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Abstract

The thesis involves a study of the thermodynamics of ternary liquid mixtures involving
carboxylic acids with nitriles, hydrocarbons including cycloalkanes, and water. Carboxylic
acids are an important class of compounds with a great number of industrial uses and
applications. In many parts of the world the separation of carboxylic acids (in particular acetic
and propanoic acid) is an important and desirable task. In South Africa, these carboxylic acids
together with many other oxygenates and hydrocarbons are produced by SASOL using the
Fischer - Tropsch process. The separation of these acids from hydrocarbons and from water
is a commercially lucrative consideration, and is the raison d’ etre for this study. The work
focussed on the use of nitriles in effecting separation by solvent extraction and not by the
more common method of distillation. The nitrile compounds were chosen because of their
high polarity. The carboxylic acids used in this study always refer to: acetic acid, propanoic

acid, butanoic acid, 2-methylpropanoic acid, pentanoic acid and 3-methylbutanoic acid.

The first part of the experimental programme is devoted to the determination of excess molar
volumes of mixtures of (a carboxylic acid + nitrile compound), where the nitrile refers to
acetonitrile, butanenitrile or benzonitrile, respectively. Densimetry was used to determine the
excess molar volumes. The work was done in order to get some idea of the interactions

involved between a carboxylic acid and a nitrile.

The second part of the experimental study is concerned with the determination of excess
molar enthalpies of mixtures of (a carboxylic acid + nitrile compound), where the nitrile refers
to acetonitrile, butanenitrile or benzonitrile, respectively. The excess molar enthalpies were
determined using flow microcalorimetry Again, this work was done in order to gain some

insight into the interactions involved between a carboxylic acid and a nitrile.

The third part of the experimental work consists of ternary liquid-liquid equilibria of mixtures
of (acetonitrile + a carboxylic acid + heptane or cyclohexane), (benzonitrile + a carboxylic
acid + water); and (butanenitrile + a carboxylic acid + water), at 298.15 K. The purpose was
to investigate the use of nitriles as solvent extractors in separating carboxylic acids from

hydrocarbons and also carboxylic acids from water. Ternary liquid-liquid equilibrium data are
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essential for the design and selection of solvents used in the liquid-liquid extraction process.

The final section deals with the fitting of models of liquid mixtures to the experimental data
collected in this work. The NRTL (Non-random, two liquid), UNIQUAC (Universal quasi-
chemical), and FBT (Flory-Benson-Treszczanowicz) models were used. The modelling work
served three purposes:

o to summarise the experimental data

o to test theories of liquid mixtures

° prediction of related thermodynamic properties
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CHAPTER 1
INTRODUCTION

1.1 THE NEED FOR SYNFUELS AND CHEMICALS IN SOUTH AFRICA

SASOL’S foothold as a global competitor is growing stronger as its competitive advantage
in the field of Fischer-Tropsch technology increases in the light of the world’s diminishing
reserves of crude oil, and the need to use increasing amounts of natural gas. Through the
proprietary SASOL Advanced Synthol process, SASOL can convert coal to synthetic crude
oil (containing a host of different hydrocarbons and oxygenates), while the SASOL Slurry
Phase Distillate reactor can convert natural gas into high-quality low-emissions diesel,
(sulphur content < 5 parts per million or 0.0005 %) thereby appeasing the mounting local and
international environmental concern for cleaner liquid fuels. SASOL currently supplies 41%

of South Africas liquid fuel requirements (www.sasol.co.za, 2002). At present most of the

synthetic crude oil made by SASOL is burnt as fuel. Many of the components (aromatics,
alkenes, alcohols, carboxylic acids etc) are important in the manufacture of plastic and other
useful materials. Separation and sale of some of these lucrative and high valued components

would add synergistic value to the overall SASOL process.

This study involves an investigation into the feasibility of separation of carboxylic acids from
water or hydrocarbons using a nitrile compound. Economically viable separation of these
compounds serves a dual purpose: polluted aqueous streams can be cleaned up and high
valued chemicals can be produced relatively cheaply. This in turn will save South Africa

valuable foreign exchange as many of these compounds are imported.
1.2 SIGNIFICANCE OF EXCESS VOLUMES AND EXCESS ENTHALPIES

Excess volumes and excess enthalpies are two important thermodynamic quantities used in
chemical engineering for the design of plant and separation equipment (Sandler, 1989). A
knowledge of the thermodynamic non-ideality of liquids and liquid mixtures can often
modify a flow sheet substantially (Prausnitz et al., 1986). Typical examples of this are the

design of distillation columns, heaters, coolers, condensers and heat exchange equipment
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associated with chemical reactors. A good exposition of how chemists and chemical
engineers can calculate the phase - equilibrium behaviour of fluid mixtures from
thermodynamic data and theories is provided by Prausnitz et al. (1986). Excess volumes can,
for example, be used to convert thermodynamic properties of mixing determined at constant

pressure, to properties at constant volume (Prausnitz ef al., 1986).

In addition, excess properties provide information about the molecular interactions and
macroscopic behaviour of fluid mixtures which in turn can be used to develop better theories
of liquid mixtures. An understanding of the behaviour of liquids can be achieved by studying
the properties of their mixtures. These theories are important not only from the point of
understanding the nature of liquids and liquid mixtures, but they also enable the interpolation
and extrapolation of limited experimental results in order to make reasonable predictions for
systems where no experimental data is available. The aim of most theories of mixtures is the
prediction of the behaviour of a multicomponent system from the properties of its constituent
pure components. Although considerable progress has been made, we are however, still long
way from an adequate all embracing theory of liquid and liquid mixtures. This inadequacy

is in sharp contrast to the early theories regarding gases and solids.

1.3 LIQUID-LIQUID EQUILIBRIA

There has been a resurgence of interest in liquid-liquid extraction (Humphrey et al., 1984),

and this appears to be due to:

. Prospects for substantial energy savings compared with distillation when a

minor but high density constituent of the feed mixture is to be recovered.

. Possibilities of avoiding temperature damage that might be caused by
distillation.

. Development of improved devices for effective equilibration of the liquid
phases.

. Better understanding of the principles behind development, design and scale-
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up of extraction processes.

Distillation is not always economical when one of several aromatic hydrocarbons must be
separated from aliphatic hydrocarbons (Hauschild and Knapp, 1991). It is sometimes
practical to use a solvent extraction process to separate such components. This is done by
adding a polar solvent. Referring to the rule “like dissolved like” one can expect a mixture
of polar solvent, aromatic and paraffinic hydrocarbons to split into two liquid phases, a
hydrocarbon- rich phase (the raffinate), and an aromatic-rich phase (the extract). Such ternary
liquid-liquid equilibrium data are essential for the design of solvent extraction processes, and

for the proper selection of solvents.
1.4  AREA OF RESEARCH COVERED IN THIS THESIS

In the first part of this thesis the excess molar volumes and enthalpies of the binary mixtures
(anitrile compound + a carboxylic acid) were determined at 298.15 K. The nitrile compounds
refer to acetonitrile, butanenitrile and benzonitrile. The carboxylic acids always refer to acetic
acid, propanoic acid, butanoic acid, 2-methylpropanoic acid, pentanoic acid and 3-

methylbutanoic acid.

The excess molar volumes were measured using densimetry and are presented in Chapter 2.
The excess molar enthalpies were measured using flow microcalorimetry and are presented
in Chapter 3. Both these measurements were made in order to understand the magnitude and

effect on these thermodynamic properties, of the mixing process.

In the second part of this thesis the hydrocarbon and water extraction capabilities of
acetonitrile, butanenitrile and benzonitrile, respectively, were investigated at 298.15 K.

Liquid-liquid equilibrium (LLE) data at 298.15 K were obtained for the following systems:

. (acetonitrile + acetic acid or propanoic acid or butanoic acid or 2-methylpropanoic

acid or pentanoic acid or 3-methylbutanoic acid + heptane)

. (acetonitrile + acetic acid or propanoic acid or butanoic acid or 2-methylpropanoic

acid or pentanoic acid or 3-methylbutanoic acid + cyclohexane).
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. (butanenitrile + acetic acid or propanoic acid or butanoic acid or 2-methylpropanoic

acid or pentanoic acid or 3-methylbutanoic acid + water).

. (benzonitrile + acetic acid or propanoic acid or butanoic acid or 2-methylpropanoic

acid or pentanoic acid or 3-methylpropanoic acid + water).

In this work we have concentrated on determining the suitability of nitriles as an extraction
solvent for the separation of (carboxylic acid - hydrocarbon) mixtures, as well as (carboxylic

acid - water) mixtures using liquid-liquid extraction.

The efficient separation of organic acids from aqueous solution is also of economic
importance in the chemical industry, for example in the fermentation industry, and many
solvents have been tried and tested to improve such recovery (Arce et al., 1995, Briones et al.,
1994, Dramur and Tatli, 1993, Fahim et al., 1997). Arce et al.(1995) investigated the
separation of (propanoic acid - water) mixtures using solvents methyl ethyl ketone and
solvents methyl propyl ketone repectively; Briones ef al. (1994) reported on the separation
of (oleic acid - water) mixtures using f-Sitosterol; Dramur and Tatli (1993) investigated the
separation of (acetic acid-water) mixtures using phthalic esters viz. dimethyl phthalate and
diethyl phthalate, whilst Fahim et al.(1997) reported on solvent extraction using hexanol for
(acetic acid-water ) mixtures. In this work both benzonitrile and butanenitrile have been

investigated for their solvent potential in separating (organic acid - water) mixtures.

The LLE work covered in this project was aimed at finding the effect on the phase equilibria
of the ternary mixtures (a carboxylic acid + a nitrile compound + a hydrocarbon compound

or water) of:

. increasing the carbon chain length of the carboxylic acid.

. increasing carbon chain length of the nitrile compound.

In the final section the question of fitting representative equations to the experimental data,
was considered. To the excess volumes data, the Redlich-Kister polynomial as well as FBT
(Flory-Benson-Treszczanowicz) theory were applied. For the excess enthalpies, the Redlich-

Kister polynomial, as well as UNIQUAC (Universal quasi-chemical), NRTL(Non-random,



Chapter [ : Introduction 5

two liquid) and FBT(Flory-Benson-Treszczanowicz) theory were applied. The NRTL and
UNIQUAC models were applied to all the ternary liquid-liquid equilibrium data.

The structures of the six carboxylic acids as well as three nitrile compounds used in this work

are shown in Figure 1.1.

CH,COOH acetic acid
CH,CH,COOH propanoic acid
CH,CH,CH,COOH butanoic acid
(CH,),CHCOOH 2-methylpropanoic acid
CH,CH,CH,CH,COOH pentanoic acid
(CH,),CHCH,COOH 3-methylbutanoic acid
CH,CN acetonitrile
CH,CN benzonitrile
CH,CH,CH,CN butanenitrile

Figure 1.1  Structures of carboxylic acids and nitrile compounds used in this study
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CHAPTER?2
EXCESS MOLAR YOLUMES

2.1 INTRODUCTION

Excess molar volume data, like many data are more informative and easier to handle when
expressed relative to some kind of ideal behaviour (Walas, 1985).

The excess molar volume, ¥, * | is defined (Maglashan, 1975) as:
VmE = Vmixlure - inVio (21)

where x, is the mole fraction of component i, V,

mixture

and V7 are the molar volumes of

component i and the mixture respectively. For a binary mixture,

V= Ve - 0V +5,V5). (22)

The change in volume on mixing two liquids, especially two polar liquids, 1 and 2 can be
attributed to a number of processes (Letcher, 1975): (a) the breakdown of 1 - 1 and 2 - 2
intermolecular interactions which have a positive effect on the volume, (b) the formation of
1 - 2 intermolecular interactions which results in a dimunition of the volume of the mixture,
(c) packing effects caused by a difference in the size shape of the component species and
which may have a positive or negative effect on the particular species involved, and (d)

formation of new chemical species.

There is no volume change on mixing two liquids to form a thermodynamically ideal solution
at constant temperature and pressure, but a volume change upon mixing two real liquids is
observed (Battino, 1971).

Volume changes on mixing of binary liquid mixtures, ¥, F, at constant pressure and
temperature is of interest to chemists and chemical engineers, and is an indicator of the non-
idealities present in real mixtures.

There are great difficulties in treating excess volumes and one major problem is the packing
effect. However, this has not deterred some theoreticians and a number of theories abound.
Examples of these solution theories include Flory - Benson - Treszczanowicz
(Treszczanowicz and Benson, 1985) and Extended Real Associated Solution (Heintz, 1985),

the former of which is presented in Chapter 7.
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2.2 MEASUREMENT OF EXCESS MOLAR VOLUMES

The volume changes for binary mixtures, ¥, F, can be determined experimentally in one of two
ways, namely (i) indirectly from density (densitometric or pycnometric) measurements, or (ii)
from the more direct dilatometric method, ie. by determining the resultant volume change
upon mixing of the two components. A detailed review of both these experimental methods
are reported in the literature (Battino, 1971; Letcher, 1975; Handa and Benson, 1979 ; Beath
et al., 1969; Pflug and Benson, 1968; Stokes and Marsh, 1972; Marsh, 1980, 1984; and

Kumaran and McGlashan, 1977).

2.2.1 Direct Determination

In the direct determination, the volume change that occurs when the different liquids are
mixed is measured. Direct methods of measurement of ¥,.F include batch dilatometry and

continuous dilution dilatometry (Handa and Benson, 1979).

Batch dilatometers are characterized by one composition per loading at a single temperature
whilst continuous dilution dilatometers are characterized by a number of compositions per
loading at a single temperature.

Dilatometric methods have been used as early as 1887 (Neubeck, 1887), but since then there
has been much improvement in the experimental design and efficiency of the dilatometer
(Burlew, 1940; Wood and Brusie, 1943; Wirth and LoSourdo, 1968; Washington and Battino,
1968).

2.2.1.1 Batch Dilatometry

One of the early examples of a design for a single loading dilatometer was the apparatus of
Keyser and Hildebrand in the early part of the 20" Century (Keyes and Hildebrand, 1917).
The apparatus shown in Figure 2.1, consists of a U tube with mercury filling the bottom of the
vessel in order to separate the two sample components A and B. Graduated capillaries on the
ends of the two tubes provided the means by which the volumes, before and after mixing were
determined. The entire mixing vessel was immersed in a thermostatted bath, and thorough

mixing was achieved by rocking the apparatus.
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It was reported that a precision of + 0.003 cm’ - mol” in ¥,F could be achieved over the

temperature range 280 - 350 K (Prausnitz et al., 1986).

Figure 2.1  The Keyes and Hildebrand Dilatometer

Another dilatometer of later design is illustrated in Figure 2.2.

® ( n)

mercury

Figure 2.2 A dilatometer for measurements of volume of mixing illustrating
(a) before mixing and (b) after mixing.
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Direct dilatometric measurement of ¥_* gives a much higher ratio of accuracy to effort
(McGlashan, 1979). The dilatometer shown in Figure 2.2 is filled with the aid of a
hypodermic syringe. The excess molar volume of mixing, V_Eis given (neglecting small
terms allowing the effects of the change of pressure on mixing on the volumes of the liquids
and of mercury) by the relation

V.E=AV/(n, + ny) = Adh(n, + ng) (2.3)
Where A is the cross-sectional area of the capillary and n, and ng are the amounts of
substance of A and of B. One possible major source of error in this method 1s in the
determination of the composition as it is necessary to weigh the dilatometer consisting of
sample as well as mercury, which results in a large mass. The error associated with taking a
difference in large masses is therefore quite significant. Duncan ef al. (1966) in their reviews,
describe methods and modified apparatus in which the precision was found to be 0.002

cm> mol™.

22.1.2 Continuous Dilatometer

The major advantage of the continuous dilatometer is that it is less time consuming and more
data and generated per loading. One of the earliest dilatometer of this type was designed by
Geffcken, Kruis and Solana (1937). This dilatometer has been used and modified by many
workers (McLure and Swinton, 1965; Watson ef al., 1965; Pflug and Benson, 1968; Pasfield,
1965; Beath et al., 1969). The mixing chamber C is initially loaded with pure component A
and mercury (as shown in Figure 2.3). The stopcock S leads to reservoir R where pure
component B is confined over mercury. The change in the mercury level upon mixing in the
calibrated capillary D is read with respect to a reference mark F. The entire apparatus is
thermostatted and provision is made for stirring the contents of C. When S is opened mercury
from C forces some of the component B into C via the connecting tube E. S is now closed
and mixing begins. The change in the level of mercury begins. The change in the level of
mercury 1n capillary D is noted. Successive increments of B are then added in a similar
fashion in order to directly determine ¥, * as a function of composition at one temperature.
Volume changes of 0.0002 cm’ have reportedly been detected with the above apparatus
(Geffcken, Kruis and Solana, 1937).
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Figure 2.3  Continuous dilatometer of Geffcken, Kruis and Solana

A more recent design of a dilatometer was developed by Kumaran and McGlashan (1977) and
is illustrated in Figure 2.4. This dilatometer, an improvement of Bottomley and Scotts (1974)
tilting dilatometer allows easier calibration, easier loading, and the measurement of volume
changes of any magnitude.

In addition, whereas in the dilution dilatometers of Stokes, Levien and Marsh (1970) and of
Bottomley and Scott (1974), the liquid mixture and the pure diluent liquid were separated only
through a diffusion boundary in a capillary, with consequent possible errors due to diffusion,
in the Kumaran and McGlashan tilting dilatometer the two liquids are separated by mercury
at all stages of a run. A standard deviation of 7 x 10®* cm’mol™ for V,_F for this type of

dilatometer has been reported (Kumaran and McGlashan, 1977).
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Figure 2.4  The Kumaran and McGlashan dilatometer

A typical measurement is made by filling (hypodermic syringe) the burette B with one of the
pure liquids and the bulb A with the other pure liquid (diluent). The dilatometer is tilted by
anticlock wise rotation of its frame so that some mercury flowed from C, into B. This
displaced mercury in turn forces an equal volume of the diluent liquid through C, into bulb
A. After mixing, the change in volume is registered as a change in the level of the mercury
in the calibrated capillary C. The difference in the heights of the mercury meniscus in C and
of the reference mark CR was determined with the aid of a cathetometer. Corrections for
changes in pressure arising from changes in mercury levels during measurements had to be

made when determining the excess molar volumes.



Chapter 2 : Excess Molar Volumes 12

2.2.2 Indirect determination

Density is defined as:

(2.4)

M
P=

where M is the mass of the substance, and V is the volume.
For a binary mixture, ¥, F is determined from density measurements, calculated using the

following equation:

x,m, +x,m X m X,m
Vrlel 22_[11_{_22} (25)

P P

p mixture

where x, and x, are the mole fractions of components 1 and 2 respectively, m, and m, are the
molar masses of components | and 2 respectively, and p;, p, Pminre are the densities of

component 1, component 2 and the mixture respectively.

There are a number of different methods of determining densities of liquids. These include
pycnometry, magnetic float, and mechanical oscillating densimeters. These different

techniques of density determination would now be briefly discussed.

2221 Pycnometry

Many types of pycnometers, their characteristics and their handling have been discussed in
the literature (Scatchard et al., 1946; Wood and Brusie, 1943; Bauer and Lewin, 1959). One
of the earliest documented pycnometers was that used by Wood and Brusie (1943). This
pycnometer is illustrated in Figure 2.5. The single arm pycnometer is capable of accuracy of
up to one in hundred thousand. This apparatus consisted of a bulb of capacity 11 cm®,a 1 mm
internal diameter precision base capillary with eleven lines lightly etched all around the stem
and spaced 1 mm apart. A hypodermic syringe and cannula is used to fill the pycnometer

during measurement. In the process of determining densities by pycnometry, it is important
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to accurately determine the composition of the mixtures.

Many workers have simply weighed the two components into the pycnometer (Scatchard et

al.,1946; Walas, 1985).

[‘\5715

~— —_—

6 mm QG.T
T tmm g,

O mm

20mm

Rem cap. 32mm

Figure 2.5  Single-arm pycnometer of Wood and Brusie

Serious errors could arise due to inadequate mixing of the components, evaporation and
vapour space composition. This led to the development of a pycnometer incorporating a
mixing bottle (Wood and Brusie, 1943). Some two decades later the design was improved

upon (Battino, 1966), and the mixing bottle of Battino is shown in Figure 2.6.
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MIXING BOTTLE

Figure 2.6  Mixing bottle of Battino

With this mixing bottle potential errors due to inadequate mixing and evaporation of the
samples is minimized. Each chamber of Battino’s bottle has a capacity of about 50 cm’.
These chambers are joined by a 10 mm U-tube in such a way to set them at an angle of 20
degrees to the vertical. The slanting chambers and the relatively large bore of the U-tube
facilitates the efficient mixing characteristics of Battino’s design. A precision of 0.00023

g-cm” in density measurements has been reported by Battino (1966).

2222 Magnetic float

The magnetic float method of densitometry was designed to give greater accuracy in density
measurements. Franks and Smith (1967) describe a modified version of a magnetic float cell
originally reported by Lamb and Lee (1913). The pyrex cell with a capacity of approximately
600 cm’ was mounted in a thermostatted bath built solely of non-magnetic materials. A
precision of density of better than one part in 10° is reported for the Franks and Smith
densitometer and this translates to an accuracy of 0.001 cm®mol™ for ¥_E. The magnetic float

densitometer based on the design of Franks and Smith is shown in Figure 2.7.
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p
Pyrex cell —

Bar magnet

Solenoid

Figure 2.7  Magnetic float densitometer

2.2.2.3 Mechanical Oscillating densimeter

Mechanical oscillating (vibrating tube) densimeters coupled to digital output displays are
being widely used in the chemical industry, and research laboratories to measure densities of
liquids and liquid mixtures. The frequency of vibration(v) of a constant electrical stimulation
is related to the density of the liquid (Handa and Benson, 1979). According to Handa and
Benson, the frequency of vibration, of an undamped oscillator (eg. a tube containing liquid
sample) connected to a spring of constant elasticity ¢, is related to the mass of the oscillator

M, according to the following equation:
c
2nv = (—j (2.6)
M

If the oscillations were hollow (eg. a tube) then M would be the sum of the contents in the
hollow as well as the true mass of the oscillator (M,). If a liquid with density p fills the
hollow (volume V), then

M=M, +pV (2.7)
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Substitution for M into (2.6) and solving for p yields (Handa and Benson, 1979):

— MO + ¢ ] (L] (2 8)
P a7ty )\ v ‘
M o c
where _—V and 47[2V are constants.

Equation (2.8) can be written as:

p=A+ B[lj (2.9)

1%

where AZ--Aio—and B':[ 62 ]
V 4V

The constants A and B are characteristics of the oscillator. (1/v) is termed the period and
is given the symbol 7, therefore:

p=A+B7 (2.10)
Since densities are measured relative to a reference material:

p-p, =BT -1, (2.11)
Where p, is the density of the reference material (usually the pure solvent, deionised water or

air) and t, is the corresponding period of oscillation.

Commercially available vibrating tube densimeters which can measure density values of up
to 1x107° g-cm™, are continuously improving the accuracy and precision with which ¥, ® values
can be detected (Rowlinson and Swinton, 1982). This implies a possible precision of 0.003
cm’mol” in the measurement of V7, F.

2.3 EXPERIMENTAL APPARATUS AND TECHNIQUE

2.3.1 Experimental Apparatus

Inthis work ¥, F was determined by densimetry using the Anton Paar DM A 602 vibrating tube
densimeter for some systems and the Anton Paar DMA 5000 for the other systems. The



Chapter 2 : Excess Molar Volumes 17

calibrations and techniques used in this study were initially checked by the evaluation of
several systems that had been previously published in the literature (McGlashan and Stoekli,

1969; Treszczanowicz and Benson, 1977).

2.3.2 The Anton Paar Densimeter

The Anton Paar DMA 602 vibrating tube densimeter coupled to an Anton Paar DMA 60
processing unit was used to determine density measurements. The density determination is
based upon the measurement of the oscillations of a vibrating U-shaped sample tube. This
tube is filled with the liquid sample mixture and the relationship between the period 7 and the
density of the mixture p is given by

p=A+B7 (2.10)
The constants A and B are instrument constants for each individual oscillator and can be
determined by two calibration measurements with samples of known density, eg. air and
deionised water. A schematic representation of the density measuring apparatus is shown in

Figure 2.8.

I 13894261

11X
j

Figure 2.8  Laboratory arrangement for density determining apparatus [a, Hewlett-
Packard quartz thermometer; b, Tronac temperature controller; ¢, Grants refrigeration unit;
d, Cooling probe of refrigeration unit; e, electrical stirrer; f, heating element of Tronac

temperature controller; g, thermometer probe; h, pump; i, Anton Paar DMA 602; j, Anton
Paar DMA 60]
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In this work, the uncertainty in the density occurs due to the fluctuation in the temperature as
well as the uncertainty in the period. The uncertainty in the period is a major contributor to
the error in the density and results in an uncertainty in the density of less than 5 x 107 g -cm”,
and this in turn translates to an error of 0.005 cm® - mol”'. The uncertainty in the mass was

0.001 g, and this translates into an error of 0.001 in the mole fraction.

2.3.3 Temperature control

The temperature of the Anton Paar DMA 602 densimeter was maintained at 298.15 +0.002
K by a system of circulation of water through heaters and coolers. A uniform temperature
throughout the water bath was achieved through the use of variable speed mechanical stirrers
(e). Anauxiliary cooling system comprising a Grants refrigerated bath (c) was used to assist
with the temperature control of the main water bath. Water from the secondary bath was
pumped via a Haake immersion thermostat unit through an approximately 3 m coiled copper
tube, placed inside the main (primary) cooling bath. As the secondary bath was maintained
at a temperature of approximately 1 Kelvin below the operating temperature, this set up
served to assist the main water bath in temperature maintenance. In both main and secondary
water baths, a commercially available corrosion and algae inhibitor was used. In addition the
water baths were both covered with spherical polystyrene balls to insulate the water surface

against temperature fluctuations as well as minimize evaporation effects.

The thermostat system within the main water bath consisted of a permanent rheostatted
immersion heater and a 40 W light bulb connected to a Tronac precision temperature
controller. The light bulb set-up is an ingenious contraption as it has a very low thermal heat
capacity and facilitates rapid heat transfer. Water from the main water bath was pumped
through the water jacked by a submersible pump, and all rubber tubing to and from the
densimeter was insulated against heat losses. A Hewlett Packard 2801 A quartz thermometer

(g) was used to monitor the temperature within the main water bath.

The later model Anton Paar DMA 5000 densimeter which was also used, incorporates an
internal thermostat and therefore does not require external temperature control by way of

water baths. Two integrated Pt 100 platinum thermometers provides accurate temperature

control of 0.001 K.
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2.3.4 Materials

The purities of all the chemicals were determined using gas-liquid chromatography. A
Hewlett-Packard gas chromatograph equipped with a 3393 A integrator and a 25 m carbowax
capillary column was used. The carboxylic acids and nitrile compounds were stored under 4A
molecular sieves, and analysis by the Karl-Fischer technique showed that the water content
was less than 0.01 mass %. The liquids were kept in a dry box before use. A summary of the
materials, their suppliers and purities used in this work is given in Table 2.1. Table 2.2 gives

the experimental and literature values for densities and refractive indices of the pure

compounds.

