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. a three-constant Redlich-Kister equation (2); a binary azeotrope

.the second virial coefficients of hydorgen-bonding polar substances

ABSTRACT

-A modified Dvo;ak_and Boublik (1) recirculation still was
used iﬁ the determination Qf isothermal vapor-liquid equilibrium
lata for the binarf system ethanol -~ methyl methacrylate a£
313.15, 323.15 and 333.15K. Liquid activity coefficients, YiL,
and excess Gibbs free qurgies GE were evalugted and correlated by
exists at all three temper§tures studied and the mole fraction cof
ethanol in the azeotrope increases with increasing temperature.

In order to evaluate liquid activity coefficients, a new
empirical correlation of second virial céefficients for pure polar
compounds has heen. developed by extending a modified Pitzer-Curl ~
correlatibn’gg,ﬁon polar gases proposed by Tsonopoulos (3).

In this dévelopment the effect of hydrogen-bonding on the'
second virial coefficients was correlated separately from the effect
of polari%y. Fdr each compound, only one more parameter is réquired
to describe the effect of polarity. Using this parameter, expressed

virial

as a function of.reduced diéole moment (uR),.the seco
coefficients of non-hydrogen-beonding poiar substance
dicted in good agreemént with the experimental data. As for th
explanation of the hydrogen-bonding éffect, two additional para--
meters are needed. Together with the parameter for pclar effecﬁi

i

{alcohols) can be fitted satisfactorily.
. :
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CHAPTER &k
INTRODUCTION

Methacrylate esters 6f-higher alcohols are produced commercial-
ly by either,direct’esterifiéation or the ester interchange reaction
between the lower methacrylates and higher alcohols. 'In the prepara
_tiqn of ethyl methacrylate the vapor-liquid equilibrium data for the
binary mixture ethanol - methyl methacrylate ‘*(MMA) are useful in the
design of a distillation column for separating the mixture. However,
these data have not yet been reported in the 1itera£ure. The pur-
pose of the present work is to eétablish isothermal vapor-liguid
equilibrium data for the mixture at 313.15, 323.15 and 333.15K by
means of a modified Dvorak and Bpublik (1) recirculation still,

In order to analyze and correlate vapor-liquid equilibrium data,
it is necessary to take the:non-ideal behavior of.vabor phase into
account. For isothermal data and at subcritical temperaturé; up to
a pressure of abcut 15 atm, the efféct of vapor phage imperfection
can.be rgliably ¢alculated Fsing onlx the second, virial coefficients
cf the pure components and the cross second virial'éoeffic}ents of
the binary mixtures concerned (4). Several empirical methods for

.

predicting the second virial coefficientsthave been dfveloped
EPitzer'aqd Curl (1957) (5), p'Connell and Prausnitz (1967) (6),
Tsonopoulos (1974) (3}), but all of these correlations are not
satisfactor§ in some aspects. For exampie, the value of one or twe
of the paramete;s must be cbtained empirically; methods are only
applicable in a narrow temperature range; or the results.are simply

not accurate enough to be acceptable. Because of these weaknesses,



i
a new empirical correlation for the second virial coefficients
of pure polar compounds was developed in this study.
. . 7 - .
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. CHAPTER 2
LITERATURE SURVEY
(T
Th qurbose of this chapter is .to give a brief féview of

1itera£ure cdvering tﬁose points which are of interest to
this study, i.e., methods for the direct experimental
determination of vapor-liquid equilibrium and empirical

correlations for the second wvirial coefficients.
N
\\_ -

2.1 Experimental Methods

The direct experimental determination of vapor-liquid
equilibrium means.that éamples of the liquid and vapour which
are in true equilibrium are seﬁarated and the concentrations
of both phases are determined analytically.

In their work entitled "Vapor-Liquid Equilibrium” Hala
et al. (7) presented a bibliograply for experimental methods,

which can be classified into the following groups:

1. Distillation Method

2. Static Méﬁhoé

3. ' Dew and Bubble-Point Method
4. Flow Method

“5., Circulation Method

2.1.1 Distillation Method
In this oldest method, a small amount of liquid is

distilled off from the boiling flask which contains a large



charge. During such distillatioq, a large amount of liguid
sample is required and onl& a very small saﬂfle of condensaté
is allowed to be withdrawn for analysis.’ This method is very
simple bﬁt has marked disadvgntages and causes large errors

in determining the equilibrium temperature, pressure and

composition. Aq Present, it is rarely used.

2.1.2 Static Method- .
In this method, the liquid sample is charged into a

closed evacuated equilibrium cell which is agitated at

- -

constant temperature until the equilibrium is reached between
the vapor and the liguid. Then the samples of the two phases
are withdrawn and analyzed. .
The main disadvantage of this method is that of pressure
changes in the equilibrium cell during sampling, causing

8

disturbance to the equilibrium.
2.1.3 Dew and Bubblg—point Method.

This method employs an apparatus similar to the static
method, but omitting the analyses of the compositions in two
phases. A mixture of known composition is introduced into an
evacuated equilibrium cell of variable volume which is
maintained at éonstant temperature.

By varying the volume of the equilibrium cell, the
system pressure, at which condensation commeénced and is

completed, is observed. The dew point and bubble point
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pPressures are measured directly: From these data, the satufation
curves of the two phases at conetant temperature can be plotted
against composition.

. One great advantage with this method is that in the deter-
minaéio;"of the:equiiibrium diagrams, it is not necessary to
. take samples of l}quidg or vapdrs for analysis. However, the dew
and bubble points'ere ﬁot easily defined very sharply, hence highly
refined precision 1nst;ument has to rbe used to detect the occurence
.of vapor or liguid sensitively.
2.1.4 Flow Method .

The flow method is used to measure equilibrium data in systems
of limited mlsc1b111ty in. the llquld phase. A steady stream of
vapor mixture is passed through equilibrium cell where it is cooled
and partially lqulflEd. " Then the vapor which is in equilibrium

with the condensate, is Separated and removed for analysis. The

amples are withdrawn and analyzed continuously.

It is obvious that during passing of the vapor mixture, there
ressure dfops which will affect the equilibrium. Hence the
difficulties of this method are in the maintenance of constant

System pressure and temperature during rapid condensation.

2.1.5 Circu;ation Method

This method the™ widely uséd. Vapor—liquid-equilibrium
data are obtained by continuously circulating the vapor formed by
the vaporization of the liguid through the system and bringing it
back into contact with the liguid until no further change in the

composition of either phase can be detected. In the meantime,
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condensed vapdr and liquid are kep£ separate to allow the removal
‘of samples for analysis. /‘___j
This method is convenient to use both in the region of
] .
. medium and low pressures.

Even though there are various equilibrium stills with
simple circulation, they differ significantly from one another in
their construction details.

According to the manner of circulation of the phases, these
stills.can be classified into two groups:

1. Stills with circulation of vapor phase

2. Btills with circulation of the ligquid and

vapor phases

The most typical stills of these two groups are thoselof
Othmer (8), Jones, Schoenborn and Colburn (9}, and Gillespie (10).

The Othmer still and the Jones still belbng to the first
group. In the Othmer still, the vépof produceq by boiling the
liquid mixture in an insulated still is removed, condensed and
the overflow of congfnsate is returned to the still. An immersion
heater is used to provide turbulent mixing and boiling.

.The Jones still operates in a similar manner. But the over-
flow condensate is vaporized outside the still before it makes
contact with the iiﬁuid phase contained therein again.

A Cottrell pump is used in one famiiy of Gillespie still
for the purpose of recirculating both the liguid and the vapor\]
phases. The liquid mixtgre in the still is boiled by an internal

]

heater form vapor bubblej that thoroughly mix with the liquid

1
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mixture to ensure gquiet and steady boiling.' . .

The evolvéé vapors carry a flow of liguid with them into
the .cottrell pump from which thi; miﬁture spurts)into the equi-
librium chamber. Equidibrium is assumed to have been attained

- 4,
as the contact‘phases Separate after leaving the upper end of
cottrell pump. The overflow condensate then returns to the b;se
of cottrell pump and makeé contact with the liquid in the still.
The conditions in the cottrell pump are ideal for obtaining the
desired equilibrium setween the phases.

Following a systematic study, Dvorak and Boublik (11) stated
that intense stirring is n@cessarf both in the liquid and in the
condensate receivers. Accordingly, they proposed an apparatus
which is suitable even for'systems havgng a very high relative
volatility. Two additional modifications were made by Boublikova
and Lu (1): the circulation loop in the evacuated chamber waé
shortened to reduce the pressure drop, a weli for .an electrical
heater was made in the boiling vessel. (Details of design are
presented in Chapter 5.)

So far it has not been possible to construct a still which
would yield thermodynamically consistent data for all systems.

The relative merits of the various types of still were summarized

and discussed by Gillespie (10) and Hala et al. (7).

2.2 Empirical Correlations of the Second Virial Coefficient
Experimental determination of second virial coefficients (B)
for all systems is a formidable proposition; it is a usual practice’

to predict these data by the use of suitable correlations.



Correlations for second virial coefficients can be obtained from °
Statistical mechanicél fgrmulés using an expressioq for the pair
intermolecular potential energy (16), or by empirical or semi-
empirical methods. The most popular method has been the last,
since the computation is usually the easiest (although not always
the most accurate).
| In 1957, Pitzer and Curl (5) developed a very successful

empirical correlation of the B of the nonpolar gases. Because of
the.soundness and reliability of this correlation, it was used as
the basis to develop a correlation of the B of polar gases by

. 0'Connell and Prausnitz (6) and by Tsonopoulos (3). Along this
line, a predictive method for the B of polar gases is developéd
in this study; These three correlations are presented in the
following sections. Other c%rrelatibns (13) (14) (15), which have
not originated from the Pitzer-Curl correlation are not' as accurate

as the above correlations, so they are not considered here.

2.2.1 The Correlation of Pitzer and Curl

By extending the theory of corresponding states originally
proposed by van der Waals (17), Pitzer and Curl (15) useé critical
temperature (Tc),‘critical pressure (Pc)'and an additional para-
meter cqlled acentric factor (w) which is a macroscopic. measure
of the effect of acentricity, i.e., the non-spherical nature of
intermolecular forces, to correlate the B of pure nonpolar gases

characterized by zero dipole moment.

reira
e

(.
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The definition of w is given below:

o)
P: .
wy = =logy,(z= ) Ty -1.000 g (2.1)
C

i s _
i i=0.7

where Poi is the vapor pressure of component i at reduced temper-

ature TR =0.7. Pc -is the critical pressure of component i. The
' 'i i ‘ '
H‘yalues of w can be evaluated directly from the above equation.

Fluids consisting of spherical molecules, for example Ar, Kr,
have an acentric factor equal to zero, the guantum gases, for
. r

example, He, H2 have negative w's and everything else has a '

positive value of w. Acentric factors of substances can be found

in the compilation of Reid, Sherwood and Prausnitz (1977) (18).
The Pitzer-Curl correlation provides good predictions for

the B of nonpolar gases. In the reduced dimensionless form, it

is:

= {0) (1)
B Tc. — fB ’ + wifB (2-2)
1

where R is the gas consfant.
lThe function fB(O) gives the reduced second virial coeffi-

cients for simple fluids (wi=0) while ;B(l) is a correlation

function which is multiplied by Wy gives the effect of acéntricit&

(0)

on the second virial coefficient. The two functions fB and
fB(l) were determined from experimental data for a number of non-
polar or slightly polar substances. Highly polar substances such

as ammonia, nitriles or alcochole were not included.
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The empirically determined functiphs are:

(0)_ _70.330 _ 0.1385 _ 0.0121

1 Ri Ri

£ (1) _ 0.073 + 0.46 0.50 _ 0.097 _ 0.0073

= - (2.4)
B T 2 3 8 ..
oy Ri TR. TR. \T‘R.
i i i
\ " pitzer and Curlldid not extend their correlation to mixtures

by defining mixing rules for the parameters in Equations (2.3)

and (2.4) to estimate the cross second virial coefficient BiJ

by

2.2.2I The Corrélation of O'Connell and Prausnitgz
The 0'Connell and Prausnitz method (6), uses the Pitzer-Curl
correlation to calculate the Bii for pure, ngnpolaf;gases.
They also use the Pitzer-Curl correlation as ‘the basis_for
their correlation for polar gases. In pléce
of Wy e they use wH_' the acentric factor of the polar compound's
homomorph (19), i.;., a nonpolar compound having approximétely
the same size apd shape as the polar compound, to present the
effect of acentricity on the B. By examining the B of 41 polar
gases, (10 ald¢ohols, 6 ethers, an aldehyde, ketones, 6 esférs,
.7 amines, 4 heterocyclic and 4 other polar éases),'they established
two empiricaliy'determined functions forlthe B of polar gases,
() fu for the polar effect induced by the dipole momepts among mole-

cules, and fa an "association" function for compounds which ex-

!

hibit special forces, such as hy%rogen bonds.
v [

-~

!
1
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o
For pure polar gases, the correlation has the form:

s

(1) _ L
+ Wy fB + fu n.f ’ {2t.5)

i _ e (0)
fB 1 a

c. A

where the association constant'ﬁi is an empirically determined

quantity which reflects the tendency of compound i (e.g., an

alcoldl) to associate with itself to form dimers.

Y

TR' and on pR,'the_reduced dipole moment, defined by
l\.’ ) 2
10°% e,
p = i (2.6)
Ry 2 PR
C.
i

in which My is the dipole moment of pure component i in Debye
units, the critical pressure in atmospheres, and the critical
temperature in degree Kelvin. The function fu was determined

from experimental data for 17 polar fluids which do not exhibit

specific chemical forces. -

For uR>-4, it is giyen by
i N
£ = -5.237220 + 5.665807 (In ug ) , (2.7)
wo i
-2.133816 (1n yp )2 +0.2525373 (In g 3
_ i i
+ Tl—[5.769770 - 6.181427 (ln ug )
R, i
kN
5 + 2.283270(1n uR.)z ~ 0.2649074(1n ug 13
. i i

For the/compounds with MR < 4, fu'is set to be zero. The
i.

association function fé"is given by:

£, = expl6.6 (0.7 - TR.)] (2.8)

1

The empirical function fﬁ depends on the reduced temperature,
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The values for By v uR', and ny for some cemponents are presented
i i . . .

*in Tables({4-1), (4-3), and (4-6).

The two polar terms, fu and fa in this correlation are set

equal to zero for T, > 0.95. , -

R
i
To estimate cross second virial coefficient Bij’ 0'Co 1
and Prausnitz proposed the following mixing rules for the variou
parameters in tﬁe above corrglation equations.

For the caseg wHere i and j are both nonpolar gases, Equations

- (2.1), (2.2}, {(2.3) and (2.4) give values of Bij' where P

, . 3 ij
replaces Pci Tcij replaces Tci and mij replaces W, . The'm%xlng
r r
rules have the forms: -
’ w1y (
T ="(R, T 2.9)
“i3. %1% :
Wiy = O.S(wifgj) (2.10)
P \Y i P v
c. c, c. . 1/3 1/3,3
P~ =407 1 i 9 i /(v +v )
c55 i3 ( T + T ] cH ¢y (2.11)

1 J
For the case where i is a polar substance, and j is nonpolar,
Equations {(2.1), (2.2), (2.3) and (2.4) are used for Bij where
s
Eguation (2.9) is used for Tc . For wij the mixing rule is:
ij !
wij = O'S(MH.+wj) (2.12)
i

Equation (2.11) is used for P
For the case where both components i and j are polar,

Equation (2.5) is used for Bij’ where T, is replaced by T,
i 1]

~

]

pendimn S A sk s R LT

R e A ik S i i e T ea S
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from Equation 52.9),.wH is replaced by w
‘ i

ij
wy = o;s(mm_) C T (2.13)
i 73

ij .

--

H- . ',z-\_J

Pc is replaced from {(2.11), where the reduced dipélé
i : .
moment Mg is given by:

1] ‘ ‘ ‘ I -\\

J

: 5 P )
o= 0THiHg S5y S (2.14)
i -
c..
1]
Finally, ny is replaced by N5 according to
b .= .
”ij O.S(ni+nj) {2.15)

For cross second virial coefficients of nonpolar coﬁpounds, this
correléﬁion based on the above mixing ;ules works well if the’
components are similar in size. However, for extremely different
molecules, the predicted values are somewhat too negative.

In fact, the O0'Connell-Prausnitz.correlation has been used
widely (for example, in two important monographs on computer
calculation for vapor—liéuid eguilibria: Prausnitz et al. 1967
(20), Renon et al. (1971) (21)). Nevertheless, several draw?acks
contained in their method are:

1. Euband and Smith (22) have stated that the homomorph concept
shall be limited to organiec compounds. ,However, 0O'Connell and
Prausnitz applied this concept to inorganic compeounds, (e.g. methane

was considered as the. homomorph of both water and ammonia; propane

the homomorph of sulfur dioxide) thus leading to unsatisfactory

o *

results,
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'12. The hoﬁomorﬁh concept introduces another difficﬁlty. Which
" cpitical constants should be used in'Equations (2.3) and (2.4) -
those of the homomorphsor those of the polar céﬁpoundé? Inq;ﬁn;
sistently, O'Connell §nd Prausnitz us? £he polar compound's
critical constants, but not ;ts acentric factor. This results
in the overcorrection of the valueé of‘B for polar gases.
3.‘ The aésd&iation factor is stficFly an empirical»por£elation.

factor. Some substances which could be expected to associate

Y

(e.g.,HZO and NH3) do not have. association constants. On the
other hand, some substagpes which might not actuall§ "associate",
have associate constanté (e.g., keto;es and etﬂers). |
4. The polar terms (2.7) and (2.8) are arbitrarily set to equal

to zero for T, > 0.95. This leads to a discontinuity that can

i . e .
frequently be very substantial, as shown in Chapter 4.

2.2.3 The Correlation of Tsonopoulos

By uéing,pp to date data of Ar and Kr, Tsonopoulos (3)

modified the Pitzer-Curl correlation for nonpolar gases. A slight

(o)

modification of fa in Equation (2.3) made it possible to fit

all the B data of simple fluids (w=0) tc within 1% error. The

e {0} .
mod;f}ed fB- is

/

(0) _ (0 0.000607
£ = £, - (2.16)

TR.
1

Tsonopoulos checked chl) against reliable B values for compounds
with large acentric factors and then established a modified
function f(l) with one term less than fB(l). The modified fB(ly

has the form: .
0.331 _ 0.423

£ = 0.0637 + - 2.208 (2.17)
T_2 T 3 T 8
R, R, R.

