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ABSTRACT

A model for the excess Gibbs energy of a representetive
" food éolutien is presented.‘The solution consists of wéter,
ethanel,‘sucrose and sodium chloride. The moadel is based on
an extended UNIQUAC equatien presented by Chr1stensen and
his colleagues (1983) for the excess Gibbs- energy of
multicomponcnt solutions containing both electrolytes and
non-electrolytes. The expreésion divides the excess Gibbs
energy intg contributions from three sources  : long-range
ionic forces desctibing the electrostatic interactions
Bétween ions, short-range forces between all species and a
contribution describing stpucturai effects in the solution.
The 1ong range  forces ere descn&bed by the Debye-Huckel
- limiting law extended -with a V1r1al “term. The shért-range
interactions and the structural effects are described by the
UNIQUAC equation (Abrams and Prausnitz, 1975) a local
composition based equation.
' The :qeqnired model parameters are taken from the
literature or optimized based on experimental data. With the
optimized parameters, the eXperimental component -activity
coefficients in the agueous binary and tle ry sub-systems
are correlated accurately over a wide con entratien range.'b
The model is also use&\to correlate the solub111ty of three
terpenes in aqueous 5ucrose solutions.

The predicted activity goefficients “are used to

calculate freezing point depression, boiling point ele-

vation, solute solubilities and vapour-liquid equilibria in

R

iv



selected binary and ternary'sub—systems.'Using the model,
these properties are predicﬁed:acéu:étely in solutions of

low to moderate solute concentration.
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1. INTRODUCTION N
The engineering design and development of food
‘processes requires thermophysical and trénsport properties
of the materials involvedf With the "computer revolution™ a
new and powerful instrument has become widely available for
tﬁi; purpose. The usé of numerical simulations has providéd.
the engineer with a tool with which processes may be
optimized with much more precision than was previouslyc
possible.. With the application of numerical ‘techniques
however, comes the need for thermophysical properties under
different cog;;tions of temperature, pressufé and
composition., Fof food processes, the " variations with
temperature and composition are of greatest importance.

. .

One cannot hope to measure more than a tiny fraction of
the physical. properties needed for énginee:ing process
design, hence one must predict, correlate and compute them
(Larsen, 1981). It is in this area that the écience of
thermodynamics may be applied.

Thermodynamics and the thermodynamic representation of
solutions provides a tool with which measured properties of .
a system may be used to calculate other properties thréugh
well-established thermodynamically consistent relationships,
thereby allowing the prédicﬁion of a desired propérty under
different conditions without the need for experimentalx
measurement. An accurate thermodynamic model for food

solutions will allow the prediction of .its_variation with

different process variables. The thermodynamics of food



systems is, however, a very complicated matter.

The materials involved in food processes are usually
biologicai in origin; the major constituent of such systems
usually being water., Thus, most food systems may be
represented by complex, multicomponent aqueous solutions.
These solutions contain a wide variety of components,
including salts, minerals, carbohydrates, lipids, proteins,
- alcohols, and aromatic compounds. In addition, many of the
components present in minute quantities are vital 1in the
organoleptic characterization of ‘the food, "and their
behavior must be weli reflected by any thermddynamic model
developed to characterize food systems.

The behaviour of these  compounds must be considered
when the effects of food processing operations on food™
quality are assessed. The distribution of flavour and aroma
components, such as terpeneé/ ketones and esters, between
the vapour and liquid phases and between immiscible liquid
phases, and the wvariation_..of this distribution with
temperature: pressure and coabosition must be known to
determine the true composition of the food after such
operations  as freezing, freeze drying, evapbration,
distillation and membrane separations (Le Maguer, 1981);
There is a need for an accurate thermodynamic representation
of food solutions to effect any improvements in the design
and simulation of food préggsses. |

Examples of processes commonly found in food operations

that would benefit from a thermodynamic model- include:
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distillation, evaporation énd' drying, which KFépend on

vapour-liquid-solid equilibria. In the 1iqﬁ%d pﬂ$5e,

0il seeds, coffee, cocoa beans and sugar bee xgl
dehydration, pickling, and desalting processes,

separations would all be improved with betd

-of liquid phase equilibria. A better d?\inptloﬁ¥§§ 5

of processes such as crystalization, freeze concentration
and freezevdrying.

An added dimension to thé thermodynamic characteriza-
tion of food materials is the importance of water activity
‘as a major parameter affecting the quality and stability of
foods. Water activity has been found to be a major factor
influencing ithe microbial (Troller, 1979), chemical and‘
biochemical stability 6f most foods (Labuza, 1980). It has
been found to influence processes Such ﬁs enzymatic activity
and free radical formation and distribution (Drapron, 1985;
Troller and Christian, 1978). Methods used in the food
industry for the estimation of water activity in foods are
relatively simple, based primarily on the application of
Raoult's Law to food systems. In fact, the limited
application of the thermodynamics of phase equilibria to
food processing is primarily in the application of Raoult's
Law and the subsequent estimation of physical properties
such és freezing point depr¥sion. and boiling point

elevation of the food system based on the estimated water



activity. Osmotic péessures often used as driving processes
in membrane processes are also calculated from water
activities, The importance of the water activity as a
quality parameter for foqd systems has been illustrated, -
despite its importance however, only véry simple methods for
its calculation are used in the food industry.

Thebmodynamic models for phase equilibria have been
e#tensively applied in the field of chemical engineering,
resulting in significant improvement in the design and
simulation of many industrially important chemical
processes. A review of the chemical_engineering literature
reveals that, although models exist for thermodynamic repre-
sentation of many industrially important systems, these
systems are of a fundamentally different nature than those
encountered in 'food processing appiieatidns. Well
established models exist for application to either non-
electroiyte solutions or aqueous electrolyte solutions. Most
of these models are semi-empirical in nature, containing
adjustable parameters that must be estimated based on
experimental data. In more complex systems, containing both
electrolytes and non-electrolytes, phase equilibria is still
approached largely at a qua{jtative and empirical level,
with most equilibrium data'bgfained experimentally.

Recently, a num?sr/gf models héve been presented which
attempt to bridge the éap between aqueous electrolyte and
_non-electrolyte solution modeling. There has been limited

success in the thermodynamic representation of agueous mixed



elec%rolyte solutions (Christensen et al., 1983; Cruz and
Renon, 1978; Chen and Evans, 1986), and the application of
these models to solutions of electrolytes iﬁ mixed solvents
has just begun (Sander et al., 1986a,b,c; Mock et al., 1986)
and is still dayeloping.‘ |

The objective of this work is the modification of a
thermodynamically based model for phase equilibria ~for
application to simple food systems. A modef presented by
Christensen and his coworkers (Christensen et al., 1983% ’
based on the UNIQUAC equation (Abrams ang‘Prausnitz, 1975;
Maurer and Prausnitgz, 1978) for appfﬂcations to systems of
electrolytes in mixed agueous solvents is the basis of this
work. A simple solution, representativ of an aqueous food-"
system containing sodium chloride, sucrose, ethanol and
water is selected to test the suitability of the selected
model to food solutions. After validation, applications of
the model to the prediction of physical properties and the

modeling of mass transfer processes are illustrated.



2. THERMODYNAMIC MODELING OF PHASE EQiHLIBRIA: A REVIEW

The application of thermodynamic modeling techniques to
food systems ié a complex problem. In this review,
applications of thermody;amic modeling to £oqd engineering
‘will be discussed, with particular attention to the
prediction of water activities of food solutions. A general
review of the thermodynamic modeling of fluid phase
equilibria will be presented. This will be fgllowed by the
description of some of the models used #n the chemical
industry to represent ‘the behavior of non-electrolyte
solutions and their thermodynamic basis. Since the presence
of ions in a solution drastically affects its thermodynamic
behavior; the development of models describing the behavior
of aqueous electrolyte solutions will be reviewed. fhe

chapter will conclude with a discussion of the thermodynamic

modeling of electrolytes in mixed solvents.

2.1 Thermodynamic Modeling of Food Systems

The application of thermodynamic models to food systems
has been motivated primarily by Scott's observation (1957)
that it was not the water content per se which was tﬁe
important parameter in the assessment of the availability of
water for different deteriorative reactions in foods, rather
it was the'water.activity. With tgé development of inter-
mediaté moisture foods (IMF) and knowledge of the effeét of

water activity on the microbjal and physio-chemical

stability of IMF (Troller, 1979), new applications for these

— 6



models were found.

2.1.1 Prediction of water activities
A number of semi-empirical eguations have been proposed
for the calculation of water activities (a,) of food
solutions (Norrish, 1966; Sloan and Labuza, 1976). Ross
(1975) presented an equatioaﬁ'for the prediction of water
activities of aqueous solutions of soluble solutes based an
a simplification of the Gibbs-Duhem eguation. In this
simplification, it was assumed that no interactions occured
between solutes. Chuang and Toledo (1976) presented a
modific;tion of Norrish's equation (Norrish, 1966), in which
water activities of binary solutions were fitted as linear
functions of the solute mole fraction, A method through
which the linear coefficients of the binary mixtures are
combined to predict the water activities of multicomponent
solutions containing insoluble solids was developed.

More recently, a number of models for aQueous solutions
of strong electrolytes used in the chemical industry have
been adapted for application to food systems. These models
are used for intermediate moisture food systems to compareB
the a, lowering effect of different solutes. Benmergui and
coworkers (1979) used Pitzer's equation (Pitzer, 1973) to
predict a,s in a number of aqueous solu;ions of "féod
additive 1like"™ strong electrolytes. Ferro-Fontan et al.

(1979) used the Bromley equation (Bromley, 1973) for the

same purpose. This equation is a single parameter egquation

.
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and has. the advantage~ of allowlng d1rect compar1sons of

1 ?nt1al a, lower1ng ‘agents. = .
Y x1umbe: of hodifications to the Ross vequation have
been‘presented (Ferro Fontén’et al., 1981; Chirife et al.,
'1980) which allgw the prediction of the water activities ofv
mixed electroiyte—non—electroljte solutiohs. These equations
have been applied to the prediction of a, in sohe food
systems; including juices - (Ferro-Fontan et al.,. 1981) and
sugar soiutions r@presentatiye of honey (Ruegg and Blanc,
1981). Favetto and coworkers (1981a,b), in their study of:
the dehydration of beef slices by immersion—cooking in
aqueous sodium chlorlde glycerol solutlons, used the Ross
dequatlon tolestlmate the variation of the a, of the beef
slices with different process variables.

| Most of the work in the application of thermodynamlc
models to food systems has been centered on the prediction
of their uwater ~activities., This is clesrly due to . khe
~‘import:ance of this quantity as a ©parameter eof food
stability. For the application of pfocess modeling tech-
niqoes to food processes, a thermodynamic representation of
each component in the system is required. The thermodynam1c
repr@sentatlon of a single component 1s not suff1c1ent for
this‘purpose. |

A

. : i ’ : /
2.1.2 Thermodynamic modeling -of aroma .compounds in food

systeﬁs



In the thermbdyanié mggﬁling of'food systems for the
- assessment of the effects dfudiffefent processes on the food
materials, the majority of th;iyork done has been in the
hodeling of the behavior of argmatic_c%ﬁﬁbunds in model food
systems. Sucﬁ compounds are impoftént in the determination
of the orggnoleptic qdality of foods. Le Maguer (19?1) used
the UNIQUAC equation‘(Abrams and Prausnitz, 1975; Maurer and
Prausnitz, 1978) to model the behavior of the terpene-watéf
"system, with good ‘{esults It was stated . that it is
impoftant t6 know the nature and composition of the phases
that appear when one cools, heats or removes water from
actua} foods to determine the true composition of the food
after such ‘opérations as freezing; freeze dr?ing,
evaporation, distillation‘ahd membrane éepégations. e

; Lebert and Richon (1984).cite the work of Alléneau, who
uséd a nﬁmber -of non-electrolyte thermodynam}é models ﬁo
predict tﬁe infinite dilution activity coefficients>of some
aromatic compdupds in  solutions of olive oil . from
experimental data. o
Sorrentino and coworkers (1986) used Fhe ASOG (Derrlandy

Deal, 1968) and the UNIFAC (Fredenslund et al., 1975)

equations - to predict the activity coefficients of aroma

compounds in water—carbbhydrate and water—polyethylene

. ’ . \“ . 13
"glycol solutions at various concentratlons. Using literature
values for the group interaction parameters in the two
models, neither equation was able to predict the experi-

mental activity coefficients with sufficient accuracy. New
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values for the group interaction parameters were proposed to

2]

facilitate the application of the ASOG model to these

systems..

2.1.3 The need for a complete thermodynamic treatment

" A complete thermodynamic treatment of food. systems
would allow the prediction of the physical propexties, such
as boiling points, freezing points and Solpbilities.
Présently, even in the most tééhnologically advanced
in;ustries, such as the sugar industry, £F3§e properties are
obtained from tables of experimental data (Honig, 1953;
. Hugot, 1972). A M?umerical method for the .calculatioﬁ of
these properties is also easily amenable to use in computer
calculaﬁions, allowing the full utilization of these
techniques in food process design.
mq/ﬁmzhg" modeling of multicomponent mass transfép in
biological systems has been the subject of recent research
(Toupin, - 1986; Guenneugues, 1986). In these works, mass
traagfg}\§as approached from the standpoint of irreversible
“thermodynamics based on the work of Katchalsky (1963). With
such an approach, a thermodynamic descriptioh of the multi-
component systems ig required for a deSC;iption of the
‘driving forces involved. A thermodynamic treatment for food
systems ;aé not yet beeh déVeloped; Thermodynamic models -
exist and are éommonly used in the chemical industry. The

basis of these models will be reviewed to-evaluate the

feasibility of their adaptation to food systems.
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2.2 Thermodyﬁamic Modeling of Fluid Phase Equilibri#
Chemical and food processes commonly occur under
condit ns-of constant temperature and pressure; because of
this, ermodynamic models for phése equilibria are most
ofkeh based on expressidns for the excess Gibbs free energy
of the mixture as a .function of composition (Prausnitz,
1977), the excess Gibbs energyv'being: the pertinent
thermodgnamic vquantity under these cénditions} These
expressions must meet a number of boundary conditions at the

limits of - concentration ' 'which are dictated by the

thermodynamic definition of the excess Gibbs energy.

2.2.1 Simple expressions for the excéss Gibbs energy

The simplest, non-trivial expression “for the 'exéess
Gibbs energy of mixtures 1is the Two lSuffix Margules'
equétion. This,equation‘expresses the Gibbs energy as the
product of the mole fraction of each component and an
empirical constant which is a function of " the system
temperature (Prausnitz et al., 1986). A few‘simple systems
are represented wéll with the TﬁﬁﬁSuffix Margules_f?uation.

A number of authors have extended this equation in a
series ex?ansion to reflect the complexity of real
solutions. Among these expressions, the Wohl expansioh E
(1946) and the Redlich-Kister expansion (1948a,b) are most
notable. The advantage of the Wohl expression is its easy

extension to multicompdnent solutions and the physical

significance attached to the parameters which appear in the
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expansion (Prausnitz et_al., 1986) . The Van Laar equation is
a truncated.Wohl equation for the eicess Gibbs energy. This
equatién has been very popular due to its flexibility and
mathematical simpliéity (Van Ness and Abbot, 1982). The
Redlich-Kister expansion, aside from being a method for
representing liquid phase activity coefficients, may also bev
used to «classify different types of 1liquid solutions
(Prausnitz et al., 1986). Most of the simple models for the
excess Gibbs free energy of mixtures are empirical in
nature, requiring parameters estimated from experimental

‘data.

2.2.2 Local composition models

The introduction of the concept of local compositionbto
the thermodynamic mddeling of phase equilibria resulted in.
the development of a whole new family of models.rThe concept
of local composition is based on the non-randomness concept
of the quasi—cﬁemical theory of liquid mixtures developed by
Guggenhéim (1952). It was, however, the introduction of
Wilson‘s: (1964) definition of local composition that
resulted.in its Qide ﬁse in expressions for the excéss Gibbs
energy of liguid mixtures. In Wilson's model, non-raédomness
in liquid mixtures was taken into account by considering the
local composition around each indiviaual molecule. Wilson's
expression is based on the Flory—HQggins expression for
athermal mixtures, replaging the overall ségment fraction

with the local volume fraction.. The introduction of the
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local composition concept has prompted the development of
many flexible and power ful médels for excess Gibbs energy
models used today (Rasmussen, 1983f, a few of which will be
briefly reyiewed.

Renon énd ‘Prausnitz ,(1968) used a modified form of
Wilson's 1local composition concept to derivé the NRTL
equation. The NRTL (non-random, two liquid) equation gives
an excellent representation of maﬁy types of liquid mixtures
"and has the ability to predict ternary vapour-liquid and
liquid—liQuid equilibria based only on binary data. It 1is
also very easily extended to ternary or h;gher multi-
component mixtures.

Vera et aj. (1977) proposed two new expressions for the
excess Gibbs free energy of liquid mixtures derived from
Guggenheim's quasi-lattice model ‘and wilgpn's local
compdsition model.‘These equations, termdﬂ the Local Surface
Gﬁggenheim (tSG) and the Local Composition Guggenheim (LCG)
equations require two adjustable parameters per binary. No
higher order parameters are required for their extension to
multicomponent syétems. A syst?matic meth;d for the
evaluation of pure component structural parameters required
by the LSG and LCG equations was presented along with
results from the application of these equations to a number

of non-electrolyte systems,
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2.2.3 The UNIQUAC equation _
Abrams and Prausnitz (1975) presented a local
composition model based on the generalization of

— Guggenheim's quasi-chemical treatment, through the

o

N introduction of the local area fraction as the primary.

"cghcentratiqn variable. Their equation, called the UNIQUAC

(universal quasi-chemical) equation is applicable to
mixtures of polar and non-polar components and to mixtures
in wﬁich the molecules differ abpreciably in size and shape.
It can be used to represent both vapour-liquid and liquid-
liquid equilibria of multicohponen£ solutioné'based only on
binary parameters. .

In the UNIQUAC equation, the excess Gibbs function is
given as the SUh”of two terms: a combinatorial term and a
residual term. The combinatorial term represents the
entropic contribution to the excess Gibbs energy of the
solution. It is determined from the composition, a,pafameter
z, representing the coordination number of the lattice, and
parameters representing the volume (r,) and surface area
(q,) of the component molecules. These paraméters may bé
estimated from pure component data on molecular crystals
(Abrams and Prausnitz; 1975). The residual contribution
takes into account the.non-idealities in the solution‘que to
intermolecular interactions; these interactions are
responsible for the enthalpy of mixing (Prausnitz et al.,
1986). The residual part of the equation requires two

~adjustable parameters per Dbinary, characterizing the

i - '\i

— t



15

potential energy of interaction betweéen the solution
components.’ The‘combinatorial contributjdn represents the
athermal entropic contribution to the éicess Gibbs energy,
and as a consequence all temperature variation is accounted
for in the residual éerm (Prausnitz et al., 1986).

Inconsistencies in the derivation of many local

composition models based on a one-fluid "lattice model,

pointed out by McDermott and Ashton et al. (1977) and
Panayiotou and Vera (1981) have been eliminated from .the
derivation of the UNIQUAC equation in a sepa}ate derivation
based on a two-liquid model (Maurer and Prausnitz, 1978).
The UNIQUAC equation gives good representation of the excess
Gibbs free_‘energy of a iarge variety of binary liquid
mixtures (Rasmussen, 1983), It 1is ;ggdily generalized to
multicomponent mixtyreé although with somewhat less success,
partially due to the semi-émpirical nature of the eguation.
Molecular~dynamic calculations suggest that the non-random-
néss assumption is too strong (Fischer and Kohler, 1983: Hu
et al., 1983fh Although the basic principles of the eqhétion
are useful, 'significant modifications are required to
provide the ﬂNIQUﬁC model with a sound‘ molecular basis
(Prausnitz et al., 1986). The_flexibility and reliability of
tﬁé UNIQUAC equation in the representation of both the
vapour-liquid and liquid-liquid equilibria of a large number
of binary systems, along with its straightforward extenéion
to multicomponent systems, has prompted a number of

researchers to attempt to- modify the equation for

[
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application to a larger number of systems. Most of these
modifications _are empirical in nature and specific to

rtain types of systems. They do, however, reveal some of
he deficienéies in the model and it is perhaps illustrative

to review some of these modifications at this time.

2.2.4 Modifications to the UNIQUAC equation
Anderson -and Prausnitz (1978a,b), in their evaluation
of pure component UNIQUAC parameters for 90 pure fluids and
a number of binary systems, presented an empirical
correction to the surface area parameter in the residual
contribution to the excess Gibbs energy to be applied to
systems containing alcohols or other polar species.
Skjold-Jdgrgenson et al. (1980), in attempting to use
the UNIQUAC equatioﬁ for the simultaneous representation of
both the excess Gibbs energy and excess enthalpy of liquid
mixturgs, presented a modified UNIQUAC equation with a
temperature dependent 'c00rdination number. The modified
eduation is shown to represent both the excess Gibbs energy
and the excess enthalpy of a number of systems using a
unique set of . parameters. By allowing the interaction
energies‘to vary with composition,iSkjold—Jargenson et al.
(1982) modified the UNIQUAC eqguation to consider association
and solvation effects in the simultaneous representation of
vapour-liquid and liquid-liquid equilibria.
Kikic et al. (1980) and Alessi et al. (1982) modif?ed

the athermal, combinatorial contribution to the excess Gibbs
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energy in the UNIQUAC equation to obtain better representa-
‘tion of systems with a negligible residual contribution to
the Gibbs energy as well as infinite dilution activity
coefficients. H

The number of modifications made to thé‘ UNIQUAC
equatfon is perhaps indicative of 1its flexibility and
suitability for application to describe equiiibria in
chemical processes. An extensive data base of UNIQUAC
parametefs for vapour-liquid equilibria (Gmehling et al.,
1977) and liquid-liquid equilibria (Se¢renson and Arlt, 1979,
1980) for a large number of systems exists with new

applications constantly appearing (Ruiz and Gomez, 1986).

2.2.5 Group contribution models

Organic molecules which beiong to a given homologous
series contain varying numbers of the same kind of segments
or groups (Kehiaian, 1983). Coﬁsidering this, it may be
assumed that interaétions between molecules depend more on
the groups than on the molecules to which they are attached.
Thus, a solution may be representéd as a mixture of the
groups .which make up the ‘components of the'solution, with'
the configurational and interaction energy of the individual
groups representing the behavior of the solution. Such
methods, termed 'group contribution methods, become more
powerful when the number of compdgénts is significantly

larger than the number of groups required to represent these

components. (Reid et al., i277). Group contribution methods
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are able to represent an extremely large number of chemical
species with a much smaller number of groups and
consequently, a significantly smaller number of fitted
parameters. An underlying assumption of such models is that
the groups which make-up the molecules of the solution
components are indepehdent from one another and thus their
interaction energies do not depend on neighbouring groups
(Fredenslund and Rasmugsern, i986). In addition to having the
ability of representing a' large number of‘systems based on
fewer parameters, group contribution models provide a method
to predict the behavior of systems for which little or no
"experimental data e;iit (Rasmussen and Fredenslund, 1978).
Derr and Deal (1969) propg%ed a model based on group
coatribﬁtions, which they call the ASOG (Analytical Solution
of Groupsy equation. This method combines a Flory-Huggins
type expression for the combinatorial part of the activity
coefficient with the Wilson egquation adapted as a -group
contribution method, representing the enthalpic or residual
contribution to the activity coefficient. This method has
been modified by a number of authors.for the representation
of vapour-liquid equilibria. (Acree, 1984). |
The UNIFAC model 1is a group contribution’ model
originally developed by Fredenslund et al. (1975, 1977),
based on the UNIQUAC equatign. UNIFAC denoting the UNIQUAC
functional activity ;oefficient. This model has been used to
represent the vapour-liquid and liquid-liquid equilibria of

a large number of systems (Fredenslund et al., 1977).
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Modifications have been made to the UNIFAC equation, many of
.

which have been mentioned previously for application to the
UNIQUAC equation (Kikic et al., 1980; Alessi et al., 1982;
| Skjold-Jprgensen et al., 1980, 1981). Brandani and Prausnitz
(1981) and Oishi and Prausnitz (1978) extended the UNIFAC
equation with the inclusion of a free-volume term based on
the work of Flory. This term represents the difference 1in
free volume of a molecule in a solution compared te its pure
liguid (Maurer and Prausnitz, 1978).

Data are now available for 43 groups with interaction
parameters of many group pairs estimated in the 300-425 K
temperature range. These date are all based on non-
electrolyte systems (Fredenslund #nd Rasmussen, 1986). The
UNIFAC model, with some modifications, Has also been used to
predict - the enthalpies of mixing in a number of systems
(Dang and Tasslos, 1986; Stathis and TasSlos, 1985) . _

Thomas and Eckert (1984) presented a group contribution
model specifically developed for the prediction of activity
coefficients at infinite dilution. This model is a signifi-
cant improvement over UNIFAC for the prediction of 3357
experimentally available infinite‘> dilution activity
coefficients, °

Fredenslund and Rasmussen (1985) presented a modified
UNIFAC equation, which they call SuperFAC, that takes into
account a number of Eﬁe modifications made to the

UNIQUAC/UNIFAC equations (Kikic .et al., 1980; Alessi et al.,

1982; Skjold-Jergenson et al., 1982). This model has been
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tested for the siﬁu}taneous representation of vapour-liquid
an; liquid-liquid equilibria and excess enthalpy over a wide
tempé}ature range on a fairly large number of systems. Six
parameters are required per binary mixture. This model does
a superior job correlating data when compared to the
original equation. The model however, fails to predict the
behavior of ternary solutions from binary gata. The failure
was partially a result of the inability to describe
parameters representing aséociation and solvation effects as
group parameters. In addition, modifications made to the
combinatorial contribution to the excess Gibbs energy
resulted in unrealistic values for the infinite dilution
activity coefficients of certain systems. This model has
since been abandoned. (Fredenslund and Raémussen, 1985) .

A modified version of the UNIFAC eguation has recently
been presented (Fredenslund and Rasmussen, 1985) which has
the ability to simultaneously repfeseht both the excess

enthalpy and the vapour-liquid equilibria of a number of

systems, Simultaneous representation of liguid-liquid
over the original UNIFAC equation is shown.

2.3 Aqueous Electrolyte Solutions

Due to the-imporfance of water as an ionizing solvent
and the ease of its experimental measurement, all but a very
small pa{t of the immense body of factual kﬁowledge about

eléctrolytes refers to aqueous solutions (Robinson and -
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Stokes, 1959), It 1is therefore not surprizing that the
b

development of thermodynamically based models to predict the

behavior of electrolytes has been based on agueous systems.

