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FOREWORD

The Division of Physical and Biophysical Chemistry of the International Union of
Pure and Applied Chemistry (IUPAC) continues its tradition of meeting the goals of the
Union that include the definition and maintenance of standards in the broad field of phys-
ical and biophysical chemistry. For thermodynamics in particular, these responsibilities
embrace establishing nomenclature, symbols and units, establishing and monitoring pres-
sure and temperature scales, recommending calorimetric procedures, selecting, assessing
and evaluating standard reference materials for thermodynamic measurements of all types.

This present volume Experimental Thermodynamics, Volume VII: Measurement of
the Thermodynamic Properties of Multiple Phases is another in the series to assist the
thermodynamics community by providing a summary of the status of the field at a particular
moment, It is a book intended to elucidate the current state of knowledge on practical ther-
modynamic problems to promote international collaboration.

Thanks are due to the 25 authors for their willing cooperation in this undertaking and
for their great patience in the face of unavoidable delays as the work proceeded. I would also
like to thank my fellow editor Professor Theo de Loos for his invaluable help and sage advice
in assembling a logical and smoothly flowing treatise from individual contributions.

Here's the challenge, read it: I warrant there's vinegar and pepper in't.

Sir Andrew in: Bwelfth Night, Act III, Sc IV
By William Shakespeare

Ron D. Weir

President

Division of Physical and Biophysical Chemistry
International Union of Pure and Applied Chemistry
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1 INTRODUCTION

The Division of Physical and Biophysical Chemistry (DPBPC) of the International Union of
Pure and Applied Chemistry (TUPAC) is tasked by the Union with the duty to define and main-
tain standards in the field of physical and biophysical chemistry that includes the general field
of thermodynamics throughout the world. These responsibilities embrace areas such as estab-
lishment of nomenclature, symbols and units, the establishment and monitoring of pressure
and temperature scales, recommendations for calorimetric procedures, the selection, assess-
ment and evaluation of standard reference materials for thermodynamic measurements of all
types. Before 2002, there existed within TUPAC the Commission on Thermodynamics and
Thermochemistry, later renamed the Commission on Thermodynamics of the Physical Chemi-
stry Division, whose tasks were to oversee the above responsibilities for thermodynamics.
Subsequent to the TUPAC reorganisation in 2002, these responsibilities were subsumed by the
DPBPC and executed by means of an Advisory Subcommittee on Thermodynamics and the
International Association of Chemical Thermodynamics, which is an Associated Organisation
within JTUPAC.

Over the past 50 years, the Commission and now the DPBPC have sponsored a series
of monographs to help realise their goals. The initial series focussed on Experimental
Thermochemistry with Volumes I and II edited by ED. Rossini (1956) and H.A. Skinner
(1962) respectively [1,2]. The updated edition of these two works appeared in 1979 as
Combustion Calorimetry edited by S. Sunner and M. Mansson [3].

In the next series entitled Experimental Thermodynamics, the first three volumes
focussed on non-reacting systems. The first was Calorimetry of Non-reacting Systems
edited by J.P. McCullough and D.W. Scott in 1968 [4]. Volume II appeared in 1975, Experi-
mental Thermodynamics of Non-reacting Fluids, and was edited by B. Le Neindre and
B. Vodar [5] and it was concerned with the measurement of both thermodynamic and trans-
port properties over wide ranges of temperature and pressure. Volume III, Measurement of
Transport Properties of Fluids, was edited by W.A. Wakeham, A. Nagashima and J.V. Sengers
in 1991 [6].

Volume 1V, Solution Chemistry, edited by K.N. Marsh and PA.G. O’Hare in 1994 [7],
and differs from the previous volumes in that calorimetry of both reacting and non-reacting
systems are treated. Volume V, Equations of State for Fluids and Fluid Mixtures, Parts I and
11, followed in 2000 was edited by J.V. Sengers, R.F Kayser, C.J. Peters and H.J. White [8].

To cover the steadily expanding fields, Volume VI, Measurement of Thermodynamic
Properties of Single Phases appeared in 2003 and was edited by A.RH. Goodwin,
K.N. Marsh and W.A. Wakeham [9], and this work set the stage for this new Volume VII,
Measurement of Thermodynamic Properties of Multiple Phases.

To demonstrate the importance of chemistry in current areas of scientific research and
industrial processes of economic significance, the monograph Chemical Thermodynamics
[10], edited by T.M. Letcher, was published as one of 11 volumes in the IUPAC series
‘Chemistry for the 21st Century’, followed in 2004 by Chemical Thermodynamics for
Industry [11].

This current Volume VII is intended to serve as a guide to the scientist, engineer or tech-
nician who is concerned with measurements of the thermodynamic properties of multiphase
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systems of pure components and of mixtures, involving equilibria between gas, liquid or
solid phases. Like the preceding Volume VI, the emphasis is placed on those methods for
which reliable, theoretically based equations are available and/or for application to industrial
processes. Those individuals who need to evaluate data will find the contents valuable in
their assessing the reliability of experimental data obtained by specific techniques.

We as the editors were assigned the task to assemble an international team of distin-
guished experimentalists to describe the current developments for the measurement of
thermodynamic quantities for multiple phases over a range of conditions. We have done
this in 16 chapters with 25 authors from nine different countries. Throughout the text, we
have adopted the quantities, units, symbols and fundamental constants defined by IUPAC
in the text commonly referred to as the Green Book [12,13].

Volume VII begins with the treatment of phase changes (liquid + gas), (liquid + solid)
and (solid + solid) in pure component systems. Mixtures are treated next with binary and
multicomponent systems being considered and these include organic and inorganic com-
pounds, metals, alloys, ceramics and molten salts. Chapters 5-9 deal with vapour-liquid
equilibrium at low and high pressures, liquid-liquid, solid-liquid and solid—solid equilibria
followed by low-pressure solubility of gases in liquids. In the remaining chapters metallic
systems, ceramic systems and molten salts are treated. Activity coefficients using both non-
analytical and analytical tools follow. The book concludes with treatment of interfacial ten-
sion and critical parameters.
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2 PHASE CHANGES IN PURE
COMPONENT SYSTEMS:
LIQUIDS AND GASES

Vapour pressure governs the persistence, volatilization, and transport of chemicals introduced
into the environment. Enthalpy of vaporization is also a fundamental quantity characterizing
the energetics of the vapour-liquid equilibrium (VLE). The present chapter is an attempt to
generalize the state of vapour pressure and vaporization enthalpy investigations that have been
made since 1975, when Ambrose reviewed the experimental techniques in the previous book
on experimental thermodynamics published under the auspices of IUPAC [1]. An extensive
experimental activity has taken place during the intervening period, and the compilations that
summarize the achievements in developments of experimental methods include vapour pres-
sure and enthalpy of vaporization data [2-10]. Furthermore there are a number of older but
excellent books giving basics of experimental methods [11-13]. In this review, the author
attempts to present interesting aspects of experimental techniques, which attracted attention
by systematic survey of the scientific papers from 1970 to date, and, possibly, which were not
elucidated fully in the aforementioned sources. Astonishingly, it has to be pointed out that
basically no new methods could be found in the recent literature. It was rather the application
and/or modifications of well-established methods that are of main interest here. In this chap-
ter, only measurements of the vapour pressures of organic substances, which vaporize without
chemical change, will be considered, and little will be said about measurements of inorganic
compounds, as well as about measurements at high temperatures.

Although numerous techniques exist for measuring vapour pressures, only five gen-
eral methods have been widely applied to the study of organic compounds. These five
generic techniques or methods are referred to as static, ebulliometric (dynamic), effusion
(Knudsen and Langmuir methods), transpiration, and calorimetric. The characteristics of
each group are discussed and different examples for the practical application from the
recent literature are given. It is clear that the classification given here is highly subjective
and that other ways of grouping may be possible. Furthermore, any selection of examples
is influenced by personal preference. The author apologizes to all those who may have
employed interesting variations of vapour pressure methods without their being cited here.

2.1 Static Measurements

In the static methods, vapour pressure is measured in a closed vessel. The temperature
of the vessel is held constant for a certain time to permit equilibrium to be established between
the condensed phase and the vapour. The sample is carefully degassed and the vessel is evac-
uated prior to beginning the measurement. Pressure at equilibrium is determined with the aid
of any measuring instrument. Many kinds of pressure gauges have been used, including mer-
cury manometers, dead weight piston gauges, Bourdon tubes, and capacitance pressure trans-
ducers. High-accuracy instruments are now commercially available (MKS, Ruska, etc.) and



Phase Changes in Pure Component Systems: Liquids and Gases 7

numerous sophisticated home-made devices described in earlier compilations [11-13] are of
historical interest. Since samples are often corrosive or are taken to temperatures outside the
operating range of the pressure gauge, it is usual practice to isolate the sample from the pres-
sure gauge by using a differential pressure indicator (DPI) such as a U-tube manometer filled
with mercury or a metal diaphragm. When the DPI indicates that pressures of an inert refer-
ence fluid and the sample are equal, the reference fluid pressure is measured using an appro-
priate pressure gauge.

Direct vapour pressure measurements tabulated in the literature have ranged over an
astonishingly wide temperature range of over 200K [14-17]. The advantage of the static
technique is that it allows for an absolute calibration and accurate temperature determina-
tion (0.002 K). With a suitably selected pressure sensor, the static method can be applied
over a wide range of pressures from 1073 Pa to 10 MPa at any temperature. Disadvantages
are its crucial sensitivity to volatile impurities and the time required for a set of measure-
ments, often 2-3 weeks for a sample.

2.2 Ebulliometry

Ebulliometry is the most frequently employed dynamic method. If the boiling is carried out
under reflux, and the pressure in the apparatus can be varied, measurement of the boiling tem-
peratures at differing pressures is a convenient way of determining the vapour pressure of the
liquid. An ebulliometer is the main part of a vapour pressure measuring apparatus. In princi-
ple, it is similar to an ordinary open reflux condenser/boiler that operates at ambient pressure.
Ebulliometry is a relatively old technique [18], and as a result, many different boiler designs
have evolved. The goal of any design is the promotion of smooth, even boiling and the mini-
mization of superheating. There are two main boiler designs that can be distinguished. The
first one is a still with circulation of both the liquid and vapour phases [19-21]. This method
is based on the application of a so-called Cottrell pump, which was originally used for the
determination of vapour pressures and boiling points of pure components. The second method
is similar to the open reflux condenser/boiler and is designed without a Cottrell pump, but has
the capability to reduce overheating and bumping of the boiling liquid [22]. Ebulliometers are
often designed to measure both boiling and condensation temperatures. The difference
between these two temperatures should lie within 0.005 K if the substance is thoroughly puri-
fied and decomposition does not occur.

Recent trends in ebulliometry show that this method is preferably used for investigation
of VLE for mixtures of organic compounds and the vapour pressure measurements of pure
components are merely a starting part for such studies. There are several comprehensive
reviews of experimental procedures and equipment for vapour pressure and VLE measure-
ments [19,21,23,24]. Of particular importance is the remarkable retrospection of ebulliomet-
ric techniques published by Malanowski [21]. Ambrose [1] has provided detailed insight into
the basics of ebulliometric measurements. Analysis of the recent literature reveals that the
dynamic method with circulation of both the liquid and vapour phases is applied more fre-
quently than other modifications. A typical ebulliometer, equipped with the Cottrell pump,
was designed by Rogalski and Malanowski [20,21]. Two versions of the apparatus were
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proposed [21], one for the determination of boiling temperatures or total pressure measure-
ments of pure compounds as well of mixtures, and the second to allow for the withdrawal of
samples of the phases in equilibrium for VLE measurements. These types of ebulliometers
ensure stable hydrodynamic and thermal conditions under pressures from 300 kPa and from
room temperature to 500K, even in the case when the mixtures investigated consist of sub-
stances of widely differing vapour pressure.

The amount of sample required for one experiment with the Rogalski-Malanowski
still varies from 20 to 45 cm® and this volume seems not to be excessive, especially when
the compounds under study are readily available. However, as a rule, most of the interest-
ing compounds for physical-chemical investigations are tediously synthesized by organic
chemists, and are usually available in “vanishingly” small quantities. An ingenious appa-
ratus suitable for samples of 4.5-7.0 cm® was developed at the Moscow State University by
Varouchtchenko et al. [25]. The construction is based on a differential ebulliometer of the
Swietoslawski type and has been used for the measuring of temperature dependence of the
vapour pressure in the temperature range 293-530K over the pressure range from 2 to
101.6 kPa, and, simultaneously, utilized for determination of the ebulliometric degree of
purity of the substances under study.

A highly refined, but simple dynamic still suitable for vapour pressure measurements of
pure compounds as well as for VLE has been developed by Raal and Miihlbauer [24,26]. A
central feature of this design is the packed equilibrium chamber, which is concentric around a
vacuum-insulated Cottrell tube. Since the equilibrium chamber is angularly symmetric, there
is no preferred radial direction for the development of concentration gradients.

While for VLE measurements a single ebulliometer is usually applied, a comparative
ebulliometric method is mostly utilized for the measurement of vapour pressures of pure
compounds. In comparative ebulliometry [25,27], the condensing temperature of the sub-
stance under study and a reference material are measured when the two liquids are boiling
at the same pressure. The two boilers are connected to apparatus in which the pressure can
be adjusted, cross-contamination of substance and reference material being prevented by
making the connections through cold traps. The method avoids the necessity of measuring
the pressure directly because the pressure can be calculated from the temperature of the ref-
erence material and its known pressure-temperature behaviour. Because of the symmetry of
the apparatus, errors tend to be self-cancelling. The fundamentals of the comparative
method have been set out by Osborn and Douslin [27]. Substantial additional effort by this
working group was instituted to raise the temperature limitations of their apparatus.
Changes are reported [28] that resulted in increasing the upper limit of operation of the twin
ebulliometers to 7= 650K by expeditious choice of the heat-transfer fluid surrounding
the platinum resistance thermometers in the ebulliometers as well as by the introduction of
decane as a secondary vapour pressure standard in the pressure region of 2-25kPa.

The development and construction of ebulliometers without the Cottrell pump are due
to Ambrose [22]. Previously, it was difficult to operate the ebulliometer below about
20kPa due to the tendency of the liquid to bump when boiled. This difficulty was com-
pletely obviated by the bubble-cap boiler designed by Ambrose [22]. Further changes and
simplification of the design of the ebulliometers have been effected by Ewing et al.
[29,30], who have built and tested all-metal ebulliometers that have ensured smooth boil-
ing especially at high pressures.
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The main advantage of the ebulliometric method in comparison with the static method
is the possibility of determining sample purity as the pressure is changed only during cali-
bration of the position of the contacts of the mercury-contact pressure gauge against some
reference substance. However, one disadvantage of this method is the need for a relatively
large amount of material for the measurements. In addition, the substance vapours contact
the mercury in the mercury-contact pressure gauge, which is intolerable for some sub-
stances and limit their study.

23 Knudsen Effusion Methods for Vapour Pressure
Measurement

2.3.1 Conventional Mass-Loss Technique

The Knudsen effusion methods, in their original versions, allow the determination of vapour
pressure at constant temperature of a single compound by means of the measurement of the
weight loss through a small orifice into a vacuum [8,11]. The cell is weighed at the beginning
of the experiment and at time intervals using a balance that can be external or internal to the
apparatus. Alternatively, the vapour can be condensed on a liquid nitrogen-cooled cold fin-
ger or on a surface cooled above the orifice, removed, and then analysed.

Using a classical gas kinetic theory, Knudsen derived an expression for the slow
isothermal flow out of a cell with a small hole in it; the vapour pressure of a material in the
cell can be calculated from Knudsen’s effusion equation [8,11]

Am 2nRT
P~ st M

2.1)

where Am is the loss of mass of a sample during time 7, M the molar mass of the vapour, s
the area of an orifice, R the universal gas constant, T the temperature and k the Clausing
probability factor, obtained by interpolation from the table given by Dushman [31]. The
values of T, s and k are fixed as experimental parameters, and M is known. Thus, m/t
remains as the experimentally measured quantity from which the vapour pressure is deter-
mined [32-35].

A typical Knudsen effusion apparatus as designed in [32] is presented in Figure 2.1.
The vapour pressure p of the samples is calculated from Equation (2.1). A more sophisticated
Knudsen effusion apparatus is reported, where the construction enables the simultaneous
operation of three Knudsen cells with effusion holes of different sizes [35].

2.3.2 Torsion—-Effusion Method

The torsion—effusion (or recoil momentum technique) method is also based on the Knudsen
effusion cell. The cell is designed in the form of a closed horizontal cylinder provided with
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Figure 2.1 The scheme of the apparatus for vapour pressure measurement by the Knudsen method:
1, measuring block (effusion cell with a sample, vacuum connection, cold finger); 2, diffusion oil pump;
3, vacuum measuring gauge; 4, thermostat; 5, roughing-down pump; 6, helium cylinder; 7, bellows gates.

two orifices, one close to each end and on opposite sides of the cylinder. The molecules, effus-
ing through the orifices, exert a force on the cylinder resulting in a torque on the suspension
wire. From this torque the pressure can be derived with an associated sensitivity of 107> Pa.

In the torsion—effusion experiment, the effusion cell is suspended from a thin long
wire. The torque produces an angular twist ¢ opposed by the torsional stiffness of the
suspension. The torque is directly proportional to the vapour pressure

p = 20KAA1 fi + AL 15), 2.2)

in which K is the torsion constant, 4;, 4, and /;, I, are the effective areas of the orifices and
their distances from the rotation axis, respectively; and f;, f, are force factors that are
related to Clausing orifice transmission probabilities (geometrical factors derived from
radius and thickness of the effusion hole [36]) and are tabulated. The torsion constant of
the tungsten fibre is determined, for example, by the method of observing the periods of
the suspended assembly when cylinders of known but different moments of inertia are
added. Calibration is also possible with help of reference compounds. No changes of the
torsion constant during the experiments are observed. The torsion angle ¢ of the cell is
usually measured by using an optical assembly. The vapour pressure values are obtained
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using the simple relation deduced from Equation (2.2). Because torque, which is directly
proportional to the vapour pressure, in a torsion—effusion apparatus is counterbalanced
electromagnetically, so

p=C1, (23)

in which 7 is the electric compensation current and C' the constant in which physical and
chemical parameters of the cell and the torsion wire are included. The C’ values are exper-
imentally determined by vaporizing standard substances having well-known vapour pres-
sures. The typical assembly [37,38] is drawn in Figure 2.2.

The temperature is measured by a calibrated thermocouple inserted in a second cell
equal to the torsion cell and placed beneath it. This method requires a relatively short time
of 4-5 days for the complete measuring procedure. However, one serious drawback of the
method is that it is not possible to determine exactly the sample temperature and the influ-
ence of the background pressure.

2.33 Simultaneous Torsion and Mass-Loss Effusion Techniques

For the determination of vapour pressures of low volatile compounds, conventional Knudsen
techniques (see Section 2.3.1), as well as conventional torsion—effusion techniques (see
Section 2.3.2) are used, all of which have their own merits. The combination of two of these
techniques in one set-up offers the opportunity of obtaining supplemental information, which
can be employed, for example, in studying the mutual consistency of the methods. Moreover,
the extra information can be used for the calculation of additional quantities such as molar
mass or composition of the vapour phase [39-40].
The method of weighing effusion is based on Equation (2.1) formulated by Knudsen:

p = Cdm/dt, (2.4)

in which dm/dt represents the mass loss per unit time from an effusion cell. The constant
C among others contains the orifice area, molar mass, and the temperature of the effusing
species. In the torsion—effusion experiment with the effusion cell, the vapour pressure is
directly proportional to the torque, and is obtained by measurements of the electric com-
pensation current [ according to Equation (2.3) and a value of C’, which contains appara-
tus constants only. A set-up in which torsion—effusion is combined with weighing effusion
is described in [40].

The advantage of the combined torsion method is that a direct measure of the vapour pres-
sure occurs with the mass loss of the Knudsen method, whereas with the torsion method the
molar mass is additionally included. Decomposition, dissociation or association of the sample
molecules would be immediately noticed because then the ratio P 1oss/Ptorsion APPEAIS Sig-
nificantly different from unity (it is unity for a pure substance). A disadvantage of this method
lies in the temperature measurement, which is performed in the measuring cell, but afar from
the sample. When the effusion flow rate varies, temperature fluctuations are usually ill defined.
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Figure 2.2 Torsion—effusion assembly: A, assembly for torsion-angle measurement; B, magnetic
damping apparatus; C, water cooling; D, Penning gauge; E, height regulator of the torsion equip-
ment; F, torsion wire; G, vacuum system; H, liquid-nitrogen trap; I, support and alignment system of
the torsion assembly; L, torsion cell; M, furnace; TC, thermocouple.

234 Isothermal Knudsen Effusion Method in Thermogravimetric-Type
Apparatus

Simple weighing of the Knudsen cell before and after effusion is the least precise, and the use
of vacuum balances is apparently preferred. Measurements made under isothermal conditions
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with mass loss from the cell being recorded as a function of time in a thermogravimetric (TG)-
type apparatus result in high precision [41-43]. Effusion cell design is decisive for the accurate
measurements by using this technique. The cell must be very light, less than 1 g (determined
by the capacity of a microbalance) and it must allow the use of samples of a few tens of mil-
ligrams. The effusion cell is suspended on the arm of a commercial recording electro-balance.
At least 5 mass% of compound under study should be vaporized before measurements are
begun. This ensures removal of any volatile impurities possibly present in the sample.

Another measuring principle is based on a homogeneously heated Knudsen cell with
the effusion orifice in line with a cooled target, which is connected to a sensitive microbal-
ance [44). The whole system is mounted within a special high vacuum chamber with a
built in cold trap. The Knudsen cell is heated to a pre-selectable test temperature within the
temperature range of 223-573 K, controlled by a microprocessor programmer. When an
orifice is opened, the impulse of the molecular beam with a defined geometry is detected
by the microbalance as a weight loss step. The vapour immediately condenses on the
cooled target producing a weight increase with time, proportional to the effusion rate. In
the pressure range 10~ 3—1 Pa, there are two possibilities for the calculation of vapour pres-
sure values: (a) the impulse method gives the vapour pressure without knowing the molar
mass of the vapour; (b) the combination with the effusion rate value for the vapour pres-
sure allows the determination of the molar mass. This molar mass determination is precise
enough to discriminate between monomeric, dimeric and trimeric vapours. Below 1073 Pa,
the impulse values (weight signals) are too small for an exact calculation [44].

235 Non-Isothermal Knudsen Effusion Method in TG-Type Apparatus

The non-isothermal Knudsen effusion method was developed in response to the need to
scan over a wide range of temperatures in a modest time when investigating compounds
with extremely low volatility [41]. As the sample cell is in a high vacuum and must receive
heat purely by radiation, heat transfer is a key concern. A long time is generally required to
reach thermal equilibrium in an isothermal experiment. Achieving a new steady-state tem-
perature typically requires hours. The non-isothermal method is a straightforward modifi-
cation of the usual Knudsen effusion technique [41], generally requiring few changes in
equipment and only a limited change in procedures described above (see Section 2.3.4). The
advantage of the non-isothermal technique is that it does not require the cell to reach a
steady-state temperature. A temperature ramp is imposed by increasing temperature of the
heating block of the TG, but the temperature difference between the block and capsule is no
longer of concern. The capsule will rise in temperature at a rate that is in some way related
to the rise in block temperature, but it need not track it perfectly. Using the effusion cell of
amuch lower mass, 0.15 g, its temperature is tracked very well.

2.3.6 Mass-Loss Knudsen Technique with a Quartz Crystal Microbalance

The conventional Knudsen effusion method uses a balance to measure the rate of mass loss
through the orifice. A piezoelectric quartz crystal can be used as a weighing device if the
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molecules are condensed at its surface, since the thickness increases continuously leading
to a change in the resonance frequency (dv/d¢). This variation is proportional to the mass-
loss rate of the cell (dm/dr) and to the vapour pressure. In the Knudsen effusion and quartz
crystal microbalance (QCM) method [45-51], molecules escaping from the orifice are
trapped onto an externally cooled QCM. In this case, the mass loss through the orifice is
the mass gain of the QCM. The advantages of the QCM are increased sensitivity and
insensitivity to vibrational noise. However, for accurate operation of the QCM, the
deposited mass must be uniformly distributed on the crystal surface.

The rate of mass loss is related to p, which is the vapour pressure of the condensed
phase, by the Hertz—Knudsen—Langmiur equation [45]

—(dm/d)/4 = ay(MR27RT )3 (pe — p), (2.5

where dm/dt is the mass loss per unit time, 4 the area of orifice, & the evaporating coeffi-
cient, y the degree of surface roughness, T the local temperature and M the molar mass of
the test substance, p,,, the local saturated vapour pressure and p the local pressure. Usually
(o - ) 1s supposed to be pressure-independent and is taken to be unity. The enthalpy of
sublimation can be obtained from the equation

In[(dm/df)T*3] = InB — Ay H/RT, (2.6)

where In B includes the term (1/4)(27zR/M)%3 that remains constant during a measurement.
Thus, the enthalpy of sublimation can be obtained even if the mass-loss rate is not exactly
known, and instead only a proportional quantity is experimentally available (e.g. the thick-
ness, the resonance frequency or the output voltage). Details of the physical principles
have been described extensively by Lu and Czandema [51]. The QCM method is used only
for substances of low volatility. The high degree of purity of the tested products, which is
required for a reliable and precise determination of the evaporation heat, is a limiting con-
dition because the total amount of substance evaporated from or leaving the chamber in
this case is vanishing small.

2.3.7 Mass-Loss Knudsen Technique by Heat-Conducting Calorimetry

Calorimetric determination of enthalpies of sublimation in conjunction with a Knudsen effu-
sion cell has been performed by use of two kinds of calorimeters, i.e. adiabatic [52—54] and
conduction [55-59]. The calorimeters for determining enthalpy of vaporization of low
volatile substances should have high sensitivity and stability of the temperature zero line over
prolonged time. A Calvet-type heat-conduction calorimeter meets these requirements well
and is used for measurements of sublimation and vaporization enthalpies most frequently.
A Calvet microcalorimeter of commercial origin with some modifications is usually
used, in which the twin elements are placed symmetrically. The Knudsen cell with a knife-
edge effusion hole, containing a known amount of sample can be closed with a silica glass
sphere, which can be raised and lowered from the outside by the metallic rod. The working
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Figure 2.3 Schematic plot of output potential from the microcalorimeter against time for a
sublimation calorimetric experiment. A calibration experiment is superposed on a sublimation exper-
iment. S, is the net area obsetved for the sublimation experiment and Sp is the area associated with
the calibration.

procedure is described in [55,58-61]. The most elaborate sublimation calorimetric system, in
which a Calvet microcalorimeter and Knudsen-type sample containers are incorporated, is
designed especially for substances that are unstable in air [59]. The output signal of the
calorimeter throughout an experiment is schematically depicted in Figure 2.3.

Two areas, S and Sg, are determined and the molar enthalpy of sublimation at the
temperature of experiment Ay, H(T) is calculated on the basis of the equation

AaoH(T) = Ecqiin(Sr/Sp)(Mim), 27

where E; is the electrical energy supplied to the calibration heater, St = (S, + Sp) the true
area of the sublimation signal, m the mass of the effused sample and M its molar mass. The
enthalpy of sublimation by microcalorimetry is determined using relation (2.7). From the
direct calorimetric method, the behaviour of A,,, H(T) is obtained as a function of tempera-
ture. The vapour pressure of the sample is measured simultaneously and obtained by mass
loss under isothermal conditions of the Knudsen molecular effusion, using the well-known
Equation (2.1). The temperature behaviour of p is expressed by the linear equation, which is
the expression of the second-law method, over the range studied, and gives a mean value of
A, H(T). Agreement between the mean values obtained by calorimetry and by the second-
law method provides a test of mutual consistency of the experimental results.

238 Mass-Loss Knudsen Technique with a Mass Spectrometry Method

Mass spectrometry, with its attractive features of high sensitivity and resolution under high
vacuum conditions, is an attractive method for effusion studies. In this method, the Knudsen
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cell is used as the source of a molecular gas beam that is directed into the ionization chamber
of a high-temperature mass spectrometer. The height of a peak in the mass spectrum of a com-
pound is proportional to its partial pressure in the ionization chamber of the spectrometer.
Measurements made on the spectra obtained for different temperatures of the equilibrium
chamber allow calculation of vapour pressures and enthalpies of vaporization or sublimation.
Various kinds of Knudsen cells are employed in combination with various types of instru-
ments: single-focusing magnetic sector field (the standard instrument), double-focusing,
quadrupole, time-of-flight and monopole mass spectrometers [62]. Resolution requirements
depend upon the mass ranges and separations between adjacent masses of the sample vapour
species. The application of mass spectrometry to Knudsen cells has been reviewed by Drowart
and Goldfinger [63] and by Chatillon et al. [64].

One advantage of this method is that measurements can be made despite the presence of
impurities, provided the impurities do not contribute to the peaks chosen for study.
Comparison of several peaks in different parts of the spectrum will assist in checking this
because, if they are due to a single component only, their ratios should remain constant as the
temperature of the equilibrium chamber is changed. Relative insensitivity to impurities has
allowed applying high-temperature mass spectrometry to determine the vapour pressure and
sublimation enthalpy of buckminsterfullerene at temperatures from 637 to 846 K [65].

The mass spectrometer is not suitable for the precise measurement of the absolute
vapour pressure at a single temperature. The measurement depends on the positive ion cur-
rent for a particular species, which in turn depends on the ion collection efficiency of the
instrument and the ionization cross-section of the species concerned. Systematic uncer-
tainties in these will make the absolute vapour pressure imprecise, but should leave the
temperature variation unaffected [66].

239 Knudsen Cell with Differential Scanning Calorimetry
DSC as a Boiling Point Method

Differential scanning calorimetry (DSC) has been an important tool for the study of the ther-
mal behaviour and phase transitions of organic and inorganic substances. By carrying out ade-
quate modifications, a scanning calorimeter can also be developed as an experimental
instrument capable of measuring directly the heat transfer involved in the liquid-gas or
solid—gas phase transitions of organic substances. Goodrum and Siesel [67] have described
such a DSC procedure using sealed standard crucibles with laser-drilled holes. Further
improvements to the DSC technique [68—70] have made this method a routine laboratory tool.
Minor and easily made modifications to a standard pressure DSC cell are required. In this
technique, boiling points can be determined over a broad temperature range with the DSC
instrument by non-equilibrium experiments. The heat uptake of the sample is measured as
a function of temperature and the enthalpy of evaporation can be measured directly if the
whole sample is evaporated. The evaporation curves are better defined when the sample is
enclosed and is allowed to evaporate through a pinhole of appropriate size. In DSC exper-
iments, a constant carrier gas flow is maintained in the vicinity of the sample capsule to
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prevent recondensation of the sample vapour on the sample holder assembly. The pressure
DSC module measures thermal effects from room temperature to 900K in variable gas atmos-
pheres from ambient pressure up to 7MPa [68]. Validation of the DSC procedure was per-
formed by studying samples of naphthalene, caffeine and tetradecane [68,69]. The data from
the DSC technique are in good agreement with the well-established vapour pressures of these
test compounds.

DSC as a Mass-Loss Method

An interesting DSC experimental procedure has been developed for direct measurement of
the heat involved in the vaporization of a solid organic compound above its normal melt-
ing temperature [71-73]. This technique consists of fusing a solid aromatic hydrocarbon,
which is then vaporized by a sudden decrease in the pressure. The direct register of heat
flow as function of time by DSC allows quantifying the enthalpy of vaporization of
organic compounds. Enthalpies of vaporization are measured in an isothermal mode over
arange of temperatures above the melting temperature of a compound, while enthalpies of
fusion are determined from separate experiments performed in a scanning mode. The
calorimetric measurements are performed using the modified commercial DSC calorime-
ter [72]. The commercial pans for volatile samples are utilized as vaporization cells, but
previously were modified making a hole with a drill of diameter 0.3 mm. The vaporization
heat is obtained by knowing the initial mass, the mass lost due to the vaporization at con-
stant pressure, and the area of the measured calorimetric curve. The system was tested suc-
cessfully with measurements on the naphthalene, iodine, benzoic acid and ferrocene [72].

24 Langmuir Effusion Methods for Vapour Pressure
Measurement

The Langmuir method in contrast to the Knudsen cell presumes a free evaporation from an
open surface. Vapour pressures are determined via the rate of substance vaporization from an
open crucible into vacuum or into an inert purge gas. This technique combines the simplistic
features of the methods of gas saturation (see Section 2.5) and vapour pressure balance to
measure sublimation rates at ambient pressure, namely isothermal thermogravimetry (TG)
with an inert gas purge. The TG methods potentially have considerable advantages compared
with the conventional methods for determining vapour pressures. These include the rela-
tively small amounts of substance that are sufficient for measurements, the simplicity of the
experimental set-up and the short experimental times that are necessary for evaluations.

Price and Hawkins [74,75] formalized a procedure for estimating the vapour pressure
of low-volatile substances from TG data obtained in the presence of an inert purge gas
at atmospheric pressure using the Langmuir equation. Langmuir considered evaporation
from an isolated solid surface into a vacuum and obtained an equation

dm _ ad 2.8
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where —dm/dt is the rate of mass loss per unit area, p the vapour pressure, M the molar
mass of the effusing vapour, R the gas constant, T the absolute temperature and « the
vaporization coefficient (usually assumed to be 1). Samples are prepared by placing them
in parallel-sided crucibles so that a well-defined surface area is achieved. In the case of
solid substances, the material is melted first to obtain a flat surface. Measurements can be
made under isothermal and linear-rising temperature conditions using an inert atmosphere
instrument purge under ambient pressure.

According to Langmuir, the vaporization constant (¢) depends on the experimental set-
up and it is independent of the substance being vaporized, provided the vapour is not associ-
ated. The value of e is stipulated to be equal to unity in vacuum. The Langmuir equation
holds true for a certain rate of mass loss in volatilization from a given container exposing a
constant area of interface. In the case of a material volatilizing into a flowing gas stream
at one atmosphere rather than in vacuum, o can no longer be assumed to be unity. The
Langmuir equation can then be rearranged to constitute a material-dependent and a material-
independent term. Rearranging Equation (2.8) gives

p = kv, (2.9

where k = V2zR/ocand v = dm/dt VTIM. A plot of p against v follows the same trend for a
series of compounds with known vapour pressure regardless of chemical structure pro-
vided that the sample does not associate in the solid, liquid or gas phase. This allows the cal-
ibration constant & to be determined and thus the vapour pressures of unknown materials to
be found. The TG method for determination of vapour pressures and sublimation enthalpies
by using thermobalances commercially available is described by Price [74,75]. Additionally,
it has been demonstrated that “modulated-temperature TG” [76] can be also used for deter-
mining the enthalpies of sublimation and vaporization of organic compounds [74].

The use of reference compounds in constructing the vapour pressure plots for the sam-
ple compounds is based on the concept of substance independence of the coefficient of
evaporation k. The coefficient of evaporation is a measure of the evaporation process that
depends on parameters such as the area of the surface from which evaporation is taking
place, the vaporization coefficient, and the universal gas constant but does not depend on
the material being investigated. Reference compounds are usually selected as those with
well-established vapour pressures. Experimental vapour pressures collected in the literature
[3,77] are most often approximated by the Antoine equation. Accuracy of the vapour pres-
sures derived by TG depends directly on the quality of vapour pressure data sets of the cho-
sen reference compounds. It is prudent to collect a set of reference substances with vapour
pressure data measured over a broad temperature range, which essentially mimic the condi-
tions of the TG experiment. In this context, it is advisable to take some precautions by using
the comprehensive compilation [3], which contains vapour pressure results for all classes of
organic compounds over a wide range of temperature. This compilation is willingly used by
the TG community to extract the Antoine coefficients. However, the origin of the data pre-
sented in [3] is unclear. In addition, the methods of measurements are unknown and the
associated errors and purities of compounds are not always defined. As a result, caution
must be exercised in the use of Antoine coefficients listed in [3].
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2.5 The Transpiration Method

The transpiration method, also called the transportation or gas saturation method, is one of
the oldest and most versatile ways of studying heterogeneous equilibria involving gases. It
was first proposed by Regnault in 1845 [80], but was not used intensively until the advent of
automated chromatographic analytical techniques in 1970s. This method has been applied
for both organic and inorganic compounds. Unfortunately, this method had long been erro-
neous because of insufficient saturation of the sample vapour in the carrier gas and the mis-
calculation of the vapour pressure based on the extrapolation of a flow rate to zero [11].
There are several advantages for this method, for example, it is not influenced by a small
amount of volatile impurities and it is possible to measure the equilibrium vapour pressure
within a short time, and it is also possible to make measurements in any atmosphere by
changing the carrier gas. Vapour pressure can be measured over temperature ranges that are
close to ambient. This method is particularly applicable at low vapour pressures around 3 kPa
downwards and can be used over a very wide range of temperature. In principle, the method
is free of serious errors and has proved to give results that are in excellent agreement with
other established techniques for determining vapour pressures of pure substances and
enthalpies of vaporization from the temperature dependence of the vapour pressure.

In the transpiration method, a gas, which may be either inert or reactive, is passed over
a thermostatically controlled saturator packed with either the pure compound of interest or
with an analyte-coated inert support at a rate sufficiently low for equilibrium conditions to
be established. The analyte is collected from the saturated vapour using impingers, sor-
bents or cryogenic traps and the amount of substance transferred is determined by some
suitable means. Assuming that Dalton’s law of partial pressures applied to the carrier gas
stream saturated with the substance i of interest is valid, p; values are calculated:

pi = miRT,/VM,, V= Vgas + 7V (Vgas >V, (2.10)

where R is the gas constant, m; the mass of transported compound, M; the molar mass of
the compound, and ¥; its volume contribution to the gaseous phase. ¥, is the volume of
transporting gas and 7, the temperature of the device used for measuring the flow rate.

The conventional transpiration apparatus (Figure 2.4) consists essentially of the satu-
rator. About 0.1-0.5g of the sample under investigation is mixed with glass beads or
another support. This material fills the entire length of the saturator. The saturator itself is
immersed in a thermo-fluid and kept at constant temperature using a thermostat with an
accuracy of £0.1K. The temperature inside the saturator cell is measured by means of a
platinum resistance thermometer with an accuracy of =0.1 K. The carrier gas, preheated in
an additional loop line in the thermostat, enters the saturator, equilibrates with the sample
along the tube and the saturated vapour condenses in a cold trap, attached by the connection
directly to the exit of the saturator. The saturation vapour pressure p; at each temperature 7;
is calculated from the amount of product collected in the cooling trap within a definite
period of time.

The transpiration experiment consists of the following two parts: (1) Determination of
the plateau in the plot of the vapour density versus the flow rate of the carrier gas at a suitable
temperature, preferably the mean, in the range of measurements. This is important to prove
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Figure2.4 Schematic diagram of the transpiration apparatus [81]: 1, carrier gas cylinder; 2, flow valve;
3, digital mass flow meter; 4, equilibrium cell; 5, saturator filled with the sample; 6, thermometer;
7, cooling trap at T = 243 K.

saturation conditions. (2) Determination of equilibrium vapour pressures at various tempera-
tures from which the mean enthalpy of vaporization or sublimation is derived. The experi-
mental quantities measured to obtain the above information are as follows: (a) the mass loss
m; of the sample due to the vapour transported away from it by the carrier gas; (b) the rate of
flow of the carrier gas over the sample and the total time for which it is passed, from which the
total volume of the gas swept over the sample is calculated; (c) the temperature at which the
experiment is performed and (d) the ambient temperature 7, at which the volume of the car-
rier gas is measured. The accuracy of the results obtained depends on the accuracy with which
these quantities are measured. Validation of the transpiration procedure with established stan-
dards, such as naphthalene, benzoic acid, decane and alcohols, proved its ability to reproduce
vapour pressures within 0.5-1.5 per cent, and a typical accuracy of the vaporization enthalpies
is within +0.2-0.4kJ - mol~! [81].

2.6 Chromatographic Methods

Virtually since its inception, gas chromatography (GC) has been recognized as a powerful
method for non-analytic measurements, in particular, for the study of physico-chemical
properties, investigation of sorption and catalytic processes, for the measurement of VLE
and to obtain data on vapour pressures and vaporization enthalpies. The most common and
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thermodynamically well-defined methods include the dynamic approach, in which the reten-
tion volume of a solute molecule is measured, and the static or headspace analysis technique,
in which the chromatograph is used in a conventional fashion, i.e. as a selective and sensitive
gas analyser.

2.6.1 Headspace Analysis

A simple indirect headspace analysis for determination of vapour pressures of pure com-
pounds has been developed by Chickos [82]. A typical apparatus consists of a sample com-
partment attached through a valve to the ballast tank. Equilibrium is achieved by keeping
the ballast and sample compartments at the same temperature. An analysis of the contents
in the ballast tank of known volume followed by treatment of this quantity by the ideal gas
law yields the experimental vapour pressure of the compound under study. Experimental
results derived by this method tend to be lower by a few per cent relative to other tech-
niques [83]. This has been attributed to a small contribution of residual adsorption. In spite
of the fact that the actual values of the vapour pressures determined by headspace analysis
should be considered only as approximate values, it is important to recognize that the tem-
perature dependence of the vapour pressure measured by headspace analysis, and follow-
ing the A, H, remains reliable [84].

2.6.2 GC-Correlations with Retention Times and Vapour Pressures
of Reference Compounds

A number of indirect experimental methods for determining vapour pressure and vaporization
enthalpies by using GC are based on measuring retention times. Compared with other meth-
ods, the GC technique offers particular advantages in terms of simplicity, speed, solute sam-
ple size, as well as purity and stability requirements. Bidleman [85] has outlined the advantage
of using the capillary columns to obtain efficient resolutions of mixtures under study.
Numerous methods [85-93] were developed intensively for the study of vapour pressures of
environmentally relevant chemicals at ambient temperatures, more specifically at the refer-
ence temperature 298 K. The average precision of the GC methods, expressed as relative stan-
dard deviation, was 9-36 per cent as measured for environmentally relevant organic
compounds [9]. Such a disappointing spread of values has not encouraged an extended use of
the GC methods in spite of substantial advantages mentioned above. Fortunately, recent sys-
tematic attestation of the most frequent GC methods, which have been performed by Koutek
et al. [86], allowed setting some priorities. In this work, they studied alkane derivatives H-
(CH,),-Y, where Y denotes Cl, Br, CHO, COOCH; and OCOCHj, and # varies from 6 to 14.
Having an established set of experimental data on retention times from own measurements
and sets of reliable vapour pressures available from the literature, a thorough assessment
of the most frequently used methods [87-93] has been performed. The GC experimental
methods as a rule require the use of one or several reference compounds whose vapour
pressures are accurately known over the whole temperature range used by measuring of gas
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chromatographic retention times. Nearly all GC methods that have been used at present are,
to some extent, either explicitly or implicitly based on an insight that stems from the equation

V= RTIMpy?. @.11)

This equation, assuming the ideal gas behaviour, relates the measured specific retention
volume ¥, ; of a solute 7 in a stationary phase, whose molar mass is M, to its vapour pres-
sure p;, activity coefficient at infinite dilution ¥;” and the gas constant R. Provided that a
constant carrier gas flow rate is applied, other retention parameters, for example, adjusted
retention times (¢ = t; — #;) deduced from the experimental retention times (¢{) and the
retention of an “non-retained” substance (the hold-up time, #;) may be advantageously
used in Equation (2.11) instead of V.

As has been demonstrated by Koutek et al. [86], the average absolute per cent error of
methods suggested in [85,87,91,92] scatters at the level of 9—12. Methods suggested in
[88-90,93] show the larger average absolute per cent error of 17-25 per cent. Thus, the
careful work performed by Koutek et al. [86] supports a view that the GC-based methodolo-
gies [85,87,91,92] may serve as a very useful complement to existing physicochemical
approaches. However, the extension of the methods beyond non-polar and/or moderately
polar series of homologues deserves further investigation.

2.6.3 GC-Correlations with Net Retention Times

A simple method to correlate gas chromatographic retention times with experimental
vapour pressures of organic compounds was suggested by Chickos et al. [94-96]. In short,
a plot of In(1/t,) against 1/(T/K), where ¢, is the retention time of any compound A cor-
rected for the dead volume, results in a straight line. Using this relation, retention time ¢,
can be calculated at any required temperature, for example, at the reference temperature
298 K. Correlation of the logarithm of reciprocal corrected retention time at a selected
temperature (1/¢,) with the logarithm of the experimental vapour pressure at a selected
temperature results in the linear relationship for over 100 organic compounds from diverse
chemical families [94]. Experimental vapour pressures were obtained from the reported
Antoine constants [3] evaluated at temperatures consistent with both retention time meas-
urements and range of applicability of the vapour pressure equation, e.g. Antoine or Cox.
It was suggested by Chickos et al. [94-96] that, in cases where compounds are properly
selected with regard to the analogy of their molecular structures with reference com-
pounds or standards, this linear relationship obtained by plotting (1/¢,) versus logarithm of
the experimental vapour pressures of standards with the known and well-established value
of vapour pressures can subsequently be used to evaluate the unknown vapour pressures of
any structurally related species provided the unknown species are analysed under the same
conditions as the standards. Chickos and Hanshaw [96] have described the experimental
procedure and validation of the method using alkanes. The linearity between In(p) and
In(1/¢,) was carefully proven for a series of n-alkanes for n-C4 to n-Cyq. In this instance,
the In(1/¢,) data were extrapolated to T = 298 K, and the experimental vapour pressure
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data were calculated from the Cox equation, which approximated results recommended in
[97]. The linearity (R* = 0.9997) observed between In(p) and In(1/t,) for n-C14 to n-Cyq
suggests a mechanism by which vapour pressure data for the larger n-alkanes can be
obtained. Using experimental In p data at 7 = 298 K calculated from the Cox equation and
from extrapolated In(1/¢,) values for n-C;; to n-C»; and using the appropriate equations
approximating experimental ¢, values, values of Inp for n-C,, to n-C,; can be obtained by
linear correlation established with the standards n-Cy; to #n-Cys.

The range of temperatures for which the Cox equation is applicable for the n-alkanes is
from 298 K to the boiling point 575K [97]. Using, for instance, the vapour pressures of
n-Cy5 to n-Cyq generated from the parameters of the Cox equation as standards [97] and
experimental results for In(1/¢,) = f(1/T), the stepladder approach just described for obtain-
ing In(p) at T = 298 K for n-C,7 to n-Cy3, vapour pressures of desired n-alkanes at a series
of different temperatures can be calculated. Extended comparison of calculated vapour
pressures with those available from the literature assures this approach as a highly reliable
one. Approximation of these p—T values derived by this GC procedure provides vaporiza-
tion enthalpies of an alkane under study at any requested temperature, e.g. at 298 K.

The same authors described another interesting technique for determining vaporization
enthalpies A, H(T) of organic compounds by using high-resolution GC [94-96]. The tech-
nique correlates changes in net retention times of compounds whose enthalpies of vaporiza-
tion Ay, H(T) are known with those of the compound(s) of interest. The best results are
obtained when the reference compounds are structurally similar and in the same chemical fam-
ily. Hydrocarbons and various hydrocarbon derivatives containing one functional group were
used for validation of the method. Comparison with literature values of the A, H(298 K) of
102 compounds resulted in an average standard deviation of 1.3kJ - mol™ ! In most cases, the
difference between the literature value and the value from GC-correlation method lies within
the normal errors +0.3-0.5kJ - mol ™! associated with vaporization enthalpy determinations.

Similar to the procedure described above for the determination of vapour pressures, a
plot of In(l/t,) against 1/(7/K) results in a straight line, whose slope when multiplied by the
gas constant affords Ay, H, which is the enthalpy of transfer from solution, viz. the station-
ary phase of the GC column, to vapour. It was found that, in cases where compounds are
properly selected with regard to molecular structure, plotting A,H against the known
vaporization enthalpy at temperature 7, A, H(T') also affords a straight line. The equation
of this line can subsequently be used to evaluate the unknown vaporization enthalpy of any
structurally related material provided that the unknown is analysed at the same time as the
standards.

The GC-correlation techniques, developed by Chickos et al. [94-96], prove to be an
accurate means of determining vapour pressures and vaporization enthalpies of organic
molecules. The advantages of this method are its speed and accuracy and small sample sizes
required. In addition, whereas most thermo-chemical measurements require purities in
excess of 99 per cent, there is no minimum purity requirement for this method. The fore-
most limitation of this method is that the results are entirely dependent upon the choice of
standards and the reliability of their vaporization enthalpies and vapour pressures. However,
to our knowledge, methods capable of reflecting the effect of minor structural differences
in the position and configuration of substituents on the A,/ better than correlation GC
have not existed up to now.



24 Phase Changes in Pure Component Systems: Liquids and Gases

2.7 Calorimetric Measurements of the Enthalpy of
Vaporization

Experimental methods for determining the enthalpy of vaporization can be divided into two
groups. The first consists of direct methods based on the calorimetric measurement of the
enthalpy of vaporization. The second group of indirect methods employs calculation of
AyapH from other, experimentally more readily available quantities. This primarily involves
the determination of the enthalpies of vaporization from experimental vapour pressures (see
Sections 2.1-2.5), from p¥T behaviour of both coexisting phases, and from chromatographic
data (see Section 2.6). In general, every calorimetric vaporization experiment is based on the
determination of the amount of heat required for the vaporization of a unit amount of the sub-
stance studied. For measurement of enthalpy of vaporization of volatile compounds, a vari-
ety of calorimetric assemblies were developed [2,4,5]. The accuracy of the results depends to
a large extent on the complexity of the apparatus and the precision of measuring equipment.
For the most part, the calorimeters for determining vaporization enthalpy operate under adi-
abatic conditions, and all the heat absorbed during vaporization is exactly compensated by an
equivalent amount of heat supplied from an external source. Another part of the calorimetric
determination of enthalpies of vaporization is performed by use of conduction calorimeters.
Because of complexity of the apparatus for adiabatic and conduction calorimetry, commer-
cially available devices are usually adapted for the high-precision measurements. A short
description of equipment and measurement procedures is presented here, which is essential
to provide understanding of the method currently applied.

2.7.1 Adiabatic Calorimeters

At low pressures ( p < 5 kPa), methods employing vaporization into a vacuum [52,53] and
using a carrier gas [98] are convenient. The former permits measurement of the enthalpy of
vaporization at very low vapour pressures, even below 1 Pa. The upper limit of applicabil-
ity of this method is about 25 kPa. The latter method is useful for the pressure range from
0.05 to 25kPa and the principle of this method has been applied in the commercial LKB-
8721 calorimeter. In both methods, the vaporization vessel is open to the calorimeter sur-
roundings during vaporization. By vaporizing into a vacuum, the sample flows out of the
vaporization vessel into an evacuated space. The vaporization vessel can then be considered
as a Knudsen cell. The experimental arrangements combining a Knudsen cell and a
calorimeter are described in detail in Section 2.3.7.

At moderate pressures (5 < p < 200kPa), experimental methods based on a closed
system are employed. The vaporization and condensation parts of the apparatus are inter-
connected and completely separated from the surrounding atmosphere. Usually, only the
measured substance is present inside this closed system. Two types can be distinguished. The
first type employs a single controlled withdrawal of the vapours from the vaporization com-
partment into the condensation vessel [99-101], in the second type, the vaporization and con-
densation parts are connected in a circuit with continuous fluid cycling [102]. The apparatus
equipped with control valves designed by Svoboda et al. [100] and Majer et al. [101] yielded
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Figure 2.5 Schematic diagram of the calorimetric cell for the differential microcalorimeter [107].
1, the lower lid; 2, evaporation chamber; 3, effusion cell with a sample; 4, metal rod; S, spring; 6, direct-
ing channel; 7, auxiliary rod; 8, bellows; 9, fixing screw; 10, limiting strap; 11, metal shields; 12, Teflon
tube; 13, segmental shields; 14, isolating coats; 15 and 16, metal contacts for the thermostat, 17, glass
cell; 18, metal rod with a seal band; 19, metallic rod with a spire. 1, evaporation chamber with broken
ampoule; II, evaporation chamber with effusion cell closed by metallic rod; I, evaporation chamber
with effusion cell obtained by piercing the membrane.
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AyapH data for various groups of substances in the interval 7 = 298-373 K with an accuracy
0f 0.1-0.3 per cent.

2.7.2 Drop Calorimetry Method

The method of drop calorimetry has been proposed for measurement of vaporization enthalpy
[103-105]. The sample at room temperature is dropped into a Calvet-type calorimeter with a
certain enhanced temperature, which should be sufficiently high to provide a rapid vaporiza-
tion or sublimation of a sample. The substance is then rapidly heated to the temperature of the
calorimeter and vaporizes. The amount of heat transferred is obtained from the peak area in
the calorimetric signal. This method is very simple and fast, the measuring error is 1-1.5
per cent for a minimal sample amount of less than 5mg for calorimeter temperatures of
320-1000 K. Kiyobayashi and Minas da Piedade [105] have described in detail the apparatus,
operating procedure and tests.

2.73 Differential Calorimetry

The measurement of vaporization enthalpies using a commercial Calvet-type microcalorime-
ter (Setaram BT 2.15) without modification and using an original design of the vaporization
vessel is reported by Viton et al. [106]. A modified commercial heat-flow differential
microcalorimeter of the Calvet type was developed for the determination of enthalpies of
vaporization [107]. A special calorimetric cell (see Figure 2.5) was designed according to the
requirements of maximal thermal contact in the measuring zone and prevention of heat loss
from the measuring zone. The evaporation can occur either from the broken glass ampoules,
or from the special metal ampoules through the orifice in the thin nickel membrane. The glass
ampoule is broken with a metal rod. The latter is fixed on a spring, which is moved with an
auxiliary Teflon rod. If metal ampoules are used, the orifice is made in advance and is covered
with a silicon cap placed on the butt-end of the metal rod. The hole is opened when the meas-
urements begin. It is more convenient if the membrane is pierced with a needle placed on the
rod during the experiment as shown in Figure 2.5. The power or the heat flow W is evaluated
from the relation W = AE/K, where AE corresponds to the temperature difference between the
core of the calorimeter and the evaporating camera and X is the thermal constant of the cell.
The constant for the cells is determined from the results of measurements of enthalpies of
vaporization for the reference substances.

2.8 Conclusions

Many experimental techniques for the determination of the vapour pressure are described in
the literature, but no single method is applicable for the entire vapour pressure range of indus-
trially significant compounds (~10°-107 Pa). The choice of a method depends largely on the
temperature and pressure range concerned, although there may be considerable overlap
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between instruments of each type. Vapour pressure measurements at ambient temperatures,
close to the reference temperature 298 K, and low pressures are usually of considerable inter-
est for environmentally relevant compounds, as well as highly desired for scientific calcula-
tions to obtain vaporization enthalpies in order to reduce the enthalpy of formation in the
condensed state to the gaseous state. The transpiration method is the most suitable for these
conditions. Measurements at elevated temperatures and pressures for volatile compounds can
be easily performed by calorimetric, static or ebulliometric methods. Measurements at ele-
vated temperatures for low volatile compounds can be better performed by Knudsen cell
methods, the transpiration method or by drop calorimetry.

Sometimes an amount of a sample suggested for investigation plays a decisive role by
choice of techniques. Conventional ebulliometry requires about 20 g, a static cell about 3-5 g,
the conventional Knudsen cell mass-loss effusion set-up about 200—-500 mg. For the TG and
DSC modification of the Knudsen method or a drop calorimeter, only several milligrams of a
sample are required. However, these indications of sample masses are approximate, depend-
ing on thermal stability and purity of a sample, and reproducibility of measurements. Also it
has been observed that wide variations occur in the data reported by different authors for the
same compound. This suggests that several methods covering different experimental condi-
tions should be applied within a research laboratory for proper measurements of vapour pres-
sures and vaporization enthalpies. Under these circumstances, an internal consistency of the
results delivered by different techniques should provide requisite reliability.
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3 PHASE CHANGES IN PURE
COMPONENT SYSTEMS: LIQUIDS
AND SOLIDS

The solid-liquid phase transition is thermodynamically first-order, and is therefore charac-
terized by changes in volume and enthalpy (or entropy), which can be used to detect the
melting process [1]. Enthalpy changes accompanying phase transitions may be used as stan-
dards in calorimetric measurements. An early review of calorimetric methods is given in
Ref. [2]. For current developments of heat capacity measurements, the reader is referred to
Chapter 7 of Volume VI. Data on heat capacities and entropies, including solid/liquid, for
2500 organic compounds are compiled in [3]. Volume changes on melting can be measured
by dilatometric and piezometric methods [4,5]; see also Chapter 5 (density) of Volume VI.
Many other physical properties are coupled with a phase transition as well, leading to mis-
cellaneous techniques for the detection of the melting process.

Before expanding on the experimental procedures in more detail, we have to distin-
guish between various classes of compounds. In general, a crystalline solid melts to an
isotropic liquid, thereby losing positional and orientational order. In some cases, a step-
wise reduction of these two types of order is observed [6,7]. For example, globular mol-
ecules are often able to reorient on their lattice sites far below the melting point without
destroying the crystal structure. The onset of such reorientational motion is in general a
cooperative process resulting in a solid—solid transition, where the orientational order is
lost. This will be treated in the next chapter of this book.

On the other hand, molecules with a strong anisotropic shape may display liquid crys-
talline phases, where some degree of orientational order is still maintained. Historically,
liquid crystals have been classified by Friedel as nematic, smectic or cholesteric [8]. More
recently, many other liquid crystalline phases have been discovered to include discotic,
cubic or banana-shaped [9-11]. The rich polymorphism observed in liquid crystals means
a wealth of phase transitions, which are often investigated simultaneously with the melting
process.

The inverse process of the melting is the freezing, which need not necessarily result in
the same transition temperature. A liquid may supercool on freezing to yield a glassy state
[12] or other metastable solid phases [13]. Reheating of a glass or a metastable solid phase
exhibits quite different features. It is therefore indispensable to define clearly the thermal
treatment, viz. heating or cooling runs and annealing conditions before the measurement.
As an example, we show the melting behaviour of carbon tetrachloride [14,15]. On cool-
ing, the liquid freezes to a metastable solid phase I,. Reheating yields the melting curve
I, = €. Appropriate annealing may transform the solid phase I, to the stable phase I,
which melts at a higher temperature as shown in Figure 3.1. It is a general feature that the
melting curve of a metastable form is shifted to lower temperatures. Apart from that, the
metastability of phase I, is clearly demonstrated by its spontaneous conversion to [,
during the melting process [15]. Recently, 2,2,2-trichloroethanol was investigated that
even revealed three different melting curves [16]. Melting phase diagrams may be much
more intricate in multi-component systems. A stable solid phase (e.g. fcc) of one component
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Figure 3.1 Phase diagram of CCly: (a) heating, (b) cooling runs.

may be metastable with respect to the other component resulting in crossed isodimorphism
in the binary melting diagram [17].

In general, the temperature dependence at constant ambient pressure is considered,
which is indeed more easily achieved in comparison with pressure changes. However for
any profound understanding of phase transitions, the pressure variable is as important
as the influence of temperature. In particular, for “soft” molecular crystals, moderate
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pressures may significantly change the phase behaviour and other physical properties [18,19].
Phase diagrams and equations of state for solids have been reported [18,20]. p¥'T data are
useful for a full description of thermodynamic properties [21,22]. They enable one to esti-
mate the volume-dependent part of the entropy change at the melting [23] or clearing
temperature [24].

Melting curves of compressed gases are of great technological relevance [25]. They
are often used as pressure-transmitting media. Moreover, rare gases are good candidates to
model melting theories: e.g. Solca e al. reproduced the melting curves of neon and argon
by Monte Carlo simulation [26]; de Konig et al. determined the melting curve of argon by
a Clausius—Clapeyron method [27]; and Belonoshko e al. calculated the melting curve of
xenon by molecular dynamics [28]. The melting line of helium is used as a thermometer in
low-temperature physics [29]. Modarress ef al. improved the Lennard—Jones—Devonshire
theory for predicting the liquid—solid phase transition [30]. We mention a few results for
the melting curves of helium [31-33], neon [33,34], argon [31,35], nitrogen [36,37] and
hydrogen [31,38-40].

Polymers usually display a distribution of molar masses, and therefore strictly speak-
ing they are not pure compounds. However, they often exhibit partial crystallinity that
places them close to solids. So, we briefly mention just a few of the most recent investiga-
tions of their morphology, crystallinity and melting behaviour [41-45] as well as some
high-pressure studies including the melting region [46—48]. Equations of state of chain
molecular systems have been established [49].

Surface melting [50] can take place when a liquid film is developed on approaching
the melting temperature. On the other hand, surface freezing [51] means the formation of
a crystalline layer before the bulk freezing point is reached. These interesting phenomena,
however, are discounted in this chapter.

3.1 Thermal Methods and Calorimetry
3.1.1 Measurements at Normal Pressure
Adiabatic Calorimetry

Adiabatic calorimetry is one of the classical precision techniques for the determination
of enthalpy changes and of heat capacities [2,52-54]. A status report of calorimetric and
thermochemical work can be found in a special issue of the Journal of Chemical Thermo-
dynamics devoted to experimental methods of thermodynamics [55]. As an example, we
mention the calorimetric study of bicyclohexyl, which reveals a series of phase transi-
tions [56]. The equilibrium melting temperatures were measured as a function of
fraction of the sample in the liquid state. The resulting triple point temperature was T, =
(276.83 = 0.02)K with a sample purity of x = 0.99998. The enthalpy of fusion
ALyHm = 6.859kJ - mol ! was obtained within a reproducibility of +107°. Energies
were measured to a precision of 0.01 per cent, and the temperature resolution was 0.0001 K.
Details of the automated and computer-controlled equipment are described in [57].
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The calorimetric vessel consists of a platinum inner cylinder with 30 horizontal discs. A
surrounding shell provides a uniform temperature profile. Four copper adiabatic shields
were controlled to within 1 mK.

Arai et al. [58] and Kamae et al. [59] designed adiabatic calorimeters for measure-
ments at low temperatures ranging from 20mK to 25K. In order to extend the accessible
temperature range, an automated calorimeter was constructed, workable in the temperature
range from 13 to 530K [60]. This remarkable temperature range is achieved by using
Teflon-insulated wires thereby allowing in situ experiments, that is the polymorphism of a
substance can be investigated over a wide temperature range without carrying out thermal
treatments outside the calorimeter.

Ice Calorimeter

Ditmars [61] gives an account of absolute calorimetric measurements of enthalpies
and temperatures of fusion for a number of pure metals starting with zinc for the use of
differential scanning calorimetry (DSC) calibration standards. All relative enthalpy
measurements were performed with a high-precision ice calorimeter. The melting tempera-
ture of zinc (692.745 = 0.0010) K was obtained with a partial-fusion technique. The accu-
racy of the enthalpy of fusion (7026 = 40) J - mol~! is higher than that for previously
reported data.

Dynamic Methods

In recent years, dynamic methods such as differential thermal analysis (DTA) and DSC
[62—64] have become increasingly popular, as they are especially suitable for small samples.
The DTA peak area is roughly proportional to the latent heat evolved in a phase transition;
however, quantitative evaluation is limited. The detection of phase transitions can be improved
in using derived DTA [5,65]. The DTA can be combined with derivative thermogravi-
metry to determine melting points of organic acids [66]. Melting is observed as a small
peak in the DTG plot of derivative weight against temperature. Both methods yield com-
parable melting temperatures.

In DSC, the differential energy input between sample and reference yields after inte-
gration approximately the enthalpy change of the sample. Callanan et al. [67] give a crit-
ical comparison of adiabatic calorimetry and DSC. The advantages of DSC are the large
accessible temperature range and its acquisition at relatively low cost. However, DSC is
not an “absolute” method and it needs suitable reference materials for calibration. Sembira
and Dunn [68] describe high-temperature calibration of DTA and DSC using encapsulated
samples in quartz. Low heating rates are recommended for the precise determination of
heat capacities and enthalpies of transitions [69].

In recent years, new calorimetric methods have been developed, such as temperature-
modulated DSC, transitiometry, dynamic and adiabatic scanning calorimetry [53,70-73]. In
AC calorimetry, a constant oscillating heating power is imposed on the sample and the result-
ing temperature oscillations are recorded. This method is particularly useful for the study of
pre-transitional effects [74]. In non-adiabatic scanning calorimetry, the power input increases
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linearly with time for a certain time interval [75]. It allows the simultaneous measurement of
the heat capacity and thermal conductivity. Classical AC calorimetry has a limited frequency
window that depends on experimental parameters and sample properties. Honda et al. [76]
determined the dispersion of the dynamic specific heat of n-hexatriacontane. Minakov et al.
[77] extended the AC technique to higher frequencies (temperature waves transmission spec-
troscopy) and employed it for simultaneous heat capacity and thermal conductivity measure-
ments of polymers and the liquid crystal 80CB in the melting region.

Levitation Techniques

Thermophysical measurements on metals, alloys and salts require special methods at high
temperatures. Containerless processing techniques have been developed in order to avoid
a chemical reaction between the sample and its environment. Baykara et al. [78] give a
comprehensive review describing various levitation techniques that enable thermophysical
measurements up to I’ = 4273 K. Electromagnetic, aerodynamic, electrostatic and acoustic
levitation are distinguished. The methods are usually combined with drop calorimetry
[79,80] and optical measurement of the temperature [81,82].

Microgravity levitation employed in space labs has turned out to be particularly useful
for material processing. Iwasaki et al. [83] studied the behaviour of a solid-liquid interface
in the supercooled phase during solidification. Crystal growth and temperature distribu-
tions were followed by laser interferometry. Wunderlich et al. [84] used non-contact modu-
lation calorimetry and electromagnetic heating under ultrahigh vacuum conditions to
measure specific heat and enthalpies of fusion for metals and alloys.

Time-Temperature Methods

“Time-temperature” experiments have been widely applied for the determination of the
melting behaviour of metals and alloys [5] and organic compounds [85]. Vasilyeva et al.
[86] report on a new technique for the determination of melting points for AZB® com-
pounds, where A? denotes metals of valency 2 (Zn, Cd) and B® elements of the group 6
(S, Se, Te). After rapid heating, the melting and evaporation processes were recorded
in measurements with an IR photodiode. The variations in the radiation coefficient were
connected with the phase transition. Kostanovskii and Kostanovskaya [87] used the ther-
mogram method under laser heating to study the melting of high-temperature materials.
The temperature against time curve was measured with a colour pyrometer. The thermo-
grams displayed three characteristic regions below, at and above the melting temperature.

3.1.2 Measurements at High Pressure
Calorimetry
It is difficult to extend classical calorimetry to high pressures because the sample must be

enclosed in a container of large mass, and the sample cannot be thermally insulated from
the pressure-transmitting medium [88]. Czarnota [89] describes a high-pressure isoperibol
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calorimeter for C, measurements in liquids up to 1200 MPa. The main feature of the con-
struction is to minimize its heat capacity. Later, the system was improved to allow also the
evaluation of the enthalpy of liquid—solid transitions [90]. As an example, the author deter-
mined the enthalpy of fusion of benzene.

Randzio [91] constructed pressure-controlled scanning calorimeters with power com-
pensation up to 400 MPa. The instrument enables the measurement of the coefficient of
thermal expansivity. Furthermore, an example of the isothermal solid-to-liquid transition
of benzene is presented. The large volume changes during the phase transition have to be
compensated by a special programming system.

DTA and DSC

Both DTA and DSC have been successfully extended to higher pressures, being one of the
most convenient methods for the determination of pressure-temperature phase diagrams
[5,92,93]. In all cases, it is necessary to prevent the pressure medium from contaminating
the sample.

In particular, compressed gases (Ar, He, N,) are often employed as a pressure medium
for studies of molecular crystals at moderate pressures. It was demonstrated that the melt-
ing line is significantly altered, if the pressurized gas gets dissolved in the substance
[94-96]. Therefore the filled sample capsules, made of indium or lead, are sealed by cold-
welding or otherwise closed [94,95]; see Figure 3.2. Maeda et al. [97] coated the samples
with epoxy adhesives to protect them from the pressure transmitting silicon oil. Rein and
Demus [98] designed a DTA apparatus, where the sample is encapsulated in a glass bulb that
is submerged in a metallic liquid. Hohne et al. [99] developed a power-compensated DSC
apparatus that was employed for the investigation of n-alkanes and polymers under pressure.
Wagner and Schneider [100] extended the Smit method to elevated pressures of 20 MPa.

Thermobarometry

Buisine and Soulestin [101] have developed a barometric method, which is particularly
useful for small quantities. The sample is enclosed in a rigid container of metal. On heating
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the cell, its interior pressure increases that can be measured with suitable sensors. The simul-
taneous recording of temperature against pressure yields the thermobarogram. Outside the
transition domain, its slope is (dp/dT)y = a/y, « and y being the thermal expan-
sion coefficient and isothermal compressibility, respectively. If the sample undergoes a
first-order transition, the accompanying volume change will cause a significant change
of the slope. Thus, the transition can be detected. The authors called this new measuring
device a metabolemeter. It was applied to the investigation of many plastic [102] and liquid
crystals [103].

Piezothermal Method

Ter Minassian [104] has developed a piezothermal method for the measurements of high-
pressure expansivity. The starting point of the method is the thermodynamic relation
(9S/9p)r = —aVy. By setting (9S/dp) = (1/T)(Q/Ap, the measured quantity is the heat 0
liberated during a pressure variation. After corrections for the expansivity of the vessel
material, the authors obtained reliable results for the expansivity of the sample with much
higher accuracy than obtained in direct volume measurements. Thus, the heat capacity can
be derived from the relation: (9C,/dp)r = —T(9*V/9T?),. In the case of hexadecane, a
remarkable pre-melting was observed. This method was improved for the investigation of
weakly first-order transitions in liquid crystals [105].

Thermal Conductivity Measurements

Thermal conductivity, A, is an important thermophysical property that is related to the
thermal diffusivity a = A/(pC,), which is often more convenient to measure.
Experimental methods of determining A under pressure have been reviewed [106]. The
hot-wire method was modified for the investigation of solids under high pressure, in which
good thermal contact between wire and samples of moderate hardness is achieved [107]. For
harder materials, the hot-strip method can be employed [108]. In particular, the behaviour
along phase transitions can be studied. On melting, the thermal conductivity decreases con-
siderably and this decrease is less pronounced for orientationally disordered solids.
Andersson et al. [109] have employed the hot-wire technique for the investigation of various
alkanes and plastic crystals.

3.2 Density and Volume Changes
3.2.1 Measurements at Normal Pressure

Density and volume changes can be measured with pycnometers, dilatometers, vibrating tube
density meters, with a buoyancy method and piezometers. Volume changes accompanying the
melting can be calculated from the densities, which have been independently determined in
the solid and liquid phases [5]. However, this chapter is concerned with methods that detect
the melting or freezing by a change in density or volume in a single experiment.



Phase Changes in Pure Component Systems: Liquids and Solids 39

Vibrating tube density meters are widely used to determine densities of liquid phases
[110]. Freezing of the liquid is usually avoided, and therefore the solid to liquid transition can-
not be detected. However, densimeters have been employed successfully for measurements in
liquid crystals [111]. Thus, smectic to nematic and nematic to isotropic transitions have been
studied [112,113]. Guillon and co-workers [114] investigated several liquid crystals (particu-
larly with smectic phases) using Bekkedahl-type dilatometers. A long calibrated capillary
is connected to a cylindrical bulb that contains a known amount of the substance. After
degassing the sample, the dilatometer is filled with mercury, the height of which is measured
to 0.01 mm after adjustment of the temperature. The dilatometer allows also the determination
of the volume changes accompanying first-order phase transitions. Joly and Buisine [115]
performed dilatometric measurements with the help of a Michelson’s interferometer. Volume
changes were derived from modifications of the interference features. The method is parti-
cularly suited for very small samples of 0.1 mm?®. Other dilatometric methods employed for
liquid crystals have been reviewed by Wedler [111], Bahadur [116] and Grasso et al. [117].

Fiske and Stebbins [118] developed a new technique for measuring thermal expansion
of liquid inorganic materials at high temperature that should also enable the determination
of volume changes due to melting and crystallization. The bottom of the device consists of a
chamber containing the sample confined by a molten metal. The top half is a tube graduated
by alternating disks of conducting (graphite) and insulating (boron nitride) materials. As the
level of the working fluid rises due to volume increase of the sample to be studied, the resist-
ance across the stack of layers drops in a stepwise manner. As an example, the authors meas-
ured the thermal expansivity of tin from T = 708 to 1718 K with an estimated uncertainty of
5 per cent. High-temperature density measurements can be carried out using the levitation
melting technique [78]. Chung et al. [119] present a non-contact measurement technique for
the density and thermal expansion coefficient of solid and liquid materials. Kimura and
Terashima [120] and Rhim et al. [121] reviewed thermophysical properties of silicon melt.
An anomalous density jump was observed near the melting point. Khairulin et al. [122] stud-
ied the density of dysprosium fluoride around the melting point with a gamma densimeter.

3.22 Measurements at High Pressure

Piezometric methods have been reviewed in detail by Whalley [4], who describes the
piezometer as an instrument that determines the compression of a fluid. The volume
change caused by pressurizing the system can be measured by the displacement of a piston
or the contraction of a bellows cell. The compressed fluid can also be confined by liquid
mercury whose meniscus is observed. The volume change of the primary measurement
must be carefully corrected from the dilation of the container.

Nelson et al. [123] have determined the volume changes for the phase transitions occur-
ring in n-alkanes of mean chain lengths. The sample was enclosed within a capsule of lead
that was sealed by a cold-solder technique. The capsule was deposited within a metal bel-
lows, whose remaining volume was filled with a plasticizer. Solid to solid and solid to liquid
first-order phase transitions were detected as discontinuities in the dilation of the bellows.
Figuiere et al. [124] used a construction, where the sample was directly filled in the bellows.
Sato et al. [125] report the results of their measured p VT properties of polymers using a metal
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bellows device at temperatures from 313 to 623 K and pressures up to 200 MPa. Calibration
of the device was performed with mercury and water. Belonenko ef al. [126] employed a
micro-( p¥T) apparatus for measurement of liquid densities up to 500 MPa.

Scaife and Lyons [127] combined a bellows dilatometer with a capacitance cell. Special
construction permitted solidification of the sample without serious deformation of the
metal. Nevertheless, freezing measurements had to be carried out with great caution. The
freezing pressure was approached “from below”, thereby exceeding the equilibrium pressure
by not more than 5 MPa. The authors used this device to establish the Clausius—Mossotti
function for various n-alkanes.

Zoller et al. [128] constructed a high-pressure dilatometer using mercury as a confin-
ing liquid within the bellows. Additional calibration runs have to be performed, where the
sample is replaced by mercury. Using known p¥T data of mercury and atmospheric pres-
sure data for the material under investigation (which must be determined in a separate
experiment, if necessary) absolute values for the specific volumes as a function of pres-
sure and temperature can be established with an accuracy of (0.001-0.002) cm® - g~1. In
this way, melting properties [129] and the glass transition range [130] of polymers and
oligomeric compounds have been determined.

Landau and Wurflinger [131] developed a dilatometer for studying liquid and plastic
phases up to 300 MPa (see Figure 3.3). The sample (~2 cm?) is enclosed in a container of
stainless steel, the top of which is closed with a moving piston. Volume changes of the sub-
stance cause a displacement of the piston that is recorded inductively. The dilatometer can
be calibrated with known pVT data of a reference substance, thus specific volume data
with an accuracy of 0.1 per cent can be determined in a way similar as with the Zoller
apparatus. However, it is also possible to calibrate with an empty cell using the known
compressibility and expansivity of the steel, where the piston is fixed at the upper end of
the container [132]. In such a way, isothermal and isobaric calibration runs can be distin-
guished. In general, isothermal runs are preferred, when the density at atmospheric pres-
sure at the same temperature is known. Otherwise different isotherms must be linked by
an isobaric calibration run. At moderate pressures, the measurements can be supplemented
with a high-pressure density meter (Anton Paar) [112].

The method was improved in replacing the pressure transmitting gas by compressed
oil [133]. The new design allows access to higher temperatures; moreover several runs can
be performed with the same filling. p¥'T data for various orientationally disordered crystals
(ODIC) [134] and liquid crystals [135] have been established with the new set-up.

Dollhopt et al. [136] constructed a high-pressure dilatometer based on the piston-
cylinder principle. Volume data were calculated to form the movement of the Bridgman
piston. Contrary to Landau’s design, the moving piston has to take up the total pressure.
A modified construction was used to determine the pressure dependence of the fusion of
indium [137], which serves as a basic standard reference substance. Few other high-
pressure dilatometers have been reported for liquid crystals [138—141]. Yamada et al.
[142] present a calibration method for measuring thermal expansions with a push-rod
dilatometer. Measurements of melting points of pure metals for temperature calibration
were also carried out. Katayama et al. [143] developed a new method by means of X-ray
absorption under high pressure using synchrotron radiation. The density was determined
from the intensity profile of the transmitted X-rays.
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Figure 3.3 High-pressure dilatometer: a — screw cap, b — thrust ring, ¢ — Bridgman sealing, d —
pressure vessel, e — thermocouple, f — plastic, g — screw, h — screws for fixing the vessel, i - high
pressure capillary tube, k — Bridgman piston, 1 — thread, m — steel wire, h — screwing, p,s — piston,
0 — O-rings, q — hollow space, T — indium, t — thread, u — dilatometric cell, v cone sealing, w
screwing.

33 Melting Curves at High Temperatures and Pressures

The determination of melting curves for high-melting inorganic materials requires special
techniques. High pressures are achieved with anvil techniques, belt apparatus and shock-wave
experiments [25,144,145]. Very often laser-heated diamond cells are used [146-150].
Recent developments are reviewed in [146].

Figure 3.4 shows schematically a diamond cell assembly used for the study of the
phase diagram of iron up to p = 2Mbar [147]. Pressures were measured using the ruby
fluorescence technique. Temperatures were determined by fitting Planck’s radiation func-
tion to the spectra. At constant laser power, the largest observed temperature fluctuation at
about 7 = 3000K was 10K for exposure times of 0.01 s. Melting is observed visually at
the onset of convective motion during increasing laser power or with the discontinuous
change in the absorption of the laser radiation. The author reports that for all materials
studied the melting curves agreed well with those obtained at lower pressures using a pis-
ton cylinder apparatus. In a similar way, Godwal ef al. [148] investigated the melting of
lead up to pressures of 1 Mbar and temperatures near 4000K, and Yoo et al. [149] investi-
gated the melting curve of uranium.
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Figure 3.4 The diamond anvil cell.

Jephcoat and Besedin [150] discuss in detail the problems associated with the tem-
perature measurements in diamond anvil techniques. They find an intersection of the melt-
ing curves of argon and iron at p = 47GPa and T = 2750K, and they propose this as a
standard p-T fixed-point. Jeanloz and Kavner [151] critically review the criteria used to
detect that melting has taken place in a diamond-cell experiment. In this context, the com-
parison with experiments by shock wave is particularly important, because they are the
only alternative method at very high pressures.

34 Miscellaneous Methods
34.1 Dielectric Measurements

It is well known that the dielectric constant, &, of a polar liquid decreases considerably on
freezing [152], thus the solid-liquid transition can be easily detected. For polar plastic
crystals, the change in € on freezing is less pronounced, because orientational freedom is
retained in the solid “rotator phase” [153]; € may even increase on freezing. The magni-
tude of Ag, however, has been often inaccurately determined due to the formation of cracks
and holes on solidification. This drawback is avoided in high-pressure experiments in
which the holes are squeezed out by the pressure [19,127,154]. For example, a decrease in €
on freezing was reported for -butyl bromide [155]. A re-investigation with a high-pressure
cell clearly showed an increase in £[156]. In order to detect the solid-liquid transition, the
capacitor must be rigid enough to withstand crystallization of the substance.

Dielectric relaxation measurements yield the dielectric relaxation time, 7, which dis-
plays characteristic changes at a phase transition in particular studies on liquid crystals,
have been reviewed [157-159]. In order to measure the complex permittivity, various
facilities are required, depending on the frequency range [160,161]. In any case, the influ-
ence of lead impedances must be controlled carefully [162].

34.2 Ultrasonic Measurements

Ultrasonic measurements have been performed in order to establish melting lines of organic
compounds [163]. Crossing the melting line is observed by changes in the attenuation of the
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acoustic echoes. The measurements were carried out at constant temperature, starting from
the liquid phase and stepwise increasing the pressure, until solidification occurred. Then
the pressure is lowered again. The melting pressure was obtained via iterative steps with an
accuracy better than 0.05 MPa.

343 Other Methods

Tiers [164] discussed the visual melting point determination and emphasized the necessity
of calibrating the capillary melting point apparatus. He recommended the use of highly
pure fixed-point metals (ITS-90) in connection with an oxide-removing flux material.
X-ray diffraction was combined with microcalorimetry [165] or polarizing microscopy
[166] to study solid—solid and solid-liquid equilibria in pure n-alkanes and alkane mix-
tures. Pulsed nuclear magnetic resonance (NMR) techniques [167,168] and electrical con-
ductivity measurements [169] have been used for the determination of melting curves.
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4 PURE COMPONENT PHASE
CHANGES: SOLID AND SOLID

In the past few decades, research in solid-solid phase transitions, also called structural phase
transformations, has been active, resulting in well-developed theory and advanced experi-
mental methods. In the limited space of this chapter, our aim is to present only the funda-
mentals of the discipline and to review selectively the latest literature of the subject.

4.1 Classification of Solid—Solid Phase Transitions

As the name implies, solid—solid phase transitions are associated with changes in the struc-
ture of solids. The symmetry aspects of such transitions are fully reflected in the structures
of the two or more phases. The high-symmetry phase, usually that at high temperature, is
called prototypic. Every structural phase transformation is associated with a change in a
long-range order parameter 7 [1]. The order parameter 7 is non-zero below T, the phase-
change temperature, and increases on cooling. It becomes zero at Ty, and remains zero at
T = T The nature of the order parameter depends on the nature of transition. For instance,
in ferroelectric transitions, the polarization P serves as the order parameter.

Solid-phase transformations may occur in two distinctively different ways. One takes
place when the bonds holding together atomic or molecular units break completely to form
anew structure, totally unrelated to the initial one. Such transitions are called reconstructive
and their examples are the transformation of graphite into diamond and that of amorphous
silica to the crystalline form. Reconstructive transitions are not covered within this chap-
ter. A second type of transformation occurs when a regular lattice changes only slightly,
without breaking the links of the network, so that the final structure remains closely related
geometrically to the original. Such transitions may take place either through small displace-
ments, translational and/or rotational, of the lattice’s atomic or molecular units or through
changes in ordering of such units between equivalent lattice positions. The two types of
transitions are primarily driven by order parameters that are mainly atomic. There is, also,
another type of non-reconstructive structural phase transitions involving an order parameter
linked to electron—lattice interactions, known as electronic phase transformations. All three
categories are, in fact, idealizations of real transitions, which usually have a ‘mixed’ charac-
ter and involve elements of more than one type.

Purely displacive phase transitions can be divided into three subgroups: (a) Ferrodis-
tortive, whose displacements are associated with an optic phonon having long wavelength
and, therefore, wave vector k =~ 0. They lead to a new phase with the primitive cell having the
same number of atoms or formula units. (b) Anti-ferrodistortive, with displacements cor-
responding to an optic phonon of short wavelength (zone boundary), with the number of
atoms, or formula units, in the low-temperature phase being a multiple of that number in
the prototypic phase. (¢) Thermoelastic, whose displacements are linked with an acoustic
phonon of a long wavelength, represented by a macroscopic strain component.

In many systems, the primary order parameter or distortion has a wave vector that can-
not be expressed as a simple rational fraction of a reciprocal lattice vector. The resulting phase
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does not have strict translational symmetry and is not exactly crystalline. Transitions of this
kind are called incommensurate.

Transitions in molecular and molecular-ionic crystals often involve a significant
order—disorder component, even if dominated by displacive phenomena. For instance, the
KCN crystal is orientationally disordered at temperatures above T but, as temperature
decreases, ordering leads to rotational-translational coupling and the displacive component
becomes prevalent.

