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ABSTRACT = -

R

Isnﬁhérmal'vapor-liquid eduilibrium values for the
system cyclohexane (1) - methyl n?thacrylate (2) were meas-
ured at 318. 12 333. 13 and 348.14 K using-a modified Dvorak
and Boublik rec1rculating still.” A binary azeotrope was found
to exist at all three temperatures.

The experimental excess Gibbs free eneigy was calculated
and correlated using the Wilson, the Non-Random Two Liduid,

'NRTL, and the Redlich-Kister equations and the results were

compared to determine which equation gave the best fit.

,Theqretically, the NRTL and the Redlich-Kister eqnationé-

fitted the experimental data best as they gave the best fit of

~ the eXcess Gibbs free energy. The NRTL equation gave the best

fit at both 318.12 and 333.13 K, whereas the Redlich-Kister
equation fitted the-data best at 345;14 K. However, the Wilson
equation gave the best fit of both the vapor coﬁposiqidn and
the total pressure at all three témperatnras,'and so it would

be preferred from a practical viewpbint;

e .

[ V—



%

i
_ ACKNOWLEDGEMENT' -

The author wishes to express gratitﬁde to Df; Beﬁjamih;

¢ C.-Y. Lu, under whose guldence and supervisidn this work was.

performed. Special thanks to Mr J.-M. Yu for his help with

the computation and Mr. G. Gasperetti for his technical

assistance.



Section

_ ABSTRACT

ACKNOWLEDGEMENTS .-.:..'.t..-‘-til.l.o......o..I_.

TABLE OF CONTENTS .

LIST OF TABLES
LIST OF FIGURES
NOMENCLATURE

.CHAPTER 1

CHAPTER 2

LITEéATURE SURVEY -'-lo.Illo.ol.tt..totoi:\-

2'- l Expérimental .MethOdS LR BN S R R N I ) .'c

1

1-3
l-4
1-5

- TABLE OF CONTENTS

-

Flow Method

iii

Y

LR L BRI B TN N B R B B B I BB )

.l.............--.....l.!..ll-.l...l.

" 8 8 88888 ST 0N SE LSS ES RSNy

INTRODUCTION LR I B I R A B R B R B O B B NI R A I R RN R R Y

1-1"Distillation Methoed ...cveees.
-2 Circulation Method ...........
Static Method ... ...cieevvonen
‘Bubble and Dew Point Method ..

2.2 Empirical Correlation of the Second

Virial Coefficient ..----‘-------.C..

2.4 Correlation of Experimental Excess
Gibbs Free Energy .............u....

2.4-1 The Wilson EQuUation ...ceeess
.2.4-2 The Non-Random Two Liquid

Equation .......ceiienenracens
2.4-3 The Redlich-Kister Equation ..

2.5 Data Reduction Methods for Parameter .
Estlmatlon ‘0..........-t‘.t.-.‘..-.

2.3 Evaluation of Liquid éhase'Activity
Coefficients at Low and Moderate
Pressures '

Page

ii

iii

vii

ix

00 A3 ~J b b w .u

13

15
16 s
18
19

20



iv

'Section : ' ' C . . - page
2.6 Thermodynamic Consistency Test of .
“the Vapor-Liquid Equlllbrlum bata ... 23
CHAPTER 3 - _
EXPERIMENTAL DETAILS I-..II...ﬁ..l:.l‘-ll ’ 24
3.1 Materials ;.;.,......;............Q. ‘24
3.2 Apparatus ............,....;f.....:. o 24
3.2-1 The Equilibrium Still ........ 26
. 3.2-2 Temperature Measurement ...... 26
3.2~3 Pressure Measurement ....c:00. 28
3.2-4 Equipment for Quantitative
Analysié LI I I B L R N B R R NN RN B RE BN N R ) .28

-

~3.3 Experimental ProceduUre ....eeseeeees ° = 29

3.4 Reductiorn of the Experimental Data . - 30.
CHAPTER 4 L

RESULTS AND DISCUSSION * 8 & & @ 89T TR N ‘32

\ ' .

CHAPTER 5 : - .

CONCLUSIONS P T R R R R R L N T T T T S 69
REFERENCES o vvovceccestsnossssannaanasannesss 70

. ) S

APPENDIX I )

Calibration of Composition-Density for
the System Cyclohexane (l) - Methyl

Methacrylate (2) at 15.0°C. c.vevernnnnn . 7é
APPENDIX II -
The Newton-Raphson Method of Iteration . 75
APPENDIX III |
. The Computer Programme ......c.ssessses- 80
' =

\xﬁ_f\"



4-9

1

LIST QF TABLES

Page

Physicai ?rope;tieS—of the Pure.Components ... 25

- I
Second Virial and Cross Second Virial Céeffi—:-
cients for Cyclohexane (L) and Methyl Meth—-
acrylate (2) at 318.12, 333.13 and . . .
348 14 K. .........................;..........- ) as

Experlmental Isothermal Vapor Liquid Equll- .

brium Data for Cyclohexane (I) and Methyl
Methacrylate (2) at 318:12, 333.13° and ' e
348.14 K. cvcevriesensrsennsnsannssssanassssnnsa ‘39

The Wilson, the NRTL and the Redliéh-Kisﬁer o
Parametérs at 318.12, 333. 13 and 348.14-K. ...- .. 41

Sum of Squares of Re51dual Excess Gibbs Free-

E 2
Enerqgy., E(Gexpt Gcalc) , for the Wllson, the;

NRTL and the Redlich-Kister Equatlons at T
318.12, 333.13 and 348.14 K. ...ccdececnnecnne 42 -
The Excess Gibbs Free Energy, GE, Calculated.

by the Wilson, the NRTL and the Redlich- -~

Kister Equations at 318.12, '333.13 and

,348 14 K- ......lll.-ll.ll.-.IIIl.-.l-......lO. 43

Average Absolute Deviations of ‘the EXcess

Gibbs Free Energy, ZIGexpt calcllN' |
(J/mol) ..-..l..‘........l.Q-III....l...!'.l.l . 45
Average Absolute Deviations of the Liquld

Activity Coefficients of Cyclohexane (1) and

Methyl Methacrylate (2), ZLy. - I/N. . 46
expt '

Average Absolute Deviations of the Vapor Comp-

i
calc

OSlton, Elyl ‘Yl I/N- ...‘....T-........ 147

“expt calc

Average Absolute Devxatlons of the Total

Pressure, }:]Pexpt Pcalcl/u' (TOXr)s ceeevennas 48



vi

Table r ' . ' : - . - . .“ . Page
4-10 Vapor Com9051tlon, Yl' ‘Total Pressure, P, .and
Liquid Activity Coeff1c1ents, Y, and Yy, Cal-
culated by. the Wilson Equation at . 318.12, ‘ ‘
333 13 and 348 14 KI .....-l..I'.....I.II..... 49.

o 4-11 Azeotroplc Data for Cyclohexane (L) and Methyl
. Methacrylate (2) at 318,12, 333.13 and
348 14 K. ......-‘..........--.........--....l. 52

4-12 Thefﬁodynamic Consistency Tesi,of the ﬁxperi-
mental Data at 318.12, 333.13 and 348.14 K. .. 53

Al-1l Qalibration of Composition-Density for the’
. System Cyclohexane (1) - Methyl Methacrylate

(2) at lsoc- c.loo-.oc--.oo--o--q-----o-o_o-o.-‘ ’ 7.3
- ~
. P .
¥ - u.' -
¥
> g;h




vii

LIST OF FIGURES | .

1

Figure

4 -4

Schematic Diagram of the Modified Dvorak and
Boublik Still ......-...........-....‘-.I..-.....

Excess Gibbs Free Energy for Mixtures of

Cyclohexane (1) and Methyl Methacrylate (2) at .

.318.12 K.

....I-.ll.‘...l-......l:l.l-.....tl..l-

|
Excess Gibbs Free Energy for Mixtures of
Cyclohexane (1) and Methyl Methacrylate (2) at
333-13 K. ....‘.....-...--...I.--.-......-.---.‘.
Excess Gibbs F!gé Energy for Mixtures of
Cyclohexane (1) and Methyl Methacrylate (2) at
348.14 K. ‘

M R I RN R B B R R B RN Y N RN B I AL B B
] - b

:Coﬁggiison

© Values for

4-5,

rylate (2)

‘Comparison
Values for
rylate (2)
Cdmpariéon
Values for
rylate (2)
oomparison
Values for
rylate (2)
Comparison
values for

rylate (2)

_Comparison

Values for
rylate (2)

‘Comparison

of Experimental and Calculated Y

Cyclohexane (1) and Methyl Methac-
at 318.12 K. |

0 8 P 08 B NS R P PEESs e

of Experimental and Calculated Y;

Cyclohexane (1) and Methyl Methac-
at 333.13 K. .

- A
# 8 8 5 8 5 088 NP E BN A S S S
« -

.of Expérimentél and Calculated»yi

Cyclohexane (1) and Methyl Methac-
at 348.14 K.

* 8 8 B 0 8 8 8 8 S, e e e E s e
. -

of Experimental and.Calculated Yy
Cyclohexane (1) and Methyl Methac-
a't 318.12 K. -IOIII..-.....I....OI‘.‘..
of‘Experimenggl and.Caiculated Y,

Cyclohexane (1) and Methyl Methac-

at 333013 K. o.:..-....------.o'l--‘

of Experiﬁentql and C&lcﬁlated yll

Cyclohexane (1) and Methyl Methac-
at 348'14 K“;l._.;....-...ll-.-...l

of Experimen£31 and Calculated P

and Y, Values for Cyclohexane (1) and Methyl
Methacrylate (2) &t 318.12 K. vecveveeerennnns

3

*

' Page

27

54

.55

56

57

58

59

" 61

62

63



viii

Pigure R ' : Page
- 4-11 Comparison of Experimental and Calculated P
and yl'Values for Cyclohexane (1) and Methyl .
Methacrylate (2) at 333.13 K. cecevcecereaceces 64 .
4-12 Comparisonof Experimental and Calculated P
and y, Values for Cyclohexane (1) and Methyl
MEthacry:l.ate (2) at_‘348014 K- --.?c.o. ------ - ® 65

: 4-13 Thermodynamic Consiéten&ﬁ Test of the Vapoi—
' Liquid Equilibrium Data for Cyclohexane (1)

and Methyl Methacrylate (2) at 318.12 K. ..... 66
4=14 Thermoaynémic Consisféncy Test of tﬁe'Vapor- .
- Liquid Equilibrium Data for Cyclohexane (1) hRN
and Methyl Methacrylate (2) at 333.13 K. ..... 67

4-15 Thermodynamic Consistency Test of the Vépor-
Liquid Equilibrium Data for Cyclohekane (1)
and Methyl Methacrylate (2) at 348.14 K. ...... 68

Al-1 Calibration Curve of Density-Composition for" .
Cyclohexane (1) and Methyl Methacrylate (2) at
288-15 K...ll..III....-I.I.-.IIIQCDUIO........ ! 74‘

>~



~.'B

A1 Aoz

B

12
BB, CC, DD

C
£
fO
£(0) (1)

