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Abstract

Experimental equilibrium phase diagrams, tie-lines and plait points were obtained
for ternary systems consisting of water, sodium chloride and: 1-propanol at 298 K;
n-dodecylammonium chloride at 303 K; poly(ethylene glycol) 8000 at 333 K; poly
(propylene glycol)-425 at 278, 298 and 333 K; poly(propylene glycol)-725 at 278
and 298 K. For the 1-propanol and polymer systems, most of the salt was in the
bottom phase while the nonionic solute was concentrated in the top phase. In the
n-dodecylammonium chloride system the salt was evenly distributed between the
phases while most of the surfactant was in the top phase. For the poly(propylene
glycol) systems, the size of the region of two liquid phases increases with molecular
weight and temperature. '

A modified form of the Flory-Huggins theory was developed for liquid-liquid
equilibrium in binary aqueous systems of nonelectrolytes whose closed-loop phase
diagrams contain both upper and lower consolute temperature points. The modi-
fication involved the assumption of an adjustable molecular size parameter r and
new forms for the temperature dependence of the interaction parameter x;,. Cal-
culations were performed for 15 aqueous binary systems. The models correlated
the liquid-liquid equilibrium data accurately.

Liquid-liquid equilibrium in aqueous biphasic salt systems was modelled using
an expression for the excess Gibbs energy of the solution. The expression is based
on modified forms of the Mean Spherical Approximation, the Bromley equation,
and the Flory-Huggins theory. The model requires 3 and 5 adjustable parameters
for ternary and quaternary systems, respectively. The model accurately correlated
vapor- and liquid-liquid equilibrium data for 8 ternary and 3 quaternary aqueous
biphasic salt systems.



Résumé

Les diagrammes d’équilibre de phase, compositions d’équilibre et les points cri-
tiques ont été générés pour les systémes ternaires suivants: eau, chlorure de sodium
avec soit du propanol-1 & 298 K ou du n-dodecyl chlorure d’ammonium a 303 K
ou du poly(ethylene glycol) 8000 & 333 K ou du poly(propyléne glycol)-425 a 278,
298 et 333 K ou du poly(propyléne glycol)-725 a 278 et 298 K. Pour les systemes
polymeériques et le propanol-1 la majuere partie du sel se trouvait dans la phase du
bas et le soluté était concentré dans la phase du haut. Pour le systeme de n-dodecyl
chlorure d’ammonium le sel était distribué uniformément entre les phases et le sur-
factant se trouvait dans la phase du haut. Pour les systémes avec le poly(propylene
glycol) la taille des régions liquides augmentait lorsque le poids moléculaire aug-
mentzit et lorsque la température augmentait.

L’équilibre liquide-liquide de systemes binaires aqueux nonelectrolytes dont les
diagrammes de phase contiennent les températures supérieures et inférieures de
compléte solubilité a été modelisé en faisant usage d’une forme modifiée de la théorie
de Flory-Huggins. La modification de la théorie de Flory-Huggins consistait en la
dérivation de fonctions exprimant la dépendance entre x,2 et la température. Les
calculs ont été effectués pour 15 systemes aqueux binaires. Les modeles étaient en
accord avec les résultats expérimentaux.

L’équilibre liquide-liquide dans les systemes salins aqueux biphasiques a été
modélisé en faisant usage d’une expression pour I'excés d’énergie de la solution.
Cette expression basée sur les formes modifiées de la Mean Spherical Approxima-
tion, I’équation de Bromley, et sur I’équation de la théorie de Flory-Huggins. Le
modele nécessite 'usage de 3 et 5 parameétres ajustables pour les systémes ternaires
et quaternaires respectivement. Le modéle est en bon accord avec les données
expérimentales pour les équilibres vapeur-liquide et liquide-liquide pour 8 systémes
ternaires et pour 3 systémes quaternaires de solutions salines aqueuses biphasiques.
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Chapter 1

Introduction

Conventional liquid-liquid extraction involves the contacting of two immiscible sol-
vent phases, at least one of which is organic in nature. A variation of this technique,
Aqueous Two-Phase Pactitioning, is finding application in the separation of mate-
rials of biological origin. In this method, two liquid phases are created from a single
homogeneous aqueous phase by the addition of one or more compounds. The ad-
ditives are usually either two structurally different hydrophilic polymers, such as
dextran and poly(ethylene glycol), or a polymer and a salt, such as poly(ethylene
glycol) and potassium phosphate. It has been observed that many solutes of large
molecular weight, including biomolecules such as proteins and enzymes, are un-
evenly distributed in such systems, with different components being preferentially
retained in one of the phases (Albertsson, 1986; Walter et al., 1985; Greve and
Kula, 1991a,b), thus providing a basis for separation.

The distinguishing feature between these and conventional liquid-liquid extrac-
tion solvent systems is that both phases are predominantly water, an environment
suitable for labile biomolecules which do not survive organic solvents. The phases
typically have water contents in excess of 65% by weight and low interfacial ten-
sions, between 0.001 and 0.01 dyne/cm. By adjusting the temperature, polymer or

1



INTRODUCTION. 1-0

salt type, molecular weight and concentration of solutes, it is possible to vary the
degree of partitioning of all species in the system.

It is generally accepted that the mechanism underlying the formation of aqueous
two-phase systems is related to competition between hydrogen bonding and salting
out processes (Gustafson et al,, 1986; Ananthapadmanabhan and Goddard, 1987;
Zaslavsky et al., 1989). Although the phase forming agents originally employed in
aqueous two-phase systems were polymers, other solutes of lower molecular weight
which hydrogen bond, such as aliphatic alcobols and both neutral and charged
surfactants, will form biphasic systems with salts (Schott, 1973; De Santis et al,,
1976; Firman et al., 1985; Imae et al., 1988; Greve and Kula, 1991b). These
low molecular weight categories of aqueous two-phase systems have received little
attention and many of the published experimental studies have involved incomplete
determination of equilibrium phase diagrams.

In addition to their use as phase forming solvents for separating large molecules,
biphasic salt systems also provide a method of separating components from each
other. An example of a process for reducing or increasing the salt content of a
stream of brine is shown in Figure 1.1. In this case, an example of which is the
system poly(ethylené glycol)-Na,SO,-water, the addition of a polymer leads to two
streams, one leaner and one richer in salt than the feed (Snyder et al., 1992). The
salt-lean stream contains most of the polymer and in many cases the polymer can be
recovered in a subsequent step, by changing the temperature to effect further liquid-
liquid phase separation. The design, scale-up, and simulation of such 2 process
requires phase equilibrium data and correlative thermodynamic models.

The main concern of this thesis is the ezperimental and modelling study of liquid-
liquid equiltbrium in biphasic aqueous systems which contain salt.

The experimental characterization of a given biphasic system involves the de-



INTRODUCTION. -0

agent
(polymer, alcohol, surfactant)
¢.g. poly(ethylene glycol)
salt-lean stream
-
brine
¢.g. NeSOHO fixed Tand P
mixer
-
salt-rich atream

Figure 1.1: A process involving an aqueous biphasic system for changing the salt
content of brine

termination of phase diagrams at a fixed temperature and pressure. At the onset of
the project, a survey of the literature indicated that most published data were for
polymer-polymer-water systems (Albertsson, 1986; Walter et al., 1985) and there
was relatively little information for systems containing sait. A classification of the
type of solutes (minimum number required) which form aqueous two-phase systems
was drawn up and is displayed in Table 1. It is evident that a wide variety of com-
pounds form two aqueous phases with water. It should be noted that in many of
the biphasic systems formed by surfactants, one phase, although rich in water, is
often of an anisotropic, liquid crystalline nature (Laughlin, 1978a,b; Tiddy et al.,
1980).

An objective of this study is to conduct liguid-liquid equilibrium ezperiments for

3



INTRODUCTION. -0

Table 1.1: Polymer, surfactant and salt additives forming two aqueous phases at
ambient conditions®

Additives Type Example
one polymer nonionic poly(propylene glycol)
ionic poly(acrylic acid)

two polymers incompatible polymers dextran-roly(ethylene glycol)

compatible polymers gelatin-gum arabic
polymer and salt neutral polymer | Na3;504~poly(ethylene glycol)
charged polymer NaCl-poly(ethylene sulfonate)
surfactant nonionic n-dodecyltetraoxyethylens
. glycol monoether
zwitterionic 3-(nonyl-dimethylammonic)propyl
sulfate

surfactant and salt cationic n-dodecylammonium chloride-NaCl

= both phases are primarily water ( > 50 % by weight)
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ternary aqueous systems containing NeCl.

Experiments carried out as part of this study, with the aim of collecting data
for a process of the type illustrated in Figure 1.1 for separating aqueous solutions
of NaCl, were for systems of the type alcohol-NaCl-water, surfactant-NaCl-water
and polymer-NaCl-water,

The modelling component of this thesis involves the formulation of molecular
thermodynamic models for multicomponent aqueous solutions containing polymers
and salts. While the phase equilibria of solvent systems used in conventional liquid-
liquid extraction are well understood, the same is not true of aqueous biphasic sys-
tems. Of these, the polymer-polymer-water variety, with or without biomolecules,
has received the most attention, with the models proposed falling into two cate-
gories: those utilizing the osmotic virial expansion approach (Edmond and Ogston,
1968; King et al., 1988; Cabezas et al., 19902) and those based on lattice models
(Flory, 1953; Walter et al., 1985; Baksir et al., 1989; Diamond and Hsu, 1990).

When this study began, there were no comprehensive models in the literature for
aqueous biphasic systems containing salt. Recently, four modeis have been proposed
(Cabezas et al., 1990b; Gao et al., 1991a,b; Dahl and Macedo, 1992). The model of
Cabezas et al. (1990b) is based on the solution theory of Hill (1957, 1960), a virial
expansion approach with allowance made for the salt. It is able to predict and cor-
relate the phase boundaries of biphasic polymer-salt systems but in its present form
is limited in the number of solutes (2 polymers and one electrolyte) which it can
handle. The first Gao (1991a) model is based on a combination of the UNIQUAC
model for short-range intermolecular interactions and the Fowler-Guggenheim ex-
pression for long-range electrostatic interactions. It involves many adjustable pa-
rameters and several simplifying assumptions, including a dielectric constant that
is independent of solvent composition. The Fowler-Guggenheim model used to ex-
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press long-range interactions is inadequate for describing non-dilute solutions of the
salt in the solvent, water. The second Gao (1991b) model, based on the empirical
UNIFAC group contribution method and the Fowler-Guggenheim expression, has
" better predictive powers but suffers from the same limitations as the first model.
The model of Dahl and Macedo, also based on UNIFAC through an equation of
state, does not treat salts as dissociated species and thus is not realistic.

The second objective of this study is to develop thermodynamic models which
will correlate phase equilibria for binary and multicomponent systems of the aqueous
biphasic type.

In terms of the organization of this thesis, an introduction to liquid-liquid equi-
librium and thermodynamic modelling is provided in Chapter 2, which discusses
phase equilibria for binary hydrogen-bonded systems. In this chapter two original
proposals for modifying the Flory-Huggins theory are made. Chapter 3 describes
the methods used and results obtained in equilibrium experiments conducted as
part of this study. The following chapter, 4, introduces thermodynamic concepts
related to the modelling of multicomponent systems which contain salt. This leads
to a presentation, in Chapter 5, of a new model for describing liquid-liquid equilib-
rium in these systems. Chapter 6 presents the results of phase boundary and tie-line
calculations for multicomponent systems. Finally, the conclusions are summarized

in Chapter 7, along with the claims to originality.



Chapter 2

Liquid-Liquid Equilibrium in Binary Systems

The phase diagrams of many aqueous binary mixtures contain regions where two
liquid phases are formed. This phase behavior is sensitive to temperature and,
depending on the solute, different trends are evident. For example, a dilute solu-
tion of water and poly(acrylic acid) of molecular weight 1.1 x 10° separates into
two phases below about 5°C (Molyneux, 1975). This temperature is the upper
consolute temperature of the system. On the other hand, an aqueous solution of
poly(ethyloxazoline), homogeneous at room temperature, phase splits at temper-
atures above 63°C (Chen et al., 1990). This temperature is the lower consolute
temperature, or cloud point, of the system.

Aqueous mixtures of other hydrophilic polymers, such as poly(ethylene glycol)
[PEG], display both kinds of behavior; at relatively low or high temperatures 2nd
.- polymer concentrations the solutions are homogeneous, however at intermediate
temperatures and compositions two phases are present. Figure 2.1 shows the phase
behavior of an aqueous mixture of PEG of number average molecular weight 2290
as a function of temperature (Saeki et al., 1976). As illustrated in the figure,
2 mixture of 20 wt% PEG at 200°C separates into two phases containing 7 and
42.5 wt% PEG, respectively. This behavior, in which lower consolute temperature
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Figure 2.1: Phase diagram for poly(ethylene glycol) 2290-water (Saeki et al., 1976)
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(LCT) and upper consolute temperature (UCT) points are present simultaneously,
is a closed-loop solubility curve.

Closed-loop phase diagrams are not restricted to polymer solutions; the solutes
may be of moderate molecular weight, such as nicotine and n-butoxyethanol. Many
of the nonionic compounds used as phase forming materials in aqueous two-phase
systems, such as poly(propylene glycol) and poly(vinyl alcohol), display similar
behavior in binary solution (Malcolm and Rowlinson, 1957; Nord et al., 1951).
Hence an understanding of this type of binary system may aid in modelling more
complex ternary and quaternary systems.

For binary biphasic systems, the thermodynamic criterion for equilibrium is
that the temperature, T', and pressure P, in both phases must be equal and the
Gibbs free energy, G, should be at a minimum with respect to changes in T, P,
and composition of the phases (Modell and Reid, 1974). The total free energy of a

two phase system is a sum of contributioss from the phases I and II:
G(Ta P!E) = GI(T’ P, EI) + GH(T'n Pa."'_"”) (2'1)

where n is the vector of the number of moles of components in each phase. For a

system at a fixed T' and P the condition for equilibrium is that
dG(T, P,z) = dG(T, P,n") + dG™(T, P,n) = 0 (22)

The minimum in the total derivative means that the partial derivatives of G with
respect to the number of moles, the chemical potentials of the components, y;, are

equal in phases I and IL

pl(T, P2y = u'(T, P,n1) i=1,2 - (23)
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where for each phase,

#i(T, P,n) = [3_6%{%_2)_] (2.4)
' T.Pinypi

and

G(T, P,n) = 3 nipi(T, Pym) (25)

Thermodynamic modelling involves the formulation of equations for G, the deriva-
tives of which are then used to calculate equilibrium comi:»ositions through equa-
tion (2.3). '

As early as 1937, Hirschfelder et al. suggested that the presence of closed-loop
immiscibility gaps was due mainly to the presence of strong, highly directional
short-range intermolecular interactions. In aqueous solutions the most common
interaction of this type is hydrogen-bonding. At low temperatures, the solution
is miscible over the whole composition range, with many H-bonds between unlike
molecules. As the temperature is increased, bonds are broken and phase separation
results. At even higher temperatures complete miscibility is restored due to entropic
effects arising from enhanced thermal motion of the molecules.

There have been many attempts to model the phase behavior of such systems.
One category of models uses incompressible lattice theories which take into ac-
count individual site-specific interactions (H-bonding) between the components in
solution. Most of these models are based on the Ising model of ferromagnetism
(Wheeler, 1975; Andersen and Wheeler, 1978; Walker and Vause, 1983; Goldstein
and Walker, 1983; Kim and Kim, 1988). Although this approach bas produced
accurate predictions of phase boundaries for binary systems where the solute is
of low molecular weight, it is difficult to apply to polymers or to generalize for
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multicomponent solutions.

Simpler lattice models which utilize the mean-field approximation have been
proposed. These include the Flory-Huggins theory (Flory, 1953), other mean-field
Flory-based lattice models (Kjellander and Florin, 1981; Karlstrom, 1985) and
various quasichemical models (Barker and Fock, 1953; Bodegom and Meijer, 1984;
Panayiotou and Vera, 1984; Prange et al,, 1989). Models which do not use the
mean-field approximation, such as Freed’s lattice field theory, have also been used
to describe closed-loop phase diagrams (Freed, 1985; Hu et al., 1991; Hino et al.,
1992). Some approaches have taken into account volumetric mixing effects using
lattice-based equations of state (Sanchez and Lacombe, 1978; Sanchez and Balazs,
1989; Panayiotou and Sanchez, 1992) and free-volume theories for polymer solutions
(Flory, 1965; Patterson et al., 1967; Patterson and Delmas, 1969; Saint-Victor,
1988)*.

While many of the models cited above have succeeded in the quantitative cor-
relation of phase boundaries, they are not amenable to direct extension to ternary
and multicomponent systems containing salt. There is a need for a simple solution
model which can provide accurate predictions of phase boundaries for binary sys-
tems and yet be readily generalized for ternary and more complex mixtures. The
Flory-Huggins theory (Flory, 1953) is suitable for this purpose and this chapter
presents modifications of this model, which permit representation of closed-loop

phase diagrams.

YIf the temperature of the system is well below the pure solvent’s critical temperature, as is
the case in most aqueous biphasic systems, free volume effects are not expected to be important
(Robard, 1978).

11
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2.1 The Flory-Huggins Theory

The Flory-Huggins theory describes the Gibbs free energy change in mixing a pure
solvent(1) and a monodisperse polymer(2). The free energy change, AGy, consists
of two parts, an enthalpic (AH,,) and an entropic (AS,,) contribution.

AG, = AH, —TASn . (2.6)

In solution thermodynamics, compositions are usually expressed as mole fractions,

z;. For 2 binary phase

n

and Ta=1—m 2.7)

I =
n +ng

However, for polymer solutions where there is a large difference in the molecular
sizes of the components, volume fractions, ¢;, which better reflect size asymmetry,

are used.

ny

$h =

7y + N2

and pr=1—¢h (2.8)

The parameter r reflects the difference in size between polymer and solvent molecules.
In lattice models, it is interpreted as the number of lattice sites occupied by one

molecule of polymer, assuming each solvent molecule and each polymer segment

occupies one site. The change in entropy due to mixing, AS,., is obtained by

estimating all possible configurations which molecules of the solution can adopt,

along with their associated probabilities. The Flory-Huggins expression for AS,, is

(Flory, 1953)

ASn = —R[n1 10 ¢, + nyln g (2.9)

12
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where R is the ideal gas constant. The Flory-Huggins enthalpy change on mixing,
AHn, is calculated using the van Laar, or regular solution, expression:

AH,, = RT(ny + rn2)¢16:x12(T) (2.10)

The dimensionless temperature-dependent parameter x12(T) characterizes the en-
thalpy change in mixing a solvent molecule and a polymer segment. It is related to
the coordination number of the lattice?, z, and the interchange energy, —Aw, by
the following expression

zAw : .
x12(T) = ~3ET (2.11)

The interchange energy —Auw is the energy change involved in breaking a solvent-
solvent molecule contact (-wq;) and a polymer-polymer segment contact (-wq) to
form two solvent-polymer segment contacts (uw2).

Aw = wy +we — 2!012 . (2.12)

The chemical potentials of the polymer and solvent, relative to their standard states,
can be obtained from AG,, by differentiation

OAG,,
b= 2+ [ ] (2.13)
311" T.Pinyyi

The chemical potential of the solvent is given by

g1 = 48+ RT [ln br+(1- %)qbz + x,,(r)¢§] (2.14)

2Number of molecules or polymer segments directly neighboring a given solvent molecule,

13
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where y? is the standard state chemical potential. The corresponding expression

for the polymer is
p2 = 3 + RT [In g = (r — 1)é1 + rxaa(T)é3] (2.15)

For 2 given temperature, once a value for Aw is chosen, x12(T") can be calculated
using equation (2.11). This value of x;2(T) can be used in the expressions for
the chemical potentials, equations (2.14) and (2.15). The chemical potentials are
substituted into equations (2.3), and these two equations solved simultaneously for
¢! and 4L/, the polymer volume fractions in the co-existing phases. If this is done
for different temperatures, it is observed that the theory predicts phase separation
only when x;2(T) has a magnitude greater than that corresponding to the value at
the upper critical consolute temperature, which is the maxirum temperature in the
two-phase region. The thermodynamic stability criteria defining this temperature
are (Hill, 1960)

o

'az = (2.16)
and

a2

. ;‘,: =0 (2.17)

In the Flory-Huggins theory Aw is considered to be independent of composition and
temperature and hence, as shown by equation (2.11), the x12(T') parameter is in-
versely proportional to temperature and the theory predicts two-phase co-existence
only at low temperatures, i.e. only UCT behavior. Figure 2.2 shows typical predic-
tions of the Flory-Huggins model for a polymer solution. In this sample calculation
r = 30 and Aw = —465 J mol™'. The failure to predict an immiscibility loop is

14
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Figure 2.2: Phase diagram and x12(T) predicted by Flory-Huggins theory for r = 30
and Aw = —465 J mol™!
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inherent in the formulation of the theory, which does not explicitly take into ac-
count any directional interactions or volumetric changes on mixing. Experimental
determinations of xy2(7") from vapor pressure and heat of mixing measurements
are inconsistent (Flory, 1953), prompting the phenomenological interpretation of
—Aw as an interchange free energy with enthalpic (Awgy) and entropic (Aws)

contributions

Awg = Awy — TAws (2.18)
and thus

_ _ zhwy  Dws
xu(l)=xa+xs=——F7 +—¢ (2.19)

In order to predict LCT behavior, the temperature dependence of this parameter
requires modification. One such modification is that proposed by Patterson et al.
(1967). In this case the free volume of the solution, determined from an equation of
state, is taken into account in the expression for x12(T). However, this model does
not permit the representation of closed-loop phase diagrams® (Saeki et al., 1976).

In this chapter the relationship between x,, and temperature for binary systems
is examined. In Chapter 5 the dependence of x;» on composition for ternary and
more complex mixtures containing salts is discussed. The next section describes
two new methods for evaluating the size parameter r, which is used in calculating

volume fractions.

3For many binary systems y;5(T) is found experimentally to be 2 function not only of tem-
perature but also of composition (Orwoll, 1977). As a result, several expressions relating x12(T)
to composition have been developed (Orofino and Flory, 1957; Panayiotou and Vera, 1984; Qian

et al., 1991a,b). /

16
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2.2 Molecular size: the evaluation of the “r” parameter

Binary phase diagrams of the closed-loop type are plots of temperature versus the
composition of one of the components. Since commercial polymers and surfactants
are polydisperse, experimental compositions are usually expressed as mass fractions.
For a binary system, the mole fraction z; is related to the molecular weights M;,

and mass fractions w; as follows:

we /M,

= 2.20
= wy /My + we /M, (2.20)

Lattice models of polymer solutions normally express composition in terms of

volume fractions ¢;. For compound 2 in a binary system,

rTs 1 '
¢z = Ty + 7, =1 + (1/r)(z1/22) (2.21)

where 7 is related to the relative size of polymer and solvent molecules. The value
of r is often calculated as the ratio of the molar volume of the pure polymer to that
of the pure solvent (Flory, 1953):

_ W
= —
L]

(2.22)
For phase diagrams which are not symmetric about a mole fraction of 0.5, which
is the majority of experimentally determined cases, agreement between theory and
experiment is improved through the use of an empirically determined parameter
similar to r (Johnston et al., 1983). Most commercial water soluble polymers are
polydisperse and do not have a unique value of r. Many aqueous solutes dis-
playing closed-loop profile phase diagrams have relatively low molecular weights

(n-butoxyethanol, nicotine, lutidine, etc) and are not consistent with the repeating

17
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Figure 2.3: Binary closed-loop phase diagram for polymer-water

unit point of view. Since calculations with the Flory-Huggins model with values
of r determined from pre-mixing volume ratios gave poor results, two methods of
obtaining r were devised.

In the first method the volume fraction at the critical consolute temperature, ¢5
in Figure 2.3, is matched to the critical weight fraction* determined experimentally,
w$. This is possible since the solutions of the two equations (2.16-17), which apply

4The weight fraction at the lower or upper critical consolute temperature

18
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at the critical point, yield expressions for the critical volume fraction and the critical
value of x12(T) in terms of r. For the Flory-Huggins theory, the expression relating

the critical volume fraction to r is:

e_ 1 .
B=1T 7 (2.23)

At the critical point, equation (2.21) gives

¢ _ 1
%= T (220

Comparison of equations (2.23) and (2.24) yields

z$ w§ /w§
=3 = Gty e

This method, although rigorous, has the disadvantage that in practice the crit-
ical weight fraction is known only approximately. The temperature versus compo-
sition curve is quit- flat in the critical region and the exact maximum is difficult to
locate (see Figure 2.1). For polymer solutions, the situation is aggravated by the
uncertainty in the knowledge of the molecular weight of the polymer.

The second method is useful if two experimental points on the co-existence
curve are available (for a fixed temperature, such as T in Figure 2.3). Using the
" Flory-Huggins theory, two values of x12(T) are calculated by equating the chemical
potentials for each component, as given by equations (2.14) and (2.15), in the
different phases. For the solvent, using equation (2.14), the following expression is

obtained, where ¢ and ¢/ are the volume fractions of compound 7 in each of the

19
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cquilibrium phases:

1 ¢ 14
X12(T) = W{h Py + ( ) (#2 ¢2)} (2.26)
A similar expression for the polymer, obtained from equation (2.15), is
1 U
D) = e 5 O =) 220

According to the Flory-Huggins theory there is one value of x12(T') at 2 given
temperature, Hence the following relation should hold independent of the temper-

ature variation of x)2:

X12(T) = x32(T) = x12(T) (2.28)

In general, however, if a value of r, obtained either from a match of critical points or
from a ratio of molar volumes, is used to calculate ¢ and ¢! with experimentally
determined mole fractions, using equation (2.21), and these values are substituted
into equations (2.26) and (2.27), the result is that x},(T) # x3;(T). Combination
of equations (2.26) and (2.27), and elimination of x:12(T) yields a single equation
in which the only parameter is r.

