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SUMMARY

This thesis details experimental work performed on the
development of a total pressure apparatus to acquire isothermal
vapour-=liquid equilibrium data for binary mixtures. The method
has been demonstrated to be capable of producing up to 30 data
points from one experimental run and provide data at very low

concentrations of one component (< lo'kmole fraction).

A literature survey is presented critically reviewing
existing methods, particularly total pressure techniques. The
survey also reviews theoretical models and correlations for pre-
dicting the non-ideal behaviour of mixtures. The theoretical basis
of the correlations based on the '"local mole-fraction'" concept and

their adaptability to "infinite dilution" prediction are discussed.

The performance of the present apparatus has been tested
using the binary mixtures; methanol-water, ethanol-water over the
temperature range 25°C to 65°C. Data obtained has been compared
with literature values, when available, and the behaviour of the
mixtures approaching infinite dilution shown to correspond to that
expected from Henry's Lawes A computer program has been developed to

analyse the raw data.

The data from both systems has been fitted to some of the

more commonly used correlations for predicting x-y behaviour.

The difficulties met in fitting the data by the use of

optimisation techniques are discussed.
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1.0 INTRODUCTION:

In recent years industrial demands have increased for
high purity products and for the removal of solvent and other
organics from waste-water. These processes often involve mass
transfer where one or more components is in low concentration.
These concentrations may be down to parts per million. In order
to study the mass transfer operation, the phase equilibrium data

for the systems involved must be obtained.

In the past vapour-liquid equilibrium data has been
largely obtained by methods involving the use of analysis. This
has resulted in large errors in the activity coefficients at low
concentrations of one component, it is rare therefore to have data
below 0.05 mole fraction of either component in a binary. Activity
coefficients at low concentrations have been obtained by fitting
the data by the usual equations (e.g. the Wilson and the N.R.T.L.
equations, see below), and then extrapolating. It is well known
that each equation will yield differing activity coefficient values

when extrapolated to infinite dilution in this way.

It is necessary therefore, to make measurements at lower
concentrations than hitherto has been customary. Data at low
concentrations are also of general interest in relation to the theory
of vapour-liquid equilibrium. Any explanation for the imperfect
behaviour of a mixture must take into account two effects. An

athermal effect as molecules attempt to achieve the optimum packing



configuration and a thermal effect from the forces acting between
molecules. At low concentrations, statistically the situation can
be attained where a molecule of the component in low concentration
will be surrounded by molecules of the other components. This

provides a basis of a study of the forces involved.

Techniques so far employed at these levels are retention-
time measurements in gas-liquid chromatography and a technique
based on the use of radio-carbon tagging of the solute (1). In
this thesis is described experimental work on the application of a
new total pressure method to the problem of measurements at low

concentrations.

The method is tested using the systemsmethanol-water and
ethanol-water at four differing temperatures. The results are
discussed in relation to the accuracy of the method and to the limited

data of other workers.



2.0 EXPERIMENTAL TECHNIQUES SURVEY

2e1 Introduction

Experimental methods for the determination of vapour-
liquid equilibrium data have been developed since the early 1900's.
Zadwiski (2.) laid the foundations by working on positive and
negative deviations from Raoult's Law. The early data so obtained while
valuable as a beginning, unfortunately was not checked for thermo-
dynamic consistency and later workers have shown these earlier

methods to be unreliable.

Direct determination normally involves the separation
of samples of liquid and vapour in true equilibrium and the
analysis of the two phases when separated. The determinations can
be carried out isothermally or isobarically, though the former is
normally preferable as isobaric data is inconvenient for theoretical
analysis since the excess functions based on such results are

complicated functions of temperature and composition.

At present, no still has been constructed which will
yield completely thermodynamically consistent data for every
system. In practice however, adequate precision for distillation
calculations can usually be achieved by judicial selection of the
still whose errors will be a minimum with respect to the nature of the

system (relative volatility, heat of vapourisation etc).



The methods for direct determination of equilibrium

data will be classified into the following groups for this survey.

(1) Differential distillation methods
(2) Circulation methods

(3) Flow methods

(4) Static methods

(5) Total pressure methods

(6) Other methods

The majority of recent techniques fall into the last
two groups, consequently this review will concentrate on these
two. Jenkins (3) in 1963 critically reviewed techniques within
these groups at that period and an excellent review of the earlier
methods of groups 1 - 4 is given in Hala, Pick, Fried and Vilim (4).
The discussion of groups 1 - 4 will be limited, in general, to

outlining the principle and associated problems of the method.

2.2 Distillation Method

In this, the oldest of the methods, a large charge is
placed in a boiling flask which has arrangements for removing liquid
and vapour samples. There are a large number of serious disadvantages
with this type of still such as the removal of the liquid and vapour
samples which will alter the composition of the mixture, hence the

need for the large charge.

The technique has largely been abandoned in present times

though Ramalho, Tiller, James and Bunch (5) have proposed a related



techniques A simple distillation is performed with continuous
determination of the concentration of either the vapour or

liguid stream, the other being found by a material balance.

2ede Circulation Method

This is the most widely used methode In this method
vapours from a boiling mixture pass to a condenser where they are
totally condensed and returned through a condensate receiver and
a non-return device to the boiling vessel. It has been proved (6)
that the steady state does correspond to phase equilibrium, though

this is only true if the vapour condensing in the receiver is

continuously in equilibrium with the boiling liquid in the distilling

flask i.e. superheating and partial condensation do not occur.

Circulation stills can be classified into two types:-

(1) Stills with vapour phase circulation
(2) Stills with circulation of both liquid and vapour

phases

The first satisfactory equilibrium still with vapour

phase circulation was that of Othmer (7) and his modified stills

(8, 9) are still commonly useds. At reduced pressures (0.5 = 20mmHg)

Jones (10, 11) or a modified Jones still (12) gives reliable results
and avoids erratic boiling. The stills are especially useful when
large density differences in the system components are present,
conventional circulation stills often giving spurious and false

resultse.



The attractive feature of these stills is the excellent
mixing and intimate contact of vapour bubbles with surrounding
liquid in the equilibrium chamber. There are however, several
drawbacks such as the often imprecise measurement of the boiling
temperature and difficulties encountered in exactly balancing heat
losses to maintain adiabatic operation of the equilibrium chamber.
In addition, vertical temperature gradients in the latter, such as

may arise from uneven heating, can produce erroneous results.

Some of these drawbacks are largely eliminated in stills
with circulation of both liquid and vapour phases, such as proposed
by Gillespie (13) and his subsequent modifications (14, 15, 16).
The Cottrell pump feature of these stills permits very precise
temperature measurement, although it provides less satisfactory
mixing and vapour-liquid contact than stills with circulation in
the vapour phase only . An additional drawback, not completely
eliminated, is partial condensation of the vapour, particularly in

the region of the thermocouple.

Most circulation stills are fairly satisfactory up to
760mmHg but at higher pressures adequate control of the system is
always a problem. As the pressure rises the vapour phase pressure
approaches the partial pressure and the emthalpy of vapourisation is
reduced, emcouraging liguid entrainment in the recirculating vapour

and flash evaporation of the condensate as it returns to the reboiler.

The majority of circulation stills require a charge of

250 = 750 ca’ though stills can be reduced in size (17) to give
b

still charges of approximately 30 c¢m” and a vapour condensate of



1.0 - 3.0 cu’ Packer (18) has modified a 30 cm” circulation
still to sample a small volume of the circulating vapour phase
by gas chromatography. There is no condensate receiver, the
condensate returning direct to the still by means of a capillary

tube.

The most satisfactory circulation still is probably
that of Raal, Code and Best (19) who have attempted to combine
the good mixing characteristics of the vapour phase circulation
stills with a novel adaption of the Cottrell pump. The still is
shown in Figure 1, where the liquid and vapour paths are outlined.
Liquid heated in the lower portion of B by the main heater forms
vapour bubbles so that the small annular space between A and B
acts as a Cottrell pump, propelling a mixture of vapour and liquid
onto the jacketed thermocouple while maintaining the inner chamber

at the temperature of the boiling ligquid.

2.4« Flow Methods

The dynamic flow method, in contrast to the circulation
method, has 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 the two. The arrange-
ment shortens the time required to attain steady state. The
principal disadvantage with flow stills is the demanding control
needed in their operation. These stills are mainly used for
systems of limited miscibility in the ligquid phase and with heat

sensitive materials because of the low residence period inm the

reboiler,
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The first modern still on the flow prineciple was
the Colburn (20) still. Cathala (21) later described a still
in which two feeds are used. One is the superheated vapour,
the second is preheated liquide The vapour is introduced below
the mixing chamber which contains two sintered glass discs to
give good contact between the two phases. The liquid feed enters
between these two discs. Jenkins, Davies and Gibson-Robinson (117)
have recently employed the Cathala still to investigate the effect
of random error.on the results. The samples were analysed using

both gas-liquid chromatography and refractive index.

Vilim, Hala, Pick and Fried (4) have described a simpler
and more effective still for achieving the same purposesy, In
this the binary or multicomponent feed is partially vapouwrised in
a heated tube and the mixture of liquid and vapour impinges on a
thermometer pocket and is then separated into vapour and liquid in
equilibrium. These are respectively condensed and cooled and

samples taken for analysis.

2.5 Static Methods

In the static method, the vapour and liquid phases are
maintained in contact in an evacuated chamber, immersed in a
constant temperature bath, and agitated until equilibrium between
the phases is reached. The pressure is measured and samples of

the vapour and liquid phases are withdrawn for analysis.

The advent of chromatographic analytical techniques

making possible analysis from a small sample of the vapour phase,



has resulted in an increasing usage of this method at medium to
high pressures. This method can be of value when only relatively
small quantities of the components are available, when there are
large density differences and when the system exhibits limited
miscibility. The method is often quite difficult in practice
requiring considerable care and experience in operation, and at
low pressures the amount of vapour required for analysis is such

that the equilibrium is often disturbed.

Of the recent techniques using chromatographic
analysis Wichterle and Hala (22) have described a still using
small quantities and having a very small vapour sample which
although allows rapid operation does not yield results as accurate
as the classical methods. Wichterle and Boublikoua (23) later
produced a technique suitable for direct measurement of the
dependence of partial pressures on concentration with rapidity of
measurement. This was achieved by removal of the need to wait for
phase equilibrium to be established because the ratio of concentrat-
ions of the two components in the gaseous phase does not vary with
time. This assumption that rates of vapourisation of components
(which do not differ sizeably) are approximately equal, was
experimentally verified by analysing the vapour phase at different

times after injection of the liquid phase.

The technique however, is difficult practically especially
in erradicating condensation in the sampling circuit which is at the

same temperature as the equilibrium cell. Maffiolo and Vidal (24)
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have improved this technique, by reducing the risk of condensation,
as long as the temperature at which the equilibrium is achieved is
lower than the ambient temperature, and improving the arrangement

for obtaining a reproducible volume

26 Total Pressure

A consequence of the serious drawbacks outlined in the
use of stills has been the increasing popularity of total pressure
techniques in recent times. Total pressure technigues normally
involve the direct determination in a static cell of the temperature,
total pressure and composition of the liquid phase, the vapour phase
being determined by calculation. Mackay and Salvador (25) have
made a comparison of the accuracy of vapour-liquid equilibrium
data obtained from vapour compositions, measured directly and
computed from vapour pressure data. They assumed standard errors
in x, y, P and T measurements and compared the inaccuracies with the
computed y method. Errors in the computed vapour composition arise
from erroneous gradients in the pressure-liquid composition curve
rather than from absolute pressure errors. They concluded that
generally, computed vapour compositions were more accurate than
measured compesitions, particularly in systems of high relative
volatility. An exception to this rule is with data in azeotropic

regionse.

Methods for computing vapour compositions (the required

apparatus will be described afterwards) can be separated into two
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types, direct and indirect. The direct method involves ealculation
of vapour compositions by integration of the co-existence equation,
a first-order differential equation derived from the GibbseDuhem
equation, or by the step-wise integration procedure of Ho, Boshko
and Iu (26)s This latter method does not work for azeotropic

systems.

The indirect method involves first the calculation
by some appropriate means of the liquid phase activity coefficients
and subsequent calculation of vapour compositions therefrom. These
methods usually involve ascertaining which of selected equations
giving a solution to the Gibbs=Duhem equation lead to the best fit
to the experimental vapour pressure data, and of the determination
of the parametric values producing the best fit. The indirect
method avoids the use of numerical integration but the accuracy is
dependent on the analytical form used to express the liquid activity
coefficients. Errors in y arise from errors in the gradient of the
P, X curve encouraging the use of low=order polynomials in the Rex.

correlation.