(2)

2

SAT

Ww o ™o

- A

.Vapor Pressure,. Torr

NQME&CLATURE

Parameter of\Paé%; Contribution Term, f(z?(Tr): ;
see equation (2-14) s -

Parameters in the Wilson Equétion: see equations
(2-26a) and (2-26b} : ’

fecond Virial Coefficient, cm'/mol

. Cross Second Virial ‘Coefficient, cm3/mol._

Adjustable Parameters in the RedlichZKister
Equation _ . . \

Third Virial Coefficient; (cm3/mol)2'
Fugacity '
Standard-State Yugacity

Dimenéionless Terms in the Pitzer-Curl and )
Tsonopoulos Correlations of the Second Virial
Coefficient _ -
Dimensionless Term in the Tsonopoulos Correlation
of the Second Virial Coefficient °

]

" Adjustable Parameters in the NRTL Equatigg\S\t\vf
. . /

Parameters in the NRTL Equation; see equations
(2-29c) and (2-294)

Excess Gibbs Free Energy, J/mol’
i

Characteristic Binary Constant; see equation
(2-8) : '

Number of -Experimental Data Points
~

‘Total Pressure, Torr

Critical Pressure, atm

Saturated Vapor Pressure

Gas Coqstant



SUPERSCRIPTS

E

2

v

SAT

' absolute Temperature, K

Critical Temperaﬁure, K

_.Reduced Temperature equal i:o_T/Tc

‘Molar Volume, cm3/mol -

Critical Volume, cmB/mol'

T 4
‘Mole Fraction in Liquid Phase

e

%

" Mole Fraction in Vapor Phase

Compressibility Factor

Constant in the NRTL Equation, Characteristic of
the Binary Components : '

Liquid ‘Activity Coefficient

= 23124311—322; see equation (2-22), cm3/mol

"Adjustable Parameters in the Wilson Equation
'Dipole Moment, Debye

' Reduced Dipoie Moment; see equation (2-16)

Molél Volume

Parameters in the NRTL Equation; see equations
(2-29a) and (2-29b) ‘ :

Fugacity_COeffiéient
Acentric Factor //”,,k

Excess Property

--Liquid Phase

Vapor Phase

Saturated Property o



SUBSCRIPTS

az
-
‘calc

expt

i, 3
l' 2

12

Aiéotropic Condition

CriticaL Property

Calculated Value

Experimental Vélue
Reduced Property'
Component Identification-
Component Identification

Mixture Identification



1l .

CHAPTER 1

INTRODUCTION
Peiymers of methyl methécrylate were fiist used commer-
‘<c1ally for varlous coatlng and adhesive appllcatlons. More
recently, these polymers have been used 12/emplslons‘for such
tdlverslfled products as paints, floor polis\es and ;inlshes
‘for textiles, leather and paper. These applieaﬁiﬁﬁ have madg/
‘methy; methacrylate polymers the largest ihdividual. roup
~ ~

of products in tﬁg acrylic field.

. -~

Methyl methacrylate is commercially manufactured by
v \
reacting acetcne cyanohydrin,,obtained from acetone and

cyanlée. with sulfuric acid to produce methacrylamide sul-
‘fate (a- sulf0150butyram1de), which is not isolated but is
hydrolyzed and esterified in a single continuous process.
Modification of the last stage can giye methacrylic acid
as the major product. If methacrylic acid is the major prod-
| uct, methyl methacrylate is then produceﬂ by direct ester-
ification with an excess amount of metharol. The methyl i
ﬁethacrylate and methanol are then separated by distillation.
Hydrocarbons, such as cyclohexane, are frequently add-
‘ed for the azeotropic removal of the water liberated during
the‘esterification, and provide the ester ihhexcellent yield
and purity (5). However, the methyl methacrylate may still -
contaln some cyclohexane and may be further purlfled by dis-
tlllatlon. Vapor—llquld equilibrium data for the system cyclo—
hexane.— methyl methacrylate, useful in the design of frac—_

tionating columns, has yet to be reported in the literature.

'The purpose of the present work, is to establish vapor-liquid



equilibrium data'fdr mixtures of cyclohexane and methyl meth-j
acrylate at three isothermal conditions, by means of a mbdifieh

Dvorak and Boublik (1) recirculating still.

- .

. In order to correlate the isothermal vapor-liquid equili-

brium data;‘vapor'and liquid phase non-idealities mus;,hsr—f"

taken into account. ‘At low d moderate pressures (up to

sever bars), the second viria efficients may be uged to
reliablyfcalculate vapor phase impeffections. The empirical "\‘
correlation of Tsonopoulos (6), applicable to non-polar and
polar gases as well as their mixtures, was used to calculate
the second virial and cross second virial coefficients. These
second viriél coefficients are ﬁeeded in the caldulation of
the experimental liquid‘activity coefficients, which are sub-
- sequently used to calculate the experimental excess Gibbs free
energy.

. Three éguations were used to correlate the excess qibbs
free energy and the results were compared to determine which
equation fit the experimeﬁtal data best;"%he thre;.;quations
that were used to fit the data were: 1- The Wilson Equation
(2), 2~ The Non-Random Two Liquid, NRTL, Equation (3), and,

" 3- The Redlich-Kister Equation (4). T
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CHAPTER 2
Lzm SURVEY '
- Many industrial processes, such as diﬁtiliatioh andvh’;ﬂ
'extiac@ién, involve phaée-coﬁtacting operations. In the :
design .of distillation columns it is neéessary to knaw )
thg equilibriuﬁ cdhposition of both the vapor and liéﬁid
phases. - . ' ) : .\.

¥ . The complete description of a‘vépor*liquid eqﬁilibrium

““system includes £he_equiiibrium tempefature and pressure as
well as‘the concentration of the components in both&pha§es.
Vapor-liquid equilibrium data Ean be measured either under
isobaric or isothermal conditions. From a design viewpoint,
isobaric‘vapor-liéuia equilibrium data are preferred as most
dis£illation columns are operdied_at constant pressﬁre. How-
ever, from a tﬁeoretical viewpoint, it is preferable to '
measure vabor-liquidzequilibrium_data”under isothermal condi-

tions. Therefore, there is a 'need for high quality eﬁperi-

mental data which ﬁay be fitted to a suitable equation and

used confidently for both interpolatioh and extrapolation.

This chapter gives a brief review of the different types

'of experimental equipment that méy be used to measure vapor- |

liquid equilibrium data followed by abdiscussion of the correla-

-

tions 'used to caldul vapor and liquid phase non-idealities.

2.1 Experimental Methods

There are many different types of equipment that may be ¥
used to measure vapor-liquid équilibrium data. The direct
experimental determination usually involves the separétiontbf

v



‘the vapor and liquid phases; which are in equilibrium, from
which samples may be withdrawn for analytical analysls.

Hala et al. (7) have described the methods of direct
.determnata.on of equ:.l:.br:.um data and classxfled them tl‘jo
the followlng groups.

'~ l--Distillation Method : _ -

- 2= Circulation Method

w
]

Static Method
~ 4- Dew and Bubble Point Method

5- Flow Method

2.1-1 Distillation Method

This is the oldest method for determining vapor—liquid
" equilibrium and is seldoﬁ used today. I£ is a very simple
method, but it requires a large liquid charge of known con-
centration, frbm which a very small amount is di;tilled off.
Phe condensate is then withdrawn for analysis. Large errors

can result from condensation of the vapor on the cold walls

6f the distillation flask atAthg beginning of the experiment.
2.1-2 Cifculation Method

This is the most widely used method as it can be used
. . - 'R
for both low and moderate pressures. The stills can differ

-

significantly from oqé another in construction, but they -

are éllrbased on éhe.following pginciple.‘ Vapors from a
distillation flask pass through a vapor conduit where they

are condensed and then collected in a receiver. When the

\
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receiver is filled the condensate then flows back to the
distillation flask through a liquid conduit. This process

" .is continued until no change in composition in either flask
. is observed.

These stills can be c}aésified'into two groups; (a) \'
stills with circulationlof the vapor phase, and, (b) stills
with circulation -of both vapor and liquid phases. |

The Othmer still is an example of the first‘group in
which‘tﬁere is circulation of the vapor phase only. In this
method liquid in the distillation flask is boiled and the
vapors evolved are condensed ana collected in a receiver.
The overflow from the receiver is alloﬁed to‘a;ain back
into the boiling flask and the process is continued until.
there 'is no change in temperature. Samples of both the
liquid ané coﬁdensaté.can.be removed for analysis at this
point. “ ' o

One disadvantage of this method is that the témperature
is measﬁred in the vapor'phése and does not alwgys correspond
to the trué boiling point. Also, inadequate mixing of fhe
liguid in the boiling flask may occur due to the cold conden-
sate that is returned to the flask and concentration gradients
can arise. A modification to the Othmer still is the Jones
still in which the condensate is completely vaporized before °
it is returned to the d}stillation flaék. The vapor is then .
bubgléﬁ through the liquid in order to imérovg the mixing in
the boiling flask. | '

The error in the temperature measurement'using a still

’



with only circulatlon of the vapor phase can be eliminated
‘through the use of the Cottrell pump in which a m;xtnre of
vapor carrying’ slugs of liquid are throun onto the thermo-
meter well. The conditions in the COttrell pump are ideal
for obtaxnlng the desired equilibrium between the phases. .
St111§ Epployzng the -Cottrell pump have circulation of both
.the vapor and liquid bhases. : '

€illespie introduced the first still of this type in
which the vapor and 11qu1d from the Cottrell pump spurt into
" the equilibrium chamber. They then flow to a separator
- where thg vapor is separated from the liquid, and condensed
béfo?ﬁ going to a receiver, while the 1iquid_is returﬁed
directly to thg boiling flask. Overflow from the condensate
receiver is joined with the equilibrium liquid as it is
returned to the boiling flésk. ;

One drawback to the Gillespie still'is'that the liquid
samples which are withdrawn from the bdiliné flask do not
correspond to the liquid which is in equilibrium with the
vapor.

. Dvorak and Boublik modlfled the Gillespie st111 by the
addltlon of a second receiver for the equlllbrtum lquld. In
this still the liquid which is in equlllbrlpm with the vapor,
leaves the erarator and is collected in a receiver before
returning to the boiling flask. Samples taken from both the
condensate and liquid reservoirs cdrresponq to the vapor and
'liquid present in the equilibrium chamber. Dvorak aﬁd Boublik

found that intense mixing is required in the two reservoirs,



so nagnetié stirrers are added to both to prevent concentra-
tion gradients.

2.1-3 Static Method:.