1 I
@ = (0 {“‘ fb +(1-7) ' - "’9} -

H'
T (¢{’)’]{ -G = o 229

For data wlnch are perfectly represented by the Flory-Huggins theory, the effec-
tive value of r satisfying equation (2.29), and hence the equality 'of the chemical po-

20
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tential of each compound in both phases is the same for all data points {for different
temperatures and compositions). However for most data this is only approximately
true. If r is evaluated from a single experimental point at a temperature between
the upper and lower critical consolute temperatures, and this value is used to cal-
culate equilibrium compositions at different temperatures, calculated compositions
deviate from the experimental data.

If experimental data for several temperatures are available, it is preferable to
choose the value of r that best satisfies equation (2.29) for all temperatures for
which experimental data are available. Hence the optimal effective r is the value of

r that minimizes the objective function F,, given by

1 Ns
F,= TVEZ | X32(T) — x%(T) | (2.30)

=1

where Ng is the number of experimental points®.

For most aqueous biphasic systems with immiscibility gaps, the effective value
of r, minimizing equation (2.29), yields only small differences in x1,(T) and x2,(T)
indicating that the Flory-Huggins method is suitable for correlating equilibrium
data. As an example, the effective value of r for the system n-butoxyethanol—water
is 6.26, and Figure 2.4 shows values of x1,(T) and x3,(T'), calculated according to
equations (2.25) and (2.26) using experimental data for temperatures lying between

the lower and upper critical consolute points.

S Although other objective functions, such as a sum of the squares of differences may be used,
the absolute difference was chosen in order to favor the middle range of temperature between the
upper and lower critical consolute temperatures.

21
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2.3 Modification of the x;2(T) function

As shown in Figure 2.2, the Flory-Huggins theory in its original form cannot rep-
resent closed-loop phase diagrams. This section describes two proposals for repre-
senting the variation of x;2 with temperature. The first approach is based on the
partition function method of statistical mechanics while the second uses a polyno-
mial function.

The first approach is a generalization of a model proposed by Goldstein (1984,
1985). His ideas are extended by assuming two energetically different states of
hydrogen-bonding in the solution. As discussed in Section 2.1, experiments indicate
that x;2 contains both enthalpic and entropic contributions, and the Flory-Huggins
interchange energy —Aw is an interchange free energy. Hence equation (2.11) can
be expressed as |

zAf

XIZ(T) = -2.31-

(2.31)

where —Af is a temperature-dependent free energy change involved in the breakup
of a solvent-solvent molecule contact (of free energy f7,) and a polymer-polymer
segment contact (of free energy f3), both contacts of which are not H-bonded,
to form two H-bonded solvent molecule-polymer segment contacts (of free energy

22'). In this study it is further assumed that the solvent molecule and polymer
segments form H-bonds with two energetic levels, one level being denoted by an
asterisk (*) and another by a bullet (o). Following equation (2.12), the interchange

free energy is

Af=fM+ -2 ' (2.32)

23
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The solvent molecule-solvent molecule and polymer segment-polymer segment free

energies can be expanded in enthalpic (H{:) and eatropic (Sf;) contributions as

Su=Hp, —TS&), (2.33)
and
J=Hy ~ TS5y, (2.34)

For the H-bonded states, if volumetric effects are ignored, the Gibbs free energy
is assumed to equal the Helmholtz energy, A;2. The Helmholtz free energy can be
evaluated from a partition function, Qi2, valid for the canonical ensemble, using
the following relation (Hill, 1960).

2. = G2 A = —-RThQn (2.35)

The partition function is a sum over all energy states of the system, which depend
on all possible microscopic configurations of all molecules, weighted by their prob-
abilities (Hill, 1960). Here, following Goldstein, it is assumed that bulk averaging
of these states leads to three favored states: two with and one without H-bonding.
Hence the following form is adopted for the Q2.

i = ep(= L) + exp(-12) + exp(- L2
= exp(- 1) |1+ exa( ) 4 e e ) (236)

where f7, is the free energy in a non H-bonded state, f7, is the free energy of an
H-bonded state () and f3, is the freé energy of an H-bonded state (o). Each of

24
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these free energies can be expanded in enthalpic and entropic contributions:
w=Hi - TSk (2.37)
Substitution of equations (2.32-36) in (2.31) yields the expression
x22(T} B
z

=a+T—ln[1+exp(%+a)+exp(%+/\)] (2.38)

where the parameter a is related to the non H-bonding interchange entropy differ-

ence by
1
a= g2 (5 + 5 — 251) (2.39)

and o and A express the scaled entropy change on forming H-bonds:

1 .
A= _E (3:2 — 12 (2.40)
and

1
c=-F (5% - 512) (241)

The parameter 8 is the rela.ted to the interchange enthalpy difference by

B= H1°1 + ng - 2H;2) (2-42)

1
_ﬁ (
while the parameters 4 and ¢ are scaled enthalpy changes in the formation of H-

bonds

1 -] L] .
T= R (Hy, — Hy,) (2.43)

25
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and
1 o . \
(= R (HY; — HY; (2.44)

Equation (2.38), which expresses the relation between x;2 and T for a system which
has two levels of H-bonding, is referred to as the “two-bond” model. If only one
level of H-bonding(*) is present, the third term in @ is zero and the following

“one-bond™ model for x13(T) results -
x12(T) _ B [ x ]
. —a-i-T In 1+exp(T+a) (2.45)

By neglecting the « parameter, which is the scaled (non H-bording) interchange
entropy, Goldstein’s (1984) model is recovered:
‘""‘"XI:.(T) = % —In [1 + exp(% + a)] (2.46)

-

Saint-Victor (1988) has combined equation (2.46) with a free volume contribution
using an equation of state in order to model the closed-loop phase behavior of
H-bonded systems.

In the second approach a polynomial is used to represent x;2(T"). This empirical

function has the form
5

x12(T) = ga;T" (247)
where T is a reduced temperature, T = T/1000.

In this study four expressions are used to model x,2(T'): the “two-bond” model,
equation (2.38); the “one-bond” model, equation (2.45); Goldstein’s model, equa-
tion (2.46); and the “polynomial® function, equation (2.47). Each of these models

26
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is capable of representing closed-loop phase diagrams as well as phase diagrams
which contain only UCT or LCT points. The numerical values of the parameters in
each of the models are determined using experimental data. The upper and lower
critical consolute temperatures are used to determine two of the parameters in each
model. A detailed discussion of these procedures is presented in Appendix A.

For a given temperature, the calculation of points (¢ and #4') on the co-
existence curve requires the simultaneous solution of expressions equating the chem-
ical potentials in the two equilibrium phases. Applying equations (2.14) and (2.15)
to phase I and phase II and rearranging yields

I L I7 F{ —F{I
Fl(éZ? 2 ) = RT - 0 (2.48)
T 4
Fy(gh, ¢80 = &2 mf‘ =0 (2.49)

which can be expressed in vector form as

F(¢;) =0 (2.50)

These equations were solved using the Newton-Raphson method (Carnahan et
al., 1969) where successive estimates of the polymer volume fractions were calcu-

lated with the aid of 2 Jacobian matrix (J) of partial derivatives
Adp=I"'F (2.51)
where in going from the i-th to the i+1-th iteration

Age = ¢ — &2’ (2.52)
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and the elements of J. are

oF; _OF .
Ji = Ery ; Jir = EPIL i=1,2 (2.53)

Initial estimates of ¢! and ¢%! were supplied by experimentally determined compo-
sitions. Near both critical temperatures the results often converged to the trivial
solution in which both phases have the same composition. This problem arose be-
cause the elements of the Jacobian matrix became zero, as evident from equations
(2.16) and (2.17) which define the critical point. Use of initial estimates with large

differences in the composition of the two phases helped to overcome this problem.

2.4 Results and Discussion

Liquid-liquid equilibrium compositions were calculated for fifteen aqueous systems
using the four models described in the previous section. Three involve a high
molecular weight polymer, poly(ethylene glycol), while the other systems involve
solutes of lower molecular weight. All of the systems except one, Cg-lecithin®-water,
exhibit closed-loop phase diagrams. The solute in the latter system is a nonionic
surfactant and the system has an UCT solubility curve. It is included as an example
of the application of the models to 2 nonionic surfactant system, and to illustrate
that the model can handle systems with only UCT or LCT behavior.

A comparison of the values of 7 calculated using three different methods is
presented in Table 2.1 The first column displays values of r calculated as the ratio
of the molar volume of the solute to the solvent while the other two are obtained
using the methods of Section 2.2. The selection of the optimal value of r required

the minimization of the objective function (2.29). Minimizations were performed

6Cg-lecithin is 1,2-dioctanonyl-sn-glycerol-3-phosphocholine
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Table 2.1: Comparison of r values
r-value
System Molar Critical | Optimal Average Data
volumel match Deviation? | reference
eq. (2.22) | eq. (2.25) | eq. (2.30) | for optimal r
PEG 2 290 117.0° 68.0 60.8 0.001 a
PEG 2 270 116.0° 63.4 57.2 0.001 a
PEG 2180 111.3° 50.9 54.5 0.000 a
1-Aza Cycloheptane 6.38 5.10 5.16 0.036 b
-Butoxyethanol 7.28 7.12 5.52 0.006 b
n-Butoxyethanol 7.38 7.35 6.26 0.004 b
2,6-Dimethyl pyridine 6.39 5.61 3.00 0.012 b
| 2-Methylpiperidine 6.53 8.04 4.53 0.038 b
3-Methylpiperidine 6.52 6.66 4.82 0.053 b
4-Methylpiperidine 6.35 5.61 5.90 0.023 b
Nicotine 8.93 6.26 5.3 0.021 b
1-Propoxy-2-propanol 7.39 6.17 4.46 0.007 b
2-Propoxy-1-propanol 747 5.61 4.78 0.006 b
Tetrahydrofuran 4.51 2.52 244 0.006 b
Cs-Lecithin — 99.93 114.3 0.005 °

t using density data from CRC (1986), unless specified otherwise.

Np '
I average deviation = -;— 2 1 x12(T) = x5(T) |
E

=1

x using polymer density data from the Aldrich Chemical Company, Inc.
b) Serensen and Arlt (1980a)

a) Saeki et al. (1976)

¢ UCT system, using data from Blankschtein et al. (1985).
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using a routine based on Powell’s multidimensional method, without derivatives, as
implemented by Press et al. (1989). In general, the values of r determined by the
three techniques reflect molecular size. The values obtained for the polymers using
molar volume ratios are higher than those obtained using the other two methods.
The fourth column shows that the average deviation of the two values of x;2(T) is
small when the optimal value of r is utilized, thus indicating that the Flory-Huggins
theory represents the data well.

The results of the three H-bonding models are compared with the predictions
of the polynomial function for x;2(T'). As described in Appendix A, the coefficients
of this polynomial were found using experimental information in the form of T and
x12{T) values which are, for a given temperature, the mean of x},(T') and x3,(7).
Figure 2.5 shows polynomial fits of the mean x;2(T) for n-butoxyethanol—water,
using coefficients determined with the method described in Appendix A. For this
system, which has co-existence loop of a typical shape, a fifth order polynomial is
required for accurate representation of x(T').

Figurés 2.6, 2.7, 2.8, and 2.9 present phase diagrams for the n-butoxyethanol-,
poly(ethylene glycol)-, nicotine-, and Cg-lecithin-water systems. The predictions
involve values of the parameters which minimize, over Ng experimental points, the

following objective function

Ng
Fo=3 {l¢5 —¢5 1+145 -5 I} (2:54)
=1
where #5 and ¢5 are calculated and experimental volume fractions, respectively.The
critical consolute temperatures and volume fractions used in the calculations are
given in Table 2.2. The optimal values for parameters for closed-loop systems for
all the models except Goldstein’s are tabulated in Tables B.1-B.3 in Appendix B.

30



% (T) water--n-butoxyethanol

LIQUID-LIQUID EQUILIBRIUM IN BINARY SYSTEMS.

1.105

1.080

1.055

1.030

1.005

0.980

Experimental
3rd order polynomial
4th order polynomisl

5th order polynomial

335 355 375

Temperature (K)

Figure 2.5: Polynomial correlation of x;» with T for the n-butoxyethanol-water

system
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In terms of the magnitude of the parameters, experimentally determined H-bond
energies are in the range 12 to 25 kJ mol™! (Joesten and Schaad, 1974). Using
the one-bond model, it is possible to calculate an interchange enthalpy from the
optimal values of the parameters. This enthalpy change is equivalent to the H-
bonding energy. A calculation for the system n-butoxyethanol-water gives 20 kJ
mol~?, which is within the range of experimentally determined values. It should
be noted, however, that different combinations of the parameters o and 8 yield
the same value of the objective function, rendering the assignment of entropic and
enthalpic contributions arbitrary.

Goldstein’s expression for x12(T), which contains no entropic parameter, does
not fit the data. The loops obtained are too narrow, due to use of x;2 values which
are smaller than those measured in experiments, see Figure 2.10. However, since
the entropy of mixing decreases with increasing solute molecular size, the accuracy
of Goldstein’s model improves with molecular weight. The calculations show that
the entropic parameter has a large effect on the calculated x,2(T") and equilibrium
compositions, since the results of the one-bond model are significantly better than
those of the Goldstein model.

The two-bond model offers 2 small improvement in accuracy over the one bond
model, and may not justify the use of two additional parameters. The use of a
fifth order polynomial function yields only small improvement over the two-bond
model. These and previous observations are confirmed in the numerical comparison
of the performance of the models, which is presented in Table B.4 in Appendix B.
Based on the observations made above, it is evident that in this study the one bond
model, equation (2.45), is the best model for representing x,2(T") since it gives good

accuracy and requires few adjustable parameters.
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Table 2.2: Values of parameters for systems

System Ng T (K) Tu(K) 5 Xe

PEG 2 290 16 507.7 435.7 0.114 | 0.636
PEG 2 270 14 505.2 437.2 0.117 | 0.641
PEG 2180 7 489.7 448.7 0.119 | 0.644
1-Aza cycloheptane 13 501.2 340.1 0.306 | 1.037
+-Butoxyethanol 21 4234 297.7 0.298 | 1.016
n-Butoxyethanol 20 401.2 322.2 0.286 | 0.980
2,6-Dimethyl pyridine | 10 438.1 318.5 0.309 | 1.047
2-Methylpiperidine 10 501.2 352.5 0.320 | 1.080
3-Methylpiperidine 9 508.2 330.1 0.313 | 1.059
4-Methylpiperidine 12 462.7 358.1 0.292 | 0.996
Nicotine 12 506.2 334.7 0.302 | 1.027
1-Propoxy-2-propanol | 15 4449 307.7 0.321 | 1.086
2-Propoxy-l-propanol | 11 435.2 316.0 0.314 | 1.062
Tetrahydrofuran 16 410.3 345.0 0.390 | 1.346
Cs-Lecithin 8 317.7 — 0.086 { 0.598

* number of experimental data points
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Figure 2.6: Experimental and calculated phase diagram for the n-butoxyethanol-
water system



1\

[~
j
-

LIQUID-LIQUID EQUILIBRIUM IN BINARY SYSTEMS

520 T 1 C— T T
500 -
— 480 - -
)
et
2
= B i
[*]
j="
E
L *]
& a0 | _
a40 - A
420 . ! 1 ] i
0.0 01 02 03

Volume fraction poly(ethylene glycol) 2290

Figure 2.7: Experimental and calculated phase diagram for the poly(ethylene gly-
col) 2290-water system

35



2-4

LIQUID-LIQUID EQUILIBRIUM IN BINARY SYSTEMS.
520 - . :
430 - s 5

~ 440 - : i
& :

© :

H -

3 :

[ - : i
o :

n - — L] ma—y

E :

P 400 - E 4 GEE— ¢ T I

360 - L
320 . 1 . : : : .
04 0.6 08

0.0
Volume fraction nicotine

Figure 2.8: Experimental and calculated phase diagram for the nicotine-water sys-

tem
| 36



LI
e

LIQUID-LIQUID EQUILIBRIUM IN BINARY SYSTEMS.

325 i L] i L] 2 ! L !

315

305

295

Temperature (K)

== == == Twobond
285

b ik b Selalek 4

275

0.0 01 02 03 0.4 0.5
Volume fraction Cg-lecithin—water

Figure 2.9: Experimental and calculated phase diagram for the Cg-lecithin-water
system

37



LIQUID-LIQUID EQUILIBRIUM IN BINARY SYSTEMS. 2-4

114

111

1.08

1.04

%12(T) for water—n-butoxyethanol

1.0l

098

315

338 360

‘Temperature (K)

Figure 2.10: Experimental and calculated y;2(T’) for the n-butoxyethanol-water

system

38



Chapter 3

Liquid-Liquid Equilibrium Experiments

This chapter describes liquid-liquid equilibrium experiments for ternary systems
consisting of water, NaCl and a third component. At a fixed temperature and pres-
sure, full experimental characterization of biphasic behavior for such equilibrated
mixtures requires the determination of the compositions of equilibrium phases and
the amounts of solutes necessary to form two phases.

Figure 3.1 presents a schematic representation of the phase diagram of a typical
ternary aqueous two-phase system containing salt. The line separating the single
phase region from the two-phase region is the dinodal curve. In the biphasic region,
a sample with feed composition (C¥, CF) splits to yield a bottom phase (CZ, CF)
and a top phase (CT, CT) whose compositions are connected by a tie-line. Differing
feed compositions along a particular tie-line produce differing relative amounts of
equilibrium phase compositions. Smaller amounts of both solutes in the two-phase
region yield shorter tie-lines and more similar equilibrium phases. The two phases
are identical at the plait poini. In this study three kinds of experiments were
conducted: those measuring the location of tie-lines; those determining the binodal
curve; and those locating the plait point.

As described in Chapter 1, a literature survey was used to identify compounds
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tem
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which form two aqueous phases at ambient or near ambient conditions. For some
systems, preliminary screening experiments were conducted to ascertain if they
formed two-phases at the temperature of interest. The systems studied here are
listed in Table 3.1. The data supplement the existing data base of aqueous two-
phase systems containing NaCl.

One system contains a cationic surfactant, n-dodecylammonium chloride which
Imae et al. (1988) found to form two phases near room temperature for low concen-
trations of salt and surfactant. Here liquid-liquid equilibrium experiments for this
system were carried out at 30°C. As shown in Figure 2.1, poly(ethylene glycol) is a
hydrophilic polymer which is completely miscible with water at room temperature.
While it forms two aqueous phases with some salts at room temperature (Florin
et al., 1984; Ananthapadmanabhan and Goddard, 1987), it forms two phases with
NaCl only at higher temperatures. Experiments for this system were conducted at
60°C. The greatest experimental effort was devoted to the poly{propylene glycol)-
NaCl-water system. This polymer is similar structurally to poly(ethylene glycol),
but is more hydrophobic. In aqueous solution it behaves like PEG, with material of
weight average molecular weight 400 showing a LCT curve at about 40°C (Malcolm
and Rowlinson, 1957). Addition of NaCl to an aqueous solution of poly(propylene
glyeol) [PPG] at room temperature yields two phases. For this system, the effects

of molecular weight and temperature on the phase diagram were investigated.

3.1 Experimental Materials and Methods

The specifications and suppliers of materials used in the experiments are listed in
Table C.1 in Appendix C. Unless ctherwise indicated, all materials were reagent
grade and were used without further purification. Sodium chloride was dried in an
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Table 3.1: Systems studied experin'w:nta,ll},r'r

System Temperature (K)
1-Propanol—NaCl—H,0 298
n-Dodecylammonium chloride—NaCl—H,0 303
Poly(ethylene glycol) 8000—NaCl—H,0 333
Poly(propylene glycol) 425—NaCl—H,0 278, 298, 333
Poly(propylene glycol) 725—NaCl—H,0 278, 298

1 The numbers beside the polymer names are approximate weight-average molecular
weights. The sample polydispersities are discussed in Section 3.1.
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oven at 110°C for 60 hours and stored in a desiccator. Distilled water of resistivity
greater than 0.3 MQ.cm was used in all experiments. The ratio of weight average
to number average molecular weight, of the PEG and PPG samples reported by
the manufacturers was 1.05. Oven drying tests at 60°C confirmed that the PEG
contained less than 0.5wt% water.

Atomic absorption spectroscopy measurements for sodium were performed us-
ing a Thermo Jarell Ash Corporation Model Smith-Hieftje II instrument at a wave-
length of 330.2 nm. Refractive index measurements were performed at 25°C using
a Carl Zeiss Model 41433 refractometer. Temperatures were maintained within
1°C of their set points using water baths supplied by Neslab Instruments®.

Stock solutions of sodium chloride [5M], n-dodecylammonium chloride [20 wt%)]
and poly(ethylene glycol) [60 wt%] were used in making phase samples. They were
prepared by dissolving appropriate amounts of solid in distilied water. For the
propanol and poly(propylene glycol), which are liquids at room temperature, the
pure compounds were used directly to make phase samples.

1-Propanol-NaCl-Water

The sodium, and hence sodium chloride, concentration was determined using atomic
absorption spectroscopy (AAS). Before each analysis of unknown (diluted) samples,
a calibration plot of absorbance {A) versus concentration was prepared. Generally,
these were nonlinear for the range 0-120 NaCl ppm by weight, and a2 sample is
presented in Figure C.1 in Appendix C. For each run, the concentrations of samples,

CnNa, in ppm, were calculated using 2 quadratic equation

Cha = 6o + @ A + 22 A? (3.1)

1The 60°C baths used ethylene glycol.
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where a; are linear regression coefficients obtained from calibration data. Here
the regressions were performed using the LOTUS 123 spreadsheet program. This
method was used to analyze for sodium chloride for all systems studied here.

The concentration of propanol was determined using refractive index measure-
ments. Since the refractive index of phase samples depends on the propanol and
NaCl concentration, plots of refractive index versus propanol concentration were
prepared for different concentrations of NaCl. The results are displayed in Fig-
ure 3.2. By subtracting the value of the refractive index at the intercept (NaCl-
water binary) from each of the values, it is possible to superimpose the data of
Figure 3.2 as shown in Figure 3.3. The incremental refractive index change due
to propanol (ARI) was related to the concentration of propanol {C,, in weight
fraction) by a second order polynomial. Linear regression gave

ARI = 0.0929C, — 0.0505C (32)

The values of the refractive index at the intercepts of the curves in Figure 3.2
are the refractive indices of binary NaCl-water solutions. These values are plotted
as a function of salt concentration in Figure 3.4. The following relation between the
refractive index at the intercept and salt concentration (Cnacr, in weight fraction)

was obtained by linear regression.
RI, = 1.3325 + 0.177Cxnact (3.3)

By combining equations (3.2) and (3.3), the refractive index of the solution can be
related to the concentration of salt and alcohol

RI = 1.3325 + 0.177Cyacy + 0.0929C;, — 0.050C7 (3.4)
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Figure 3.2: Refractive index calibration graph for 1-propanol-NaCl-water at 298 K
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Figure 3.4: Refractive index of a binary aqueous NaCl solution

Once the salt concentration was determined using AAS, and the refractive index of

the solution was measured, the concentration of propanol in a phase was calculated
from

c - 0.0929 — 1/(0.0929)2 + 4(0.0505)(1.3325 + 0.177Cact — RI)
P 2(0.0505)

(3.5)

n-Dodecylammonium Chloride-NaCl-Water

Initial attempts to determine the concentration of n-dodecylammonium chloride
using refractive index measurements were unsuccessful since the presence of two

phases at low surfactant concentrations made it impossible to prepare a calibration
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graph. Attempts to measure the chloride concentration using a specific ion electrode
were also unsuccessful because the electrode signal drifted over time, possibly due to
the adsorption of the surfactant amphiphile [HaC-(CHg)u-I?II-L;] on the membrane.

The Mohr method (Brown and Sallee, 1963) of titrating chloride ions was un-
suitable since interference from the surfactant eliminated the sharp color change
at the end point. Attempts to measure the surfactant concentration by forming
a complex with S8-cyclodextrin (Sasaki et al., 1989, 1990) were also unsuccessful
due to erratic drift in the spectrophotometric reading, perhaps due to slow rates of
complex formation.

The method finally used to determine the surfactant concentration was gravi-
metric analysis. Samples of known weight were removed and dried at low pressure
(for 2 days, under water spiration) and then in an oven at 55°C for one week.
Knowledge of the salt concentration allowed the determination of the concentra-

tion of n-dodecylammonium chloride.

Poly(ethylene glycol) 8000-NaCl-Water

The concentration of polymer was determined using refractive index measurements.
The calibration plot is presented as Figure C.2 in Appendix C. For PEG 8000 the
refractive index versus composition curves for all salt concentrations were linear

and had the same slope. The following relation describes the data
RI=RI, +0.1202Cpgq (3.6)

where RI, is given by equation (3.3) and Cpge is the weight fraction of polymer.
Rearrangement of the equation above permits the calculation of Cpgg if Cnacy is

known.
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Poly(propylene glycol)-NaCl-Water

The concentrations of the two fractions of poly(propylene glycol), of molecular
weight 425 and 725, were determined using refractive index measurements. The
calibration plots are presented as Figures C.3 and C.4 in Appendix C. For both
polymers the refractive index versus composition curves for all salt concentrations
investigated were linear with similar slopes and the following rclations describe the
data:

RI =RI, + 0.136Cppg (3.7
for PPG of molecular weight 425 and
RI =RI, +0.131Cppg (3.8)

for PPG of molecular weight 725. The polymer concentrations were obtained in a

manner similar to that used for PEG.

