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Abstract
The ion exchange separation of sodium and potassium
ions in the presence of hydrogen ions has been investigated using

a new continuous countercurrent contacting technique.

A wide range of ion exchange operations has been
carried out using trace 2nd gross ionic fractions of the alksli
metals with contactors of different numbems of stages. By apply-
ing equilibrium stage theory the operating conditions have been
selected to achieve good enrichment and/or recovery of the alkali
metals. In trace experiments with a 15 stage contactor a Nat
recovery and enrichment of 46% 2nd 9.2 respectively was achieved
in the liquid product. A X' enrichment of 11 was achieved in the

resin in another 15 stage run.

A contactor using three sections, called respective-
ly the extraction, rectification and elution sections has been
used to separate trace ionic fractions of spdium and potassium
into two product streams., A 15 stage unit has given a Na¥ enrich-
ment and recovery of 2.9 and 91% in the Nat rich stream and a K+
enrichment and recovery of 5.65 and 57.4% in the ¢t pich stream
with a loss in the resin waste of only L. 5% of the =2lkali metals
in the feed.

Results have been interpreted by equilibrium stage

separation theory. Over a wide range of operating conditions the

calculated stage efficiency varied (a) for a2 glass stage design
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from 36% to 70% and (b) for a perspex stage design from 60% to
1109%.

It was concluded that equilibrium stage theory can
be used to predict the trace ion exchange separations uéing the
new contacting technique and also that as the number of stages is
changed the ilon exXchange separation willi be altered in a predict-
able way.

It was found impossible to get a good enrichment and
recovery of Nat ions when the two alkali metals were in gross
ionic fractions in the feed solution.

Results were shown to be reproducible.

lass transfer coefficients have been calculated.

The equilibrium relations for the Wa¥/k™/m+ C1”
system with Zeo-Karb 225 were established to interpret the Na*ykﬁ
continuous countercurrent separation results, In the binary
Nat/H* and XK*/Ht systems it was found that the selectivity co-
efficients KNaH and KKH changed markedly as the loading of the

respective alkali metals in the resin increassed.

When the alkali metals were in trace ionic fractions,
the Na¥ /gt and X' /EY equilibria attained in the ternary Na¥/gt/m*
system were the same as in the respective binary systems. How-
ever as the ionic fraction of the alkali metals was raised above
the trace level, thQ<Naf/H+ and K+/H+ equilibrium distributions

differed increasingiy from the respective binary system values,
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1. Introduction

1.1 Objective of investigation.

Although improvements in resin properties and
equipment design have led to a rapid increase in the app-
lications and use of ion exchange since the war, until
recently practically all large scale ion exchange equipment
was based on the use of fixed beds where the resin and re—

generant are not utilised most efficiently.

There have been many references to continuous
countercurrent ion exchange in the literature. This method
of operation should give maximum utilisation of the resin
and regenerant because the countercurrent process provides
the highest average driving force for mass transfer between
the resin and the ionic species being absorbed from sol-
ution.

A new continuous countercurrent solids-fluid
contacting technigue has been developed(CZ) in this lab-
oratory and its hydrodynamic operating stability verified

on a pilet plant scale(c3).

Genergl principles of counﬁeréﬁrrent sepi
aration processes, based bn equilibrium stage theory,
will be applied to ion exchange separatiohs carried out
with the new contacting technique.,  For example the ext-
raction factors for the ions being separated will be sel-
ected to achieve a desired recovery and/or enrichment in

a single multistage section contactor in a wide range
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of ilon exchange operations using respectively trace and gross
ionic fractions of the ions. The number of stages will be varied
and the separation results imterpreted by equilibrium stage theory.
The ternary cation system Na¥, X%, H' (C1~ snions) with a sep-
aration of the sodium and potassium has been selected for this
work,

If it is established that equilibrium stage theory
can be spplied to ion exchangc separations in a single section
contactor, it will be applied to more complex countercurrent ion
exchange separations.

A by-product of this progremme is to develop a com-
pact stage design which will permit separations with contactors

of up to 100 stages without using bulky equipment,

The general objective of this work is to establish
that fractional separations by continuous countercurrent ion ex-
change can be predicted and interpreted by equilibrium stage

theory.

1. 2. Review of existing countercurrent ion exchange

technigues,

The potential advantages of continuous counter-
current ion exchange processes (i.e. smaller equipment, lower
capital costs, lower resin inventory, increased regeneration

efficiency, a higher degree of resin capacity utilisation and
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more uniform product) have been lqng recognised. However
there are inherent mechanical and hydraulic difficulties in
obtaining satisfactory contact between a liquid and a part-
iculate so0lid in countercurrent flow. The difficulties arise
from the small density difference be tween the resin and
aqueousAsolutions, attrition of moving resin, channelling
and distribution of the two phases through the contactor

and the separation of the two phases after contact.

Many types of countercurrent ion exchange con-
tactors have been devised but many are only laboratory
curiosities. 8Since the operating and design problems have
remgined largely unsolved, the continuous countercurrent ion
exchange process has not been properly exploited on a large
scale. The requirements of such a contactor are that it
should be versatile enough to operate over a wide range of
liquid and recsin flowrates, and high flowrates are possible
i thout channelling or back-mixing, In addition low
pressure drops are desirable in pumping liquids into and
through the contacting system. The ligquid and resin phases
must be separated casily and resin moved between columns or
stages simply. In addition the contactor should be in-
expensive, simple to operate, ecasy to control, and for
radioactive work suitable for remote operation with minimum
ma intenance.

Continuous and semi-continuous countercurrent

ion exchange contectors can be classified in the following groups
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Dense phase contactors
Dilute phase contactors

Fluidised bed contactors

Miscellaneous types,
1e2.1 NDense phase contactors.

This type should have plug flow of the resin and
liquid phases so that a high contscting efficiency is possible,
The height of a transfer unit will be less than with other types

of equipment and capital costs will be smaller.

Operation can be either continuous,cyclic or

pulsed,wlith upflow or downflow of resin,

The only units which operate continuously are the
Arehart, Stanton and Hiester contactors, all using downflow of
resin, with the denée resin bed positively displaced counter-
current to the liguid flow. In the type(AB’SS) described by
Arehart rccirculated liguid is pumped at high velocity down
through the top section of the bed and the whole resin bed is
displaced downwards by frictional drsg countercurrent to the
liquid influent. "ith the Stanton S!) ana miester(H3) types

there arc special valwes at the bottom, and top and bottom,of

the columns respectively which cause attrition of the resin.
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Cyclic contactors where the two phages flow
alternately through the contactor in opposite directions have the
advantages of higher capacity and greater flexibility since
operating conditions can be controlled by the choice of cycle
times. The Higginsg{H6) with upflow of resin and Porter(Pé) and

AsahiSAh) with downflow of resin are of this type.

The Higgins contactor has been considered or used
by the USAEC in many pilot plani scale operations (H7,H8,H9) and
there are now 18 large scale plants in operation(H1O). Adsorption
and regeneration cycles are performed in the same unit and this
does not permit optimum utilisation of the resin and regenerant.
In addition the complex operatling cycle and valves required lead

to resin attrition end maintenance probleuns.

The Porter and Asshil contactors use separate columms
for saturation and regeneration. The Asaki contactor has been
used for large scale water processing for about 7 years in Japan
where 16 units are in operation. Several processes using the
Asghi contactor have been patented including the production of

(a5)

NaOH from sea water using Ga(OH)Zo

With the pulsed contactor the pulse rate and
amplitude of the pulsing device contropl the flowrates of the two

phases, Two types have been rccently developed.
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The Erickson contactor(Ez’P“) is an upward resin
flow contactor, The resin flowrate was found to Jdrop markedly
as the liguid flowrate increased and when the height of the
column was lincreased,

The lieyer design(MB)

is a downward resin flow type.
Flow of 1i§uid and resin into the contactor is controlled by ball
valves. As the only moving parts in the contector are the ball
valves the system is mechanically very simple., With a 3 in.
dismeter column flowrates up to 200 gall/(ft2)(hr) were used
without detegtable backmixing or fluidisation of resin and tests

showed that the liguid moved in plug flow. This contactor design

appeared to have some commercial potential.
1e2.2 Dilute phase contactors.

In this type the resin particles settle by gravity
countercurrent to the liquid flow. As the specific gravity of
most resins is little greater than that of water, a considerasble
restriction is imposed on the range of operation. Early patents

of this type were by Matthieson(Mz) and Nordell(h1’N2).

(G6)

are recirculated countercurrent through two columns and a re-

In the Gurshkov contactor the ligquid and resin
generation unit., The operating conditions 2re chosen to give a
large sepsration factor for the cations A and B being separated.

After a time pure solutions of A and B can be withdrawn from the
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two columns respectively. This column has been used on a
laboratory scale tp separate alkali metals(Gg), fare earths(G7)

and 1ithium isotopes'®®),

In the Shulman<sa) contactor plastic tubing is
looped around a tilted drum. Resin is fed to the top andliguid
to the bottom of the unit through rotary Jjoints. Rotation of the
drum causes resin to move down through the tubing countercurrent
to the liquid feed. It was found that resin did not £ill the
cross section of the plastic tube and channelling of the liguid

past the resin occurred at all flowrates.,

Spinner columns(01) in which baffles attached to a
rapidly rotating central rod swirl the liguid have been devel-
oped to prevent channelling of the liquid through the falling
resin particles, 1In the Plate type contactor(A1), a scraper
rotating above each plate moves the resin down a column through
staggered holes countercurrenﬁ to the upflowing liquid. There is

poor utilisation of resin in this type.

Although the dilute phase contactor has proved very
successful for some difficult separations on the laboratory scale,
the restriction of the liguid flowrate to the settling velocity
of the resin particles makes it very unlikely that this type of

contactor will ever have widespread commercial application.
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1.2.3 Fluidised bed contactors.

This typé can be either continuous, cyclic or
pulsed., Although the 1i§uid flowrate can be much greater than
in the dilute phase type, because the resin particles are not
settling against the upward flow of liquid, the maximum flowrate
of liquid is restricted as co-current transport of the resin
particles is undesirable, There is no tendency for resin bed
blockage to occur with such egquipment snd a liguid feed with sus-

pended solids can be treated.

Continuous units.

The concept of a multi~bed column simulating a
plate fractionating column was first suggested by Perry(PB).

Recent work on this type has been described by Komarovskii(K1)

and Turner.(T1) Liquid flows upwards through perforations in the

plates gently fluidising the resin particles. The resin descends
the column through downcomers. A disadvantage is the tendency of
the liguid to flow up the downcomers rather than through the per—

forations in the plates, especially at start-up.

With the seike‘S1),  Jiggea Bea*2) and Dorr
Hydrosoftener(H5) units, the resin is fluidised in a tower, The
basis of countercurrent operation is 4hat as saturation of the
resin particles proceeds they become more dense and settle from

the fluidised region to the bottom of the column,
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Cyclic nnits.

The Zsigmond contaqtor(21) consists of two con-
centric vessels containing resin which communicate at the top.
In the saturation cycle liquid passes up through the central
compartment fluidieging the resin and down through the outer com-
partmenﬁ. In elution periods the regensrant passes through the

contactor in the opposite direction.

Pulsed units.

(89) ., . . .
that a rapidly pulsating liquid

It is claimed
feed greatly improves the performance of the Perry type contactor.
An expanded resin bed is formed on each plate but there is relat-
ively little turbulence or backmixing of the resin. The bed
flows like a dense fluid across the plates to the downcomers, A
wider range of flowrates can also be used. The use of a bed of
stainless steel balls resting on each platc has been proposed(G11)

to prevent clogging of the perforations.
1.2.4 Speclal types.

Various methods using a continuous belt of exchanger
have been suggcsted.e The ion exchanger has been enclosed in g

porous casing(ﬂ1)

and moved through counterflowing feed and re-
generant solutions like a string of sausages. Selke and
Muendel(se) have performed experiments with an endless belt of

phosphorylated cotton. A wire mesh coated with ion exchange
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resin has also been used(Mu>.

1.3, Description of technigue used.

The work described here has been performed using a new
cyclic continuous countercurrent ion exchange contactor. This
design fulfills most of the requirements for a countercurrent

contactor satisfactorily.

A single stage of this contactor consists of two
compartmen ts, a contactor and a retainer, PFigurec 1 shows a single
stage in the three parts of the opcrating cycle. The liguid flow
cycle (Figure 2) is controlled by means of two three way solenoid
valves actuated by the cycle timer. During forward flow of liguid
the resin in each stage is fluidised. In the no flow peried,
liquid flow 1s stopped to allow the resin particles to settle.
This period is not essential if the particles settle in sub-
stantially less time than the reverse flow period. In the reverse
flow period an increment of resin, W, is transferred in dense
phase flow countercurrent to the net flow of liguid. The value
of W 1s dependent only on the volume of liguid displaced in the
reverse flow period i.c. Urtr' The hydrodynamic operating dia-
gram, which defines the range of operating conditions for a
typical single stage,is shown in Figure 3. A characteristic of
the curves in the disgrem is the maximum value, Wy,x,correspond-

iny to all vealues of H above a certain value H for any

critical’
glven set of conditions.
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The average liquid flowrate is given by the expression

L = Jpte = Uptn (1.1)

betlpn + g

and the average resin flowrate by

S = W (1.2)
be + b, + by

The operation of this type of contactor is governed

by a cycle timer and control of the liquid flowrate.

In a multistage contactor'of this type it is

possible to feed and take—off resin and liguid at intermediate

ol

points, so that the £ ratio can be altered, thereby adjusting the

extraction factor in various sections of the contactor.

Karly work was conducted with banks of threé glass
stages (Figure L) connected by Quickfit ball and socket Joints.
(25)

Miller has recommended that the ratio of contactor volume
rectainer

should be at lecast 1.9 for operation of this type of contactor.

The volumec ratio of %%L%, or 1.84 for the glass stages was closec

to the recommended value.

The size and fragility of the glass stages would be
a disadvantage in experiments using up to 100 stages, and sincc
this was anticipated in future work a compact stage design which

could be easily mass produced was devcloped. It was apparent
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that each stage should consist of a number of components which
could be machined or milled out of sheet material. Perspex was
chosen as the material of construction because it is cheap,
robust, casily worked, available in sheets of many thicknesses
accurate to small tolerances and chemically stable in the aqueous
work planned.

The new design (Figure 5) was developed after
evaluating three prototypes by residcence time distribution and

mass btransfer studies,

It is based on milled out Lin x 2 in. perspex blanks
hcld together like plates in a filter press. The contactor to
retainer volume ratio is 2.42. As each stage is only gin. thick
a contactor of 100 stages is only about 5 ft. long and is easily
accommodated on a bench tops The method of assembly of a single
stage is shown in Figure 6 and a bank of ten asscmbled stages in

Pigure 7.
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1.4. Scope of cxperimental investigation.

An iwportant criterion in the choice of a system
to be separatecd was that concentrations of components could.be
determined accurately and,if possible,quickly. Other requiremen ts
were that all components used in the separation should be avail-
able at high nurity and reasonable cost and no complexing or side
reactions should occur so that operation over a wide range of
condi tions is possible,

The chemical system chosen was sodium and potassium
using hydrogen as the third component, with chloride anions.

The alkali metal concentrations can be determined by flame photo-
metric methods and hydrogen ion concentrations are readily
measured by titration., This system hss the. additional advantages
that the ions are monovalent and equivalent and the alkali metals
are known to have a separation factor, KKH/KNaH, of about 2, so
that a measureble separation should be possible using a small
number of stages.

A total cation concentration of O.1N was chosen for
this work because penetration of solute into the resin is
negligibly small (section 2.41). The ion exchange resin used was
the strongly acidic 8% D.V.B. Zeo-Karb 225 ({(-1L + 52)B.S°S.),

a sulphonated polystyrene type resin.

The simplest arrangement (Fisure 8(a) ) for a

countercurrent separation unit consists of two sections, an



FIGURE 8 COUNTERCURRENT ION EXCHANGE SEPARATION SYSTEMS

1 RECYCLED ELUTED RESIN |
EXTRACTION M ELUTION (a) TWO SECTION UNIT
SECTION | - SECTION
1
LIQUID PRODUCT LIQUID LIQUID PRODUCT ACID
ENRICHED IN A FEED ENRICHED IN B REGENERANT

(IONS A AND B) i

(b) THREE SECTION UNIT,

, RECYCLED ELUTED RESIN ]
EXTRACTION e RECTIFICATION - ELUTION
SECTION SECTION SECTION
Y 1
LIQUID PRODUCT LIQUID FEED ' ACID LIQUID PRODUCT ACID
ENRICHED IN A (IONS A AND B} ENRICHED IN B REGENERANT
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extraction section and an elution section.,. The feed solution
containing the ions to be separated, say cations A and B, enters
the extraction section. Some separation of cations A and B
occurs in this section and the solution leaving is enriched in
the component, say A, lcast strongly held by the resin. The
resin containing most of B and the restof A 1s reconverted to
the hydrogen form in the elution section by the acid feed and is

recirculated to the extraction section.

In a slightly different system two sections with an
acid feed are used (Pigure 8(b) ). 1In the rectification section
operating conditions are arranged so that enrichment of B occurs
in the resin. The liquid product from the rectification section
is circulated to the extraction secction after being mixed with
the feed liguid containing ionic species A and B, With almost
complete regencration of the B enriched resin, the liquid product

gstrecam from the elution section is much epnriched in cation RB.

A number of single section extraction, rectification
and elution runs using trace ionic fractiohs of sodium and pot-
assium in the liguid feed were carried out separately using the
glass stages. On the basis of these results a composite three
section l\Ta"'/K+ scparation was designed and carried out with the

perspex contactor,

Little work has been reported on the lon exchange

separation of ions in gross ionic fractions. Using the pcrspex
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contzctor as a single section unit of up to 100 stages the sep-
aration of sodium and potassium in gross ionic fractions was
investigated. A liquid feed containing equimolar concentrations
of sodium and potassium (no hydrogen) and a HY form resin feed
were used,

The aim of these experiments was to investigate the
Ia+/K+ separation performance of the new type of contactor under
a wide range of operating conditions and relate this to the

equilibrium stage theory.

The equilibrium relations for the Na¥/x*/m™ c1™ -
Zeo~Karb 225 .| resin system were required for the interpret-
ation of the separation results, There are plenty of published

B2, G1;, R
equilibrium data for the X*/H* (B2, &1, R3) and Na*/H+(B2’ Dht, G1,

L8, R2, R3) exchange with sulphonated polystyrene resins but
exchange properties can vary from particle to particle in the same
resin betch(H11) and often the equilibrium data on one type of

(B2, HB), so it was decided to establish the

resin are conflicting
equilibrium relations with the batch of resin used in this work.
Other resin properties measured were the density of the resin in
the H*, Na® and K* forms and the size dis tribution, which werec

required for mass transfer calculations.
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2. Theory

2.1u’ Ion exchange equilibris

2.1.1. Binary systems

When an ion exchanger containing counter ion Bb

is placed in a solution containing counter ion A% an equilibrium

of the two counter ion species is set up between the two phases

. -

b
aB +bA® =b 2 +a 5P

where 2, b are the valencies of the two ions.

Bxcept in rare cases the exchange is reversible and
the equilibrium is determined by the properties and amounts of

the components present. Ion exchange is 2 stoichiometric rcaction.

The concentrations of the two competing counter ion
species in the ion exchanger arc usually different from thosc in
solution because the exchanger selects one ion in preference to
the other. The selcctivity of the exchanger is an important
property and it has been utilised in this project to separate

sodium and potassium ions,

The selectivity coefficient, Kpp 18 defined by the

expression

]
ol
&
l‘—.-.|
Q

 Cp.i {(2.1)

K
AB

grr— g
ol
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The brackets represent ionic concentrations in the
two phases and the slectivity coefficient is calculated from

experimental concentration values.

This definition is of the came form as the eguation
obtained when the law of mass action is applied to ion exchange
without activity corrections, but unlike the thermodynamic
equilibrium constant, the sclectivity coefficient is not constant.
varying with expcerimental conditions and the ionic composition of
the resin., In using this definitioﬁ of the selectivity co-
efficient, the pcnetration of counter ions (which is associated
with co-ion penetration) into the resin matrix in addition to
those which are equivalent to the fixed ionic groups in the resin
has been considered negligible., This is reasonable with a

strongly acidic or basic resinﬁ. In other words the ion exchange

# \
On the basis of a Donnan eguilibrium, an spproximate relation(G5’

can be derived for the uptake of co-ions, ¢, , which will equal

co

the additional counter ion penetration.

- 2
C. = o
Co c
where all quantities are expressed in equivalent units.
2
et Cop T 0.1 = 0,005 meq/cm3 resin in the
2

present work or 0.25% of the exchange capacity of the resin,
This value can be comparced with the uptake of Na co-ions in a
(G5)

polystyrene D.V.B. anion exchangerof 5.2 X 10_3 meq/g. resin. .

This corresponds to O,4% of the cxchange capacity of the resin.
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oapacipy haa been taken to be the content of fixed ionic groups.

The equivalent ionic fraction of an ion in solution

is defined by

c ,
X = 2 A (20 2)
A a cp + b Cp

similarly in the resin

yA = A it (2‘3)
a EA + bEB

. Bxpressing the selectivity coefficlent in terms of equivalent

ionic fractions

I R a
< ¢ P-2 lz e | yo  Xp )
AB |E ! = B b a3 (2.4

0 [

e
w
3
b
| SRS
o
o

i
oli

In chromatographic applications of ion exchange where
a trace ion A is belng scparated from an ion G in relatively gross
concentration, the distribution coefficient AA can be conveniently

used to describe the ion exchange equilibrium,
The distribution coefficient is defined by

h A = CA = yA ¢ (2. 5)
CA ) :KA c
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Substituting from equation (2.l)

1 a
= 3 g | c _’ g
=X G (2.6)
a7 e T J

G is present in large excess and although the concentration of A
is varied over orders of magﬁitude (0.1% to 1% for example) the
concentration of the gross ion ¢ in the resin and solution phases/
is effectively constant. As KAG can also be considered constant
over the small concentration range, » , is constant, in other
words the distribution coefficient for trace ion A is independent
of its concentration =and the uptake of the trace ion in the resin

is directly proportional to its concentration in the external

solution,
AB Sy * ¢ and EG‘='E; equation (2.6) can be written
4 a
2, =%, 5 ],"g} g (2.7)

Ilonovalent ion exchange

If the exchange of monovalent ions is considered,
the above equations have the following form.

From equations (2.3) and (2,4)

c
XA = _% and y.A = _é (2.8)

/
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From equsations (2.1) and (2.L)

K _=%°% Y% _ Yy (1 -%) (2.9)
Sg ¢y YB Xy 1y (1 - ya)

From cquation (2.7)

2
Ny o= Kyg [E | (2.10)

2.1.2. Ternary systems

Using the general definition of equation (2.1), the
selectivity coefficient, K; can be calculated for any pair of
ionic species in a ternary system. Similarly equations (2.5),
(2.6) and (2.7) apply to ternary exchange systems and equation

(2.10) to monovalent ternary systems.

General forms of equations (2.2) and (2.3)

x, = 2 © | (2.11)
Zicy
and ¥, = a ¢y (2.12)
g
i

must be used, Bouation (2.8) applies to monovalent ternary

systems,

Trace and gross lonic fractions are discussed

separately,
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Trace ionic fractions.

It is generally assumed that interaction between
the two trace components can be neglected so that the selectivity
of the resin for each of the trace components in the mixture can
be considered the same as in a system where there is only one

trace component with the gross component.

There are few references to ternary or multi-
component trace ionic fraction cation systems in the literature.
Jasz and Lengyel(J1) investigated ternary and quaternary mixtures
of the monovalent ions HY, Nat, Rb* and Cs* with the alkall
metal ions in trace ionic fractions and the total cation con-
centration 0.001F. They found that the equilibrium relations
between each of the trace cations and hydrogen were linear, so
that each trace component behaved independently of the others in
the ion exchange equilibria,

HiestepkHB) studied the L1+/Kf/H+ system in approx-
imately 1N total concentration with the alkali metals in trace
concentrations. Again the equilibrium distribution line for
each of the trace compornents with hydrogen was linear. The
resin used in both these investigations was of the sulphonated
polystyrene type.

It can be concluded that the selectivity of the resin
towards each of the trace iéns in a mixture, with respect to

the main component, is not affected by the presence of the
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other trace ions. The general equations @.9, (2.3, (2.5, 2.9 can

all be used for ternary systcms.