The primary order parameter in electronic transitions is a low-energy, degenerate elec-
tronic state. If such a state couples with acoustic degrees of freedom, a Jahn—Teller phase
transition results, which can occur either at a localized or delocalized level. In the latter
case, the transition is called a band JT transition.

The behaviour of the order parameter 77 in the vicinity of 7, provides the basis for
distinguishing between first- and second-order phase transitions. In second-order transi-
tions, 1 decreases smoothly to zero, while in the first-order transitions it collapses rapidly
at T, as shown schematically in Figures 4.1 and 4.2. Based on experiments, one can only
classify a transition as ‘nearly second order’ since a small jump in order parameter may always
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Figure 4.1 Plot of the order parameter against temperature for first- and second-order transitions
up to the transition temperature T
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Figure 4.2 Plot of the Gibbs energy G for the Landau model againt the square of the order para-
meter at temperatures above, below and at the temperature of transition 7.
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go undetected [2]. In addition, there are transitions that cannot be classified as either type.
For example, KH,PO, exhibits a phase transition that is neither first nor second order. It
shows a tri-critical point at 7= 114K and pressure close to 200 MPa.

4.2 Thermodynamics of Solid—Solid Phase Transitions

Thermodynamically, the order of the transition is defined as the lowest discontinuous
derivative of the Gibbs energy function [3]. Thus, if (9G/dT)p and (dG/9P)r are discontinu-
ous at the transition temperature T, the transition is said to be of the first order and if
(0*°G/9T?)p and (3*°G/dP?)y are discontinuous, the transition is of the second order. Landau
proposed the following reasoning ([4], see also [1]). Let us assume that the Gibbs energy
G(n; T, H) can be expanded as the following power series:

Gm; T, H) = —Hn + gy + 3g2P + 4ga* + tgen® + o (4.1)

where coefficients g, are temperature-dependent, and H refers to the magnetic field strength.
The coefficients of odd powers of 7 are zero, which is true if the crystal has a centre of
inversion symmetry at 77 = 0. This, however, is a simplification that is not true for all crys-
tals. In equilibrium,

oG
op = Hren+ g +gn + =0, (4.2)

and the coefFicient of 77° in Equation (4.1) must change sign at T so that G has a minimum:
g = YT — T, (4.3)

where ¥ is a positive constant. When there is no external force, substituting Equation (4.3)
into (4.2) and neglecting higher powers of 7 gives

VT — T + ga’ = 0, (4.4)

which has two roots for the order parameter n: 7 = 0 for T > T}, and

Y
= |L(r,- 45
n 2 (Ts — T), (4.5)

for T < T, With yassumed to be positive, g, must be positive as well. The two solutions
illustrate the second-order phase transition plotted in Figure 4.1.

For a transition to be first order, g, must be negative, and to avoid G decreasing to
—oo, one must retain in Equation (4.1) a positive g¢. With H = 0, Equation (4.2) becomes

V(T — Ty — |ga® + ge° = 0, (4.6)
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so that either 1 = 0 or

VT = Ty — |gal? + g61* = 0, 4.7)

or,at T = Ty,
2 — @. 4.8
= (4.8)

Therefore, from 1 given by Equation (4.8) and at T = Ty, the Gibbs energy G has another
minimum as shown in Figure 4.2. This figure also makes it clear why, at T, the order
parameter 17 shows the sudden ‘jump’ characteristic for first-order phase transitions.

Landau theory, although rudimentary, provides insight into solid—solid phase transitions.
More accurate methods have been since developed and applied in the field [5]. However,
they are beyond the scope of this chapter.

4.3 Introduction into Soft Modes and the Central Peak

The discussion in this section will be limited to second-order phase transitions in monatomic
lattices. It follows from Equation (4.3) that

G
37 = 10— T, (49)

With y> 0 and T < T, the right-hand side of Equation (4.9) is negative and provides for
the possibility of oscillations in n:

me? = Y(T — Ty), (4.10)

where m is the mass of the atom. Thus, there is an oscillation (a phonon) with @ decreasing
as (T — Ty)” when T approaches T, from below. Equation (4.10) leaves uncertainty as to
the sign of w. In structurally stable lattices, the energy of a phonon must be positive and it
is suitable to take w > 0. However, in unstable lattices, @* may become negative because
of unusual temperature dependence of the inter-atomic force constants in the crystal and,
consequently, @ may be imaginary. Such crystals will spontaneously deform to more stable
structures. Modes with @ close to O are called soft [1]. Such oscillations were first found
experimentally in the & — f transition in quartz [6]. The importance of soft modes arises
from the fact that w? is closely related to the inter-atomic forces in the crystal. Measurements
of w close to the transition point provide important information about the lattice in the
vicinity of Ty, [7]. Interpretation of experimental results is reasonably easy if soft phonons
are well described by Equation (4.10). Quite often, however, they are coupled with
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Figure 4.3 Schematic plot of the intensity of the central vibrational modes against angular fre-
quency of the phonons through the region of a phase transition interpreted from the data of Shapiro
et al. ([82], see also [4]). Left, SrTiOs; right, KMnF;.

other modes such as the optical-acoustic coupling and the task then becomes much more
complicated [2].

The rather simplistic explanation of soft modes does not take into account the possi-
bility of damping. The experimental data show, however, that soft modes are usually
strongly damped and their line widths are large compared with their frequencies. Damping
may account for what has been observed experimentally for a large number of crystal
structures, viz. the existence of a strong central mode close to Ti,; with @ = 0, whose inten-
sity increases while the line width decreases as T — Ty, (Figure 4.3). The existence of a
central peak may be attributed to mode coupling that gives rise to damping. Linear cou-
pling would then lead to a central mode below Ty, whereas non-linear coupling would
cause a peak to appear above T

Other explanations involve the relation of central modes to critical fluctuations that
occur near phase transitions. Such fluctuations would locally produce ‘clusters’ of the ‘new’
phase. The cluster dynamics becoming slower with the temperature approaching T, could
also produce a low-frequency central mode in addition to the soft mode [7].

4.4 Phase Transitions in Plastic Crystals and Fullerenes

The existence of a crystalline cubic phase whose molecules may be rotating around one or
more of their axes was first introduced theoretically [8] to account for increased heat capa-
city of hydrogen chloride at the solid—solid transition temperature. Later, Timmermans [9]
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observed that certain organic compounds in the solid phase at temperatures just below the
melting point were very soft and plastic (some could flow under the influence of gravity),
and had entropy of fusion, Ag,S < 2.5R, which is very low. He linked these properties to the
molecular shape of either tetrahedral symmetry or effectively a sphere or ellipsoid, thereby
allowing the molecules to rotate freely. Shortly after, Zernike [10] argued that the behav-
iour of plastic crystals could be explained in terms of an orientational disorder of the struc-
ture. The plastic crystals, forming the so-called mesophase, which is the phase ‘between’ the
liquid and the solid phase, have usually cubic symmetry and, at some temperature below the
melting point, they undergo a phase transition into ‘regular’ solid structures of lower sym-
metry. Plastic crystals are rather difficult to investigate. On cooling, some of these liquids
may crystallize into metastable structures that, however, are very slow to transform into stable
phases. Undercooling is common and superheating can also occur [11].

Molecules forming plastic crystals are relatively rigid. To help understand these mol-
ecules, they may be grouped into three categories, viz. (a) neutral molecules that include N,
and CH,, that exhibit a high degree of rotational freedom; (b) polyatomic ions such as CN™
and NHy that form ionic crystals where rotational freedom is more restricted; and (c) side
groups, such as methyl CH;-groups, that may rotate around the bond tying them to the larger
organic unit [12].

The orientational disorder combined with the large libration amplitudes of the mol-
ecules are the reasons for the large background scattering found in X-ray and neutron
diffraction experiments, usually leaving only a small number of distinguishable reflec-
tions. Besides, an intense diffuse scattering complicates structural determinations even more.
The diffuse scattering, however, is highly structured, thus offering a possibility of yielding
additional information both on the structure and on molecular dynamics of the disordered
structure. This requires a theoretical model of the structure, in particular, a model of the
motion of the molecules or side groups that change their orientation [13]. One such model,
constructed by Pauling [14], assumes that the rotating molecules are almost free in their
rotations and are only slightly restricted by weak anisotropic potentials. However, the model
is of limited applicability, since there are only a few species approximating free rotors such
as H, and phase II of CH,. The model of Frenkel [15] can be used for a greater number of
structures. In this model, molecules occupy one of n possible orientations. They librate ther-
mally in the potential well, as well as undergo ‘jumps’ from one equilibrium position to
another [13]. The Frenkel model is more general and has been used to interpret diffuse X-ray
scattering in a number of crystals; the theory is fairly involved and beyond the space allo-
cated in this chapter. It can be found in [13], along with a number of specific applications.

Solid fullerenes consist of very large molecules, of which Cq is probably most common.
They are held together by very weak intermolecular interactions. The weakness of these forces
is the reason why very small changes in the external environment ( p, T') may cause significant
changes in the translational, orientational and/or rotational structure of fullerenes [16].
The high-temperature structure of Cg, at atmospheric pressure is face-centred cubic (fcc).
The molecules undergo a quasi-free, almost isotropic, molecular rotation [17]. When cooled,
the structure undergoes a phase transition at T = 260K and it becomes a simple cubic (sc)
phase, while the rotation changes into a rapid ratcheting of molecules between a number of
well-defined orientations. In this phase, there are two possible orientational states, which dif-
fer with respect to the orientation of the double C=C bond. In the pentagon (P) orientational
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state, the double bond in one molecule faces pentagons as its neighbours. However, in the
hexagon (H) state, the bond faces hexagons. The P oriented state is preferred at atmos-
pheric pressure, but the energy difference is so small that, around 7 = 260K, the P state
constitutes only 60 per cent of the phase. This fraction increases as temperature is lowered
and becomes 83 per cent near T = 90K where, due to the thermal energy becoming neg-
ligible, the P-to-H reorientation stops. Below T = 90K, the P—H orientational disorder sta-
bilizes and gives rise to the existence of an orientational glass. The P-oriented state has a
higher density and, therefore, is preferred under pressure [17]. Energies of the two states
become identical at p = 0.2 GPa [18].

4.5 Experimental Techniques

The presence of solid—solid phase transitions may be detected by means of any one of several
different types of experiment. However, to define and understand the mechanism of the tran-
sition, a combination of techniques must be used. Much of the current experimental research
is concerned with measuring the temperature dependence of the angular frequency @(T') of
the soft modes.

4.5.1 Thermal Methods

Although there are many thermal methods available, differential thermal analysis (DTA),
differential scanning calorimetry (DSC) and adiabatic calorimetry (AC) are probably the
most widely used in the detection and characterization of phase transitions. Since the methods
are well established and widely used, only a brief description will be given here. For fur-
ther information on DTA the reader may consult the vast literature, for instance [19];
calorimetric methods are described, among others, in [20].

The DTA is based on recording the temperature difference AT = T, — T, between the
sample and a reference material, while both are subjected to the same heating programme.
The output signal is recorded against 7;. As a matter of convention, endothermic responses,
i.e. the ones where the sample temperature lags behind that of the reference, show as negative
peaks. Good reference materials should possess the following characteristics and (a) should
not exhibit any thermal events within the relevant temperature range; (b) should not react with
the holder or with the thermometer; and (c) should have values of thermal conductivity and
heat capacity similar to those of the sample [11].

Power-compensated DSC instruments allow for the sample and the reference to be kept
at the same temperature over a range of temperature, while the sample and the reference are
being heated by independently supplied heaters. If the sample undergoes a thermal event, the
amounts of energy supplied to the heaters to maintain AT = 0 will differ and this difference,
which is plotted against the temperature, will become the outcome of the experiment [11].

Both DTA and DSC are excellent methods for detecting the presence of transitions, but
they yield enthalpies of transitions with relatively large uncertainties. Adiabatic calorimetry,
on the other hand, while being equally useful for detecting the transitions, is capable of meas-
uring A H, AS with very high accuracy as well as the heat capacity at closely spaced inter-
vals of temperature as the transition is traversed. In an adiabatic calorimeter, heat leaks into
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Figure 4.4 Plot of heat capacity against temperature through the region of transition for
(NH4)2PtBI‘6 [35]

or out of the system are controlled to be zero and the solid sample is heated by a series of small
power boosts of known increments. Before and after each boost, the temperature of the
sample is measured. The resulting plot of heat capacity against temperature looks similar
to the one illustrated in Figure 4.4, where the A-shaped peak indicates a phase transition.

4.5.2 Optical Methods

Optical experimental techniques [2,4] include IR reflection, which includes dispersion by
Fourier transform spectroscopy, absorption and fluorescence in the visible as well as birefrin-
gence and light scattering. The earliest applications of optical methods in the field of
solid-solid phase transitions employed birefringence measurements semi-quantitatively to
determine order parameters. Subsequently, especially with the advent of the laser, soft modes
were studied both by light absorption and scattering that have led to a much better under-
standing of microscopic phenomena involved. The high-resolution light scattering experi-
ments have provided important input on soft modes that couple with other degrees of freedom
and significant contributions have been made to the study of multi-critical points under exter-
nal pressure and stress. The experiments also showed the limits of mean field theory, which
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turned out not to be universally applicable. Some specific applications of optical methods
include light scattering and Raman spectra measurements from coupled modes, investigations
into the symmetry properties of pure ferro-elastic transitions and cooperative Jahn—Teller sys-
tems, non-linear optical studies of phase transitions and multi-critical phenomena.

453 X-Ray and Neutron Scattering
Elastic Scattering (Diffraction)

Diffraction depends on the interference of beams elastically scattered by electron clouds in
the case of X-rays and by nuclei when neutrons are used. Since the typical X-ray and slow
thermal neutron wavelength is of the order of 0.1 nm, both are well suited for the study of
inter-atomic distances in crystal lattices and solid—solid phase transitions. The generation of
X-rays for the diffraction studies is considerably less expensive than neutrons, which require
a reactor for their generation. The X-rays, as electromagnetic radiation, interact only with
electrons, but they cannot ‘see’ the electron clouds of the very light atoms, while neutrons
‘see’ the very light nuclei. Because of their spin, neutrons interact with magnetic fields of
electrons and nuclear magnetic moments. The principles and practice of the diffraction are
well established [21-23] and it sufficient here to note the Bragg equation

2dsin 0 = nA, @.11)

where n = 1,2, 3, Ais the wavelength of the radiation, d the inter-planar distance and 6is the
angle of incidence which is also equal to the angle of reflection. The diffraction law equa-
tion (4.11) requires that 6 and A be matched. In doing so, one can either choose a range of
wavelengths, so that some of them would match the 0 angles for all inter-planar distances d,
or choose one wavelength A, and use a whole range of 8 angles. The former possibility is
realized in the Laue method in which a single crystal is stationary in a beam of X-ray or
neutron radiation of continuous wavelength. The latter is employed in the rotating crystal
and powder methods. In the rotating crystal method, a single crystal positioned in a beam
of mono-energetic X-rays or neutrons is rotated about a fixed axis. During the rotation, the
changing 6 brings different crystal planes in a position for reflection. In the powder method
the sample, in the form of fine crystalline powder whose grains are randomly oriented, is
placed in a mono-energetic beam. The large number and random orientations of crystal-
lites act in the same manner as the rotation of a single crystal, i.e. diffracted beams emerge
from all the crystallites that happen to fulfil the Bragg condition in Equation (4.11).

Inelastic Scattering

Inelastic X-ray scattering (spectroscopy) is used mainly for the identification of atoms and
will not be covered within this section. Suffice to note that since thermal neutrons have
energies comparable with those of excitations in the solids, the neutrons are very well suited
as probes in inelastic scattering experiments. Their wavelength at about 25 MeV is 0.18 nm,
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which is comparable with inter-atomic distances in solids, thereby making them an ideal
tool to study spatial correlations. The advent of and easier access to cold sources such as
liquid hydrogen and deuterium moderators, high fluxes of cold neutrons are now available.
These physical properties make it possible to use neutrons to investigate structural changes
with small displacements that are involved in some solid—solid phase transitions and to
study correlations in space and time.

4.54 Ultrasonic Methods

Ultrasonic measurements [24] have been valuable and widely used in studies of condensed
matter. They are the tools of choice for the most detailed characterization of the elasticity in
solids, as well as any other type of excitations which couple to long-wavelength phonons.
Elastic constant measurements are used to locate transition points to determine phase dia-
grams and, in some cases, to determine the transition order. The type of coupling between
strain and order parameter is reflected in the temperature dependence of elastic response
functions. The drawbacks are the large size of the samples required and the large number of
independent experiments needed for measurements to be accurate, and to characterize fully
the properties of a material.

One simple technique to allow for the determination of both sound velocity v, and
sound attenuation ¢, is a pulse method in which a piezoelectric transducer, bonded to a
crystal sample having a pair of plane and parallel end faces, generates short pulses of
sound waves. These are multiplied and reflected to produce an echo signal in another
transducer. From the length of the pulses, the transit time and the decay rate, v, and ¢ may
be immediately calculated.

A more modern technique, termed resonant ultrasound spectroscopy [25], has been
developed. It dramatically offsets the restrictions of classical ultrasound spectroscopy, 7.e. the
need for large samples and large numbers of independent measurements. Its intrinsic accuracy
is high, but it heavily relies on computer programmes for the extraction of physically mean-
ingful information from the raw data.

4.5.5 Magnetic Resonance

All the experimental methods described so far measure collective responses of the samples
investigated. Magnetic resonance techniques, in contrast, are concerned with local system
properties. The basis of the techniques is to use magnetic dipole and electric quadrupole
moments of the nuclei and the magnetic dipole moment of the electron as local probes
implanted within the crystal structure to study local magnetic and electric fields.

Nuclei having a non-zero spin exhibit a non-zero magnetic dipole moment and if the spin
is greater than Y%, the nuclei also have an electric quadrupole moment. The electron, with its
spin Y4, also has a magnetic moment. Magnetic moments interact with local magnetic fields,
whereas quadrupole moments interact with local electric field gradient tensors, thus giving
rise to nuclear magnetic resonance (NMR), nuclear quadrupole resonance (NQR) and elec-
tron paramagnetic resonance (EPR). In many crystal systems, the local magnetic field and
the local electric field gradient tensor are functions of the order parameter 7. As the atomic
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fluctuations increase and slow down near the phase transition point Ty, the changes are
reflected in the spin-lattice and spin—spin relaxation rates [7].

4.6 Review of Recent Developments
4.6.1 Inorganic Compounds
Ammonium Hexahalometallates (NH,),MXg

Some, but not all, salts of this family undergo transitions into a phase of lower symmetry with
decreasing temperature. Some of the transitions are known to involve the small-angle rota-
tions of the MXZ~ (M, transition metal or polyvalent ion; X, halogen) octahedra, others appear
to lead to lattice distortion without coupling to the octahedral rotations. Additional librational
degrees of freedom are linked to the ammonium ion, either NH; or NDj [26]. A number of
these compounds, both hydrogenated and deuterated, and with different combinations of
metal and halogen atoms, were investigated by adiabatic calorimetry in the temperature range
from near absolute zero to above T'= 350K. In some instances, X-ray and neutron diffrac-
tion techniques were also used. The results are presented in a series of papers: (NH,),PdClg
in [27] and (ND,),PdClg in [28,29]; (NH,),PtCls in [30] and (ND,),PtCls in [31];
(NH,),TeCls in [32] and (ND,),TeCly in [33]; (NH,),TeBrs in [34]; (NH,),PtBrg in [35];
(ND4),PtBr, in [36]; (ND,),SnClg in [37]; (ND,),SiFs in [18]; ND,PF in [38,39]. A com-
parative study of the thermodynamics, heat capacity, phase transitions and crystal structure
of this group is presented in [40]. In a different study, natural and partially deuterated
(NH,),TIClg was measured [41] using NMR. Above T = 50K, the relaxation curve reveals
the classical, hindered reorientation of the NH, ion. Below T = 50K, the minima in the
temperature dependencies of the spin relaxation times are related to the level crossing.

Inorganic Azides
The acoustic properties were studied for the inorganic azides KN3;, RbN;, CsN;j, TIN;,

NaN; and AgN;. The internal friction was detected and several phase transitions were
identified [42].

B3B204
The o — Band §— o phase transformations during isothermal annealing were investigated

using a platinum crucible. Differences between transformation behaviour of bulk crystals
and powder were attributed to thermal stress [43].

CCl,, CF4 and H,S at High Pressure

Measurements from X-ray and Raman scattering were used to investigate carbon tetra-
chloride, carbon tetrafluoride and hydrogen sulphide. For the CCl,, the phase III to phase [V
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transition was found to occur around 2.3 GPa. The space group of the phase IV was Pa3.
Above 6 GPa, an intra-molecular vibrational mode of F2 gradually splits into three peaks,
which suggests a phase transition to a new high-pressure phase [44]. For the CF,, the stud-
ies were carried out up to 12 GPa. The diffraction pattern of phase III at 7.5 GPa was
assigned to a monoclinic lattice with lattice constants @ = 0.6755nm, & = 0.4401 nm,
¢ = 0.6766nm and 8 = 103.1°. For its space group, three different groups of P21, P21/m
and P21/c agree with experimental results. The frequency—pressure dependencies of the
intra-molecular vibrational modes suggest a phase transition at 8.6 GPa [42]. Diffraction
experiments on solid H,S were performed with a diamond anvil cell and an image plate in
order to raise the pressure to 25 GPa. Two unknown structures of phases I’ and I'V were found
to be cubic T4-P213 and tetragonal D4h20-141/acd, respectively. In phase I, the H,S mol-
ecule has six-fold asymmetrical coordination, which causes a displacement from the face-
centred arrangement. In phase IV, the molecules form spiral chains along the c-axis with
partial loss of molecularity. The chains are linked together by hydrogen bonds [45].

In another study [46], [R-absorption spectra of solid H,S were measured at high pres-
sures up to 50 GPa at room temperature. The symmetrical stretching overtone vibration 2v,
showed a red shift in frequency with increasing pressure, and it changed into two compon-
ents at approximately 11 GPa for the II-IV phase transition. The pressure dependence of
the observed 2vy(v, + v3) (which are the bending plus asymmetry and stretching combin-
ation bands), and v, vibrations show a phase transition from IV to V at about 30 GPa. The
S-H hydrogen bond system continues to exist up to at least 45 GPa; however, its bonding
strength is very weak.

GaP and GaAs

Two maxima in the internal friction can be found near 7= 320K (peak I) or near
T = 38K (peak II) in GaAs (peak I only) and GaP at ultrasonic frequencies near 105 kHz.
Peak II can be attributed to some point defect relaxation mechanism, whereas peak I can be
explained by a local phase transition that can occur in the stress field of dislocations shifted
by ultrasonic deformation. Numerical analysis of the measured Young’s modulus yields a
reaction order for the transition of 0.69 and activation energy of 113kJ - mol ! [47].

KNO,

Phase transitions were studied at temperatures from 77 to 640 K using ultrasonic wave propa-
gation and attenuation methods. First-order transitions were observed at T = (264, 315,
125-250 and 343) K. The latter transition is associated with an anomaly in the internal fric-
tion at T = 335 K. The presence of new, unstable phases was observed during cycling [48].

Li,SO, (Powders)

An accurate, high-resolution heat flow calorimeter [49] was used to analyse powder sam-
ples of Li,SO, from three different manufacturers. It is shown that some of the results have
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more than 10 times smaller uncertainty limits than is usually encountered. Details of the
measuring system are given, and reasons for the higher accuracy discussed. The average
enthalpy change associated with the transformation between the two high-temperature
forms of solid lithium sulphate was A H = (26.1 = 1.7) kJ - mol L. The relatively large
error, twice as large as expected from the calorimeter’s performance, is due to differences
between the samples. Also, different transformation temperatures were found for each of
the samples. The differences, as well as the shape of the measured heat-flow curves, can be
explained in terms of the size distribution of the crystallites. The onset temperatures for the
monoclinic to cubic transformation for sample 1 (Aldrich), sample 2 (Merck) and sample 3
(Alfa) are (577.82 = 0.08), (577.98 £ 0.05) and (578.30 = 0.03) K. They are believed to
represent the transformation temperature of the smallest crystallites present in the sample.
For the cubic to monoclinic transformation, the corresponding onset temperatures are
(577.90 £ 0.02), (577.84 = 0.02) and (577.78 = 0.02) K, respectively. Inter-phase curva-
ture is such that the monoclinic phase is on the concave side of the inter-phase [49].

NH; (Solid) at High Pressures

The IR absorption spectra were measured with the diamond anvil cell at room temperature
and pressures up to 120 GPa. Two phase transitions were observed: the first, from solid V
to VI, at about 40 GPa and the second to solid VII at 70 GPa. Four branch peaks were meas-
ured for the NH stretching vibrations. One branch showed a significant frequency decrease
from 3200 cm ™! at 10 GPa to 3000 cm ™! at 120 GPa, while the other two branches markedly
showed the peak shifis to higher frequency. No hydrogen-bond symmetry was observed [50].

NOC1

Chlorine NQR studies of solid NOCl at T = 110-212 K have confirmed an order—disorder
phase transition near T = 145K, found by X-ray diffraction. Unusual hysteretic NQR sig-
nal behaviour indirectly proved also a low-temperature phase transition below 7= 100K.
Fast relaxing mechanisms were also detected [51].

4.6.2 Organic Compounds
n-Alkane (C,,H;q) Crystals of High Purity (Uniaxially Oriented)

The 13C solid-state NMR spectrum and the spin-lattice relaxation time were measured at dif-
ferent temperatures with the orientation axis parallel or perpendicular to the static magnetic
field. Rapid local fluctuations and rotations about the molecular chain axis were detected [52].
In a separate study [53], solid transitions of C;;, C5; and C,5 n-paraffins were investigated
from a piezothermal point of view. Pressure scanning allowed the continuous record of the
expansivity as a function of pressure up to 500 MPa. The resulting piezo-thermograms and
entropies of transformation are presented. Problems related to phase transformations under
a shearing stress were considered.
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Benzodiazepine Chlordiazepoxide

A novel crystal form, labelled form II, was found and the new polymorphic phase charac-
terized and distinguished from the standard form I by X-ray diffractometry, DSC, IR spec-
troscopy, microscopy, solution calorimetry and solid-state NMR. The formation of form II
was dependent on the solvent, being the predominant form isolated from methanol. Recrys-
tallization from other alcoholic solutions (ethanol, propanol and butanol) and toluene
yielded form I. The DSC and powder X-ray diffraction indicated that the two forms were
enantiotropically related to a transition of form II to form I occurring between T = 473 and
498 K. Hot-stage microscopy in this temperature range revealed a dramatic solid-state tran-
sition. Single-crystal X-ray analysis was performed on form II which was found to crystal-
lize in the triclinic space group with a = 1.0736(2) nm, » = 1.6921(4) nm, ¢ = 1.7041(4) nm,
o = 100.76(1)°, B = 95.27(1)°, y = 97.53(1)°, Z = 8 and calculated density of [.33 g - em >,
When compared with the published crystal structure of form I, the cell symmetry, volume
and density were similar. Both structures consisted of four crystallographically independ-
ent molecules linked in pairs through intermolecular hydrogen bonding [54].

5-Bromo-9-Hydroxyphenalenone (BHP)

The heat capacities of 5-bromo-9-hydroxyphenalenone (BHP) and its deuteroxy derivative
(BDP) were measured from T = 2 to 310 K. The heat capacity of BHP is a smooth function
of temperature and that of BDP has two peaks at 7= 21.3 and 33.9K. By analysing the
data on BHP, a tunnel splitting of (64 = 0.2) cm ™! associated with the quantum—mechan-
ical motion of the H atom in the intra-molecular O-H-O H bond was derived, along with
the Debye temperature 60.8 K and two Einstein temperatures 131.4 (non-degenerate) and
210.4K (doubly degenerate). The enthalpy change of 225 - mol ™! and entropy change of
6.8 - K1 - mol™! were measured for the total thermal effects of the two-phase transi-
tions in BDP. The value of the transition entropy is consistent with the two-fold disorder in
the high-temperature phase [55].

t-Butylammonium Tetrafluoroborate

The DTA, DSC and the temperature dependence of the spin-lattice relaxation time 7} and the
second moment M, of 'H- and '’F-NMR were studied in Me;CNH;BFE, and Me;CND;BF,.
The data revealed solid-solid phase transitions at 7= 219K for Me;CNH;BF, and at
T = 221K for Me;CND;BF,. The motions of cations and anions in the two solid phases
were studied by 7 and M, experiments. The motional modes of the ions and their motional
parameters were detected [56].

Methane CH,

Single crystals of solid methane in phase II can be obtained only from phase I at zero pres-
sure. Large (=50 mm?®) single CH,-I crystals were grown in a cylindrical quartz cell and
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successfully cooled below the phase-transition temperature, thus leading to phase II [51].
Brillouin spectra were collected at different crystal orientations corresponding to rotation
about the laboratory z-axis. The X-ray Laue diffraction techniques were used to orient the
crystals. The elastic constants of CH, — I were measured from 7 = 90 down to 20.5K. The
constants of CH, — II were measured from 7" = 19.5 to 15.5K. The data were used to calcu-
late the Poisson ratio, bulk and shear moduli, the distribution of the acoustic velocities in high-
symmetry planes, and the Debye temperature. Raman spectra of the fundamental modes
v; and v; were recorded and their shifts and full-widths at half-height were determined as
a function of temperature [57].

Chloranil

The crystal structure of chloranil above and below its phase transition (7 = 90K) was
studied by single-crystal X-ray diffraction. Below Ty, the difference A¢ between the angle
of an axis and an O --- O vector in the chloranil molecule [projected to (010) plane] at any
temperature, and the angle at T,,, increases with a power-law relation with a decrease in tem-
perature. The A¢ is an order parameter. The mean-square-displacements of O and C] atoms
increase around 7,,.. Above Ty, the intermolecular nearest O --- C distance decreases with
a decrease in temperature. Below T, the distance—temperature curve has two branches, nei-
ther of them decreasing with a decrease in temperature. The transition is thought to be a
result of two types of molecular rotations, viz. clockwise and counter-clockwise, for neigh-
bouring molecules [58].

(CH;),NH,H,PO,

The second moments of the proton magnetic resonance lines and relaxation times in the
laboratory frame T, were measured in polycrystalline (CH;),NH,H,PO, over the tempera-
ture range T = 88-360 K [59]. The proton spin-lattice relaxation measurements revealed two
minima due to the C-3 reorientations of the methyl groups of (CH;),NH; cations. Analysis
of the relaxation data yields the activation energy barriers of 13.4 and 7.6kJ - mol ™%, respec-
tively. Good agreement was obtained between calculated and measured second moment. The
NMR data confirm the phase transition at Ty, = 259 K known from previous studies [59].

Chlorodifluoromethane

The IR spectra were recorded from 7 = 12 to 105 K. Lattice and internal mode regions were
investigated by utilizing two Fourier transform spectrometers, one for the far-IR regions
(20-400 cm ™) and the other for the mid-IR region (400—4000 cm ™). Evidence for the solid-
state phase transition at 7 = (55.0 = 0.5) K was found. Multiple structure for the nine inter-
nal modes was observed over a wide range of temperature, which in most cases resulted from
the crystal field rather than from isotopic or other effects. This indicates that both phases are
ordered with rather large unit cells, and that the phase transition is of a displacive type. The
spectra were compared with those of a recent Raman study and were interpreted on the
basis of preliminary structural data from neutron powder diffraction measurement [60].
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Cholesterol

The molar heat capacity was measured between T = 5 and 425K. The derived thermo-
dynamic properties were calculated. The solid-solid transition was found at 7., = 306.7K,
with an enthalpy of transition of 3886J - mol~!. The melting temperature was found to be
Tt = 422.3 K and the enthalpy of fusion is 28.4kJ - mol ! [61].

Choline Tetrafluoroborate and Iodide

The crystal structure of the highest-temperature and second highest-temperature solid
phases of choline tetrafluoroborate and iodide was investigated by X-ray powder diffrac-
tion. The structure in the phase at the highest temperature of both salts is NaCl-type cubic
[a = 1.016(2) nm, Z = 4 for tetrafluoroborate; @ = 1.008(2) nm, Z = 4 for iodide]. The
second highest-temperature phase of tetrafluoroborate and iodide is CsCl-type cubic
[a = 0.6198(6)nm and Z = 1] and tetragonal [a = 0.8706(2) nm, ¢ = 0.6144(6) nm and
Z = 2], respectively. The DSC was carried out for the iodide, where the presence of three
solid—solid phase transitions was confirmed. Enthalpy and entropy changes of these tran-
sitions were evaluated [62].

Cycloheptane

The phases and phase transitions of solid cycloheptane were examined with DTA with two
new findings. Phase [ samples cooled below T~ 200K directly transform to phase III, not
phase II as reported earlier. Phase III readily supercools through the III-IV transition,
yielding a glassy crystal IIlg or transforming into a previously unknown metastable phase,
IIT’, depending on details. These findings can have an impact on the identification of the
phases studied in previous reports. Deuterium NMR of phase III shows that the reorientations
are not isotropic, indicating that no molecules reside in sites of cubic symmetry. The deu-
terium spectrum suggests several non-equivalent sites in phase III [63].

Cyclohexane

Both hydrogenated and deuterated forms of cyclohexane were studied by neutron scattering
at high pressures [64]. All the solid phases, viz. three in C¢H;, and four in the deuterated
form, were well recognized both in inelastic neutron scattering and in neutron diffraction
experiments. The temperature range extended from 7 = 160 K upwards to room tempera-
ture, while the pressure ranged from atmospheric to p = 370 MPa.

Cyclohexanol

Solid cyclohexanol was studied by adiabatic calorimetry and FIR spectroscopy [65]. The
monotropic set of phases II and Il was confirmed. Two different ways of obtaining phase II,
one passing through an intermediate metastable phase MS, were demonstrated.
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DL-0-Amino-n-Butyric Acid

DL-0-amino-n-butyric acid crystals undergo a reversible solid-phase transformation at
T-337K, from form A to form D. Two different types of characteristic diffuse scattering
along c* were observed during the phase transformation. From the analysis of diffuse scat-
tering, it became clear that the mechanism of the phase transformation involves the fol-
lowing three main movements: (1) displacement of molecular layers by (@ + 5)/2 in the
A phase, (2) a reorientation of the methyl group with rotational displacement and (3) a
rearrangement of molecular layers forming the D phase [66].

4,4'-Di-n-Butyloxyazozybenzene

The phase diagram in the temperature range from room temperature to 77 = 388 K was deter-
mined in [67] by neutron diffraction measurements.

Fluoro- and Aminocyclohexane

A thermodynamic study of C¢H;F and C¢H, ;NH, is presented in [68]. Phase diagrams have
been established up to p = 300 MPa using DTA. The enthalpy of phase transition II-I in
Cg¢Hi  F was found to be much greater than the enthalpy of melting. The opposite is true in
CeH11NH,. Therefore, the latter is not considered as a plastic crystal.

Trans-4-n-Hexyl-(4’-Cyanophenyl)-Cyclohexane

The phase diagram up to p = 300 MPa and T = 370K was studied by means of DTA [69].

Hexatriacontane (n-C3;sH»,)

Hexatriacontane (n-C;sH,) was studied by DSC and X-ray diffraction. In the original
monoclinic single crystal, molecular chains inclined ~27° in the bee-plane from the normal
to the lamellar surface. A solid—solid phase transition starts at 7= 72K and finishes at
T = 73.4 K. Two kinds of mechanisms took place in the formation of the high-temperature
monoclinic structure, One arose from the formation of twinned crystals where the transition
developed on the frontier of the (110) twin boundary. The other was responsible for chan-
ging the molecular staggering by 90° where the crystal axis was unchanged. The two
mechanisms appeared simultaneously, resulting in the appearance of polycrystals [70].

n-Undecylammonium Chloride

Molecular motions and structural changes were studied as a function of temperature by
NMR and DSC. Reorientation of the NH; group was detected. Simultaneous presence of
the inter-digitated and the e-phase was observed [71].
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4.6.3 Fullerenes

A comprehensive review of fullerenes with 56 references [72] was published in 1995. It
examines some of the important results obtained to-date on their solid state properties that
include phase transitions of Cy, and C;, related to orientational ordering, superconductivity
in alkali and alkali earth fullerides, and ferromagnetism in the radical ion salt Cg,. Some
aspects of carbon nanotubes and anions are briefly described.

A thermodynamical model describing the co-existence of phases at orientational
phase transition in solid fullerenes has been developed [73]. For such a transition in
fullerene Cg, characterized by the comparatively low enthalpy, heterophase fluctuations
can lead to the wide temperature region of phase co-existence within about 30 K below the
260K transition point. By comparison with the theoretical dependence obtained on this
basis with the experimental data on X-ray diffraction and heat capacity measurements for
Cqo, the energetic characteristics of the hetero-phase cluster formation were evaluated. The
relative contribution of homophase and heterophase fluctuations to breaking the orienta-
tional order was discussed.

In [74], the molecular, crystal and electronic structures of fullerenes are discussed,
and the mechanism of superconductivity in alkali-doped fullerides M,Cqy (M=K, Rb, Cs,
Tc, ...) is proposed. It comprises a combination of phonon and high-energy electronic
boson exchange, as in the case of cuprates. The electronic boson process would involve
bond polarization in interaction with conduction electrons. The theory accounts for the
high transition temperature T, observed in these systems. Predictions based on this mech-
anism are consistent with the observed isotope effect and the superconducting energy gap
in M3C60 fullerides.

Boron-doped carbon fullerenes were examined in [75]. The in situ creation of single-
and multi-shelled fullerenes and multi-walled nanotubules by electron irradiation of
chemical vapour deposit of graphitic B,C (x < 0.2) in a high-resolution 300kV electron
microscope is reported. Nanostructure formation occurred through irradiation-induced
solid-state phase transformation, in contrast to conventional fullerene/nanotube synthesis
from the gas phase. The fullerene and nanotubule chemical composition and bonding char-
acter were analysed by EELS, applying a 0.5 nm electron probe. The boron/carbon ratio of
the observed curled, closed nanostructures never exceeded ~0.1. Unlike pure carbon
anions, most of the B-doped fullerenes exhibited a polyhedral faceted circumference sug-
gestive of B-induced buckling.

Multi-nuclear NMR studies of A;Cq, compounds (A, alkali metal) are reported in
[76]. Low-temperature *C-T; and high-temperature *C-Knight shift measurements in
various A;Cg, compounds revealed spin susceptibility that successfully explains the tem-
perature dependence of *C-T,T in K;C¢, at T = 120K, while a contribution from Cg
molecular rotation was observed at higher temperatures. In Na,ACyg, electronic states and
molecular dynamics are discussed below and above the fcc-sc structural phase transition
temperature.

Reorientational relaxation following a pressure-induced change in the pentagon/hexagon
ratio in Cg fullerenes was studied and reported in [77]. From the same group came an assess-
ment of the measurements of thermophysical properties as tools to study phase diagrams
of fullerenes under pressure [78].
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4.6.4 Advances in Experimental Techniques and Interpretation of Results
Adiabatic Calorimetry — Design Improvements

Design improvements in an adiabatic calorimeter make it possible to load or unload the
calorimeter in 30 min. A new protocol for adiabatic calorimetric systems is discussed and
changes in the data collection and the data calculation programmes are given [72].

Fluoroprobe

A new application was found for the charge-transfer compound Fluoroprobe. With this
fluorescent compound, the phase transition in crystalline materials can be observed
directly, which is not possible with any other technique [79].

X-Ray Powder Diffraction

A new method for the analysis of non-isothermal kinetic data is now available, which is suit-
able for treating data of phase transitions or of chemical reactions. The method was made
general by using integrated rate equations. For simple kinetic models, kinetic parameters can
be achieved from a single measurement, preferably at the slowest heating rate. For complex
models, number of measurements with different heating rates are required [80]. In add-
ition, a new “millikelvin (mK)-stabilized cell” having a function of sensing thermal anom-
alies for the detailed X-ray diffraction study of solid-phase transitions has been developed
[81]. The cell is easily mounted on a commercially available goniometer head. The perform-
ance was tested using a CsPbC; single crystal, in which a phase transition is known at
Tus = 320K (47°C) from tetragonal to cubic. An abrupt variation in the distance between
some two reciprocal points in the precession pattern was clearly detected in a 0.1K
temperature range centred at 7= 320K along with two thermal anomalies. The cell will
be especially useful to investigate phase transitions occurring over a narrow temperature
range.
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5  VAPOUR-LIQUID EQUILIBRIUM
AT LOW PRESSURE

Accurate measurement of high- and low-pressure multi-component vapour-liquid equilibria
(VLE) has presented one of the most compelling experimental challenges to chemical
engineers and physical chemists for a considerable time. With the rapidly increasing number
of new organic compounds synthesized annually, the number of possible mixtures has
become effectively infinite and design engineers cannot hope to have mixture property data
banks for more than a small fragment of these. Ultimately, the task of predicting thermo-
dynamic properties from basic molecular parameters is the only realistic goal. Such predictive
methods are computationally very intensive (no longer a serious problem), but capable at
present of only modest accuracy, insufficient for many purposes. Accurate, rapid and cost-
effective measurement of VLE for binary and multi-component mixtures thus remains a
considerable priority for the foreseeable future. An examination of published VLE data
and limiting activity coefficients for highly non-ideal systems, such as alcohol-hydrocarbon
mixtures, reveals quite considerable discrepancies between data sets from different researchers
using similar or different equipment types. Moon ef al. [1], using admittedly demanding
criteria, found that only 27 per cent of the low-pressure VLE data sets examined were ther-
modynamically consistent. As noted by Joseph et al. [2], this is a surprising state of affairs
after a century of experimental development and improvement and is cause for some intro-
spection. To advance thermodynamic theory, VLE data of the highest possible accuracy,
particularly in the difficult dilute regions, must be obtained. In the sections below, we sur-
vey measurement techniques, offer some insights into the experimental problem and suggest
guidelines for measurement on systems of diverse behaviour.

51 Equipment and Procedures

Surveys of experimental equipment and procedures have been given by Hala et al. [3],
Malanowski [4], Abbott [5] and Raal and Miihlbauer [6]. High-pressure phase equilibrium
measurement is generally more difficult than for low pressures and is described in the
extensive reviews by Raal and Miihlbauer [7], Miihlbauer and Raal [8] and Ramjugernath [9].

A definition of low-pressure VLE (LPVLE) has been given by Abbott [5] with reference
to the equilibrium equation relating vapour and liquid compositions (y;, x;):

sat

Xi%pi
;= . N
yl Pq)i (5 )

The LPVLE is classified as the domain for which the vapour phase is satisfactorily
described by the two-term virial EOS in pressure, and activity coefficients can be presumed
pressure independent in Equation (5.1). These restrictions are considered appropriate [5]
for pressures up to 0.5 MPa. In practice, LPVLE measurement is often limited to pressures
up to or only modestly above 101.3 kPa due to the fragility of glass equipment. Equipment
for VLE measurement can be broadly classified into three groups, namely, static methods,
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dynamic methods and procedures for measuring infinitely dilute activity coefFicients. The
latter topic is reviewed separately in Chapters 13 and 14 of this volume.

5.1.1 Static Methods

In the static method, a thoroughly degassed liquid mixture is charged to an evacuated her-
metically sealed equilibrium cell immersed in an isothermal environment. When equilibrium
is judged to have been reached, e.g. as evidenced by constancy of measured pressure, the lat-
ter is noted and the equilibrium liquid composition is calculated from the charge composition.
This is considered by some to be the truest equilibrium, particularly because there are no
gradients in pressure or concentration. A popular procedure, pioneered by Gibbs and Van
Ness [10], is to pump the two pure degassed liquids into an evacuated cell with metering
piston pumps. For a given mixture, the bath temperature can be changed so that multiple
isotherms can be obtained. Degassing was accomplished by Maher and Smith [11] in an
assembly of 15 miniature cells connected to a common manifold with Cajon Ultra-Torr
fittings and using lengthy freezing—evacuation-thawing cycles. Recent trends are to degas
by low-pressure distillation.

An example of a more recent successful static apparatus is that of Fischer and
Gmehling [12] (based on an earlier design by Rarey and Gmehling [13]) shown in Figure 5.1.

pressure piston
measurement  injector

magnetic stirrer

—am

Figure 5.1 Static equilibrium cell of Fischer and Gmehling {12] (With permission from American
Chemical Society.)
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Good descriptions of the apparatus and the operating procedures, including degassing,
are given by Kolbe and Gmehling [14] and Fischer and Gmehling [12]. Their earlier glass
equilibrium cell permitted measurements at pressures up to 1.0 MPa. For highest accuracy, it
was found necessary to thermostat the proportioning pumps.

Typically, in static methods, equilibrium vapour and liquid compositions are not
measured, but are obtained by calculation. This represents a considerable economy of effort,
but the P—x isotherm must be of the highest accuracy since subtle changes in curve shape can
cause large errors in the calculated y;, ¥ and GE values [11]. A disadvantage of 7-P-x data
sets is that they cannot be tested for thermodynamic consistency. With excellent new tests
of consistency such as those of Van Ness [15] and Moon et al. [1] now available, this is a
worthwhile consideration.

5.1.2 Computations from Static Cell Data

A considerable variety of calculations arise in connection with low-pressure phase equilibria
and have been extensively reviewed by Walas [16], and Raal and Miihlbauer [6]. Here we
briefly review only those pertinent to reduction of data from static VLE equipment. In a
typical experiment, only the charge composition, x,, is known in addition to the measured
pressure P and the controlled (and measured) temperature T. The first requirement is therefore
to obtain the true liquid equilibrium mole fraction, x;, for a binary mixture. For a static cell,
this is a comparatively simple task based on equilibrium—flash relationships and the amount
of hold-up in the vapour phase [12,17-19]. A formulation in terms of two new dimensionless
groups, Ry and Rg, has been given by Raal and Ramjugernath [20]. Material balances and
equilibrium constraints led to the working equation

Xs1

TTTY X - DE’

(5.2)
where K| is the equilibrium constant y,/x,. E can be considered an equipment characterization
parameter (although it also involves system properties), and Equation (5.2) has exactly the
same form as that for a dynamic ebulliometer. For the latter however, E is also a function
of the vaporization ratio ¢ = V/F [21], as discussed for ebulliometers in Chapter 13. When

Eisresolved in terms of the total equipment interior volume, vIOT one obtains
14 Ry —1
E_?_RG—I’ (5.3)

where the S” and V" are the moles of charge and equilibrium vapour phase hold-up respect-
ively, and Ry and Rg are given by

TOT
(1)

RTZ
()2

and
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M;, and pp are the equilibrium liquid molar mass and density, respectively, and Z the
vapour-phase compressibility factor

x,—M,-
M /pL = ZT' (5.6)

If the excess volume is neglected, the physical significance of the dimensionless groups is
essentially as follows: Ry = total equipment volume per unit charge volume and R; = vapour
molar volume per unit liquid molar volume.

Once E has been determined for a given experiment, x; can be obtained from Equation
(5.2) by fairly simple iterative procedures. The total interior volume, including all fittings,
tubing and pressure transducer volume up to the diaphragm, is most conveniently deter-
mined by measuring the equilibrium liquid composition x; and pressure P for a system of
known phase equilibrium behaviour. With x;, x,; and K; known, E is found from Equation
(5.2) and hence v from Equations (5.4)~(5.6). A sample calculation is given by Raal
and Ramjugernath [20].

For systems of large relative volatility, more specifically large Kj, it is clear from
Equation (5.2) that x; can differ considerably from the charge composition x,;, even for
comparatively small vapour hold-up (small Ry) and moderate pressures [20].

5.1.3 Semi-Micro Cells

In all VLE measurements, the system components must be of the highest purity, particu-
larly if reliable data are to be obtained in the very dilute regions, often of considerable
importance in industrial separation processes for high-purity chemicals.

In these regions, any solvent impurity competes with the added solute in influencing
system behaviour. Some high-purity chemicals are very expensive and, to cover the full
composition range, large amounts of the two components may be required in either a static
or dynamic VLE apparatus. Resolution of this problem may lie in the use of semi-micro
static cells such as those proposed by Wichterle and Hala [22], Wichterle and Boublikova
[23] and Maffiolo and Vidal [24]. To overcome some of the drawbacks of these earlier
designs, a more robust and versatile design was developed by Raal and Miihlbauer [6]. The
apparatus, shown in Figure 5.2, departs from the more conventional static cell types in that
there is a small impeller-induced circulation of the vapour phase through the sample loop of
a GC valve attached above the cell, i.e. the vapour circulation is internally induced. The valve
system shown permits rapid but not complete degassing and conveyance of the vapour
sample directly to a GC. Provision is also made for sampling the liquid phase at equilibrium
through a sample septum. Although the pressure measured by the pressure transducer will
not be correct due to traces of inert gas, the equilibrium pressure can be calculated from
the ratio of GC peak areas for the vapour, as explained by Raal and Miihlbauer [6].
The +8 cm? equilibrium cell is jacketed to maintain isothermal conditions. Al fittings in
the compartment above the ss flange to which the cell attaches are kept slightly super-
heated with the block heater shown. Data for the system (cyclohexane + ethanol) obtained
with this apparatus were in close agreement with published values.
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Figure 5.2 Semi-micro cell of Raal and Mithlbauer [6]. (With permission from Taylor & Francis.)

514 Data Reduction from P-x Measurements

The ultimate goal of experimental VLE measurements is to find a correlating equation that
can faithfully reproduce equilibrium data over the full composition range. A considerable var-
iety of expressions for the Gibbs excess energy, G, differing in complexity and applicability
have been developed over the years. The subject is too large and complex to review here. The
reader is referred to the texts by Prausnitz et al. [25], Walas [16], Abbott and Van Ness [26] and
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Raal and Miihlbauer [6]. Evaluation of the constants in an equation for Gt directly from
experimental P—x data constitutes a model-dependent approach. Such procedures are well
known and adequately described in the above texts and will not be repeated here. An inter-
esting procedure for finding the equivalent binary constants in a correlating equation from
measured P—x data for a ternary system has been demonstrated by McDermott and Ellis [27].

A considerable number of “model-free” methods have also been developed and can be
classified as direct, when the vapour composition or relative volatility is solved for, or,
indirect when GE or ¥; is first obtained. The methods are of comparable rigour and should
yield the same result if there is no appreciable bias or inconsistency in the data. The direct
method is based on the co-existence equation [26]. In its simplest form, assuming ideal gas
behaviour and a liquid molar volume, negligible compared with that of the vapour, the
equation for isothermal data becomes

dyp _ yi(l = y1)
dinP Y1 — xy )

(5.7)

An example of the integration of this equation for the system {water (1) + methyl butenol
(2)} for isobaric data has been given by Raal and Brouckaert [28]. In Figure 5.3, we show
measured and calculated data, based on the NRTL equation, obtained by Fischer and
Gmehling [29] for the system {3-methyl pentane (1) + N-methyl-pyrrolidone (2)}, obtained
with the static apparatus of Figure 5.1. The data are exemplary and unusually precise in the
hydrocarbon dilute region to the extent that an accurate limiting coefficient (¥7”) can be
obtained. Finally, how precise must the temperature control be to obtain reliable P—x data
and how is this dependent on system properties?
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Figure 5.3 Experimental P—x, data for the system {3-methyl pentane (1) + N-methyl-pyrrolidone
(2)} measured with the apparatus of Figure 5.1 [29]. P—y, data are calculated. (With permission from
Elsevier Publishers.)
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5.1.5 Sensitivity of Temperature and Pressure

The greatest difficulty in measurement is nearly always in the very dilute but exceptionally
important regions for highly non-ideal systems, such as alcohol-hydrocarbon systems.
Special procedures have been developed to find the limiting activity coeflicients, ;.
These are reviewed in Chapters 13 and 14. A good indication of how precise temperature or
pressure control, the latter for isobaric measurements, must be, can be obtained from the
derivative (07/9P),. An expression for the latter can be developed as follows.
Using the triple product relationship,
( 8T) _ (dT/adxy),
X[

oP ) T (oplox)r )

The denominator is most easily developed, e.g. from the expression for total pressure:
X%
_ _ (1) < R t
P=2yP= gt = 2 5yt (59
Differentiation of Equation (5.9) together with use of the Gibbs—Duhem equation,

> x,dIny = (VE/RT)dp. (5.10)

gives

3 saty, _ psata N0 — x.d Ings/dx
( p) _ @' — pFp){l — ndinp/daj (5.11)
T

ox, 1 — p¥ 1 VERT

For the numerator, (97/dx, ), a more circuitous route has been found as follows:
aT oT \ /a1
- ),, - ( 5 ),,( - ) : (5.12)

x 1 pitP,

since

IR

Y1

oy _ 1 p\ [ oT [
(axl )p— P[xﬁ’l( T ), s p+P1 X o, + %t (5.13)

To find a suitable expression for (97/dy;),, we use the coexistence equation [27] with the
vapour phase assumed to be ideal, a satisfactory assumption for our purpose unless there

is a strong association:
oT 01— x1)
— | = =", 5.14
(8y1 ),, Qy(1 = y) 619

therefore
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with

X1 AvapHy + XAy Hy — H

Q= 2
RT (5.14a)

A
= izi;’;f’Z—HZ for dilute solutions
where A, H, is the enthalpy of vaporisation of component 2, the solvent.
Substitution of Equations (5.13) and (5.14) into Equation (5.12) gives after some sim-
plification, and with K; = y;/x;,

ﬂ _ “B{xidlny/dx; + 1}y 515
ox; p_ 1 + Bx;yy(dlnp$/dT) (5.13)
where
(K, = 1y
B= OPK.Kyr;" (5.15a)
The expression for (97/dp),, in the dilute region thus becomes finally
By {x;dlny/dx; + 1
oT 1 x1diny/dx, } (5.16)
p ).

dlnp
(1 + BxpdInpT/dT)(piy — S“‘}ﬁ){ % gy, }

Equation (5.16), though cumbersome in appearance, is readily programmed for evaluation.
More rigorous forms of Equations (5.11) and (5.16), incorporating vapour-phase non-
ideality and the Gibbs—Duhem equation, have been derived and will be presented in a future
publication. In addition to the saturation pressures, estimates of the 7 are required, e.g.

Iny =A(1-x)? withd =y (5.17)

For the less dilute regions, the one-constant form of the Wilson equation is excellent and
recommended [20]. In the calculation, proceeding step-wise from x; = 0, the temperature
at each x, is approximated by assuming that (d7/0x,) from the previous step = con-
stant = AT/Ax;. Values of (8T/c)p)x evaluated from Equation (5.16) are illustrated for the
system {n-hexane (1) + ethanol (2)} in Figure 5.4. To interpret these results, i.e. a T—p
sensitivity of about 0.0019K - Pa~! in the dilute region, the required pressure regulation
to reduce the temperature fluctuation to 0.02K, must be better than 0.0105kPa, a quite
stringent requirement for an isobaric process. For isothermal operation, a variation of
0.05K in the water bath temperature for example, will produce a pressure response of
26 Pa (not related to composition change), in the concentration region up to about 0.01
mole fraction (from the inverse quantity, (dp/dT), ).
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Figure 5.4 Temperature—pressure sensitivity, (aT/ap)xl, for the system {n-hexane (1) + ethanol
(2)} at T = 301K, calculated from Equation (5.16).

Limiting activity coefficients for use in Equation (5.16) can be predicted with accur-
acy more or less sufficient for our purpose by the analytical solution of groups (ASOG) or
by the MOSCED or SPACE equation methods, particularly for non-aqueous systems [30].

In the limit as x; — 0, Equation (5.16) reduces simply to

8T o0 d sat \ "1
(%) =( é’;) , (5.18)

Equation (5.16) should prove useful for correcting measured temperature due to controlled
pressure fluctuations at any composition (x;) with the generally short time lag taken into
consideration.

5.2 Dynamic Methods

In dynamic methods, the vapour phase, the liquid phase or both phases may be circulated.
Recirculating equilibrium stills have accounted for a large proportion of low-pressure VLE
data in the literature. A very considerable number of variations of a few basic types have
been used and proposed in the literature and the reader is referred to earlier reviews by
Hala et al. [3], Malanowski [4], Abbott [5] and Raal and Miihlbauer [6].

Despite their popularity, equilibrium stills present a number of problems, some quite
serious if accurate data are to be obtained for highly non-ideal systems. Among the more
serious are the following:

(i) A failure to attain true equilibrium.
(ii) A partial condensation of equilibrium vapour.
(iii) A failure to attain smooth boiling and a steady state with minimum fluctuations in
temperature and pressure.
{(iv) Accurate measurement or control of temperature and pressure.
(v) Errors in composition measurement.
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5.2.1 Attainment of Equilibrium

In the older Othmer type of apparatus, the vapour formed above a boiling liquid is con-
densed and recirculated. The equilibrium established in such an apparatus is at best a local
equilibrium between a vapour bubble and a small packet of liquid in close proximity with
the bubble [31,32]. Continued recycling will not improve the approach to equilibrium.
Also, temperature measurement is unsatisfactory. Among attempts at resolution of these
problems have been the following:

(@) Vaporize the returning condensate and bubble it through the liquid in the equilibrium
chamber.

(b) Circulate both the liquid and vapour using a Cottrell vapour lift pump.

(c) Force a vapour-liquid mixture downwards through a packed equilibrium chamber with
subsequent separation of the two streams.

Method (a) can be accomplished in the Jones—Colburn apparatus [33] and its many
subsequent variations. For systems with the major resistance to mass transfer in the liquid
phase particularly, this mechanism for attainment of equilibrium is first class provided the
equilibrium chamber has no stagnant areas. The most serious drawbacks are the difficulty
in attaining stable operation and the extreme sensitivity of the results to any small vertical
temperature gradients in the upper part of the equilibrium chamber. A successful adaptation
of the bubbling chamber has however been found which solves both these problems. In this
adaptation [6,28], see Figure 5.5, a novel annular Cottrell pump is used to produce a steady
vapour stream and to promote rapid thermal equilibration. The design is unusual in that,
although the apparatus appears to be of the vapour and liquid recirculation type, the equi-
librium chamber operates as a vapour flow bubbling through a static, adiabatically isolated
liquid, a mechanism extensively used in high-pressure VLE apparatus with mechanical cir-
culation of the vapour.

There is a small pressure drop across the liquid in the inner chamber so that the tem-
perature, if measured as shown, will be at a pressure slightly above the controlled and
measured value. Temperature calibration should be done in situ with a pure liquid. An
example of isobaric VLE data measured with the apparatus of Figure 5.5 is shown in
Figure 5.6 [28].

Widely used dynamic stills are usually variations and improvements of the original
Gillespie still [34], in which the Cottrell pump itself must accomplish phase equilibrium.
An example of a recent version is that of Gmehling et al. [35], shown in Figure 5.7. As
with the earlier Othmer type of apparatus, however, equilibrium must be accomplished in
a single pass and repeated circulation, no matter how long, cannot produce a closer
approach to equilibrium than that of a single pass at steady state.

A much sounder approach for achieving dynamic equilibrium is to force vapour and
liquid downward co-currently through a short packed adiabatic chamber as in the apparatus
of Yerazunis et al. [32]. A successful version of such an apparatus is shown in Figure 5.8
and can be computer controlled to give either isobaric or the generally more useful isother-
mal data. The apparatus is compact, robust and the equilibrium chamber angularly sym-
metric. The packing (small wire mesh cylinders) is readily accessible and can be tailored
to the system requirements. For a system with high temperature—pressure sensitivity, for
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Figure 55 Dynamic VLE still with bubbling chamber [28]. (With permission from Elsevier
Publishers.)

example, a short section of very open packing with low-pressure drop is advisable to
reduce or eliminate vertical temperature gradients. The temperature is measured near the
bottom of the packing. The vacuum-jacketed Cottrell tube and the vapour lagging of the
equilibrium chamber (in addition to a vacuum outer jacket), to ensure complete adiabatic-
ity, are salient features. Thermodynamically consistent data have been obtained with the
equipment, operated by PC in either isobaric or isothermal mode, for several systems by
Joseph ez al. [36].

5.2.2 Partial Condensation of Equilibrium Vapour

In the two designs described above, it is clear that strong precautions are taken to avoid any
partial condensation of the equilibrium vapour. Even the smallest amount of condensation
in either a static or dynamic apparatus in the equilibrium area will produce considerable
error in the vapour composition.
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Figure 5.6 Isobaric VLE data for the system {water (1) + methyl butenol (2)} at 97.2kPa,
obtained with the apparatus of Figure 5.4. (With permission from Elsevier Publishers.)

In the first design (Figure 5.5), the vapour take-off tube is superheated as shown and
the interior is insulated with a vapour jacket. In the apparatus of Figure 5.8, the annular
vapour flow in the concentric tubes surrounding the equilibrium chamber is outstandingly
effective in preventing partial condensation. Considerable glass-blowing skill is required
to construct either apparatus.

523 Smooth Boiling

The best results are obtained in a dynamic apparatus when boiling and vapour generation
are smooth and free of bumping. The designs described above both have rapid magnetic
stirring in the boiling chamber. In the apparatus of Figure 5.8, an internal heater with
roughened surfaces assists smooth boiling and gives fine control. For pure solvents, boiling
temperature can be boil-up rate dependent, as found by Kneisl et al. [37], particularly for
systems with large dipole moments and/or molecular association, i.e. the plateau region in
which one normally operates has a noticeable slope. In the ebulliometers of Thomas et al.
[38], 30 mesh ground glass particles were fused to the inner wall of the boiler. The pro-
duction of smooth continuous boiling, particularly for hydrogen-bonded systems, is one of the
greatest challenges in dynamic VLE apparatus and a fruitful area for further refinement
and research.
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—

Figure 5.7 Dynamic VLE apparatus of Gmehling ef al. [35]. (1) Boiling flask; (2) Cottrell pump;
(3) liquid-phase collector; (4) condensed-vapour-phase collector; (5) thermometer well; (6) joining
flange for manostat; (7) thermometer mounting; (8) shield. (With permission from American
Chemical Society.)

5.2.4 Measurement and Control of Temperature and Pressure

With the highly developed electronic circuitry presently available, very precise temperature
and pressure measurements are possible by a variety of devices. Digitized signals from Pt-100
Sensors or strain gauge pressure transducers are readily transmitted to a PC without signal
degradation, preferably through 16-bit or higher precisions, for measurement and control.
Capacitance devices for pressure measurement are also popular. Dynamic VLE apparatus can
be precisely controlled by a PC with appropriate software to operate in either isobaric or
isothermal mode. A relatively simple control strategy such as pulse-width modulation can
produce highly accurate, thermodynamically consistent isothermal data [36]. Development
and testing of more sophisticated control strategies is continuing in our laboratories.
Equation (5.16) can be utilized for this purpose since it contains system-specific properties
and at any composition gives the expected temperature response to pressure fluctuations.

5.25  Measurement of Composition

Gas-liquid chromatography remains the favoured procedure for sample analysis. The
newest flame ionization (FID) and dissociation ionization (DID) detectors have impressive
capabilities. Several other specialized detectors for certain classes of compounds have
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been developed. To test and allow for any non-linearity in detector response, the area ratio
method of Raal and Miihlbauer [6] is recommended. In situ measurements, without sam-
pling, can also be made by Raman spectroscopy, as shown by Kaiser et al. [39]. These
authors determined both liquid and vapour compositions with an estimated error of =0.002
mole fraction for the (cyclohexane + toluene) binary mixture. The method appears to be
limited to systems without strong inter-molecular forces.

5.3 Conclusions

Equipment of sound design, whether of the static or dynamic type and when carefully
operated, can give precise and thermodynamically consistent data even for the most difficult
systems. The greatest experimental difficulty is usually in the dilute regions where con-
centration and temperature or pressure gradients can be very steep. Equipment suitable for
one system, or in one region of concentration, may be unsatisfactory for another system or
in the other dilute region. The equations for the temperature—pressure sensitivity proposed
here, (97/dp),, although subjected so far to only limited testing, should provide guidance
as to which type of equipment is best suited to the task. In particular, it quantifies the preci-
sion required in the control of either temperature or pressure to produce acceptable tolerances
in the measured P or T in selected areas of concentration and should be useful in developing
more sophisticated pressure control strategies in which system-specific properties are
taken directly into account. It also permits accurate correction of measured temperatures
due to pressure fluctuations or vice versa at any composition.

Static equipment such as the highly developed apparatus of the Gmehling school can
give very precise isothermal 7-P-x data even in the very dilute regions but their thermo-
dynamic consistency cannot be tested. The degassing procedure is time-consuming. The
two dynamic stills proposed above have quite different mechanisms for achieving equilib-
rium, are effective in eliminating superheating of the equilibrium liquid and give excellent
results. The T—p—x—y data they yield can be tested for thermodynamic consistency. Multi-
component systems are readily measured. Equilibrium is reached rapidly and, at low pres-
sures, no degassing is required. Future improvements in the operation of such dynamic
equipment probably lies in more sophisticated pressure control by improved PC software,
e.g. to give isothermal P-T—x—y data. The suitability of dynamic equipment relying only on
a Cottrell pump to achieve equilibrium in a single pass is considered questionable for systems
of high-relative volatility.
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6 VAPOUR-LIQUID EQUILIBRIUM AT
HIGH PRESSURE

It is impossible to perform vapour-liquid equilibrium (VLE) measurements at high pressure
for all kind of systems using one technique only. The reason for this is that the experiments
have to be performed over a wide range of temperatures and pressures and for mixtures of
compounds with widely differing physical properties such as volatility, corrosivity, vis-
cosity, thermal stability, density, etc. Also different types of data have to be obtained like
Henry’s constants or activity coefficients at infinite dilution, p—T—x or p—T—x—y data with
or without the simultaneous determination of densities, etc.

The accurate determination of phase equilibria remains sometimes difficult, time-
consuming and expensive. So the choice of the right and adequate technique is far from
trivial. Over the years, many different apparatuses have been developed and used. It is,
however, difficult to compare all of them in a simple way. Some classifications are avail-
able in the literature [1-6]. These classifications can be made in several ways. Dohrn and
Brunner [6] divided the experimental methods for the determination of high-pressure VLE
into two groups based on the way compositions are measured. In this work, we have pre-
ferred to make a classification according to how phase equilibria are obtained, namely
closed- and open-circuit methods.

6.1 Closed-Circuit Methods

In this group, we have the static—analytic methods, the quasi-static method (circulated phases)
and the static—synthetic methods. The major advantage of static methods is their simplicity.
The studied system is enclosed in a cell and one waits as long as needed to reach equilib-
rium. An internal stirring system is usually added to the equilibrium cell in order to reduce
the time of equilibration. The equilibrium can be checked by total pressure stability and/or
constancy of phase composition as a function of time. Measurements are generally carried
out isothermally, with compositions being determined after each pressure change to obtain
isothermal p—x—y diphasic envelopes. Equilibrium is reestablished more quickly after a
pressure change than after a temperature change, due to the thickness of the walls of the
equilibrium cell, especially at very high pressures. We divide the closed-circuit methods
into subgroups according to the way of the determination of the phase compositions.

6.1.1 Static- Analytic Methods

These methods require the analysis of the vapour and the liquid phases. This can be done
either on withdrawn samples or directly in situ. Sampling is a challenging job, because the
samples must be representative for the equilibrium phases and the withdrawal of samples
must not disturb the equilibria studied, e.g. the total pressure must remain constant during
sampling. Unfortunately, these conditions are rarely rigorously fulfilled. n situ analyses
are very attractive but they can be applied in very few cases only.
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Sampling

Many different sampling techniques have been developed. Peter and Eicke [7] and Peter
et al. [8] carried out analyses on part of the samples taken from a container in which they
are expanded. It is important to take special care to ensure that the liquid samples do not
undergo any vaporisation and to avoid any condensation of the heavy components inside
the tubing through which the liquid and the gas samples are withdrawn. Pawlikowski et al. [9]
use the technique of expanding samples on-line with the same inconveniences. A valve with
a sampling loop is used to send a small quantity of the sample into a gas chromatograph
(see Figure 6.1). Butcher and Robinson [10] also use the expansion procedure but with
analyses by refractometry (see Figure 6.2). Valuev ef al. [11] developed an instrument
somewhat more complex than the preceding, using a ball to close the sampling line (see
Figure 6.3) and letting the sample flow in the hollow axis of a needle that rests against the
ball. A considerable dead volume is characteristic for this type of sampling. Jacoby and
Tracht [12] designed a pressure resistant removable sampling valve (see Figure 6.4), which
can be placed in the sampling line and then removed to carry a sample for injection into
chromatograph carrier gas as proposed some years before by Yarborough and Vogel [13].
This type of sampling requires at least one shut-off valve and one or more sampling valves.
This series of valves creates important and complex-shaped dead volumes which are dif-
ficult to sweep. For an experimental run, several times the valves have to be assembled and
disassembled, increasing the risk of non-thermal equilibrium in the whole apparatus and
the possibility of leaking.
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Figure 6.1 Equipment of Pawlikovski et al. Reproduced from reference [9] with kind permission
of American Chemical Society. Copyright 1982.
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Figure 6.2 Apparatus of Butcher and Robinson [10]. Reproduced from reference {10] with kind
permission of Society of Chemical Industry. Copyright 1966.

The samples are more representative for the equilibrium phases if they are withdrawn
as close as possible to the equilibrium phase and if they are analysed totally. In addition,
the withdrawal of a minimum amount of sample with negligible mass with respect to that
of the equilibrium phases is a positive factor to keep the system at equilibrium (constant
pressure). A way to take samples at constant pressure, which has been used by several
authors, is to use mercury displacement. For example, Ellis e7 al. [14] collect the vapour and
liquid samples in containers filled beforehand with mercury (see Figure 6.5). However, the
hazards of working with mercury are not negligible and equilibrium temperatures are limited
to a relatively small range.

To take samples as close as possible to the wall of the equilibrium cell, Rodgers and
Prausnitz [15] have designed a cell with pistons (see Figure 6.6) passing through the walls
of the cell. These pistons allow one to take small samples (some nm?) and to send them
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Figure 6.3 Cell of Valuev et al.: 1, membrane; 2, screw; 3, valve body; 4, valve cap; S, nut; 6, disc;

7, axis support; 8, ball; 9, differential screw; 10, security ring. Reproduced from reference {11] with
kind permission of Nauka Publishers. Copyright 1972.

27

directly into a chromatograph carrier gas circuit. Unfortunately, the main problem with
this technique is to achieve a reliable sealing between the piston and the wall of the cell.
Dorokhov et al. [16] developed a new sampling technique by trapping a small sample
between two stems inside the equilibrium cell body (see Figure 6.7). The cell body com-
prises a cavity (4) at the bottom of which a bellows valve obstructs a small channel (3).
This channel is closed at its other extremity by a similar valve. To take a sample, the valve
(5) is opened, the channel fills up; then the valve (5) is closed while valve (6) is opened,
the carrier gas sweeps the sample into the chromatograph. This design has several disad-
vantages that include the need to have two expansions for each sampling and the fact that
region (4) in Figure 6.7 is not well stirred and the small channel (3) acts as a dead volume



94 Vapour-Liquid Equilibrium at High Pressure

INSET

NON-ROTATING
VALVE STEM

STEM ‘

/\{S-APSUL E

— PASSAGE THROUGH
VALVE OPEN AT
ALL TIMES

REMOVABLE CAPSULE

Figure 6.4 Removable sampling valve from Jacoby and Tracht. Reproduced from reference [12]
with kind permission of Preston Publications, a Division of Preston Industries, Inc. Copyright 1975.

in the carrier gas circuit and heavy components can remain partially inside the channel and
undergo a differential vaporisation. To solve these problems, Figuiére et al. [17] developed
another sampling system with valves (see Figure 6.8). The blocking cones of the valve stems
are pushed against the equilibrium cell seating by very strong spring washers to achieve a
perfect seal. The stems are moved backward by calibrated shocks allowing to withdraw
samples of about 1 nm? of both liquid and vapour phase. The carrier gas flowing through
the channel machined along the valve stem sweeps the samples totally (no dead volume).
Sampling is done very quickly in less than 0.1s and the sample size can be changed by
modifying the aperture shocks. The equilibrium cell of Figuiére et al. allows experiments
up to 7= 673K and 40 MPa. The sampling systems of Dorokhov et al. and Figuiére et al.
have one important limitation, namely the liquid samples must be vaporised at the equi-
librium temperature during a relatively short time and at the chromatograph carrier gas
pressure. In the case of the apparatus of Figuiére et al., temperature limitation is not so
drastic and the equipment can be adapted [18] through simple modifications to equilibrium
temperatures lower than boiling temperatures of the heaviest component under study.
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Figure 6.5 Equipment of Ellis et al.: A, gas cylinder; B, dryer; C, compressor; D, displacement
cell; E and G, sampling cells (65 and 45 cm?); F, equilibrium cell (500 cm®); H, volumetric pump;
1, mercury reservorr. Reproduced from reference [14] with kind permission of American Institute
of Chemical Engineers. Copyright 1968.
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Figure 6.7 Apparatus of Dorokhov et al. [16]. (a) Equilibrium cell: 1, cell body; 2, analysis circuit;
3, sampling volume; 4, volume to be sampled; 5 and 6, sampling valves (see b). (b) Sampling valve:
1, bellows; 2, stem; 3, ring; 4, thread; 5, nut; 6, spacer; 7, stop-bolt; 8, screw. Reproduced from ref-
erence [16] with kind permission of Nauka Publishers. Copyright 1972.

Miksovski and Wichterle [19] use capillaries, the ends of which enter a transparent cell,
to take samples (see Figure 6.9). When equilibrium is reached, the capillaries are opened
at the end so that a continuous stream of product rinses the capillary. The flow is sent into
the injector of a gas chromatograph for a specified amount of time. More recently, Laugier and
Richon [20] designed a new device based on this capillary sampling technique. Figure 6.10
gives a flow diagram of a new version of this type of sampler injector. This pneumatic
sampler injector (Armines’ patent) presents many interesting features; it allows: samplings
up to 60 MPa from cryogenic temperatures to 673 K, continuous adjustment of sample size
from about 1 to 100 mg, no dead volumes and independent heating of the sampler. Repre-
sentative and reliable samples are obtained through in situ withdrawing and the whole
amount of withdrawn samples is analysed. More recently, an electromagnetic version has
been developed (Rolsi™, Armines’ patent) and is now available.
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Figure 6.8 Cell of Figuiére et al.: A, cell cap; B, pressure transducer; C, equilibrium cornpartment;
D, magnetic stirrer; E, valve; E, cell body; G, heating resistance seat; H, cooling coil seat; I, Teflon
thermal shield; J, Viton O-ring; K, spring washers; L, copper gasket; M, channel; N, thermocouple
well; O, valve pusher. Reproduced from reference [17] with kind permission from American Institute
of Chemical Engineers. Copyright 1980.

In Situ Analyses

Instead of taking samples, some authors prefer to perform analyses directly inside the
equilibrium cell by using spectroscopic methods. The cell must be equipped with windows
that are transparent for the type of radiation involved. Marteau et al. [21] use sapphire
windows for in sifu determination of high-pressure phase diagrams of methane-heavy
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Figure 6.9 Cell of Miksovski and Wichterle: 1, glass tube; 2, bolt; 3, flange; 4, bushing; 5, capillary;
6 and 7, Teflon rings; 8, inlet; 9, outlet. Reproduced from reference {19] with kind permission of the
Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech Republic.
Copyright 1975.

hydrocarbon mixtures by infrared spectroscopy (see Figure 6.11). Although this method
is very attractive, it can, unfortunately, only be applied to very particular cases, since the
infrared spectra of compounds are complex and superimposed for mixtures. It becomes
difficult with more than two components to obtain precise quantitative determinations.
Furthermore, molecular extinction coefficients depend on temperature and pressure, which
make calibrations very tedious. In some cases, Raman spectroscopy can be advantageously
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Figure 6.10 Pneumatic sampler from Laugier and Richon: A, compressed air inlet; B, sampler body;
Be, bellows; C, capillary; D, differential screw; HR, heating resistance; I1, 12, carrier gas inlet; N,
micro stem; O, carrier gas outlet; R, expansion room; TR, temperature regulator.

used, but it has about the same drawbacks. Konrad et al. [22] designed a cell with four win-
dows, mounted 2 X 2 at different levels of the cell. This construction allowed the determi-
nation of the composition of the liquid and the vapour phase at the same time using
near-infrared spectroscopy. Recently, Tuma and Schneider [23] presented a high-pressure
cell for the determination of the solubility of solid dyestuffs in near- and supercritical flu-
ids using UV spectroscopy.

6.1.2 Quasi-Static Method (Circulated Phases)
Mechanical Circulation

In several designs, the agitation that is necessary for establishing equilibrium is accom-
plished by dispersing one phase into the other, instead of using a stirrer bar that is exter-
nally activated by a magnetic device. In this case, the vapour phase or the liquid phase or
both phases are circulated over a period of time in a closed circuit using a pump. In the
equilibrium cell, agitation and mass transfer are enhanced by bubbling the circulating
vapour phase through the liquid phase.

Katayama et al. [24], Freitag and Robinson [25] (see Figure 6.12), Miksovsky and
Wichterle [19] and Nasir et al. [26] all chose to bubble the vapour phase through the
liquid phase, using a magnetic pump. Katayama et al. collect vapour samples in containers
relatively far from the equilibrium cell. Freitag and Robinson [25] determine, in addition
to the phase equilibrium, the saturated molar volume of the phases, by measuring the
refractive index. The cell of Nasir ef al. [26] is a variable volume cell (Figure 6.13), which
permits, in principle, the determination of pVT properties. Weber et al. [27] use a cell
(Figure 6.14) in which the liquid samples are taken by capillaries closed by a valve and the
vapour sample is taken directly from the circulation line. In addition, the cell is equipped with
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Figure 6.11 Cell of Marteau et al. Reproduced from reference [21] with kind permission from
Elsevier. Copyright 1996.

an optical system that allows the visual observation of the contents of the cell. Kim ez al. [28]
have chosen to circulate the liquid phase. Samples are taken through sampling valves, one
in the circulation line for the liquid sample and another at the bottom of a tube for the
vapour sample. The equilibrium of the vapour phase in the sampling tube of internal diameter
3 mm is obtained by diffusion. The time necessary to reach equilibrium under these con-
ditions is very long. In the design of Radosz [29], both the liquid and the vapour are cir-
culated. A variable volume cylinder is used to keep the pressure constant during sampling,
which is absolutely necessary when large samples are withdrawn. Fleck and Prausnitz [30]
circulate the three phases of triphasic systems with magnetic pumps and the samples are
taken directly into the circulation lines (Figure 6.15).
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Figure 6.14  Cell of Weber et al.: 1, cell body; 2, solvent inlet; 3, gas inlet; 4, distribution nozzle;
5, mist separator; 6, gas outlet; 7, connection for temperature sensor; 8, connection for capillary;

9, high-pressure glass window; 10, inspection and illumination device. Reproduced from reference
{27} with kind permission from Elsevier. Copyright 1984.

Thermal Circulation
Sampling

The phenomenon of forced circulation is well known from ebulliometry (see Hala et al.
[31] and Chapter 5), where the circulation of the phases is achieved by boiling. In the most
advanced devices, equilibrium is not reached in the boiling liquid, but during a turbulent
and adiabatic flow in a Cottrell pump, which also serves to pump the liquid. Large num-
bers of ebulliometers have been presented in the literature, but mainly for measurements car-
ried out at relatively low pressure. An example of a device using circulation by ebullition
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Figure 6.15 Equipment of Fleck and Prausnitz: 10, equilibrium cell; 11, safety cap; 12, 19, 25, 27,
35, 37, three-port valves; 9, 13, 26, 36, caps; 14, 300 cm® gas-surge vessel; 15, linear valve; 16, block
valve; 17, small gas-surge vessel; 18, 22 and 32, magnetic pumps; 20, transducer receiver; 21, 23 and
33, valves; 24, 34, liquid samplers; 41, flush-diaphragm pressure transducer. Reproduced from refer-
ence [30] with kind permission of American Chemical Society. Copyright 1968.

is that of Othmer and Morley [32], which allows measurements up to 1.5MPa.
A diagram of'this device is given in Figure 6.16. The evaporated liquid phase is condensed
and collected in the condensate reservoir from which it returns to the ebullition reservoir.
After a period of 2-3 h, necessary to reach equilibrium, samples are withdrawn from both
TEServoirs.

In Situ Analyses

In principle, it should be easy to fit windows in the wall of the two reservoirs and perform
spectroscopic analyses of the contents instead of withdrawing samples for analyses.

6.1.3 Static—Synthetic Methods

The mixture is placed inside an equilibrium cell, by introducing pure components one
after the other. The number of moles of each component is determined by weighing or
pressure—volume measurements. Weighing is the method that gives the most accurate
results, but it is necessary that the equilibrium cell is light enough compared with the weight
of the pure components to be weighed, as well as pressure-resistant. Manipulating the cell
is a delicate operation and gloves must be used. The manipulations are tedious, as the cell has
to be connected to the degassing circuit before each weighing. Loading by pressure—volume
measurements (pump) is simple, but requires knowing the p¥T properties of the pure
compounds, since loadings are carried out at pressures imposed by the nature of the pure
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compounds under study. Several types of synthetic methods exist: (i) by direct determina-
tion of bubble or dew points, (ii) by simultaneous determination of bubble and dew point
properties and (iii) by total pressure measurements.

Direct Determination of Bubble or Dew Point Properties

In this case, the equilibrium cell is set either for fixed or variable volume and it is trans-
parent or opaque. When transparent, the change of the system from a one- to a two-phase
state is generally observed visually. When the first drop or mist of droplets of liquid appear,
the properties of the mixture at the dew point are obtained, and when the first vapour bubble
appears, we obtain the properties of the mixture at its bubble point. However, an error is
introduced, since the measurements are not made exactly at the dew or bubble point, but
only near to them (the second phase has to have a certain volume to be observable). The
use of photoelectric cells or spectroscopic beams generally does not improve the accuracy
of the measurements as the observed area of the beam is reduced and what happens out-
side this field is not taken into consideration.

The principles of the method are very simple. For a load of composition z in the
vapour state and not in the retrograde region, a pressure increase through volume decrease
at constant temperature leads to first exceeding the dew-point pressure and then the bubble-
point pressure. The same types of observations are obtained by a temperature decrease at
constant volume. For high-pressure measurements, variable volume cells must be preferred
as they allow isothermal procedures and equilibration is very fast after a change of the
total volume. In contrast, changing the temperature is very time-consuming as cells have
thick walls to be pressure-resistant and are generally not made of materials that have a high
thermal conductivity.

Semi-Transparent Cells

Most cells are of this type. It is interesting to note that, in addition to vapour-liquid, also
liquid-liquid and gas—gas and solid-liquid equilibria can be studied. Roof and Baron [33]
have elaborated a cell composed of a metal cylinder around a thick-wall glass tube. The
mixture to be studied is placed between the glass tube and the metallic envelope. A movable
periscope allows the observation of phase transitions. Kurata and Kohn [34] proposed vari-
ous Pyrex cells (a typical shape is proposed in Figure 6.17) of different volumes between
1.33 and 12.5 cm® to work up to 10 MPa. The complete equipment fitted to these cells gives
the possibility of independently measuring pressure and temperature. The volume variations
are obtained by mercury displacement. The cells designed by Kurata and Kohn [34] are
simpler than that proposed by Katz and Kurata [35]. Kay and Ranbosek [36] presented a
similar method with an elaborate loading technique and pressure measurements carried out
with a dead weight balance instead of a Bourdon manometer. Other types of equipments
are described by Bloomer and Parent [37] and Lu ef al. [38]. In the Cailletet apparatus
described by De Loos et al. [39], the sample is confined over mercury in a glass capillary tube,
which is sealed at the top. This apparatus allows the observation of the whole mixture and
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Figure 6.17 Typical Pyrex cell used by Kurata and Kohn.

can be used from 7 = 243 to 500K at pressures up to 15MPa. In 1975, Slocum [40] pre-
sented a more complex instrument, using strong internal agitation by circulating the light
phase into the heavy phase by magnetic stirring.