3.2 Equilibrium Experiments

This section describes the three kinds of experiments conducted in this project:
those measuring the compositions of phases in equilibrium, or tie-lines; the turbidity
titration method of determining the binodal curve; and a method for determining
the plait point. The latter two experiments were conducted only on the propanol

system.
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Tie-line Determination

The location of the binodal curve was determined roughly by mixing known amounts
of the components arbitrarily uatil two phases were observed. Once this was com-
pleted, feed compositions yielding roughly equal volumes of top and bottom phases
were calculated. Thereafter, 60-95 ml feed samples were prepared by mixing ap-
propriate amounts of stock solutions of NaCl, second solute and water in 100 ml
graduated pyrex cylinders. These cylinders were capped using either paraffin wax
film, or in the case of experiments conducted at 60°C, rubber balloons anchored
using rubber bands. The balloons were used because the high temperature softened
the wax film and allowed escape of water vapor.

The cylinders were placed in a water bath at the desired temperature for 24
hours. Since equilibrium compositions depend on the temperature, it was neces-
sary to ensure that phase separation did not occur before the sample attained the
temperature of the bath. Hence the samples were withdrawn and shaken thoroughly
at least twice within an hour of being immersed in the bath.

After equilibrium was achieved, the cylinders were witndrawn and phase volumes
recorded. Aliquots of 15 ml were withdrawn using syringes. The top phase was
sampled first, with care being taken to leave a layer of material at least 0.5 cm thick
above the interface. The bottom phase was withdrawn using a syringe with a long
needle. A tiny bubble of air was retained in the needle tip and expelied once in the
bottom phase to prevent contamination from upper phase material. In cases where
precipitated solid salt was present, care was taken to ensure that the sample was
withdrawn gently, with the needle tip well away from salt crystals. For samples
at 60°C, the above operations were performed rapidly, as the temperature of the
cylinders fell quickly after removal from the bath. This was particularly important

for the measurement of density which was carried out immediately after sample
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withdrawal,

Once the samples were withdrawn, the density of both phases was determined
using a 10 ml pycnometer. Following this, a2 5 ml sample of each phase was pipetted
and diluted by a volumetric factor of 2000 for sodium analysis. Another 5 ml pipette
sample was withdrawn for refractive index or gravimetric analysis. The refractive
index samples were equilibrated in a second water bath, maintained at 25°C. For

refractive index measurement, the samples were diluted by a factor of 2 to 4.

Turbidity Titration

For the propanol system, the location of the binodal curve was determined using
turbidity titration (Albertsson, 1986). Samples with varying NaCl cencentrations
were prepared in 25 ml test tubes and equilibrated at 25°C. Small amounts of
propanol were added dropwise to the tubes. After each addition the tubes were
capped, shaken vigorously, and allowed to settle under observation. This was con-
tinued until a sample became turbid, indicating the presence of two phases. Once
this happened, the sample was back titrated by adding water dropwise with shaking
until the turbidity vanished. The composition before the addition of the last drop
before clearing was a point on the binodal curve. More propanol was added and

the process repeated to obtain another point on the binodal curve.

Plait-Point Determination

For the propanol system the precise location of the plait point was found using
turbidity titration with volumetric analysis. The method involved the preparation
of 80 ml of an aqueous solution of 50 wt% propanol in a 250 ml graduated cylinder.
To this was titrated, dropwise with shaking, 2 5 M sodium chloride solution until

turbidity was observed. Upon this occurrence, the composition was recorded and
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the mixture left to scttle for at least one hour. Settling gave two clear phases whose
volumes were recorded. Following this the system, was back titrated to the single
phase region using water, and the procedure repeated until an inversion in the ratio

of phase volumes was observed.

3.3 Experimental Results and Discussion

The experimental results are presented in the form of binodal curves illustrating
the location of phase boundaries and the compositions of equilibrium phases. For
systems for which the complete phase diagram was determined, the information
is presented in the form of a triangular plot. The partitioning of non-aqueous

components of the mixtures is illustrated using partition coefficient plots.

1-Propanol-NaCl-Water

The experiments for this system were carried out at 298 K. Phase separation was
achieved within one hour of shaking. The equilibrium phases were transparent and
separated by a sharp interface. The top phases were rich in alcohol and low in
salt while the converse was true for the bottom phases. The top phases were more
viscous and less dense (0.95-0.98 g/ml) than the bottom phases (1.04-1.07 g/ml).
Density differences increased with tie-line length, decreasing the phase separation
time. For turbidity titrations, shaking in the two-phase region made the mixture
milky-white in color. For compositions around the plait point this light scattering
was very strong, and persisted even after the solutions (in the single and two-phase
region) were allowed to settle for several hours — this was due to the phenomenon
of critical opalescence,

Results of the turbidity titrations and tie-line analysis are given in Figure 3.5.
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Figure 3.5: Binodal curve for 1-propanol-NaCl-water
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The data points indicated by filled triangles were determined using turbidity titra-
tions. The solid circles were obtained by titrating NaCl solution into propanol
solution until solid salt precipitated. Results of tie-line experiments are indicated
by open triangles. The data in this figure are tabulated in Tables D.1 and D.2, Ap-
pendix D. The tie-line compositions, obtained by AAS and refractive index analysis
were verified by performing mass balances to determine if the amounts of NaCl and
propanol used to create the feed phase corresponded to the amounts in the top
and bottom phases, based on equilibrium compositions. The mass balances for
all tie-lines closed to within 6%. Three replicates of one tie-line indicated that
the compositions have a standard deviation of 0.25 wt% corresponding to a 95%
cc afidence interval of £0.29wt%.

Figure 3.5 shows that concentrations of propanol as low as 3% can yield two
phases provided the mixture is rich in NaCl. Conversely, two phases exist for low
concentrations of salt provided the mixture bas a high propanol concentration. One
of the two equilibrium phases, in general, is rich in water and NaCl, while the other
is rich in propanol. This type of phase diagram is typical of aqueous two-phase
systems except for the fact that one phase is very rich in propanol and contains
relatively little water. At 298 K propanol is completely soluble in water (Schneider
and Russo, 1966) and the addition of NaCl decreases its solubility in the process
of “salting out” {Ananthapadmanabhan and Goddard, 1987). Relative to other
salts, the effect of sodium chloride is smaller than that of other salts containing
polyvalent ions (e.g. Na;5S0, and CaCO; - see Do and Park, 1974; Firman et al.,
1985) in accord with the position of NaCl in the lyotropic series (Voet, 1937).

The plait point for this system was located using turbidity titration as described
in the previous section. The results of these experiments are illustrated in Figures
3.6 and 3.7, with the corresponding data listed in Table D.3, Appendix D. The
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first figure shows the binodal curve around the plait point region. Filled and open
symbols bracket the phase boundary. For each two-phase datum, the volumes of
co-existing equilibrium phases were measured. The percentage of the total volume
in the bottom phase is plotted against the propanol concentration in Figure 3.7.
The plait point, which corresponds to the concentration of propanol yielding equal
volumes, is 35.7 wt% propanol and 5.25 wt% NaCl.

The phase diagram for the system is presented in the form of a triangular |
diagram in Figure 3.8 where the compositions are in wt%. This figure indicates that
a large portion in the middle of the phase diagram consists of mixtures of two liquid
phases, (I) and (II), in equilibrium with solid salt. The two-liquid region occupies
a small portion of the total phase diagram, a.lthtlmgh the co-existing phases are
generally quite different in composition. There are two single liquid-solid regions,
one rich in water and one rich in propanol.

In order to examine partitioning behavior in the system, it is convenient to

define, for each ooniponent, a partition coefficient (K') as follows

=G (3.9)

where Cy,, and Cj,e 2re the concentrations in the top and bottom phases, respec-
tively. If a value of the salt concentration on the ordinate of the binedal curve is
selected and propanol concentrations at the intersection of this salt concentration
value with tie-lines are read off, is possible to generate a semilogarithmic plot of
partition coefficients versus propanol concentration as shown in Figure 3.9. For the
selected salt concentration, the propanol concentration read off a particular tie-line
is plotted against the partition coefficients calculated using the concentrations of
salt and alcohol for that tie-line. Four values of the NaCl concentration, 5, 10, 13
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and 15wt% were selected. Solid lines connect values of the partition coefficients.
The end points of these lines correspond to the boundaries of the binodal curve.
From this figure the separation obtained by adding various amounts of propanol to
a given brine solution can be determined. For example, the partition coefficient of
NaCl in a solution containing 10wt% NaCl and 30wt% propanol is about 7.5. This
figure shows that partition coefficients for NaCl range from 3-30 while those for
propanol range from 0.3-0.025.

Experimental studies of this system have also been completed by Do and Park
(1974), at 303 K, and by De Santis et al. (1976), at 298 K. The present data are
compared to the iiterature data in Figure 3.10. The results of the three studies are
similar and the effect of a 5°C change in temperature is negligible. The results of
De Santis et al. (1976) are identical to those obtained here with the exception that
they recorded a slightly higher NaCl concentration in the salt-rich phase for their

three-phase tie-line.

n-Dodecylammonium Chloride-INaCl-Water

‘Experiments for this cationic surfactant system were carried out at 303 K. Initial
experiments at 298 K determined that the surfactant tends to precipitate out of
solution at this temperature since the Krafft point is approximately 297 K (Imae et
al., 1988). At temperatures below the Krafft temperature the surfactant, which has
a critical micelle concentration [CMC] of 0.013 M or 0.29 wt%, (Corrin and Harkins,
1947), cannot form micelles and is essentially insoluble. The phase behavior of an
aqueous solution of n-dodecylammonium chloride (DAC) is shown in Figure 3.11
(Gault et al., 1988). This cationic surfactant solution exhibits complex phase be-
havior including several anisotropic liquid-crystal mesophases [hexagonal, nematic,

lamellar and coagel (Tiddy, 1980)] most of which involve regular arrangements of
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cylindrical and sheet-like micclle structures. These anisotropic phases are present
at concentrations above 25 wt%, corresponding to a molality of 1.5. Studies by
Ralston et al. {1941), Broome et al. (1950) and Gault et al. (1988) determined
that at temperatures above the Krafft point and concentrations below 25wt %, only
isotropic phases are present.

The addition of small amounts of NaCl to dilute binary solutions of DAC results
in liquid-liquid phase separation. Figure 3.12 shows the variation of solubility with
temperature for an aqueous solution of DAC containing 0.5 M NaCl (Imae et al.,
1988). With this amount of salt, the system forms two phases at very low surfactant
concentrations, provided the temperature is above the Krafft, temperature.

The addition of small amounts of NaCl at 303 K yielded two phases. The time
required to obtain clear phases after shaking ranged from 1 to 2 hours. The top
phases, although clear, had a faint blue tinge. Examination under a polarizing
microscope showed them to be isotropic. The densitics ranged from 1.013-1.016
g/ml and the viscosity was not much different from that of water. The bottom
phases were denser (1.018-1.022 g/ml) and completely clear.

The binodal curve for this system is presented as Figure 3.13. It was not possible
to map a greater portion of the phase diagram because mixing more concentrated
solutions of NaCl and surfactant produced a heterogenecous coagel-like phase con-
sisting of solid white hydrate interspersed with clear liquid. This mixture could
not be resolved into two clear phases even after centrifugation for 2 hours at 12000
rpm.

As described previously, concentrations were determined using AAS and oven
drying. The results of the analyses were validated by checking mass balances, which
agreed to within 7%. The standard deviation of the concentrations of surfactant in

three tie-line replicates was 0.006 M corresponding to a 95% confidence interval of
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+0.011 M. The location of the plait point was estimated using the intersection of
the binodal curve and a line joining the middle points of tic-lines as described by
Albertsson (1986). The value obtained is 0.22 M NaCl and 0.06 M DAC.

The location of the binodal curve indicates that both equilibrium phases are
predominantly water. The shape of the binodal curve is similar to that displayed
by other aqueous cationic surfactant-salt systems (Imae et al., -1"-388; Rizzatti and
Gault, 1986), aqueous zwitterionic surfactant-salt systems (Herrmann, 1964; Imae
and Jkeda, 1986, Imae et al., 1986; Abe et al., 1988) and aqueous polyelectrolyte-salt
systems (Eisenberg and Mohan, 1959; Thalberg et al., 1990, 1991a,b).

The driving force for phase separation in this and similar systems is not clearly
understood. While the positively charged amphiphilic components of alkylammo-
nium halide surfactants may hydrogen bond with water (Imae, 1988), in binary
solution at concentrations above the CMC they form spherical micelles. The ad-
dition of NaCl leads to the formation of rod-like micelles at a critical salt concen-
tration, equal to 0.06 M at 30°C for n-dodecylammonium chloride (Tanford, 1973).
Considering the above factors, it is likely that the phase separation is driven by
competition between hydrogen bonding, salting out, hydrophobic effects (Huot and
Jolicoeur, 1985) and electrostatic interactions.

The tie-lines in Figure 3.13 are close to horizontal indicating weak partitioning
of the sall and strong partitioning of the surfactant. This is confirmed in Figure
3.14, which is 2 semilogarithmic plot of the partition coefficients. The partition
coefficients for NaCl range from 1.1 to 1.4 while those for the surfactant are in the
range 0.04 to 0.009.
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Poly(ethylene glycol) 8000-NaCl-Water

Since the addition of NaCl to an aqueous solution of PEG 8000 did not yield two-
liquid phases under ambient conditions, experiments were conducted at 333 K .
Phase separation was slow, requiring at least 24 hours. The equilibrated top phases
were transparent when in the bath but slowly turned cloudy upon removal from
the bath as the temperature dropped. Hence sampling of the phases was completed
rapidly. The top phases were rich in PEG, low in salt, quite viscous, and had
densities at 333 K ranging from 1.133 to 1.161 g/ml. The bottom phases were rich
in NaCl and transparent even upon removal from the bath. For phase systems
saturated in salt, cooling of the bottom phase samples resulted in the precipitation
of salt. The densities of the bottom phases ranged from 1.134 to 1.197 g/ml.

The binodal curve for this system is presented as Figure 3.15. Two liquid
phases are obtained only for low concentrations of the polymer, less than 45 wt%,
Hence both phases are rich in water and the concentration of salt is high in both
phases. The plait point was estimated to be 15 wt% NaCl and 9 wt% PEG. As
discussed by Florin et al. (1984), the phase separation in this system is likely
the result of water structure effects, in particular the competition for water of
hydration between ethylene oxide units of the polymer and Na* and CI™ ions.
This is the process underlying the typical salting out process (Molyneux, 1975;
Ananthapadmanabhan and Goddard, 1987). For PEG-salt systems, the size of
the two-phase region increases with the size and charge of the electrolyte anion
in accord with the lyotropic series {Albertsson, 1986; Eiteman and Gainer, 1989;
Zaslavsky et al., 1989; Vernau and Kula, 1990; Pathak et al., 1991; Gao et al.,
1991a; Snyder et al., 1992).

The partitioning behavior of nonaqueous components of the solution is illus-

trated in Figure 3.16. In this figure the solid lines connecting the partition coeffi-
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cients cover the range from the left-most to the right-most tie-line in Figure 3.15.
For the polymer partition coefficients, only the three left-most tie-lines are repre-
sented. The salt is not strongly partitioned, with partition coefficients ranging from
1.5 to about 2. The polymer, however, is strongly partitioned to the top phase,
with partition coefficients around 0.1 at low PEG concentrations to necar zero at
high PEG concentrations. These results are in qualitative agreement with the sin-
gle tie-line determined at 83.4°C by Florin et al. (1984) for an aqucous system of
NaCl and PEG of average molecular weight 4x108.

Poly(propylene glycol)-NaCl-Water

For this polymer, experiments were carried out at three temperatures and for two
molecular weight fractions. The first fraction had a weight average molecular weight
of 425 and was studied at 278, 298, and 333 K. The second fraction had a higher
molecular weight, 725, and for this system experiments were performed at 278 and
298 K.

The phase behavior of a binary aqueous sol:tion of PPG 400 is displayed in the
form of a cloud point curve in Figure 3.17 (Malcolm and Rowlinson, 1957). For

this fraction of polymer, two phases are obtained for temperatures above 325 K.

Addition of NaCl lowers the cloud point resulting in the presence of two phases at.

lower temperatures.

Phase separation was quick, with clear phases visible within 2 hours of shaking.
Both equilibrium phases were clear although at 278 and 333 K faint cloudiness was
observed in the top phases when samples were withdrawn from the temperature
controlled baths. As with PEG, this was due to the change in temperature. The
top phases were viscous and contained most of the polymer, and the densities, at

298 K, were in the range 1.030-1.036 g/ml for PPG 425 and 1.022-1.031 g/ml for
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Figure 3.17: Cloud point curve for aqueous PPG 400 (redrawn from Malcolm and
Rowlinson, 1957)

PPG 725. The bottom phases were less viscous and had corresponding densities in
the ranges of 1.069-1.100 g/m! and 1.062-1.131 g/ml.

The binodal curves of PPG 425, at 278, 298, and 333 K are presented in Fig-
ures 3.18-3.20. The plait points were estimated to be (4 wt%NaCl, 43 wt%PPG),
(2 wt%NaCl, 56 wt%PPG) and (0.5 wt%NaCl, 50 wt%PPG), respectively. The
~ corresponding binodal curves for PPG 725 at 278 and 298 K are shown in Figures
3.21 and 3.22. The plait points for this system were estimated to be (1 wt%NaCl,
52 wt%PPG) and (0.4 wt%NaCl, 56 wt%PPG), respectively. The complete phase
diagram for PPG 425 at 298 K, in triangular coordinates, is shown in Figure 3.23.
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This type of phase diagram is typical of two-phase systems in which the cause
for phase separation is the saiting out of a hydrogen bonded solute (Kjellander and
Florin, 1980; Florin et al., 1984). Poly(propylene glycol) is a hydrogen bonding
polymer, as is evident for the LCT curve of Figure 3.17. The monomer of PPG is

structurally similar to PEG

_ECHT“'CH’_(EI: —EJHg—TH—(g:

CH,
PEG PPG

except that the methyl group gives the unit a more hydrophobic character. This is
reflected in the comparison of Figures 2.1 and 3.17, which shows that the polymer-
rich equilibrium phase is more concentrated in the case of PPG. In addition, aqueous
solutions of PPG separate at lower temperatures, Similarly, the region of the bin-
odal curve corresponding to two liquid phases is larger for PPG than it is for PEG,
and the polymer-rich phase is more concentrated with PPG. The triangular phasc
diagram for PPG 425 at 298 K, Figure 3.23, is similar to that for the propanol
system (Figure 3.8) and contains identical regions.

The effect of temperature on the phase diagram is illustrated in Figure 3.24.
The effect of increasing the temperature is to make the polymer and salt more
incompatible, increasing the size of the two phase region. This is similar to the
widening of the loop with temperature in a binary LCT curve. For a given feed
composition, as the temperature is increased, the top phases contain less salt and
the bottom phases less polymer. This effect is similar to that observed with other
polymer-salt and polymer-polymer aqueous two-phase systems (Albertsson, 1986;
Sjoberg and Karlstrom (1989); Pathak et al., 1991; Ho Gutiérrez, 1992). Studies

-
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on the effects of salts on the cloud points of polymers (Bailey and Callard, 1959;
Florin ct al., 19584; Firman et al., 1985) and nonionic surfactants (Schott, 1973;
Tokiwa and Matsumoto, 1975; Schott et al., 1984) show that inorganic salts may
raise or lower the cloud point. Those salts raising the cloud point are “salting
in” the polymer while thosc lowering the cloud point are “salting out” the organic
solute. Figure 3.24 is consistent with the interpretation of NaCl as a salting out
clectrolyte.

Similarly, the cffect of increasing the average polymer molecular weight is to
increase the size of the two-phase region, as shown in Figure 3.25. Hence the
725 molecular weight fraction is less compatible with NaCl. A similar trend has
been obscrved with aqueous two-phase salt systems containing PEG and other
polymers (Albertsson, 1986; Snyder et al., 1992). This result is consistent with the
observation that the solubility of PPG in water decreases with increasing molecular
weight (Molyneux, 1983).

As for the separation of the polymer and salt, Figure 3.26 shows the partition
coefficients for the PPG 425 system at 298 K. Both the polymer and salt are strongly
partitioned to opposite phases. For this system the partition coefficient for the salt
ranges from 6 to 85. The corresponding values for the polymer are 0.5 to 0.015.
The effect of changing the temperature is illustrated in Figure 3.27, which shows
partition coefficients for the PPG 425 system at three temperatures. An increase
in the temperature results in more complete partitioning of the components as the
values of the partition coefficients for the salt increase while those for the polymer
decrease. Molecular weight effects on separation are presented in Figure 3.28 which
indicates that with an increase in polymer molecular weight the separation of the

polymer becomes more complete while that of the salt becomes less complete.
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Chapter 4

Liquid-Liquid Equilibrium in Multicomponent Systems

The treatment of liquid-liquid equilibrium in muiticomponent systems containing
salts is an extension of the treatment for binary systems described in Chapter 2.
Here the system consists of N¢ components, of which Ng are nonelectrolytes and
Ne-Ngs are strong electrolytes. The biphasic system, illustrated in Figure 4.1, is at
equilibrium when temperature, T', and pressure, P are equal in the phases and the
Gibbs free energy is at 2 minimum with respect to changes in T, P, and the Ng-1
independent mole fractions or molalities in each of the phases.

When the composition of each phase, ¢, is expressed using mole fractions, z;,
and molalities, m;, with T and P fixed, the total free energy of the system is the

sum of contributions from the two phases
G(T,P,¢) = G/(T,P,d") + G(T,P,c") (4.1)

For each phase the Gibbs free energy is calculated relative to its value (G%) when

all the components are in their standard states which depend on the temperature
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Figure 4.1: Multicomponent liquid-liquid equilibrium

and, possibly, the pressure and composition of the system in that phase.
G(T,P,¢) = G*(T,P,c) + AGM(T,P,c) (4.2)

where AGM’ is the change in free energy on mixing the components from their

standard states to their conditions in the solution. The equilibrium criterion
dG(T,P,c) = dG'(T,P,¢") + dG™(T,P,d") = 0 (4.3)

requires that the chemical potentials of the components, y;, be equal in phase I and
phase II

p’l!(Tv Pvgr) = #‘{I(T,P,gﬂ') i= 1:---3NC (4-4)

85



LIQUID-LIQUID EQUILIBRIUM IN MULTICOMPQONENT SYSTEMS. 40

where, for each phase,

Ff(T1P1£)= [%] t=1,...,N¢ (4'5)
4 TPy,
and
Ne
G(Ta P,Q) = z ﬂ,‘#g(T-, P;Q) (4'6)
=1

Differentiation of equation (4.2) yields

Ne  T3ul(T,P, SAGM*(T, P,
WEPS) = TR0+ pom | ZERD] L [BCIAI] gy
3 - T.P,n,‘,..' 7y T-Poﬂjio

k=1
where the two derivative terms on the right hand side of the equation above repre-
sent the difference in the value of the chemical potential of component ¢ in going
from its standard state to its state in the solution. This value is the change in

chemical potential of i on mixing from the standard state (ApM’).

ApM(T,Pe) = wi(T,P,e) - pi(T,P,e)

Ne  [opd(T, P, AGM°(T, P,
= Some [F_k(é___.:—:).] + [a ¢ a( 9)] (4.8)
k=1 i T.Pinyys i TPy
The activity of the component, a;, is defined through ApM’
Ap}(T, P,¢) = RT Inaf(T, P,¢) (4.9)

If a model of the activities of the components of 2 solution as functions of temper-
ature, and pressure and composition is available, then equations (4.4), (4.8) and

(4.9) can be used to calculate the value of compositions at equilibrium for a fixed
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T and P.

4.1 Activities, Activity Coefficients, Reference and Standard States for

Components of Liquid Solutions

The following three sections describe thermodynamic relations between chemical
potentials, activities, activity coefficients and their associated reference and stan-
dard states. The first section describes the relations for a solution in which the
concentrations of all components are expressed by mole fractions and in which the
standard states of all components are independent of the composition of the system.
The second deals with the activities of solutes in an electrolyte solution where the
concentrations of the salts are measured in molalities and the standard states of all
components are independent of composition. Finally, multicomponent solutions in
which the concentrations are expressed by both mole fractions and molalities, and
in which the standard states of the components may be dependent on composition,

are examined.

4.1.1 Mole fraction based activity coefficients: nonelectrolyte solutions

This section describes the activities and activity coefficients in a system where
the concentrations of all components are expressed by mole fractions, z, such as
mixtures of alcohols and water. For this case the chemical potential of 2 component
¢ of an ideal solution whose standard state is at the T and P of the system and at
a particular fixed composition of the system that does not change with T or P is
(Wood and Battino, 1990)

W4T, P,z) = pl(T, P) + RTInz; (4.10)
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which corresponds to equation (4.9) with the activity equal to the mole {raction.
The chemical potential of a component i in a real solution differs from the above

by an additional term, pf,
(T, P,z) = pi(T, P,z) + pi(T, P, z) (4.11)

which is the ezcess chemical potential, and represents the difference between g — uf
and RT :n z;. This quantity is similar to the change in chemical potential on mixing

from the standard state, ApM’, of equation (4.8):

ApM (T, P,g) = m(T, P,z) — (T, P) (4.12)
Equations (4.10), (4.11), and (4.12) are combined to yield

ApM(T, P,z) = RT Inx; + pZ(T, P, z) (4.13)

In a manner similar to the definition of the activity, equation (4.9), a mole fraction

based activity coefficient -; is defined as
#f(T, P,z) = RT ln (T, P, z) (4.14)

Substitution of the above expression in equation (4.13) shows that for components
whose concentration is expressed in mole fraction the activity is equal to the product

of the mole fraction and activity coefficient
a; = TiY; (4.15)

Both Apﬁ-“o and u¥ are functions of T, P, and cornpoéition, although the states

of the system in which their values are eqﬁa.l to zero are not defined. The reference
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stale of component 7 is a particular state of the system for which x£ is defined to
be zero. At the T and P of the solution and the composition of the system in the
reference state, g = 0 and hence, from equation (4.14), 75 = 1. Usually the same
composition of the system is used for the reference state at every T and P.