Gross ionic fractions

Little work has been published on ion exchange

equilibria with gross ionic fractions.

Drancoff and Lapidus(Dj) investigated the ternary
systems Na¥t/agt ana cu™/ut/ag* (NO3- or Sou—u anions) with
Dowex 50, using a total concentration of O0i1N in solution.
Results were represented on x - y diagrams, each ternary mixture
being considered as three binary systems, Although their results
showed much scatter, and it was known that the selectivity co-
efficient for each of the pairs varied considerably with resin
loading, they found the single mean value aof X which best fitted
their results over the whole composition range. Because the mean
value of K was usually within the range of K values given in the
literature (their value of Ky of 2.8 can be compared with the
raﬁge of 1.2 to 1.6 for KNaH for Dowex 50 found by other workers
(BE)) it was concluded that each pair of cations in a ternary

mixture behaves as 1f the third cation is absent.

Hiester has studied the ternary Li*/K¥/H' system
(1) with Chempro C-20 resin (a sulphonated polystyrene - DVB
resin) with gross ionici.fractiors of the alkali metal ions. The

total ion concentration was approximately 1N. Results for each
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pair of cations were plotted as (for the K*/H™ pair for ckample)
YK xH\against.xK Vipe A straight line could be drawn through the

points on all diagrams, so that the selectivity coefficient for
| eech pair of cations was constant over the whole concentration
range,

It is known however that the éelectivity co-
efficient varies in each of these binary systems. For example
Ghate(G1) investigated K.'"/H+ exchange in Amberlite IR-120, a
similar type of resin,with 1N concentrations of the cations., It
was found that as yk increased from O, KKH decreased from 11.8 to

1.26 at yg = 0.6, and then increased to 3.2 as yg rose to 1.0,

Although both Dranoff and Hiester concluded that
the presence of the third cation species in a tefnary gross
ionic fraction system had no effect on the ion exchange equilib-
rium for each pair of cations, their conclusions must be regarded

wiih scepticism,

2,2, The eguilibrium stage concept.

Bquilibrium stage theory has been used to interpret
the Nat/K' separation in the multistage countercurrent ion ex~
change runs,

A stage is a vessel in which the solution contain-
ing the ions to be separated and the resin are intimately mixed,

allowed to spproach equilibrium and then separated into two



- 43 -

phases which are then withdrawn. An ideal stage is one vhere
cantacfdbetween the liquid and the resin is sufficiently good
and maintained for sufficient time that distribution equilibrium
is established and the resin and liquid product streams leaving

the stage are in equilibrium,

2,2.7¢ X - y diagrams.

In view of the complicated ion exchange equilibrium
relations in ternary cation systems, especially when sodium and
potassium are in gross ionic fractions,graphical methods are very

useful in interpreting separation results.

Since the total ionic concentration in both phases
is constant the material balance or operating line for each

cation is linear and is defined by the general equa tion

Le
= ==n. X .1

The equilibrium distribution line and the material
balance line can be related by licCabe - Thiele methods (Case (a)
Figure 9). The position of the operating line is fixed by the
composition of both phases at either end of the system. For
example in an extraction run the liquid product composition,
xn,‘is measured by analysis and the feed resin composition
et - is knowh so that the X - y coordinates of the operating

line at the resin inlet end of the system are known. As the



FIGURE 9. EFFECT OF EXTRACTION FACTORS ON DISTRIBUTION IX A COUNTERCURRENT

ION EXCHANGE PROCESS
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composition of the liguid feed x, is known the number of equiva-
lent ideal stages in the separation system can be stepped off.
The number of full steps on the diagram gives the number of

equivalent ideal stages.

The stepping=-off process may not in practice yield
a whole number of steps or ideal stages i.e. the terminal com-
rosition of the phases at the resin feed end of the system may be
at the middle of a step. As a fraction of an ideal s%age is
not possible, the number of ideal stages on each side of the resin

feed composition is noted in the results.

The number of equivalent ideal stages 1s dependent
on the cation diffusivity, and the number of available squivalent
ideal stages may be different for each of the cations being sep-
arated.

With gross ionic fractions 1n ternary systems
the situation is complicated by the possibility that the equili-
brium relations for each pailr of cations are affected by the

presence of the third cation.
2.2.2., Extraction factors.

An important feature of this work has been the use
of extraction factors to influence the partition of sodium and
potassium between the solution and resin phases in the counter-

current ion exchange separations. The utility of extraction
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factors can be illustrated by the use of x - y diagrams., The
direction of exchange of an ion species A between resin and sol-
ution is controlled by the concentration gradient i,e. by the
difference between the concentration of A in one phase and the
concentration of A in this phase which would be in equilibrium
with the concentration of A in the other phase. Since ion
exchange always takes place to reduce the gradient, it will vary
continuously throughout a counter-current process. However the
quantity of the species A which is transferred from one phase to
the other in the dynamic conditions of a counter-current process

can be influenced by the extraction factor.

1) System of component_A_in_trace iopic_fractiopsapd component

G_in_gross_ionic_fractions.

Species A is in trace ‘lonic fractionsso that the

selectivity coefficient X

e and the distribution coefficient 2

arc both constant.

The extraction factor, EA is defined by

E =2 8 _ A c 8 = Blope of eqguilibrium line (2. 14)
A AL xc L slope of operating line
using equation (2.5)
or B, = K,, S8 (2. 15)
A AG ST

using equation (2.10), which applies to monovalent ions.
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Four different cases can be considered depending
on the relative concentration of A in the two phases and whether
EA is grecater or less than unilty.

(a) x, > %", E, > 1
A0 An’ A

As the cquivalent fraction of A in the feed liguid,
xho’ is greater than the equivalent fraction of A in the liguid
which would be in equilibrium with the quantity of A in the resin
feed, ;A:‘, A is transferred from the liquid to the resin phase
in the process.

From Figure 9(a) it can be seen that if there are
enough stages, xﬂn tends towards x;;, so that if the feed resin
contains no A, complete removal of A from the ligquid phase is
possible, It is also apparent that in this case vy cannot equal
y1! so that the equivalent fraction of A in the exit resin will
be limited,

(b) > xK;

B 1
A <

Again A is adsorbed into the resin, but in this

case xAn cannot approach xiz so that the extraction of A into

the resin phase is limited even with an infinite number of stages.
- In this case ¥y, cen approach y#‘ so that the equivalent fraction
of A in the resin can reach the value which would be in equilib-

rium with the liguid feed,.
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(¢) x, < x BE, > 1
a, < Fag B |

Because the equivalent fraction of 4 in the liquid
feed,xA sy 18 less than that which would be in equilibrium with
)
the quantity of Ain the resin feed, x *

A
n
the resin to the liquid phase in the process.

s A is transferred from

¥4 cannot approach y1" even when the liquid con-

teins no A, and the resin cannot be completely eluted. x, can
n

approach x ®

A with sufficient skages,
n

=
(a) Xy & xAn » B, 1

A is transferred from the resin into solution.
With sufficlent stages, under these operating conditions,
¥y~ yf, so that the resin can be completely regenerated if

the liquid feed contains no A.

A

X5 cannot approach X x.
n n

To summarise, if component A is to be adsorbed from solution
into resin which initially contains no A%
EA > 1 All A can be adsorbed from solution with sufficient
s tages. '

Ep < 1 Removal of A from solution is limited.

If A is to be eluted from the resin using a liguid

feed containing no A
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EA » 41 Elution is limited.

Ey < 1 Full elution of A from the resin is possible with

sufficient stages.

2) System of two_components_A_and B_in_trace_ionic firactieps_snd

 — — . — S — o oo i U G T M S S G R MU WY e e St S S G Gt G O R G St S S U it G S A S — ——

component_G_in_gross _ionic_fractions,

If the exchange system contains two trace com-
ponents A and B, the system is more complicated but it is
apparent that the following criteria can be put forward, assum-
ing that the extraction factor for component B, EB’ is greater
than that for component A, EAv
(1) 4 and B in the 1iquid feed, no A and B in the feed resin.

Ep» Eg > 1.
Both A and B can be fully adsorbed into the resin with sufficient
stages, With insufficient stages to adsorb all A and B from
solution,more B is adsorbed by the resin and the liquid is en-

riched in A. The recovery of A is probably low however,

By > 1 >-EA.
With sufficient stages, most of B can be adsorbed
into the resin but the removal of A from solution is limited.
In a separation process these are the optimum operating
condi tions for a good recovery and enrichment of A in the

liquid phase.
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E.A’ EB< 1
The removal of both components A and B is limited, with a ten-

dency for "pinching” at the feed end of the process.

The operating conditions to give maximum separation

of A and B are (F1) as follows.
Ep
If 7= = « = separation factor (2.16)
A )
P _];_
EB =/ « and EA = o (2017)

(1i) A and B in the resin feed,no A and B in the liquid feed,
EA’ EB > 1.
The removal of both species A and B from the resin into solution

is limited.

EB > 1> EA'
With sufficient stages all of A can be eluted from the resin but
elution of B is limited., These operating conditions will enrich

the resin in B with respect to A,

EA, EB‘ < 1.

With sufficient stages, all of A and B can be eluted from the resin

into solution.
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2.2¢3. Equilibrium stage separation theory.

The equations are only valid if the volumetric
flowrate of both phases is constant throughout the process.
Although ion exchange resins are known to swell or shrink
according to their ionic form, the variation of volume is
assumed to be less than the errors involved in volume measure-
ment and hence the flowrates of both phases are taken to be con-
stante If the volumetric flowrates of the phases are constant,
then another condition which applies to ion exchange separations;
but not for example to solvent extraction, is that there is s
constant total ion concentration in both phases at all points in

the system as ion exchange is a stoichiometric processe.

The equations are related to a ternary cation
mixture of Nat and K* in the presence of H* (C1~ anions) in which
the alkali metals are being separated, but they are perfectly

general providing the initial assumptions are fulfilled.
(1) Trace ionic fractions of sodium and potassium,

It can be assumed that the distribution co-
efficient, Pal sy and the extraction factor, E, are constant for
Na and K. The performmance of a separstion process consisting
of n ideal stages (Figure 10) can be expressed by the following

equations which depend on the composition of the feed streams
(C6, K2, 86),



FIGURE 10 STAGEWISE COUNTERCURRENT SEPARATION PROCESS

(CONSTANT AVERAGE BULK RESIN FLOWRATE)
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(a) Resin feed containing only gt ions, solution feed con-

taining HY, Mat and Xt ions.

Concentration of Nat in solution leaving the nth stage

Concentration of Nat in solution feed

c X _
Nap - Nap _ By — ! (2.18)
cNao xNao UNa + l

E -1

and similarly for the potassium ions.

(b) Resin feed containing HY, Na* and X* ions, solution feed

containing only H+ ions.
The equation is analogous to the sbove equation i,e,

Concentration of Na® in the resin leaving the first stage =
Concentration of Na* in the recsin feed entering the n™® stage

c 1

°Ne, .4 N Oy + 1

an+1
ol
Ep

and similarly for the potassium ions

(e) Resin and solution feed streams containing HY, Nat and

K+ ions.

. . . . N
Considering the solution phase, assuming cy < Cp
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Actual change in concentration of Nat in solution =

Maximum possible change in concentration of Nat in solution

_nN;ﬂ

cNan - CNa xNan - xjNaD Bnyg © - =Ena
Cpy & = C - X ® = X = — - (2.20)
Nay ~ Na, N3, ~ *Na, EnNa + 1 ,
Na -
where xN: = yNan + 1
n m

(d) Resin and solution feed streams containing H+, Nat anda k%

ions.

L _ =
Considering the resin phase; assuming ¢, _ 4. c4

Actual change in Na‘t concentration in resin
Maximum possible change in Na* concentration in resin

it

e c ¥ 1 Aygtt 4
- - y -
Nan + 1 Na, _ 1\Tan + 1 Na, - (m) () (2.21)
c - Cyg INa INa 1y Natl_
Nan + 1 .81 n + 1 1 (E) 1

where V. * = mX
Na1 Nao

(2) Gross ionic fractions of sodium and potassium.

As pointed out in section 2.1.1. the selectivity

coefficient and extraction factor can only be considered to be
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constant with dilute solutions. With grdss ionic fractions of
the ions being separated, the distribution of sodium and pot-
assium can be calculated either using equations analogous to

those above or by graphical methods.

The equation for sodium concentration change in
the liquid phase when the extraction factor varies from stage

to stage and the incoming resin contains no sodium is<F1)

cNan - xNan -
c T ox

1 4B & By, * B o+ eeiesBe ¢ T * aies . ,
N JN ¢ .+ 24 NN .

where By . is the extraction factor for sodium in the i th stage.
i

A simllar equation applies to the potassium,

In all countercurrent ion exchange processes, a
redistribution of Nat, KT and HY will take place between the
resin and solution. The enrichment of one of the ions being
separated with respect to the other can be expressed by the
enrichment factor, f. This is defined in general by the ratio
of the concentrations of the two species in the product stream

divided by the ratio of the two concentrations in the feed
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stream. For example,the sodium enrichment factor for the

solution phase, f1, is expressed by

.

L =(Ec§'§) = (xna)

. ),

(2.23)

The purity of sodium with respect to potassium,
PNa' in the liquid product stream is defined by

CNa f xNa v

P = = 2.24)
Na Cna*Cx Xnat (

Similar equations apply to the potassium.

1

2.2.4. Calculation of the number of equivalent ideal

stages in the Na*/K' separation processes.

In any countercurrent ion exchange process, the
number of equivalent ideal stages for the change in trace con-
centration of a cation in the separation process can be cal-

culated using equations (2.18), (2.49), 2.20) and (2.21).

For example consider the adsorption of trace

sodium from solution by a HY form resin feed (Figure 10). From

equation (2,18),
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Observed Nat concentration in solution product
Nat concentration,feed solution

-—
—

c B ’
Nap - LNa -1 : (2:25)
nNa+T

e
NaO Byg — 1

This equation can be solved for qNa1the number of equivalent

ideal stages for Nat adsorption in the process:

In an analogous way equations (2:19), (2.20) and
(2.21) can be used,when appropriate, to calculate the number of
equivalent ideal stages in the process for the adsorption or

elution of the trace species,

The overall stage efficiency in the process, /3,

is given by

ﬁ;=,Number of equivalent ldeal stages (2. 26)
Number of actual stages. *
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2. 3. . Mass transfer

20301 Mass transfer coefficients

Many mass transfer correlations for ion exchange
in fixed and fluldised beds have been put forward. They have
various limitations depending on the simplifying assumptions
made. In recent work Snowdon(SS) has calculated the Sherwood
number for ion exchange in packed and fluidised beds using
several published correlations and compared these values with
experimental ones. As a result of his work Snowdon selected a

correlation similar to that put forward by Cérberry(01' MG)!

i. e

1 4
sh = 8B Re® gc¥ (2.27)

He calculated the constant £ for fixed and fluidised bed runs
and found it to be greater for the fixed bed runs by about 1.
It was suggested that the mass transfer coefficients may vary
with e in a way other than that simply due to variation in the
interstitial fluid velocity and he suggested a new comelation.

sh = é— re? gc’ (2.28)
giving greater dependence on the void fraction. Many published
fixed and fluidised bed results were corrclated towithin 10%
crror with a value of g = 0.8, This correlation probably applies
to the range 0.1 < Re < 1000.
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Snowdon has modified this correlation to allow for
variation in the diffusivity of the exchanging ions with liquid

composition,

3 2 ,
Doge=Dy [Fy (x,)] | , (2429)

where Fy (xA) is a complex factor depending on the equiva-
lent fraction of ion species A at the liquid interface and in the
bulk of the liquid.

For Nat/H* exchange, with trace sodium donic .fract-

iDnS, i.e. ﬁ{ ~p 1, F1 (I.H) - 0Q27L"l and

3/, o
D pp= Dy X 0.27h ) (2.3
Substituting forl%mfin Sh and Sc¢ in the mass transfer
correlation
1
Shy = 0.8 % 0.27h4 Rpe? Scﬁ% (2.31)
e .
.. Krd ~
Shy = “L¢ and Scy = f
Dy PDy
. _0.22 Yol 3
A - Rﬂa Re? Sy (2. 32)
for Na*/Ht exchange with trace sodium, . ) It is

assumed that this correlation applies to the runs carried out in
this project with trace concentrations of sodium and potassium

with respect to hydrogen.
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In the Na"'/K+ separation runs the use of a strongly
acldic medium cross-lirkadresin and dilute solutions should
favour film diffusion control, however the ion exchange rate
contrplling step can be determined using a criterion given by
Helfferich(H1).

23D |
. AB (5 + QKAB)<< 1, particle diffusion control (2. 33a)
2 ; SAB ‘ .

(5 + 2K,.) > 14, film diffusion control (2.33b)
¢ DypSh AB
where DAB’ 5AB are the interdiffusion coefficlents in the film
and resin respectively. DaB = 10'81), but the interairrasion
coefficient is the DAB narmonic mean of the individual

diffusion coefficients of the counter ions e.gi for monovalent
ion exchange, BAB’ the interdiffusion coefficient in the resin
is given by

- Da Dg(Ty + Cp) (2.34)

EADA+CBD

Dap

and similarly for the liguid film.

2.3, 20 Mass transfer model,

As described in section 1.3, the resin in the new

contacting technigue is fluidised in the forward flow period in

(B1)

which ion exchange occurs, There is some evidence from pilct
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plant work with the new technique that both the liquid and reein

phases are perfectly mixed in the forward flow cycle.

~ Under these conditions mass balance and mass transfer
equations can be used to predict the composition of the liguid

product from each stage,

A stage can be represented diagraummatically as

follows: .
liquid to
stage i+1
resin from - resin liquid
stage i+1 ‘
Smomm - ——ny A
| E ¥ 144 *1
¥ s
:
. |
resin |
l
:
' - i
N
|
MN,-
<o Ve =
resin to i =1
stage i-1
liquid from Y

stage i-1 St Le
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The two phases are perfectly mixed so that the com~
position of each is uniform over the stage. x4 is the liquid
composition in equilibrium with the resin composition vy and the

"
oncentration gradient for ion exchange is (x; - 3y ).

A mass balance over the stage gives

St (yi - yi+1) = Le (xi_;1 - xi) = 451 (2. 35)

where &i is the rate of ion exchange in the stage, expressed as

egquivalents per unit time.

If, as expected, liquid film diffusion controls

ion exchange, then
_ xx
‘Ai = C KLS' (zi - Ii ) (2.36)

where s' is the interfacial area between resin and solution in

the stage.

Combining equations (2.35) and (2, 36)

Le (x X, 7 i."CEI s'(my - xi 5 (2.37)

The cowposition of the liguid product X is known
by anelysis and the composkition of the resin product ¥ can be
calculated by a mass balance, n:E%an be calculated from yq using
the equilibrium relationship, and equation (2.37) solved for Xy
whernki has been estima ted. ;hﬂ and yp can be calculated using
equations (2.36) and (2.35) respectively. This procedure can be

repeated for each stage to estimate the composition of the llquld
product xn.
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3 Equilibrium data and other resin properties

"3 1 Experimental

31,1 Volume exchange capacity.

The volume exchange capacity'has been measured on
a sample of conditioned resin in both the hydrogen and sodium
forms, The directly measured volume exchange capacity has been
compared with the value calculated from the weight capscity (HQZ

using the relation

- -

=% (1 -e)pg (1-2) (3.1)

The resin initially in the hydrogen form was -
cycled twice through the sodium form and the physical properties

in equation (3.1) measured for each resin form.

The volume exchange capacity of the resin depends
on the degree of packing of the particles., To ensure consistent
packing as far as possible in this work, all resin volumes were
measured with tap settled resin, Tap settléd resin volumes were
measured by tapping the measuring cylinder repeatedly with a

spatula until no further diminution of the resin volume occurred.

After measuring the tep settled volume the resin
was washed into a filter tube to measure the exchange capacity
of the resin. If the resin was in the hydrogen form, all H*

ions were displaced from the resin by elution with 200 cm
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goﬂa Cl solution and the eluate titrated agsinst ¥0 Na OH using
phenolphthalein indicator, If the resin was initially in the
sodium form it was converted to the hydrogen form by elution
with 5 HC1 until the eluate showed no trace of sodium when
tested on the flame photometer. The resin sample was washed with
distilled water to remove excess HCl from the resin particles
(until there was no Cl reaction with Ag NOs solution) and then
the exchange capacity determined as with resin in the hydrogen
form.

To measure the weight capacity the resin was con-

verted to its original cationic form by elution, washed thorough

ly with distilled water and dried to constant weight at 105°C,

The values of properties requifed for equation
(3.1) were determined as follows. Approximately 10 cm3 of tap
settled resin were messured out and washed into a weighed filter
tube., The interstitial water was removed by centrifugation at
750g. A rubber cap was fitted to the top of the filter tube to
prevent evaporation of water from the resin particles during
this operation. To find the optimum centrifuging period a
quantity of sodium form resin was centrifuged for 75 minutes,
the resin being weighed after 30, 45, 60 and 75 minutes. The
weight of moist sodium form resin decreased as the centrifuging
period was increased to 75 minutes (Table 1). However as the

change in the values of resin density end fractional void volume
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>

LY

TABLE 1 - Effect of centrifuging period

on sodium form resin properties.

Centrifuging period (min) 30 L5 60 75
Wts of resin (g.) 10. 06441 10,0615 ;10,0419 10,0330
Resin density (g/cm?) 1,282 | 1.28251 1.2832 | 1.2835
Fractional void volume 0. 3514 0. 3516 0,3533

0. 35L0

e
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was small after 30 minutes centrifuging, this was selected as

the standard period.

The decregse in the weight of molst resin on
centrifuging for periods longer than 30 minutes can be compared
with the results of Pepper et al(P1), who worked with smaller
(1g. wet weight) quantities of resin. They report that the
weight of resin was constant to £ 2 mg. for centrifuging periods
from 30 minutes to 6 hours at speeds corresponding to 225 to
530g.

After weighing, the resin was washed into a s.g.
bottle and the denslty and fractional veld volume measured by
standard methods. The resin was washed into an evaporating
dish and dried at 105°C to constant weilght to determine its
water content, The density and void fraction of K form resin
were also measured.

In the course of continuous cationssparation
work the resin is normally in a free settled state., A number
of experiments were made with hydrogen form resin quantities up
to 360 cm® to find the relatlon between tap settled and free. .
settled resin volumes, PFree settled volumes were measured by
initially inverting the measuring cylinder so that all resin
particles settled freely when the cylinder was placed in its
normel position. To determine the standard deviation, the free
settled volumes of a quantity of resin were measured independ-

ently eight times.
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3.1+2., Equilibrium measurements

Although equilibrium data have been réported for
the K*/g * (G1’R3),Na+/ﬁ +(BZ’R2’D“)and Na"/K"(R3 ) systems with
various types of strongly acidic polystyrene D.V.B., resins, the
only references to Zeo-Karb 225 are with the Na*/H* binary

sys tem (R1’T2).

Equilibrium measurements to obtain sufficient
data to permit interpretation of the proposed Na*/K* separation
experiments were undertaken with the(-14 + 52)B.S.S. 8% D.V.B.

Zeo~Karb 225 to be used.

Standard solutions of O,1N.. NaCl, O,1N KC1l and 1N
hydrochloric acid were made up using A.R. grade chemicals,
Finely powdered NaCl and KC1l were dehydrated at 250 - 350°C(vz)
before weighing and disspolution in demineralised water., The IN
HCl was prepared by dilution of concentrated acid or from stend-
ard empoules,

Hydrogen fopm Zeo-Karb 225 was prepared from the
sodium form resin by conversion using 1N hydrochloric acid.

Acid was passed through a column of the resin at a rate of
approximately 1 cm/(cm?) (min) until the acidity of the column
effluent equalled that of the influent, The resin was washed
by running demineralised water through the column at the same
rate until the effluent showed no chloride reaction with AgNO3
so}ution. . The same batch of hydrogen form resin was used

in all batch equilibrium experiments.
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Sodium and potassium rcsin forms were prepared
from the hydrogen form resin by passing 0.41N chloride solution
through the resin until the effluent showed no trace of acidity.