1 1 1

- ,

B




0)

( (1)

+‘wif {(2.18}

-

This equation improves the fit to the B values of nonpolar gases

at low reduced temperatures (T < 0.75}, and was used by

R,
1

Tsonopoulos as a basis for establishing a new correlation for
. -~
polar gases, *

Polar gases considered in his study included alcohols,
phenol,‘water, ketones, ethers, gldeﬁydes,' aﬁd.alkfi nitriles. _
They were classified into two classes: hydrogen-bonding gases
(a;cohols, phenol, and wate;), and notherogen—bondiné gases
" (ketones etc.).

. Thé poclar effects of these two classes were treated separately.
In order to obviate the need of determining and using homomorphs,
Tsonopouios used the actual acentric factor for all polér gases.
~ 'For the non—hydrogenfbonding gases, a one-parameter function

was established to account for the poléghsggifibutiop_ ﬁ& adding
this polar éohtribution term to Equation (Z.iB) the B values of
non—@ydéogen—bonding.gases were fitted satisfactorily. It has
-Ehe form:

N Po.Big

i
R T

C.
1

(1)

(2)
+ gif + fT (2.19)

where the pblar term is given by

(2.20)

“
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For each non~hydrogen-b%nding gas, parameter ag, is an

. 1 -
average valiue taken within a lower temperature range (usually

at Tp. £ 0.95) in which the individual value of an is determined
i S

from the corresponding B value, and does not vary very much with

temperathrq.
- ! ‘A sétisfactory correlation between aTi and uRi was established
as: .
ap, = =2.140x107% (up ) - 4.30x2072qy_ )8 (2.21)
- i i i

In fact, parameter anm has a negative value for the non~hydrogen-
i
bonding gas.

The association effect of the hydrogen-bonding gases makes

"it difficult to express the temperature dependence of the polar
; I~ i
contribution to the second virial coefficients; Tsonopoulos

developed a two-parameter function for the polar contributicn.

\\‘ The polar term of Equation (2.22) then has the form:

-

a b
fT(z) = Ty Ty (2.22)
5= T8 :
T T
R, R,

Both an, and bT were assumed to be positive. The B values of

i i
eight alcoﬁgls, phenol and .water were analyzed, with equations

A
{2.19) and (2.22).

A constant value of an 0.0878 is used for all eight
i
lcoheols; values of bT for eight alcohols are listed in Table

No funther generalization of_bT for alcchols was ﬁade
i o
is study. For water, the an Vvalue-is 0.0279 and bT value
i ‘ o i
29. On the cont;ixy, phenol has a negative value for

(
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am and zero'value for bT .
i i <

In general, Tsonopoulos' method provides reliable predict-
ions for the second virial coefficients of hydrogen-bonding
gases.

To ‘estimate cross second virial coeffici;nt Bij of mixture,

Tsonopoulos presentea the following mixing rules. The expressions

for wiﬁ and Pij are the same as those of 0O'Connell and Prausnitz:

wij = 0.5 (wi¥mj) ' (2.10}

. 4T (P V_ /T +P_V_/T_)
P _ 4 % %1 S1 S5 %5 5 (2.11)
v 173 .y 1733
C. . C.
i j

el
However, for T_ Tsonopoulos introduced an empirfgally
i3
determined-characteristié)constant.kij for each binary mixture
. p .

to account for the deviation of T from the geometric mean as
ij
expressed in Equation (2.9). Thus T, is expressed as
ij
e ;\: T = {(T_ T )l/zil-—k..) & : (2.23)
} Ceuv - C, C. ij oo
J ‘ 1] 1 ]

Tsonopoulos suggested that Tc.  Ean be assumed to be the geometric
mean -of Tci aﬁd'Tc‘ (i.e., ki;20) only wﬂgn i and j are
vefy similar in size and chemical nature. Values of kij for non-
~ polar iniéms were reported by Chueh and Prausnitz (23).

Equations (2.10), (2.11) and‘(2.23) are used for nonpolar-
nonpolar binéry mixtures. |

For polar-nonpolar binary mixtures Tsonopoulos assumed that
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Bij has no polar term:

a = 0 5 -
T, 5
b =0
Tij

A

" For polar-polar binary mixtures, mixing rules for the

parameters in the polar term are presented as

a O.S(aT'+a

bT.. O'S(bT.+bT.) (2.25)
2 1 J

) ' (2.24)

With a temperature-independent kij for each binary mixture
this correlation provides much better predictions for Bij than
those of the O'Connell-Prausnitz correlation.

However, his correlation still has several shortcomings.

1. Instead of assuming the polar contribution parameter, Ap s
i

of non-hydrogen-boriding gases to be independent of temperature

\
values of an are obtained as an average value within an arbitrary
i
low temperature range. This approach raises a question whether

equation (2.20) is reliable beyond—-the temperature range as
mentioned above. ) v

2. Fixing values of the polar contribution parameter an for
i
alcohols- creates difficulties to generalize the parameter bT
. i’
in Equation (2.22).

L]

3. The characteristic constant kij is an empirically determined

. value, and therefore is not available for many polar-polar binary .

-

mixtures.
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CHAPTER 3

THEQORETICAL CONSIDERATION

Complete description of vapor-liquid equilibria for a system
gives equilibrium composition of both phases as well as tempera-
ture and total pressure. 1In a typical experimental investigation
temperatﬁ}e or total pressure is held constant.

ﬁsually chemical processing is operated at low or moderate
préssure. Therefore particular attention has been given the sub-
ject of vapor-liquid equilibrium at low pressures - up to several
atmospheres. ﬁnder these conditions certain quite reliable
assumptions can be made about the behavior of the vapor phase which
allow development of an accurate equation for the- calculation of
liquid phase activity coefficients from phase equilibrium data.
Since theé activity coefficients are useful i ata reducgaon for
vapor-liquid equilibrium calcﬁlations, thei?gzjlculation and
correlation are required. j |
3.1 ~Evaluation of Liquid Phase Activity Coefficients at Lowlaﬁﬁ//—/

Moderate Pressures™

Through the definition of activity coefficient Y; and some
assumptions, Van Ness (24) derived an equation to evaluate the
liguid phase activitiy coefficient (YiL) at low and moderate

predsures.

By definition:

(3.1)
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For the liquid phase- .

L
£
YiL = ___i__i (3.2)
o
xi(fi)
For the vapor phase
v
£.
v _ i
'Yi = "'-——O_v (3-3)
y; (£5)

where the superscripts L and V indicate the liquid and vapor phase
respectively, and,

f. = fugacity of component i in the solution

£.° = fugacity of pure component i at the standard state

(i.e., at the temperature and pressure of the solution).

Y = activity coefficient of component i in the solution
x, = mole fraction of component i in the liquid phase
y; = molé fraction of component i in the vapor phase :>

Three assumptions were made by Van Ness to derive the
equation:

1. The vapor phase of the mixture, as well as t vapors in
equilibrium with the pﬁre components, are-adeguat described’
by the viriaf‘equation terminated after the second virial
coefficient (B), i.e., Z = 1 + BP/RT, wher? R is the gas
constant, P is the system pressure, T is the system temper-
ature, and Z is the compressibility.

2. The pure component liquid volumes (Vio) are incompressible

over the pressure range in question.
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3. The standard states for the activity coefficients are the
pure components at the same temperature and pressure as
those of mixture.

Finally, an equation for liquid phase activity coefficient is

found as
o] o)

L _ v
log v;~ = log ot 2.303 ®T .t leavy (31;)

In this equation, the quantitative Pio, Bii’ Vio, P '‘are the vapor

pressure, second virial coefficient, liquid molar volume of
component i, and the total pressure of the system, respectively.
Thus, for a binary solution at low or moderate preséﬁre,
log YiL is expressed by:
', l _y© _.0. s

L _
log vy = 109 ——xmt —5 353wy
*iPy

(3.5)
(1-y.)%ps
+ Yi/ POy,

2.303 RT

in which 612 = 2B12 - 3125- B22, and B12 1s.the cross second

vifial coefficient.

In equation (3.5), the second and third terms of the right-
hand side represent the departure of the vqﬁgr phase from ideal
behavior. ‘

and B for the

11’ Bagr 12°

system studied in this investigation, a new empirical correlation

In order toc obtain values of B

of. the second virial coefficient for polar gases was developed

(see Chapter 4).
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3.2 Corfelation>of Experimental Liqﬁid Phase Activity

Coefficients

A number of integrated forms,of't?e Gibbs-Duhem equation .
are available for correlating liguid phase activity coefficients
for binary mixtures, for example, the Margules equa£ion (25), the
Van Laar equation (26), the Redlich-Kister eguation (2), and the
Wilson'equation (27) .

The Redlich-Kister equations (2) are commonly used for
correiating the liquid phase activity coefficient with the liquid
phase composition. These equations were deduced from the relation
) between the liquid phase activity co fficéent (Yiﬁ; and MOlaf Q&\
éxéess Gibbs free energy (GE) as d scribed below.

J An excess Gibbs free energy is defined as the-difference
between an actual Gibbs free energy and the Gibbs free energy
that would be calculated under the same conditions of T,P and
X5 by the equation for an ideal solution. Thus by definition
(4):

E _

G~ = G (actual soluticn at T,p,xi)

-G (ideal solution at same T,p,xi)

.or in another form:
-
GE = I X.
i

L
log v: (3.6)
~Z2.303RT - *

For a binary system, equation (3.6)-has zero values for xl=0 and
xl=1. In this application, the usual convensicn of Y1L=1 for

x3=1 and 72L=l for x,=0 is adopted.
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Differentiating’ Equation (3.6) with respect to x gives __~~_.

L E
log{ Y1 )= [&C /2.30311’1'],1,'9'x < (3.7
dx 2
L 1
Y
aY 2

© By taking advantage of the re1a£ion between GE and X
illustrated above, Redlich and Kister assumed the pressure depend-
ence b‘ GE can .be neglected at ldw or moderate pressure, and'’
proposed that GE/RT can be presented by.an appropriate power series

of the liquid composition (xi).

The expansion for a bﬁﬁary mixture if given by,

- LB
—° ___ = _ oy 2
S303RT - xlxz[B12 + Cl2(xl x2) + Dlz(x1 xz) + ...] (3.8)
where the empirical parameters 512' 612, D12 ... depend on temper-

ature only.
From equation (3.6), liquid phase activity coefficients are
expressed as:

' L _ .2 ) - '
log Y1 - X5 [B12+C12(3xl—x2) + Dlz(xl~x2)(5xl xz) + ...1  (3.9)

xl [B12+Cl?{xl-3x2) + Dlz(xl—xz)(xl—sz) + ...]1 (3.10)

L
log Y2

From equation (3.7), log YlL/YZL can be expressed as:
-log. YL/YL = B, (x,-x,) + C,,(6x,x.-1)
17 '2 12722 71 12 172

—l) + . e

+ Dlz(xl—xz)(Bxlx2

L]

The Redlich-Kister eguations provide not only a conveni
Methgd for representing liquid phase activity coeffi
also for classiflying different types of liquid solutipns. Accord- -

ing to Redlich, Kister and Turnquist (28), only the (first term is

. , : ~

\ 1
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requiréd.for nears olutions. ,For a solution containing

an associated component, such as alcohols and acids, the ﬁhiré
term is necessary. However, only when very accurate aﬁd extensive
data  are available, the use of four or more terms is warranted.
This is further reported by Ho et al. (29), that three-constant
Redlich-Kister equations are adequate' for fepresenting liguid
phase activity coefficients for most of binary systems. .

The values of ' and p can b;—galculated using these three-
constant 'equations together with Equation (3.4) by means of tﬁe
Newéon—Raphson‘methdd of iteration (30). (A Qetailed description
is presented in Appendix III). Cohputer‘%ﬁbgrams for evaluating
and correlating the vapor-liquid equiiibrium data of the system

studied are presented in Appendix VIII.

3.3 Thermodynamic Consistency Test of Binary Vapor-Liquid

Equilibpium Data Obtained at Isothermal Conditions \

At isothermal conditions, the integral form of the Gibbs

———

Duhem equation can be expressed as . ‘

. s L}
x,=1 1 W(I1J pg vE . '
j °g9 | p[d%; = - 7.303RT  OF (3.11)
_ ¥ o .
xl—O 2 2

where VE is the excess molar volume.
mhobserving that:
(a) Values of VE are small
(b) The range of system preégare is small
Redlich and Kister (2) proposed a G%ﬁyhgood approximation for the

thermodynamic consistency test, by éimply setting the right-hand



Q;g;ﬁ:;‘Equation {3.11) equal to %ero, i.e., \‘—’451/
xlél_ Yﬁ i = 0 . o
f " log E x,.= 0 . (3.12)
xl=0 . n
Equation (3.12) pro;ides what is called the area test of Redlich
and Kister. The integral can be evaluated by plotting log(yi/yg)
versus x, and then measuring the net area under the curve; The
requirement of thermodynamfc consistency is met if the net area

is very close to zero.
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+ 1. CHAPTER 4

}

DEVELOFPMENT OF_A NEW EMPIRICAL CORRELATION

FOR SECOND VIRIAL COEFFICIENTS 0Fj?6£A§ COMPOUNDS

At moderate pressure, the second~¥irial coefficient pro-

vides a good measure of the départure of the vapor phase from

, ideal gas behavior arising from two body interactions. In this \

study,  the second virial coefficieJ&s, B, for ethanol and methyl
methacrylate are needed. Although vélues,pf B for ethanol are
available in the literature, no experimental data are repecrted

for methyl methyacrylate (an ester) .

The correlgziqg.p;oposed by_Tsonopoulos for polar gases,
unfortunately did not inelude ésters. For this reason, an
attempt was made to develop a generalized empirical cor;;lation
for obtaining the second virial coefficient for methyl methacrylate
by modifyiné tﬁe Tsonopoulos cofrelation. The Pitzer-Curl
correlation for non-polar gases modified by Tsénopoulos provides
a meansfor éstimating the polar effects on the second virial
coefficients for pola£ gases, and was used in this study.aé

suggested. -

'In the prq}ent study the fbllowing poelar compounds: esters,,

-

the development of the new correlation. S\\s_

4.1 The Virial Equation-bf State

L4

The virial equation\(4) gives the compressibility fadtor
L)

RN SRR EFRRS. ERTIR R

as a power series in_térms o reciprocal molar volume 1/V:

/

h:;ﬂr:m.:’_ﬂ-nlzl—-—-vi —

- B, B,¢
Z = ﬁa1+v+V2 (4.1)
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" where Z is the éompressibility factor, B is the second virial

coefficient and C is the third virial coefficient. All of the
&

virial cogfficients are independent of pre;sure or density and
are functions® of temperature and composition.
At low or modermate pressuré,'the virial equation .of state,

truncated at the second virial coefficient:

a Z =1+ B/V , : (4.,2)

can accurately represent the p-V-T behavior of vapors.

The coﬁéosition dependence of B for an N-component mixturg

is given accurately by the following relationship:

' -

-

N

I yv.y.B, T {4.3)
421 173713 .

™2
[

mix 3
wherng.: and Bﬁa are the pure component second virial coeff1c1ents,
and Bij (i # j} is the cross second wirial coefflclent

’ gfr a blnary mlxture{ Bmix becomes:

B (4.4)

2 2 -
mix ~ Y1Byp * ¥ ¥5By, + ¥5B,,

Y

It is known that polar compounds are characterized by a

non-zerc dipole moment u which shows the effect of electrostatic

forces between molecules. The polar compounds considered in
his study are alcohols esters, ketones, ethers and acetaidehyde

as llsted in Table (4-1). The B values available in the liter-
- 3

ature for these compounds are listed in Appendix VIII. These

compounds are further classified into hydreogen-bonding and non-

hydrogen-bonding classes. Hydrogen bonding compeunds have

: | <
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bonding between the hydrogen atom attached to the oxygen atom.
in one molecule with the oxygen atom of another molecule; this
makes their behavior in the vapor phase different and'more'complex
than that of non-hydrogen Eonding polar compounds (esters
etc.). These two classes of compounds are treated separately.