For a component 2, it is possible to define ApM’ = 0 for a particular state of
the system, valid at all T and P. This is the standard state for the component
i. Equation (4.9) shows that in its standard state the activity of z is equal to 1.
Values of uf and ApM’ are not independent since assignment of zero to one of the
quantities fixes the value of the other as shown by equation (4.13).

For most liquid systems composed of nonelectrolyte liquids the reference state
for all components at every T and P is chosen as the pure component in the liquid
phase at the T and P of the solution. This is known as the symmetric convention
for the normalization of activity coefficients. This choice of reference state ensures,
through equation (4.13), that uf = AuM’ = 0 for the pure state and, through
equations (4.10}, (4.11) and (4.12), that the values of chemical potential of  in the
reference and standard states are the same. Other choices of reference states for

mole-fraction based systems are possible as discussed by Wood and Battino (1990).

4.1.2 Molality based activity coefficients: electrolytes

This section describes the relations between activities, activity coefficients, reference
and standard states for selts whose concentrations are expressed by molalities in a
system composed of one or more strong electrolytes dissolved in a single solvent.
Each strong electrolyte M, A,_ consisting of cation M of charge z, and anion A

of chazge z_ will dissociate in aqueous solution in the following manner

My A,_ = v M™ +y A™ . (4.16)
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where v, and v_ are stoichiometric coeflicients representing the number of positive
and negative ions, respectively, formed from one molecule of clectrolyte, ie. for
NapSO4, 2o =1, v =2, 2. ==2,and v_ = 1.

Since most electrolytes have limited solubility in solvents, the concentration
range is often amplified to facilitate better the tabulation of data by using mo-
lalities (m) to express composition. While it is not usually possible to determine
the chemical potential of a single ion because the concentration of a single jon
cannot be varied independently of its counterion due to the requirement for elec-
troneutrality (Denbigh, 1955), it is possible to write down expressions relating the
chemical potentials of ions to their concentrations in solution. For a single salt
which is strongly ionized the chemical potentials of the cations and anions, relative
to a standard state which is independent of system composition, forming an ideal

solution are given by

p(T, P,m) = p(T, P) + RT lam, (4.17)
and
E4(T, P,m) = 4 (T, P) + RT lam._ (4.18)

where ,uﬁ_ and p® are standard state values of the chemical potentials, undefined for
now, and m, and m._ are the molalities of the ions. The expressions for chemical

potentials in nonideal solutions, following equation (4.11), are

(T, P,m) = pi(T, P,m) + pi(T, P,m) (4.19)

90



LIQUID-LIQUID EQUILIBRIUM IN MULTICOMPONENT SYSTEMS 4-1

and
u-(T, P,m) = (T, P,m) + p(T, P, m) (4.20)

where ,uf is the excess chemical potential for ion j. Molality based “ionic activity

cocfficients,” 7;, are defined through ¥ by analogy to equation (4.14)

E(T, P,m) = RTln7,(T, P,m) (a.21)
and
pE(T, P,m) = RTnv-(T, P, m) (4.22)

Substitution of the relations above in equations (4.19-20) and comparison to equa-

tion (4.9) indicates that the activities of the ions are

a+ = m+"}’+ (4-23)
and
a_. =m_y_ (4.24)

and hence the chemical potentials are

1e(T, P,m) = p(T, P) + RT lamy7,(T, P, m) (4.25)
and
#~(T,P,m) = p(T, P) + RTlnm_7_(T, P,m) (4.26)
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For a binary solution of water(1) and electrolyte(2) the Gibbs free energy in

terms of the nonionized components, according to equation (4.6), is

G = nypy + naps (4.27)
which can be expressed in terms of the solvent and the ionic species as

G =nym +nepy +nopo (4.28)

where ny = v.n; is the number of moles of cations and n_ = v_n; is the number
of moles of anions and p. and p_ are the corresponding chemical potentials. The
result of substituting these relations into equation (4.28) and equating (4.27) and
(4.28) is

B2 = Vopy b vopo (4.29)

which relates the chemical potential of the electrolyte, treated as a compound, to
that of species derived from it.

The chemical potential of the neutral electrolyte is obtained by substituting
equations (4.25-26) into (4.29) yielding

p2(T, Pim) = ve ply (T, P) + v_pl (T, P) + RT Inm’m 3t (T, P,m)  (4.30)
Defining the mean ionic activity coefficient, v+, as

Ve =T (4.31)
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and the mean ionic molalily, my, as

my =mPmI = mf (Vi (4.32)

with v = v, + v_ and substituting equations (4.31) and (4.32) into equation (4.30)
| yields

#2(T, P,c) = vopt (T, P) + v_p? (T, P) + RT lnm414(T, P,m) (4.33)

where on the right hand side of equation (4.32) the molalities of ions of strong
clectrolytes have been expressed in terms of the molality of the salt as m, = vy m,

and m_ = v_m,. The standard state for the neutral electrolyte is:
W(T, P) = vy (T, P) + v-p (T, P) (a:34)

substitution of the equation above in equation (4.30) and comparison with equation
(4.9) yields

pa(T, Pm) — p§(T,P) = RTIn[v{*v!"|m§vi(T, P, m)

= ApM(T,P,m) (4.35)
and from equation (4.9)
az = [v}* ”:_] myy5(T, P, m) (4.36)

which is the expression for the activity of a neutral electrolyte in a solvent.
While the derivation above is for a binary solution, identical relations apply for
each neutral electrolyte in a2 multicomponent solution (Wood and Battino, 1990).
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For solutions of one or more electrolytes in a single solvent, the concentration of
the solvent cannot be expressed in molality. However changes in the activity of the
solvent and the solutes are interrelated through the Gibbs-Duhem equation.

Comparison of equations (4.35), (4.17-18), and (4.25-26) indicates that for any
neutral electrolyte j in an ideal solution the chemical potential is given by the
following expression

#(T, Pym) = pi(T, P) + RTn [vi* v ] + vRT lamy (4.37)
while that for an electrolyte in a real solution is
#5(T, P,m) = (T, P, m) + p{(T, P, m) (4.38)

where the 1’s are dissociation constants for electrolyte 7 and the excess chemical

potential uZ is related to the mean jonic activity coefficient ;.

#E(T, P,m) = vRT In;+(T, P,m) (4.39)
Combination of equations (4.35), (4.37), and (4.38) yields

ApM(T, P,m) = RT I [vf* 2"} + vRT Inm; + pE(T, P, m) " (4.40)

Most electrolyte solutions of practical interest consist of one or more electrolytes
dissolved in a single solvent (water). The chemical potential is then a function of
T, P and Ng-1 molalities. The reference state for a particular electrolyte 7, where
pf = 0, is usually taken to be its state when infinitely dilute in the solvent; a binary
solution where ;4 — 1 as m; — 0. However the more general case involves the
reference state of each salt being defined as a solution which is infinitely dilute in all
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salts, for all T'and P. Thus v;+ — 1 as m — 0, and the definition of the reference
state fixes the standard state. With this choice of reference state the standard state

value of the chemical potential for electrolyte j, from equation (4.37) and (4.38) is

;L?(T, P)= p}o(T, Pm™}— RTInK; — uRTlnmj"’ (4.41)

Y

where K; = [v{*»2"] and the superscript o refers to infinite dilution properties.
At the standard state Ag; ° = 0 and, from equation (4.40), the compositions of
the standard states for the j-th electrolyte can only be determined by the solution
of

RT\n K; + vRT lnm; = —uF7 (T, P,m) (4.42)

where ,uf-’" is the excess chemical potential defined to be zero at the reference state
(00). For the common case where the reference state is infinite dilution of the sin-
gle salt 7 in the solvent, the right hand side of equation (4.42) would be equal to
—uF*(T, Pym;). If ApM’ = 0 at a fixed T and P is visualized as an Ng-1 dimen-
sional surface then all points satisfying equation (4.43) on this surface represent
different standard states for component :. Figure 4.2 shows a schematic depiction
of the ApM’ = 0 surface for a hypothetical water(1)-salt(2)-salt(3) electrolyte so-
lution in which there are two standard states for component 2 satisfying Ap’ = 0,
each corresponding to a different composition of the system.

Thus, for both electrolytes and nonelectrolytes, once a reference state is defined
it fixes the standard state. However, in general, the compositions of the system in
standard states for the components are unknown except for the case where all com-
ponents have the pure-compound standard state. For electrolytes, this deficiency

is overcome by assigning hypothetical standard states to the components in order
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AMY(TPm, m)=0 surface

standard state
points satisfying equation (4.42)

.....
........

Figure 4.2: Hypothetical AuM ® = 0 surface for 2 water(1)-salt(2)-salt(3) system at
fixed T and P. :
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to facilitate the calculation of numerical values of the thermodynamic properties
(Robinson and Stokes, 1959). The usual practice is to take the standard state for
strong electrolytes to be that of a Aypothetical solution at a mean ionic molality of
one, i.e my. = 1. In addition, the meen ionic activity coefficient of this hypothetical
solution is defined to be equal to one for all T and P, i.e. v = 1. Substitution of

the conditions above in equation (4.35) indicates that if 45 = 1 and my = 1, then

;i = pl.

4.1.3 Multicomponent solutions containing electrolytes and nonelec-
trolytes | '

This section deals with activity coefficients in solutions containing a mixture of
electrolytes and nonelectrolytes such as the system illustrated in Figure 4.1 in which
there are No components, of which Ng are nonelectrolytes whose concentrations are
expressed by mole fractions and Ng-Ns are electrolytes whose concentrations are
measured using molality. The discussion takes into account the situation where the
standard state chemical potentials of some or all of the components depend on the
composition of the system. o

The activity of any compound ¢ in 2 multicomponent solution can be written in

the following general form
af = Kictiy?s (4.43)

where ¢; is the concentration of i, -; is the activity coefficient with respect to the
standard state 8 used to define af, ; is a stoichiometric coefficient for i, and K; is
a constant. Usually, for nonelectrolytes ¢; = z; and »; and K; are equal to 1, as
in equation (4.15). For strongly dissociating electrolytes, ¢; = m;, v; = vy +v_,
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K; = [v5*vY7], and +4; = ;.1 as discussed in the previous section. In general, any
standard state can be used to define the activities, including one that is a function

of the composition of the system.
wi(T, P,¢) = ui(T, P,¢) + RTna}(T, P,g) (4.44)

A component mixing to form an ideal solution has an activity coefficient equal to 1
and, from equation (4.43),

aid = K (4.45)

The excess Gibbs energy is the difference between the Gibbs energy of a solution

and that of an ideal solution having the same composition

GEf=G-G* (4.46)
The free energies can be expressed in terms of chemical potentials

GE = 2 n;pi — Z n.,-p::d . (4.47)

where the summations run from 1 to Ng. Substituting for x; and g in terms of the

activities a; and @ through equations (4.43), (4.44), and (4.45) and (4.47) yields
e = Zn,-ln-ﬁ" (4.48)

The Gibbs-Duhem equation expresses the fact that for a thermodynamic system
such as that of Figure 4.1 which has N¢ + 2 state variables (T, P and N chemical
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potentials), only Ng + 1 of the variables are independent.

SdT -~ VdP + Z nidp; =0 (4.49)
For a fixed T and P the equation is

Z nydp; =0 (4.50)

Substituting the expressions for the chemical potentials of the components from
equation (4.44) yields

Znidﬂg(Ta Pc)= _RTznidlnag(Ta Pc) (4.51)

The standard states of the components of a system are, in general, functions of
the system’s composition as discussed in the previous section. Recognizing that at
a fixed T and P the total derivatives in equation (4.51), dY, can be expanded in
partial derivatives taken with respect to the number of moles of the components

as,

dY = ; (%) dn, (¢.52)

T.Prnjge

it is possible to express equation (4.51) as

Op
L

dlnaf

—RT;n;[ o

=0 (4.53)

] TPy ] T.Pineyx
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Expansion of the activity according to equation (4.43) yields
Olny;

ol RT] [3 In c.-]
ing | —— =— i | —— - T 4.54
g e [ ank ]T.P.n“g Z " [ ank T.Prsyn 2 wn ank Tiewk ( )

In addition, for each k, differentiation of GE/RT, equation (4.48), with respect to

n;. and rearrangement, gives

aGF-‘/RT] [61n-r.-]
lny = |— == - iy | — 4.55
s [ Ons T\Pnepn E o Onie T.Pneyn ( )

1

Finally, combination of equations (4.54) and (4.55) gives the expression for the

activity coeflicient in terms of the Gibbs free energy of the solution

_ 1 [0GE/RT n; [Opl/RT v; [Olng
Inye = — ["‘__an,, L‘P.nm-i-z — [_ank +3_—n; B m“(-’l.56)

Yk s Yk ITPneys 1 Uk

The expression above is the general form for the activity coefficient of a compound
k in a multicomponent system. The first term on the right hand side is obtained
from a model of the excess Gibbs energy of the solution. The middle term is present
only if the standard state of one or more components is a function of composition.
If there are no salts in the system, and all compositions are expressed using mole
fractions with all »; = 1, as in Section 4.1.1, then the last term is zero for all
components.

From equation (4.44) and (4.45), the chemical potential of a component forming
an ideal solution in a system of the type of Figure 4.1 is given by

#(T, P,g) = p{(T, P,c) + RTln Kicl* (4.57)
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while that for a component of a real solution is

#k(Ts P? §) = p‘id(Ts P, E) + PE(T, P, Q) (4.58)
with
4 (T, P,¢) = i RTn1(T, P,c) (4.59)

Comparison of equations (4.56) and (4.59) indicates that

E 8 Ine
uE= |96 +3m o] +RTY vin; [a °‘] (4.60)
H Negx

ank T.PIIH* I an'k-' T,ank ank

and at the reference state for component k&, uf = 0, from equation (4.59) 7 = 1,
and the sum of the terms on the right hand side of equation (4.60) equal zero. As
with equation (4.56), the only time when

(4.61)

dGE].
k=2

ank T,P.ﬂ“k T
is if the standard states of all components are independent of composition, all
concentrations are expressed in mole fractions and all »; = 1.

The system of Figure 4.1 has Ng nonelectrolytes, which in this study are treated

as solvents whose concentrations are expressed in mole fractions, z;,

n;

28_1 ng

and Ng-Ng electrolytes, whose concentrations are expressed in molalities m; based

Ti=

i=1,...,Ns (4.62)
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on all solvents, each of molecular weight M,

_ n;lOﬂO
2::31 neM,

m;

i = Ngy1y...,Ne (4.63)

For this system, if the standard states of all components are independent of com-

position, 1Le.

[}
gnﬁ =0 i=1,...,N¢ (4.64)
k1T Proun

then the activity coefficient for a component k is given by

1 [8GE/RT Ne v, [ainq]
ln = — |—— —n;
™ Uk[ Ony TP +"z=;ykn Ins Newk

k=1,...,N¢ (4.65)

In this study the standard states of all the components are independent of compo-
sition and hence et.:.ua.tion (4.65) is used in evaluating activity coefficients. Using

this equation, the activity coefficient of a solvent is

SGE/RT Ng hf_: Virns
Iy = [_ar{ F1= 3 o p BT
k T.Pregn =1
k=1,...,Ns (4.66)

* while that for an electrolyte is

1 [0GE/RT 1 &
e = — |—t— +1-=S=z
Tt yk[ Onz TPesn i E ¢
k =.le+1, eney Nc (4.67)
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Equations (4.66) and (4.67) are used to calculate activity coefficients from excess
Gibbs energy models in this study. For multicomponent systems containing one or
more salts, it is convenient to build the excess Gibbs energy of the solution so that
the reference state for the solvents is the pure compound while that for each salt
is the state of infinite dilution of the salt in one of the solvents. This ensures that
the standard states of the salts are independent of composition, as described in

Appendix E, Hence

v —1 as r; =1 for solvents (nonelectrolytes) i=1,...,Ns (4.68)
%+ —1 as m; = 0 for salts in solvent 1 i = Ng41,...,Ng (4.69)

This is the unsymmetric convention for the normalization of activity coefficients.
In equation (4.69) solvent 1 is chosen for all electrolytes, and while this is usually

the case in practice, it is possible to choose different solvents for different salts?.

4.2 Calculation of Liquid-Liquid Equilibrium

A multicomponent liquid mixture can separate into two or more phases depend-
ing on the temperature, pressure, number of components and composition of the
system. At a fixed temperature and pressure Gibbs phase rule determines the max-
imum number of phases which can be present at equilibrium as a function of the
number of components in the system. A given ternary system will separate into

two liquid phases if its composition lies in the region enclosed by the binodal curve

1For systems consisting of salts and two or more nonelectrolytes there are several ways of
normalizing the activity coefficients. Cabezas et al. (1990b) and Gao et al. (1991a,b) used the
pure compound reference state for water and the infinitely dilute state in water for all of the
solutes, including polymers.
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(see Figure 3.1). In the general case for a multicomponent system, at a given tem-
perature, pressure, and composition, the number of phases which are present at
equilibrium corresponds to the number which are thermodynamically stable under
the given conditions.

If a model for the Gibbs free energy of a multicomponent system is available,
for a fixed temperature and pressure, it is possible to obtain relations between
the chemical poteatials of the components and between their derivatives, which
determine whether a system of a given composition is prone to separating into
two phases (Modell and Reid, 1974). Although these stability relations permit
the calculation of the stability boundary, the spinodal curve, and the critical (plait)
point, they cannot be used to calculate phase boundaries such as the binodal curve.
For a system at a given temperature, pressure and overall composition, the tangent-
plane stability criterion (Michelsen, 1982; Heidemann, 1983; Cairns and Furzer,
1990) is used to calculate the number of stable equilibrium phases. In order for
a given phase F' of mole fractions z to be stable, the free energy of the system
cannot be lowered by a split into two or more phases. If the chemical potentials of
components in this phase are denoted by uf(z), this phase is stable provided the

following is true for all possible sets of mole fractions z

Ne
2z [F-‘(I) —uf(@)] 20 (4.70)

i=1
The equation above must be satisfied for any set of trial mole fractions z which
represent the composition of a new phase.

If it is assumed that only two phases are present, the condition for liquid-liquid
equilibrium in a multicomponent solution is that the total Gibbs free energy of the

two-phase system, G, given by equation (4.1), is at a minimum with respect to
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changes in the compositions of the phases. While it is possible to calculate equi-
librium compositions by equating the activities of components in different phases
(Prausnitz et al., 1980), the approach followed here is to minimize the total free
energy directly. Using equations (4.6), (4.8), and (4.9), equation (4.1) can be ex-
pressed as

G=§ [n! (" + RT1naf) + nlf (4" + RTInal’)| (4.71)
=1

.

If the standard state chemical potentials are independent of composition and enual
in both phases, u¥f = pf! = uf, and if the activities of the components are given

by equation {4.43), the total free energy is
G= 2 (n +n”) u + RTZ [n’InK (i) + ' In Ky, ")"‘] (4.72)
=1 =1

The equation above can be rearranged to give G', the dimensionless composition-

dependent part of the total free energy

Ne
G = G G Z [ Ian (cl'rf)"' + nHInK (c” ")"'] (4.73)
=1 .
where B
Ne Ne |
G* =3 (o +n)pl =3 nful (4.74)

i=1 =1

and the superscript F indicates the total amount in both phases. When equation

.(4.74) is applied to the multicomponent system of Figure 4.1, the activities can be
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separated into terms for solvents and terms for salts

N,
G = i[nflnx{vf-{-nfllnzf"y,-”]

=1

¢ 3 [2f In Ki(mals)" +nll In Ki(mi'IL)") (1.75)
i=Ns41

where the mole fractions and molalities are given by equations (4.62) and (4.63),
respectively, and the activity coefficients are given by equations (4.66) and (4.67).
Since the activity coefficients are functions of composition, trial and error is used

to select the equilibrium compositions of the phases, which minimize G'.
In minimizing the free energy it is conventent to consider a two-phase system in
which the total number of moles in the feed phase is equal to 1. For this system,
the amount of material in the feed must equal that in the equilibrium phases and

hence each component obeys a mass balance:

oF = zlal 4+ 2inl! i=1,...,Ng (4.76)

where the superscript F represents the feed phase, n is the total number of moles

in a phase,
zf =nf t=1,...,N¢ (4.77)

and, for each component,
nf =af+nl i=1,...,N¢ (4.78)

Here Powell’s multidimensional method (Press et al., 1989) is used to provide
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iterative estimates of the compositions of the phases. Since this method does not
provide bounds on the range of the values of estimates of the phase compositions,
it is necessary to use dummy variables e;, which represent scaled mole numbers of
the components in phase /, in order to avoid nonphysical values of the composition,

such as ncgative numbers. These variables are related to the mole numbers as

F
n:
n!

= — : = ...,N .
i 1+IC:I t 11 c (479)

and since the absolute value of e; is always a positive number, 0 < nf < nf as
required. Equations (4.78) are used to calculate the number of moles in phase
IT while cquations (4.62) and (4.63) are used to calculate the compositions of the
phascs.

A flow chart describing the method of calculating equilibrium compositions in
two-phase systems is shown in Figure 4.3. Although not shown explicitly, once the
mole {ractions of components in the loop are calculated, equation (4.63) is used to

calculate the molalities of the salts.
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Figure 4.3: Calculation of equilibrium compositions by minimizing G'.
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Chapter 5

An Excess Gibbs Energy Model for Multicomponent
Liquid Systems

As discussed in Chapter 4, the activity coefficient of a compound in a multicompo-
nent system containing salt is obtained from a model of the excess Gibbs energy.
The systems studied here contain water, salt and either an alcohol or a polymer.
This chapter describes a model for the G® of solutions containing one salt end
one or more solvents. The excess Gibbs energy function models the interaction
between components of the solution. In this study the function is constructed to
reflect the interactions between solvents and between solvents and salt, both at
finite salt concentrations and at infinite dilution of salt, hence permitting the use
of a composition-independent standard state chemical potential for the salt.

The excess Gibbs energy model reflects the following physical processes: disso-
lution of an electrolyte in water in the state of infinite dilution and transfer of the
electrolyte, at infinite dilution, from water to a mixed-solvent (GEg.); mixing of
pure solvents to form a mixed-solvent and correcting the solvent-solvent interaction

for the effect of salt (GEgs); mixing of salt and mixed-solvent to form the final
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solution(GEs). The excess Gibbs energy function takes the form
G® = GEsw + GE5 + GEss (5.1)

where the subscript £S* indicates electrolyte-solvent interaction at infinite dilu-
tion, ES indicates electrolyte-solvent interaction at finite salt concentrations, and
ESS indicates solvent-solvent iuteraction in the presence of salt.

A model for GE, denoted the Bromley-Flory-Huggins model, is presented. This
model uses the Mean Spherical Approximation (MSA) theory for GEge. The GEg
term is modelled using the Bromley equation for electrolyte solutions, while a mod-

ified form of the Flory-Huggins theory for polymer solutions is used to evaluate
.

5.1 The Mean Spherical Approximation (MSA) model for G&s..

The pure compound reference state is used for all nonelectrolytes (water, alcohols
and polymers), treated as solvents, while the infinite dilution reference state is used
for the salt. To avoid the dependence of the standard state chemical potential of
the salt on composition (see Appendix E), the reference state for the salt is taken
as its state at infinite dilution in water. The GEge term models the change in free
energy in transferring lons, at infinite dilution, from pure water to a solution of
water and alcohol or water and polymer.

The solvation or Born energy of an ion is the energy which an ion that is not
interacting with other ions possesses because of being immersed in a solvent. If the
ion is in a2 vacuum, this energy is the ion’s self energy. If the solvent is treated as
a continuum of dielectric constant ¢, it is possible to estimate the change in free

energy in transferring the ion from a vacuum to its state in the solvent.
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In the primitive model of clectrolyte solutions (Hill, 1960; Kusalik and Patey,
1988) ions are modelled as hard-spheres. The solvent is treated as a continuum
of fixed dielectric constant, &, and its effect on the free energy of the system is
cxpressed through this parameter. Using this simple model of the solution, the
solvation energy of the ions can be calculated in several ways, one of which uses
classical electrostatics and is described in Appendix F. The result is equation (F.8),
which is the Born equation.

The assumption that the solvent is 2 continuum is unrealistic, hence the free en-
ergy predicted by the Born equation does not agree with experimentally determined
values (Harned and Robinsor, 1968). The nonprimitive approach to modelling elec-
trolyte solutions treats both the ions and solvents as molecules. One such approach
models the electrolyte solution as a2 mixture of ions of equal size, treated as hard-
spheres with centrally embedded point charges, immersed in a solvent consisting of
hard-spheres of a diemeter different from the tons and with embedded point dipoles.
The components of the solution are illustrated in Figure 5.1. Analytic equations for
approximate thermodynamic properties for this system are derived using the MSA
approach as described below.