The light phase is drawn to the top of the axis, E (Figure 6.18) and pulled through the
hole, S, in this axis. The cylindrical cell body is made of Pyrex, which does not allow pres-
sures above 7MPa. The internal volume is adjusted by introduction of mercury. Above
10 MPa, the use of glass presents risk and sapphire is preferred for either the tubes or win-
dows. Schneider [41] describes a relatively simple high-pressure cell for working up to
500 MPa and about 7' = 573 K. The internal pressure (Figure 6.19) is controlled by a Teflon
piston, which separates the fluid being studied from the pressurising fluid. Buback and
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Figure 6.18 Equilibrium cell of Slocum: A, hollow pivot cone; B, O-ring; C, graphitar bearing;
D, magnetic cover; E, impeller shaft; F, bearing support rod; G, Pyrex pipe; H, pivot cone; J, socket
head cap screws; K, support and tie rod; L, Belleville washer; M, hex-nut; N, upper head; O, mag-
nets; P, wavy washer; Q, magnet can; R, impeller; S, connecting hole in shaft; T, graphitar bearing;
U, bearing support; V, lower head. Reproduced from reference {40] with kind permission of
American Chemical Society. Copyright 1975.

Franck [42] realised a cell with the pressure controlled by a bellows (Figure 6.20) as in the
design of Oeder and Schneider [43] (Figure 6.21). To study complex cases, such as gas—gas
equilibria up to 200 MPa, de Swaan Arons and Diepen [44] conceived an equilibrium cell in
which mercury is in contact with the mixture (temperature limit is 423 K), an example of
such a cell is shown in Figure 6.22. A high-temperature version of this cell for use with tem-
peratures up to 673 K is described by de Loos et al. [45]. The last cells referred to above serve
also for determining p¥T properties since volume measurements are associated with them.
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Tem
p—

Figure 6.19 Cell of Schneider: F, sapphire window; R, stirrer; T, Teflon piston. Reproduced from
reference [41] with kind permission from Oldenbourg Verlag. Copyright 1963.

Blind Cells

Knowing the volume available to a mixture, one can use this information to establish p—V
curves at constant temperature or p—7 curves at constant volume. At high pressures, due to
the necessary thickness of the walls of equilibrium cells (poor thermal conductivity), the
isothermal method is preferred in order to reduce the experimentation time. The p—V or
p—T diagrams display break points, which become more notable as the equilibrium tem-
perature is lowered and lower than the critical temperature of the mixture. This break point
is, in fact, the intercept of two curves: one for the one-phase mixture and one for the two-
phase mixture. Contrary to the visual observation method, where phase transitions
very near the critical point can be studied easily, the method described here is less accurate
in this region as the break point vanishes rapidly on reaching the critical point. The coord-
inates of the break point give the saturated liquid molar volume times the number of
moles and either the bubble or dew pressure or the bubble or dew temperature. As the
method does not require the visual observation of the mixture, the equilibrium cells are
technologically simpler with fewer problems of air tightness. The method to determine
phase boundaries from breaks in p—¥ curves has been used for many years by Sage and
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Figure 6.20 Cell of Buback and Franck. Reproduced from reference [42] with kind permission
from Wiley-VCH, STM-Copyrights & Licences. Copyright 1972.

Lacey [46], Weise et al. [47], Reamer and Sage [48], Reamer et al. [49], and others. In
all these cases, volume variations are easily obtained by displacement of mercury, which
has however many drawbacks related to reactivity, toxicity and volatility of mercury.
To avoid the use of mercury, Meskel-Lesavre ef al. [50] made a cell with a movable piston
through a pressurised hydraulic fluid, especially adapted to obtain isothermal p—F curves.
Using a hydraulic fluid for volume change presents advantages that include minimising
the air tightness problems with pistons and avoiding the constraints between the inside
and the outside of bellows. The cell is light enough to be weighed with an analytical
balance before and after each loading within 10™#g. The volume of the cell is obtained
from the volume of the displaced hydraulic fluid. Thermal expansion and compressibility
corrections are necessary to obtain the real volume of the mixture. To avoid these correc-
tions, direct measurements can be achieved using a rod connected to a piston on one side
and to a displacement transducer on the other side. In this way, the piston displacement can
be determined within 1 um. Use of mercury limits the temperature range to about 423K
and of pistons from 393 to 523 K depending on the nature of the polymeric rings used to
ensure air tightness around the piston. For working at higher temperatures, bellows have to
be used [51].
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Figure 6.21 Cell of Oeder and Schneider: Sp, thermostated coil for measuring internal volume;
Fe-Dr, iron wiring; K2, high-pressure inlet; Sch, screw-bolt; St, Bridgman piston; FB, bellows; SE,
sapphire window; RS, magnetic stirrer; RM, driving magnet; Th, thermocouple; K1, capillary inlet
tube; Messing, Brass. Reproduced from reference [43] with kind permission from Wiley-VCH,
STM-Copyrights & Licences. Copyright 1969.

Simultaneous Determination of Bubble and Dew Point Properties

It can be demonstrated, by application of the phase rule, that at a given temperature and
pressure, the density and composition of the liquid and vapour phases in equilibrium are
set for a binary mixture, while the mass of each phase depends on the overall composition
of the mixture.

Isothermal Method

If the equilibrium state (equal temperature and pressure) can be reproduced for different
overall compositions, and if the volume of each phase can be measured, it is possible to
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Figure6.22 Example of cell used in Delft group: A, vent; B, electromagnet for activating the magnetic
stirring system; C, soft iron rod; D, shaft for resistance thermometer; E, closing plug; F, closing nut;
G, stirrer; H, sapphire window; J, glass sample vessel; K, autoclave body; L., container for sample vessel.
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calculate the saturated molar volume and the compositions of each of the two phases,
using the mass balance equation
VLa VVa

azxi_vls,_ +y; V\s/ ’ 6.1)

n;

(i = 1 or 2) for a binary mixture, but this type of equation can be extended to multi-
component and multi-phase mixtures. The e is the load, »; the number of moles of compo-
nent i, ¥ the phase volume and v the saturated molar volume. Superscripts L and V refer to
liquid and vapour and subscript S to the saturated state. Specovius ef al. [52] used a glass
cell and a cathetometer was used to determine the position of the interface. Fontalba ef al.
[53] have designed a cell made of titanium alloy for measurements up to 45 MPa. This cell
is shown in Figure 6.23. The piston is connected to a stem that extends from the bottom
of the cell and is connected to a displacement transducer. The respective volumes of the
phases are determined by using a thermistor probe, which receives a constant electrical

Figure 6.23 Variable volume cell of Fontalba et al.: 1, cell body; 2, piston; 3, piston position mea-
suring device; 4, thermistor probe for measuring interface position; 5, pressurizing assembly;
6, membrane pressure transducer; 7, stop-screw; 8, magnetic rod; 9, seat of the loading valve; 10, bolt,
11, O-ring; 12, thermocouple well. Reproduced from reference [53] with kind permission from
American Institute of Chemical Engineers. Copyright 1984.
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intensity. Any change in thermal conductivity of the medium around the thermistor is
noted by a variation of the electrical tension.

The instrumentation needed for the manipulation is simple (Figure 6.24). The experi-
mental procedure that allows maximum use of the possibilities of the equipment is the fol-
lowing: for each loading, the p(¥V) and p(V'*) curves should be measured in the largest
pressure range possible up to the bubble points (Figure 6.25). In this way, two loadings will
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Figure 6.24 Flow diagram of the equipment of Fontalba et al.: 1, equilibrium cell; 2, system for
measuring the piston position; 3, system for measuring the interface position; 4, pressurization fluid
reserve; 5, manometer; 6, high-pressure hydraulic pump; 7, air thermostat; 8, solenoids to create a
rotating magnetic field; 9, link-up to vacuum pump; V_s, shut-off valves. Reproduced from refer-
ence [53] with kind permission from American Institute of Chemical Engineers. Copyright 1984.
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Figure 6.25 Pressure-volume curves from Fontalba et al. Reproduced from reference [53] with
kind permission from American Institute of Chemical Engineers. Copyright 1984.
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suffice to define the dew and bubble curves in a certain range. The closer the total com-
positions of the two loadings, the larger the studied pressure range will be, and also, the larger
the dependency of the mass balance equations, the less precise the accuracy of calculated
variables. Similarly the more different the loads, the greater will be the precision, but the
smaller the studied pressure range. This gives a choice or a compromise between tracing a
precise, but time-consuming, isotherm, or a rapid but less precise curve. This mass balance
technique should be avoided when total pressures are low, since the vapour phase has a
small number of moles compared to the liquid phase, which yields a very large uncertainty
in the vapour phase properties. This difficulty can be overcome by sampling and analysing the
vapour phase independently [54]. When the interface position is measured by a thermistor,
it is necessary that the phases have sufficiently different thermal conductivity. When an
optical method is used, the refractive indices of both phases must be sufficiently different.
In both cases, the critical region is difficult to handle due to the fact that all differences in phase
properties vanish at the critical point. The method just described can be used theoretically
for multi-component and multi-phase systems if the number of phases is equal to or higher
than the number of components. However, for a higher number of components, there is a
greater number of mass balance equations that have to be solved simultaneously and the
smaller is the accuracy of the determined variables. Di Andreth and Paulaitis [55] present an
equilibrium apparatus permitting to apply this method to the study of three-phase systems.

Isochoric Method

This method, used by Hall and Eubank [56,57] and Hall et al. [58], is comparable with the
isothermal method, except that the cell has a fixed volume and pressure is measured as a
function of temperature. The densities of the phases are measured with a particular den-
simeter: a buoy is stabilised in the fluid by the effect of a magnetic field (Figure 6.26).
Temperature variations (because of inertia) make the manipulations very time consuming.
For each load of given initial composition, pressure is recorded as a function of temperature
leading to the determination of a p—T isochor. Other isochors are obtained with the same
load by modifying the total volume according to the Burnett method. For two different loads,
the isochors meet unless the global compositions of the two loads are too different. Coupled
with the Burnett method, several isochors for each loading can be obtained with this tech-
nique, and therefore many two-phase points. For a two-phase mixture, two degrees of freedom
are available. Therefore at the isochors intersection, the two systems of different overall
compositions are characterised by identical phase compositions and phase density. An
overall mass balance leads to writing the vaporised volume fraction fV as
V= M
Vi P (6.2)

where p&, p¥ and pT are the densities of the liquid phase, the vapour phase and the mean
value for the whole system, respectively.
The mass balance for component ; leads to

przi = yif'pY + x(1 — ek, (6.3)
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Figure 6.26 Equipment used by Hall and Eubank and Hall ef al. Reproduced from reference [58]
with kind permission from American Institute of Chemical Engineers. Copyright 1975.

b pY, p'.f¥ and z; are obtained through direct measurements. The x,, y; and z; are the mass
fractions of component i in the liquid and vapour phases and in the loaded mixture. The two
unknowns are x; and y; they are calculated by solving two mass balance equations written
at the isochors intersection. The proper experimental procedure to apply is the following:
(1) measurements are carried out at several pressures for a given load, then on other loads
and (i) p~(p), p¥(p) and p"(p) curves are drawn, at constant temperature.

Measurement of Total Pressure

In this method, the composition of a load and the volume available are known, and the total
pressure above the two-phase mixture is measured as a function of temperature. This
method is simple and rapid. However, the reduced number of experimental measurements,
total composition, temperature, pressure and global molar volume, make it necessary to
reduce the data by use of a model able to represent phase equilibria and saturated molar
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volumes of both phases. There are several possibilities, most of them are based on the
Gibbs-Duhem equation. The first approach is used by Prengle and Palm [59], Ramalho
and Delmas [60], Prengle and Pike [61], Singh and Benson [62], Hermsen and Prausnitz
[63] and Diaz Pena [64], who use an analytical expression for the Gibbs energy G of the
liquid phase. The equation of state for the gas phase is assumed to be known as are the volu-
metric properties of the liquid. The parameters of this Gibbs energy expression are
adjusted to the experimental data obtained. The activity coefficients in the liquid phase are
calculated, as is the vapour composition. The choice of the analytical expression for G is
very important and a bad choice can lead to imprecise results. The second approach
[65—67] depends on a first-order differential equation, relating rigorously p, 7, x and y in
an iterative process.

Gibbs and Van Ness [68] have developed an apparatus to work at relatively low pres-
sures. Loading of components is done using volumetric pumps, which necessitates a good
knowledge of the p¥'T properties of each of the components. The cell of the Ronc and
Ratcliff instrument [67], which is derived from that of Gibbs and Van Ness [68], avoids a
dead volume between the cell and the pressure measuring device, and offers the possibility
of higher working temperatures and pressures. For this type of measurement at higher pres-
sures up to 5+ MPa, a very simple apparatus (Figure 6.27) was designed by Legret et al. [69].
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Figure 6.27 Apparatus of Legret et al.: A, special cylinder for filling cell with gaseous com-
pounds; B1, B2, thermostated baths; Ca, pressure transducer; Ce, equilibrium cell; M25, M100,
Bourdon tube manometer; P, circulating pump; R, heating resistance; Rg, pressure regulator; S, plat-
inum probe; Se, tubing coil; T, gas turbine; V.1-V.5, Whitney valves; V6, V7, three-way valves; VCR,
Cajon couplings, VS1, VS2, Nupro bellows valve. Reproduced from reference [69] with kind per-
mission of American Chemical Society. Copyright 1980.
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The interpretation of their experimental results for p, T, numbers of moles, #} and n}, and
total volume VT uses mass balance equations of the form

VI = (n} +n3)vs + (nf + n5)vs, (6:4)

The total volume is the sum of the liquid volume and of the vapour volume. The v¢ and v
are the molar volumes of the saturated vapour and liquid phases. From the definition of the
mole fractions, we have

Y
= nf = V7 = k(] + Dy (65
1—y
= nh = V7 = 5ol + D) s (6:6)

At high pressures, the liquid cannot be considered incompressible. An equation of state,
for which the parameters have to be known, is used to link the variation of molar volumes
and gas composition to the temperature and liquid composition. An iterative process is
begun with x, = z,, and initial values of v§, v and y,. A new value is obtained for x, and
is introduced along with new interpolated values of ¥, v§ and y; The process is continued
until the x, value is constant within the desired precision.

6.2 Open-Circuit Methods
6.2.1 Forced Circulation of the Mixture
Sampling

Equilibrium is attained during the circulation of a mixture. This method involves a sep-
arator, which permits collecting all the circulating phases in equilibrium. The mixture is
prepared in a container and then circulated either by pumping, pressure gradient or boil-
ing. In the case of a pressure gradient, the mixture is pressurised and circulates in a tube
that acts, first, as a heat exchanger and then as the equilibrium device, where equilibrium
is attained by turbulent two-phase flow before the phases are separated and analysed.
There are several ways of operation not only for circulation, but also for control and ana-
lyses. The major advantages of this method, also known as the “dynamic method”, over static
methods are the short equilibration times and the possibility for use with non-metallic mater-
ials. This is particularly advantageous when dealing with thermosensitive or corrosive
compounds.

Simnick et al. [70] have developed an instrument (Figure 6.28) to work at high tem-
peratures (up to 673 K and 25 MPa) with thermally unstable compounds. It includes a sep-
arate pumping system for each component of the system, so that the total composition is
monitored. The components are mixed before they are heated in the tube that carries them
to the equilibrium cell and the phase separator, from which the liquid and vapour phases
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Figure 6.28 Apparatus of Simnick et al. Reproduced from reference [70] with kind permission
from American Institute of Chemical Engineers. Copyright 1977.

are sampled continuously. All parts of the equipment, which are heated at the equilibrium
temperature, are made of stainless steel. The liquid level in the equilibrium cell is known
by electrical capacity measurements. This method has its limits and cannot be used with
all types of mixtures. Lin ez al. [71] preferred an optical method, using a cell with sapphire
windows (Figure 6.29). Niesen et al. [72] use an instrument (Figure 6.30) similar to that of
Simnick et al., but with a cell (Figure 6.31) almost identical to that of Lin ef al. The mix-
ture to be studied is pumped directly from a reservoir and sent into the heating and equi-
librium circuit. Gilbert and Paulaitis [73] have developed an equipment (Figure 6.32) based
on the principle of the apparatus of the Simnick et al. To study the water—acetic acid system,
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Figure 6.29 Cell of Lin et al. Reproduced from reference [71] with kind permission of American
Chemical Society. Copyright 1985.
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Figure 6.30 Instrument of Niesen et al. Reproduced from reference [72] with kind permission
from Elsevier. Copyright 1986.

Houzelle et al. [74] developed a relatively simple system (Figure 6.33). The mixture is placed
in a polymer envelope pressurised from the outside by a gas, which permits a completely
smooth flow. The mixture is taken up to high temperatures in a Pyrex coil that empties into
an equilibrium cell, also made of Pyrex. The liquid and vapour phases are collected as
liquids into cooled containers before being analysed by volumetric titration. For very high
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Figure 6.31 Cell of Niesen et al. Reproduced from reference [72] with kind permission from Elsevier.
Copyright 1986.

temperatures up to 823 K, Laugier et al. [75] used a device of similar design, in which all
parts submitted to high temperatures are made of quartz. A fluidised alumina bath supplies
the calories to the vaporisation coil.

In Situ Analyses: Measurements and Related Methods

It is very easy to perform on line analyses by optical methods, such as spectroscopy or
refractometry. Indirect measurement by following the density as a function of pressure at
constant temperature is a very powerful method, especially when coupled to a fully auto-
mated equipment involving a vibrating tube. This new method proposed by Bouchot and
Richon [76a] for pressures up to 40 MPa and T = 423 K allows the simultaneous determi-
nation of volumetric properties in the compressed and saturated states and the phase equi-
libria with generation of a considerable amount of data in a very short time. This considerable
amount of p¥T data allows using neural network models to represent data within experi-
mental uncertainties. Then useful thermodynamic and transport properties are calculated
owing to numerical derivations from the Z or p represented by the neural models. The
enthalpy, entropy, heat capacities C, and C,, expansion coefficients ¢ and y and speed of
sound can be calculated with satisfactory accuracy [76b,76¢]. A more recent equipment
with a hastelloy U-tube allows working up to 70 MPa with mixtures containing compo-
nents like hydrogen sulphide.

Another method, based on calorimetry, involves the forced circulation of the components
with mixing at constant p and T. It is a very attractive way to get phase equilibria in terms
of mutual solubilities. The technique described by Richon et al. [77] was used extensively
by Ott and Sipowska [78] for liquid-liquid equilibria up to 15 MPa. The mutual solubili-
ties are obtained from the plot of the excess enthalpy HE against composition at constant
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Figure 6.32 Apparatus of Gilbert and Paulaitis. Reproduced from reference [73] with kind per-
mission of American Chemical Society. Copyright 1986.

pressure and temperature, which presents break points at the end of the linear part (two-phase

mixture) between the two one-phase branches. Vapour-liquid equilibrium (VLE) are obtained
in the same way.

6.2.2 Open Flow of the Gas Phase

These are also dynamic phase methods, as initially the gas phase does not have the equi-
librium composition. Equilibrium is reached by saturating phases during the steady flow
of the mobile phase in the cell containing the dense phase or phases. It is important that
the circulating phase is completely separated from the stationary phase, without entraining
any droplets, since the sampling is carried out after mechanical separation of the phases.
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Figure 6.33 Apparatus of Houzelle et al.: By, oil bath; B,, water and ice bath; BF, flowmeter;
BM, Bourdon manometer; CV, check valve; DC, degassing cell; HC, heating coil; NV, needle valve;
PB, polymer bag; PR, pressure regulator; PT, pressure transducer; SC, stopcock; S, separator; SS,
sample container; V, valves; VP, vacuum pump. Reproduced from reference [74] with kind permission
from Elsevier. Copyright 1983.

These methods, which can seem to be very close to quasi-static methods, are different since
the gas phase is not recirculated and thus it is more difficult to obtain complete saturation
of the gas phase in one passage. Methods differ by the way of measuring and treating the
experimental data.

Circulation of the Gaseous Component in a Cell Containing a
Quasi-Saturated Liquid

The liquid component is placed in a cell, while the gaseous component is dispersed into the
liquid by bubbling. The phases are sampled at constant temperature and pressure. Kirk and
Ziegler [79] developed an instrument (Figure 6.34), similar to that of Dodge and Dunbar [80].
The cell has two compartments. The gas enters at the base of the cell and passes into a spiral
through the lower compartment, which is partially filled with pieces of copper and fibre-
glass. The liquid phase is sampled using a capillary opening in the lower compartment.
The vapour phase is sampled directly in the vapour extraction circuit. This instrument was
used up to 12 MPa at cryogenic temperatures.

In a series of papers, Hiza and Herring [81], Herring and Barrick [82], Hiza and
Kidnay [83], Hiza et al. [84] and Hiza and Duncan [85] have discussed the use of this type
of method. Their cell is shown in Figure 6.35. Instead of having the vapour phase run
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Figure 6.34 Cell of Kirk and Ziegler. Reproduced from reference {79] with kind permission of
Springer Science and Business Media. Copyright 1965.

through a complex passage within the liquid, as in the preceding cell, the gas is diffused at
the bottom of the cell in the form of small bubbles. Michels et al. [86,87] designed an
instrument (Figure 6.36) that can be used up to 80 MPa. To begin with, the liquid compo-
nent is placed into the cell, A, while the gas component (pure or mixture) is in the reser-
voir, B. The reservoir D contains mercury and oil from the hydraulic press, F. The reservoirs
are connected by a tube to permit the circulation of mercury. The pressure in the press
is controlled by a manometric balance, G, which also serves to measure the pressure.
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Figure 6.35 Cell of Hiza and Herring. Reproduced from reference [81] with kind permission of
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Figure 6.36  Apparatus of Michels et al.: A, liquid reservoir; B, gas reservoir; C, tube; D, mercury

reservoir; E, top of mercury; F, press; G, pressure gauge. Reproduced from reference [86] with kind
permission from Elsevier. Copyright 1950.

When the valve, H, is opened, the gas component is pushed by the mercury, which in turn
is pushed by oil through the liquid phase. Control valves allow the continuous extraction
of the liquid and vapour phases (about 1000 cm® of vapour phase at standard conditions
and 2 cm?® of liquid phase per hour). A detailed diagram of the equilibrium cell of Michels
et al. is given in Figure 6.37. The components enter a capillary, of 0.15 mm internal diam-
eter, through valve, H and a steel cone, L, which is precisely adjusted in the casing, M. In
the surface of the cone, L, are 12 longitudinal grooves, 0.05 mm deep. The gas is distrib-
uted in these grooves that lead to the formation of fine bubbles in compartment, N. The
porous stopper, V, rests against the steel cone, O, which is adjusted on the cell body, A,
with the conical axis, P, to which the nut, R, is screwed. This assembly forms a control sys-
tem. The liquid phase wets the porous material and the gas bubbles entering in the com-
partment, N, travel a fairly long distance, which allows them to be saturated. A security
spring, S, holds this porous system at the bottom of the cell. Two capillaries, T and U, are
emerging into the equilibrium cell, one into the liquid phase and one into the vapour phase.
The other ends of the capillaries are connected to the set control valves, X and Y.

Inert Gas Stripping Method

The inert gas stripping technique allows the measurement of activity coefficients or
Henry’s constants of light solutes in heavy liquid solvents. The inert gas stream carries
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Figure 6.37 Cell of Michels et al.: A, reservoir; H, throttling valve; L, steel cone; M, conical
sleeve; N, chamber; O, hollow steel cylinder; P, conical steel plug; Q, reservoir; R, nut; S, holding
cup; T, U, capillaries; V, fibre glass cloth; X, Y, valves. Reproduced from reference [86] with kind
permission from Elsevier. Copyright 1950.
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away the volatile components out of the liquid solvent in an exponential decay. The inert
stripping gas has a negligible solubility in the solvent and does not participate as a com-
ponent of the mixture. Equilibrium in the cell is obtained dynamically. It corresponds to
a non-steady-state equilibrium as the liquid composition varies continuously until all
volatile components are removed. Vapour samples are periodically analysed. This can be
advantageously carried out by chromatography. Leroi et al. [88] suggested the idea to apply
this stripping technique for the determination of thermodynamic properties at infinite
dilution. In this case, it is not necessary to calibrate the chromatograph, provided the detec-
tor response is linear, as only the variation with time of the solutes concentrations (pro-
portional to detector response) needs to be known. In its original conception, the cell has
a tube ended by a fritted glass disc to disperse the gas in the liquid phase. In a more recent
version, Antoine ef al. [89] ensure dispersion by 10 capillaries having a 0.2 mm internal
diameter (Figure 6.38). In case the rate of the gas stripping must be high to minimise the
time of experiments when not very volatile solutes are used or when the number of moles
of solutes is not negligible in the vapour phase, Richon and Renon [90] recommend the
use of a cell with minimal vapour phase volume of simple geometry. Richon ef al. [91]

P

Figure 6.38 Cell of Antoine et al.: A, glass cell body; B, vapour collector; C, flat joint; D, screw-
nut; E, capillaries; F, leakproof holder of capillaries; G, magnetic stirrer; H, metal ring for adjusting
cell volume; I, tube and inlet for gas sample; J, outlet for vapour. Reproduced from reference [89]
with kind permission of American Chemical Society. Copyright 1980.
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Figure 6.39 Apparatus of Legret et al.: B}, B, liquid bath; C, compressor; CG, carrier gas cham-
ber; CT, cold trap; D, dilutor; ENV, expansion needle valve; FM, flowmeter; GL.C, gas chromato-
graph; LC, loading cell; M, manometer; R, recorder; S, saturation device; SC, solute cylinder; SV,
sampling valve; T, reserve; TE, thermal exchanger; V, shut-off valve; V3, double stage pressure reg-
ulator. Reproduced from reference [92] with kind permission from American Institute of Chemical
Engineers. Copyright 1983.

recommend the use of another type of cell with liquid circulation when dealing with highly
viscous fluids, over 50 ¢P and below 1000 cP.

At pressures much higher than atmospheric pressure, the solubility of the stripping
gas is no longer negligible and the stripping gas must be considered as a component of
the mixture. Then, the property that is measured at high pressures is the partition
coefficient of the solute at infinite dilution between the vapour and the liquid phase.
Legret er al. [92] describe the corresponding apparatus to work up to 20MPa and
T = 473K (Figure 6.39). The dilutor cell (Figure 6.40) is made of stainless steel and has a
dispersion system composed of 50 capillaries of 0.1 mm internal diameter. Each gas bub-
ble is formed slowly, during more than 20 s, at the extremity of capillaries to ensure com-
plete mass transfer.

Saturation of a Gas by Passing it through a Weak Volatile Liquid or
a Solid Powder

A solid or a low volatile liquid will dynamically saturate the gas phase at any pressure during
its passage through the cell. Krichevsky and Gamburg [93] developed a device (Figure 6.41)
to measure the solubility of liquids in compressed gases, based on the bubbling principle.
The pure gas enters the extraction tube, 1, through valve, 14. The two thermostats are at
different temperatures, with a difference of 10-20K, so that the gas passes through the
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Figure 6.40 Cell of Legret et al.: B, cell body; C, cell loading device; Ca, capillaries; H, capillar-
ies holder; M, magnetic stirrer; V, O-ring. Reproduced from reference [92] with kind permission
from American Institute of Chemical Engineers. Copyright 1983.

over-heated section. The gas circulation tube, 26, between the two thermostats is heated.
Leaving the saturators, the vapour passes through two traps, 2, before entering the con-
denser, 3, which is kept at very low temperature, and goes on to the humidifiers, 4, and the
gas meter, 5. Valves 17 and 18 are also heated. During the time necessary to reach equi-
librium, valve 18 is closed while valve 17 is opened so that vapour escapes into the atmos-
phere. The condenser is shown in Figure 6.42. By weighing the condenser, and knowing
the volume of gas that circulates, it is possible to deduce the solubility of the liquid in the
gas. Several authors have developed this type of instruments, for carrying out studies of
the solubility of solids in supercritical fluids. As an example, the instruments of Schmitt
and Reid [94] and Dobbs et al. [95] are shown in Figures 6.43 and 6.44, respectively. In
Figure 6.43, the supercritical fluid circulates in a weak flow in extraction tubes and exits
into a trap where the recuperated solid is weighed at the end of the experiment. Dobbs
et al. prefer a method that is considered more satisfactory. A sampling valve is used to iso-
late a small volume of the gas phase leaving the saturator. This sample is expanding it
between valves A and B (Figure 6.44). The solid is recovered by circulating a solvent,
which is analysed by chromatography.
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Figure 6.41 Apparatus of Krichevsky and Gamburg: 1, saturators; 2, traps; 3, condenser;
4, humidifiers; S, gasmeter; 6, thermostating liquid; 7, liquid bath; 8, cooling liquid; 9, holder;
10, Bourdon pressure gauge or liquid bath; 11, Bourdon pressure gauge; 12, precision pressure gauge;
13, connector; 14, inlet valve; 15 to 18, valve; 19, connector; 20, stirrer; 21, motor; 22 to 24, heating
resistance; 25, valve; 26, heated tube; 39, motor. Reproduced from reference [93] with kind permis-
sion of Nauka Publishers. Copyright 1942,

Retention Time Methods

In retention time methods, chromatography is used as a gas-liquid partition method to obtain
thermodynamic properties. Use of this technique was originally suggested by Martin [96]
(see Chapter 14). Since this time, its validity has been verified experimentally and theoreti-
cally by a number of workers. Ng ez al. [97] have applied this method to the measurement of
the Henry’s constants of several light hydrocarbons in heavy hydrocarbons. The solute passes
inside the column containing the solvent, undergoes VLE and then spend, inside the column,
a period of time related to the value of the desired Henry’s constant. Data reduction relies on
some quantities, which are not completely defined such as homogeneity of column packing,
dead volumes, homogeneity of solvent deposit, etc. As a consequence, uncertainty of deter-
mined values is an increasing function of the absolute value of the Henry’s constant. Kragas
et al. [98] describe a new gas-liquid partition chromatography apparatus (Figure 6.45) for
the measurement of VLE data at elevated pressures and temperatures.
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Figure 6.42 Condenser used by Krichevsky and Gamburg: 1, body; 2, supporting ring; 3, filling
pump; 4, screw-nut; 5, joint; 6, tube; 7, screw-nut; 8, threaded ring; 9, vapor inlet; 10, screw-nut; 11,
leakproof joint for magnet; 12, combustion tube; 13, screw; 14, flat joint. Reproduced from reference
[93] with kind permission of Nauka Publishers. Copyright 1942.

FLASH VALVES

suppLY COMPRESSOR AUTOCLAVE
TANK

Figure 6.43 Apparatus of Schmitt and Reid: C, equilibrium tubes; CL, heating coils; B1, B2, water
bath; B3, B4, U-tubes; R, rotameter; DT, dry test meter; U, manometer; RV, pressure regulator.
Reproduced from reference [94] with kind permission of American Chemical Society. Copyright 1986.
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Figure 6.44 Apparatus of Dobbs et al. Reproduced from reference [95] with kind permission of
American Chemical Society. Copyright 1986.
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Figure 6.45 Apparatus of Kragas et al. Reproduced from reference [98] with kind permission
from Elsevier. Copyright 1984.
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6.3 Conclusions

Closed-circuit methods can be divided into static—synthetic and static—analytic methods.
These methods have the essential advantage that the system investigated can be equilibrated
for a sufficient period of time so that equilibrium is assured. Closed-circuit methods can be
realised in relatively simple devices, both in conception and in use. Homogeneity inside
equilibrium cells can be achieved in various ways: external oscillating movements of the
cell, or internal agitation with a magnetic stirrer for static methods and mechanical or ther-
mal agitation through recirculation of one or more phases with quasi-static methods.

Synthetic methods have the advantage that most of them permit the visual observation
of the phenomena studied and simple cells can be used since sampling is not necessary.
However, the data are generally incomplete. To obtain complete data, relatively complex
instrumentation is required. In this case, the synthetic method is competitive or better in
comparison with analytical methods only in a certain range of variables and especially
because analytical problems are avoided and the risk of leaks is reduced. It is interesting to
note that when p, 7, x, y data are determined using synthetic methods, it is in general pos-
sible to obtain simultaneously p¥T properties which can prove to be a major advantage.
The synthetic methods use various techniques, like visual or instrumented observation of
phenomena (the appearance or disappearance of a phase), measurement of an interface
position, the solution of mass balance equations or data processing. The chemical nature
and physical properties of the pure components and mixtures are important factors to
decide whether or not a method is suitable. For the methods based on the variation of tem-
perature at constant volume or variation of the volume at constant temperature, to deter-
minate break points in p—V or p—T curves, it is necessary to avoid the proximity of the
critical point or regions where (dp/dx)y and (dp/dx); have very high values and where
(9p/dT) is near zero or tends towards infinity. Visual methods can normally be used in the
critical region. In the case of synthetic methods with measurement of phase volumes and
solving mass balance equations to calculate the equilibrium concentrations, it is difficult
to say which conditions yield the highest precision. This depends on several factors, such
as the nature of the components, the range of pressures and the accuracy of each measure-
ment. In addition, the precision of one variable can be improved while that of another is
deteriorated. Theoretically, these methods can be applied to multi-component, multi-phase
systems but in practice, it is recommended to limit their use to systems with not more than
three components to keep sufficient precision. The total pressure measurement method is
the method that yields the minimum of experimental information. It depends heavily on
the data processing method and for this reason has severe limitations. It is in general applied
at low or moderate pressures. At higher pressures, the best results are for systems composed
of one volatile and one heavy component.

Analytic methods are basically complementary to synthetic methods, although the same
types of measurements can be carried out. The limits of analytic methods are found in the
technique of sampling and the technique of analysis. Samples must be small enough in order
to avoid disturbance of the equilibrium and should nevertheless be representative for the
equilibrium. Most sampling systems presented in the literature do not satisfy these criteria.
With a good sampling system, the accuracy of phase compositions is determined by the
analytical instrument. In the synthetic method, compositions are determined, a priori, from
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accurate measurements of volumes or weights. For multi-component mixtures, analytic
methods are well adapted, provided, the analytical conditions are known or easy to set up.
In situ analyses through spectroscopic measurements are very attractive but suffer from
other drawbacks, which limit their use to simple systems.

When the residence time for the mixture, at equilibrium temperature, needs to be as short
as possible because of thermal instability of the chemicals, methods with open circuits are
preferred. Another advantage of these methods is the possibility of collecting a large amount
of sample and then using other analytic methods, e.g. involving chemical reactions. For
measurements near the critical point, static—analytic methods are well adapted if the thermal
regulation is stable and homogeneous.
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7 LOW-PRESSURE SOLUBILITY
OF GASES IN LIQUIDS

For a century and a half, experimental investigations of thermo-physical properties and
phase equilibria of non-electrolyte solutions in general, and of dilute non-electrolyte solu-
tions in particular, have held a prominent position in physical chemistry. The scientific
insights gained in these studies have been of immense value in the development of the
highly formalized, general discipline of mixture thermodynamics. In combination with
specific models of material behaviour, they have been both at the heart of physical and bio-
physical chemistry as well as chemical engineering. During the last three decades, various
aspects of this topic have been included in state-of-the-art surveys, though with greatly
differing coverage and from a variety of viewpoints as documented representatively in ref-
erences [1-21]. Besides purely descriptive presentations of results, of pertinent instru-
ments and corresponding experimental techniques, emphasis was placed, for instance, on
formal thermodynamics including critical behaviour, on Kirkwood-Buff type analysis of
data, on the use of equation-of-state (EOS) models and group-contribution methods, on
molecular simulation, on hydrophobic effects in “simple” model solutions of biological
relevance, etc. The preponderance of work on aqueous systems reflects the fact that water
is our environment’s primary and indispensable solvent.

Quantitative research on the solubility of gases in liquids started in the 1850s with the
pioneering work of Bunsen “Uber das Gesetz der Gasabsorption” [22], and many distin-
guished scientists have contributed to this subject. One can only marvel about the careful
experimental work of some of the early researchers, such as Winkler [23], Szeparowicz
[24] and Horiuti [25], to name but a few. Their pioneering contributions are still quite
acceptable, even by modem standards. The years since about 1970 have seen renewed and
intense activities concerning the solubility of gases in liquids. The assortment of modern
instrumentation accessible to today’s experimentalists has made possible the study of
dilute solutions with unparalleled precision, accuracy and speed over wide ranges of tem-
perature and pressure, including the solvent critical region. Why, now, this marked interest
in vapour-liquid equilibria (VLE) involving supercritical components, that is to say, where
the system temperature exceeds their respective critical temperature? In addition to its pro-
found theoretical interest, this topic includes many important practical applications cover-
ing surprisingly diverse areas of the pure and applied sciences [5,8]. For instance, reliable
gas solubility data are frequently needed in biomedical technology, the environmental sci-
ences, geochemistry and chemical process design. The latter includes coal gasification,
enhanced oil recovery, natural-gas and synthetic-gas purification (gas sweetening), waste
water treatment and so forth. Since life cannot exist without water, studies of aqueous
solutions of simple non-polar substances, in particular of the rare gases and of simple
hydrocarbons, have held a prominent position in biophysics. Studies on such model sys-
tems provide information on hydrophobic effects [5,13,26-28] that are thought to be of
pivotal importance for the formation and stability of higher order structures of biological
substances, such as proteins and nucleic acids, and the stability of cell membranes.

Given this wide scope, it is not surprising that the subject of the solubility of gases
in liquids has such a vast literature. Because of this diversity, a certain variation of



Low-Pressure Solubility of Gases in Liquids 139

experimental as well as theoretical methods used in each of these areas is almost
inevitable, and makes it impossible to cover all of them in one short review. Far from being
exhaustive, this contribution will therefore focus on just a few selected topics, with the
bias reflecting my current interests and idiosyncrasies. For the omission of some important
papers and neglecting several related research areas, I would like to offer my apologies in
advance.

First of all, I shall be concerned with the concise formulation of the thermodynamic
formalism relevant to the solubility of gases in liquids. This will be followed by a critical
examination of current methods for the prediction of important auxiliary quantities needed
for the practical implementation of the derived relations. That is, estimation techniques for
virial coefficients and partial molar volumes at infinite dilution will be discussed. The next
sections will be devoted to a brief appraisal of several recent designs of precision appa-
ratus, and to the presentation and correlation of experimental data. Pride of place will be
given to experimental methods characterized by an imprecision of less than 0.1%. Finally,
a few recent high-precision data on selected systems will be presented, including caloric
properties, such as enthalpies of solution, obtained via van’t Hoff analysis of solubilities.
Essentially, all of what follows will concern the solubility of a single pure gas in a single
pure liquid solvent. Gas solubility in mixed solvents, or the solubility of several gases in a
pure liquid or a liquid mixture, though undoubtedly of considerable practical interest, will
not be considered and no salt effects will be discussed. Further, problems associated with
solutions of chemically reacting gases will not be treated to any extent, despite its import-
ance to the chemical industry, since absorption of gases by liquids with chemical reaction
is an extensive topic by itself. A characteristic feature of these processes is the interplay of
equilibrium thermodynamics on the one hand, and time-dependent processes, that is to say
mass transfer and chemical reaction, on the other. Enormous effort and ingenuity have
gone into the design of absorbers, strippers and reactors, reflecting industry’s need to oper-
ate under optimal conditions. Those with a specific interest in one or more of these topics
are referred to the pertinent sections in references [29-34].

7.1 Thermodynamics
7.1.1 Fundamentals

The purpose of this section is to present a concise overview of classical thermodynamics
applicable to dilute solutions of non-electrolytes, or more specifically, to dilute solutions
of gases in liquids. When discussing systems containing more than one component, it is
frequently convenient to distinguish between a mixture or a solution, and a dilute solution.
In a mixture, all components are on equal footing: thermodynamically, they are all treated
in the same manner, that is to say symmetrically. In contradistinction, in a dilute solution
one (or several) of the components is (are) present in great excess and forms (form) the
solvent (or mixed solvent), while the remaining component(s) at low mole fraction or con-
centration is (are) classified as the solute(s). Usually, the thermodynamic treatment of dilute
solutions focuses on the solute(s), that is to say it will be asymmetric. These statements
will be elaborated below. We note that there is nothing fundamental in this distinction
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between a mixture/solution and a dilute solution since it is merely a heuristic convenience.
However, while the designation “gas solubility” is to some extent arbitrary, the fact that the
solute frequently is supercritical introduces some aspects not encountered in the usual
thermodynamic treatment of VLE [5,8,9,12,34-37].

A general criterion for phase equilibrium at temperature 7 and pressure P is the equal-
ity of the fugacity /7 of each one of the constituent components i in all coexisting phases
7 [35]. Thus, for the specific case of VLE (= Vor L)

AT P ) = UL P (xr}), i=1,2,..0, (7.1)

where N is the number of components present, {x} } the set of vapour-phase mole fractions
xY, %Y, ..., x¥ and {x*} the set of liquid-phase mole fractions xI', x¥, ..., xk with Zx{ =
and Zx = 1. From now on, however, I shall confine attention to binary systems only,
wherei = 1 or 2.

Two entirely equivalent formal procedures are commonly used to establish the link
with experiment:

(I) In the first, the equilibrium condition, Equation (7.1) is rewritten in terms of the
fugacity coefficient of component i in solution defined by

AT, P, {xf})
T, P, {xI}) = T’ i=1,2, (7.2a)

in both phases 7 = V or L, respectively. This approach is called, for obvious reasons, the
(@, @) method. For pure i in any phase 7, the fugacity coefficient is defined by Equation (7.2b)
where the asterisk always denotes a property of the pure substance:

¥ (T, P) = f7(T, P)/P. (7.2b)

(IT) In the second, the component fugacities in the vapour phase are again expressed
in terms of the respective fugacity coefficients @Y, whereas the liquid-phase fugacities of
the components are expressed in terms of appropriately normalized liquid-phase activity
coefficients. The symmetric convention is based on the Lewis—Randall (LR) rule (see
below), and leads to

f@P D
pn, e = B =12 (7.3)
The unsymmetric convention is based on Henry’s law (HL) (see below), and leads to
L
L N1 (Y20 R ;
vi (T, P, {x%}) x%hi,j (T, P) , LT 1L20#F) (7.4)

Here, ﬂ“*(T, P) is the fugacity of pure component i in either a real or a hypothetical liquid
state at (7, P) of the solution, and &, ;(T, P) is Henry's law constant or, pethaps more descrip-
tive, the Henry fugacity of i dissolved in j at (T, P) of the solution. This approach is called
the (¢, ¥) method. The numerical value of the Henry fugacity depends on 7'and P and also
on the identity of the solvent j, the other component, hence the double subscript. Since the
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limiting value of the ratio f7/x 7 for x7 — 0 at constant 7 and P is known from experiment
to be finite, by de I"Hépital’s rule

1 i d i
Jim, (é) = (d_i)x.:o = h, (T, P), (7.3)

where the superscript 7 has been dropped for convenience. This equation defines the
Henry fugacity 4, ;( T, P) of i dissolved inj (i # j) at given T and P for any phase L or V.
Thus Henrys law

Si(T, P, x;) = xih; (T, P), (7.6)

applies in the limit as x; — 0, and must also be approximately valid for small values of x;.

Henry’s law is related to the Lewis—Randall rule through the isothermal—isobaric
Gibbs-Duhem equation, whence at the other end of the composition range one obtains at
constant 7 and P

. fi df; .
wlt)-(%] -ron o

The /;*(T, P) is the fugacity of pure i at (T, P) of the solution and in the same physical state.
Thus the Lewis—Randall rule

ST, Px) = x,fi(T, P), (7.8)

applies in the limit as x; — 1, and must also be approximately valid for values of x; near unity.

Figure 7.1 shows the composition dependence of the fugacity of component 2 in a
binary solution at constant 7 and P, and illustrates the quantities introduced above. Reality
may thus be compared with each one of the two idealizations introduced by assuming
validity over the whole composition range of either (i) the Lewis—Randall rule as
expressed by Equation (7.8), which is the dashed line marked LR, or (ii) Henry’s law as
expressed by Equation (7.6), which is the dashed line marked HL. In other words, by def-
inition ideal-solution behaviour in the sense of the Lewis—Randall rule is characterized by

ST Px) =xfi{(TLP), 0=x=1I, (7.92)
and with
v = £ (7.9b)

Equation (7.3) is obtained. Ideal-solution behaviour in the sense of Henry’s law is charac-
terized by

fE{L(T; P, xi) = xihi,_/(T9 P)’ 0= Xi = 17 (7103)
and with

yit = frfit, (7.10b)
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Figure 7.1 Composition dependence (schematic) of component fugacity f; in a binary solution at
constant (7, P). The f7 is the fugacity of pure substance 2, A, | is the Henry fugacity (or Henry’s law
constant) of solute 2 dissolved in solvent 1, and x, is the mole fraction of solute 2. The dashed lines
represent the two most popular ideal solution models, that is the one based on the Lewis-Randall
(LR) rule: f5* = x, /7 and the one based on Henry's law (HL): f5* = x,h, ,, respectively.

Equation (7.4) is obtained. Correspondingly, the activity coefficients are said to be nor-
malized symmetrically when Equation (7.3) applies for all components, and

HR 1 asxl—1
R o1 asxf— 1.

They are said to be normalized unsymmetrically, when for the solvent (i = 1) Equation (7.3)
applies, and for the solute (; = 2) Equation (7.4) applies, and

HR—>1 asxk—1
-1 asxk—0.
It is customary and convenient to set {xY} = {y,}, and {x'} = {x;} and to drop the super-
script L where permissible. The VLE condition, Equation (7.1), may therefore be recast in
three different, though entirely equivalent, ways (i = 1, 2):
@Y (T, P, yy,P = ¢(T, P, x)x; P, (7.11)

(ptv(T7 P7 yt)ytP = }’%R(T, P: xi)xifll"*(T; P)a (712)
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q),V(T, P,y)yP = ?’?L(T, P, xi)xihi,j(Ts P). (7.13)

Each equation may serve as a rigorous thermodynamic basis for the treatment of VLE. The
decision as to which approach should be adopted for solving actual problems is by and
large a matter of taste, yet is subject to important practical constraints. Numerical values
for the fugacity coefficients are obtained by using EOS information on the fluid.

VLE involving fairly simple fluids may conveniently be treated in terms of the (¢, @)
approach, Equation (7.11), because the use of a single EOS valid for both phases V and L
has some computational advantage (and a certain aesthetic appeal). However, the emphasis
is on “fairly simple”, since no generally satisfactory EOS for dense fluids of practical
importance has as yet been established. The situation is further aggravated by the sensitiv-
ity of the results on the so-called mixing rules and combining rules, which have always an
empirical flavour.

At low to moderate pressures, thermodynamic analysis, i.e. data reduction and VLE
calculations, is preferably based upon the classical (¢, y) formalism expressed by
Equations (7.12) and (7.13). Here, an EOS is required only for the low-density vapour
phase, while for the liquid phase a suitable activity coefficient model is introduced. The
VLE involving two liquid sub-critical components are generally treated in terms of the LR
approach, Equation (7.12). Since the emphasis of this contribution is on dilute solutions of
gases in liquids, only the (¢, ¥) approach incorporating the unsymmetric convention, i.e.
Equation (7.12) for i = 1 and Equation (7.13) for i = 2, will be discussed in any detail. In
what follows now on dilute binary solutions, component 1 will always be the sub-critical
solvent present in large excess, and its liquid-phase activity coefficient will be defined
accordingly by Equation (7.3). Component 2 will always be the dissolved gas (usually, but
not necessarily, a supercritical, non-condensable fluid), and its liquid-phase activity coef-
ficient will be defined accordingly by Equation (7.4).

The various quantities corresponding to the two conventions introduced above are,
of course, related [8,9,12,34-39]. Comparison of Equations (7.3) and (7.4) shows that
(L,J=1,21i#))

%‘LR(T’ Psxi) _ hi,j (T’ P)
YiHL (T, P, x’_) - ﬁt (T, P) . (714)

Thus, in the limit x; — 0 one obtains for the activity coefficient in the symmetric conven-
tion (LR) at infinite dilution

},’_LR-» _ }11—% },iLR - hf,/fli“*a (7.15)
whence

yHL = yLR/yLR> (7.16)
and

1 HL _ L. Reo
lim = 1/yp. (7.17)
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Here, for the sake of brevity, the specifications (7, P, x;), etc. have been omitted.
By definition, for component i in solution in any phase z, Equation (7.2a) applies,
hence according to Equation (7.5) the important, generally valid relation

{L"(T_xfx_)} = hX(T, PYP, (7.18)

T i

PF~(T, P) = lim $T P.F) =  lim

x;—0 x;—0

is obtained [37-39], where @(T, P) is the fugacity coefficient of component i at infinite
dilution in the phase 7.

Focusing now on the liquid phase and combining Equations (7.2) and (7.18) with

Equations (7.3) and (7.4) yields (all quantities refer to the same temperature and pressure)

7R = oligl, (7.19)
yHL = ok, (7.20)

and
YR =y = b i = ol (7.21)

These equations show the links between a description based on activity coefficients with a
description based on an EOS.

Gas solubilities are usually reported at isothermal conditions. Since the equilibrium
pressure at constant temperature varies with composition, for each composition the quan-
tities @Y, @%, ¥I%, v, 1" and h, , will refer to a different pressure. For the reduction
and/or correlation of solubility data, it is advantageous (as well as customary) to select at
each temperature the vapour pressure P ,(T) of the solvent as reference pressure (the sub-
script s always indicates saturation conditions). Conversion to any other reference pressure is,
in principle, straightforward by taking into account the following relations [8,9,12,35,37]:

SV @ Py = 1T, PoOI(T, P) = PyygY (T, P )I(T, P), (7.222)
P YT P)

= A\t 7.22

I(T, P) °Xp{fps,1 AP, (7.22b)

where use was made of {"(T, Py;) = @\ (T, P, ). Here, o["(T, P ) is the fugacity coef-
ficient of pure saturated liquid solvent, ¢ (T, P, ;) the fugacity coefFicient of pure saturated
solvent vapour, /;(7, P) the Poynting correction for the solvent resulting from the pressure
dependence of the pure substance fugacity f1*, and V}*(T, P) the molar volume of the pure
solvent.

For the Henry fugacity one obtains in complete analogy

hy (T, P) = hy (T, Po)I(T, P) = Py 195(T, P,I(T, P), (7.232)
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(7.23b)

I(T,P)= exp{f RT

P VYT, P) dp},
P, s,1
where use was made of Equation (7.18). Here, ¢5™(T, P ) is the fugacity coefficient of
the solute at infinite dilution in the liquid phase at P, ;. The I,(T, P) is the Poynting correc-
tion for the solute resulting from the pressure dependence of the Henry fugacity hy 1, and
V3=(T, P) is the partial molar volume of dissolved gas at infinite dilution.
For the activity coefficients one obtains [8]

Py (T, P, x,) — VYT, P

T Pox) = PNT Py exp || LD WD) g (7.249)
Ps,l RT
P V(T P,x;) — VE=(T, P

VT, P) = 7T Py ) exp {fp HEL D apt (7,24
s,1

where VI(T, P, x,) is the partial molar volume of either the solvent i = 1 or the solute i = 2
at mole fraction x,.

According to Equation (7.5), the Henry fugacity for solute 2 dissolved in liquid solv-
ent | is defined by

hyy = }j%(i Z ) (7.25)
For VLE, because of the criterion for phase equilibrium expressed by Equation (7.1), /%
may conveniently be identified with the fugacity of the solute in the coexisting vapour
phase, i.e. f = fY = @} y,P. At the vapour pressure P, of the solvent, the Henry fugac-
ity referring to the liguid phase is thus rigorously accessible from isothermal VLE meas-
urements at decreasing pressure P — P; | according to

hy (T, Pyy) = 11m(f2) lim (—"’g (L. 2. 72)y2P ) (7.26)

Xy x;—0,y, P—0 Xy

It is the intercept of a plot of @¥(T, P, y,)y,P/x, against x, or y,P. Entirely equivalent
expressions relating the Henry fugacity to limiting slopes [see Equation (7.5)] may be derived
[8,35]. The vapour-phase fugacity coefficient must be calculated from a suitable EOS.

At the experimental temperature, the liquid-phase constant-pressure activity coeffi-
cient in the unsymmetric convention, y¥ = f5/(x,h, ;), is subsequently obtained via

.  (127)

Y(T, P P VY (T, P,
In Y}Z{L(T; Ps)l: x2) — ln( (p2( > ,J’2)}’2P) _ f 2 ( x2)
Ps,1

x2hy (T, Py 1) RT

The argument of the logarithmic term on the right-hand side of Equation (7.27) is a dimen-
sionless group containing the experimental isothermal data as well as the Henry fugacity
already extracted therefrom. In order to evaluate the Poynting integral in Equation (7.27),
information is needed on the pressure dependence and the composition dependence of V5.
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The selected correlating equation for these activity coefficients y5™(T, P, x,) as a func-
tion of composition has to be compatible with the number and the precision of the experi-
mental results. Depending on the approximations introduced, such well-known equations
as the Krichevsky-Ilinskaya equation are obtained [8] (see Section 7.1.2).

This classical sequential approach outlined above is most frequently adopted in data
reduction of gas solubility measurements. It simply reflects the focusing of interest on the
solute in a composition range very close to pure solvent, and makes little use of the infor-
mation thermodynamics supplies on the solvent. For calculations, however, the equilib-
rium relations are needed for all components. For instance, from Equations (7.12) and
(7.13) the total pressure is obtained as

pP= P LR, T P (p;{; F LlLdP
= x1P;1 ¥ (T, s,bxz)‘(pTeXP e RT

P

L 1 vk
+x20, (T, Py Y3 (T, Ps 1, %) oV P\ | RT dP),  (7.28)
s,1

where @ = @Y (T, P, y,) is the vapour-phase fugacity coefficient of either the solvent j = 1
or the solute i = 2 at mole fraction y,, and in more compact notation ¢y; = ¢} (7, P;,).

Isothermal VLE data that give the variation of P with liquid-phase composition, may
be reduced, for example, by Barker’s method [40], whereby the functional form of the
composition dependence of the activity coefficients is assumed in advance. It may also be
applied to Equation (7.28) [8,35].

The reference states based on the Lewis—Randall rule and on Henry’s law are states of
pure i in the physical state of interest. Referring to Figure 7.1, /5" is the fugacity of real pure
liquid i = 2 at given (7, P), while h, ; refers to a state of hypothetical pure liquid i = 2 at
(7, P) with a corresponding full set of thermodynamic properties. The RT'In ¢; is a partial molar
property in relation to RT In ¢, where @ is the fugacity coefficient of the solution, whence

RTlngp = RTYx; Ing, (7.29)
which is a quantity equal to the residual molar Gibbs energy G® of the solution:
GX(T, P, xy) = G(T, P, x,) — GP(T, P, x;) = RT In ¢ (T, P, x,). (7.30)

Here, G is the molar Gibbs energy of the solution, and GP® refers to the perfect-gas (pg)
state. Thus, from Equation (7.18) for the liquid phase

n hZ,l (Ts P)
P

1 = In@l(T, P) = 1&(T, P)/RT, (7.31)

where

HE(T, Py = lm[u3(T, P, x2) = 34T, P, xy)), (7.32a)
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UX=(T, P) = RT In ¥ = RT In @}*(T, P) + RT In y5*(T, P). (7.32b)

See also Equations (7.15) and (7.21). Here, p5 denotes the chemical potential of the solute
in the real liquid solution, u5® is its chemical potential in the corresponding pg mixture and
15> is the residual chemical potential at infinite dilution. The residual molar Gibbs energy
of pure liquid component i is given by

GX(T, P)/RT = In ¢F*(T, P) = In [ fY(T, P)yP). (7.33)
Evidently,
(5= — GY')/RT = In(p5~/p%") = In y5* = In(h, /fT"), (7.34)
and
(U5~ — GXYRT = In(@5~/¢t") = In(hy [fT"), (7.35)

where all quantities are at the same T and P.

Equation (7.35) is of central importance in solvation thermodynamics [18,19,41,42],
ie. (U¥ — G®) is envisaged to be the driving force in an imaginary process that takes
place when a solvent molecule is mutated to a solute molecule. In turn, it is related to
(OP/ox,)7 . At the solvent’s critical point, this derivative becomes the Krichevski param-
eter [43,44], a finite quantity that governs near-critical dilute mixture behaviour.

For the temperature and pressure dependence of the Henry fugacity, one thus obtains,
respectively,

[8{ln (ha1(T, P)/P)}] _ [8ln o= (T, P)] _ Hf-m¥  AHP (I P)
P P

ol oT RT? h RT?
(7.36a)
and
Hin (hy (T, PP | _[omel=(r,p)| _ VA~ -1*  AVS(L,P) S 36h
o R R il M ey T

Here, Hy* is the partial molar enthalpy of the solute at infinite dilution in the liquid solv-
ent, and H3® and V3% = RT/P are the molar enthalpy and the molar volume of the pure
solute, respectively, in the pg state. Equation (7.36a) provides the basis for obtaining par-
tial molar enthalpy changes on solution (enthalpies of solution) AH;® via van t Hoff analy-
sis of high-precision solubility data of gases in liquids [5,8,9,12,17,34-39] (see Section
7.2). The notations AHy* and AV are generally preferred over H,™ (the partial residual
molar enthalpy at infinite dilution) and VX~ (the partial residual molar volume at infinite
dilution). Equation (7.36b) was used in deriving Equations (7.23), (7.24b), (7.27) and (7.28),
respectively.
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Equations (7.36a) and (7.36b) are completely analogous to the expressions giving the
temperature and pressure dependence of the pure substance fugacity. From Equation (7.33)
it follows, say, for the liquid solvent that

oT oT RT? RT?

(7.37a)

[8{ln ot (T, P)/P)}} _ [a In o} (T, P)] _ _HY-HYE _ HFM@P)
P P

and

('@ PPY| [P vy -vE VTP
oP - oP - RT ~ RT

(7.37b)

Here, HY and V%', respectively, are the residual molar enthalpy and the residual molar vol-
ume of pure liquid solvent. Equation (7.37b) was used in deriving Equations (7.22), (7.24a)
and (7.28), respectively.

A versatile and widely used measure of the solubility of a gas in a liquid is the Ostwald
coefficient [5,8,36,45]. It is defined by

Ly 1(T, P) = (0595 )equil» (7.38)

where p; = ny/v = x,/V = x,p, with the appropriate superscript L or V, is the amount of
substance concentration of solute 2 in either the liquid-phase solution or in the coexisting
vapour-phase solution at 7" and equilibrium pressure P. The amounts of solvent 1 and solute 2
are denoted by n, and n,, respectively, v = (1, + ny)V, ¥ = p~ ! is the molar volume of the
solution and p is the (total) molar density of the solution. Thus, in contradistinction to the
Henry fugacity, the Ostwald coefficient is a distribution coefficient pertaining to the solute dis-
solved in the coexisting phases L and V, and therefore always refers to T and P of the actual
VLE. Equation (7.38) in conjunction with the equilibrium condition formulated on the basis
of Henry’s law yields, after some algebraic manipulation [8,9,36], the rigorous relations

RT
= v \
LZ(T, P) }’?L(T, P, x2)h2,1 (T, P)VL(T, P, xZ) Z (T, P, J’2)‘P2(T, P, yZ)a (7393)
RTZV(T’ P, yZ) (P}/(Ta P, yZ) i Vli(Ta P, xZ)
LB = BT Py 5ol (T, PV (1, Py &P ‘Jps,l rr P 3%

Hence, in the limit as p} — 0, with py — 0, P — P;; and V* — VI'(T, P,) = VL], the
Ostwald coefficient of solute 2 at infinite dilution in solvent 1 is given by

LT, Pgp) = lim L, (T, P)=

p%, p‘Z’——) 0, P——)Ps.]

S — @3=(T, Py 1)
hy (T, P VY ! 2 sh
(7.40)
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where
Z¥i =P, \VYRT (7.41)

is the compression factor of pure saturated solvent vapour, and V}’I is the molar volume of
the pure saturated solvent vapour.

The most important application of VLE relations is in the design of separation
processes. A frequently used measure of the tendency of a given component to distribute
itself in one or the other equilibrium phase is the vapour—liquid distribution coefficient or
K value of solute 2 in solvent 1, defined by

K> (T, P) = (2/%2)equil - (7.42)

Alternatively it may be expressed as [12,39]

K, (T, P) = (@5/9%) = y5* f5"1(9¥P) = yihy /(Y P). (7.43)

For the K value in the infinite-dilution limit, the following exact equations hold:

K3, = xz,yz_l)lol’I}D_)P“Kz,l(T, P) =x2,y2_1)1({1},_)&_] (V2/%2)equils
K51 = @5™(T, P ) @Y ~(T, P, ), (7:44)
K3y = y5R=(T, P, @5 (T, Po )@Y ~(T, Py,), (7.45)

hy (T, Py )
K3y = w20t 7.46
20" YT, Poy)Ps; (7.46)
whence the important relation
1 v 1 pL

T = T—_’* = T_,*-’ 747
2! 51 Ve K3y puy (7.47)

is obtained. Here, pf} and pY} are the molar densities of pure saturated liquid and vapour,
respectively. Note that

lim 15, = lim K3, = lim (LVE) = lim e = 1 (749)

-7,

where T is the critical temperature of the solvent.

7.1.2 Practical Implementation

In Section 7.1.1, the thermodynamic formalism as applied to (binary) solutions that contain
a supercritical component has been summarized concisely. Section 7.1.2 is devoted to a
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review of various approximations to the exact relations obtained so far. These approxima-
tions are indispensable when practical application is the goal.

Property estimation methods and correlation methods based on generalized correspond-
ing states approaches require reliable data on critical quantities and acentric factors. Since
Henry fugacities and related quantities of interest are usually referred to orthobaric condi-
tions, vapour pressure data are indispensable and must be judiciously selected. A valuable
source for these quantities is the book by Poling et al. [46] on the properties of gases and
liquids, now in its fifth edition. More recent compilations of critical temperatures T, crit-
ical pressures P, and critical molar volumes ¥, with recommended values and uncertain-
ties, are available, for instance for n-alkanes [47], branched alkanes and cycloalkanes [48],
aromatics [49] and aliphatic alcohols [50]. For water, the Steam Tables [51] recommend
T, = 647.126 K, P, = 22.055MPa, and ¥, = 55.95¢m’ - mol ..

For n-alkanes, Ambrose and Walton [52] report critically selected parameters for a four-
constant Wagner-type vapour pressure equation (see also reference [53]), viz.

In(P, /P.)) = (by7y + byt + byl + byt )Ty, (7.49)

where 7; = 1 — T, ,and T;; = 7/T, is the reduced temperature. For the vapour pressure of
water, we always used the Chebyshev polynomial representation of Ambrose and Lawrenson
[54]. Comprehensive, continuously updated collections of thermodynamic and thermo-
physical data of hydrocarbons as well as non-hydrocarbons are provided by the correspond-
ing TRC Thermodynamic Tables [55].

The Vapour Phase

When Equation (7.26) is used to determine the Henry fugacity, evaluation from an experi-
mental isothermal data set requires a vapour-phase EOS for calculating ¢3. This quantity
is again needed in Equation (7.27), that is, when extraction and subsequent correlation of
activity coefficients 3 are intended.

The majority of gas-solubility measurements lie in the low to moderate pressure domain,
whence the virial EOS, either explicit in pressure or in volume (or molar density p = V1), is
most convenient for the description of real-gas behaviour. In the former case, truncation after
the third virial coefficient yields for the compression factor ZV of a mixture of N components

ZY(T, pY, {1}) = PI¥RT) = 1 + B(T, (i)Y + C(T, p)(p*ys  (7:50)

where the second and third mixture virial coefficients are given by

B(T, {y}) = 2. 2 yiy By, (7.51)

and

CT, i) = 2. 2. 2 yyyiCi(D), (7.52)
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respectively. In conjunction with the exact relation

J {[ E)(nZ)] - 1}d—p —InZ, constant T, {y;}, (7.53)
T,pinn, P

one obtains finally

3
In Y = 2p"3 yBy(T) + S (0" 2. > ywiCyT) ~ In 2, (7.54)
J j ok

where the summations are over all components. Virial coefficients with identical subscripts
refer to pure substances, whereas mixed subscripts designate composition-independent inter-

action virial coefficients (cross-coefficients). Note that B;; = B, Ciy = Cygy = Cip = = * -

The computational convenience associated with a Volume explicit rather than a
pressure-explicit EOS leads to the widely used approximation for low pressures

Z¥(T, P, {y;}) = PVV/RT = 1 + BPIRT, (7.55)

where B of the mixture is again given by Equation (7.51). The corresponding expression for
the fugacity coefficient is now obtained from the exact relation

P dP
Ing, = fo Z; — 1)?, constant 7, {y;}, (7.56)

where Z; = [d(nZ)/on]7p,, = PV/(RT), and V; is the partial molar volume of i in solution.
Insertion of Equations (7.55) into Equation (7.56) yields for a binary vapour mixture

In @Y= %(B,,— + YA, Gj=1,2,i#], (7.57)
with
Az = 2By, — (By + By). (7.58)
The fugacity coefficient of the gas at infinite dilution in the vapour phase is thus given by
In ¢/" = i(2312 — By), (7.59)
RT

the fugacity coefficient of pure i by

¢l RT ll’ (7-60)
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and the compression factor of the mixture may be written as
ZY(T, P, ys) = 1 + (RT)"! P(y\B1, + 2B + y132012)- (7.61)

Frequently, experimental results on second and, in particular, third virial coefficients [56]
are not available, whence one has to rely quite heavily on semi-empirical correlation methods
[57-61]. For instance, the versatile Tsonopoulos method [58,59] for second virial coeffi-
cients is based on the extended corresponding states theorem. The reduced pure substance
second virial coefficient at a reduced temperature T, ; = T/T; is given by

Bii(Tr,i)Pc,i -

R = BT + 0BO(T) + BT, (7.62)

BO(T,;) = 0.1445 — 033007 — 0.1385T2 — 0.0121T;7 — 0.000607T;%, (7.63)
BO(T,) = 0.0637 + 0331772 — 0.423T7 — 0.008T;%, (7.64)
B(Z)(Tr,i) = &iT;[G - Z)IT_,f (765)

Here, the subscript ¢ indicates a critical quantity (i.e. critical temperature T, ; and critical
pressure P ; of pure i), and @ is the acentric factor. The polar contribution BPX(T,;) is zero
for non-polar or slightly polar substances; for non-hydrogen-bonded polar compounds,
b; = 0 and 4, depends on the compound class. For hydrogen-bonded substances both
parameters; and 13i must be used. For instance, for the normal l-alkanols, a; = 0.0878, and
b; appears to be a function of the reduced dipole moment My; defined by [39,62]

NA,u'i 172
Uy = (W) , (7.66)

and hence of the chain-length / of n-CH,;, ;OH, though this dependence still needs quan-
tification by data on the higher l-alkanols [63,64]. Here, y; is the numerical value of the
permanent molecular dipole moment, & is the permittivity of vacuum, N, is Avogadro’s
constant, and kg is Boltzmann’s constant.
If one wishes to use Equations (7.62)7.65) to calculate second virial cross-coefficients
By, appropriate combination rules have to be devised to obtain the characteristic inter-
action parameters T, P, @y, a; and b;; 4 to replace the corresponding pure-substance
quantities. The following simple recipes have been found useful:

Tej = (1 — k)T, T )", (7.67)
Pej = ZejRT iV, (7.68)
Z;= 3Zey + 2, (7.69)

Vey = s(V'3 + Vi3, (7.70)
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0, = Yo, + ), (7.71)

where k; is yet another binary interaction parameter usually much smaller than 1, and ¥ ;
is the critical volume of i. The reduced temperature is now defined by T} ; = T/T, ;.

Equations (7.67)+7.71) suffice for mixtures of non-polar substances. For non-
polar/polar binaries, B;; is assumed to have no polar contribution, while for polar/polar
binaries

~

Equation (7.67) is definitely the most crucial combination rule of all. For binaries where
both components belong to hydrocarbons, or rare gases or simple molecular gases, k; may
be estimated from [65]

8(Vc,i Vc,j)l/2

ky=1— i
l v+ V)

(7.73)

Other (semi-)empirical estimation methods may be found in references [34,58,59,63,66,67].
Selected aspects of more fundamental combination rules for unlike energy parameters of
two-parameter pair potentials have been discussed in references [68,69].

The Liquid Phase

In the key relation (7.27), the influence of composition upon the liquid-phase fugacity has
been separated formally from the influence of pressure. However, rigorous evaluation of the
Poynting integral would require detailed knowledge of the pressure dependence as well as
the composition dependence of the partial molar volume ¥} at each temperature of interest.
Such comprehensive information will rarely be available, whence for the great majority of
solutions approximations at various levels of sophistication must be introduced to make
the problem tractable [8]. The situation becomes particularly unsatisfactory at high pres-
sures and/or when the critical region is approached.

With few exceptions, typical gas-solubility measurements do not cover large compos-
ition ranges, while at the same time experimental scatter often tends to obscure the composi-
tion dependence of the derived constant-pressure activity coefficient y5*. Thus, for purely
practical reasons the correlating equations for ¥4 usually contain only few adjustable param-
eters, that is to say rarely more than one. The selection of such correlations follows rather
closely the well-established recipes for the symmetrically normalized activity coefficients.
Take, for instance, the simplest non-trivial expression for the excess molar Gibbs energy,
i.e. GE/(RT) = Axx,. From this expression, one obtains the two-suffix Margules equations

In yIR = 4x3, (7.74)

In YL = A2 — 1), (1.75)
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Insertion of Equation (7.75) into Equation (7.27) and approximation of ¥} by a pressure-
independent V5=(T, Py 1) leads to the Krichevsky—Ilinskaya equation

v - Lo
, (‘Pz(T, P,yz>sz) BRIV P _ gy, (7.76)

xzhz,l(T, Ps,l) RT

When applied to isothermal, pressure-corrected activity coefficients as discussed above,
clearly 4 = A(T, P ). If one now assumes y5 = 1, independent of composition, the
Krichevsky—Kasarnovsky equation is obtained:

P — P )V5(T, P,
)=ln By (T, Py) + ( ")RTZ (T Ps). (1.77)

In @3(T, P, y)yoP
X2

It has frequently been used for the determination of /4™ from gas-solubility measurements at
elevated pressures, and accounts, in fact, for a large portion of the existing /5> data. However,
the mole fraction solubility may then be already appreciable and hence the underlying
assumptions too severe. Thus, values of ¥5™ obtained by using the Krichevsky—Kasarnovsky
equation should always be regarded with caution and may be unreliable [70,71].

Evidently, the partial molar volume of the solute in the liquid solution is of importance
in the reduction and correlation of accurate gas-solubility measurements. Poynting-type
corrections are ubiquitous in this area [8,9,12,36,37]. Fortunately, for reasonably small
pressure ranges of P to P, and at temperatures well below the critical temperature of the
solvent, the uncertainties associated with commonly used approximations are frequently
quite small. The preferred experimental method for determining 5 (and V%) is either pre-
cision dilatometry or precision densimetry [25,72—79] at very small mole fractions.

The scarcity of experimental results on 5™ (or V' in general) of gases dissolved in
liquids is of particular note, whence the revived interest in precision methods for measuring
V5> on the one hand, and in semi-empirical estimation methods on the other [72,73,80-82],
becomes understandable. For instance, partial molar volumes of gases at infinite dilution
in non-aqueous solvents will usually be predicted to within about =10% by the empirical
Handa-Benson correlation [72,81],

V™ P y/(RT, ) = 0.088 + 2.763TP, ,/(T, T}, (7.78)

provided the temperature is well below T, ;. Here, T1L1= (Taky 1/BFs1) — Py is the inter-
nal pressure, ot ; is the isobaric expansivity, and S, is the isothermal compressibility,
respectively, of the pure liquid solvent at saturation.

Scaled particle theory (SPT) has been used by Pierotti [83-85] and Wilhelm et al. [5],
among others, to calculate V5 of non-polar and polar gases in both non-polar and polar
solvents according to

VIZJ>° = Vcav + ﬂ%‘,;,l(Gint + RT) (779)
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Here, Vs, = (0G./0P)r, Gy is the partial molar Gibbs energy of cavity formation, and
Gy, 18 the partial molar Gibbs energy of interaction between a solute molecule and the solv-
ent. The SPT expressions for G,, and V,, are well known and may easily be found in the lit-
erature [5,8,37,83-89], together with the relevant approximations for G, For many solvents,
a self-consistent set of molecular parameters, i.e. of effective Lennard-Jones (6,12) param-
eters, has been given by Wilhelm and Battino [88]. The correlational and predictive powers
of this method can be substantially improved by introducing the concept of temperature-
dependent effective size parameters as suggested by Wilhelm [90], and more recently by
Montfort and Perez [91], Schaffer and Prausnitz [92] and Schulze and Prausnitz [93].

Brelvi and O’Connell [80] correlated the partial molar volume at infinite dilution with
the dimensionless spatial integral C%;* of the infinite-dilution solute—solvent direct correl-
ation function:

Vi"{RTBF.) = 1 — Chp, (7.80)
In [—C5(01/,)°%) = —2.4467 + 2.12074p, for2.0 < p; = 2.785, (7.81a)

In [—Cr(1/7)"62] = 3.02214 — 1.870855, + 0.7195557 for 2.785 < j; = 3.2.
(7.81b)

Here, p; = $,pL] = $,/VL] is the reduced molar density of the solvent (at saturation), and the
¥; (i = 1,2) are characteristic molar reducing volumes. As already pointed out in reference
[80], Equations (7.80) and (7.81) should not be used to estimate the partial molar volumes
of liquids dissolved in liquids, that is to say it should not be used at temperatures substan-
tially below T ,. For recent work along these lines see O’Connell et al. [82].

Finally we note that with [41,42,94]

oP \~ 145 1
R 7 v R 7.82
(axz )T,V V?l L,s,l 711,5,1 ( )
it follows that
oP \” RT v o
(372) = 'V?(CILI - i) (7.83)
TV

where Cl is the dimensionless spatial integral of the solvent—solvent direct correlation
function. At the critical point, because here CY = 1, the Krichevski parameter is given
by [42,95]

oP \” RT, e
( ) ==, - (7.84)

axz Tets Vea Vc’l e
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7.2 Instruments, Experimental Techniques, Data Correlation
and Selected Results

Recent advances in the design of measuring equipment primarily dedicated to dilute solu-
tions have been quite impressive. They may be classified as follows:

(a) novel designs of apparatus that significantly improve experimental precision and
accuracy;

(b) designs that increase the accessible pressure and temperature ranges of already existing
instruments;

(c) designs for application to unusual problems;

(d) efforts towards simplifying and accelerating data acquisition.

It is far beyond the scope of this chapter to even attempt to catalogue, let alone to discuss
available experimental methods exhaustively. Only a few representative instruments and
some closely related problems encountered in data reduction and presentation will be con-
sidered. Those potentially interested in building precision equipment are referred to surveys,
for instance, by Wilhelm [8,38], Battino and Clever [1,3], and Hallen and Wadsé [96] and to
the original literature cited.

Adequate degassing of the solvent and reliable equilibration procedures to establish true
VLE are of paramount importance in all gas-solubility determinations. Failure to reach
these goals constitutes the most important source of error in these kinds of measurements.

Various designs of degassing apparatus have been presented in the literature [1,3,5,8].
Perhaps the easiest to fabricate and operate is the one developed by Battino et al. [97], which
we incorporated in practically all the gas-solubility equipments we constructed and used over
the years, be it of the Morrison/Billett type [98], the Scholander type [99], the Ben-Naim/Baer
type [66] or the Benson/Krause/Rettich/Battino/Wilhelm (BKRBW) type [100]. Essentially
itis a 3 L suction flask equipped with all-Teflon stopcocks, one O-ring joint for introducing
the solvent, a magnetic stirring bar (8 cm) and a condenser to minimize solvent loss. The
liquid is degassed by vigorous stirring and periodical pumping on the flask through a cold
trap. For instance, with this technique the residual air content of water after degassing is
easily pushed well below 0.001% of the saturation value at room temperature and atmos-
pheric pressure within 1 h. This degassing apparatus can be readily scaled up or down.

The problem of establishing phase equilibrium between a liquid solvent and a gaseous
solute contained in a closed vessel is conceptually simple, yet difficult and demanding in
practice. Frequently it takes a long time to reach equilibrium, say 24 h or more. The equi-
librator designed by Benson and Krause [101,102], shown in Figure 7.2, appears to be the
best design for this purpose. All the high-precision results obtained so far on aqueous sys-
tems have shown it to be extremely reliable.

Synthetic as well as analytic methods have been reported for VLE measurements. With
adequate design and proper handling, both techniques are capable of yielding precise data.
The synthetic method is illustrated by the automated instruments developed by Tucker and
Christian [103], Tucker et al. [104] and our group [63,66,67,105] based on the design of
Ben-Naim and Baer [106-108]. Typically, the imprecision of experimental solubilities
(Ostwald coefficients) obtained with this type of instrument is about 0.5%. In references
[63,67] we reported L, (T, P) for 102 n-alkanol gas systems and for 99 n-alkane gas systems.
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LPS

Figure7.2 Benson/Kraus-type glass apparatus for the equilibration of a gas with a liquid {100,101]:
LPS, liquid-phase sample bulb; VPS, vapour-phase sample bulb; CP, centrifugal pump. Arrows indi-
cate the direction of liquid flow. The spherical equilibrator consists of two concentric spheres with
inner and outer volumes of about 1 and 2 L, respectively. The re-entrant connection to the inside of
the inner sphere conveniently provides a relatively large volume for the vapour phase, so that the dis-
solution process reduces the pressure to a lesser extent.

In fact, these are the largest sets of solubility data on such types of systems ever obtained by
one group with one instrument at one time. Figures 7.3 and 7.4 show a few representative
results illustrating the dependence of the Ostwald coefficient on chain length / for several
series {n-alkane(n-CjHy;,,) + a gas} and {n-alkan-1-ol(n-CjH,;;;OH) + a gas} at
T = 298.15K and P = 101325 Pa. Some results on solubilities of Xe were taken from other
reliable sources, i.e. from the work of Clever [109] and of Pollack and co-workers [110—112].
With the same instrument, Scharlin and Battino [113,114] recently determined the Ostwald
coefficients of various freons in H,O and D,0 as well as in seawater [115]. An analytic
method for VLE measurements on dilute solutions of gases in liquids has been developed by
Rettich et al. [100,116-119]. It is based on the earlier work of Benson et al. [101], and of
Benson and Krause [102,120]. Vapour- and liquid-phase equilibrium compositions are
determined via classical PVT measurements, and Henry fugacities are obtained through
application of the rigorous prescription embodied in Equation (7.26). The essential parts
of the BKRBW high-precision gas-solubility apparatus are shown in the flow diagram in
Figure 7.5. The precision and accuracy, which may be achieved with this type of equipment,
surpasses that of any previous design, including the one of Cook and Hanson [121]. For the
aqueous systems investigated so far, the average combined random error (imprecision) is
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Figure 7.3 Ostwald coefficients L, (7, P) for Kr, Xe, CH, and SF,, respectively, dissolved
in n-alkanes C;Hy;, as a function of chain length / for 7= 298.15K and P = 101.325kPa, and
6 =1 = 16. o, experimental results of Hesse ef al. [67]; ®, experimental results for the Xe solubili-
ties were taken from Clever [109], Pollack [110] and Pollack and Himm [111]. The dashed curves
have been added to aid the eye.
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Figure 7.4  Ostwald coefficients L, (7, P) for Kr, Xe, CH, and SFy, respectively, dissolved in nor-
mal l-alkanols n-C;H,;, \OH as a function of chain length / for 7= 298.15K and P = 101.325kPa,
and 1 = /= 11. o, A experimental results of Bo et al. [63]; ® experimental results for some Xe sol-
ubilities were taken from Pollack ef al. [112]. The dashed curves have been added to aid the eye.
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Figure 7.5 Block diagram of the experimental arrangement used in the Benson—Krause—Rettich—
Battino—Wilhelm (BKRBW) high-precision gas-solubility apparatus [8,100,101].

estimated to be less than £0.05%, and the maximum systematic error (inaccuracy) should
not exceed =0.05%. These error estimates have been corroborated by the goodness-of-fit
of appropriate correlating equations (see below), and by the highly satisfactory inter-
laboratory agreement between our values for the solubility of oxygen in water [100,119]
and those of Benson et al. [101].

Afier the retirement of Prof. Rubin Battino in 1997 (now Emeritus Professor at Wright
State University, WSU) and I becoming more involved in heading the Institute of Physical
Chemistry at the University of Wien, Austria, first as Associate Chairman and then as
Chairman, the instruments for measuring gas solubilities located at WSU, Dayton, OH, USA,
that is the Ben-Naim/Baer type apparatus and the high-precision BKRBW apparatus, were
disassembled, put into crates, and shipped to Prof. Jean-Pierre E. Grolier, then Head of
Laboratoire de Thermodynamique des Solutions et des Polyméres, Université Blaise Pascal,
Clermont-Ferrand, France. With Professor Battino’s and my active support, the instru-
ments were reassembled there, and are now again fully operational, as evidenced by two
papers on the solubility of CD, in water [122], and of C,F¢ in water [123], respectively.

In order to illustrate international experimental activities in this field during the last
several years (no exhaustive coverage was attempted!), I have selected a number of papers
both from the point of view of showing the diversity of designs as well as of indicating cur-
rent interest in various types of solutions.
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A Ben-Naim/Baer type apparatus has been used by Urieta et al. for measuring gas
solubilities in isomers of butanol [124-126], and in fluoroalkanols [127]. The Ostwald
coefficients of methyl fluoride dissolved in some alcohols have been determined by Silva
et al. also via a synthetic method [128], and recently, this group reported solubilities of
some refrigerants in water [129]. This important topic was also taken up by Zheng et al.
[130]. An experimental method similar to that of Olsen [131], Cukor and Prausnitz [132]
and Graaf et al. [133] was used in a study by Breman et al. [134] on the solubility of H,,
CO, CO,, C,Hg and C;Hjy in hexadecane, octacosane, 1-hexadecanol, phenanthrene and
tetracthylene glycol. Temperatures ranged from about 301K to 539K, with pressures as
high as 6.5 MPa.

An analytic method is used in the work of Mroczek [135], who determined Henry
fugacities of SFq dissolved in water from T = 347 K to 505 K. It is definitely the most com-
prehensive investigation of this system,; its importance results from the fact that SF is widely
used as a ground water and geothermal tracer [136]. Additional VLE data (at T = 293K)
and excess enthalpies (at T = 323 K) for SF, dissolved in H,O were recently presented by
Strotmann et al. [137].

N-methylpyrrolidinone is a physical solvent used in the removal of CO, from
gas streams, and is thus of considerable interest to the gas processing industry. The solu-
bility of ethane in N-methylpyrrolidinone was investigated by Henni et al. [138] between
temperatures of 263.15K and 393.15K and at pressures up to 7.1 MPa (see also Melzer
etal. [139]).

In many (elementary) chemistry textbooks it is stated that “the solubility of gases in
liquids decreases with increasing temperature”. In fact, such a sweeping claim is incorrect
when the entire liquid range between the triple point T}, ; and the critical point of the solv-
ent is considered. For many systems, the following behaviour is well documented: at low
temperatures (near T, 1), the solubility, say, expressed as mole fraction solubility x, of gas
dissolved in the solvent for a convenient low partial gas pressure P, = y,P (traditionally,
P, = latm = 101.325kPa), first decreases with increasing temperature, then passes
through a minimum to increase steeply when the solvent critical temperature is approached.
Since the conventional mole fraction solubility is approximately proportional to 1/A;, ;, see
Equation (7.13), such a behaviour is, of course, also reflected by the temperature dependence
of the Henry fugacity: in such cases h, (7, P ;) first increases with increasing tempera-
ture, then goes through a maximum to decrease steeply at high temperatures when T is
approached. As an example, the plot of In &, , against temperature for methane dissolved in
water [100,140] is shown in Figure 7.6.

