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SUMMARY

A total pressure apparatus has been developed to measure vapour-liquid equilibrium data on
binary mixtures at atmospheric and sub-atmospheric pressures. The method gives
isothermal data which can be obtained rapidly. Only measurements of total pressure are
made as a direct function of composition of synthetic liquid phase composition, the vapour
phase composition being deduced through the Gibbs-Duhem relationship. The need to
analyse either of the phases is eliminated. As such the errors introduced by sampling and
analysis are removed.

The essential requirements are that the pure components be degassed completely since any
deficiency in degassing would introduce errors into the measured pressures. A similarly
essential requirement was that the central apparatus would have to be absolutely leak-tight
as any leakage of air either in or out of the apparatus would introduce erroneous pressure
readings.

The apparatus was commissioned by measuring the saturated vapour pressures of both
degassed water and ethanol as a function of temperature. The pressure-temperature data on
degassed water measured were directly compared with data in the literature, with good
agreement. Similarly the pressure-temperature data were measured for ethanol, methanol
and cyclohexane and where possible a direct comparison made with the literature data .

Good agreement between the pure component data of this work and those available in the
literature demonstrates firstly that a satisfactory degassing procedure has been achieved and
that secondly the measurements of pressure-temperature are consistent for any one
component; since this is true for a number of components, the measurements of both
temperature and pressure are both self-consistent and of sufficient accuracy, with an
observed compatibility between the precision/accuracy of the separate means of measuring
pressure and temperature.

The liquid mixtures studied were of ethanol-water, methanol-water and ethanol-
cyclohexane. The total pressure was measured as the composition inside the equilibrium
cell was varied at a set temperature. This gave P-T-x data sets for each mixture at a range
of temperatures. A standard fitting-package from the literature was used to reduce the raw
data to yield y-values to complete the x-y-P-T data sets. A consistency test could not be
applied to the P-T-x data set as no y-values were obtained during the experimental
measurements. In general satisfactory agreement was found between the data of this work
and those available in the literature. For some runs discrepancies were observed, and
further work recommended to eliminate the problems identified.

Key words: Atmospheric Pressure, Experimental Determination, Isothermal, Saturated
Vapour Pressure, Sub-Atmospheric Pressure, Total Pressure, Vapour-
Liquid Equilibrium, .
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Chapter 1: Introduction

The need for accurate vapour-liquid equilibrium data for use in the design of separation
equipment for the process industry cannot be overestimated. Despite the existence of
extensive collections of vapour-liquid equilibrium data, such as the vapour-liquid
equilibrium data collection of Gmehling and Onken (1982 and continues) there is still a
need to obtain accurate vapour-liquid equilibrium data. In particular, much of the existing
data has been obtained on equipment of questionable performance. Typically data have
been obtained from the use of circulation stills in which after a certain period of
equilibration the vapour phase and the liquid phase are sampled and then analysed, a
procedure that introduces random and systematic errors; consequently the final results do
not represent the true compositions of the equilibrium phases. In the light of this, the
attention of experimentalists has been focussed on finding methods which would avoid
the use of sampling and analysis. Typical of such methods is that developed by Gibbs
and Van Ness (1972) based on the measurement of total vapour pressure exerted by the

mixture inside an equilibrium cell as the composition was varied.

In this department Smith (1975) had developed a total pressure apparatus based on that of
Jenkins (1963) to measure vapour-liquid equilibrium data for binary mixtures. His
apparatus used ordinary glass burettes as dispensing devices and a home-made pressure
transducer. In his recommendations Smith suggested that improvements could be made
in the design of equilibrium cell, in that of the degassing unit, in that of the systems for
the dispensing and storage of pure component, of the pressure measurement system and
of the vacuum system. Further work was carried out by O'Donnell but not reported by
him (Jenkins, 1991). It was with these objectives in mind that this work was undertaken.
In this research programme emphasis was placed on developing an experimental
technique to measure total vapour pressure inside a cell as a direct function of the liquid
phase composition at a set temperature. The PTx data so obtained were then reduced to

determine the values of the vapour phase composition, y. A data reduction program,
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developed by Gibson-Robinson (1975) and O'Donnell (1980) and further modified by

Jenkins (1991), was used to deduce the y values.

An important aspect of the total pressure method is that small pressure changes may be
involved and therefore the system for measurement and control of pressure would need to
be of high sensitivity and reproducibility. A system was developed to both measure and
control the pressure exerted inside the cell. For the measurement a pressure transducer
was used as a null device, its sensitivity matches that of the control system. The
balancing pressure could in the event be controlled and measured to a precision of +

0.00001 bar and an accuracy of +0.0001 bar.

An essential pre-requisite of any total pressure method is that the pure components must
be free from any dissolved air as the vapour pressure is measured as a direct function of
composition and any dissolved air in the liquid would give a false reading. Similarly it

was vital to ensure that the central apparatus was completely leak-tight.

Temperature measurements were carried out using a Guildline platinum resistance

thermometer and temperature was controlled to £0.001 K.

The apparatus designed and developed in this work was commissioned initially by
investigating ethanol-water mixtures. This system was chosen because a large body of
data was already available from the work by Larkin and Pemberton (1976) at the National
Physical Laboratory (NPL). On establishing the integrity of the apparatus work was

done on two further binaries, namely, methanol-water and cyclohexane-ethanol.

The apparatus developed is suitable for measuring vapour-liquid equilibrium data on
binary mixtures at isothermal conditions. The measurements could be made at a
maximum temperature of 70°C. The method gives total pressure-liquid composition
measurements and the equilibrium vapour compositions are deduced from these data via a
suitable model for activity coefficients. Several methods are available (Barker 1953,
Chn’stian 1960, Redlich and Kister 1948). In general, these methods involve evaluations

of either the constants of equations representing the liquid activity coefficients as a
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function of composition or equilibrium vapour compositions directly by means of a step-
wise integration procedure. All methods involve, however, the use of either integrated

form of the Gibbs-Duhem equation or direct integration of the equation itself.

In this work the Barker method has been used, it is based on the use of a suitable

expression relating excess Gibbs functions to composition.

The procedure is to seek through regression a set of values for the parameters in the
correlating expression for the Gibbs function that minimises the sum of squares of the
differences between experimental values for P and the corresponding values calculated
from the expression used. An optimisation routine is used to minimise the error in the
pressures by seeking the optimal parameter set. The final values of the parameter permit

accurate values of the y; to be calculated.



Chapter 2: Theoretical Background

2.1 Introduction

The first and second laws of thermodynamics are the fundamental relationships used to
derive further expressions which relate the concentrations of a given component in each
phase of an equilibrium vapour-liquid mixture. These expressions are used to correlate
and test experimental data for thermodynamic consistency as well as extrapolating data to
new conditions. They also provide a basis for both theoretical and semi-empirical

prediction methods for vapour-liquid equilibrium data from a minimum of information.

2.2 Criteria for equilibrium

Equilibrium implies a situation in which there is no macroscopic change with respect to
time. In thermodynamics where attention is focussed upon a particular quantity of
material, there must not be a change in the properties of the material with time.
Equilibrium requires a balance of all potentials capable of causing a change. In other
words the necessary and sufficient condition of equilibrium in a closed system with n
different components at temperature T, and pressure P is that the Gibbs energy G for a

mixture is at a minimum.
The first law of thermodynamics states that:

dU = g+ w - 21

where dU is the infinitesimal increase in internal energy linked with an infinitesimal
amount of work w done on the system and the heat added being the infinitesimal amount

q. The second law may be expressed as,

.0
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for the system and its surrounding for a reversible (i.e., equilibrium) process.

Combining First and Second Laws gives the expression:
dU = TdS - PdV

ie. dU - TdS + PdV = 0 23

Equation (2.3) implies that the system is characterised by the two independent variables
or degrees of freedom S and V where S is the entropy and V is volume. In order to
reformulate the expression with P and T as the independent variables, the Gibbs free

energy G is defined as:

G':H-TS 24

where H is the enthalpy, given by the expression,

H=U+PV 2.5

and therefore,

G =U+PV-TS - 256
Differentiating at dT = 0, dP = 0, for a system at equilibrium gives:
dG = dU + PdV - TdS _ 27

Comparing equation (2.7) with equation (2.3) shows that at equilibrium dGrp =10

Differentiating equation (2.6) gives:

dG = dU + PdV + VdP - TdS - SdT -~ 27a

Substitution with equation (2.3) gives:

dG = VdP - SdT oy

for a closed system.
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If we now open the system, we introduce another set of variables, the mole number of

each component present, thus

G = f(P,T,ni, n; )

- 29
After partial differentiation we get
0 = (), @ () oS
T'ni Pvni 1 P,T,nj _ 210
Comparing equation (2.10) with equation (2.8) we recognise that:
BG)
=V
(W Ton; - 211
BG)
e = -8
(BT P.n; - 212
We now define W, the chemical potential of the i th species by,
= (a_G)
1 aT P,T,%nj (l ;t.]) - 213
Thus, for a system of variable composition we get:
dG = VdP-SdT+§:‘pidni o4

If we consider two phases A and B which represent two systems in contact, at thermal
and mechanical equilibrium (PA = PB and TA = TB) and let n; moles of component j

transfer from A to B, then for phase A and phase B we get the following:
A
dGp = ("l5“il) - 2.15
B
dGp = K (+l5“i“ - 216

Overall we have,
dG = dGA+ dGB = 0 - 217
A B
By [on) + wy (+fon) = o - 218
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and rearranging,

- )
l&‘il Hi -Hi) =0 - 219

now & n; has a finite value, hence

Hi = W 2.20

Le., the chemical potential of a species i in phase A and B at equilibrium is the same.

To be of practical use, the chemical potential must be transformed from its abstract form

into one dependent on pressure, temperature and the phase concentrations.

To do this Lewis (1901) defined fugacity as:

o

f;
H; = H; + RTln—

o

f; - 221
rewriting:
o o]
Hi-H; = RTInf; - RTInf, - 222
Equation (2.22) illustrates that as lon g as
o o
u’i b R T 1n fi _ 223

we can use any standard state we like. The f; value can be determined by using any of the
following equivalent expressions. The fugacity coefficient ¢; is defined as the ratio fy/P;
and it goes to one as P goes to zero.
f.
¢; = p—l
i - 224
P' —_—
f. V. 1
In |- = (—'— - —) dp
(P-)P = p RT P
0 - 225

where,

16



- _ [V
Vi - (—aFi)PTn

Other equivalent forms of equation (2.25) are available in the literature.

The partial differential term suggests that equations of state could be used to determine
fugacity values for gases and liquids both for pure substances and for mixtures, from

experimental data.

For liquids at low pressures it is usual to use an alternative approach. Equation (2.21) is

replaced by,

Hi = H; + RTlng - 226

with a; the activity of component i, and W;* is the chemical potential for pure liquid.

i = xiY - 227

Hi=H; + RTInx;y - 2728

The actual experimental data can be reduced to give the activity coefficients and these can

then be expressed as functions of concentrations. Using this alternative approach;

fiL _ flv
*L \
Yixifi = f - 229
Substituting,
fi' = ¢;yiP - 230
and therefore:
*L
Yixifi = ¢;y;P - 231

But the standard states for the two phases are not the same and so the value of f;*L has to
be established with respect to the standard state of the vapour phase. We chose the

vapour standard state to be the one more commonly used, i.e. that at which the fugacity

17



of the pure component is one atmosphere. We can relate f;*L (pure / at T and P of

mixture) to f;0¥( where f;0V =1.0) in two steps.

Writing the relationship for pure saturated vapour i in equilibrium with pure saturated

liquid i at the temperature of the mixture, we have:

L
filr el = fiV(T, P = O, Pf”)Pi&ll - 232
£,
'Yixiq)i(T‘pf‘)Pisa[ IL(T P) - ¢1(T Pis.)ylP
filre¥) - 2.33
Now,
RTInf; = V.dP
Hence,
RTdlnf" = v.'ap
£ '
1 T, P) ] L
In T RTJ&V’ dpP
fifn e P, - 234

vil, the specific volume of the pure liquid i is often regarded as being independent of

pressure, hence,

L
V.

—1~—(P - Pisal)) - Cf)i(T, l,}y,-P

Yixi¢i(1~' pi&)PiS‘“exp

—J

- 235

(Note that since Prausnitz er al (1980)uses a standard state of zero pressure for the liquid

phase, the exponential term becomes,
L P
exXp Vi ﬁ )

Often this term is neglected since for pressures below about ten atmospheres it is

negligible.

Equation (2.35) can be simplified. At pressures close to one atmosphere (and perhaps up

18



to five atmospheres) the fugacity coefficients cancel out and, neglecting the pressure term,

we have:

Sat
Y% P7Y = y,P - 236

If we define the relative volatility ratio by,

ioxy; - 237

Sat
Y P; - 238

The relative volatility is not as strong a function of concentration as the equilibrium ratio.

Similarly, the equilibrium ratio can be expressed rigorously as

L
Sat AVA
Sat Sat
Y, x;¢; P, exp(R'T(P - P, ))

1 ¢iP

- 239

Expressing the equilibrium ratio in this way brings out the possibility of predicting the
equilibrium data on right hand side only ¢; and ; are functions of composition. Note that

for the equation of state approach the equilibrium ratio is given by:

<

9;
Ki = _L
9 - 240
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2.3 The Gibbs-Duhem Equation
Combining equations (2.7a ) and (2.14) gives:
dU = TdS - PdV = Y dn,
i

- 24]la

Integrating equation (2.15) from a state of zero mass to infinite mass at constant
composition gives:
U=TS - PV + dnp,
i - 241b
Differentiating equation (2.41b) and comparing with equation (2.15) gives:
SdT - VdP + Yn.du, = 0
i

- 242

Equation (2.42) is the Gibbs-Duhem equation and is sometimes used in its restricted form

Znidpi = 0

- 243

Two further useful thermodynamic relationships which are used to evaluate the two left

hand terms of equation (2.42) are

“i) L
a(T P n; Hi
oT -T2
T - 2.44
OLL. _
—iTnj = —Vi
and, dP . 245

where H; and V. are the partial molar enthalpy and partial molar volume of component i in

the mixture.
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2.4 Models for the Vapour Phase
The vapour phase is represented by two types of models, the indirect and the direct

model.

2.4.1 Indirect model

The indirect model has already been encountered through the definition of fugacity by,

and on defining a standard state for the vapour phase this becomes:
0 fi
H; — L ; = RTdlIn —
fi - 222

(o] (o] . . .
where f; and y; are the fugacity and chemical potential of the reference state, usually

defined as 1 standard atmosphere. Also,

f;
I; — 1 as Pi - 0
Equation (2.22a) is usually written as

*

L, = K, + RTInf; . 246

The indirect models are of direct use in transforming the abstract chemical potential of the
vapour phase into the more meaningful fugacity of the vapour phase. In the case of a
single ideal gas, equation (2.46) becomes

*

ui = ui + RTInP

2.4.2 Direct models
The direct vapour phase models are the equations of state which are used in the
calculation of vapour phase fugacity coefficients. The first of these is the ideal gas law

(PV = nRT) whose only use is as a starting point. The earliest real gas equation is due
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to van der Waals who introduced two terms to allow for the attractive forces between

molecules and the volume of the molecules themselves:

\%

(P+—a—2)(v-b) = RT

for one mole of gas.

Many variations on equation (2.48) have been proposed but by far the most successful
using two adjustable constants is that due to Redlich and Kwong (1949).

_ RT a
P_v-b_

T v (v + b) 249

As with van der Waals equation a and b can be related to the critical temperature T and

the critical pressure P, by

where Q, and Qy, are proportionality constants

Equation (2.49) combines simplicity with reasonable accuracy. Since it is a cubic

equation it can be solved analytically rather than by trial and error.

Many modifications have been made to the Redlich-Kwong equation to improve its
performance. The improvements include making the constants a and b function of
temperature and relaxing the nature of the proportionality constants, and then fitting the
equation to available data. These modifications have been successful and have produced

very good fits to experimental PVT data (Prausnitz, 1969)

Another approach is that of the virial equation which uses the exact relationship between
the virial coefficients and the intermolecular potential describing the forces between

molecules. The equation 1s:

Z = = 1+

Pv B,Cc,D,
RT v 2 3
A% A%




where B, C and D are the second, third and fourth virial coefficients respectively and are
for pure components, each functions of temperature only. As there is a theoretical
relation between them and the intermolecular potential it 1s possible to extend the use of
the equation to gas mixtures and for these the virial coefficients depend on the

composition in an exact and particularly simple manner. The equation is often truncated

after the third term and then;
B =tm [Z], C=lm 1|32
pP=0 |3plr p—0 2
g 9 | - 252

where p = %

Equation (2.51) can be expressed in the alternative pressure form,

Z =1+BP+C'P - 253

Coefficients B and C can be obtained from PVT data for low pressures along an isotherm
and use to predict the PVT data along the same isotherm at high pressures (Pitzer and
Curl, 1955, 1957). This form is good up to half the critical density. Experimental
methods and theory do not yet permit D and higher coefficients to be measured accurately
or predicted, and this prevents the equation being applied to higher densities. The
physical significance of the second virial coefficient B is that it takes into account
deviations from ideality which result from collision or interactions that involve two
molecules. The third deals with three molecule effects and so on. Since third virial

coefficients are scarce and fourth virial coefficients are rarely available, the virial equation

is often used in a truncated form:

RT . 254

Vapour-liquid equilibrium data at moderate pressures are not very sensitive 10 vapour
phase fugacity coefficients and virial coefficients of limited accuracy introduce little error
into phase equilibrium calculation, while their use is better than the assumptions of ideal

behaviour. Virial coefficients in a mixture are calculated using the relationship:

S
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Beattie (1949) developed an expression which can be used to obtain fugacity coefficient,

1 oP RT
1 A - - -
n q)] RT [(anl T,v.nj v ]dv InZ

v - 2.56

This is a version of equation (2.25) and equation (2.56) needs the substitution of a
suitable equation of state to be of practical use, for example using the truncated virial
equation we have

n

2
Ino;, = ;ZYiBij - InZ

2.5 The Liquid Phase Models

The liquid phase can be represented in two ways. The first way treats the liquid phase in
the same manner as the vapour phase and calculates the fugacity of the liquid phase
directly by substitution of an equation of state into equation (2.25). This method has the
advantage of not having to use a standard state, however, it has seen little use at low to
moderate pressures due to the inadequacy of the earlier equations of state to perform
suitably over a range of densities. In the light of this we need to discuss an alternative
approach to vapour-liquid equilibrium which involves a relationship between the excess
Gibbs function (or free energy) and the activity coefficient. In this the liquid phase is
represented by defining an activity coefficient as used in calculating liquid phase
fugacities:

fi = vxif) - 258

where f;° is the fugacity of the standard state. The value of the activity coefficient
depends on the composition, pressure and temperature of the liquid solution and also on

the standard state chosen. The choice of standard state will determine the normalisation

of the activity coefficient. For condensable components which can exist as pure liquids at
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the temperature of the solution, the normalisation y, — I as xj — 1 is used, whereas for
non-condensables components the normalisation ¥, = 1 as x; = 0, x; = 1 1s the most

convenient, r stands for some reference solvent.

As previously stated, the activity coefficient is a variable which is used to account for all
non-idealities of the liquid phase for each component, and can be related to another
function which expresses the non-ideality of a solution, the excess Gibbs energy GE.

real

Gmixiwe = Zni“i = Zni“: + zniRTlnXi + Znilnyi
i i i i

But for an ideal mixture the Gibbs function is clearly the first two terms in the expression

on the right hand side, so

E idcal
G = Gmixurc - G;nisluc = RTZniInYi
! - 259
dividing by the total number of moles we get:
E N
g = RTExilnyi
* - 2,60
For a binary mixture this becomes,
E
g = RTi{x;lny; + xlny, 26

Prausnitz (1969) and the others have shown that individual activity co-efficient is related

to the molar excess Gibbs energy by,

an QE
RThy, = |——

IN; TP i) - 262
where nj is the number of moles of the i th component and nt is the total number of
moles.

Many equations have been proposed to express gE as a function of composition. The

form of the equation has usually been based on some simple theory of the nature of
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liquids and of liquid mixtures; often just an assumption about the energy required to
replace one molecule of the solvent by one molecule of solute. There have been two lines
of approach to this. It is noted that,

E E E

g = h -TS - 2.63

The first approach is to assume that the non-ideality lies entirely in the enthalpy term, h,
ie. SE = 0and g = hE hence no volume change on mixing. This is the approach of

the theory of regular solutions.

The second approach is to assume that the non-ideality is due entirely to the entropy of

mixing, i.e. hE = Oand gE = -TSE, the athermal solution approach.

In both cases the only justification for the use of any equation is that (a) it represents the
experimental data well (b) it is of use, by virtue of its accuracy and generality, in the

correlation (and to a lesser extent the prediction) of VLE data.

2.5.1 Liquid phase models based on the regular solution approach

The work of Van Laar historically is of particular significance as it was the first non-ideal
solution model. The non-ideality of the solution expressed as the excess internal energy,
UE, is calculated by assuming a thermodynamic cycle in which two liquids are expanded
isothermally at a low pressure and then mixing them ideally. The mixture 1s then cooled
isothermally. Van Laar calculated the energy change during each step, assuming that the
volumetric properties were given by the van der Waals equation of state. He obtained the

well known Van Laar equations:

A
hy, = ———
[1+—A—'£]—]
B Xy - 2.64a
B|
lny2 = —
B'X2:|
1+—Tj—
{ AT Xy - 2.64b

The constants A' and B' are functions of the van der Waals constants and R, the gas
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constant.

