, pressure and compositiorstablish this relation
itis

convenient to introduce some auxiliary functionshsasfugacity and
activity. These functions make the practical engineerioglpm easier to
visualize.

When there are two phases a vapor phasan@ s liquid phase (L),
they
are in equilibrium when both at the same tempeeatand pressure the
partial
molar fugacity of component if(
) in the vapor phase is equal to that in the
liquid phase



L

32.2.2(ff

5
)1.2.2(
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Equation (2.2.2) is of little use unless it carrélated to the fugacity with
temperature (T) and pressure (P) and composition (X

i

Yi); f

v

must be wrote
asa function of T, P, and Y

‘(composition in vapor phas€)
L

must be wrote

as a functionof T, P, X

(composition in liquid phase). To facilitate the
desired relations, three auxiliary functions amgpureed:
1- The vapor phase partial molar fugacity coeffitig

2- The liquid phase activity coefficiept
3- The liquid phase standard-state fugatity

Equation (2.2.2) can now be written as follows:



)3.2.2(fXPY

Equation (2.2.3) contains three of the variablestrestXi, Yi andP.

Its no

more and no less fundamental than equation (2.2.1); one is merely a
mathematical transformation of the other, and daircequation (2.2.3)
may

have to being more useful is only a consequeneefaftunate choice of
useful auxiliary functions in the transformation.

Much of this utility comes from the concepbtdeality. If mixtures
are
defined with certain properties as ideal mixtuthen its found that as a
result
of this choice of auxiliary functions, that the atjan of equilibrium can
be
simplified further; for example, for a mixture afdal gases
ideal liquid mixtures at low pressures,

= 1 whenf

|

0

|

IS given by the

saturation pressure of pure liquid i at the temipeesof interest. So its
found

that some of the auxiliary functions are usefulduse they are numerical
factors, frequently of the order of unity, thataddish the connection
between

real mixtures and those that, by judicious chdmee been defined as
ideal

mixtures.

Vv
=1, and for

6
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In the general case ideal behavior cannetssamed and two
relations
must be established, one for

®



=F(T,P,Y

) (2.2.4)

2
. (2.2.5)
Equation (2.2.2) can be written in another form

v
[ =
)6.2.2(XY

Where

. (2.2.7)
2.3 Fugacities in Gas Mixturdsy]:

As was shown previously equation (2.2.2hesbasic equation for
equilibrium between two phases (L,V), for the ghage mixture the
fugacity
is calculated from volumetric data and the follogvequations:

.
)In(
[



I)|Iﬂ(

Where

—

T < TN 4 T4 E—'"—hl—\al—\;ull n -

IN

1

RT

=]

n,P,T



-~ <

IN

-

—

/

n

P

f

(0]

(o0]
)1.3.2(dP
P

f

!
)2.3.2()ZIn(dV
Vv

Equation (2.3.1) is used whenever the volumetria dae given in
volume
explicit form; i.e.,

7
)3.3.2(
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V=F



\Y
(T,P,n
1

. (2.34)

Also equation (2.3.2) is used whenever the voluimelata are expressed
in

pressure-explicit form, i.e.,

P=F

P
(T, V,n
1

. (2.35)

The mathematical relation between volumesgure, temperature,
and
composition is called thequation Of Statg EOS) and most forms of the
equation of state are pressure-explicit. Theredopeation (2.3.2) is
frequently
more useful than equation (2.3.1). These equaaomgxact and if the
information needed to evaluate the integrals tsad, then the fugacity
coefficient can be calculated exactly. The probtéroalculating
fugacities in
the gas phase, therefore, is equivalent to thelgmobf estimating
volumetric
properties.

2.3.1 The Lewis Fugacity RulB]

A particularly simple and popular approatmon for calculating
fugacities in gas-phase mixtures is given byltéwis rule The
assumption
on which the rule rests states that at constareesture and pressure,
the
molar volume of the mixture is a linear functiontieé mole fraction. This
assumption must hold not only at the pressuretefast but for all
pressures
up to the pressure of interest. The fugacity of gonent i in a gas
mixture
can be related to the fugacity of pure gaseousheasame temperature
and
pressure by the exact relation



f
In(RT
i

P
1=

)6.3.2(dp)ViiV()
fY

0

ipurei

+

8
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Equation (2.3.6) is another form of equation (2.,3nhere

iV

Is the partial

molar volume, according to Amagats law,

ViiV =

, and assuming validity of

this equality over the entire pressure range (gBaton (2.3.6) becomes

)7.3.2(fYf
ipureii
Or in equivalent form,

(1=

ipurei

Where
f

purei

ande

are evaluated for the pure gas at the same tetapera

and pressure as those of the mixture. In effecLévas rule assumes that
at

constant temperature and pressure, the fugaciffiadeat of i is
independent

of the composition of the mixture and independédrthe nature of the
other

components in the mixture. These are drastic assonsp on the basis of



intermolecular forces, for component i, deviatifnosn ideal-gas
behavior (as
measured by

¢

I

purei

) depend not only on temperature and pressurglsoiion the

relative amounts of component i and other compagkkt ...; further
¢

must depend on the chemical nature of these otimepanents that
interact

with component i. It is concluded that the Lewigduity rule for
component i

1- Always a good approximation at sufficiently Ignessures where the
gas
phase is nearly ideal.

2- Always a good approximation at any pressure wheni is present in
large excess ( say, Y

> 0.9 ). The Lewis rule becomes exact in the lasity

approach 1.

3- Often a fair approximation over a wide rangeamhposition and
pressure

whenever the physical properties of all the comptsare nearly the
same

(e.g., nitrogen-carbon monoxide or benzene-toluene)

9
)8.3.2(
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4- Almost always a poor approximation at moderaie laigh pressures
whenever the molecular properties of the other corapts are
significantly

different from those of i and when i not presen¢xcess.



In summery, the Lewis fugacity rule is attrae because of
convenience
but it has no general validity. However, when aggbin certain limiting
situations, it frequently provides a good approxiora

2.3.2 Fugacities from the Virial Equation of Sta{8]

To calculate with confidence fugacitiesiigas mixture, it is
advantageous to use an equation of state whepatheneters have
physical
significance, i.e. where the parameters can béeceirectly to
intermolecular forces. One equation of state tlhaspsses this desirable
ability is the virial equation of state. The viredjuation for a mixture,
truncated after the third term, is given by

mix

Mmixmix

++==

WhereZ

mix

)9.3.2(

\Y

Is the compressibility factor of the mixtukéjs the molar volume
of the mixture, and

B

the mixture given by



are the second and third virial coefficient of

)10.3.2(BYYB
1j
imix

1j

m
)11.3.2(CYYYC

1k
ijkkjimix
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The fugacity coefficient for any componeint a mixture of m
components is obtained by substitution of equat{@9, 2.3.10,
2.3.11)in
equation (2.3.2) and when the indicated differdiaiies and integrations
are
preformed, yields

)In(



ji
1j
mixijkk

m

)12.3.20ZIn(CYY

V2
1k
j
Equation (2.3.12) is one of the most usefulations for

phaseequilibrium

thermodynamics.

It relates

the partial molar

fugacity of a

component in the vapor phase to its partial presguough the
theoretically

derived virial equation of state. It may be applie@ny component in a
gas

mixture regardless of whether or not that comporantexist as pure
vapor

at the temperature and pressure of the mixturallyiequation (2.3.12) is
valid for many types of (no ionized) molecules,gv@dnd no polar.

Because data for second virial coefficiemess much more plentiful
than
those for the third virial coefficients, equati¢h3.12) is written as

2
)In(

[l
mix
m

<
1=
)13.3.20ZIn(BY

V
1j
jii
Where
Z

mix

17



IS given by

mix

miXx

+=

)14.3.2(

\Y

When equation (2.3.14) and/(= RT / P) are substituted in equation
(2.3.13), yields
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mix
m

P
BBY2)In(

.

The viral coefficient B

mix

)15.3.2(

RT

may be calculated frofotential Functions

and

Corresponding-State Correlationshe first method is explained in many
references [3, 8] for the second method SchreibéPatzer [10] have



proposed the following form to determine
B

BP

cc
c
111
1

r21
2
r3

+++=

6
r4

mix

)16.3.2(TCTCTCC
ZRT

Where
T

r

=T/T

C

andZ

Is the critical compressibility factor and the
coefficients

C

1

, C
2

C
C

W -

(@I

are given by the following equation

T+=
)17.3.2(CCC
1,i0,ii

Where
o is the acentric factor given by



logl

)18.3.2(

"H~No -7

given by the following table
Table 2-1 Coefficients for Eq. (2.3.17)
|

C

i,0

1 0.44225900 0.725650

2 -0.98097000 0.218714
3-0.61114200 -1.249760

4 -0.00515624 -0.189187

C

i,1
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The previous table was determined fronrgeldody of
experimental
data for polar or slightly polar fluids. Highly @olfluids such as water,
nitriles, ammonia, and alcohols were not included.

For polar and hydrogen-bonded fluids, Tsonopoudgfve another



correlation for the second virial coefficients retform

s—n o+

here

— 7T

RC
)0(



)19.3.2(
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Is the reduced temperature, Constarasadb cannot be
generalized, but for polar fluids that do not haydrogen bond,
Tsonopoulos
found that
b = 0. For Ketones, Aldehydes, Alkyl Nitriles, Etege€Carboxylic
Acid Esters the constant a is given by the follayvaguation

a=-2.14*10
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Is the reduced dipole moment given by the follayaguation
= 0.9869*10
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Where the units of u are debye and bar for P

C

and Kelvin for T
C

The ternary expression of the fugacity toeint of equation 2.3.15
IS
given by equations 2.3.25a, 2.3.25b and 2.3.25c.
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The values off

, w andyu of the components used in the present
study are given in table 2-2 [9].

B

C

Table2-2 Values of T
11

Component T
C

, P
C
c

, Vv
C
, ® and p of Components Used in the Present Study.

P
Cc

V

ot
Water 647.30 221.20 0.0571 0.344 1.8
C

Ethyl-acetate 523.20 38.30 0.2861 0.362 1.9
Toluene 591.75 41.08 0.3167 0.263 0.4

, B

22
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K bar cm
33

and B

13

3
/mol debye
are expressed the same wayBas

2.3.3 Fugacities from the Cubic Equations of Stgé

12
Cubic equations of state are another fdregoation of state in

which

the pressure is given by a cubic function of met@ume containing two
parameters, which are functions of composition @oskibly of
temperature.

Many cubic equations are available in ttexditure, the widely used
are:
Van Der Waals equation of statd 873), which is the simplest. Although
this
equation is never accurate for real fluids, itasdd on sound theoretical
approximations and predicts behavior, which is,gutglly, essentially
correct. The form of this equation is

n
)26.3.2(
V

= NN

RT(27
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P64
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n
RT
b,bXb

|
)28.3.2(
P8

c
i

And the fugacity coefficient is given by
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Where the compressibility factor Z is given by

a
bV
V
Z1

)30.3.2(

RTV

Redlich-Kwong Equation of Statél949) this equation was a
considerable

improvement over other available equations, Reditekes that there was
no

particular theoretical basis for the equation; eaihis considered as an
effective empirical modification of its predecessorhe form of this
equation
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T)bV(V

Equation (2.3.31) was modified by replacing thent¢a / T
0.5

éomplicated function of temperature,
aa( T ) incorporating the acentric factor,
the resulting equation is

— 4+

) with a more
)32.3.2(
)bV(V
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Peng-Robinson Equation of Statd 976) structurally this equation is
similar

to the previous equation with better representatiddVT data in the
vicinity



of the critical point, the form of this equation is
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And the compressibility factor is given by
Cc

I)37.3.2(
P
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[
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(2.3.38)
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And the fugacity coefficient is given by
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The binary expression of the fugacity caadint of equation 2.3.41
IS
given by equations 2.3.42a and 2.3.42b.
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The ternary expression of the fugacity Goeint of equation 2.3.41
IS
given by equations 2.3.43a, 2.3.43b and 2.3.43c.
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The roots of equation 2.3.38 are obtaineduyaerical technique two
of
these roots are
Z

\%

andZ

which are the compressibility factor at the gad an

liquid phase respectively, these values are applieduation 2.3.41 to
obtain

the fugacity coefficients of the vapor and liquithge. The interacting
parameters k

i

are obtained from correlation of experimental data



2.4 Fugacities in Liquid Mixtures
[3]

Calculation of fugacities from volumetricoperties was mentioned
in the
previous section (2.3) it can be applied to conddmhases as well as gas
phase. However, it is not practical to do so beedlns necessary
integrations
require that volumetric data be available at contidtemperature and
constant
composition over the entire density range fromitleal gas state (zero
density) to the density of condensed phase, inctuthie two-phase
region. A
more useful alternate method is needed for calonlaif fugacities in
liquid
solutions. Such a method is obtained by defininglaal liquid solution
and
by describing deviations from ideal behavior imisrof excess functions;
these functions yield the familiar activity coeiéints that give a
guantitative
measure of departure from ideal behavior.
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The partial molar fugacity of component aitiquid solution as was
given by the left hand of equation (2.2.3)

L
|

©=

0

1

)1.4.2(fXf

At any composition, the activity coefficiept
depends on the choice of

standard state and the numerical value of

7
i
i



has no significance unless the
numerical value of
f

i
0
Is also specified.

2.4.1 The Ideal Solution3]

An ideal liquid solution is one where, ahstant temperature and
pressure, the partial molar fugacity of every congu is proportional to
some suitable measure of its concentration, ustiaiynole fraction.
That is,
at some constant temperature and pressure, faxamgonent i in an
ideal
solution,

i
Ideal

)2.4.2(Xf

Where
IS proportionality constant dependent on tempeeadnd

i
pressure but independent of X
f

i
0

=, theny

i

composition (from X

i

i

. Its noticed from equation (2.4.1) that, if we let
=1. If equation (2.4.2) holds for the entire rande
i

=0to X

= 1), the solution is ideal in the sense of

Raoult’s law. In many cases, the simple proportionbetween f

holds only over a small range of composition. If X
IS near zero, it is still



possible to have an ideal solution according taagqn (2.4.2) without
equating

to the fugacity of pure liquid i. Such a solutigsrcalled an ideal

i

i
dilute solution leading to the familiar relationdwmn as Henry’s law.
i
L
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2.4.2 Activity and Activity Coefficients]

The activity of component i at some temper pressure, and
composition is defined as the ratio of the partialar fugacity of i at
these
conditions to the fugacity of i in the standardestéhat is a state at the
same
temperature as that of the mixture and at someafgzecondition of
pressure
and composition:

)X,P,T(f
)X,P,T(a

andX
)3.4.2(
)X,P,T(f
00
i
0

are an arbitrary but specified pressure and coitiposThe
activity coefficient

7



Is the ratio of the activity of i to some convettie
measure of the concentration of i, usually the mi@etion

©

—— = =

)4.4.2(
X

The partial molar excess function

E
i
Ideal

Iiz
E
c

IS given by
)5.4.2(GGG

Where

Ideal

i

G,G

are the actual and standard partial molar prageerti

respectively, the relation between the partial mekcess function and
the

fugacity is given by the following

[ ]

)6.4.20fINOfIN(RTGGG

E
i
Ideal

1

1=]=

Ideal

i

If equation (2.4.1) and (2.4.2) are substitutedqaoation (2.4.6) and
setting



= we obtain
i
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E
)7.4.20IN(RTG

i
©=
Partial molar excess functions are definea manner analogous to
that
used for partial molar thermodynamics propertiebl Is an extensive
thermodynamic property, then
m
, the partial molar M of component i, is
defined by

M
m

Where n

™A



i

)8.4.2(

n

n,P,T

i

lis the number of moles of i, also from Euler'sdtem, where
)9.4.2(mnM

i

i
If equation (2.4.9) is applied to equation (2.4H# following equation is

obtained
E

<
=©
)10.4.20IN(XRTG

i
i
2.4.3 Activity Coefficients from Excess Functiof®

At a fixed temperature, the molar exceddb&energys
depends on the composition of the mixture and,dmaller extent, on
E

pressure. At low or moderate pressures, well reshdngen critical
conditions, the effect of pressure is negligiblayAexpression for the
molar

excess Gibbs energy must obey the following comdliti

G

E
= 0 when X

of a mixture
=0,i=1,2, ... (2.4.11)

Wohl (1946) [11] proposed a general metlaydekpressing excess
Gibbs
energies, the main advantage of his method ig¢h@h physical
significance
can be assigned to the parameters that appear egtrations; as a result,

23
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Wohl's expansion can be extended systematicalhgutticomponent
solutions. Many equations have been proposed éordlation between
activity coefficients and mole fractions and nevesm@ppear every year
[6].

Some, but not all, of these can be derived from N§@eneral method.
In

practical, three equations that are useful for mamagtical calculations
cannot be obtained by Wohl’s formulation.

Wilson EquationBased on molecular considerations, Wilson (1964)
[12] presented the following expression for theessecGibbs energy of a
binary solution:

G
1212221211
E

O0+1+]=
)12.4.2(XXIN(X)XXIN(X
RT

The activity coefficients for binary systems dedvieom this equation
are:

[©

n
++]=
X)XXIn()In(
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Equation (2.4.12) obeys the boundary condition that
G

E
vanishes as eithet

or
X

A

21
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becomes zero. Wilson’s equation has two adjustadniemetersi
In Wilson’s derivation these are related to theepcomponent molar
volumes by

[

12
1=

RT

12
1

and
)c13.4.2()
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WhereV

Is the molar liquid volume of pure component i déinell’'s are

energies of interaction between the molecules Tpza fair
approximation,

the differences in the characteristic energiesratependent of
temperature,

at least over modest temperature intervals. ThexeWilson’s equation
gives



not only an expression for the activity coefficent a function of
composition but also an estimate of the variatibthe activity
coefficients

with temperature. This may provide a practical adil¥ge in isobaric
calculations where the temperature varies as thgposition changes.

|

Wilson’s equation appears to provide a g@piesentation of excess
Gibbs energies for a variety of miscible mixturiess particularly useful
for
solutions of polar or associating components (algghols) in no polar
solvents. A study of Wilson’s equation by Orye (89fL3] shows that
for
approximately 100 miscible binary mixtures of vasahemical types,
activity coefficients were well represented by Wils equation. Similar
conclusions were obtained by Gmehling et al.[14]jpWReported Wilson
parameters for many binary systems. The serioasldsitage of the
Wilson’s equation lies in its inability to predianited miscibility. When
Wilson’s equation is substituted into the equatiohthermodynamic
stability

for a binary system, no parameters A
12

and A

can be found that indicate the

existence of two stable liquid phases. Wilson’satigum therefore, should
be

21

used only for liquid systems that are completelgaitile or else for those
limited regions of partially miscible systems wherdy one liquid phase
IS

present.

For partially miscible systems, Wilson (196¥2] suggested that the
right hand side of equation (2.4.12) be multiplsgda constant greater
than
unity. This suggestion not only introduces a timeadameter but, more
Important, creates difficulties when the equat®applied to ternary
systems.
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Also a modification has been made to Wilson equatioovercome the



problem of partial miscibility the simplest usefabdification is that of
Tsubota and Katayama [15] which is referred as the

T-K-Wilson model or

Modified Wilson The excess Gibbs free energy is given by theviafig
equation

G
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RT

+

XX

VXX
1221

1221

VXX
InX

2112
2112

)14.4.2(



XX
HN

The activity coefficients derived from this equatiare:

©
)In(

1
©

)In(

N

N X < X X

1221
1221
2112
21

VXX

1

2112

21

XX

1
12211221
1



«—>

)al5.4.2(
XXVXX

VXX

PX<IT

+

N

2112
2112

XX

1221
12



[
[
VXX

1
1221
12

XX

1
21122112

N

h — +

€
+

)b15.4.2(
XXVXX

+

The parameter&
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(5.7+3T
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andV

€
+

are also given by equation (1.4.13c) &hd

1

IV
2

respectively. The volume
i
12

IS given by

) (2.4.15c)

Is equal to 0.2363, 0.2121 and 0.0409 for Tolu&tieyl-acetate
and Water respectively and

T

Ri
Is the reduced temperature.
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The ternary expressions of the activityftoents are given by
equations 2.4.16a, 2.4.16b and 2.4.16c.
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The adjustable parameters A
are obtained from correlation of experimental
data.

]

NRTL Equation.The basic idea in Wilson’s derivation of equation
(1.4.21)

follows from the concept of local composition (Twiguid Theory).
This

concept was also used by Renon (1968) [16] in &ivdtion of the
NRTL

(non random two liquid) equation; however, Renadsation, unlike
Wilson'’s, is applicable to partially miscible aslinges completely
miscible

systems. The NRTL equation for the excess Gibbsygne

21
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RT

[(l(1=1=
)19.4.2()exp(G,)exp(G
212121121212

The significance of

1]

IS similar to that of

in Wilson’s equation. The

parameter

a

12

(a

12

=-a

?1

1]

) is related to the non-randomness in the mixtare;

Is zero, the mixture is completely random and dqudf.4.17) reduces
to the

Two-Suffix Margules equation. The NTRL equation @ons three
parameters, but reduction of experimental data farge number of
binary

systems indicates that

a

a

12



12

varies from about 0.20 to 0.47; a typical choice is

= 0.3 [3]. The activity coefficients for binarystgms are given by
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The ternary expressions of the activity coefficseate given by equations
2.4.21a, 2.4.21b and 2.4.21c
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For moderately non-ideal systems, the NRTL &goaffers no
advantages
over the Wilson and T.K.Wilson equations. However strongly non-
ideal
mixtures, and especially for partially immisciblestems, the NRTL
equation
often provides a good representation of experimelaiia if care is
exercised
In data reduction to obtain the adjustable pararsete

UNIQUAC Equation An Attempt was made to derive a two
parameter
equation for G
E

that retains at least some of the advantagesdadhation of

Wilson without restriction to completely misciblextures. Abrams [17]
derived an equation that, in a sense, extends tlasi@hemical theory of
Guggenheim for nonrandom mixtures to solutions @oirig molecules
of



different size. This extension was therefore catlex
Universal QuasiChemical

theory
or, in short UNIQUAC.

The
UNIQUAC equation for
G

E

consists of two parts,@mbinatorial part

that attempts to describe the dominant entropi¢ridmrtion, and a
residual

part

that is due primarily to intermolecular forces el¢dombinatorial part is
determined only by the composition and by the sarebshapes of the
molecules; it requires only pure-component data.
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The residual part depends also on intermoleculaef) the two
adjustable

binary parameters, therefore, only appear in thieluval part. The
UNIQUAC

equation is
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Parametens g, andq

are pure-component molecular-structure constants
depending on molecular size and external surfazgsain the original
formulation,

q=9

. To obtain better agreement for systems contaiwatgr
or lower alcohols, q

values for water and alcohols were adjusted eongiiyi
by Anderson [3] to give an optimum fit to a varietysystems containing
these components. For alcohols, the surface afictien

d

Is smaller than

the geometric external surface

g, suggesting that intermolecular attraction is

dominated by the OH group (hydrogen bonding). fa@hebinary
mixture,

there are two adjustable parameters,

T
12

andr

. These are given in terms of
characteristic energies
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The ternary expressions for the activity coeffitseawre given by

equations



2.4.27a, 2.4.27b and 2.4.27c.
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the present study are given in table 2-3.
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Table 2-3 Structural Parameters of Components Used in theeRt&Study.

