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'

This thesis presents a comparative investigation of thefioé—
exchangs behaviour of a typical carboxylic acid resin, Amberlité IRC
50, and a.typical sulphonic acid resin Zeo-Kardb 225, in agueous. and
agquaous pyridine solutions of the alkaline earth metal cations,

The ion=-exchangs phenomena investigated includad; swelling,
preferential sorption of solvent and sslectivity variations with
loading, degree of nsutralization of the resin, solvent composition and
choice of solution phase anion., The_chromafographic separation of the
alkaline earth metals using aqueous pyridine eluants was also
investigatad,

The solvent composition was found to exert a considasrable effect
on all the aspects of ion~exchangsz investigated. The swelling and
sorption results are sxplained by examining the difference in solvent
structure in the resin and solution phases.

- The selzctivity bshaviour of ths resins was examined thsoretically
in terms of various mechanistic models, The r=sults obtained showed
big selectivity changas with variation in solvent composition. These
observations substantiatsd ths theoretical pradictions., The most¥t
important factor causing the selectivity variations is thought to be
ion;solvent intsraction. The usual correlation bestween swelling and
selectivity was not observed. |

The selectivity results obtainad, indicated the possibility of an
improved method for separating the élkaline c¢arth metals by ion=-

exchange chromatography. This possibility was sxamined sxpsrimentally



but the desired result was not obtained. The problem was investigated
further and a suggestion for further ressarch along these lines is

made.
The results obtained in this work demonstrate the important part

played by the solvent in ion~exchangé phenomena.

B. M. Ilslsy.

April, 1968.
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1. INTRODUCTION

1.1, OBTECTIVE

Most previous work in the field of cation~exchange selectivity has

been concérned withs-

(a) Sulphonic acid resins.
(b) Monovalent cations.

(c) Agqueous solutions.

The work on carboxylic acid resins has, with the exception of that
of Marshall and Garcia l, been confined to monovalent cations.

The exchange propertiss of divalent ions have been investigated
by certain authers 25 3 using sulphonic acid resins. In most cases
however the rsference ion used was the hydrogen ion. Since 1t is
extremgly difficult to use the hydrogen ion as a reference on weak
acid resins, this work on sulphonic.acid resins cannot easily be
comparad with that on carboxylic acid resins.

Several studies have been made in solvent; other than water.
These have been confined mainly to neutral solvents such as acetone,

ethanol and mathanol. Macintosh 45 5

investigated the behaviour of
the alkali metals on both casboxylic and sulphonic acid resins in a
basic solvent, monoethanolamine. The study of exchange on weak acid

resins in basic solvents is interesting because of the levelling

action of the solvent, which causes both strong and wesak acid
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resins to be fully ionized.  Aqueous monoesthanolamine is, however, an
unsatisfactory solvent for the alkaliné earths., Pyridine ﬁas therefare
chosen as solvent, since it has a fairly high basic strength
(Kb = 8.85 at 2500)6 and is an excellent solvent for the alkaline
sarth perchlorates. A further advantage is that. pyridine combines a
high dipole moment (2.2 Debye)7 with a low dielectric constant, 12.3 8.
The fact that the dipole moment is similar to that of water enables a
distinction to be made betweeﬁ the effect of.this property and that of
dielectric constant on cation-exchangs phenomena.

Thus, as so little is known of the ion exchange behaviour of
divalent ions, particulariy on carboxylic acid resins, and to..the

knowledge of the author cation-exchange phenomena in agueous pyridine

have never before been investigated, the objective of this thesis isi~

To investigate the ilon-exchange behaviour of the
cations magnesium, calcium, strontium and barium on
both Zeo-Karb 225 (a sulphonic acid resin) and
Amberlite IRC 50 (a carboxylic acid resin) using a -

pyridine/water solvent of varying composition.
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3.

THE SCOPE OF THE WORK

The aspects of the ion~exchange behaviour of the resins which have

been investigated are - -

1.

5e

The wéight-swelling of the two ion-exchange resins, in
single ionic forms, in pyridine/water mixtures of varying
composition.

Sorption of solvent by the two rasins, in single ionic
forms, from pyridine/water mixtures of varying composition,
Determination of the silectivity coefficients of barium,

strontium and calcium relative to magnesiumt

(a) At various loadings (see page 17), with water as

solvent, for Amberlite IRC 50.
(b) At various values of a {degree of neutralization

of the resin) for Amberlite IRC 50 with water as solvent,
(c) At various solvent compositions for Amberlite IRC 50 and

Zzo-Karb 225.

The effect of the choice of anion on thae selectivity of
Amberlite IRC 50 and Zeo-Karb 225 for the ions studied.
The possibility of an improved chromatographiec separation

of the alkaline earth metals using pyridine/water as solvent.

<
Since the research was confinsd to two resins the introduction

and review which follow deal only with cation-exchange on sulphonic and

carboxylic acid rassins in bezad form. Anion-exchange and othsr types

of cation-exchangs materials are not considered.



4s

1.3, CATION - BXCHANGE RESINS

A cation-exchange resin is a typical gzl consisting of a matrix,
which is an irrsgular, macromolecular, three-dimensional framework of
hydrocarbon chains, and, attached to the matrix, anionic groups, sugh

as =50, , in the case of Zeo-Kérb 225, and -C00", in the case of IRC 50,

3

Linear hydrocarbon macromolecules with anionic groups attached
248, polyétyrene sulphonic acid; are soluble in water. Ion-exchange

N\
resins, however, are made insoluble by the introduction of cross~links,
which interconnect the various hydrocarbon chains. An ion-exchange
resin bead is therefore practically one single macromolecule. Its
diséolution would raquire breaking of carbon-carbon bonds and the
resins therefore do not dissolve in solvents by which they are not
destroyed. The matrix is, howsvery, elastic and can be expanded, the
process being known as swelling.

To maintain electroneutrality in the resin beads mobile cations,
called counterions, are present and thssz are associated with the
rasin anions to differing degrees. Cation-exchange resins are therefore
cross-linked polyelectrolytes.

The spatial structure of the cation-exchange resins is such that
they are inherently heterogeneous in character. The homogeneous gel
model assumes that the resin phase can be treated as a concentrated
agueous solution, in which the anions are'immobilized by a polymer

9

network. Goldring”, however, considers that this model has many
shortcomings and states that there are apparently regions in every

ion-~sexchangs resin that are highly cross-linked, and others where the
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polymer may be so lightly cross-linked that locally its properties
approach ¢Pat of a linsar polymer. This means that fhe charge density
and coﬁcentration of exchange groups will vary from region to region.
This approach was given support by the work of Reichenberg and
McCauley;o on selectivity of resins of varioué degrees of.cro§s~1inking

11, 12, 135 14 ) tne rate of diffusion of

15

and that of Glueckauf et al
co-~ions out of ion-exchange membranes. According to Reichenberg
the most diredt evidence for the non-uniformity of the properties of
exchange sites and its effect on selectivity is afford:d by the results
of a study of two identical resin samples#of the same spacific capacity.
The method used to sulphonate the resin samples was such that if the
resins ware homogeneous they would be identical in all respects, but if
they wers heterogsneous they would differ in that the sulphonate groups
would be situated preferentially in regions of lower localized cross-—
linking in one resin and be randomly distributed with respect to cross-
linking in the other. The selectivity properties of the two resins
were in fact markedly different, thus confirming the assumption that

the resins were originally heterogensous in struc¢ture. This

phenomenon grsatly complicates any theoretical prediction of the effect
of ionic composition on the magnitude of selectivity. However, if

the selectivity coefficisnts are averaged over the exohange: as a

whole the effect is not sefious; Furthermore, with resins of low
cross-~linking, such as those used in the present work; much of the ione-

exchange behaviour can be explained by extensions of the theories of
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polyelectrolyte solutions,; as has been done by Katchalskyl6 and Rice

~and Nagasawal7° Structural heterogeneity has thereforas not heen
considered as a factor in the present WOrk;

The preparation of cation~exchange resins will not be reviewed
as it has been extensively dealt with by Helfferich18 and has, in any
¢ase; no bearing on the present work.

Since a cationwsxchange resin is insoluble when it is in contact
with a solution of an electrolyte it forms a distinct physical phase
which is known as the resin ghase. As explained previously cations
within the resin phase which are associated with the resin anions are
known as counter~ions., A certain amount of electrolyte may bs taken
up by the resin from solution without being replaced by another ;pecies
of solute. The cations so taken up are known as sorbed cations, and
the anions taksn up in 2quivalent amount are known as co=-ions.

Bafore equilibrium betwesn the resin phase and a solution phase
is considered, one further property of ion-exchange resins must be .
dealt with, i.e. swelling. Swelling occurs when the elastic sy

hydrocarbon matrix is caused to expand, enabling the resin beads to

sorb additional solvent. The factors which lead to swelling ares

1. - The solvation tendency of the fixed ionic groups and
counter-ionslg. Ton-dipole interactions between these groups
and the solvent cause solvent to be held in the resin phase.

Ions which have large solvated volumes will tend to cause more
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swelling than ions with small solvated volumss. The nature of
the solvent wiil obviously affect ion-solvent interactions.
2. The osmotic pressure differencs between resin and solution

phasesl9

will also affect the degree of swelling. The resin
phase can be considered to be a highly concentrated solution of
ions reslative to the dilute external phase. Solvent will
therefore tehd to move from the solution phase into the resin
phase.

3.  The electrostatic repulsions between neighbouring fixed
ionie groups and between charged resin chains20 will tend to
cause the resin matrix to expand. Sorption of solvent then

occurs in order to fill the additional space so created. The

nature of the solvent affects the strength of these repulsions.

The magnitude of all thres of these expanding forces decreases as
swelling progresses. The solvation tendency diminishes as the solvation
shells of the ions near completion, the osmotic pressure difference
decreasss as the rssin phase becomes more dilute and the electrostatic
repulsions decrsasa as the fixed groups and resin chains move further
apart. These sxpanding forces are opposed by the cross-linking of the
resin matrixj the greater the degres of cross-linking of the resin
the greater the force required to cause thes resin to swell. Therefore,
other factors being esqual, a highly cross~linked resin will swell less
than a resin having a low deéree of cross-linkiﬁg. Irrespective of

the degree of cross-linking, the resistance of the resin matrix to



expansion increas=s as the swelling increases.

Therefore, as a resin swells, the three forces giving rise to
swelling decrease, and the resistance of thé resin matrix ;o swelling
increasas. Swelling equilibrium will be attained when thse magnitude
of these opposing forces is equal.

In the present work the weiéht—swelling of the two resins has
been measursd under various conditions. Weight-swelling is defined

as the weight in grams,; of solvent taken up; per gram of dry hydrogen

form resin,

1.4, THE MBANING OF SELGECTIVITY AND THE SIGNIFICANCE OF

SELECTIVITY COEFFICIENTS

When a cation éxchange resin is in contact With a solution of an
elsctrolyte the mobile cations present on the exchanger (counterions)
can exchange with cations in the solution phase. The amounts of ions
exchanged are stoichiometrically equivalent. The exchange reaction

may be represented in general terms by the equations
quAP+ + pBYY o quBq+ + qaP?t (1-1)

where R is the resin anion.
A 1is the counterion.
B is a cétion originally in ths solution phase.
p 1s the valency of cation A.

q 1is the valency of cation B.



The two cations will, in general, not be held equally strongly
by the exchangsr. Thus if an .exchangsr is in contact with a solution
of an electrolyte and if, after equilibrium between the two phases has
been reached, the solutionvphase contains the two exchangeablé cations
in equivalent amounts then, in general, the amounts of these cations
in the resin phase will not be equaly -i.e. one of the two cations will

be preferred to the other.

l.4.1. The Practical Selectivity Coefficient

The practical selectivity coefficient, or separation factor, for
the exchange reaction (1-1) written above is defined bys

m m

kB - B A (1-2)
& % m
A 7B
where EB = molal concentration of cation B in the resin phase.
EA = molal concentration of cation A in the resin phase.
m, = molal concentration of cation A in the solution phase.
my = molal concentration of cation B in the solution phase.

Since the separation factor 1s the quotient of the concentration
ratios of the two crr~+tsrions its numerical value is not affected by

the choice of concéntration units.

l.4.2. The Selectivity Coefficient Ki

Instead of the practical selectivity coefficient the selectivity

coefficient Kﬁ can be used to describs the equilibrium.
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This is defined bys

=p _q :
m mn

B B .

K - T (1-3)
m»q mn P
A "B

In this work both cations are divalent so that equation (1-3)

becomess
72 n?
B B CA
Ky = =5
My Ty
m m 2 ‘
. B B A
LY K.A. = (__ ) (1—4)
m, Mg
and from equation (1-2)
B By 2 '
K, = (k) (1-5)

The selectivity coefficient can thersfore be obtained by squaring
the practical  selectivity coefficient if b?th ions are divalent.

It should be clearly understood that, although the numerical value
of the selectivity coefficient is not in this case affected by the
choiece of concentration units, as it is when the valences of the
éxchanging ions are not the same, ths consequence of the fact that the
exchange does not involve monovalent ions only is that the practical
selectivity coefficient is no longer numerically equal to the selectivity
coefficient. Confusion tends to arise in the minds of'some authorsr
on this point. The selectivities given in this thesis are all

reported as practical selectivity coefficients.
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If the selectivity coefficient (KE) is not unity it indicates a
difference in the relative preference of the solution and resin phases
forvthe two competing ions. This preference reflects the relative
effect of the two components on the thermodynamic properties of each
phase, These affects are summarized in the term activity, which is
a measure of escaping tendencys: the higher the activity of a component
in solution thz greater its escaping tendency. Thus the preference
of the solution phase for the two countsrions A and B (relative to a
standard state in which no préference exists) is the inverse of the
ratio of their activitiass, Z;

l.4.3. The Corrected Selectivity Coefficient KB/A

The selectivity cogfficient represents the resultant of all

interactions, in both the resin phase and the solution phase, that give

rise to selectivity. A quantity Ké/A’ called a corrected selectivity
coefficient, reflects the preference of the exchanger phase only.
In this case the selectivity coefficient is corrected for solution
phase preferences.

In the case where the resin phase shows no preference KI;/A =1

and if at equilibrium the exchanger contains more of cation B than

" cation A this can only be attributed to solution phase activities.

517
t

°p
2
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and from aquation (1-4)

o . o
In the general case where KB/A is not unity the effect of resin

selectivity must be reflected in KE

) . a, n 2

: A B

From equation (1-4)

(mB mA) 2 i K' (aB mA) 2

’ m, m ) B/A % ™
A B
v my a2 :
Kg/a = (:T““;“) (1-6)
Ty °B
and since . a, = fA mA
ag = fB my

f_ are the activity coefficients of A and B in the solution

where fA’ B
phase,
' m, m, f 2
, B A "4
Ky = () (1-7)
my mp Iy

From equations (1~4) and (1-7) it can be seen that in dilute

- solutiony, where if it is not true that fA = fB = 1 then certainly
f
with similar cations §§ = 1,

B .
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o B
KB/A = X

and from equation (1-5)
1 B 2 .

This result is used in the calculation of the thermodynamic
equilibrium constant Kai (see page 15)

It is important to nots that Ké/A has a constant value only if
the ratio of the amounts of the counterions (in either phase) is kept

1
"~ constant, since KB/A is not an equilibrium constant or selectivity

. 1
constant but a selectivity coefficient. Therefore KB/A has a precise

meaning only if the ratio of the amounts of the counterions in either

!
the resin phase or the solution phase is also stated. Since KB/A is

a measure of selzctivity in the resin phase only the counterion ratio

ratio in the resin phase is generally used. The usual practice is to
m
state not the ratio :2 but XA’ the equivalent fraction of A ions in
m
A —
the resin phase. This value XA is often referred to as the loading.

Combining equations (1-7) and (1-4) gives:

Ty

2
)
Iy

Kp/y = K (1-9)

Thus Ki may be corrected for the selectivity arising from

interactions in the solution phase by the introduction of the factor
f 2
A
()
B .
due to solution phase activity. The introduction of an analogous

|
{

1
The use of KB/A therefore 2liminates the effect of selectivity
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f 2 ,
factor (:§) ; where f_ and £, are activity coefficients in the resin

B A
fA ‘
phase, eliminates the effsct of selectivity arising from this phase
as well. By this process all selectivity effects are elimihated and

the quantity on the left hand side of the equation (1-10) below must

therefore be unity.

n m. T f -2
e (1-10)
m, My fA fB
m, m, £, 2 F_ 2
B A A B
or = == (= =1
my mg Iy fy
Substituting equation (1-7) gives
T, 2
' B
A
. 'f'A 2
e KB/A = (=) : (1-11)
Iy

Hence the corrected selectivity coefficient is nothing more than

the square of the ratio of the activity coefficients of the two cations

in the resin phase.

This statement is, however, valid only if the activity coefficients
in both phases are defined in such a way as to make them exactly
analogous. For this reason the relationship described in equation

(1-11) cannot be tested experimentally, because there is no independent
f - '
way of evaluating :é without arbitrary conventions or extrathermodynamic

f
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assumptions.

1.4.4, Thermodynamic Selectivity Constant Kai
- 21 . B
A number of authors defins KaA as followss
- P qa =P q
I mgt omy Iyt T,
ah =~ =g P = a p
m© omg 7 T

K B - ( B A B A) (1_12)
ad E T m T f
A B A B
‘ B ?B
As before the problem in determining KaA is that the ratio — cannot
P £

be évaluated. By making the assumption that if the resin ié entirely

is unity, if entirely in the A form
22, 23, 24, 25

in the B form (XB = 1) then_?é

= 1) ?A is unity, certain authors

(X

A showed that

the application of the Gibbs - Duhem squation gave:

B 1 t
In K, = of In Kp/y 9K (1-13)

1
B/A .
despite the fact that according

Reichenberg 26 points out that since X expresses interactions in

the resin phase only, so too must Kaﬁ’

to equation (1-12) it is symmetrical with respect to both phasss.
He states that this paradox arises frdm the different nature of the

standard states chosen for defining fA and fB on the one hand and

—

fA and fB on the other.

Where it is useful to express the sslectivity of an exchanger by
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a sirgle meaningful value, Kai dah be déterminéd from measuremerts of
KB/A by applying equation (1-13). This may be dons accurately by

t -
making a largz nuabzsr of measursmsnis of values of KB/ at values of XB

A

varying from nzarly zero to nearly unity, or by ap.lying the approximation
B r! — L
K. = (RB/A) at Xy = 0.5 (1-14)

. + B . .
In this case RaA can be obtained by interpolation after only a few
1
vqlues of KB/A have bsen measursd.
The thermodynamic selectivity constant is related to the standard

free-enérgy change of the exchange reaction(1-1) by the equation:

AG® = - RT 1n Kaf_ (1-15)

whénBAG° is the standard fres-energy change involved in the
transfer of 1 mole of B from an infinite amount of solution in the
standard state to 1 mole of exchanger initially completely in the A
form and the transfer back io the solution of 1 mole of A. R is the

universal gas constant and T the absolute temperaturs.

le4.5. Quantities Used For Correlating Selectivity Coefficients

As stated previously (see page 5) selectivity coefficients ara
averages made over a2 resin sample, and should be éorrelated with
quantities which are also averaged over a similar resin sample.
Quantities commonly used for this purpose are swelling, degree of

neutralization of the resin (a) and loading.
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Swelling has been discussed previously (seec page 6) and is used
" to correlate the data presented in chapter three.

The dsgree of neutralization of the resin (a) is given by the
fraction of thevexchange sites able to taking part in an exchange

process 1l.e.

Available exchange sites
Total exchange sites

o =

The resin sites which are "not available" ars sites which are

" covalently bonded to the counter-ion and hence do not take any
significant part in ion-exchange. In the present work covalent bonding
occurs only when the weak acid resin Amberlits IRC 50 is in the hydrogen
form. | The carboxylate groups are covalently bonded to hydrogen ions
and remain inert with respect to ion-exchange provided the pH of the
soiution is below T. In this way both the charge on the resin chains
and ths field strength of the carboxylate groups 1s reduced. Mos+t
measurements of selactivity cosfficiants have bzen made at a = 1.
Selectivity coefficients mezasured at lower values of a show marked and
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significant changes, 2.g. Gregor et al. found that the ssquence of
tﬁe selectivity coefficients of the alkali metals on Amberlite IRC 50
reversed below a = 0.2. Selectivity coefficients are correlated with
a in chapter four.

The “loading” or ionic composition of the riesin is given by the

mole fraction of the exchange sites which are in one ionic form.

For example, if two cations A and B are present on the resin and 60%
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of the exchangs sit3s are in the A form the ionic composition of the

resin is representzd as

X, = 0.6

The significancs of the corrzlation of selzctivity coefficient
with loading has bzen fully discussed prsviously (ses page 16). The
experimental data are correlated with loading. in chapter four.