Agreement between experimental activity co-efficients and those calculated from
equations (2.64a) and (2.64b) is poor due to the dependence of the Van Laar equation on
the van der Waals equation. Reasonable results have been obtained on considering A'
and B' as adjustable parameters and evaluating them by fitting to experimental data (e.g.

O'Donnell 1980).

The main disadvantage of the activity coefficient models mentioned so far is that they are
difficult to extend to multi-component mixtures and that there is no attempt to account for

variations in temperature and pressure.

Another equation, due to Margules, has received a wide-spread use in VLE data

correlation and is:

- 2.65a
2 2 3
logy, = x, (B + 2x2(A-B)) = X; 2A-B) + 2x,7(B-A) 2 65h
If as well as A = B (ie. the system is symmetrical) we obtain:
2 2
logy, = Axy", logy, = Ax, - 2.66

Their extension to temmary and higher order mixtures require the evaluation of ternary and
higher order interaction parameters and so they become cumbersome and tedious. This
disadvantage encountered in the regular solution approach was overcome by Scatchard in

1949 and Hildebrand in 1950.

The Hildebrand solubility parameter approach is based on a simple theory of liquid
mixtures. Basically the parameter employed, the solubility parameter, is related to the
energy required to take a molecule from an ideal gas state to the liquid state. The
parameters are combined in a way which models crudely the interactions between any

molecule and the cloud of average molecules around it.
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s, 5

Iny, = Vpt—©>
RT - 267

Here 6 is the solubility parameter, and is given by:

5 A E;
- !

1

- 2.68

L.e. the square root of an energy density, which for temperatures below the critical is

given by:
AE; = AH, - RT . 269
where  E; is the energy required to vaporise one mole of i to infinite volume.
0 is the volume average solubility parameter for the liquid mixture and is given by
— N
6 = Z Z;9,
i - 2.70a
where
XiVi
Zi =
X Vi - 2.70b

assuming that no volume change occurs on mixing.

Erdos (1955) developed a similar expression, but his models were based on the surface

characteristics of intermolecular forces, thus he obtained surface solubility parameters:

2 2
RTlny, = $,6,(q,-9, - 271a

2 2

RTIny, = S,6,(q,-9,) - 2.71b

where q; and q, are the surface solubility parameters, S; and S, are the molar surfaces

and 0; and 6, are the surface fractions of components 1 and 2 respectively.




2.5.2 Liquid phase models based on the athermal theory

In this approach it is assumed that the excess enthalpy of mixing, hE, is zero; thus,
gE = TSE

This model was originally proposed by Flory (1942) and Huggins (1942) as a basis for

their treatment of the thermodynamic properties of polymer solutions. They set:

g Z
= = x.]n_i
RT 2 N - 272

where,

X,V

7. 1Y

i p—
Exivi
i

This again assumes that there is no volume change on mixing. The approach was based
on a simple model of the structure of liquids. In this the distribution of molecules around
a central molecule is assumed to be given by equation (2.73) where xj3 is the Jocal mole

fraction of species 2 around a molecule of 1.

xip _ 2OPART

1 ) Ay
X1 €XP | 57

and for species 1 around 2

) exp(iz_l)
X21 _ : RT
%22 Y
“2EPART - 2.73b

The exponential terms are Boltzman factors and the As are proportional to the 1-1 and 1-2

interaction energies.

Wilson converted expressions (2.73a) and (2.73b) for local mole fractions into an
expression for local volume fractions. Substituting this into the Flory-Huggins
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expression and differentiating he obtained:

xiA'k
Iy, = ln(ij Ayl +1-Y =ik
) DX,
J - 274
where for a binary mixture
A _ V—ex '(}LIZ—KII)
- 2.75a
A = v exp ‘(7“21“}“22)
21 TS
V2 RT - 2.75b

where the (A}, - Xy)) are the adjustable parameters, usually obtained by fitting to

experimental data.

Equation (2.74) has been proved to provide good representation for the behaviour of
many systems and 1ts extension to multi-component mixtures is relatively simple due to
the fact that only binary parameters are needed. However the Wilson equation cannot
produce a good representation for systems which exhibit partial miscibility. Wilson
(1964) tried to overcome this problem by the introduction of a third parameter but he
encountered difficulties. One good feature of the Wilson equation is that the adjustable
parameter (Ajp) and (Ay;) are only weakly temperature dependent and thus can be

extrapolated over a wide temperature range.

In general this equation gives a better fit than the Van Laar or Margules equations and can

handle a wider range of systems than either of these.

The derivation of the Wilson equation assumes a random distribution of molecules around
a central molecule. In a real liquid this can hardly be true since differences in molecular
size and shape, besides any specific interactions, will create some order in the liquid.
Such considerations led to the Non-Random Two Liquid (NRTL) equation of Renon and
Prausnitz (1968). This equation, besides two binary energy interaction parameters,

contains a shape factor which expresses the non-randomness element.
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Theoretically, this shape factor can only take on a limited range of values, but in practice
for many mixtures, a good representation of their behaviour can only be obtained when

the third parameter is allowed to take on any value.

In its binary form, the expression for gE is

g = X%, T12612 TIZG]')
RT X1+%,Gy1  xp+x%,Gyy 276
where
_ &2 _ &
2T RT "2 T RT
NGy, = -0,1, ., InGy = - 05Ty,
with G2 = (g12- £29) » Ga1 = (821~ 214
and o7 the binary adjustable parameter.
The form of the activity coefficient is:
G 2 1,,G
2 21 12712
Iy, = xa T2](x +x,G ) " 2
1T X209
(X2+X1612)
2.77

Note that the g;;s have a similar significance as in the Wilson equation, i.e. a Gibbs

energy parameter, characteristic of the i-j interactions.

We have seen that the adjustable parameters of the NRTL equations are 2, (212 - £22)
and (g2 - g11). If oq7 is set to zero then the equations reduce to the form of the two-
suffix Margules equations, and the mixture is completely random. Renon and Prausnitz
indicate that from the reduction of the experimental data for a large number of binary
systems « varies between 0.20 and 0.47, and thus for a system where little experimental

data 1s available , the value for o can be set to one obtained for similar systems.

One advantage that the NRTL equations have over the Wilson equation, is that they are

capable of producing good data fits both for miscible and partially miscible systems. The
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parameters (g12- g22) and (go; - g11) are highly temperature dependent. Asselineau and

Renon (1970) assumed linear relationships for the parameters, arriving at a six-parameter

NRTL equation:
g21-g11 = C, + Dy(T-273.15) - 2.78a
g12-822 = €y + Dy(T-273.15) - 2.78b
0 T
a, = o + o (T - 273.15 978e

The C-parameters represent the values of the NRTL parameters at 0 °C and the D-

parameters given their dependence upon temperature.

Bruin and Prausnitz (1971) modified the NRTL equations to introduce the
local volume fractions rather than the local mole fraction. This improves the fitting of

aqueous systems but very little else.
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2.5.3 Other liquid phase models

One general expression for representing the excess Gibbs energy as a function of
composition which does not rely on assumptions of regular or athermal solution
approach, was proposed by Redlich and Kister (1948) who produced a series expansion

in composition

gE = X1X|A + B [x;+ x5 + C(x]-xzj2 + D(xl—x2)3 + ... 579

The constants A, B, C, D etc. are all temperature dependent and are obtained by fitting of
the equation to experimental data. Chao (1959) modified the Redlich-Kister equation to
obtain the relationship:

]og(ﬁ) = a+ bxy - xq) + c(6x;x; - 1)
12

Ochi and Lu (1977) further modified the equation of Chao to facilitate the evaluation of

constants which were otherwise difficult due to an indeterminately condition.

Klaus and Van Ness (1967) proposed that GE could be represented as a function of
composition using orthogonal functions. Christiansen and Fredensland (1975) reviewed

this problem and used the method of collocation.

The appearance of the UNIQUAC (Unified QUAsi-Chemical) equation due to Abrams
and Prausnitz (1975) is a recent and most significant advance in liquid phase models.
Like the Wilson and NRTL equations, it is based on a local composition concept and with

just two interaction parameters per binary is able to represent both vapour-liquid and

liquid-liquid equilibria.

In this model the excess Gibbs function and hence the activity coefficient are given by

two contributions, one accounting for size and shape effects and the other intermolecular

interactions (energetic interactions).
C R
]n ’Y’ = In Yl + In Yl _ 28]
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where Y,C is the combinational part and Y;R the residual part. The combinational part is

given by:
C oy Z Oy Ok
Iny- = In— + Zq,In—+ 1, - — D> x;L;
1 A kaZJ : - 2.82
where,
o= Zf-a) - 1), Z = 10
A - 283

8y and ¢y are volume and surface fractions respectively, ry and g are measures of van der

Waals group volumes and surface areas respectively and are determined from values

given by Bondi (1968).

The combinational part takes into account liquid phase non-ideality due to differences in
molecular size and shape. Such a term is needed to handle non-ideality in non-interacting
(e.g. alkane-alkane) systems. The residual contribution is given by:

2(8;m

k J
In 'Yi = Q; ] -1In ? QJTU) -iTkT‘J‘]:
k

- 2.84

where,
RT - 2.85

The adjustable parameters (k;; - Hj;) are obtained by fitting to experimental data. The
residual part allows for non-ideality due to intermolecular interactions. It resembles the
Wilson equation, but the composition variable is surface area fraction rather than mole

fraction. This is reasonable since such interactions take place across surfaces.

2.5.4 Comparisons of the liquid phase activity co-efficient models

In the equations which have been discussed the number of adjustable constants per binary
is typically two or three. With more constants the data can be represented better, but this
also requires extra and more reliable experimental data points. Extensive and highly
accurate experimental data are required to justify more than three empirical constants for a
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binary mixture at a fixed temperature.

For moderately non-ideal binary mixtures, all equations for ¢F containing two or more
binary parameters give good results, however, the older ones (Margules, Van Laar) are
mathematically easier to handle than the more recent ones (Wilson, NRTL, UNIQUACQC).
The simple (one parameter) Margules is applicable only to simple mixtures where the

components are similar in chemical nature and size of the molecule.

For strongly non-ideal binary mixtures such as alcohol + hydrocarbons, the Wilson
equation is probably most useful since unlike the NRTL equation, it has only two
adjustable parameters, it is also simpler mathematically than the UNIQUAC equation.
The older equations are likely to be significantly less successful in representing the data,

especially at low alcohol concentrations, here the Wilson equation is particularly useful.

The Redlich-Kister equation is mathematically identical to the various forms of the

Margules equation.

Since the NRTL and UNIQUAC equations are applicable to both vapour-liquid and
liquid-liquid equilibria, mutual solubility data can be used to determine the values of their
parameters (this is not the case with the Wilson equation). While the UNIQUAC

equation is mathematically more complete than the NRTL it is more advantageous

because:
(1) it has only two, rather than three, adjustable parameters

(2) since it has a better theoretical basis, its parameters often have a smaller dependence

on temperature and

(3) because the major concentration variable is a surface fraction rather than mole

fraction, it can be used for solutions containing small or large molecules including

polymers.

Counsell and Hicks (1976) used the data on water and ethanol mixture as obtained by

Larkins and Pemberton (1976) to test the equations of Redlich-Kister, Van Laar, Wilson,

35



NRTL and UNIQUAC. The temperature dependent forms of the above equations were

also tested together with using a fixed and variable o parameter in the NRTL equation.

The NRTL equation with a variable o was discovered to produce the best fits, although

the UNIQUAC equation was found superior to models representing gE instead of gE/RT.

When considering non-temperature dependent equations, the equations of Redlich-Kister,
Van Laar and Wilson were discovered to produce superior fits. Counsell and Hicks
(1977) further tested the above equations using another ten binary systems covering a
wide range of system types. They concluded that the temperature dependent forms of the
equations proved superior to the originally proposed equations, but the Wilson, NRTL
and UNIQUAC equations fit the data better than the Van Laar or Redlich-Kister
equations. The Wilson equation has the disadvantage that it cannot fit partially miscible
systems and thus the modified NRTL and UNIQUAC equations are to be preferred, the
UNIQUAC method has the disadvantage of requiring extra parameters, but these can be

estimated from pure component information.

Monford and Rajos (1978) tested the accuracy of the Wilson, UNIQUAC and NRTL
equations using 34 binary and ternary systems. They concluded that the UNIQUAC
equations were slightly better for binary systems and that the Wilson equation was
superior for alcohol-hydrocarbon and chloroform-polar component systems. In the case

of ternary systems no equation could distinctively be considered superior as all produced

similar results.

Wilkinson (1979) compared the abilities of the Wilson and NRTL equations to predict
vapour-liquid equilibria from heat-of-mixing data. He concluded that both equations
preformed satisfactorily for systems with heats of mixing less than 120 calories per gram-
mole but above this value the NRTL equations preformed better than the Wilson equation,
although both methods produced poor data. This work together with the work of Murthy
and Zudkevitch (1979) casts doubts upon the general usefulness of heat-of-mixing data

for the calculation of vapour-liquid equilibria.



Chapter 3: Methods for Vapour Liquid Equilibrium Data

Determination

3.1 Introduction

Experimental methods for the determination of vapour-liquid equilibrium data have been
developed since the early 1900s when the foundations were laid from work on positive and
negative deviations from Raoult's Law. Zawidski (1900) carried out such work which
provided a basis for a theoretical treatment of non-ideality. Just, in 1901, worked on the
solubility of various gases in water and many organic solvents. Later, McDanial in 1911
investigated hydrocarbon gases and solvents while Kunerth (1922) did further work on the

solubility of carbon dioxide and nitrous oxide in various solvents.

While the work mentioned above was valuable as a beginning, it was limited to
comparatively few systems and the accuracy was not high by modern standards. More
extensive work was not carried out until the need was realized for reliable data for industrial

design.

Many of the early results were not checked for thermodynamic consistency and later
workers have shown the earlier techniques and data to be unreliable. As a result many
improved techniques have been evolved over the years and the important ones are reviewed

in this chapter.

Despite many attempts in recent years to predict accurately vapour-liquid equilibrium data
using various proposed models of phase behaviour, it is still not possible 1o achieve this
using pure component property data alone. For accurate prediction of phase equilibrium
data, some experimentally obtained data must be used for the evaluation of parameters in

the appropriate models.

Vapour-liquid equilibrium data take the form of the liquid- and vapour- phase

compositions, pressure and temperature. Direct determination of these data normally
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involves the separation of samples of liquid and vapour in true equilibrium and analysis of
the two phases when separated. The separate determinations can be carried out either at
constant temperature (isothermal) or constant pressure (isobaric), though the former is
normally preferable as isobaric data are inconvenient for theoretical analysis since excess

functions based on such results are complicated functions of temperature and composition.

When equilibrium stills are used, errors in the measured data can be produced by the details
of the design and construction of the stills themselves. The sources of these eITors are
inherent in the various designs but the errors are not of the same importance in every
mixture investigated since their magnitude is to some extent dependent on the properties of

the mixture, i.e. relative volatility, heat of vaporisation.

The methods available for the determination of equilibrium data fall largely into the

following classes :

i)  Differential distillation methods

i1)  Circulation methods

1) Flow methods

iv) Static methods

v)  Total pressure methods (but for discussion on these see Chapter 4 )
vi) Special methods

This discussion will include the most important and recent developments, a review of the

methods is available in Abbott (1976) and Marsh (1978). A review of the older methods

can be found in Hala et al. (1963).



3.2 Differential Distillation Methods

In differential distillation methods, the oldest method, a small amount of liquid is distilled
off from a boiling flask containing a large charge (Hala er al, 1963). Although very simple,
the method has marked disadvantages of requiring a large liquid sample while only a small
vapour sample can be taken for analysis, since the liquid composition must remain
substantially constant. Large errors can also be caused by condensation of vapour on the
cold walls of the flask at the beginning of the determination. This method has been largely
abandoned today. However, Ramalho (1961) proposed a technique for obtaining
equilibrium data quickly based on this method. In principle a simple distillation is
performed with continuous determination of the concentration of either the liquid or the
vapour. One stream is analysed and the composition of the other is found by a material

balance.

3.3 Circulation Methods

Circulation methods are the most widely used methods. They are convenient for use at low
and medium pressures. Although there are many different equilibrium stills which employ
simple circulation, they are all in principle alike. In the circulation stills, a liquid mixture is
charged to a distilling flask and brought to the boil. Evolved vapours are condensed into a
receiver; the vapour condensate returns to the distilling flask where it mixes with the boiling
liquid. Compositions of the boiling liquid and the vapour condensate change with time,
eventually attaining steady values. In a properly functioning still, these are the true

equilibrium liquid and vapour compositions.

A common principle of all circulation methods is the continuous separation of the vapour
phase from the liquid phase under steady state conditions, measurements of the
thermodynamic parameters, characterising the equilibrium state, and recirculation of the
vapour stream back to the liquid phase. Either all the thermodynamic parameters
(temperature, pressure and the composition of the co-existing phases) are measured

simultaneously or only those sufficient for the determination of the equilibrium conditions.
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Generally the following conditions should be met by a properly designed circulating still

(Hala et al. 1963):

D

2)

3)

4)

5)

6)

7)

8)

9

The stll should be simple in design.
Small amounts of substances should be required for measurements.

Facilities should be incorporated allowing accurate determination of equilibrium

pressure and temperature.

A short time should be required to achieve steady-state operation after start up or after

any change of the equilibrium parameters.

Neither partial condensation of vapour on the temperature-measuring sensor nor

over-heating in the vicinity of the latter should occur.

No liquid drops should appear in the vapour stream leaving the equilibrium chamber

after separation from the liquid phase.

Recirculated vapour or its condensate should be perfectly mixed with the liquid phase

to obtain uniform composition and to prevent secondary evaporation during mixing.
There should be no fluctuations of the recirculated stream's composition and flow.

No pockets should be present allowing accumulation of substances outside the

recirculation pathways of the apparatus and

10) it should be possible to introduce and withdraw samples without interruption of

steady state boiling.

Circulating stills can be classified, according to the number of recirculated streams and their

thermodynamic conditions, into the following groups:

A) Vapour circulation methods;

B) Condensate recirculation methods; two types

40




(1) Liquid condensate recirculation;
(1) Revaporised condensate recirculation;
C) Circulation of liquid phase and vapour condensate.

In this discussion emphasis will be placed on the B and C types of equilibrium stills and for
more detailed information on these and type A stills see the review by Malanowski (1982a).

Figures 3.1 to 3.11 have been reproduced from the review by Malanowski (1982a).

3.3.1 Stills with circulation of the vapour phase only

Equilibrium stills with circulation of the vapour phase only have two distinct operational
modes. In the first, the vapour arising from the heated liquid is condensed and re-enters
the equilibrium chamber as liquid; in the second, condensate is revaporised by the heater

and re-enters the chamber as vapour.

The working principle of these stills is illustrated in Figure 3.1. The liquid sample in the
equilibrium chamber E is brought to the boil by the continuous heat from the heater qi-
Vapour is condensed in the cooler q; and returns to the equilibrium chamber via the
condensate container K;. The valve Z3is used for removing inert gases (air) from the still
in the early stage of the operation. The steady state is achieved after about 30 minutes,
when the liquid and vapour in the chamber E are of equilibrium composition. The
composition of the vapour is identical to that of the condensate in the container Ka. The
time necessary to achieve the steady state depends mainly on the volume of the condensate
in Ks.

After the steady state has been achieved, boiling is terminated at once, for example by
increasing the pressure in the stabilizing system M, to prevent non-equilibrium distillation
to the container K2. Samples of the liquid and vapour condensate are withdrawn for

analysis from the container K; and K; through the valves Z; and Z, respectively. After
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Figure 3.1: Principles of Operation of Vapour Condensate recirculation Method

Dotted lines denote the alternative flow of the condensate in the case when it
enters the equilibrium chamber as vapour: E, Equilibrium Chamber; K;, Liquid
Phase Container; Ky, Vapour Condensate Container; P, Pressure Gauge; T,
Thermocouple; M, Pressure Stabilising System; qy, Boiling Water Heater, q2,
Condensing Water Cooler; g3, Flash Vapourisation Heater for Condensate; Z,
and Zy, Valves; Z3, Degassing Valve; L and V, Sampling Points.
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withdrawal of the samples the still can be filled with a new sample and the entire procedure

repeated.

The main drawbacks of this method are:

(1) There is partial condensation of the vapour after bringing the apparatus to a standstill;
(2) Accurate determination of the equilibrium temperature is not possible;

(3) It is not possible to obtain uniform composition in the container K;.

Numerous modifications of the Othmer apparatus were introduced by different workers to
eliminate these drawbacks. This aim was not achieved, and analysis of the thermodynamic
consistency of the data obtained by this method indicate low accuracy (Malanowski, 1982).
One of the latest versions of the Othmer apparatus (Othmer, 1948) is shown in Figure 3.2.
Bukala and Majewski (1952) adapted the Othmer still to produce a two-plate still useful for
systems having a low relative volatility and Paul (1976) used a silvered evacuated jacket on
the upper part of the vessel to prevent heat losses and consequent partial condensation.

The second operational principle.(i.e., vaporisation of the vapour condensate) and its mode
of operation is shown in Figure 3.1 as the alternative configuration. This type of still was
developed by Jones (1943) and is shown in Figure 3.3. It consists of a heated residue-
chamber K, an overhead condenser q; leading to a condensate chamber K, and a flash
vaporiser q3. The condensate flows under its own hydrostatic pressure through a three-way
stopcock Z3 and a capillary into the vaporiser g3, which is a heated tube connecting K; and
Z3. The liquid level in Kj remains constant. The capillary G is present to smooth the flow
into K7 and to prevent fluctuations in the vaporisation rate. The temperature in qs is
maintained slightly above the equilibrium temperature. The vapour generated enters K;
almost at its base via a tube R which directs the vapour stream upwards through the liquid

and against the thermometer well T. This ensure agitation ofhe residue liquid and allows



Figure 3.2: The Othmer (1948) Still

Aston University

Illustration has been removed for
copyright restrictions




Figure 3.3: Jones, Schoeborn and Colburn Still (1943)

.