Hé}m (3) réported that- the~deviations of the feduced
second virial coefficients of polar from non4polar behavior are
small at reduced temperature greater than one but increase
rapidly with decreasing temperature. ThelPitzer—éprl correlation
as modified by Tsonepoulds yields excellent estimation of the B
values for non-polar compounds. For tbis‘reason, it was used
for detecting the deviation of second,virial coefficients for
polar‘cémpounds from that of non—polér coempounds. The devfétion
duemto.the effect of polarity on the compounds can be corrected
by as additional function (f(z)) of redu?éd dipole moment and
reduced temperature. For hydrogen-bonding polar compounds where
both polar effects and hydrégen—bonding effects prevail, the
deviations can be accounted for by adding an extra correction

function f(3)
£42)

L

of reduced temperature to the polar correction
function
As a result, the reduced second virial coefficient for

the polar compounds can then be expressed by combining fungctions

f(z) and f(3) with Equation (2.18) as follows:
Po Bij |
1 = f(o) + m.f(l) + f(z) + f(3) (4.5)
R 'I‘C 1

1
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Table 4-1

VALUES OF PARAMETERS FOR THE COMPOUNDS USED
IN THIS DEVELOPMENT

T x4 o (4 a9 u, (6) (32) -(6)
Substance L ! %4 atn 93 i. ui N3
[} B n
Dimethyl Ether 400 53.0 0.192 0.152 1.3 0.55
Ethyl Ether . 466.7 35,9 0.281 0.252 1.3 0.28
. Acetone 508.1 46.4 0.309 0.187 2.8 0.00
Methyl-Ethyl ' . ' ' :
Ketone 535.6 41.0 0.329 0.187 2.8 0.30
Methyl-N-Propyl ‘ :
Ketone . 564.0 38.4 0.348 0.278 2.8 0.55
Methyl Isopropyl
Ketone , 553.4 -~ 38.0  0.349 2.8
Diethyl Ketore 561.0 36.9 0.347 2.7
Acetaldehyde 461.0 55.0 0.303 0.152 2.7 0.00
Ethyl Rormate 508.4 46.8 0.283 0.252 2.0. 0.36
N-Propyl Formate 538.0 40.1 0.315: 0.297 1.9 0.39
Methyl Acetate 506.8 46.3 0.324 0.215 1.7 . 0.62
Ethyl Acetate 523.2 37.8 0.363 0.278 1.9 0.50
N-Propyl Acetate  549.4 32.9 0.392 1.8 ’
N-Butyl Acetate 579.0 31.0 0.417 1.8
Methyl Propancate 530.6 39.5 0.352 0.326 1.7 0.49
. Ethyl Propanoate 546.0' 33.2 0.395 1.8
Methanol - 512.6 ~ 79.9 0.599 0.105 1.7 1.21
Ethanol 516.2 43.0 0.635 0.152 1.7 1.00
N-Propanol 536.7 51.0 0.624 0.201 1.7 0.57
. N-Butanol 562.9 63.6 0.590 0.252 1.7 0.45
Isopropanol 508.3 47.0 0.666 0.187 . 1.7 0.65
2-Butanol 536.0 41.4 0.576 0.215 1.7 -0.58
Isobutanol 547.7 42.4 0.588 0.215 1.7 .49
1.7 0.54

Tert-Butanol , 506.2 39.2 0.618 0.201
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wherevPc = cfiticai pressure of component i
l A}
T = .critic;IH:;Eperature of component i ‘ '
i .
w, = acentric factor of component i
0y _ 7 SR
£ = ‘0.1445—0.330/TR —0.1385/TR —0.012l/TR
i i A .
v - 0.000697/T,° (2.16]
B S i ) .
£ = 0.0637+0.331/72 ~0.423/7 %~0.008/7,% (2.17)
i i i g

The numerical values of TC ’ Pc Y and My for the compounds
i i L
investigated in this work are ¢resented in Table (4-1). The

development of #unctions £ (%) and-f(s) are discussed below.
P -
4.2.1 Non-Hydrogen-Bonding Polar Gases

In this work, eight esters, five ketones,}two ethers and
acetaldehyde were studied. The data source and the temperature
range. of the available second virial coefficient data for these
"compounds are lisﬁed in Table (4-2) .

The contribution of the non-hydrogen-bonding polar effect,

f(z), for each individual compound.was obtained by substracting
p ‘
£ ¢ w g grom  CiBii
i RT
i
#2) c

When values of £ were plQ?ted against (l/TR.) , the
- . . 1
curvature of the resulting curve was reduced by increasing the
value of C from unityas illustrated in Figure (4~1) for methyl
(2)

acetate. It appears thai¢the value of . f approaches*zero at
extremely high temperature, as dictated by the fact that the

polar effect diminishes as temperature increases.

.
7 . . .
v
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Table 4-2

L)

|

REDUCED TEMPERATURE RANGE AND DATA SOURCE OF SﬁCOND VIRIAL
COEFFICIENT FOR NON—EYDROGEN-BONDING POLAR COMPOUNDS

Substance

Dimethyl Ether
Ethyl Ether
Acetone

‘Methyl-Ethyl Ketone’

Methyl N-Propyl Ketone
Methyl Isopropyl Ketone
Diethyl Ketone
Acetaldehyde

N-propyl Formate
Methyl Acetate

Ethyl Acetate

N-Propyl Acetate
N-Butyl "Acetate

Methyl Propanocate
Ethyl Propanoate

Ethyl Formate

Number of Reduced Data
Data Temp. Range Source

7 0.68-0.81 (33)(36)
28 0.63-0.87 (33)

7 0.59-0.71 {33)

5 0.59-0.69 (33)

5 0.59-0.70 ' {33)

3 0.59-0.66 (34)

3 0.60-0.67 (34)
16 - 0.63-1.03 (33)
23 0.50-5.00 {35)
‘23 ’ 0.50-5.00 (35)
23 0.50-5.00 (35)
23 0.50-5.00 (35)
23 0.50-5.00 (35)
23 0.50-5.00 (35)
23 0.50-5.00 {35)
23 0.50-5.00 (35)

L

7
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Accordingly, the functioen f(z) was expressed by:

£ - ag?R:' - (4.8)

v In this equation, the quantity of a, was considered only

as a function of reduced dipole moment (ué.). ;alue of uRi ére
listed in Table (4-3). In order to find a; optimum value of c
which gives the miniﬁum value of the RMS deviaﬁion of Eguation (4.8),
:the Golden sectibn search method {37) was emplcyed. In this method,
several values of ¢ were aséumed within a probabié region in which

" the optimum value c lies, and the scorresponding RMS deviations of
Equation (4.8} were' calculated and compared. Simultaneously, the
value of a; for each c was obtained during the calculation of RMS.
By sequentially reducing the region, the optimum ¢ together yith a;
were found. The values thus obtained together with the RMS devia-
Fions for each compound are listed in Table (4.3).

The values of ¢ vary from 3.1 to 11.0. This large.differeﬁée
caused difficﬁltiés in seléctiﬁg an appropriate value of c. It was
then arbitrarily decided to adopt the value. of 6'55 used by Tsonopoulos
Values of ;{“Wére again calculated by means of the least-squares
method. ‘

Therefore, Equation (4.8) was: 1

(2) _ 6 '
£ = ai/TRi (4.9)

Values of a; and RMS deviations of B using Equation,iZ.lB) and
Equations (4.9) are listed in Table (4.4). Figure (4-2) depicts the
value; of a; plotted against Ug for all the non-hydrogen bonding
polar comPounds studied in this work. Figure (4-2) displays two
important characperistics which should be considered in the ceicu-
(2)

lation of a correlating functional form. It demonstrated that f

diminishes to zero as up approaches . ey
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Table 4-3

VALUES OF W, ~AND VALUES OF ¢ AND a, FOR EQUATION (4.8)
’ N .
AND RMS DEVIATION OF B FROM EQUATIONS (2.18) AND (4.8)

. RMS*

: uR a “C Deviation of
Substance i i i fBemd mol”l
Dimethyl Ether 56.0 -0.02874 4.2 15.0
Ethyl Ether ’ 27.9 -0.,00010 1l.0 45.0
Acetone 140.9 -0.02825 6.4 5.5
Methyl~Ethyl Ketone 112.1 -0.03515 4.6 26.4
Methyl N-Propyl Ketone 94.6 -0.00601 9.2 31.7 R
Methyl Isopropyl Ketone 97.3 -0.02311 4.7 2.3
Diethyl .Ketone 85.5 -0.02302 5.6 1.9
Acetaldehyde 188.7 -0.05570 5.8 33.9
Ethyl Formate 72.4 -0.005131 6.7 7.0
N-Propyl Formate 50.0 -C.003056 7.0 10.0
Methyl Acetate . 52.1 -0.06021 3.9 . 28.2
Ethyl Acetate 49.9 -0.01600 5.1 17.2
N-Propyl Acetate 35.3 -0.008189 5.6 15.7
N-Butyl Acetate 30.0 -0.02597 5.0 21.6
Methyl Propanoate 40.6 -0.05149 3.1 21.2
Ethyl Propanoate 36.1 -0.02993 3.2 23.3

. ( /
' *RMS deviation = /ZIB -B IZ/N in which B refers
cal. “exp. cal.
to the calculated values from the correlation, B represents

exp.
the experimental values and N is the number of data points.
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Q\ Table 4-4:
VALUES \af a, FOR EQUATIéE;ifjg)‘AND RMS DEVIATION OF

B FROM EQUATION®R:(2.18) AND (4.9)

RMS
a. Deviation of,

Substance . _1 B cm3mol-l
Dimethyl Ether -0.01651 l6.1
Ethyl Ether -0.00135 , 47.7
Acetone -0.03391 11.9
Methyl Ethyl Ketone ~0.01825 38.6
Methyl N-Propyl Ketone -0.02581 97.8
Methyl Iso-Propyl
Ketone .,—0.01245 14.9
Diethyl Ketone “-0.01898 7.3
Acetaldehyde . —0.05289 34.0
Ethyl Formate -0.,00780 12.8
N-Propyl Formate -0.00528 15.4
Methyl Acetate -0.02060 88.7
Ethyl Acetate -0.01006 27.0
N~-Propyl Acetate + -0.00643. 17.7
N-Butyl Acetate ~0.01559 57.0 )
Methyl Propanoate -0.01258 91.6
Ethyl Propanoate } -0.00744 68.7
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zero, and the representative funption should be exponential at
higher Hg. and linear at lower g ,as indicated in Figure (4-2) .
The §unction chosen to be the best suited is the following:

a; = aOpRi + ay (exp a2“R.) o (4-10)

The optimum value of o, for minimizing the RMS deviation of
Equation (4.10) was also cbtained by means of the Gelden segtion
search method (37). It should be mentioned that values of Y and
a; were simultaneou;ly evaluated during the calculation of RMS
deviation of Equation (4.10). A good fit of this equatioh was
obtained as shown in Figure (4-2). The obtained vaiues of Qs Oy
and a,, are -0.0001799, ~0.00002169 and 0.03605, respectively.

RMS deviation of this fit is.0.0?. .

fhe complete equation for the second virial coefficieni of
non-hydrogen-bonding polar gases then can be represented by adding
the one-parameter function f(z) to Equation (2.18) as shown below:

-

. P B.
c

Loid
CRE L Y L T I AL (4.11)
RT N
c,
1
where
(2) _ 6
£ = ai/TR. . (4.9)
i
' a, = 0.0001799 Mg, : (4.10)'
@ . i
-(0.00002169) (exp. 0.03605'uR )
oy
In general, the results obtained from a generalized
2 expression are inferior to those obtained from the expréésion

representing the individual compound. This is also true for

the results obtained in this study. This can be seen from

-
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particul!’ butyl acetate, acetone_and methyl n-propyl

discrepancy tends to incrg&ke with decreasing temperature. The

-

results of fitting Equation (4.1l1) to B values for the compounds

studied in this work, will be discussed in Section 4.4.

4272 Hydrsqegen-Bonding Rolar Gases
~ s

With hydrggen linked to an electronegative atom (for
example 0, N} mol&gu eé tepd to associate with each other by
forming hydrogen
IG is g

character, alcohg

fJerally/acknowledged that along with the polar
digplay strong hydrogen bonded association,
and show much greater deviations from the perfect gas laws than

do non-hydrogen-bonding polar gases. Consequently, the second

- virial coefficients of alcohols are more negative than those

of non-hydrogen-bonding polar gases (at the same corresponding
states), thus reflecting the additional effect of hydrogen~
bonding. In Table 4~5 the data source and the temperature

Log
range of the experimental B values are listed for the eight
. e

“* ‘alcohols.

&
To study the effect of hydrogen-bonding apart from the
(2)

~
effect of polarity, the polar correction function £ developed

in 4.2.1 was extended to alcaohgls.

e
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Table 4-5

REDUCED TEMPERATURE RANGE AND DATA SOURCE OF SECOND
VIRIAL COEFFICIENTS FOR HYDROGEN-BONDING POLAR COMPOUNDS

: Numher of Reduced ‘Data
Substance Data - Temp. Range Sou;ce
Methanol 16 ‘ 0.58-1.12 (33) (38) (39)
Ethanol 6 0.61-0.76 (33) (38)
N-Propanol 4 0.70-0.78  (33)
N-Butanol 6 0.62-0.78 . (33)
Iso-Propanol 12 ) 0.66-0.93 ~ (33)
2-Butanol 4 0.71-0.79 .(33)
Iso-Butanol 4 0.72-0.80 (33)
Tert-Butanol 4 0.75-0.84 (33)
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(3)

‘was developed

n

Along with this extension, the fjﬂqjion £
’ . i .
to account for the hydrogen-bonding ef ect. A similar method

as mentioned in 4.2.1 was employed to obtain values of f(3) for

each aicéhol and further to find an expression for f(3).
In order to evaluate the contyribution of f(3)on B, values
of f(3) for each of the iﬁdividual'alcohols were obtained in'terms

of AB. _ ' -
RT ) \
— 1
P

. Ci
Conseqguently, the quantity AB was plotted against l/TR as shown
i .
in Figure (4-6). It is shown that AB changes more drastically

with temperature for Tp £ 0.8 than for T, »0.8. This indicates

R,
1

that the béﬂavior of f(g) is in good agreement with the observed
behavior of the temperature dependence of the hydrogen-bonding
effect, ?he figure further displays that it is appropriate to

. extend the polar correction function f(z) to alcohols to demon-
strate their effeéts. In order to formulate a suitable expreséion
for f(j), methanol was chosen for fuf%her'analysis because tgére
aremore experimental B values reported for this compéund. There-
fbre, values of f(3) for methanol were plotted against i/Tﬁ.in

: 1

Figure (4-7). v

This figure indicates that at higher EemperatureS(T >0.8),

R
. - l
there is a tendency for the curve to approach zero as the temper-

ature increases, -and at lower temperatures('i‘R <0.8), the effect

b 1 \
of temperature on f(3) is more profound.

According to the above analysis, a typical model of f(3)

/“\/
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was devéloped for each alcohol;

- b, :
f(BT = 1 + 1 - TL) (die‘xp gi/II.lR.) (4.12)

TR. TR. R i
1 1 C
¥

in which bi' g; and di are constants for each alcohol, and TR
. . ol
is the reduced temperature at which the behavior of £(3) starts

changing. By using an appropriate value of 1/T Equation (4.12) may
~

r
RC

acburately describe f(3) for all the alcohols, that is, at T_ <0.8,

R

i

Egﬁﬂexponential term in Equation (4.12) predominates, while at
TR >0.8 the l&near term predominates. First of all, a trial-and-

error procedure together with the Golden section search method (37) <
] .

were used to obtain the values of Ty bi' di and 9 for methanol.

. c
Initially, several possible values of T were estigated from

R
C

" Figure (4~7) and used in the Golden section search method (37).
The procedure used in the calculation may be' described as following
1} Designate a search interval for 95

2)  Select a value for T in Equatien (4.12)

R
C

3) Apply the Golden section search method to find a 'value

for g, which minimizes the RMS deviation of B. Values
L]

of b, "and di are thus obtained during the calculation.
4) Repeat steps (2) and (3) by using different values of
TRC.
Consequently, several sets of valugs for T

g.
A Rc! ll’

‘and RMS deviation of B were obtained. The final selection was

b d

i’ 7i

based on the set which yields the smallest RMS deviation of

second virial coeffiéieht. 'The values of 'I‘R ¢ 9y bi and di
C
thus -obtained are 1.24, 5.5938, 0.05014 and -0.00023065,
. ~ , : :
- . ~

‘Srespectively.

L ]
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(3}

In Figure (4-7), values of £ obtained from the experi-

mental data of B for me&hanol were plotted along with the curve
calculated from the Equation (4.12).--The figure indicates'that
‘the equatioﬁ fits the data satisfactérily over the whole temper-
ature range. . .

‘Since Equation (4.12) gives an éxéellenf fit of methanol,

values of g di and bi for the other seven alcohols were deter-

mined by fixing l/TR = 1.24 (i.e. TR =0.81l). The values of éi'
o] i

I bi and RMS deviation of B obtained from Equations (4.12) and’
{(4.5) for eight alcohols are listed in Table (4-6).

The values of bi and 95 for n-propanol and C, alcohols are

4

much greater than those for the other alcohols. ‘These differences
caused difficulties in obtaining a generalized expression for
these values.

In order to generalize Eguation (4.12): it was hoped that

one of the three parameters, bi, g.

i’ and di be kept constant so

that values éf the other two parameters might be generalized in
terms of some‘physical propertfes. 'Values of bi' =y and di
for methanol were used as the basis for this attempt.

By a trial-and-error method, it was found that by fixing
.éi=0'00023065 for all the alcohols, rea ; able values of bi and

g; were obtained. Eguation (4.12) wag then expressed as

£(3) _ by (L
TR. Ri
i .

- 1.2¢47Y(0.00023065)

The recalculated values of bi and g; are liste ogether with the

RMS deviations of B as obtained frol Equations {4.5) and (4.13)
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. Table 4-¢6

'VALUES OF yp , by, d,, 9 J
1 R

AND RMS DEVIATIONS‘OF B FOR ALCOHOLS

u . RMS of B
Substance Ri bi di 95 cm3mol_l
Methanol -B87.9 0.05014 -2.3065x10:g 5.5938 15.4
Ethanol 68.3 0.02135 —l.4401x107 8.8251 17.6
N-Propanol 51.2 0.02259 2.6124x10 -13.081 1.8
N-Butanol 39.8 0.1767 —l.7923x10_7 ~-2.1523 5.4
Iso-Propanol 52.6 0.02603 -2.3110x%10 8.6906 5.6
Z2-Butanol 41.6 0.09351 —3.4823x105 -2.6700 2.3
Iso-Butanol 40.8 0.1006 -6.2145x10 ~-6.,4277 4.7
Tert-Butanol 44.2 0.06691 -1.8652x10 -2.3252 9.4

ey

Table 4-7

VALUES OF PARAMETERS 1IN EQUATION 4-13 AND THE PARACHORS

(P} FOR ALCOHOLS '

b. g. RMS deviatio
Substance i i of B cmljmol-f SE
Methanol 0.05014 5.5938 15.4 : B8.8
Ethaneol 0.07455 5.7764 28.4 126.8
N~-Propanol 0.08943 4.4005 8.1 165.0 -
N-Butanol 0.02339 5.6447 - 28.7 ‘ 203.4 >
Iso-Propanol 0.10540 4.4353 17.0 164 .4
2-Butanol 0.06095 5.5199 13.3 201.9
Iso-Butanol 0.06925 5.5812 21.4 202.1

Tert-Butanol 0.07056 5.1979 20.4 201.3
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in Table (4-7). It can be seen that éhé RMS aeviagions of
B obtained are acceptable.

In this work, the parachor,‘P, which has been shown to
characterize the molecular structure (40) is regarded as one of
the most promising physical constant to generalize bi and g5 -
4

Values of parachor for alcohols are listed in Table (4wd).

As shown in Figures 8 and 9, b,

i and g; are plotted against

‘P respectively. A weak dependence of bi and g, on P was fqund.
These results need to be validated when adequate and reliable \//N\\\
data of B are available.