Excess chloride was removed by washing with demineralised water,

The time required to reach equilibrium in the
batch equilibrationgswas established by separate batch experi-
ments. A carefully weighed quantity of H* form resin correspond-
ing to approximately O.,5 cm3 was added to 400 em> of O.O001N
NaCl or KC1l solution well agitated by a magnetic stirrer, The
attainment of equilibrium was followed by the change in the pH
value of the solution which wae measured at intervals up to 16
hours, Duplicate experiments were conducted for both NaCl and
KC1 solutions. The results for NaCl and KC1 (Figure 11) showed
that equilibrium was attained in about 1 hour, and a shaking time
of 2% hours was therefore selected for the equilibrium experi-
ments.

The measurement of resin quantities is difficult
to carry out in g reproducible manner because of the varying
amounts of water which a given quantity of resin will hold at
different temperatures of drying, the dependence of its density
on the swelling caused by different cations and on the degree of
packing, In these equilibrations about 2 em® of free settled
resin were used in each experiment and the quantity of resin was

defined by measuring the total exchange capacity of each aliquot
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. after equilibration,

After removal of interstitial water by centri-
fugation for 30 minutes the resin was added to the solution in a
conlcal stoppered Pyrex flask. Pyrex was used in all work to
avold contaminating solutions by sodium leached from glassware,
Conical flasks were used as some difficulty was experienced in
washing all resin particles from the spherical flasks used in the
original work. The mixture was agitated for 2% hours using a
standard laboratory shaker. As the equilibrium is not affected
by small temperature changes (Bh)all work was conducted in amb~-
ient conditions,

After equilibration the supernate was analysed for
sodium and potassium using a flame photometer and in some exﬁeri&
ments the hydrogen ion concentration was also measured'b& titr—
ation against gb NaOH (made from standard ampoules) using phend-
phthalein indicator, The amount of alkali metal ion adsbrbéd by
the resin was calculated by difference. Rach equilibrétion wes

carried out in duplicate.

The exchange cgpacity of each squilibrated resin
aliquot was measured by washing the resin into a filter tube, re-
converting to the hydrogen form with O.41 N HCl and washing with
demineralised water. In equilibrations where the resin was
nearly saturated with Na or K about 250 emd of 1N HCl were used
for conversion followed by 0.1N HCl until the eluate showed no



trace of Na or K with the flame photometer. In early work the
hydrogen ions were eluted from the resin by 11 NaCl and titrated
with O, 1N NaOH to give the total exchange capacity of the resin,
In later work the hydrogen form resin was washed from the filter
tube into a conical flask, 25 em’ of O.1N NaCl added and the resin
titrated against ¥0 NaOH. This procedure was simpler and re-

duced the experimental error.

3e1e 3.Determination of sodium and petassium

concentrations in solution.

Solutions were analysed for sodium and potassium
using flame spectroscopy. The principle of this method of
analysis is that the solution containing the alkali metal ions
is atomised and sprayed into a non-luminous flame. At the high
temperature existing in the flame much of the alkali metal salt
is dissoclated. A small proportion of the resulting alkali metal
atoms 1s excited and the single outer g8 electron of these atoms
is raised to a higher energy level. When the electron returns to
a lower energy level 6r the ground state,light of a character—
istic wavelength is emitted. The light from the flame passes
through a monochromator or a system of filters to isolate the
desired region of the spectrum, The intensity of the isolated
radiation is measured by a photosensitive detector and some
type of meter or electronic amplifier. After careful calibr-

ation of the flame photometer with solutions of known
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composition it is possible readily to correlate the intensity in
emission of the unknown sample with the amount of the same

element present in a standard solution.

Two instruments have been used for this type of

analysis

1) EEL flame photometer,

A flame of towns gas and air is used, the air-
flow at the entry to the mixing chsmber being used to draw the
sample solution into the chamber through a fine atomiser jet,
The resulting mixture passes to the burner and is ignited. This
instrument uses coloured glass cut-off filters to isolate the
particular rasdistion. This method permits the use of simple
selenium photocells followed by a mirror galvanometer to give a
direct reading deflection proportional to the intensity of the
radiation transmitted through the filter,

The maximum full scale reading with this instru-
ment is given by 5 ppm Na‘ or 10 ppm K* concentrations. All sol-
utions had to be diluted with demineralised water down to this

concentration range for analysis.

Although the readings on the linear galvanometer
scale are proportional to the current generated in the photocell,
the flame intensity is not linearly proportional to the sol-
ution concentration. It was necessary to construct calibration

#lanufactured by Evans Hlectroselenium Ltd. ,St.Andrews Works,
Halstead, HEssex, U.K,
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curves using standard solutions (Figure 12).

2) Unicam. SP 90 atomic absorption s;pectz'ophcot:t:ometez"§

This instrument later became available and was
used to check some of the equilibrium data determined with the
EEL flame photometer., This instrument, which uses an acetylene~
air flame, employs a combination of slits and mirrors with s
Littrow type monochromator to isclate the radiation being deter-
mined. The signal from the photomultiplier is amplified and
rectified before passing to the output meter or an external
potentiometric recorder. Owing to the unavoidable noise shown
in the output signal more sccurate estimates of the output read-

ing can be made using a recorder,

As recommended in the Unicam method sheets, a max-
imum concentration of 20 ppm Na* was used in the analyses.
Standard seolutions of sodium and potassium with respectively
5 ppmy 7.5 pom, 10 ppm, 12.5 ppm, 15 ppm and 20 ppm concentrat-
ions were prepared., Owing to the difficulty of exactly re-
producing the operating conditions during analysis the operating
pfocedure adopted was to run the 6 standard solutions through the
inetrument followed by the unknown solutions. This was done

twice and then the stsndard solutions run through a third time.

gEManufactured by Unicam Instruments Ltd., York St.,, Cambridge,
U. K.
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The readings for each unknown solution were averaged and con-
centrations determined from a calibration curve plotted from the

average standard solution readings.

Analytical errors

In general it can be assumed in this method of
analysis that
(a) under defined conditions of flame excitation a sample emits
light of wavelengths characteristic of the elements in the
sample at a constant rate measured by the instrument, and
(b) the intensity of the characteristic emission as measured by

the instrument is a function of the concentration of the element.

The accuracy of the result is thus limlted by the
errors made in determining the intensity of emission under
supposedly standard conditions (errors of measurement) and those
made in deducing the analytical result from the emissi on

measured (errors of evaluation).

Measurement errors are produced by variation in
the conditions of excitation, by errors made in the measurement
of the emission and by the fact that flame emission, as a sum
of individual processes subject to the laws of probability, is
affected by a statistical distribution function. It is generally
estime ted that with csreful work the measurement errors can be

reduced to about 1%,
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The errors of evaluation include errors of standard-
isation; interference due to the emission of other elements
and interelement effects {suppression or enhancement).
Evaluation errors in the analysis for alkali metals by flame |
spectroscopy can be significant. The sources of error and the

measures taken to avert them will be discussed in some detail.

Bffect of other alksll metals.

The dissoclation of the alkali metal salt and
excitation of the alkali mctal atoms in the flame was briefly
discussed above. In most cases the number of atoms in the low-
est excited state is very small compared with the number of
atoms in the ground state, and the ratio only becomes appreciable
at very high temperatures and for states of low energy., Althogh
the number of excited atoms increases exponentially with tem=
perature, the number of unexcited atoms remains virtually con-
stant., If the temperature is high enough a proportion of the
atoms present will be ionised, removing atoms from the unionised
ground state or low excited state. The alkali metals have a
low ionisation potential and are significantly ionised in hot
flames. The enhancement of the emission by alkall metals
caused by the presence of other alkeli mebtals is attributed to
their effect on ionisation(E1). This is due to the absorp-
tion of energy involved in ionising the additional alkali

metal with a conseguent increase in the number of unionised
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atoms of the element under analysis which are capable of giving
emission. Because of the much smsller proportion of atoms which
are ionised in the cooler flames used with the ®EL flame photo-

meter the enhancement effect is not observed.

There is another error in the analysis for pot-
agsium in the presence of sodium using the SP 90, XEven in the
absence of potassium there is some iight of the characteristic
K emission wavelength (7699A) detected by the SP 90, This is
attributed to Na emission - « passing throuph the monochromator

system, and is referred to as 'stray licht'. As the sodium cm-

ission is very strong this can . be = sourcc of considerable error.

No enhancement by the presence of the other alkali'
metak was found with the EEL instrument, and no enhancement of 20
Trm Nd*zead:ings Wy 30prin X concentrationswas found with the SP 90. .
This is in indireect agreement with Dean (D2) who states that

100 ppm K gave a 2% cnhancement of a 10 ppm Na reading.

The enhanccment of K emission by the presence of
sodium with the SP 90 was tested with a Rattin filter to prevent
any sodium emission reaching the optical system. The reading of
53.5 given by a 5 ppm Xt solution was enhanced by about 0.5%,

Te 5%, 17.8% and 25% by the presence of 5, 10, 50 and 230 ppm
Nat concentrations respectively. It is seen that the larger
the sodium concentration the relatively smaller the enhancement

effect. These results show a smaller enhancement than the 17%
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and 56% enhancement of a 5 ppm K* emission by 20 ppm and 100 ppm
Nat found by Poluektov(P5) with acetylene-air flames.

The additional effect caused by the strong sodium
light was determined in tests without a Rattin filter. The 5 ppm
K" reading was increased by 28% and 42% by the presence of 50 ppm
and 230 ppm Na* concentrations respectively. The additional
increase is more than 50% of the sodium enhancement of tne K
reading, Again it can be seen that high concentrations of .

Na cause a relatively smaller increase in the reading.

Owing to the errors in K analysis with the 8P 90
caused by the presence of sodium, special precautions had to be
taken.

(a) Solutions without sodium ions,

As chloride ions have no effect on X emission
below 0.05 N concentrations, the X analyses were carried out in
a similar way to the Na analyses. 8Standard solutions of 5 ppm,
7.5 ppm, 10 ppm, 12.5 ppm, 15 ppm and 20 ppm K were made up and
all K containing solutions diluted to a concentration below 20
ppm using demineralised water. Pipettes of 5 cmd volume or
larger were used to reduce errors. For example a 0.1N XCl sol-
ution must be diluted 250 times to reduce the concentration to
less than 20 ppm. The dilution procedure was to dilute in two

stages. 10 cmd of the 0.1N solution were diluted down to 250 cm>
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and 10 e of this solution diluted down to 100 cm3 using volum-
etric flasks,

(b) Solutions containing sodium ions.

As pointed out above the effect of the presence of
sodium is relatively much smaller with higher concentrations of
sodium ionss On dilution of the K containing solutions to a con-
centration less than 20 ppm, the highest sodium concentration
would be ¥ JO ppm, To reduce to a minimum the effect of sodium
concentraﬁions up to 4O ppm, on dilution all solutions were made
up to contain 0,01N NaCl concentrations in addition to the sodium
already present in the diluted solution. A set of standard sol-
utions of 5 ppm, 7.5 ppm, 10 ppm, 12.5 ppm, 15 ppm and 20 ppm K

were also made up O0.01N in sodium chloride.

To prevent the spurious reading caused by stray
sodium light a Rattin cut-off filter was placed between the

burner and the optical system,

Potassium concentrations in the presence of sodium
determined by the SP 90 using the above procedure were compared
with values using the FEL flame photometer. The difference in
Ky (discussed more fully in section 3.2.3) calculated from the

analytical results was within experimental error.



Chloride interference.,

The presence of chlorine containing compounds in
the gases in the flame leads to s reduction in the emission of
the alkali metals ‘°2),  Gonsidering the case of sodium, the

sodium will be present in the flame in the atomic form
2 NaCl = Na + NaCl + Gl
Owing to the great excess of molecular hydrogen, the reaction
Hy + C1 = HC1 + H

gives rise to a very great excess of HCl over all other chlorine

containing compounds., The HCl reacts with the atomic sodium
¥a + HC1 = NaCl + H

thus reducing the gquantity of sodium atoms in the flame for
excitation and emission. The effect on potassium is similar.
Significant chloride suppression of Na and K emission has been
found(cu) even with the cool coal gas-air

flames used with the TEL flame photometer,

The effect of the presence of chloride ions on the
emission from sodium and potassium was investigated with both the

EBL and 8P 90 instruments.

5 ppm Nat solutions with 0.1N and 0.01N HCl and

10 ppm K* solution with O, 1N HCl concentrations were prepared
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and the emission from these solutions compared with that from

5 ppm Na® and 10 ppm X" solutions respectively. A 5 ppm x*
solution with 0.05 N HC1l was also compared with a 5 ppm XK' sol-
ution. A Rattin filter was used in the K analyses using the SP
90 to obviate spurious readings caused by stray light frou sodium
impurities.

Sodium analysis.

EEl1 flame photometer.
There is no effect on the 5 ppm Na' emission caused
by the presence of 0.01 N HCl but a 0,1N concentration causes a

(cu)

2.5% decrease in the emission. Other workers showed graph-
ically a 2.5% reduction in the emission of 10 ppm Na* by 0.1 N

Cl and no change with 0.04N CI concentrations.

SP 90 spectrophotometer.

0.01N HCl1l gave no interference but a 0.1N HCl con-
centration produced a 2.5% decrease in the emission ( by 5 ppm
Na).

It is apparent that solutions must be diluted at

least 10 times to avoid CI interference in the Na analyses.

Potassium analysis.

EEL flame photometer.
0.05 N HCL had no effect on 10 ppm K emission but
0.1 N HC1 reduced the emission by 7% The graphical results of
(ch)

Colline and Polkinhame show a 11% reduction in the emission
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of 10 ppm XK' by 0.1 I €1~ concentrations,with an REL ins trumen t.

SP 90 spectrophotometer.
0.05 N HC1l concentrations caused no change in X

emission but 0.1 N HCl caused a decrease of about 5%

These results show that at least a two times d4il-
ution of the solutions (which all contain 0.1 N C1™ concentrat-

ions) is required before accurate K asnalyses can be carried out.

Non-specificity of filters

Another vossible source of error with the ZEL flame
photometer is that the Rattin filter does not give a sharp cut-
off, Tests on 5 ppm Na* solutions containing 100 ppm K and 10
ppm x* solutions containing 100 ppm Na¥ concentrations showed no
differences from the emission with 5 ppm Nat and 10 ppm K* sol-

utions respectively., Published values are in indirect agree-
ment(MB).

| Interference of

On the det ination| .
’ e i%m nea (v K Na
X - 10,000 jg/cmNa = 10ug/]
cm K

Na 110,000 p.g/cm K -0 g.x

1
i
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3.1 Size distribution of resin.

A slze distribution analysis on a sample of ;4
form(~14 + 52) B.S.S. Zeo~Karb 225 resin was carried out. A 200g
guantity was successively mixed and quartered down to a 9g sample.
The resin was wet sieved to determine the size distribution in
the same state as it exists in experimental work., A bank of stan-
dard 8 in, diameter sieves was mounted in a mechanical shaker and
after washing the resin into the top sieve, water was cascaded
down the bank of shaking sieves. Each resin fraction was trans-
ferred to a sample bottle. Many resin particles adhered to the
sicves but most could be dislodged by a high pressure jet of

water directed at the upside~down sieve.

Each resin fraction was weighed so that a per-
centage weicht distribution was obtained. By weighing a2 small
number of particles from each fraction (LO of ths larger part-
icles, 150 of the smaller particles), the number of particles in

each fraction could be estimated.

3.2 Results and discussion

3.2.1 Volume exchange capacity

Values of the volume exchange capacity and the
physical properties required to calculete the volume exchange
capacity from the weight exchange capacity are shown in Table 2,

It can be seen that the density of the hydrogen form resein is
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TABLE 2.

Properties of hydrogen sodium,and potassium forms of (-14 + 52) B.S.S.

Zéo—Karb 225 resin

Wt Calc. Measured
£xpt. | Duplicate | Density . Water | ° volume volume
Resin form ‘ Voidage icapacity it ity |Packing
Mo. No. ( cmd content capac capacity
&/ en”) (meq/g) (meg/cm?) | (meg/cm3
1 1.2024 1 0.3570 | 0,5278 5.25 1. 91 1.86 Tap
Hydrogen H.1 ;
2 1.2012 0.3545 0.5306 5.25 1.91 1.87 isettled |
1 1.2878 | 0.3636 | Tap
Sodium Na.1
2 1.2880 | 0.3636 isettled
, !
1 1.2111 | 0,3736 1 5.22 Tep
Hydrogen H.2 _
2 1.2133 |0.3860 5.28 settled .
‘ i
_ ) 1 1.2810 }0.3546 | 0.5466 4. 90 1. 837 1. 85 Tap
Sodium Na.2 i 2
1 1020!-"8 Oc 36 7 0. 11 ) O L ] t L]
Hydrogen F.3 : 3 53 5.1 1.83 | 1.84 Tap
2 1.2037 10.3597 10,5362 5.40. 1,82 i 1,.80Bettled
1 1.3002 | 0.3569 | | Free
Potassium Kot ;
2 1,3023 | 0.3573 | Q settled
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appreclably less than that of the sodium form which in turn is
slightly less than that of the K form resin. With this 8% cross
linked resin, the swelling is dependent on the solvated size of
the adsorbed cation. Sinee the volume of solvated ions increases
in the order

H' > Na > x*
the observed sequence of resin demsity is to be expected., Other
factors which would influence the resin density to a lesser degree
are (a) the atomic weight of the adsorbed cation - this would alsc
cause the density to vary in the observed manner, and (b) when the
larger solvated ions are adsorbed, the swelllng pressure in the
resin rises, and some free water molecules may be forced out of

the resin matrix. This will tend to reduce the swelling.

There is peasonably good agreement between directly measured

values of the volume exchange capacity and values calculated from
the weight capacity for both Nat snd H* resin forms. As the
results from duplicate experiments show good agreement,variation
of results from cycle to cyle of the hydrogen form is probably
due to ssmple variation. Because the HY form resin has a lower
density than the Na* form, there are less sulphonate groups per
unit volume of resin in the H' form,

so that the volume
capacity of ‘the H' form resin can be expected to be lower than

that of the Na+ form, This is the case for the H3 resin measure-
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ments but not for the .1 results. A value of 1.85 meq/cm3 was
taken for the tap scttled volume capacity of both cationic forms.
All measurements of the weight exchange capacity of the H* form
resin gave values significantly higher than the valges for the
Nat form resin, In view of the much greater atomic weight of

sodlum this is to be expected.

The free settled and equivalent tap settled HY form
resin volumes are shown in Tsble 3 and the values plotted in
Figure 13. The standard deviation of the free settled resin
volume is ﬁsed(D1) to calculate the gradient of the line in
Pigure 13 and the standard deviation of the gradient and the tap
settled resin volumes. The gradient is 1.015(5) with a standard
deviation of 0,002, It is assumed that the results apply to the
sodium form reein also. As the average exchange capacity for tap
settled resin in either form is 1,85 meq/cm3 the free settled
volume capacity of both cationie resin forme is 1.82 meq/cmB.

The calculated standard deviation of the tap settled volumes is
greater than the standard deviation of the free settled resin
volumes., Thie is not unreasonable, In reaching the free settled
state, the only process involved is a mutugl rearrangement of the
resin particles, whereas in reaching the tap settled state, the
additional process of tapping is involved and as the degree of

tapping will vary from experiment to experiment, an additionsl

error is introduced.



- 87 -

TABLE 3

Relation between free settled and tap settled

HY form resin volumes

¥Free pettled volume Tap settled volume
(em?) (em?)
y X
b4 21 L.12

59; 1 58,0
102.0 9.1
138. 1 13542
1490 14,6, 1
190; 2 187.2
219.0 213.0
2h2,2 239.8
291.5 286,0
365.2 _ 360.0
114, 1
114.1 Mean free settled

volume = 11L.288 cm3
114.0
114, 2
Standard deviation

114, 6 = 0.2Lh2 cm?
114.5
114. 2
114. 6

Standard deviation of tap settled volumes =0,71L cm”
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..232:2, Equilibrium measurements with binary cation systems.

Na*H* C1~ system

Experimental conditions and results are shown in
Table l.. When the results are plotted on an x - y diagram
(Pigure 14) a smooth equilibrium distribution curve can be drawn
with the points showing little deviation from the line. The
selectivity coefficient KNaH has been calculated from values of
x end y for Na and H using equation (2.9). It is not constent,
and by plotting Ky .. against yy (Figure 15) it can be seen that
there is a fairly conslistent change in its value, with a maximum
at y ¥ 0.35. The high value of Ky, calculated for the A equil-
ibrations is probably due to analytical errors., With the low
concentration of sopdium in the supernate, it was onlyd&luted 2
times before analysis by the flame photometer, so that the C1~
concentration in the solution analyséd was 0.05 N. This con-
centration would have caused suppression of the sodium emission.
After conversion of the emission reading to concentration, high

values of N and KNaH would result.

Other workers have reported a maximum in the value
of KNaH for 8% D.V.B. Zeo~Karb 225, Redinha and Kitchener(R1)
T2,
ghowed a flat maximum at a value of g of 0,65, Turner et al( 2/

fitted a polynomial of the form
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Results of egquilibrium measurements on Nat/H' exchange system,

+ e e TR e e -

e B

IPUTRVURUI J5 VR

Bxpt. Volume Initial ! Final Cale. | Mems, | Total | x i ¥ 'Y Ave | Av | Av
Noe. ! of Natsoln, Natsoln.| — H+ B Resin Na Na NaH X y | K
f Solution Conel | Conc.B Cono Conc. c(:apac)zity Ne. Na | NaH
L (en3) | (10%w 5 med ? 5
; (em?) | (AO°N) | (10%) () (5) B
mo20 s 6.44 0.0993 3,557 0,0064 | 0.0104 |1.63 | 0.0063 |0.0105| 1,68"
A2 20 25 6417 0.0993 3.538 0.0062 0.0106 | 1.72
L ! 20 75 21,5 0.09785 3,458 0,0215 | 0.0309 | 1.45 | 0.022 |0,0301] 1,39:
L2 20 75 22.4 0,0978 3.592 . 0.0224 0.0293 | 1,32
B3 20 250 7247 0.0927 3.325 0.0727 0.107. | 1.52 | 0.0719 | 0,109 | 1,58&;
B4 20 250 70.9 0.093 3,218 0.0709 0,111 | 1,64
Na5 | 30 333 131.5 0.08685 0,0853 | 3,192 0.1315 0.19" | 1.55° | 0,1332 | 0,189 1;51?
Na6 | 30 333 135.0 0.0865 0.0858 | 3.172 0.1350 0.186" | 1.48"
3 20 750 219 0.0781 3,528 0,219 0.301 | 1.54
04 20 750 . 214 0.0786 3.52 0.214 0,301 | 1.58
5 20 750 205 0,0795 3.624 0,205 0,300 | 1.66 | 0.211 | 0.30 | 1.6
c6 20 750 205 0,0795 3,627 0.205 0,300 | 1.66
7 20 750 211 0,0789 3,563 0.211 0.307 | 1.66
08 20 750 211 0,0789 3,754 0.211 0.287 | 1.51
‘ L

/ Cont'dcbo-o



TABLE 4. Continued.
Expt. | Volume i Initial Final Calc. Meas, ; Total X vy K- E Lv 14w Av
| No, | of Nat solnJ Na+ soln, ®+ . | B+ | Resin Na { UYa NaH | X y X
; lSolution Coqp.n Conc. 1 Cone. Lonc. ?apacity ! Na Na | NaH !
1  (em) | (10"W) (10™m) (M) (m) meq) ‘ ‘ g
: T g - l : !
1 9 | -
! Na51 | 20 1000 327.6 0.06724 3.068 0.3287 0.438 1.603 | 04334 Oalilif.| 1e56
. Wa52 | 20 | 1C00 34045 0.06595 2.99 0.344  0.441.. | 1.529 3
Nal 30 I 1000 432.9 0.05671 | 0.055 3.195 0.433.| 0.532. | 1.49 | 0,429 10.537 .1 1.54
Na2 30 1000 425 .0 0.0575 0.055 |  3.187 0,425 | 0.541 | 1.B0§ f
N7l | 40 ! 1000 497.2 0,05028 30364 0.497: 0.5980 | 1.50: '@ 0.51 10.6087 1.492
{  Na7z | 40 | 1000 522.9 0.04771 3.092 0.523) 0.617= | 1.47 A_Jf
| N3 50 1000 57540 0.0425 0.0421 | 3423 0,575 | 0.65% 1.42 | - 0,57 |0.659 | 1.44!
Na4 50 11000 565,0 0,0435 0.0426 | 3,296 0.565 | 0,66 1.467 L i
 Na9l | 70 1000 65742 0.03428 3,317 0.657°| 0.724% | L.3%. 1 0.661 [0.729% 1.38
| Nag2 | 7O | 1000 6647 0.03357 5,197 | 0.6643 0.735 | 1.40°
? Na7i< 30 . 667 815.5 0,01845 3.149 0.816 5 0,858" | 1.37 0.816 | 0.858 | 1,36°
e8| 30 | 667 817.2 0.01828 3,172 0.8171 0.858° | 1.35
mn | 30 P82 910.9 €. 00891 5.349 | 0,917 | 0.932° | 1.34 | 0.912]0.931| 1.29
NH2 30 { 822 913,.9 0. 00861 3434 0.9 % 0.93. lo2s i

* Sodium form resin used.