Aston University

Illustration has been removed for
copyright restrictions
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measurement of the temperature. The residue chamber K is heated. The heater q;
compensates for heat losses so that the quantity of vapour leaving K; is the same as that
entering. The vapour flowing from Kj to the condenser q; is slightly superheated in the
heater g4 in order to prevent condensation and refluxing of the condensate. The condensate
flowing from gz to Ky is recycled and when steady-state conditions have been obtained
liquid and vapour samples are withdrawn from the residue (Ky) and condensate (K»)
chambers. The stopcock Z3 allows vacuum to be maintained and the liquid to be sucked
back during sample withdrawal. Careful supervision is required in controlling the heat
inputinto this still. The chief difficulty encountered with this equipment appears to be the
balancing of the heat losses from the residue chamber K, and owing to this difficulty
proper operation of the still is difficult to achieve. The bubbling of the vapour through the
liquid leads to pressure drops within the still and thus diminishes the accuracy of the
pressure and temperature determinations. Because of this, methods involving recirculation
of the vaporised condensate have become less popular. Another defect of most such
recirculating devices is that they are tedious to operate and require some hours to achieve

equilibrium (Williamson 1975).

Kassmann and Knapp (1986), see Figure 3.4, developed a modified version of the Kortum
(1953) still in which the vessels are jacketed and the temperature of the liquid which is
circulated through the jacket is regulated very close to the boiling temperature of the
mixture. Only a little energy has to be added for the operation of the Cottrel pump.
Temperature fluctuations caused by boiling are reduced and thermally sensitive substances

are not over-heated.

3.3.2 Stills with circulation of both liquid and vapour phases

In stills with circulation of both liquid and vapour phases both phases are circulated
through the equilibrium chamber. The Cottrel pump is used, a device which throws a
mixture of vapour and liquid slugs at equilibrium onto a thermocouple pocket, thus
enabling a very precise temperature measurement. The first circulating still with a Cottrel

pump and having the capability for withdrawal of liquid and condensate samples after
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Figure 3.4 Kassmann and Knapp Still (1986)
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temporary cessation of circulation by pressure increase was proposed by Lee (1931). Two
important modifications, the separator for the liquid and condensate streams and the
facilities for withdrawing samples without interruption of boiling were introduced by
Gillespie (1946). This still has the basic arrangement of the Swietoslawski ebulliometer,
and gained high popularity after it was found (Coulson, 1948) to be greatly superior to
stills with vapour condensate circulation (Othmer, 1943) and even to those modified with
an additional Cottrel pump (Scatchard, 1938). Many further modifications of the Gillespie
apparatus were introduced, most importantly by Brown and Ewald (1950) who realised
that samples taken from the boiler Hy do not represent the liquid equilibrium composition
and that a liquid trap S should be added beneath the separator R on the liquid return line to
the boiler Hj.

Owing to certain operating difficulties encountered with this still, Brown (1952) introduced
further modifications. He found that the evaporation of a small amount of condensate from
the vapour trap, after the still was vented for sampling, led to errors in vapour composition
determinations, and he therefore redesigned the sample traps. He further found that if the
relative volatility of the system studied is high, flashing occurs when the condensate is
mixed with hot circulating liquid. To eliminate this Brown modified the still by adding a
condenser C3 for cooling the liquid return before it mixes with the condensate vapour. The
modified still is shown in Figure 3.5. The Brown still allows very accurate results to be
obtained. Its most important drawbacks are the very long time, up to four hours, necessary
to achieve steady-state operation, and the large sample size required (200 ml).

Another apparatus providing good results, arising mainly from its simplicity and similarity
to the still of Lee (1931), was proposed by Ellis (1952) and is shown in Figure 3.6. It has
the same disadvantages as the Brown still, but owing to its simplicity is much easier to
operate. Ellis tested his still with four types of mixtures formed by close-boiling or wide-
boiling components. In both cases systems close to ideal and strongly non-ideal were
tested. The resulting data were compared with those measured by Othmer (1943) and

Fenske (1947), and were found to correlate more reliable than was the case for the
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Figure 3.5: Brown Still (1952)
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Figure 3.6: Ellis Still (1952)
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data from other stills.

An interesting apparatus suitable even for systems of very high relative volatility was
proposed by Dvorak and Boublik (1963) and is shown in Figure 3.7. They emphasised

the importance of thorough stirring, in both the liquid and the condensate receivers.

One of the most advanced stills in this group was proposed by Raal, Code and Best
(1972). This still has excellent mixing characteristics and utilizes a novel adaptation of the
Cottrel pump to provide accurate temperature measurement and ensure adiabatic operation
of the equilibrium chamber. The Cottrel pump forms the annulus between the inner
chambers and the outer wall, where a mixture of liquid and vapour is propelled over the
thermocouple well. The vapour liquid mixture in the outer annulus maintains the inner
equilibrium chamber at the boiling temperature. The liquid sample, collected in the inner
equilibrium chamber, is produced by condensation of some of the vapour and comes into
equilibrium with the vapour bubbling through it.

Jenkins and O'Donnell (1980) developed a modified version of the Raal er al still shown in
Ahé Figures 3.8a and 3.8b. A charge of about 100 ml of the desired equilibrium mixture is
placed into the still via the pressure system connection. On heating, a vapour liquid
mixture rises up tube A and into the outer chamber of the still. This outer chamber is an
annulus with about 3 mm between the walls. The vapour liquid mixture forms a Cottrell .
pump in this annulus and the mixture is propelled up and onto the spiral surrounding the
thermocouple well. The spiral promotes good vapour-liquid contact with the thermocouple
well, and the temperature is measured using a ¢hromal-Alume] thermocouple. The liquid
then drains down into the agitated mixing chamber via tube B. The vapour enters the inner
chamber, where it is bubbled through small holes near the bottom, through the liquid
sample in the middle chamber and out onto the condenser via tube D. The liquid sample in
the middle chamber is formed by some of the vapour partially condensing on the walls of
the still. This liquid comes to equilibrium with the vapour bubbling through it, and can be
withdrawn through the sampling valve. The vapour after leaving the still is totally

condensed and passes through a drop counter into
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Figure 3.7: Dvorak and Boublik Still (1963)
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Figure 3.8a: Line Diagram of Modified Raal, Code and Best Equilibrium Still (1972)

Figure 3.8b: Equilibrium Cell of Modified Raal, Code and Best Equilibrium Still (1972)

v
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Excess condensate runs over a weir, down tube C and into the agitated mixing chamber.

The mixture from the agitated mixing chamber enters the heater and the process is repeated.

The Cottrel pump surrounding the still maintains the inner and middle chambers at a
uniform temperature. The still and the tube D are both lagged and the still is isolated from
draughts. Equilibrium is achieved after approximately one and half hours (O'Donnell,

1980). It is similar in design to the original still, the main differences are as follows:

a)  The heater has been separated from the main body of the still and replaced by a quartz
sheathed immersion heater. This prevents thermal stress being set up in the still and

hence breakage.
b)  An agitated mixing chamber was inserted to provide a well-mixed feed to the heater.

¢)  The thermocouple well has a glass spiral on its outer wall and this gives a longer

contact time and an accurate measurement of temperature.

d)  The greaseless ball and cup joints used in the structure relieve any stress set up on

heating.

The modified apparatus has been used successfully to obtain vapour-liquid equilibrium data
on a number of systems. The liquid phase and the vapour phase may be analyzed using
gas liquid chromatography and other techniques such as refractive index (Jenkins and

Rafaquat, 1988).

Jenkins and Zain (1990) have developed a moderate pressure still based on the O'Donnell
and Jenkins modified Raal, Best and Code still with a number of modifications and it is

shown in Figure 3.9.

As the equilibrium cell has to be contained in a steel bomb, mounting the cell in the bomb is
made easier if the vapour leaves the bomb at its base. To do this an external vapour jacket

surrounds the Cottrel pump annulus of the low pressure design, and a bottom




Figure 3.9: Jenkins and Zain (1990) Modified Raal, Code and Best Equilibrium Still to

Work at Moderate Pressures
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connection to this forms the vapour line to the condenser and vapour sampling system.

The second modification is that the residence time of vapour in the Cottrel pump is
increased by providing a spiral of glass up the inner wall of the annulus forming the pump.
In constructing the cell, the most difficult criterion to meet is that of a small clearance
between the two walls of this annulus and providing a spiral makes this less critical. An
overflow/weir system has also been incorporated to maintain the vapour/liquid interface

inside the isothermal region of the cell body.

Another change is that natural convection is not used to provide circulation through the still.
A small graphite gear pump capable of working at pressures up to 35 bar feeds the reboiler.
The type of pump used gives a very steady flow if supplied with low voltage DC power

from a constant current power source.

Only the equilibrium cell is constructed from glass, the remainder of the apparatus is made
from 316 grade stainless steel. Two windows are provided at the sides of the pressure

bomb to enable observation of the flows in the equilibrium cell.

The liquid sample is withdrawn through a stainless steel capillary which runs up into the
sample chamber in the cell. The sample is withdrawn through a small bore tube immersed
in an ice bath into a sampling device. The vapour sample (as condensate) is trapped inside
its sampling chamber and is then removed from the still for analysis. This equilibrium still

is potentially capable of producing data at up to 35 bar.

3.4 Flow Methods

The dynamic flow methods, in contrast to the circulation methods, have the feed entering
the equilibrium chamber as a steady stream of constant composition which can be either in
the liquid or in the vapour phase or a combination of both. These stills are mainly used for
systems of limited miscibility in the liquid phase or a reacting mixture, or where a high

speed of determination, with some loss in accuracy, is required.

56



The flow methods for direct experimental determination of vapour-liquid equilibrium data
were developed from a need to obtain steady state within an equilibrium still in a short
period of time. The first still developed using this method was proposed by Colburn er a/
(1953). The Colburn still, shown in Figure 3.10 is a simple type of still, with the feed
entering as a steady stream of vapour of given composition, the stream bein g made up by
mixing the pure vapours. The liquid sample through which the feed bubbles is formed by
partial condensation of the vapour on start-up as well as a small amount being injected
through the capillaries before start-up. The still was designed to determine the vapour-
liquid equilibrium of partially miscible liquids. During its operation a constant flow of
saturated vapour was bubbled through 25 ml of liquid contained in an adiabatic contacting
unit. The cont actor was surrounded by a vapour jacket and a dead air jacket. Vapour
liquid equilibrium was considered to have been reached when a constant liquid level and a

temperature variation of less than 0.1 °C was observed.

Another flow still was designed by Vilim er a/ (1954). The liquid was placed in a reservoir
below which there was a float mechanism. The float established a constant level in the
vaporiser. The boiling liquid-vapour mixture leaving the vaporiser impinged on a
thermometer in the disengager unit. The phases separated, were condensed, cooled and
sampled. The heat input to the vaporiser was adjusted to give a liquid- to vapour-ratio of
1:1. 300 ml of liquid was placed in the reservoir when large samples were required but

generally a charge of 50 to 100 ml of liqm'd was sufficient. Each equilibrium determination

took between 10 to 15 minutes.

Rius et al (1959) have designed a flow still specifically for reacting mixtures. The
reactants, stored in reservoirs, were mixed at the correct rate in an agitator and fed at 50 ml
per minute to a 10 cm long vaporiser. The heating time of the liquid took about 30
seconds. The boiling mixture was fed into a contactor which was contained in a Dewar
flask. The phases separated by gravity, were condensed, cooled and sampled. The time

for each determination was about 15 minutes and equilibrium was achieved when a

constant temperature was reached.
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Figure 3.10: Colburn Still (1953)

Aston University

lllustration has been removed for
copyright restrictions

58




Cathala (1950) constructed a still for reacting mixtures which differs considerably from the
previously described flow stills. Basically, the vapour and the preheated liquid were
mixed in a contacting chamber. The mixture passed up into an equilibrium chamber. It
was proposed to investigate the vapour-liquid equilibrium of the thermally unstable
sulphuric acid-nitric acid-water mixtures in the still. Marek (1955, 1956) slightly modified
Cathala s original still to investigate the vapour-liquid equilibrium of the various tertiary
mixtures in the hydrolysis scheme of acetic anhydride. The major modifications were that
the whole of the equilibrium chamber was enclosed in a silvered evacuated jacket to help
maintain adiabatic conditions and the contacting chamber was made detachable from the
equilibrium chamber. The equilibrium temperature was measured by a copper-constantan
thermocouple and equilibrium was reached after 10 to 20 minutes when the steady state
temperature changes were less than = 0.05°C. For the investigations, a feed rate of 0.5 to
0.6 g per minute under an operating pressure of 400 mmHg was used (Davies, 1971).

Cathala (1960) developed a second version of his flow still (see Figure 3.11). In this case
the equilibrium chamber, the de-entrainer, the contactor and the vaporiser were constructed
as one unit. The liquid level in the vaporiser was controlled and a magnetic stirrer was
incorporated to promote regular boiling and mixing whilst an air bleed was used to facilitate
low pressure work. The contacting chamber and equilibrium chamber were lagged and
thermocouples were used to measure the temperature to an accuracy of 0.05°C.
Equilibrium was reached after 15 to 20 minutes. The accuracy of the still was checked by
measuring the composition of the ethyl acetate-water azeotrope and the worst error was
found to be £ 0.158 mol percent. Liquid entrainment was estimated by boiling a solution

containing potassium dichromate and analysing the vapour phase. It was concluded that

entrainment was very small (Cathala, 1960).

A major modification to the Cathala still was made by Mamers (1965) who separated the
vaporiser from the equilibrium chamber unit. As in the case of Marek's design (1955) the

equilibrium chamber was surrounded by an evacuated jacket and the still was well lagged




Figure 3.11: Cathala Modified Sill (1960)
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with asbestos tape and a resistance wire heater. Mamers (1965) concluded that the
vaporiser design of both Cathala (1960) and Marek (1955) was unsatisfactory due to the
large holdup and thus with the lack of flexibility the flow would be difficult to control.
Hence a falling film vaporiser containing stainless steel Oldershaw packing to increase the
surface area together with a superheater which was inclined at 15 degrees were used. The
holdup in the preheater and the vaporiser was calculated to be between 2 and 3 minutes

which was considerably less than the holdup of the Cathala still.

Davies (1971) and Gibson-Robinson (1977) further modified the Cathala still. The
vaporiser is once more separated from the body of the still and a super-heater is also used.
Another modification is the silvered evacuated jacket, used to reduce heat losses by
radiation and convection. O'Donnell (1980) used the modified Cathala still of Gibson-
Robinson (1977) to investigate the mixtures, ethyl acetate-n-butanol, acetic acid-methanol,
acetic acid-ethanol and acetic acid-n-butanol, all at 760 mm Hg and acetic acid-n-butanol at
119 °C. The operation of the still requires the mixing of a superheated vapour and a
preheated liquid, prior to entry into the still. It is an advantage to have each stream, itself a
mixture of the feed components, straddling the expected equilibrium composition, and thus

the feed system to the still consists of two parts, each supplying both components.

The liquid is cooled by a water cooler and passes into a sampling section, where sampling
by syringe is made. It then flows upwards, back through the cooler, and over an overflow
device situated at a level just above the base of the still. This is to enable a liquid level to be
maintained in the still and prevent bypassing of the vapour through the liquid cooler. The
liquid then flows down into a 25 litre collection reservoir. The vapour stream flows
through a condenser and then a condensate cooler, where it passes a sampling point, and

flows to the collection reservoir (O'Donnell, 1980).

The flow stills have one disadvantage, large quantities of the feed components are needed,
although this disadvantage is offset by the fact that equilibrium can be reached in a

relatively short time.
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3.5 Static Methods other than Total Pressure Methods

In static methods of direct experimental determination of vapour-liquid equilibrium data the
vapour and liquid phases of a system are maintained in contact within an evacuated
chamber which is immersed in a thermostatically-controlled water bath. The two phases
are vigorously agitated and sampled for analysis. The method sounds simple but removing
even a small sample for analysis affects the equilibrium. The problem is reduced by the use
of chromatographic methods for analysis but difficulties arise when taking the vapour
sample from the equilibrium chamber. Another disadvantage is the extensive and careful

degassing of the components required.

Wichterle and Hala (1963) used a still based on the static method to carry out semi-
microdetermination of vapour-liquid equilibrium data in multicomponent systems at
isothermal conditions. Their method was based on the sampling of very small volumes of
the vapour phase which were then analysed by gas chromatography; the method makes
possible the determination of equilibrium data on a fairly small amount of liquid mixture,
about 2 ml for one value. The quantity of substance in the sample is proportional to the
peak area; it is therefore possible to calculate the relative volatility from the chromatograms
directly by comparing the ratios of the peak areas of components in the two phases. It is
not even necessary to reach the equilibrium partial pressures because it is sufficient to
measure the concentration ratios of components in order to determine the relative volatility.
The very small vapour samples make it possible to obtain a large set of analytical data

while leaving the concentrations in the liquid phase unchanged.

In 1975 Inoue and co-workers (Inoue et al, 1975) developed a new static vapour-liquid
equilibrium apparatus which consists of five units; an equilibrium unit, a temperature
control bath, a vapour pressure mcasun'ﬁg unit and an argon purification unit. To attain an
equilibrium with sufficient amounts for the vapour component analysis which follows, two
large flasks with about 44 litre capacities are connected in series with a small bulb of 200
ml capacity. The latter was immersed in a temperature controlled bath regulated to within

#0.01°C at the given temperature and the vicinity of the two flasks was surrounded by an air
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thermostat regulated to 0.5 °C at a temperature 1.0 °C higher than the temperature of the
water bath to avoid condensation of the vapour phase. The three vessels were connected in
series by glass tubing through glass pumps and glass valves to agitate the gas phase and to
separate the vapour phase from the liquid phase. A pure liquid in a sample bulb was
thoroughly degassed by repeated freezing, pumping and melting. Finally an appropriate
amount was distilled into the main bulb. A stirrer in this bulb was coupled magnetically to
an external rotor, this arrangement assists in attaining equilibrium. After equilibrium was
achieved, the total pressure was measured with the aid of a quartz Bourdon gauge which is
balanced against purified argon. Then the glass valves are closed to separate vapour and
liquid phases. These phases are collected separately by vacuum distillation into the separate
bulbs which are cooled in liquid nitrogen, and the concentrations of the components are
determined. This apparatus was used to obtain vapour liquid-equilibrium data on a
benzene-cyclohexane mixture (Inoue er al, 1975).

Tomlins and Marsh (1976) developed another new static apparatus which is shown in
Figure 3.12. The purified liquids are degassed in the vacuum sublimation vessel H and
introduced by injection through the microvalve J into the glass pressure cell A. The cell
was connected through the valve E to the sensing head B of the Granville-Phillips
capacitance manometer which was used as a null device, backed by an automatic pressure
controller. The pressure in the backing line was controlled so that the pressure differential
across the diaphragm was less than 0.7 Pa. The capacitance manometer is used as a null
device, the variation in capacitance which occurs when the diaphragm is deflected is the
error signal to the servo-system. The backing line pressure was measured with a mercury
manometer. Dry nitrogen was stored in a 35 litre reservoir L and admitted through the
motorized valve C into the backing line as required. The gas pressure in the reservoir is
maintained at about 2.7 kPa above the backing line pressure by a Matheson vacuum
regulator M. To achieve optimum control, gas is continuously removed from the backing
line through an Edwards Speedivac needle valve D. The temperature of the liquid and

vapour in the pressure cell is measured with a platinum resistance thermometer (Marsh,

1978).
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Figure 3.12: Tomlin and Marsh Static Apparatus (1976)
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1978).

Work has also been done in this field by Mihkelson er a/ (1978) using an equilibrium still to
measure the boiling temperature at a fixed pressure with an amount of solution of less than
1 ml. The boiling temperature in the still is measured by a special thermistor (Mihkelson,
1964 ). The samples of the liquid mixture are prepared by weighing out the pure
components and transferring them successively into the equilibrium cell using a syringe.
The apparatus is connected with a barostat which keeps the pressure at the desired value.
In this apparatus the equilibrium is achieved within approximately 15 minutes and the
experiment to measure the resistance of the thermistor for one solution at four fixed

pressures requires about four hours.

Kassmann and Knapp (1986) developed a static cell technique in which they employed two
cells to measure vapour pressures as a function of temperature and also to measure
differential pressures between two solutions of different compositions. The apparatus is
built in glass and stainless steel. The cells have a capacity of 25 ml. Liquid substances can
be added by injection through a septum at the top of the cell. The cell could be isolated by a
valve and removed or replaced by means of a quick-connect device. The liquid 1s placed in
the cell where it is degassed by evacuating the cell while stirring thoroughly with a
magnetically agitated stirrer. The amount of liquid in the cell is determined gravimetrically.
The cells are then connected to the apparatus. The shut-off valves at the cells are opened
after the tubing system of the apparatus had been evacuated. The vapour pressure of the
liquids in the two cells can be measured. The vapour pressures should be equal and the

differential pressure should be zero.

A small amount of the degassed second component is injected with a gas-tight syringe.

The differential pressure is measured as a function of the concentration of the second

component.
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3.6 Special Methods

Although most comprehensive low pressure vapour liquid-equilibrium experimentation is

done with circulation stills or with static cells, special techniques are also available.