For the time being, the two-parameter hydrogen-bonding
correction functiaﬁ f(3) is used to account for the hydrogen-
bonding effect of the compounds. A complete expression for the
B of hydrogen-bonding polar gases then can be expressed

as follows:

P_ B,.
C 11

i

R T
C.
1

3)

= £0) wif(l) s 02 4 gl (4.5)

In Figure (4-10), thg experiﬁental and calculated values of B
for ethanol We;e plotted againstl/TR: r}t indicates that Equations
(4.5) and (q.l3) give good fit of th;-egﬁerimentai values of.B.

The comparison of this development with experimental data

of B and those obtained by using the methods of 0'Connell-Prausnitz

(1967) and Tsonopoulos {1974), is discussed in Section 4.4.

4.3° Cross Second Virial Coefficients for Mixtures
The correlation develbped here for the second virial coef-

ficients of pure gases, provides a basis for calculating the
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éecond viriél coefficiént for polar-polar gaseous mixtures.
T The only‘réqgirement-fb; extending this correlét;on to
mixtures is to determine suitable mixiﬁg'rules. The cross
second virial coefficient Bij has the same temperature;depend—

ence as Bii and Bjj ﬁave, but the parameters to be used with

.
P .

the present correlation are P ; T cp Wy oy and g...
N - TR ij ij
. 1] 1] ] v
There are no "universal" mixing rules, but in éhe absence

a.., b.., e
ij iga

of experimental data for a given i-j binary mikture nixing rules
similar to those suggested by Prausnitz (4} were employed in

this stud§:

1/2 '
T = (T T ) -0 (4.14)
i3 Leytey.
/7
- 4 T (p_Vv_/T_+P_V_ /T ) .
b = i3 %1% %1 %5 S5 %4 +*(4.15)
c5 5 v 1/3+Vc 173,3 .
1 3
. .=0. 4w ‘ (4.
) ) wlj 0.5 (wl wj) (4.16)
. . aij=0.5(ai+aj) _ ﬁ4.17)
bij=0'5(bi+bj) ©(4.18)
gij=0.5(gi+gj) (4.19)

-~
The suitability of these mixing rules needs to be further

examined by the experimental data of Bij for polar-polar binary

mixtures

4.4 Comparisons of the Proposed Correlation with Those Proposed N

by O'Connell and Prausnitz (4) and Tsoncpoulos (3).

The correlation proposed by o'Connell and Prausnitz and
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by Tsonopoulos and the correlation developed in this study were

» evaluated in detail to study their relative merits in predicting

N

second viria} coefficients of pure polar substances.

Values of paraméEers used in the O'Connell-Prausiyitz

4

.

correlation and the Tsonopoulos correlation are list in

> Tables (4-1) and (4-8), respectively. . " M

The three correlations evaluated here were test#d against
v .

a data set comprising of 314 expérimental points formél polar
compounds listed in Table (4-1). These 24 compounds indlude °

esEers, ethers, ketong?} alcohols and acetaldehyde.

The results of the evaluav®®n study were summarized in
¢ . .

Table (4-9). For convenience in assessing the merits of each

correlation for different groups of compounds, the results have

been brékjgidown into two claséeg, that is, non—h&drogeﬁ—bonding

- polar compounds and hydrogen=bonding polir compounds. v

L 4

The RMS deviﬁtions and absolute average deviations between

the experimental and calculated B values were‘émpioyed as the |

basis for comparison: Although this approach is not sufficient

enough for the purpose of statistical analysis, it still offers

-

* 3 ’
some insight about the diﬁferences among these three correlatlons.},

In the RMS calculatiéns* the expressionyused was

2

2 - RMS =/z'(1ae B )% *(4.20)

. Xp. cal,.
instead of .

.2 ‘ =
-B__; )/ (N-n) - (4.21)

RMS '=/ZI(B .
exp.
" in which, n refefs.to number of parhmetefs in the correlation.

1



R {

Substance

Methanol

Ethanol
'.Q:Prop%nol

N-Butanol

(/Egswpropanol

2-Butanol
Iso-Butanol

Tert-Butanol

VALUES OF PARAMETERS a

USED IN THE TSONOPOULOS

=
~

R

.\\//)

wTable (4-8).
Y f .
p. and b, FOR EQUATION (2.22)
i i
CORRELATION
a b
A, T,
0.0878 0.0560
0.0878 " 0.0560
. 0.0878 0.0447
¢ . .
0.0878 0.0367
0.0878 0.0537
0..0878 0:0487
0.0878 0.0481
‘o.ogse“\_ a 0.0508
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Nevertheless this difference does not affect the comparison
between the proposed correlation and the Tsonopoulos corre-
lation as both correlations contain the same number of para-

meters. Another reason for adopting Equétion (4.20) is that

+ in some cases the number of available data points is less than

the number of parameters of the generalized expression. The
number of parameters used in the correlations of O'Connell and

Prausnitz is larger than that of the proposed correlation. The

.calculated RMS deviations cbtained by means of Equatlon (4.20)

for the O'Connell and Prausnitz correlation should be less than
obseryed by means of Equétion (4.21). The RMS deviationsobtained
from Equatioﬁ (4.205 for the O'Connell and_Prausnitz correlation
are genérally larger than those obtained from the proposed and
the Tsonopoulos correlations. Therefore, the selection of
Equation (4.20) for calculating RMS dev1atlons does not affect
the cénclusion of the comparison. \“{

For non-hydrogen-bonding polar gases, the Tsoncpoulos
correlation is not applicable to esters, since the'polarity
constants (aT') used in the correlation are only available for
ethers, keton;s and acetaldehyde. Likewise, the empirical para- ~

meters (association consfants) used in the O'Connell~-Prausnitz

correlation are not available for some of the compounds shown

gr;h Table (4-1). As a result, it is not possible to have overall

comparison for these thfggwborrelations. It is shown in Table

" (4-9) that the new correlation gives satisfactory estimétions for

the 16 non-hydr n-bonding polar compounds. In prediction of B for

ketonés, ethefs,\ and acetaldehyde, the deviations of the new
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- O‘o.
correlation are-almost the same as those of Tsonopoulos correla-

tion. However, the O'Connell-Prausnitz correlation gives the
1ar§est deviations among the three correlations.

The experimental -and calculaéed B values for ethyl ether
and ethyl acetate were plptted in Figures (4-11) and (4-12),
respectively. It is shown in Figure (4-11) that at lower temper-
atures, the neﬁ correlation gives better fit to the‘B values of
ethyl ether than the other two correlations. The O}Connell— ~—
Prausnitz correiation seems to over-correct the B values in the
lower temperature range. 1In Figure (4-12), the new correlation
fits the B values of ethyl acetate excellently over the whole

temperature range from T_ =0.5 to TR =5.0. While the O'Connell-

R
i i
Prausnitz correlation only gives good fit in the range between

Tp =0.5 anéﬁg; =0.95. However, the discontinuity at T, =0.95
i i j

R

is because the polar correction ﬁerms-in this correl@ti;n are v
set to zero for TR.i 0.95. 'The Tsoﬁopoulos correlation is not
applicable for eth;l acetate.

With respect to the available data 6f alcohols; the new
.correlation gives very accuraté prediction of B. As shown in
Table (4-9), the deviation of the new correlation for each
alcohol falls within the experimental error range of B (i.e.
+2%) . However, the Tsonopoulos correlation also gives good
results even though its deviations are somewhat 1argér than.
those obtained from the new correlation.

The O'Connell-Prausnitz correlation gives very poor results

for alcoﬁols, the deviations of this correlation are several



: ‘sTOYOD[ER 103 SUOTIETAQP IINTOSQE afelaae I0 SUO

- .-dxag

"$00T X fog - reag
%001 X Tf5g = Teod|5

THN TR R T gttt g R I T—

TIBETASD SWY FO SanTEA 88e1sAR TIE-19A0 a»

UOTIBTASP 23INTOSQE a8ri0AY o

s MY

FARA ¢ A AN 8P'€ A vo.m 1°61
6 L 'L g8yy [AR 34 £5°¢ S0z oueing-119]
€16 4796 08°2 rA X4 #9°Z velz Toueing-aos]
gy 18 L1 FAR A ys°1 £°¢T Toueing-g
)-A rAN AU ¥9°¢ rANAA 91’2 0L Touederd-osy
v6'L (A 8 S 25°S ¥ 19 89°Z L8z touring-N
e 02z L1 1°s1 S0°T 1'8 touedoxd-nN
0°81 o'zzz  61°S 6°29 sz't v'8Z Toueyly
6°¢E g£'s0z oL"¢ z'9¢ oy’1 12811 1oueylan
[

aoue1sSqng

Sutpuog-uadoIpAl

Al YA 1'¢S ayeouedoad 14AYyag

Z'9v1 0°08 9°vL 6 bb s1eourdoxd TAYIaW
§° L1 ' S0Z a3e3adt TAINg-N

£l FANAN sae1908 [Adoxd-N

9°8¢ S vy 0° 02 0yl a3p3aae 4013
L°LY - 1S s'ot L€6 a1e390® TAARaN
A 4 ¥ 62 g0°8 565 sieulcy TAdoXdoN
£ 12 9°¢g 59°8 1°2L ajewIoF TAYH
9°01 r 16 1Ty 8Ly 12°¢ 9 v¢ apAYapieIIY
zL'0 z'gt pE'e 5°¢9 auolay TARSTA

89°6 p €8l 19°9 L'Lzl  euoldy 14doxdos T sEfNI9N

5°81 0°662 96°¢ 6°95T 5¢°9 1'561 ouojay [Adoxd-u TAYISH
sv'L 8'501 §L°S LTITT 662 'l A suolay TAYI2 TAYAW
9771 1°1v2 952 'Ly 3 . £°pL . uolsdy
0z'L £ €8 tr e 1°vS 08’s 1°08 Iay3zs 14433
80°5 1'0¢ 95"y | 9°zz 1£°S 179z Isy3s T14Ylsuwiq
g R A d g d g aauelsqns

3o 3o 30 3o 30 uOTIETAS(Q jJo Butpuog-usdoIpAH-UoON

uctletAl UCTIBTASC UOTIETAY(]  UOTIETIARQ LSINTOSqQY  UCTIBTAS]
+23070SqY © SWY #9INTOoSqY SH EELACLY SR .
adexaay adeiaay NHOM STHL :
d 2 TIINNOD:O SOTNOdONOSL

ZLINSOVY

-

SIONVLSENS ¥VI0d Tid 40d VIVQ
AVINTWI¥EdXZ HLIM SNOILVIIUHOD FIYHL 40 SNOSIUVdWOD

-

6-p S1QEL

™

e P Tkl

r



59

1

O :mpcmsﬂhom.xm 0) 'I8yig T14AYyig oy eieg TeiusutTIadxy
YITH SUOTIBTSIIO) 93IY] WOIF PSUTEIQQ SIINSay pajend(e) Jo suostaeduwory fpp axndig

A L 7
009 oSt . 00F 0g¢ 00¢ ,082 002
T — : T NG : 00bl-
4 o00zI-
4oo0t- W
| 3,
3
o
-Ho08- L
. A , 4009~
T HHOM SIHL
SOTNOJONOSL 3INILNVLISNOD ~— — —
. Z1INSNVYd ANV T13NNODQO ===—-— 00¥-
-43HL3 TTAHL3




-60 7

#y

ﬁﬁmpaosﬂnmaxm 0)

—

‘a3e3aocy 14yagy xo3 z3EQ Te3uswTIadxy

Yitm m:owpmﬁohnou OM], WOIJ DOUTEIQQ SIINSay pajernd1e) jo suostredmon ¢I-p 2andT4
. M1
*  000% 0082 000¢ 00%! 0001 000G T 00l-
1 T T T T T 0009~
-{o00b-
. -{ooog-
—{ 0002~
) _
—1 000}~
—0:0
NHOM SIHL
ZLINSMgd ™8 THENN 03,0 “r JIVL30V AHL3

WJowduo g



6l .

times larger than those obtain from/the new correlation and

the Tsonopoulos correlation. example of the fit of the
new correlation is illustrated in Figure (4-13) for methanol -
for which we have the most extensive information. For comparison,
the results from&ﬁhe O'Connell-Prausnitz correlation and the
Tsonopoulos correlation were also plotted. It is shown that
the new correlation provides an excellent fit to the data over
the whole temperatﬁre.r%nge, and is somewhat more accurate than
the fit provided by the'f;onopoulos correlation. While, the
O'Confiell-Prausnitz correlation leads to serious errors. The
discontipuity in the correlation at TR.=0'95 is -298 cm3mol-l.
) i
4.5 Discussion and Conclusions w

The values of B for methanol were used in the development
of Equations (4.12) and (4.13) for representing the contribution
of the hydrogen bonding effect to the B value's. This choice may
not be the best as it is often found that the first compound 6f
a homologous series may differ considerably from the general
behavior of the remaining series. Further justification of the
proposed expression should be made when more data for second
virial coefficients become available.

The calculated values of -B for methyl methylacrylgte by
means of the proposed correlation may not be as good as desireé
because the correlation is a‘generalizéd one; not restricted to
esters. The effect of the possible variation of B values for

methyl methacrylate on the calculation of the liquid phase

activity coefficients will be discussed in Chapter 6.

"5



‘coefficients for pure \polar compounds has

62

An empirical cdrrelation for predicting second virial
een developed by
using 314 data points of 24 ﬁo%ar cpmpounds. The proposed
mixing Yules for estimating segond yirial cross coefficients
need to be further examined by experimental data of Bij for
polar-polar binary mixtures:

. In gene:j, the present rﬁethod seems to be better than

those propose

It offers a good framewdrk for further improvements.

-

y o'Connell and Prausnitz and by Tsonopoulos.
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CHAPTER 5

EXPERIMENTAL DETAILS

L.

5.1 Materials -

Aldrich analyzéé gfade MMA, containing 65 PPM
hydroguinone monomethyl ether, supplied by Aldrich Chemical
Company Inc., and absolute alcohol supplied by Canaéian
Industrial Alcchols and Chemicals Ltd. were used without
further purification. The purity of both liquids as
determined by gas chromatographic analyses was-estimated to
be 99.9% minimum. {(The ana%ytical results are reported in
Appendix I). Physical constants of these materials are given
in Table (5-1). The vapor pressdre data available in the
literature for pure methyl methacrylate are generally not in
good agreement (41). The values obtained ‘in this work Qere

preferred to the literature values.

5.2 Apaparatus
5.2.1 Equilibrium Still
In:this work, vapor-liquid equilibrium data were studied
by means of a modified Dvorak and Boublik still which was
——
originated from the family of the Gillespie still and has been
descrised previously (1). Details of the design are shoﬁn in
Figure (5-1). 'The still was made by byrex glass.
The Cottrell pump ('K} together with the recirculation

loop ensured that equilibrium was achieved. The long
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Figure 5-1 Schematic Diagram of the Modified Dvorak and Boublik Still
A boiling vessel, B liquid reservoir, C vapor and liquid
sepa}ator, D evacuated chamber, E thermometer well,

"

F condensor, G condensate reservoir, H mixing vessel,

I cooling jacket, J heater well, K Cottrell pump .
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thermometer well (E) ensured good temperature measurement.
Magnetic stirrers were placed.in the liquid reservoir and the
condensate reservoir, as stirring prevents any possible density
gradient occurring in the reservoirs. The total amount of 'liquid

-

required in the still is about 120 ml.

5.2.2 Acessory Equipment Used With Still s
| They are divided into.two parts.

a) Temperature Measurement‘Device )

Temperature measurement was made with a quartz thé%moméﬁbr,
Hewlett~Packard Model 2801A, which was checked at the triple
ﬁoint of water. The accuracy in teﬁﬁerature‘measurements is
estimated to be + 0.01K at higher concentretiéh of ethanol in
the liquid, but to be + 0.02K 3¢ lower concentration of ethanol.
The difference in the estimated accuracy is due to the large
change in P with x in thellowﬁilethanol concentrationﬁiegion.

For isothermal operation, the desired temperatures 313.5,
322.15 and:333.15K were obtained and regulated by adjusting the
total pressure of the system.

b) " Pressure Measuremént ngice'

A Texas Instrument Pressure Gauge (Type 144-01) £ogether
with a Bourdon Capsule (0 to.l174 Kpa) was used to measure the
pressure of the sEi}l. This gauge was calibrated by meas%ring
the vapor pressure éf deminegalizedland distilled water at
different temperature using a Swidtoslawski type ebulliometer (7),

-
" and checked by a mercury manometer in conjunction with a cathe-

tometer. System Pressure was controlled by a two-liquid monostate.

-

‘*‘,._
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The accuracy 6f pressure measurement is estiﬁatei‘to be + 0.05

Torr, . ' . o ]

5.2.3 Equipment for Quantitativer Analysis

Refractometer s’

- hats .“_-1-’_

‘A Baush and Lomb Abbe-3L precision rqfractometer'equipped

with a~sodiuf lamp was used to determine the refractive indices
» . * ” E]

of the compositions of the condensed vapor and liquid samples.
-l - . .

: . .
The calibration values and curve which were obtained by measuring
» : .

the refractive indices of mixture with known composition are-

reported in *Appendix II. The error in the determined composition

is estimated to be less than + 0.002 mole fraction.

L -

5.3 Experimental Procedure

5.3.1 Test of the Equilibrium Still _ - J,“\:”$¢\

S o

a

Before this study, a sertes Sf runs were performed on the | -

system methanol-methyl methacrylate at 313.15, 323.15 and 333.15K, -

- the results_were in gomplete agreemeﬁtﬁwith'those of Ishikawa

-and Lu (41). Besides, the total vapor pPessures of methangl and

ethanol were measured from 303.15K to 348.15K.. The results agrée

s ’ » ' : ' . .
well with the wvapor pressures calcula%ed from the Antonine equatjion

constants reported in the liteﬁﬁture (47) . \)

'5.3.2 Determination of Totaﬁ Pressures for the B%nary Systems

+

a) 'Préparat;on of the Binary Lti%§Z§ixture ' -
For the¢ very first. run, the still wa usuahiy filled with

: : . - . : . & . s
- the more volatile compohent, and then certain amounts. of cb%FeﬂE »

i i ek T AP e A a . e % L ek, a a1 R
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at both reservoirs were withdrawn and replaced by the same ) ot

anount af the less volatlle component for the succe551ve runs
b) EXperimental Procedure - -
. The boillng vessel, the liquid reservoﬂr.and the condensate .
¢ reservoir were charged with‘the deslred mixture at the beginning
of eacﬁ'runx Pressure was adjusted manually to obtain the desired.
temperature in the<equ111br1um chamber.
‘The boiling of the liguid was contlnued for 2% hours at
the desired temperature to ensure attainment of equlllbrlum, and
then after recordlng the system pressure and temperature, dis-
\\J? 'contlnued by a sudden lncrease of pressure to the atmosphere.
Samples of the liquid and the™ condensed vapor were taken and
‘ their refractivewindices were measured. Equilibrium temperature
was'maintaineduwlthin + 0.005K ror ligquid solutions rich in the
more volatile component, and otherwise ﬁaintained within + 0.02K.