In this method a solution is‘chérge&‘inio a cioséﬁ,
evacuated cyiindér qpich is_agiﬁated aéiconstanﬁ‘ﬁémperaﬁu:e'
unti%'éﬁuilibriﬁm is established. Samples of thelvapor and
liquid are then removed for analysis. The disadvantage of
.thiéﬁmetho& is that at low pressures the aﬁbunt of vapor re-
quired for analysis is of the same order as the tal amount
of vapér present. Ramovalfof the vapor sample will cause

a marked disturbance in the equilibrium.
2.1-4 Bubble and Dew Point Method

This method uses an apparaﬁus similar to that usqd in
" the static method. The apéartus is operafed at cohstant
temperature ﬁsing a mixture of known éoﬁpoéition. The
'équilibrium cell is evacuated before the liquid mixture is
introauced and completely vapofized. . The volume of the cell
is decreased until qondensaﬁion commences and is compleﬁed
and the system pressure is rec;rded at these twq pointé.
These pressures are known respectively, as the dew and
bubble points of the mixture. By repééting this procedure
throughout the entire concentrqtidn range, saturationﬂp:esé—
ure curves for the vapor and liquid phases can be drawn as

- a function of composition.' Tﬁe main advaﬁtaée of this method

is that it is not necessary to withdraw samples of-theltwo



phases for analysis. Houeverf the dew.and bubble points of

most mixtures are generally not sharply defined so that highly
precise equipment is required to dgtect‘the occurance of .
vapor or liquid sensitively. .
¢

-

2.1-5" Flo;w Method
, This oothod is particularly useful as it.can‘be used
for systoms of limited miscibility 'in the liquid phase. _In :
the flow meﬁhod,'a oteadyfstate stream‘of constanfroﬁmposi:;
tion in either liquid or vapor phase or a combination of the

two is fed continuously ta the equilibrium'cgyi If the |
feed is in the vapor state, it is cooled in the equilibrium )
cell S0 that it partially condenses.- Samples of.the vapor,
which are in equilibrium with-the condensate are continuously
;omoved and analyzed. The advangogé.of'this.method is that
-equilibrium is reached much faoter than with the circulation
method; However, feeding the equilibrium celi_is difficult

and complicated. .
2.2 - Empirical Correlation of the Second Virial Coefficient

Vapor'pﬂase non-idealities can be'completely deocribed f
through the use of the virial equation of state. The main
advantage of the virial equation is that there is a theor-
etical ;élationshipfbetweeo the virial coefficients and the
'iptermoleoulat potential (85. The virial equation of state
.is a power series in the reciprocal molar voluoe,v,

- B. C : . .
z—_1+;+“2+ .ee . (2—1)\



where, z is the-éomﬁressibility'factor, B is the secoud;¢::;
virdal.ooefficieht and C is the third virial coefficient.
.Porglou_andrmoderate.pressures, the virial equation can be
truucated-after the second'term (9).

Prtzer and Curl (10) proposed an empirical correlatlon

to represent the second virial coefficient, which, in the -

reduced-dlmenslonless form is,

B P ' :
(0) (1) i _
E‘T’ = £ (Ty) 4w £ (T) . o (2-2)

'where, P, and T  are the critical pressure_and;temperature,_

'-respectrvely, R is the gas constant, and T, is the reduced

temperature equal to T/T . The quantlty, m, is the acentrrc
factor, suggested by, Pitzer, as the macroscoplc measure of the

extent to Whlch the force field’ around a molecule devxates

_.from spherical symmetry (8). The aceptrlc factor ls_defrned

by, ‘
' pSAT ‘ ,
, r
' SAT . ' '
where, P is the saturated vapor pressure. Noble gases,

whioh are spherically syﬁmetric; have acentric factors of
zero. - _ ' : | Co g

| The function f‘o) gives the'second virial-coefficient
for 31mple flulds (m—O), whlle the function f( ) gives the
effect of acentr1c1ty on the second v1r1a1 coeffzcxent. The
functions f(qy(Tr) and f(l)(T}) are;

fo)(Tr; = 0.1445 - otsapiwr)"l - 0-1385(Tr)“2_

- 0.0121(T) > (2-4)



(1) _ com -1 _ -2
M) = 0.073 + 046 ™ - 0us0(T T -
0.097(T )™ - 0.0073(T )" (2-5)

o . L)
- : . .

For. pure éompoqnds, the second virial coefficients are

«

functions of temperaturé‘only; Another advantage of the virial
_.eéaatlon of state is that it is eas;ly extended to mlxtures
 w1th no arbltrary assumptlons. For mixtures, the second virial

coefficient. is, |

Bhixture ig.yiyjnij . _ _ (2-6)

_.where, yi.is-the_mole fraction of component i“in fhe vapb;

phase. For binary mixtures, equation (2-6) becomes,
Bm:.xture Yl 11 + 2 Ylyz 12 + y2 22 . (2-?),-

where, B11 apd.822 are the second. virial coeffiéienps of pure
components 1 and 2, fespectively} and account for interactions
between the similar molecules of components 1 and 2. The
quantity, 312' is thelcross second virial coefficient which
accounts for interactions between the unlike molecules 1

and 2. The cross'coefficient, B like B and 322’ is dep-

127 11
endent on temperature only, whereas, the second virial coeff-

»

icient of the mixture Bmlxture is dependent upon the vapor

composition as well as the temperature.
R In order to evaluate the cross second virial coeffici-
ent, Biz, mixing rules must be established for the critical

temperature, T _ . , and pressure P , as well as for the
- €12 ; €12

,acehtrié factor; w,,-. These Qere'given by Tsonopoulos (6) as,.

T = ((T_)(T. N¥ -k

: ) (2-8)
€15 . c1 c, 12
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- 4T, (P, v, /T --+’pc v /Ty T :
p _ 12 91 % %1 2 %2 %2  2-9) -
. 12 . wo Y3 ey 133 o T
S T 2
- ) L - *
Wy, = O.S(m_.L + wz) oo . _ - (2.-10)._.

Thé critical temperature has the“gréatest-effeét gﬁon

the accuracy of the.cross second virial:coeffidient and-the.
geometrlc mean approxlmatlon to the crltlcal temperature
appears to be an upper limit. In general, for. mlxtures

which contain cowponents that differ in molecula; 51z§, Tclz,i-

is usually somewhat smaller than the gqometfﬁc mean (B8).

¥

For this reasonq?he Forrection factcr,;klz, is introduééd,
I;Jis charadtéfistic of the 1-2 .interaction, independent of
temperature, density ana onp tion and must be determined
é&pé{imentally. The éoﬁstant ky, is uéually positiver although
“_it can take on a negative value if there is-hydrogeﬁ bond-
1ng between the ﬁolecules of the dlfferent species (6) .
- Tsonopoulos (6) modlfled the Pltzer -Curl correlation
by the addition of an extra term to the function f(o)(Tr)
and by eliminatiné the (Tr)ml term from the function

-~
f(l)(Tr). The functions in equations (2-4) and (2-5) thug

become, ' _ ~
(0) _ £ (0) _ -8 -
£O ) = £{0)  cur1 - 0-000607(T,) (2-11)
f(l)(Tr) = 0.0637 + 0.331(Tr)'3 - 0.423(Tr)-3
- o.ooa(-rr)'8 ' (2-12)

Tsonopoulos then extended the Pitzer-Curlrcorrelation =To)



of thé function f (2’-('1']_,) to equation (2-2), -

B P - ' ) _ -
c _ (0) o (1) (2) " -13)
E_T: = £ (Tr) + ﬁyf .(1r) + £ (Tr) j _1(2 }3)
For non-hydrogen bonding polar'compounds.thé function
, . S

f(z)(Tr) is given by,

]

(2) - -6 ,
£ (Tr) =aT, (2-14)

The coefficient a in equation-s(2-14) is dependent on
the type of polar compound under consideration. For‘ketdnes,
aldehydes, alkylnitriles and ethers the'ﬁynétion a is given

\ - v .
bYl . . - o

W
a =‘-2.140x10_4u - 4.308x10_2l(u )8 ‘ (2-15)

\ r r’ T\\\‘

where, ‘i is the reduced dipole moment defined as, -

5
10 uPc

bp ST | (2-18)
C

whefe, u is the dipole moment of the polar‘molecﬁle.

.Tsonopoulos (ll) suggested that esters of carboxylic
acids are similar to ketones snd may also be rgprésented by
equation (2-15).

For binary mixtures containing nﬁn-polar ﬁﬁa‘non—
hydrogen bqﬁding compounds, such as-hydroc;rbons and'éstgrs,
the cross-é;;?ficiént, a5 may be.assuﬁbd‘to‘be zero (6).

Tsonoéoulos.also suggested_that for binary‘mixtures éf
this type, the value of k12 in equation (2-8) bé;assigned'a .
value of 0.13. | -- -
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2.3 Evaluation of Liquid Phase Activity Coefficients)at ;
. + . @ I . oo
{ Low and Moderate Pressures

For any system in vapor-liquid equilibrium, the equation
of equilibrium which must be satified for all components in
th%usystem is of the form,

MR ,
1 b

(2-17)
ﬂ‘where, f; and fi are the fugacities of component i in the
vapor\hqs liquid phases,_respectively. For the vapor phase,
the'fugacity is.related to the .mole fraction of component i
in the vapor, Yio and the total pressure, P, by the fugacity

coefficient, ¢i (9).

£V
1

$. =

i B o _ e : (2-18)

<

i

.

Similarly, the ligquid phase fugacity is related to the

mole fraction of component i in the liquid, X and the stand-
-
ard-state fugacity, fgl

—

, through the liguid phase,activity

coefficient, Yo bY;

£L

y. =

N (2-19)

- L]

ol
xj_fi N

-

By combining équations (2;}8) and {2-19) the following

equation of equilibrium is obtained,

(2-20)

2

- ol
$;¥;P = vyx; £
At low or moderate pressures (up to several bars) and

temperatures well below the critical, Van Ness (12) derived

the following expression for évaluating éxperimental liquid
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P

" phase activity coefficients, - |
: %
- o o o2
- y.P (B, .~v®) (p-p%) P(l-y.)Z5.. .
e ii iV TRy Til iy _
1nwi _}.n(x o) + RT + T (2 21!
iPi >

where, p?, B.. and vi are the'vapor pressure, second virial
coefficient and llquld molar volume of component i, respectlvely
The quantity R is the gas constant and T is the absolute
temperature. .The quantity dij is defined by,

§. .=28B.. -B.. - B.. (2-22)
ij ij ii 33 -

-where, Bij is the  cross second virial coefficient.

The first term in equation (2-21) gives the activity
coefficient for a iiqoid that is in equilibrium with an ideal
vapor. .While the second and third terms correct for the non-
jdeal behavior of the vapor phase. ' :

Equation (2-21) is valid at low and moderate pressures
provided the followi;g_assumptions are satisfied:

{1) The non-idealities of the vapor phase,'both of ﬁhei
mixture and of the pure components, are adequately described

by the virial equation of state truncated after the second

BP

term, i.e.w z= l+§T' whe;e z is~the compressibility factor.

(2) For isothermal vapor-liquid equlllbrlum, the 11qu1d
molar volumes of the pure components are 1ncompre351ble over
toe pressure range in .question. ' -

L3).The tehperature and pressure at which the sgandard—
state fugacities are evaluated afe the éame as the eguilibrium

temperature and pressure .of the mixtute.