Dew-point and bubble point methods have been used for a long time (Ramsay and Young,
1885; Feller and McDonald,1950; Malanowski, 1982b). In its idealized form, a dew-point
and bubble-point apparatus consists of a calibrated piston/cylinder assembly immersed in a
constant temperature bath. A mixture of known composition is introduced to the apparatus,
and the pressure of the system is determined as a function of volume. The dew-point and
the bubble-point are found from breaks in the pressure against volume trace; the
coordinates of the breaks define the molar volumes of the coexisting phases. Although
dew-point and bubble-point methods are used primarily for high pressure equilibrium data,
low pressure applications have been proposed. Dixon and McGlashan (1965) suggested a
variation on the idealized procedure, in which the composition is not measured, but is
instead calculated as part of the data reduction. The major drawback of the method is the
difficulty of accurately measuring bubble-point pressures, because of their extreme
sensitivity to even small amounts of dissolved gases. Dew-point pressure determinations,
1f the composition is also measured, constitute a related but alternative procedure. Brewster

and McGlashan (1973, 1977) have applied this technique to systems at low pressure.

Kato et al. (1970) developed a completely new version of the dew- and bubble-point

method. Their method is applicable to tertiary systems and is based on two relationships:

1. The bubble point of the liquid composition is equal to the dew point of the equilibrium

vapour mixture.

2. The condensation point of the liquid composition is the bubble point of the equilibrium

vapour composition.

An apparatus was constructed, which utilizes a unique flow system through three stills
where the bubble points and dew point condensation points are measured at a steady state.

Kato et al. (1971& 1972) have used the technique on several systems.
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Dew- and bubble-point methods used for measuring high pressure vapour-liquid

equilibrium data been reviewed by Schneider (1975), Young (1978) and Eubank et al.
(1980).

Christian and his coworkers have explored novel ways of measuring low pressure vapour
liquid equilibrium data. Christian et al. (1960) used a static method Incorporating a vapour
density balance, obtaining isothermal p-y data. No sampling is required; liquid
compositions are found by integration of the Gibbs-Duhem equation. Tucker and Christian
(1979) devised an automated apparatus which produced isothermal p-z data. Sample
addition is computer-activated; pressure measurements are made every three minutes, and
when successive measurements agree to within 0.7 Pa, accurately reproducible quantities
of a liquid are delivered to the system through a chromatograph valve. A complete

experiment, covering about half the liquid-composition range, takes about two hours.

The 1sopiestic method can be used for mixtures containing a single volatile component. An
apparatus described by Herskowitz and Gottlieb (1984) is representative. It consists of
five silver cups placed in holes drilled in a large copper plate. Three cups are loaded with
non-volatile standards and with the non-volatile substance being studied. Weights of the
non-volatile substance are determined, and some volatile substance is added gravimetrically
to each of the cups. The copper plate with cups is placed in a desiccator, air is pumped out,
and the entire assembly allowed to equilibriate in a constant-temperature bath. At
equilibrium, the chemical potential of the volatile substance is the same in the sample
solution as in the standard solutions; gravimetric determination of equilibrium compositions
allows one to compute (from the known behaviour of the standard solutions) the activity of
the volatile substance in the samples. No pressure measurements are required, but the non-
volatile substances must be truly non-volatile. Equilibriation times can be very long;

Herskowitz and Gottlieb allowed one to three days for each of their determinations.

A method which determines composition by measuring density in situ has been used by

Hall and Eubank (1975) and is known as the method of intersecting isochores.

A procedure known as gas chromatographic head-space analysis was originally proposed
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by Wichterle and Hala (1963), which was also used by Hachenberg and Schmidt (1977);
more recently this method was applied by Shaw and Anderson (1983). The development
of gas chromatography as a quantitative analytical tool has inspired a few recent designs in
which the vapour phase is sampled directly. In gas chromatographic head-space analysis,
precisely reproducible volumes of vapour are sampled from a closed container containing
vapour in equilibrium with a liquid phase. Liquid compositions are determined
gravimetrically, and peak areas are measured. Provided that the detector is operated in a
linear range and that sampling procedures and operating conditions are carefully
repreduced, the activity of species i in the liquid phase is approximately equal to the ratio of
peak areas Aj/A{, where A is determined for a vapour sample in equilibrium with pure
liquid i. To the extent that vapour-phase non-idealities can be ignored in the data reduction,
the liquids need not be degassed. Sample sizes are small, and a complete binary system

can be studied in a day (Abbott, 1986).

A high pressure method for PVT measurements has been developed by Ashcroft and
Shearn (1990). This method enables the measurements of high pressure PVT properties,
vapour-liquid equilibrium data, densities, bubble points, and viscosities. Its operating
ranges are for pressure, 3 to 690 bars and for temperature, 5 to 150°C and it has been used
to study pure hydrocarbons, carbon dioxide, crude oils, natural gases and natural gas

liquids.

The equilibrium cell has an internal volume of 900 ml. The materials are transferred by
displacement with mercury from high pressure sample bottles to the equilibrium cell where
they are confined between mercury and a hydraulic oil-operated piston. A double-acting
high pressure pump allows the mixture under test to be moved, without change of
pressure, through a capillary-viewing section in order to identify the phases. Small
samples of liquid and vapour can be withdrawn through a sampling valve for direct

injection into the carrier gas of a gas chromatography system.
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Chapter 4: Review of the Techniques Based on the Total

Pressure Approach

4.1 Introduction

Most of the equilibrium stills mentioned in the proceeding chapter are subject to errors due
to partial condensation of equilibrium vapour or superheating of vapour in the vapour
jacket, occurrence of concentration gradients in the boiling liquid, imperfect mixing of cold
condensate with boiling liquid, entrainment of liquid droplets with the vapour and the
presence of concentration gradient in the condensate receiver. The reliability of these
equilibrium stills is further hampered by the fact that they involve sampling and analysis of
both liquid and vapour phases. One method which eliminates the need for separating the
liquid phases and their analysis is that based on the Total Pressure approach, sometimes
abbreviated to P-T-x. This involves the direct determination of temperature, pressure and
liquid phase composition in a static cell. The composition of the equilibrium vapour phase
1s obtained by calculations from observed saturated pressures as a function of liquid phase
composition, thus eliminating two of the major sources of errors in the vapour-liquid
equilibrium data measurements. The P-T-x approach has earned its popularity for vapour-
liquid-equilibrium measurements as it is a fast and efficient method, although most suitable
only for binary systems. The essential feature of this method is that the total pressure of
the mixture is measured as a function of composition at a constant temperature. Since total
pressure data are measured in a static cell where no boiling takes place, the total pressure
method eliminates the bumping and unsteady boiling frequently found with stills operating

at low pressures. It is nearly always possible to obtain low pressure vapour-liquid

equilibrium data by this method.

4.2 Experimental Techniques.

Early experimental work using the total pressure approach was performed on two different
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types of apparatus, a form of isoteniscope and a circulating still technique using an

ebulliometer.

Holtzlander and Riggle (1955) modified the Smith and Menzies (1910) isoteniscope by
decreasing the vapour volume in relation to the liquid volume to minimize changes in liquid
composition caused by vaporisation of the more volatile component during operation. A
stopcock was added to the outlet of the isoteniscope to give a better control of the apparatus
and a magnetic stirrer was incorporated in the bulb to give mixing characteristics. The
isoteniscope was connected via glass tubing to a degassing unit which was based on the
freezing-evacuating-thawing cycle. The apparatus was used to take pressure against
temperature readings on a fixed charge to the bulb, over the pressure range of 2 mmHg to

20 mmHg absolute.

The ebulliometer method was used by Redlich and Kister (1949) and Prengle and Palm
(1957), although the method was initially developed by Swietoslawski in 1928. The
method consisted of a circulating still, where the condensed vapour is returned immediately
to the liquid phase and the main concern is the precise measurement of the boiling point of
the liquid. The vapour pressure is measured relative to an identical unit working with only
a pure component boiling at the same temperature. Prengle and Palm (1957) used the
ebulliometer as a device to determine the boiling temperatures of a given mixture as a
function of pressure. They designed the apparatus such that three ebulliometers could be
operated concurrently at the same total pressure, thereby speeding the accumulation of the

desired data. However, this method has since been proved inaccurate.

Jakubrowsky and Norman (1969) described a total pressure still based on the modified
Swietoslawski (1928) ebulliometer of Prengle and Palm with the condensate hold-up
reduced to a minimum. The technique provides to a limited accuracy both isothermal and
isobaric vapour-liquid equilibrium data without the analysis of either phase. The liquid
composition is adjusted gravimetrically and assumed constant during operation. The
technique assume vapour phase ideality. The ebulliometric method in general has the

disadvantage that it can produced spurious results when the mixture consists of widely
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differing boiling points.

Most of the methods mentioned above did not produce data with the desired rapidity as a
Séparate experiment was required for each measured vapour pressure because pure

degassed liquids were distilled directly into the equilibrium chamber.

In an interim development Ljunglin and Van Ness (1962) used an apparatus in which an
equilibrium glass measuring cell was almost completely filled with the liquid. A miniature
pressure transducer was used to measure the pressure in order to keep the cell light and
portable. The entire apparatus was submerged in a temperature-controlled bath. The
degassing of pure components were carried by intermittent withdrawals of vapour from a
storage flask over the period of a week. The pure degassed materials were then transferred
to the measuring cell by distillation under vacuum. Since the cell was light and portable,
successive weighings of the cell allowed determination of amounts of pure materials added
and hence the composition of the solution formed. The vaporisation of the liquid phase did
not significantly affect its composition as the vapour space above the liquid was minimal.
The apparatus was used to take temperature against pressure data at a fixed composition.
The disadvantage of this method was that only one data point per run could be obtained and

this made the method time consuming and tedious.

A new breed of total pressure apparatus was developed by Gibbs and Van Ness (1972) as
shown in Figure 4.1. In this new method degassed liquids were first transferred into
evacuated piston and cylinder devices where they were stored for subsequent injections into
the equilibrium cell. Solutions of known compositions were formed in the test cell and the
composition was varied by metering the pure liquids volumetrically from these dispensing
devices. The entire composition range for a binary system could be covered in two runs
and it was possible to produced a complete pressure trace based on 20 to 30 vapour
pressure measurements in one day. The equilibrium cell was made from a stock end piece
of Corning industrial glass pipe with a capacity of 100 ml which was submerged in the

constant temperature water bath. The equilibrium cell was connected to a Texas

71




Figure 4.1: Total pressure VLE cell of Gibbs and Van Ness (1972)
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Instruments fused quartz Bourdon pressure gauge which measured the vapour pressure
directly. The line connecting the test cell with the Bourdon gauge was insulated and heated

to a temperature above that of the cell to prevent condensation of vapour. This mode of

operation could not be used above 45°C

In a subsequent version a differential pressure transducer was interposed between the
equilibrium cell and the pressure gauge as a null device. The transducer was also heated to
a temperature above that of the cell to prevent vapour condensation. The cell is kept

constantly stirred using an internal mechanical stirrer driven via an external rotating magnet.

Gibbs and Van Ness used an evacuation, freezing and thawing under reflux followed by
evacuation cycle for degassing of pure liquids. This technique although acceptable at the
time has two major drawbacks, it is very time consuming and there is no direct way of

determining whether degassing is complete.

Jenkins and Smith (1975) developed a total pressure apparatus to obtain vapour-liquid
equilibrium data on systems when one component is present in very small concentrations.
A glass cell was used and the liquids were metered into the cell using burettes with floating
pistons. These had a small piston inserted within the burette on which was embossed a
vernier scale. As shown in Figure 4.2 the main apparatus comprised of an equilibrium cell
with the connection for the introduction of degassed components being made from the sides
near the top. The cell was placed in a water bath inserted into another water bath and the
temperature measured with a platinum resistance thermometer. The pressure measurement
system was quite different to that of Gibbs and Van Ness. As the apparatus was developed
for vapour-liquid equilibrium data measurements at low concentrations of one component,
high precision pressure measurements and control are required as the absolute pressure
may be only of the order of 10 mmHg, and differences in pressures were of greater interest
than the absolute pressures. Jenkins and Smith achieved the required pressure
measurements and control by means of a metallic diaphragm whose position is detected by

a transducer. The diaphragm was positioned across the top of the equilibrium cell




Figure 4.2: Toral pressure apparatus of Jenkins and Smith (1975)
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ving a i .
giving a definite volume to the cell. The diaphragm transducer was used as a null detector,

a high precision Texas Instruments quartz Bourdon gauge measuring an equalizing
pressure supplied to the top of the diaphragm. The voltage output from the transducer,
zero at rest, is used to drive a pressure control system. A modified Texas Instruments
Bourdon gauge was used in both a controlling mode and a measuring mode,
simultaneously. Jenkins and Smith used a self-built diaphragm transducer which was used
in conjunction with the Bourdon gauge. Their apparatus had some features which led to
errors in vapour-liquid equilibrium data measurements, especially in the pressure. Firstly,
a self-built ransducer was used as a null device, with consequent disadvantages. Secondly
the transducer diaphragm sat across the top of the cell. This arrangement introduced errors
caused by the condensation of vapour on the bottom surface of the diaphragm, thus giving

a false null. On the whole this apparatus was demonstrated to be superior to existing

isothermal techniques in :
a)  itsrapidity, producing more than 30 data points in one experimental run, and,
b)  its ability to produce data at low concentrations.

The full composition range to infinite dilution at both ends of the binary could be covered
by two experimental runs. The data was obtained in the form of liquid volumes and the
total pressure at a given temperature. A computational technique was developed to reduce

the experimental data to P-T-x-y form (Smith, 1975).

Ronc and Ratcliffe (1976) developed a semi-continuous total pressure static equilibrium cell
based on that of Gibbs and Van Ness (1972) and Jenkins and Smith (1975). The main
apparatus is shown in Figure 4.3. They used a absolute pressure transducer placed in the
centre of the cell lid. It is a flush diaphragm transducer which is mounted with the

diaphragm in the same plane as the surface of the lid. The main modifications of Ronc and

Ratcliffe apparatus over that of Gibbs and Van Ness design are:

a)  The temperature is measured inside the cell.




Figure 4.3: Total pressure apparatus of Ronc and Ratcliffe (1976)
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b)  There is no upper temperature limitation due to the pressure gauge, and the pressure

readings are direct and instantaneous.
¢)  Stainless steel is widely used in the construction.

The pure degassed components were introduced into the cell through two accurate
volumetric piston injectors. The equilibrium cell made from an end piece of 2 inch diameter
thick glass tubing and sealed off to form a cell of 120 ml capacity, was placed in a constant
temperature water bath. The cell temperature was measured with a thermistor placed in an
housing compartment of the test cell. Although this apparatus was claimed to be more
accurate than that of Gibbs and Van Ness there is still one drawback. As the transducer
diaphragm is actually sitting across the top of the cell, any vapour condensation on the

bottom surface of the diaphragm would lead to erroneous pressures.

Young et al. (1977) further modified the Gibbs and Van Ness apparatus to obtain vapour
liquid equilibrium data on cyclohexane with benzene, octane-1 , m-xylene and n-heptane.
They employed a different degassing technique in which they repeatedly froze the pure
component then evacuated the space above the solid. The assumption was made that the
gases were insoluble in the solids. The frozen solid was then allowed to melt with
intermittent evacuation of the flask. This method of degassing has the disadvantage in that
it is tedious and also that residual gases are always partially reabsorbed in the solid phase,
even if the crystalline layer is formed under evacuation (Aim, 1978). A pressure transGucer
was used as a null device between the equilibrium cell and the pressure gauge. The
pressure in the cell was directly measured with a Texas Bourdon gauge and the absolute

temperature was measured with a platinum resistance thermometer.

Aim (1978) used a similar method to that of Gibbs and Van Ness. The samples to be tested
were held in ampoules attached to a vacuum line, the seals were broken when the sample

was ready to be charged into the cell. The ampoules were made up prior to experimentation

and were then connected to the vacuum line, each one being sealed. Mixtures of known

composition were prepared synthetically in a thermostatic equilibrium cell by weight irom
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pure degassed components and the total pressure was measured by a quartz Bourdon
gauge. The entire composition range for a binary system at three temperature values could
be covered in two experimental runs. The equilibrium cell was a flat bottomed cylindrical

glass vessel with a total capacity of 48 ml. The main apparatus is shown in Figure 4.4.

Maher and Smith (1979a&b) developed a new version of the total pressure apparatus with
one design objective in mind, that is to obtain the vapour-liquid equilibrium measurements
of three pressure vérsus liquid mole fraction, x, isotherms for a given binary system within
five working days. As shown in Figure 4.5 fifteen small cells were loaded with two pure
components and thirteen intermediate binary mixtures. The cells were loaded by adding the
desired amounts of liquid to each one and welghing after each addition. After loading the
fifteen cells were attached to the vacuum line. The liquids in the cells were degassed by
successive freezing, evacuation and thawing cycles. After degassing the manifold with the
attached cells was placed in a temperature-controlled bath and connected to the pressure
transducer. The P versus x isotherm at the bath temperature was obtained by opening each
cell in turn to the pressure transducer. With this arrangement it was sometime possible to
measure two 1sotherms in the same day. The cells were in the liquid bath but the manifold
was in the air bath which is kept about 5 K warmer than the liquid to prevent condensation
in the valves, manifold, pressure transducer and the connecting lines. The pressure

measurements were made by opening each cell in turn to the pressure transducer.

With this method the rate of data accumulation was rapid as compared with the titration
device where one component is put into the cell and the second component is added in
small increments to change the composition. One drawback of this method is that it is only
suitable for chemically stable systems. Another problem with this apparatus is that build up

of pressure due to leakage and desorption occurs over a four days period from the last

degassing cycle.

Mentzer, Greenkorn and Chao (1982) developed a high pressure version of the total
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Figure 4.4: Total pressure apparatus of Aim (1978)
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Figure 4.5: Total pressure apparatus of Maher and Smith (1979)
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pressure apparatus based on the original design of Gibbs and Van Ness (1972) as shown in
Figure 4.6. Several improvements have been made over the previous design, the most
notable being the design of the equilibrium cell. The cell was constructed from stainless
steel with a copper gasket providing a leak-tight seal between the body of the cell and the
lid. Pure liquids enter through the sides of the cell rather than the top, to ensure good
mixing. Two pure liquids were degassed and then transferred by distillation to the piston
injectors. The composition of the liquid phase was directly determined from the volume of
the material transferred to the cell, except for a small correction to account for that which
vapourises. The piston injectors used were volumetric metering pumps, made by Ruska

Instruments Corporation, with a capacity of 100 ml.

The pistons on each pump are then advanced to compress the fluids to a pressure
sufficiently larger than each component's vapour pressure to ensure that a single phase is
present. The pressure exerted on the fluid was 582 kPa. The entire composition curve is

obtained in one day.

Gillespie, Cunningham and Wilson (1985), see Figure 4.7, developed another version of
the total pressure apparatus in which they constructed an equilibrium cell from 304 stainless
steel with a capacity of 296 ml. The cell was equipped with a charging and sampling line, a
thermowell and a pressure tap. The temperature of the cell was measured with a
thermocouple and the pressure with a mercury manometer and a cathetometer. Both
temperature and pressure were measured within the accuracy of £ 0.05 K and £ 10 Pa.
This apparatus differs from those mentioned above in that it employs a charging cylinder
rather than a piston burette as a means of introducing degassed components in to the
equilibrium cell. The composition of the charge in the cell was measured by weight change

of a charging cylinder for each increment. The fluids in the charging cylinder were stored

under a pressure of 174 kPa.

Alessi, Fermeglia and Kikic (1986) developed an apparatus based on that of Gibbs and Van

Ness (1972) to determine the activity coefficients at infinite dilution for binary systems.

The apparatus consisted of two cells and operated according to the principle
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Fig. 4.6 Total pressure apparatus of Mentzer, Greenkorn and Chao (1982)
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Figure 4.7: Tortal pressure apparatus of Gillespie, Cunningham and Wilson (1985)
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proposed by Gibbs and Van Ness, except, as shown in Figure 4.8, two cells, A and B,
were used and that the component which was present in small concentration (solute) was
injected into the cell A, containing a known amount of the solvent, by means of a gas-tight
syringe. The second cell, B, contained only the solvent and therefore could be considered
as the reference cell. Difference in pressure at constant temperature were then determined
for additions of known amount of the solute in the cell A. The total pressures above the
liquids in the cells A and B were measured by pressure gauges. The two cells were
identical they were constructed in 316 grade stainless steel and they had a volume of 53 ml

each.

The procedure for degassing was essentially that proposed by Hermsen and Prausnitz
(1963) and consists of distillation under vacuum at total reflux and a programmed sampling
of the top product by means of two solenoid valves. Complete degassing was normally

achieved in 20 to 25 hours of continuous running.

Vapour-liquid equilibrium data have commonly been measured using a circulating still
which involves separation of the phases and then analysing them using any of the standard
analytical technique. On the other hand the total pressure approach involves the
measurements of total pressure exerted in a static cell as the liquid composition 1s varied.
The analysis of either of the phases is avoided and in general total pressure-liquid
compositions measurements are easier than the equilibrium vapour composition
measurements, especially for solutions of high relative volatilities and for solutions which
are difficult to analyse. It has been suggested that since the data can be collected much
more rapidly using the total pressure method, it is an effort wasted carrying out careful and
sophisticated analysis of the vapour phase. Instead it is prudent to spend time improving
pressure-liquid composition data and use several of the

techniques of measuring

computational techniques available to calculate the vapour phase compositions. There is

however an advantage to be gained from the experimental measurements of vapour phase

composition. These values can be used in a consistency test to check the integrity and

quality of the data deduced from using a computational method.
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Figure 4.8: Total pressure apparatus of Alessi, Fermeglia and Kikic (1986)
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All the total pressure methods mentioned above depend on the availability of a suitable
computational technique to reduced the P-x data to give y values and the method developed
in this work is no exception. Use of a data reduction program has been made involving a

suitable activity coefficient model for the liquid phase to deduce y values.