2.3.1 The Debye-Huckel limiting law
The earliest relationship between the activitya.,

coefficient and the concentration of an aqueous electrolyte
was presented by Lewis (Pitzer, 1984). He related the mean
ion activity coefficient to the root of the molal ionic
strength In 1923, Debye and Huckel published what would
become one of , the most significant advances 1in e%ectro-
chemistry (Robinson and Stokes, 1959). In this theggy, it

was assumed that the non-ideality of solutions containing
electrolytes was due only to the interionic forces between
the dissociated ions. In the absence of these forces, an
electrolyte solution would exhibit ideal behavior. To
calculate the magnitude of the ionic interactions, Debye and
Huckel simplified the complex charge distribution around a
central 1ion to a time-averaged distribution. With this
simplification, an estimate of the eﬁectrostatic potential

L)

at a central reference ion could be made anq based on this,
the e;;ess Gibbs energy of the solution couldrbe calculated.
The charge distribution is assumed to be é spherically-sym-
metrical, radial Boltzman distribution (Robinson and Stckes,
1959; Harned and Owen, 1958). A modification to the theory

was reported by Debye and Huckel who took into account the

'size of the ions. With this modification, the Debye-Huckel



22

- limiting law>could be extended over a wider c@ncent;ation
range (Robinson and Stokes, 1959). S )

The Debye-Huckel limiting theory has been‘ehown to be
exact on statistical mechanical, grounds in the dilutg
concentration range (Kirkwood and Poirer, 1954); this fange
bbeing set as 0.001 molal ionic 'strength by Frank and

4 -
Thompson (1959). Debye and Pauling '(192%) showed that
neither the var1at1on of the dielectric cohstant' in the
1mmed1ate nelghborhoqd of éheylons, nor the dev1at10n of the
vdielectric constant of the solution from that of the pure}l
solvent has a significant ‘effect on the limiting law for
very dilute selutiens of Streng electrolytes. Guntelberg
simplified the Debye-Huckel equation with the“ assumption

that the ion size‘parameter} a., was constant and equal to 3

1'
A at all temperatures (Martin and. Speakman, 1950).

te

2.3.2 ExtenS1ons to the Debye-Huckel theory
o Guggenhelm and Stokes (1969) extended the range- of the

Debye Huckel 1limiting law by adding an extra term to the

equation, linear in ionic strength. This term is based on

Brgnsted's concept of specific ion interaction (Brgnsted,
”1922), in which ionic interactions are assumed to be due
only to interactions with ions of different si;n. Ions of
the same charge being uniformly influenced by all;other ions
of thevsame sign. With this new term,'specific differences

between individual electrolytes in a mixed solution could be

accounted for without the introduction of any new parameters .
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(Horvath, 1985) .
AR

@pbinson.ané38tokes (1959% extended théfraﬁge of the

Debye-Huckel equation by considering the effect of 1ionic
sfrength and hydration and the resulﬁiﬁg inéfease in net
soiute conqe@tration due to this effect. Two parameters for
a singlé e;ectrolyte system,are”required: one representing

the number of solvent molecules in the solvation shell and

the second a new value for the distance of closest. approach i

of the solvated ions. When both parcmeters are taken as
constants, the solvation model gives good repfgséntation of
the experimental results in aéueous solutioﬁ; to an ionic
strength up to 4 molal (Nésbitt,‘1982). The limitations of
‘this method are due primarily to the fact éhat the hydration
number cﬁangeé with ionic strength (Engles and Bbéen, 1986) .
The extension of ‘this method to multi-séldte solutions
requires a fixed solvation number be/ applied tq specific
ionic compounds., It has however, been shown “that ' the
solvation number is dependent on the nature cf the companion
ions” in solﬁtion.(Maurer, 1983). |
Lietzké'and Stoughton -52) extended the range of. the
Debye-Hﬁcke} equation with a series expansion in terms of.
the solution molal ionic strength. They reported these
‘parameters for a large number of aqueous electrolytg systg&s
over a wide range of concentration. This methoéy is not

recommended for electrolytes :which exhibit significant

association (Liezke and Stoughton, 1972).

23
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Meissner and Tester (1972) plotted the average ionic
activity coeffitient (yt“/z+ 2-)) against the SQI;t{on ionic
strength in a number of_aqueous strong electrolytes at 25°C
and obtained a family ok Eurves. Usihg these curves and a
single value of the average ionic activity coefficient at
25°C, it 1is possible_ to estimate the variation of the
'a;tivity éoefficient over thehentire concentration range. An’
eqﬁation'to estimate the average, ionic activyity coefficient
of a number of electrolytes, based on a single parémeter,
has also been presented (Meissner et‘alf, 1972; Meisner and
Kusik, 1979).»Expfessions accounting for the-variation of
the ionic activity coeff{cient with temperature (Meissner et
al., 1972; Meissner, 1980) and extending .the treatmenf to
mixed salt systems (Meissner, 1980; Meissner and Kusik,
19739 have also been présented.

A mefhéd,to predict the mean activity coefficient of
aqueous strong electrolytes to a mdial ionic strength of 6
was given by Bromley.(1973). The method is based on a single
parameter (B) characteristic of the salt pres;nt. A method
to approximate this ﬁarémeter forﬂfny salt, bhased on.its
individual 1ions, was algg presenfed. Parameters. for 80
different ions were giveh. .Reéhaps\\the most significant
application of the methods of Meissner et al. (1972) and
Béomley (1973) 1is their use  in systems for which no

- experimental data exist. The Bromley equation -however,

“should- not be used above a molal 1ionic strength of 6

(o
2 5

.o
(Horvath, 1985). *

A
& *
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A number of other semi-empirical extensions to the
ngye-Hﬂckel equation have been published (Pytkowicz and
Johnson, 1980; Pitzer, 1973), among which the method of
Pitzer has become the most significant in industrial

applications.

2.3.3 Thé Pitzer equation

Pitzer and coworkers (Pitzer, 1973; Pitzer et al.,
1977) developed an expfession which, in addition to
considering the interionic contribution to the non-ideality
of aqueous strong electrolyte solutions through a modified
Debye—Hﬁckei term, also included the effects of short~-range
binary and ternary interactions between ionic species. The
binary term is a function of the so{uti'onic strength,
whi}e the ternary term is ind@péndent of solution concentra-
tion. In single eleétrolyte.ﬁéjstems, this equation is
analogous to Brensted's principie‘ of specific ion inter-
action (Brgensted, 1922). The Pitzer pérameters for many
‘electrolyte systems haveAbeen tabulated by Pitzer and his
colIeégues at 25°C (Pitzer, 1973; Pitzer and Mayorga,
1973,1974) as well as for mixed electrolyte systems (Pitzer
and Kim, 1974). Extensions of.the Pitzer equation to higher
temperatures and to systems of weak electrolytes’have also
been published (Silverster and Pitzer, 1977; Bradley -and
Pitzer, 1979). Furst and Renon (1982) applied the éitzer
equation to a number of agueous mixed-salt solUtiong wﬁth

good results using five of the eight possible parameters.
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Beutier and Renon (1978) and Edwards et al. (1978)
extended the Pitzer equatién for application to wvapour-
liquid equilibfia of weak electrolyfe - solutions. In-
Béutier's extension, the excess Gibbs energy of the solution’
is assumed to be the sum of three contributions, cqrxespond-
ing to ion-ion, ton-molecule and molecule-molecule inter-
aqtions. The ion-ion 1interactions are represented by a
sihplified version of Pitzer's equation (Beutier and Renon,
1978). The contributions from ion-molecule interactions a;e
estimated by thehDebye-McAulay electrostafié theory (Harned
and Owen, 5958). This term gives the electfic work required
to traﬁsfer ions from ; solution with a dielecttic constant

' : ‘
equivalent to that of the pure solvent to a solution with a
dielectric constant equal to that of the salt solution.
. Molecular jnteractions between} different molecules aré
ignored, but both binary and ternary interaztions between
molecular solutes are retained. Bromley's approximation of
interaction parameters of salts as the sum of the individual
ion intefactions'was also applied | - '

Edwards et al. (1978)' used the Pitzer binary inter-
action parameters to represent the ion-ion, ion-molecule and
molgcﬁle-molegulevinteractions. Ternary and like-ion inter-
actions and interactions beﬁween molecular solutes were
neglected. Recently Koh and his colleagues (1985) appiied
Pitzer's equation to solutions. of univalent, strong

electrolytes in agqueous methanol solutions. The

modifications requjred for this system however, were
Lid
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empirical and the estimated parameters specific €6 the
selected system,

The Pitzer equations are used extensively to cofrelate
the behavior of aqueous eleétrolyte solutions. They do
however, have limitations which prevent its application to
some systems, particularly in the high cohcentration range
(Horvath, 1985). The Pitzer equation is semi-empirical in
nature, containing virial type higher order parémeters, with
the relationship between these parameters not fully under-
stocd (Horvath; 1985). Brgnsted's specific ion inteéaction
principle has also been disproven (Pitzer, 1973) and thus,

at high ionic strengths, interactions between” ions of like
charge cannot be neglecged. Finally, the ternary ien-ion
interaction parameters in the Pitzer equation are
significant in systems of high ionic strength (Pitzer, 1973)

and these terms may only be neglected in solutions of ionic

strengths of less than 2 molal (Chen et al., 1982).

2.3.4 Molecular contribution models _

A number of models which hold the botential for
application to solutions containing both ionic and noh—ionic
_solutes have recently been proposed. These models have been
given the name molecular contribution models because of
their inclusion of a term or terms to represent the non-
ionic interactions in solutions with electrolytes.

Chen et al. (1980) presented an equation for solutions

containing both ionic and molecular solutes. In this work,
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the excess Gibbs energy of the solution is calculated as the
sum of two contributions: long-range interionic forces, and
short-range interactions. The long-range forces are given by
Pitzer's modified Debye-Huckel expreSSion‘(1980), while the
short-range interactions are accounted for by use of the
local composition concept adapted from the NRTL equation
(Renon and Prausnitz, 1968) for -non—electrolyte liquid
mixtures. The model assumes 1ike—ion repulsion and local
neutrality in calculldtion of local composition. Two
parameters per singlé electrolyte-single solvent system are
required. Parameters for more than 100 binary systems have
been published (Chen et aJ., 1979; Chen et al., 1980; Chen
et al., 1982). Recently the model has been applied to
aqueous mixed electrolyte solutions (Chen and EQans, 1986)
and mixed solQent/salt systems (Mock et al.,~"1986). The
model has also been applied to the prediétion of solid-
liquid equilibrium in aqueous electrolyte systems (Chen,
1986).

In a similar model proposed by Cruz and Renon (1878,
1979) for aqueous solutions of strong eleétrolYtes, the
short-range forces are again accounted for by the NRTL
equation,- with solvation Eh;;ry as the basisv’for the
determination of local composition. The solution non-
ideality due to the ionic interactions is accountéd for by a
Debye-Hiickel contribution plus a Debye-McAulay term to
account for the change in the  dielectric constant of the

solvent due to the presence of the .ions. This model has been
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Lg&
épplied to a number of aqueous, strong electrolyte solutions
(Cruz and Renen, 1978) and a weak efectrolyte system.(Cruz
and Renon, 1979).

| Recently, the extended NRTL equation proposed by Cruz
and Renon (1978) was modified by Ball et al. (1985a). In the
new expression, the dielectric constant of. the solution,
originally ce}culated empirically, 1is estimaﬁed based on
Pottel's expression, as a function of the physical
properties of the solution and the ionic radii. The Pauling
values for the ionic radii (Pauling, 1940) were ‘Lsed to
',represent the behavior of the ions in solution. The modified
equation with two adjustable parameters per binary solution
was compared to Chen's model (Chen et al., 1982) and a two
parameter version of Pitzer's equation (Pitzer, 1973), for
their ability to predict the bghavior of mixed-salt
solutions. The parameters‘requirea by‘eagh model were fitted
based on aqueous solutions of single, completely dissociated

salts. The fitted parameters were then used to predict the

behavior of mixed-salt solutions and the results compared.
The Pitzer model was found to give the most accurate results
for all systems. The modified form of Cruz and Renon's
equation, howeQer, gave superior results in systems
coﬁﬁaining ions with higher charge numbers. -
éhristensen and coworkers (1983) proposed a model for
aqueous electrolyte systeﬁs based on an extension of the
UNIQUAC equation (Abrams and Prausnitz, 1975; Maurer and

Prausnitz, 1978). In this .expression, long-range
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. electrostatic interactions are represented by a Debye-Huckel
term corrected empirically with a term, linear in molal
ionic . strength after the work of Brgnsted (1922) and
‘Guggenheim (Guégenheim, 1952; Guggenheim and Stokes, 1969).

The short-range forces are given by the UNIQUAC equation

3

applied to mixtures containing dissociated ions. The
assumption of like-ion repulsion is achieved by assuming
large values for the anion-anion ,and cation-cation inter-
actions in the residual contribution to the UNIQUAC term.

| For single, completely dissociated electrolyte
solutions, the equation requires the estimation of three
parameters. The equation has been applied to the correlation
of the mean activity coefficient of the salts and water
activity of a number of single and mixed salt solutions.
.Good results were obtained for solutions containing ten

different ions.

2.4 Electrolytes in Mixed Solvent Systems

5 Mahy of the models for the thermodynamics of phase
equilibria recently proposed are easily extended to systems
containing both ionié and non-ionic solutes. Previous
methods used to represent phase equilibria in mixed solvent,
electrolyte sfstems, however, have not been as systematic
(Mock et al., 1986). The models are highly empirical,
concerned primarily with the manipulation of vapour-liquid
..equilibria by fhe addition of salts to distillations of

industrial importance (Furter and Cook, 1967; Furter, 1977).



2.4.1 Early theories .

The first quantitative correlation of the salt effect
~on the. vapour-liQUid equilibria of two solvent, 'one
electrolyte systems was proposed by Johnson and Furter
(1960). In.this-correlation, the logarithm of the ratio of
the relative volatility in the electrolyte solution to the
relative ”golatility in a salt-free solution of the same
solvent coﬁposition, isya linear function of the salt
concentratioa;~ The correlation is given by a single
parameter terméa the salt-effect parameter. Later studies of
the salt effect bn vapour-liquid equilibrium have shown the
salt-effect paraméfer to be dependent on both the salt and
sol&ent compositions and to have a limited‘ range of

applicability (Merenda and Furter, 1971; Furter a&d Merenda,

1972: Jaques and Furterg 1974a,b; Burns and.FurteEQ 1979).

2.4.2 Pseudo—binary'methoés

In the special binary method, mixed solvent/salt
mixtures are assumed to be binary mixtures in which each
componen% in the solu;ion is a volatile component containing
salt. The presence of the salt is treated implicitly through
_the modified properties of the special binary mixtures. This
method was originally devised by Jaques and Furter (1972b),
and was used to test the thermodynamic consistency of salt
effect data on vapour-liquid equilibrium (Jaques, 1974;
1979). With the application of the Wilson equation, the

special binary method has been used to correlate‘thé vapour-
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liquid equilibria of alcohol-water mixtures saturated with
salt (Jagues, 1976; Rousseau et al., 1972).

Boone and coworkers (1976) presented a pseudo-binary
method in which only one solvent component is modified with
the addition of the salt; the second solvent component

.remains in its pure state. Activity coefficients derived
USing.thiSVapproach are correiated using the Wilson equation
(Boone et al., 1976) and the- UNIQUAC eqguation (Rousseau and
Boone, 1978). Both these approaches give good results for
many systems, however there 1is some questipn as to the
thermodynamic consistency of théifwo methods (Sander et al.,

1986a).

2.4.3 Solvation methods

4 Ohe (1979) proposed a model for the prediction of
vapour-liquid equilibria of mixed solvent, electrolyte
systems based on the preferential solvation of-the salt with
one of the solvents in a two solvent system. The salt effect
on the vapour-liquid equilibria is assumed to be due to this
solvation effect, thch ' effectively reduces the
concentration of the sSolvent forming the preferential
solvate. It must be assumed that the solvating molecules can
not participate in the vapour-liquid equilibrium. This
method has been used to deséribe systems containing calcium
chloride, an alcohol and an ester (Ohe, 1979). The

limitations of this method result from the inability to

properly predict the solQation number. The solvation number

-
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is dependent on both the solvent and salt composition. In

addition to this, systems which do not solvate prefer-
: . - !

entially with one of the solvent components cannot be

treated in this way (Mock et al., 1986).

2.4.4 Local composition methods

Hala (1983) reported an empirical method for the
description of wvapour-liquid equilibria in solutions of
strong electrolytes in mixed solvents. In this method the
Wilson equation is combined with an empirical term which
accounts for the electrostatic interactions between the
ions. Using this method, the vapour-liquid equilibria of
ternary LiCl-methanol-water is described with good accuracy
at 60°C from binary parameters.

Sander and coworkers.(Sander et al., 1986a,b,c) in some
recently published work,  presented an extended UﬁIQUAC
equation for application to mixed solvent, electrolyte
systems. In this model, short-range non-ionic interactions
are represented by the UNIQUAC equation with the interionic
interactions being described by the Debye-Huckel limiting
law, modified empirically for application to mixed solvent
systems. The model was used to correlate vapour-liquid
equilibrium of 54 ternary data sets over a wide
concentration-range. It has also been applied to the vapour-
liquid and solid-liquid equilibria of the nitric acid,
water, nitrate salt system‘witﬁ good success. This method,

however, has not been shown to have the ability to predict
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the ionic activity coefficients in any of these systems.
Results for the application of the Chen-NRTL model to
mixed solvent systems have recently been %ublished (Mock et
al., 1986). The model gave good results for the prediction
of vapour-liquid equilibria in 47 sinéle—solvent electrolyte
systems and 33 mixed solvent/electrolyte systems and for the
liguid-liquid eguilibria of the mixed solvent electrolyte
systems over a wide rénge of temperature and composition,
The model requires nine adjustable parameters per binary.
solvent, single electrolyte system. Ionic activity
coefficients in mixed solvent solutions cannot  be
represented .by this model. In fact, the long-range inter-
action contribution was found to have little effect on the
solvent behavior and was subsequently dropped prior to the
parameter estimation procedure (Mock et al., 1986). These
paramefers are'fitted with vapour-liquid equilibria déta of

the solvent components only.



3. THERMODYNAMIC MODEy[ (NG OF FOOD SOLUTIONS
The thermodynamic moggiing//giﬂ phase equilibria in
liquid systems has tfaditioﬁallf been approached from the
standpoint of deviation frqg jdeality through the use of
thermodynamic excess fulCtignpg "phese functions describe the
thermodynamic properti€S of _,,1 solutions which are in

excess of those of an idey] Solution wunder the same

conditions. Excess enthaﬂi!\:“ﬁ), excess Helmholtz energy
3

(A®) and excess Gibbs €Thgaal -F) are used to simplify the

thermodynamic  descriptl f Pphase equilibria under
different conditions of remperature, pressure and
composition (Balzhiser et 4, | 1972). The excess Gibbs
function yields actiVity _efficients which give a
QUantitative measure 5f the Jeparture from ideal behavior of
individual components.

Most real solutionS do .., exhibit ideal behavior. The
non-ideality may be dué to Stryctural effects, electrostatic
interaction due to 107S ang ,stural and induced dipoles,
non-polar interactiofS angq hemical interactions. The
behévior of solutions is ,.refore inflie-ced by many
different factors and 'O trg,, all aspects of the problem
individually would reésult ., a hopelessly complicated
situation (Prausnitz €t al,  4986). To develop models for
such a complex situation, iy jg necessary to ignore certain
aspects of the physical Sityaiion which do not significantly

affect the system behavVior,  sicious choice of simplifying

assumptions will result in models which realistically

35
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describe theqrbehavior of a groué of solutions under the
assumptions retained for the model and are manageable from a
practical point of view. Y
3.1 Statistical Thermodynamics

The link between the description of the sources of
non-ideality on a molecuiar‘ level and ‘quantitative,
numerical results is provided by eoncepts fromstatistical
mechanics‘ and molecular physics. Statistical mechanics
“attempts to describe the'mac:oscopic behaviot of systems 1in
‘terms of microscopic properties.. Statistical thermn»dynamics
uses this approaeh to describe equilibrium states.

The thermodynamic specification of a macroscopic system
provides only a partial and 5ncomplete»description from a

A

molecular point of view. On a microscopic level, a measured
ﬁroperty when viewed over a chort time; is a.fluctuating
quantity. In practice)‘howeve%, the time required for a
macroscopic measurement is sufficiently 1long that the
fluctuatlons are not observed and the macroscoplc propertyd
is a time-average of the many d1fferent quantum states that
the system may assume (Prausnitz et al., 1986) The object
of'statistical‘thermodYnamies may therefore be stated as the
calculation of these time—ameraged-quantities_as a function
of molecular propertles. ‘ . |
: €«
A detailed d1scu551on of stat15t1ca1 ;@?ermodynamlcs 1s

not aﬁp:oprlate in thls context. It is sufficient to note

that molecular level descriptions  of the sources ~of



37

~

\

\ngn—ideality in solutions are related to macroscopic
tgéxmifynamic quantities through statistic#l thermodynamics.

.~\\\ |
3.2\§odell}ng of the ﬁxcess'Gibbs Energy

%Fgabibbs energy of a system describes the state of
that system under conditions of constant temperature and
pressure. Equilibrium of a closed "system, under thege
conditions may be défined as a state in which the total
Gibbs energy of the system is at a minimum with respect to
all possible changeé at a given température and pressure
(Loncin and Me;son, 1979). The GibbéLDuhem’equation defines
the relationships between the thermodynamic and physical
properties of a system in equilibrium and places restraints
on jlhe simultaneous vargation of these properties in a
single phase (Praﬁsnitz et al., 1986), Differéntiafion 65
the excess Gibbs energy with respect to composition,
temperature and pressure yield;*respectively: the activity
coefficient (y,;) , Eﬁe’ ex¢ess enthalpy (HE) and excess
volume (VE) . Most liquid phase thermodynamic models involve
the estimation of the excéés Gibbs enérgy of a .system
through statisticgr thermodynamics (Renon and Prausnitz,
1978) .

In many models the volume» qhange accompanying the
mixing of.solution componeﬁts'is assumed.to be zeré. Small
volume changes do haQe a vsignificant foect on both the.

excess entropy and excess. enthalpy of mixing but these

effedts tend to cancel in the excess.Gibbs energy (Abrams
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and Prausnitz, 1975). With this assumption, the excess Gibbs
energy (GF) -at constant temperature and pressure. may be
substitutedw for by the excess Helmholtz energy (AB) at
constant~-temperature and volume. This substitution allows
the deyelopement of relatively simple, yet physically

meaningful theories for this quantity.

3.2.1 Selection of a model for application to food solutions

Most solutions commonly found. in food processing
applications are ‘aqueous in nature, containing la ‘wide
variety of components. The components which make up these
multicomponent solutiqns' may include: alcohols, carbo-
hydrates, amino acids, salts and minerals, present as- both
free andcessociated ions. Thevcomplexity of such systems has
been the major problem in the thermodynamic modelling of
food systems. ‘The model selected te represent food solutions
must be applicable to many d1fferent tyées of components
including both electrolytes and non-electrolytes and the
extended UNIQUAC equatlon (Christensen et al., 1983) holds
the potent1al for 'such an apélication. h

The extended UNIQUAC equation' has been appliedﬂ to
aqueouse@@@lﬂtlon’é of smgle and mixed .strong electrolytes
‘over a g‘f‘alrly wlde temperature and concentration range
(Christensen et al., 1983). ln the absence of electrolytes;
the equation reduces to theb UNIQUAC eeguaélbﬁ (Abrams and‘
Prausnitz, 1975; Maurer and Préusnitzﬁﬁh978).,This equation

Hhas been used successfully to correlate liquid phase



39

activity coefficients in a large number of systems,
including polar-bonding systems such aé aqueous ethanol
(Anderson and Prausnitz, 1978a,b) and partly miscible
systemé such as the chloroform-water-acetone system (Abrams

and Prausnité, 1975). As a result of its wide use, there is-

a large data bage;égfgéj”ﬁéter values for components,. of
Yy Fin AN .

which many . may. be comﬁanly found in food solutions

-

(Prausnitz et al., 1980; Gmehling et al., 1977). The UNIQUAC

~equation has.the added advantage of being based on binary
; o ‘ _ | ‘
parameters. Theoretically, the behavior of complex, multi-

-

‘* component solutions may be ﬁredictéd based only on data for - ;

binary systems. The UNIQUAC equation is used to represent ”3§

’

the thermodynamic behavior of chemical systems jn industrial

applications. This in itself attests to the reliability of
H;4 .the model. e

The extended UNIQUAC equation was selected to model the
thermodynamic behayior of food solutions. It wag selected
for its flexibility in the treatment of both eleétrolytes
and non-electrolytes and because of the large data base of
pafameter values for non-electrolyte ‘systems available in-

the 1iterature.

3.3 The Extend&d UNIQUAC Equation
The compleXity of solutions containing electrolytes
results from the many different phenomena occurring simul-

taneously in the mixture. These include long-range, electro-

yl

(ot

static interactions between ions, solvation and association
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of ionic compounds, as well as short-range, dispersion and
eiectrostatic forces between dipoles. This situation is méde
more complex when a mixéd solvent is considered.

~ The extended UNIQUAC equation (Christensen et al.,
1583) is a model for the|excess Gibbs energy of aqueous
solutions of single and mixed electrolytes. It is semi-—
empifical\in nature, accountiﬁg for contributions frpmvthe
excess entropy and excess enthalpy of the solution to fthe
excess Gibbs energy with separate terms. Recall that the
excess Gibbs energy (GE) is-an operatjonal combination of

-

the excess entropy (SF) and excess enthalpy (HE):

GE = HE - 7SE | [3.3.1]

The excess enthalpy is prim@?ﬁly concerned with

" energetic interactipns, vhile the éxcésé entropy con§ﬁders
the structure and spacial arrangement of the solution. A
model for the eXcess‘Gibbs energy having physical signifi-
cance should properly répfésent both the excess enthalpy and
excess entropy individually, as these are physically signi-

ficant quantities which can be related to molecular behavior

(Prausnitz, 1977). The interactions which occur within the .~

solutions depend on the structure of the solution and
conversely, the structure of the solution is influenced by
the interactions within. Although these effects are treated

'separately, they are interdependent.
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In the extended UNIQUAC equation (egn. 3.3.19), the
contributions to the excess Gibbs energy due to the
interéctions-betweén molecules and ions  in the solution are
separated into long—range'ionic interactions and short-range
interactions between all species. To represent the long-
ra e.interactions between ions, Christensen uses the Debye-
Hickel 1imitingvgaw. This term, however, is valid only in
the dilute conéentration'range (Horvath, 1985). To account
' for these interactions beyond the dilute range, an empiriéal
correction in the form of a virial term 1s added.

Short-range interactions and structural effects are
accounted for using a local composition expression based on
the UNIQUAC equation (Abrams and Prausnitz, 1975; Maurer and
Prausnitz, 1978) which is adapted to solutions containing
completely dissociated electrolytes. Tﬁ; ‘total excess Gibbs
energy of the solution is calculated as the sum of three

terms:

E _ E E ‘ E
G(total) - G(ionic)+ G(residual)+ b(combinatorial) [3.3.2])

Individual activity coefficients of the solution componénts
are calculated by differentiation of the excess Gibbs
function and application of the Gibbs;Duhem equation. The
theoretical basis for each of the contributions to the

excess Gibbs energy will be reviewed.
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3.3.1 Electrostatic interactions

Electrostatic interactions are represented, 1in the
extended UNIQUAC equation, by the Debye-Hﬂkel limiting law
(Robinson and Stokes, 1959), which for the unsymmetric moiar “
excess Gibbs energy (GE*) éeneralized to mixed solvents is

given by:

GE! 4A b1 :
—DH__ - -zx, M, = (In(1+b/I) - b/I + ——) [3.3.343'ﬁ

RT b3 2
.
: . . . . g ‘e
wvhere A is a physical constant given by: , >
A_C_____pl-S [3.3.4]
(eT)'-> h
Where:
| c = 1.3287x10° [K'-3 m!5 mo17-®
Where p is the density of the solvent mixture (kg m™3), e is

the dielectric constant of the solvent mixture, and T is the

system temperature (K). The ionic strength is given by I =

1
2

molality oi/fon i (mol kg =-lvent”™') and b is a ‘solution

‘ 9
Z m;Z;?, where Z; is the charge number of ion 1 and m; the

parameter which is a functic ~f the ion size and solvent
dielectric constant.

