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ABSTRACT

The problem of predicting the general ion exchange equilibria
pertaining to systems of industrial significance is generated by
the multicomponent nature of such systems and the nonidealities which

may be present in both the solution and exchanger phases.

A general framework applicable to multicomponent systems
incorporating nonideal effects in both phases is presented. For the
- solution phase a well established procedure for calculating activity
coefficients is adopted. Deviations from ideal behaviour in the
exchanger phase are modelled by the Wilson equation, which expresses
the excess Gibbs free energy of mixing of the resinates as a function
of composition. A significant advantage is afforded by this equation
in that theoretically a multicomponent system may be predicted from
the binary interaction coefficients of this equation which are
determined experimentally, thereby reducing the otherwise extensive

experimental program.

These ideas are applied to systems of increasing complexity from
simple binary characterisation experiments to the prediction of a six
component system related to that encountered in the recovery of uranium

from sulphuric acid leach liquors.

Experimentation for the systems involving the ions SO4 —, cl and

NOS and a strong base anion exchanger have provided a severe test for

the procedure proposed. The agreement between fhe predicted and experimental
resin phase composition data for this ternary system is within * 5%.

The addition of complexing agents complicates the procedure in that

it becomes physically impossible to decompose the system into the desirable
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experimental binary systems. In this case higher order systems are

characterised. Introducing a mineral acid to the ternary system

4
characterisation of other ternary systems before the quaternary system

discussed previously generates the BHSO, ion which necessitates the
may be predicted. The agreement between the predicted and experimental
resin phase composition for the quaternary system is shown to be within

* 10%.

The work is easily extended to include the more complex systems
generated by the complexation of metal ions with the various ligands
present. .Provided the stoichiometry of the complex species in the
exchanger phase is well defined the complexes present no difficulties

in the characterisation procedures.

Experimental studies on the acidic uranyl sulphate quaternary
system provide the desired ion exchange equilibrium constants and the

interaction coefficients.

In order that the interaction coefficients for the ion pairs such
2- - 2- =
as 002(804)2 , Cl and U02(So4)2 - NO3 may be estimated it is necessary
to characterise two quinary systems. Nevertheless the characteristics

of lower order systems are employed to reduce the number of unknown

parameters.

Finally it is possible to predict the resin phase composition of
the six component system which results from chloride and nitrate species
being included in the acidic uranyl sulphate system. The quantitative
effects of all the components in the solution phase on the extent of

uranium loading are predicted.

Although the ferric ion is an important component in the industrial



situation this ion has been excluded from this work because at this
stage it is not-possible to identify or measure the quantity of
the various ferric complexes present in the resin phase for a

particular solution condition.
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NOMENCLATURE

ion size parameter in Debye-Huckel equation.
activity of species j in solution mixture.
activity of species k in resin phase.

parameter in Debye-Huckel equation.

chemical species j in solution phase.
ion parameter in Debye-Huckel equation.

parameter in Debye-Huckel equation.

chemical species k in resin phase.

equivalent capacity of resin.

molar concentration of species j in solution

divinylbenzene.

fugacity of component i.

normalised sum of square errors function.
Gibbs free energqgy.

specific Gibbs free energy.
partial molar Gibbs free energy

excess Gibbs free energy

ionic strength defined as % J z2C'
i1

mole ratio of sulphate to bisulphate in the resin phase

at equilibrium.
equilibrium constant of reaction i.
stability constant for complex formation.

number of species in resin phase.

total number of moles.

phase.
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number of moles of species j in solution.
number of moles of species k in resin.

solution normality.

z z P 3

number of independent reactions.

pH -log aé+.

o]

pressure.
number of independent ion exchange reactions.
number of reactions.

gas constant.

RMS root mean square error.

S number of species in solution phase.

T temperature.

v volume.

X5 mole fraction of species i in resin phase.

xi mole fraction of species i in solution phase.

Xi ' extent of reaction in moles.

yi equivalent fraction of species i in resin phase.

yi equivalent fraction of species i in solution phase.
zj ionic charge of species j.

Greek Symbols

aij stoichiometric coefficient of j th species in solution

for i th competing reaction.

Bik stoichiometric coefficient of k th species in resin

for i th competing reaction.

X activity coefficient of species k in resin phase.

Y3 activity coefficient of species j in solution phase.
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Ai equilibrium quotient of i th reaction.
.. .Wilson interaction parameter.
1)
\Y average ligand number in resin phase complex.
Ei extent of reaction i in moles/l system.
-J'L_
Subscripts :
exp experimental value of variable.
fit value of variable from curve-fitting procedures.
pred predicted value of variable.
Superscripts
E with operator A denotes the excess change in property
upon mixing.
! solution phase.
o reference state or initial condition.
I . ideal case.
* reference state or inferred value of variable.
Operators
A finite change in state property.
it cunmulative product operator.

z cumulative summation operator.
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CHAPTER ONE

INTRODUCTION

Reactions at solid-liquid interfaces are used extensively in
nature. In particular ion exchange reacticons occur in soils and
living organisms. Man has recognised this and has developed systems

which exploit this phenomenon to his benefit.

Today ion exchange is an important unit operation in the process
industries. Applications include the desalination and purification
of water and the hydrometallurgical practices of recovery, purification
and concentration of metals from aqueous media. Further, in the
chemical, nuclear, food and pharmaceutical branches of industry and
more recently in the treatment of effluents ancd trade wastes aspects

of ion exchange technology have been applied.

The techniques and theory of ion exchange processes continue to
advance. At present interest in continuous counter current ion
exchange systems is increasing in some applications. HAINES et al (1973)
has described a multistage continuous ion exchange system to treat acid
pickle liquors and ROSS and GEORGE (1971) have applied this technique

to the recovery of uranium from natural mine waters.

The mathematical representation of the ion exchange process has
not been neglected. A general mathematical description of the isothermal
ion exchange process has been formulated by SMIRNOV (1976). Included in
the description are the important equations for thermodynamic equilibria
and the kinetics of the process. This thesis is concerned solely with

the thermodynamic equilibria of ion exchange systems.

The thermodynamic equilibrium aspects of ion exchange have been

studied extensively both theoretically and exXperimentally as reviewed by



HELFFERICH (1962). _ More recently NOVOSAD (1973) studied the thermo--
~dynamics of ioh'exéhange in the.language of solution thermodynamics.
Although a number of authors have investigated ternary systems (KLEIN
et al, 1964, STREAT and BRIGNAL, 1970 and SOLDATOV and BYCHKOVA,
1971) the majority of published work is concerned with binary systems.
This is surprising since ion exchange is predominant in the fields of
hydrometallurgy and water treatment which generally comprise complex

nul ticomponent systems.

KLEIN et al (1967) has presented a theoretical analysis of
multicomponent ion exchange in fixed beds. The method is based on the
assumption that the dimensionless selectivity coefficient is constant.
Generally this is not true because nonidealities occur in both the
solution and resin phase while the definition used for this coefficient
makes no provision for including activity corrections. TONDEUR and
KLEIN (1967) and HELFFERICH (1967) both presented generalised equilibrium
theories for multicomponent ion exchange in fixed beds applied to

systems with constant separation factors.

There is a need to develop a framework from which the general
multicomponent ion exchange system, exhibiting non-ideal behaviour in
both phases, may be predicted. An approach analogous to vapour-liquid
equilibria, that a multicomponent system may be predicted from the
combination of a number of non-ideal subsystems that are characterised
experimentally, should be considered. This approach has the advantage

of reducing the experimental program required to characterise a

multicomponent system.

A second objective is to apply these ideas to the well known
system encountered in the separation of uranium from sulphuric acid leach

liquors. Absorption of uranium from sulphuric acid solution is the most



important ion exchange technique for uranium recovery.

It should be possible to quantify the effects, as reviewed by
PREUSS and KUNIN (1958), of the solution characteristics of sulphuric
acid leach liquors on uranium absorption by anion exchange resins.

This could result in more efficient design procedures and operating

conditions.



CHAPTER TWO

LITERATURE REVIEW

2.1 STUDIES OF NON-COMPLEXING SYSTEMS

An unnecessarily simplified approach to ion exchange equilibria
is often adopted when the selectivity constant is defined in terms of
concentrations of species in both phases. 1In general this results
in the selectivity constant being a function of resin composition
and total solution concentration as illustrated by BOARI et al (1974)

2~ -
in their studies of the simple SO - Cl Dbinary systemn.

4
The incentive to be able to predict multicomponent ion exchange
from data of subsystems is great and has been attempted before.
DRANOFF and LAPIDUS (1957) have investigated thé ternary systems Dowex
50, Ag+ - Na+ - H+ and Cu2+ - H+ - Ag+ at 0,1 N total concentration
assuming unit activity coefficients of species in both phases. They

report good agreement between ternary and binary data when presented

as isotherms.

Similarly PIERONI and DRANOFF (1963) report that the system
Dowex 50 - X8, H+ - Na+ - Cu2+ at 0,05 N and O,1 N may be treated in
terms of the binary systems.. Effectively the third component is ignored
in the graphical presentation when the ternary system is represented on
a typical binary diagram by a single equilibrium line. However because
of the assumption of unit activity coefficients in both phases it is
not possible to calculate the equilibrium curve for a different total
solution concentration.

Although DODDS and TONDEUR (1974) consider the ternary system
2+

+ 2+ .
Na - Mg - Ca pertaining to the water softening process their procedure



effectively reduces the problem to a binary system.

Attempts have been made to remove the dependence of the binary
equilibrium coefficient expressed in concentration units in both
phases on the total solution concentration. This is achieved by
introducing the activity coefficient of species in the solution phase.
BARRER and KLINOWSKI (1974) have shown that for total solution
concentrations of less than 2 N this is feasible. The resultant
apparent equilibrium constant expressed in concentration of resin
species and activity of solution species is then only a function of
resin phase composition. However, NIKOLAYEV et al (1974) have shown
for the system KU - 2x8, CaClz, HC1, H20 at concentrations above 2 N
that this condition does not hold and they.suggest that the interactions
of resin species are responsible. It is possible that this effect is
due to the different water contents of the various ionic forms of the
exchanger and/or the activity of water in the two.pure electrolytes at

finite concentrations is significantly different.

In the attempts to describe the functional relationship between
resin phase composition and the variation of the selectivity coefficient
corrected for solution phase non-idealities, statistical thermodynamic
treatments have been proposed by BIRCH et al (1967) and extended in
the temperature range 25° - 65° by BIRCH et al (1969). Polynomial
expressions are derived theoretically for the binary systems, chloride
with each of the bivalent ions sulphate, oxalate, carbonate and borate.
LEGENCHENKO (1971) has applied a statistical approach to describe the
variation of the binary equilibrium constant, defined in terms of resin
species concentrations and solution species activities, as a polynomial
in the mole fraction of one resin species of degree not exceeding the
coordination number. The equation provides opportunities for approximating

to any dependence of the equilibrium constant on exchanger composition.



The statistical approaches reviewed have been restricted to binary

systems.

SOLDATOV and BYCHKOVA (1970) have described the calculation of
the ternary ion exchange system Dowex 50 - Xl10O, K+ - NHZ - H+ based
on the concept that the activity coefficients in the binary mixture
may be calculated from the experimental data and then used to find
the corresponding quantities for the ternary mixture. For accurate

results the treatment requires the main binary system be selected as

that system closest to ideality.

A method has been proposed by DANES aﬁd DANES (1972) of calculating
ion exchange equilibria of polyionic systems. The molar excess free
mixing enthalpy of the resinates is expressed as a polynominal in the
composition variables. In the case of a ternary system, for which the
apparent equilibrium constants defined for solution activities and resin
concentration of each of the binaries are not a linear function of

composition, it is necessary to have ternary data as well.

BYCHKOVA and SOLDATOV (1973) successfully predicted the system
; + + +
KU - 2 x 25, NH4 - Na - H from binary data with the use of two
parametric lines of the Gibbs triangle related to the composition of the

solution phase. It is required that one of these lines be rectilinear.

An approach which incorporates non-idealities in both phases of
a multicomponent system without the limitations discussed will be more
useful. KOKOTOV (1972) has discussed the methods for calculating the
activity coefficients in the resin phase and the thermodynamic exchange
constants. This system of equations includes non~idealities in both
phases for multicomponent systems. This procedure is applied to the

experimental data of multicomponent systems to obtain the activity



coefficients for each of the resinates.

The literature review so far describes methods of obtaining

the thermodynamic equilibrium constants directly from ionic partition

experiments.

BOYD et al (1974) have developed a procedure to calculate

the molal concentration product quotient Km independently of direct

measurements of the equilibrium and to predict the dependence of Km

on cross—linking and ionic composition.

2.2 STUDIES

OF TON COMPLEXING SYSTEMS

Most aqueous phases exhibit some degree of complex formation between

species. The

studies reviewed in the previous section ignore this aspect

or the authors indicate that complex formation is negligible.

TURNER (1968) has described a method to calculate the equilibrium

diagram for systems involving weakly dissociated electrolytes. In this

case a neutral complex is formed in the solution phase. The systems

Zeo-Karb 225,
chloroacetate
on the resin.

agreement.

- A study
of complexing

concentration

acetic acid, sodium acetate and chloracetic acid, sodium
. - . . + + :
were investigated, with cations H and Na being absorbed

The calculated and experimental results show good

has been made by GOLDEN et al (1974) to evaluate the behaviour
systems in the solution phase for predicting the

history of the column effluent and composition profile in the

column under local - equilibrium conditions. A ternary system with each

cation forming a neutral complex with the single coion in the solution

phase is discussed. In this treatment both separation factors and stability

factors are presumed to be independent of mole fraction composition in

the resin phase.



Complexation is not limited to the solution phase, both cationic
and anionic compleﬁes, particularly of metals may be present on ion
exchangers. It is complexation in both phases which is responsible

for the successful application of ion exchange in hydrometallurgy.

Ion pair formation or association in the resin phase is likely to
occur if the fixed ionic groups are similar in structure to precipitating
or complexing agents. Weakly basic and acidic resins are in this
category. Reaction between carboxylic acid anions and H+ is an example
which has been studied by RUBINSHTEIN (1974). Essentially the interaction
between counter ions and fixed ionic groups is separated ffom true ion
exchange. 1In these studies the overall effect is characterised by the
true exchange constants and the dissociation constants of the hydrogen
or salt form of the ion exchange resin. The procedure allows for all
interactions in' the solution phase but only ion association in the
resih phase, in other words the definition of the'exchange constant

includes activities of species in the solution phase and concentration

units in the resin phase.

2.3 STUDIES INCLUDING URANYL SPECIES

The absorption of uranium from sulphuric acid solution is the most

important ion exchange technique for uranium recovery.

In general the concentration of uranium, acid, sulphate, nitrate,
chloride, ferric and other ions effects the equilibrium uranium loading.
This has been concluded from reported operating plant experience and the

numerous experiments conducted previously.

KORKISH (1970) has published a comprehensive review of the information

available on the separation of uranium and thorium by means of ion exchange



resins. The review contains more than 800 references. Particular
attention has been given to the anion exchange separation of uranium

from sulphuric acid leach liquors.

At pH values below 2,5, ARDEN and WOOD (1956) and O'CONNOR (1954)
conclude that uranium is absorbed from sulphate solutions by strong

4-
base anion exchange resins as the complex UO2(SO4)3 .

ARDEN and WOOD (1956) ascribe the increased uranium loading at pH
4~
values in excess of 2,5 to the presence of U205(SO4)3 on the resin.
ARDEN and ROWLEY (1957) observed similar effects in work on systems

with concentrated uranium solutions.

In the review KORKISH (1970) discusses the work of LING CHI 'IU

4 HSO4 '

2~ -
002(804)2 and U02(So4)§ can exist in the resin phase depending

2
et al (1965) in which it is shown that the species SO

.on. the experimental conditions. This has been confirmed by the
investigation of MAJCHRZAK (1973) which also substantiates the
observation of STEIN (1962) that the variation of the average number of
sulphate ligands per uranium species is not significantly affected by

the uranium concentration in the range 0,0005 to 0,005 M.

JURY and ADAMS (1959), DUNN (1959) and WATSON (1962) have also

investigated this systemn.

YANO and KATAOKA (1960) in their extensive experimental program
using Amberlite 400 and Duolite AlOl exchangers suggest an optimum

operational condition for the pﬁre sulphuric acid leaching solution

2~ 2+
4 /UO2 mole

ratio, 1 - 15 and a 002804 concentration of 2,0 - 4,0 g/1. The effect

as: pH = 2,0 - 4,5, sulphate concentration expressed as SO

of temperature on the absorption isotherms was negligible in the range
o)
10 - 45°C.
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In most applications of this ion exchange process séme recycling
df the eluting solution occurs which results in nitrate and/or chloride
being present. AYRES and WESTWOOD (1957) have quoted briefly work which
shows that nitrate and chloride reduce the capacity of the resin for

uranium with the nitrate ion having a greater effect than chloride ion.

KIKINDAI (1969) has investigated the system with nitrate ion
included. The effects of the chloride and nitrate ion concentration on the

uranium distribution coefficient has been reported by MAJCHRZAK (1973).

YANO et al (1960) studied the equilibria of this system with chloride -
sulphate or nitrate - sulphate mixed forms of the strongly basic
exchangers Amberlite 400 and Duolite AlOl. This work was extended by
YANO and KATAOKA (1965), chloride or nitrate ions were introduced into
the uranyl sulphate system. The experimental proportional constant or
characteristic value of equilibrium was correlated éeparately for the
chloride and nitrate form of the resin with pH,lsulphate and uranyl
ion concentrations of the solution phase. Unfortunately the data is

presented graphically in the form of absorption isotherms for the uranium

component alone.

Although a significant amount of work has been performed on the
uranyl sulphate, sulphuric acid system including the addition of nitrate
and chloride ions, no general quantitative method of predicting the

composition of the resin phase at equilibrium with a known solution

condition is available.

2.4 AIMS OF THE PRESENT INVESTIGATION

The aims of the present study are:



II.

III.

11

To extend the experimental data for the system related to that
encountered in the recovery of uranium from leach liquors to
include the ‘five components uranium, acid, sulphate, chloride

and nitrate ions.

To develop a means of quantitatively predicting the general ion

exchange equilibrium based on a thermodynamic approach with

expressions for the non-idealities evident in both phases.

To present the ion exchange characteristics such that they. may
be included in any future higher order system which has as

components the species studied in this work.-
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CHAPTER THREE

THEORETICAL ASPECTS

3.1 THERMODYNAMIC SYSTEM

The ion exchange system consists of an aqueous phase containing
a mixture of electrolytes in contact with a solid insoluble ion
exchanger. The electrolytes in the aqueous phase may interact forming

simple ions, complex ions or complex molecules.

There is a net transport of species between the resin and agueous
phases until equilibrium is established. At this stage the S species in
the aqueous phase are identified as Aj while the M species bound to the

fixed ionic groups R are identified as Bk' A schematic diagram Figure

3.1 illustrates the system.

SOLID RESIN PHASE AQUEOUS LIQUID PHASE
R-B, B
1
nk nj
k=1,..,M j=1,..,S

Figure 3.1 Thermodynamic system for
ion exchange.
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3.2 EQUILIBRIUM OF SIMULTANEOUS AND HETEROGENEOUS REACTIONS

If both the complex formation in solution and the ion exchange
of species between phases are considered as chemical reactions then
the general stoichiometric equation for several chemical reactions

occurring simultaneously in either or both phases may be represented

by

s
Yo, .A +) B. B =0 i=1,..,R,..,N (3.1)

where aij' Bik are the stoichiometric coefficients of the species Aj
in the agueous phase and Bk in the resin phase respectively for the

N reactions R of which are independent.

For a heterogeneous system , consisting of two phases, the Gibbs

free energy can be written as

S M . : .
G=) n' G, +) G (3.2)
S T I %

where the prime denbtes the aqueous phase, n% is the number of moles of
species Aj in the aqueous phase and ny is the number of moles of species
Bk in the resin phase. The partial molar free energy or chemcial
potential is defined as

' e - 3G
Gj - [anﬁjT,P,n' )

r =(_— .
l#j'n Gk ank T,P,n2¢k,n

Equilibrium of the system corresponds to the minimum in the Gibbs free
energy of the system (BALZRISER et aql, 1972). This condition is obtained

by setting the derivative of G to zero so that

s .M M 3
+ ) nj dG, + L G dn +7] n, dG, .

1 J J J=1 k=1 k=1
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The Gibbs-Duhem equation reduces this to
S _ ' _ '

=' o = 0. (3.4)
Zc.dnj"LXde”k

. (o] (o}
If Xi is the extent of reaction i and n'”, n are the initial number

k
of moles of Aj and B, respectively then

k
R
n' =n'° + z a, . X (3.5)
J J i=1 13
°
= + B., X. (3.6)
"k % i1 ik i S

R .
ant =) o, . dX, (3.7
z 1

R
dn, =] B, dx (3.8)

s , R M R
Y 6. ) o ax, +7¥ Gk): B,, dX, = O (3.9)

or

S _ M _
§ o..G +) 8 ) ax, = o (3.10)

Now, the R reactions are independent, so that this expression could not

’

vapish through there being a set of dXi such that (z aij + z BikJ dXi =0
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it can only vanish for arbitrary dXi if (ARIS, 1965),
- ) M

ai. G, +

1 "9 k=1

[T e 142}

G = i =1,..,R 3.11
; Bik Gk 0 i ( )

Expressions are required for the partial molar free energies which involve

selection of the standard states.

3.3 EXPRESSION FOR THE PARTIAL MOILAR FREE ENERGY AND DEFINITION
OF STANDARD STATES

For the perfect gas mixture DENBIGH (1966) gives,

G. =G, +RT %n £, ,

(3.12)
f./P > 1 P >0
i 1

where Ei is the fugacity of constituent i, E& is the partial pressure and

P is the total pressure. Eio is only a function of temperature.

An ideal solution is defined as one which obeys the LEWIS-RANDALL rule
(BALZHISER et al, 1972).

fi =X, fi (3.12a)

where fi is the fugacity of the pure component in the same phase at the

same temperature and pressure as the mixture, and X; is the mole fraction

of constituent i.
Then,

—_ *
G, = G, +RT 2n x.
—i i

i (3.13)
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* . " el .
G. is a function of temperature and pressure since the relationship
—i

between mole fraction and fugacity is dependent on the total pressure

of the systemn.

For non-ideal solutions Equation (3.13) is arbitrarily modified

(GLASSTONE, 1942) by introducing the activity of constituent i

— *
G. = G. + RT . %n a, (3.14)
1 —1 1
or
— *
G. =G + RT &n v. X, (3.15)
1 _l 1 1

where a, is the activity of constituent i and Yi is the activity coefficient
i

of constituent i such that

a, = y. X, (3.16)

*
and 91 is only a function of temperature and pressure.

Thus the partial molar free energy is defined in such a way that the
standard partial molar free energy is only a function of temperature and
pressure and independent of composition. The magnitude of EI and
RT n Yi x, are arbitrary in the sense that only their sum Ei is fixed.

— *

l and G, = G,
1 -1

For the standard state ai

For the referencestateyi 1 and a; X, etc.

For the ionic species in the resin phase the pure component is

selected as the standard state.
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=

*
3.17)
G + RT.%n a, R (

- .
| 3.18
Ek + RT &n Y X ( )
with Yy + 1 as X i

For the ionic species and molecules in the agueous phase the

infinite dilution convention of DENBIGH (1966) is adopted

G. =G¢.° + RT &n a' (3.19)
i =3 j

G. + RT &n y! C! (3.20)
1]
with Ya + 1 as I » O where 1 is the ionic strength defined as

_.l I

r=31c¢
j J

The expressions for the partial molar free energies are substituted

in Equation (3.11) to give

E % Q;
B.
aij Bik =1 13 —j k=1 ik

1L RT

(3.21)
i=1,..R

where Ki is the thermodynamic equilibrium constant for the reaction i at

temperature T and pressure P.

Expressed in terms of concentrations and activity coefficients

Equation (3.21) is

%45 Bik

K, =T (y' ¢y I P =
i : (YJ J) k (Yk xk) i 1,..,R (3.22)
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To obtain the equilibrium concentrations ca and X this set of

R independent equations has to be solved.

3.4 SOLUTION OF THE SET OF SIMULTANEOUS REACTION EQUATIONS

That set of equilibrium concentrations which simultaneously satisfy

the R equilibrium conditions is required.

The equilibrium constant is defined for each independent reaction

of a set of simultaneous reactions in this two phase system.

B

k; =1 al 13 1 akik i=1,..,R (3.23)
j
orxr
“ij Bix
K, =1 (y% cl) Iy ) i=1,..,R (3.24)
BTy M LS | ‘

To solve these equations the equilibrium constant at temperature T
and pressure P are required together with the relationships between c! and
Y; and xk and Yk' The equations for the solution phase alone are well
known. The experimental section of this work is concerned with obtaining
the equilibrium constants for the combined resin and solution phase

reactions and the relationship between Yy and xk.

With this information available it is possible to solve these

reaction systems. A method or technique of solving these equations is

required.

The calculation of complex chemical equilibrium has been reviewed
by ZELEZNIK and GORDON (1968). More recently VAN ZEGGEREN and STOREY
(1970) published a critical survey of the analytical techniques that have

been developed for the computation of chemical equilibria.
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ARIS (1965) describes the calculation of equilibrium compositions
from simultaneous heterogeneous reactions usihg the concept of extent

of reaction.

There are three situations considered in this work which require
the solution of the simultaneous equations. The extents of reaction are
defined differently in each case.

In the first case only the solution phase is considered. The

extents of the P independent reactions are defined in concentration units,

moles per litre of solution. From Equation (3.5)

P .
ci = c} +] o, €, (3.25)

where

™
I

i Xi/V . (3.26)

Equation (3.22) becomes

P o, .
~— I [ 1O 1) s _ .
K; =1 {yj (cj + z a . £} i=1,..,p (3.27)

where
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At a given temperature and pressure there are P simultaneous
non-linear equation§ to solve for the P equilibrium extents gi.
Included in the expression for the independent equilibrium reactions
.are the activity coefficients of the components in the solution phase
which are functions of composition and hence extents. Thus the
equations are implicit and numerical methods are required for solution.

The methods used are reported in the Appendix I.

If at equilibrium the solution phase activities are known as is
the case in column experiments then only the Q independent ion exchange

reactions need be considered. Recalling Equation (3.6)

Q
o
e T +.X Bik %4
i=1
and since
_
T wm
k=1 nk
or 0
o
Oy +i£l Bix %5
xk = o - (3.28)
Yo« +§8. X.)
k=1nk j=p K1
then Equation (3.22) becomes
8ik
a nko + % 8 X
S R S .2 ik i
Ki 3 aj K Yy i=1 (3.29)
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where

Y =Y (X

At a given temperature T and pressure P there are Q simultaneous
non-linear equations to solve for the Q equilibrium extents Xi' Included
in the expression for the independent equilibrium reactions are the
activity coefficients of the components in the resin phase which are
functions of composition and hence extents. Thus the equations are

implicit and numerical methods are required for solution.

For the situation where a specified amount of each phase of known

composition is combined and equilibrium established extents are defined

in moles.

Recalling Equation (3.5)

i5 %5 (3.30)

R Bix
O+ 2 8 X
1 o 1 R GlJ 1 "k io1 ik i
K, = ly! (17 + = _
173\ Vizlaijxl) x|k M R
P ®+7] By X.)
k=1 i=1
i=1,..,R (3.31)

where

Yy =Y (X and v = Y (X)
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At a specified temperature and pressure there are R simultaneous

non-linear equations to solve for the R equilibrium extents Xi'

Activity coefficients in both phases are functions of the
extents Xi. Implicit numerical methods are required to obtain a

solution.

In finding the independent reactions and using their extents as
variables the number of reactions is minimized and the calculations

simplified.

The successful application of this general framework depends on
the availability of models to calculate the activity coefficients in both

phases for multicomponent systems. In the following sections consideration

will be given to these aspects.

3.5 ACTIVITY COEFFICIENTS IN THE SOLUTION PHASE

In the multicomponent solutions of industrial interest electrolyte
concentrations are relatively high making the activity coefficients

difficult to obtain either theoretically or from experimental data.

BROMLEY (1972) has estimated approximate individual ion values

of B or B used in the extended Debye-Huckel theory for univalent aqueous

solutions.

MEISSNER and KUSIK (1972) relate the mean activity coefficient
of strong electrolytes to the reduced activity coefficient. The reduced
coefficient of an electrolyte in a mixed solution is then estimated from
the ion fractions in ionic strength units and the reduced coefficient of
the electrolyte in a pure solution at the same ionic strength and

temperature. Reasonable success is reported even at high electrolyte

concentrations.
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A generalised correlation for activity coefficient is presented
by BROMLEY (1973) fb%'single and multicomponent systems. Correlations
with one parameter rare possible up to ionic strength of six. However

. for bivalent metal sulphate and sulphuric acigrthe results are not

satisfactory.

Equations for the accurate estimation of the activity coefficient

ratios in ion exchange problems have been reported by PAL et al (1974).

KUSIK and MEISSNER (1975) have reviewed the calculation of activity
coefficients in hydrometallurgy. Examples of some multicomponent systems
have given estimates of the activity coefficients with errors within 20%

of the measured gquantities.

Recently SENGUPTA et al (1975) have applied the concept of ionic
interaction coefficients to activity calculations in mixed electrolyte

solutions of ion exchange systems.

A somewhat simplified approach applicable to multicomponent systems
has been applied by TRUESDALL and JONES (1973) in the development of a

computer program to calculate the chemical equilibria of natural waters.

The availability of the parameters required in this treatment when
applied to the system under consideration in this work and the relatively
small effect of the activity ratio on the equilibrium quotient for ion
exchange reactions as shown by BARRER and KLINOWSKI (1974) has resulted

in the use of this slightly less accurate method.

An expression for the single ion activity coefficient is obtained
from the Debye and Huckel theory. The extended equation with two parameters
per ionic component is (ROBINSON and STOKES, 1959)
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¢nyl= ———— +Db.I .(3.32)

where I 1is the ionié strength of the solution
zj is the ionic charge of the species j
A and B are temperature dependent parameters
aj and bj are the ion parameters.
TRUESDALL and JONES have calculated the paraheters aj and bj from

experimental mean salt activity coefficients. These parameters are quoted

in Appendix A.2.

Thus with the two parameters per ionic species and the ionic
strength of the solution it is possible to estimate the activity coefficient
and hence.the activity of each species in a multicomponent system. The
calculation is iterative, the ionic strength being recalculated at each

step until convergence is achieved.

3.6 ACTIVITY COEFFICIENTS IN THE RESIN PHASE

DAVIDSON and ARGENSINGER (1953), HOGFELDT (1953) and GAINES and
THOMAS (1953) have in principle solved the problem of calculating the
equilibrium constant and activity coefficients of the resin phase
components from experimental ion exchange data. For a binary system
the Gibbs-Duhem equation and the equation for the thermodynamic ion
exchange equilibrium constant are solved. More recently SOLDATOV and
BYCHBKOVA (1971) have extended the method to multicomponent systems. The

method is used to calculate the activity coefficients from multicomponent
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data.

SOLDATOV (1972) has stated that despite the validity of the
method adopted by the previous authors, the final results are incorrect

or approximate since assumptions have been made without proof.

FREEMAN (1961) has derived expressions for the dependence of
the logarithms of the activity coefficients of a binary system upon the
equivalent fraction of the counter-ion in the exchanger. These
expressions are based on the excess free energy of the resinates, expressed
as a polynomial. The coefficients are derived from experimental measure-

ments of the solution species activities at different exchanger compositions.

The basis of this method has been extended to multicomponent systems
incorporating a model for the excess free energy which is applicable

to multicomponent systems.

The excess mixture properties are useful in describing non~-idealities
of solid phases. The activity coefficients are generated from the functional

relationship between the excess property and composition.

An excess property is the difference between the actual change of
an extensive property upon mixing and the change that wbuld occur if

the solution were ideal at the same temperature and pressure.

The excess Gibbs free energy is given by

real ideal

E
AG™ = (A -
( G)mixing (AG)mixing (3.33)

For the resin phase excluding the solvent, water in this case, we have



The change in the Gibbs free ehergy for the ideal case is

ﬁ%lxture

G
Components

AG

I~

i
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i

] MZ_
3
ol

i
T -
o}

'.4
)
'.J

n; (G - Ei)I
1

For the ideal case El - G. = RT 2n x,
i —i i

The excess Gibbs free energy of the mixture is

M

aGT = Y n, (RT &n x,)
. i i
i=1

n, (G, - G, = RT &n x,)
i i =i i

Introducing the activity coefficient Yy

1

we obtain

or

G, - G,
—

= RT 2n Y; X,

(3.34)

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)

(3.40)
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The partial excess Gibbs free energy is

—E 3 AGT
AGj = (8 nj >P,T,nk

M on. M 3 &n v,
z RT 52,r1y.<——a 1>PT +z ni RT —an = P T.n
i=1 AN N T | j e ly

J
(3.41)
9 ny
= 1 i = 7 (3.42)
Now 3 n. P,T,nk O unless 1 J
J
M 9 &n v, M 9 &n v,
Also ) n, RT - =RTn) x — pon = O
i=1 i 9 n P,T,nk i1 i n. ' 'nk
(3.43)
since the Gibbs-Duhem equation gives
M 9 &n vy,
T Sy I (3.44)
i=1" 3 R
Thus ‘
E
AGE = i)AG p p.o = RT &nYy (3.45)
J nj ’ 'r)k

This result implies that we require the excess Gibbs free energy of a

mixture as a function of composition to determine the activity coefficients

of each of its components.

The functional relationship between the Gibbs free energy and

composition must satisfy the following conditions.

If the pure-component standard state at the temperature and pressure

of the system is used then Y5 > 1 as X > 1. As X, > 1 all other
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E .
compositions approach zero therefore AG™ = O for pure components.

In general

X5

_ = ’ 3.46

_T ¢(xl,..,xM) ( )
where

Ag?

7¥F-= O for any X, = 1

The WILSON (1964) model has been selected to correlate the excess
Gibbs free energy. This equation is a semi~empirical generalization of
the FLORY (1941, 1942) and HUGGINS (1941) equations and has been
successfully applied to vapour-liquid equilibria (PRAUSNITZ et al, 1967).

The Wilson equation with two adjustable parameters per binary is

26"

RT

I~

M
x, ¢an (Y AL ox.) . (3.47)
1 R
i=1 j=

(3.48)

Only binary interaction parameters Akj and Aki appear, the parameters
Aii' Ajj' Akk etc. are equal to unity.

The Wilson model for a multicomponent system requires only parameters
which can be obtained from binary mixture data. This feature significantly

reduces the experimental program required to characterise a multicomponent

system.
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The model has its theoretical origin as an athermal solution
theory. This makes it particularly applicable to ion exchanger

systems since generally heats of mixing are small (HELFFERICH, 1962).

The relationships between activity coefficients and composition

have been described for both phases.

Equilibrium constants for the solution phase reactions are well
tabulated, refer to Appendix A.l. The activity coefficients in the
solution phase may be estimated from a well-known model and published
parameters, refer to Appendix A.2. However the ion exchange.reaction
equilibrium constants are generally not available. For the activity
coefficients in the resin phase a model has been proposed which requires

ionic interaction parameters, these are also unavailable.

The following section outlines an approach édopted to obtain these

parameters from experimental data.

3.7 PARAMETER ESTIMATION

The expression for the thermodynamic equilibrium constant Equation
(3.22) is rearranged in terms of the experimentally accessible

equilibrium quotient Ai.

From equation (3.22)

_ ij ik ik
introducing the equilibrium quotient Ai
B.
ik
K, =), }I}y i=1,..,R (3.50)
alj Bik
Al = g a3 E X, i=1,..,R (3.51)
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and

i=1,..,R (3.52)

Provided the activity coefficient in the solution phase can be
calculated Ai may be determined from the ion exchange experiments. For
a specified temperature and pressure the equilibrium quotient is related
to the equilibrium constant and the activity coefficient in the resin

phase.

Substituting Equation (3.48) into (3.52) yields

M M M x M
nk
znxi=2nxi-2 Bik 1—2n[2x2/\m]—2 Mn
k=1 g=1 N
b 2 T
t=1L.R (3.53)

Now since Ri and X, are experimental values, B, are known stoicho-

. ik
metric coefficients, the parameters to be estimated are Ki and the binary

interaction coefficients Akj'

The same numerical methods applied to the solution of the
simultaneous equations are used to estimate the parameters. In this case
the objective function F is the sqguare of the normalised error of the

calculated and experimental equilibrium quotients.

R (e ool
z 1 1
21 A exp

i

(3.54)

The calculated equilibrium quotients are given by Equation (3.53)

A search is made for the Ki and set of interaction parameters Ak' which

minimise the function F.

For the case where Ki is specified the Kkj are the only parameters

to be estimated.
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Data processing has two aspects therefore,

(a) Selection of the.best set of parameters. Values determined
from these parameters for resin composition are referred
to in the experimental section as fitted values which when
compared to the experimental values from which they were
derived provides a basis for estimating the effectiveness of

the regression procedures.

(b) It is possible by using lower order systems to infer all the
interaction parameters required to specify a higher order
system. The values predicted in this way are referred to
as predicted values which when compared with experimental
values obtained for the higher order system provide a

severe test of the linearized procedure employed.

An extensive experimental program designed to substantiate the

ideas expressed in this chapter is discussed in the following chapters.
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CHAPTER FOUR

INVESTIGATION OF BINARY AND TERNARY
SYSTEMS

.The objective of the foliowing experimental program is to
determine whether the Wilson model satisfactorily characterises
binary.ion exchange systems. Thereafter a comparison is made
between predictions of the ternary system based on the binary

characteristics, and experimental data.

4 NO} and C1  ions have been

selected because these three simple ions are present in typical

Binary systems involving SO

uranium leach liquors and as such represent the smallest sub-

systems of this multiionic system.

4.1 CHARACTERISATION EXPERIMENTS

4.1.1 Characterisation of the binary system SO4_— No;

Ion exchange equilibria are determined for the system Amberlite

400, 0,2, 0,4, 0,6 N mixtures of Na,SO, and NaNO; at 298°K. The

equilibrium reaction for this system is represented by

— _2_
sto4 + 2No3 z 2RNo3 + so4 (4.1)

wbere R is the fixed ionic group of the exchanger.

The thermodynamic equilibrium constant for this reaction is



33

obtained from the general expression, Equation (3.21)

2

NO., %o, %so -
3 3 4
Koo = T 77 (4.2)
4 s0, “No,

and the equilibrium quotient is obtained from the general expression

Equation (3.51)

2 .
NO, xNo3 aso4

_ 4.3
Ao, Tt (4.3)

x 1
4 50, aNo3

The charge balance equation of the species bound to the fixed ionic group

R at equilibrium is

2cso4 + CNO3 = capacity (4.4)

where < is the concentration of species i in the echanger phase expressed

as mole i/l resin. One complex reaction occurs in the solution phase

+ 2- -
Na + SO4 < Na SO4 (4.5)

the stability constant for this reaction is tabulated in Appendix A.l.

It is assumed that this relatively weak anionic complex is not absorbed

by the exchanger.

. . : . - + -
Ions present in the solution phase are SO4 p NO3, Na and NaSO4, the
parameters required for the Debye-Huckel equation for these ions are

tabulated in Appendix A.2.
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EXPERIMENTAL

The relationship between the resin and solution phase
compositions at equilibrium may be determined in a number of
ways. The batch method has been investigated by GARNETSKI
(1974) . A given quantity of exchaﬁger of known composition is
added to a specified solution of known composition and agitated.
Once equilibrium is achieved the composition of the solution

and exchanger are determined.

For the systems KU -~ 2, K+ - Rb+ and Na+ - Rb+ it has been
experimentally confirmed that the relative error in determining
the equilibrium constants by this method depends on the value

of the parameter h defined as the ratio of initial total moles

in solution to the initial total moles in the resin. Satisfactory
precision may be obtained when h is very much'less.than 1,0. A
disadvantage of the method is that the composition of the

solution once equilibrium is achieved may not be predicted

beforehand.

KLAMER et al (1958) discuss an elegant method which generates the
desired relationship from a continuous elution curve. The limited

application of the method is a disadvantage.

A more widely used technique is the column method described by
KLAMER et al (1958). A solution having a known composition is
passed through a column of ion exchanger until the composition
of the effluent becomes equal to that of the feed. The major
advantage of the method is that the solution composition at

equilibrium may be specified beforehand.
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The column technique is used to determine the ion exchange

equilibria of the systems.discussed in this work.

A description of the apparatus used to obtain the ion

exchange data is given in Appendix B. The apparatus is designed
to allow up to six tests to be performed concurrently. A
description of the chemicals used is given in Appendix D.

A detailed description of the procedure is presented in
Appendix C. Capacity determinations are usually performed
before the equilibriqtions as described in Appendix C.B.
Equilibrium period is fixed at 48 hours as discussed in
Appendix C.4. The elution solution for this system is 1M NaCl.
The sulphate concentration on the reéin is obtained from the
sulphate analysis of the eluate according to the method
outlined in Appendix E.2. The nitrate concentration in the
resin is obtained by difference from the charge balance

Equation (4.4)

c = Capacity - 2 ¢

NO SO

3 4

Thé column technique allows the calculation of activities in
the solution phase independently of the results of the
equilibrium tests. For this single complex, four component
solution phase, the activities have been calculated according

to the method described in Section 3.4.

It is not feasible to tabulate all the solution phase activity
data. A specimen calculation for this system is presented in

Appendix J.2.1.A. for the first experimental condition in
Table 4.1.
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4.1.2 Characterisation of the binary system SO4 - Cl

Ion exchange equilibria are determined for the system Amberlite
400, 0,2 and 0,4 N mixtures of Nast4 and NaCl at 298OK. The
equilibrium reaction for this system is represented by.

-5 27—
stO4 + 2Cl <€ 2RCl + SO4 (4.6)

The thermodynamic equilibrium constant for this reaction is

obtained from the general expression Equation (3.21)

a a'
Cl SO
Cl 4
K = —7 (4.7)
SO a a
4 SO4 Ccl

and the equilibrium quotient is obtained from the general expression

Equation (3.51)

2 '
X a
XCl _ Cl SO4
so- x a2 (4.8)
4 SO4 Cl

The charge balance equation of the species bound to the fixed ionic

group R at equilibrium is

2C504 + Coy = Capacity (4.9)

A single complex reaction occurs in solution as in the previous system

according to Equation (4.5).
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A. EXPERIMENTAL

The elution solution for this system is 1N NaNO The chloride

3
concentration in the eluate is obtained according to the method
described in Appendix E.3. The sulphate concentration of resin

is inferred from the charge balance equation (4.9)

Capacity -~ ¢
so, 2.0

Cl

4.1.3 Characterisation of the binary system NO3 - cl

Ion exchange equilibria are determined for the system Amberlite
400, 0,2 and 0,4 N mixture of NaNO, and NaCl at 298°K.