A variation on this method is the use of end-point
(Van Laar) calculation on data where one component is near infinite
dilution. Treybal (27) gives examples of this method and Ellis
and Jonah (28) have described a rigorous method of calculating the

parameters

Hala et al have provided a detailed review of direct

calculation methods. Recently Nagata and Ohta (29) reported a



12

precise procedure using Forsythe orthogonal polynomials to
correlate the total pressure data in terms of liquid mole fraction.
An accurate fit for the strongly non-ideal system chloroform-
ethanol was obtained, however the polynomials are very sensitive
to any experimental errors reducing the accuracy of the method

for obtaining vapour compositions.

Early calculational indirect procedures such as those
of Levy (30), Carlson and Colburn(3l), Christian (32), Redlich,
Kister and Turnquist (33) and Prengle and Palm (34) have been
reviewed by Hala et al. The majority of the earlier procedures
were either poorly adapted to digital computation or assume ideality
of the vapour phase. An exception was the procedure of Prengle
and Palm, however if one takes their final results for the activity

and fugacity coefficients and substituting them in eguation (2.1).
P = 23 3,28, ¢+28 3 _P° ¢ {2:1)
1] 1 1 L] 2 9 "= -~

the values of the total pressure thus calculated deviate consid-

erably from their own experimental values.

The most commonly used indirect method is that of Barker
(35) who starts from the assumption that the excess free energy can

be represented as a polynomial function of composition

= RT Xy A+ B (x. - xa) + c (xr-xz)z + .....;]

]
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This is equivalent to assuming that the Margules equations relate
the activity coefficients to composition. Using equations (2.1)
and (2.2) the total pressure of the mixture can be related to the
unknown constants A, B, C.- Although the relationship is non-
linear, it is necessary initially to estimate or assume the un-
known constants and vapour phase compositions. The equations
are then linearised in the constants by taking only the first
terms of a Taylor series, and solving for A, B, C. The new
values are used to compute new estimates of vapour phase compos-
ition and the whole process repeated. In practice the method

converges rapidly, two or three iterations usually being sufficient.

Diaz Pera (36) has recently reported that methods using
a function similar to Barkers for GE do not hold in general, for
complex systems having dipole moments or hydrogen bondinge This
obviously is to be expected from the limitations of the Margules
Diaz Pera suggests that 'in complex systems an equation of the form

originally proposed by Van Ness should be used

(2.3)
s

el
;Bj (x.-xa)j

To overcome the main deficiency of Barkers method, Tao

(37) presented an indirect method in which the necessity for the
'a priori' assumption of a particular functional form for the excess
free energy has been removed. Tao's procedure involves calculation

of the actiéity coefficients essentially.by integration of an equation
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resembling the co-existence equation. The procedure though
indirect, retains the rigor usually associated with the direct

method.

Mixon, Gumowski and Carpenter (38) produced a
technique retaining the same degree of rigor but unlike Tao's, which
appeared specific to binary systems, was comparatively easy to
generalise to tenary and higher order systems. Basically their
technique was to write an expression for the solution vapour pressure
in terms of the excess free energy and it's composition derivatives.
The expression is 'inverted' to give the excess free energy function
that produces the observed vapour pressure behaviour and activity

coefficients are then deduced from the excess free energy function.

Ramalho and Delmas (39, 40) and in 1968 produced a
method especially adaptable to digital computation. The technique

employs two fundamental equations (2.1) and (2.4).

x‘é\n % 4+ x, d \n ¥y =0 (2.4)
dx\ d.xa.

with the Redlich-Kister expansion with two coefficients (B%, C°).
By obtaining 6“?/6.3'\ = (B? CR) and substitution, two
equations can be formed with the unknowns B., ¥y & ‘&/d_:x:\ "
An iteration is then performed to evaluate BR and CR at two
concentrations, x = 0.9 and 0.1, (i.e. obtaining local constants)
and the same calculation repeated for other concentrations. An
increase in the number of coefficients in the Redlich-Kister
expansion in an attempt to obtain a better fit usually results in

difficulty in obtaining convergence.



15

Ramalho and Delmas demonstrated the technique te be
superior to that of Prengle and Palm though it contains several
drawbacks. Convergence is not always obtained and the results

are sometimes physicglly impossible e.ge ¥ 7 1.0, especially when
b
¥ >0

One reason for these failures can be attributed to the
poor fit accorded by the Redlich-Kister expansion.Minh and Ruel
(41) modified the method by replacing this expansion with a simple

empirical correlation.

3y =1+B,x, +B x,° +B, x,°

2
- i -2

This has the apparent advantage of greater flexibility,
more directness, and ne derivative of experimental data need be
taken., Whether any improvement in the fit is obtained must be in
doubt for most systems, though the authors showed it superior for

the systemcyclohexane-I-butanol.

Ramalho and Bui (42) extended the technique of Ramalho
and Delmas to cover tenary systems by replacing the two constant
Redlich-Kister expansion with the three constant form. They introd-
uced a least squares technique to obtain optimum values of the three
constants in order to cover the full composition range, and compared
their work with that of McDermott and Ellis (43), claiming improvee
ments in data attainment time and accuracy. Minh and Ruel (44)

have extended this method to cover constant pressure data.

Davidson and Smith (45) have presented a method suitable

for computer solution that does not require that the data be fitted
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with a thermodynamically condtant polynomial. This character-
istic is necessary for highly non-ideal solutions and they

demonstrate this on amine-water data.

Ba Tai, Ramalho and Kaliaguine (46) have recently
developed a technique incorporating the Wilson equation for
isothermal data for binary and tenary systems, and for heats of
mixing for tenary systems from binary data. The technique has
the improvements accorded by the suitability of the Wilson equation
and does not utilise the assumption that the energy parameters

are independent of temperature.

Jambon and Clechet (47) have compared the indirect and
direct methods and shown the superior fit accorded by the direct
method. They also outlined the dangers that arise from an unwise

selection of the function for representing the activity coefficients.

Experimentally two forms of apparatus have been used,
a static method using a form of isotemiscope and a circulating still

technique using an ebulliometer.

Holtzlander and Riggle (48) and Rose and Williams (49)
both used a modified form of the Smith-Menzies isoteniscope. The
comparisons of the liquid phase in both cases were by chemical analysis.
Ljurglin and Van Ness (50) employed a glass cell which was almost
completely filled with liquide A miniature pressure transducer was
used to measure the pressure in order to keep the cell light and
portable, allowing successive weighings of it to find the composition

of the solution formed. As the vapour phase was small, the composition

of the liquid phase was not significantly affected by vapourisation,
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thus avoiding analysise.

Hermsen and Prausnitz (51) used an apparatus
(see Figure 2) consisting of two identical isoteniscope assemblies,
each having a metallic vapour pressure cell, sampling bulb and
null manometer. Measurements of the liquid phase were by
refractive index, samples having been withdrawn with a hypodermic
syringe. Jose, Phillipe and Clechet (52) have employed this
technique with modifications to control the temperature to 0.001°C

and improvement in the degassing procedure.

The ebulliometer was used by Redlich and Kister (53)
and Prengle and Palm (34), the method having been initially developed
by Swietoslawski (54). This is in effect a circulating still where
the condensed vapour is returned immediately to the liquid phase and
where the main concern is the precise measurement of the boiling
point of the liquid. The vapour pressure is measured by comparison
with a pure component boiling at the same temperature in an identical

unit.

Jakubrowsky and Norman (55) have described a total
pressure still based on the modified Swietoslawski 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 eperation. The technique assumes vapour

phase ideality.
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The ebulliometric method in general, has the dis-
advantage that it can produce spurious results when the mixture
consists of widely differing boiling points. This characteristic

is probably due to the difficulty in obtaining real equilibrium.

Very recently (1972) Gibbs and Van Ness (56) have
described a technique (see Figure 3) where liquid solutions of
known composition are prepared in a test cell by volumetric
metering of degassed liquids from accurate piston injectors. The
initial injector volume reading is determined by use of a breake
point torque wrench. The technique enables isothermal data over
the full composition range to be measured in one day. The vapour-
liquid relationship is obtained by solution of the coexistence

equation.

247 Other Methods

Kojima, Kato and Coworkers have presented several methods
based on the dew and bubble point technique eulminating in an
apparatus for obtaining isobaric vapour-liquid equilibria without

analysis of either phase.

The dew and bubble point technique is an indirect static
method, For a mixture of a given composition, the "dew-point", is
the condition at which an infinetely small amount of liguid is in
equilibrium with the vapour and the "bubble-point" that at which an
infinetely small bubble of vapour is in equilibrium with the liquid.

If the dew and bubble point curves, as shown in Figure 4, can be
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then lines drawn at constant pressure P, will cut them and the
intersections will give the composition of liquid and vapour in

equilibrium at P,

For measurements of isobaric dew points, Kojima et al
(57) proposed a novel apparatus in which however, it was necessary
to ahalyse the sample and it was also difficult to measure the dew
point at the precise composition desired. In addition the bubble
points needed determination by separate measurements or by theoretical

estimations.

)

Pressure

:
E Vapour
1
1

Composition

Figure L

For measurement of isobaric bubble points several authors
(54, 58, 59) proposed ebulliometers. However, in general in a
batch-type ebulliometer it is necessary to correct for the difference
between the liquid composition at steady state and the feed composition.

The dew points must be determined separatelye.

£

Kato, Konishi and Hirata (60) initially proposed a flow-

type apparatus for measurement of isobaric dew and bubble points.
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The apparatus unfortunately was not easy to operate at the
accurate composition desired and for a multicomponent system
appeared complex. They later produced a mew apparatus (61) shown
in Figure 5. The principal parts are a dew point still, D, a
bubble point still, B, and a feeder F. The vapour from D does
not return to that still but enters B after condensation. The
internal construction of both stills is almost similar to that of
the flow-type ebulliometer. The boiling vapour=liquid mixture
rises through the Cottrell tube and flushes to the thermometer
well. Using the capillary connecting tube, C, the liquid flows
from B to D« To obtain the dew and bubble points without analysis,
a prepared solution is charged from feeder, F, and the liquid is
boiled in the dew point still, D, amd bubble point still, B. It
can be shown that, when steady state has been attained, the temp-
eratures in stills, B and D, should equal the bubble point and dew

point at the feed compositions respectively.

Kato, Sato, Konishi and Hirata (62) proposed a further

technique for tenary systems based on the following two relations:-

(i) The bubble point of the equilibrium liquid
composition should be equal to the dew point of

the equilibrium vapour composition.

(ii) The condensation point of the equilibrium liquid
composition should be the bubble point of the

equilibrium vapour composition.
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Apparatus of Kato, Konishi & Hirata
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The condensation point means the bubble point temperature

at the equilibrium vapour composition.

The authors presented a circulation type apparatus

consisting of three stills for the measurements.

Kate, Konishi, Hirata and Katayama (63) have presented
a calculational technique based on those of Hirata (64) and Clark
(65) whereby the dew point and bubble point curves may be expressed
by two or three straight lines similar to the x = y relations of
equilibrium vapour and liquid compositionse This reduces the number
of data points required using the dew and bubble point method, only
four data points being required to obtain the dew or bubble point

curve over the whole composition range.

Dalager (1) has presented a novel technique for deter-
mining vapour-liquid equilibrium data for binary systems adopted
principally for use at concentrations of one of the components in
the parts per million range. The method is based on the use of
radio-active tracers, as the component in low concentration is
added partly in an isetopic form. This use of isotopic tracers
makes it possible to measure very small amounts of the component in
questions He used a modified Thornton (66) equilibrium still to
obtain equilibrium. His method, using only one isotopic tracer,
was reasonably successful at low concentrations though a fair scatter
was apparent at very low concentrations. One must query however if
he achieved true equilibrium at these concentrations. The method is

unsuitable for high concentrations of the labelled component.
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28 Summary of the Methods

This review of the more recent and important methods
illustrates the vast range of methods, and hence the problems
associated with vapoureliquid equilibrium data acquisition. The
worker must judicially select the apparatus by considering

principally the properties of the system to be investigated.

The difficulties inherent in all methods which directly
sample one or both of the phases is that the equilibrium must be
affected by the sampling and the change in the sample before and

during measurement. This is especially eritical in the vapour

phase.

The elimination of the need to sample either phase is
therefore a pre-requisite to developing a method suitable for all
systems. This brings the additional advantage that by not affect-

ing the equilibrium, measurements can be taken more rapidly.
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3.0 THEORETICAL SURVEY

In this chapter a survey of the literature related
to the theory of vapour-liguid equilibrium is presented. As
with the techniques survey the quantity of work is large, there-
fore after a brief account of the classical background and properties
of the liquid state the survey will concentrate on the more recent
relationships, especially those based on the 'local mole fraction'

concept.