Christensen used a constai:r -alue of 1.5 for the value
of b in aqueous solutions. Setting ihis value to a constant
is equivalent to assuming that all the ions in solution have

the same size and that the influence of the variation of the
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solvent dielectric constant on the value of b is small. In
mixed solvents, the dielectric'constant varies significantly
with composition, thus for this ;@Em the theoretical
expression is used. The parameter %/is defined as—follows
(Robinson and Stokes, 1959):

2.184x109 a° L
b = [x’-5m . ] | [3.3.5]

(eT) '3

For the ion size parameter (a®) a value of 4.53 x 1078 m
(Christensen et al., 1983) ié used for all ions. For .details
on the Debye-Huckel theory, the reader is refered to the
monographs of Robinson and Stokes‘l1959) and Hérned and Owen
(1958). |

By differentiatiopigf équation 3.3.3 with respect»to
the mole fraction of é single ion, «the rational unsymmetric

activity coefficient (yi*) of ion 1, on a mole fraction

basis is given by:

V1

+ DH_ _

[3.3.6]

The unsymmetric excess Gibbs function (GF*) is related to
the symmetric Gibbs function (GE) as follows:

GE* | GE 43’

2 2 Ex. 1n xS 13.3.7]
RT RT ! Tifti

where y? is the infinite dilution activity coefficient of

ion i (i.e. Ix,»0 for all ions.) (See Appendix 2)
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For a solvent component, the contribution to the symmetric
activity coefficient (y,) from the Debye-Huckel limiting law

is:
1

—————— ~ 2 In(1+by1 3.3.8
TiovD) In(1+bv1)) [ ]

InyBH= M, -E%(Hb;/l -
where M, is the molecular weight of solvent s (kg mol™T1)

To account for the&electrostatic interactions beyond
the theoretical rangé of the Debye-Hickel limiting law, an
empirical, virial term is added. This term is similar to the

“empirical term usegyby Guggenheim (1952) to extend the range
of the DebYe—Hﬁckel limiting law. For the unsymmetric Gibbs

energy it has the following form:

GE* B
- ' —ac [ ]
R—BG——T = Ix My IpZo 0% mame | [3.3.9]

where B, . 1is— a parameter representing the interaction
between anion .a and cation c. In the definition of B8,
Bronsted's theory of épecific ionv interactions (Brensted,
1922) is applied. Activitly coefficients depend only upon the
actions of ions of oppdsite sign and the nature of the
solvent. This interaction N represented by the parameter B,
which is a function of solvent composition. The contri-
butions to the rational, unsymmetric activity coefficients
of individual ions from this empirical term are given for a

cation as:

1ny* 2= 1 fac o [3.3.10]
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and for an anion:

In v* BC= zc%}i\m'c [(3.3.11]

where m, and @, are the molalities of anion a and cation c.
For a solvent component, the contribution to the ‘symmetric
activity coefficient is given by:

,“.‘.

BG_. - Pag v
Iny%’= M, L.Z, . mim/ [3.3.12]

where the summations, ZIZ_. and L. are over all anions and

a
cations. One of the limitations of this approach, accounting
for elec;rostatic interactions, is the treatment of the ions
as a "smeared out" cloud of spherical, symmetric chargé.
Above the 1limit of 1infinite dilution, 1ions 1in solution
‘behave more as discrete point charges. This results in large
fluctuations of the local electrostatic potential with time.
For a more accurate description of electrolyte solutions at
concentrations above the limiﬁing Debye-Huckel concentra-

tion, these factors must be taken into account (Pitzer,

1977).

3.3.2 UNIQUAC equation

Solution non-ideality due to electrostatic interactions
has been accounted for with the Debye-Huckel and Bfﬁnsted-
Guggenheim terms. To aécount for the spatial or stfuctural

effect and the short-range, non-ionic interactions,
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Christensen et al. (1983) used the UNIQUAC equation(Abrams
and Prausnitz, (1975); Maﬁrer and Prausnitz, (1978)). The
UNIQUAC equation is a semi-empirical representation of the
excess Jﬁibbs energy of solutions based on Guggenheim's
quasi;;hemical © treatment. Guggenheim's‘ treatment i;
restricted to non-random mixtures of uniform size; in the
UNIQUAC equation this analysis is extended to solutions
containing molecules of different sizes.

The UNIQUAC equation consists of two terms : a residual
term and a combinatorial term. The residual term represents
the contribution to the excess Gibbs energy due to the
intermolecular forces. In solutions of strongiy interacting
mblecules, there are large deviations from random mixing,
and these deviations have a significant effect on the
assessment of the molecular interactions. To account for the
effect of non-randomness,. the UNIQUAC equation uses Wilson's
local composition concept (Wilson, 1964).

This theory may bé summarized as follows: solutions of
non-homogenous molecules have a preference for choosing
tﬁeir immediate environment. This results in regions or
domains of differeﬁt compositions within a single solution.
This effect, however, cannot be directiy related to the
overall composition..ln Wilson's model, it is assumed that
the local composition can be related to the overall
composition through Boltzman factors. The concentration of a
molecule i, in the immediate,enviropment around a central

molecule j, depends upon the strength of the interaction

o
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between the two different molecules relative to the

interaction between two molecules of component j. If the

strength of these interactions is wuniform, the local ™

composition is equal to the stoichiometric composition.

In the UNIQUAC equation, only 1interactions between
molecules and their nearest neighbours are considered to be
significant, The excess Gibbs energy, due to these
interacti;ns is assumed to be proportional to the relative
surfaée area fraction of each component. This term contains
two adjustable binary parameters and relates - 1@ excess
enthalpy of mixing of the solution.

The UNIQUAC comb%natorial term describes the entropic
contribution t& the excess Gibbs energy. This term is
required as a boundary condition at the limit of very high
temperature. Under such conditions, the solution is
athermal. The Staverman-Guggenheim equatioh was selected by
Abrams and Prausnitz (1975) to represent this condition.
This equation accounts for variations in the size and shape
of the molecules which make up the hixtuf?’iﬁa'depends only
on parameters representative of the volume and surface area

of the molecules in solution., To estimate these parameters,
4

pure component data based on the crystal structure of the

molecules are wused (Abrams and Prausnitz, 1975). The

complete UNIQUAC equation is given below:

E - E E
G(UNIQUAC)' G(residual) * G(combinatorial) [3.3.13]

e
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such that: )
GE . . . 2 6.
2(combinatoriall) . . s 2 pq.x, Int 3.3.14
RT Ixj In 70 2 2xangr [ ]
? .
and:
GE
Z(residual) ~ _ _
o = ~Eq;x; ln (L 65 ;) [3.3.15]
Where:
r.x. i
¢, = ——1— = Component volume fraction
. r.x.
3373
. q.x. .
g, = EJ—J—— = Component surface area fraction
qx .
34373
z ‘ v
ll = E(rl ql) - (rl - 1)
x, = mole fraction of component 1 . ' ”‘:f}f ’
g, = pure component surface area parameter
‘ SLer
r, = pure component volume parameter:- E
z = coordination number, set equal to 10 "
and: _
U.. - U.. : .
= B e s s s ‘
T.. = exX ey
i3 1% T i
. .
where: .

¥
RS

parameter representing the potentaql‘energy

Uij =
of interaction between molecules‘i énd ].
T = temperature (K)

The coordination number (z) is' repr
number of nearest'neiéhbours in the latti
value may range from 6-12, depending on EB

in the system lattice. Empirically, f3¢5
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under ordinary conditions (i.e. normal temperature and
pressure), z is close to 10 (Prausnitz et al., 1986).

To obtain individual component activity coefficients on
a symmet;ic basis in which the standard state 1s the pure
liquid (See Appendix 2), the excess Gibbs fﬁnction is

/

differentiated with respect to the individual components.

3 GE

— RT 1ln vy, =

[3.3.16]
% anl Tlplnjti

From the UNIQUAC equation, the individual symmetric activity

coefficients are calculated as:
»

¢, 6. ¢.
UNT _ iy 2z 1 AT ox.1.
Iny™ 1n_xi+ > qiln¢i“+-%g " Zix.l v

Ion activity coefficients are expressed on an
unsymmetric basis with their reference state being the
infinitely dilute solution (See Appendix 2). Activity
coefficients normalized in this way are calculated from tﬂe

UNIQUAC equation as follows:

1n YN *= 1nyUNT x- 1y ONT.® 13.3,418]

where yU§1-Xis UNIQUAC symmetric activity coefficient at the

solution composition arids‘?ymi”'co is the UNIQUAC activity

)

coefficient in the infinitely dilute reference state. Both

SRR
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these qUantiéiés are calculated using qua;ion 3.3.17.

Fbr the structural parameters, qk-and r, the wvan der
Waals volume énd ‘surface areas, normalizéd to a standard
segmenE;Lafe used. The van der Waals volumes and surface

Bandi  (1968). The

areas used are those given

normalization of these values X\ith respgct to a standard

’

segment‘rs>arbitrary and, for this, Abra and Prausnitz

(1975) uSed the yoldme ‘and -surface area of;ya single
methylene‘group in a pof}ethylehe moiecule ¢élcuiated using
the van der Waais'volume and afea parameters. For details on
the“ UNIQUAC equation; the readér ‘is reférred to the
derivatioﬁslby:Abrams and Prausnitz (1975) and Maurer <and
Prausnitz (1978).
. For molecules of un}form size ;ndQshape the UNiQUAC
equation . reduces to ?§h§g>wilson equation (Maurer and
 Prausnitz, 1978). In mixturés of non-polar components for
.whgéh the interactions between the‘molécules can,bé assumed
. to be | uniform,  the equation | reduceé to. the
Staverman-Guggenheim expression. -
To adapt this equation to $olutions ‘acontaining
aissociated ions, the individual jons must be treated ;s
independenﬁ species. Mole fractions must alsé be calculated,
tréatingrthe ions in this way (See Appendix 1), !
In ChrﬁstenSen's extended UNIQUAC model, the original
UNIQUAC equatiop’yas used although, during the past decade
nh@erbusf‘médifications of - the equation have been made

(Anderson and Prausnitz, 1978a,b; Kikic et al., 1986;

@
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Skjold-Jergensen et al., 1982; Alessi et al., 1982). .To

account for like-ion repulsion effect in the ‘solution

(Chen et al., 1982), the potential-e parameters (U,,)
representing the interactions between ions of like-charge
are arbitrarily set to a value of 5000 K (Christensen et

al., 1983). :

fn summary, the extended UNIQUAC equation assumes the
excess Gibbs energy function to be‘the sum of contributions
;fﬁpm three terms: the_Debye—ﬁuckel limiting law representing
iong-range ionic interactions, a Brgnsted-Guggenheim virial
terﬁ and the UNIQUAC equation. The individual component
activity coefficients are calculatéd ‘as the sum _df the
partial molar excess Gibbs energies from "each ;6f these
terms. For solvent components, the activity'cdefficient is,

N

calculated as :

lny, = 1In yU;“

(1+byI)

» 2A 1
+ My SSObyT - ALl G

4

- ac Ltoom!

For ions on an unsymmetric basis, the mole fraction-based

activity coefficient is calculated from:

2""

n ) [
- o
Q. - . . 4
R . .

o
o,
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Z.A . :
1 1+pyI

+ I %’{im [3.3.20]"

j 3
The subscripts i and-j refer to ions of opposite sign.

The - equation has been used to represent the
thermodynamic bahaViér of 'a number of sihéle and mixed-
strong electrolytes in agueous solution, with good results
(Christensen et al., 1983). In this study, the thermodynamic
behavior of a representative food solutigh is modelled using

this equation.



4. THERMODYNAMIC REPRESENTATION OF FOOD SOLUTIONS WITH THE
EXTENDED UNIQUAC EQUATION |

The engineering design and simuiation of food
processing operations requires af»thermddynamicalry based
representation of food systems. Most food solutions are very
complicated mixtures and to account for all iﬁteractions
oecuring in tbese solutions would result in a model of such
complegity, and‘requiring so many parameters, that its use
.for engineering purposes would be imptactical. The approach
normally. taken in cases in which. the reality of the
situation is" much more <complex than our physical
understandlng, is the use of a simpliﬁfed system. Food -
systems may be represented by model solutions in which only
~the essential elements are included. For example, to

represent the behavior of orange and apple juices, Heiss and

Schachinger (1949) used aqueous mixtures of the component

sygars. Ruegg and Blanc (1981). modelled the behavior of . |

honey with - agueous mixtures of  sugars reflecting its :

carbohydrate composition. Present knowledge in the field.of.

, : .
solution thermodynamics is 1limited. to relatively simple

. o
chemical compounds. The solution thermodynamics’of complex

molecule such as proteins and ena%ges however, 1s still in
its infancy. - . /fg

The amenability of the extended UNIQUAC equatlon to the
modelling of food solutions willd pe' tested using a

simplified model feod‘solution.. , ﬁﬁﬁy

53
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\

4.1 Selection of a Representative Food System

The food solution selected to validate the extended
UNIQUAC equation was chbsen in coordination with work,
presently under way on é Dehydrocooling process (LeMaguer

and Biswal, 1984) A process motivated by the work of

R_Rbbertson and Cippoletti (Robertson et al., 1976; Cippoletti

‘et al., 1977) on the immersion freezing. of vegetables using

an aqueous freezant, Dehydrocooling is a process of
51multaneoqf cool1ng and osmotic dehydration of plant tissue

by direct “Contact with aqueous solutions of sodium chloride,

ethanol and/or sucrose. The process is envisioned as a
pretreatment to conventional freezing or drying techniques
wh1th improves the eff1c1ency of these processes (Le Maguer

and :Biswal, 1984). There is also some 1nd1cat10n that the
L . [ .
proéess has beneficial effects on the organoleptic quality

PR

" The englneerlng design of the Dehydrocooling process

.requires the representation of the mass tranfer phenomena

]

occpriné Qithin pléht tissue. Recent work by Toupin (1986)

on -the representation of cellular mass transfer usiﬁg ¥

irré&e;éible thermodynamics has been applied - by

Guépnéugues(1986) to the'médellih§’of osmotic dehydration of

cdfrdt tissue.»Detéils of this work are éﬁven in Section

5.4, . |
) The—solution celected to test the validity of the

application of the extended UNIQUAC equation\to food systems

is an aqueous solution of ethanol, sucrose and sodium

~
3
@‘
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chloride. Aside from its:application to the design of the
Dehydrocooling process, the selected solution contains
components commonly found in food systems. It is a good
representation of a simple food solution containing an
electrolyte, carbohydrate and aroma compound. | |
4.2 Modifications to the Extended UNIQUAC Equation

In the épplication of the extended UNIQUAC equation to
aqueous electrolyte solutions (Chrigtensen et al., 1983),
there is no émbiguity in the classification of components as
ionic solutes or—solvenfs. With the addition of non-ionic
compqnehts to the system, this classification is not as
clear.

In the representative ‘food solution, all non¥ionic
species, inciuding' molecular soiutes, are classified as
solvent components. This definition is used in the
calculation of the ion molalities required in the Debye-
Hickel limiting law (equation 3.3.3); properties of™ the
'solvent‘are also calculated on this basis. (See Appgndix 3).

The Brgnsted-Guggenheim term ‘requires— ion concentra-
tionsloq a molality basis. %ggngérm is empirical with no
theoretical basis for the definition ofbthe solvent. Based
on a preliminary investigation, a new concentration variabl%ﬁﬁ

was introduced. The ion concentrations were expressed in

terms of moles of ion per kilogram-of water in the solution.
,‘A'_?»’" N . A 25 . . B

This term 1is defined as "th%JJ e erity and is’

calculated as follows:
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, _ moles ion i
Mi = “kg water [4.2.1]

With the introduction of this concentration variable, the
Br@nstea-Guggenheim specific-ionC€¥hteraction parameter (B)
can be expressed as a linear function of the solvenf.
composition, The use of molalites ‘based on the solvent
require a higher order functionality to correlate B with the
solvent composition. This non-linearity is most significant
in solutions containing sucrose,-due to the high molecular
‘welght of sucrose compared to the other solvent components.

The spec1f1c ion 1nteract1on parameter is calculated in

the ternary systems using the following formula:

B = Bo * Bgoiy Wsorv [4.2.2]

where B is the specific-ion interaction parameter at the

given solvent composition, Be —b the specific-ion

interaction parameter in aqﬁeous solution,k Bso1y 1S the
Brﬂnsted-Guggenheim solveﬁ{ parameter, giving the variation
of B with the solvent weight fraction and W_,,, is the
weiéht fraction solvent (salt-free). This functlonallty is
similar 36 one used by Koh et al. (1985) who correlated the

parameters 1in the(PiéS&f equation (Pitzer, 1973) Vith.the ,

salt-free methanol weight fraction, in solutions‘of'stro

electrolytes in aQerdﬁgmethanol S .u'”ﬁe“:

For the calculatgon of the spec1fnarlon' 1nterac'

::;% : G : s ‘W,\ : ,'l. \‘s

parameter - in 5olut1ons contalnlng a ternary solvent‘
| - ; P
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mixing rule based on the solvent composition and the value

‘of B in the component binary systems has been developed.

QSee Section 5.1.)

4.3 Parameter Estimation -

The popularity the UQIQUAC equationd lies in its ability
to predict the behavior of multicomponent solutions based on
binary parameters. When the equation is extended to include
electrolytes, this - property "~ no longer holds as the
specific-ion interactioﬁ parameter (gB) is a function of the
ions present and the solvent composition. The variation of B
‘must be estimated from ternary data.

Many components imporﬁént in food systems .have ‘been
studied using the UNIQUAC equation. Parameter values
available in the literature for the model food system, will
be used in this study. Binary parameters not.available and
ternary parameters will be estimated from experimental data

on the appropriéte system.

4.4 Optimization Procedure
The parameter optlm?zatlons performed in this work were
performed using a procedure based on a mod1f1ed Simplex
technique. The procedure was adapted by Toupin,(1986) from a
search~methodidéveloped-by Nelder and Mead (1965a,b). This
szz;hnique is an extension of the Simplex method introduced

by Spendly and his colleagues (spendly et al. 1%62). The

Slmplex search techn1que is a least squares, dérzvat1ve-
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free, direct search method for the estimation of non-linear
parameters. The ijective fuﬁction in this procedure is a
weighted Chi-square statistic (x?), based on the deviation
between the values predicted with the given model and the
true value, usually based on experimental data. It is

calculaﬁed in the following way:

x% = Z W, Yaﬁpt'— Ypﬁed' ’ [4.4.1]
; , .
where YBXPt-is the experimental or true value of data point
i; Ypﬁed-is the value of Y, predicted using the model; and
W iswa weighting parameter representative of the confidence
level or significance of the spicified data point.

The weighting parameters are included in the
calculation to take into account the exélrimental errors.
This ensures that the resulting Chi-square statistic is
representative of the quality of the experimental dat?
(Toupin, 1986). A detailed ‘description and explanation ofﬂ&
the modified Simplex algorithm, including a listing of the

computer programme used is available from Toupin (J986).

4.5 Binary Systems

A number of the binary systems which make®up the model

‘ .
food - solution have  been studied previously. The
thermodynamic behavior of the aqueous soéﬁum chloride and
aqueous ethanol systems have been cotrelated using the

extended UNIQUAC and UNIQUAC equations, respectively

i

#
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(Prausnitz etﬂ al., 1980; Christensen et al., 1983). The
parameters prﬁsented for theSe”systems will be used in the
application of the extended UNIQUAC equation to the sodium

chloride-sucrose-ethanol-water,system.

4.5.1 Aqueous sodium chloride solutions
1
In the original presentation of the extended UNIQUAC
equation, Christensen and his coworkers (1983) correlated

Rt

activity coefficients of aqueous solutions of single and

‘ mixed strong electrolytes. Included among these was the

" aqueous sodium chloride system. This system was fitted to a

salt concentration of 11 molal and over a temperature range
of 25-100°C. The volume (r,) and surface area (q,)

parameters used for the water molecule were from Abrams and

" prausnitz (1975). The Pauling ionic radii (Pauling, 1940)

were used to calculate these parameters for the ions

(Christensen et al., 1983). The UNIQUAC interaction
parameters (Uij) répresenting the interaction between the
water molecule d each ion and Brgnsted-Guggenheim

specific-ion intéraction parameter (B) for the interaction

between the sodium and chloride ions in pure water presented
in fhis study will be used. These values are summarized in

Tables 4.1,v4.2‘and 4.3,

4.5.2 Aqueous ethanol solutions
The vapour-liquid equilibria of the agueous ethanol

system have been correlated using the UNIQUAC equation by a
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number of authors. The parameters used in these studies are
given in a number of data compilations (Gmehling et al.,
1977; Prausnitz et al.; 1980). In these studies, the Bondi
based surface area and%volume parameters are used. Anderson
and Prausnitz (1978a,b) used the UNIQUAC equation for the
simultaneous representation of vapour-liquid and liquid—
liquid phase equilibria. of aqueous ethanol solutions. To
yield better résults; Anderson and Prausnitz modified the
surface area parameters (q,) of both the ethanol and water
molecules used in thevresidual term of the UNIQUAC equation.
These modified values were estimated from experimental
activity coefficient data‘with no theoretical justification.

The use of these parameters in the extended UNIQUAC
equation would reguire the reoptimization of the parameter
Qalues for the aqueous sodium chloride system, because these
parameters were /optimized based on the Bondi geometric
(g,,r,) parameters of the water molecule. The Bondi based
surface area parameter for the water molecule was therefore
‘used in this study. _

UNIQUAC interaction parameters for the aqueous ethanol
system recommended by Prausnitz (Prausnitz et al., 1980) are
used in this work. These parameters were estimated based on
a number of experimental studies. The ethanol surface area
parameter (qk) calculated from.the van de: Waals geometric
parameters resulted in a better representation of the
ethanol activity coefficient in ternary solutions of sodium

chloride, ethanol and water and was selected for use in this



61

study despite an inferior representation of agueous ethanol

solutions.

4.5.3 Aqueous sucrose solutions- .
The thermodynamic behavior of agueous sucrose solutions’
~has primarily been represented by simple empirical models
based on extensive compilations of experimental data
collected over many years of study. (Honig, 1953; Hugot,
1972). To the best of our knowledge, there has been no
attempt to correlate the thermodynamic behavior of the
sucrose-water system using the UNIQUAC equation.

The thermodynamic behavior of aquéous sucrose solutions
has been reported by a number of researchers (Robinson and
Stdkes, 1959; Robinson and Stokes, 1961; Stroth and
Schonert, 1977; Gucker et al., 1939; Garrod and Hérrington;
1970; Honig, 1953). A significant amount of data is
avaikable for this system. Most of the experiﬁér al data are
in the form of water activities, expressed as osmotic
coefficients or osmotic pressures and ©partial molar
enthalpies. Sucrose activity coefficients may be calculated
from the water activities using thevGibbs—Duhem equation.
(See Appendix 4.)

The application of the extended %FIQUAC equation to
this system involves only the UNIQUAC €e;m as this system
does not contain ionic solutes. Parameters representing the

sucrose-sucrose and sucrose-water interactions are required.

Volume (r,) and surface area parameters (q,) of the sucrose,
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s
b}

molecule must also be estimated. The parameter estimation’.,

procedure was performed based on the experimental data
described pfeviously. Estimates on the precision of the data
were 'not qyailable. It was therefore assumed that the %
error on the experimental activity coefficients was uniform
for all data. The parameter optimization was based on ghe

m@ﬁfmiqgiiiz of_a chi-square stata§tic based on the relative

deviationsof the activity coefficients:

y8xp- ypred 2
- A L
x* = L w; T )] (4.5.1]
1

The relative error on a given quantity 1s equivalent to
-

the absolute error on the logarithm of .that guantity. Using
this property the Chi-sguare statistic waé caIEGT;{id based
on the absolute errors of the logarithm .of the activity
coefficients: : .

: 2 ,
x* = L w, |lny®*P- 1nyPred [4.5.2]

In a preliminary study, Yhe volume and surface area
parametgrs of tHe sucrose molecule were calculated from the
van der Waals parameters‘pf the molecular groups which make
up this:moleculé. For details on this procedure the reader
is’ré__,fered to 'the work qf Choudhury (1987). The UNIQUAC
intéractioﬁ parameters (Uij) were optimized with the Simplex
procedure using activity coefficients of water and sucrose

calculated* . from experimental data at 25°C (Robinson and

. LY

"a

>
\ ,
+
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Stokes, 1959,1961). Good representation of the' sucrose
aétivity coefficient was obtained with the optipized
parameters. The results are shown in Figure 4.1,

a: To test the validity of the estimated parameters, the
partial molar excess enthalpies of sucrose at 25°C, were
calculated using the UNIQUAC equation. The estimated values
were compared to the values calculated from the experimental
data of chﬁér et al. (1939) and Stroth and Schonert (1977),

The predicted’ ,and experimental partial molar excess

Jenthalpies of pEucrose are shown in Figure 4.2, As
pies . g

\'~ illustraégd,'the UNIQUAC equation does not correctly predict

“

Y-

" the experimental behavior using the optimized interaction

‘parameters. Proper predictipn of the partial molar excess

enéhéipy»fis required - if the variation of the activity
H Bt ¢ ;

‘ qbeif@éiehﬁ'with température 1s to be correctly estimated

'(RéémQSsen,-1983).

‘Previous studies of the application of the UNIQUAC to.

Foe .
non-electrolyte solutions have shown that the model may do a

[

goédjjob.representing the excess Gibbs energy of the system;

. b%sed on the same parameters, however, the prediction of the

pérfiél ,mélarj enthalpy 1is not good (Fredenslund_X and
Rasmuééen, 1985) .

Altﬁough the Gibbs energy function is fitted properly
wfﬁh the UNIQUAC equation, the individual contributions do
not correctly represent the™ individual ' entropic and

enthalpic contributions (egn 3.3.1). "The proper

representation of the total excess Gibbs energy results from
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Préﬁhnitr; 1?78), to account for the volume change in the

the crystal and in solution, This.a§sumption ﬁ%y be valid -

66

fortuitous cancelling of the [two contributions in this

function (Fredenslund and Rasmussen, 1985)"

I

The combinatorial term in . the UNIQUAC ' equation
repfeseht&wthe solution as an athermal mixtufe and depeﬁds
only onﬂ §olume (r,) and surfage area (qk) parameters
(Prausnitz et al., 1986). ﬂCdmbErison of this term to
experimental values of the. partial molar excess entropy is

indicative of the validity of these paraméters. The partial

molar entropies were calculated as shown in Appendfx 4, As

illustrated in Figure 4.3, the experimental values are not
correctly repfesented.
&

Choudhury (1987) observed similar behavior in his study .

P

of the ‘thermodynamic behavior of agueous glucose sg}utions
using the UNIFAC equation (Fredenslund et al., 1977).- To

remedy\this,,he applied a free-volume correction (Oishi and

solution which occurred upon mixing and modified the surface

area parameter (g,) of the hydroxyl group (OH) from the

literature value. These modifications were empirical in
nature.

The van der Waals parameters, used to estimate qy and

\

fk }n’the,UNIQUAC‘equétion are based on x—féy\diffraqtion
and microwave data of molecular crystals (Bondi, 1968). It

is assumed that the volume and surface area of any molecule,.

relative to the normalization factor, is the same in both-

T

for non-polar or 'slightly polar mixtures subg \)és‘ﬁy

g
P ? N

Tay
“A%
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Figd‘re' 4.3 Predi.cted (-)“and'ekxperimental (w) partial molar
‘entropy (sB/R) of sucrose at 25°C. Expt. data adapt_:ed_ from
Robinson and‘St’okes (1959, 1961),; Gucker et al.  (1939) ,and

Stroth and Schonert (1977).



68

hydrocarbons. .For highly polar solﬁtions of flexible
) molecules, such as . agueous sucrose, its validity may ‘be
suspect. _ : - _ J
For a better represgntation of the partial molar'excess
entropies, and Secauae these parameters control the behavior
f of the sucrose molecule in solution, the volume aa@ surface
area parameters of the sucrose mole e were esti#ated from
;expppimentai partial molar ;entropies mentioned

fioudﬂy. The partial molar excess enthalpy and entropy

‘aréb dlrectly relaged to the"logarithm of the activity
coeff1c1ent and thus, uae objectlve function used w1th’%£ese
quantities is based on théir absolutegéev1at10ns.
» The optimized pdrameters wer%‘found to be 51gn1f1cant1yk
smaller than those calcylated with’ the Bond1 qmramggers.
(see Table 4.2.) The predicted and exper1mental reduced
partial molar, excess entroples of sucrose and water u51ngg
the optimized sucrqse volume and surface area parameters are |
shown in_Figure 4.4, With these ﬁarameters, the reduced{
partial molar, excess entropies caiculated from experimental
data are represented weil. |

The reduction of‘r the volume parameter agrees
‘qualitatively with theifihdings of Kikic and his colleagues
(19805 who proposed a modification in the:combinatorial term
Aof the UNIQUAC/UNIFAC equations. They proposed replac1ng the
2/3

\ .
vplume parameter r, wlth ry ’ effectlvely reduc1ng the:

 valE;fof this parameter in the combinatorial term. Sander

‘and. his coworkers ' (1986a) in their modified UNIQUAC
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a

Figure 4.4 Predicted (-) and experimental partial molar”
entropies (8E/R) of _sucrose /m) and water

with optimized g, and r, for sucrose

(A) Calculated
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4

w

equation, made the volume and surface area pabametersfof all

the cations, adjustable parameters.