The equilibrium reaction for this system is represented by

RCL + NO, & RNO, + C1° 4 _ (4.10)

The thermodynamic equilibrium constant for this reaction is

obtained from the general expression Equation (3.21)

a'
NO, ) aNo3 cl

X _— (4.11)
cl ac1 aNo3

and the equilibrium quotient is obtained from the general expression,
Equation (3.51)

cl Twx - a (4.12)
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The charge balance equation of the species bound to the fixed
ionic group R at eéuilibrium is

) = ] 4.13
Cyo. t e = Capacity ( )

For this system no complexes are formed in the aqueous phase.
The activities of the nitrate and chloride ion are easily calculated

explicitly from the ionic strength, as shown in Appendix J.3.

A. EXPERIMENTAL

The elution solution for this system'is 1 N NaNO The chloride

3°
concentration of the known volume of eluate is analysed according

to the method described in Appendix E.2.

The nitrate concentration of the resin phase is inferred from the

equivalent balance Equation (4.13)

CNO_ = Capacity - ¢

3 Cl

The results obtained for the three binary systems are reported and

discussed together.

4.1.4 Results and discussion

Before the results are presented and discussed, it is essential to

clarify the nature of the data presented. The data is reported in three

categories, experimental fitted and predicted.

The following notation has been adopted throughout this thesis.
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Experimental data is that obtained from measurements. If the
particular variable is directly measurable the data is not qualified.
If the valﬁe of the variable has been inferred from measured data
then the data is qualified with an asterisk as superscript. For

example, C is the directly measured concentration of the

HS50

bisulphate iog on the resin while C;o refers to the concentration of
sulphate ion on the resin determined %rom say an equivalent balance

equation.

In the case where an experimental variable contains both types,

then the data is qualified with 'exp' as subscript.

Fitted data is that obtained when the parameters estimated by
curve-fitting procedures are substituted back into the expressions used

in the curve-fitting. This data is qualified with 'fit' as a subscript.

Predicted data is that which is generated for multicomponent
systems from the combination of parameters which are estimated from
experimental data of systems of lower order. The data is qualified

with 'pred' as a subscript.

The definition of the equilibrium quotient includes the
experimental resin phase data expressed in mole fractions. In some
instances the mole fraction of a species is inferred from an equivalent
balance. An error introduced here or in the direct measurement will
be compounded when inserted in the expression for the equilibrium

quotient by the algebraic operations of division and exponentiation,

particularly for multivalent exéhange systemns.

Thus the experimental data expressed as equilibrium quotients
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is very sensitive to the resin phase composition variableé and
scatter in the experimental results is inevitable as illustrated
by PAL et al (1974) and FREEMAN (1961). Notwithstanding this the
data is used in this form in the least-squares estimation of the
parameters. A comparison is made of the fitted and experimental
equilibrium quotients and of the fitted and experimental resin

phase compositions.

The experimental equilibrium composition of the resin and
solution phases at the solution normalities specified are summarised
29— -

2= NO., SO0° - cCl and

in Table 4.1 for the three binary systems SO4 3 4

T - NOL.
Cl 3
From the basic equilibrium data the equilibrium quotients are
determined for each equilibrium condition. A specimen calculation of

the equilibrium quotient for the first experime:ntal condition of the

SO4 - NO3 system in Table 4.1 is given in the Abpendix J.4.

The variation of the experimental equilibrium quotients with
composition in the resin phase for the binary systems is illustrated
in Figures 4.1, 4.2 and 4.3. It can be seen that the data for the
Soi- - cl system falls within the range of the published data of
WHEATON and BAUMAN (1951) and O'CONNOR (1954). The data of O'CONNOR
(1954), for the soi_ - Cl system and KORNGOLD (1973), for the system
Nog - Cl is reported for samples of Amberlite 400 with 8% DVB. It
can be seen that in both cases the experimental data reported for this

work, which employs the same resin, is consistent with that of these

two workers.

The deviation of this work from that of WHEATON and BAUMAN (1951)
and GREGOR et al (1955) is acceptable since although also a polystyrene



05~ Noj so; - C1” cl - NOj3
Solution Solution Resin Solution Resin ‘Solution Resin
Normality (Equivalent Fraction| Mole Fraction Equivalent Fractio Mole Fraction |Equivalent Fraction Mole Fraction
N IS0, NO, 50, NOX LS50, cl SO, * cl cl NO; c1 NO%
0,2 0,90 0,10 0,401 0,599 0,90 0,10 0,721 | 0,279 | 0,95 0,05 0,794 0,206
0,80 0,20 0,259 | 0,741 0,80 0,20 0,553 | 0,447 | 0,90 0,10 | 0,689 0,311
0,60 0,40 0,119 0,881 0,60 0,40 0,343 0,657 0,80 0,20 0,527 0,473
0,40 0,60 0,059 0,941 0,40 0,60 0,205 0,792 0,70 0,30 0,412 0,588
0,20 0,80 0,021 0,979 0,20 0,80 0,109 | . 0,891 0,50 0,50 0,244 0,756
0,10 0,90 0,011 0,989 0,30 0,70 0,129 0,871
0,4 0,90 0,10 0,305 | 0,695 0,90 0,10 0,622 | 0,378 | 0,95 0,05 | 0,806 0,194
0,80 0,20 0,177 0,823 0,80 0,20 0,434 0,566 0,90 0,10 0,703 0,297
0,60 0,40 0,071 0,929 0,60 0,40 0,236 0,764 0,80 0,20 0,539 0,461
0,40 0,60 0,029 0,971 0,40 0,60 0,127 0,873 0,70 0,30 0,422 0,578
0,50 0,50 0,251 0,749
0,30 0,70 0,133 0,867
0,6 0,90 0,10 0,247 0,753
0,80 0,20 0,133 0,867
0,60 0,40 0,049 | .0,951
0,40 0,60 0,019 0,981
0,20 0,80 0,006 0,994
Table 4.1 Equilibrium composition of both phases of binary systems, Amberlite 400, Na,SO0, . NaNo3;

NaZSO4,

NaCl and NaNO3, NaCl for various total normalities of the solutions at 298°K.

184
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Wilson parameters equilibrium  constant
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Figure 4.1

mole fraction nitrate ion on resin

Variation of equilibrium quotient with nitrate ion
mole fraction for binary system Amberlite 400, 0,2 N,
0,4 N mixture of NaCl and NaNO3 at 2980K. Comparison
of this work with pﬁblished data. The solid line
represents the least-squares fit of the experimental
data with the Wilson parameters and equilibrium
constant reported. Tabulated results in Appendix

Table F.1
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Wilson parameters equilibrium  constant
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Figure 4.2

mole fraction chloride ion on resin

Variation of equilibrium guotient with chloride ion
mole fraction for binary system Amberlit 400, 0,2 N,

0,4 N mixture of NaCl and Nazso4 at 298°K.

'Cbmparison of this work with published data. The

solid line represents the least-sguares fit of the
experimental data with the Wilson parameters and
equilibrium constant reported. Tabulated results

in Appendix Table F.2.
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4.3 Variation of equilibrium quotient with nitrate ion

mole fraction for binary system Amberlite 400, 0,2 N,
0,4 N, 0,6 N mixture of NaNOB, Na2$O4 at 2980K.

The solid line represents the least-squares fit of
the experimental data with the Wilson parameters and
equilibrium constant reported. Tabulated results in

Appendix Table F.3.
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strong base anion resin with the same cross-linkage the functional
+ +

group of Dowex 2 is —N(alkylol)(alkyl)2 compared to —N(alkyl)3

for Amberlite 400.

It is noted that the equilibrium quotient, composition relation-
ships at different normalities for this work and that of O'CONNOR (1954)
and WHEATON and BAUMAN (1951) generate single curves within experimental
error. This indicates that the activity coefficient calculations in
the solution phase are sufficiently accurate. (DAVIDSON and
ARGENSINGER, 1953).

Equilibrium data in the form of eguilibrium quotients is applied
to estimate the interaction coefficients of the Wilson equation and
the thermodynamic equilibrium constants of the exchange reactions as

outlined in Chapter 3.

Binary interaction coefficients obtained in Table 4.2 are seen to
>be.reasonable numbers when compared to those generated by vapour-liquid
equilibria. The fact that for each binary system investigated the one
parameter exceeds unity while the other is less than unity indicates

that the deviations from ideality are not large.

The estimates of the thermodynamic equilibrium constants are

listed for each exchange reaction in Table 4.2. The three binary

*
constants are related and hence we may infer for example Kgé from
NO NO CL* NO NO,, 2 4
3 . i = =
KSO and KCl3 In this case Kso KSO3 / (Kcl3) 5,104

) ey 4 .

which agrees within the error ascribed to the estimate of 5,094. This

is evidence of the consistency of the experimental data employed. With
. Cl* .

the inferred value of KSO the Wilson parameters have been re-estimated.

These parameters are subsequently used in calculations.



Parameters Estimated
Ion Exchange Reaction Equilibrium Constant Wilson Parameters R.M.S. Error
NO
NO3 Aij SO4 hy 3
= 1,0 0,65419 + 5,8
RZSO4 + 2NO : 2RNO3 + SO4 KSO4 72,939 SO4 v
NO3 33,1159 1,0
SO Cl
cl : Aij 4 .
+ = S0 1,0 0,2280 + 2
R2804 2C1l : 2RC1 + SO4 KSO4 5,094 4 '
Cl 3,674 1,0
A, cl NO,
03 = ) + 3,5
= 2,4627 +
RC1L + NO3 : RNO3 + Cl KCl 3,780 Cl 1,0 ’
NO, 0,39121 1,0
*Cl
= A S0 Cl + 2,7
RZSO4 + 2C1 : 2RC1 + SO4 KSO 5,104 i3 4 ’
4 50, 1,0 0,21192
NO Cl 3,7355 1,0
*C1 3 NO,, g
= K .73
KSO4 KSO4/( Cl )
Root

Table 4.2

Estimates of parameters, Equilibrium Constant and Wilson Parameters for binary systems.

mean square error of the experimental and least squares fit of equilibrium quotients.

equilibrium constant for Soz_ ==l

4 binary system at 298°%k.

Inferred

9y
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The agreement between the experimental and fitted equilibrium
quotients obtaihed with the Wilson model is illustrated in Figures
4.4, 4.5 and 4.6. The corresponding root mean square error between
fitted and experimental equilibrium quotients is less than * 6% as

reported in Table 4.2.

The variation of the equilibrium quotient with resin composition
is shown as the best-fit curve through the experimental points in

Figures 4.1, 4.2 and 4.3.

The agreement between the fitted and experimental resin phase
compositions for the binary systems is good as shown in Figures
4.7, 4.8 and 4.9. As indicated earlier the scatter in the plot of
fitted and experimental resin phase composition is significantly less

than that for the fitted and experimental equilibrium quotients.

A specimen calculation of the fitted resin phase composition for
the first solution condition in Table 4.1 is presented in the Appendix

J.2.1.B.

For completeness the variation of the activity coefficients with
composition have been determined from.the Wilson equation over the
entire composition range as shown in Figures 4.10, 4.11 and 4.12.

It can be seen that in general the resin phase activity coefficient of

the sulphate ion is the most sensitive to composition.

From the results presented it may be concluded that the non-
idealities in the resin phase are well described by the Wilson model.

The predlctlve power of this model is tested in the following section.
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Figure 4.4 Comparison of fitted and experimental equilibrium

quotient for binary system Amberlite 400, 0,2 N,
0,4 N mixture of NaCl, NaNO3 at 2980K. Tabulated
results in Appendix Table F.1.
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Comparison of fitted and experimental equilibrium
quotient for binary system, Amberlite 400, 0,2 N,
0,4 N mixture of NaCl and Na,.SO, at 2980K.

2774
Tabulated results in Appendix Table F.2.
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Figure 4.6 Comparison of fitted and experimental equilibrium
quotient for the binary system, Amberlite 400, 0,2 N,
0,4 N, 0,6 N mixture of NaNO., and Na.SO, at 298°K.
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Tabulated results in Appendix Table F.3.
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on resin for binary system Amberlite 400, 0,2 N,

0,4 N mixture of NaCl and Na,SO, at 298%k .

is 1,4 equiv/l resin. Wilson parameters and

Capacity

equilibrium constants used are reported in Table

4.2. Tabulated data in Appendix Table F.4.
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Figure 4.8 Comparison of fitted and experimental concentration

on resin for the binary system Amberlite 400, 0,2 N
and 0,4 N mixture of NaNO, and NaCl at 298°K .
Capacity is 1,4 equiv./l resin. Wilson parameters
and equilibrium constant used are reported in Table

4.2. Tabulated data in Appendix Table F.5.
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on resin for binary system Amberlite 400, 0,2 N,
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and equilibrium constant used are reported in Table

4.2. Tabulated results in Appendix Table F.6.
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Figure 4.10 Variation of the activity coefficients of the resin
species with nitrate ion mole fraction for the
binary system Amberlite 400, mixture of NaNO, and

3
o
Na2SO4 at 2987K.
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Figure 4.11 Variation of the activity coefficients of the
resin species with chloride ion mole fraction

for the binary system Amberlite 400, mixture of

NaCl and Na2504 at 2980K.
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binary system Amberlite 400, mixture of NaNO3 and
NaCl at 298°K.
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4.2 PREDICTION OF THE TERNARY SYSTEM SO4 - NO3 - Cl

The interaction parameters and the equilibrium constants
estimated for the three binary systems alone, are combined through
the Wilson equation to predict the equilibrium activity coefficients
and composition in the resin phase for specified initial and solution
conditions. The solution phase activities are first determined forf
the ions soij ;, -
relevant activities and a specified volume of resin of known

+ -
NO Cl , Na and NaSO4 in the test solutions. The

capacity and composition in this case X530
]

the equilibrium extents as outlined in Chapter 3 and hence the resin

= 1,0, are used to determine

composition.

The indepcndent heterogeneous equations required to solve this

system are

N
stO4 + 2NO3 < 2RNO3 + SO4

(4.14)

-2
R,50, + 2C1 2RC1  + 50,

A single solution phase complex is formed in this system

+ 2- _
Na + SO4 ZNaSO4 (4.15)

In the predictions a capacity of 1,4 equivalents per litre of

free settled resin is assumed.

Specimen calculations of the activity of the solution species

and the prediction of the resin phase composition are given in the
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Appendices J.2.1.A and J.2.1.C respectively for the first experimental
condition of Table 4.3.

4.2.1 Test experiments for comparison with the predictions for the

ternary systems SO4 - NO3 - Cl

Ion exchange equilibria are determined for the system Amberlite

SO, NaNO. and NaCl at 298°K.

400, 0,2 N mixture of Na2 4 3

The equivalent balance equation for the ternary system is

= i 4.16
2CSO4 + cNO3 + el Capacity ( )

A, EXPERIMENTAL

An eluant is selected which allows the Coﬂcentration of each of
the three components to be measured. Initially, 2 litres of
0,1 M sodium carbonate was used. However the nitrate
concentrations of the eluates determined according to the
method in Appendix E.5 were consistently more than 10% lower
than the corresponding predicted values while the chloride and
sulphate analyses agreed very well with the predicted
- concentration. It was thought that the nitrate had not been
completely eluted. 1In the following test 4 litres of this
solution was passed through the resin sample. Similar results
were obtained. A stronger eluate was employed, 2 litres of
0,1 N perchloric acid. Once again while the chloride and
sulphate results agreed with the predicted concentrations the

nitrate results were more than 10% lower than the predicted

values.



Finally, the nitrate concentration was inferred from the

equivalent balance Equation (4.16)

CNO3: Capacity - 2CSO4 - o

4.2.2 Results and discussion

For the solution conditions specified in Table 4.3 the predicted
and experimental resin compositions are consistent over a large
composition range. The predicted activity coefficients of-the resinates

for the corresponding ternary points are included in Table 4.3.

The agreement between the experimental and predicted resin phase

compositions is within * 5% as illustrated in Figure 4.13.

The final three results in Table 4.3 for solution conditions
! = 1 = . ! = 1 i i o)
Yo 0,5, yNO 0,1 and y c1 0,4 have been performed in triplicate.

The experimental results show a high degree of reproducibility.

Predictions have been made of the resin phase composition
expressed in equivalent fractions for the entire solution composition
range at 0,2 N and presented graphically on a ternary diagram according

to STREAT and BRIGNAL (1970) as shown in Figure 4.14.

The equidistant axes refer to the equivalent fractions of species
in the resin phase. Superimposed on these axes are contour lines
which refer to the equivalent fraction of species in the solution
phase. Ternary experimental data is identified on the ternary diagram.

The results justify the extension of this approach to more complex

systems.



Test ‘Equiv. Fraction in Solution EquiQ. Fraction in Resin Equiv. Fraction in Resin Activitity Coeff. in Resin
No. Predicted Experimental Predicted
Iso, No; | cl s0, NO, c1l S0, NOJ c1l so, NO, [ c1
1 0,20 0,10 0,70 0,128 0,318 0,554 0,104 0,332 0,564 0,387 0,849 0,926
2 0,40 0,10 0,50 0,234 0,336 0,430 0,218 0,353 0,429 0,495 0,840 0,892
17 0,50 0,05 0,45 0,332 0,218 0,450 0,322 0,235 0,443 0,621 0,751 ‘0,890
4 0,60 0,10 0,30 0,347 0,363 0,290 0,352 0,375 0,273 0,600 0,823 0,842
5 0,70 0,10 0,20 0,413 0,380 0,207 0,412 0,396 0,192 0,653 0,810 0,810
6 0,80 0,10 0,10 0,487 0,401 0,112 0,480 0,419 0,101 0,705 0,790 0,771
7 0,10 0,50 0,40 0,033 0,764 0,203 0,029 0,771 0,200 0,228 0,989 0,806
8 0,20 0,40 | 0,40 0,073 0,700 | 0,227 0,070 0,706 0,224 0,268 0,978 0,819
9 0,30 0,30 - 0,40 0,123 0,619 0,258 0,126 0,620 0,254 0,325 0,958 0,834
10 0,40 0,20 0,40 0,190 0,511 0,299 . 0,190 0,517 0,293 0,410 0,918 0,851
18 0,60 0,20 0,20 0,284 0,549 0,167 0,278 0,564 0,159 0,487 0,903 0,809
12 0,55 0,05 0,40 0,365 0,222 0,413 0,346 0,253 0,401 0,652 0,746 0,875
13 0,50 0,40 0,10 0,174 0,761 0,064 0,175 Q,760 0,065 0,342 0,968 0,779
14 0,50 0,30 0,20 0,201 0,658 0,141 0,207 0,656 0,137 0,386 0,949 0,803
15 0,50 0,20 0,30 0,236 0,528 0,236 0,250 0,522 0,228 0,449 0,912 0,832
16 0,50 0,10 0,40 0,289 | 0,348 0,363 0,289 0,357 0,354 0,548 0,833 0,869
3 0,50 0,10 0,40 0,289 0,348 0,363 0,280 0,368 0,352 0,548 0,833 0,869
11 0,50 0,10 . 0,40 0,289 0,348 0,363 0,291 0,354 0,355 0,548 0,833 0,869

Table 4.3 Comparison of experimental and predicted equilibrium composition of the ternary system Amberlite

400, 0,2 N mixture of Na,SO,, NaNO, and NaCl at 298°k.

species. Capacity is 1,4 equiv./l resin.

Predicted activity coefficients of resin

This data is presented graphically in Figure 4.13.

09
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Figure 4.13 Comparison of predicted and experimental resin
phase equivalent fraction for ternary system
Amberlite 400, 0,2 N mixture of NacCl, NaNO3 and
Nazso4 at 298°K based on experimental data of
the binary systems. Capacity is 1,4 edquiv./l

resin. Tabulated results in Table 4.3.
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Figure 4.14 Comparison of predicted !
and experimental equivalent 2}

fraction of the resin phase
and the predicted contour lines for

the ternary system Amberlite 400, 0,2 N

mixture of NaCl, NaNO, and Na,SO, at 298°K
based on experimental data of binary systems.

Capacity is 1,4 equiv./l resin.



63

CHAPTER FIVE

INVESTIGATION OF TERMNARY AND QUATERNARY
' SYSTEMS

i

Sulphuric acid is a major component in the leach liquors fed
to ion exchange columns. Introducing this acid to the systems
containing sulphate ions discusscd in Chapter 4 results in complex

formation of the bisulphate ion in both phases.

Generation cf this complex in the solution and resin phases

complicates the approach in that the binary systems NO3 - Hso;
and cl - HSOQ are not feasible and hence it is not possible to
predict the quarternary system 804— - Hso; - NOS - ¢l  from binary

data alone. It is necessary to increase the order of the subsystems

to ternary and perform experiments for the systems NO3 - SO4 - HSOZ

4 HSOZ. However the binary SO4 - HSO4 is measurable

and 1~ - SO
and the parameters obtained may be used in the characterisation of the

ternary systems to reduce the number of parameters to be determined.
Similarly the parameters for the binary systems discussed
previously are used in the characterisation of these ternary systems

to further reduce the number of unknown parameters.

5.1 CHARACTERISATION EXPERIMENTS

5.1.1 Characterisation of the binary system soi' - HSOQ

Ion exchange equilibria are determined for the system Amberlite

400, mixture of Na,S0, and H,S0, at 298°k.
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The equilibria reaction for this system is represented by

- 2—-
R2SO4 + 2HSO4 Z 2RHSO4 + SO4 (5.1)

and the corresponding equilibrium constant is

nso, “mso, °“so,

k4.4 T4 (5.2)
SO 30 %gso
4 4 4

The expression for the equilibrium quotient is

2 \
HSO *wso. “so
4 4 4

T ‘ (5.3)
4 so, “uso,

XSO

The equivalent balance equation for the exchanger phase at

equilibrium is

+ = i :
2CSO4 CHS04 Capacity (5.4)

A mass balance equation for sulphate in the exchanger phase

is

(5.5)

(5.6)
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4
by the resin is checked with this data. Combining Equation (5.4)

An assumption made that the weak complex NaSO, is not absorbed

and (5.5) the following is obtained

Cuso = 2CZSO - Capacity (5.7

The three guantities in Equation (5.7) have been measured,

this allows the directly measured bisulphate ion concentration c

HSO,
4
to be compared with CﬁSO as inferred from Equation (5.7).
4 )

AL EXPERIMENTAL

The elution solution for this system is 1N NaCl. The bisulphaﬁe
concentration on the resin is determined from the titration of
the eluate with standard base as outlined in Appendix E.4. Total
sulphate in the eluate is determined according to the method
described in Appendix E.Z2. The capacity is determined prior to

the equilibrium as described in Appendix C.8.

B. RESULTS AND DISCUSSION

The experimental equilibrium composition of the resin and
solution phases are summarised in Table 5.1 for the binary
2— -

system SO - .

ystem SO, HSO,

A check on the resin phase mass balance is possible with this
data, the bisulphate ion concentration is inferred from the
capacity and total sulphate on the resin, Equation (5.7) and
compared with the measured bisulphate ion concentration in
Table 5.1. The agreement is generally good. These results

indicate that the NaSOZ anion is not absorbed. The first six
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Solution Phase (M) 1 Resin Phase (Mole/f Resin)

L 50, H Na Capacity ZSO4 HSO, HSO4*
0,3641 | 0,0593 | 0,6689 1,410 0,8961 | 0,370 0,382
0,3641 | 0,0593 | 0,6G89 1,418 0,9047 | 0,374 0,391
0,3641 00,0593 0,6689 1,416 0,9081 0,374 0,400
0,3619 | 0,1866 | 0,5373 1,388 1,0606 | 0,688 0,733
0,3619 | 0,1866 | 0,5373 1,402 1,0692 | 0,704 0,736
0,3619 0,1866 0,5373 1,410 1,0675 0,686 0,725
0,4988 0,2775 0,7201 1,394 1,1137 0,8260 0,833
0,4706 0,2213 0,7200 1,363 1,0683 0,7376 0,774

0,4538 | 0,1875 | 0,7201 1,389 1,0400 | 0,6968 0,691
0,4373 | 0,1547 | 0,7200 1,396 1,0161 | 0,6412 0,636
0,4209 | 0,1219 | 0,7200 1,395 0,9878 | 0,5740 0,581
0,4045 0,0891 | 0,7200 1,388 0,9218 | 0,4564 0,456
0,4638 | 0,4180 | 0,5000 1,371 1,1703 | 0,9630 0,969
0,3981 | 0,2978 | 0,5000 1,381 1,1180 | 0,8625 0,845
0,2650 | 0,0290 | 0,5000 1,381 0,8070 | 0,2396 0,233
00,2613 | 0,0212 | 0,5000 1,361 0,7985 | 0,1870 0,236
0,2575 | 0,0153 | .0,5000 1,360 0,7573 | 0,1430 0,155
0,2538 | 0,0087 | 0,5000 1,371 0,7256 | 0,0870 0,080

Table 5.1 Equilibrium composition of solution and resin
phases for binary system Amberlite 400, mixtures
of Na2504 and H,S0, at 298°k. Mass balance

274
check for resin phase.




67

results in Table 5.1 are for two conditions in triplicate which

indicate good reproducibility.

The sulphate ion concentration in the resin is not measurable
directly, in this case it is inferred from the capacity and

bisulphate ion concentration, Equation (5.4).

Equilibrium quotients have been determined for each equilibrium
condition. The variation of the equilibrium quotient with
composition in the resin phase is presented in Fiqure 5.1. It
can be seen that this work is entirely consistent with the
published data of ANDERSON et ql (1955). At bisulphate mole
fractions above 0,6 agreement with the published data of O'CONNOR
(1954) and NELSON and KRAUS (1958) is reasonable.

Although the resin employed by NELSON and KRAﬁS (1958) was
Dowex 1, the cross~linkage was 10% DVB coﬁpared with 8% for this
sample. The date of ANDERSON et al (1955) was obtained with a
sample of Dowex 1 of 8% DVB which is equivalent to this sample
of Amberlite 400. The consistency of the two sets of data
suggests that the parameters obtained are not limited to the

sample of resin characterised.

" Binary interaction coefficients and the thermodynamic equilibrium
constant have been estimated from the experimental data in the
form of equilibrium quotients. The parameters are presented in
Figure 5.1. The agreement between experimental and fitted
equilibrium quotients obtained applying these parameters in the

Wilson model is illustrated in Figure 5.2. The root mean square

erxor is less than * 7%.
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The fitted relationship betwcen the equilibrium quotient and
resin composition is shown as the best fit curve through the

experimental points of Figure 5.1.

The variation of activity coefficients with composition have
‘been determined from the Wilson equation over the entire

composition range as illustrated in Figure 5.3.

The fitted composition data of the binary system for the
solution conditions specified in Table 5.1 éompared with the
experimental data in Figure 5.4 indicates the lower sensitivigy
of the composition variables with respect to the equilibrium

quotients.

A specimen calculation of the fitted resin phase composition
for the first solution condition in Table 5.1 is presented in

Appendix J.2.1.B.

-
The SO4 - HSO4 binary system is well characterised with the

Wilson model.

5.1.2 Characterisation of the ternary system soi_ - HSOZ - Ccl~

The ion exchange equilibria are determined for the system

Amberlite 400, mixture of Na,S0,, NaCl and H, S0, at 298°k.

The equilibrium reactions for this system are
RSO, + 2HSO, 2 2RHSO, + SO°_
2774 4 4 4

: _ (5.8)
sto4 + 2C1l < 2RC1 + SO
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Figure 5.3 Variation of activity coefficients of resin species

with bisulphate ion mole fraction for binary

system Amberlite 400, mixture of Na

at 298%k.

and H,SO

2774



experimental concentration (mole/l resin)

10 ]
o SOL ¢
e HSO,
O05L i
g exp.
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Pigure 5.4

Comparison of fitted and experimental concentration
on resin for binary system Amberlite 400, mixture
of Na2804 and H2804 at 298%K. Capacity is 1,4
equiv./1l resin. wilsoh parameters and equilibrium

constant used are reported in Figure 5.1, Tabulated

data in Appendix Table F.8.
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Expressions for the equilibrium constants are given by Equations
(5.2) and (4.7).while those for the equilibrium quotients are given by
Equations (5.3) and (4.8).

The eqdivalent balance equation for the resin phase is

= it (5.9)
2cSO + Cae0 + o1 Capacity

A mass balance for sulphate is written as

c + ¢ = c (5.10)
Z u
SO4 HSO4 804 .

There are two complex formation reactions in the solution phase

for this system

(5.11)

Na© + 50°” 2 Naso.
a 4 4

A. EXPERTMENTAL

The elution solutiocn is 1 N NaNO3. Unfortunately the high nitrate

concentration makes the analysis for total sulphate in the eluate

difficult. However the concentration of the sulphate form of the

resin may be inferred from the equivalent balance, Equation (5.9)

Capacity - CHSO4 - cCl

SO 2.0

The results obtained for this system are reported and discussed

together with those of the following ternary system.
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5.1.3 Characterisation of the ternary system SO4

- HSO .

4 " NO3

The ion exchange equilibria are determined for

Amberlite 400, mixture of NaZSO4, NaNO_, and H.SO

5 at

3 4

Equilibrium reactions for this system are

— 2...
+ > +
R,S0, + 2HSO, ¥ 2RHSO, + SO,
R.SO. + 2NO. > JRNO. + SO° -
259 3« 3 4

Expressions for the equilibrium constants are

(5.2) and (4.2) and expressions for the equilibrium

by Equations (5.3) and (4.3).

The equivalent balance equation for the resin

Capacity

Combining Equations (5.13) and (5.14)

c
HSO4

CNO
3

Capacity - 2c +
ZSO4

the system
298°K.

(5.12)

given by Equations

quotients are given

phase is
(5.13)
by
(5.14)
(5.15)
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There are two complex formation reacticns in the solution phase

for this system

+ - -
H + so4 2 Hso4
(5.16)
+ 2- -
Na + so4 2z Naso4
EYPERIMENTAL

The elution solution is 1 N NaCl. The total sulphate concentration
in the eluate is determined as outlined in Appendix E.2. The
bisulphate concentration is determined from the analysis for acid

as discussed in Appendix E.4.

The nitrate concentration has been inferred from the capacity,

total sulphate and bisulphate according to Equation (5.15).

RESULTS AND DISCUSSION

The experimental equilibrium compositions of the resin and solution

- - -
phases are summarised in Table 5.2 for the SO4 - HSO4 - Cl

- ternary system.

systen in Table 5.3 for the soi_ - HSOQ - NO3

2— - -
For the SO4 - HSO4 ~- Cl1 system the concentration of sulphate ions
in the resin phase is inferred from the bisulphate and chloride

ion concentration and the capacity of the resin, Equation (5.9).

For the soj_ - HSOQ - No; system the sulphate ion concentration
in the resin phase is inferred from the total sulphate and
bisulphate ion concentrations, Equation (5.14). The nitrate
concentration is inferred from the capacity, total sulphate and

bisulphate ion concentrations, Equation (5.15).
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Solution Phase

Resin Phase

Mole/ 4 Mole/ % Resin

IS0, cl H Na HSO,, cl
0,2100 0,02 . 0,2400 0,2 - 0,780 | 0,1069
0,1963 0,04 0,2325 0,2 0,720 0, 2006
0,1650 0,08 0,2100 0,2 0,600 0,3904
0,1375 0,12 0,1950 0,2 0,480 0,5861
0,1100 0,16 0,1800 0,2 0,338 0,7630
0,0850 0,18 0, 1500 0,2 0,296 0,8736
0,1080 0,02 0,0360 0,2 0,276 | 0,1797
0,0969 0,04 0,0338 0,2 0,214 0,3321
0,0750 0,08 0,0300 0,2 0,154 0,6163
0,0520 0,12 0,0240 0,2 0,096 0,8567
0,0294 0,16 0,0188 0,2 0,050 1,0878
0,0175 0,18 0,0150 0,2 0,026 1,1851
Table 5.2

Equilibrium composition of solution and

resin phases for system Amberlite 400,

mixture of Na2$O4,

NaCl and H,SO, at

274

298°k. Capacity of resin is 1,4 equiv./l

resin.
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Solution Phase

Resin Phase

Mole/% Mole /£ Resin eq/% Resin
[ NO, [ H Na Iso, HSO,, Capacity
0,02 0,2400 0,20 0,8576 0, 6604 1,398
0,04 0,2333 0,20 0,7085 0, 5500 1,392
0,08 0,2115 0,20 0,4918 0,3932 1,403
0,12 0,1988 0,20 0,3401 0,2844 1,399
0,16 0,1808 0,20 0,2373 0,2C12 1,400
0,18 0,1538 0,20 0,1816 00,1476 1,391
0,02 0,0373 0,20 0,5448 0,2104 1,398
0,04 0,0340 0,20 0,3992 0,1464 1,407
0,08 0,0307 0,20 0,2202 0,0828 1,404
0,12 0,0251 0,20 0,1174 0,0440 1,406
0,16 0,0206 0,20 0,0514 0,0208 1,407
0,18 0,0175 0,20 0,0248 0,0124 1,395

Equilibrium composition of solution and resin phases

for ternary system Amberlite 400, mixtures of N&,SO

N |
aNO3 and H2SO4

at 298°k.

2774
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The inferred ionic concentrations together with the basic
equilibrium data ‘enable the relevant equilibrium quotients

to be determined.

The ternary systems under consideration may be decomposed
and subsequently represented by pairs of binary systems.
The parameters determined previously for these systems are
applicable and as such significantly reduce the number of
parameters required to characterise the ternary systems.
In fact only the interaction coefficients for the HSOQ,

Cl and HSO,, NO

4 3 pairs are outstanding.

Estimates of the interaction coefficients for the HSOQ, cl
pair are shown in Table 5.4. The agreement between the
experimental and fitted equilibrium quotients obtained in

the estimation is shown in Figures 5.5 and 5.6 for a root

mean squarc error of * 9% It is noted that the rocot mean square
error increases with the increase in the number of coméonents.
The corresponding results for the HSO4, NO3 ion pair are shown
in Table 5.5 and in Figures 5.8 and 5.9. The root mecan square

error for this estimation is * 11%.

A comparison is made of the experimental and fitted resin

. compositions based on these parameters together with those of
the binary systems determined previously. Results for the
so“ - Hsog -~ Cl system are shown in Figure 5.7 and for. the

SO4 - Hso; - NOS system in Figqure 5.10. It is noted that
although a root mean square error of *11% was evident in the

- parameter estimation the errors in these results are generally

less than % 5%.
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Wilson Parameters RMS %
Ao, HSO Cl
ij 4
HSO4 1,0 0,74146 + 9,3
cl 1,2865 1,0
Table 5.4 Estimates of the Wilson
interaction cowFfiCients.for
HSOQ and Cl pair in the
tefnary system Amberlite 400,
NaZSO4, NaCl and HZSO4 at
298°k
Wilson Parameters RMS % 1
A,
13 HSO4 NO3
HSO4 1,0 2,6912 |+ 11,3
NO3 0,27678 1,0
Table 5.5 Estimates of the Wilson

interaction coefficients for

Hso; and No; ion pair in the

ternary system Amberlite 400,

Na2804, NaNO3 and H2SO4 at

298°x
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Comparison of fitted and experimental equilibrium

quotients for system Amberlite 400, mixture of
o )

NacCl, Na2804 and HZSO4 at 298 K. Tabulated data

in Appendix, Table F.9.
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NaCl, Na.SO, and HQSO4'at 2980K. Tabulated data
in Appendix, Table F.9. .
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2- - - -
5.2 PREDICTION OF THE QUATERNARY SYSTEM SO4 - HSO4 - NO3 - Cl

It is now possible to predict the equilibrium resin phase
composition of this quaternary system from the characterisatics of

the smallest subsystems measurable. These are the four binary

2- - 2~ - - - 2- -
- N - , NO, - ' - HS 3
systems SO4 hOB, SO4 Ccl O3 Cl and 504 H O4 and the
- - - 2— - -
two ternary systems soj - HSO4 - NO3 and SO4 - HSO4 - Cl .

The interaction parameters and the equilibrium constants estimated
for these systens only are combined through the Wilson equation to
predict the equilibrium resin phase composition and activity coefficients

for specified initial and solution conditions in Table 5.6.

The set of independent heterogeneocus equilibrium reactions

required to describe this system is

_ i ,
c
R2$O4 + 2HSO4 Va 2RHSO4 + u04
- N 2
R,SO, + 2C1 2 2RCl  + 50, (5.17)

2
R + i
2504 2NO3 < 2RNO3 + SO4

Two complex formation reactions occur in the solution phase

+ 2- -
H +
so4 2 Hso4

(5.18)
Nat + s0°” 2 NasoO.
g T Ny

In the predictions a capacity of 1,4 equivalents per litre of free

settled resin is assumed.
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Specimén calculations of the activity of the solution species
and the prediction of the resin phase composition are given in
the Appendices J.2.1.A. and J.2.1.C respectively for the first

experimental condition of Table 5.6.

2~ - - -
5.2.1 Test experiments of the quarternary system SO4 - HSO4 - NO3 - Cl

for comparison with the predicted composition.

Ion exchange equilibria are determined for the system Amberlite

NaCl and H_SO. at 298°K.

400, mixture of Na.SO,, NaNO.,
4 3 2 74

2

The equivalent balance equation for the resin phase is expressed as

2c c + c = Capacity (5.19)

+ c +
S NO
O4 HSO4 Ccl 3

A mass balance for sulphate species in the resin phase is given by

C + C = C (5.20)
SO4 HSO4 XSO4

Combining Equations (5.19) and (5.20) determines the nitrate

concentration in terms of measurable quantities

'CNO3 = Capacity - 2CZSO4 - o1 + CHSO4 (5.21)

A. EXPERIMENTAL

The elution solution for this system is O,1 N NaClO4. The
chloride, acid and total sulphate concentration of the known
volume of eluate is determined as described in the Appendix E.

A capacity of 1,4 equivalents/litre resin is assumed. The nitrate

concentration is inferred from Equation (5.21).
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5.2.2 Results and Discussion

The predicted and experimental resin phase compositions are shown
in Table 5.6 and Figure 5.11. The results are consistent over a
moderately large range. Expressed on an equivalent fraction basis the

range of experimental data is:

0,04 < < 0,75
y>:so4

< < , 24
©,005 yHSO4 ©

<
0,23 yNO3 < 0,71

0,14 <yCl < 0,57

The agreement between the experimental and predicted resin phase
composition is within * 10% as illustrated in Figure 5.11. The final
four results in Table 5.6 represent two sets of duplicate experiments.

The results show a high degree of reproducibility.

2 - -
The quaternary system SO4 - HSO4 - NO3 - Cl with one complex
ion in the resin phase is successfully predicted from the characteristics
of subsystems which represent the practical limit of the decomposition

of the multiionic system.



Solution Phase (Mole/%) . Resin Phase (Mole/2. Resin)
2504 cl NO3 5 Na Experimental Predicted
2504 HSO4 NO; Cl ZSO4 HSOy4 NO3 Cl

0,15 0,08 0,02 0,120 0,280 0,5192 0,3484 0,3660 0,3440 0,5240 0,3453 0,3524 | 0,3449
0,15 0,08 0,02 0,030 0,370 0,3650 0,1198 0,40%0 0,3808 0,3717 0,1233 0,3875| 0,3924
0,10 0,08 0,12 0,080 0,320 0,1628 0,1182 0,9846 0,2080 0,1716 0,1122 0,9590 | 0,2100
0,10 0,08 0,12 0,020 0,380 0,1123 0,0376 0,9982 0,2148 0,1138 0,0347 0,9879 | 0,2191
0,09 0,20 0,02 0,072 0,328 0,2271 0,1462 0,3332 0,7588 0,2457 0,1438 0,3172 0,7352
0,09 0,20 0,02 0,018 0,382 0,1628 0,0482 0,3278 0,7948 0,1743 0,0456 0,3285]) 0,7685
0,04 0,20 0,12 0,032 0,368 0,0480 0,0296 0,8668 0,4668 0,0485 0,0247 0,8709 | 0,4567
0,04 0,20 0,12 0,008 0,392 0,0326 0,0080 0,8756 0,4672 0,0357 00,0071 00,8754 | 0,4603
0,12 0,12 0,04 0,096 0,304 0,3187 0,2144 0,5394 0,4376 0,3239 0,2076 0,5289 | 0,430°
0,12 0,12 0,04 0,024 0,376 0,2253 0,0696 0,5522 0,4668 | 0,2226 0,0680 0,5589 ] 0,4639
0,12 0,12 0,04 0,096 0,304 0,3247 0,2140 0,5302 0,4344 0,3239 0,2076 0,5289| 0,4309
0,12 0,12 0,04 0,024 0,376 0,2279 AO,O7OO 0,5474 0,4668 | 0,2226 0, 0680 0,5589| 0,4639

|

Table 5.6 Comprison of experimental and predicted equilibrium composition of the quaternary system

Amberlite 400, 0,4 N mixture of Na

assumed for predictions is 1,4 equiv./l resin.

Figure 5.11.

SO NaNQO

41

3

, NaCl and H,SO

274

at 298%k.

Capacity

Results are presented graphically in

68
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Figure 5.11

Comparison of predicted and experimental concentration

for quaternary system Amberlite 400, mixture of NaCl, .

o
Nano3, Na2SO4 and H2804 at 298 K based on

experimental data of binary and ternary systems.

Tabulated results in Table 5.6.



91

INVESTIGATION OF URANIUM SYSTEMS RELATED TO THE TYPICAL
© SULPHURIC ACID LEACH LIQUOR

The relatively simple systems investigated in the previous
chapters have produced very good results. The introduction of a
cation such as the uranyl ion with its ability to complex with
ligands in both phases is desirable to extend the application of
the approach towards a real system such as that encountered in the

extraction of uranium from leach liquors.

Unfortunately the introduction of multiple complexes in the
resin phase reduces the effectiveness of the approach in that
complexes imply subsystems of higher order than binary. Nevertheless
the use of the characteristic of systems of lower order than that

‘being considered significantly reduce the number of parameters to be

estimated, this implies a smaller experimental effort.

This chapter includes the characterisation of the quaternary
system Amberlite 400, mixture of uranyl sulphate, sodium sulphate and
sulphuric acid. Two other guinary systems generated by the addition

of the nitrate or chloride ions to the previous gquaternary system are

also investigated.