In the présent work selectivity coefficients are also oorrelated.
with the composition of the solvent in both the solution phass and the
resin phase. If, for esxample, fhe mole fraction of pyridine present
in the pyridine/water mixture in the resin phase was 0.6, the situation

would be represented by

pyridine

and in the solution phase

e 0.6
pyridine _

Selectivity coefficients are correlated with solvent composition in

chapter four.

1.5.  THEORTTICAL APPROACHES TO C.TION - SXCHANGT SELECTIVITY

1.5.1. A Thermodynamic or Mechanistic Approach?

The numerous attempts that have besen made to resolve the problem

of the selasctive behaviour of ion-exchange mat2rials may be classified
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into two broad dategories° In those in the first category rigorous
thermodynamic tréatment, that requires no model and no assumptions
with respect to the mechanism of the phenomenon, is employed. As a
result little is 1:arnt about the phenomesnon itself. Fufthermore the
equations developed in these approaches have a limited usefulness for
predictive purposes, since making the observations neczssary to predict
the results is usually more difficult than the direct mzasurement of
the‘selectivity coefficients. In the sescond category various models
ére introduced which attempt to correlats particular aspects of
ion—exchange bshaviour. A good deal of information about the ion-
exchange process evolvas as a result, but with the loss of thermodynamic
_rigour. _Provided the information obtained is used to provide
gualitative explanations the loss of thermodynamic rigour is not a
serious defect.” This type of approach is sometimes known as the
mechanistic approach.

Even in the simplest cases understanding of the factors and
mechanisms underlying lon-exchange sazlectivity is imperfect. = Formal
thermodynamic treatments can only be.applied to simple systems such as
ﬁono—monovalant exchangz in dilute aqusous solution on strong acid resins.

Thé complexity of the systems in the present work, which involve
divalent.ions9 mixed agueous and non-agueous solvents and studies on
both sulphonic and carbpxylic acld resins, mitigates against the
successful or useful employment of a thermodynamic approach.

For this rsason the approach employed in accounting for the

selectivities observed falls into the second catszgory. An attempt
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will be made to explain the selectivity behaviour in terms of ons or
other of the models postulated in the literature. It should, however,
be borne in mind that extending the use of these.models, which were
developad for simpls systems, to a complex system incresasss the risk of
making assumptions which are iﬁ fact not valid. The conclusions drawn

from this work should therefofe be rsgardsd as purely qualitative.

1.5.2. Gregor's Model

Gregor postulated a model 28, 29 in which the exchanger is rsgarded
as consisting of two parts, an un-crosslinked polyelectrolyte with

' s&lvent, and the cross-linking. In his earliest application of this
model Greéor assumed that the system behaved ideally except for
solvation. Selectivity was attributed primarily to the difference

in partial molar volume of the counterions in the exchangsr. From

these postulates a mathematical expression can be derivad.

1 N
RT 1n KB/A = n(V, -V

where V,, V. are the hydrated volumes of the counterions in the exchanger,

A7 B
n the elastic countarpressure caused by the stretching of the cross-

linking and Ké/A tha corrected selectivity coefficient (ses page 11).
According to this theory, equilibrium is rsached when the elastic
counterpressure is esqual to the residual osmotic pressure.
Gregor's theory offsrs a simple mechanistic explanation of the
swelling and equilibrium propertiss of ion-exchangers and has been

30

fully discuss=d in the literature o On the basis of this theory



certain deductions may be m.des:-

1. The counterion with the smallest hydrated volume will be
most preferred by the resin, i.e. in the present work the affinity

ssquance should be:-

Ba > Sr > Ca > Mg

'
2. An affinity reversal (change in sign of 1n KB/A> must be

accompanied by a change in the hydrated volumes of the counterions

—

then after affinity reversal VB > V. .

i.e. 1if originally VA >V A

B

3. Ifr VA > VB then as XB increasas the reésin contracts and =

decreases, Provided this is not also accompanied by a change in
Vy = Ups

In KB/Ao

the incresse in XB should thesrsfore lead to a decresase in

Aithough the model provides a simple mechanistic exﬁlanation it
is not adequate in accounting for all observed ilon-exchange phenomena.
This model is, for example, particularly inadequate in explaining the
results obtained in the present work. Furthermore it has been |
demonstrated that for exchanges involving the alkali cations and halide
anlons the pressure-volume term is small, and does not dominate the
value of Ké/A’ so thaf resin elasticity 1is not fhe dominant cause of
selectivity 315 329 *
In systems where selectivity could not be exPlaiped on the basis

33

of swelling-pressure and ionic size alone Gregor and co-workers
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postulated lon-pailr formation. Their distinction betwsen free solvent
and solvation shells, and betwsen associated and frie counterions Was,
however, arbitrary, so that the employment of this approach led to a
drastic loss of thermodynamip rigour. Gregor's theory was used by
Glueckauf31 in its more gszneral form, witﬁ an additiorial term containing
the ratio of thé activity coefficisnts of tha COuntefions in the
axchanger phase, and using unhydrated ions as the reference components.
A similar approach has besn used by othar authors,34 -39 but none of
these approaches, although more rigorous thermodynamically, contributes
materially to the mechanistic understanding of selectivity.

Marinsky4o uses the Gregor model in its original form, i.e. with
hydrated ionic species. To facilitate his analysis he confines his
discussion to those systems in wpich one of the two counterions is
present in trace amount and deals only with the alkali metals in dilute
solution on a sulphonic acid resin. His starting point is the general

form of the equation obtained from ths Gregor model i.e.

= + +
B fA fB T T el
1n KA = lng—: + ln;—;, + ﬁ(vA—VB)
B A
=+ =+ o o . .
where iA 9 fB = activity coefficients in resin phase
fA+’ fB+ = activity coefficients in solution phase
VA, VB = partial molar volumes -in resin phase
N = swelling pressure

He has evaluated the

41

first term using the method of Feitelson™ "
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who amployed the Fuoss - Katohalsky - Lifson polyelectrolyte theory,
as adapted by Gregor and Kagawa42 to counterions of different sizes,

to calculate the interaction between a pafticular ion and a
polyelectrolyte gel whose thermodynamic properties werz completely
determined by another ion. The distance of closest approach used in
this calculation was estimated by Marinsky from hydration paramasters
obtained from measurements, on an essantially unrestrained ion
exchangsr, of the variation with monomer molality of the osmotic
coefficient of a macro-ion.

- The value of the second term is =asily obtained By using the
published value of the mzan activity coefficients of purs electrolytes
at the ionic strengths employsd in the selectivity experiment. Ion~-
ion interaction can be neélected in calculating this tsrm because of
the dilute solutions used.

The third term, the so-called "pressure-volume" term, can be
calculated in a much less arbitrary mannasr than was employed by Gregor.
The volume assignments are made by using the hydration paramaters
referred to above, volumss being calculated from ths bare ion radius
plus a volume of 30 A3 for sach molecule of bound watér. The internal
pressure ® at each situation can be deduced from the osmotic behaviour
of each ionic form of the essentially unrestrained exchanger.

The value of this approach for the prédiction of ion-exchange
selectivity as a function of the cross-linking of the sxchanger when

ne of tha two counterions is present in trace amount is desmonstrated
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by Marinsky4o. He calculatés values of the selectivity for K+ and
cst (Cs+ in trace quantity) of Bio-Rad A G - 50 - W at various DVB
contents and compares these with experimentally measursd data.
Agreement between experimentally determined and calculated values is
excellent. He further substantiates his theory by comparing
experimental and calculated values for the distribution of pairs of
counterions batweazn this resin and its linzar polyelesctrolyte analogue,
polystyrene sulphonate. Once again excallent agreement is obtainad
and he thersfors concludes that this treatmznt provides a good deal of
insight into the ion-exchange phenomenon.

Marinsky appedrss, therefore,-to have developed the most success-
ful of the treatments of ion-exchanges based on the Grasgor model.
The basic theory is similar to other treatments, but the three
contributing terms are morevaccurately evaluated in the Marinsky

treatmaent.

1.5.3.  The Thsory Of Eisenman

The theory of Xisesnman 43, 44 differs from thosz based on the

Gregor modzl in a number of rsspscts, but particularly in twos-

1. Hydration of ions is recognized {as in other theories)
to be important, but it is considersd in terms of its

enargetics rather than its effect on ionic sizge.
g

Mlectrostatic interactions ars ragarded as the primary

N
.

cause of affinity rasversals.
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According to Tisenman's theory these two factors can be employsd

to predict almost quantitatively the order in which affinity reversals

will occur within a family of ions. In considering the ion-exchange

process in which a monovalent cation (1) is taken from the bulk of

a dilute solution and brought into contact with a fixed group, while

simul taneously the counterion (2) is removed from the fixed group and

returned to the bulk of the dilute solution, Eisenman distinguishes

between two types of intsraction energy, which correspond to the factors

listed above. These ares-

(1)

(2)

The free ensrgiles required to remove from, or rearrange
around, the fixed grouping and the counterion as many

water moiecules as are necessary to permit the contact

(or closz approach) of thess two ions. Such free energies
will be closely rslated to the standard free esnergies of
hydration of the fixed group and counterion. If these
free ensrgies are K;GA_(for the fixed group) andﬂALGl

for sorption of cation (1), and -AG, and -AG,, respectively,
for desorption of cation (2), the changs in the free snesrgy
of the system will be ZiGl - Z&GZ.

The electrostatic interaction between the ion and the

fixed group. For simplicity Bisenman treats both the
counterion and the fixed grouping as nonpolarizable point
charges, each at the centre of an incompressible sphere.

If the fix:d grouping hus . ridius r and cations (1) and (2)
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have ionic radii (not hydrated radii) r, and r,, the
change 1in the free energy of the system when ion (1)

replaces ion (2) is given bys~-

where e is the electronic charge expressed in suitable units.

The overall change in the free enesrgy of the system for the ion

exchange process is therefore:-

2 2
e} S 9] ;

Ty ¥ Ty Tyt n

and since
o

determining the value oi élG;/z can lead to predictions of thermédynamic
equilibrium conétants.

The argument may be pursued qualitatively from this point by
compari;g the exchangs of potassium (1) and sodium (2) on botﬁ sulphonic
and carbo#ylic acid resins.,

Relative to the carboxylate grouping, the sulphonate grouping is

large (rA_is largs). Bisenman describes this as the case of a fixed



grouping of low field strength. Regardless of the counterions involved

2 2
& _ e
r,o+ T, T, + T

will be small and AGE /o Will be deternined mainly by the tern
- (/,LG2 - AG

1} which, as explained above, is related to the difference
Sf the standird free energies of hydration of the counterions. For
the counterions potassium (1) and sodium (2) ApGl is smaller than G,
and hence,A\Gi/z will be negative and K1/2 will be gresater than one,'
i.e. potassium will be praferrsd to sodium.

This argument leads to the "nofmal” affinity sszquence for the
alkali metals, i.e. Cs > X > Na > Li.

In cqntrast to fhis9 exchange on the carboxylate group, where Ty

is fairly small, will be markedly different. In this case, where the

fixed grouping has a high field strength, the term

2 2
—s . &
T, + T, r, + 1,

will now be more important than the term (LLGZ - LlGl), and since r,
is smaller than Ty the slectrostatic term will be positivs. If‘A'Gl/Z

is positivas, K1/2 will be less than one and sodium will be preferred
to potassium.

The argumen% can be mades guantitative by making the assumption
that (ﬁle - A&Gl) is egual to, or proportional to, the difference in
the standard free energies of hydration of the two counterions. Known

values of the standard free energy of hydration of wvarious salts with

a common anion may then be ussd without any assignment of this total
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i

free energy between cation and anion. Such values are given in
tables Of thermochemical data and in some textbooks of physical

45, 46 AT

chemistry - Assigned values for cationic radii” ' can then be

used to calculate the theoretical consequences of varying r The

<
accuracy of the resulting predictions of selectivity reversals indicates
that Bisenman's theory is basically sound. It does, however, require
some modification, since the sequences found experimentally for
carboxylate resins do not agree with predictions,

48, 49

Ling introduced an approach basically similar to Bisenman's
but adapted it to make it particularly suitable in the case of protein
molecules in biological systems. Ling's modei~emphasized the
carboxylate group and, using values for the polarizability of this
group up to 2.0 A}, he calculated the affinity sequences to be expected
at various values of the effective field strength of the fixed grouping.

The sequences he przdicted were identical to those predicted by

Eisenman from his simpler model.

1.5¢4. Reichenberg's Model

Reichenberg 50 applies Bisenman's theory directly to the alkali metal
cations. Using the two interéction energiles considered by Eisenman,
i.e. hydration and coulombic, he obtains thé same affinity sequences as
were predicted by Eisenman., |

At this point he introduces a refinement along the lines proposed
by Ling. He assumes an ion to be a point charge situated on a

spherical polarizable particle. A new kind of interaction then
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arises -~ that between an ion and the dipole induced in a second ion by
its field. Reichenberg points out that this interaction is proportional
to the polarizability of the second ion and inversely proportional to

the fourth power of the distance betwean the centras of the two ions

3

(as an approximation) using a value of 4.0 A" for the polarizability of

the carboxylate grouping with known values for the cation polarizability,

51

; but not all, of the affinity sequences found

)

experimentally for carboxylate resins of high capacity. The

polarizability of 4.0 A3

he obtained some

is a value for the whole carboxylate grouping,

3

wheraas Ling's maximum value of 2.0 A” is based primarily on a
consideration of the ilonized oxygen atom of this grouping.

Reichenberg has-further modified the Eisenman model by taking into
account the fact that anionic groupings like the sulphonate or
carboxylate grouping consist of a number of atoms,; so that it is only
an approximation to regard them as single point charges. They should
in fact be treated as a system of point charges; although at present

52

very little is known about their charge distribution” . The general

53

effect of such a system is discussed by Reichenberg who arrives a%

ths conclusion ;hat the effect of a multi-point-charge distribution is

to contribute terms to the interaction energy which are roughly inversely
proportional to the third power of the distance of separation. This
reinforces the effect of the induced polarization intsractions and hence

the tendency for the resin to show affinity sequences which are the

reverse of the "normal" sequence is increased, as well as the tendency
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for the reversals to commence with counterions of small rather than
large size.

If the combined effect of induced polarization and multi-point-
charge interactions is sufficiently large, the affinity reversal
sequences obtained will be similar to those found experimentally with
.carboxylate resins. |

Reichenberg 50 also points out that the overlapping of the fields
of fixed groupings probably has a significant effect. This is indicated
by the fact that reversals are promoted by increases in the degree of
cross~linking and the séecifio capécity, also in the case of carboxylate
resins, by increase in the degree of ionizatioir of the resin. All
these facters tend to reduce the average éteric separation of the
ionized fixéd groups. This incregsed overlapping of the fields of
these groups 1is thought to increase the electrostatic interaction
energy, while not affecting the "dehydration" energy to the same
extent.

Finally Reichenbarg 50 deals with the effect of swelling on
selectivity. He advances the theory that a significant fraction of
the counterions undergo some degree of stripping 54, even wnen the
"normal" selectivity seduence is observed, and takes the view that only
jons which, as a result of this stripping, touch (or nearly touch) the
fixed groupingsvmake g significant contribution to the over-all
selectivity. If the resin is highly swollen there will for each fixed

group be a relatively large volume of solvent in which the counterion
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will be found. The larger this volume the sméller the proportion of
counterions thaf will at any instant be touching (or nearly touching)
the fixed groupings. Under these conditions thé effect of swalling
would be to rsduce ths interactions giving rise to sslectivity.

In summary, then, Reichenberg's model is basically similar to the
model of Eisenman and Ling, but seecks to take into account,
quantitatively, the effect of’interaction polarization and,
qualitatively, the effects of multi-point-charge interactions, the

overlapping of the fields of fixed groupings and swelling.

1.5.5. Selectivity As Competitive Solvation Of The lons

4 different approach to the problem of actounting for seléctivity
phenomena has been employed by Chu, Whitney end Diamond55’ 56, 57, 58.
Ion exchangs sszlectivity is treated as a competition among the resin
ions, coions and water molacules for "solvating™ the counterions in the
two phases. The argumzsnt is restricted to the behaviour of a variety
of tracer ions with respect to a single macro-zlectrolyte and for the
purpose of explaining the present work it is necessary to consider only
these authors analysis of the dilute external solution case 58.

For their purposes they define a dilute solution as one in which
anion~cation interactions are negligible and the water activity remains
unity. The only effects which must be corrected therefore, are ion~
water interactions, water structure, and resin ion-counterion
interactions.

The basic diffzrence between this and other models is that other

models tend to emphasize a particular aspect of the ra=sin phase,



32.

whereas Whitney and Diamond consider the ion-exchange process to be a

distribution between two aqueous phasess: the dilute external solution

phase and the concentrated electrolyte resin phase. The distributional

effects are considered to arise from the differesnces between tha two

phases which ars:-

l'

The matrix-fixed ion is rslatively immobile, though

the matrix itself can swsll when in contact with an
external solution to an extent dependent on its degree

of cross-linking.

There is less unbound or "free!" water per ion in the
resin phase, and electrostatic intéf;ctions are stronger
there than in the dilute external solution (the sffective
dielectric constant of the resin phase is lower).

The "frze" water that remains in the resin phase has less
structurs, i.e. on tha avefage a water molscule is
hydrdgen—bonded to fawer other water molecules than

in a dilute aqueous solution,

The first difference is the spscial feature emphasized by the

model basing selectivity on the pressure-volume effect; +this has besen

shown to be inadequate.

The second difference is the special feature emphasized by models

3 . ‘ . . . . ’ - :
invoking electrostatic interactions between counterions and resin

anions as the basis of selectivity.
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Chu, Whitney and Diamond believe that the electrostatic ion-
pairing of the countzsrions and r2sin anions does influence selectivity,
especially in tﬁe case of weak-acid and weak-basz reéins, but they
consider the sffects on the ion-water and water-water interactions of
the difference in watsr structure between the resin and dilute sxternal
phasss to be a major factor in ion-exchange selectivity, particularly
for strong-bases and strong-acid rssins,

Before esxamining the contention by these authors that szlectivity
results from a compztitive solvation of jons, consideration should be
giveﬁ to the ingsractions they consider important in establishing which
phasé will preferentially solvate the ion. Thesz interactions are
water-water, ion-water, ion~ion and ion-resin matrix.

Water-water interactions, razsulting from the tendency of water .

v molecules at room temperature to form a highly hydrogen-bonded network
with relatively strong intermolecular forces, influence ion exchange
selectivity in two ways. Large ions which do not hydrate easily can
cause a tightening of the water structure, so that water tends to rejzct
an ion of this type. In the resin phase this sffect is not evident %o
the same extent, since the structure of the water has been disturbed by
the hydrocarbon maﬁrix9 which confines the internal phase to small
spatial volumss in which the avarage water molecule is not bound to as
many othsr Watér molecules as 1is the case in the sxternal phasa. Thus
the rssin phase has a smaller tendsncy than the dilute external phase

to reject large, poorly hydrated molecules. Water structure also
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influences selectivity in that ion-pairing can result from large,
poorly hydrated ions being forced together to minimize their disturbance
of the'water structure.

The other intsractions listed above, ion-water, ion-ion and ion=-
resin matrix, have bsen discussed previously and will not be reviewed
again at this point.

Chu, Whitney and Diamond now define solvation as including any
mechanism which disperses thé charge on the ion and lowers its free
GNETEY. From this starting point they dsduce that those interactions
which lead to the greatest overall lowaring of free enefgy will take
place, hence the ion will be "solvated" in that phase in which the
favoured interaction is more likely to occur. The argument is similar
to that of BEisenman in that they approach the problem in terms of
anergetics; but they uss the term "solvation" to include interactions
with both solvent and ressin anion.

When these arguments ars applied to the selectivity of the alkaline
earth metals in dilute solution on étrong acid resins, the conclusion
can be drawn that the nsed for solvation can generally be satisfied
through ion hydration, i.e. water will be prsferred to the resin anion
in the competition for solvation of thez cation. ' The aqueous phase
will therefore be strongly sclective towards those ions with small
crystallographic radiil, which thus prefersntially enter the dilute
external phase; forcing thz larger ions into the more poorly solvating

59

resin phase. The selectivity order will therefore be

Mg < Ca < Sr < Ba, which is confirmed in the present work. This
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assumes that with the sulphonic acid resins the difference in hydration
in the two phasas plays the dominant role in determining selectivity,
which is in agreement with Bisenman's model. The change in saelectivity
Wifh'specific capacity or cross-linking is considersd to be meraly a
result ‘'of the accompanying dilution or concentration of resin phase.