S e

Based on the optimized, ,geometric' parameters fag'
© sucrose, the UNIQUAC interaction parameters (Uij)'_ wérg‘

v L .
fitted with the experimentgl measurements of partial molar

i

excess enthalpies at - 20, 25 and 30° and activity "

coefficients at 0, 25, and 55.7°C. (See Appendix 4),

4

The parameters used for this §{§Eem and the errors on

the optimized parameters are summar$zed in Tables 4.1. and
ah e " ) Ao

i

EY

‘4.2. The predicted and experiﬁéntaﬁf p%ftialA molar excess
7§nthalpies“of sucrose and wa%;r at 25°C,'aré prgsented in
Fiéure 4.5. The activity coeffici;nts of sucroge and wate:
predicted usi‘r*ﬂ% the optimized panam’eters"atko, %nd 5}5.7'°C
areggiven,in Fiqures 4.6-4.8. Both fhe partial molar; excess
enthalpies 4&nd activity- coefficients iné aqueous sucrose
salutions are now pfedicted well., |

The % residual meén vsquare deviation (%RMSD)s éf_ the
predicted and experimental | activity coefficients is
calculated wusing the folldwing equation . (Renon and

Prausnitz, 1978):

'%RMSD y =||Z (Iny®P- 167Pfe5) é/n x100% llv[4.5;3]

, : ) B : , “ .
'”;”The~ average %RMSD  of the "activity coefficients in this
system over the témpératufe and}conéentration‘fanée;covered
is 6.6%. The activity coefficients .calcﬁlated with the

estimated parameters are validated with the prediction of
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Figure 4.7 Predicted (-) and experimental sucrose (w) and

vater (A) activity coefficients at 25°C. Experimental data

adapted from Robinson and Stokes (1959, 1961).
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“water (A) activity coefficients at 55.7°C. Experimental data

"adapted from Honig (1953).
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the solution ‘freezing point depression, boiling point
elevation and sucrose solubility. See sections 5.3.2, 5.3.3

and 5.3.4,

4.6 Ternary Solutions

The three aqueous binary systems in the representative
fqod solution have been correlated with the extended UNIQUAC
equation. The required parameters were taken from the
literature or estimated from experimental data. Experimental
activity coefficient data for the’ remaining non-agueous
bina;y systems, ethanol-sedium chloride, ethanol-sucrose,
and sucrose-sodium chloridé; are not available 1in. the
literature, consequently, the remaining parameters must be

estimated based on experimental data on the agueous ternary

Y
.

solutions.
@ -
4.6.1 Aqueous sodium chloride-ethanol solutions’
The thermodynamic behavior of aqueous solutions of

ethanol and sodium chloride has been studied‘by a number of’
‘ )

researchers. Smirnov, and his colleagues = (1980, 1981)
. measured ,the ' llqu1d phase, rational | mean’ act1v1ty.;r~33
. ' B 43 %;'
‘cogfficient of the salt 1n solutlons WIth ‘s0lvent concéﬁg&aﬁgﬁé"*‘“

tions varying from O t,o 70 mol g ethanol at 25 c u51n§'%'

: ~*;&' ;
solution conduct1v;t1€s.iFurter’(1958) and Mondeja Gonzale

(18973) measured .the vapour—liqu1d equ1l1br1a of saturated
solutions of salt, ethanol and water under atmosbheric

pressure. Expressions for the component activity.

r
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coefficients were developed based on these data and used td

estimate the required parameters. These expressions at

their development are given in Appendix 4. el
-

It is assumed in thegextended UNIQUAC eguation that |
L

eleqtrolybes present are strong electrolytes. In the aquebus
syg;em,ygudlum chloride is almost completely 1ionized over
the its entire concentration range (Skoog and West, 1963).
The ready solubility of so many electrolytes in water is due
pr1mar1ly to the high dielectric constant of the solvent
which 1h turn 1is QUe to the polar nature of the water
molecule and its favourlng of a tetrahedrally coord1nated

/ ¥
structure (Roblnson and Stokes, 1959) " With a decrease in

%

the diélectrlc constant, the strength of the electrostatic

intera¢tions between ions of opposite charge is increased

~and the probability of ion pair formation is also increased.

*

The extent of ion association or .ion pair formation may be
determined using conductivity measurements. (Harned and Cook,
1939). These interactions may have a significant effect on

the behavior of the splution and Jmust beuconsiderea in the

¥
i

.study of salt/mixed so}vent sy§temsr

ﬂ‘Fﬂi‘- Splvey ang’ Shedlovsﬁy (1967) studled the conductance Jof . -
s I s ﬁ’wr P ‘»’3; ;R -
gﬁﬁgxsolutlops of sédlum ¢hldrfﬁé 1n aqueous ethanol They found

AL

A

no ev1dence of 51gn1&1cant ion pair formation jn solutlons
of up to 80% ethanol by we1ght ior 53 mol % ethanol on a
binary basis. At this concentratldp; thgﬁdiplectricyconstant
of thevsoivent isv32.8 (Sen et al. u 1979). To ensure that‘k

the effect of ion Jﬁai} formatzon in solut1ons of hlgh g’f

. . : : ;‘34 v =
P R R ‘i&pd.— ';fg L o
-

A e T . “ .
PR [V A s, e : .
BN , o ’ -
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-
-

ethanol chcéntratién is not a factor, the parameter
esiimation was based on experimental data for systems of
solvent concentrations of 50 mol % (salt-free) or less.

»+ The bulk dielectric constant and density of the solvent
mixture is required in the calculation of the Debye-Huckel
limitihg law, These properties are correlated from
experimental data. (See Appendix 3.) ’

The application of the extended UNIQUAC equation to the
sodium chloride-ethanol-water system reqdires the estimation
of three additional parameters: the UNIQUAC ion—ethan 1
interaction parameters (Uij) and the Brensted-Guggenhein,
solvent parameter for aqueous ethanol (Bg, ).

The contributions from the three terms in the equation
to, the 1individual component ~activity coefficients were
assessed to determine the relative importance of each term.

These contributions are shown in Figures 4.9-4.11 in a

ternary solution with a constant solvent composition of 10 =

mol ¥ ethanol. - ‘ S, | , K:f'“‘\\
_ As Figure 4.9 illustrates, in the . low salt Y

- Yy
concentration range, the rational mean salt  activity

A';coeﬁfjc}egtris?dohinaxed,by the Debye-Hickel limiting lay’,

[ 1"’0% w.’:l R,

;isTtﬁ%fefafe'a‘functioh oﬁly of the physical ptoperties
of the solu;ion.‘The UNIQUAC'and Brgnsted-Guggenhéim tekms
are not siénifiéantv_in this range. ‘ét higher salt
concentrations; these terms havé'more influence. The UNIQUAC
" interaction parameters and Br¢nsted-Guggenheim 591vent

parametErA(BEtOH) required . for this system, should therefore @

.

- N
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4.9 Contr1but1ons to the salt act1v1ty coeff1c1ent

ethanol-salt-water systems calculated w1th equation

solvent composition 10.mol % ethanol (salt-£ree).
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Se estiméted basgd on experimental salt activity
coefficients upon which they have a significant, influence.
To do this, a weighting procedure was used. Experimentall
salt activity coefficients in the dilute concentration range
in which the contribution of ‘the Debye—Huckel 1imiting to
thq\Falculated activity coefficient was 85% or more were
given a weight of 1. The remaining data were we1ghted with a
factor of 10.

Fiqures 4.10 and 4,11 illustrate the contributigns tov
the calculated water and ethanol activity coefficients.
These quant;tles are determined prlmarlly from the UNIQUAC
term, with minor contr1but1ons from the remaining terms only
at high salt corcentrations. The required parameters should -
be estimated\\based on experimental solvent activity
coefficients, over the entire concentration range.

The over-all op;imization procedure was performed using
data from two different sources, vapoﬁr—liquia equilibria
and conductivity measurements. The déta from these two
sources diffé;ed both in the precision of the measurements
énd the numbet Of experimental points available. o

| To dccount for the number of data points used:- from each
source, the total Chi—squareh (x?*) was divided into two
parts; one based'on the salf’actiVity coefficients and the
second from the solvent activity coefficients. The total

Chi-square used in the overall opt1mlzat10n of the requ1red

parameters ‘was calculated as follows:
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1 - 2 ) :
X total = ¥saltX salt * Wsolvents xlsolvents '[4'6"1]

Where the wgnghtlng factors w i, aﬁ@ W.oivents 8fe inversely

proportional to the number of data points from each source
used and x7?g ;¢ and X*_.51vents aFe the Chi-square statistics.
based on the salt and “solvent activity coefficients.
respectively. The Chi-square values were calculated using
equation 3.5.2. The weighting parameters (w,) are uniform
(for the solvent activity éoefficients and have values of 1
or 10 for the salt activity‘ coefficients as discussed
previously.

A maximum value of 5000 K is placed on the UNIQUAC

interaction parameters (Uij). This value is egual to the'

——

energy of interaction between ions of like sign, indicating
the exclusion of this interaction from the determinationvof
‘the short-range interactions. Therefore, a constrained
optimization (Toupin, 1986) of the UNIQUAC parameters was
performed. The_optimalrvalues of the ion-ethanol interaction
parameters were found, from the conétrained'search, to be

5000 K. When the constrant was femoved., these parameters

were found to increase to larger values indicating neglible

interactioh between these two components. These parameters
were set to 5000 K, the maximum value of thg parameter in
the model and the system fitted based on a single parameter,
BEtOH'(Table 4.3). | ’

‘ The rational, mean salt activity coefficientsapredicted

using the extended UNIQUAC equation and generated from

N
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polynomials based on thé experimental data of Smirnov et al.
(1980, 1981); (See"Appendix 4), in solutions ofl constant
solvent compostiohs: 10, 30 and 50 mol % ethanol (salt—free)
are presented in Figures 4.12 - 4.14. The average %RMSD of
the salt act1v1ty coeff1c1ents in these sSlutions were 5%,
7.5% ‘and 8. 9% respectively with the maximum error occurlng
in ;he dilute solutions. This error does.not exceed 25%. The
prediCted’aBd experimental solvent activity coefficients in
aqueous ethanol solutions saturated with salt at atmospheric
pressure 7é;e presented in Figure 4.15; The experimental
values are calculated from the data of Furter (1958) and
Monde ja-Gonzalez (1974).'(See Table 11.3 and Appendix 4).

‘Considering the concentration range covered, the
results ‘are of acceptable accuracy. The % root-mean squared
.dev1at1on (¥RMSD) between the predlcted and experlmental
activiﬁy coefficients 1is approxlmately 10%. The relatlvely”
large dev1at10ns in the activity coefficients are due mainly
to deficiencies 1n the model, particularly in the ‘low salt
concentrak1on range, where the salt act1v1ty coeff1c1ent is
dominated by the Debye-Hluckel limiting law.

hei bplication of

Mock and his coworkers (1986), in
an electrolyte-NRTL model to systemé f‘ electrolytes in
mixed solvents found an expression that éorrectly represents
the ‘long-range ion-aon interactions in the excess Gibbs
energy of these systems lacking. The Pitzer-Debye-Huckel
expression, adapted successfully by Chen and Evans (1986) as

the long-range ~ interaction contribution in agueous
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.
Figure 4.12 Predicted (-) and expexl'imem:a]T salt activity
coefficient (+) at 25°C.: 10 mol % ethanol (salt-free). Expt

‘data adapted from Smirnov et al. (1980, 1981).

>
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Figure 4.13 Predicted (-) and experimental salt activity

coefficient (+) in aqueous ethanol at 25°C. : 30 mol %

ethanol (salt-free). Expt. data adapted from Smirnov et al.

-

(1980, 1981).
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(1980, 1981).
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log Solvent Actlvity Coefficiant (symmetric)

Mole Fraction Ethanol (salt-free)

Figure 4.15 Predicted (-) and experimental ethanol (¢) and
water (A) activity coefficients in saturated solutions at

760 mm Hg. Expt. data from Furter (1958) and

Mondeié—Gonzalez (1973)
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solutions, was not adequate for mixed solvent systems. This

expression fails to take into account the influence of

changes in density and dielectric constant in the mixed
solvent system on these interactions. Mock et al. fohnd the
influence of the interionic interactions on the solvent
activity coefficients to be neglible and neglected these
interactions in the calculation of the equilibrium vapour
:ompositions of electrolyte/mixed solvent systems.

The extended UNIQUAC eqhation presented by Sander and
his coworkers (1986a), for the calculation of vapour-liquid
‘equilibria of mixed solvent/electrolyte systems does not
contain the empirical Brgnsted-Guggenheim term. These
reseachers also found the Debye-Huckel limiting law
inadequate. To improve the representation Sander introduced
an empirical correction to the Debye-Huckel parameter (A).

The predicted solvent activity coefficients are
validated with the prediction of the salting-out effect on

the vapour-liquid equilibria of this system., See section

5.3.5.
4.6.2 Aqueous sucrose—sodium chloride solutions
Robf%soq énd his colleagues (1970) ' studied ~the
thermodynamic behavior of ternary solutions of sodium
—thloride, sucrose and water at ¢25° using an isopiestic
. vapour pressure méthbd. The solute concentrations varied
from 0 to 6 molal oh an aqueous molality basis in each

solute. The authors present expressions for the activity

V=
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coeffients of each solute as functions of the two solute
concentrations. (See Appendix 4.) :

The physical properties of the aqueous Sucrose
solutions required for the Debye-Hickel 1limiting law are
estimated from the previously mentioned correlations. (See
Appendix 3.)

The extent of'ion association in this system has not
been well determined although some work has been done on
dilute solutions. Mohanty and Das (1982) and Stokes and
Stokes (1956) studied the conductance- of sodium chloride 1in
agueous chrose solutions to determine the extent of 1ion
association. Both report complete ionization of the salt in
‘solﬁtions of up to 20 % sucrose (weight-basis). 1T%ese
studies however, are limited to dilute salt concentrations.
Stokes and Stokes (1956) conclude that the ions maintain
much tﬁe same state of solvation in thé solution as in
water. o

In agqueous solutions of 6 molal sucrose, the sucfose
molecules are greatly outnumbered by water molecules, the
two being present in a ratio of 1:9. The solvent in these
solutions remains largely water. In addition to this, the
dielectric constant of this solution is fairly high, a 6
“molal solution has a dielectric constant of aproximately 55.
Based on these observations, it was éssumed that the extent
of ion association, over the entire concentration range was

neglible, the salt remaining essentially as independent ions

at all concentrations considered. This assumption requires
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experimental confirmation. —_

The estimation of three parameters was required for t he
application of the extended UNIQUAC equation to this system,
two  UNIQUAC interaction parameters representing the
ion-sucrose molecule interactions and the Brensted-
Guggenheim solvent parameter for sucrose solutions (B, .).

The parameter estimation was performed based on
experimental salt and sucrose activity coefficients
generated from the expressioanpresented by Robinson et al.
(1970) and adjusted as shown in Appendix 4. The weighting
procedure used in the sodium chloride-ethanol-water system
for the dilute salt activity coefficlents was also used for
this system., No weighting of daté sets was required.

The solute activity coefficlents bredicted usiﬁg the
extended UNIQUAC equation anduadapted fsrom the expreséions:
of Robinson and Stokes (1974) at 25°C are shown in Figures
4.16-4.18 hthsucrOSe concentrations of 1, 3, and 5 molal
(salt-free). fhe parameters used for this system are shown
in Tables 4.1, 4.2 and 4.3.

Considering the concentration range of both 'solutes,
the equation does an acceptable job representing solute
activity coefficients of the system. The average %RMSD of
the salt activity coefficient (y,*) over the entire
concentration range is 8%. The sucrose activity coefficient
is predicted with an average Y¥RMSD of 5%. The wvalidity of
the solute activity coefficients is tested with the

“ , , , . [
prediction of the solute solubilities in ternary solutions
: Fd

——



log Activity Cdefficlent (unsymmetric)

3

Figure 4.16 Preditted (-) and experimental sucrose (®) and
__salt '(+) activity coefficients at  25°C.  Sucrose
¢oncentfation: 1 mol/kg water. Expéfimental ‘datanvgdapted

from Robinson et al. (1970).
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Figure 4.17 predicted (-) and experimental sucrose

salt (+) activity —coefficients . at 25°C.

concentration@F 3 mol/kg water.

from Robinson et al. (1970).
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of sucrose, salt and water. See section 5.3.4.

4.6.3 Aqueous ethanol sucrose solutions
|
Exper1mental data for aqueOus ethanol sucrose system

e

i, Yy
are available in the llterature as sucrose ‘solubilities in

mixtures of agueous. ethanolu.Data of thls type have been
published bvaaese;er and'hiJ coileagues (1968) at 20°C and
by West (1933) at 14°C. Based on these data, estimates of
the unsymmetricdsucrose activity coefficient at saturation
may beﬁmade..(See Ahpendix 4). Estimates of the precision of
the experimental data .are not available. It was theret;re
assumed that the relat1ve error on the activity coefficients
was uniform fgr the entire data set and each data point was
‘weighted equally.

This system is entirely represented ‘by the UNIQUAC
equation and requires the estimation of a single UNIQUAC
interactioh parsméter _(Uij) representlng the 1interaction
betueeﬁ sucrose and ‘ethanol. The optlmlzed value of this
parameter is presénted in Table 4.1.v The predicted and
experimental (Table 11.4) sucrose activity coefficients in
saturated solutions are.shown in Figures 4.19 and 4. 20. The
YRMSD of the predicted and experimental activity coefficient
is 37%. Considering that a single parameter was estimated
and rthe system is highly non-ideal containing dilute
solutions in which the precision of the data is
guestionable, the accuracy 1is acceptable. In addition to

this only data from solutions saturated with sucrose was
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Figure 4.19 Predicted (-) and experimental sucrose (w)
activity coefficient in aqueous ethanol solutions saturated

with sucrose at 14°C. Expt. data from West (1933).
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Figure 4.20 Predicted (-) and experimental sucrose (®)
activity coefficient in aqueous ethanol solutions saturated
with sucrose at 20°C. Expt. data from Haeseler et al.

(1968).
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used. At this concentration it is not clear whether the
solid was precipitated as a pure crystal -(See Section

5.3.4)..

4,7 SUMMARY
The parameters required for the applicaéipn of the

extended UNIQUAC equation to the model food solution are
summarized,'with their estimated errors, in Tables 4.1 and
4.3. The volume (r,) and surface area parameters (q,) for
this system, required are presehéed in Table 4.2.
Considéring the complexity of the system involved, the
accuracy . of the predicted activity doefficients in the
system is good. The utility.of,the model in food engineering
applications, notably in the design and simulation of food
procesé is clear, partigularly in light of the state of
thefmodynamic, mcaggling in the  food indﬁstry alluded to
earlier. Thg‘ model, however, has significant limitations.,
These result from the limited thermodynamic aata available
on food systems_and the assumptions inherent in the model

which cannot be applied to these systems.

4.7.1 Quality of experimental data

only a limited amount of experimental data on systems
important in food engineering applications are available in
the literature. The data available, are often incomplete and
of questionable accuracy.; In their study of the vapour-

liquid equilibria of mixed solvent/salt systems, Sander and

——

\
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Table 4.1 UNIQUAC interaction pa'r:ameters (Uij)(K)

Component Water Ethanol Sucrose Na* Cl-
Water 0.0 380.682 5542 -693.12  1240.1P
Ethanol -64,562 0.0° 134+4 5000 5000
Sucrose 55+2 134+4 -37.4%.8 273448 1136.,.7+.6

Na* -693.1P 5000 2734%8 50000 . 0.0°
cl- 1240.1P 5000 1139.746 0.0° 5000P

a8 from Prausnitz et al. (1980)

b from Christensen et al. (1983)

1
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Table 4.2 UNIQUAC volume (r,) and surface area (qy)
parameters
Component ry g
;T .
Water - 0.92° 1.40°
Ethanol 1,2118 1.978
Sucrbse 9.1%,1 8.5%.1
Na* .1426° .2732°
cl- o .9861° .9917°
a from Prausnitz et al. (1980)

b from Christensen et al.

(1983)
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Table 4.3 Brensted-Guggenheim solvent parameters Bsolvent(K)

.~» Standard

' -estimate
Solvent B oivent of error
R
Aqueous ethanol 4
!
AQueous sucrose 0.3

B, water = 60.9 (Christensen et al., 1983)
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his coworkers (1986a) had similar difficulties - data
obtained from the literature. The data were found to Dbe
incomplete and scattered, with significant inconsistencies
between reporteé‘aata sets. |

The data available on food systems such as agueous
sucrdse are reported over limited temperature and concen-
tration ranges. These data are not of sufficient precision
to confidently determine the temperature dependency of.the
mod;E parameters. This temperature dependency is requjred
for a consistent representation of vapour-liquid, liquid—;
liguid and heats of mixing from a given model (Renon, 1985) .
The parameters optimized in this study have been optimized
over a limited temperature range and care should be taken in

their application to systems under conditions outside this

range.

4.7.2 lonic interactions

The predominance of the electrostaﬁic contribution to
the salt activity coefficient, illustrated in section 4.6.1,
is due primarily to the strength of the ionic interaction
which is considerably larger thaﬁ the strength of non-ionic
forces. The electrostatic interactions‘ are particularly
significant in dilute salt solutions due to the inverse-
square - relationship between these interactions and -the
interionic distance. Electroétqtic forces have a much longer
range than other intermolecd&ar forces which depend on

higher powers of the reciprocal distance (Prausnitz et al.,
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1986).

The inability of the extended UNIQUAC equation to
represent the dilute salt activity coefficient in mixed
solvents, may bé attributed to the failure of the Debye-
Huckel 1limiting law to properly represent the interionic
forces in mixed solvents. The variation in the solution
dielectricmconstant with ion concentration is not accounted
f;r. In the Debye-Huckel limiting law, the bulk dielectric
constant of the pure solvent is used. This quantity'is valid
only in the limit of infinitely dilute sélutions (Debye and
Pauling, 1925). The electric field around small ions 1is
strong enough to orient the surrounding water molecules
resulting in Jlocal dielectric saturation. At higher ion
concentrations this results in a noticable reduction of the
macroscopic dielectric constant of the solution (Ball et
al., 1985a). In the Debye-Huckel limiting law, the logarithm
of the ionic activity coefficient is inversely proportional
to the dielectric constant (See equation 3.3.6). As Figure
4.9 illustrates, the Debye-Huckel limiting law under-
predicts this value when the bulk solvent dielectric
constant is used. If it is assumed that the mixed solvent
behaves in/ a way similar to water (i.e. the solution
dielectric const§nt decreases with increased ion
concentration), thé inability to properly reflect the
behavior of the salt activity coefficient is due to the
inaccuracy of the dielectric constant used in the

expression.
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Cruz and Renon (1978) take this effect into account
with an empirical expression to calculate the variation of
the solution dielectric constant with ion concentration,
while Ball ot al. (1985a) cite the work of Pottel in their
expression for this quantity.

An analogous ewxpression to Pottel's for mixed solvents
does not exist. An improved representation of the
experimental data is possible with an empirical fitting of
the Debye-Hickel parameter (A) (Sander et al., 1986a),
_however, in a.model designed for eng}néering purposes, the
use of the bulk dielectric constant of the solvent was

preferable to the inclusion of additional parameters.

4.7.3 The UNIQUAC equation

The 1inability of the extended- UNIQUAC eguation to
correctly represent the partial molar entropy of some
solutions using the van der Waals geometric parameters 1is
illustrated in the agueous sucrose system (Section 4.5.3).
These parameters were fjtted empirically with estimates ?f
the component entropies based on experimental data,
indicating that the geometric properties of the ‘sucrose
molecule in solution are not represented well by values
estimated based on the molecular crystal. The term used to
'‘represent the excess entropy however may also be 1in e;;or
(Kikic et al., 1980; Alessi et al., 1982).

"The combinatorial term in the UNIQUAC equation is based

: , b
on the Guggenheim-Staverman equation. Sayegh and Vera (1980)
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discuss the limitations of this term and find the expression
leads to poor results if mixtures of bulky molecules are
considered. The bulkiness of a molecule is reflected by the‘
value of 1, (see equation 3.3.4.) This value is assumed to
be the same in solution as it is in the pure state, which
may‘ also lead to errors in the representation of the
solution excess entropy (Sayegh and Vera, 1980).

;}éimilar problems may be encountered in the
reé;esentation of the ions ir solution. The Pauling ionic
radii, based on the crystal sfate, are used to calculate the
volume and surface area parameters ®f the ion (Christensen
et al., 1983). Marcus (1983) has studied the radii of
different ions in aqueous solution using x-ray and neutron
djffraction techniques. He presents a list of aqueous ionic
radii for 35 ions. These values were found to be close to
the Paﬁling radii which were recommended for use 1n agueous
solu;ion, if the aqueous ionic radii were not available.
Marcus' study, however, was limited to aqueous solutions
with the reported iénic radii wer; bpased on the average
distance between the centre of the ions and the centre of
the nearest water molecule. 1In mixed solvents, these
.distanCes may differ significantly. -

In the UNIQUAC equation, the interaction between any
two species in solution are assumed to be uniform throuéhout
the solution. The estimation of a single parameter to rep-
resent the average interaction of ion-water interactions at

all concentrations does not allow for the fact that the type
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and number’ of 1nteractlons will vary with the solution
concentratxon.'It has been reported that the size of the
‘hydratdon\ shell changes 'yith ion concentration (Maurer,
1983f.

| Skjsld-Jorgenson et al. (1982) treat th}s_problem by
vintroducing concentration'dependentfihteraction parameters
(Uij); Sanaér et al. (1986a) also include this concentration
,depenQency in!theirAextehded UNIQUAC equation.

Perhaps the most significant assumption in the UNIQUAC
equatlon limiting its- application 1is the ' non-randomness
assumptlon. The non-randomness of a solutlon is related to
the net energy of interaction through the Boltzman constant
(Wilson, 1964). It has been suggested that thlS assumption
is too strong and over-corrects for deviations from random
m1x1ng (Hu et al., 1983; Prausnltz et al 1986L;1_ L\

The many modlflcatlons made to the UNIQUAC eqguation,
although empirical 1in nature, ,have~_resulted- in. improved
representation ’of specifict‘systems. The UNIQUAC equation

=should. - however, be cohsidered a semi—empirical‘ equationi
.(Renop; 1985) requiring parameters estimated from experimen;
.tal data. The parameters have physicai meaning because the
equation is @heoretically based, but‘efteh many different

effects are combined in a single parameter.

4.7.4 significance of parameters LI

-

Three types of- parameters have been estimated in this

study: the Brgnsted- Guggenhe1m solvent parameter for aqueous
P
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ethanol and aqueous sucrose solvents, geometric parameters
Qi and r, of the sucrose molecul@ in solution, and a number

of UNIQUAC 1nteract1on parameters (Uij). The Bregnsted-.

Guggenheim parameter is an emp1r1cal parameter representing

i
(]

the interactioh between ions ef epposite charge. Its
empirical nature makes it aiffieult to,attaeh any physical
meaning to it. it may  stated generally, based on eqguation
3.3.9, that. an increase in the wvalue ofj.B indicates

increased interaction between the ions and a resulting

increase in the excess Gibbs energy of the solution.

The significance of the volume (r,) and surface area
(q,) parameters is straightforwardj noting, however, that
these parameters represent molecules in solution. The,

surface area parameter, in particular, may be affected Dby

- . . . A
the configquration of the molecule in this state compared to

its crystal state.

v

Y

The UNIQUAC 1nteract10n parameter (Uij) represents the
potential energy of two nearest neighbours in a m1xture of_
components i and 3§, component j being the central ion
(Abrams and Prauenitz, f975). Thg net interaction energy

(aij), is a more appropriate parameter to interpret from a

physical standpoint. The ~set Ainteraction parameter
calculated as .y

represefts the net energy of interaction between molecules i
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and ;Q‘compared to the energy of interaction between two
molecules of component j.