From a molecular point of view, the thermodynamic properties of a solution
can be determined from a knowledge of the pair distribution function which ex-
presses the probability of finding two particles at given locations in a solution.
The pair distribution function depends on the direct correlation function through
the Ornstein-Zernike integral equation (Hansen and McDonald, 1986). The di-
rect correlation function depends on intermolecular interaction potentials in the
system. For the hard-sphere ion-dipolar solvent system, there are three types of
interactions; ion-ion, ion-dipole, and dipole-dipole. The MSA involves simplifying

assumptions about the form of the pair distribution and direct correlation func-
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ion

solvent molecule

Figure 5.1: Hard-sphere ion-dipolar solvent solution

tions which permit the analytic solution of the Ornstein-Zernike integral equation,
to yield the thermodynamic properties of the system (Chan et al., 1979; Blum and
Wei, 1987; Wel and Blum, 1987; Zhou et al., 1988; Blum and Fawcett, 1992). The
results give an expression for the free energy of interaction between ions and dipoles
at infinite dilution of the jons; the solvation energy. Using the MSA the expression
corresponding to the Born equation for the interaction between an ion 7 of charge
z; and a dipolar solvent 1 of dielectric constant ¢; is (Chan et al., 1979)

2.2
E _ _ zie _ l) .
Fanae i = dwe,(D; +2Ds) (1 & (5:2)

where e is the electron charge and ¢, is the permittivity of free! space, equal to
8.854x10712 C? J-! m~!. The diameter of the ionic hard-spheres is equal to D; and

1The factor 47€, is introduced in order to express the equation above in the same units as the
Borrn equation in Appendix F.
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the parameter Dy, is given by the following equation:

_ {1 36
Dgsy = (5 - 1+4&) D, (5.3)

where D, is the diameter of the dipolar solvent hard-spheres and the parameter &,
which is in the range 0 < & < %, is related to the solvent’s dielectric constant £;

as follows:

- (1+46)*1+ &)
' (1-25)¢

Using the diameter of the solvent hard spheres as an adjustable parameter, equation

(5.4)

(5.2) accarately correlates the solvation energies of monovalent, monoatomic ions in
many solvents (Blum and Fawcett?, 1992). In the limit where the molecular nature
of the solvent is ignored and the diameter of the solvent hard-spheres is vanishingly
small, D, — 0, the MSA and the Born equations are identical.

Using equation (5.2), the change in free energy accompanying the transfer of n,
moles of electrolyte e, at infinite dilution, from solvent 1, of dielectric constant &,

to solvent m, of dielectric constant &, is

GE .. K, 1 1
= e (1-5) -0 (- ) (59)
where the constant K, is equal to
_ éNy -5 J.m
Ko = 47!'50 = 6.95x10 m (5.6)

?The parameter A; of Blum and Fawcett (1992) isequal to X, = %{- Although the symbols
are different, equation (5.2) is identical to Blum and Fawcett’s equation (55).
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and N, is Avogadro’s number. The Q's have the following form:

Q, = vyz3 + v_z? 5.7)
'T Dy +2Ds,  D-+2Dg (5
and
2 2
Vizy | el -
Q.= 5.8
Dy +2Dsn ' D_+2Dsn (5.8)

The parameter Ds,, is related to the diameter of the solvent hard-spheres D, in a

manner similar to equation (3.3):

(L _3%m
DSm = (2 1+4Em) -Dm. (5.9)
with
2 4

The parameters Dg; and Dy, are related to the diameters of the solvent hard-
spheres through the parameters £, and &, which, in turn, are functions of the
dielectric constants €; and €,. In order to calculate values of Dg; and Ds,,, &
and §m must be determined from equations (5.4) and (5.10). Values of £ and &,
satisfying equations (5.4) and (5.10) were determined using the Newton-Raphson

method. For example, to deterrninéfl, equation (5.4) was rearranged to

_ (1+46)°A+&)" _
fla)=e- (11-251)6 =0

(5.11)
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and the solution was found by iterating §; in the manner

£ = gl _ F(D) (5.12)

={ —

FE
where ? is the iteration number and f'(§,) is the derivative of f(&):

3
ey = 120 +4£z;§21 * 51»43‘;)(1 +6) (5.13)

The MSA expression for the solvation energy is used to calculate the change

in {ree energy in transferring electrolyte ions, at infinite dilution, from water to a
mixed-solvent. The mixed-solvent consists of water and one or more compounds
which are either polymers or alcohols. In order to calculate the change in free
energy the dielectric constant ¢, and diameter of the mixed-solvent “hard spheres”
must be Rnown. For a mixed-solvent there is no “correct” hard-sphere diameter
since the mixture contains several molecular species. As discussed in Chapter 6,
the hard-sphere diameter of the mixed-solvent is assumed to be independent of
composition and equal to the diameter of 2 molecule of water®. The calculation of

the mixed-solvent dielectric constant is discussed In the next section.

5.2 The Bromley Equation for GE

There are many models for describing the thermodynamic behavior of electrolyte
solutions. One of the oldest and most widely known of these models is that proposed
by Debye and Huckel {1923). This model assumes that ions are spheres of material

3In the work of Blum and Fawcett (1992), the diameter of the solvent hard spheres was adjusted
to match the predictions of the model with experimental data for the solvation energies of several
ions in 17 pure solvents. Since cations were considered separately from anions, two “effective”
diameters were calculated for the same solvent.
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of the same dielectric constant as the solvent with point charges embedded in their
cores. The solvent is treated as a continuum of fixed dielectric constant. The
Boltzmann distribution function is used to express the distribution of ions around
a central one and the electrical potential due to these ions is calculated using a
linearized form of the Poisson—Boltzmann equation in which only the first two
terms of an infinite series are retained (Zemaitis et al., 1986). The calculation of
the free energy takes into account only long-range electrostatic forces. The mean

ionic activity coefficient of salt(2), in a binary solution with solvent(1}, is

Inye = —A|zpz | VI (5.14)
where z; is the valence of ion ¢ and [ is the ionic strength of the solution, given by
I=m® (5.15)

and m is the molality of the salt:

10007,
5.1
~va (5.16)

m=

in which M, is the molecular weight of the solvent. The value of the constant ¢

depends on the electrolyte through:
&= [v,22 2 17
=3 [v.,.z_'_ + v_z_] (5.17)

The Debye-Huckel parameter, A, is a function of the solvent density, p,, dielectric

constant, €;, and the temperature

e 3 27 Napy
A= (_Es/ﬁ) 1’ 1660 (5.18)
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In this equation, e is the electron charge, & is Boltzmann’s constant and N, is
Avogadro’s number.

Since the Debye-Hiickel theory is based on a crude model of the electrolyte
solution, and since the model is solved only approximately, equation (5.14) is valid
only for dilute solutions of ionic strength 0.001 or less. This relation is called the
Debye-Hiickel Limiting Law.

There have been numerous modifications of the Debye-Huckel Limiting Law,
designed to extend the range of validity of the model to higher concentrations (Hor-
vath, 1985). One empirical extension of this model is that of Bromley (1973) which
represents the thermodynamic properties of a wide variety of aqueous solutions of
strong electrolytes. This model which requires only one adjustable parameter, de-
termined from data for each binary, is used to model the long-range electrostatic
interactions of GE.

The Bromley (1973) expression for the mean jonic activity coefficient of a salt

in a binary solution is

_ Alzgs VT | (0.06+0.6B) | 242 |1
In(10)(1 + ¢v7) (1+2=1)°

l=42=|

log 7y = +BI (5.19)

where A is the Debye-Hiickel parameter. The parameter g is set to 1 for most salts.
Each electrolyte-solvent pair has a characteristic value of the Bromley constant
B, which is obtained by matching the predictions of the model to experimental
data. This expression represents the mean ionic activity coefficient of electrolytes
at concentrations up to a molality of about 6 (Zemaitis et al., 1986). For more
concentrated solutions, the model can be extended by the addition of a second

term containing a second adjustable parameter, £. This two-parameter model, the
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Extended-Bromley equation, is described in Appendix G* .
The ionic strength of a solution with a mixed-solvent is calculated using equation

(5.15) where & is given by equation (5.17) and m is the molality of the salt based

on the mixed-solvent:

1000

m= —g— (5.20)
Ty e M,

The Bromley parameter B characterizes the interaction between electrolyte-
solvent pairs. The value characterizing the interaction between the electrolyte and
mixed-solvent, B, is obtained from those characterizing the constituent binaries

through a mixing rule based on salt-free solvent mole fractions:

Ns Ns=-1 Ns
Bn = Z(z‘,’)ng + z S ziaiby (5.21)
=1 =1 k=f+1

where B, is the value of B characterizing the interaction between solvent ¢ and the
electrolyte and b}, is a binary interaction parameter which is obtained from fitting
the model to binary experimental data. This mixing rule is similar to the commonly

used quadratic mixing rule but has the advantage that values of B, can be negative.
If

. =B+ By (5.22)

4Preliminary calculations involved the use of an excess Gibbs energy model in which the
electrolyte—solvent interactions of GEg were expressed using a modified form of the Pitzer (1973)
equation. The model, which contains 3 adjustable parameters per binary electrolyte—solvent pair,
was able to correlate liquid-liquid equilibrium data for aqueous biphasic salt systems. Comparison
of the resuits of preliminary calculations using the Bromley-Flory-Huggins model and the Pitzer-
Flory-Huggins expression indicated that only a small improvement in accuracy was obtained by
using the Pitzer equation.
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equation (5.21) reduces to the following linear form in composition:
Ng

B, =>_ z3B, (5.23)
=1

The propertics of the mixed-solvent are estimated from the properties of the
pure solvents making up the mixed-solvent. The properties of the solvent appear

in A,,, the Debye-Hiickel parameter for the mixed solvent:

3
_ e 2aNpApm 1/2
An = (\/QET) V1000 ~ A(T) 32 (5.24)

where p,, and ¢,, are the density and dielectric constant of the mixed-solvent, re-

spectively. The temperature dependent parameter A(T) is equal to 4.2017x108 /T3/2
kg!/? cm®? mol=1/2 g=112,
The next two subsections describe the methods used to evaluate the density and

dielectric constant of the mixed-solvent.

Mixed-solvent density

Most methods for estimating the density of a liquid solution of nonelectrolytes
require pure-compound critical properties or expressions for partial molar volumes
(Reid et al., 1977). Studies involving mixed-solvents and electrolytes (Rastogi and
Tassios, 1987; Jansson and Furzer, 1989; Macedo et al., 1990; Kikic et al., 1991) have
typically dealt with mixtures of water and aliphatic alcohols, for which accurate
volumetric data are available. However, the mixed-solvents in this study involve
polymers which are not well characterized in terms of molecular weight, solution
volumetric properties or critical properties. Preliminary calculations involving two

and three parameter Redlich-Kister polynomial expressions (Prausnitz, 1969) for
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the density of the mixed-solvent in terms of those of the pure solvents indicated
that use of complicated expressions for the density had little cffect on the calculated
phase equilibria. Thus, in order to reduce the complexity of the GE function, the
density of the mixed-solvent is calculated from the pure compound densities of its
constituents and the salt-free weight fractions of the solvents using the following

relation:

Ns
Pm = WEp; (5.25)

i=1
The salt-free weight fraction of solvent : is

n.-M.-
L . . 5.26
e, neMy (5.26)

Mixed-solvent dielectric constant

The dielectric constants of mixtures have been estimated using different mixing
rules. For mixtures of nonelectrolytes, Oster (1946) proposed a volumctrically
based mixing rule that requires expressions for the partial molar volumes of the
components. Modified forms of this mixing rule were used by Harvey and Prausnitz
(1987), Raastchen et al. (1987), Gering et ul. (1989), and Kikic et al. (1991).
Other studies (Harned and Owen, 1958; Rastogi and Tassios, 1987) involved the
use of mixing rules based on mole fractions. For electrolyte solutions, the dielectric
constant of the solvent is 2 function of the salt concentration {Akhadov, 1981) and
some electrolyte models have incorporated this dependence (Beutier and Renon,
1978; Ball et al., 1985).

Preliminary calculations involving the use of cubic polynomial expressions to

represent the changes in dielectric constant with solvent composition and salt con-
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centration yielded poor results for the prediction of phase equilibrium for the H,0-
NaCl-propanol system. The problem was similar to that reported by Rastogi and
Tassios (1987), where the derivative of the dielectric constant with respect to the
number of moles of a component gave a contribution to the activity coefficient
which was of the wrong sign. Since there are no accurate volumetric and dielectric
data for the polymer solutions in this study, the dielectric constant of the mixed-

solvent is calculated using a linear mixing rule based on salt-free mole fractions of

the solvents:
Ns
Em = Zz}’s,— (5.27)

=1

where the salt-free mole fraction of solvent 2 is

HE (5.28)

Substituting the parameters for the electrolyte-mixed-solvent in the expression

for the mean ionic activity coefficient, equation (5.19), and lumping constants,

Inqlr = la_l'_";/j? +3 f_ "‘;I)._, +Bal (5.29)
where

am = — | 247 | An (5.30)
Bm = In(10) | z42_ | (0.06 + 0.68.,) (5.31)
B, = In(10)B,, (5.32)
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and

1.5

| z42- |

N =

(5.33)

Using equation (5.29) an expression for the mole fraction-based activiyy co-
efficient 7™ of the mixed-solvent is obtained by integrating cquation (4.49), the
Gibbs-Duhem equation, as described in Appendix H. The excess Gibbs energy is
calculated using equation (4.48) as

GE
ET‘E =vn, ln'r;' +n,In (5.34)

where n, is the number of moles of mixed-solvent in the system

Ng
n, = Z n; (5.35)

i=1

The activity coefficient of the salt, 4%, is given by equation (5.29) while 7" is given
by:

i = =2 Do ¥ oDy + D B e, (5:36)
where
3 1
o= [1 +E= - 2h0l +5)] (5.37)
and
_2[1+2  hW(+8)]
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Equation (5.34) gives the expression for GEs/RT for the Bromley model. The
equivalent expression for the two-parameter Extended-Bromley equation is given

in Appendix G.

5.3 The Flory-Huggins Theory for GEsg

The Flory-Huggins theory of polymer solutions is the extensica of the regular so-
lution theory to mixtures containing large molecules. This model requires one
adjustable parameter for each pair of dissimilar components in the solution {see
Chapter 2) and has been widely used to describe liquid-liquid equisibrium in poly-
mer solutions (Scott, 1949; Flory, 1953; Tompa, 1956; Koningsveld and Staverman,
1968; Robard, 1978). It has been applied to aqueous two-phase systems containing
polymers by Walter et al. (1985), Gustafsson et al. (1986) and Zaslavsky et al.
(1989). The Walter et al. (1985) study used the Flory-Huggins theory to model
the partitioning of a protein in a two-phase system consisting of two polymers in
water. Gustafsson et al. {1986) examined the usefulness of the theory in modelling
the binodal curve of the dextran/PEG/water two-phase system. Zaslavsky et al.
(1989) used the model to analyze trends in experimental data for ternary aqueous
two-phase polymer systems. They calculated values of the interaction parameters
for quaternary systems containing salts, by treating the systems as pseudoternaries.

Here, the Flory-Huggins theory is used to describe solvent-solvent interactions in
the presence of salt because of its simplicity and accuracy®. The model describes the

thermodynamic properties of aqueous solutions of solutes of low molecular weight,

3Preliminary liquid-liquid equilibrium calculations were performed with an excess Gibbs energy
model based on a modified form of the Local-Composition Guggenheim model (Vera et al., 1977)
for GEss. The results of these calculations showed that the accuracy of correlations using this
model, which requires two more adjustable parameters per binary solvent pair than the modified
Flory-Huggins theory, was not significantly better than that of the Flory-Buggins theory.
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since the theory reduces to the regular solution theory (Hildebrand et al., 1970) for
low molecular weights. The effect of the salt is expressed through the interaction
parameters, which are functions of the system composition.

The Flory-Huggins expression for the change in Gibbs energy on mixing for a
polymer solution containing Ns components is (Tompa, 1956)

AG Ns Ns=1 Ng
(Z"IW) [E Inge+ D, X sz¢¢¢1¢} (5.39)

=1 =1 C=l k=t+1

where r; and ¢, are the number of molecular segments and volume fraction of com-
ponent £, respectively. The x, are binary interaction coefficients, similar to x;2
in Chapter 2, and there are {Ns — 1)Ng/2 different parameters for a solution con-
taining Ns components. The xu’s are independent of composition and dependent
on temperature and molecular interaction energy in the manner of equation (2.11).
The excess Gibbs energy can be obtained from AG,, using the relation

}C:; AGm —_— %nglnzg (5.40)

=1
where z; is the mole fraction of component £.

A modified form of the Flory-Huggins theory is used to describe the solvent-
solvent interactions in the presence of electrolyte for a system consisting of water,
one or more polymers or alcohols, and a single salt. The model is applied to the
solvents (water, polymers, alcohols) and is generalized to include parameters which
are dependent on salt concentration. For this system, consisting of Ng solvents and

one salt (Ng = Ns 4 1), the expression for the excess Gibbs energy is

E Ng Ns=1 Ns
= ( ”)[Zé‘ 1S S gase (5.41)

=1 =1 =1 k=l+l
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where z¢ is the sali-free mole fraction of solvent £ as defined in equation (5.28) and

¢? is the corresponding salt-free volume fraction

™nn;

¢ = AT (5.42)
Zaslavsky et al. (1988) found that a quaternary mixture of water, two polymers
and an electrolyte could be treated as a pseudoternary system of two polymers
dissolved in a water-salt pseudo-solvent. Binodal curve calculations revealed that
the presence of salt modified the value of polymer-solvent interaction parameters.
King et al. (1988) made similar observations using the virial expansion model of
Edmond and Ogston (1968). Here the binary solvent-solvent interaction parameters
X are assumed to depend on the concentration of salt in the system in 2 linear
manner®. With the subscript e denoting the electrolyte (salt),

Xek = X + TeXr (5.43)

where z. is the mole fraction of the electrolyte in the system

N,
N,
Zi=cl‘. n;

(5.44)

L, =

and x} is a parameter which characterizes the effect of salt on the molecular inter-
action energy between solvent £ and k. In the absence of salt, the model reduces
to the standard Flory-Huggins theory.

$Preliminary calculations using other, more complicated multiparametric functions, including
a second order polynomial, indicated that only a small improvement in the accuracy of correlations
is obtained over the linear model

125



AN EXCESS GIBBS ENERGY MODEL FOR MULTICOMPONENT LIQUID SYSTEMS. 5-4
5.4 The Bromley-Flory-Huggins model for G®

The Bromley-Flory-Huggins expression combines the MSA, the Bromley equation
and the modified Flory-Huggins theory. In the absence of polymer or alcohol, the
model reduces to the one adjustable parameter Bromley electrolyte-solvent model.
With no electrolyte present the model reduces to the one parameter per solvent
pair binary Flory-Huggins model.

This section presents the expressions for the activity coefficients of the solvents
and the electrolyte. As described in Chapter 4, these activity coefficients obey
the unsymmetric normalization. The reference state for the solvents (water and
polymer/alcohol) is the pure state while that for the salt is its state at infinite
dilution in water, solvent 1. From Chapter 4, the activity coefficient of a solvent 1 is

dGE|RT

Iny; = [——] + ln'yisd’ t=1,...,Ns (5.45)
on; TPy,
where
=1 )Nfa: ymM; i=1,...,Ns (5.46)
y =1-— ¢ = =L .
- 1000

M; is the molecular weight of solvent z and m is the molality of the salt. The

corresponding expression for the mean ionic activity coefficient of the salt is

1 l E
Inys = = [a—Ga—/R—T] T (5.47)
v Re T,Pruge
where
1N
hy®*=1--% =z (5.48)
Ve
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The excess Gibbs energy is the sum of three terms:
G = GE, « + GE + Gig (5.49)

The activity coefficients are obtained by differentiating the excess Gibbs energy
function as described in appendices I, J and K. Using equation (5.45) the activity

coeflicient for component ¢, which is a solvent, has the form:
InyP® = Iny™" + o + ln'y,f"n+ln7§d’ i=1,...,Ng (5.50)

where 7 is given by equation (1.3) in Appendix I, v is given by equation (J.7) in

Appendix J, and 4™ is given by equation (K.5) in Appendix K. The corresponding
expression for the salt is obtained from equation (5.47) and is equal to

Ini® = gt 4 oY + IR + Inqg® (5.51)

where 73" is given by equation (I.4) in Appendix I, 4% is given by equation (J.8)
in Appendix J, and 77 is given by equation (K.6) in Appendix K.
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Chapter 6

Phase Equilibrium Calculations for Multicomponent
Systems

This chapter describes the results of phase equilibrium calculations using the Bromley-
Flory~-Huggins model for ternary and quaternary aqueous two-phase systems con-
taining salt. The 11 systems studied here are listed in Table 6.1. Due to the nature
of the model, only systems with strong electrolytes were chosen. The quaternary
systems consisted of aqueous mixtures of Dextran-70, PEG 6000 and a strong elec-
trolyte. The first section of this chapter describes the estimation of parameters used
in the excess Gibbs energy model while the second discusses the results of binodal

curve calculations for ternary and quaternary systems.

6.1 Estimation of the values of parameters in G®

This section describes the estimation of the values of parameters used in the model
for the excess Gibbs energy. The first part discusses the choice of values for the jon
and solvent sizes used in GE, ... This is followed by 2 listing of the values of the
binary electrolyte-solvent parameter, B;, used in the GE.. The third part describes

the estimation of the size and the molecular interaction energy parameters, r and

128



PHASE EQUILIBRIUM CALCULATIONS FOR MULTICOMPONENT SYSTEMS. 61

Table 6.1: Systems studied

Ternary systems T(K) | References
1-Propanol-NaCl-H, O 298 this study
2-Propanol-NaCl-H.0 298 De Santis et al. (1976)
Acetonitrile-KBr-H20 298 Renard and Oberg (1965)
PEG 3350-Na,S04-H20 301 Ho Gutiérrez (1992)
PEG 8000-NaCl-H20Q 298 this study

PEG 8000-Na;S04-H,0 301 Ho Gutiérrez (1992)
PPG 425-NaCl-H.O 208 this study

PPG 725-NaCl-H,O 208 this study
Quaternary systems T(X) | References
Dextran-70T /PEG 6000/NaSCN/H20 | 296 | Zaslavsky et al. (1988)
Dextran-70/PEG 6000/Cs2S04/H.0 | 296 Zaslavsky et al. (1988)
Dextran-70/PEG 6000/Na2S0,4/H20 | 296 Zaslavsky et al. (1988)

T of number average molecular weight 28 700.
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Table 6.2: Marcus’ ionic diameters

anion D. cation D,
(om) (am)
Cl- 0.366 K* 0.268
Br~ 0.388 Na* 0.196
S03- 0.480 Cst 0.338
SCN- 0.447*

= value is obtained from Marcus et al. (1988)

Xek, of GEg for binary alcohol- and polymer-water mixtures using experimental
vapor-liquid equilibrium (VLE) data.

MSA diameters for GE .,

The values of the diameters of ions determined by Marcus (1983) are used for
D, g.nd D_. These diameters are listed in Table 6.2. As discussed in Chapter
5, the diameters of mixed-solvent molecules are assumed to equal that of a water
molecule. From the Bjerrum quadrupolar model of the water molecule (Franks,
1984), the diameter of solvent molecules is 0.282 nm.

The predictions of molar solvation energies for the Na* ion in solvents of differing
dielectric constants, using the MSA and Born equations, are presented in Figure 6.1.
The absolute value of the solvation energy predic_té;d by the MSA equation is smaller
than that predicted by the Born equation. Values for the MSA solvation energy are

based on a solvent diameter equal to that of 2 water molecule. The effect of reducing
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the diameter of the solvent is to increase the magnitude of the solvation energy
predicted by the MSA and in the limit of a vanishingly small solvent diameter, the
predictions of the two models are equal.

The MSA and Bromley equations require values of the dielectric constants of
pure solvents. Table 6.3 lists the dielectric constants used in this study. The values
for the polymers are estimated form those of polymers with a similar molecular
structure {Van Krevelen and Hoftyzer, 1976). The dielectric constant values corre-
spond to 298 K although for the PEG systems the values are used in equilibrium
calculations at 301 K and 333 K.

The electrolyte-water parameter for GE.

In the absence of alcohol or polymer the Bromley-Flory-Huggins model reduces to
the Bromley equation for the mean ionic activity coefficient of an electrolyte in a
binary aqueous solution, equation (5.19). For each binary solution, the Bromley
equation has one adjustable parameter B;. The value of this parameter was deter-
mined for many binary aqueous electrolyte solutions by matching the predictions
of the model with experimental data.

The values of the parameters are presented in Table 6.4. As examples, the
predictions of the model using optimal values of the parameter for aqueous solutions
of NaCl and Na,SQy,, at 298 K, are presented in Figure 6.2. The predictions of the
Bromley model deviate from experimental data ac high salt concentration. For
weak electrolytes such as K3PQ,, and other electrolytes of the 2:2 type, such as
MgSOy, the model does not predict 4 as accurately (Zemaitis et al., 1986).
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Figure 6.1: Predictions of the MSA and Born equations for the solvation energy of
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Table 6.3: Dielectric constant values at 298 K

Compound | Dielectric constant | Reference
water 78.5 CRC (1986)
1-propanol 20.3 CRC (1986)
2-propanol 18.3 CRC (1986)
Acetonitrile 343 Akhadov (1981)
PEG 3350 3 estimated
PEG 4000 5 estimated
PEG 6000 3 estimated
PEG 8000 L] estimated
PPG 425 5 estimated
PPG 725 5 estimated
Dextran-70 3 estimated

-1

Table 6.4: Values of the Bromley equation parameter (Zemaitis et al., 1986)

binary

aqueous B,
solutions of

KCli 0.0240
KBr 0.0296
NaCl 0.0574
NaSCN 0.0758
Cs,504 -0.0012
Na,S04 -0.0204
K,50, -0.0320
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Figure 6.2: Experimentally determined and calculated values of 44 for NaCl and
Na2,50, at 298 K. Experimental values are from Zemaitis et al. (1986)
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Table 6.5: Valucs of r determined using the ratio of molar volumes

Compound | Density | Reference Molecular | Reference ]
(g/ml) weight*

l-propanol | 0.8035 { CRC (1986) 60.1 CRC (1986) 4.16
2-propanol | 0.7855 | CRC (1986) 60.1 CRC (1986) 4.25
Acctonitrile | 0.7857 | CRC (1986) 411 CRC (1986) 291
PEG 3350 1.2 Albertsson (1986) 3 400 He Gutigrrez (1992) 155.1
PEG 6000 1.2 Zaslavsky et al. (1989) 6 000 Zaslavsky et al. (1989) | 277.8
PEG 8000 1.2 Albertsson (1986) 8 000 Aldrich Chemical Co. | 370.4
PPG 425 1.05 | Aldrich Chemical Co. 425 Aldrich Chemical Co. | 22.5
PPG 725 1.05 | Aldrich Chemical Co. 725 Aldrich Chemical Co. | 384
Dextran-70 1.6 Zaslavsky et al. (1989) | 28700 | Zaslavsky et al. (1989) | 974.6

* number average molecular weight

Values of the solvent molecular size parameter r

Two methods of determining the value of r were examined. Initial calculations

used a value of r determined using the ratio of molar volumes, equation (2.22).