The cation is assumed by these authors to retain its primary
hydration éhell in the resin phass. In support of this Diamond and
Whitney 60 gquote Boyd and Soldano 61, who found that the chromium ion
exists in thes resin phase (Sulphonic acid resin) with all six waters of
hydration intact. When & strongly hydrated cation bonds with the
resin anion there must thar:fore be a bridge consisting of at least one
water moleacule between the two lons, removing the possibility of a
contact type lon pair in the resin phase. This argument differs
markedly from that of Reichenberg (see page 30) who believes that a
significant fraction of the counterions actually undsrgo some degree of
stripping, even With sulphonic rssins.

In the case of ekchange on wesak acid resins, specific cation-rasin
anion interections are considered to play an important role. An
increase in the complexing ability of the re¢sin anion should teﬁd to
dréw the smaller cation into the resin phase more strongly and

eventually lead to an affinity reversal.

1.5.6, A Summary Of The Mechanistic Models Accounting For Ton-ixchange
Phenomena.

Of the various models discussed, three may be considered to offer
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a reasonable explanation of ion-exchange phenomena. These ares-

l. Marinsky's treatment of the Gregor modal.
2. Reichenbsrg's model.

3. The model of Chu, Whitney and Diamond.

Marinsky uses the Gregor model in its original form but is able
to evaluate the term contéining the ratio of the resin phase activities
and the pressure-volume term more accurat:ly than previous workers.

In dealing with pressure-voluﬁe.effects he considers hydration in terms
of volumes, and not in terms of energatics.

Reichenberg follows the line of thinking of Eisenman and Ling.

He considers selectivity in terms of the energetics of hydration and
of couloﬁbic interaction between the ions. He believes that partial
stripping occurs when cations interact with resin anions (even in the
case of strong acid resins).

Chu, Whitney and Diamond deal with selectivity as a competitive
solvation of the ions, emphasizing the importance of solvent structure
and solvation. They define solvation very broadly to include
interaction batwaan thz cation and the rasin anion and discuss it in
terms of energetics. They coﬁsider that virtually no stripping
(certainly of the primary hydration shell) of the hydrated cations

occurs.e
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1.6, CATION - EXCHANGE IN NON -~ AQUEQUS AND MIXED SOLVAENTS

Water is by no msans the only solvent which allows ion-exchange
to take place. There are other solvents in which electrolytes caﬁ
dissolve and dissociate and in which most of the common ion-exchangers
are stable. Such solvents are formamide, anhydrous ammonia, ethylene
glycol, methanocl, ethanol, acetone, monoathanolamiha, pyridine and
acetic acid.

Ion exchange squilibria in non-agueous and mixed solvents have
been studied by many investigators 62. Both ion-exchange and swelling
equilibria are strongly affected by the nature of the solvent.

An additional factor is.introduced in congidering ion~exchangs
in mixed solvents in that the splvent composition of resin phase and
solution phasz may differ if one of the solvent components is selective-
ly sorbed by the resin. This aspect has beén studied in the prssent
work.

The importance of non-~agueous solvents is that they can enhance
or reverse the selectivities of ion-axchange resins and permit a closer
investigation of the role of the solvent in the ion-exchange process.

Non-agueous solvents may differ from water in three important
respectss dielectric constant, dipole moment and solvent structure.

With the exception of formamide the diel=ctric constants of the
non-aqueous solvents listed above are lower than that of water;, and
for the purpose of this discussion it is necessary only to discuss

the effect of introducing a solvent phase of lower dielsctric constant.
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The most obvious result of lowsring the dielsctric constant is to
incfease the interactions bestween ions of opposite charges, $o that
ion-pair formation and associagtion are favoured. Thus interactions
betwesen the resin anions and the counterions, and between the cations
and anions in the solution phése, will be stronger. For this reason
the chéice of anion is a good deal more important where non—aqueoué
solvents are used than when water is ths solvent. To minimizo
solution pHase offscts it is.desirable to choose an anion which will
assoclate as little as possible with the cations. It was for this
reason that the perchlorate anion was selected for the present work.

A theoretical justification for this choice is given later (ses page //7)
when the effect of the various anions in pyridine solutions is discussed;
A decrease in dielectric constant may also affect solvation, by

increasing the.stréngth of lon solvent dipole interactions. The
swelling of the resin may also bes affscted, but in a somszwhat different
way . An initial incrzase in swelling will result from the inéreased
force of repulsion betweenvionized rzsin groups and between charged

" rasin chains. The swelling will reach a moXimum value and then
dscrsase as the degree of ionization of the resin groups decreasass due
to increased resin anion and counterion intsraction. This effect is
fully discussed later (sse pagzs 70).

A particularly important result of lowering the dielectric constant
is its influence on. the selectivity of ths resin, which will be
affected by both the incresased ion-pair formation and the changes in

swelling.,
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The rate of ion-exchange in systems with organic solvents of low
dielectric constant is nearly always considerably lowsr than in

63, 64, 65, 66, 67

. comparabls aqueous systems Particular care must
therefore be taken to enéure that equilibrium is in fact attained when
selectivity measurements are made with orgénic solvents,

The second differsnce between non-aqueous solvents and water is
usually a difference in dipole'moment. The solvent with thée higher
dipole moment will tend to interact more strongly with the ibns, which
will affect both the swelling and -the selectivity'of the resins. This
effect is discussed later, but is not critical in the presenf work,
sﬁnce the dipole moments of water and pyridine are similar (see‘page‘72>),

The effect of solvent structure is particularly important when
ion-exchange 1s considered as a competitive solvation of ions by the

two phases., This aspect is considered for the particular case in

question, i.e. for pyridine, at a later stage (see page /©6),
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2, EXPERIMENTAL METHODS

C 2.1, MATERIALS

2.1.1, RESINS

Three resins were used in this work. The proparties of two,
Amberlite IRC 50 and Zeo-Karb 225 (SRC 5), were investigated, while the
third resin, Zeo-Karb 225 (SRC 15), was used in ths chromatographic

separation of the alkaline earth metals.

AMBERLITE IRC 50

This resin, produced by the Rohm and Haas Company of Philadelphia,
U.S:A., is a carboxzylic acid cation exchange resin, consisting of
polymethacrylic acid polymers crosslinkad with approximately 2-6%
divinylbenzene 1, €8, 69. It is supplied as beads in the hydrogen
form. v

Before use the resin was screened and conditioned. Sufficieﬁt
reéin was processed initially to enable all subsequent experimental work
to be.performed on samples from this one batch. The screening was
carried out on nylon sieves with plastic rims,.the 22-36 mesh fraction
being collected. Conditioning was carried oﬁt in the following manners-
The resin was allowsd to stand for a faw hours in 4% sodium hydroxide
solution, with occasional stirring, and then transferred to a large ..

‘column, where it was back-washed with de-ionized water. The flow rate

during back-washing was sufficient to fluidize the resin and carry over
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any small resin chips inadvertently retained during scresening. The

resin was then conditionad én the column by elution with 0.1 N
“hydrochloric acid, 4% sodium hydroxide solution and acid again, in that
order, with thorough back-washing between each treatment. After a

final washing with de-ionized water containing a few drops of hydrochloric
acid per litre, the resin was removed from the column, air dried, and
storad in a sealed polythene container. This resin was stored and
weighed out in the hydrogen form, as this form is not easily hydrolysed
and provides a convenient basis for reference.

In certain experiments the resin was required to be in the
magnesium form. A supply of resin in this form was obtained by
converting some of the hydrogen form rssin to the Mg form as dsescribed
on page 52). The Mg form resin was air dried and storad in a ssaled

polythene container.

ZB0 - KARB 225 (SRC 5)

This resin, produced by the Permutit Company of London, is a
sulphonic acid cation exchangs resin, consisting of sulphonated
polystyrens polymers crosslinked with 2% divinylbenzene 70; It is
supplied as beads in the sodium form, 14-52 mesh.

Before use the resin was conditioned, sufficient resin being
processed initially to enable all subsequent experimental work to be
performed on samples from this one batch. The resin was back-washed
in a large column, as in the case of the Ambsflita iRC 50, and condition=d

by sltisrnat: 2lution with 1 N hydrochloric . acid and 4y sodium hydroxidsz
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solution, ths final elution being carried out with the sodium hydroxide
solution. After being washed with de-ionized water containing a few
drops of sodium hydroxides per litre, the resin was removed from the
column, air dried, and stored in a sealed polythene container. Some
of this sodium form rssin was converted to the magnesium form by elution
with a threesfold sxcess of 1 N magnesium perchlorate on a large columnj
the resin Was then washed with a very dilute solution of magnesium
peréhlorate, air dried and storsd in a sealed polythene container.

This resin was stored and weighed out in both the sodium form and
the magnesium form, separately, as both these forms are stable and both

were required in experimental procedures.

ZBO -KARB 225 (SRC 15)

This resin is similar to the Zeo-Karb 225 (SRC 5) except that it
contains 8% divinylbenzene and is supilied as 100 -~ 200 mesh beads7o,
in the sodium form. ‘It is more suitable for cﬁromatographic separations
on account of its small particle size. This resin was conditioned in

the same way as the Zeo-Karb 225 (SRC 5), the conditioning being carried

out in the chromatographic columns in which it was to be used.

2.1.2. CHEMICALS, SOLVENTS AND SOLUTIONS.

All chemicals usad in this work wers Analytical Reagent (A.R.)
grads. Two solvents were used, water and pyridine. All watsr used
in this work was purified by distillation followed by passage through
a mixed bed rasin, Amberlite MB-1l, analytical grade. The pyridine was

Analytical Reagent (A.R.) grade, supplied by Protea Laboratory Services
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of Johannesburg, South Africa.

The solutions usad were made directly from the salts, with the
exception of the calcium, strontium ana barium perchlorate solutions,
which were prepared by neutraliéing aliquots of dilute perchloric acid
with excess of the solid carbonate salt. The neutral solufions were
warmed and stirred, to expel carbon dioxide and ensure complete reacfion,
and then excess solid was removed by filtration. The solid was washed
with de-ionized water, the washings added to the filtrates, and, after
cooling, the solutions were made up to a standard volume. The

perchlorate solutions used in all sxperiments were 0.05 M.

2.2. « RESIN DRYING

Resins were dried by heating for 24 hours at 105° C. Both

1, 712 3 ar: ba2lizvad to ba stubla at

T2

Zeo-Karb 225 and amborlite IRC 50 1

temperaturss up to 120° C, although Kitchener states that
polymethacrylic acid resins show a slow loss of.weight at 120° C, which
may be due to either the removal of the last traces of water or
decomposition. However when the H form IRC 50 was heated for a further
48 hours at 105° C it showed no further detectable weight change. This
method was therefore adopted for the determinatién of the moisture
content of the air dry resins used in the selectivity experiments.
Samples of resin used in moisture content determinations were not used
subsequently in other experiments in case their properties had been
affected in any way. When a set of resin samples was weighed out for

an experiment, the first and last samples were reserved for moisture

determinations.
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In cases whers the amount of solvent remaining on the resin had
to be determined extremely accurately, as, for exémple, in the swelling
and sorption experiments, the resin was dried in a vacuum oven, at 105°C
and 2 mm Hg, for 24 hours. A further loss in weight of up to 5% occurs

on heating at reduced pressure.

2.3, ANALYTICAL METHODS

2.3.1. Determination Of Alkaline Earth Cations

The alkaline earth cations were determined by titration with
standard EDTA solution, the Mg and Ca by direct titration, the Sr and
Ba by adding excess EDTA and back-titrating with standard Mg solution.

In all cases only a single cationic species was present, a previous
'separatipn having been carrisd out where mecasssary. It was thus never
necessary.to determine, for csxample, Mg in the presence of Ca. Tha
indicator used in all titrations was Solochrome Black, and the titrations
were, as usual, carried out in the prssence of an ammonia/ammonium
chloride buffer (pH = 10.0).

The determination of Mg concentration was carried out by diluting
the solution containing the Mg to approximately 0.01 M (with réspect to
Mg),.adding 2 ml of buffer per 100 ml of solution and a little solid
'indicator, and titrating with standard 0.05 M EDTA until just before the
end point. The solution was then warmed to about 40° C 4 and the
titration was éontinued until the end point, indicated by a change in

the colour of the solution from red to blue, was reached.

The Ca concentration was determined as described above for Mg



45.

except that near the end point 0.30 ml of standard Mg solution was
added to improve the end pointy; +the final titration volume was corrected
accordingly.

The Sr and Ba concentrations were estimatad by adding excess
standard EDTA solution and then back-titrating with a standard Mg .
solution, using the method described for the determination of Mg (the
colour change in this case is blue to red). Sharp end points were
obtainaed in the Mg, Ca and Sr titrations undar these conditions, while
the end point of the Ba titration was fairly sharp. Indicators which
permit the direct titration of Ba againsf EDTA ﬁre available, but in
the separation of the barium ions from the othérs by an ion exchange
method (see later) ths Ba was eluted from the column with excass EDTA,
so that a back-titration of the BDTA was necessary in any event.

The EDTA was standardized against two primary standards:

1. By fitration against dry calcium carbonate. The
solid calcium carbonate was dried at 105°C for 3 hours
and dissolved in a slight excess of 0.1 N hydrochloric
acid. The solution was gently boiled to expsl carbon
dioxide, the pH adjusted to 10.0 by addition of an
aﬁmonia/ammonium chloride buffer and the titration
carried out as in the case of the Ca determinations
dzscribzd above.

2. By titration against dry zinc oxids. Thz zinc oxide

was dried for 3 hours at 105°C and dissolvad in a slight

-



46.

excess of 0.1 N hydrochloric acid. The solution was
diluted with watzsr and a few drops of xylznol orange
indicator added. Sufficient solid hexamethylene
tetramine, which acts as a buffer, was added, to
produce a wing red colour. The solution was then
titrated with the EDTA solution to the end point ét

which the indicator turns yellow.

The results obtained by these two methodsvwére not significantly
different.

The accuracy of the Ca and Ba determinatiggs was chacked by
assaying aliquots of a bulk solution of Ca and Ba perchlorate by
ind2pzndant mathods as wall .s by th2 stundard method givan above
using EDTA. The Ca was determined by precipitation as the oxalate
and titration agéinst standard psrmanganate solution, and the Ba was
determined by precipitation as the sulphate. The results are given in
Tabie 1 below. The results shown for the independent assays are both
the mean of three determinations c¢arriesd out by an indepsndent analyst.

The results shown for the EDTA titrations are both the mean of a set

of ten titrations.
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Table 1. ACCURACY OF TDTA TITRATION OF ALKALINE EARTH

METALS COMPARED WITH INDEPENDENT . ASSAYS.

Jon determined

Ca

Ba

Molarity determinad Molarity determined
by EDTA _ by independent metho
0.1231 _ 0.,1230
0.1251 ' 0.1253

These results given in Table 1. show that the'accuracy of the

EDTA titrations is well within the limits of experimental srror and

they also confirm the accuracy of the method of standardization used

for the EDTA.

The precision of the volumetric msthods was also detsrmined, by

performing a s2t of ten titrations in zach case. The results are

given in Table 2 below.

Table 2. PRECISION OF EDTA TITRATIONS OF ALKALINE FEARTH METALS.

Ton titrated % Standard Deviation
Mg Less than 0.1
Ca Less than 0.1
Sr 0.2
Ba C.}

The results given in table 2. show that the precision of the EDTA
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titrations is such that this analytical method is adequate for the

purposes of the pressant work.

2.3.2. Separation Of A Mixture Of Mg, Ca And Ba By Ion Exchange

Chromatography.

75

The method of separation was based on that propossd by Henda
for the separation of Mg, Ca, Sr and Ba in solution. On investigation
it was found that Honda's method did not give a good separation of Ca
from Sr or of Sr from Ba. A modified form of tha method could
howevar be used for thes sgparation of Mg, Ca and Ba from a mixture of
all £hree ions, and for ths separafion of the pﬁirs Mg/Ca, Mg/Sr and
Mg/Ba. The ions wars separatad by elution chromatography using a
chromatographic column 1.1 cm in diamet=r, packed with the sulphonic
acid resin Zeo~Karb 225 (SRC 15), analytical grade, to a haight of
20 cm.: The rasin, initially in the Na form, was converted to the
ammonium form by elution with 1.0 N ammonium acetate. The column was
then washed with water and the solution containing Mg, Ca and Ba passed
through 1i+t. The cations were all held on thz column and each was
subsequently eluted under different conditions. The Mg was eluted
with approximately 80 ml of 1.0 N ammonium acatate, then the Ca with
about 50 ml of 1.5 N ammonium acetate, and finally the Ba, which
required a 50% excass of 0.05 M EDTA, buffered to a pH of 10.0, the
EDTA was subsequently washed through the column with water. The
flow rates wers in all casss batween 12 and 18 ml per hour.

The separafed fractions of Mg, Ca and Ba warz then analysed as
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describéd in 2.3.1. It was necessary, however, to adjust the pH of
the Ba fraction to 10.0 by adding ammonia solution, since some of the
ammonia in the solution escaped while the buffered EDTA was being
collected, and the pHd consequently'fell°

The recovary of eabh_ion individually from the column was checked
by passing a known guantity of a standard solution of the ion through
the column, zluting and titrafing the eluate. In each case the
recovery was found to be lOO%,‘within the limits of titration error.

The accuracy and precision of this method of separation of Mg, Ca
"and Ba from a solution containing all three ions was then determined.
The volumes of EDTA equivalent to 25,0 ml aliguots of solutions
containing only Mg, Ca and Ba, respectively were determinad by the
standard methods. 25.0 ml aliquots of zach of these solutions werse
then well mixad, and the miiture absorbed on the resin column and
separated as described above. The separatsd fractions were titrated
with EDTA and ths wvolumas of BEDTA required to titrate each cation were
compared with those required before mixiﬂg and separation. The results
are given in Table 3 below. BHach represents the mean of the results
-obtainéd in 2ight separations, identical volumess of the sams solutions

being used in each s:paration and analysis.
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Table 3. ACCURACY OF MITHOD OF SHEPARATION.

Bafore mixing- After mixing
Ton Determined and Separation and Separation
ml EDTA ml EDTA
Mg 17.40 ' 17.28
Ca 17.25 17.16
B& 23-6 : 23-9.

It would appear that the very small amounts of Ca and Mg not
eluted in the Ca and Mg fractions are recovered together with the Ba
on elution with excess ZDTA. The Ba titrations are only given to on2
decimal place since the end point of this titration is only fairly
sharp. The pracision of the method of ssparation, as calculated from
the deviation of the titration results from.the mean of the wvalues
obtainezd, rafher than from the théoreticaliy correct value, is given

below in Table 4.

Table 4.. PRICISION OF METHOD.  OF SHXPARATION.

Ion dstermined '%_Standard Daviation:
Mg 1 0.3
Ca 0.2

Ba ' © 046
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The precision of the method of separation naturally includss the
pracision of the EDTA titrations.

The analytical method used in the separation and determination of
the alkaline earth metals in solution therefore appears to be
satisféctory for the purpose of selectivity determinations and capacity
measurements. It must be emphasized, however, that considerable
experience 1is necessary in performing the EDTA titrations. The sets
of titrations and separations to establish the accuracy and precision
of the method were carried out only after considerabls familiarizafion

with the techniques required.

2eda CAPACITY DAETERMINATIONS,

Amberlite IRC 50

It was necsssary to determine the exchange capacity of this resin

" to enable the value of a to be calculated in later'work, és well as to
check the results obtainad in sslectivity experiments. The capacity
of the resin for the ions H+, Mg2+, Ca2+ and Ba2+ was d=termined by

"the following method. Five samples of th2 resin in the hydrogen form,
were weighed out. Two weare feserved for moisture determinations, while
each of the remaining thfee was treated as follows. The resin was
transferred to a small exchange column (diameter 1.0 cm, maximum height
of resin bed 10 cm) and converted to the Na form by elution with a

300% excess of 4% sodium hydroxide solution over a period of 24 hours

(the exchange sites must be converted to the Na form since exchange



52.

with sites in the H-form is extremely slow in the case of carboxylic
acid resins). The resin was then washed with de-ionized water by the
following procedure. The exchange column was ins:rted into a rubber
stopper fitting into a Buchner flask and sucked dry. The resin was
then washed in the column with a small quaﬁtity of de-ionized water and |
again gquickly sucked dry. The column was then removed from the Buchner,
the bottom end placed in a beaker of de-ionized water, and the water
sucked up to near the top of the column, so as to fluidize the resin

bed and thoroughly wash the surface of thz resin. The column was then
quickly replaced in the Buchner and sucked dry,.and finally the resin
was once again washed in the column with & small gquantity of de-ionized
water and sucked dry. This method, which will hereafter be called the
standard procedure, is believed -to give the most thorougsh washing of

the resin without risk of hydrolysis, since the total time of contact
between the wash water and the resin doss not exceed ten seconds.