Table 2.1 Materials used, their suppliers and mass % purities
COMPOUND SUPPLIER % PURITY
acetic acid Acros 99.5
propanoic acid Acros 99
butanoic acid Acros 99
2-methylpropanoic acid Acros 99.5
pentanoic acid Acros 99
3-methylbutanoic acid Acros 99
acetonitrile Aldrich >99.5
butanenitrile Fluka 99

benzonitrile Sigma Aldrich 99
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Table 2.2 Densities and refractive indices of pure components at T = 298.15 K;
Refractive indices nj, Density p

ny, p/ (g-em?)
Component exp lit* exp lit*
Acetic acid 1.3697 1.3698 1.0437 1.0439
Propanoic acid 1.3846 1.3843 0.9884 0.9881
Butanoic acid 1.3955 1.3958 0.9535 0.9532
2-Methylpropanoic acid 1.3913 1.3917 0.9431 0.9429
Pentanoic acid 1.4064 1.4060 0.9346 0.9345
3-methylbutanoic acid 1.4019 1.4022 0.9216 0.9219
Acetonitrile 1.3413 1.3416 0.7763 0.7765
Butanenitrile 1.3822 1.3820 0.7866 0.7865
Benzonitrile 1.5252 1.5257 1.0003 1.0006

“Riddick et al., (1986).

2.3.5 Preparation of mixtures

The pure solvents were initially degassed in an ultrasonic bath for 30 minutes, as aerated
solvents tend to give errors in density measurements as well as tend to lead non-reproducible
readings. The mixtures were made up in glass flasks of 5 cm’ volume fitted with ground glass
stoppers. Mixtures with compositions spanning the entire mole-fraction scale were made up
gravimetrically. Care was taken to first add the least volatile component to the flask, and that
the completed mixture left a small space, just large enough to aid mixing in the flask. The
mixtures were made up just before injecting into the densimeter, and were shaken vigorously

before injection.
2.3.6 Experimental procedure for instrument
Prior to each experimental run, the cell was first flushed throughly with absolute ethanol

(>99.5%) and then acetone. After flushing compressed air was blown through the cell. The

value of the constant periodic value, 7, for the sample tube filled with air was then noted.
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Double deionised Milli-Q water (used as the second calibration standard) was then introduced
into the cell by means of a glass syringe, which was fitted with a machined teflon nozzle,
ensuring a snug and leak proof fit at the sample cell-syringe junction. The injection process
was carried out slowly but steadily, enabling the liquid mixture to properly wet the walls of
the cell, and also to alleviate the risk of trapping air bubbles in the U-tube. The sample was
always filled past its nodal points and the syringe was left in place at the nodal point during
each measurement. The outlet nodal point of the cell was sealed with a teflon plug to reduce
evaporation and prevent contamination. The solution mixtures were introduced into the
sample cell in exactly the same manner as for the deionised water. Each measuring cycle was
allowed to continue until a constant period value was obtained. Period values for water, pure
solvents and air were determined between each solution injection, not only for density
calculations, but also permitted a continuous check on both sample purity densitometer

operation.

The densities of the mixtures as well as the pure liquids were then determined from the
periodic values measured and subsequent application of equation 2.10. Using the density and

compositions of these mixtures V,.* was determined according to equation 2.5.

2.3.7 Validation of the experimental technique

The validity of the technique was established by measuring the excess molar volumes for the
mixtures (heptane + propanol) at T = 298.15 K and comparing the results obtained to the
literature data for these mixtures (Treszczanowicz and Benson, 1977). A comparison between
this work and the literature data is shown in Table 2.3 and graphed in Figure 2.9. The data
from this work agreed with the literature data to within 0.002 cm® mol" which is within the

error of this work.
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Table 2.3 Comparison of the V_* results obtained in this work with the literature
results (Treszczanowicz and Benson, 1977) for mixtures of propanol (1)
+ heptane (2) at T = 298.15 K.

X, Vv E(this work)/ v _E(lit)/
cm’mol”! cm*mol”!
0.000 0.000 0.000
0.061 0.148 0.149
0.125 0.242 0.241
0.193 0.202 0.203
0.400 0313 0.314
0.590 0.262 0.263
0.601 0.259 0.258
0.750 0.191 0.192
0.835 0.137 0.139
0.897 0.090 0.089
0.906 0.082 0.084
1.000 0.000 0.000
0.4
2 0.3 . n " 4 4 .
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Figure 2.9  Comparison of V,_F results from this work with the literature results
(Treszczanowicz and Benson, 1977) for the mixtures [propanol (1)
+heptane (2)] at 298.15 K. ®_ literature results; @, this work.
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24  RESULTS

The experimental excess molar volumes, ¥, " for 18 binary mixtures are presented in the

following order:

2.4.1 (acetonitrile + a carboxylic acid) at 298.15 K.

2.4.2 (butanenitrile + a carboxylic acid) at 298.15 K.

243 (benzonitrile + a carboxylic acid) at 298.15 K.

where carboxylic acid in each case refers to (acetic acid or propanoic acid or butanoic acid or

2-methylpropanoic acid or pentanoic acid or 3-methylbutanoic acid).

The Redlich-Kister (1948) smoothing function:

m

r=k
E ,
V=" =xi-x D Ara-2x (2.12)
r=o

was fitted to the experimental data by the method of unweighted least squares, and the

deviations 6V, F calculated from the equation:

r=k
SVE IJ-mol™y=V," I(J-mol™) - x(1-x) Y 4, (1-2x)

r=o

(2.13)

where, x is the mole fraction of acetonitrile or butanenitrile or benzonitrile, respectively, and

r=20,1,2or3.

The standard deviation, o is determined as follows:

N —

O = [Z(VmE(axpt) o VmE(calc) )2 /(N B a)] > (2.14)
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where N is the number of experimental points and a is the number of fitting coefficients.

For each section (2.4.1 - 2.4.3), tables of results for ¥_F data, coefficient’s A_and deviations
o from equation (2.14) are presented. Excess molar volume plots as a function of mole

fraction acetonitrile or butanenitrile or benzonitrile have been produced.
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2.4.1 Excess Molar Volume Data for Mixtures of [Acetonitrile + a Carboxylic Acid] at
298.15 K

Table 2.4 Excess molar volumes VrEn for the systems: [Acetonitrile (1) +a

Carboxylic Acid (2)] and the Deviations, 6an , calculated from equation

(2.13) and the parameters of Table 2.5 at the experimental temperature
0f 298.15 K, as a function of Mole Fraction x;.

x, VE /em® ‘mol” 106V % /em’mol’! x,  VE/om*mol’  10%6VE fm’mol®
Acetic Acid

0.0489 -0.0846 -11.0 0.6051 -0.3139 -5.0
0.1301 -0.1699 -3.0 0.6656 -0.2814 7.0
0.1602 -0.1889 4.0 0.7464 -0.2411 3.0
0.1719 -0.1997 3.0 0.8071 -0.1923 6.0
0.2283 -0.2413 2.0 0.8509 -0.1681 -8.0
0.3181 -0.2854 3.0 0.9166 -0.0876 6.0
0.4014 -0.3136 -0.9 0.9382 -0.0753 -5.0
0.4871 -0.3301 -6.0 0.9733 -0.0397 -9.0
0.5564 -0.3201 -7.0

Propanoic Acid

0.0172 -0.0334 - 0.2 0.5579 -0.4864 0.3
0.0326 -0.0623 0.3 0.6637 -0.4395 0.2
0.1092 -0.1923 0.1 0.7631 -0.3551 -0.4
0.1383 -0.2355 0.1 0.8386 -0.2648 -0.5
0.1583 -0.2633 0.0 0.8793 -0.2067 -0.2
0.2732 -0.3923 -0.4 0.8942 -0.1838 0.0
0.3845 -0.4673 -0.2 0.9509 -0.0887 1.0
0.4874 -0.4930 0.2
Butanoic Acid
0.0422 -0.0365 10.0 0.6433 -0.3864 -0.1
0.1070 -0.1229 -1.0 0.6781 -0.3803 -7.0
0.1624 -0.1901 -7.0 0.7299 -0.3493 -2.0
0.2322 -0.2649 -11.0 0.8109 -0.2774 8.0
0.2908 -0.2856 -19.0 0.8733 -0.2091 7.0
0.3836 -0.3654 -2.0 0.9304 -0.1342 -0.2
0.4541 -0.3990 -3.0 0.9590 -0.0960 -12.0
0.5679 -0.3981 3.0 0.9870 -0.0420 -14.0
2-Methylpropanoic Acid

0.0518 -0.0456 -6.0 0.6781 -0.2839 -0.7
0.0829 -0.0658 -1.0 0.7210 -0.2712 5.0
0.2300 -0.1712 2.0 0.8045 -0.2008 16.0
0.2959 -0.2096 5.0 0.8677 -0.1578 5.0

0.3780 -0.2586 -2.0 0.9415 -0.0868 -6.0
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0.4686
0.5794
0.6290

0.0631
0.1299
0.2006
0.2711
0.3451
0.4374
0.5132
0.6021

0.0791
0.1601
0.2694
0.3441
0.4389
0.4964
0.5456
0.5879

-0.2889
-0.2999
-0.3019

-0.0502
-0.1189
-0.1734
-0.2201
-0.2683
-0.2997
-0.3231
-0.3286

-0.0950
-0.1970
-0.2899
-0.3406
-0.3789
-0.3925
-0.4002
-0.3988

-0.6 0.9623
0.5 0.9850
-7.0

Pentanoic Acid

3.0 0.6986
-6.0 0.7661
-0.6 0.8120
4.0 0.8935
-0.8 0.9340
-4.0 0.9634
-3.0 0.9851
-6.0

3-Methylbutanoic Acid

5.0 0.6105
-5.0 0.6766

1.0 0.7520
0.3 0.8162
2.0 0.8937

1.0 0.9434
-3.0 0.9672
-4.0 0.9737

-0.0699
-0.0346

-0.3049
-0.2699
-0.2483
-0.1696
-0.1247
-0.0720
-0.0375

-0.3910
-0.3653
-0.3356
-0.2810
-0.1936
-0.1253
-0.0740
-0.0298

-16.0
-12.0

-0.4
7.0
0.2
3.0

-6.0

-1.0

-1.0

0.1
7.0
-2.0
1.0
-2.0
-11.0
-5.0
27.0
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Table 2.5 Coefficients A,, and standard deviations ¢ from equation (2.14) for the
excess molar volumes of systems: [Acetonitrile (1) + a Carboxylic Acid
(2)] at 298.15 K.

Component 4, 4, A, A4, 10% -o(V, E)/

cm’ ‘mol”

Acetic Acid -1.295 -0.017 -0.122 -0.238 0.6

Propanoic Acid -1.974 -0.002 0.022 -0.032 0.1

Butanoic Acid -1.597 0.259 -0.058 0.322 0.9

2-Methylpropanoic  -1.179 0.343 0.042 0.031 0.8

Acid

Pentanoic Acid -1.272 0.311 -0.192 0.359 0.5

3-Methylbutanoic -1.576 0.252 -0.208 0.240 0.9

Acid
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Figure 2.10 Excess molar volumes for the systems: [Acetonitrile (1) + a Carboxylic

Acid (2)] at 298.15 K, as a function of mole fraction x,. Key: A =
Propanoic Acid, A = Butanoic Acid, ® = 3-Methylbutanoic Acid, ¢ =
Acetic Acid, ll=Pentanoic Acid, 00 = 2-Methylpropanoic Acid.
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24.1.1 Discussion: Mixtures of (acetonitrile + a carboxylic acid)

This work

The V_F for the mixtures of (acetonitrile + a carboxylic acid) at T = 298.15 K, where a
carboxylic acid refers to acetic acid or propanoic acid or butanoic acid or 2-methylpropanoic
acid or pentanoic acid or 3-methylbutanoic acid, were investigated to determine the influence

the increasing carbon chain length of the carboxylic acids has on the excess molar volumes.

The V,F results are presented in Table 2.4 and plotted in Figure 2.10. The excess molar
volumes for all six systems (acetonitrile + a carboxylic acid) are negative over the entire
composition range at 298.15 K. The trend in V_® at equimolar concentrations of (acetonitrile
+ carboxylic acid) mixtures is given in Table 2.6. The excess molar volume minima range
from -0.493 cm®mol™ for equimolar mixtures of (acetonitrile + propanoic acid) to -0.292

cm’mol” for equimolar mixtures of (acetonitrile + 2-methylpropanoic acid ).

Table 2.6 V.E at equimolar concentrations for the mixtures of (acetonitrile + a
carboxylic acid) at T=298.15 K

CARBOXYLIC ACID V_E/(cm?® -mol?)
Acetic acid -0.329
Propanoic acid -0.493
Butanoic acid -0.401
2-methylpropanoic acid -0.292
Pentanoic acid -0.324
3-methylbutanoic acid -0.393

The ¥V, F curves are reasonably symmetrical and have minima ranging between x, (acetonitrile)
=10.5t0 0.6. The excess molar volumes are most negative in the case of propanoic acid (< -
0.5 cm® - mol™) and the magnitude decreases in the following order : propanoic acid >

butanoic acid ~ 3-methylbutanoic acid >acetic acid ~ pentanoic acid > 2-methylbutanoic acid.

The acids in pure form exist mainly as dimers (Affsprung et al., 1968). The observed

negative values for ¥, F may be explained as follows. The following four-step equilibria which
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accompanies the mixing process has been proposed by Lark and Banipal (1985):

i) D-M~-D+M

1) D-2M

i11) A-A- A+A

iv) M+ A - M-A
where D and M denote a dimer and monomer of the carboxylic acid, respectively, and A
represents acetonitrile. The right hand side of the first step suggests a large volume increase.
In the second step the volume of the dimer is assumed to be equal to twice the volume of the
monomer (Affsprung et al., 1968). Since the third step involves a dissociation, it suggests a
volume increase. Due to the formation of a bond in the fourth step a volume contraction is
expected. Acetonitrile is a typical aprotic, dipolar organic solvent with a carbon - nitrogen
triple bond and an unshared electron pair on the nitrogen atom. X-ray analysis on pure
acetonitrile has revealed that the linear acetonitrile dipoles are arranged in antiparallel
positions and that definite short range ordering between molecules is due to the dipole - dipole
interactions (Brown and Smith, 1962). On the other hand, the carboxylic acids in pure form

tend to exist mainly as dimers. In terms of the above proposed mechanism, the overall

magnitude of VE x, CH; CN + (1 - x,) RCOOH] is therefore most probably due to the

m,min [

breakdown of the acetonitrile self association (step iii - a positive contribution), the
breakdown of the carboxylic acid (dimers) self association (step 1 and step ii - a positive
contribution), and the negative effects of the (acetonitrile - carboxylic acid) association, that
1s step iv. Step iv outweighs the effects of steps (i + 11 + iii) and the association effect is the
dominant one. The addition of acetonitrile to any one of the acids first creates monomers by
the first two steps resulting in expansion, followed by third step which also contributes to
expansion, and thereafter stronger heteromolecular dipole - dipole interactions result in the
observed negative ¥_F values. This argument finds sufficient support from the contractive
mixing behaviour of (acetonitrile + methanol) reported by Cibulka et al. (1984), as well as for
(acetonitrile + 1,1 dimethylketone) reported by Lark and Palta (1979). In the case of
(acetonitrile + methanol), a significant amount of dissociation occurs in the case of methanol
and the stronger dipole-dipole interactions between methanol and acetonitrile is the dominant
effect. For the (acetonitrile + 1,1 dimethylketone) system, the dissociation of the ketone is less

than that of the alcohol, and lower heteromolecular dipole-dipole interactions are observed.
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Apart from the above proposed mechanism, packing effects can also take place. Unfortunately
there is no way of knowing whether the packing effects produce an expansion or contraction.
The experimental results show that ¥, F is negative could be due to an association of the
species involved, bringing the molecules closer together, resulting in a dimunition or decrease
of volume, or it could be due to a sympathetic packing effect of the mixing molecules, or a
combination of both effects. It is difficult to separate the volume change contributions due
to packing effects from the intermolecular effects. If the packing effects were insignificant,
then one might expect the largest ¥, ® contraction for the system (acetonitrile + acetic acid).
This is clearly not true, and one must assume that the packing effects as well as dipolar

interactions are important.

The dimerization constants for the carboxylic acids is given in Table 2.7.

Table 2.7 Dimerization constants K, for carboxylic acids at T =298.15 K

CARBOXYLIC ACID K,/ (Torr™)
Acetic acid 1.982%
Propanoic acid 2.301°

*Affsprung et al. (1968)  °Apelblat and Kohler (1976)
The dimerization constants (K,’s) for the acids tend to increase as the length of the alky! group
of the carboxylic acid increases. The increased K, values should reduce the number of
available (D-M) trimers, and, accordingly positive contribution to the overall V. F is
diminished further. This effect is observed in the case of acetic and propanoic acid, but
beyond that, ie. for butanoic acid and higher acids, ¥, ®becomes less negative. This bebaviour
may also be attributed to the increasing steric hindrance of methyl groups in the carboxylic

acids.

It is also found that the position of the minima for ¥,* (acetonitrile + acetic acid) shifts slowly
to the acetonitrile rich region of the mole-fraction scale as the methylation of acetic acid
increases. This could be explained by the increasing steric hindrance caused by additional
methyl groups. This is further supported by the findings of Cibulka ef al., (1984) who have
shown that for binary systems containing alkanols and acetonitrile, ¥ increases in the order V£
(acetonitrile + normal alkanol) < ¥* (acetonitrile + branched alkanol) < V* (acetonitrile +

secondary alkanol).
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2.4.2 Excess Molar Volume Data for Mixtures of [Butanenitrile + a Carboxylic Acid]
at 298.15 K

Table 2.8

Excess molar volumes anf for the systems: [Butanenitrile (1) +a

Carboxylic Acid (2)] and the Deviations, 5V51 , calculated from equation

(2.13) and the parameters of Table 2.9 at the experimental temperature of
298.15 K, as a function of Mole Fraction x;,.

x, VE fem?® smol” 10° -6V /e’ mol” x VE/emPmol' 10%VE femPmor
Acetic Acid
0.0245 -0.0275 -1.0 0.4532 -0.1965 -3.0
0.0645 -0.0629 2.0 0.4887 -0.1909 -2.0
0.1003 -0.0946 -0.1 0.5419 -0.1796 -2.0
0.1646 -0.1387 2.0 0.6120 -0.1523 6.0
0.2129 -0.1618 -0.8 0.7360 -0.1132 2.0
0.3035 -0.1876 1.0 0.7952 -0.0855 0.9
0.3467 -0.1923 2.0 0.8589 -0.0613 -3.0
0.4045 -0.1953 1.0 0.9513 -0.0163 3.0

0.0353
0.0787
0.1819
0.2730
0.3595
0.4160
0.4503
0.5314

0.0493
0.1151
0.2028
0.2316
0.3253
0.3997
0.4597
0.5039

0.0351
0.1012
0.1811
0.2109

Propanoic Acid

-0.0289 12.3 0.5536 -0.3632 0.3
-0.0945 -7.0 6590 -0.3438 -0.1
-0.1822 2.0 0.7610 -0.2834 -0.5
-0.2580 -2.0 0.8001 -0.2439 6.0
-0.3093 0.1 0.8819 -0.1698 -8.0
-0.3378 -2.0 0.9067 -0.0887 -8.0
-0.3429 5.0 0.9487 -0.0568 18.0
-0.3645 -2.0

Butanoic Acid

-0.0200 2.0 0.5770 -0.1130 0.4
-0.0457 0.7 0.6119 -0.1092 1.0
-0.0731 0.1 0.7256 -0.0948 -2.0
-0.0828 -2.0 0.8161 -0.0721 -3.0
-0.0997 -0.1 0.8576 -0.0549 1.0
-0.1087 0.9 0.9262 -0.0264 4.0
-0.1143 -0.1 0.9855 -0.0126 -6.0
-0.1154 0.0
2-Methylpropanoic Acid

-0.0122 0.7 0.5647 -0.1443 0.4
-0.0352 2.0 0.6159 -0.1457 03
-0.0643 0.8 0.7240 -0.1370 0.8

-0.0790 -4.0 0.8333 -0.1098 -0.9
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0.3201
0.4200
0.4836
0.5115

0.0361
0.0974
0.1874
0.2426
0.3426
0.4607
0.5047
0.5609

0.0442
0.1173
0.2254
0.2765
0.3576
0.4003
0.4608
0.4705

-0.1031
-0.1301
-0.1372
-0.1395

-0.0098
-0.0268
-0.0512
-0.0685
-0.0992
-0.1230
-0.1298
-0.1357

-0.0177
-0.0545
-0.0988
-0.1195
-0.1423
-0.1587
-0.1775
-0.1793

3.0

-0.3
0.2
1.0

-0.9
-1.0

1.0

0.8
-2.0
0.6
0.4
-0.2

2.0
-2.0
-0.2

1.0

5.0

0.9
-3.0
-3.0

0.8752
0.9143
0.9600
0.9843

Pentanoic Acid
0.6216
0.6575
0.7559
0.8406
0.9274
0.9299
0.9755

3-Methylbutanoic Acid
0.5071
0.5983
0.6777
0.7586
0.8321
0.9721
0.9291
0.9610

-0.0926
-0.0717
-0.0307
-0.0037

-0.1367
-0.1355
-0.1217
-0.0880
-0.0567
-0.0411
-0.0242

-0.1850
-0.1864
-0.1876
-0.1749
-0.1346
-0.1085
-0.0789
-0.0401

-2.0
-3.0

5.0
11.0

0.2
-0.5
-0.2

5.0
-7.0

7.0
-6.0

-2.0
5.0
-0.3
-6.0
3.0
6.0
-8.0
2.0
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Table 2.9 Coefficients 4,, and standard deviations ¢ from equation (2.14) for the
excess molar volumes of systems: [Butanenitrile (1) + a Carboxylic Acid
(2)] at 298.15 K.

Component A, A, A, A, 10? -o(V,Fy/

cm’*mol™!

Acetic Acid -0.746 -0.367 -0.006 -0.007 0.2

Propanoic Acid -1.438 0.322 0.095 -0.171 0.7

Butanoic Acid -0.462 0.023 0.009 -0.038 0.3

2-Methylpropanoic  -0.557 0.226 -0.116 0.083 0.4

Acid

Pentanoic Acid -0.518 0.263 0.018 0.005 0.4

3-Methylbutanoic -0.729 0.334 -0.073 0.017 0.4

Acid




VE [ (enr®mol?)
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Figure 2.11 Excess molar volumes for the systems: [Butanenitrile (1) + a Carboxylic
Acid (2)] at 298.15 K, as a function of mole fraction x,. Key: € = Acetic
Acid, O = Propanoic Acid, A = Butanoic Acid, © = 2-Methylpropanoic
acid, ll = Pentanoic Acid, @ = 3- Methylbutanoic Acid.
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2421 Discussion: Mixtures of (butanenitrile + a carboxylic acid)

This work

The excess molar volume data for the mixtures of (butanenitrile + a carboxylic acid) at

T =298.15 K, where a carboxylic acid refers to acetic acid or propanoic acid or butanoic acid
or 2-methylpropanoic acid or pentanoic acid or 3-methylbutanoic acid. In this study the effect
of an increase in the nitrile chain length on the excess molar volumes of the acids was

investigated.

The V, F results are presented in Table 2.8 and plotted in Figure 2.11.

The excess molar volumes are most negative in the case of propanoic acid (< -0.4 cm*mol™),
and the magnitude decreases in the following order : propanoic acid > acetic acid ~ 3-

methylbutanoic acid > 2-methylpropanoic acid > pentanoic acid > butanoic acid.

The negative ¥,_* values may again be explained as follows. The acids in pure form exist
mainly as dimers. On mixing of butanenitrile with the carboxylic acids, it is most likely that
the same four step mechanism proposed by Lark and Banipal (1985), and discussed in Section
2.4.1.1 applies. In this mechanism acetonitrile is now replaced by the longer chain

butanenitrile.

In the proposed mechanism, it is most likely that the addition of butanenitrile to any one of the
acids first creates monomers by the first two steps resulting in expansion, followed by the third
step which also contributes to expansion, and thereafter stronger heteromolecular dipole -
dipole interactions result in the observed negative ¥, F values. On mixing a carboxylic acid
with butanenitrile there are various processes occurring, (a) the breakdown of the butanenitrile
- self association (step iii - positive contribution), (b) the breakdown of the carboxylic acid
(dimers) self association (step i and step ii - positive enthalpy), and (c) the negative
contribution of the (butanenitrile - carboxylic acid) polar - polar association, that is step iv.
This type of contractive mixing behaviour has also been observed for (acetonitrile + methanol)
reported by Cibulka et al. (1984), as well as for (acetonitrile + 1,1 dimethylketone) reported
by Lark and Palta (1979).
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The excess molar volumes are found to be negative for all six systems over the entire
composition range. The V,F (at x = 0.5) range from -0.115 cm*mol" for equimolar
concentrations of (butanenitrile + butanoic acid) mixtures to -0.357 cm*-mol” for (butanenitrile
+ propanoic acid) mixtures. (See Table 2.10). The overall negative V_F results obtained in this

work indicate that the effect of step iv > steps (1 + 11 + 111).

The V,F curves obtained are approximately symmetrical and tend to be slightly skewed
towards the butanenitrile - rich region of the mole fraction axis, as the carbon number of the

carboxylic acid increases.

Table 2.10  V,_* at equimolar concentrations for the mixtures of (butanenitrile + a
carboxylic acid) at T = 298.15 K.

CARBOXYLIC ACID V.E/ (cm*mol™?)
Acetic acid -0.187
Propanoic acid -0.357
Butanoic acid -0.115
2-methylpropanoic acid -0.143
Pentanoic acid -0.129
3-methylbutanoic acid -0.182

Again, it is also evident that free-volume effects which are primarily due to the difference in
size between the components, related to packing effects also make a significant contribution
to the negative excess molar volumes. If packing was not an important effect then the
magnitude of steps (i +ii +iii) > step iv. Clearly this is not the case and one must conclude that

packing effects are also important.

The dimerization constants (K,’s) for the acids tend to increase as the length of the alkyl
group of the carboxylic acid increases. The increased K, values should reduce the number of
available (D - M) trimers, and, accordingly positive contribution to the overall V.Eis
diminished further. This effect partly results in propanoic acid having the most negative V_F.
For the higher carboxylic acids there appears to be a progressive contraction in mixing

behaviour. This behaviour may also be influenced by the increasing steric hindrance of the
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methyl groups, as well as the influence of the longer carbon chain of butanenitrile.

Again, it is difficult to separate the volume change contributions due to packing effects from
intermolecular effects. Packing effects can impact either positively or negatively on the excess
volumes of the (butanenitrile+ carboxylic acid) mixtures. The negative excess molar volumes
obtained is due to either strong association leading to dimunition in volume or a packing effect

or a combination of these two forces.

It is also found that the position of the minima for ¥, ® (butanenitrile + acetic acid) shifts
slowly to the butanenitrile - rich region of the mole fraction scale as the methylation of acetic
acid increases. This could possibly be due to free volume effects which are primarily due to
the differences in the size between components of the mixtures. The increasing size of the
acids in relation to butanenitrile lead to altered dipole-dipole maxima interactions which
progressively increase towards the butanenitrile mole fraction scale , as the methylation of
acetic acid increases. A similar trend is observed by Pal and Sharma (1998), in their study of

mixtures of alkanols with polyethers.

In addition this effect of “shifting minima” could also be influenced by the increase in both the
dimerization constants as well as increasing steric hindrance caused by additional methyl
groups, and resultant decrease in the association between butanenitrile and higher carbon -
number carboxylic acids. Further support of this argument is given by the findings of Cibulka
et al. (1984) who have shown that for binary systems containing alkanol and acetonitrile, VE
increases in the order : ¥* (acetonitrile +normal alkanol) < ¥ (acetonitrile + branched alkanol)

< V* (acetonitrile + secondary alkanol).
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2.4.3 Excess Molar Volume Data for Mixtures of [Benzonitrile + a Carboxylic Acid] at
298.15K

Table 2.11

Excess molar volumes VI:‘ for the systems: [Benzonitrile (1) +a

Carboxylic Acid (2)] and the Deviations, JVE , calculated from equation

(2.13) and the parameters of Table 2.12 at the experimental temperature
of 298.15 K, as a function of mole fraction x;,.