FIGURE 14, EQUILIBRIUM CURVES FOR Na+/H+ EXCHANGE IN 8% D.V.B. ZEO-KARB 225 RESIN
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(1 = yyg)=(1 = = )+a + B(1 = xp )+c(1 - xNa)z} Xg (1=%pg) (3.2

where A = -0.104, B = -1,132 and C = +0.83L

to their equilibrium results. Values of the selectivity co-
¢fficient calculated from thelr results for various values of
yﬁa are plotted in Figure 415. It can be seen that this curve
has a maximum at Ng = 0.55. A maximum in the value of X has

NaH

also been reported for 10% or less cross linked sulphonated
polystyrene -D.V.B, resins by other workers(Bl’ DL, M8, R2,R3)

with solutions of 0,2 N concentrations or less,

In the trace lonic fraction region the gradient

of the equilibrium line corresponds to Kyeg = 1o 7e

Some of the equilibrations have been repeated,

and only recent results are included in Table L.

Kt/a* 1™ system,

- Bxperimental condlitions and results are shown
in Table 5, and the equilibrium line is markedly curved (Figure
16) due to the variation in the value of kKH' This can be seen
better from the affinity curve in Figure 17. Although there is
some scatter of the points there is a steady decrease in Kxy és
yk.increases. ‘/hen yx, yH<,O.1, the overall error in the value

of K. can be higher than 10% (Appendix 1) which explains the
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TABLE 5 Results of egquilibrium measurements on xt LH"' exchange system

Expt., |Volume - | Initial | Final | Calc Meas. Total X Ix Ky | Ave | Av. | 4w,
No., of K+ | & Bt Resin *x Y | zu

Solution | Cone ‘Conec B | Conc Conc. Capacity

(em3) (164n) (;62N) (M h (X) (meq)
D1 20 25 3.62 | 0,0996 34466 0.00362 {0.,0123 | 3,43 |0,00348| 0.01214 3.52°
D2 20 25 3.34 | 0,0997 | 3.638 0.,00334 {0,0113 | 3.60 |
ML 20 75 9.8 | 0,099 3.575 0.0098 0,036 | 3,83 [0.0098 | 0.0365| 3,86
M2 20 75 9.8 | 0.099 3.528 0,0098 |0,037 | 3.88 |
E1 20 250 42,1 |0,0958 3,569 0.042 {0,116 | 3.0 (0.0405 | 0,117-| 3.13
E2 20 250 39.4 | 0,0961 . 3.605 0,039 [0,117 | 3.26 B
F 20 750 157.0 | 0.0843 T ss08 | 00157 |0.358 | 3.0 |0.156 | 0.357 | 3.02
F2 20 750 157.0 | 0,0846 3,346 0.154 [0.356 | 3.04
K53 20 1000 252,2 | 0,0748 0,074 3,145 0.252° 10.476 | 2.69 [0.249 | 0.47 | 2.67
K54 20 1000 246.5 | 0.0754 0.0758 34242 0.247 |0.465 | 2.655
K61 25 1000 319,0 | 0.0681 0,0682 3.103 0.319 = [0.548 | 2.59 [0,31 | 0.535 | 2.55
K62 25 1000 302,0 { 0,0698 0.0697 3.350 0.302 |0.521 | 2.5L
K71 | 30 1000 378.0 | 0,0622 0.0621 | 3.148 | 0.378 |0.593 | 2.395]0.372 | 0.58% . 2.40
K72 30 1000 366.0 | 0.0634 ' 0.0635 3,275 0.366 |{0.581 | 2,40

[P
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Potaspium form resin used,

TABLE 5 Continued.,

Expt | Volume |Initial Firal Calc Meas, Total |%*g Yg Kry Av. Av., Av,
No. of n gt Resin Xy ¥x Key

Solgtion Cone conc® Conc Conc, ?apagity '

(em”) X 5t meq

] (107N) (10 N) (N) (N)
K81 40 1000 465.9 | 0.0534 | 0.0528 3,22  0.466 | 0.663.| 2.26 | 0.468 | 0.661 |2.22
K82 20 1000 470.0 | .0.05% 0.0527 3,22 0.47 0.659 | 2.17
K91 50 1000 542.5 | 0.0458 | 0.0455 5,185 [0.543. | 0,719 | 2.16.| 0.543 | 0.718 | 2,15
X92 | 50 1000 543.8 | 0.0456 | 0.0459 3,175 0,544 | 0.718 | 2.1, |
KE3 | 35 715 | 816.0 | 0.0184 | 0.0184 | 3.73  |0.816 | 0,905 | 2.1k | 0,816 | 0.904 | 2.1
KE4. | 35 715 816,0 | 0.0184 | 0,0184 3,637 10,816 | 0.902 | 2,08
*
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FIGURE 17. AFFINITY CURVES FOR K'/H'. EXCHANGE IN 8% D.V.B. ZEO-KARB 225 RESIN

4.0

38}

W
Lo

w
»

COEFFICIENT, K,,
w
N

W
o

2.8}

2.6

—— SELECTIVITY

2.41

2.2}

2.0}

1.6

IR er

o KI/NdTH'CIT 1:
o KUNGIH cIT 2
© KYNaTH' cI™ 1:2

o \

'

o+
Na:K ratio in system

anck'u\3 Qqu‘.librium

o

o1

02 03 04 05 06
———> EQUIVALENT FRACTION.

07 08 09
OF K* IN RESIN,

<

1.O .



scatter of the points close to the ordinate axis.

x*/Na* c1” systems

IExperimental results and conditions are shown in
Table 6 and are plotted on the x - y diagram (Figure 18). It
can be seen from Table 6 that as the potassium loading on the
resin, Vg increases, the value of the selectivity coefficient
Kpyg £2118 slightly. This is in agreement with the work of
Reichenberg(RB) and Whitcombe(W1)3

When ions of the same valency exchange, it is
generally accepted that the selectivity of the'resin depends
primarily on the relative size of the hydrated ions. The larger
hydrated ions cause greater swelling and the resin matrix is
stretched, Because of its elasticity the matrix tends to con-
tract and the resin prefers the ion with the smaller solvated
volume, This tendency is highest when the resin matrix is highly
strained, or when the swelling pressure is high. Thus the
selectivity should increase with decreasing equivalent fraction
of the smaller ion and with increasing degree of cross linking of
the resin. -

Although the classical swelling pressure theory
above can explsin many of the observed features of ion exchange,
it does not explain others, for example, the maximum in the value

of Kygys and the crossovers in the affinity curves for the Na - H



Table 6. Results of equilibrium

i
i

measurements on K+/Na+ exchange system

e _ 1
Expt,Resin| Volume| Init-| Final [nit— [Final [Total | = I
No, form jof ial NaE :jal K% Resin Ne. INa. % Ix Kywa %ﬁé ﬁv. ﬁ?' ﬁv. A,
Solu- | Na® | Cone [°  |Gone  |Cape- Na x|k Kgne
tion | Conmc | (N) Cone [(N) city
(em?y | (W) (W) (meq)
KINa K'Y | 20 | 0.05/0.0215(3) 0.05 |0.0784(7)3.596 |0.215¢ '} 0.158. 10.785 |0.8427|1.457 |
| | 0.214 [0.158 | 0.786 {0.842 | 1.45
K2Na X* | 20 | 0.05[0.0213 |0.05[0.0787 [3.627 {0.213 {0,158 0,787 |0.842 |1.44 )
k3%a Xt | 40 | 0.05(0.0426 | 0.05[0.5725 |3.638 {0.426 | 0.316 10,573 |0.684.|1.612 ‘ |
] 0.425 [0.316° | 0,573 4 0684 | 1.60
_E4Na E' | 40 | 0.05/0.0424 | 0.05[0.0574 |3,641 {0.424 | 0.316 |0.574 |0.6807 1,59
NalX Na® | 40 | 0.05[0.0689 | 0.05[0.0311 |3.280 |0.689 | 0.58  |0.311 |0.42 |1.604
0.692 [0.5815 0.308 [0.419 | 1.62
Ne2K Na® | 40 | 0.05[0.0695 | 0.050.0305 |3.336 |0.695 |0.583 0.305 }0.417 |1.63 | )
Na3K WMo | 20 | 0.05[0.086 |0.05(0.014 [3.393|0.86 [ 0.788 [0.14 [0.212. |1.655
0.859 0.787 .141 [0.213 | 1.65
Na4k Na | 20 | 0.05|0.08585| 0.05|0.01415 |3.365 | 0.859, | 0.787 [0.142 |0.213 l.64ﬂ
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and K - H systems with resins of different cross linking at high
values of Na and yK(R3). The role of electrostaﬁic interactions,
of ion hydration and water structure, of the non-polar resin
matrix and its effect on the solvent and of specific inter-

actions have not yet been clearly established.

Thermodynamic equations for the selectivity co-
efficient have been exprassed(GB’ Gh) in terms of the swelling
pressure and the ratio of the activity coefficients of the

exchanging ions in the liguid and resin phases.pQ”wwnowdeﬂ*‘”““““ﬁez

1n KAB = 1n YA + 1In EE + II (ﬁg - ?A) (3.3)
¥y ¥, RT

where V is the partial molal volume of the respective ions, Tv
is the swelling pressure, and 7, the activity coefficient, refers

to the respective ions,

]
With dilute solutions 1n %E is negligible so that
A
K depends on the swelling pressure and the ratio of the activity

coefficients in the resin.

In higkly cross~linked resins wheré the swelling
pressure is high, the swelling pressure should predominate. In
low cross~linked resins where the swelling pressure is low, it
can be expected that the ratio of the activity coefficients of
the exchanging ions in the resin will predominate, With high
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cross linking, the sdectivity will be greatest when the matrix
is highly strained, i.e., when the resin is saturated with the
larger ion, As the smaller ion replaces the ions of larger
volume, the matrix becomes less strained and the selectivity
towards thc smaller ions decreases. So in general with highly
cross linked resins the selectivity of the resin towards the
smaller of the solvated cations will decrease as the loading on

the resin of this ion increases;

The situation in low cross—-linked resins where the
activity coefficient term is likely to predominate has been
described by Glueckauf(GB). The ratio of the activity coefficients
of the two ions in the resin phase is dependent on the molal
concentration of sulphonate groups in the resin. This increases
as the smaller ions replace the larger ones and water is lost.
Thus the selectivity coefficlent should increase as the loading
of the smaller solvated ion in the resin rises, In fact these
changes in K,p have been observed with the Na"‘/]ﬂ'+ exchange
System(R2). With 2% D,V.B. resin, KNaH increased linearly as
INa increased, and with 16% or higher D,V.B. resins, KNaH dec-
reased markedly as xNa increased., It can be seen that the terms
involving activity coefficients and swelling pressure respect-
ively oppose each other., The maximum found experimentally in
the value of KNaH for 8% cross~linked Zeo-Karb 225 resin could be
caused'by the _ relative magnitude of the two opposing

terms changing as yNa varies,
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With 8% cross-linked resin, Kyp decreased steadily
(Figure 17) as Vi increased, In fact with resin of any cross-
linking of 5% and above KKB'decreases as ¥y rises(R3), so it
geems that with the K¥/HY system, the term involving activity
coefficients is very small compared with the swelling pressure
term: The same reasoning spplies to the change in KKNa as ygx
increases.

Although the observed changes in KKNa’ KNaH and
KKH with resin loading have been explained, the situation is more
complicated than it seems gt first sighte Both the swelling
pressure and activity coefficient terms in equation (3.3) depend
on the relative size of the solvated ions, Evidence has been
built up to show that the solvated size of a cation is not con-
stant, In addition there is considerable variation in the degree
of cross~linking in a resin bead of given nominal cross~linking,
and perhaps also in the nature of the sulphonate groups. As
these factors are of considerable importance for any explenation
of changes in resin selectivity, the evidence will be briefly
reviewed,

To explain changes in the selectivity coefficient
for all binary exchange combinations of the ions H', Na*, k%
and Ii*; Reichenberg(R3) suggested that, )
(a) -there are physical differences in the exchange sites-due to

variation in cross-linking in the resin matrix,
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(b) there is steric interference to the fully solvated cations
reaching the sites in very highly cross-linked regions, and

(¢) theeations lose some of the hydration water molecules to
enable them to reach sites in highly cross-linked regions,

No proof was put forward to support these ideas.

(M8)

Myers and Boyd tried to predict the selectivity
of Dowex-50 for several exchange systeme using thermodynamic
equations, Differences with experimental values were attributed
to the presence of sulphonate groups other than the p. benzyl
sulphonic acid groups (i), for example the sulphonation of D;V;B.
bridges (ii), the disulphonation of benzene rings (iii), or the
sulphonation of ethyl styrene (iv) (which constitubes 45% to
60% of the D,V,B, isomeric mixture(H1)) could be caused by the

drestic sulphonation conditions used in resin manufacture.

“‘§FCH2" ——lgsfnz—— - ?gggggj; — CHCHg—
2 ' Z ’
B 7Y - QNJ > tfhso’
AV \/53 '303 - N/ 5
805 803 CH,CHy
— CHCH,™

(1) (i1) (111) o (w)
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Bonner's data(Bj) also indicated at least two

types ouf sulphonate group in Dowex 50,

Many workers have applied thermodynemic methods to
ion exchange in an attempt to get gqualitative information about
the nature of the resin and the nature of the interactions
between exchange sites, cations and water. The results of
Cruickshank and Meares(c7) indicated a non-uniformity of ex-
change sites and they considered that a physical (ise. in cross-
linking) as opposed to a chemical non-uniformity explained their
results satigfactorily.

Considerable differences in the selectivity co-
efficient KAgH(H11) for different beads from the same batch of
Dowex 50 indicated a large variation in the overall degree of
cross-linking from bead to bead. The results could be explained
theoretically on the basis of a two componeait system (i.e. two
different types of sulphonate groups) or by considerable var-

iation in the degree of cross—-linking throughout the beads.

Glueckauf and Watts<G5) in very careful experiments
found that the uptake of co-ions is not governed by a Donnan
equation, As the Domnan law must apply to any two homogeneous
phases, it was concluded that cross~linked ion exchange resins
cannot be considered as homogeneous phases. Glueckauf(Gu)
calculated that there is a wide non-uniformity of cross-linking

giving local counter-ion molalities at least 3 to 4 times the
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average value of the resin molality, and also of course with
regions with much lower fixed group concentrations than the mean.
The resin matrix is permeated by a continuous network of aqueous
fissures, some of which have the dimensions of the interchain
distances in the matrix, From Glueckauf's conclusions it scems
possible that some steric interference and cation desolvation

is possible, as the mesh width of very highly cross-linked resin
(H1) is of the order of a few angstrom units and the radius of

solvated alkali metals is also a few angstrom units(M7).

Boyd and cofworkers(B5’V1)

regard the role of ion-—-
solvent interactions as very important in resin selectivity.
Heat and entropy changes caused by ion exchange in various
systems are explained by the partial desolvation of a cation
when it enters the resin and the more complete hydration of the
other ion when it leaves the resin. Flett and meareS(Fz) also
consider that changes in ionic hydration during the exchange
brocess are influential in deciding the relative selectivity of
the resin, |

The general qualitative picture which emerges is
of considerable variation in the degree of cross-linking and of
the concentration of sulphonate groups throughout the resin
matrix, There is also the possibility of different types of
sulphonate groups in the resin but no definite proof of this

has been published. Cations are fully solvated by water
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molecules in solution but when they enter the resin matrix they
can lose some of the water molecules forming part of the sol-
vation shell. In the more highly cross-linked regions of the
resin, due to spatial limitations and the smaller number of
water molecules available per ion,the cations are more completely
desolvated with the sulphonate groups taking part in the cation
solvation. The anion concentration is high in these regions so
that cation-anion interactions will be very important. Such
interactions will be promoted by the lower effective dielectric

constant of the resin phase,

34243+ Equilibrium measurements with the ternary Naf/Kf/H*
c1 system.

Results are shown in Table 7.

The potassium concentrations measured by the SP 90
are generally fractionally higher than the values measured with
the ZEL flame photometer. There is no trend in the sodium con-
centrations measured by the two instruments. The difference in
the values of the selectivity coefficient calculated on the
" basis of the concentrations measured with the two instruments

is within experimental error (Appendix 1).

Bquimolar guantities of K' and Na' ions in_ the exchange system

reacdiiing equilibrium

Results from the present work are plotted as
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Results of equilibrium measurements on rat/kT /BT exchange system.

TABLE 7 TABLE 7 (Cont'd.)
Volume Tnitial Fin-?:;l-l Ini_Eial Figal Caic. I;ieix_s. gotal - , T i i
Bxpt. - of wat Na X Kkt H H esin X .. | ’
i\% Solution GQE o Conc. Conge. Congc. Conc, Conc. Capaclty Ka Fa . Av. Av, tOAvV, Av, KAV. év. ’
4 (em3) (1041 (104N) | (10L4w) ( 10b4N) (W) (N) “{meq Xx Iy e | ¥rm XNa X Tia Iy NeH e s
G 20 13.3 o1 12, 2.éﬁ 0.05936 0.0992 3.275 0. 0041 0.00562] 0.00221 0.00623 |1.36 [2.87 :
? 3 h e 1 o1 H ?3 7 ? wik ’ 10,0041 | 0.0217 [0.00557, C.00625 1035, 12.93
Gl 20 13. 34 Lo 1h 12.57 2.117 |0.09537 0.0992 3. 327 0.00L1ly |0.00553] ©.00212 |0,00628: | 1.3k (2.98. 5 s
= 20 128 h1.8 130 20,47 |0.9377 3.182  |o.ou18  |0.0842 | 0,0205° |0.0688 |1.39 3.6 ° 2 i
: _ % 0.0418 | 0,020. {0.0542 | 0,0690; 1.39" 13.61.
HL 20 128 41.8 130 20.47 |0.9377 3.164 |0.0418 |0.0BYy2 0,020 5" 0. 0692 1.39 13.62 |
H3" . 20 128 41.0 130 21.33 |0.9377 3.182 0. 041 0. 0547 0.0213 0.0683. :1.43 |3.42 ' i
= | : 0.0441 { 0.0213 | 0,054L8, | 0.0685 1.43 3.4 ;
HY 20 128 bi1.2. 130 21.25 |0.9376 3. 16l 0.0412 0. 0549 0.0213° 0.0687 1.42 (3.4L46 , |
13 . 20 383.5 130 38l 75.2 . |0.08123 3.365 |0.128 0.0151 0,0739  |o0.184 1. 44, 12,98
i ' ~ | 3 ' 0.128 0.0735 10.153 0,186 1.4k 3.06 i
1l 20 383.5 130.9 38l 74.5  |0.08121 3.272  |0.12%. |0, 154 0,0733  :0.189 146 3.4 ; % ‘
13" 20 383.5 132.7 384 74h.6 0,08102 3,365 0.430 0. 149 C.0733 0,184 1.37. 13,0° ' i f | ;
N : : 0.131 | 0,0747. 10,151 ' 0.18p 1.3  12.98 !
IL 20 383.5 132.9 38k 77.5 ]0,08072 3.272 0.131 0.153 0.0762 0.187 .41 2.9 | B
. i ; i I
Kak7 20 50C 189.7 500 124.6  |0.06847 0. 0685 3.06 0. 190 0.203 0.125. 0. 244 1.33  |2. 4k, ‘ | . | i -
‘ _ 0.187 0.12 0,202 | 0,243 ‘1035 12,47 |
NaK8 20 50C: 18L4. 5 500 121.2 0. 06943 0. 0694 3.122 0. 185 0. 202 . 121. 0.24L5 1.377 {2.50. | : 3 ; ;
. ; | i %
NeK9 30 50¢ 2146, 1 500 170.4  [0,05835 | 0.0582 3.067 |0.246 |0, 248 0. 170 0.322.  1.51 |2.57 ; . 5 | |
! 0.248 i 0,173 0,243 0.315. 11.29° 12,38 |
R DUUUI F S N 3 | | |
(Cont'd.)

(Cont'd. )



% Analysis for K+ and Na¥ concentrations by 8P90 spectrophotometer. All other analyses by ZEL flame photomete‘r.” '

TABLE 7. (Cont'd}
TARIE 7 (Cont'é.) - 110 - ' -
v K K Av. Av, Av,. Av, Av. Av.
Volume Initial | Final |Initial | Final | Oalec. Heas. To tal K K NaH S Xy Via Yk Kyaz Ken
Expt. of rat Na* Kt K+ Ht H* Resin Xyg Yy
No. Solufion Conc, Conc. Cogﬁg : - Cong, * Conc. Conc, Capacity :
(cm (10kar) (10h4N) | (10479)~ (i04%) (X) (W) (meq) ) )
Nak10 30 500 250, 3 500 176.3 0.C05734 | 0.0580 3. 148 0.250. | 0.238 0.176 0. 308. 1.20 {2.21
ia 2, 00 216.1 0.0L491 0.05 3. 161 0.293" | 0,262 0.216. 0. 358, 1,46 12,15
TeK11 Lo 200 2927 | 2 ' - 0,255 | 0.216. |0.267 | 0.360 1.22. |2.25°
Takio e 500 202,7 500 216. 4 0.0491 0.0L9 5. 056 0. 2593, 0.271. 0. 216 0. 371. 1.£7 12.36
Ta 0 333.0 00 280.7 0.03863 | 0.0383 3.28 0. 333 0. %06° 0. 284 0.401.. .20 {1.88 '
Fak13 60 500 532 2 | 0.335 | 0.282 10.306 | 0.40Y 1,21 11.89
Wakil 60 500 336.8 500 283.,0 0.03802 | 0.037L 3.199 0.337." j 0,306 0.283 ©0.4070. | 1.20  11.91
' T ] f
ial 0 .2 00 325.6 0.02992 | 0.0296 3.085 0.575 | C.323. 0. 326 {0 454 ¢ 1.13 {1.83.
TaXi5 &0 200 e 2 7 g 7 7 ; 0.372. | 0.326 10.328 | 0.4L8 1,19 |1.86
Nak16 80 500 369. 3 500 325.6 0.03051 | 0.,0299 3.13 0.369. | 0.33L 0. 326 | O.Lu6 1.25 {1.90 ]
1KNa 30 667 310 333 111.9 0.05781 | 0.0585 3,253 0. 31 0. 325 0.112 =~ | 0,204 1,32 12,26 | )
A I | 0,31 0.112 0. 329 0. 20, 1.31+ 2. 27
T'a 30 667 310 ' 333 111 0. 0579 0.0584 3. 264 0. 31 0.328 0,111 0,204 ; 1.21 12,28 |
3KNa 60 667 14150 333 187. 6 0.0362L4 | 0.0372 3,174 0.45 Coly1 0,188 0.276 1.05 {1.70.,
] 0.452 0.189. |0.412 0,276 1.05 1. 71
L4Xra 60 667 L5h 333 191 0.0355 | 0.0365 2.082 0.L454L .41l 0.191 0.277 1. 05 1. 73
1NaX 30 335 165 667 240 0. 0595 0. 0583 3. 246 0.165 0.155" 0.24 0. 394, 1.2h 12,17
i 0.16b 0.238 0. 154 0.3%2 1.23 2. 17
oNal 30 333 16h.4 667 235.6 0. 060 0.06 3. 322 0.16L: | 0,153 0.23% 0.39 {122 j2.17 ;
3Vak 30 333 237.0 667 375.5 0.03835 | 0.039 3419 0.237 | 0.181 0.58 . O.54 1,05 1.96 R ;
! - i O. 237 00381 00182 0. 538 . ‘1.0[-]’ E 1093
LaT 30 333 237.5 667 382.5 C. 0380 0.0391 ! 3.163 0.2%8 0,182, 4 0.383 0.537. 11.03 1.90 |
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affinity curves as well as x - y diagrems (Figures 1L, 15, 16,
17) to emphasise the changes causeé by the presence of the thirad
cation., When the sodium and potassium are in trace ionic
fractions values of the selectivity coefficients, KNaH and KKH
are virtually the same as in the respective binary systems. This
is to be expected, the presence of another cation in trace ionic
fractions will not affect the ion exchange system significantly.
This is in agreement with the published work reviewed in section
2.1.2.