Component
rqq
Water 0.92 1.40 1.00
Ethyl-acetate 3.48 3.12 3.12
Toluene 3.92 2.97 2.97
The UNIQUAC equation is applicable to a wi@eiety of
nonelectrolyte
liquid mixtures
containing non-polar or polar fluids such as
hydrocarbons,
alcohols, nitriles, ketones,
aldehydes, organic acids, etc. and
water,
including partially miscible
mixtures.



With only two adjustable binary parametérsannot always
represent
high-quality data with high accuracy, but for mapgical mixtures
encountered in chemical practice, UNIQUAC providesatisfactory
description. UNIQUAC parameters for many binaryteyss are given by
J.Gmehling [14].

The UNIFAC Method A group contribution method for prediction of
activity coefficients which combines the solutidfunctional groups
concept
with a model for activity coefficients based oneattension of the Quasi
Chemical theory of liquid mixtures (UNIQUAC). Thesulting UNIFAC
model (UNIQUAC Functional-group Activity Coeffici€s) contains two
adjustable parameters per pair of functional groByausing
groupinteraction
parameters
obtained from
data
reduction, activity coefficients in a
large
number
of binary and multicomponent
mixtures
maybe
predicted, often
with
good accuracy. This is demonstrated
for mixtures
containing water,
hydrocarbons,
alcohols, chlorides, nitriles,
ketones, amines,
and other organic
fluids in the temperature range 275

to 400
K [18].
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The equations used in the UNIFAC method kglllisted in a form
different from the original form mentioned in [18he equations are [9]:

In(y

) =In(y
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Wherey
k
i)
is the number of subgroups of type k in a molecolapecies

R
k
, Q

k
anda

are subgroups parameters that come from tabusitiotine
literature [19].

The binary expression of Activity coefficieraise given by equations

mk

2.4.35a and 2.4.35b.
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The ternary expression of the UNIFAC equati@s obtained via the
software ( UNIFAC Activity Coefficient ) programmédxy the Chemical
Engineering Departments at the University of SydAasgtralia and
Louisiana
State University USA.
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2.5 Equilibrium Stills

There are a large number of industrially am@nt systems whose
equilibrium relations cannot be predicted from pyutkeoretical
considerations and which must be obtained by @tdeeperimental
determination. The direct experimental determimatbvapor-liquid
equilibrium means that we separate samples oidh&lland vapor
which are
in true equilibrium and determine the concentraiohboth phases



analytically.

The determination of the equilibrium cw\aan be carried out
either at
constant temperature or at constant pressure.igidlation calculations
the
Isobaric data are especially important and theem@nation is also
simpler.
In an accurate measurement it is necessary togeatect control of both
the
temperature and pressure. From the published diatavident however
that
even with the most painstaking measurements oétpesperties of the
system certain inconsistencies in the measuredilegumn data can
appear
[20, 21].

The design and construction of the equilibrstitls can be a source of
various errors, which need not have the same irapoetin all systems
measured (relative volatility, heat of vaporizatein.). Even though so
far it
has not been possible to construct a still whichldgield
thermodynamically completely consistent data fosygstems [21], most
new
units give data of adequate precision for distdlatcalculations.

The methods for the direct determinatioedadilibrium data can be
classified for the most part into the following gps [22]:
1- Distillation method.
2- Circulation method.
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3- Static method.
4- Dew and bubble point method.
5- Flow method.

Circulation methodthis method is the most widely used, it's convehie
to be

used in both the region of medium and low pressitesn though the
various equilibrium stills with circulation diffesignificantly from one



another in their construction details, they ardbaied on a common
principle
which is shown in Figure 2-2.

A

B
Figure 2-2 Diagram of Circulating Stills

The vapors evolved from the boiling mixturehe distilling flask
(A)
pass through the vapor conduit () and aftergteta condensation
collection in the receiver (B). After filling theceiver the condensate
returns
to the distilling flask through the liquid condgit ). If the still is started
with
the receiver (B) empty, at the instant when it fiils, its contents are
richer
in the more volatile constituent than is the vaploaise over the boiling
mixture in the distilling flask. With further opdran of the still, the
contents
of the distillation flask become richer in the mematile component and
the
receiver becomes poorer. This process continudshmisteady state is
attained, in which the compositions in both vesseléonger change with
time. Both compositions are determined analytically
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According to the manner of circulation of the plgdkese stills can
be
classified into two groups:
(a) Stills with circulation of the vapor phase.
(b) Stills with circulation of both vapor and liguphase.

Stills with circulation of the vapor phasthe first still with circulation of
the



vapor phase was proposed by
JamaguchiandSameshimd?22], but the first

equilibrium still which functioned satisfactory wesnstructed by
Othmer

[23] as shown in Figure 2-3.

Figure 2-3 Othmer Still

The distillation flask (A) is filled to fifth of & height which is brought to
boil

by a burner or electric heater. The evolved vajiisrthe space above the
liquid and then enters the vapor tube (P) and tloevs to the condenser

(CH), after complete condensation it flows into teeeiver (B).
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When the receiver is filled the additional condéasareturned through
the

weir (M) to the distilling flask (A). After a sevalrfold exchange of the
contents of the receiver the steady state is aiamwhich the
composition

of the liquid in the boiling flask and the compamit of the distillate no
longer

changes (30-60 min). Samples of the boiling licand condensed vapor
can

then be withdrawn from valves K1 and K2 respecyiveto sampling
flasks

for analysis.

The results obtained from this instrument maytaim errors, the vapor
jacket around the tube carrying vapor to the codders not completely
prevent partial condensation [21], it is recommehitdeinsulate the upper
part
of the instrument or to heat it with a resistanaeding. On the other
hand it
IS necessary to avoid superheating the walls o$tiieas this could lead
to
non-equilibrium total evaporation of droplets
sprayed on the walls. The



temperature measured in the vapor phase doeswajsatorrespond to
the

true boiling point. Because the boiling itself @ sufficient to ensure
thorough mixing of the boiling liquid with the retung cold condensate,
concentration gradients can aris@ the distilling flask. The liquid in
equilibrium with vapor

mixes with part of the returning condensate during

the withdrawal of the sample

. Othmer [24, 25, 26] proposed further

modifications to remove the errors in the stillehole instrument is
made

of hard glass, it is quite compact for this reaand because of its simple
operation this still is very frequently used despite cited errors. The
Othmer

still have been further improved by many authois 8, 29, 30, 31].
None

of Othmer and some of the improved stills can kexlus determine
vapor —

liquid equilibrium in systems of limited miscibyit since the vapor after
condensation and cooling usually separates intddayers and the
condensate

cannot be returned to the boiling flask with tlggild phases in the
correct

ratio.
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These data are of great industrial importancejquéatly in the field of
azotropic and extractive distillation, a speciatelation still for this
purpose

Is needed [31] as shown in Figure 2-4.

Figure 2-4 VLE Still for Partial Miscible Systems

The boiling flask of this still is fitted with theenecks; two of them (A)
are for

thermometers for measuring the temperature inigjoedl and vapor
phases

and one (C) is for filling the still. The solutiea be measured is placed in
the



flask and brought to boil with the internal hedlgrThe vapor leaving
through the main vapor conduit (E) condenses irctiider and returns in
the

three-way valve (K) and small cooler (F) to thelingivessel. A
magnetic

mixer is used. After reaching steady-state ( 60 ntie three way valve
(K)

IS turned so that the condensate flows througlatixdiary cooler (F)
directly

into the sampling bottle. With this still it is gnpossible to determine the
phase equilibrium for a solution that is homogerseatthe boiling point;
magnetic mixing is not adequate for complete miohthe
heterogeneous

mixture.
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For this reason some authors propose the use dfan®al mixing [2] as
shown in Figure 2-5.

Figure 2-5 VLE for Partial Miscible Systems with Mechanicair&rs.

The above still consists of a liquid cham@®rprovided with a
heater, a
20 mm diameter vapor space containing a saucepedizaaffle (C)
which
eliminates entrainment by deflecting the liquidsgpfrom condenser (D),
a
condensate chamber (E) and a line back from tludlichamber. The
two
phase liquid is boiled in the liquid chamber whiete completely
emulsified
by the stirrer. The vibration of the stirrer puntps liquid up between the
Inside of the stirrer and the wall of the heatingace. The vapor
condenses
into a two phase liquid which collects in the camskte chamber (E), the
condensate stirrer is powered by the same vibratnmgas the main
stirrer.
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The returning condensate leaves the condensatebendE) via a sloping
tube of 1 mm bore which has a very fine constructiver the half of its
length next to the chamber. This ensures that amaim of separation
occurs

in the return tube and that the condensate leasirgprehensive of the
dispersed two phase mixture in the condensate airamb

2.6 Azeotropic Predictions

The term
Azeotropemeans “non-boiling by any means” (Greek: a- non,
zeo- boil, tropos — way/mean), and denotes a nexbiitwo or more
components where the equilibrium vapor and liquichpositions are
equal at
a given pressure and temperature. Systems whidotdorm Azeotropes
are
called Zeotropic. Azeotropes occur frequently betmveompounds whose
boiling points differ by less than about 30

0

C. If the vapor and liquid are of

the same composition, the two-phase mixture i®dall
Homogenous

Azeotrope

. The constant-boiling mixtures that occur withager and two or
more dense phases are called

Heterogeneous Azeotrop€igure 2.1 represents

a VLLE system with minimum-boiling Heterozeotrope.

The ability to predict Azotropic behaviordegnes more and more
important and complex when the number of componerttse mixture
increases. The prediction is tested successfullpmyying the Gibbs-
Konovalov theorem [32]. They developed correlagguiations for
expressing boiling temperature of the vapor-liqeogilibrium data,
isobaric
conditions, as a function of liquid composition,ewh
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Where T
i

0

Is the boiling temperature of the pure compongtii (

C,and N

the number of components in the mixture. The coieffits A

1

, B

are

binary or ternary parameters which are determinextiy from the
binary or

ternary data. The increase in the number of paemeicreases the
prediction accuracy.

The Gibbs-Konovalov theorem for multicompongrgtems states that
the
following conditions are fulfilled at the azeotrogoint at constant
pressure:
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Equation 2.6.4 is solved numerically for tladue of X
1

value is inserted in equation 2.6.3 and the tentpeyaf the binary
Azeotrope is determined.

For a ternary mixture equation 2.6.1 and2ae written as in Table
2-4.
Equations 2.6.6 and 2.6.7 are solved numericatlytfe values of X
and
then the values are inserted in equation 2.6.3@temperature of the
ternary Azeotrope is determined. The parameteegjoétions 2.6.3 and
2.6.5

are determined using the following objective fuoct{O.F):
I

and then the

1

, X
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are the experimental and calculated temperatures
respectively and M is the number of data points.
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Table 2-4 The Gibbs-Konovalov theorem for Ternary systems
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2.7 Previous Studies of VLLE Systems

The previous studies did not use the tetrhB/systems, where the
term
partial miscible systems [1, 31, 2] or systemdrafted miscibility [33,
34]
was used, then authors started using the term \ilitBree phase
systems
[35, 36, 37]. Most of the studies that involved exmental work used a
modified equilibrium still to deal with partial nuble systems. Some of
the
most important studies of binary system are:

1- One of the first studies was the determinatio¥LdE of the systems
nButanol

\ Water and Isobutanol \ Water

at 760 mmHg

[38].

The equilibrium

still

used consists of a flask closely connected
to a condenser by a flexible

connection.

The condenser could be tilted



so that the condensate either
refluxed

totally or was wholly collected in
the receiver. Only a vapor sample
could

be collected by this still. The VLE
data collected for the system

Isobutanol

\ Water showed a constant

vapor composition

of 67 mole

%

Isobutanol

for a liquid charge of 2 to 43 mole
% Isobutanol also for the

system

of n-Butanol \ Water showed a constant
vapor composition

of 25 mole

%
n-Butanol for a liquid charge 1.5 to 50 mole
% n-Butanol.

2- A study on the system Isobutanol \ Water at 758-76fHgn [1] was
achieved using equilibrium still specially constagfor partial miscible
systems, the still was a circulation type of bdtl vapor and liquid. The
data

obtained did show a constant vapor compositionirtitial charges in the
still

where a single phase liquid charge only one chaagea two phase
liquid

charge. Thus the system studied could not be ceresichs a VLLE
system.
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3- The system 1-Butanol \ Water at 760 mmHg [31$ wdied in a
modified

Othmer still as shown in Fig.2.5.3. The data ol#dishowed a constant
vapor composition of 75 mole % 1-Butanol for a icjaharge of 54 to 97
mole % 1-Butanol. The data was correlated by tHeaVan Larr
equation.

4- A study on the systems Ethyl-acetate \ Watethyd=thyl Ketone \
Water, n-Butyl Alcohol \ Water and Isobutyl AlcohdWater at 760
mmHg

[2] were accomplished with a modified Othmer stiith mechanical
stirrers.

The data collected showed a constant vapor conposit 70.9 mole %
Ethyl-acetate for a liquid charge 35 to 69 mole #ykacetate, a
constant

vapor composition of 64 mole % Methyl Ethyl Ketdoe a liquid charge
of

20 to 56 mole % Methyl Ethyl Ketone, a constantoragpmposition of
26

mole % n-Butyl -Alcohol for a liquid charge of 6@ 24 mole % n-Butyl
Alcohol and a constant vapor composition of 33.%em36 Isobutyl
Alcohol

for a liquid charge of 6.4 to 22.4 mole % Isobwldohol. The data was
correlated by the aid of Van Larr three suffix et

5- The system Water \ Methyl Isobutyl Ketone at #@@Hg [34] was
studied

in the same still in (3) above. The data collecieowed a constant vapor
composition of 64.1 mole % Methyl Isobutyl Ketorme & liquid charge
of 30

to 90 mole % Methyl Isobutyl Ketone. The data was@ated by the aid
of

the Modified WILSON Equation.

6- The systems 2-Methyl-1,3-dioxolane (2MD) \ Watad 2,4-
Dimethyl-1,3dioxolane

(24DMD) \ Water at 760 mmHg

[39]

were studied in a modified

Othmer
still with mechanical



mixing.

The

data showed a constant vapor

composition of 67 mole % 2MD for a liquid charge3&to 57 mole %
2MD.

The data was correlated by the aid of the UNIQUAfD&ion.
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And some of the most important studies of terngisgesns are:

1- A study on the system MEK \ Benzene \ Water6& rhmHg [40] was
accomplished in an Othmer still, only homogenogsit charges were
studied ( single phase liquid charge ), the conelgnapor formed a two
phase liquid.

2- The system Cyclohexane \ 2-Propanol \ Wate6@tiimHg [41] was
studied in a modified Othmer still, both homogenand heterogeneous
liquid charges were studied. The data were coaelay the aid of both
Van

Larr and Redlich-Kister Equations.
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3.1 Chemicals

CHAPTER THREE
EXPERIMENTAL WORK

The chemicals used in this study were fimengicals of high purity
and
known brand tables 3-1 and 3-2 lists the speciboabf the chemicals
used in
this study.



Table 3-1 Specification of Chemicals Used in the Presentdystu
Chemical Assay N.V.M

Water Manufacturer

Ethyl-acetate 99.7% 0.0005% 0.03% Riedel-de Haen
Toluene 99.9% 0.001% 0.03% BDH

Distilled Water 100 % Triple distilled

Acetone 99% 0.005% 0.5% BDH
* Non volatile mater.

Table 3-2 M.Wt. and density of chemicals used in presentystud
Toluene Ethyl-acetate Water

M.Wt. 92.14 88.11 18.016

Density (g/L) 20 © 0.8669 0.901 0.998

3.2 Equilibrium Still

The equilibrium still used in this study igieculation type still with
circulation of the vapor; it’s similar to Othmer still [23]. Some
modifications
were applied to the still so it can be used fotigamiscible systems. The
modifications helped in giving a steady temperatesgling in the boiling
section and helped in keeping the condensed vagbeicondensing
section
in a semi homogenous state. The modifications were:

1- The still was supplied with mechanical mixersifoth the boiling
section

(boiler) and the condensation section (condenser).

2- The still was supplied with multi-impeller srafor both mixers of the
boiling section and the mixing section.
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3- The still was supplied with two reflux lines fitre reflux of the
condensed
vapor to the boiler.

The assembled still as shown in Figure 3-1 coneistise following
parts:



Figure 3-1 Assembled Still of the Present Study.

1- A 55 mm diameter glass cylinder type QVF (LengtB25mm).
2- Quick-fit head with two P.E bushing rings.

3- Thermometer well.

4- Multi-impeller shaft (Length = 400 mm).

5- Sampling valve.

6- Inclined pipe with thermo well (Length = 50 mm).

7- Capillary pipes (1 mm diameter) with sphericallh

8- A 40 mm diameter glass cylinder type QVF (Lergtt50 mm).
9- Quick-fit head with two P.E bushing rings.

8

10
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10- Multi-impeller shatft.

11- Glass condenser connection with flange (Lergd0 mm).

12- Vapor conduct (prevents condensation of vapowalls of boiling
section.

The multi-impeller shafts were driven byatte motors type
Parvalux
electric motor LTD with a max. Speed of 2500 rprhe Bpeeds of the
motors
were controlled by a volt Regulator (0 — 300 vol&)all the runs the
speed of
the motors were from 1400 to 1600 rpm.The shaftewennected to the
motor by rubber pipes to reduce the vibration. PHe bushing rings in
the
Quick-fit heads helped in preventing vapor leakage also reduces the
vibrations from the motor (see Appendix A.1). Th# was heated by a



heating mental with grades from 0 — 10 grades.VEp®r was condensed
by

a glass condenser connected at the condenser connection (11); the
connection

was accomplished by two stainless steel flangds aviteflon cascade.
The

cooling fluid in the condenser was a once throaghwater at 17-23
C, when

the tap water temperature exceeded this range (frfarmed in the
summer) the condenser was connected to a watenlththefrigeration
unit

(-10 to 150

0

C) type Julabo. The whole still is insulated withef glass

insulation except the condensing section. A picaire whole unit used
in

the present study is shown in Figure 3-2.

When the still was used to determine LLEadhe heating mantle
\r,éﬁaced by a water bath with temperature conyrm# Memmert, where
tsr:ﬁl was partially immersed in the water bath lasven in Figure 3-3. The
condenser is not needed in the LLE data measureanahthe mixer in
t:r(])endenser section is also not needed, the quible&t (2) is replaced by
?ubber cork with three holes the middle one forrthéti-impeller shaft
?hnedother two for the pipettes for sampling the tigaid layers.

(o]
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Figure 3-2 Picture of the whole unit used in the presentystud

Figure3-3 Still used for LLE data measurement.
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3.3 Temperature Sensor

The temperature was measured by a NiCr-Ns@earhich is able of
temperature measurements of liquids and gaseg iratige -200 to
+1200
C,
the temperature was recorded and represented gadlphiia aCASSY
Module Interfacein conjunction with a personal computer (486) Hrel
software Universal Data Acquisitiot, more details are given in
appendix
(A.2). A schematic of the unit with the controkisown in Figure 3-4.

1

2
11

10
Figure3-4 Schematic of the Unit with the Control Used in Bresent Study.

~ ~

O

6
8
3
9
9
1- Computer
2- Interface

8
12
3- Temperature sensor



- Heating mantle

- Modified Still

- Condenser

- Electric motor

- Voltage regulator

- Cooling water inlet and outlet
10- Thermometer

11- Condensing section

12- Boiling section

13- Vapor path

©O© 0o ~NO 01 b
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3.4 Preparation of Liquid Mixtures

The liquid mixtures were prepared by meaguarvolume of each
chemical by a graduated cylinder (100 ml). The dbals were not
mixed
before charged in the still.

The mole percent of each chemical in the liquidtomes measured in
present
study are given in table 3-3.

Table 3-3 Composition of liquid mixtures measured in the prastudy.
Mole percent

Mixture No. Toluene Ethyl-acetate Water
0.266 99.734

0.986 99.014

1.555 98.445

2.416 97.584

4.341 95.659

10.180 89.820

26.535 73.465

33.837 66.163

40.571 59.429

10 47.233 52.767

11 55.739 44.261

12 66.891 33.109

13 71.315 28.685

14 79.644 20.356

©Coo~NOURWNE



15 82.450 17.550
16 88.782 11.218
17 95.000 5.000
18 98.400 1.600
191.670 98.330
30 2.369 97.631
21 5.358 94.642
22 8.622 91.378
23 14.519 85.481
24 21.318 78.682
25 29.398 70.602
26 36.909 63.091
27 44.215 55.785
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Table 3-3 (cont/d) Composition of liquid mixtures measuredhie present study.
Mole percent

Mixture No. Toluene Ethyl-acetate Water
28 54.315 45.685

29 61.737 38.263

30 75.956 24.044

31 76.151 23.849

32 86.883 13.117

33 89.465 10.535
3491.772 8.228
3594.941 5.059

36 12.603 64.209 23.188
37 19.469 42.321 38.210
38 22.778 38.904 38.318
39 26.106 35.467 38.427
40 29.453 32.011 38.536
41 32.819 28.536 38.645
42 38.957 38.107 22.936
43 39.608 21.525 38.867
44 41.318 19.759 38.923
45 46.476 14.432 39.092
46 53.424 7.258 39.318
47 55.227 21.711 23.062
48 61.528 15.100 23.372



49 67.540 9.068 23.392
50 72.327 14.769 12.904

The total volume of each mixture measured in tles@nt study is 200-
300
ml.

3.5 Operating the equilibrium still for VLLE meas@ments

The measurements by the modified equilibratithof the present
study
are begun by inserting the liquid mixture one cloainat a time in the
boiling
section and the following procedure is followed:

1- Running the softwareUniversal Data Acquisitiofi, that measures
and

records the temperature of the liquid mixture viithe via the personal
computer.
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2- Starting the heating mantle from the above softwadhe Interface
(CASSY Module Interfackand starting the mixer of the boiling
section at a rate below vortex formation.

3- When the liquid mixture starts boiling after 25+#h the cooling
water is allowed to flow in the condenser at a odtabout 2 liter / min.
4- As vapor starts to condense the mixer of the cosetteon section is
started at a rate below vortex formation.

5- After the temperature of the liquid mixture reachesady state
(constant value) usually after 70-80 min samplesmathdrawn from
both the boiling and the condensation sections.

6- After samples are withdrawn the software is turoidy saving the
recorded data in the personal computer under aicarame e.g.
VLLE

1



7- The mixers are turned off and the cooling watéghcondenser is
stopped after 10-15 min.

3.6 Sampling Methods

The samples are withdrawn from the still froath the condensation
and
the boiling section into a graduated test tube (Gh5with 0.1 ml
graduation;
the samples withdrawn are 4-5 ml for each of théngpliquid and the
condensed vapor. Three methods of sampling weréogeth

1- Taking samples of both the condensed vapor andditieg liquid [2].
2- Stopping the mixer of the boiling section then m&eé min the heating
mantle is turned off and a sample of the condemapdr is withdrawn
and then a sample from each layer of the boiliggidl is withdrawn
separately [39].

3- Taking sample of the condensed vapor only [38].
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The withdrawn samples are placed in a wad#r bt a temperature of
20
(0]

C and are left over night for complete separatiothe two liquid layers
in

each sample. Then the volume of each layer is meady the
graduation on

the test tube.

3.7 Sample Analysis

Most of the samples of the measured liquixtumes in the present
study
were with two liquid layers, a sample was takemfeach layer by a 0.1
mi
pipette with 0.01 ml graduation then the refractinaex of these samples
were measured at 20

(0]

C by a Refractometer, details of the measuring
procedure is given in appendix B.1.