Once experimental Henry fugacities for a given solvent—solute system have been col-
lected over a certain temperature range, the question arises as to their most satisfactory
mathematical representation as a function of temperature. In the absence of theoretically
well-founded models of general validity, one has to rely on essentially empirical fitting equa-
tions, subject, however, to some important thermodynamic constraints. Depending on the
choice of variables, that is Tor T, for expanding the enthalpy of solution, either the Clarke—
Glew equation [141],142]

Infhy, (T, Py,)/Pa] = Ag + Ay(TIK) ™" + 4, In(T/K) + > A(TKY 2, (7.85)

i=3
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Figure 7.6 Plot of In[A, (T, P, ;)/GPa] against temperature 7 for methane dissolved in liquid
water. @, Rettich er al., BKRBW apparatus [100]: the average percentage deviation of the Henry
fugacity h; , from the value calculated via the correlating BK function is about £0.05%; o, Crovetto
et al. [140]: the average percentage deviation of the Henry fugacity 4, ; from the value calculated via
the correlating BK function is about +2%.

or the Benson—Krause (BK) equation [101,120]
In[hy (T, Py 1)/Pa] = > a; (T/K)™ (7.86)
i=0

is obtained. Note that the three-term version of Equation (7.85) is the well-known Valentiner
equation [143]. On the basis of the ability to fit accurate /,; data over reasonably large
temperature ranges, and of simplicity, the BK power series in 7~ ! appears to be superior.
Whatever representation is selected, any correlation for A, (7, P ;) over a large tempera-
ture range extending up to the critical region must incorporate the thermodynamically cor-
rect limiting behaviour for T'— T and Py ; — P, [12,37-39,144] of the Henry fugacity:

lim hZ,I(T: Ps,l) = Pc,l(p\Zlm(Tc,b Pc,l)- (787)
T>T,

This exact limiting value follows directly from the generally valid Equation (7.18) and the
equilibrium condition prevailing at the critical point, that is

(p\le(Tc,la Pc,l) = (p]fw(Tc,l, Pc,l)- (788)

A somewhat different proof was presented in [8,9,36] exploiting the exact relation between
the Henry fugacity and the Ostwald coefficient at infinite dilution, Equation (7.40).
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For volatile solutes

lim d Infhy (T, Py,)/Pal/dT = —co (7.89)

T-T.,

as the critical point of the solvent is approached along the coexistence curve [145,146]. Non-
classically, the temperature derivative of In &, | diverges as |T — Tc’l]ﬁ_1 where the critical
exponent 3 = 0.326.

In recent years, a number of correlations for /, (T, P; ) over large temperature ranges up
to the critical temperature of the solvent were developed to incorporate the thermodynamically
correct limiting behaviour indicated by Equations (7.87) and (7.89). Inevitably, the focus
was on aqueous solutions. Here I note only the contribution of Krause and Benson [147]

TZIn[hyy(T, P 1)/Pa] = boT? + by(1 — T + by(1 — T)*?, (7.90)
where T, = T/T,; of Harvey and Levelt Sengers [148]:

Tlnlhy (T, Py)if a1l = A + BPL: = pi) + CTpH expl(273.15 = TK)7 ]
(7.91)

where Tis a constant varying little with the systems (7= 50); and of Harvey [149], whose
equation is a synthesis of the former two:

In [y 1(T, Ps1)/Pa] = In(P,,/Pa) + A/T, + B(1 — T)°3/T, + CT;** exp(l — T}).
(7.92)

However, if one is concerned with dilute solutions near the critical point of the solvent,
Ostwald coefficients (or K values) are potentially more useful. As shown by Wilhelm
[8,9,12,36], the Henry fugacity is rigorously related to L3, by Equation (7.40), which in
turn is related to K3, by Equation (7.47).

A few years ago, Harvey et al. [150] suggested that in the neighbourhood of the sol-
vent’s critical point the linear relation

Tn K3, = 2BAp), (7.93a)
Api = L1 = Pets (7.93b)

provides a good estimate of the #rue asymptotic slope (p;; = 1/¥; is the solvent’s critical
molar density). More evidence comes from data on the initial slope of the critical line (c.1.)

[150,151],
P\
8x2 TV dX2

oo

dr
[v dxz

= dPs,l
dr

(7.94)

s’
clc cl;e

(a_P)"" = R(p,1)’B, (7.95)

axz T,V,c



Low-Pressure Solubility of Gases in Liquids 163

where the subscript ¢ indicates a derivative taken at the solvent’s critical point. However,
small differences between (dP/dx,)7 . calculated from K5 factors in conjunction with
Equation (7.95), and from critical line data via Equation (7.94) remain. As an alternative,
some time ago, I suggested [12] an asymptotically linear relation in the neighbourhood of
the critical point of the solvent involving the Ostwald coefficient L3;:

Tln Ly, = bAp;. (7.96)

Since
TInL3, = —~TIn K5, + Tln(pLy/p¥1), (7.97)

we note that the density dependences of the two terms on the right-hand side of Equation (7.97)
compensate each other in part, whence Equation (7.96) will hold, in general, over a signif-
icantly larger range of orthobaric densities than Equation (7.93). This contention has been
corroborated by Chialvo et al. [152].

Until recently, precision measurements of Henry fugacities over sufficiently large
temperature ranges permitting vant Hoff analysis of the solubility data, constituted the
only reliable source of information on partial molar enthalpy changes on solution AH?7, see
Equation (7.36a), and a fortiori on partial molar heat capacity changes on solution
ACT, = AC‘;}’ (partial residual molar heat capacity at constant pressure at infinite dilu-
tion) of sparingly soluble gases in liquids. Specifically [8,9,12,17,36-39],

AHS(T, P, 1) HLw HY __r d In [A; (T, P ;)/Pa] + V3™ dPg,
RT RT dT R dT ’

(7.98)

and by analogous arguments for ACY, = (JAH3/0T)p the following expression is obtained:

ACH (T, Py _ Ch3 - CB8

R R
_ dAHS(T, Py ) |} . avz=\ | dpP,
= T RdT VU or ) |Tar (7.99)

dInfhy (T, Ps1)/Pa] 2 d? In[hy \(T, Py,)/Pa]

= - ar ar?

R dTr dT oP dr R 4T
(7.100)

T dvs~ dP;, T(&V‘f"") (dPs,1 )2 V5™ &P,
R

Here, CL3 is the partial molar heat capacity at constant pressure of the solute at infinite
d11ut1on in the liquid solvent at the vapour pressure P (T’) of the solvent, and C gz is the
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molar heat capacity at constant pressure of the pure solute in the pg state. The ordinary dif-
ferential quotients in Equations (7.98)—(7.100) indicate differentiation while maintaining
orthobaric conditions: the first term on the right-hand side of Equation (7.98) as well as the
first and the second term on the right hand side of Equation (7.100) may all be obtained
from any one of the selected fitting equations, say the BK equation (7.86). This leads to

AHZ(TPSI) . 1, V3™ dpg,
— Z a,(TK)™ + ———2 (7.101)
and
ACp (T, Py) & T V5~ dpg,

=D — 1) a;(TK) ™! + 2—

i=2
T{ovy=\ (dP,\* TV &P,
- E( 9P )T( ar | Tk a2z 010D

Until recently, the remaining terms on the right-hand side of Equations (7.98) and (7.100)
[or Equations (7.101) and (7.102), respectively] containing ¥’5™ and its derivatives with
respect to T and P together with dP; ;/dT and d’P; ;/dT? — now referred to in the literature
[146,147] as Wilhelm terms — have been overlooked.

As I have pointed out repeatedly, at temperatures well below the critical temperature of
the solvent, the magnitude of these terms will often be smaller than the experimental error
of the measurements, and may thus be neglected. However, their contributions increase
rapidly with i 1ncreasmg temperature because of the increase of dP; ,/dT and d2PS /dT?, and,
of course, of V5=, dV5>/dT and |(9V5</0P)y]. In fact, the partial molar volume of a gas at
infinite dilution in a liquid solvent diverges to +oo at the critical point of the solvent. The
effects of this divergence are felt relatively far from the critical point [43]. Using a lattice
gas model, in 1972 Wheeler [153] showed that for such a system V5> will tend to + oo, pro-
portional to the isothermal compressibility of the pure solvent ﬂ%:;,l. The partial molar
enthalpy at infinite dilution will diverge at the solvent critical point to +eo in exactly the
same manner. Since C;3 = (0H5 /E)T)P, the partial molar heat capacity at infinite dilution
will diverge as (9fF; 1/0T)p, i.e. Cp > will tend to +e as T | is approached from lower tem-
Pperatures, and to —eo, as T is approached from higher temperatures (at P = P, ,). The
important experiments of Wood ef al. confirm these expectations [75,78,154,155].

Little experimental information is available on (97'5/0P)r appearing in Equations (7.100)
and (7.102). This quantity diverges to —eo as T— T, and P — P 1, but at temperatures
well removed from the critical temperature of the solvent, it is very small. For instance, from
the work of Biggerstaff and Wood [75] on argon dissolved in water, we estimated
(@V5~/0P)r = =3 X 107“m3 - Pa~! - mol ! at T = 367K, and —6 X 10~ “m3 - Pa~! -
mol Vat T = 428K [118].

In Figure 7.7, our results [100] on the partial molar enthalpy change on solution of
methane in water obtained via Equation (7.101), are compared with values determined calori-
metrically [156-159]: excellent agreement is observed over the entire temperature range of

R R dT dT
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Figure 7.7 Partial molar enthalpy change on solution, AH; (7, P; ), of methane dissolved in liquid
water from T = 273.15K to 400 K:—, Rettich ef al., BKRBW apparatus [100], obtained via van’t
Hoff analysis of their solubility data; 1, Crovetto ef al. [140], obtained via van’t Hoff analysis of their
solubility data; o, Naghibi ez al. [159], calorimetry; ®, Dec and Gill {157,158], calorimetry. At this
scale the calorimetric results of Olofsson ef al. [156] cannot be distinguished from those of refer-
ences [157-159].

measurements. Using our data, the extrapolated minimum-solubility temperature, i.e. the
temperature where the curve of H, (T, Py ;) plotted against T shows a maximum, is ca.
T = 362 K, which has indeed been observed by Crovetto et al. [140] as shown in Figure 7.6.
While their solubility measurements are considerably less precise, with average deviations of
about *2%, they cover a much larger temperature range. As can be seen in Figure 7.7, accord
with AH% derived from their solubilities via van’t Hoff analysis is entirely satisfactory.

For several gases dissolved in liquid water, Table 7.1 contains a comparison of
AH7(T, Pg;) and ACT (T, P;,) obtained from van’t Hoff analysis of high-precision solubil-
ity measurements [cf. Equations (7.98) and (7.100)] with calorimetrically determined values.
Besides our own results on solutions of Ar, O,, CH,, C,Hg and C,H, [100,118,119,160], I
have also included those of Krause and Benson on the rare gases He through Xe [147].
Essentially, in this work, Benson and Krause had already adopted our method of data
reduction [100]. They included a very small empirical third-order correction term that pre-
sumably takes into account the impact of the third virial coefficients and, perhaps, the
variation of the Henry’s law activity coefficient Y with composition. The calorimetri-
cally determined partial molar enthalpy changes on solution were all obtained by one of
the two types of micro-calorimeters developed either at the Thermochemistry Laboratory
in Lund, Sweden, or in the Chemistry Department of the University of Colorado in
Boulder, Colorado, USA [162,163]. With the exception of one set of direct heat capacity
measurements on argon dissolved in water [154], all partial molar heat capacity changes
on solution were obtained from the temperature dependence of the enthalpy of solution,
i.e. from AC}, = (0AH%/T)p.

Evidently, comparing van’t Hoff derived enthalpy changes (one differentiation level)
and heat capacity changes (two differentiation levels) with directly obtained high-quality
calorimetric results constitutes a particularly severe test of solubility data. For the sake of
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Table 7.1 Partial molar enthalpy changes on solution AH5(T, P;,) and partial molar heat capacity
changes on solution AC} (7, P ;) of several gases dissolved in liquid water at 7 = 298.15K and
P = 3.1691 kPa: comparison of values obtained via van’t Hoff analysis of high-precision gas solu-
bility measurements [see Equations (7.98) and (7.100)] with those obtained by calorimetric methods.

Gas 1073 - AH5(T, P5;) /(J - mol ™) AC3, (T, Ps;)) /J - K™ - mol ™)
Solubility Calorimetry Solubility Calorimetry
He —0.54*[147] —0.65 [156] 122° [147] 135 [156]
—0.52[161]
Ne —3.64% [147] —3.64 [156] 1432 [147] 145 [156]
—3.95[161]
Ar —11.922[147] —12.01[156] 195% {147] 200 [156]
—11.96 [118] —11.94 [161] 192 [118] 189" [154]
Kr —15.34%[147] —15.29[156] 2182 [147] 220 [156]
—15.28[161]
Xe —19.06% [147] —18.87 [156] 2507 [147] 250 [156]
—-19.10 [161]
0, —11.97[119] —12.00[156] 200 [119] 205 [156]
—12.01 [101] —12.06 [162] 196 [101]
—12.03 [163]
CH, —13.19 [100] —13.06 [156] 237 [100] 242 [156]
—13.18 [157] 209 [159]
—13.12 [159] 218[158]
C,H, —19.50 [100] —19.30 [156] 270 [100] 317 [156]
—19.52[157] 273 [164]
—19.43 [164] 284 [158]
C,H, —16.28 [160] —16.46 [157] 238 [160] 237 [158]

 Krause and Benson [147]: all their enthalpy-of-solution data have the wrong sign.
b Biggerstaff ef al. [154]: this is the only directly obtained value. All other AC’ 5.2 values have been obtained
from the temperature dependence of the enthalpy of solution, i.e. AC}, = (QAH5/0T)p.

brevity, in Table 7.1 I have limited the comparison to T = 298.15K, yet essentially the same
picture emerges at other temperatures too (see Figure 7.7 and Table 7.2). In general, the agree-
ment is outstanding, i.e. usually within the combined experimental error: this is a truly sat-
isfactory reward for both experimental ingenuity and state-of-the-art data reduction.
Table 7.2 provides (smoothed) solubility data and derived caloric quantities AH 5 and
AC?, pertaining to oxygen dissolved in water, as determined by Benson et al. [101] and by
us [119]. Undoubtedly, because of its central role in physiology, oceanography, limnology,
geochemistry, efc., it is the most important solution of all. The solubility of oxygen in liquid
water has been studied more extensively than that of any other gas [5] by both physical and
chemical methods. In fact, Battino and Clever [1], as well as Wilhelm et al. [5] recommended
that the solubility of oxygen in water be used as reference for inter-laboratory comparison
and equipment calibration. In the temperature range 273.15K-303.15 K, the two data sets
agree to within 0.04%, thereby corroborating the respective claims of precision and accuracy.
Any systematic differences are ascribed to the data reduction methods used, that is Benson



Table 7.2 Henry fugacities &, (7, Py ), Ostwald coefficients L3 at infinite dilution, partial molar enthalpy changes on solution AHS5, and partial
molar heat capacity changes on solution AC‘;; for oxygen dissolved in liquid water at selected temperatures T and the corresponding vapor pressures
P; of pure water. Our values [119] are compared with those reported by Benson et al. [101], and with values obtained from high-precision calorim-

etry [156,162,163].

7K 1073 - AHS/(J - mol™!) ACL /(3 - K™! - mol™!)
107% - hy (T, P )/Pa 102 - L3, Gas solubility Calorimetry Gas solubility Calorimetry
Rettich Benson Rettich Rettich Benson Rettich Benson
etal [119] etal [101] etal [119] etal.[119] etal [101] etal [119] etal [101]
273.15  2.5591 2.5598 4.9256 —17.43 -17.37 239 234
278.15 29242 2.9239 4.3897 —16.26 -16.22 230 226
283.15 3.2966 3.2955 3.9627 —-15.13 —15.12 222 218
288.15 3.6708 3.6694 3.6194 —14.04 —14.05 —14.03? 214 210
293.15 4.0415 4.0404 3.3415 —12.99 —13.01 207 203
298.15 4.4038 4.4037 3.1153 —-11.97 —12.01 —12.007, —12.03°, —12.06° 200 196 2052
303.15 4.7533 47549 2.9305 —10.98 —11.05 194 190
308.15 5.0859 5.0901 2.7794 —10.03 -10.11 -9.92° 188 184
313.15 53985 5.4060 2.6561 -9.11 —9.21 182 178
318.15 5.6882 5.7000 2.5557 —-8.22 —833 176 172
323.15 5.9531 5.9699 2.4748 —-1735 —7.49 170 167
328.15 6.1917 6.2143 2.4104 —6.51 —6.66 165 162
2 Reference [156].
b Reference [163].

¢ Reference [162].
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and Krause’s then used empirical method against our thermodynamic-based approach, and
they should increase with increasing temperature. This trend is indeed observed in Table 7.2.
For instance, at the highest experimental temperature (328.15 K), the Henry fugacity reported
by Benson et al. is 0.36% higher than our value.

For the derived quantities AHS and AC?,, for oxygen dissolved in water, the accord
with calorimetrically determined values is also excellent [156,162,163]. Taken together, it
strongly suggests that our new results [119] are essentially free from systematic errors. We
believe that these Henry fugacities /, ; (T}, P ;) and the Ostwald coefficients L3, at infinite
dilution of oxygen in water are the most reliable ones to date.

7.3 Concluding Remarks

Albeit the solubility of gases in liquids has been studied for approximately 150 years, obtain-
ing accurate values of Henry fugacities or Ostwald coefficients has often proved to be difti-
cult. On the one hand, this was caused by instruments and related experimental techniques
being not entirely adequate for the task, and on the other by data reduction methods and
correlation methods not taking full advantage of thermodynamic theory and/or containing
too crude approximations. However, during the last two decades, advances in both direc-
tions, that is instrument design and more rigorous application of thermodynamics, have
been impressive. They are paralleled by advances in the statistical-mechanical treatment
of solutions and by increasingly sophisticated computer simulations, which provide new
insights and stimulating connections at a microscopic level.

Besides a concise presentation of the thermodynamic formalism relevant to the study
of the solubility of gases in liquids, two intimately related topics have been dealt with
prominently in this contribution, viz. (a) the adequate discussion of solution behaviour over
large temperature and pressures ranges including the critical region, that is incorporation of
the finite value of the Henry fugacity at the critical point of the solvent and the concomitant
divergence of its derivatives with respect to temperature and pressure; (b) the reconciliation
of results for caloric quantities derived from solubility measurements, that is via van t Hoff
analysis, with those measured directly with calorimeters.

In the first place, [ wrote this review to present the state of the art to the experimentalist
from a point of view of a thermodynamicist, though several recent key publications dealing
with related non-thermodynamic topics have been included. In fact, cross-fertilization with
other disciplines has always been a potent driving force in science. This is particularly true
for research concerning the solubility of gases in liquids. Let it suffice to recall that the sim-
plest and most thoroughly investigated hydrophobic effect concerns the poor solubility of
non-polar gases in water at low temperatures. Hydrophobic hydration and hydrophobic
interaction have been widely studied because of their central role in biclogy, yet there con-
tinues considerable debate about their molecular basis. The increasing number of investi-
gations with a strong biophysical and/or biomedical flavour is thus not surprising. While
my own perception of their relative importance may not be shared by all, it appears safe to
state that they will greatly stimulate applied research in the coming decade.

Alternatives to the classical thermodynamic approach to gas solubility have been indi-
cated, for instance the use of an EOS valid for both the vapour phase and the liquid phase
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within the frame of the (¢, ¢) approach to VLE. There can be little doubt that this method
will become increasingly important [165], yet as long as the interest is focused on dilute solu-
tions of gases in complex liquids consisting of significantly anisotropic molecules, which,
perhaps, possess a permanent dipole moment and/or exhibit molecular flexibility and/or
association, the Henry’s law formalism still appears to be much more convenient and reliable,
and thus remains of unquestioned value for modelling the thermodynamic behaviour.
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Notation

In most cases I have adhered to the nomenclature/symbols suggested by IUPAC (see Green
Book [166]). Differences are either due to my desire to present a more concise, unequivocal
notation, or to compliance with usage generally accepted by the scientific community inter-
ested in gas solubilities. Note: a few symbols, which occur only at one or two places in the
text, have not been included in the glossary. Some of the symbols listed below may be modi-
fied further, with obvious meaning, by adding appropriate superscripts and/or subscripts.

a; coefticient in the BK-type fitting equation, Equation (7.86)
a polar parameter in the Tsonopoulos correlation

A parameter in the two-suffix Margules equation

A4; coefficient in the CG-type fitting equation, Equation (7.85)
b parameter in the Wilhelm equation, Equation (7.96)

b; polar/H-bond parameter in the Tsonopoulos correlation

B second virial coefficient of a mixture

By second virial coefficient of pure i

By second virial cross-coefficient

B®  Tsonopoulos parameter (i = 0, 1, and 2)

C third virial coefficient of a mixture

C;;  third virial coefficient of a pure

Cy third virial cross-coefficient

g
CP5  molar heat capacity of pure 2 in the pg state
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partial molar heat capacity of 2 at infinite dilution in the liquid phase
partial molar heat capacity change on solution of 2 in 1,

partial residual molar heat capacity at constant pressure at infinite
dilution

dimensionless spatial volume integral of the molecular solute—
solvent direct correlation function at infinite dilution in the liquid
phase

fugacity of a solution

component fugacity of substance / in the solution
fugacity of pure substance i

excess molar Gibbs energy

residual molar Gibbs energy of a solution
residual molar Gibbs energy of pure i

partial molar Gibbs energy of cavity formation
partial molar Gibbs energy of interaction

Henry fugacity (or Henry’s law constant) of solute i dissolved in
solvent j

molar enthalpy of pure 2 in the perfect-gas state

partial molar enthalpy of 2 at infinite dilution in the liquid phase
residual molar enthalpy of pure liquid solvent 1

partial molar enthalpy change on solution of 2 in 1,
partial residual molar enthalpy at infinite dilution
Poynting correction for the pure solvent (i = 1) or the solute
(i = 2) at infinite dilution

= 1.380658 X 10”2 J - K™, Boltzmann’s constant
binary interaction parameter

vapour—liquid distribution coefficient (K value)

Ostwald coefficient of solute 2 dissolved in solvent 1
total amount of substance (=2n;,)

amount of substance i

= 6.022137 X 10**mol ™!, Avogadro’s constant

pressure

partial pressure of i

vapour (orthobaric) pressure of i

=8.31451J - K~ - mol™!, gas constant

thermodynamic temperature

= nV¥, volume of a solution

characteristic volume of i (Brelvi—O’Connell correlation)
molar volume of a solution
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V; partial molar volume of i

Vi molar volume of pure i

phe partial molar volume of i at infinite dilution in the liquid phase

yi residual molar volume of pure liquid solvent 1

Veav = (0G/9P)r

X; liquid-phase mole fraction

Vi vapour-phase mole fraction

Z = PV/RT, compression factor

Greek Letters
ap = V~1(9V/dT)p, isobaric expansivity
Br = — V"~ Y(9V/dP)y, isothermal compressibility
LR yHL liquid-phase activity coefficient of i, either for the symmetric

LR (Lewis—Randall) convention, or for the unsymmetric HL
(Henry’s law) convention

Ap =2By; — (B + Bn)

& permittivity of vacuum

U chemical potential of i; numerical value of the permanent
molecular dipole moment of i

ufe residual chemical potential of i at infinite dilution

I'I';’{ internal pressure of pure liquid solvent 1 at saturation

p=v! (total) molar density; p = Zp;

pi = n,-/v = x,—/V= x,-p
P = ViP5

ot

o

O

o7, o

*

O;
Superscripts
L  liquid phase

V  vapour phase
pg perfect-gas state

concentration or molar density of i

reduced molar density of solvent 1 at saturation (Brelvi—
O’Connell correlation)

molar density of pure saturated liquid 1
fugacity coefficient of a solution
fugacity coefficient of component i in a solution

fugacity coefficient of component i at infinite dilution either
in the vapour phase V of the liquid phase L

fugacity of pure substance i
acentric factor of substance i
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15.
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pure substance

infinite dilution

excess quantity

residual quantity in {7, P, x} space
symmetric (i.e. Lewis—Randall) convention
unsymmetric (i.e. Henry’s law) convention
phase (Vor L)

Subscripts

general indices; usually, i = 1 denotes the solvent, and i = 2 denotes the solute
“binary” or “interaction” quantity

critical (or pseudocritical) quantity

reduced quantity

saturation (orthobaric) condition
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8 LIQUID-LIQUID EQUILIBRIUM

This chapter provides information on experimental techniques for determining liquid-liquid
phase equilibria. As the mutual solubility of the components of various systems can differ
by several orders of magnitude [1], there is no universal method and the experimental tech-
niques are rather diverse. The greatest difficulties are encountered in the analysis of the
equilibrium phases, especially in systems with low mutual solubilities. While binary systems
can be treated without the use of analytical methods, this tends to be an exception for ternary
systems. Thus we will consider methods for determining liquid-liquid equilibria in binary
systems separately from ternary and multi-component systems.

8.1 Liquid-Liquid Equilibrium in Binary Systems

Experimental determination of liquid-liquid equilibria in binary systems, i.e. determination
of the mutual solubility of components, can basically be carried out using three methods,
except for special cases: direct analytical, synthetic or turbidimetric and volumetric [2].

8.1.1 Direct Analytical Methods

In these methods, an approach in which the heterogeneous mixture is intensely mixed for
a prolonged period of time at constant temperature for 2h or even much longer is used.
The conjugated phases are then left to separate by standing or centrifuging. The time
required for complete separation depends on the density difference and the interfacial ten-
sion. A period of 24 to 48 h is required for (water + hydrocarbon) mixtures. Usually, how-
ever, a shorter time is sufficient, and after several hours both phases are transparent and
clearly divided by a sharp boundary. Then samples of the individual phases are taken, e.g.
using an injection syringe or pipette, and analyzed. Figure 8.la depicts a classical ther-
mostatted vessel that enables samples to be taken from the individual phases from above
using an injection syringe or from below using an outlet stopcock. However, this approach
is not really ideal, as the outlet stopcock has dead space and is not usually well ther-
mostatted. In order to prevent mutual contamination of the equilibrium phases during taking
of samples from the bottom phase, the classical equilibrium cell was modified so that it is
not necessary to pass through the upper phase when taking samples from the lower phase [3].
The consequences of mutual contamination of the phases become increasingly serious with
decreasing mutual solubility of the components. The modified cell (Figure 8.1b) consists
of a thermostatted jacket, in which the measuring cell with a magnetic stirrer is placed. A
side tube is fitted to the bottom of the vessel and is fitted with an injection syringe. The
vessel and tube can be closed by using Teflon stoppers. The procedure of determining
equilibrium and taking samples of the equilibrium phases is apparent from Figure 8.1c.
Lohmann et al. [4] used a two-position cell (Figure 8.2), which also prevents mutual con-
tamination in taking samples from the equilibrium phases, which, however, requires larger
amounts of substances.
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Figure8.2 A two-position thermostatted cell for measuring of liquid-liquid equilibria: (a) equilibra-
tion, (b) separation. (Redrawn with permission from Lohmann et al. {4]. Copyright 1998, American
Chemical Society.)

Gas and liquid chromatography are primarily used at present for analyses of binary
mixtures. However, various physical properties of the substances can be used, e.g. the refrac-
tive index, density or chemical properties to include reactions of the components during
the analytical determination, e.g. water, acids and bases. When the physical properties are
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employed, it is necessary to carry out the appropriate calibration or to construct calibration
curves. Frequently, aqueous systems are encountered in which the Karl-Fischer method [5]
is recommended to determine the content of water.

An example of the use of direct analytical methods is the measurement of liquid-liquid
equilibria in the system (methyl tert-butyl ether + water) [6]. The ether content in the
aqueous phase was determined using gas chromatography by the internal standard method.
The water content in the organic phase was determined by Karl-Fischer titration. The direct
analytical method is also often advantageous for systems with low mutual solubility of their
components where, in contrast, the following two methods are less suitable.

8.1.2 Synthetic or Turbidimetry Method

The principle of this method is to observe the appearance or disappearance of turbidity,
resulting from the presence of a second phase, caused either by a change in temperature at
constant composition or by the addition of one of the components to the system at constant
temperature by titration.

Cloud-Point Method

In determining the temperature of formation of two phases, which is the temperature of
dissolution at a given composition, a procedure in which either a known amount of the
individual components or a certain amount of a prepared homogeneous sample with known
composition is introduced into an ampoule fitted with a stirrer is adopted (Figure 8.3) [7].
The formation or disappearance of the second phase (formation or disappearance of tur-
bidity) caused by a change in temperature is observed at constant stirring. For this purpose,
the ampoule is usually placed in a thermostatted jacket and the temperature is increased or
decreased at a defined rate, in order to delimit the narrowest possible temperature interval in
which the second phase is formed or disappears. The magnitude of this temperature interval,
ranging between 0.01 and 1K, is dependent not only on the experimental conditions, but also
on the temperature dependence of the solubility or the temperature coefficient d7/dx. The
measurement can also be carried out in the apparatus used for the direct analytical method.

A similar procedure of following the formation or disappearance of turbidity caused
by a change in pressure is used in determining the liquid-liquid equilibria at high pressures.
Details can be found in Schneider [8].

The simplest method of monitoring the formation or disappearance of turbidity is by
visual observation [2]. However, this method is, to a certain degree, subjective and is quite
tedious. For these reasons, it is preferable to employ optical methods, based on measuring
either the intensity of scattered light or a change in the intensity of transmitted light. For
example, Sobr and Hynek [9] constructed an apparatus with horizontal ampoule positioning,
based on measuring the intensity of transmitted light. It has the advantage that a relatively
small amount of sample is required for the measurement. Semi-automatic determination
of the temperature of dissolution through measurement of the intensity of scattered light was
used by Hefter et al. [10]. The light source was a He—Ne laser coupled with a photo-detector.
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Figure 8.3 Schematic arrangement of the apparatus for measuring liquid-liquid equilibria by the
synthetic (cloud-point) method [7].

The sealed ampoule with the studied mixture was placed in a thermostat with programmed
temperature and mixed with a magnetic stirrer. A new apparatus based on the same principle
that permitted measurement over a broader temperature interval, but with a slight increase
in pressure was described by Ochi ef al. [11]. The experimental arrangement is apparent
from Figure 8.4a. This approach has the advantage that critical opalescence can be distin-
guished from true turbidity. Figure 8.4b depicts the variation of the intensity of scattered
light with temperature in the vicinity of the critical point for a system with an upper criti-
cal solution temperature (UCST), and Figure 8.4¢ depicts the same dependence outside the
critical region [12]. The cloud-point apparatus designed for determining the liquid-liquid
equilibria in small amounts of samples was used by Heintz et al. [13]. It was applied to
measurements in systems containing ionic liquids.

Titration Method

Titration with one of the components at constant temperature up to the formation of
turbidity is carried out in a thermostatted vessel containing a known amount of the other
component. The first component is added from the micro-burette while intense stirring is
applied. If the sample is over-titrated or as a check possible over-titration, back-titration
using the second component can be used. Detection of turbidity is carried out similarly as
set forth in the previous section.
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Figure 8.4 (a) Schematic diagram of semi-automated apparatus for determining liquid-liquid equilib-
ria by the synthetic (cloud-point) method, (Redrawn with permission from Ochi et a/. [11]. Copyright
(1996) American Chemical Society.) (b) typical plot of intensity of light scattered vs. temperature
(outside the critical region), (c) similar plot in the vicinity of the critical point (UCST). (Redrawn
with permission from Ochi et al. [12] Courtesy of the Canadian Society of Chemical Engineering.)

Cho et al. [14] used a titration method at the boiling point stage. His original version
of an ebulliometer was supplemented by Moon et al. [15] to include a reservoir for the
liquid phase and an optical system permitting determination of the formation or disap-
pearance of turbidity and thus the necessary amount of added component. A He—Ne laser
was used as an optical source. When the liquid phase is homogeneous and transparent, the
laser beam is straight. However, the laser beam is scattered when turbidity is formed. The
experimental arrangement is apparent from Figures 8.5a and b.

In cases with low solubility, where the formation of turbidity during titration cannot be
readily indicated, it is preferable to use the procedure of Rifai and Durandet [16] (Figure 8.6).
A known weight of the first component, m,, is transferred to the thermostatted reservoir
fitted with a stirrer, to which a calibrated capillary is connected with a mercury seal. The
second component is added from a micro-burette with intense mixing until the first por-
tion of the second phase appears. Let its weight be equal to m,. The mixture is left to stand
and, after a sharp boundary is formed, the phase formed is let into the capillary, where its



Liquid—Liquid Equilibrium 183

{(a) by

Condenser
Thermometer
well

Vacuum
jacket

Doser Liquid phase

reservoir

Laser

Boiler

Heater -- @g@@

Figure 8.5 (a) Modified ebulliometer to determine mutual solubility at the boiling point, (b) detail
of liquid phase reservoir and optical indication. (Redrawn with permission from Moon et al. [15].
Copyright 1995, American Chemical Society.)

volume is measured, ¥?(m,). Then the content of the capillary is forced back into the
reservoir and addition of the second component is continued. In principle, two additions
following exceeding of the mutual solubility limit are sufficient, but in practice several
additions are usually used. It follows from the mass balance that

m, = const. = VOBD + pRLD (8.1a)

m, = VOB 4+ BB (8.1b)

where ¥ and ¥ @ are the volumes of the first and second (forming) phase, respectively,
which are a function of the mass m;,, fis the mass concentration (g - cm™>) of the ith com-
ponent in the jth phase. It thus follows that ¥ is given as a function of m, by the relationship

@ = (mlﬁ(é) - mzﬁ(}))
(BYBY - BPBD)

= A+ Bm,. (8.2)
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Figure 8.6 Apparatus for determining the phase separation point by Rifai and Durandet [16]:
(a) stirring, (b) separation.

The volume of the phase formed is a linear function of the mass of added component 2,
which justifies linear extrapolation to zero volume and thus permits determining mass
m3 = —A/B, required for the formation of the second phase.

8.1.3 Volumetric Method

The volumetric method consists of measuring the volumes of both equilibrium phases at
two or more various ratios of components [17]. The measurement must be carried out at
constant temperature in calibrated ampoules (Figure 8.7). The contents of the ampoules
must be thoroughly mixed, either by vertical movement of a magnetic stirrer or by rotating
the ampoule containing, e.g. a glass bead. The following balance can be carried out for two
sets of measurements on the basis of the mass of the individual components and the deter-
mined volumes of the phases.

Each of the components is divided between the two phases and the concentrations in
the individual phases at constant temperature do not change. It holds for components 1 and 2
in the first set (I) of measurements that

myy = VPBY + VPR, (8.3a)

my = VOBY + VOBD, (8.3b)

s
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Figure 8.7 Ampoules for determining mutual solubility by the volumetric method [2].

where V'@ is the volume of the kth phase in the first set (I) of measurements, m; is the mass
of the i-th component of the system in the first set of measurements and % gives the mass
concentration (m;/V®) of the ith component in the kth phase. It holds for the second set (1)
of measurements that

min= VYRV + VP, (8.42)
myy = V@Y + VRBP. (8.4b)
These equations yield the following relationships for the mass fractions of the first com-

ponent in the equilibrium phases.

2
ml,IV(121) - ml,IIV(I) ,
VQ(my + myy) — V(g + myy)

wd = BOKBD + pD) = (8.52)

my VP — my V'

@ = BOULD + [D) = .
w
P=PYIETY P Vi emp + mym) — V@ myy + myy)

(8.5b)

The mathematical analysis of the volumetric method was performed by Rehik et al. [18].
One of their conclusions is that the method can yield good results on measuring sol-
ubilities of liquids with high molar volumes in liquids with low molar volumes. In that
event the volumetric method can be used even for measurement of relatively low solubilities.
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8.14 Indirect Methods

While indirect methods are not intended for the determination of liquid—liquid phase equi-
libria, the results measured in heterogeneous systems can yield information on these
equilibria as a side product. These methods are based on isothermal measurements of cer-
tain physical properties of binary solutions in dependence on the concentration. The com-
positions of the equilibrium liquid phases are given by the intercepts of the linear dependences
of the given properties, corresponding to the heterogeneous region, with the dependence
of the given property for the homogeneous region. An example is the measurement of the
static vapour—liquid equilibrium [19] (Figure 8.8a) and measurement of the concentration
dependence of the excess enthalpy HE(x,) (Figure 8.8b) in binary systems. In the determi-
nation of the vapour-liquid equilibrium by the static method, the dependence of the total
pressure on the composition of the liquid phase P(x,) is measured at constant temperature
in both the homogeneous and heterogeneous regions (see also [20]).

Considering the slopes of the measured dependences P(x,) or HE(x,) in the heteroge-
neous and homogeneous regions, more exact results are usually obtained from mixing
calorimetry. In the critical region or at high mutual solubility, static measurement of the
vapour-liquid equilibrium and of the concentration dependence HE cannot be used to
determine liquid-liquid equilibria.

8.1.5 Measurement of very Low Mutual Solubility

Very low concentrations are understood to be those that are less than 3 - 10 mole fraction
units. These concentrations are typical for aqueous solutions of non-polar organic substances.
Obtaining reliable data for these systems is quite difficult, reflected in the contradictory
data of various authors. These systems are characterized by high interfacial tension and high
resistance to mass transfer between phases, and therefore the time required for equilibrium
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Figure 8.8 Total pressure (a) and heat of mixing, (b) as a function of molar fraction of component
1 at constant temperature. (Redrawn with permission from De Haan ez al. [19]. Copyright 1995,
American Chemical Society.)
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saturation by stirring in an equilibrium cell is usually quite long, up to 100 h, and the conse-
quences of any contamination of the second phase in taking samples are very serious.

The aqueous phase also frequently contains suspended organic phase, which must be
allowed to settle or be centrifuged. At very low solubility, the content of dissolved substance
cannot be determined directly (e.g. by chromatography), but rather enrichment must be
carried out, e.g. usually by extraction or adsorption on solid adsorbents or by stripping [21].
This experimental part is purely analytical in nature and thus the reader is referred to the
original literature dealing in detail with this subject [22,23].

If only the solubility of the substance in water is to be determined, a dynamic sat-
uration column method (generator-column technique) can be employed [24-26] (see also
Section 8.2.4.3).

Dynamic Flow Method

The above difficulties in measuring low mutual solubilities led to the construction of
flow apparatuses. Figure 8.9 depicts the apparatus of Chen and Wagner [27], whose con-
struction follows from the works of Thies and Paulaitis [28]. A micro-pump with flow
rate of (46-460)cm® - h™! continuously pumps water and the organic component in the
selected ratio into the equilibrium cell. To achieve good mixing the mixture passes through
a stainless-steel tube (0.635 cm o.d.). The first part of this tube, which acts as a static mix-
ture, is 1.2 m long and contains a cut and twisted thin strip of stainless steel. The second
part of this tube, which is 3.6 m long, is filled with glass beads of 1.5 mm diameter and
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1Micro-metering valve:
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Preheater Feed 1
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- J—— Feed 2

Figure 8.9 Schematic diagram of the apparatus for determining low solubilities by the flow method.
(Redrawn with permission from Chen and Wagner [27]. Copyright 1994, American Chemical Society.)
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forms the packed column. The end of this tube is fitted with a heating strip to establish the
selected preheating of the entering mixture. From this mixing part, the two-phase mixture
enters a stainless steel spiral of 10 m length and 0.325 cm o.d. placed in a thermostatted bath
(x0.2K), in which equilibrium is established prior to entering the equilibrium or separa-
tion cell (Jerguson JT-40 sight gauge, internal volume 60 ¢m?), in which the separation
occurs with a retention time of about 1 h. The lighter phase leaves at the top and the heav-
ier at the bottom of the separation cell through micro-metering valves and capillaries into
a cooler, and then samples are taken for analysis usually by gas chromatography. Because
of the very low concentration of the analyte, further handling of the sample must be very
carefully done. Details are described in the work of the same authors [29].

Circulation Apparatus for Solute Vapour Saturation

Sanemasa et al. [30] also dealt with the subject of determining liquid-liquid equilibrium
in aqueous systems with low mutual solubility of the components. In an attempt to avoid the
long period of intense stirring and the subsequent sedimentation of the emulsified organic
phase in the aqueous phase, they employed a method of saturation of water by the vapour
of the solute suspended by air. It was found that this process of saturation is very fast and
reliable. The apparatus is depicted in Figure 8.10a. The air is forced by a diaphragm pump
through a saturator filled with the liquid solute and, following tempering, enters the equi-
librium cell, in which gradual equilibrium saturation occurs. After the saturation process
the aqueous phase is discharged, the solute is extracted by a suitable solvent and analyzed.
During discharge of the saturated aqueous phase from the equilibrium cell, the aspirated
air also passes through the saturator so that equilibrium pressure of the dissolved component
is maintained above the saturated phase. It is apparent from the time dependences, which
are depicted in Figure 8.10b, that this is a very fast process. However, this method is not
suitable if the dissolved substance has a low volatility.

8.1.6 Measurements in the Vicinity of the Critical Point

In very precise measurements, especially for the purpose of determining the critical point
(T, x,) and the critical exponents, basically two approaches can be used. In the first method,
the formation of two phases and the position of the meniscus are determined mostly fol-
lowing a temperature step, usually of several mK [31,32]. In the second method, the com-
position of the conjugated phases is measured in situ for prepared mixtures in the vicinity
of the critical point. For the dependence on the temperature, a differential refractometer [33]
or a magnetic float densimeter [34] is usually used for this purpose. Only a very few of these
very demanding measurements, which require extremely precise temperature regulation,
have been published. Most experiments have been carried out with systems that exhibit the
critical point at ambient temperatures.

If the critical region is sufficiently densely covered by experimental points, the critical
temperature can be determined with high precision. However, determination of the critical
composition is more difficult, as the dependence of the temperature on the composition is
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Figure 8.10 (a) Schematic diagram of the apparatus for low solubility determination by saturation
with solute vapours, (b) effect of circulation rate (v) on the solubility of benzene. (Redrawn with per-
mission from Sanemasa et al. [30], Courtesy of the Chemical Society of Japan.)

usually very small and therefore the binodal is very flat in the critical region. The most suit-
able procedure for determining x, is based on studying the position of formation of the
meniscus and its vertical motion on a change in temperature for mixtures with various
compositions [35]. At the critical composition, the meniscus will be in the centre of the
column and its position does not change as the distance from the critical temperature increases
slightly. The critical point can be determined relatively precisely by preparing several mixtures
in the vicinity of the critical point and measuring the position of the phase boundary formed.

The Cailletet-Mathias rule [2] can also be employed to determine the critical composi-
tion Xie-

& + x)2 = x (1 + 47), (8.6)



190 Liquid-Liquid Equilibrium

2

o density of homogeneous mixtures for x = x,

Homogeneous e density of homogeneous mixtures for x # x

1

Y

)
[
o
?
1 region
2

o density of conjugated phases

o diameter of density of conjugated phases

Temperature

g
°

phase
region

| -3 B 8-0-0-8 B 8-0-G-aH

Density
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where x{ and x' are mole fractions of the ith component in the conjugated phases,
7= (T, — T)/T. and 4 is a constant.

Another criterion that can be used to determine the critical composition is the coinci-
dence of the extrapolated average of the densities of the conjugated phases with the dens-
ity of the mixture in the homogeneous region at the critical point [36] (Figure 8.11). The
density of the homogeneous phase can be measured using a vibration density meter.

8.1.7 Test System

Hefter et al. [10] recommend the system {water (1) + butane-2-ol (2)} for testing the quality
of the apparatus used to determine the liquid-liquid equilibrium. Not only does the two-phase
region in this system extend to the higher temperatures (UCST = 386.9K, x;. = 0.870),
but it also exhibits a complicated ‘Q’ equilibrium curve shape.

8.2 Liquid-Liquid Equilibrium in Ternary and
Multi-Component Systems

8.2.1 Determination of the Equilibrium Curves in a Ternary
or Pseudo-Ternary System

Although the binodal curve, without knowledge of the tie lines, does not provide complete
information on phase equilibrium, as it only delimits the heterogeneous region, its import-
ance is indubitable. When further properties of the studied system are known, the binodal
curve can be utilized for determining the compositions of the conjugated phases. Similarly,
it is useful to have information on the extent of the heterogeneous region for effective
application of the direct analytical method. Determining the binodal curve at laboratory



Liquid-Liquid Equilibrium 191

Figure 8.12 Determination of the binodal curve by the titration method.

temperature is fast and, when carried out carefully, sufficiently accurate. This measure-
ment is most frequently carried out by the turbidimetric method or the titration method. A
number of mixtures are prepared of components that have unlimited miscibility (1 + 2) or
(2 + 3) (Figure 8.12). To a known amount of the mixture, the third or first component is
added until turbidity is formed. For example, if we start with mixture B, addition of com-
ponent 3 leads to a change in the composition along section B3 and when turbidity is
formed a mixture is obtained whose composition corresponds to point B. If we start with
mixture F and add component 1, point F? is determined. As it is necessary to reach a cer-
tain excess of the second phase in the formation of turbidity, Rifai and Durandet (see
Section 8.1.2, Figure 8.6) proposed a method in which the volume of the separated phase
in dependence on the amount of added component is measured. The result is then extrap-
olated to zero volume of the phase formed. It should be pointed out here that, in contrast
to a binary system, the volume of phase formed in the ternary system is not exactly a lin-
ear function of the added amount of the third component. The method of Rifai and
Durandet has relatively low precision in the vicinity of the critical point, where the volume
of the phase being formed depends greatly on the amount of component added and the
phases are quite hard to separate.

In order to gain a concept of the binodal surface in the 7-x,—x, diagram, the following
procedure is useful and is called the cloud-point method. Several mixtures are prepared
with a constant ratio of components 1 and 3 and the solution temperature is measured as a
function of added amount of component 2. The T-x, curves are thus obtained for the
pseudo-binary mixture, from which the binodal curves can usually be evaluated by graph-
ical [37] or mathematical interpolation for the selected temperature. A disadvantage lies in
the fact that a relatively large amount of experimental data has to be determined.

In order to create a concept of the binodal surface in a quaternary (i.e. four-component)
system, the pseudo-ternary equilibrium curves are determined [38]. They correspond to
sections of the binodal surface with planes in which the molar ratio of two suitably selected
components is retained (Figure 8.13). These sections are usually determined by titration. It
should be noted that, in contrast to the ternary system, the compositions of the conjugated
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Figure 8.13 Diagram of a quaternary system with one heterogeneous region and the corresponding
binodal surface and a pseudo-ternary equilibrium curve.

phases in a quaternary system generally are located on two different pseudo-ternary equi-
librium curves. For this reason, these curves are not binodal curves.

8.2.2 Direct Analytical Method

Liquidliquid equilibria in systems containing three or more components can be determined
practically only by the direct analytical method. In this case, the procedure is the same as in
the binary system. First, the heterogeneous mixture is mixed intensely for a sufficiently long
period of time at constant temperature. After complete separation of the phases, samples are
taken for analysis. From an analytical point of view, conditions are more complex than in a
binary system, as it is necessary to determine at least two mole fractions in each phase. In
general, there are (z — 1) mole fractions in each phase, where » is the number of components.
A combination of various physical and chemical methods is used for the analytical determi-
nation. Gas and liquid chromatography or a combination of measurement of the density and
the refractive index, etc., can be used successfully in these cases. In order for it to be unnec-
essary to carry out analyses in the immediate vicinity of the equilibrium curves, where there
is a danger that the sample will split into two phases, the analytical determination is carried
out after dilution with a known amount of one of the components. This also decreases the nec-
essary calibration range. If work is done with substances that are below the normal boiling
point under the experimental conditions, the apparatus in Figure 8.1b can be used.

A sophisticated apparatus for studying liquid-liquid-phase equilibria in multi-
component systems was constructed by Huemer ef al. [39]. The main characteristics of this
apparatus (Figure 8.14) are the simultaneous measurement of equilibrium in several cells
with the possibility to work at temperatures above the normal boiling point of the mixture
and the measurement of the densities of the conjugated phases. The glass equilibrium cells
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Figure 8.14 Apparatus for measuring liquid-liquid equilibria by the direct analytical method in
multi-component systems above their boiling points [39].

are placed in a thermostat and hermetically closed with stainless steel lids fitted with two
sampling capillaries ending at different heights in the equilibrium cell to allow sampling
of the upper and lower equilibrium phases. The sampling capillaries are closed by a valve.
The equilibrium phases are transported by the sampling capillary by over-pressure of an
inert gas (nitrogen, 0.1-0.3 MPa), brought into the cell by a capillary, which also prevents
boiling of the studied mixture at higher temperatures.

8.2.3 Determination of the Tie Lines in a Ternary System using the
Binodal Curve

If the shape of the binodal curve is known along with other properties of this curve, e.g.
the refractive index, density, etc., it is possible, following measurement of this property in
the equilibrium phases, to determine their positions on the binodal curve and thus to deter-
mine the tie lines. It is sufficient to determine the composition of only one of the compon-
ents in both phases for it to be possible to determine their compositions. It is especially
easy to use this procedure in cases where one of the components is ‘easy’ to determine
(e.g. CH;COOH by titration with NaOH or using the Karl-Fischer method for water, etc.).

Methods have also been proposed that permit determining the tie lines without analy-
sis. The simplest is the method based on the mass balance and the lever rule following
from it. A heterogeneous mixture is prepared with a composition corresponding to point N
(Figure 8.15). The two coexisting phases in a thermostatted-separating funnel are sep-
arated and then weighed. Assume, for example, the phase that is richer in component 3 is
present in twice the amount of that richer in component 1. An auxiliary scale is prepared
for the evaluation, in this case in a ratio of 1:2 (Figure 8.15). The zero point of this scale is
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Figure 8.15 Application of the lever rule for determining the composition of the equilibrium phases
(tie lines) when the binodal curve is known.

located as point N. The scale is rotated around point N until a position is found where the
same numerical value is obtained on both branches of the scale at the points of intersection
with the binodal curve. It is necessary to ensure that the binodal curve is plotted in mass
fractions, as the weights of the two phases are compared in the experiment.

Another method with graphical plotting based on knowledge of the shape of the binodal
curve, recommended by Newsham and Ng [40] and originally proposed by Smith [41], is
not extensively used at the present time.

It is experimentally not simple to determine the composition corresponding to the crit-
ical point in a ternary system at constant temperature and pressure. Coolidge (see Francis
[35]) recommends that two triangles be constructed over each tie line, with sides parallel
to the sides of the concentration triangle. A smooth curve connecting the apices of the tri-
angles intersects the binodal curve in the critical point (Figure 8.16). For an asymmetrical
system, the curve obtained intersects the binodal curve at a small angle and therefore
determining the intercept can be quite imprecise. In this case, it is preferable to construct
isosceles triangles above and below the tie line, with sides equal to 60—75 per cent of the
length of the tie line according to the size of the triangle.

8.24 Determining of the Distribution (Partition) Coefficient

The distribution coefficient of a solute (i.e. substance 2), K, = ¢'¥/c3) is the ratio of the
concentrations of this substance in the coexisting equilibrium phases in a system that, in
addition to the solute, contains solvents 1 and 3 with limited miscibility. Another definition
uses mole fractions and the symbol K, = xx3 Thus, this is a three-component system
and the value of K is, in general, dependent on the temperature and composition. The effect
of the pressure can be neglected. Measurements carried out at very low concentrations of the
solute, namely 1073 mol - dm™, or extrapolation to zero concentration ¢, can be employed to
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determine the limiting value of K°, the Nernst constant. The greatest number of experimen-
tal values of distribution coefficients or partition coefficients was determined for various
components in {organic solvent (1) + water (3)} systems. Applications in the fields of biol-
ogy and environmental chemistry very frequently require measurement of the distribution
coefficients of substances between { 1-octanol (1) and water (3)}, denoted Kqw, which depend
on the hydrophobicity and biological activity of the solute. The following methods to deter-
mine Koy, will be demonstrated for although they have more general applicability [42-44].

Shake-Flask Method

The shake-flask method is historically one of the oldest procedures that, similar to LLE deter-
mination, is a direct analytical method. A suitable amount of the solute is added to a het-
erogeneous mixture of two solvents 1 and 3, and the system is thoroughly mixed (or shaken)
at constant temperature until equilibrium is established. Following complete separation of the
phases (sometimes using a centrifuge), samples of the phases are taken for analysis. As very
low concentrations are involved, the concentration of the solute is frequently determined
photometrically or chromatographically (GC or HPLC), or using isotopic labelled components.
It should be pointed out here that a large number of distribution coefficients introduced in the
older literature were determined in the laboratory at unspecified temperature. In cases where
the distribution coefficient is very high, the content of the solute in the aqueous phase cannot
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usually be determined directly. In this case, the solute is first extracted from a sample of the
aqueous phase by suitable solvent and then the extract is analyzed. The method cannot be used
for very high distribution coefficients, viz. for log Koy < 5.5 [43]. A disadvantage of the
method lies in its tediousness and the formation of colloidal emulsions in the aqueous phase.

Slow-Stirring Method

In this method [45], about 600 cm® of water is mixed in a 1000cm? glass-thermostatted
cell with 30cm? of 1-octanol, in which the solute was previously dissolved. This mixture
is then left for 3-5 days with slow stirring (150 rpm) at constant temperature to establish
equilibrium. Slow stirring is intended to prevent the formation of a colloidal emulsion of
the organic phase in water. The concentration of the solute is determined using a suitable
analytical method usually combined with its extraction from the aqueous phase.

Generator-Column Method

In addition to measurement of the solubility of substances in water, the generator-column
method is also used to determine the distribution coefficient Koy [46,47]. The generator col-
umn shown in Figure 8.17 consists of a thermostatted tube (length 2040 ¢cm, 6 mm o.d.) filled
with a solid support (e.g. Chromosorb W~HP, 100—120 mesh), whose surface is previously
saturated with about 1 per cent (by wt) solution of the solute in 1-octanol. Then water is forced
through the generator column at a velocity of 20 cm® - h™! and collected as the aqueous phase
in a collector. An exactly known amount of extraction solvent is present in the collector.

—— Feed (water)

Column (stationary phase
1-octanol + solute or pure solute)

Thermostatting tube

| ——— Collector

| — Extraction solvent

_—— Water + solute

Figure 8.17 Generator column for determining distribution coefficients or aqueous solubility of
solutes. (Redrawn with permission from May et al. [47]. Copyright 1983, American Chemical Society.)
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After collection of a certain amount of aqueous phase in the collector, whose amount is deter-
mined by weighing, the content of the collector is thoroughly shaken and the extract is sub-
jected to chromatographic analysis. The evaluation of Kqy also requires accurate analysis of
the solute in 1-octanol solution. This method is suitable for substances with high Ky values.

Counter-Current Chromatography

Counter-current chromatography (CCC) was developed by Ito et al. [48]). The CCC employs
two immiscible liquid phases, one of which constitutes the stationary phase and the other
the mobile phase. The stationary phase is fixed in the column by centrifugal force. The col-
umn consists of a Teflon tube, with a length of approximately 30 m and 1.6 mm i.d., wound
around the rotor of a centrifuge operating at 1000 rpm. The mobile phase is continuously
added to the column (e.g. at 2 cm® - min™?) by a feed pump. The solute is injected in the same
way as in classical liquid chromatography. The column is connected to a spectrophotomet-
ric detector, which is employed to evaluate the retention time of the solute. Because of the
centrifugal force, the mobile phase passes through the stationary phase in the form of small
drops, leading to intensification of the distribution process of substance 2 between solvents
1 and 3. The distribution coefficient is calculated from the relationship

VR - V
Kow = —Tw (8.7)

where Vg and Vyy are the volumes of 1-octanol and water in the column, which correspond
to the given experimental conditions of rpm, flow rate and column geometry and that are
set when bringing the column into operation. The ¥y is the retention volume of the solute,
which is calculated from its retention time and the flow rate of the mobile phase.

Figure 8.18 depicts the principle of two types of commercially available CCCs [49,50]:

(a) The hydrostatic equilibrium system (HSES), in which the column rotates around a sin-
gle axis (Figure 8.18a) and is thus subject to a constant centrifugal force.

(b) The hydrodynamic equilibrium system (HDES), in which the column rotates around
two axes (Figure 8.18b) and is thus subject to a variable centrifugal force. This leads
to even better mixing of the stationary and mobile phases and thus a more effective
distribution process.

The CCC is an absolute method, is relatively fast and can be used for log Koy < 4.5.

Reversed-Phase High-Pressure-Liquid Chromatography (RP-HPLC)

Reversed-phase high-pressure-liquid chromatography (RP-HPLC) is a fast and inexpensive
method but a relative method to determine of the distribution coefficient and can be used
with high values of log Kow [51,52]. Reversed phase here means that the mobile phase is
water (but in general, a polar solvent) and that the fixed stationary phase is 1-octanol (in gen-
eral, a non-polar phase). It is based on the existence of a relationship between the distri-
bution coefficient and the capacity factor. In the procedure, parameters g and b in the
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(a) (b)

Upper (stationary) phase
. Lower (mobile) phase ~

Mild mixing
and transfer
]

Figure 8.18 Basic CCC systems: (a) the hydrostatic equilibrium system (HSES), (b) the hydro-
dynamic equilibrium system (HDES). (Redrawn with permission from Foucault [49]. Copyright
1998, American Chemical Society.)

linear relationship between the logarithms of the distribution coefficient Kow and the cap-
acity factor K’ are first determined using several reference substances:

log Kow = a + b log k' (8.8)

The capacity factor £’ is given by

(tr — to)

log &' = log PR
0

(8.9

where g and #, are the retention times of the substance R and an inert substance, respectively.
The reference substances used, with known Kqy value, should be chemically as similar as
possible to the solute.

Distribution Coefficient through the Experimental Limiting
Activity Coefficients

The distribution coefficient at infinite dilution can be estimated in an indirect manner
using the limiting activity coefficients ¥5 of substance 2 in the individual pure solvents 1
and 3 by the relationship [2]

e
Ki=1lm—75 = —=, 8.10
=MD T G @19

which assumes that the mutual solubility of components 1 and 3 is very low.
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83 Basic Monographs

The thermodynamic basis of liquid-liquid equilibrium can be found in the monographs of
Haase [53], Prausnitz et al. [54,55], Novak et al. [2], Renon et al. [56] and Storonkin [57].
Experimental determinations of solubilities generally are summarized by Hefter and
Tomkins [58]. Data on liquid-liquid equilibrium are given by Sorensen and Arlt [59],
Kertes [60] and Kehiaian [61]. Data on aqueous solubility of organic substances were col-
lected by Yalkowsky and Dannenfelser [62], Yalkowsky and He [63] and Freier [1].
Octanol-water partition coefficients were collected by Sangster [64]. Estimation methods
for aqueous solubility and octanol-water partition coefficients are given in the monograph
by Baum [65].
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9 CONDENSED PHASES OF ORGANIC
MATERIALS: SOLID-LIQUID AND
SOLID-SOLID EQUILIBRIUM

This chapter is devoted to solid-liquid and solid—solid phase equilibria in systems where
two organic components give rise to mixed crystals of the substitutional type. The systems
are generally defined as {(1 — x) mole of substance A + x mole of substance B}, and some
typical phase diagrams, the pressure exerted on the system being constant, are shown in
Figure 9.1.

In the case of Figure 9.1a, the two components, A and B, of the system are isomorphous
[1-4] and give rise to a continuous series of mixed crystals. In the case of Figure 9.1b, the
molecules of A and of B are homeomorphous [5,6] and can replace one another in a crystal
lattice; the crystal lattices of A and B, however, being different. In the phase diagram, the
single-phase field for mixed crystals of the o~ and S-types are, necessarily, separated by
a(a + ) two-phase region. An example is found in the combination of naphthalene and
2-fluoronaphthalene [1,7]. Incidentally, the type of diagram (Figure 9.1b) is also shown by
a pair of substances like 1,4-dichlorobenzene and 1-bromo-4-iodobenzene [8]: the two
crystalline solids are isomorphous in the sense of having the same crystal structure char-
acteristics, but the degree of molecular homeomorphism is not high enough for a continuous
series of mixed crystals. In the phase diagram, the symbols o and 8 must be replaced by
og and oy;. In the case of Figure 9.1¢, the two substances have a high degree of molecular
homeomorphism and give rise to a continuous series of mixed crystals at temperatures
corresponding to the bottom of the phase diagram. The two-phase region is the result of the
fact that substance A undergoes a transition from type of solid § to type of solid &. An
example is A = 1,4-dichlorobenzene and B = 1 4-dibromobenzene [9].

From the point of view of experimentation, even when polymorphism is absent (see
hereafter), equilibria involving mixed crystals are less accessible than equilibria involving
only liquid and vapour phases. To make this clear, we consider the phase diagram (Figure 9.1a)
as an example. The two important characteristics displayed by the diagram are (i) the change
from the low-temperature state of matter, or form of material, to the high-temperature state,
and (ii) the fact that the phases in equilibrium have different compositions. In the case of

L L
T T
o Ola+[i‘ﬁ
|

@0 x> 1 ®m0 x> 1@©0 X-> 1

Figure 9.1 Plot of temperature against composition for solid-liquid phase diagrams in systems
showing the formation of mixed crystals.
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equilibria between liquid and vapour, and as a result of the high degree of mobility of the
molecules in these states, the adjustment of the compositions of the phases is a matter of lit-
tle time. In the case of the equilibrium between mixed crystals and liquid mixtures, the situ-
ation is quite different. It comes down to a difference in time needed (i) to realise the change
from solid to liquid, and (ii) to adjust the compositions of solid and liquid to their equilibrium
values, which amounts to a matter of seconds for the first process (i), against days or weeks
for the second process (ii). It corresponds to a difference in time-scale that has its effect on
every element of the investigation from sample preparation, via the actual experiment, to the
interpretation of experimental data, and the (thermodynamic) processing of the information.

Ideally, mixed crystalline samples, used for investigations, are homogeneous in com-
position, such as is a liquid mixture, say of water and ethanol. But unlike the liquid mixture,
mixed crystalline organic material cannot be prepared just by putting together the compon-
ents: invariably a fluid phase is required as a medium. That fluid phase can be the liquid
or gaseous mixture of the component substances, as well as the solution in a solvent. The use
of a fluid medium corresponds to an unfavourable side effect, which amounts to some uncer-
tainty about the degree of homogeneity of the material, because from the equilibrium point
of view the transition, from one mixed state to the other, is accompanied by a change in com-
position. The history of a sample determines its behaviour during the actual experiment. The
lower the degree of homogeneity, as a rule, the lower the accuracy of the signals will be.

The immobility of the molecules in the mixed solid state implies that, during an
experiment, the occurrence of true thermodynamic equilibrium between coexisting phases
is rather the exception than the rule. In spite of this inconvenience, the material ‘seems
to know’ when it should change from one state to the other (item (i) above). In any case,
not knowing precisely the equilibrium compositions of the phase means that a dedicated
method is needed to extract the pertinent thermodynamic information from the experi-
mental observations.

The crystallographic characterisation of the solid phase(s) is an integral part of research
on mixed crystals, in particular, of course, when polymorphism makes its appearance.
Ideally, thermodynamic and crystallographic methods are put into action simultaneously.
On several occasions, thermodynamic input is needed to give a conclusive interpretation
of crystallographic observations, and vice versa. Quite often the substitutional disorder of
mixed crystals enhances the occurrence of other kinds of disorder, such as conformational
disorder and orientational disorder. The enhanced freedom of molecular movement needs,
apart from crystallography, spectroscopic methods to be studied. Viewed the other way round,
spectroscopic methods are important tools in arriving at an unambiguous characterisation
of the solid state(s).

A complicating and at the same time fascinating element of materials research is the
phenomenon of metastability, the occurrence of metastable forms. In the case of mixed crys-
tals, it is often found that a form that is metastable for one of the components becomes sta-
ble for the other. Returning to Figure 9.1b, the properties of the B-type of mixed crystals,
including pure B, can be used to predict the properties of the -form of substance A, even if
the latter has not yet made its experimental appearance [10-19]. The various aspects of
research of mixed crystals, addressed in the preceding paragraphs, will be elaborated in the
following sections. From an applied science point of view, mixed crystals offer the opportun-
ity of using composition as a parameter to optimise the properties of a material [20-30].
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9.1 Thermodynamic Treatment
9.1.1 The Gibbs Energy Function

At constant pressure, the molar Gibbs energy of a homogeneous mixture in the system
{(1 — x) mole of substance A + x mole of substance B} can be represented by the following
function of thermodynamic temperature (7) and mole fraction (x),

G(T, x) = (1 — x)GA(T) + xGx(T) + RT LN(x) + GX(T, x). 9.1

The G, and Gg represent the molar Gibbs energies of pure A and pure B, respectively;
R =1831451J- K™ - mol™! is the gas constant; LN(x) is a short notation for

LN@x)=(1 —x)in(1 —x) + xInx. (9.2)

The GE(T, x) is the excess Gibbs energy or, in other words, the deviation from ideal mixing
behaviour. For the thermodynamic treatment of a system whose phase diagram is
represented by Figure 9.1a, two functions of the type of Equation (9.1) are needed: one for the
liquid mixtures, superscript ‘liq’, and another for the solid mixtures of the a-type, super-
script ‘sole’. A third function is needed for a system corresponding to Figure 9.1b; for the
solid mixtures of the B-type (superscript ‘sol’).

Realising that LN(x) is a standard expression, it is obvious that the thermodynamic
properties of a mixture are known when G, and G are known as a function of temperature,
and GE as a function of temperature and mole fraction. The excess Gibbs energy is con-
veniently represented by the formula

GY(T, x) = A(l - % )x(l - [l + B(1 — 2x%)], 9.3)

to which we will refer as the ABO formula, or model. The function has three system-
dependent parameters, 4, B and 6. The parameter 4, with the dimension of energy, is a
measure of the magnitude of the excess function. The dimensionless parameter B is a
measure of the asymmetry of the function with respect to x = 0.5. The parameter 6, with the
dimension of temperature, is a measure of the temperature dependence of the excess Gibbs
energy. In terms of the ABO model, the expressions for the excess enthalpy (HE, the enthalpy
of mixing) and the excess entropy (SF) are

HYT, x) = HE(x) = Ax(1 — x)[1 + B(1 — 2x)] (9.4)
and
SE(T, x) = SE(x) = %x(l = x)[1 + B(1 — 2x)]. 9.5

Moreover, in the model, the excess enthalpy and the excess entropy are independent of
temperature, and it implies that the excess heat capacity is zero.
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In terms of Equations (9.1) and (9.3), the expressions for the partial molar Gibbs ener-
gies, i.e. the chemical potentials of the components A and B are

oG .
uA[E G—x X} =G + RTIn(1 — x) + x* [Gy + Gy(3 — 4x)] (9.6a)
and
G .
ﬂB[E G+ (1l—x g} =Gg+ RTInx + (1 — x)2 [G| + Gy(1 — 4x)]. (9.6b)

Without disturbing the description of the systems, read, without appreciably affecting the
interpretation and processing of experimental data, one can also neglect the heat capacities
of the pure components A and B. It implies that

Gap(T) = Hap(T) — TSap(T), .7
where H represents the molar enthalpy and S} the molar entropy, can be written as
G:\,B(T) = H.:\,B - TS:\,B, 9-8)

which is a linear function of temperature. The change from Equation (9.7) to Equation (9.8)
comes down to observing that, over the relatively small temperature interval of the change
of state, the enthalpies and entropies of the components are considered as constants.

9.1.2 The Lowest Possible Gibbs Energy

In Figure 9.2, the molar Gibbs energy, Equation (9.8) as a function of temperature, is plot-
ted for two forms, solid e and liquid, of substance B. The two functions intersect at T'%, the
melting point of solid e For T < TY, the liquid will change spontaneously into solid ¢,
which corresponds to lowering the Gibbs energy, and for T > T, solid « will change
spontaneously into liquid.

Solid a T -
Liquid

T3 T

Figure 9.2 Plot of the molar Gibbs energy against temperature for solid & and liquid of pure sub-
stance B.
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Figure 9.3 () Plot of molar Gibbs energy versus mole fraction at a given constant temperature for
liquid mixtures and mixed crystals of type . (b) Enlarged part of Figure 9.3a. The dots represent
molar Gibbs energies of a sample of overall composition x°: 1, if it were completely solid; 2, if it
were completely liquid; 3, for a coexisting combination of a liquid and a solid phase.

The melting temperature, T3, is the solution of the equation
Gp*UT) = G5"Y(T), 99)
or in the difference notation
NSGH(T)[=GH'YT) — G5°(T)] = 0. (9.10)

In Figure 9.3a, the situation is shown, where for a given constant temperature, the molar
Gibbs energies as a function of x are plotted for liquid mixtures, and for the c-form of
mixed crystals of the two substances A and B.

The temperature is selected such that the two functions intersect one another. The
points of contact of the common tangent line, drawn to the two curves, have mole fractions
that are indicated as x4 and x$°'% For an experimental sample containing both A and B
and kept at the selected constant temperature, and having an overall mole fraction (x°)
smaller than x4, the lowest Gibbs energy is obtained when the sample is entirely liquid.
Likewise for x° > x5°1¢, the lowest possible Gibbs energy corresponds to homogeneous
mixed crystalline material of composition x°.

For x4 < x° < x°% the lowest possible Gibbs energy is obtained for coexisting solid
and liquid phases having compositions of x $°'¢ and x4, respectively; see Figure 9.3b.

The amounts of material in the two coexisting phases are related by the Lever rule, viz.

n(solar) xlia — xo
n(ligy ~ x° — x¥le

9.11)

In terms of the chemical potentials of A and B, u, and pg, the compositions of the
coexisting phases, x4 and x ¢ are the solution, for the selected temperature, of the two
equations

AT, X'9) = pP'%(T, x°'9), ©-123)
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mixed crystals type O{

0 = 1

Figure 9.4 Solid-liquid phase diagram with temperature plotted against mole fraction. The
relation is shown between the isothermal Gibbs energy section and characteristic points of the phase
diagram. These points are on the solidus, liquidus and EGC (dash-dotted curve).

BBYT, X1 = p T, x'). (9.12b)

The loci in the T—x plane of the points of contact, i.e. the complete solution of the two
Equations (9.12a) and (9.12b), are two curves which are named solidus and liquidus; see
Figure 9.4. The third curve, which is drawn in Figure 9.4 as the dash-dotted line, is the
locus of the points of intersection of the two Gibbs energy functions. The curve is named
Equal-G Curve (EGC) [31] and it is the solution of the equation

G'YT, x) = G*YT, x). (9.13)
In the T—x plane, the position of the EGC is an intermediate one, between liguidus and
solidus.
9.1.3 Limiting Cases of Experimentation

From the point of view of experimentation, there is an essential difference between the
case implied in Figure 9.2 and the case implied in Figure 9.3, which is a difference that
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has far-reaching consequences. For a pure substance, the case of Figure 9.2, the transition
from solid to liquid is a quasi-instantaneous event, and it means that it is relatively
easy to realise the equilibrium between the solid and the liquid phase. In the case of Figure
9.3, on the other hand, and assuming that an amount of mixed crystalline material is
brought to and kept at the selected temperature, there is an amount of time needed to reach
the situation of minimal Gibbs energy. The time needed depends on the nature of the
system, the phases and also the experiment. The time required may be many times larger
than the time the investigator wishes to spend on the experiment. In the context of these
observations, one might distinguish between two extreme experimental situations of
heating a mixed crystalline sample until it has completely melted. In the first situation,
the experiment is carried out at infinitesimal speed, and, for the material selected, the
molecules have a finite mobility. Assuming that the sample is perfectly homogeneous, it
will start to produce liquid at the solidus temperature. The last amount of solid will disap-
pear at the liquidus temperature and during the process of melting when there is enough
time to adjust the composition of the solid phase by re-crystallisation via the liquid phase.
In the converse situation, there is no mobility in the solid state, and the heating rate is
sufficiently high that the solid is forced to produce liquid of the same composition
during the complete process of melting. In this situation, the material is forced to behave
like the pure components: the Gibbs energy change as a function of temperature is just
like Figure 9.2, and the material will change into liquid, the moment the point of inter-
section is reached. In this situation, therefore, the whole sample will melt at the EGC
temperature!

As a result, in work on organic mixed crystals special attention should be given to the
interpretation and analysis of temperatures observed in heating experiments. The observed
temperatures of beginning and end of melting may deviate, to a certain extent, from the
solidus and liquidus temperatures corresponding to minimal Gibbs energy. In spite of this,
the average of the observed temperatures is expected to be in the vicinity of the EGC.

9.14 Analysis of the Phase Diagram

One of the main objectives of the research, dealt with in this chapter, is the determination
of the thermodynamic mixing properties, viz. the determination of the 4, B and 6 values of
the various mixed crystalline forms, such as solid o and solid B, of the systems studied.
The sources of experimental information are phase diagram data and heat effects deter-
mined by calorimetry. To realise the goal set, we start from the assumption that the thermo-
dynamic properties of the pure components, and, also, the thermodynamic mixing properties
of the liquid state, are known. In addition to this, the assumption is made that the excess
Gibbs energy of the liquid mixtures is too small to have a noticeable influence on the deter-
mination of the mixing properties of the mixed solid state. At this point, we will limit
ourselves to the analysis of phase diagram data. The details of the calorimetry are given in
Section 9.2.

In Figure 9.5, two cross-sections are shown of the excess Gibbs energy function
defined by Equation (9.3), the AB6 model. At this point, a few observations about the
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Figure 9.5 Cross-sections of the excess Gibbs energy function defined by Equation (9.3): (a) at
constant temperature as a function of mole fraction; (b) for the equimolar mixture as a function of
temperature.

function and its use are appropriate. The choice of the first and second component, i.e. the
substances A and B, respectively, will be considered first. In most of the systems studied,
A and B are members of a chemically coherent group of substances, such as the n-alkanes.
If so, substance B invariably is the one with the larger molecules. As an example, consider
A = hexadecane and B = octadecane. In those cases, the parameter B has a positive value,
typically in the vicinity of B = 0.15, and it implies that the maximum in Figure 9.5a lies at
the left-hand side of x = 0.5. Next, the model is such that the excess enthalpy, Equation
(9.4), the enthalpy of mixing, is identical with the excess Gibbs energy at 7= 0K. The
equimolar enthalpy of mixing is equal to 0.25 times the value of the A parameter, see
Figure 9.5b. In other terms, if a plot is made of GE values as a function of T, the excess
enthalpy, HE, can be plotted on the ordinate axis, i.e. the axis T = 0K.

Let us now suppose that the small rectangle in Figure 9.5b corresponds to the transi-
tion range of the form implied, to another form, or to liquid. The range is relatively small
and it means that the excess Gibbs energy does not change very much. The consequence,
taking into account the experimental uncertainties, is that the temperature characteristics
of the transition can be used to determine G® for the mean temperature, T, of the range,
but should not be used to determine the dependence of GF on temperature. To underline
this, we write

GHT =T, x) = x(1 = ){Gy(T = Tp) + Go(T = To)(1 — 2x)},  (9.14)

the G; and G, being the parameters that can be derived from the data.
The relation between G, and G, and the parameters 4, B, 8is
G, = A(l — T/9), (9.152)
G, = AB(1 — T,/6). (9.15b)
Depending on the nature and the quality of the data, the actual derivation of the parameters

G, and G, from phase diagram data can be realised by either of the two approaches
detailed hereafter.
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Before doing so, we introduce two operators A and A.. The operator A is used in the
manner of

AZ=7P - 7% forxP=x%=x; o= solid g B = solid 3, or liquid. ~ (9.16)

The condition x? = x* does apply only if the property Z is a function of x: the operator
is also used for form-dependent properties that are independent of composition; e.g.
AG; = GB — G % The operator A, is used in the manner

AZ = ZB(x = xB) — Z%x = x2), (9.17)

where x& and x£ are the equilibrium mole fractions of B in the phases o and 3, respectively.
In the first of the two approaches, the EGC is the intermediate between the phase dia-
gram characteristics and the excess Gibbs energies of the forms o and . The EGC is the
solution of Equation (9.13), which is, in the A notation

AG(T, x) = 0. (9.18)

After the substitution of Equation (9.1), for a and for §, Equation (9.18) changes into
(1 = X)AGA(T) + xAGy(T) + AGK(T, x) = 0. (9.19)
Next, after substitution of Equations (9.7) and (9.8) for the pure-component properties,

and, in view of the remark made before, replacing AGE(T, x) by AGX(T = T, x), the EGC
equation becomes

(1 — x)(AH,, — TAS}) + x(AH), — TAS}) + AGX(T = Ty, x) = 0. (9.20)

From Equation (9.20), it follows that the temperature of the EGC, Ty, as a function of x,
can be represented by the following equation:

_ AGKT = Ty, x)
TEGC(x) - TZCTO(x) + (1 _ x)AS; + xAS; ’ (921)
where T, the zero line, is given by
_ o + *
(1 — x)AH, + xAHgy 9.22)

TZCI’O(x) = (1 _ x)AS; + xASE .

The zero line is determined by pure-component properties only: AH " the enthalpy and
AS" the entropy change at the transition; ASy = AHA/T and AS§, = AHR/T$, T3 and T3
being the transition temperatures of the pure substances A and B.
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Figure 9.6 Plot of the temperature against mole fraction. In the 7—x plane, the distance from EGC
(dashed) to the zero line (dotted) is equal to the excess Gibbs energy difference divided by the
weighed mean of the entropy of transition of the pure components.

In the T-x plane, the zero line as a rule is close to the straight line connecting T'$ and
T3. From Figure 9.6, it follows that the function AGE(T = T, x) can be read easily from
the phase diagram: its value is the distance in K from EGC to the zero line, multiplied by
the mean entropy of transition of the pure substances.

The T-x phase diagram, as a result, allows the calculation of a set of AGE values as a
function of x. The mathematical processing of these data, in terms of the AGE analogue of
Equation (9.14), leads to the values of the parameters AG; and AG,.

Computer programs based on the EGC methodology of phase diagram analysis are
LIQFIT [32] and its Windows version WINIFIT [33]. The program LIQFIT was developed,
originally, to use a set of liquidus data, in order to calculate the complete solid-liquid
phase diagram (see also Section 9.2.2).

In the second approach, which is based on the equilibrium conditions in terms of chem-
ical potentials, Equations (9.12a) and (9.12b), the phase diagram information to be fur-
nished consists of triplets 7, x&, x£ with the equilibrium compositions of the two coexisting
phases as a function of temperature. In the A, notation the equilibrium conditions, Equations
(9.12a) and (9.12b), become

Aefia = 0, (9.23a)
Aug = 0. (9.23b)
Limiting ourselves to the equilibrium between a solid phase o and an ideal liquid phase,

the Equations (9.23a) and (9.23b), after substitution of Equations (9.7) and (9.8), and
(9.6a) and (9.6b), change into
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Figure 9.7 Plot of Gibbs energy versus temperature (a) for pure substance A, and (b) for pure sub-
stance B corresponding to Figure 9.1c. The dashed lines reflect metastability, and the open circles denote
metastable melting points.

1 - x“ * *
RTIn ((T_;C—m)) + (P[GE + GI3 — 4x%)] = AH — TASh.  (9.24a)

o

RTIn % + (1 = x*2[G¥+ G¥(1 — 4x%)] = AHy — TASp.  (9.24b)

For given G{ and G ¥, the two equations can be solved, to yield, as a function of 7, the equi-
librium mole fractions of the coexisting phases, x& and x4, Conversely, read in the case of
phase diagram analysis, the equilibrium compositions are used to calculate the values of
G{ and GY.

9.1.5 Polymorphism

In Figure 9.7, the pure component Gibbs energies are shown for the case represented by
Figure 9.1¢, where substance A displays a transition from the form f to the form ¢, and B
does not.

At the transition temperature, the S-form of substance A can be converted into the
o-form, and vice versa. It is the kind of polymorphism referred to as enantiotropism. The
important thing to note here, is that, if the a-form would not exist, the S-form would melt
at a lower temperature than the . The open circle in Figure 9.7a marks, what is called, the
metastable melting point of . Let us now assume that Figure 9.7b represents the Gibbs
energy relationships for substance B. The a-form of substance, invariably, is metastable
with respect to 8, and the kind of polymorphism is referred to as monotropism. The fact
that o is metastable does not mean that it fails to exist as there are many examples of
monotropism where the metastable form makes its physical appearance. In other cases, the
o-form has a virtual status with properties that can be computed or obtained by extrapola-
tion. Whatever the case may be, metastable melting points, or in general metastable transi-
tion points of pure components are properties that play an integral part in the thermodynamic
analysis of phase diagrams.

For the thermodynamic treatment of phase diagrams like Figures 9.1b and 9.1c¢, three
Gibbs energy functions of the type of Equation (9.1) are needed. The constituents of these
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Figure 9.8 Plot of temperature against mole fraction to illustrate a case of crossed isodimorphism.
The stable phase diagram can be regarded as the result of two solid-liquid phase diagrams each cross-
ing the other. Dashed curves: metastable extensions of solidi and liquidi; open circles: metastable
melting points.

functions are the pure-component properties of A and B, along with the excess Gibbs ener-
gies for each of the three forms, viz. @, §, and liquid, be it that in this work the excess Gibbs
energy of the latter is neglected. The phase diagram Figure 9.1b, as an example, can be
regarded as the stable result of two solid-liquid phase diagrams, each crossing the other.
In the case of such a phase diagram, the term ‘crossed isodimorphism’ is applied, see
Figure 9.8 [10-12,15-17,19].

9.2 Experimental
9.21 Sample Preparation

Mixed crystalline material, as a rule, is prepared in a roundabout way, by using a fluid phase
as a medium. In its simplest form, the fluid phase is the liquid mixture of the components,
and the mixed crystalline material is prepared by instantaneous solidification. One speaks
of ‘quenching of the melt’ and the quench can be carried out in liquid nitrogen.

In this section, the issue of sample preparation and homogeneity is elaborated by
the example of the system (1,4-dichlorobenzene + 1,4-dibromobenzene). More precisely, the
example taken is pertaining to the monoclinic form ¢ of 1,4-dichlorobenzene [34,35]; the
form in which the substance is isomorphous with crystalline 1,4-dibromobenzene. At tem-
peratures above T = 306K, the stable form of the chloro substance is triclinic () [36],
whose melting point is 0.19 K higher than the metastable melting point of ¢; in the present
context, the existence of the S-form, and its small single-phase field in the phase diagram
of the binary system, can be ignored.
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The starting point of our discussion is the paper by Campbell and Prodan, which
appeared in 1948 [37]. The authors constructed an apparatus for the determination of
cooling curves. Samples, having a volume of about 20 cm® and being liquid at the start, are
cooled at an initial rate of 0.3K - min~! and, during the experiment, stirred by employing
a fluctuating air pressure. A typical cooling curve is shown in Figure 9.9; the filled circle
clearly marks the onset of crystallisation, i.e. the liguidus temperature in the case of a
mixed sample; the open circle would correspond to the solidus temperature. The set of ligui-
dus and solidus temperatures, determined by Campbell and Prodan for the sample system,
are shown in Figure 9.10.
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Figure 9.9 Typical cooling curve with temperature plotted against time for the apparatus of Campbell
and Prodan [37]. Filled and open circles correspond, according to the authors, to the liguidus and
solidus temperatures of the phase diagram.
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Figure 9.10 Plot of the temperature against mole fraction for the system (1,4-dichlorobenzene +
1,4-dibromobenzene). The filled and open circles represent temperatures read from cooling curves,
see Figure 9.9. Solid curves represent the calculated phase diagram [38].
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The curves, shown in Figure 9.10, are the liquidus and solidus that are obtained by
LIQFIT, neglecting the small deviation from ideal mixing behaviour in the liquid state.
More precisely, they represent the phase diagram that is calculated when the procedure is
directed to the liguidus data. In terms of the constants in Equation (9.14), the calculated
phase diagram corresponds to the following rounded values G % = 15007J - mol™! and
G$=400J - mol .

From Figure 9.10, it unambiguously follows that the temperatures taken for solidus
temperatures are thermodynamically inconsistent with the liguidus temperatures. This is a
general disadvantage of the cooling curve method, be it that in most of the cases the
reported solidus temperatures are too low (and not too high, as is the case in Figure 9.10).
The following reasoning makes this clear.