4.3 Data Reduction

Data reduction is somewhat complex, as potentially a number of methods are available
(Barker, 1953; Ljunglin and Van Ness, 1962; Hala et al., 1967, Mixon et al., 1965; Abbott
and Van Ness, 1975). These methods involve the evaluation of liquid activity coefficients,
partial pressures and equilibrium vapour compositions from the total pressure-liquid
composition measurements. In general, these methods involve evaluations of either
constants of equations representing the liquid activity coefficients or of equilibrium vapour
compositions directly by means of a step-wise integration procedure. All methods involve

the Gibbs-Duhem equation in an integrated form.

The most straight forward approach is due to Barker (1953) in which the adjustable
parameters in any desired integrated form of Gibbs-Duhem relationship (such as any of the
extended forms of the Margules equation or the UNIQUAC equation) are found by
optimising the fit between the experimental and calculated values of the total pressure. The
y values can then be deduced for the experimental x values at the measured temperature and
total pressure, since the activity coefficients may now be calculated. The only drawback of

this approach is if the equation chosen can not in fact represent the actual behaviour of the

mixture, especially at the extremes of the concentrations.
In doing this fit in this work we need to apply a correction to each x, P, T point for the

material present in the vapour phase, since we only know the total volume of the cell.

Ignoring the change in volume on mixing will give still a good estimate of the vapour phase

volume. and so of the mole numbers in the vapour phase, if we know the vapour
, S

composition (which at first we do not). So the first Barker fit uses the assumption that all
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the material is in the liquid phase. The resulting y values may then be used to correct this

assumption and generate corrected liquid phase compositions (the corrections are in fact

very small at sub-atmospheric pressures).

This procedure automatically generates the parameters for the fitting equation used.

Parameters for other equations can be found by repeating the Barker fits.

The Barker method is based on the assumption that the excess free energy GE can be
represented as a suitable function of composition. It is the availability of such a suitable
analytical expression, for relating GE to x that is capable of producing a fit to the data
within the limits of experimental uncertainty, is that the only requirement of the Barker
approach. Abbott and Van Ness (1975) have developed an empirical approach to meet this
requirement and they proposed the use of extended four-suffix Margules equation. Details

of general thermodynamic equations used can be found in Van Ness et al. (1973) .

If,
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Since the terms on the right-hand side of equation (4.3) represent the partial pressures, y; P
and y; P, the y's are calculated by division of the values of these terms by the calculated
value of P. Barker's method is carried out through application of equation (4.3) in

conjunction with a correlating expression for g, using five-suffix Margules equation:

Ei
= AgXp + Apxg - Ay X + )\12x2)x1x2
*1%2 - 46

The procedure 1s to seek through regression a set of values for the parameters in the
correlating expression for g that minimises the sum of the squares of the differences

between the experimental values of P and the corresponding values calculated by equation

(4.3). Since the y's are not known initially, calculation of ¢; values requires an iterative

process.
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Chapter 5: Development of the Total Pressure Apparatus

5.1 Introduction

The experimental apparatus described in this section was developed for measuring vapour-
liquid equilibrium data at atmospheric and subatmospheric pressure. The method is
principally based on the measurements of the total saturated vapour pressure as a direct
function of the composition of the binary mixture. The method produces isothermal data
for binary mixture over the full composition range with the need of sampling and analysis
stages eliminated for both phases. It is suitable for obtaining vapour liquid equilibrium data

at very low concentrations of one component.

5.2 Practical Considerations

The final apparatus consists of a number of sections each having a different function. Their

design and construction are discussed below:
1)  The degassing units

2)  The dispensing devices

3)  The equilibrium cell

4)  Auxillary equipment

5.2.1 Degassing units

The removal of all the air and gases from the mixture components is an essential pre-

requisite to ensure that the cell pressure is a function of the temperature and the mixture

vapour composition only. Failure to completely degas the components is often the cause of

the largest experimental error present in total pressure techniques and is severely critical in

methods where pressure differences may be of the order of only 10 mmHg.
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Various degassing techniques have been reported in the literature. Most popular

procedures involve the pure components being degassed by freezing, evacuating and
thawing cycles. This procedure is, however, tedious and time consuming. An improved
procedure was adopted by Jenkins and Smith (1975) where the pure components were

degassed by refluxing under vacuum followed by condensation.

The apparatus used in this work was closely modelled on the Jenkins and Smith (1975)

design, comprised of three parts A, B and C as shown in Figure 5.1.

Part A is a 250 ml three necked glass round bottom flask which is connected to the double
surface condenser and to the reboiler unit, B, while the third branch provides the inlet for
the feed. The section C is the reservoir which is used to store the degassed liquids. The
entire apparatus is connected to a vacuum pump. The vacuum is used to remove the vapour
built up during refluxing of the liquids. High quality vacuum taps are used and efforts

were made to ensure that there was minimal leakage of air into the apparatus.

The most important part of the degassing unit is the reboiler which is of 50 ml capacity. As
seen in Figure 5.2 there are two arms which connect the round flask to the heating element
compartment. One arm leads from the bottom of the flask and connects to the bottom of the
heating element compartment while the other byanches off immediately from the top of the
flask and connects to the mouth of the heating compartment. The dimensions of the heating
compartment were such that the heating element of the hot rod is fully immersed in the

liquid. This heats the liquid more efficiently as there is a good contact between the hot rod

and the liquid surrounding it.

Part C is the 50 ml round bottom flask with a long neck, one side of which is connected to
the reboiler unit via a glass-bodied valve while the other side is connected to the vacuum
line. Once the liquid is judged to have been degassed it is transferred to the reservoir where
it is stored for subsequent introduction in to the equilibrium cell. This is the most crucial

stage of the degassing apparatus as it is here where the degassed pure component is kept,

sometimes for a week, over which the actual pressure measurements may be carried out.
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Figure 5.1: Degassing apparatus
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Figure 5.2: Reboiler unit
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It 1s therefore necessary that the reservoir be leak tight and that the pure component could

be stored for the duration of the experiment. To achieve this the reservoir unit was

designed as shown in Figure 5.3.

It has a cold finger sealed on to its neck (in the O'Donnell (1980) version this had been
inserted through a glass-screw joint) and is connected 1o the capillary tube leading from the
dispensing device via a Rotulex joint with a PTFE sheathed O-ring. On the both sides of
the reservoir are the glass bodied valves which are known to give a good seal. In order to
establish that the reservoir was capable of holding the pure liquid with little air leakage a
series of experiments were carried out with ethanol and water as discussed in Section
6.4.2a. It was shown that the pure degassed liquid could be stored in the reservoir for one

week before observing significant changes in its vapour pressure.

All the degassing assembly was constructed from borosilicate glass and the taps and valves

used were high quality vacuum types.

5.2.2 Dispensing device

Gibbs and Van Ness (1972) developed a total pressure apparatus in which they used a
dispensing device. The pure components were degassed and then stored for subsequent
introduction into the equilibrium cell. This was the first device of its kind to be used in a

total pressure apparatus. Figure 4.1 shows a semi-schematic drawing of the essential

features of one piston injector used in their original apparatus. The piston M is advanced

by a precision lead screw D and the displaced volume is indicated by a travelling marker on

a hub eraduated to 0.01 ml. Jenkins and Smith (1975) in their apparatus had used
o

conventional burettes where the degassed liquids were stored before introduction to the

equilibrium cell.

A new injection device was used in this research programme based on the piston head

principle with the central shaft carrying the piston head attached to a manual driven

mechanism. The quantity of liquid introduced into the cell could be measured accurately.
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Figure 5.3: Reservoir unit for Storage of Degassed Liquid
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The problem associated in using the piston head burette in its orginal form is that if the
pressure above the piston is less than that below, then leakage of gas into the deeassed
liquid may occur, therefore them unsuitable for use in the pressure measurements. Too,

since there is a pressure difference across the piston head movement of the piston shaft

becomes difficult.

The new device was constructed in such a way that any possibility of air leakage from the
dead space below the piston head was eliminated. This was achieved by building an
extension onto the piston burette. As shown in Figure 5.4 an extension was made of brass
and attached to the base of the glass burette. Further down this extension a seal is made
between the central metal shaft, bearing the piston head, and the casing. A vacuum line
was built into the extended burette body to evacuate the dead space below the piston head,
and this space was opened to vacuum during the operation in such a way that there was no
pressure gradient across the burette piston. This procedure prevented any leakage of air
into the degassed component . Further down at the bottom of the metal burette an other

seal was put in to prevent air Jeaking into the dead space.

One of the essential requirements of this method is that the pure component must be free of
any air and that a complete degassing of the liquids had been carried out before introducing

them into the equilibrium cell. The most crucial part of the apparatus is the line between the

reservoir and the cell. This line consists of the dispensing burette, one side of which is

connected, via a cup-ball joint, to the reservoir and the other side is connected to a capillary

tube leading to the cell. The line from the reservoir end to the cell forms a critical part of

the apparatus and every precautions had been taken to ensure that there was no leak at any

i i apill i servoir to the piston burette an
point along this path. The glass capillary connecting the reservo p d

eventually to the equilibrium cell was a 2 mm bore capillary tube. This minimised the

amount of liquid retained in the line.




Figure 5.4: Extension built onto the piston buretie.
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There are two glass bodied valves one on each side of the burette. These are glass-bodied

with one PTFE. ring which seals against the capillary tube and an O-ring which provides a

double seal.

It is thought that PTFE surfaces absorb organic liquids thus introducing errors in the
quantity of pure component entering the cell. The use of a glass-body for the valves
minimise errors attributable to adsorption and to diffusion of air through them. The use of

two O-rings reduces the possibility of any dust preventing an effective seal.

5.2.3 Equilibrium cell

An equilibrium cell, made from borosilicate glass, was constructed to give a total capacity
of 50 ml. As shown in Figure 5.5 there are four capillary arms situated at the top of the cell
to provide connections. The central branch is connected to a stainless steel line via a
Rotalux cup-ball joint. The remaining three are located at the circumference of the cell, two
for each of the two pure components and the third one provides a connection to the vacuum
line. The cell is connected to each of capillary tube leading from the dispensing device via a

rotulex joints with a PTFE sleeved O-ring. The joints are held secure by Rotulex clips.

To isolate the cell from the rest of the apparatus glass-bodied valves were used for the

reasons discussed earlier; once again a number of other valves were tried which were found

to be unsatisfactory.

One important criterion is that the cell is completely leak-free, as any air diffusing into the

cell would introduce errors in the total pressure measurements. Accordingly a considerable

time was spent establishing the integrity and suitability of these valves and the associated

joints for use in this apparatus.

When designing the equilibrium cell it was decided to make the two capillary arms for the
et =]

1 and 2 mm bore. This ensured a good drainage
pure components upright, of 80 mm length and g g

of liquid into the cell. The vacuum line of 1/4 inch diameter was connected to the cell again

via a Rotalex joint. The two lines carrying the degassed pure liquids from the piston
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Figure 5.5: Schematic Diagram of an Equilibrium Cell
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burettes to the cell were of 2 mm bore and their length was kept as short as practically

possible to minimze the dead space. The cell connection to the pressure transducer was
made through the central branch via a glass-stainless steel Rotalex joint. The capillary

leading from this point was a stainless steel narrow bore, 1/16 inch, again for a similar

reason.

A magnetic follower, coated with glass, was placed inside the cell. The stirring action

made the mixture attain equilibrium more quickly. An external electric magnet was used to

drive the stirrer.

5.2.4 Other requirements
Vapour inside the cell travels up the capillary tube and impinges onto the surface of the
transducer's diaphragm. The capillary tube carrying this vapour must have several features

incorporated into it. These features include the following:

1) It must be as short and as narrow as practically possible. This was achieved by
having a 3 cm long arm from the cell connected onto a 2 cm long 1/4 inch stainless
steel tube which was in turn connected to the 1/16 inch bore tube via a Swagelok
reducer fitting. This capillary was then connected to the pressure transducer. A

special fitting was made in the department for this purpose.

2) It must be completely leak tight as any air entering into the capillary tube would
adversely affect the pressure. A considerable time was spent in order to develop a
leak-free line. Great care was taken to ensure that the Swagelok connection fittings
formed well sealed joints. A thin layer of PTFE tape was used on the threads of the

connectors. The joints were then sprayed with a silicon vacuum leak sealant. This

aerosol forms a thin film of polymeric resin which does not flake or crack.

A series of experiments Wer¢ carried out to detect and quantify the leaks along the entire

lenoth of the capillary tube connecting the equilibrium cell to the pressure transducer. One
g :

such experiment involved the set-up as out lined in Figure 5.6.
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Figure 5.6: Leak Testing the Capillary Line Connecting the Equilibrium Cell to the

Pressure Transducer
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The vacuum pump capable of reducing to the pressure to below 0.01 mmHg was used to

evacuate the entire length, L, with its transducer connecting end blocked. Once a pressure

of 0.01 mmHg was attained in the line the pump was isolated. Any pressure increase in the

line was monitored with a MacLeod pressure gauge. The presence of leaks at any point
along the length was detected by using Leak-Tec vacuum leak detector, this foam-like
substance was applied to the suspect joints. In the presence of a leak the foam formed an
indentati.on. All the joints along the line were tested for the presence of leaks in a similar
manner. The faulty joints were then dismantled, a little more PTFE tape was applied to the
screwthreads and the joint was securely assembled. The joints were treated with the
aerosol vacuum sealant. Further coats of the sealant were applied every 24 hours, in total 4

to 5 coats were applied.

After one week the capillary tube was pumped down to a pressure of 0.01 mmHg and it
was then isolated from the pump as before. A rise in pressure was measured with the
gauge over a period of 8 hours. Despite exhaustive efforts it was found that there was an
unacceptable leakage at some of the joints. Several more coats of the sealant was applied

but no improvements were observed, even an ordinary hair spray was tried.

Since the capillary connecting the equilibrium cell to the pressure transducer forms a most
important part of the apparatus and a successful attainment of leak-free joints would
determine the fate of the project, there was now a need to take more drastic steps in order to
achieve the set objectives. By this time it had been established that stainless steel Swagelok
fittings were not able to hold the vacuum and that the silicon vacuum sealant was ineffective

for the stainless steel joints. The only feasible option was to silver solder the entire joints

on to the stainless capillary. After soldering the entire capillary length was tested for the

leak as before. At last, the mission was successful in that once the capillary was evacuated

and isolated from the pump the rise in pressure observed over a period of 8 hours proved

did not prove to be significant, sec Appendix 1.
Having checked that the capillary length was leak-tight it was now decided to investigate if

any leakage occurred when the equilibrium cell was connected to the line, i.e., at the joint
fel
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between the cell and the stainless steel cup, and all the joints situated in the vicinity of the

cell, as even a small amount of leakage could introduce large errors into the total pressure
measurements. For this investigation the following set-up was used and any leak was
detected with the Leak-Tec vacuum leak detector and its rate was monitored on the McLeod

gauge.

As shown in Figure 5.7 the vacuum pump was connected to one of the cell's arms via a
Rotalux joint and the central arm was connected to the capillary tube with its end blocked as
before. In this operation the tap, T3, was opened whilst taps Ty and T, were closed. The
equilibrium cell and the line to the pressure transducer were evacuated to 0.01 mmHg. The
vacuum pump was isolated by shutting tap V and the pressure was monitored as before.
The vacuum sealant was applied to the glass joints, this subsequently being found to form a
good seal. With the vacuum pump isolated it was seen that the pressure did not change

significantly with time, see Appendix 2.

Having achieved a leak-free situation between the cell and the pressure transducer the next
task was to check if any leakage occurred at the other two joints linking the cell with the
two piston burettes. The central connection to the capillary tube was dismantled and the
cell was blocked with a glass tube having a Rotalex cup at one end and the other end
sealed. Again with the valves Tj, T, closed and the central arm blocked the cell was

pumped down and the pressure was observed, with pump isolated, as a function of time.

3)  As mentioned earlier the vapour from the liquid in the cell acts on the bottom surface

of the transducer diaphragm. If the capillary tube carrying the vapour is at a

temperature below that of the cell then the vapour would condense onto the walls

before reaching the diaphragm. This would obviously give untrue pressures. In

order to eliminate any condensation of vapour an encasing was developed to house

the capillary tube as shown in Figure 5.8. A 4cm length of copper pipe was wrapped

ound with a heating tapeé and then insulated with an inch thick glass fibre lagging.
ar g

Heating tape was used t0 heat the pipe, as the capillary tube was placed inside the
g S us

was controlled by positioning a temperature

pipe, the temperature inside the pipe
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Fi 5.8: Di ' '
gure 5.8: Diagram Showing the Capillary Tube Linking the Cell to the Pressure
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control probe in this VviCinity.

This assembly : :
15 assembly ensured that the capillary line could be maintained at a temperature slightly

higher than that of the equilibrium cell thus preventing the condensation of vapour.

5.2.5 Pressure measurement and control

The accuracy and control of the pressure system of the apparatus is determined by the
performance of the transducer. In this work a Druck differential pressure transducer, type
PDCR 10/L, was used. As stated earlier the cell pressure is transmitted to a transducer via
a capillary tube and this pressure causes a deflection of the transducer's diaphragm. The
transducer was placed in a chromatograph oven at a distance from the equilibrium cell.
With this procedure it was possible to keep the transducer at a temperature slightly above
that of the cell, thus eliminating the possibility of vapour condensing on to the surface of
the diaphragm. The transducer requires an excitation voltage of 10 volts and a
millivoltmeter was used as a read-out device. The balancing side was connected via a 1/4
inch copper pipe to the system reservoir. The reservoir is made from an empty gas cylinder
with three connections at the top (as is the vacuum reservior). It was connected to the
compressed air supply from which air passed through a drying chamber containing silica
gel. The output line from the gauge was the system line. With the Bourdon gauge
connected in this way it was used both as a pressure measuring device as well as a pressure

controller by applying an equalizing pressure. When the pressure on both sides of the

diaphragm is equal, a null position, i.., & zero read-out, is obtained. Since the transducer

is, in effect, being used as a null detector it must provide both the required sensitivity and
reproducibility of the null position.

) _ ‘ ; ; Z ver
While the balancing pressure system was to be sometimes subjected to vaculum no Very

g00d vacuum had to be achieved, so this system was biult up from copper tubing and

fittings, with some reinforced PVC lines.

A vent valve was incorporated in the system line so that excess pressure could be
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dissipated.

As mentioned earli ) . )
er the system reservoir cylinder has three connection lines such that the

i
central line goes to all the way to the bottom of the cylinder while the other two are inserted

such that they are at different levels inside the cavity, thus exploiting the full volume and

no . .
uncoupling the three connections (see Figure 5.9). The reservoirs serve to eliminate

pressure fluctuations thereby maintaining a smooth pressure in the line

The Bourdon gauge controller was used to both measure and control the pressure. There
are three connections to the gauge, one the pressure input line carrying compressed air
which had been passed through the drying chamber. The second line is the pressure

balancing system line and the third is the vacuum supply.

Together with the Bourdon gauge another pressure measuring device was used. This was
a Druck digital pressure indicator, model DPi 140. Since small pressure changes were
involved the sensitivity and accuracy of the pressure measuring system was of paramount
importance. With the set up as described above it was found possible to control and

measure the pressure to an accuracy of two parts in 10,000 of a bar.

A series of experiments were carried out to establish the reproducibility of the null position.
These involved evacuation of the equilibrium cell and isolating it and then opening the
balancing side of the transducer diaphragm to vacuum. The shift in the null position was

observed as a function of time. A small drift in the null point was seen which was within

the expected precision of the experiment.

In another experiment an equal and controlled pressure was applied on both sides of the

diaphragm and the null position noted over a period of time. The procedure was repeated at

different pressures. The performance of the transducer was found to be consistent and

reproducible.
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Fi ) :
1gure 5.9: Construction of the Reservoir Cylinder
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5.2.6 Vacuum system

One most essenti - f
al pre requisite of the total pressure technique is that the cell must be

completely air-free. i ; :
pretely ee. This requirement imposes severe technical difficulties in that the line
leading from the v

8 acuum pump to the pressure cell must be leak-free and once the vacuum
pump is isolated from the line the vacuum is maintained. This requirement was achieved

finally having spent a considerable amount of time and also selecting the right kind of

fittings and tubing to construct the line,

The vacuum system was designed to meet three requirements:

a)  Vacuum needed for the degassing procedure.

b)  Vacuum needed for the balancing side.

¢)  High vacuum needed to pump down the cell and the associated capillaries.

All three are essential in the total pressure technique and in practical terms they conflict with
each other. In order to achieve (a) and (b) above the vacuum system was designed to pull
the pressure to about 2 to 3 mmHg where as in the case of (¢) an absolute pressure of less
than 0.001 mmHg was needed. These objectives were achieved by having the vacuum
system in two halves, the low vacuum side, which would be satisfactory for degassing and

the balancing side, and the high vacuum side which were used to evacuate the equilibrium

cell and the associated capillary line in its vicinity.

Initially the lines in the vacuum system were constructed from 1/4 inch OD copper pipes

and 1/4 ID reinforced PVC tubing and the joints were brass connectors. On testing this set

up it was found possible to obtain a vacuum low enough to meet the requirements of

degassing and the balancing of the pressure. However, a more sophisticated set up was

necessary to achieve the high vacuum criterion.