A review is given at the end of the chapter in which
certain ancmalies in the literature are discussed together with
the possibility of attributing any physical significance to the

modelse

3.1 Classical Background

In classical thermodynamics, a system is in equilibrium
where there is no tendency for a change in state to occur. From the
second law for reversible processes, there is no change in the
surroundings and since a reversible process is one through a
series of equilibrium states the change in entropy (dS) must be

Zero. Hence
dSs = O 3.1
Combining first and second law analyses on the system

gives

TdS - (AU + W) =0, dT =0, dP =0 3.2
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If non-mechanical work is neglected, this becomes

for the internal energy U

dl = TdS - PaVv 33

This form of the equation implies that the system is
characterised by the two independent variables or degrees of
freedom S and Vo In order to form the equation with T and P
as the independent variables the Gibbs free energy or Gibbs

function, G, is defined by

G = U+PV.-TS 3.4

Differentiating at dT = 0, dP = O gives

dG = dU + P4V - TdS 3e5
Comparing this with 3.3 shows that at equilibrium

dG(T,P)g 0 3.6

The chemical potential of a species jpi, in a mixture
is defined with the system at constant pressure and temperature
by

)

a6
ani) TPnj, js#i 367

(
)Ji:(

This also happens to be the definition of the partial

molar Gibbs function, a i
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For phases in equilibrium the appropriate equilibrium
criteria are dP = 0, dT = O, dG = O, If the reversible transfer
of a small quantity of species i from one phase to the other

is considered then the equality

’ui(phase iy * ﬁi(phase 2) 348

is seen to hold as well

Gibbs-Duhel Eguation

From the definition of the chemical potential in terms

of the internal energy, it can be shown that
dU = TdS = PaV+ ) ui dni 349

Integrating equation 3.9 at constant temperature,
pressure and composition, from zero mass to a state of finite

mass gives

U=TS-PV+ S opmn, 3410
0

Differentiating 3.10 so as to give a general expression

for 4dU

dU = TdS + SAT - PV - VAP + i dni + >, njdm
3.11

comparing 3.11 and 3.7

54T = VAP + Zni dpj = 0 3.12
This is a fundamental eguation of thermodynamics known as the

Gibbs-Duhem equation.
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Fugacity and Activity

From 3.4 it follows that
d/ﬁ. ==Si dT + Vi 4P 3.13

for a pure ideal gas from 3.13

._(m o Vi 3 14

Substituting in the ideal gas equation

RT
¥Vi= T 3415

and integrating (dT = 0) from an initial state

denoted °©

i -p° =R 1 7P° 3.16

For a non-ideal gas, G.M. Lewis introduced "fugacity"

so that

fi o
3 :
p-p’ =Bl /8 3417

While either_wi’ or fi° is arbitary, bothmay not be

chosen independently; when one is chosen the other is fixed.

For a pure, ideal gas, the fugacity is equal to the
pressure, and for a component i in a mixture of ideal gases it is
equal to it's partial pressure ¥iP. Since all systems, pure or
mixed, approach ideal-gas behaviour at very low pressures, the

definition of fugacity is completed by the limit

fi —» 1 as P —» O 3.18
yi P
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For general use a function called the "activity
coefficient" was defined. The activity at same temperature,
pressure and composition is defined as the ratio of the fugacity

at these conditions to the fugacity in the standard state.

F {9, P, x)

aj
(T,P = =
F(T.P, x )

319
The activity coefficient ¥i is the ratio of activity
of i to some convenient measure of the concentration of i

usually the mole fraction
wi = a:L/ X 3.20

There are two convemtions for defining activity
coefficientse In the symmetrical convention the activity ceefficient

is defined with reference to an ideal solution

g Ty Cammy e

3.21

The unsymmetrical convention defines the activity

coefficient with reference to an ideal dilute solution

3 R el a8 X3 —w» 1 solvent
3e22
82 — 1 as | X, —» 0 solvent

From equations 3.17, 3.19 and 3.20 can be derived

AL -)zio )
—) 3e23

fi = ¥, x, exp
| Pt ! ps )

NN N
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Introduction of a fugacity coefficient ﬂi

g = fi

Pi 3e2k

and evaluation of the expomential term leads to the

general expression

/

/ 4 A W P L )
3:i % Zipi) Pi” exp . g v & )" % ooeoh

3e25

where Qif(Pi) is the fugacity coefficient of the pure gas
component i at the pressure Pi’ corresponding to the saturated

vapour pressure of i at the temperature of the mixture.

In practice, several assumptions can often be made
to this expression. If the assumption is made of an ideal
vapour phase (often valid at low to moderate pressures) then

Qi/ =1y, @ = 1 and neglecting the exponential term
8 - Bt o P{ = F,P 3426

The further assumption of an ideal liquid selution

leads to Raoults Law
P = AP 327

for an ideal vapour phase, if the liquid phase reference state

for component i is taken as that at infinite dilution, one

obtains
U et -t )
¥i X exp E R ; = yi P 3428
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The constant exponential part is termed the Henry's

Law constant, Hi. At low concentratioms, i1 and

xi H = Yi P 3429

From equations 3%.07 and 3.17 and

G el s (rend), = O (Adest) 3,30

the partial excess Gibbs free energy can be related to the

activity coefficient by the basic thermodynamic relationship

E

Gi = RTInd1 3,31
and further
E
g = B 26t 3432
L

3.2 Activity Coefficients from Excess Function

Many empirical equations have been prepared for
L]
expressing the composition dependence of the excess Gibbs energy.

Two of the earliest relationships were the Van Laar (67) equations

A
In 81 .. 5
(g o A3 ) 333
( )
( B x2 )
and the Margules (68) equations
I.n81 = A/ . 122
3.3k
Inga = & xla
RT
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A, B, A/ are empirical constants having units of
energy charactenstic of components 1 and 2, and are dependent
on temperature but nct on composition. The constants can be
negative or positive, and they are frequently found in simple

systems to be nearly constant over a small temperature range.

The Margules equations are derived from the simplest

non~-trivial expression for GE obeying the boundary conditions.

GE = 0 xl = 0
- 3.35
& e O xa =2 ©
iees Gg = Ax’ xz 3036

Wohl (69) showed that many of the empirical equations
in common usage can be derived from a generalised treatment by
expressing GE as a polynomial expansion in the effective volume

fractions, al and Zgq i.e.

2 A
— =20y, Z) 2 + 38y, %) Z, + 39y, %27,

i
al CF TS

3 2 2
theap, 27 7y thayan, z 2 + 640,520 T, A
where Zﬁ i x; ql
19 *5H Y siul
and Z, = xg 9,

e B e 1.
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The parameters, q's, are effective volumes, or cross-
sections of the molecules. The parameters, a's, are interaction
parameters, a5 being a constant characterstic of the interaction

between molecule 1 and molecule 2.

Van Laar's equations can be obtained by truncating

after the first term, so that

i

A's 29y @f -

b's

a3 95

Adler, Friend and Pigford (70) have extensively tested
the Margules = Wohl expansion for tenary systems, obtaining
reasonable fits, average absolute errors in y for 24 systems
being less than 0,03. However the 3-suffix form employs seven
constants and the 4-suffix form, which was required for higher
non—ideality‘resulting from one component being polar, employs

ten constants.

When a series expansion is used to express the excess
Gibbs energy function, equations commonly known as the Redlich-
Kister (71) expansion are formed.

> - x,X, (A+B (xl—xa) +c (xl - xa)2 +D (xl - x2)3+...)

3438

Where A,B,C,D are temperature-dependent parameters

obtained from experimental data.
The corresponding activity coefficients are given by

gradie M2 ali) 3G
81'01 RS R )"a»u*‘@‘(l)"a5 T 3.39
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RT In¥, = 2(2) x12 Lo x . .3(:2)3':1 b eattl S
where a(l) =A+3B+5C+ 7D a(a) = A =3B + 5C - 7D
b(l) = «4 (B + 4C + 9D) b(2) =4 (B~ 4C + 9D)
c(l) =12 (C + 5D) 0(2) = 12(C = 5D)
d(1) —_32D d(z) - 32D

The number ef parameters is usually two or three,
very extensive and accurate data are needed to warrant the

use of further empirical constants.

3«3 Properties of the Liguid State

The major difficulty in representing the relationship
between the excess Gibbs free energy and composition is the lack
of knowledge on the liguid state of matter. The present day
knowledge will be now briefly outlined with it's relevance to

theories to be discussed later in the thesis.

Liquid can be considered to lie somewhere between the
states of ddnse gases and disordered solids. The distinguishing
feature between solids and liquidslliea in the molecular arrange-
ment.  Inisolids, order governs until melting occurs. On melting
this long-range order breaks down to leave short-range order only,

extendimg over the order of a few molecular diameters.

This short-range order can be illustrated by introducing
the concept of a Radial Distribution function. This function
specifies the number of atoms or molecules to be found at any

distance r, from the arbitary chosen molecule.
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Cne way to represent the structure of a liquid is
to plot the number density of the molecule A (r) for any
distance r. This is simply the number of molecules per unit
volume at distance r and is obtained by dividing the number in
a spherical shell by the volume of the shell (for symmetrical

molecules).

/M

/% ______ b

r(A)

A raising of the temperature reduces the distance of
the order. At large distance /"(r) approaches the mean-
diameter density for the ligquid as a whole /"o. At small
distances, the short-range order is revealed in the peaks and

“hollows of the full curve.

When relating to the intermal forces acting, one
can mzke the assumption that the force F(r) exerted on cne molecule
by another acts along the line joining them. At large distances
the force is attractive (negative) but changes to repulsion
(positive) at short distances which increases very rapidly with

a further decrease in r. The same situation occurs if one
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considers energy # (r) instead of forces, and these are

shown in Figures 7(a) and 7(b).

F (r) - F (r) = $2ix)
dr
+ ve
r
=l
ez Tl
a b

Figure 7

The distance ro, which represents the distance r when
the force chanres from repulsion to attraction, is of the order
of an Angstrom unit or so, arnd would be the equilibrium distance

between a péir of isolated undisturbed molecules.

There are three possible approaches when considering
the effect on energy of the surrounding molecules. The one of
most interest in this field is the radial distribution function
approach, i.e. find ;‘D(r), as this is analagous to one adopted

"in the local mole fraction based activity coefficient-composition

relationships (Section 3.4).

One can attempt to calculate /‘D(r) by solving complex
mathematical procedures. A more interesting approach is to
perform simple experiments with solid balls, as performed recently
by Scott and Bernal. Scott (72) loocked at /2 (r) values and

found some close relationships between some of his results and
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corresponding values of inert gases.

Bernal (73) looked primarily at ce-ordinatiom
numbers. The importance of these co-ordination numbers is
that the potential energy of the liquid is determined largely by
the nearest neighbours of a central molecule. The number of
neighbours lying just beyond the limit for near contact was not
revealed by Bernal's experiments but Scotts' experiments showed

that the number which lie between 1.06 and 1.26 is 9.3 Sa.8.

Bernal's experiments show that the greater specific volume of

a liquid compared with the solid, is to be attributed largely to
a decrease in co-ordination number, from 12 in the solid to a
value in the region of 8 to 10. in the liquid, while the most
probable nearest-neighbour distance is little changed. = The con-
clusion to be drawn from the experiments would appear to be that
while strictly the structure of liquids is determined by thermo-
dynamical criteria yet, nevertheless, this is to a large extent

equivalent to a structure determined by geometrical factorse

3.4 Equations based on Local Mole Fraction Concept

A new approach to relating the excess Gibbs function
to composition, was provided by. Wilson (74) when he introduced
the local mole fraction (L.M.F)econcept. Molecules in a liquid
mixture do not, in general, distribute themselves in a random
manner but exhibit a tendency to segregate. This results in the
local mole fraction i.e. immediate surroundings of a certain mole-

cule, having a different value to the overall mole fraction.
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In a binary mixture there are four local mole

fractions, however only two are independent thus

e - 1 ' )
X3 % %33 3
where xij = local mole fraction of molecule i around

a central molecule j

Wilson related the local mole fractions to overall

mole fractions by assuming a relationship of the Boltzmann type

A - Gji / RT
31 -y 3,42
*ki X & - Gki / RT

where Gji = energy term relating forces between molecules

of species i and j (NB Gji = Gij)

By substituting local volume fractions for overall

volume fractions in the equation of Flory-Huggins (3.43)

G /Rt = :E: x; In€i

3.43
Bi = m M e W
3.4l
x: v, e = Gy / RT
%3 J =
=it
where g = free energy of mixing

€ i = local volume fraction of component i about
central molecule of same type

Vi Motor volume of component i
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the relationship for the excess Gibbs energy is derived

E: E: Vi - (Gij - Gii) RT
= - - xi In j ﬁ_ ( J/Vl) S . e /
345

- (Gji - sii)/RT
3,46

TR o

Vi, e
OO S

then for a binary mixture the activity coefficient relation-

ship becomes

In}fl: «In (x1+A12x2)+x2 Ala Azl
X+ Fl2 xa Na21 ﬁ-l- x2
347
In¥_ =-In (x+ N )= x -Alg Az:_L
5 . o & X+ %5 S

The multicomponent form is

In Y\l \-'\n.[z:r A ?f\. Ath
= u=l z _be 3,48
i=1 ;
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The Wilson equations have several important advantages
over the earlier models. Often a reasonable approximation is
to assume that the characteristic energies are independent of
temperature. Several authors (75, 76) have shown ihe temper-
ature dependence to be a linear function with normally only a
slight gradient-Eor normal accuracy the assumption is valid for

an approximate 20°¢ temperature interval.