It is necessary to consider the quinary systems because they are

the smallest subsystems which permit the estimation of the interaction

)4_ )2_ NO_.

parameters for ion pairs such as UOZ(SO 3 9 3

4

.Cl and UOZ(SO4

Once the quaternary and the two quinary svstems are characterised

it is possible to predict the six component system.
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Before these systems may be characterised it is necéssary to
know what complexes are absorbed on the resin and to what extent.
With this information reactions which represent the system may be
proposed. The reactions selected do not necessarily imply reaction
mechanisms since it is not possible tc distinguish between reaction

mechanisms from equilibrium data alone.

6.1 CHARACTERISATION EXPERIMENTS

6.1.1 Characterisation of the quaternary system

- 4—- 2—
So4 - Hso4 - U02(804)3 - UO2(SO4)2

The ion exchange system, ion exchanger, mixture of Na2SO4,

H2804 and Uozso4 has been investigated by many workers as indicated
in Chapter 2. Equilibria have been obtained for this system using

Amberilte 400 resin.

It is generally accepted (FINKELSTEIN ard NEEDES, 1971,
DEPTULA and MINC, 1967 and BANJERJEA and TRIPATHI, 1961) that the uranyl

sulphate complexes in acidic sulphate solutions are given by the

following reactions

2+ 2~
+
UO2 SO4 < U02504
(6.1)
2+ 2 -5 2—
vo, + 280, < uo,, (s0,) .,
The other solution complexes formed afe
+ 2- -
H +
SO4 z HSO4
(6.2)

+ 2- -
N +
a SO4 a NaSO4
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This solution scheme is only valid for pH less than 3,0, above
this pH uranyl_hydioxy complexes are formed (STEIN, 1962). In practice
due to the presence of ferric ions the acid concentraticn of leach
liquors fed to the ion exchange columns is adjusted to pH 1,8 (AYERS

and WESTWOOD, 1957).

Ferric ions are very important in industrial uranium extraction
systems (JOHNSON and MILWARD, 1953). However the lack of information
regarding the resin phase iron complexes and the difficulties encountered
in ascertaining their stoichiometry has led to this ion being excluded
from this study. A review.of experimental techniques applicable to
the identification of species in the resin phase is presented in

Appendix H.

Accepting that the solution phase is adequately described by the
reaction scheme, Equations (6.1) and (6.2), it is necessary to describe
the resin phase before the ion exchange reactions arce proposed. It

is possible that more than one uranyl sulphate complex may be absorbed.

MAJCHRZAK (1971) has investigated the spectra of uranyl sulphate
complexes absorbed on exchangers and has indicated that two complexes
are present in the exchanger phase namely U02(SO4)§— and 002(804)57

These results are supported by mass balance considerations.

If v is the average ligand number of the complex then an equivalent

balance is

2v - 2 = i
(2v ) CZU + 2CSo4 + CHSO4 Capacity (6.3)

The mass balance for the sulphate is

VC.. . + C + =
s T %so. * Caso T Ciso (6.4)
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Combining Equations (6.3) and (6.4)

= - ity - 2C
CHSO4 QCZSQ4 Capacity

$U (6.5)

MAJCHRZAK (1971) has assumed that for uranium concentrations less
than 0,1 M the ratio k of sulphate to bisulphate in the resin phase is
constant for a particular pH and total sulphate concentration in

solution.

Introducing the ratio k, Equation (6.4) may be written including

Equation (6.5)

C - (1L +k)C

S0 HSO
4
v = —— (6.6)
nu
or
CZSO4 - (1 + k) (ZCXSO4 - Capacity - ZCZU)
v = c

LU

For known capacity, k, total sulphate and total uranium on the

resin it is possible to infer the average ligand number.

Although STEIN (1962) and O'CONNOR (1954) have measured the

bisulphate concentration in the resin phase the methods have not been
*

HSO4
from Equation (6.5) is used in Equation (6.6) .

successfully applied in this case and hence the inferred value of C

Usually the predominant species are considered to be the exchanging
species, however in this case the dominant species in the resin phase
is not present in the solution phase. This suggests the possibility

of absorption of neutral complexes and subsequent ligand association

within the resin.



The following reactions are proposed based on the fact that
)4

43 and UO2(SO )2— exist in the resin phase while UO,SO, and

UO2(SO 4’ 2 250,

UOZ(SO4)§— are present in the solution phase.

2R, SO, + UO,S0O T R UOz(SO )

2774 2 74 4 4" 3

{6.7)

4

2- &
4)2 « R UO2(SO4)2 + SO

R.50 + UO2‘SO 2

2774
The first reaction representing an addition rather than an exchange
process has been suggested by STREAT and GUPTA (1975) and POTTER (1975).
In the sdlvent extraction of uranium and iron (III) from sulphuric acid
solutions with alkylamines, DEPTULA and MINC (1967), SATO (1962) and
CATTRALL and PEVERILL (1970) assume an interfacial extraction mechanism

implied by the first reaction in Equation (6.7).
A further reaction occurs between sulphate and bisulphate ions

- 2—
SO, + 2usO,. ¥ 2
R,SO, SO, RHSO, + SO,

The equilibrium constants and quotients for this system are as

follows
x2 a’ a2 at
HSO HSO SO
1180, 4 A KHso4 } HSO, SO,
SO X a7 ! SO,  a ar “
“c Q
4 50, HSO 4 so, °HSO,
Uo,, (S0,) %50, (S0 ) U0, (SO ) 80 (s0 )
N2l 3 2247 3 , K 243 2°%47 3
SO T xZ ! SO I T
4 Xso4 aU02804 4 %so  %uo.so
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X a a a
; O uo, (SO SO
Auoz(soli)z 002(504)2 $0, K002(504)2 ) 5 (50,5 4
50 T X al ! SO a a' .
. SO
4 $o4 . 00,(s0,), 4 50, o, ( 4l o
A. EXPERIMENTAL
The elution solution is 1 N NaCl. The uranium concentration in
the cluant is determined according to Appendix E.l. The total
sulphate is determined according to Appendix E.2. Unfortunately
the attempts to measure the bisulphate concentration were
unsuccessful, however it may be inferred from Equation (6.5).
B. RESULTS AND DISCUSSION

The basic eguilibrium data for the system, Amberlite 400, mixture
of Nazsoq, H2804 andUOst4is presented in Tables 6.1, 6.2 and 6.3.
pH is the only activity measurement performed in the solution
phase. As such it indicates with what accuracy the activity

coefficients have been predicted.

The maximum difference between the experimental and predicted pH is
0,07 units with an average deviation of *# 0,03 units. A specimen
calculation of the activity of solution phase species for this

more complex system is shown in Appendix J.2.1.A.

Resin phase composition is expressed in moles per equivalent of
exchanger for comparison with published data involving different
resin samples. Comparison of the data with that in the literature
is difficult because very few solution conditions correspond to

those used in this work. Furthermore, the solution conditions are

not always completely specified, in particular, the acid concentration



Solution Phase

Resin Phase

(Mole / 2) pH pH (Mole / £ Resin) (Squiv/2 Resin) (Mole / Eauiv Resin)
Pred
Iu Eso4 IH Na U IS0, Capacity Iy 150,
0,000238 0,3641 0,0593 0,6689 2,00 2,03 0,1095 0,9707 1,416 0,0773 0,6855
0,000470 0,3641 0,0593 0,6689 2,00 2,03 0,1500 0,9783 1,420 0,1016 0,6889
0,000985 0,3641 0,0593 0,6689 2,00 2,03 0,1941 1,0118 1,432 0,1355 0,7066
0,001680 0,3641 0,0593 0,6689 2,00 2,03 0,2282 1,0041 1,380 0,1668 0,7276
0,003002 0,3641 0,0593 0, 6689 2,00 2,03 0,2582 1,0709 1,436 0,1798 0,7458
0,003503 0,3641 0,0593 0,6689 2,00 2,03 0,2641 1,0709 1,416 0,1865° 0,7563
0,000223 0,3619 0,1866 0,5373 1,50 1,45 0,0528 ' 1,1296 1,435 0,0363 0,7872
0,000462 0,3619 0,1866 0,5373 1,50 1,45 0,0852 1,1279 Ty 0 0,0599 0,7932
0,000817 0,3619 0,1866 0,5373 1,50 1,45 0,1250 1, L1525 1,428 0,0875 0,8071
0,001956 0,3619 0,1866 0,5373 1,50 1,44 0,1593 1,1024 1,386 0,1149 0,8004
0,002821 0,3619 0,1866 0,5373 1,50 1,44 0,1926 1,1198 1,402 0,1374 0,7987
0,003832 0,3619 0,1866 0,5373 1,50 1,44 0,2005 L,1142 1,398 0,1434 0,7970
0,000463 0,240 0,406 0,0731 0,85 0,79 0,0384 - 1,1805 1,413 0,0275 -0,8355
0,00120 0,248 0,406 0,0876 0,85 0,80 0,0759 1,1617 1,416 0,0545 0,8204
0,00352 0,244 0,406 0,0750 0,85 0,79 0,1355 1,1720 1,418 0,0978 0,8265
0,000487 0,385 0,406 0,3630 0,95 0,95 0,0326 1,1634 1,417 0,0235 0,8210
0,00122 0,388 0,406 0,3680 0,95 0,97 0,0684 1,1685 1,415 0,0496 0,8258
0,00358 0,392 0,406 0,3708 0,95 0,97 0,1263 1,1685 1,410 0,0920 0,8287
0,000451 0,578 0,3701 0,7850 1,17 1,18 0,0306 1,1600 1,412 0,0221 0,8215
0,001279 0,583 0,3701 0,7933 1,15 1,18 0,0668 1,1823 1,415 0,0480 0,8356
LO,OO3603 0,587 0,3701 0,7967 1,15 1,18 0,1258 1,1874 1,415 0,0905 0,8392

o - o
Table 6.1 Equilibrium composition of both phases for system Amberlite 400, mixture of Na7804 and UOZSO4 at 298 7K.

Comparison of experimental and predicted pH of solution ovhase.

L6

L6



Solution Phase Resin Phase
(Mole /1) oH . PH (Mole /& Resin) (Equiv/% Resin) (Mole / Equiv Resin)
[ Pred
Iu ] £s0, Iy [ Na ' TU IS0, Capacity Iu £S0,
0, 000484 0,242 0,1855 0,2975 1,30 1,33 0,0910 1,0743 1,409 0,0659 0,7625
0,001173 0,245 0,1855 0,3022 1,30 1,33 00,1346 1,0914 1,414 - 0,0974 0,7719
0,003765 0,255 0,1855 0,3170 1,30 1,34 0,2066 1,1052 1,410 0,1497 00,7838
0,000478 0,383 0,1858 0,5792 1,40 1,47 0,0767 1,0743 1,416 0,0552 0,7587
0,001147 0,391 0,1858 0,5939 1,40 1,47 00,1216 1,0692 1,406 0,0875 ; 0,7605
0,003617 0,395 0,1858 0,5970 1,40 1,47 00,1912 1,1086 1,401 D, 1365 ' 00,7913
0,000450 0,600 0,1868 1,0125 1,58 1,58 0,0696 1,0709 1,407 0,0495 0,7611
0,001247 0,601 0,1868 1,0125 1,60 1,58 0,1172 1,0760 1,413 0,0829 0,7615
0,003687 0,603 0,1868 1,0125 1,60 ' 1,38 O 1839 1,0880 1,407 | 01367 ! 00,7733
0,000543 0,237 0,0577 00,4152 1,85 1.:95 00,1635 . 0,9203 1,417 00,1174 ; 00,6939
2,001193 0,248 0,0577 - 0,4359 1,95 1,96 0,2030 1,0212 1,412 0,1457 i 0,7232
2,003813 0,252 00,0577 0,4387 1,95 1,96 0,264¢% 1,0452 1,407 0,1928 E 0,7429
3,000485 0,386 0,0591 0,7118 2,00 2,05 0,1381 0,9715 1,410 0,1019 | " 0,689
3,001223 0,391 0,0591 0,7205 2,00 2,05 0,1946 1,0041 1,415 0,1401 0,7096
),003647 0,405 0,0591 0,7436 2,00 2,05 0,2453 1,0469 1,412 0,1766 0,7414
),000471 0,581 : 0,0584 1,1026 2,05 2,13 0,1306 0,9681 1,417 0,0938 0,6832
»,001200 0,586 - 0,0584 b 3 3 2,05 2,13 0,1707 1,0161 1,409 0,1237 0,7212
),003650 0,588 0,0584 131303 2,05 2,13 0,2356 1,0606 1,404 0,1707 0,7554 }
Table 6.2 Equilibrium composition of both phases for system Amberlite 400, mixture of Na,50,, sto4 and U0,50, s

5} | " . .
at 298 K. Comparison of experimental and predicted pH of solution phase.



Solution Phase

Resin Phase

(Mole / %) DH Pigd (Mole /& Resin) (Equiv /% Resin) (Mole / Equiv Resin)
LU £so, LH Na LU 150, Capacity i e
0,01 0,3971 0,3692 0,405 1,05 1,03 0,2125 1,1805 1,416 0,1501 0,8337
0,03 0,3971 0,3692 0,365 1,00 1,00 0,3035 1,1977 1,403 0,2163 0,8537
0,10 0,3971 0,3692 0,225 0,90 0,91 0,4307 1,2885 1,398 0,3081 0,9217
0,01 0,258 0,2960 0,20 1,08 1,02 0,2417 1,1189 1,405 0,1720 0,7964
0,03 0,278 0, 2960 0,20 1, 85 1,061 0,3311 1,1206 1,412 . 0,2345 0,7936
0,10 0,348 0,2960 0,20 1,00 0,99 0,4578 1,2465 1,404 ' 0,3261 0,8878
0,01 0,3978 0,1831 0,5924 1,50 1,47 0,2568 1,0657 1,404 0,1829 0,75%21
0,03 0,3978 0,1831 0,5524 1,45 1,44 0,3417 1,0520 1,412 0,2420 0,7450
0,10 0,3978 0,1831 0,4124 1,30 1,34 0,4693 1,1634 1,401 0,3350 0,8304 |
0,01 0,1656 O, L1112 0,20 L, 56 1,49 0,3119 1,0657 1,416 0,2203 0,7526
0,03 0,1856 9, 1112 0,20 1,50 1,48 0,3985 1,0974 1,400 0,2846 0,7839
0,10 0,2556 Q,1113 0,20 1,40 1,44 0,5379 1,2268 1,400 0,3842 0,8763
0,01 0,3996 0,0592 0,72 2,10 2,04 0,3046 1,0298 1,416 0,2151 0,7273
0,03 0,3996 0,0592 0,68 2,05 2,02 0,3869 1,1000 1,398 ©,2768 0,7868
0,10 0,3966 0,0592 0,54 1,90 1,92 0,5124 1,1874 1,393 0,3678 0,8524
jvel
Table 6.3 Equilibrium composition of both phases for system Amberlite 400, mixture of Na,S0, . H,S0, and U0,S0, at 298°k. ®

Comparison of experimental and predicted pH of solution phase.
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is not indicated instead the pH is reported. Consequently a
calculationAéf the expected resin composition is not possible.
The few results that may be ccmpared with the literature are
reasonable, see Appendix G for a compilation of literature data

for this system.

In the approach to calculate thi» average ligand number of the
uranyl sulphate complcxes the molar ratio k between the sulphate
and bisulphate ion corcentration in the resin phase is
correlated with the activity of the bisulphate ion in the
solution phase.

2__ .

The data from the binary ststem SO HSO, in Chapter 5 has been

AT 4
used. The results are shown in Table 6.4 and Figure 6.1, The
coefficients of the correlation equation have been estimated using

a multilincar regression routine. The equation obtained is
2

10 HS30

log, k = - 1,4383 - 1,178 log, a' - 0,09122 (logya' . )
4 (s oy

Standard error of estimate is 0,02338.

With the value of k and the concentration of the bisulphate ion in
the resin phase calculated from the charge balance, Equation (6.5)
it is possible to determine the average ligand number of the uranyl
sulphate complexes in the resin phase. The results are shown in
Table 6.4 and Figure 6.2 where the calculated average ligand number
has been plotted against the total uranium concentration in the
solution. It is seen that the precision decreases rapidly at

total uranium concentrations in the solution below 0,001 M.

For comparison the data of MAJCHRAZAK (1971), determined similarly

and qualified with spectral data, has been included in Figure 6.2



[OT

* i ' 50 " ' k HSO, v
"HSO4 k HSO4 v a HSQ4 k HSO4 ; v a HSO4 4
1ole /) (Mole /Lres)! Average (Mole / Q) (Mole /Lres) Average (Mole /&) (Mole /Lres) Ayeraqe
Ligand : Ligand Ligand
Nummber ‘ Number Number
|
2999 1071 | 1,3938 0,3064 2,167 0,8438 1071 | 0,5265 0,5576 2,452 0,1616 0,2736 0,5200 2,439
2999 1071 | 1,3938 0,2366 2,746 0,8450 101 | 0,5258 0,4996 2,445 0,1563 0,2827 0,3854 | 2,218
2998 101 1,3944 0,2034 2,704 0,8483 1071 | o0,5238 0,3872 2,494 0,1374 0,3230 0,3176 | 2,016
2996 107" 1,3953 0,1718 2,597 0,9050 10t | 0,4914 0,5792 2,744 0,1188 0,3747 0,3494 2,642
2992 107" | 1,3968 0,1994 2,297 0,9061 10~ | 0,4508 | 0,4892 | 2,795 0,1166 0,3815 0,1670 ? 2,688
2991 107t 1,3974 0,1976 2,261 0,2050 g 0,4914 | 0,4338 ' 2,414 0,1104 0,4031 ! 0,1734 | 2,191
9038 1071 | 0,4921 0,7186 1,087 0,9310 10 % | 0,4778 0,5956 2,740 0,8886 10+ | 0,5004 0,2138 2,901
9035 107% | 0,4922 0,6634 1,619 0,9308 1071 | 0,4779 0,5046 2,818 0,8726 101 | 0,5094 0,0086 3,041
9030 10 | 0,4925 0,6270 1,734 0,9299 101 | 0,4784 0,4012 2,691 | 0,8009 107 | o,5541 -0,0128 =
9016 101 | 0,4933 0,5142 2,144 0,2867 107 % | 1,4512 0,2366 2,510 | | 0,4922 107t | 0,8837 0,0016 3,362
9005 107 | 0,4939 0,4524 2,305 0,2874 1071 | 1,4484 0,2244 2,324 | 0,4799 1071 | 0,2050 -0,0022 =
3992 1071 | o0,4946 0,42%¢ | 2,3% 0,2869 10 L | 1,4506 0,1536 3,595 0,4441 10T | 0,9729 | -0,0222 =
1384 0,3208 0,8712 0,777 0,293 1o ) 1,3963 0,2568 2,578 0,2985 107~ | 1,3997 0,0344 3,1098
1408 0,3152 0,7556 2,216 0,2003 10 L | 1,3965 0,2040 2,648 | 0,2951 10 | 1,4144 | 0,0282 2,667
1384 0,3207 0,6550 2 265 0,2991 1071 | 1,3974 0,1912 2,399 0,2789 10°% | 1,4875 | -0,0430 ; -
L736 0,2539 0,8446 3,201 0,2964 107t 1,4085 0,2580 2,655 :
739 0,2536 0,7852 2,693 0,2964 107t 1,4088 0,2818 1,976
.738 0,2536 0,6744 2,558 0,2961 101 | 1,4098 0,2460 1,986
762 0,2500 0,8468 3,317
763 0,2499 0,8160 2,431
762 ' 0,2501 0,7082 2,401

Table 6.4 Calculation of the average ligand number, v of the uranyl sulphate complex in the resin phase based on Equation (6.6) for the

~

system Amberlite 400, mixture of NaZSOI1 and UO,,SO4 at 298°K. This data is presented graphically in Fiqures 6.1 and 6.2,
E oL



logarithm of ratio of sulphate to bisulphate

in resin

concentration

r

mola

10

log;lo k

-10

l0g.n Q|
10 "HSO,

logarithm of bisulphate activity in solution

Table 6.1 Correlation of the molar ratio of sulphate to

bisulphate ion in resin with activity of bisulphate

ion in solution phase for binary systems Amberlite
: . o

400, mixture of Na,SO, and H_SO, at 298 K.

Z 4 i
Tabulated data is presented in Table 6.4.
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as a solid line. According to MAJCHRAZAK (1971) the effect of

the solution conditions on the average ligand number is very small
for solutions with total sulphate concentrations less than 1 M

and pH less than 2,5 over the entire range of uranium concentrations
considered. The large deviations of these results indicate that

the analyses are not sufficiently accurate for this treatment.

An alternative approach adopted assumes the data of MAJCHRAZAK (1971)
as valid and estimates the bisulphate ion concentration on the resin

in the following way.

S -
A plot of binary data for the system SO, -~ HSO4 in the form
2 L
! ! rsus 1. sed to cbtai r -] n
a SO4/(a HSO4) versus y”soﬁ is used to obtain a correlation shown
in Figure 6.3. The coefficients are estimated using a multilinear
regression routine. The resultant equation is
3
= AGS . 266¢ 3 ' / 1
yHSO4 0,64657 0,2668 lcqlo a SOi + 0,01409 logloa 504
. & . P
R ey 2 (a' 3o
HSO, HSO, /
Ly
- 0,001799 i !
' 10916 2'gp
4_.
(a' )’
HS
04
The standard error of estlimate is ,0077.
For the complex system being characterised a' /@&’ )2 is known,
SO4 HSO4
this implies a certain equivalent fraction yHSO . If it is assumed
' 4

-that the presence of uranium on the resin effectively reduces the

. I 2 = -
capacity for SO4 and HSO,, then the concentration of HSO4 is easily

obtained.
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Figure 6.3
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Wwith the value of the average ligand number specified and the
bisulphate ibnconcuntrutLonca]culated in this manner it is
possible to determine the ion concentration of the remaining
species without using the experimental value for the total
sulphate on the resin. This extra measurement allows a check

to be made of this assumption as shown in the Appendix Table F.16.
The species distributicn in mole fractions is determined and
thereafter the equilibirum quotients. A specimen calculation of
the equilibrium quotient for the first experiment in Table 6.1

is presented in Appendix J.4.

Equilibrium constants for the two resin reactions involving the
uranium complexes are two of the parameters to be estimated from
the data. Using the Wilson interaction coefficients of all
relevant previous subsystems the total number of undetermined

parameters is reduced to twelve.

The results of the parameter estimation are shown in Table 6.5.
It is noted that the root mean square error for this four component
system is * 17,6% which is significantly higher than that obtained
for the subsystems investigated. It is also noted that two of

the interaction coefficients are significantly smaller than those
previously estimated, while two are slightly higher. Nevertheless
if the hypothetical binary systems are generated from these four
components it may be seen that those systems with the very small
interaction coefficients retain the feature that the one coefficient
is greatexr than unity while the other is smaller than unity. The
remaining binary systems have coefficients in the range, 0,6 - 5,2

1L

which are guite acceptable.



Ion Exchange Reaction

Parameters Estimated

Equilibrium Constant

Wilson Parameters

L

4S0 U0 (504)3

f
UOz,SO )

ij 4 4 2 4’2
UO2(SO4)3
2R + = -
2SO4 UOZSO4 z R4UOZ(SO4)3 KSO4 7381,8 504 1,0 4,8276 5,2322 e
= ’
002(504)2
RyS0, + U0,(S0,), 2 R,U0,(80,) + SO, KS% = 41,408 HSO,, - 1,0 2,8237 0,81317
vo, (50,) 5 | 0,0026155 0,62344 1,0 0,036596
vo, (80,), [1,7304 0,85263 L1.7655 1,0 {
Vi 43 L |
|
AL |

Table 6.5 Estimates of the Equilibrium Constants and Wilson parameters for the system Amberlite 400, Na,SO,,

and UO SO4 at 2980K,

2

Root mean square error of the experimental and fitted equilibrium gquotients.

H,SO

LOT



Comparison of the experimental and fitted equilibrium quectient

is made in Figures 6.4, 6.5 and 6.6. Discrepancies are seen to

be large in some cases due to small errors in the resin phase
analysis which are compounded by the calculation of the equilibrium

quotients.

The deviations between the experimental and fitted resin
compositions-are very much less than those of the equilibrium
quotients as seen from Figure 6.7. A sample calculation of the
fitted resin phase composition of this more complex system is

shown in Appendix J.2.1.C.

It is noted that although the experimental total sulphate values
were not used in the calculations the agreement between the
experimental and fitted total sulphate on the resin is generally
better than * 5%, refer to Appendix Table F.16. This suggests
that the assumptions made in calculating the bisulphate ion

concentration are reasonable.

6.1.2 Characterisation of the quinary system

2- - s T B -
SO4 HSO4 = UO2 (S()q) oy UO‘2 (904) 2 N03

The ion exchange equilibria for the system Amberlite 400, mixture
' ; MR s : i &0
of Na2804, NaNOB, sto4 and UO?_SO4 are determined at 2987K.
Although the nitrate ligand forms complexes with the uranyl cation

in the aquecous phase the stability constants measured by BANERJEA and

TRIPATHI (1961) are extremely small. YOSHIMURA et al (1962) have

assumed that no uranyl nitrate complexes exist in the solution in their

studies on metal complex species by ion exchange.
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1,4 equiv./1 resin used. The Wilson parameters

and equilibria constants used are given in Table 6.5.

Tabulated data in Appendix Table F.16.
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In this work it is assumed that the nitrate exists solely as the
NO} anion. The solution phase reactions specified to describe the
system are identical to those of the previous quatcrnary system

Equations (6.1) and (6.2).

Extraction of uranium from nitrate media has been reviewed by
KORKISH (1970). 1In nitric acid the absorbility of uranium becomes
significant above 2M as reported by BUNNEY et al (1959). GOOGIN et al
(1961) , FOREMAN et al (1959) and HIGGINS (1961) have reported that
the uranium absorpﬁion is enhanced in the presence of inorganic nitrates

at law acid concentrations.

YOSHIMURA et al (1962) indicate that UO?(NO3); is the predominant
species in the resin for 2 M external solution nitrate concentration

2- . .
while UO?(NO?’)4 predominates at 4 to 6 M nitrate concentration.

“RYAN (1961) has shown that anion exchange resins absorb

: _ = e -
predominantly thce ion UOZ(NOC)A along with some UO2(NO3)3 from agueous

metal nitrate solutions (2.0 M nl(NOj)3). It is also shown that the
tetranitrato species does not exist to any appreciable extent in the

aqueous phase.

In the extraction of uranium from sulphuric acid leach liquors the
nitrate concentration is relatively low. Considering a system or uranyl
nitrate, nitric acid and a nitrate salt with a total nitrate concentration
of less than 1 M no absorption of uranium is expected. This is checked

experimentally for the following six solution conditions.

HNO3 (M) 0,10 0,10 0,10 0,01 0,01 0,01
NaNO3 {M) 0,20 0,40 0,60 0,20 0,40 0,60

UOZ(NO3)2(M) 0,001 o,001 0,001 0,001 0,001 0,001




In all cases no uranium is present on the resin at equilibrium.

This implies that in the application of this approach to uranium

extraction from leach liguors no uranyl nitrate complexes are absorbed

on the resin and hence the resin and a mixture of uranyl nitrate, nitric

acid and sodium nitrate does not constitute a subsystem.

From these considerations the addition of the nitrate ion to the

quaternary system previously characterised results in the following two

phase xreaction scheme.

= A=
O, + 2H& Z 2RIISO, + SO

R)50, + 2150, 4 4
2R.. + UO.S e e .

2504 DO2SO4 R4U02 04) 5

, (6.9)

R.SO . + UO. (SO )2— 2 R.UO.(S0.}.. + 80

2704 2740 g W g g

R.SO. + 2NO. 2 2RNO. + S0.°~

2774 3 T TR

The equilibrium constants and quotients have all been defined

previously.

It is assumed that the average ligand number v is not affected by

the addition of other non-complexing anions such as NO. .

3

The equivalent balance equation is given by

- C = aci
(2v 2)CZU + 2\,SO4 + CISO4 + CNO3 = Capacity (6.10)



and the sulphate mass balance is

4 - - 6.11)
VCiy * Co0q * CHSO4 Csso

4

Combining Equations (6.10) and (6.11) the bisulphate concentration may

be inferrcd from

; - - Capacity - 2C... + C (6.12)
CHso4 2CZso4 RN 4

EXPERIMENTAL

The clution solution is 0,9 N NaCl and 0,1 N HCl. Nitrate
concentration is determined as described in Appendix E.5 with

corrections for the presence of uranium.

RESULTS AND DISCUSSTON
The equilibrium compositicns of both phases for the system Amberlite

o
400, mixture Nazson, NaNo., H SO4 and UO.S0, at 298 K are

2 2 74

summarised in Table 6.6.

The distribution of the various species on the resin is determined
as before. Since the total sulphate ion concentration is not
required in these calculations this experimental value is
available to check the assumptions made in the determination

of the bisulphate ion concentration in the resin phase, refer to

Appondix Table F.18.

Concentrations of the icnic species in the resin phase are shown in
Table 6.7. Equilibrium quotients are calculated from this data

converted to mole fractions.



Solution Phase

Resin Phase

(Mole /2% Resin)

(Equiv./% Resin)

(Mole /%)

LU ZSO4 LH NO3 Na LU ZSO4 NO3 Capacity
0,001 0,251 0,060 0,02 0,46 0,1492 00,7835 0,2857 1,403
0,001 0,251 0,060 0,05 0,49 0,1144 0,6181 0,4914 - 1,404 l
0,001 0,251 0,060 0,10 0,54 0,0700 0,4416 0,7257 1,406
0,001 0251 Q348 0,02 0,145 0,0567 0,2497 0,2685 l,4lll
0,001 0,251 0,375 0,05 0,175 0,0358 0,7706 0,4857 1,406
0,001 0,251 Q), T8 0,10 0,225 0,0215 0,5797 l 0,7428 1,401
0,005 0,255 0,060 0,01 0,450 0, 2545 00,9355 ; 0,1314 i 1,401
0,005 0,255 " 0,060 0,02 0,460 0,2324 0,8696 0,2343 1,401
0,005 0,255 0,060 0,04 0,480 0,2136 ©,7659 00,3657 1,408
0,005 0,255 0,060 0,06 0,500 0,1938 0,6802 0,4629 | 1,400
0,005 0,255 0,060 0,083 0,520 0,1716 0,6057 0,5686 1,409
0,005 0,255 0,060 0,10 0,540 0,1546 0,5680 0,6314 1,400

Table 6.6 Equilibrium composition of both phases for the system Amberlite 400, mixture of Na2504, NaNOB,

H250

4

and UOZSO4,

at 298°x

91T
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Resin Phase

(Mole /% Resin)

804* HSOd* U02(804)3* : U02(804)2* | NO,
0,2240 . 0,1770 0,09697 0,05222 0,2857
0,1916 0,1519 , 0,07434 . 0,04003 0,4914
0,1607 0,1281 0,04549 0,02449 G,725%7
0,1393 0,6769 : 0,03684 0,01984 0,2685
0,1174 0,5674 0,02325 0,01252 0,4857
0,0866 0,4143 0,01395 0,00751 0,7428
0,1540 0,1218 0,16544 0,08908 0,1314
0,1432 0,1134 0,15109 0,08135 0,2343
0,1208 0,0959 0,13884 0,07476 0,3657
0,1065 0,0847 0,12596 0,06783 0,4629
0,0980 | 0,0781 @, 11155 0, 06007 0,5686
0,0923 0,0737 0,10049 0,05411 0,6314

Table 6.7 Experimental resin phase species distribution for the

system Amberlite 400, mixture of Na2SO4, NaNO3, H2804

and 10,80, at 298°k.
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This system is characterised with the four interaction
coefficients of the Wilson equation related to the ion pair
combinations of the nitrate ion and the two uranyl sulphate

conplexes. -

The estimates for these coefficients are presented in Table
6.8. A comparison of the experimental equilibrium quotients
and those fitted in the estimation is made in Figures 6,8, 6,9,
6.10 amd 6.11. The root mean square error of the estimates

obtained is + 25.6%.

Application of the parameters estimated from this data leads to
fitted resin phase compositicons for the solution conditions
specified in Table 6.6 which are generally consistent with the
experimental values within * 10% as illustrated in Figure 6.12.
However, the experimental value for the total uranium
concentration on the resin is generally larger than that

calculated.

It is noted that agreement between the fitted and experimental
total sulphate concentration on the resin phase is good. This
supports the assumptions made in the approach adopted to calculate

the bisulphate jion resin phase concentration.

6.1.3 Characterisation of the guina system
sof - HSO, - U0, (SO

4 4

A
) - Cl

g 2=
4) 3 002(504)2

The ion exchange equilibria for the system, Amberlite 400, mixture

of Na2804, H2SO4, NaCl and U0,.SO, are determined at 298OK.

2774

Both BUNUS (1974) and BANERJEA and TRIPATHI (1961) indicate that

a single uranyl chloride complex is formed in the solution phase namely

+ . .
UO2Cl - The cationic complex has a relatively low stability constant of

between 1,0 and 2,0.



A, .-
ij

U0, (SO, ) 4
U0, (50,),

NO

UO2 (804) 3 ;O; (_-S‘Oﬂ’) 2 NO3 L RMS %
1 ]4;;——'*m4* m - 1,8904 [
- i,o 3,1197 - E-29,6
2,9309 0,007278 1,0

Table 6.8

Estimates of the Wilson interaction coefficients for
the system Amberlite 400, mixture of Na2804, NaNO3,

o
H,SO, and U0,SO, at 298 K. Recct mean square erxror

2774 2774
between experimental and fitted equilibrium quotients.
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In this werk it is assumed that the chloride exists solely as the
Cl anion. The solution phase reactions specified to describe this
system are identical to those of the quaternary system Eguations

(6.1) and (6.2).

The extraction of uranium from chloride media has been reviewed
by KORKISH (1970). It secems that the chloride concentration has to be

very high, 5 to 10 M before the extraction of uranium is significant.

Chloride concentrations in sulphuric acid leach liquors are
relatively low and thus no absorption of uranyl chloride complexes is
expected. This implies that the system resin, mixture of NaCl, HCL and

U02Cl2 is not a subsystem.

Thus the addition of the chloride ion to the guaternary system
previously characterised in this chapter results in the following two

phase reaction scheme

_ o - 73 o 3 . g
RZSO4 + zdso4 < 2}{11.,\)4 +- 504

2R,S0, + W 4 0, (S0,)
R,S0, + U0,S0, ¥ R, U0, (SO,) ,

(6.13)

LS

2__
S + 2z JO.. (S - S(
R2904 U02(804)2 b R2()2(§04)2 + SO

N

_ P I
R.SO, + 2C1 ¥ 2RC1 + SO,

The equilibrium constants and quotients have been defined previously.

The equivalent balance equation is written as

(2v - 2)CZU + 2CSO4 + CHSO4 + CCl = Capacity (6.14)
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while a sulphate balance is given by

vC... + C +C = @ (6.15)

Combining Equations (6.14) and (6.15) the bisulphate concentration

may be inferred from
g = 2CZ e CF (6.16)

A. EYPERIMENTAL

The elution solution is 0,9 N I\I:,mo,3 and 0,1 N HNO.. Analysis of

3
the chloride, total sulphate, uranium and the capacity are

performed as described in Appendix E.

B. RESULTS AND DISCUSSION

The results of the relatively small experimental program for the
system Amberlite 400, mixture of Na9504, NaCl, H.S0, and U0O.SO

2 74 2774
at 298°K are presented in Table 6.9.

A similar approach to that described in the previous section is
applied to determine the distribution of the various species on the
resin. In this case the chloride ion is assumed to further reduce
the capacity of the resin for sulphate and bisulphate ions.
Unfortunately the experimental data required to check this

assunption is not available for this system.

Concentrations of the ionic species in the resin phase are shown
In Table 6.10. This data converted to mole fractions and the

activities of the solution species is used to generate the

equilibrium quotients.



Solution Phase

Resin Phase

(Equiv/% Resin)

(Mole /%) (Mole. /g Resin)

LU 2504 LH cl Na LU cl Capacity
0,001 0,251 0,060 0,010 0,450 0,1854 0,0508 1,400
0,001 0,251 0,060 0,025 0,465 0,1730 0,1036 1,400
0,001 0,251 0,060 0,050 0,490 0,1639 0,1916 1,400
0,001 0,251 0,060 0,100 0,540 0, 1322 0,3472 1,400
0,001 0,251 0,060 0,150 0,590 | 0,1056 ' 0,4956 1,400
0,001 0,251 0,060 0,200 0,640 I 0,0819 0,6138 1,400
0,005 0, 255 0,060 i 0,010 Q,450 | 0,2710 ' 0,0376 1,400
0,005 0,255 0,060 | 0,025 0,455 | &, 2616 ; 0,0756 1,400
0,005 0,255 0,060 0,050 0,490 ! 0,2359 | 0,1392 1,400
0,005 0,255 0,060 0,1c0 0,54 ! 0,2087 ‘ 0,2604 1,400
©,005 0,255 0,060 0,150 0,590 |  0,1894 0,3812 1,400
0,005 0,255 0,060 0,200 0,640 ; 0,1762 0,4820 1,400

|

Table 6.9 Equilibrium composition of both phases for system Amberlite 400, mixture of Na2so4 , NacCl,

H250

and U0O,SO

4

2

4

at 298°k.

LeT
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Resin Phase

(Mole /% Resin)

804* Hso,* Uo?<904)3* ‘ U02(SO4)2* cl
0,2644 0,2087 ©,12051 0,06489 0,0508
0,2597 0,2061 0,11246 0,06056 0,1036
0,2390 0,1895 0,10655 0,05738 0,1916
0,2205 0,1757 0,08590 0,04626 0,3472
0,1985 0,1589 0,06865 0,03697 0,4956
0,1622 0,1465 0,05325 0,02867 0,6188
0,1677 0,1327 0,17615. 0,09485 0,0376
0,1651 0,1308 0,17005 0,09156 0,0756
0,1726 0,1371 0,15333 0,08257 0,1392
0,1612 0,1287 0,13564 0,07303 0, 2604
0,1405 0,1127 o,12311 0,06629 0,3812
0,1200 0,0967 0,11450 0,06166 0,4820

Table 6.10 Experimental resin phase species distribution for

and U02504

o
at 298 K.

system Amberlite 400, mixture of Na,.SO,,

2 4

H2504




Only four parameters are estimated from this data namely the
interactipn coefficients for the ion pair combinations of the
chloride ion and the two ﬁ:anyl sulphate complexes. The
estimates for these coefficients are presented in Table 6.11.
A comparison of the erperimental egquilibrium quotients and
those fitted in the estimation is made in Figures 6.13, 6.14,
6.15 and 6.16. The root mean square error of the estimates

obtained is * 14,6%.

Although the differences between the experimental and fitted
equilibrium quotients are large in some cases, application of the
parameters estimated from this data leads to fitted resin phase
compositions for the solution conditions stated in Table 6.9
which are consistent with the experimental values within * 5%.
This is 1illustrated in Figure 6.17. The measureable guantities

are significantly less sensitive than the eguilibrium quotients.

6.2 PREDICTION OF THE SIX COMPONENT SYSTER
2 = 45 AL = -
S0, - HSO, - U0,(SO,), =- UO,(S0,); - NO, =~
4 50, = U0, (s0,) | gletls = W, = cl

i,

The charcteristics of the following subsystems allow the prediction

of the equilibrium resin phase composition of this six component system.

Binary systems

- - S g - - =
SO4 NO3, SO4 = @1z SO4 = HSO4, NO3 - Cl
Ternary systems,
soY - Hso, - c1 8¢’ - meg.
4 HSO4 Cl O H<O4 NO3



ij

UO2(SO(;)3

U02(504)2

Cl

U02 (504) 3 UO2 (504) 5 (i RMS %
1,0 = 0,23027
- | 1,0 0,049312 + 14,6
4,9292 2,486° 1,0

Table 6.11

Estimates of the Wilson interaction coefficients for

the system Amberlite 400, mixture of Na2804, NaCl,

P
sto and UO $0, at 298 X. Root mean square error

4 2

between experimental and fitted equilibrium quotients.
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Quaternary systems

e - 4 S
o' - U0 ] o
SO4 HSO4 VULZ(SO4)3 UOz(_O4)2

Quinary systems,

2- - = 2-
S - - U0,(s0,). - UO.(s0 - NO._,
o4 Hso4 UOQ(SLd)j U‘z( L4)2 103
= - L1 4- SIEE
504 - hso4 - 002(504)3 = UOQ(SO4)2 = Gl

The interaction parameters and the eq

uilibrium constants estimated

for these subsystems are combined through the Wilson equation to predict

the equilibrium resin phase composition and

the solution conditions specified in Table

The set of independent heterogencous

to describe this system is
R.SO JHSO . 2 2RHSO é=
+ 2HSO Z Z2RHSO ., + 807
2594 HL4 -34 04
R, + SO, 2 S
?RZSO4 Uozso4 Z R4U32( 04)3
RSO, + U0, (S0.) % 2 R.UO.(SO.). + SO
274 2 47 OF ShE gy -
1— i - 3 =2
sto4 + 21\03 Z 2RNo3 4 504
R.SO. + 2c1° 2 2RCL + SO°
2774 VY4

activity coefficient for

6.14.

equilibrium reactions required

2—

4 (6.17)



The solution phase reactions are

4 4
2+ 2- 5
Uo2 + so4 zx UO?_.,)Oq
(6.18)
2+ 2~ > - 2-
- < U0, (S
Uo2 4 2804 UL2 04) 5

+ 2~ =
> Nas
Na  + S0, z Naso,

The equilibrium constants for the heterogeneocus reactions are
summarised in Table 6.12. The interaction coefficients required are
reported in Table 6.13. A capacity of 1,4 equivalents pexr litre of

free settled resin is assumed in the predictions.

Specimen calculations of the activity of the solution species and
the prediction of the resin phase composition are given in the
Appendixes J.2.1.A and J.2.1.C respectively for the first experimental

coendition of Table 6.14.

6.2.]1 Test experiments of the six component system

- - 4- e -
5 - - SC - U0, (S - NO., - C1
504 HSO4 U02(‘>()4)3 Loz( 04)2 hOB C
for comparison with the predicted compositions

Ion exchange equilibria are determined for the system, Amberlite
400, 0,4 N nixture of Nazsod, HZSOA, NaCl, NaNO3 and U02804 at 298OK.