For polymers the molar volumes were estimated using density data. The values

of r obtained using ratios of molar volumes are shown in Table 6.5. The results

of VLE calculations, described in the next section, indicated that for the alcohols,

acetonitrile and PPG, use of molar volume based r’s resulted in poor correlation

of VLE data (see Figures 6.3 and 6.4). Hence calculations for these systems were
done with values of r determined by matching the predictions of the Flory-Huggins

model with experimental VLE data.
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Determination of solvent—solvent interaction parameters from VLE

For the ternary systems studied here, the binary alcohol- or polymer-water mix-
tures formed in the absence of salt are not biphasic liquids at the temperatures at
which binodal curves were determined. If VLE data at the temperature of interest
are available, it is possible to obtain values for binary alcohol- and polymer-water
interaction parameters x§..

The criterion for equilibrium between vapor and liquid phases is that for each
component the values of its fugacity in both phases are equal. For a binaty alcohol-

or polymer-water system, this is expressed as
=5t i=1,2 (6.1)

where f; is the fugacity of component ¢ and the superscripts V and L denote the
vapor and liquid phases. For an ideal vapor phase with mole fractions y and a
nonideal liquid phase with mole fractions z, equation (6.1) is (Smith and Van Ness,
1987)

yiP = 2y P? i=1,2 (6.2)

where +; is the activity coefficient of component i, P is the system pressure and
P? is the vapor pressure of component i. For the alcohols and acetonitirile, VLE
data is available in the compilation by Gmehling et al. (1977). These data are
measurements of equilibrium pressures and vapor phase compositions corresponding
to liquid compositions at a fixed temperature. For 2 given system at a fixed T and

Z3, the Flory-Huggins model can be used to calculate v; and P and y» using the
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following relations:

P =zynP} + 2272 P} (6.3)
and

= 200 (6.4)

In order to determine the values of binary alcohol- and polymer-water interac-
tion parameters the calculated P and y; were compared to experimentally deter-
mined values. For the alcohols and acetonitrile, for each binary system of water(1)
and alcokol(2), the value of x{, was determined by matching the predicted P and y»
to values measured experimentally. The optimal value of x$, minimized the follow-
ing maximum likelihood objective function over Ng experimental points (Prausnitz
et al., 1980)

Z E (P — Pk 4 e (6.5)

where P and Pf are the meésured and estimated pressures for experimental point &,
respectively. The measured and calculated vapor mole fractions are y; and g,
respectively, while op, 2nd oy, are the standard deviations in experimental mea-
surements of P, and y;. For the aqueous alcohol and acetonitrile binary systems
the solution pressures reported by Gmehling et 2l. (1977) are in the range 23-
120 mmHg and the uncertainty in the measurements is estimated to be =:0.05
mmHg. Similarly the uncertainty in the vapor phase compositions is estimated to
‘be £0.0005. It is assumed that the uncertainty in the experimental data is the
same for all data points. Assuming that the uncertainty in the data corresponds to
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a 95% confidence interval, then op = 0.05/3 mmHg and &, = 0.0005/3. For high
molecular weight polymer systems of PEG and Dextran, the estimated uncertainty
is £:0.003 mmHg and for these systems, op = 0.003/3 mmHg.

For the Bromley-Flory-Huggins model with r determined using the ratio of
molar volumes, values of x3, were calculated by minimizing F,, given by equation
(6.7), using Powell’s multidimensional method (Press et al., 1989). The results of
predictions of P and y, using optimal parameters were poor, as shown in Figures 6.3
and 6.4, which compare calculated and experimentally determined values for the
water(l) and l-propanol(2) system. In order to improve the VLE correlations of
this model, both r and x12 were varied to minimize F,. The result was a significant
improvement in the predictions of P and y2. Vapor-liquid equilibrium data are
available for some of the water-polymer binary systems of this study. Since polymers
are nearly nonvolatile, the experimental data consists of liquid compositions with
corresponding solution pressures P at a fixed T. Assuming that the vapor phase is
water vapor in the ideal gas state, the equality of the chemical potential of water
in both phases yields (Tompa, 1956):

P
P_i' = I (6-5)

where P} is the vapor pressure of water. Using the Flory-Huggins model for the

activity coefficient of the water in the liquid phase, P can be calculated as
P = :L‘fhP; (6.7)

Optimal values of the parameters for the model can be obtained by minimizing F,,
with the mole fraction term on the right hand side set to zero. Calculations for

the PEG 3350-water system, shown in Figure 6.5, indicate that the Flory-Huggins
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P (mmHpg)

FHwith radjusted

' [ ' i T ] 7
04 0.5 08 1

mole fraction 1-propanol

Figure 6.3: Experimental and calculated values of P for the water-i-propanol bi-
nary system at 298 K (experimental values from Gmehling et al, 1977). The

Flory-Huggins theory is denoted by FH.
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Experiment  FH with r adjusted FH with r fixed
| |

- e e ‘

vapor phase mole fraction 1-propanol

liquid phase mole fraction 1-propanol

Figure 6.4: Experimental and calculated values of y; for the water—1-propanol
binary system at 298 K (experimental values from Gmehling et 2l., 1977). The
Flory-Huggins theory is denoted by FH. '
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Table 6.6: Optimal values of X3 and r for the Bromley-Flory-Huggins Model

one parameter® two parameter

reference
compound x12 apt Ayt r x12 AP Ay T(K)

l1-propanol | 1.272 | 361 | 0085 | 198 | 1.513 | 0.57 | 0.0079 | 298 | Gmehling et al. (1977)
2.propanal | 1218 | 628 | 0.084 | 1.63 | 1369 | 058 | 0.0038 | 298 | Gmehling et al. (1977}
Acetonitrile | 1515 | 1683 | 0071 | 147 | 1976 | 6.48 | 0.0390 | 303 | Gmehling et al. (1977)

PPG 400 1.318 | 4.54 - 6.07 | 09482 | 0.25 — 303 | Maleobn and
Rowlinson (1957)
PEG3350 | 0426 [00135 | — | — - - - 298 | Haynes et al. (1889)

PEG 8000 0.464 | 0.0149
Dextran-T0 | 0.511 | 0.0141

- 298 | Haynes ct al. (1989)
_ 298 | Haynes et al. {1989)

* r from ratio of molar volumes from Table 6.5

; AP:JZE:I(&—P,:P
Ng

I Ay = J Zg:l(yk - yﬁ)z -
Ng

model with a molar volume ratio based r accurately correlates the vapor pressure

data. The results of the VLE correlation are presented in Table 6.6.

6.2 Calculation of liquid-liquid equilibrium

Ternary systems

Liquid-liquid equilibrium calculations were performed for 8 systems. For each
ternary system, the Bromley-Flory-Huggins model contains five adjustable param-

141



[+]
i
[

PHASE EQUILIBRIUM CALCULATIONS FOR MULTICOMPONENT SYSTEMS.

2380
7 Experiment
295 -
FH with r adjusted
300 —
= 2365 —
E
-9
360 —
2355 —
2350 —
z“s + I [] I ) I ] i 4
1] 0.0005 0.001 0.0015 0.002 0.0025
Mole fraction of PEG 3550

Figure 6.5: Experimental and calculated values of P for the water-PEG 3350 binary
system at 298 K (experimental values from Haynes et al., 1989). The Flory-Huggins
theory is denoted by FH. ’
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eters: By, By, bY,, x5, and x},. As described in the previous section, values of B,
and x3, were obtained using binary data. The values of the remaining three param-
eters were determined using liquid-liquid equilibrium data for the ternary system.
For a given ternary system, the optimal set of values of By, 8%, and x}, minimized

the following objective function’

F,= Nig‘; JNZ‘; (ks - w{;)’ + \Ji (wife — 1.0,!,!«)2 (6.8)
where wf is the experimentally determined weight fraction of component j in
phase I for tie-line i. The corresponding calculated weight fraction of component
i in phase [ is w{f and the objective function is calculated over Ng tie-lines. The
minimization? of the objective function was accomplished using a routine based on
Powell’s multidimensional method (Press et al., 1989).

The results of binodal curve calculations using optimal values of the parameters
are presented in Figures 6.6 to 6.10 and Table 6.6. The binodal curves of the 1-
propanol and 2-propanol systems, Figures 6.6 and 6.7, are well represented by the
model. The predictions of the model for the l1-propanol system are compared to
those obtained by Dahl and Macedo (1992) using a MHV2 group contribution equa-
tion of state method. The results of the Bromley-Flory-Huggins method are more

1t should be noted that the summation of weight fraction differences runs over N¢ ~ 1 com-
ponents cnly; if all the components are included in the summation, as is often done {Sgrensen and
Arlt, 1980b), the fit is biased since }; w; = 1.

2For the 1-propanol system, VLE data for the ternary salt system at 1 atm pressure (Johnson
and Furter, 1960) were used to obtain initial estimates of the values of the parameters. Liquid-
liquid equilibrinm calculations using these parameters yielded a binodal curve that was close to the
experimentally determined one. For the other systems no systematic method for obtaining initial
estimates of parameters was available. For many sets of initial estimates the results converged to
the trivial solution in which both phases have the same composition. )
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Table 6.7: Optimal parameters for ternary systems

systems T(K) | B2 2  xla

1.Propanol-NaCi-H,O |298 | 10.53 | 2.80 | -3.81
2-Propanol-NaCl-H,O (298 (854 | 1.94 | -197
Acetonitrile-KBr-H20 | 298 | 9.55 |-3.43 [ -11.11

PEG 8000-NaCl-H,0 208 |11 156 | 89
PEG 3350-Na,504-H20 [ 301 | 0.0 9.5 | 9.64
PEG 8000-Nap,504-H20 | 301 |55 831 | 10.5

PPG 425-NaCl-H;0 298 [1321) 432 | 764
PPG 725-NaCl-H20 298 | 165.5 | -3.13 | 35.75

accurate. However, the compositions of the salt-rich bottom phases are more ac-
curately represented than the alcohol-rich phases. The range of predicted propanol
concentrations in the top phases is smaller than that determined experimentally.
The calculations for the NapSO4~PEG 3350 system, Figure 6.8, are less accurate,
with the model predicting less polymer in the bottom phases than is observed ex-
perimentally. Comparison of the results of the Bromley-Flory-Huggins model with
that proposed by Cabezas et al. (1990b)® confirm this observation. For the PPG

systems the predictions are accurate although the errors are similar to those for
alcohol and PEG systems.

3The results of calculations using this model were provided by Kabiri-Badr (1990) and corre-
spond to a temperature of 208 K
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Figure 6.6: Experimental and calculated binodal curves for the 1-propanol/
NaCl/water at 298 K

145



PHASE EQUILIBRIUM CALCULATIONS FOR MULTICOMPONENT SYSTEMS.

6-2

30
Experiment, Do Santis ct al. (1976)
4 ———-
Bromley-Flory-Huggins model
25 —
20 —

NaCl concentration (wi%)
G
}

=
o
]

0 T | T | T l T I T
0 20 . 40 60 80 100
2-Propanol concentration (wi%)

Figure 6.7: Experimental and calculated binodal curves for the 2-propanol/
NaCl/water at 298 K
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Figure 6.8: Experimental and calculated binodal curves for the PEG 3350/
Na,S0,/water at 301 K
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Figure 6.9: Experimental and calculated binodal curves for the PPG
425/NaCl/water at 298 K -
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Figure 6.10: Experimental and calculated binodal curves for the PPG

725/NaCl/water at 298 K
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Quaternary systems

Calculations were performed for three quaternary systems containing Dextran-70,
PEG 6000 and either NaSCN, Cs;S0O, or Na,SO,. All three systems contain salt
at an overall concentration of 0.10 mol/kg. The values of the polymer-water and
polymer-polymer interaction parameters xs were determined using liquid-liquid
equilibriumn data in the form of the binodal curve for the two polymers at 296 K (Za-
slavsky et al., 1989). These parameters are x;2 = 0.5, x13 = 0.456, and xq3 = 0.038
where water is component 1, Dextran is component 2, and PEG is component 3.
Preliminary calculations with these systems indicated that the parameters B, and
B; do not have a significant effect on the phase equilibrium, hence they were set
to zero. The resulting quaternary model has 5 adjustable parameters x1,, X135+ X33
b%, and b};. The optimal sets of values of these parameters were determined in a
manner similar to that used for the ternary systems. However, in order to improve
the sensitivity of the objective function to differences in salt concentrations, the
values of which are much smaller than the polymer concentrations, the weight per-
cent differences in equation (6.8) were converted to relative values by dividing the
differences by the experimentally determined values,

The results of liquid-liquid equilibrium calculations for the three systems are
presented in Tables 6.8-10 and Figures 6.11-13. For all three systems the model
accurately correlates the equilibrium data, even for the salt which is present at a
low conce.ntration. The figures show the binodal curve for the polymers, in weight
fractions which account for the salts. The curves for the three systems are similar
since the salts are present in low concentrations. Optimal sets of values of the

parameters are presented in Table 6.11.
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Table 6.8: Expcrimental (wt%E) and calculated (wt%C) liquid-liquid equilibrium

for the Dextran-70/PEG 6000/NaSCN /water system at 295 K

Phase I
Dextran-70 PEG 6000 NaSCN
T-Line | wt®%E" | wt%C | wt%E | wt%C | wt%E | wt%C
1 0.4 02 16.5 179 0.92 0.72
2 0.6 0.3 14.8 16.0 0.91 0.72
3 1.1 0.6 12.1 129 0.89 0.74
4 1.7 1.1 10.5 11.0 | 0.87 0.76
5 3.0 2.1 8.5 551 086 0.77
-
Phase II
Dextran-70 PEG 6000 NaSCN
T-Line | wt%E | wt%C | wt%E | wt%C | wt%E | wt%C
1 29.1 25.9 0.2 1.0 0.69 0.87
2 26.6 23.5 0.3 1.2 0.70 0.86
3 21.9 19.3 0.6 1.7 0.72 0.85
4 19.0 16.8 0.8 1.9 0.74 0.84
5 16.1 14.6 1.3 2.1 0.75 0.83

* experimentally determined value (Zaslavsky, 1988).
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Figure 6.11: Experimental and calculated binodal curves for Dextran-70 and PEG

6000 in the presence of NaSCN at 296 K
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Table 6.9: Experimental (wt%E) and calculated (wt%C) liquid-liquid equilibrium
for the Dextran-70/PEG 6000/Cs;SO,/water system at 296 K

Phase I
Dextran-70 PEG 6000 Cs280,
T-Line | wt%E | wt®%C | wtRE | wt%C | wtRE | wt%C
1 0.2 0.02 176 17.3 2.39 2.69
2 0.3 0.03 16.1 15.5 2.49 2.78
3 0.6 0.03 13.3 1238 2.73 2.84
4 1.7 0.05 9.8 9.8 2.95 301
Phase II
Dextran-70 PEG 6000 Cs2504
T-Line | wt%E | wt%C | wt%E | wt%C | wt%E | wt%C
1 274 | 28.1 0.2 0.2 4.80 4,54
2 24.8 26.2 0.3 0.3 4.71 4.50
3 20.6 21.7 0.5 0.7 4.48 4.40
4 15.3 16.3 1.0 1.3 4.26 4.15
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Figure 6.12: Experimental (wt%E) and calculated (wt%C) binodal curves for
Dextran-70 and PEG 6000 in the presence of Cs,SO; at 296 K
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Table 6.10: Experimental (wt%E) and calculated (wt%C) liquid-liquid equilibrium
for the Dextran-70/PEG 6000/Na,SO,/water system at 296 K

Phase I
Dextran-70 PEG 6000 Na,SO4
T-Line | wt%E | wt%C | wt%E | wt%C | wt%E | wt%C
1 0.2 0.1 18.2 17.7 1.08 1.17
2 0.3 0.2 16.5 15.9 1.11 1.20
3 0.7 0.4 13.7 13.0 1.17 1.24
4 1.8 1.1 9.9 9.4 1.24 1.29
S5 3.0 1.7 8.0 7.9 1.31 1.32
Phase I1
Dextran-70 PEG 6600 Na,S04
T-Line | wt%E | wt%C | wt%E | wt%C | wt%E | wt%C
1 26.5 26.2 0.2 10 1.730 | 1.630
2 24.3 23.9 0.3 11 1.700 | 1.606
3 20.2 19.6 0.4 1.6 1.650 | 1.568
4 14.8 143 1.0 2.2 1.580 | 1.508
5 11.8 12.0 2.0 2.5 1.520 | 1.489
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Figure 6.13: Experimental and calculated binodal curves for Dextran-70 and PEG

6000 in the presence of Na,SO; at 296 K
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Table 6.11: Optimal parameters for quaternary systems

salt X1z xia X% b1a b8,

NaSCN | 0.349 | 2.880 | -0.056 | 119.3 |} 21.48
Cs250,4 | -4.48 | 1115 | -1.746 | 23.82 | 34.82
Nap80, | -1.078 | 2.76 | -2.807 | -25.92 | 20.82
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Chapter 7

Conclusions, Contributions and Recommendations

7.1 Conclusions

Liquid-liquid equilibrium experiments for locating the binodal curve and tie-lines of
ternary systems were performed for alcohol-, surfactant- and polymer-NaCl-water
mixtures. The systems investigated are listed in Table 7.1. For the 1-propanol
and poly(propylene glycol) mixtures complete phase diagrams were determined, in-
cluding regions of solid-liquid coexistence. For the poly(ethylene glycol) system,
the complete two-liquid region of the phase diagram was determined. For the
n-dodecylammonium chloride system only that part of the phase diagram corre-
sponding to two isotropic liquids was characterized.

The binodal curves of the 1-propanol, poly(ethylene glycol), and poly(propylene
glycol) systems have a similar shape. For these systems, the top phases are rich
in aleohol or polymer while the bottom phases contain most of the NaCl and wa-
ter. The shape of the binodal curve of the n-dodecylammonium chloride system
is different from those of the other systems. Most of the surfactant is in the top
phase while the NaCl is nearly evenly distributed between the phases. For a par-

ticular temperature, the effect of increasing the weight average molecular weight
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Table 7.1: Systems studied experimentally

System Temperature (K)
1-Propanol—NaCl—H,0 298
n-Dodecylammonium chloride—NaCl—H,0 303
Poly(ethylene glycol) 8000—NaCl—H20 333
Poly(propylene glycol) 425—NaCl—H20 278, 298, 333
Poly(propylene glycol) 7256—NaCl—H20 278, 298

of the poly(propylene glycol) fraction is to increase the size of the biphasic region.
Similarly, for a given fraction of poly(propylene glycol), the effect of increasing the
temperature is to increase the size of the two phase region.

A modified form of the Flory-Huggins theory was used to calculate liquid-liquid
equilibrium for binary aqueous liquid mixtures with closed-loop phase diagrams.
A new method for determining the value of r in the Flory-Huggins theory using
experimental liquid-liquid equilibrium data was tested. Two expressions for y,2(T)
were proposed. Ome of the expressions involves e“panding the interchange free
energy as a three-level partition function while the second is a polynomial function.
The liquid-liquid equilibrium data of 15 aqueous binary systems, in the form of
closed-loops and a UCT curve, were accurately correlated by the two expressions
for x12(T')-

A model for calculating liquid-liquid equilibrium in multicomponent biphasic
systems containing a single salt was developed. The model is based on a combi-

nation of the Mean Spherical Approximation and modified forms of the Bromley
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and Flory-Huggins expressions for the excess Gibbs energy. This model was used
to calculate liquid-liquid equilibrium for ternary and quaternary systems.

For ternary systems, the Bromley-Fiory-Huggins model contains 5 adjustabie
parameters. One of these, the Bromley constant 5, was obtained from mean ionic
activity coefficient data for salts in water. The Flory-Huggins binary interaction
parameter xg, was determined from binary alcohol~ and polymer-water vapor-
liquid equilibrium data. Three parameters were obtained from correlating liquid-
liquid equilibrium daia. For quaiernary systems, five parameters werc obtained
from liquid-iiquid equilibrium data. The model was used to calculate liquid-liquid
equilibrium data for 8 ternary and 3 quaternary systems. Depending on the system,
the resulis are more accurate or less accurate than comparable models from the

literature.

7.2 Original Contributions to Knowledge

Liquid-liquid equilibrium data for n-dodecylammonium-, poly(ethylene glycol}-
and poly(propylene glycol)-NaCl-water systems, including the determination of
the effects of temperature and molecular weight fraction on the binodal curves of
the poly(propylene glycol)-NaCl-water system.

Modification of the Flory-Huggins binary polymer solution model to allow the
accurate calculation of liquid-liquid equilibrium for binary aqueous systems which
have closed-loop phase diagrams.

Development of a model for the excess Gibbs energy of multicomponent aqueous
biphasic salt systems which combines modified forms of the Bromley and Flory-
Huggins expressions with the Mean Spherical Approximation. The model predicts

the binodal curve and tie lines of aqueous biphasic salt systems.
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7.3 Recommendations for Future Work

Collecticn of vapor-liquid equilibrium data for alcohol/salt /water and polymer/salt/water
systems of the aqucous biphasic type to provide information on the values of pa-
rameters in the excess Gibbs energy model.

Extension of the model to weak electrolyte buffer systems by substituting a
modified form of the Pitzer (1973) equation for the Bromley term in the excess

Gibbs cnergy function.
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Ai)pendix A

Evaluation of x,»(T) parameters

Once a value for r for a system is determined, it is possible to evaluate the val-
ues of temperature independent parameters of the function x12(T'). Two of these
parameters are determined from the critical consolute temperatures. The other pa-
rameters are chosen to best represent experimental data. The four models described
in Chapter 2 will be examined in order of increasing complexity.

In the simplest case, that of the Goldstein model of equation (2.4G), there are
three parameters, 3, 4 and ¢. For a given system 7 and ¢ are determined from the
critical consolute temperatures. First, the value of x;2 at the critical points, x5,
is calculated using ». This is possible since the criticality conditions of equations
(2.16-17) yield the following equation, which is valid at the upper and lower critical

consolute temperatures (Hill, 1960)

e _ (1+r)?
X1z = % (A'l)

The equation above gives the numerical value of X2 at T, and T;. At these critical



EVALUATION OF \12(T) PARAMETERS A

temperatures equation (2.46) also holds, i.c.

X2 _ B _ [ ol - ] 9
- T In 1+e:\p(Tm+a') (A.2)
and

X _ B _ [ el ] :
: T, In 1+exp(Td+a) (A.3)

Equating the latter two expressions, eliminating &, and solving for v yicids

ToTa | [exp(B/Tcu ~= Xh/?) = 1]
Ty —Tea exp(B/Te — xf2/z) — 1

Hence if the value of 8 is known, « can be calculated from the critical temperatures.

(A4)

Once v is determined, equation (A.2) or (A.3) can be used to calculate o.
The procedure followed for the one-bond model is similar to that above, except

that the value of two parameters, « and §8, must be known before v can be calculated

from

TeuTa [exp(a + B/Tew — X52/2) = 1] “

T T | explo  BITu = xiaf?) = 1 (A-5)

~ Equation (2.45) is applied at either of the critical temperatures, in a manner similar
to (A.2) or (A.3), and used to calculate . For the two-bond model, the most
convenient, approach is to estimate the values of 4, 7, { and X and tLen to calculate

o and B from the following relations:

= Ty — T In [ 1.0 + exp(o +v/Tu) + exp(A + (/Ta)

T T T |10+ explo +7/Te) + exp(N + C/Ten) (A5)

A-2



EVALUATION OF x;2(T) PARAMETERS A

and

_ Xiz _ i 0 SRR L
a== T +In|{l+ e:':p(Tﬂl +o)+ exp(Tcu + /\)] (A.T)

The parameters in the above mcdels are chosen to reproduce experimental
liquid-liquid equilibria data from co-existing weight or mole fractions at a series
of temperatures. The concentrations are converted to volume fractions using r de-
termined in the manner described in Chapter 2. Trial and error is used to select
values best representing observed compositions. For example, with the one bond
model, for each guess of & and B, the above procedure is used to calculate v and
0. These parameters are used in equations (2.38) and (2.45—46) to determine the
value of x12(T') for each temperature between the upper and lower critical consolute
temperatures for which there are experimental data on co-existing concentrations.
At each temperature, the value of x;2(T') is substituted into equations (2.14) and
(2.15) and these two equations are soived simultaneously to give the compositions
of the two coexisting phases.

This procedure is repeated for all temperatures for which experimental data are
available. The calculated and experimental compositions are compared and another
trial, using different values of @ and 8, is made. Suitable values of & and § should
minimize the following objective function (2.54) |

The coefficients in the polynomial expression for x12(T), equation (2.47), are de-
termined as follows: For each temperature, the concentrations, converted to volume
fractions, are used in equations (2.26) and (2.27) to calculate x1,(T) and x%4,(T);
The mean of these two values, X712(T'), is correlated to T using 2 polynomial. The
two critical temperatures are used to determine the parameters ap and a; while the

other four are chosen to best fit experimental data. For a given guess of ay, a3, a4
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and as, the parameter a, is calculated from the equation:
s . .
Tc‘u — 4 )
a =) a;|=—= AS
> (:r;, T (A-5)
following which qq is obtained as
5 3
a0 = x5 — > aT, (A.9)
i=1

For a fifth order polynomial, values of ¢z, a3, a4 and a5 are chosen to minimize an

objective function over Ng experimental points

Nz
F,= FZ; | 9§ — 35 | (A.10)
with
y; = (x0(T) - 20 — & T)/T* (A.11)
and
y; =az+as7 + a T2 + asT? (A.12)

For lower order polynomials the procedure is identical except there are fewer ad-
justable parameters.