X, VE fem mol")  10%6¥ % /cm®mol™) x, VE fem mol™) 10467 = femi mol)
Acetic Acid
0.0200 -0.0179 0.3 0.4568 -0.2257 -3.0
0.0596 -0.0501 2.0 0.5724 -0.2101 -0.3
0.1145 -0.0942 1.0 0.6389 -0.1879 4.0
0.1981 -0.1558 -6.0 0.7140 -0.1650 -2.0
0.2823 -0.1881 2.0 0.8001 -0.1205 2.0
0.3049 -0.1960 2.0 0.8323 -0.1089 -4.0
0.3663 -0.2123 0.7 0.9146 -0.0563 -0.4
0.4052 -0.2195 04 0.9621 -0.0195 6.0
Propanoic Acid
0.0416 -0.0258 23.0 0.6802 -0.2749 -0.1
0.0709 -0.0801 4.0 0.7693 -0.2232 0.1
0.1204 -0.1498 -8.0 0.7553 -0.2297 -3.0
0.1599 -0.1931 -9.0 0.8224 -0.1925 -10.0
0.2430 -0.2578 1.0 0.8669 -0.1435 2.0
0.3288 -0.3098 1.0 0.8927 -0.1181 4.0
0.4324 -0.3380 -0.1 0.9316 -0.0783 5.0
0.5286 -0.3260 5.0 0.9659 -0.0406 4.0
0.6279 -0.2979 0.9
Butanoic Acid
0.0569 -0.0642 6.0 0.5447 -0.3589 -0.9
0.0914 -0.1084 2.0 0.5917 -0.3500 -0.4
0.1258 -0.1410 7.0 0.7035 -0.3047 -0.9
0.1730 -0.1932 1.0 0.7912 -0.2499 -6.0
0.1987 -0.2313 -14.0 0.8612 -0.1823 -5.0
0.2859 -0.2893 -5.0 0.9194 -0.1080 3.0
0.3674 -0.3230 5.0 0.9265 -0.0997 2.0
0.4299 -0.3461 3.0 0.9532 -0.0579 9.0
04716 -0.3549 2.0
2-Methylpropanoic Acid
0.0289 -0.0379 -3.0 0.4899 -0.3780 0.0
0.0752 -0.0919 -4.0 0.5549 -0.3853 -2.0
0.1310 -0.1456 2.0 0.6608 -0.3640 -1.0
0.1756 -01832 8.0 0.7789 -0.2879 4.0
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0.2219
0.3130
0.3986

0.0532
0.0862
0.1002
0.1788
0.2186
0.2997
0.3861
0.4407

0.0420
0.1002
0.1095
0.1891
0.3092
0.4127
0.4614
0.5284
0.5505

-0.2391
-0.2998
-0.3498

-0.0364
-0.0633
-0.0752
-0.1389
-0.1495
-0.2134
-0.2553
-0.2685

-0.0207
-0.0893
-0.0972
-0.1889
-0.2643
-0.3251
-0.3499
-0.3654
-0.3698

6.0 0.8647
2.0 0.9205
-0.6 0.9437
Pentanoic Acid
2.0 0.5093
0.2 0.5433
-1.0 0.5939
-7.0 0.6203
10.0 0.7023
-4.0 0.8174
-4.0 0.9183
2.0 0.9556

3-Methylbutanoic Acid

18.0 0.5901
-5.0 0.6318
11.0 0.7279
-17.0 0.8261
2.0 0.8812
4.0 0.9217
-0.4 0.9450
3.0 0.9833

1.0

-0.2039
-0.1396
-0.0928

-0.2798
-0.2915
-0.2968
-0.2872
-0.2689
-0.2106
-0.1102
-0.0706

-0.3711
-0.3696
-0.3385

-0.2649
-0.1967
-0.1398
-0.0921
-0.0137

1.0
-8.0
3.0

7.0
-1.0
-6.0

1.0

1.0
-1.0

4.0
-4.0

2.0
-0.7
-4.0
-6.0
-1.0
-1.0

9.0

19.0
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Table 2.12  Coefficients 4,, and standard deviations ¢ from equation (2.14) for the
excess molar volumes of systems: [Benzonitrile (1) + a Carboxylic Acid (2)]
at T =298.15 K.

Component 4, 4, 4, A; 10% o (V)

(cm’*mol™)

Acetic Acid -0.746 -0.367 -0.006 -0.007 0.2

Propanoic Acid -1.438 0.322 0.095 -0.171 0.7

Butanoic Acid -0.462 0.023 0.009 -0.038 0.3

2-Methylpropanoic  -0.557 0.226 -0.116 0.083 0.4

Acid

Pentanoic Acid -0.518 0.263 0.018 0.005 0.4

3-Methylbutanoic -0.729 0.334 -0.073 0.017 0.4

Acid




VE [ (cm*mol™)
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Figure 2.12 Excess molar volumes for the systems: [Benzonitrile (1) + a Carboxylic
Acid (2)] at T=298.15 K, plotted as a function of mole fraction x,. Key: ¢
= Acetic Acid, O = Propanoic Acid, A = Butanoic Acid, O = 2-
Methylpropanoic acid, ll = Pentanoic Acid, @ = 3- Methylbutanoic Acid
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243.1 Discussion: Mixtures of (benzonitrile + a_carboxylic acid)

This work

Excess molar volumes for the mixtures of (benzonitrile + acetic acid or propanoic acid or
butanoic acid or 2-methylpropanoic acid or pentanoic acid or 3-methylbutanoic acid) at

T = 298.15 K are presented in Table 2.11 and plotted as a function of mole fraction
benzonitrile in Figure 2.12. In this study, the effect of the aromatic nitrile compound,
benzonitrile on the excess molar volumes of binary mixtures of (benzonitrile + a carboxylic

acid) was investigated.

The observed results for ¥, ® may be explained as follows. The acids in pure form exist mainly
as dimers (Affsprung et al., 1968). It is again likely that the four step equilibria process
proposed by (Lark and Banipal, 1985), discussed in 2.4.1.1 accompanies the mixing process.

In this equilibria acetonitrile is now replaced by the aromatic benzonitrile

The first step one assumes is accompanied with large volume increases in the right direction
; in the second step the volume of the dimer is assumed to be equal to twice the volume of the
monomer (Affsprung ef al., 1968). The third step results in an increase in volume. The fourth
step is accompanied by a contraction of volume. Benzonitrile is a strongly polar, aromatic
solvent with a carbon - nitrogen triple bond and an unshared electron pair on the nitrogen atom.
The excess molar curves obtained were interpreted as due to the breakdown of the benzonitrile
self association (a positive effect), the breakdown of the carboxylic acid (dimers) self
association (a positive effect), and the negative effect of the (benzonitrile - carboxylic acid)

polar - polar association.

The excess molar volumes are again found to be negative for all six systems over the entire

composition range.

The V" curves obtained are approximately symmetrical and skewed slightly towards the
benzonitrile - rich region of the mole fraction scale. The trend in ¥, F at equimolar
concentrations of (acetonitrile +a carboxylic acid) is given in Table 2.13. The excess molar
volume minima range from -0.379 c¢m’mol for equimolar mixtures of (benzonitrile + 2-

methylpropanoic acid) to -0.219 c¢cm’*mol" for equimolar mixtures of (benzonitrile + acetic
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acid).

Table 2.13  V,_E at equimolar concentrations for the mixtures of (benzonitrile + a
carboxylic acid) at T =298.15 K

CARBOXYLIC ACID V.E/ (cm®-mol™)

Acetic acid -0.219
Propanoic acid -0.335
Butanoic acid -0.359
2-Methylpropanoic acid -0.379
Pentanoic acid -0.285
3-Methylbutanoic acid -0.360

The excess molar volume is most negative in the case of 2-methylpropanoic acid (< -0.4
cm’mol™), and the magnitude decreases in the following order : 2-methylpropanoic acid > 3-
methylbutanoic acid > butanoic acid > propanoic acid > pentanoic acid > acetic acid. The
magnitude of the excess molar volumes tends to increase as the chain length of the carboxylic

acid increases, with the exception of pentanoic acid.

When benzonitrile is added to any one of the acids, monomers are first created by the first two
steps resulting in expansion, followed by strong heteromolecular dipole-dipole interactions
resulting in contraction. This overall effect gives rise to negative volume change, ie. anegative
V_E. These results may be compared with the mixing of (acetonitrile + methanol) reported by
Cibulka et al. (1984), as well for (acetonitrile + 1,1 dimethylketone) reported by Lark and Palta
(1979), which also illustrate negative ¥, F behaviour. It appears that these results all involve
the common effect of the formation of the strong dipole-dipole association which exceeds the

positive effects of the dissociation of the two species on mixing.

A negative V,_F could be due to an association of the species involved, bringing the molecules
closer together, resulting in a decrease or contraction of volume, or it could be due to the
sympathetic packing effect of the molecule. Packing effects could also contribute either
postively or negatively to the excess volumes. The negative V_F results obtained is due to both

the intermolecular effects proposed by the four- step mechanism, as well as packing effects.
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It is also found that the position of the minima for ¥, ® (benzonitrile + acetic acid) shifts
progressively to the benzonitrile-rich region of the mole fraction scale, as the methylation of
acetic acid increases. This could be explained by the increase in both the dimerization
constants as well as the increasing steric hindrance caused by the additional methyl groups.
The increased dimerization constants should reduce the number of available (D - M) trimers
and accordingly positive contribution to the overall ¥ is diminished further. This is further
supported by the findings of Cibulka et al. (1984) who have shown that for binary systems
containing alkanol and acetonitrile, ¥ * increases in the order: ¥ F (acetonitrile + normal

alkanol) < ¥ F (acetonitrile + branched alkanol) < ¥ E (acetonitrile + secondary alkanol).
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CHAPTER 3
EXCESS MOLAR ENTHALPIES OF MIXING

3.1 INTRODUCTION

The thermodynamic properties X, such as enthalpy A, entropy S, Gibbs energy G, volume 7,
and heat capacity C,, of nonelectrolyte mixtures are usually expressed in terms of the excess
function X* which is the difference between the properties of the mixtures X and those of the
ideal solution (Marsh and O’Hare, 1994). For the mixing process

x,A+x,B+ ... = Mixture (3.1)
the difference between the change 4_, X, on forming one mole of mixture, and that of
forming one mole of ideal mixture 4, , X is the molar excess function X £. Thus,

XE=4_ X -4, X" (3.2)
In terms of enthalpies, the excess molar enthalpy is defined as:-

HE=4,H -4 H?" (3.3)
Calorimeters measure 4, ;. H,,, the enthalpy of mixing. As the enthalpy of mixing of an ideal
mixture 4., H_ = 0, a mixing experiment performed in a calorimeter yields the excess
enthalpy H_*® directly (McGlashan, 1979). From equation (3.3) and 4., H_' = 0, it is
apparent that the molar enthalpy of mixing and the excess enthalpy are identical. These two

terms will be used interchangeably in this thesis.

For binary liquid mixtures, the excess molar enthalpies of mixing, H, F may be defined by the
relation (Marsh, 1978):

HE=GFE-T(3GFE/) (3.4)
implying that H,* can be calculated from a knowledge of G.F and its dependence on
temperature. However, this indirect approach for the determination of H_® from G_E, and its
temperature dependence, is not considered a satisfactorily accurate method and it has been
reported that the errors in H,," derived in this way are at least fifteen times as large as the error
in the free energies from which it is derived (Williamson, 1967; Malanowski and Anderko,
1992). More reliable data is obtained by directly measuring H_F using the techniques of

calorimetry. Details of these are given later in this Chapter.
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The experimentally obtained data are generally fitted to a smoothing equation. The two most
common smoothing equations for binary mixtures are the Redlich-Kister equation (Redlich

and Kister, 1948):

k
sH E-g E_x(1-x) 3 4r(-2x)" (3.5)
m m r=0

and the Padé approximation or rational function proposed by Malanowski (1974):

> Ai(x; xz)r
E _ =0
H =X X (3.6)
" 121+§B(x—x)y
j=o 7 1 72

where 4_and 4, refer to the coefficients of the Redlish - Kister function and Padé function
respectively. The Redlish - Kister expansion is the less complex expression, but for more

complex composition dependencies, the Padé approximation may give better correlation

results (Christensen ef al., 1988).

Throughout this work the simpler Redlich - Kister equation has been used as the preferred

smoothing equation.

3.2 CALORIMETRIC MEASURING TECHNIQUES USED TO DETERMINE
THE EXCESS MOLAR ENTHALPY

The basic design of any calorimeter involves a knowledge of the masses of the two liquids to
be mixed and the temperatures of the liquids before and after mixing. The enthalpy involved
can then, in principle, be calculated from a knowledge of heat capacities of the liquids

involved and the apparatus. Better still, the excess enthalpy can be determined from a
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knowledge of the electrical heat input required to ensure a zero temperature change on mixing

(only for endothermic mixing).

Unfortunately, measuring excess enthalpies of mixing 1s a much more complicated process.
Problems involving liquids with high viscosities and liquid pairs involving a large disparity
in liquid densities are two of the more serious hurdles that must be overcome if reliable and
reproducible results are to be obtained. These problems have been addressed by Raal and

Webley (1987).

Firstly, unless the mixing process is continued until the mixed fluid composition is uniform
on at least the submicroscopic level (Raal and Webley, 1987), prior to the mixed fluid
composition reaching the downstream temperature sensor control, erroneous excess molar
enthalpies will be obtained. Complete mixing of the liquids must therefore be achieved in the
instrument thoroughly before the mixture reaches the downstream temperature sensor.
Although it is likely, though debatable (Nauman and Buffham, 1983) that slow molecular
diffusion is necessary to achieve homogeneity on a molecular or near - molecular scale in a
stirred fluid, Raal and Webley (1987) point out that stagnant packets or boundary layers not
subjected to eddies could be expected to participate in the homogenization process by a
diffusional mechanism exponential in time, with a rate constant resulting in a low detector
signal magnitude which would be detectable only by very precise instrumentation.
Appreciable error would then be introduced into the measuring process, as a result failure to
account fully for a very small signal over a relatively long time span. Most microflow
calorimeters described in the literature have internal tube diameters, which because of their
restricted sizes, do not permit any formation of eddies and hence laminar flow is prevalent
(Raal and Webley, 1987). The TAM 2277 flow calorimeter (discussed later in 3.3.1) used in
this work incorporates an insert in the mixing vessel to ensure completeness in the mixing of

the respective fluids.

The second difficulty is concerned with the interfacial contact between air spaces in the
calorimeter and the test liquids as large enthalpy discrepancies become evident due to the
vapourization /condensation at the interface. Many of the earlier calorimeters had
considerable vapour spaces in the mixing chamber into which the volatile test liquids could

evaporate. According to McGlashan (1967) an air space of only 0.1 cm® may give rise to an
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error of up to 20 percent in excess molar enthalpies. Subsequently, later calorimeter designs
were improved to minimize vapour space in order to assist in the elimination of the
evaporation problem. Air spaces may also be formed within the mixing chamber by release
of previously dissolved gases from the test liquids. It is also possible that vapours are released
forming bubbles when the temperature of a mixture is raised. This problem may be overcome
by degassing of the liquids prior to injection into the calorimeter. Furthermore an allowance
must be made for volume changes as this could lead to a build-up of internal pressure and

erratic results would ensue.

The third factor, concerned only with flow techniques when working under isothermal
conditions, is to ensure that equilibration of the liquids is achieved at exactly the temperature
of the calorimeter setting, at all flow rates, and independent of fluid heat transfer properties
(Raal and Webley, 1987). For exothermic systems (as measured in this work) failure to bring
the temperature of the component liquids, if initially colder than the set calorimeter
temperature, up to the operating temperature would result in erroneously high values for the
measured excess molar enthalpy. Conversely an erroneous low H_F value would be obtained
if the fluid is initially at a temperature greater than the operating temperature. Temperature

control for the calorimeter used will be discussed further later in this Chapter.

The numerous experimental techniques of excess enthalpy measurements have been
comprehensively and critically reviewed by McGlashan (1967), Monk and Wadsé (1968),
Marsh (1980), Becker (1980), and again by McGlashan (1984) and most recently by Marsh
and O’Hare (1994).

Calorimeters can generally be classified into one of the following types:

) adiabatic
. isothermal
) flow calorimeter

3.2.1 Adiabatic Calorimetry

In adiabatic calorimetry a single data point is determined in one loading of the calorimeter
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(Rowlinson and Swinton, 1982). In adiabatic calorimetry experiments, the two liquids are
mixed in an isolated vessel (vacuum jacket) which is thermally insulated from its
surroundings (Skinner and Sturtevant, 1967). If the excess enthalpy is positive, there will be
a lowering of the temperature on mixing. This drop in temperature may be nullified by the
simultaneous supply of heat. Such a process is considered nearly 1sothermal and any small
differences can be corrected for by observing the temperature change for a calculated supply
of energy (Armitage and Morcom, 1969). If H_F is negative, then the mixture warms on
mixing. Such exothermic mixing requires two experiments - one to measure the temperature
rise on mixing and the other to measure the amount of electrical energy needed to produce

such a rise (Armitage and Morcom, 1969).

Results generated by this type of calorimeter obtained from the mixing of liquids producing
an exothermic enthalpy are generally unreliable, as a second or calibrating experiment cannot

always accurately reproduce the original mixing conditions.

One of earliest batch calorimeters was reported by Hirobe (1925). In this mixing vessel Hirobe
attempted to keep vapour spaces as small as possible. Hirobe’s mixing vessel is shown in

Figure 3.1

Figure 3.1  Hirobe’s mixing vessel
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The liquids are initially separated by mercury, and are in contact with vapour spaces, which
were kept at a minimum. Mixing is brought about by inversion of the vessel by means of

threads, A, shown in the figure above.

Most modern adiabatic calorimeters are based on the apparatus designed by Larkin and

McGlashan (1961), shown in Figure 3.2.

Figure 3.2  Adiabatic Calorimeter of Larkin and McGlashan

The calorimeter of Larkin and McGlashan was one of the first calorimeters designed to
eradicate the errors due to the presence of vapour space. However, it did not allow for volume
changes that occurred on mixing (Williamson, 1967). The calorimeter consists of a glass
mixing vessel with two compartments A and B in its upper half and a side-arm, with capillary
C and bulb D which is attached to the vessel through the ground - glass joint E and F. A
heating element, H, and four thermistors (T, T,, T;, and T,) distributed over the surface of the

mixing vessel form part of the Wheatstone bridge assembly.

The vessel is completely filled with and immersed in a bowl of mercury. The mercury is
displaced from the upper compartments by introducing weighed quantities of the mixture

through opening A by means of a hypodermic syringe. The loaded vessel with the capillary
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tube C, half filled with mercury and attached at the ground joint F, is placed in an evacuated
enclosure with a thermostat until temperature equilibrium is achieved. After temperature
equilibrium, the liquids are mixed in the absence of a vapour space by rotation of the
apparatus through 180°, the direction of rotation being such that the liquid never comes into
contact with the greased joints. The temperature change on mixing is measured by the four
thermistors (Larkin and McGlashan, 1961). For endothermic processes, the calorimeter is
operated in isoperibolic mode and uses electrical heating to compensate for the heat consumed
during the reaction. The electrical heat is added through the resistor (H) and this allows the
heat of mixing to be determined accurately. For an exothermic heat of mixing process, a
second step in which an equivalent amount of electrical calibration heat needed to produce
the same temperature rise as the mixing process is carried out. The heat of mixing and the

masses of the liquids are used to calculate H,_®. The precision of the instrument has been

reported as 0.7 J-mol™” at H 5 (max) (Larkin and McGlashan, 1961). One of the major limitations

of this technique and the subsequent designs is that a considerable amount of time is needed
to get a single measurement. In addition it does not readily lend itself to automation. Another
problem associated with these calorimeters is that they cannot be used at temperatures below
the melting point of mercury. Mercury is used to separate the liquids and obviously if it

freezes then mixing is not possible.

A calorimeter designed by Lewis and Stavely (Lewis and Stavely, 1975) several years later,
obviated the need to use mercury to separate the liquids but instead a stainless - steel valve
was used. Figure 3.3 illustrates the new calorimeter. Liquids with known masses are filled
into the upper and lower chambers through the inlets tubes K to C and D using hypodermic
syringes. The stainless steel valve is opened and the mixing process is allowed to occur. An
electrical heater is used to maintain temperature equilibrium. The heater and a resistance
thermometer are housed in the copper sleeve surrounding the mixer vessel. The heat of
mixing is given by the magnitude of the electrical calibration heat, and the knowledge of the
masses of liquids used and the heat of mixing are used to compute #_F, as given by equation
3.7.
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E _ VIt
H = =—— (3.7)

< |N3

m
1 2

where m,, m, are the masses of the liquids used, and M, and M, their corresponding molar
masses. V refers to the potential difference, / the current strength, and ¢, the calibration time.
Lewis and Stavely’s calorimeter allows for the measurement of the equilibrium vapour
pressures of the mixture in the calorimeter, and application of the method of Barker (1953)
results in a simultaneous determination of the excess Gibbs function. Due to the corrections
necessary for the large vapour spaces present, precision for H_F measurements is not as good

as expected and an error of 8 % has been observed.

—

Figure 3.3 Batch calorimeter of Lewis and Stavely (A, stainless steel valve; B,invar-teflon-
graphite stem seal; C, and D, upper and lower compartments; E, stainless steel body of valve;
F, shield support; G, copper sleeve carrying heater and thermometer; H, electrical leads; J,
gold-plated radiation shield; L, floating ring; M, copper block)

3.2.2 Isothermal Displacement Calorimetry

Up to the early 1960's, enthalpies of mixing, which play an important role in the theoretical
and experimental studies of liquid mixtures, were generally measured by batch type
calorimeters (McGlashan, 1962). This changed in the 1960's with the introduction of

isothermal displacement and flow calorimeters.
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Isothermal displacement calorimetry was introduced in 1961 by Van Ness et al. and further
developed in succeeding years (Savini et al., 1966). The technique is an important tool for
obtaining enthalpies of mixing of liquids at moderate temperatures and ambient pressure. In
a displacement calorimeter, the liquid is kept at the same temperature as the environment by
controlled heating or cooling. Hence the mixing or dilution process is isothermal. The process
of mixing is made rapid and complete by continuous stirring accompanied by steady removal
of the energy of stirring by Peltier cooling, in the case of an exothermic process. The liquid
diluent can be added in steps, so that a large part of the composition range can be covered in
one experiment. Errors due to vaporization and condensation are eliminated by avoiding a
vapour space above the liquid. Space for the added liquid and the volume change due to
mixing is provided by a movable piston in the Van Ness design (Wintehalter and Van Ness,
1966) and mercury in the mixing vessel of the Armidale design (Ewing et al., 1970). In order
to avoid the use of mercury, Stokes later developed a method in which the mixture leaves the

vessel, as the diluent is added (Stokes, 1986).

The development by Van Ness and co-workers (Savini et al., 1960 ; Winterhalter ez al., 1966)
of the isothermal dilution calorimeter represented a giant step in liquid mixture calorimetry.
In a striking example of lateral thinking, it eliminated at once all the difficulties and problems
which had previously made this field one in which patient doctoral students toiled for years
to get results notably different from those of their equally patient, fellows in other laboratories
(Marsh and O’Hare, 1994). The problems encountered, and Van Ness’s solution to them may

be summed up as follows:

(a) Compensation for energy lost to or gained from the environment : The mixture
was always kept at the same temperature as the environment ; then no
compensation was needed, as the process was isothermal. To achieve these
conditions, controlled addition of one liquid to the other was matched by

controlled electrical heating in conjunction with a Peltier device for cooling.

(b) Ensuring rapid and complete mixing of the liquids : Continuous stirring rather
than merely shaking, tilting or inverting was employed. The energy developed

by the stirrer was removed at a steady rate by a Peltier device.
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(©

(d)

Slowness and large material requirements of batch-mixing methods: With the
dilution method, the addition of the second liquid can be stopped as often as
desired while readings of total added volume and energy used to maintain
constant temperature are taken. Thus one run provides numerous points over

one half of the composition range, the other half being obtained by

- interchanging the components. This resulted in excess enthalpy results being

obtained in relatively shorter times than had been previously achieved.

Errors due to vapourization or condensation during the mixing process, which
are especially significant with highly volatile liquids: No vapour space was
allowed in the mixing vessel, but room for the added liquid was provided for

and an allowance was made for the volume change on mixing.

The only essential difference between the Van Ness design and the isothermal displacement

calorimeters developed by Marsh, Stokes and co-workers (Stokes et al., 1969 ; Ewing et al.,

1970 ; Costigan et al., 1980) in Armidale lies in the solution of problem (d) above. Van Ness

used as his mixing vessel a cylindrical Dewar vessel with a lid sliding upward on an O-ring

seal to make room for the added liquid. The temperature - sensing thermistor, heating and

cooling devices, and stirrer were all supported by the lid, and the added liquid was introduced

via a capillary tube passing through the lid into a mercury trap. Figure 3.4 is an illustration

of a glass mixing vessel.

Figure 3.4

Early model glass mixing vessel
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The majority of the results published by the Armidale group were made using the mercury
displacement method, and the results obtained were reportedly more accurate than the solution
displacement method. (Marsh and O’Hare, 1994). A common reaction to the idea of a vessel
initially half-full of mercury is “Doesn’t the heat capacity of this great mass of mercury greatly
reduce the sensitivity of the temperature response to the enthalpy of mixing?” The answer is
no since C,,/V,, the heat capacity of mercury per unit volume, is not much more than that
of hydrocarbon liquids, and less than that of water or the lower alcohols, so the sensitivity is
only about halved at the start of the run (Marsh and O’Hare, 1994), and only slightly

compromised during the reaction.

However, in 1985, the “solution displacement” or “mixture displacement method” was
developed in order to avoid the use of mercury because of its toxicity (Stokes, 1986; Stokes,
1988), which is a lot simpler in operation, though requiring rather more calculation. A similar
method has been reported by Becker and co-workers in 1972 (Becker et al., 1972). In this
method the vessel 1s initially completely filled with one liquid and the other is injected in
small pulses. These are well mixed with the vessel contents, which are allowed to escape in
similar small pulses at a point remote from the injection site. Figure 3.5 shows the apparatus

of Stokes and co-workers (Stokes et al., 1969).

Figure 3.5  Isothermal displacement calorimeter of Stokes et al.
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In this calorimeter degassed component 1 is introduced into the mixing chamber via a
hypodermic syringe, whilst pure degassed component 2 is added into the piston burette. The
liquids are then allowed to equilibrate to the temperature of the apparatus and the vacuum
jacket is evacuated. The pure liquid 2 is then pumped into the mixing vessel, and the resulting
temperature change is detected by the thermistor. Electrical heat is added via the heater to
maintain isothermal conditions. The excess molar enthalpy, H_F is then determined from the
calibration heat (VIr), together with the volumes of the components ¥V, and V,, and their

respective densities p, and p,, as follows:

E Vit
H = = (3.8)
moohe Hhey

M, M,

Where M, and M, denote the molar masses of components 1 and 2 respectively, V, the

potential difference, /, the current strength, and ¢, the calibration time.
3.2.3 Flow Calorimetry

Another important, non-batch method used to obtain enthalpies of mixing of liquids is
provided by flow calorimetry. Here two liquids flow continuously through a mixing chamber
and the resultant thermal effect is measured at constant flow rates and constant pressure. The
pressure or temperature of operation can be changed easily, and the method can also be used

for gases (Beenakker and Coremans, 1962; Gopal ef al., 1989).