The net interaction parameter is also used to calculate

the loca) composition around a central molecule. A positive
vélﬁe of ajj indicates a net repulsive’ in;eraction and
results in a lower 1local concentration. A lepe of zero
indicates no net interaction and results in random mixing,
with the local composition equivalent to the stoichiometric
composition, such a solutidn has zero enthalpy of mixing. A

negative value of a indicates negative deviation from

ij
idgality (Wilson, 1964).

caution should. be observed vhen attempting to correlate
thé négwihteraction parameters of the ions in the extended
UNIQUAC with thET?”Eehavior in solution. The déminant forces
governing the behavior  of 1ions in solution are thé
interionic, electrostatic interactions. Thesé forces are
accounted for in the equation with the Débye—HGckei lihiting
law and, consequently, the 1ions must be thought of as
neutral species when»considéring the short-range, non-ionic

forces. The local composition, however, 1is strongly

influenced by the ionic interactions.



5. APPLICATIONS OF THE EXTENDED UNI QUAC EQUATION

The extended UNiQUAC equation provides a reasonable
€ .ation of the component activity coefficients in the
aqueous binary and ternary sub systems of the representati?e
food system under normal conditions of temperature and
pressure,“particularly in light of the lack of experimental
data on these systems. The equation was applied in a number
of different situations to demonstrate its usefulness. To
illustrate the uﬁilitfﬁhf the model for systems for which
data do not exist, activity coefficients in the Quaternary
sodium chloride-sucrose-ethanol-water system were bredicted.
Terpenes are important aroma compounds;in some food systems;
The model has been applied to predict the vbehaviorv of
aqueous solutions of sucrose or sodium chloride saturated
with three terpenés.

Accurate phase equiiibrium descriptions are necessary
for any acceptable design or simulation of separation
processes (Urlic et al., 1985). The extended UNIQUAC was
employed to predlct a numh@; of physical properties, based
on phase equilibria,~ in the model food system. These result§

T

will be discussed. The chapter concludes with a discussion

of the application of the equation to the,modeling ‘of mass

transfer in biological systems.

108
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5.1 Quaternary Solutions

No experimental ' data for quaternary sucrose-sodium
chloride-ethanol-water system are available in  the
‘literature. The application of the extended UNIQUAC equation
to this system therefore, involved only the prediction of
the component activity coefficients .with no method for the
validation of these results. Experiﬁental measurements of
the density and dielectric constant of the ternary golvent
are not available. These propefties were calculated from the
density and dielectric constants ~of the .aqueous binary
solutions using an appropriate mixing rule. (See Appendix
3). Bondi (1968) suggests that an estimate of the specific
volume of a multicomponent solution may be made with the
‘weighted averaée of the components in the mixture. There is
no theory for the prediction of the excess volume of mixing
(Bondi: 1968) and consequently this quantity is neglected.
The following éxpressién is.used to calculated the densi£y

of the multicomponent solvent mixture:

1 'EHQH W'
t Pmix PEtOH Psuc

Where pg.oy and pg, are the density of aqueous binary

solvents and W', the weight fraction of component i in the

mixture, on a water—free basis.
The dielectric constant of the mixed solvent solution
is calculated as the weighted average of dielectric constant

g

" of the aqueous binary solvent mixtures.
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— 1] ' .
€nix - ©EtOH Weeon * €suc Wsuc (5.1.2]

‘Where eBtoH and €., are tthe dielectric constants of the
aqﬁeous ethanol and aqueous'5ucrose solvents.

The Brohsted-Guggenhein\ parameter (B) ‘in the ternary
solvent mixture is calculated using a similar expression

based on the value of B in the two agueous binar§ solvent

mixtures:

Bnix = Peron Weron * Bsuc Wsuc , (5.1.3]
. The predicted behavior of a quaternary solution calculated
using the parameters determined from the binary and ternary

solutions (Tables 4.1,4.2 and 4.3) is shown in Figure 5.1.

5.2 Solubility of Terpenes in migha Aqueou;}Solutions

The distribution of essential 0il qémponents between
phases during the processing of foqﬂ' solutions 1is an
important parameter affecting the orgénoleptic quality of
the processed foods involved. Terp;;es are unsaturated
hydrocarbon§\ which occur in most essential oils (Hawley,
1981). The solubility of three «©f these compounds, carvone,
piperitone and pulegone in water (Sm;}l and Le Maguer, 1980)
and in aqueous solutions of glucose, sucrose and sodium
chloride (Smyrl, 1977; Smyrl and Le Maguer, 1980) are

available. Solubility data may be used to estimate activity

coefficient in saturated solutionsi Le Maguer(1981) presents
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estimates of the saturation actiyiﬁy of the three terpenes
at different témperatures. These ’values, along with' the
relationships developed in Append%x 4, were used to estimate
the terpene activity coefficients in the saturated solutions
at 23°C.

Le Maguer (1981) adapted the UNIQUAC equation to the
modeling of the. terpene-vater system and presents
temperature dependént expressions for the UNIQUAC
interaction parameters in binary, aqueous solutions of these
compounds. In the agueous sucrose system, the appliéation of
the extended UNIQUAC equation requires the estimation of two
parameters repfesenting the interaction between the sucrose
and terpene molecules and between two terpene_molecules. The
terpene-terpene interaction was assumed to be equal.to Fhe
ethanol-ethanol interaction and only the terpene-sucrose
interaction parameter was required. The effect of the
variation of this parameter on the predicted saturation
activity coefficient of carvone in agueous sucrose solution
at 20°C’ is shown 1in Figure 5.2. This parameter hasl a
significant effect on the calculated carvone activity
coefficient. An optimal value of 425 K was estimated for the
carvone-sucrose interaction parameter. The activity
coefficients of saturated solutions of piperitone , and
pulegone in agueous sucrose solutions were also predicted.
These components are veryrsimilar in structure to carvone,
and it was assumed that the energies of inte;action of"

piperitone-sucrose and pulegone-sucrose are equal to
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Figure 5.2 Effect of Ulcarvone-sucrose) on the predicted

saturation activity coefficient of Carvone in agueous

sucrose solutions at 23°C. Expt. data adapted from Smyrl

(1977)
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interaction energy of carvone—sucrose.r The predicted and
experimental terpene, saturation activitis coefficents éf
pipertone and puQelone in agqueous ‘sucrose are shown 'in‘
Fiqures 5.3 and 5.4. As these figures illustrate, the
activity coefficients are predicted well with the extended
UNIQUAC equation using this parameter value. |

The solubility of the terpenes in the agueous phase are
in the order of .00001 on a mole fraction basis (Smyrl,
1977). Because of their low concentrations, the effect of
these components on the Brpnsted-Guggenheim parameter (B) in
aqueous sodium chloride solutions was assumed to be
negligible. In a preliminary investigation, the 'carvone-
sodium chloride—water system, .the carvone-sodium ion
_interaction parameter was found not to be significant and
's;:_ to zero. The effect of the variation of the
carvone-chloride ion interaction parameter on the carvone
activity coefficient at saturation in solutions of aqueous
sodium chloride, is shown in Figure 5.5. AS ‘this figure
illustrates, the chloride ion has a drastic effect on the
carvone activity coefficient. This effect however, cannot be‘
reflected by the extended UNIQUAC equation regardless of the
value of the interaction parameter used. Similar results
wére found for piperitone and pulegone.

The severe salting-out effect of the salt on the
terpene is due to very strong interacfions between the ions
and terpene molecules. Examination of the contributions to

the carvone activity coefficient showed this quantity to be
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determined primarily by the UNIQUAC term in the equation.
The decrease in the solubility of the terpenes with the
addition of sodium chloride and the corresponding increase
in the saturation activity c?efficients, was reflected
properly in the residual term of:the equation. This behavior
validated the interaction parameters (ij) used for this
system. The inability of the model to properly reflect the
severe salting-out effect, was thought to be due to an
improper representétion of the structure of the solutjem, or
more precisely, the surface area fraction. The
representation of the strong interactions between the 1lons
and terpenes are limited by thé relatively small value of
the cation surface area parameter (qk). It is believed that
this value does not properly reflect the solution structure
and as a consequence the local surface area fraction 1is
incorrect and the full extent of- the ion-terpene interaction
is not represented. Similar problems with the cation
geometric parameters were experienced by Sander et al.
(1986a) in their representation of vapour-liquid equilibria

in mixed solvent/electrolyte systems.

5.3 Physical Property Estimatifn
Physical prqperties of solutions, such asé freezing
',point depression, solubility, boiling point elevation and
relative volatility are based on the phase equilibria of the

ligquid solution and a second phase, either solid or vapour.

"With the extended UNIQUAC equation, access to the
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thermodynam1c behavior of each ‘component in the solution is
available. Based on this 1n;ormat10n, the phase equ111brium
behavior of the system and a number of analogous physical
propértieslwere estimated. o
oy e} .
. r/' . -
> Gdr/

5.3.1 Fugacity as a criterion £or equlllbrlum

The cond1t10ns for equilibrium between phases in a

e

multicomponent system at constant tempefature and pressure
require that the chemical potential of any component i, be

equal in all phases in equilibrium (Hougen et al., 1954).

-~

The fugacity of a component (f;) 1s»d1rectly related to-its

8}

chemical potential (u;) at constant temperature by the

rglationship.

. Ky

_ £, -
= u® + RT .| ln=— [5.3.1]
1 fO
1

where u% and fS are the standard state chemical potential
and fugacxty of component 1. Consequently, fugacity may be
- used as a criterion for equilibrium between phases. For the

equilibrium of compofient, i among various phases:

£, 40 = £5,, = . [5.3.2]

1}

Ei

where the subscripts denote different phases{ Using Gibbs
defxnltlon of the activity as ‘the ratio of the compondnt
fugac1ty to its fugacity in a standard state (f; °), the

'_eqUilibriumgcondition'(5.3.2);may be written alternately as
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. (./ —-
3
- 0 - 0
‘ai,lfl,l_ ai,l'fl,l" aj vfx v ai,sfl,s [5.3.3]
¥
where a; ), 3; v aji,v and a; o are the activi;m of
component i *in phases 1,1',v, and s. Based on, hese

relationships and a number.of the{mody&amic relationships
petween the standard states, a number of physic§l properties
' of solutions may be estimated. i . 4
5.3.2 Freezing point depression

The freezing point of a solvent defipes the témperature
at which équilibrium is established between the soii&'aﬂd'
ligquid states and the solvent fugacities in-each phase are
equal. This equilibrium state expressed in terms of solvent
activities depéndsu only on the relationship betweeh the'
standard state ‘fugacities in each phase (Prausnitz et &al.,
.4966). When a solv' is added to the solvent and dissolves
only in the liquid ,.ase, the fugacity of the liguid solvent
isjlowered. To re—establish equilibrium, the fugacity of the
solid solvent must also be loweréd. This 1is ’éghieved by
decreasing the solution temperature, #oting that the
fugacity of the liquid solvent also decreases with the
temperature. The magnitude of. the temperafure decrease
required to re-establish equilibrium is the freezing point
‘depression (Klotz, 1964). The wvariation of the solid

activity (a,) with temperature at constant pressure is given
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by the relationship:

—— = —4L [(5.3.4]

dT ‘p ‘RT?
Where AOH; is the enthalpy of fusion. If the solvent is
vater, the water activity is related to the freezing point

depression (8;) by the following relationship (Wall, 1958).
“1n a, = 9.6916x10736, + 4.95x107%6,° [5.3.5]

The freezihg point depression 6; is defineé as : 0, = @ﬁ% -
T¢) where T0 is the ffeeéing point of ‘the pure solvent under
the same pressure and T; 1is the' freezing point of the
solution. Detailed derivations of these'relationsh;ps are
given by Wall (1958) and Lewis and Randall (1961). A

With the extended UNIQUAC equatlon, the water activity
of the solution at different temperatures and comp051t10ns
can be calculated. The temperature at which equat1on 5.3.5
is satisfied w111 allow the, estlmatlon of the free21ng point
depressﬁon of a gﬁgbn SOlUélOﬂ. It should be noted that it
is assumed that pure icé” is precipitated in' the solid state.

This relationship has been used to calculate the

freezing point depression in agueous sucrose solutions. The”
1‘_3 ]

_predicted and experimental values are given in Figure 5.6.

Experimental f%gezing point dep%ession measurements are from

Honig (1953). As this figure illustrates, this property is

?

p:edicted well using the exte%ggd UNIQUAC equation with an

>
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* . I3 . .
average error on the freezing point depression of less than

2%.

5.3.3 Boiling point elevation
| The calculation of boiling point elevation in
multicomponent solutions is based on solvent vapour—{iquid
equilibria. It.'usually invqlves‘ agueous solutions of
nonfvolatile component’s. Thé relationsbip.1gﬂanalbgous to
that used in the calculation of freezing point depression
with the standard state fugacities being related through'the
molar enthalpy of vaporization of ‘the solvent. For .a
‘detailed derivation the reader is referred to the monographs
of Wall (1958) and Lewis and Randall (1961).
When the solvent in the solutlon is water, the vapour

phaée activity (a,) 1is related to the boiling point

v

elevation (6,) by the following relationship (Wall, 1958):
“1n a,= 3.5122x10726, + 7.832911x107°6,2  [5.3.6]

The boiling point elevation (6,) is calculated as: 6,=(T,
-T%). where T, is the solution boiling point and ™0, the
boiling point of the pure solvent.

This relationship is used with the extended UNIQUAC
equation to predict the boiling point elevation of aqueous
;Lgrose solutions. The predicted and experimental boiling

point elevation of aqueous sucrose solutions under

atmospheric' pressure . are presented in Figure 5.7. The
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‘experimental values are those of Honig (1953). The boiling
point elevation is predicted well in the low concentration
range. At higher sucrose concentrationé, the prediction is
not as good. The inability of the model to predict the
boiling point elevation in this range 1is due ‘to the
extrapolation of the UNIQUAC parameters to temperatures and
concentrations beyond the " range in which they were
estimated. Typically these parameters may be extrapolated to
20°C on either side of the fitted temperature range. In this
application, these values must be extrapolated more than
40°C beyond this range.

The subroutine used to eétimated both the freezing

point depression and boiling point elevation in the model

food solution is presented in Appendix 6.

5.3.4 Soluté solubility

1)Sucrose

The reiationships between the solid and liquid states
in saturated solutions of sucrose developed in Appendix 4,
were used to estimate the variation of the sucrdse
- solubility with'temperature in the agqueous sucrose system.
The predicted and experimental sucrose solubilities~over the
the temperature range 260-360 K are shown in Figure 5.8. The
experimental solubilities are those réportedv by Honig
(1953). \

The solubility limit of‘gddeous sucrose is predicted

well using the extended UNIQUAC equation up to a temperature
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of 330 K above this temperature, the prediction is not as
good. The average error over the entire range is 14%. Young
and Jones (1949) and Chandrasekaran a;é King (1971) report
the sucrose solid-liquid phase diagram under atmospheric
pressure and show that above 278 K the solid phase is
anhydrous sucrose. Ehe formation of hydrates in the solid
phase is the;efore,v not a reasonable explanation for the
inaccurate pre@iction of the experimehtal data in the higher
temperature range. The inability of the extended UNIQUAC
equation to correctl& predict the solubility of sucrose in
this temperature range is due to both the assumption of
constant infinite heat. of dilution  over the entire
temperature range and the extrapolation of the optimized
parameters far beyond thé range in which they remain
reliable. In addition to this, the solubilities are not
prédicted well in- solutions of very high sucrose
cohcentration.'fhis range of concentration is,not of great
importance in many food processing applications and was not
includéd when the parameter estimation was performed.
2) Sodium Chloride

The solubility of sodium chloride in aqueous solution
was studied by Chen (1986). In this work, the solid-liquid
equilibria of agqueous electrolytes was predicted using the
electrolyte-NRTL model (Chen et al., 1982; Chen and
Evans,1986). Using an analysis similar to that bresented for

sucrose, Chen predicted the solubility of aqueous sodium

chloride over the temperature range : 273 - 473 K. The
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variation of the sodium chloride saturation activity with
temperature was fitted as a function of the system
temperature from experimental data. The equation has the

following form (Chen, 1986):
1na* = -84.669+322:2% —16.2296 1n(1)-0.045253 T  [5.3.7]

Wwhere T 1is the systew temperature (K). This expression 1s
used to calculate the wvariation of the sodium chloride
saturation activity with temperature. It was used with the
extended UNIQUAC . equation to predict the solubility of
sodium chloride in aqueous solutions over the temperature
range: 260 - 360 K. As Figure 5.9 illustrates, these values
are predicted quite well over the entire temperature range
with an average error of less than 10%. The experimental
data are from Lange (1985) and Wwest (1933).
3) Mixtures of Sucrose and Sodium Chloride

The solubility of sucrose and sodium chloride 1in
ternary mixtures with water were predicted using *he
previously mentioned relationships and the extended UNIQUAC
equation. Figure 5.10 shows the predicted and experimental .
solubilities of sucrose and sodium chloride in this system
at 298.15 K. It can be seen that the solubilities are
predicted well in the low concentration range. At higher
concentrations, the predicted solubilites are not
acceptable. In this concentration region it is believed that

the solid phase is not the anhydrous solute. Gayle and his
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>
colleagues (1977) studied e water-NaCl-sucrose phase

diagram and report the formation of metastable glassy
phases. The degree of metastability of these phases was
found to increase with sucrose concentration. They also
report the formation of a sodium chloride hydrate at 30°C.
The formation of co-precitates and hydrates in this region
of concentration are reported by Robinson and his coworkers
(1970) and elsewhere in the literature (West, 1933). From
the standpoint of testing the "validity of the predicted
activity coefficients, this / is a very —severe test
illustrating well the accurééy “of the predicted solute
activity coefficients. |

The subroutines developed for the calculation of the

solubily of sucrose and sodium chloride in the model food

solution are presented in Appendix 6.

5.3.5 Vapour-liquid equilibria

The addition of a non-volatile solute to a mixed
solvent consisting of two or more volatile components may
have the effect of altering the relative activities of the
volatile components (Furter, 1977). The effect of the solute
may be due to the formation of liquid-phase associations or
complexes. If the dissolved ﬁa;ute associates preferentially
with one component of the Jéolvent over the others, the
solubility of tgg\yolatile components may be altered in such

a way that one component is said to be "salted out" with

¢respect to the others. In such systems, the activities of
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the volatile components are altered relative to one another
resulting in a change in the vapour-liquid equilibria of the
system, although no solute is present in the vapour phase
(Furter and Cook, 1967). Components for which the vapour
compositions are enhanced are said to have been "salted out”
by the solute, while components for which the eguilibrium
vapour compositions are decreased are "salted in" (Furter,
1977). This effect \ is exploited in the extractive
distillation of difficult systems such as those--of low
relative volatilities or systems exhibiting azeotropic
behavior 1in compojek§on regions critical to the separation
(Furter and Cookg?iﬁ&?).

. The vapour-

equilibrium relationships developed
in Appendix 4 were used with the extended UNIQUAC equation
to predict the effect of sodium chloride on the isobaric
equilibrium vapour-phase composition of agueous ethanol
solutions. Figure 5.11 shows the predicted and experimental
vapour phase compositions of aqueous ethanol solutions
saturated with sodium chloride, under atmospheric pressure.
The salting-out effect of the sodium chloride on the ethanol
is predicted well as this figure illustrates. This effect 1s
pafticularly strong in the dilute ethanol concentration
.region, where the-solubility of the szlt in the solution 1s
appreciable.

Figure 5.12 shows the predicted salting out effect of
sucrose on the ethanol-water system under atmospheric

pressure. Experimental vapour-liquid equilibrium data on
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this sysrem are not available in the literature, however,
Sorrentino ‘and his colleagues (1986) 1in their studies of

aroma gbmpounds in model food selutionsv found ethanol to be

salted-out by‘ glucose and maltose in ternary ethanol-

carbohydrate-water systems.
The subroutine developed for the prediction of
equilibrium vapour-phase compoéitions in the model food

system is presented in Appendix 6.

5.4 Mass Transfer

The appiications of the extended UNIQUAC equation

Efesented thus far are based on classical thermodynamic :

relationsnips. For non-equilibrium processes, classical
thermodynamics makes only generel statements about the
direction of change. (Katchalsgy,’ 1967). The extended
UNIQUAC equation may be apblied to transient, irreversible
processesréith the assumption of local equilibrium.
J;Over _a century ‘ago the flow of slow, ‘irreversrble
processes'fwas “found; to: be\ directly 'proportional to their
dg1v1ng forces ~{Katchalsky, 1967). Examples of this
gbelatlonshlp include Fourier's law of heat transfer, Ohms
'%;w for electrical flow and Fick's law of diffusion. The

extended UNIQUAC equatlon may be used to predict chemical
,potentlal driving forces and/1n comblnatlon with an extended

form of Fick's law, to desgggbe mass transfer processes.

Fick's law is- restricted to systems near equilibrium in

which a linear dependeney of flows with their conjugate -
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driving forces is exhibited. In many cases however, coupled
flows are known to exist with the flows also dependent on
the non-conjugated forces (Kachalsky, 1963) . Attempts‘ to

descrlbe such phenomea im "terms of linear dependency has
7 s i

lead to mls‘ rgg)

35

qdlng of the processes 1nvolved

The phenomenoipglcal approach to the descrlptlon of
diffusional flows takes into account the dependency of the
flows on the non-conjugate forces. In this treatment, the
dependency of flows on different driving fcrces are not
necessarily linear and thus accurate descriptions of the

Wi
driving forces are vital, if the correct dependenciéfx'”e to
be derived. This approach  may be used ‘to deecribev
transmembrane mass transfer in both biological systems and
in the growing field of membrane .separation techniques.

Guenneugues (1986) studled the osmot1c dehydratlon o%
carrot tissue in agueous sodium chloride solutions using a.
thin packed bed. The phenomenological approach was used to

model the mass transfer in this system. The component fluxes

were described using the following equations:

A Ap A2 u Ou, Au
Jw=Kw w___ﬂ-+Kw —i +K'w w Y 4 ‘. 2 4 K'w' . —_—N 35 [5 5 1] N,
' T 'S T ’ T ' S T ' T T
A Ay Du 2 Au 2 Au_ Au
J =K — 34K - —Y4 K —3 4+ KR —Y 4 Ko 58 ¥ [5 5.2)
S 5,5 T S,w T 5,5 T S, W T S,w T T

Where J; represents the flux of component i, K; j are mass

transfer. coefficients and Au; 1is the chemical potential

.gradient for mass transfer. To represent these driving

]
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forces, Guenneugues used the ex@ended UNIQUAC equation. :The
effect of othar solutes in the tissue on the gradient was
taken into account by representing all the soluble solutes
in the carrot as an eguivalent sucrose concentration. The
chemical potentials required in equatians 5.5.1 and 5.5.2
were calculated inside the~carrot.based on a ternafy sodium
chloride-sucrose-water system. Initially, the outer bath was
assumed to be a binary sodium chloride-water solﬁtioq.

The design of processes for biolagical fluids requires
descriptions of the physicalﬁproperties of the components
invblva@. It is‘also essential to have a description of the
produét behavibr under different conditions of temperature
and ionic siréagth (Johnson, 1986). The description of)massv
transfer driving forces are also requ1red for the design of
mass transfer operat1ons, partlcularlly if the phenomeno-

’ft
logical approach is used to describe the mass transfer.



6. CONCLUSIONS AND RECOMMENDATIONS

In this study, the extended UNIQUAC equation proposed
by Christensen et al. (1983) was modified and applied to an
agqueous’ sYétem containing ethanol, sucrose and sodium
chloride. With the modified version of the equation, the
activity coefficients of the aqueous ternary and binary sub-
systems were represehted well.

The van der Waals derived volume and surface parameters
for sucrose did not accurately represent the the sucrose
molecule in aqueous solution. With the modified values of
these parameters, both activity coefficients and partial
molar enthalpies of this»syétem were represented well, over
the 0-6 m61a1 sucrose concentration ranée and the 0-60°C
temperature range. The %RMSD (% Root Mean Sguare Deviation)
of the component activity coefficients being 6.6%. Based on
the estimated activity coefficients, freezing point
depfession, boiling point elevatién and sucrose solubility
in the system were predicted very accurately; Discrepancies
in the predicﬁed properties were only observed in highly
concentrated solutions.

Componeﬁt activity coefficients in 'solutions of sodium
chloride in aqueous ethanol were predicted rwell with the
equation to salt concentrations up to_ saturation. The
average %RMSD of the solvent activity \coefficiénté in
solutions séturated with salt was 8.5%; while the  salt
activity coefficients were predicted witH~%n average %RMSD

of 11%. The salt activity coefficients in the dilute

138
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concentration range were not correlated‘Well indicating that
the electrostatic ° inte;actions were not correctly
represented in the equation. The predicted solvent activity
coefficients were validated with the prediction of the
system equilibrium vapour composition. This composition was
predicted with an average %RMSD of 6.3%.

The solute activity coefficients in the ‘ternary
sucrose-sodium chloride-water system were “forrelated
accuratély(wi;h the extended UNIQUAC eguation. The average

.

%RMSD of the saltaand sucrose activity coeffici?gts were-8‘
and 5% respectively. Solubilities of tge two solﬁteslin the
ternary system were predicéed accurately based on the
predicted activity coefficients in the 1low to moderate
concentration range.

The solubility behavior of three terpenes in Aaqgueous
sucrose solutions was represented well with the equation
based on the estimation of a singlé\pa?émeter. The effect of
sodium chloride on the solubility behavior of these
components could not be represented by the equation.

]
6.1 Recommendations

This study has -evealed a general need for consistent
and complete thermo: a7 ic data on thé selected system and
its sub-systems. For = :omplete validation of the model,
experimental activity coef ficients and partial mblar

“enthalpy data are required over wide temperature‘ and

concentrations ranges.
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/

Experimental activity coefficient and enthalby data are
required for the agueous sucrose systeﬁ? Studies on the
structure of anéOUS.solutions of sucrose atg also needed to
independently validate the geometric parameters of the
sucrose molecule estimated in this study.

For the ternary sodium chloride-ethanol-water system,
solvent activity coefficients at salt concentrations below
saturation are required. To test the predicted temperature
variation in this system and the "~geometric parameters,
‘enthalpy data at different temperatures are also required.
Salt activity coefficients at different temperatures would
allow a better estimation of the required parameters.

A single source of experimental activity coefficient
data at a siggle 'temperature was used to estimate Ehe
parameters ifﬁ;tﬁe aqueous sucrose-sodium chloride system.
These parameters should be wvalidated with additional,
indépendent activity coefficient measurements. The predicted
variation.with temperature and the geometric parameters must
also be validated with additional experimental data. Studies
on the extent of ion pairing and ion association En this
system are also reguired. |

The parameters required for the ethanol-sucrose-water
and terpene-sucrose-water systems were estimated based only
on solubility data. Experiment§§iy deﬁermined activity
coefficient data for these systems at concentrations bélow
saturation are needed. Vapour-liquid equilibrium data for

these systems would allow validation of the the predicted
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water activity coefficients.

studies on the electrostatic interaction between ions
in mixed solvent solutions are required to develob a better
representation of these interations; of particular
importance 1is the effect of the 1ions on the 'solution
dielectric constant.

anally, to validate the predictive powers of the
extended UNIQUAC equation, measurements ‘ of physical
properties which may be predicted based on activity
coefficients in the Qquaternary modei solution are reqguired
these properties could include fFeezing points, solubilities

or vapour-liquid eduil&bria.
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8. APPENDIX 1 : The Thermodynamic Representat1on of*strong

Electrolytes in a Mixed Solvent : ~‘%%"§Qﬁ~\
In this treatment of mixed solvent/salt syéﬁems, %%e
electrolytes are assumed to be completely dlssoc1ated Allg
other components are treated as "solvent"™ components. The

mole fraction of a solvent component (x,) 1s defined as:
4

» x, = —S—— (8.1.1]
- In  + an
. ’ .
where n is the number of moles, 3] 1S summed over all the
ions in solution and m over all the solvent components.