.
A
b



-2.4 Correlation of Experimental Excess Gibbs Free Energy

-

~

Exgcess functions are ‘thermodynamic properties of solu-
tions which are in excess of those of an ideal solution at
.the same téﬁperature, pressure and compqéition. For wvapor-

liquid equilibtium the most useful excess function is the
BE

excess Gibbs free energy, G-, defined as,

E _ _ ' _
G = G(actual solution G(ideal"éolution (2-23)

at T, P and x;) at T, P dnd xi)

The excess Gibbs free energy is directly related to the

liquid phase aétivity coefficiernt, Y by,

GE/RT = I x; 1lny; ‘ (2-24)
x .

From this'quation the activity coefficient may then be defined

as the partial molar Gibbs free energy,

E N~
a(nTG /RT) -

) - : (2-25)

'T'P'nj(j#i)

1nYi = ¢ an.
i
" A nuﬁher of models have bgen proposed for correlating the
exéess Gibbs free energy with the liquid composition, X,
through the evaluation of two or more temperature dependeﬂ% .
parameters. _All:equgtibns must satiéfy the condition that
GE=0 at x1=0 and xl=l.0. The primary purpose of éxpresai;g
éxpefimental data through model equations is to obtain a
reliable representation which'may then be used for extrapola-
tion (9). - The models used in the evaluation of data should

introduce errors well below experimental errors. The peffectly

adaptable model will translate experimental data into a set of
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parametérs without loss of accuracy. Pgrameters for the
models are usually obtaihed by réduction of experimental
data using the techniqﬁe of least-squares fittiﬁg (13).

Exact agreement between the model and experiment is
neﬁer achieved due to fandoq and systematic errors in thg
ddta and to inadequacies in the model (9). 1In general, the
test of models for physical significance is to compare aver—
age deviations begﬁeen measured and calculated values (13).
Since deviaﬁions can arise from both scatter of the dﬁta and
inadeguacies iﬂlthe model, only comparison of-deviations.ob—
tained from different equations on the same data set can give
an indication of the merit of the different equations (3).

In general, models with fewer parameters giving the same
déviations are the most suitable (13). Thé usual empirical
models with two or three parameters at a given temperature
can represent strong deviations from ideality. Three such
eqﬁations are the Wilson equation,hthe Neon-Random Two.Liquid
(NRTL) equation and the Redl%ch—Kister equation which are des-

cribed below;

[ -

2.4-1 The Wilson Equation

Wilsoﬁ.(Z) pfopdsed an equation for cd&relating excess f///
Gibﬁs free energy of liquid.mixtures. The equation is based
fon‘the concept of lbcal cogposition and contains only two
adjustable pafametef%, Allz and Alal. The parameters are posi-
tive if the deviation from idealitf is positive and negative

if the deviation is negative.: The équation has the advantage'

-
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that it can represent excess Gibbs free energy of a wide var-
jety of liquid mixtures including strongly non-ideal solutions
(14) .
The expression for the excess Gibbs free energy for bin-

ary mixtures ‘is (15),

ln(x2+A21x1)' (2-26)

E = - -
G /RT = Xy ln(x1+A12x2) Xy
where,
o
v . =AX :
_ 2 12 ‘ _
Ay5 = =5 exp { RT ) (2-26a)
v
1
o .
: v =-AX;
D | 21 . _ .
Va ; :

The quantities vg and vg are the'liquid'moiar‘vblumes of.
components 1 and 2, reépectiﬁely,‘R'is the gas constant and
T is the absolute temperature. .
Another advantage of the Wilson’ equation is that it can
~give accurate predigtion of-multicomponent properties from bin-
ary data alone. The only disgdvanfage is that it is not suit-
abie for partially misdible systems, as it is unable to predict
separation of the two liquid phases. This inadequacy may be
removed if the right-hand side of equation (2-26) is multiplied
by a constant, which is dependent on the binary system‘(Z).
Epressions for the liquid activity coefficienté may
be obtained by the partial diffe:entiatipn of equation (2-26)
with respect to the 1iquié composition™ (15),
iz _ P2l 5,
2°x)*R10%p - R1¥1 X

lnYl = —ln(xl+A12x2) + X
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e & N3 |
X A oXy By Xy i,

lnY2 = -1n(x2+321x1)‘- xl( } (2-28)

2.4-2 The Non-Random Two Liquid Equation

Tﬁe basic idea in Wilson's derivation for the excess Gibbs
free energy follows from the concept of local qowposition and
was also used by Rénon in his derivation of the non-random two
iiquid, NRTL, equation (8). The NRTL equation has the advan-
tage over Wilson's equation that‘it is applicablg to partially
misciple, as well as completely miscible systems.

‘ The NRTI equation uses only twd'adjustéble parameters,
Aglé and Ag21, but it contai;s a thitd conétant,‘alz, selected
accordihg.to the chemical characteristics of the components of

the mixture to provide flexibilit quired for representingr

the shape of the excess Gibbs free §lergy curve (3). The ex-

pression for binary mixtures is (15):

- + T G T G *
GB/RT = xyx, (e + i
1t%2081 %2761

) | (2-29)

where,
. Ag
= 12 ' -
T12 = RT . (2-29a)
Ag :
_ 21 . _
To1 = ®/T o (2-29b)
and,
lnG12 = =0;,Tyy - . ﬂ . {2=29c)
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The constant a,, is positive, characteristic of the non-random-

ness of the mixture and is of :the order of 0.1 to 0.3.- It is

an empirical constant, indebéhdent df”temperature:(3). ‘Like
the Wilsoﬁ equation, the NR&# eguation can represent a'widel'
variety of liquid mixtures, particularly those containing one
or more polar components. 1It, too, can be used to reéresent
multicomponent systems using only the_ﬁinar; parameters.

The exprgssions for the liquid activity coefficients

follow from equation (2-25),

(G,1) 2 | T, .G
= x2 21 12712 _
lnYl - xz(TZI (xl-i-szzl)‘ (x2+le12)‘) (2 ;0)
2 e l:—\
(G, ,) T..0
= x2 - 12 21721 _ .
lnY.2 B :'r"].(-"-].2]:':2+:n:lG12's2 + (xl+x2G21)‘) (2-31) ° .

2.4-3 The Redlich-Kister Equation’

Y

V4
The Redlich~Kister éxpansigﬁ (4) provides a.flexible

. . A\
algebraic expression for representing the excess Gibbs free
energy of liquid mixtures. It is usually represented by a
power series of the liquid combosition with three temperature

dependent parameters, BB, CC and DD. For binary mixtures, the

excess Gibbs Free energy is given by;
GE/RT = x.X, (BB + CC(x,-x,) + DD{x,-X }2) {2-32)
172 ' 1 72 1 72 L
The Redlich-Kister equation provides a means of classi—‘
'fyiné different types of binary solutions (16). For perfect

liquid solutions all parameters will be zero. For systems

whose components are not associated, have nearly equal molal
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"%

. volumes and moderate interactigh, only the first term ig
required (CC=DD=0). For solutions that exhibit 1arge.dev—
iations from ideality the three térms; BB, CC and DD, are -
requiréd to represent the excess Gibbs free enefgy.

The liquid phase activity coefficients aré‘aéain given
by equation (2-25), | .

-

lnYl = xg (BB + CC(3£i-x2) + DD(q!-ké)(le-xz))- (2-33)-

[

lny, = x2 (BB + CClx,=3x,) + DD(X,~X,) (x;-5x,))  (2-34)

2.5 Data Reduction-Methods for Parameter Estimation-

Many methods for parameter estimation have been pro-
pbsed, some of which are more effective than othefs.. One
comﬁonly used method is that of least-squares fitting, which
minimizesjﬁhe sum of squéres between experimentgi andfgalc-
ulated values through the adjustméﬁﬁ of the parameters to be
fitted. | m

Frequently,'when.the least;squares methéd is used as
a fmttlng criterion, vapor composition and total pressure
are calculated at a given temperature and llquld composition,
i.e. those values that were measured experimentally. This
-assumes that no eiror exists in these measured values and
that all the error lies in the measured values of éhe presQL .-

‘ure and vapor composition. The least—sduafes method also
giveé né«measure-of the uncertainty in the paramqﬁef esﬁi-'

mates (17). o o

Another method of parameter estimation is based on the
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érinciple of.ﬁaximam likelihood which‘gives values of-the
parameters that make the experimental obse:ﬁations appear
most likely'when taken as a whole. An important advantage of .
‘the maximum likelihood principle is that it assumes there is
error in all khe measured data, temperature, pressure,.liquid
. and vapor compositlons and uses all the data in the parameter
estimation. It also:gives an estimate of the uncertainty
.associated.with the parameters: |
However, for typical vaggr-liquid equilibrium calcqla-
tions, the technique used for binary data reduction is of some,
but not major importance (9). When a perfect éata set is |
used, the, K same parameters will be obtained regardless of the
method used for data redﬁction. However, with a real data
set there are-llkely to be discrepencies. - The parameters
depend on the fitting procedure as does the quality of the
it (18). | | .
‘ when USiag;Epe least-squares method of datavreduction,
one genefally minimizes the sum of squares between measured
values of the liquid phase act;vxty coeff1c1ents, ln(Yl/Y ),
calculated u81ng equation (2-21), and those calculated using
an approprlaee correlation (Wilson, NRTL, etc.). A disadvan- .
tage of fitting ln(Yl/Tz) is that it makes no use of the
measured values of the total pressure (l19).
Another popﬁlar method is to minimize the sum of
squares between the calculated and experimeatal excess Gibbs

free energy. This method is preferable when compared to

f£itting the activity'ccefficients, as it uses all the measured

-
L)
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data.

Van Ness et al. (20) suggested that from a practical
viéwpbint. the pressure be:fitted rather than the éicess Gibbs
free enerqgy, as it is the ﬁressure-liqu;d composition curve
that _is té be approximated as.closely as possiblé. also,
when the total pressureris fitted, "errors in thg pressure
measureménts_tend»to result in minimal errors ih the estima-
tion of the vapor composition. waeveryvfr0@ a theoreticai
viewpoint, 6ne wants the best represéntétion of thg excess
Gibbs free energy (20};

Regaraless of the method used for data‘reductién, an
important factor influencing the quality of the fit is the
values used for the vapor pressures of the pure componeﬁts,
pg and pg. It is essential that the vapor pressures be
measured with the same aéparétus and lots of materials as
were used in the othér measurements so that the vapor press-

ures are an integral part of the data set. Otherwise, severe

~error may be introduced to the calculated thermodynamic prop-

erties (19).
Finally, there is no ‘best' procedure for fitting
vapor-liquid equilibrium data as the choice will be influ-

enced by many'factors. These factors include the extent

and quality of the‘data! the nature and flexiﬁility of the
model used and subjectfve judgeﬁenf which conditions the

selection (21). However, there is no method of data reduc-

tion which can be a substitute for reliable experimental

data.
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2.6 Thermodynamic chsistency Test of the Vapor-Liquid
Equilibrium Data
A ‘
. " . .: ]
The thermedynamic consistency of a set of vapor-liquid
equilibrium data may be tested using the Gibbs-Duhem equatidn.