When the concentrations of sodium and potassium
increase, the points on the x - y disgram differ more and more
from the binary equilibrium curves. (Figures 14 and 16). This
is reflected better in the affinity curves (Figures 15 and 17).
It can be seen that as yNa and yx increase KNaH and KKH fall
- more rapidly in the ternary system than they do in the binary
systems Thus in the ternary system, the resin is showing an
increasingly smaller preference for each of the alkali metal
species with respect to hydrogen. The marked decrease in resin
selectivity observed is different from the results for gross

ionic fraction studies published in the literature (section 2.1.2)

The effects observed in this work can be explalined
satisfactorily on the bésis of swelllng pressure or varying

crosg~linking in the resin.
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On the classical swelling pressure theory, for a
given value of YNa in the ternsry system there is a certain
equivalent fraction of potassium in the resin in addition to
hydrogen. Compared with the binary Na*/H* system with the same
value of Iya? swelling of the resin in the ternary system is
less, because the solvated volume of potassium ions is smaller
than that of solvated hydrogen ions, so the resin will show a
smaller selectivity towards the sodium, witﬂ respect to the
hydrogen. The same reasoning applies to potassium., As the
loading in the resin of eacﬁ of the alkali metals increases; the
selectivity of the resin towards each of them will decrease

further from the selectivity in the respective binary systems,

If the variation of cross-linking causes different
selectivity of the sulphonate groups for the alkali metal ions
with respect to hydrogen, the observed effect can be explained
by the competition of the sodium and potassium ions for the
exchange sites. In the ternary system, for each of the alkalil
me tal species,the sites showing greatest selectivity will be
occupied at a faster rate than in the binary systems, and con-
sequently the selectivity coefficient KKH (or KNaH) will decrease

more quickly as g (or yNa) increases.,
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Unegual quantities of X and Na' ions in the exchange system

reaching equilibrium

In the equilibrations where quantities of Na and K
in the exchange system were respectively 1:2 and 2:41, the select-
ivity coefficient, for a given value of the alkali metal ion
loading in the resin, was slightly different than for the equi-
molar system.

Considering the experiments where K:Na = 1:2,
the value of KKH tends to be lower and KNaH higher than in the
equimolar system, for the same value of ¥g Or ¥yg reppectively.
This effect can be expected from swelling pressure considerationsf
When there is a higher proportion of sodium in the system, (com-
pared with the equimolar casc) for a given value of g there is
a lower value of Yy The swelling pressure is lower and the
selectivity of the resin for potassium with respect to hydrogen
is lower. TFor sodium there is an opposite tendency. For a
given value of Yyar compared with the eguimolar case there is a
higher value of yﬁ. The swelling pressure in the resin is
greater and the selectivity of the resin for sodium, with res-

pect to hydrogen, is higher.

To summarise this work, with the binary N&/H' and
K/H systems, it was found that the values of the selectivity
coefficients, KNaH and,KKH,of Zeo-Karb 225 chongalmarkedly as
the loading of the respective alkali metals in the resin



- 114 -

increased. KNaH passed through a maximum Kyy decreased
continuously.

ithen the alkali metals were in trace ionic
fractions, the Nat/H' and X'/H' equilibria attained in the tern-~
ary system Naf/KfﬁH+ were similar to those in the respective
binary systems. These results are in general agreement with

results published in the literature(HE’ J1).

However as the ionlc fraction of the alkali
metals increased above the trace level in the ternary system the
Nat/Ht and K*/H' eguilibrium distributions differed increasingly
from the respective binary system values (Figures 15 and 17).
This effect is contrary to the results reported by Hiester(H“)
and Dranoff(D3) for ternary monovalent caﬁion systems. Both
these workers reported that the value of the selectivity co-
efficients in the ternary systems were the same as in the
respective binary systems, and were constant. As it is known
that even in the binary systems considered by these wokkers the
selectivity coefficient varies considerably (section 2.1.2.) it

seems unlikely that it will be constant in the ternary systems.

It was also found in the present work that the
relative proportions of sodium and potassium in the ternary
system reaching equilibrium affected the equilibrium distribut—
ion of sodium and potassium between the solution and resin

phases. For example if the relative proportions of Na:K in the



- 115 -

system reaching equilibrium was 2:1, the equilibrium distribition
of Na and X differed from that in which the relative proportions

in the system were 1:1.
3.2.4. 8ize distribution of resin,

Results are tabulated in Table 8 and plotted in
Figure 19 to show a weight % size distribution and a histogram
of the fraction of particles in each size range. The sige dis-
tribution is not normsl but in the absence of knowledge about
the pearl polymerisation process, it is not known why the dis-
tribution is skewed.

Miller(M5) performed a size distribution anslysis
on the same batch of resin. His results and the distribution
quoted by Permutit(Pz) are shown for comparison. The agreement
between Miller's results and the present work is very close,

Both show a rather higher proportion of the larger particles than

the stated Permutit distribution,

An interesting feature of the present results was

the small proportion of particles outside (-14 + 52) B.S.S. at
both ends of the range,
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TABLE 8 Size distribution asnalysis for (-14 + 52)

8% DVB Zeo-Kapb 225 resin.

Mesh size {mm)

"Estimated wt % of

| Mesh - { sample passing sieve
e Tyler ; B.5.8S. gPermﬁgiz;Millegg?
: ; values ! values
14 1,204 | i
14 1.169 l
16 .~ 1.003 90.1
16 0.9906; ;
18 0.853 | 96.5 | 79.1
20 ¢ 0.8332°
24 . 0.7009 ;
22 © 0.699 % 60.6
25. | 1 0.599 | 60.0 | 35.9
28 - 0.5892,
30 ' 0.50 19.0
32 0.,4952
36 o0.422 | 13.0 | 2.1
35 | 0.4165
44 | 0.353 |
42 0.3505 |
| |
|52 | 0.295 1.5 0
48 0.2946i
60 0.251
60 0.2463

[ el

%Present
' work

£ 100.0  [99.66 |

199.49
!
§92,88
118,59
54.41
32,93
7.55
1.83

0.534

0.08

|
|

i

B3
Bsti- | Esti- |
mated ! mated |
number | % of i
of total
particles| number
held by held by

i_sieve sieve
48 0.052 |
24 | 0.026 |
1568 @ 1,68 !
5102 i 5.48
12980 | 13.95
H
|
3
18140 119.79 |
: i
i |
36910 39.62
12990 13.95
i
2981 3.2 ;
1612 1.73
500 0.54
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be Hydrodynamics

4.1 Experimental

As outlined in section 1.3 a hydrodynamic operat-
ing diaéram must be established to define the range of operating
conditions. 4 single perspex contactor stage was filled with a
small gquantity of resin, run for one complete operating cycle
(forward, settling and reverse periods) and the quantity‘of resin
transferred from the stage in the reverae period, W, measured.
This procedure was repeated with increasing quantities of resin
for various values of the reverse period t. The flowrate of
water which entrained resin from the stage in forward flow was

also measured for various values of resin hold-up.

With the operation of a multistage contactor the
~pressure drop is an important consideration. The pressure drop
when operatihg the contactor at the maximum liguid flowrate in
forward flow was calculated using standard formulae (¢5) for the
pressuré drop caused by sudden enlargements or contractions in

the flow area.

Under normal operating conditions the greatest
pressure drop occurs at the end of the reverse flow period when
the direction of liguid filow is reversed to forward flow and thé
resin in each stage is packed in the retainer compartment, A

very large resin hold-up, 4.7 cm}/stage, (> twice the normal
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operating value) was introduced into a thirty stage contactor
and the pressure drop measured at the end of the reverse flow
cycle by connecting a mercury manometer to the ligquid inlet and

a CCly, menometer to the liquid ocutlet.

Le2 Results and discussion

The hydrodynamic operating diasgram is shown in
Figure 20, where W, the vodume of resin transferred, is plotted
against U, t,, the volume of liquid displaced in the reverse flow
pefiod. The instantaneous liquid flowrate of 19.6 cmj/min used
in the experiments was approximately the value used in all
countercurrent Nao/K separations., It is seen that all experi-

mental results lie to the right of the straight line H - Hcrit—

deall The intersection of this line with the abscissa,

2.95 cm}, gives the minimum value of Urtr to transfer resin from

the stage., This is in fact very close to the volume of retainer

and transfer lines (2.86 cm3) measured experimentally.

With this flowrate entrainment of resin from the
stage in forward flow does not occur until a hold-up of L.85 cm3.
With the maximum pump output of 50 cm?/min, entrainment occurs

when the resin hold-up ies greater than 3 cm3,

‘ .
It is generally considered (c3) that normal oper-

ation should give a hold-up in each stage less than Hcritical as
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this ensures that the hold-up of resin in all stages remains
sfable (i.e. flooding does not occur) despite variations in the
flow of the liguid or resin phases. Thus with the maximum liquid
flowrate of 50 cm/min and a resin hold-up of 3 cm?, Figure 20

shows that W can be as high as 1.6 cm}/cycle.

The loss.of head in forward flow at the maximum
flowrate was calculated to be 0,115 cm water/stage, so that the
pressure drop through the contactor is not a limitation on oper—
ation.

With an excessively large resin hold-up of L.7
cm’/stage, the loss in head when the liquid flow reverses at the

end of the reverse periocd was only 3.4 cm water/stage.

A liquid flowrate of about 18 cm’/min was chosen
for the Na/K separation work with the new stage design. At this
flowrate it was observed that the resin is gently fluidised and -
channelling of liquid in forward flow at the sides of the con-
tactor compartment is negligible so that the mass transfer per~
formance should be reproducible from stage to stage and from run
-to run. This is essential in an investigation of the complex

multistage ion exchange separations anticipated in this work.

‘The nett volumetric flow of liguid depends on the
proportion of the operating cycle used for forward and reverse

flows The resin flowrate depends on the nett liquid flowrate
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and the % ratio required. The reverse flow period in all runs
was 2 seconds larger than required in normal operation to ensure
that sufficient resin transfer from all stages occurred each
cycle, With such a reverse flow perliod, operation sould be con-
ducted over a very wide range of resin flowrates without altering
other operating conditions because the value‘of W was controlled

by the volume of resin fed into the contactor:
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5 Countercurrent ion exchange of sodium and potagsium,

51 Bxperimental

5.1.1 8Single section runs.
A flowsheet of the equipment used in the single
section runs, with trace or gross concentrations of alkali metal
ions, is shown in PFigure 21. The ligquid storage tanks were

elther Q.V.F or standard laboratory glassware.

As described in section 1.3 the contactor used in
this work operated in three cycles, forward flow, no flow and
reverse flow, with a cycle timer controlling the three way
Dewrance Solenoid valves V1 and V2 to give the desired operation.
The feed liquid used in the trace concentration runs contained
O0W75 N 1 hydpochloric acide To prevent corrosion of the liquid
feed pump P41 and valves V1 and V2 and metallic contamination of
feed liquid, odourless kerosene was used as a buffer between the
feed liquid and the pump. Teflon sleeved %g in. asbestos gaskets
were used between the 0.V.F. components of the liquid feed tank
T4 to prevent deterioration of the gaskets under prolonged con-
tact with the kerosene. For the same reason the pipelines bet-
ween the kerosene storage tank T4, P1 and the top of T1 were
made from %5 in. I.D. copper tubing with a flange connection at
the top of T4, Other liguid pipelines were plasticised P.V.C.
tubing.
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FLOWSHEET FOR SINGLE SECTION ION EXCHANGE SEPARATION WORK
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P,V.C. tubing was used initially to connect the T2
fesin column outlet to the contactor,but the pressure in the
line forced resin particles into the tubing to cause frictional
drag and a very varisble flowrate. Nylon tubing did not have
this disadvantage and narrow gauge (%g in. I.D.) tubing was used

as the resin flowrates were small.

The timer was a standard five channel timer using
photocells and a masked disc rotated by a synchronous motor. In
some runs an elternative mains pulse timer with decade counting

tubes was used.

The pumps used in this work had to deliver a con-
stant reproducible output under prolonged operation and it was
necessary to have the faeility of controlling the output to fine
limits to obtain the desired flowrate. D.C.L. pufips gave satis-
factory tﬁouble-free operation. In initiasl runs with the glass
contactor stages; with flowrates up to 70 cm;/min, & DaCoeleo "M'
pump was used, with a D.C.L. micropump for the resin columm T2,
In runs with the perspex contactor where liquid flowrates up to

20 cm?/min.were required, D.C,L. Series II micropumps were used.

A back pressure valve was placed in the outlet
line of all pumps to prevent any siphoning of liquid through the
pump from the 9 feet high feed tanks, Sintered glass filters of
O porosity were placed in the inlet lines to all pumps or pump
heads to prevent particles of dirt from impeiring the operation
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of the pump ball valvesand the solenoid valves.

The glass contactors used in initial work are shown
in Pigure 4. They were constructed for convenience in banks of
3 with ball and socket Quickfit joints to give flexible links
be tween banks. Before assembly each bank was filled with water
by gravity. The ball and socket Jjoints were lightly greased to

give water-tight connections.

The design of thé components of the perspex contact-~

or is shown in Figure 5.

To avoid the necessity of handling many components
when assembiing the multistage contactor it was decided fto
assemble the components in banks of ten stages. This was done
by screwing a 6 B.A. threaded rod through the § in. diameter
holes of each component after counterboring the end sections to

prevent the projection of the rod cheesehead and nut.

Although tﬁe finish of the perspex is accurate to
a small tolerance,adjacent faces of all components were lightly
greased with Apiezon ! stopcock grease to make joints watertight.
When banks of ten stages were connected together resin and liquid
inlet components and essociated baffles were required to complete
the contactor. A I in. thick stainless steel plate was placed at
each end of the contactor to distribute evenly the pressure from

the carpenter's cramp used to keep the contactor components in
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position. A 6 feet cramp was required for 100 stages. Figure
22 shows the 100 stage contactor and associated equipment and a

bank of ten stages is shown in Figure 7.

The liquid outlet of the contactor must be open to
the atmosphere as liquid is pumped into the contactor in the
forward flow period and out of the contactor in the reverse flow
period. A small reservoir of liquid was 8ituated at the
liquid outlet to prevent air being sucked into the contactor in
the reverse flow period. The liquid product overflowed from the

regervolr into a 5 1. beaker T5.

The liquid feed composition in the various runs
was as follows :
(a) trace concentration extraction runs: 0,0125 M. NaCl, 0;0125 N
KCl, 0.075 N HCl.
(b) trace concentration rectification and elution runs: 0.1 N
HC1.

(e) gross concentration runs: 0,05 N NaCl, 0.05 N XKCl.

The solutions were made up from standard 1 N stock

solutiors by dilution, and the composition checked by analysis.

In the trace concentration single section extraction
and three section runs, and the gross concentration runs, a

hydrogen form resin feed was used. For the trace single section
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rectification and elution runs, resin of cowposition similar to
the product from extraction run 3 was prepared. The run 3 resin
product composition was calculated to be INa = 0.1, VK = 0.103,
yg = 0.797. Using the equilibrium distribution curves for the
Nat/Ht and kX*/H* systems it was calculated that 41650 em? of

0.125 N NaCl, 0.125 N KC1l solution would give the desdired resin
composition after equilibrationwith 1000 cm> hydrogen form resin.
Water in the interstices of the resin was removed by filtration
in a BHchner funnel before the resin was added to the 1650 em
solution. After vigorously stirring the mixture in a 5 1l.besker
for 5 hours the resin was again filtered dry in a Blchner funnel.
It was then washed in a column with distilled water at a flowrate
of 1 em¥/(cm2)(min) until the eluate showed no chloride reaction
with AgNO3 solution, The composition of the resin was checked in
duplicate by eluting 2 cm” aliquots of resin with an accurately
measured 350_cm3 volume of %6 HCl, The concentrations of sodium
and potassium in the eluate were measured by flame photometer
analysis. The actual resin composition was Vg = 0.092,

YK = O, 09559 yH = 00813-

The resin flowrates used in this project were small,
the highest value was 1.5 cmS/min in runs 1 and 3., The most
satisfactory way of feeding resin was to pump water (using a
D.C.L.vump) into the top of a vertical column of settled resin

and water, the resin being displaced from the bottom of the



- 130 -

column in dense phase flow. However it was found that the
quantlty of resin displaced from the column varied during most

of the runs. As a constant volume of water + resin was displaced
from the column each cycle, the void fraction of the resin + water

mixture leaving the column varied.

The diameter and depth of the resin column seemed
to affect the variability of the resin flowrate; A modified
100 em® burette, 1.4 cm. I.D. and a § in.diai Q.V.F. column gave
especially variable flowrates. The outlet from the base of the
burette had an.. internal . diameter of % in. The resin
was observed to move jerkily through the outlet. Columns of 1 in.
and 2 in, diameter gave steadler flowrates but with shallow resin

beds (about 2 ft. deep) the flowrate became more variable,

With the small dlameter vessels, the Jjerking of the
resin was probably caused by bridging of the particles in the
column outlet. With shallow beds in the larger diameter columns
the variation in flowrate is believed to be due to increased
slip of water through the interstices of the resin, The variatiopn
in resin flowrate in most runs 1s presumed to be caused by a

combination of particle bridging and variable slip.

Hethods in the literature(C10) for constant solids
flowrates would be of no use with the low resin flowrates used in

this work., The development of a suitable flow control method is
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a major development project. As time did not permit such a

venture,variations in the resin flowrate had to be tolerated.

The resin product passes from the contactor into
the product vessels T6 or T7, thereby avoiding any exchange bet-
ween the resin product and the liquid feed. T7 was only used in
the trace concentration elution and rectification runs in which
Yesin product samples were required. To remove resin from the
product vessel T6, the outlet from the contactor was closed by a
screw clip C1 and the line to the reservoir R unclipped at C3.
When C6 was opened water could flow from R and resin was dis-
placed from T6. Resin entering the resin product vessel dis-
Placed its volume of water back into the contactor to dilute the
feed liguid. During steady state runs the resin product was
drained off every half hour, so that the resin product vessel
contained distilled water and the composition of the liquid dis-

placed back into the contactor was known.

The progress of a run could be followed from the
change in composition of the liquid prbduct. Periodic titration
of liquid product samples sgainst gﬁ NaOH indicated whether steady
state had been attained, As a further check the concentration of
Na and K in the product samples could be measured using the EBEL.
flame photometer;

When steady state had apparently been attained and

maintained for an hour or two a steady state run was commenced



- 132 -

without stopping the equipment,so that the dynamic steady state
in the contactor was not affecteds Bulk and half hourly samples
of‘product streams were taken for analysisi A volume check was
made on all feed and product liguid and resin streams at the
beginning and end of the steady state run to permit volume

balances to be made;
5¢1.2 Three section runs.

A modification of the arrangement in the three
section process (Figure 8b) was made for these runs. Instead of
removing all the liquid used in the elution section as potassium

rich product and introducing fresh X HCl into the rectification

10
section, some of the liquid leaving the elution section was used
as the influent to the rectification section., This simplified
the pipework and reduced the number of pumps required. It was
thought that this would not affect the performance of the
rectification and extraction sections markedly as the alkali -
metal ion concentration in the elution section was expected to
be low., With the % ratio in the elution section about twice that
in the rest of the contactor this modification resulted in an

almost equal volume of Ne rich and K rich products respectively.

A 1liquid feed containing equimolar (0.075N) con-

centrations of sodium and potassium was used.
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To obtain the greatest amount of information from
these runs the resih leaving the elution section was not re-
circulated as the feed to the extraction section. Thus the com-
position of the feed resin was constant and known, and the com~-
position of the resin product was known after analysis. In
addition fluctuation of the composition of the resin product,
if this resin were used as the feed resin, would impose. an
additional variable on the process delaying the attainment of

steady state operations

In runs 10, 11 and 12 with the perspex contactor
an instantaneous liquid flowrate of about 416 cm3/min.from P1 gave
satisfactory operation in the reverse flow period and it was
decided to use the same flowrate and time period for reverse flow

in the three section runs.

As the equipment (Figure 23) was built up from that
used in the single section work, only one of Series II pump heads,
P1, had the system of two Dewrance three way valves and assoc-
iated pipework required for forward flow, reverse flow and feed
recirculation, so that the choice of a flowrate of 16 cmB/min.
for reverse flow in the contactor established the output from P1.
The resin flowrate must be maintained constant in all sections of
the contactor and the control system was designed so that'only.P1
operated on the contactor during the reverse flow period. 1In
this period the other pumps recirculated liquid back to the pump

inlet.



FIGURE 23 FLOWSHEET FOR

THREE SECTiON ION EXCHANGE SEPARATION WORK
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P41 also opecrated on the contactor in the forward
flow period. The resin flowrate was adjusted to give the lowesnt
§ ratio required in the contactor (i.e. in the rectification
section) based on the net forward flow of liguid produced by P1.
Higher values of % were achieved by the use of additionai pump
heads which only operated on the contactor in the forward flow
period. To get a % ratipo of about 70 in the elution section,

where the liquid influent is %6 HCl, an additional pump head, P5,

and %3 HCl1l storage tank, T 11, were connected to the elution
section liquid inlet. Potassium rich liquid product was with-

drawn by P4 to give the % ratio desired in the rectification

section.

The eguimolar Na/K feed liquid was introduced from
T8 by P3 to give the required flowrate ratio and alkali metal
concentration in the extraction section. The sodium rich liquid
product overflowed from the extraction section as in previous
runs.

Pumps P3, P4 and P5 only operate on the contactor
in the forward flow period. For the rest of the cycle they re-
circulate liquid back to the pump inlet. This was achieved
3sing the Dewrance 3-way solenoid valves actuated by the timer,
As the forward flow period was more than half the total operating
period, the valves were set up so that they were in the de-
energised position in the forward flow period., To simplify the

timer control the no flow period was abolished,
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Qs V. ¥, and standard laborstory glassware were used
for the extra liguid storage vessels needed for the three section
separation runs. Kerosene was used to'displace the various liquid

feed and product streams to avoid corrosion of pumps.

Only P1 had the system of two Dewrance three way
valves and pipework required for pumping liquid into and out of
the liquid. storage tank as well as recirculating kerosene back to
Tu; Thus P1 had to be extensively used in filling and emptying
all the other storage vessels (T8, T9, T10 and T41), This was
readily done by temporarily connecting the top outlet from T1 to
the top outlet of the other tanks by P.V.C. tubing.

Resin was introduced into the contactor in a
similar way., T8 was filled with distilled water and connected
to P1 via T1. P1;ﬁés operated using the same time cycle and
setting as during a run, The resin introduced into each section
was as follows,

(a) extraction section: the resin hold-up from a 10 stage
extraction run was used, |

(b) rectification scction: the resin product from an extraction
run was used, and

(¢) elution section: the extraction section resin product was

mixed with two parts of H' resin.
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It was hoped that the attainment of steady state

conditions was hastened by this procedure.

Two liquid feed tanks T8 and T12 were used, T8 was
a 1 1. scparating flask graduated in 20 cm® divisions. This did
not give accurate volume measurement and for the steady state
runs, the foed liquid was pumped from T12, a modified 100 cm’
burette graduated to 0.2 cmi.

Two potassium rich liquid product storage vessels
were required, a large one, T10, to collect the liquid withdrawn
before the steady state run, and a smaller one,T9, to collect the

steady state X rich product.

To check the approach to steady state the Na rich
and K rich product streams were sampled periodically. The pot-
assium rich product stream was sampled by closing C9 to prevent
siphoning of liquid through the contactor, and opening Si and 86,
If the X rich product was being pumped into T9, the 3 way(wu)é;;;~
cock had to be turned to connect T12 to T9. Kerosene siphoned
from T12 into T9 or T10 to displace the X rich product through
S6. Iiquid in the line from W6 to S6 was rejected to avoid collect-
ing an unrepresentative sample. To avoid disturbing the run the
sampling operation had to be completed in the reverse flow period

when there was no suction on T9 or T10, The overflowing Na rich

product stream could be sampled at any time without difficulty.
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These samples were titrated with %6 NaOH and enalysed by the

EEL flame photometer to check the approach to steady state.