The great breakthrough in flow calorimetry took place after 1960. Within a short period, a
number of investigators reported the successful construction of flow calorimeters for
enthalpies of mixing : in 1966, Rose and Storvick (Rose and Storvick, 1966), in 1967 Stoesser
and Gill (Stoesser and Gil, 1967); and in 1968, Monk and Wadsé (Monk and Wadss, 1968).
The first volume of The Journal of Chemical Thermodynamics in 1969 marks this
development by presenting three papers on newly developed flow calorimeters (Sturtevant and

Lyons, 1969; Picker et al., 1969 ; McGlashan and Stoeckli, 1969). Several mixing flow
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calorimeters became commercially available (LKB, Setaram). In later years, flow calorimeters
were designed for use over wide pressure and temperature changes. The thermochemical
group at Brigham Young University in Provo, USA, developed calorimeters for applications
at pressures up to 40.5 MPa and temperatures initially to 423K (Christensen et al., 1976) and
more recently to 773K (Christensen et al., 1986). Gopal and co-workers (Gopal et al., 1989)
extended the technique to liquid-nitrogen temperature, whilst Wormald and co-workers
(Wormald et al., 1977) developed a versatile instrument for measurements on liquids, gases

and the two phase region at temperatures considerably below ambient.

In recent years a considerable amount of precise information on fluid mixtures has been
obtained by flow calorimetry. Benson’s group at the National Research Council in Ottawa,
Canada, measured excess enthalpies of many organic mixtures (Handa and Benson, 1980)
with great precision; these results have been used for testing calorimeter performance. The
thermochemical group at Brigham Young University, concentrated on mixtures with such
liquified gases as CO, and C,H, (Christensen et al., 1986), important for supercritical fluid
extraction and chromatography. Ott (1990) used the method for the examination of phase
equilibria, while Gill (1988) and Wadsé (1986) used flow calorimetry to study systems of
biological interest as well as determine enthalpies of solution of slightly soluble gases (Gill

and Wadso, 1986).

Recent decades witnessed an increasing interest in the thermodynamic properties of aqueous
electrolyte solutions at elevated temperatures and pressures, both from a theoretical as well
as technological point of view. Theoretically, properties of aqueous electrolytes at elevated
temperatures became interesting because of the influence of structural effects. In this context
“structure” means “dynamic structure” as expressed by radial distribution functions, pair
correlation functions, etc. In addition there has been a great interest in solution properties in
the vicinity of the critical point of the solvent. Technologically, applications to steam
generators, supercritical extraction techniques, heat pumps, and to geothermal and
oceanographic processes become important. Substantial contributions based on flow
calorimetry came from Woods group at the University of Delaware, Newark, USA. Starting
with a calorimeter for measuring enthalpies of dilution or mixing up to 373 K (Messikomer
and Wood, 1975), Wood and collaborators constructed several calorimeters for measurements

at progressively higher temperatures.
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In flow mixing calorimetry, two fluids flow continuously through a mixing chamber and the
change of enthalpy resulting from the mixing process is measured under steady - state
conditions at constant pressure, flow rate, and composition. Flow calorimeters differ in this
regard from batch, titration, or displacement calorimeters in which one of the fluids is added
(usually incrementally in a batch or displacement calorimeter or continuously in a titration
calorimeter) to a reservoir containing a fixed amount of the second component. In general,
flow and batch calorimeters directly measure enthalpies of mixing while titration or
displacement calorimeters measure a series of enthalpies of dilution which can be summed

to give the enthalpy of mixing at the required composition.

A major advantage of the flow calorimeter is that the mixing fluids can be completely
contained in a small mixing chamber which has a fast temperature response time. Contact
with the atmosphere is avoided, and if complete mixing occurs, only a single phase is present.
The absence of a vapour space eliminates a serious source of error which can occur in

displacement or batch calorimeters during mixing of volatile liquids.

3.23.1 Modern Flow Mixing Calorimeters

Flow mixing calorimetry has emerged during the past 25 years as an important method for
obtaining accurate values of H,*. This has largely been due to the development of reliable

pumps, components such as Peltier devices, improved electronics, and computer control.

Following, their earlier work on aqueous systems, Rose and Storvick (1966) constructed a
flow calorimetric apparatus which was the prototype of many modern calorimeters. Liquids
were displaced from reservoirs by mercury moved by screw driven pumps and the mixing
calorimeter was followed by a heat capacity measuring section. Excess enthalpies of (alcohol

and alkane) mixtures were measured with this apparatus.

Stoesser and Gill (1967) reported a sensitive twin-cell calorimeter is 1967. Monk and Wadsé

(1968) described a twin cell, heat - flux reaction calorimeter as illustrated in Figure 3.6.
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Figure 3.6  The twin calorimeter of Monk and Wadso

Monk and Wadsé’s calorimeter consisted of a metallic block heat sink containing a heat
exchange unit surrounded by a twin arrangement of calorimetric units. The flow reaction cells
were each sandwiched between two Peltier (thermopile) devices in contact with heat sinks.
Heat evolution or absorption upon the mixing of liquids within the calorimeter is conducted
to or from the heat sink via the thermopile generating a proportional current. Efficient liquid
mixing in this calorimeter was achieved by the insertion of constrictors into the path of flow.
The completeness of mixing was subsequently checked by utilization of the (HC? + NaOH)
system for which the titration curves are well documented. The LKB commercial calorimeter

subsequently produced was based on Monk and Wadsé’s design.

Christensen and collaborators (1976), constructed a high pressure flow mixing calorimeter
capable of operations of up to 40 Mpa and 423 K. The calorimeter feature a Peltier device
and heater which allowed both positive and negative excess enthalpies to be measured. To
attain even higher temperatures, Busey et al., (1984) devised a mixing cell or insert which
fitted into a high temperature Calvet calorimeter. It was capable of measurements up to 673
Kand41.5 MPa. Christensen and Izatt (1984) constructed a heat leak calorimeter which was
used up to 673 K and 40.5 MPa. A later version of this calorimeter, described by Christensen
et al., (1986) used tantalum tubing and operated up to 773 K and 40.5 MPa.
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Several new calorimeter designs appeared in 1969. McGlashan and Stoeckli (1969) reported
the construction of a single cell flow calorimeter that minimized heat transfer from the mixing
zone to the surroundings. It was reported by the authors that this type of instrument gave an
error in H_® of about 1 %, in spite of the fact that they did not consider possible heat losses
in the heating wires or thermistor leads. Sturtevant and Lyons (1969) designed a similar
instrument that required a smaller sample size. However, the error in the determination of

H_E was estimated to be 2 %.

Picker and co-workers (1969) reported on adiabatic and isothermal differential flow micro
calorimeters with short response times, shown in Figure 3.7. The authors estimate an error of

1 % for thetr instrument.
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Figure3.7  Design of adiabatic differential flow calorimeter (a,b, Teflon injection tubes; c,
copper tubes to thermostat injected fluids; d, mixing device; e, thermistors; f,g,thermal
shields; h, calibration heater)

The two pure liquids to be mixed A and B, flow into the instrument through two concentric
Teflon capillary tubes a and b. The outside Teflon tube is smoothly fitted in a copper tube (c)
around which thermostatted water is circulated. Mixing of the liquids occur at the end of
capillary tube in the mixing device. The temperature of the mixing device is measured with

thermistors that are in intimate contact with the mixing vessel. The heat of mixing can be
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determined from the temperature measurement and heat capacity. The heat of mixing and the

flow rate information are used to calculate H, ",

Raal and Webley (1987) developed an accurate microflow calorimeter that minimized errors
arising from energy dissipation as a result of the frictional effects for some of the more
viscous as well as non-viscous liquids. The authors paid particular attention to the following

basic requirements in order to ensure accurate and reproducible results.

° complete temperature equilibration of the liquids prior to mixing.

L complete and thorough mixing of the component liquids.

® separation of the frictional energy from the excess enthalpy.

[ elimination of heat leaks dependent on fluid flow rates and physical
properties.

° introduction of an “ease of mixing factor” to counteract the heat

measurement errors of difficult-to-mix systems.

The authors compared H_° results for the (cyclohexane + hexane) system from their
calorimeter with the results of the [TUPAC commission and observed a maximum deviation

of only 0.53 J-mol™.

Raal and Naidoo (1990) later developed a novel differential microflow calorimeter for excess
enthalpy measurement on endothermic liquid systems. The instrument design incorporated
precise temperature equilibrium of the liquids before mixing, the elimination of flow-rate and
physical property - dependent heat leaks, and a differential mode of operation that took into
account entropy generation in flows with mixing and friction processes. The authors report
good results on this instrument, and an average deviation of only 0.22 J-mol™ for the IUPAC
reference standard (cyclohexane + hexane) system, surpassed only by the data of Marsh and

Stokes (1969), obtained with their well known batch calorimeter.

The calorimeter design of White, Wood and Biggerstaff (1988) was improved upon by Carter
and Wood (1991). The Carter and Wood calorimeter incorporates a three stage preheating
system and had the advantage that the heat loss under both reference and sample conditions

was identical and hence no heat loss correction was necessary. Error involved in the
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measurement with their calorimeter is estimated by the authors to be within 0.2 %.
3.3 EXPERIMENTAL APPARATUS AND TECHNIQUE
3.3.1 Description of the Apparatus used in this Study

The H_F results for the binary liquid mixtures reported in this work were determined using
the Thermometric 2277 Thermal Activity Monitor (TAM), a flow-mix microcalorimeter, and

1s illustrated in Figure 3.8.
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Figure 3.8  Thermometric 2277 Thermal Activity Monitor
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3.3.1.1 The 2277 Thermal Activity Monitor (TAM) : Principle of Operation

The 2277 Thermal Activity Monitor (TAM) is equipped with an external water circulator
(Thermometric 2219 Multi-temp II) and a pair of LKB peristaltic pumps. Continuous heat
leakage measurements are conducted in an isothermal system. The system can observe and

quantify both exothermic (heat-producing) and endothermic (heat absorbing) processes,

The Thermal Activity Monitor (TAM) utilises the heat flow or heat leakage principles, where
heat produced in a thermally - defined vessel flows away in an effort to establish thermal

equilibrium with its surroundings. The heat flow principle is illustrated in Figure 3.9.

=
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Figure 3.9  The Heat Flow Principle

Exceptional thermal stability is achieved by utilising a 25 litre water thermostat which
surrounds the reaction measuring vessels and acts as an infinite heat sink. The temperature
of the system is controlled with a solid state temperature controller to within + 2x10* K, the

experimental working range of 278.15 K - 353.15 K.

Samples are presented to the TAM in a combination measuring cylinders (Figure 3. 10) which

are maintained at constant temperature in the water thermostat.
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Figure 3.10 Combination Measuring Cylinder

The calorimetric mixing device used in the TAM (Figure 3.10) incorporates a 24 carat gold
flow-mix cell, where two different liquids can be mixed. The flow mix cell has a small bore
T-piece at the base of the measuring cup where the two incoming flows are mixed. After
mixing, the reaction takes place as the mixed flow passes up the spiral around the measuring

cup and out to waste.

Measurement takes place in a measuring cup sandwiched between a pair of Peltier thermopile
heat sensors. These sensors are in contact with a metal heat sink, and the system is designed
so that the main path of the flow of heat to or from the measuring cup is through the Peltier
elements. The Peltier elements act as thermoelectric generators capable of responding to
temperature gradients of less than 10° K. These highly sensitive detectors convert the heat
energy into a voltage signal proportional to the heat flow B. This heat transference is directly
proportional to the heat of mixing. The vessels, the metal holders and blocks are encased in
larger metal blocks which act as the main heat sinks between the heat detection systems and

the constant temperature water bath.

Gold tubing (24 carat) is used to convey the liquids to the mixing vessel and flow through
vessel. These gold tubes are kept in direct contact via heat exchange coals with the water bath

to allow the liquids to equilibrate to the temperature of the system. The gold tubes are also
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kept in intimate contact with the main heat sinks ; they are pressed into grooves cut in the heat
sinks, and this allows further equilibration to the temperature of the system. The gold tubes
are also wound around the holders that house the mixing and flow vessels, and these gold
tubes then extend to the mixing vessel and flow vessel. The mixed liquid then leaves the T-

piece (24 carat gold) mixing vessel through an outlet also made of gold tubing.

A precision wire wound resistor is located within each measuring cup to initiate a reaction
during electrical calibration. This entire assembly is located in a stainless steel canister in the

lower part of the measuring cylinder.
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Figure 3.11 Peltier element heat detection system
The liquids are introduced into the calorimeter by means of LKB peristaltic pumps that pump
the liquids via Viton tubing into Teflon tubes, and, internally the gold tubes convey the liquids

into the mixing vessel. The outlet tube is also connected externally Teflon tubing.

3.3.1.2 Experimental Procedure

For each experimental run two steps are involved (a) a calibration of the flow rates from the

peristaltic pumps. (b) heat of mixing measurement.

Calibration involved two steps, viz. zeroing the instrument and adjusting the amplifiers.
Dissolved gases in the liquid components is a serious problem, and degassing of all solvents

(by use of an ultrasonic bath) prior to pumping was imperative.
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One of the liquids was pumped through both tubes. The aim of this zeroing step is to account
for the heat produced during friction. As the same liquids, or a representative mixture was
pumped peristaltically through both tubes, the heat of mixing should be zero. The system is
then allowed to achieve a steady state, which is when the reading on the display unit stabilizes

to a constant value. The output on the display is then, if necessary, adjusted to show zero.

The next step involves adjustment of the calorimeter’s amplifiers. This step is carried soon
after zeroing the instrument while the liquid is still being pumped through the calorimeter.
A defined constant current 7, is applied to the calibration resistor which is in intimate contact
with the mixing vessel, and since the resistance R for the resistor is known, the expected

thermal power P, can be ascertained from the equation:

P=FR 3.9)
The calorimeter power reading is adjusted accordingly, when necessary. The pumps are now

switched off. Calibration for each flow rate is necessary.

The instrument is now ready for the determination of the heat of mixing. The sample liquids
were prepared in 25 cm® Quickfit conical flasks having narrow necks. Each flask was fitted
with modified stoppers and had one 1.8 mm (inner diameter) inlet which was connected by
Teflon tubing to the peristaltic pump. This design was efficient in reducing evaporation of
the component samples. The mass (7, ;,a and mg ;0.) Of these flasks was recorded. The
inlet tube of each pump is dried and inserted into the two flasks, and the pumps and a
stopwatch are simultaneously started. After the reading on the display has reached a steady
state, the power P produced by the mixing process was recorded. The pumps and the
stopwatch are stopped simultaneously, and the respective masses (m, g, and mg ¢..) of two
flasks as well as the time elapsed, ¢, is also recorded. The masses of the effluent collected
after each run were compared to the amounts of the pure liquids consumed, thus serving as
a constant check against liquid leaks in the system. For each subsequent run a new flow rate

was set and the process carried out as described above.

The excess molar enthalpy H_F is then determined as follows:
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E

P
HSF== 3.10
, (3.10)

where P is the power that is displayed on the instrument in mW, and £ is the molar flow rate

in moles per second and is determined as:

_ngtng
¢

F (3.11)

where, n, and 7, are the number of moles of liquids 4 and B respectively that have flowed

through the system in time t. n, and ny are calculated as follows:

m,. .., —m My. .., — M
Ainitial A, final B initial B, final
n,= f and ny = £

M, My

(3.12)
where M, and Mj are the molar masses of 4 and B respectively, and the mole fraction x, is

determined as follows:

n,
X, =—H=4 (3.13)
n,+n,

andx, +xz=1 (3.14)
3.3.2 Validation of the Technique

The validity of the technique was established by measuring the excess molar enthalpies for
the ITUPAC (1970) recommended test system of (cyclohexane +hexane). The results for this
system obtained in five different laboratories with three types of isothermal calorimeters
showed no systematic discrepancies. The recommended equation at 298.15 K is

H_E (J'mol™) = x,(1-x,) [866.1 - 249.4 (1 - 2x,) + 97 (1 - 2x,2 - 31.8 (1 - 2x,)°] (3.15)
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where x,, is the mole fraction of cyclohexane. Marsh and Stokes (1969) reported very
accurate and precise results using an isothermal batch calorimeter with a standard deviation
of 0.09 J'mol™; Grolier et al., (1975) obtained data with a Picker flow calorimeter with a
standard deviation of 0.35 J'mol’'; McGlashan and Stoeckli (1969), and Siddigi and Lucas
(1982) used an isothermal flow calorimeter and obtained a standard deviation of 1.1 J'mol™
and 0.78 J'mol”, respectively. The data obtained in this work shows an average deviation of
less than 2 J'mol™, and is in agreement with the literature data of Heintz and Lichtenthaler

(1979), who also report an average deviation error of 2 J-mol™.

3.3.3 Preparation of Mixtures

The pure solvents were initially degassed in an ultrasonic bath for 30 minutes. The solvents
were prepared in Quickfit conical flasks. Mixtures with compositions spanning the entire
composition range were achieved by varying the flow rates of the peristaltic LKB pumps

accordingly.

3.3.4 Materials

The purities of all the chemicals were determined using gas-liquid chromatography (GLC).
A Hewlett-Packard gas chromatograph equipped with a 3393A integrator and a 25 m
carbowax capillary column was used. The carboxylic acids, alkane, cycloalkane and nitrile
compounds were stored under 4A molecular sieves. Analysis for water content by the Karl
Fischer technique showed that in all cases the water content was less than 0.01 mass %. The

liquids were kept in a dry box before use. A summary of the materials used in this study, their

suppliers and purities is given in Table 3.1.
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Table 3.1 Materials used, their suppliers and mass % purities
COMPOUND SUPPLIER %PURITY
Acetic acid Acros 99.5
Propanoic acid Acros 99
Butanoic acid Acros 99
2-Methylpropanoic acid Acros 99.5
Pentanoic acid Acros 99
3-Methylbutanoic acid Acros 99
Acetonitrile Aldrich >99.5
Butanenitrile Fluka 99
Benzonitrile Sigma Aldrich 99

3.4 EXPERIMENTAL RESULTS

The experimental excess molar enthalpies, H_* for 18 binary mixtures are presented in the
following order:

3.4.1 (acetonitrile + a carboxylic acid) at 298.15 K.
3.4.2 (butanenitrile + a carboxylic acid) at 298.15 K.
3.4.3 (benzonitrile + a carboxylic acid) at 298.15 K.

where carboxylic acid in each case refers to (acetic acid or propanoic acid or butanoic acid or
2-methylpropanoic acid or pentanoic acid or 3-methylbutanoic acid).

The Redlich-Kister (1948) smoothing function

E r=k .
H =~ =x(l-x) ), 4 (1-2x) (3.16)

r=o
was fitted to the experimental data by the method of unweighted least squares, and the

deviations 8HF calculated from the equation.

r=k
8H “n I(J -mol™) = H " I(J -mol™) = x(1-x) Y. 4,(1-2x)"

r=o

(3.17)
where, x is the mole fraction of acetonitrile or butranenitrile or benzonitrile, respectively, and

r=0,1,2or3.

The standard deviation, ¢ is determined as follows:
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1

o= [Z(Hrf(expt) o H}fl:(calc) )2 /(N o a)]i ’ (3.18)

where N is the number of experimental points and « is the number of fitting coefficients.
For each section (3.4.1 - 3.4.3), tables of results for H_* data, coefficient’s A, and deviations
o from equation (3.18) are presented. Excess molar enthalpy plots as a function of mole

fraction acetonitrile or butanenitrile or benzonitrile have been produced.

3.4.1 Excess Molar Enthalpy Data for Mixtures of [Acetonitrile + a Carboxylic Acid]
at 298.15 K

Table 3.2 Physical Properties of the Pure Components at T =298.15 K: Densities,
p Refractive Indices, n,

Component p/(g-cm?) n,
exp lit* exp lit*

Acetonitrile 0.7763 0.7765 1.3413 1.3416
Acetic acid 1.0437 1.0439 1.3697 1.3698
Propanoic acid 0.9884 0.9881 1.3846 1.3843
Butanoic acid ' 0.9535 0.9532 1.3955 1.3958
2-Methylpropanoic acid 0.9431 0.9429 1.3913 1.3917
Pentanoic acid 0.9346 0.9345 1.4064 1.4060
3-Methylbutanoic acid 0.9216 0.9219 1.4019 1.4022

* Riddick et al. (1986)
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Table 3.3 Excess molar enthalpies H_* for the systems : [Acetonitrile (1) + a
Carboxylic Acid (2)] and the Deviations, 8H_F, calculated from
equation (3.17) and the parameters of Table 3.4 at the experimental
temperature of 298.15 K, as a function of Mole Fraction x;,.

X, H_*/J-mol" SH_E/Jmol!  x, H_E/J-mol’ SH_F/J-mol’!

Acetic Acid

0.0927 96.2 0.1 0.4885 302.4 3.5

0.1409 150.1 6.7 0.5710 2843 1.6

0.2072 197.3 -3.5 0.6514 2479 -3.5

0.2787 2459 -3.5 0.7416 198.3 -4.0

0.3221 267.1 -4.1 0.8090 158.7 0.7

0.3810  291.2 0.2 0.8722 112.3 1.1

0.4460  304.7 4.7 0.9150 79.4 2.7

Propanoic Acid

0.0920 186.4 8.8 0.5671 620.1 3.4

0.1560  291.0 1.3 0.5993 605.9 0.7

0.2134  375.0 -4.9 0.6517 570.0 -3.5

0.2780  461.1 -6.0 0.7248 494.5 -8.8

0.3407  532.6 -2.6 0.8046 389.9 -3.1

0.3990  581.2 -0.8 0.8878 250.7 6.4

0.4626  617.7 4.4 0.9230 176.3 3.9

0.5057  629.8 7.7

Butanoic Acid

0.0890 159.9 -7.1 0.6605 599.6 1.4

0.1448 2644 0.7 0.6860 575.4 0.0

0.1884 3383 3.8 0.7141 547.2 1.8

0.2668  452.6 4.1 0.7884 437.7 -3.9

0.3913 580.2 -4.3 0.8201 383.8 -3.6

0.4626  629.2 -0.9 0.8728 298.4 12.7

0.5230 6474 0.8 0.9067 217.0 3.3

0.5889  634.8 -4.0 0.9377 129.6 -15.1

0.6417  615.6 34

2-Methylpropanoic Acid

0.1032 2764 8.5 0.5013 926.8 2.5

0.1870  485.8 0.8 0.5479 922.6 3.2

0.2347  588.7 -8.3 0.6046 896.8 8.9

0.2938 720.7 33 0.6531 840.1 0.6

0.3508 801.3 -8.7 0.6827 790.9 -10.5

0.3982 860.0 -7.0 0.7273 718.9 -10.3

0.4417 9022 -0.5 0.8013 5779 -0.9

0.4547  918.7 8.5 0.8891 364.7 11.7

0.4571 916.3 5.0 0.9158 273.5 -1.1
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0.1197
0.1899
0.2311
0.2782
0.4131
0.4825
0.5404
0.5746
0.6211

0.0895
0.1287
0.1972
0.2420
0.3371
0.4026
0.4532
0.5200
0.5902

269.0
418.9
501.9
583.1
765.1
831.9
858.1
862.9
845.1

190.0
270.0
409.1
486.0
632.1
730.3
799.6
857.0
876.9

-11.0
0.1
72
6.9

-3.5
-0.6
-1.9
-0.3
-5.3

-6.9
-3.4
9.1
6.2
-1.2
-5.3
2.4
2.7
1.2

Pentanoic Acid
0.6370
0.6655
0.7138
0.7441
0.8076
0.8487
0.9029
0.9603

3-Methylbutanoic Acid
0.6283
0.6731
0.7177
0.7515
0.7835
0.8207
0.8529
0.8744
0.9379

837.8
815.9
759.6
725.1
584.8
480.9
303.4
118.2

866.9
835.8
792.1
721.9
672.7
571.1
500.9
435.9
206.0

-3.4
-2.4
-0.8
-13.4
5.2
6.7
-12.1
-11.9

-0.6
-2.3
5.9
-9.5
4.9
-8.3
9.3
8.1
13.4



Chapter 3 : Excess Molar Enthalpies of Mixing

74

Table 3.4 Coefficients 4, and standard deviations ¢ from equation (3.18) for the
excess molar enthalpies of systems: (Acetonitrile (1) + a Carboxylic
Acid (2) at T =298.15 K.

Component A, A, 4, A, o(H_")/J-mol”
Acetic Acid 119.0 238.4 -188.9 -215.8 3.7
Propanoic Acid 2486.0 -233.5 -307.6 63.2 5.5
Butanoic Acid 2571.0 -461.5 -416.2 -268.7 6.1
2-Methylpropanoic  3697.0 -221.5 -734.1 -328.1 7.2
Acid

Pentanoic Acid 3374.0 -1131.0 -385.8 832.8 7.4
3-Methylbutanoic 3362.0 -1530.0 -351.6 990.1 7.2

Acid
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Figure 3.12 Excess molar enthalpies for the systems [Acetonitrile (1) + a

Carboxylic Acid (2)] at T =298.15 K, plotted as a function of mole
fraction x; Key € = Acetic Acid. 0= Propanoic Acid. A = Butanoic
Acid. W =2-Methylpropanoic Acid. X = Pentanoic Acid. @ = 3-
Methylbutanoic Acid.
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34.1.1 Discussion
Previous Work

The excess enthalpy values for all six of the above systems at 298.15 K have not been
reported in the literature. However, H_F for three systems namely (acetonitrile + acetic acid
or propanoic acid or 2-methylpropanoic acid) at 308.15 K have been reported by Lark and
Banipal (1985) in the literature. The results for their work is plotted in Figure 3.13. Lark and
Banipal report a standard deviation of the order of 1% of the measured H,F value which
relates to an error of 10 J-mol™ in the worst case. This is not better than the estimated error
of 2 J'mol” reported in this work. Lark and Banipal’s results show that the excess molar
enthalpies for the mixtures increase with an increase in the carbon chain number of the
carboxylic acid. This is consistent with the results obtained in this work. The literature data
of Lark and Banipal also show correspondingly higher excess molar enthalpy values at the

higher temperature of 308.15 K when compared to the results obtained in this work.
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Figure 3.13  Excess molar enthalpies for the systems [Acetonitrile (1) + a Carboxylic
Acid (2)] at 308.15 K (Lark and Banipal, 1985). #, acetic acid; W,
propanoic acid; A, 2-methylpropanoic acid.
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Excess enthalpy measurements have been reported on related systems. Endothermic effects
were observed for (acetonitrile and ethylethanoate or propylenthanoate or butyl ethanoate by
Mato et al. (1973), for (acetonitrile + 1 propanol or 2-propanol or butanol) by Nagata and
Tamura (1988), and for (acetonitrile + diethyl ether or dipropyl ether or di-1-methylethyl ether
or dibutyl ether or 1,1-dimethylethyl methyl ether or 1.1 dimethylpropyl methyl ether or
tetrahydropyran) by Letcher and Domanska (1994). The overall endothermic effects seen in
the first two mixtures are most probably due to the breakdown of self association between
acetonitrile molecules, and ester molecules or between alcohol molecules, whilst in the case
of the latter (acetonitrile + ether) mixtures, the positive enthalpy value is due to the
breakdown of the acetonitrile self association (positive effect), the positive effect of the
breakdown of the ether self association, and the negative effect of the acetonitrile-ether

association.
This Work

The H,* results are presented in Table 3.3 and plotted in Figure 3.12. The excess molar
enthalpies for all six systems, namely (acetonitrile + acetic acid or propanoic acid or butanoic
acid or 2-methylpropanoic acid or pentanoic acid or 3-methylbutanoic acid) are positive over
the entire composition range at 298.15 K. In this study the effect of an increase in the

carboxylic acid chain length on the excess molar enthalpies was investigated.