At constant tempsraﬁufe and pressure it is givén_by:
{l\n('\fl/vz) dx, = 0 (T,P) - I. (2-35)
Equation (2-35) is commsnly kndﬁn as the area test. How-

ever, fram the phase fule{ vapoiéliquid equiiibrium for a

binary system cahnot be both isothermal and isobarid.. For

isothermal da;é the Gibbs-Duhém_equation.is,
\ x =1 JE o .
L Indyy/Yy) axy = —i _ (gp) @P . (2-3%6) .

1 0

E ., o .. .
- where, v is the excess molal volume. In most cases there is

inéufficient data to evaluate the integral on the right-hand
side of equation (2-36) and at low preséﬁres its value is
extremely small, so the simplest approximation is to'sét it
equal to zero (8). \
In performing the ‘area tes£ on real data, thg integral
in egquation (2-35) will not be éxact{y‘zéro. Prausnitz (8) \_

proposed a guide to test the thermodynamic consistency of: -

real data,

0.02 > |Area above x-axis - Area below x—axis[

Area above x—-axis + Area below x-axis (2-37)

where all areas in equation (2-37)-are taken as positive.
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' CHAPTER 3
o T EXPERIMENTAL DETAILS
. :
s+ - 3.1 Magérials

Phillips'66 Research'Grade‘cyélohexane and Aldrich anal-

-
-

ysis grade meth}I methacrylate, containiﬁg 65 ppm hydfoquinone,_
wérg used without f@rﬁher purificatidn. The purity of the

. cyclohexane and methyl methacrylate were 99.99land 99 mol per
cent, féspgctively. ?hyﬁicﬁl constants of both materials
along with their critical‘properties, acentric factors, w, and
dipole mdments, u, are given in Table 3—l.l It shouid be noted
that the acentric fécfor that was uséd fot the methyl meth-
acrylaté was that of its homomorph, 2-methylhexane. Also, the
vapor pressure data of Stull t25) for pure methyl methacrylate
were.not“in good agreement-ﬁith thosé measured experimentally.
Boublik's data {26) were in better agreement, although his
values wefe siightly higher than the experimental. This
could bg due to thg fact that Boublik extrapclated the vapor
preésures’to zero concentration of the';phibitor, hydrogquinone,
and.it'is,;hese va}gés £hat were reported.‘ The experimental
vapor pressures ;;re measured using methyl methacryiate which
copﬁaihed'GS ppm hydroquinone. This would indicate that the
preéence"of'the inhibitor did have a definite effect upon the
vapor pressuré,,%nd for thié reason, the vapor pregsures that

were measured experimentally were preferred.

a
v, «

3.2 Apparatus

The equilibrium still along with the accessory equipment
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that was used to measure the temperature, preSSure'and vapor
and liquid compositions are described below in the following -

»
sections:

. 3.2-1 The Equilibrium\é},ill

‘The_apparacus that was gsed to study the vapor-liquid
equilibria was the_modified'Dﬁcrak and Bouclik still. This
still, dhich originated from‘the‘Gillespie family of circula-
tion stil;s, hae been previously described by Boublikova and
La (1). A schematic diagram of the still acpears‘in Figure
3-1. The still‘was made entirely of pyrex glees. |

Equilibrium was achieved through the use of the‘Coctrell

pump (K) together with the circulation loop. The beoiling
vessel (A) was heated by an electric heate;, which.yas iﬁ;ert-
ed into the well (J). The equilibrium temperature was meas-
ured by‘a thermometer (described below)linserted into the
thermometer well (E). The vapor, after belng“separated from
the liquid in chamber (C), was condensed and-both the liquid
and condensed vapor were collected in reserv01rs (B) and

(G), » respectlvely Hagnetlc stirrers ‘were placed in both res-
ervoirs to ensure den51ty gradients did nct occur. Run-off
from both.reservoirs were mixed g/L,hefore returnlng to the

‘boiling vessel. fhe total amount of liquid required in the

still is about 110 ml.

3.2~2 Temperature Measurement :
. X j N

The temperature of the equilibrium mixture was measured
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- Figure 3-1: Schematic Diagram of\tgshgﬁgifjed Dvorak and
. : Boublik @till X -
A- boilixg vessel, B- liquid reservoir, C- vépor
. and liquid separatbr, D- evatpated chamber, E- '
thermometer well, F- condenser, G- condehsate

reservoir, H- mixing vessel, I- cooliné'jacket,

J- heater well, K- Cottrell pump .
o



using a Hewlett-Packard, model 2801A, quartz thermometer, which
Qas checked‘at_thé_tfiple point of water. The accuracy of the
temperature measurements is estiﬁaged to be *0.01 K. There was
a'correction factor which had to be subtracted from éach of
the temperature readings. These were 0.025, 0.020 and 0.005
‘.at 318.15, 333.15 and 348.15 K, respectively.

| For isothermal opefation of the equilibrium still, the
desired témgeratures:of 3I8.i2, 333.13 and 348.14 K.weré ob-
taineﬁ and regﬁlated by adjusting the total preséqre of the

system.
3.2-3 Pressure Measurement

- The pressure in the equilibrium still was meésured'using
a Texas Instruments, ﬁodgl 144-01, Pressure Gaugg, together
'with a Bourdon Capsule (0 to 174 kPa). The gauge was calibrated
by measuring the vapor pressure of demineralized and distiiled
 water in a SWietos;awski type ebulliometer, and checked by a
mercury manometér in-conjunction‘ﬁith a catheiometér. The
system pressutre was coﬁ£rolled by a two-liquid manostat. fhe

accuracy of the pressure measurements is estimated to be $0.05

Torr.

o

' 3.2-4 Equipment for Quantitative Analysis

An Anton-Paar K.G. digital densimeter (model DMA 02A)
was used to measure the densities of the condensed vapor and
liquid samples. A calibration curve was drawn by measuring

the densities of-miktures of cyclohexane and methyl methacryl-

e
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ate of kndwn composition; 'The calibration values fdr the
entire éoncentiation range along with the calibration curve
are reported in Appendix I. All meésuremen;s were taken aﬁ
288.15 K. The accuracy of the determined compositions is est-
imafed to be %0.002 ﬁole fraction. |

3.3 Experimentél'Procedhre

»

The still was filled with the more volatile component,
cyclohexane, and the vapor #rgssufes were measured from-
318.12 to 348.14 K. The results were in good agreement
with those calculated using the Antoine equation (24).

The binary ﬁixtufe.was then prepared by removing 9.2 ml
from both the liquid and coﬁdensed’vapor reservoirs and'

_Hrepiacing tﬁem ﬁith an equal amount of metﬁyl methacrylate.

ﬂ&he mixgpre was then heated to bailing and the pressure’ was
adjusted manually until. the deéired temperature in the equi-
librium chamber was obtained. ’

The mixture.was‘left to boil at this temperature for
approximately two hours to ensure equilibrium had been at-
tained. The equilibrium temperature was maintained within
tULOOS K for solutions rich-in cyclohexane and within *0.01 K
for thdse rich in methfl methacrylate. The higher fluctua-
tions for the methyl methacrylate-rich solutions were due to
the large change in the pressﬁre with liquid phase composi-
;ion in the lower cyclohexanelconcentration range.

After recording the sYstem-pressure ané temperature the

"boiling was stopped by a sudden incrgase in the pressure to
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atmospheric. Samples of approximately 5 ml were withdrawn
from bofh'the liquid aﬁd‘cdndensate reservoirs fdr analysis.
The densities of both sampies were then measured twice to
ensure consi;téncy. f.
Cyélgheiane and methyl methacrylate wére added to both
the liquid and condensate reservoirs in specific amounts so

a

that the desired concentration for the next run would be ob-
tained.. | ) |

It‘shquld be noted that when the vapor pressure of the
'pure methyi ﬁethacrylaté was measured, its density was also
measured befo:g“and after boiliﬁé; with no changé ébsefvéa}
This indicates ﬁhat nc polymerization of the methyl methacry-
late had occured. Therefore, the inhibitor, hydroquinone, pres-
ent in thefhethyl methacrylate was adequate for preventing its

polymerizéﬁion in the condensed yapof.‘
3.4 Reduction of the Experimental Data

-Once the,e*perimental vapor-liquid equilibrium data
were collected, they wére then correlated using ghe Wilson,
the NRTL and the Redlich-Kister equations. The three equa-a
tions were fitted by minimizing the sum of squares- between
the experimental and calculated excess Gibbs free enefgy.
Both the Wilson and t?e NRTL equations grgknon-linear and
were fitted using the subroutine ZXMIN from the International
Mathematical and Statistical L}brary (IMSL) .

Once the optimum parameters were determined for each of

the three equations, values of the total pressure, P, and the
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vapor composition, Yl' were calculated usang the correlatzons
in conjunctlon w;th equatlon (2-21) by means of the Newton-
Raphson method of iteration (28). (A detailed description of
the Newton-Raphson method is presented in Appendix II).

A listingﬁof the computer programme that'has used appeafs'

-
L

in Appendix III. - ‘ -
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CHAPTER 4
RESUL'I‘IS. AND DISCUSSION

The vapo —11qu1d equ111br1um data for the system cyclo-
hexane (1) and methyl methacrylate (2) were measured at three
1sothermal temperatures of 318. 12 333.13 and 348.14 K. The’
data 1nc1uded the total pressure, P, and the liquid and vapor
comp051tlons, *1 ‘and yl, respectively. Second v1r1al coeffici-
ents, 11 and B,y and cross second v1r1al coefficients, B 12°
were calculated using the correlatlon of Tsonopoulos, eguation
(2-13). As had been stated previously, Tsonopoulos had sug-

gested that the value of the correction, k,,, on the critical

temperature in the cross second virial coefficient, Tc .“
‘ : L 12

(equation (2—8)l'be given a value of.0.13 for hydrocarbon/
egter mixtures. However; this value'of k;, should only be-
used as an approximation if the actual Value is unknown. The’
Cross second virial coefficients were calculated with k12 equal
to 0.13, and with different values in order to determine the
.exact value of klz for cycloheiane - methyl methacrylate mix-
tures. JThe best valuelfor klé was found to be zero. Values
of the cross second virial coefficients calculated with k,,
equal to zero along with the second virial coefficients, By,
and Bzz' are presented in Table 4-1.

The experimental liquid activity coefficients, yl‘and
Yor and the excess Gibbs free“energy, GE, were calculated using
equatlons (2-21) and (2- 24), respectively. These values along
w1th the measured. pressure, P, and.liquid and vapor composi-
tions, 3 and y,. are shown for the three 1sothermal tempera-

tures in Table 4-2.