When asnalyses showed that steady state had been
maintained for several hours a steady state run was commenced,

As with other separation runs a volume check was made on all
feed and produce streams at the beginning and end of the steady
state run. This was more complicated with the 3 section runs,
More vessels had to be checked and the three way stopcocks W4 and
W5 had to be altered so that the X rich liquid product was pumped
into T9 which conftained only kerosene, to avoid contamination of
the liquid product. Also the feed liquid vessel was changed from
T8 to T12.

After the first run a sampling point was instglled
in the rcctification section so that samples of liquid leaving
this section could be taken. The sampling point was located at
the top of the penultimate contactor compartment to avoid con-
tamination by the liguid feed.,which was introduced into an en-
larged section between the rectification and extraction sections.
A %E in. dia. hole was drilled from the oputside to the apex of
the contactor compartment and the rubber disc from a standard
serum cep was fixed over the hole with Araldite. A 1 cmd liguid
sample could be withdrawn using a syringe. In the reverse flow
period liguid from the extraction section with a higher alkalil

me tal ion content was pumped inteo the rectification section, so
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it was necessary to take the sample just before the end of the
forward flow cycle.

During the steady state run half hourly sawmples of
the Na rich and K rich product streams and the rectification
gsection effluent were taken, and the resin product was drained

off every half hour,

At the end of the run the resin hold~up in each

section was measured,
5.1.3. Design of Na‘/K* separation experiments.

" From section 3.2.2, KKH = 3«38 and KNaH = 1.7

From section 3.,2.1, © = 1.82 meq/cm3. and ¢ = 0.1 meq/cm3

From equation (2.15),

3 E § = L] §- .
Eg =Kgm 5 ¥ 61.5 3 (5.1)
¢ 8 S
— — — - ‘0 — L]
Bia = Bem T 3 = 3 2 (5.2)

The optimum operating conditions to get a Naf/K+ separation can

be calculated using criteria 2 (i) and 2 (ii) in section 2.2.2.
(i) Na* and ¥ in either the solution or resin feed streams.
The optimum operating conditions are

By > 1> Dy, or 61,5 > % S 31,0 (5.3)
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Prom equation (2.17), maximum separation of Na and K results

when

PSS 1—
EK = \/0& and ENB. = /;:_

K
where the separation factor, « , = EE = R = 3’38‘“--"2.0
ENa KN&I{ 1‘7
.‘. EK = 1011-1!4 and ENa = 007070
Introducing these values into equations (5.1) and (5.2), the

flowrate ratio % should be L43.5.

(i1) WNa* and X* in the resin feed.

The optimum operating conditions for eluting both

species from the resin are

L
Byt B < 1 or 2 > 61.5 (5.4)



- -

5.2 Trace ionic fraction results and discussion

With the limited number of glass stages available
before the perspex contactor components were fabricated, it was
not poscible to have an effective two or three section separation
system using the glass stages and therefore a number of extract-
ion, rectification and elution runs were carried out separately
to establish the feasibility of a three section Nat/x* separation
using the new contacting technique. Some extraction runs were
also carried out with the perspex contactor before it was used in

a three section separation.

5«2.1¢ SBSingle section extraction runs with glass contactor.

Results for these runs are shown in Tables 9, 10 and
11. The extraction factors were calculated using values of Ky,
of 1.7 and Kgpy of 3.38 which were the average values in the trace
ionic fraction range (section 3.2.2). The number of equivalent
ideal stages and stage efficiency for each run were calculated

using equations in section 2.2.4.

The six stage runs 1 and 2 were carried out under
similar operating conditions. It can be seen that the sodium
enrichment fluctuated during both runs. As the concentration of .
sodium and potassium in the liguid product fluctuated, the
variations are aftributed to variation in the resin flowrate. In

run 2 the sodium enrichment generally decreased during the run,



TABLE 9, Operating conditions and results of trace continuous countercurrent ion exchange
Nat/Kt separation runs using the glass contactor ‘

Type . - ‘Extraction Elution Rectification | f
i ' H R : } - P
Run Number i 2 .3 ;4 | S 6 i 7 | 8 g’
S luouaul ORI SRS Sy | e e TR ’.“”H,,,,M_““mn*“,”wm e
‘ i
Number of stages |6 6 15 . 15 5 ¢ 15 | 15 15 15
Forward flow period Z ! L - % ' %
ty (8) 40 | 40.33 | 40 38 38 38 . 38 | 38 38
| |
No flow period | j
tg(s) 5 6 5 6 6 6 g 6 | 6 6
Reverse flow period ‘ ' § |
te (8) 15 13,67 | 15 16 16 ! 16 P16 | 16 16
. { - - ;
Liquid flowrate : !
Updl, (omdfmin) | 65.5 | 66,7 | 65.5 | 66,7 | 66,7 66.7 | 66,7 | 66,7 66.7
Average liquid | | : |
floyrate : ! ;
L{cm3/min) 2T+25] 29475 | 27425 24445 24.45 24445 24445 24.45 24.45
Average resin
flowrate i
S(em3/min) 1.48 | 1.27 | 1.48 0.63 0.45 0.29 0.1 | 0.66 0.46
. | ' !
Ratio L : j
3 18.4 | 23,5 18,4 38.8 54.1 | 85 24,0 | 37.1 532

e I g S i1 A e s v s s St m oy b o

(cont,d...)
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_Type Bxtraction | Elution Rectification -
Run Number 1 2 |3 4 5 6 T 8 9
Extraction factor . . i . [
Bya 1.68 | 1.32] 1.68] 0.8 0.57 | 0.365 0.129 0.833 0.581

i Bxtraction factor . ! ;

B« 3.34| 2.63; 3,34 1,59 1.14 0.725 0,256 1.67 1,15
Number of cycles ; 189 | 150 | - | 170 177 149 147 153 151
Total liquid feed ‘

(em3) 5151 | 4475 - 4150 4325 3650 3590 3750 3700
Total resin feed

(em3) 280 190 - 107 80 43 15 101 69.5
Liquid feed con-

centration

ey (LO4N) 126 | 125 | 125 | 125 125 0 0 0 0
Ligquid feed con-

centration

o (10%N) 125 | 125 | 125 | 125 125 0 0 0 0
Liquid feed con-

centration

eg (104W) 750 | 750 | 750 | 750 750 1000 1000 1000 1000

4 o s 1 e i

(cont.d...)



TABLE 9 Continued.

———

Type o

Run Number

i

uﬂﬂExtra

-l -

ction

kElution

3

-

4

6

7

8

Resin feed con-
centration 3

Cp (meg/cm”)

Resin feed con-
centration3

& {(meq/em”)

Resin feed con-
centration3

8y (meq/cm”) |
Resin hold-up per f
stage (cm3 :

Liquid product con-
centrat%on
Gy, (LO4N)

Liquid product con-
centration
cg  (104W)

Liquid product con-
centration

ey ()

1.82

8.73
1.64

0,099

4
!
|
|

1.82

6.27

13.6

1.42

0,098

0

1.82

2.77

0.0434

0.1

1.82

6,12

47.9

4,96

0,0947

P 6,17

1.82

55.2

5.99

0.,0939

0.167
0.174

1.479

5.37
18.8
22.4

0,0959

wo— e

0.167
0,174

1.479

3.88
6439
6,63

0.0987

0.167

0.174

1.479

6.12

43.1

31.15

0.0926

Rectification

9
0.167

0.174

1.479

6.17

27424

29.4

0.0943

(cont.d...)

Ay e S i = 1
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Type

Run Number

Extraction

3

4

- 145 -

Elution

Recovery of Na¥

(]

Enrichment of Na

(f3
Resin product ENa
con&entrati n
meq/em
Resin pro&uct QK
con entratl n
(104 meq/cm
Resin product EH
concentration
(meq/cn3)
Enrichment of K
in resin product
(£,

in liquid producti

in'l%quid product |

i 7043

!

5.33

10.6

9.65

2.4

63,0

5 40.0

9.65

46.0

9.21

8,6

23.8

1.83

2,36

2.24

1.83

Rectlflcatlon

At A ——— +1 om0 e s

. 8 _— " ——— 9
16.7 TeTT
189 7445
l.81 1.82
10.9 90 23

(cont,d...)
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*Limited adsorption of Na*ions into the resin.

TABLE 9, Continued,
§ e ot e e . —

Type Extraction - - Elution Rectification

PR Sy ..»-...-..m-..--—-..-.—.—..:.....v.-.-...,-. —— e — - - i e e R ......T_.....v.....-_ - ,l_-_. e ee e et
Run Number 1 2 | 3 4 5 6 7 8 9
Number of n * *
equivalent o 3%04) 3t04 ) 5% 61 1%02" 4%05 | 4t05 |3 %0 4/15 8 t0 9
ideal n
stages K 3 to 4 4 to 5 6 to7 | 5 to6 |9 to 10 9 to 10} 4 to 5
Stage ' ' i
efficiency(#) Na 59.5 66.0 38 10,0 30.0 32.0 21,0 | 100 55.0
based on : . ,

g 55.0 69.0 42 35.0 6340 63.0 31,0
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TABLE 10 Liguid product concentrations during trace extraction runs ‘wsing the glass contactor.
Samples taken every 30 minutes. Bulk product mixed and a&nalysed for each run,
Run 1 Run 2
Sample | Na‘t Kt H* Na Na' K " Na
Number | Conc Conc Conc Enrich~ Conce Conc Conec Enrich-
(om | fwy | ment (20%0) | (205 (%) ment
1 725 130 0,0905 5.6 1280 124 0.0926 10.3
2 745 150 0.0876 4,96 1450 137 0.0924 10.6
3 816 150 0.0891 5.45 1470 162 0.0924 9.1
4 899 150 0.0904 6.0 1540 164 0.0920 9.4
5 920 161 0.0907 5T 1620 189 0.0922 8.6
6 925 166 0.0908 557
T 905 150 0.0925 6.04
8 881 156 0.0931 |  5.65
Bulk 873 164 0,0907 533 1360 141 0,0925 9.65
(Cont.d.. s )

e b e gt S 7

et e aw e
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TABLE 10
(Continued)
Run Run 4 Run 5 :?
+ + -
I%T\;aggéze‘ Iggng ggng Ig:nc gggigh— N?!ong g:ng Ié:nc graxri ch— gg; ¢ Ié:n ¢ go: c Elrfsi ch-4 |
(10°w) | (10°N) (W) (10°N) (10°N) (X) ment (lOGN) (106N) (¥) ment
1 240 6.05 | 0.0971 3946 4960 572 | 0,0905 8.7 4350 369 0,0914 | 11.8
2 290 2.69 | 0.0975 108.0 4880 525 | 0.0906 9.3 5130 451 0.0905 [ 11.4
3 275 6.05 | 0,0971 45.5 4660 497 | 0,0908 9.4 5710 588 0.0898 9.7
4 302 2.69 | 0,0971 112.0 4575 467 | 0,0910 9.8 5960 685 0.0895 8.7
5 128 1.34 4575 445 | 0,0910 10.3 6140 806 0.0892 7.6
6 73 5.38 4530 423 | 0,0910 10,7 6400 938 0.0888 6.83
7
8
Bulk 277 4.37 | 0.0972 63.5 4790 496 | 0,0907 9.65 5520 599 0.0900 9.21
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indicating an overall decrease in the resin flowrate. The
sodium enrichment in the bulk liquid product sample was much
greater im run 2 than run 1 but the stage efficiency was of the
same order, 59.5% and 55% for Na and X in run 1 and 66% and 699%
for Na and K respectively in run 2. These values are close
enough, considering the variation in the resin flowrate, to
indicate that an ion exchange separation using this type of con~
tactor is reproducible., PFurther evidence on the reproducibility

will arise in the separations reported later,

The operating'conditions in run 5,when fif'teen
stages were used, were similar to those in runs 1 and 2. The
electronic timer performed erratically after 2 hours steady
state operation so the bulk liquid concentrations were not used
in calculating the number of equivalent ideal stages. The
analyses of the first four ssmples were averaged to give the
process performance and the flowrates were known from the feed

volumes during the 2 hours steady operation.

The concentration of potéssium in the liquid pro-
duct samples was extremely low, a fraction of 1 ppm. The sig-
nificant variation in the X concentratién of the liguid product
samples is assumed to be due to XK contamination. This similarly
affected the Na enrichment values, which were probably of the
order of the values in the 1iquid product samples where there

was no contamination.ile; a. 1iOi
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The use of fifteen stages gave an average Na en-
richment of 63.5 in the liquid product, a considerable improve-
ment on the value obtsined with six stages. The number of
equivalent ideal stages for this run was between 6 and 7 for Na
and between 7 and 8 for K, with an average stage efficiency of
4O%. In view of the assumptions made to calculate the average
liquid product composition and the suggested K contamination of

the product samples, some doubt can be attached to this value.

In runs 1, 2 and 3, although the overall stage
efficency varied from run to run, the stage efficiencyfor Nat
and K+ adsorption respectively in each run was similar. Becsuse
the diffusivity of K* ions is greater than that of sodium ions,
a higher stage efficiency can be expected for x* adsorption or
elution. This was the case in runs 2 and 3. Unrepresentative
éamples or analytical errors were probably the reason for the

higher stage efficiency for sodium in run 1.

In a practical separation process, high purity 6f
the required component in the liquid product stream is not the
only aim. A good recovery of this component is required, other-
wise much of the component may be discharged in the waste streams
The extraction factors for sodium and potassium, Eng and.EK res-
vectively, in the first three runs were greater than unity, so
that both components were extracted into the resin phase giving

a low recovery of sodium in the liquid product (Table 9),
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especially in the fifteen stage run where the recovery was only
2. L%,

As discussed in section 2.2.2.; to obtain a good
recovery of sodium in the liquid product and a good separation
of Na and X, Eya must be less than unity and EK greater than
unity, so that

31.0 <§ < 61.5 (5.3)

In runs 4 and 5 ﬁhese operating conditions were
used with 15 stages. In run L4 there was a slight increase in
the Na enrichment (Table 10) and a decrease in the sodium and
Potassium concentrations in the liquid product samples, indicat~

ing a small continuous increase in the resin flowrate.

The effect of operating with Eyg<1s which gave
limited adsorption of sodium is shown by the low value of nNa
of between 1 and 2 equivalent theoretical stéges, with a stage
efficiency of about 10%, for run L. The number of equivalent
ideal stages for x* adsorption was between 5 and 6, with a stage
efficiency of 36%. (Table 9). The low stage efficiency was
probably caused by the resin flowrate increasing during the run.
Owing to the delay in the response of the contactor caused by
the resin hold-up, if the resin flowrate rises, the contactor at
any time is operating with a lower resin flowrate than the

average flowrate to that time, and the stage efficiency based on

the liquid product analyses is low. The Na enrichment with
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respect to potassium in solution of S.65 in this run was satis-
factory.

The reduction in Na enrichment and increase of Na®t
and Kt concentrations in the liguid phase in run 5 (Table 10)
indicate a steady f211 in the resin flowrate. The number of
equivalent ideal stages for sodium adsorption was again much
lower than the value for K adsorption in this run (Table 9).
The stage efficiency for K adsorption of 63% is more in line

with the value in runs 1 and 2.

The stage efficiency for both Na' and K* adsorption,
except when Na adsorption was limited by operating with EN
has varied from 36% to 70% The variation of stage efficiency
over this range was probably caused by the unavoidable Variation
ﬁmthe resin flowrate,
The effect of operating the contactor with Ey, <1
< EK has brought about a remarkable increase in the scdium re- .

% and 3 of the sodium in the feed was obtained

covery. Between
in the liguid product in runs L and 5, but the Na enrichment was
lower than in run 3, A lower Na enrichment would be expected
with higher % ratios.as the total resin exchange capacity in the
contactor relative to the gquantity of cations in the ligquid
phase has been reduced. The resin capacity is the means of

effecting the separation of Na and K, so that reduced cspacity
will give a poorer enrichment in the liquid product. The
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TABLE 11 Volume balance for trace extraction runs using the
glass contactor.
_ Run Phase IN ouT
i No.
Description Volume | Description |Volume
(em?) (cm?)
H
i Liquid Feed 5151
; 1l Water feed to resin
column 325 Product 5533
Total 5476
Resin Feed 275 | Product 280
Liquid > Feed 4475
2 Water feed to resin
column 295 | Product 4770
Total 4770
Resin Peed 190 Product 200
: - — — e
Tiquid Feed 4947
3 Water feed to resin
column 405 Product 5354
Total 5352
Resin Feed 330 Product 327
ot s . e gt vom e e . e o e e ¢ - m—— s s s 2+ = s 2mttmr it e i s e e = e o e e ee acen et <<t Kot o e+ o o]
Liquid Feed 4150
4 Water feed to resin !
! column 192 | Product 435%
i !
: Total 4342 ;
Resin Feed 107 | Product llﬂ
Liguid Feed 4325 i
5 Water feed to resin j
column 178 | Preduct 4503
Total 4503% i
Resin Feed 80 |Product 89
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performance of the 15 stage contactor in run 5 giving a sodium
enrichment of 9.2 and Na recowery of L6% is very satisfactory.
To get a better enrichment of sodium under these operating con-

ditions, a greater number of stages must be used in the contacton

Volume balances (Table 11) were generally good in these runs,
5.2.2. Single section elution runs with the glass contactor.

The composition of the feed resin was é%a= 0,167 meq/cm3,
Ek = 0.174 meq/cm3, Ty = 1. 479 meq/cm3. Operating conditions and

reéults are shown in Table 9,

The % ratio in run 6 gave extraction factors for
sodium and potassium of 0.365 and 0.725 respcctively (Table 9).
Bulk resin analyses (Table 12) show that the sodium concentration
was reduced 170 times to 0.00093 meq/cm3 and the potassium con-
centration about 70 times to 0.0024 meq/cm3 so that éomplete
regeneration of the resin was achieved for practical purposes.
Using equatidn (2,419) for this run, the sodium elution corres-—
ponded to between L and 5 equivaleni ideal stages and potassium

elution corresponded to between 9 and 10 ideal stages.

The liquid product samples (Table 12) showed little
variation in compositicn during the run. Despite this there was
much variation in the composition of the half hourly resin
samples, Considering the variation in the composition, the mass

balance (Table 13) was good.
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TABLE 12 Liguid and resin product concentrations during trace

elution and rectification runs using glass contactor

Samples baken every 50 mins.
Total product mixed and analysed for each run,

Sam~ ELUTION
ple
No, |Run 6: average3resin flowrate= Run T: averags resin flowrate =
: 0.29 em”/min 0.1 cm
Liquid Resin Liquid Resin
et okt mt mat g O | mt kg mat &t [t
Gonc |[Conc |Cone oConc.xgncuConc Cong\ 002%' Conc ggnc ignc Cone
(108w) (1050 (w) [1o%meglineg! meq| (20%m)|(10%W| (W) |Pmeg)Pregineg
{aomadtn) (o, neg fici gy
1 {1790 {2220 [0.0940{ 710 | 198}|1.82] 630 | 733 |0.0966| 302 | 332 |1.82
2 {1910 {2355 |0.0917| 540 | 254]1.82| 486 | 621 |0.0967| 252 { 197 |1.82
3 |1910 |2280 {0,0918] 535] 168]1,82| 695 | 650 |0,0967| 192 | 205 |1.82
4 11980 {2215 {0,0918| 870| 273|1.82| 782 | 690 {0.0966| 145 | 160 ]1.82
5 {1880 |2215 (0.0919( 380 131{1.82| 760 | 650 {0.0966 292 | 238 1,82
Bulk |1880 {2240 }0,0919] 860} 238|1.82| 639 | 663 {0.0967| 236 | 224]1.82
RECTIFICATION
|Run 8: average3resin flowrate = | Pun 9: average.resin flowrate=
0,66 em’/min 0,46 cmj/min
Liquid Resin Liguid Resin
wat |[xt [T vat |kt @' Nat | xt E' Nat KT | ®'
Conc Gon%q Conc ngf Conc Conc | Cone { Conec Conc ’dgonc Conc| Com
10 © Qvﬁ%Q meg_. q m,—ﬁdiﬁgmamh
) o) () [P | o] (1o%) o [P
1 |4060 | 3000 |0,0885|1640|16460[1.802} 2580 | 2940 0,0911] 770 | 690 0L,8i:
2 14160 | 3035 |0.0883| 1320|17800[1.801{ 2600 | 2940 00,0911 | 760 | 643 .81
3 14310 | 3115 |0,0881| 1780|20400{1.798| 2700 | 2940 10.0910| 735 | 735 [1,81:
4 |4160 | 3060 |0,0883| 1870217001, 796 2745 2940i0'0909 624 | 700 1,81
5 {4310 | 3035 |0.0882| 1840{ 21400[1,797| 2780 | 2940 0.0909{ 616 | 671 [L.8L’
Bulk 4310 | 3115 |0.0881} 1670{18900{1L.800| 2724 2940%0.0909 T77 {745 [L.8L
|
A o SRR R DU S
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TABLE 13 Mass balances for trace elution and rectification runs using the glass contactor
IN B 0UT
‘Nﬁu% Phase | Volume | Na K Na X Volume Na X Na X
umber (cm3) | Conc 3 Co ' Quan~ | Quan- (cm3) Gonc = 4 o | Quane Quan-~
(meq/cm”) ne =z | ity | tity meq/cm”) one tit tit
Y (meq/en”) | (neq) | (meq) / (mea/em”) | (neq) | (men)
6 Liquid 5773 [1.88 x 1077 | 215 x 1072 | 7.1 8.1
Resin 4.3 0.167 0.174 7.19 T.5 40,6 [8.6 x 10 2,38 x 10 0.035 0.1
Total 7.19 T.5 7.1%5 8.2
7 Tiquid ' -4 -4
Resin | 15 0,167 0.174 2.5 2,61 378? 6.39 x 10 6.63 x 10 3'82 583
8 Iiquid -3 -3
Resin | 101 0.167 0,174 8.9 eE| h2 | 1872107 | leox 1072 | 0.19 2,12
. - 14 ’ . 17'29 14045
* - -
9 Liquid 5856 | 2,72 x 1077 | 2.94 x 1072 10,5 | 11,32
Resin €9.5 0.167 0.174 11.6 12,1 | 69.5 T.77 x 10 7.45 x 10 - 0.05] 0.52
Total 11,6 12,1 10.55 11.84

* NOTE Influent resin volume not measured and taken to be
’ equal to effluent resin volume
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In run 7 the concentrations of sodium and potassium
were reduced to 0,00066 and 0,00063 meq/cmB, a reduction of
approximately 250 times in each case, Sodium elution correspond-
ed to between 3 and L ideal stages and K elution to between L and
5 ideal stages in this run. Owing to the relatively large liguid
flowrate, the concentration of K and Na in the liquid product was

very low,

Discussion

It is thought that variation in the resin flowrate,
unavoidaeble at the low feed rates used in the elution runs,
caused the fluctuation in composition shown by the half hourly
resinlsamples. |

Virtually complete regeneration of the resin was
achieved in these runs so that the resin could be used as the

feed for extraction runs.

The much higher stage efficiency for potassium
c¢lution in run 6 can be explained by reference to an x - ¥
diagram (Figure 2&). The equilibrium curve for the X - H system
has a gradient approximately twice thst for the Na - H system,
and the operating line gradient is greater than that for both
equilibrium lines (ENa’ EKa¢ 1). If the number of ideal stages
is stepped off it is readily seen that the bulk of the sodium

elution is achieved in the first few stages., Subsequent stages
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are eluting extremely small quantities of sodium from the resin

so that the overall stage efficiency for sodium 1s low.

With the X-H system it can be seen that the
reduction in y in each stage is small, each sitage elutes a
reasonable fraction of the potassium from the resin and the over-

all stage efficiency is much higher,

In run 7, the operating line is much steeper
than both the equilibfium lines, most of the sodium and potassium
is eluted in the first few stages (Figure 25) and the stage

efficiency for both calions is low.

Fv2.3, 8Singlc scetion rectification. runs_with the glass-
“contactor,

Operating conditions are shown in Table 9,half
hourly liquid and resin product analyses in Table 12 and mass

balances in Table 13.

The liquid product samples from both ruus

showed little variation in composition.

In run 8 values of'EK and B. were 1,67 and

Na

0.83 respectively, so that elution of potassium from the resin

C
was limited. The ratio gK was increased from s value of 1.05 for

the feed resin to 11.5 )'Aain the resin product, corresponding .

to an enrichment of X* with respect to Na' in the resin of 10.8.