From Figure 9.10 it follows that an equimolar mixture when cooled from the liquid
state, assuming that undercooling will not take place, is starting to crystallise at about
T = 341K. The first crystals that are formed, as follows from the phase diagram, have
a composition of about x = 0.72. When crystallisation goes on, the time is too short
to reach thermodynamic equilibrium between the crystallising liquid and the whole of
the deposited solid. At best, there will be equilibrium between the entire liquid and the
last deposited layer of solid. And owing to the fact that the first deposited layers have
x > 0.5, the last crystallising layers must have x < 0.5. This means that the last amount of
liquid will crystallise at a temperature that is lower than the solidus temperature for x = 0.5.

A revealing experiment has been the following, carried out in an adiabatic calorimeter
[38]. In the calorimeter, an original liquid sample, with x = 0.51, was kept for 5 days at
1K below the liquidus temperature, and subsequently cooled at an average rate of
3K - day !, until room temperature. Thereafter, it was subjected to the normal experimental
procedures: at T = T, the sample is kept under adiabatic conditions for (typically) 600s,
then an electrical energy input AE = 257 is provided, whereafter the sample is kept again
under adiabatic conditions for 600 s, the temperature becomes a constant, T = T}. The heat
capacity of (calorimeter + sample), at the mean temperature, is given by AE/AT, where
AT =T, — T,. After correction for the heat capacity of the calorimeter, the number of
joules per mole or gram is calculated, which is necessary to raise the temperature of the
material by 1 K. A plot of this property against temperature is referred to as a heat capacity
diagram [39]. The outcome of the experiment on the sample solidified in the calorimeter,
as described, is shown in Figure 9.11, along with the ideal melting curve.

The ideal curve is calculated for overall and continuous thermodynamic equilibrium.
It shows a sharp rise at the solidus temperature, and a sharp fall at the liquidus tempera-
ture. From Figure 9.11, it follows that the real sample already starts to melt at a tempera-
ture close to the melting point of 1,4-dichlorobenzene (7" = 326.24K). It can also be
observed that melting is complete at the liquidus temperature. By gradual cooling of an
initially liquid mixture, as a result, mixed crystalline material is obtained that lacks
overall homogeneity. Instead, the deposited solid material has a gradient in composition,
corresponding to some kind of a layered structure. The first deposited layer has a
composition, which is the equilibrium composition for the liguidus temperature of the
overall sample composition. The last layer has a composition that is close to the compos-
ition at the lowest temperature of the equilibrium diagram, lowest melting component or at
the minimum, if the diagram has a minimum.
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Figure 9.11 Heat capacity plotted against temperature for the system (1,4-dichlorobenzene +
1,4-dibromobenzene) [38). The points represent the values obtained for the solid to liquid change for
a sample (x = 0.51) prepared from a liquid mixture by slow cooling in the calorimeter. The dashed
figure is the ideal melting curve.

In the opposite direction, on heating, the last deposited layer will be the first to melt, and
the first deposited the last to melt. The heating curve, so to say, will be the mirror image of the
cooling curve.

From the observations made so far, it is plausible to conclude that the experimental
determination of reliable solidus temperatures will be possible only if the experimentalist
has at his or her disposal mixed crystalline samples that are homogeneous throughout. A
special technique for the preparation of grams of homogeneous material is zone levelling.
The technique belongs to the class of ‘zone melting’ techniques that are characterised by a
small molten zone that redistributes the material while travelling slowly through a tube
with solid material. In the case of zone levelling, the liquid zone passes, a number of times,
through the tube from left to right, and back, from right to left. A special apparatus for the
growth of organic mixed crystals has been constructed and described by Kolkert [40,41]. With
Kolkert’s apparatus, 2 or 3 weeks are needed to prepare some 4 g of homogeneous material;
the travel speed of the liquid zone is of the order of 4 cm - day~!. The technique was applied
by Bouwstra et al. [42-44] to investigate the system (frans-azobenzene + trans-stilbene).
Their heat capacity diagrams, by adiabatic calorimetry, indeed, showed the ideal appear-
ance of the calculated curve in Figure 9.11. Moreover, their calorimetric observations were
in full agreement with the calculated phase diagram. The importance of the work on zone
levelling is that it has been demonstrated that by the coupling of this technique and adia-
batic calorimetry, reliable liguidus and solidus data can be obtained. The work has been a
landmark and a starting point for the exploration of less sophisticated and time-consuming
methods. As a particular example, we will discuss the work by van der Linde [38] and
van der Linde et al. [45], on samples prepared by rapid co-precipitation from a highly volatile
solvent. The pure substances 1,4-dichlorobenzene and 1,4-dibromobenzene, in the desired
proportions, were dissolved in diethyl ether, after which mixed crystalline material was
forced to precipitate through fast evaporation of the solvent. The quasi-instantaneous method
allows the preparation of samples, typically with a mass of 5 g, in less than half an hour.
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Figure 9.12 Plot of heat capacity against temperature for the system (1,4-dichlorobenzene +
1,4-dibromobenzene) for the solid to liquid change in a sample (x = 0.52) prepared by rapid
co-precipitation from a solvent. The solid curve is the melting curve in terms of the ULTRACAL
model [38,45].

As a representative example, and for comparison with Figure 9.11, Figure 9.12 gives the
measured heat capacities of the sample, having x = 0.52. From a comparison of Figures 9.11
and 9.12, it follows that the experimental points in the latter are close to the ideal melting
curve. Most importantly, as has been shown [45], the temperatures at the highest slopes at
the rising and falling edges, which are the points of inflexion at the edges of the experi-
mental diagram, virtually coincide with the solidus and liguidus temperatures, respectively
of the phase diagram.

With respect to the accuracy of the experimental data, 0.1 K is a representative figure
for the uncertainties in (i) the liquidus temperatures by Campbell and Prodan [37], and
(ii) the solidus and liquidus temperatures, derived from the heat capacity diagrams for samples
prepared by rapid co-precipitation. From the point of view of phase diagram temperatures,
the method preparing samples in this way yields results close to the standard set by zone
levelling. For the research on mixed crystals this is an advantage. Does it mean that the work
on zone levelling has been superfluous? Certainly not, as follows from the experimental
observations detailed hereafter.

In the thermodynamics section above, a distinction was made between two experimental
situations: (i) heating at low speed when the molecules have some mobility, and (ii) heating
at high speed in combination with negligible mobility. It was argued that in situation
(1) melting would start at the solidus temperature and be complete at the liquidus temper-
ature. In this section, we have shown that samples prepared by zone levelling and meas-
ured by adiabatic calorimetry fully meet these expectations; and that the same is true for the
samples prepared by rapid precipitation. For the limiting case of situation (ii), it was
argued that the mixed crystalline material should melt isothermally at the EGC.

From the very first measurements [40,41] by differential scanning calorimetry (DSC),
it became apparent that samples prepared by zone levelling exhibit a unique melting
behaviour. Experiments extending over the full scale of a binary system were carried out for
(1,4-dichlorobenzene + 1,4-dibromobenzene) [46]. The DSC heating curves, shown in
Figure 9.13, are representative of the whole set of observations, and they include the melting
curves of the pure components.
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Figure 9.13 Heating curves obtained by DSC for the system (1,4-dichlorobenzene + 1,4-
dibromobenzene). The heating rate of 0.62 K - min~' on 1 mg samples was used. Curves (a) and (d)
refer to the pure components; curve (b) to the sample taken from mixed crystalline material pre-
pared by zone levelling; curve (c) recorded after melting and solidifying of the sample giving rise to
curve (b).
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Figure 9.14 Plot of ‘melting points’ for crystalline samples of (1,4-dichlorobenzene +
1,4-dibromobenzene). The samples were prepared by zone levelling, and the temperatures correspond to
the temperature 77, in Figure 9.13 curve (b). The curve is the EGC, corresponding to the phase diagram
shown in Figure 9.10.

Curve (b) is typical of samples taken from mixed crystalline material prepared by
zone levelling. The curve resembles the melting curves of the pure components. This
means that the mixed material is melting quasi-isothermally at the temperature 7,,. The
melting temperature, 7, can be read from the curve in a clear and unambiguous manner.
The complete set of observed ‘melting points’, T, is plotted as a function of composition
in Figure 9.14.

The most striking aspect of the ‘melting points’ is that they are in the direct vicinity of
the EGC of the system. In other words, the melting behaviour of the samples comes close
to the behaviour expected for limiting case (ii).

From the experimental results, detailed in this section, it follows that the three char-
acteristic curves of the phase diagram, liquidus, solidus and EGC, all represent an experi-
mental reality. They can be located by experimental methods. It is also clear that the choice
of the measuring technique and the preparation of the samples have a decisive influence on
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what is actually measured. Out of the three characteristic curves, the liquidus is the most
accessible one to experimental determination. The EGC is the least accessible of the three.
The material prepared by zone levelling allows, apart from the liguidus, the determination
of the solidus and the EGC, be it in different experiments. The material prepared by
co-precipitation from a solvent, and when measured in an adiabatic calorimeter, is giving
rise to heat capacity diagrams that virtually coincide with the diagrams produced by the
material prepared by zone levelling. In DSC experiments, on the other hand, only the zone-
levelled samples manage to melt isothermally, on the EGC. The difference in DSC behav-
lour can be related to the fact that zone levelling results in compact material, and
co-precipitation in a fine powder. The latter has free space to enhance, via vapour, the
mobility of the molecules. The material prepared by co-precipitation results in DSC ther-
mograms that resemble the heat capacity diagrams, Figure 9.12, obtained by adiabatic
calorimetry. Owing to the fact that the outcome of the experiments is a function of experi-
mental methods and sample history, it is recommended that experiments are synchronised
with thermodynamic computations, namely phase diagram analysis.

9.2.2 Microcalorimetry

In the section ‘sample preparation’, the technique of adiabatic calorimetry has been dis-
cussed at some length. This section is restricted to microcalorimetry. When compared with
adiabatic calorimetry, microcalorimetry has the enormous advantage of requiring less time
and less material. Through microcalorimetry, samples as small as a few milligrams are
scanned at a rate, which is as a rule between 1 and 10K - min~'. In adiabatic calorimetry,
samples have masses that range from 0.5 g to some 10 g, and a complete experiment eas-
ily takes two weeks. Adiabatic calorimetry, on the other hand, is a byword for accuracy and
precision. And not insignificantly, adiabatic calorimetry is a better guarantee for thermo-
dynamic equilibrium.

For the purpose of research on mixed crystals, the principal techniques are differen-
tial thermal analysis (DTA) and DSC. The adjective ‘differential’ expresses the fact that
the measured quantity is a difference between the sample and a reference, both being kept
under the same experimental conditions [47]. In the case of DTA, the measured difference
is a difference in temperature. However, for DSC, it is a difference in heat flow.

In the case of organic materials, it is desirable to encapsulate the sample under an inert
atmosphere. This is to prevent evaporation, and to avoid sample oxidation. It must be realised
that the material under investigation has a certain vapour pressure, and that the dead vol-
ume of the sample container, as a result, will be saturated with vapour. During a heating
experiment, the vapour pressure increases, and it means that there is some uncertainty
as to the pressure exerted on the material at a solid—solid or a solid-liquid transition.
Strictly speaking for the case of containers with no other material than the system to be
studied as well as for pure substances, triple points are measured rather than normal melt-
ing points [48-51].

In the majority of cases, the influence of vapour pressure on solid-solid and solid-liquid
transition temperatures can be neglected as their contribution is less than the experimental
uncertainties.
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Figure 9.15 Plot of heat flux against temperature to produce a microcalorimetric thermogram that
corresponds to the melting of a pure substance.

The Thermogram

The microcalorimetric thermogram shown in Figure 9.15 is meant to correspond to the
melting of a pure substance. The horizontal axis is for temperature, the temperature of the
block (on which sample capsule and reference are mounted) to be precise.

The melting of a pure substance is an isothermal event, which implies that over the
whole rising edge of the thermogram the temperature of the sample does not change. At
the end of the event, the recording returns to the baseline in a more or less exponential
manner. At Ty, which is called the final peak temperature, the recording is back at the
baseline. At the ascending edge of the thermogram, T;, which is called initial peak temper-
ature, is the temperature at which the recording starts to deviate from the baseline; and 7, is
the so-called onset temperature. Qbviously, the onset temperature is representative of
the melting temperature of the process. More precisely, instruments are calibrated with pure
substances such that the observed onset temperatures are identified with their melting
temperatures. One can observe that the part of the peak between T; and T, is a matter of
instrumental inertia. The angle ¢, between ascending edge and baseline, is a property of
the instrument and, in addition, a function of the applied heating rate. At the falling edge
and neglecting the inertia at the top of the peak, the temperature of the sample increases
from T, to T%. For a point on the falling edge, the temperature of the sample is found with
an auxiliary straight line, parallel to the ascending edge, i.e. at an angle « with the base-
line: the temperature is given by the intersection of the auxiliary line and the baseline.
Obviously, the difference between T, and T is a function of the mass of the sample.

For a mixed crystalline sample having a certain composition x, the change from solid
to liquid, as a rule, is a non-isothermal event. The thermogram of the event will be the
result of a complex interplay between the characteristics of the instrument, the applied
heating rate, the thermodynamic characteristics of the solid to liquid change and the prepar-
ation of the sample. A typical thermogram is shown in Figure 9.16, and the key question
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Figure 9.16 Thermogram representing the melting of a mixed crystalline sample with the heat flux
plotted against temperature.

is, how to read from the thermogram the solidus and liquidus temperatures that correspond
to composition x. For the interpretation that follows here, it is assumed that the sample has
been prepared by rapid evaporation from a solvent, and, moreover, that it manages to
behave like the sample measured by adiabatic calorimetry, see Figure 9.12.

If so, the solidus temperature should correspond to the onset temperature, 7. Note that
reading values of T, from the thermogram may be less precise than in the case of Figure 9.15.
Furthermore, the point of inflexion at the falling edge should correspond to the end of
melting. Subsequently, the liquidus temperature, T;, is found as is shown in Figure 9.16,
that is to say, respecting the angle o [52].

A practical, alternative method, for the reading of solidus and liguidus temperatures
from thermograms like Figure 9.16, is the so-called shape-factor method [53]. The method
is rather similar to the one detailed in the foregoing paragraph. It also compares the thermo-
gram of the mixed sample with the thermogram(s) of the pure substance(s), taken under
the same experimental circumstances.

A typical result of microcalorimetry work is the phase diagram shown in Figure 9.17.
The diagram pertains to the system (2-methylnaphthalene + 2-chloronaphthalene), one
of the very few systems showing a solid-liquid phase diagram with a maximum [54]. The
data shown are liquidus points from two different investigations, and for one of the inves-
tigations from three different instruments. The solid curves in Figure 9.17 are the opti-
mised (LIQFIT) solidus and liquidus curves. The observations to be made here are (i) that
an individual experimental liguidus point may deviate from the mean trend by a maximum
of about 1 K; and (ii) that from investigation to investigation, differences may easily run up
to 3 or 4K. Clearly, the accuracy of microcalorimetric solidus and liquidus temperatures is
less than the accuracy of the ones determined by adiabatic calorimetry.

The remaining uncertainties in the latter are 0.1K (see above). A lower limit for the
remaining uncertainties in microcalorimetric solidus and liquidus data is 0.5K.
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Figure 9.17 Optimised phase diagram of the system (2-methylnaphthalene + 2-chloronaphthalene)
with temperature plotted against mole fraction. The symbols are microcalorimetric /iguidus points
obtained with different instruments [54] (O Seiko DSC 120; APerkin-Elmer DSC 2; UJ Setaram
DSC 111); + data by Meresse [55].

Heat Effect

The area under the peak of a thermogram, making allowance for the course of the baseline,
is a measure of the heat effect of the process (see Figure 9.18).

As a function of composition, the measured heat effect gives direct information on the
excess enthalpy function, because

ABH(x) = (1 — x)ABH + xABHy + AL HE(x). (9.25)

An example of experimental results is shown in Figure 9.19 for the system (2-methyl-
naphthalene + 2-chloronaphthalene), which corresponds to the solid-liquid change dis-
played in Figure 9.17. In order to visualise the ‘excess effect’, the property on the y-axis of
Figure 9.19 is not simply the molar enthalpy of melting, but the ‘enthalpy of melting
divided by kJ - mol ™! minus two times the value of the mole fraction’. The curve shown in
Figure 9.19 is based on

AHG)/K] - mol™Y) = {(1 — x)11.96 + x14.05 + 2.60x(1 — x)[1 + 0.20(1 — 2x)]},
(9.26)

where A stands for AI. It implies AH, = 11.96kJ - mol '; AHp = 14.05kJ - mol™}; and
in terms of the 4B6 model, assuming ideal liquid mixing behaviour, it gives rise to
A = —2.60kJ - mol~!; B = 0.2 for the mixed crystalline state.
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Figure 9.18 Plot of heat flux against temperature. The heat effect of a process follows from the
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Figure 9.19 Plot of the enthalpy of melting (see text) against mole fraction 2-chloronaphthalene in
the system (2-methylnaphthalene + 2-chloronaphthalene). The symbols refer to instruments. See
Figure 9.17 [54].

With regard to experimental accuracy, it follows from Figure 9.19 that an individual data
point may deviate from the mean trend to a maximum of about 0.25kJ - mol ™!, which is
2percent of the total effect. At this point, it should be emphasised that the power of
microcalorimetry is that it gives, at the same time, the phase diagram and the enthalpy effect
of the transition. The phase diagram is an expression of the excess Gibbs energy difference for
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the mean temperature of the transition (ASGF(T = T%..,)). The heat effect directly gives
the excess enthalpy difference A8 HE(x). Subsequently, and when combined, the two func-
tions yield the excess entropy difference, because

AB,GH(T = Tneans ¥) = ABHE(x) — TeanABSE(x). (9.27)

In other terms, and in the case of the (2-methylnaphthalene + 2-chloronaphthalene) system
for which the liquid state is taken as an ideal mixture, microcalorimetry yields the complete
information on the excess Gibbs energy of the system, i.e. the values of the parameters 4,
Band 6. From Equation (9.25), for the excess enthalpy of the mixed crystalline state, here
denoted by «,

HEB4(x) = —2600x(1 — x)[1 + 0.2(1 — 2x)] J - mol . (9.28)

From the phase diagram, by means of LIQFIT,
GEYT =326.5K, x) = —1795x(1 — x)[1 + 0.2(1 — 2x)] - mol™!.  (9.29)

From the two expressions: 4 = —2.60kJ - mol~!, B = 0.2 and 8 = 1050 K. Owing to the
fact that the relative uncertainty in the excess enthalpy (see Figure 9.19) and hence in the
parameter A4 is rather high, the uncertainty in @ may easily run up to 200 K.

With respect to excess properties and their experimental uncertainties, quite a differ-
ent situation is met with the rotator state of the system (nonadecane + heneicosane). This
time the excess enthalpy difference, liquid minus rotator, is negative, and in an absolute
sense, four times the difference between liquid and solid displayed by the (methyl + chloron-
aphthalene) system, see Figure 9.20. Again, the deviation of an individual point from the
general trend is about 0.25kJ - mol ™! at most. The large AHF is contrasting with the excess
Gibbs energy difference AGE, which is really very small.
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Figure 9.20 Plot of the enthalpy and excess enthalpy of melting against mole fraction heneicosane
for the system (nonadecane C;o + heneicosane C,;) [56].
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Figure 9.21 The phase diagram of the system (C;9 + C,,) by [57a] and based on high-pressure
DTA [57b].

As can be seen in Figures 9.21 and 9.22, the (RI + L) two-phase regions bend only
slightly downwards. It means, from Equation (9.21), that there is a small negative AGE and
subsequently, from Equation (9.27), it follows that the quotient of AHE and ASE will be
close to the T,y in the vicinity of 7= 310 K. More precisely, that quotient is calculated as
T = 319K. Owing to the fact that liquid mixtures of C,5 and C,, are virtually ideal, the cal-
culated T = 319K comes down to the value of 8 = 319K for the rotator state of the system.

Presence of Three Phases in Equilibrium

The system to which the phase diagram Figure 9.28 (see page 231) applies has a three-phase
equilibrium, a situation that under isobaric conditions is invariant: as long as there are three
phases, the temperature does not change. A sample consisting of two solid phases will start
to produce liquid at the three-phase equilibrium temperature, which is named the eutectic
temperature in the case of Figure 9.28, and peritectic temperature in cases where the compo-
sition of the liquid does not lie between the composition of the solid phases. The sample will
remain at the eutectic temperature until one of the solid phases is exhausted. At the eutectic
arrest, the instrument will register an isothermal melting peak that resembles the melting
peak of a pure substance. After the arrest, the non-isothermal melting of the remaining solid
continues, and it is complete when the liguidus temperature is reached. The complete ther-
mogram typically has the appearance of the thermogram displayed in Figure 9.23. After the
eutectic arrest and up to the liguidus temperature, the heat flux as it depends on tempera-
ture is determined by the Lever rule, Equation (9.11).

Directly after the eutectic arrest, the heat flux falls down, almost to the baseline. As a
result, the enthalpic effect at the arrest can easily be determined. The eutectic enthalpic effect is
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Figure 9.22 The phase diagram of the system (C;9 + C,;) by [56,58] based on isoplethic thermal
analysis (x) and isothermal X-ray diffraction at 7= 278 and 303 K. The isothermal X-ray measure-
ments at 7= 278 K gave rise to the spectra shown in Figure 9.31 [56,58].

maximal when the overall composition of the sample is equal to the equilibrium liquid
composition at the eutectic temperature. The effect, again determined by the Lever rule,
becomes zero when the overall composition is equal to the composition of either one of the
solid phases at the three-phase equilibrium. These observations imply that the compos-
itions of the phases at the three-phase equilibrium can be read from a plot of eutectic
enthalpic effect as a function of overall composition, the so-called Tamman plot. An example
is given in Figure 9.24, which corresponds to Figure 9.28, for overall compositions at the
right-hand side of the eutectic composition.
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Figure 9.23 Thermogram typical of melting that starts at a eutectic arrest in a plot of heat flux
against temperature.
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Figure 9.24  Plot of the enthalpy change at the eutectic against mole fraction 1-bromo-4-iodobenzene
for the system (1,4-dichlorobenzene + 1-bromo-4-iodobenzene) [8]. See also Figure 9.28.

9.23 X-Ray Diffraction

The structural characterisation of the solid phases is an essential part of thermodynamic
research on solid-liquid and solid—solid equilibria. This is especially true in the case of
organic substances and their mixed crystals. The essential characteristic of organic, molecular
materials, when compared with inorganic ionic materials and metals, is the circumstance
that the building unit is a polyatomic entity. From substance to substance, the building
units or molecules do show a variety in size and shape. For a given substance, the flexibil-
ity of the molecules may find expression in the existence of a variety of conformations.
With respect to the crystalline state, a given set of molecules may give rise to different
arrangements, whether or not in combination with conformational and orientational dis-
order. The experimental technique par excellence to reveal the richness in structure and to
realise the structural characterisation of a crystalline solid is X-ray diffraction.
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Figure 9.25 The three basic situations are shown for the formation of mixed crystals between two
substances A and B at given constant temperature and pressure. Upper part: molar Gibbs energy as
a function of the mole fraction of B, x. Middle part: phase diagrams. Lower part: some property of
the mixed crystal as a function of x at a temperature T;. Case (a): A and B have the same crystal
structure characteristics and give rise to the formation of mixed crystals in all proportions. Case (b):
same crystal structure characteristics; there is, in spite of that, a miscibility gap in the solid phase.
Case (c): A and B have different structures; it necessarily involves a range in mole fraction where the
formation of mixed crystals is interrupted.

For a pair of substances, A and B, and when considered at a given, fixed temperature and
pressure, one can distinguish between three different cases, represented by Figures 9.25a—.
The upper part of the figures shows the Gibbs energy plotted against composition, the
lower part represents a property, P, related to structure, suppose the Bragg angle of a given
X-ray reflection, all of them corresponding to the solid phase(s) at temperature T for the
phase diagrams plotted at the central part.

In the case of Figure 9.25a, there is one Gibbs energy function, and it implies that A
and B are isomorphous: they have the same unit-cell characteristics, space group and number
of molecules per unit cell, and, within the unit cell, the same arrangement of molecules. In
this case, any physical property P% changes from x = 0 (pure A) tox = 1 (pure B) in a con-
tinuous manner.

In the case of Figure 9.25b, and unlike the case of Figure 9.25a, A and B do not mix
in all proportions, in spite of the fact that they have the same structure characteristics.
Denoting by x ! and x 2" the compositions of the phases that can be in equilibrium, the fol-
lowing observations can be made. For overall compositions between x % and x &7, the sample
is heterogeneous, and P being the Bragg angle of a reflection (for instance), the diffraction
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pattern will show a double peak corresponding to P*(x* = x2!) and P*(x* = x¢™). For
overall compositions outside the miscibility gap, samples are homogeneous and P* values
‘at the left-hand side”’ are in line with the values measured ‘at the right-hand side’ of the gap.

In the case of Figure 9.25¢, the stable forms of the pure components have different
structure characteristics: two Gibbs energy functions are needed, one for the o-type of
structure and one for the S-type of structure. Similarly, there are two different P functions,
P*and PP. In a case like this, the phase diagram inevitably will show a two-phase region,
and P values measured on homogeneous samples ‘at the lefi-hand side’ of that region will
not be in line with the values measured ‘at the right-hand side’.

For a number of typical examples of real systems, considered hereafter, a distinction
is made between isothermal measurements and isoplethic (constant composition) meas-
urements. In the case of the former, the composition is varied, and in the case of the latter
the temperature is changed.

Isothermal Measurements
CH;CCl; + CCl, [59]

The 1,1,1-trichloroethane and carbon tetrachloride are substances that have plastic-
crystalline mesophases, orientationally disordered crystals (ODICs) in which the spherically
shaped molecules have orientational freedom. The special aspect about the two is that, when
plastic crystalline, they show a dimorphic behaviour of the monotropic type [60-62]. This is
to say that they give rise to two different forms, such that one of these forms is metastable
under all circumstances of temperature. Moreover, the two substances have the same
metastable form; it is face-centred cubic (fcc). The stable form of the substances is thombo-
hedral (R). The fcc form is produced from the liquid state on cooling, and on further cool-
ing it changes into the R-form. When the fcc crystals after having been formed are heated
instead of cooled, they directly change into liquid, i.e. without changing first into R.

Mixtures of the two substances exhibit exactly the same polymorphic behaviour as the
two components, whatever the composition. The complete situation is shown in Figure 9.26,
where the metastable melting loop is superimposed on the stable phase diagram. The thermo-
analytical result, Figure 9.26, has been proven in an independent manner by isothermal
X-ray diffraction [59]. The outcome of the X-ray investigation, on the pure components and
four mixed samples, is shown in Figure 9.27.

In conclusion, in relation to Figure 9.25, the system corresponds to the superposition
of two diagrams of type a; one for the stable and one for the metastable plastic-crystalline
mixtures.

1,4-Dichlorobenzene + 1-Bromo-4-Iodobenzene [8]

Like 1,4-dibromobenzene (Br Br), the substance 1-bromo-4-iodobenzene (Br I), at room tem-
perature, has the same type of structure as 1,4-dichlorobenzene (Cl Cl). But unlike Br Br, Br 1
does not mix in all proportions with Cl ClI: the Br I molecules are less compatible in size with
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Figure 9.26 The phase diagram for the system (CH;CCl; + CCl,) with temperature plotted against
mole fraction carbon tetrachloride. The metastable melting loop, dashed curves, of the fcc-type of
plastic crystals is superimposed on the stable phase diagram shared by the rthombohedral plastic-
crystalline and liquid states. Filled and open circles represent experimental data by DSC [59].
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Figure 9.27 Plot of lattice parameters against mole fraction carbon tetrachloride for the system
(CH,CCl; + CCly) at T = 230.2 and 232.2 K. The unit-cell parameters were obtained by X-ray pow-
der diffraction. The upper part represents the parameter a of the metastable fce crystals. The lower
part represents the parameters a(O) and o (A) of the thombohedral crystals [59].

the CI Cl molecules than are the Br Br ones. The combination of C1 Cl and Br I, therefore,
is a clear example of the case represented by Figure 9.25b. The solid-liquid phase diagram
of the system is shown in Figure 9.28. The broad solid-state region of de-mixing is giving rise
to a three-phase equilibrium of the eutectic type. At the bottom of the diagram, an impression
is given of the doubling of X-ray reflections for overall sample compositions ‘inside the
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Figure 9.28 The optimised solid-liquid phase diagram for the system (1,4-dichlorobenzene +
1-bromo-4-iodobenzene) with temperature plotted against mole fraction 1-bromo-4-iodobenzene.
The filled circles are DSC observations. At the bottom, an impression is given of the change with
overall sample composition of the (210) X-ray reflection [63].

region of de-mixing’. As an aside, in a clear manner Figure 9.28 reflects the usefulness of
the combined approach of X-ray analysis, microcalorimetry and thermodynamic analysis.

2-Amino-2-Methyl-1,3-Propanediol + 1,1,1-Tris(hydroxymethyl)propane [14]

Systems where the two components are non-isomorphous, and correspond to Figure 9.25c,
are quite numerous. An example, again involving ODIC, is the system (AMP + PG). The
AMP is the acronym for 2-amino-2-methyl-1,3-propanediol, NH,(CH;)C(CH,0OH),, and
the PG for 1,1,1-tris(hydroxymethyl)propane, (CH;)C(CH,OH);. The stable ODIC form
of AMP is body-centred cubic (bce), and the stable ODIC form of PG is fec [64-66]
(Figures 9.29 and 9.30).
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Figure 9.29  Plot of the lattice parameter a against mole fraction PG for the system (AMP + PG).
The cubsic cell parameter was determined by isothermal X-ray diffraction at 7 = 363 K. Filled circles
are for body-centred, and filled triangles for face-centred cubic lattices [67].
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Figure 9.30 The phase diagram for the system (AMP + PG) with temperature plotted against
mole fraction PG. Solid curves: experimental phase diagram, based on DSC measurements (X), and
isothermal X-ray powder diffraction (A). Dotted curves: calculated phase diagram [14].

Nonadecane + Heneicosane [58]

The normal alkanes (C,H,,.,), C, for short, have a rich polymorphic nature which is dif-
ferent for odd and even members of the family, and, moreover, a function of chain length.
Interestingly, part of the polymorphic nature is related to the appearance of a mesostate,
which is the rotator state. In the rotator state, the elongated molecules have rotational freedom

around their long axis.
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In Figure 9.21, the phase diagram of the system (C9 + C,,) is shown as determined by
Wiirflinger [57b]. The phase diagram has three single-phase fields. These are, from top to
bottom, for the liquid, the rotator and the ‘ordinary’-solid state. In the rotator state, the system
has the form RI, which is one of the possible rotator forms. Phase diagrams, in agreement
with Figure 9.21, have also been published by Mazee [68] and by Maroncelli et al. [69].
The diagrams agree as to the nature of the ‘ordinary’-solid state, viz. a continuous series of
mixed crystals in the form, the type of structure taken by the pure components. The important
point to mention at this point is the fact that the careful measurements, on which the dia-
gram of Figure 9.21 is based, did not reveal the fine structure at the bottom of the diagram.

The fine structure is shown in Figure 9.22, which corresponds to the appearance of
intermediate forms like Mdci (monoclinic, space group Aa) and Op (orthorhombic, Pca 2,),
in addition to the form O; (orthorhombic, P,,,) taken by the pure components. The unit-
cell parameters of the various forms are close to one another. It means that the energetic
differences between the forms are small, and it explains why microcalorimetric methods
fail to reveal the subtle distinctions. Figure 9.31 shows, as a function of composition, the
X-ray spectra on which the distinction between the forms is based.
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Figure 9.31 X-ray diffraction patterns for the system (C,y + C,;) plotted against the 28 angle of
reflection with composition as the parameter at 7 = 278K [58].
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Isoplethic Experiments as a Function of Temperature

In the technique introduced by Guinier, X-ray powder diffraction is combined with the pos-
sibility of heating the sample under observation. During an experiment, the X-ray film is
moved with a linear speed. The technique offers the opportunity not only to subject the
sample to a certain heating rate, but also to keep the sample at isothermal conditions and
so far for a variety of desired temperatures. The position of the X-ray pattern on the film
corresponds to the temperature of the sample (heating experiment at a certain rate), or to
the progress of time (isothermal experiment). The power of the technique is that it unites
the advantages of thermal analysis-with-characterisation-of-phases with the possibility of
applying a wide range of time-scales.

2,2-Dimethyl-1,3-Propanediol + Tris(hydroxymethyl) Aminomethane [70]

Like AMP and PG, see above, the substances neopentylglycol (NPG), 2,2-dimethyl-1,3-
propanediol, (CH;),C(CH,0H), and tris(hydroxymethyl) aminomethane (TRIS, 2-amino-
2-hydroxymethyl-1,3-propanediol, NH,C(CH,0H);) have a plastic-crystalline mesostate
[71]. In the case of NPG, the stability relationships are [64,72]:

Ordinary solid (T, = 314.4K) ODIC (Tys = 402.8K) liquid
Monoclinic (M) fee (Cp)

P2,/c; Z = 4 Z=4

and for TRIS

Ordinary solid (7, = 406.8K) ODIC (Ts = 442.7K) liquid
Orthorhombic (O) bee (C))

Pn2,a;Z=4 Imym; Z =2

The experimental phase diagram of the (NPG + TRIS) system is shown in Figure 9.32
and the phases that make their appearance are L, C;, Cg, O and M.

Hereafter, a series of experiments is described to give an indication of how the phase
diagram was established, and, in particular, to illustrate the influence of time-scale. The
experiments on mixed samples were made on originally solid samples that had been
obtained from liquid mixtures, which were allowed to cool down to room temperature typ-
ically during 30 min.

Initially, the system was studied by thermal analysis by DSC experiments on 5mg
samples at a scanning rate of 2K - min~!. The experiments revealed the existence of
three different three-phase equilibria: [M + Cr + 0] at T = 310.2K; [C; + C; + 0] at
T'=3925Kand [L + Cg + C{]atT = 410.7K.

In spite of the coherence between the DSC observations, there was an alarming peculiar-
ity. It is the fact that the DSC peak, which would correspond to the arrest at the [Cr + C; + O]
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Figure 9.32 Phase diagram for the system (I, = NPG + II; = TRIS) with temperature plotted
against mole fraction TRIS. X: as determined by DSC; o: by the Guinier technique; A: isothermal
X-ray diffraction [70].

three-phase equilibrium, was observed for samples containing up to 95 mole% of NPG (the
peak in question is the first one of curve ‘a’ in Figure 9.35). This circumstance would
represent an inconsistency in the phase diagram data as was found by a set of trial calculations
of the [O + Cg] equilibrium.

In this situation, it was decided to study the behaviour of the samples by means of the
Guinier technique at a rate of 0.1K - min~!, which is 20 times slower than that used in
the DSC experiments. The results are shown, in part, in Figure 9.33 and this time they are
free from severe inconsistencies. From the diffraction patterns, it can be seen that the tran-
sition from the [O + Cg] two-phase region to the [Cg] single-phase region takes place at
T ~ 378K for the sample with x = 0.25; at T ~ 383 K for x = 0.35 and at T ~ 388K for
x = 0.40. Additional Guinier experiments, the results of which are not shown here, showed
that, for 0.45 < x < 0.57, the [O + Cg] domain is left at T ~ 390K as the system enters
into the [Cr + C;] two-phase region. Guinier experiments on samples with x = 0.60 and
0.80 showed that the [Cy + O] domain is left at 7 ~ 391 K. The sample with x = 0.80
clearly showed the transition from [Cy + O} to [C; + O]. The sample with x = 0.60, on
the other hand, only revealed a change from [Cy + O] to C;. This means that the compos-
ition of the C; phase, at the three-phase equilibrium, is in the vicinity of x = 0.60. From
isothermal X-ray experiments at 7 = 398K, it was determined that the composition of
Crat T =3925K is x = 0.57. The experimental phase diagram, based on the evidence
discussed so far, is the one shown in Figure 9.32.

As a conclusive check of the correctness of the phase diagram, as far as experimenta-
tion is concerned, some additional experiments have been carried out. The results of these
experiments are shown in Figures 9.34 and 9.35. Figure 9.34 pertains to X-ray experiments,
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Figure 9.33 Guinier-Simon spectra for the system (NPG + TRIS). (a): pure NPG; (b), (c), (d):
samples with mole fraction TRIS x = 0.25; x = 0.35; x = 0.40, respectively [70].

during which the sample with x = 0.15 is kept at T = 388 K. The figure shows the evolu-
tion of the X-ray pattern with time. It can be observed that it takes about 60 min for the
(111) reflection of the orthorhombic “phase’ to disappear completely.

In the other set of experiments, samples with x = 0.30 first were kept at 7 = 388K
within the DSC instrument for a specified time, and then scanned, until they had melted
completely. From Figure 9.35, where curve (a) corresponds to the “direct’ procedure, it fol-
lows that the eutectic-like peak disappears as time passes. It is further evidenced that the
sample becomes homogeneous: in the 7—x plane the point (x = 0.30; 7 = 388 K) is in the
[Cr] single-phase field.

9.2.4 High-Order Phase Transitions

From a thermodynamic point of view, phase transitions are classified as first-order or
high-order phase transition. Whatever the phase transition of a pure substance, the Gibbs
energy of the system remains continuous, read ASG = 0. First-order phase transitions are
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Figure 9.34 X-Ray patterns for the system (NPG + TRIS) with mole fraction TRIS x = 0.15 per-
manently at 7 = 388 K. Curves a, b, ¢, d: the sample has been at 7 = 388K for 5, 15, 38 and 60 min,
respectively [70].
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Figure 9.35 DSC thermograms for the system (NPG + TRIS) with mole fraction TRIS x = 0.30.
Curve (a) direct heating from T = 293 K; Curves (b), and (c) are obtained after the sample has been
kept at T = 388K for 300 min, and 960 min, respectively [70].
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characterised by a discontinuity in the first derivatives of the Gibbs energy with respect to
temperature (entropy) and pressure (volume). Such transitions are associated with latent
heats, or the enthalpy change, and discontinuities in volume, which generally give rise to
drastic structural changes at the transition point. Thus, changes in crystal symmetry along
with heat effects could be taken as the necessary experimental evidence for first-order phase
transitions. As far as second- or higher-order phase transitions are concerned, both entropy
and volume of the system remain continuous, while the second derivatives of the Gibbs
energy, namely heat capacity, thermal expansion and isothermal compressibility, display a
discontinuous change. For these cases, the crystal symmetry of both phases is related.
According to the Landau theory for second- or high-order phase transitions, it is always
possible to identify an order parameter that decreases continuously with decreasing tem-
perature from the high-temperature disordered phase (the more symmetrical structure) to
the low-temperature ordered phase (the less symmetrical structure). In such a description,
phase transition is associated with an ordering process characterised by the order parame-
ter that becomes zero at the transition point. Consequently, coexistence between the high-
and the low-temperature phase is never reached. From an experimental point of view, one
can only determine a phase transition to be nearly second order, since it is possible that a
small discontinuity in the order parameter or other physical properties may be undetected.

2-Chloronaphthalene (R = Cl) is known to display a second-order phase transition.
Below the liquid phase, this substance crystallises at 7 = 330.2K in a disordered phase 1
that transforms to another disordered structure (phase II) at 7= 313.0K. Table 9.1 gath-
ers the crystallographic properties of both phases. The structures may be described as a
stacking of molecular sheets that are parallel to the ab plane. The positions and orienta-
tions of the naphthalene rings are also nearly the same in both monoclinic unit cells. In
phase II, the molecular entity is statistical owing to re-orientational disorder, as can be
inferred from the four S-positions of the naphthalene ring that are occupied by a statistical
atom [ f(Cl) + (1 — f)(H)] with experimental occupancy factors fat T = 293K of 0.64,
0.11, 0.09 and 0.16 for CI(12), CI(13), CI(16) and CI(17), respectively [73]. On heating
form II, the occupancy factors tend to become equal. As a consequence, the molecular
entity in the high-temperature phase I, appears to be centro-symmetrical with a more or
less statistical equi-distribution of the chlorine atom on the four sites of the naphthalene
ring. Thus, phase [ corresponds to a unidirectional superstructure of phase II with ¢ param-
eters related by ¢y = 2¢; (see Table 9.1). A straightforward order parameter comes, as sug-
gested by the authors, from the relation of the occupancy factors [74]. To account for
more detail about this phase transition, the superstructure and structure Bragg reflections
were followed around the transition temperature. Figure 9.36 shows the evolution of the

Table 9.1 Lattice parameters of 2-chloronaphthalene for the high-temperature phase I and the low-
temperature phase II [74].

Form Space group T (K) z a (nm) b (nm) ¢ (nm) B (deg)

I P2,/n 293 4 0.7662 0.5944 2.1300 120.32
I P2,/a 315 2 0.7733 0.5963 1.0667 120.00
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Figure 9.37 Plot of specific heat against temperature for 2-chloronaphthalene to illustrate the
change through the II to I second-order phase transition [75a,75b].

superstructure and structure reflections. As can be seen from this figure, superstructure reflec-
tions change slowly with temperature until about 7 = 260-270K, the temperature domain
where the thermodynamic effects on the specific heat become evident (see Figure 9.37).
Subsequently, these superstructure reflections strongly change; to disappear at the transi-
tion point at 7 = 313.0 K. On the contrary, the variation with temperature of the structure
reflections crosses the transition point without discontinuity. Consequently, the volume
occupied by a molecule does not change when going from phase II to phase I (see
Figure 9.38).

The existence of a second-order phase transition for a pure substance invariably gives
rise to a similar transition when molecular mixed crystals are formed. In Figure 9.39, the
{2-chloronaphthalene (R = Cl) + 2-methylnaphthalene (R = CHj)} system is shown.
The high-temperature phase of R = Cl (here denoted as 3) and the corresponding phase of
R = CHj are able to form molecular mixed crystals over the whole composition range. At
room temperature, only a small region of mixed crystals corresponding to the low-
temperature phase (here phase &) of R = Cl is observed. The continuity of the a, b and 3,
as well as for ¢ (phase I) and ¢/2 (for phase II) as a function of composition is demonstrated
in Figure 9.40. As for second-order transitions in pure substances when temperature is the
driving force, there is no phase coexistence when mixed crystals undergo such a transition
as a function of temperature or mole fraction.
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Figure 9.40 Plot of lattice parameters against mole fraction (R = CHj) for the system {2-chloron-
aphthalene (R = Cl) + 2-methylnaphthalene (R = CH,)}, at 293 K.

9.3 Key Systems
9.3.1 Naphthalene + 2-Naphthol

The bicyclic aromatic substance naphthalene is non-polymorphic; it is stable, and it can eas-
ily be purified. Naphthalene, accordingly, is an excellent material for the calibration of
instruments used in thermodynamic studies. Naphthalene-based binary systems are used for
testing the performance of set-ups for crystallisation processes. In mixed crystals research,
an important role has been played by the set of substances formed by naphthalene and its
2-R-derivatives. R, in this case, is a substituent on the 2-position of the naphthalene molecule:

08
R =F, Cl, Br, OH, SH, CH3

At the level of individual, isolated molecules every pair out of the set is giving rise to a
high value of the coefficient of molecular homeomorphism, &. The coefficient &, intro-
duced by Kitaigorodskii [5,76], expresses the geometrical similarity between two different
isolated molecules, and it is defined as

g=1- AT (9.30)
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Table 9.2 Coefficients of molecular homeomorphism & for pairs, R; and R;, of 2-R-substituted
naphthalenes.

Rl R2

F cl CH, SH Br
H 0.982 0.893 0.892 0.863 0.847
F 0.912 0.889 0.883 0.864
Cl 0.965 0.976 0.958
CH; 0.958 0.957
SH 0.969

Qo @,
Jeolee

Figure 9.41 The four orientations of the molecules [3].

The two molecules are superimposed such that the intermolecular overlap is maximal.
Then, there is an overlapping part, of which the volume is I', and there are no overlapping
parts of which the total volume is A.

In Table 9.2, g values are given for pairs of molecules out of the series of 2-R-substituted
naphthalenes, including naphthalene (R = H) itself [3].

At the level of the crystalline unit cell, cell members of the set display the same char-
acteristics. At their melting temperature, and before melting, the substances are mono-
clinic; space group P2,/a, with two molecules per unit cell (Z = 2). These characteristics
imply a centro-symmetrical structural unit. In the case of the derivatives, this is realised by
fourfold, orientational disorder, see Figure 9.41. Denoting the occupancies of the different
orientations by p;, then necessarily p; = p;, and p, = p,.

In spite, however, of the high degree of molecular homeomorphism and the same unit-
cell characteristics, not every pair out of the set gives rise to a continuous series of mixed
crystals. This means that the members of the set do not share the same structural form.
Following Kitaigorodskii, the situation can be looked upon as sketched in Figure 9.42.
Within the structural setting of P2,/a and Z = 2, there are two competitive packings for
occupying the lowest possible Gibbs energy. Following Michaud et al. [16], we will denote
the two different forms by «l and a2. The form @2 is the form in which naphthalene is
stable. The 2-R-derivatives with R = F, Cl, Br, CH, take &1 as their stable form.

An example of phase diagram is shown in Figure 9.43 for the combination of naph-
thalene (R = H) and 2-fluoronaphthalene (R = F). At the naphthalene side, there is a
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Figure 9.42 Imaginary Gibbs energy function plotted against packing parameter P for the P2,/a
unit cell with two molecules, showing that the stable form of naphthalene is different from the stable
form of most of its derivatives [2].
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Figure 9.43 Experimental phase diagram of the system (naphthalene + 2-fluoronaphthalene).
Experimental data are from microcalorimetry (X), isothermal powder diffraction (A) and isoplethic
powder diffraction (o) [1,3].
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Table 9.3 Cell parameters a, b, c and 8 of naphthalene (R = H), 2-naphthol (R = OH) and of sta-
ble and metastable 2-fluoronaphthalene (R = F). The temperature is 7 at which the diffraction
experiments were carried out [1].

R Form T(K) a (nm) b (nm) ¢ (nm) B (deg)
H o2 293 0.8262 0.5984 0.8678 122.80
OH 383 0.8356 0.5903 0.9061 119.88
F al 293 0.7776 0.5954 0.8685 105.99
F a2 293 0.8336 0.5915 0.8999 122.23

single-phase field of the a2-type of mixed crystals; at the fluoro side, a single-phase field
for the or1-type of mixed crystals. The system, therefore, is an example of crossed isodi-
morphism, ¢f. Figure 9.8. By means of a thermodynamic analysis [10], the metastable
melting points were calculatedas 7= 333K forR=H,and T=312.5K forR = E

In addition, the unit-cell dimensions of metastable 2-fluoronaphthalene could be
obtained by extrapolation of the data measured on mixed crystals in the ar2-field [3]. The
numerical values of the cell dimensions are included in Table 9.3.

Among naphthalene’s derivatives, a particular position is taken up by 2-naphthol
(R = OH). This occurs because of the fact that the type of crystalline structure of 2-naphthol
with P2,/aand Z = 2 has a stability range of just 0.6 K; from 7 = 392.6 K to the melting point
T = 393.2 K. The unit-cell parameters, included in Table 9.3, could be determined thanks to
the fact that a polycrystalline sample, obtained after melting in a sealed Lindemann glass cap-
illary, could be kept supercooled at T = 383 K for 1 h, sufficiently long for data acquisition.
Below T = 392.6K the substance takes the, so-called, y-form, with space group laand Z = 8.

From the numerical data in Table 9.3, it follows that the differences between the forms
ol and o2 are small. The distinction between ol (R = F) and @2 (R = H; R = F) seems
to be most pronounced for the parameters a and . On these lines and at first sight, the data
for 2-naphthol (R = OH) are in favour of 2. This means that naphthol is isomorphous
with naphthalene, and that the two substances should give rise to a continuous series of
mixed crystals (the & value of the combination is 0.95) if there were not the complicating
influence of polymorphism of 2-naphthol.

The experimental determination of the solid-liquid equilibrium goes back to Rudolfi [77].
Rudolfi’s diagram has the ‘cigar-type’ of two-phase region, typical of the equilibrium
between liquid mixtures and mixed crystals, over the whole range of compositions. The same
type of phase diagram was published by Vetter et al. [78]. Vetter’s work is unique in the sense
that true equilibrium compositions of coexisting phases were determined. Their experimental
method is based on zone melting. By means of a thermodynamic analysis [79], full agreement
was found between experimental data and the calculated phase diagram. The phase diagram
was calculated with the enthalpy of melting values of 19.1kJ - mol~! for naphthalene and
22.6kJ - mol ™! for 2-naphthol, and assuming ideal liquid mixing behaviour. The deviation
from ideal behaviour, Equation (9.14), in the mixed crystalline state was calculated as

GBS T~375K, x)/(J - mol™") = x(1 — x)[750 + 125(1 — 2x)]. (9.31)

Vetter’s experimental data, read from the published phase diagram, are assembled in Table 9.4.
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Table 9.4 Compositions of coexisting liquid (xl9y and solid (x3°Y) phases for the system {(1 — x)
naphthalene + x naphthol} [78].

T(K) xla x3!
3533 0.000 0.000
359.0 0.090 0.182
363.0 0.182 0.329
367.2 0276 0.464
3715 0372 0.571
375.7 0.471 0.667
379.8 0.571 0.757
383.9 0.675 0.820
387.7 0.781 0.892
391.8 0.889 -
395.5 1.000 1.000
N gy
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Figure 9.44 Plot of temperature against mole% B-napthol to show the phase diagram for the system
{(1 — x) naphthalene + x2-naphthol} according to Baumgarth et al. [80]. Crosses: Microcalorimetry;
circles: X-ray diffraction.

The diagram, which is shown in Figure 9.44, was determined by Chanh and co-workers,
and published in 1969 [80]. The type of solid-liquid phase behaviour displayed by the diagram
is in agreement with the results of Rudolfi and those of Vetter et al. [78]. The boundary, at
the o side, of the (¢t + y(fin the figure)) two-phase region had been determined by means
of isoplethic X-ray powder diffraction.

Following the 1969 publication, a series of conflicting phase diagrams was published.
A phase diagram showing a single three-phase equilibrium was published by Robinson et al.
[81] and phase diagrams showing two different three-phase equilibria were published by
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Figure 9.45 Lattice parameters plotted against mole fraction 2-naphthol for the system (naphtha-
lene + 2-naphthol) for stable (+) and non-stable quenched (o) mixed crystals at room temperature.
(X) Lattice parameters of the a-form of 2-naphthol at 7= 383 K [16].

Robinson and Scott [82] and by Meresse [55]. The effect of these publications was that the
status of 2-naphthol, in terms of the a1 versus o2 distinction, was called into question again.

A series of decisive experiments, in order to settle the true status of 2-naphthol, was
carried out by Michaud et al. [16] and Michaud [83]. The title of Michaud’s 1998 publication
is significant: ‘Is 2-naphthol isomorphous with 2-fluoronaphthalene or with naphthalene?’
Michaud’s results, some of which are detailed below, demonstrate that 2-naphthol is iso-
morphous with naphthalene, and, consequently, not with 2-fluoronaphthalene.

In Figure 9.45, the cell parameters of mixed crystalline samples are shown as a function
of composition; the figure includes the values taken by the pure components as they are
given in Table 9.3. The mixed samples, the parameter values of which are shown, were
obtained by quenching from the liquid state. After quenching, the samples were analysed
by X-ray diffraction. It is clearly seen that the results for 2-naphthol (crosses) are in line with
the results for the mixed samples (circles). Besides, from studies on the thermal expansion
of naphthalene [74,84], it is known that the change with temperature is too small (and
plausibly so for 2-naphthol) to question the conclusion worded in the foregoing sentence.

In another series of experiments, the compositions of the coexisting solid phases, 2
and ¥, were determined as a function of temperature. Mixed samples, to start with, were
prepared by rapid crystallisation from a solvent. In this way, a finely powdered material is
obtained, see above, leaving space for mobility of the molecules in order to reach equilibrium.
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Thereafter, the samples were kept under isothermal conditions, during 24 h, and at a number
of selected temperatures. Subsequently, the samples were quenched and directly analysed
at room temperature by X-ray diffraction.

9.3.2 Tricosane (C,3H,5) + Pentacosane (C,sHs,)

The n-alkanes (C,H,, . ,; hereafter denoted as C,) have a rich polymorphic nature, which,
apart from temperature and pressure, depends on the value and the parity of #, the number
of carbon atoms in the molecules. At the level of individual, stretched molecules, there is an
inversion centre when the number, # is even, and a mirror plane when n is odd (Figure 9.46).
In the crystalline state, the odd-numbered alkanes, in the range Cy—C,s, manifest them-
selves in four different ordered forms with orthorhombic or monoclinic symmetry and five
rotator forms, where the molecules have orientational disorder along their long axis [85-90].
In the case of the even-numbered alkanes, the polymorphic behaviour is even more
complex. Even alkanes from Cg to C,, have triclinic ordered forms. From C,4 onwards, sev-
eral monoclinic forms are found, and, subsequently, a number of orthorhombic forms [91,92].
Unlike the odd-numbered alkanes, which invariably have a stable rotator phase before
melting, the even-numbered alkanes have rotator phases only from C,, onwards [85,90,93,94].
The rotator phases, as do the low-temperature, ordered phases, display layered struc-
tures with long-range positional order. The structural characteristics of the five known forms
of rotator phases, RI, RII, RIII, RTV and RV are very similar. The molecules, ordered in a
layered structure, which can be a monolayer (RIII and RIV), a bilayer (RI and RV) or even
a trilayer (RII), are always parallel, and are either tilted (RIII, RIV and RV) or perpendicu-
lar to the layers (RI and RII); see Figure 9.47.
Pairs of n-alkanes with a small difference in the number of carbon atoms (An = 1 or
An = 2) readily mix in the solid state, i.e. give rise to the formation of mixed crystals. It is
generally observed that forms, which make their appearance for pure alkanes from a certain
value of n onwards, are stabilised in binary systems at considerably lower values of .

2/m mm?2

tmyy /

my my

Figure 9.46 The symmetries of the n-alkane molecules, for even (left) and odd (right) alkanes [58].
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Figure 9.47 Sketch of the layered structure of the rotator forms. Reproduced from reference [88]
with kind permission from American Institute of Physics. Copyright 1993.

Table 9.5 Crystallographic data for the various forms observed for tricosane (Cp;) and penta-
cosane (Cjs); from Robles ef al. [85]. The temperatures given are the ones at which the unit-cell
dimensions were determined.

C, Form Space group VA T(K) a (nm) b (nm) ¢ (nm) B (deg)

Oi Pcam 4 291 0.7467  0.4983 6219

Odci Pnam 4 312 0.7546 04989  6.226
Cy RV Aa 4

RI Fmmm 4 315 0.804 0.494 6.303

RII R3m 3 318 0.480 9.47

oi Pcam 4 291 0.7449 04968  6.726

Odci Pnam 4 312 0.7529 04980  6.733

Mdei  Aa 4 320 0.7573 05011 67631  91.64
C;s RV Aa 4

RI Fmmm 4 320 0.802 0.493 6.737

RII R3m 3 324 0.479 10.27

As an example, the first pure even-numbered alkane with a stable rotator phase is C,,,
compared with (C4 + Cy¢), which is the first (even + even) binary system with a rotator
single-phase field. In addition, many of the binary systems in the low-temperature region have
single-phase fields corresponding to forms that do not appear for their pure components.

A typical system for detailing the complexity of binary alkane systems is the com-
bination of tricosane (C,;) and pentacosane (C,s). The pure components, to start with, have
the following phase sequences, starting from room temperature.

Cy; 01— 0dci —» RV — RI — RII - liquid
Cys 01— Odci »Mdei » RV — RI — RII - liquid

The notations of the ‘ordered” low-temperature forms are from Rajabalee [95]. The O and
M stand for orthorhombic and monoclinic, respectively. The index i (from the French
impair = odd) is used to indicate that the form is observed for odd-numbered alkanes only.
The index dc stands for conformational disorder: in the crystal lattice the molecules have
so-called end-gauche defects [96]. The crystallographic data of the various forms of C,3
and C,s are assembled in Table 9.5. Figure 9.48 represents the microcalorimetric thermo-
gram observed for C,;.

The phase diagram of the binary combination, (Cy; + C,s), is shown in Figure 9.49. 1t is
the result of a careful investigation by means of DSC and X-ray diffraction (XRD), carried
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Figure 9.48 Microcalorimetric thermogram for tricosane (C;) with heat flow plotted against tem-
perature [97].
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Figure 9.49 Experimental phase diagram, determined by DSC and XRD, with temperature plotted
against mole fraction C,s for the system {(1 — x) tricosane (C,;) + x pentacosane (C;s)}. The open
and filled squares and diamonds refer to the phases observed by XRD [97].

out by Rajabalee ef al. [95] and Rajabalee [97]. The fact that the diagram, Figure 9.49, dis-
plays some disagreement with the diagram by Dirand and co-workers [98-100] is an
expression of the complexity of the subject. To be precise, these authors did neither detect
the form Mdci for Cys, nor the second-order change (see below) from RV to RI.

In addition to the forms appearing in Table 9.5, the phase diagram shows a single-
phase field for anew form, indicated as Op. The form is orthorhombic; the index p is from
the French pair (=even), meaning that the form is observed for even pure alkanes (with
n = 28). The appearance of Op is another example (cf. R in (C;4 + Cy¢); see above) of the
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Figure 9.50 Part of X-ray diffraction patterns at 7 = 293K plotted as a function of mole fraction
in the system {(1 — x) Cp3 + x Cyp5} [97]. Symbols are the same as in Figure 9.49.

fact that in binary systems forms are stabilised, which, for the pure components, appear for
higher values of n. Likewise there is a Mdci single-phase field at the C,; side of the diagram,
whereas Mdci is not observed for pure Cy;. In Figure 9.50 [97], it is shown how the dis-
tinction between the low-temperature forms is made.

From bottom to top in Figure 9.49, the T—x phase diagram has three different zones.
The zone at the low-temperature side is for the ‘ordinary’-solid state (S). The zone at the
high-temperature side for the liquid (L), and the intermediate zone form the rotator
mesostate (R). From zone to zone, there are great changes in the structural and energetic
properties of the material. Within a given zone, inside the ordinary solid and rotator zones, the
differences between the different forms are small. These facts are expressed, in a clear man-
ner, by Figures 9.51-9.53. In Figure 9.51 curve (b), the ‘normal’ recording, with its two peaks,
clearly reveals the transition from S to R, and from R to L. The fine structure of the changes
is revealed by curve (a) in Figure 9.51, but only in part, because XRD is needed to disclose
the change from Oi to Odci (Figure 9.52). In Figure 9.53, enthalpy effects as a function of
composition are shown for three different changes. The greatest effect is for the change from
R to L. The effect of the change inside the R zone, from RI to RII, is small, even in relation
to the uncertainties in the data for R to L. In the case of the effect for the change from S to RV,
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Figure 9.51 The system {(I — x) C)3 + x Cys} forx = 0.97. DSC thermogram: (a) enlargement [97];
(b) ‘normal’ recording.
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Figure 9.52 The system {(1 — x) Cy3 + x Cys} for x = 0.97. Part of XRD pattern related to the
change from Oi to Odci [97].

the fact that over the whole range of composition the data points are more or less in line
demonstrates, again, that the differences between the various forms of S must be small.
The enthalpy effect of the transition from R to L, the enthalpy of melting as a function
of x has a downward curvature. It means, that the excess enthalpy difference, AKHE, is
negative; see Equation (9.25). Realising that the excess enthalpy in the liquid state virtually is
zero (see [98)), the negative ARHE implies a positive value for HER, the excess enthalpy of the
rotator state (this time in the form RII). A mathematical fit of the experimental heat of melt-
ing data, as shown in Figure 9.53, gives rise to the following expression (cf. Equation (9.5)),
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Figure 9.53 A plot of enthalpy effects against composition for {(1 — x) C,3 + x Cy5}. Top, from
rotator to liquid; intermediate, from ordinary solid to rotator; bottom, from RI to RII (data from
Rajabalee [97]).

AkyHx)/(KJ - mol™1) = {(1 — x)52.18 + x57.69
— 4.58x(1 — x)[1 + 0.28(1 — 2x)]}. (9.32)

In terms of the AB@ model, Equations (9.3), (9.4), and the liquid mixtures being ideal, the
result corresponds to the values of 4 = 45807 - mol~! and B = 0.28 for the mixed state of
the system in the form RIL

From the phase diagram, Figure 9.49, it can be read that the melting loop, i.e. the
(RII + L) two-phase region, does not deviate much from the straight line connecting the
melting points of the pure components. It means according to Equations (9.21) and (9.22),
and Figure 9.6 that the excess Gibbs energy difference between R and L, ARGE, is very
small. Taking the liquid state as an ideal mixture, G = 0, this is to say that, for the mean
temperature of the two-phase region, the excess Gibbs energy of the mixed rotator state
practically is zero. And this, subsequently, means, Equation (9.3), that the value of 6 must
be close to the mean temperature, i.e. 6 == 320K.
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From Figure 9.53c, it follows that the excess heat of transition, ARI'HE, of the equimo-
lar mixture is about —75J - mol 1. It implies that value of the parameter 4 for the RI form
is about 3007J - mol~! greater than 45807 - mol~! for the RII form. There is no reason to
assume that the values of B and 0 for the RI form will differ from those of RII form beyond
the uncertainties of the latter.

The third heat effect displayed in Figure 9.53 is the enthalpy effect of the transition
from the ordinary solid state to the rotator state.

Unlike the change R — L, the change from S to R does not correspond to the change
from a mixed state of one given form to another mixed state in one form. The forms taken
by S are Odci, Mdci and Op and of the four forms, Mdci and Op have the largest single-
phase fields. This circumstance has important consequences, in particular for the thermo-
dynamic analysis of the data. Generally in situations like this, thermodynamic analysis
requires for each of the forms involved the enthalpies of transition and the transition tem-
peratures of the two pure components.

In the case of the n-alkanes, the fortunate situation is met that the thermodynamic
properties of the member substances change with chain length in a monotonous fashion,
whether or not independent of parity. This means that correlations can be made in terms of
the number of carbon atoms ». In addition, such correlations are powerful tools for check-
ing the consistency of the data, and to fix the numerical values of open places. As an example,
and for our purpose, in Figure 9.54, it is shown how the enthalpy of transition, from S to R,
varies with chain length for the odd-numbered alkanes. Similarly, in Figure 9.55, the tem-
peratures of transition are shown as a function of chain length.

In Figure 9.54, alkanes of the form Op are missing. The reason is that for the pure sub-
stances the form Op does not make a stable appearance. Note that the Op transition tem-
peratures in Figure 9.55 are extrapolations of binary data.
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Figure 9.54 Plot of enthalpy of transition from S to R plotted against chain length for the odd-
numbered n-alkanes. The forms taken by S are Oi (W), Odci (<) and Mdci () [95].
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Figure 9.55 Plot of the temperature of transition against chain length from S to R for the various
forms taken by S [95].

In the thermodynamic analysis of the (Cy; + C,5) system by Rajabalee et al. [95], it
has been assumed that the Op to R transition enthalpies are in line with the data for the
other forms, i.e. with the data in Figure 9.54. A correlation of the thermodynamic proper-
ties of the ‘ordinary’-solid state S has been made for 14 systems in the range from
(Cy7 + Cyg) to (Cyg + Cyg) [101]. The values of the parameter A in S are typically about
seven times higher than the 4 values in R. The A values increase with increasing An/i,
which is the difference in the number of carbon atoms divided by the mean number. For
the system (C,3; + C,s), the value of An/ii is 2/24. The following relationships have been
constructed for the 4 values in R (4%), and in S (4%) [101,102].

An An\
AR/(KJ - mol ™!y = [51.09(7) + 376.5(7) ] (9.33a)
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2
An An
AS/(kJ - mol 1) = [660(7) - 1903(7) ] (9.33b)

With respect to the 8 parameter, which reflects the dependence of the excess Gibbs energy
on temperature, the situation is as follows. The forms in R, like those in S, have a common
value for 6. The R-forms are characterised by 8 = 320K [102,117], and the S-forms by
6 =335K[101].

9.3.3 2,2-Dimethylpropane + Carbon Tetrachloride

The 2,2-dimethylpropane {C(CHj3),, neopentane} and carbon tetrachloride (CCl,) belong
to the class of substances that give rise to a mesostate. The molecules of the substances in
the class have a quasi-spherical shape, and the mesostate is meant by the use of the terms
plastic crystals and ODICs. In the plastic-crystalline mesostate, the molecules have dynamic
orientational disorder.

The system (neopentane + carbon tetrachloride), and especially its plastic-crystalline
state, has been the subject of many studies. In part, the interest in the system is related to
the fact that the two different molecules have almost the same size, and both have a non-
polar character [103].

Carbon tetrachloride, as far as the ODIC state is concerned, displays monotropic behav-
iour. There are two different forms, one of them invariably being metastable. The stable
form (R) is thombohedral; the metastable form (Cy) is fcc. When liquid carbon tetrachlor-
ide is cooled, it first crystallises to Cg, which, on further cooling changes into R. If, after
crystallisation to Cg, the material is heated, it does not change into R, but melts at a tem-
perature about 5 K below the melting point of R. In the ordinary solid state, carbon tetra-
chloride takes the form M, which is monoclinic.

In the case of neopentane, the only experimentally observed ODIC form is Cg, the fcc
form. In the ordinary solid state, the substance takes the form Q, which is either tetragonal
[104-106] or hexagonal [60].

A survey of enthalpy changes and transition temperatures is given in Table 9.6. The
combination of the two substances, the binary system {(1 — x) C(CH;),4 + x CCl,}, has
been studied by means of adiabatic calorimetry, by Chang and Westrum [107,116]. Chang
and Westrum investigated five mixed samples; the experimental phase diagram, Figure
9.56, is part of their results.

After the establishment of the true polymorphic nature of the two substances, it has
become clear that part of the proposed phase diagram must be incorrect. Due to the fact
that the two substances have different stable ODIC forms, Cr and R, there must be a
(Cr + R) two-phase region, which in Figure 9.56 is missing. The (ODIC + liquid) part of
the system, therefore, is a case of crossed isodimorphism (see above). In such cases, the
stable phase behaviour can be regarded as the result of two, each other crossing (solid + lig-
uid) loops, where part of the thermodynamic interpretation is related to the establishment
of the metastable melting points. As a matter of fact, the metastable melting point of CCl,
is experimentally known: it is the melting point of the form Cp, see Table 9.6.
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Table 9.6 Summary of enthalpy changes and transition temperatures for neopentane {C(CHj;),} and carbon
tetrachloride (CCly) [18].

C(CH3)4 TQ_> F A HQ_> F TF-> L A HF-> L Ref.
(K) (J-mol™y (K) (J - mol™"
140.5 256.8 3093.0 [107]
140.0 25707 £ 1.3 2542 3190.0 + 1.3 [60]
130.2 253.5 [104]
140.5 2630 256.8 3090 [108]
140.0 2570 256.5 3250 [109]
139.0 2560 253.8 3240 [110]
CClL, Ty>r AHy 5 g Trso AHps (m) Trsto AHg - Ref.
18] (J-mol™y  (K) (J - mol™") ) (- mol™h
2255 250.3 [111]
22535 +0.5 4581 = 13 250.3 25158  [l12]

2266 £ 1.0 4477 =180 2448 1.0 1753 = 180 247.8 =2.0 2494 = 200 [62]
2457 = 0.1 1848 = 2 250.28 = 0.10 2558 = 4 [113]
1787 =5 2530 = 12 [114]
2257201 4631 £20 246.00 £ 0.01 1830 =70 250.53 £0.01 2562 x6 [115]
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Figure 9.56 The system {C(CH,), + CCl,}. The phase diagram showing temperature plotted
against mole fraction CCl,. Data by Chang and Westrum [107,116].
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The matter of the system’s phase diagram has been taken up again by Salud ez al. [18].
A complete thermodynamic analysis of the system was made, including a re-interpretation
of Chang and Westrum’s heat capacity diagram. Out of the five mixed samples studied
by Chang and Westrum, the one having x = 0.501 is the most interesting. Its heat cap-
acity diagram, Figure 9.57, differs from the others, by the presence of the stumpy peak in
the figure between the second and third of the sharp peaks. The stumpy peak was ten-
tatively ascribed by Chang and Westrum by the presence of a region of demixing, with
an upper critical solution temperature. In Salud’s view, the peak corresponds to the passage
of the (R + Cr) two-phase region, analogous to the heat capacity diagram, Figure 9.12,
for the passage of a (solid + liquid) two-phase region. The integrated enthalpy effect
of the peak is in agreement with the overall result of the thermodynamic analysis.
See below.

The thermodynamic analysis of the plastic-crystalline to liquid part of the system is
representative of the treatment of crossed isodimorphism. In terms of input information,

methodology and optimised result, the thermodynamic analysis can be detailed as follows.
The input used consists of the

(i) calorimetric data on pure components, Table 9.6, and on the mixed samples, as stud-
ied by Chang and Westrum;

(ii) characteristic phase diagram temperatures: the transition temperatures of the pure
components, Table 9.6; the temperatures read from the heat capacity diagrams; the
metastable melting point of CCl,, which is 7= 245. 7K [113];

0
T
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~ 30| _
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g 5
T 20~ £
\Q 8
&) - ;ﬂ
10 —
0 l

0 5 10 15 20
T/K

Figure 9.57 Plot of heat capacity against temperature for the system {(1 —x) C(CHj), +

x (CCly)} at the composition x = 0.501, determined by Chang and Westrum (from the data of Chang
and Westrum [107]).
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(iii) excess Gibbs energy in the liquid state:
GEix)/(kJ - mol ™) = x(1 — x)[1.25 — 0.04(1 — 2x)], (9.34)

(iv) the value of 23507 - mol ! for the enthalpy of melting of metastable C(CH,),, see
hereafter.

As usual, the thermochemical data on the pure components and the phase diagram are
used to calculate the excess Gibbs energy difference between the solid and liquid states.
This function, AGF(x), when combined with G®'9(x), yields the excess Gibbs energy of
the solid state G®*°}(x). Subsequently, G®*°(x), which is in fact GE5°(T = T, x), is com-
bined with the heat of mixing, the excess enthalpy of the solid state, H®%!(x), to yield the
function, §%°!(x), the excess entropy of the solid state. Therewith the three system-dependent
parameters 4, B and 0 are fixed.

In a straightforward manner, the (Cr + L) branch of the phase diagram produces the
function

GECr(x, T, = 237K)/(kJ - mol™1) = x(1 — x)[1.85 — 0.05]. (9.35)

In the case of the (R + L) branch, the procedure is less straightforward, owing to the fact
that the metastable melting point of C(CHs), is not known. In this situation, a series of trial
and error calculations is made: the metastable melting point is varied until the most satis-
factory result is obtained. The outcome is T = 220K for the metastable melting point of
neopentane, and for the excess Gibbs energy

GPR(x, T, = 230K)/(J - mol™Y) = x(1 — x)[1.30 — 0.49x(1 — x)].  (9.36)

The enthalpy relationships are visualised in Figures 9.58 and 9.59. Figure 9.58 is a repre-
sentation of the experimental enthalpy effects of the transitions from the plastic-crystalline
state to liquid. Again there are two branches, and the figure shows how, by extrapolation,
the enthalpy of melting of metastable neopentane is obtained.

The distances, in Figure 9.58, from the enthalpy of melting curves to the dashed lines,
correspond to the excess enthalpy differences, Al HE(x). Together with the known excess
enthalpy of the liquid state, these differences give the excess enthalpies of the two mixed
states. With respect to the liquid state, experiments have revealed that its excess entropy is
very small and for that reason the excess enthalpy can be identified with the excess Gibbs
energy, Equation (9.8). The excess enthalpies of the mixed ODIC states are shown in
Figure 9.59. For comparison, Figure 9.60 shows the excess enthalpy according to the inter-
pretation by Chang and Westrum [107].

The calculated parameters of the 4BOmodel, Equation (9.3), following from the
excess Gibbs energies, Equations (9.35) and (9.36), together with the excess enthalpies,
Figure 9.58, are assembled in Table 9.7.
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Figure 9.58 Plot of enthalpy of melting against composition for the system {(1 — x) C(CH;), +
x CCly}for the two ODIC mixed states Cr (@) and R(O), as reported by Chang and Westrum [107].
Triangles represent enthalpies of melting of metastable phases [18].
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Figure 9.59 Plot of calculated excess enthalpies of the two mixed ODIC states Cy (@), and R (O)
against mole fraction CCl, for the system {C(CH,), + CCl,} [18].

Finally, the complete phase diagram resulting from the analysis described above,
along with the analysis of the low-temperature region, is shown in Figure 9.61. The phase
diagram still needs a certain improvement with respect to the solubility of C(CHs), in the
M-form of CCl,.
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Figure 9.60 Plot of the excess enthalpy of the mixed ODIC state against mole fraction CCl, for the
system {C(CH;), + CCl,}, according to the interpretation by Chang and Westrum [18,107].

Table 9.7 The parameters of the AB8 model for the system {(1 — x) C(CH;), + x CCl,} for the
two mixed ODIC states, Cr and R.

A/(KJ - mol ™) B oK
Cr 3.95 + 0.42 —0.11 = 0.02 456 + 80
R 2.68 + 0.48 —0.26 = 0.21 503 + 90

9.4 Empirical Relationships

Up to 2001, the thermodynamic and structural properties of mixed crystals have been
determined for a variety of isolated systems, and for series of systems out of groups of
chemically coherent substances. The investigation on families of systems, such as the
(alkane + alkane) systems has been especially rewarding. Several empirical relationships
have been discovered between the excess properties themselves and between excess prop-
erties and exo-thermodynamic parameters. A brief overview, of the relationships found, is
presented in this section.

94.1 Enthalpy—Entropy Compensation

In this work, a restriction has been made to isobaric systems, and it means that the princi-
pal properties considered are the excess enthalpy HE and the excess entropy SE. The excess
enthalpy and excess entropy can be looked upon as the changes AH and AS, involved in the
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Figure 9.61 Calculated phase diagram with temperature plotted against mole fraction CCl, for the
system {C(CH,), + CCl,} [18].

formation of the real mixture from the (hypothetical) ideal mixture of the same compon-
ents under the same conditions of temperature and composition. In this sense the forma-
tion of mixed crystals is just an event, among many others involving an enthalpy and
entropy change Experimental research has shown that for many events (i) AH and AS are
virtually independent of temperature over a considerable range of temperature; and (ii)
that their quotient AH/AS is virtually constant within a class of similar systems. The quo-
tient having the dimension of temperature is often referred to as the compensation tem-
perature to indicate that for that temperature, the change in Gibbs energy AG (=AH — TAS)
becomes zero (or rather passes zero) [117].

For mixed crystals and in terms of the 4B6 model, the quotient between AH and AS,
between H™ and SE is given by the parameter 6, see Equations (9.4) and (9.5). To start with,
we may recall Section 9.3.2, where it was agreed that the alkane system (C,; + C,5) would
have, for its rotator mixed state, a value for 6 of about 320 K. In Figure 9.62, (C,;3 + Cys)
is one of the binary alkane systems for which the equimolar excess enthalpy is plotted
against the equimolar excess entropy. The points shown in the figure are practically on a
straight line, which is evidence of the property that the complete family of systems is char-
acterised by a common value of the parameter 6, which is @ = 320K.
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Figure 9.62 Equimolar excess enthalpy plotted against equimolar excess entropy for the mixed
crystalline rotator form RI of binary n-alkane systems [118].

Table 9.8 Groups of mixed crystalline systems characterised by a uniform temperature 6 of excess
enthalpy/excess entropy compensation.

Group n States EGC range &K References
Tis/K

n-Alkanes 18 R—L 250-324 320 [118]

n-Alkanes 14 S—R 270-321 335 [101]

Dihalobenzenes 10 S—L 312-356 500 [119]

Polyols 10 P—L 316-516 630 [120]

Alkali halides 13 S—L 825-1021 2565 [121]

Notes: The 1 denotes the number of member systems studied. The transitions studied involve two states out of
ordinary solid (S), rotator R, plastic crystalline (P) and liquid (L.). For EGC range, see text.

The mixed crystalline rotator state (R) of the binary n-alkane systems corresponds to
a class of similar systems in the context of enthalpy—entropy compensation. Likewise, the
common value of 8 = 335K is displayed by the ‘ordinary’-solid state (S) of the n-alkane
systems [101].

In Table 9.8, a survey is given of the families of mixed crystals, studied so far by the
REALM (Réseau Européen sur les Alliages Moléculaires), that are characterised by a uniform
value of the parameter 6. In Table 9.8, the alkali halide group is the group of common-ion
binary alkali halide systems. The term dihalobenzenes stands for the group of systems of
which the components are 1,4-dihalobenzenes with halo = Cl, Br, [; the term polyols is
used for a group of neopentane derivatives containing substituents out of the series
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Figure 9.63 Plot of the compensation temperature 8 as log 8 against equimolar EGC temperature
of melting T, as log Tgge. Apart from the groups of systems shown in Table 9.8 (I, p-dihaloben-
zenes; II, alkali halides; III, alkanes (R for R-L and S for S-R) and IV, polyols), the figure includes
the data available for a number of isolated systems: (1) (Ar + Kr) and (2) (Kr + Xe) [122]; (3)
(L-carvoxime + D-carvoxime) [123); (4) (1,2,4,5-tetrachlorobenzene + 1,2,4,5-tetrabromobenzene)
[46]; (5) (Ni + Au) [124]; (6) (Pd + Au) [125]; (7) (SrO + BaO) and (8) (MgO + Ca0) [126]; (9)
(CBry + C,Clg) [15]; (10) (CCl, + (C(CH,)y) [18].

—CH,0H, —NH, and —NO,. The heading EGC range applies to the range on the temper-
ature scale of the equimolar EGC temperatures of the member systems of the group.

The numerical values in Table 9.8 are such that the uniform compensation tempera-
ture 6 increases with the position of the transition range on the temperature scale. Moreover,
the 6 values increase faster than the EGC temperatures. To visualise these trends, the values
of log @ are plotted in Figure 9.63 against the logarithm of the equimolar EGC temperatures
for the transitions of R to L and of S to L. Also included in the log—log representation are
the positions of a number of isolated, individual systems.

In a robust way, the evidence contained in Figure 9.63, and corresponding to a rela-
tionship between compensation temperature and melting temperature, can be given by

log (0/K)

m =1.10 = 0.05. (9.37)

An alternative formula, having the advantage of using melting temperatures of the pure
components, which is more accessible than T}, is

TR - Ty
0= (4.00 + 0.16) 70 1 70> (9.38)
AT 1B
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Figure 9.64 Equimolar excess volume plotted against equimolar excess enthalpy for the neopen-
tane derivatives showing a fcc symmetry (filled circles) and a bee (open circles) in the plastic-
crystalline state [120].

where T3 and T3 are the melting temperatures of the pure components [127]. The type of
relationship in Equation (9.38) was introduced by Tanaka et al. [128] for the compensation
temperature of liquid metallic solutions. Clearly, Equations (9.37) and (9.38) have the character
of rules of thumb; neither Equation (9.37) nor Equation (9.38) expresses the experimental fact
that the groups of systems shown in Table 9.8 have uniform (system-independent) com-
pensation temperatures.

Another interesting compensation relationship has been proposed between the excess
enthalpy and the excess volume. In such a case, HF and V'E compensate for one another in
such a way that the excess internal energy (UF = HE — pVE) becomes zero at a ‘compen-
sation pressure’ for a group of systems. This has experimentally been evidenced for the
neopentane derivatives and it is shown in Figure 9.64, for which compensation pressure
has been estimated to be 0.5 GPa [120].

9.4.2 Mismatch Parameters

Unlike 6, the parameter 4 of a given system, out of a group like the n-alkanes, is not system-
independent. The A4 parameter reflects the energetic interaction between the molecules
A and B of the two components A and B. The parameter 4 will be zero if this interaction is
neutral, i.e. the mean of the interaction between A and A and between B and B molecules.
The parameter 4 will be negative if there is a net attraction between A and B molecules,
and positive in the case of a net repulsion. Therefore, the statement that parameter A4 is not
system-independent is rather obvious. The replacement of a C;o molecule in a lattice of
C,9 molecules by a C,; molecule corresponds to a net repulsion. Intuitively, it is ‘less easy’
to replace the C;q molecules by a C,; than by the C,, molecule: the positive value of 4 for
(Cyo + Cy3) will be greater than the value of 4 for (C;g + Cj;). In other words, the greater
the difference in size, the greater is the mismatch between the molecules A and B, the
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Figure 9.65 Plot of the EGC temperature against the packing coefficient, both for the equimolar
mixed crystals, as well as the mean number of the hydrogen bonds (upper axis) of the ODIC phases
(fee, filled circles; bec, open circles) of the systems of neopentane derivatives [120].

greater the value of parameter 4. Mismatch in size, however, is not the only factor that
accounts for the 4 parameter as there are systems with negative 4, after all. For the neopentane
derivatives containing substituents of the series —CH,OH, —NH, and —NO,, the intermo-
lecular interactions are accounted for by dynamical hydrogen bonds. In such a case, the pack-
ing coefficient is a system-dependent property closely related to the mean number of —OH
groups (n) in the two-component system as indicated in Figure 9.65, which shows the increas-
ing of the equimolar melting temperature with the packing parameter as well as with 7.

A convenient vehicle for demonstrating these matters is found in the collection of sys-
tems based on naphthalene and its 2-R derivatives (R = F, Cl, Br, SH, CH,), introduced in
Section 9.3.1. Recalling Kitaigorodskii’s coefficient of molecular homeomorphism, & in
Equation (9.30), one can observe that the parameter m;

my = 1 - &, (939)

expresses the geometrical mismatch between the molecules of the system. As a direct link
with the experimental phase diagrams, in Figure 9.66 the values of AT are plotted against
my.. The AT equals the distance, for x = 0.5, from the zero line to equal the G curve

AT = T, o(x = 0.5) — Tpge(x = 0.5), (9.40)

in the experimental solid-liquid phase diagram. Realising that, within the collection of
systems, the entropies of melting of the components do not differ very much, and that it is
likely that the same holds true for the values of 6 of the mixed solid state of the binary sys-
tems, it follows that AT, Equation (9.40), is a direct reflection of parameter 4 of a system.
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Figure 9.66 Plot of AT in Equation (9.40) against parameter my, for the binary systems out of naph-
thalene and its 2-R derivatives. For the form in which naphthalene is metastable and 2-fluoronaph-
thalene is stable, the distance in the phase diagram, for x = 0.5 from the EGC to the zero line,
Equation (9.40), is plotted against the geometrical mismatch between the molecules of the two com-
ponents, Equations (9.39) and (9.30) (data from Oonk et al. [2]).

The collection of systems, dealt with in Figure 9.66, can be split into four groups, viz.:

(1) (halo + halo) group, constituted by six systems, the two components of which have
R = halo (=E Cl, Br and also SH);
(ii) (H + halo) group; four systems; one of the components is naphthalene, the other has
R = halo;
(iii) (CH; + halo) group; four systems; one of the components is 2-methylnaphthalene,
the other has R = halo;
(iv) system (naphthalene + 2-methylnaphthalene).