Two calibration curves were used to deterntieemole fraction of
the
samples one for the top layer (Organic layer) amelfor the bottom layer
(Aqueous layer). The curves were obtained by pregdiquid mixtures
of
different mole composition for each layer and meaguhe refractive
index
and the data obtained were represented graphi€aljyres 3-5 and 3-6
represent the calibration curve of the aqueousoagahic layer
respectively
of the system Ethyl-acetate \ Water.
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R.I (refractive index)
1.3370
1.3380
1.3390
1.3330
1.3340
1.3350
1.3360

Aqueous layer(20 C)
R.l = 0.0023X1
3

- 0.0068X1
2

+0.0072X1 +
1.333

R
2

=1



0.00.2040.6081.01.2141.61.82.0
Mole% Ethyl-acetate

Figure 3-5 Calibration curve of the aqueous layer of the sydithyl-acetate \ Water.

R.I (refractive index)
1.3758

1.3759

1.3760

1.3761

1.3762

1.3763

1.3757

Organic layer(20 C)
R.l =1.3526X1

R

2

=0.9998

0.0038

88.0 90.0 92.0 94.0 96.0 98.0 100.0
Mole % Ethyl-acetate (X1)

Figure 3-6 Calibration curve of the organic layer of the sgstethyl-acetate \ Water.
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The system Toluene \ Water was considereshasmiscible system
were the solubility of Toluene in Water is 0.05%26t

C and the solubility of
Water in Toluene is 0.03% at 20

0

C. As for the system Toluene \ Ethyl-acetate

\ Water Fig.3.7.1 was used for the bottom layahefsamples
withdrawn, for

the top layer of the withdrawn samples a calibratorve was obtained
by

preparing liquid mixtures of different compositiopisToluene and
Ethylacetate



and measuring the refractive indices
of these mixtures and the data
obtained

were represented graphically. Figure
3-7 represents the calibration

curve

of the organic layer for the system
Toluene \ Ethyl-acetate \ Water.

R.I (refractive index)

1.4400

1.4700

1.5000

1.5300

1.3500

1.3800

1.4100

O

rganic layer(20 ©
Organic layer ( 20
R.I =0.0012x + 1.382

R
2

= 0.9934
C)
)

0.0 20.0 40.0 60.0 80.0 100.0
Mole % Toluene (X1)

Figure 3-7 Calibration curve of the organic layer of the sgsfEoluene \ Ethyl-

acetate \
Water.

The assumption of Water is not present inapdayer of the

withdrawn

samples of the system Toluene \ Ethyl-acetate e¥\fatquite reasonable

due

to the low solubility of Water in Toluene, and Tehe not present in the
bottom layer of the withdrawn samples also dudééolow solubility of

Toluene in Water.
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3.8 Operating the equilibrium still for LLE measuraents

The same equilibrium still was used for Lireasurements of the
system

Ethyl-acetate \ Water in the temperature range25-6
(0]

C. The measurements

are begun by inserting the liquid mixture one cleainat a time in the
boiling

section and the following procedure is followed:

1- Running the softwareUniversal Data Acquisitiofi, that measures
and

records the temperature of the liquid mixture viithe via the personal
computer.

2- Setting the water bath temperature at the desekde\and starting the
mixer of the boiling section at a rate below vortesmation.

3- After the temperature in the still reaches a stesdte value (constant
value) usually after 45-60 min the mixer is stopped

4- After a period of 5 min samples are withdrawn freach layer by a
0.1

ml pipette with 0.01 ml graduation into a graduatsst tube (0-5 ml)
with 0.1 ml graduation.

5- After samples are withdrawn the software is turoidy saving the
recorded data in the personal computer under aicatame e.g. LLE1.

The withdrawn samples are treated and aedlgz in VLLE
measurements. All the measured liquid feed mixtwe® 15.585 mole
%

Ethyl-acetate.
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3.9 Cleaning the equilibrium still

The equilibrium still is disconnected fronethole unit after each
measurement and drained from the remaining liguxdure and rinsed
with
acetone and allowed to dry. The same thing is appb the test tubes
and
pipettes used in the analysis of the withdrawn dasap

3.10 Experimental data

The experimental data obtained from VLLE sweaments of the
binary
system Ethyl-acetate \ Water is given in table 3-5.

Table 3-5 VLLE measurements of the binary system Ethyl-aeet&Vater.
Mole % Average Mole % Mole % Mole % Mole %

Run# L

VLLE

18

OFr X @R X )4 ro—r

0.266 98.47/8 0.029 7.793
VLLE
0.986 96.920 0.059 8.127
VLLE

17

1.55592.374 0.651 9.566
VLLE

16



2.416 84.529 1.508 44.675
VLLE

15

4.341 70.882 3.038 44.675
VLLE
2

10.180 71.383 77.782 78.060
VLLE

5
26.535 70.407 55.313 71.916
VLLE

1
33.837 72.960 58.956 1.662 31.812 50.861
VLLE

10

40.571 71.862 78.687 3.007 38.800 63.273
VLLE
8

47.233 71.258 77.357 1.204 45.139 66.801
VLLE
3

55.739 71.753 78.981 0.676 54.128 68.133
VLLE

6
66.891 71.283 67.195 73.685
VLLE

4
71.31571.850 73.096 75.010
VLLE

VLLE

7

11
12

79.644 73.419 95.000 32.573 79.263 78.984
82.450 73.763 95.000 73.989 82.391 85.062
VLLE
88.782 74.800 90.153 85.097 88.509 85.279
VLLE

13

95.000 72.125 95.000 91.261
VLLE
Where L

9

98.400 76.370 98.400 42.673
Sampling method 2 1

14

1
Is the initial mole % of Ethyl-acetate chargedha stilland T



the average boiling point of the mixture from thed the temperature
reaches
a steady state value to the time of sampling.
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X

1
T

and X

1
B

are the mole % of Ethyl-acetate in the top lagegnic layer)

and the bottom layer (aqueous layer) respectivetize boiling liquid. X
IS

the mole of Ethyl-acetate in both layers of thehdrawn sample of the
boiling liquid.Y

Is the mole % of Ethyl-acetate in the condensgubra

Samples of the VLLE measurements 3, 6, 8 and 1@€¥8 withdrawn
by

sampling method 2 and the rest of the VLLE measargswere by
sampling

method 1.

1
The numerical values of X

and Y

were determined by

measuring the refractive index of the withdrawn gl and substituting
their values in the calibration curves of Figuré 8nd 3-6 and by
material



balance as shown in appendix C.1.1. The experirhdata obtained
from

VLLE measurements of the binary system Toluene teWa given in
table 36.

1
Table 3-6 VLLE measurements of the binary systeoiuene \ Water.

Mole % Average Mole % Mole %
Run # L
VLLE

35
1

T

(0]
1

o)
CX

1.670 98.083 1.592 5.642
VLLE

2.369 97.901 2.143 9.873
VLLE

34

5.358 96.948 5.188 14.347

VLLE
33

8.622 96.121 8.097 21.372
VLLE

19

14.519 94.601 14.443 27.764
VLLE

20

21.318 93.497 20.582 33.746
VLLE

21

29.398 92.610 28.316 36.746
VLLE

VLLE

22
23
24

Y

36.909 92.474 36.978 40.437
44.215 92.487 43.648 48.064
VLLE

54.315 93.730 54.779 53.623
VLLE

25

61.737 94.966 61.300 57.692



VLLE

26

75.956 99.151 76.141 62.548
VLLE

27

76.151 99.336 76.67/3 64.372
VLLE

VLLE

28
29
31

86.883 103.890 88.129 71.343
89.465 107.255 95.229 78.557
VLLE

91.772 106.098 92.883 74.491

VLLE

30
32

94.941 108.543 95.310 83.012
Sampling method 3
1
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Where L
1

Is the initial mole % of Toluene charged inthéand T

Cis the

average boiling point of the mixture from the tithe temperature
reaches a

steady state value to the time of sampling. X

1

0]

Is the mole % of Toluene in

both layers of the boiling liquid.Y

Is the mole % of Toluene in the condensed

vapor. Samples of the VLLE measurements 19-35 wehelrawn by
sampling method 3. The numerical values of X

1

1
o

and Y
were determined by



the solubility of Toluene in Water and the solulibf Water in Toluene
at
20

o

C and by material balance.
1

The experimental data obtained from VLLE sweaments of the
Ternary
system Toluene \ Ethyl-acetate \ Water is givetaiie 3-7.

Table 3-7 VLLE measurements of the ternary system Toludttyl-acetate \ Water.

Mole% Mole% AverageMole% Mole% Mole% Mole %
Run # L
VLLE

42

N e

ONXOOHO
X

12.603 64.209 72.889 13.181 64.221 1.789 43.538
VLLE
19.469 42.321 74.157 19.951 41.648 7.024 41.534
VLLE

41
22.778 38.904 75.680 23.593 38.041 6.996 42.935
VLLE

46

26.106 35.467 76.882 26.685 34.939 10.037 33.323
VLLE

45

29.453 32.011 79.361 30.312 31.119 10.097 40.054
VLLE

36

32.819 28.536 77.495 33.826 27.853 11.897 32.783
VLLE

37

38.957 38.107 80.178 40.260 37.365 9.469 39.927
VLLE

43

39.608 21.525 79.887 40.621 20.806 15.173 30.198



VLLE

38

41.318 19.759 83.247 42.344 19.0/8 12.221 29.776
VLLE

a7

46.476 14.432 83.652 47.900 13.668 18.136 24.831

VLLE
39

53.424 7.258 87.081 55.113 6.760 22.563 14.123
VLLE
VLLE

40
44
48

Y

55.227 21.711 89.263 56.658 21.071 19.611 27.862
61.528 15.100 90.520 62.852 14.408 21.915 28.349
VLLE

67.540 9.068 93.766 69.306 8.662 15.846 20.632
VLLE

49
50

Where L
72.327 14.769 93.288 74.482 14.478 15.846 20.632
Sampling method 3
1

, L
are the initial mole % of Toluene and Ethyl-acetztarged

in the still respectively and T
2

0

C is the average boiling point of the mixture

from the time the temperature reaches a steadyséie to the time of
sampling.

1

o
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2
o

are the mole % of Toluene and Ethyl-acetate ih bters of the
boiling liquid respectively.Y

, Y2 are the mole % of Toluene and Ethylacetate

in the condensed vapor respectively.

Samples

of the VLLE

measurements

36-50 were withdrawn by sampling

method

3.

The numerical values of X
1
1
(@]

and Y

were determined by measuring the

refractive index of the withdrawn samples and stuistg their values in
the

calibration curves of Figures 3-5 and 3-7 and byena balance as
shown in

appendix C.1.1.

1

The experimental data obtained from LLE measents of the
binary
system Ethyl-acetate \ Water is given in table 3-8.

Table 3-8 LLE measurements of the binary system Ethyl-acététater.

Mole % Average Mole % Mole %
Run#L1T

LLE

1

0
CX
1

I
15.585 24.804 95.000 1.873
LLE

15.585 30.774 95.000 1.761
LLE

2

15.585 34.272 93.565 1.724



LLE
3

15.585 41.610 91.645 1.683
LLE

4
15.585 49.675 88.492 1.704
LLE

5

15.585 57.903 82.910 1.589
LLE
6

0
Where L

T

o

X

15.585 65.331 82.109 1.724
Sampling method 2

1

Is the initial mole % of Ethyl-acetate chargedha still and
C is the average boiling point of the mixture frdm time the
temperature

reaches a steady state value to the time of sagnin
1
I

and X

1
B

are the mole

% of Ethyl-acetate in the top layer (organic layaryl the bottom layer
(aqueous layer) respectively in the boiling ligutdamples of the LLE
measurements were withdrawn by sampling method 2.

1
B
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The numerical values of X

were determined by measuring the



refractive index of the withdrawn samples and stuistg their values in
the
calibration curves of Figures 3-5 and 3-6 and byema balance.

More details are given in appendix C.1.1 etedmining the
numerical
values of X

and Y

1
3.11 Testing Experimental Data

A semi empirical test for the thermodynagoasistency of isobaric
equilibrium data was proposed by Herington [42]isTroposal suggests
a
plot of In
1

Iy
2
) vs. X
1

for the range X
1

=0to X
=1. From this plot calculate
the percent deviation defined by equation 3.11.1.

+

!

axis.XbelowAreaaxis.aboveXArea
D

1
)1.11.3(
axis.XbelowAreaaxis.aboveXArea

The quantity D is compared with another quantiyhich is found from
equation 3.11.2.



150J

)2.11.3(
T

min

Where

7 is the absolute difference between the maximumnaindnum
temperatures cited in the equilibrium data and

-nl1-in

IS the minimum

temperature cited in the equilibrium data. The tams150 is empirical
based

on analysis of typical heat-of-mixing data. If (W}< 10 then the data is
probably consistent. Isobaric data of 24 systekestdrom the third
edition

of Perry’s

Handbook for Chemical Engineerghe data of 9 of these systems
were inconsistent according to this method [42].

This method was applied to the two binaryteys of the present
study.
Table 3-9 lists the value of the parameters oHbegngton test.
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Table 3-9 Values of the parameters of thierington test.

P = 101.325 KP&thyl-acetate \ Water [Present study]
DzT

min

(K)J(D-J)<10>10

15.013 28.071 343.557 12.256 2.847 YES

P =101.325 KPal oluene\ Water [Present study]
DzT

min

(K)J (D-J) < 10> 10



12.652 16.937 365.072 6.959 5.693 YES
P =101.32%thyl-acetate\ Water [2]
DzT
min
(K)J(D-J)<10>10
21.466 29.550 343.6 12.900 8.566 YES
For the ternary system Toluene \Ethyl-acéiMater the
McDermontEllis
test method
[43]
was used. Two
experimental
points a and b are
thermodynamically
consistent if the following condition is fulfilled:

D<D

max

(3-3)

Where
D is the local deviation and is given by equatidiil3}

?
000
T+=

)4.11.3(InINXXD©©
And D

1i
iaibibia
max

the max deviation is given by equation 3.11.5.
Y
+4+++=

P X A Z2



0

S RP AR ZRL <Z

)5.11.3(T
T
XXXInIn2
1i

iaib

1

X

1

1i

ibibiaia
ibiamax

I

Py



f

N is the number of components in the system teSteel values of the
local

deviation

D and the maximum deviation of the ternary systemewle387 and
9.958 respectively.

When the above test was applied to the piggstems
Ethylacetate\Water
and Toluene\Water and the ternary
system Toluene (1) \ Ethylacetate
(2) \ Water (3) the results were as given in t&blio.
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Table 3-10 Results of thévicDermont-Ellis test applied to the binary and Tayn
systems.

P =101.325 kP&thyl-acetate\ Water [Present study]
DD

max

D<D

max

7.080 9.523 YES
P = 101.325 kPal oluene\ Water [Present study]
DD

max

D<D

max

12.362 13.624 YES

P =101.325 kPda oluene(l) \ Ethyl-acetate(2) \ Water (3) [Present
study]

DD

max

D<D

max

4.387 9.958 YES
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CHAPTER FOUR
RESULTS & CALCULATIONS

The experimental data obtained from the VLLE measients of the
two
binary systems ( Ethyl-acetate(1)\Water(2) and &o&{1)\Water(2) )
and the
ternary system ( Toluene (1)\ Ethyl-acetate (2)@W&3) )and the LLE
data of
the binary system ( Ethyl-acetate(1)\Water(2) )@doéted in
TemperatureComposition
Diagrams (T-X-Y, T-X, T-X-X).
Then these data are predicted
and
correlated by the activity coefficient
models
and the Peng-Robinson
(EOS).

4.1 Temperature-Composition Diagrams

The experimental data obtained from the Vith&asurements of the
binary system Ethyl-acetate (1) \ Water (2) in ouhs 3, 6, 7 of table 3-5
are
plotted in Figure 4-1.

T(C)A
105

100

90

95

Tet

80

ver

era ure
age Boiling

mp
85
75
65
70



Ethyl-acetate(1) \ Water(2)
0 20406080100
X1,Y1 mole% Ethyl-acetate

Figure4-1 T-X-Y Diagram of the System Ethyl-acetate (1) \ &fgR2).
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The experimental data obtained from LLE measents of the
binary
system Ethyl-acetate (1) \ Water (2) in column4,3 of table 3-8 are
plotted
in Figure 4-2.

T (C) Liquid Temperature

50

55

60

65

70

40

45

35

30

20

25

Ethyl-acetate(1) \ Water(2)

0 20406080

100

X1T, X1B mole Ethyl-aetate

%

Figure 4-2 T-X-X Diagram of the System Ethyl-acetate (1) \ ArgR).
When both of the above Figures are plottedttogy a system similar

to

the one in Figure 2-1 is obtained as shown in [EguB.
T (C) Average Boiling
Temperature

120
100
80
60
40



20

Ethyl-acetate(1) \ Water(2)
0 20406080100
X10, X1T, X1B,Y1 mole% Ethyl-acetate

Figure 4-3 T-X-X-Y Diagram of the System Ethyl-acetate (1) ai&fr (2).
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The experimental data obtained from the VLLE measnts of the
binary

system Toluene (1) \ Water (2) in columns 3, 4f table 3-6 are plotted
in

Figure 4-4.

T(C) Averag Bol
Temper ure

120

ng

ei

at

115

110

100

105

90

95

Toluene(1) \ Water(2)
0 20406080100

X1, Y1 mole% Toluene
Figure 4-4 T-X-Y Diagram of the System Toluene (1) \ Water. (2)

The experimental data obtained from the VLLE measnts of the
ternary

system Toluene (1) \ Ethyl-acetate(2) \ Wate

r (3) in columns 4, 5, 6 of table 37

are plotted in Figure 4-5.



Toluene Figur f 1) \ ta @4-5T-X Diagram o the System Ethyl-ace te(2) \ Wat r
(3).
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4.2 Pred o a

nth op

ce

Det b

onotpas

e values ofp

pling m thod (1). Tables 4-2 and 4-3 list the valoé
S

iction f Equilibrium D ta
By applying equations 2.2.3 ad 2.2.6 e@dl
Is redicted

theoreti ally wh rep
1
\Y

/]

0~

and

L

are d ermined y applying PengRobins

equati n of state with in eracting rameter k

= 0, equations

2.3.42a and 2.3.42b. Table 4-1 lists th

the binary system Ethyl-acetate (1) \ Water (2) etsamples are
withdraw

by sam eD

and®

1
1
\Y

, D
ea\W)w
wm Tsoivc



rslo
lu.15 4.
Lo?2
udz2.4

nd 2.4.35b.
1

L

1

, P

for the binary syst m Ethyl- cetate (1) ater (2ehemmples are
withdra n by sa pling method (2). he value f theitgocoeffi ientsyi
are dete mined u ing the fo lowing m dels:

1- MOD FIED WILSON (M.W.), eq ations 2.4 a and Bbl

2- NRT , equati ns 2.4.20a and 2.4. Ob.

3- UNIQUAC (UNIQ.), eq ations 2. .26a and .26Db.

4- UNIFAC (UNIF.), equations 2.4.35a a

Table4-1 Values of®
Run#T
VLLE

18

[
[

S

and®

1

for the binary system Ethyl-acetate (1) \
Water (2) by sampling method 1.

C P (kPa) X

(/)H-U<HG‘OI—‘

(kPa)

)]

08.478 101.325 0.00029 0.97834 195.104 0.9822780%58
VLLE



17
1

S
96.920 101.325 0.00059 0.97808 186.563 0.9830712400
VLLE
92.374 101.325 0.00651 0.97723 163.297 0.985013B408
VLLE

16

84.529 101.325 0.01508 0.97568 128.542 0.9880286899
VLLE

15

70.882 101.325 0.03038 0.97268 82.172 0.99211 21697
VLLE
2

72.960 101.325 0.31812 0.96951 88.206 0.98385 8%61
VLLE

10

71.862 101.325 0.38800 0.96854 84.975 0.98266 0635
VLLE
VLLE

,S<moooo

RS L 0e
(@]
=

wn

) ] P

QP

71.258 101.325 0.45139 0.96782 83.239 0.98149 2P59
71.753 101.325 0.54128 0.96724 84.660 0.97921 3335
VLLE

70.407 101.325 0.55313 0.96680 80.840 0.97974 @® /3
VLLE

1
71.283 101.325 0.67195 0.96630 83.310 0.97683 0875
VLLE 71.850 1 .97535 0.85972

LE

4
01.325 0.73096 0.96618 84.940 0

VL 83 101.3250.7778 83.596 0.97483 0.83032
-

71.3 2 0.96587
LLE
E

5



11
12
13

9
73.41 101.325 0.79 3 0.96637 89 0. 0.88291
V9 26 .585 97316

VLLE 73.763 223 0.88565

101.325 0.8 3 0.96637 90.629 0.97240

74 101.325 0.8 9 0.96651 9 7 0.9705 0.90562
VLL .800 850 3.83 8

VLLE 72.125 1 9500 0.82575

01.325 0. 0 0.96569 85.740 0.97161

LLE

14

76.37 .96682 9 0.9678 0.94631

V 0 101.325 0.98400 0 8.865 5
D

from equation
(P C.1.2)

71

L
i

Chapter Four
Calculations

Table 4-2 Values of®

and®
1
S

and®
1
L

for the binary system Ethyl-acetate (1) \
Water (2) by sampling method 2.

Results &



72 01.325 6 0.970 .205 01.00

VL .960 1 0.5895 22 88 0.97745 73

VLLE 71.258 1 0.77357 54 83 0.97499 817

VL .862 101.325 0.78687 756 84. 0.97435 088
VL .753 101.325 0.78981 6750 84.6 0.97437 3723
01.325 0.967 .238 0.82

LE

710.9697504.8

LE

VLLE

8

6

13

710.9590.8

74.800 101.325 0.90153 0.96724 93.839 0.97032 64803
VLLE 1 0.97064

73.419 0.86142

LE

01.325 0.95000 0.96646 89.584

VL .763 101.325 0.95000 5
c®

11
12
1
S
1

S

73 0.9665 90.629 0.97038 0.87110
= f

1

0

/P
1



neEn

of @

f C.1.2)

(P rom equation
Table4-3 Values P

Run#T
0]

1
\%

i
S

and®
s
1
L

and®

ry system acetate (1
by samp d 2.

1

for the bina Ethyl-)\
Water (2) ling metho

C P (kPa) X
1

mHU<Hew

(kPa)

/]

1
S

QP

VL LE

71.753 101.325 0.00676 0.97322 84.659 0.99249 3256
LE 71.258 101.325 0.01204 0.97304 83.238 0.9924312VL
6

VLLE
3

72.960 101.325 0.01662 0.97333 88.205 0.99188 83777
V7105072 9LLE

10

1.862 1.32 .03007 0.9 9 84 75 0.99184 22149
LLE
8

3.419 01.325 2573 0.9 55 89.5 0.983 2.4502



LLE

V7103698443
V710.766 29 88
V7108663915

11

3.763 01.325 3989 0.9 65 90.6 0.973 0.9106
LLE

12

4.800 01.325 5097 0.9 58 93.8 0.971 0.91031
@
13

e Th
4

nr

f

P

qu)

P

1

S

from e ation C.1.2
p e firs tiv ie ns
aramet rs of the t three ac ity coeffic nt equat® given
in table -4.

Ac icie ers

tio et

Table 4-4 tivity Coeff
Param

nt Paramet

[8] .

ers

/)]

1
L
1
L

EquanT
M.WILS (/ RA
134

3ON A-A )

(2 -
=-751.71K

12 22

NRTL ( R



) \ R
=3.3K

21
11

a39g-9g)/

1211

=671.8K
UNIQUAC AU /R

=1081.40 K

12
(9-9
22
21
63.
)/ R
=12 08 K
u

2
12

33.15K
=q =
0.4

21

22
3A

IR
=-2.02K

1

TheprNation-5

UNIFAC Equatio rs
43.65 K
Z]/2=543.15K

aramete s of the U IFAC equ n are give in tablasdi4-6.
Table 4-5n Paramete [9].