The mole fraction of ion i (x;) is given bﬁ:

-
P

X, = ———— (8.1.2]

X = —= (8.1.3]

The molality scale is often used to express concentrations
of salts and solutes of limited solubility, giving molal
concentrations on the basis of one kilogram of solvent. It

is . defined as:

M. = ——— [8.1.4]

where M, is the molecular weight of solvent m expressed in

kg mol”'. The relationship between the mole fraction (x;)
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~ where u§.0 is the standard partial molar Gibbs functiom15§
: v

}
i!e

160
and molalityiﬁmi) is given‘by (Christensen et al., 1983):
m.
& T T (8.1.5)

)

m

1 - o
Lmj + 1/(me M

The chemical potential (u ) of a solvént component in

mixed solvent/electrolyte solution is detined as:

. <« o * RT 1n (xsys) P (8.1.6)

where u% o 1s the standard partial molar Gibbs energy of the

Bl -
pure liquid solvent at the temperature and pressure of the

systefh, and y, is the symmetric activity coefficient of the
P

y \

* _solvent component. For jons, expressed on an unsymmetric

basis, the chemical potential is calculated as:

My =u§§o + RT 1n (X17§) (8.1.7)

§ M

_solute i on a mole fraction basis, and y,* is the

unsymmetriczactivity coefficient on a mole fraction basis.
Oon a molality basis, the definition of the chemical
thential is similar:
%

i =My o,m

s

+ RT 1n (miyﬁ'm) o (8.1.8]

where u% . is defined on a molality basis, and vy} , is the

-~

unsymmetric activity coefficient.

Wi, ¢

@

A

K
e
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9. APPENDIX 2 : A Review of Standard States and Activity

' . ' . . . 40
S _ ‘ Coe££1c1ent Normalization .

-Some of the- thermodynam1c concepts important for the

~app11cat10n of the extended UNIUQAC equatlon to the model

food. systems will be. reviewed. This section 'is rncluded
primarily for peferenee.' - o ¥
« 1 ; ‘

- . * - B e

9. 1 Standard States

L

-

The act1v1ty of a component (a ) at a glven temperature

(T), pressure (P) and‘composrt1on (x) is def1ned.as-the'
ratio of the component fugac1ty under ‘the system conditions

“

(£ ) to the fugacity of the component in 1tsvstandard state

(£9) (Leﬁis and Randall;.1961). # 'i B !
g 1T,P, x - |
a; (T P,x) { L . S R PR

]

o f°{T PO, x°}

Lo ¥ .
LY : \ . N
’ " o

The selectlon of the standerd state fugac1ty is arbltraryf\

and basedf on exper1menta1 conven1ence and reproduc1b111tyr

- A

' '(Hougen et al 1954) The temperature of the standard state":”

LR

‘1s the samq as the system- the pressure and concentratlon

however, ~are arbltrarlly choséh at. values that ’may be,~'

‘convenzentffs measured 'or- accurately calculated, Underg
certaxn condztlons, ‘tﬁe standard state may ﬁepresent a
hypothetxcal state wh1ch cannot be measured experlmentally;

vbut may be.calculated w1th reprodUC1ble results (Hougen et

al . 1954.), - The standa:d states selected for use in the

¢ 0y

;thermodynam1c fepqgsentatxon o} the sodxum chlorxde sucrose?

Al
‘

. B . . . f. 161
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ethanol water system w111 be rev1ewed
The standard state kused for the calculat1on of the
ethanol and water activities is the pure component at the
temperature and pressure of the system. Component act1v1ty‘
coeff1c1ents, calculated in thls way,”are %ﬁ%s%than un1tyl
“and' in ideal solutlons, are equal t%a?'the *onﬁapnent moleb{i
fractxbns. “Solution 1dealrty is defined by Raoult s ‘law. For
some components, this standard state may represent a

’vhypothetlcal liguid.

Sy This standard state is not practical for applxcatlon to
solutes of llmlted solub1l1ty because it . requ1res
experlmental data on the pure olute under the system

oﬁditaons* oralda;a on- solutlons oI %uff1c1ently high

o» ‘& M 2 e ?%:&J w

'ﬁng .
concentratlgm 5haat Raoult s l W mlght be approached and
extrapolated to obtabn the fugac1ty of the pure solute at
b 7,un1t mole fractlon. Under normal condltlons sucrose exists

“ as a éolld -and ‘data for it in ‘liquid state are not

s

'avallable. :
~ . . N
»

(_l - ThlS standard state may also be estlmated from solld-

wllquid equ111br1um déta\using a thermodynam1c cycle. Thls
3
estlmatlon requ1res knowledge of tﬁb enthalpy or’ entropy@of

,fus1on and 1s va11d only under cond1t1ons close t6 - the
,olute trlple p01nt. For detalls of ’th1s ﬁrog@ﬁhre”é the
‘ fered To§ ifs met

reader is re ered, to Prauscmtz et al o 9 G)W s mg h@

cannot be used for e1ther the sucrose OF, sod:um chlorxde 1n
. @
. ~the modél food system. Sucrose under normal pressures,

/ 3

decomposes upon heating and consequéntly data does not exlst
. . . .‘
%
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for its enthalpy or entropy‘of fusion. The triple point of

sodium chloride is far removed from normal temperatures and

" the estimation procedure is -not valid over this wide

temperature-range (Acree, 1984).
The standard state usually used for solutes of tﬁis

type is the 1nf1n1te dilution state. When concentrations are
/

. expressed as mole fractions, this state is called ‘the

rational standard.statef In dilute solutions, where Henry's
law is applicable, the solute activity is equivaleﬁt‘to its

mole fractlon, and fre;~energy changes may be calculated in

u

terms of the fugac1ty given by Henry's law (Klotz, 1964).

The standard state fugac1ty is the fuga@aty the solute would

1]

have at unit mole fraction, if Henry's law could be

" extrapolated to this concentration. Numerically this value

is equal td the Henry's law mole-fraction constant, at the
temperature and pressure of the system.

For systems in which concentrations are expressed as

i

) molalities, the pract1ca1 ‘'standard state, analogous to the
’rational standard state is used The standard state

_fugacity, in this case, is the fugacity the ‘solute would

o

‘have at unit molallty, if Henry's law applied. This value 1s‘

equal to the Henry's law, ‘molality constant. In both of
these standard states, solptldg ideality oécurs in veryt]w
dilute solutlons and is defined by Henry's law.

1, .
In solut1ons of  strong un1—va1ent electrokytes, - the

l1m1t1ng ,behav1or of the‘ fugac1ty Aeg 1nf%n1te dxlut1on

cannot be extrapolated 1n terms of the g@,lt concentratxon"
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(Klotz, 1964). The limiting slope of the fugacity may
however, be correlated with respect "to the square of “the
solute concentration. In uni-valent, strong electrolyte

solutions, ideal fugacities are determined by Henry's law

* based on the square of the solute concentration. From the

‘manner: « . .

standpoint of dissociation of the ions, the activity is
represented by the'product of the individual ion activities}
as no experimehtal”method exists for the determination of

1

activities.

1nd1v1dua1 zm

ctivity coeff1c1ent (yi) is defined as the ratio

vﬁof ‘a component act1v1ty to the activity observed if the

COSSbnent exhlblted ideal behaV1or. Ideallty@may be defined
either on a Raoult's or Henry s law basis. The choice of
standard state leads to ,vdifferent conventions of
normalization. For  liquid solvents, ideality is usually
defined on a Raoult's law basis and the act1v1ty coefficient
is normalized sudh that y;=»1 as X, +1, For such components,‘
as the composition of the solutlon approaches that of the‘
pure liquid the fugac1ty becomes equal to the mole fraction
(x;) multiplied by the standard state fugac1ty (£S). This
normalization convent1on is tgrmed the symmetric. convention
of normallzation. |

Solutlons in which the standard state of the solute, is

defined by Henry's law, are normal1zed in the following
. ‘, -
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y;#1  x;»1 (solvent components)

yt+1 x40 (solute components)

R

ksincekthe normalization‘of the system components are not the
same, theyv are said to follow the unsympetric cofffention
(Prausnitz et al 1986). In such solutions, the standard
vstate fugacity of the solvent is thnlpure liquid fugac1ty
and, the solute uses th‘ﬁhenry s law constant. |

The Henry's law constants are functions of - b#th the

’system temperature and the nature of the,‘solvent.ﬂ This

~l|§‘

property vis the greatest disadvantage ofﬂxflngcthe Henry s
¥
law const%#t; as the standard state fugac1t?es as required

. &y .
by thefynsymmetric:cOnv%htlon for normalization (Prausnitz’

& e

' < , . )
et al., 1980). ’ * : oo zﬁ;ﬁﬁ‘ . &
’ . v _ . 8 . . A g N !
In binary solutions, act1v1tyacpeff1¢1ents (y whléﬁ @

are normalized symmetrically are related . to unsymmetr1c

activity coeff1c1ents (y§)4 by the - followlng relatlopshlps

(Prausn1tz et al., 1986) ‘ ‘ ' _‘ ° ,@”’
i oo olimit, o yg ' [9.2.1]
* = lmltx "’0 .Yl VAN
Y ] . :
- ) 'Y - TR % ' !
’ S ;;— = limit L, 73 | [93252]
1 ' .

' In bolutﬁons of strong electrolytes, salt act1v1ty
coef€3c1ents are deflned u51nglthe unsymmetrlc conventlon of
normallzatlon, this with respect to the salt at 1nf1n1te.
dllutlon. ‘The act1v1ty coefficient of each ion approaches'

unity vhen the “concentration -of all ions im solut1on '

o



«where yﬁ‘m‘is the practical, #¥gs
* . 4 ! - . ” .
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approaches zero: y§+1 as Ix,;+0; this is often called the
4 ; . ( v
rational un‘symmetric activity coefficient.

On a molality basis, the molal, unsymmetric éctivigy
coefficient (y’ n) i8S defined as: N

1,

[9.2.3]

W ,

Yo

* activity coeffic-

Rt
s

ient such that as Zm;+0.

Unsymmet fiﬁdip& coefficients on a molal and mole
fraction bééi e related as follows (Sander et al.,
1986a): R S , ¢

E S A
v*
£ _ _Ti.m
) ‘Y = ) [9.2-4]
where the summation is 0% "a11 the ions. P

Single’ ion- activity® coefficients are not obgfinable -
from experimental#data (Christensen et al.,'19§3)1 For an

anion-cation pair, the rational mean unsymmetric activity

 coefficient ?yi) is défined as: .

1/(v+ =) [942'51-

yio= YN

a ) . : 7

. ""‘é‘" s ‘ - ... ' l'\ .‘ . - . ' . ' .‘ ' :
‘WHQFervtanq v~ are the stoichiometric coefficients of the

ions. The practical, mean, unstmetriq'activity‘coefficient

(yi'm)

) is defined similarly. This 'quantity #s the gquantity
most often tabulated in data collections for electrolyte

solutions (Sander'et al., 1986a). s s ’

EIR
B .’
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10. APPENDIX 3 : Correlation of Solvent‘PhYSical properties

&

Thev density and dielectric’ constant of the solvent
mixture is required for the DPebye-Huckel iimaiinglaw. To
estimate these values under different. ‘cond1t1ons ’qt
Utemperature and@pressure, correlatlons for the den51tﬁ%andv

dielectric const%nt of the two binary aqueous systems; based{ ;&@

- on experlmental data, were developed.

+

10. 1 Aquepus Ethanol § ’f\'t‘ions

Experimental dat;QSLr the variation of the *dielectric
‘constant of aqueous ethanoY solutions, with temperature are
not widely availéble.oSen et éi. (1?79) and Harned and Owen,

Qﬁsse) report exper1menta1 values 5°C. Correlations aer

%

‘available for the variation of“the pure component dielectric
, constants with'tempe%ature (Weast 1979). To utilize these

correlations, the d1e1ectr1c constant of the mlxture was

!

fitted as a function of ‘the pure ﬁ%omponent d1ele<tru:ﬁﬁi
’ . 2
constants and an excess function. The excess function was

- fitted as a £0n§t1on of the solutlon comp051t10n at 25°C.
Because no data were available for the mlxture at different §
,temperetures, it. was assumed that»the effect of temperature o
on the excess fudction . was neglible and most of the
varxatxon due to temperature was accountedz<fg; ih$'tne

‘varxatxon of - the pure component dxelectrxc constants. The

\’\)l‘;’ ¢

correlation developed for the dxelectrxc constant of agueous

ethanol is ngen as:

167 L ~
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Cmix © ww €w + wEtOH €EtOH

~ 16,89 W, Wg ou' [10.1.1]

Nn

- 1.052 W, Wgyon

Where W, and Wg. oy are the weight fractions of water and

. ethanol in the™solution, e, and eg. oy are the pure component

{ dielectric constants of water ~and ethanol at the system

e

[ sgemperature, and e, the dielectric constant of the solvent

’

mixture. The pure component “dielectric constants are

.
L

calculated from the follpw}ng»réiatio&ph&pswﬁﬂggsg,;J$79): 

; - . » ' @
Water: e , ) .
e . - $ C4,1000.05 - (.002%)) O [10.1.2]
- ' ! ¥
‘ithanol-
) . €EtOH,t = 24.3)(10(0.0675 - {.00273%t)) " [10.1'3]
where ¢, ., and . are the pure component dielectric

constants at t °C.
Experimental data for the dénsityyof aqueou; ethanol
over a wide temperature range are .avaiiable in .the
. literature (Perry and Chilton, 1979; Weast, i979). To
estimate the density of aqueous ethaﬁol solutions, a
correlation similar to that used for the dieiectric constant
was developed. aéndi (1968) sdégescs :the use of ;Llume
additigi;y when e$t1ma(iqg the densities of multicomponent
soluﬁibns. Based on thié, thg following expression. was
developed to estimate the densities of ethanol-wvater

mixtuyres:
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1/Ppix = Wu/Py * Werow/Peton
+ 73.85 W, Wg oy *+ 415.843 W, W o
- 892.256 W, Wy oy’ *+ 552.202 W, Wgi o' [10.1.4 7
r‘.‘

+ where p, and pg oy are the pufe component densities at the
system temperature and pg;, is the density of the mixture.
The varjation of the density of water ‘.th temperature

yﬁq r

ﬁ1§ g1Ven by the correlation of (Kell, .1975). The variation

L

"?ﬁq Jinear function of the temperature as. suggested by Bondi

¢‘ £%1968) The densit$ of ethanol in the temperature rgnge 0 -

+f o
s -

tal,

el 40°C reported by Weast (1979) is used to estimate this

variation. The pure ethanol density is calculated using the
_ N ' 4

' following expression: ‘)
j&' - PELON :\= 806.278 - 0.843st [10.1.5]
™ \ ) A [ g
~ g . *

whéré pg oy,. is the density of pure ethanol atvty° C.

" The éqefficients in'equation\lb.i,% >epresen§inq the
‘excess vdldme were estimated  based on data at 255C. The
-excessv volume is a function of temperature. Over the
temperature range of interest however, this effect was not
sanxf;cant. The. maximum error on the predicted densxty in
the 0 - 100°C temperature range was less than 1% using the
coefficients estimated Jat 25°C. The predicted and
experimental density and dielectric cmngzant 17 AQuUesus

ethanol solutions are g:ven :n Figures:'C.! and '0.°.
. v : . .

:, , of the ethanol density with temperature is fitted as a :



<
o
"
C
o]
O
K]
<
0.
]
P
&
<0
-
3

70.0 A

60.0

50.0

300

' | 70

0

constent

ol . —

> : ; { . et al.
eosus ethanal a® I5°C. Exper.menia. data frconm Sgr et al.,
‘i oand Haroed and Uwer rasan



&

Density {kg/cublc metre)

b

Figuos

solutions at

and Weast

0.

1000.0

950.0

900.0

850.0

800.0

w}

7500

2 Correlation of the def‘zS:t‘z‘ of

]

_25°c.

{1979},

Ex

“~r

pe

P
H

Walght Fraction Etngnol

imental data

from Sen

&f

+

i

¥

171

agueousS ethant-

EXeR
51



172

10.2 Aqueous Sucrose Solutions

The density and dielecﬁric constant of aqueoﬁé sucrose .
solutions wefe fitted as as functions of the~‘§blute
concentration at 25° The intercepts of the ffited
polynomials were forced thrbugh the pure water density and
dielectric constant. The Ekffect of temperature bn,“@ke
density estimation was ass%med to be completely accounted
for by the temperature variation of the pure water. To test
this asSumption, the density of 70 wt % sucrose solutions at
0 and 60°C were predicted using the equation and compared to
the experimental densities reported by Honig (1953). The”
effect of temperature on the density of water was estimated
using the correlation of Kell (1975). The maximum error on.
;he predicted aensitie§ was found to be less than 1%. This
level of accuracy 1is’ acceptable for applicakion "to the
model. The density of aqueous sucrose solutions is estimated

using the equation
_ " B

Poix = Py * 3_81.8W5UC + 140. 6wsdc2 * 33‘O‘w5uc) ' [10‘2'1’]

. : . o~ R
The dielectric constant of agueous sucrose solutions 18

o

.
reported St 25°C by Harned and Owen (1958). These data were

fxtted as a ‘unctlon "of solution COmp051tlon; "tassumed

that -the eftec;t; ,O,,E,. temperature on the :s%m'

“ 2
constant fyas accountec for in the variatig n
% ', )'?’{,i . 5

wvater di electrs Constant. The eQUat;on developed is given. " ;f

. ' ] L
below: : ‘ A
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e woe, - 25.68W . + 10.99W, 7 34.2%W,°  [10.2.2]

mix

The predicted and ‘experimental density - and

constant in aqgueous sucrose solutions are given
* k>

N

10.3 and 10.4.




Dieteciric Constant

agueous

Harned

it ;ﬁ 1 7 4
5 * . N
(738
<§ ’ ,
é
L
80.0
75.0 A ’
70.0 A
65.0 -
¥
5.0
550
SLDK)”“ﬁ‘—fY‘*—r-r—-r-——r—"ﬁ**v — Yy v > Gatan 7 T \Y v 1 ¢ 8
co 01 02 0.3 0.4 0.5 - 06 0.7
; .
53 3 E
Welght Fraction Sucrose’™™ R
” -
ﬁg’*- . ) ..
* >

17 % Correlatiopn
sucrose SoLutions

and Dwen 1955

0

2f the dielectric constant of
25° C. Experimental data from

}

at



S~ ;- L - - s

.

1350.0

1300.04.

1250.0 4
T 1200.0 -
3
E i
Q- 1
) !
3 1150.0
o
X
=
> .
P 1100.0' _
@]

. 1050.04
1000.0
-~ 4
950.0 4— — ——1 — . . .
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Welght Fractlon Sucrose
r
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solutions at 25° C. Experiméntai data from Weast (1979), and

Honig (1953).1



11. APPENDIX 4 :»Correlation of Experimental ﬁatd/ﬁbr

§ Parameter Estimation J

The ‘use of numerical techn1ques for the optimization of

_the model parameters is greatly aided by the smoothlng’of

-

experimental data to a fitted numerical functrpn. ~To

facilitate the use of these teChniques,g the experimental ,

‘data were fitted empirically as polynomial expressions.

- 4
~ - ’L
L . :
-

11.1 Aqueous Sucrose Solutions
The osmotic coefficients (¢) of . aqueous sucrose

\'-olut1ons at 0, 30 and 55 7°C were estimated from osmotic

pressure measurements reported by Honlg (1953) using thev
method reported by Lewis and Randall, (1961). In binaryv
: W

. f .
agqueous solutions, the following relationship exists:

>

. wv, 1000
6 = —H— [11.1.1]

i " RT M, Mgye

5
i » \

Where n s the osmotic pressure, v, the partial molar volume

of the solvent and ¢, the osmotic coeff1c1eqt For the

part1a1 molar volume of the solvent, molar vo umes of the

pure solvent may be used (Lewis and Randall, 1961). These
were obtained from Weast (1979). The calculated osmotic
coeff1c1ents were fitted as polynomials in the ~sucrose
moléllty using a BMDP multiple regre551on procedure. The

intercept was fixed at unity to comply with the limiting

‘pehavior of the osmotic coefficient (Lewis and Randall,

1961). The linear ".equations were found to be most
// ~ -

176
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significant at all thr7e temperatures. Table 11.1 shows the
. ‘ \

. coefficients of the polynomials, the standard wégression

coefficient, standard error ' of the gstiﬁates and the

- e

concentration range over which the polynqmial was fitted at

the three ‘temperatures. .
‘Expressions for the osmotic coefficientfaand ‘sucrose
~activity cbefficiéht in aqueous sucrose sol§tions at. 25°C
are reported_by-Robinson and Stpkes (1961). The expressions
apply over the entire concentration range.'Thése data :are

reported elsewhere also by Robinson and Stokes (1959). The

two sets of values ‘reported however, are not consistent. A

AN .
~

BMDP step-wise regression procedure was used to fit a
poiynomial tp the experimental osmotic coefficient and both
expressions , were uséﬁ' in the optimization of the mode 1
parameters. Based on the experimental data‘ofARobinson and
‘Sfokes‘(1959) the osmotic coefficient .is calculatea by:

suc

¢ = 1.0 + 0.4426 m . + 4.58x107% md [11.1.2]
: ’\\ \ .
Where ¢ is the osmotic coefficiént ané’xmﬂﬁ/ the sucrose
molélity; The standard regression coefficient \for. this -
expression is 0.9998 and the standard error of the estimate,
-0.0052. <
| From the équations derived for the osmotic
coeffic}ents, the water activity may be calculated (Stokes—- .
and Robinson, 1966). Apéiication of the Gibbs-Duhem equation

» . . \‘"“ﬂ i .«
.to these equations yieldT the molality based, unsymmetric

|
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I

sucrose. activity coefficient (Klotz, 1964). These may be

converted to the mole ffbction-based activity coefficients

-
i

"ﬁsipg équation 9.1.3. This procedure is outlined as follows

-

<he&15 ane Randall, 1961).

‘The expre551on for ‘the osmot1c coeffhicient (¢) may be

rearranged to y1eld an expression for the water act1v1ty

N

» 0 M ] [11.1.3]

in a, = - —SC W
1000

7

The Gibbs-Duhem equation applied to a binary solution may be

expressed as:. : - N

expressed in terms of molalitvait

Ll

Ko '
. = - —Suc
dlna, = " dlna, . . - [11a1.4]

h _imL . —Msuc

Xy (1000/M )

1000 ' ’ '
"y d lna, = c Alnag,. [11.1.5]

wa A}
1000 . o '

M, dlna, = -m UCdln(ys'mmsuc)= ~d(¢m_,.) [1{.1.6]

. h | |
1 ‘ . .

dinyy,e,m * Alamg,c = ——¢dmg,c * a¢ [11.1.7]

N suc : ’
dlnyz'm =d¢ + (¢ - 1) d 1n mg, - [11.1.8]
- . . . m . ;
Inttpe =6 1 .+Jo (6 - 1) & lnm,  [11.1.9]

Based on this integration, [expreSQiSns for l“7§uc n have

{
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-

been developed at tFmperatures 0f 0, 25, and 55.7°C. They
. ‘ o I
are summarized below:
at D°C: - : N
€ Inydye o = 0.21724 Mgy ™ [11.1.10]
‘ . A d .

at 25°C based on the data of* Robinson and Stokes (1959):

-~ ) . ' \\\

Iny% e m = 01910 mg o - 0.5727x107% m . * [11.1.11]

at 55.7°C:

S Iny% o q = 0.17324 mg . [(11.1.12]
| ' | o
' These correlations are valid over the same concentration

range as the corresponding expression for . the osmotic

4 -

coefficient (see Table 11:1).

Expressions for the appqrgpt, relative, molal enthalpy
(¢Ls) ofyéucrose solutions aré,repo:ted'by‘Gluckep et al.
(1939) and Stroth and Schonert ({§?77\5£“2Q; 25 an§ 30 °cC.
Using the method described by Klotz (1964);\;£pfé;sions for
" the partiai molar enthalpies of thg'sucrbse;and water were
developed. The method is summerized below. (Klotz, 1964):

The apparent, felative,'molal enthépy (¢L,) is defined

by the expression:

—

oL, = ¢H "~ OHJ : : [11.1.13]

Where ¢H, is the apparent molal enthalpy and ¢HS the
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Table 11.1 Osmotic coeffigient constants in agueous sucrose

e
-

solutions
_ standard | Range i}
Temperature ’ error of ' .molality -~
(°C) a? estimateP R*P. (mol kg~')
. 0 .10862  0.0142 . = .999 0-4
30 .09787 0.0648 .987 . 0-5

55.7 - .08662 0.0834 ~.989 0-4.4

T based on experimental osmotic pressures from Hon1g (1953);
. osmotic coefficient calculated from: 6 = 1 +amg, where m,
is the sucrose molallty

b~ obtained by $tepwise regression u51ng BMDP statistical
package _



; 3 \ _ L 1

i
"

apparant mofgf»enthalpylin the infinitly dilute referencé
state, ‘The partia& molal enthalpy of the solute (hy) is. - ~
calchlated' from the relative >apparept molal heat coqteqt'
f¢Ls).using-the fpllowing'felationships(Klotz, 1964)":
\ | 4 . \
h. = ¢L_ + m

s 5 suC [

L §

2oL
—JKJL—] [11.1.14]

8 Mg n, B

¢

To calculate the relative partial molal entﬂalpy of the
. solvent in aqueous solutions, the followingffglatiéhship is
used:
m, . (oL.-h ) >

h, = “:551 s - . [11.1.18])

The expression for the reduced, partial molal enthalpies at

20, 25 and 30°C are summarized below:
\

"at 20°C: | ' o, .
sucrose
- Ry 2 2
— = . - ‘
S = 0.4425 Mg, ¢ 3.56x10:% mgy [11.1.16]
water ]
R y 3 .2 - 4 3
ﬁ;h—-= -3.986x70°3. m2 _ + 4.24x107% my . [11.1.17]
at 25°C: |
sucrose _
RS | 2 2
- - d
e = 0.4548 mgyc ¢ 3.63x107% m,e [11.y.18]
‘water
- K 3 2 -4 3
s -4.093x1073 m§ o + 4.29x107% m, [11.1.19]
at 30°C: |

sucrose
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RE ' - " .

—_—m N2 2

- = 0.4655x mg .+ 3.53x10. mgue - [11.1.20])
water . ' .

RS 3 2 " 4 3'

Mo = - - ; -

RT 4.193x10 Mg e +:4,24x10 ML

s (1 .21]
wheré RE is. the partiai' molar, excess entropy. The reduced
partial molar, excess entrop1es are calculated u51ng the
expressions above and _this thermodynamic relat1onsh1p‘

(Chqudhury, 1987). °

water:
. <-B E ) O} ’
S h -
e - 2w _ Ju [11.1.22] .
R RT RT
’ R b, v :‘ J"
sucrose: , f*fvaﬁry
=B BE ~E :
s h Rt
s .2 _3s [11.%.23]
R " RT . RT

11.2 Eth#&ol—Sodium ChloFide-wétéf—Systems

Smirnov and his colleagues (1980,1981) report values of
the logarithm of the unsymmetric, practical, mean, activity
coeff1c1ent (1ny+ m) of sodium chloride in agueous solutions
of 0,10, 30, 50 and 70 mol % ethanol (salt free) at 25°C.
These-data, reported in graphical form, were digitized using
a Cagggmbldigitizer and fitted as polynomials in the root of
the salt molalities using the IMSL'subrbutine "RLFOR". The
fitted polynomials were forced throuéh the origin to reflect
the boundary conditions of the unsymmetric éctivity

coefficient. The polynomials selected were determined by

t
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statistical analydis of the. explained and hnexblained
. variation. The standard regression coefficient of each
polynomial is close td unity. The polynomial coefficients
a;e reported in Table 11.2. In all cases the % Root Mean
Square of the experimental and predicted lny* m is less than
1 perceq; Mole fraction-based activity coeff1c1ents are
calculated from these polynomlals using equation 9.2. 4

Solvent activity coefficients were estimated from

experimental equilibrium vapour-phase compositions  of

aqueous ethanol solutions, saturated with sodium chloride

N

under atmospheric pressure. These data are‘ reported by
Furter (1958) and Mondez-Gonzalez (1973). The method given
by‘Van Den Berg and Bruin (1981) is used, If ideality in the
gas-phase is assumed, the solvent fugacity is equal to the
partial pressuré (py), éhd the standard state fugacity is
equal to the pure componéht vapour pressure at the system

. o
temperature (P%):

8

a =

solvent, (11.2.1]

je)
[oNe)

Where 8g5olvent

pure component vapour pressures, the Antoine constants
reported by Gmehling et al. (1977) are used. The solvent
activity coefficient (v o vent) 1S calculated from the

solvent activity by:

is the solvent activity. To calculate the
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Table 17.2 Coefficients for calculation of the practical
mean activity coefficient of sodium chloride in aqueous

ethanol solutions at 25°C

i

Ethanol )
Conc. Range
mol "% molality
(salt-free) A B C D E (mol kg~ ')
i s
10 - -2,258 3.177 -2.003 0.461 0.0 {0-4]
30 -4.423 Y2.822 -21.428 17.128 -5.089 [0-1.1])

50 ~4.607 12.580 28.234 36.726 -18.764 [0-0.75]

Coefflicients estimated using IMSL subroutine "RLFOR™ based
on data from Smirnov and ovchinnikova (1981) and Smirnov et

al. (1980). L
In vy, o = Am5'5 + Bm_ + Cms1'5 + Dms2 +/Ems*'5

where m_ is the salt molality on a solvent basis.
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a

solvent

X Ysolvent [11.2.2)
solvent

Solvent activity coefficients, calculated from experimental

7
data and predicted using the UNIQUAC equation are presented

in Table 11.3.