The number of equivalent ideal stages for ¥a¥ elution was 15
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corresponding to a stage efficiency of 100%. This is much higher
than any of the previous values and it was presumably the result
of analysis of an unrepresentative resin sample, despite the good
mass balance for sodium. The total potassium in the product

streams was 18% too low, (Table 13).

Run 9 was also operated to get limited elution
of X* ions. The ratio fé increased from 1.05 in the feed to
9.6 in the bulk resin T product, corresponding to a pot-
assium enrichment of 9.15. The sodium elution from the resin
correspondsd to between 8 and 9 equivalent ideal stages, or a
stage efficiency of 5h5%.

The wmass balance for this run was good, the

discrepancy for both sodium and potassium being within 10%.

Discussion

The rectification runs gave a good separation
of sodium from potassium in the resin., Considering a possible
three section separation system on the basis of experimental
results, extraction run li, cectification run 8 and elution run 6
have been combined into a composite system (Figure 26). All cal-
culations are based on 1 litre of resin, volume change of the
resin with composition being ignored.

The liquid product from run L4 contained 90.5%
pure sodium with respect to potassium. The resin product from

the run with composition Vg = 0.16l, Vg = 0.2h6, contained a
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yK = 3. 78 X 10—‘“'
11. resin g = 1.0
RS i O . o e e v r————r i = it s £ = % e e £ et o g “ng
i
yl\-va = 0.1 6)4 yNa = 0,001 6L|. i{
Yz = 0.256 ____¥g =0.0274 | |
yg =0.58 Rectiri- |¥u_=0.971 g
EBxtraction o cation Elution
Section Section Section
QO125NNa"  0.008N.Ngt . ‘ 15 stages l—i—
—=—15 stages < ——115 stages|—e ‘ g
5 sbagesly skt @Okt o | |
0.07mN.HT |0,0808NH* .
2 s ]
.)8.8 1. l 37.1 1. 85 1. 8; 1
o' RICH LIoUID PRODUCT 1.7 1. 0.1N.HC1 K RICH LIQUID IRODUT R
 G.00L8N. Na* PEED LIQUID 3.5 x 1079y, Na*
0. 000517, &+ 0.111 M. ¥a™ 5,81 x 1074w, gt
0. OSL 7N, v _ 0. oL06r, K+ : 0. AN HY | )
Purity of NMat = $0.5% Purity of K° = 94.3%
Recovery of Nat = 98.65% Recovery of ¥t = 71.5%

FIGURE 26 COMPOSITE THREE SECTION Net/k' SEPARATION PROCESS
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higher proportion of alkali metal ions than the resin feed used
in rectification run 8, Assuming the same performance in the

composite rectification system i.e. {Zi ‘, = 0,01 and
- RAITE Na

LE = 0.107, the rectified resin has the composition yyg =
y .t X

- “nat
0. 00164, ¥yx = 0.0274. The corresponding rectification section
liguid product has concentrations of Na and K of 0.008N and
0.01121 respectively. The 1,71 liguid feed must have a composit-
ion of 0.111 N.Wat and 0,0L06 N.X' to give an extraction section
feed concentration of 00,0125 W, Nn"', ) Q.O125 N.X" and 0.075 N. H+
(In fact due to mass balance approximations the gt concentration
is 0.0774 N). |

Applying the elution performance in run 6 to

the composite rectification section resin product i,e.

!_z‘_l % = 0,00515% and fzj } = 0,0138, the eluted resin has
s i y » .

il .Y,m_,l i Na L n+1 K

the composition yﬁa = 8.45 x 10"6, K = 0.000378 yg = 0.9996,

which is suitable for recirculation to the extraction section.

The liquid product from the elution section has
a composition of oy, = 3.5 X 10778, & = 5.81 x 10704y, oy =

0,0994 ¥, i.e. the X is 94.3% pure with respect to sodium.

‘Hiester has spplied equilibrium stage theory
to trace ion exchange separations using a mixer settler( H2) and

e continuous countercurrent dense phase contactor(HB). The
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mixer-settler was a special mpodified batch laboratory device in
which the phases were not separated and moved countercurrent
until equilibrium had been attained. The separations achieved
experimentally corresponded to theoretical predictions. The
number of equivalent ideal stages in the dense phase contactor
.wag also calculated using the equilibrium stage theory but as
the number varied with operating conditions and all but one of
the runs were simple extraction runs, the work cannot be regarded
as a rigorous proof of the general gpplicability of this theory

to continuous countercurrent ion exchange.

Within the range of'% ratios of 18,5 to 54
investigated in the present work, the stage efficiency of the
glass contactor varied between 36% and 70%, apart from Nat elut-
ion in run 9. Considering thewide range of operating conditions,
the comparatively short operating periocd of the runs and the un-
avoidable variation in the resin flowrate and the size of the
glass stages, the stage efficiency was ressonably constant. It
cen be concluded that the equilibrium stage theory can be used to
predict the trace ion exchange separations achieved and also that
with this type of countercurrent contactor, as the number of
stages is changed, the ion exchange separation will be changed in

a predictagble manner.
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5.2.4. Single section extraction runs with the

perspex contactor

Results for the three runs are shown in Tables
1, 15 and 16,

It was difficult to get a constant resin {1ow-
rate with the small volue vrequired in cun 10  (Table 14).
Approximate checks on the flowrate using the drop in level in
.the resin column showed that despite corrective action, the
flowrate dropped throughout the run. This caused the increase
in Na and X concentrations and the fall in the sodium enrichment

in the liguid product samples (Table 15).

In this run the effect on Na'/K™ separation

of operating with ENa and EK less than unity was investigated.

The sodium enrichment and recovery were 3,65
and 53.L% respectively. This performance was very satisfactory
as itwas achieved with a very small resin flowrate relative to

the liquid flowrate (the average % ratio was 72.6).

With ENa’ EK less than unity, adsorption of
¥aT and K* ions into the resin was limited. Thepe were probably
more equivalent ideal stages for K* adsorption as the gradient
of the X* operating line was little greater than that of the
X"/t equilibrium line. Assuming a constent stape efficiency,

the number of ideal stages for K adsorption and % ratio have



- 166 -

TABIE 1L: Operating conditions and results of trace continuous

countercurrent ion exchange extraction runs using the perspex

contactor
Run number 10 M 12
Number of stages 10 L0 10
Forward flow period te si 40 37 39
No flow period ts (B 3 1 1
Reverse flow period tp (s 17 22 20
Ligquid flowrate Up = Up 3/m1n) 15, 72 16, 8 1545
Average liquid flowrate L écm /mlng 64 Ol b2 .9
#Average resin flowrate 8 (em3/min 0.083 0. 1368 0.127
FRatio I/S 72.6 3.2 3849
¥Extraction factor Eyg 0.427 0.995 0. 800
#Extraction factor Ex 0. 816 1. 975 1.58
Number of cycles 150 155 153
Total liquid feed (cmBg 905 650 750
Total resin feed (cmd 12,46 18.9 18,9
Tiguid feed concentration oy, (10MHN 125 125 125
Liguid feed concentration og (10MN). 125 125 125
Liquid feed concentration og (10HN 750 750 750
Liguid product concentration gl\T 10)+Ng 66.7 0.0815 | 25.7
Liguid product concentration qolw) 18.3 0. 0261 1.15
Liguid product concentration 9H N) 0.0822{ 0,1 0. 0856
Enrichment of Na in liquid product(fq)] 3.65 3.5 22,3
Recovery of Na in liquid product (%) 53,5 0 20,6
Number of equivalent ideal stages ng 10 8
Stage efficiency based on ng (%) 100 80

% As resin volumes are very small these values are based

on the average of the feed and product resin volumes.




TABIE 15: Liouid product concentrations during trace extraction runs in the perspex contactor,

(Samples taken every 30 minutes.

Bulk product mixed and analysed for each run).

- e sk

RUN 10 RUN 11 | RUN 12
. N | —
sample! & ! E* H' | Da nat | xt H o | |
nigger’ cope | coge conc | enrich- Cilc conc | conc cone en%?ch~‘ Na* 1K;C c%;c gal .
(10°m) | (1060) () ment | § 1(1°6N); (1009 () | ment (102N) (108x) () “ment
1 5800 1390} 0.0845 ) L.17 | 6L.O | 9.15 ; 3.07 | 0,07 3 2080 76.2 0. 0861 27.3
i
2 {5900 ! 1590 0.0832| 3.71 %15 | La1 | 0,079 | 2.23 ! 2560 112 0. 0856 22.8
3 16200 | 1960 | 0.0825| 3.16 9.15 i 3.07 | 0,079 | 3 2900 L8 - 0. 0852 19.6
L 16670 | 2530 | 0.0815| 2.6l 9.15 ' 3.07 | 0,079 | 3 3140 179 0. 0849 17.6
5 16870 | 2655| 0.0812| 2.59 | 76.5| 9.15 . 3.07 | 0.07% | 3 2860 | 1T 0.0852 16,7
Bulk {6670 | 1830 | 0.0822| 3.65 | 9.15 i 2.61 | 0,079 | 4.5 | 2570 115 0. 0856 22,3
! |
f
|
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TABLE 16: Volume bslance for trace extraction runs in the

perspex contactor.

IN

|
. § | ouT
* i
ng?i Phase Folome i R s
; Description 3 i : o0lymne
i 8 ptio f (cm5) | Descrlptiong (cm3)
e e s o = e e e eoerre o é I . - —
Liquig | Feed . 905 | !
| ‘'Water feed to ; §
; 10 | iresin column : 93 | ;
; | Total 998 i Product 1022
Resin ; Feed 12,46 |  Product 12,8
) » . : - !
| | |
Liguid: Feed : 650 i
‘Water feed to; : i
14 ' resin column 173 | f
Total 823 | Product ; 829
( Resin Feed | 18.9 | Produc t 23.5
Liguid|  Feed 750 |
Water feed to 5
12 resin column 100 |
Total 850 Product 866
Resin Feed 1849 | Product 20.1
|
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been calculated for samples 1 and 5 using equation (2,18) and the
experimental Net enrichment vaslues, with the condition that the
average % ratio for these samples approximated the average during
the whole run.

The % ratio thus calculated increased from
64,0 to 76.5 during the run (the average value of 70.3 is less
than the measured average ratio of 72.6 but the difference is
within eXperimentalverrors). The stage efficiency for K adsorpt-

ion of 100% is very satisfactory considering that this run was

the first attempted with the perspex contactor.

Analysis of the liguid product samples in run

11 (Teble 15) showed that virtuslly all the sodium and potassium
was adsorbed by the resin. There was an enrichment of sodium in
the bulk liquid product of about 3.5 (analyses at these low con<
centrations are subject to uncertainty) corresponding to between
1 and 2 1ideal stsges.

| The results are explained by an enrichment of
sodiuin in the liquid phase occurring initially as potassium is
preferentially adsorbed in the resin., However after about 20
stages, all potassium was probably adsorbed, and, as KNaH is
greater than unity, the sodium displaced the H* on the resin.
The result was that the sodium concentration in the liquid product

was also reduced to an extremely low value,
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Mo problems were experienced with the hydro-
dynamic behaviour of the new design when used as a multi-stage
uni t.

The volume balance for both phases (Table 16)
was good..

Only ten stages were used in run 12 to avoid
adsorbing all alkali metal ions into the resin.

As in run 10 the resin flowrate fell so that
the liquid product samples show an increase in the Na and X con-
centrations and a decrease in the sodium enrichment during the
run (Table 15). The sodium enrichment of 22.3 coupled with the
sodium recovery of 20.6% shown in the bulk liquid product is very

satisfactory considering that only ten stages were used.

To avoid the tedious trial and error calculat—

lons for § and number of stages used in run 10, the number of

equivalent ideal stages for K'adsorption (ENa < 1 ensured limited .
adsorption of sodium ions into the resin) has been calculated

using the average % ratio for the run. ny was 8 corresponding to

a stage efficiency of 80%. This is in fair agreement with the

value of 100% calculated for Xt adsorption in run 10.

TLe volume balance (Table 16) for both phases

was again good.
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5.2.5., Three section runs.

Operating conditions and results for the three runs

are shown in Tables 17, 18, 19, 20, 21 and 22.

Run 13

The three section separation is a complicated pro-
cess and this run was carried out at a relatively higher resin
flowrate (lower % ratio) than prcposed in the composite three
section process (Figurse 26) to reduce the time required to attain
steady state.

The aim of this run was to establish that steady
state operation is feasible using the rigorous test of mass
balances. |

The sodium purity and recovery were 90% and 50%
respectively in the sodium rich product stream. With the K rich
product stream the potassium purity and recovery were 66% and
70% respectively (Table 17). This ¢ sparation performance was
highly encouraging considering that the optimum operating con-

ditions of the composite separation were not used.

In this ruﬁ only the sodium rich product stream
was sampled every half hour. The sodium enrichment in the sodium
rich stream increased during the run owing to a slight increase
in the Na concentration and a 30% decrease in the X concentration

(Table 18). These changes were presumably caused by a change in
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e ion excha
perspex contactor.

& Na+ K& separations usi

Operating conditions and results of continuous countercurrent

three section

Run number 13 14 15

Number of stages extraction section 10 5 5
Number of stages rectification section 10 5 5
Number of stages elution section 10 5 5
Forward flow period by (s) 37 37 37
No flow period b (s) 0 0 0
Reverse flow perlod ., (s) 23 23 23
Control = lO HC1 flowrate u u (cm /min) 6.0 | 6.33 | 6.3
Average control ?O HC1 flowrate (cm /min) 3.7 | 3.9 | 2.88
Average elution N HC1 flowrate (cm Jmin) 5.11 | 7.11 | 6,52
Average K rich p%gduct flowrate (cm /min) 5.62 | 6,35 | 5.67
Average centre feed flowrate (cm3/min) 0.281 0,31 | 0.313
Average sodium rich product flowrate (cmj/min) 4.25 ] 5,71 | 5.82
Average resin flowrate (cm’/min) 0.124| 0.176] 0,132
% ratio in extraction section 28,6 [28.31 [38.8
% ratio in rectification section 26,3 [26.8 [36,6
% ratio in elution section 71.6 63.1 [19.75
Extraction factors in?ENa 1.08 ) 1.07 | 0.78
extraction section EK 2.15 | 2,13 | 1,55
Extraction factors in§ENa 1,18 { 1.17 | 0,85
rectification section)Ey 2,34 | 2,32 | 1.7
Extraction factors in)EN.a 0.43 1 0,49 | 0,39
elution section Im, 0.86 | 0,975 0,78
Number of cycles 150 210 273
Centre liquid feed concentration cy. (W) 0,075 0,075 0,075
Centre liquid feed concentration cK(N) 0.079 0.075 0.075
Centre 1liquid feed concentration e (N) 0 0 0
Resin feed concentration ¢y (meq/cm ) 0 0 0
Resin feed concentration Gp (meq/cm ) 0 0 0
Resin feed concentration.EH (meq/cm” ) 1.82 | 1.82 | 1.82
Rectification section effluent

concentration oy (104N) 54,7 [31.23
Rectification section effluent

concentration oy (107W) 10.02 |64.2
Rectification section effluent

concentraticn o () 0.090 0,090
X rich product concentration cN (104N) 13,31 | 9:.87 | 4.26
K rich product concentration (10 N) 25.42 24,0 23,8
K rich product concentration oy (W) 0.095 0,09% 0,0964
Na rich product concentration (10 N) 25,2 j25.2 36,7
Fa rich product concentration dp (lO N) 3 20; 2,65 12,53
Na rich product concentration cy (N ) 0.084 0.089 0,085
Resin product concentration ENa(104meq/cm3) 232~L24.2_ 8.28
Resin product concentration ¢— (104meq/cm3) 416 jﬂ?4q | 148 |
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TABIE 17 (CONTD.)

/stage)

Run number 13 14 15
Resin product concen‘tra‘tion‘éH (meq/cmz) 1.755| L.T794| 1.805
Ne recovery in Na rich product (%) 51,0 | 62,6 91
Na purity in Ne. rich product (%) 88.6 | 90.5 |7445
K recovery in K rich product (%) 68.2 | 65,9 |[5744
K purity in K rich product (%) 65.7 |71.0 |85.0
Loss of Na in resin product (%) 13,7 | 1.84 | 0.46
Loss of K in resin product (%) 24,6 (18.2 8.3
Number of equivalent ideal . LI 2 to 3
steges in extraction section) ng 3tod| 3
Number of equivalent ideal Ny 3 to 4
stages in rectification section}qK
N umber of equivalent ideal Oya 3 to 4|3 to 4
stages in elution section 5 to6|5 to 6
Stage efficiency in extraction section(%)
| 42
based on "N
g 72 60
' Stage efficiency in rectification section (%)
R “ia, 65
~ ‘based on) . - R
T g
Stage efficiency in elution section (%)
 benet on) BB B
) 180 | 105
Resin hold-upextraction sectlon (cm /stage) 2,13| 2,5 : | 2,2
Resin hold-up in-rectification sectlon (cm’/stage) | 2,05 2, 25 2,58
Resin holdaup in- elution sectlon (c 1,61 2,1 | 2,06
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T/BLE 18 Liquid product concentrations during three section run 13

Description | Sample Nat xt gt | wat 4
Number | concen~ |concen-|concen—|enrich- | enrich-
tration |tration]tration|ment ment
otm) ot | @)
1 24.0 3,63 [0.0840 | 6,61
Na+ rich
product 2 26.47 3,205 [0.0838 8.26
3 26.47 2.865 10.0838 9.25
4 26.47 2.73 00,0838 9.7
5 26,62 2.49 0.0838 10,7
Bulk 25.2 3.205 {0.0839 '7.85
o
XK' rich Bulk | 13.31 |25.42 |0.0952 1.91

product
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the operation of the rectification and/or elution sections, but
in the absence of periodic samples of the K rich product or
resin streams, no definite explanation can be made at present.

Further discussion may be possible after repeating the run.

The loss of sodium and potassium in the recsin pro-
duct stream was 13.7% and 24.6% respectively. This is a poor
performance considering that 10 stages were used in the elution
section and the & ratio of 71.6 produced values of By, and E

S
less than unity (Table 17).

K

It is noticeable that the X rich product stream
contained a comparatively high camﬁnfration of sodium, This was
caused by the extraction factors for Na and K being greater than
unity in the rectificstion and extraction sections. Both cation
species would tend to be extracted into the resin in both sectiors
This resulted in a comparatively high alkali metal concentration
in the resin entering the elution section, giving the observed
high Na* concentration in the X rich product and the undesirably

high proportion of alkali metals not eluted from the resin.

Calculation of the number of equivalent ideal stages
in each section in this run was not possible because samples of
the liguid effluent from the rectification section, which was

mixed with the feed liquid, were not taken for analysis.
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The volume balance (Table 21) and the mass balances

for sodium asnd potassium (Table 22) were good.

The overall mass balance is an indication of the
accuracy of the analyses in this run. An additionalcheck can be
made as the operating lines of the rectification and extraction
sections should intersect at the composition of the feed liguid
Eyg = xK = 0.5) on the x — y diagrams for both the Fa - H
and K - H systems, from material balamce considerations. This can

(i.eo

be tested graphically, but as the slopes of the operating lines

are very similar,more accuracy can be achieved by calculation.

The slope of the operating lines is known from the
flowrate (%) ratios in each section, By a mass balance over the
clution section, the composition of the resin entering this
section from the rectifiéation section can be calculated. The
mean composition of the liquid phase at this point is known from
the analysis of the potassium rich liquid product and so the
equations of the sodium and potassium rectification section

operating lines are known.

The composition of the liguid leaving the extract-
ion section can be calculated from the concentrations in the Na
rich product after making allowance for dilution by interstitial
water introduced with the resin feed; and so the equations for

the I'a and K operating lines in the cxtraction section arc also
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known. The equations can be solved to give the intersection

points a8 Xy, = 0.50 and xr = 0,492, These values are remarkably

close to the egctusl liquid feed composition.

Run_ 1L

Pive stages per section were used in this run and
operating conditions were similar to those in run 13 (Table 17).
Half hourly samples of the potassium rich product and the rect-
ification section effluent were taken in sddition to samples of
the spdium rich product (Table 19). Volume and mass balances are

shown in Tables 21 and 22 respectively,

Operating conditions and results of analyses are

shown disgrammatieally in Pigure 27 for ease of reference,

The composition of the various liguid streams was
fairly constant showing that the resin flowrate did not vary
greatly during this run. However certain trends are apparent,
The concentrations of Na and K in the sodium rich liquid samples
decreased steadily during the first half of the run and then
increased again, and there was a corresponding increase followed
by a decrease in the sodium enrichment. The rectification sect-
ion effluent samples show a similar trend. The K rich product
samples on the other hand show an opposite trend. There was an
initial steady increase and then a decrease in the Na and X comn~

centrations and the X enrichment fell ard then rose again.
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TABLE 19 Liquid product concentrations during thres section run 14
Description |Sample Nat 4 ut Nat . K%
Number | concen~ | concen— |concen-| enrich—| enrich~
tration-| tration |tration| ment ment
_ (ohm jaotm | |
1 25.2 2.755 | 0.085 | 9.15
2 23.75 2,535 | 0,085 | 9.37
Ng;ogigfg 3 22,2 2,51 | 0.066 | 9.61
4 22,7 2,27 0.085" 110.0
5 23.2 2.4 0.085 | 9,67
6 24.2 2.62 0.085 | 9.23
7 26.2 2.66 0.085 | 9.85
Bulk 25.2 2.648 | 0,085 | 9.52
1 8,22 21.55 0.096 2,62
2 9.76 23.85 0.096 2.45
3 9.76 23.55 0.096 2.42
K;rﬁggﬁt 4 11,6 | 25.3 | 0.095 2,18
5 11.4 24.8 0.095 2.18
6 10,63 24,5 J.095 2,30
K 7 9.675 | 23.15 0.096 2.39
Bulk 9.87 24.0 0,096 2,43
1 49,5 41,1 0.090 | 1,205
2 56,5 42.3 0.089 | 1.337
Rectificationd 3 58,1 41.17 0.089 | 1.393
section 4 57.6 40.0 0.089 | 1l.44
effluent 5. 2.1 36,15 0,090 | 1.44
6 52.9 38.9 0.09 1,36
7 56.0 40.0 0.089 | 1.4
Average | 54.7 40,0 0.090 | 1.36
L
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FIGURE 27. BILOCK DIAGRALS FOR THREE SECTION RUNS 14 AND 15
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These trends seem to indicate a gradual increase in the resin
flowrate during the first half of the run and a gradual decrease

during the second half.

With 2 rise in the resiﬁ flowrate, the concentrations
of sodium and potassium in solution decreased in the extraction
end rectification sections a2s the alkali metal ions were present
in trace ionic fractions; Thus with an increasing resin flowrate
an increasing quantity of alksli metal ions entered the elution
section in the resin, With the extraction factors for Na and K
less than unity, the alkali metal ions tended to be extracted
back into the liguid phase. After a time inéerval caused by the
slow replacement of the resin hold-up an increased concentration
of sodium and potassium in the potassium rich product would be
expected. The reverse of these trends would occur with a decreas—
ing resin flowrate. The fact that the concentration of Nat and
Kt in the X rich product increased right from the start of the
steady state run indicates that the resin flowrate had been

increasing for some time before the steady state run.

The suggestion that the resin flowrate decreased in
the second half of the run is supported by the fact that the
volume of resin collected as product was greater than that fed
into the contactor. The decrease over the second half of the run

would affect the feed volume but owing to the resin hold-up it
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would affect the resin product volume to a much smaller degreec.

The Na*/X* separation performance in this 15 stage
run was of the same order but rather better than that in run 13
when 30 stages were used. Also the quantity of sodium and potb-
assium not eluted from the resin in the elution scction was much
less in run 14. As already noted the scdium enrichment in the Na
rich product samples increcased during run 13 (Table 18), the
enrichment of 10.7 for the last samplc being greater than that
in any of the samples in run 14. The sodium concentration in~
creased and the potassium concentration decreased in the Na rich
product during run 13. So the explanation for the poorer per-
formance of the 30 stage contector in run 13 seems to be that
despite running for more than 36 hours before the steady state
run was commnenced, in fact steady state had not been reached.
The very good mass balance in run 13 was thus to a certain ex-
tent fortuitous.