Figures 5.10 and 5.11 show the vacuum system used. An Edward's rotary vacuum pump

was used for both the high and the low vacuum sides.
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Figure 5.10: Pressure Control System
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5.2.6.1 High vacuum side

The high vacuum side was constructed in the following way. Half-inch bore reinforced
PVC tube leading from the pump was connected 10 a cold trap and the degassing unit via a
glass tee-piece. A cold trap was positioned immediately upstream of the pump to remove
any condensables from the vapour entering the pump. The trap contained dry ice with a
small amount of acetone. The line forming the critical path of the vacuum system was
constructed from half-inch bore glass tube and the Rotulex cup- and -ball joints with PTFE
sleeved O-rings. These joints were tested and proven capable of pulling and holding high
vacuum. The pump and the pressure balancing line could be isolated from the critical path

with the aid of two glass bodied valves.

A considerable time was spent in achieving the high vacuum needed for a complete
evacuation of the cell. High vacuum was also needed to evacuate the piston burettes and
the associated capillaries before they are charged with the degassed liquids. All the taps

and valves used in this side of the vacuum system were of good integrity.

5.2.6.2 Low vacuum side
This side of the vacuum system serves both the degassing units and the pressure control

system to demonstrate a null. In both cases a pressure of 2 to 3 mmHg was required. As

noted above it was found possible to achieve this by constructing the line with PVC

reinforced pipe and copper tubing while less crucial every effort was made o minimize the

factors responsible for leakage.

Low vacuum was also applied continuously to evacuate the dead space beneath the piston

heads in the burettes. This procedure removes any air trapped in this space which would

ed liquid. Also the pressure on both

otherwise leak past the piston head and into the degass

sides of the piston head was balanced and this facilitates the operation of the dispensing

device.

as a reservoir in the vacuum

. i as used
As with the pressure system, an €mpty g3 cylinder was

~ ller.
line to provide a smooth supply t© the pressure contro
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5.2.7 Temperature control and measurement

The thermostatically controlled water bath comprises inner and outer controlled

compartments. The outer compartment was controlled to within £ 0.02 K with the inner

compartment providing the necessary control to * 0.001 K. The control bath for the

apparatus is shown in Figure 5.12.

The control unit for the inner compartment is a proportional control unit by Heto-therm.
The outer compartment is governed by an externally situated proportional control unit
connected to the detector and heater h. This control unit was designed and constructed in
the department. The other two (boost) heaters aid the initial water heat up. This control
section is compactly constructed to produce a well stirred intimate contact between the
water, heater and the detector. The detector had been a thermister but was replaced by a
platinum resistance thermometer because of a tendency to drift over Jong periods. Water is
taken into the section via a weir arrangement and returned to the main section via exit holes

at the bottom.

The outer compartment is surrounded by a 30 mm thick insulation of vermiculite and is
mounted on a wooden base. The bath is constructed from stainless steel with float glass
windows on the front of both compartments so that the equilibrium cell can be observed as
well as its associated joints and capillariy lines. The water surface is covered with

polystyrene balls during operation to reduce heat losses through evaporation.
. o 1 .
The bath has been tested satisfactorily at temperatures up {0 80°C with a thermocouple

whose potential difference was measured with a potentiometer. Consistent and comparable

temperatures were observed with no detectable variations. During operation, the outer

i intai i d temperature to aid the performance
compartment is maintained slightly below the controlled temp

erature was measured using a Guildline

of the inner unit. The inner bath temperature temp

platinum resistance thermometer.




Figure 5.12: Thermostatic Control Bath
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Chapter 6: Description of Apparatus and Experimental

Procedure

6.1 Introduction

The apparatus developed in this research programme is essentially a total pressure method
of obtaining vapour-liquid equilibrium data on binary systems. In principle the total
pressure above the liquid phase in a static cell is measured as the composition of the

mixture is varied. The data were obtained isothermally over a range of temperatures.

6.2 Temperature Measurement and Control

The vapour pressures are extremely sensitive to temperatures and since small vapour
pressures are measured as a function of composition it is necessary to be able to control and
measure the temperature within £ 0.001 K. As shown in section 5.6.2 a double water bath
was used in this experiment with thermostats controlling the temperatures of the outer and
inner compartments to within £ 0.02 K and * 0.001 K respectively. The temperature was

monitored by a Guildline platinum resistance thermometer to a precision of £ 0.001 K.

6.3 Pressure Measurement and Control.

The accuracy of the pressure system is determined by the performance of the pressure

transducer. As stated previously the pressure developed in the cell is transmitted, along a

capillary tube, to the transducer which is placed in a chromatographic oven.The method of

: - '« desi 111 i abilities both
measuring the pressure in the cell 18 designed to utilise to their full capabilit th the

: . o .
differential transducer and the pressure-comroller and pressure gauge
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Figure 6.1: Diagrammatic Representation of the Total Pressure Equilibrium Cell
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The differential transducer is not optimal, it was used because it was immediately available
from the previous project; it has a differential range of -1 to 7 bar gauge. However, it has
infinite resolution, and by using it as a null ransducer, whose balance point can be checked
before and after each run, most of the effects associated with strain-gauge silicon

diaphragm transducers, and which degrade their accuracy, are eliminated.

The transducer was connected to a constant voltage source to provide 10 volts to provide
the excitation for the strain gauge bridge. The null position of the diaphragm was detected
by having a read-out device attached to the bridge out put. A millivoltmeter was used as an
indicator with a range of 0 to 1 mV. When the pressure on both sides of the diaphragm is
equal, the indicator reads zero, giving the null point, as the pressure on either side changes
the null position on the indicator is lost. With the aid of the Bourdon gauge operating in the
control mode the pressure is adjusted, increased or decreased depending which direction
the indicator needle has drifted, until the read-out device reads zero, i.e., the null point,

again.

The Texas Instruments Bourdon gauge, when used in the control mode, was capable of
controlling the pressure within = 0.0002 bar. The read-out from the controller gave the
system pressure but as there 1s some doubt about the hysterisis effect in the gearing of the

gauge mechanism, an additional pressure gauge has been added to the system, a Druck

vibrating cylinder gauge, with an accuracy of the same order as the precision of the

controller. This gauge has a range of 010 3.5 bar.

6.4 Degassing Apparatus and its Operation

One of the essential requirements of this method is that the pure components must be

thoroughly degassed as it is the vapour pressure due 10 the liquid itself which is measured.

In this research programme & degassing procedure of reflux evacuation, condensation and

evacuation has been used for both the organic liquids and water.




As illustrated in Figure 5.1 the degassing apparatus consists of three individual

interconnecting units and the following procedure was adopted to degas pure liquids for

use in this research project.

In the first stage the liquid was contained in a 250 ml three necked flask with a double
surface condenser. The liquid was heated with the aid of an isomantle and brought to boil.
The vapour arising from the liquid condensed onto the surface of the condenser and fell
back into the flask. This was allowed to continue for three hours during which the vacuum
was applied, at 10 minute intervals, to remove the buildup of noncondensables, air being

the major component.

In the second stage the liquid was transferred, drop by drop under the influence of vacuum,
into the main reboiler unit which was designed and built for the purpose of this research
project, see Figure 5.2. The liquid was heated with a Electrothermal Hot-rod and the
vapour arising was condensed onto the double surface condenser and returned into the
reboiler flask. This reflux operation was allowed to continue for 10 to 24 hours depending
on the liquid, water takes longer than organic liquids to reach satisfactory degassing.
During this stage essentially all the degassing was carried out. Once the liquid becomes
depleted with the air it starts to make a characteristic cracking noise as the bubbles collapse
against the wall of the reboiler. This cracking noise becomes more distinct as the degassing

progresses and it was observed to be more subtle with the organic liquids.

Finally the vapour was allowed to escape into the next chamber, the reservoir, where it

condensed to liquid by impinging onto the walls of the cold finger. Once again during the

condensation stage a little vacuum was applied to remove any residual air from the system.

The degassed liquid was stored for use in the experimental measurements.

6.4.1 Degassing procedure

The degassing apparatus described above is shown in Figure 6.2 and was used to degas

o . gassing operation is as wSs!
both organic liquids and water. The procedure of the degassing op s as follows
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The pure liquid was poured into the 250 ml three necked flask through the inlet which was
then closed with a stopcock, a little vacuum grease was applied to the stopcock to ensure a
good seal. The valves Vi, V; and V3 were closed and the vacuum pump switched on.
Valve V; was opened to evacuate the space above the liquid. This was done for 20 minutes
and condenser A might then be turned on to remove the vapour as the liquid starts to boil
under vacuum. Then valve V; was closed and the isomantle energised to heat the liquid in

the flask.

As the liquid boiled the vapour arising condensed and fell back into the flask. By opening
valve V; vacuum could be applied to remove the air and other noncondensables. Care was
be taken when applying vacuum as a large flux of liquid could rise and be drawn into the
condenser, also a large quantity of liquid may be flushed out of the flask. This was the

first stage of the degassing operation and took about three hours.

With valves Vy, V, V4 and Vs closed, valve V3 was cracked open and the liquid allowed
to drip into the reboiler unit. The condenser B was turned on and valve V4 cracked open to
introduce a small amount of vacuum as the liquid continued to drip across. Once the
reboiler flask was nearly full then the heating rod was energised and valves V3 and V4
closed. The liquid was allowed to boil under reflux and a vacuum introduced intermittently

until a characteristic cracking noise could be heard, with a good vacuum in the system this

could be achieved in the first stage of the operation.

Once the liquid was judged to have been degassed (this requires some experience) it was

then transferred into the reservoir via a condensation process on the cold finger.
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Figure 6.2: Water Degassing Apparatus
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Condenser B was turned off and valves Vg4, Vg and V7 closed and valve Vs opened. This
permited the vapour to impinge on to cold finger condenser. Valve Vg was cracked open to
withdraw any noncondensables. Once most of the liquid from the reboiler unit had been
transferred into the reservoir the heating rod was switched off and valves Vs and Vg firmly
closed. The cold finger condenser was turned off and the liquid stored in the reservoir and

was ready to be charged into the piston burette for subsequent introduction into the

equilibrium cell,

As mentioned earlier the ability to judge that a good degassing has been achieved requires
some experience and it was found that the technique improved as more experience was
gained. This was particularly the case with water which required longer and rigorous
treatment. Experience with this technique showed that the organic liquids could be

degassed in 10 hours whereas water needed about 24 hours to reach complete degassing.

6.4.2 Commissioning of degassing apparatus

The degassing method developed in this research project was commissioned on a number
of well known binary systems. Components such as ethanol and water were chosen to
establish the performance of the apparatus, because data on these components were

available to enable a direct comparison to be made. The commissioning programme was

conducted in two stages:

a) To verify whether the degassing could be achieved to a degree comparable to that

achieved by the other workers who used different and more tedious procedures.

b) That once degassed the pure liquid could be stored in a well sealed reservoir to

allow the experimental measurements 10 be carried out over a period of one week.

6.4.2.1 To check that degassing had been achieved

By this stage of the project extensive tests had been carried out to ensure that the

equilibrium cell and the associated capillary connections were all leak tight because any
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leakage either at the cell connections or capillary tube connections would have disastrous

effect on pressure measurements in that false readings would be obtained

The detailed experimental procedure will be described in Section 6.7. Saturated vapour
pressures of absolute ethanol and water were measured at different temperatures and the

values obtained were compared with those obtained by the National Physical Laboratories

(NPL) (Larkin and Pemberton 1976).

Since it is generally accepted that water is more difficult to degas than any organic liquid, 1t
was decided to degas water first to measure its vapour pressure. In the first experiment the
vapour pressure of degassed distilled water was measured at a fixed temperature as a
function of the volume added to the cell. This experiment was repeated at different
temperatures. The results obtained were compared with the NPL and the steam tables data

on water. The results are shown below:

Table 6.1: Distilled water at 25.00°C

Volume of Water Experimental NPL Pressure Steam Table Data
Added (ml) Pressure (bar) (bar) Pressure (bar)
5 0.03180 0.03169 0.031670
10 0.03183 0.03169 0.031670
10 0.03183 0.03169 0.031670
10 0.03184 0.03169 0.031670

The experiment was repeated at 30.00°C ,35.00°C, 40.00°C, 44.00°C and 50.00°C. The

results obtained were compared with those of NPL and the steam table data (see Appendix

S5).




Dry Ethanol

Absolute ethanol was degassed in a similar fashion to water except instead of 24 hours only
12 hours were needed to reach an equivalent degassing. As with the previous experiment
the volume of pure degassed ethanol added to the cell was varied and the saturated vapour

pressure measured after each addition. Measurements were carried out at different

temperatures.
Table 6.2: Ethanol ar 25.00°C
Volume of Ethanol Experimental NPL Pressure
Added (ml) Pressure (bar) (bar)
5 0.07896 0.07893
10 0.07895 0.07893
10 0.07893 0.07893
10 0.07896 0.07893

The experiment was repeated at 30.00°C, 35.55°C, 40.54°C and 50.00°C and the results are
shown in Appendix 9. Taking the average of the pressure values for each of the
temperature examined and comparing the experimental pressures with those of NPL the

following is observed:

Temperature (°C) 25.00 30.00 50.00
Experimental Pressure (bar) 0.089%6 0.10470 0.2975¢
NPL Pressure Data (bar) 0.07893 0.10428 0.29507

The experimental results obtained with distilled water and ethanol show that as the volume

of liquid into the cell was ‘ncreased there was no significant change in the vapour pressure

and this compares well with the NPL data. The results suggest that several very important

experimental pre-requisites have been achieved namely:




(a) The water and ethanol have been degassed completely using the technique developed

otherwise insufficient degassing would lead to increased pressure values on addition

of more pure liquid into the cell.

(b) That a well sealed central apparatus, the equilibrium cell and the associated

capillaries, have been achieved.

(c) By the fact that the results obtained are close to those of NPL means that the pressure

measurements and control are working well to a high accuracy.

6.4.2.2 Storage of degassed components

Once the liquid was judged to have been degassed it was stored in the reservoir for
subsequent use in the experiment. It is essential from a practical view point that the storage
of liquid is possible for at least one week duration before the air re-enters the liquid thus
making it unsuitable for use in the experiment. This enables the experimental
measurements to be made in the week following degassing operation. To elucidate whether
or not this was possible extensive work was undertaken to determine if the saturated
vapour pressure values were affected with time, that is to see if any air had reentered the

liquid.

The experiment was carried out firstly with water and ethanol. For water two days were
taken for degassing and on third day the water from the reboiler unit was transferred into
the reservoir where it was stored overnight. On the fourth day the equilibrium cell, piston
burettes and the associated capillaries were pumped down using the high vacuum facility.

After evacuating the system for three hours 5 ml of water were introduced into the cell and

the contents were stirred for twenty minutes to allow equilibn’um to be established inside

: T
the cell before the vapour pressure of pure water was measured. Three measurements were

: aoai s chz to the
taken at ten minutes interval. A second quantity of water, again 5 ml, was charged

(peri il the cell
cell as before and its vapour pressure measured. The experiment was repeated until t

~ ut and the experiment was repeated the
was nearly full. The cell contents WeTe flushed o




following day. The experiment was interrupted by the weekend following which two

further measurements were taken. The results and the experimental layout are shown in

Appendix 11.

In a similar experiment absolute ethanol was degassed and stored in the reservoir. It took
ten hours to completely degas ethanol. On the second day the system was pumped down
as before and the vapour pressure of ethanol was measured on 5 ml increments until the cell
was nearly full. The pressure measurements were repeated over five days to establish the

integrity of the degassing apparatus, see Appendix 12 for fuller details.

The data obtained on water and ethanol showed that both liquids can be stored in the
reservoir for up to seven days before a noticeable pressure change was observed. After
this period air entered the reservoir and redissolved in the liquids thus rendering them

unsuitable for further experimental measurements.

A considerable time was spent investigating ethanol and water because the literature data on
these was available for direct comparison. The most important source of vapour-liquid
equilibrium data on ethanol and water mixture was the National Physical Laborétory
(NPL). Once a direct comparison had been made between the data from NPL and the data
of this work and a satisfactory agreement obtained between the two, vapour pressure

measurements were made on ethanol-water, methanol-water, and ethanol-cyclohexane

mixtures.

6.5 Dispensing Device and its Operation
The pure degassed liquid contained in the reservoir of the degassing apparatus was

transferred into the piston head glass burette for subsequent introduction to the cell. The

design details can be found in Section 5.2.2.




6.5.1 Mode of operation

The glass burettes and the associated capillaries were thoroughly evacuated with the high
vacuum pump. The space immediately below the piston head was opened to a similar
vacuum to remove any air which enters the cavity. This procedure also eliminates pressure

differential across the piston head and therefore facilitating the movement of the piston.

For charging the burette the piston was pushed up to the maximum with valves V;and V3
in a closed position, see Figure 6.3. V) was opened and the piston shaft pulled
downwards. The liquid was sucked into the burette. When the piston head had reached its
lowest position, Vi was closed while the piston was slowly pushed upwards until the glass
burette was full of liquid. The valve V; was opened and the piston head was pulled
downwards again until liquid continuity was obtained. V; was closed and the piston was
pushed up again until it was locked against the the liquid. The valve V», was cracked open
and V; and V3 closed, then the piston was moved upwards to push the liquid into the
capillary connected to the cell. At this stage it was essential that no air bubbles be present
in this capillary tube. As the liquid entered the tube the piston was kept pushed up until
further movement was not possible. This procedure ensured that the liquid in the capillary

line was stored under pressure.

To introduce the pure liquid into the cell, V3 was cracked opened while valves V4 and Vs
were firmly shut. The piston head was pushed upwards and at the same time V3 was
opened a little more so that the liquid was charged into the cell under pressure. Once the
required volume of liquid had been placed in the cell V3 was closed off and the position of

the piston head noted on the vernier scale. Further charging of the pure liquid into the

burette and its subsequent introduction into the cell was carried outin a similar fashion.

Since the material was dispensed by the upward movement of the piston, any pressurc

ial i easily generated thus enabling
necessary to load the material into the cell could be y g

successive quantities of liquid to be introduced into the cell which would otherwise be

hampered as the pressure inside built up.




6.6 Initial Preparations and Cleaning of the Apparatus

It was an essential pre-requisite that the pure components under investigation were free
from any species which are capable of interfering with the true vapour pressure. Ethanol,
methanol and cyclohexane were all Analytical grade from BDH. As soon as these
chemicals were purchased they were analysed using a gas liquid chromatography to see if
there were any impurities present, particularly water. Small traces of water were detected.
The chromatograph of absolute ethanol showed a prominent peak due to the presence of
water. Similarly methanol and cyclohexane appeared to contain a small trace of moisture.
500 ml portions of these liquids were taken into a flask and were stored on molecular
sieves. These flasks were placed in a desiccator. A small quantity of the liquids under
investigation was removed with the aid of a syringe and put into the gas liquid
chromatography column. This analysis was repeated every two days until all traces of

water had been removed. The storage time was about two weeks.

6.6.1 Cleaning of the glass apparatus

The parts of apparatus made from glass were soaked in soap and water overnight and
thoroughly rinsed to remove any traces of detergent. They were then dried by placing them

in a dry oven set at 110°C over night before being assembled.

6.7 Data Acquisition and Experimental Procedure

The pure components under investigation were degassed and stored in the reservoir until

such time that the parts which form the critical path of the apparatus were well evacuated.
The critical path entails from the base of the reservoir and all the way to the connection to

the pressure transducer. The critical path was pumped down to a pressure of less than




Figure 6.3 Showing the procedure of introducing the liquids into the cell.
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0.01 mmHg. Once a satisfactory pumping down of the the equilibrium cell and the

connecting capillaries had been achieved, the cell was isolated from the system by shutting

off the valves V3, V4 and Vs shown in Figure 6.3,

Before a desired quantity of liquid was placed in the cell a null point was established by
subjecting both sides of the transducer diaphragm to equal pressure, 0.01 mmHg in this
case. The pressure on the balancing side of the transducer was controlled by the Texas

Bourdon gauge pressure controller. In this set up the position of the indicator needle of the

transducer read out device was noted.

The pure liquid from the burette into the cell was transferred using the following approach;
with the capillary line filled with the liquid (as described in Section 6.5.1) and the valves V4
and Vs closed and the position of the piston head on the vernier scale noted and called the
initial volume V;, the valve V3 was cracked opened and almost simultaneously the piston
shaft was moved upward. The liquid rushed into the cell and the pressure on the liquid
was maintained by having the piston head well pressed against the liquid. While having the
piston head pressed against liquid the valve V3 was closed off. The position of the piston

head was noted on the vernier scale and this was called the final volume V.

As the liquid charge was placed in the cell the vapour pressure inside the chamber changed
due to the vapour pressure of the liquid and this offset the balance point. The pressure

control knob on the Bourdon gauge was adjusted until the null position was regained. The

pressure controller works by applying positive or negative pressure on the system until a

null is found. The amount of pressure (positive or negative) applied by the Bourdon gauge

on the system in order 10 re-establish the null on the indicator was equal to the vapour

pressure exerted by the liquid charge ‘nside the cell. Before the pressure readings were

taken the charge in the cell was stirred electrically by an external magnet and the contents

were kept stirred until a thermal equilibrium with the surrounding had been attained and that

the indicator needle became steady suggesting that an equilibrium exits between the liquid

and the vapour arising from that liquid.




A second quantity of the same liquid was introduced in exactly the same manner and its
vapour pressure measured. Three measurements were taken at an interval of ten minutes
and as these values appeared consistent a known volume of second component was
charged into the cell in the same fashion as before. The second component was added in
increments and the total pressure inside the cell was measured after each addition from the
pressure required to regain the balance position of the transducer diaphragm. When the cell
was nearly full its contents were pumped out by opening it to the high vacuum facility.
Once the cell had been pumped down to a pressure of less than 0.01 mmHg the
experimental measurements were carried out in the reverse order to cover the second half of

the composition-pressure curve.