The equivalent balance equation for the resin phase is expressed

as

2v - 2)C + + = i
(2v ) $U 2CSO # CHSO CNO + CCl Capacity (6.19)



Ion Exchange Reaction | Equilibrium Constant
]
E'SOA
R 50, + 2H 60, 2 2RHSO . + SO°~ K n = 5,098
2 4 T 4 801 ’
J &
_ UO?(SO4)q
5 1 ) 3 = = IR1
2sto4 = U02504 s R4b02(so4)3 . K(SO,i 7381,8
IO (SO
RSO, + UO.(80,)°" t ol e C 41,408
S ) z R2d02(SO4)2 e ..04 K504 = '
" * NO.
RZSO4 + 2NO3 F 2RN03 + 804 VSOZ = 72,939
R.SO, + 2C1 2RC1 & i = 5,104
274 z Cl + SO4 Keg = 5, 4 ;
3: 4 |
I |
o)
Table 6.12 Summary of the ion exchange reactions and equilibrium constants at 298K

used to predict the resin phase composition of the six component system

Amberlite 400, 0,4 N mixture of Na,S0O,, NaCl, NaNC.,, 52504 and UO7SO4-
Z & 2 + <



i i
Aij SOy HSO, U0y (S04) 3 | 1107 (§04) 2 NO4 cl
i
80, 1,0 0,9846 ! 4,8276 | 5,2322 0,65419 0,21192
| | = |
| l :
HSO, 2,8124 1,0 2,8237 | 0,81317 | 2,6912 0,74146
|
U0, (80,) 4 0,0026155 0,62344 | 1,0 0,036596 1,8%904 0,23027
! i
uo, (80,) ., | 1,7304 | 0,85263 ! 1, 7655 : 1,0 3,1297 | ' 0,049312
| i ;
NO3 [ BrLE59 ' 0,27678 : 2,9309 0,007278 1,0 | 0,39121
i : | .'
211 | 3,7355 ! 1,2865 i 4,9292 2,4865 | 2.4627 1,0
| |
1 ! |

: = ; ] ’ S o, 3 b :
Table 6.13 Summary of the Wilson interaction coefficients at 298 K used to predict the resin
phase activity coefficients of the six component system Amberlite 400, 0,4 N

mixture of Na2504, NacCi, haNO3, HESO4 and U02804.




by

A mass balance. for sulphate ccies in the resin phase is given

+ 4+ = : 6 - 20
\)CZU cSO4 CHSO/’ C'!JSO ( !

EXPERTMENTAL

A total solution concentration of 0,4 N was selected for this
system. If the total chloride and nitrate concentrations of the
solution are specified then the total sulphate concentration is
fixed from an equivalent balance. Further, if the total uranium
concentraticon and the ratio ¢ of the hydrogen ion to the total
sulphate conentration are specified then the four independent
variables total chloride, nitrate, uranium and § may be used

to design a two level experiment.
The values selected for these variables are

total chleride equivalent fraction 0,1 and 0,3

total nitrate equivalent fraction 0,05% and 0,2

Total uranium concentration (M) 0,001 and 0,005

ratio 6 0,8 and 0O,2.

Two further tests were run as duplicate experiments at conditions

similar to those expected in an industrial situation.

&.2:2 Results and discussion

The results of the test experiments and predictions are summarised

in Table 6.14 and Figure 6.18.



Solution Phase

Resin Phase

(Mole /2 Resin)

(Molé /L) Experimental Predicted
Iy £s04 Iy t-71\103 cl Na Iy LS04 NO3 cl LU ' 2504 NO3 ci
0,001 0,140 0,112 0,080 0,040 | 0,286 0,0444 | 0,4146 0,732 0,1139 0,0361 | 0,3962 0,7674 | 0,1205
0,001 0,140 0,028 0,080 0,040 | 0,370 0,0764 | 0,3461 0,716 0,1135 0,0655 | 0,3603 0,7485 | 0,1213
0,001 0,170 0,136 0,020 0,040 | 0,262 0,1038 | 0,7008 0,280 0,1421 0,0920 | 0,7242 0,3049 | 0,1490
0,001 0,170 0,034 0,020 0,040 | 0,364 0,1441 | 0,6597 0,288 0,1407 0,1442 | 0,6684 0,2940 | 0,1458
0,001 0,100 0,080 0,080 0,120 | 0,318 0,0325 | 0,2536 0,696 0,3268 0,0215 | 0,2448 0,7355 | 0,3374
0,001 0,100 0,020 0,080 0,120 | 0,378 0,0495 | 0,2313 0,680 0,3244 0,0372 | 0,2214 0,7279 | 0,3387
0,001 0,130 0,104 0,020 0,120 | 0,294 0,0676 | 0,5157 0,266 0,4144 0,0570 | 0,5156 0,2948 | 0,4202
0,001 0,130 0,026 0,020 0,120 | 0,372 0,1047 | 0,5106 | 0,270 0,4059 -0,1031 | 0,4858 0,2843 | 0,4095
0,005 0.140 0,112 0,080 0,040 | 0,278 0,1196 | 0,4592 ' 0,596 0,0923 0,0984 | 0,4971 0,6631 | 0,1041
0,005 0,140 0,028 0,080 0,040 | 0,362 0,1613 | 0,5654 0,576 0,0874 0,1323 | 0,5027 0,6193 | 0,0985
0,005 0,170 0,136 0,020 f 0,040 | 0,254 0,1791 | 0,8516 0,236 00,1072 0,1756 ; 0,8051 0,2563 | 0,1189
Q0,005 0,170 0,034 0,020 | 0,040 0,356 0, 2311 | 0,7984 0,228 0,1008 Q,2239 i 0,7790 0,2414 i 0,1029
0,005 0,100 0,080 0,080 0,120 }{ 0,310 0,0203 | 0,4602 | 0,608 0,2807 0,0680 | 0,3341 0,6646 | 0,3047
0,005 0,100 0,020 0,080 , 0,120 | 0,370 0,1241 | 0,4592 ! 0,588 0,2637 0,0968 | 0,3494 0,6309 | 0,2920
0,005 0,130 0,104 0,020 0,120 | 0,286 0,1575 | 0,7145 0,228 0,3337 0,1405 ! 0,6203 0,2540 | 0,3486
0,005 0,130 0,026 0,020 0,120 | 0,364 0,1832 | 0,7349 0,224 0,3114 0,1793 i 0,6190 0,2396 | 0,3244
0,005 0,184 0,092 0,012 0,02 0,298 0,2211 | 0,9224 G,072 0,0586 0,2234 | 0,8918 0,1762 | 0,0591
0,005 0,184 0,092 0,012 0,02 0,298 00,2321 0,9106 0,072 00,0586 00,2234 ‘ 00,8913 00,1762 0,0591
! I

Table 6.14 Comparison of experimental and predicted equilibrium composition of the resin phase for the system

Amberlite 400, 0,4 N mixture of NapSQ,, NaNO3, NaCl, H2SO, and UO2S04 at 298°k.

is 1,4 equiv./l resin.

This data is presented graphically in Figure 6.18.
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The predictions of the resin phase are presented as the
corresponding experimentally measurable quantity for comparison with
the measured data although the prediction procedure gives the

distribution of all the six components in the resin phase.

It may be seen that the predicted results are consistent with

the experimental data over a moderately large resin phase composition
range.
- < 0,23
0,03 CLU
< < 0,92
0,23 cXSO
4
< < 7
0,07 CNO, 0,73
3
6 < < 0,41
0,06 CCl

In general agreement between predicted and experimental data is
within * 10%. The final two experiments in Table 6.14 are duplicate

tests from which it may be seen that good reproducibility is possible.
The low values for the experimental nitrate concentration for these
tests are ascribed to analytical error since in these samples the
uranium concentration, which interferes with the nitrate analysis,
is sufficiently high to make the U.V. absorption due to uranium

approximately equal to that of the nitrate alone.

The duplicate tests have nitrate and chloride ion solution

concentrations similar to those in typical leach liquors. It is noted

that these low solution concentrations result in significant nitrate and

chloride being absorbed by the resin thereby depressing the uranium

loading.



In general the experimental values of the total uranium
concentration on fhe resin are greater than the predicted valvues,
particularly when' the nitrate concentration is relatively large.
This discrepancy may be due to the less accurate characterisation

)2_—-NO

2- = 4-
of the quinary system SO, - HSO, - UO?(SO ), = UO?(SO4 9 3

4" 3
which - exhibited similar errcrs.

Nevertheless the.regults of this system are very encouraging in
that the procedure presented has predicted the extent of most of the
well known qualitative ob55TVJtions in urenium extraction with ion
exchangers. Ferric ion, a very important component in industrial
schemes, has been neglected only through lack of information regarding

the complexing in the resin phase.

In the same way the reaction scheome presented in this work is

limited in application to the solution region-

C)L,SO4 < lH
C&OB < 1M
C(': 1 < 1M
CiU < 0,1 M
pH < 2,5

Ignoring the ferric ion this region encompasses most sulphuric

acid leach liquors.

Clearly the practical application of this system is dependent on

the ferric ion concentration and the future characterisation of ferric

complex systems.
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SEVEN

AND SIGNIFICANCE

CONCLUSTO!

It has been shown that it is possible to predict multicomponent
ion exchange system equilibria from the combination of characteristics
of subsystems generated by the decomposition of the complex multi-

ionic system.

The characteristics are ion exchange reaction equilibrium constants

and binary ionic interaction coefficients of the Wilson equation.

The major advantage of this approach is the large reduction in

the experimental effort required to describe a multicomponent system.

Binary and higher order subsystems considered in this work have
been successfully characterised by the Wilseon model and the ion exchange

reaction equilibrium constants.

The general scheme proposed for the predicticon of multicomponent
2 )24 I

ion exchange problems has been very successfully applied to the simple

2~ - - 5 =
ternary system SO4 -~ NO3 - Cl , the qguaternary systenm SO4 i IIF:‘O4 =

NOB' - €l which illustrates the difficulties associated with introducing
jonic complexes into the resin phase of the system; and the six

component system S 4 " HSOQ = UOZ(SO4)§— (= Uoz(so4)§— - Nog - Cl

with three complex ions in the resin phase.

Ionic complexes in the resin phase do not present a problem provided
the stoichiometry of the complexes are established, however they do
increase the order of the subsystems generated by the decomposition of

a complex multiionic system.
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Non-idealities in the two phases are dealt with separately. The
solution phase activity coefficients have been approximated using the
extended Debye-~IHuckel eguation. For the conditions considered, this

approach is shown to be sufficiently accurate.

Incorporating non-idealities of the solution phase in the model
czllows predictions to be made at various solution normalities for

various supporting electrolytes.

The charcterisation of the subsystem has quantified the non-

idealities in the resin phase.

Application of the scheme to a particular multicompﬁront ion
exchange system requires the binary ion exchange and agqueous phase
complex reaction equilibrium constants, parameters for the resin phase
non-idealities, parameters for the agqueous phase non-idealities and the

initial conditions of the solution and resin phases.

Within certain constraints the proposed scheme has successfully
.
predicted the influence that the solution phase characteristics have on
the uranium loading from a pure solution related to the typical leach
liguor. Most of the gualitative chservations reported before concerning
the effects that the solution composition has on the extraction of
uranium from sulphuric acid leach liquors may now be quantitatively

predicted.

Ferric ion has been neglected from the systems investigated because
the complex species of this metal ion with ligands particularly in the
resin phase have yet to be adequately described and quantitatively

measured.



This species has a significant role to play in the performance of
an ion exchange system for the recovery of uranium from acid leached
ore bodies and as.such should be included in the reaction scheme before

useful predictions of the industrial systein may be expected.
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APPENDIX A

EQUILIBRIUM CON:

\NTS AND PARAMETERS FOR THE SOLUTION

PHASI
ALl BEquilibrium constant of complex species in aqueous solutions

The major compilations of stability constant data are due to
SILLEM and MARTELL (1964), GARRELS and CHRIST (1965) and RINGBOM
(1963) . FINKELSTEIN and NEEDES (1971) have reviewed and compiled a

table of the stability constants for the uranium sulphate system.

Table A.l provides a sumnary of the stability constants

considered in the calculations.
o T Olr H g 1
All the values guoted are at 298 K and at zero ionic strength.

The general expression for the stability constant as applied

in the calculations is:

wherae (M Ln), (M), (L) are activities of the species, M refers to the

central atom, L refers to the ligand and MLn denotes the complex.

- it . (&)
A.2 - Parameters for the extended Debve-luckel equation at 298 K

Table A.2 provides a summary of the parameters related to each
aqueous species considered in the system for the determination of the
activity coefficient from the equation:

~-A z.2 /f

In Yj =—d + b, I
1+ Baj /f . J

e
il

0, 5085

B = 0,3281 x 108



Species Reacticn Stability Constant X j Reference
: !
J ,| |
i | |
{ ] |
- 2- - ! !
HS0 HT + SO »  HEQ 91,20 | SILLEN AND MARTELL (1964)
4 4 « 4 ‘ [
U0,50 v, + 50 % »  wo. so 1380, 4 | WALLACE (1967)
27N 2 ! « z T4 { RS ] RS S
Uo (s0 )2_ uo 2+ 280 2- > ¢ (20 ) 2- 16218.0 I WALLACE (1967
2 4 2 [ 4 < uuz g\4 2 i A LTy Vi IS /
2- !
Na SO ,- Na + SO > Na 50 .- i 5,248 SILLEN AND MARTELL (1964)
4 4 « 4 }
- | |
| !

Table A.1 Stability constants

of the complexes for the agueocus systems

o, o ,
work at 298K and zero ionic strength.

considered in this

19T



Species Zj %x 10 bj Reference
]
ut 11 3.0 o0 TRUESDELL AND JONES (1973)°
so 4” 3 5 o | o o4 TRUESDELL AND JONES (1973)
4 ' | -0,
! .
N TRUESDELL AND JONES (1973
I‘ISO4— -1 4,5 ‘ 0,0 | S ESDE AND ONES ( )
+ | WALLACE (1967)
U022 9 6_.0 1 0,0 ] WAL o L /
WALLACE (1967
uo,, so o 0,0 0,0 AT E (1967)
2 4
y =2 _ ; WALLACE (1967)
U02 (504'2 2 6,0 0,0 _
Nat 41 40 0.075 TRUESDELL AND JONES (1973)
NG T =y A
Na SO .~ -1 5 4 0.0 TRUESDELL AND JONES (1973)
4 ’ ’ .
NO.~ -1 3.0 0.0 TRUESDELL AND JON {(1973)
3 ’ ’
c1™ _1 35 0.015 TRUESDELL AND JONES (1973)

Table A.2

Parameters for the exten

ded Debye - Huckel Eguation

v
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APPENDIX B

DESCRIPTION OF APPARATUS

CELLS

The glass contact cells consist of resin holders and inlet and
outlet sections as shown in Figure B.la. Materials of construction
are glass Quickfit B24 joints and sintered glass discs of porosity
No. 2. Each resin holder is designed Lo hold approximately 10 ml of
ion exchange resin beads in a column which has dimensions compatible

with those of the centrifuge tubes used as shown in Pigure B.lb.
J g

B.2 Proportioning pumps

Six proportioning pumps with a single drive unit feed the various
solutions to the contact cells as indicated in Figure B.2. Flowrates
may be adjusted between O and 230 ml/hr.

B.3 Centrifuge

A MSE minor centrifuge with automatic timer and

mn

speed control is

used for the separation of the liguid from the ion exchange resin beads.

PERRY (1963) gives an expre

sion for the centrifugal force calculated

as a function of diameter and speed.

0,0000142 (RPH) %d

o)
|

where d = diameter in inches

RPM = revolutions per minute
FC = centrifugal force in multiples of gravity g.
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For diameter of 17 cm at RPM of 2400 the centrifugal force is
550 g. Centrifugation at these conditions for a ten minute period is
adopted as-the standard technique for this work as suggested by

HELFFERICH (1962).
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ENDIX C

DETATLED DESCRIPTION OF_EEQEEQBBE

C.1l Preparation of ion

The ion exchange resin Amberlite 400 as supplied is washed with
deionised water. Thereafter 1 M sodium sulphate is passed through the

resin until no chleoride is detected in the effluent.

The resin is stored in contact with 1 M sodium sulphate until
required, when it is geparated from the sulphate solution by centri-

fugation.

Cc.2 Charging of resin holde

The resin holders are washed, centrifuged and weighed. Ten
millimetres of resin in the sulphate form measured as a free settled
volume is transferred to each of the resin holders. The holders and
resin samples are centrifuged for ten minutes at 2400 RPM and then

weighed. This is the standard centrifugation procedure used.

This proved to be a reproducible method of measuring the quantity

of resin in the resin holders.

The average mass of thirty 10 ml samples of free settled resin

in the sulphate form is 6,8572 gm with a standard deviation of * 00,0385 gm.

Cc.3 Temperature control

The experiments were performed in an air conditioned laboratory.

Solution temperatures varied slightly, the average temperature recorded

o} - . . e
was 295 * 3 K. These variations are not significant for the systems



discussed in this work (HELFFERICH, 1962 and YANO and KATAOKA,1960)7
All calculations,invblving temperature dependent variables are completed

o
using data at 298 K.
C.4 Equilibrium period

Tt is essential that the time of contact of the resin with the
solution should be long encugh for attainment of equilibrium.
HELFFERICH (196G2) states that for strong base resins of the usual bead
size (0,42 - 0,15 mm) and moderate crosslinking (4 to 10% DVB), about
30 minutes is ample. This §n¥u: probably applies to simple ions and

not complexes which are encountered in this work.

Prom the workof BARNES 2L af (1974), concerning the kinetics of
anion exchange of uranium from agueous sulphuric acid solutions a period
of 48 hours is sufficient for the slowest reaction in the systems

discussed in this work.

STEIN (1962) in his study of the ionic equilibria and ion exchange

1 sulphate solutions used approximately three grams of resin
and passed 4 litres of loading solution over a period of twenty four

to forty eight hours.

The equilibrium solution is passed through the contact cell until
equilibrium between the resin and solution is achieved. In all cases
5 litves of solution is passed at an approximately constant flowrate of
100 ml/hr over 48 hours.

At equilibrium the resin holder is removed, sealed, ensuring
solvent above the resin level in the holder and centrifuged at the

standard conditions.



C.6 Wash cycle

All components and vessels are thoroughly washed with deionised
water. In all cases two litres of deionised water i1s passed through

the connection tubing overnight.

Cc.7 Elution cycle

Excess wash water is removed from the system with nitrogen gas.
The resin holder is returned to the cell. The appropriate eclution
solution is passed through the cell, in all cases 2 litres of solution
over 24 hours and collected in 2 litre volumetric flasks. These

solutions are analysed for the concentration of resin species.

c.8 Capacity determinations

‘ -The capacity of the resin samples may be determined prior to

the test cquilibriation. The procedure differs slightly from that
described in Appendix C.5 in that 2 litres of 0,9 M NaCl, 0,1 M HCl is
used as the loading solution passed through the cell over 24 hours and the
elution solution is 1 litre of 1 M KNO, passed throuch the cell over 24

3
hours.

The analysis of this 1 litre sample for chloride provides the

capacity.

Capacity measurements have been performed on 103 samples. The
average capacity obtained is 1,4073 equivalents/litre of free settled resin
in sulphate form with a standard deviation of * 0,0092. This agrees with
the valuve of 1,4 equivalents/litre of wet resin reported by the

manufacturers of the ion exchange resin,
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Ion exchange resin

A strong base anicnic polystyrene

00 manufactured by Rohm & Haas Co. is us

specification is as follows:

solutions to be equilibriated with the resin.

water .

D.3

Amberlite TRA - 400 Styrene 8% DVB

Chloride form
Effective size 0,38

0,45 mm

Moisture content 42 - 48%

Total exchange capacity 1,4 egquiva

resin.

Loading solutions

Chemically pure reagents are used

Elution solution

Analytical grade reagaents are used

ion exchange resin, Amberlite

ed as supplied. The manufacturers

lents/litre of wet

in the preparation of the

The solvent is distilled

in the preparation of the elution

solutions since the concentrations of the eluants are high compared to

the species eluted from the resin.

The solvent is distilled water.



APPENDIX E

METHODS OF ANALYSIS

E.1l Uranium

Princinle

A polorographic method for the determination of uranium has
been desceribed by LEGGE (1857) . The wave corresponding to the
reduction of uranium as the uranyl ion from +6 to +5 state is used
for the analysis. The method of standard addition is applied and

polarograms are recorded from O to -0,5 V. Reduction reaction is:

o}
O
N+
o
o]
1!

+
uo
2

A * L
el R s o
1] mlieat

| 2

) }3

The method of standard addition increases the field of application
for this technique. It is applicable to the uranium bearing eluates

of 1M KNO3, 1M NaCl and O,1 M NaClO4.

Elecctrode assembly, Radiometer type E65. Drop life timer,

Radiometer type DLTl. Polariter, Radiocmeter type PO4G.

Reagents

Electrolyte: Dissolve 2 g of ascorbic acid in 50 ml
of distilled water, add 10 ml of 0,5 N H.SO

2774
and dilute to 100 ml distilled water.



Standard urani:

0,05 M, dissolve pure dxry U in

0
3’8
nitric acid, add sulphuric acid, fume
and make up to 1 litre with distilled

0y
water.

= ” N
Procedure

Pipette 10 ml aliquot of sample into the polarograph measuring
cell. &2di 10 ml of the ascorbic acid electrolyte to the sample.

Doaerate sanple for ten minutes with water

saturated nitrogen gas.

Set the drop life timer to 1 second. Adjust the mercury reservoir

to give a head of 50 cm. Record the polarogram from zero potential to

-0,5 volts.

From the wave height estimate the volume of standard uranium

solution which when added to the sample will produce a wave approximately

twice that of the sample.

Deaerate for a few minutes. Record the pclarogram from zero to

-0,5 volts. Rinse the electrodes with distilled water. A typical set

of polarograms is illustrated in Figure E.1.

The wave height is measured according to the point method

(WILLARD et al, 1965). The procedure is illustrated in Figure E.2.

Construct in order of the alphabatical sequence the various lines. At

the half wave potential L, the wave height JJ° is estimated.
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Figure E.1

Typical set of polarograms

obtained in the known addition

method for uranium analysis.



—_—

Figure E.2

applied voltage

Wave height measurement of polarogram according
to the point method. Construction is performed

in alphabetical sequence.




For the unknown solution

where id is the measured current

K is a proporticonality constant

C is the unknown concentration
P

h is the initial wave height.

After the addition of v ml of the standard solution with a

concentration of € to V ml of unknown,
s

Rearranging for the unknown concentration CX

v Cc h

x H(V+v) -hvV

For maximum precisicn the amount of standard added should be

sufficient to double the original wave height.
E.2  Sulphate
Prineiple

The sulphate ions are precipitated as barium sulphate which is
filtered dried and weighed. The method is outlined in Laboratory

Method No. 16/2 (1966) with modifications for reducing the effect of
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interfering ions as described by VOGEL (1961).

Nitrates are eliminated from the sample by evaporation with

hyvdrochloric acid. Ascorbic acid is added to complex the uranium

and prevent co-precipitation.

Application

—k

The method is applicable to elution sclutions of 1M sodium

chloride, 0,1 M sodium perchlorate and 0,1 M sodium carbonate

containing chloride, nitrate, uranyl and sodium ions and sul

acid.

shuric

T
j -

Sintered glass crucibles, porosity No., 4.

RParium chloride solution, 5%

Dissolve 50 g of barium chloride (A.R. grade) in 1 litre
of distilled water.

o

Hydrochloric acid wash solution, 0,2%

Add 2 ml of hydrochloric acid to 1 litre of distilled water.

hscorbic acid, 5%

Dissolve 50 g of ascorbic acid (A.R. grade) in 1 litre of

distilled water. Filter solution if not clear.

Hydrochloric acid

(A.R. gragde).



Pipette the.appropriate amount of the sample into a 500 ml

~beaker.
Evaporate to dryness on a water-bath,

Add 10 ml of hydrochloric acid and again evaporate to dryness

on the water-bath.

Aadd 2 ml of hydrochloric acid and 50 ml of water, heat until

the salts are in solution.

Dilute to 300 ml with distilled water, healb to beiling, add 20 mls

of 5% ascorbic acid and add slowlv 35 ml of hot barium chloride solution.

. \ . o
Keep the solution at about 80 C on a water-bath for one hour and

then set aside to cool to room temperature.

Filter the solution thrcocugh a No. 4 sintered glass crucible and
wash the precipitate five times with hydrochloric wash solution and

five times with cold distilled water.

_ . . O - . .
Place in oven at 110 C for half an hour. Cool in dessicator for

fifteen minutes and weigh the crucible.

Duplicate blank determinations are made with the pure elution

solutions.



1/

For M = weight (grams) of Hasoi for sample determination
s : £

weight (grams) cof In;.:,JSO_,1 for blank determination

"

SO, concentration (g/l)

"

W - M A
(“I‘5 bﬁ)) x 411,5

4
Volume of sample (millilitres)
E.3  Chloride
Princi

The potentiometric titration of the chloride ion with a solution

of silver nitrate as titrant is presented by PETERSEN (1966) .

‘A clean silver electrade and mercurous sulphate reference electrode
are used to record the potential difference with added volume of titrant
to produce a titration curve. The eguivalence point i.e. when all the
chloride ions are titrated is the inflection point on the curve. This
corresponds to a potential difference at which the activities of the silver
and chloride ions are identical. This potential may be calculated
from

E=K+—Rgln a. +

where E is the potential difference
K is a constant
R is the gas constant

I is the Faraday

aAg+ is the activity of the silver ion in the solution.



However the activity depends on the composition of solution, thus
the end point is determined experimentally. In practice the titration is
best accomplished in a solution of sulphuric acid, approximately

1,5 N 112804.

The method is appliceble to eluticon solutions of 1M potassium
nitrate, 0,1 M sodium perchlorate and 0,1 M sodium carbonate containing

sulphate, uranyl, nitrate and sodium or potassium ions.

2 lectrode coahinntqu

Silver electrode, Radiometer type P40l1l.

Mercurous sulphate reference electrode, Radiometer type KGOL.

Titration equipment

Automatic titrator, Radiometer type TTT2.

Servograph, Radiometer type RECS51 with pH meter Interface unit
type REALQO.

Titration assembly, Radicometer type TTA3.

hutoburette, Radiometer type ABUL3.

Reagents
Standard silver nitrate 0,02 N.
Concentrated sulphuric acid A.R. grade.

Standard sodium chloride 0,02 N in 1 M KNO3.



A manual titration is performed to determine the end point of

the titration for the particular standard chloride solution.

Pipette 20 ml of the standard sodium chloride solution into a
titration vessel. Add 1 ml of concentrated sulphuric acid. Stir well
and allow to cool. Titrate with standard silver nitrate beyond the end
point. A typical titration curve is illustrated in Figure E.3. A

Datermine the end-point as the point of inflection on this curve.

Set the end point of the titrator. Pipette an aliguot of the
sample into the titration vessel and titrate automatically to the

preset point.

_ v_ X 0,02
Chleride concentration (Cl1 ) = —:~—~M“—~~(equivalcnts/l)

\Y
where v = volume in millimetres of silver nitrate

V = volune in millimetres of sample.

E.4  Bcid

Principle

The hydrogen ion is titrated automatically with a standard solution

of sodium hydroxide to bhe predetermined end point.

Applicotion

The method is applicable to the elution solutions 1M KNO,, 1M NaCl

3
and 0,1 M NaClO4, for the estimation of the bisulphate concentration in the

resin phase provided no uranyl ions are present.

»
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Combination pi electrods, Radiometer type GK2301R,
Titration equipment used for the chloride analysis.
Reaaents

Standard sodium hydroxide O,1 N.

Pipette a suitable aliguot into the titration vessel. Titrate
automatically with sodium hydroxide to the set point. A blank is

determined similarly.

(vr = Vh) (0,02)
Hydrogen ion concentration (H) = —— /V == (equivalents 1)

where v = volume in millilitres of sodium hydroxide regquired for sanple.

vy = volume in millilitres of sodium hydroxide required for

blank determination.

V = volume in millilitres of sample.

E.5 Nitrate

Principnle

A UV spectrophotometric method for the determination of nitrate ion

in the range O - 11 mg/l NO3 - N is described in Standard Methods (1971).

Absorbance by nitrate in dilute acid at wavelength of 220 nm follows

Beer's law up to 11 mg/1 NO3 - N.
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Solutions without dissolved organic matter or turbidity are

suitable. The method is applicable to solutions containing chloride.

The elution soluticns 1 M NaCl, 0,1 M NaClO, have been analysed

4
for nitrate. Uranium interferes with the analysis.

UV Spectrophotometer, Unicam SPL700
Recorder, Unicam ARZS
Automatic sample changer, Unicam SP40 AU

Flow through cell, 10 mm UV grade silica.

Prepare a set of standard nitrate solutions in the range

0 - 11 mg/l HJ} - N such that the concentration of the eluting ions

chloride and perchlorate, are the same as in the diluted unknown

sample.

Dilute the unknown samples such that the nitrate concentration
is less than 11 mg/1 NOB - N.

Introduce the standard solutions and the unknown samples into

the sample holders on the automatic sample changer.

Set the wavelength at 220 nm and read the absorbance of the samples

passing through the flow cell.

If uranium is present in the samples a standard absorbance curve
is prepared. The absorbance due to the known amount of uranium in the

sample 1s subtracted from the absorbance of the sample.
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APPENDIX F

TABULATED EXPERIMENTAL AND PREDICTED

pATA



-

wilson Parameters Equilibrium Constant
A i E T e el Cl e T e ._..I_L:_{-.), NP (L
Aij B 3
S NO
4627 = 3,780
Cl 1,0 2 4ol 7 KCl .
NO, 0,39121 1,0
L T e =
R ——— TG s -
Solution ><NO AEX“ Yy 3 Y X
3 ‘r FIT FIT FIT
Iiﬁ{jndljlt}:_“_ N T . ]
0,2 N 0,206 5,04 0,786 0,971 4,67
0,311 4,17 0,854 0,244 | 4,18
0,473 3,68 0,926 0,896 3,66
0,588 3,41 0,959 0,861 3,39
0,756 3,18 0,988 0,812 3,11
0,871 3,10 0,997 0,780 2,96
0,4 N 0,194 4,74 0,777 0,974 4,74
0,297 3,97 0,846 0,947 4,23
0,461 3,57 0,922 0,900 3,69
0,578 3,34 0,957 0,864 3,41
0,74% 3,12 0,987 0,814 3,12
0,867 2,93 0,997 0,781 2,96

Table F.1 Comparison of experiment

al.-and fitted equilibrium

quotients using the Wilson parameters and

equilibrium constant quo
 Amberlite 400, 0,2 and O
NaNO3 and Nacl at 298°K.
activity coefficients at

presented graphically in

ted for the binary system’
4 N mixture of

Fitted values of the
298°K.  This data is

Figures 4.1 and 4.4.
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T Wilson Parameters Equilibrium Constant
IR i S -
Mg 504
— P p— *l
C
50 1,0 0,21162 K. = 5,104
4 hel ,4
1 3,7355 1,0
[ , T . | A 1 SO ]
M t & YR 7 4
SOll'\' 1ON Cl r.n- ’\ I,:{.rl Y ) FIrln
Normality T, M. T E.‘_l_T‘ ]
0,2 N 0,279 10,81 0,685 0,974 10,60
0,447 7,99 0,756 0,92 8,22
0,657 5,25 0,860 0,780 - 5,39
0,792 3,72 0,930 0,631 3,72
0,891 2,51 0,975 0,488 2,62
0,4 N 0,378 9,27 0,725 0,947 9,19
0,566 6,60 0,813 0,853 6,60
0,764 4,15 0,916 0,666 4,05
0,873 2,95 0,968 0,516 2,81

Table F.2 Comparison of experimental

and fitted equilibrium

quotients using the Wilson parameters and

equilibrium constant quoted for the binary system

Amberlite 400, 0,2 and
NaCl at 298°K.
coefficients at 2980K.

graphically in Figures

0,;4N mixture of Na,.SO

5 and

4’

Fitted values of the activity

This data is presented

4.2 and 4.5.



T wil S.c}n Parameters ) Equilibrium Constant J
sz SO4 04
- 3] ‘ e o D
}—7 R NO.
2
25419 c = 72
SO4 1,0 0,65419 hSO 72,939
4
NO3 3,1159 1,0 J

r"ﬂvééfﬂtion % *h_wﬂ_“;in—mu-'&Aﬁuj | Y504 AFIT |
Normal i,tyT s W RAF J FIT FIT
e L
0,2 N 0,599 94,68 0,764 \ ¢, 753 94,16
0,741 49,83 0,866 | 0,581 | 56,4%r
0,881 28,81 0,961 0,367 28,99
0,941 19,40 0,989 0,273 20,36
0,979 16,56 0,998 0,215 15,71
0,989 13,42 0,999 0,199 14,54
0,4 N 0,695 70,57 0,833 0,642 67,43
0,823 37,76 0,925 0,459 39,13
0,929 22,14 0,984 0,292 21,97
0,971 17,43 0,997 0,227 16,62
0,6 N 0,753 60,49 0,875 0,563 53,59
0,867 32,81 0,952 0,389 31,35
0,951 19,74 0,992 0,257 19,07
0,981 15,67 0,998 0,212 15,51
0,994 14,10 1,000 0,193 14,07
L .

Table F.3 Comparison of experimental and fitted equilibrium
quotients using the Wilson parameters and
equilibrium constant quoted for the binary system

Amberlite 400, 0,2, 0,4 and 0,6 N, mixture of

o
Na2804 and NdNO3 at 298 K.

L o o
e activity coefficients at 298 K.

Fitted values of the
This data is

presented graphically in Figures 4.3 and 4.6.



- Wilson Paramcters Equilibriumn Constant
S .hla._“_um_mwh. —
iy 504
D - | c1 ]
- 21192 = /
50, 1,0 0,211t KSO4 5,104
Cl 3,7355 1,0
Solution SO, - Cl
Normality Solution Resin Phase (Mole /2 Resin)
Equivalent F:actjm”¥ Experimental Fitted
- N 7 x| T ] ] -

N Z‘S?U4 cl | :-()4 l &l SO4 } Cl

0,2 ' o,vé‘o_ 0,10 | 0,5880 | 0,2880 0,5873 | 0,2255
0,80 0, 20 0, 5002 0,4036 0,49G7 00,4066
0,60 0,40 0,3585 0, 6880 0,3548 00,6904
0,40 0,60 , 2416 00,9208 0,2408 0,9183
0 20 0,80 00,1383 1,1264 0,1349 1,31302
010 0,90 00,0892 1,2256 00,0766 1,2468

0,4 0,90 0,10 0,5386 0,3268 0,5303 00,3394
0,80 0, 20 0,4252 0, 5536 0,4180 0,5640
0, 60 0,40 0,2679 0,8692
0,40 0,60 0,1584 1,0872 0,1695 1,0611
0,20 0,80 00,0851 1,2328 00,0872 1,2256
0,10 G, %0 0,0560 1,2920 00,0467 1,3067

Table F.4 Comparison of experimental and fitted concentration of resin
species for binary system Amberlite 400, 0,2 and 0,4 N
mixture of Na2804 and NaCl at 2980K.
1,4 equiv/% resin.

Capacity assumed as

Wilson parameters and equilibrium

constant are reported. This data is presented graphically

in Figure 4.7.



Wilson Parameters Equilibrium Constant
N . cl NO.
Aij 3
T I . NO
cl1 1,0 2,4627 Kop = 3,780
NO, 0,3%121 1,0
D
E o '“é‘lh'" T
' - NO
Solution | B F_“__{*_“_
Normality | Solution ; Resin Phase (Mole /& Resin)
Equivalent Fraction | Experimental Fitted

N cl NO+ cl NOY c1 NO,

0,2 0,95 0,05 1,1152 0, 2888 1,1264 0,2736
0,90 0,10 0,9672 ¢,4368 0,9637 0,4363
0,80 0,20 i 0,7404 0,6646 00,7396 0,6604
0,70 0,30 0,5784 0,8256 0,5784 0,8216
0,50 0,50 0,3416 1,0614 0, 3466 1,0534
0,30 0,70 0,1808 1,2232 0,1875 1,2125

0,4 0,95 0,05 1,1328 0,2712 1,1295 0,2705
0,90 0,10 0,9864 0,4176 0,9679 0,4321
0,80 0, 20 0,7568 0,64182 0,7445 0,6555
0,70 0,30 0, 5920 0,8120 0,5834 0,8167
0,50 0,50 0,3516 1,0514 0,3507 1,0493
0,30 0,70 0, 1860 1,2180 0,1835 1,2166

Table F.5 Comparison of experimetnal and fitted concentration of

resin species for binary system Amberlite 400, 0,2 and

0,4 N mixture of Na_NO3 NaCl at 298OK.

as 1,4 equiv/2 resin.
constant are reported.

in Figure 4.8.

Capacity assumed
Wilson parameters and equilibrium

This data is presented graphically
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R w;i;;;k;ﬂyamcger; Equilibrium Constant i'
I i 7 s0 NO.,
1] 4 . WU NO3
504 1,0 0,65419 KSO4 = 72,939
NO3 3,1159 1,0
! SO, - NO,
Solution i Solutior gA,_NBEFEP Phase (;:}E/i Resin)
Norx:li1y i Bquivalent Frnctiun Experimental i Fitted
) —»-_;q-(—)—'——— ’~ | qo—_-! NO. ’ o) | NO
s 2is T M. D 3. 4 4 . ™¥3
0,2 0,90 0,10 | 0,4044 0,6039 0,4012 0,5976
| 0,80 0, 20 0, 2896 ; 0,8288 0,2777 " 0,8446
0,60 0,40 10,1491 | 1,1088 |0,1479 | 1,1041
0, 40 0,60 00,0788 1,2524 00,0760 1,2481
0,20 0,80 0,0291 | 1,3537 | 0,0302 1,3397
0,10 0,90 |0,0146 | 1,3749 | 0,0135 | 1,3730
0,4 0,90 0,10 0,3243 00,7405 0, 3306 0,7388
0,80 0,20 00,2112 0,9846 0,2074 00,9853
0,60 0,40 00,0938 1,2224 00,0936 1,2129
0, 40 0,60 0,0398 | 1,3313 | 0,0410 1,3180
0,6 0,90 0,10 0,2767 0,8456 0, 2869 00,8261
0,80 0, 20 0,1654 1,0783 0,1676 1,0648
0,60 0,40 0,0660 1,2741 00,0672 1,2656
0,40 0,60 00,0266 1, 3499 00,0267 1,3465
0, 20 0,80 0, 0086 1,3939 0, 0085 1,3830

Table F.6 Comparison of experimental and fitted concentration of resin
species for binary system Amberlite 400, Na2SO4, NaNO3-at
298K .. Capacity assumed as 1,4 equiv./l resin. Wilson
parameters and equilibrium constant used are reported. This

data is graphically presented in Figure 4.9.
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Wilson parameters Equilibrium constant
‘ ,
f S HSO
" 5 504 4
SO 1,0 00,9846 HSO4
4 X = 5,008
SO
HSO,, 2,8124 1,0 4
N - Equilibrium Qquﬁgytf Resin Phase
Mole/% Resin|Mnle Fraction |  A__ I A Bctivity Coefficient
i Exp Fit 2 =
B v s 1 3 59, | (50
SO, %1“'O4J HSO,, | | £ 8 | Bt
- . - e ) -
0,520 0,370  0,4157 | 11,69 | 12,01 0,8612 ‘ 0,6046
0,522 0,374 00,4174 1 11,82 ' 11,94 0,8599 | 0,6059
0,521 0,374 | 0,4179 | 11,85 | 11,92 | 0,859 | 0,6062
0,350 0,683 | 0,6628 | 4,43 | 4,89 0,6142 0,7995
0,349 |0,704 | 0,6686 4,59 | 4,78 0,6070 0,8043
0,357 0,696 | 00,6610 4,38 4,94 0,6164 0,7980
0,2840]0,8260 | 0, 7441 3,62 3,46 0,5081 0,8657
0,3127(0,7376 | 0,7023 4,47 4,15 0,5638 0,8319
0,346110,6968 | 0,6681 5,13 4,79 0,6076 0,8039
0,3774|0,6412 | 0,6295 6,09 5,60 0,6547 0,7721
0,4105|0,5740 1} 0,5830 7,60 6,70 00,7078 00,7340
0,4658|0,4564 | 0,4949 8,61 9,21 0,7961 0,6640
0,204010,9630 | 0,8252 2,31 2,35 0,3958 0,9266
0,2593|0,8625 | 0,7689 3,16 3,09 0,4742 0,8851
0,5707|0,2396 | 0,2957 18,58 17,44 0,9340 0,5224
0,5870[0,1870 | 0,2416 - 21,71 20,44 0,9573 0,4887
0,6085|0,1430( 0,1903 24,24 23,64 0,9743 0,4584
0,6420(0,0870| 00,1193 26,98 28,70 0,9903 0,4195

Figure F.