. An attempt was made'to detect the possible occurrence of
polymerrzatlon of MMA throughout thlsfwork " There was no change
‘of den51ty of pure MMA after b0111ng for 5 hours, and no manifest-

- ation of haziness or turbldlty was observed when the b011ed
monomer was subject to the solvent test of Luskin (43) In
determlnatlon of vapor-llquld equlllbrlum data, pure ethanol was

“|used as the initial soiutlon 1n one serles of runs whlle pure MMA .

Ry in another The results obtalned from\both sefles are in good .

agreement. It abpears that the volatlllty of the Shlpplng in-
| hibitor is adequate for preyentlng theJ polymerlzat,lon of MMA in
s

the condensed vapor. o b

¥

» . \. n T . - ! " .. .
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-

RESULTS AND DISCUSSION

The experimentally determined values of P, T, xi and,yi
together with liquid phase activity coefficients YiL evaluated
from Equation (3.5) and the corresponding Gibbs free energy GE
evaluated from Equation (3.6) at each of the three temperatures

*studied (313.15, 323.15 iPd 333.15K) are listed in Table (6-1).
The second virial coefficient; }Bll and Bzé) and the cross
second virial coefficients (EiQJ for the ethanol - MMA system

were calculated by the correlation developed in Chapter'4. At )
the temperatures 313.15, 323.15 and 333.15K the values obtained

are -2116, -1662, and -1342, for B -2543, -22?8, and

1

11
. -2021; and for B

for B 221

-1860, -1639, and -1456 cm°mol , respectively.

12’
As discussed in Chapter 4, the B values$ for ethanol cal-
culated from the genefalized correlation afe accépt;ble.' However,
the validity of the-predicted B values for methyi methacrylate
cannot be diéectly confirmed because there is no data available
in the literature. -An attempt was made to estimate the ?ogsible

variaticns of B22 (for_MMA), and its effect on the calculation

of YlL and YZL-

»

The reduced temperature range of B values used toc 'develop

the proposed correlatdion is from 0.5 to 5.0. It was fougd that
-

=3

the deviations between the calculated and the literature results
of B increaseé with decreasing temperature, and the maximum

R R deviation is about 35% at Tp =0.5. Based on this result,
. . i Lo .
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4

calculatiogs were made by varying the B22 value (fcr MMA) at
323.15K by + 20%, + 40%, and‘i 50%. These values were then
used in Equation (3.5) to evaluate YlL andIY2L. The results
were then,compared with thdse obtained previouely.

The variations of the YlL'values are less than those of
the YZL values, ahd'the gréatest variation of Y2L is + 6.44%
when 322 value is varied by +50%, but reduced to + 0.18% when
322 value is varied by + 20%. On the right-hand side of
Equation (3.5), the contribution of the last two terms, which
contain the second virial coefficients is much less important

than that of the first term. Because only the B value is

22
varied, Yl is only affected slightly by the third term, hOWever,

Y2L is affected by both of the last two terms

These calculated results 1nd1cate that even wrth a variation
of 50% in the second virial coeéficient of methyl methacryiate,
the changes in the calculated y values are negllglble

The thermodynamic con51$tency cf the data was tested by

the area test of Redlich and Kister (2) as shown in Figures (6-1)

-

~to (6-3). The net area obtained is less than 1% of thé total
'L ‘ 'area for each of the isotherms.
The values of YiL and GP were correlated by means of the three-
constant Redlich-Kister Equations (3.9), (3.10) and (3.8). The
parameters B 127 C12 and D12 were determined by the least-squares

:method and the values obtalned are listed below

‘Redl1ch—Klste$E¥grameters

313.15 . . 323.15 333.15
, Blz' ©0.5273 : 0.4987 0.4722
cl; 0.0041 .0.0098 0.0134
D 0.0213 0.0156 0.0108 . .
) 12 . ~
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To‘iilustrate the agreement obtained, tﬂe calculated and the
experimental values of log (YlL/yzL)} log YlL, log Yz; and GF
at three temperatures are compared in Figures (6.1) to (6.9). 1In
addition, the calculated values of Y;¢ P at given T and x;
wh?ch were oﬁtained by means of the Newton-Raphson method are F‘MS
éompared with thé éxperimental values in Figures (6-10) to
(6—i3). In Table (6-2), the calculated values of Yy P, YlL
and GE are liéted together with thé experimental valqes oﬁ XA
Values of the aferage absolute deviat%oné between the calculated
and the experimental GE, YiL, yzL, y and P a¥e listed in Table
(6-3) . |

Aﬁ azeotrope exists in £Hé binary mixture at the three
temperathres studied. The gsgculated azéotropic compbsifions
‘and pressures at these températures agfee;well with those

values obtained graphiéally as "showrt in Table (6-4).

[ . @



ISOTHERMAL VAPOR-LIQUID EQUILIBRIUM RES
+ METHYL METHACRYLATE (2): p,
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Table 6-1

C .

ﬁ:é; FOR ETHANOL (1)
TOTAL PRE SURE, x, LIQUID

MOLE *FRACTION; y, VAPOR MOLE FRACTION; Yl ACTIVITY

?/Torr.

141.15
144.29
146.32
147.31
146.42

'143.75"

140.07
134.04
127.79

.127.20 -

118.01
117.07
104,33
101.27
87.31

%

230.55
234.51
236.83
237.38
235.03
.229.83
223.16°

212.38 .

201.46
200.68
' 184.04
159.03
137.48

COEFFICIENT; AND G + EXCESS GIBBS FREE ENERGY

h n
T
0.9400 0.9000
0.8898 0.8448
0.8320 0.7958
0.7598 0.7498
0.6388 0.6890
0.5243 . 0.6420
0.4252 0.6043
0.9331 0.5501
0.2388 0.5038
0.2338 ., ~ 0.5000
0.1569% 0.4323
0.1524 032360
0.0912 0.3218
0.0793 0.2960
0.0320 0.1543
T

0.9380 0.9068
0.8873 0.8528
0.8285 0.8070
0.7558 0.7620
0.6360 0.7028
0.5210 0.6528
0.4238 0.6120
0.3115 0.5593"
“0.2388 0.5078
0.2338 0.5053
0.1530 0.4270
0.0832 0.2970
. 0.0330

0.1543

L
Y

= 313.15K

1.0051
1.0186
1.0405
1.0808
1.1746
1.3098
1.4822

1.7653
2.0112.

" 2.0294
2.4290
2.4450

1:0418
1.0818
1.1735
1.3021
~1,45873
L7276

.9432
.9673
.3251
.5870
<9307

NN =

-

.2.8816

=

3.0905
2.6669
.3322
.0109
6513
.4166

.2629
1.1472
1.0918

Rl S N

. 1.0880

1,0423
1.0401
1.0226
1.0174

»1.0038

2.5440

1.0819
1.0762
1.0363
1.0166

1.0045

-

GE/J mol'\1

128.64
324.07
456 .38
590.63

" 789.28

799.90
785.01
706.81

608.53
599 .11
453.59
441.43
293.67
256.24
105.42

193.54
325.18
456 .90
587.84
727.51
785.03

_1770.25

680.60

587.14

P



363.91.

368.35
370.66
370.31
364.78
355.15
343.66

325.40 "

306.55
307.46
279,99
244.28
208.83

0.9360
0.8870
0.8252
0.7540
0.6335
0.5183
0.4220
0.3136
0.2353
0.2375
0.1560
c.0872
0.0348

AR
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T = 333.15K
0.9118 ) 1.0054
0.8638 1.0171
0.8170 1.0405
0.7723 1.0756
0.7143 1.16Y1
0.6630 1.2903
0.6200 1.4354
0.564% 1.6677
0.5088 1.8903
0.5115 1.8882
0.4285 2.1980
0.3063 2.4597
2.6840

0.1560

W

-

2.7241
2.4089

2,1037 ..

1.8571
1.5404
1.3404
1.2251
1.1212
1.0705
1.0708
1.0329
1.0345
1.0013

191.50 .
316.83
450.79
574.04
709.72
762.68
747.49
661.65
559 .34
562.63
416.01
253.82

98.84
4

Ta



137.18

_P/Torr: /ii’//

Sk

v

P
-,

140.82 0.9400
144.01 0.8898

. 146.66 0.8320
147.02 0.7598
146.23 0.6388
143.61 0.5243
139.88 0.4252
133.18 0.3113
126.75 0.2388
126.22 0.2338
116.12 0.1569
115,40 0.1524
. 103.52 0.0912
100.70 0.0793
87.33 0.0320
229.86° -+ 0.9380
' 233.87 0.8873
236.22 0.8285
236.86 0.7558

234.49 0.6360 °
229.32 0.5210
222.60 - 0.4238
210.90 0.3115
199.82 0.2388
198.92 0.2338

"181.21 0.1536
158.18 0.0832
0.0330

u/‘

75

Table 6-2

L
41 N

T = 313.15K
0.9022 1.0052
0.8453 1.0172
0.7963 1.0393
0.7503 1.0794,
0.6930 1.1798
0.6481 1.3209
0.6088 1.4913
0.5543 7672
0.5070\_//%.0075
0.5032 2.0265
0.4282 2.3678
0.4226  2.3911
0.3241 2.7533
0.2982 2.8351
0.1565 3.20148

T = 323.15K
0.9080 1.0052
0.8543 1.0170
0.8067 1.0388
0.7615 1.0779
0.7047 1.1740
0.6581 1.3097
0.6175 1.4676
0.5602 * -1.7183
0.5098 1.9349
0.6057 1.9518
0.4225 _ 2.2655
0.3018 ' 2.6252
0.1552 2.9466

-

™

' CALCULATED RESULTS OF y,, P,:Y?,Yg and GE,
TOGETHER WITH EXPERIMENTAL VALUES OF x,

LS 3

3.0150
2.§533
2.3221
2.0031
1.6279
1.3912
1.2467

1.1294 -

1.0761
1.0730
1.0332
1.0314
1.0114

1.0087

1.0014

2.8364
2.5114
2.2091
1.9181
1.5772

©1.3571

1.2255-

.1,1182
'1.0690

1.0661
1.0286
1.0085
1.0014

'267.45 7

1

GE/J mol~

185,13
319.54
452.12
585.70
733.42
788.99
772.59
679.78
578,73
570.53
423.96
414.17

235.92
100.68

186.84
319.04-
450.00
579.89
719.82

C770.75

751,82
659 .85
559.96

"551.91

401.75.
236.65
99.36



T = 333.15K

363.29 0.9360 0.2&32 1.0052 2.6758 185.02
367,74 0.8870 0.8643 1.0161 2.3954 312.65
370.11 0.8252 0.8163 1.0380 2.1088 445.68

369,78 0.7540 0.7729 1.0749 1.8490 570.03
364.40 0.6335 0.7153 1.1675 1.5332 705.77

354.87 0.5183 0.6672 1.2974 1.3284 752,82
343.21 ° 0.4220 ° 0.6251 1.4453 1.2070 731.87
324.13 . 0.3135 0.5670 1.6690 1.1101 643.48
304 .39 0.2353 0.5098 1.8805 1.0611 537.33
305.03 0.2375 0.5117 1.8739 1.0623 540.80
276.53 0.1560 0.4250 2.1533 1.0267 393.15
243.04 0.0872 0.3071 2.4530 1.0084 237.88
209.44 0.0349 0.1584 2.7319 ° 1.0014 100.79

)
Table 6-3 -
DEVIATIONS BETWEEN THE ‘CALCULATE;D AND EXPERIMENTAL .VALUESI
L] ax /N -
X . 313.15K 323.15K 333.15K
E -1 '
GL/J mol . 16.0 14.8 11.3
Yl 0.0137 0.0129 0.0113
L | 0.0174 0.0148 0.0122
¥ . 0.0029 0.0023 0.0019
P/Torr.  ° . 0.61 . 0.99 1.13
{
Table 6-4
) AZEOTROPIC DATA FOR THE ETHANOL (1) -
( - ~METHYL METHACRYLATE (Z)TSYSTEM '
\ T s .
. Azeotropic Azeotropic
Temperature ® Composition mole Pressure
K fraction of ethanol Torr.
exp. : calc. exp. - calc.
1313.15, 0.738: 0.739  370.99 ' 370.31
. 323.15 0.769 0.769 237.50 236.89
'333f15 : 0.799 0.799 37Q.99 .;70.31
s
r\ *
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Figure 6-1 Thermodynamic Consistenc}‘Test of Vapor-Liquid
Equilibrium Dats for Ethanol (1) - Methyl
“ - Methacrylate (2) System at 313.15K
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Flgure 6-3 Thermodynamic Consistency Test of Vapor—L:.un.d
. ) Equilibrium Data for Ethanol (1) - -Methyl
: " ‘Methacrylate (2) System at 333,15K .
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Figure 6-5 Compar1son of Calculated and Exper1mentai T Values

AP System at- 323,15K. (0, ExPerlmental - Calcula;ed)
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" CHAPTER' 7

CONCLUSIONS - SR )
* ’ [ M '

ISothefﬁal vapor—liguid equilibrium data measured for

the ethanol-methyl methacrylate system at 313.15, 323.5 and
333:i5K aré fhermédynamically;consistent. A useful empirical
correlation .for the prediction BT\secoﬁd virial coefficients for
polar gaééé has been eétabiished and used in this study for

the evaluation of the B values.fqr ethanol ané methyl methagrylate.
The calculated and thg experimen£a1 values of Yip' GE, Y; and P
are found'to be in gooé'agreemeﬁt. A binary azeotrope exists

-

at all three temperatures and its ethanol concentration increases

with increasing temperature. : &
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"~ .Table A~-l

CALIBRATION OF CQMPOSITION - REFRACTIVE INDEX
FOR sySTqm ETHANOL (1) - MMA (2). v

" Mole Fraction of Ethanol

-x_l -
0 .
0.0074
0.1242 ¢

. 0.2045
0.3044
0.4140
0.5031
0.6045
0.7044

. 0.8015
0.8965
0.9484
1.000

D
" Refractive Index (n’)

at 25%

1141194
1.40945
1.40807
1.40532
1.40159
1.39708
1.39301
l.§8778
1.38207
1.37566
1.36836

1.36442
1.359%15
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Figure A-3 Calibration Curve for Composition 2 Refractive
Index for the -System.Ethanol (1) --MMA (2) at
298.15K
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Calculation of yj and P - . ‘.
components anqi:

(3.8’: at given A and xj,

Using equation (3.5) for the t
constants obtained from Equatio

values of y; a ated by means of the

Newton—Raphgon'method of'iteration (30) as déscribeq beloi?ﬂ
- For -two components, we“can.have two non-linear eéuations

'in the‘}orm of Equation (3.5), wpilé thexrelatioﬁship of -

y1 + y2 = 1 is introduced into Equation (3.5}. Thus

Equation (3.5) can be expressed for the two components as:
! \g " 1 ’ '

i

* b

0., 0, . 2

L _ .
log y) = log =5+ —5 353 e~ * “Z.303 mr * (A3:1)
X,P
. (l-y)P  (By,-vI)(P-pd) " yiP
log v, = log 0 * —%303 T -t 2.303 mrfP3:2)
. . “(l—xl)p .
While y] and P will be treated as variables.
These two equations are simplified as:
‘ 4 . .
fifylf P) =0 ‘ e ‘ © (A3.3)
fz(yl, P) =0 , (A3.4)

L

For solving functions f1 and f3, we may take an

initial guess for a.pair of y) and P starting from the



iOl-i

experimental data sa;\?yl, p1) with referente to an'x] -

and T. . To set the next approximation, the following approach
is established: Lo ' o : o

At (k+l)th approximatioh, fuﬁctions £3 (Y417
Py41) and f2(Yk+1' Pr+1) . can be expressed in |
terms of the functlons and its derlvatlve at (yxr Pk) byu
expeﬂrlng a two-dimension Taylor series: (.

A . "9 fl(yk'rpk-)
£)Wieare Pran) = Fi0r By + Wpey™¥y) 3y
. S

afy/ ’p ) " . )
k'"k ’
<+ (Pk+l-Pﬁi/// Py + ... (A3.5)

3E,(Yyr By)

Eol¥ierr Praa) = E2l¥yr ) ¥ (Y17 By,
of, (¥,r P)
i 2\ ¥y Py
+ (Pyy1 Py Ty + .. | (A3.6)

13

Sugpose that yy.) and py,) are both very close
to the actual'roots so tha€ the values of fl(Yk+i'
Py41) and fz(yk+1, Pyri1) ‘are almost equal to f

zero. Then Equations (A3-5) and (A3-6) 31mp11fy to



- . . - P

- : . (v, P} 9f (Yo, P.)
_ o 1 ¥gr Py 1Y By
v . 0 = fl(yk_' 1pk) + h . ‘ 3Yk + k . a.Pk —(A3.7)
o S tre  py My e B) 365y By)

Where B = ¥i1,” Ykr K T Pryy - By P

Thus, we.can get the (k+1)th approximation ffpm the kth

by

Ypap Sh vy, - (A3.9)
Py = K + Py " )  (A3.10)

The 'values of h and k for each iteration can be obtained
by solvihg Equations (A3.7) and (A3.8). Rearranging, we can

geE"the simultaneous equations: -

Py) £y (yyr Py)

fl(Ykl .
h I + k P = - £(¥r By) (A3.11)
. £,(y,, P) f,(y,, P.) i . :
2k 7k 2 ¥k Tk :
. h— vt k ; P = - £,(¥r P) (A3.12)

‘These resuiting simultaneous equations can‘easiiy'be solved
for h and k by determinants, provided that the determinant is

not zero, i.e.
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g |- | A6 (A3.13)

Hence

'\ . .
BYk

{A3-14)
¥, (Y P) ‘

~2'Yk k
h = L L

afl(yk, Pk) p b )
3 Y, ' 1V ¥g s Pk

(A3.15)
0y ¥yr By) o,

'5 -

Having found h .and k, then wé may use equations (A3.9)
and (A3.10) to get the next approximation, and repeat.