/
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The experimental data at the three teﬁperatureslwere
fitted.to three correlations, the Wilson,.the NRTL and the"
Redlich-Kister equations, by.ﬁinimizing the sum of squares .
of the resrdual excess Glbbs free energy, Z(Gexpt—GEale)z'
Both the Wilson and the NRTL equatlons contain two tempera—
ture dependent parameters, while the Redlich-Kister equation
was fitted with three. However, the NRTL equation also
contains a third coustant, 1é,'which is charaEteristie of
the blnary mixture, but 1ndependent of temperature. The _
value of a,, was foupd by fitting the two temperature depend-
ent parameters in the NRTB;equatioa.at the three temperatures
for different values of a;,. The sum of squares of the resid-
ual excess Gibbs free energy were compared at the three temp-

- eratures to flnd which value of a,, gave the smallest values.
For the cyclohexane/methyl methacrylate mixture, the value of

a,, was found to be 0.14. The values of the parameters fqr
the three equations at the three temperatures are‘Ehown_in

Table 4L3. .

The sum'of_squares of the residual excess Gibbs free

enerqgy for the three equatipns were compared at each temper-

.o

ature to determine which equation.gave the best fit. Based b

on this criterion, it can be seen from Table 4-4 that the NRTL
equation fitted the data best at 318.12 aﬁa_333;13 K, whereas

the Redlich-Kister equation gave the best fit at 348,14;gth

Values for the excess Gibbs free energy calculated by the Wilson,

the NRTL and the Redlich-Kister equations (equations (2-26),
* ‘

(2-29) and {2-32), respectively) at the three‘temperatures are
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‘listed in:Table 4-5. Table 4-6 shows the.averaée absolute
deviations of the excess.Gibbs free energy, 24 expt Ggalcl/N,

" calculated by the three equations., (The quantity N is the
number of experimental data points). lComparison of the ever-
age absolute deviations shows the NRTL equation to glve the
best fit:at all three temperatures. However, based on ‘the .
least-squares criterion, the NRTL equation‘gave the best fit
only at 318.12 and 333.13 k and it was the Redlichexister
equatlon whlch fit the cata best at 348.14 K. For this reason,
when the excess Gibbs free energy was plotted as a function of
-the llquld comp051t10n in Flgures 4-1 to 4-3, the excess Gibbs
free enerqgy values that were calculated by the Redllch-Klster
equation were plotted at 348.14 K rather than those that were
-calculated by ‘the NRT# equation. The reason why only one
equaticn was repcesented in each of the-gcaphs was that al-
though ﬂu:veluee calculated by the three ecuations were diff-
erent, -these differences were not 31gn1f1cant enough to be
,shown on the graphs and so‘f\\z the equatlon whlch gave the
'best fit was depicted.

' Once the parameters for each of the equations were known,
the liquid activity ccefficients,'*r1 and v,, were then calcul-
ated usxng the Wilson (equatlons (2 27) and (2- 28)), the NRTL
(equatlons (2-30)" and (2-31)) and the Redllch-Klster (equatlons
(2-33) and (2-34)) equations at the three temperatures.; Aver-
age absolute deviations were calculated for both Y, and Y, and

are compared in Table 4-7.

~ Except for v, at 318.12 K, the Wilson equation gave the
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'smallest average absolute devzattons of Y, and Yo at all three
temperatures. The NRTL equatlon fit Yo best at 318. 12 K.
Values for the liquid activity eqeff1c1ents calculated by_the
Wilson equation at the three temperatures are listed in Table
4-10. These calculated values were compared with the‘experi-
mental liquid activity coefficients in Figures 4-4 to 4—6:
Again, because the differences between the values calculated
by the three equations were not significant{ only the curve

fer the Wilson equation appears in each graph. The reason for
this choice was that the Wilson equation had the smallest
average absolute deviations in. the liquid activity coefficients
at the three temperatures.

Values of the vapor composition, Yy, and the tetal
pressure, P, were calculated by means of the Newton-Raphson
method of iteration, and aye;age absolute deviations for y,
and P were calculated'for the three equations and- are com-’
pared in‘?ables 4-8 and 4-9, téspectively. Again,‘the Wilson
equation gave the amallest average absolute deviations of
both the ﬁapor coﬁpos%tion and the total pressﬁre; at all
thtee temperatures. :

The values of the vapor compositiOn calculated by the
Wilson_equation“were in very good aéreement with the experi-
mentai vapor compositions measured by the deneimeter. 'The
accuracy of the densimeter was estimated to be t0.002 mole
fraction, which was the-same as the average absolute devia-
tlons for the Wilson equation at all three temperatures. The

vapor compos;tlons that were calculated by the NRTL equation
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were also in good agreement with the experlmental measurements.
The total pressures that were calculated by the three equations
were not in as good agreement thh the experimental values as
were the vapor compositions. For the Wilson equation the aver-'
age absolute deuiations were approximately 0.55 Torr, while

the accuracy of the pressure gauge had'been'estimated to be
+0.05 Torr. This error in the total pressure could possibly

be reduced by fitting the total pressure rather than the excess
Gibbs free energy. This would not affect the’ calculated values
of the vapor com9051t10n, but would be at the expense of the

" calculated excess Gibbs free energy, which theora-lly,

would not be desirable.

Again, because the Wilson equation had the'smallest aver-‘
age atsolute deviations in both the wvapor composition and the
total pressure at all temperatures, those values of.yl and P o~
that were calculated.by the Wilson equation are presented in
Table 4-10. These calcu;ated values cf'yl:and P were compared
wita the. experimentally measurea values in Figures -4-7 through
4-12. | | |

There was an azeotrope present at a1l three temperatures.
The values of the azeotropic compositions, S and pressures
Pzt calculated by the three equations, ‘along with the experl—
mental values are shown in Table 4-11. The three equatlons _‘
calculated the values of the'azeotrcpic composition quite weil
at the three temperaturest However, the Wilson equation gave
values that were closest to the erperimental, particularly at

348.14 K where the NRTL and the Rediich-Kister‘compositions

,
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4

wgfe a littlé high. At the threg temperatures, the values of
the azeotfopic.p;essﬁre calculated by‘the Wiléon equation were
also superior to those calculated bi-the NRTL and th§ Redlich-
Kister equations. The latter equations tended to give pressures
that were a little low.

The ghermodynamic consistency of the isothermal experi-
mental data at 318.12, 333.13 and 34&:14 K.were tested by the .
area test, Figures 4-13 to 4-15. The isothermal dpta at |
318.12 K were fitted using a fourth degree polynonial, while
those at 333.13 and 348.14 K were‘fiéted by a thifd degree
peolynomial. ‘The results are shown in Table 4-12.! The data
at all three temperatures were judged tﬁ be thermodynamically'
consistént,~based on the guide given by Prausnitz in egquation

(2-37).

L
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= Table 4-1:
SECOND VIRIAL AND CROSS SECOND VIRIAL COEFFICIENTS
FOR CYCLOHEXANE (1) AND METHYL METHACRYLATE (2) AT

318.12, 333.13 AND 348.14 K.

‘ ' *
By Byo By) P
om /mol cm3/mdl _ cms /mol .cm3 /mol
©318.12 K
-1529.0 -2260.0 -1757.7 .« 273.6
333.13 K
~1333.3 -1915.8 -1520.3 - 208.5
348.14 K e
-1178.2 -1650.0 -1333.6 160.9
. | 2
812 = 2 By = By) - By,
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Table 4-2:
EXPERIMENTAL ISOTHERMAL VAPOR-LIQUID EQUILIBRIUM
DATA FOR CYCLOHEXANE .{l1) AND METHYIL METHACRYLATE

(2):AT 318.12, 333.13 AND 348.14 K.

X1 Yy i Y1 Y2 G

Torr ' J/mol

318.12 K

0.047 0.198 112.93  2.1434 1.0010 97.32
0.066 0.258 119.60 2.1050 1.0000 129.99
0.103 0.346 131.33' 1.9842 1.0065 202.00
0.145 0.421 142.91 1.8642 1.0160 274.73
0.197 0.494  156.21 1.7577 1.0319 360.60
0.273 0.56% 171.66 1.6032 1.0651 462.20
0.357 0.630 185.60 1.4658 1.1162 548.10
0.443 0.680 196.53 1.3488 1.1788 592.93
0.529 0.722 205.63 1.2538 1.2660 610.33
0.605 0.753 . 211.73 1.,1766 '1.3803 597.03
0.671L 0.782 216.63 1.1266 '1.4958 562.00
0.731 0.810 220.13 1.0883 1.6199 506.73
0.771 0.831 222.15 1.0681 1.7079  458.47
0.807 0.849 223.78 1.0500 1.8237 410.89
0.867 0.882 225.76 1.0241 2.0863 313.34
'0.907 0.912 226.34 1.0148 2.2311 232.59
0.935 0.933 225.98 1.0055 2.4269 165.93
0.956 0.953 225.71 1.0033 2.5123 115.49
0.964 0.961 225.53 1.0025 2.5461  95.41

-333.13 K

0.039 0.152 -204.63 2.0806 0.9976 72.69
0.061 0.215 216.56 1.9893 0.9981 113.84
0.094 0.291 232.93 1.8769 .1.0044 174.98



0.137
0.183
0.247
0.335
0.421
0.506
0.581
0.656
0.702
0.756
0.798
0.833
0.893
0.937
0.963

10.058

0.084
0.132'

0.168
0.227
0.311

0.399 -

0.483
- 0.562
0.631
0.689
0.746
0.786
0.824

0.372
0.441
0.510
0:587
0.644

0.688

0.726
0.762
0.785
0.8B15

0.836

0.860
0.900

0.933

0.958

0.183
0.245
0.333
0.393
0.460
0.537
0.604
0.658
0.700
0.735
0.768
0.801
0.824
0.849
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Table 4-2 con't.

P

'y

: Torr

''253.03 1.7855
271.90 1.7003 .
294.15 1.5734
319.52 1.4476
339.28  1.3399
354.70 1.2436
365.94 ' 1.1781.
375.61  1.1233
380.39  1.0947
385.93  1.0703
388.24° 1.0461

- 390.31 1.0362
391.87  1.0155
391.50 1.0023
390.75  0.9995
348.14 K

372.68 1.8777
393.26  1.8292
426.37 1.7115
451,79 1.6789-
482.33  1.5495
521.63  1.4242
554.20 1.3238
581.20  1.2472
599.83 1.1754
613.38 1.1230
623.62  1.0919
631.84  1.0651
636.53 1.0472
639.92  1.0345

Yz'

.1.0128

1,0215
1.0490
1.0852
1.1390
1.2216
1.3038
172140

1.4938
1.5922

1.7150

1.7802

1.9928
2.2662
2.4148

0.89%70

0.9983.

1.0065

1.0107
1.0309

1.0694

"1.1115

1.1681
1.2467
1.3356

.1.4098

1.4995

"1.5855"

1.6629

E

‘Jhwl.'

250.25

'317.28

409.88
493.81
549.82
579.46
571.69
541.92

1507.21

456.55
401.42.
348.90
242.32
148.78
89.07

{
97.54

142.34

221.71
277.55
355.74
452.11
507.82-
541.34
542.48

339.91



0.882
0.927

" 0.967 .

Téﬂiﬁfd-Z con't.