The superiority of the Wilson equation over the
Margules and Van Laar equations becomes most noted for highly
asdymetric systems such as solutions of polar or associating

components in non-polar solvents.

The principal advantage of the Wilson equation is
that it is readily extended to multicomponent mixtures from
only data of the corresponding binaries. Many workers have
demonstrated this facility, Weatherford and Van Winkle (77)
having successfully correlated a quinary system. They correlated
the relatively ideal hydrocarbon quinary of hexane, methylcyclo=
pentane, cyclohexane, benzene and toluene and found that the
Wilson equation predicted temperatures consistently high by

0.50C.

One major shortcoming of the Wilson equation is that
it is not applicable to partially miscible liquid mixtures. When
the correlation is substituted into the equations of thermodynamic

stability for a binary system, no parameters /3112 and ’5 21
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can be found which indicate the existence of two stable liquid
phasese To overcome this Wilson proposed that the right-~hand
side of equation 3.45 be multiplied by a third constant C.
However, for C # 1 Wilsons equation cannot be generalised for
a multicomyonent solution unless the binary constants Cij are
the same for all binary ij pairse Wilson and Scatchard (78)
showed that a good fit for the liquid-liquid system n=butyl-

glycol-water was obtained with C = 1.465.

Renon and Prausnitz (79) combined the local mole
fraction concept with Scotts (80) two liguid theory of mixtures
in deriving the NRIL (Non-Random Two-Licuid) equation. Scott's
theory assumes that for a binary mixture there are two types of

cells, as shown in Figure 8.

Figure 8

Molecule 1 at centre Molecule 2 at centre

-
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The residual Gibbs energy for a cell containing

(1)

molecule 0 at it's centre is G' ‘and

(1) .
G = xll Gll + X5 G21 3449

Similarly for G2)

Thus the molar excess Gibbs energy for a binary

solution is the sum of two changes in residual Gibbs energy

(a) transferring xy molecules from a cell of pure (1)

to a cell of the solution.

(b) similarly for 2.

From these the NRTL equation for the excess Gibbs

energy becomes

{ Taea + TG ) 3,50

gi = X1 xa ( )
x1+ x2621 x2+x‘612
where T,, = - (G, - @,,) Ty == @, -6,)
RT RT
‘ )
G =exp (vl T,,) Gq = oxp E" o, T 21)

The parameter 0612 is related to the non-randomness in
the mixture, whenn(lz is zereo the mixture is completely random and
equation 3.50 reduces to the two suffix Margules equation. When
compared with Guggenheims (81) quasichemical theory 0(12 can be
shown to be approximately equivalent to 2/ where Z is the

co-ordination number.
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The subsequent activity coefficient relationships

are
) 2
2
In¥, = x, Tzlg ‘GalG ) + T, 6,

x]. xa 2.13 + )2

5’2 "1612)

3451
In82=x12 Tlg (__m2 §2+T21Gp1 -l
( x5 f 2 G5 (xl +x, G, )?J

The NRTL equation unlike the Wilson equation, is
applicable to partially miscible systems provided ocla does
not exceed O.426. The equation is equivalent to the Wilson
equation in correlating strongly non-ideal mixtures and is readily
extended to multicomponent systems using only parameters obtained

from data on the corresponding binary systems.

It is normally preferable with binaries to optimise the
value °f°‘1a, however for lower accuracy Renon and Prausnitz
recommended values, between 0.2 and 0.47, depending on the chemical
nature of the systems. Mertl (82) has proved that polycomponent
thermodynamic quantities depend on the values of the NRTL para-
meters more markedly than the binary values. He also showed that
the values of the parameters of the NRTL equation with the minimised
ocij are extraordinarily sensitive to the character of the
experimental data, so that when predicting polycomponent equilibria

with no experimental check he recommends the use of the 2-parameter

NRTL equation.
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Similar behaviour of the Wilson equation has been
observed by Oyre and Prausnitz (86) and Hudson and Van Winkle
(82)e  Renon and Prausnitz later showed that Wilson's censtant
C eould be derived on the basis of well-defined assumptions by
introducing the concept of local composition into Scott's two-
liquid theory of mixtures. The special case C = 1 corresponds
to a co-ordination number of 2 which is unreasonably low for

typical liquids.

Asselineau and Renon (84) modified the NRTL equation
to extend it's validity to large temperature intervals. For this
purpose it was found sufficient to represent the parameters as

linear functions of temperature.

G?_I-GJJ. = Cl-i-Dl (T « 273.15)

612 - 622 = cz + DZ (T - 273015) 3.52
<32 = Cy;+ D, (T - 273.15)

This modification allows the representation of the

excess molar enthalpy or integral heat of mixing (h‘E ) with

concentration
E
- . 1 =
h X, X, exp ( 0‘12 T o1 ) Ty X (01 . 2?3-15D1)
X, + X, exp (-0‘]-_2 Ty ) Bt %o €XD (-oﬁ.ETZI)

2 2
+ Tiz S e i

15 3|+ x, exp (-oC. T Ti> X \
> By T =05 Sk ORlzit3o s
1 ¥ Xp &XP [l T 5 ) I |

x

X, +x) exp (oo N\ x, ¢ x; exp@’iarla)/

2 2

(CZ - 273415 D2 ) + le x2 ]:J3 RT 3453

2+ %) exp (S4,7,)
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Tassios (85) reduced the number of unknown parameters
for the Wilson equation to one for a binary system by substitution
of the imterchange energy, Gii. He substituted the opposite of
the energy of vapourisation of pure i, at the same pressure and
temperature of the solution, namely Hildebrand's cohesive energy
though with it's basis being one mole instead of one cc. The
equation contains the same shortcomings as the two parameter form
and is still extendable to multicomponent systems,there being only

three unknowns for a tenary system.

Tassio's applied his equation to the system acetone -
chloroform-methanol comparing his results with those of Orye (86)
and showed a distinct improvement of the Van-lLaar equations. The
accuracy of the one parameter equation is generally significantly

poorer than the two parameter form.

Wong and Eckert (87) have modified this approach to
retain the physical interpretation of the Wilson parameters;
they interpreted ?Lls as the configurational energy per pair

interactione

Schreiber and Eckert (88) have extensively investigated
the one parameter Wilson equation with the interpretation of Wong
and Eckert. They found that the equation gives a good represent-
ation of a binary system provided deviations from Raoults Law are
not excessive. For highly non-ideal systems the single parameter

equation was significantly less satisfactory.
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Bruin and Prausnitz (89) in a similar manner te
Tassio's produced a form of the NRTL equation containing only
one unknown parameter. They also modified the original approach
by firstly substituting local volume fractions for local mole
fractions and then introducing a physically reascnable approx-
imation. Renon's assumption that the molecules of the two
species were of the same size was removed and from the two cell
theory Bruin derived

D

=Z q, $:%4,*+ 2 92 é21 G, 3.54

where 95 is a measure of the number of sites available

@ = local volume fraction.

The resulting equation for VY 1 is

2 Lo
m¥y;=0, § " Ty tey 7x*¥i2 (l"éla)le
3455

=
where Y., = o4, q (Gl2 -G, ) /RT
» -1 -G )/ RT

T =y, 91 @, ™

¢12 = V), x; exp (—dla'flz/qzl )

V,x, + V) x; exp (-Ocl?_Tla/ q45) 3,56

HOH
~
I

VZ X, exp (=< lZTEl /q12 ) 3,57

Vyx g+ V, x; exp (=%, T, /ay)
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Bruin introduced size factors into three differing
points in the analysis, and with each addition obtained improved
accuracy, often equivalent to the two-parameter form when all three
additions were made. The equation proved satisfactory for
aqueous as well as non-aqueous systems (the molar volume of

water is much smaller than that of most organic liquids).

Morisue (90) has demonstrated by showing that §
when plotted against (xji - A ii) does not exceed - 0.15,
that the correlation is incapable of dealing with systems ex-

hibiting large negative deviations from Raoult's Law.

Andiappan and McLean (91) have recently replaced the
interchange energy between two different types of molecules by
defining two types of local energy parameters derived from Scotts
two liquid coneept and introducing them into the guasichemical

approximation. They obtained for the excess Gibbs energy

o Z g
Go/RT = — [xl In A, +x,In 321] 3.58

where Aij

Pij ¥ x, - Xy
xi(pij-l-l )

Bij [1+I+xixj (9213-1)] 1/2

(£%

exp (wij /Z1ij RT)

Zij= Zji ; nij £ nji
The binary constant '2’.12 is a measure of the co-

ordination number and W is the interchange energy.



The activity coefficients are given by

)
o
[}

1= L1/ [I“A:La’”‘a [(xz"‘l)e‘“"]_-,

3459

s 2, [znAa x| - x,)8 - ly]:]

Inxa

where %ij = potential energy of the i - j pair

&= §,+ &,

€1

Bij -1

Bij (Bij + x; = xj)
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5e5 Theoretical Review

This section will review the correlations cited
in the previous chapter on the basis of any physical interpret-
ation of the models, their accuracy and the calculational
techniques employed for the associated parameters. Numerous
reviews have been published but the authors have frequently been

in disagreement over the more recent 'L.M.F.' correlations.

The superiority in data-fitting of the L.M.F.
correlations over the earlier models is well documented. For
certain systems, normally with 3% < 2.0, a series expansion
such as the Redlich~-Kister expansion can be fitted very accurate=
ly, though in general this necessitates the use of a large number

of parameters making the equations unwieldy and impractical in use.

Reports on the Wilson and NRTL equations often fail
to recognise that the accuracy depends on the methods and
principles adopted in calculating the parameters by a best-fit
techniques Why this is so is shown for the Wilson equation by
Figues (9) and (10) on which the error function of Hudson and
Van Winkle (83) has been plotted against the parameter pairs Aij.
The systems are chosen to represent the difference between a fairly
ideal system (2-2-4 Tri-methylpentane-Toluene) and a highly non-
ideal system (Ethanol-n-heptane). It can be observed that a large
range of parameter pairs are possible which can produce a required
fit, even for a small error function. This range increases with

a decrease in non-ideality. The values obtained are thus depend-
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ent on the error function and the method adopted and/er the
initial values ehosen. Hudson and Van Winkle have compared

fits obtained using error functions given belowe.

3 orgin
F%nu? - F{nkndu
3460
.‘,-1.[: P’-"‘-P .J
R Rk
"g\ w “, ea\:)a:: 3 ( . Ya, cal af
@\ \ s - Vo) 23
2 Beap - 1-0) A ome i

£ B\

Q = G -
(' o p G QA\Q.) 3,62
They concluded that the Q error function produced the

beat fit, and the activity error the least accurate fit.

The NRTL equation behaves in a very similar manner to the

Wilson equatione.

A more detailed and concise insight into the accuracy of
the Wilson and NRTL equations has been undertaken by using para-
meters calculated at one composition only. Figures 11 and 12, for
the 2e2-4 Trimethylpentane-Toluene data shows the fits obtained
when the parameters are calculated from the two activity coefficients
at the mid-point (xl =x, = 0.5)s The figures show a decrease
in accuracy away from the mid-point with a characteristic change
in error either side of the mid-point. This behaviour

corroborates the statement of Hudson and Van Winkle that
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data is recuired at both ends of the composition range

(0el, 0.9) in addition to near the mid-point.

This characteristic change in error sign noted
above could result for the NRIL equation, from the assumption
of equally-sized molecules. For unegual size molecules the
number of interactions depends on the co-ordination number of

the central molecule which is dependent on the composition, size

ratio of molecules and structure.

To axcertain the predominant effects over differing
portions of the composition range with the NRTL equation, the
size parameter, of , was examineds For a binary with differing

- | 4 . : a |
size molecules the co-ordination number (proportional to /oc )

should behave in a manner irdicated in Figure 13.

Co-ordination Number

MOLE FRACTION —>
FIGURE 13.
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For A 7 B, as more molecules B are introduced
the number of neighbours to A will increase until the theoretical
limit based on size considerations or packing structure. For
systems containing highly differing molecule sizes, the energy
parameters were calculated at the mid-point using both the value
of oC suggested by Renon and the value obtained by optimisation.
The value of oC was then calculated to give the experimental
activity coefficient maintaining the energy parameters constant.
Figure 14 shows typical results. The theoretical trends are
only temporarily followed with always failure to obtain any
values of oC capable of giving any real or sensible activity
coefficients near the end-points. Similar results were obtained
when the energy parameters were calculated at the composition
relating to the aize ratio i.e. equal neighbours from a volume

basis.

The observations noted above when compared with results
obtained with systems containing molecules of similar size,
indicate that around the mid-range, the athermal effect is of
major influence but nearer the end-points, related to the packing
structure and size ratio, thermal forces predominate. The NRTL

equation does not adequately describe the thermal behaviour.