7

Comparison of experimental and fitted equilibrium quotients
using the Wilson parameter and equilibrium constant quoted
for the binary system Amberlite 400, mixture of Na2804,

and H2SO4 at 2980K. Fitted values of the activity

coefficients at 298°K. This data is graphically presented
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Wilson Parameters ‘ Equilibrium Constant
. 1SS0 !
5] it W aise. N 150, |
so; 1,0 0,9846 50, = 5,098 ;
HS0 | 2,8124 1,0
so, - Hso;
Sclution Phase (M) Resin Phase (Mole/? Resin)
= B | T x| _ — _
£SO H | Na S0, SO, S0, HZO,

i ‘ EENIRPTY SSENEy -1t v PRSERES 1. ., o fit Cid
0,3641 | 0,0593 |0,6689 0,520 | 0,370 = 0,5148 0,370%
0,3641 | 0,0593 !o,ecﬁy 0,522 E 0,374 0,5148 0,3705
0,3641 | 0,0593 EO,G(BQ 0,521 i ©,374 | 0,5148 0,3705
0,3619 | 0,1866 | 0,5373 0,350 0,688 | 0,3452 0, 7096
0,3619 | 0,1866 @0,5373 0,349 ! 0,704 | 0,3452 0,7096
0,3619 | 0,1866 10,5373 | 0,357 | 0,69 | 0,3452 0,7096
0,4988 | 0,2775 !0,7201 0,2840 0,826 l 0,2889 0,8222
0,4706 | 0,2213 |0,7200 | 0,3127 | 0,7376 | 0,3269 0,7461
0,4538 | 0,1875 |0,7201 | 0,3461 | 0,6968 | 0,3542 0,6916
0,4373 | 0,1547 | 0,7200 0,3774 0,6412 % 0,3849 0,6303
0,4209 | 0,1219 | 0,7200 0,4105 0,5740 | 0,4211 0,5577
0,4045 | 0,0891 | 0,7200 0,4658 0,4564 | 0,4655 0,4691
0,4638 | 0,4180 |0,5000 0,2040 0,2630 | 0,2092 0,9817
0,3981 | 0,2978 |0,5000 0,2593 0,8625 0,2647 0,8706
0,2650 | 0,0290 |0,5000 0,5707 0,239 | 0,5812 0,2375
0,2613 | 0,0212 |0,5000 0,5870 0,1870 | 0,6060 0,1880
0,2575 | 0,0153 | 0,5000 0, 6085 0,1430 | 0,6271 0,1457
0,2538 | 0,0087 |0,5000 0,6420 0,0870  0,6544 0,0912

Table F.8 Comparison of experimental and fitted concentration of

resin species for binary system Amberlite 400, mixture

o
of Na2804 and HZSO4 at 298 K.

equiv./l resin. Wilson parameters and eguilibrium

Capacity assumed is 1,4

constant are reported. This data is graphically presented

inFigure 5.4,



Wilson Parameters Equilibrium Constant
by |y e o |
504 1,0 0,9846 0,21192 KSO44 = 5,098
| HSO, 2,8124 1,0 0,74146
. *Cl
‘ Cl 3,735 1,2865 1,0 KSO = 5,104
l 4
Resin Phase Equilibriun Quotients .
! Mole /L P."; Mnle Fraction li Experimental Fitted - )
i 7 ~ | HSC | HSO
so:;'r so;r NSO, c1 ,\zou"‘ Agé | oo 4 | Ag‘(l)j
: 4 4 4 4
G, 2566 40,224l 0,6821 | 0,0935 | 3,014 2,937 3,131 2,765
.0,2397 |0,2066 | 0,6205 | 0,1729 | 2,853 2,528 2,993 2,630
0,2048 |0,1714 | 0,5020 | O, 3266 2,711 2,299 2,726 2,372
0,1670 |0,1354 | 0,3893 | 0,4753 2,391 2,242 2,450 2,121
0,1245 |0,0976 | 0,3042 | 0,5982 2,439 2,174 2,105 1,846
0,1152 |0,0896 | 0, 2304 | 0,6800 2,265 2,004 2,166 1,867
0,4722 | 0,5089 | 0,2975 | 0,1937 11,471 6,901 11,239 6,825
0,4270 [ 0,4388 | 0,2199 | 0,3413 8,017 5,566 10,134 6,057
0,3149 [(0,2902 | 0,1419 | 0,5579 6,067 4,311 6,929 4,309
0,2237 |0,1%02 | 0,0816 | 0,7282 4,705 3,480 4,971 3,267
0,1311 | 0,1033 | 0,0394 | Q,8573 3,666 2,829 3,295 2,423
0,0945 {0,0724 | 0,0199 | 0,9077 2,581 2,164 2,773 2,l§§J
Table F.9 Comparison of experimental and fitted equilibrium quotients

using the Wilson paramcters and equilibrium constants

quoted for the ternary system Amberlite 400, mixture of

Na,SO NaCl and H SO4 at 2980K.

2774 2
presented in Figures 5.5 and 5.6.

This data is graphically



Wilson Parameters Equilibrium Constant
A . SO HSO, Ccl
e 2 e - HSO,,
SO 1,0 0,9846 0,21192 K. = 5,098
4 ! 504
HSO4 2,8124 1,0 0,74146
. J*Cl
Ccl 3,7355 1,2865 1,0 K = 5,104
! S50
4
EJOA = HSO__1 — QL
Resin Phase (Mole/f Resin)
= -
Experimental | I'itted
|
P S SO
9 - S al S Cl
SOG* i 04 Ccl ‘ SOd quq |
I o —
0,2566 0,780 0,1069 0, 2546 0,7878 0,1030
0,2397 0,720 0, 20006 0,2361 0,7261 0, 2018
G, 2048 0,600 0, 3904 0,2035 0,5985 0, 3945
0,1670 0,480 0,5861 0,1687 0,4888 0,5738
0,1245 0, 388 0,7630 0,1348 0, 3846 0,7458
0,1152 0,296 0,8736 0,1192 0,2974 0,8642
0,4722 0,276 0,1797 0,4733 0,2742 0,1792
0,4270 0,214 0,3321 0,4519 0,2315 0, 3367
0,3149 0,154 0,6163 0, 3155 0,1638 0,6053
0,2237 0,096 0,8567 0,2285 - 0,1003 0,8428
0,1311 0,050 1,0878 0,1421 0,0563 1,0651
| 0,0945 0,026 1,1851 0,0944 0,0269 1,1843
Table F.10

Comparison of experimental and fitted resin phase equilibrium
composition for solutions specified in Table 5.2 for ternary

system Amberlite 400, mixture of Na2

Capacity assumed as 1,4 equiv./l resin.

NaCl and H2804.

Wilson parameters

SO4,

and equilibrium constants reported. This data is presented

graphically in Fiqure 5.7.



Wilson Paramehers
A5 SO HSO NO
1] 4 i T
SO4 1,0 0,9846 0,65
HSO4 2,8124 1,0 2,69
NO3 3,1159 0,27678 1,

195

Equilibrium Constant
: 1
|
3
HSO4
119 KSO = 5,098
4
12
NO3
o] K = 72,939
50,

Resin Phase

Equilibrium Quotients

% Mole /4 Régin (7 Mole Fraction Experimenfa14~ Fitted
Tgéoz T no% 50} 1 HSO4.“ NO3 %ARSO ANO3 AHSO4 XNO3
SO4 SO4 SO4 SO4
0,1972 0,3433 0,1642 0, 5499 0, 2859 2,678 40,3¢ 2,866 45,34
0,1585 0,5250 0,1285 0,445% ; 0,4256 2,352 26,48 2,579 32,67
0,0986 0,8127 0,0756 0,3014 0,6230 2,187 20,40 2,081 21,41
0,0557 1,0032 0,0415 0,2117 0,7468 2,224 19,44 1,758 16,71
0,0361 1,1266 | 0,0265 | 0,1475 0,8260 2,096 16,42 1,672 15,19
0,0340 1,1754 0,0251 0,l088 0,8662 1,716 12,55 1,733 15,28
0,3344 0,5188 0,3144 0,1978 0,4878 7,659 75,11 7,718 72,97
0,2528 0,7550 | 0,2190 | 0,1268 0,6541 5,253 43,44 5,669 47,77
0,1374 1,0464 0,1085 00,0654 0,8262 3,293 26,78 3,351 26,96
0,0734 1,2152 0,0551 0,0330 0,9118 2,434 19,68 2,413 19,53
0,0306 1,3166 0,0224 0,0152 0,9624 2,097 17,56 1,906 15,72
Table r.11

Comparison of experimental and fittcd equilibrium quotients using the

Wilson Parameters and equilibrium constants quoted for the ternary

system Amberlite 400, mixture of Na

2

S0,, NaNO

4

3

and H,SO

at 298°K.

This data is presented graphically in Figures 5.8 and 5.9.
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e o .
Wilson Parameters Equilibrium Constants
A 18 NO
i SO4 I O? __1 -
T - HSO,,
SO 1,0 0,9846 0,65419 {, = 5,098
4 ! 504
HSO 2,8124 1,0 2,6912
4 NO
3
NO 3,1159 0,27678 1,0 X = 72,939
3 S0
4
— _ji"
SO4 - I:Ib\)tl = NQ3
Resin Phase (Mole/%2 Resin)
( Experimental Fitted
. ! N
¢ ™ [ N
SO4 'I L.,.Of: ..()3 ;04 HSO4 )\ 03
0,1972 0,6604 0,3433 | 0,1913 0,6647 0,3527
0,1585 0,5500 00,5250 00,1494 00,5493 0,5519
0,0986 0,3932 0,8127 00,0273 0,3815 00,8239
00,0557 0,2844 1,0032 Q,0623 0,2737 1,0017
0,0361 0,2012 1,1266 0,0388 0,1888 1,1335
0,0340 0,1476 1,1754 00,0296 00,1378 1,2030
0,3344 0,2104 00,5188 0,3364 00,2123 00,5150
0,2528 0,1464 0,7550 0,24472 0,1469 0,7647
00,1374 00,0828 1,0464 0,1365 00,0830 1,0439
00,0734 0,0440 1,2152 00,0740 0,0440 1,2079
0,0306 0,0208 1,3166 00,0335 0,020%9 1,3121
00,0124 00,0124 1,3578 0,0186 00,0116 1,3511

Table F.12

Comparison of experimental and fitted resin phase equilibrium
composition for solutions specified in Table 5.3 for ternary

system Amberlite 400, mixture of Na.SO

Capacity is 1,4 eguiv./l resin.

equilibrium constants are reported.

presented in Figure 5.10.

274"

NaNO
aNo,

and HZSO4'

Wilson parameters and

This data is graphically




! Resin Phase Experimental Fitted
f ole /% meoin ole Fraction AHSO4 [Xw%(so4 3f;Kb(SO4)2j sto4 !;Kbso4)3 502(50 i
so: Hso;kj U02(504);; UO2(SO4)2* SOZ HSOZ UO2(504)§ wz(so[l); =% ! *% ! *% s ‘ " " JI
0,3869 | 0,2808 0,07117 0,03822 ' 0,4978 0,3613 | 0,09158 0,04931 10,356 | 4627,2 i105,57 8,646 : 5038,5 | 98,93 %
0,3393 | 0,2464 | 0,09750 | ©,05250 ; 0,4612 | 0,3349 | 0,13253 0,07136 9,593 ; 3947,6 i 83,45 8,011 i 3737,3 i 66,36 '
0,2903 | 0,2109 | 0,12616 | ©-06794 | 0,4175 | 0,3033 | 0,18146 | ©0,09771 8,682 | 3142,4 60,13 7,486 | 2843,4 45,98
0,2299 | 0,1672 | 0,14833 | 007987 | 0,3677 | 0,2674 | 0,23723 0,12774 7,643 ! 3099,3 | 52,22 7,061 | 2238,3 | 33,32
0,2140 | 0,1559 | 0,16783 | ©:09037 | 0,3407 | 0,2482 | 0,26720 | ©0,14387 7,078 | 2265,2 ; 35,37 6,877 | 2012,0 28,87
| 0,1995 0,1454 | 0,17166 | ©0,09244 | 0,3276 | 0,2388 | 0,28186 | 0,15177 6,804 | 2211,7 | 33,21 6,797 | 1918,4 27,08
0,3109 | 0,6389 ‘ 0,03891 | 0.01848 | 0,3101 | 0,6372 | 0,03423 | 0,01843 4,451 | 4031,4 57,30 4,232 | 4394,9 53,99
0,2813 | 0,5782 | 0,05538 | ©,02982 | 0,2978 ! 0,6121 | 0,05862 0,03156 4,274 3611,8 49,29 4,036 | 3492,2 42,81
0,2503 | 0,5148 | o,08125 | 0-04375 | 0,2812 ; 0,5784 | 0,09128 | 0,04915 4,036 3561,1 45,90 3,883 | 2737,8 33,51
} 0,2119 !0,4365 | 6,10354 | 0,05576 | 0,2624 | 0, 5404 j 0,12820 | 0,06902 3,764 | 2391,6 28,76 3,804 | 2212,8 27,04
| 0,1887 | 0,3891 | 0,12519 | 0,06741 | 0,2449 ! 0,5051 | 0,16251 | 0,08751 3,512 2405,6 27,00 3,791 | 1897,1 | 23,11
0,1812 | 0,3741 | 0,13033 | ©-070l8 | 0,2397 | 0,4950 | 0,17246 | ©0,09286 3,437 1955,8 21,49 3,793 | 1824,1 22,20
0,1742 | 0,9831 | 0,02496 | 0.01344 | 0,1514 i 0,8152 | 0,02169 | 0,01168 2,144 3378,5 23,45 2,086 | 2229,3 18,92
10,1582 | 0,8421 | 0,04933 0,02657 | 0,1460 | 0,7839 | 0,04555 0,02453 2,066 2965,9 19,85 2,066 | 1892,7 16,77
0,1316 | 0,7078 | 0,08807 | /04743 | 0,1350 | 0,7260 | 0,09034 | 0,04864 1,911 2332,6 14,43 2,094 | 1507,9 14,25
0,2269 | 0,8568 | 0,01993 | 0-01073 | 0,2036 | 0,7689 | 0,01788 0,00963 2,729 2635,6 24,59 2,682 | 3072,7 28,79
0,2071 | 0,7806 | 0,04341 | ©-02337 | 0,1964 | 0,7403 | 0,04116 0,02217 2,632 2308,0 20,77 2,606 | 2520,3 24,36
| 0,1734 | 0,6534 | 0,08177 | 0.04403 | 0,1820 | 0,6859 | 0,08584 | 0,04622 | 2,439 1989,7 16,60 2,563 | 1899,8 19,26
| 0,1905 | 0,9284 | 0,02119 | ©.01141 | 0,1654 | 0,8063 & 0,0l840  ©0,00991 | 2,288 2793,6 21,18 2,234 | 2473,8 ! 21,42
0,1732 | 0,8428 | 0,04446 | ©.02394 | 0,1597 | 0,7772 | 0,04100 0,02208 2,209 2673,4 19,57 2,198 | 2086,9 | 18,79
0,1447 | 0,7033 | 0,08209 | ©,04421 | 0,1485 | 0,7219 | 0,08426 | 0,04537 2,053 2169,2 14,76 2,203 | 1639,5 ‘ 15,68
|

Table F.13 Resin phase species distribtuion and comparison of experimental and fitted equilibrium gquotients using the Wilson

parameters and equilibrium constants quoted in Table 6.5, for system Amberlite 400, mixture of Na2

Uo,so

2

4

at 298%k.

This data is presented graphically in Figures 6.4, 6.5 and 6.6.

SO

47 H2SO

4

and

L6T



| Resin Phase { Experimental i Fitted
Mole /£ Resin i . Mole TFraction !
r T 7 T 1
. . . . . X . §504 EU02;SO4)3 02;5045 ;lso4 ‘U02(§04)3iuo§(so4>2
50, HSO, [ UO,(S0,) 4 | UO,(S0,) 4| S50, HSO, U0, (S0,) . | UO,(SO,) | so, | so, so, s0, | S0, | 0,
| l
‘ , ‘
0,2603 | 0,5875 | 0,05918 0,03187 | 0,2772 | 0,6258 | 0,06304 j 0,03394 | 3,804 | 3414,7 ‘ 43,39 | 3,726 3141,4 | 37,04
0,2280 | 00,5137 | 0,08747 0,04710 IO,2602 0,5862 | ©0,09982 i 0,05375 | 3,657 ; 2543,6 | 30,34 | 3,613 ' 2446,5 f 29,02
0,1717 0, 3844 0,13428 0,07231 0,2251 | 0,5040 | 0,17608 0,09481 | 3,168 i 1893,6 ‘ 19,54 3,614 1729,8 20,65
| 0,2895 | 00,5842 | 0,04986 0,02685 | 0,3046 | 0,6147 | 0,05247 0,02825 !4,392 | 3089, 2 ! 43,13 4,139 3736,4 ‘ 46,21
i 0, 2507 0,5036 0,07205 0,04256 | 0,2862 | 0,5750 | 0,02025 | 0,04860 :4,131 | 2524,9 | 33,25 3,955 2799, 4 34,56 ;
00,1921 | 0,3859 | 0,12429 0,06693 | 0,2497 | 0,5017 0,161583 0,087Cl | 3,604 1820,0 ‘ 21,63 | 3,854 1929,8 r‘ 23,67 :
0,3077 | 0,5616 | 0,04527 0,02437 | 0,3277 | 0,5981 | 0,04821 | 0,0259 ‘4,857 3348,8 50,33 | 4,530 4199,9 | 54,55
0,2683 | 0,489 0,07617 0,04101 | 0,3066 | 0,5596 | 0,08702 { 0,04686 | 4,543 2492,1 l 35,01 4,266 3050, 3 ‘ 9,11
| 0,2089 | 0,3818 | 0,11956 0,06438 | 0,2697 | 0,4920 :0,15435 | 0,08311 | 3,995 1925,9 | 23,82 4,101 2091,3 | 26,34
| 0,3167 0,2438 } 0,10627 0,05723 !0,4374 ©0,3367 | 0,14679 0,07204 | 8,893 3443,0 69,02 | 7,526 | 3339,6 | 56,36
0,2685 | 0,2061 | 0,13195 0,07105 | 0,2962 | 0,3031 !o,lgsoz 0,10501 ‘8,093 2578,2 i 46,90 | 7,140 | 2615,8 | 40,82
0,1927 | ©,1472 | 0,17218 0,09272 |.0,3186 | 0,2434 [o,28471 0,15331 |6,496 1826,1 26,67 6,622 1873,7 | 26,17
0,3514 | 0,2516 | 0,08975 - | 0,04832 | 0,4742 | 0,3395 50,12111 0,06521 |¢2,917 3401,5 73,92 8,248 | 4055,9 | 74,32
0,2845 | 0,2034 | 0,12648 0,06810 | 0,4169 {0,2980 1 0,18533 | ©,09979 i8,725 2681,9 51,25 7,531 2808,8 | 45,34
0,2223 | 0,1582 | 0,15947 0,08587 | 0,3552 | 0,2528 io,25482 | 0,13721 | 7,447 1722,4 28,04 7,037 | 2115,1 [ 30,93
0,3707 | 0,2440 | 0,08492 0,04573 | 0,4974 0’3273750’11394 ‘ 0,06135 10,743 | 3613,5 82,37 8,878 | 4424 ,6 i 85,58
0,3182 | 0,2092 | ©,11097 0,05976 | 0,4558 | 0,2997 | ©,15894 0,08559 |9,849 f 2361,9 49,34 8,238 3326,8 | 57,88
o,2357.l ©,1551 | 0,15313 0,08246 0,3762! 0,2476 | 0,24447 0,13164 |8,127 i 1748,1 30,14 7,419 i 2253,5 ‘ 33,90
Table F.l4 Resin phase specie distribution and comparison of experimental and fitted equilibrium quotients

using the Wilson parameters and equilibrium constants as quoted in Table 6.5 for system

Amberlite 400, mixtyre of Na

in Figures 6.4,

6.5 and 6.6.

2

SO

4!

H

2

SO4

and U02$O

4

at 298%k.

This data is presented graphically

J
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: , T
Resin Phase Experimental Fitted

T

Mole Fraction

Mole/% Resin

)

UO?(SO4)

[

| i U ! U

i HSO,, boz(soq)3;uoz(so4)2 4 PO, (59, , 5

* * ﬂ " * * A A A A A A
i so so SO SO,
so, HSO, U0, (s0,) 4 002(504)2% S0, HSO, o, (S0, so,, S0, ‘ 4 4 4 4
: ! -

00,1132 | 0,4885 | 0,13810 0,07436 ! 0,1391 | 0,6000 | 0,16961 1,885 1839,6 | 11,73 2,525 1300,0 13,69

| | .
0,1063 | 0,3951 | 0,15709 | 0,08459 | 0,1431 | 0,5317 | 0,21139 | 1,916 | 1842,9 | 12,08 2,845 1255, 2 13,79

. ! | | |
00,1394 | 0,2776 | 0,16689 0,08986 | 0,2070 | 0,4120 | 0,24770 j 2,995 1512,5 | 14,35 3,990 1473,5 17,89
0,1102 | 0,1662 | 0,20272 0,10918 | 0,1874 | 0,2825 | 0,34457 | 2,949 | 1789,6 15,37 4,780 1319,2 16,20
0,1511 | 0,1086 | 0,1980 0,10660 | 0,2677 | 0,1924 | 0,35088 5,591 | 14%0,1 | .18,29 6,527 1589, 2 21,05
0,0952 | 0,3539 | 0,09934 0,23179 | 0,1220 | 0,4536 | 0,12731 1,635 507,0 | 12,29 1,554 444,2 2,90
0,0959 | 0,4223 0,09106 0,21246 | 0,1168 | 0,5139  0,11C081 1,587 545,7 12,65 1,458 480,0 . 8,72
0,1037 0,1569 0,11954 | 0,27893 0,1574 O,ZBBli 0,18136 2,474 440,2 13,76 2,232 324,1 10,17
0,1298 | 0,2639 | 0,10250 0,23917 | 0,1765 | 0,3589 | 0,13940 2,539 371,1 13,01 2,039 495,3 11,24
0,1433 | 0,1050 | 0,11607 0,27084 | 0,2256 | 0,1653l 0,18274 4,675 247,4 15,57 3,060 465,90 13,05
! !
Table F.15 Resin phase speciesdistribution and ccmparison of experimental and fitted equilibrium quotients using

the Wilson parameters and equilibrium constants quoted in Table 6.5 for the system Bmberlite 400, mixture

of Na,SO

a’ stO

and UO,SO

2

at 298°k.

4

This data is graphically presénted in Figures 6.4, 6.5 and 6.6.

661



Resin Phase

Mole/f Resin
Experimental ] Fitted
£u 150, o | 150,
0,1095 | 0,9707 0,1137 | 0,9426
| 0,1500 | 0,9783 0,1463 | 0,9614
0,1941 | 1,0118 0,1845 | 0,9842
0,2282 | 1,0041 0,2128 | 1,0016
0,2582 | 1,0709 0,2437 | 1,0212
| 0,2641 | 1,0709 0,2519 | 1,0264
| 0,0528 1,1296 0,0542 | 1,0598
0,0852 | 1,1279 0,0828 |.1,0650
0,1250 | 1,1525 0,1096 | 1,0696
0,1593 | 1,1094 0,1565 | 1,0808
0,1926 | 1,1198 0,1776 | 1,0869
0,2005 | 1,1142 0,195821 1,0924
0,0384 | 1,1805 0,0299 | 1,1975
0,0759 | 1,1617 0,0607 | 1,1981
0,1355 | 1,1720 0,1149 | 1,1944
0,0326 | 1,1634 0,0311 | 1,1895
0,0684 | 1,1685 0,0611 | 1,1759
0,1263 | 1,1685 0,1146 | 1,1829
0,0306 | 1,1600 0,0348 | 1,1536
0,0668 | 1,1823 0,0714 | 1,1516
0,1258 | 1,1874 0,1243 | 1,1524

Resin Phase

Mole/% Resin
!
Experimental ; Fitted
v | uso, ; Tu £so,
0,0910 i 1,0743 | 0,087l | 1,0788
| 0,1346 | 1,0914 | ©,1315 | 1,0865 |
; 0,2066 f 1,1052 ; 0,19% | 1,1025
0,0767 | 1,0743 | 0,0843 | 1,0619
0,1216 | 1,0692 | 0,1268 | 1,0702
0,1912 | 1,1086 | 0,1916 | 1,0880
[ 0,0696 | 1,0709 | 0,0787 | 1,0458 i
0,1172 | 1,0760 | 0,1271 | 1,0576
0,1839 | 1,0880 | 0,1873 | 1,0761
0,1635 | 0,9903 | 0,1608 | 0,9750
0,2030 | 1,0212 | 0,2016 | 0,9984
0,2649 | 1,0452 | 0,2633 | 1,0368
0,1381 | 0,9715 | 0,1471 | 0,9607
0,1946 | 1,0041 | 0,1949 | 0,9892
0,2453 | 1,0469 | 0,2523 | 1,0252
0,1306 | 0,9681 | 0,1403 i 0,9493 |
0,1707 | 1,0161 | 0,1881 | 0,9788 |
0,2356 | 1,0606 | 0,2466 j 1,0168
Table F.16

Resin Phase

Mole/? Resin
Experimental Fitted
Iy i ZSO4 U ZSO4
0,2125 !1,1805 0,1919 | 1,1744
0,3035 51,1977 0,2750 | 1,1939
0,4307 | 1,2885 - -
| 0,2417 | 1,1189 0,2197 | 1,1630
o,3311| 1,1206 0,3024 | 1,179
| 0,4578 | 1,2465 - -
! 0,2568 | 1,0657 0,2548 11,1097
'0,3417 | 1,0520 0,3238 | 1,1468
s O,4693i 1,1634 - -
0,3119 | 1,0657 0,2976 | 1,1056
0,3985 | 1,0974 | 0,3705 | 1,1508
i o,5379] 1,2268 - -
| 0,3046 | 1,0208 | 0,3054 | 1,0614
0,3869 | 1,1000 0,3681 | 1,1103
0,5124 | 1,1874 - -

Comparison of experimental and fitted concentrations of total sulphate

00¢

and urenium on resin phase using the Wilson parameters and equilibrium

constants quoted in Table 6.5 for system Amberlite 400,

Na,SO4, H

2 _SO

2774

and UO

2

SO

4

mixture of

at 298%k. Capacity assumed as 1,4 equiv./l

resin.  This data is presented graphically in Figure 6.7.
E G



Resin Phase Experimental Fitted

Mole Fraction HSO4 UO2(SO4)3 LO2(SO4)2 NO3 i HSO4 UOz(SO4)3 U02(SO4)2 NO3

SOA* HSOA* uo, (S0,) * uo, (S0 ) ¥ NO ASO XSO j SO SO | ASO ASO ASO ASO

d ’ 1 27743 2°°%a 2‘ 3 ‘ 1 4 4 4 4 4 4 1
0,2680 [0,2118 0,11601 0,06247 |0,3418 | 5,392 | 3999,6 49,12 | 84,51 4,450 4670,9 43,74 82,99
0,2019 | 0,1601 | 0,07831 0,04217 |0,5176 | 4,056 | 4716,7 43,63i 40,39 3,843 5535,9 39,19 48,68
0,1482 | 0,1181 | 0,04195 0,02259 |0,6692 | 2,971 | 4626,8 | 31,42 | 22,30 | 3,398 6366G,8 34,08 33,54
0,1220| 0,5931 | 0,03228 0,01738 |o,2352 1,687 | 3692,0 ! 20,65 | 29,40 | 2,087 2948, 4 19,29 42,90
0,0974 | 0,4704 | 0,01927 0,01038 |0,4026 | 1,344 | 3487,5 15,56 | 17,26 2,000 3439,5 18,17 28,55
0,0684 | 0,3275 | 0,01103 0,0059 10,5872 0,943 | 4085,0 12,81 | 13,03 | 1,881 3613,2 15,49 20,78
0,2327 | 0,1840 | 0,25004 0,13464 |0,1986 | 4,681 | 2282,1 24,34 131,05 | 4,212 2141,0 24,90 179,57
0,1979 | 0,1367 | 0,20890 0,11249 10,3240 | 3,980 2626,9 | 23,83 (101,76 i 3,624 2464,7 24,90 94,38
0,1517 | 0,1204 | 0,17444 | 0,09323 | 0,4595 | 3,048 | 3710,7 | 25,81|65,91 | 3,08 | 2620,6 22,43 55,44
o,1256] 0,0998 | 0,14858 0, 08000 ;0,5460 2,521 | 4588,8 26,41} 49,36 f 2,804 2726,7 20,72 41,34
0,1069 | 0,0852 | 0,12175 0,06556 | 0,6205 2,145 | 5157,6 25,28 | 41,60 | 2,611 2894,8 19,51 32,97
00,0970 | 0,0774 0,10555 0,05683 ﬁo,6632 1,943 | 54¢9,8 24,05 | 33,14 é 2,513 3017,3 18,83 29,28

<

Table F.17

in Table 6.8 for system Amberlite 400, mixture of Na2SO4,

Comparison of experimental and fitted equilibrium quotients

NaNO

using the Wilson parameters quoted

3+ H,SO

4

" This data is presented graphically in Figures 6.8, 6.9, 6.10 and 6.11.

and UO2SO

at 298°k.

4
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Resin phase

(Mole/y Resin)

Experimental Fitted
LU 150, MO, T iu 150, NO, i
0,1492 0,7835 | 0,2857 0,1542 0,7923 0,2827
0,1144 0,6181 0,4914 0,1114 0,6252 0,5157
0,0700 0,4416 0,7257 ©,0623 0,4295 0,7891
0,0567 0,9497 0,2685 0,0406 | 0,9481 0,2971
0,0358 0,7706 0,4857 i 0,0236 0,7577 0,5309
0,0215 0, 5800 0,7428 0,0109 0,5649 0,7644
0,2545 0,9355 0,1314 | 0,2529 0,9372 0,1469
0,2324 0,8696 0,2343 0,2353 0,8751 0,2299
0,2136 , 7659 0, 3657 0,2057 0,7780 0, 3550
0,1938 0,6802 0,4629 | 0,1801 0,6965 0,4671
0,1716 0,6057 0,5686 ? 0,1573 0,6240 0,5633
0,1546 , 5680 0,6314 % 0,1368 0,5583 0,6506
|

Figure F.18

Comparison of experimental and fitted equilibrium
resin composition using the Wilson parameters

quoted in Table 6.8 for solution conditions stated
in Table 6.6 for system Amberlite 400, mixture of

NaNO

O
Na,_ SO H,50, and UO.S50, at 298 K.

2774’ 3" U274 2774
Capacity of 1,4 equiv./l resin is applied. This

data is graphically presented in Figure 6.12.



Table F.19 Compariscn of experimental and fitted equilibrium gquotients using the Wilson parameters quoted in Table

for system Amberlite 400, mixture of Na

graphically in Figures 6,13,

6.14,

2

6.15 and 6.16.

504, NaCl r H

50, and UO,SO

4

4

at 298°%k.

This data is presented

5[7 Resin Phase Experimental Fitted
(Mole Fraction) AHSO4 ! Atmé(so4)3 Auoz(so4)2 xCl AHSO4 Aucbso4)3} AU02(804)2 A01
soZ HSOZ 002(504>:! Uoé(soq)i c1 S0, | SO, | SO, S04 | 504 S04 SO, 594
0,3728 0,2942 | 0,16992 | 0,09150 0,0716 7,504 | 2036,4 | 51,87 9,682 | 6,539 | 2808,6 41,54 6,194 |
0,3498 0,2776 0,15149 | 0,08157 0,1396 7,026 3060,7 49,07 6,195 | 6,068 | 23983,0 41,69 5,726
0,3048 0,2417 | 0,13591 | 0,07313 0,2444 6,125 3589,8 50,15 5,348 | 5,304 | 3068,1 38,17 5,025 |
0,2518 0,2007 0,09811 0,05283 | 0,3965 5,050 3746,3 43,23 4,109 | 4,386 | 3609,7 37,42 | 4,086 i
‘ 0,2070 0,1658 | 0,07162 | 0,03856 j 0,5170 4,144 | 3995,2 37,91 3,646 | 3,716 | 4179,3 35,60 ! 3,400 |
10,1770 0,1423 | 0,05173 | 0,02785 f 0,6011 3,536 | 3904,1 | 31,66 3,137 | 3,327 | 491¢,8 35,11 ; 2,973
[ 0,2754 0,2178 | 0,28926 | 0,15575 ! 0,0617 5,540 | 1884,2 23,78 9,638 | 5,985 | 1769,8 22,96 | 6,146 |
Eo,zeoe 0,2066 | 0,26857 | 0,14461 i 0,1194 5,243 | 1942, | 23,22 6,021 | 5,599 :1824,4 22,65 % 5,743 |
0,2520 0,2002 | 0,223%0 | 0,12056 | 0,2033 5,061 | 1721,7 { 19,e8 4,430 | 5,112 }20:4,2 23,78 5,181
0,2124 | 0,1696 | 0,17872 | 0,09624 ‘ 0,3431 | 4,255 | 1910,7 | 17,32 3,613 | 4,240 | 2212,6 22,56 1,270 |
0,1706 0,1368 | 0,14943 | 0,08046 | 0,4627 3,412 | 2445,8 | 19,12 3,512 | 3,512 i2303,9 12,97 t 3,527
0,1372 0,1105 0,13089 | 0,07048 0,5510 2,740 3275,2 l 20,59 3,369 l2,996 | 2325,9 17,36 3,003 |
| | ]
6.11

£02
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Resin phase

(Mole/L Resin)

Experimental Fitted

LU cl LU Ls0, cl
0,1854 0,0508 0,1831 0,9634 0,0421
0,1730 0,1036 0,1727 0,9197 0,1018
0,1639 0,1916 00,1571 0,8529 0,1934
0,1322 0,3476 0,1306 0,7381 0,3521
0,1056 0,4956 0,1090 0,6432 0,4850
0,0819 0,6188 0,0912 0,5621] 0,5981
0,2710 0,0376 0,2691 1,0238 00,0305
0,2616 0,0756 0,2589 0,9899 0,0746
0,2359 0,1392 0,2428 C,9365 0,1444
0,2087 0,2604 0, 2140 0, 8398 0,2711
0,1894 0,3812 0,1932 0,7547 0, 3833
0,1762 0,4820 0,1667 0,6791 0,4833

Figure F.20

Comparison of experimental and fitted
equilibrium resin composition using
the Wilson parameters quoted in Table
6.11 for solution conditions stated
in Table 6.9 for system Amberlite 400,
mixture of Na,SO

2
at 2908°k.

a w His
4" NaCl HZ 04

Capacity of 1,4

and

U02504
equiv./l resin is applied. This data

is graphically presented in Figure 6.17.



APPENDIX G

COMPILATION OF LITERATURE DATA FOR SYSTEM, STRONG BASE

RESIN, MIXTURES OF SULPUATE SALTS, H7504 AND UOQSOA

The published data is presented for comparison with the

experimental work reported in Tables G.1, G.2 and G.3.

Unfortunately the solution phase of the published data is
generally not completely defined, for example the acid concentration
is rarely specified. Furthcer the resin phase composition is not

o

completely specified. Often the total sulphate on the resin is not

reported.

The resin samples used Amberlite 400, Dowex 21K and De-Acidite FF
are all polystyrene resins with the same functional group —N(alkyl)g.
Provided the cross-linking of the different resin samples is similar
the results expressed as moles per equivalent of resin should compare

with this experimental work.



Solution Phase

Resin Phase

Resin. Type

Reference

! (Mole/2) PH. ' Mole / Equiv. Resin‘B |
U Tr £S0, H TU 150, | |
0,0048 0,780 - 1,8 0,1913 ©,7725 Amberlite 400 ARDEN AND WOOD (1956)
0,0048 0,509 - 1,8 0,2026 0,7619
00,0048 0,270 - 1,8 0,2119 0,7619
0,0048 0,119 - 1,8 0,2278 0,7725 b N
0,005 - - 0,52 0,0762 0,8867 De Acidite pF ARDEN AND WOOD (1956)
| o005 = < 1,01 0,1583 0,8564 |
g 0,005 - - 1,32 0,203%2 0,8011 ;
0,005 - - 1,61 ! 0,2320 ©,7928 f
0,c05 - - 1,82 0,2392 0,7735 i
0,005 - - 2,01 ©,2494 0,7376 |
0,0048 Gy T7% o 235 l 0,5367 ‘ 0,8254 De Acidite FF 1 ARDEN AND WOOD (1956) %
0,0048 0,266 - 2,5 0,2428 et L ; f
0,0048 0, 117 - ; 25 0,2472 00,7459
0,0048 0,035 3 2,5 0,2569 0,7735
0,0048 0,011 - 2,5 0,2633 0,7790
0,0049 0,105 - 1,8 0,2399 0,7426 Amberlite 400 JOHNSON AND WILWARD (1953)
0,0196 0,412 - 1,8 : 0,2671 0,8086

Table G.1 Literature

and U0, SO

equilibrium data for the system strong base resin, mixtures of sulphate salts H2SO4 2 4

902



Resin Type

Reference

salts H2804 and UO0,S04.

Solution Phase Resin Phase
(Mole/ Q) pH (Mole/Equiv. Resin)
LU £504 H Lu IS0y
|~ 0,00713 0,40 - 0,176 - Amberlite 400 KUNIN (1969)
0,00356 0,40 - 1,8 0,149 -
0,00107 0,40 - 1,8 0,087 -
0, 00036 0,40 - 1,8 0,055 -
0,C0368 0,370 0,1016 1,70 00,1799 | 0,5852 Amberlite 400 O'CONNOR (1954)
0,00374 0,414 0,2032 1,32 0,1451 | 0,6404
0,00356 0,20 | - 1,34 0,163 - Amberlite 400 KUNIN (1969)
0,00356 0,10 - 1,01 0,170 -
i 0,0005 0,195 _ 2,0 0,020 _ Dowex 21K WATSON (1962)
0,001 0,195 - 0,127 -
0,002 0,195 - 2, 0,163 -
0,003 0,195 - 0,175 -
0,004 0,195 - , 0,187 -
0,0005 0,50 - 0,070 -
0,001 0,50 | - 0,105 -
{
0,002 0,50 - 0,132 -
0,003 0,50 - 0,147 -
0,004 0,50 - , 0,159 -
Table G.2 Literature equilibrium data for the system strong base resin, mixtures of sulphate -

Lo¢
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Solution '
Phase (M)
LU 1 0,0005 0,001 0,002 0,005
Resin Phase (Mole / Equiv. Resin)
¥504 LU LU | - Tu Lu
0,10 0,112 0,145 0,182 0,193
0,15 0,103 0,136 0,171 0,184
0,20 0,097 0,127 0,162 C,180
0,25 0,090 0,118 0,156 0,175
0,30 0,086 0,112 0,151 0,175
0,35 0,081 0,105 0,147 0,175
0,40 0,079 0,101 0,143 0,175
0,45 0,077 0,097 0,140 0,178
0,50 0,079 0,097 0,138 0,180
0,55 0,079 0,097 0,136 0,182
0,60 0,081 0,098 0,132 0,184

Table G.3 Smoothed resin loading data of Stein (1962)

Dowex 21K, mixture of Na

S SC

2

for system

SO, at pH 2.0..




APPENDIX H

IDENTIFICATION OF SPECIES IN RESIN PHASE

An assumption made in this treatment is that the stoichiometry
of the complexes in the resin phase is known. This is not easily
determined experimentally particularly when more than one complex

may coexist in the resin for a particular solution condition.

MARCUS and KERTES (1969) discuss in depth the equivalent
accounting method as applied to anicnic complexes. Information on
species formed in the resin may alsc be cobtained from resin loading.
This is important in studies by distribution methods. The authors

discuss the application of these methods.

HEITNER-WIRGUIM and BEN-ZWI (1970, 1970) assign the visible
‘and near infrared absorption of cobalt (II) chloride species sorked
on cation and anion ion exchangers by comparing these spectra with
those of known species in other media and by taking into account the

properties of various ion exchangers used.

POPE and BOEYENS (1975) have determined the crystal structure
of S-benzylisothiouronium hexachloroplatinate (IV) and tetrachloroaurate
(I11) from three dimensional X-ray data obtained from integrated
Weissenberg photographs. The S-benzylisothiouronium cation occurs as the

functional group in polystyrene resins which are selective for platinum

group metals and gold.

HEITNER-WIRGUIM and GANTZ (1973) have identified the uranyl sulphate

species sorbed on anion and cation ion exchangers from sulphate solutions

by comparing the visible and infrared spectra of the species sorbed with
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those of species present in aqueous and non-agqueous phases. The
+ 2- 4-
eci identified re UO HEC uo., (S0 and U0, (SO .
species identified were LLZH Oy )2( 4)2 a 2( 4)3
MAJCHRZAK (1971) has identified the uranium (VI) complexes
sorbed on anion exchange resins from sulphate solutions from their
absorption spectra (400-500 nm) and by calculating their composition
from the amount of sulphate and uranium absorbed. At low uranium,

less than 10 mmol/litre the two complexes UOQ(SO4)

&

2~ 4-
5 and U02 (SO4) 3
are sorbed. At high uranium with an excess of sulphate both complexes

y 2- .
are absorbed, however at low sulphate U02(504)2 prevails.

Similarly MAJCHRZAK (1969) has identified the uranium (VI)
complexes sorbed on ion exchange resins from carbonate solutions. The
4- .
complex UOz(CO3)3 is the only complex formed when the carbonate

concentration is high.

YOSHIMURA e¢f al employ the 'indifferent clectroclyte adding' methed
to determine the predominant species absorbed from uranyl nitrate,
sodium nitrate solutions. At solution nitrate concentrations of
24 UOZ(NOB)S predominates and at 4-6GM UOZ)NO )2— predoninates. The

374
coexistence of the two species is presumed at 2-4 M nitrate.



APPENDIX T

NUMERICAL METHODS

One of two unconstrained minimisation routines is used depending
on the number of functions, that is the nunber of independent reactions

or parameters considered.

I.1  SUBROUTINE NELM

This subroutine finds the unconstrained minimum of a single function
of several variables I'(¥) where X is the vector X(1l) -- X(N). This methed
described by NELDER and MEAD (1965) makes use of the geometrical simplex

which is defined by n + 1 noncoplanar points in n dimensional space.

I.2 SUBROUTINE VAO2A

For two or more functions this subroutine minimisces the sum of

squares F of M given functions of N variables.

This method described by POWELL (1965) unlike the classical procedure

does not reguire any derivatives.

Both routines NELM and VAO2A rogjuire a subroutine CALFUN which is

user written to calculate the functions to be minimised.
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APPENDIX J

COMPUTER PROGRAMS AND SPECIMEN CALCUILATIONS

J.l  PARAMETER ESTIMATION

The program WILMOLF is used to estimate the Wilson interaction

(2]

coefficients A,., and the equilibrium constants Ki as outlined in
13

Section 3.7.
The minimisation routine VAO2A is used in this program.

J.1.1 Sgeciwgg_calculutngi

The results for the ternary system Amberlite 400, mixture of
_Na2504, H2804 and NaNO3 are prescnted in Table J.1. In this case both
equilibrium constants are specified from the characterisation of

previous subsystems. fwo interaction parameters are estimated.

J.2 SOLUTION OF SIMULTANEOUS NON-LINEAR EQUATIONS

The gencral program DISTRID is used to solve the simultaneous
equations for the equilibrium extents. The minimisation routine NELM

is used for one equation while VAO2A is used for more than one equation.

J.2.1 Specimen calculations

A. Solution phase activities

The activities of the solution phase species for at least one
experimental condition of the following systems have been

determined
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(a) mixture of N;z?.SO4 and HaNQE I Table J.:
(b) mixture of Na,SO,, NaNO, and NaCl Table J.3
(c) mixture of NHESOé, NRNQE, NaCl and HQSO4 Table J.4
(d) mixture of Nd2504, HQSQ4 and U02504 Table J.5
(e) mixture of NaQSO4, NDHO3, NaCl, HZSO4

and Uozsod. Table J.6

Program DISTRIB with NOPTION = 1 is used.

R. Fitted resin phase composition

The fitted resin phase compositions for the following systems have

been determined

(a) binary system SO4 - NO# ‘ Table J.7
. ”e _
{b) binary system SO4 - HSO, ‘ Table J.8
(c) quaternary system 802“ - H50, =~ UO, (SO )4—

- o 4 4 27743

2- T a
- )
UOZ(SO4)2 Table J.€

for one experimental condition. Program DISTRIB with NOPTION = 2

is used.