Acetonitrile is a typical aprotic, dipolar simple organic liquid with a carbon-nitrogen triple
bond and an unshared electron pair on the nitrogen atom. X-ray analysis on pure acetonitrile
has revealed that the linear acetonitrile dipoles are arranged in antiparallel positions and that

definite short range ordering between molecules is due to the dipole - dipole interaction

(Brown and Smith, 1962).

The carboxylic acids in pure form tend to exist mainly as dimers. However, trimers formed
because of strong interaction between dimers and monomers also exist (Affsprung et al.,
1968). It is most likely that the following four-step equilibria, proposed by Lark and Banipal

(1985) accompanies the mixing process:

) D-M-D+M
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ii) D-2M

i) AA-A+A

iv) M+A-M-A
where D and M denote a dimer and monomer of the carboxylic acid respectively, and A
denotes acetonitrile. The overall magnitude of H,* [x, CH,CN + (1-x,) RCOOH)] is most
likely a result of the competition between the four steps, and is therefore most probably due
to the breakdown of the acetonitrile self association (step iii - a positive enthalpy), the
breakdown of the carboxylic acid (dimers as well as trimers) self association (step 1 and step
il - a positive enthalpy), and the negative effect of the (acetonitrile - carboxylic acid)
association given by step iv. The trend in H_F at equimolar concentrations of (acetonitrile +

carboxylic acid) mixtures is given in Table 3.5.

In view of the above equilibria, it is most likely that endothermic contributions from the first
three equilibria outweigh possibly small contributions from the last one. This view is
supported by Thacker and Rowlinson (1954) who have found evidence of insignificant
hydrogen bond formation between acetonitrile and ethanol molecules, resulting in appreciable
endothermic mixing of (acetonitrile + ethanol) mixtures arising mainly from the

depolymerization of the alcohol.

Table 3.5 H,F at equimolar concentrations for the mixtures of (acetonitrile + a
carboxylic acid) at T =298.15 K

CARBOXYLIC ACID H_®/(J -mol™)
Acetic acid 291.9
Propanoic acid 621.9
Butanoic acid 633.3
2-methylpropanoic acid 909.5
Pentanoic acid 837.9
3-methylbutanoic acid 833.1

The H,,* curves are all reasonably symmetrical and have maxima for x, (acetonitrile) ranging

from 0.4 to 0.6 mole fraction units. The excess molar enthalpies are most positive in the case
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of 2-methylpropanoic acid, and the magnitude decreases in the order : 2-methylpropanoic

acid > 3-methylbutanoic acid ~ pentanoic acid > butanoic acid ~ propanoic acid > acetic acid.

The results of this work indicate in general that the longer the alkyl group of the carboxylic
acid, the weaker is the interaction of carboxylic acid with acetonitrile, and it appears as though
the long alkyl groups shield the carbonyl oxygen atom of the carboxylic acid from interaction.
The results have been interpreted by assuming n-m interactions to occur between the lone pair
electrons of the carbonyl oxygen atom (carboxylic acid) and the nelectrons of the acetonitrile.
This study also indicates that in the case of the branched carboxylic acids, viz., 2-
methylpropanoic acid and 3-methylbutanoic acid, the increase in steric crowding due to the
methyl groups as well as increasing acid dimerization constants, leads to an increase in the
excess enthalpy. This is further supported by Letcher and Domanska (1994) who have found
a stronger association of acetonitrile with a branched ether than with a straight chain ether
(ROR). They have attributed this result to the inductive effect of the substituted methyl groups
increasing the electron density on the oxygen atom of the ether and giving rise to enhanced

n-m interactions.

3.4.2  Excess Molar Enthalpy Data for Mixtures of [Butanenitrile + a Carboxylic Acid]
at 298.15S K

Table 3.6 Physical Properties of the Pure Components at T = 298.15 K: Densities,
p Refractive Indices, n,,

Component p/(g-em™) np

exp lit? exp 1it?
Butanenitrile 0.7866 0.7865 1.3822 1.3820
Acetic acid 1.0437 1.0439 1.3697 1.3698
Propanoic acid 0.9884 0.9881 1.3846 1.3843
Butanoic acid 0.9535 0.9532 1.3955 1.3958
2-Methylpropanoic  0.9431 0.9429 1.3913 1.3917
acid
Pentanoic acid 0.9346 0.9345 1.4064 1.4060
3-Methylbutanoic 0.9216 0.9219 1.4019 1.4022
acid i

* Riddick. et al. (1986)



Chapter 3 : Excess Molar Enthalpies of Mixing 80

Table 3.7 Excess molar enthalpies H_* for the systems : [Butanenitrile (1) + a
Carboxylic Acid (2) and the Deviations, 8H, ", calculated from equation
(3.17) and the parameters of Table 3.8 at the experimental temperature
of 298.15 K, as a function of Mole Fraction x;,.

X, H_*Imol' 6H */Jmol'  x H_F/J-mol’  SH_/J-mol’
Acetic Acid
0.0388 54.8 29 0.4611 296.4 -1.6
0.0650 94.6 1.9 0.5659 274.0 -1.0
0.1153  146.2 4.9 0.6398 244.6 -0.6
0.1676  204.8 4.5 0.7134 208.8 2.6
0.2332  246.8 0.1 0.7887 159.4 0.8
0.3229  287.8 1.6 0.8916 83.4 -1.0
0.4151  299.5 -1.1 0.9459 40.9 -1.6
Propanoic Acid
0.0458 64.2 0.3 0.4991 355.2 0.2
0.1156 1493 0.2 0.5141 354.5 0.2
0.1653  200.7 -0.0 0.6194 322.2 0.2
0.1946 2276 -0.0 0.7061 290.9 -0.1
0.2283 2552 -0.1 0.7939 228.4 -04
0.2756  288.2 -0.2 0.8569 171.0 -04
0.3398 3223 -0.2 0.9199 103.2 0.1
0.3950  342.0 -0.1 0.9651 48.4 1.2
0.4425 3519 0.1
Butanoic Acid
0.0549 58.8 0.4 0.6122 365.9 -0.7
0.1312 1293 2.9 0.6833 343.4 -1.6
0.1789  175.2 0.7 0.7556 301.1 -0.1
0.2410 2269 1.7 0.8341 235.0 4.7
0.3035 2713 0.6 0.8852 174.1 5.3
0.4036  329.5 0.6 0.9225 115.1 -4.6
0.5054 3632 -0.8 0.9577 59.2 -8.5
0.5586  369.7 -0.5
2-Methylpropanoic Acid

0.0827 82.2 0.6 0.6275 392.1 -1.9
0.1521 150.8 0.1 0.6686 382.7 0.5
0.2341  221.0 -6.8 0.7408 353.5 8.9
0.3037  291.8 59 0.8347 256.9 -33
0.3740 3429 8.2 0.8831 195.5 -4.2
0.4326  360.1 -5.9 0.9230 138.8 -1.6
0.4975  386.0 -34 0.9564 88.8 5.0

0.5641 398.1 -1.2
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0.0855
0.1532
0.2410
0.3402
0.4548
0.5440
0.5957

0.0886
0.1652
0.2250
0.3318
0.4328
0.4972
0.5592

82.9
164.0
235.5
310.8
381.1
406.2
408.1

85.7
153.4
225.7
309.0
376.7
412.6
425.7

-8.9
7.1
0.9

-1.2
1.3

-1.3

2.2

0.3
-5.7
6.5
0.3
-2.7
-2.0
-1.6

Pentanoic Acid
0.6085
0.6708
0.7166
0.7906
0.8640
0.9058
0.9497

3-Methylbutanoic Acid
0.6155
0.6694
0.7049
0.7767
0.8540
0.8985
0.9453

407.0
391.7
376.7
311.5
225.0
156.5
88.3

428.3
417.4
399.9
350.4
259.1
199.6
100.2

2.2
-1.8
6.6
1.7
22
-5.4
-1.9

-0.6
0.6
-1.1
2.0
-0.3
6.8
-10.6
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Table 3.8 Coefficients 4, and standard deviations ¢ from equation (3.18) for the
excess molar enthalpies of systems: [Butanenitrile (1) + a Carboxylic Acid
(2)] at T=298.15 K.

Component A, A, A, A, o(H"_)/(J-mol™)
Acetic Acid 1170.0 381.8 17.3 16.4 2.4
Propanoic Acid 1420.0 52.8 13.9 -22.6 0.4
Butanoic Acid 1452.0 -434.5 -65.6 161.2 3.5
2-Methylpropanoic  1560.0 -502.1 -54.9 -47.3 5.1
Acid

Pentanoic Acid 1589.0 -624.9 -77.9 257.2 4.4
3-Methylbutanoic 1647.0 -743.7 -83.7 142.3 4.6

Acid
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Excess molar enthalpies for the systems [Butanenitrile(1) + a
Carboxylic Acid (2) at T =298.15 K plotted as a function of mole
fraction x,. Key @ = Acetic Acid. O = Propanoic Acid. A =

Butanoic Acid. O = 2-Methylpropanoic Acid. B = Pentanoic
Acid. @ =3-Methylbutanoic Acid.



Chapter 3 : Excess Molar Enthalpies of Mixing 84

3421 Discussion

Previous Work

In continuation of the study on the thermodynamic effects of mixtures containing industrially
important compounds by Letcher and co-workers (1994, 1996, 1998, 1999, 2000), in this
work, the excess molar enthalpies (H_ ") of the six liquid mixtures (butanenitrile + acetic acid
or propanoic acid or butanoic acid or 2-methylpropanoic acid or pentanoic acid or 3-
methylbutanoic acid) have been determined over the whole composition range at the
temperature of T = 298.15 K. Excess enthalpy values for all of the above mixtures at T =

298.15 K have not been previously reported in the literature.

Excess enthalpy measurements have been reported on related systems. Endothermic effects
were observed for (butanenitrile + ethanol or butan-1-o0l by Garriga et al. (1995a) for
(butanenitrile - propan-1-01 or propan-2-o01) by Garriga et al. (1995b), for (butanenitrile +
methanol, + pentan-1-ol, + heptan-1-01, + nonan-1-o01, or decan-1-01) by Garriga ef al.
(1996), for (butanenitrile + 2-butanol) by Garriga et al. (1997) and, for (butanenitrile + hexan-
1-ol or octan-1-ol) by Garriga et al. (1995¢).

This Work

The H, " results are presented in Table 3.7 and plotted in Figure 3.14. The H_F values for the
mixtures under investigation are positive over the whole composition range, and the
magnitude decreases in the order: 3-methylbutanoic acid > pentanoic acid > 2-
methylpropanoic acid > butanoic acid > propanoic acid > acetic acid. H_F ranges from 299

J-mol”! for acetic acid to 426 J-mol™ for 3-methylbutanoic acid.

Butanenitrile is also a strong, polar solvent with a carbon-nitrogen triple bond and an
unshared electron pair on the nitrogen atom.. The carboxylic acids are strongly polar and in
pure form tend to exist mainly as dimers (Affsprung et al.,1968). On mixing of butanenitrile
with the carboxylic acids it is likely that the same four-step equilibria proposed by Lark and
Banipal (1985) is applicable (Section 3.4.1.1). This equilibria, where acetonitrile is replaced

by butanenitrile may be used to explain the mixing process. It is likely that endothermic
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contributions from the first three steps are the major ones and outweigh possibly small
exothermic contributions from the fourth step. The overall magnitude of HFE
[x,CH,(CH,),CN + (1 - x,) RCOOH] is therefore most probably due to the breakdown of the
butanenitrile self-association (step iii - a positive enthalpy), the breakdown of the carboxylic
acid (dimers) self -association (step i and step ii - a positive enthalpy) and the negative effect

of the (butanenitrile-carboxylic acid) polar-polar association. given by step 1v.

The trend in H,F at equimolar concentrations of (butanenitrile + carboxylic acid) mixtures is
given in Table 3.9.

Table 3.9 H_F at equimolar concentrations for the mixtures of (butanenitrile +a
carboxylic acid) at T=298.15 K

CARBOXYLIC ACID H_F/(J-mol™)
Acetic acid 293.0
Propanoic acid 357.2
Butanoic acid 361.6
2-methylpropanoic acid 388.7
Pentanoic acid 396.7
3-methylbutanoic acid 410.2

The results of this work indicate in general that the longer the alkyl group of the carboxylic
acid, the weaker is the interaction with butanenitrile, and it most definitely appears as though
the long alkyl groups shield the carbonyl oxygen atom of the carboxylic acid from interaction.
A similar result has been obtained by Garriga et al.(1995¢) in the study of (butanenitrile +
alcohol) mixtures. The (butanenitrile + carboxylic acid) results have been interpreted by
assuming n-7 interactions to occur between lone-pair electrons of the oxygen atom and the
n electrons of butanenitrile. The results also indicate that in the case of the branched
carboxylic acids, viz, 2-methylpropanoic acid and 3-methylbutanoic acid, the increase in steric
crowding due to the additional methyl groups, leads to an increase in the excess enthalpy. The
position of the maxima for H_* (butanenitrile + acetic acid) shifts slowly to the butanenitrile-
rich region of the mole fraction scale as the methylation of acetic acid increases. This could
possibly be explained by the increase in both the dimerization constants as well as increasing

steric hindrance caused by additional methyl groups. In the case of the dimerization constants,
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the increased values should reduce the number of (D-M) trimers in equilibrium, and as can
be observed from the proposed four step equilibria, this leads to a decreasing endothermic
influence of the carboxylic acid components (steps 1 and 11) resulting in a slight shift of the

maxima to the benzonitrile-rich region of the mole-fraction scale.

Comparative H_* (max) values for mixtures of (butanenitrile + heptane) (McLure and
Rodriguez, 1982): and (acetic acid + heptane) (Nagata et al, 1975) obtained in the literature
are found to be positive and (< 1350 J'mol') and (< 925 J'mol") respectively. The relatively
small H_E values obtained in this work (< 450 J-mol™) suggest that a significant amount of

cross association takes place between the butanenitrile and carboxylic acid components.

From the work by Garriga and co-workers (1995a, 1995b, 1995c¢) on different alcohols with
butanenitrile, it is found that the H_F increases progressively with an increase in the chain
length of the alcohol. This may be explained as follows: in mixtures of butanenitrile with an
alcohol there is in addition to the hydrogen bond contribution (interaction between the
hydroxyl hydrogen of the alcohol and the lone pair of the nitrogen atom in butanenitrile), also
an important contribution due to the mixing of the alcohol chain with the butanenitrile which
anses from the breaking of strong nitrile-to-nitrile interactions and at a given composition

these interactions will be larger in solutions of longer chain alcohols.

3.4.3 Excess Molar Enthalpy Data for Mixtures of [Benzonitrile + a Carboxylic Acid]
at298.15 K

Table 3.10  Physical Properties of the Pure Components at 7 = 298.15 K: Densities,
p Refractive Indices, n,,

Component p/(g-cm™) ng
exp 1i* exp lit?
Benzonitrile 1.0003 1.0006 1.3413 1.3416
Acetic acid 1.0437 1.0439 1.3697 1.3698
Propanoic acid 0.9884 0.9881 1.3846 1.3843
Butanoic acid 0.9535 0.9532 1.3955 1.3958
2-Methylpropanoic acid 0.9431 0.9429 1.3913 1.3017
Pentanoic acid 0.9346 0.9345 1.4064 1.4060
3-Methylbutanoic acid 0.9216 0.9219 1.4019 1.4022

* Riddick et al. (1986)
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Table 3.11  Excess molar enthalpies H_* for the systems : [Benzonitrile (1) +a

Carboxylic Acid (2) and the Deviations, 8H,_F, calculated from equation

(3.17) and the parameters of Table 3.12 at the experimental temperature

of 298.15 K, as a function of Mole Fraction x,.
X, H E/Jmol'  S8H F/J'mol’ x H_*/J'mol’! dH_"/J-mol’

Acetic Acid
0.0475 63.7 -3.0 0.4569 3253 0.9
0.0813  108.1 -1.3 0.5582 308.7 -1.8
0.1181 150.0 -1.3 0.6449  277.2 -2.0
0.1815  216.7 4.2 0.7311 234.8 2.4
0.2599 2693 0.3 0.8359 162.0 5.1
03133  297.1 1.3 0.9028 93.2 -5.4
0.3623  308.6 -3.8 0.9453 46.9 -1.6
04144  323.6 1.4
Propanoic Acid
0.0578 74.8 -2.8 0.5324 3424 -3.0
0.1025 1359 4.7 0.5933 328.6 -2.9
0.1512  178.0 -4.9 0.6588 306.8 2.1
0.2258 2519 3.2 0.7088  278.1 23
03107  301.9 -1.7 0.7652  238.2 1.5
03501  321.8 0.1 0.8179 190.9 -1.9
03780 3334 1.6 0.8807 131.9 -0.8
0.4202  343.2 0.6 0.9512 56.5 -0.2
0.4678  349.2 0.8
Butanoic Acid
0.0577 88.0 -3.6 0.5440  364.0 1.9
0.0919 1379 -0.2 0.6513 3219 -4.7
0.1689  229.1 4.8 0.7563 262.4 1.7
0.2499  289.2 -1.8 0.8324  200.6 6.4
0.3471 3399 -2.6 0.8721 150.3 3.4
04127  361.7 0.4 0.9065 110.8 -4.8
0.4566  368.9 1.9 0.9621 52.1 33
2-Methylpropanoic Acid

0.0538  100.9 -3.3 0.4953  480.2 0.3
0.0748 1384 -2.1 0.5598  469.0 2.4
0.1409  238.7 -2.1 0.6719 4145 -1.0
0.1928  312.1 6.0 0.7776 321.3 4.5
0.2834  394.1 -0.3 0.8398 2433 33
0.3693  451.3 1.7 0.9151 128.0 -4.4
0.4246  468.4 -2.0 0.9534 69.1 -4.3
0.4664  477.7 -0.7
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0.0821
0.1523
0.2128
0.2619
0.3348
0.4060
0.4533
0.5042

0.0854
0.1477
0.2091
0.3087
0.4036
0.4521
0.5051
0.5562

134.1
2235
2925
3443
382.0
418.9
431.6
435.9

147.5
269.0
358.8
449.8
516.9
539.3
545.5
549.9

0.5
-3.3
-0.2

7.5
-5.3
-0.4

0.6

1.0

-14.3
6.5
11.2
-5.1
-3.8
-0.7
-4.1
2.7

Pentanoic Acid
0.6153
0.6993
0.7589
0.8129
0.8603
0.9278
0.9457

3-Methylbutanoic Acid
0.6170
0.7147
0.7621
0.8096
0.8597
0.9018
0.9309
0.9702

409.8
363.0
3243
256.0
201.3
124.2
76.4

5324
4733
408.1
349.9
275.2
2135
142.9
79.0

-1.9
-1.6

8.4
-5.1
-3.5
11.6
-9.5

3.5
10.1
-6.5
-4.9
-4.2

7.4
-7.3
11.2
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Table3.12  Coefficients 4, and standard deviations ¢ from equation (3.18) for the
excess molar enthalpies of systems: [Benzonitrile (1) + a Carboxylic Acid
(2)] at T=298.15 K.

Component 4, A4, 4, 4, o(H_")/(J-mol™)
Acetic Acid 1287.0 239.6 7.8 -47.8 3.0

Propanoic Acid 1394.0 90.3 -85.0 29.6 2.6

Butanoic Acid 1469.0 110.8 59.9 101.4 3.7
2-Methylpropanoic  1919.0 48.2 -80.5 208.0 33

Acid

Pentanoic Acid 1740.0 -5.6 -15.5 84.5 5.8
3-Methylbutanoic ~ 2197.0 -176.9 5.6 29.5 7.9

Acid




/ (J-mol™)

E
m

H

600

550 -

500 -

450 -

400 -

350 +

300 -

250 -

200 +

150 -

100 {

50 A

Chapter 3 : Excess Molar Enthalpies of Mixing

950

0.0 0.1

Figure 3.15

T L T T T T T

0.2 0.3 0.4 0.5 0.6 0.7 0.8 09
Xy
Excess molar enthalpies for the systems [Benzonitrile (1) + a
Carboxylic Acid (2) at T = 298.15 K plotted as a function of mole
fraction x; Key ¢ = Acetic Acid. O = Propanoic Acid. A =Butanoic

Acid. O =2-Methylpropanoic Acid. ll = Pentanoic Acid. @ = 3-
Methylbutanoic Acid.

1.0



Chapter 3 : Excess Molar Enthalpies of Mixing 91

34.3.1 Discussion

Previous Work

In continuation of the study on the thermodynamic effects of mixtures containing industrially
important compounds by Letcher and co-workers (1994, 1996, 1998, 1999, 2000), the excess
molar enthalpies (H_F) for the six liquid mixtures: (Benzonitrile + acetic acid or propanoic
acid or butanoic acid or 2-methylpropanoic acid or pentanoic acid or 3-methylbutanoic acid)
have been obtained over the whole composition range at the temperature of T = 298.15 K.
Literature searches have revealed that excess enthalpy values for all of the above mixtures at

T =298.15 K have not been reported in the literature.

Excess enthalpy measurements have been reported on related systems. Endothermic effects
were observed for (benzonitrile + cyclohexane, + benzene, + toluene, or chlorobenzene) by

Tanaka et al. (1974), and, for (benzonitrile + benzene or toluene) by Wilhelm et al. (1998).
This Work

The H,, results are presented in Table 3.11 and plotted in Figure 3.15. The H_F values for the
mixtures under investigation are positive over the whole composition range, and the
magnitude decreases in the order: 3-methylbutanoic acid > 2-methylpropanoic acid >
pentanoic acid > butanoic acid > propanoic acid > acetic acid. The H_F curves are all
resonably symmetrical, although somewhat skewed towards the benzonitrile rich-region of
the mole fraction scale. The H,F values range from 325 J-mol™ for acetic acid to 550 J-mol"

for 3-methylbutanoic acid.

Benzonitrile is a strongly polar, aromatic solvent with a carbon-nitrogen triple bond and an
unshared electron pair on the nitrogen atom. The carboxylic acids are strongly polar and in
pure form tend to exist mainly as dimers (Affsprung et al.,1968). The same four-step
mechanism proposed by Lark and Banipal (1985) and discussed in 3.4.1.1. is assumed to

occur. In this mechanism acetonitrile is replaced by benzonitrile.

It is likely that endothermic contributions from the first three steps are the major ones and
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outweigh possibly small exothermic contributions from the fourth step. The overall
magnitude of A F [x,CH;CN + (1 - x,) RCOOH] is therefore most probably due to the
breakdown of the benzonitrile self-association (step iii - a positive enthalpy), the breakdown
of the carboxylic acid (dimers) self -association (step i and step ii - positive enthalpy) and the

negative effect of the (benzonitrile-carboxylic acid) polar-polar association given by step 1v.

The trend in H_F at equimolar concentrations of (benzonitrile + carboxylic acid) mixtures is

given in Table 3.13.

Table 3.13  H_F at equimolar concentrations for the mixtures of (benzonitrile +a
carboxylic acid) at T=298.15 K

CARBOXYLIC ACID H_F/ (J-mol™)
Acetic acid 322.1
Propanoic acid 346.4
Butanoic acid 368.8
2-methylpropanoic acid 478.5
Pentanoic acid 4344
3-methylbutanoic acid 5493

The results of this work indicate that the longer the alkyl group of the carboxylic acid, the
weaker is the interaction with benzonitrile, and it appears as though the long alkyl groups
shield the carbonyl oxygen atom of the carboxylic acid from interaction. The results have
been interpreted by assuming n-w interactions to occur between lone-pair electrons of the
carbonyl oxygen atom and the & electrons of benzonitrile. The results also indicate that in the
case of the branched carboxylic acids, viz., 2-methylpropanoic acid and 3-methylbutanoic
acid, the increase in steric crowding due to the additional methyl groups, leads to an increase
in the excess enthalpy. A similar effect has been obtained by Letcher and Domanska (1994)
in their study of (acetonitrile + ether) mixtures. Letcher and Domarnska (1994) have reported
that acetonitrile forms a stronger association with a branched ether than a normal ether, and
have alluded to the fact that this could well be due to the inductive effect of the substituted

methyl groups increasing the electron density on the oxygen atom, resulting in an enhanced

n- 7 interaction.
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Comparative H*,, ., values for mixtures of (benzonitrile + heptane) (Tanaka et al., 1974) and
(acetic acid + heptane) (Nagata et al., 1975), obtained in the literature are found to be positive
and (< 1400 J-mol™) and (< 925 J'mol") respectively. The relatively small H_F values
obtained in this work (< 550 J'mol ™) suggest that a significant amount of cross association

takes place between the benzonitrile and carboxylic acid components.

The position of the maxima for H*_ (benzonitrile + acetic acid) shifts slowly to the
benzonitrile-rich region of the mole fraction scale as the methylation of acetic acid increases.
This could possibly be explained by the increase in both the acid dimerization constants as
well as increasing steric hindrance caused by additional methyl groups. In the case of the
dimerization constants, the increased values should reduce the number of (D-M) trimers in
equilibrium, and from the proposed four step equilibria, this leads to a decreasing endothermic
influence of the carboxylic acid components (steps i and ii) resulting in a slight shift of the

maxima to the benzonitrile-rich region of the mole-fraction scale.

The H,,* work already published involves mixtures of a strongly polar liquid (benzonitrile),
with non-polar or slightly polar aromatic and aliphatic compounds. The H_E (max) results
obtained are positive and range from ~ 1400 J-mol™ in the case of cyclohexanol to < 70 J-mol"
' in the case of the aromatic compounds. This could possibly be explained as follows: the
large H,* of mixtures of a polar liquid having a large dipole moment with an aliphatic liquid
is indicative of self association of the polar molecules. The smaller values of H.E for
mixtures of (polar liquid + aromatic liquid), than for mixtures of (polar liquid + aliphatic)

liquid are attributed to the dipolar stabilization of polar components in aromatic solution.
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CHAPTER 4

THE PHASE-EQUILIBRIUM PROBLEM

4.1 INTRODUCTION

Phase separation is a common industrial, physiological phenomenon and involves the transfer
of a substance from one phase to another. This occurs because when two phases are brought
into contact, they tend to exchange their constituents until the composition of each phase
attains a constant value, and when this state is reached, the phases are said to be in
equilibrium. The equilibrium composition of two phases are usually very different from one
another, and it is precisely this difference which enables us to separate mixtures by

distillation, extraction, and other phase-contacting operations. (Prausnitz et al., 1986).

The final, or equilibrium, phase composition depend on several variables, such as temperature
and pressure, and on the chemical nature and concentrations of the substances in the mixture.
Phase - equilibrium thermodynamics seeks to establish the relations among the various
properties (in particular, temperature, pressure and composition) which ultimately prevail
when two or more phases reach a state of equilibrium wherein all tendency for further change
has ceased. It is of special interest in chemistry and chemical engineering because so many
operations in the manufacture of chemical products consist of phase contacting : extraction,
adsorption, distillation, leaching and absorption are essential unit operations in the chemical
industry and an understanding of any one of them is based, at least in part, on the science of
phase equilibrium. Figure 4.1 below illustrates a typical industrial chemical process in which
separations are crucial to the whole process. In a typical large-scale chemical plant, the
financial investment for separation operations (Stages I and III) is approximately 50% of the

total cost. (Prausnitz et al., 1986).
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I I I
RAW PREPARATION| | REACTION| __|PURIFICATION
MATERIALS STAGE [k | STAGE [ | STAGE PRODUCT
l UNREACTED REACTANTS| | .o
UNDESIRED ~ ARE RECYCLED TO PRODUCTS
REACTANTS REACTOR

Figure4.1  Scheme of a Chemical Plant

Equilibrium properties are required for the design of separation operations, and these in turn,
are essential parts of the typical chemical plant, as shown in Figure 4.1. In this plant the
central part stage II is the chemical reactor or "heart" of the plant. But in addition a plant
needs a "mouth" (stage 1) and a "digestive" system (stage III). Prior to reaction, the reactant
must be prepared for reaction, since the raw materials provided by nature are usually mixtures.
Separation is often required to separate the desired reactants from other components that are
not necessary for, or may interfere with, the reactions. Down stream from the reactor,
separation is necessary to separate desired from undesired products and since reaction is not

normally complete, it is also necessary to separate the unreacted reactants for recycle.