QOmputing programme for this application is presented in

Appendix VII.

Y
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|-

X .
, WS » * YUY s VIME=120+PAGES=50

DEPARTMENT OF CH:MICAL ENGIHERRING ’ ‘
. ‘
JIN-MIN YU , . S -

a . L
*##****#*****#***###****##ﬁ**##**:###**#*#***#*****#**##****#****#*#

THI> PRUGRAM IS5 USTHS GOLUEN: SECTIUN SEARCH . ) 0
JOF MINIMUM TO FEIND OPTIMAL VALULYS OF A ANU C t
IN THE EQUATICN F({2)=Aa/Tit=%_ WHICH IS USED : . :
IN THE NEw DEVELUPED CORRELATION GF .
*SECOND VIRIAL COEFFIENT FJIRE THE PCLAP CUPRECTION :
TERM e !
**********:4#***##**#**********$¢¢*****#*****************#***#*****m

.

Manooooadtoaoonndnooonnn b

, %
*******#*****#**#**a***#**:****#**********#************44**#4**#m*##t
MAIN PROGRAM ;
THIS PROGRAM 1S USING EXPEAIMENTAL DATA , ' '
OF SECOND VIRIAL COEFFIENTS AND CORAESPONDING ) i
TEMPERATURES TO CALCULATE VALUES GF F(2)
****###******##*#*********v****#*#**#*##*#****#****##**t#t*#********

N

ITMPLTCT T RCALFS{A—H.G-27J

DIMENSION TC(JO)vpC(lo)nW(15)|U(3J)|T(JO)!BP(3G)I
*FO(30)sFl{30)+sF2(200)sNILTA(1S),

DIMENSION 1F2 (2

* ULLI3)sUR(15) 4 NAME (dO)oPPP(JO)'AA(lb)oE2(30)-SU(3D).TR[200
DIMENSION PES2(39) -
DIMENSION AC(30) : b

DIMENSIIN BE(S

0
D IMENST OGN K3 D
DIMENSION AAO(3 20)»AAZ( J0)

INTEGER NDATA . ~
EXTERNAL F : :
TOL=1.05-5 : ‘

3
F
5
=]
7
8
9
10.
11
12 A=3.0
13 A=]1.0
14 A=)eS b
15 A=rLebD
16 A=2.0 —
18 A==10,
139 S=20.
20 A==30. .
21 S=30.
N 22 5=40. -
23 S=0.0
24 A=0.0
25 S5=1l. - '
26 P=92.057 ' ! .
27 . QEADSUD,»BU» A2 — : . : ™ .
28 RR=1. 24 : .
2% . CC=6. - -
30 PRINT 897 CCDDWBAA2 '
31 A uuMﬁTT77T3XT*CC"TF1u.4.¢a.'Au—fTrzu.lu-dx-'Al~'ordu.xu.¢x.-az—
#*F20.10) .
32 READWNN : )
33

DU 20 I=1.NN

/(




READ(57,500) (RAME(KIwK=1+20) '_ - T

- 34
35 * 00 FORMAT(20A4) .
36 . RE AD.NOATA(I).TC(I).FC(Ij,h(t) -
37 READU( 1) : ’ ,
38 WRITE(L500) (NAME(K) ,k=1,20) *
39 500 FORMAT(LIHL//Z/1X+20A4)
40 Uﬁ(I)—PC(l)*(U(I)**L)*IOOOOU./(TCII)**’)
. al PRIMT 707, UR(1) .
~ G2 707 FORMAT( /772X UB =Y ,Fl10e4) .
43 PRINT 18,TCCI)+PC{I}en{I)su(1) - :
&y - 16 FGRMAT{//Qx.°Tc=-.F1o.~,2x AR=Teth *‘5xu.a.ax.'w='.Flo.a.ax.'u;-
#¥F10a4) : A L ‘ ‘ .
45 SU(I)=R* TC(I)/PCLI) . o : :
46 *N=NDATA(L) ) "
47 . PRINT &44+AA(I),HRUT)
45 46 FORMAT(//2X o*AAZY  F20al0s2Xs'8BR=?F20.10+2X)
49 PRINT GEAADLLI)+AAL{T)+AAZ(T) B
50 46 FURMAT(//2Xs'AANDSY .Flo.o.ax.-AA1 '3F20.1052X1"AA2=",F10.6)
S 51 LD S5 K=1lsN . . ‘ .
52 35 [EAD T(K)»BIK) . ¢ . ‘
53 PRINT 7012sN
Sa .7012‘FURMAT(//2X.'DATA INPUT - =t ,15)
55 : SUMS=0.0 -
Se SUMP=1D,.0 .
57 DU 30 M=1sN
58 P (M)=(BIMIEPCLI) )/ GR=TC(E) ) '
59 TR{M)=T(M)/TC(I)
60 FO{MI=0.1445-04330/(TRIM)) -G, ldab/(Tk(M)**ai—O 0121/(TR(M)*#3)
. #="0e 030607/ (TR{M ) *%8)
el FL(M)Z0«0637+0.331/TR{M)*%2—0D+ 423/ TRIM) %%3— o.ouuka(M)u*a
62 F2(M)=HBP(M)-FO(M)=Wl1}=F1(M)
63 TKIM)=1a/TR (M) N
i c= PRINT SUTGs TIM) s TRIM)IsBLM)» eE(M)-P_SZ(MJ
L5 w) s FORMAT{S5XsSFlLe4). ) \\\
-1 COTR(M) =TK(M)
67 30 CONTINUE . “~
68 Z=FMIN(AsS»FsTUOLsF2s 7Ry N) .
63 PRINT 142 : -
70 . 1 FORMAT(3H Z=sF12.5) ‘ : R :
71 25 CONTINUE “e )
T2 STOF D o
73 END . )
C **#**#*****##****##*#*##*#-‘F*********#***#**#*#*****#**#********#*‘*#
c .
- C .o T .
¢  GULDEN SECTIUN SEARCH OF MINEMUM
C . i
C -
- » E EE) £ - E-3 2 =
//g AN APPROXIATION X TUO THE POINT wHERE F  ATTAINS A MINIMUM UN
. C ‘ . -
-
74 . FUNCTION FMIN(AXsBXsFaTOLSsF2sTRaN)
75 . IMPL1CIT REAL%3(A-=H,0—2Z)
76 DIMENSION F2(200) TR (£00)
- THE INTERVAL (AXsb X} 1S UtiLRHINED-
c
. COAX LEFT ENUPEFST GF INITILAL

. e om_ e ak



~

T DX RIGHT ENOPOLNT . :
~ LT :
E N ) . i
C C I5 THE SQUARED INVERSE GF THE GUOLOZNGEATIU .
C. T - :
77 QQ0Q=5.00 -
78 €=0.5%(3.-DSURT(UAQQ))
C
¢ EPS 15 Apﬁiﬁ?r‘ITEEV‘T—E‘”_U—FE—ﬁUﬁT‘ﬁF’1TT“TFT—WWWH?*—KCHTNE——“‘———
SN PRECISION.,
7g  © EPS=1.00" '
30 10 EPS=EPS5/2. 0lr.+
31 TOLI=1 «0O+EPS :
&2 IF(TOL1.6T41.00) &GO TG 10
83 =PS=0SQRT ( EPS )
[ . . T
C INITIAL IZATION .
c . -
Ba A=AX
85 B=BX ; .
86 V=A+CH(B-A) .
87 , W=V :
B& X=V -
59 E=0y
20 EXZE(FZ TR+ X s N)
91 FV=FX
g2 Fw=F X .
C MAIN LOOP S5TARTS HERE
~
Q35 25 XN=0.5%(A+8) SN
o TOLI=CPSXDABSI XJFTUOL/3.0
95 * roLz=2. 0% TOL1 e .
. o R =
¢ CHECK STOPPING CRITRION _ .
96 IF (DABS(X—XM) JLE. (TOLZ2-0.5%(8-A})) GO TO 90
c G
€ 15 GULDEN=SECTIGN NECESSARY .
N TFLDADStc])] «LE. TOCIF GO TO 40
C FIT PARABOLA ' el
¢ . . _
53 R=(X=W)*(FX~F V)
99 Q= (X~V)*{ FX-F W)
100 P=(X=V)#Q=(X=~W)*R . )
101 . @=2.00%(0-R) ;o . -
102 TFTU <GTs 0<07 P==0T ;
103, QZ0ABS(8) 0 .
104, - R=E - .
105 . E= : .
. c . :
C IS PARABOLA ACCEPTABLE ’
s . -
0 30 fF(DABJ(P) +GE. DABS(0.5%Q%R)) GU TQ 40
Tu® “IFLP +LEe URLA—XFTJ WU TU &0
10 TF{P +.GE. C%*(B-X)) GJ TO 40 ;
C. ' . >
C A PARABOLIC INTERPULATION STEP
L .



e oxpTAR ey

D=PsQ -
U=X+D

C .
C FMUST NOT BE EVALUATED TOOQ

CLOSE TU AX OR3X

END
#*#******#*****#**#***#**#*****#**#******#********#****************

. C L] . .
151 IF((ULA) oLTe TOL2) D=0S1IGNITILL ¢XM=X)
112 IF((BY) LT, TOLZ) D=DSLIGNLT uL s AM=X)
IT3 GO TO0 50
'
C GOUVEN-SECTION sSTEP Cos
114 40 IF{(X «GE. XM) E=A - X
115 IF(X «LTa XM} E=B =X .
116 D=C*E _ _ .
e c _
v T F NUST NOT BE EVALUATED TUOO CLUSE TU X
“ . '
117 . 50 IF(DABS(D) «GE. TOLL)uUsX+3"
118 . IF{DABS{D) LT« TOLL1) USX+D3IGNITULLLID)
119 ’k FU= F(F.-_'.TQ.U.N) oot
c UP,DATI: A.B.v'w ANO X : )
120 IF(FU .GTe FX) GO TO oD
121 9- IF{U «sGEe X)) A= X '
122 IF(U &LY. X) B=X .
123 v=w S
124 FV=Fw. .
129 W=X
1256 FW=FX .
127 . X=U . .- .
123 FX=FU
12> U T Zd
130 60 IF(U «LT. X} A=y
131 IF{U .GE. X) B8=U
132 IF(FU .LE. FW) GO TO 70
133 IF(W «EQ. X) GO TO 70
134 IF(FU +LE« FV) GY TDO 50
135 IF(V «EQ. X) GO T3 8
136 IF(V «EQ. %) 50 TO 80
137 U0 Td 20
138 70 V=W -
139 FV=Fw ‘
140 W=u
141 FW=FU
142 G0 TO 20
143 30 v=U
134 FV=FU .
T45 G0 TO 20
C
¢ END OF MAIN LOOP
146 30 FMIN=X '\ '
147 RETURN ‘ .
148

C
C
o
C
C

THI
HIZ
,Fca)

PROGRAM IS USING LEAST—=SQUARCS METHQD
D ROOT—MEAN SQUARE DEVIATION JF
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C R . o . - ; '
R R R AR R R AR R SRR AR R R R BRAEFEFXBRERRDRK G R R KLk
149 , FUNCTION F(F24TRCCoMN) ,
150 IMPLICIT REAL%®8(A-i,0-2) - ¥
151 O1IMENSTON F2(200)eTR(200)PP{103)+S5(100),PPP(100)5 ‘ -
#FF2(100) +DIFF(200) .
15 SUM=0.0 . * )
153 SUMLI=0.9 T
154 SUM2=0,.0 .
155 . SUM3=0407. o
156 DO 66 1=1.N é /
157 PP(I)=TR(L)**CC ~
158 SS{I)=PP{1)*%x2 .. '
159 T SUM= sum+ppté) E
160 SUMI=suMaI+sSSe1) i
161 EUME=SUN2+*PFE(I)I#F2(1 ) A
162 SUM3=SUM3+F2(1)
163 &6 CONTINUE ° -
164 COBIN=N#SUML—-SUM%%2 ,
165 Q= SUM3%SUM 1 —SUMA SUM2. . ;
166 A=Q/COBIN
‘167 5—N#SUM2—5UM3%5UM |
168 B=5/COBIN ; n {
165 A=0+0 y T Yy
170 B=SUM3/SUM k - !
171 PRINT S55:A,8 '
172 55 FORMAT(4Xs"A=? sFS047 22Xy 'U='sF50.7) ", |
173 S3UM=0.0 N " i
174 y DO 666 KK=14+N - ’ C .
175 PPP (KK) =TR ( KK) #%CC .
170 FF2(KK)=A+B*PPP{KK)
177 DIFF(RKI=(F2(KK )-FF2(KK)}x%2
176 - SSUM= SSUM+QIFF(KKJ , 5
179 ~666 CUNT INUE
180 F=DSART (SSUM/N) '
.181 Y=
182 cPRINT 77737 . ' .
#1893 777 FORMAT(15X» "FMS=?,F30.7) - . ¥ |
184 RETURN * :
185 END - §
\ SENTRY
3
J
. i
s -
_ . £ 4
, ]
. |
.(;‘- ﬂ .
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by

e

FIUS -‘Yb'oTIN-=lruoPAu £=50 ) ‘
PR XS 2 PNE ST ﬂﬁf**##*###+*#*#t#*$¥¥t#* #***t*#*~##¢*$+**##*****e#*a-s-

DEPARTMENT OF CHUMICAL CENGINEERING

i

- USEY FO.E THE .

“HIN=MIN YU
THIS PHE3GPAM

S
EVALUAT IO ANC ZOR=MNLATION OF LIQUID .
PHASZT ACTIVITY "DEFF["NT'} ANC Gli3BS FREC N v
TENERSIIN AT CLVEIN TOMPURATURE alNg LI1GUID. :
CCMISITICN, TITAL. FROGSURL ANMND VAPOR
CUML’(ISITICN& ArlZ DCALCULATED &Y MEANS
oF TTHE Nh\'nTOI\—”.-’-\PIi':-TJ"I METHOER OF ITLE\ATIUH\T

R

noannnkinonnannlnannnn

JIMNY ) -

Lk *\*"r**&-#* sk w ok ﬁ-*##i Rk Ry -.'N}A-**t-*ﬂ s ot oo o o 3 o o O o o o *u#% Bl #****#R-S'E

P

IMPLICIT REAL¥B(A=11,C=2) . ' s
2 DTMIENSINAN TCL2IaPCIL) WVCI2) v wwW(2) s AA(E) WBEL(2) s TTID)4PPT(20),, |
*F—!iL_'H)),FF-l(Ef)’) Fl.‘(J.)J,l-l.j(.';i;).\':-‘,r-‘.nll('iu)..("AI-lAl(Ju).X:-_’(h)),_ '
EY2 (X0 F2 1(-UJ.FF£(JUJ. Fe2(S0)sF23030) 2CAMALZ2(20),CANMA2L30) :
4 HCAMLCI(30) s CAMLCI(B0) sCAMACLIZ0 )y CANACZ(ID) s ULFE(SL) 2 5IIFFA 2. .}
AT (30 ) W PECEN(S0) s CYL (30} sCET(30) »DESECIV) 2vUEGECI203s SAP(3L -
BYVI(3) o VVEIZE) W X1 (30) v L{L0)sPTCIG) »INNC00)sPPP L) vPPP2(3), !
EPECEMLI(30) »CTRP{Z0)»CCAMLIS0) s CCCAALLI0) s YACL YU )
*PT~(.30)
3 DIMINSION U301} ,U230) .
] FE2D NN - . - : Ca .
H - PEAD N DU L A2 ) .
o POTMT 0,000y A" ' ’
7 A fn‘MAT(//J“ YT F 20010 2XsTDDT S F20.102X, YA, F20,10)
8 09 11 I=142 .
9 DEADGTC(L) s C(l)'VC(T)!hW(I)lAA(I)vLL([) ) B
< 19 nzabD,ul )
11 UT (1)=PC{I)#(U(1) %2 ) 100000 /T 42
12 AA(1d=( 30Ut {TI+CunabXD{A2UC([))}) s :
13 11 PRINT 2asiswi(i) 22T 501} -4
14 2P FODMAT(////2X 0 18 42K ' uT " slF 10403 2Xs "AASY yF LU 42X "BES1 4 Fl0ebi |
15 . DO 12 J=1sRNNN_ : 4
1¢ HEAD s-iv ;
17 QEADS TTUJ) s FPIPL I} PPU2LJ) s VVILJ)sVV2(J) !
18 STADSYALPPA , :
16 PASOPA/TEU . . . g
28 T=TT( ) #2731 : ;
21 TETITEY ¢ ¢
22 ve=vva{J) -
23 TRI=T/TC(1) i
24 TRAST/TC(2) ;
zs PULZPPRL(J)I/760. i
26 r’PH:pfé-c("R()J)/?t)-). - . 5
2 TCL=TC{1 : ) . E
28 TAo=TO(2) S
25 Po1=RC(1) g \$\
30 PC2abC(2) . . ‘
31 vel=ve{ L) < !
32 vCc2=vC(2) i
b
1