The experimental measurements were the incremental volume of liquid introduced into the
cell, the total pressure inside and the total pressure exerted as a result of liquid additions
and an operating temperature. The thermostat controlling the temperature of the water bath
was set to a different temperature and the total vapour pressure inside the cell was measured

as a function of volume of liquid placed in the cell.

6.8 Data Reduction

In this work, as already noted in Chapter 4 . the Barker method was adopted as the means

by which the experimental data would be manipulated to give values of x and y 1n

equilibrium. As pointed out above, ‘1 the Barker method a liquid phase activity co-efficient

model is chosen and its parameters adjusted using an optimisation scheme until a minimum

error is achieved between the experimental and calculated total pressures. Values of y are

produced during this process.

In this work. the first set of liquid mole fractions are computed assuming all the moles

added to the cell are in the liquid phase. Whilst in practice these values are very close to the
, ; is us ing the ideal gas law
true liquid mole fractions, the first set of calculated y values 1 used, using t g

ues of the liquid mole fractions. Whilst

and a simple mass balance, 10 g1V€ corrected va
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this procedure could be repeated until the liquid mole fraction did not change on subsequent

passes, in practice the charge is so small that only one correction is necessary.

A computer package was available for this purpose. It had been developed from a
programme written by O'Donnell (1980), this programme carried out Barker method
consistency tests on complete experimental x-y-P-T data set. A front end had been added
which reads in the experimental data from the total pressure method, and then processes
these for passing to the Barker method. The y values returned by this were then used in the
mass balance already referred to, and the Barker method used on the adjusted liquid mole

fractions. The results were printed from both Barker fits so that the degree of adjustment

could be checked.

Had an excessive change occurred, the programme could then be run with an additional

pass through the Barker fit. The flow diagram for this front end is given in Figure 6.4.

An alternative package was also available which, while 1t did not contain the front end as
discussed above, also enabled integrated forms of the Gibbs-Duhem equation to be fitted to
both experimental x-y-P-T and x-P-T data. This was an implementation of the computer
programme presented by Praunitz et al. (1980) in their monograph. The distinctive feature
of this package relevant to this work 1s that the fit used is not a Barker-fit as such but a
maximum likelihood fit to all the experimental data presented rather than to just the fo-T

data. When only x-P-T data are used then this approximates 10 a Barker-fit.

Initially the first programme was used to give the y-values, and in general using the only

fitting equation implemented in this version, a fifth order Margules, good fits were found to

the experimental x-P-T data. However, an initial comparison of the values so obtained

i i iew of the
with experimental data from other sources showed large discrepancies. In view ot t

good fits obtained, massive experimental error was considered unlikely, which left the

possibility that the package was in fact giving erroneous values (Jenkins, 1991), a point

. itz-deri cage, the x-
returned to below. Hence the data were reduced on the Prausnitz-derived package,

. ac i ith the measured
values deduced in the first package being used as 1nput together with t
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pressures and temperatures. The correlating equation used was the UNIQUAC equation
with only two adjustable parameters. Values of vapour phase composition much closer to
those of other workers were observed and these are the values discussed below. It is
opined (Jenkins, 1991) that with a five-parameter equation the degree of flexibility is such
that multiple solutions are possible and which one is found depends on the starting values
used for the adjustable parameters. In principle this could have been examined by repeating
the fits using different estimates of the starting values in a systematic way to identify the
nature of the problem. But such a purely computational exercise was both precluded by the
time available and outside the nature of this research programme. It was sufficient for this
project for a satisfactory fit to be obtained using a well proven equation such as the
UNIQUAC, since multiple solutions are both virtually impossible and in practice not

observed with this equation (Jenkins, 1991).
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Figure 6.4: Flow Chart
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Chapter 7: Data Analysis and Discussion of Results.

The total pressure method relies on the measurements of total vapour pressure exerted
inside a static cell as the liquid composition is varied. As already mentioned earlier the
method gives pressure, temperature, and liquid phase mole fractions, the PTx data. The
mole fractions of the components present in the vapour phase have to be determined by
means of a suitable computational technique. Since the method almost entirely relies on the
measurements of P as x is varied, there are several essential requirements which have to be
met. These being (a) good degassing procedure (b) high vacuum integrity, i.e no-leakage
situation (c) accurate measurement and control of both temperature and pressure and (d) a

data-reduction package must be available.

Despite the above requirements the total pressure method is still widely used in the
measurements of vapour-liquid equilibrium data. Its credibility and popularity have arisen
from the fact that both the sampling and analysis stages of the measurements are avoided;

thus eliminating two of the major sources of error in phase equilibria studies. Since it1s the

sampling and analysis stages which can be cumbersome, eliminating these allows data to be

collected more rapidly than is possible with other methods which involve analysis of the

phases.

Having built an apparatus with all the rechnical requirements in hand, it was commissioned

) . ‘neri cramme was designed to make
using well studied systems. The e,\perlmemal prog g

measurements of vapour-liquid equilibrium on three mixtures; namely ethanol/water,

methanol/water, and ethanol/cyclohexane. These were chosen because data on all three

mixtures were available n the literature.

B . M s ] o ]
In screening the raw data 10 obtain an indication of performance and integrity of the
scre g

ere examined on their own and a direct

. . ata W
experimental apparatus pure component dat

: iter Where possible multiple
: . O sth those from the literature.
comparison of these data Wits made with t




sets of data were obtained from the literature for each pure liquid. The pure liquid data

were available as saturated vapour pressures

7.1 Ethanol-Water Mixtures.

Saturated vapour pressures of pure water and pure ethanol were measured over a range of

termperatures and a comparison of this data was made with the literature values.

7.1.1 Pure Water.

Both from the literature review on degassing techniques for water and from the experience
gained from this work, it is clear that generally water is more difficult to degas than organic
liquids, requiring a more rigorous treatment typically 24 hours as against 10 hours for the

organics.

Saturated vapour pressures of water were measured at a range of temperatures and these
were compared with data from Larkin and Pemberton (1976), McGlashan and Williamson
(1976), Jenkins and O'Donnell (1980), d'Avila and Silva (1970),standard steam tables data

from Perry and Chilton (1973) and data obtained from the correlation of Prausnitz et al

(1967).

On plotting pressures against teMperatures our data showed good agreement with those of

other workers, see Figure 7.1. A clearer fit was obtained when In P against 1/T was

plotted, see Figure 7.2. For the reasons of clarity only a few data sets are plotted on the

graphs.

Note that these plots contain not only the initial pure water measurements but those taken at

the beginning of runs involving the initial addition of water. So it is clear that (1)

satisfactory degassing was achieved (2) the measurements of temperature and pressure are
$Sing was

: ] for other pure
at least consistent within themselves and since good agreementis reached for other p

liquids (see below) that they are accurdi€ 1o within the level of precision. See table 7.1

below.
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T : ]
able 7.1; Showing data for pure water

Saturated Vapour Pressures in mmHg
Temp/ 'C| M i

;5 2eBasured During run NPL Correlation|Steam Tabl

1750 -
” e 23.7675 23.7770 23.775

2 32.130 31.8375 |

. 31.8220 31.80
35 41.2125 43.563 42.1720 42 .20103
4518 22.3300 55.077 55.3220 55:3500
3.7890 93.844 92.5875 92.5149 92.5500

60 152.2100 152.076 149.381 15'1 302

Figure 7.1: Plot of Pressure against Temperature for Water.
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Figure 7.2: Plot of In P against 11T for pure Water.

1000 '3

D i B Measured
:Ié . ¢ During run
£ B NPL
< -
O 100 ] ¢ Correlation
é ) ® Steamdata
(9] o
| =
[a') g

10 T T T T T T T 1

0.0030 0.0031 0.0032 0.0033 0.0034

T

7.1.2 Pure Ethanol.

The vapour pressure of pure ethanol was measured at a range of temperatures. As before
these data were compared with the literature data, Larkin and Pemberton (1976), the
correlation of Prausnitz et al. (1967) and the data of Scatchard et al. (1964), Ronc and

Ratcliffe (1976) and Maher and Smith (1979). For the reason mentioned above only a few

data sets are presented graphically and it should be noted that as well as the initial data for

pure ethanol the vapour pressures measured for ethanol in the beginning of the runs on

mixtures are also compared with the initial P-T data.

in Fi : : xists between our experimentally
As shown in Figures 7.3 and 7.4 2 good agreement € P

measured data and those from other Sources. This again illustrates that a satisfactory

: i ve on the
degassing has been achieved as well as reinforces the points made abo

measurements of pTGSSUTC and temperature.

7.1.3 Ethanol-Water Mixtures
and pure ethanol mixtures of the two

ATUs Wi water
After having checked the apparatus with pure we
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were examined. The data obtai ;
btained were isothermal and most of the me
asurements were

aJ’I”led out at the high water dilution e“d ] d
C . he VapOUI ]](l l' 1ibri
1 eq ]llbnum data WEre ‘l
Obml Cd

over a range of temperatures.

For all the mixtures studied, an initial check was carried out on th :
permental it o he g s e on the calculation from the raw
mole fractions. A simple mass balance calculation
uming 1al 1 ' P
ass g all the material in the cell was in the liquid phase gave an initial liquid phase
composition. The first data reduction package echoed this step but then used the first
estimates of vapour phase compositions to give corrected values. But since the amount of
material present in the vapour phase proved to be so small, In practice rarely was any
difference noted between the manual calculation and the corrected ones from the package
As noted above these values were then used as input to the Prausnitz derived package, to
give the vapour phase compositions as well as an indication of the consistency of the data.
One output of the Prausnitz derived package is an estimate of the least square (LSQ) error

‘n the measured data. For data of high consistency, the calculated LSQ error should be

Table 7.2: Showing data for pure ethanol.

Pressure in mmHg
Temp / °C | Measured During run|Correlation NPL Scatchard
25 59.430 59.3120 59.378
30 79.540 | 79.2171 79.176 | 80-238
30.5 84.892 83.805 80.672
35.5 111.758 108.750 106.558
40.5 143.655 145.500 138.157
42.5 158.460 157.390
45 174.210 173.159
50 222.330) 225.150 221.120 | 216.653 221.200
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Figure 7.3: Plot of Pressure-Temperature for Pure Ethanol.
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IOSC to the €S [in‘l' ' i
c S ates Of the 6)\peI‘1m€nta] Uncenajnty in [he measured data
. For many of the

its this criterion i ‘ '
fit s closely met, those where it was not are indicated at the 4 '
appropriate place

in the discussion.

For ethanol-water mixture the first isothermal vapour-liquid equilibrium data were
measured at 30.47°C. Though valuable, these data appear to carry large errors (see Figure
7.5) and large differences were noted between the experimental and theoretical pressures
suggesting that some air had leaked into the system. Insufficient degassing of pure liquids
was not responsible for the error since the saturated vapour pressures of both components
were measured when they were introduced as single components during the run and were

found to be consistent with the expected values.

The subsequent data for ethanol-water mixtures measured at 40.54°C and 50.00°C were
found to be of good quality and gave a good fit as indicated by a small LSQ error function.
For both temperatures the plots of y against x had similar features to those of the literature
data. The vapour-liquid equilibrium data measured at 50.00°C were found to be in good

agreement with the data of Larkin and Pemberton (1976) as shown in Figure 7.7. The data

lie so closely together that they cannot be distinguished on this plot. Such a comparison

was not possible for data measured at 40.54°C (see Figure 7.6).

7.2  Methanol-Water Mixtures.

As for the ethanol-water mixtures saturated vapour pressures of pure methanol and of pure

water were measured at 35.00°C, 40.00°C, 50.00°C and 60.00°C. Where possible the

values obtained were directly compared with those reported by McGlashan and Williamson

(1976) and Srivastava et al. (1986) as well as with the P-T data deduced from the use of the

Prausnitz derived Correlation. As shown in Figures 7.8 and 7.9 a good agreement €XISIS

ata and the data from other sources.

between the experimema]ly measured P-T d




Table 7.3: Showing data for pure methanol.

Saturated Vapour Pressures in mmHg
Temp /°C Measured Correlation McGlashan
35 203.180 205.680 210.00
40 263.193 264.840
50 412231 409.220 417.400
60 625.720 623.160
65 776.131 774.780 774.950

Once a satisfactory agreement of saturated vapour pressures for pure methanol between the
experimental and literature values had been reached measurements of total vapour pressure

as a function of composition were made at the above temperatures.

7.2.1 Methanol-Water Mixture at 35.00°C.
As shown in Figure 7.10 our experimentally measured vapour-liquid equilibrium data for

methanol-water at 35.00°C shows good agreement with those of McGlashan and

Williamson (1976).

7.2.2 Methanol-Water Mixture at 40.00°C.

Ciey - , : o
The experimental vapour-liquid equilibrium data on methanol-water mixture at 40.00°C

o Aon; n though
appears 1o CarTy large errors as indicated by the magnitude of the LSQ value even thoug

the plot of y against x exhibits similar features to those found in the literature. A closer

examination of the data reveals large pressure differences between the experimental and the

theoretical pressure values thus suggesting that some air must have leaked into the system

: - ate ill considered to be
during the run. Despite the poor quality (see Figure 7.11) the data are still cons

valuable from a developmental view point.
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Figure 7.4: Plot of Pressure against Temperature for pure Methanol
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Figure 7.9: Plot of In P against 11T for pure Methanol.
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7.2.3 Methanol-Water Mixture a

]-water mixture at 50.00°C compare well with those of

The data measured on the methano
In¢ initial screening there was a
McGlashan and Williamson (1976) and as before during our g

id phase composition values calculated manually and those
qu as S

good agreement between the li
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: by the Prausni i
given by SNtz correlation. A plot of Y against x gave a good fit and when

comparing with the literature data close agreement was noted (see Figure 7 12). H

g .12). However
our experimental pressure values were found to be slightly higher than those of McGlashan
and Williamson (1976) for a given composition. Due to the nature of phase equilibria

studies small discrepancies are within the tolerance limits of the experimental apparatus

7.2.4 Methanol-Water Mixture at 60.00°C.

The vapour-liquid equilibrium data for methanol-water mixture at 60.00°C appear to contain
large errors as indicated by a very large LSQ error function. There are discrepancies
between the measured pressure and theoretical pressure values suggesting that either the
degassing was not sufficient or some air leakage had occurred. However the saturated
vapour pressure for pure components measured at the beginning of the run agreed with the
expected values thus the air leakage seems to be the cause of problem. The plot of y

against x (see Figure 7.13) does exhibit features similar to those of literature data.

7.3 Cyclohexane-Ethanol Mixtures.

Pressure-temperature data on pure cyclohexane were measured and then compared with the
data of Brown (1952), Mentzer et al. (1982), Younger et al. (1986), Scatchard et al. (1963)
and those calculated from the Prausnitz derived correlation (1967). For ethanol see Section

7.1.2. For pure cyclohexane the P-T data were measured at 30.00°C, 35.00°C, 40.0Q°C,

50.00°C and 60.00°C.

As shown in Figures 7.14 and 7.15 the pure cyclohexane data agree well with the date

. : 1 v
from other sources and par[icularly with the data derived from the Prausnitz derived

correlation.
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Figure 7.10: Plot of y against x f
mixture at 35.00°C. or methanol-water
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7.3.1 Cyclohexane-Ethanol Mixture at 57 21°C

The vapour-liquid equilibrium data for cyclohexane-ethano] mixtures at 57.21°C gave a

good fit as indicated by moderately low value of LSQerror function. The data were found

to be of reasonable quality as shown in Figure 7.16.

Table 7.4 : Showing data for pure cyclohexane.

Saturated Vapour Pressures in mmHg
Temp /°C Measured Correlation Scatchard
30 122.130 121.710 122.503
35 150.680 149.930 150.640
40 184.900 184.700 185.000
50 276.200 275.100 272.000
60 390.420 389.320 390.250
65 462.301 460.231 461.260
70 544.150 543.913 544.280

7.3.2 Cyclohexane-Ethanol Mixture at 70.00°C.

: O
The vapour-liquid equilibrium data for cyclohexane-water mixture at 70.00°C gave a poor

fit and large descrepancies were noted between the measured pressures and calculated

¢ i e saturated vapour pressures for
pressure values, hence a large LSQ error value. Since th pour p

oA . nd were found to be in line
both components were measured at the beginning of theruna

1screpanc the actual
with the literature values (Scatchard et al. 1963), the pressure discrepancies for

: ) aoainst x is shown 1n
mixture could be due to some leakage 1nto the system. A plotof y agal

Figure 7.17.
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Fig 14 '
gure 7.14: Plot of Pressure against Temperature for Cyclohexane.
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Plot of y against
x for C :
ethanol mixture at 57.200%C10hexane_
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Ch : i ‘
apter 8: Conclusions and Recommendations

Iread
As already noted for a total pressure approach to be valuable in the measurements of
vapour-liquid equilibrium data it is essential to have a good degassing procedure, good

measurement and control of temperature and pressure and the central apparatus must be
leak-free.

Having achieved the above requirements the apparatus was commissioned on firstly the
pure liquids and then liquid mixtures. Initial pressure against temperature measurements
were taken for water, ethanol, methanol and cyclohexane. As discussed above the pure
liquids data agreed well with the literature data. It should be noted that the initial pressure-
temperature data for the pure liquids were compared with the pressure-temperature values
measured when carrying out the actual run. A good agreement was noted once again. This

suggested that the pressure-temperature measurements were consistent within themselves.

For liquid mixtures the vapour-liquid equilibrium measurements on ethanol-water mixture
at 30.47 C contained large pressure errors caused by the leakage of some air in to the
system during the actual measurements. Despite of the poor quality the data could still be
regarded to provide a useful guide. The subsequent data measured on ethanol-water

mixtures was regarded to be within the precision of the experimental apparatus, this was

particularly so with the data measured at 50.00C.

The pressure-temperature data on pure methanol and pure water were found to be

consistent within themselves and comparable to the literature data. For their mixtures the

vapour-liquid equilibrium data were of good quality and gave good fits.

Similarly mixtures consisting of cyclohexane and ethanol were examined. For pure liquids

P-T data were measured and compared with those from the literature and a good agreement

was noted. The P-x data for cyclohexane _ethanol mixtures were measured isothermally at
57.21 °C and 70.00 °C. Direct comparison of our data with the literature data was not
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possible for these particular temperatures byt op Plotting x against y familiar f
ar features were
noted.

From the above it can be concluded that the method developed in this research programm
[

has the potential to produce high quality vapour-liquid equilibrium data. Since an entire

composition range could be covered in one working day, it would be unquestionably

economical method. Two features which are important to this approach are the availability
of a good and efficient degassing procedure and good leak-tight joints. Lack of either of
these would certainly lead to large and false pressure values. The method almost entirely
relies on the measurements of total pressure inside an equilibrium chamber as a function of
liquid composition and any deviation in the shape of P-x curve would lead to large errors in
the values of y. The method produceé PTx data and a computational method must be
available to deduce the y values. Several computational techniques exist to reduce PTx data
to give x-y P-T data set. However, by the virtue of the method no consistency test could

be applied to the y values.
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Recommendations for Future Work.

There is still a considerable scope for the method of this work to be developed to its fullest

potential. In this research programme several pieces of equipment used were available

from the previous project. The following recommendations are made for future work using

this method:

1)

@)

A)

(4)

A differential pressure transducer of high precision and sensitivity must be used

capable of working at temperatures up to 140°C.

Pressure fittings in the critical connections to the pressure transducer must be replaced

by vacuum connections of either the Edwards or Cajon Ultra-torr fittings.

A minimum numbser of joints should be involved because experience gained during this
project showed that maintaining metal-metal and glass-metal joints leak tight was a
cumbersome task. Long glass lines could be replaced by stainless steel 1/16 O.D

lines, although their use would preclude visual checks of rig's performance.

Extension of the method to work at higher pressures and temperatures would be of

value in obtaining accurate data for studies in the extension of prediction methods such

as UNIFAC to higher temperatures.
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Nomenclature
a — Vander Waals constant
a; — Actvity of component i
aj2 — Interaction parameters
ayj2 — Interaction parameters
anm — Unifac parameter
A; - Adjustable parameter in Van Laar equation
A — Vinal coefficient
Ax - Vander Waals group surface area
b —  Van der Waals constant
B - Vinal coefficient
B; - Adjustable parameter in Van Laar equation
B;; — Vinal constantinVan Laar equation
C - Virial constant
D - Vinal constant
f;, - Fugacity of componenti
fo - Standard state fugacity of component i
fL  — Fugacity of component i in liquid phase
£V — Fugacity of component i in vapour phase
G - Gibbs free energy
GE - Excess Gibbs energy
gE - Molar Gibbs excess energy
H - Enthalpy
HE — Excess enthalpy
Hi - Henry's constant
H _ Partial molar enthalpy
K; - Equilibriumrato
n; - Number of moles of componenti
ny - Total number of moles
P — Pressure
Pc; — Critical pressure of component i .
PS. — Saturated vapour pressure of component 1
pi — Partial pressures of componenti
q — Heat
q; - Effective volume, surface solubility parameter
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X12
Yi

Effective volume, surface solubility parameter
Van der Waals group volume

Van der Waal group volume

Entropy

Excess entropy

Temperature

Critical temperature

Reduced temperature

Internal energy

Volume

Partial molar volume

Van der Waal group volume

Accentric factor

Work

Mole fraction of component i in liquid phase
Local mole fraction in liquid phase

Mole fraction of component i in vapour phase

Compressibility factor

Greek letters

Relative volatility
Solubility parameter

Average solubility parameter
Interaction parameter

Residual activity coefficient of group k
Residual activity coefficient of group k
Proportionality constant
Proportionality constant
Combinational activity coefficient
Residual activity coefficient

Activity coefficient

in reference solution of type i only

Fugacity coefficient

Boltsman factor parameter
Adjustable parameter in Wwils

NRTL parameter

on equation
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2
Hi
Hi°

Binary adjustable parameter
Chemical potential of i component
Standard state chemical potentia
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Appendix 1

Testing of capillary line between the equilibrium cell and the pressure transducer (5.2.3b

165

Time Pressure
(minutes) (mm Hg)
0 0.01
5 0.01
10 0.01
15 0.01
20 0.01
25 0.01
30 0.01
35 0.012
_____5_9____ 0.012
e | oo ]
| w | om
s | e
L/_@_/_L,_.Q;OE——-—‘




Time

Pressure

(hours) (mm Hg)
0 0.010
60 0.013
120 0.015
180 0.020
240 0.026
300 0.040
360 0.050
420 0.070
480 0.100
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Appendix 2

Results from the experimental set up as shown in the Figure s

Time Pressure

(minutes) (mm Hg)
0 0.01
60 0.01
120 0.02
180 0.04
240 0.06
300 0.07
360 0.10
420 0.15
480 0.20
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Appendix 3,

The system was pumped down to 0.01 mm Hg and the vacuum pump was isolated. The
palancing side of the pressure transducer was opened to the similar vacuum to obtain the

null position which was then monitored as a function of time

Time | Null Position
(minutes) |(Arbitary scale)

0 0.50

60 0.50
120 0.51
180 0.51
240 0.51
300 0.52
360 0.52
420 0.53
480 0.53
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Appendix 4

Equal and controlled amount of pressure was applied on both sides of the diaphragm and

the null position was noted over a period of time. The procedure was repeated at different

pressures.