The resin was now considered to b=z coﬁpletely in the Na form with
all excess sodium hydroxide removed. To determine the capacity of the
resin for the aikaline earth cations a .05 M solution of the perchlorate
of the appropriate ion was suckad up into the column, in order to
exclude air bubbles, and a 200% excess of this solution was then passed
through the column, rapidly at first and then progressively more slowly,
so that thevtotal volume took 24 hours to pass through the column.

The resin was theﬁ washed with de-ionized water by the standard
procedure, after which it was considered to be completely ig the

desired ionic form, with all excess of thz ion removed. The alkaline
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earth cation was then eluted with 100% excess of N/4 hydrochloric acid,
over a periodﬁof 4 hours, the cation determined in the eluate by
titration with standard EDTA, and the total exchangs capacity of the
resin for thié ion calculated from the titration results and the weight
of the rssin in the hydrogsn form; corrected for ths weight of moisture
present. Tha capacity for H+ was sstimated by passing a known sxcess
of standard N/lO ~.,sdrochloric acid through the resin in the Na form,
washing the rssin with dg—ionized water, adding the washings to the
eluate and titrating the excess acid in the eluate with standard N/lO

sodium hydroxide. The results of these capacity determinatidns are

given in Table 5 bzlow.

Table 5. TOTAL EBEXCHANGE CAPACITY OF IRC 50.

Ton . Total =xchange capacitz.
_—= in m.eq/em dry H form resin
H ' 10.87

Mg 10.91

Ca 10.92

Ba 10.8

Since the precision of the analytical method for Ba is lowszr than
that found in the other cases (sée page 50) the capacity for Ba is
given to a lower degree of accuracy. As expected, in the presence of

the non~complexing perchlorate anion the capacities for the different
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alkaline earth cations were the same (within the limits.of experimental
error). The capacity for HT also agreed with the values obtained for

the alkaline sarths, within esxperimental error.

Zeo-Karb 225

As reported above the exchange capacity of Amberlite IRC 50 was
determined for the H+, Mg2+, Ca2+ and Ba2+ ions. Ths r2ason for this
was to ascsrtain whether the resin showed a different capacity for
the$3 diffsrent ions. It was considered possible that the capacity

for HY might differ from that for the alkaline earths, as a result of

a solution phase resaction of the type:

Mg2+ + X = Mg xt

whers Xf is the anion present in the solution phase.

The results shown above indicate that this reaction doss not occur
when the anion in the solution phase is the perchlorate ion.

In view of these experimental findings it was considered sufficient
to determine the exchangz capacity of Zeo-Karb 225 for one of these ions
only, The exchange capacity was determinzsd for Mg, since a bulk supply
of air dry resin in ths Mg form was available. The msthod used in this
determination was to 2lutz a sample of the Mg form rasin, approximately
0.7 gm, with a 50% excess of buffered ¥DTA solution. ~ The sxcess EDTA
in the e2luate was then determined by titration with a standard Mg
solution, as dascribed in the cass of the Ba determinations (see page
45). The capacity of the resin was found by this means to be

4.75 m.eq,/g dry H form rasin.
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2.5 SILAECTIVITY DETERMINATIONS

When s:lectivity measurements are made the usual practice is to
maintain a constant "loading', i.2. a constant proportioh of the two
exchanging ions in the resin phase (see page 17), since selectivity
varies with ioading. In -the present work this procedure was not

followed for two reasonss-

(i) The change in selectivity coefficient with loading is
small when compared with the changes in selectivity
coefficient causad by other =ffacts investigated.

(ii) :From the practical aspsct 1t is impdrtant to know how
effectively the resins are able preferentially to select

ions from a solution of constant composition.

Two basic methods were usa2d to determine selectivities, batch
methods ‘and column methods. Though seslectivity is usually determined
by a batch method, column methods were used in the present work for

the following reasons:

(i) In cases where the preferential uptake of ions from a
solution phase of constant composition must be measured,
a column method is the only feasible procedure.

(ii) 1In the experiments carried out to determine the change
of selectivity with a, the desired value of a was
reached by esluting the resin with a buffer solution.

It was then more convenient to complete the experiment

without removing the resin sample from the column.
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On checking it was found that the valuss of selectivities determinad
by column methods did not diffesr significently from those obtained by

batch methods.

2.5.1. Column Methods

For reasons of practical convenisnce column methods of equilibration
were used in all the work concerned with agueous solutions and measure-
ment of changes in selectivity with loading and with changes in d.

The glass columns used for these experiments had a diameter of 1.0 cm
and the resin bed which was supported by a sintered glass disc, could
have a height of up to 10 cm. The flow rate through the column was
controllad by plastic taps fitted to the bottom of the column, and é
consfant head of liquid was maintainzd abovzs the resin by a "chicken
 feeder" device. The column equilibration was executed as follows.

An appropriate amount bf the resin was weighed out and convertéd to the
Na form if necessary. Thz resin was then washed by the standard
procadure. Known volumes of soiutions of the perchlorates of the ions
under investigation were well mixed, so that the rssulting solution
contained at least a 200% excess of exchangsable cations, and this
solution was passed through ths column, rapidly at first and then
progressively mors slowly, the total contact time being 48 hours.

Since the resin was eluted with an eluant of constant composition,
Atﬁe concentration of the tw> cations in thu solution .zhus= at
eqﬁilibrium was thersfors known. To determine the selectivity

coefficient it was therefore only necessary to determine the ratio of
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the concsntrations of these ions in the resin phase. This was done
by washing the resin with de-ionized water, by the standard procedure,
to femove adhering solution‘phase and zluting thé two ions from the
resin, with lOO% excess of N/4 hydrochloric acid in thes casz of
Amberlite IRC 50 and 1 N sodium chloridz in the case of Zeo-Karb 225.
The two ions in the eluate wzre then separated by ilon-exchange
chromatography and determined by titration with EDTA, as described
previously, and thes selectivity cosefficient was calculated.

Loading was varied by varyilng the ratio of ths volumes of the
perchlorate solutions of tha two ions (and hence the concentrations of
these ions).

Where the variation of selsctivity coefficient with a (mole
fraction of resin sites not in hydrogen form) was determined the
composition of the solution phase was kept constant, equal concentrations
of the two ions under investigation being present. The resin was
converted to a desirad value of a by the following procedure: after
conVersion‘to the Na form, the resin was washed by the sfan&ard
procedure, and then eluted with a sodium ac;tate/acetic acid buffer.
Depending on the rafio of H to Na® and on the concentrations of these
ions in the buffer solution, a definite fraction of the resin sites
revert to the hydrogen form and the resin therefore assumes a definits:
valuevof oo (It is not possible to rzlate thz values of a to the pH

of the buffer uséﬁ, as the concentration of Na' is also a factor).

The resin can then bs equilibrated with two alkaline earth cations as
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before. It was found that the a valus changed only very slightiy
during equilibration in the selectivity experiments, since effectively
only sites in the Na form exchange with the alkaline earth metal ionsj
with the‘carboxylic acid resin used 1n these experiments exchange
involving sites in the hydrogen form takes place at an sxtremely slow
rate. The actual value of ¢ is calculated from the total 2xchange
capacity of the resin used and that fraction of the resin occupied by
the alkaline sarth cationy; as calculated from the EDTA titrations of
the zluate.

The uptake of Mg, Ca and Ba from a solution containing an equal
concentration of each dation was also determined, the three ions being
eluted in separate fractions and determined as described in section

2.3.2,

2.5.2, Batch Mzthods.

Batch methods of squilibration were used in the selectivity
déterminations involving pyridine/water solvents, which involvaed both
lAmberlite IRC 50 and Zeo-Karb 225, the same method being ussd in both
cases.

An appropriate amount of Mg form rzsin was weighed out (approximate
weights of air-dry resins: Amberlite IRC 50 1 g, Zeo-Karb 225 0.7 g)
into a 100 ml conical flask. 10.0 ml of an aqueous perchlorate solution
éf'the alkaline earth metal under investigation was then pipetted into
the flask, followed by a dafinite volume of pure pyridine, in order to

achisve the desired solution phasz composition. The flask was sealed
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and shaken for 48 hours. The contents of the flask were then trans-
farred to a small exchange column fitted into a clean Buchner flask,

and the soldtion phass was separated from the resin phase. The resin
remaining in the column was washed once rapidly with a small amount of
water and sucked dry. The solution in the Buchner flask‘(washings plus
original solution phase) was then analysed for Mg and the other alkalinz
earth mstal present after separation of these two ions by ion exchange
chromatography. The resin in the exchange column was then eluted and
the concentration of the alkaline earth metals determined, after
separation, - The eluaﬂt used was 1 N sodium chloride for Zeo-Karb 225

and N/4 hydrochloric acid for ambsrlite IRC 50.

2.6, DETERMINATION OF WEIGHT - SWELLING AND SOLVINT DISTRIBUTION

BATWEEN RESIN PHASE AND SOLVENT PHASE.

One experiment was designed to measurs both the weight-swelling
and the distribution of pyridine and water bstween the resin and solution
phases. This experimznt was carried out with both Zeo-Karb 225 and
Amberlite IRC 50, at a number of different solvent compositions on five
different forms of tha resins, viz. the H, Mg, Ca, Sr and Ba forms;

the resins were converted to these forms as described in section 2.4.

2,601, Weight-swelling Experiments
The weight-swelling was determined by the centrifugation method
76

-of Conway, Green and Reichenberg . The resin was allowed to swell

in the solvent for seven days. A few drops of wetting agent
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(0.2% sodium oleyl sulphate) were then added to the solvent and the

resin was immediately transferred to a filter tube fitted with a sintered
glasé filter, the open eﬁd'being covered with a rubber cap to prevent
evaporation. The filter tube was fitted into a‘cehtrifuge tube and ths
excass solvent was removad by centrifuging at 300 g for 15 minutes. The
resin was then transferred to a tared weighing bottle with a ground

glass stopper and weighed, to obtain i1ts swollen weight, after which it
was dried, first in an oven at 105°C, and then in a vacuum oven at 105°C
and 2 mm Hg, and weighed again, to obtain the weight of dry resin;

The weight-swelling, in g solvent sorbed per g dry H form rssin.was

then calculgted.

The accuracy of any weight-swelling determination is difficult to
assess, since the msasured value of the weight-swelling varies con-
siderably with the method of determination. The weight of solvent
held on the resin when the cenirifugation method is used will depend on
the speed of centrifugation among other variables. The values obtained
for the weight-swelling in g/g dry H form resin of the H form of

Amberlite IRC 50 by various methods are given belows-

Polarimetric 1 0.86

76 1.01

Centrifugation
i .18
Centrifugation 1.42

Centrifugation
(This work) 0.91
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The value of weight—swelling determinations would therefore appesar
to lie in obtaining precise rather than accurate, results which can be
used for purposes of comparison. The precision df the weight-swelling
determinations was tested by measuring the weight-swelling of several
samples of Amberlite IRC 50 under the same conditions, precautions being
taken to ensure that the experimental procedurss were the same in every

case. The following results wers obtained:~

TABLE 6. 3IGHT - SWHRLLING OF AMBTRLITE. IRC 50

Form of Resin Bxpt. 1 Expt. 2 Expt. 3 Mean.
g/g dry H g/g dry E g/g dry H g/g dry H
form resin form resin form resin form resin

H 0.97 0.97 0.97 0.97

Mg : 1.94 1.97 1.97 1.96

Ca 1.69 1.67 1.67 1.68

Sr 1.47 1.47 1.49 1.48

Ba 1.17 1.16 1.18 1.17

From theses results it is apparent that the precision of the method
used 1s high, This must bz attributed to the fact that the experimental
conditions were e%actly the same in each case. The weight-swelling
data obtained in the combined wéight—swelling and sorption experiments
can therefore be used with confidence for qualitative comparisons

between various forms of the resins, even though the accuracy of each
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result as an absolute measure of weight-swelling is doubtful.

2.6.2, Combined Weight-Swelling and Solvent Sorption Determinations

Five 1 g samples of air dry resin (known moisture content) were
weighed into small, téll form weighing bottles with ground glass stoppers,
and to sach was added 4 ml of solvent, the composition varying from one
to another. For.example, to the five samples of Amberlite IRC 50 in

the Mg form were added:-

~

Sample ml H20 ml.Pyridine Total ml
IRC Mg 1 4 0 4
IRC Mg 2 : 3 1 4
IRC Mg 3 2 2 4
IRC Mg 4 -1 3 4
IRC Mg 5 0 ‘ 4 4

The volumes of solvent added must be small in order to increase
the accuracy with which the composition of the solvent in both resin
phase and solution phase can be destermined (see appendix 2).

The weighing bottles were tightly stoppered and allowed to stand
for seven days, with periodic shaking. The compositioﬁ of the solvent
phase was then determined by sampling the supernatant liquid with a
dropper tube and determining the refractive index of this liquid onkan

Abbe refractometer. The solvent composition was read from a calibration
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curve previously prapar:d (see fig. 1). The error in determining the
solvent composition by this method is much lesss than the errors involvead
in the weight-swelling m=asursments. Ths weight—swelling was then
detsrminzd by the method dsscribesd in 6.1. above. From the weight of
dry resin, thz total weight of solvant sorbed, the original moisture
content of ths rz2sin and the composition of the solution phase, the
composition of the solvent in the rzsin phass was calculated (see
appendix 1j. ¢ ﬁér
The accuracy and precision of the weight-swelling as determined in
the combined experiments are subject to the comments made in 2.6.1. above.
The value obtained for the composition of fhe solvent in the solution
phase 1s very accurate, since it is determined directly from the
calibration curve of refractivz index versus composition. From this
curve it is =stimatzsd that the composition of the solvent in the solution
phase can be obtained within : 0.2% of the correct value, with a high
degree of confidence. The composition of the solvent in the resin phase
can not bs estimated as accurately, since it depends on all three
measuremsents made. A determination of the maximum probabls error .
(see appendix 2) of one of thess2 experiments‘reveals that 2 maximum
probable error of 7% can be expectasd in dztermining the composition of
the solvent in the rssin phase. In the example given in appendix 2
the valus obtalnzd for rssin phase solvent compoéition was 15% pyridine.
The true value for the solvent composition is therefore within 7% of

15/, i.e. 15% % pyridine. For the purposss of qualitative comparison
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this order of accuracy is acceptable. The precision of the combined

determinations was not detsrmined.

2.7, ATTATNMENT OF EQUILIBRIUM

One of the obvious‘precautions which must ba obsarved in any ion
exchanga experimeni 1s to ensure that squilibrium has in fact been
attained. Particular care was given to this aspect of the experimental
work since carboxylic acid resins, when in the H form, can take
inordinatély long to reach squilibrium. This has bsen attributed 16
to the low degrese of dissociation in these resins, which gives rise to
low concentration gradieﬁts in the resin phase and hsnce slow rates of
diffusion in the resin bzsad. Fortunately all the selsctivity experi-
ments wsre performed on the salt forms of Ambsrlita IRC 50 and Zeo~Karb
225, both of which exchangs at a comparatively rapid rave 19, 80.
Eqﬁilibrium is usually attainad in less than 2 hours., In all experi=-
ments in the present work 48 hours was allowed for attainment of equili-
brium. This was considerad to be more than adequate.

Further justification for the belief that equilibrium was attained

in the various types of experiment is given below.

Capacity Experiments

The capacity of the various forms of Amberlite IRC 50 was found
to b= virtually the sames, despite the fact that the capacity of the H
form and that of the various salt forms was determined by somawhat

different methods. This lzads to the conclusion that zquilibrium had
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been attained in all cases.

Selectivity Determinations

Certain of the practical sselzsctivity coefficients were dstermined
by both batch methods and column methods, both methods yislding identical
results, within the limits of experimental error. Secondly, squilibrium
was approached from two dirsctions in cartain batch experiments,

identical results being obtainad whatever the initial form of the resin.

Kinetic Experimentg

Some approximate kinstic measurements were made (see chapter 5).
These measurements were mads for ammonium/magnesium gxchangz on both
Amberlite IRC 50 and Zeo-Karb 225, both resins being originally in the
magnesiumforme In both cases the amount of exchange after 1 minute

was 95% of that obtained after 48 hours.

For all the rsasons given above the period of 48 hours allowed in

this work for squilibrium to be resached is considered adequate.
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3o WEBEIGHT S WELLING AND SORPTION

CHARACTERISTICS O F REISINS IN WATES RAZ

PYRIDINE S OLUTIONS

3.1, SWELLING

3.1.1. Bxparimantal Rasults

Thz results of the weight swslling determinations carried out on
both Ambarlit: IRC 50 and Z:0-Karb 225 in solvints of diffasrent w&tar/
pyridine composition are given in Appendix III, Tablss 7 - 16, and |
| e )
representsd graphically in Figs. 2 and 3.

The weight swelling has been calcuiated as grams of solvent per
gram of dry H form resin, so that the swelling of the various ionic
forms could be comparad. Tha waight swalling was calculated in this
way rather than as millimoles solvent per milli =quivalent of rasin,
sincé the primary 2ffect of swelling on selsctivity is its influsnce on
the pressure - volume term. The densitiss of the two solvents are
virtually the same, so that volume sw2lling and consaquent axpansion or

contraction 2ffacts are better daduced from waight swalling calculated

in grams than in millimolas.

3.1.2. Bffzact Of Composition Of Solvent On Swelling 0f Rasin In

Various Singls Ionic Forms,

The sxperimental mzthod, in which thz r2sin in a singls ionic form
was equilibrated with a solvasnt containing no ions, producszs ths

following consaquances which should bs clesrly borne in mind in
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interprating the rssults of the swelling datsrminations:

1. Only onz types of cation 1s present.
2. Virtually all the cations ars in th2 rssin phasa.

3. The only anions pr=sent are rssin anions, which are fixed.

.These facts simplify the task of interprsting the data, since the ionic
composition of the extsrnal phasé remains constant and heﬁoe this phase
does not affect the rssin swelling to any marked dzgree. Swelling is
influenced primarily by changes in the composition of the solvent sorbed
by the resing for this rcason the weight swelling is plotted against
the composition of the solvent in the resin phase, not that in ths
solu£ion phase. The conclusions drawn from these determinations can
therefore bs applizd to resin phas: interactions and separatzd from the
affact of ionic interactions and ion-solvent intsractions in the solution
phasa. This is us=ful in intsrprsting sz2lectivity data where 1t is
sometimss uncsrtain whether sslactivity 2ffzcts must be attributed to
resin phass effects or compstitivs solvation betwesn resin and solution
phase.
As explainsd previously (see page 6) the swelling of an ion-sxchangs
resin is caused by thrse factérsz—
1. The solvation tsndency of the fixed ionic groups and
counter ions.
2. Thé osmotic pressdre differsnce between thas rssin phase
and the solution phase.

3. The electrostatic repulsion bstween neighbouring fixed
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ionic groups and betwzen charged resin chains.

Swelling equilibrium is achisved when thsse forces are balanced by the
2lastic tendency of thes expanded resin matrix to contract.

Introducing a non-aguszous componant, in this case'byridine, into
the solvent affscts the swslling of the.resin considerably. The effect
of incrzsasing the conczsntration of pyridines in the solvent on ths three

factors listed abovz should be examinad, b=2aring in mind &hat the dipole
momants of watsr (1.84 Debye) 81 and pyridine (2.2 Dabye) 1 are similar,
but that the dislsctric constants ars vzry different (water‘799

pyridine 12.3) 8.

The first factor, solvation, dapands on the dsgrse of ion-solvent
interaction which increases with incrsased dipols momsnt and dscreased
dielectric constant. It is thsrefor: rszasonable to 9xpect increased
solvation of ions in the rssin phassz, and a bonsequent increas: in
swelling, as the parcsntage of pyridine in the r2sin phase increases.

The effact of the changs of solvent composition on the second and
third factors is governad largely by thes change in dislsactric constant,
since thess effects arzs most influsnced by ion-ion interactions, which
increase marksadly as ths dislectric constant decréases, It is assumed
that although dislactric saturation will reducs the bulk dislsctric
constant in ths resin, ths effect of substituting pyridins mol=zculss
for water moleculzs will still bz to raduce the =2ffectivas diélectric
constant in the r=ssin. Thz diract sffect of this lowzsring of dislectric

82, 83

constant will bs an incr:ass in lon~-pair formation in the rasin

nhase.
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The second factor, osmotic prassurs differenca, will be affzscted
insofar as incrzased ion-pair formation will decreaszs the number of
osmotically activs ions in the resin phase and hénce swelling will tend
to be rsduced 84.