The effect of the oC value on the data fit is difficult
to generalise. A change of ©C on mid-composition data will only
slightly affect the accuracy of fit although it considerably
changes the energy parameter values. A change of the oC value

near the end-point will have a considerable effect on the fit.
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The work of Bruin and Prausnitz (89) indicates
that )\ij compensates for the error resulting from the
equal-sized molecules assumption when the parameters are
minimised. Bruin employed the size modifications which were
very successful for his one-parameter form of the NRTL equation
in the two parameter equation and found no improvement in fit.
Investigation of the C-parameter in the Wilson three-parameter
equation was not considered to be of any benefit due to the

similarity with oC shown by Renon and Prausnitz (92).

The application of all the correlations near infinite
dilution is an excellent test of the relationship as well as
being of great interest in this work. Many authors have
assumed without adequate investigation that the parameters can
be obtained by solution of the simultaneous equations obtained
using the activity coefficients at infinite dilution. The Wilson

and NRTL equations reduce to simple forms at these values.

Wilson equation:i-

at x, = 0 In81=1n(/512)+1-fS21 3.4

at x, = 0 In32=1n(}&21)+1-!\12 3.5
NRTL equation :-

at x = 0 In‘31='[21+T12 G, 346

at xa = 0 Ing E’Tla +T2l G21 3.?

The general behaviour of the most important correlations is

illustrated on Figure 15. The parameters were obtained from data
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between 0.1 and 0.9 mole fraction. The Wilson and NRTL
equations are in general approximately + 10% and -10% in
error respectively for fairly non-ideal mixtures. The figure
can however alter significantly depending on the experimental
error and non-linear regression technique adopted as referred

to earlier.

The accuracies associated with employing infinite
dilution values to obtain parameters for the Wilson and NRTL
equations to cover the full composition range is illustrated
by Figure 16. The error function at infinite dilution has been
plotted against the energy parameter pairs in an identical manner
to Figures 9 and 10. Comparison shows that a parameter pair
at the mid-point will impart a larger error near infinite
dilution and vice-versa. Several authors have noted that the
fit is often insensitive to an error of = 10% in the infinite
dilution activity coefficient. The insensitivity however reduces
with increase in ideality and will reduce the acceptable error
at infinite dilution to within 1% - 2%.

Data in the region of low concentrations (x < 10 - &)
is very scarce and must be regarded with a high degree of uncertainty.
Tsonopoulos and Prausnitz (93) have recently investigated aromatic
solutes and solvents in dilute aqueous solutions. They extrapolated
data of mole fraction between 10 & and 1.0-3 to 10-6 for their

limits.
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4,0 AN OUTLINE OF THE METHOD

The proposed method is basically a total pressure method,
with the need for analysis of either phase eliminated. The method
produces isothermal data for binary systems over the full composition
range but is primarily developed for data acquisition at very low

concentrations of one component.

For a binary system, A=B, work is carried out over two
concentration ranges, low A in B (x< 0,01) and vice=versa. An
equilibrium cell of approximately 100 mls capacity is constructed so
that a known quantity of A is introduced into it and B is then added
in successive amounts. The cell is of a known volume and the volume
of the liquid phase is carefully measured after each addition. The
cell is maintained at a constant temperature and the total pressure of

the mixture measured.

4,1 Theory related to the method

Two calculational procedures have been developed for use
with the apparatus, one based on certain assumptions related to ideality

in the phases and one based on an adaption of the Gibbs phase rule.

J’l‘ololo Method A

In this procedure only one run(ideally) is performed for A in
B, and it is assumed that the virial coefficients for A and B are known
or can be computeds The method contains two iterative procedures within
the calculation. The calculation is performed using the computer program

'"DATACALC' which is detailed in Appendix.’eAn Anotated flow diagram is

shown in figure 17.
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The inner iteration, which is the subroutine 'XCAIC',
calculates the compositions from values of the activity and fugacity
coefficients. It is assumed initially that all the mixture is in
the liquid phase. From this assumption the partial pressure

of B (PB) above the liquid may be calculated from

o
Ps =Py xp ¥y 963 (4a1)
where P; is the saturated vapour pressure of B at the

system temperature.

From the total pressure, P, in the cell, PA can be

calculated by difference, i.e.

P,= P - PB (4.2)

Application of a truncated form of the virial equation of state
yields the number of mols of both A and B in the vapour phase,

i.e. for B

B 'B = 1 + B (4.3)

where Vh is the second virial coefficient for B, and
e S
where V is the vapour phase volume (calculated from total cell

volume - liquid phase volume)

v

Bp

is the number of mols of B in the vapour phase.

The number of mols of each component in the liquid phase,
ng, is calculated for B from
By = Ny -ny (4ot

where NB is the total number of mols of B introduced into the cell.
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L
From the n values, new estimates of the mole fraction

are calculated

SR (4.5)
nLl e n .
B A
This new value is assigned to the initial value
and the procedure repeated until successive values are within

the required error.

When the virial coefficients are unknown, an ideal

vapour phase may be assumed and the ideal gas law applied,

PV = nRT (4.6)

In the calculation, initially ideality of B is
assumed, the ¥g and égvaluea being placed equal to 1.0.
This reduces equation (4.1) to Raoult's Law. With these
values, the vapour phase composition of B is calculated from 'XGALC'.
This then allows a value for the fugacity coefficient of B to be
computed (using subroutine 'FUGVAP') and hence, the activity

coefficient of B via

Yo = 3y
R Pe>s (4.7)

Subroutine "XCALE' is then recalled and a new value
of “Yg computed. The two “)g values are compared and, if the
difference is greater than the required error, new qsa and \&B
values are calculated using the new “Mg value and the procedure

repeated.
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If data is available from a B in A run, this can be

utilised to handle the non-ideality of B in equation (4.1).

4.1.2. Method B.

In this method, two runs are performed at the same
temperature but with different initial charges of component l.
From the two sets of data it is possible to obtain two fillings
that have the same total pressure but have different volumes of
each phase present. The calculation of the mole fraction of
each component in the liquid and vapour phases is then performed
based on a simple application of the phase rule. The Gibbs
phase rule states that for a isothermallyunivariant system, the
intensive properties of the liquid and vapour must be the same

in the two experiments, i.e. concentration and density.

There are four unknowns - %3\, /O,_ N /Oe_s therefore
it is necessary to obtain four simultaneous equations. For
each run depicted in figure 18, internal material balances made

on the cell yield

For run 1 (denoted')

for component 1 N: = \']./09 \fS' + I./o._ \f‘: (B.1)

component 2 N; & (\-‘i) /03\('3'+(\-'.)Ch/€ V: (B.2)
Run 2 (denoted " )

component 1 N‘"- v, )03\[% 5 x‘/o‘_\(: (Be3)

component 2 N; = ("ﬂ\,og\{sl;(\-ﬁcbﬁ_\(: (Be&t)
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The equation for y can be solved by removing x and
by (Bs3) = (B.1) and (Bs4) - (B.2) and then dividing the

resulting intermediate equations.

y . N' VL - N' V " (B.5)
" 1 ] "
VL - N VL
where p' _ p' 4N, = total moles charged to cell.
Similarily for N" .
The corresponding eguation for X is:
" ' ' "
3 T R G R (B.6)
" mw L LU
N v - N v

Equations for the densities of the co-existing phases are

obtained from overall material balances.

Run 1. N = V%'/Og + V,_'/DL (B.7)

Rn 2. N'- \Ic;f)% - \{Sﬁ (B.8)

Elimination of f’.. gives:

ners g (B.9)
Lo = NV-VoN .
V‘SVL'V%\R

Solving for ﬂ gives

A = N Ve -N'Va (B.10)
VNS NE Vs
It should be noted that the bounds of equations (B.5) and
(Bs6) are the dew and bubble points, ene must take the limits of

» '
these equations as \( and approach zero, respectively.
L 9 ’ Pe
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Methods based on this simple application of the
phase rule have been presented by Hill (94) in 1923 and Rodewald
et al (95). Hill determined binary liquid-liquid behaviour at
room temperature and pressure and Rodewald adopted the procedure

for use with dew and bubble isotherms of the system Helium-Nitrogen.

The sensitivity of both methods to experimental errors
will be detailed in the discussion chapter. Method A is generally
more accurate than method B as the latter is sensitive to the phase

volumes, the least accurate of the measurements.

ke2. Practical Considerations

The apparatus requirements will be considered as four

sections of differing functions.

(1) Degassing Section
(2) Temperature Measurement and Control Section
(3) Pressure Measurement and Control Section

(&) Equilibrium Cell and General Glassware Section

4,2.1, Degassing Section

The removal of all air and gases from the mixture
components is an essential pre-requisite to ensure that the cell
pressure is a function of 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 crtical in this method where pressure differences

may be of the order of only 10 mm Hg.
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Techniques are listed in the literature which in
general involve boiling under vacuum followed by condensing and/or
freezing of the vapour phase. Initial testing showed that a
simple version of this procedure was adequate for the organics
under investigation but not for water, probably because of the

small size of the water molecules.

4,2.2. Temperature Control and Measurement

Control of the cell temperature is required to 0.001°C
because of the temperature dependence of the partial pressures of
the components. Control to this degree will generally allow
pressure measurement to within 0.0l mmHg up to 70°C to 80°C. The
control is achieved by immersion of the critical apparatus in a

suitably designed thermostatted water bath.

Temperature measurement was achieved using a platinum

resistance thermometer.

L.2.3. Pressure Measurement and Control

High precision pressure measurement and control are
required as the absolute pressure may only be of the order of
10 mm Hg and differences in pressure are of greater interest than
absolute pressure. Two techniques have been developed for this

function leading to two alternative methods and apparatuse.

The one method, which will be referred to as the 'main'

method, achieves the required pressure measurement and control by
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means of a metallic diaphragm whose position is detected by a
transducer. The diaphragm is positioned across the top of the
equilibrium cell giving a definite volume to the cell. The
diaphragm and transducer are used as null detectors, a high
precision bourdon gauge measuring an equalising 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.

The second method, to be referred to as the 'simple'
method, does not employ any electronics. A schematic diagram
is incorporated in Figure 19, for the methanol-water system.

The equilibrium cell and water burette are arranged to function

as a U=tube manometer. A reference bulb containing pure water

at the same temperature as the equilibrium cell is connected to
the burette in order that the pressure above the burette water

is accurately known. The cell pressure is this vapour pressure
plus the head difference reflected by the two levels in the burette
and cell. The connection between the cell and burette is a fine
capillary tube, preventing back mixing or diffusion of the cell

mixture into the burette.

The drawback of the simple method is that the
composition of the more volatile component is limited to a very
2

small value (approx. 10 ~ mole fraction for methanol-water) and
to a limited range. This limitation is because the cell mixture

pressure must be less than the small pressure head developed by
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the burette water. If this criteria is not met, a reverse
flow will occur between the cell and burette. A second
drawback is that the more volatile component must always be

charged to the cell first.

b.2.4s Eguilibrium Cell and General Glassware

The dimensions of the equilibrium cell are not critical,
those adopted being determined by general convenience and the

desire to avoid using too large quantities of material.
The construction of the general glassware is governed
by the necessity for high purity and for connections and valves

capable of maintaining a high vacuum.

4,3, Practical Work Plan

The practical work undertaken was primarily concerned
with developing to an optimum level, and for industrial purposes,
the apparatus and allied techniques for both methods. In the
early stages the work was concentrated on the simple rig which
was used to develop the apparatus and techniques common to both
methods. During this period work on the main apparatus was
centred on a comprehensive survey of transducer systems available
on the market. This was followed by work to obtain an understanding
of the eriteria governing the selected system e.g. diaphragm

characteristicse.
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After satisfactory testing of the simple method,
the experience obtained was used to design and construct the
main apparatus. Both methods were tested using the systems
Methanol-water and Ethanol-water. These systems were chosen
so that a comparison with the data of Dalagef could be made

and also because of their theoretical interest.
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5.0 SIMPIE RIG: DETAILED DEVELOPMENT AND DESCRIPTION

For ease of description, this chapter will be described

for operation with the system methanol-water.

5401 General Glassware Considerations

The necessity for high purity in addition to high quality
leak-proof connections and valves eliminated the use of grease.
The valves incorporated in the glassware construction were 'Rotaflo'
stopcocks. These are 'Fluon' glass stopcocks with adjustable
seals with a claimed control to 10-5torr. The assembly connections
were from the range of 'Rotulex' flexible joints. These are ball
and socket connections with a sealing ring of silicone rubber or
viton encased in this p.t.f.e. capable of retaining a vacuum of

lo-utorr.

The glassware was constructed from Borosilicate glass with
reinforced pe.v.c. vacuum tubing. Glass to tubing connections were
performed by expanding the tubing with an I.D. less than the glass
O.D. by heating and then allowing to cool to form a tight seal.
Small leaks were sealed using a proprietary spray-on vacuum sealant

(Edwards High Vacuum 'Spray-seal').