CH20

Branch CH3 CH3CO H20
R

0.9011 1.6724 0.9183 0.90

Q

k

0.848 1.488 0.78 1.40
Group 19137

k
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IFAC Equa n Paramete [9].
a

k,m

Table4-6 UN tio rs

)3

(K1917

10476.4 251.5 1318
926.76 0-103.6 472.5
1383.36 191.1 0 -314.7
7 300 -195.4 540.50

The value
1

ua iv es nd
s ofy for the 4 eqtions are g en in tabl 4-7, 4-8-8.

Table 4-7 Values ofy
un#TC
1

for the binary system Ethyl-acetate (1) \ Watgrbi{2 sampling
method 1.

Y
1
o)
1

WILSON RTL UNIQUAC UNIFAC

LLE

R

98.478 0.00029 5.44755 1.38311 9.54445 120.86540
LLE

18

96.920 0.00059 5.44044 1.88505 9.46096 119.04740
VLLE

17

92.374 0.00651 5.30048 63.91702 8.7/798 112.27510
VLLE

16

84.529 0.01508 5.11063 54.56045 7.87525 105.31170
VLLE

15

70.882 0.03038 4.80413 41.00261 6.57662 6.51260
VLLE



2
72.960 0.31812 2.23809 2.74150 2.18071 1.13736
VLLE

10

71.862 0.38800 1.97667 2.22034 1.91031 1.02596
LLE
8

3

[0}
XMN
V7
V7

V
VLLE

6
71.258 0.45139 1.78533 1.91016 1.72265 0.9/816
71.753 0.54128 1.56633 1.60702 1.51494 0.95498
VLLE

70.407 0.55313 1.54217 1.57582 1.49188 0.97967
VLLE

1

71.283 0.67195 1.32580 1.31703 1.29098 0.98426
VLLE
4

71.850 0.73096 1.23851 1.22083 1.21080 0.98475
VLLE 71.3830.77782 1.17775 1.15691 1.15546 0.97751
VLLE

;

5
73.419 0.79263 1.15870 1.13789 1.13829 0.98040
473 1.VLLE

11

73.763 0.82233 1.12 10438 1.10777 0.98499
VLLE

12

74.800 0.88509 1.06235 1.04716 1.05266 0.99325
VLLE

13

5007110.0172.12 .9500 1.015 1.0 03 1 2788389
VLLE

9

14

76.370 0.98400 1.00187 1 .0 0.99989 1.00 08 1 0149

em Ethyl-& ables t ¢ samp
4-8 Value ofy for the
1

binary sys etate (1) \ Water (2) by ling
et



m hod 2.
Y

o

1
Run# SRINIFT
CX

1

I
M.WIL ON N TL UN QUAC U AC

VLLE

72.960 5 8 .63548 0.95462 0.58956 1.467 3 1.41357
VLLE 8 06 .20700 0.97677

10

71.25 0.773571.18381.12381
VLLE 2 4 4 18536 0.97911
3

71.86 0.78687 1.1666 1.1 547 1
VLLE 3 94 .18005 0.97955
8

71.75 0.789811.16291.11941
VLLE

VLLE

6

13
11

74.800 5 3 .04630 0.99494 0.90153 1.048 3 1.01549
73.4195 0 .01349 0.99860 0.95000 1.015 5 1.01997
VLLE

12

73.763 50 .01346 0.99861 0.95000 1.015 1 1.01996
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Tables tc sa
et

4-9 Value ofy
1

for the binary sys
m

em Ethyl-a

hod 2.

Y
Run#T

0]
CX
1

B

Results &



etate (1) \ Water (2) by mpling
1

M.WILS R 1 UON N TL UN QUAC NIFAC

VLLE

71.753 0.00676 5.07834 57.41965 21.45212 42.89405
VLLE

6

71.258 0.01204 5.17695 66.19153 22.65216 56.66427
VLLE
3

72.960 0.01662 5.29538 76.99368 24.17/656 82.56744
VLLE

10

71.862 0.03007 4.80943 41.06641 18.42553 22.80326
VLLE
8

73.419 0.32573 2.20601 2.671489 3.20944 1.12219
VLLE

11

73.763 0.73989 1.17354 1.20683 1.16686 0.97488
VLLE

12

74.8000 32 75.0.85097 1.094 1.0 76 1 9703 A.389

13
The
ined by using equations (2.2.3), (2.2.6)
m | e th
roy i
values ofY

lfhs-aly
thod 1.

Y
1
pred

are determ
and fro the data in the tab es 4-1 to 4-9. Tabll® to 4-12 list e values

of the p edicted m le % Eth I-acetate n the gas@la
Table4-0Valueso Y

Run # X
1

@)
1
pred

fort e binary sy
me

1
exp



2em Ethyl cetate (1) Water (2) b sampling

Exp. M.\W RTL UNIQ. UNIF. P.R.(EOS)N

VLLE

0.00029 0.07793 0.00305 0.04002 0.00535 0.00683
581

4 0.0784VLLE

18

0.00059 0.09566 0.0059 9 0.01033 0.01329
145
VLLE

17

0.00651 0.42673 0.05605 0.67594 0.0 0.11062
938

9283

LLE

16

4675 09901 .05698 .15256 .16341
1066

VLLE

VvV 0.015080.4 0.100

15

0001.03038 .71916 .12073 .03038 0.16527 0.15611
678

LLE

2

.31812 .66801 .62896 .77043 0.61283 .29556 .8406
LLE

V00000 02

V000001

V000007

10

.38800 .68133 .65257 .73301 0.63066 0.32411 .6550
LLE
8

45139 .73685 .67139 .71833 0.64782 0.35881 .5874
VLLE

3
0000.54128 .78067 .71715 .73578 0.69362 0.48332039
VLLE



VLLE
VLLE
6

1
4

7
000 0.55313 .68436 .68968 .70473 0.66719 0.43H36U6
0000.67195.63273 .74046 .73556 0.72101 0.586835
0.73096 0.50861 0.76611 0.75518 0.74897 0.6008085
VLLE

0.77782 0.7501 0.7628 0.7493 0.74837 0.63413 065686
VLLE

5
0.79263 0.85062 0.81771 0 80302 0.8033 0.693120/72
VLLE

\Y

\Y

11

0.82233 0.85279 0.83243 0.81737 0.81987 0.73018864
LLE

12
0.88509 0.91261 0.87446 0.86196 0.86649 0.81842063
LLE
LLE

13
9
14

0.95000 0.78984 0.82151 0.81691 0.81914 0.80742063
0.98400 0.98608 0.96293 0.96217 0.96256 0.96312
V 0.96312
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Table4-11 Values of Y

Y

Run # X

1
T

1

pred

fling
method 2.

Results &



1
exp

or the binary sys em Ethyl-acetate (1) \ Wateb{2¥ampt

Y
1
pred

Exp. M.W. UNIQ. UNIF. P.R(EOS)NRTL

OVLLE

0.58956 0.66801 0.79553 .78113 0.80720 0.4933UBHS
VLLE

6

0.77357 0.73685 0.75713 0.74388 0.77243 0.6276IBBM®m
VLLE

3
0.78687 0.68133 0.77057 .75671 0.78306 0.652814068
VLLE

8
0.78981 0.78067 0.72834 0.73630 0.81169 0.6531®OH
0.90153 0.91261 0.87885 0.867/92 0.87698 0.834 4B30BVLLE
VLLE

10
13
1

1
0.950 0.84275 5702 0.84258 0.84711
00 0.85062 0.85876 0.8

E

12

0.000.8 790.8580.864 0.86 0.852 4 0.8565
VLL 950 52 67 28 583 6 5

Table4-12 a

V lues of Y
1
pr

for the bi ry system E hyl-acetate ) \ Water gyng
method 2.



E p. M. NRTL UNI . UNIF P.R(EO

L.E

0676 0.7 067 0.0 13 0.43815 0.137 8 0.0554
1431

LE

10

0204 0.7 6850.057 0.65 3 0.225 3 0.086
1848

LE

3

0662 0.6 801 0.0 31 0.82651 0.308 9 0.6019
0221
LE

6
0007 0.6 1330.1411.03672 0.465 5 0.1536
685

LE

8

05730.80620.69460.76 32 0.930 4 0.3046 31.82
LE

11

09890.82790.78 61 0.80378 0.777 6 0.649 0.6969
LE

12
13
ed

nat (12)bling
1

ere

RuXx.WQ.S)
VL0083056

VL.0135196

VL
016772

VL.0382116
VL.3253577
VL.7351139
VL
85165953

00970.92610.8790.8511 71 0.86 30.7828 @801

The ab olute dev tion or d fferenc¥ (



sialiA
hbn
1

) whic is given y equatio

is ulated for he binary system Et yl-acetate (at (2) for th
42.1 calct here

two sampling methods. The values are listed ire@Bt13 to 4-15.

) (4.2.1)
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Taba ae (

T
le4-13 V lues ofAY

1
for the bin ry system Ethyl-acetat (1) \ Watebg)sampling
method 1

EXp.
AY
Y

exp
1

M.W NRTL UNIQ. UNIF. P.R(EQS)
Run #
VLLE



18

1
0.07793 0.07488 0.03791 0.07258 0.0711
581

VLLE

0.09566 0.08972 0.01717 0.08533 0.08237
145

VLLE

17

0.42673 0.37068 0.24921 0.3339 0.31611
938

0.61023

VLLE

16

0.44675 0.34774 0.29419 0.28334
1066
VLLE

15

0.50 61 036 0.09224 0.14181 8 0.2575 0.24657 0.24
LLE
7

.10283 .08828 0.0961 0.02423
VLLE
V 0.63273 0.1077300

4
0.66801 0.03905 0.10242 0.05518 0.37245 0.17261
VLLE

10

0.68133 0.02876 0.05168 0.05067 0.35722 0.02632
VLLE
8

0.68436 0.00532 0.02037 0.01717 0.24726 0.1276
VLLE

1
0.71916

0.59843

0.31122

0.55389 0.56305 677
VLLE

2

0.73685 0.06546 0.01852 0.08903 0.37804 0.14938
VLLE
3

0.7501 0.0127 0.0008 0.00173 0.11596 0.08144
VLLE
VLLE
VLLE



5
6
9
11

0.78067 0.06352 0.04489 0.08698 0.34/32 0.20128
0.78984 0.03167 0.02707 0.0293 0.01/62 0.02249
0.85062 0.03291 0.0476 0.04732 0.1575 0.12645
VLLE

0.85279 0.02036 0.03542 0.03292 0.1226 0.09915
VLLE

12

0.91261 0.03815 0.05065 0.04612 0.09417 0.08328
VLLE 0.98608 0.02315 0.02391 0.02144 0.02296 0.6229

13
14

Average 0.12265 0.11103 0.11924 0.20763 0.09838

able 4-14 Values ofAY
1

for the binary system Ethyl-acetate (1) \ WaBrkly sampling
method 2.

AY
Run # X
1

T

1
M.W. NRTL UNIQ. UNIF. P.R(EOS)

VLLE

0.58956 0.12752 0.11312 0.13919 0.17471 0.01657
VLLE

6

0.77357 0.02028 0.00703 0.03558 0.10925 0.07355
VLLE
3

0.78687 0.08924 0.07538 0.101/3 0.02852 0.00364
VLLE

8
0.78981 0.05233 0.04430 0.03109 0.12/53 0.17069
VLLE

10

0.90153 0.03376 0.04469 0.03563 0.07790 0.06942
4 0.00787 0.00VLLE

13
11

0.9500 . 81 640 00 0 00 .00804 0.00351
VLLE 0.95000 0.01479 0.01005 0.01304

12



0.00014 0.00376
0.04 0.04320 05181 .07516 0.04873

Average 494 0.0
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Table4-1 of e bin Eth (1) by

5Values AY
1
for th ary system yl-acetate \ Water (2) sampling
method 2

A
Run # X
:

Y

1
UNIF. M.\W. NRTL UNIQ. P.R(EQS)
VLLE
0.00676 0.75053 0.34245 0.64302 0.72520
1430
VLLE
10
0.01204 0.68528 0.07755 0.51122 0.65085
1847

1 0.15850 0.35VLLE
3

0.01662 0.5949 922 0.06609
2101

VLLE

6

.030 2 0.35539 0.21 67
684

0 07 0.5599 618 0.527
VLLE

8
573100 00.32 0.21 2 0.08630 .07992 .54594 0274
VLLE 98 18 00. .15



11

0.7390.071 0.02218 .02662 12786 0 580
VLLE 0982 00. .11

12

0.85 7 0.046 0.06150 .04468 12976 0 118
Averag 09 0 0. .09e 0.417 0.15770 .26869 3962040

13

When twpha eq2.2na
there is o liquid ses (T, B) uation (2. ) is it

(4.2.2)

!

|

B

are the partial molar fugacities of the top anttdso liquid
phases. And equation 2.2.3 is written as

TTBB

X

The values ofy(
7

| (4.2.3)

1
T

reius

oefficient equations and are given in tables 44idb 417
Iy

(v

1

B

)



pred
a pred cted ing the mentioned activity

Cc
Table 4-16 Values of ¢

Run#T
(o]
C

Ujl—\\./_<\w—||—\\?—||d

) for the binary system Ethyl-acetate (1) \ Wa®rlly
sa

mpling method 2.
exp
11

(y
\
Iy
1
B

)

pred
Exp. M N U U.WILSON RTL NIQUAC NIFAC

LLE
41.6100.07211 0 0 0.01836 .01393 .04958 .13430
LLE

4
34.272 0.01843 0.07575 0 0 0.01313 .04968 .13980
LLE

3
30.774 0.01854 0.07766 0 0 0.01282 .04977 .14330
LLE

2
57.903 0.01917 0.06766 0 0 0.01672 .05143 .12410
LLE

LLE

6

5

1
49.675 0.01926 0.06981 0 0 0.01534 .05033 .13070
24.804 0.01972 0.05978 0 0 0.01893 .04964 .15130



LLE
.
65.331 0.02100 0.06640 0 0 0.01848 .05234 .12450
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Table 4-17 Values of {

(y
Run#T
(0]

C

PR R T HARS R

exp
) for the binary system Ethyl-acetate (1) \ Wa®rlly
sampling method 2.

(y
1
!
Iy
1
B

)

pred
Exp. M\WILSON NRTL UNIQUAC UNIFAC

VL O LE
71.753 0.00856 0.05436 0.01483 0.04647 0.0963
0.06083 0.0VLLE

10
3

6
71.58 077 0.10878 2 0.01556 1756 0. 50
VLLE 72.960

0.02819 0.07756 0 .02583 0.06815 0.11670

Results &



VLLE

Vv

Vv

Vv

71.862 0 .03822 0.08075 0.02790 0.06318 0.15694
LLE

8

73.419 0.34287 0.48096 0.37806 0.37999 0.94887
LLE

11

73.763 0.77883 0.86330 0.83687 0.86330 1.02460
LLE

12

74.800
0.94392 0.96673 0.96256 0.97045 1.00509

13

The absolute d orA[
which is given by
equ tion 4.2 is c or th systyl-ace )\ W

eviation differencey
es oy y

1

B

)

ex

) for the binary system Ethyl-acetate (1) \ Warlly
g.

T
ly

11

B

) |

a .4 alculated f e binary em Eth tate (1 ater (2)

for the sampling method 2. The values are listedlotes 4-18 and 4-109.

Ay

1

!

Iy

1

B

) = ABS [
1

!
Iy



D —" [E
0 [o9)
©

<

<

— T~ R
@
o

4.2.4
Table4-18 Valu f A(

gy

T
1
T

Iy
/

samplin method 2
1
Bp

)
T

0
C Exp. M\W SON TL U IQUAC
LLE

4

1
T

Iy
1

Ay

B
Run# IL NR N UNIFAC

41.610 0.01836 5 0 0.0 400 0.00400 .03100 0.11600
LLE

34.272 0.01843 5 0 0.0 700 0.00500 .03100 0.12100
LLE

LLE

3

2

6
30.774 0.01854 5 0 0.0 900 0.00600 .03100 0.12500
57.903 0.01917 4 0 0.0 800 0.00300 .03200 0.10500
LLE

49.675 0.01926 5 0 0.0 100 0.00400 .03100 0.11100



LLE

5
24.804 0.01972400 0.0 000 0.00100 .03000 @320
LLE

1
65.331 0.021004 00 0.0 800 0.00200 .03200 @050

Average 0.0 051 .004 0.031 0.116
;
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Tablesiaer(
4-19 Value ofA(y

B
) for the b nary system Ethyl-acet te (1) \ Waby)
samplin

g
method 2.



C Exp. M\WILSON NRTL UNIQUAC UNIFAC
VLLE

09300 71.258 0.01556 0.04500 0.00200 0.03500 0.
VLLE

3

72.960 0.02819 0 0.04000 0.08900 0.04900 0.0020
VLLE

Vv

6
71.862

0 2 0.02500 0.11900 .0382 0.04300 0.01000
LLE .00850.0400

VLLE

8

73.419 0.34287 8 03500 0.03700 0.60600 0.13 00 0.
VLLE

11

5 05800 0.08500 0.24600 73.763 0.77883 0.08 00 0.
VLLE

12
300

74.800

0.94392 0.02 00 0. 1900 .02700 0.06100

Average 60.0 1 0.019 0.041 0.186

13

Thestht b
ystem E yl-acetate (1) / Wa er (2) was studiedhgotesearchers
.elig
[2, 14] The exp rimental data of [2 are pred aisoh equation 2.2.3 and
cfuagbn
the 4 a tivity coe ficient eq ations. V lues arenvn ta les 4-20 a d 4-21.

pred

Table 4-20 Values of Y
1

for the inary syst m Ethyl-ac tate (1) \ W er
beeat

ef

(2) experim ntal data o [2].

P3

= 101. 25 kPa.
Y
T

o
10



71.753 0 6 60 .00600 0.03800 0.08800
CX
1

1
exp

Y
1
pred

Exp. M.W. NRTL UNIQ. UNIF. P.R(EOS)

100 0.0002 0.0017 0.0024 0.0313 0.0043 0.00551
4853

99.9 0.0003 0.0007 0.0034 0.0439 0.006 0.00773

67.91

98.85 0.00056 0.04055 0.00594 0.07705 0.01040 8013
29.402

96.2 0.00114 0.12560 0.01132 0.14871 0.01957 05248
259.329

86.5 0.00489 0.59100 0.03540 0.46778 0.05779 09710
1027.154

76.2 0.00858

0.66800 0.04386 0.58388 0.06736 0.07966

26582.836

70.55 0.04590 0.71400 0.16704 1.07227 0.21644 08L72
1296.836

70.55 0.14400 0.70250 0.38617 0.85745 0.41108 8209
5.924

70.5 0.26900 0.70600 0.53449 0.71817 0.52505 08475
1.052

70.45 0.35400 0.70900 0.60191 0.70076 0.58240 a£88
0.70900 0.62811 0.69294 0.60605 0.32143 0.608

0.689

70.55 0.40800

70.50.51400 0.71000 0.68139 0.70634 0.65816 0045/
70.50.60800 0.70250 0.70311 0.70746 0.68204 0661570
70.45 0.69000 0.70700 0.72065 0.71388 0.70250 0668601
70.50.77500 0.69900 0.73680 0.72379 0.72266 0H03AN8
73.350.94445 0

71.45 0.87370 0.76500 0.77760 0.76523 0.76948 89¥Q2 36
.86500 0.86796 0.86243 0.86505 0.84489 0.841

75.55 0.98070 0.94110 0.95151 0.95044 0.95099 08635
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Table4-21 Values ofAY
P =101.325 kPa.
Y

1

exp
1

for the binary system Ethyl-acetate (1) \ Water
(2) experimental data of [2].

T
CX

1

AY

1
Exp. M.W. NRTL UNIQ. UNIF. P.R(EOS)

100.00 0.00022 0.00171 0.00071 0.02961 0.002568@M0
47.847

99

.90 0.00031 0.00067 0.00273 0.04323 0.00531 0.00706

67.228

1 0.036598.85 0.00056 0.04055 0.0346 0 0.0301@D2

28.718

96.20 0.00114 0.12560 0. 0.02311 0.10603 0075

258.645

11428 0.1

86.50 0.00489 0.59100 0 0 0 0.55560 .12322 .5339495

1026.469

76.20 0.00858 0.66800 0 0 0 0.58834

26582.152

.62414 .08412 .60064

70.55 0.04590 0.714000000

1

.54696 .35827 .49756 .54192

296.151

70.55 0.14400 0.70250 0 0 0 0.31633 .15495 .2A9295

5.240

70.50 0.26900 0 0 0 0 0.70600 .17151 .01217 .1868842 0.36800
70.45 0.35400 0 0 0 0 0.70900 .10709 .00824 .12680b6 0.00400



70.55 0.40800 0 0 0 0 0.70900 .08089 .01606 .1(28B7 0.07600
70.50 0.51400 0 0 0 0 0.71000 .02861 .00366 .053B#V4 0.12700
70.50 0.60800 0 0 0 0 0.70250 .00061 .00496 .020®/8 0.11500
70.45 0.69000 000 00.70700 .01365 .00688 .004EEB4 0.08400
70.50 0.77500 0 0 0 0 0.69900 .03780 .02479 .0238#O8 0.03600
71.45000000.87370 .76500 .01260 .00023 .0024t811 0.05200
73.35000000.94445 .86500 .00296 .00257 .000@3®11 0.15600
75.55000000.98070 .94110 .01041 .00934 .00%@302 0.25100

A 0 0 0 Overage .14786 .05233 .14401 .23396 @226

The calculations in the previous tables wlastgeved by the aid of
the
tails are give
software Microsoft Excel, more de n in appendix.£.1

The data of th m ater (2 also predicted
a ble e valu
btain th
ficient equations NRTL, UNIQUAC and UNIFAC and tReng-
Robinson (

The parameters of the N NIQUA en in 3 and the
parameters of the UNIFAC equation are given indsaldl-24 and 4-25.

e binary syste Toluene (1) \ W) were
S before. Ta 4-22 lists th es®Y

0 ed using e activity

coef

EOS).

1
RTL, U C are giv table 4-2
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Table4-22 for the binary system Toluene (1) \ Water (2) aynpling

Values ofAY
1

method 3.

Y



1
exp

P =101.325 kPa
AY
T

[oln i e]

1

C Exp. TL UNIF.
21 0.21372

8126 5 14

0130.27

002 5. 3979

97 2 0.33

582 .57647

RUN X

NR UNIQ. P.R(EOS)
VLLE

96.1 0.08097

4.4 37484 24

VLLE

19

94.6 0.1444 764
2.99 5.88894 6 1.73055

VLLE
20

93.4 0.2058 746
1.94 5.19016 2
0.52120

VLLE

21

92.610 0.28316 0.36746
1.20086 3.75540 1.29873
0.13514

LLE

22

92.474 0.36978 0.40437 0.74655

2.21773

0.87765 0.03786

LLE

Vv

Vv

Vv

Vv

V 9.151 0.76141 0.62548 0.08662 0.73402 0.07455838



VLLE

23
92.487 0.43648 0.48064 0.47657
1.43439

0.22940 0.10425

LLE

24

93.730 0.54779 0.53623 0.24968
1.02190

0.44795 0.13697

LLE

25

94.966 0.61300 0.57692 0.15847 0.83487 0.0091 2094
LLE

26
27
28

9

99.336 0.76673 0.64372 0.06972 0.66015 0.18343Q17
8129 0.71343 0.07118 0.6340VLLE

103.890 0.8 4 0.35055 0.02348

VLLE

29

3 0.74491 0.09 0.62848 0.12068 0.07923 106.0986.927
VLLE

30

255 229 8557 9670 2883 299 .086107. 0.950.7 6.03.1 0 48
VLLE

31

108.543 0.95310 0.8301 9 12 0.085 2 0.675 6 0.068¥Y2406

Averag 0 Oe 0.214 6 0.685 8 0.26920 0.12250
32

Tabledietebm2
-23 Activ ty Coeffici nt Parame rs for the inary sysieluene(1)\Water( )[8].

uaPs
gE tion arameter T
NR

~ O *r



=1057.0K
UNIQ/

=1643.2 K
22

/
1
Z/2=5UACAU

12

R
=13716K
AU

R
=305.7 K

21
Table4-24UNIttbe

2
12

=a
=283.0
0.200

FAC Equa ion Parame ers for the inary syst m
Toluene (1)\Water (

A
) [9].