The third factor, elsctrostatic repulsion, will be resduced by an
increase in ion-pair formation between rssin anions and counter ions.
The charges on the rssin chains, fixed ionic groups and counter ions

85, 86

will be reduced, resulting in a decrease in swslling The
effect of increased ion-pair formation is, however, counteracted by
the increase in the strength of electrostatic-repulsion when the

87

dielectric constant is lowered , provided the charges are not-
completely nesutralized by association with counter ions.
This effect is zvident in the swelling of strongQacid r2sins

18, 199 where ths

(particularly in the H form) in aguesous alcohols
dipole moments of the solvaents are similar (water 1.84 Dabye, methanol
1.68 Debys, sthanol 1.70 Dsbye), bﬁt the dieslectric constants ars
different (watsr 79, mathanol 32 and sthanol 26). The swelling
increases initially as the bulk disl=sctric consfant dscreases; but
passes through a maximum and thsreafter falls again resaching a value
in the pure alcohol which is lower than that in pure water 88, 89,
This phenomenon may be =2xplainesd as follows., Initially the incresase
in 2lectrostatic rspulsion due to decrsase in dielectric constant
exceeds, the decféase due to rsduction of the fixed charges resulting

from ion-palr formation. This net increas: in electrostatic repulsion

causes the initial increase in swelling with decreasing dielzctric
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constant. As the dielectric constant is lowsrad still furthsr the
ion-pairing bscomes so axtansive that this bscomes the dominant factor.
A net decr=ase in 2zlactrostatic repulsion results, causing ths swelling
to dsecrsase as the dislesctric constant falls, the rsverse of the initial
trend.

A similar effect could bz anticipated with pyridine and therefore
the third factor, elzctrostatic repulsion, could well tend to cause
swelling to increase as pyridine is added initially, but to descrease
subsequently as further amounts of pyridine are added.

The swelling rssults must thereforz be interpreted with some care,
in visw of the fact that opposing affects are prasent.

In order to summarizzs the argumsnts presentsd and to facilitate
their application toithe sxperimental results, they are prasented

below in tabular forms-

. . . ffzct on Swellin
Dirsct effect of incrzasing - . z dg
Factor - o of incrsasing /e
% Pyridine .
Pyridine
1. Solvation ‘ Solvation incrzased Swslling increasad
2. Osmotic Ion-peiring increases
prassure hence numbser of osmotically Swelling decreased
differance active groups decrsases.
3. Ilsctrostatic] Repulsive forcs batween Swelling increases
repulsion chargss of a given magnitude initially and then
increases but magnitude of decreases to less
chargses is decreased by ion than original value
pairing.




2.

A further complication occurs in connzction with the weighf-
swelling of the H forms of thz two resins. Sincde pyridine is basic
(pr = 8.85 at 25°C) 6 and will therefors react with the H' ion to
produce the pyridinium ion, a furthsr cationic exchangs spacies is
producsad. The reaction

R"HEY + Pyridins — R Pyridinium’
should go virtually to complstion with thz strong sulphonic acid resin
Z20-Karb 225, The carboxylatas.grouping, howaver, has approximately
the same basic strength as the pyridine molzcule (pr of acstate ion
= 9.2 at 25°C) 6, pyridins bsing probably a slightly stronger base than
the ionized form of Amberlite IRC 50. In this case a cartain
percentagz of the exchange sites will remain in the hydrogen form.
This psrcentuge will dacrsase as the concentration of pyridine in ths
r2sin phase 1s incraasead.

0.7 to 0.8 g of the resins were usad in each swslling experiment;
The lowest pyridine content occurred when 1 ml of pyridine and 3 mil
water wer2 added to thsse r2sin samples; The amounts of pyridine
required to nszutralize the H present in the samplas of Zeo-Karb 225
and Amberlitsz IRC 50 would be approximately‘0.3 ml and 0.6 ml
respectively, Since both H form rzsins show a strong preference for
pyridine at low pyridins concentrations (sse Figs. 4 and 5), it may be
assumed thét»partioularly in the casz of Zzo-Karb 225, it was in fact
the weight-swelling of thz pyridinium form of thes resin, not the H form,

which was daterminsd in the present work.
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3.1.3, Swelling Of Amberlite IRC 50

The discussion will first dasvolve on the variation in swalling of
2ach ionic form.as the % pyridins in the resin phase increasss, and
secondly the swslling of the various forms will bs comparad. . The
results undsr discussion are givan in tables 7 -~ 12 and in fig 2.

The weight-sw2lling of thzs H form of Amberlits IRC 50 shows a

significant increase with % pyridine, which flattzns out at very high
pyridine concentrations. This may be 2xplained as follows; Initially
the axchangs sites ars in the H form and are associlatsd to an sxtent
approaching covalent bonding. The addition of pyridine, a slightly
strongasr proton acceptor than the rssin anion, causas the Carboxylic
acid group to ionizs. Thz H' ions released form pyridinium ions with
the pyridine molsculss, and these ions become th:s counter-ions in place
of H+,with a resulting descrzase in association with the resin anions.
In this particular casz thers is therafore an initial dscreass 1n ion-
pairing as the percentag: of pyridinz in the rz2sin is incrzaased. hA
significant incrszasz in swelling should result, sinces all thrze factors
discusssd previously (sszs page 71) now tend to act in the.same dirasction,
i.e. to incrsasaz the swslling. This tendency should bz arrestad once
virtually all the sites havz bzen convertad to ths pyridinium form.
The swz3lling in fact reaches a maximum value whzn there 1s approximate-—
1y 80% pyridine in the resin phasz, and then decrsases slightly. This
explanation 1s also consistent with the swelling bzhaviour observed for
the H form of Zeo-Karb 225 (discussad latsr).

The swelling behaviour of the Mg, Ca, Sr and Ba forms of Amberlite
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IRC 50 is very similar in all casss. In 2ach case the swelling
decreases continupusiy as the % pyridinc in the resin phase increases,
the rate of decrsasz b2ing fairly high at low and hiéh % pyridine, but
small for intermediate values. -

These results indicate-that.factors (2) and (3) outweigh factor
(1) in this cass. This is logical, since a degree of interactién
2Xists bétween the cations and the carboxylate anions, evsn in pure
waters since thsa carboxylate anion is more polarizable than the
sulphonatz anion, ion-ion interactions ars 1ike1y to. be strongzr in
this case than with sulphonatz rasins. - The decreass in dielectric
constant thus.causgs a mors rapid initial>increasa in ion~pairing than in
the case of sulphonaté resins with the consequence that sffect (2),
which is solely influenced by lon-pairing, and effect (3), in which the
influence of ion—paifing is now greater-thaﬁ that of increésed repulsive
force per unit charge, predoﬁinate over sffect (1) over the full range
of solvent composition. The maximum obscrvad with sulphonate resins
in aqueous alcohols is not found in this case.

The swelling sequence at low j pyridine is:-
Mg > Ca > Sr > Ba = H
The swelling sequencevaf high‘% pyridine iss-
Pyridinium > Mg > Ca > Sr > Ba.

The order of decreasing swalling shown abovs is also the order of

decreasing solvatad radius. This is to bz expected since a small
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solvated radius leads to a small solvatzd volume (factor 1); as well
as an increase in ion-pair formation bstween cation and rssin-anion .

which will also dscrzass swalling (factors 2 and 3).

3.1:4. . Swelling Of Zzo-Karb 225

As in 3.1.3. ths variation in swelling of zach ionic form will be
discussed, followed by a comparison of the swelling of the various forms '
of the resin,. The results under discussion ars givesn in tables 12 -
16, and in fig. 3.

In considsring ths weight swelling of the H form of Zso-Karb 225
it should be borne in mind that in all the pyridine solutions in which
the swelling was measursd the r3sin was not, in fact, in the H form
but completely in the pyridinium form. In this respect this resin
differs from Amberlite IRC 50, where the resin was partially in the H
form and partially in the pyridinium form. It is therasfore not
surprising that thz swelling behaviour of the H form of ths two resins
differs. From fig. 3 it can bs sezen that the weight swelling ot the
H (pyridinium) form of Zeo-Karb 225 doss not vary much with solvint
composition; a very slight incrzase with increasing % pyridine is
obsarved.

It would appsar that in this case 2ither ths thrzs factors giving

rise to weight swz2lling vary very little with solvant composition or

opposing effects bulunce one anothsr over the full range. Thz former
explanation s=ems mors likely. It is reasonabls to sxpect little

ion-pairing betwesn the large solvated pyridinium ion and the sulphonate
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anion., If this doss occur at high pyridine concentration the degree
of lon-pairing will bz small and ths resultant decrease in swslling
will be offset by the other factors, which will tend to increass
swelling.

The swelling of the Mg, Ca, Sr and Ba forms shows a maximum at
intermediate solvent compositions. This behaviour is typical of strong
acid resins in a solvent system where the two compononts have similar
dipole momsnts but different dielectric constants. The reasons for
the maximum value have already been fully discussad (see page 70).

The effect is not obtained with weak acid resins because a dagree of
association exists in thess resins sven in purs water.

The height of the maximum above thz values of the swelling in pure
wata2r and purz pyridins for the various ionic forms of thas sulphonic
acld resin decreases in the order Ba > Sr > Ca > Mg. This is dirsctly
attributabls to the factors which give rise to the maximum. The
Cinitial inCrease_in the weight swelling is caused by ths increasead
glectrostatic rspulsion arising from the decraase in dielactric
constant, ths repulsivs force bsing inversely proportional to the
square of the interionic distance. The resin in the Ba form is the
least swollen; so that ths interionic dis*ance is the least in this
case. The increase in repulsive force, and hence in swelling, as the
dieslectric constant is decresased 1s obviously greatest in this case.
The decrease in swslling when ths % pyridine in the resin phase exceeds
50% is attributed +. icn-nairing., This effect will also be

proporiionately grzatsr for the inein v hish +ho interionic distance
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is smallest, i.ei the Ba form, and hence the decrease in swelling will
be most marked for this ionic.f;rm. It is to be expected, therefors,
that the Ba form will show the sharpest maximum and that the height of
the maximum will decrease as the iriterionic distance in the resin
increases.

The swelling sequence for the entire range of solvent composition

iss=
Pyridinium ?ng > Ca > Sr > Ba

- As with‘Amberlite IRC 50 the sWelling decreases~With decreasihg sige of
the counter ion. No crossover of the swelling of the "H" form at high
% pyridine occurs in this case as the resin is always completely in the

pyridine form.

3.2, DISTRIBUTION OF PYRIDIN® BETWEEN RESIN PH4SE AND GXTERNAL

PHASE

3.2.1. Experimental Results

The results of the sorption detsrminations carried out op both
Amberlite IRC 50 and Zeo-Karb 225 in solvents of different water/pyridine
combosition are given iquAppendix III, Tables 7 - 16, and represented
graphically in Figs. 4 ;;d 5.3! N

Since the solvent distribution is best rapresented as a ratio,.it

is calculated and plotted ass-
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X‘Ezridine
log .

pyridine
Where X . is the mole fraction of pyridine in the resin
pyridinsg _ . :
phase.
and ... 1s the mole fraction of pyridine in the solution
pyridin:

phase.

This value is plotted against X pyridine in Figs. 4 and 5e

3e2.2, Thaorztical Considerations

From figs. 4 and 5 it can be seen that water is preferentially
sorbad wheﬁ the resins are in any salt form. This conforms with
existing theories regarding solvent sorption from mixtures of water and
organic liquids. Two sxplanations have been advanced for the
preferential sorption of watars that water is sorbed iﬂ prefarence to
the organic solvent bacause it is the more polar solvent and hence will
praferentially solvate the ions in the resin phase 905 91, 92, or that
water is praferrsd since it has the smaller partial molar volume, ‘so
that pressure-volume affacts will favour its selective sorption 93.
Since pyridine has a somewhat greater dipole moment than watar (see page
69) the prefsrential sorption of water in this case must be attributed
to its smaller partial molar Qolume rather than to greater solvating
powear, On the basis of this theory the presdiction can be made that
salt-resinate systems will in general selectively sorb water rather

than pyridine.

We could further predict that Amberlite IRC 50, which has a slightly
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highar degres of cross—liﬁking than the Zeo~Xarb 225 used in the present
work, will exert a graater swelling pressure in the resin phass and
hence will have the stronger tendency to sorb the solvent with the
smaller partial molar volume.

It is, however, somewhat debatable whether the effect of greater
¢ross-linking satisfactorily accounts for both the very much greater
preference for water shown by Amberlite IRC 50 compared with that shown
by Zeo-Karb 225 in the present work, and the observed change in solvent
distribution as the % pyridine incfeases. In these instances it is
probably necessary to take into account solvent~solvent interactions.
That‘thase interactions do oceur is evidenced by the fact that when
pyridine is added to water heat is evolved, indicating that some type
of bond formation has taken place.

The external phase initially contains only water (no cations wers
present), with the moleeculss associated through hydrogen bonding in the
usual way. The resin phase, however, contains "frse" water and "bound"
water, the latter being those water molecules which are firmly attached
to a resin anion or counterion by solvation forces. The proportion of
bound water has been calculated to be of the order of 40% of the total
water content of the resin in the case of Amberlite IRC 50 andl
approximately 17% in the case of Zeo-Karb 225 (see Appendix 1v%?ﬂ The
percentages given above refer to water firmly bound in primary hydration
shells. If the more looszly bound molecules of water in secondary

hydration shells are included it is apparent that a considesrable
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proportion of the water in the resin phase is firmly, or fairly firmly,
bonded. Therafors when the pyridine bonds with the watsr in ths
external phase, which contains more "frse" water, the total reduction

in free energy is greater than that accompanying the bonding of pyridine
with water in the resin phase. The distribution of pyridine between
the two phases is theraefore iikely to favour the retentién of the
pyridine in ths sxternal phase. This effect should be more noticeable
in the case of Amberlite IRC 50, where the rasin contains less free
water than does the Zeo-Karb 225, This theory would account for the
fact that at low coﬁcentrations of pyridine in the external phase the
Amberlite IRC 50 shows a very mueh greater prefesrence for water than the

Zao-Kardb 225.

3.2.3. Solvant Distribution Batwsen Resin Phas2 And External Phase

In Amberlite IRC 50

It is svident from Fig. 4 that with increasing % pyridine in the
external phase the praference of the alkaline earth forms of Amberlite
IRC 50 for water decreases., Since thes2 ionic forms of the resin
deswell as the % pyridine in the solvent increases (see fig, 2)§?¥t is
reasonable to expact that the consequent decrsase in swelling pressurs
will contribute towards the observed dicr:usa in preference for water,
since the fact that water has the smallar partial molar wvolume becomes
relatively less important. The solvent-solvent interaction effect

‘should also lsad to a dzcreass in the prafarence for watar with

increasing'concentration of pyridine in the external phase for the
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following reasons. Firstly the deswelling oeours as a rasult of
incrsased ion-pair formation, which will also havs the affect of reducing
hydration and hance ths amount of bound watsr in the rssin, thus making
a graater parcentag: of frae watzr available in thz r2sin phasa.
Szcondly, as thz pyridine is prafereontially r:tainad by the external
phass the % pyridins in this phase is always grz2atsr than that in the
rasin phasa, Ths porcantags of the water molcecules bonding with
pyridine will thir fore ba greater in ths external phase than that in
the resin phase, so that as the pyridine concentration increases the -
percentage of fraa" water, and hence ths amount of pyridine retained,
will decreass relatively faster in the external phase.-

The different salt forms of Amberlite IRd 50 show widely varying
affinities for water at low % pyridine, where the order of affinity for
water is‘Sr > Ca > Ba > Mg. At high % pyridins ths affinity for water
of the various forms doss not differ significantly. - This behaviour
cannot bz attribut:d to prassur:z-volume 3ffects, which would tend to
causa ths most swollan form, i:s. tha Mg form, with the high:st swelling
priassurs, té show tho grzatest profarsnce for water (the solvént with

the smaller partial molar volume), wherceas in fact th2 oppositz is trus,

i}

with thz Mg form showing th: l:2ast praforsnce for watsr., - The
axplanation must tharafor: 1iy in solvint-solvent interactions. In
t:rms of the theory advanced in this thssis, which accounts for the
praferential sorption of water by the risin in terms of thze amounts of

"free" water available in the resin and external phaszs, it 1s possible
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to ¢xplain the observed phenomena by postulating that, since there is
no difference in the ionic composition of ths external phase in the
four cases, the proportion of free water present in the resin phasz of
the four salt forms at low % pyridine must lie in the order Mg > Ba >
Ca > Sr. If this is in fact so the Mg and Ba forms, with the highest
free water contant, will show ths greatest preference for pyridine
followed in order of dzcrsasing affinity for pyridins by the Ca and Sr
forms of ths rasin. Calculation of the % fres water from swelling

&
o

data and hydration numbers (ses Appendix 1V)! provides excellent
confirmation for these predictions. The % frae water according to thesé
calculations is in ths ordsr Ba > Mg > Ca > Sr. This may very well be
the order of affinity for pyridine at % pyridine approaching zerov.
The fact that the magnitudes of and the differencss in the affinity for
pyridine of the various salt forms of the resin, can only be explained
in terms of "free" water and solvent-solvent interactions, leads to the
conclusion that these ars the most important factors affecting the
relative sorption of the two solvents by the resin and external phases.
The hydrogsn form of Amberiite IRC 504 as esxpected; behaves
completely differently to the salt forms; pyridine is in fact sorbed
in preference to water over the full range of solvent composition; the
affinity for pyridine being greatasst at low % pyridine in the external
phase. This bshaviour can be explain=d in the same way as the swelling
behaviour of the H form of Ambarlite IRC S0 (sa2e page 72), i.e. that

pyridine, being basic in character, rsacts with the hydrogsn ion to
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form ths pyridinium ion, which then becomes the counter ion. Undsr
these circumstanczs th: pyridins would obviously be preferantially
sorbad by th: rssin phass, This t:3:ndsncy would be gradually raduced as

th2 hydrogen ions on thz resin raact.

3 2.4, SOLVENT DISTRIBUTION BETWEEN ZEQO - KARB 225 AND THE

EXTERNAL PHASE

From fig. 5 it can bé secn that at no stage dozs Zeo-Kard 225
show the very grzat praference for water exhibitad by»Amberlite IRC 50,
This bzhaviour is consistsnt with the lowsar cross;linking and higher
"frae" water content of Zso-Karb 225 (szc page 84). The sorption
characteristies are also different insofar as ths distribution of
solvant doss not vary with solvant composition to the same extent as
with Ambzrlite IRC 50 and the praference of the resin phase for pyridine
passas through a2 minimum at approximatsly 20% (mole %) pyridins in the
3xtarnal phase. It is significant that this minimum value for pyridinae
sorption corrssponds cexactly with the maximum valus for swelling, 45%
(mass %) pyridins in the r:sin phass.  i.3. ths miﬁimum affinity for
pyridin= occurs at maximum swzlling. Ths sam3 trznd is shown by ths
risults obtain:d with Amberlite IRC 50, where for a given ionic form
th: swalling tonds to a maximum and pyridin: sorption tends to a minimum
at zaro % pyridinz in the extsrnal phasa.

In thes case of Ambarlite IRC 50 the changa in affinity for pyridinc

with incresasing X was attributed to a numbzr of factors,

pyridins
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including the deswelling of the rasin, an incrsase in ion-pairing and
the more rapid decresas:s in free water content of the resin phase.

Since ths sorption of the two solvents is in both cases ralated to
swelling in the same way, th: .rgumints zmployad, basad on ths factors
listed above, to explain the shape of the pyridins sorption vs: solvant
composition curve for Amberlite IRC 50 are thought to be valid for the
same curve for Zeo-Karb 225. 'However swelling pressure effects are
probably rélatively more important than solvent-solvent interactions in
this case sinca the "fres" water content of Zeo-Karb 225 is much higher
than that of Amberlite IRC 50. The minimum in affinity for pyridine at
maximum swelling can be explained in terms of swelling pressure effects;
at maximum swelling pressurs ths prefarance fdr the solvzant of smaller
partial molar volume (water) will be greatest. Differasnces in affinity
for water among the various salt forms exist, but ars very small.

In gensral the order tends to be Ba > Sr > Ca > MNg. This order can be
justified by the same argument smployed pre¥Wiously in the case of
Amberlite IRC 50, by referring to the "free'" water contents of the
various salt forms of Zeo-Karb 225 listed in Appendix 1V. Thz free
water content of the Ba form is lowest,; and hence its tendency to sorb
water rather than pyridine is highest. The very small differences in
affinity for water among the various salt forms are attributable to the
fact that ths resin has a relatively high free water content in all the

four salt forms studiad.

The hydrogsn form of Zeo-Karb 225 shows a prefarence for pyridine
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at low % pyridine which is directly attributable to the proton
accepting power of thas pyridins molacule. Since this is a strong acid
resin the reaction proceseds to completion when less than 204 (mole %)
pyridine is przsent in the éxternal phase, so that the prefsrencs for
pyridine drops rapidly to zaro at this point. The resin is now 1in the
pyridinium form and as with the Amberlite IRC 50 now shows little

preferance for either solvant,
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4. ION EXCHANGSE®Z TBQUILIBRIA IN WATER /

PYRIDINEZE SOLUTIONS

4.1, BXPERIMENTAL RESULTS -

Thz results of the determinations of practical selectivity
coefficients are given in tabular form in Appendix E and represented
graphically in figs. 6, 7, 8 and 9.