Torr '

0.888 643.16 1.0157
0.924 - 642.38 _1.0044

Ya

”

'1.8489

2.0263
2.1753

GE

J/mel

249.78
161.01

0.963 640.00  0.9999

Table 4-3:

73.385

TEE WILSON, THE NRTL AND THE REDLICH-KISTER

PARAMETERS AT 318.12, 333.13 AND 348.14 K.

vy

318.12 K 333.13 K 348.14 K
"
Wilson
=+, 1sa.o§:?bf_ 128.41 - 110.36
AN P
tray 542.1 . 525.30 495.65
NRTL
£9y, '874.28 883.25 . 853.95
89, -201.94  -243.37)  -254.35
Redlich-Kister
BB 09244 0.8414 9-7577
cc 0.1925 °  0.1061 0.1005
DD 0.0029 -0.0307

-0.042]




42

Table 4-4:

SUM OF SQUARES OF RESIDUAL EXCESS GIBBS FREE ENERGY,

E E 2
expt’-Gcalc)

AND THE REDLICH-KISTER EQUATIONS AT 318.12, 333.13

(G P (Jz/molz), FOR THE WILSON, THE NRTL

" AND 348.14 K. -

. Wilson " NRTL Redlich-Kister

318.12 K
237.91 181.81 240.19
333.13 K
253.16 - 147.39 ~ 251.28
348.14 X
B - ’
471.13 350.11 330.66
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Table 4-5:

THE EXCESS GIBBS FREE ENERGY, G°, CALCULATED BY
THE WILSON, THE NRTL AND THE REDLICH-KISTER

EQUATIONS AT 318.12, 333.13 AND 348.14 K. -

E E : E B

x, G G G~ . G
) J/mol J/mol +J/mol = J/mol
‘expt - expt Wilson NRTL R-K
318.12 K
0.047 97.32 99.82 98.21 96 .54

0.066  129.99  137.79  135.76  133.59
0.103  202.00  207.72  205.22  202.38
0.145  274.73  280.66  278.06  274.84
0.197  360.60  361.33  359.14  355.90
10.273  462.20  459.67 ° 458.72  456.14
0.357  548.10  540.53  541.30  539.95
0.443  592.93.  591.84  594.07  594.14
0.529  610.33 .609.73  612.64  613.93
 0.605. 597.03  596.17, 598.79  600.77
0.671  562.00  560.72  562.39  564.62
G.931  506.73  508.26  508.63  510.79
0.771  458.47  462.0¥  461.39  463.35
0.807  410.89  412.30  410.80  412.51
©0.867  313.34  311.53  308.91  310.06
©.0.907  232.5%  231.20  228.35 229.10
0.935  165.93 168.34  165.75  166.22
0.956  115.49  117.46  115.36 . 115.65

0.964 95.41 97.22 95.37 95.60
'333.13 K
0.039  72.69  78.56 ' 77.44 74.47

0.061  113.84  120.50  118.96 . 114.94
174.98 ' 180.18  178.23  173.36




Table 4-5 con't.

E E R o

X, G & G - GE
J/mol - J/mol - J/mol - J/mol

expt  expt  Wilson = NRTL R-K

0.137  250.25  252.04  249.94  244.99
0.183  317.28  321.40  319.50  315.45
0.247  _409.88  404.72  403.54  401.72
.0.335  493.81  493.45  493.66°  495.48
0.421  549.82 ' 550.08  551.56° - 556.21
1 0.506  579.46 . 575.34  577.55 _ 583.38
0.581 - 571.69  570.87  573.07  578.34
0.656 541.92 - 539.85 541.35  544.70
0.702  507.21  506.96  507.75  509.43
0.756  456.55'. 454.18  453.96  453.50
0.798  401.42 402,06  401.02  399.00
0.833  348.90  350.88  349.24  346.15
0.893  242.32 /245.92  243.68. = 239.71
0.937  148.78  154.32  152.30  -148.89

0.963 -~ 89.07 . 94.04  92.57 90.13
: , 1348.14 K . ‘
0.058 '97.54 108.61  107.45 100.58

0.084  142.34  153.63  152.19  143.65
0.132  221.71  230.67  229.05  219.20
0.168 277.55  283.21  281.67  272.06
0.227  355.74  359.41  358.31  350.62
0.311  452.11  446.06  445.93  442.69
0.399  507.82  508.26  509.18  510.67
0.483  541.34  539.03  540.63  545.20
0.562  542.48  541.15  542.87  548.33
0.631  521.05  520.59  521.94  526.50
0.689  484.43  486.29  487.03  489.83
0.746  433.95 . 436.67  436.61  437.15
0.786_  390.54  392.00°  391.35 390.23
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- Table 4-5 con't.

' *

xl i : GE . GE ‘ GE : GE
- J/mol J/mol .. J/mol . J/mol

expt - expt Wilson NRTL . R-K

0.824  339.91  341.72  340.56  338.02

. 0.882  249.78°  249.58  247.90 ~ 244.02
0.927  161.01 - 164.61  162.99  159.23

{\ 0.967 73.95 78.65 77.63 75,28

? l )
\
Lo : .
.

Table 4-6:

\ -
AVERAGE ABSOLUTE DEVIATIONS OF THE EXCESS GIBBS

-E -E
ENERGY, zlcexpt-ccalc]/u, {J/mol) .

Wilson NRTL Redlich-Kister
318.12 K .

2.7619 2.3408 2.7848
333.13 K

3.1005 2.2230 3.0772
348.14 K

t

3.7949 3.3865 - 3.7988



Table 4-7:
AVERAGE ABSOLUTE DEVIATIONS OF THE LIQUID ACTIVITY

COEFFICIENTS OF CYCLOHEXANE (1) AND METHYL

METHACRYLATE (2), I|y. -y, |/N.
- : 1 1
expt calc
Wilson NRTL Redlich-Kister

318.12 K

Yy 0.0095 ~  0.,0108. - 0.0131

Y, 0.0184  0.0149 0.0180
333.13 K

Yy * 0.0113 . © 0.0136 . 0.0209

Yy 0.0124 ~ 0.0148° 0.0212
348.14 K

v,.  0.0081 - 0.0099 © 0.0191

Y, 0.0083 ~  0.0085 - 0.0151

.
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Table 4-8:

AVERAGE ABSOLUTE DEVIATIONS OF THE VAPOR

COMPOSITION,'Zlyl -y, . I/
‘ " Texpt calc
N
Wilson NRTL Redlich-Kister
318.12 K
0.0024 . 0.0026 0.0031 -
333.13 K
0.0023 0.0027  0.0039
348.14 K
0.0019 0.0022 _ 0.0039
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‘Table 4-9:

-AVERAGE ABSOLUTE DEVIATIONS OF “THE TOTAL

PRESSURE, zlpexpt—pcalc]/n, (Torr).
Wilson NRTL Redlich-Kister
318.12 K |
0.4203 0.4528  0.5148
333.13 K
" 0.5866 0.6640 - 1.0464
348.14 K N

0.6641 ___ 0.7116 1.6035.
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" Table 4-10:
VAPOR COMPOSITION, yi; TOTAL PRESSURE, P, AND
LIQUiD'ACTIVITY COEFFICIENTS, Y, AND Y,,
CALCULATED BY THE WILSON EQUATION AT

318.12, 333.13 AND 348.14 K.

Xy Yy P RS Yy
expt Torr
' " 318.12 K

0.047  0.199  113.17  2.1613  1.0016
0.066  0.257  119.89  2.1059  1.0032
0.103 ° 0.348  131.90  2.0042 ~ 1.0077
0.145  0.426  143.99  1.8981  1.0155
0.197  0.498  156.95  1.7792  1.0292
0.273  0.574 = 172.62  1.6270  1.0579
0.357  0.636  186.32  1.4845  1.1035
0.443  0.684  197.34  1.3623  1.1686
0.529  0.724  206.08  1.2607  1.2576
0.605 - 0.757 . 212.34 - 1.1860  1.3625
0.671. 0.785  216.87. 1.1316  1.4803
0.731  0.811  220.33  1.0901  1.6159
°0.771  0.829  222.29  1.0666  1.7259
0.807  0.848  223.80  1.0483  1.8414
0.867  0.882  225.61  1.0239  2.0790
0.907  0.910  226.20  1.0120  2.2778
0.935  .0.933  226.19° 1.0060 . 2.4418
0.956  0.952°  225.90  1.0028  2.5811
0.964  0.960  225.72  1.0019  2.6384

333.13 K |
0.039  0.148  304.32  2.0206 ° 1.0010
0.061  0.213  216.60  1.9672  1.0024



_expt
0.094
0.137
0.183
0.247
0.335

0.421

0.506
0.581

0.656 .
0.702 -,
0.756 &

0.798
0.833
0.893
0.937
0.963

~ 0.058,
" 0.084
0.132 .

0.168
."‘0 » 227
0.311

0.399

0.483
0.562
0.631
0.689
0.746
0.786
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'1.8912
1.7991
1.7085

1.5951

- 1.4600
- 1.3484
1.2555

1.1863

1.1282
1.0978
1.0672
1.0470
1.0328
1.0140
1.0050
1.0018

1.7986

1.7094

1.6474
1.5539
1.4369
1:3321
1.2472
1.1796
1.1296
1.0937
1.0639
1.0462

Table 4-10
Y, P _
Torr
0.292 233.67
0.374  253.69
0.442 272.61
0.515 295.24 .
0.590 320.56
0.646 340.16
0.693 355.65
0.729 366.78
' 0.765 375.94
0.787 380.68
0.814 - 385.39 .
0.836 388.38
0.857  390.35
0.898  392.33
0.934 392.29
0.958°  391.45
348.14
0.180- 373.17
0.241 393.38
0.332 427,29
0.387 450.11
0.461 483.20
0.541 522.45
0.606 555.50
0.658 580.90
0.702 - 600.35 .
0.738 614.37
0.769 . 624.21
0.800 632.17
0.823  636.69

1.8502

1.0057
1.0123

1.0223
1.0417
1.0803

<1.1339

1.2062

1.2905
1.4001

1.4834
1.6010
1.7109
1.8176
2.0411

2.2472
2.3904

1.0020 .

1.0041
1.0103
1.0169
1.0317
1.0619
1.1071
1.1662
1.2397

1.3219

1.4074
1.5099
1.5953

i



0.847
0.887
0.924

0.963.
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Table 4-10 con't.

P .
Torr

640.05
643.09
 643.21

641.11

T

1.0318
1.0148
1.0058
1.0012

Y2
. } * /

' 1.6888

1.8605
2.0204
2.1977
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Table 4-11:

AZEOTROPIC DATA FOR CYCLOHEXANE (1) AND METHYL _

-METHACRYLATE (2) AT 318.12, 333.13 AND 348.14 K.

Wilson

NRTL

Expt. Redlich-
Kister
318.12 K
Xaz 0.921 0.921 ' 0.922 '0.921
P,, (Torr) 226.4 226.24 ‘% .226.00° 226.06
Al
333.13 K
X 0.915  0.914 °  0.915 0.917
azZ .
p_,(Torr) 392.5  392.50 392.18 391.62
348.14 K
x 0.906 0.907 0.908 0.909
az
p_,(Torr) 643.8  643.44 643.04 642.12

‘o
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Table '4-12:
THERMODYNAMIC CONSISTENCY TEST OEF THE EXPERIMENTAL

DATA AT 318.12, 333.13 AND 348.14 K.