4.1.1 The SASOL Process
In 1955 the South African Coal, Oil, and Gas Corporation (SASOL) commercialized the
production ofliquid fuels utilizing the Fischer-Tropsch technology (Mako and Samuel, 1984).

This SASOL I complex has evolved into the streaming of second generation plants known

as SASOL II and SASOL IIL

The SASOL I process shown in Figure 4.2 (a) combines fixed bed Ruhrchemie-Lurgi Arge
reactor units with fluidized-bed Synthol process technology. For SASOL 1, 16000 tons-day’
of coal is crushed and gasified with steam and oxygen. After a number of gas purification
steps In which by-products and gas impurities are removed, the pure gas is purified in both

fixed and fluidized-bed units simultaneously. Conversion to hydrocarbons is higher in the
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Synthol unit and the (H,/CO) ratio is also higher. Since the fixed bed Arge reactor favours the

formation of straight chain paraffins, there is greater production of diesel and wax fractions

than the Synthol unit.
Mine Caal »- Power station Air separation
Steam Oxygen
 J
Phenols = Lurgi gasification [—————1
NH;
Phenosolvan -4 - P Tar refining
Gas liguar Tar oils
To effluent treatment y Rawgas Tar products
~— Lurgi gas purification Rectisol
CO,
H,S Pure gas
85% H, + CO
13% CH,
2% N; + CO,
Hy+CO
| Lol
Sasol -
Fixed Fischer-Tropsch F;ghd
bed hydf_ocarbon Synthol
| synthesis processes — Fluld bed
Synthol
Tail gas +
Product recovery Methane CHy [ Product
to pipsline o ek
20 MJim® STP LPG reforming recovery
Y Gasoline { LPG
. Diesel 0 Steam i Ethylene
Product refinery > Fuel oils 2 Product ggsol;ne
Waxes refinery Fuel ails
Chamicals Jet fuel
() ® Chemicals

Figure4.2  Process flow sheet of (a) SASOL I and (b) the SASOL synfuel process for
SASOL II and SASOL III

SASOL I produces a vast array of chemical and fuel products including gasoline. Separation

of pure chemicals from mixtures by phase equilibria is an important part of the process.

The 1973 oil crisis resulted in the SASOL II unit, which started in early 1980. This was

followed by SASOL III, which was commissioned two years later. The combined annual coal
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production for SASOL II and III is approximately 25 x 10° tons, and these plants together
produce approximately 1.3 x 10* m’ (ie.80 000 barrels) of transportation fuels per day
(Baldwin, 1993 ). The SASOL synfuel process is shown in Figure 4.2 (b). The SASOL II and
I1I plants use only fluid-bed reactor technology, and extensive use of secondary catalytic
processing (alkylation, polymerization etc.) is practiced to maximize the production of
transportation fuels. Separation by phase equilibrium methods also plays an important part in

the production of chemicals.
4.2  ESSENCE OF THE PROBLEM

One needs to relate, quantitatively, the variables which describe the state of equilibrium of
two or more homogeneous phases which are free to interchange energy and matter. By a
homogeneous phase at equilibrium is meant any region in space where the intensive properties

(viz. temperature, density, pressure and composition) are everywhere the same.
Itisnecessary to describe the state of two or more phases which are free to interact and which
have reached a state of equilibrium. Then, given some of the equilibrium properties of the

two phases, the next task is to predict the remaining ones.

Figure 4.3 illustrates schematically the type of problem which phase equilibrium

thermodynamics seeks to solve. (Prausnitz et al, 1986).

P T
PHASE 8 )
X X X5 X g

PHASE o {
X lexan‘" Xy
Given:
MOLE FRACTIONS x;, 3,3 ,--~x%
ond T (or P)
Find:

MOLE FRACTIONS x*,x8,x},---x}
and P{orT)

Figure 4.3  Statement of Problem
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Now, suppose that two multicomponent phases a and 83, have reached an equilibrium state and
we are given the temperature T of the two phases and the mole fractions x,% x," ....., of phase
a. Our task, then, is to find the mole fractions x,°, x,® ..... of phase 83 and the pressure P of the
system. Alternatively, we might know x %, x,"..... and P and be asked to find x*, x,* ..... and
T, or the problem might involve still other combinations of known and unknown variables.
The number of intensive properties that must be specified to fix unambiguously the state of

equilibrium is given by the Gibbs phase rule. In the absence of chemical reactions, the phase

rule is:

Number of independent = Number of components

intensive properties - Number of phases + 2

To solve the problem illustrated in Figure 4.3 one turns to thermodynamics.

43  APPLICATION OF THERMODYNAMICS TO PHASE - EQUILIBRIUM
PROBLEMS

Thermodynamics provides the mathematical framework in which an abstract solution of the

phase - equilibrium problem is readily obtained.

The application of thermodynamics to phase equilibria in multi-component systems is shown

schematically in Figure 4.4 below. (Prausnitz et al., 1986).

ABSTRACT WORLD OF STEP I
MATHEMATICS AND - L
PURE THERMODYNAMICS SOLUTION OF MATHEMATICAL
PROBLEM
STEP I T ‘ ¢ STEPI
ﬁl PROJECTION OF TRANSLATION OF
PHYSICAL PROBLEM ABSTRACT RESULT
INTO ABSTRACT INTO TERMS OF
TERMS PHYSICAL SIGNIFICANCE
REAL WORLD
PROBLEM ANSWER

Figure4.4  Three-step application of thermodynamics to phase-equilibrium problems
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The real world and the real problem are represented by the lower horizontal line, while the
upper horizontal line represents the world of abstraction. The three-step application of
thermodynamics to a real problem consists of an indirect mental process, and instead of
attempting to solve the real problem within the world of physically realistic variables, the
indirect process first projects the problem into the abstract world, then seeks a solution within
that world, and finally projects this solution back into physical reality. The solution ofa phase
equilibrium problem using thermodynamics requires three steps: In step I, the real problem
is translated into an abstract mathematical problem; in step II a solution is found to the
mathematical problem, and in step III the mathematical solution is translated back into

physically meaningful terms.

The essential feature of step I is to define appropriate and useful mathematical functions to
facilitate step II. The goal of step II was achieved by the profound insight of Willard Gibbs,
who in 1875 defined such a function - the chemical potential. (Gibbs,1961).  The
mathematical solution of the phase - equilibrium problem is given by the remarkably simple
result, that, at equilibrium, the chemical potential of each component must be the same in

every phase.

In any problem concerning the equilibrium distribution of some component i between two
phases a and 3, we always begin with the relation

u® = 1., where u is the chemical potential

Although it can be seen that chemical potential provides a concise condition of equilibrium,
unfortunately the chemical potential does not have an immediate equivalent in the physical
world and it is therefore desirable to express the chemical potential in terms of some auxiliary
function which might be more easily identified with physical reality. Such a function is
supplied by the concept of fugacity, and in addition will facilitate certain calculations involved

with phase and chemical equilibrium (Kyle, 1984).

In attempting to simplify the abstract equation of chemical equilibrium, G N Lewis first
considered the chemical potential of a pure, ideal gas and then generalized to all systems the
result he obtained for the ideal case (Lewis and Randall, 1961). Now, for a pure substance

i, the chemical potential is related to the temperature and pressure by the differential equation.
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du, = -sdT + vdP (4.1)
where s, = molar entropy

v, = molar volume

o,

oP

From 4.1

i

Substituting the ideal - gas equation

RT
v, = ==
' P

>

and integrating at constant pressure yields:

wo=p; + RT (n £ (4.2)

PO

Equation (4.2) implies that for an ideal gas, the change in chemical potential in isothermally
going from pressure P° to pressure P, is equal to the product of RT and the logarithm of the
pressure ratio P/P°. Hence at constant temperature, the change in the abstract, thermodynamic

quantity p is a simple logarithmic function of the physically real quantity, pressure.

However, equation (4.2) is valid only for pure, ideal gases. To generalize equation (4.2),
Lewis defined a function f; called the fugacity, by writing for an isothermal change for any

component in any system, whether solid, liquid or gas, pure or mixed, ideal or not,

po=up’ + RT n £ (4.3)

f}O

While either 4 or f;° is arbitrary, both may 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 its partial pressure y,P. Since all systems pure or mixed approach

ideal - gas behaviour at very low pressures, the definition of fugacity is completed by the
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limit.

i-~1asP-~O (4.4)
y.P

where y, is the mole fraction of

Lewis called the ratio f/f°, the activity, designated by the symbol a. The activity of a substance
gives an indication of how "active" a substance is relative to its standard state since it provides
a measure of the difference between the substances chemical potential at the state of interest
and that at its standard state. The ideal gas is not only a limiting case for thermodynamic
convenience but corresponds to a well developed physical model based on the kinetic theory
of matter. The concept of fugacity, therefore, helps to make the transition from pure
thermodynamics to the theory of intermolecular forces; if the fugacity is a "corrected
pressure”, these corrections are due to nonidealties, which possibly can be interpreted by
molecular considerations.

For phases a and B, respectively, equation (4.3) reduces to

A

# =+ RT In (4.5)
A
f-ﬂ
and uf=p*+RT M ;ﬂ (4.6)
A
Substituting (4.5) and (4.6) into the equilibrium relation p2 = u# yields:-
¥
4+ RT s =u”+RT th f; 4.7
foa /ioﬂ

Now consider two cases. Firstly, suppose that the standard states for the two phases are the

same, that is suppose x,°* = u*. (4.8)
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It then follows that (4.7) reduces to:-

o= (4.9)
Equations (4.7), (4.8) and (4.9) give a new form of the fundamental equation of phase
equilibrium, that is

fr=f (4.10)

Secondly, suppose that the standard states for the two phases are at the same temperature, but
not at the same pressure and composition. In this case we use an exact relation between the

two standard states:

o
i

u=u? +RT tn fl (4.11)

in/f

Substituting (4.11) into (4.7), we have again
fr=r (4.10)

Equation (4.10) tells us that the equilibrium condition in terms of chemical potentials can be
replaced without loss of generality by an equation which says that for any species 1, the
fugacities must be the same in all phases. The condition that the activities must be equal

holds only for the special case where the standard states in all phases are the same.

Now if phase a is vapour and /3 is liquid, equation (4.10) is rewritten in terms of the vapour
phase fugacity coefficient ¥, the liquid phase activity coefficient y,, and the liquid phase
reference fugacity f:

YxP=yxPfe i =12,...N (4.12)

where N is the total number of components in the mixture.

If both phases are liquid, ie. mole fraction given by x,* and x,%, equation (4.10) is now given
by:
x5y = xlyf i=12,..N (4.13)

At pressures up to a few atmospheres, the fugacity coefficients and reference fugacities are

readily calculated using the virial equation in conjunction with second virial coefficients
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obtained from experimental information or generalized correlations.

In reality, at these low pressures ¥, is often nearly unity and f? is nearly the pure component
vapour pressure at the same temperature as the mixture. Therefore, to answer the question
stated 1n connection with the phase equilibrium problem, one is left with the problem of
establishing a relation for the activity coefficients as function of composition x, and

temperature T (Fredenslund et al, 1977).
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CHAPTER 5

LIQUID-LIQUID EQUILIBRIUM

5.1 INTRODUCTION

Liquid-liquid extraction in its simplest form is a process for separating two components in
solution by their distribution between two immiscible liquid phases, after the addition of a
third component. The liquid which is added to the solution to bring about the extraction is
known as the solvent or entrainer. This solvent takes up part of the components of the
original solution and forms an immiscible layer with the remaining solution. The solvent
layer is called the extract, and the other layer composed of the remainder of the original

solution plus some of the solvent, is termed the raffinate (Peters, 1984).

The separation of the components of a liquid mixture by treatment with a solvent in which one
or more of the desired components is preferentially soluble is known as liquid-liquid
extraction - an operation which is used for example, in the processing of cool tar liquids and
in the production of fuels in the nuclear industry, and which has been applied extensively to
the separation of hydrocarbons in the petroleum industry (Coulson et al., 1985). In the
operation 1t is essential that the liquid - mixture feed and solvent are at least partially if not

completely immiscible, and in essence, three stages are involved:

a. bringing the feed mixture and the solvent into intimate contact,
b. separation of the resulting two phases,
C. removal and recovery of the solvent from each phase.

extraction solvent
component (3)
extract
mixture
components (1) + (2) raffmate

Figure 5.1  Principle of liquid-liquid extraction
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5.2 USES FOR LIQUID-LIQUID EXTRACTION

Liquid-liquid extraction is used primarily when distillation is impractical or too costly to use.
It may be more practical than distillation when the relative volatility for two components falls
between 1.0 and 1.2. In addition, liquid extraction may be more economical than distillation
or steam-stripping a dissolved impurity from waste-water when the relative volatility of the
solute to water is less than 4 (Perry and Green, 1997). An investigation by Robbins (1980)
has found that liquid-liquid extraction was economically more attractive than carbon-bed or
resin-bed adsorption as a pretreatment process for waste water detoxification before
biotreatment. In other cases the components to be separated may be heat sensitive like
antibiotics, or relatively nonvolatile like mineral salts, and liquid-liquid extraction may

provide the most cost effective separation process. An extraction process usually requires:

1. liquid-liquid extraction
il. solvent recovery
1il. raffinate desolventizing (or separation)

Several cases of cost-effective liquid-liquid extraction processes have been employed in the
chemical industry. Examples include the recovery of acetic acid from water using ethyl ether
or ethyl acetate (Brown, 1963), in the separation of aromatics from aliphatics, the extraction
solvent tetraethylene glycol is used (Symoniak et al., 1981). Other extraction solvents used
in liquid-liquid extraction include sulfolane, N-methyl-2-pyrrolidone, quinoline and dimethyl

sulfoxide.

5.3  PREFERRED PROPERTIES OF SOLVENTS TO BE USED FOR LIQUID-
LIQUID EXTRACTION

5.3.1 Selectivity

The selectivity or relative separation, w, of a solvent is a measure of the ability of a solvent
to separate a mixture into its individual components (Perry and Green, 1997). The selectivity
is defined as the ratio of the mole fraction of two components in one phase, divided by the

ratio of the mole fractions of the same two components in the other phase, and is given by:
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w= (x2/x1)phasel / (x2/xl)phase 25 5.1

Where x, and x, refer to the mole fractions of the components to be separated. The separation
power of a liquid-liquid system is governed by the deviation of the selectivity w, from unity.
For an effective separation of components between the two liquid phases, w, must be greater
or less than unity, whereas for w = 1, no separation is possible, ie. the composition of both
phases is identical. At the plait point the selectivity is 1. For a few systems w tends to be
substantially constant, though more usually it varies with concentrations (Coulson et al.,

1985).

5.3.2 Distribution Coefficient

The distribution coefficient (or partition coefficient) is another useful parameter, and is
defined as the mole fraction of solute in the extract phase divided by the mole fraction of the

same solute in the raffinate phase, at equilibrium (Perry and Green, 1997).

K="z - (5.2)
X2

Where x,;, 1s the mole fraction of component 2 in the phase that is rich in component 3 and x,,
1s the mole fraction of component 2 in the phase that is rich in phase 1. The distribution
coefficient, K, for a chosen solute should preferably be high, so that a low ratio of extraction

solvent to feed solvent may be utilized for an effective liquid-liquid separation.

5.3.3 Recoverability

The extraction solvent should be easy to recover from the extract stream as well as the
raffinate stream after the extraction process. Since distillation is often used, the relative
volatility of the extraction-solvent to non-solvent components should be significantly greater

or less that unity. The relative volatility, x,; is defined as (Coulson et al., 1985):
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I
X3 = EITAN (5.3)

By,

Where P, and P; are the vapour pressures of the two components to be separated using
distillation and y, and y; are the respective activity coefficients of the two components. The
relative volatility ratio has the same significance in distillation as the selectivity ratio has in

extraction.

5.3.4 Capacity

This property refers to the maximum loading of solute per mole fraction of solvent in the
extraction solvent-rich phase (Perry and Green, 1997) and is an indication of the magnitude
of the two-phase envelope that will form for a particular system. The formation of a two-
phase mixture is crucial to the usage of liquid-liquid extraction processes. For a Type 1
system, ie. a system in which only one of the binary pairs is immiscible, capacity data is
deduced from the plait point in a ternary diagram and at the solubility limit for a Type II
system (system in which fwo of the binary pairs are immiscible). For an extraction solvent or
entrainer of high capacity, small quantities of it would be needed for efficient separation
(Treybal, 1963). It must be noted that selectivity and capacity are generally inversely related
and in choosing a suitable entrainer there is a trade-off between selectivity and capacity

factors.

5.3.5 Solvent Solubility

A low solubility of the extraction solvent (compound 1) in one of the components
(compounds 2 or 3) is desirable (Perry and Green, 1997). A low solubility of feed solvent in

the extract or raffinate leads to a high relative separation and, generally to low solute recovery

COsts.

A ternary phase diagram with a large two-phase region implies a relatively high mutual
insolubility of the three components in the ternary mixture. This is an advantage as the useful
composition range over which the extraction solvent or entrainer can be utilized is large (See

Figure 5.2).
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mixtures that cannot

be separated using
€ liquid-liquid

extraction

mixtures that can be
separated using >
liquid extraction

4

3 1

(2) (b)

Figure 5.2 (a) Ternary liquid-liquid phase diagram with a small two-phase
(envelope) region. (b) Ternary liquid-liquid phase diagram region with
a large two-phase (envelope) region.

In Figure 5.2b there is a large composition range of mixtures of 2 and 3 which can be
separated, whereas in Figure 5.2a a much narrower range of composition of mixtures of 2 and
3 can be separated by liquid-liquid extraction. An example of a system showing Figure 5.2b

type behaviour is the system [sulfolane + benzene + decane], reported by Letcher ef al.(1996)

5.3.6 Density

The difference in densities between the two liquid phases (conjugate phases) in equilibrium
affects the counter current rates that can be achieved in extraction equipment as well as the
coalescence rates (Perry and Green, 1997). Ideally there should be a large difference in the

densities of the conjugate phases to ensure a rapid disengagement of phases (Rawat et al.,

1972).

5.3.7 Viscosity

In general, liquids which possess the highest solvent power, yield solutions of lowest viscosity
and the fluidity of a solution is an indirect measure of the solvent power of the solvent (Rawat

et al., 1972).

Many poor solvents become better solvents on being mixed with other components, whilst
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on the other hand addition of certain components to solvents, result in loss of solvent
properties. It is found that liquids having small molecules are better dispensing media and
give solutions of low viscosity. After the given solvent is loaded with a certain amount of

hydrocarbons, it loses its selective properties.
5.3.8 Interfacial Tension

A good extraction solvent should have a high interfacial tension (Lo et al., 1982). This

promotes rapid coalescence and ensures the rapid disengagement of the two phases.
5.3.9 Toxicity

Low toxicity from solvent-vapour inhalation or skin contact is essential as with modern
industrial plants, where conditions in the work place must today conform to high standards.
In addition, for aqueous systems, when extraction is used as a pretreatment for waste water
before it enters a biotreatment plant and with final effluent discharge to a stream, lake or out
to sea, low toxicity to fish and bioorganisms is vital. It is often found that solvent toxicity is

low when water solubility is high (Perry and Green, 1997).
5.3.10 Chemical Characteristics

Rawat et al., (1972) have reported that most good extraction solvents are small in molecular
size with functional groups arranged in such a way that high polarity results. Prausnitz and
Anderson (1961) also point out that selectivity dependé primarily on the difference in molar
volumes of the hydrocarbons to be separated and on the polar energy density of the solvents.
In cases where chemical effects are important or where the molar volumes of the
hydrocarbons to be separated are only slightly different, selectivity also depends on the
relative ability of the hydrocarbons in acting as electron donors and on the ability of the
solvent to act as an electron acceptor in forming acid-base complexes. The molecular volumes

of good extraction solvents should be low, ie. less than 150 cm®mol™” (Rawat et al., 1972).

An extraction solvent should also have the following characteristics (Rawat et al., 1972):
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. high boiling point

. low melting point

. density range 1.0 to 1.3 g'em™

. high thermal and chemical stability
. it should be non-corrosive

. low latent heat and specific heat

5.3.11 Availability and Cost

Another important factor which determines the economic viability of liquid-liquid extraction
potential of a prospective solvent is its ease of availability and unit cost. The latter factor is

particularly important if high solvent loading is to be used to attain high efficiency.
54  REPRESENTATION OF TERNARY LIQUID-LIQUID EQUILIBRIA
5.4.1 The Phase Rule

In one of the most elegant calculations in the field of chemical thermodynamics, J W Gibbs
deduced the phase rule which is a general relation between the variance (or number of degrees
of freedom) F, the number of components C, and the number of phases P at equilibrium for
a system of any composition:

F=C-P+2 (5.4)
The variance F of a system refers to the number of intensive variables that can be changed
independently without disturbing the number of phases in equilibrium. For a three component
system (this work):

F=5-P (5.5)

Holding the temperature and pressure constant leaves two degrees of freedom, viz. the mole

fraction of two of the components.
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5.4.2 Triangular Phase Diagrams

One of the best ways of showing how phase equilibria vary with the composition of the
systemis to use a triangular phase diagram. The currently used geometrical representation was
introduced by Roozeboom in 1894. He introduced the equilateral “Gibbs triangle” with lines

ruled parallel to each side.

The mole fractions of the three components of a temary system (C = 3) satisfy:
Xptxgtxc=1 (5.6)
A phase diagram drawn as an equilateral triangle ensures that this property is satisfied
automatically because the sum of the distances to a point inside an equilateral traingle
measured parallel to the edges is equal to the length of the side of the triangle, and that side

may be taken to have unit length.

In this work ternary liquid-liquid equilibria data are represented on triangular diagrams as

shown in Figure 5.3.
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Figure 5.3  Representation of ternary liquid-liquid equilibrium data using a
triangular phase diagram.

In the ternary phase diagram above the region below the binodal curve indicates the mixtures

that are not completely miscible, and results in the formation of two separate phases. The area
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above the binodal curve indicates the area where the three components are completely
miscible (single phase) and therefore no phase separation occurs. The tie-lines in the two
phase regions are constructed experimentally by determining the compositions of the two
phases (conjugate) that are in equilibrium, and marking the points on a phase diagram (see
Figure 5.3). The line joining the two points is the tie line. The locus of the tie-line extremities
is the binodal curve. The plait (or critical) point is a point on the binodal curve where the

composition of the two phases in equilibrium become identical.

5.4.3 Classification of the Equilibrium (Binodal) Curve in a Ternary System

There is a greater variety of binodal (equilibrium) curves for a ternary system, than for a
binary system (Novak et al., 1987). The system can be divided into three basic groups whose

combinations yleld the remaining more complicated types.

The first group includes systems containing only two-phase regions formed from the

corresponding binary systems, as shown in Figure 5.4.

Figure 5.4  Basic types of Ternary Systems with a two-phase region.

The second group consists of systems with a three-phase region, illustrated in Figure 5.5

below.
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Figure 5.5  Basic types of Ternary Systems with a three phase region.

The third group represents systems with a closed limited miscibility region (island curve) as

in Figure 5.6 below.

Figure 5.6 A system with a closed limiting miscibility curve (island curve).

A ternary system consists of three binary systems, and if only one binary pair is not
completely miscible (or heterogeneous), then a ternary diagram such as that represented in
Figure 5.4a is obtained. Systems in which two of the binary pairs are not completely miscible
are shown in Figures 5.4b and 5.4d. Temary systems with all three binary pairs not
completely miscible are shown in Figures 5.4c, 5.4e and 5.5¢c. An example of a system with
all three binaries completely miscible, but having a closed limiting miscibility (two-phases)

curve or island curve is shown in Figure 5.6.

Treybal (1963), designated those systems represented by Figure 5.4a as Type I systems, and
systems shown in Figure 5.4d as Type II. Figure 5.5¢ represents a Type III system, that is a
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ternary system in which all of the binary pairs are immiscible, according to this scheme.
According to Sorenson ef al.(1979) most of ternary systems reported in the literature are of

Type 1. In this work, all of the systems studied are of Type I.

5.5 EXPERIMENTAL TECHNIQUES

5.5.1 Introduction

In principle the measurement of phase equilibria involves simply the measurements of
pressure, temperature, phase compositions and phase amounts. In practice, however, it is not
a simple matter to obtain experimental data of high accuracy. Care must be taken to assure
that equilibrium really exists, that the temperature and pressure are measured at the position
where equilibrium really exists, and that the taking of samples for analysis does not disturb

the equilibrium appreciably (Walas,1985).

5.5.2 Determination of The Binodal Curve in a Ternary System

5.5.2.1 The Titration Method

Although the binodal curve does not yield complete information on phase equilibria since it
defines only the heterogeneous region, it can be used to determine the composition of the
conjugate phases when other properties of the system studied are known (Novak ez al., 1987).
The usual or classical method of determining the tie-lines and the binodal curve is to make
a lot of mixtures of unlimited miscibility, let them reach equilibrium, analyse each of the
layers by GLC, and then mark the concentrations of the liquids in equilibrium. Joining all the
experimental points relating to a system in equilibrium gives the tie-lines, and joining all the
points gives the binodal curve on a ternary graph. In this work the titration method, adapted
from that of Briggs and Comings (1943), and modified by Letcher et a/.(1989), was used.
Here the binodal curve was first determined, followed by an analysis using refractive index

or density, in order to determine the tie-lines.

A number of mixtures of substances with unlimited miscibility (1+2) or (2+3) are prepared -

see Figure 5.7. Then the third, or first component is added to a known amount of the mixture
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from a microburette until the appearance of turbidity occurs. If, for example, one begins with
mixture B in Figure 5.7, addition of substance 3 leads to movement along line B 3 and
turbidity occurs for a mixture with composition corresponding to point B°. If component 1
is added to mixture F, then, point F° is obtained. Thus from a knowledge of the amounts of
substances required for phase separation, the binodal curve is constructed. The titration
method was developed for the situation when one of the three components is a non-volatile

liquid and hence difficult to analyse by GLC.

Figure 5.7  Determination of the binodal curve by the titration method

5522 The Direct Analytical Method

In the direct analytical method, a procedure (useful for systems with greater numbers of
components) mixtures whose overall compositions lie in the two phase (heterogeneous) region
are made up. The heterogeneous mixture is then stirred vigorously for a sufficiently long time
at constant temperature, and, after phase separation, samples are taken for analysis. Here
conditions are rather more complicated than in binary systems, as the content of at least two
(and in general N-1) components must be determined in each phase. The analytical
determination of the tie lines is carried out using a combination of various physical and

chemical methods. Gas chromatography can be used successfully here (Moriyoshi et al.,
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1989). The tie lines are determined directly (the composition of the two phases being
determined by peak area comparison) and there is no need to determine the tie-lines
separately. The binodal curve is thus drawn through the extreme points on each of the tie-

lines.