21

Branch ACH CCH3 H20
R
0.5313 1.2663 0.9200

Q

k

0.4000 0.9680 1.4000
Group 10 7 12

k

Table 4-25 UNIFAC Equ
Toluen

a
k,m



ae

e)

tion Param
(1)\Water(2
(2

K)10 1
eters for th

[9].

binary sys

7

100 -14 362.3
121670 377.6
75650

9903.8

81
0K

323.00 K
tem

6 .8
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T
e

he T1-a
PiO

Results &

data of the ternary system oluene () \ Ethylteef2) \ Water (3)

wer
fi

also predicted us
coef

0

tR

ing the eng-Rob nson (E S) and the activity

caQitamf
urtm

lent equ ions N TL, UNI

S

UAC w h the bin ry para eters o the

prev
e



s bina 'y system and he para eters of the binatesy
Tolu

, A

nyalia

e(1)\Eth

Y

|-acetate(2) [8]. T bles 4-26 to 4-28 st the v logaY
AY

23

4-esY tu
\ Water () using P.R EOS

26 ValuTable of AY
1

, A

2,

AY

for he Ternary system Tol ene (1) \ Ethyl-acetad)e (
3 () with k

3

ij

=0

P =101.325 kP&xp. P.R(EOS)

o
Run#T
1

X

_<I—‘_<OI\)><OO

2
89 0.13181 0.64221 0.01789 0.43716 0.0011 OVLLE

42

AY

1

72.8 .18750.0154

VLLE

74.570.19911504680.002534088149A44 .056 0.3186 0.004
VLLE

41

75.68 0.23593 0.38041 0.06996 0.42935 0 .05283880.0059

VLLE
46

76.882 0.26685 0.34939 0.10037 0.33825 0.0796 0.04574



VLLE

45

79.361 0.30312 0.31119 0.10097 0.40054 0.0749 6.61.78

VLLE
36

77.495 0.33826 0.27853 0.11897 0.32783 0.0864 B.22BH57
VLLE

37

80.178 0.4026 0.37365 0.09469 0.40495 0.0247 0.202ZD5
VLLE

43

79.887 0.40621 0.20806 0.15173 0.30198 0.1108 Q.22%/95
VLLE

38

83.247 0.42344 0.19078 0.12221 0.29776 0.0724 0.210670
VLLE

a7

83.652 0.479 0.13668 0.18136 0.24831 0.1193 0.083%564

VLLE
39

87.081 0.55113 0.0676 0.22563 0.14123 0.1345 0.00R9
VLLE

40

89.263 0.56658 0.21071 0.19611 0.28647 0.0514 6.011059
VLLE

44

90.52 0 .62852 0.14408 0.21915 0.28349 0.0493)6.061294
Average 0.0703 0.2167 0.0581

48

TabledsY tu
sia

-27 Value ofAY , A
1

Water (2) u

2,3

AY

ing NRTL

AY for he Ternary system Tol ene (1) \ Ethyl-ace(&)e
\

equation w th binary p rameters
2

P =101.325 kP&Xxp. NRTL
(0]

Run#T

1

CX

OI\)><



Y

1

Y
2

AY

1
VL 3LE

72.889 0.13181 0.64221 0.01789 0.43716 0.0271 0.0(#28
LE

42
74.157 0.19951 0.41648 0.07024 0.41534VL 0.002600D.2578
VLLE 75.68 0.23593 0.38041 0.06996 0.42935 0.0199%1 0.2166
LE

41
46
45

76.882 0.26685 0.34939 0.10037 0.33825 0.0037 0.23%3
VL6
VLLE

36

0.31119 0.1009 0054

0.0265 79.361 0.30312 7 0.4 0.1361 0.1454

VLLE

77.4950.386320.30.198304278518 70.622090.2179.110
VLLE

37

80.178 0.4026 0.37365 0.09469 0.40495 0.0696 0.263D3
VLLE

43

79.887 0.40621 0.20806 0.15173 0.30198 0.0167 6.02%50
VLLE

38

83.247 0.42344 0.19078 0.12221 0.29776 0.0742 8.03¥49
VLLE

47

83.652 0.479 0.13668 0.18136 0.24831 0.0409 0.01GED9
VLLE

VLLE

39
40
44

87.081 0.55113 0.0676 0.22563 0.14123 0.0575 0.02562

89.263 0.56658 0.21071 0.19611 0.28647 0.1092 8.03¥693

VLLE

90.52 0.62852 0.14408 0.21915 0.28349 0.1315 0.0113389
Average 0.0455 0.1679 0.1680

48

82
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TabledsY t u
a s

-28 Value ofAY
1

AN

2,

AY

for he Ternary system Tol ene (1) \ Ethyl-acetd)e (
\W

ter (2) using UNIQUAC equation with binary parantete
3

. X

P =101 325 kP& p. UNIQUAC
Run#T

VLLE

42

X

I\)_<I—‘_<OI\J><OOI—‘O

>
=<

1
72.889 0.13181 0.64221 0.01789 0.43716 0.018 0.093308
0.41534 0.0339 0.0337 0.1582VLLE

74.157 0.19951 0.41648 0.07024

VLLE

41

75.680 0.23593 0.38041 0.06996 0.42935 0.0657 0.02939
VLLE

46

76.882 0.26685 0.34939 0.10037 0.33825 0.0658 6.01278
VL 0.40054 0.1159 0.0932 0.0053LE



45

79.361 0.30312 0.31119 0.10097

E 77.495 0.33826 0.27853 0.11897VL
36

0.32783 0.1017 0.0492 0.0703L
VLLE

37

80.178 0.4026 0.37365 0.09469 0.40495 0.0908 0.068118
LE

43
79.887 0.40621 0.20806 0.15173 0.30198 0.1757 A.061199
LE

VL

VL

VL 10.2782 0.1847 0.2069

VL
38

83.247 0.42344 0.19078 0.12221 0.29776 0.2671 0.07/4199
LE

47

83.652 0.479 0.13668 0.18136 0.2483
LE 87.081 0.55113 0.0676 0.22563 0.1412

39

3 0.3651 0.1228 0.3719
VLLE

40

89.263 0.56658 0.21071 0.19611 0.28647 0.2132 Q.028316
VLLE

44

90.520 0.62852 0.14408 0.21915 0.28349 0.2761 6.2@208
Average 0.1474 0.1139 0.1431

48
Tables 4-29 list the values Al

th

1

, AY

2

, AY

using the UNIFAC equation with

e binary parameters of the previous binary systems.
Table 4-29 Values ofAY

LE
36

1

, AY
2,
AY



3
3

AY
for the Ternary system Toluene (1) \ Ethyl-ace(dje
\ Water (2) using UNIFAC equation

101.325 kP&xp. UNIFAC

ONO PO -UI\J

Run# TC XXY'Y

AY

AY AY

VL

VL 0.11897 0.32783 0.2523 0.1276 0.0508

VLLE

12
123

79.361 0.30312 0.31119 0.10097 0.40054 0.2874 0.088.25
LE

37
38

77.495 0.33826 0.27853

79.887 0.40621 0.20806 0.15173 0.30198 0.2763 8.081Y63
VLLE

83.652 0.47900 0.13668 0.18136 0.24831 0.2623 Q.0&HP24
LE

LE

39
40
41

87.081 0.55113 0.06760 0.22563 0.14123 0.9660 0.0/34
VL1

74.157 0.19951 0.41648 0.07024 0.41534 0.1322 0.0/8.8
LE

VLO

VL 1420

VL 4719

VLLE

72.889 0.13181 0.64221 0.01789 0.43716 0.0594 6.001
LE

42
43
44

80.178 0.40260 0.37365 0.09469 0.40495 0.1544 0.020
89.263 0.56658 0.21071 0.19611 0.28647 0.9034 6.081b31
VLLE



76.882 0.26685 0.34939 0.10037 0.33825 0.2685 6.097148
VL 99LE

45

75.680 0.23593 0.38041 0.06996 0.42935 0.1372 0.0413
0.19078 0.12221 0.29776VLLE

46
4
7
48

83.247 0.42344 0.1532 0.1548 0.3417
90.520 2 2 0.1440 0.21915 0.28349 0.2498
VLLE 0.6 858 0.3210 0.1273

Aver 8 0.1
age 0.2 74 0.1889 125

83
AY
3
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4.3 Correlation um

of Equilibri Data

paramete ity c uatio LSON RTL

nd UNIQUAC can be determined by applying non-lineamstrained
ptimization with the following objective function:

rs of the activ oefficient eq ns M.\WI , N The

a

0

1

cCn
1

1

1j
pred
ij
exp

ij
444
=1 —
)YY(ABS



nc

W
)1.3.4(Y
C

1i 1i

|

ith the following constraint:
—YY

)2.3.4(0YY,0

1l

21ii

+

Wh the o ent e n dat and ere c is number f conspamd n th umber of a
points

isthedeateor. T to

Y_

min qua 1 ot aint ion ore

detive n

ramhesMN, N
the Eth (r (2 d by tiv of
equation 4.3.1 with the constraint of equation2l&8e given in table 4-
30.

sired aver ge absolu deviation difference he aim is
imize e tion 4.3. subject t he constr of equatX4.Bl

ails are g n in appe dix D.

The pa eters of t equation .WILSO RTL and UNIQU&C

system yl-acetate 1) \ Wate ) obtaine the objemetion
Taaraeemte (1) obon-

ble 4-30 P meters of th binary syst Ethyl-aceta ) \ Wa2aia(ned by n
n Par

rain tion

linear const ed optimiza .

Equatio ameters T



(\
M.WILSON
NRTL (g

A

=1911

12
12

-g

11

11

)/ R

91 K

4

0

)/ R

= 657.643 K
UNIQUAC AU
/IR

= 515.041 K

12

84

21
- A

22

)/ R 343-372

K

=573.328 K

(9
R=1145.033

21

AU



Z/2
=6.057
2
343-372
K
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Table 4-31 lists the values al
of the binary system Ethyl-acetate (1) \
Water (2) using the parameters of table 4-30.

Table 4-31 Values ofAY
1
1

of the binary system Ethyl-acetate (1) \ Wateru&hg the
parameters of table 4-30.

Experimental
AY

Run # X
VLLE

18

M.WILSON NRTL UNIQUAC

0.00029 0.07793 0.00000 0.05297 0.05279
VLLE 0.00059 0 0.04 84 0.04682

6

LLE

.09566 0.03116

V 051300.00182

17

.006 0.4267 0.12567 .01467
VLLE

16

Results &



0.01508 0.446750.14 0.1
0

940 7959

.22692

VLLE

15

0.03038 0.71916
0.47

0.13388 0.02971
970

VLLE

VLLE

VLLE

2

10

8

3
0.31812 0.66801 0.12 0.0 0.02164 045 4495
0.38800 0.68133 0.13 0.0 0.04322 230 5300
0.45139 0.73685 0.18 0.0 0.12180 172 9477
VLLE

0.54128 0.78067 0.19 0.0 0.15415 076 9223
VLLE

6
0.55313 0.68436 0.11 0.0 0.08344 624 2179
VLLE

1
0.67195 0.63273 0.00 0.0 0.01243 499 8627
VLLE

4
0.73096 0.50861 0.15
0.2

0793

3872

17026

VLLE

-

0.77782 0.75010 0.06 0.0 0.06118 987 0360
VLLE

5
0.79263 0.85062 0.11 0.0 0.10658 479 4936
VLLE

11

0.82233 0.85279 0.09 0.0 0.08392 026 3528
VLLE

12

0.88509 0.91261 0.07 0.0 0.07672 974 4883



VLLE 0.95000 0.78984 0.02 0.0 0.02128 069 2790
VLLE

13
9
14

0.98400 0.98608 0.02475 0.02378 0.02259

Average 0.11613 0.06936 0.07429

Correlation coefficient (R) 0.930 0.964 0.962
By applying equation 2.2.3 the valueYof

w

S

Is predicted theoretically
here

D
1
v

and®

1
S
i

are determined by applying Peng-Robinson equation

tate, equations 2.3.33 to 2.3.40 with k
P

i

S

ij

= (0. Table 4-32 lists the values @&f
a are

withdrawn by sampling method 3.

nd @
1

S
for the binary system Toluene (1) \ Water (2) vehemmples

85
1
v
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Table 4-32 Values of

<t -5

Results &



for the binary system Toluene (1) \ Water
(2) by sampling method 3.

00O

vSS

Run # C P (kPa) X
VLLE

19

[EnY

I—"UHe‘

(kPa) @
96.121 101.325 0.08097 0.97273 66.421 0.97665
VLLE
94.601 101.325 0.14443 0.97130 63.345 0.97744
VLLE

20

93.497 101.325 0.20582 0.97004 61.184 0.97794
VLLE

21

92.610 101.325 0.28316 0.96865 59.490 0.97827

VLLE
22

92.474 101.325 0.36978 0.96737 58.864 0.97827

0.43648 0.96VLLE
23

92.487 101.325 660 59.258 0.97803
VLLE

24

93.730 101.325 0.54779 0.96574 61.635 0.97718
VLLE

25

94.966 101.325 0.6 8 1300 0.9654 64.07/3 0.97643

VLLE
26

10.761 56 99.151 1.325 041 0.965 72.905 0.97402
VLLE

27

10 .766 58 99.336 1.325 0 73 0.965 73.317 0.97391
VLLE

28



10 .881 28 103.890 1.325 0 29 0.966 84.045 04713
VLLE

29

10 .928 71 106.098 1.325 0 83 0.966 89.67/5 00701

VLLE
30

10 .952 95 107.255 1.325 0 29 0.966 92.742 09694
VLLE

@
1
s

f

31
32
1

0
10 .953 25 108.543 1.325 0 10 0.967 96.253 0®685
= /P

equation )
from C.1.2

alu he a oeff
The v es of t ctivity c icientg are predicted by using the
equations M.WILSON, NRTL and UNIQUAC, the paramstef these
e are ed obje ctioion le
4 the ter

guations determin from the ctive fun n of equdtX Tab
-33 lists se parame s.

Table4-33 Pa ne (1) \ W) obtained by
onstra

nary system Toluerameters of the bi
Non-linea

rc
ation ara

P

ined optimization.
ater (2

1

meters Equ T



M.WILS
2

-A
550
A

1

=19
67-ON (.
1

=35
NRTL -g
15,

)/ R(
.06 K

1
21

(9
=151

21

%) /R
3.34 K
3384 K

22

a

=0

65- (g

12

=4
UNIQU U
492 K
)/Rg)/R
11

694
AU

12
5.104 K

=a

22

=-11

Z

=2

12

.632
3382K
67-ACA /R
=.95K



86
21
21

1.82 K
IR /2 3
.700

384 K

Chapter Four
Calculations

The aluy
o
Y
inary
W uequ.WILTLIQh
psed4listeles356
respectively.

Vv es ofy
1

1

Tableters

ed
andA for the b system Toluene (1) \
ater (
er
2) sing the ations M SON, NR and UN UAC wit

aramet from tabl -33 are d in tab 4-34, 4- and 4-3
4-34 Values ofy
1

for the binary system Toluene (1) \ Water (2) ggparame
from table 4-33.

Y

1

# M.WILSO NRT UNIQUA

E

RunT

9 0.08 273.475 3.9423 3.57617
E

19

9 0.14 2.2636 2.3492 2.8543
E9

Results &



20

0.201.7610 1.8913 2.3921
E

21

9 0.28 1.4352 1.6323 1.9927

E9
22

0.36 1.2434 1.4703 1.6865
E
E

23
24
25

E9
26

9 0.431.1570 1.3806 1.5142
9 0.54 1.0740 1.2609 1.3060
0.61 1.0460 1.2014 1.217/0
E

9 0.76 1.0125 1.0890 1.0790
E

27

9 0.76 1.0118 1.0856 1.0755
E

28

10 0.88 1.0024 1.0256 1.0194

E
29

10 0.92 1.0008 1.0098 1.0070
E 10

30

0.951.0003 1.0046 1.0031
E

31
32

(o]
CX
10 0.95 1.0003 1.0044 1.0030

s drabl nary luenr (2) eters
table 4-33.

e4-35Values of Y
1

pred

1

s
NLC

VLL 6.121 097 2
VLL 4.601 443308



VLL 3.497582810
VLL 2.61031601 3
VLL 2.474978649
VLL 2.487 648618
VLL3.730 77907 3
VLL 4.966 300 36 4
VLL9.151141528
VLL9.336 673713
VLL 3.890 12953 2
VLL 6.098883170
VLL 7.255 229505

VLL 8.543310322
for the bi
from
ystem T e te(1) \ Wa u amsing par
Experimental
Y

Run # X
1

o

Y

1
exp
1
pred

M.WILSON NRTL UNIQUAC

VLLE

0.08097 0.21372 0.18520 0.21009 0.19058
VLLE

19

0.14443 0.27764 0.20568 0.21346 0.25936

VLLE 0.20582 .3374 0.22065 0.23697 0.29971
20

06
VLLE

21
22

0.28316 0.36746 0.24097 0.27406 0.33458
0.27013 0.31942 VLL 0.36978 0.40437 0.36640 E

LE
23

0.43648 0.48 64 0.2988 .39112
VL 610.425150 LE
VL 050.35659 0

24

0.54779 0.53 23 0.3621 .44035



VL 680.47101 0 LE

25

0.61300 0.57 92 0.4100 .47712

VL 580.60184 0 LE
26

0.76141 0.62 48 0.5595 .59635
VL 320.607480 LE

27

0.76673 0.64 72 0.5662 .60184
VL 330.75366 0 LE

28
29

0.88129 0.71 43 0.7366 .74909
VL 480.83306 0 LE
0.92883 0.74 91 0.8255 .83069

VL 580.877890 LE

30

0.95229 0.78 57 0.8741 .87663
VL

31

04 0.91064 0 LE 0.95310 0.83 12 0.9069 .90937

32

87
RUN
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Table4-3 oryT)
rr4
6 sValue fAY
fo
the pa
1

the binar
ameters f
system

om table

AY
Run#Y
1

exp

oluene (1

-33.

1

\ Water (2) using



% M.WIL SON NRTL UNIQUAC

VLLE

1

9

.2

021372 0.0 852 0.00363 0.02314

VLLE 0.27764 0.07196 0.06418 0.01828

VLLE
20

0.33746 0.11681 0.10049 0.03775
VLLE
VLLE

21
22
23
24

0.36746 0.12649 0.09340 0.03288
VLLE 0.40437 0.13424 0.08495 0.03797
0.48064

0.18179 0.12405

0.08952

VLLE

25

0.53623 0.17412
0.11108 0.09588

VLLE

0.57692 0.16684 0.10591
0.09980

VLLE
26

0.62548 0.06590 0.02364 0.02913
VLLE 0.64372 0.07750 0.03624 0.04188
VLLE

VLLE

27
28
29
3

0
71343 02320 0. 0. 0.04023 0.03566
0.74 1 0.080 0.08815 0.08578
0.78 0.0886

0.8301 0.07682

49 67

VLLE

557 1 0.09232 0.09106

VLLE

31



2 0.08052 0.07925
Average 0.10096 0.07491 0.05700

32
ion coeffici t (R) .978 986 0 87
By applying equation 2. .3 the value of Y

Correlaten 00. .9
1

and Y
of t
(3) are p
ternary system
\ Ethyl-acetate
2 he
oluene (1) (2) \ Water redicted theoretically wher
T

/)]

1
VS

and®

1

ined using P.R (EOS),
2

are determ equations 2.3.43ato 2.3.43c.

As shown in table 4-37.
Table 4-37 Values of®

U’J_"'-U<HOI—‘OO_|S
X

andd®
1
S

for the ternary system Toluene (1) \ Ethyl-acetate
(2) \ Water (3) by sampling method 3.

e

1112222

><U)|S‘<e(/)(/)



0

P

S
72.889 0.131VLLE 8 30.501 0.9552 0.9677 0.6422 87 @9624 0.9746
VLLE

74.157 0.1995 31.926 0.9544 0.9724 0.4165 91.83314.0.9783

VLLE

41
46

0.978575.680 0.2359 33.708 0.9547 0.9724 0.38®B26).9617
35.17 0.9549 0.9726 0.3494 1VLLE

4

5
76.88 0.266 00.552 0 619 0.9788

29.9

LE

761 31 .348 0.9555 0.9719 0 3112 09.034 0.96 B30.9
LLE

VL9.303038.124

V7.5128

V0.94711644

V9.9.0211629

V3.3.7212635

V343212636

36

7 .495 0 3383 3.94935 0.95 0.9736 0.2785 02 96052 0.979
LLE

37

8.178 0 4026 3 45 0.956 0.9713 0.3737 1.953 0.928
LLE 7

43

.887 04062 352 0.955 0.9746 0.2081 0.907 0.9800.
LLE 8

38

247 04234 4 92 0.956 0.9727 0.1908 3.463 0.94D0.
LLE 8

47
39

LLE 8

40

.652 0.479 4 95 0.956 0.9739 0.1367 5.052 0.9800.9
.081 05511457 0.957 0.9733 0.0676 9.135 0.9800.
LLE 8

V7.97113645

V9.34214660

V0.56415661

.263 0 5666 5 34 0.959 0.9697 0.2107 8.732 0.9B30.



LLE 9

44
48

520 06285547 0.959 0.9708 0.1441 4.487 0.9BD0.

88
(/)]

\

/)]
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Th s ac ffi dicting
e value of the tivity coe cients are pre ed by us the
equat ns M.\WILSON, RTL and NIQUA , the p meterhiese
equa ns are etermin from the bjective function a¢iga .3.1.
T

io N UCaraf
tioded o of 4
ables 4-38 and 4-42 list these parameters.

Table 4-38 Parame ate (2) \ Water (3)
ters of the ternary system Toluene (1) \ Ethyl-acet
obtained by Non-linear constra ptimization. ined o

IL R
8
M.W SON a

12

=-2272K

21

/IR
A1=7

13



/R
= -597.52 K
a

53

=181 K
NR

K 8 K

TL (g

)R

= 33.78

(9

12

)R
=3071.211

32
1
(¢]
21
a

IR

99.57 K
32

)IR
=31.3 =517
K

o

(9
=
12 21
N ¢
=
13

1

/IR
= K 1180.72

31

T=3-365K

5K
)R
598 K
3

2



(9
)IR
=499.88 =857

31

(9
T 365

=

31
=

3
=a

=0 649

1
32

Y te ste

| ace \W) h ons SO
dwme tads40an
4t

The va ues of

Table 4-39 Values ofy
1
2

Y

andy
1
pred
2

2
pred

, AY andA

for the rnary sy m

To uene (1) \ Ethyl- tate (2) ater (3 using t eagq M.WIL N

an NRTL ith para ters from ble 4-38 are listetahle -39, 4-4 d
4- 1 respec ively.