S5}¥ Degassing of the Components

Degassing as previously stated is often the largest cause

of error in the results. This is due to the difficulty in removing
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the last ten per cent of gas in the liquid and in the absence of
a satisfactory test to show complete degassinge. The measure of

degassing relies on the experience of the operator.

A good estimate of the extent of degassing, especially
with water, is given by the 'metallic clicking' of the liquid on
the walls of the container. An additional test used initially in
the work was to run the liguid into an evacuated closed eell and

check that no air bubble appeared in the full cell.

The systems investigated required the development of two

procedures, one for an organic liquid and one for water.

5-1.1. Deggsaing of Orga.nic I-iguids

Methods for the degassing of organic liquids such as
methanol are well established in the literature. The basis of
the method adopted is the boiling of the liquid under vacuum with
condensation of the vapour. A schematic diagram is given in

Figure 20.

The methanol flask is ef 250 mlse. capacity and the
reservoir of 5 « 10 mls., this is sufficient for the small charge

to the equilibrium cell. The valves are both of Zmm bore.

The procedure is initiated by placing the charge in the

flask and evacuating the apparatus. This is continued for 20 = 30
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minutes with occasional heat applied to the flask, with valve 1
closed. This removes the substantial portion of air in the

methanol.

After this period valve 2 is closed and a freezing
mixture of ice and calcium chloride inserted into the 'cold finger'.
Valve 1 is opened and by application of heat the methanol vapourised.
The vapour condenses on the walls of the'cold finger' and is collected
in the reservoir. Valve 2 is opened to vacuum intermittently to
remove any air collecting in the vicinity of the 'cold finger'. Any
additional degassing can be performed whilst the methanol is in the

reservoir.

501.2. DQEBSJ..BE of Water

The removal of air from water wasfound to be unsatisfactory
using the apparatus described for organic liquids, even after several
degassing periods totalling 2-3 hours. Complete removal was
achieved by the addition of a further two stages. A line diagram
of the apparatus is given in Figure 21 and the apparatus is shown

mounted on the main rig on plate 1.

Stage 1 consists of a 500 ml. flask externally heated by
an isomantle, and with a condenser. Valve 1 is an air inlet,
normally used for ease of dismantling when a second fresh charge is
required. Stage 2 is a boiler of approximately 750 mls. capacity
with condenser and internal silica-sheathed immersion heater of

500 watts (Electrothermal 'Hot-Rod'). The heater arrangement works
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on the 'thermosiphon' principle. Knitmesh is packed into the
neck of the flask to act as a spray catcher. Stage 3, a 500 mls.
long-neck flask, is the reservoir. A 'cold finger' condenser is
positioned down the neck. [Each individual section was connected
to the vacuum system through a stopcock and could be separately

isolated from the vacuum line.

The complete apparatus is initially evacuated (a vacuum
of SmmHg is adequate) and the Stage 1 flask charged with freshly
distilled water. Boiling of the water, under reflux and with the
isomantle on mark 7, is continued for 1-1# hours. Valve 2 is
maintained 5-10% open to purge off the air without excessive removal
of water vapour. The completion of Stage 1 is signified by the
establishment of a 'metallic clicking' of the water on the flask

walls at regular intervals.

The water is transferred to the Stage 2 boiler by allowing
a build-up of vapour pressure in Stage 1. For this, Stage 1 is
isolated by closing Valve 2 and the condenser water disconnected.
Degassing occurs at the inlet jet during the transfer by 'flashing -
off'. On completion of the transfer, boiling under reflux and vacuum
is continued for an additional period of 15 minutes, with the internal

heater set near maximum.

Stage 2 is then isolated from the vacuum line by closing
Valve 4 and the water vapour transferred to the reservoir by opening

Valve 5 and discontinuing the reflux. The wvapour liquifies on the
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'cold finger' condenser and any air is removed by intermittent
opening of Valve 6. This final condensation stage is to avoid

any' carry-over™of grease.

The degassed water is maintained in the reservoir until
ready for use, any final degassing is achieved by vacuum induced

boiling whilst in the reservoir.

52 Temperature Control

The thermostatically controlled water bath comprises
of an inner and outer control compartment. The exterior
compartment controls to within * 0,02°C, with the inner compartment
providing the necessary control to * 0.001°C. The control bath

for the main apparatus is shown in Figure 22.

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, N . The control unit was designed and
constructed within the department. The other two 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 detector. The detector was initially a copper/constantan
thermistor but this has now been replaced by one using platinum
wires because of tendencies to drift over long periods. Water is
taken into the section via a weir arrangement and returned to the

main section via exit holes at the bottom.
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The outer compartment is surrounded by about 25 mm.
thick insulation of 'Vermiculite' and is mounted on a wooden base.
The bath is constructed of stainless steel with glass windows on
the front of both compartments to permit the required measurements.
The water surface is covered with polystyrene balls during operation

to prevent heat loss through evaporation.

The bath has been tested satisfactorily at temperatures
exceeding 70°C, though this was under ideal conditions, with no
detectable temperature variance withim the inner compartment. During
operation, the outer compartment is maintained slightly below the
corrolled temperature to aid the performance of the inner unit.For
operation at low and room temperatures a copper cooling coil can be

incorporated in the exterior compartment if required.

The temperature was measured using a platinum resistance
thermometer and a seven-dial inductively - coupled double-ratio
bridge (see plate 1). The thermometer was calibrated by "The

National Physics Laboratory"

5¢3 Central Apparatus

This apparatus has previously been represented diagramatically
on Figure 19 and is shown on plate 2 . The equilibrium cell was
approximately 150mm. in length and 25mm. diameter. There are
three connections to the cell, all constructed with the minimum

deadspace practical. The bottom connection, to the class A water
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burette, formed the U-tube manometer arrangement. This link was
constructed of capillary glass tubing to prevent any back diffusion
from the cell mixture. Attached to the top of the water burette
via a U-bend from the reservoir outlet was a reference bulb of
approximately 50 mls. capacity. The reference bulb was sited
adjacent to the cell to ensure the same temperature in both
vessels. A second outlet and stopcock connected the bulb to

the vacuum system.

The vacuum inlet to the cell was, in addition, the
connection to the manometer employed to record the initial methanol
addition. This connection should be as short as possible and
constructed from glass to reduce adsorption errors (see Section 5.5).
The connection was of reinforced p.v.c. tubing in this work.

The manometric fluid, butyl phthalate, was added through stopcock 1
after evacuation of the manometer and then degassed in situ.
The methanol inlet was situated at the top of the cell through a

capillary stopcock from the reservoir.

The cell volume was calibrated against distance from an
arbitary situated zero using degassed water. The calibrationwes
performed with the equilibrium cell in the water bath and outside
the water bath to eliminate any errors due to imperfections in the

glass windows of the bath.

A magnetic stirrer was placed inside the cell to promote
equilibrium of the cell mixtures The stirrer was motivated by an

externally suspended magnet. The liquid level measurements in the
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cell and burette were taken with a high precision cathetometer

with an accuracy to 0.Olmm,

S5¢4 Vacuum System

The vacuum system, shown in Figure 23, can be considered
in two halves, a 'high' vacuum side and a 'low' vacuum side. In
the 'high' vacuum side an absolute pressure of less than 0.00lmmHg
was required to evacuate the equilibrium cell and manometer system.
On the 'low' vacuum side, an absolute pressure of 2e3mmHg was

considered sufficient for degassing of the components.

Each side of the system was served individually by an
Edwards Rotary Vacuum Pump., The pumps could be joined in series
if required by opening valve A« A cold trap was positioned
immediately upstream of the pumps in each section to remove any
condensables from the vapour entering the pumps. The traps
normally contained 'liquid nitrogen', an alternative is a 'solid

carbon dioxide/acetone' mixture.

The vacuum on the 'low' vacuum side was metered with a
Macleod Gaugee Air inlets were positioned in both halves to allow

rapid pressurisation if necessary.

545 Initial Preparation and Cleaning

The high degree of purity required and the supplementary
effect of adsorption and/or desorption make the initial preparation

and cleaning critical to the quality of the data.
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The possibility of adsorption being a major cause of
error was realised from results obtained from initial runs performed
on the apparatus. Results as high as 10 times greater than
anticipated for the activity coefficients were obtained. A
review of the relevant literature yielded no concise details on
the quantitative or qualitative extent of adsorption of methanol
or water on glass surfaces. Langmuir has stated that below the
saturated vapour pressure no more than one monolayer should be

formed but this is no longer considered the true case.

The data shown below of McHaffe and Lehner (96) for

water on glass outlines the possible degree of adsorption.

TABLE: 1
Water adsorption on glass at 298°k.

Pressure mmHg 22473 | 22,80 | 23.08 | 23.76
Number of layers present 51.8 561 88 184

The saturated vapour pressure of water at 298°k is
23,76, The data is plotted on Figure 24 and a tentative
extrapolation yields that a mono-layer or less should be present
at pressures less than 2lOmmHg. As, in this version of the technique,

the maximum allowable initial pressure is much lower than this eritical
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pressure, it was assumed that adsorption of methanol and ethanol

on the glass surface was negligible.

Experiments were undertaken to substantiate the data
shown but the accuracy required was found to be greater than that
possible using the apparatus available. Qualitatively the
experiments showed that adsorption on pe.t.f.e. was considerably
higher than on glass. P.T.F.E. surfaces were present on the
stirrer and valves of the cell. Following the introduction of
methanol vapour to a short length of previously evacuated pet.f.e.
tubing (ca 100mmHg) adsorption was still occuring after 30 minutes
and that it's equilibrium pressure (approximately 25mmHg) would be
attained after several short evacuations. This data showed the
high error possible from the measurement of the initial methanol
pressure as the cell to manometer ¢onnection was constructed of
pet.f.e. tubing. The data acquisition procedure attempts to allow
for this effect, no immediate remedy being available with the

present apparatus.

Improvements to eliminate adsorption are discussed in
Sections,? and further remedies attempted on the equilibrium cell

of the main apparatus are discussed in Section 6,5.

The glass sections of the apparatus are cleaned using
'Decon' or boiling isopropanol vapour. Chromic acid is not
considered suitable as it's etching effect on the glass surface

could increase the number of sites available for adsorption.
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The use of acetone is also unadvisable as it's complete removal
requires high localised heating. Originally acetone was
incorporated in the procedure with the glass dried at 70°C,
however analysis using G-L chromatography showed traces still

present.

The appropriate glassware is cleaned by immersion
in the prescribed concentration of 'Decon' overnight followed
by numerous flushings with copious amounts of freshly distilled

water. The glass is finally dried in an oven at 70 - 80°C.

5.6 Data Acguisition Operation

The glassware is individually cleaned, as described in
Section 5.5, before every run. The apparatus is constructed as
previously illustrated with the utmost care taken to eliminate all
traces of dust and grease. Each stopcock is adjusted, via an
internal screw thread, until a continuous seal with the glass is
visible. The cell and water burette must be parallel and vertical,
a spirit level was used initially and a final check made with the

cathetometer.

The cold traps are filled with liquid nitrogen to a
level just below the downcomer tube. This level is stipulated to
prevent water freezing in the downcomer tube, thus blocking the
vacuum line. The apparatus is leakewtested until the vacuums
indicated in Section 5.4 are attained. 'Sprayseal' is used to

treat any small leaks at glass/tubing connections. This degassing
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procedure, especially in the vicinity of the equilibrium cell,
includes the degassing of the pe.te.f.e. valves by heating with
an air blower while in situ. The cell and burette are considered
adequately degassed when no pressure increase can be observed

l-hour after isolation from the vacuum pump.

On completion of this testing, the degassing of the
two components is commenced. The required temperature in the
thermostatted bath is attained and the unit checked for the

required control.

On conclusion of the preliminary preparations the
degassed water is run from the reservoir inte both the burette
gnd reference bulb. This is performed a little time before
commencement of the actual run to allow the water to attain the
operating temperature. If the burette water is at a higher
temperature than the operating temperature, too much water will
enter the cell initially, thus on cooling the cell mixture can be
forced back into the burette. The level of water in the burette
is recorded. This can be measured very accurately as degassed

water on glass has a contact angle of approximately 900.

A small methanol charge is then vapourised into the
equilibrium cell and manometer system. This is allowed to reach
equilibrium, The cell pressure is lowered to that required by
opening the cell for short periods to the vacuum line and allowing
equilibrium to be obtained. Depending on the materials connecting

the cell and manometer, equilibrium can take 30 minutes to obtain.
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The pressure which must be lower than the pressure head in the

water burette is recorded.

The cell is closed from the m@nometer and the
bottom valve opened. Water enters the cell until the pressures
are equalised. The cell mixture is stirred until equilibrium is
obtained. The time required varies between 5 = 30 minutes depending
on the quantities present and the rate of stirring. Equilibrium
is normally considered to have been reached when the burette water
level remains constant. Stirring is performed by moving the
internal agitator with an externally controlled magnet suspended in
the bathe At equilibrium measurements are taken of the liquid
height in the cell and the burette water level using the cathetometer
and the water reading recorded. The arbitary zero mark is also

\

measurede.