In practice, liquid-liquid equilibria for systems containing more than three components can

only be measured by the direct analytical method (Novak et al., 1987)

5.5.3 Determination of the Tie-lines in Ternary Systems Using the Binodal Curve
5.5.3.1 Introduction

If the shape of the binodal curve and further properties are known (eg. refractive index,
density), measurement of these properties in the equilibrium phase permits determination of
the éorresponding position on the binodal curve and thus the tie-line can be found. Otherwise,
it is sufficient to determine the concentration of only one of the components in both phases,

which yield their composition.

5532 Karl-Fisher titration

As an alternative to the refractive index method, the tie-lines could also be obtained using the
Karl Fischer method, provided one of the components is water (Skoog et al.,1991) In this
method the Karl Fischer reagent is used to titrate against the water in each phase. In this way
the aqueous content of each phase can be determined, and these are then located on the

binodal curve and the corresponding tie-lines drawn.

There are several variations of the basic technique depending upon the solubility of the

material, the state in which water is retained and the physical state of the sample.

5533 Laser-light scattering technique

A fairly recently developed laser light scattering technique is available for the determination

of mutual solubilities in liquid systems (Benjamin et al.,1993). A schematic diagram of the
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apparatus is shown in Figure 5.8.
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Figure 5.8 A schematic diagram of apparatus for mutual solubility measurements.
[(1) equilibrium vessel (pressure glass with film heater), (2) stirrer chip, (3) light
sensor (selenium cell), (4) magnetic stirrer, (5) optical system (He-Ne laser), (6)
thermometer, (7) digital multimeter, (8) personal computer]

From a plot of intensity of light scattering versus temperature of sample under investigation,

the experimental cloud point could be determined and the solubility curve obtained.

5534 Method based on Mass Balance and the Lever Rule

The method based on mass balance and the lever rule permits determination of the tie-lines
without analysis (Novak et al., 1987). A heterogeneous mixture is prepared with a
composition corresponding eg. to a point N (Figure 5.9). Both co-existing phases are then
separated in a thermostatted separating funnel and weighed. Assuming for eg. that the turbid
phase richer in substance (1) is present in twice the amount of the turbid phase richer in

substance (3).

A scale 1s prepared to assist in the evaluation (here in a ratio of 1:2 see Figure 5.9). Point O
1s placed over point N and the scale is turned until a position is found such that the same
numerical value is obtained on both branches at points intersecting the binodal curve. Care

should be taken that the binodal curve is plotted in mass fractions as the masses of both
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phases are compared in the experiment.

N

W

Figure 5.9  Application of the lever rule to determination of the compositions of the

equilibrium phases (tie-lines) when the binodal curve is known

5.5.4 Determination of the critical point (plait point) in three component systems

5.5.4.1 The Coolidge method

In this method the critical point is found geometrically by extrapolating the experimental tie-

lines. Coolidge recommends constructing two triangles on each tie-line (see Figure 5.10),

whose sides are parallel with those of the concentration triangle (Washburn,1928). A smooth

curve connecting the apices of the triangle passes through the binodal curve in the critical

point K.
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Figure 5.10 Determination of the critical point by the Coolidge method

In non-symmetrical systems, the curve obtained intersects the binodal curve at a small angle,
and determination of the intercept is quite imprecise. It is then preferable to construct
isosceles triangles above and below the tie-line with arms equal to between 60 and 75% of the

length of the tie line (depending on the size of the triangle).

5.542 The Trevbal method

The Treybal method (1946) involves obtaining a linear plot of

" ’

X

X

log |—| wslog (5.7)

X, 3

where in the case of the acetonitrile-carboxylic acid-heptane system, for example:

x," = mole fraction of carboxylic acid in the acetonitrile-rich phase
x,’ = mole fraction of carboxylic acid in the heptane-rich phase
x; = mole fraction of heptane in the heptane-rich phase

X, = mole fraction of acetonitrile in the acetonitrile-rich phase
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A curve results from the plot of log where x|, x, and x; are the mole

fractions of a carboxylic acid, acetonitrile, and heptane respectively, for a point on the binodal

curve.

The plait point is then given by the intersection of the plot of

n !

X X
log— vs log—
X, X,

: ! Xy
with log— vs log—
x x

2 3

5.6 EXPERIMENTAL SECTION

5.6.1 Samples used

The purities of all the chemicals were determined using gas-liquid chromatography (GLC).
The carboxylic acids, viz. acetic acid, propanoic acid, butanoic acid, 2-methylpropanoic acid,
pentanoic acid, 3-methylbutanoic acid; the nitrile compounds, viz. acetonitrile, benzonitrile,
butanenitrile; as well as heptane and cyclohexane were all stored under 4A molecular sieves
before use. Analysis for moisture content by the Karl-Fischer technique showed that in all
cases the water content was less than 0.01 mass %. Milli-Q purified water was used in all

cases. A summary of the materials, their suppliers and purities, used in this work is given in
Table 5.1
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Table 5.1 Materials used, their suppliers and mass % purities
COMPOUND SUPPLIER MASS % PURITY

acetic acid Acros 99.5
propanoic acid Acros 99
butanoic acid Acros 99
2-methylpropanoic acid Acros 99
pentanoic acid Acros 99
3-methylbutanoic acid Acros 99
acetonitrile Sigma Aldrich > 99.5
benzonitrile Fluka 99
heptane Sigma Aldrich > 99.5
cyclohexane BDH Chemicals 99

5.6.2 Procedure

In this study, the "method of titrations", that is a method adapted from that of Briggs and
Comings (1943) and developed by Letcher et al. (1989) was used to determine the ternary
liquid-liquid equilibrium data. Here the binodal curve is first obtained and the tie-lines are
then determined. The points on the binodal curve were obtained in the following way:- a
mixture of two of the miscible components, that is (a nitrile + a carboxylic acid) were
prepared accurately by weighing. The mixtures were then left to equilibrate in a stirred water
bath maintained at 298.15 K + 0.01 K, by means of a Tronac temperature controller used in
conjunction with a calibrated Hewlett-Packard quartz thermometer, for at least an hour. The
third component, viz. hydrocarbon (or water), was then added dropwise from a weighed gas
tight syringe until the mixture turned cloudy. The syringe was then weighed again to
determine the mass of the hydrocarbon (or water) added. To ensure the maintenance of only
one phase for refractive index measurements, a measured drop of carboxylic acid was added
in each-case. At the hydrocarbon-rich (or water-rich) end of the binodal curve the binary

mixture was made up of hydrocarbon (or water) and an acid, and the third component added

was the nitrile.

The refractive index of the clear mixture was then measured using a Bellingham and Stanley
RFM 90 refractometer set at 25.5° C for all the ternary systems. A standard "calibration

curve" for each system was obtained by relating the refractive index of each mixture on the
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co-existence curve, to acomposition which was determined by dropping a perpendicular from

the co-existence curve to the nitrile mole fraction axis.

The tie-lines were determined from carefully made up solutions in the immiscible regions of
the phase diagram. The samples were then well shaken and left in a controlled water bath at
298.15K +0.1 K forat least 24 hours to facilitate phase separation and to ensure equilibrium.
Samples of the separated phases were then withdrawn using warmed, gas tight syringes and
analysed immediately using the refractive index method. The refractive indices of the
different phases were then related to compositions on the binodal curve by linear interpolation
of the refractive indices against the nitrile axis using Figure 5.11(b). Each tie-line was
checked to ensure that the line joining the two points representing the compositions of the

solution pairs at equilibrium, passed through the composition of the overall mixture.

(a)
mole fraction of nitrile
(b)
3 bemmo
<] !
= ’
(=1 1]
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k=] .
E :
@ ]
& :
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]
]
{
X
mole fraction of nitrile

Figure 5.11 The refractive index method for drawing tie-lines using 5.1 1(a) the
binodal curve and 5.11(b) the calibration curve
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5.7 FITTING MATHEMATICAL EQUATIONS TO THE BINODAL CURVE
DATA

For a ternary liquid mixture with only one pair of immiscible liquids, the equation of Hlavaty
(1972) has until fairly recently been the only successful method in fitting an equation to the

binodal curve.

Three equations have been fitted to the ternary data for each system following the work of

Hlavaty (1972).

The coefficients A, relate to a modified Hlavaty equation :
X, = Axpdnxy + Apxglnxg + AsXpxp (5.8)
Unfortunately, the independent variables are highly correlated and slight changes in binodal

curve data produce large changes in the magnitudes of the coefficients A,, A, and A,.

A better fitting equation proposed by Letcher ef al. (1989), which does not suffer from this
disadvantage is the B-density function equation. The coefficients B, relate to a B-function
equation:

x,= B, (1 -x,)% x,* (5.9

Another equation also proposed by the same workers (Letcher et al., 1986), which does not
suffer the disadvantage of being highly correlative is, the logarithmic-gamma equation. This
equation was chosen because the binodal curves are similar in shape to the densities of the
logarithmic-gamma distribution which have been obtained by Schultz and Crouse (1973), to
describe the distribution of mass fractions of a body subjected to successive random divisions

of its randomly divided parts. The coefficients C, relate to the log y equation:

X2 = Cy (-bnx)“x, & (5.10)
where x, = (e, +0.5x, - x5 - x; /(x,,° - x,9) (5.1
Xp = Gen” - x, - 0.5x)/(x,,° - x,°) (5.12)

and in the case of the ternary system (acetonitrile + a carboxylic acid + heptane)for instance
x, refers to the mole fraction composition of the acetonitrile, x, refers to the mole fraction of
a carboxylic acid and x,,° and x,° are the values of x, on the binodal curve which cuts the x,

= 0 axis and have been used to summarize the binodal curve data.
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Equations 5.10 - 5.12 have been fitted to the binodal curves with the standard deviations o.

This is defined as :

o = [ [x:(cale) —x:(exp)]’ /(n-3)]" (5.13)

where n is the number of data points and 3 is the number of estimated coefficients. (Sen and
Srivastava,1990). The standard errors is defined by Sen and Srivastava (1990) as the square

root of the variance of the estimated coefficients.
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58  EXPERIMENTAL RESULTS

The experimental liquid-liquid equilibrium data are presented in the following order:

5.8.1 [Acetonitrile (1) + a Carboxylic Acid (2) + Heptane (3)] at 298.15 K.
5.8.2 [Acetonitrile (1) + a Carboxylic Acid (2) + Cyclohexane (3)] at 298.15 K.
5.8.3 [Benzonitrile (1) + a Carboxylic Acid (2) + Water (3)] at 298.15 K.

5.8.4 [Butanenitrile (1) a Carboxylic Acid (2) + Water (3)] at 298.15 K.

In each case a carboxylic acid refers to (acetic acid or propanoic acid or butanoic acid or 2-

methylpropanoic acid or pentanoic acid or 3-methylbutanoic acid).

The main purpose of this section is to investigate the use of nitriles as solvent extractors in

the separation of :

° carboxylic acids from alkanes
° carboxylic acids from cycloalkanes
° carboxylic acids from water.

For each section tables of results for binodal curve data, calibration curve data, distribution

curve data, as well as ternary phase diagrams are presented.
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5.8.1 Liquid-liquid equilibria for mixtures of [Acetonitrile + a Carboxylic acid +
Heptane] at 298.15 K

Table 5.2 Physical Properties of the Pure Components at 298.15 K; Molar Volumes,

V_..» Refractive Indices, n,, Volume and Surface Parameters, R and Q.
Ip,

Component vV /em’. mol'?  exp lit.? R? o°

acetonitrile 52.87 1.3413 1.3416 1.870 1.724
acetic acid 57.53 1.3697 1.3698 2.202 2.072
propanoic acid 74.97 1.3846 1.3843 2.877 2,612
butanoic acid 92.43 1.3955 1.3958 3.551 3.152
2-methylpropanoic acid 93.44 1.3913 1.3917 3.550 3.148
pentanoic acid 109.29 1.4064 1.4060 4.226 3.692
3-methylbutanoic acid 110.54 1.4019 1.4022 4.225 3.688
heptane 147.47 1.3851 1.3851 5.174 4.396

“ Riddick et al. (1986). ° Gmehling et al. (1993)
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Table 5.3 Compositions of Points on the Binodal Curve at 298.15 K for the systems:
[Acetonitrile (1) + a Carboxylic Acid (2) + Heptane (3)], Equilibrium
Mole Fraction, x,, and x,

X, X, X, X,
Acetic Acid

0.956 0.004 0.103 0.786
0.942 0.017 0.051 0.780
0.915 0.041 0.023 0.702
0.824 0.133 0.180 0.706
0.743 0.216 0.011 0.560
0.689 0.270 0.007 0.388
0.598 0.362 0.006 0.305
0.504 0.448 0.005 0.211
0.400 0.547 0.004 0.060
0.252 0.682 0.003 0.014
0.191 0.732

Propanoic Acid

0.952 0.010 0.362 0.385
0.943 0.016 0.329 0.380
0.928 0.031 0.270 0.361
0.844 0.110 0.216 0.330
0.768 0.178 0.161 0.288
0.715 0.222 0.113 0.225
0.621 0.290 0.070 0.145
0.511 0.353 0.038 0.062
0.441 0.377 0.019 0.004
Butanoic Acid
0.951 0.011 0.335 0.289
0.917 0.046 0.255 0.264
0.854 0.095 0.186 0.234
0.787 0.145 0.124 0.184
0.742 0.179 0.082 0.140
0.649 0.238 0.034 0.065
0.506 0.292 0.006 0.004
0.401 0.299
2-Methylpropanoic Acid

0.953 0.008 0.345 0.293
0.945 0.014 0.264 0.275
0.925 0.032 0.190 0.248
0.858 0.093 0.152 0.223
0.788 0.147 0.114 0.186
0.737 0.179 0.064 0.131
0.642 0.237 0.031 0.064
0.511 0.284 0.013 0.009

0.411 0.298



Chapter 5 : Liquid-Liquid Equilibrium 128

Pentanoic Acid

0.956 0.004 0.376 0.269
0.946 0.012 0.298 0.261
0.935 0.025 0.223 0.239
0.874 0.072 0.145 0.201
0.806 0.122 0.120 0.181
0.774 0.143 0.075 0.135
0.755 0.156 0.036 0.070
0.663 0.205 0.007 0.005
0.519 0.250

3-Methylbutanoic Acid

0.966 0.004 0.455 0.265
0.947 0.012 0.377 0.270
0.939 0.024 0.224 0.244
0.875 0.079 0.153 0.202
0.807 0.126 0.095 0.151
0.759 0.158 0.047 0.084
0.665 0.205 0.009 0.006

0.529 0.250
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Table 5.4 Calibration Curve Data at 298.15 K for the systems : [Acetonitrile (1) +
a Carboxylic Acid (2) + Heptane (3)], Equilibrium Mole Fraction, x,,
Refractive Index, n,,

X 0p X np
Acetic Acid
1.000 1.3413 0.252 1.3666
0.956 1.3444 0.191 1.3678
0.942 1.3458 0.103 1.3691
0915 1.3469 0.051 1.3704
0.824 1.3505 0.023 1.3736
0.743 1.3533 0.180 1.3762
0.689 1.3550 0.011 1.3773
0.598 1.3579 0.006 1.3782
0.504 1.3602 0.003 1.3829
0.400 1.3631 0.000 1.3851
Propanoic Acid
1.000 1.3413 0.362 1.3744
0.952 1.3455 0.329 1.3756
0.943 1.3465 0.270 1.3770
0.928 1.3476 0.216 1.3787
0.844 1.3531 0.161 1.3801
0.768 1.3578 0.113 1.3816
0.715 1.3603 0.070 1.3827
0.621 1.3648 0.038 1.3834
0.511 1.3692 0.019 1.3842
0.441 1.3712 0.000 1.3851
Butanoic Acid

1.000 1.3413 0.335 1.3801
0.951 1.3462 0.255 1.3811
0.917 1.3502 0.186 1.3821
0.854 1.3556 0.124 1.3829
0.787 1.3607 0.082 1.3834
0.742 1.3638 0.034 1.3839
0.649 1.3676 0.006 1.3849
0.506 1.3746 0.000 1.3851

0.401 1.3779
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2-Methylpropanoic Acid

1.000 1.3413 0.345
0.953 1.3460 0.264
0.945 1.3466 0.190
0.925 1.3485 0.152
0.858 1.3539 0.114
0.788 1.3587 0.064
0.737 1.3621 0.031
0.642 ' 1.3669 0.013
0.511 1.3723 0.000
0411 1.3746
Pentanoic Acid

1.000 1.3413 0.376
0.956 1.3460 0.298
0.946 1.3472 0.223
0.935 1.3494 0.145
0.874 1.3569 0.120
0.806 1.3623 0.075
0.774 1.3648 0.036
0.755 1.3664 0.007
0.663 1.3721 0.000
0.519 1.3782

3-Methylbutanoic Acid

1.000 1.3413 0.455
0.966 1.3455 0.377
0.947 1.3469 0.224
0.939 1.3484 0.153
0.875 1.3548 0.095
0.807 1.3610 0.047
0.759 1.3645 0.009
0.665 1.3704 0.000

0.529 1.3761

1.3775
1.3796
1.3813
1.3817
1.3824
1.3830
1.3835
1.3847
1.3851

1.3804
1.3813
1.3817
1.3823
1.3828
1.3831
1.3826
1.3846
1.3851

1.3784
1.3794
1.3812
1.3821
1.3827
1.3832
1.3848
1.3851
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Table 5.5 Composition of the Conjugate Solutions, x,', x,', and x,", x,", at 298.15
K, Refractive Index, n,,.
hydrocarbon- rich acetonitrile-rich
x; X, n, x," x," n,
Acetonitrile (1) + Acetic Acid (2) + Heptane (3)

0.002 0.006 1.3836 0.917 0.042 1.3468

0.004 0.142 1.3813 0.681 0.279 1.3353

0.006 0.281 1.3782 0.388 0.557 1.3634

0.007 0.370 1.3780 0.192 0.732 1.3678

0.009 0.463 1.3776 0.085 0.782 1.3696

Acetonitrile (1) + Propanoic Acid (2) + Heptane (3)

0.021 0.001 1.3841 0.936 0.024 1.3470
0.033 0.052 1.3836 0.811 0.140 1.3551
0.050 0.098 1.3831 0.643 0.275 1.3637
0.060 0.123 1.3829 0.455 0.373 1.3708
0.079 0.165 1.3825 0.289 0.370 1.3765

Acetonitrile (1) + Butanoic Acid (2) + Heptane (3)

0.014 0.022 1.3846 0.875 0.078 1.3538
0.025 0.045 1.3842 0.742 0.179 1.3638
0.030 0.059 1.3840 0.566 0.275 1.3717
0.038 0.073 1.3838 0.454 0.299 1.3762
0.040 0.081 1.3837 0.300 0.281 1.3805
Acetonitrile (1) + 2-Methylpropanoic Acid (2) + Heptane (3)
0.015 0.018 1.3846 0.905 0.050 1.3501
0.018 0.027 1.3844 0.721 0.189 1.3629
0.020 0.032 1.3842 0.477 0.288 1.3731
0.021 0.038 1.3841 0.358 0.292 1.3769
0.026 0.046 1.3838 0.169 0.227 1.3815
Acetonitrile (1) + Pentanoic Acid (2) + Heptane (3)
0.01 0.017 1.3845 0.920 0.035 1.3513
0.012 0.027 1.3844 0.799 0.130 1.3628
0.019 0.038 1.3842 0.578 0.238 1.3757
0.020 0.047 1.3841 0.390 0.270 1.3802
0.028 0.059 1.3838 0.274 0.258 1.3814
Acetonitrile (1) + 3-Methylbutanoic Acid (2) + Heptane (3)
0.010 0.012 1.3848 0.905 0.053 1.3518
0.012 0.019 1.3847 0.715 0.184 1.3673
0.017 0.028 1.3845 0.548 0.247 1.3753
0.020 0.034 1.3843 0.336 0.270 1.3799

0.021 0.040 1.3842 0.240 0.247 1.3810
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Table 5.6 Coefficients 4, B, and C, in Equations (5.8) - (5.10), at 298.15 K.
Hlavaty B logy
Acetonitrile (1) + Acetic Acid (2) + Heptane (3)
A, =0.254 B, =4.235 C,=3.831
A, =0.686 B,=1.271 C,=1.229
A, =4.309 B,=1.215 C,=1.682
o =10.022 o =0.020 o =0.022
Acetonitrile (1) + Propanoic Acid (2) + Heptane (3)
A, =0.297 B, =1.633 C,=1.523
A,=-0.269 B, =10.925 C,=0.896
A,=1.552 B,=1.182 C,=1.531
o =10.010 o =0.009 o =10.010
Acetonitrile (1) + Butanoic Acid (2) + Heptane (3)
A, =-0.018 B, =1.001 C,=3.831
A,=-0473 B, =0.766 C,=1.229
A,=0.492 B, =1.001 C,=1.682
o = 0.006 o =0.007 o =0.008
Acetonitrile (1) + 2-Methylpropanoic Acid (2) + Heptane (3)
A,;=-0.140 B, =0.945 C,=0.891
A, =-0.456 B,=0.759 C,=0.736
A,=0.355 B, =0.915 C,=1.200
o =0.004 o =0.005 o =0.007
Acetonitrile (1) + Pentanoic Acid (2) + Heptane (3)
A, =-0.102 B, =0.883 C,=0.830
A,=-0.341 B,=0.792 C,=0.768
A, =0.460 B,=0.924 C,=1.221
o =10.004 o = 0.004 o = 0.003
Acetonitrile (1) + 3-Methylbutanoic Acid (2) + Heptane (3)
A, =-0.023 B, =0.966 C,=0.904
A,=-0.261 B, =10.847 C,=0.821
A, =10.692 B, =10.982 C,=1.297
o = 0.005 o = 0.005 o =0.004
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Figure 5.12  Liquid-liquid equilibrium data for the system [acetonitrile (1) + acetic
acid (2) + heptane (3)] at 298.15 K.

70 X4 1

Figure 5.13 Liquid-liquid equilibrium data for the system [acetonitrile (1)+
propancic acid (2) + heptane (3)] at 298.15 K.
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Figure5.14 Liquid-liquid equilibrium data for the system [acetonitrile (1) + butanoic
acid (2) + heptane (3)] at 298.15 K.

0] X4 1

Figure 5.15 Liquid-liquid equilibrium data for the system [acetonitrile (1) + 2-
methylpropanoeic acid (2) + heptane (3)] at 298.15 K.
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Figure5.16 Liquid-liquid equilibrium data for the system [acetonitrile (1) + pentanoic
acid (2) + heptane (3)] at 298.15 K.

0 X4 1

Figure 5.17 Liquid-liquid equilibrium data for the system [acetonitrile (1) + 3-
methylbutanoic acid (2) + heptane (3)] at 298.15 K.
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Figure 5.18
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Summary of liquid-liquid equilibrium data for the following systems at 298.15
K: (a) acetonitrile(1) + acetic acid(2) + heptane (3); (a) acetonitrile(1) +
propanoic acid(2) + heptane (3); (c) acetonitrile(1) + butanoic acid(2) + heptane
(3); (d) acetonitrile(l) + 2-methylpropancic acid(2) + heptane (3); (e)
acetonitrile(1) + pentanoic acid(Z) + heptane (3); (e) acetonitrile(l) + 3-
methylbutanoic acid(2) + heptane (3). [Key: (M) experimental points; (x)
experimental tie-lines]
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Figure 5.19 Calibration curve for (acetonitrile + acetic acid + heptane) system at
298.15 K.
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Figure5.20 Calibration curve for (acetonitrile + propanoic acid + heptane) system at
298.15 K.
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Figure 5.21 Calibration curve for (acetonitrile + butanoic acid + heptane) system at
298.15 K.
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Figure 5.22 Calibration curve for (acetonitrile + 2-methylpropanoic acid + heptane)
system at 298.15 K.
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Figure 5.23 Calibration curve for (acetonitrile + pentanoic acid + heptane) system at
298.15 K.
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Figure 5.24 Calibration curve for (acetonitrile + 3-methylbutanoic acid + heptane)
system at 298.15 K.
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Figure 5.25 A plot of x,” against.x, showing the relative solubilities of the carboxylic
acid in the acetonitrile-rich and heptane-rich layers.
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Table 5.7 Representative selectivity values of acetonitrile for the separation of
carboxylic acids from heptane at 298.15 K, using equation 5.14

Carboxylic acid Selectivity ()
acetic acid 26
propanoic acid 29
butanoic acid 27
2-methylpropanoic acid 36
pentanoic acid 32
3-methylbutanoic acid 41
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58.1.1 Discussion

Previous Work

Liquid - liquid equilibria (LLE) data on a number of ternary mixtures containing acetonitrile
have been published in the literature: (acetonitrile + benzene + heptane) at T= 318.15 K by
Palmer and Smith (1972) ; (acetone + ethanol or 1-propanol + hexane or heptane or octane)
at 298.15 K by Nagata (1987); and (acetonitrile + benzene or toluene + cyclohexane) at
298.15 K and 318.15 K by Nagata and Ohta (1983).

This Work

The binodal curves in Figure 5.18 (a) - (f) show that the solubility of heptane in (acetonitrile
+ acetic acid or propanoic acid or 2 methylpropanoic acid or pentanoic acid or 3-
methylbutanoic acid) is very much dependent on the type of acid. Figure 5.25 shows a plot
of the relative solubilities of the carboxylic acid in the acetonitrile - rich and heptane - rich
layers. The partitioning of a carboxylic acid between heptane and acetonitrile is shown to be
dependent on both the length and structure of the carbon chain of the carboxylic acid. In the
ternary systems heptane is most soluble in the systems containing butanoic acid, 2-
methylpropanoic acid, pentanoic acid or 3-methylbutanoic acid. For a particular carboxylic
acid, heptane is more soluble in acetonitrile for mixtures containing propanoic acid than for

mixtures containing acetic acid.

The shapes of the binodal curves for (acetonitrile + a carboxylic acid + heptane) are skewed
towards the heptane axis. Figure 5.18 shows that the areas of the two phase heterogeneous
region for the carboxylic acid mixtures decrease in the following order : 3-methylbutanoic
acid ~ pentanoic acid < 2-methylpropanoic acid<butanoic acid <propanoic acid <acetic acid.
This implies that the mutual solubility of the components is increased as the carbon chain
length of the acid is increased and also that heptane is most soluble in the (acetonitrile - 3-
methylbutanoic acid) or (acetonitrile - pentanoic acid) mixture and least soluble in the

(acetonitrile - acetic) acid mixture.

The relative solubility of an acid in acetonitrile or the alkane is evident from the tie lines. The
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slopes of the tie lines obtained in this work show that all the acids are more soluble in the
acetonitrile - rich mixture than the alkane - rich mixtures. For the C5 acids the gradient of the
tie lines for 3-methylbutanoic acid is greater than those for pentanoic acid. This could be
attributable to the greater solubilizing effect of the two methyl groups on the terminal carbon
of 3-methylbutanoic acid as opposed to its straight chain isomer. A similar effect is noted for

2-methylpropanoic as compared to butanoic acid.

The mutual solubility of heptane in acetonitrile and acid mixtures is very much dependent on
the length and structure of the carbon chains of the carboxylic acid. Acetic acid, with two
carbons is too short a carbon chain to act as a suitable bridging agent between acetonitrile and
heptane. Mutual solubility of the carboxylic acids progressively increases with an increase
in the length of alkyl chain of the acids. Pentanoic acid and 3-methyl-butanoic acid, two C5

acids, are the best bridging agents of the acids discussed here.

The slopes of the tie lines are very important when investigating phase separation effects.
From Figure 5.18, it can be seen for all acids higher than acetic acid, phase separation results

in a heptane - rich phase containing over 90 mol % heptane.