The (halo + halo) group is representative of families of systems that are composed of
two members out of a chemically coherent group of substances having the same crystalline
form. Examples are the n-alkanes in the form RI; the 1,4-dihalobenzenes with space group
P2,/a and Z = 2; the alkali halides having the NaCl type of structure, and of which common-
ion combinations are considered; the neopentane derivatives showing a fcc symmetry in
the plastic-crystalline state. Generally, two members out of such a coherent group give
rise to mixed crystals; provided, however, that the geometrical mismatch between the two
is not too large. The 1-bromo-4-iodobenzene is able to mix in all proportions with 1,4-
dibromobenzene, but not with 1,1-dichlorobenzene. Chemical coherence implies that the
intermolecular interactions, between A and A, B and B, and between A and B molecules,
have the same physical nature. The importance of this observation is that for these systems
(1) the excess behaviour of the solid state can be related to geometrical mismatch, and (ii) the
excess behaviour of the liquid mixtures can be neglected, in most of the cases. Geometrical
mismatch, invariably, comes down to a net repulsion, i.e. a positive excess enthalpy, a positive
value for the parameter 4. And logically, the greater the mismatch, the greater the excess
enthalpy; and also, absence of mismatch will be absence of excess enthalpy and will
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Figure 9.67 Plot of equimolar excess enthalpy against geometrical mismatch (1 — &) based on
degree of crystalline isomorphism for the mixed crystalline rotator state of binary n-alkane system.
The symbols have the same meaning as in Figure 9.62 [27,118).

correspond to ideal behaviour. In Figure 9.66 as a result, the data symbols for the (halo + halo)
group are on a curve having a positive slope and emanating from the origin. These char-
acteristics also make their appearance in Figure 9.67, which pertains like Figure 9.62, to
the n-alkane systems and their rotator state. Besides, the mismatch parameter used in
Figure 9.67 is an equivalent of m,, Equation (9.39), such that the coefficient g of molecu-
lar homeomorphism is replaced by &, the coefficient of crystalline isomorphism. Values
of (1 — &,) are close to the values of An/ng, which is the difference in chain length divided
by the chain length of the smaller molecule.

Like the (halo + halo) group, the systems of the (H + halo) group and the system
(H + CHj;) have positive excess enthalpies. Invariably, a positive excess enthalpy goes
together with a positive excess entropy and also with a positive excess Gibbs energy, as
long as the experimental temperature is below the compensation temperature 8, which is
almost always the case.

Positive solid excess Gibbs energies in the T—x phase diagram cause the solid—liquid
loop to bend downwards. Positive excess Gibbs energies also may give rise to limited mis-
cibility and the presence of a miscibility gap. If such is the case for a given temperature,
then the Gibbs energy as a function of composition will have two points of inflexion. In the
T—x plane, the locus of the points of inflexion is a curve that is named spinodal, and
a maximum or minimum on this curve is a critical point. The critical point is also the
extremum of the binodal, which is the locus of the compositions of the coexisting phases;
see Figure 9.68. In terms of the ABO model, Equation (9.3), the spinodal is given by the
equation



Condensed Phases of Organic Materials 269

A — X B
Figure 9.68 Plot of temperature against mole fraction to show the phase diagram with the down-

wardly bent solid-liquid loop in combination with solid-state miscibility gap, typical of positive
solid-state excess Gibbs energy. Dashed curve: spinodal.

. B [24 + 64B(1 — 2x)x(1 — x)]
™) = R0)2A + 64B(1 = 20]x(1 — 0"

(9.41)

The mole fraction value at the critical point x, is determined by the value of B: x, is the
physically real solution of the equation

(18B)x2 — (2 + 18B)x + (1 + 3B) = 0. (9.42)

The temperature at the critical point, the critical temperature T, is obtained on the substi-
tution of the value of x, in the spinodal Equation (9.41). For the simple case that B = 0, the
critical point has x, = 0.5 and T is given by

A

L= kv o)

(9.43)

The value of the ‘asymmetry parameter’ B, as a rule, is rather small, a representative figure
being |B| = 0.15. Its influence on T is rather limited as is shown by the following example.
From Figure 9.62, the 4 value for the rotator state in (C,; + Cyo) is about 9.6 kJ - mol 1. This
value, along with B = 0.15 and 8 = 320K, gives rise to T, = 209 K, when substituted into
Equation (9.41), and to 7, = 206 K, when substituted into Equation (9.43). Besides, it would
mean that if, for (C;; + Cjy), the rotator state would still exist below, say T = 200K, it would
split up into two phases, having the same rotator form but different compositions. As a
result, the value of T, is determined in the first place, by the value of 4, and Equation (9.43)
is a good indication of T

The majority of experimental systems, involving mixed crystals, display positive values
for the parameter A. In the case of the naphthalene derivatives, positive A values are found,
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not only for the (halo + halo) group, but also for the (H + halo) group and the system
(naphthalene + 2-methylnaphthalene).

Systems with negative A are very rare. The effect of geometrical mismatch has to be
overcompensated by some kind of attractive effect caused by the difference in chemical nature
of the constituents, or by the possibilities offered by space group symmetry. Difference in
chemical nature is displayed by the combination of substituted methyl and substituted
halogen [55]. In the case of (2-methylnaphthalene + 2-fluoronaphthalene), see Figure 9.66,
the attractive effect of (methyl + halo) is balanced, so to say, by the repulsive effect caused
by mismatch. The possibilities of space group symmetry find expression in the category of
systems where the two components are a pair of enantiomers, a pair of optical antipodes.
The best-known example in this category is (L-carvoxime + D-carvoxime) [122,129].

9.5 Concluding Remarks

The ABO model for the excess Gibbs energy of binary mixtures, in spite of its simplicity,
is an adequate and realistic instrument for mixed crystals.

The parameter 4 of the model is a measure of the net energetic interaction between the
components of a given system in a given form. Within a family of systems, where the two
components belong to a chemically coherent group of substances, the values of 4 are posi-
tive, and system-dependent, such that they can be correlated to the geometric mismatch
between the components. The relationship, for such a family, between the values of 4 and
a well-chosen mismatch parameter, can be used to fill in open places, and also, as an open-
ing to the properties of systems in a related family and having a comparable form.

The asymmetry parameter B is dimensionless; |B| = 0.15 is a typical indication of its
value. In a system composed of two members from a chemically coherent group of sub-
stances, and defined such that the second component is the larger one, B has a positive
value. In addition, the value of B fully determines x,, the mole fraction of the critical point
of the region of demixing.

The parameter 6, having the dimension of temperature, is an indicator of the change
of the excess Gibbs energy with temperature. In contrast to parameter 4, 6 has system
overstepping characteristics: several families of systems are characterised by a common,
system-independent value of 8; and within the realm of mixed crystals there is a unifying
principle, albeit coarse. The 6, therefore, has a certain degree of predictability.
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10 CONDENSED PHASES OF
INORGANIC MATERIALS:
METALLIC SYSTEMS

Phase equilibrium in binary metallic systems has been extensively studied in support of
metallurgical engineering. The early work, a century or more ago, put emphasis on such
experimental methods as thermal analysis and metallography, and resulted in the landmark
collection of phase diagrams by Hansen in 1936 [1]. In the years following, the greater
range of superior experimental methods and a developing interest in the underlying thermo-
chemical principles of phase equilibria led to the international metallic phase diagram
evaluation programmes [2—5] culminating in the volumes edited by Massalski [6].

Phase equilibrium for a binary metallic system is usually represented on an isobaric
temperature-composition diagram. This very common selection of axes recognizes the
major variables of interest in metallurgical processing. Although it is most often secondary
to the intended use, these diagrams may be regarded as maps showing the phase or phases
that provide the lowest Gibbs energy at a particular temperature, pressure and compos-
ition. In principle, the phase diagram may be developed from an independent knowledge
of the relative Gibbs energies for the various possible phases. Although this has been rec-
ognized since the landmark paper of Gibbs [7], it is seldom a reliable practical approach to
phase diagram construction, since relatively small uncertainties in measured Gibbs energy
differences between components in the phases generate substantial uncertainties in the place-
ment of the phase boundaries.

The matters that make the computation of phase diagrams unreliable when based on a
variety of independent direct thermochemical measurements imply that thermochemical
properties can be quite well inferred from a phase diagram when the underlying principles
are applied. Indeed, the determination of any feature of a phase diagram by whatever method
constitutes a bona fide method to establish thermochemical properties that are quite reliable.
Therefore, compilations of assessed phase diagrams constitute a rich source of thermochemical
solution properties. The development of phase diagrams from Gibbs energies may appear to
have limited practical value. It may seem that the exercise does little more than demonstrate
that the features of the diagram are consistent with the constraints of thermodynamic prin-
ciples - reassuring but not far reaching. However, the process of critical analysis via model-
ling brings together, in a self-consistent way, various kinds of independent thermochemical
property measurements with the phase diagram as the keystone. As a result, the analysis isol-
ates improbable measurements and places bounds on accuracy. Until the widespread use of
advanced computers, this approach was impractical, but in the past 25 years it has become
well recognized.

The solution properties inferred from phase diagram modelling are valuable in other
ways. For example, thermochemical data on the behaviour of a binary metallic solution, when
combined with other data, such as the Gibbs energy of formation of metal oxides, may be use-
ful in understanding equilibrium in a three-component metal-metal-oxygen system. Another
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example of interest is in the vacuum processing of alloys, where a phase diagram showing the
placement of the vapour field under reduced pressure can be calculated. Furthermore, rea-
sonable predictions of phase diagrams can be computed for multi-element metallic systems
based upon an understanding of the component binary metallic systems. The predictions,
at the very least, guide experimental investigations towards regions of particular interest.

10.1 Solution Thermodynamics and Phase Diagram Development

Since the principles of phase equilibrium computations are well covered elsewhere [8-11],
only the cornerstone ideas will be highlighted here. The underlying principle in extracting
thermodynamic data from phase diagrams is the equality of chemical potential or partial
molar Gibbs energy for each of the components in the coexisting phases. Therefore, for com-
ponent A, distributed between coexisting phases o and j:

G2=GP, (10.1)

With reference to Figure 10.1, the partial molar Gibbs energy for component A in the
o phase, can be interpreted graphically as the intercept of a tangent to the Gibbs energy of
the o phase at the composition of interest.

The partial molar Gibbs energy must be expressed relative to a standard condition of
concentration. For pure A, the difference illustrated in Figure 10.1 can be related to the activ-
ity of the component in solution & at the composition given by the point of tangency. That is,

G — G2 = RTIna¥, (10.2)

where af is the activity at temperature 7.

A xB

T T T T

T, P fixed e 'Gg

RTIn ag

Figure 10.1 Relationship of molar Gibbs energy of a solution to the partial molar Gibbs energies
and activities of the components.
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Figure 10.2 Isobaric (Sn + Bi) temperature—composition phase diagram.

Table 10.1 Gibbs energy data for (Sn + Bi) binary system [12].

1. Sn (pure component):
G%f=0J - mol™! (reference phase)
AZGE, = —7029.1 + 13.917 (T/K)J - mol ™!
2. Bi (pure component):
G&f= 07 - mol™! (reference phase)
AR2GY = —11296.8 + 20.766 (T/K)J - mol ™"
AYGS; = —4331.8 + 20.766 (T/K)J - mol ™!

3. Sn-rich tI4 solution (o~solid phase):
For (1 = x) Sng.sopia + (%) Bigseria = (1 = 2)8n + (X)Bi) gso1id sin
ApixG® = (1 = X)RT In(1 — x) + (x)RT In(x)J - mol~!
4. Liquid phase:
For (1 — x)Sn, + (x) Bip = ((1 — x)Sn + (x)Bi), g,
AmixG? = (1 = x) RTIn(1 — x) + (x)RT In(x) + (1 — x)(x)(606 + 194(1 — x))J - mol ™!

The temperature—composition phase diagram for the system (Sn + Bi) is shown in
Figure 10.2.

A thermodynamic model for the system (Sn + Bi) [12] is given in Table 10.1.

Gibbs energy isotherms for all phases (liquid (¢), Sn-rich solid solution () and virtually
pure solid (Bi)) are shown in Figure 10.3 at three temperatures. The hydrostatic pressure is
understood to be constant at 101.325kPa (1 atm), although for practical purposes there is
little influence on the Gibbs energy of condensed phases for changes of a few atmospheres.

At T = 473 K it is possible to construct a common tangent between the Gibbs energy
isotherms for the Sn-rich solid solution phase () and the liquid (¢), (& + £). In view of
the significance of the tangent intercepts at the extremes of composition, this construction
satisfies the basic requirement of Equation (10.1) for both components simultaneously.



Condensed Phases of Inorganic Materials. Metallic Systems 279

5000 5000 5000 5000
T=373 K (100°C) T=412K (139°C)
2500 2500 2500 2500
5 z
E oo 0 E o 0
= @ “Liquid (¢) =
© S Bi
Bi
2500 1 T el 2500 2500 -2500
a+Bi e,
2
-5000 ~+— -5000 -5000 -5000
00 02 04 06 08 10 00 02 04 06 08 10
Sn XBi Bi Sn Xg Bi
5000 5000
T=473 K (200°C)
2500 2500
3
E 0 0
=
= Bi
) ,
Liquid (¢) ot
22500 ] -2500
a+/f
-5000 -5000
00 02 04 06 08 10
Sn xg T Bi

Figure 10.3 Gibbs energy isotherms for the system (Sn + Bi).

Moreover, it is clear that no other phase between the points of tangency has Gibbs energy
lower than a mixture of these two phases. This collection of ideas, leading to the ends
of the tie line (points 6 and 7) shown in Figure 10.2 at 7 = 473K is termed the lowest
common tangent construction.

At T = 473K, when the overall Bi concentration is higher, there is another pair of
coexisting phases, namely points 8 and 9 in Figure 10.2. The construction in Figure 10.3
can still be described as the lowest common tangent if the point representing the Gibbs
energy of pure solid Bi is interpreted as the lower extremity of a “curve” (shown as the
bold line), which ascends sharply upward near the right edge of Figure 10.3. This might be
offered as a thermochemical explanation of the negligible solubility of Sn in solid Bi.

At T = 412K, the temperature of the eutectic, the two common tangents are now col-
linear. That is to say, one tangent touches all three isotherms simultaneously (points 3, 4 and 5).
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This situation typically arises only at one temperature or, in the language of the Phase
Rule, when the system is invariant. At 7 = 373 K, there is only one common tangent con-
necting virtually pure solid Bi to the Sn-rich o-solid solution (points 1 and 2). The
liquid-phase isotherm does not cut this tangent and is, therefore, not as stable as the two
solid phase combination depicted on the phase diagram.

Since the elements may not exist as all crystal types, it is usually necessary to be able to
assign a hypothetical structure in order to construct the Gibbs energy of mixing curve over
the entire composition range. Therefore, it is useful to mention in connection with this idea
and Figure 10.3 the concept of lattice stability attributed to Kaufman [13], and with data
compiled and reviewed by Dinsdale [14]. As it might not be possible to locate the Gibbs
energy isotherm for the a-solid solution in an experimental sense relative to the other phases
for high concentrations of Bi, a hypothetical structure was postulated. However, the meaning
of the Bi rich extreme of the isotherm is the Gibbs energy Bi would have if it could exist
in the a-phase (t14) [15]. This lattice stability of Bi in the tI4 structure can be expressed rel-
ative to Bi in its more stable thombohedral structure (hR2) [16]. In Table 10.1 this is treated
as a constant:

(—4331.8 — (—11296.8)) = 69657 - mol .

Of course, when Gibbs energies for all phases are known as functions of temperature,
the enthalpy and entropy contributions to the Gibbs energy are, in effect, known as well.
This opens the possibility of calculating other phase diagrams for the same system using
other coordinates. In Figure 10.4, the temperature, or thermal potential, axis in Figure 10.2
has been replaced by the relative thermal energy or enthalpy change, with respect to a
mechanical mixture of the two pure solid components at 7= 298 K.

This diagram not only connects phase equilibrium with scanning calorimetry, but is
useful in a practical sense to understand thermal effects associated with solidification or
melting, which is a matter of interest for this particular alloy system in view of its use in
lost core moulding of hollow polymer components, which involves repetitive melting and
solidification.

Since, for the case of most metallic solution phases, the component atoms interchange
on lattice sites, the ideal Gibbs energy of mixing for a mole of solution represented by

(A + B)sotution = X¥a(A) + xp(B), (10.3)
and is given by
Amix G¢ = xo RT Inx, + x5 RT Inxg, (10.4)

which is a form used in Table 10.1 for the liquid and a-phases.

The Gibbs energy provided by Equation (10.4) is brought into agreement with
thermochemical measurements or phase diagram features by the addition of an excess
Gibbs term, G, that itself can be subdivided into an enthalpy of mixing and excess entropy
contribution:

GE = Ay H — TSE. (10.5)
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Figure 10.4 Enthalpy—composition phase diagram for (Sn + Bi).

The simplest form is given by an empirical series, which is usually arranged as follows:
GE = xpxgla + bxg + o} + --). (10.6)

For many systems GE is not very dependent on temperature, which implies that ST is near
zero, and the random atomic mixing assumption inherent in the form of Equation (10.4)
provides a close approximation to the actual entropy of mixing. In this case, the excess
Gibbs energy is numerically equivalent to the enthalpy of mixing. When GF is temperature
dependent each coefficient in Equation (10.6) may be expressed by an expansion in T;
usually a linear relationship is sufficient.

To complete the mathematical positioning of a Gibbs energy isotherm, for example
the liquid phase in Figure 10.4, the ends of the curve at each extreme of composition must
be located. This may be done by arbitrarily selecting a reference phase for each component
(the phases need not be the same) and by expressing the ends of the isotherm with respect
to these selections. For the (Sn + Bi) system shown in Table 10.1, the point of reference
for each component is the pure liquid.

Figure 10.5 shows the phase diagram for (Mg + Si). Five phases are involved, of
which two are solution phases. All of the numerical data to establish the relative placement
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Figure 10.5 Computed binary phase diagram for the (Mg + Si) system using the data in Table
10.2 (P = 101.325 kPa (1 atm)).

Table 10.2  Gibbs energy data used in the construction of Figures 10.5 through 10.8.

1.

Mg (pure component):

Gt = 03 - mol ™! (reference phase)

A Gy = —8479 + 9.186 (T/K)J - mol ™!

A% Gy = 127847 — 93.476 (T/K) + RT In(P/atm) J - mol ™!

. Si (pure component):

G%f=0J - mol ! (reference phase)
A; G = —50212 + 29.80 (T/K)J - mol™!
AS G, = 384540 — 109.613 (T/K) + RT In (P/atm)] - mol '

. Mg,Si (intermetallic compound, o):

For $Mg, + 1Si,= $Mg,Si,
AmixG® = —211373 + 1096.8 (T/K) — 133.427 (T/K) In (T/K)J - mol};

. Vapour phase:

For (1 — x) Mg(g,Patm) + ) Si(g,Patm) =((1-—0)Mg+ Si)(g sn, P atm)
ApixGE=(1 —x)RTIn(1 —x) + (x) RTIn(x)J - mol™!;

. Liquid phase:

For (1 = x)Mg, + (x)Si, = ((1 — x)Mg + ()Si)¢gn
AmixGY= (1 = x) RTIn(1 ~ x) + (x) RTIn(x) + (1 — x)(x)(—=26751 — 70.809(T/K))
+ (1 — x)(x)*(74838)] - mol ™!

of the Gibbs energy curves consistent with Figure 10.5 is given in Table 10.2. This pro-
vides the basis for constructing the Gibbs energy isotherms in Figure 10.6 at T = 1300K.

By applying the lowest common tangent construction it is seen that Figures 10.5 and

10.6a are self-consistent at this temperature. As for Table 10.1, the data in Table 10.2 may
be regarded as a formal way of storing the phase diagram, or as thermodynamic data use-
ful for other purposes. Consider the development of the temperature—composition diagram
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Figure 10.6 Gibbs energy isotherms for the (Mg + Si) system at 7= 1300 K. The effect of pres-
sure reduction on the placement of the vapour phase isotherm is shown in (b).
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Figure 10.7 Computed binary phase diagram for the (Mg + Si) system using the data in
Table 10.2 (P = 5.066kPa (0.05 atm)).

at a constant pressure of 5.066 kPa (0.05 atm). The isotherm for the vapour phase in Figure
10.6b is lowered by RT In P and the lowest common tangent construction is repeated. At
T = 1300K, the construction shows that the vapour phase is stable for pure Mg and is part
of the two-phase mixture of (g + o) at low concentrations of Si. This is shown in the
resulting phase diagram, Figure 10.7.

The ability to rapidly compute the diagram at various pressures naturally leads to an
isothermal log P-composition diagram, shown in Figure 10.8 at 7 = 1300K.
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Figure 10.8 Computed isothermal pressure versus composition phase diagram for the (Mg + Si)
system using the data in Table 10.2 (T = 1300K).

The data in Table 10.2 are reasonably reliable insofar as relative Gibbs energies are
concerned. The computed diagram, in which the eutectic compositions and temperatures
are well represented, is evidence. However, the enthalpy and entropy changes inferred
from the Gibbs energies are less reliable. For example, the constant preceding the T InT
term in the Gibbs energy for the formation of Mg,Si implies a large difference in the heat
capacities between the product and reactants associated with the formation of Mg,Si.
Further, the magnitude of the temperature dependence in the Gibbs energy of mixing of
the liquid phase implies a large departure from random atom mixing. This underlines the
need to couple phase diagram modelling to experimental measurement.

10.2 Experimental Methods

A very wide variety of experimental techniques bear upon the study of phase equilibrium
in metal systems. It is typical of a great fraction of the experimental work reported that
specialized equipment, unique to the alloy under study, has been custom assembled for a
particular purpose. A catalogue of specific techniques would, therefore, imply a degree of
experimental standardization and off the shelf equipment that does not exist. The approach
here will be to broadly classify the main techniques used, with reference to binary systems,
although all of the techniques can apply to multi-component systems. The selection of a
particular technique is usually dictated by heating requirements, available materials of
construction and the chemical reactivity or volatility of component elements. Materials of
construction pose a major problem and, if this matter is not a part of the experimental plan
from the outset, the containment materials may become inadvertent minor components of
the system under study.
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10.2.1  Microscopic Phase Examination

The detection of phases by microscopic means for alloys of known composition and ther-
mal history is a cornerstone in the development of metallic phase diagrams. By working
backwards with the computational ideas discussed in the previous section, thermodynamic
information of the phases can be deduced.

Optical microscopic methods for metals are based on the reflection of light from pol-
ished and etched metal surfaces [16]. To determine the liquidus and solidus, an alloy is
heated and annealed in a protective atmosphere at a known temperature. A rapid quench fol-
lows, which freezes in the microstructure at that temperature [17]. By examining the
microstructure, the number and identity of the phases present at that temperature can be
determined [18]. An example of a typical optical micrograph for a (Mo + Rh) alloy is shown
in Figure 10.9 [19]. Several days or even weeks of annealing may be required to reach equi-
librium depending on the temperature. Alloys with an increasing fraction of a second elem-
ent are examined and the composition when a second phase appears at a particular
temperature is noted. The relative mass or atomic fraction of the phases can be obtained from
the observed phase fractions, which in turn can be related to a tie line on the phase diagram.

By plotting the phase assemblages determined by microscopy at each alloy composition
against temperature, a general indication of the phase diagram is obtained. The example

Figure 10.9 Mo-30 at.% Rh alloy quenched from the condition identified in Figure 10.10, at a
temperature just above the eutectic in the two-phase field (o + liq). The dark regions are the
Mo-rich phase (a-Mo), surrounded by the two-phase mixture associated with the eutectic solidifi-
cation of the liquid phase. The sample was etched in solutions diluted from a stock solution of: 9g
NaOH, 2.5 g K;3Fe (CN),, and 380 g H,O. Magnification is 200X [19], used with permission of [OM?.
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Figure 10.10 A partial phase diagram for (Mo + Rh) as determined by metallography [19]. Note
the point (as circled) for the Mo-30 at.% Rh alloy depicted in Figure 10.9, used with permission
of IOM?.

for the molybdenum-rhodium system is shown in Figure 10.10 [19]. Note that the relative
proportions of a-Mo and transformed liquid phase (from Figure 10.9) are consistent with
the lever rule construction in Figure 10.10.

A superior method, in principle, is hot-stage microscopy where the phases can be directly
observed at the temperature of interest in a vacuum or protective atmosphere. This approach
does not depend on interpretational matters that arise when phase transformations occur dur-
ing quenching, but is otherwise similar to the venerable annealing—quenching technique.

For the scanning electron microscope (SEM) or electron probe micro-analyser
(EPMA), an electron beam interacts with the atoms in the sample, and X-rays are emitted
that are characteristic of the elements present. The X-rays are detected and analysed using
energy dispersive (EDS) or wavelength dispersive spectrometers (WDS). The SEMs are
routinely coupled to an EDS system for concurrent chemical analysis. For microchemical
analysis in metallurgical work, an EPMA has one or more WDS attached. The SEM and
EPMA instruments make use of the same physical principles, but the emphasis is different.
The SEM is an imaging device; EPMA a chemical analysis tool. As such with an EPMA,
the instrument is designed to control the position of the electron beam, which must be held
stationary for long periods of time, tightly aimed and focussed. Detailed information on
these techniques and their applications can be found in references [20-23]. The relative
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merits of the WDS, sometimes called a crystal dispersive spectrometer, over the EDS is
that the WDS has a higher resolution of the X-ray spectrum and better detection limits of
trace elements, but this comes at the cost of increased data collection times. The impact of
these differences is well discussed by Lifshin [24].

In the study of phase equilibrium, the main advantage of an SEM/EDS system is the
capability to provide relatively rapid compositional information that can be used to locate
the ends of tie lines. Routinely, images are collected that indicate the distribution of spe-
cific elements. This requires some capability of the SEM to hold the electron beam at a
specific location for a pre-set time, similar to the EPMA. As the EDS system acquires the
entire spectrum, as opposed to the WDS, which scans only the wavelengths of interest, data
collection for the EDS system is relatively rapid.

Advances in SEM/EDS have resulted in better and faster means of determining the
composition of the phases. In particular, the advances in detector technology, digital pulse
processing, and computer storage have expanded the utility of energy-dispersive spec-
trometry [25]. Older detection systems are restricted to detecting aluminium and heavier
elements. Detector construction and the development of atmospheric thin windows have
improved the detection of light elements, such as carbon and oxygen, to the point where
they can be detected reliably and their proportions derived. Present day systems can detect
elements as light as beryllium. Of particular note are the advances in low-voltage electron
microscopy, which prevents charge build-up on the sample. Thus, conductive coatings are
not required and a better EDS analysis is obtained for light elements.

The transmission electron microscope (TEM) is an extremely valuable tool in exam-
ining precipitates on the order of a few hundred nanometres. Although it is primarily used
for the investigation of submicron features of microstructures, the TEM has also been used
to provide information relating to the placement of phase boundaries for metallic systems
[21]. In a TEM, an electron beam is passed through a thin section of material. Similar to
the SEM or EPMA, the X-rays emitted can be analysed with a EDS or WDS system to give
the composition of the phase examined. An electron diffraction pattern is also obtained
concurrently, giving the structure of the phase.

10.2.2 X-Ray Diffraction

Since the first structure determination by Bragg in 1912 [26], X-ray diffraction has been
used to characterise the arrangement of atoms [27]. Metal phases and their crystal struc-
tures have been so extensively studied that the method is now used to identify phases and
is primarily used as a complement to metallographic or microscopic techniques. The X-ray
powder diffraction has been reviewed in great detail recently [28] and application to metal-
lurgy can be found in general texts [29-31] and in specific publications [27].
Construction of phase diagrams from X-ray data exploits the fact that there is a con-
tinuous change in the lattice parameter with changing proportions of atoms of different
size. Typically, alloy specimens equilibrated at high temperature are quenched to room tem-
perature to preserve the equilibrium. For a continuous solid solution, such as (Co + Ni)
alloys, the lattice parameter varies nearly linearly with composition in accordance with
Vegard’s law. This variation is shown for the (Co + Ni) system in Figure 10.11 [32].
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Figure 10.11 Lattice parameter of (Co + Ni) alloys at room temperature [32], used with permis-
sion of ASM International.

Where there are two phases possible at a particular temperature, there is an arrest in the
lattice parameter variation with composition and diffraction peaks associated with a second
phase that begin to appear. This is evident for the (Ni + Ti) system shown in Figure 10.12
[33]. The discontinuity identifies the phase boundary or solid solubility at 7 = 1023 K.

For comparison purposes, the (Ni + Ti) phase diagram [6] is shown in Figure 10.13,
with the point on the phase boundary determined in Figure 10.12 circled.

Approximate relative proportions of the phases in the powder, usually accurate to a few
percent, can be determined by intensity variation. To do so requires that standards of known
proportions be prepared and used to create a calibration plot. Relative proportions can also
be determined by Rietveld refinement, which is growing in popularity [34]. This technique
originally grew out of the analysis of neutron diffraction patterns and has been applied to
X-ray diffraction patterns. The interpretational software requires some knowledge of the
space group, and atomic positions within the unit cell. This is generally not a problem for
metallic systems. One recent application has been to quantitatively determine the mass frac-
tion and mean size evolution of the & precipitates in an Al-Li alloy [35,36]. The software is
freely available [37] and guidelines for the Rietveld refinement have been published
recently [38].

10.2.3 Emf Cells

Generally speaking, this approach provides the relative partial molar Gibbs energy of one
component in the system as a voltage measured under open-circuit conditions [39]. The
experimental program must first demonstrate reproducibility in the measured potentials
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following a disturbance, such as the momentary passage of a small current or excursion in
temperature. By gathering sufficient information on the compositional dependence of one
component over the extremes of composition change, the Gibbs—Duhem equation may be
integrated to determine the relative partial molar Gibbs energy of the other component and
the Gibbs energy of mixing, depicted in Figure 10.1.

Consider a binary system (M + N) in which M is the more easily oxidized element.
An electrochemical concentration cell may be constructed of the type

— MMM + N) +. (10.7)

The electrolyte containing the M** ion must be suitably conductive and non-volatile
at the temperature of interest. Typically, a molten salt mixture is employed to provide a
suitably low eutectic [40-42]. The diluent salts for the M** ion must be sufficiently stable
so that there is no chemical exchange with the alloying elements. The reversible open cir-
cuit cell voltage E gives the relative partial Gibbs energy of M by

AGy = —zFE, (10.8)

where F is the Faraday constant.

To permit measurements at higher temperatures, where even a molten electrolyte may
be too volatile, a solid electrolyte may be employed. In this technique, a metal-metal oxide
equilibrium may be used to establish an oxygen partial pressure in the half-cells. The dif-
ference in the effective oxygen partial pressure on either side of the solid 0*~ conducting
electrolyte generates an emf that can be related to the activity of the metal component
under study in the alloy phase.

To take the case of palladium—rhodium alloys, the thermodynamic properties have been
measured between T' = 950K and 1350K [43]. The galvanic cell, shown in Figure 10.14,
is schematically represented by

- Rh, Rh203'Y203 : ZI'O; |Pd1_thx, Rh203 +, (109)

(Po solid oxide electrofyte (P":)z

where the oxygen partial pressure at each electrode is controlled by

The results take the form of plots of E in volts versus temperature for each alloy com-
position, as shown in Figure 10.15.

The emf, corresponding to the virtual oxygen transfer, reaction (10.11), is given by
Equation (10.12):

O2alioy-side 2) ~37> O2(pure Rh-side 1)» (10.11)
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—RT (P o )1
E=——In = |. 10.12
aF [(Po)z] (10.12)
Combining the previous concepts, the activity of the thodium (agy,) is directly related

to the emf by Equation (10.13) [43]:

—3FE = A, Gy = RT In gy, (10.13)

From the temperature dependence of the activity, the partial enthalpy and entropy for
Rh can be computed. By using the Gibbs-Duhem equation, the corresponding properties
for Pd can be derived. This leads to a thermodynamic model describing the solution behav-
iour of the solid in the (Pd + Rh) system, in the range of temperatures where continuous
solid solutions can be expected, as shown in Figure 10.16 [44]. The form of the equation
is similar to that shown in Table 10.1 for the liquid phase of the (Sn + Bi) system (small pos-
itive deviations from ideal behaviour).

Gibbs energy isotherms for the (Pd + Rh) system at T = 1000 and 1300K are shown
in Figure 10.17. Note that in Figure 10.17a the miscibility gap depicted in the phase dia-
gram is defined by the common tangent to the cF4-phase.
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Figure 10.17 Gibbs energy isotherms for the (Pd + Rh) system at 7 = 1000 and 1300K.

10.2.4 Vapour Pressure Techniques

Vapour pressure measurements provide another way of measuring a relative partial molar
Gibbs energy. Since the temperatures involved in most metal system investigations are rela-
tively high and the partial pressure of the most volatile component is typically low, it is
quite appropriate to employ ideal gas behaviour in the following way:

Apix G = G; — G‘,?=RTln[%] =RTIna, (10.14)
11

This experimental approach of gathering Gibbs energy data is limited to systems
where there is only one component that is a substantial contributor to the vapour phase and
also when the molar mass of the volatile species is not in question. Fortunately for most
metals, the dominant vapour species is usually monatomic.

In the transpiration or transport technique, an inert gas is passed through or over a
condensed sample such that the partial pressure of the vapour is taken to be in equilibrium
with the condensed phase [45—47].The mass transport is monitored through the weight
loss of the condensed phase or through the weight gain of a cold finger or trap that is pos-
itioned downstream. The vapour species are condensed and analysed with a suitable tech-
nique. A simple transpiration apparatus is presented in Figure 10.18 [46]. Such an apparatus
would be used for the determination of the vapour pressures of solids. Care must be taken
to ensure that the flow of the carrier gas is slow enough for equilibrium to be reached but also
fast enough to render insignificant any diffusion of the vapour downstream to the cold trap.
Material depletion is another factor: material evaporated from the condensed system must
not affect the overall composition to a significant extent.

In principle, the transpiration technique could be applied to the (Mg + Si) system
noted in Section 10.2. The measurements for a particular composition and temperature
would give, in effect, a point on the vapour phase boundary in Figure 10.7. The collection
of sufficient data of this type yields the relative partial molar Gibbs energy of Mg in the
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liquid phase as a function of temperature. By the application of the Gibbs-Duhem equa-
tion, the corresponding relative partial molar Gibbs energy for Si could be derived. The
Gibbs energy of mixing could then be found, which becomes the basis for the computation
of the phase diagram for (Mg + Si), by the lowest common tangent methodology.

The modern embodiment of vapour pressure methods employs superior detection sys-
tems. One such arrangement, appropriate to systems with quite low volatility, for example
(Pd + Rh), is shown in Figure 10.19 [48]. A Knudsen cell made of inert material encloses
the alloy under study. The effusing vapour is detected by mass spectrometric means.

The signal provides a partial pressure for each isotope of Pd, the more volatile elem-
ent. The relative isotopic abundance of vapour species is used to refine the computation of
the total partial pressure expressed in Equation (10.14) as P;. Typical data for a (Pd + Rh)
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Figure 10.20 Typical partial pressure data for a 52 at.% Pd-48 at.% Rh alloy [48].

alloy are shown in Figure 10.20 for both pure Pd and an alloy [48]. The displacement of
the two lines provides a measurement of the activity of Pd in the alloy. In this case, it is
slightly greater than the atomic fraction of Pd in the condensed phase.

When the volatility is much higher, continuous recording of thermogravimetric (TGA)
means could be employed in the detection system. Vapour effusing from the hot Knudsen
cell, swept away by an inert carrier gas, condenses in a cold trap downstream. The mass
loss from a chamber, in which saturation must be demonstrated, provides the partial pressure
using classical effusion equations.

10.2.5 Thermal Methods

In the simplest embodiment of this technique, the temperature is continuously recorded
during slow heating or cooling. Phase changes that take place alter the rate of temperature
change with time due to the heat effects associated with the transformation. The most
effective use of this technique is the study of liquid—solid transformation since the phase
transformations are generally not sluggish in metallic systems.

A variation on this technique is differential thermal analysis (DTA) in which two ther-
mocouples are used. One is placed in a non-transforming reference material and the other
in the system under study. A spike occurs in the temperature difference when a transform-
ation is encountered. An example of the application of DTA is shown in Figure 10.21 for
a (Pd + Rh) alloy [48].
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Figure 10.21 A typical DTA curve for an 80 at.% Pd-20 at.% Rh alloy. The extrapolated onset
indicates that the solidus temperature is 1868 K [48].

Thermal analysis techniques put emphasis on the temperature at which a transform-
ation commences, since the temperature at which a transformation concludes may not be
reliably detected. For example, the solidus in a cooling binary metal system is usually
achieved by segregation associated with the siow diffusion of the components in the crys-
tallizing solid. Advancement on DTA is the quantification of the thermal effect associated
with the peak height/area, which leads to scanning calorimetry.

10.2.6 Scanning Calorimetry

There are the two principal types of differential scanning calorimeters (DSC). Boersma
[49] introduced the heat flux DSC in 1955, and Watson and O’Neill [50,51] developed the
Power Compensation DSC in 1963. With these two techniques, it is possible to make quan-
titative measurements of the transformation energy, which had not been possible with trad-
itional DTA [52]. In the heat flux method, the heat of transformation is detected as a
temperature difference with respect to an adjacent reference material {49]. In the power
compensating method, the power required to keep the sample and the reference material at
the same temperature is recorded [50].

A-typical result for (Sn + Bi) alloy is shown in Figure 10.22. It can be seen from this
figure that the onset of transformation temperature is calculated as T = 412 K. This corre-
sponds to the eutectic temperature in Figure 10.3 [53].

Table 10.3 summarizes the experimental work [53] for several additional compositions
of (Sn + Bi) alloys. For the process of raising the temperature from 373 to 483 K, with all
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Figure 10.22 DSC heating profile for a 20 at.% Bi in Sn alloy. The eutectic temperature, deter-
mined by the extrapolated onset, is 412K and the liquidus temperature is 458 K [53].

Table 10.3 Thermal effects for fusion of (Sn + Bi) alloys.

Xg; Measured AH Calculated AH Difference

(3 -mol™h (I - mol™h (J-mol™) %
0.197 10103 10496 —393.1 -3.75
0312 10890 11074 —184.3 —1.66
0.390 11846 11455 391.7 342
0475 11623 11863 —240.0 -2.02

accompanying phase changes, a measured AH is recorded in Table 10.3. This can be com-
pared to the calculated AH, determined from Figure 10.4, The difference in the values is
typical of the precision that may be expected from scanning calorimetry as it applies to
alloy transformations that involve melting.

The liquidus temperatures were determined from the return to baseline, as marked in
Figure 10.22. These are shown in Table 10.4 and compared with modelled temperatures
from Figure 10.2.

Heating rates affect the results obtained using scanning calorimetry to a limited
degree. An indication of this is shown in Table 10.5.

Figure 10.23 shows a series of representative DSC curves for various alloy compositions
in a more complex binary system [54]. At compositions indicated by 1, 2 and 3 (pure B;
compound D with a congruent melting temperature; and the eutectic composition, respect-
ively), the curves have very sharp peaks, indicating a temperature invariant phase change.
However, alloys 4-8 have melting ranges as indicated on the phase diagram. For alloys 4-7,
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Table 10.4 Liquidus temperatures 7', for the (Sn + Bi) alloys.

Xg; Observed Modelled
T:/K T,/K
0.197 458 463
0312 430 438
0.390 425 421
0.475 423 424

Table 10.5  Effect of heating rate on observed eutectic temperature T, and liquidus temperature T, for
sample 3 (xg; = 0.39).

Heating rate Observed Observed
(K - min”") T.(K) T,(K)

10 412.6 4252

2 412.6 424.1

0.5 412.5 4237

n
ey

Temperature

ar A C D B ar
Composition

Figure 10.23 The (A + B) phase diagram, showing representative DSC curves for various alloy
compositions, indicated by the dashed lines, after Gutt and Majumdar [54]. Note: (ss) indicates
solid solution.

the eutectic and peritectic temperatures correspond to the extrapolated onset of the sharp
peak, but the heating curve does not return immediately to the baseline, which is similar
to the behaviour shown in Figure 10.22. In the cases where the cooling path only passes
through one region of solid plus liquid (alloys 4, 6 and 7), the DSC curve moves towards a
second extreme value, which corresponds to the liquidus temperature. For curve 5, the
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eutectic and peritectic temperatures are indicated by sharp peaks, and the liquidus by the
final peak.

Alloy 8 in Figure 10.23 has a path that does not cross a eutectic or peritectic tie line.
Instead, the solidus is determined by where the extrapolated onset occurs for the larger
peak, with the liquidus occurring at the peak extremity, similar to that of Figure 10.21. The
temperature of the solidus is approximately indicated by the bump in the DSC curve at the
lower temperature. However, the heat effect here is rather small and difficult to resolve,
since it is a solid to solid reaction. X-ray diffraction (Section 10.2.2) would be better suited
to determining the placement of this phase boundary.

Calorimetric Methods

Although enthalpies of formation and heat capacity do not deal directly with the subject
matter of this review, these data do bear upon phase transformations since they contribute
to the development of Gibbs energy equations exemplified by Mg,Si in Table 10.2.

The calorimetric techniques applied to metallurgy are well reviewed in [45]. Practical
considerations in reaction calorimetry are well reviewed in Chapter 3A of Ref. [55]. With
respect to solution calorimetry, the IUPAC has recently published a book by that title,
which describes the various techniques now commonplace today. In particular, Chapter 6
of Ref. [56] gives an excellent review of this technique as applied to metallurgical systems.

10.3 Multi-Component Systems

Phase equilibrium in systems of contemporary commercial interest almost invariably
involve more than two components. Experimental studies, based upon methods outlined in
the previous sections, are being guided to a considerable degree, by predictive methods
based upon the substantial body of thermodynamic data collected over the past 25 years
[6,57]. Two types of multi-component systems may be distinguished, viz. those involving
a solvent element with several dilute solutes, and those covering the extremes of compos-
ition for all components.

When there is a dominant metal component, the simplifications associated with dilute
solution thermodynamics may be applied. There are many systems of commercial interest
that fall into this category. Principally a knowledge of the Henry’s activity coefficient for
each solute and its variation with temperature is required. In many cases, it is sufficient to
treat the activity coefficients as independent of composition within the limited range of
concentration for those dilute solutes and to ignore, as an initial approximation, the effect
of one solute on the activity coefficient of another.

Consider the case of a lead battery electrode alloy containing small concentrations of
Ca, Sn and Ag. The activity of Ca dissolved in Pb can be found by formulating the solu-
bility product from the Gibbs energy of formation of CaPb,, via reaction (10.15), and
using a portion of the binary (Pb + Ca) phase diagram, shown in Figure 10.24 [58-60].

Ca + 3Pb = CaPb;. (10.15)
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Figure 10.24 The (Ca + Pb) phase diagram, enlarged at the Pb-rich side.
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Figure 10.25 The (Pb + Sn + Ca + Ag) quaternary system.

Taking the activity of Pb in the lead-rich phase to be the atom fraction, the activity coeffi-
cient of Ca can be found for alloys saturated with CaPbs, using equation.

AfGOCan3 = RT lnxCa + RTIn Yca + RT lnbe. (1016)

The Henrian activity may be found, broadly speaking, in a similar manner for the other
solutes. The phase equilibrium involving the possible coexistence of the lead-rich solid
solution with intermetallic phase(s) can now be calculated. Figure 10.25 depicts the com-
positions of all the possible intermetallic phases involving the four elements in question.
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Figure 10.26 Ternary slices from (Pb + Sn + Ca + Ag) quaternary, at constant levels of Ag.

With the Gibbs energy of formation for these nearly stoichiometric phases, there is
sufficient data to develop the phase diagram in the lead-rich corner by Gibbs energy mini-
mization methods incorporated into computational software [61]. The estimated phase
equilibrium is depicted in Figure 10.26 for 7= 523 K.

It is also possible to compute, for a series of temperatures, the most stable phase assem-
blages, and identify those temperatures associated with the appearance of new phases.
These results are organized in Table 10.6, with the asterisks indicating the temperature for
the appearance of a new phase. This information, made possible by bringing together a
variety of experimental measurements, modelling the binary phase diagrams to rationalize
those data, and using modern computational tools, is revealing in terms of the genesis of
phases. In particular, it is important to know from which phase (solid or liquid) a particu-
lar intermetallic precipitate first appears. This affects the metallurgical microstructure with
a consequent impact on mechanical properties.

When the phase equilibrium is to be developed for a system where dilute solution sim-
plifications do not apply, interpolation methods may be used to estimate Gibbs energies
based upon experimental studies for the binary metal combinations. Consider the case of
(Mo + Pd + Rh + Ru) alloys. This system is encountered as metallic inclusions in spent
nuclear fuel. The Kohler interpolation scheme [62], which will here suffice to represent
others [63], proportionally weights, from each binary system, the contribution of the thermo-
dynamic property of interest, as given below.

Gy = (1 —x0? GE + (1 = xy)’ GE+ (1 — x2)* GE (10.17)



302 Condensed Phases of Inorganic Materials: Metallic Systems

Table 10.6 The mass percentages of the various phases for the slow cooling of a Pb alloy with
600 ppm Ca, 6000 ppm Sn and 500 ppm Ag.

/K Liquid CaSn; Solid AgsSn
solution solution

773.0 100

727.0 100 *

599.5 99.475 0.525 *

589.7 0 0.564 99.436

534.0 0 0.592 99.408 *

473.0 0 0.593 99.365 0.042

X
[
| \
a Z
Figure 10.27 Representation of Kohler Interpolation; the property (GE) at p may be estimated
from a knowledge of properties at compositions a, b and ¢ [62].

Y

This is illustrated in Figure 10.27, where the excess Gibbs energy of mixing at point p, is
estimated from the known excess Gibbs energy of mixing at points a, b and ¢, which are
found by extending line segments from each of the corners on the ternary diagram, to the
opposite binary system.

The form of the interpolation scheme for the excess Gibbs energy is consistent with
regular solution behaviour of each component dissolved in a solvent involving a fixed pro-
portion of the other two components. This methodology has been found suitable in many
cases as a predictive approach to provide ternary and multi-component excess solution
property estimates when no experimental data exist. As experimental data are gathered for
the multi-component system, departure terms may be added to the basic interpolation.
These terms, usually only 1 or 2 are necessary or justified, take the form of products of all
mole fractions raised to different powers times a temperature-dependent coefficient. The
correction terms vanish in the binary subsystems. Figure 10.28 shows the phase equilib-
rium for the ternary faces of the quaternary alloy at 7 = 2000 K computed using this inter-
polation method [64]. The phase boundaries for the (Pd + Rh) binary alloy may be compared
with the binary diagram in Figure 10.16.
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Legend
b =bce phase
¢ =cph phase
f =fcc phase

£ =liquid phase

@ = three phase
region

Mo  MosRu, MoRu; Mo
(bec) Xgy——=— Xpfg——=— (bee)

Ru
(cph)

Figure 10.28 Four ternary diagrams for the (Mo + Pd + Rh + Ru) system at 7 = 2000 K [64].

10.4 Conclusions

Phase equilibrium expressed using binary temperature—composition phase diagrams has
long been recognized as central to metallurgical processing. For the greater part of the
last century, the development of these diagrams was almost exclusively undertaken as
an experimental activity involving the substantial use of microscopy, X-ray diffraction
and thermal analysis. The widespread use of computers in the past 25 years awakened a
more fundamental understanding of the thermodynamic principles of phase diagram con-
struction that was dormant for a century. This has enabled experimental measurements
of thermodynamic solution properties to contribute in greater measure to phase diagram
development, and assist in major international assessment programs leading to compre-
hensive compilations. This modelling/assessment process not only gives assurance that the
phase diagram is self-consistent and respects underlying principles, but also provides a
degree of confidence in extrapolating to conditions of temperature, pressure or compo-
sition that may be difficult to study experimentally. Furthermore, phase equilibrium
information, stored as self-consistent equations for the thermochemical properties of the
phases, permits diagrams with unconventional axes to be rapidly developed for special
applications. With the addition of interpolation equations to forecast multi-component
solution behaviour from the binary subsystems, likely phase diagrams for systems with
many components can now be calculated to help focus future time-consuming experimen-
tal effort.
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11 CONDENSED PHASES OF
INORGANIC MATERIALS:
CERAMIC SYSTEMS

Ceramic materials include oxides, nitrides, carbides, and borides. Many applications for these
materials involve high temperatures where their chemical stability is critical. Thermody-
namics provide a useful tool for predicting chemical stability, particularly at high tempera-
tures. Thus there is a continuing need for accurate thermodynamic data for existing and
future ceramic materials.

Methods of obtaining thermodynamic data for ceramic materials are generally similar
to those employed for metallic materials. However, there are a number of critical issues for
ceramic materials, which are emphasized here. In general, ceramic materials are used at
higher temperatures and therefore, high-temperature thermodynamic data are needed.
Obtaining thermodynamic data at high temperature sometimes requires the use of extreme
conditions that are incompatible with typical thermodynamic methods and instruments.
One particular challenge is the need for an inert reaction container at high temperatures.
Ceramic materials also present a wide range of thermodynamic stabilities. Certain refrac-
tory oxides are exceptionally stable, e.g. ThO,, whereas certain carbides, nitrides, and
borides are barely more stable than the constituent elements, e.g. Mo,C [1].

To characterize a system thermodynamically, the following data are needed at a
minimum [2]:

(1) The standard molar enthalpy of formation from the elements in their standard states,
e.g. AtHY, (298.15K) for M(s) + 30,(g) = MO(s).

(2) Standard entropy, usually at 298.15K, S° (298.15K).

(3) Heat capacity to high temperatures, C3(T).

(4) Enthalpies of phase transformation, A H(T).

These data are usually obtained by calorimetry. The formation enthalpies are typically
measured using some form of combustion or solution calorimetry. Heat capacities are
commonly measured using adiabatic, drop, or differential scanning calorimetry. From the
heat capacity and the formation enthalpy, high-temperature values for H, G, and S can easily
be obtained using Equations (11.1)—(11.3) [2].

AsHY(T) = A:H(298) + f ' CY(T)dT, (11.1)
r (0

SYT) = 5%298) + f —C”—T(T—) dr, (11.2)

AsGYT) = AcHYT) — TASY(T). (11.3)

In some materials with disorder, a configurational entropy term must be included in Equation
(11.2) [3].
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Many ceramic materials form solid solutions with wide ranges of non-stoichiometry.
Examples include ZrO,_s and MoC_s. For these compounds, it is important to know the
partial thermodynamic quantities, such as the thermodynamic activities. The most common
experimental methods are gas equilibration, vapour pressure, and electromotive force (emf)
measurements. The measured activities are related to the partial molar Gibbs energy by [4]

AG_,' = RT lna,-, (1 14)

which allows the derivation of the partial molar enthalpy and entropy by
= JAG,
AS; = _(—8T )p, (11.5)

aAG’) . (11.6)
p

AFI,- = AG, + TAE,- = AG_,- - T(T

As noted by Kubachewski et al. [2], caution should be taken in ascribing too much signifi-
cance to data derived from slopes and intercepts. Generally, entropies determined from
calorimetric measurements or their estimates are preferred. Estimates may be made either
from spectroscopic data or by comparison with similar compounds.

If the activities are determined for each component, then the Gibbs energy of forma-
tion can be calculated. Consider the oxide formation example:

M(s) + 10, (g) = MO(s) AG® = RT Inayal?: (11.7)

Ideally, this can be compared with the value determined calorimetrically.

In this section, we begin with a discussion of calorimetry as applied to ceramic materials.
We then cover gas equilibration, vapour pressure, and emf techniques. This will cover the
major approaches in use today for obtaining thermodynamic quantities of ceramic materials.
The references will provide the reader with more details on these and other techniques.

111 Techniques Yielding Formation Enthalpies

Highly pure, single-phase materials are the most desirable for enthalpy measurements. If
the highest purity material is unavailable, then impurities should be identified and com-
pensated for in the thermodynamic calculations yielding the standard molar enthalpy of
formation from the elements, A;HY, (298.15K). This requires that any impurity phases be
known and have known thermodynamic functions.

11.1.1 Combustion Calorimetry

Combustion calorimetry is a powerful calorimetric tool used to determine the enthalpy
of formation of many materials. The most common forms of combustion calorimetry on
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ceramic materials involve the reaction of a precursor with fluorine or oxygen gas to meas-
ure the energies of reactions of the type:

MIM2 (s) + 2X, (g) = MI1X, (s or g) + M2X,, (s or g), (11.8)

where X = O or E Several requirements must be met for combustion calorimetry to be
useful on ceramic materials. A candidate for combustion calorimetry must react com-
pletely with the oxidant to be used, e.g. (SisN,; + O,) [5]. The reaction products must be
known, reproducible in composition and crystal structure, and have known or measurable
enthalpies of formation.

Recently, O’Hare [6,7] and Tomaszkiewicz et al. [8,9] have determined the enthalpies
of formation of several MSi, ., alloys where M = W or Mo. Their studies used fluorine
F, bomb calorimetry, since each component in their system (Si, W, and Mo) reacts com-
pletely with F, to form exactly one known product {SiF, (g), WF; (g), and MoF¢ (g)}.
Calculation of an enthalpy of formation is straightforward once the enthalpy of combus-
tion is known. Using WSi, g4 as an example [6], the molar enthalpy of combustion, A, HY,
after corrections unique to each calorimeter, represents the reaction:

WSi, 60 (CT) + 7.12 F, (g) = WF¢ (g) + 2.06 SiF, (g) A, HY,. (11.9)

With the standard enthalpies of formation for the products As H%(WFy, g,298.15K) [10] and
AsH(SiF,, g,298.15K) [11], the enthalpy of formation for WSi, o, can thus be calculated by,

ArHY (WS, g6, c1,298.15K) = 2.06 AcH Y (SiE,, g,298.15K)
+ AsHO(WFg,g,298.15K) — A HY.  (11.10)

Leonidov and O’Hare have recently reviewed [12] F, bomb calorimetry. An oxygen bomb
calorimeter is simpler in design to that described by O’Hare, but the basic technique
remains the same. Generally, combustion bomb calorimetry is limited to non-oxide ceram-
ics or alloys including carbides, nitrides, and some borides. A difficulty in forming oxides
by combustion is their tendency to form poorly crystalline or finely grained (nanophase)
materials.

11.1.2 Solution Calorimetry

Solution calorimetry is a common method for measuring formation enthalpies of ceramic
materials. The material is dissolved in a solvent and the energies associated with the reac-
tion are measured in a calorimeter. Two general types of solution calorimetry are used on
ceramic materials. Aqueous solution calorimetry [13-17] employs aqueous acidic solu-
tions at T = (298-335) K as a solvent and is thus used for less refractory, easily soluble
materials. These materials tend to be the higher valence oxides and water containing
materials while many of the newer, more technologically interesting materials tend to be
more refractory and less susceptible to aqueous solution calorimetry. High-temperature
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oxide-melt solution calorimetry [18-29] relies on a molten oxide-melt at elevated temper-
atures to dissolve more refractory materials that often cannot be dissolved using aqueous
techniques. We emphasize the oxide-melt technique in this discussion and refer the reader
to the more detailed references on aqueous solution calorimetry for examples of its use.
The basic thermodynamics of the two techniques are the same.

There is one principal requirement for solution calorimetry. Samples must dissolve
completely and rapidly in the solvent and must form reproducibly solvated species. It is
convenient for oxide-melt solution calorimetry if solutions are dilute enough to be in
the Henry’s law regime, so that the enthalpy of solution depends neither on the amount
of solute added nor on the presence of comparable amounts of other solutes. In aqueous
acid solution calorimetry, this is not possible because of the presence of the acid, care must
therefore be taken that the final concentration of dissolved species in the reference exper-
iment is equivalent to the final concentration dissolved species from the unknown sample.
This is because in aqueous solution calorimetry the measured enthalpy is concentration
dependent.

There are several techniques for sample introduction into the solvent. Table 11.1 lists
some sample introduction techniques and a brief description of each. In most cases, a
blank or control experiment is necessary to correct for heat effects caused by sample intro-
duction. For example, the heat effect of ampoule breakage or dissolution must be com-
pensated for if an ampoule is used to introduce the sample.

The typical instrument used for oxide-melt solution calorimetry is a twin cell
calorimeter described in detail by Navrotsky [18,19] and designed to operate isothermally
at a given temperature, T, in the example below, for an extended period of time, and with

Table 11.1  Sample introduction techniques for solution calorimetry.

Sample introduction technique Description

Inert sealed ampoule: aqueous experiments  Sealed: a small ampoule, usually glass,
is broken and its contents mixed into the
solvent allowing dissolution of the sample

Inert capsule: oxide-melt experiments Capsule: an uncovered and inert, usually Pt pan or
capsule is dropped into the solvent where the
contents are dissolved

Soluble ampoule: oxide-melt experiments A small ampoule, usually made of hardened
solvent material, is dropped into the solvent
where it, along with the sample, dissolves

Inert platform: both aqueous and oxide-melt A platform on the end of a manipulation rod is

experiments equilibrated above the solvent and then lowered into
the solvent and then agitated to allow for sample
dissolution. Correction for mechanical stirring

Pellet: oxide-melt experiments A pressed pellet of the sample material is
dropped into the solvent where it dissolves. No
correction is required
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Table11.2 Examples of materials studied using high-temperature oxide-melt solution calorimetry.

Material studied/reference Points of interest in study Solvent and temperature used
CaZrTi,0, [21], Nuclear waste materials and 2PbO-B,0,
CaHfTi, O, [22] highly refractory oxides 973, 1043, and 1073 K
Ca;ALL[(OH),); [23] Hydrous phases 2Pb0-B,05, 969K
MgAl,0, [24] Nanophase materials 2Pb0O-B,04, 975K
Li;BN,, Li;AIN,, Ca;B,N,4[25]  Nitrides 3Na,0-4Mo0;, 979K
o-Si3Ny, B-SizN, [26] 52 wt% LiBO,-48 wt%
NaBO,
K,0-3V,05
Si0,, AlL,O4 [27] Element partitioning in K,0-8i0,, 1760K
silicate melts K,0-3Si0,
Zeolites [28] Zeolites, meso-, and 2Pb0O-B,05,977K
microporous materials
YBa,Cu,0Oq, Y,BaCuOs, Superconductor 2Pb0O-B,04, 977K
Y,Cu,Os, and BaCuQ, ; [29] materials and mixed
valencies

a number of different solvents. Table 11.2 lists examples of ceramic materials that have
been examined recently and the calorimeter temperatures and solvents used for calorim-
eters of this design [18,19].

The dissolution of a sample in a solution calorimeter results in a reaction of the form

ABO, (ct, Ty) = AO, (sol, Ty) + BO,, (sol, Tp) AHYABO,cr,Ty), (11.11)

where T is the sample temperature before introduction and 7, is the calorimeter and solvent
temperature. T; and T, are not necessarily the same temperature and A, H%,(ABO,, cr, T)
is the measured heat effect of the reaction. In fact, in most cases of high-temperature solu-
tion calorimetry, T} and 7, are of necessity different to accommodate a molten oxide-melt
as the solvent. One exception occurs in the experiments where an inert platform (Table 11.1),
is used for sample introduction. We use the notation AO, _, (sol, ) to indicate that little
is known or needs to be known about the actual speciation of the solute to derive an
enthalpy of formation. We need only to know that the material dissolves in the solvent.

An enthalpy of formation for ABO, (cr) at 7= T, can then be obtained using
Equation (11.12) if the values of A, HY, for AO, (cr, T;) and BO,_, (cr, T}) are known or
have been similarly measured. Equivalent equations or thermodynamic cycles can be writ-
ten for non-oxide materials. Typically, experiments are designed to have 7| = 298.15K,
yielding AcHY, (298.15K) directly.

A:HY (ABO,, cr, T)) = A HY(AO,, cr, Ty) + A Ho(BO,_, e, Ty)

—~y»

— AHY (ABO,, cr, T)). (11.12)
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11.2 Techniques Yielding Heat Capacities and Entropies

In addition to the enthalpy of formation, as shown by Equation (11.3), the entropy is needed
to calculate the Gibbs energy of formation for a ceramic material. Several techniques are used
in determining C, = f(T) for the determination of S%T) [Equation (11.2)].

Adiabatic calorimetry yields most of the low temperature (7 < 100K), a good portion
of the intermediate temperature (100 < T < 500K), and even some of the high tempera-
ture (500 < 7/K < 1500) C, data with accuracies near 0.1 per cent. Differential scanning
calorimetry (DSC) is used primarily for obtaining high temperature (7 > 500K) data, but also
has been used for some low-temperature work (7 > 100 K). It is limited in its accuracy to
about (3-5) per cent, under normal conditions, and with extreme care, can be improved to
roughly (1-2) per cent. A third technique, drop calorimetry, is limited only to the high-
temperature region, although in theory it could be applied at low temperature given a spe-
cialized calorimeter. The accuracy of drop calorimetry is comparable with DSC derived data.
We start our discussion of entropy measurements by examining each of these techniques for
obtaining C,,. Calorimeters capable of drop calorimetry and the DSC instruments are avail-
able commercially, while adiabatic calorimeters are custom-built instruments and their use
is limited to a few specialized laboratories [30-35].

11.2.1  Drop Calorimetry

A common technique for obtaining high-temperature C, on ceramic materials is drop
calorimetry. Two forms of drop calorimetry are used. Transposed temperature, namely cold
to hot, drop calorimetry (TTDC) is similar to the high-temperature oxide-melt solution
calorimetry described above, but does not use a solvent. A sample, at some temperature 77,
is dropped into a calorimeter maintained at some higher temperature T,. The calorimetric
effect, AT2H, is the enthalpy increment of the sample from T} to T, and is related to C, by

_ (ARH)
AT 7

where C% is defined as the average heat capacity from 77 to T, and is normally attributed to
the mid-point temperature, T*, between T; and T,. Regular drop (hot to cold) calorimetry
(DC) maintains the sample in a temperature controlled and heated dropping mechanism at 7
and the sample is dropped from the higher temperature (T) into a calorimeter maintained
at a lower temperature (7). The heat effect measured is still A72H and Equation (11.13) is
still applied. The accuracy of C, determinations using drop calorimetry is limited only by the
sensitivity of the calorimeter to the measurement of A73H and to the magnitude and accuracy
of AT. Successive measurements of A7#H while varying the value of T, can allow for the
determination of C, = f(T') needed for Equation (11.2) as shown by the following example:

Cy

(11.13)

Example. AJZH is measured n times for ABO; with T5 being increased from 600K to T},
in 25K increments. Measured are: AH; = AR XH, AH, = ASP X H, AH,, = AJ;H. The heat
capacity C, = f(T') is obtained by fitting the curve determined by the n — 1 points defined by

AH;.| — AH;

i=Ito n(C;(l)’ T*(l)) - ({ 25

}, (612.5 + 25(i — 1)}).
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With care, determinations of C, = f(T) including phase transitions [36] can be obtained to
within a few per cent. However, this method is usually reserved for situations where the
accuracy of a more difficult technique, adiabatic calorimetry, is not required. It is also used
for obtaining C,, at temperatures significantly above room temperature.

11.2.2 Differential Thermal Methods

DSC can be used in two ways to obtain heat capacities. These are the scanning method and
the enthalpic method. We will briefly describe each method here and refer the reader to
Boerio-Goates and Callanan [37] and their accompanying references for greater detail.

The scanning method for obtaining heat capacities from DSC requires that scans of an
empty pan, a reference material, and the unknown sample be taken over a large range in
temperature, usually at least 150 K. The heat capacity of the sample is derived by differ-
ence using the DSC traces of the reference material and the unknown material after the
contribution of the empty sample pan has been subtracted from each. Errors associated
with instrumental drift with time and resulting from the need for three different DSC runs,
one each for the sample, the reference, and the empty pan, per experiment contribute to the
accuracy of determining C,, by this technique. Some of this error can be compensated by
means of bracketing the sample run by run using the reference material, which necessitates
a fourth DSC run. In this way, some of the errors associated with instrumental drift can be
compensated for by assuming that any difference in the two reference runs is a result of
instrumental drift.

In the enthalpic (step scan) method, a series of short heat pulses are introduced into
the sample. Each pulse is followed by a short equilibration time. The DSC signal, which
resembles a series of high peaks caused by the heat pulses, followed by valleys of a low,
nearly linear, signal during the thermal equilibration periods, can then be used to deter-
mine C,. The heat capacity is calculated using Equation (11.13) where the area under an
individual peak is related to AT2H, and T* is the mid-point temperature between T and T5.
Calibration of A72H requires that control experiments be run on an empty pan and a refer-
ence sample. Because of the use of small heat pulses and the need for short equilibration
times of a few minutes, this technique is less sensitive to instrumental drift; however,
errors are associated with the multiple DSC runs per experiment.

It is possible to modify these DSC techniques to allow both the sample and the refer-
ence material to be run simultaneously reducing the number of DSC runs per experiment
[37]. In this case, a compensated measurement, yielding AC, between the sample and the
reference material is obtained. Using AC, and C, of the reference material, the heat capacity
of the sample may be derived.

11.2.3 Adiabatic Calorimetry

Adiabatic calorimetery is a more accurate technique than either DSC or drop calorimetry.
Accuracies to within 0.1 per cent at 7 = 298.15K are typically attained. The range in
temperature over which C, measurements can be made begins near T = 0K and extends
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as high as T = 1500 K. This temperature region is not accessible by a single calorimeter
due to the complex and exacting design requirements [38] for adiabatic calorimeters that
require significant modifications for operations at temperatures above 350K. Typically,
cryogenic calorimeters are used for work from near T = 0 to about 400K [30-35]. High-
temperature designs are used for work from room temperature to near 7= 1500K [32,34].

The principle behind the use of an adiabatic calorimeter is the stepwise addition of
heat into a known sample mass followed by a measurement, after thermal equilibration has
been attained, of the change in temperature caused by that addition of heat. Throughout the
experiment, heat exchange between the sample and the surroundings must be eliminated
to attain true adiabatic conditions. Through the use of resistive heating over a given
amount of time, a known energy input, AE, causes a change in temperature, AT, from T} to
T, and allows the calculation of C, using a modification of Equation (11.13):

cr= 2L (11.14)
p AT .

As in drop calorimetry, the temperature, 77*, at which this heat capacity point is determined
is the mid-point of T} and T,. Through careful control of the magnitude of AT in an adia-
batic sample environment, C,, = f{T) is obtained through a series of equivalent experi-
ments over a range of temperatures.

Ideally, adiabatic conditions for the sample would mean that no heat is exchanged
with the surroundings through radiation, conduction, or convection. True adiabaticity is
not attainable however, and therefore minimization of heat exchange is sought. The neces-
sary shielding and control electronics that minimize these heat exchanges lead to the com-
plexity of adiabatic calorimeters [33-35,38].

Many materials have been studied with a combination of solution calorimetry and
high-temperature heat capacity data to yield thermodynamic quantities from 7= 0 to 1500 K.
Examples of such studies are given in references [21,22,30,34].

11.3  Techniques Yielding Partial Molar Quantities

We now turn to techniques for obtaining partial molar quantities in ceramics such as thermo-
dynamic activities. The most common techniques are gas equilibration, Knudsen cell vapour
pressure techniques, and emf techniques.

11.3.1 Gas Equilibration Techniques

One of the oldest and most useful techniques for determining partial molar quantities is
gas equilibration. Consider the equilibration of metal carbide, MC, with a CH,/H, mixture

a(C in MC) P(H,)
P(CHy)

CH, (g) = C(in MC) + H, (g), K= (11.15)
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Here K is the known equilibrium constant for the above reaction, a (C in MC) is the activity
of carbon in the metal carbide, P(H,) is the partial pressure of hydrogen, and P(CH,) is the
partial pressure of methane. Thus, measurements of the partial pressures of hydrogen and
methane are used to calculate a carbon activity in the metal carbide. An independent chemical
analysis of the carbon content of the carbide is done after the experiment. Table 11.3 [39],
lists some commonly used gas mixtures [40-45]. Gases are allowed to flow continuously
or re-circulated over the sample. The mixtures are analysed with a variety of techniques
including gas chromatography, mass spectrometry, and various spectroscopic techniques.

There are a number of critical issues in these experiments. The gases must be at the
same temperature as the sample, the gases analysed must be of the same composition as
those that equilibrate with the sample, and thermal diffusion effects must be minimized.
The latter leads to migration of lighter gases to the hot furnace regions and heavier gases
to the cold furnace regions. Thermal diffusion is minimized by pre-heating the inlet gases,
using a gas mixture containing an inert gas and by increasing flow rates [41]. In general,
experiments should be done at several flow rates.

The CHy/H, mixture is particularly susceptible to moisture effects and gases must be
thoroughly dried. To avoid any errors due to moisture, Wada et al. [42] have used solid iron
along with their unknowns. Since the activity of carbon in iron as a function of composi-
tion is well known, this gives the activity for a given methane to hydrogen ratio, eliminat-
ing any errors from the gas analysis. Another factor with the hydrogen containing gas
mixtures is reactions with silica-containing refractories to form SiO (g), which may lead
to silicide formation in the samples. Therefore it is best to use highly pure alumina or zir-
conia refractories in the hot zone. The use of ammonia to set a nitrogen potential is useful
only to about 600°C, since ammonia decomposes above this temperature [43]. Thus at
higher temperatures, nitrogen gas is used directly to set nitrogen activities.

Table 11.3 also lists a metal/metal oxide mixture to set an oxygen potential [44] or
metal/metal sulphide mixture to set a sulphur potential [45] over another condensed phase
material. This is referred to as a ‘Rhines Pack’ and is generally done in a sealed ampoule
with the metal/metal oxide mixture on one end and the metal to be treated on the other.
Again care must be taken to avoid SiO (g), which forms if low oxygen potentials are present
in a silica ampoule. In addition, the effects of a static gas in the ampoule as opposed to a
flowing gas in the gas mixtures must be considered. However, deleterious effects of
secondary gas mixture components are avoided [45].

Table 11.3 Gas mixtures for setting chemical potentials.

Reactant mixture/reference Potential set
CO-CO, [40] 0, C
H,-H,0 [41] 0,

CH,~H, [42] C

NH;-H, [43] N,

MO, M [44] 0,

MS, M [45] S,
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11.3.2  Knudsen Cell Methods

Knudsen cell-based methods have been extensively reviewed by a number of authors
[4649] and are summarized here as they apply to ceramic materials. The Knudsen cell
technique enables direct measurement of the component thermodynamic activities in a
solid from the component vapour pressures over that solid, which will be the focus of this
section. First, general considerations in the Knudsen cell technique are discussed and then
specific methods of vapour analysis are discussed.

A Knudsen cell is a small enclosure typically ~1cm in diameter and ~1 cm high,
which allows a condensed phase to equilibrate with its vapour. A small orifice of well-
defined dimensions allows the vapour to be sampled. Dimensions of the orifice are such
that molecule/wall collisions dominate over molecule/molecule collisions. A good deal of
information is available on the proper geometrical design of a Knudsen cell [46—49 and
associated references].

The cell material must be inert to both the condensed phase and the vapour above it.
Table 11.4 lists some selected studies on ceramics and the choice of cell material. In gen-
eral, refractory metals (Pt, Ir, Re, Mo, W, Ta) [48] are the most inert with ceramic materials.
Caution must be taken however, if tantalum is to be used, due to its high affinity for oxy-
gen. With Mo and W cells, the volatile metal oxide equilibria can be used to determine a
partial pressure of oxygen in the cell [48]. Consider the MoO, (g) and MoO; (g) equilibria:

P(MoO3)
P(MoO)[P(O)]"*"

MoO;(g) + 70,(g) = MoO3(g), K= (11.16)

Since the partial pressures of MoO, and MoQ; can be measured and the equilibrium con-
stant is well known, a value for the partial pressure of oxygen can be calculated. This is
clearly an important parameter in a thermodynamic study of oxides. Rhenium is an inert
container for many oxide materials, but expensive and difficult to machine. The silicon

Table 11.4 Representative Knudsen cell studies of ceramics and choice of cell materials.

Ceramic/reference Knudsen cell material
SiC [50,51] Graphite

Si3N, [52,53] SisN,

A1,0, [54] Mo, W

Zr0,-Y,0; [55] w

Si0, [56] Ta with ZrO, liners

Y,0, [57] w

Y,0; [58] Ir, thoria

U-U0, [59] Urania

TiC, ZrC, HfC, ThC [60] W, Ta with graphite liners

AIN [61] Graphite
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component in SiC and Si;N, is very reactive and there is no material that is completely
inert to silicon [50-53].

The Knudsen cell may be heated by resistance heating, electron bombardment, or by
induction heating. Precise temperature measurement is done by means of a thermocouple
attached to the cell or through the use of optical pyrometry.

Ceramic materials often exhibit kinetic barriers to vaporization and the measured
vapour pressure from a Knudsen cell may be different from the equilibrium value. The
Whitman—Motzfeld [62-64] equation has been used to correct for some of this effect:

(11.17)

11 PoWB
Pm=Peq—(E+ —2)—‘“—5—.

W, 4

Here Py, is the measured vapour pressure, P, the equilibrium vapour pressure, ¥, the
Clausing factor of the cell, W the Clausing factor of the orifice, 4 the cross-sectional area of
the cell, B the cross-sectional area of the orifice, and ¢ the vaporization coefficient. The
Clausing factor is simply the fraction of molecules that escape under molecular flow condi-
tions [46]. Measurements are taken with several orifice sizes and a plot of P, against PmAﬂ
yields P, as the intercept and (g + W% - 2) as the slope. Thus, the vaporization coefficient may
be extracted from the slope. The vaporization coefTicient may be defined as the ratio of the
number of molecules that should leave the surface to generate an equilibrium vapour pressure
to the number of molecules that actually do leave the surface. There are numerous discussions
of the vaporization coefficient [65] and modifications of Equation (11.17) [48]. However,
the important point is that vaporization coefficients for ceramic materials are often less
than unity and this type of extrapolation is necessary to obtain equilibrium vapour pressures.

The vapour effusing from the cell may be analysed via a variety of methods. These
include: weight loss, torsion effusion, target collection, and mass spectrometry. Weight
loss or thermo-gravimetric methods are extremely useful. Weight changes may be meas-
ured in situ with an automatic recording balance or by weighing the sample before and
after heating. The weight loss per unit time area of the orifice is a flux, which can be
related to vapour pressure according to the Hertz—Knudsen—Langmuir equation:

[ M
= ) 11.18
J=P 2nRT ( )

Here P is the pressure (in units of force per unit area), M the molar mass of the vapour
species, R the gas constant, and 7 the absolute temperature. Note that the molar mass of
the effusing species must be known.

As pointed out by Cater [46], effusate collection and weighing has advantages over
weight change measurements of the cell. Any weight changes incurred by the cell itself are
now not considered. However, the vapour must be readily condensable and a very accurate
weighing or assay is necessary. Tuenge et al. [66] have used an electron microprobe. For a
radioactive element, accurate assaying is possible.

Vapour pressure can be directly measured via a torsion effusion apparatus [67]. In this
case, two Knudsen cells are mounted in a small rectangular box that is suspended from a
wire in the centre. The cell orifices are located equidistant from the centre and facing
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opposite directions. Thus the vapour effusing from the cells creates a torque on the wire.
The total vapour pressure is given by

270 76

Pr= Tadr ¥ Adofy ~ Ad

(11.19)

Here P is the total vapour pressure, 7 the torsion constant of the wire, 4, and A, are the areas
of the two torsion orifices, d; and d; the distances between the suspension axis and the two
effusion orifices, and f; and f; the Searcy—Freeman correction factors [68]. This elegant
technique is a direct measurement of vapour pressure and has been used to study a variety of
ceramic systems. Kulkarni and Worrell [69] have examined chromium carbides by meas-
uring CO (g) vapour pressures. In theory, torsion effusion can be applied to all ceramic
systems. The variation of the torsion constant of a wire suspended from a cold zone to a
hot zone may limit the technique to lower temperature systems. Selenides [70], sulphides
[71], and sulphates [72] have been successfully studied with torsion effusion techniques.

The torsion effusion and weight loss techniques have been combined into one apparatus.
Edwards [73] has developed such a system with fully automated data collection. Simulta-
neous measurement of flux and pressure leads to an average vapour molar mass, by
substitution of Equation (11.19) into Equation (11.18). This technique has been used very
successfully to describe the complex decomposition behaviour of sulphates [72] and
chromates [74].

A versatile method of vapour analysis is mass spectrometry. Magnetic sector, quadru-
pole, and time-of-flight instruments have been used to analyse the molecular beam emerging
from the Knudsen cell. Magnetic sector instruments are generally preferred due to the lack of
mass discrimination and high sensitivity. The instruments are differentially pumped, with
high-speed pumps on the Knudsen cell chamber and clean, oil-free pumps on the ionization
and detection chambers. There are numerous excellent reviews on the technique [47-49,75].

Knudsen cell mass spectrometric studies of ceramic materials involve the same con-
sideration discussed previously, namely the selection of an inert cell material, the fact that
vaporization coefficients are often much less than one, and the need for high temperatures.
A fourth consideration is that ceramic materials vaporize to complex species. For example,
SiC vaporizes to Si, (g) (n = 1-7), SiC; (g), Si,C (g), SiC (g), Si,C, (g), Si5C (g), SiyC (g),
Si3C, (g) and determination of the thermodynamic activity of silicon in SiC requires selec-
tion of the appropriate solid/vapour species equilibria [50,51].

The ultimate issue in mass spectrometry is to relate precisely measured ion intensity
to a vapour pressure of a parent molecule. The assignment of observed ions to neutral par-
ents has been discussed extensively [75]. Once the parent molecule has been unambigu-
ously identified, the measured current of that particular ion must be converted to the
vapour pressure of the parent molecule. In mass spectrometry, the ion current [ is related
to vapour pressure P by the following expression:

KT

=—". 11.20
P== (1120

Here k is the machine constant and ¢ the ionization cross section.
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First consider the machine constant. This is determined by means of a calibration
material of known vapour pressure, such as gold and silver, although CsCl, ThO,, and
La,0; have also been used [48]. A problem with this calibration technique is the variation
of k from run to run. Near perfect alignment of the cell and ion source and constancy of
the ionization process are required to achieve a constant k. Some mass spectrometers have
been designed for this, while most have not.

In order to circumvent the problem of a varying calibration constant, there are two major
approaches. One involves the use of ion—current ratios and Gibbs—Duhem integration [76].
This approach has been applied to numerous metallic alloy systems and some ceramic sys-
tems as well [48]. Consider a compound AB. The ion—current ratios [(B*)/[(A*) are measured
across the composition range and the activity of A, a,, is given by a graphical integration.

1 jxm a1n 1B (11.21)

na, = — xpdln——. .
A w0 0 I(AT)

Here xg is the mole fraction of B. This technique has been extensively used and is dis-

cussed in more detail for ceramics in reference [48].

The second approach involves the use of multiple cells [77]. Assume a solution AB in
one cell and a standard A in an adjacent cell at the same temperature. The cells are trans-
lated in and out of the sampling region in the mass spectrometer. Thus the activity of com-
ponent A is simply:

ay = {M. (11.22)
P,(in pure A)
The complication with this technique is mixing between the effusing vapour of A from the
solution and the standard. To avoid this, Chatillon used an ionization chamber entrance
aperture smaller than the Knudsen cell orifice so that the ionizer effectively ‘sees’ only
inside the cell [77]. Alternatively another standard may be used, with appropriate correc-
tions for difference in vapour pressures and ionization cross sections [78].

Precise determination of ionization cross sections, g, remains a major issue in mass
spectrometry. For atoms, several recent measurements [79] and compilations present reli-
able data [80]. However, for molecules such as those often encountered in vaporization of
ceramics, this remains a problem. Generally, the additivity rule is used [81], but this gives
an estimate that is too large. Experimental studies with dimers suggest a factor of 0.75
should be applied to the sum of the ionization cross sections [48]. This has been extended
to larger molecules, but it is only an approximation.

11.3.3  Electrochemical Techniques

Solid-state electrochemical measurements to determine Gibbs energies were first demon-
strated by Kiukkola and Wagner [82]. Since then, the technique has evolved into one of the
most versatile and widely used methods in recent years. This has been possible due to the
development of solid electrolytes with nearly total ionic conductivity. Several excellent
reviews are available on this technique [2,83,84].
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Consider a general cell for determining the Gibbs energy of formation of the oxide MO:
Pt|M',M'O | ZrO, (+Y,03) | M, MO | Pt. (11.23)

According to standard notation, the vertical lines represent phase boundaries. The refer-
ence is the oxygen potential set by a known mixture, designated as M’, M'O. The elec-
trolyte is ZrO, doped with Y,0;, which is an oxygen anion conductor. The two half
reactions, which occur at the right- and left-hand side of the electrolyte are

2¢” + A0 = A + 02~ (11.24a)
B + 0 = BO + 2¢~ (11.24b)
B + AO = BO + A. (11.24c)

The net reaction (11.24c) is known as a ‘virtual reaction’ since such a cell is designed for
‘open circuit’ operation with no net flow of current. The measured emf, E, from the above
cell is related to the activity gradient through the electrolyte as

_ RT (%,

E= Z—F ab‘-toz d lnaoz. (1 125)

Here R is the gas constant, T the temperature, z the number of electrons transferred, F the
Faraday constant, o, the transference number, and ag, the activity of oxygen with the
prime and double prime indicating each electrode. In the case of the above displacement
reaction (11.24¢) and a pure ionic conductor, Equation (11.25) reduces to

AG® = —2FE. (11.26)

Here AG" is the Gibbs energy change associated with reaction (11.24c). The entropy and
enthalpy of the above reaction can be determined from the temperature dependence of the
measured emf in Equations (11.5) and (11.6). There are numerous experimental consider-
ations in developing such a cell. Foremost, is the electrolyte selection. It must be a purely ionic
conductor and impervious to gas. Dense pellets of the electrode and electrolyte are made
and put into a furnace with high-purity argon. In instances where the electrodes have high
vapour pressure, it may be necessary to isolate the atmosphere of each electrode. Table 11.5
lists the three most common electrolytes and some illustrative applications [82,85-88].

Table 11.5 Sample solid electrolyte studies.

Solid electrolyte Example of study/reference
Stabilized ZrO, A¢G for FeO [82]

a(NiO) in NiO-MgO [85]
ThO, A:G TiO [86]

A:G for a-SiC, B-SiC [87]
CaF, A G for Mn Carbides [88]
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The necessary stabilizing compounds for ZrO,, typically (10-15) mole% CaO, MgO,
or Y,03, introduce oxygen anion lattice vacancies and lead to ionic conduction. Additions
are also made to ThO, to increase ionic conductivity. The use of ThO, extends the lower
oxygen potential limit. The CaF, exhibits ionic conductivity over the widest range of tem-
peratures and activities. However, particular care must be taken in the handling of CaF, to
avoid oxidation and hydration.

There are numerous variations on the basic cell described above. Although the cell
above is measuring the Gibbs energy change in a simple displacement reaction, it can also
be regarded as a concentration cell. Consider the following cell:

Pt, 0, | ZrO, (+Y,0;) | M, O dissolved. (11.27)
So the virtual reaction is
O M) = 70, (g), AG® = RT In Py, (11.28)

Note that the reference in this cell is air or oxygen. As Pratt [84] points out, this has the
advantage of maintaining ionic conductivity in the reference side of the cell and thus
allowing measurements to lower oxygen potentials. However, particular care must be
taken to avoid permeation of the electrolyte by oxygen gas.

Rickert [84] describes two types of cells. For cells of the first type, the activity of a
species that is the same as the mobile species in the electrolyte is measured. Examples of
these are the oxygen activity cells that have been discussed. For cells of the second type,
the activity of a species that is different from the mobile species in the electrolyte is meas-
ured. This second type of cell allows application of this technique to a wide range of
ceramic materials. Under the second type of cells, there are two sub-categories.

In the first sub-category are cells where oxygen potential with an oxide anion con-
ductor is measured and related to another species chemical potential. This is illustrated by
arecent elegant study of -SiC and S-SiC by Klekamp [87]. He uses the cell

Pt | Re | B-SiC, C, SiO, | Th(Y)O, | Si0,, C, a-SiC | Re | Pt. (11.29)

The Re phases are barriers to prevent reactions between the Pt and Si. The two half reac-
tions are

B-SiC + 20%™ = Si0, + C + 4e™, (11.30a)
Si0, + C + 4e~ = o-SiC + 207", (11.30b)

Thus the oxygen activity measured is due to the small difference between 3-SiC/SiO, and
o-SiC/Si0, The measured emf indicates the small Gibbs energy difference between the
two phases of SiC. Prior to this study, this quantity had not been measured.