C. Predicted resin phase composition

For the activities determined in Section A the predictions of the

resin phase composition for the following systems are presented

2- - -

(a) s0,” - NOoy - cCl Table J.10
b) 8027 - mSO) - NO, - cl”
(b) 504 LSO4 No3 cl Table J.11
(¢c) 80° - HSO. - U050 Y 2o (50 )2~ - -

. A J50,) 5 ,(80,) 5 - NO, - Cl” Table J.12

Program DISTRIB with NOPTION = 2 is used.
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J.3 ACTIVITIES OF SPECIES IN NON-COMPLEX SYSTEMS

The program NOCOMP is used to calculate the activities of
solution species in non-complex systems from the extended Debye-Huckel
equation. A few results for the system NaCl and NaNO, have been

3
presented as specimen calculaticns in Table J.13.

J.4 SPECIMEN CATCULATION OF THE EQUILTBRIUM QUOTIENT

A. Equilibrium quotient for the system 504_ - No;

Taking the first experiment as an example from Table F.3 the

wole fractions of the species are

o
H
O
=8
O
—

From the printout Table J.2 the activities of the solution species

for the corresponding experiment arxe

aSO4 0,01926

il

] .
250 0,01349
3
From Equation (4.3) the equilibrium quotient is given by

NO

3. (0,599)%(0,01926)
S0, (0,401) (0,01349)2
NO,

A = 94,68

S
04
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B. Equilibrium quotients for the quaternary system
i 4- o 2-
3 - UO?(DO‘)

T~ HSO, - UO.(SO
50, o, ,(50,)

Using the first experiment of this series as an example the mole

fractions of the resin species are given from Table F.13

Xs0 = 00,4978
4
X150 0,3613
4
X = 0,09158
U0, (S0,) 4

X 0,04931
uo, (80, ,

From the printout Table J.5 the activities of the solution species

for the corresponding experiment are

aﬁ = 0,008259 and pH = 2,03
aéo = 0,035523

4
aHSO = 0,029996

4
al = 0,79857 x 10 %
U02804

4

= 0,333296 x 10

From Equation (6.8) the equilibrium quotients are

HSO
4 _ (0,3613)2 (0,035523) io 15
so, (0,4978) (0,029996)2 ~ !
VO, (SO
N 2(50,) 5 _ (0,09158) -
S0, (0,4978)Z (0,79858 » 10°7) — 4627.7
U0, (SO
0025002 0,04931) (0,035523) ~

50, ~ 10,4978)(0,333206x 10-%) - 105,57
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READC2s 104X ETACI»JIpd=18NCOMP)
2 CONTINUE
104 FURMAT(4FS43)
WRITE(3.100%9)
1005 FURMATC//50X FHCOMPUNENT )
WRITE(3s10086)
1006 FUHRMAT(2Xs11HREACTIUNCI))
ARITEC(3»1007)Cdrd=1snyCUNMP)
1007 FORMAT(13X»201[5)
LU 7 T=1»NREA
WRITEC3S 10081 s (RETALI»U) sl s NCOQHP)
1008 FUHMATISX»15»5Xe20F5,2) .
7 CONTINUE
DU 10 K=1,H
READ(Z222000) WEXC(K)rCKSIK)s(Y(K»1)2l=laNCOMP)
2000 FURMAT(1Xalbs5Xr5E1245)
10 COMNTINUE
IF(HFLAGEQaU)GE TO 20
WRITEC(3.3000)

3000 FURINATC//1Xe10HEXP NUMHER» 2X» 9HENU RATINNZ2Xs?9REQUIVALENT FRACTION

15 UM RESINS/Z/U40XsYHCOMPONENT)
GO To 21

20 WRITEC(3,30059)

3005 FURMATC//1X» LUHEXP MUMHERSP2X*9HEQU RATIUAB8Y #»23HMULE FRACTIUN NN RE
1SINS /740X, SHCUMPONENT)

21 WRITEC3»300L)CUsd=1»NCUMP)

3001 FURMAT(/19%Xs06{10Xs12))

DO 11 K=1sid
WRITE(3+42000) NEXCK)sCKSCKI s (Y{(KsI)sT=1sNCOMP)

11 CONTINUE
CALL VAOQ2PA(MsNsF s XsbsESCALE S TPRINTsMAXFUN)

WRITE(3,3003)

3003 FOHMAT(/ZZIXs7THEXP NUNMSZ2Xe12HFO HATIO E£XP»2¥,13HFQ KATIU CALC»7X»14
LHFRACT On RESIN,36Xs14MACT COEFFE CALL /788X, 9HCLMPHNENT , 36X s 9HCUMP
1TONENT) :
WRITEC3,3000)0d,Jd=1snNCUMP)Ys(T.T=1,0HCNMP)

3006 FURMATC/28XKe0C10X012)s08010X%s12)1

{jid a 4«':1,‘.1

& &1 1 Hchmmd (w)

SEGHMENT

-~ A AT

0174
J180
0203
Ozod
G204
N206
02043
yele
021z
uee?
229
02 3s
us2el
(1260
0260
ue2nh
DeuYr
uze7r
w297
N2s9
O304
O304
U304
0305
g30y
U309
0307
U326
N300
g331
(363
3h 3
0363
G372
w3’z
G372
15 1240 LNONG
w37’z
SR ]
w3vy

Uy



ARITEC333007INEXCKIPCKS(KIDCKSTARIKIAUY(Ks 1) sI=1NCOMPI» (GAMMACT)

1I=1,NCUMP)

3007 FURHAT(1Xs16s10FE12¢5)
4

CUNTINUE
WERITEC(3»3008)

3008 FORMAT(Z/Z71 X+ LIHREALUTION NOS4Xs 22HTHERMODYNAMIC CONSTANT)

DO 5 I=1sNREA
WRITEC3s3009)1»CKT])
CONMTINUE

3009 FORMAT(OXs[5s12XsE1245)

3p1¢0

3911

3nt2

1

120

HRITE(3,3010)

FONXMATC /21 X2 23HPARAMETERS * LAMDALTI® D))
pHITEC3» 301130, d=150CUMP)

FURMATC /1Y 9HLNMPYIENT #4L10X212))

oo 6 I=1.nCunr )
WRITEC3»3012) 12 (XLAMDALL D) s)=1sNCDHP)
FORMATC/SX31229Xs4E12659)

CUNTINUE

STup

EnD

SUBBROUTINE CALFUN{MsNsFaX)

START OF

CUuMMON Y200 e4)iCKS(20UYsBETAL3»a)s XLAMDACAS4) s GAMIIA( ) CKSTARLZ00

Yo COMPCKTL)sNREASDELCY»Y)
NIMENSTIUN FC2U0)ax(15)yawci0000),E¢L15)
U 120 I=1sNLUMP

XLAMPDACI»I) = 1,40

CUNTIMUE

ChT(1) = 54098

CKTC2) = 724939

XLAMDACL»2) = 0,946
YLAMNA(1s3) 0465419
XLALDACZ2»1) 2.8124
¥LAMDACZ293) FXPIXx(1))
YLAMDAC3» 1) 31159
YLAMDA(3»2) EXP(X(2))
MHFER=M/NREA

DO 100 K=1s1

CAatl RrRGAMBA(KR)

#hohn

SEFGMEWT
StambNT

1

0B05

a g9
0459
D459
ALH9
Wan3
J4h3
Ubhes
Que’t
Dahs
O4d4
Uad?
Qa9
U509
R0
usis
0Suo
unao
Dhap
nbap

1S

557 LONG

T EE R R 3

i
R
r

\

¢

Huen
JLOL
JUuU0
e ESNON]
[RISEONS]
VIV,
001a
a0l
JQU1LRB
w2
028
au 30
J03a
0037
(VLR
guan
s’
'!\"'3'-)
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IF (K GEJNRPER+]L) NHR=2 o] 0055

IF(r QU o2« NPERHT) NNR=3 Pooans3
CHSTeER(K) = CKT(NMNR) 4 uunl

DO 110 J=1snCUHP } i w072
CKSTAR(K) = CHSTAKR(K)/GAMMA(J)**pETACNNR»J) vooud7H

110 CONTIMUE Q0101
FUX) = (CKS(KI~CKSTAR(K))I/CKS{K) K wl0l

100 CONTINULE i vi17?
RETURM 14 0117

END 9 0170

SEGMENT 3 IS 131 LONG
[\S)
&
START NF SEGUENT sksssxrxsx 4

SUBRNUTINE RGAMMACK) v uw00n
CUMMON Y(200»4) s CKEC20030BETAL3va) s xLAMDAL ) sGANMMALL)»CKSTAR(ZDO RoOJU00O
1)sNCQUPLCKTCI) o NREALDEL (454 t 0u00
DIMENSTON FC200)»x(15)»w(10000)E(1Y) . qanng

DU 100 T=1»aCuUMpP 1 G000
XLSUN=049 : ‘ e 9906
XSuyti=040 : 52 0uo/f

DY 70 J=1.0CUMP : 0004
XLSUM=XLSUM+YLKaJI¥XLAMDACT » J) : oo ualda
XSUM2=0,0 ¥o0025

DG 60 w=1sHCUMP TR VI ()
XSUmMB=XSUMZ2+Y K, M)*XLAMDA(J, M) 2 p042

60 CUNTTINUE nooNu4e3
XOUM =XSUMTI+ YUK, J)*XLANDACI, 1)/ XSUM2 o guia3

70 CUMTIHUE : RS
GAMMACTY = EXP(1.0=XSUMLY/XLSUM 0 0uss

100 CUNTIHUE ¥ guas
RELTIR o] a06N

END ' T I

- " v P



SURBRNUTINE VAORA(MeNsFoXa b o ESCALESIPRINT »HAXFUN)
CUMMUNZVDOZXINCsIINCoFASFHRaNIDASDRINCoIZsF 7
DIMENSTUN FO200)eX(15) oW (10000)Y2EC15)
MPLUSHN=M+N

KST=+4PLUSH

NPLUS=Nn+1

KINV=rPLUS*(IIPLYSH+1)

KETUrE=KINV=PLUSH=1

CALL CALFUNCHsNsFaX)

N =N+

M=

DO I=1sM

K=k+1

W(KY=F(I)

TINUE

KST
1

XCI)=X(1)+ECTD)
CALL CALFUNCHMANRF»X)
X(CIyp=x(I)=(l)

DU 3 J=1anN

K=x+1

WK Y=,

W{(J)=0.

CUNTINUE

SUM=0,

KK=mp

DU & Jd=1asH
KK=KK+1
FOI)=F(d)Y=w(KK)
SUM=SUM+F (J)*F (J)
CUNTINUE

IF (SUM) 55,6
WRITEC327)]
FURMAT(HX s 9HVAUZ2A  L(»13»20H) UNRFASONAMLY SHMALL
N & Jd=isM

SRRV 30 |
FoodY=w(iupy

START nF

SEGMENT

kN kR ok Kk kK

r
[
i
114
B
1t

P s e R [

DD NS

i S (i R S

g0
[FESEORY]
ouno
[SACANEY]
0001
0002
403
Ouah
[FXNAVE 4
nule
vulil
nul2
w17
uly

eu2%

D)5
D26
w627
20745
nuids
EVER.
AT
O uA
00846
nunh?
JURT
JOsT
a5
i,'ﬁr_w <
NGY
[FRER SN &1
w73
vl
uwarli
Uiy
ity i
an4
OLIYA
GHYR

oze



8 CUNTINUE
G0 10 10
6 SUM=1/50RT(SUNM)
J=K=MN+]
W(J)=ECI)*SU™
DU v J=ls,¥
K=K+1
WK)=F (J)*SU#n
KK=(1ti+J
Du 11 II=1.,1
KREZKK+MPLUSY
WCTT)=W(1I)+w(KKY»W(K)
11 CONTInuE
9 CHNTINNE
1LESS=T=1
I1GAPAX=N+]"1
InCIHVY==ILLESS
IHCTNP=INCIuVHL
TF CILESS) 13s13.14

13 W(KIMV)I=1,

Gt 110 15

14 H=1.

DU 16 J=NPLUS»1GAMAX
W(J)=0s

16 CUNTIMUE

KK=KIHY
nu 17 IT=1s1( LSS
[IP=f1+n

WCTIP)Y=w (T P )Y+W (KK *W(T1)

JL=114+1

IF (UL=1LESS) 18,1819
DU 20 JJ=JL2ILESS
KK=KK+1

JIP=JJ+ N

WELTTIPRI=n(IIP)PRIRKY YW (JJ)
IR I=H(JIP Y+ W (KKI*W (L T)

CUNTIMUE
Bed=nu(I1l)*+#w(11P)

Tm G s i e md

A S

23

X X X

e e A

0104
2104
G104
viou?
0109
vlld
vtlo
122
alu
G129
U134
G136
1191
o192
Glse
w153
0155
0156
ul1hn
U6
g1é%
Gl1hh

0166

0lre
ul7/
oLrr
N
G1M3
J14d5
w200
0201
0204
0209
uett
w712
L","P7
hzh3

neny

122



26

27

23
30

31

ool

1T AN

KEK=bx+]IRCINP

CUNTIMUE

B=1s/8

KKk=K [NV

D21 TI1=NPLUSH IGAMAX

EH==nxnW(11)

DU 22 JJ=I1s1GAHMAX

KK YW {KK)=bLBrnWw(JJ)

Kh=hk+1

COUMTINUE

W{KR Y=HE

KR=rnK+InyCINY

CUNTINULE

W{KK)=U

GU T (27s24)» 118V

[=1+1

IE CI=1) 252425

IInv=1

Fir=0,

KL=

DL 26 1=1sM

KL=KL+1

FOLY=w(KL)

FrE=FF+F(I)®F (1)

CONTINUE

ICOnT=1

155+1

MC=tr+] -
[PP=TABSCIPRINT)*(IABSCIPRINTI=1)
11C=1)

1PS5=1

IFC=n

TPC=IPC~TARSCIPRINT)

IF (IPC) 28529929

WHITE(3s30) ITCAMCsFF

FURTAT (//79X»9HTTERATIONTG4,19»16H
WRITEC3,310 (1) sI214w)

FORFAT (HX»IHVARIAGBLESs/(S5E24,14))
IVCIPRINTILU00A100L1001
WRITE(3232)(FLT)sl=1sM)

FlumsaT (SX,yibUgCTLuns»/(56008.148))

= o

CaL LS

NE CALFUNSSX» Z2HFa» 2441 4)

~ s

DLW

ues2
V2o
U254
0259
u’he6
0261
0266
U271
g¥n3
Nens
02nb
sy
Q2]
PR
us276
gi02
0303
0306
D306
0307
0304
4313
031h
9329
0325
325
(1326hA
U327
0324
0330
0331
0332
(4333
0324
033/
vihl
0391
U369
U369
V372
039

U337

(444



29
35
10

1003
1002

37
38

1004

33

36
34

40
39

42

B
w

GU T (29:33J51PS

GU TO (346,35)s1CONT

IF (CHANGE=1.) 10.10536
TFCIPRINTILO03533037
WRITEC351002)

FusiaTC(//5xe31HVa02A Finpl vaLlUEs 0OF varIavLES)

Ggu T 1004
WRITE(3,358)
FURMAT (//SXs45HVAU2A FINAL VALUES OF

1P5=2

gl 10 28
RETURN
1COopT=1
ITC=ITC+1
Kk=KkST
Ny 39
KTK+1
Wlk)=Q.

KEK=RK+H

W(II=0e

DU ag J=1aM

Kr=kK+1]
WCI)=w (I +WIKKY*E(JY
CONTTIHNUE

CUNTInNUE

DMz,

K=KI1nvy

OO0 41 tl=1sn

IIP=114+n
WCTIRY=W(TIPY+W(KIAWCIT)
JL=1T+1

IF CUL=n) 42,42:43

00 44 JJd=JLenN

JJIP=JJ+N

K=K+ 1]
WETIP)Y=wW(IIPY+H(KRI*W(II)
WCAIPISWOJUP I+ W (K I *w (11
CUNTIMNUE

K=K+

IF (OM=ARS(w(LI)*W(IIP)))

I=1sN

85,4181

FUMCTINNS aND VARIABLES)

SEGHENT

ey Qv

DOXTT U AN AR

PRSI SRy

=

0390
2397
gu403
406
Dall
041s
galo
valyg
0H20
IS 121 LONG
420
QU290
(422
U4z
Bara
uaz7
waz2s
pdzn
34
Gu3g
(e bt)
D4l
n4as
04951
ousns
Qabh
o6’
Gh67
a6 g
udny
474
AR
DAL
pu9?
QaYn
0500
05072
0503
05104
224
19 34
uH 35
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45

41

47

44
n6

49

50
51

52
55
56

54

DM=a3SIW{II)*W(TIIR))
Kt=11]

CUONTINUE
ITI=viaupPLUSN*KL
CHANGE=O

DO 486 I=1»N

JL=nre]

WCI)=0,

DU 47 J=nPLUSHNN
JLEJL+MPLUSH
WCT)=w(I)+w(U)*R(JL)
CUNTINMUE

II=i1+1

WCIla=w(ul)

wW{JL)=X(I)

TF (Ana(ECII*CHANGE ) =ARSEW (YY) 4B248r406
CranobL=a4S(aCI)/ZECI))

CONTINUE

DO 49 I=1.M

I1I=11+1

JL=Jdi+1

WOTT)y=w(eul)

Wedby=Fcl)

CONTINUE

FC=F§

ACC=041/7CHANGE

[T=3

XC=0,

XL=0,

15=3
XSTEM==AMINI(OWSsESCALE/CHANGE)
IF (CHANGETL1+) 50250951

ICUNT=2

Call VDOIA (ITeXCrFCr62ACC»0s13XSTEP)
G TO (952953953,53)s 7

MC=MC+1

IF (MC=MAXFURND) S4+s54855
WRITE(3,956)H4AXFUN
Fur“aT{SXsSnVAQ2a»I6217H CALLS 0OF CALFUN)
I55=2

GE T 53

WL E¥C=XL

~ A D

= .~

o

oy e mp i e a s .
P S PP VI R o Cu )

nN g A

X A

J

22

e Jpnv R s RS U ¥ Ry SRRy e e ¢

o

s [l S

b e i

0546
554
0555
0559
0uh57
05959
U563
0565
Uh a2
D874
0574
1591
591
0592
e
0605
D514
1620
Nh20
16279
uha27
VY4
635
Do42
N6672
Jh4a3
Vo4d
0644
vbs’/
D647
nadI
JGohH
N6ESy
eha)
0664
Be72
v)(’)/}
VB 74
6o
HAREAR
VHH6
JOads

o
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68

57

58
60

61

62

59
64

75

74

66

63

67

0O 57 J=1.aN

(D) =x(u)+xL*w( )
CUNTINUE

xL=xC

CALL CALFUNCMINIFAX)
FC=0n,

DU 5H J=z1siM
FC=ro+F )=y (J)

CUNTINUE

GO T (59559,60),18
K=N

IF (FC=FF) 61s51,62
15=2

FMIu=FC

FSEC=FF

GU T 63

15=1

FralszFF

FstC=rC

Gt Tn 63 )
1F (FC=FSEC) 64,51:5)

GU T (75,74),18

K=ty

IF (FCTFMIND) 65551966
FSEC=FC

K=K+
WK =X (g
CunTIMUE

DU &34 Jd=1.M
KR=K+1
W(K)=F(UD)
CUnMTINYE

Gga. TH: =l

K=RE TRy

[V 7 S|

DN IO AR O A AL

~ e

~ A L A A A

3 Jree e PRl ey R

< R A

689
VAY
0703
Uro3
Vo4
urof
ur7oH
G713
/1
w713
wr’s
0r2n
SEEER!
ur3l
nfi2
u’ri3
0734y
U3y
0735
o736
uw/iz
nfan
U
arg7
gr 43
U793
urh3
urss
0756
0rs7r
urs4d
0763
0765
a7
wlri
27 (6
N7 TH
07y
0734
a7
AT HE

s¢e



70

69

71

72

73

76

v7

79

GO T (69970,69)s18
K=1n

KK=xSTORE

SUNM=0,

D=0,

JI=KSTURE

DU 71 J=1sN

K=K+1

KiK=KKE+1

Jd=dJ+1

Xx(Jy=ulK)
WEJJ)IEH(K)Y T (KK)
COMTINUE

DU 2 d=1»H

=g+

KR=Kyp+i

JJEJdJ+1

F(Ji=WikK)
WOJJ)shw(k)=d(KK)
SUM=SUM+H(JI)Y*W(JS)
DM=pY+F(J)*n(Jdd)
CHn T IHUE

GU T (73,10)»188
JERTIY
Kh=irlLuS=KL

DU 76 I=1sKL
K=Jd+KL=1

JEX+rK

WwlI)=w{K)
W(K)=w(J=1)
CunTInuE

IF (KL=M) 77,778,748

KL=x|+1

JJd=n

DO 79 I=KLsN
K=K+1

JEJ+uPLUS=]
WlI)=v(K)
Wik)=iwlg=1)
CUnTINUL
WlJd)=t(K)
f‘\':lo/‘s‘(f‘;t_-l)

-

T o0 W R AL

=

=2

X

<t

L T I AL LR 0

oy -
—~ A e

R

07864
0793
0793
0799
V7Ys
0796
urey
uB 02
004
uo09S
oH06
atl12
w2
ya
gu2y
063t
32
U333
0839
Ui5Q
OHSH
0ohosS
OHB6HY
Jufl
u7 1
ua73
JB7H
DN
(yed g 1
HBRY
REEA]
nady
SV
0903
0904
Uy 09
0411
uy 12
OY 20
usZ2Yy
0u?29
937

N}

)



78

88

81
av
83
82

84

85

87
86

W{KL=1)=n"w(N)
B=1a/W(N)

Gt TO 848

K=K i1V

DU H0 [=1,1LESS
Qu=pay{])

DO a1 J=T,ILESS
WIK)Y=W{KI=Bgrw(J)

K=K +1
CUATINUE
K=K+
CUNTINUE

1F (Fiilyy=FF) 82i83+873
CHANGE=04

gl T4 84

FE=Fr I[N .
CHAGE=AUS(XC)+CHANGE
¥L==)DM/FHIN
SUM=1./SQRTLSUM+DM*XL )
KsKSTORE

DU ©5 I=1»N

K=K+

HlK)Y=5m»y(K)

WET )=0,

CUNTINUE

DO 86 I=1lan

K=r+]

WK =SUd* (K I+xL*F Ly
KK=1N+1]

DU 47 J=1sN
KK=KK+MPLUSH
W(J)=W(J)+H(KKD) ¥ W(K)
COrRTIHUE

CONTINUE

GO TO 14

END

SEFGMENT
STAKT OF SEGMENT

SEGMENT

R 0942
R 0a50
70954
R U956
3 0y5h
QY62
QU967
R A972
?ouvya
3 B RES
2 HHA
W udes
R OYd3
R0992
I D992
b} 9Yd
R pyda
R 0%97
R UY9H
R 1toul
I 1002
n 1007
R 1059
?o1017
I 1022
5 IS 1023 LONG
Ak kA AT kKK 7
QR 0001
n 000s
R [SVRVRS}
R 00113
1 0019
R 0024
5] uo26
R004a
R 00a4?
R un42
I un43
7 1S 74 LONG
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START NF SEGMENT #ewarwrrns

12
43

04

£ o=

11

13

>

SUBRNUTINE VOOLACITESTsX»F s MAXFUNSARSACCSRELACC,XSTEP) R Q000
CUMMONZ/YDN/XTHC» LIHC»FASFRBsDsDASDHIDC»ISHHC k0000
GO TO (1,2+2)s1TEST g 0009
I1S=6~=ITEST R 0007
ITEST=] R 0V0s
IINC=1 2 0U09
XInC=xSTEP+XxSTEP 2 0010
ME=]5=3 A 9011
IF(rHC)4sl,15 R 0013
MC=t1C+] R0016
IF (MAXFUN=HC) 12615015 Roowol?
1TEST=4 R Hu29
=UH 1 DUz’
F=ry 174 nue?
TECFS=FCY155 15044 Ro0U23
X=ucl R Q027
F=FC Q H028
RETURn RuN2I
GU T (Ss6s7sB)s1S R 2032
I15=3 jad Uus0
hHC=x noog0dl
FC= ? Noug
X=X+ xXSTEP noou43
GU T 3 R JUAdG
IF(FC=F)94510,11 " 2049
X=X+XInC Q0051
XIojC=xInC+X1IMNC rRL05?2
Gu T 3 [ NneSYg
Di=X R 0055
Fr=t B 0056
X[mC==XINC ¥l PILY4
GO 719 13 R udn Xy
DE=DC b 060
FH=FC R DUAT
DC=x 20062
F(e=F ] 0063
x=NC+HC=UB R DES
15=2 R Lub7?
Gl Ty 3 (e B W
s B 00&9

8ze



32

-
o VIRV

16
20

24
14
25
29
37

35
34

36

Fa=tg

Fiizf C

DC=X

Fe=F

GO TO 14
IF(FB=FC)1be17417
IF(F=F3)18s32932
FA=tR

De=DR

Fr=f

NB=X

Gu To 14
IF(FA=FC)21»21+20
XInC=af A

Fa=fF
FCeyg
X1
[bA=UC

NC=xTNC

XInc=0C

IFC=08)*(D~DC))32s22s22
IF(E=FA)23224%24

FC=r4y

nC=ug

cu TN 19

Fa=F

DA=X

IF(FB3=FC)25225029

II1#C=2

xInc=pC

IF(FB=FC)296454+29
D=(FA=FR)Y/(Ua=DPRY=(FA=FC)/(DA=DC)
IFCH*(DE=NCII33,33+37
PD=0eS5*(NY+UC=(Fu=FCH/D)
IF(ARS(D=X)=aBS(ARSACC))34,38,35
IFCABSCD=X)=AdS(D*RELACC) ) 34348536

u

0 o

ITESTS2
GO To 43
I1S=1
X=0

IFC(NDATDC)Y*(NC=D))3»26+38

071
0072
0a74
gurs
Quré
ourr
RORSD
a0da
npRs
woa7
J0oHs
yuady
VRS AY]
wuyda
gu45
JuYes
Jity7
Uy
ARSI
010¢
vlii3
Glaa
ulll
vll1e
ulil3l
vita
0115
Q1156
0170
0121
wiz2
0125
0132
0137
ulald
Olan
9193
0153
0195
Ulon
yls7



2 0164

38 15=2 (
GU TO (39,40)s11INC ) K 0165
39 IFCARSCXINCI=ABSINC*=N))81s3,3 R 0171
33 IS=2 Ko 0176
GU T (a81,82)s1INC 2 0177
41 X=p¢ R 1=3
G0 Tn 1o PRV R
40 TFCAUSEXINC=X)=ABSIX=PC)IU2,42s3 N 0185
42 X=0.52(XINC+u() R 0lY0
IF COXINC=X)*(X=DC))26+2643 _ R ol94
45 X=05*(D1+NC) 2 0198
IFUUDH=X)*{(X~DCYI26+26+3 Rooglu?
26 ITEST=3 o veos
Gu 10 43 R 0206
END ko207

SEGHENT B 15 229 LUNG

SEGMEMT 9 IS 17 LONG

S3TGHEnT 10 IS 29 LONG

SEGHENT 11 IS 138 LUNG

START NF SEGHENT xtsdrxvarx 12

SEGHENT 12 1S 15 LUNG

NUMBER UOF CARDS = 554 CORE MEMNORY ALLUCATION = 6400 w~0ORDSe

COMPILATION TIME = 29 SECS; FLAPSEDN TIME = 67 SECS

oge



NO OF CUMPUMENTS = 3 NO

NO OF DATA SETS = 22
20 1000  «lOUE 03

TOLERANCD (N PARAMETERS
¢10000E~03 +10000E=03

THITIAL GUESSES
0 U

REACTIONCT)

1 2 3
1 1.0 2,00 0400
2 =100 0400 2400

Exp MUNBER Equ RAtID A

1
111011 $256780FE 01 #16419F po
111012 +23520E ol +12849% 00
111013 21670 01 ¢75550L %01
111014 2122240E (01 e41470F =01
111(_)15 .ZUL)OJL 01 .2()“(‘"1”{_“01
111016 «171cnE Q1 25070001
112011 «7H6S90E 01 $31440F 60
112012 +52530L 01 e21Y03E 0O
112013 +32Y30L 01  s10048L 00
112014 e 20340F 01 sHHLENETO
112015 s 20%70E 01 «PYITLE=D]
111621 v 403Y 30 02 s1641% 00

111022 226403 02 «12H4%E 00

0F rREACTINNS

NO 0OF PARAMETERS

CUMPONENT

2
+54995F 00
w4 US5BHF 00
+30143F 00
211728 00
SHu752F 0O
S1OET7E QO
«19780F 00
s12634F 00
e 65370F =01
2 3IVZNET0I
«15210F V]
RUYYLE 00
s A058HE 00

- M= AM

= 2
= 7
INDEX

1

2

3

RESIN

SO

W

HSO4

!
ROB

COMPOMENT

MOLE FRACTION ON RESTH Xy

3
W2HHETE
s 42563F
62302F
s TULBYF
HZ2001F
s H60YEF
AT EQE
s 541 3¢
HP615¢
s 91190¢
WYEHZ2GOE
e P2ENHETE
PR AN I

Ay A A

uo

00

o0
oo
00
o
a0
00
0o
0oy
On
ou
00

SPECIES

'VOSZH pue EONEN

yosZeN JO 2an3IXTW ‘Q0p 2ITTIDGUY

aTqRL

i r

wa3SAS I0J UOTJRWTISD Zojoueieg

1€



111974 e 19443¢
1110¢5 16481 5E
111026 « 12550k
117021 W 75106E
112022 3G 3E
11?0?3 °2'7-//\.‘r_
112024 .196'(‘,(»[:_
112025 e 17560t

ITERATIUN 0
VARIARBLES

o 0

FUNCTIGNS

v 117065072852600E
e 350400309 16600E
e ORUBLBOTP2YGGE

0350694545153 00 ™

02
02
02
0e
02
02
02
02

00
00
00
01

85085683069 000L"03

s 4107 0E"
264060~
W 25070E"

31440
21903F
v10p848g

«59080€ "
223708

3 CALLS

0

01
0t
01
00
0n
00
01
01

nr

1211728 00 s THOBLE
1u7S2F 00 «82601C
1 Y7H0F 00 BB 0E
D12684F 00 «65413¢
«tHh370F"01 eB2E15F
0330208701 s 91190F
«15710F701 f9L240¢
CALFUN F=

¢1uB24389582800€ 00
e314799% 04607 00E
W 20026406%066100F
=e25%03621612400F Q0
INGO7ZAS5L102200F

0n
00

0o

00
00
00
0o
00
GO
co
GO

+15908842992500E 01

30RB2442532700E 0O

32959700607 3200F

oo

ey HA%137701100F 701
2 124630554854600F 00

VAQ2A FINAL VALUES QF FUnCTIians ANp VARIABLES

ITEHATIUN 7
VARIARLES

+9899/72760Y8000E 00

FUNCTI(NS

=.701547934635000E=01
Te98H36695746000E"02
*+91152498950000E"01
QAR OB33YI00O0E "]
s 7879671951 BQ0ukE ™02

43 CcALLS oF CALFUN

=e12¢45266791000F 01

~e96658662490000E =01
=e7654a7210420000F =02
Te12254563502000E 00
217559844674 800F 00

210499142958600F 00

F=

v447916620824008 00
0124 236A583G0OF 0O
=e3B07A783B92400E701
"eH9167843908000E701

«28315%044728000E8 00

4N 267T09955600F =0
“e/0111131175000E701
"e2336309917390UE 00
e 2BUR2TOUTSET20VUE =01

e 2095056R6230008 00
Te1765617223B7T00E701
Te4Y553551421300E701
Te9Y5048363229000E701

4 66959584598000 00
WAP2Z2204621666008 Q0
el U8BYULUEZ3A/YS500F 00

“eDRYSYI2H9331000E"0V2

AN

202420470780006E 00
eB85634793751000E02
s lAC63IN2ESYRTUOE 00
Se0650/724131000F 02



Exp nUM Lo RATIU EXP
111011 W 2678CE 01 s 28659F
111012  +23520E 01 25793
111013 2+21870E 01 2200811 €E
111014 «222480F 01 1 7579¢
111015  «20963F 01 16720
111016 «1716GE Q1  ¢17330F
112011 s 76590F 0L «77176f
112012 «52530E 01  «56606¢
112013 *32930F 01 *33511¢
112014 «204340E 01 s 24132E
112015 ZNYTOE U1 s 1 9UNHYE
111021 «40393FE 02 e 4534 3E
111022  «26083E U2 e320/0F
115623 W 20397 02 s2lb0bE
111024  «19443E Q02 +16709F
111025 Jlealbe 02 - 15193
111026 +12550E 02 e 15280
112021 o75106F 02 +72971¢
112022  «430430 02  s47766fF
112023 e26778F 02  o26Y20F
112024 196800 02 +19533¢
112025  +1756CE 02 +15716¢
REACTION 1p

EQ raTIU

01
01
01
01
01
01
01
01
01
01
01
0z
o2
02
62
vz
02
02
02
02
02
02

CaLC

1
s16419F 00
v12849F 00
s 75550F =01
+41470FE~01
PKU8UL =01
e 25070F "0
«31440F 0O
«21%03E 00
s 10B48E 0O
+550H80F =01
e 22370F ™01
e16419E 0O
«1284YF 00
«75550F =01
e 1470F =01
264880 ~01
e 25070F =01
e 31440F 0O
«219043F 00
+10BUEE QU
eHSOHLETOL
22370701

THERMODYHAMIC COMNSTANT

1 «5U980EF 01
2 e 72936GF

PARAMETERS = LAMDA(CIsJ)

CUMPONENT 1
1 «10000E 01
4 28124L 01

02

FRACT ON KESIN

e 5U995F
s 445MBE
«30143¢F
e 21172€
«14752¢
1 UBZTE
0197 HGE
e1260aF

COMPUNENT

2

00
00
00
00
0Q
Lo
)
00

65370F %01
¢ 33020E%01

e 159210F
VLN
v 44
e 3J0143F
2 21172F
s 1Uu752F
ol()H??L
¢ 197HOF
12684

VS AHE

=0t
0o
g
0o
(03)]
Qo
($X)}
Qo
Uo

e 69370E~01
«33070E701
s 195210F~0]

2 3
+OB460E OC «65419E 00
«10000E 01 «26Q9172E 01

3
26537 F
‘4272563
0 62307F
s 7ubbh1F
fR26ULF
s 661 HE
4 ETEOF
(6541 3F
s HZ2EL1SF
+91190E
s Qe2480F
28BS0 /E
s G ZHG3F
s HZ2302L
s 7Tyt £
«B2601E
sHa6106E
sdBTU0OE
6541 3F
s H2615HF
e 91190f
«946240F

00
v
ou
Ugu
V)
ou
00
ou
0u
Qv
0o
(0
(XV]
Qu
ou
0o
v
gu
ov
u
u0
00

1
v 4161 3E
$35927¢
273511
e 22371E
e20530F
W 20U22E
B8 T7HE
*5203bL
*34560F
W 262706E
21077t
D W0 A
e 385927¢L
27 351E
27237 1F
s20H3UL
W 20H22L
6857 4F
«52038F
e 34560F
W 262761
'21Q77E

09
00
00
Gu
[€X0]
ou
Co
U
(¢X0]
0o
o

(4K 4]
00
00
¢o
0Ov
(VR0
o
ou
00
00

ACT CUEF!H
COMPUNENT

2
«RH037E
l813?6rE
«HN545F
«79312F
7HP6UE
H5B1SE
HHUILE
«72509F
n?lls(\if‘f“
W 75795E
WBA0ITE
«8UR5TE
s H1855F
JHBNSUSE
W 79312E
78264E
65315E
sH8L11E
W T256G%E
7U8506L
«75795E

CALC
3

0u «H1816F
00 B956(0F
Qo 2 98B21E
OU  e996Y5E
GO sBUYOLE
QU e EBY142EC
oo e 9670 3E
0u e 9INVOGE
g s GUH2(F
GU e818106E
0o s HFSONOE
uu e 9H535¢
00 CSUHZ1E
co v 9952 1E
ouv s 9969Y5L
0V HOYEOE
(01V] s BYUZ2E
g0 ¢ 9670 3E
00 099():’)()E
00 «99E3T7E

ov

Q0

Qu
QU
ou
oo
Lo
(ORV]
Qu
[$3V)
U<
o
Qo
QU
vo
Qu
(43V]
ou
U
[62Y]
QU
o

£eT



BURROUGHS R=5700 FIORTHAN  COMPIL ATION (44RK XVIeDed4)s TUESDAY»
DISTRIKB/TEPRPSM
FILE 2 = InpuT sUNTT = RFADEPR
Flt e 3 = apuTedr s M TT = PRIMTER
(emmem=mm== MpPTIOY 2 1 SOLUTIDR UXTENTS ONI Y
Croemsmmomn=RPTIUs = 2 HESLIH ExTENTS Ol Y
Cmmmmome~owas NOpPTIgH = 3 SULYTION AND RESIN DXTFENTS
co===="""q HOgF nATA 5FTs
C = mmmmm ==y v OF PARAMETERS
CoommemmemBT(]) EQlTL THRLIUM CUOLSTANTS
o iy T 6 TOLERANGe FOR UXTENTS
ol b bt SRV ) EyTEHTS gf pEacTInn (»0LFs ne pnify PER LTTRE)

C~Zemmauiin

( st NET.
C e =mmemal BEbh

C ~im e X i L

C it w0

C ommimoe s (R A

C e a=Rret g kB
(e = T e

( Hmmnedmiyg)]

C-—-—----CHS

(mmmem===50AN
(omw=mn==spaCT LY
(o=mremmap
Cmmes=-==upfs
Comm=mms NG OK
Commmm===yF7A
Cmmommmnnh
gre======yrip
(memssme=(he
o s e DR
et B 17
CEs S SRR AN
gEmmmEsaE R CTTY
S tgiata S
sl 24P
st Rl ol -3 1531

= =i

OF SO uTiiN SPECTITS
CONCENTRATION IM SCLUTTON
rOFFFICIFNTS 4+ PRODLCTS =
SHFCTES

ML Fe
INTTIAL
STuleul

Inutiplic
CHaPGE DF SOLUTINON

(MOLES PER LITRE)D
FFACTENTS

LEnyb=bipuc L PARAMETER PF TON
REpvl~bpuckfL PaRANETER NF ICN

PEMBEATLRE LEFENDENT PApPAMETERS
voputsP oF o sSoLuriow

1O0MIC STRENGTH
COMCEMTRATION NF SPECIFES
ACTIVITY COUbFFRTICIFNT Tn
ACTIVITY (QF SPECIES TN
Mongle o nF RFSTN SPEgLFS
Nt e O0F rFsla REACTINNS
InIvIal oL bs gF SPECIES K
STulcHIanbETRIC COEFFICIENTS
WL St PARCAMETERS

Vil yME OF FPEE SETTI LD
CapaclilTy 0 RESTH (Yaulve
MOLES BF ¢t S&Th APECTES
MOLE FRACTINN nb RESIM SPECTIES
ACTIVITY COEFFICIENT NF £ESTN
ACTIVITY OF FPESIN SPECIFS

U F SYSTLUMS

Luitrc 6f gk ST

PUgIVALENT FrACTION

[

IN SDLUTIQON
SNLUTIAN
SOLUTTION

(pLES PER LITRE)

I
"F

RESIN -
REsd SPECIES
FESIN Tn
pEe | I1Trt

SULPHATE FORM
FSRD)

SPECIES

SHELTFE

S5IN

e R
et e s

T

v Urvag

1 7/708/76s

DDV T DOD XTI

by 3

o

DDA NV VDD AIID A

VDD PR LOTIDTD

x5

N

15140 H,.

3900
0000
ainon
GOnY
000
eono
VLEEGEY)
tang
Q2000
ounn
Gnog
G000
2000
Janq
"“(‘0
uagn
! /j(,()
nOQ0
goueo
c000
000
aC0o0
Geen
0000
000
oeen
2000
OCeo
ceon
Ou00
aeaon
Geoo
[VARRCRE
(G
naho
oo
(el BT gl

JIMLSTIA WYHD0odd

UNIVERSITY QF

bee



STAQT NF SEGMENT asnardartns

POURIE PRECISION FousXsEsnrAspHP s T o CNNCDU»CMNSs SnANMICNSI»SGNE T, R 0000
IDBA»NBE My P MUBALF »SHI s ESCALF s CONCUK »CNRICNPRPRCHIK»BPYSLOPVFSRICAP pUUCO

SaF RSUMSFRACHH G, NSLIMaXSUMT s XSUMP o SACTIV,RACTIVL,ANCAT»TERM, 7,07 r  nNoeo
DOURLE pRECISION EprSry P D000
CUMMUN/ZAZDHAFDHR e SO ENUNT s PovRES g w000
COMMON/ZE/ZCTL20)» ALPHAC30,30)BETA(30530) R90CO
ChUmMpnNN/Z /Pt Ing poooL060
NIMESTION FCeU)sX(20)»00400)sF(2C) p000C
DIMENSTION HC1) R 0000
COMMON/ZH/SACTIV(30) »ralTIvV(30) RGOOO
[MTEGER S,P,MAME(C10) R 0GLOD
REALC2,101) IPKINT pn Lo

WETTE (25100 )1PRINT pooQoQ9

101 Fupmal(Iz) R GU20
REALL2,2000E5¢4 € o vLz0
WHTITE(3PN0)E SCALE R UNPY
REAN(2210U2IMBXFUN Q Q039
REAN(Z2y102)NUPTTON R Gu49
READ(Z,1U0IMN R CNe0
FEAD(D2,102INSYS pPoLu72

100 FCrmATISIS) _ e CGU&3
162 FCPpT([5) : ’ R (LES3
REAG(Zr oL 0)CCTCTY I NS P Q0E3
REAQCZ2s2un)(ECTYsT=]rp) R 0103
IFCNNPTION o NE o 2YREAN(22200)(X(T)sl=1,0) ) ’ p C121

200 FORPMaTC(4L20613) : ) kR0Y41
WRITEC3I»1D00N pooC1ed

1000 FURMAT( /59X s " NUMBER OF RUACTINNS =2"»15) oo 1Bl
WETTF(3s10010 _ n 0151

1001 FURMAT(/Z0X» 12HRYACTION MOe»Sx»20HEQULLIHRRIUM CONSTANT) RoOCISS
NG s T=1,n P 015S
WRITF(3,10022T,c7CD) R U160

1002 FURMAT(10X*15210%x°N20413) R 0177
5 COMTINUL A 0177
WRITE(3410n03) R 0177

1003 FURMRT(//5X P 12HREACTION NGasSx21AHTAL e ON EXYTENT) g 018}
' N 6 153 0p R 018y
: wRITEC3, 1008 sp (1) P 0186
1004 FURMAT(IIY»I5s10Xs020413) ' fe G701
6 COMTINUE RO0701
a 0261

G TRCYC»20530)»N0RTTION
in Fary e Ywlilh) R CroR

GEZ



7000
1714

3000

3n0u1
60

2?
80

30

4q

CALL CKE(K
EPS = E(l)
HOI)Y = 6.01«%C1)
IF(NGEQ»1YCALL MELM(XsFsEPSsH)
IF(NeEQeL)wRITE(351005)x(1ysF (1)
FORMATC//SX s "EXTENT=",020413»5Ys"F VALUE="»DN20+13)
IFINLEG.IIGU TO 21
CALL VAG2A(MSNSsF»X st »ESCALE»TPRINT #MLXFUNDY
CaLl SuLOuUT1
GG 1 Lo
CALL Sy INZ(1:)
CaLl. ReSInCN)
PO 80 I1=1s05YS
READ(Zs000)Y(OA0TINVIU)»J =1,58)
REAP(P, 200 (x0T d) e d=t )
WRITECD=7T0500)
FURMATCOZ/2X#"ACTIVITY DOF SPFCIES J In SOLUTEON™)
WRITEC(2, 3 114205ACTIVEYYed=1,58) '
FORMAT(/5X»5112013)
WEITEC2,2000)
FURMAT(//S5X212HREACTICN NCosSXs24HIMNITIAL GUESS FOR EXTFNT)
Do AQ TJ = 1sN
WRITECA,300101Yd,¥ (1T D)
FORMATCLINX21910%s020413)
CUNMTIMUE
FRS = E(1)
H(L1) = D.N1*x(1)
JFONVEOLTI)CALL RELMOX»FsEPSsH)
TFUNWEGQea I WRITEC31005)x(1)»F (1)
IF(N.Ewu.1)G0 TN 22
CALL VAQZACMsN T »XsE»ESCALE» TPRINTMAYFUN)
CALL RESGYT
CONTINUE
GU TQ 4v
CaLhl SsuLImich)
CALL CHFrCYF
CALL RESINOM)
CALL VAQ2A(MAN I axsF sESCALESTIPRINT*MAYFUN)
CALL SOLOJT1
CALLL RESTuT
STNpP
ChD

SFarENT

20T X

1

0zCcH
Ve
0717
ng2?
20728
G204
264
CAub
e & 34
22
0254
nY54
0255
20
W29
()j)“?
(2nt
0301
G20
[GRYA
(x7b
u3Zd
g
GRALA
D344
C3an
347
387
N3¢63
w37y
(360
t\,tﬁF(\
U3h7
G367
389
G389
4390
0391
03¢6
(396
0397
0398

1§

415

LONG

gee
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START 0# SEGMENT haatadanns ?