Branching of the carbon chain improves the mutual solubility effect and both 2-
methylpropanoic acid and 3-methylbutanoic acid show similar solubility to their
corresponding straight chain analogues in spite of their non-linear structures. The minimum
concentration of a carboxylic acid that is soluble in any concentration of (heptane +
acetonitrile) mixtures decreases progressively from acetic acid (0.79 mole fraction) to
propanoic acid (0.39), to butanoic acid (0.30), and to 2-methylpropanoic acid (0.29). For the
remaining higher order acids, viz., pentanoic acid and its isomer 3-methylbutanoic acid, the
minimum concentrations of these acids which are soluble in any (heptane + acetonitrile)

mixtures are both almost 0.27 mole fraction.

The effectiveness of extraction of a carboxylic acid (2) by acetonitrile is given by its
selectivity w (Letcher et al., 1996), which is a measure of the ability of acetonitrile to separate

the carboxylic acid(2) from heptane(3):
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distribution coefficient of carboxylic acids

a) =
distribution coefficient of heptane

(x 2 /x 3 ) acetonitrile-rich phase

(5.14)
(X, /X3 ) heptane-rich phase

where x, refers to the mole fraction of the carboxylic acid, and x, the mole fraction of heptane.

Table 5.7 gives the selectivity values for the separation of carboxylic acids from heptane using
acetonitrile. Representative values of selectivity for the middle of the area of the measured tie
lines are 26, 29, 27, 36, 32 and 41 for acetic acid, propanoic acid, butanoic acid, 2-methyl-
propanoic acid, pentanoic acid and 3-methylbutanoic acid respectively. From the selectivity
data, it can be concluded that the separation of all the carboxylic acids from heptane by
extraction is feasible. It can also be concluded that acetonitrile is an especially good
component for the separation of mixtures of heptane and 2-methylpropanoic acid or heptane

and 3-methylbutanoic acid.

The modified Hlavaty, beta and logy equations were fitted to the experimental binodal data.
The f function gave the best overall fit as compared to the modified Hlavaty equation and logy
function.
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5.8.2 Liquid-liquid equilibria for mixtures of [acetonitrile + a carboxylic acid +
cyclohexane] at 298.15 K

Table 5.8 Physical Properties of the Pure Components at 298.15 K; Molar Volumes,

V.» Refractive Indices, n;,, Volume and Surface Parameters, R and Q.
Iy,

Component  V_/(cm’. mol")*  exp lit.? R o
acetonitrile 52.87 1.3413 1.3416 1.870 1.724
acetic acid 57.53 1.3697 1.3698 2.202 2.072
propanoic acid 74.97 1.3846 1.3843 2.877 2.612
butanoic acid 92.43 1.3955 1.3958 3.551 3.152
2-methylpropanoic acid 93.44 1.3913 1.3917 3.550 3.148
pentanoic acid 109.29 1.4064 1.4060 4.226 3.692
3-methylbutanoic acid 110.54 1.4019 1.4022 4225 3.688
cyclohexane 108.75 1.4237 1.4235 4.046 3.240
“ Riddick et al.(1986)

> Gmehling ef al.(1993)
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Table 5.9 Compositions of Points on the Binodal Curve at 298.15 K for the systems:
[Acetonitrile (1) + a Carboxylic Acid (2) + Cyclohexane (3)], Equilibrium
Mole Fraction, x;, Xx,.

X X2 X X2
Acetic Acid
0.939 0.000 0.276 0.606
0.910 0.027 0.217 0.655
0.885 0.051 0.185 0.676
0.797 0.133 0.163 0.688
0.708 0.219 0.093 0.694
0.662 0.259 0.059 0.599
0.572 0.348 0.053 0.450
0.475 0.439 0.050 0314
0.451 0.459 0.048 0.246
0.378 0.522 0.046 0.135
0.330 0.568 0.044 0.000
Propanoic Acid
0.939 0.000 0.336 0.325
0.931 0.010 0.259 0.307
0.889 0.040 0.184 0.249
0.816 0.103 0.126 0.179
0.725 0.173 0.093 0.129
0.673 0.207 0.064 0.067
0.575 0.263 0.044 0.000
0.456 0.313
Butanoic Acid
0.939 0.000 0.413 0.241
0.919 0.014 0.376 0.244
0.896 0.031 0.300 0.239
0.837 0.076 0.249 0.220
0.742 0.137 0.164 0.172
0.684 0.169 0.111 0.110
0.578 0.211 0.069 0.050
0.501 0.234 0.044 0.000
2-Methylpropanoic Acid

0.939 0.000 0.426 0.239
0916 0.016 0.346 0.250
0.888 0.036 0.274 0.242
0.813 0.087 0.196 0.218
0.729 0.137 0.136 0.173
0.684 0.165 0.090 0.124
0.575 0.213 0.070 0.081

0.499 0.231 0.044 0.000
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X, X, X 7,

Pentanoic Acid

0.939 0.000 0.446 0.201
0.915 0.016 0.379 0.205
0.890 0.033 0.320 0.201
0.834 0.068 0.259 0.192
0.741 0.119 0.171 0.158
0.695 0.143 0.129 0.125
0.576 0.181 0.084 0.071
0.495 0.196 0.044 0.000

3-Methylbutanoic Acid

0.939 0.000 0.381 0.205
0.918 0.014 0.330 0.202
0.902 0.025 0.268 0.196
0.831 0.067 0.188 0.167
0.751 0.117 0.135 0.136
0.697 0.143 0.087 0.092
0.585 0.181 0.065 0.056
0.503 0.197 0.044 0.000

0.427 0.201
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Table 5.10  Calibration Curve Data at 298.15 K for the systems : [Acetonitrile (1) +
a Carboxylic Acid (2) + Cyclohexane (3)], Equilibrium Mole Fraction, x,,
Refractive Index, n,,

X, np X, np
Acetic Acid
1.000 1.3413 0.330 1.3702
0.939 1.3487 0.276 1.3716
0.910 ' 1.3508 0.217 1.3732
0.885 1.3521 0.185 1.3766
0.797 1.3547 0.163 1.3788
0.708 1.3582 0.093 1.3914
0.662 1.3595 0.059 1.3996
0.572 1.3630 0.053 1.4015
0.475 1.3660 0.048 1.4030
0.451 1.3673 0.044 1.4050
0.378 1.3689 0.000 1.4237
Propanoic Acid

1.000 1.3413 0.336 1.3913
0.939 1.3492 0.259 1.3971
0.931 1.3511 0.184 1.4032
0.889 1.3535 0.126 1.4096
0.816 1.3584 0.093 1.4139
0.725 1.3632 0.064 14172
0.673 1.3679 0.044 1.4196
0.575 1.3736 0.000 1.4237
0.456 1.3819

Butanoic Acid

1.000 1.3413 0.413 1.3913
0.939 1.3492 0.376 1.3948
0.919 1.3512 0.300 1.3989
0.896 1.3549 0.249 1.4018
0.837 1.3598 0.164 1.4085
0.742 1.3678 0.111 1.4132
0.684 1.3719 0.069 1.4162
0.578 1.3798 0.044 1.4196

0.501 1.3845 0.000 1.4237
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X, np Xy np
2-Methylpropanoic Acid
1.000 1.3413 0.426 1.3890
0.939 1.3492 0.346 1.3939
0.916 1.3517 0.274 1.3991
0.888 1.3543 0.196 1.4047
0.813 0.3594 0.136 1.4090
0.729 0.3674 0.090 1.4143
0.684 0.3708 0.070 1.4161
0.575 1.3786 0.044 1.4196
0.499 1.3839 0.000 1.4237
Pentanoic Acid
1.000 1.3413 0.446 1.3948
0.939 1.3492 0.379 1.3978
0915 1.3521 0.320 1.4012
0.890 1.3547 0.259 1.4047
0.834 1.3609 0.171 1.4101
0.741 1.3702 0.129 1.4135
0.695 1.3749 0.084 1.4167
0.576 1.3841 0.044 1.4196
0.495 1.3897 0.000 1.4237
3-Methylbutanoic Acid

1.000 1.3413 0.381 1.3964
0.939 1.3492 0.330 1.3990
0.918 1.3518 0.268 1.4032
0.902 1.3539 0.188 1.4083
0.831 1.3611 0.135 1.4111
0.751 1.3698 0.087 1.4155
0.697 1.3736 0.065 1.4176
0.585 1.3822 0.044 1.4196
0.503 1.3873 0.000 1.4237
0.427 1.3931
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Table 5.11  Composition of the Conjugate Solutions, x,', x,', and x,", x,", at

298.15 K.
cyclohexane- rich acetonitrile-rich
X, X, n, x" X" N,
Acetonitrile (1) + Acetic Acid (2) + Cyclohexane (3)
0.045 0.046 1.4043 0.779 0.154 1.3559
0.046 0.151 1.4039 0.655 0.274 1.3598
0.048 0.263 1.4032 0.499 0.421 1.3657
0.049 0.340 1.4029 0.347 0.551 1.3699
0.052 0.515 1.4019 0.171 0.684 1.3779

Acetonitrile (1) + Propanoic Acid (2) + Cyclohexane (3)

0.046 0.028 1.4191 0.812 0.108 1.3586
0.074 0.084 1.4159 0.683 0.202 1.3664
0.081 0.120 1.4151 0.527 0.286 1.3773
0.101 0.144 1.4128 0.423 0.319 1.3846
0.132 0.189 1.4093 0.329 0.321 1.3913
Acetonitrile (1) + Butanoic Acid (2) + Cyclohexane (3)
0.046 0.008 1.4189 0.836 0.075 1.2094
0.051 0.018 1.4184 0.767 0.122 1.2591
0.069 0.051 1.4166 0.604 0.203 1.3369
0.086 0.079 1.4151 0.460 0.239 1.3743
0.095 0.084 1.4142 0.349 0.244 1.3911
Acetonitrile (1) + 2-Methylpropanoic Acid (2) + Cyclohexane (3)
0.046 0.005 1.4189 0.808 0.092 1.3608
0.050 0.019 1.4184 0.759 0.122 1.3646
0.057 0.041 1.4177 0.596 0.205 1.3772
0.061 0.060 1.4172 0.455 0.244 1.3871
0.080 0.107 1.4152 0.277 0.247 1.3985
Acetonitrile (1) + Pentanoic Acid (2) + Cyclohexane (3)
0.048 0.008 1.4195 0.829 0.071 1.3615
0.059 0.031 1.4186 0.734 0.126 1.3709
0.066 0.047 1.4180 0.549 0.189 1.3866
0.083 0.074 1.4167 0.373 0.205 1.3982
0.089 0.084 1.4162 0.267 0.192 1.4044
Acetonitrile (1) + 3-Methylbutanoic Acid (2) + Cyclohexane (3)
0.048 0.009 1.4189 0.823 0.078 1.3624
0.050 0.020 1.4187 0.716 0.142 1.3722
0.061 0.045 1.4177 0.545 0.188 1.3850
0.076 0.068 1.4164 0.370 0.204 1.3966

0.081 0.082 1.4160 0.256 0.193 1.4039
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Table 5.12  Coefficients A, B, and C; in Equations (5.8)-(5.10), at 298.15 K.
Hlavaty B logy
Acetonitrile (1) + Acetic acid (2) + Cyclohexane (3)
A, =1.001 B,=3.271 C,=3.026
A,=1.234 B,=1.210 C,=1.187
A,=5.721 B, =1.200 C,=1.658
o =0.020 o =0.029 o =0.027
Acetonitrile (1) + Propanoic acid (2) + Cyclohexane (3)
A, =0.140 B, =1.045 C,=0.992
A,=-0.074 B,=10.850 C,=0.838
A, =1.386 B,=0.946 C,=1.266
o =0.004 o =0.010 o =0.010
Acetonitrile (1) + Butanoic acid (2) + Cyclohexane (3)
A, =0.008 B, =1.058 C,=0.974
A,=-0.114 B,=1.001 C,=0.977
A,=0.842 B,=1.053 C,=1414
o =0.003 o = 0.005 o =0.006
Acetonitrile (1) + 2-Methylpropanoic acid (2) + Cyclohexane (3)
A, =-0.167 B,=0.972 C,=0.905
A,=-0.098 B,=0.990 C,=0.968
A,=0.6395 B, =0.929 C,=1.296
o =0.003 o =0.004 o =0.005
Acetonitrile (1) + Pentanoic acid (2) + Cyclohexane (3)
A,;=-0.139 B, =0.786 C,=0.736
A,=-0.133 B, =0.950 C,=0.930
A;=0.452 B,=0.939 C,=1.295
o =0.002 o =0.004 o =0.004
Acetonitrile (1) + 3-Methylbutanoic acid (2) + Cyclohexane (3)
A, =-0.193 B, =0.756 C,=0.698
A,=-0.163 B,=0.942 C,=0919
A,=0.336 B,=0.884 C,=1.222
o = 0.003 o =0.005 o =0.006
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Figure 5.26 Liquid-liquid equilibrium data for the system [acetonitrile (1) + acetic
acid (2) + cyclohexane (3)] at 298.15 K.
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Figure 5.27 Liquid-liquid equilibrium data for the system [acetonitrile (1)+
propanoic acid (2) + cyclohexane (3)] at 298.15 K.
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Figure5.28 Liquid-liquid equilibrium data for the system [acetonitrile (1) + butanoic
acid (2) + cyclohexane (3)] at 298.15 K.
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Figure 5.29 Liquid-liquid equilibrium data for the system [acetonitrile (1) + 2-
methylpropanoic acid (2) + cyclohexane (3)] at 298.15 K.
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Figure5.30 Liquid-liquid equilibrium data for the system [acetonitrile (1) + pentanoic
acid (2) + cyclohexane (3)] at 298.15 K.
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Figure 5.31 Liquid-liquid equilibrium data for the system [acetonitrile (1) + 3-
methylbutanoic acid (2) + cyclohexane (3)] at 298.15 K.



Chapter 5 : Liquid-Liquid Equilibrium

158

()

(©

X3 x2

0 X4 1

Figure 5.32

®) o .1

— 0

0 X4 1

Summary of liquid-liquid equilibrium data for the following systems at 298.15

K: (a) acetonitrile(1) + acetic acid(2) + cyclohexane(3); (a) acetonitrile(l) +
propanoic acid(2) + cyclohexane (3); (c) acetonitrile(1) + butanoic acid(2) +
cyclohexane(3); (d) acetonitrile(1) + 2-methylpropanoic acid(2) + cyclohexane
(3); (e) acetonitrile(1) + pentanoic acid(2) + cyclohexane (3); (e) acetonitrile(1)
+3-methylbutanoic acid(2) + cyclohexane (3). [Key: (®) experimental points; (x)

experimental tie-lines]



Chapter 5 : Liquid-Liquid Equilibrium 159

_—
| -
s
/ c
O
el
o
&
<
f 1o %
"
X
L
(]
< o
Ll (@)
=
'_
@)
<
el
L
m .
o l | l | o
(ap) — » [ w (ap)
< < ™ ) ™ )

Figure5.33 Calibration curve for (acetonitrile + acetic acid + cyclohexane) system at
298.15 K.
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Figure 5.34 Calibration curve for (acetonitrile + propanoic acid + cyclohexane)
system at 298.15 K.
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Figure5.35 Calibration curve for (acetonitrile + butanoic acid + cyclohexane) system
at 298.15 K.
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Figure 5.36 Calibration curve for (acetonitrile + 2-methylpropanoic acid +
cyclohexane) system at 298.15 K.
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FigureS5.37 Calibration curve for (acetonitrile + pentanoic acid + cyclohexane) system
at 298.15 K.
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Figure 5.38 Calibration curve for (acetonitrile + 3-methylbutanoic acid +
cyclohexane) system at 298.15 K.
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Figure 5.39 A plot of x,” against x, showing the relative solubilities of the carboxylic
acid in the acetonitrile-rich and cyclohexane-rich layers.
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Table 5.13  Representative selectivity values of acetonitrile for the separation of
carboxylic acids from cyclohexane at 298.15 K, using equation 5.15

Carboxylic acid Selectivity (w)
acetic acid 13
propanoic acid 10
butanoic acid 18
2-methylpropanoic acid 23
pentanoic acid 14
3-methylbutanoic acid 14
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5.8.2.1 Discussion of Ternary Systems involving acetonitrile / carboxylic acid /

cvclohexane at 298.15 K

Previous Work

Liquid - liquid equilibria (LLE) data on related systems have been reported in the literature
: (acetonitrile + benzene + heptane) at T=298.15 K by Palmer and Smith (1972), (acetonitrile
+ ethanol or 1-propanol + hexane or heptane, or octane) at T =298.15 K by Nagata (1987),
(acetonitile + benzene or toluene + cyclohexane) at T=298.15 K and T=318.15 K by Nagata
and Ohta (1983). None of the data presented in this section have been published in the

literature.

This Work

The amount of hydrocarbon that is miscible with an (acetonitrile + carboxylic acid) mixture
is dependent on the carbon number and type of carboxylic acid. In the ternary systems,
illustrated in Figure 5.32(a) - (f), it can be observed that cyclohexane is most soluble in the
systems containing butanoic acid, 2-methylpropanoic acid, pentanoic acid, or 3-
methylbutanoic acid. Itis again found from Figure 5.32(a) - (f) that for a particular carboxylic
acid, the solubility of cyclohexane in acetonitrile is inversely related to the area of the two

phase region.

The shapes of the binodal curves for (acetonitrile + carboxylic acid + cyclohexane) system
show less skewing towards the cyclohexane axis than that of the (acetonitrile + carboxylic
acid + heptane) system. Figures 5.32(a) - (f) show that the area of the two - phase
heterogeneous region for the carboxylic acid mixtures increases in the order:

3-methylbutanoic acid ~ pentanoic acid < 2-methylpropanoic acid < butanoic acid < propanoic

acid < acetic acid.

The partitioning of the carboxylic acid between the cyclohexane - rich and acetonitrile - rich
layers for six of the systems is expressed in Figure 5.39, where the mole fraction of each
carboxylic acid in the conjugate layers has been plotted. All the carboxylic acids are more

soluble in the acetonitrile layer than the cyclohexane layer.
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From Figure 5.32 it can be deduced that the single phase homogeneous region increases as
the carbon chain length of the acid is increased, and it is found that cyclohexane is most
soluble in the (3-methylbutanoic acid + acetonitrile) or (pentanoic acid + acetonitrile)

mixture, and least soluble in the (acetic acid + acetonitrile) mixture.

The relative solubility of a carboxylic acid in acetonitrile or cyclohexane is evident from the
tie-lines. The gradients of the tie-lines obtained in this study show that all the acids are more
soluble in the acetonitrile than the alkane (hydrocarbon) mixture. For the C5 acids, the
gradient of the tie-lines for 3-methylbutanoic acid is significantly greater than those for
pentanoic acid. This could possibly be attributed to the greater solubilizing effect of the two
methyl groups on the terminal carbon of 3-methylbutanoic acid as opposed to its straight-
chain isomer. A similar effect is noted for 2-methylpropanoic acid as compared to butanoic
acid, and this indicates that 2-methylpropanoic acid shows a more profound solubility

preference for the acetonitrile than cyclohexane, as opposed to its straight chain isomer.

The relatively large two-phase heterogeneous region for the (acetonitrile + acetic acid +
cyclohexane) system suggests that the entrainer acetonitrile has high capacity or loading of
solute per mole fraction of the solvent (acetonitrile), that is small quantities of it would be

needed for efficient separation.

It is also evident that branching of the carbon chain improves appreciably the mutual
solubility effect and both 2-methylpropanoic acid and 3-methylbutanoic acid show very

similar solubility characteristics.

The minimum concentration of a carboxylic acid that is soluble in any concentration of
cyclohexane +acetonitrile) mixtures again decreases substantially from acetic acid (0.69 mole
fraction), to propanoic acid (0.33 mole fraction), to butanoic acid (0.24 mole fraction), and
to 2-methylpropanoic acid (0.25 mole fraction). The remaining higher order acids, viz.,
pentanoic and 3-methylbutanoic show reduced solubility in (cyclohexane + acetonitrile)

mixture at a minimum value of approximately 0.21 mole fraction.
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The effectiveness of extraction of a carboxylic acid(2) from cyclohexane(3):

_ distribution coefficient of carboxylic acids

distribution coefficient of cyclohexane

(x, / x5 )acetonitrile-rich phase
w=_273 (5.15)

(x, / X3 ) cyclohexane-rich phase

where x, refers to the mole fraction of the carboxylic acid and x,, the mole fraction of the
cyclohexane. From Table 5.13, representative values of selectivity for the middle of the area
of the measured tie-lines are (13, 10, 18, 23, 14 and 14) for (acetic acid, propanoic acid,
butanoic acid, 2-methylpropanoic acid, pentanoic acid, and 3-methylpropanoic acid),
respectively. From these values it can be concluded that the separation of all the carboxylic
acids from cyclohexane by extraction is feasible. It can also be concluded that acetonitrile is
an especially good component for the separation of mixtures of cyclohexane and 2-

methylpropanoic acid or cyclohexane and butanoic acid.

Comparing the ternary diagrams for all the systems (acetonitrile + a carboxylic acid +
cyclohexane) discussed presently, with the ternary diagrams for (acetonitrile + acetic acid or
propanoic acid or butanoic acid or 2-methylpropanoic acid, or pentanoic acid or 3-
methylpropanoic acid + heptane), it is found that replacing heptane with cyclohexane always
results in a decrease in the area of the two-phase heterogeneous region and a corresponding
decrease in the slope of the tie-lines. This implies that the solvent acetonitrile has a higher
solubility, but lower solvent power (capacity) for (carboxylic acid + cyclohexane) mixtures,
at the same temperature and pressure conditions. Acetonitrile is thus a better solvent for

extracting carboxylic acids from heptane than from cyclohexane.

The standard deviations o of the three fitted equations to the binodal curves, viz. the modified
Hlavaty, beta and log y, again show that all are capable of fitting binodal curve data points.

The modified Hlavaty equation gave the best fit, and for all six of the ternary systems, lower

standard deviations (o) were obtained.
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5.8.3 Liquid-liquid equilibria for mixtures of [benzonitrile + a carboxylic acid + water]

at 298.15 K

Table 5.14  Physical Properties of the Pure Components at T = 298.15 K; Molar

Volumes, V_;, Refractive Indices, n;, Volume and Surface Parameters, R
and Q.
Np

Component V_/(cm’. mol")*  exp lit.” R® o
benzonitrile 103.06 1.5260 1.5257 3.991 2.996
acetic acid 57.53 1.3697 1.3698 2202 2.072
propanoic acid 74.97 1.3846 1.3843 2.877 2.612
butanoic acid 92.43 1.3955 1.3958 3.551 3.152
2-methylpropanoic acid 93.44 1.3913 1.3917 3.550 3.148
pentanoic acid 109.29 1.4064 1.4060 4.226 3.692
3-methylbutanoic acid 110.54 1.4019 1.4022 4.225 3.688
water 18.07 1.3325 1.3325 0.920 1.400
“Riddick et al.

® Gmehling et al.
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Table 5.15  Compositions of Points on the Binodal Curve at T = 298.15 K for the
systems : [Benzonitrile (1) + a Carboxylic Acid (2) + Water (3)],
Equilibrium Mole Fraction, x;, X,..

X, X, X X,
Acetic Acid

0.946 0.000 0.155 0.277
0.866 0.044 0.106 0.268
0.779 0.092 0.060 0.244
0.701 0.136 0.042 0.225
0.595 0.181 0.018 0.180
0.514 0.221 0.004 0.105
0.429 0.255 0.002 0.054
0.348 0.273 0.000 0.000
0.237 0.282

Propanoic Acid

0.946 0.000 0.220 0.285
0.868 0.052 0.168 0.268
0.832 0.075 0.115 0.242
0.754 0.121 0.062 0.188
0.677 0.163 0.034 0.144
0.597 0.199 0.022 0.122
0.502 0.233 0.013 0.102
0.432 0.252 0.009 0.071
0.310 0.280 0.000 0.000
Butanoic Acid
0.946 0.000 0.130 0.334
0.879 0.046 0.098 0.321
0.809 0.086 0.074 0.309
0.706 0.138 0.048 0.277
0.563 0.212 0.026 0.234
0.506 0.241 0.013 0.171
0.395 0.292 0.005 0.126
0.294 0.328 0.002 0.063
0.207 0.347 0.000 0.000
2-Methylpropanoic Acid
0.946 0.000 0.120 0.392
0.876 0.045 0.089 0.387
0.819 0.086 0.059 0.359
0.660 0.182 0.038 0.330
0.593 0.220 0.030 0.306
0.522 0.258 0.010 0.240
0.425 0312 0.005 0.154
0.315 0.359 0.002 0.067

0.234 0.380 0.000 0.000
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0.162 0.396

Pentanoic Acid

0.946 0.000 0.342 0.380
0.883 0.049 0.258 0.426
0.830 0.085 0.214 0.448
0.820 0.090 0.145 0.447
0.684 0.184 0.111 0.489
0.558 0.259 0.080 0.501
0.491 0.298 0.054 0.512
0.408 0.346 0.000 0.527

3-Methylbutanoic Acid

0.946 0.000 0.272 0.397
0.850 0.065 0.219 0.422
0.803 0.097 0.165 0.449
0.716 0.152 0.127 0.468
0.559 0.247 0.093 0.484
0.529 0.261 0.051 0.502
0.425 0.319 0.030 0.512

0.363 0.350 0.000 0.518
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Table 5.16  Calibration Curve Data at T =298.15 K for the systems : [Benzonitrile
(1) + a Carboxylic Acid (2) + Water (3)], Equilibrium Mole Fraction,
x,;, Refractive Index, ny,.

X np X p
Acetic Acid

1.000 1.5260 0.155 1.4274
0.866 1.5200 0.106 1.4124
0.799 1.5140 0.060 1.3955
0.595 1.4975 0.042 1.3867
0.514 1.4849 0.018 1.3720
0.429 1.4764 0.003 1.3540
0.348 1.4652 0.000 1.3325
0.237 1.4480

Propanoic Acid

1.000 1.5260 0.220 1.4437
0.868 1.5196 0.115 1.4193
0.832 1.5161 0.062 1.4010
0.754 1.5101 0.034 1.3846
0.677 1.5014 0.022 1.3757
0.597 1.4931 0.013 1.3682
0.502 1.4846 0.005 1.3570
0.432 1.4773 0.000 1.3325
0.310 1.4602

Butanoic Acid

1.000 1.5260 0.130 1.4251
0.879 1.5204 0.098 1.4175
0.809 1.5161 0.074 1.4107
0.706 1.5036 0.048 1.4024
0.563 1.4894 0.026 1.3918
0.506 1.4822 0.013 1.3665
0.395 1.4685 0.005 1.3550
0.294 1.4542 0.000 1.3325
0.207 1.4398
2-Methylpropanoic Acid

1.000 1.5260 0.120 1.4193
0.876 1.5204 0.089 1.4122
0.819 1.5172 0.059 1.4046
0.660 1.5002 0.038 1.3977
0.593 1.4892 0.030 1.3870
0.522 1.4825 0.010 1.3672
0.425 1.4684 0.005 1.3554
0.315 1.4543 0.000 1.3325
0.234 1.4408

0.162 1.4285
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Pentanoic Acid

1.000 1.5260 0.258 1.4502
0.883 1.5228 0.214 1.4442
0.830 1.5204 0.145 1.4323
0.820 1.5179 0.111 1.4261
0.684 1.5061 0.080 1.4121
0.558 1.4928 0.054 1.3993
0.491 1.4871 0.034 1.3804
0.408 ' 1.4747 0.000 1.3325
0.342 1.4621

3-Methylbutanoic Acid

1.000 1.5260 0.27