The second sub-category involves primarily the CaF, electrolyte. Although the mobile
ion in CaF, is F7, it can be applied to measure oxygen activities as well [89,90].
Ramanarayanan et al. [89] have shown that conduction is due to the fluorine ion. The oxygen
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at the surface of the CaF, electrolyte reacts to generate this mobile F~ species. The wide
range of ionic conductivity of CaF, makes it a particularly attractive electrolyte.

11.4 Conclusions

The major techniques for thermodynamic studies of ceramic materials have been dis-
cussed. Total molar quantities are determined from calorimetry and are the heats of reac-
tion, heat capacities, and heats of transformation. Partial molar quantities are determined
from gas equilibration techniques, Knudsen cell-based vapour pressure measurements,
and emf techniques. In each case, the problems unique to ceramics have been emphasized.
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12 CONDENSED PHASES OF
INORGANIC MATERIALS:
MOLTEN SALTS

Experimental work in molten salts has changed significantly since its high point in the 1960s
and early 1970s. At that time, relatively simple systems were studied generally for one of two
reasons. First, there were limited thermodynamic data available for most salt systems and
many of these binary systems were being studied only for the first or second time. Much of
this work was focussed on the light metals industry of aluminium (cryolite) and magnesium
(molten chlorides), on carbonate-based fuel cells, and on thermal energy storage (alkali metal
nitrates and sulphates). Second, since molten salts were relatively new in the field of chem-
istry, workers sought to understand better the ionic interactions in the melt. An improved
understanding of these interactions allowed the development of models, based on the com-
position and temperature of the melt, to represent the thermodynamic properties of the melt.
These models were relatively simple at first, but with better access to computers, more com-
plex treatments of the salt systems were developed. The goal of this modelling work was to
provide a framework to represent experimental thermodynamic data. Also, given the large
number of binary systems and virtually inexhaustible number of ternary and higher order
systems, general models were required to allow estimates of the properties of systems that
had yet to be investigated.

Present work on the thermodynamics of molten salts is limited. Most binary systems in
the more common categories, such as alkali/alkaline earth metal halides, nitrates, carbonates,
etc., have been studied at least once. There are sufficient data in many cases to model multi-
component systems in terms of their thermodynamic properties. Today, experimental work
in molten salts is aimed at multi-component systems (3+ components) to validate models
that use interpolation techniques to combine binary system data into comprehensive models.
There is also some experimental work done on less common systems for specific reasons,
such as rare earth chloride systems for the electrolytic production of rare earth metals.

The large amount of data available to those wishing to model salt systems is a great
benefit. However, due to the variety of sources and methods used to obtain thermodynamic
data on salt systems, there will often be conflicting data. For this reason, the modelling effort
requires understanding of the experimental techniques used and their respective reliabili-
ties. Then, with the modeller’s judgement, weighting for each source of data can be assigned
prior to finding the parameters for a given model.

12.1 Structure of Molten Salts

Molten salts can be classified based on the ionic make up of the salt system. The simplest
type to consider is the case of univalent single atoms, as in the case of NaCl and KCl. Here,
the cations all have the same environment, namely the common anion, and energy changes
due to mixing must result from short-range interactions between different cations. Unless
there is a strong interaction between cations, they will be more or less randomly distributed on
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the cation sites. The complexity of the system increases with differently charged ions, as in
MgCl, + NaCl. The charge of 2+ on magnesium attracts the chloride ions more tightly than
does the sodium ion. The result is that complex ion formation occurs with the formation of
MgCl%~. The occurrence of complex ions is usually denoted by a sharp change in the enthalpy
of mixing and by a large value of the excess entropy. Naturally, systems with a complex anion,
such as nitrates or carbonates, will also disrupt the short-range order of the melt, requiring
modifications to models used to represent the thermodynamic mixing properties. Reciprocal
systems, those with two anions and two cations, such as Nal, KC1, NaCl, KI, also have spe-
cial types of models that are used to fit the thermodynamic properties [1]. These models
are generally composed of a modification of the ideal mixing term as explained below.

The presence of short-range order in molten salts associated with coulombic inter-
action among anions and cations [2] provides the basis for structural models. The concept
of ideal molten salt behaviour is credited to Temkin [3]. This work is the cornerstone for
most of the subsequent efforts in molten salt chemistry on mixing of cations and anions on
separate interpenetrating ‘sublattices’. In the ideal case, for the enthalpy of mixing of pure
liquid component chlorides,

A HE = 0. (12.1)

For the binary system, AY-BZ, assuming that entropy is solely a function of the config-
uration of the ions, the ideal integral entropy of mixing is given by

ApixS9 = —R[(Zx*)(na+ Innas + ngs Inngs) + (Ex)(ny- Inny- + nz- Inng-)],
(12.2)

where Zx* and £x~ are the number of moles of cations and anions, respectively, in one mole
of solution and » are the ionic fractions of each of the eight ionic species. Since the ideal
enthalpy of mixing is zero, it follows that the ideal Gibbs energy of mixing, Ay G'Y, is

ApixG9 = —TA;, S (12.3)

Binary systems that are approximately ideal (i.e. CdCl, + AgCl) typically have a small
enthalpy of mixing associated with them. Molten salt systems with a significant enthalpy
of mixing (i.e. CdCl, + KCl), which are often exothermic, form complex ions, such as
CdCl; and CdCI¢™. These complex ions usually correspond to solid compounds that
appear in the binary phase diagram. Therefore, initial estimates of the mixing behaviour of
salt systems can generally be predicted based on whether the phase diagram shows any
compounds. Those that do are likely to mix non-ideally and will have a large enthalpy of
mixing close to the mole fraction associated with a complex [4].

12.2 Experimental Determination of Thermodynamic Properties

Techniques for measuring thermodynamic properties of solutions can be divided into two cat-
egories: those that produce measurements associated with the formation of the solution by the
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mixing of components (integral property) and those that investigate the contribution that
individual components make to the solution property (partial property). Frequently, the par-
tial properties of only one component can be found in a multi-component solution; how-
ever, when the properties of only one component can be found for all compositions, the
partial properties of the other components can be calculated from the Gibbs—Duhem equa-
tion. This differential equation interrelates the isothermal partial properties of all compon-
ents in the solution.

12.2.1 Calorimetric Measurements

Calorimetric techniques provide researchers with a means of accurately determining integral
enthalpies of formation, solution and reaction as well as heat capacities. In the field of chlo-
ride salts, Kleppa [5] and Orekhova [6] have produced a large body of accurate work from
mixing calorimetry. The standard type of calorimeter is the isoperibol calorimeter in which
the temperature of the surroundings is kept constant and the temperature of the reaction
chamber is measured before, during and after the mixing process. Common to all types of
calorimeters is that each has a known mass and specific heat; the increase or decrease in
temperature of the instrument provides the heat of reaction or solution. Kleppa used a twin
differential reaction calorimeter, one acting as a reference, with a thermopile for each
calorimeter to register a thermo-electromotive force (emf’) should there be a change in the
temperature of the calorimeter vs. the surroundings. The two thermopiles, one for each
calorimeter, are connected in series such that one thermopile opposes the other. This negates
the effect of any small drift in temperature of the jacket, since it will affect both of the
calorimeters, but a change in the temperature of one calorimeter due to an enthalpy of mix-
ing will be detected. The experimental error is said to be as low as 0.5 per cent. A detailed dis-
cussion on these techniques can be found in general works on thermochemistry [7,8].

This type of work provides the integral heat of mixing. When the integral enthalpy of
mixing is known as a function of composition at a particular temperature, the partial molar
enthalpy of the species can be obtained through differentiation:

aAmixI_I

AmixI-—Ii = (1 - xi) o

+ A H. (12.4)

12.2.2 Incorporation of Calorimetric Data into a Thermodynamic Model for
Molten Salts

Since calorimetry measurements deal only with enthalpies, the activities of the compon-
ents in the melt are not readily attainable. Activities can be obtained, but only through the
involvement of other data. Consider the MgCly—~NaCl phase diagram in Figure 12.1.

At all compositions along the MgCl, liquidus the following equation relating the par-
tial Gibbs energy for MgCl, in the melt (1) and the coexisting solid phase(s) applies:

GiAgClz = thaf (12.5)
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Figure 12.1 Binary phase diagram for (MgCl, + NaCl).

Expressing these partial Gibbs energies in terms of activities and standard Gibbs energies
yields:

Griger, + RT Indigge;, = Ghigar, + RT Indlyger, (12.6)

Since NaCl does not dissolve appreciably in solid MgCl,, the activity of solid MgCl,
along the MgCl, liquidus is virtually unity. Thus, Equation (12.6) becomes

(G™ = G")mgar, = AnsG = —RT Inalyge, (127

and with knowledge of the change in the Gibbs energy of melting with temperature, the
activity of MgCl, with respect to the pure liquid can be found at any temperature along the
MgCl, liquidus. When the relative partial Gibbs energy and relative partial enthalpy are
known at a particular composition on the MgCl, liquidus, the relative partial entropy of
mixing of MgCly, ApixSmgcr, can be determined using

(12.8)

Since Am§MgCl2 is not a strong function of temperature, this value can be used to find the
partial Gibbs energy, and hence the activity, of MgCl, at temperatures above the liquidus.
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12.2.3 Vapour Pressure Methods

For cases in which one of the vapour pressures of the components of the melt is much greater
than the others, vapour pressure techniques may be applied. In these situations, the activity
of species i in a solution can be determined from the vapour pressure using

@ = 5, (12.9)

where P; is the partial pressure of 7 over the solution at a given temperature and P? is the
partial pressure of i over pure liquid i at the same temperature. This assumes, of course,
ideal gas behaviour of the vapour that is almost always a reasonable assumption at elevated
temperatures and moderate total pressures. The partial molar Gibbs energy of mixing of
component i as a function of temperature can be obtained from the activity using

AmixG; = RT Ina;, (12.10)

and the partial molar enthalpy of mixing of component i can be calculated from the tem-
perature dependency of Ay,;,G; at any particular melt composition:

— dlna,-

The partial molar entropy of mixing can also be established from the equation

ApixS; = — 4 Amin G A(’i";TG’ : (12.12)
Since the partial enthalpy and entropy obtained by this method are seldom of high precision,
vapour pressure data are best used with calorimetric data. For example, the partial entropy
of mixing component i can be found using Equation (12.12).

Vapour pressure measurements established by mass spectrometry are very useful in
cases where the vapour pressure is due to more than one component or where dimerization
occurs. The Gibbs—-Duhem equation, which interrelates the isothermal component partial
pressures in the manner

xadInPy +xgdInPg + - =0, (12.13)

provides a check on self-consistency [9]. The use of mass spectroscopy will be discussed later.

12.2.4 Electrochemical Methods

Many accurate measurements of the Gibbs energy change of a species in molten salt solu-
tions have been made using reversible galvanic cells. The measured emf for a process that
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would occur upon shorting the cell is directly related to the Gibbs energy of the reaction
by the relationship:

AG = —nFE, (12.14)

where 7 is the number of Faradays of charge required per mole of species, F the Faraday
constant, and E is the reversible emf. The accuracy of these measurements can be quite
high when reversibility can be demonstrated. The typical uncertainty in these measure-
ments is in the order of 1-2mV. This translates to approximately 200-4007J - (geq)™",
which is considered quite accurate. Through careful cell design and operation, measure-
ments of reversible emf will generate accurate Gibbs energy changes for the formation of
the most easily decomposed component. The most easily decomposed component will
also be that which will form most readily if the cell electrodes are shorted.

Emf cells can be divided into two categories: concentration cells and formation cells.
Concentration cells permit the examination of the process of transferring a component
over a sharp concentration gradient maintained between two phases. The electrolyte used
must be one that allows only the transfer of one component from one-half cell to the other
when current is passed. The cell can be represented as

+[M]/MZ*/[M],- (12.15)
for which the Nernst equation may be written as

RT am
- In M 12.16
ZF a[M]I ( )

E=
where apy), and apyy, are the activities of M in the high and low concentration zones (half
cells). In this case, the activity of any species can be obtained immediately in one-half
cell, when the activity in the other is known. For example, in MgCl, + NaCl solution, an
Na™-glass electrolyte could be used as the membrane between pure NaCl(l), Cly(g) and a
solution of MgCl,~NaCl(1), with Cly(g). It may not always be possible to find an electrolyte
permeable with respect to the desired ion and also non-reactive when in contact with the
phases being studied.

Formation cells generate the voltage associated with a reaction between components.
The measured voltage pertains to the formation of the most easily decomposed compo-
nent. A typical reaction might be

The salt acts as the electrolyte and it is not necessary that it conducts the current by only
one ion. It is important that the salt that would be formed at closed circuit be less stable

than the other components in the electrolyte. Otherwise, the displacement reactions
involving the other components such as

Mg + 2NaCl = MgCl, + 2Na, (12.18)
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would lead to slow changes in electrolyte composition even when the cell is at open-circuit.
Electrodes of magnesium metal and chlorine must be in contact with the electrolyte. The
necessity for gaseous halides to be involved poses an experimental difficulty for halide-
based molten salts, and therefore some systems with highly toxic components are poor can-
didates for emf measurements.

The Gibbs energy of formation as a function of temperature, and therefore the corre-
sponding enthalpy and entropy changes, of the most easily decomposed salt is readily
attained from the experimental data generated from the electrochemical cell. The difference
between the extensive property change for the formation of MgCl, in a solution and pure
MgCl, provides the relative partial molar properties of MgCl,. The partial properties
(DmixGi» Amix H; and Ay, S;) of the other components may be calculated using the Gibbs—
Duhem equation but only if measurements systematically explore the extremes of varia-
tions in the composition of the electrolyte. The integral properties of mixing of the melt
can be obtained by summing the relative partial properties of each component multiplied
by their respective mole fractions.

The relationship between the Gibbs energy change for MgCl, formation and the open-
circuit voltage (emf) is the starting point for the calculation of all thermodynamic properties.
This relationship becomes apparent through the rearrangement of the Nernst equation

RT Inayycy, = —2F(E — E°) = Api G, (12.19)

The partial Gibbs energy of mixing is the change in Gibbs energy per mole of MgCl, that
occurs when a negligible amount of the pure salt in a specified phase is added to a solution
of predetermined composition. This is therefore calculated by taking the difference in
Gibbs energy to form one mole of MgCl, in the electrolyte solution and in pure liquid
MgCl, as shown in Equation (12.19).

The linearity, or near linearity, in the plot of the emf (E') against T indicates that the
corresponding enthalpy and entropy are independent of temperature. Often experimental
emf points are fit to £ = ¢; — ¢, T, but highly accurate emf measurements can determine
the temperature effect on A, H and A, for some systems. This is, however, more accu-
rately determined by means of calorimetry.

The constants ¢; and ¢, provide a means to calculate A,,ni,‘l-—IMgcl2 and Ami,SMgCIZ as in:

—2F[E - E°] = AmixGMgClz = AmixI-—IMgCl2 - TAmixS—MgCIf (12.20)
Thus, the partial enthalpy of mixing, Amixl-_IMgCIz, is directly proportional to the difference
of intercepts between that of a particular composition and that of pure MgCl,. Similarly,

the partial entropy of mixing, Ap;.S- Mgcl,» 1S proportional to the difference in slope.
The partial excess Gibbs energy of MgCl, is given by

GﬁgClz = AmixﬁMgCIz - TEf/IgClZ = RT In Ywmger,» (12.21)

where Yy, is the activity coefficient of MgCl, in the electrolyte solution. The resulting
data can then be fit to a number of different models [10,11].
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12.2.5 Solubility Measurements

Thermodynamic properties can be obtained through solubility measurements. These
experiments are relatively simple and are often used to examine the thermodynamic prop-
erties of an oxide in a halide melt with the view to electrolysis, such as in the aluminium
industry. The electrolyte is saturated with the additive and samples are taken periodically
and analysed until there is no change in the concentration of the additive. The activity coef-
ficient of the additive can be calculated from knowledge of the thermodynamic properties
of the pure solid additive (A). At saturation,

Gy = G¥ + RTInd', = G¥°, (12.22)
which can be rearranged as
AqsGY% = RT Ind!,. (12.23)

Therefore, with knowledge of the additive’s solubility as a function of temperature, the
activity coefficient can be calculated.

12.2.6 Cryoscopy

The freezing point depression of one salt in another can be used to extract Henrian (dilute)
activity coefficients. The binary salt system cannot contain a solid solution. The activity of
the solvent s in the saturated solution is given as

_ _AfusH(s) 1 1 Afust,s Tfus,s Tfus,s -T
Ing, = —¢ (7 - Tfus,s)_ R = —— | (224

The T, s and Ag, 9 are the melting temperature and the enthalpy of fusion of the solvent,
respectively. This method is effective due to its simplicity since the apparatus is simple to
construct. However, it is severely limited in that it is only able to determine practically the
Henrian activity coefficient for the salt.

12.3 Thermodynamic Properties from Phase Diagrams

Often, the thermodynamic properties of molten salts can be determined from knowledge
of only the properties of the gaseous or solid phases and an accurate phase diagram. In
conjunction with this, some information such as enthalpies of mixing is often available
and can be incorporated into the modelling effort. Modelling thermodynamic properties
from phase diagrams requires judgement on the credibility of conflicting data.

The modelling is based on the fact that the integral Gibbs energies of the compound and
solution are equal when both are present (i.e. eutectic). With data for the solid compounds,
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the liquid solution can then be modelled from the phase diagram by equating the Gibbs
energies of the solid and liquid phases at special points on the diagram.

Generally, cooling curve data have an accuracy of about =1 K. Enthalpy data tend to
be more reliable than emf measurements, and so the enthalpy of mixing of the solution is
usually accepted as measured and the entropy (if available) is adjusted within reason to pro-
vide critical features on the phase diagram (eutectics and peritectics) within 1 K. This method
of using phase diagrams to generate thermodynamic data for molten salt solutions is quite
effective in providing initial estimates of the thermodynamic properties of the solution.

124 Solid and Gas Phases

Although this section deals with experimental techniques with molten salts, methods for the
determination of the solid and gaseous phase properties should also be mentioned for rea-
sons just discussed. There are a number of methods used to analyse molten salt interactions
with solid and gas phases and two of the most common techniques are mentioned here.

124.1 Differential Thermal Analysis (DTA)

DTA is commonly used to identify the liquidus in binary or ternary salt systems. It is most
effective with systems that have a large enthalpy of transformation, but the high precision
of modern DTA instruments and the ability to generate a relatively large number of data
points result in accuracies of under 5 K. Typical sample size is 10-50 mg. Any phase tran-
sition will register a significant change in the temperature profile of the DTA signal.
Since DTA is not well suited for the accurate determination of stoichiometric phases,
X-ray diffraction (XRD) is used to identify the presence of solid phases. The reader is directed
to a number of papers [12,13] on salt systems that combine the use of thermodynamic results
with DTA, XRD and cooling curves to generate a model of the system under investigation.

12.4.2 Mass Spectroscopy

Thermodynamic properties of molten salts can be obtained through gas phase studies as pre-
viously mentioned. However, polymerization of gaseous species is a common occurrence
in molten salts and therefore, mass spectroscopy often is a necessary tool. A Knudsen cell
is used to effuse a portion of the sample vapour as a molecular beam that is then ionized
by electron impact. Analysis of molecular species can be assisted by the use of isothermal
vaporization techniques and temperature-dependence studies. The partial pressure of a
gaseous species can be calculated as the product of the ion intensity, sample temperature and
a proportionality constant that contains factors such as the ionization cross section, multiplier
efficiency and ionizing-electron energy [14]. However, the use of a dual Knudsen cell sys-
tem can remove the uncertainty associated with estimates for the constant. With a sound
knowledge of the gas phase speciation, the thermodynamic properties of the vapour phase
can be used to assist in the development of a model for the molten salt.
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12.5 Conclusions

There are various experimental techniques that can be used to generate thermodynamic data
for molten salt systems. There are advantages and drawbacks to each method. When results
from a number of studies (emf, cooling curves and calorimetry) are combined with a view to
their source and respective accuracies, a suitable representation of the thermodynamic prop-
erties of the molten salt can be produced. This expression can then be used to model the entire
system including solid- and gaseous phases when data from other experiments on these
phases are available.

N —
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13 MEASUREMENT OF LIMITING
ACTIVITY COEFFICIENTS:
NON-ANALYTICAL TOOLS

13.1 Experimental Methods

Experimental measurement of both high- and low-pressure vapour-liquid equilibrium has
been covered elsewhere in this volume. Although accurate and thermodynamically consis-
tent data can be obtained from both static and dynamic apparatus such as described in
Chapter 5, the greatest experimental difficulty and the largest measurement errors usually
occur in the very dilute regions of concentration. These, however, may be precisely the
regions of greatest importance in separation processes for high-purity chemicals and in
the separation of pollutants from the environment. In distillation a large proportion of both
the equipment and operating costs may arise in the removal of impurities to trace levels.

Infinitely dilute activity coefficients, ¥ give the best description in the dilute regions
and have also found many applications in characterizing solution behaviour. As pointed
out by Thomas et al. [1], they can be used to generate binary parameters for solution mod-
els, to predict the existence of an azeotrope and (less successfully) to estimate mutual sol-
ubilities. If the two limiting activity coefficients y|°, 5 are measured for a binary system
and then used to model the full concentration range, this clearly represents an economy of
experimental effort. This possibility is excluded for systems with maxima or minima in the
activity coefficient curves. Lobien and Prausnitz [2] have produced procedures for esti-
mating y5 from y7 (or vice versa) from pure component properties and, for alkanols,
through use of a self-associating equilibrium constant. This has considerable potential
since, for many systems, y; may be difficult or impossible to measure, e.g. where y;° is
found by GC methods.

Since extrapolation of data measured in the non-dilute areas to obtain limiting activity
coefficients frequently produces results of dubious quality, much effort has been devoted
to procedures for direct measurement of limiting activity coefficients. The principal meth-
ods that have been developed for measuring 7" are:

« differential ebulliometry, also referred to as comparative ebulliometry,
« use of static differential apparatus,

» inert gas stripping,

+ gas chromatographic methods.

Dew-point measurement by Suleiman and Eckert [3] and measurement of molar refraction
by Dutt and Prasad [4] have also been proposed, but these methods have found only lim-
ited use. Gas chromatographic methods are reviewed elsewhere in this volume and we will
survey here only the first three methods listed above. Ideally, methods for measuring infi-
nitely dilute activity coefficients should be rapid and accurate, be independent of any
model for activity coefficients or excess Gibbs energy and preferably avoid measurement
of very dilute concentrations. These requirements can be met by static and dynamic meth-
ods if the equipment is carefully designed and operated, and if accurate allowance is made
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for holdup of vapour or vapour and liquid in parts of the equipment when the true equilib-
rium liquid composition x; is calculated from the charge composition, x{.

If a choice is to be made in choosing either a static or dynamic differential method,

several important considerations arise:

(a)
(b)

©

(d)

(e

—

6]

In differential ebulliometry the steady state can be achieved fairly rapidly and, at low
pressures, no troublesome and time-consuming degassing of the components is required.
The steady-state however, may not represent a true equilibrium state since this must be
achieved in a single pass of liquid and vapour through the Cottrell tube, including the
discharge onto the thermowell. Repeated circulation will not improve the steady-state
approach to equilibrium and, as also pointed out elsewhere in this volume, the Cottrell
tube is not particularly suited to attain equilibrium except perhaps on a very local scale.
A further potential problem in dynamic ebulliometry is that the liquid in the boiling
chamber may become superheated and at low pressures particularly, below about 13 kPa,
may produce “bumping” and temperature fluctuations [5]. Also, the superheat may not
be fully discharged where the liquid—vapour mixture impinges on the temperature sensor.
For certain classes of pure fluids there is no “plateau region” where the boiling tem-
perature remains invariant with changing vapour production rate, as noted by Kneisl et al.
[6]. This phenomenon, not related to solvent purity, will produce error in the measured
temperature. Poorly behaved fluids, characterised by a platean region with slopes
exceeding 300 uK - W1, were classified according to their dipole moment size and a
molecular association parameter. This problem is discussed further below.

In a static differential method, pure solvent and a very dilute solution of solute in the
same solvent are contained in separate sealed flasks maintained at the same tempera-
ture in a thermostatted bath. At equilibrium, achieved most conveniently by magnetic
stirring, the pressure difference is measured and used to calculate the limiting activity
coefficient. Since the two (or more) equilibrium flasks are sealed, there is no danger
of loss of the volatile components. In dynamic ebulliometry however, there is an inert
gas—vapour interface in the condenser above the equipment and considerable care is
necessary in the condenser design and operation to prevent loss of volatiles. The latter
can be detected by failure to reach a steady-state temperature over an extended period.
Absorption of inert gas into the condensate can become a problem at higher pressures
as pointed out by Ambrose [7].

In the static differential method even the smallest amount of dissolved gas in the equi-
librium liquid can render the P—x measurements meaningless, as pointed out by
Abbott [8] and confirmed experimentally by Alessi et al. [9]. Degassing, whether by vac-
uum sublimation, repeated freezing—evacuation—thawing cycles (e.g. [10]) or by distil-
lation under total reflux [11], may require up to 24 h.

Differential ebulliometry typically produces isobaric data whereas the static method
produces isothermal data. For systems where the temperature change due to fluctua-
tions in the controlled pressure, (d7/dp),, in the dilute range is very large, accurate
measurement by the dynamic method becomes difficult and the equipment may be
unsuitable for such systems or in such regions. The converse applies to static differential
methods, where (dp/dT), must be small to eliminate or reduce pressure fluctuations due
to bath temperature variations. Fischer and Gmehling [12] for example, with their highly
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refined static apparatus, were unable to measure y;” for N-methyl pyrrolidone (1) in Cs
or Cq hydrocarbons (2). Expressions for estimating (dp/0T),, in the dilute regions are
given below.

(g) Finally, computation of the true equilibrium liquid composition x; from the charge com-
position x{ to allow for the effect of vapour holdup is a comparatively simple task for
static apparatus. The corresponding task for a dynamic ebulliometer is a much more dif-
ficult proposition and requires characterization of the ebulliometer and accurate deter-
mination of the vaporization ratio ¢. Measurement of the latter quantity has presented
considerable problems to researchers in the past and has largely been responsible for lim-
iting the dynamic method to systems of low relative volatility. More rigorous, new pro-
cedures for solving this problem have now been developed and are described below.

Although considerable numbers of dynamic and static apparatus for measuring y;” have
been proposed and used, they are generally representative of a few basic types. We will
survey here only a few proven designs and procedures representative of present technology.

13.2 Differential Ebulliometry and Equipment

In differential ebulliometry, the difference is measured between the boiling point of a pure
solvent and that of a dilute solution at the same pressure. This temperature difference
AT is then plotted against the equilibrium liquid composition x; and the limiting slope
(9T/0x,), as x;—0 is found. The latter is related to y;° by well-known equations. A con-
venient form with correction for vapour-phase non-ideality by the truncated virial equation
of state (EOS), is given by Pividal and Sandler [13]:

. _ &P dInP§( OF \xo0
YT = —p B—ar (8x1)P , (13.1)

where

E7 = exp

(Biy — vI)(P5™ — P§™) + 8,,P5"
RT ’

By — v}
— sat
0y, = 2By, — By — By,

The B;; and Bj; are second virial coefficients for like and unlike species respectively, the
p;** are pure component vapour pressures and v} is the liquid molar volume. A convenient
low-pressure simplification is given by: g, = 1 = .

A successful ebulliometer, developed by the Eckert group (e.g. [5,14]), is shown in
Figure 13.1. To promote smooth boiling, 30-mesh ground glass particles were fused to the
inner wall of the boiler. The system pressure was controlled with a MKS Baratron system
to 0.04-0.15 Torr and temperature differences were measured with a precision of
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Figure 13.1 Ebulliometer of Trampe and Eckert [14]. (With permission of the American Chemical
Society.)

0.0001 K. The later design incorporated magnetic stirring in the boiler. The coolant in the
condenser was circulated at 7' = 253 K (—20°C). Several ebulliometers were connected to
a common manifold with ballast to reduce pressure fluctuations, with pure solvent in one
unit and dilute solutions of four different solutes in the remaining four. Data were pre-
sented for a considerable number of systems. Vapour and liquid holdups were estimated
[5] or physically measured [14] to obtain the equilibrium liquid composition x; from the
charge composition x{.

The less compact ebulliometer developed by Rogalski ez al. [15] is shown in Figure 13.2.
The vapour take-off below the thermowell in a later version prevents cooled condensate from
impinging on the thermowell, but may produce stagnant vapour in the upper reaches.

The ebulliometer used by Raal and Ramjugernath [16] is shown in Figure 13.3. To
characterise the ebulliometer, a magnetically stirred sampling point is introduced in the
downcomer for analysing the combined liquid-condensed vapour stream F, of composi-
tion z;. To produce smooth boiling and for fine boiling control, the boiling chamber con-
tains an internal heater (not shown) with micro-roughened surfaces, and is magnetically
stirred. Provision is also made for measuring the “superheat” temperature 7 just below the
entrance to the Cottrell pump, useful for determining the vaporization ratio ¢, as shown
below. The splashguard prevents cooled condensate arising from any surges in the boiling
rate from impinging on the thermowell (in an earlier version). A superior design is pro-
posed in Figure 13.3(b). The inner tube containing the temperature sensor is vacuum-jacketed
and the arrangement is such that the superheat should be discharged in the upper regions
before equilibrated liquid impinges on the sensor part. The system pressure was controlled
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A,B. mixing devices
E. Equilibrium chamber
H Cottrell pump

J. Vacuum Jacket

K- drop counter

T Ihermometer well Ll

Ebulliometer for determining the hquid-vapour equilibriurm.

Figure 13.2 Ebulliometer of Rogalski et al. [15] A, B, mixing devices; E, equilibrium chamber;
C, Cottrell pump; H, heater; J, vacuum jacket; K, drop counter; T, thermowell.

with a commercial pressure controller but a more precise computer-controlled regulation
such as that of Joseph e al. [17] is now being implemented. The new design gives very sta-
ble temperatures, a broad plateau region and vapour pressures in close agreement with lit-
erature values, which themselves often show appreciable discrepancies.

Pressures and temperatures were measured respectively with a SENSOTEC Super TJ
straingauge pressure transducer and with Pt-100 resistance elements read through a HP 6
Y2 digit multimeter model HP 33401A.

13.3 Characterization of an Ebulliometer

To obtain accurate y;” data, particularly for systems of large relative volatility, the true liquid
equilibrium composition x; must be determined from the charge composition x§ with the
highest possible accuracy. To accomplish this, the reboiler “static” holdup (R’ moles) and
that of the equilibrium liquid and vapour in the upper part of the apparatus (L’ and V") must
be accurately determined. The V' represents vapour of composition y;, and generally will
comprise both gaseous and condensed forms, i.e. the volume of vapour in the equilibrium
chamber (B) and associated areas will not be a satisfactory measure. A procedure has been
found however by Raal [18] for determining all static holdups based only on material bal-
ances and equilibrium relationships, together with measurement of the composition z, for
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Figure 13.3 (a) Raal and Ramjugernath ebulliometer, (b) proposed modification of equilibrium
chamber.

a system of known phase equilibrium behaviour. A considerable advantage of the proce-
dure is that the regions of the various holdups need not be specifically demarcated.

13341 Principal Ebulliometer Equation

The principal equation relating x; and x} is readily derived as follows:

Consider the distribution of the charge, S’ (moles) between the reboiler (R’) and the
liquid and vapour holdup quantities L' and ¥’ at any instant after equilibrium has been
established:

S=R+L +V. (13.2)
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For component 1 of a binary,
S'xi=R'z; + L'x; + Vy. (13.2a)

In Equation (13.2), it has been tacitly assumed that in the reboiler the overall composition z{
equals the overall composition z; in the Cottrell tube. This would be exact if the Cottrell tube
merely acts as a mechanical pump without overall composition change. At the other extreme,
if only vapour entered the Cottrell tube, its composition would differ considerably from zf.
Since the dynamic vaporization ratio ¢ = V/F usually lies somewhere between 0.02 and
0.08, the assumption z& = z; should be satisfactory for all practical purposes.

The upper portion of the ebulliometer acts as an adiabatic flash chamber, for which
the following equation applies:

zi(1+f)

X1 = —1+K—Lf‘ (133)

The K is the equilibrium constant, y;/x;, and f'is the dynamic ratio,
f=VL=¢0 - ¢. (13.4)

Incorporation of Equations (13.3) and (13.4) into Equations (13.1) and (13.2) gives, after
some arrangement:

X = il (13.5)
7 T4k - DE’ '
where the ebulliometer characterizing parameter E is given by:
E = VIS’ +(RIS")¢. (13.6)

Evaluation of parameter E thus permits exact calculation of x; from x{ by an iterative pro-
cedure, since K is not known a priori. Also, if E is known for a few values of ¢ from dif-
ferent boil-up rates, a plot of E against ¢ will produce the dimensionless holdup quantities
(V78" and (R'/S') as the intercept and slope respectively.

13.3.2 Evaluation of E Parameter

The parameter E can be evaluated by measuring z; from a sampling point (see Figure 13.3)
for a system of known phase equilibrium behaviour. Further relationships between ¢ and
E, other than Equation (13.6), are however required. The first equation is found from the
well-known relationship for a multicomponent flash, e.g. the Rachford and Rice equation
as given by King [19]:
oz (K — 1)
Z K-DorT =% (13.7)

This enforces the necessary condition Xx; = 1.



Measurement of Limiting Activity Coefficients: Non-Analytical Tools 347

Written for a binary and solved for ¢, this gives:

_ 22 " 21
¢_ Kl—l K2_1 (138)

A further useful equation relating E and ¢ is found by combination of Equations (13.3) and
(13.5) (see e.g. [18]):

. 1+ (& — 1)E 13.9
xl‘zl{1+(1<1—1>¢}- 1

A satisfactory iterative procedure for determining E, ¢ and x; was found [18] as follows:

(a) Estimate xy, e.g. x(1) = z; (measured).

(b) Determine y}(x,) and ¥,(x;) from a one- or two-constant correlating equation such as
the Margules or Wilson equations. In the very dilute regions, we have found the one-
constant Margules equation surprisingly effective and the one-constant Wilson equa-
tion to be excellent even for highly non-ideal systems, viz.

Iny = Al —x) (13.10)

and for the Wilson equation,

GZl = GIZ CXP[zln(Vi/Vlz) - ﬂ(AvapHZ - Avale)(RT)_l]s (1311)

v} and AyqpH; are liquid molar volumes and enthalpy of vaporization of component i,
respectively at the experimental temperature. The single fitting parameter Gy,
is related to y7° by

Inyy" = ~InGy, + 1 = Gy exp[2In(iNvi) — B(AvpHy — AupHD)RT) ™', (13.12)

with B = 2/Z (Z = coordination number).
(see Raal and Ramjugernath [20] for application of the Wilson equation).
(c) Determine KV from K; = ypf*/p.
(d) Estimate ¢’ from Equation (13.8).
(e) Calculate E® from Equation (13.9).
(f) Recalculate x; from Equation (13.5).
(g) Repeat steps (b)(f) until convergence is achieved.

Note that a simpler more direct procedure for finding x, is also possible in principle
from a plot of temperature against x;, which can be generated from the expression for
(0T/9x),, in Chapter 5 of this volume by a marching procedure.

13.3.3  Evaluation of Holdups (R’/S’) and (V'/S’)

When a converged set of ¢, E and x; values have been obtained, the energy input to the reboiler
can be changed to a larger or smaller value at the same pressure and with the same charge
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composition x{ still in the apparatus. The measured temperature 7 and composition z; should
change. The above sequence of calculations is then repeated to obtain a second set of E, ¢
and x, results. A plot of E against ¢ will then produce (V/S’) and (R”S"), as discussed
above. The procedure is admittedly demanding both experimentally and computationally.

Once (V/S") and (R”/S") have been obtained, however, they should remain virtually
constant for any new system provided that the same volume of charge is used as in the
characterising experiment. Model calculations on two hypothetical systems of widely dif-
ferent molar masses and liquid density, for example, suggest that R”S’ will be unchanged
and that 7/S" will change only from 0.018 to 0.022, quite satisfactory for determining E.
If greater accuracy is required, the new VS’ can be calculated but such elaboration does
not secem worthwhile. The above procedures when applied to the systems {ethyl acetate
(1) + toluene (2)} and {cyclohexane (1) + ethyl acetate (2)} gave the following charac-
terization for the ebulliometer shown in Figure 13.3(b):

E = 0.892 + 0.0548¢. (13.6b)

13.3.4 Determination of the Vaporization Ratio ¢

From the equations and procedures discussed above, it is clear that accurate determination of
¢ for each individual ebulliometric measurement is pivotal in finding accurate y;°, particu-
larly for systems of large relative volatility (=large K, in the dilute regions). Resolution of
this difficult problem has been sought in a variety of ways by others, Dohnal and Novotna
[21], Rogalski et al. [15] (three methods) and Raal and Ramjugernath [16] (two methods).
Two satisfactory procedures, based on entirely different information are now available.

Iterative Procedure

For the first, it appears that the information contained in a few sets of AT — x{ data at con-
stant pressure, together with the equations presented above, provided the holdups (R'/5")
and (V'/S") are available, contain sufficient information when used with a correlating equa-
tion for ¥;(x;) to provide unique values of both ¢ and ;. The iterative calculation proce-
dure, a variation of the one presented in Section 13.3 for characterization of an
ebulliometer, contains the following steps:

(a) Estimate a trial value of ¥{°, e g. somewhat larger than the value obtained from
(0TA0x})™) depending on the system relative volatility.

(b) Calculate the constant in a one-parameter equation for ¥, e.g. Iny;(x;) = Ax3 and
A=Iny7.

(c) Estimate a value for x;, e.g. somewhat smaller than x3.

(d) Calculate the system pressure, Py = Xx;7,ps, and compare with the measured pres-
sure Py, If Py, cannot be obtained with a realistic value of x,, choose a larger or
smaller value for y7".

(e) Assume a value for ¢ and calculate E from Equation (13.6).
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Table 13.1. Ebulliometric data for the system {r-hexane (1) + ethyl acetate (2)}.

x T/(K) T/(K) x 7 ¢
0 320.0943 321.4975 0 -
0.003603 319.854 321.2572 0.00310 0.003364 0.0280
0.005804 319.684 322.0872 0.0050 0.005424 0.0290
0.008402 319.4555 320.8587 0.0073 0.00787 0.0264

x,, z,, ¢ calculated by iterative procedure.
System pressure = 33.549 k.

(f) Calculate K (=4 P{*/P) and then z, from Equation (13.9)

_ 1+ (K — 1o
Z _xsl{ 1+ (K1 _ I)E . (139)
(g) Recalculate ¢ from Equation (13.8):
2,4 (13.8)

k-1t K1

In calculating K, 95(x;) can be taken as 1.00 for very dilute solutions.
Repeat steps (e)g) until ¢ from Equation (13.8) matches the assumed value.

(h) Check the value of x; with Equation (13.5). Repeat steps (c)~«f) until values of ¢, x;
and z, satisfy all the equations. Do steps (¢)-(h) for all experimental points.
From the new set of {x; — (—AT")} for all measured points, redetermine ¥7" from the
improved (d7/(dx;)™) from Equation (13.1) until convergence for 7 is found.

An example of experimental results obtained with the apparatus of Figure 13.3,
together with converged values of x;, z; and ¢ is given in Table 13.1 for the system
{n-hexane (1) + ethyl acetate (2)}. The limiting activity coefficient obtained, y7° = 2.838
(at T =320.1K), is in close agreement with the 2.85 value of Thomas et al. [5]. The
extensive iterative calculations involved in the above procedure, and the potential difficul-
ties of non-convergence, can be avoided by a direct procedure requiring only measurement
of the superheat temperature 7, and accurate latent heats and liquid heat capacities for the
solvent. The procedure is based on the macroscopic energy balance applied across the
Cottrell tube as follows:

Procedure Based on Macroscopic Energy Balance

Application of the macroscopic energy balance across the Cottrell tube from a point below
its entrance, where T is measured, to the point of discharge on the thermowell where T is
measured, is readily shown to give:

_ CUT = 1) + 0 ApHr, — gAZaM + V(L = BTYPs =) (1313
¢ AvapIiT ,
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where g is the gravitational acceleration, M the molar mass, ¥ the molar volume, J the lig-
uid volume expansivity, p, the pressure at the entrance to the Cottrell tube, and AZ is the
effective height of the two-phase mixture in the Cottrell pump. The third and fourth terms
on the right-hand side account for the effective hydrostatic head and the effect of pressure on
liquid enthalpy and have been found to be negligible for the system reported in the section
on “Iterative Procedure”. The E‘ ! is the average solvent liquid heat capacity over the tem-
perature interval (7, — T), and AvapHT and A,,Hr are solvent enthalpy of vaporization at
T, and T, respectively. Heat loss to the surroundlngs from the Cottrell tube has been omit-
ted since the loss per unit mass of fluid, 0, is generally negligible. For systems measured
at elevated temperatures, the Cottrell tube can be insulated as in the latest version of our
equipment. The ¢, is the vaporization ratio at the entrance to the Cottrell tube, which is
unknown and will be smaller than ¢.

The unknown ¢; ratio can be eliminated by the very simple expedient of running
experiments with the pure solvent at two (or more) slightly different pressures so that two
sets of temperatures (77, T5; and T, T,,) differing by a few degrees from 7, T, are obtained
with a constant energy input.

Assuming ¢ and ¢, to remain constant for a small temperature change, permits its
elimination by subtraction. Neglecting the insignificant last two terms from Equation
(13.13), we obtain:

Cil,—T)— :gT Co(Ta — Ty)
0= Dl : (13.14)
AvapH T (AvapH T‘)(AvapH T, / AvapH TS,)

Since the assumption of constant vaporization ratios with changing temperature contains
some approximation, the two (or more) values for ¢ obtained from Equation (13.14) are
plotted against the temperature difference, 67 = (T — T;), and extrapolated to zero.
Calculations from data for the system {n-hexane (1) — ethyl acetate (2)} gave the follow-
ing results:

Osr=49x = 0.0734, Psr—79x = 0.1028, ¢sr—ox = 0.0253.

This last value is in remarkable agreement with the average for the three runs, by the iter-
ative procedure, viz. 0.0271 from Table 13.1, since quite different information is used in
the two procedures. Experiments still in progress on other solvents have shown, however,
that the surprisingly strong dependence of vaporization rates and ratios on system pressure
should be taken into account more explicitly in solving Equation (13.2) at two different
pressures. With guidance from nucleate boiling heat transfer theory, “pressure independent™
¢ ratios were defined by pP%® and ¢,PY6, where P, is the reduced pressure. Introduction of
these reduced pressure ratios gave highly satisfactory results for several solvents, details
of which are presented by Raal et al. [36]. This new procedure, although subjected so far
only to limited testing, represents a powerful method for finding the difficult-to-determine
vaporization ratio. We believe that together with the rigorous set of equations governing
ebulliometry, this represents a significant advance in ebulliometry.
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13.4 Static Differential Methods

An example of a superior static cell apparatus is that of the Gmehling group [22,23] and is
shown in Figure 13.4. Degassing of the pure solvents was done by vacuum rectification
(~5h) after which the solvent was distilled into a separate flask to eliminate any less
volatile impurities [23]. The degassed solvents were metered into the evacuated equilib-
rium flask with proportioning pumps kept in a thermostatted bath. Differential arrange-
ments with two flasks, one containing pure solvent and the other a very dilute solution of
the solute were used by Alessi et al. [9] and by Pividal et al. [24].

An arrangement with six precision bore glass tubes (with inside diameters accurate to
0.005 mm) attached to a common manifold was used by Hartwick and Howat [25]. Two of
the tubes had mechanically driven pistons for fluid metering. These authors studied the
effect of several possible error sources for the (acetone + water) system. A static cell can
also be attached directly to a degassing condenser, as in the six-cell static cluster of Raal
and Miihlbauer [26] (see Figure 13.5). The multiwalled condenser is fitted with a vapour
draft tube in which a magnetically driven impeller induces a slow downward vapour flow
to improve mixing and to speed up equilibration.

In all static differential methods, the solvent must be of the highest purity. Since
charge composition is determined directly from the metering pumps (if used), the latter
must be capable of very high accuracy. A microliquid dispenser developed in our labora-
tories for GC calibration purposes is shown in Figure 13.6. It has a dual mode of operation
selectable by an electromagnetic clutch, so that either cm® or below mm?® quantities can be
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electrically electrically
vessel
heated DIGIQUARTZ heated
pressure sensor
(5)
vacuum sgcond = \_/ l T I stirrer
step motor-driven piston
thermostated injector
piston injector vacuum
1
A4l B 1 B
A
] o X
/ LI ] L TOR1
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p [ ] | CO

—3

motor-driven valve  equilibrium cell  reference cell

Figure 13.4 Schematic diagram of the differential static apparatus of Kolbe and Gmehling [22].
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Figure 13.5 One unit of the six-cell static cluster of Raal and Miihlbauer [26].

dispensed. In the latter mode, the volume dispensed is exactly proportional to the
travel of the uniform, polished stainless-steel rod propelled into the gas-free liquid in the
cylinder. The unit can produce high pressures or operate against low vacuum and should
be ideally suited for introducing small amounts of degassed solute into a static cell. Since
the rod diameter is measured to =0.01 mm and can be electropolished, no calibration
is required.

134.1 Calculation of Equilibrium Liquid Composition, x,

The equilibrium liquid composition x,, is related to the charge composition x§ by the exact
relationship

. U (13.15)
T TY & - DE®



Measurement of Limiting Activity Coefficients: Non-Analytical Tools 353

G.C. Selector Valve

Flush Line 1/16"

Mrcrocapilary Discharge
Intake L'ne 1/16”

S$.S. Rod 3mm @

S.S. Piston

— Ball Bearing

Solenoid Coil

Locking P n

Guide Rods
Tefion Sleeve

Rotating Brass Nut

Radlally Cut Slots

Brass Nut

Threaded Shaft

Stepper Motor

[ |

Figure 13.6 Microliquid dispenser with dual-mode operation, selectable by electromagnetic
clutch.

with
E= sy = 2= 13.16
=)= - (13.16)
The dimensionless groups Rt and Rg are given by
TOT RT:
Rp= o 2 L (13.16a)

S M’ Re=p M
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The S”and V" are the number of moles of charge and the number of moles of vapour at
equilibrium respectively and v'°7 is the total equipment volume. (See Raal and Ramjugernath
[20] and also Chapter 5 in this volume for more detail including the iterative procedure
required to calculate x; )

13.4.2 Calculation of Activity Coefficient at Infinite Dilution ¥;°

A typical data set from a static differential apparatus will consist of pressure differentials
AP between the solvent and dilute solutions of increasing concentrations at corresponding
values of xi. Once x; has been calculated, ¥ can be obtained from the limiting pressure
gradient (dP/dk;)”. A suitable expression, based on the virial equation of state for describ-
ing the vapour phase, is given by Pividal et al. [24]:

- . P 1 oP \xi—0
Yi =& —})jlsa_t (1 + ﬂ] —’F (X)T >, (13.17)
where
- B.. — vll psat _ P,-Sat + §.psat
e,-=exp[( u ~ V) T ) * OF) }

= sat Bjj - vjl —

B=1+p"\ ") 6;=28;,~ B~ B
At low pressure, approximationis g = 1 = B

To find (0P/dx)™ from AP—x, data, various fitting procedures have been used, e.g.
polynomials up to third order [24], and Legendre polynomials [12]. An attractive proce-
dure however is that of Maher and Smith [27], based on earlier proposals by Ellis and
Jonah [28]. It was found that plots of Pp/x,x, versus x,, or its inverse were frequently lin-

ear in the dilute regions. The limiting pressure gradient is then found from

(9P/0y)” = (Pp/x1x),—0 + pi* — p3*, (13.18)

where Pp = “deviation pressure” = P — Zx,;p$. (13.18a)

Finally, the sensitivity of measured pressure to fluctuations of bath temperature (9P/dT),
(or its inverse) can be readily computed for the dilute regions if an estimate of y; is avail-
able. The expression, developed in Chapter 5 of this volume is

By {xidIny/dx, + 1
(3T) _ % {ad Inp/dx; } — (13.19)

dIn h
(I + Bx;yd Inp™/dT ) pi*n —Pi’"}’z){l % Ty, }
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where

(K; — 1) pi* RT?
B=—rr—s—7—. 13.192
PR3 (13192
AyqpH, is the enthalpy of vaporization of the solvent.
Note that Equation (13.19) can also be used to correct measured temperatures at slightly
different pressures, (or vice versa) to a common value, iteratively if y;° is not known.

13.5 Inert Gas Stripping

Since the earlier pioneering efforts of Leroi et al. [29], inert gas stripping has become a
popular method for measuring systems with large y;°. The method is comparatively rapid
and the equipment can be reasonably simple. Experimentally, the decrease in gas phase solute
concentration is monitored with a GC as a function of time as the solute is stripped from its
dilute solution in a solvent by the passage of finely dispersed bubbles of an inert gas. An
advantage of the method is that the GC detector, although it must have a linear response,
need not be calibrated. Nor is it necessary to know the initial solute concentration.

Calculation of ¥ is based on the assumption that bubbles exiting the liquid are in
equilibrium with the stirred uniform liquid. The vapour phase must be of uniform concen-
tration and partial condensation must be avoided. The subject is a large one and the reader
is referred to the publications by Leroi et al. [29], Li et al. [30], Duhem and Vidal [31],
Ritter and Adams [32], Richon et al. [33] and Hradetzky et al. [34] amongst others. We can
sketch here only briefly some salient points.

13.5.1 Attainment of Equilibrium

The rate of transfer of solute from its mixture in the liquid to the interior of the carrier gas bub-
ble depends on the mass transfer resistances in both the gas and liquid phases. These are
dependent on a considerable number of factors such as fluid viscosity and density, bubble size
and velocity and the two respective diffusion coefficients. Although gaseous diffusion,
particularly in helium, is considerably faster than in the liquid phase, convective contribu-
tions in a magnetically stirred liquid phase may surpass those in the nearly stagnant inte-
rior of a bubble. In a detailed study, Richon et al. [33] reached the following conclusions:

(a) The viscosity of the liquid has comparatively little effect on the approach to equilib-
rium, even for u' = 0.040 Pas.

(b) The liquid phase mass transfer coefficient is sensitive to bubble velocity but not to
bubble diameter.

(c) For bubble sizes R, < 1.25 mm, gas phase diffusion resistance is negligible compared
with the resistance of the mass transfer in the liquid phase.

Most researchers have attempted to ensure a close approach to equilibrium by having very
small bubble sizes, either by using a sintered glass distributor of very fine porosity, viz.
(4-8 um [30]), or by a set of vertical capillaries of 0.3 mm ID [35].
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13.5.2  Calculation of Activity Coefficient at Infinite Dilution yT

The y{” is obtained from the slope of a plot of In(4/4°) against Ft, where 4 and A° are
the integrator peak areas at any time ¢ and at any designated starting time {° respec-
tively. The equation relating GC peak area to gas flowrate F and time ¢, derived by
Duhem and Vidal [31], is conveniently given by Li et al. [30]. (The equation excludes
the vapour phase correction):

ln( 4 ) - _oF ! (13.20)

A9 | RTB[1 — na/PB)’
V Sat, o0
where a = ypRUN, B=1+ ’;T]?, (13.20a,0)

Also, N = number of moles of solvent (2) in the cell and A = log average of solute moles
incell = (n — ny)/In(n/ny).

The bracketed term in Equation (13.20) accounts for loss of solvent, important if the
latter is relatively volatile. For Equation (13.20) to be valid, the temperature, pressure and
flow-rate must remain constant. To reduce or eliminate solvent loss, a presaturating cell
can be used in series with the measuring cell. Excellent linearity for a plot of In(4/4%)
against Ft was demonstrated by Li et al. [30] for {benzene(l) + water(2)} provided
flowrates were kept below about 11 ¢cm?: min~!. They found good agreement with pub-
lished values for other systems measured by different procedures. Satisfactory results were
limited to systems with gas—water partition coefficients greater than 0.3.

For solutes of low volatility, gas phase analysis by chromatography may become dif-
ficult or very time-consuming. For such systems, analysis of the remaining liquid provides
a more attractive route [34].

13.6 Conclusions

Accurate measurement of limiting activity coefficients can be made for systems of diverse
properties by a variety of static and dynamic methods if the equipment is constructed and
operated carefully. For the most highly non-ideal systems, inert gas stripping and the static
differential method are favoured. New developments in differential ebulliometry should
permit extension of the technique to systems of high relative volatility, but this will remain
a challenging task.
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14 MEASUREMENT OF LIMITING
ACTIVITY COEFFICIENTS USING
ANALYTICAL TOOLS

The limiting activity coefficient, y;°, is the fundamental thermodynamic quantity describ-
ing the behaviour of a non-electrolyte solute (1) at a state of its infinite dilution in a solv-
ent (2) and the key parameter governing fluid-phase equilibria in highly dilute solutions
(Henry’s law region). Due to the essential importance of y* data for both practice and the-
ory, their determination has been attracting interest of experimentalists for half of a cen-
tury. The effort has been focussed on the development of specialized methods allowing
precise and accurate measurements directly in the highly dilute range, since extrapolations
from measurements on concentrated solutions yield generally unreliable results. A wide
variety of such specialized vapour-liquid equilibrium (VLE) measurement techniques
have been developed for this purpose. The primary property measured by these techniques
is the solute’s volatility or vapour-liquid partitioning at infinite dilution as expressed alter-
natively by one of the following quantities: the limiting relative volatility, Henry’s law con-
stant, gas—liquid partition coefficient, or liquid—gas partition coefficient. The definitions
of these quantities and their relations to y;° are summarized in Table 14.1. In these rela-
tions, as well as in the text of the entire chapter, the gas-phase non-ideality and the
effect of pressure on the properties of the liquid phase are neglected for the sake of lucid-
ity. At atmospheric and lower pressures, the error caused by this approximation is usually

Table 14.1 Common VLE partitioning characteristics and their relation to limiting activity
coefficient.?

Quantity Definition Relation to ¥
L . - - 1 {3x o onps
Limiting relative volatility ap = 11210 7, /xz) YT = P
Henry’s law constant 1 Hy
. . 1 o
(mole fraction based) H, = l{_n}o (}T) YL = [z
Henry’s law constant 1l HE, )
molar concentration based o =lim | = =
( ) 12 c}—«)O( C} ) " p?at M2
Gas-liquid partition coefficient cE K® RT p
(dimensionless Henry’s law constant) K¢ =1lim [+ Y= mtag
-0\ €i M,
1 d RT p}
N .. . . g 1 el o —
Liquid—gas partition coefficient K 1;1_1)10 = 14 KEpi M,

3Denotation: y; and x; are the mole fractions of component ¢ in the vapour and the liquid phase, respectively,
1, its fugacity, ¢; its molar concentration, p{ and p! the pure component vapour pressure and liquid density,
respectively and M; is its molar mass.

The vapour-phase non-ideality and the effect of pressure on the liquid-phase fugacity are neglected.
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within 1-2 per cent, which for moderately precise measurements is often negligible com-
pared with other experimental uncertainties. For more accurate work, low-boiling solutes
and/or experiments at higher than atmospheric pressure, the vapour-phase non-ideality
correction should however be taken into account. The respective correcting expressions,
elaborated for various experimental situations and based typically on the truncated virial
equation of state, can be found in the literature [1-7].

The existing techniques to determine y> can be categorized in a number of ways. Two
basic clear-cut categories are identified by distinction whether a given technique employs
an analytical tool or not. The non-analytical techniques rely on precise measurements of
minute changes in the equilibrium temperature or the equilibrium pressure with varying
composition of a synthetically prepared dilute mixture. As stability and sensitivity limita-
tions do not usually allow such measurements to be performed directly in the Henry’s law
region but only in its close vicinity, some slight extrapolation is necessary to obtain the
desired infinite dilution properties. These techniques, involving comparative ebulliometry,
comparative tensimetry and dew-point temperature determinations, have been discussed
in Chapter 13.

This section deals with the analytical measurement techniques that determine the infinite
dilution VLE characteristics by means of suitable analytical tools and methods. Gas chro-
matography and UV spectrometry are the most applicable, but liquid chromatography, inter-
ferometry, Karl-Fischer titration, scintillation counting of labelled solute and other methods
of analysis have been also conveniently utilized. The sensitivity and detection capabilities
of analytical tools are such that one can work at solute concentrations where Henry’s law is
obeyed accurately. In addition, if a selective analytical method is used, the effect of impur-
ities is efficiently suppressed. Among the analytical methods, gas—liquid chromatography
(GLC) is unique: apart from being a sensitive and selective tool for analysis, its underlying
gas-liquid partitioning process proper lends itself for the determination of partition char-
acteristics by measuring the solute retention in a column loaded with the solvent.

Some surveys of the topic are available. In Chapter 2 of Experimental Thermodynamics,
Volume II, Letcher [1] described in detail the determination of infinite dilution activity coef-
ficients by classical GLC retention measurements. Conder and Young in their monograph
Physicochemical Measurements by Gas Chromatography [2] gave a full account of this
method. Since the mid-1970s, a number of other methods have been developed; their past
overviews can be found in references [8-11]. Later review papers from 1996 [12-16],
addressing environmental issues, all focussed on experimental techniques suitable for aque-
ous solutions of volatile organic compounds (VOC); here, the reviews of Turner et al. [15]
and Kojima et al. [16] are more detailed than those of other authors.

Various analytical ™ measurement techniques described in this chapter are categor-
ized into five groups as follows: (1) retention measurements in GLC, (2) headspace analysis
method, (3) static mass balance methods, (4) rate measurements on continuous gas-liquid
separation processes and (5) distillation methods. Solubility measurements are not con-
sidered here. Though the inverse mole fraction of the liquid solubility provides an accurate
estimate of y° for systems where the mutual solubilities of components are sufficiently
small, reviewing the techniques for the measurement of liquid solubilities is beyond the
scope of this section. Retention measurements in liquid-liquid chromatography are omitted
because of unreliable results obscured by prevailing adsorption phenomena.
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14.1 Retention Measurements in GLC
14.1.1 Conventional GLC

As recognized soon after the inception of GLC, gas-liquid partitioning characteristics can be
conveniently determined by measuring the gas chromatographic retention. This route of y=
determination, which was pioneered in the years 1956-1959 and refined during the 1960s,
has become extremely popular thanks to the availability of commercial instrumentation
and speed with which the measurement could be done. The widespread use of the GLC tech-
nique has led to a wealth of publications and an amount of y* data that are more extensive
than those for any other method. The conventional GLC method working with essentially
non-volatile solvents is well established. Since comprehensive accounts of its theory and
practice presented as early as in the 1970s by Letcher [1] and Conder and Young [2] have
remained essentially up to date, only few comments and updating remarks are given here.

In the last 25 years, thanks to incorporated technical innovations, commercial gas
chromatographs have greatly improved thereby enabling new y* determinations precision
of 1 per cent without modifications and without auxiliary devices previously needed.
Complete computer control of current research GCs allows efficient long-term stabiliza-
tion and on-line monitoring of all experimental parameters. In this respect, the improved
GC oven thermostatization and built-in electronic mass flow control are especially benefi-
cial, as constancy of the column temperature and of the carrier gas flow rate is an import-
ant pre-requisite for precise and correct results to be obtained.

In sharp contrast with the high achievable precision of the method is that some por-
tion of existing GLC data are considerably in error. The known major sources of error in
the GLC method, i.e. inaccurate column loadings and adsorption of the solute on various
surfaces in the column resulting in parasite retention, are most probably those responsible
for this worrying situation. Interfering adsorption effects are especially critical for systems
of strongly polar and associating solutes in non-polar solvents, such as alkanols in alkanes.
Recent careful re-examinations of the problem have indicated that eliminating or just cor-
recting for adsorption effects for such systems may be more complicated than had been
assumed [17-20].

Accurate determination of the solvent mass in the column is particularly difficult for
volatile solvents; a volatile stationary phase is continuously stripped from the column by
the carrier gas flow, which causes a continuous change of the retention of injected solute
samples. A common practice to overcome this problem is to pre-saturate the carrier gas by
the solvent vapour [21-23]. This procedure however solves the problem only partially:
though the elution of the volatile stationary phase decelerates, it does not completely cease
due to the pressure drop across the column and the accurate knowledge of the solvent
amount in the column continues to be required for the calculation of ¥™. Another option to
account for the solvent loss by evaporation is through weighing the column, but apart from
obvious inconvenience this can be rather inaccurate. It is better to calculate the actual
amount of the solvent », according to

_ pzsa‘Ft
ny=ny — e (14.1)
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where ng is the initial amount of the solvent loaded in the column, F the carrier gas flow

rate at the column outlet and ¢ is the time elapsed from the start of the gas flow. If the sat-

urated vapour pressure p5*' is not known, one can measure the net retention volume Vy as

a function of  and fit the data to the following linear relation:

Lo R N i L (14.2)
ny T oyrp® T ey T '

The values of y{” and p5* are then obtained from the fitted parameters a and b. This method
was proposed originally by Olsson et al. [24]; Equation (14.2) however corresponds to a
later presentation by Bayles et al. [25] that allows data from several columns to be processed
simultaneously. The method requires the exact knowledge of initial solvent amount in each
of the columns and, as a result, it is applicable only to solvents of very moderate volatility
(p5* =~ 10% Pa). Another way how to cope with the problem of a volatile stationary phase is
to periodically determine ¥* of a particular solute chosen as a reference [26]. Such a practice
is already closely similar to relative GLC retention measurements that are discussed below
as a distinct method suitable for substantially volatile solvents.

The conventional GLC is a powerful and precise technique that is capable of producing
accurate 7™ data if its inherent limitations are respected. The covered range of gas—liquid par-
tition coefficients is approximately 0.0005 < K® < 0.05, if retention times are to be kept rea-
sonable. Among the plethora of application works that have appeared since the 1970s are, of
particular note, the systematic studies on the solvent screening for solvent-aided separations
conducted at the Oldenburg University, Germany, at the Natal University, South Africa and the
St Petersburg State University, Russia, and published respectively in the Journal of Chemical
and Engineering Data, the Journal of Chemical Thermodynamics and available as a cumula-
tive compilation [27]. Accurate measurements on aqueous systems carried out by Mash and
Pemberton [28] at the National Physical Laboratory, Teddington, UK, and by their successors
[23,29,30] using a sophisticated medium high-pressure GLC apparatus represent another
notable achievement. The most recent application of the conventional GLC, addressed by
Heintz et al. [31-33] and Letcher et al. [34-36], is for the study of VOCs in ionic liquids.

14.1.2 Relative GLC

The method of relative GLC stems from a suggestion by Freeguard and Stock [37] made
as early as in 1962, but to determine ¥ it was successfully applied for the first time in
1970s by Tassios [38]. More extensive and accurate measurements of ¥> by the relative
GLC method were presented however only in 1990s by Sandler et al. [3,39].

In this method a mixture of two solutes is injected into a GLC column, one of which is
the reference serving as an internal standard. For the ratio of the y* values of the two sol-
utes, it follows from the theory of classical GLC (leaving out the vapour-phase non-ideality
correction)

7f° _ p::; (tR.,ref_ tD)

— = , 14.3
Yt PP (k1 — tp) (14.3)
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where fg 1, trer and #p are the retention times for the solute under study, the reference
solute and a non-sorbed marker, respectively. As seen from this equation, if the limiting
activity coefficient of the reference solute in the solvent loaded in the column under the
conditions of experiment is known, the y> value for the other solute can be obtained only
from the measurements of the retention times, the determinations of the amount of solvent
on the column and of the carrier gas flow rate being no longer needed.

The relative GLC technique is applicable to a wide range of solvent volatilities; its
application to appreciably volatile solvents brings however major benefits. Also, a volatile
solvent can be directly injected into a general-purpose column filled with a bare inert
solid support instead of preparing a special column for each solvent under study. Solutes
must be of course more volatile than the solvent. The carrier gas flow rate can be adjusted
from injection to injection in order to obtain reasonable values of retention times or better
separation.

Retention time ratios can be easily measured to a precision of 5 per cent and better [3].
The relative character of the measurements makes this experimental procedure quite robust
because various imperfections and complicating factors affecting absolute measurements
cancel out or at least tend to compensate. Reasonably accurate y* values obtained by rela-
tive GLC for highly hydrophobic halogenated substances in water [39] appear to demon-
strate that adsorption effects may compensate as well, in particular if the internal standard
is selected so that it is chemically closely similar to the solute under study. While a distinct
merit of this method is that the knowledge of the stationary phase amount is not at all needed,
the y* determination fully relies on the knowledge of ¢ for a reference solute. The following
procedure, denoted as non-steady-state gas—liquid chromatography (NSGLC), requires nei-
ther of these entries.

14.1.3 Non-Steady-State GLC

This technique for determination of limiting activity coefficients of volatile solutes in volatile
solvents proposed and applied by Belfer et al. [40-42] is based on the measurement of the
retention time of repetitively injected solute samples as a function of the time of their injec-
tion. Instead of correcting for the effect of solvent loss from the column, NSGLC utilizes this
feature outlined in Figure 14.1 as the measurement principle. Under isothermal conditions
and at a constant carrier gas flow rate, the amount of the solvent decreases linearly with time
and so does the retention time of a solute injected repeatedly over that time. The decrease in
retention time with the change in time of injection is directly related to the solute limiting
activity coefficient, the respective relation derived by Belfer and Locke [41] being

o PP (14.4)
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As seen from this remarkably simple equation, the only parameter to be determined from
a NSGLC experiment is the derivative dtg/dt, which is the so-called retention differential
parameter that is characteristic of a given solute—solvent pair at a given temperature and
represents the negative reciprocal of the limiting relative volatility. This parameter can be
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A

Figure 14.1 Representation of the change in retention time over time in non-steady-state GLC.
The early stage (A) and the late stage (B) of the column lifetime. (Reproduced with permission from
reference [42]. Copyright 1991 Am. Chem. Soc.)

conveniently evaluated as the slope of a plot of the retention time against injection time
using linear regression.

Either packed columns with bare inert solid support or uncoated wide-bore fused-silica
open tubular columns [43] may be used. The solvent is typically introduced in situ by inject-
ing it through the respective hot injection port. In NSGLC, neither the amount of the solvent
in the column nor the retention of a non-sorbed substance need to be known, and in addition
some effects tend to cancel that are difficult to correct for in the classical GLC. Despite the
several advantages, the NSGLC technique appears to be considered less accurate than other
methods (the uncertainty of NSGLC measurements reported by Belfer et al. [41, 43] was
10 per cent) and has been only rarely used.

Very recently, a refined NSGLC method has been developed at the Prague Institute
of Chemical Technology and shown to be suitable for accurate determination of limiting
activity coefficients of VOCs in water [44]. Among several modifications suggested, the
most essential one is that Equation (14.4) should be changed to

sat

oo pylp}
P TERYETE (14.5)
where j is the James—Martin compressibility correction. Although Equations (14.4) and
(14.5) look very similar, the replacement of the retention time by the corrected retention
time #} = jtg, as inferred from the refined theory, has important consequences. Since
J < 1, Equation (14.4) leads to systematically lower values of ¥;” than those calculated by
Equation (14.5). Even for relatively small pressure gradients 30—40 kPa, corresponding to
a short packed column, the difference attains a level of 15-20 per cent. The application of
Equation (14.5) additionally requires the pressure drop to be monitored during the entire
NSGLC experiment as well as the column outlet atmospheric pressure to be determined.
The refined NSGLC method has proved to perform correctly and with better accuracy
(3 per cent). The measurement precision has been improved to an even greater extent,
thanks mainly to technical refinements of the experimental procedure.

In general, the applicability of the NSGLC method is constrained by system volatility
conditions. The basic requirement is that the volatility of the solute from its dilute solution
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must exceed the volatility of the solvent, otherwise the solvent elutes before the solute.
The upper bound of the infinite dilution relative volatility a3 follows from the fact that
the measured derivative dra/df approaches zero as o], increases and its determination is
thus greatly affected by experimental errors. The concrete value of the upper bound
depends on the measurement precision and the error tolerance; a practical upper bound
may be around a7 = 100. With respect to the volatility of the solvent, there are also con-
straints. High solvent vapour pressures lead to prohibitively short column lifetimes, while
low p5* values cause the solvent elution from the column (i.e. the driving mechanism of
NSGLC) to be too slow. In both these cases, problems of precision arise. As a result, the
applicability of NSGLC for water as the solvent is expected to be in the range from the
room temperature to about 350 K. From the technical point of view, the applicability of
NSGLC depends on the possibility to detect minute solute amounts in solvent saturated
carrier gas streams. In this respect, the use of a flame ionization detector instead of a ther-
mal conductivity one for aqueous solutions is considerably beneficial.

14.2 Headspace Method of Analysis

The conventional headspace analysis (HSA) method for the determination of limiting
activity coefficients in gas chromatography involves the measurement of the equilibrium
solute partial pressure established under static conditions above a sufficiently dilute solu-
tion of known composition [45]. Assuming that vapour-phase aliquots are dosed into the
GC at constant T and p, the detector is linear, and pressures are low so that vapour-phase
non-ideality can be neglected, then y{° can be evaluated from

_ kl(Al/xl)m

148 T (14.6)

where (4,/x,)” is the limiting ratio of the headspace solute peak area 4, to the solute liquid
mole fraction x, and & is the proportionality response factor in p; = k;4,, which must be
established by calibration. If detection capabilities of the GC system allow the experiment
to be done in the Henry’s law region, (4,/x;)™ can be determined from a measurement at a
single composition, otherwise 4, is measured as a function of x; and 4,/x; extrapolated to
infinite dilution. Alternatively, activity coefficients at individual compositions can be evalu-
ated and their extrapolation to infinite dilution done by a suitable thermodynamic model.
The calibration is carried out using either specifically prepared gas standards or the head-
space vapour above the pure liquid solute. The gas standard can be prepared by the total
vaporization technique, i.e. by injecting a known, sufficiently small amount of liquid stand-
ard into a vessel of precisely known volume and allowing the sample to evaporate com-
pletely. However, the latter calibration technique using the saturated solute vapour is faster
and especially convenient when the detector linearity extends to loadings as large as those
corresponding to p*'; then Equation (14.6) becomes

o Aix)”
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where A§* is the headspace peak area for the pure liquid solute. As seen from Equation
(14.7), y1° can be determined without knowing the solute vapour pressure, which is an
important advantage, if p;* value is not known accurately or even missing. However, it
should be noted that this calibration route is practical only for systems exhibiting enhanced
positive deviations from ideality (y{° > 10), or else the measured HSA response (4;) and
its calibration (4]*") become prohibitively disparate. Options (though less convenient)
might be then to calibrate with the vapour above a highly dilute solution of the given solute
in a different solvent in which y{° is known [46] or to make use of a different solute as the
reference with known Y5, as an internal standard.

Variations of equipment and procedures for applying HSA are almost as numerous as
the literature references themselves. In the simplest version, manual sampling of head-
space with a syringe is employed [47,48]. Apart from obvious inconvenience, the problem
with such a sampling is a rather indeterminate temperature of the sample and its possible
adsorption or condensation in the syringe. Due to a difference of the headspace pressure
and the ambient pressure, precision gas-tight, valve-locking syringes must be used to
avoid uncontrolled sample dilution. Commercial headspace gas chromatographs, the earli-
est use of which is described in the work of Rohrschneider [46], may offer complete
automation and a great improvement of precision, but their flexibility for accurate thermo-
dynamic measurements is sometimes limited. Ad hoc headspace analysers have been
therefore constructed for the measurement of limiting activity coefficients, the customized
design improving especially the process of equilibration and sample transfer. The most
notable HSA device was built by Hussam and Carr [4] at the University of Minnesota. This
multiple cell apparatus with an assembly of valves implementing the sample transfer by
vacuum yielded in the 1980s and in the first-half of 1990s a considerable amount of accur-
ate data [17,49,50]. A new modification with a single cell and a solvent dosing pump to
vary the composition of a solution in the cell continues to be equally productive [51].
Multi-cell instruments similar in design to that used in Minnesota have been described
recently by Whitehead and Sandler [52] and Asprion et al. [53], the latter authors using,
however, a vial pressurization system for the sample transfer.

The recent implementation of HSA method at the Prague Institute of Chemical
Technology [54] employs a single equilibrium cell to which solute is added gravimetrically
and the vapour phase is continuously circulated through the liquid phase and the gas-
sampling valve of GC by an inert pump. A similar arrangement was used as early as 1967 by
Pollak and Cave [55]. It has distinct advantages over designs with “pressure-vent” or “vent-
to-vacuum’” sampling techniques, in particular absence of any perturbation of the equilibrium
during sampling, rapid equilibration and suppression of sorption effects due to continuous
sample renewal.

The direct HSA method yields under good conditions a target precision of 1-5 per
cent. It is a reliable technique applicable to wide ranges of solvent and solute volatilities.
The lower limit of the solute volatility is imposed only by the GC sensitivity and its upper
limit is related to the fact that the composition of the liquid phase to be used in Equations
(14.6) or (14.7) is established from the synthetic, gravimetric or volumetric, preparation of
the solution. While for a low solute volatility from solution (K® < 0.001), the correction
for the material in the headspace is negligible, for a very high solute volatility (K& > 0.1)
it may become critical, thereby limiting the applicability of this method. Sampling and
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analysing both the gas and the liquid phase may resolve the problem, but the procedure is
then rather cumbersome. Indirect HSA methods, conveniently utilizing the principle of
mass balance constrained partitioning, offer an attractive alternative.

143 Static Mass Balance Methods

In a closed equilibrium gas-liquid system, the concentration of a given volatile solute in either
phase depends on the gas-to-liquid volume ratio 8 = V&V, The interrelation is governed by
the mass conservation and the condition of equilibrium, the latter being represented in the
region of infinite dilution by the solute partition coefficient K®'. By measuring the solute
equilibrium concentration in one of the phases as a function of j, the partition coefficient,
as a parameter in this relation, can then be determined. The principle of the mass balance
constrained VLE partitioning forms also a basis of some extraction techniques where the
solute is depleted from one phase by means of the other phase in a defined manner. The
reported procedures deal mostly with gas phase and use headspace GC as a sensitive and
selective analytical tool. By their nature the static mass balance methods are best suited for
solutes exhibiting greatly enhanced volatilities from their highly dilute solutions and, as a
result, they have been almost invariably applied to aqueous organics.

14.3.1 Equilibrium Partitioning in Closed Systems

The equilibrium partitioning in closed systems (EPICS) method developed by Lincoff and
Gossett [56] involves a comparison of the equilibrium headspace concentrations ¢f and
(c%)" of a solute in two identical closed vessels whose solvent loadings 7! and y'! are widely
different. The masses of the solute m; and m| in the two vessels are equal or their ratio is
known [57]. The headspace solute concentrations are determined by GC and, assuming
proportional GC responses, K& is obtained from this measurement as follows:

Ki— L7 (14.8)
rﬂr — ﬂ ’ -
where
AV m!
== 1 14.
" AV m, (14.9)

Since the method involves determination of relative rather than absolute concentrations,
no calibration is required. Further advantages are that no special apparatus is needed and
the measurement can be easily automated using a commercial headspace analyser.

The EPICS method has become popular in the community of environmental
researchers who have applied it to a variety of aqueous solutes [58-61]. Experience and
theoretical error analysis [57,59] show that the technique is inherently well suited for
solutes exhibiting greatly enhanced values of the gas-liquid partition coefficient, the
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appropriate range being 0.1 < K8 < 1, In the indicated range the precision of this tech-
nique is moderate (about 5 per cent), but for lower K® values it deteriorates markedly. By
combining the EPICS method with the solid-phase micro-extraction (SPME) sampling
technique, Dewulf ef al. [62] have recently achieved a partial improvement in precision of
the determination of lower solute volatilities, basically because the SPME allowed the use
of higher loading ratios V"!/¥!.

A technique similar to EPICS and called vapour-phase calibration (VPC) was pro-
posed by Kolb et al. [63]. In this technique equal small amounts of a solute under study are
injected into two headspace vials of an identical volume ¥, one vial being originally empty
and the other containing the solvent of a volume ¥*. The one-phase system prepared by the
total vaporization of the solute in the former vial serves as an external standard for the head-
space of the latter vial where the solute undergoes vapour—liquid partitioning. Provided the
detector is linear, the respective partition coefficient K& is obtained by the VPC technique
without determining the exact composition of liquid phase from

AV
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K= Ty =40 =7y

(14.10)

where A4{ denotes the headspace peak area for the gas standard.

14.3.2 Phase Ratio Variation (PRV) Method

Ettre et al. [64] and Robbins et al. [65] developed independently a static mass balance
technique that might be considered as an elegant improvement of the EPICS method. In
their method, denoted as PRV, aliquots of a highly dilute solution having different volumes
but the same concentration are introduced into a series of identical closed vessels and the
equilibrated headspace samples are analysed by GC. Provided the GC response is propor-
tional to the solute concentration, the reciprocal peak areas 1/4, plotted against gas-to-liquid
volume ratios  follow a straight line whose slope divided by its intercept yields the value
of K&. For reliable results, the straight-line parameters should be evaluated by linear regres-
sion with appropriate statistical weighting factors, since the dispersions of the transformed
experimental variables considerably vary within the dataset [66]. This procedure, which
implies measuring more than just two necessary data points, not only increases the target
precision, but provides a straightforward check of the internal consistency of measured data,
including the GC response linearity.

As shown by Ramachandran ez al. [67], an analogous procedure can be implemented also
for the EPICS method, where the respective linear transformation is obtained by plotting
m/(4,V1) vs. B. The EPICS method and the PRV method are very similar. The essential
advantage of the PRV method is that it avoids the direct dosing of very small solute amounts
replacing it by the dosing of much larger amounts of a highly dilute working solution. The
PRV method, in comparison to the EPICS method, gives a possibility to use significantly
smaller liquid-phase loadings. Chai and Zhu [68] demonstrated, both experimentally and by
means of error analysis calculations, that by using small liquid loadings the PRV method
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can be extended to determine low gas—liquid partition coefficients (K ~ 0.001). The target
precision obtained with aqueous lower alkanols appears to be better than 10 per cent [69].

Vitenberg and coworkers [70] developed similar techniques based on mass conserva-
tion and variation of phase ratio for variable volume devices.

14.3.3 Headspace Stepwise Extraction Methods

McAuliffe [71] was the first who described a method to measure gas-liquid partition coef-
ficients based on successive headspace extractions. In his implementation, a thermostatted
gas-tight syringe was used to hold and manipulate the sample. The syringe was flushed
with a highly dilute solution under study and a sample of it retained. The rest of the total
syringe volume was then filled with an inert gas and the syringe closed. After equilibra-
tion, the gas phase was sampled and analysed. The entire gas phase was then discharged
and replaced by the neat inert gas. The system was re-equilibrated and the gas phase was
analysed again. If the GC response is proportional to solute headspace concentration,
lnA(li) values obtained in such a repetitive extraction decrease linearly with each step i
according to the relation

nA® = —iln(1 + K¥B) + InA?, (14.11)

allowing K®& to be determined from the slope.

A number of other researchers dealt with the multiple headspace extraction employ-
ing different experimental arrangements [72,73]. In their specialized set-up, Brown and
Wasik [74] replaced the manual syringe by a valve with a sampling loop that provided
direct injection of the gas phase onto GC. Allen et al. [75] presented recently a single-step
extraction method using in situ optical absorbance measurements of the liquid phase.
Incorporation of a spectrometer with fibre-optic dip probes permitted data to be collected
without taking headspace samples and disturbing the equilibrium. Thanks to a large gas-
to-liquid volume ratio (f = 200) of their apparatus, measurements of K& values as low as
10~4 were possible, though with a rather compromised precision of 10-15 per cent.

14.4 Rate Measurements on Continuous Gas—Liquid
Separation Processes

14.4.1 Inert Gas Stripping

The method of inert gas stripping (IGS) to measure gas-liquid partitioning was first
described and applied by Burnett in 1963 [76] but it was only in 1977, when Leroi et al.
[77] substantially improved the experimental design and clearly demonstrated good per-
formance and convenience of this technique promoting its later widespread use. Since
then, the IGS technique has been applied to a great variety of systems and the experimental
set-up and procedure has been further developed and modified to extend its applicability,
few representative references of many relevant being [5,78-85].
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The method consists in measuring the rate of elution of a solute as an entraining inert gas
is passed through a highly dilute solution (x, < 10~?) kept well mixed and under isothermal
conditions in an equilibrium-stripping cell. The inert gas is introduced into the cell and dis-
persed in small bubbles, at a constant flow rate. The outlet gas, assumed to be in equilibrium
with the liquid solution in the cell, is periodically analysed for the solute content by gas chro-
matography to determine the rate of the solute removal. The temperature 7, the total pressure
p, the flow rate of the pure inert gas entering the cell F, the total amount of solvent in the cell
n, and the detector response (peak area) to the solute 4, as a function of time ¢ are measured.
As shown by Leroi et al. [77], when the partial pressure of the solute is small compared with
the total pressure, vapour-phase non-ideality corrections and the effect of the vapour space
of the cell are neglected, the rate of the solute elution from a non-volatile solvent follows
a simple exponential first-order kinetics pattern. Provided the detector is linear, the limiting
activity coefficient can be determined from the measurements outlined above as follows:

w _ MRT (_ dIn4, )

PP F dt

(14.12)

with a plot of In 4, against ¢ giving a straight line.

For solvents of appreciable volatility, the amount of the solvent in the cell decreases
during the experiment, which requires the use of another, more complicated relation to cal-
culate ¥1° [77] and imposes some experimental restrictions. Thus, a simpler and preferred
practice applicable to volatile solvents is to keep n, constant by pre-saturating the stripping
gas with the solvent vapour. Upon the pre-saturation, the flow rate of the stripping gas
changes by a factor 1/(1 — p5*/p) and then

o anT _ dlnAl _sat
Y= plsatF ( dt (1 14} /p)' (14-13)

The approximation provided by Equations (14.12) or (14.13) is often sufficiently accurate.
However, when a better accuracy is needed or the simplifying assumptions underlying
Equations (14.12) and (14.13) are violated appreciably, e.g. for solutes of high volatility
(Hi, > 1 MPa), these simplifications should be eliminated. This leads to rather involved
relations [76,78]. Alternatively, using a perturbation approach, the above given equations can
be amended by respective correcting factors [5]; e.g. Equation (14.13) may be then extended,
leaving out the vapour-phase non-ideality correction, as y;" = y1° (Eq 13) £,&, where

oo . sat
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corrects for the change of the stripping gas flow rate due to the saturation of the gas stream
by solute vapour in the cell, and
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accounts for the amount of the solute in the vapour space of the cell assuming its complete
mixing. In these equations, #, is the mean amount of the solute in the cell during the meas-
urement obtained from

ny = n(Al/A? - 1)/1n(Alf/A‘1)), (14.16)

where 7 is the initial solute amount in the cell, 4/and 49 are the GC responses to the solute
at the end and at the beginning of the IGS experiment, respectively and V® denotes the
vapour space volume. As seen from Equations (14.14) and (14.15), the effects of & and &,
compensate partially and this is what makes the uncorrected formulae given above to work
quite well at moderately enhanced solute volatilities. Nevertheless, for high Hy, = y{° p}¥,
the corrections &, and &, considerably increase and it is necessary to take them into
account. To keep these corrections and the involved uncertainty small, it is recommend-
able to minimize the vapour space and to use solutions as dilute as possible. Another con-
venient possibility is to perform a relative measurement [85] using a suitable internal
standard; if its Henry’s law constant is equal to that of the examined solute, the corrections
cancel completely.