The bottom cell valve is then closed and additional water
allowed into the burette from the reservoir. The above procedure

is repeated, with the zero mark being read after each cell reading.

The run is concluded when the cell is completely filled
with liquid or the pressure difference between the cell and burette

is less than the experimental error.

The complete procedure required two days, one day being
necessary to clean and prepare the apparatuss The period from
start of the degassing of the components to the conclusion of the

run was approximately 8 hours.
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5«7 Results and Performance of Apparatus

The difficulty in assessing the performance of the apparatus
at the time of the testing was the lack of data available for
comparisons Runs were undertaken until modifications to the
acquisition produced results which were considered realistic

from the expected theory and Dalagers results.

When data from the main apparatus became available, these
results were shown to be erroneous. The results for the

methanol-water system at 25°C.are tabulated below.

Table: 2
Mole Fraction Methanol K~Value Activity
Liquid Vapour Coefficient
0.000479 0.0221 L6,1 9.00
0.000475 0.0221 k6.5 9.09
0.000324 0.0113 34,9 6.75

Values predicted from Main apparatus K = 5.5

Activity Coefficient = l.3.

The disagreement results from the problem discussed earlier
in the measuring of the initial amount of methanol charged to the
equilibrium cell. The obvious modification is to replace all the
plastic tubing with glass. A better and more accurate alternative

is shown overleaf.
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The steps in the method arej
(a) Zvacuate cell and methanol measurer

(b) Distil required amount of methanol into
the calibrated capillary

(¢) Admit water into equilibrium cell

(d) Allow all the methanol to evaporate into
the cell

(e) Carry ocut the run with necessary additions
of water

The other major difficulty with the apparatus was in the
operation of the valves in general, and in particular, the valve
situated at the bottom of the eguilibrium celle For manual
operation this valve requires operation whilst situated within
the water bath. For many reasons this is obviously undesirable.
Attempts were made to construct a linkage exterior to the bath

to operate this valve, These were unsuccessful because the
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'rotaflo' valves were unsuitable. To sustain an airtight fit
the valves require tightening to an extent which makes operation
precarious with the fragile nature of the glassware. This
difficulty can now be eliminated by replacing the valves with
glass-body O-ring valves described in Section 6.4 - linkage to

operate the valves in an open/shut mode is now straight-forward.

Testing of the modified apparatus has not been completed in

the duration of this work.

One run using the apparatus will produce a maximum of approxe
6 data points, 3 being the normal. The number of data sets is
limited because of the small pressure head produced between the
water burette and equilibrium cell. This is satisfactory as it
will be shown later that activity coefficients and K-valves are
constant in the concentration region under investigation with this

apparatus.
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6.0 _MAIN RIG: DETAILED DEVELOPMENT AND DESCRIPTION

A substantial part of the peripheral apparatus of
the simple rig is complementary to the main rig and thus will
require no further detailing. These are the glassware and
cleaning considerations, degassing of the components,
temperature control bath and temperature measurement. The
temperature control bath dimensions were altered to be compatible

with the central apparatus.

An outline of the central section is shown in figure 25.
The two degassed components are introduced via the two side
connections to the cell. The diaphragm is positioned across the

top of the cell.

6.1 Pressure Measurement and Control Development

The accuracy and control of the pressure apparatus is
limited by the performance of the transducer system. As stated
previously the cell pressure is transmitted to a transducer via a
diaphragm situated on the top of the cell. The bourdon pressure
gauge provides an equalising pressure to the opposite side of the
diaphragm. Since the transducer is, in effect, being used as a
null detector the assembly must have the attributes of both the

required sensitivity and reproducibility of the null position.

An exhaustive review of all the commercially available

transducer systems produced none with the required characteristics.
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The majority of commercial transducers are developed to detect

the movement of two opposing plates from a central position.

The transducer obtained was a Linear Variable
Differential Transducer (L.V.D.T.). This is shown on plate 3
and illustrated in figure 26. The L.V.D.T. is an electro-
mechanical transducer which produces an electrical output
proportional to the displacement of a separate moveable core.

The transducer consists of three coils equally spaced on a
cylindrical coil form. A rod-shaped magnetic core positioned
axially inside this coil assembly provides a path for the magnetic
flux linking the coils. When the primary coil (centre coil) is
energised with alternating current (normally 5 volts r.m.s.),
voltages are induced in the two outer coils. These two secondary
coils are connected in series opposition so that the two voltages
in the secondary circuit are opposite in phase, the net output of
the transformer being the difference of the voltages. To cope
with the required conditions of high temperature in a vacuum a

specially designed case was developed.

Incorporated with the L.V.D.T. was a single channel carrier
amplifier (Electro mechanisms type CAS 2500% , see plate3). This
provided the 2500 Hy excitation to the transducer, signal ‘amplification

and gain control.

The arrangement of the transducer in the pressure system

and the transducer mounting are shown in figure 27 (see also plate3).
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The mounting block was made of brass with an inner central core of
P.T.F.E. as a precaution against any electrical side effects. To
overcome a troublesome difficulty in sealing, two O-rings are used
in the mounting. The outer O-ring seals the cell from the atmos-
phere and the inner O-ring positioned on the diaphragm produces a
seal between the diaphragm and glass cell. A moveable ring is
incorporated on the P.T.F.E. core support to act as a backstop, i.e.
to prevent any damage to the diaphragm by over-stretching the

material.

The electrical connections through the top of the cell
were made using a small brass plate. Into this plate were inserted
gold connecting rods in a P.T.F.E. casing and the wires were soldered
using gold connections either side of the rods. The plate was
pinched between two flat rubber rings and connected to the cell
by a screw connection. Complete sealing was finally obtained

using a liberal coating of 'Sprayseal'.

The performance of the pressure apparatus is primarily
dependent on the characteristics of the diaphragm. The diaphragm
material must be resistant to any corrosive materials, sensitive
enough to provide a detectable movement but sufficient rigidity to

reproduce the null position.

From the earlier work of Jenkins ( 3 ) tantalum was the

material initially selected.

A literature review yielded limited information on the

dependence of the sensitivity of the diaphragm to the thickness of
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the material. The two correlations found were by Wildhack and

Georke (97).

B o= 2.25x10° (%ax10°) s
PQ
where F = modulus of elasticity

P =  pressure

X = deflection
D = diaphragm diameter
t = thickness
and (98 )
2 4 r 2\ 2
x = p(:.;;) R (Q-(C/g)")
1% Ft 6.2

k = Poisson's Ratio
R = diaphragm radius

r = distance from centre of diaphragm

Cursory comparison shows a discrepancy between the two
equations in the inverse power of the diaphragm thickness. Equation

6el quotes a power of 1l.52 and equation 6.2 a power of 3.

From this information it was considered appropriate to
undertake a series of comparative tests using initially diaphragms

of thickness 0.025 , 0.05 and O.0lmm,

The apparatus used for these tests is shown in figure 28.
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The characteristics tested were sensitivity and ability
to reproduce null. The L.V.D.T. was set to maximum gain for
each diaphragm and the core positioned to give no voltage output
when the bourdon gauge was reading zero pressure. The required
output to drive the servo-mechanism of the bourdon gauge is 20

microvolts.

Results are given in Appendix 5 , Table 3 and figure 29
show the data obtained for diaphragm thickness against voltage

output, hence sensitivity.

Table 3
Diaphragm thickness Voltage output for pressure
difference of 0.OlmmHg
microvolts
000254 180
0.00508 8
0.01016 0.33

(voltages taken by assuming straight line relationship
initially).

The gradient corresponds to the sensitivity being proe=-
portional tO'tq'q a result markedly different from both the
literature valuess No logical reason can be suggested for this

discrepancy.

Figure 30 shows the pressure voltage graph for the 0,005mm

thick diaphragme. This curve is representative of the data obtained.
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For later reference it should be noted how the seneitivity

increases within the proximity of the central position.

The results indicated that a maximum thickness of
0.00254mm was allowable. Tests on reproducibility of zero
however, deronstrated that this thickness would be unreliable,
an error of 0.0bmmig being the most favourable result. To
improve the reproducibility characteristics tests were undertaken
using corrugated diaphragms of various designs. This improves
the reproducibility properties but at a detriment to the sensitivity
as the 'active' diameter is in effect, decreased.

The designs tested varied from one simple corrugation

to that chown in figure 31 which is the design suggested by

Wildhack and Georke.
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The modifications were unproductive and therefore
tantalum was discarded. An alternative material, an alloy of
Copper/Berylium, was tested. This material was found to be more
sensitive than tantalum in addition to having excellent reproducibility
propertiess Using the corrugation design of figure 31 (this was
principally as an extra safeguard), a thickness of 0,005mm was
suitables Modifications to the L.V.D.T. mainly in the form of

improved wiring connections, were also made to improve it's performance.

As illustrated in figure 27 the bourdon pressure gauge
was being utilised to both provide and record the equalising pressure.
The bourdon gauge on purchase is only capable of functioning in these
two modes independently and therefore a re-adjustment of the internal
circuitry of the instrument was undertaken. This is detailed in
Appendix 4 . The work proved to be more drastic and troublesome
than originally anticipated and together with delays in obtaining
appropriate parts was threatening to prevent the acquisition of any
data within the duration of the project. An alternative system

was therefore sought.

It was noted earlier with reference to figure 30 that the
voltage output from the L.V.D.T. increases markedly around it's
central, stable position. This phenomenon was found to be more
pronounced with the Cu-Be diaphragms due partly to it's greater
sensitivity and partly to the increased ability to retain it's original

state. Experiments showed that this peak could be reproduced within
% 0.,02mmHg withadegree of confidence of approxe 95%. This technique



86

was therefore temporarily adopted to obtaim expleratory data

from the main rig.

This pressure measurement techmique is in effect a
differential method as it measures a pressure difference from a
datum. The datum is the saturated vapour pressure of the initial
pure component which can be accurately ascertained from the
temperature recordings. The diaphragms employed were of 0.0025mm
thickness and corrugated to the design of figure 31 using a rapid

press technique.

6.1.1. Alternative Pressure Measurement Technique

During the testing of the pressure apparatus and the
actual experiments undertaken on the rig, difficulties continually
arose because of instabilities created by enviromental effects on
the electrical circuitry. The voltage output being critical in

the range of 10~

volts, proved sensitive to changes in noise levels
and even positional effects within the laboratory. Extensive
earthing and treating of connections could not fully curtail these
effects. (It has since been noted by other workers that standard

laboratory electrical equipment occasionally behaves uncharacter-

istically in the vicinity of the apparatus).

For future use, an alternative method was sought, which
would eliminate the problems inherent in the L.V.D.T. method. A
possible alternative tested has been to apply an optical approach
by reflecting a beam of light from the top surface of the diaphragm.

The technique can be described using figure 32.
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The beam of light from the laser passes initially to
a 60% transmitting / 40% reflecting mirror. The transmitted
section passes to the first photocell. The reflected half of the
beam is directed onto the centre of the diaphragm and then onto a
second photocell using mirrors. When the diaphragm position alters
with change in the equilibrium cell pressure, the quantity of light
directed onto the second photocell is reduced. There are two
alternative ways of creating this effect. With a normal flat
diaphragm as the cell pressure increases, the diaphragm becomes
more convex to the light beame This diffuses the beam over a wider
area thus reducing the intensity of light on the photocell.
Alternatively a corrugated diaphragm can be employed so that the
active area of the diaphragm moves vertically. This directs the
beam off the face of the photocell. The voltage difference created
between the two photocells can be measured and/or transmitted to the

bourdon gauge, an equalising pressure can then be applied.

This technique eliminates the troubles caused by having
electrical connections through and around the equilibrium cell.
The electronics can be housed together a suitable distance from the

main apparatus.

The light souce in the test rig was a C - W Radiation
helium neon laser (see plate 4 ). The photo-electric cells were of
ordinary manufacture. Diaphragms of tantalum were initially
tried, tantalum having a coefficient of reflectivity of 0.9 This
material however was later rejected as imperfections in it's surface,
probably resulting from the manufacturing process, prevented a

clearly defined reflected beam being produced.
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Tests were conducted on diaphragms of copper/berylium
with thicknesses of 0.025mm and 0.05mm. The results are shown
graphically on Figure 33. The sensitivities achieved were a
resistance change of approximately 24 ohms for the 0.025mm dia-
phragm and 1.1l ohms for the 0,05mm diaphragm. These were for a
pressure change of O.OlmmHg and were calculated by averaging the

resistance change over a pressure change from O to Smmig.

The shape of the curves is not purely a characteristic
of sensitivity against pressure change because a circular beam is
moving away from a circular surface. The quantity of light directed
off the photocell for a certain diaphragm movement will increase over

it's first half circle.