11.3 Sodium Chloride-Sucrose-Water System

Expressions for the molalityi based solute activity
coefficient at 25°C in this system are given by Robinson et
al. (1970). It should be noted that there is a tY?ographical
error in the expression given by Robinson et al. (1970) for
the calculation of the practical, mean, activity coefficient

R -
of sodium chloride 1n agueous solution. The correct

expression is as follows:

109,475 —.5115(mc/m0)‘/2/[1+1.316(mc/m9)‘/2]

+

0.04513(m_/m’) - 0.01113(m /m")?2

+

0.00561(m_/m%)3 - 0.000954(m_/m”)*
C C

+

0.0000574 (m_/m%)® - [11.3.1)

Where y% is £he mean, practical, unsymmetric activity
coefficient of sodium chloride in a binary solution of salt
molality m., and m’ is a standard value of molality, taken
as 1 mol kg~! (Robinson et al., 1970).

Both these - components are normalized wunder the

unsymmetric conventioq‘ In multicomponent solvents the
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Table 11.3 Vapour-liquid ‘equilibria and solvent activity

coefficients in aqueous ethanol saturated with salt

Temperature
(K) Xwater XEtoH YEtOH 1nYeeon 1In¥,ater
/

360.95 .804 .041 .468 2,071 0.038
355.52 .788 .07 .553 1.908 0.096
354.05 .746 . 130 .564 1.368 0.188
353.75 .725 162 .629 1.258 0.165
353.35 .665 .250 .614 0.823 0.209
353.05 .580 .354 .633 0.574 0.307
352.35 .437 .528 .685 0.224 0.465
352.25 .387 .588 .689 0.126 0.581
350.55 . 129 .865 .882 -0.016 0.782

from Mondeja-Gonzalez (1973)
374.95 .804 .009 .001 2.07 -.080
361.55 .801 021 .209 2.66 -.034
359.05 791 .035 .498 2.37 -.044
355.55 179 .068 .550 1.96 -.047
354.05 L1741 127 .615 1.42 .020
353.45 .688 .204 .628 1.02 .066
353.25 .610 314 .650 .628 . 159
352.65 .497 .458 .662 .329 .309
351.95 .359 .621 .688 . 139 .504
351.45 .234 . 756 .734 .049 .668
350.45 .130 .864 .800 .035 .875
351.55 .083 .913 .869 .007 .824
350.45 .055 .943 .917 .033 .903
351.05 027 971 .943 .921

from Fhrter (1958)

-.009

system pressure 760+5 mm Hg
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§

-
infinite dilution state. is not straightforward (O0'Connell,

1977). Infinite dilution may be defined with respect to the
individual component, the 8solute activity coefficient
approaching unity as the sqlute concentration approaches
Zero.

sucrose:

X, ™ . 0

. [ o
1ny SUCTOSC as

Xguciose”
Salt:
Iny*,* 7+ 0 as Lx » 0

[f this convention is followed, the standard state 15 a
function of the solution composition and temperature, The
solution includes all components except the component at
infinite dilution. Smirnov et al. (1980,1981) express their
results based on this definition of the infinite dilution
state. The infinite dilution state may alsg, be defined as
the pure aqueous solution. The solute activity coefficients
approaching wunity only when the solution concentration

approaches pure water:

For all solutes:

+,x,0

lnY soiute

+ 0 as Ix o+ |
This infinite dilution state is a function only of “the

system temperature. The expressions presented by Robinson et

al. (1970) are based ?n this infinite dilution 'state./

Activity coefficients normalized under these two conventions
are related as follows:

Iny* "= 1ny*(%:0- lny®;"0 [11.3.2]

8

i
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Where the second sUperséript refers to’ the solution
concentration and the third, to the‘infinite diiution‘state
upon which -the standard state }s based. « denotes the
solution'at 1nf1n1te dilution with respect to the 1nd1v1dual
solute while Ov denotes the pure aqueous solution, 1nf1n1te
dilutfon state. |

" The .infinite dilution state with respect to the
nindividual component qas.selected for this study. Infinite
‘,dilurion.activity coefficients are not predicted well using
_the UNIQUAC equatlon (Alessi et al., 1982) and the use of
this’ 1nf1n1te dxlutlon state to define the standard state
removes the requlrement that the infinite dilution activity
’coeff1c1ents be predlcted well with the model For‘ this
system, 'the molal1ty -based activity coeff1c1ents are
‘calculated u51ng the -expressions presented by Robinson et
—al. (1970), normallzed to the selected standard state with

equation 11.1.26, and transformgd to she mole fractron,based

activity coefficients using equation 9.1.5 -

11.4 Ethanol- Sucrose-Water System
The solubility of sucrose-in aqueous ethanol at 14 and
- 20° C are reported in the Internatlonal Cr1t1cal Tables and
by Hon1g (1953). Te  estimate ' the sucrose activity
coefficients of the saturared solutiens, an iso—acti#ity
relationship as presented by Hougen et al. (1954) is used.
When equlllbrlum is achieved between’tbe solid and the

- d‘

liquid states in a “solution, - the  fugacity of the'

\
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?ﬁ precipitated-solute is equal in both pyases. I1f the solid
11 bhase does not change, its fugacit} in ﬁhe.liquid phase is
constant at a given temper;ture regardless of "the solutioﬁ:
cdmpositi!n (Gmehling et al., 1978). This prope;ty alsg
applys to the activity if the standard state ’doés nOti
chénge.l

The agqueous sucrose phase‘diagram has been reported by
Young and Joﬁes (1949) and Chand;agfkaran and King (1971).
They report that above 5°C, anhyé&ous‘;ucrose is the stable

speéies precipitated. In solutions of _  aqueous ethanol

"saturated with sucrose, it is assumed that the pure sucrose.

is also precipitatea.‘Based on this, the sucrose activ&ty'in

the liquid phase is constant at a given temberature, and

equal go the satu;ation activity of sucrose in the binary
agueous solution at the same temperature.

The ‘activity 5fv sucrose is expressed on a rational

j basis which cannot be estimated from' the solid standard

_ state for reasons previdusly given (Appendix 2). It may

however, be calculated from experimental data using the/

following relationship: L

O _ ¥
dsat - Ysat¥sat | [11,,/*’4'1]

‘ /

where. agat is the rational, saturation activity, Y;at the

rational, unsymmetric activiy coefficient of sucrose at.
saturation and =x the mple fraction of _sucrose in the

saturated solution. Robinson and Stokes (1959) report a

/

Ah
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'ff saturation mole fraction of 0.1008 at'v25°C. Under these
| conditions, the reported ~sucrose activity coeff1c1ent is
.1013 (Robinson and Stokes, 1959). Based on these values,
the solubility of sucrose at this temperature in solutions

of varying composition may be estimated.
The variation of the rational solute activity (a})

with temperature under constant pressure is given by the

relationship (Hougen et al., 1954):

31na* (HO ,-HO )
— = — S48 —— T [11.4.2]
3 T p RT

ﬁhere Ho 1 is the partial molal enthalpy of'the'solute at
infinite dilution at the temperature and pressure of the
system and H° )5 is the molal enthalpy of the solla;ln ‘the
solid state at the temperature and pressure of the systemr
The quantity (RS —H%'S) is the d1fferent1a1 heat ofp
solution at iufinite dilution. ’ |
This relationship is used to estimate‘\the :saéutatéa"
sucrose unsymmetric’aetivity at 20 and 14°C. Equatiom_11f27
is then spplied with experimental measurements ~of the
saturation mole fraction of sucrose in aqueous‘ ethenoi
solutions to- yield estimates of the sucrose’ unsymmetric
activity coefficients. Fer the infjnite/heat of dilution; a
value of 5.52 (kJ mol~!) has been reported at 23°C (Lange,

1985). This value is assumed to 'be constant over the

temperature range of interest and used in this calculation.
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\ .

Sucrose activity coefficients in saturated solutions of
aqueous ethanol estimated from eﬁperimental solubilities and™
predicted with the extended.UNIQUAC equation are presented
in Table 11.4. Note that the suérose activity coefficient is

normalized with respect to the pure aqueohs solution.
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Table 11.4 Unsymmetric saturation aétivity’coefficiehts of

"gucrose in ethanol-water mixtures at 14 and 20°C

*
Temperature Xyater XEtoH sucrose lnYsucrose
14°C@ .907 .000 - .0937 1.38
g .858 ,065 ) .0768 1.57
\ .738 .214 .0480Q 2.04
. 608 .372 .0203 2.90
N .315 .684 .0012 5.44
. 098 .902 .0006 6.48
20°cP .868 .041 .0906 1.36
.836 .100 .0845 1.42
- .785 . 137 .0776 1.51
. 740 .193 .0675 1.65
.670 .273 .0566 1.83
.610 .348 .0418 2.13
. 539 .436 . .0245 2.66
.414 .495 .0091 3.65
. 307 .691 .0015

5.42

a8 from West (1933)
b from Haeseler et al. (1968)

v

——



12. APPENDIX 5 : The Extended UNIQUAC Equation : Programme

Listing ‘

SIA gomputer programme written _in .Fortrah 77 was.
developed to perform the numerical calculations in the
extended UNIQUAC equation. This version of the programme is
wgi;;en as a subroutine.for application of the equation. The
subroutine is 'specific to the sodium chioride—sucr?ie-

ethanol-water system. The binary and ternary sub-systems may
be accessed usigg this s&bfoutine, if the“appropriate
concentratioﬁs are set to zero. The parameter values are
stored in a data block and by subst@tuting for the
.appropriate parameters, this subroutine may be used to treat

other systems. -Further .documentation is included 1in the

programme listing.

seasseascssessnevsesansevrassbohssocancncrecscnssenacrssse s
SUSROUTINE RXUNIOQ

PURPOSE: TO CALCUATE TWE NATURAL LOCARITHM OF Tul ACTIVITY
COErFrFiCIEnTS OF EAC COMPONENT N OQUATERMARY SOLUTIONS
OF WATER-ETHMANOL-SUCROSE AND SO0DIUM CHMLORLIOE, VSING
AN EXTENMOED UNIQUAC tOuATION .

USACE: CALL RXUNIQ(K, T, CAMMA/)
.
DESCRIPTION OF PARAMETEARS

LR A 1 K S MAFRIX CONTAINING THE wOLE FaACTiONS OF
COMPONRNTYS LM THE SOLUTION ON A

€ACH OF TH : !
QUATERNARY SASIS (IONS AS INDIVIOUAL SPECIEY).

.
.

.

.

.

.

.

.

.

.

.

.

.

)

.

.

. X{1) : WATER

. X{2) : ETMANOL
. nE3) : sSUCROSE
. xta) ; SQOIUM JON
. X{8) : CHLORIDE 10OM
.

.

.

.

.

.

.

.

.

.

-

.

.

.

.

.

.

.

T T(n'lll/uﬂl OF YHE SOLUTION (K}.

. CAMMA : A 1 X & MATRAIK WHICH CONTAINS, UPON OUTPUT THE
CALCULATED YALUR OF THE LOCARITNM OF THE - .
A:VIVI, ¥ COEPFICIENY FOR EACH COMPONENT WATEAR
EYHAMOL SUCAROSE AND SALYT IN POSITIONS: CAMMA{lL),
: CAMMA (2!, CAMMA({Z), AND CAMMA({4) RESPECTIVELY.
nEmMAAKS : . .
THE CXPRESSION IS ONLY VALID FOR SQLVYENT COMPOSITIONS TO
A MAXIMUM OF /80 MOLX ETHANDL (SALY FREE BASIS) AND
TO & MOLAL SALY AND BUGAR (AQUEGUS MOLALITY) .
THERE S MO /CMECKING OF TNE SATURATION LINITY,
THE PAGCRAAMME CHMECKS ONLY THE ' CONSISTRUCY OF THE
MoLE uncvlﬁn PARAMETEAS ( 1E SUMMATION o ).
THE vALUE P THE MEAN ACTIVITY COEFPICIENTY ON A MOLE
- FRACTION BASIS l(' ATTURNED FOR THE SALY N GCaMMA{4) .

/ R P

/
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PROCAAMMING ROTES

SUSROUTINES AND FPUNCTIONS AEQU

L THIS SYSTEM, ALL WON-tONIC COMPONENTE AAE CONSIBERED
Y0 88 seLvENY ($E, WATER, STHANGL, SUCRESE) AN TuE
PHYRICAL ] lﬂ;‘ OF THE MINGD SO(vENt -ARg CALCULATES
oN THIS BASIS. HO TRAMAAY GATA & ron THeEsl
SYaTEME, THR SENS(|TY ANG SIELECTALIC CONBTANTY or tTuase
MIXTURRS AAR THNE SINARY AGUEIUSY SOLUTIONE
AND AN eratate THE DENVE-NUCKEL
PARAMETERS ARE CALCULATES o

PROPEATIES OF THE SOLVENT MIRTUAR. roa Tne

PARAMETEA, (A) A CONSTANY VALUL IS ASSUMED PFAR B8TH 10K8
in IILUIII. {ass, -8 M) (CHAISTEWEEN BT AL. 19083).

THE PROCAAMME TwEN CALCULATES YNE CONCENTRATION or macw
COMPONENY ON THNE DIPPERENT SASES ACOUIRED (MSLALLITY,
WEIGCHT FRACYION, v MOLALIYY) .

THE MEAN RATISNAL ACTIVEITY COEPPICIENT OF THE SALY
® UBING THE UNSVYNMETRIC ComvexTiow (I
an WiITH RESPECT YO TNE SALY AT (wriwive
oILLVTL AND THE CONTRIGUYION OUR T8 foniC
INTERACTIONS LW THR TNPINITELY SILUTE BeLUTIOM
THEREPORE THIE TERM IS ENTIREGLY
INE® BY THE UNTOGUAC CONTAIBUTATIONE ANO

CONSEOUENTLY, THE YNSYMMENTAIC ACTIVITY CaRPPICIUNY
MAY SE CALCULATED AS THE SIPFEAINCE SRTWERN

THE SYMMETRIC ACTIVITY CoRrFFICIENT

AND THE VUNIQUAC CONTRISUTION CALCULATES at
IWNPINEYE BELUTION WI¥N . PECT T8 THE SALY.

CACTIVIYY CORPFICIUNTS OF 10NS. ARE NOT otrECYLY

MEASURASLE, IN TNE CASE OF THE S00IUM CwuLORIDE,

THE AAY AL MEAN ACTIVITY € ricienr s

CALCULATED AS THE CESMETALIC MEAN OF TNE TwDlviOUAL
[y 10 ACTIVITY CORPPICIENTS.

SOLYENT ACYIVITY COUFFICIENTS AAE CALCVLATED ON 4
SYMMETAIC SASBLS.

wove:

SUCAOST ACTIVITY col!rl:llnvn ANg OFTEN ENPRESSED
ON AN _UNSYMMETAIC SA OGR AMME WOWEY
DOES WOT MORMALIZE THE IMCI € ACTIVIYY CORPPICIENT.
THE MORMALIIATION PACTOR MAY 8E CALCULATED OF
CALLING THE PROCAANME AGAIN WITH THE APPACPRIATE
CONCENTRATIONS CORANSPONDING TO THE oCS1RRO IaPlInivE
oILUTION STATE.

0: '
SETTAU , SETL UNICOM, UNIR .On, 8C
YHE OATA ANE STYORAED 1w DATA SLOCK “loON"

2000000000 PNCORANOREeRRRERREEIY

e ceses
SUSROUTINE EXUNIO(X, T CAMMA)

1M7ECER 1.K,J.N
A(S), LIB),0(8) M) MW(B) HMOLIS) sewa(8), INOLILIS)
TAUIS, 8}, T, CAMMAIA)  BETA A, 2(8) SUMK U(S, §)
CATU,CAT, ANU, AN WPET UNI 01,048
AEALeS DI, SEN WIS} YC 0P (8) wrs(1), 02
CommaN/10M/Q, 0P A, T L Mw U
CoMMoN/lONM2/01,02

EXTERNAL UNICON UNTIARS DN, 8C SETTAU

e N ;
HEOLwY - ) :
tcav-273, 1800 = ‘e .

CALL SETTAUIN,T U, TaU}
; |
L .
SUMN=0. 000
SuMgS=0. 000

'CAL(UlA'I BOLYENY WEICKHY PRACTIONS

100

et 101

o CCALCULATE SOLYENT BASED MOLALITIES

a—

wioLe0. 000 . .

Do 100 Ie1 NSOL' N
wSOLsWSOLeR{ I upwi[)

. 80 101 1s1 NSOL
: wrs(1)stRitIemwil))/waon
]

0o 102 et N
mtllendtli/weoL *

¢ CALCULATE AQuEOUl MaLaLITIES

103

o cA

104

- tnpiL(d)so®

00 103 jet N
g'l(lb’l(lll(l(l)‘“'(‘))

LeuLAaTR  TNR li'lll'l BILUTION MOLE PFRACTIONS

DO 104 let, NBOL
INOTLit)ex(L)/ (Y. 0D0-(3.000eN(8)))

JupIL(SIse

CALCULATE PIRLECTAIC CONETANY SF SOLVYENT NIRTUAR

@00 (0.0800-(0 0020807L))
*{8.7800-( 2700007C})
2owPB {1V )owrs(2) -

106.80000WPS(V)a(wrp(g)ood) -
WPS(3)-41 BEDO0(WPE{D)eeg)e
183 8000 (W (3)evdje

Bl
IF("'I(I)O‘VOGI)D .19, o, 0) Tutu )
SLediw §

llll

194
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BIlol""I‘II\IGWICM‘WIQ’t’l"ll""ﬂl!!ﬁlwilli"’l(llll-
] olaw
enotLr
. CALCULAYE OENSITY OF solLveEn? WMintuae

GENwed. 0D0
Otwwegoo 2308200+
‘OENWIDENW 170
OENWeDE MW (
. OUNWeDRUW/ (1

461TR000TC -7 . 08704030 30 (o)
Jo108 S830TD-QeTCo0e
(YCen))

40880 -307C)

o

o nnluc-onwnu.voo-wu!)nn‘,nuwnu)un-n 1500
. S tlwrg (3¥EE et 40 WEB(D)2ea)-1028 000 (wrg{3)oses)
OENEToORNW- 128 ZeWPE(2)-83 T40OewWrFEil)ony

tPi(wrs(2)eowrsi(ll} .6Q. 0.0) THEN
o OLsDENW
TLE I7(wFs(3) .R@. ©0.0) Tuaw
OENSOLeDENEY
ELsE IP(wrFa(2) .89®. 0©0.0) THeEnw
OENBOLEDENSUC
[49 13
OENEOL® 1. 000/ ({1 .000/((WPS{2)/(WFS(2)ewrPE(3)))eDENETY )}
[} 11, 000/ ({WFPLI)/iwrsi2)ewrsidl)icotusucC)))
anptr -

. CALCULATE DEAYE -MHUCKEL PARAMATERS

Ae1.32087408*(0ENSOL .lbﬂ)/((BIIOL'VD’;-LlOG)
SARP T 182042004 (DENSOL/(D1IBOLOT]} )00 &)
.IVA_ICO.ODO'(ll"'l(ﬂll'(w"l(!))

«CALCULATE INDIVIDUAL 10N ACTIVITIES AND UNSYMMETAIC AATIOMAL MEaN
«ACTIVITYY CORFFPICIENT.
CATUSUNICOMIN &, K, 0, R, LIGUNIARS(N, & % 0F & TAV)
ANUPUNICOM(N 2.0, LieuntAEStN & K 0F N TAU}
CATSCATU-DREN, 4, 3 oW T A BA)e
ARG (N, 4,3 swa ww T 8ETA)
ANSANU-OW(N, S 3 M Hw, 2,8, 04)0
ARCIN, S, Mwa W T 0CT4)
eCALCULATE THE IWZIMITE OILUTION ACTIVITY COEPPICIENT OF THE
ctWOIVIDUAL LOWS .

JINODIL O, R, LISUNTAESIN 4 INDIL, QF A, TAU)
TNDIL .0, A LICUNINES (N, 8 FNOLL OP & TAU}

CATINeumiICOMIN
AMINeUNTCOMIN

-
e PERFORM MOMMALIZATION OF thE 108 ACYIVITY CORPPICIENTS

CaTeCAY-CavVN
AMSAN-ANIN

- CAMMA{ &) u(CATsAN) o0 SO0

eCALCULATE SOLVENT ACTIVITY CORPPICIENTS
6o 200 1sy,3
UNIeUNICOMIN, T K, 0,8, LIcUNIRES(N I X, 0F a8 Tau)
CAMMA([)OUNIoDM{N, T 3 .M MW T 4. 04)-
L ‘e BCim, 1,3, pwa

200 comTIiNUE

(3.0}

iy
asssascssacne vesag sseevsssssscsnean
TH]IS DATA 0LOCK COWNTAINS THE AEOU! 0O PARAMETEAS FOR THE

WATEA-ETHANDL-S001UM CHLDAJOR SYSTEM.
A BRIEF OESCRIPTION OF HACH PARAMETEA WILL OC CIVEW.

OESCA[PTION OF PARAMETERS:

R : A ) K N MATALIN COMTAINING TME vALUL OF THE
UNIQUAC vOLUME PARAMEITER & .

Q© : A 1 R N MAYRIX COMTAINING THE vaiLuUL OF TME
UNIQUAC AREA PARAMETER O.

T : A 1\ K N MATRIR CONTAINING THE CNARCE vaLUE OF
CACH OF THE COMPONENTS IN SBOLUTION, POR NEUTRAL
BOLYENTS THIg VALUE SNOULD SE SIT YO 1ER0C.

LN
Lo: A1 X N MATAIT WwHICH CONTALNS THR VvALULS
OF TME UMIQUAC | PARAMETER FOR THE COMPONENT

wull .

Mw o A1 R N MATALIX CONTAIWING THE YALUL OF THE
¢ MOLECULAR WEIGNT OF CACH OF THE COMPONENTS 1IN
THE SOLUTEIONIRG/MOL) .

U : AN E N MATREIX CONTAINING TWE vAaLUES OF Twe
UNIQUAC EMEREY PARAMEITERS V(L , J).

81,92 : BRONSTED-GUGGENNEIM SOLVENT PANANETRAS POR
UEOUS ETHANOL AND AQUEOUS SUCRSSE RRSPECTIVELY

REMARKS :THE MATRICIES MAVE REEN INOERED WITW TNE SOLVENTS

TAKING THE PIRST 3 VALUES (WAVRRe) ETHANSLS2 BUCRODBEe))
FOLLOWES® 8Y THE CATION AND ANION AT POSITIONS 4 ANO §
agsPECTVivELY, .

S esabses s ea e e et et atas sl

sess sssesscsssavesesee
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Common/ionse,
CoMmon/tonz/ 0N
]

XXX EERIN N R NRY A R A L]

-

sUsABUTING ; SETL

PURPESE : TS CALCULATE A-VECTOR 6F THE UNLOUAC PARAMRTER L
USING TRE PELLOWING FoaMULA:
3\ LldY o 2C/2e(RIT)-QUIDI-4RITD-1)
USAGE : CALL BETLIN _JC,0.A L)

DESCALPTION OF PARANRTERS !
Wi AN INYEGER VALUE CONTAINING THE WNuMsSEn of
COMPONENTS [N THE SOLUTION.

0 : A 1 N M MATRLIN COMTAINING THE VALUE OF Twne
UNTQUAL VvOLUNE PARAMETER @

N1 A ) N M O MATRIX CONYAIMING THE vALUE &F Tne
YNIQUAC AREA FARANETRA N,

L1 A1 K M MATRIN WHICH UPON OUTPUT CENTAINS
THE VALUES 8F L FOR TNE COMPONENT MINTURE,

LA B
THIS SUBASUTINE IS NOT USRD 1N BUSROUTINE TAUNIO.
1T IS5 IMCLUDED MEAR POR AEFERENCE PURPOSES .

.
.
.
.
.
.
.
.
.
.
.
.
.
.
. IC 1 YNE VALUE OF THE LAYTICR COOADINATION RuUNMIgA
.
.
-
.
.
.
.
-
.
-
.
.
.
.

SUBROUTINE BETLIN, JC,Q
Jnvesen w .-y
REALSS GiM} RIN) LIN), 2
0 100, fet N

100 L(L)e(2Co0 800 (RIL)-QIT)DI-(R{I)-t 00O)
AgTUAN

eves
SUSRAUTINE : sETYAV :
A

PURPESE : 10 CALCULATE THME MAYALIX OF UNIQUAC ENERCY
PARAMETEAS (TAU(1,J} FORM & MATRIX OF INMTERACTION
. PARAMETEAS (U], J)) USING THE FORMULA:
TAUCTL ,d) » EXP (UL, D) V(I ,d)4/T}

USAGE : CALL SETTAUIN,T U, TAU)

OESCRIPTION OF PARAMETERS:
% : AN INTEGER VALUE CONTALINING THE NUméEe OF

. COMPONENTS [N THNE SOLUTION,
T ;. THE TEMPERATURE OF TNE SOLUTION (K).

U : & N X 4 MATARIN COMTAIMING YNE vALULS OF THE
N UNTOQUAC ENERGY PARAMETERS Wil , J) (K)
TAU : A M X N MATAIN CONTAINING UPON OUTPUT, The
UNRIGUAC INTERACTION PARAMETEAE TAU(I J).

R e Y R R R R AL AR AR
SUGROQUYTINE SETTAUIN, T U Tay)
MNTECER w 2, J .- -
REALOD T, UtN N) YAULIN N)

90 100 (et N

8O 101 Jey & .
101 TAUCE , J)mDRXP{-{tU(T J)-M(J,J)I/T))
100 conTINUE
RETURN .
fano v

Ry R e R R R R R AL AR RN

FUKCTION : UNICOM

PURPOSE : YHMIS FUNCTION CALCULATES THE COMBINATORIAL CONMTIRISUTION
TO TME UNTOQUAC EOUATION FOR THE LOCAR(TNM OF TNE
ACTIVEITY CORPPICIENT OF YWHE COMPONENT SPECIPICD.

USAGE : VAR w UNICOMIN, I X, 0,R L)}
]
PESCRIPTION OF PARAMRYERS:

N . AW INTEGHER VALUE CONTAINING TWE RumSRA OF
COMPONENTS [N TME SOLUTION.

1 : AW INTEGER VALUR CONYAINING THE [NDEX OF THE
COMPONENT IN QUESTION,

X : At R N MAYRIX COMTYAIMING YHE ®OLE FAACTIOW OF
RACH OF THE COMPONENTS 1w TME SOLUTION.

A A 1 K N MATRIX CONTAINING THE VvALUE OF 'TNE
UAC YOLUME PARAMETER A.

O : AV R N MATRIX C Al € THE VALUR OF The
UNJIQUVAC AREA PARAMETER o

L: A1 R N MATRIN WHICH CONTAINSTHE VALURS oOF THE
UNJOUAC L PARAMETER OF THE COMPORENY MIXTUAER.