Time Null Position (Arbitrary Scale)

(hours) | 0.1 bar | 0.2 bar | 0.3 bar | 0.4 bar- 0.5 bar
0 0.50 0.50 0.50 0.50 0.50
1 050 | 050 | o050 | 050 | o0.50
2 0.50 0.50 0.50 0.50 0.50
3 0.50 0.50 0.50 0.50 0.50
4 0.51 0.50 0.50 0.50 0.50
5 0.51 0.51 0.51 0.50 0.50
6 0.52 0.52 0.51 0.50 0.50
7 0.52 0.52 0.51 0.51 0.51
8 0.53 0.52 0.51 0.51 0.51
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Appendix §

Saturated vapour pressure of water was measured at a fixed temperature as a function of its

volume added to the cell. The experimental pressures are compared with those from

National Physical Laboratory (NPL) and the steam table data.

Temperature 25.000 °C
Water Added Expt. Pressure NPL pressure Steém Table Values
(ml) (bar) (bar) (bar)
5 0.03180 0.03169 0.03170
10 0.03183 0.03169 0.03170
10 0.03183 0.03169 0.03170
10 0.03184 0.03169 0.03170

Temperature 30.000 °C

Water Added Expt. Pressure NPL Pressure | Steam table values
(ml) (bar) (bar) (bar)
5 0.04169 0.04245 0.04240
10 0.04170 0.04245 0.04240
10 0.04169 0.04245 0.04240
10 0.04069 | 0.04245 0.04240
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Temperature 35.000 °C

Water Added

Expt. Pressure

NPL Pressure

Steam Table values

(ml) (bar) (bar) (bar)
5 0.05495 0.05430 0.05400
10 0.05497 0.05430 0.05400
10 0.05495 0.05430 0.05400
10 0.05496 0.05430 0.05400

Temperature  40.000 °C

Water Added

Expt. Pressure

NPL Pressure

Steam Table values

(ml) (bar) (bar) (bar)
5 0.07244 0.07200 0.07380
10 0.07245 0.07200 0.07380
10 0.07245 0.07200 0.07380
10 0.07246 0.07200 0.07380

Temperature 44.000 °C

Water Added

Expt. Pressure

NPL Pressure

Steam Table values

(ml) (bar) (bar) (bar)
5 0.08912 0.08500 0.0900
10 0.08914 0.08900 0.0900
10 0.08911 0.08900 0.0900

“ 0.08912 0.08900 0.0900

10
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Temperature 50,000 °C

Water Added Expt. Pressure NPL Pressure |Steam Table values
(ml) (bar) (bar) (bar)
5 0.12256 0.12345 0.1230
10 0.12255 0.12345 0.1230
10 0.12255 0.12345 0.1230
10 0.12254 0.12345 0.1230
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Appendix 6

Measurements of satur
ated vapour pressure of fixed volume of water as a function of

temperature

Temperature Pressure
(°C) (bar)
23.000 0.02754
23.033 0.02810
25.000 0.03090
27.000 0.03460
27.300 0.03548
29.388 0.039810
30.000 0.041690
31.414 0.04466
32.000 0.04758
33.278 0.05011
35.000 0.05495
37.000 0.06067
40.000 0.07244
40.555 0.07973
42.000 0.08090
44.000 0.08912
48,000 0.10964
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Data for water

Appendix 7

Pressure (bar)
Temperature NPL Data Steam Table Data

(°C)

22.00 0.02640
25.00 0.03169 0.03i70
26.00 0.03360
28.00 0.03700
30.00 0.04245 0.04240
34.00 0.05320
36.00 0.05940
40.00 0.07380
42.00 0.08200
46.00 0.10900
48.00 0.11160
50.00 0.12345 0.12340
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Appendix 8

Varying volume of pure degassed ethanol was added to

the cell and the vapour pressure
was measured after each addition at different temperatures.

Temperature 25.000 °C
Ethanol Added Expt. Pressure NPL Pressure
(ml) (bar) (bar)
5 0.07896 0.07893
10 0.07895 0.07893
10 0.07893 0.07893
10 0.07896 0.07893
Temperature 30.000 °C
Ethanol Added Expt. Pressure NPL Pressure
(ml) (bar) (bar)
5 0.10470 0.10428
10 0.10470 0.10428
10 0.10470 0.10428
10 0.10470 0.10428
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Temperature 35551 °C

Ethanol Added

Expt. Pressure

NPL pressure

(ml) (bar) (bar)
5 0.14705 0.14700
10 0.14707 0.14700
10 0.14707 0.14700
10 0.14707 0.147-00

Temperature 40.544 °C

Ethanol Added

Expt. Pressure

NPL Pressure

(ml) (bar) (bar)
) 0.18902 0.19200
10 0.18904 0.19200
10 0.18904 0.19200
10 0.18904 0.19200
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Temperature 50.000 °C

Ethanol Added Expet. Pressure NPL Pressure
(ml) _(bar) (bar)
5 0.28756 0.29507
10 0.28755 0.29507
10 0.28755 0.29507
10 0.28754 0.29507
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Fixed volume of :
pure ethanol was taken and its vapour pressure was measured as a

function of temperature, where possible a direct comparison with the data from NPL was
made.

Appendix 9

Pressure (bar)

Temperature NPL Data Expt. Data
(°C)

25.000 0.07893

30.000 0.10428

30.488 0.1170
33.485 0.13234
35.551 0.14705
37.538 0.16233
40.544 0.18902
42552 0.20850
43.576 0.21900
45.650 0.24195
47,665 0.26540
50.000 0.29507
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Appendix 10

To see whether the distilled water once degassed could be stored for one week

Storage Time Day Morning Afternoon |Vapour Pressure
(Days) (bar)
0 Monday Degassing Degassing -

0 Tuesday Degassing Degassing

1 Wednesday | Evacuation P. reading 0.07973

2 Thursday Evacuation P. reading 0.07975

3 Friday Evacuation P. reading 0.07980

4 Saturday

5 Sunday

6 Monday Evacuation P. reading 0.07987
Tuesday Evacuation P. reading 0.08325

8 Wednesday | Evacuation P. reading 0.09324
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Appendix 11

To see whether pure ethanol once degassed could be stored for one week

Storage Time Day Morning | Afternoon |Vapour Pressure
(Days) (bar)

0 Monday Degassing Degassing -

1 Tuesday Evacuation P. reading 0.18902
2 Wednesday | Evacuation P. reading 0.18906
3 Thursday Evacuation P. reading 0.18917
4 Friday Evacuation P. reading 0.18917
5 Saturday

6 Sunday

7 Monday Evacuation P. reading 0.18930
8 Tuesday Evacuation p. reading 0.19233
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Experimental

temperatures.

.88

.80

data for

Appendix 12

At 303.626K

V2 (ml)

0.00
1.14
2.14
3.29
7.96
11.92
17.69

At 308.735K

0.00
2.44
4.19
5.81
7.12
9.00
10.25
11.75
13.20
15.04
19.47
23.00
26.50
30.00

At 313.689K

0.00
4.23
6.50
9.20
11.10
12.95
17.65
20.48
22.60

water-ethanol mixture

Total Vapour Pressure (bars)

11174
.10590
.10364
.10231
.10144
.09944
.09920

[eNolNeNelololloly

.13700
.12382
.11876
.11546
.11260
.10975
.10830
.10584
.10490
.10355
.10222
.97620
.93512
.82010

[eReNeoReNeNeNoloNolleNololie el

.20608
.19012
.18687
.18454
.18220
.17930
.17328
.17024
.16900

O0O0OO0OOO0OO0OO
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4.28

Reversing the

0.00
4.88
9.79
14.12
16.28
21.98

V1 is volume of ethanol present in the cell

At 313.723K

0.00
1.00
2.00
3.10
4.20
5.00
6.25
8.00
9.63
12.74
15.00
l16.10
19.25
21.00
23.55
25.00
27.50
30.00

At 323.154K

0.00
2.76
7.16
10.07
14.29
17.19
21.68

experimental measurements, thus

6.64

"
"
n
"
"

0.17856
0.18157
0.18230
0.16134
0.16021
0.15801
0.15477
0.15233
0.14883
0.14436
0.14253
0.14250
0.13822
0.13601
0.13273
0.13000
0.12400
0.12030

0.28756
0.25635
0.22737
0.22622
0.21096
0.20589
0.20345

0.122256
0.24533
0.27008
0.28737
0.29498
0.30778

V2 is volume of water present in the cell.

182




Appendix 13

gxperimental data for methanol-water nmixture

At 308.153K

v1(ml) V2(ml) Total Vapour Pressur

6.06 0 0.26938 e(bars)
" 4.79 0.15456
" 8.42 0.13182
" 13.21 0.11492
" 19.88 0.10799
" 25.00 0.09321
Reversing the experiment,
0.00 6.75 0.04732
4.86 " 0.13122
11.73 " 0.17500
17.18 " 0.19467
20.16 " 0.20430
24.28 " 0.22020

Vvl is Total volume of Methanol present in the cell.
V2 is Total volume of Water present in the cell.

At 313.15K
vi(ml) V2(ml) Total Vapour Pressure(bars)
5.83 0 0.35540
" 4,65 0.23477
" 10.82 0.19998
" 17.84 0.19636
" 21.01 0.18426
Reversing the experiment,
0.00 6.12 0.07247
5.65 n 0.19406
11.96 " 0.24258
16.30 " 0.26396
23.20 " 0.28880
27.75 n 0.30891

sent in the cell.

V1 is Total Volume of Methanol pre
t in the cell.

V2 is Total Volume of Water presen

At 323.15K
Vl(ml) V2(ml) Total Vapour Pressure(bar)
6.62 0 0.54920
" 5.04 0.34475
" 7.76 0.30835
" 11.56 0.27812
" 15.81 0.27812
" 20.07 0.24319
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23.93 0.24044

peversing the experiment,

0 6.26 0.12348

5.43 " 0.31427

11.47 " 0.37673

17.25 " 0.41192

19.51 " 0.42086

25.04 n 0.44404

27.25 " 0.44982

vyl is the Total Volume of Methanol pre

vy2 is the Total Volume of Water pregenis:e?fx igetgglg?ll.
At 333.15K

vi(ml) V2(ml) Total Vapour Pressure(bar)

7.44 0.00 0.86964

" 5.56 0.57293

n 8.26 0.52720

n 12.66 0.48463

n 16.42 0.46680

" 21.76 0.46170

Reversing the experiment,

0 6.15 0.20010

6.69 n 0.54620

13.49 " 0.67765

20.67 " 0.80299

25.66 " 0.91544

Vi is the Total Volume of Methanol present in the cell.

V2 is the Total Volume of Water present in the cell.
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0

0

18

Vi
V2

vi(ml)
7.43

Reversing

5.22
11.
18.
20.
25.

91
03
60
47

Reversing

4.92
10.
14,

82
89

.88
22.

86

is the Total Volume of
is the Total Volume of

Appendix 14

Experimental data for Cyclohexane~Etha
temperatures.

At 330.358K

Totat Vapour Pressure(bar)

Total Vapour Pressure(bar)

v2(ml)
0.00 0.41866
4.55 0.73453
7.36 0.75549
11.76 0.76516
14.99 0.76879
20.23 0.77312
22.83 0.77632
the experiment,
7.17 0.47057
n 0.75722
" 0.74568
n 0.73083
" 0.72814
" 0.71726
At 343.15K
v2(ml)
0.00 0.73083
6.72 1.16667
11.27 1.16498
14.30 1.21380
21.63 1.22935
28.92 1.30613
35.62 1.30256
41.54 1.30224
the experiment,
8.37 0.78013
n 1.27393
n 1.27025
n 1.26088
n 1.24260
" 1.23444

Ethanol present in the cell
Ccyclohexane present in the cell.
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nol mixtures at different




REDUCED DATA (x-y-P-T).
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Appendix 15

x-y-P-T data for ethanol-water mixtures

X

0.5563
0.4004
0.3029
0.1522
0.1071
0.0748

0.3317
0.2441
0.1858
0.1590
0.1395
0.1063
0.0930
0.0850

X
0.3237
0.15558
0.1160
0.0846
0.0714
0.0653
0.1849
0.3128
0.3969
0.4308
0.5054

At 303.62K (30.47 ()

Y
0.7034

0.8281
0.8240
0.7827
0.7872
0.7749

P (mmHqg)
83.81
79.43
77.74
76.74
74.59
74.41

At 313.69K (40.540 C)

Y

0.7937
0.7530
0.7163
0.6945
0.6749
0.6284
0.6021
0.5832

P (mmHg)
142.60
140.16
138.42
136.66
134.49
129.95
127.69
126.76

At 323.15K (50.000 C)

Y

0.6318
0.5431
0.4995
0.4477
0.4205
0.4065
0.5665
0.6282
0.6544
0.6644
0.6857

P (mmHg)
204.22
180.63
169.25
156.63
150.82
147.94
187.25
205.44
213.61
216.71
222.34
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x-y-P-T data for methanol

X

0.3602
0.2426
0.1696
0.1195
0.0974
0.2427
0.4361
0.5311
0.5707
0.6155

X

0.3581
0.1934
0.1270
0.1099
0.2912
0.4652
0.5424
0.6279
0.6687

X

0.3589
0.2752
0.2031
0.1571
0.1280
0.1096
0.2785
0.4492
0.5507
0.5811
0.6403
0.6596

Appendix 1g

~Water mixtures,

At 308.15K (35,00c)

Y

0.7587
0.6661
0.5790
0.4945
0.4418
0.6661
0.8025
0.8477
0.8641
0.8815

P (mnHg)
119.64
99.19
84.90
74.42
68.75
99.17
132.49
147.59
153.91
161.58

At 313.15K (40.000 C)

Y
0.7208

0.6454
0.6122
0.6030
0.6809
0.7672
0.8003
0.8369
0.8544

P (mmHg)
173.45
150.15
140.44
137.60
163.48
187.95
198.83
211.02
217.17

At 323.15K (50.00 C)

Y

0.7375
0.6889
0.6326
0.5823
0.5429
0.5156
0.6915
0.7798
0.8217
0.8337
0.8568
0.8643

P (mmHg)
259.86
235.31
211.57
193.23
181.23
174.08
273.23
282.82
307.41
314.28
329.19
333.59
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,3733
,2862
.2073
.1678
.1697
0.1696
0.3262
0.4940
0.5993

oo oo %

At 333,15k (60.000)

Y

0.7734
0.7208
0.6558
0.6157
0.6163
0.6346
0.7548
0.8301
0.8647

P (mmHg)
439,66
397.73
355,37
303.68
333.04
357.37
453.93
541.13
602.62




Appendix 17

x-y-P-T data for cyclohexane-water nixtures

At 330.35K (57.200 C)

p Y

0.2485 0.5139 §5é?§§g)
0.3485 0.5261 568.71
0.4608 0.5317 573.61
0.5214 0.5343 575.27
0.5952 0.5385 577.07
0.6329 0.5414 578.14
0.4258 0.5306 570.09
0.2453 0.5128 561.49
0.1768 0.4906 548,85
0.1582 0.4816 544,79
0.1319 0.4634 534.73

At 343.15K (70.00C C)

X Yy P (mmHg)
0.3385 0.4997 893.03
0.4619 0.5062 892.80
0.5213 0.5065 919.68
0.6222 0.5117 927.95
0.6877 0.5252 970.42
0.7306 0.5217 967.11
0.7363 0.5210 967.09
0.4788 0.5023 953.43
0.2946 0.4911 949.99
0.1931 0.4690 92%8.22
0.1646 0.4567 921.41
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Densities ygeq in calculatj i
_ 1Nng x values the
initial screening of data, g moth

Densities Kg/meter Cube

Water 1.00 X000 l;g%(.)th.
Methanol 0.7914 « 35 oo
Ethanol 0.7893 « 6 on
Cyclohexane 0.7785 «

84,00
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TaBLE B3
E VAPOR PRESSURE EqQuation

In P(atm.) = ¢
n (atm.)__C,+C3+T+C‘.T+C‘,T2+Cslnr

CoNSTANTS FoOR TH

o) C, G, o C, ¢, g‘,?;’e" °K
T codkn 45 —_ !
1059460 — 1058.65 0.0410 —
44205 1201 1052 _ 087754 =7.75000  63-112 Nitrogen
500429239 —1201. 0.041779950 — —8.80000 68 ~
—1170.9000 __ 0.032 . =119 Carbon monoxide
4].8128066 032032609 — —6.98000  84-135  Argon
41.8709559  —1224.0202 — 0.030413136 — —6.89500  54-135  Oxygen
383741899 — 1419.2160 — 0.0219391 58 - —5.96200  90-170  Merh
—1634.8780 — 0 ) e ~ cthane
45.0344191 023946285 — —7.15693 (ry

12978 29843398 _ 001891628 . 116-209  Krypton
53710292 —2783-“25 _ 00 287 - —8.18081  128-189  Carbon tetrafivoride
65.8629494 —aue 023359992 - —10.40200  100-250  Ethylene
111.8988495  —4341. — 0.03488619¢ — —18.18100  217-274  Carbon dioxide
28.4951830  —2437.7237 — —0.012916937  0.000025913 —2.64100  90-275  Fihane
9.0693998 —1807.5300 —26.15000 —_ — — 161-242  Propylene
§9.7179871  —3854.5842 — 0.017343953 — ~10.48090  160-331  Propane
451642532 - 3778.4598 —_ 0.008560725 — —6.00000 292425 n-Butane
61.6057205  —5260.1890 —_ 0.006170407 — —8.10000  227-353  Ethyl ether
953448400  —6435.9872 — 0.015864708 — —14.00000  277-357  2-Methy! pentane
872105808  —6377.0014€ — 0.013061397 - —12.40000  253-493  Methy! nzoiate
1112828617 —7151.4899 — 0.019950338 — —17.00000  259-365 n-Hexane
32157274 —3969.2218 — —0.008368738 — 2.00000 273-366  Acetone
49.9513216  —5970.8229 — 0.004249923 — —5.79200  263-493  Methanol
1239120350  —_8754.0896 — 0.020198435 — —18.10000 280-370  Ethanol
91689299  —2731.0020  —47.10800 — — —_ 250-379  Methylcyclopentane
!

Temp. °
. c Cs range,

G, oR G, C, s 5000000 273-373  Chlornform
129.7987595  __%-43.2153 — 0.026041523 — 3700000 293-393  n—Propanol
193.4523201 —471.2726 — —0.065109104 _ 1827200 290-397 n-Heptane
1227654028  _ 8141.3862 — 0.019576170 _ —15.48190  280-398  iso-Octane
[05.5668631  _ 7434.5352 — 0.016244866 7.00000 293-377  Acetonitrile
203364758 —_3168.5819 — —0.013622597 ~ 1437200 280-378 Cyclohexane
98.5855598 — 6943.3635 — 0.015212700 : _5.00000 273-393  Carbon tetrachloride
87312222 52709369 — 0.001759723 _ _10.00000 295—413  n-Butanol
9184361 _9933.2975 — _0.004650619 ” _.20.29000 280-377  Benzene
1333127518 — 80262913 — 0.023929663 __2.85000 293-433 n-Octane
133.9437938 6144.6379 — —0.003676422 - 17.00000 270—400  Methylcyclohexane

s TOIA8.04 644080 - o) 6415 Methyl isobutyl ketone
143106956 _7694.6047 — 0.018 — —24.49000 286 trometh
620804634 _ 10040.5873 — 0.025114447 - —1417000  294-383  Nitromethane
6363039 _7559.9156 — 0.014741749 ” —17.06100  298-403  2-Nitropropane
166243849 g457.0896 — 0017309569 ~17.09000  275-409 - Toluene
159658813 " g171. 7556 — 0017867804 - 2000000 298-397  Nitroethane
; - k —&8111.7°¢ 761172 — 298-415  1-Nitropropane
‘33,7930704 S48 — 0.0217 —18.09000 -

BaTis)s ~23§5'3590 0.018043444 - — 331476 n-Decane

' . — e - - -398  Water

SI80999 34567970  —78.67000 - _ —9.00000 273
704346943 ;3&‘7.698] — 0.006952085 ~ 37.00000 313-443  Furfural

PR —0.040982038

M5k77819 2867.9618 -
\
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