2
)R
35
23

8 K

=353- K

for the tern y system Toluene (1) \ Ethyl-acetae\ (
ar

Water (3) using parameters from table 4-38.

Y
Run#T



o

Y

1
o)
1
C .WILSON NRTL X
2

o)
M.WIL NRTL X

M SON

LE

890 03401.276 0.642 1.11000 1.1827
LLE

VL 72.8 .1318 .5916 2 3

V 4,199 597 23705

V 5.6 35319 8879 4

42

7570.150.801.30.416 1.31570 1.24704
LLE
LLE

41
46
45

7800.290.901.20.380 1.29320 1.23533
7820.290.901.20.3491.27220 1.2267/8
LLE

V 6.8 66 900 6154 4

V 9.3 03579 3210 2

V 7.4 38 38393435

V 0.1 02442 2257 7

V 9.806 0726023 1

V 3.22329049198
7610311.001.20.311 1.24690 1.21862

LLE
36

7950.331.001.10.278 1.15980 1.20329
LLE

37

8780.460.901.10.3730.99480 1.15572
LLE

43
7870421.201.10.208 1.16070 1.20216
LLE

LLE

38
47
39

8470441.201.10.190 1.14220 1.20053



8520. 1.201.10.136 1.08880 1.19751
LLE 8

V 3.6 479 842 1805 7

V 7.0 51 342 8352 6

V 9.2 66672 6260 7

V 0.528 016 4598 1
810.511.301.00.067 1.01460 1.19819
LLE 8

40

630.561.001.00.210 0.88920 1.16248
LLE

44
48

9200.651.101.00.144 0.84820 1.17153

89
2
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Table 4-40 Values of Y
1
pred

and or the te ystem T (1) \ Eth tate

Y
2
pred

f rnary s oluene yl-ace

(2) \ Water (3) using parameters from table 4-38.

Y
Run # X
1

o)
Y

1
exp.
1
pred

Y
M.WILSON NRTL X
2

o

Y
2
exp.

Results &



M.WILSON NRTL

VLLE

VLLE

2

0.1318 0.0179 0.0239 0.0513 0.6422 0.4354 0.62A%EVL

424

0.1995 0.0702 0.0551 0.0848 0.4165 0.4153 0.5054 V
0 0.0745 0.1030 0.3804 0.4294 VLLE

41
46

0.2359 0.070 0.4774 VLLE

VLLE .1 934 0.349 .3 0. VLLE

VLLE

VLLE

VLLE

VLLE

VLLE

0.2669 0 004 0.0 0.1190 4 0 332 4488
0.3031 010 0.1 0.1438 012 0.4005 0.4244 V

4545
36
37
43

8
0.1 235 .31 LLE

0.1 0.1460 0.2785 0.3278 0.37 V64
4947 0.150.1786 0 7 0.399 0.4168 V
0.3383 0.1190 270 LLE

0.026 0.0 02 .373 3 LLE

0.1928 0.1853 0.3020 0.2694 VLLE
0.4062 0.1517 0.2081

383

7
0.4234 0.1222 0.2288 0.2139 0.1908 0.2978 0.270ACEVL

474
VLLE LE
VLLE

0.4790 0.1814 0.2745 0.2390 0.1367 0.2483 0.1869 VL

3939
40
44
48

0.5511 0.2256 0.3672 0.2982 0.0676 0.1412 0.099/EVL
0.5666 0.1961 0.3224 0.3210 0.2107 0.2786 0.2783 VL
VLLE LE

0.6285 0.2192 0.3848 0.3653 0.1441 0.2835 0.18897 VL

VLLE E

able 4-41 Values ofAY
1



andAY

for the ternary system Toluene (1) \ Ethyl-ace(aje
.
Water (3) using parameters from table 4-38.

AY
Run #
VLLE

42
Experimental

AY
1
exp e

Y
2

Xp
1

ON NRTL M.WILSON NRTL
Y

M.WILS

0.017 0.43

0.0700 0.429 0. 45 331 .0480
0.0702 0.415 0. 52 145 .0901
0.0947 0.399 0. 56 839 .0118
0.1004 0.333 0. 70 186 .1106
0.1010 0.400 0. 25 428 .0239
9 54 0.0060 0.0334

0.1897 0.2308

VLLE

4 000.000.0267

VLLE

46

3010.000.0637
VLLE

41

3050.000.0792
VLLE

43
2 00 0.0 00.0945
VLLE
VLLE

45
36
37



0.1190 0.327 0. 80 270 .0486
0.1222 0.297 0.66 917 .0278
0.1517 0.302 0. 11 336 .0326
0.1814 0.248 0. 31 576 .0614
0.1961 0.27/8 0. 62 249 .0082
0.2192 0.283

0. 56 462

0.2256 0.141 0. 16 726 .0455

0. 10 600
2

5020.000.0143
8 00 0.0 00.0627
VLLE
8 10 0.0 0 0.0140
VLLE

47

004 0.0 00.0230
VLLE

38

3090.000.0427

VLLE
39

6120.100.0773
VLLE

44

5

160.1

0.0948 0.0229
VLLE

48
40

2
pred

214 0.0 00.0282
Average 06 0.0 0.0610 0.0600
Correlation coefficient (R) 0.982 0.973 0.963 0.956

90

LLE

41
46
36
37
43
40



44
48
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U
Table 4-42 Parameters of the ternary system Toluene (1) \IEttgtate (2) \ Water
(3)

obtained by Non-linear constrained optimization.

NIQUAC AU
IR =
428.815 K
AU

12
23

AU

21

IR
=-353.542 K
/R AU

32

AU
/IR
=1087.34 K

13

AU

/R

=-144.76 K

IR ZI2T
0-36=287.01K=604.31K=4.647=354K

The v fy

Y

1

pr

,AndArthy system

Tolueney (er (3) using t on AC with
parameters from table 4-42 are lis ta 3, d 4-45

respectiv



alues o
1

Y
2

40
ed

Y
2
pred

for the ternary lu

a\ usetl
2

Y

1
aY
fo e ternar
(1) \ Eth l-acetate 2) \ Wat he equati UNIQU
2

ted in bles 4-4 4-44 an

ely.

Table4

yl-

3 Values fy

and y system To ene (1) \

Eth cetate (2) Water (3) ing param ers from tabk4@ 4
1

xtau

E perimen | UNIQ AC
Run#TC

VLLE

42

P ONYOFR XO©

72.889 0.1318 0.6422 0.6765 1.0326
VLLE
74.157 0.1995 0.4165 0.9148 1.2030



VLLE

41

75.680 0.2359 0.3804 0.9520 1.1902

VLLE

46

76.882 0.2668 0.3494 0.9862 1.17/94

VLLE

45

79.361 0.3031 0.3112 1.0356 1.1704

VLLE

36

77.495 0.3383 .3147 0.9962 1.0637 O

VLLE

37

80.178 0.4026 0.3736 0.87/63 0.87/84

VLLS E

43

79.887 0.4062 0.2081 1.1701 1.129
VLLE 83.247 0.4234 1908 1.2021

38
.1.1252

LE

0

VL 83.656714
V 87.05116

47

20.47900.13 .2906 1.105
LLE

LLE

39
40
44

8 0.51 0.067 1.4273 1.0987
63 0.50.210 1.0380 0.7114
LLE

V 89.2 666 7

V9052851

48

20 0.6 0.144 1.1083 0.6343

91
Y
2
31
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Table4-44 Valu and the em 1)\
Ethyl-acetate (2) \ Water (3 me b

esof Y
1
pred

Y
2
pred

for ternary syst Toluene (
) using para ters from ta le 4-42.

IQU

Experimental UN AC
Run#T

VLLE

42
o

C
Y

exp

Y

exp

Y
pred

Y

1212
72.889 0.0179 0.4354 0.02719 0.58315
VLLE
75.680 0.0700 0.4294 0.07611 0.43938
VLLE

46

74.157 0.0702 0.4153 0.05859 0.46212
VLLE

41

80.178 0.0947 0.3993 0.13943 0.36796
VLLE

43

76.882 0.1004 0.3332 0.09304 0.41609
VLLE

45

79.361 0.1010 0.4005 0.12084 0.39840
VLLE

36

77.495 0.1190 0.3278 0.12185 0.34520
VLLE

37

83.247 0.122 0.22378 0.26595



VLLE

47
38

79.887 0.1517 0.3020 0.18692 0.26215

VLLE 2 0. 275 962
39

83.65 0.1814 2483 0. 87 0.18
VLLE 3 0. 313 264
VLLE

44
48

2.2978 0

89.26 0.1961 2786 0. 55 0.22

90.520 0.2192 0.2835 0.38712 0.14108
VLLE

87.081 0.2256 0.1412 0.39281 0.10368

40

Table 4-45 Values ofAY
1

and AY

for the ternary system Tolu

Ethyl-acetate (2) \ Water (3) using parameters ftaiohe 4-42.
2

pred

ene (1) \
Experimental UNIQUAC
Run #
Y
VLLE

42
1

AY
1

AY
0.0179 0.4354

0.00930

0.14599

VLLE

.00.0700 0.4294 0 06 0.01003 16
VLLE

46

021 00.07 0.4530.1165 0.0467/8
VLLE



VLLE

41
43
45

4900.0970.3930.44750.03699
04 300.10 0.3320.07330.07784
VLLE
100 00.10 0.4 050. 1987 0.00213
VLLE

36

902 00.11 0.3 780.0288 0.01736
VLLE

37

22910.12 0.2 78 0. 0157 0.03181
VLLE

a7

17000.15 0.3 20 0. 3519 0.03982

VLLE
38

14 4 00.18 0.2 83 0. 9451 0.05869
VLLE
VLLE
VLLE

39
44
48
40
exp

Y
2
exp

617 10.19 0.2 86 0. 1744 0.06383
92 0.2835

0.16797

00.21 .14241

2

56 0.1412 0.10.22 6718 0.03755
Average 0.04817 0.04817
Correlation coefficient (R) 0.982 0.952
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The interacti eters k
of the Peng-Robinson (EOS) for the two



binary systems Ethyl-acetate (1) \ Water (2) anldidive (1) \ Water (2)
were

obtained by non-linear constrained optimizationvalkies of these
parameters are listed in table 4-46.

ng param
ij
Table 4-46 Interacting parameters of the P.R. (EOS) for the Ivmary systems.
Kk

Ethyl-acetate(1)\Water(2) Toluene(1)\Water(2)
12
n k

21
n k
-0.22182.19

12
k
termined u

42b wi the intera ting para eters f table 4- e Va
L
i
L
of th two binar systems a e listed i table 4-47

Table4 Values of
1
Vv

andd®
1
L

21

-0.27045 4 302 -0.27683 -0.33441 1.94111
By applying equation 2.2.6 the value of Y

@D
1
\%

and@®

1
L

using the
arameters o table 4-4
(0]

Ethy cetate(1)\ ene(1)\W er(2)
D

1
v
1

Is predicted theoretically where



Is de sing the Peng-Robinson (EOS), equationd2a3.

and 2.3 th ¢ m rom 4 lues of
L

v

andeyrn.

-47 @ of the two binary systems
pf6.

l-a Water(2) T lu at

Run #

(/)]

VLLE
1

Hel_l—‘

vL

Run #

(/)]

0.96347 0.96436 2.94342
0.96406 1.17861
0.63897 VLLE

VLLE
2
0.96138 19.45240 VLLE

19

VLLE

3

20

0.96338

0.96407 0.96371 0.78467
0.96434 0.96369 0.71800
0.96383

0.67556 VLLE

0.96385 0.92578

VLLE

4
0.66208 VLLE

21

VLLE

5
0.67587 VLLE
22



VLLE
VLLE
6

;
0.67014 VLLE
23

0.96378 0.69568
0.96438 0.68120 LE
0..71699

24
VL 6414
VLLE
VLLE

8

9
0.96333 0.72225 VLLE
96485 0 VLLE

25
26
27

1
0.9 0.69286
0.96447 0.70658
0.96548 0.77409
VLLE

10

0.96337 0.82857 VLLE
0.96552 0.77747
VLLE

11

0.96496 0.72703 VLLE

28

0.96655 0.86674
VLLE

12

0.96511 0.73981 VLLE
29

0.96703 0.91399
VLLE

13

0.96551 0.77573 VLLE

30

0.96727 0.93975
VLLE

14

0.96607 0.83314 VLLE

31

0.96756 0.97319
VLLE
VLLE



15
16

0.96522 40.71559 VLLE

0.96720 63.39991 VLLE

32
33
34

0.96453 2.67112
0.96472 4.47128
VLLE

17

0.96828 84.57163 VLLE
0.96475 5.06358
VLLE

18
35

0.96865 1196.15463
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The values oAY
0
46 are listed in table

1
f the tw e parameters of table 4
4-48.

0 binary systems using th
lonu

ters of table 4-46.

Table 4-48 Va ues ofAY

f the two bi ary systems sing the
parame

1

Ethyl-acetate(1)\Water(2) Toluene(1)\Water(2)
Run #

Y

VLLE

1

1
exp

AY
1
0.68436 0.31753 VLLE

Results &



Run #
Y

19
1
exp

0.21372 0.03342

VLLE

2

0.71916 0.10446 VLLE 0.27764 0.10107

20

3
685 0.42032 VLLE
0.337 77

E

VLLE 0.73

46 0.139

VLL 3

4
0.62730.17127 VLLE

2
0.367 6 0.13 90
E

5
0.7 010 0.20496 VLLE
2

0.404 7 0.15 48
E

6
0.7 067
0.40425
VLLE

2
0.480 4 0.16 58
E

7
0.5861 0.00772 VLLE
2

0.536 3
0.14 57
E
E

8

9

10
11
12
13
14
15

0.6 133 0.39043 VLLE
0.7 984 0.08388 VLLE



0.6 801 0.39440 VLLE
0.8 062 0.25343 VLLE
0.8 279 0.22243 VLLE
0.9 261 0.20149 VLLE
0.9 608 0.13540 VLLE
0.4 6750 VLLE

NRPRPOWWONNMNNON
(0)]

VLL 5
2

37
VLL 8
3

65
VLL O
4

2

2

VLL 8
VLL 8
VLLE 6
5

6

7
8

AY

1
0.576 20.12 83
97

0.6258 0.01 01
45

0.643 2 0.02 33
76

VLLE 5

9
0.713 3 0.07 85
46

VLLE 5

0

0.74410.13 97
92



VLLE 1

1
0.78570.13 62
59

VLLE 8

2

0.83020.12 52
18
VLLE 4 .18937

3
0.143 7 0.00 20
40

VLLE

16

0.42673 0.00000 VLLE
0.09873 0.00059
VLLE

17

0.09566 0.04413 VLLE

34

0.05642 0.02714
VLLE

18
35

0.07793 0.28018 Average 0.09129
Average 0.21254 R 0.971
R 0.794
By applying equatio lue of Y
Is predicted theoretically
where

/)]

1
\%

and®

1

L

1

Is determ ng-Robinson (EOS), equations

2.3.43a to 2.3.43c with ractin eters determineioealr

constrained optimization which are given in tablé34 The values of

/)]

/]

1
L

n 2.2.6 the va

ined using the Pe

the inte g param d from n
for the ternary sy luen



listed in table 4-50.

stem To e (1) \ Ethyl-acetate (2) \ Water (3) are
Table 4-49 Values o cting rs fo ry s uene (1) \

-aceta ater (

f the intera paramete r the terna ystem Tol

Ethyl

To)\Eth (3

luene (1

Kk

21

te (2) \ W

3).

yl-acetate (2) \ Water

Kk

0.082 0.16287 0.04862
n k

12
13

Kk

23

)
k

31

1.96238 -0.05503 46 --0.04518 0.02495

94
1
\"

k

and
32
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4-50 Values of®
Tablery sy uene yl-acetate
y sampling me
RUN
VLLE

T

Results &



and®

rR o R

for
(2) \ Water (3) b

/)]

1
\Y

the terna stem To
thod 3.

/]

_OI\)><I_H

(1) \ Eth

<Ny

79.361 0.3031 0.9556 0.0818 0.3112 0.9672 0.8991
VLLE
77.495 0.3383 0.9548 0.0852 0.2785 0.9669 0.9150
VLLE

37

79.887 0.4062 0.9556 0.0993 0.2081 0.9679 1.2302
VLLE

38

83.652 0.4790 0.9568 0.1340 0.1367 0.9692 1.7295
VLLE

39

87.081 0.5511 0.9580 0.1798 0.0676 0.9706 2.4010
VLLE

40

74.157 0.1995 0.9542 0.0586 0.4165 0.9656 0.5900
VLLE

41

72.889 0.1318 0.9534 0.0843 0.6422 0.9651 0.6331
VLLE

42

80.178 0.4026 0.9558 0.1364 0.3737 0.9683 1.1997
VLLE

43

89.263 0.5666 0.9590 0.2277 0.2107 0.9715 2.0872
VLLE

44

76.882 0.2669 0.9548 0.0705 0.3494 0.9665 0.7556
VLLE

45



75.680 0.2359 0.9545 0.0647 0.3804 0.9660 0.6741
VLLE

46

83.247 0.4234 0.9567 0.1173 0.1908 0.9688 1.4349
VLLE

a7
48

90.520 0.62 441 0.9722 2.4339 85 0.9595 0.2545 0.1

The values of
AY
, AYted e 4

Table 4-51
1

AY
2

and
3

are lis in tabl -51.

for the ternary sy ne (1)
\ Ethyl-acetate (2) \ Water (3) using parametessftable 4-49.

Values ofAY
1

, AY
2

andAY stem Tolue
3

Experimental P.R.(EQS)
1

exp exp
Run #
YY

VLLE

36
2

AY

1

0.101000.111

4005 0.0750 3

VLLE

0.1190 0.3278 0.0888 0.0300
VLLE

37

0.15 0. 20
VLLE
VLLE



38
39
40

AY

0.1814 0.2483 0.1143 4 0.004
0.2256 0 0.0260

0.01 0.54

VLLE

43

4
0.0947 0.3993 0.0372 0 0.058
0.1961 0.2

0.1662

0.07 0.94

VLLE

0.1222 0.2978 0.0703 2 0.015
E

47
48

17 30 0.1095 0.0375
1412
0.1222

VLLE
VLLE
VLLE

41
42

4
0.0702 0.4153 0.0580 0.1608
79 43 0.0062 0.0158

786 0.0616

VLLE
0.1004 0.3332 0.0807 0.0651
VLLE

45
46

00 42 0.0540 0.1639
0.2192 0.283 0524 0.0772
VLL 5 0.

orr n coeffic nt (R) 927 .652
2

Average 0.0716 0.0716
Celatioie 0.0

95
(/)]



N
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4.4 Modification of UNIQUAC equation

Th ation n /2) which has a value of 5 wassidered as
a third adjustable parameter. This was applied>ohisary systems and
two
ternary systems. Table 4-52 shows the averagewalue
AY
of the binary
systems calculated using the UNIQUAC equation withthird
adjustable
parameter.

e co-ordin umber (Z

Table 4-52 AverageAY

|

[

Values of the Binary Systems using the modifigatio
of the UNIQUAC equation.

hyl))a

|[Et -acetate( \Water(2 Dat [2]
AY

Z|2

AY

Z/2

1

AY

2

AY
12

50.1440 0.1051 4.335 0.0997 0.0997
Average 0.1246 Average 0.0997
1-Butanol(1)\Water(2) Data [2]

Z/2

AY

1

AY

2
Z/2
AY



1

50.0290 0.0639 4.731 0.0381 0.0270
Average 0.0466 Average 0.0325

AY

2
MEK(1)\Water(2) Data [2]
Z|2

AY
1

AY

2
Z/2
AY

1

50.0899 0.0370 10.68 0.0632 0.0337
Average 63 €0.0 5 Av rage 0.0484
AY

2

2M ate 9] D(1)\W r(2) Data [3
/2

Y

Z

AY

2

/2

1

5 0.0450 0.0353 3.528 0.0404 .0350 8
A rage 0.0381

24DMD(1)\Wa 9] ter(2) Data [3

/2

AY
1

Y

2

/2

1

5 0.0993 0.0655 5.345 0.0936 .0650 9

A rage 0.0798

Ethyl-acetate(1)\Water(2) ata t woD [Presen rk]

/2

AY
1

Y

2

/2

1

50.1192 0.0725 6.057 0.0743 .0740 3
Arage 0.0743



Tol Wa ata t wouene(1)\ ter(2) D [Presen rk]
/2

AY

1

1

A

Z

AY

AY

Average 0.0402 ve
Z

A

Z

AY AY

Average 0.0824 ve
Z

A

Z

AY AY

Average 0.0959 ve

<

ND> NPV

AY AY
1

50.0841 0.0841 2.696 0.0570 .0570 O
A rage 0.0570
Average 0.0841 ve

6

NN NN ©
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Tablelues rnar s us difica

4-53 AverageAY

i

Va

of the UNIQUAC equation.

of the Te y System ing the mo tion



Toluene(1)\Ethyl-acetate(2)\Water(3) Data [Presanrk
Z/2

AY

Z/2

AY
1

A
Y AY
3

21

AY

50.1474 0.1139 0.1431 4.647 0.0482 0.0482 0.0482
Average 0.1 r348 Ave age 0.0482

2

]
AY

EK(1)\Benzene(2) ter(3) D ]
M \Wa ata [40

Z|2

A

yA

AY AY

AY

1

AY

2

Y

3

lation o boilin pera
perature of boili

/2

1
AY

588 98 0 0.03

0.0328

50.0152 0.0737 0.0812 6. 0.01 .0474 11
Average 0.0567 Average

4.5 Calcu f g tem ture

n2.2.3.
was ca ted by ation 4 which
The tem nglculaequ .5.1is
derivedfroo Tab4tostthsof T
for the two binary and the ternary systems.



m equati les 4-5 4-58 li e value T and
S

P/P

ii

L

i

)

)1.X1
©

<4<

\%

i

X

Table 4- o the b stem etate ter (2)
rs fres 4.3 3.17

P=101.3
54 Values f T

5.4(1,

1i

cal.

for

P te

inary sy Ethyl-ac (1) \ Wa Using
arame om Tabl .1 and 4.
25kPa. T C

Exp. ILSO NRTL
0.55313 70.407 72.517 72.396
0.0 38 30 74.326 71.209

Run # M.W N UNIQUAC P.R(EOS)
VLLE

69.961 84.042

VLLE

1
70.882 86.527 81.205
VLLE



2
0.45139 71.258 70.229 73.139 72.429 85.179
VLLE

3
0.67195 71.283 70.463 72.114 72.316 83.008
VLLE

4
0.77782 71.383 71.656 72.050 72.612 82.219
VLLE

VLLE

5

6

2
0.54128 71.753 69.958 72.577 72.409 84.189
0.73096 71.850 71.037 72.043 2.564

0.38800 71.862 70.762 73.629 6.023

0.95000 72.125 75.441 73.674 1.087

0.31812 71.746 74.197 7.080

0.79263 73.419 71.884 72.066 2.143

0.82233 73.763 72.391 72.124 1.942

0.88509 74.800 73.698 72.453 81.522
0.98400 76.370 76.544 75.511

72411 8

VLLE

72.260 8

VLLE
8

75.272 8
VLLE
9

72.960 71.734 8
VLLE

10

72.706 8
VLLE

11

72.950 8
VLLE

12

73.776
VLLE
VLLE

13
14
15

76.441 80.912
0.01508 84.529 88.894 79.612 80.874
0.00651 92.374 90.827 87.769 92.374



0.00059 96.920 96.321 98.579
78.778

VLLE

87.705

VLLE

16

98.563 105.429
VLLE

17
18

0.00029 98.478 97.787 99.293 99.284 ------

97
23
3
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Tablethe em tate (2)
ters es 4 46.