Four diffaerent typss of data are presentedz'

(a) Selectivitiss of Amberlite IRC 50 for Ca, Sr and Ba relative
to Mg at different loadings (Tablas 17 - 19), Fig. 6.

(b) Selectivities of Amberlite IRC 50 for Ca, Sr and Ba relative
to Mg at different valuss of a (Tadles 20 - 22), fig. 7.

(¢) Selsctivities of both Amberlite IRC 50 and Zso-Karb 225 for
Ca, Sr and Ba relative to Mg at various solvent compositions
(Tables 23 - 28), figs. 8 and 9. |

(d) Miscellansous determinations of the s2lectivity of Zeo~Karb
225 for Mg rslativs to NH4 at different solvent compositions
and that of the same rssin for Sr relative to Mg with diffsrent

anions at diffsrant solvent compositions (Tables 30 and 31).

4.2, EFFECT OF LOADING ON SELECTIVITY

The practical sslactivity coefficient kB determinad in the

A
equilibrium experiments may be assumed in dilute solution to bs

t
approximately equal to the corrscted selectivity cosfficient K i which
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i1s a measure of the preference of the resin phasz only. The corrected

selectivity coefficient, if determined at a number of different loadings,

can be used to estimate the thermodynamic equilibrium constant KaB/A

which in turm is used %o calculate the stasdard free energy of exchangsa
of B for A (sez pags 16).

N B . o s
The measurzmzsnt of the variation of k., with ionic composition

A
(loading) is important for this purpose, but the magnitude and causes
of this variation arz of lsss fundamantal importance than the fact,
magnitude and causss of selectivity itsalf. The r2sin phase activity
coefficients which are definad to account for this variation are not
analogous to solution phase activity cozsfficients and have significance
in this connaction only. ~Onz of the factors giving rise to this
effect is considersd to be the non-uniformity of asxchangs sites, so
that one of the factors governing ths value of the thermodynamic
equilibrium constant KaB/A will be a distribution function exprzassing
the magnitude of the non-uniformity. KaB/A is therefore a type of
averaged sclectivity for all sites. Unless the same type of avsrage
is made on ths property (e.g. swelling) with which KaB/A is to be
correlated, & preciss corralation cannot be expected. Therefore
extreme accuracy in the determination of KaB/A is not an advantage.

For this reason and also because preliminary work indicated a

.. B
vary small variation of k were not

A B/A

determinad in thz presasnt work. Further, the measurasd variations in

with loading, valuss of‘Ka

B . s
kq with a or solwv:n* composition wsere vary much greater than changes
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caused by varying ths loading (see tabls 29). Since ths results ware
to be usad for gqualitative comparison of resin affinity, no real
advantage was therefors apparsnt in accurate by detarmining KaB/A'
k% was thersfore determined in each case at one loading only. In most
cas2s this loading was similar for the various salt forms of the resin,
thereby reducing any small srror which may arise from this factor whan
this data 1s used for comparative purposszs.

The small variation in kA

B
low cross-linking 94. It is also to be expzcted that thz system with

with loading is expected in resins of

the highest ki will showithe largest variation (see Table 29 below).

TABLE 29.
. . A . ; =
e age ok 2 loa & e T 0.2
Percentage change in kMg for loading change from XMg to

XMg 0.8 on Amberlite IRC 50.

m : ' . A = . R _ = o A
Exchanging catlon{A kMg at XMg = 0.2 kMg at XMg = 0.8| 4 Chango in kMg

Ca 1.80 2.03 13 %
Sr 0.93 0.90 3%
Ba 1.24 1.11 11 %

Prom fig. 6 it can be s22n that only the Mg/Ca system shows the
normal trsnd, i.e. the preference for Ca increcasss as the values of ng
increases.

The chang2 of ki with iB has been attributed to various causes.
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28, 2 _ . . , i
Gragor ; €3 2xplains this effac¢t in t2rms of thz hydrated volumas of

ths exchanging cations; Thise ars in the order Mg > Ca > Sr > Ba.

As XMg incredsss ths resin bs¢omas more sWollen_and tha fasulﬁing
incrsass in swalling pr:ssiir: favours thé uptak: of ths ion with tha
smallar hydrat:d volumsz: This theory correctly pradicts the results
obtained with th: Mg/Ca syst.m, but fails to sxplain th: rosults
obtainod with the Mg/Sr and Mg/Ba systoms.

This :ffsct has also baan oxplained in tirms of the non-uniformity

95

of the exchange sites ; but this altarnative doss not offer a
plausible gxplanation for ths prosent rosults since the effact 6n the
various salt forms of the same rosin would be the samz, so0 that the
different trends observed ars not explained. No explanation for this
bshaviour can bs offarad.

4.3. CHANGE 1IN PRACTICAL SAZLECTIVITY COZFFICIINTS kfa , kir AND
: Ig g

kﬁg WITH THD DBGRTE OF IONIZATION (a) OF AMBERLITE IRC 50
Ths risults of this2 determinations ars given in Appsendix V, Tables
20 - 22, and plott:d in fig. T. A8 o incrzases a soriass of affinity

revarsals occurs.,

Rangs of a Affinity s2quoncs
0 - 0.1 Ba > Sr > Ca > Mg
0.1 - 0.2 Ba > Ca > Sr > lg
0.2 - 0.6 ’ Ca > Ba > Sr > Mg

0.6 ~ 1.0 | Ca > Ba > Mg > Sr
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At low a thz resin 2xhibits the normal affinity sequence Ba > Sr >
Ca > Mg, but as a incroases the uptake of largsr hydrated ions becomes
moré favourad and selsctivity reversals occur in the order Ca > Sr,

Ca > Ba and Mg > Sr.

These rasults will now be sexaminad in terms of the thrze proposad
mod3ls discussed in Chaptaer 1.

In considering th:z Marinsky model it is nzcessary to raturn to the
basic Gregor squation (page 22). The second term, the ratio of the -
activity coasfficisnts of ths cations in ths solution phase, will remain
constané, since a constant solution phase composition was maintained in
thaese experiments.  The third tsrm (the pressures—volume term) should
change significantly with a, since the raesin swells appreciably us a
incrsasss. The weight swalling of the different iconic forms of the
resin at a = 1 is in ths ordsr Mg > Ca > Sr > Ba = H, so that as the
value of a increases, and the resin chuanges from the H form to a salt
form, the sw2lling must increase and consequently the swelling pressure
T lncreasas. These increzsss will be grsatsst if the cations
substitutad for H are Mg/Ca, 1east if the cations are Mg/Ba. The
effect of the prassurz-volums t2rm will thsrsfore bs fto increase the
tendancy of the resin to take up th: smallsr hydrated cation as a
incraasasas. In fact, in all thres> casas, the resin shows a dscreased
tandency to take up thzs smaller hydrated cation as a increasss. It
must thsrefore bz concluded that the pressure-volume term is dominant

in determining thes affinity of the resin for the alkaline esarths only
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at very low values of a, and that at highsr valuszs of a the first term
(ths ratio of the activity coefficiants of the cations in the resin
phas2) dominates the sxchange. Thz obssrved changs from the normal
saquence must thereforaz bs dus to changss 1in this tsrm resulting from
interactions between the cations and the rssin anions. Since the ratio
i

— must decrease significantly it must bz assumed that the intoraction
B E

betwaesn alkaline oarth cation and resin anion 1s stronger in the case

of magnesium than in the other cases. This ¢onclusion is similar to

27

that drawn by Gresgor et}al in discussing thé effect of a on the
affinity of Ambarlite IRC 50 for the alkall metals. These authors
also obssrved affinity rsversals, which thay attribute primarily to
cation-resin anion intar&cfion.: In this cass, howsever, ths affinity
ravsrsals wars accompaniad by risvarsals in the swslling saquencé for
the different ionic forms,

Tha conclusion drawn is that the interaction between the Mg ion
and ths carboxylats anion is greater than the intsraction betwsen the
othzr alkalins zarths and the carboxylate anion, when Amberlite IRC 50

is fully ionized. This conclusion has two conssquancess

(1) 4t l2ast partial stripping of ths counterion must occur when
interaction with the r2sin anion takes place, othorwisoc the
Mg ion could not approach closar to ths resin union than the
othsr alkaline eurth cations (Mg has the smallest
crystallographic radiué but the largest solvated radius).

(2) The increaszd intsraction and partial stripping should lsad
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to a decrease in swelling sincs the solvation of ths
countarions has bsen reduced by stripping, the osmotic
activity of the countsrions and the resin anion has
been reduced by thé interaction and the elesctrostatic
rapulsion in the resin has been reducsd by the
reduction of 2lsctrostatic charge by the increasad

interaction.

Tha possibility of partial stripping would lend support to

sichenberg's modesl in prafsrzncs to that of Chu, Whitney and Diamond.

The fact that the swalling of ths Mg form of ths fully ionizad
form of aAmberlitsz IRC 50 is greatsr than that of the othar alkalins
garth forms is, howsver, & serious objection to the view that seslectivity
changes ars causad by 1lncrsas=d rasin phase intaraction. A more
dstailed investigation of this aspasct should include ths mzasursment of
the changes in swz2lling with a of the varicus ionic forms of ambsrlite
IRC 50,

Further analysis of the results in terms of the Marinsky model
reveals that the pressure-volums term, although outwsighsd by the resin
phase activity tsrm, should navzrthelass maks 2 significant contribution
to ths selasctivity of the resin. The effect of the pressure-volums term,
which opposées the aeffsct of the resin activity term, should bs greatest
for thez most swollen salt forms of tha rasin i.s. Mg/Ca > Mg/Sr > Mg/Ba,
The nagativs slopss of tha curvass of practical sslectivity coefficient

against a should tharefors lis in the order Mg/Ba > Mg/Sr > Mg/Ca. The
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obsarved ordsr is in fact Mg/Ba = Mg/Sr > Mg/Ca, which 1s in rzasonable
agrsement with these thsorstical predictions.

Ruichsnberg‘s mod2l gives a more dirsct and machunistic zxplanation
for this phonomanon, Riichenbsrg considars that tha affuct of ihoraasing
a is to raduce the average steric sopuration of the ionized fixed
.groups and hence to increas2 ths ovaerlapping of the fields of* these
groups. This overlapping 1s thought to incrzase the electrostatic
interaction energy term while not affecting ths deliydration snsrgy term
to th2 sama extent (see pags 25). This would tené to causs the
raversal. In support of this Reichenbarg points out that reversals
are also promotsd by increasing the degrss of crosslinking and the
spacific capacity of the rasin, both factors which cause the steric
sz2paration of the ionized fixz:d groups to ba raduced.

Chu, Whitney and Diamond do not d=al specifically with the
phenomenon und:r discussion, but since th.y attribute the prefaerence
shown by weak acid resins for cations of small crystallographic radius
to the fact that ths resin anions have a grsater solvating powsr than
water, the sslectivity raversals may be ascribed to incrsased elec-
trostatic interaction snsrgy rssulting from overlappiﬁg of the fixed
ionic groups. In this respect the models of Reichenberg and Chu,
Whitney 2nd Diamond are similar.

Mzasursments of th2 changs of selectivity coefficient with a have
been made con amberlite IRC 50 by Gragor =t al 27, using monovalzant ions,

and by Hanlayv96, using trivalsnt ions. The rasults obtained by thase
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investigators ars similar to thosz obtained in the pressnt work in that

the affinitiss tend to revert to the normal sequence at low «.

4.4. THE OFFYCT OF SOLVENT COMPOSITION ON THE PRaCTICAL

CONFRICIENTS OF  TH® ALKALINE BiRTH MATulLS ON  AMBERLITE

IRC 50
The rssults of thase determinations ars given in appendix V,
 Tables 23 - 24, and plotted in fig. 8. As the % pyridine in the
solution phas- is incrz2assd tha affinity of the resin for the smaller
solvated ions lncrsasss. A seriss of affinity rsversals occurs as

indicated balows-

Solvent composition (% pyridina) Affinity sequence
0-6 Ca > Ba > Mg > Sr

6 - 16 Ca > Ba » Sr > Mg

16 - 60 _ Ba > Ca > Sr > MNg

60 ~ 100 Ba > Sr > Ca > Mg

The normal affinity sequzsnce Ba > Sr > Ca > Mg is exhibitad at
high j pyridina. 4s water is added affinity reversals occur in the
order first Ca > Sr, then Ca > Ba and lastly Mg > Sr. The order in
which thesse affinity reversals. occur is_exactiy the same as that
obtained by ircrsasing the degrze of ionization of ths resin (see page

98).- For this reason the exact ssquence of the affinity reversals is
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consideresd to bs significant. This aspect will be discussad further
when the rsason for ths sslectivity revasrsals has bsen 2xaminzd.

A fict which szems surprising at first sight is that the
szlectivity reversals which appear when the solvent composition changes
ars not accompanied by corresponding changss in the swelling ssquencs
of the various ionic forms of amberlite IRC 50 (see previous Chapter).

This leads to the conclusion that the factors influsncing swelling

are not necassarily the same as those influencing selesctivity.

Let us examine the conszquences of the fact that, for example, the
Ca form resin is mors swollen than the Sr form over the full rangas of
solvant composition but that a saleotivi%y revarsal occurs when thsre
is about 10F pyridins in ths resin phase (50 pyridine in the solution
phase). |

At 10% pyridine‘in the rasin phasz the swellings of ths single
ionic forms of the rssin havs ohanéed somawhat from their values in pure
water, but cartainly vary littls rslative to ons anéther.' As has bzen
previously stated only resin phase intsractions affsct the swellings
measurad in the presant work. Furthar, those effeéts winich stem from
ion-ion interactions in the resin phase affect the swelling of ths
alkaline earth forms of amberlite IRC 50 to a greater extent than do

solvation effects. It must be concluded therefore, that the ion-ion

interactions batwesn the resin anions and the various cations do not

change much relative to one another as tha solvent composition changes.

To explain salactivity reversals it will tharafore be necessary to

examing solution phasz effects, particularly ion-solvent interaction,
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rather than resin phasas effscts.

The Marinsky model doess not provide an insignt into the mechanism
of this effect unlzss the resin phase activity coefficients and the
swalling pressure arse determined by the mzthod outlined on page 22,
This has not baen done. It has also bean shown (ses rags 100) that
using the Marinsky model it is not possibls to rsconcile the swelling
mzasursments obtainad with Ambzrlits IRC 50 and the selectivity rasults
at a = 1.

In ths sarlisr discussion of Rasichzsnb:rg's model (sse page 30),
the rsasons for the fact that cations do not exhibit thz normal affinity
sequancs on Ambarlite IRC 50 in watsr ware fully dealt with. In
summary it can be statad that with water as solvent the elsctrostatic
interaction 2nargy is grsater than the free ensrgy of hydration for a
r2sin of this type, which has a fixazd grouping of high fisld strangth.
This was -r2inforced by ths effects of interaction polarization, multi-
point-charge interéctions and the overlapping of the fizlds of the
fixed groupings. Reichenberg's model can be applied to the new
situation with compafative simplicity, since thz only changzd factor is
that the solvent now contains varying amounts of pyridine. The
electrostatic intaraction esnergy term should bz unaffectad by this change
in solvant composition, since the crystallographic radii of the cations
and tha resin anion ars used to calculats this tarm. 4s the changs of
solvent composition dozs not affsct these radii, this term will remain
constant. It should be emphasizad, howevsr, that ths approach used

in constructing this model nscessitates the assumption that stripping
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or partial ‘stripping of the cations occurs in the resin phase so that
the fixsd grouping and ths céunterion touch (or nsarly touch) and
therefore intsract directly and not through a solvent bridge. If this
assumption is in fact not valid thzh hei%her will be the argument that
the electrostatic intsraction snargy term is unaffectad by a changs in
solvent composition.

The hydration esnergy tarm,; on the othsr hand, must of nacessity be
profoundly affscted by change of solvent composition, as stated befors
.pyridine should be a more effective solvating agsnt than water, in view
of its somewhat higher dipols mo&ent and lowar dizlectric constant.

Oﬁ addition of pyridins to the solvent, therefore, the frze energy of
solvation of thz cations should bocome much grgater than the value in
watsar, with thz result that this will bescome the predominant factor in
determining the value of (lGi/z

Consider, for esxampla, thz 3xchangs process involving Sr/Mg and
apply ths Tisenman squations-

o 2 .2
L\AG = ( 2 _ 3
l/d T, + Ty r,*t Ty

) - (£0, - As))

with magnesium as countsrion (2) and strontium as counterion (1). As
discussed previously (see page 27), in the case of Ambsrlite IRC 50,

where the resin anion is the carboxylate grouping, r, is fairly smalls

A
therefors in water as solvent, the first term (elactrostatic interaction

energy) is more important than ths sacond (hydration enargy). A G§/2

is positive and from the equation
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o) 1
AlGl/z = ~ RT 1ln K2

it can be deducad that Mg (2) will be preferred to Sr (1). However if,
as a result of the addition of pyridine-to the solvent, the sascond term
bzcomes more important than tha first,ZlGi/z will become nzgative and

Sr (1) will bs preferrsd to Mg (2). The ssries of selectivity reversals
obsarvad may therefors bs predicted cn the basis of Eisenman's thaory,
and thz natural affinity sequence Ba > Sr > Ca > Mg may be expected,when
the % pyridine in ths solvent is high. This reasoning could be
confirmed by mszasursments of the solyation ehergies of the alkaline

sarth mstals in water/pyridine mixturss.

Reichsnberg's theory tharsfors providss a simple mechanistic
explanation for the observed szslectivity raversals.,

Whan tha data are oxaminsd in farms of the approach usad by Chu,
Whitney and Diamond thrze 3ffscts must bs considsrasd - solvent structure,
ion-solvent intsractions and resin anioﬁ/oounterion interactions.,
Relatively mors importance must bz attachad to the solvant structure
than prsviously, since ths structurs of water; which 1is alrecady
extensively hydrogen bonded, is further tightensd by the addition of
pyridine (heat is given off when pyridins is added to water, indicating
some dagree of bond formation). The tendency of the solution phass to
prafsr catioﬁs of small crystallographic radius, which bond strongly
with the solvent, will therafore be incrsasad. The structure of solvent
in the rssin phasz is disturbed by the hydrocarbon matrix and will not

show this 2ffz2ct to the sams extant. The effzct of adding ths pyridine
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would thereforz bz to incrsase the tendsncy of the solvent to force the
iarger cations, which do not intaract as sirongly with the solvent
molzacules, intc the resin phass.

IJon-solvzant and ressin anion/counterion interacticns are considsrad
by thess authors as a process of compatitive solvation (solvation being
very broadly defined - se2 pags 34). Thes solvating power of thz resin
anions of the strong and weak acid resins and of water are belisved to
lie in the order carboxylats anion > water > sulphonate anion. A small
cation will thus tend to remain in thz solution phase if the resin is of
the sulphonic acid type, sinée it is preferentially solvatad by water
molecules, but will tsnd to enter the resin phase if the resin is
carboxylic, since 1t is now prefersntially solvated by the resin anion.,
In both cases the total frese energy reduction resulting from solvation
is maximized.

The solvating power of pyridine is probably greater than that of
the carboxylats anicn, since its basic strangth is graater (sse page
72), This bzing so, ths solvating power of the spzcies competing for
the cations would then lis in ths ordsr - pyridins > carboxylats anion >
water > sulphonat: anion, so that in a solvient of high % pyridine a
small cation will always bz prefersntially solvated by the solution
phase, irrespectivs of the nature of the rasin anion.

Both the w.ter structurs effsct and the compstitivz solvation
effact should be increassd considerably as a result of ths pra:ferential
sorption of watar by both rasins in all the ionic forms involved in the

equilibria studisd, which causes ths solvsent in the solution phaszs to be



108.

richer in pyridinc than that in ths resin phass.

This model therefore accounts quite satisfactorily for the fact
that with'high % pyridine the normal affinity sequence is obtainad and
indicates that, as the % pyridins decreases, selectivity revisrsals may
occur on carboxylic acid resihs. Thé approach ¢an navar bz as rigdrous
as Reichanbsrg's, howaver, in that quantitativs dstermination of the

solvation snergy of cations by rasin anions is difficult.