Finally, for systems with only a LCT or UCT curve, each of the models has one
additional parameter. In these cases, one of the critical point relations, (A.2) or
(A.3), depending on the type of system, is used to calculate one of the parameters
in x:2(T). An example is the use of the one-bond model for a system with an UCT

curve. For each estimate of the parameters J, 7, and &, equation (2.45), applied at

A-4
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T, is used to calculate a. The optimal values of 8, 4 and ¢ minimize the objective

function of equation (2.54).

A-5



Appendix B

Values of x,2(T") parameters

The following tables present parameters of x12(T) determined by minimizing ob-

jective function (2.54). The contents are:
e Table B.1: Temperature independent parameters for the one-bond model.
o Table B.2: Temperature independent parameters for the two-bond model.
e Table B.3: Temperature independent parameters for the polynomial x2(T).

e Table B.4: Performance of different models — comparison of values of F, as

given by equation (2.54).



VALUES OF x12(T) PARAMETERS.

Table B.1: Temperature independent parameters for the one-bond model

System a B x10-3
PEG 2 290 -3.129 3.278
PEG 2 270 -3.127 3.323
PEG 2 180 ~3.130 3.211
1-Aza Cycloheptane -3.700 3.207
-Butoxyethanol -3.119 2.397
n-Butoxyethanol -3.753 2.566
2,6-Dimethyl pyridine -3.708 2.882
2-Methylpiperidine -3.075 2.819
3-Methylpiperidine -3.083 2.878
4-Methylpiperidine -3.522 2.914
Nicotine -3.924 3.248
1-Propoxy-2-propanol -3.736 2.832
2-Propoxy-1-propanol -3.720 2.806
Tetrahydrofuran -3.675 2.781




VALUES OF \12(T) PARAMETERS

]

Table B.2: Temperature independent parameters for the two-bond model

System o + x 10-3 A ¢(x10-3
PEG 2 290 -3.412 0.37762 1.187 | -1.24655
PEG 2 270 -3.036 [ -1.36946 | 0.956 | -1.36877
PEG 2 180 -0.371 [ -1.35690 | 1.191 | -1.38009
1-Aza Cycloheptane |-0.156 | -1.28942 | 1.061 | -1.34567
-Butoxyethanol 1.388 | -1.77860 | 1.366 | -1.41553
n-Butoxyethanol 1.804 -1.49597 1.356 | -1.27110
2,6-Dimethyl pyridine | 5466 | -3.70099 | 3.454 | -4.07752
2-Methylpiperidine 2.844 | -3.08769 |2.102 | -2.46870
3-Methylpiperidine 2.809 -3.08758 }2.102 ] -2.46870
4-Methylpiperidine 3.634 | -297380 |3.615| -4.07740
Nicotine -0.899 0.56417 1.709 | -1.18945
1-Propoxy-2-propanol | -4.075 0.43001 3.377 | -0.92951
2-Propoxy-1-propanol | -2.621 0.32599 2.805 | -0.92999
Tetrahydrofuran -0.965 0.42539 3.377 | -0.92949




VALUES OF x12(1") PARAMETERS.

Table B.3: Temperature independent parameters for polynomial x;12(T")

System ap; x 1073 az x 1075 agx 1078 ag x 104

PEG 2 290 1.52729383 | -0.457866914 | 0.626955160 | -3.25685740
PEG 2 270 1.52749170 | -0.457870000 | 0.626956346 | -3.25690164
PEG 2 180 1.52617208 | -0.457902926 | 0.626956998 | -3.25690000
1-Aza Cycloheptane | -6.43900923 | 1.513416185 | -1.769839190 | 8.23481916
i-Butoxyethanol -9.51396341 | 2.534245117 | -3.357510152 | 17.69031060
n-Butoxyethanol -17.72386878 | 4.689669998 | -6.187410000 | 32.55010000
2,6-Dimethyl pyridine | -3.63399094 | 0.932321130 | -0.119208520 | 6.06984654
2-Methylpiperidine -12.67431485 | 2.914178905 | -3.334140824 | 15.18249918
3-Methylpiperidine -4.29366426 | 1.015312291 | -1.193972407 | 5.58248060
4-Methylpiperidine -5.99608798 | 1.322663359 | -1.439946648 | 6.16779337
Nicotine -0.99042771 | 0.218957072 | -0.241611757 | 1.06064679
1-Propoxy-2-propanol | -3.69875618 | 0.933515331 | -1.171622886 | 5.84374912
2-Propoxy-1-propanol | 10.15741990 | 2.616534150 | -3.355899350 | 17.13874183
Tetrahydrofuran -9.62016800 | 2.537343688 | -3.353599557 | 17.75143759
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VALUES OF x12(T) PARAMETERS B

Table B.4: Performance of different models — comparison of values of F, as given
by equation (2.54)

Aqueous solutions of Goldstein One-bond Two-bond | Polynomial
PEG 2 290 0.0417 0.0158 0.0161 0.0088
PEG 2 270 0.0264 0.0205 0.0143 0.0129
PEG 2180 0.0361 0.0135 0.0135 0.0121
1-Aza Cycloheptane 0.1309 0.0564 0.0752 0.0603
+-Butoxyethanol 0.1402 0.0407 0.0394 0.0428
n-Butoxyethanol 0.1510 0.0311 0.0263 0.0154
2,6-Dimethyl pyridine | 0.0993 0.0284 0.0279 0.0314
2-Methylpiperidine 0.1898 0.1161 0.1206 0.1197
3-Methylpiperidine 0.1354 0.0749 0.0760 0.0843
4-Methylpiperidine 0.1365 0.0800 0.0783 0.0779
Nicotine 0.1518 0.0407 0.0400 0.0361
1-Propoxy-2-propanol 0.1247 0.0527 0.0416 0.0249
2-Propoxy-1-propanol 0.1335 0.0428 0.0377 _ 0.0167
Tetrahydrofuran 0.1347 0.0427 0.0313 0.0359
Cg-Lecithin 0.0499 0.0219 0.0242 0.0156
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Appendix C

Materials and calibration

This appendix presents information on materials and calibration methods used in

some of the experiments. The contents are:
e Table C.1: suppliers of compounds used in experiments.
e Table C.2: refractive index calibration data for 1-propanol-NaCl-water.
e Figure C.1: refractive index calibration plot for PEG 8000-NaCl-water.
e Table C.3: refractive index data for PEG 8000-NaCl-water.
o Figure C.2: refractive index calibration plot for PPG 425-NaCl-water.

o Figure C.3: refractive index calibration plot for PPG 725-NaCl-water.
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MATERIALS AND CALIBRATION

Table C.1: Suppliers of materials used in experiments

Compound Supplier
n-Dodecylammonium chloride | Aldrich Chemical Company
(> 99% wt) Milwaukee, Wisconsin
Poly{ethylene glycol) Sigma Chemical Company
(molecular weight 8000) St Louis, Missouri
Poly(ethylene glycol) Aldrich Chemical Company |
(molecular weight 425, 725) Milwaukee, Wisconsin
1-propanol American Chemicals Ltd

Montreal, Quebec

sodium chloride

Anachemia
Montreal, Quebec

C-2



MATERIALS AND CALIBRATION.

Table C.2: Refractive index data for 1-propanocl-NaCl-water at 2908 K

No salt

2.5% NaCl

5% NaCl

7.5% NaCl

10% NaCl

C,"

RI

C,

RI

C,

RI

Cp

RI

Cp

RI

0.0
10.0
20.0
30.0
40.0
50.0

1.3325
1.3410
1.3493
1.3555
1.3610
1.3679

0.0
10.0
20.0
30.0
40.0
50.0

1.3361
1.3447
1.3531
1.3591
1.3647
1.3698

0.0

8.0

16.0
24.0
32.0
36.0

1.3404
1.3475
1.3549
1.3600
1.3642
1.3668

0.0
5.0
10.0
15.0
20.0
22.0

1.3451
1.3497
1.3540
13579
1.3611
1.3624

0.0
3.0
6.0
9.0
12.0
15.0

1.3480
1.3520
1.3545
1.3574
1.3599
1.3620

12.5% NaCl

15% NaCl

17.5% NaCl

20% NaCl

22.5% NaCl

Cp

RI

C

RI

C,

RI

G

RI

C,

RI

0.0
2.0
4.0
6.0
8.0
10.0

1.3536
1.3557
1.3572
1.3595
1.3611
1.3628

0.0
2.0
4.0
6.0
8.0

1.3580
1.3600
1.3618
1.3635
1.3654

0.0
1.5
3.0
45
6.0

6.5

1.3628
1.3641
1.3655
1.3670
1.3682
1.3688

1.0
2.0
3.0
4.0
5.0

1.3673
1.3683
1.3692
1.3702
1.3712
1.3720

0.0
1.0
2.0
3.0
4.0

1.3720
1.3730
1.3740
1.3749
1.3758

* C,, is the concentration of 1-propanol in percent weight
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120

Measured Correlated with equation (3.1)

100

Concentration Na (ppm by weight)

Absorbance

Figure C.1: Representative calibration plot for atomic absorption spectroscopy
analysis of sodium
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Figure C.2: Refractive index calibration plot for PEG 8000-NaCl-water at 298 K
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MATERIALS AND CALIBRATION.

Table C.3: Refractive index data for PEG 8000-NaCl-water at 298 K

No salt 3% NaCl 6% NaCl

C,” RI C, RI G, RI
0.0 1.3318 3 1.3410 3 1.3468
6.5 1.3420 6 1.3450 6 1.3511
12.9 1.3485 10 1.3505 10 1.3564
19.2 1.3577 15 1.3572 15 1.3635
253 1.3667 20 1.3632 20 1.3708
31.3 1.3753 25 1.3722 25 1.3780
37.1 1.3841 30 1.3796 30 1.3862
429 1.3954 35 1.3874 35 1.3939
48.4 1.4033

53.9 1.4135

59.3 1.4212

* Cp, is the concentration of PEG in percent weight
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MATERIALS AND CALIBRATION.

Table C.4: Refractive index data for PPG 425-NaCl-water at 298 K

No salt 0.62% NaCl | 1.23% NaCl | 1.84% NaCl | 2.46% NaCl
G| R |G| ®mt |¢| & ¢ | m |c| m
0 [13323| 0 [1.33321 0 {13342 0 {13354 0 | 1.3365
5 [ 13387 5 | 13398} 5 113413 ] 5 | 13420 | 5 | 1.3430
10 }1.3456 { 10 | 1.3466 | 10 | 1.3479 | 10 | 1.3487 | 10 | 1.3500
15 | 13532} 15| 1.3535 | 15 | 1.3548 | 15 | 1.3558 | 15 | 1.3569
25 1 1.3668 | 20 | 1.3603 | 20 | 1.3617 | 20 | 1.3627 | 20 | 1.3640
35 [ 13795 | 25 | 1.3670 | 25 | 1.3680 { 25 ] 1.3695 | 25 | 1.3705
40 | 1.3868 | 30 | 1.3740 | 30 | 1.3754 | 30 | 1.3767 | 30 | 1.3777
45 | 1.3930 | 35} 1.3806 | 35 | 1.3819 | 35 | 1.3830 | 35 | 1.3842
S0 | 1.3995
55 | 1.4057
60 | 1.4111
65 | 1.4163
70 | 1.4216
75 1 1.4275
80 | 1.4322
85 | 1.4353
90 | 1.4405
95 | 1.4436
100 | 1.4456

* C, is the concentration of PPG 425 in percent weight
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Figure C.4: Refractive index calibration plot for PPG 725-NaCl-water at 298 K
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MATERIALS AND CALIBRATION

Table C.5: Refractive index data for PPG 725-NaCl-water at 298 K

Nosalt | 25% NaCl | 5.0% NaCl | 7.5%NaCl
¢’| ®m |c,| Rt |C,| R |[C,| RI
0 13318} 0 |1.3328{ 0 |1.3350 | 0 |1.3340
2 (13340 | 2 |1.3355 | 2 | 1.3378 | 4 | 1.3304
4 [1.3370 | 4 |1.3380 | 4 | 1.3406 | 6 |1.3422
6 |1.3398| 6 |1.3404{ 6 |1.3431 | 8 | 1.3448
8 |1.3423| 8 |1.3435 | 8 |1.3458 | 10 | 1.3471
10 | 1.3446 | 10 | 1.3458 | 10 { 1.3479

* C, is the concentration of PPG 725 in percent weight
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Appendix D

Experimental results

This appendix contains tabulations of experimentally determined compositions for

the binodal curves and tie-lines. The contents are:

o Table D.1: Results of turbidity titrations for the binodal curve of 1-propanol-
NaCl-water at 298 K.

e Table D.2: Results of tie-line experiments for 1l-propanol-NaCl-water at
298 K.

e Table D.3: Results of turbidity titrations for the plait point of 1-propanol-
NaCl-water at 298 K.

e Table D.4: Results of tie-line experiments for n-dodecylammonium chloride-
NaCl-water at 303 K.

e Table D.5: Results of tie-line experiments for poly{ethylene glycol) 8000~
NaCl-water at 333 K.

o Table D.6: Results of tie-line experiments for poly(propylene glycol) 425-
NaCl-water at 278 K. '
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e Table D.7: Results of tic-line experiments for poly(propylene glycol) 125
NaCl-water at 268 K.

e Table D.8: Results of tie-line experiments for poly(propylene glycol) 425-
NaCl-water at 333 K.

e Table D.9: Results of tie-line experiments for poly(propylene glycol) 725~
NaCl-water at 278 K.

s Table D.10: Results of tie-line experiments for poly(propylene glycol) 725~
NaCl-water at 298 K.
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Table D.1: Results of turbidity titration for 1-propanol-NaCl-water at 298 K

Two-liquid phase region
wi% propano! | wt% NaCl | wt% propanol | wt% NaCl | wt% propanol | wt% NaCl
6.2 18.3 232 74 43.7 4.4
6.7 17.7 26.1 6.8 49.7 3.5
8.0 15.6 26.9 6.9 594 2.6
10.1 13.0 284 6.3 63.8 2.2
12.2 11.7 3.7 6.1 69.6 1.7
18.3 8.7 3.7 54 81.0 1.2
18.3 8.8 39.7 48
Two-liquid and solid boundary
wt% propanol | wt% NaCl | wt% propanol | wt% NaCl | wt% propanol | wt% NaCl
11.3 21.6 404 13.5 9.3 9.4
248 18.0 45.0 12.3 58.1 B4
29.5 166 489 11.2 69.3 5.5
35.1 15.0 52.3 10.2
Single-liguid and solid boundary
wt% propanol | wt% NaCl | wt% propanol { wt% NaCl | wt% propanol | wt% NaCl
0.0 26.5° 90.0 0.7 96.8 0.2
84.7 1.2 91.8 0.5 98.0 0.2
86.4 1.0 3.7 0.4 99.3 0.2t
88.2. 0.9 95.6 0.2
solubility of NaCl in water

solubility of NaCl in reagent propanol
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Table D.2: Tie-line data for 1-propanol-NaCl-water at 298 K

Feed Top phase Bottom Phase
wt% propanol | wt% NaCl | wt% propanol { wt% NaCl | wt% propanol { wt% NaCl
30.0 7.0 60.6 2.60 17.3 9.1
30.0 8.0 705 2.10 13.1 11.2
30.0 10.0 75.6 1.55 10.3 14.6
30.0 12.0 809 1.28 52 18.1
30.0 14.0 83.7 1.10 2.4 216
30.0 16.0 85.4 0.93 2.3 238
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Table D.3: Results of turbidity titration for the plait point of 1-propanol-NaCl-
water at 298 K

Single phase region Two-phase region Volumes
wt% propancl | wt® NaCl | wt% propanol | wt% NaCl | Viep (ml) | Vioe (ml) | 200*Viot /Viop

- 32.28 5.88 3225 5.90 108.0 54.3 66.5
3287 5.78 32.85 5.80 106.0 53.7 664
33.46 5.69 3343 5.70 135.0 22.2 859
34.04 5.61 33.99 5.64 103.0 51.9 66.5
34.55 5.58 3453 5.59 870 65.7 57.0
35.08 5.46 35.03 5.49 825 68.3 54.7
35.81 524 35.66 532 750 3.5 50.5
36.22 5.19 36.07 5.28 69.0 78.0 469
36.52 5.22 36.48 523 63.0 825 43.3
3741 5.02 3724 5.10 54.5 88.4 38.1
37.88 4.97 37.72 5.06 54.0 g3 382
38.21 499 38.17 501 41.0 98.8 293
39,04 4.85 38.97 4.89 205 116.8 14.9
39.72 4.80 39.68 4.82 140 121.1 104
40.31 4.70 4027 4.72 0.1 133.3 0.1
4091 461 40.83 4.65 6.0 125.8 4.6
41.40 4,57 4136 4.59 5.0 1253 3.8
42.04 4.47 41.95 4.51 120 116.7 9.3
42.60 4.40 42.52 4.44 14.0 113.2 110
43.41 4.23 43.19 434 1.0 124.5 0.3
44.21 418 4398 4.29 13.5 110.0 109
44.84 4.11 44.60 4.22 100 1120 8.2
4548 4.04 45.24 4.15 11.5 109.0 9.5
46.15 3.97 45.90 4.08 120 107.0 10.1
46.83 3.89 46.58 4.00 120 105.5 10.2
48.50 3.74 4750 3.94 8.0 107.5 6.9
50.23 3.00
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Table D.4: Tie-line data for n-dodecylammonium chloride-NaCl-water at 303 K

Feed Top phase Bottom Phase
surfactant [M] | NaCl [M] | surfactant [M] | NaCl [M] | surfactant [M] | NaCl [M]
0.15 0.405 0.242 0.255 0.01 0.309
0.15 0.335 0.302 0.277 0.009 0.340
0.15 0.315 0.331 0.284 0.004 0.445
0.15 0.275 0.460 0.323 0.003 0.371

Table D.5: Tie-line data for poly(ethylene glycol) 8000-NaCl-water at 333 K

Feed Top phase Bottom Phase
wit% PEG | wt% NaCl | wt% PEG | wi% NaCl | wt% PEG | wt% NaCl
13.5 15.0 194 13.4 1.1- 19.0
13.5 15.0 20.0 13.1 1.9 18.4
125 17.0 26.3 12.5 0.5 20.5
9.0 22 36.2 11.7 0.1 24.9
7.5 23.0 399 114 0.05 25.8
—_ —_ 434 11.8 0.01 26.9




EXPERIMENTAL RESULTS_ D
Table D.6: Tie-line data for poly(propylene glycol) 425 at 278 K
Feed Bottom phase Top Phase
wt% NaCl | wt% PPG 425 | wt% NaCl | wt% PPG 425 | wt% NaCl | wt% PPG 425
7.1 422 8.6 16.4 1.5 75.3
8.4 42.3 109 12.7 1.5 79.5
.4 413 12.3 10.4 0.8 82.6
105 40.9 15.9 7.0 0.8 83.8
115 39.6 185 49 0.9 83.9
10.8 34.2 21.6 29 0.8 84.6
136 39.7 24.0 12 0.9 84.7
146 38.9 24.7 14 0.9 86.2
- _ 4.7 14 0.9 86.3
— —_ 24.7" 1.4 1.0 86.3
— — 24.8" 1.3 09 86.7

* solid NaCl present
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Table D.7: Tie-line data for poly(propylene glycol) 425 at 298 K

Feed Bottom Phase Top Phase
wt% PPG 425 | wt% NaCl | wt% PPG 425 | wt% NaCl | wt% PPG 425 | wt% NaCl
55.1 2.1 41.2 27 65.1 0.9
M4 23 34.0 38 68.7 0.7
54.0 2.5 2.1 4.8 70.9 0.5
40.5 4.7 23.4 6.4 74.2 0.5
38.6 5.6 21.5 6.8 76.1 0.4
37.0 6.5 16.8 8.4 78.8 0.4
35.4 72 13.7 9.8 80.5 0.4
34.0 79 10.2 11.5 81.6 0.3
32.7 3.6 8.5 12.5 82.8 0.3
47.0 7.6 4.8 16.1 83.6 0.3
45.9 8.0 4.0 17.2 84.5 0.3
44.4 9.6 3.0 18.9 85.0 0.3
43.9 10.5 2.3 19.7 86.1 0.3
40.1 13.0 1.9 23.2 37.3 0.3
—_ - 1.5 25.6" 89.3 0.4
* solid NaCl present
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Table D.8: Tie-line data for poly(propylene glycol) 425 at 333 K
Feed Top phase Bottom Phase
wt% PPG 425 | wt% NaCl | wt% PPG 425 | wt% NaCl | wt% PPG 425 | wt% NaCl
40.4 31 81.07 0.06 6.53 5.26
40.6 2.4 81.90 0.05 6.61 4.75
404 5.1 82.70 0.07 4.16 8.62
399 7.0 83.55 0.08 3.30 11.32
39.5 4.0 84.30 0.07 4.30 6.87
399 6.0 84.55 0.08 2.36 10.30
39.9 8.0 86.01 0.09 1.81 13.89
39.9 8.9 86.48 0.11 0.28 16.20
40.1 11.1 86.55 0.11 0.44 19.70
40.2 13.0 88.18 0.12 0.79 22.60
39.9 14.0 89.41 0.13 0.63 23.91
39.3 14.9 91.79 0.14 0.01 26.08
—_ - 88.25 0.18 0.21 26.99"
— —_ 89.45 0.17 0.07 26.89"
* solid NaCl present
/,-:, D'g
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Table D.9: Tie-line data for poly(propylene glycol) 725 at 278 K

Feed Top phase Bottom Phase
wt% PPG 725 | wt% NaCl | wt% PPG 725 | wt% NaCl | wt% PPG 725 | wt% NaCl
50.0 1.0 87.29 0.91 21.55 1.98
50.0 1.0 89.10 1.31 11.32 5.29
48.0 2.0 90.33 1.04 3.41 9.26
47.0 25 91.66 0.84 1.59 12.83
46.0 45 93.14 0.82 1.22 15.82
45.0 6.5 93.93 0.72 1.16 22.30
— — 93.99 0.64 1.36 25.18
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Table D.10: Tie-line data for poly(propylene glycol) 725 at 298 K

Feed Top phase Bottom Phase

wt% PPG 725 | wt% NaCl | wt% PPG 725 | wt% NaCl | wt% PPG 725 | wt% NaCl

52.0 20 87.53 0.13 19.31 0.75
50.0 3.0 87.57 0.18 17.75 1.08
47.0 50 88.28 0.23 11.31 2.92
44.0 7.5 88.37 0.13 13.04 2.39
41.0 9.0 91.27 0.44 4.43 6.19
36.0 14.0 92.04 0.58 2.84 9.11

- - 93.44 0.81 0.24 24.73
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Appendix E

Reference and standard states in multisolvent systems

This appendix describes composition-dependent reference and standard states for
salts in multi-solvent systems. The description involves the use of fugacities since
these variables better illustrate the dependence of the standard state propertics
of the salt on the solvent in the irfinitely dilute limit. In a system of the type
illustrated in Figure 4.1, the chemical potential of 2 component i is related to its

activity through

#: = pl + RTInaf (E.1)

where the superscript 8 indicates the standard state. The fuzacity, f;, is related to
the chemical potential through the following relation, valid for a fixed temperature:

dp; = RTdln f; (E.2)
Integration of the expression above, at a fixed temperature, yields

pi—p{ =RTInf: = RTIn f¢ (E.3)
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where f? is the fugacity of i when the system is in the standard state for i. Compar-
ison of equations (E.1) and (E.3) shows that the activity of 7 under given conditions
is the ratio of the fugacity of ¢ under those conditions to that in its standard state
=L (E.4)

v [
)

Binary solutions

For a binary solution of water(1) and a strong electrolyte(2), the activity of the salt
is given by equation (4.38):

@z =MLYy (E.5)

where my and 4z are the mean ionic molality and activity coeflicient, respectively.