4-55 Values ofAT for
Parame
P=101.325kPa. T

Run # X
1

O
0

binary syst
from Tabl
Ethyl-ace
-30 and 4-
CAT

(0}

(1) \ Water

C

Exp. M.\WILSON NRTL UNIQUAC P.R(EOS)
0.691 OVLLE

0.00029 98.478 .815 0.806 -----

VLLE

VLLE

VLLE

18
17
16
15

0.00059 96.92 0.599 1.659 1.643 8.509
0.00651 92.374 1.547 4.605 4.669 0.000

Results &



0.01508 84.529 .365 4.917 5.751 3.655
0.03038 0.882 0.327

0.31812 72.96 1.237 1.226

0.38800 71.862 .100 1.767 0.398
0.45139 71.258 .0291.881 1.171
0.54128 71.753 .795 0.824 0.656
0.55313 70.407 .446 2.110 1.989
0.67195 71.283 .820 0.831 1.033
0.73096 71.85 0.193 0.561

0.77782 71.383 .273 0.667 1.229
0.79263 73.419 .535 1.353 0.713 8.724
0.82233 73.763 .372 1.639 0.813 8.179
0.8809574.82.347 6.722

4

VLLE

7 15.645 3.444 10.323

VLLE

2
1.214 14.120
VLLE

10

114.161
VLLE
8

113.921
VLLE
3

112.436
VLLE
6

013.635
VLLE

1
011.725
VLLE

4
0.81310.714
VLLE

;
0 10.836
VLLE

5

1
VLLE

11

1



VLLE

12

1.102 1.024
VLLE

13

0.95000 72.125 3

VLLE

9

14

Using

316 1.549 3.147 8.962

0.859 0.071 4.542

0.98400 76.37 0.174

Average 2.102 1.817 1.513 9.480

R 0.953 0.985 0.986 0.882
Table4-56 Values of T

cal.
for the binary system Toluene (1) \ Water (2) ggparameters
from table 4-33 and 4-46

P=101.325kPa. T
C
X

1
O

0

EXP. M.W SON .R(EOS)
0.0809 96.12 94 15 76.657
0.1444 94.60 93 38 95.433
0.2058 93.49 92 39 96.004
Run # IL NRTL UNIQUAC P
VLLE

71.193.877 96.085

VLLE

19

31.093.720 94.807
VLLE

VLLE

20
21
22

27.593.514 94.151
0.2831 92.61 62 96.856
0.3697 92.47 92 27 98.008
0.4364 92.48 93 99.061

6 092.4 93.437 93.738
VLLE

8 4 .9 93.587 93.589



VLLE

23

8 7 .605 93.849 93.628
VLLE

24
25

93.73 9578

0.6130 94.96 96 63

0.7614 99.15 10 396

0.7667 99.33 10 560

0.8812 103.890 10 639 00.376

0.54779 0 .2 94.556 93.966 100.694

VLLE
06 .595.136 94.357 101.705

VLLE
26

110.97.134 96.201 103.829
VLLE

27

360.97.232 96.307 103.882
VLLE
VLLE

28
29
30

94.199.932 105.397

0.9288 106.098 10 703 02.819
0.95229 107.255 107.821
36.1102.745105.918

VLLE

31

98
104.567 104.659 106.158
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Table 4-57 Values ofAY for the binary system Toluene (1) \ Water (2ngsi

parameters
from table 4-33 and 4-46.

P =101.325 kPa\T
C
Run # X



1
o

(0]

EXP. M.\WILSON NRTL UNIQUAC P.R(EQOS)
7 96.121 2.006 2.244 0.036VLLE

0.0809 17.464

VLLE

VLLE

19
20
21

0.14443 94.601 1. 563 0.881 0.206 2.832
0.2058 93.497 958 0.017 0.654 4.507
0.2831 92.610 148 0.827

0.3697 92.474 650 1.310 7.731
0.4364 92.487 118 1.362 8.574
0.5477 93.730 548 0.826 8.964
0.6130 94.966 597 0.170 8.739
0.7614 99.151 245 2.017

0.7667 99.336 224 2.104

0.8812 103.8 0 749 3.514

0.9288 106.0 8 605 3.279

0.9522 107.2 5566 2.688

20.

VLLE

6 0.1.128 6.246

VLLE
22

80.1.312

VLLE
23

81.1.141
VLLE

24

91.0.236
VLLE

25

01.0.609

VLLE
26

11.2.9506.678
VLLE

27

3 1. 3.029 6.546
VLLE

28

990. 3.958 3.507



VLLE

29

390.3.353 1.820

VLLE
30

950.2.596 0.903
1.15.105

31

Average 047 1.796 .787

R 0. 0.989 0.731 991 0.992

Values of T
cal

ystem T ene (1) \ l-acetate ater (3
for the ternary s olu Ethy (2)\W)
8, 4-42 and 4-49.

Table 4-58

using parameters from tables 4-3
P =101.325 kPa.

Run # X
42

O° Horvxor

EXP. M.W NRTL UNIQUAC P.R(EOS)

0.1318 0.6422 72.889 71.438 66.802 74.035 71.895
LLE

VLLE

V

V

VLLE 0.2669 0.3494 76.882 75.926 73.126 76.663 B3.7
V .493

0.1995 0.4165 74.157 73.738 69.963 75.010 80.497
LLE

LLE

41
46
45
36

0.2359 0.3804 75.680 74.917 71.640 75.894 82.263
0.3031 0.3112 79.361 77.129 74.986 77.595 85

VLLE 0.3383 0.2785 77.495 77.732 75.797 78.29983.3
LLE

Vv



VLLE

37
43
38

0.4026 0.37/37 80.178 78.675 76.086 79.873 79.501
0.4062 0.2081 79.887 80.347 80.668 80.306

90.182

VLLE 0.4234 0.1908 83.247 80 80.766 91.101

.857 81.704

V .652 82

VLLE 0.5511 0.0676 87.081 84.197 90.087 84.071@3.6
VLL 666 0.2107 89.263 83.277 83.290 85.371

VLL 90.520 84

LLE

47
39
40

0.479 0.1367 83 82.399 85.166 .230 94.169
EO0.5

82.707

E

44
48

0.6285 0.1441 84.059 86.683 .408 89.148

99
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Table 4-59 Values ofAT for the ternary system Toluene (1) \ Ethyl-ae=(@) \
Water (3)
using parameters from tables 4-38, 4-42 and 4-49.

P =101.325 kPaT

OXOoX0O

(o]
EXP. M\W NRTL UNIQUAC P.R(EOS)Run #
VLLE

36
12

0.3031 0.3112 79.361 2.232 4.375 1.766 6.132



VLLE
0.3383 0.2785 77.495 0.237 1.697 0.804 6.834
VLLE

37

0.4062 0.2081 79.887 0.460 0.781 0.418 10.295
VLLE 0.4790 0.1367 83.652 1.253 1.514 1.422 10.517
LLE

Vv

VLL

38
39

0.5511 0.0676 87.081 2.883 3.007 3.009 12.523
E 0.1995 0.4165 74.157 0.419 4.194 0.853 6.34

40

0
VLLE
VLLE
LLE
LE

41
42
43
44
46

0.1318 0.6422 72.889 1.45 71 6.087 1.14 0.994
0.4026 0.3737 80.178 1.504 4.092 0.306 0.677
V .56 7 89 556 5.987 5. 3.8

VLLE

45

0 66 0.210 .263 6. 973 92

0.2669 0.3494 76.882 0.956 3.757 0.219 6.831
VL 0.23504 75 763 4.041 0.214 6.583

VLLE

47

9 0.38 .680 0.
0.4234 0.1908 83.247 2.390 1.542 2.481 7.855
VLLE

48

0.6285 0.1441 90.520 6.461 3.837 6.112 1.372
Average 2.120 3.455 1.902 6.219
R

0.973 0.960 0.983 0.830
4.6 Determination of Azeotropic Point

The Azeotropic composition and temperature of thady mixtures



thyl-acetate\Water and Toluene\Water were detemnuseng equations
.6.3 and 2.6.4. Table 4-60 lists the values ofpdm@meters of equation
2.6.3

nd the Azeotropic composition and temperature efdiimary systems.

E
2
a

Table 4-60 Values of the Parameters of equation 2.6.3 anédeetropic
Composition

and Temperature of the Binary Systems Ethyl-Acétaté/ater(2) and
Toluene(1)\Water(2).

Ethyl-acetate(1) \ Water(2) Data [Present study]11.325 kPa.
A

12

B

12

C

12

X

1
Azo

-69.366 45.157 -40.320 0.5172 mole 71.159
C
Toluene(1) \ Water(2) Data [Present study] P =324 kPa.

§“><K‘>OK§CDK§>

-47.470 5.815 -5.892 0.3567 mole 92.180
C

T
he Azeotropic composition and temperature of theaty mixture
oluene\Ethyl-acetate\Water were determined usingtans 2.6.5, 2.6.7
nd 2.6.7.

T

a

100



Azo
Azo
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Table 4-61 lists the values of the parametergjofon 2.6.5 and the
A

zeotropic composition and temperature of the tgregstem.
Table 4-61 Value

and Temperatu

s of the Parameters of equation 2.6.5 and the AggictComposition
re of the Ternary System Toluene(1)\Ethyl-Acetai@{ater(3).

Toluene(1)\Ethyl-acetate(2) \ Water(3) Data [Présaumdy] P = 101.325
kP
A

12

A

13

WY >

13

-28.132 -77.421 -51.398 15.718 42.614 -5.158
C

12

C

13

23

azo

6.984 18.335 -35.397 0.1532 mole 0.5543 mole 73.290
C



101

23
azo
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./ Summery

4

The previous calculation Steps can be repteddyy a block diagram
as



shown in Figure 4-6.

I nput Parameter s of
Activity Coefficient

equations
From References

Calculate @

Prediction
Method

from
v

, D

ii

Peng-Robinson (EOS)
With K

ij

=0

L

Input Equilibrium
Data

, X
Calculate @



i
equations 2.2.3
or 2.2.6

i

, X
v

i

B

, O

Y

i

s

S

from

Peng-Robinson (EOS)
and Antonie equations
Calculate Activity
Coefficients

_CalculateY from

, P

Iy

|

B

Figure 4-6 Block Diagram of the Calculations steps of the pnéstudy.

Correlation of equilibrium
data to obtain

Parameters of Activity
Coefficient e



guations

Correation
Method

Calculate @
from

Correlation of equi
%

, O

ii

Peng-Robinson (EOS)
data to obtain

librium

I nteracting Parameters (K
L

)
of Peng-Robinson (EOS)
]
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The calculated Y
and T by the activity coefficient equations ani.P.
(EOS) for the two binary systems are plotted as-Y-diagrams as
shown in
figures 4-7, 4-8, 4-9 and 4-10.
C) Boiling Temperature
105
110
95
100
80
85
90
70
75
T(
60
65

|

Ethyl-acetate(1)\Water(2) Data [Present Study]
0 20406080100

X1, Y1 mole% Ethyl-acetate

Figure 4-7 T-X-Y Diagram of the System Ethyl-acetate (1) \ BrgR) Prediction
method,

T (C) Boiling Temperature

95

100

105



110

85

90

75

80

60

65

70

Data [Present work].

Ethyl-acetate(1)\Water(2) Data [Present study]
0 20406080100
X1, Y1 mole% ethyl-acetate

Figure 4-8 T-X-Y Diagram of the System Ethyl-acetate (1) \ Bfg2) Correlation
method, Data [Present Study].
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T (C) Boiling Temperature
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110
100
90
80
70
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Toluene (1) \ Water (2)

0 20406080100

X1, Y1 mole% Toluene

F igure4-9 T-X-Y Diagram of the System Toluene (1) \ Water P2gdiction
Method, Data

[present study].



T (C) Boiling Temperature
110

115

120

100

105

85

90

95

80

Toluene (1) \ Water (2)
0 20406080100

X1, Y1 mole% Toluene

Figure 4-10 T-X-Y Diagram of the System Toluene (1) \ Water Crrelation
Method,
Data [present study].

The calculated T by the activity coefficient eqoas and P.R. (EOS) for
the

ternary system are plotted as T-X diagrams as shofgures 4-11, 4-
12,413

and 4-14.
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Figure4-11 T-X Diagram of the System Toluene (1) \ Ethyl-ate({2) \ Water (3)
using
M.WILSON equation, Correlation Method, Data [pres&udy].

Figure 4-12 T-X Diagram of the System Toluene (1) \ Ethyl-ate({2) \ Water (3)
using
NRTL equation, Correlation Method, Data [presentyj.
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Figure 4-13 T-X Diagram of the System Toluene (1) \ Ethyl-atef2) \ Water (3)
using
UNIQUAC equation, Correlation Method, Data [pres&mdy].

Figure 4-14 T-X Diagram of the System Toluene (1) \ Ethyl-atef2) \ Water (3)
using
P.R (EOS), Correlation Method, Data [present study]
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CHAPTER FIVE
DISCUSSION & CONCLUSIONS

The present study involved measurementd.dffVdata of two
binary
systems and one ternary system. Equilibrium sl \@ssembled to deal
with
these systems. The data obtained from the newstillanalyzed by two
methods, prediction and correlation methods. Tleeiption method
involved
using activity coefficient equations with adjus&blrameters obtained
from
previous studies and using the Peng-Robinson (E@Byut interacting
parameters. The correlation method involved uscittyigy coefficient
equations with adjustable parameters obtained tomelation of the



experimental data obtained from the assembledbsiillusing the
PengRobinson

(EOS) with interacting parameters
also obtained from

correlation of

the

experimental

data obtained from

the

same

still. A modification

was

applied

to the UNIQUAC equation to increase
the accuracy of this equation to

deal

with VLLE systems.

5.1 Systems Selected

Two binary systems Ethyl-acetate \ Water Boldiene \ Water were
selected, the system Ethyl-acetate \ Water is tesysf limited
miscibility
where the solubility of Ethyl-acetate in water imlLEthyl-acetate in 10
mi
Water at 20

(0]
C and the solubility of Water in Ethyl-acetate isllWater in 40
ml Ethyl-acetate at 20

0
C [44]. The system forms a binary Azeotrope as show
in Figures 4-3, 4-7 and 4-8.
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The system Toluene \ Water can be consideseh immiscible
system



where the solubility of Toluene in Water is 0.0amrToluene per 100
gram
Water at 20

0

C and the solubility of Water in Toluene is 0.0amr\Water per
100 gram of Toluene at 20

(0]

C [44]. The system forms a binary Azeotrope as
shown in Figures 4-4, 4-9 and 4-10.

The mixtures of the two binary systems atgeratures of boiling or
above are three phase systems where two liquicepraas in equilibrium
with a vapor phase. The analysis of the withdrammges of the binary
system Ethyl-acetate \ Water was determined bwycgfre index
measurements (Figures 3-5 and 3-6) and solubgity df each layer of
the
sample and for the binary system Toluene \ Watbr solubility data
was
used. Refractive index measurements were simpl@rautical and
suitable
for the conditions of the present study.

The ternary system Toluene \ Ethyl-acet&ifater consists of a
miscible
pair of Toluene \ Ethyl-acetate and a partial nilecpair of Ethyl-acetate
\
Water and an immiscible pair of Toluene \ Watere Sstem formed a
ternary Azeotrope as shown in Figure 4-5 and Fgdré1 to 4-14. No
VLLE
data are available in the literature for this teyreystem.

The analysis of the withdrawn samples ofténeary system was
determined by refractive index measurements (Fg8f8& and 3-7) and
solubility data. The assumption that no Water existhe organic layer
of the
withdrawn samples is due to the very low solubitifyWater in Toluene
and
the high solubility of Toluene in Ethyl-acetatedaro Toluene exists in
the
aqueous layer of the withdrawn samples is duedwény low solubility
of
Toluene in Water.
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5.2 Assembled Equilibrium Still

An Equilibrium Still was assembled (FigurdBto deal with partial
miscible and immiscible systems. The Still was mted with mechanical
mixers in both the boiling and condensing sectidim® mechanical
mixer in
the boiling section helped in keeping the two lghlaiyers in the boiler in
a
homogenous state to get a steady temperature geafdihe boiling
liquid, a
fluctuation in the temperature reading occurredmithe still was
operated
with no mixing in the boiling section where a temrgiare difference of 3-
5
C
between the two liquid layers was noticed.

The mixer in the condensing section helpecbirrecting the
composition
of the recycled condensed vapor to the boiler. Astant vapor
composition
was obtained when the still was operated with nohaeical mixing in
the
condensing section even if the boiling temperatin@ges. The system
Ethyl-acetate \ Water was studied by Ellis,etaly&hg an equilibrium
still
with mechanical agitation in both the boiling armhdensing sections
(Figure
2-5) the equilibrium data obtained showed a constapor composition
of 70
mole % Ethyl-acetate and a constant boiling ligemperature of 70.5
Cin
the boiling liquid composition range of 5-78 moleEhyl-acetate as
noticed
in table 4-20. Also the data obtained by Kato.NJ gf] showed a
constant
vapor composition of 70.1 mole % Ethyl-acetateéhm boiling liquid
composition range 8-71 of mole % Ethyl-acetate veerequilibrium still



similar to the Othmer still (Figure 2-3) with no amanical agitation or
mixing was used. This indicates that mechanicalngix necessary in
Bgitl?ng and condensing sections and even agitagioiot enough. The
P(/avfcl)ux lines in the new still assured the returriie condensed vapor to
:Jhoﬁler In correct composition even if vortex ocadiin the condenser due
:ﬁe mechanical mixing.
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5.3 Prediction Method

The activity coefficient equations M.WILSONRTL, UNIQUAC
and
UNIFAC and the Peng-Robinson (EOS) were used terohete the value
of
Y
theoretically as follows:

1- Using the Peng-Robinson (EOS) for the vaporlapuad phases the
partial

molar fugacity coefficients for both phases werteedained and no
interacting parameters were used.

2- Using the Peng-Robinson (EOS) for vapor phaseuamg one of the
activity coefficient equations M.WILSON, NRTL, UNIGAC and
UNIFAC

in liquid phase.

The adjustable parameters of the first tlaaavity coefficient
equations
were obtained from previous studies specially we hinary systems
Ethylacetate
\ Water and Toluene \ Water and
for the ternary system Toluene \



Ethyl-acetate

\ Water the same adjustable
parameters were used with the
adjustable

parameters of the binary system
Ethyl-acetate \ Toluene obtained
by

correlating the experimental
data

of Kropholler, etal [46].

The average

of the absolute deviations in mole fraction of Wia@or

phase AY

) for the binary system Ethyl-acetate \ Water usirggNRTL and

the UNIQUAC equations with predicted parametersewei 110 and
0.1192

respectively and 0.1227 and 0.2076 using the M.\\V@INS&nd the
UNIFAC

equations as can be noticed in table 4-13. Thaqiestparameters of the
binary system Toluene \ Water were in the tempegatange of 10 to 60

C,
very high averageAyY
shown in table 4-22.

) values were obtained using these parameters as
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The average of the absolute deviationsaterfraction of the vapor
phase AY
) for the ternary system Toluene \ Ethyl-acetaiater using the
NRTL, UNIQUAC and the Peng-Robinson equations é&edUNIFAC
method were 0.1271, 0.1348, 0.1150 and 0.1963 cegply as shown in
tables 4-26 to 4-29.



I

The NRTL activity coefficient equation gaie lowest absolute
average
deviation; the NRTL equation has three adjustablameters which
gives a
better representation of the equilibrium data. Bitthe UNIFAC
method
and the Peng-Robinson (EOS) when used in both plygase high
absolute
average deviation; both have no adjustable parameters. Table 5-1
summarizes
the average absolute deviation in mole fractiomagfor phase values by
prediction method of the two binary systems andéhneary system
measured
in the present study.

_Table 5-1 Values ofAY

by Prediction method for the systems measuredaptasent
study.

Prediction methodY
(Average)
System M.W

NRTL

1
UNIQ.

UNIF.

P.R(EQS)

Ethyl-acetate(1)\Water(2) 0.12265 0.11103 0.11920763 189.3488
Toluene(1)\Water(2)

0.86484 2.02427 1.77536 1.82154

Average NRTL UNIQ. UNIF. P.R(EOS)

Toluene(1)\Ethyl-
acetate(2)\Water(3)
AY

AY

1

0.0455 0.1474 0.2874 0.0703



AY
2

3
0.1679 0.1139 0.1889 0.2167
0.1680 0.1431 0.1125 0.0581

* |n all systems using P.R (EOS) to determine phrtiolar fugacities in vapor phase with no intarecparameters.

The ratidy

1
T

Iy
1

B

) of the binary system Ethyl-acetate\Water was ptedi

using the M.WILSON, NRTL, UNIQUAC and UNIFAC equaris. The
NRTL equation gave the lowest averagg

in tables 4-18 and 4-19.

= >~ =
w\£—|

) values as can be noticed
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5.4 Correlation Method

The adjustable parameters of the activityffament equations
M.WILSON, NRTL and UNIQUAC and the interacting pareters of the
Peng-Robinson (EOS) were determined by applyinglimear
constrained
optimization with the objective function given bguation 4.3.1
subjected to
the constraint given by equation 4.3.2.

TheGeneralized Reduced Gradie(6RG) search [47] was used.
The
adjustable and interacting parameters used inrg@igtion method
where
used as initial values to start the search as slappendix D. The
activity



coefficient equations M.WILSON, NRTL, UNIQUAC anke
PengRobinson

(EOS) were used to determine

the value of Y

theoretically by:

1- Using the Peng-Robinson (EOS) for the vaporlapuad phases the
partial

molar fugacity coefficients for both phases wertedrined with
interacting

parameters obtained by correlation of the equuibrdata obtained from
the

assembled still.

2- Using the Peng-Robinson (EOS) for vapor phaseuamg the activity
coefficient equations M.WILSON, NRTL and UNIQUAC liquid

phase.

The adjustable parameters of the activity coefficequations were
obtained

from correlation of equilibrium data. The paramstef the ternary
system

Toluene \ Ethyl-acetate \ Water were obtained lnyguthe adjustable and
interacting parameters of the binary systems Talaiater, Ethyl-
acetate \

Water and Toluene \ Ethyl-acetate as initial valoestart the search, the
parameters of the binary system Toluene \ Ethyladea@vere set constant
since it's a miscible system, the average valuesiofthe NRTL

equation

and Z/2 in the UNIQUAC equation were also takeméml values.
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The average of the absolute deviations iterfraction of the vapor
phase AY
) for the binary system Ethyl-acetate \ Water usireg
M.WILSON, NRTL and the UNIQUAC equation and the Bd®obinson
(EOS) were 0.1161, 0.0694, 0.0743 and 0.2125 r&sphcas shown in
tables 4-31 and 4-48. And for the binary systenu&oé \ Water the
average



values ofAY

|

using M.WILSON, NRTL and UNIQUAC equations and the
Peng-Robinson (EOS) were 0.1010, 0.0749, 0.057@&81.3
respectively
as shown in tables 4-36 and 4-48. And for the tgragstem Toluene \
Ethylacetate
\ Water the average values/nY

using M.WILSON, NRTL,

UNIQUAC equations and the Peng-Robinson (EOS) Wei&10,
0.0600,

0.0482 and 0.0716 respectively as shown in tableks, 4-45 and 4-51.