4.5. THE FFFECT OF SOLVENT COMPOSITION ON THY PRaCTICAL

SELECTIVITY COZFFICIBNTS OF THE ALKALINE BARTH MSTALS ON

ZEO - KaRB 225

The rasults of these determinations are given in Appendix V,

Tables 26 - 28, and plotted in fig. 9. As the % pyridine in the
solution phase is increasasd the resin tends to show an increasad
preference for the smallsst solvatad ion. The normal affinity scquence
Ba > Sr > Ca > Mg pravails ovsr the full range of solvznt composition,
but the magnitudz of ths selectivity cosfficients increascs significantly
as the % pyridins increases.

These rasults will bas discussad only vary briefly as the factors
involvad are in many respscts idsentical with thoss arising in the case
of Amberlite IRC 50.

In this casz the salactivity ssqusnce may bz corralated with tha
swelling ssquence of the various ionic forms, (sse previous chapter);
the swslling dacreases as the affinity of the counter-ion for the resin

incresasas. Howsver ths diffarances in swelling among the various
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forms do not account for the large relative incredss in the selectivity
values as the % pyridine is increasad. For the reasons given on page
103, this lsads once égain to the conclusion that ths explanation for
the changes in selectivity lizs in solution phasz effacts rather than
in ioﬁ—ion interactions in the resin phase.

2cause the resin phas: activity coefficients and swelling pressures
have not bzen evaluatsd, the results will not bz discussed in terms éf
the Marinsky model. |

The Reichenbarg modsl éan be applied as in the case of Amberlite
IRC 50, with on2 significant diffzarence. A sulphohic acid resin is
consider2d to have a fixsd grouping of low field strength (rA is large).
This mzans that the solvation 2nsrgy term will be greater than the
alectrostatic intaraction term and the cation with the highar frse
anergy of solvation will remain pref:rentially in the solution phase.
The normal affinity ssqusncs should thus b2 otitainad even with pure
water as solvent,  As pyridine is addéd tha magnituds of ths solvation
energy term increasss while, as explained previously (see pagss 104 and -
105), that of ths slzctrostatic intsraction tarm remains constant, so
that the salectivity coefficients will increase furthsr. The shapes

of the - curves obtained when the practical sslesctivity coefficients

Ba
kMg

"satisfactorily explained on this basis.,

3 C: . s .
g kM; and kM; arz2 plotted against solvent composition are quits

The model of Chu, Whitney and Diamond also provides an adequate
2xplanation of thase rasults., As in thée case of Amberlite IRC 50

two offects must be axamined; solvent structure and prafersntial
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solvation. The effzct on the solvent structurs of the addition of
pyridine to the solvent will be exactly as discussad previously (see

page 106), with the re2sult that the tsndency for the cation with the

smaller crystallographic radius to ramain in the solution phase will be.

increasead. Prafzrential éolvation, as pointed out previously (sece
page 107), depands on the ralative solvating power of the competing
species, which in this case will be in ths order pyridine > water >
sulphonate anion, so that ths cations will always be preferentially

solvatad by th2 solution phass. Thz cation with the smallsst

crystallographic radius will be held most strongly in ths solution phase

and its prefarsnce for this phase will be increasad on the addition of

pyridine. Both these offects act in the same direction and will

produce the normal affinity saquence, with an increase in selsctivity

coefficients as the  pyridine in the solvent is incrsased.  The

shapes of the curves obtained when the practical selectivity

coafficients Ba St and Ca are plotted ugainst solvent composition
<] [C] lngy lng lng P <a ag n < np

can th2refors also b, satisfactorily sxplained on this basis.

4.6, BFFRCT OF DIFFERENT ANIONS ON THZE PRACTICAL SELSCTIVITY

. . Sr .. .
APRICIAN k 50 = K.
COZ"ICIINT kMg OF Z#0 K~RB__225

4.6.1. Txperimental Rasults

The practical szlectivity cosfficiznt k;; of Zzo-Karb 225 has

besen measursd, in separate =xperiments, with psrchlorate, chloride,

nitrate and acstate as anions in the solution phase, The detarminations

B
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were carrizd cut both in water and in a solvent containing 697 by
weight of pyridins at squilibrium. Thz results of these detserminations

ars givan balow in Tables 30 and 31.

TABLE 30
Practical salectivity cosfficiznt ST for Zeo-Karb 225 in watsr

g

with various anions in thz solution phase.

o ) - ; Sr
Anion XMg kMg
Parchlorats | 0.45 1.81
Chloride 0.45 1,83
Acetate 0.52 1.35
Nitrats 0.56 1.21

The object of thess axpsriments was to dstermine whsther the
anion has any significant affect on tha aXxchangs process at the dilutions
amploysd, and to confirm that the pasrchlorats anion is in fact th=
optimum choice.

that divalent ions in the

91

Thers is evidence in the literature
presence of cartain anions form monovalsnt ions. A typical reaction is
2+ - + . , ) ) , .
Mg + Cl ~Mg C1 ., This phenomznon is often refsrri:d to as partial

complex formzation., This effect cannot occur with monovalsnt cations,

but when s.lectivity determinations are made with divalent cations
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significaht errors can arise if ths tendency to partial complex formation
is different in the two cations under considzsration. In fact the
concéntration of the anion in solution will then affect tﬁe valuss
obtained for cation selectivities. Evidence for the existence of this

9T

sffect has been provided by Grsgor et al These workers observed

a differsnce in ths exchangs capacity of Dowsx 50 (a sulphonic acid

+

. 2 . .
resin) for Mg + and K, the apparent capacity being 5.23 m.eq. per g of

H form resin in ths case of Mg but only 4.90 m.eq. per g in that of K.
To account for this it was pointed out that if some Mg2+ wers actually

going on to the resin as a monovalent ion of the typs Mg c1t or MgOH+

tha total amount of Mg taken up by the rassin would bs greater than

TABLE 31,

. . . S .
Practical sz2lectivity coafficiznt kM; for Zeo-Karij?i in a .

o . X . . . . .
pyrldlna/WJtur mizturs with various anions in th: soluticn phase

o = Sh
- Anion XMg kMg
Parchlorate 0.33 T¢5
Chloride 0,33 5.8
Acetate 0.22 6.0
Nitrate 0,31 6.1

X 697 by wzight of pyridin: is pris:nt in th: solvent :t squilibrium.
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Thus if Mg2+ and Ba2+ show different tendencies towards partial
complex formation the selection of anion will certainly-be a critical
factor. Tha divergent rasults obtained by some previous workers are
possibly du. to this effect. | The results given by Monge 98 for the
selactivities of Ambarlite IRC 50 for Mg, Ca, Sr and Ba are vary
different from those recordsd in this thesis; it may therefore be

significant that the anion usesd by Mongs was chloride. Measurements

3+

of thz selactivity of various resins for La3+/Ce also showed little

reproducibility in the presence of chlorids 99.
| Difficulty was also encouﬁtered by Hanley 100 in measuring the
selectivity cosfficients on Amberlite IRC 50 of Lanthanum and
trisethylenediaminecobalt (III).  The problem is not fully discussed
but would appear to stem from a combination of hydrolysis of the
amberlite IRC 50 and a reaction of the type LaSt 4 O~ LaOH°", which
takes place when hydroxyl ilons ares liberated following this hydrolysis.

In visw of thase problems the anion selscted for the present work
was the perchlorats anion, as it is raportad 101 to have little or no
tendency to form complex ions with Mg, Ca, Sr and Ba.

This coniantion 1s supported by the rasults of the capacity
maasurements (sse page 53) performed in the present work.  The capacity
'of Amberlite IRC 50 for H, Mg, Ca and Ba is the sams, within the limits
of exparimental er?or. -The conclusion can, therefore, be drawn that
partial complax formation of thé typa Mg2+ + 0104—-7 (MgClO4)+ does

-not occur in aquesous solution. Furthermore the fact that no significant
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chahge in the rasin capécity of sithsr Zeo—Karb_ZQS or Ambarlite IRC 56
otcurred in the equilibrium experimsntd with a solvent containing a
high 7 pyridine is evidence that this effeet is also absent in these
solvents.

Further support for the choiez of perchlorate as anion 1s provided
by the results given in Tables 30 and 31. It will be observed that,
even in water as solvent, while the selectivity coafficients obtained
with perchlorats and chloride as anion ars similar, when the anion used
is nitrate or acatate the selectivity cozfficisnt is significantly lowsr
(1.21 for nitrate as compared with 1.81 for perchlorate). In the
byridine/water solvent the sslectivity coefficients obtainesd when
chloride, acetate and nitrats ars usad as tha anion ars all significant-
ly lowsr than that obtained with perchlorate as the anion.

The difference in the selesctivity cosfficisnts can only be ascribed

to lon~pairing in the solution phase.

4.6.2. Ton Association In Agueous and Mixed Solvants.

The most successful theorstical approach to this problem is that
of Bjsrrum 102. This theory has been discussed at length by various

103, 104 and therefore the basic theory will not be reviewed in

authors
this thesis.

According to the Bjerrum theory thare is for each elesctrolytes
solvent system, a certain critical valus of the distance of separation

betwsen oppositely chargad ions within which such ions are asscciated

into ion-pairs. This distance can be calculated from the formulat
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[z122[e2
where q = Bjerrum critical distance
}zlf = Algebraic value of qation valency
522; = Algebraic valug of anion valency
ol = Dielectric constant
k = Boltzmann constant
T = Absolute temperature
e = Protonic charge

Subéﬁtiuting the appropriate values for g 2.1 electrolyte in water into

the above equation gives:

2 x1x (4.8 x 10“20),2

q = =
2 x 78.3 x 1.38 x 10‘16 x 298 x 10“8

o
7.1 A

f

With pyridine as solvent the value obtained is
' - 2
~ 2 x1x (4.8 x 10 20)

q =
2 x 12 x 1.38 x 10710

x 298 x 10—8

it

o
46.7 A

Since the probability of oppositely charged ions approaching within

46.7 K of each other grzatly exceeds that of their approaching within
7.1 K of each other, many more ion-pairs may be expected to form in
pyridine than in water, provided the dilution of the ions is the same in

both cases. This leads to the generalization that lowering the

dielectric -constant of the medium will increase ion-pairing.
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The hydroted radii of ions can be dzduczd from a modification of

105

thes Stokes Law squation .

i I ff Ts
whare
N = Limiting ionic equivalent conductance (cm2 ohm—laquivfl)
Do = Viscosity of solution at infinite dilution (poise)
jzl = Algsbraic value of valency of ion
r - ‘Hydrated radius (A) of ion 4
r = Stokas Law radius (i) of ion =-9;§29ﬁ§L
(f—) = Stokes Law corraction factor /
s .

Values calculatsd from this equation, of the hydrated radii of ths
cations studisd in ths present work are givan below in Table 323 these

105

values ars taken from ths literature .

TABLE 32. Estinates of the radii of hydratsd cations

5

I

Cation Crystallographic radius Hydrated radius

[v] [o]

A A
Mg O.6§ . ‘ ded
Ca 0.99 4.2
Sr 1.13 4.2

Ba 1.35 4.1




The hydrated radius of the perchlorats anion can be culculated similarly.

For this ion in aqusous solution at 25°C
NT) = 60 (ref. 106)

The value for D! is in centipoises and must bes convertad to poises

before it can be used in the Stokss Law equation. Thus

N 0.820 x 1 x 100
s 60

o

= 1.37 4

The appropriate Stokes Law correction factor may be found by extra—

polation of the curve of ths corresction factor plotted against Stokes

Law radius 107. This gives a value of 1.9 for L for perchlorate.
s
Thus
r = 137 x 1.9
(o)
= 2.6 A

The theoretical distance of closzst approach for two oppositsly
chargsd ions is given by the sum of thzir hydratsd radii. The
distancas for the perchlorate anion and the alkalins zarth cations,

calculated from thes hydrated radii determined above ars given below in

Table 33.
\O o o 5
The value of the constant A ) does not change much from one
solvent to anothear 108, therefore it can be assumed that these

calculated distances of closzst uppro:xch will b vory little changed in
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pyridine.

The argument may b2 pursued quantitatively from this point and the
degree of association of the salts in both water and pyridine calculated.
For ths present purpose howevar, it is sufficient to point out that the
distances of closest approach listz2d in Table 33 (t 7 K), ara very much
less than the Bjerrum critical distance for a 2:1 elactrolyte in
pyridine (46.7 3) but only just within the critical distance for such
an eleactrolyte in water (7.1 l). VIt is obvious, therafore, that very
few ions will approach within the critical distance in water, but a
considerably greatsr number will do so in pyridine.

It is therefors possibles to demonstratz theoretically that the
alkaline sarth perchloratss will be virtually non-associatad in water,
but will bz associated to varying degrses in pyridins.

Ths hydrated radius of the nitrate ion, calculated by the method
given above, is 2.4 Z. This is lass than the va;ue for the perchlorate
ion, so that closer distances of approach are possible between the
nitrate ion and cations. This ion should tharzfore exhibit a slightly

graater tendency towards ion-pair formation than the perchlorate anion.

4.6.3. Discussicn Of Selectivitiess Obtained With Various Anions.

In view of the calculations made above it is now possible to make
an analysis of thz rssults obtainad in these experiments. A factor
which must be borns in mind is that ion-pairing in the solution phase
takes place betwesn fully solvatsd ions, and thsrefore incrzases as the

solvatad radius of the lons dscraasa. The tendency to ion-pairing will



TABLE 33,

EARTH

THEORETICAL DISTANCES OF CLQSEST APPROACH FOR ALKALINZ

PERCHLORATSES

Cation | Distance of closest approach
o]
A
Mg 7.0
Ca 6.8
Sr 6.8
Ba 6.7
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thus 1lie in the order Bé > Sr = Ca > Mg. Of the two cations employszd
in these experiments Sf will tend to associate with anions in the
solution phase to a greatsr extent than Mg. It may be assumed that
with perchlorate as the anion no ion-palring occurs with either Mg or
ST in w.tsr as solvent, but the =ffect of substituting an anion such as
nitrats, which will associats with the cations, associating with Sr
more strongly than with Mg, will be to reduce the tendency for 3r to bs
forced into the ra2sin phase. Therefore the practical selzctivity
coafficient k;; should bz reduced. This is in fact observed. The

results obtained indicats that in watsr no ion-pairing takes place

between ths two cations (Mg and Sr) and the anions perchlorats or

chloride, but that a significant degree of ion-palring does take place

betwsen these caitions and the anions nitrats.and acetate.

With a solvent containing 69% pyridine the assumption that no ion-
palring tskes place betwszen the perchlorate anion and the caticns is no
longaer valid. The results indicats, howsver, that the degres of
assocliation of the anions with the cations lies in the order chloride >

wcetatz > nitrate > perchlorate.

The choice of perchlorats as anion is thersfors vindicated in

.

both solvents.
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5 A POSSIBLE METHOD FOR IMPROVIDNG

THE SEPAR2TION OF THE ALKALINE TARTH

METALS BY ION - TXCHANGEYE CHROMATOGRAPHY

5.1.  GENIRAL

In the present work the alkaline earth metals were separatsd by
ion-exchangs chromatography on Zeo-Karb 225 (chromatographic grade).
The method of seﬁaration was basad on that dsvelopzsd by Honda 5 and has
been fully describzd previously (see paga 48). Honda's method was
originally used in this work in an attempt to s:aparate a mixture of Mg,
Cay Sr and Ba, but it did not produce a clzan separation of Ca from Sr
or Sr from Ba. For this reason it was modified and its use in the
present work was réstricted to the separation of the pairs Mg/Ca, Mg/Sr
and Mg/Ba and thaf of the ions Mg, Ca and Ba from one another.

The results of the selectivity determinations described in chapter

4 reveal that large incresasss in each of the practical selectivity
a
g7
solution phase is incrzased. This was observed with both Ambzsrlite

cogfficiants k& k;g and k£2 occur when tha pyridins content of the
IRC 50 and Zeo-Karb 225. The increase in the selectivity ccefficients
suggestad that the chromatographic separation of the alkaline earth
metals could bs improvad by iﬁtroducing pyridine into the 2luant ussad
to displacs the‘alkaline earths from ths chromatographic column. Some
sgppoft is lent to this contention by the work of Tsubota 1169 who

found that the separation factor (practical selsctivity coafficiesnt)

Sr . . L . . . .
kcaon a sulphonic acid resin increased with incrsasing concentration of



organic solvent (methanol or zthanol) in the solution phase. He
suggested thesrsfore that, in the pressnce of these organic sclvents, Ca
and Sr should be raadily'§eparated by a column m:zthod.

Therefore, on a basis of both the sslsctivity rssults obtained in
the present work and the work of Tsubota, it seemed logical that
the introduction ofrpyridine into the eluant solution would lead to an
improvement of ths method for separating the alkaline earths described

by Honda75.

5e2. SEPARATION OF THE ALKALINE ZE4RTH METALS BY ION -~ AXCHANGHE

CHROMATOGRAPHY , USING AQUEOUS PYRIDINE

To provide a standard against which any improvement in the
separation of the alkaline earth matals could bs measured, a column
separation of a solution containing approximately equal quantities of
fhe perchlorates of Mg, Ca, Sr and Ba was psrformed. The method
previously desscribed for the separation of Mg, Ca and Ba (see page 48)
was used, with the modification that after the elution of‘the Ca, the
the Sr was zluted with 50 ml of 2.0 M ammonium acetate. Throughout
the elution of the column with the various céncentrations (1.0 ¥ for Mg,
1.5 M for Ca and 2.0 M for Sr) of ammonium acetate solution, 3 ml
fractions of the eluats were collected and later titrated with EDTA,
the methods used being those described in 2.3.1. for the titration of
fhe various alkaline earth cations. The volume of EDTA used to titrate
each fraction was then plotted against the total volume of eluate in

order to determine an slution profile. The results are represented
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graphically in fig. 10.

The procedure describsd above was then repeated with sluants
consisting of solutions of ammonium acetate in a water/pyridine mixture,
which was apprdximately 75/ (by volume) pyridine. The molarity of the
eluant solutions with respsct to ammonium acetate was in all cases the
same as that used previouély.

Contrary to expsctations the separation of the alkaline earth
cations was not improvad by eluting with water/pyridine eluants, In
fact the separation was far infgrior to that obtained previously using

agueous solutions as eluants.

5¢3. AN INVESTIGATION OF THE FAILURE TO SEPARATE THE ALKALINE

EARTH METALS BY ION —~ EXCHANGH CHROMATOGRAPHY, USING AQUEOUS

PYRIDINE
Thrze possible explanations for the failure to achieve improved

separation of the alkaline sarth metals wers considsreds: kinetic affects,

elution effects and increasad ion-pairing in the solution phass.

Kinetic effacts

The ratass of ion-sxchange in non-aqueous msdia differ considerably
from those in agqusous systems. Thz ratz of ion-sxchangs in systems
with organic solvents is nearly always lower than in comparable agqueous

109-113 becausz2 particle diffusion is much slower. The rate

systems
is particularly slow when swelling is small, and when the solvant has

a low dielsctric constant and/or a high viscosity. Slow rates of
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exchange could account for ths poor column ssparations obtained. With
pyridine/water solutions, howevar, it is somewhat doubtful whether this
explanaticn is adequate, since the resins swell significantl& in
pyridine and it 1s not a viscous.liquid. Furthermore ths resin tends
to sorb water preferentially, so that the resin phase will contain a
significant proportion of water. The pyridine does, howevar, have a
low dielectric constaﬁt. In view of thase opposing factors it was
decided to test this sxplanation by measuring approximate sxchange
rates on Zeo-Karb 225 in water and in a Water/pyridine mixturs.

To each of three identical samples of Mg form Zeo—Karb'225-were
added 25 ml‘aliquots of 0.1 M aqueous ammonium acetate. The mixtures
were shaken and, after 1 minute, 10 minutes and 48 hours respasctively,
the solution phase was separatad from the resin phase, by the method
described on page 52. The Mg in the solution phase was then detérmined
by EDTA titration (sese pags 44).

The experimenf was repsatad with 25 ml aliquots of O;l M ammonium
acetate solution in which the solution phase composition was 75%
pyridine (by vol.) and 25/ water.

The rate of desbrption of Mg was approximately the same with both
solvents, approximatsly 95% of the final aquilibrium value (48 hours)
being reached after 1 minute in zach case.

From these results 1t was concluded that rates of lon-sxchange in
pyridine/water solutions ars similar to rates of exchanges in aguesous

solutionsy, and that ths failure of the proposed method of separation
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could thersforg not be attributed to kinetic effects.

Elution zffacts

If the eluting powsr of the ammonium ion increas:s when the pyridine
content of the eluant is incrsased, the molarity of the ammonium acetate
solutions used may havs been too great to allow sffectivz separations to
be achisved with aguzous pyridine sluants. Also, the pressence of
pyridine will lead to increased ion-solvent interaction, which will make
aqueous pyridine solutions stronger eluting agents than comparéble
aqueous solutions. | Both of thase effects will be reflected in the
practical selectivity coefficisnt.