The basic pre-requisite for correct performance of the method is that equilibrium is
attained between the gas and the liquid phase in the stripping cell. This is obviously
dependent on the residence time of a bubble in the liquid, the bubble size and many physic-
ochemical properties of the solute—solvent system. Mass transfer calculations give some
insight into this problem [80]. The real situation in the cell is, however, much more com-
plex, so the design of the cell and its operation is therefore largely empirical. In general,
the diameter of bubbles should be as small as possible (preferably =1 mm) and their coales-
cence suppressed. Fine porosity frits, narrow bore capillaries or special perforated tips can
be used for the purpose. The coalescence can be avoided only at low flow rates of the strip-
ping gas when the number of bubbles in the solution is small. Keeping F small also helps
to eliminate the liquid droplet entrainment and other undesirable effects. The suitable
working range of the flow rates can be identified by examining the effect of the inert gas
stripping flow rate on the measured value of y™. Stripping gas flow rates as low as
0.2 cm? - s™! appear to be required for aqueous solutions of volatile hydrophobic solutes
[5,85]. A vigorous stirring contributes substantially to appropriate equilibration. Not only
does it provide the necessary composition uniformity of the liquid, but also dramatically
changes hydrodynamic conditions in the cell. A vortex is formed and, by virtue of its suc-
tion, bubbles are held in the liquid for a considerably longer time. The equilibration in a
vigorously mixed system is further supported by the enlargement of the vapour-liquid
interface and its constant renewal resulting from the vortex formation. A well-known gen-
eral condition for the appropriate equilibration in all dynamic phase-equilibrium separ-
ation processes is to maintain a sufficiently low rate in the separation. Experience acquired
with a variety of systems studied over the years at the Prague Institute of Chemical
Technology indicates that this condition is met for the IGS technique at relative elution
rates 0.01 min~! or lower. To cope efficiently with this requirement, one should have the
possibility of choosing for each system the equilibrium cell of a suitable volume.

Major advantages favouring the IGS technique over some other methods are its applic-
ability to a broad range of solute volatilities, its accuracy, no need for the calibration of the
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GC detector and no or rather marginal importance of knowing exactly the initial solute
concentration. The IGS method is suitable for systems where 10kPa < H;, < 10°kPa and
5 < 50KkPa, for which the best target uncertainty (1 per cent) can be attained. Measure-
ments outside these ranges can be done, but a compromised accuracy is then inevitable.
For analytical convenience, the GC analysis of the gas phase may be replaced by that of the
liquid phase [84] or other analytical techniques can be employed [86]. Obvious problems
with highly viscous and foaming systems can be overcome using the special cell design of
Richon et al. [81]. The IGS method has been shown to be well suited also for measuring
y1 in mixed solvents [87-89].

14.4.2 Exponential Saturator Method

The method of the exponential saturator (EXPSAT) [90] is a novel technique that has been
recently developed for accurate determination of large limiting activity coefficients at the
Prague Institute of Chemical Technology. This technique is similar to that of inert gas
stripping but contrary to stripping it deals with the reverse process, i.e. with saturation.
The essence of the method consists in measuring the rate of solvent saturation by the
solute when an inert gas pre-saturated with the solute vapour is passed through the solvent
in the equilibrium cell. The EXPSAT method is inherently suited for solutes of high limit-
ing activity coefficients (y1” > 1000) and enhanced volatilities (H;, > 1 MPa), being thus
an ideal tool to study aqueous solutions of hydrophobic organics.

A scheme of the EXPSAT experimental set-up is shown in Figure 14.2. The equilibrium
cell, kept at constant temperature 7" and pressure p, is composed of two compartments,
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Figure 14.2 Schematic diagram of the EXPSAT experimental setup. GC, gas chromatograph;
GSYV, thermostated pneumatic gas sampling valve; TL, heated transfer line; P, pre-saturator of the
EXPSAT cell; S, saturator of the EXPSAT cell; MS, magnetic stirrer; N, inert gas source; FC, digital
mass flow controllers; FM, bubble flow meter; PC, personal computer. (Reproduced with permission
from reference [90]. Copyright 1999 Am. Chem. Soc.)
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pre-saturator and saturator, which are loaded with pure solute and a known amount », of
pure solvent, respectively. The saturator contents are thoroughly mixed. The inert gas is
firstly introduced into the solute in the pre-saturator and dispersed in small bubbles, at a
constant flow rate F. The gas, being thus saturated with the solute vapour, proceeds into the
saturator where it is again dispersed into small bubbles. Some of the solute carried by the gas
stream dissolves in the solvent, forming a highly dilute solution of a continuously increas-
ing concentration. The outlet gas, equilibrated with the dilute solution formed, is periodically
analysed to monitor the progress of solvent saturation. The rate of solute absorption, which
is highest at the beginning of the process, continuously diminishes and, for highly non-
ideal solutions assumed, the solute concentration in the cell thus approaches exponentially
a steady-state value corresponding to the solubility according to the Henry’s law.

Considering high dilution and detector linearity, it can be shown that the GC response
(solute peak area) 4, as a function of time obeys the following equation:

(14.17)
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where 47" denotes the GC response at the steady state. Written in the form ¥(4,) = k¢,
Equation (14.17) indicates that a plot of ¥ against ¢ gives a straight line through the origin,
the slope & being the time constant of the saturation process from which ¥{° can be calcu-
lated. It is also seen that no external calibration of the detector is needed provided the meas-
urements are carried out until the steady state is effectively attained. To obtain the time
constant k, the Y(¢) data should be fitted to a straight line by the weighted least-squares
method. Appropriate statistical weighting is essential here, because uncertainties in the
transformed variable Y vary greatly as a result of the propagation of analytical errors. For
best accuracy, it is also necessary to modify Equation (14.17) by incorporating corrections
for some minor technical effects complicating the basic EXPSAT principle, namely for the
vapour space of the cell, for a pressure drop between the pre-saturator and the saturator, and
for a rather indeterminate time origin of the experiment.

Accord of EXPSAT measurements with data obtained by various well-established
methods has been demonstrated [90] over broad ranges of solution non-idealities (500 <
¥1> < 10°) and solute volatilities (1 MPa < Hj, < 100 MPa). Close agreement found between
values measured by the EXPSAT and the IGS methods is especially important. Since the
mass transfer processes in these two gas—liquid partitioning techniques approach the equi-
librium from opposite directions, this agreement indicates that appropriate equilibration is
attained in the both experimental techniques.

The determination of gas—liquid partitioning characteristics (H;,, K®) and limiting
activity coefficients can be done very precisely, typically with an uncertainty of 1-2 per
cent. With the EXPSAT method, there is no need for external calibration of the involved
analytical method or for the preparation of any solution of a known concentration. Another
major advantage is that the typical lengthy dissolution of a hydrophobic liquid to prepare
the dilute solution to be studied, as required e.g. in the IGS method, is avoided, since the
solution in the EXPSAT method is formed by absorbing the solute from the vapour phase
in the course of the measurement process itself.
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14.5 Distillation Methods

In these types of methods, one-stage distillation devices are employed to determine the
solute limiting relative volatility and to this end two characteristic liguid samples are taken
and analysed, the ratio of their concentrations rather than the absolute values of their con-
centrations being decisive. As a rule, analytical methods yielding a proportional response
to the solute concentration are used because then no calibration is needed. The treatment
involves the approximation {5 = lm})( yixa/yaxy) = yi/x; and hence, to keep it accurate,
sufficiently dilute solutions must be'used. The greater the departure of a7 from unity, the
higher the dilution required. The two samples taken are either those of the initial solution to
be distilled and the distillation remainder (Rayleigh distillation) or those of the equilibrium
liquid and the vapour phase condensate (differential distillation, circulation still).

14.5.1 Rayleigh Distillation Method (RDIST)

In the present variant of the Rayleigh distillation method (RDIST), developed at the
Prague Institute of Chemical Technology [6], a known mass of a highly dilute solution
(x; < 107%) is subjected to the one-stage distillation, which is accomplished by bubbling
an inert gas through the thermostatted and vigorously stirred solution under study. Having
distilled off a suitable amount of the original solution, the remainder is weighed and, using
a suitable analytical method, the ratio of the solute concentrations in the original solution
and in that remained is determined. Assuming proportionality of the analytical response to
the solute concentration and leaving out the vapour-phase non-ideality correction, one can
readily calculate the limiting activity coefficient as follows:

sat 1 AO
= 2 [1+ n(Ay/ 1)} (14.18)

Y= P Ta(mm®) |
where m®, m are the masses of the solution before and after the stripping, respectively, and
A%, A are the corresponding analytical responses.

In an early variant of this method, employed in 1950s by Russian investigators Zelvenskii
and Shalygin [91], the distillation was performed in a classical manner by boiling the solu-
tion at a given pressure. However, this mode of distillation, necessarily involving super-
heating and being realized at a high distillation rate, could not be a truly equilibrium one.
On the other hand, the rate of the isothermal distillation promoted by inert gas stripping can
be well controlled and kept sufficiently low. In the present design, the inert gas (N) dis-
persed into small diameter bubbles by means of a frit is introduced into about 35 cm?® of a
highly dilute solution continuously mixed in the glass equilibrium cell. The flow rates below
0.6cm® - s71(0.2cm? - s71) for non-aqueous (aqueous) solutions typically ensure complete
saturation of the inert gas by the solution vapour. The attainment of the equilibrium condi-
tions can be verified by repeated measurements at varied flow rates.

The present RDIST method is both very simple and very accurate. Its good perform-
ance has been demonstrated for various systems, non-aqueous [6,92] and aqueous ones
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[54]. The technique can be regarded as a hybrid of the classical distillation and the inert
gas stripping. The main difference from the IGS method is that neither the inert gas flow rate
nor the time needs to be measured. The method has been shown to be well suited for systems
with appreciably volatile solvents and solute relative volatilities in the range 1 < a5 < 70,
for which it can safely reach precision of 1 per cent if the extent of the distillation is properly
set according to the error analysis to minimize analytical errors [6]. For less volatile solvents
and a7 close to unity rather long distillation times are required; since no operator attendance
is required during the distillation experiments this may not be however a serious drawback.

14.5.2 Differential Distillation

In this technique [93], a relatively small amount is distilled off by one-stage equilibrium flask-
to-flask distillation from a batch of a highly dilute solution under study so that its composition
remains effectively unchanged. Samples of the collected distillate and the batch solution are
then analysed by a suitable analytical method. Provided the analytical response is proportional
to the solute concentration and vapour-phase non-ideality is neglected, the ratio of the
responses for the distillate and the batch solution, 4#/4], gives directly 5> and hence

R psat A%
yr = p%"(A_} ) (14.19)

The stripping by an inert gas at isothermal conditions is used instead of heating to conduct the
distillation as an equilibrium process. The procedure resembles the transpiration technique
for the determination of vapour pressures of pure substances and it is sometimes referred to
by this name. Some variants of the differential distillation method exist in which only a cap-
tured vapour-phase sample is analysed [94]; here however must be the analytical method cali-
brated, the composition of liquid phase known and the passed amount of inert gas measured.

Differential distillation (DDIST) is a simple old technique that proved its good
performance in early thermodynamic studies of dilute solutions [95,96]. Current exami-
nations of the DDIST method at the Prague Institute of Chemical Technology show
that under some ordinary experimental precautions, this technique yields accurate results.
Although by its nature DDIST is not suitable for systems with 75 > 1, it is a unique
technique giving prospects to study solutions with o7, << [ that can be hardly studied by
other methods. Since relatively large batches of solution are required for differential
distillation experiments, this technique is to be mainly used with water or some other inex-
pensive solvents.

14.5.3 Measurements by Circulation Stills

A VLE circulation still may be alternatively used to provide samples with corresponding
vapour and liquid equilibrium compositions in the region of high dilution [97-100]. The
still is operated at a constant, usually atmospheric or sub-atmospheric, pressure main-
tained by a manostat. As the solution is highly dilute, its boiling temperature is practically
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indistinguishable from that of the pure solvent at a given pressure and hence no measurement
of temperature is needed. Measurements by circulation stills are practical in a range of about
30K below the normal boiling temperature of the solvent. If the samples of the equilibrium
phases are analysed by a method responding proportionally to the solute concentration, the
value of ¥7° is obtained as in the case of DDIST method from Equation (14.19). This method
performs well for systems with moderate departures of af> from unity, normally
0.1 < at; < 30. With increasingly greater departures of a7, from unity, exceedingly longer
times are needed to obtain representative equilibrium samples and much depends on the
quality and operation of the still since any possible imperfection becomes then critical.
Under good conditions, the target uncertainty appears to be within 3-5 per cent [98,100].

14.6 Concluding Remarks

Most of the techniques for the determination of limiting activity coefficients described here
are capable of a reasonable precision of 5 per cent or better. However, as often encountered,
differences in results obtained by different methods and/or different laboratories can be
considerably larger than the combined stated uncertainties. This typical situation is illus-
trated in Figure 14.3a for 1-butanol in water. The literature data shown, despite being in
abundance and over a temperature interval of 80 K, hardly allow any temperature depend-
ence to be determined because of a huge scatter.
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Figure 14.3 Limiting activity coefficient of 1-butanol in water as a function of temperature. In (a)
values from the literature measured by [, ebulliometry; O, tensimetry; A, GLC; V, relative GLC; <,
PRV; <|, HSA; >, IGS; and in (b) these amended with values from the author’s laboratory measured by
M, circulation still; @, tensimetry; &, NSGLC; €, HSA; ¥, RDIST; together with the simultaneous fit
of all y{* data with calorimetric data on limiting partial molar excess enthalpies and heat capacities.
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There are many problems that may complicate the measurement of limiting activity
coefficients and adversely affect the accuracy of results. The principal sources of system-
atic error in the determination of limiting activity coefficients are: interfacial adsorption;
incomplete equilibration; incomplete separation of phases; failure to account properly for
vapour space or hold-up; impurity effects; volatilization losses; lack of linearity of the ana-
lytical response; and inaccurate vapour pressure data for pure components. Nature of each
individual measurement method dictates its sensitivity to these various types of systematic
error and the possibility of its application to a certain type of system and conditions. None
of the methods is sufficiently universal; the applicability is constrained especially by the
volatilities of components, their solubility or the non-ideality of their mixture, temperature
and other analytical and chemical factors. In order to obtain accurate results, the recom-
mended policy is therefore to select for each particular case a suitable experimental method,
respecting its inherent features and considering the characteristics of the system to be stud-
ied. Application of two or more suitable techniques is desirable; if the results mutually agree,
their credibility will greatly increase. In case the objective is to establish y°(7T') in a broader
temperature range, the use of several experimental methods is unavoidable due to the applic-
ability limitations. The route of choice for determining ¥7°(T") consists then in combining the
1" data with calorimetric data on limiting partial molar excess enthalpies and heat capacities
and processing the information simultaneously by a thermodynamically consistent treatment
[54]. The result of the outlined procedure for 1-butanol in water shown in Figure 14.3b is seen
to resolve efficiently the issue indicated by Figure 14.3a.

In summary, since measurement versatility can be achieved only through a diversity
of methods of complementary character, further developments in experimental determina-
tion of ¥ are still required. Methods applicable to low solute volatilities (5> << 1) have
been still lacking and hence these are of a particular need.
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15 MEASUREMENT OF SURFACE
AND INTERFACIAL TENSION

The phenomena associated with the surface tension (ST) of liquids have attracted the
attention of scientists, mathematicians, artists, and others for centuries. Many known more
for contributions in other areas of science also showed an interest in the properties of
liquid surfaces. The names of Gauss, Gibbs, Laplace, Lord Kelvin, and Thomas Young are
associated with equations describing surface behaviour. Other prominent 19th and 20th
century scientists including Bohr, Einstein, Schrodinger, and van der Waals published
papers on some aspects of surfaces. The ephemeral beauty of soap bubbles has fascinated
mankind for eons, and has been captured by such artists as Millais and Manet, and by
countless photographers. The surface physics of these bodies has been discussed non-
mathematically by Boys in his classic book on soap bubbles [1]. More recently, Isenberg
[2] has written an equally fascinating account of the behaviour of soap films and their
uses. No account of ST and interfacial tension (IFT) would be complete without the men-
tion of D’Arcy Wentworth Thompson’s book “On Growth and Form” [3] in which the
influence of surface forces on the shapes of natural objects in the realms of zoology and
botany is discussed with many striking illustrations.

The basic principles behind many of the methods developed over the past 150 years
for the measurement of ST and IFT have not changed, but several of these methods have
taken advantage of modern instrumentation to improve accuracy, reduce tedium, and to allow
measurements to take place under what might be termed extreme conditions. The develop-
ment of new industrial processes, including the production of ultra-pure semiconductors,
high-performance polymers, and the manufacture of composites containing a variety of
materials, involves techniques that depend critically on the ST of fluids. New processes for
ceramic and metallurgical processing are being developed, in some instances following
studies of ST effects under microgravity in orbiting laboratories.

The IFT at liquid—liquid phase boundaries is also of great significance in the field of
emulsion technology. Emerging technologies in the biomedical field, the food industry, and
in petroleum extraction provide further examples where the measurement and control of IFTs
are of considerable importance. Here also, methods for the determination of the IFT have
taken advantage of advances in image analysis and data processing. The once laborious task
of deducing the IFT from the shape of an interface can now be done in seconds with the help
appropriate optical equipment and a small computer. For several techniques, correction
factors required in the calculation of ST from experimentally determined quantities can be
calculated quickly and accurately, rather than having to interpolate tabulated values.

With few exceptions, static methods for the determination of ST and IFT are based on
an equation that has generated considerable discussion over the question of the identity of
its originator. The history of this debate would fill many pages, but for the purpose of this
account, it will simply be referred to here as the Young—Laplace equation. One representa-
tion of the equation in its most general form relates the pressure difference across a
fluid—fluid interface at a point to the mean curvature, J, of the interface at that point,

pe—prP=y, (15.1)
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where p®and pP are the hydrostatic pressures in the bulk fluid phases « and 3 separated by
the interface in question. The constant of proportionality, ¥, is known as the ST or IFT. The
equation was first stated in this form by Laplace in 1806 [4]. The mean curvature, J, can be
expressed in terms of the principal radii of curvature of a surface at a point, Ry and R,

1 1
J= R—1 + —Ig (15.2)

If an arc of infinitesimal length is drawn through any point on a curved interface, the arc lying
in the surface, and then the arc is rotated about the normal to the surface passing through
that point until its radius is at a maximum, this radius and that of the orthogonal arc drawn
through the same point and also lying in the surface are the principal radii of curvature of the
surface at that point. For a spherical bubble, the two radii are equal and have the same value
at all points on the interface. A cylinder is also a constant curvature surface, one principal
radius of curvature being infinite, the other being the radius of the cylinder. However there
are other surfaces of constant curvature for which R; and R, vary with position on the sur-
face. Of these, the catenoid is perhaps the best known, it being the surface formed by rota-
tion about the x-axis of the catenary

y=q cosh(—x—:—ci} (15.3)
1

where ¢; and ¢, are constants. The catenoid has, in fact, zero mean curvature, since at all
points on its surface the radii of curvature are equal but opposite in sign.

Constant curvature surfaces are formed in zero gravity or under pseudo zero gravity
situations such as exist for systems of two immiscible fluids having the same density. The
interface in such systems is spherical if it is not in contact with a solid, or that of a figure of
revolution of a catenoid, nodoid or an unduloid. These shapes are illustrated in Figure 15.1.
Plateau [5] was the first to show that the limiting length of the unduloid [Figure 15.1(f)]
was 7 times its diameter. The stability of some of these shapes in a gravitational field is of
critical concern in the electronics industry, where the growth of ultra-pure single crystals by
the floating zone technique is the key to the manufacture of microelectronic devices con-
taining silicon, germanium, or other semiconductors.

In addition to a number of methods for the determination of ST and IFT under static
conditions, there are several techniques that used to be described as detachment methods.
These involve forming an interface and slowly extending it until instability arises. These
are not strictly static methods, so they should be used with caution for the determination of
ST and IFT in systems where slow migration of species to or from an interface may occur.
However, two of these so-called detachment methods described below can, in fact, be modi-
fied to measure ST and IFT under conditions that are essentially static.

The third class of methods for ST and IFT measurement involves processes such as the
motion of capillary waves and oscillating of jets or drops, which are the traditional methods
used for studying surface ageing effects. More recently, measurement of changes in ST
and IFT has become possible over both short and long time scales by the use of high-speed
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Figure 15.1 The six possible types of surfaces having constant curvature: (a) plane; (b) sphere;
(c) cylinder; (d) catenoid; (e) nodoid; (f) unduloid. The last four are shown in contact with solid
disks.

data acquisition systems and computer control with several of the techniques described in
Sections 15.3 and 15.4.

15.1 Terminology

Recommended terminology and symbols in colloid and surface chemistry were published
by the Commission on Colloid and Surface Chemistry including Catalysis in 1972 [6]. As
indicated in that document, the term surface tension is normally used when one is consid-
ering the interface between a liquid and a gas or vapour. The more general term interfacial
tension (IFT) is used when the interface in question is between two condensed phases,
although it can be used for any type of interface. The fact that interfaces have finite thick-
ness is not relevant to any discussion of the experimental determination of ST and IFT,
since these quantities are defined as the tension that would exist per unit length in the
interface if it were a layer of zero thickness separating two phases. Also, the issue of
whether there exists a line tension along the line of contact of three phases in equilibrium
is not considered here.

Although IUPAC recognizes both ¥(gamma) and ¢ (sigma) as symbols for ST or IFT,
the former seems to appear more commonly in the literature, and will be used here. Where
a distinction between static and dynamic values needs to be made, ¥ will be used for the for-
mer, and Y for the latter. On some occasions, it is necessary to distinguish between the
IFT between various phases, in which case *? would represent the IFT between phases o
and B. To avoid ambiguity, the ST of a liquid « in a system containing more than one con-
densed phase would be represented by y?.
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Since from their definitions, the dimensions of ST and IFT are force per unit length,

these quantities are usually expressed mN - m™!. The value inmN - m™! is conveniently the
same as in dyne - cm~ !, the units used in most older publications.

15.2 Static Methods
15.2.1 Capillary Rise and Related Methods

To a first approximation the capillary rise # of a liquid in a capillary tube of radius r is given
by the Young—Laplace equation [Equation (15.1)] in the form

2y
rcos 8’

hApg = (15.4)

where Ap is the difference in density between the liquid and the gas or vapour in equilib-
rium with it, g the acceleration due to gravity, and 8the contact angle between the liquid and
the wall of the tube, measured through the liquid. Figure 15.2 illustrates the simple set-up
required. For higher precision, the temperature should be controlled, and corrections made
for the gravitational distortion of the meniscus. If the liquid completely wets the capillary,
which is normally made of glass, i.e. 8 = 0, the correction is easily made using tables such
as those of Sugden [7] and the ST calculated.

Figure 15.2 Capillary rise experiment. Inset shows contact angle, 6, at the three phase line of con-
tact for a liquid that does not wet the tube material, i.e. 8 > 0.
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If the radius of curvature at the lowest point of the meniscus is b, and the contact angle
zero, then the exact form of Equation (15.4) is

2
hApg = Ty. (15.5)
The smaller the tube radius, the closer will the value of b be to the tube radius, or in other

words, the closer the meniscus will be to a hemisphere. Defining the capillary constant,
a, as

1
2y \2
===, 15.6
a (Apg) (15.6)
then
a* = bh. (15.7)

Using the tube radius as the first approximation for 5, measurement of 4 enables an initial
estimate of a to be calculated, and hence a value for #/a. Sugden’s table giving #/b for various
values of r/a is then used iteratively until the value of a does not change between iterations.
Tables have also been compiled by Padday and Pitt [8], among others. In order to avoid
error due to capillary rise in the annular ring between the tube and the liquid reservoir, the
diameter of the latter should be at least 15 times that of the capillary tube. Thus, the method
is not suitable when only a small volume of liquid is available. For a thorough description
of the method and other options for making corrections to obtain the value of ST, see, for
example, Adamson and Gast [9].

The capillary rise method can be adapted for the measurement of the IFT between two
liquids. Other variations of the method have been introduced to allow measurement of ST
when only small quantities of the liquid are available. Of these, the capillary u-tube tech-
nique first used by Sugden [7] is the best known. The apparatus consists simply of two capil-
laries of different internal diameters joined in the form of a U as illustrated in Figure
15.3(a). If the liquid completely wets the tube material, the difference in height, 4, between
the menisci in the two branches of the U is measured and the two tube radii. If the radii of the
two tubes are r; and r,, then

hApg = y( : L) (15.8)

r_z r
Correction for the gravitational distortion of the menisci using tables referred to above
greatly increases the accuracy of the result. The correction procedure is slightly more cum-
bersome than with the simple method since two tube radii are involved, but if one radius is
considerably smaller than the other, little error is introduced and the process much simpli-
fied by assuming that the meniscus in the smaller tube is hemispherical. An ingenious
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Figure 15.3 Differential capillary rise: (a) U-tube method; (b) Natelson and Pearl’s method [9].

variation on this method that has received scant attention was described by Natelson and
Pearl [10], who used the technique to determine the ST of biological fluids. Applicable in
situations where the amount of liquid available is of the order of 0.1 mL, two capillary tubes
of different radius are joined and held vertically, with the smaller tube uppermost, as shown
in Figure 15.3(b). A drop of liquid is introduced into the tube and allowed to adjust to its
equilibrium configuration. The length of the column of liquid, 4, represents the difference
between the pressure drop across each of the liquid—vapour interfaces. Assuming the tube
radii and the density of the liquid are known, the ST can be calculated using Equation (15.8)
and Sugden’s correction factors. The method can also be used to determine the IFT between
two immiscible liquids of known density.

For systems in which the liquid does not completely wet the solid, the capillary rise
methods are less convenient than most other techniques, many of which do not require meas-
urement or knowledge of the contact angle.

15.2.2 Drop and Bubble Shape Methods

The equation of Young and Laplace in its general form [Equation (15.1)] can be used to
describe the profile of any static axisymmetric drop or bubble in a gravitational field. If the
vertical axis of symmetry is chosen as the z-axis, and a horizontal tangent to the base or apex
of the drop or bubble is chosen as the x-axis, the profile of the fluid body lies in the x—
plane. For a pair of immiscible fluids of different density, four configurations are possible.
If one of the phases is a gas or vapour and the other a liquid, the four possibilities are referred
to as pendent and sessile drops, and captive and emergent bubbles. Profiles of these fluid
bodies are illustrated in Figure 15.4.

Taking the pendent drop as an example, if the pressure difference across the interface
at the base of the drop is #Apg, then at some point (x, z) on the profile above the base of the
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Figure 15.4 Four axisymmetric fluid bodies in a gravitational field, each constrained by contact
with a solid surface: (a) pendent drop; (b) sessile drop; (c) captive bubble; (d) emergent bubble.

drop, the pressure difference is (h — z)Apg. Thus for any point on the profile, the Young—
Laplace equation can be written as

1 1
(h — 2)Apg = Y(E + E), (15.9)

R, and R, being the principal radii of curvature of the interface at that point. One can express
R, and R, in terms of x and the angle & between the tangent to the profile at point (x, z) and
the horizontal. The relationships are R; = dx/d (sin @), R, = x/sin @. To avoid problems in
solving these equations by numerical integration, it is convenient to use as the independent
variable the distance s along the profile from the origin rather than x. Equation (15.9) then
becomes

B — NAog = d® sind 15.10
( Z) pg =Y ds + X ’ ( . )
since
. dx
d(sin @) =cos @, and cos P= ——. (15.11)

ds

Before using these equations to calculate pendent drop profiles, it is usual to use dimension-
less quantities for the coordinates and for A, the hydrostatic pressure across the interface
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at the origin. Two approaches have been used, one dating back more than a century to the
publication in 1883 of tables of pendent and sessile drop shapes by Bashforth and Adams
[11]. Their tables were based on calculations mostly made by C. Powalky, as was fleetingly
acknowledged by Bashforth and Adams. The tables, which required a vast number of cal-
culations involving Taylor series expansions to be performed by hand, are remarkable for
their extent and even more so for their accuracy. Extensions to the pendent drop tables
have been published by Fordham [12] and for sessile drops by White [13] among others.
A collation of several sets of tables for pendent and sessile drop profiles was published by
Padday [14], and computer-generated tables of profiles of several types of axisymmetric
fluid bodies have been produced by Hartland and Hartley [15]. However, the availability
of high-speed desk-top computers has largely rendered these tables obsolete since profiles
can be computed rapidly as required [16].
Bashforth and Adams introduced a shape factor 8 defined by the equation

_ 2
p= =, (15.12)

where b is the radius of curvature at the origin. Dimensionless parameters were then obtained
by dividing x and z by b. The alternative approach is to use the capillary constant a, defined
by Equation (15.6) to obtain dimensionless quantities X (=x/a), Z (=z/a) and the shape fac-
tor H (=h/a). Either way, the system of differential equations can be solved to generate
drop profiles for various shape factors, which can then be compared with experimentally
determined profiles. The ST of the liquid can be deduced if the densities of the liquid and the
surrounding phase are known. Inversion of these calculated profiles gives those of emer-
gent bubbles, while those of sessile drops and captive bubbles, can be generated by chan-
ging (h — z) in Equation (15.10) to (& + z). A strong argument for the use of H as the shape
factor rather than f, and reducing drop dimensions by dividing by a rather than b to obtain
reduced quantities is that for any given liquid, the relative sizes of drops are the same in terms
of their real and their reduced dimensions if a is used as the reducing parameter. This is not
true when using b, since it is a function of . One can also compare drop volumes directly
when H is used, but not when f is the shape factor.

The task of comparing the profiles of drops and bubbles with those calculated by the
numerical integration of Equations (15.10) and (15.11) has been greatly simplified by the use
of imaging systems supported by computer software developed for the purpose. A number
of axisymmetric drop shape analysis (ASDA) systems for the determination of ST and IFT
and, for sessile drops, contact angle are now available commercially. In a recent discussion
of the various strategies used for drop shape analysis, del Rio and Neumann [17} examined
several variations in the analytical procedure which usually involves the use of the fourth-
or higher-order Runge—Kutta method to solve what is known as an initial value problem
[18]. They concluded that measurement of the volume and equatorial diameter of a sessile
drop can be used to estimate the ST to within 2 per cent. The same comment applies to
pendent drops with a neck. Better accuracy (<C0.5 per cent) is obtained when the fitting
procedure is based on the measurement of the coordinates of a number of points on the
profile of a drop. This option seems to have been adopted by several of the designers of the
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commercially available ASDA systems. In a comprehensive review of drop shape analysis
techniques, Lahooti et al. [19] discuss the optimal number of data points and the effects of
various systematic errors as well as the experimental set-up. They also describe extension
of the method for the determination of ultra-low IFTs (ca. 5 X 1073 mN - m~") and use
the method as an alternative to a film balance to study the change in surface pressure with
area of an interface.

15.2.3 Spinning Drop Method

Despite the name, this technique is indeed a static method, and the one method well suited for
the determination of extremely low IFTs, such as are found in studies of micro-emulsions.
A small bubble, or quantity of a liquid of lower density is introduced into a liquid in a hori-
zontally mounted precision-bore glass tube. After sealing the ends of the tube, it is rotated
about its horizontal axis, the centrifugal field causing the drop or bubble to elongate (see
Figure 15.5). At a sufficiently high speed of rotation, which can be in excess of 15000 rpm,
the drop or bubble is more or less cylindrical in shape. Under such conditions, the poten-
tial energy at a distance » from the axis of revolution is @’r*Apl2, where @ is the speed of
revolution, Ap the density difference. Integrating this quantity from 0, the axis of revolu-
tion, to #,, the radius of the drop, the potential energy of the drop due to the centrifugal
forces is mw?Aprl/4, I being the length of the cylindrical drop. The interfacial free energy
of the drop is 27trlY, and its volume zrl, so that its total energy, E, is given by

E = (n*Aprlid) + 2mrely. (15.13)

In the steady state for the rotating drop, the differential of E with respect to r, will be zero,
hence, since the drop volume is 773/,

wApr
—

(15.14)

The justification of this equation, first presented by Vonnegut [20] has been discussed
by Princen et al. [21], who also analysed the situation for rotating drops and bubbles for
which the assumption of cylindrical shape was invalid, as is the case when the ST or IFT
is large.

The method has been used particularly in academic and industrial research on emul-
sions and micro-emulsions, including studies of enhanced oil recovery, where low IFTs are

L

Figure 15.5 Spinning drop method for the determination of surface tension. Droplet or bubble
elongated by rotation of horizontal capillary tube about its axis.
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exploited in order to facilitate displacement of an organic liquid phase by surfactant solu-
tions. Use of the technique has recently been extended to studies of the IFT and coalescence
of polymer melts [22]. Commercial instruments are available which manufacturers claim can
be used to determine IFTs from I mN - m ™! to as low as 107°mN - m™".

Normally, a drop of the less dense organic phase is placed in the capillary tube, the
remainder of the tube being filled with the denser aqueous phase, which wets the glass. In
systems where the organic phase is the denser of the two fluids, the tube has to be rendered
hydrophobic to prevent the drop of the aqueous phase forming a pendular ring in the tube.
This extension of the spinning drop technique has been successfully demonstrated by Cai
and Mohanty [23], who determined the IFT between dense non-aqueous phase liquids and
aqueous surfactant solutions.

15.2.4 Oscillating Drop Method

This technique offers the benefit of there being no contact between the liquid and any
potentially contaminating surface. First discussed by Raleigh [24], it has recently been used
for the determination of the ST of liquids including molten metals under both normal gravity
and microgravity. A droplet of liquid is acoustically or electromagnetically levitated, and the
frequency of small-amplitude oscillations in the assumed spherical droplet is determined.

As shown by Raleigh, the frequency of oscillation is a function of the drop density, p,
and its ST. For the Lth resonant mode,

jp= ML - Dy (15.15)
PR’

where R is the radius of the spherical drop. An account of the investigation that involves
acoustic levitation of droplets of several pure liquids and solutions by Trinh et al. [25] includes
discussion of the effects of viscosity and other sources of experimental uncertainty.
Uncertainties of less than 6 per cent in the value of the ST were claimed. However, in an
analysis of the frequency spectrum arising from the oscillation of non-spherical acoustically
or electromagnetically levitated drops, Suryanarayana and Bayazitoglu [26] have shown that
by the appropriate assignment of spectral groups, the uncertainty in the ST can be reduced
to close to 1 per cent. In a later paper, Bayazitoglu and co-workers extended their analysis
to electromagnetically levitated molten metal drops [27] and showed that it is possible to
assign unambiguously the frequencies of oscillation, thus enabling the technique to be used
to determine with greater accuracy the ST of liquid metals and alloys under normal gravity
and in microgravity experiments.

15.3 Quasi-Static (“Detachment”) Methods

The four methods described in this section are all commonly used to determine the static
ST of liquids. Interfacial tensions can also be determined by suitable modification of the
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techniques, albeit with larger uncertainties. Although often referred to as detachment
methods, two of the four methods can, in fact, be used in a manner that does not involve
any sudden detachment of a fluid from a solid surface. For the other two methods in which
detachment always occurs, namely the drop volume-weight and the maximum bubble
pressure methods, some dynamic effects may be observed if the rate of drop or bubble pro-
duction is varied. Thus these methods should be used with caution where dynamic effects are
to be expected.

15.3.1 Drop Volume-Weight

The determination of ST and IFT from the mass or volume of a drop that detaches from the
lower tip of a vertically mounted tube is based on experimental data obtained by Harkins
and Brown [28] for a number of liquids. Although the advent of computers has provided the
tool that would allow the analysis of the dynamics of drop detachment to be undertaken,
those employing the method for the determination of ST and IFT still use the table of empir-
ical correction factors determined by Harkins and Brown, portions of which are found in
many textbooks on surfaces and on physical chemistry. In discussing this method, reference
is sometimes made to Tate’s law, which may be expressed mathematically as

mg = 2xry, (15.16)

m being the mass of liquid that detaches from the base of a tube of radius r. Tate in fact
only claimed that “the weight of a drop of liquid is proportional to the diameter of the tube
in which it is formed” [29]. The actual mass of liquid hanging from a tube is given by the
equation

1 1
mg = 2nrysin® — nriy| — + = |, (15.17)
Ry R

the first term on the right-hand side representing the vertical component of the ST forces
acting around the line of contact of the drop with the tube tip. The second term is due to the
pressure difference across the interface at the three-phase line of contact, Ry and R, being
the radii of curvature of the interface at this point. If the drop is allowed to grow, a portion
of it will eventually detach (see Figure 15.6). The mass or volume of the detached drop is
then determined. Harkins and Brown [28] determined the mass of a large number of drops
mostly of water or benzene that fell from glass tubes of various diameters. They also used
brass tubes for some experiments on water. They analysed their results using two “corrected”
versions of Equation (15.16), namely

mg = 27rryf(%), (15.18)
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Figure 15.6 Drop weight/volume method showing (a) drop prior to detachment, and (b) residual
drop following detachment.

and

mg = 27z:ryf(—Vr17), (15.19)

where m is the mass of the detached drop and ¥ the volume of the drop that falls. The cor-
rection factors f(r/a) and f(7/V'"®) are often assumed (erroneously) to represent the fraction
of the drop that actually falls. From the drop masses, tube diameters, STs, and densities of
the liquids used, Harkins and Brown plotted f(#/a) against (+/a), and f(r/V'?) against (+/V3).
They found all their data fell on smooth curves. The original curves, or tabulated data taken
from them, are used as the basis of the drop volume—weight method despite the fact that only
a very limited range of liquids was used to produce them. The data of Harkins and Brown have
also been fitted to a polynomial expression by Lando and Oakley [30], who then used the
equation to generate a table of f(#/V13) for a wide range of (#/V'%) values. An extension of
the tables of Harkins and Brown to lower values of r/¥'3 to allow use of the method for the
determination of STs of molten metals has been produced by Wilkinson and Aronson [31]
using measurements on pure mercury. More recently a study of the ST of molten refractory
metals in ultra-high vacuum [32] included the following empirical relationships between
the correction factor and r/¥17,

f(#) = 0998 ~ 1, 006 <~ <017 (15.20)

2
f(—V’m ) = 0992 — 1'?/31/535’ + 1.161(#) L o17< Fr <030 (152

The authors made no reference to the work of Wilkinson and Aronson, whose values of 73
differ from those predicted by Equations (15.20) and (15.21) by less than 2 per cent.
Several manufacturers presently produce drop volume systems, often referred to as
tensiometers, for the determination of ST and IFT. The drop is generally dispensed from
syringe fitted with a glass or stainless-steel capillary tube, the end of which is carefully



396  Measurement of Surface and Interfacial Tension

ground so as to be perpendicular to the bore. The tip should be roughened slightly to ensure
that it is completely wetted by the liquid, so that the three-phase line of contact is at the outer
edge of the tip. Either the volume or the mass of the detached drop is determined. One advan-
tage of the method over those in which the liquid is held in a reservoir is that ST measure-
ments can be made when as little as 250 X 107%cm? of liquid is available. The speed at
which the drop forms can usually be varied to determine whether or not ageing of the inter-
face occurs due to diffusion to or from the surface, but at too high a drop rate hydrodynamic
effects can lead to erroneous values of ST. Studies on the use of the drop weight method to
determine dynamic STs have established an empirical relationship between drop rate and
drop mass for liquids having viscosities in the range (0.39—15.4) cP [33]. Using this rela-
tionship, the equilibrium ST can be determined from the masses of drops detaching at sev-
eral drop rates. The simplicity of the method is attractive, but, as discussed in later sections,
there are several methods for the measurement of dynamic ST and IFT that do not depend
on any correction factors or empirical relationships, and are therefore more reliable for the
determination of the dynamic properties of interfaces.

15.3.2 du Noiiy Ring

One of the most commonly used method for routine ST measurement, and also one of
the quickest and simplest techniques, the du Noily ring method [34], like the drop weight
method, requires the use of a correction factor. Unlike the empirical correction factor of
drop weight method, this can be calculated precisely using the Young-Laplace equation, as
was first done by Freud and Freud [35]. Tables of an empirical correction factor published
by Harkins and Jordan [36] are also still used, as they are easier to use than the graphs of
Freud and Freud. In a paper in which the theory of ring tensiometry is analysed rigorously,
Huh and Mason [37] found that Harkins and Jordan’s values of the correction factor agreed
with those obtained by Freud and Freud to within 0.5 per cent for ST, and 1 per cent for IFT
measurement.

The method uses a horizontally positioned wire ring made of an inert material such as
platinum or platinum—iridium alloy, suspended from a balance or force transducer. To deter-
mine the ST of a liquid, the ring is immersed below the surface of the liquid that is con-
tained in a cylindrical vessel of diameter considerably larger than that of the ring. The
vessel is then slowly lowered until the ring first reaches the surface of the liquid and then
raises a meniscus attached to the ring (Figure 15.7). The force acting on the ring is monitored
until it reaches a maximum, after which it falls sharply before the ring finally breaks away
from the liquid surface. In automated versions of the apparatus now available commercially,
the maximum force can be measured without the ring detaching from the surface of the
liquid. The reservoir may then be raised and the experiment repeated several times to deter-
mine whether there are any time dependent changes in the ST due to adsorption or the migra-
tion of species to or from the interface. When operated in this mode detachment is avoided,
and the method is not subject to the criticism that the system is not at equilibrium at the
critical moment in the measurement as is the case for the drop weight method.

Assuming that the ring is completely wetted by the liquid, then the downward forces
acting on the ring arise from the ST of the liquid, and the mass of liquid is raised above the
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Figure 15.7 du Noiiy ring method in which a platinum-iridium ring suspended from a force trans-
ducer is pulled from the surface of a liquid as the reservoir is slowly lowered. The maximum force
prior to detachment is measured.

general level of liquid in its reservoir. Neglecting the latter, and assuming that the ST forces
act vertically on the ring, then to a first approximation

f= 4Ry, (15.22)

where R is the ring radius. The radius of the wire, 7, is assumed to be negligible compared
to R. Clearly this relationship is erroneous, for the reasons already mentioned. However, as
with the drop weight method, the introduction of a correction factor into this equation allows
one to determine the ST of the liquid from the measurement of either the maximum force
or the applied force at the moment of detachment. A clear distinction should be made
between these two quantities, as the former can be significantly larger than the latter. The
tables of Harkins and Jordan [36] contain values of the correction factor as a function of two
dimensionless variables, R%/V and R/r. The meniscus volume, ¥, is determined from the meas-
ured force and the density of the liquid.

Several factors contribute to the accuracy of the method. These include the flatness of
the ring, its horizontal positioning, and the wettability of the ring, which strongly depends on
its cleanliness. The method can easily be adapted to measure the IFT between two liquids.
The reservoir can either be moved upwards or downwards through the interface, and the
maximum force measured just prior detachment. The direction of motion should be such
that the ring starts in the liquid that completely wets it. Padday [38] cautions that problems
can arise due to the inconsistent contact angle between the ring and the two liquids at the
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three-phase line of contact. However, provided that one of the liquids completely wets the
ring, this potential source of error is no greater than that encountered in measuring the ST
of a liquid that does not completely wet the ring,

A number of manufacturers offer du Noily ring tensiometers ranging from simple
manually operated torsion balances to fully automated instruments employing electronic
microbalances and data acquisition systems. The more advanced versions can be operated
over several ranges, with resolution claimed to be within 0.1 mN - m ™!,

15.3.3 Wilhelmy Plate

This method first described by Wilhelmy [39] also involves measurement of the force act-
ing on a solid as it is pulled from the surface of a liquid. Traditionally, the solid is a rect-
angular glass microscope slide suspended from a balance or force transducer and partially
immersed in the test liquid with its longer edge horizontal. Modern versions of the appar-
atus utilize a microscopically roughened platinum plate that often reduces the contact angle
to zero, and also allows easier cleaning and hence more reproducible behaviour. The tech-
nique is often preferred to that of du Noily since it does not suffer from some of the experi-
mental difficulties inherent in the ring method, particularly problems arising from distortion
of the ring and the difficulty of positioning it horizontally. However it is not as well snited to
the determination of IFT as the du Noily ring method.

The downward force on the plate due to ST acting at an angle 6 to the vertical (Figure
15.8) is given by

f=2y( + ) cos 6, (15.23)

where / and ¢ are the length and thickness of the plate, respectively. If the liquid does not
completely wet the plate, the contact angle 8 must be known. The buoyancy of the portion
of the plate that is immersed must also be taken into account. The buoyancy correction can
be eliminated by either raising the plate, or lowering the reservoir, until the lower edge of
the plate is at the general level of the liquid. The force exerted on the plate at this point is
then measured. Justification of the above equation has been examined by Lillebuen [40],
Jordan and Lane [41], and Princen [42], who also addresses the problem of the uncertainty
in the length of the plate perimeter introduced by roughening the plate. Pre-equilibration
of the plate with vapour is recommended.

By careful manual operation of the apparatus, or by the use of automatic control, the
motion of the reservoir can be reversed shortly after the force maximum has been reached,
and the experiment repeated several times without the slide becoming detached from the
liquid surface, thus allowing one to determine whether the ST is changing due to the exist-
ence of some dynamic process. Like the ring method, and unlike the drop weight method,
the Wilhelmy plate method can therefore be operated in a static mode.

There are a number of computer controlled Wilhelmy plate tensiometers available
commercially. The control and measurement system is usually configured such that both the
ST and contact angle can be measured and also the density of the liquid. Typically, ST values
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Figure 15.8 Wilhelmy slide (plate) method in which a roughened platinum plate is pulled from the
surface of the liquid by lowering the reservoir. The maximum force prior to detachment is measured.

can be measured with a resolution of =0.1mN - m™! to an accuracy of £0.2mN - m~L.
Interfacial tension can also be determined, but the need to apply buoyancy corrections can
reduce the accuracy of such measurements.

15.34 Maximum Bubble Pressure

The maximum bubble pressure (MBP) method first used by Sugden [43,44], like the drop
weight method, is one that does not require elaborate equipment, but can also be fully auto-
mated so as to allow repeated measurement. An inert gas of low solubility in the liquid is
used to form bubbles at the lower end of a vertically mounted capillary tube partially
immersed in the liquid. As a bubble grows, the pressure within it increases until it reaches
a maximum value. The pressure then decreases as the bubble volume increases further,
until the bubble detaches and makes its way to the surface of the liquid. In the absence of
gravitational distortion, the maximum pressure within the bubble would occur when the
bubble was hemispherical, since the radius of curvature is at a minimum at this point.
Sugden used the tables of Bashforth and Adams [11] to draw up a table of correction factors
for gravitational distortion. If the tip at which the bubbles are formed is a distance / beneath
the surface of the liquid, the pressure difference between the gas in the bubble and that in the
surrounding atmosphere in the absence of gravitational distortion of the meniscus is given by

Ap = hApg + 2%/, (15.249)
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Figure 15.9 Maximum bubble pressure method showing (a) gas bubble development at the end of
atube, and (b) differential version of the technique in which bubbles form at the base of the narrower
tube when the stopcock is closed, and at the base of the wider tube when it is open.

where 7 is the bubble radius. In reality, the bubble is flattened by gravity, as it is formed
trapped below the capillary tube under the liquid surface. Its profile is that of a captive bub-
ble, i.e. an inverted sessile drop. If the liquid completely wets the tube material, as shown in
Figure 15.9, the three-phase line of contact has a radius equal to that of the internal radius
of the tube. For bubbles formed at a tip beneath a non-wetting liquid, as would occur with
a glass tube in liquid mercury, the line of contact would be around the outer edge of the tip.

As with the capillary rise method, to a first approximation the radius of curvature at
the base of the bubble can be equated with the internal or external radius of the tube,
depending on whether it is wetted or not. An iterative procedure similar to that used in the
capillary rise method is then employed with Sugden’s or similar tables to determine ST.

Some interesting variations on the technique have been devised. When operated as a
differential method using two tubes of different diameters immersed to the same depth in
the liquid, the need to know the depth of immersion is eliminated. This, and the fact that
measurement of the pressure in the bubble can take place at some distance from the liquid,
makes the method suitable for the determination of the ST of molten materials at high tem-
peratures. If the density of the liquid is unknown, it can be determined by measuring the
differential pressure and then lowering both tubes a known distance further into the
liquid and measuring the differential pressure again.

Commercial MBP instruments are available from several manufacturers. The preci-
sion to which ST values can be determined is claimed to be of the order of 0.1 mN - m™!,

154 Dynamic Surface and Interfacial Tension

Many of the methods described above can also be used to determine changes in ST or IFT of
newly created or perturbed interfaces as they progress towards equilibrium. The choice of the
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most suitable method depends on several factors of which the time scale over which the vari-
ation in ST of IFT has to be measured is probably the most important. Another major con-
sideration is the extent to which internal motion within one or both of the fluids resulting
from the manner in which the interface is created influences transport phenomena in the
system. The fact that in some methods the surface area of the interface necessarily changes
during the measurement renders these methods less suitable for the study of changes in ST
or IFT and other surface properties. In systems in which very short time scales following the
creation of the interface are of interest, the oscillating or vibrating jet method, described
below, is the most suitable. If changes in ST or IFT are to be monitored over time scales of
minutes to hours, several of the standard static methods may be used, provided that the fluid
motion or change in interfacial area inherent in some methods does not interfere with the
processes leading to the establishment of equilibrium in the composition or structure of the
interface. For recent detailed discussion of the pros and cons of the applicability of various
static methods to dynamic tension studies, the review by Chang and Franses is recommended
[45]. Horozov and Arnaudov [46] in a paper outlining a novel drop method, which is described
briefly below, also make some useful comments on the suitability of various methods for the
measurement of dynamic ST and IFT.

The speed and data storage capacity of currently available microcomputers allow drop
shape techniques involving automatic image analysis to monitor changes in ST or IFT with
sufficient rapidity to make the pendent drop and related methods suitable for the study of
the dynamics of most interfacial phenomena. Acquisition rates of up to 25 images per second
were reported several years ago [46] and are likely to continue to increase significantly.
However, the time taken to form the drop may not allow measurement to begin as early in the
life of the interface as might be required in some cases. Of the other static methods used
for dynamic studies, the MBP method is still commonly used on account of its simplicity.
Several variations in the method have been introduced and are described below. However,
as with the drop weight method which is also occasionally used for dynamic studies, the
MBP method is not able to furnish values of ST or IFT as an interface progresses towards
equilibrium but rather an instantaneous value at a somewhat arbitrary point in the bubble’s
evolution when the interface undergoes a catastrophic change. Conditions can be varied so
as to determine the ST or IFT at different times in the history of a number of similar bub-
bles, but the fact that the bubble area is not held constant introduces an additional variable
that complicates attempts to use the method to study the dynamics of adsorption at an inter-
face, for instance. Further comments on the suitability of the methods for dynamic studies
can be found below.

154.1 Oscillating Jet Method

First described by Lord Rayleigh in 1879, the method involves measurement of the
distance, A, between nodes of an oscillating jet of liquid issuing from an elliptical orifice
[47] (Figure 15.10). If ST of the liquid changes with time due to adsorption, then the dis-
tance between the nodes will vary as the interface approaches its equilibrium state by the
migration of species to or from the surface. Instead of Raleigh’s original equation, a more
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Figure 15,10  Oscillating jet issuing from a tube having an elliptical cross section. The wavelength,
A, of the oscillation is measured.
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rigorous analysis of the oscillating jet by Bohr [48] led to Equation (15.25) that is normally
used
_ 2pVH(1 + 37 b%24r%)
T O3rAXL + 5mri3A%)

(15.25)

where v is the volume flow rate of the jet, and p the liquid density. The terms » and b are
half the sum of the minimum and maximum diameters at a node, and half their difference,
respectively. Using an ingenious apparatus in which a laser light source and a cylindrical
lens produce an image of the oscillating jet, Sato et al. [49] have not only determined the
dynamic STs of aqueous salt and surfactant solutions, but also shown that the ST of these
solutions is lowered by the application of an electric field.

The method is the only one that allows measurement of changes in ST in the 1-100 msec
range. At least one commercial version of this instrument is available, and allows measure-
ments to be made up to 320°C. The jet is viewed by means of a video camera.

15.4.2 Capillary Wave Methods

ST is the principal restoring force associated with thermally induced surface or capillary
waves. Laser scattering has been used to characterize capillary waves in studies of the
dynamic ST of air/polymer solutions [50] and liquid crystal interfaces [51], the ST being
obtained using an equation first formulated by Kelvin. For low bulk viscosities, in its sim-
plest form the equation can be written

Y = paiiq, (15.26)
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where wrepresents the frequency and ¢ the wave number of the capillary wave. The analy-
sis of light scattering from surface waves can also be used to determine surface viscosity,
surface dilation properties, adsorption, and structural transitions. One severe limitation of
the technique is the need to minimize vibrations from external sources. As a means of
determining either static or dynamic STs, methods based on the characteristics of surface
waves do not have any distinct advantages over much simpler ones unless other surface
properties are also being investigated. A review of capillary wave techniques including
surface laser light scattering by Langevin [52] is recommended for those interested in fur-
ther details of these methods.

15.4.3 Oscillating Drop and Bubble Methods

Two categories of oscillating drop techniques exist. The first involves drops, or bub-
bles, levitated by acoustical or electromagnetic means, as mentioned in Section 15.2.4.
These methods offer the advantage of the fluid—fluid interface not being in contact
with any solid surface, allowing unhindered diffusional transport processes to occur
uniformly over the entire interface. Using acoustic levitation, Hsu and Apfel [53] moni-
tored changes in IFTs of (water + butane) and (water + propane) systems over a period of
up to 2h under conditions in which the organic phase was in the form of a superheated
droplet.

In the other category not mentioned earlier are some novel techniques designed
specifically for the investigation of adsorption and other surface processes, as well as
ST and IFT measurement. In these methods, a small drop or bubble is created at and
remains attached to a capillary tip and is made to oscillate by sinusoidal changes in
volume produced by means of a syringe pump or similar device. In a study of several
aqueous polymer solutions, Myrvold and Hansen [54] determined the variation of ST with
time over periods of up to 10*s by capturing 25 images per second of the profile of a
50 X 10~®cm? bubble, the volume of which was held constant. The volume of the bubble
was then oscillated by approximately 5 per cent at 0.2-2 Hz while the bubble profile
was monitored. From the phase angle between the ST and area variations, the frequency
dependence of the dynamic surface elasticity and viscosity of the surface layer were
determined.

A similar technique had been employed by Chang and Franses [55] for the investi-
gation of the dynamic ST of aqueous octanol solutions and by Johnson and Stebe [56] in
a study of the adsorption of 1-decanol at the air/water interface. Chang and Franses [55]
used a commercial instrument based on a design by Enhorning [57]. The bubble was
assumed to be spherical and fluctuations in pressure were monitored as the bubble pul-
sated. In Johnson and Stebe’s study, equipment requirements were simplified by the use of a
photoelectric sensor to monitor radial fluctuations, obviating the need for a high-speed
image analysis system. These versions of the technique might better be classified as capil-
lary pressure methods, but the similarity to other oscillatory methods and the fact that
other surface properties may be investigated warrants their inclusion here rather than in
Section 15.4.3.
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15.4.4 Maximum Bubble Pressure Method

Measurement of dynamic ST by the MBP method has been reported by a number of authors.
However, despite its simplicity, the use of this method for dynamic measurements seems to
be declining in favour of other methods, possibly as a result of the uncertainty in the age of
the interface and the fact that its area does not remain constant during measurement. Attempts
to address the question of surface age have been made by Austin [58], Kloubek [59] and
Bendure [60], among others. Their findings have been reassessed by Garrett and Ward [61] in
studies of the ST of aqueous sodium dodecyl sulphate solutions. Garrett and Ward con-
cluded that the MBP method is suitable for surface ages in the (20-200) ms range and well
as in the (1-100) s range considered by Bendure, provided that correction is made for the
so-called “dead time” during which the bubble grows rapidly and detaches from the capillary
tip. The question of dead time correction and other uncertainties associated with the MBP
methods were the subject of a series of papers by Mysels [62], including one in which he
reported that even for a pure liquid such as water, the ST appears to change significantly as
the bubble formation time is reduced until it approaches the dead time. It should be pointed
out that in Garrett and Ward’s apparatus the capillary is oriented so that the tip points upwards
allowing the bubble to break away more easily than in the normal situation in which the tip
at the lower end of the capillary, and that the bore of the tube is considerably smaller than that
used in the conventional version of the MBP method. What can be considered as further vari-
ations on the MBP method are discussed in the following section. In these methods, uncer-
tainty in the age of the interface is largely eliminated.

15.4.5 Capillary Pressure and Related Methods

The development of highly sensitive pressure transducers has resulted in a number of studies
of dynamic ST and IFT being made using techniques that involve monitoring the pressure
difference across an interface between immiscible fluid phases as a small drop or bubble is
formed. The technique can be viewed as a combination of the pendent drop and MBP
methods in which changes in pressure differential and profile shape are monitored as a func-
tion of time. The advantage over the conventional pendent drop method is that the interface
is formed much more rapidly, enabling changes in ST or IFT to be followed almost immedi-
ately after the formation of a relatively fresh surface. The uncertainty in the surface age is
smaller than that experienced in the MBP method. In developing the method for use in a
microgravity laboratory, Liggieri et al. [63] devised an apparatus in which a hemispherical
drop formed at the tip of a small capillary is expanded rapidly, increasing its area by a fac-
tor of approximately 40. The pressure difference across the newly formed interface is then
monitored along with the drop profile. Under normal gravity in the system studied, the
density difference between the two fluids was such that the gravitational distortion of the
meniscus was significant. Measurement of both drop height and width enabled correction
for this effect to be made by assuming that the profile was elliptical.

Other versions of the technique use essentially the same apparatus but monitor capil-
lary pressure and drop radius as a function of time, as the drop volume is expanded at vari-
ous rates. The experimental procedures and details of the data analysis for studies of the
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dodecane/aqueous surfactant interface have been published by Nagarajan and Wasan [64].
MacLeod and Radke [65] have used the technique extensively, measuring dynamic ST and
IFTs for several systems. They conclude that the method can be used to study non-
equilibrium interfaces over time periods ranging from 10ms to hours.

A novel fast-formed drop technique devised by Horozov and Arnaudov [46], also a capil-
lary pressure method, uses a different approach to form a fresh surface. By suddenly stop-
ping flow of a liquid emerging as a jet from the tip of a capillary, a new surface is formed as a
nearly hemispherical drop extending across the base of the capillary. If the external diameter
of the capillary is sufficiently small, the drop can be regarded as a spherical cap, and the radius
of curvature calculated from the tip diameter and the drop height. By measuring the capillary
pressure as a function of time, the ST of pure liquids and solutions, and the IFTs between
immiscible liquids can be determined over long time periods starting shortly (ca. 40 ms) after
the formation of the interface. The authors point out that in order to create a relatively fresh
interface using the expanded drop methods discussed above, the drop size after expansion
must be far larger than in the fast-formed drop method. Consequently, not only is the interface
formation process much more rapid, but also the gravitational distortion of the interface is
much smaller than in the fast-formed drop method. The use of this technique therefore,
appears to be well worth considering for systems in which the kinetics of adsorption or
other surface processes are such that it is important to follow changes in ST or IFT over long
periods of time, starting as early as 40 ms after the formation of the new interface if required.
Another advantage of the method is that little instrumentation is required beyond a travelling
microscope and a fast response pressure transducer with some means of recording its output.
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16 CRITICAL PARAMETERS

The vapour-liquid critical point of a substance, discovered experimentally by Cagniard de
la Tour [1], is the point on the P, v, T surface of the substance where the vapour and liquid
properties become identical and, therefore, where the visible meniscus between the vapour
and liquid phases disappears. The critical point is defined mathematically by the equations:

poo, (2 —o (28 2o (22) <o 16.1
P\ ), T ) T8 ), 0 (6.1

It is the maximum point on the coexistence curve of a pure substance, although not neces-
sarily the maximum temperature or pressure at which vapour and liquid can coexist in a
mixture. Implicit in Equation (16.1) is the assumption that the Helmholtz energy is a con-
tinuous, differentiable function of T"and v, which leads to a coexistence curve that is quad-
ratic in volume. The latter cannot be reconciled with modern theories, which show that the
Hemholtz energy is non-analytic in the critical region, and the coexistence curve is approxi-
mately cubic in volume. However, the classical view of the critical point, as the state where
the orthobaric densities of the coexisting phases become equal, provides an adequate working
definition for the purposes of the present review.

Since the work of van der Waals [2], considerable effort has been devoted to the
measurement of critical properties of pure substances for application in thermodynamic
models based on the principle of corresponding states. Several reviews of experimental
methods and data have also been published, the most notable of which are the reviews by
Kobe and Lynn [3], Kudchadker et al. [4], Mathews [5] and Ambrose and Young [6]. The
present work discusses the more widely used experimental techniques for the measure-
ment of critical properties of pure substances, with special emphasis on methods that have
been used to obtain the critical properties of substances that are thermally unstable. In
principle, the critical point of a substance that decomposes at a temperature below its crit-
ical temperature cannot be measured experimentally, However, rapid heating techniques
have been developed that can lead to a hypothetical critical state of the non-decomposed
substance by extrapolation. It should be noted that rapid changes in temperature and pres-
sure are required in order to minimise the time that a thermally unstable substance is
exposed to elevated temperatures during an experiment. On the other hand, the measure-
ment of the critical properties of a thermally stable substance requires fine temperature
control to obtain data of high precision. Methods to achieve both these conditions are dis-
cussed below.

16.1 Experimental Techniques
16.1.1 Sealed Ampoule Method

Perhaps the most popular method for the measurement of the critical temperature of a sub-
stance is the sealed ampoule method. In this method, a small amount m of an air-free substance
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is placed in a glass ampoule of volume V. The ampoule is first sealed and then heated until
the meniscus separating the vapour and liquid phases disappears. Subsequent cooling of
the ampoule results in the reappearance of the meniscus, and this process of meniscus dis-
appearance and reappearance by successive heating or cooling may be repeated several
times. The critical temperature is generally obtained by averaging the temperatures of menis-
cus disappearances and reappearances. However, the mass m loaded into the ampoule must
be such that the quantity m/V is approximately equal (within 1-2 per cent) to the critical
density of the substance. In this case, the meniscus will disappear or reappear exactly at the
position of the half-volume ¥72 of the ampoule. If the loading density is higher than the
critical density, then the meniscus will rise until a single liquid phase is obtained. Similarly,
if the loading density is lower than the critical density, the meniscus will fall until a single
vapour phase is obtained. This is illustrated in Figure 16.1.

The temperature of meniscus disappearance or reappearance will not vary with time
(or rate of heating) if the substance under study is thermally stable at its critical tem-
perature. This is illustrated in Figure 16.2, which shows meniscus disappearances and
reappearances as the n-hexane is alternatively heated and cooled through its critical region
in a sealed ampoule. Note that the average temperature of meniscus disappearance
and reappearance yields a precise estimate of the critical temperature when heating and
cooling are controlled precisely. In the case of a thermally unstable substance, the tempera-
ture of meniscus disappearance or reappearance varies with time because each measure-
ment represents the critical temperature of a mixture of the original substance and the
reaction products formed during the heating of the sample. This behaviour is illustrated in
Figure 16.3, where an experiment with n-nonanal is shown, It is apparent from the figure that
the data must be extrapolated back to obtain the ‘true’ critical temperature of the unreacted
substance.

——1

>

Density

Figure 16.1 The effect of loading density on the disappearance of the vapour—liquid meniscus
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Figure 16.2  Plot of temperature against time for the heating and cooling of n-hexane in the critical
region.
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Figure 16.3  Plot of temperature against time for the heating and cooling of n-nonanal in the critical
region.

The sealed ampoule technique has been used for over 70 years to determine the critical
temperature of substances [7—10]. The various apparatuses differ in the heating technique
employed, in the way that temperature is measured, in the type of ampoule used, and whether
the contents are stirred or not. Early designs of this method include the use of an electric
tube furnace to heat the substance [7,8]. Eaton and Porter [10] modified the equipment by
using a gas burner for heating, which allowed for rapid heating of the sample up to 7= 640K
in 45 s. Mixing of the ampoule was also incorporated, which allowed for thermal equilibrium
to be achieved and resulted in measurements that were more accurate than those obtained
without mixing.

Ambrose and co-workers [11-14] employed an electrically heated metal block for
heating. A sealed ampoule containing the sample was inserted into the furnace, and the
temperature of meniscus disappearance was obtained by means of a thermocouple inserted
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into the furnace. A rapid heater, consisting of a copper tube with two observation holes,
was also designed for thermally unstable substances [13]. Temperatures of 670770 K were
obtained within a few minutes in this apparatus. However, there were significant tempera-
ture gradients within the heater, so that an accuracy of only = 1K could be obtained in the
temperature measurements.

Mogollon et al. [15] designed a rapid heater consisting of a platinum film deposited on
the outside surface of a quartz tube to serve as an electrical resistor. A sealed ampoule was
inserted into the coated tube, which could be heated by supplying power to the platinum
coating. The ampoule was constructed of borosilicate glass, and had a small thermo-well
at one end where a thermocouple could be inserted as shown in Figure 16.4. The furnace was
pre-heated to the estimated critical temperature before inserting the ampoule. This allowed
for very rapid heating, which was necessary for thermally unstable substances. Teja and
co-workers [16-21] used a modified version of this design, illustrated in Figure 16.5, to
measure the critical properties of many organic substances. They were able to obtain very
rapid heating of the substance, but cooling was relatively slow. Nevertheless, the fine control
of heating and cooling led to very precise estimates of the temperatures of meniscus dis-
appearance and reappearance. A magnified image of the ampoule superimposed with the
time-temperature trace during the experiment was recorded by a video camera. The critical
point could then be determined by examination of the videotape.

Gude and Teja [21] designed a gas heater for substances that decomposed rapidly at
temperatures below their critical temperatures. Their ampoule was contained in a stainless-
steel box, which protected the experimenter against any explosions. Two windows located
180° apart were placed in the box for visual observation. A hot nitrogen gas stream was used
to heat the ampoule, whereas cooling was achieved by mixing the hot nitrogen stream with
a cold nitrogen stream. This allowed for very rapid cooling and heating of the sample,

thermowell

H "—’,

X

(b)

(@)

Figure 16.4 Ampoule used by Mogollon et al. [15]: (a) before sealing, (b) after sealing.
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Figure 16.5 Sealed ampoule method of Gude and Teja [21].

making the technique suitable for thermally unstable substances. A magnified image of
the ampoule superimposed with the time—temperature trace was also recorded for careful
determination of the critical temperature.

The ampoules used in critical point experiments have generally been made from thick-
walled glass of 0.5-3 mm internal diameter and ~5-10c¢m in length. The critical point is
more sharply defined in ampoules with a smaller diameter [22,23]. However, it is more
difficult to load these small diameter ampoules with the correct amount of substance.
Metal cells with sapphire windows have also been used [24], although these are not as com-
mon for critical point measurements. The earliest measurements were made without stir-
ring the contents of the ampoule. Recent measurements, however, have employed a rocking
motion to stir the samples [21]. Finally, to obtain good thermal contact between the
temperature-measuring device, usually a thermocouple, and the fluid, an ampoule with a
thermo-well was designed by Kay and co-workers [15].

The critical density may be determined from the mass m loaded into the ampoule and
the ampoule volume ¥ if the meniscus disappears exactly at the half-volume 772. If this is
not the case, then the critical density may be calculated by linear interpolation of the results
of several experiments with meniscus disappearance-reappearance above or below the
half-volume location, which indicates that the loading densities were higher or lower than
the critical density. Details of this procedure are described by Anselme ef al. [19].

16.1.2 Flow Method

The flow method was first proposed by Roess [25] for the measurement of the critical tem-
perature and pressure of petroleum fractions. Roess noted that the typical static method, such
as the sealed ampoule method described above, could not be used for petroleum fractions,
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Figure 16.6 Flow apparatus used by Roess [25].

because petroleum fractions decompose before their critical temperature is reached. As
a result, the ‘critical temperature’ observed in static experiments would be less than the
‘true’ value because of the presence of decomposition products. Roess proposed a flow
method, illustrated in Figure 16.6, which minimises the time that the substance is exposed
to high temperatures. In this method, the test substance was pressurised from a nitrogen
cylinder and heated to a temperature where there would be no decomposition (T = 675K
in the experiments reported by Roess) as it flowed through several coils immersed in lead
baths. The critical state was attained in a special quartz view cell immersed in the last lead
bath. The temperature was measured by two thermocouples at the entrance and exit of the
view cell. Variations of 3—6 K were noted between the two readings, and an average of
the two temperatures was assumed to yield the critical temperature of the substance. The
apparatus used in these experiments was large, with typical flow rates of the order of
35-50dm® - h™! and typical run times of the order of 15-30 min. Moreover, three observers
were needed to run the experiments, one to read the flow rate, one to operate the potentio-
meter (thermocouples) and one to observe the critical phenomena and to control the tem-
perature and pressure. It should be added that the apparatus could be used to measure
critical temperatures up to 810 K. Finally, the critical pressure could be obtained by pla-
cing a pressure gauge at the exit of the view cell.

Teja and co-workers [18,26] modified the flow method by decreasing both the size of
the equipment and the residence time of the fluid in the view cell (Figure 16.7). The view
cell used in their work had an internal volume of 1.5 cm?. The degassed sample was pumped
through the cell by a non-pulsing syringe pump at flow rates of the order of 10cm?® - min™!
(0.6dm?> - h™1). The cell was placed inside a furnace, where it could be maintained at any
desired temperature. The fluid was heated as it passed through the furnace such that the
critical state was attained inside the view cell. The critical point was detected by observation
of critical opalescence and the disappearance of the meniscus. Increasing the flow rate, or
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Figure 16.7 Flow apparatus used by Rosenthal and Teja [26].

reducing the flow pressure, resulted in the reappearance of the meniscus. The position of
the thin band of opalescence in the view cell could be manipulated by changing the condi-
tions of pressure, temperature and flow rate until the band moved to the tip of a thermo-
couple placed inside the view cell. The critical temperature was measured directly by this
thermocouple and the pressure was measured by an in-line pressure gauge located at the
exit of the cell. The residence time of the substance in the view cell was estimated to be
10s at the highest flow rate. This method allowed the measurement of the critical proper-
ties with an accuracy of 0.6 K and +0.01 MPa for stable substances. In the case of unstable
substances, the apparent critical temperature of the substance and its reaction products
could be measured as a function of the residence time in the view cell. The data were then
extrapolated to zero residence time to obtain the ‘true’ critical temperature of the sub-
stance [26]. Since the residence time in this method was generally below about 105, ther-
mal reactions could be kept to a minimum and the extrapolation was generally within the
error bounds reported by Rosenthal and Teja [26].

Wilson et al. [27] designed a similar flow apparatus to measure the critical properties of
reactive or thermally unstable substances. Their design consisted of a visual cell of volume
16 cm® connected to two motorised syringe pumps and a hand-operated syringe pump. The
critical temperature was measured with a platinum resistance thermometer inserted into a
thermo-well in the visual cell. The average residence time of the material in the oven was
~0.4-8 min. The claimed accuracies of their measurements were +0.05K and *=5kPa.

16.1.3 Spontaneous Boiling Methods

An explosive boiling technique to determine the spinodal curve of a substance has been
proposed by Spirin and Cherezov [28,29]. Since the critical point is located at the upper
end point of the spinodal curve, the method can also be used to determine the critical point.
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Figure 16.8 Apparatus used by Spirin and Cherezov [28,29] for the determination of the spinodal
curve.

The apparatus proposed by Spirin and Cherezov is shown in Figure 16.8. A fine tungsten wire
was submersed in a fluid, inside a cylindrical glass vessel. A very short voltage pulse was then
applied to the wire resulting in the heating of a small portion of the fluid. When the spinodal
curve is reached (after ~300 ps), homogeneous nucleation and explosive boiling occur and the
rapid increase in pressure generates a sound wave. This sound wave was recorded with a piezo-
pressure transducer located about 1 mm from the wire. The acoustic wave disappears at the crit-
ical point, and the temperature at which this occurs was taken to be the critical temperature.

Nikitin ef al. [30] proposed a similar method for the measurement of critical tempera-
ture and pressure, which involves measuring the variation of the temperature of attainable
superheat (spontaneous boiling) with pressure. This temperature tends to the critical tempera-
ture of a fluid as the pressure increases. The liquid under study was used to fill a chamber
connected to a pressure gauge, and then heated by applying electrical pulses for 0.01-1 ms
duration to a platinum wire 0.02 mm in diameter and 1-3 cm long. When spontaneous boil-
ing occurred, temperature perturbations could be detected because of the change in heat
transfer from the probe to the liquid. The temperature of spontaneous boiling was determined
from the resistance of the platinum wire when the perturbations are first detected, and the
pressure was measured by a pressure gauge. As the pressure in the chamber increases, the
temperature perturbations decrease to zero. The pressure at which the perturbations decrease
to zero was taken to be the apparent critical pressure and the corresponding temperature
was taken to be the apparent critical temperature. Corrections were applied as described by
Nikitin [31] to yield the ‘true’ critical temperature and pressure. In the case of thermally
unstable substances, an extrapolation procedure based on the kinetics of decomposition of
the substance was used to obtain the ‘true’ critical constants. Although the method is not as
accurate as the methods described previously, e.g. the method yields T, = 731.1 = 7K for
n-heptadecane, the pulsed heating technique is capable of measuring the critical properties of
highly unstable substances since residence times at high temperatures are generally <1 ms.
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16.1.4 Open Tube Methods

Open tube methods were employed more than 100 years ago by Andrews [32] and Cailletet
[33], and more recently by Kay and co-workers [34-40], and others. An air-free sample of the
substance is confined over mercury in a thick-walled capillary tube, and the mercury is used
to transmit the pressure to a measuring device. Ramsay and Young [41] enclosed the tube
in a vapour jacket for the control of temperature. The tube is generally calibrated so that the
volume of the sample can be obtained as a function of the height of mercury in the tube.
Kay introduced a magnetic ball bearing into the sample, which could be manipulated by an
external magnet to provide mixing. The critical point of the substance was determined by

observation of the disappearance of the meniscus in the tube as the pressure and temperature
were varied (Figure 16.9).
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Figure 16.9 Open tube apparatus developed by Kay and co-workers.
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Altschul [42] described an open tube method in which the top end of the tube was kept
at a temperature above the critical temperature of the substance, whereas the lower end was
kept below the critical temperature. Meniscus disappearance was then recorded at some
intermediate temperature and pressure in the tube. A more refined version of this apparatus
is by Ambrose and Townsend [43], who kept the mercury in the lower part of the tube at
room temperature and only subjected the sample to higher temperatures. This arrangement
is particularly suitable for substances whose critical temperatures exceed about 573 K when
mercury has a significant vapour pressure.

More recent versions of the open tube apparatus have replaced the vapour jacket by
electrical furnaces with suitable provision for visual observation of the sample. Ambrose
et al. [14,44] added two electrical probes, which assisted in the location of the mercury level.
Their furnace also allowed a standard platinum resistance thermometer to be inserted for
temperature measurement. Temperature gradients of 0.04 K were observed in the furnace.
Dickinson and McLure [45] therefore modified the design so that the temperature could
be measured at concentric positions around the sample tube by a 10-junction chromel-
aluminium thermocouple.

Open tube methods are capable of providing data of great accuracy. Under favourable
conditions, the disappearance and reappearance of the meniscus can be manipulated by
very small changes in pressure at constant temperature.

16.1.5 Methods Based on the PvT Behaviour of a Substance

The critical point of a pure substance can also be determined by examining the horizontal
inflection point on the critical isotherm. This criterion is used by several investigators [46—48]
for critical point measurements. An example of an apparatus used for this purpose is described
by Keyes [46]. A known amount of the substance was confined in a bomb of about 200 cm?.
Mercury was used to control the volume by using a mercury compressor with a 210cm?
displacement, which was connected to the bomb by steel capillaries. The bomb was placed
in an oil bath whose temperature was regulated by the use of three heaters at temperatures
from 300 to 600 K. Measurements were made along the isochores as well as along isotherms.
The equipment was limited to pressures below 50 MPa because of hysteresis in the dilation of
the apparatus, which affected the accuracy of volume measurements. Also, above T = 600K,
uncertainties were introduced by the presence of appreciable amounts of mercury vapour.
The apparatus is similar in principle to the open tube apparatus described above. The PvT
data and vapour-liquid coexistence curves can be obtained using this approach. The data are
then fitted with a modified Benedict-Webb-Rubin-type equation, and the critical parameters
obtained by applying the criticality conditions (Equation (16.1)) to the equation of state [47].

If the densities of the coexisting vapour and liquid phases are obtained using the above
method, then the critical density may be obtained from the rectilinear diameter. Cailletet
and Mathias [49] were the first to observe that the arithmetic mean of the coexisting vapour
and liquid densities is, to a good approximation, a linear function (rectilinear diameter) of
temperature. If this line is extrapolated to the critical temperature, then the mean density is
the critical density of the substance. More accurate measurements have shown that the plot
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of rectilinear diameter has a slight curvature. More realistic equations have therefore been
developed for obtaining the critical density and are described below.

The pressure—temperature behaviour of the substance at constant volume can also be used
to obtain the critical point, as shown by Cailletet and Colardeau [50]. Different amounts of a
substance, i.e different loading densities, are placed into a constant volume cell and
the pressure—temperature behaviour of the substance is measured. In the sub-critical region,
the vapour pressure does not depend on the density, whereas in the supercritical region the
pressure changes with the loading density. Data from several experiments are then used to
determine the critical point by extrapolation. The critical point is the point at which the pres-
sure—temperature curves diverge, as shown in Figure 16.10. All three critical properties
may be obtained in this way. However, the accuracy is limited because of the extrapolation
involved. Ambrose et al. [44] modified the technique by demonstrating that a plot of the
residual log P against T provides better estimates of the critical properties. In their work, the
residual log P was defined as the logarithm of the observed vapour pressure minus the loga-
rithm of the vapour pressure calculated by extrapolation of the American Petroleum Institute
(A.PL) equation for the vapour pressure of the substance.

16.1.6 Other Methods

Measurements of the speed of sound have shown a pronounced minimum in this property in
the vicinity of the critical point, as illustrated in Figure 16.11 [51]. This criterion can there-
fore be used to identify the critical point of a substance. The sound velocity ¢ is given by

1
-pe)
v T.

At the critical point, (dP/dv)y tends to zero and Cp and C, diverge so that a minimum is

observed in the speed of sound.
A
B
///

Saturation curve

T

Figure 16.10  Plot of temperature against pressure at different loading densities (A—C) — method of
Cailletet and Colardelau [50] for critical point determination.
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Figure 16.11 Plot of the speed of sound against reduced density [51].

Methods that utilise this behaviour have been described by Chase et al. [52],
Schneider [53], Chynoweth and Schneider [54] and Kozhevnikov et al. [55]. However,
direct measurements near the critical point were not possible in these approaches because of
the large attenuation in the speed of sound. Colgate and co-workers [56,57] have described
an acoustic resonance method that can be employed very close to the critical point. In their
method, the substance under study was confined to a spherical cavity and stimulated by a
piezoelectric transducer situated at the end of a circular channel opening into the cavity.
Resonant modes of vibration were detected by an identical receiving transducer located at
90° to the transmitter. The cavity was charged to a set density. Then the resonant frequency,
pressure and temperature of the constant volume system were measured. The resonant fre-
quency against temperature curve shows an abrupt change at a phase boundary, and this
change is sharpest at the critical temperature. Critical points of pure substances as well as
mixtures were measured using this technique.

Laser interferometry can also be used to determine the coexistence curve as shown by
Morofuji et al. [58]. A series of Fraunhofer diffraction patterns, arising from the density
fluctuations near the critical point, were photographed by the use of a laser holographic
technique. The data were then fitted to a simple power law in Equation (16.3) from which
the critical temperature was obtained

T-1,|°

T,

M:g‘
2

(16.3)

This expression may also be used if densities of coexisting phases are obtained from NMR
measurements [59] or refractive index data [60—62]. Near the critical temperature, the
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NMR frequency difference between the vapour and the liquid phase is proportional to the
density difference defined as the density of the liquid phase minus the density of the
vapour phase. Similarly, the difference between the refractive index of the liquid and that
of the vapour phase is asymptotically equivalent to the difference between the vapour and
liquid densities. These data may therefore be used to estimate the critical temperature and
density using the simple power law given by Equation (16.3).

16.2 Note on Experimental Errors

The isothermal compressibility and the isobaric expansion coefficient of a substance are
known to diverge strongly near the critical point. As a result, very large fluctuations of the
density can be obtained with small changes of temperature and pressure. This can lead to
large experimental errors if the temperature and pressure are not controlled adequately.
Temperature gradients in the sample therefore need to be minimised.

Another phenomenon that has been shown to have a significant effect on the shape
of the coexistence curve in the critical region is gravity. The weight of the sample itself
will cause density gradients because of the large compressibility [63]. Density measure-
ments must therefore be obtained using small samples. More details of gravity effects are
reported by Moldover et al. [64] and Chang et al. [65].

The rate of heating the substance can also influence the accurate determination of the
critical point. If the sample is heated very rapidly, then thermocouple lag can lead to lower
values of the critical temperature. However, for thermally unstable substances, rapid heat-
ing is essential to minimise the decomposition of the sample.

Finally, sample purity can influence the values of the critical properties obtained in these
experiments. This is demonstrated by the work of Anselme and Teja [66] and of Gude and
Teja [67] on dilute mixtures. A considerable increase in the critical parameters was observed
by the introduction of very small amounts, mole fraction <0.01, of a compound with higher
critical parameters.

16.3 Extrapolation Techniques

For stable substances, the critical point does not vary with time and therefore the critical
temperature and pressure can be obtained by simply averaging several measurements obtained
over a period of time. However, if the substance is thermally unstable, the critical temperature
will decrease with the time that the substance is exposed to a high temperature, whereas the
critical pressure will increase. The opposite behaviour is obtained for reactive substances,
e.g. when oligomers form upon heating as discussed in reference [68]. Several extrapolation
techniques have been developed to determine the ‘true’ critical properties of the substance.

The simplest technique extrapolates the data to the beginning of the experiment at ¢ = 0.
This technique was used by Ambrose [13] to determine the critical temperature of several
organic compounds, and also by Mogollon et al. [15] to determine the critical temperature
of n-alkanes. A polynomial fit was used in the extrapolation [60—62]. A linear extrapola-
tion was employed by Rosenthal and Teja [26] because their data were obtained using
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a low residence time flow apparatus, where the substance is only exposed to high temper-
atures for a short period of time.

Extrapolation of the critical property versus time trace to zero time can lead to high
values of the critical temperature or low values of the critical pressure when the decompos-
ition temperature is much higher than the temperature at the beginning of the experiment.
Lyons [69] therefore proposed an extrapolation to the decomposition temperature of the
substance. The latter was determined by exposing the substance to different temperatures
and analysing the reaction products obtained.

Smith et al. [17] proposed a technique that incorporates reaction kinetics in the extrapo-
lation. An irreversible first-order reaction was assumed to produce a straight line from the
data, and the latter were extrapolated to the point where no reaction had occurred. The amount
reacted was determined by analysing the sample by gas chromatography. The results com-
pared with those obtained by Lyons [69] and showed a significant decrease of the critical
temperature when compared with the technique used by Mogollon et al. [15]. A similar
procedure was also employed by Nikitin [31].

The method proposed by Smith et al. [17] is not suitable for very rapidly decomposing
substances, since the reaction rate increases rapidly with time. Teja and Smith [70] proposed
another technique in which a low-boiling substance is added to the rapidly decomposing
substance to reduce the decomposition rate. The critical parameters of the binary mixture
can then be measured, and extrapolation along the critical locus of the binary mixture to
the pure component leads to the critical parameters of the highly decomposing substance.
The authors found that this extrapolation was accurate when the ratio of the critical tem-
peratures of the two components was close to one.

If the kinetics of the reaction are not known, Anselme and Teja [20] proposed another
extrapolation technique, which assumes that the critical locus of a multi-component mixture
is linear with the amount of the impurity. This leads to a linear behaviour of the critical
temperature-time curve. The critical temperature was assumed to lie between the first
observed meniscus disappearance and the temperature resulting from the extrapolation to
the time of zero decomposition. An average of the values was taken as the true critical tem-
perature. A stability test was also developed to determine the time at which the substance
was stable.

As mentioned previously, the experimental determination of the ‘true’ critical point of
a thermally unstable substance is probably not possible. However, an estimate of the hypo-
thetical critical state of the non-decomposed substance is provided by many of the methods
described above. The values obtained are obviously not as certain as those for stable sub-
stances. Nevertheless, they provide input for many corresponding states calculations in
practical applications.
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