The UNIQUAC and the NRTL equations gaveltveest averagayY

values for the binary systems and for the terngsyesn the UNIQUAC
equation gave the lowest averagé

values; these equations contain three

adjustable parameters this gives a better repasamof the equilibrium
data. The Peng-Robinson (EOS) gave high avexage

I

, according to the

Lattice Model[3] which considers the liquid phase as a dengehaghly
nonideal-gas

whose properties can be described

by some

(EOS); this is not

correct

in VLLE systems ( Partialmiscible

and immiscible ) were the liquid

phases in equilibrium are highly non ideal.

Table 5-2 summarizes the average absolwiatt® in mole fraction
of
vapor phase values by correlation method of theltwary systems and
the
ternary system measured in the present study.
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_Table 5-2 Values ofAY

|
by Correlation method for the systems measurelan t
present study.

Correlation methodY
(Average)
System M.W

NRTL

1

UNIQ.

P.R(EOS)

Ethyl-acetate(1)\Water(2) 0.11613 0.06936 0.07423754
Toluene(1)\Water(2) 0.10096 0.07491 0.05700 0.09129
Average M.W NRTL UNIQ. P.R(EOS)

Toluene(1)\Ethyl-
acetate(2)\Water(3)

AY
1

0.0610 0.0600 0.04817 0.0716
AY
AY

2

3
0.0610 0.0600 0.04817 0.0716
0.0610 0.0600 0.04817 0.0716

* |n all systems using P.R (EOS) to determine phrtiolar fugacities in vapor phase with no interegparameters.

The co-ordination number (Z/2) which hasadue of 5 for typical
liquids

at ordinary conditions (miscible) [3] was considkes a third adjustable
parameter in the UNIQUAC equation. This was appleethe two binary
systems and the ternary system measured in themr&sidy and also to

four

binary systems and one ternary system obtained literature. This
modification gave low averageY

values especially for the binary systems



Toluene \ Water and MEK \ Water and the ternaryesyis Toluene \
Ethylacetate

\ Water and MEK \ Benzene \ Water
as can be noticed in tables 452and
4-53. The value of (Z/2) can reach
to a value of 6 depending on the
type

of packing of dissimilar

molecules

(molecule

1, molecule

2) [3].

|

The average boiling temperature was detexdhtheoretically by
solving
equation 4.5.1 for T where the Newton-Raphson ntef4b] was used
with
T
exp.
as the initial value to start the calculation. Frag binary system Ethyl-
acetate \ Water both the UNIQUAC and NRTL equatigase low
average
AT values as shown in table 4-55. And for the birsarstem Toluene \
Water
the M.WILSON equation gave low averay€ values as shown in table
4-57.
And for the ternary system the UNIQUAC and M.WILS@Huations
gave
low average\T value as shown in table 4-59.
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5.5 Azeotropic Point

The determination of the Azeotrope point (X
Azo

, T

Azo
) of partial and



immiscible systems is very complex due to the clifies in
determination of

the experimental data of such systems, the fluctosin the temperature
of

boiling due to the immiscible layers in the boilisgction of the
equilibrium

still. Such systems appear to have more than oeetAapic point
especially

minimum boiling mixtures where these mixtures labib temperature
below

the boiling point of any pure component in the met Usually the point
with the lowest boiling temperature in the equilion data could be
considered as the Azeotropic point. In the prestmty two binary
systems

were studied, the system Ethyl-acetate \ Water sbdavminimum
boiling

behavior at certain compositions as can be nofroed table 3-5 and
figure

4-1 the data points T-Y

1

and T-X
appear to meet in a straight line in the
composition range 50 To 80 mole % Ethyl-acetate.

1

The Azeotropic point of the system Ethyl{ate \ Water was
determined
by equation 2.6.3 where the minimum temperaturewas1.157

O_.5172 mole fraction Ethyl-acetate. The binaryaysf oluene \ Water
gLS(;)wed a minimum boiling behavior as can be noticau table 3-6 and
::?gure 4-4 the data points T-Y

1and T-X

appear to meet in a straight line in

the composition range 35 To 53 mole % Toluene. Azentropic point

of the
1

system Toluene \ Water was determined by equat@i &here the
minimum temperature was T = 92.180

CatX
= 0.3567 mole fraction



Toluene.

1

The ternary system Toluene \ Ethyl-acett&ater showed a
minimum
boiling temperature as can be noticed in tableaB«¥ figure 4-5 below
the
temperature contour of 79.808

(0]

C lies mixtures with minimum boiling

temperature especially the temperature contou6 4P
(0]

C.
(0}
CatX
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The Azeotropic point of the system Tolueiihyl-acetate \ Water
was
determined by equation 2.6.5 where the minimum e¥atpre was T =
73.29

(0}
CatX
1

= 0.1532 mole fraction Toluene and X
5.6 Conclusions

2
= 0.5543 Ethyl-acetate.
From the VLLE measurements achieved in tiesgmt study the
following
conclusions were observed:

1- The assembled equilibrium still with mechanicaking in both the
boiling

and condensation sections appeared to be suitalileef measurements
of

partial and immiscible systems.

2- Using the Peng-Robinson (EOS) in both phasesrgiy gave higher



deviation in the vapor phase mole fraction thangighe Peng-Robinson
(EOS) in the vapor phase and one of the activigffement equations
M.WILSON, NRTL, UNIQUAC and UNIFAC in the liquid @se in both
prediction and correlation methods and shown ite&ab-1 and 5-2.

3- The prediction method gave a higher averagelatesdeviation in the
vapor phase mole fraction than the correlation oafor the two binary
systems and the ternary system measured in therprasidy.

4- In the correlation method using the P.R (EOShevapor phase and
the

activity coefficient equation UNIQUAC gave the lost@bsolute average
deviation in the vapor mole fraction for the syssemeasured in the
present

study with an overall value afY 0.0552.
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5- TheGeneralized Reduced Gradie(f6RG) search approved to be
more

accurate and fast in determining the adjustablampeaters of the activity
coefficient equations and the interacting paramsatéthe Peng-Robinson
(EOS) especially when taking the initial valueghad parameters to start
the

search from the prediction method.

6- The increase in the number of the adjustablarpaters of the activity
coefficient equations gave a better representatidhne equilibrium data
as

was noticed in the UNIQUAC equation.

5.7 Recommendations for future work

The present study was achieved in a ciragadtill (circulation
method)
under atmospheric pressure. The following is recemued for future
work:



1- Studying partial and immiscible system underesgure higher than
atmospheric pressure where there is a wide apiolic&dr these systems
especially in the petroleum industries.

2- Studying the hydrodynamics of partial and imnfuicsystems on a
plate

of a distillation column and studying the compagitand temperature
distribution on this plate.
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APPENDIX A

A.1 Quick-fit heads of the Equilibrium Still

The Quick-fit heads of the equilibrium still usiacthe present study
are shown in detail in Figure A-1.

Electric motor
Rubber

tube
Multiimpeller
shaft

P.E Bushing



ring

Quick-fit head

Rubber cork

Boiling or

Condensation

section

P.E Bushing

ring

Figure A-1 Quick-fit head assembly of the Equilibrium stillagsin the present study.
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A.2 CASSY Module Interface

Experimental determination of the equililoni data of a mixture,
determination of the boiling temperature, alsortileasurement,
recording and graphic representation of the boil@rgperature and time,
are all preformed via @ASSY interfacen conjunction with a personal
computer and the softwar®&hiversal Data Acquisitioh. The schematic
diagram of theCASSY Module Interfacés given in Figure A-2.

Figure A-2 CASSY Module Interface Used in the Present Study.

24- CASSY Module Interface.

25- CPS voltage supply, switch-able.
26- Cable, 25 cm, red.

27- Cable, 25 cm, blue.

28- Socket of switch-able power supply.
29- Temperature sensor, NiCr-Ni.

30- Temperature box.

31- CPS panel frame.

A-2
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A.3 Universal Data Acquisition

“Universal Data Acquisition” is a softwaragkage for all purpose
use in computer-supported measurement and conttioéiarea of
chemical engineering and technology. It runs orragnal computer
(minimum 486 AT with 4AMB RAM) under Microsoft Windaes version
3.1 or Windows 95, 98 or higher.

Using the program “Universal Data Acquaiti, one can observe
and record the temperature curve representingdiiadppoint in the
boiling section of the equilibrium still via thertaal instrument TAL.

After starting the software Windows, doublek the “Universal
Data Acquisition” icon, one can make the followseftings:

1- Temperature TAL (boiling temperature in the ingilsection):
Channels / Input / Analog Input / Input A / QuaytifTemperature TAL /
Zero point left / Range 0 to 120

(0]

C / Mean Values / Digital Instrument /
OK.

2- Controlling the housing heating mantle:
Channels / Outputs / Digital Output / Output O

0

[/ Formula TA1 < 119
C

and t < 2:00:00.

The formula causes the heating mantle to svattwhen the

temperature exceeds 119
(0]

C or when the measurements runs longer than
two hours (safety cutout).

3- Time t:
Channel / Time / Unit min / Interval 0.1 min. / kaula 1 / Digital
Instrument / OK.

4- Diagram t/ TAL:
Channels / Diagram / X-axis t / Y-axis TA1 / OK.

A-3
o
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When the settings for the software “UnivéBata Acquisition”
program had been selected and a measurement hatbkea the display
on the monitor is as shown in Figure A-3.

Figure A-4 Display of “Universal Data Acquisition” in the Rent Study.
A picture of the interface and the personal potar (control unit) used
in the present study is shown in Figure A-4.

Figure A-4 Control Unit of the Still Used in the Present Stud

A-4
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B.1 Refractometer

APPENDIX B

For measurement of the refractive indexafitl and solid objects
using light at a wave length @f= 589.3 nm. The prisms are illuminated
by an illumination unit. Measurements can be mddeaasmitted and
reflected light. The prism housing is provided witinnector for a
thermostat for keeping the samples at a constargdrature. The
temperature of the prisms can be read from a theeter mounted on
the side of the prism housing. Complete with tramsgr, illumination
unit, thermometer, tools for alignment, calibratabrject with engraved
refractive index and contact liquid. The schemdiagram of the
laboratory Refractometer is shown in Figure B-1.

Figure B-1 Refracometer Used in the Present Study.
B-1
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Technical data on the Refractometer usdldarpresent study are
given in table B-1.

Table B-1 Technical Data of Refractometer Used in Presamdyst

Measurement range (n
D

)1.3t01.7

Scale division (n

) 0.0005

Measurement inaccuracy (n

D

) £ 0.0002

Dimensions 115*222*263 mm
Weight 4.5 kg

n

D
D

Refractive index

The refractive index is the most importaptical data of a substance
with which the purity, concentration and opticahddion can be tested.
It is necessary to keep the temperature constaeixtct measurement
because the refractive index of liquids alters \thi temperature. First,
turning the locking knob to lift up the illuminagrprism, putting one or
two drops of liquids on the measuring prism, th@mdring the
illuminating prism to its former position and looky with the knob.
Looking through the ocular and sharply defining técle by turning to
the right or left. By turning the scale adjustmkmdb moving along the
measuring range until a light / dark division appethe separation line
must now lie on the point of intersection of thedle, as shown in Figure
B-2.

Figure B-2 The Light and Dark Divisions.

Eliminating the color round the divisiondi with the compensation
knob until a black-white division is reached. Thepérsion of the light is
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compensated. Adjusting the light / dark line exaott the point of
intersection of the reticle and then the displaly shiow the refractive
index of the liquid sample.

B.2 Circulation Thermostat with Refrigeration Unit

Compact, silent instrument for regulating tamperature of external
loads in the minus and positive range (e.g. Redraeter), simultaneous
temperature regulation in the thermostat bathseziun the experiment to
control the temperature of water at 20

(0]

C. The schematic diagram of the
circulation thermostat with refrigeration is showmrFigure B-3.

Figure B-3 Circulation Thermostat with Refrigeration Unit Wdsia the Present Study.

Technical data on the circulation unit used inghesent study is given in
table B-2.

B-3
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Table B-2 Technical Data of Circulation Unit Used in Presgnidy.

Heat capacity 2000 W

Refrigeration capacity 260 W at 20

C

Coolant R 135 a

Range of operating temperature -25 to 100

(0]
(o]

C
Constancy of temperature £ 0.03©
Pump capacity 300 hPa, 151/ min



Volume of bath 3to 4.5
Power supply 230 V Ac / 50 Hz
Weight 30 kg

B-4
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C.1 Microsoft Excel

APPENDIX C

The software Microsoft Excel was used in nodthe calculations of



the present study its one of the tools availablensoftware Microsoft
Office. The software consists mainly of a work baleat contains work
sheets (Spread sheet) which are able to form marptesand complex
calculations and the software contains many sididunctions and able
to plot data in many types of charts. A work boaswepened for each
measurement (e.g. VLLE1) which contained two wdrkets.

C.1.1 Exp. Sheet

The Exp. Sheet contained the recorded tesyoer from the software
“Universal Data Acquisitioi and the measured refractive index of the
withdrawn samples and the material balance prefortmeletermine the
numerical values of the mole % of the boiling ldjaind the mole % of
the condensed vapor. A sample of this sheet is shioWwigure C-1.

Figure C-1 Exp. Sheet for Mole % Determination of Measurem@ritE

C-1
1
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The measured volume of each layery) of the withdrawn samples
of the condensed vapor and the boiling liquid drereasured refractive
index are inserted in the gray colored cells (E&j/, C88) then the work
sheet will obtain the mole % in each layer by c€&9 and D90 which
solves the calibration equations of Figures 3-5246d Then cells G87
and H87 will give the total moles of each layers) by material balance
as shown below:

G87 = 100*C87/(C90*E5/D5 + (100-C90)*E6/D6)
H87 = 100*D87/(D90*ES5/D5 + (100-D90)*E6/D6)

Where D5, D6 and E5, E6 are the cells which cortterdensities and
the molecular weights of the components presethitanayers ¢, <)
respectively. Then the amount of moles of each @omapt in the sample
(vapor) is calculated by cells 188 and 189 as shoetow:

188 = G87*C90/100 + H87*D90/100

189 = G87 + H87 - 188



The mole % of each component in the sample (vapa@termined by
cells D100 and F100 as shown below:

D100 = 100*188 / (188+189)
F100 =100 — D100

The same is applied to the other sample (liquide Exp. sheets for the
measurements VLLE
C-2 to Figure C-5.

12

, VLLE
23

C-2
, VLLE

46

and LLE

6
are given in Figure

Appendix C

Figure C-2 Exp. Sheet for Mole % Determination of Measurem@ritE

Figure C-3 Exp. Sheet for Mole % Determination of Measurem@ritE
C-3

12
23
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Figure C-4 Exp. Sheet for Mole % Determination of Measurem@ritE



Figure C-5 Exp. Sheet for Mole % Determination of Measurenidri

C-4
46
6
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C.1.2 Calc. Sheet

The Calc. Sheet contained the calculati@m®pmed to obtain the
values ofk

5
_andla

i
S

where the Peng-Robinson equation of state

Is programmed in the cells of the Calc. Sheet tmeation with the cells
in the Exp. Sheets. The Calc. Sheet for the VLLEAsueements of the
binary system Ethyl-acetate(1)\Water(2) is giveRigure C-6.

Figure C-6 Calc. Sheet fok
i

and b

S
Determination of VLLE
Measurements of the Binary system Ethyl-acetat&(ajgr(2).

Column (D) in the above figure determines the vapessure of
Ethylacetate(1)\Water(2)
as follows:



D9 = (107(6.20229-1232.542/(-56.563+B9))) (C.1.2)

Column (Q) solves equation (2.3.38) by Newton-Raphsethod (see
appendix D) to determine the value of Z

\%
in column (P) as follows:
Q9 = P9"3-(1-09)*P9"2+(N9-3*09"2-2*09)*P9-(N9*O9-CB-O9"3)

C-5
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The parameters of equation (2.3.38) arerdehed by the hidden
columns between (D) and (P). Also column (S) sobepgation (2.3.38)
by Newton-Raphson method to determine Z
L

in column (R). Columns
(W), (Y) and (AE) determiné
1

Vv
L

1
L

ands

1
L

respectively by equation
(2.3.42a) as follows:

W9 = EXP((L9/09)*(P9-1)-LN(P9-
09)+(N9/(2.828*09))*(L9/09(2/\V9)*(CO*(T*HI*T9*H9)D.5+E9*(1$
R$6)*(T9*HO*19*U9)"0.5))*LN((P9+2.414*09)/(P9-0.4¥D9)))

The parameters of equation (2.3.38) are deternbgdbe hidden
columns between (S) and (W).

The same is applied to the binary systefudre(1)\Water(2) and to
the Ternary System Toluene(1)\Ethyl-acetate(2)\Wa}as shown in
figures C-7 and C-8. Also column AM represents équa2.2.6 and
column AO represents equation 4.2.1.

Figure C-7 Calc. Sheet fok
1

\%



R

, P

1

S
and -
1

S
Determination of VLLE
Measurements of the Binary system Toluene(1)\Waker(

C-6
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Figure C-8a Calc. Sheet fok
i

and b

S
Determination of VLLE
Measurements of the Ternary system Toluene(1)\E&bgtate(2)\Water(3).

Figure C-8b Calc. Sheet fok
i

and b
5

Determination of VLLE
Measurements of the Ternary system Toluene(1)\etbgtate(2)\Water(3).

C-7
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C.1.3 A.C. Sheet

The Calc. sheet is connected to A.C. shiedi\jty coefficient sheet)
this sheet determines the activity coefficients
using parameters

obtained from references and also determines thevaf Y
1

as

shown in figure C.1.9. Columns B, C, D and E repnéshe experimental
values which are connected to the Calc. sheet.ndold represents
equation 2.4.15a as follows:

H7 =
EXP(LN((B7+C7*G7/F7)/(B7+CT7*(G7/F7)*EXP($I$3/(E7+D¥B7*(1/
(B7+C7*G7/F7)-
1/(B7+CT*(GTIFT*EXP($1$3/(E7+0))))+C7*((F7/GT)(GBT*F7IGT)-
(F7IGT)*EXP($J$3/(E7+0))/(C7T+B7*(F7/G7)*EXP(-$J$B/+0))))))

Column | represents equation 2.2.3 and columni&septs equation
4.2.1. Figure C-9 shows the A.C sheet of the MOBIFFWILSON

(M.W) equation while figures C-10, C-11 and C-12wh the A.C sheets
for the NRTL, UNIQUAC and UNIFAC equations.

Figure C-9 A.C. Sheet fory
1

1

andAY
(M.W) Determination of VLLE Measurements of the
Binary system Ethyl-acetate(1)\Water(2).

C-8
1
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Figure C-10 A.C. Sheet foy
1

(NRTL) Determination of VLLE Measurements of the
Binary system Ethyl-acetate(1)\Water(2).

Figure C-11 A.C. Sheet for
1

(UNIQUAC) Determination of VLLE Measurements
of the Binary system Ethyl-acetate(1)\Water(2).

C-9
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Figure C-12 A.C. Sheet foy
1

(UNIFAC) Determination of the Measurement
VLLE1.

Figure C.1.12 represents the A.C sheet of the UMIffdethod to
determine the activity coefficients. The data unin the dark cells and
the sheet then determines the activity coefficamt determines the value
of Y

1

andAY

The same is applied to the LEE measurements dfitfagy system
Ethylacetate(1)\Water(2)

and to the binary system

Toluene(1)\Water(2) and the

ternary

system Toluene(1)\Ethyl-acetate(2)\Water(3).
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APPENDIX D
D.1 Newton-Raphson Method

One of the most widely used methods of sgiequations is the
Newton-Raphson method [45]. The basic equatiohisfrhethod is given
in E.1.

ZF
XZ
[

ili

()
0
—1=

WhereF(Z

i
)1.D0(...,3,2,1i,
ZF



) is a nonlinear equation aiid
with respect t&
i

(Z

) is the derivative oF(Z

. Equation E.1 was used to find the value of Z in

equation 2.3.38, the calculation was stopped v{&n

the

calculations were preformed by the Cal. Sheet awshn figure C.1.6.

i+1

D.2 Correlation of Experimental Data

The parameters of the activity coefficiequations M.WILSON,
NRTL and UNIQUAC and the interacting parameters k
of the PengRobinson
(EOS) were determined
using a non-linear constraint
optimization
search this was achieved by the aid of the sofewar
Microsoft
Excel using the Solver tool.

The Solver tool solves an
optimization

problem

using theGeneralized
Reduced Gradient

(GRG)

search

[47]

were it first reduces the
problem

to an unconstrained
optimization

problem.

It does this by solving

a set of non-linear equations
for

the basic variables in terms
of

the non-basic variables. Then the
unconstrained



problem

Is solved using thguasi-Newton
approach

(BFGS)

or theconjugate

gradient approach.

A

spread sheet is preformed to correlate
the experimental

data similar

to

the A.C. sheets shown in figures C-9

to C-11 as mentioned

in appendix

C.

These sheets contain the objective function
of equation 4.3.1 to be

minimized

subject to the constraint of

equation 4.3.2. Figure D-1 shows

part

of the spread sheet performed to

correlate the VLLE measurements

of

the binary system Ethyl-acetate(1)\Water(2)
to obtain the parameters of

the

M.WILSON equation.

D-1
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Figure D-1 Part of the Sheet for M.\WILSON Parameters Deteatiom of VLLE
Measurements of the Binary system Ethyl-acetat&(ajgr(2).

The initial values to start the determination & glarameters is taken
from the A.C sheet as shown in figure D-2 below

Figure D-2 Part of the Sheet for M.\WILSON Parameters Deteatiom of VLLE
Measurements of the Binary system Ethyl-acetat&(ajer(2).

D-2
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Then the solver tool is used to search for thematears of the
M.WILSON equation as shown in figures D-3 and Dediol:

Figure D-3 Part of the Sheet for M.\WILSON Parameters Deteatiom of VLLE
Measurements of the Binary system Ethyl-acetat&(ajer(2).

Figure D-4 Part of the Sheet for M.\WILSON Parameters Deteatiom of VLLE
Measurements of the Binary system Ethyl-acetat&(ajgr(2).

D-3
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The parameters of the NRTL and UNIQUAC equatiorscailculated as
before as shown in figures D-5 to D-8 below.

Figure D-5 Part of the Sheet for NRTL Parameters DeterminatioVLLE



Measurements of the Binary system Ethyl-acetat&(ajgr(2).

Figure D-6 Part of the Sheet for NRTL Parameters DeterminatioVLLE
Measurements of the Binary system Ethyl-acetat&(ajer(2).

D-4
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Figure D-7 Part of the Sheet for UNIQUAC Parameters Detertronaof VLLE
Measurements of the Binary system Ethyl-acetat&(ajer(2).

Figure D-8 Part of the Sheet for UNIQUAC Parameter®etermination of VLLE
Measurements of the Binary system Ethyl-acetaté(iter(2).

D-5
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The interacting parameters k

for the binary system Ethylacetate(1)\Water(2)
are also determined

as before as shown in figure D-9

below.

ij

Figure D-9 Sheet for P.R (EOS) Interacting Parameters Deteatian of VLLE
Measurements of the Binary system Ethyl-acetat&(ajgr(2).

The same procedure is applied for the bisgsgem
Toluene(1)\Water(2) and the ternary system ToluBhgthyl-
acetate(2)\Water(3) to determine the parametettseofictivity coefficient
equations M.WILSON, NRTL and UNIQUAC and to detemmithe
Interacting parameters of the Peng-Robinson (EOS)
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