The fugacity of a salt in an ideal solution (v =1) is
2 =mif (E.6)

Hence on a plot of f, versus mY, the fugacity of the salt in an ideal mixture
is a straight line which passes through the origin and through the value of the
fugacity of the salt at its reference state. If the unsymmetric convention for the
normalization of activity coefficients is utilized then the reference state for the salt,
at any temperature, is its state at infinite dilution in the solvent. Denoting this
reference state by the superscript oo, the fugacity of the salt in the system in the
standard state, from equation (E.6), is given by

fgé(ﬁ)°° (E.7)

mi

E-2



REFERENCE AND STANDARD STATES IN MULTISOLVENT SYSTEMS. E

Thus, in order to evaluate the standard state fugacity of the salt, one has to deter-
mine the ratio of the fugacity to the mean ionic molality at infinite dilution. Since
both properties tend to zero, the limit, using I'Hépital’s Rule, is the derivative of

the f, versus m% curve at infinite dilution.

v (£ _[dh .
#=dm, (L) - [m"] =kt P) (ES)

where k2, is independent of composition. Hence the standard state fugacity of the
salt is the slope of the f, versus m% curve at ma = 0. This corresponds to the
use of a hypothetical standard state at my = 1, as described in Chapter 4. The
relationships described above are illustrated in Figure E.1 which shows the fugacity
of an electrolyte in real and ideal binary mixtures. From equations (E.4) and (E.5)
the fugacity of the salt can be expressed as

fa =mivyikaa(T, P) (E.9)

In order to illustrate the complications arising from the use of a composition-
dependent standard state fugacity for a salt in a multi-solvent system, it is simpler

to express the composition of the salt in mole fraction. In this situation, the activity
of the salt is

a2 = T2z (E.10)

where z, is the mole fraction of the neutral electrolyte and 4 is the corresponding

mole fraction-based activity coefficient. Use of the unsymmetric convention means
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At fixed Tand P

f¥nmy £}

Fugacity

£2 =k, : ™~~~

0 1 my —
Figure E.1: Fugacity of salt in a binary system using the mean-ionic molality
that the standard state fugacity of the salt, following equation (E.8), is

f2 = lim (é) = [j%] . = H2,(T, P) (E.11)

z3~0 \ T2

Hence the standard state of the salt is the slope of the f; versus z, plot, as illustrated
in Figure E.2. This value of f{ corresponds to the fugacity of a hypothetical pure
liquid salt at the temperature of the solutiorn and is known as Henry’s constant.
In a binary system it is independent of the composition of the system. Although
the pressure can be fixed arbitrarily, here we use the pressure of the system, P, for

simplicity.
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Atfixed Tand P

-

"4
fz - :2H"1

Figure E.2: Fugacities of components in a binary system using mole fractions

Ternary solutions

For a ternary system composed of two solvents(1,2) and a salt(3), the situation is
different. Using mole fractions, the activities of all the components are given by
the product of their mole fractions and activity coefficients, as in equation (E.10).
Here, using the unsymmetric convention, the reference states for the solvents are
the pure compounds at the temperature of the system. For the salt, the reference
state is the state of the system when infinitely dilute in the salt, at an arbitrarily
chosen ratio of the solvents 1 and 2. If only the binary solvent(1)-salt(3) pair is

present, z, = 0 and z/z; = 0, and the standard state fugacity, Ha,,, following
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(E.10), is

Haz(T,P) = lim (é) = [gfi] (E.12)
#3=0 \ 3 za/71=0 z2 z3=0x2/01=0

Similarly, if only solvent 2 and the salt are present

H32(T,P)= lim (é) = [—aﬁ] (E.13)
=023/ oy /=0 9z, =02y fra=0

However, if the two solvents are present simultaneously the situation is more com-
plicated.

Following Van Ness and Abbott (1982), a thermodynamic molar property (z) of
a ternary system consisting of n; moles is related to the appropriate partial molar

property of one of the components, e.g. component 3, by
Ty=2z2 - — E.14
o=+ (1-2s) (o) ©14

where Z; is the partial molar property

_ [a(n.z)

Tz= |—4

E.15
ans ] T.Pnyinz ( )

and the subscript r indicates that the ratio of solvents {1) and (2) is held constant.
Hence the partial molar property of the salt, Z3, may be obtained from a knowledge
of the molar property, z, and its partial detivative with respect to mole fraction
when the ratio of solvents is held constant.

The logarithm of the fugacity of a solution taken as a whole, In f, is 2 thermody-
namic property similar to = {Van Ness and Abbot, 1979). For In f the appropriate
partial molar properties are the logarithms of the ratios of the fugacities of the
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individual components to their mole fractions In{f;/z;), and

11)._)“=:t:,‘lnﬁ+..":21n£2-+:t:3lné (E.16)
1 T2 I3

and from equation {E.4)

fi=znf? (E.17)

Equation (E.16) can be written as

Inf=zlnmff+zonrfl + z3mnfl (E.18)

The definition of a fugacity deviation function, Aln f, by subtraction of mole
fraction-scaled logarithms of the standard state fugacities, and comparison with
equation (4.48), shows that

Alnf = mf—zyInff —zInff —z;in f] (E.19)
= z;ln11+zzln7g+z31n13 (E.‘ZO)

E

- 9
= & (E.21)

where g€/ RT is the dimensionless molar excess Gibbs energy of the solution.
From equations (E.16) and (E.18) it is evident that when the system only con-

tains one of the solvents then

nf=Ihfi=hf (E.22)
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where f? is the pure component standard state fugacity which is 2 function of T

and P only. For the salt, substitution of In f for z in equation (E.14) gives

/3 (6 In f )
In==1In 1- E.23
" Z3 [+ -=) 9z3 TPz [z3 ( )
which in the limit of 3 — 0 1s
In Hs(T, P,zy) = lim 22 = In fuz + (a‘“f ) (E:24)
#=0z3 Oz3 T,Px1/z2

where fi; is the fugacity of the binary solvent system of composition . The partial
derivative term involves the slope of the logarithm of the solution fugacity, In f, for
the system as it becomes infinitely dilute in the salt. Both of the terms on the right
hand side of equation (E.24) depend on solvent composition.

The situation is illustrated in Figure (E.3), in which In f is plotted as a function
of the composition for a ternary two-solvent(1,2), one-salt(3) system. The base of
the prism represents the composition of the ternary system in triangular coordi-
nates, in a manner similar to Figure 3.12 for water(1)-propanol(2)-NaCl(3). The
vertical axis represents In f, given by equation (E.16), and the function is plot-
ted using bold curves. Since the salt is of limited solubility in both solvents the
fugacities do not extend all the way to the pure-salt vertex of the diagram. The
logarithm of the standard state fugacity of the salt in the binary 1-3 mixture, Hj,,
given through equations (E.16) and (E.12), is shown on the diagram. Similarly, if
only solvent (2) is present the logarithm of the standard state fugacity for the salt
is H3 2. When both solvents are present, a line extending from the pure-salt vertex
and intersecting the 1-2 axis of the triangular base indicates the composition of
ternary mixtures in which the ratio 2, /z, is fixed. “The components of the standard
state fugacity for the salt, described in equation (E.24), are shown. The Aln f
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function for binary solvent pair, and its relation to ¢®/RT in the absence of salt
is shown. The value of the standard state fugacity for the salt is dependent on the
composition of the two solvents and, thus, on the system composition,

It is difficult to determine experimentally and model correctly the variation
of Henry’s constant, Hi, with solvent composition, hence it is preferable to use
a standard state fugacity for the salt which is independent of composition. One
approach is to use a particular (fixed) value of H3, corresponding to a fixed solvent
composition indicated by the superscript *, as the standard state fugacity. If this
is done then, for a given T and P, the fugacity of the salt, from equation (E.17), is

fs = 2313 H3(T, P) (E.25)

where 43 — 1 only when the concentrations of the solvents tends to some fixed value
corresponding to state (z3/z]). The fugacity of the salt can also can be expressed

in terms of the activity coefficient 3 based on the composition-dependent standard

state discussed previously.
J3 = zaysHy(T, P, 1) (E.26)

with 43 — 1 as 23 — 0, at the concentrations of the solvents in the system. The
limit of 43 at infinite dilution in a mixture with solvent concentrations different
from those of state (*) can be obtained from equation (E.25):

- w1 fa I ) 1
Sy = I @ By — A (.1:3 H3(T, P) (E27)
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Inf;

Inf

fixed compositionx &, = r T m

Figure E.3: A plot of In f in a ternary two-solvent system (Van Ness and Abbott,
1982)
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From equation (E.26), and the normalization of ;.

}390 ('—:—E) = Ha(T, P, I:) (E?S)
and hence

. - HS(T':Ps .'171) D T4
A% = ~He(T, P) (E-29)

The latter equation shows that the limit of the activity coefficient 43 at infinitc
dilution is unity only if the concentrations of the solvents correspond to those of
state (x).

In this study, for multi-solvent systems, an activity coefficient of the type 3,
but based on molalities, is adopted. For this case, the fugacity of salt 7 in terms of

a solvent composition-dependent standard state is

fi = miavi o k(T P, z) (E.30)
while that for the standard state (*) of infinite dilution in solvent 1, water, is
fi= [mj.i'f;,:l:]y k;,(T, P) (E.31)

An analysis similar to that for the mole fraction-based activity cocflicients shows

that for a salt j in the multicomponent system of Figure 4.1

. v  k;(T,P,x)

1 - = 7 1° = .32
Jm, ] = 2R (E32)
where z are the mole fractions of Ns-1 solvents and k’s are the standard state

fugacities corresponding to the molality-based activities of equation (E.8). The
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solvation energy, or Born energy, term in the activity coefficient models the change

in k;(T, P, z)/k:,(T, P) with solvent composition z.

E-12



Appendix F

The Born equation

The electrical work, u, required to establish an electric field is calculated from the
following expression (Pitzer and Brewer, 1961):

u=jj§-d_1gdv (F.1)

where the variable E is the 3-dimensional field vector while D is the 3-dimensional
electric displacement vector. The volume integration dV is carried out over all
space while the field integral dD is performed from zero field to the final state. In
a vacuum D is proportional to £ with the scalar proportionality constant €,, the

permittivity of free space.
D=¢, E (F.2)

In an isotropic medium of dielectric constant £ (equal to Pitzer and Brewer’s €/¢,)

the vector D is proportional to E as follows

D=¢c, E (F.3)
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The introduction of polarizable material of dielectric constant ¢ to free space
containing fixed charges which generate an electric field leads to changes in the field

of magnitude

Ap=2_2 (F.4)
EE, Eo

and from equation (F.1), the work associated with the change in field in going from

vacuum to a medium of dielectric constant ¢ is

Au=-:—ofj(1-§);p_.dgdv (F.5)

If the charges generating the electric field are produced by an ion ¢ which is a charged
sphere of radius r; and charge g, then the field around the sphere is described by a

displacement vector D of radial orientation and magnitude equal to:

D)= = (F.6)

4mr?

where ¢; = z;e and z; is the valence of ion ¢ and e is the elementary charge. The free
energy associated with the transfer of the ion from vacuum to a solvent of dielectric

constant ¢ is obtained from equation (F.5)

1 oo =efdred 1
BBorni = - dnridr _[o (1 - -E) D-dD (F.7)

o Jri

Integration of the above equation yields

W = = (1-1) (£35)

8re,r; €

The equation above is the Born equation, which is the electrostatic free energy of

a single ion, modelled as a sphere, in a ' medium of dielectric constant ¢, relative
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to its self energy. The Born equation solvation energy of an ion is a function of
its charge, radius and the solvent’s dielectric constant. The Born equation ignores
the dependence of the dielectric constant on the electric field, the molecular nature
of the solvent, and does not include the energy expended by solvents in forming
cavities for accommodating ions in solution. Based on equation (F.8) the change in
energy in transferring one mole of jons at infinite dilution from a solvent of dielectric

constant €, to one of dielectric constant &, is

(F.9)

where N4 is Avogadro’s number.

Hence the change in free energy in moving an ion from a medium of low dielectric
constant to one of high dielectric constant is energetically favorable since g5, ; < 0.
One mole of strong electrolyte will dissociate in solution to give v, moles of cations
of charge z; and v_ moles of anions of charge z_. The Born equation prediction
for the free energy change in transferring n. moles of electrolyte e from solvent 1

to solvent m is:

K, (vo22 v_2? 1 1
g _ Ko (vl 2y, (1.1 F.
CBorme =3 (r,, A )“‘ = 51] (F-10)

where K, is given by equation (5.6). Although the number of moles of electrolyte
appears in the equation above, it merely scales the free energy change per mole of
solute; the free energy per a mole of solute is not a function of salt concentration

since the solvation process occurs at infinite dilution.



Appendix G

The two-parameter Extended-Bromley equation

The Extended-Bromley equation is a modification of the Bromley equation (5.19)
which increases the range of validity of the model to higher salt concentrations.
It contains an additional term with a second adjustable parameter and has two
different forms, depending on the type of electrolyte. The expression for the mean
iomic activity coefficient of a salt in binary solution using this model is given by
(Bromley, 1973)

log 72" = 10g 1Y — 61y E9VT [1 — exp(=9VD)] = (1 = 6y, )€ m (14 921) (G.1)

where §;; is the Kronecker Delta, equal to one if i = j or zero if otherwise. The
expression for 43" is given by equation (5.19). For symmetric electrolytes (v, = v_)
the third term on the right hand side of equation (G.1) is absent and, conversely, for
unsymmetric electrolytes (v # »_) the second term is absent. For 1:1 electrolytes,
the value of the constant ¥ is set to 1, while for 2:2 electrolytes it is equal to 70. The
parameter £ is an adjustable parameter, similar to B in 4%, and has a characteristic

value for each electrolyte—solvent pair.



THE TWO-PARAMETER EXTENDED-BROMLEY EQUATION. G

When the model above is applied to a system containing a mixed-solvent, the
Extended-Bromley parameters By, and &, for the electrolyte-mixed solvent system
must be calculated from the values characterizing individual binary electrolyte-
solvent pairs. Here, equation (5.21) is used to calculate B, and the following

similar expression is used for &,:

Ns—1 Ns ‘
En = Z(xi’)’&*- Y b (G.2)
=1 =1 k=t+41

and bj, is a binary interaction parameter.

For the case of a mixed-solvent, equation {G.1) can be expressed as
2 = In4¥ + 8,0 0mdVI [1 — exp(=9VT)| + (1 - b,,0.) o In (1 + 971)(G3)
where 4¥* is given by equation (5.29) and
Om = —In(10)&n (G.4)

If the Extended-Bromley equation is used for the mean ionic activity coefficient
of a salt in a mixed-solvent solution, the activity coefficient of the mixed-solvent can
be obtained by integrating the Gibbs-Duhem equation, as described in Appendix
H, with the result

I3 = In gl = 2= (b0 omh(3VT) + (1 = Gy Jomp(82])] (G.5)
where 72 is given by equation (5.36) and the function k, with £ = 97, is

HE) = g o+ 5 + (€ - 26— 46 - 4) exn(-0)] (G6)

G-2



THE TWO-PARAMETER EXTENDED-BROMLEY EQUATION. G

while 3, with £ = 921, is
1
£
The excess Gibbs energy for the Extended-Bromley model is obtained by substi-
tuting equations (G.4) and (G.6) into equation (5.34).

() =1~ -In(1+¢) (G.7)

G-3



Appendix H

Integration of the Gibbs-Duhem equation to obtain «;
from Y+

At a fixed temperature, and ignoring the effects of pressure, the Gibbs-Duhem
equation can be applied to the pseudo-binary system of a mixed-solvent(s) and
electrolyte(e)

nydp, +n.dp. =0 | (H.1)
The equation above can be expressed in terms of the activities of the components:
n,dlne, + n.dlna, =0 (H.2)
The activity of the mixed-solvent is equal to

Qs = 2,7, (H.3)

where z, is the mole fraction of mixed-solvent:

_ 2?:51 Ty

TS e (54



INTEGRATION OF THE GIBBS-DUHEM EQUATION TO OBTAIN vs FROM yx
The activity of the clectrolyte is given by the expression

a, = m'7:" K (H.5)
where K = [v}* v"]. Using a basis of 1000 grams of mixed-solvent, n. = m, where

m is the molality of the salt in the mixed-solvent, equal to

n.1000

e H.6
ey neM (5.6)

where M, is the molecular weight of solvent £. Equation (H.2) can be expressed as

1000

i dln(z,7,) + mvdlnm + mudlnye =0 (H.7)

where M, is a mole fraction-averaged molecular weight for the mixed-solvent

Ns
Ma - 2(:1 ntMl (H-S)

=1 Tt
Equation (H.7) can be rearranged as

v M,

Togo dln e + dm] (H.9)

dln (z,7,) = —

and, since m = I/®, equation (H.9) can be expressed as

_ vM, |1 {dny, 1
dln(z,v,) = 1000 [q) ( i )d!-{- tde] | (H.10)
and rearranged to give
M, din
din (z,7,) = ‘ﬁf«if 1+1 (d—;’*)] dI (H.11)



INTEGRATION OF THE GIBBS-DUHEM EQUATION TO OBTAIN 15 FROM 14

which can be integrated over the limits

Inz27, vM, ! ,fdlnys ,
fm,.,.=odln"”""'1ooo¢j; [1“ ( ar )| 4

to yield the activity coefficient of the mixed-solvent

In VY =

vM,I vM, 'I' dlnvy,
dr

~ 7000 _ 10002 Jo )‘” ~Inz,

Hence if an expression for 43 is available, v, can be determined.

(H.12)

(H.13)



Appendix I

Activity coefficient term from the MSA

Unless otherwise indicated, the partial derivatives in this appendix are taken at

constant T, P and all n; where j is different from i.

The contribution to the activity coefficient of a solvent ¢ from the Mean Spherical

Approximation term in G® is

In} S _EG“’M
In; T.Pinyyi

while that for the salt is

9GE . |RT

Iny™® = 1 ( )
e = =
v n, T\Pnjye

The activity coefficient contribution for a solvent 7 from equation (5.5), is

mat® n K, |Qn 36_,,, 1 0, .
o[l (0) (1) ()] o,

while that for the electrolyte is

= 2o - 2) -0 (-2

I-1

PO -

(L1)

(12)

(L)



ACTIVITY COEFFICIENT TERM FROM THE MSA I

From equation (5.8):
00m] _ [ nd ] ()
[ on; ] =-2 [(D+ +2Dgsm)? + (D_ + 2Dsum)? an; (1.5)
The derivative in equation (L.5) can be expanded as
dDs, _ 0Ds a&m) Ocm . ]
( On; ) - ( Om ) (&sm an; t=1...,Ns (16)

where, from equation (5.9),

(aDs,,.)__ 3D, .
%, ) = TTra) (17)

and, from equation (5.10),

(agm) __ (2 = 1) (L8)
B, 1201 + €m)*(1 + 46,0 )(2 + 56m) '

The dielectric constant for the mixed-solvent is given by the linear mixing rule of

equation (5.27). From this equation the expression for the derivative of €, for

solvent 7 is
OEm _Ns ar3\ _ (=3) [[One J 1
(52) - 2= (3%) = 2[5 -] - &



Appendix J

Activity coefficient terms from the Bromley equation

The expression for GE,/RT of equation (5.34) can be expressed as

E g or
where

¥ =—n,lnz,
and

0 =uvn,

The function I is equal to

T=-14 % + an F(oVT) + B.G(xI)

(J.1)

J.2)

(3.3)

(J-4)



ACTIVITY COEFFICIENT TERMS FROM THE BROMLEY EQUATION. J

where the parameters ay,, B,,, and B, are functions of the mixed-solvent compo-

sition and, with £ = oV/7,

12 ¢ -¢-2]
Floo=2|2 I . :
The expression for 7(w), with w = &1, is
1l |ln
- e 1]

The activity coefficient term derived from the Bromley equation term in GE for

solvent 7 is given by

B
ln‘y}“: (ggg;{_ﬂ) t=1,...,Ng (3.7)
* T\ Py

while that for the electrolyte is

E
A2 = 1 (aGbr/RT) (J.8)
T, Pnjyc

v on.

From equation (J.1), taking all partial derivatives at constant T, P, and n; where

j is different from ::

dGE/RT\ _ { oV 80 ar .
( On; )_('a?‘)+(a—n-‘)r+e(g‘) t=1,...,Ns (1.9)
The derivative of the ¥ function, from equation (J.2), is equal to

Al n, ( 9z, o, .

(ﬂ) Tz, (ﬁ) ke (55‘) i=1,...,Ns (J.10)



ACTIVITY COEFFICIENT TERMS FROM THE BROMLEY EQUATION. J

For solvent { the equation above is equal to

(gn—“’) =z ~Inz, i=1,...,Ns (3.11)

while the expression for the salt is

(%’-) =z, (1.12)

‘or the second term ir equation (J.1) the derivative of © for solvent i, from

equation (J.3), is

09 .
(a—n.) =0 1= 1,...,Ns (5.13)

while that for the salt is

(gi) =v AT

From equation (J.4) the derivative of the function I' has the following form for

all components

(%) = () + () + 7o ()
ree ] + 00 (32) + 2[5
i=1,...,Neg (3.15)



ACTIVITY COEFFICIENT TERMS FROM THE BROMLEY EQUATION . J

which can be expanded as

(&) = £(%)+ro(52)+om ()

{258 @)+ 5 (B)} (5)

i=1,....Nc (3.16)

The derivatives of the mixed solvent parameters B,,, «,, and B, are equal to zero
for the salt

OBn\ _ [038m) _ (Oam) _ -
(52)=(32)=(52) = D
The derivative of B,, for solvent 2, from equation (5.32), is

8B, 0Bm .

(73;) ln(lO) ( 311, ) 1= 1,...,Ns (J.IS)
while that for 8,,, from equation (5.31), is
(aaim) =0.61n(10) | z42- | (38,,.) i=1,...,Ns (J.19)

Using the mixing rule of equation (5.21), the derivative of B, for the solvents is

Ns _oph
(%‘-) =n3[z;?5,-—3m1+ 3 ”;ﬁ i=1,...,Ns (J.20)
i s t=12i s

The derivative of &y, for solvents i, from equation (5.24) and (5.30), is equal to

dam) _3|z4z— | Am [OEm) [ 242- | Am (Opm .
(an‘) = Y (an‘) 20w (an‘ i=1,...,Ns (J21)

J-4



ACTIVITY COEFFICIENT TERMS FROM THE BROMLEY EQUATION. J

The derivative of the mixed-solvent density for solvent z is

0ppm _Ns Jug) _wi . >
(-3"’1-") = z..;xpt (a_n.‘) ey (pi = pm) i=1,...,Ns (J.22)

similarly that for the dielectric constant is

N o

T om
The derivative of the function F(£), from equation (J.5), is

[3F(6)] E [(2+€)
2e

2
3¢ 158 fl (1+£)] (J.24)

The derivative of the function G(w), from equation (J.6), is

1592 25 2]
with
B = ()

The derivative of the ionic strength using the mixed solvent can be obtained

from equation (5.15) and (5.20). For solvent : the expression is

(g{_)_- il i=1,...,Ns (3.27)

while that for the salt is
ar I
(o) == (128)

J-5




ACTIVITY COEFFICIENT TERMS FROM THE BROMLEY EQUATION. J
If the Extended-Bromley equation is used, then the excess free energy of equa-
tion (J.1) has an additional term

Ga. _ Gi
RT — RT

+0= (J.29)

where the function © is given by equation (J.3) and = is given by the following

expression
Z = Om (S0 HOVD) + (1 = 4,,,,_) U(SD)] (3.30)
and, with y = 97,
2212 4 4
H(y) = Ty.‘,—+exp(—y) (y—2+ " +2—2y) (3.31)

and, with ¢t = 921,

(t—
t

vie)=""Vna+e-1 (3.32)

The activity coefficient term for solvent ¢ for Extended-Bromley model is given by

I = In ¥ + (-g%) =+0 (-g%) i=1,...,Ns (.33)

while that for the electrolyte is equal to

Iy =In+¥ + (%?—) =+6 (g:) (3.34)

where

(£) = lomor -0 (2)



ACTIVITY COEFFICIENT TERMS FROM THE BROMLEY EQUATION.

oo 222 (3

The derivative of o, is

(52)--s00 ()

with

Ns ohe
2 Itb"‘

() =2ma-ai+ 5

=10 T
The derivative of the function H is

3H (y)]

and while the derivative of U is

[aU (t)]
at t(t + 1)

with

+5 hUH)

G- = (&)

4
=3+ Sronn) (e

(5] (2)

t1=1,...,N¢

i_i)
¥ ¥

and (8I/0n;) is given by equations (J.27) and (J.28).

(3.35)

(J.36)

(J.37)

(3.38)

(3.39)

(J.40)



Appendix K

Activity coefficient terms from the modified
Flory-Huggins theory

The excess Gibbs energy function of equation (5.41) can be expressed as

GE
ﬁmﬂ =(FR+F)F: (K.1)
where
Ns 6. &
A=) Zh= {K.2
1 ; e 222 {K.2)
and
Ng=1 Ngs
Fa= 3, 3 Xudids (K.3)
=1 k=t41
and
Nz : ‘
_7-3 = (Z Tgng) (K'4)
=1



ACTIVITY COEFFICIENT TERMS FROM THE MODIFIED FLORY-HUGGINS THEORY K

The contribution from this term of GF to the activity coefficient of solvent 7 is

E
Inye® = (M) i=1,...,Ns (K.5)
an‘. TPy
while that for the salt is
1 {8GE,/RT
lny28 = 1 (L) K.6
+ v ane TPy ( )

From equation (K.l), taking all partial derivatives at constant T, P, and n;

where 7 is different from z:

acs,ﬂ/ar) _ (6.7-‘;,) (8.7-‘1) (arz)
( In; T, Pinyi = it A on; s On; s On
i=1,...,N¢e (K.7)
where
AN I AW AN CA Y
(a"-') - e—x "t [ +1] ( ) ("t) (3_2) (3n=')
t=1...,Ns (K.8)

and (0F,/dn.) = 0. Similarly,

dF, N & ; 3
() = & 2@ ara(@)] oo (32)

i=1,...,Ng (K.9)

K-2



ACTIVITY COEFFICIENT TERMS FROM THE MODIFIED FLORY-HUGGINS THEORY K

and
OF; . .
(3-"‘3) =r; t=1,...,Ns (K.10)

with (8F3/8n.) = 0. The derivative of the salt-free mole fraction for solvent 1,

where £ # 1 is

axa _ (zo)2 .
(#) = \Te)” (K.11)

e

and for £ =1

n

023\ ¢
(ait) = "“t (1-29) (K.12)

For the salt (9z%/dn.) = 0. Similarly, for the salt-free volume fraction

393\ _  (89) .
(g) = —Tzf (K.13)
and for{=:

AN P .
(3)-Za-e (K.14)

and {34%/0n.) = 0.
The derivative of ¥«, from equation (5.43}, is

% Oz,
()5 (%)
where for solvent i (Z # e)

dz.\ _ 22
()2 o
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and for the salt (i = )

(gz_:) =Z0-2) (K.17)

K4