Area Above Area Below f(area?
x-axis x-axis
318.12 X o
0.2223 . 0.2275 . 0.0116
333.13 K A
0.2044 . 0.2081 70.0077
348,14 K
0.1889 0.1878 0.0024

»

* .
According to the guide proposed by Prausnitz

Area ‘above x-axis - Area below X-axis
Area below X-axis + Area below x-axXls

f(area) = | < 0.02

A
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Figure 4-1:

02 04 06 0.8 1.0

Mole Fraction of Cyciohexane in Ligquid, x,

Excess Gibbs Free Energy for Mixtures of
Cyclohexane (1) and Methyl Methacrylate .(2}
at 31B.12 K. (O, Experimehtall — Calculated
by the NRTL Equation)
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Figure 4-2: Excess Gibbs Free Energy for Mixtures of
v Cyclohexane (1) and Methyl Methacrylate (2)

at 333.13 K. (0, Experimental, — Calculated
by the NRTL Equation)
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Figqure 4-3:
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Mole Fraction of Cyc.lohex_une in Liquid, x,

"Excess Gibbs. Free Energy for Mixtures of

Cyclohexane (1), and Methyl Methacrylate -(2)
at 348.14 K. (0, Experimental, — Calculated
by the Redlich-Kister Equation)
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Figure 4-4:

s

0.2 04 . 06 0.8 1O

Mole Fraction of Cyclohexane "m Liquid, x,

1

Comparison of Experimental .and Calculatgd Yi
values for Cyclchexane (1) and Methyl Meth-
acrylate (2) at 318.12'K. (O, Experimental,
— Calculated by the Wilson Equation)
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Liquid Activity Coofficients, In¥,
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Mole Fraction of Cyciohexane in Liquid, %,

-

Figuire 4-5: Comparison of Ex_perimentél and Calculated 'y,
values for Cyclohexane (1) and Methyl Meth-
acryléte (2) at 333.13 K. (0, Experimental,
— Calculated by the Wilson Equation)
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LO

0 0.2 04 . 06 08 - 10

Mole Fraction of Cyclohexane in Liquid, x,

qQFigure 4-6: Compa;ison of Experimental ;nd Calculated Y
Values for Cyclohexane (1) and -Methyl Meth-
acrylate (2) at 348.14 K. (0, Experimentél,
- Célculated by the Wiisdn Equation)
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-Figuré 4-7:

0.2 04 0.6 08 - 10

Mole Fraction of Cyclohexane in Liquld, x,

Comparison of Experimentgl and Ca;éplated Yq
Values for Cyclohexane (1) and Methyl Meth-
acrylate (2) at 318.12 K. (0, Experimental,
— Calculated by the Wilson_Equation)
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Figure 4-8:

02. 04 0.6 0.8 - 1.0

Mole Fraction of Cyclohexane in Liquid, X,

4

Comﬁdfiépn of Experimental and Calculated y; ,
Values for Cyclohexane (1) and Methyl Meth-
acrylate (2) at 333.13 K. (0O, Experimentay,
— Calculated by the Wilson Egpation)
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Figure 4-9: Comparison of Expefimental and Calculated Yy
i Values for Cyclohexane (1) and Methyl Meth-
‘ ‘acryiate (2) at 348.14 K. (O, Experimental,
- — Calculated by the Wilson Equation)
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Figure 4-10: -

-

Comparison of Expeéimental and Calculated P
and y, Valués'for‘Cyclohexane (1) and Methyl
Methacrylate (2) at 318.12 K. (O,®, Experi-
mental, — Cafbulatgd by the Wilson Equation)
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Figure 4-11:

Comparison of Experimental and Calculated P
and ¥y Values for Cyclchexane (1) and Hgthyl
Methacrylate (2) at 333.13 K. (0,®, Experi-
mental, — Calculated by the Wilson Equation)
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Figure 4-12: Comparison of Experimental and Calculaﬁéd P

and Y1 Values for..Cyclohexane (1) and Methyl
Methacrylate (2) at 348.14 K. (0,8, Experi-
mental, — Calculated by the Wilson Eguation)
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q : Liquid Equilibrium Data for Cyclohexane (1)
and Methyl Methacrylate (2) at 318.12 K.

A}

. |



67

Ln (%/%)

o

4

=10 N ! ! '
0o ° o2 0.4 0.6 0.8 1O

Mole Fraction of Cyclohexane in Liquid, 'x,

Figure 4-14: Thermodynam.c Consistency Test of the Vapor- ‘
Liquid Equilibrium Data for Cyclohexane (1)
‘and Methyl Methacrylate (2) at 333.;3 K.
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CHAPTER Si
CONCLUSIONS .
+  Based upon the leésthquares Erite;iqn for fitting the
Eesidual excess Gibbs ffee enérgy, the'NRTL equatibn fitted

' the experimental data best at 318.12 and *333.13 K. At 348.14 K,
it was-the Redliéh-xister eguation which.gave the best fit of
ﬁhe data, However, it was the Wilson eguation which had éhe
smallest 5verage ébsolute deviations 56r both the total press- )
ure and‘vapo: composition. And, from a-practicai‘viewboint}
it is the P-x curve that is téqbe approximated as closely as
pagsible. T;erefore, theoretitaily, the besi fit was obtained
‘from the NFTL\and the Redlich-Kister equations, és_thgy gave, the
best rgpresentation of the excess Gibbs freg energy.ﬁ ﬂdwever,

practically, the Wilson equation fitted the data best.

~
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Table Al-1l:

CYCLOHEXANE (1) - METHYL METHACRYLATE (2) AT 288.15 K.

/

‘Mole Fraction Cyclohexane Denhsity . ]
Xl,. .' ) ( ‘g/ml ’
0 . 0.9491 i
0.1055 ' 0.9282
'0.1482 0.9201 '
& 0.1911 T p.e117 !

0.2650 - 0.8989

0.3345 T | . 0.8855

0.4067 L ‘ﬂ\\s<\_0.8727

0:4841 | . 0.8524 ;

935695 o - 0.84

0.6669 - . .0.8500

0.7686-. ‘ © 0.8124 $ i

- A.sosr, . 0,8085

0.8824 4 0.7982 -
©0.9277 ¢ 0.7922 - )
1.0000° - - E '917332i5

" @
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The Newton-Raphson Method of Iteration

Values of the vapor composition, Yqr and the total
‘pressure, P, were céléqlated at a givensgtemperature, T, and
liquid composition, xi; through the use of equation (2-21)
once the parameters in the Wilson, the NRTL and the Redlich-
'Kister'equayions were kﬁgwn. The yl.and.P vaiues_we?g calcu-
lated ﬁy means of the Newton-Raphson iterative method as
déscriﬁgd'below;

Forlthe-binary components, there are two non-linear
equations fo£ the liquid a;tivity coefficients. The reléé
'tionship, fl + yé = 1, was introduced into the expressioﬂ for
1n Yo Thus, equation (2-21) was written for tﬁe two comp-

onents as, ,

(s} o 2 :
g YyP (By-vy) (P-py)  P(Lryy)76:5
. | }nyl f ln(x o) + T : + R (A2-1)
1Py :
. 1lny, = 1n({ y + + . “{(B2-2)-
. Y, - o RT - RT e
. _ (l-xl)pz' . .
. w.  The values of In v, and ln Yy, in equations (A2-1) and

‘(A2—2) were no longer the experimental values, but.thqse that

_were_calchiated_by the'three equations. Thus, the only un-
knowns in these equations were y; and P, and so equations (A2-1)
and (A2-2) were written as, ,

£ vy P) =0 o T (a2-3)

. » :

I
o

£,(yy:P) (A2-4)
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In the first approximation to the solution of the func-

tions £, and f,, the experimental values of Yy and P we;erﬁsed

as initial estimates.

“the following approach was established, and for simplification,

Yl was replaced by Yoo

At Ehe (k+1)th approximation,‘the functions £ (yk+l'Pk+ly

_.and f (yk+l' k+l) were expanded into a two-term Taylor fgfges

about . the p01nt (yk,Pk).

£1 i1 Pran) = B1 000 Py + (W)

BE) (Y3 rPy)

+ (P17 P! TP,

S By Yy Pryg)

af (yk,P

= £ (yk'Pk’ t WYy

In order to get the next approximatiopr,

Of) e By
ayk

:'. « s

Byk

)

+ (P k+l k} 5B,

Assuming that the. values of yk+l'and Py i were both very.’

LY

close’ the actual roots, thereby making the values of the-

functions f (yk+l'Pk+l) and £ (yk+l'Pk+l) approx1mately equal

k .

+ .o.'

(A2-5) -

(A2-6)

“to zero, equations (A2 5) and (A2~ 6) were simplified as follows,

. : CREL (v, /P, ) af, (v, /P )
Z e - 19k Tk’ SRV L
0= f1(Yk'Pg) *h .,ayk -+ ko> 37, (A2-7)
" 3f (¥, /Pp) - pof, (v /P.) Lo
= k'"“k’ . W2k k ay -

0=f (yk, k) +h '%Yk -+ k- ST — (A2;8)

. ) . . , ' v ‘ .

where, - =~ ' - . .
ho=vyey ¥ and k=P - P
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Thus, the (k+l)th approximation of y and"P was obtained

from the k-th by,

Yeep =Rt Y -  (a2-9)

P =k + P

k+l

K . (A2-10)

The values of h and k were calculated at each iteration

by solving equations (AZ2-7) and ' (A2-8). Rearranging, the fol-

lowing two simultaneous equations were obtained,

1Y% "k 1 e 7! . _

.h 3Yk + k apk- = -fl(yk,gk) : (A2-11)
af, (y, P} af, (¥, /Py ) -
T2 "k 2 Y% "k _ _

'h 3%, + k 3B, = £, (¥, /Pp) (A2=12)

Thése'simultaneouéiequations wefe solved for h énd k by

determinqpté,'provided that the determinagt, J, was hot zero,
. D) - . ) . . .- \ .
i.e., o ‘ ' . 2\—J—7 ) -
' LI . - LY )
- | .afl(yk'Pk) ‘ ;afi(yk'Pk) ‘
Wy . 208 \
J = ' ” # 0 ) (A2-13)
sz(yk,Pk) . 3f2(yk,pk) ) . .
5yk. BPk
Hence, ' T o N | .
ey ey T
R bl S S BPE\, . ’ _
h= | . - . | , ?&3-14)
P S . - ) 4
. £ Ay, P ) -afz(_yL'Pk) - *
_:f‘hk kKoo ¥y

ST,



Bfl(yk,PkI

T3y

afz(yk,Pk)

ayk

79 .

Having determined the values of h and k, equations ~(A2+9)°

and (A2-10) were then used to get the next approximapion,‘aﬁd

the calculations were

the calculated values of .y and P was achieved.

programme that was used to perfofm the calculations is present-

ed in Appendix III.

<

 3

.

(A2-15)

“

repeatgg until the desired accuracy in

" The computer

o
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