99800000080 00000000E00CRINNINEOEieTaseetneens
uNtconin, i X @ .8 L) :

" ou, 1,4,k .
QUMD AR, LUN) KM, SUMAE SUMQR, SUMKL

80 100 Koy, N .
SRR S WA SR LIK ) oK) .
SUMORSBUNIN O (K)o R (K)
SUKNELeSUNELSRIR)OLIX)
100 conyINve ’

11/8UNRE)SE. 00000 1)sBLOC((0(1)eBUNRE)/(RIT)®
RILD/SUNAN I sBUNNL

uniconasy
Ryper ity

a
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agtuan
o
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.
. PUNCYION : uwiags
.
. PURPESE : THIE PUNCTLON CALTULATES TNE AELIOUAL CONTAIEVTION <
. TO THE WNIOUACL EOUATION FRA THE LOGARITNM oF Tue
. ACTIWEYY CORPPICIdANY @F THE COMPONENT SPRCIPIge .
.
. VSAGE . VAR & UNLRESIN,T . X, 0,0 TVAY)
.
. DESCRAIPTION OF PARAMETEAS:
.
. W o AN JETERGIR VALUE CONTAINING TNE mUMBEAR §¢
. COMPBNENTS N THE SOLUTION
.
. $ . AW JMYEGER YALUE CONTAINING THE JwOEN ofF vWi
. COMPONEMT [n QuESTION.
. .
. X ;A YV K N MATALN CONTAINING THE NOLE PAACTIEN oF
. CACH OF THE COmPONENTE (4 THE SOLUTION.
.
. R 1 A L N M MAYALIN CONTAINING THR YALUR @rF Yo
. UNIQUAC YOLUNE PARAMEY L
. O : A VN M MATRIN COMTAINING TWE valUR OF ‘Tue
. UNIOUAC ARRA PARaAMETER O
.
. TAU : 4 M N M MAYRIE wNICM CONTAINS THE vaLURS OF Ywe
. UNIQUAC I1MTENACTION PARAMEYERS (YAU(T,J)
. )
29 0NN SN GG R ENIOENI P IER NI NPONIEERtNEQRENPEDIINRSEURRURSEOSS 'k

PUMCTION UNIRESIN, I, % 0 A TAU) i
Inrtgcen Wy, J,x,L .
REALOS K(W),OUN) R(N),TAUIN ¥}
REAL®S S1(10), P21 10), SUNON SUMRT 881Tay

SUMONRsD 00O
SUMA XD 000
$8ivAus0 . 0DO

80 160 xs1,m
SUMANaSUMRESR (R Jox (K}
SUMOXOBUMOKQ IR )oK}

100 Comvyinue

89 101 wet,m
BT(KI®QIRIONIK I /SUMIK
. PU(RISRIK)IORiN ) /BUMAK
SS1TAVeISITAVCS (N )STAUIX, )
101 Convinug

Ti=0.000
%0 102 xei M
SuUMe0 .0
00 103 Lot . u
103 SuMagUMes I {LIeTAU(IL X)
TIeV o8t (X )eVAU(S R)/BUM
101 coNTINuE

UHIRESe-Q(1)*BLOC(SSITYAU) QT ) -0(I}=T2
REYUAN
eno B
R R R R LR R R R R R L RN R PR LR 14
FuskcTiomw : om
PURPORE : THIS FUNCTION CALCULATES THE OEOYR-NUCKEL CONTRIGUTION
TO TME ENTEMDEO UNIQUAL :EQUATION FOR THR LOGARITNM OF
THE ACTIVITY COUEPFICIENTY OF THE COMPONENTY SPRCIFIED. hd
THMR PRAOCARAAMME CALCULATES TNE CONTRISUTION TO LN CAMmMa
’ OF OME OF YKWE SOLYENTS FAOM TNEI POLLOWING QQUATYION:
CIVEN TMAY & s 100¢{lsen %) lejamiCc sTRENC TR
FOR A SOLYENT COMPOMENT
LN GAMMA(OM] & - (eweaZA/Be*d)e((N-(V/X}-20LMiX})
FOR AN lOM TN BOLUTION:
L CAMMA({DN) @« -fZesZleacilono 8}/N
USAGE : VAR s OM(N_ 1 NSOL M bew I 4. 8)

QESCRIPYION OF PARAMEY

M o AN IRTYEGER VALUE COMIAIMING THE NUMBER oFf
COMPONENTS N THNE BOLUTEION.

1 : AW INYRGER VALUE COWTAIMING THE IWDEX OF fTwMe
COMNPONENY 1IN QUESTION,

WEOL: AN [NTECER VALUR CONTAINING TNE MUMSEA oF
comroNEnTS 1M THE SOLVENT,

Mo A 1 X M MATAIX CONTAINING THME WHOLALIYY §F ZaCk oF
THE 1ONS 1M Tud SOLUTION.(PURE WATER SASIS)

MW A 1 N N MATALIX CONTAININE THE vaLvuR oF THE
HMOLECULAR WEISNT @F RACM 8P THNE COMPORNENTS 1IN
THE SOLUTION(RG/MOL).

T ;A Y N N MATA(N CONTAINING YTHE CHNARRE VALYE &7
CACKH 8F THE COMPONENTS TW SSLUTION, FOR NEUTRAL
SOLVENTS THMIS VALUE SHEVLD BE SET YO leas.

»

THE DEOYE-WUCKREL PARAMETER FOA THE CONOITIONS
(18, VYEMP _ CONP) OF THg BOLYENY IN THE sOLVUTIOW .
stvotee. 5

A 15 CALCULATED VSINE TNIS CXPRESSION:
Aet . 2288768 cbgNec 8/ ((DI0T )00 )

® : THE SESVE-NMUCKEL 10N SIZE PARANETER
CALCVULATES VSING THE FOLLOWING URPARSSION:

907.20300s (0EN/(RI0T}es0. 8 -
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tTlt)ent)rasgumi/g

THIS FUNCTION CALCULATES THE BRONSTRD-CUCCENNIEM

CONTAIBUTION TO THE EXTENOED UNIQUAC EQUATION FOR THE

LOCARTITHM OF THE ACTIVITY CORFPICIENT OF ThR THE
COMPONENY SPECIPIRD In THE SOLUTION UNORR THE
cCowpglTioNs 2PECIFIED THES VALUE IS CavCuLarteo
ACCORDING TO TNE FOLLOWING EOUVAT|ONS

FOR A BZOLVENT COMPONEMT

LN CAMMALISC ) » Mws Iu!(l('ll!.ll/'Ilnilvtcr:;wAY(Al

FOR AN 1ON IN BOLUTION

LW GAMMAIEG) o IBETAIC AD/TIemwatia Cri/s
VAR ¢ BGIN I NEOL MWAT Mw T 3CTA)
ON OF PARAMETEAS:

L] AN IMTRGEA vALUR CONTAINING TwE Nuymaga or
COMPONENTS (W TNE SOLUTION.

1 AN INTRCEN YALUE CONTAINING THE IaDER OF THi
COMPONENT 1w OuUEsSTION

oL AN INTRCER VALUE CONTAINMING THE NUMBER OF
COMPONENTS I tThe SOLVENT
AY A Y E N MATRI N CONMTAINING THE MOLALITY OF €ACNM

THE [ONS [N YTHE SOLUTION (PURE WATER sasis)

n“ A 1 K M MATRIR CONTAIMING THME VALUE OF TN

R R RN N N R N N R R R R R R

e MOLECULAR WEIGHT OF EACN OF TNE COMPONENTS 1IN

THE SOLUTIONIKC/MOL}

T THE TEMPERATUNE OF THE SOLUYION (X}
Ta THE PRONS OD-CUCCENNIEM PARAMETEA FOR THE
[L-LENRAN1) OF Tng SOLVENT (1B TRMP COMP} N

sowuTiION STUDIRD

see ae
BC(N, | . MIOL MWAT sew T SETA}
[T BT Y.TS

MWAT (M) T BETA MwiN}

oo

A HEOL) THEN

MWl )o@ETACMWAT (N)oMwATIN-1)/T
FOE 2O M)TNEN

BRVYAsMWAT EN-1 /T

SETasMwAY I M) /T
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13. APPENDIX 6 : ﬁhysicai Property Estimation Using the
Extended UNIQUAC equation : Programme Listings
The following group of subroutines were developed for
the application of the extended UNIQUAC equation to the
estimation of some physical properties in the model food
system., They are designed for use in conjunction with the
subroutine "EXUNIQ" (see Appendix 5).
Subroutine "FPBP" calculates the boiling point
elevation or freg?ing point depression in agueous solutions
using the expressions presented in sections 5.1.2 and 5.1.3.
Subroutines "SUGSOL" and "SELSOL" calculate the solubilities
of sucrose and sodium chloride using the iso-activity and
temperature relationships developed in sections 5.1.4 and
11.1.4., The vapour—l?quid equilibrium relationships
developed in section 5.1.4 are used in the subroutine "VLE"
for the calculation of equilibrium vapour -phase
compositions. Each of these subroutines requires the
solution of a non-linear equation. Subroutine "RTBI" uses
the bisection method (Gerald and Wheatley,'1978) to find the
roots of a non-linear eqUatioﬁ. A listing of this subroutiné
is also included. This gﬁbréttine may be replaced by any
standard root finding scheme with only slight adjustments to
the subroutines required. Detailed documentation of each of

the routines is included in the programme listings.

/
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13.1 SUBROUT
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13.2 SUBROUTINE :
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CAtLL lVCI("SUC.II.I!,l.Oo-l,l.on-J,‘OO..'ltll,.ll'.'.lcl

L
1P SOLUTION CANNOY GE PFOUND RETUAN INOICATOR OTHEARWISE CaLCULATE
. TME SOLUTION CONCENTRATION AT SATURATION.

1P (PMp 0. &) Twew
XSAT(3)e-1,000 N N

CLSE F (PO .EO. O} Twew
ESAT(31vy- 10 . 000 . -

tse
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X1 : TME COMCENTRATION OF -SUCAOSE WHICK

;* b YO OWE WOLE OF THE SGAUTION OESCRIGED BY MATRIX. x
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é
. .

: TH UNCTION CALCULATES THNE WEw $OLUTION COMCENTAATION
: Remarns l’fl:l'l|cﬂﬂlll OF SUCROSE ARE ADDED THE THNE ORIGCINAL
. SOLUTiON. SASED ON THIS CONCENTRATION, THE ACTIVITY
. COEPFICIENT OF TWe SUCROSE 13 CALCULATED FAOM THE &
. ‘ EXTENOED UNIQUAC EQUATION. THE FUNCTION RETURNS THE
. CIPFERENCE SETWEEZN YHE CALCULATED SUCROSE ACTIVITY
. AND SATURATION SUCROSE ACTIVITY
. CALCULATED AT THE SYSTEM TENPERATURL.
. THIS ODIFFEAENCE SMOULD BE IERO.
.
.
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sessdsessssesncsssenesse
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: XIM(1}=1. 000 .
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.
. CALCULATE SUCROSE AC"I‘VXJVV cCOogPFICIENT

CALL ENUNIQ(XN, T CAMMA)
CALL EXUNIOI(NIN T, CINDIL)
CSUCECAMMALI}-CINDILID)

FEUCSKSPT-CSUC-LOC(ANIZ)}
RETUAN
END (

13.3 SUBROUTINE : SELSOL .

SUBROUTINE SELSOL ’ s

PURPDSE : TO CALCULATE TNE !ULUOILI;' OFf SALY IN SOLUTIONS
OF WATER, ETHANOL.SUCROSE ANO 3001UM CMLORIDE.
.

'

USACE : CALL SUCSOLETE, NE, SO0L)
OCSCRIPTION OF PARAMETERS:
TE : REFEAENCE TEMPEAATURE OF SYSTEN (K)
Kt : A R S MATRIX CONTAINING THME MOLE FRACTIONS 'OF CACH
. COMPQNEMT IW TME SOLUTION EXCLUDING 300I1UM CHLOR|ODE.

Tows MRE TREATED A5 INOIVIOUAL COMPONENTS
XLy : watrEnm

. Xt : RTMANOL
» © M3} : sucROsE
x4 : SO00IUM 1ON f=0)
(81 : CHLORIDE 1ON (e0)
SOL : A 1 K B WATRIX wiICH UPON OUTPUT CONTAINS THE

COMPOSITION (MOLE FRACTION) DP TNE SOLUTION AT

SATURATION WITH RESPECT YO 30DIUN CHLORIDE

THIS ARRAY I3 ALSO USED  TC INOICATE ERRORS

ERACAE: A VALUE OF 0.0 CIVEN CACH ELEMENY [N THE MATRINX

. INQICATES AN ERROR [N THE INPUY,
A VALUE OF -10.0 CIVEN TO THE FOURTH RLEMENT
M THIS MATAIX INDICATES THAY THE SUPROUT(INE IS
. . UNABLE TO CALCULAYE THE SATYURATIONK LIM{T! e
g USINC THE THE CHOSEN METHOD.

AENARKS : GME INPUT MATRIX IS CHECKED FOR CONSISTENCY (SUM OF THE
: MOLE FRACTIONS (S UNITY AMD RETURNS AN RRROR [F THERE

IS AN ZAAOA ON THE INPUT VALURS. .
THE PAJCAAMME CALCULATES THE UNSYMMETRIC ACTIVITY
OF SALY AY SATURATION AT TYHE SYSTEM TEMPERATURE
USING TWE ROUATION CLlvEN BY CHEN {18868). . -
THIS ACTIVIYY 18 GASED ON THLE BINARY SATURATION VALUES.
THE COMPOSITION OF BALY IS ADJUSTED UNTIL ’ o~
THE SALT ACTIVITY IN THE SOLUTION IE fOUAL TO .
THE SATURATION ACTIVITY CALCULATED PREVIOUSLY.
THR PREICIPITATION DF PURE JFOOIUMN CHLORIDE IS ASSUMERD.

L R I R N R P N A R T T T T T
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SURROUTINES ANO PUNCTIONS REQUIAED

.

.

. RYBL . P3EL,ERUNIO :

. .

Tewes IIIIl.lll..‘..0!-'..!..!.......0..ltl.l.-.l '

SUSROUTINE SELSOLLYE 2E 30U
tutecen wiv Pwo
REALSS T.E($),S0LE8) X1 X7, 4,8,€,0, T2 REis) aie
ExTERNAL RTYS} FIEL

COMMON/BOL/N KSP T
. IMITIALITE VARLABLES

Dé e U= 8
xiJremet gl .

200
*400
.139800 .
Os+4 628302 .

20 100 tel,s
s0L{1)e0. 000

L CHECK COMSISTENCY OF INPUT DATA 2

BN

2

SUMNEXtT)ex(R)en{3]} .
RESssUME-1.000 B . ' .
AES ASK(RES)

Ir(regs .GT. 1 . 00D-4&)
.S0L(3)%0 ODO
RETURN

(L -RE4

THEN

&
eRATUNE

hd CALCULATE SATURATION SALY ACTIVIYTY AT SOLUTION Tem
)

ll"l’ll/'l‘lt'kocl'l)'lc"l

1t 003
x2e1. 000
LMY _FNDY .

Caid mrYEjiPsEL, Xt 21,1 OD-4 1.00-8, 100, FaLlE

- 17 SOLUTION CAWNOT SE POUND RETURN INDICAYOR C Swlst CALCULATE

. THE SQLUTION CONCENTRATION AT SATURATION .

P {ruD to ) TuEN
$pDL(4}e-1 00O

eLSE [F (FND EQ. O) THEN
SoLis}e-10 ©DO

rese
00 to1 1%1.,%

1014 $OU(Itext1}/ 1Y) QDOeZaRT)

SoLIG aR /Y I 1-ER KN B R

SOLIS)IsSOLIA)
ewolr
RETUAN ‘
€NO

cersesers sessses

runcTiON FSEL

avessogens wesassansssssesseaissentarsene

.

.

e ' USACE VARs FSELIXY)

.

s« DpESCAIPTION OF PARAMETER R

- . . N
. X1 THE CONCEMTAATION OF SUCROSE WHICW wiew 400E0

. Yo OME MOLE OF TME SOLUTION OESCAISELO OV MaTAlX X

. witl RESULY % A SOLUTION SATURATEO wiTw sacL?

. .

. REMARKS YME PUNCTIOM CALCULATES TME NEW 3OLUTION COMCENTRATION
. . wHEW X1 MOLES OF SALT Atg 4A00€D tHe THE ORTCINAL

. SOLUTION. BASED ON THIE CONCENTRATION, Tne Hean

. ACTIVITY COCPPICIENY OF VTHE $ALT 1S caLCuLAaTED

. PROM THE EXTENDED UNIQUAC EQUATIONW THE ruNCliON

. RETURNS THE DIPFERENCE RETWEEN THE CALCULA TolgmME AN

. SALY ACTIVITY N0 THE SATURATION SALT NIITARA

. CALCULATED AT THE SYSTEM TEMPERATURE AT SATURATION,
. THIS OIFFERENCE SWOULOD B€ IERD (TOLERANCE vaLue

B

esssesase
FPUNCTION FSELIKY)

NEALOS CAMMALS),

EXTERNAL ENUNIO

ssvssesessIPRITORsES B Ot EORRL NS

’Illl_Ki'.llI'l,l\.lll(l’.:li(“

coMmoN/sOL /X, xXSP T
. CALCULATE SOLUTION CONCENTAATION

00 700 le1,8 )
ximil)=0 ODO .

200 l'll)lllll/l|.0000"ll)

ll(‘)-l\/(l.OOOOZ'lll

XN (B)eANLA)

xiNi1)s1, 000

. CALCULATE SALT ACYIVITY COgrrFiICIENT

CALL llull@(ll,',cnﬂnl)
'IILII.QOO'LGG(IN(I))‘!.ODDD(GANﬁA(‘)W-II'
RETURN - M

(1) . !



\.4 SUBROUTINE : VLE - 8

. etsenNsesseasRtersssesatsneter PN BONL

veses
.
D svemouriwe vie .

PURPOSE : CALCULATION OF vaPOUA-LIQUID EOVILIENLA I SO0LVUTIONS
OF wATEA ETRANOL, 3001UN CHLORIDE AND SUCAOLEL

useace : Calt viglag, et v v
QCECAIPTION OF PARAMETERS

(13 A1 N § MATAIK CONTAINING THE ™MOLE FRACTIOW 4r tacCw
COomPONENT (v THE SO0LUTION {ows aag Tagaveo At
INOTVIDUAL SPECTES

PT . TWe TOTAL PRESBURE OF THE SYSTEM ERPACSESLD Tw mm 14

T - TEMPRAATUREL UPON OCUTPUT THIE PaRaMEYER
COWTAINE THE TEMPERATURE OF THE SYSTEM

COUTLINRIUM VAPOUA COMPOSLTIONS COmMPONERT IS watge
. CoOMPONENTY 2, ETHANOR .

Aguanxs THe RaMME USES A ROOT FINOING AOUTINE 1O
oeTEN € TWE TEMPERATURE AT THME TOTAL PALSSURE
IS COUIVALENT YO “TME SUM OF Tuf COomMPOMENT
YAPOUR PAEISURES. IDEALITY [n THEg CaAs Puast
11 ASSUMED. THE MITHOO USEOD |3 Clvew sy
van OCN BERC AND BAUIN (19810,
THE COMBISTENCY OF TwE INPUL MOLE FRACTIONS
AaE CHECKEO AWO §F [N CAROA & NECATIVE
vYaLUR IS l(vunu!‘o AS THE VAPQUR Pnuast
CoMPOSITION ) »

%
~

SUSROUT jwES AMD FUNCTIONS REQUINED

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
. ¥ . & 1 X 2 MAYAIN weiCh UPON OUTPUT CONTAINE THWE
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
. AYel . vew, vrR VL, txuwmlo
.

P Y LA R T E PR R RN R R R A R R R R

SUSROUTY INE vLEIXE PT T V)
nEat =8 l(ll,ll(li,v(:t,v,v‘,v:,cnnnA(An,vv.vvo'

INtECEn wiT FNO

TaTEANAL VL, ATE! EAUN]O ¥YPL VoW
CoOMMON/vYaAPLIOQ/ K PYOT
PYOTer?

o0 Y
(] RiK)sXEUIK}

. CHECH CONEIBTENCY OF OATA
SUMNKeX(t)ou(2)on(IIonta)an(s
AELseasUMI-} 000
RESeABEINES)

Irtmes .GT. 1.00-3) Twiw

Y{t)le-10,000 . .
Yilis-10 o000 Fs
RETURN
€enp 1 r
. FIND TEmMP AT wHICH PTOTAL ¢ SUS OF VAPOUR PRESSURL

T1s323,1800
T2e383 1800 ©

Cati &YSI{¥L T1 t2,1.00-3,1.00-3,100, FACBE.  MIT FNO) .
. CALCULATE TOQUILISTIUM YarPOoun PuASE COMPOSITION
Catt  ERUNIQIE , V) Cammal)

Y1 Im{ERP(CAMMA(Y I )o (VPwW(TII)eR(1))/PTOT
V(2) e (ERPICAMMAL{TI e (VPRLT I IeNL2Y)/PTOY

TetT1
ngTuUaN ~
tno
N T L R T R R R R AR
FUNCTiON vPw
_ruarost CALCULATION OF waTEZR vAPOUR PRESSUAL USINC
ANTOINE CQQUATIOM. AWTOINE COMETANTS FAOM

CHEZMLING BT AL, 1077,
usace ;O YAR e WPW{TEMP |

PARNAMETEAS REOULIRED .

TEMP : SYSTEN YEWP (K}

.
v
.
.
.
.
.
.
.
.
.
.
.
.

FUNCTION vYow(]Y
agay a,

131100

ss 1730 8300
CeT33.62800
TCeTEMP-273. t80O ;
YPwe 10 . @000 (A-(B/(TCC))) 4
ATTURS
°

S0esIReNIIRTEIIREINGNIILEOIUIRUSRIB RS

runctiom vre

PURPOSE & CALCULATION. 87 ETNANOL YAPOUR PR viiInc
ANTOINE COUATION. ANTOINE CONSTANTS FAON
CHENLING Y AL, 1077 .

vsace : vam e yPRLTEMP)
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Fasam(ient sgoviaeo
ttwue LYSTen TEme (unt

4setssssasssansestran s rIr st sary

PUNCTION YPRAITEMP )
agagses C.1C Tame
aes 3210000 i
Reitis 1000
ce237.8700 '
1CeTEMP 273 18DO
ODO*e & 18/LTICCHI Y

7

RN N N A

PuUNCTION ¥

' eysrost FUNCTION ACLOUIAED TO CaLCULATE at3IOUAL .
PREIIUAL BTTWEEN ALOUISNCD PRLISUAL AND
SUmM OF VAPOUA FAELSUALS MEOUIAED FOA ATS)
vsact C YAR e VLITEME )

aMErERs AEOUIARD

TEmr SYSTEM TEWP (k) A

sessassesnsescane sesdcssssee

FPUNCTION YLITEMP)Y
ss CaMis) N{8), TEMP

rtot
TEeMMAL YPw vPL ELEUNMIO
wHON/YAPLIQ/E PYOT .,

LLL ETUNIO(E , TEMP Cam)
VLelEIPiCAMIIIIosvPWwiTEMP I
SsLEs(CAMIZIIovPEITEMPIaR(T)} -PTOT
agtunw
(8]}

13.5 SUBROUTINE : RTBI

NN R

EEEREERER

R

seese

P Y L L R R R P R R ]
SURAQUTImME ATHI(Fm K1 X7 _KTOL YTOL aTOL PORT )T 7w01

{
THIS SUSAQUTIME SOLYES A NON-LINCAR EOUATION USINC ThE
SITECTION TECwuloQUE (MEFERENCE CERALD an0 wmgaTiLy 7 &),
AmcumENTT a8 vanlasies
ruia) PUNCTIOR DEFINMING EOUATION TO 8C $0(%CD “UsT 8¢
A REAL PUMCTION, AETUANING THE wEAUL OF Twe FuwCtiow
AT 3 (& mgal wumeen) Cd
L] LOWER BOUND ON ®WARCE W ww|Cw @00T 13 YO s¢ 7O0UNO
17 yUrPEA BOUND ON 8 4wCE OF 20OV
L1aRY MUST BMACKET Twe 2007
£T0L -TOLEaANCE OM PMECIS|IOw OW YW valul 0/ Twg s0OT
vrag TOLERANCE Ow THME valUE OF THE FusCTiOm AT Twe @00T
te aes|Fuwimpat)| ¢ vrot
NTOL . MARI®UM WUMSER OF ITERATIOWS YO0 8€ PENFOANID
(EERSITL R .
roct PainT DETATLS(LOCICAL) « TAUC FOR [TEeafiON
oeTallL FRIwWYInC —
ALTUANED AaCumEwTS - . N
wtr wuUMBES OF TTERAY|OwS PEAPOAMED
ruo REgTuaw COOL: v
¢ o . E4N0M O™ INPUT vALULS
. ROOT FOUND wituim YIOL LImiTe
.3 SR00Y FOUND; GO0TH TOLEAANCE CRfTeals
SATISPLEOD § .
.3 K007 wOT rFOUNO 1O wifslm vYOL LINMITS
SUT KTOL LEmlTs exCTEOCD
. 8 o MAK WusMEea oF (TR tiowsagacwed
mpoOT N0t roumd. -
LY ROOT OA CLOSEST ESTIMATE OF Twuf 00T 1§ agruamed
as ®1 . -
oTnga vamlasLEs -
riyv . rer, Pz valUE GF Twe PUNCTION AT 11
(3] mEgAY CuEss OF moOT -

tsecscssensosssansssecarae
LTV, RY, BTOL, VYOL

neaL PN PRY, PEY N2

1WTECER WTQL NIY PO
Loctcay rort

FRISPEIRY)
PEIINIE]}



. Cwecu iwgut OATS AwO €CwO OETAILS fFf meouisagD
JPeasstrEr AT vial ) Teew
rupe
wite
agrys .
€LEC IPEABBIPYT) LT YTOL! Twuiw
Rte

ngtvaw
(L X-R14
YrOoLeansivIOL}
170Le stxYOL )

IrerPoRY i TuEn
wn]TE(2,1000) ‘K TOlERAwCEe ‘', ETOL .
wRITE(3, 9000} 'Y TOLEAAMCEs °, YTOL
WALTE (2, 1000 ) “HAZ[IMUM ¢ (TERATIONS A R E-TY

twotr

[Fitrar1eorey} €T 0. 0 )FuEN
’npeo
®lteo
LX)
171P0€1) TuEN
wRiTEtT 1
(L1204
agtuan
(£ 1284
' goOmMAT (TS, ‘OATA gmmDA ")

‘ LP(POETY Twiw
wRiTE{],6 1002
ewotr

too00 PORMAYITS A . C10 D)

1001 PORMAT(TS A T8

1003 FoRmMAT({ /T2, "tiremAYION @ TIT K1’ T2
ACFLEL) T VYO, P (NT)  Te), Crtad )

IEP RS T AT R L B IN

00 100 Iwt WTOL
. 4 CaLCuLate wew vaLue or x
E)e(st1ex2le0 §

FrlePninl}

. '
Ir (POCT) THEwN
wRiTE€(2,100))1, 04 22, X) 721 F22 F3)
(&1 X84

FORMATITS , 12,710, €12.8,723 €17.8, T30 £13.4, 783,812 &,
ATES Q1. 0, THY €02 6}

10013

CMECR COMVEACEMCE, (7 wMOT wiTHla TOLERANMCE (1w TE
. CALCULATE wEw CUESS

Triaosin2-51) . CT. 270L} TNEw
TFeaANS(PE3) CT. YTOL} THEW
IFeqruzsres) Ly 0 0) TwuEw
bl HYex)
Fuzerns
Tmnse
1ex) X -
rRisru) i
tmotlr

gLse triamsiran3; (T . vroL) Tuew
Fudey
“yteg
[AER B}
ReTuAN
ewote !

CLsE i71Aa83tPRI) .\ Y Yrol) Temew
FuDey
HiTe)
EieRr3
RETURN .
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