The values of the practical selectivity coefficient of Zeo-Karb
225 for the Mg and ammonium ions in water and in aqueous pyridine wesre
therefore measursd in order to detecrmine whether the problem could be
ascribed to the increased eluting powsr of ammonium acetate in aqueous
pyridine.

The practical selectivity coefficiants ware determined by a batch
me thod., Two sats of thres 0.7 g samples of air-dry Mg form Zeo-Karb
225 were waighed out. To each of the samples was addad 35 ml of
ammonium chloride solution. The ammonium chloride solution added to
the first set was preparsd by diluting 10 ml of O.1 M ammonium chloridé
solution with 25 ml of water, while that add2d to tha sacond set was
prepared by diluting 10 ml of 0.1 M ammonium chloride solution with
25 ml of pyridine. The solution phase composition was therefore

approximataly 70% pyridine (by weight) for the second set. The
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mixtures werzs then équilibrated, after which the solution phase was
separated froﬁ the resin phase and the Mg determinesd in both solution
and ra2sin phases by the methods described previously. Since the
original concentration of the ammonium ion in the solution phass was
Known the practical sslasctivity coefficients could be calculated. The

average values obtained ars given belows

Solution phase Mg
] L k
composition NH4
100% Water 7.2
70% Pyridine 3.5
304 Water -

It can be seen that a significant change in the practical selesctivity
coefficient occurs on addition of pyridine tg the solvent. The affinity
of the ;esin.for the ammonium ion increases relative to that for the
magnesium ion, with the conssquence that ths ammonium ion will in fact
be a somswhat strongsr eluting agent in aqueous pyridine than in water.

The chromatographic s2paration of the alkaline sarth metals was 7
therefore repeatsd, using the method described praviously, with agueous
pyridine sluant solutions which had the same solvent composition as
before but which containsd ammonium acetate in one quarter of the
concentration previously present. The separation improvad somewhat

but was still far inferior to that obtained with an agueous sluant.
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Further experiments were performed in which N/4 sodium chloride
in an aqueous pyridine solution containing 69% pyridine was used as an
gluant. These too failed to achieve any significant improvement in
the separation.

It was thersfore concluded that while the increased eluting power
of the ammonium iqn in aqueous pyridine is a contributory factor to the

poor separation achieved, it does not play the major role.

Increased ion-pairing in thz solution phase

Evidencz has been presentzd in 4.6.3. which supports the contention
that a significant degres of ion-pairing takes place betweaﬁ the
alkaline earth metals and the aceﬁate anion in aqueous solutiocn.
Further, the discussion given in 4,6.2. lsads to the conclusion that the
degree of ion-pairing incrsases significantly as the % pyridine in the
solution phase increases. Extensive ilon-pairing would therefore be
axpected between the alkaline zarth metals and the acetate anion in an
aqueous pyridine solution containing approximately T0¢x pyridine (by
weight). The experimental evidence given in 4.6.1. supports this
conclusion., Since, as pointed out previously, the degree of ion~
pairing increases with decreasing solvated radius of the cation, the.
tendency to ion-pairing will lis in the ordsr Ba > Sr = Ca > Mg. It
would therefore be reasonable to expect that in aqueous pyridine eluants
the presence of the acetate anion in the solution phase would tend to
increase the affinity of this phase for the ion with the smallest

solvated radius. The presencz of ths acztate anion would -tharefore
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reduce the selectivity sf the resin in the chromatographic column for

the other alkaline earth metals relative to Mg.

Seds RECOMMENDATION FOR FURTHER WORK

The investigation describsd in 5.3. has revealsd possiblz reasons
for the failure to achieve an improved separation of the alkaline earth
catiohs by adding pyridins to the sluant. A satisfactory solution to
tha problem would appear to hinge on the davelopment of a suitable
eluant for use with aqueous pyridine solutions. This =luant should
contain an anion with a low tendency to ion-pairing, such as the

perchlorate anion.
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6. SUMMARY AND GENERAL DISCUSSION

The mairn results obtained in the present work will now be

summarized and the conclusions drawn will bz briefly discussed.

6.1. SWELLING AND SOLVENT SORPTION

The results of the wsight swelling and solvent sorption
determinations on both Amberlite IRC 50 and Zeo-Karb 225, in various
pyridine/water mixturss, which were pressnted and discussed in chapter3,
have led to some interesting conclusions.

Waight swelling is belisved to be determined by threz factors:
the solvation of the fixad groups and countarions, the osmotic pressure
difference between the solution phasa and resin phase, and the electro-
static repulsion between fixed ionic groups and betwean charged resin
chains. The changs in the swelling of the resins as ths % pyridine in
ths resin phase increases may be attributed to the influsnce of the
change in dielesctric constant oh these three factors. The shape df the
curves obtained when weight swelling 1s plotted against % pyridine in
the resin phase, incluaing the maxima through which the swelling of the
various salt form; of Zso-Karb 225 passes when approximately 50%k
pyridine is present in the resin phase, may also be explained in terms
of the effect of the progressive lowering of dielectric constant on the
three factors listsd above. The weight swelling curves obtained for
the two resins were different in shape.' This is beslieved to be

attributable to the fact that, in Amberlite IRC 50, ion-pairing between
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the alkaline earth cations and the carboxylate anion predominates over
the other factors affecting swelling for the full fange of solvent
composition, whereas, in the cass of Z20-Karb 225, ion-pairing between
the alkaline carth cation and the sulphonate anion is only predominant
when the # pyridin~ in the razsin phase rises above 50%.

The solvsnt sq;ption results can not be satisfactorily discussed
using only exicting “hooriss, which consider only the polarities and
the partial molar volumes of the solvents. In order to explain these
results adequately i% has been found necessary to consider the
theorstical consequences of calculations, made in Appendix 1V, which
demonstrates that a significant % of the water present in the resin phase
is "bound" water, and that this % is lower in Zeo-Karb 225 than in
Amberlite IRC 50.

The sorpgion of solvant by the resin will be governed by the
tendency of tho systemAtb achisve the greatsst overall reduction in
free energy. Pyridinas, which bonds with water, will thersfore move
into that phase having the greatest % of "free water" (i.e. ths lowast
% bound water), namely the solution phase. This tendency has been
observed with both resins but, as expected, is particularly marked in
the cas: of Amborlite IRC 50, since this resin has the higher % of
"bound" water in the resin phase. The preference of the solution
phasé for pyridine can thersfore be satisfactorily explained in this

wWay .
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6.2, SELECTIVITY OF REOSINS FOR ALKALINE BEARTH CaTIONS

The results of the dsterminations of the practical selectivity
coefficients of both Amberlité IRC 50 and Zeo-Kard 225 in equilibria
involving the alkaline earth cations were pfesented and discussed in
chapter 4.

The changes in the selectivity cocefficient of Amberlite IRC 50
with loading are found to bz small. The curves of selectivity
coefficient against loading for the Mg/Sr and Mg/Ba systems have slopes
opposite in direction to that usually observed in this type of
correlation. ‘No explanation for this behaviour can be offered.

The variation with a of the selectivity coefficients of Amberlite
IRC 50 for the various pairs of cations is most satisfactorily explainsd
in terms of Reichenberg's models +the effact of incresasing is considered
to be merely to raduce the averags steric separation of the ionized
fixed groups. The rasultant overlapping‘of the fields of these groups
increases the slectrostatic inferaction snergy whils leaving ths
dehydration energy reslatively unaffected.

The investigation of the variation of the selectivity coefficients
of both resins with solvent composition has given rise to some interes-
ting conclusions., A feature of the experimental results which was
initially found puzzling was that the.large selectivity changes observed
with both resins as the j pyridine in thzs solvent was increased were
not accompanied by equivalent changes in the relative weight swellings

of the various ionic forms of thz rasins. 4 correlation between weight



swelling and selectivity cosfficiant usually sxists. In view of +the
absence of this corrslation it was deduced that the selectivity changes
obtained could only be explaired satisfactorily in terms of solution
phase effects, particularly lon-solvent intsraction, rather than resin
phass effects, upon which swelling primarily depends. The Marinsky
model can not be applied to this situation, but both Reichenberg's model
and the model of Chu, Whitney and Diamond can be usad to axplain the
selectivity changes, on a basis of changes in lon-solvent intsraction,
in a direct mechanistic manner. The fact that %he salectivity
coefficients are found to b2 so dependent on the solvent composition,
this d3psndsnce stemming dirsctly from ion-solvont intsraction, and
not indirsctly from tha influcnce of the solvent on resin phase ion-
pairing, serves 1o emphasize the importance of the rols pluy:d by the
solvent in thz ion-i>xchange process,

The effect of different anions on the selectivity coefficient
k;; of Zeo-Karb 225 has been found to be significant. The ihfluence
of the anion has bzen attributed to sclution phase ion-pairing; it has
been demonstrated theoretically that this should occur extensively in
pyridine solutions, but only to a small extent in water. The decrease
in the selectivity coefficient as the % pyridins is incrsased may be
attributed to the fact that a grsater dsgrse of ion~pairing will take
place between thé solvated strontium ion and a given anion than batween
the solvated magnesium jon and ths samz anion. This results from the

fact that the strontium ion has a smallsr solvated radius than the
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magriesium ion, so that the probability that a strontium ion will
approéch within ths Bjerrum critical distancz of the anion is higher.
The results of thess measursments vindicats ths ussz of the perchlorate
anion in the present work, sincé this anion shows the smallest tendency

to ion-pairing, of those investigated.

6.3.  INVISTIGATION OF POSSIBLEZ IMPROVED M3THOD OF SEPARATION

OF ALKALINE TaRTH CaTIONS

The results of the present work indicate the possibility of an
improved method for separating the alkaline earth cations by ion
exchange chromatography, viz. by using pyridine/water eluant solutions.
This possibility has been examined, but the expected improvement has not
been observed. An attempt has been made to locate ths source of the
problem and it has bsen doncluded that ths difficulty lies in the,
increased ion~pairing in thz solution_phase and greatsr ion-solvent
interaction which result from ths addition of pyridins to the eluant.

It felt thut further investigation could resolve thase problems and
possibly produce an sluant which will give the desired improvement in

the chromatographic separation.

6.4, GIENFRAL DISCUSSION

The results of the present work serve to emphasize the role of the
solvent in the ion=-sxchange process. It is evident that factors such
as ion=solvent interaction and the effsct of dielectric constant on

ion=pairing have a pronouncad effect on ion—exchange behaviour.
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The majority of the results obtained can be mechaﬁistically
explained in terms of either the Reichehbefg model or the model of
Chu, Whitnsy and Diamond. 4 suggéstion for flirther work in this field
is the msasursment of the Heatd of solvation of the variods cations in
pyridine/water mixturss, which would provids a duantitative test of the
Reichenbarg model:  The rasults obtained in the preésent work do not
favour either model over the other:

A sscond lins of research suggestad by the present work is the
development of a suitable pyridina/water eluant for the chromatographic

separation of the alkaline earth metals.
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APPENDIX 1

CALCULATION oF COMPOSITION OF SOLVENT IN RESIN PHASE FROM DATA

OBTAINED IN COMBINED W3ZIGHT SWELLING AND SORPTION EXPERIMENTS,

P - - - g pyridine originally addsd to solutiodn,

S
WS -~ - - g water originally added to solution.

Wr - = - g water originally on resin.

X - - - g pyridine in solution phasz at equilibrium.

¥y - - - g water in solution phasa at equilibrium.

Zs - - - mass fraction pyridins in solution phase at equilibrium.
ﬁr - - - mass fraction pyridine in resin phase at equilibrium.

S - - - g solvent (water + pyridine) in resin at squilibrium.

o
e
')
b
[0}
1

At equilibrium w

B X

Fg 7T X+ Yy

Rzarranging ws gets-
1 - ’-S
y = X g -=- (4)
N
At squilibrium we haves-
S = (Wr+Ws-y)+(Ps—x)

Substituting in (A) and rsarranging we gots-



130

S = W _+W +P -2
T s s P
S

Ceoxo= f (W4 W+ P~ S) ---(B)

All the guantitios on the right hand side of this equation can be
obtained diractly from experimental meisursments, and hence %r ths
parcentage by weight of pyridine in the resin phase at squilibrium can

be calculated.
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APPENDIX 11

DETERMINATION OF WMAXIMUM PROBABLZE 2RROR OF CALCULATED COMPOSITION

OF SOLVENT IN RBESIN PHASH

The method for determining the maximum probable srror is that

outlined by Rhodes 1140 He lists the follewing steps:-

1. Write down the esquation corrslating the derived result
and the observed guantities.

2. Differentiats successively with respect to sach of the
measurad quantitiss.

3. Divide zach partial differential by ths original function
and multiply zach result by the maximum probabls error in
the msasursd quantity.

4. Add thess results without regard to sign to gat the

maximum probablzs zrror in the derivad result.

From Appendix 1 we haves-

Applying steps 2; 3 and 4 above wa geti-
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’5/“ 14 ) + AW+ ;f‘/_\aP‘
i X 8 8

7 P "8 7 W+ W+ P
r s S

To determine the approximate magnitudes of the maximum probable
this equation was applied to ons particular experiment for the
determination of the combinad swelling and solvent sorption.  The
experiment selected was that in which to 0.617 g of dry Ca form Amberlite-
IRC 50 2 ml water and 2 ml pyridine were addad.

The rasults of this expariment ars given in Appendix 3, Table 36.
Soms of the measursd quantities arz however not given in this Table.

For this resason ths full list is given below:-

Measursd Quantity Estimated Maximum Brror

P, = 2.00g AP, = 0.05g
S = 0.892 g AS = 0.004 g
ko= 0.53 ' 4\ 7os = 0.002 g
W_S = 2.00 g A,WS = 0.05 g
kil = 0,341 AW = 0,001

r . T

Applying the equation given above we gate~

DFe 0,05 , 40,004 0.002  0.101
7 2,00 0.892 0.53 4.34

r

.". Maximum probable error in composition of solvent in resin

phase is 0.070 x 100 i.e. TF.
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APPLINDIX 1V

-

CALCULATION OF 77 BOUND WATBER IN ZEO ~ KARB 225 AND AMBERLITE

IRC 50

ZEO - KARB 225 (Mg form)

Exchange capacity of resin 4.75 m.eq/gm.

il

Water taken up per g resin 2,69 gm. (From results obtained with

,bure water as solvent -~ sese Appendix III)
Rumber of molecules of water |
bound to each resin anion 115
Number of moleculass of water

115

bound to sach Mg ion

Sincz esach Mg ion is attached to two resin anions we haves-

1 2q. of r=esin contains as - 1+ (,x7)
bound watszsr = 4.5 molas water
.« 1 g of resin contains as = 4.5 x ibgg x 18 g water
bound watar
% bound watar : = 4'2 294;7203018
= 14 %

A similar calculation can be carried out on tha Ca, Sr and Ba

forms of the resin using the information tabulated below (weight

115y

swellings from Appendix III, hydration numbers from reference

The % bound water obtained from th2se calculations is also given
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. . Wei . 4
Form of WV1gpt Hydration % Bound % Free
S Swelling -
Resin 5 Number Water Water
g/g Rzsin
Mg 2,69 7 14 86
Ca 2,24 562 14 86
Sr 1,82 4.7 : 16 84
Ba 0.73 2.0 23 T
) ‘

AMBERLITE IRC 50

A similar calculation may be made on Amberlite IRC 50 using a value
=f 10.9 m.eq/g for ths 2xchangs capacity of this resin and making the
assumption that the bydration numbers of the ions remain unaltered.

The results of this calculation are tabulated below:-

Form of S fii%bt Hydration % Bound 7o Free
Resin we _n5 Number Water Watan
g/g Rusin ‘
Mg 1.95 7 40 60
Ca 1.60 5.2 44 56
Sr . 1.41 4.7 47 53
Ba 1.11 . 2.0 35 65




APPENDIX V

TABLE 17, _ PRACTICAL SELECTIVITY COHFRICIZNT

Ca

g
IRC 50 IN UaT3R AT VuRIOUS' TO~DINGS

FOR AMBERLITE

0.80 2.03
0.61 1.96
0.46 1.87
0.30 1.81
0.10 177

TABLE 18,  PRACTICAL SELECTIVITY COEFFICIENT k;

r

FOR ~ AMBERLITE

IRC 50 IN WATER AT VARIOUS LOADINGS

Ty g
0.82 0,89
0.69 0.91
0.53 0.91
0.35 0.93
0.21 0.93
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TABLE 19. PRACTICAL, SELECTIVITY COEFFICIENT Ba FOR AMBERLITE

IRC S50 IN WATER AT VARTIOUS LOADINGS

= Ba
XMg . kM%
0.79 , 1.12
0.64 1.13
0.46 . 1.19
0029 1.23
" . | 02
lf 0.17 1.24

! TABLE 20. VARIATION OF PRaCTICAL SHLECTIVITY COBFFICILNT, WITH

a FOR Mg / Ca ON AMBERLITE IRC 50

¢ iﬁg k§§
1.00 0.36 1.82
0.55 0.33 2.05
0.39 0.32 2.08
0.20 0.32 2.11
0.12 0.32 2.08
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TABLE 21, VARIATION OF PRACTICAL SELECTIVITY COEFFICIANT WITH
o FOR Mz / Sr ON AMBERLITE IRC 50
, = ST
. Mg “ltg
1.00 0.52 0.91
0.48 0.48 1.10
0.40 0.45 1.23
0.20 0.38 1.65
0.12 0.37 1.73
TABLE ©22. VARIATION OF PRACTICAL SELICTIVITY COEFFICIENT WITH

a FOR Mg / Ba ON 4MBERLITAH IRC 50
- Ba

a XMg KM%
1.00 0.46 1.19
0949 0041 1.4-6
0.37 0.37 1.67
0.20 0.33 2.02
0.12 0.29 2.41
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a

TABLE p3,  PRACTICAL SELECTIVITY . COEFRICIINT ,kﬁ

IRC 50 IN PYRIDINE / WATHR MIXTURES OF VARIOU

FOR AMBERLITE

S ._COMPOSITIONS

Bquilibrium Pyridine
content of external phase
J e | g
We. 7 Xpyridine
0 0 0.42 1.88
31 0.09 0.41 2.84
48 0.17 0.36 3.62
57 0,23 0.38 5.28
69 0.34 © 0,29 9.3
82 0.51 0.24 15.4




TABLE 24.  PRaCTICAL SELACTIVITY COBFFICIENT

Sr FOR

155,

AMBERLITE

g -

Bgnilibrivm Pyridine
content of sxternal phase

, g | e
Wt e Xpyridine

0] 0.00 0.48 0,91

31 0.09 0.46 1.77
48 0.17 0.43 3.05
57 0.23 0.35 5.01
69 0.34 0.33 14.4
82 .0.51 0.28 | 29,6
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TABLE 25, PRACTICAL SELUCTIVITY COZFFICIENT kﬁa FOR AMBERLITE
IRC 50 IN PYRIDINE / WATER MIXTURZS OF VA4RIOUS GOMPOSITIONS

Equilibrium Pyridine
content of sxternal phase
= kBa
_ XMg Mg
We. 7 Xpyridine
0 0.00 0.37 1.20
31 0.09 0.36 3.02
48 0.17 0.30 5.87
57 0.23 0.23 10.3
69 0.34 0.15 31.4
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'Ca
g .
225 1IN PYRIDING / WATER MIXTURZS OF VARIOUS _COMPOSITIONS

TABLE 26. . PRACTICAL SBLECTIVITY COAFFICIENT FOR Z#0 - K4AR3B

Bquilibrium Pyridine
content of external phase
. | %
Wt 7 Xpyridine
0 , 0.00 0.50 | 1.46
31 0.09 0.47 1.65
48 0.17 0.43 2.09
57 0.23 0.45 2.32
69 0.34 0.43 2.97
82 0.51 0.40 5.10
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Sr
e
225 IN PYRIDINE-/ WATER MIXTURES OF VARIOUS COMPOSITIONS

TaBLE 27. PRACTICAL SELICTIVITY COIFFICIENT FOR ZEO - KARB

Bquilibrium Pyridine
content of external phase
. W |
W, 7 X yridine |
0 0.00 0.45 1.81
31 0.09 0.40 2,18
48 0.17 0.35 3.25
57 0.23 0.37 4.54
69 0.34 0.33 T.49
82 0.51 0.19 23.7




TABLE 28, PRACTICAL SELZCTIVITY COZFFICIENT k

Ba

159-

FOR Z&0 ~ KA4RB

225 IN PYRIDINE / WaTER MIXTURES. OF VARIOUS COMPOSITIONS

Equilibrium Pyridine
content of external phase

- Ba
, e | ug
LATIG Xpyridine

0 0 0.40 3.5

31 0.09 0.39 3.4

48 0.17 0.35 5.8

57 0.23 0.30 8.4
69 0.34 0.31 28
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