| . -
rs -
k] ‘ Y B
C 111 v
o .
at . o
s L UST=UR{T1) :
! 34 REZ2=1EC(2) .
o 35 HE1=PS(1), . .
3? -AA&:AA&&; > .
3 aal=aa(l i 4
38 Wwlzaw(2) i ]
373 wal=wull) ' : - : ?
- i . G0 CaLt SFCUJI(T TC].'T'-(?": FoFC2y wvil e w2 e AALVAAZ Y SE143523VCL z
4 BV el T 550 52 ")lt.'n.)n‘..l_’ . ¥
41 F=82.057 . 2
42 PRINT G4 : ' :
43 99 FOSMATI O y 2%, "EXPETTMENTAL "KAMAY) - ‘.
4 4 DO 13 K=14N . - 1
45 READ» XL {K) + Y1 {1 ) 92T (K)
- w6 TRT(K)SPPT(K)I/TI0, . i
47 FIT(RISYLIR)EIT(RI/Z{XL(K)FPEL) - X
e FFI(RIEOLUGTIUIFLILI(RTY - :
49 FL2(K)=(PT{K)=PEL)IR{B1=-V1)}/(2303%R*T) :
50 FLJ(<)=DT(K)*JEL*((J.—Yl(K))**g)/(d-JOJ*Q*T) i
' 51 CAMALI(R)ISFrLI(R)H 12(K)+F13(K) N :
. 52 X2(K)=le=X1(K) . .
53 Y2 (n)=1e=Y1(K) .
54 FRL(R)SY2(KIEPTIR) /(X2(K)%2PE2) :
53 FEZ(R)ISILVOGEN(F21(K)) : < f
5 FIZR I (I (KI=PP IR (L a-Va )7 (ZC00%F ET) ',
57 FR3(RI=SPTIRKIRDELR((1a~Y2(K))3%2}/(2e303%R%T) .
53" CAMAL 2(K)I=FF2(RK)I4F22(K) +F23(K) .
s TCAMAL(K)ISDUXP(2.303%CAMALL (K))
6O CAMAI(K)=DEXP( 2, 3035 CamAL2a(r))
vl © PHINT A XL(K)p Y1 (R) 4y CAMALL LK) sCAMAL (K) s CAMALZ2(K) yCAMAZ(K)
& & FOLMATL2X, GF20%4) ) ot
. G2 13 COMTINUT ’ 8~
€5 PY AT 59 . - . : i o
&s 6.4 rO?NAT('d';EX"CCﬂPAC’ TERM 1432,33,1.+2,31%)
Q& 2 KM=L o N
687 v[NT B FTL(RM) ,F12 (KM)oFld(KM)-de(KM)-FEZ(KMJskad(KM)
6& B4 FUPMATI{2X,06F20.4) .
66 62 CAMTIMUE
.70 NIALLI=0,.000 ;
71 POZIL1=04000 "
T Z-A51=0.000 - i
73 POCL=0.000 §
74 Z2M3=04030 A
75 caLL CALUCD(N-XleloCAMALl.CAMAL yLHCCyOL) ’ i
76 VEL=0.000. k
77 ADEL2=0.0 ! p
7E L POCL2=049 H
7¢ © 72452=0.0 z
30 PEINT 17 . - - 4
al 17 FoeMATjsx.'an. CONST. UF P-K EQU. AND. CAL KAMALL') ‘ k|
. B2 DO 04 M=14N - ' : . §
R3 CAMLCLI(W)=S(X2(A) %2 )% (A+4CCH (32X 1 (M)I=X2{ M) ) FOOR{ XL { M)=X2(MI) |
: i (S EX] (M) =XD(M))) " . . }
- 84 CadLCzim)= (xl(4;#*23*(5m+cc*(k1(M)—3.*x2tM))+Do*(x1(ﬂ)—x2(MJ. ‘
¥ (X1 (M) =S ®XE(M)))
88 . CCANML (M) =CAWALL (M) =CadALIN) i i
D CCCANML (M) =C2LCL (M) sLAMLC2(M) . o
87 CAMACL(M)=10%% (CAMCCE (M)) ©g
.ee CAMACR(N)=10%% (CAMLCZ(M)) N * ;
89 DIFF(M)=CAMLCL (M)=CAMALL(M) 1
\__ . . }
5 . !
] /\-

.
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SOIFF (M)=DIFF (5
. C"C"-‘“(M) =DIFF{

-ODEL=COEL+ L A0S

POEL=POCL+LANS

1F

(

-

ZERMS=EZLMSH+SE
DIrf[=CAMAC]
SOLEFI=DIFF 1% : .

ATRCL=ATIFER LI AI/CAALAM) -

-quLl:ﬂUEL1+QAU$(DIFk1)
PRCLLI=POS LE+DAES(PLEMS])

ZIMGI=Z2WME L +SOLIFFL A

DIFF2=CAMAZ2( M) =CaMaAZ (1) ) . ’
"SAOLFF2=01F F2%%2 . S
PEIS220IF £%1004/CANM2 (M) . .
DOZL2=00EL 24+0A0S(DIFF2) - : ' .
PEL=OAEL T ADARS(PEPS2) i - -

b e lre oo bt b e B

.

PR T P T NI E
1a BAINT TReX LAY s Y1 (M) » CANLC 14M) s CAMALT (M) sPERS (M) + CAMLCZ (M) o S
HCAMALZ(M) ¢ ‘ . :

18 FOPMAT(EX 2P 15,8 ,2F10+5,Fd0e4,2F16a4)

DRASE=DAGZ (20 ASR I/ 3)

PM32=0SCRT (DRM352)

AHSDEZ=PDdL2/M' : o . St

S0 =PAS (MO0 DY /N "

e OO CCloCcOooC oL

g e e e e g e
s

o
vl

-'CLJ_“OULLQ . T . R -
DTMEL=DANS (ZRMSL Y/ (M=3) - ‘ o
PMEI=OSART (LEMS]) ' ) . " -
ASSPE1I=PDEL1/N - .
SOUCLL= U\PC(JJFLI)/N )
PECEE1=50DELL
DIESEOANS( LEHSIA (N=3) : N
QUA=RSHSTLONNG) : ‘ .

ABBREA=D0L/N . A
SODUL=DABE (CNILY /N . : ) )
PIZOST=SIOF L - . . S
. PIINT 1Ay MEsPERSE,, AUSFER . ' k
16 lnLnAT(Jx.sklg.a) N - ~ v
PLINT 229 v ot i
P29 FOOMAT(0Y , *STAND Dy PERICENT, ABS P, UF CAMAY)
P MT AT, 0NG] G PECSC ], A0S0 -

e b gt gt o e e 2t g et bt o pt [t e b e e

i wnpe oot h
st r~noc Lo e NGRS N EAR UM S W

127 FUSMATI0Y qaXeyJdF15e% ) - “
PSINT 230 B
230 FORMATA/Z/2XK' DEVIATIINS OF rz) . <
PRINT 231 3NVS2,PERSZEZ yALJSPEE : :
231 FORPMAT( /74 Xt 2ME2=1 ,1° 12442 X.'F":..R.;E 2= ) F 126 442Xy " ARSPIL= sF12445)
CALL CALPY (NsV1, V:.;Ppl|F'I3.-|FTsX1|Y1|IJLL|le9L3coT CAMACL +CAMAC:.
FCY L L2PT)

135 30 1=20.000 i
135 S114=0,000 P
137 CSRULT0L000 : »
13a S5UY=0,.000. \¢€
132 © $3RUM1=0,000 oo . &
140 S55UM=04000 ‘ : 4
141 D 18 L=1l,hN . &
?aa AYY=K1(LI=CY1(L) 3
43 DPR=DT (| )=CET(1 ) : 2
144 SCYLL)I-GY1I (L)) #1D0/YL L) :
148 = (CRTIL)-DT(L})I*100/FT(L) b
146 Y ) T{L) p%%2 %
147 + (LY-CPT(L) ) %2 1
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1448 ¢ S3UM=SSUMEO IS (DYY) ' ’ ’ LN
149 SSU%l;SSUMl+uABS(DPP) : o : -
150 SERUMELESUMtDABS(PICEN{LYY - 7
151 [ - SSSUWI“"J%U”lrJAEb(PLCENI(L))
152 15 PIINT Ll'\l(L)-YI(LJ-CYl(Lj;P C‘N(L)upT(L)oCPT(L).PLCgNl(L)
153 41 FORMATIZ2X, 7F1 5S4} ,
154 STAND=0ANRS (ZUM)/Z (N-3) . <
15¢ DSTANLDZISIR T{STAN) . i
IS¢ cnnra=gant (=0t ) /n
157 A 2O NESSBUNIN
58 . PSTAMD=DALSG (SUML)/(N=-3)
159 - P 3TANS ISHRT ST AND)
150 POLCTENSSSESUMIZN
161 CENTAP= AR S (SSUMLY /N
L6 DZINTASCENTA
163 ACEMTHECENTAD . : ) T
e [SRST W Y G AP . )
165 PHOENSMATLZX, "SEVIATION OF CYL(L) 22K s STAND,PERCLNT s AUS P ERCLNT?,
166 PRINT 79,0 TANO SCUCNTA, APCCEN : :
167 73 FUPMAT(2X, AP0 e 4} . ,
169 PRINT 54 ' .
16 G 34 FORMAT{ 1O 28X, "DEVIATLON GF CPT(L).EX;bTANQ,PELEhT AJS .PECENT’:
1T O PD[NT B, PETAN, DCENTR,,FRPECEN '
171 TG FOZAAT{ 2R, GF30.8) - .
1re |~=d.3144
$173 H51=0.090 L.
174 UH32=0. 000 o
175 DM3I3=I.000
17¢€ DY 33 JJ=L1 N :
177 DEGE(IIISIALCIINFCAMAL L (JI I F L a=¥TNJJ I IFTAMALZ2{JJ) ) %5de 30IRTRET
178 ,UF,hC(JJ)=(XI(JQ)#CAMLCI(JJJ+(1.—x1tJJ))*CArL 24 ))*d.JOJ#TR:T
177 GAP{JJ) =R GELSII=DEGEZLJI) - -
1573 PR VRN R L UV D L )
. 181 QA3 2=CrM32+ DAES(GAR( D)) ~
134 0M1(JJ SUARP(JI)RI00/DEGE(IV)
135 GMS3=0MS3+0ABS (0 JY))
iaa ““[Nu 8742 {JJ) s SUSE(JIIWDEGEC({IJ) s TMHA(JI)
18% . A7 FUODPMATIAXWE L2444+ 2FL20.44F30.4) .
186 37 CONTIMNUE
127 GSTANI=UME L/ (=3 .
13& SoTANOT JSURT(waTAWD) .
144 GCENTA=OALRS (DS 2 ) /N - - -
190. COENTA=SGCENTA I
191 ”Aﬂlc—=DM 3/N '
192 ORINMNT 43:3GTAND, CGCNTA'GHPLCL
195 33 FUIMAT{2XsAF2044) - .
194 PR IMNT @7 -
195 37 PO AAT(M1Y 32X, P VALUES FCF GRAPH') :
19¢ T D9 Re KJEL N T * -
127 CTR(RII=CPTIRIIETSH) . i
195 32 PYINT Gﬂ'PPT(KJ).LTP(&J);XI(KJ)oCYl(KJ}.CLAMLtKJ).CCCAML(KJ)v :
*DEGLC(&J):D;\JQ(KJ) {
135 59 [ 12YAT(C2Xs 15e¢4) -
! 20Q REINT 818 - * !
201 813 FOURMAT( 1% . 2X, 'VALUES FOP FPEFCRENCL ' 5/ /)
202 DI 9 LS N
20 o PrriLL) =P T (LLY®={L)1t 325/ 77¢CC) -
204 B3R PR INT S97yPTTILL) X1 (LL) VI(LL),CAMACI(LL)aCAWAC”(LL}.DtutC(L_
205 837 Ful1AT(LX-PlO.?;FJ.Q.Fld.a.klO.&-FIO.&'kll.gi 4
200 CALL CALZXP (VLI +V2,RP 1 yFF2, Ty

© - . -

YA FA .J"LpU].lt.:..oUBvCChbD'YYAL..lo "j

~

S
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!
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207 1d CONTINUEG }
203 sSTOP ;
. 209 CND _ .
R i T T A g T O W S RN AR
¢ , j
C . ' . i
C PREDICTION OF THE SUCHON VIRIAL CQCFFICKNTS ' E
-~ - Z Y USING THE MNow QL YELUPEY CORPILATILN ' o
“ N C f_ T
C . - ' ‘
C Aok #ﬁ#x***$*$¥¢¢%***#v*k***##*****#*** ****4****»»*#¥#u4::xaxw;;=~
210 SU“r'JUTI'\”' ‘=F"L')'\JI(T'TC1.TC2 p(l p\.h.t‘-dl"{ﬁ‘ﬂt.'AAl ANZyBE L w32, P
g AVC2 4Tl o T 3l s 213122, DEL ) . . , ;
2t ITMPLICET RE2LEB(A=H,0=L) ) C
212 RERR, 057 - , N
21 3 HEZ1=U.0 ' '
. . 2l 4 Al=0.,02135
"a21s A1=-0.00000144
21¢ A2=R.8251
. 217 AQ=0.05014 ‘ .
218 Al==0.,00023C6%
. 219 L2=H.H9 38
200 AD=0,07 6575 .
21 Al==040000 ..)865
. 222 AP=5.7704 ,
2 .5 FLO1=29,1445-0,030/T01— U.IJHS/(T11$#¢RKO.OI‘l/{TFI#*Jj 0300607
B BT kw).
224 Foll=0, Ond7+0 3BT 1E%L)=0, 40 S/CTRLIS%3)=0,C053/ (TR #28)
azs -, FC21=A8 1/ TRLNHE =021 /0 TRlsan)
a2¢ FL21I2FC2IVAC/TRL A% (le/TRLI-1, dﬂ)*(uEXP(A:/TPIJ)
ol T TWTL]?L;JIthl“f\li+rrfl
22w v 2= TClETLTLL /001 ‘. .
) 2d3 f F.J?:0.144‘70-J00/TJZ 3, /(TP“**ZJ-U.UIEI/(TRZ**B)—O-UUO&O?J
(TR \ ' ‘ '
’ 230 FCld=0uOGJ?+OL541/(T02*#2} =0s423/(TR2%%3)~-04003/ (TR2%%8) .
: 231 Foaasaazs{Tag RO )=/ 0TRAR%RS) : .
S5 TTNTL2=FCOld w2 - CL2+FCR2
232 HAZPETC P wTOTL2/RC2
Bkl Rk N deh Ak e e e x#*t*##*###***##**‘&»t##***ﬂa#t*'**“'

Ti>CALCULATIGN UF THEI Cru$s SECUND SHHIFL COZMFFIENTS

C

*ﬁ****#*##**##*u***¢$*#$¢##*$*$#*ttt####%&*#4##:*#t FAU LN LR F kAR T

RK12=0,0 ’ '
TT™ Clg—TCl*TfP .
L TTCI2=0530RTLTTYCL2)
T’l"‘**([‘*(L.—vhl”)

o Te1d= /T A
DYC=RTIRVCI/TCL+PC28VC2/TC

GENPEIS LN =C OO

- -

LN e

e B e e A . o

23

24

23

23

P
23

24 W=l ./3. ’ .

24 VIO (VO34 I5+VER45RS ) e 4] \

23 , P13=4g. kT(l’*”VI/V”lé

24 dl7=(iltanz2ise.,

24 Aala=(Adlt+Aran) 2,

24 = {nzlpnra2y s, .
24 BI12=0 .0 v “

244 . , T AQmAC/D, .

24 . AI=AD/ 2. .

24 FCOl2=0,.,1443-0, 3d0/TQ1£ Q. 1455/(TR14** J=0 0121 /7(TRL2%%3)~0400.u23
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S~ . .
g ] #/(TQ[R*#%) { j "
a5 C"0.06J7+0.)31/(*914**41—0.4£J/ TR 12#*4)—0.03&/(T31a**a)
251 CALR=AAMR/(TH1a%%G) =32 12/ (TR 1A%}
292 IFWle"IF‘12+AJ T‘1‘+A1*(1./TJ1;—1. ')A (DEXP{AZZTRIZ))
253 TOTL1E=FCY 1 3+Wiy 1 2f-2MeFCML & - )
294 BL2=xTCI2=TAOTLLI2/02C12
255 DELz=2sill=gl-32
\_ 256 DIIMT A e Tyl 232,012 080 ; ;
' 257 * FUAra {1 yhAkoF [daodsiirdus ) ’ i
nay PIETUYN '
- . UMD : . . .
I gk gk sl R dok pdok i b ol sk kR Rk kAR R E R R kR kR e R AR A sk ke kT Ly
o ‘ . !
C CALCULATICN OF THY SCDLISH-KISTER CONSTANTS«Bd 00 CC - '
(o . .
C '¢r+w¢# e I I e R S I T TR E S L]
204 S BUHEGUT INE CALS3COIMJIs A1 +¥Y L+ CAMALL, CAMAL2,38,CC0D)
2¢1 [MRPLICLIT RIEALEZ{A=H»DN=L)
2He DIUTNTTN A(3.n )-&l(30)-th(jo).?3(du)'Xl(JO)-Yl(JU) CAd»Ll(J ).
FCAMAL 2 00) o % (. 0)vK(3’
26 3 LA(Lle1)=0.000 .
204 A(1,2)=0.000 . .
£65 A(]l 2,3)=0.000 » v -
TC G G{1+3)=0,000 :
267 A(P.2)=0.0230
2ok A(20,2)=040. .
RERY] A(244)=0e0
272 A(34+.3)=940¢
271 A(J;-’l)?x)-'\)
272 i} 20 I=1, . . ;
273 ) =CAR AL INT)=CA4SL201T) : :
P A;(1)=1.—x$xgtl) j .
a2rs ZJ(I)=(U.£}JJL)*(1.—XLIl)))"l.
275 Z3(T)=(1aT2eX (1))l o—0% X1 ([}*{Le~XL(1)})
277 Allsad=a{l« )+ 21 (T)nR (1)
278 AMEvd)=a(Lea) L2 0L) %0020 01)
27 3 Alsse)=2(Ssa)+Z8 ()0 (]) . \
. 220 ALy )y=A{ 1) rZL0L)%220(01)
281 AULa)=201 L2+ (132220 1) _
aaa NP EI I N D E I e
283 A(222)=0(202)+22(01)%2201)
284 A(2+931= (20 3)+ 2201 )L3(])
285 A(3.3)=a(3 .30 423 (15200 1)
2id 20 CUNTINUE ~ )
En7 A(241)=3(1,2) .
28k Aldsl)=A0143) .
2na Al 2)=r(2,3) : -
<G D) Al K=2,05 .
291 D3 40 M=K, 3
aan 00D 40 J=K,a
293 80} A(M'J)=J(N.J)-A(N.k—l)*A(&—I-J)/A(K-I'K -1) »
264 X03)=A00,4)7A0043) R
498 20 B0 K=2,43 et TR
230 J=4-K ) . N .
2737 N L=J+1 :
23 X(J)I=0.000
209 DO A1 M=L,.3
300 31 X(JY=X(IYeALS M) RA(1) *
301 30 X(JI=(A{JI8)=X{J))/Z7a( I, J)
_ . ]
A%
r
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i
30¢ Ba=x(1) :
303 TCEX{R) . ' !
304 - Wd=X{ 1) :
ans PRENT 1 . :
306 It FORMAT{ 1 ,*CONSTANT IN R-K FOU.') 4
07 PRIMT lﬁ!"L‘vCCIDD ! i
T 12 FURMAT{IXs oF 30 et ) ;
392 DTTURM ;
TS , 2D ] . !