These results are greatly superior to those of the L.V.D.T.
and the method eliminates the difficulties inherent with the L.V.D.T.
approaches The electronic circuitry to drive the bourdon gauge servo-
motors is straightforward. The sensitivity can be further enhanced

by increasing the angle of incidence and thus the angle of reflection.

6e2. Central Apparatus

The apparatus has been previously outlined in Figure 25.
The two burettes were of 10ml. 'floating piston' manufacture. These
have a small piston inserted within the burette on which is embossed
a vernier scale. This vernier accords an accuracy one place greater
than a normal burette. The piston also provides greater accuracy
due to ‘the elimination of liguid wetting on the walls of the burette.

The burettes are bottom fed.
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'Rotaflo' valves of 3mm bore were used in the central
apparatus for all connections except for the equilibrium cell
inlets which were of capillery size. The external pressure
generation cell was a 100 ml. flask containing degassed water.
When the equilibrium cell pressure exceeded the pressure of the
head of water within the burette, the degassed water within the
flask was heated to a temperature sufficient for the saturated
vapour pressure to exceed the cell pressure. (Any condensed water
can be vacuumed off through valves M2 and M4). A supply of an
inert gas could be substituted in this method, provided the gas is
removed through the vacuum system as soon as the addition is

completed.

The cell is of approximately the same internal dimensions
as that of the ﬁimple rig, these not being eritical to the method.
The stems between the cell and valve pockets are constructed to the
minimum length to decrease the dead space. The two inlets for the
components were positioned diametrically opposite in the apparatus;
this is now thoughtlunadvisable as water occasionally became trapped
in the dead space of the methanol inlet arm. The connections were
also placed near the top of the cell as this was initially considered
desirable because the accuracy in measuring the liquid level in the
cell would be impaired by the sidearms. This point is discussed in
Section 6.4 where it is now considered desirable to have the sidearms

at the lower levels.
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The cell was calibrated as outlined in Section 5.3 and
the cathetometer again used to measure the cell liquid levels.
A magnetic stirrer was inserted to promote equilibrium. The
stirrer was activated by an electrical agitator positioned under-

neath the cell. This can be seen on plate 1l

6.3 Vacuum System

The vacuum system is shown in figure 34. Many of the
features of the simple rig were incorporated. The system as
before is split into a high vacuum side (pressure < 0.001mmHg)
for the cell vacuum and a low vacuum side (pressure approximately

3mmHg) for the degassing apparatus.

In the diagram, the burettes appear on the low vacuum
side. However they are initially evacuated to the high vacuum
requirements by isolating them from the low vacuum side. This is
achieved by opening the cell connections and closing valves M5, M,
M9 and M7. After the burettes have been charged with the degassed
liquids they are reconnected to the low vacuum side for any further
degassing. Each side is served individually by an Edwards Rotary

Vacuum pump. These could be coupled together if required.

A Whatman filter was positioned at the air inlet to the
bourdon gauge to prevent any harmful particles entering the
sensitive bourdon tube. The other apparatus is detailed in Section

Selt.
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6e3e Data Aequisition Operation

The glassware is individually cleaned using the method
described in Section 5.5. before every run. The glassware is
pieced together and the stopcocks adjusted ensuring that no grease
or dust enters the apparatus. The diaphragm is positioned across
the cell with the L.V.D.T. core located to give a minimal voltage
output at it's central position. The backstop on the core support
is adjusted to prevent overstretching of the diaphragm. The
equilibrium cell is placed vertically and checked usin;:;athetometer

in the water bath.

The two sections of the water bath are filled so that the
level of the interior chamber is sufficient to completely immerse
the equilibrium cell below the diaphragm. The cold traps are
filled with liguid nitrogen as described in Section 5.6 and the

valves degassed prior to leak testing the equipment.

When the equipment is functional the two components are
degassed (Section 5.1) and the required system temperature obtained

within the water bath (Section 5.p).

On completion of the degassing, water is charged from the
reservoir to both the burette, via valve M5, and to the pressure
generation cell. Water is allowed to enter the burette from the
top in order to completely immerse the piston within the burette.
Methanol is also charged to the appropriate burette. Checks are
made at this stage for any signs of air within the components and

if required further degassing undertaken.
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Before commencing the data acquisition, the pressure
measurement apparatus is checked to be functioning correctly and
the initial voltage from the L.V.D.T. recorded using a D.C.
microvoltmeter. A measured amount of methanol is then introduced
into the equilibrium cell, and allowed to acquire the system
temperature; this is assumed to have occurred when the voltage
output is steady. Temperature stabilisation was normally found
to require several minutes although voltage reductions could also
have been taking place due to adsorption of the methanol on the
Petefees of the valves. When the voltage is steady, an equalising
pressure is supplied to the top of the diaphragm using the servo
control of the bourdon gauge. The equalising pressure is obtained
when the voltage from the L.V.D.T. changes rapidly for a small
pressure input as detailed in Section 6.1. This equalising pressure

is recorded.

After ensuring that the head in the water burette is
greater than the pressure within the equilibrium cell, a measured
quantity of water is passed into the cell. If the water pressure
head is insufficient, the degassed water in the pressure generation
cell is heated until it's saturated vapour pressure is adequate.

The equilibrium cell mixture is stirred vigorously for between 5 to
10 minutes to promote equilibrium. The stirring times will be
discussed later. When it is assumed that equilibrium has been
reached, an equalising pressure is applied to the top of the diaphragm
as before and recorded. The water bath temperature is also checked

at this stage and any changes noted.
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The procedure is then repeated with another water
charge until the cell is full. Usually between 20 to 30 readings
were taken in any one run. A complete run usually took two days,
the initial preparation of the apparatus being performed in one
day with the actual data acquisition taking around 8 - 10 hours

minimum.

6.4 Practical Problems During Data Acquisition and
Suggestions for Improvement of the Apparatus

During the data acquisition runs, numerous unforeseen
difficulties arose« A problem that occurred during every run and
was not satisfactorily solved, was the formation of globules of
the mixture on the walls of the equilibrium cell. These originated
from two sources, the initial introduction of the water and from the
stirring action. The stirring source was decreased as experience in
the use of the stirrer was obtained; a judicial control of the input
to the magnetic stirrer creates a deep vortex without splashing.

The creation of a vortex was used to remove as much of the globules
from the walls as possible. These globules produce inaccuracies in
both the measurement of the liquid level in the cell and in the total
pressure, as the composition of the globules will differ from the

bulk compositione.

The possibility of coating the walls with a non-wetting
agent was investigated but the problem of adsorption on the coating
is always prevalent. The obvious way to overcome the difficulty
when introducing the degassed water is to have the two sidearms near

the bottom of the cell. This is now considered to be advantageous.
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A further problem that arose initially during data
acquisition was the tendency for the mixture to condense on the
bottom of the diaphragm. This creates a possible error in the
measurement of the cell mixture level and could alter the
characteristics of the diaphragm due to the extra weight. This
difficulty was solved by either immersing the equilibrium cell
to a depth well below that of the diaphragm or by use of a hot-

air heater on the top section of the cell.

At the conclusion of a run air was thought to be present
in the cell, even with all the precautions described within the
procedure. This is corroborated by the results. It has been
concluded after various tests that the main source of this air is
from the 'Rotaflo' valves. Over a long period of time air will
diffuse through the p.t.f.e. valves. The 'Rotaflo' valves have
proved unsatisfactory in other aspects. The stopcocks operate
with only one seal between the pet.f.e. seat and the glass walls.
Over a long period of time under constant operation it was often
found that dust would become trapped in the chamber. This would
then prevent a continous seal being formed. In addition, to
create an adequate seal, the valves required tightening to an extent
that operating the valves required considerable force. With the
fragility of the glassware and the positioning of certain valves

this often lead to breakages.

It is suggested that in future apparatus these valves are

replaced by J. Young O-ring valves (see figure 35). These valves
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Figure 35
O-Ring Valve



95

are manufactured with a glass body and two thin O-rings. The use
of glass almost eliminates errors attributable to adsorportionj
and to diffusion of air through the valves. The use of the
two O-rings eliminates the probability of any dust preventing an
effective seal. The valves have been provisionally tested and

found to be very light and easy to operate.

The pressure technique was not entirely satisfactory.
At low temperatures especially, and when the total pressure within
the equilibrium cell was low, the 'peak' was often difficult to
locate with any accuracy. As the technique was only adopted as
a temporary measure, no discussion of this is considered relevant

to the improvement of the technique.
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7.0 Discussion of Results.

71 Previous Experimental Work.

The data obtained in this work cannot be tested for thermo-
dynamic consistency because the Gibbs-Duhen equation is employed in
the calculational technique, The performance of the apparatus there-
fore, will be analysed by comparison with data available.in the

literature.

Considering the fundamental importance of the two systems,
data in the literature is extremely scarce. Both systems are well
documented for isobaric conditions but workers have neglected the systems

when employing isothermal techniquese.

Data on the methanol-water system appears to be limited to
that of Butler, Thomson and MacLennan (99) and Wolfbauwer (100). The
latter was acquired only recently (1971) so that Butlers data of 1932
has been used as the standard by later workers, for instance Ho, Boshko
and Lu (26) in 1961. This is surprising as data on alcohol-water
systems are inherently unreliable and data of this period has fregmently

been shown to be thermodynamically inconsistent.

The result on the consistency test on Butlers data is shown
on Figure 36. The consistency routine adopted was the area test of

Herrington (101). In this procedure the two functions I, and I are

2
calculated.

x“/ in )? x};
x, dln Y
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For thermodynamic consistent data

Il + 12 = C

so that if I1 + 12 is plotted against mole fraction in liquid
phase a horizontal line is obtained. Butler's data can be seen to be
badly inconsistent and as such no basis for comparison will be made with
these results. The shape of the function Il + 12 indicates that the
inconsistency in the data can be attributed to errors in the pressure.

D’ata on ethanol-water mixture is more copious than methanol-

water. The data of Dobson (102) used by Ho, Boshko and Lu is earlier
than that of Butler. The data of Dornte (103) and Wrewski (104) have
been tested for consistency by Null (105). The data of Dornte is at
25°C. and of Wrewski is at 39.76°C., 54.81°C. and 74.79°C.  Null
demonstrated that the results of Dornte were badly inconsistent and
those of Wrewski were only marginally acceptable. The only other set
of data available is that of Silva and d'Avilia (106). They obtained
data at 5°C. intervals from 10°C. to 30°C. The data was obtained using
Barker's method and as such should automatically be consistent. They
compared that data with Dobson's and showed very good agreement. The
consistency test has however been applied to the data and as shown on
Figure 37 the I1 + 12 function is not consistent. This surprising
result is probably due to the use of the Redlich-Kister expansion in

the method.



0:3 0:5. 0-7

09

.05_

45}

25—

I+L,

Figure 37

of .d’Avila & Silva

Consistency Testing of Ethanol-Water Data



98

The sets of data of Silva and Wrewski, being the best
available, will be used as the standard. Together they have the

advantage of producing results over a large temperature range.

It is considered possible that all data on these two
systems is not entirely consistent and this could manifest itself
when workers have tried to correlate the data. Hudson and Van
Winkle (83) for example, found that the poorest ternary predictions
for the twenty systems they tested was given by the water-methanol-
ethanol mixtures. Their work concluded that comparison with other
ternary systems negated the possibility of hydrogen bonding being the
cause of the poor fit. The similar work of Rohoutova et al (107)
on binary systems, showed that the Wilson equation excellently described
the data on systems such as methanol-2-propanol and 2-propanocl-water
but not methanol-water. They suggested that this could be caused by a

30% inaccuracy in their estimation of the cross-virial coefficient.
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742 Evaluation and Accuracy of Results from
Main Apparatus

The raw data and results are given in Appendices 1 and 2.
The results were calculated using the computer program 'DATACALC' which
is detailed in Appendix 3. Before any discussion of the performance of
the apparatus, the effect of experimental errors in the data ought to be

considered.

Errors can occur during data acquisition in the recorded
values of the water and alcohol quantities, the cell liquid volume and
the total pressure in the equilibrium cell. Of the two possible cal-
culational procedures it was found that method B using data from two
comparable runs required accuracy in the measurement of the cell liquid
volume beyond that accorded by the present apparatus. Errors in the
cell liquid volume were present because of the problem discussed earlier,
of mixture globules adhering to the cell walls. Improvements for this

method will be considered later.

The effect of certain errors on the final values of the
activity coefficients and K ratio have been ascertained for the alter-
native method for the system ethanol-water. This procedure is insensitive
to expected errors in the cell liquid volume, an error of 0.2 mls.
producing an impereeptible error in both values. The effect of introd-
ucing an error of O.l mmHg, in the total pressure in the equilibrium cell
is shown on Figure 38. The trends are similar for the activity coeff-
icients and K. ratio with the former being the more sensitive. The
effects are as expected with the percentage error decreasing with increase

in temperature due to the increase in the saturated vapour pressure.
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