SUBRNUTIMNE CHECK 20000
DOURLE #pr CIolaON Frudx s anHAsnHRsCTACUNCNIPCNSPSGAMPCNS P SGNS» p 0000
INBANRY MU MUNALF 3SHY L, TSCALFaNININCOF ,CHR A CNRKAROMIK 4 RLYSLO,VFSR,CAP R nooo
BaFRSIMAFRPAC »~GAM aXSLIM AXSIMY s XSUMPISACTIVIRACTIVIANCAT S TORMSZ»RYZ n 02000
CUMMON/ZA/OHAPUHNSSsKOUNT 3R akRES P 0eoo
CAVMON/ZC/CONCUIC30YpCHS(30)» CnNCOK{30) s CaRTINI»GAMI30) R00CY
COMMONZE/ZSGANL30)3DRAC302,nR3030) »ML » 2020 R 000D
INTOGER S»PsnAME(CLD) R 92000
Co~======040CK callun ANION BA| ANCE R uGo0
ANCAT =2 040 R 0000
DO 9n J=1,95 R 0001
ANMCAT = KNCAT 4 ¢coMenuCaI*z7ty) n No0n7
90 CUNTINUE R 00617
IFENARSCanCaT) e Ten 01000 1 92 R 0017
WRITE(3,%001) R (0023
9001 FORAAT(//2X»"NO CATION=ANION RALANCE®) R C027 ~
sTOrR R N027 ~
92 RETURN R 0029
FAND R G022
SEGMENT 2 IS5 37 LONG

O e e e e s P bl e e B o 0 e b o Wk e W e e o o 6% e e Lo O SR e R R e e T e am S P am PR SR R g e BB Ge S G Gh M e S N e P S M W R M R B G

STARY OF SEGMENT waatsskanr 3

SUBROUTINE SOLINTOND : 2 o000

DOULLE PRFCISINN FowsxsEsOHASPHR,CT»COMNOJSCNSsSGAMCNS s SGNS I» R 000UV

INBASIBR sMUBMUHAL FaSHYUsESCALE»CONCOK s CNRCHRKSRGHRK SR VSLOs VFSRSCAP B 0000
EaFRSUMsFHACKFGAMS XSLUMPXSIIMT s YSUM2eSACTIVARACTIVIANCAT s TFRMs 25 RZ R QL0D
CDMHQN'/A/DHA'U'JH'S'KfIIJNTpP':(DFS ; Lo
COMMaN/ B/ CTC20) s ALPHAC305,30) 2 3ETAC30 30) ' R 1000
COMMAN/C/CONLCUJC30)»CMEI30)2C0NCOKE30)»CNRI3D)sRGAM(CI0) W G000
COMMON/ZL/GHS5C30) s SHNES LTINS CHRKEBO)»RANRK(30) 245 305 20) R 0OGD
C[:MHON/E/‘]“AH'\‘j())p;,:;f\('j(;)l\,[\f““: _"}O).U.H ’/(1\7) . P
CUMMDII/G/ySLU»yF SR LAR _ ey
INTEGER S.p,0AMECLN) A



5000

5001
5002
50

102
193
2990
4500
700

1000

1109
1009
1005

1006

1007

1008
7

REAN(2,102)s

WHITE(3»5000)

FURMAT(//2X, "INDEX",2X,"SQLUTION SPFCIES™)
nd 5¢ Jd=1ss

READ (?»5071)Js NAKE
WRITEC3,5002)JsNAME
FORMAT(IZ»1GAL)

FORMAT (/2Xs[3>5%Xs10A1)

CONT TMUE
READ(2.200)CC0UNCMHICI)Ysd=155)
DY & =1
REAUCZr000)0alPHACT2d) 2 =108)

CONTINUE
READC22400)(2CJ),d=1,5)
REDQ(Z.'E'.)T))([.“JA(J)-J:llS)
READ(Z2,200)XTLHYCUYed=1458)
READCZ2500)DFar KK
READ(Z2,103)V5LD
FURMAT(IS)
FardqaT(302%613)
FORYAT(AD20413)
FORMATL10F5,.2)
CHRaT2020413)
WHITE¢3»1700yS
FOGRMAT(//5X s "WUM3ER OF SOLUTION SPFCIKS = "»15)

WRITE(3,110%)

FOorRMaTC//px2 38011 T1AL CONCFHTRATION OF SPFCIES J)
WRITE(3,1909(CaNTgCy)rg=1s5)

FOrMAT(/S5X,5020,13)
WRITE(2,1005)
EORMAT (//7S0X+10NSFECTIES(J)Y)
WrITE(3,1006)
FURAT(2Xs11erEACTIONCT D)
WE’ITE(3»1007)(JDJ=’;ﬁ'§)
FOURATC153%,1018)
py 7 Floeny
WRITE(3+2008)Is¢ALPHACTI»J)rd=128)
FORAATISX01525%,10F5.2)
CONT [NUE

SFGUENT

pri]

a i ofiinv B i v B> Jiin Sl I IS

OBV W LA TATT T

hes ]

2R =

P2

A= I R e |

S ]

R

noon
Nn10
14
entg
0620
tn3s
0651
uwsl
cnst
o051
Vo7U

N7

[ORAR<}3}
nnes
117
135
0153
C166
a178
0178
0178
gL7s
GrTa
178
ULtRe
IS 122 LONG
Lla9
G193
3193
Hne1?
tet1e
0ne2yh
w216
220
ye20
Lo 7
W37
n2uz
n2ar
0Pear

194



1110

1010

in11l

1012

1113

WRITEC3r111U)
FOeMaT(//72X225HINNIC CHARGE NF SPECTES J)
WRITEC3-101000(7¢ ) sy=145)
FAAMAT /9%, 1075,2)
WRITZ(351011)
FURMAT(/ /72X 37HpTRYE~HIUCKFL PARAMETFR A OF SPECTES J)
WRITEC(3I L1009 (DBA(I)Y,JU=1,S)
WRITF(3s1012)
FORMAT(/ /2% 37THRFRYETHUCKE]|, PARAMFTER B OF SPECIES J)
HRITEC3I»100YI(DUEDC(JY»U=158)
ARITE(3»1113)
FOrMAT (/7259 30nFRYETHUCKEL PARAMFTTS A ANPN B)D
WRITEC3s 191 3)DHA» DHIS
FORMAT(/3%»2020413)
WRITE(3,1022)VS).0
FURAATC//2Xs"VNLUME oF SOLUTION = "»0?20.13)
RETURN
END

SFGMENT

I3 302003

DXL 320 DD

b3 (3 - ¢

SUBROUTINE SOLIN2(N)
DOUBLE PRECISION FoWwsxXsbsDHA»DHESCTPCNNCNIPNNSISCAMPCNS P SGNS U

STarY OF

InBANBY s sMUHALF »SMUsESCALE sCONCOK s CMRICNRPKIRGHRK s sySLAsVFSR»CAP
FrFRSUMSFRACHINUGAMp XSLUMsXSUMT s ¥SUMPH»SACTIVIRACTIV,ANCAT»TERMSZSR/

CUMMON/A/DHALUHR» SoKONNHT R sk RES
COMMON/B/CT(AOY»ALPHA(2D»30Y»3ETAC30,39)
COUMMDN/G/VYSLY» VFSHR.CAP

SEGMENT

ER B

SET
0271
0271
n720
w790
Q754
02ou4
¢i31z
Nni3ité
0316
L 3du
uI3n
na3g
0352
0352
ODAL3
03nh3
0366

1$ 375 LONG

6e¢
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Q000
3C00
2000
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5000

COMMMNN/HM/SACTIVIZDIsRACTIVIZO)»EQFSI3nIsFOFRI30)sRZ(30]

INTEGER SsPevAMECDIN)
READN(2»102)%
HRITEC(2,5000)

FORMATC//2Xs "INDEX"$2X» "SOLUTINN SPECIES”)

0SSN J=tiaS
PLAD{Z2,5001)JdsNpME

HRITE (2250021 yaMe
FOR“AT(I3s10A1)
FORMAT(/2%a1355X%»10A1)
CONTINUE

DO % 1=y
PEAD(Z,»unn)lALPHACTI»J)sd=15)
CONT [y

WRITE(321005)
TARMAT(/7/5X» "SPECIESC(II ™)
WRITEC(3,1006)
FORSAT(2x»m"rEACTIONC(TY™)
WRITEL(3s100720d,0=168)
FORMAT(13xs101B)

R TN

WRITEC3, LO0B) s (aAlLPHACTINI)» ) =135)
FURMATUSX»T1525X510F542)
CONTIMUE

FORMATC(IS)
FORMAT(4D20413)

FORMATCIOFS542)
RLTURN
END

SEGHMENT

SEGMENT

TAL L 003

gooe

0000

G000

Qoo

p0ta

Q014

Do2N
R 0n35
I JguH1
o005
n o 4951
R 0051
R D054
R 00773
3 0077
R 9053
R C0A3
g N0y7
R uod7
R 0104
noo010Y
R ciny
R Ul3s
R01134
R NH135
o uUl3s

6 IS 125 LONG

RoO0135
R 0135
R 0138

5 IS 147 LONG

ove



START OF SEGMENT #xudixdewx

SUBHRDUTINE RESTN(ND R onon
DOUKLE PRECISION FowaxsU sDHASDHB»CTs CONCNJaCNSPSGAMPCNSU» SGNS U R 0000
INNA»ORB » M P MUHALF sSHMsESCALE »CONCAKPCHRPCNPKIRGNRK PR ySI.NPVFSR»CAP RLI0D
S ERSUMAFRACHHGAMa XSILUMeXSUM I s XSUM2sSACTIVIRACTIVSANCATHTERM» JoRZ R 0060
COMMMGMZA/NHA»UHBsSaKOUNT» PapRES g N0nc
COMANN/B/0TLZ20) p ALPHAC3N»30)s4ETAC30030) no Qunon
COMMOMZC/ZANCOICIM)I s NSO w0 aNeK (30 e NR{IC)sRBEAMISZN)D R V000
COMMON/D/ SV C30) »SGHSICI0I s CANRAC30) »RGARIKCIN) + (305 30) R WOOD
CUMMNM/6/ySLIT, VFSRLCAP R 0009
CUMMOn/H/8ACTIVI3M)spAacTIVI3N)»EQFS(30)sEOFRI30)»4Z(30): R Q000
INTEGLE SabenAME(1D) . R 0000
READ(P,1L2 Y g ulino
W ITE(3:5H003) Roo0010
5003 FURMAT (/7 72%mINDpEXw, 2y smPESIN SPECTEST) poo0014
DO yg K=1.P 0018
REAN(Z=5001)K NAME 0 Ga20
WRITE(I D02 KsNAMYE R 0035
S CONTIMUE _ R 0051
READ(CZ2-200)(HZ2(K)sK=1P) L R 0091
WRITE(2,2110) <. _ : RO0ONTO
1110 FORMATO/Z/2X™IaN1C ChiRvGE 0OF SPECIFS J™) R Lu74
WRITE(3,1030)LPZ(KYsKk=1+P) R 074
1010 FURMaT(/5%s)005,2) : R 0G93
S001 FORMAT(13,10k1) _ oG 0%3
5002 FORMATC/2%,»1295%Xs10A1) A 0043
REAN(2,102)K0ES . o 093
READ{Z?-2C0)(CUNCOK(K)s=1sP) R 0103
CO 20 1=1,N R 0122
READ(ZaACNIETALISK)sK=18P) R 127
20 CUNTINYE R (150
DO 4y K=1.P R 0150
REAN(2:200) 0kl )sl=]sP) R 0156
40 CUNTINUE R 0179
READC2+103)IVFSR»CAP rooei79
163 FORMAT(3020.13) p01044
102 FURMATULIL) R UGlo4
200 FORMAT(4Nn20413) R G194
4pp FORMAT(1UFDe2) p 194
WRITE( 3,1900)F ,KRES ROo0taa
TAnn Fnuaarl 278Y el nF PESTH SPERTES =T T15,//5X,"NUMBER NF RESIN R R (208

e



SEACTIONS = relBy
KRITEC(3,1019) :
1019 FuxhaAT(//72X"INITIAL MOLES nF SPECIES K IM RESIN™)
WRITEC(32100Y)(CONCUK(K)»K=1»P)
1009 FORMAT(/9%s 52061 3)
WRITE(3,1015)
1015 FOURMAT(//50X» 10HSPFCINS(K))
AerTe(2.1016)
1016 FORMATC2Y» LIHEEACTTIONCTID))
WRITE(2,1Ni71(K,Kal1,P)
1017 FORPAT(1RY»1015)
Dl 21 I=1sN
URTTECA: 10181 s(RETA(LsX)aK=1,P)
1018 FOPAT(OY»15+50%,1085,2)
21 CUNTI UK
WEITE(3s1020)
1020 FyuMATC//2X "0 ILSON INTERACTION PARAMETERS FOR RESIN PHASE™)
WRITF(3:.1019)
WETTECI-4n0u) K, K=1,P)
45000 FURMAT(O1UX»1CI10)
DU 41 K=i,P ~
HPTITEC(3,4001)K»(BUKsL)sbL=1sP)
4001 FORMAT(SXeT15»5X10010.5)
41 CUNTINUE
WHITEC(3,1023)VESRsrap
1022 FOPIAT (/72X 'vOLYuE nF FREE SETTLED °FSIN IN SULPHATE FNRM ="n20.1
332 /7272 CAPACITY [IF RESIN Caulve PER LITRE FSR ="»D20413)

SEGMENT

RETURN
END

SEGMENT

START OF
SUBrROQUTINE SuULgpTl
DOURLE PRTUVISION FouaxXsfanHa,nHR»CTsCOMCOJsCNS» 5G4 CNSI»SENS Y
INBA» DRU P MUHALF» SR e ESCALF » COANENK A NO  CNRK P RGHRK 2 B ySLU P VSR (AP
EsFRSUMP FRACIHGAM» XSLUMPXSUM I s XSUMZ» SACTIVeRACTIVIANCAT,TERMIZsRZ
CUMMONZAZDHASHB S, KNUNTP»KRES
CUMMON/C/CONCUJC3CI»CHSC30)Y e CANCORC20I,CNRIZD) e EAMC30)

SEGMENT

n neny
R [ ERs
R 012
R 0212
R 2
R 0731
R 0235
RO0OR35
o) 239
pooG2cy
R 0CS6
R (254
0zE1
Gt
0046
nNeR6
CP90
690
0293
Latl
0311
0317
03472
0302,
C3ng
057
. 357
1S 109 LONG
(357
53360
Ts 369 LONG
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2000
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COMMONZEZSGARC303»n8A03039DAR 30 Y eml) 27030
cCoMmO» /J/,ACTIV(au).RAcTIV(xn).Eorﬁ(3ﬁ).ror9(30),R?(30)
INTEGER JspsnAMECL)
WRITEC3.6000)NM1
6000 FUORMAT//2X» "I0NIC STRFENGTH NF SALUTION = "»D20,13)
WRITE(3,803)
803 FORMAT(//2X+6A0EQyILTIaRTyM CONCENTRATION OF SPECTES J IN MULES PF
ER LITRE snbuling)
WRITECI,1118)(CNSCYYad=153)
SUM=T Os0
DO 9D J=les
SUM = S1M+DAsS70JYY*CNS(Y)
90 CONT UL
pu Y1 u=1s§
FQFSCU)Y = DAESIZOJII*CHSCII/ZENeSHSHM)
w1 CUNT [NLE
WRITE(3sdna)
808 FORYAT(//2X»"EQUILIARIUN FQUIVALENT FRACTIAN OF SPECIES J IN SOLNT
S1un")
WRITE(3,1114)(EQFSydrg=irs)
WRITEC3,400)
8no FRAAT (/72X 38PACTIVITY COFFFICIENTS OF SPFCIES )
WRITEC(3,1114)(SGanly)sryg=1s3)
1114 FORMAT(/5¢:5120413)
Do 70 J=1»5S
SACTIVCI)Y = CNS(JI*SGAM{Y)
70 CONTINUL
WRITEC3,7000) :
TONO FORAAT(//2X» TACTIVITY aF SoT¢f€S g IN SOLUTION™)
WRITEC(3»1314)0SACTIV(U)ed=12S)
PETUPN
ERND
SEGMENT

=3

2o 2o Bhow B ) PP Bvte B |

o

pr¥les Brs Jus Jiv Ao B v}

=2

P s

g

0000
oeno
niny
LCago
(\1)1 1
ga11
GOt1H
cn01sS
gu15
33
S 24
GQa0
st
051
apn7
cOrt
0071
Nn7s
cn’s
anrs
c0ng?
0096
Q96
0115
0115
121
2134
01349
G138
g138
Jish
01549
1S

164 LONG

£ve



START GF SEGMENT *xattxssss 10

SUR=NUTINT RESONT
DGULLE PHECISINN FowsxXsZapHASOHI»CT»CINCOJIsCNSsSHAMICNS P SGNS I
INKBAPNHB P MUSMUHALF*SMUPESCALEsCONCOKPCNRICMNPKPRGNPK 3o ySLDPVFSR*CAP
ErFRSMsFHAC sHGAM s XSLUMXSUM 1o xSUMPsSANTIVSRACTIVIANCAT»TERMSZHRZ
CUMSON/ZA/DHASDHE»SoxkNUNT 2B sk RES
COMMON/C/0GNCUJC30)PCNSTI0)SCAONCOK(3IN) s CNR(20Y12PRGAM(30)
CUMNON/E/FRACE30)
COMMDM/ZG/ySLUAVESHCAR
COMMONM/H/ZSACTIN (30 s ACTIVI30)sEpFS(30)ysEFR(30)ysrRZ(30)
INTEGER SeP*upsgClo)
WRITE(3,1021)
1021 FORMAT(/7/2xs"EQUILIBRIUN MOLES OF SPECIES xn)
WRITF(3»1114Y(CNR(K)sK=14P)
WRITE(3,1014)
1014 FaraaT /72y »"EQNILIBRIUM MOLE FRACTIQM OF SPECIES K IN RESIN™)
WRITEC3s 1114 C(FRAC(K)»K=12P)
DE 1o K=l,P
ECFr(E) = DAsSIRZIKII*CNRIKY/ZC(VFSR*CAP)
ilo COmTINDE
WETTELZ,t200) ,
1200 FORMATC//2%»"EDUTLIBRIUM EGUIVALENT FRACTION OF SPECTES x IN RESIN
")
WRITEC3s1114)CEQFEF(K)sK2tsP)
WRITE(39801) .
801 FORMAT(//72Ys"ACTIVITY COEFFICIENT OF SPECIES K IN RESINM
WRITE(3,1114)(RCAM(K) yk=1,P)
ptt 71 K=1-pP
RACTIV(K) = FRAC(k)Y*RGAMIK)
7 CONTINUE
wFTTEC3,7001)
7001 FORMAT(//2X»™ACTIVITY GF SPECIES Kk IN RESIMN™)
WP TT1EC3,1118XCRACTIVIKY s K=14P)
1114 FORMAT(/Sx»5020413)
DU 31 K=1,P
CNRCkI=¢c"r(K)/VFSK
31 CONTIMyE
WEITE (3980420
8oa FORPATC/Z7/2X#¥3nEquILI8RIUM CONCENTRATIOM NF SPECTES k IN MULES PE
82 LTTRE FROE SETTLEL RESIN IN SULPHATE FNRM)
SEGMEN]

b]
"\
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20090090
2000
o¢ng
0000
0900
[FASN9N0]

0ooQ
tano

GO0

«0Q0
000
000s
Nand
Gno2
(025
(N26
Goaq
TN Ns]
CoAa3
00Ah3
Lo6 7
JUET
aner
004
00A8
e
0106
01172
125
0125
129
w129
148
A0 W
0154
D1E4
D164
0168
(01e8
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P o

119 LonG
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WRITE(3»1118)Y(CNR(K)Y»K=12P) ) R 0168
RETURN R U186
END ' k0189
SEGMENT 10 IS 193 LONG

e R EAR SRSt At N TR Rl e SR AR AR N RN AN TR MY e e NN E R E R AR eG T A aAeAEEr S e e T arratar T aAca AR AR maReE T aES o mea.

START 0OF SEGMENT awwsrdrrrwx 12

SURKOUTINE pEHYE nooa000
DOUBLE PAECISIUN FrysxsErspHAOHRCTPCONCOUPCNSPSGAMPCNGYPSGNS Y g OV
LODBASDAR» #UP MUHA| FoSMUESCALE=CONCHK» CNO S CNRKPRGNRKP RS YSLOs YESRSCAP p 0000
brFRSUMIFRACH QAN XSLIIMP XSUML» XSUMP2sSACTIVSRACTIV>ANCAT» TERMeZ0RYZ R Q0NO
COMMON/A/NHAPUHRIS»ROUNT»PrKRES R 0000 N
COMMONZC/CUNLUIC(30)sCNS(30),CANCOKI30)sCNREID)»&AAM(30) g 00600 b
COMMON/E/SGACC30) 254 C30)»nsP(30) »MU »2(30) R COGO
INTEGER S»PenAME(10) poo0000
2D = Qyd R0 !
GG 1 J= 1,8 R 0001
SMU = SMU + CNS(J)*Z(J)**2,0 R (007
MU = ().5*SMU R (020
MUHALF = nDSorT(MU) SN
DO 3 J = 1.8 R 030
SEaMO)=10.0** (21 e OF (DHA*MUHALF*2CU)**240) /(1404 pHE*DBACY) * MUHALF) R Cu37
$4DBR(J) =MD R NC6E2
3 CONTINUE noonor?
RETURN AowuT2
END o RLO7S
SEGMENT 12 18§ ¢0 LONG



START NF SEGMENT

Wk ke ko 12

SUBKOUTINE EXCESS Ro0000
DOUKLE PRECISION FawsxsFaDHASNDHR CTPCINCNIONSsSHAMICNS JaSHBNS Y R 0200
IDBEPDBE MU sHUHALF #SMUPLSCALF»CUNCOKSCNTsCNQU s RONRK P R»YSLOsVFSRPCAP R L0Q0
BAFRSUMAFRACOSHGAM» XSLUMS XSUMT s XSUM2*SACTIV,RACTIVSANCAT»TENM»ZsR2 R 0uno
COMMON/ZA/DRASLHB, SaXOUNT»PLKHES R 2000
COMMON/C/ZLRHCUJC30YsCNST30),cONCOKE30)sCMRI30) s 6AMI30) n (000
COMMUON/D/CNSJICIOY»SENSIE20)aCNRK(3ND)sRENRK(30)2R(30530) P 000
comran/F/FRACE30) R L0000
INTEGER SoeprauAMECLID) =] LONQ
DO 100 [=1sP r 0000
XLSu4 = .0 R Lnpé
xSuUml = 0.0 R 0ho’
pth 79 J=t5R U0y
XLSuUM = YL syt + FRACIII*ACTSY) 0015
Xsi.'l"‘f:, = (e < (;"‘J('; g
LO 60 M=1,P p 0030 *»
XSUMP2 = XJUME + FRACIMI*R(Jsm) g 0036
60 CONTINUE R 0049
XSUMI = xSUML 4+ FRAC(JI*B(J,T)/7YXSUM2 0089
7o CONTINUEL R 00563
RGAMIIY = DEXP(L10=XSUMI)/¥I.SUM R COA3
100 CONTINUE R 0075
RETHRNM R (075
END R ¢078
SFGMENT 13 15§ 84 LONG

SUBPOQUTINMNE CALFUN(MINF,X)

START PF SEGMENT

DOUBLE PRECISION FousXsEspHASDHRSCTSCONCAIPCNSFSCAN PCNSI2SGNS Y
IpBA BB AN P MUNALF » S s ESCALE s MK 2R s CNRKEPRANEK 2B VSL NS VF SR C AP
Sy FRSUMIFRACHHOAM) XSLUM» XSUMYL s %SUMZ s SACTIVSRACTIVL,ANCAT,TERMSZ,RZ

COMMUONZA/DHADHA»S*KOQUL. T2 PrKRLS

ko

2 LA

Ak A E KRR 14
uQ0
Q00
\,‘OOU
2000
GO0



9n

COMMON/B/7CT(Z0) s ALPHA(3D, 303 4ETA(30,30)
COMMON/ZC/ZCUNUOJC30)seNSI30)»CNCOK (3NN (3N spGam{30)
COUMMONZD/CNSIC20)2SGENSJE30)»CnRKC3C)»RAPXKEIN) » (30030
CUMMANZE/ZSGAMC30Y v DBAL3NIs DRIV ) » MY 270 320)
COMMON/F/FAL{3D)

COMPON/G/ZYSLUPYFSKACAP
COMMONZH/SACTIV(30)sRACTIV(30)sFaFSLR0YsFQFR(30)»RZ2(30)
COUMMONZE/nue T ian

CIMFNSTION F(A0)»X(20)»w(4003)»F(20)

INTEGER SePsnARECI0Q)

GO Tolo0s91s92) sl TIUN

Lo 1 J=1»5S

CHSLJ) = carCuded

CommmmmmmemExTENTS [N SULUTION MOLFS PER LI1TRE

91

(mwmna-

DO 2 I=1,M

Cns () = £nSCUY +alPHAC s ) 2X ()

COMT NS

CONTINUE

chut bEey®

PO 3 1Tzt

CHSS(LL)Y = 1.0

SEGNSJLIIY = 140

naG 4 1=1,5

CNSJIUTIE) = CuSJCITIINCNSCUI*»o AL PHACT T )
SGMNSUCT1Y = SGMNSOCIINASGAMC Y *+ALPHACTTSY)
CONTINMUE

FOITY) = (CTCaly=CNSUCILI»SENSUCIIYI/CTEID)
CONTINUE

60 Tn S

DO 5 K=1,P

ammm=EXTENTS IN RESIN MULES

cna(K) = conNCuK(K)

DO 6 T=1-M

CNRCK) = CNRUKY + HETACL,K)#X(I)
CONTINUE

CONTINUE

FRSUM = 0,0

NO 30 k=1.p

FREESUM = FRSUN 4 CNR(K)

COMTINUE

DR ZDVD VDR DBV DIITISATTT

B vl i s S

-~
=

Z T AW AWHIND

=~

-2l B i e

T

2000
V00
G0
aanao
5000
[REVEARY]
cono
000
L0000
c000
a0
can?
cu13
0015
o221
27
una?
Ccoay
chan
(AR EIRY]
(OK0
c0e3
(72
cers
o100
izl
0123
0153
0153
159
iS5
uvlel
169
:175
108
(166
(196
G168
0204
0210

LyC



3

1o
&

on

ne 21 k=15P

FRAC(K) = CNk{kJ},/FRSUM
CerTINUE

caLL ExCtSS

not & 1I7=1,M

TERM = 140

CNRK(I1) =1a0

PENRKCIT) = 140

nu 7 k=1-p

CNARCIT) = ChRKUIID*ERAC UK Y *+#pETALTT, ¥
FGHRKCIT) = FUMRKCTTIIARGAM{KY*+BETALT) »K)

COMTINUE

PO 19 J=1s8

TERE = TERMASACTIVIJI**ALFHAMITT )

COMTIMNUE

FOT1y = teTUld 3 =pnrke Iy kGNP KT TY*TERMY /LTI
CUMTINUE

co Tu 50

Mh o= Nw=EPES4+]

Cr======~==FEXTONTS IN SOLUTION MOLFSsIN RESIN MILFS

12
11

13

14

oG ¢ J=1,58

ENEL ) IR I UNT D!

DU 1C I=1»M

CNSEU) chSUUY & BLPHACTS Y=Y UI)/ /VSLD
CONTINUL

CONTIMUE

CALL DERYE

DD 12 K=])P

CNROK) = CUHCUKEK?S

DU 12 I=1,N

CNRCK)Y) = CNRUK)Y 4 HETACI.KI+Y(1)
CUNTIVvIUE

CONTIMUE

FRSUM = 0,0

O 13 K=1,P

FRSHIM = FRrSUM + ENBLKR)

CUNTINUE

PR 14 K=1,P

FRACI®) = CNKUKY/FRSUM

CONT FRUE

DV UVDV TV D[L DI

Rs B o sHERS Bbev i)

i

=2

ST

LMD VD DOLDITDTTNDT

n T

0Z10
c216
1,226
0226
nz27
0232
236
OpPad
753
vend
u2Anl
Ha3pa
LA04
g3Yy0
1522
(¢ W2 ke
0553
63253
G355
U256
(357
'363
371
uary
C3%h
w309
369
Luno
otnh
an14
NRINRY]
LhAa4n
(a4
Quda
a3
Lan9
Gas9
Hass
a6l

79

8¥Z



CALL FXCESS . _ Rouefl

DO 15 1]1=1,M R 47?2

CNSU(IT) = 10 R ue7r?
R

SGMIJCIT)Y = 1.0 CuBk
CNRK(TII) = 14«0 N Bu6sS
RGNRK(IT) = 10 ' 0504
DU 16 J=1,8 . F0%13
CNSUCTL) = CHSUCTIII*CNSEUI*wALPHA(IL,]) Po0510
SGNSUCTI) = SGENSS(TL) #SGAMCII**ALPHAC(TTSY) R 0541
le cONTINpE . R G564
NG 17 K=1.P R OOS64
IFCIT=NMNI1?7918518 . ?  GS70
18 CRRRETIY = CHKRKCIII*FERACLK) #+RETACTIT v KD ' : pooOSTE
RGNRK(IT) = HGMRKUITY#RAAMIK)Y**HETACTTSK) R 0596
17 ConTINUL R NOA18
FOITY = (CTCII)=cnSJLIT)*sGrSJtIT) *Cnn(TI)+RONPKCII))/ZCTCID) R U618
is CUNTINUE R UAG0
5S¢ PETURN R nent
FND R 0664 Y
SEGMENT 14 1S 677 LONG "

I R L al o o S A T e e vy Ty o e P R T Rl R el i it

START 0OF SEGMENT waarkawdndk 15

SURRUOUTINE NELMUXsFsEPSIH) ' R L0000
DOURLE PRECISION XsF »EPSsHsFPsXSsPrDXsDXMsXMTHRaXMAX s X1 s X2 s X3 e XU AL, R 0000
ErHASPALPHRAPDELTX» DASDBsDNCsF1sF2)F 3sFUs TEMUPHFF R V000
DIMENSION XCL)spP(1)sFPCI)»XS{LI)sHUI)SFF({1)»F (1) Rooo000n
KOUT=3 124 oo
pX=H(1) ro 00No
DXM = Z2.0x0X : n ngna
X1=X(1) i : k0009
Xe=y14+0x ‘ nooun1?
X3=x2+0% - A ¢, &
x(13=X] B ona?
CALL CALFUNCHONSIFE»X) oo 0021

Fl = FFR(1)®*2,.0 P60 24



¥(1)=x2 R o0
CALL CALFUNCwsN,FFsx) R 0N35
F2 = FP(1)#4240 Roo033
X(1)=Xx3 o Cuas
CALL CALFUYN(MaNsFFsX) qouue
F3 = FR(1)**240 R 0052
PALPHA = 1.0 7 00h9
ALPHA=(EPS/(1e4EPS))Y**042 P Gue?
DG 1950 [a=1+1000 n Lur3
DXME[IX1*0 .99 R Nu78
FALPHA=DALPHAMALPLA =} nn62
XUz (S« ([(Xp+A3)a(Xp=¥3)aF ] = (X1+X3)#(X1=X2)xFo + (X1+X2)*(X1=X2) pooopds
$aF 3) / ((X2=xX3)*F1 = (X1=¥3)*F2 + (X1=¥2)*F2)) R 0UYO6
NDELTX=x4=y3 R w107
Pa=lF2~t )/0X2=x1) Poolin
DH=(F3~F2)/(x3=v2) R £l13
DC=(F3~F1){(X3aX1) = I T o 4
Ja=1 Q G121
IF(DA*LReLEsVe) JA=0 g GIFZ
I!:(UTB*FJC.LE.'L",)J[\:‘-O R 1126
IECpARnC el EaVa) ja=n R 0131
JB=1 7 0136
XMAX=X1 R 0137
TF (20T o MAXIXulAy=X2 R 0134
IF(X34GT XMARK)INGAX=X3 2 0143
YMn=X] R 0147
[F {2l ToyMIN)yMIN=y? R (149
TF(X3 L T XMIMNIXMIN=X3 R 0153
TFOXA oL TeYMAX o AND « X4, GTeXMINIJIB=0Q RoU1S8B
JC=1 R Utéd
Ir([)A*:.)FLTX'LE-.O.)\}C=O R 1)1,‘\5
IF(C1=JA)*(1~JdBy«NEe1)GD TD 30 20169
TEMP=NABS(X3~X1) R 173
IFCTEMP«LT»DABS(X3=X2))TEMP=NABS(X3=X2) ?OILTE
IF(TEMP«LT+DXM)DXM=TEMP 3 0142
CONTINUE R ULK?
IFCUAFQe0)gh TO S0 poNIN7
IF(J35Q60)GY T S0 w 0189
X4=%3=0 405 [GHIUXM»DELTX) ] SEQ?
iR U20

GG T &0

0se



4o

50

6G

TEMP=(DSURTIDARS(X3=X2))+DSARTI(DARS(X2=X1)))/3
TEMP=((TEMP+DSART(PALPHA*NDX)Y )/ 34 ) **2
DELTA=DELTX+USIGNLTEMP,NELTX)

X=X 3+PELTX

CONTINUE
TFCDARSCAG=X3) (GT DXM)IXU=X34DSTIGN(NX M, DELTX)
CUMTINUFR

X(1)y=x4

CALL CALTUNCMsNsFFaX)

T4 T Fr(t**2.0

> >
N e

- >
N = e

1

¥

N ik nhn
LT T B ¥
=N T w IV

F(1) = F&

TEMP=DARS(NELTX)/Z(EPS+1.00*30)
IF(TEAP S LTeDAIRETURN

CONTINUE

WRITE(KOUT#3000)X1»X?2eX3sF1,F2»,F13

FORMAT (234 NUO COWNVERGENCE X VALS *3F12:559y4
RETURMN

END

FVALS »3E1245)

START OF SEGMENT

SUPROUTINE VAO2A(MaN S Esx s EsFSCALFE»IPRTINT s MAYFUN)

POURLE prECISINN F.xfE?[ScALf,xlucprA-ra‘n-nApnp-nc‘w,SuM.H»Hq.rp.

BCHANGE s LMaFCPALC»XCaXLaXSTIPPF 2o [NaFSECSUM2
CCMMON/ZVIDN/XINC»TASERSQsDNASORNESTING
DIMENSION F(20)sx(20)pw(L00)sF (20)
MPLUSH=MN :

KST=nN+EPLUSN
MPLIS=04]
KINVERNPLUS*(PLYSv+1)

FSTLURE=RKIMY=1uPl ysn=1
CALL CALFUNCMsN»FsX)

NM=N4y
K=NWN
P01 [=1,M

15

L
0209
0215
0219
w2272
ul?22
;230
ngan
G234
we37
nEan
OPUS
czat
n244
U259
251
07253
3257
(254
0ert
Geory
0235
(P98
Jrzen
IS

325

Ak kAN AT AR

p-alii>e Jiie e B o lis

?

a2

kY]

VD VD

J000
2300
0nnn
0309
1000
2900
000l
d002
103
0%
o007
Outlo
anitl
nY12

152



KX+

W(K)Y=F(])
CONTINUE

TINV=2

K=K3T

=1

(I )y=X(I)+£ (1)
Cal), CALFUNCHsNIFX)
X(Iy=X(I)y=£(1I)
DO 3 J=1.nN
K=K+

WIK)=0.

wiJl=0,
CONTINUE

SUM=04

KK=NN

DG 4 J=1»M
KK=KK+1
FeJy=F )y~ {kKks)
SUM=SUA+E(JI*F ()
COMTINUR

TF (SUM) 52536
WRITE(3s/)]

FORMAT(OXNs BHVAQ2A L(213220H)

pa 8 J=1su
MMaMy el
FOJd=wir)
CONTINUL

GU T2 10
SuUM=16/0S9RTCSHM)
JEK~N*]
HCJY=E(1)+SUH

DO 9 J=1eM

K=K+]
W{K)=F(J)+~5Ui4
KKENMN+J

DU 11 Il=1s1
KK=KC+MP LIS

NS ISEPEICTORTICS!
CUNTINUE

UNRFASONARLY SHALL)

-

T AP LBDI L DDNDD

D ADWV AT LN D

L 02

')1)17
N1
nees
nozAa
oz
030
VIR
[FRER/R1
Ount
DOED
6D
a7
unrl
NLTh
N7 A
uG7a
no7s
QUARA
r){;'-‘s,l,
naes
SRR
0103
o122
D122
0122
9127
d120
134
0139
N140
2144
dlué
0155
Dintl
0163
D172
G173
Jizs
0180
Dray

Ny 34

(A4



13

14

16

18

19

17

22

21

15
24

ILESS=1"1
IgArax=n+T=1
THNCTIMY==TLESS
INCInP=LHCINYH]

IF (ILEZSS) 13»13s14

WOKIaY) =1,
60 To 15
R=1,

NU 16 J=hPLUS» IGAMAX
Wedy=0,

CunTIAUE

KK=K [Ny

Nt 17 I17=1+ILESS
11P= [ *N
wlIIP)= LTIP)I+ (kI *y (1)
Ju=1T41

[F CL=1Lrs5) 18s1H919
pu 20 gg=gle 1LLESS
KK=Kr+1

JJP=J+y

WITLP =W (TIP )+ (KKY*W (JJ
W{JJIP )= (IR )+ (KK )M}
CONTIMUP
RaB=uclly+d¢llP,
KKEKK+T 0P

CONTINUE

B=1./18

KK=KINY

DU 21 11=xnPLUSSIGAMAY
B==3+uW(IT1)

DY 22 JU=II»IULAMAY
W{KK)sSW(XK)=rB*l4(JJ)
KK=rKK+1

CONTINUE

W(KK)=80D

KKK+ LIy

CONTINYE

WK )=l

GU T (27,2432 11InV
I=l+1

)
)

el

-
P

JLIITXLHL0 DX

-~

DD I AT DD ID

-

DT Dw VT

D196
0197
2199
4200
N202
nyo0s
NgOY
1210
DE¥L
H21hk
w221
ezl
nNge?
npot
Ne79
\‘)?l‘lﬂ
Gesn
0248
0es3
Oehs
{'r':)‘\,,
Ve /71
npny
wene
nY296
SRS
AR,
3N 2
i;.303
D 4cH
0314
0319
0332
3348
PREY]
0339
O30l
0361
2347

G3N9

£SC



25

26

1903
1002

1064

33

37
38

IF C1=1) 2»272¢5
1INy=1

FF=0,

KL=~y

DO 26 I=1s+4

KL=hl.+1

FOpd=wlrKy)
FFE=FFr+F¢ly=F (1)
CONTINMYY

[cnnuT=]

155=1

MO =+
IPP=iARS(IPRINTI*(TARSCIPRINTI~1)
iTC=0

IPS=1

1#C=0
IPC=TPC~T1AASULIPRINT)
[F (1PCs 23229429
WHRITC(3»30) LTCrMCrFF

FORMAT (//SYX*IHITERATION»IAsT9» 164 CALLS OF CALFUN®SX»2HFasE24014)

WRITEC2, 310001 ), 1=1,1)

FORMAT (SX>9HVARTIARLFS»/(5F28.14))
TFCIPRINTIINU0L1001+1001
WRITEC2,23200(H (10T =1,M)

FORMAT (Sxs9HFUnCTIUNS»/7(SFEP8414))
IPC=TPP

SC o (29:233)s1FS

GU T (34539)21cOnNT

IF (CHANGFE=1+) 10510536
1FOIPPINTII003533237

WRITEC3»1002)

FURMATC(//SX»31uyAU2A FINAL VALUES OF vARTARLES)
GO TO 1004

WEITC (3 20)

FURMAY (//SX»45HvA02A FINAL VALUES OF FUNCTIONS AND VARIABLES)

1PS§=2

GG TG 23
RETLAN
CanT =]
TTCFITC+1
K=\

Vi~ ST

jeo e B IS Jies eV

MDD

DA AU NN L0 ID

P-e i

Vi b s B u Rt}

= A

D3su
357
3357
,)jf-)g
23R
Q2365
2347
0375
N3R5
L35
Q2R6
C3ET
22498
3en
0291
0392
0393
Y394
wav’7
Nt
D41t

yaz
u4q29
Ju3z
0450
onsd
Nnaso
0487
0463
Dus’
3472
o876
0476
dar7
QuAl
0481
Ga"t
Nyn3
MtaBghk
nah?7
cansg
0DAR9

Y4



~

r
T

40
3y

42

44

41

47

PO 39 I=1,N

K=K+

H{K)=0,

KK=KK+N

W(T)y=0.