- R R Y g L A L L L **###*****##A**##*t#***$#+-:-‘
(ﬁ L]
~ CALCULAT INI3 GOF Vawpdw CoyPISITIONS
’ bt AMY TOTAL RLESSUNES Y MOANS OF
C NEATON=FEARISUM iTHIG OF ITERATLOM
-~ . !
< LR R 3 ok R T R Lk Rkl 3 e ol X B R e ke B T h o ok A ke R R R Rk Xk X 3 X X LI
311 SURECUTINZE CALPY (PN, VI Vs POLPPZ3PTeX 1o Y1 DEL B 14 B2,TCAMACT,
‘ *cAMAfa.Cvl.CPT) * .
Ji2 TRELICTT dRALS (A= |.u-z)
3i3 DI ME NS [0 v*(i)) X1{sL)aY1{30),CA IAFI(JO)-gn1AC41JU)'ZXl{JOJ-
BCYLL30) 1 CPT LU 9 Z40AC L (30 9 ZAMACZCEC) 9w DECY L (BU) v LECPT(50)
314 D=8 057
G E o ST e b .
T sall =% ) ' .o,
217 ZAMACI(IY=CAMACI(])
318 CZAMACL T I=CANMAC2(T)
315 Cryi(i)=vyl(1) .
320 COT(II=PT{I)
3a1 D) 2.3 J=1 .50 ‘ ' . . .
Jaf_" IED | IT(((‘ TOL)=PPL)F(BLI=VIII/Z(RETIH(CPTLL)SDEL{ (Le~CYL{1) )&%}/
TR
323 3rl-dhxﬁfill]] _
324 L=SF1=2A0ACLUI )V #2X1L0)#PP1/(0Y LI }%CPTL)) :
J2¢C SF-’i’.l=((C¥'T. (1)=PP2) e (Q2=v2) )/ (TR ) (CPTI1 ) #0EL2LCYLI(] )%%x2) )/ (T=2)
KRS CSF 2EORXRP{SF21) :
327 FemSlre—2AMACalTl Y40 a=2X1 00 ) )*pPP2/{(1e=CY1( H)*CPTH 1)
aca FRLm=2%00" (1500 L (1o =CYL{ i) )4SFLI/7(FRT)+ZAMACL (] )#zx1(l)$PP1/
B{(CYI(L)2£2)2CPT (1)) . '
3rc Erpon {3 —~WIAae 1 /0 & T ) $78 44 C (T2 (L3RR ((C AT} LH2IACYILL )
350 S1FRCY LUL)SCATUIIRDCLALE I/ (RET)=LAMAZ2CLI R (1 =2X1 (1)) %PP2Y :
2 (Le=CYL(H))2u2)3CRT(1)) , ;
331 GRm (D2=VA) HSF2/ (TEA)+ZAMAC2( 1) 8 (1. —2ZX ] {piwh ) ¥PP2/ ((CFT (1) $%2) % ;
: N L,-CYL(1))) : .. :
232 COMVIN=FTLl#CA-FF2%G1 |
353 Nz 524 FFEL24Fe - ’
354 S=-Fr2%FFLEGLEF L !
335 BCYLL J)=U/C TN et
REY?) DU THETL L) =S /000N i
337 IF{DADNS(FL )oL.fT.t\.)§00000U10A'\J0')Aﬂstf'{”cL';no-U\JOOUOI} G TO P *
338 IE(1.2Q652) G YC 707 /
3243 DEAXI=CYL{1l)%0.2 ‘ ~
340 VEMAXSTCPT(IY #0.2 - \ : ,
Jal IFCIARS{DICYI(J) ) e 3T JDLMAKL) DCCYI( 1=Dol N(DL«AXl.ukc Jn
34, TF(DAGS(LECRPTIU ) JaaT qubbMANL ) DECPT )'-"-L'J TG luEMAKL yo I J)) !
Ja;; CYl=Ccyi tI1y+7 Syl { gy - : i
34 4 CRTIIISCETLLI+01LCATL)
345 GO T 23 ‘ i
3a¢6 707 PRINT ©£95 . ‘ s \ ¥
3a7 DU FUOIMATO'0 P LTLRATION NL IS OUT CF RANGE') - |
o
gy
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54 7 o3 COaRTING= @
I43 22 CUMTINUG
350 DETYSN . )
351 ENDY . . T ) ‘
z Bk dkk R R s R R R R L E i R T P A
- . i
z THE CALQUL=TICY LF AZGT-LRIC ZLU2051TIGH AND Frlssuve
- C ‘ B
- fal AR EREE R E R R R s R T ERF e & ~v¢~#x¢$*¢¢=4¢$¢q:&:#*$*###t*fﬁ“??????ﬁ?::
352 SUi=S0GUT ML C‘L7A1’(V1'V;_|f""l F’F’P'a'\’}\ PaRy03 LlHll-..dil:.'d.CC'.)D.
*YYACL2C4). B
353 IMPLICIT REAL&KA(A=tiyu=r) .
3049 DIMENSICN Y ACL (soy.v:;e(va).c«uLgltvuJ.c:nLAztGOJ.CAMAthyoi.
SCAMALA(0) S PAC CU30)s JEYLI1(90),IEPLC( 20) .
363 2232.057 {
356 UG 25 =[50 : —
357 IF(1.EQ«1) FAC(1)=024 .
258 IF(IeEQLL) YACL(1)=vA . .
5% YAanz2(I)=1s—~YAC1(I} . . :
CA%LAI(I)=(YACQ(I)*#ZJ#(hﬁ+CC#(3.#YACltl)—YACZ(I))+Dd*(YkC1(I)—
*YAT2(1) I *( S5a%¥ACI(I)~vaCz(1))) _ :
CAMLAZLT)=(YACL (1) 4 %2 )n(LL+CCE(YACILI =S 3YAC2( 1) I 4DOR(YACL(I )=
FYAC2CI) ) HRCYACI( I } =S % Y22201)))
; CEAFLI( I =S IORRCANMCIT T )
: CAAL2(T)=10%%CANMLAZ () y
T $F11=((DAC(I)—PPI)*(JI—VI))/(er)r(PAC(1)*D=L*((1.—YACl(l))**z)l
. F(TnC)
325 SFE1=OEXA(SF11)
3G e FISSEL=CAAA L (L) Sy L (LI )%PPL/(YSCL(E)4PaC( 1))
as7 SE21=((PACC1)-PP2) ¥ (2L-v2) )/ (T# =)+ (PACC L) ®OELT (YACE( L) %%¥2) )/
P TET)
355 SFR2=OERP(SF 21
3 FRESFa=CAMALL () 0l a=YaZI( 1) )*EPEA((1oe~YACL(L) )AFAC(I) )
3Ty FRI==223AC (1) #0LL#(Le=YACLUI))2AFL/ (TP ) +CAMALLC I)RYALL(L) %PP Ly
FOOYACL(I)®%2)6220(1)) . : _
FPEIZ(A1 VL }ESE T /{TH7) +C2ALL (L) RYSCLO T *PR L/ C(BAC{T) %52 )% YACL (1)
Gl=2*YLCl(I)*chﬁl)*D&;MSFE!(’#T)-CAdgAE(I)*(l.-YAC 1{1))+pPP2/s
L e=YACL (1)) 2%2)%PACIL)) -
Ga=(H2-Va)*SF¢/(T*UJ+CAJALE{l}‘(1.-Y€€1(I))*DPE/((FAG(IJ**Z)*(lm
EYACI(1) 1)
CORINSFFLE GiE=FF 2351
Q=—F 1 %324FF %K 2 .
SE—FR2&FE 1+ GL%F 1 .
4 DCEYACL{ [)=C/CUL TN
37¢E DERPAC(II=S/ZCULOIN .
376 IF(SARS{F1Y «liala uooo)ul.ﬂnJ.Qigs(le.LE.o.oouuoox) G3 T3 22
380 r&(r.Eu.agb(cf TC 30 . - : :
351 DEMAXI=YAL 1 (11%0.001
332 DEMAX2=AC ([) %9001 o \S\\_/
383 IF(DASS(UEYACI (1)} JaT e ¥aAX1) uEYACl{i::uSIGN(LEJHxl.OFVA 1(1))r
3n4 2 IF(UASS(DEPACIL) )aGT o sl ¥aAX2) USRAI(I)=05IGN(OENAXSE yDEPAC(L ) ) 2
3ss YACL(I+1)=YACLI(I)+OLY3T1(]) i
338 PACCI+1)=PACLI)+DEPAC(! ) ' !
387 PrLA=PAC(I+1)%760, .
3Rz YYACL=YAC L (T+1) 1, :
359 2L CONTINUS b ¢
350 22 PRINT 27 T
331 27 FOPMAT( Y0 42X 4 VAZEUTE P IC CLMPCSITICN Amu “'LbbbFE') ’
3a2 S%INT aﬁ.T.scm.Yth1 » i
!
i
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B VALUES OF POLAR COMPOUNDS AVAILABLE
IN THE LITERATURE : ' e
\ . ‘., .

T K B cm’mol™? T K B cm’mol”!?

DIMETHYL ETHER(33) (36)v METHYI, ETHYL KETONE‘(33)
273.16 -613. 314.61 -1968.
283.25 =53], 338.69 ~1589.
294,16 2499, 352.54 -1362.

. 298.16 ° -446. . 362.58 - -1228.
303.15 -457. _ 370.57 -1130.
313.16 -421. / ‘

S METHYL N-PROPYL KETONE
ETHYL ETHER ). , : -
334.87 -2635.
. 360.56 -1760.
293710 ~1386. 375.33 ~1540.
295.20 Mo26. 386.04 -1377.
298.16 -1165. 394.57 -1280.
300.00 -1160. | - . -
308.20 -1084. ° ' .
313.16 -1046. - METHYL ISOPROPYL KETONE(34)
313.20 . =1107. - . . :
320.00 & -940. : ,
320.00 _ -907. - 367.48 . -1408.°

1323.20 - -950. - 346.22 - -1702.
323.26 -955, . 327.69 :
328.16 -900. " "

336.20 ° ~794, 34)
336.80 -806. . DIETHYL KETONE
339.16 -790. )

340.00 -880. T
343,16 ~768, . . "375.11
348.16 - -770. 353.70

350.40° -713. 335.01




254,20
279.62
305.04
330.46
355.88
381.30
406,72
432.14
457.56
482,98
508.40
559.24
610.08
, 660,92
711.76

-~

ETHYL FORMATE

T K B cm®mol~—!
- 351.00 -714.
358.16 -720.
358.16 -682.
360.00 -660.
368.16 ~630.
380.00 -570.
382.30 -564.
400.00 - ~-490,
405.20 -480.
ACETONE ' 33?
300.00 ~ -2000. -
310.00 ~1730. //’hﬁ\
320,00 =1520. -
330.00 ¢ -1350,
340.00 .+ =1200.
350.00 ~1080.
360.00 -960.
(35) -

-2690.
-1800.
-1310.
-1000.
-798.
-654.
-548.
~465.
-401.
-349.
-306.
-239.

. '=190.+ .

-152.
-1230

BV

TK . B cm’mol-!?
ACETALDEHYDE(?B)
288,20 -1461.
293.20 -1295..
297.90 - -1234,

298.20 -1206. -
303.20 -1125.
308.20 ' -1050.
313.16 -944,
313.20 -959,
333.16 -765.
345.20 ~770.
353.26 -633,
372,90 ~530.
373.66 ~533.
381.20 . =550,
438.20 ~320,
476.20 -260.,
ETHYL ACETATE ‘3>
261.60 -3800: «
287.76 ~2530.
313.92 -1820.
340.08 -1380.
366.24 -1100.
392.40 -894.
418.56 -746.
444,72 -633.
470.88 -544,
497.04 -473.
523.20 -414.
575.52 ~324.
627.84 -258.
680.16 -207.
732.48 -168.
837.12 ~110.
941.76 -69.

Coma. . o

CLSTIW UL A S U

A




a

¥4

T K

¢ 813.44
915.12 .
1016.80
1271.00
1525.20
1779.40
2033.60

-2542.Q0 ,

"’N—PROPYL?EDRMATE

i

269.00
295.90
322.80
. 349.70

] 376.60

403.50
A30.40
457.30
484.20
511.10-
538.00
591.80
645.60
699.40
753.20

860.80

- 968.40
1076.00
1345.00
1614.00
1883.00
2152.00
2690.00

METHYL ACETATE

S

-

- 253,40
278.74
304,08 "°

-,

B cm®mol-!

~79.
-48.
~26 ..
11.
33.
47,
57.
70.

(35) -

-3280.
-2210.
-1610. ,
~1240.
-985,
-807.
-675. -
-573,
-493.
-428,
-335.
=292,

. -231.

L)

’”

: } -29.

| -185.
. -148.
| -94.

|\ -56.

16.
l 43,
" 60, -
73.

89.

(35)
-3190.

-3550.

122

-

Y

-1620.

T K B cm®mol—!?
1046.40 -40. ~
1308.00 8.
1569.60 37.
1831.20 ., 55.
2092.80 ¢ 68. ,
2616.00 - 85.
e’ . rd
N-PROPYL AcETATE ')
. [«
274.70 -4500.
302.17 ~3000.
329.64 -2170. ,
357.11 -1650.
384.58 ~1300.
412.05 -1060.
439.52 -880.
- 466.99 ~¥50.
494,46 -640.
521.93 . ~550.
549.40 . -480.
604 .34 .-380. -\
. 659.28 -300. '
714.22 . -240.
769.16 ~190.
879.04 9 =120,
. 988.92 -74. .
© 1098.80 -40, \ a
1373.50 16. ”L
1648.20 49.
1922.90 71,
2197.60 -86. ,
2747.00 110.
N-BUTYL ACETATE ' 3>
289.50 -5900. -
318.45 *.  =3900.°
347.40 -2750.
376.35 ~ -2060.
~.405.30




*

T.K B cm’mol™! T K B cm’mol~!

. : - o
329.42 ~1190. 434.25 ~1310.
354.76 -949. 463.20 -1080. -
380.10 -779, 492.15 T -910.. .
405,44 -654. 521.10 . ° -770.
430.78 -559, 550.05 ., -670.
456,12 -484. 579.00 -580.-
481.46 - -423. 636.90 -450.
506.80 . =373, 694.80 ' -350.
557.48 =295, 752.70 -280.
608.16 -239. 810,60 -220. - .
658.84 . ~195. 92640 -zgo.
709.52 ~161. 1042.20 -86. .
810.88 . —%Tna.u 1158.80 -45, -
912.24 ™. 75, - 1447.50 21, .,

- 1013.60 . =49, 1737.00 60.
1267.00 L7, 2026 .50 " BS.
1520.40 18, 2316.00 102.
1773.80 35. 2895, 00 130.
2027.20 47, ~ )
2534.00 62.

2 sraanor 33) (38)
- -t
| METHYL PROPANOATE'3>] :
. 313.16 7/ = -2134.

_ 333.16 -1285.
265.30 +* =3530. 353.15 -941,
291.83 -2420. 535.16 -938. .
318.36 . -1780. 373.15 ,  -687.
344.89 ©-1380. 393.16 -598.
371.42 -1110. : .

397.95 -913. | (33}

424.48 -768. , N-PROPANOL

451.01 " ~656. : :

477.54 ~568. N7

504.07 -496. 378.20 -890.

530.60 -437. 393.20 -763.

583.66 ~34%. 408.20 _ =655.

636.72 . -p78. .-423.20 °°  -596.

689.78 - =226.- [ i .
' 742.84 -185. . oL p (33)\*\\\\’ '
848.96 -125. ESO-PROPANOL *~/ . -
955,08 -83. .

1061.20 -52. S .
1326.50 -2, 333.1 -1609.

© 1591.80 28. ' 353.16 -1137.

- U



! T K

1857.10
2122.40

p) 2653.00

ETHYL. PROPANOATE':

273.00
300.30
327.60
354.90

. 382.20
Lttt 409,50
. 436.80

464.10
©491.40
- 518.70
© 546,00
600.60
655.20
"709.80
764.40
873.60
.982.80
1092.00
1365.00
1638.00
1911.00
2184.00
2730.00

B cm’mol~!

~

48.
62.
80.°

i (35)

-4300.
-2900.
-2200.
~1650.
-1370.

—1080.

-900.
~770.
~660.
-570.
-500.
-390.
-310.
-250. .
-210.
-130.
-86. X
-50,

8.
43.
65.

¢ 8l.

102..

wermanor, (33) (38) (39)

© 298.15
313.60
323.15
333.16
348.15
353,16
373.15
373.15

-2075.
-1463.
-1185, . -

-926.

~737.

-701.

-542.

-535.

T K B cm3mol~!
- 373.16 -870.
373.16 ~874.
373.16 -890.
393.16 -721.
423,16 ~557.
ﬁzd.ls -558.
48.16 -459.
448.16 -454,
473.16 -387.
473.16 =390.
N—BUTANOL}BB)
350.00 -1670.
*380.00 L ~1220.
393220 -1053.
408.20 -903.
423.20 -773.
439.20 -624.
~ 2-puranor 3
378.20 -1131.
393.20 ~969.
408.20 -831.
423.20 -692.
s . (33)

TERT-BUTANOL

378.20
393.20
1408.20
7423.20

-935. .
-810.
-660. -
-540.

* -



A \' LA

T K

.+ 393.1¢
398.15

423.15

423.15

473%15

. 498,15

' 523,15
573.15

-~

e+ PP et e o o e

B _cm’mol=!

~433.
-413.
-320.

- =321.

-219.
-181.
-156.
-113.
AN

125

W
T K " B cmimol-!
ISO—BUTANOL(33)\
393.20 1039,
408.20 '—~904.
423.20 -789.
439.20 -631,
~
“
L}