DO a4y J=1,M

Kn=xKK+1
WOI)=WOT)+W(KRKY*F ()
COMTINUE

CONTINUE

Di"':OO

F=KIuy

DU 41 TI=1sN

1Ip=I[+d

WOIIP) =W (TIPI+WIKI*HLIT)
JLEIT+1 :

IF (uL=t) 42s42,43

Dot sy gtz )b

JIP= Lty

K=RK*+1 ;

WCIIPY=w (ITP)Y+Wk) W JJ)
WEJUP)Y=wW (P )Y+ W KI*AW(TT)
CUNTINUF
KK+
1FCpM=DARS (WL
DH=AKS(W(II)*R(1IIP))
KL=11
CONTINUED
TI=N+MPUSN*KL
CHANGE=D.
DL 46 [=1»u
Jh=Ng T
W(I):-Oo
DO 47 J=NPLUS,»NM
JL=UL+MPLUSN
WOIY=W(T)+W () AW JL)
CONTIMUF
1I=11+1
WllId=w(dL)
HeJdey=x(l)

ID*WCTIPIdYES,81541

By o I s By

Pule s}

B R I o I VR0

=

MV DNIVID N

DOV D

T oD

LDV DAIADIDITVDDLOD

Y489
(1495
Hue7
oh01
0502
0506
0h12
0514
0% 30
0931
0531
ns23
0533
3939
ohal
0556
cs357
L)
0549
0867
Ches
t5A83
(0599
0599
0AO1
t512
0620
G621
0Ah21
2623
ChHPH
0630
632
(636
ceul
Gen3
eS8
6549
4659
0667

4952



48
46

49

52
55
56

54

57

58
60

61

IFCOARSCECII*CHANGE J~DARS(HWIT)))IAB»4Rs 46
CHANGE=DA3S(a01)/76CT M)

CONTINUE

NO 249 =14

‘[?:T_T-fl

JL=4L+1

WOppy=wg)

WiJdly=F¢ )

CUNTINUE

o«

11
< Bc

s 1/7CHANGE

w TR

o O

=% it
v e

. Lo

= = IN1IL0eSh COESCALE/CHANARE)
AANMGE=14) 5050551
=2

el I S
re —So

p 8 |

—
@
=
o el 9
- ¢

CALL yDO1AUIT s yCoFCraralCH140CN~01 s xSTEP»I7F2)
GU Tu (52:53553,53),17

MC =R+

IF (MCoMAxFUMY Sus85u0455

WRITEC3.5a )MAXFIN

FORUHAT(SY «SHVAO2A»16,17H  CALLS OF catfFijM)
1858=2

309 T 513

XL=ye=¥y

DU 57 JulsN

XCJ)=xX(JI+XL*h( )

CnMTINLED

XL=XC

CALL CALFUNCHPN,F»¥X)

F(o=()c

DO 58 J=1 M

FCEFE+F(JY*F{d)

CONTIHUE

GO TN (5%“,852:,60),718

K=N
I[F (FC™FF) G6G1#51,562
15=2

FMIN=FC

po.0 Je o o ]

vl

ko)

T T VWV

v}

o Tl e i B ol

DL U

0676
cs88
0607
(‘,f;"-’?
eroR
0704
N7ros5
0713
722
0rz?2
0rz4
0726
0730
07132
G733
o734
Grut
0Tub
O0rav
0754
¢C7e3
""-/({.'*{y
0776
C776
0776
L7743y
(780
Gres
(re9
0799
cend
Lées
C&QS
0x10
(821
Cerl
Q&8
npb
nk 35
oB2an

942



FSEC=FF
GG To O3
62 15=1
FMIN=FF
FSFC=rC
GO T0 &3

59 IF (FC=FSEC) 64,5151

4 K=¢STORF
GO TO ¢75-74)2 15
75 K=N

74 IF (FC=FMIN) 65,5166

66 FSEC=FC
GO0 TN 62
65 15=3~18§
FSEC=FMIN
FuMlti=rg
63 o0 &7 J=1sN
=R+
HlK)I=x(J)
67 CONTINUE
DO 68 J=1M
Fz=g+1
WK )Y=F(J)
68 CONTIN'E
GO TO 91
53 K=KSTNDRE
Kk =
G0 Ta (6£9»70,69),18
Y0 K=N
KE=KSTOPrE
69 SUM=Q.
D=0,
JU=RSTORE
ne 71 JzisN
K=K+]
KK=KW+1
Jd=JJ+1
X(JY=w({K)
W(JJ)=d(K)=n(KK)
71 CONTINUE

VMDD VDL ADIIDD

MY DI ID

O VD0 DD

DA LD

VDD DOV AOT

0837
r&18
cH40
CEe9
E4?
neus
oS
(HLY
NEN9
bﬁ‘)()
(nh57
OKE3
wb6y
HE6
("ah?
(N
0571
(RT76
ce78
QEHRT
GRR7
0aaqp
NnRYL
o3
0903
0v04
D904
0905
t91?
012
0914
0915
0417
217
G923
0425
0426
0927
N9 3A
o4udgd

LSC



0743

DU 72 Jd=1,M 9
K=K+ 1 R 0753
KK=KK4+1 g 0755
NNENBES R0456
Fedy=v(r) g 0957
W(JJ)Y=w (K)=W(KK) R 0966
SUMSSUMTA(II) *w(JJ) q J¥77
DM=0U+F (J)*wdJ) R GYak
CONTINUF 8 0995
J=X TNV R 1901
HEENPLUS ™KL R 190l
DO 76 I=1,KL g 17203
K=J*KL=1 noo1004
JEK4KK R 101D
HOL)=W{K) TR i

R 1015

WK)=4(J"1)
SFGMENT 16 1S 1023 LONG

START OF SLGMENT xdwrkrdwwrw 17

CONTINUE R sanf
IF (XL=t4) 77+78+78 Qo909
KL=kl +1 R 2011
JJ=F R N0L2
RO 79 I=KLaN R 0013
K=K+ b Nn13
JEIENPLUS-T R 09290
W(I)=w(x) R CJ71
WIK)Y=W{j"1) R 00?29
CUNTINU: R Q039
WlJJ)Y=W(K) N 0039
B=1s/W(KL=1) £} near
W(KL=1)=w(N) 7 J054
GU TN 8n R INK3
B=le/w(N) T VY
K=K [NV R G071
DO 80 I=1,1LESS o] o071
BE=B+yw (1) R G077
DO 21 UJ=TI»,1LLSS R 0082
WOKY=w (K )=H3*w(J) m BCR8

o aLgd

K=K+

85¢



81 CONTINUE R olo3
K=K+1 7 0103
80 CHONTINUE R 0105
1F (FMIN=FF) 82,83»813 R 01nsS
83 CHANGE=T. R 0110
GO TO 34 B O |
82 FE=FuiInN 0113
CHANGE = DABS(XC)I*CHANGE R G114
84 Xl.==nM/FnIN R G117
Sy = 1 /0SCRT(SUM+DMRXL ) g 0119
K=KSTORE r t125
DN AR T=1sN f (126
K=K+1 g w13l
W{K)=SUM*W(K) e 0133
wil)=0, 2 Glgl
85 CcONTINUF ROGrab o
DU 66 [=z21sM R 0146 L
K=K+1 R 06151
WOK)=SUM* (W (KD +xL*F (1)) R 2ts53
Kozl ' n [EB N3]
DO 57 d=1n R L1AT
KK SRk s pLUSN R 0173
HOI)=d (J) W (KRY#H(K) R ¢175
87 CONTINUE P U190
86 CONTIWUF a 0191
GUL TO 14 R 194
Enn . R 0192

SEGMENMT 17 1S 228 LONG

-------—---.---—_-—-----a-..---..----_-_—-----—--------_---------—_-------------—------.----------n--------—------



START DF SEGMENT #wadrsrews 18

[y
n

11

13

SUBKNUTINE VOOLACTTESToaFsMAXFUNs AREACLIRFL ACCHSTEPSITISHIFC) R 0300
NOUELE PRFECISIDN X‘F'ABSﬂCC'P‘LﬂFCFYﬁTFP‘FCerNCAFA;FBnU»nAnnpADc g 0G0
CUMMON/YNO/XINCAFASFRIDADASNRLDCH TING R U000
CO T (142:2)017EGT R0000
185=6=17¢E5T Fooucor7
1ing=1 R G009
XINC=xSTERrxSTEP R 0010
MU=1573 R (G014
IFCMEY U, 4015 R 0N16
MC=NC 4! R 0621
17 CaaXFun=Hed12,15515 B 0G22
ITEST=4 Roubes
w=lin R 0G26
F=FH g (v(;?C)
IF(FH'FC)15»15;44 P 0032
x=0e R 239
~=EC R Q042
"E]U‘-\’N R \;(,/_47
G TN (5’6‘,‘5)015 R o050
[5=3 R 0057
DC=X R 0053
FC=F R 0062
X=x+vSTI ] 0066
GO T 3 3 0073
TFIFC=F)9,10011 R o074
X=X+xINC R 0NR84
XINC=XINC+XINC R CGRY
Dg=X P D035
Fe= R R
XINC==XING R G104
GO TN 13 R Gio7
NEegE R 01ng
F=F¢ R0112
DC=« RG117
FQ=F g 0121
X=nc+LC-ua e 0126

o 0131

I8=¢

09z



35

b

32

[
D ~N Ut

19

16
20

21

22
23

Ny
=

N e
[ I

29

37

G0 To 3

DA=DR

oB=ic¢

Fa=tn

FB=FC

DC=X

FC=F

G0 TO 14
IFIFH=FCY18817517
IFCF=FR) 18532530
Fa=Fg

DA=NR

Fp=F

DB=X

GOl ST 14
tECra=rca2is2i3 20
Y[nC=Fa

Fasi¢

FeexINC

XIiC=Da

DA=DC

DC=XTNC

XxINC=0C
[FOLD=DRI#(0=UE31325332338
IF(F~Fay2352432i
FC=FFR

ne=iy

60 TO {9

Fa=f

DA=y
IF(FB=FCJIP25325:29
1INC=2

XINC=0DC
IF(FR=FC)r95,45,99

n:(FI'FB)/(DA"DU)_(rj_rCJ/(DA-DC)

IF{D#(E=0C))33,33.37
D=0 . 5*(NB+DC=(FB=FC)/N)

I (RaBStU=R)=LanS{ANSACE ) 3,340,335
IF(NABS(D="X)DABS(ND*RELACC)Y ) 34»36,36
34 ITKEST=2

er]

pav I o s Jiorw 1o s Bie IS0

VX VOVOVLXT Q

VIV VT HITIIX

= W

0132
0133
G136
cland
0143
0148
0152
156
nisg
164
ulze
0173
01Tz
Gret
106
0187
(1593
Nn1eg
0z21
N204
0207
ozid
0215
0218
(0226
232
0235
0238
G760
P44
209
125
0256
uPs9
266
NerY
U256
02973
n3n8

n313

192



GO T 43 R 0313
36 [S=1 R 43720
X=0 0320
TFO(NA=NCYI*(0C~N))3+26538 R 03p4
38 15=7 R 0334
GO Th (39,80)s [INC P U334
39 TFCDARBSIXINCGI™ NANS(DE=D))I41»3s3 R 03ay
33 s=v : R 0348
GU TO (41s82)2 1 NG e (343
41 Y=Dy a 6355
G0 Tg 10 R SE3S0
40 IF(NABS (Y INC=X)~DAES(Y=DC)Yumb2,13 7 11359
42 L=0.5x(¥Y1MNC+DC) g 0369
TFCOXINC=X)*(X=DC))2492603 ’ R 0277
45 X=0«5*(nR+nC) : RG387 >
IFCIRR™ X)) *(X"UC))2h»2693 R €395 B
26 1TFSr=3 B
GO T 13 R A0S
Ny R Gaob

SEGMENT 18 1S 427 LONG

SFGMENT 19 1§ 88 LONG
SFGMENT 20 IS 29 LONG
SFGRENT By, TS 138 LONG
START 0F SFGWENT eretnxhnkr 23
SEGMENT 29 IS 4 LONG
SEGHMENT 22 15§ 29 LONG

NUmMaER OF CARDS = 1039 CORE MEMORY ALLUCATION = 10624 wOrRnS.

COMPILATION TIME = 55 SECS3 : ELAPSED TIME = 74 SFCS



50
1000060000000 04

NUMBER 0OF REACTIONS = 1
REACTION ND. EQUILIBRIUM COMSTANT

1 «5248000000000D0 01
REACTION NO. TOLe QN EXTUENT

1 +1000000000000N=09

INDEX SOLUTION SPECTES

1 504
2 NO3

3 NA

4 NASD4

NUMBER OF SNLUTION SPECIES = 4

INITIAL CONCENTRATION OF SPECIES J

+9000000000000N=01 ¢ 2000000000000N=01

REACTIONCT)
1 2 3 4
1 *1400 0,00~1,00 1.00
InNIC CHARGE OF SPECIES J

=2.00=1.00 1,.00=1,.00

+20000000000000 0O

SPECIES(J)

0

'EONQN pue

¢'L 3TqeL

t703391\1 JO aanyxXTw B I0J SaT3TATIOR aseyd uoTIN{oS

€92



DERYE=HUCKEL PARAMETER A OF SPECIES J

+5000000000000D=07 +3000000000000D=07

DFBYE=HUCKEL PARAMETER B OF SPECIFS J

=+4000000000000D~01 40

DERBYE=HUCKEL PARAMETER A AND B

+5085000000000D0 00 23281000000000D 08
VOLUME OF SOLUTION = s1000000000000n O

EXTENT=  410353631528330=01 F vaLUE=

¢40000000000000=07

s75000000000000=01

+1113535304282D0=38

IONIC STRENGTH UF SOLUTION =  +25329273694330 00

«54000000000000"07

2 0

EQUILIBRIUM COHMCENTRATION pF SPECIES 4 IN MULES PER LITRE SOLUTION

27164636847167D=01  42000000000000D%01

EquILIBRIUM EQUIVALENT FRACTION OF SPECIES U

1 78885550066U0D 00 1101040453960 00

ACTIVITY COEFFICIENTS DF SPECIES

22686241238403D 00 «678311169€6127D0 a0

AcTIVITY OF sPECItsS g IN soLUTION

019245942957480=01  +13486722339225D0=01

01816463684717D 00

IN SOLUTICN

+10000000000000 01

¢7326154122203D oo

+13307692911620 00

+1835363152833D=01

+1010804539490D 00

27323417318035D 0o

+13441130298340=01

1214



50
+1000000000000DD OO

NUMBER UOF REACTIONS = |
REACTION NUs EQUILIBRIUM CUNSTANT

1 +5248000000000D 01
REACTION NI TOLs ON ExTENT

1 +1000000000000D=09

INDEX SOLUTIUN SPECIES

i su4

2 - N(O3

3 cl

4 NA

5 NASUA

NUMBER OF SnLUTION SPECIES e 5

IMITIAL CONCEMTRATION OF SPECtES J

«2000000000000D=~01 (2000000000000D«0% +1400D000DDO0OOD 0O

SPECIESC(U)
REACTIONC(L)
1 2 3 4 5
1 #1400 0400 0400=1400 1,00

$2000000000000D 00

s 0

“TOBN pue EON‘?N '7OSZPN

£°0 2Tqes

JO 2INIXTW ¥ IOJ SOTITATIOR oseyd uOTINTOS

S59¢E.



IODNIC CHARGE OF SPECIES

“2:00"1.00~1400

DEBYE~HUCKEL PARAMETER A

+500000000C0V0D~0Q7

DFSYE=HUCKEL PARANETER H

=84000000000000D=01

DEBYE~HUCKEL PARAMETER A

+50850000000000 00

VOLUME OF SOLUTION =
EXTENT=

IONIC STRENGTH

+45471357394210%02

OF SOLUTION =

1400=1,00

0F SPECIFS J

»+3000000000000D=07

oF SPECTES J

+ 0

AND B
+3281000000000D 0B

«1lpo00n0000n000Nn 01

F VvALUE=

+3500000000000D=07

+15000000000000=01

¢12312B4349492D=403

12109057285212D 00

+4000000000000N=07

s7500000000000n"=01

EQUILIBRIUM CONCENTRATION DF SPECIES J IN MOLES PER LITRE SOLUTION

+1545286426058D=01

+2000000000000N"01

214000000000000 no  21954528642606D0 00

EQUILIBRIUM EQUIVALENT FRACTION OF SPECIES J IN SOLUTION

«15812369206300 00

¢1023260615520D0 00

¢71628523086000 00

+1000000000000D 01

+5400000000000007
2 0
N
oD
[2)]
«4547135739421D0%02 .
+23264615520500701



ACTIVITY COEFFICIENTS OF

22876222847026D 00

ACTIVITY OF SPECIES J IN

04444587505712D0"02

SPECIES J

1 69051527248160 00

SOLUTION

«1381030544963D0°01

+7083857210874D 00

+9917400095224D%01

«7415001729495D 00

01449283326527D 00

07434309963902D0 00

+13380481653479D702

L92Z



50
*10000000000000 04

NUMBER 0OF REACTIDNS = 2
REACTION NO. EQUILIBRIUM CONSTANT
1 ¢91201000000000 02
2 «5248000000000D 01
REACTION NOo TOLs ON EXTENT
1 «10000000000000=09
2 +1000000000000D=09

INDEX SOLUTION SPECIES

1 H
2 sn4

3 HS04

4 NA

5 NASQ4

6 NO3

7 cL

NUMBER OF SOLUTION SPECIES = 7

INITIAL CoNCENTRATION OF spECIEs y
+1200000000000D 00 +1500000000000D 00 0

e2000000000000D"01 «8000000000000N=01

+2800000000000D 00

o0

Yoslu pue 1oen Eonen

L °Tqel

'VOSZPN JO 2In3IXTW ® I0J S@T3TAT3IOR aseyd uoT3inyos

89¢



sPECIES(J)
REACTIONCI)
1 2 k| 4 5 6 7
1 “1:00%1,00 1400 0+00 0400 0400 0400
2 0¢00=1400 040071400 1400 D400 0400
IoNIc cHARGE OF SPECIES

1400240071600 1400=1400"1400"1400

DEgyE=HUCKEL PARAMETER A OF SpPECIES J
+9000000000000N"07  «50000000000000=07 4500000000000V =07

+30000000000000=07 435000000000000=07

DEBYE=HUCKEL PARAMETER B NF SPECTIES J
o 0 “s4000000000000D%01 0

o 0 «1500000000000D=01

DEBYE=HUCKEL PARAYETER A AND g

*50850000000000 00 +32810000000000 o8

VoLUME pF SpLUTION = «+1000000000000D 01

+40000000000000%07

s 7500000000000D%01

ITERATION 0 3 CALLS nFf CALFUN = «33814442136331FE 00
VARIABLES
«7000000000000VE=01 L100000000ND000N0NE =01

FyuncTIgNs -
e nTARAAAQAROGAIE AN e"RA2IBYAN614080F 00

¢54000000000000707

692



VAOR2A FINAL VALUES OF FUNETIDNS ANp VARTABLES

ITERATION 10
VARIARLES
s70699826T67B6UE%01
FUNCTIONS

Se37015714082880E716

INNIC STRENGTH OF SOLUTION =

58 CALLS 0F CALFUN

Fa 432479055362606E=32

vi9276340u80752E"01

1433329256 70846E71 6

13700477355828D on

EQUILIBRIUM CONCENTRATION OF SPECIES J IN MOLFs PER LITRE sOLUTION

«4930017323214D0=p1
+2000000000000p=~01

EquILIprIym EQuIvALENT FRAcTION OF SpEclEs J

*15920575991gb 00

+64511163173000-01

ACTIVITY CHEFFICIENTS UF
077513827098%40 g

s6405p018451826D 00

AeTIvIiTy UF SPECIES g IN
+3821445103864D"01

¢1281003690365D=p1

s60023862791390701
1 8000000000000D=01

$38722092068n0D 00
1 25804665269200 60

SPECIES U

123222226257770 0o
0665945152992130 00

SOLUTION
+13938877226070%04

253275612239380=0}

170699826767860%01

tN soLuttion

s228p464n3045p0 Do

168712645352890 no

4887972123211 0=04

$2607236895592D o0p
»8409794240100D 00
1 71737641208850 00

+1870370249625D 00

+19276310440750701

062176860411000%01

27097825094757D 00

11368198799807001

oLz



50

+10000000000000 04

NUMBER OF REACTIONS

REACTION NO.
1

EQUILIBRIUM CNONSTANT

2
3
4
REACTIDN NOU» TOLs
b
2
3
4
INDEX SOLUTION SPECIES
1 H
2 SC4
3 H304
4 uuz
5 u02s0a
6 up2(sp4ie
7 NA
8 NASD4

+9120100000000D
0 13803800000000
01621810000000CD
+H248100000000D

ON EXTENT

+1000000000000D=
+10¢00000000000=
¢ 1000000000000D"=
+1000000000000D~

02

05
01

09
09
09
09

'VOSZOﬂ pue fiosZH

Yoslen JO 2In3XTW B A0J SITITATIOE aseyd UOTINTOS

S STqeL

TLe



INITIAL CONCENTRATION OF SPECIES J
¢5920000000000D=01 +3641000000000D 00

s 0 +6689000000000D 00

REACTIONC(I)
1 2 3 4 5 6

LW N e

IoNMIC CHARGE OF SPECIES U

1400=2400=1400 2,00 0,00=2,00 1.00=1,00

DEBYE=HUCKIL PARAMETER A (OF SPECIES J
+9000000000000D=07 450000000000000=07

+6000000000000D=07 44000000000000D=07

OFBYE=HUCKEL PARAMETER B DF SPECIES VU
Y ~+4000000000000D=01

«0 s75000000000000=01

DEBYE=HUCKEL PARAMETER A AND B

-RARRAAANANNONND NA L 3IPB81000000000D 08

W 0 +23800000000000=03

o0

SPECIES(Y)

7 3

=1.00%1,00 1,00 0,00 0400 0400 0,00 0,00
06001400 0,00~1400 1400 0400 0400 0400
0s00~2400 0,00=1400 0400 1400 0,00 0400
0s0071+00 0s00 0000 Ds00 080071600 1400

+45000000000000=07 +60000000000000=07

+54000000000000=07

«0 2 0

s 0

o 0

s 0

Lz



VOLUME OF SOLUTION = +1000000000000D 01

ITERATION 0 _ 5 CALLS 0F CALFUN Fa
VARIABLES
¢+47000000000000E=01 +79000000000000E=04
FUNCTIONS
=431672860711459E=02 +19013826161569E 00

VAO2A FINAL VALUES OF FUNCTIONS AND VARIABLES

ITERATION 6 - 33 CALLS QF CALFUN F=

VARIABLES
2 469701846086479E=01 179857855283877E-04
FUNCTINNS
¢3862238701226%E"10 Se67261977241677E~11

IONIC STRENGTH OF SOLUTION = +7771123199560D0 00

+7055516R8451688E=01
+15000000000000E=03

+18545233101845¢ 00

¢15511944199933E-20
+15077486223595E=03

“e35486504515529E"11

EQUILIBRIUM CONCENTRATION 0OF SPECIES J IN MOLES PER LITRE SOLUTION

¢12329813913520=01 +20634801783330 00 ¢4697018608648D0"=01

+115077486223590=03  .5584996114995D 00 ¢1104003885005D 00

EQUILIBRIUM EQUIVALENT FRACTION 0OF SPECIES J IN SOLUTION

+2160827340890D0=01 472325899126000 00 +82316296916000=01

$5284726061950D=03 ,9787830042500D 00 ¢1934793389320D 00

«11040000000000E 0O

=¢10554723413656E£703

+11040038850047E 00

012925666088358%E711

¢7367282480174D=05 +79857855283880704

+2582265316080D0~04 0

€Lt



ACTIVITY COEFFICIENTS OF
+175091295635320D 00

+2210552530745D 00

ACTIVITY OF SPECItS J IN
+9258617017085D0=02

$3332957532854D=04

SPECIES J
«17215138486170 noO

+7086946620822D 00

SOLUTINN
+3552309703348D=01

¢39580569344470 00

«6386078629034D 00

166838140540370 00

$29995530156860=01

s73789566823060=01

+2210552530745D 00

116285764931260=05

+10000000000000 01

+79857855283880704

LT



50

«1000000000000n 04

NUMBER OF

REACTION ND.

1
2
3
4

REACTINM MU

InpEX
1

2

10

sSoLuTIny

o

=W

H

Sy

HSU4

uo2
Uo2s04
unz2(su4l?2
NA
HASOA
NO3

cL

RCACTIONS

FQUILTBRIUM CNOWSTANT

TOL

SPLCIES

«91?701000900n0N0
»13803800000000
s16?2i{Hinnagooon
J572081000000000

Ny EXTEMT

L100000000003000=

n2
04
ns
0l

09

L10000000200000=09
c100N0000nNONON=NY
s10000300N000000=D73

‘TDEN 'EONEN

Z
S°H

'pOSZOQ pue t’O

9°C 9TqelL

‘vosZEN JO 2IN3IXTW ® I0J S9TITATIOR aseyd uoTinios

5 A



NUMBER OF SpoLullpy SPIIgIES =

10

INTTIAL COMCENTRATINN NF spECIES U

«1120000000000D 00

2 0

REACTION(T)
1 2

1 =1.00*1,00
2 0,001,400
3 NsNU~2.00
4 0e QUL W00

IONIC CHARGE 4F SPECIES

1.00%2.00=1400D

DERBYE=*HUCKE]L waArRAMETER
¢ 90000000006300=07

260000000000000~07

DEBYESHUCKEL PARAMETER
.0

+ 0

DEGYE=HUCKEL pPARAMETER

«SOB50000CG0000D 0O

«14200000000000 00

W 2R60000000000D €O

) 4 5 6

L} o
D00

1400 0400 Q4DO

0,00=1,00 1,00 0400
0e0T1600 000 1900
U0 0400 0s00

9

A oF SPERIES J
+500000090000600=07

«40000000000000=07

8 0OF SPECTIFES J
=.40000000000000=01

s 75000000000000701

A AND B

+32810000000000D 08

NDe300=1407

¢ 0

[X¢]

SPECIFES( )

7 B9
Je0N 00 000
0+00 0.00 D00

NeNH QDO O eNO
1400 020

10

0400
000
000
0409

2:00 04002400 1¢00=1400=1400=1400

«4500000000000D=07

«58000000000900=07

N

v

+1000000000000D=07

«80000000000000D=01

160000N000000NN=07

4300000000000 =07

o ()

+ 0

+40000000000000701

)

+35000000000000707

» 0

£15000000000000701

9LE



ITFRATION 0 S CALLS OF CALFUN F=
VARIAHBILES
180000000007000E=01 +60000000000000F=03
FUNCTINNS
21290946280 1540E 01 “e4/B69101415538FE 00

VAQ2A FINAL VvALUES OF FUNCTIONS'AND VARTARLES

ITERATINAN 12 103 CALLS nF CALFUN F=

VARIARLES
264132006816811E"n1 +H6687942087378F 7013
FUNCTIONS
Te24242A23200120E711 250707982997600F 11
InNIC STRENGTH UF SQLuTINN = «37224434700548N 00

+22958635973783E 01
$30000000000000E703 +140017000000000E=01

“e634220436%0032F 00 W 86107315616982E701

+42153839031128F=27
+31757638791650¢ =03 +13476907663296E701

s114N4B746118B6FE"11 “.71400763752646E712

EanTi 18R Ty cOnGENTRATION oF SPECIES J IN M0LES pER LITRE soLyTIoy

P47867993183%00%01  +56159052123790701  +64132006B81610U7n1  +11554399121010"03 +56637962086970703

03175763B79203D=03 +26752309233660 00 +1847690766340D"01  «8000000000000N*01 «40000000000000701

EoulLIBRIyM EGUIVALENT FRACTINN OF SPECIFS o IN SNLUTION

015166232667T001) 00 «15605263407500 N0 ¢20319233%42810U 00 «73216650103000=03 0

2012383251 750D=02 «Ru7A0550583000 0O «98541221798p0010=01 ;253M6761039HOD on «12673380819800D 00

LLe



ACTIVITY CUEFFICILHNTS UF SPECIES .J

«77492%4430159D 00

0273019953482720 o0

ACTIVITY OF SveEclES g Iy
0370943172%96290"01

oBET0469063958D"04

2315854275987 0 00

«71718095811n30 on

SplLUTLION
«13018184816210701

c191R624674LTBEDN 00

s HRET2484%691659D 00

s 7094360ANB4AKSY 01

sqaut10240750530°01

©13108184°51490"01

*2730195534272D 00

+63997370379600 nq

+3154581509897N"04a

¢5119789630368D701

+10000000000000 01

¢ 66550917981377 00

156687962086970703

$26620367192550701

8LC



10
+1000000000D0OUD U

NUMBER OF REACILgns = 1
REACTION NO» CoululpRrlUM CONSTANT

1 $72939000000000 02
REACTION NO TOLes ON EXTENT

1 L10000006000000=09

INDEX SULUTIUN SrceCIES

1 Su4

SPECIES(J)
REACTIUNCI)D
1 2
1 14002400

INDEX RESIN SpECILS
1 S04

2 ND2

~IoNIC CHARGE UF SPECIES o

S24007100

'EON'EN pue VOSZ‘?N JO axn3ixTWw ‘O0%y °3ITTIoquy

S L0 dTIRL

wa3ysis Azeutlq ay3z xoJ uotitsodwon aseyd ursed pPayYITd

6Le



NUMBER UF RESIW SpEglES = 2

NUMBELR UF KRESIH REACTIUNS = 1

INITIAL MOLES OF oPECIES K IN RESIN

s FO000000Q00UVL™0Z2 0

REACTIONCT )
1 2
1 =1,0U0 2,00

WILSUN INTERACTIUN PARAMETERS FOR RESIN PHASL

1 2
1 s10ULUD 014654190 00
Z 311590 otelgouol 01

VOLUME 0f FrEE SEVJLED RESIN IN SULPRATE FODRM

CAPACITY UF RESIN boUIve PER LITRE FSR

AcTIVITY oF SPECIES U IN SULUTION

$27120000000uvD=0l +2470500000000U=01

REACTION NOD. INITIAL GUESS FUR EXTENT
1 «3700000000VOOOV=02

SPECIES(K)

SPECIES(K)

slovbooooouooou=otd

= «14000000000000 01

08¢



EXTENTE  «36%940390679090"072 F oyALUE=  «10473146326950%23

EQuILIBRIuUM MULES UF SPECIES K

033059609320710°02 273880781358190%y2

EQulLIBRIyUM MUOLL FRACTIUN OF SPECIES K IN RESIN

3091405325027 g0 0908599467494 31) QU

bQulLIorIyM EoyIvaEnt FrACTIgn oF SPECIES K In RESIN

24722801331590D 00  +52/719386684300 pu

ACTIVITY CcUOEFFICIENTY pf spECIES K IN RESIN

6475401 78500310) VU (8973906999820 00

AcTIvITY OF spEcles K IN pESIN

+2001809156333D 00 ¢5732333920305D 00

tQUILIuHIUM CUNCENTRATION pr spEclts x In moLES pER'LIT“E tREY., SCTTLED REsIN IN SyLPHATEL FuUimM

+33059609320Y10 g0 +73880781358190 00

182



10
0100000000C000D 04

NUMBER OF REACIIONS = 1

REACTIQON NG» EQUILIBRIUM CONSTANT
1 +5098000000000D 01

REACTION NQs TOLe ON EXTENT
1 +10000000000000=09
INDEX SOLUTION SPECIES
1 504

'

2 HSO4

 SPECIES(J)
REACTIONCI)
1 2
1 14002400

INDEXx RESIN SPECIES
1 S04

2 HSQ4

IoNIc CcHARGE QOF SrECIES J
=2400°1s00

-Posly

pue "oslen Jo sxmaxtm ‘00p 83TTIoGmY wWaySAS

8° L ®TIqelL

Areutq ayy 1ol uor3zTsodwos aseyd utsax pollTd

8¢



NUMBER OF RESIN SpECLES & 2

NUMBER 0OF RESIN REACTIONS B i

INITIAL maLEs oF SPECIES Kk IN RESIN

+7000000000000D=02 40

SPECIES(K)

Py
[}

REACTION(])
1 2

3 ®1:00 2,90

WILSON INTERACTIUN PARAMETERS FOR RESIN PHASE

SPECIES(K)
1 2
1 +10000D 014984600 00
2 +28124) 01+10000D 01

VOLUME OF FREE SE}TLED RESIN IN SULPHATE FORM = +1000000000000p=01

CAPACITY OF RESIN EQuIVs PER LITRE FSR ® +1400000000000p 01

£8¢



ACTIVITY OF SPECIES J IN SOLUTION
¢35564000000V0D=02 42000200000000D"01

REACTION NO INITIAL GUESS FOR EXTENT
1 118500000000000=02
EXTENT= 41852337891757D%02 F vaLug=2 +17261569918620=22

EQUILIBRIUM MOLES UF SPECIES K
¢5147662106243002 +37046757835150°02

EQuILIgRIUM MOLE rRACTION OF SPECIES Kk IN RESIN
058150312055260 00 41849687944740 00

EQUILIBRIUM EQUIVALENT FRACTION OF SPECIES K IN RESIN

+7353803011600D pb 1264619598821 00 0O

ACTIVITY CUEFFICIENT OF SpEGIES gk IN RESIN
18591{577238250 po #60667872253760 00

ACTIVITY OF SPECIES K IN RESIN
$49957850255660 00 +2538%064122790 00
EquILIBRIYM CONCEMTRATION oF SPEGIES K IN MOLES PER LITRE FREE SETTLED RESIN IN SULPHATE FORM

¢5147662108243D 00 «3704675783545D0 00

82



10

+1000000C00C00D 04

NUMBER OF REACIIONS o

REACTION NOo

REACTION NU,

INDEX
1
2
3

i
2

3

1
2
2
SOLUTION SPECIES
H
S04
HSQA
vo2
vo2su4
U02(504)2
NA
NASO4

3

EQUILIBRIUM CONSTANT

+509300000000¢P 01
«7381800000000D 04
s 4140800000000V 02

TOLs ON EXTENT

$10000000000000=09
¢10000000000000=09
,10000000000000=09

- VOSZOH pue

VosZH Poslen JO 2INIXTW ‘O0p S3TTILquY walsks

6'L 3TqrRL

Azeuzajenb oy 1037 uoriTsoduwod aseyd UTSOX PaIITI

s8¢



SPECIES(J)

REACTIONCT)
1 2 3 4 5 6 4 8

1 0600 1400%2,00 0400 0400 0400 0400 0400
2 000U 0600 0600 0s00=1+00 0s00 0s00 0400
3 0s0U 1400 0600 0600 0aUO0=1400 0400 0400

INDEX RESIN SPECIES

1 SU4
2 H504

3 y02¢sg4rd
4 u02(s504)e

IONIC CHARGE OF SFECIES J

*2400%1000"4.002,00

NUMBER OF RESIiN SPECIES = 4
NUMBER OF RESIN REACTIQNS = 3

INITIAL MOLES OF SPECIES x IN RESIN
«7000000000000D%02 50 o0

982



SPECIES(K)
REACTIUNCI)

1 2 3 4
1 =]{400 2,00 0,00 0400
2 290U 000 LvQ0 000
3 =1400 0600 UeUU 4400

wILSON INTERACTIUN PARAMETERS FOR RESIN PHASE

SPECIES(K)

1 2 3 4
04100000 010984600 006482760 014523220 04
¢28124D 0319100000 01202370 016813170 0Op
62612909 2962344D ggviooucoD p1236596D%¢cy
03 7304D 01852630 000176550 014100000 01}

SWw g

voLudE OF FREE SEINTLED RESIN IN SULPHATE FORM = +1000000000000p~01

CAPACITY OF RESIM tQuIve PER LITRE FSR 8 ¢1400000000000p 01l

AcTivITy OF SPECIES J IN SoLuTIoON ,
+92586000000000%02 +35523000000000"01 +30000000000000701 +1628600000000D%05 79858000000000704

¢3333000000000D0=04 439581000000000 00 073?90000000000'0;

REACTIGN NOs INITIAL GuESS FOR EXTENT
1 +14000000000000°02
2 «70000000000000°03
3 63700060006000060%03
LTERATION O 4 ¢cALLS OF CALFUN F= ¢56021218221024E"01
VARIABLES
+1400000000000CL =02 +70000000000000E03 «37000000000000E°03

FUNCTIQNS
®9211331297508401E 00 v 972940464699844F°0C1 =03244348726406949£701

L82



VAOZ2A FINAL VALUES OF FUNCTIONS ANp VARIABLES

ITERATION 7 35 ¢ALLS OF CALFUN Fa 481902066931246E“15
VARIABLES

$12889242585234E%02 e7856497346QC05E ™03 13511435336223%°013
FUNCTIUNS o

0272163925090 34¢ g7 “oB7568274757979 =08 “412675254103062E"08

EQUILIgRIUM MOLES Up SPECIES K

+37886327456u450702 ¢2577848507385D0%02 +78564973568770%03 435114352932730%03

EquILIBrIymM nOLE rRACTION oF SRECIES k IN RESIN

*5049305768444D 00 434356313382900 00 *10470758250980 00 446798704816770"01

EouiLIsrIyuM EQUIVALENT FRACTION OF SPECIES Kk IN RESIN

*54123324937100 00 ¢18413203624000 00 2244713530530 00 ¢+50163361332400%01

ACTIVITY COEFFICIENT OF SPECIES K IN RESIN
073913052996210 00  +63%905199430320 00 78416634269920 00 430983387833169D Q¢

ACTIVITY OF SPECILS k IN RESIN

.37320960633:30 00 421955470584250 00 ¢82108162029580=01 414499824213590°01

EoulLIBrIuM conCEnTRATION oF sPECIEs K IN MOLEs PER LITRE FREE SETTLED RESIN IN SU_PHATE FORM

23788632745605D oo *2577848507385D oo ¢78564973568770%p1 035114352%3273D%01

88¢



50
«1000000000000D 04

NUMBER OF REACTIQNS = 2
REACTION NO. EQUILIBRIUM CONSTANT
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BURRDUGHS B=5700 FORTRAN COMPILATION (MARK XVIe0402)s TUESDAYs 27/04/76» 12814 He UNIVERSITY OF

NOCOMP /ECPRPSHM

xS == o

FILE 2 = INPUT JUNIT = READER R 0000 5
FILE 3 = QuTPuT PUNIT = PRINTER _ R 0000 =
START 0OF SEGMENT #aadakkuns 1 o
DIMENSION CONCOJ(6)32(6)sDBALE)sDRB(E)»SGAMIB)IPACTIVIE) R 0000 o
INTEGER § . _ : R 0000 w
REAL MUsMUHALF R 0000
c NO3=1 R 0000 2 o
¢ CL=2 R 0000 5 2
c NA=3 R 0000 g
READ(2+100)S»N R 0000 5 3
100 FURMAT(215) R 0012 By w
READ(25400)02C0J)sJ=115) R 0012 g H
READ(2-200)CUBACI) sd=1sS) R 0029 a o
READ(2»200)(DBB(J)su=1s5) R 0046 " o
READ(2,200)DHA»DHB R 0063 P
RRITEC(321008)DHAsDHB R 0074 a =
1004 FORMAT(IX»"DEBYE COEFF ARE"»2E1045) R 0087 8 &
200 FORMAT(4E10,5) R 0087 B &
400 FURMAT(6F542) R 0087 ®ow
WRITE(3»1001) R 0087 £ 9
1001 FURMATCIXs"SPECTESMISXI"CHARGE®*»SX»"DERYE PARAMS™) R 0091 © w
DO 2 J=145S R 0091 a8
WRITEC3»1000)d32C0J)9DRBALIIIDRBLI) R 0096 - B
1000 FORMAT(2X»1248X3F54292XsE104,542X0E1045) R 0116 T
2 CUNTINUE h R 0116 -
DU 10 I=1,N R 0116 g3
WRITE(3,1002) R 0121 oo
1002 FURMAT(/ /1% "5PECIESHASXs¥CONCENTRATIONYSEX A HACTIVITY CREFF®*I5x 1A R 0126 E ®
SCTIVITY"sS5Xs"I0ONIE STRENGTHM") R 0126 Z
REAN (252000 CCUNGOJtU Y rd=t o) R 0126 w
SMU=0s0 R 0143
DO 1 J=1s§ R 0143
SMU=SMU+CONCUJEII*ZEJ)*%3,0 R 0149
R 0156

i CONTINUE



MU = Q45*S5MU
MUHALF = SQRT(MU)
DO 3 J=1»S

SGAM(J)=1040**(=140*(DHA*MUHALF*Z(J)**240)/(1+0+DHB*DBA(J) *MUHALF)

S+DBR(J)»MU)

ACTIVCY)Y = SGAM(UX*CONCOJC(J)

WHITE(3,1003)0,C0NMC0J(J)»SGAMIJYSACTIV(J) MU
1003 FOAMAT(2Xs129X»E1065s6XaE106526XsFE108586X2F100e5)
3 CONTINUE
10 CONTINUL

sTop
END
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3 1400 +50C00E=07 75000E~01
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1 «10000£=01 +69518F 00 169518E~02
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3 «20000E 00 e74422F 00 +14884F 00
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1 0 20000E 701 269518 00 e13904E~01
2 +18000E 00 W 712458 00 +12824F 00
3 «+20000L DO s TH422E 00 +14884F 00
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00
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