The volume balance for liouid and resin are within
1% and 5% respectively in this run (Table 21). The mass balance
is good, the total calculated quantity of each of the alkali

metal species (Table 22, being within 10%.

With the average composition of the rectification
section liquid effluent known,a mass balance can be made over

the elution and rectification sections in turn to calculate the
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sverage composition of the extraction section rcsin product. A
mass balance can now bc made over the extraction section to pro-
vide a cumulative test of the accuracy of the measurements in
the run, as the composition of all feed and product streams is
known. The differences in the extraction secction mass balances
are within 5% i.e. smaller than the overall mass balance differ-—
ences for Na and X, As deficits in the volume balance have been
allowed for in the calculations, it can be said that the 10%
differenccs in the overall mass balance arc due in equal mag-
nitude to errors in volume measurcment and unrepresentative
samples resulting from resin flowrate variation, coupled with
analytical errors.

The cquations of the operating lines for the rect-
ification and extraction sections for Na and K can be solved to
give the intersection points as X, = 0,526 and xx = O.512.

Both values are satisfactorily close to the feed liguid com-
position.

The number of equivalent ideal stages in this run
can be calculated by applying the separation performance and

operating conditions to the equations given in section 2.2.3;

Bquation (2.19) can be used to calculate the
number of ideal stages for each of the cations in the elution
section. As with the single section elution runs, Ny is greater

than ny, (Table 17). The calculated stage efficiency for
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potessium elution is 110%. A stage efficiency of more then 100%
is impossible but in view of the variation in the operating con-
ditions during the run indicatedby the changes in composition of
the various liquid product streams, a 10% cerror in the stage

cefficiency is not unreasonable.

X, < Xo
*
In the rectification section ‘o < )‘n for both Nat

and K+ but ENa and EK were greater than unity so that elution of
" the cations from the resin was limited. The number of equivalent
ideal stages for elution of each of the trace species was calcul-
ated out of interest. As the influent solution to this section
contained alkali metal ions, equation (2.21) must be used to cal-
culate nNa and Byce The rather low values of the corresponding
stage efficiency of 55% and 57% respectively are to be expected

with operation to give limited elution.

In the extraction section, Eyg and.EK were both
greater than unity so that adsorption into the resin of both
species was not limited. Tguation (2.18) was used to calculate
By, and Bye The number of eqguivalent ideal stages was between 2
and 3 for sodium and 4 and 5 for potassium, wiﬁh a corresponding
stage efficiency of 42.2% and 71.6% respectively., With the value
of ENa approximately unity, errors in the measured values of the
L

5 ratio and the Na enrichment meke a large difference to the valus

of tNa so this could be seriously in error.
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The x - y diagram for Na™/Ht exchange in this ruﬁ
is shown in Figure 28, The rectification and extraction section
operating lines intersect at (0,526, 0,787), well off the
disgram, The flowrate of the feed rclative to the liguid flow-
rates in the rectification and extraction sections is indicated
by the difference in the slope of the operating lines for the
two sections.

At the point iun the equipment where the liquid feed
is introduced between the rectification and extraction sections
the composition of the resin remeins unaltered, but the com-
position of the solution changes,with the concentration of sodium
and potassium incrcased by the addition of the liquid feed. Thué
y remains constant but g and S incressc. This is represented
on the x - y diagram by = horizontal line from the point() m the
rectification opcrating line corresbonding to the composition of
the liguid leaving the rectification section to the extraction
section operating line(B, The sodium concentration in the extract-
ion section liquid influent is represented by the x value at
this point. It can be seen that the numbersof equivalent ideal
stoges for the elution and extraction sections match the cal-
culated values (Table 17). There is a slight difference for the
rectification section, but this may be explained by the fact

that equation (2.21) is very sensitive to wass balancc errors.

The 18% of the feed potassium not eluted from the
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resin in this run was undesirably high. If this resin was re-
cireulated to the extraction section, as it would be in a true
countercurrent separstion process, the potassium concentration in
the resin in each scction would increase until a different steady
state was reached. In this new steady state the Na+/K+ separ-
"ation performance of the contactor would be worse than it was in
this run. It is thus obvious that the operating conditions used

in run 14 cannot achieve a good separation of sodium and potassium

Run 15

In this run the optimum opecrating conditions were
used for the separation of sodium and potassium into ftwo product
streams and also for elution of sodium aond potassium from the resi:
in the elution section, i.c. Bys < 1 < Tx, or-é—" > 31.0 in the
extraction and rectification sections and By, B < 1 ‘ e
or % > 61,5 in the elution section. The % ratio in the various
sections fulfilled these criteria (Table 17). The % ratio in the
elution section was appreciably greater than 61.5 in an attempt

to get thorough elution of the rcsin.

The duration of the steady state run was long
enough to ensure the complete replacecment of the resin hold-up
in the contactor. Bccause the resin flowrate was much less than

in pun 14, the run lasted L+ hours, or 273 cycles (Tsble 17).
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s v e

TABLE 20 Liquid product concentrations during three section run 15
: Description | Sample | Na™ K" gt Nat Kt
! Number | concen~ | concen- | concen-| enrich~ enrich-
: tration | tration | tration|ment ment
i (0tw) | (0'm | (@)
: 1 36.8 13.2 0,085 | 2.79
, 2 41.1 15.85 | 0.0842{2.6
3 3762 14.53 | 0.085 | 2,56
N%:oﬁég% 4 35.3 13,2 | 0.085 | 2,68
| 5 36,3 12.52 | 0,085 [2.9
: 6 33.2 10,55 | 0.086 |3.15
é 1 35.0 10.55 | 0.085 |3.32
f 8 34.1 10,3 | 0.086 | 3,31 g
T 11.9 | 0.085 |2.89 N
% | Bulk 36.7 12,55 | 0.085 | 2.93 %
§ 1 3.5 25,8 | 0.096 6.8 |
2 2.37 21.1 0.097 8.9 i
3 2.56 21.55 | 0,097 8,42 g
| 4 2.85 23.1 | 0.097 8.1
K Tion 5 2.85 22,45 | 0.097 .89 |
| 6 3.98 25.0 | 0.096 6.29 }
T 8.83 27.3 | 0.096 5.1, |
8 6,63 24.0 0.096 3,62 %
9 6,83 26,12 | 0,096 3.82 é
| max | 426 | 25.8 | o0.096 5.58 |
1 30.0 63.5 | 0,090 2,11
2 26.6 59.4 0.090 2.23 E
3 28.6 61.4 0.090 2,15 §
Rectification, 4 29.5 63.4 0.090 2,15 |
| section 5 30,0 61.4 | 0.090 2,05
| effiuent 6 34.2 68.5 0.089 2.0
T 34,4 66.8 | 0.089 1.94
| 8 34.4 67.25 | 0.089 1.96
9 33.4 66.0 0.089 1.98
Average! 31.23 64.2 0.090 2.06
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The analyses of the various liquid streams {(Table
20) show that the composition varied during the run, indicating
that the resin flowrate increased and decreased several times
during the run.

The variationsof sodium enrichment in the Na rich
product stream and of the X cnrichment in the rectification
section effluent stream are small, but the variation of potassium
enrichment in the X rich product stream is considerable, As the
quanti ty of alkali metal ions not eluted from the resin product
(8.3% of the feced X and 0.5% of the feed sodium) was fairly
small and the concentration of K in the X rich produCt stream
was relatively high, elution wés effective. The noted variation
in the X enrichment was presumabiy due to a varying quantity of
alkali metal ions in the resin entering the elution section. It
can be concluded that variation in the resin flowrate affected

the elution section far more than the other sections.

As mentioned above 8.3% of the potassium in the
liquid feed was not eluted from the resin, Although this per—
formance is considered to be very satisfactory for a 5 stage
elution section;, in a continuous ion exchange separation it is
desirable that the quantity’of Kt in the eluted resin is less
than 1% of the feed potassium. In any practical separation
system, to allow for any veriation in the resin flowrate and to

ensure almost complete eclution of the ions from the resin, the
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TABLE 21 Volume balance for three section runs,
Run Phase IN OUT
No., i
Description Volume3 Description Volume31
(em”) (em 7;
Control T HOL feed 555,0 | Na© rich 637.5 |
product ;
Blution -1%0 HC1 feed 767.0 | K rich 844
product j
13 Liquid  |[Centre feed 42.0
Water feed to resin i
column 111.5 B :
|
Total 1475.5 Total 1481.5 |
i
Resin Feed 17.4 Product 20,2 |
Control J, HCL feed 819.0 | Nat rich 11995
product ,
Elution & HCL feed 1491.5 | X* rich 1334,0
product ‘
14 Liquid Centre feed 65.0 | Samples j
taken 9,0 -
Water feed to resin 2
column 187.0 5
Total 2562.5 Total 2542,5 |
Resin Feed 36,0 Product 37.9;
Control T, HCL feed 1060 | Na* rich i
~ product 1589.0 |
Elution I HOL feed 1780 | ¥* rich |
product 1548,0 i
15 Tiquid |Centre feed 85,5 | Samples -
taken 9,0;
Water feed to resin i
column 214,0 :
Total 3139.5 Total | 3146.0 |
Resin Peed 34,8 Product 37.1 |




elution section should havc more stages than either the extract-
ion or rectification sections. The actual number reqguired will
‘depend on the selectivity of the resin towards the two ions being

separated, with respect to the gross ion.

The number of cquivalent ideal stages for each
cation in the elution section can be calculated from eguation
(2.19). As in thec single section elution runs and run 1k,
nK > nNa (Table 17). 1In fact the stage efficiency for Na and X
is very similar to that for each species in run 14, although
the quantity of alkali metal ions in the elution section in run
14 was much greaster.

The influent solution to the rectification section
contained alkali metal ions so that eguation (2.21) mast be used
to calculate the number of equivalent ideal stages for this
section. By was greater than unity, ensuring limited elution of
K+ ions frowm the resin., The number of equivalent ideal stages
for Nat elution corresponded to a stage efficiency of 65% (Table
17). By, Was less than unity in the extraction section, so that
Na*t adsorption into the resin was 1imited. Using egua tion (2.18)
Dy Was calculated to be sbout 3, with a corresponding stage

efficiency of 60%.

The liguid volume balance for this run was very
good, within 0.2% (Table 21). The disparity in the resin balance

was 6.,6% which is good considering the apparent resin



Mass balance. for three section rums

TABLE 22 .
| Run IN 3 ouT
- No. T + + + L
i Description|Vol. |Na'. S & Na X Description(Vol. Nat xt Nat xt
| ' ramdy|CONG & |Cone quantityiquantity . 3y Cone |Cone quantity|quantity
i (on”) (meq/cmg)‘ (meq/cn’) | (meq) (meq) | (em”) (meq/cm3) (meq/cm’)|  (meq) | = (meq) |
| a* rich | o3 '2,523 3,205 |
| liquid 7.5 - -4 1.606 {0.204
| product x10 x10
| . |KY rich 1,331 2,542 '
- 13 (Centre fead |42 0,075 0.075 3.15 3.15 liquid 844 x10'3 x10-3 1.123 2.145
‘ ' product .
Resgin 2 e 32 4‘.16 :
| product 18627 2 | o2 0.432 | 0.775
Total 3.15 3.15 Total s 3.161 3.124
Nat rich | 52 2.648 ‘ .
liquid 1199.5 -3 ~4 3.05 0.318
product 10 x10
product !
Resin 42 2.4
| product 36495 10—3 x10“2 0.089% 0,887
Total 4,873 4,875 | Total 444575 | 4.413
Na¥ rich 3,67 1,253
liquid -3 - .8 1,
product 1589 x10 210 3 5.83 99
15 | Centre feed|85.5 [0.075 . |0.075 6,42 | 6,41 K" rich 4.26 | 2.38 .
1iquid 1548 -4 =3 0.66 3.68
product x10 x10
Resin 8,28 1.48 .
preduct 35.95 gt £10™2 0,0297 | 0.531
Total. 6,41 | 6,41 | Total i 6.52 6.201
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flowrate variation and the fact that it would take 260 minutes to
replace the resin hold-up in the contactor at the average resin
flowrate. The discrepancy in the overall wmass balance of L% for

both sodium and potassium is smgll {Table 22},

48 explained for run 14, from mass balances over
the elution and rectification sections in turn the composition
"of the resin leaving the extraction section can be calculated.
Ag Vvolume balance errors are zllowcd for in this mess balance
procedure, the source of errors in the overall process m=ass bal-
ance .is indicated. The error in the extraction section Na bal-
ence is similar to that in the process mass balance so that the
error in both cases ;s caused by unrepresentative product samples
resulting frow variation in the resin flowrate or analytical
errors. The error in the extraction section potassium balance
is half that in the overall mass balance so that the error in
the latter is due in equsl part to volume measurement errors and

unrepresentative samples combhined with X analysis errors.

The operating lines of the extraction aund rectifi-
cation sections intersect at Ay = 0. 538 and X = 0. 515, reason-

ably close to the feed value of 0.5 for each cation,

The performance in this run cen be compared with
the calculated performance in the composite three section sep-

aration (Pigure 26). The purity and recovery of spdium and
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potassium in each of the two liquid product streams in this run
were of the same. order but rather lower than the calculated values
of the composite process. The worse performance is to be expect-
ede In the composite process each section had 15 actual stages.
Assuming a stage efficiency of 60% for the glass stages, this wag
equivalent to 9 idéal stages per scetion. Assuming a stage
efficiency of 90% for the perspex contactor stages, the number of
eguivalent ideal stazes ﬁer section in run 15 was between L4 and 5.
In addition,in the composite process the liquid feed contained
only 26% K whereas the feed in run 15 contained equimolar
quantities of spdium and potassium. The total concentration of
alkali metal ions in the 1iqdid entering the extraction section
was 0,018 N compared with 0,025 N in the composite process, but
the ratio in the liquid feed of Na:X of 4:41 instead of 3:1 was
certainly a more difficult separation. The higher concentration
of X in the eluted resin;in ran 15 was caused by the smaller |
number of equivalent ideal stages ir the elutionrsection and

also by the greater proportion in the liguid #eed of »notassium,

the most difficult component to elute from the resin,

The performance of this run was very satisfactory
considering that only 5 stages were used in each section. With
similar operating conditions and the use of more stages a very
good separation of sodium and potassium in tracc concentrations

in the liquid feed into two liquid product streams could be
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obtained with a 3 section contactor.

The calculated stage efficiency in the 3 section
runs apart,from that for sodium enrichment in the extraction
section in run 14, was between 60% and 110% With the single
section extraction runs 10 and 12 using the same contactor the
stage ceffidency was 100% and 80% respectively. Considering that
these values applied to a wide range of operating conditions (e.g.
% ranged from 28,3 in run 14 extraction section to 80 in run 15
elution section) in a variety of ion exchange operations (resin
elution and saturation, and enrichuwent of sodium in the liguid
phase) the range is satisfactorily small., Further support has been
provided for the conclusions reached after the single section
trace runs with the glass stages that the equilibrium stage theory
can be used to predict trace ion exchange separations in the new

contactor and that as the number of stages is increased an add-

itive improvement in the separation performance occurs.
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« -5.2.6, lgss transfer calculations

The liguid film mass transfer coefficient has only
been calculated for runs with the glass contactor, Owing to the
triangular shape of the contactor compartment in the perspex
stages, the liquid velocity and voidage varied with the height

in the resin bed.

The value of various physical properties of the

resin and solution 1is required,

(i) Average diameter of resin particles.

In the H' form resin particle size determination
(Figure 19), the peak in the histogram lies in the range 0.4952 to
0,5892 mi,  The average HY resin particle diameter is taken to
be 0.5422 mm,

From the relative density of the H, Na* and K'
resin forms, the equivalent average size of resin particles in

the other forms can be calculated.

Average diameter of Ng form resin partlcles‘
- S = 0,531 mm,
’Avérage'diémétér of KT form Pesin particleé
w ‘ 0.529 T,
. As the Na+ and K+ ions were only 1n trace con-
centratlons, the average resin partlcle diameter in the trace

runs was selected as 0.54 mm, -



- 196 -

(ii) Voidage in the resin bed
In freec settled state (section 3.2.1) mean voidage
of HY form resin bed = 0.3628 x 1,015 = 0,3682
.*. Fraction of resin particles in free settled bed = 0.6318
A liguid flowrate of 65.5 cm;/min,in glass contactor stages

expanded the settled resin bed 100%,

.*. Voidage in expanded state = 2z Oé6318 = 0.68L.
(iii) Viscosity of water = 0,0098 poise

(iv) Density of water 1.0g/cm”

i

-5 (85)

(v) Diffusivity of Na+ ions in liguid phase = 1.2x10 cm?/sec
Diffusivity of H' ions in liguid = 8,35 x 10—5cm2/sec (85)
The diffusivity of K+ ions cean be calculated using the

Nermst—~-Binstein equation

D = _R_.E__ll' (5v 5)
a. W
where u' is the mobility of the cation, and 3 is Faraday's con-
stant. .
-l (G2)
u' = 5,19 x 10 7 cw/sec
Na '
(G2)

u'y = 7.61 x 4078 cm/sec
e Dy = 1.2 x 10_5 X L.61 1.76 :ic"IO—5 cm2/sec_by proportion,

519
_ (85)
Diffusivity of Ta¥ ione in 8% DVB Zeo-Karb 225 =1,21x10 6cmz/sec

Diffusivity of H' ions in 8% DVB Zeo-Karb 225 =5.59xﬂo‘6cm?/seés5)
The values for self-diffusion in 10% DVB Dowex 50(36) are
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= Sl x 1071 em®/sce
D. =134 x 107 cm?/seé

The valucs of DN in the two resins are very similar, and DK in
Ta

" Zeo-Karb 225 will be calculated by proportion,

i.¢ D = 4 Lo 1,29 x 10—6 =1.72 x 107° en?/sec

K 9. Ll

The diffusivity values are not exact as they were

N

not measured under expcrimental conditions. kL is proportional
to Dy (equation 2.32), so that any error in the valuc of Dy will

affect kL to the same extent, However any error in DH is probably

not greater than that introduced by the assumption of an average
particle diemeter, d, for the (=14 + 52) BSS resin., The diffus-—
ivity of the alkali metal ions 1s only used in the criterion for
the rate determining step (equation 2.33) and any small error in

the diffusivity values is unlikely to affect this.

liags transfer coefficients

Run 1

Liquid flowrate = 65.5 cm3/min.(The instanteneous value é
use

Radius of contactor compartment = 1 cm
~
e'e U = Egié = 20,85 em/min,

Re = /Qupdm
M



- 198 -

where Qp

mean hydraulic particle diameter, and

'dG
t

intorstitial liquid velocity = 2

_ ed
Iy = 6(1-€)
- pe = Pud _1x 20,85 x 0. 051 = 1.0
vt ~ 6Mm(1-e) 6 x 0,0098(1-0.68141)x60
Seg = L = 0,0098 | = 117.6

Ao 1 x 8,35 x 107>

From equation (2.32)

~ad
L’i

i}

0.22 Dy

(re)® (ScH)%
de

0.22 % 8.35 x 1072 x 1 x L. 899

= = 2,42 x 10-3 cm/sec.
0.054 x 0, 6841

The nature of the rate determining step in the

Na¥/HT and X*/H' ion exchange can be found from equation (2,33).

The interdiffusion coefficients in the liguid film
and resin must be calculated using equation (2.3L).
The liquid feed end of the contactor in run 1 is considered.

In run 1, thé resin product composition was y?a = 0.1171,

;’y’

X = 0.125, yH = 00758.

e 5NaH = 1.35 x 10~ cmz/sec.
EKH = 1.9 x 106 em?/sece.
For convenience the liguid film is assumed to have the same cow-
position as the bulk liguid feed,i.e. "%, = 0.125, ag = 0,125,
Zy = 0.75.
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1
]

1. 367 x 10-5 cm?/sec.
= 1.97 x 1072 cm?/sec.

)
{

-3 '
For Na+/H+ exchange, Shy gy = kiﬁ = 2.456 x 10 ~ x 0.05hL _ 97
' Dyan 1,367 x 10™2

P -6
C s
.c. DTaHSZ (5+2 KNaH) ‘2,=K.1o82 X 1.35 xj 15(? (5+2x1.7) = 3.11
¢ Pyor™Pyon 0. 1%, 367x10" 89, 7
i.e. Tilm diffusion control.
For K*/H" exchange. 3
Sh-K-H - 2.L|.56 x 10 X 0'0514- = 6.71
1,97 x 1072
¢ Doy 2 -6 -
I W (5 + ZKKH) o .82 x 1.9 x 10 (5 + 2 x 3.38)= 6,16
¢ Dyye Shygy 0. 1x1, 97x10™2x6, 71

jeee film diffusion control.

Discussion -
: ’Spowdoﬁ(s5) found that, for Na"'/H+ exchange with
8% D.V.B. Zeo-Karb 225, k varied from 5 x 1072 em/sec to

1L ox 10_36m/sec as Re increased from 5.7 to iO;B. . The value of
kL géne?ally increased as Re ;ncregsedland Phe H* saturation pf
ﬁhe beéin‘décreased.v The maéé tranéfer cbefficient/for our éon—
tactor is lower than Snowdon's values, but as Re is much lower,

this is in line with Snowdon's conclusions.
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Mass transfer model,

The value of various parameters required to apply

cquations (2.35), (2.36) and (2.37) to run 1 is as follows:

8 = resin flowrate = 1.48 cmj[min.

fi

L = liquid flowrate 27.25 cm’/min,

1}
i

Volume of settled resin in a stage = 6.27 em? (Table 9)
Voidage of settled resin bed = 0,3682

«". Absplute volume of resin in stage = 6.27 x 0.6318 = 3,88 cm5

Speeific surface of resin, s, = S .6 - 4111 cm |

ar. 0. 05“-

.. Interfacial area in a stage, s, = 3.88 x 411.1 = L31.1 cm®

L}

L 2.42 x 10 3em/sec,
Iﬂaé = 0.0092L
;Ké = 0,00172
, zNao = 0,125
XKO = 0.1253

From a mass balanhce

Y. 0.125

X

it

1 .
From the equilibrium relationship,

X 0.07L

;Na1

KK:‘* 0. 0458

-

n
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Using equetion (2.37) for stage 1
2,725 (0,125 - %) = 6,264 (% - 0.07L)
. * . x1 O. 0896

.*. From equation (2.36),

0, 0965 meg/min

il

29
and from equation (2.35),
0. 0606.

I
This procedure can be carried out for each stage

until stage 5 to give the values of Ve and x a% can be cal~"

50
culated by a mass bzlande.over stage 6. The concentrations of
Ifa and X in the liquid product from run 1 have been estimated by

this wethod. Values of the parameters are shown below.

Stage|-—- - %2: V;:i;;ﬁw__-m- % ‘QK+ ’ :
number ‘éa | ‘Jﬁ - qu%mn) ¥y i x5 miﬁi @é;%ﬁdi ¥y
1 10.0896 0;67u—ﬂo.b965!o 117 o, 07 0.0458 |0.151 [0.125
2 l0.0631. [0,0513 0.0723‘0 0606 Eo 039 10,0253 0,0815 |0, 069 |
3 o.ou3{ ;o.o3uh 0. 05u5 0.05u8 lo.021u 0,0138 o.ou78;o.o377i
oL 10,0282 }0.0217.o;ou06?o.o3u6 50.0116 0. 00733 |0, 02670, 02
5 10,0171 10,0122 o.o3oz€o;oﬁ95> 0.006ﬁ30.00372§o.o15 EO'O1
6 ‘o.00892! - | 000826 10, 0016 ! 10, 00457
; L
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The calculated values for Tre and Ry can be com—
pared with the measured values in the ligquid product of 0.00924

and 0.00172 respectively, after allowing for dilution by water

introduced with the resin feed.

The agreement appears to confirm that there is
perfect mixing of both phases in forward flow in the glass con-

tactor stages.

If this is the situation, it explains why the stage
efficiency calculated from equations ((2.18),(2.19),(2.20) and
2,21)), which assume true countercurrent operation was in the

range 36% to 70% for the glass stages.
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He3 Gross ionic fraction results and discussion

Results are shown in Tables 23, 2L, 25, 26, 27 and
28, Ixtraction factors have not been included in Table 23 because

they vary with resin composition.

5e 3 10 stage runs.

In run 169%% is unity snd the selectivity coeffic—
ient would have to docrease to a value less than 1 for the
extraction factor for Na and X to be less than unity. It is
probable that operating conditions were such that both cations
were extracted into the resin and a low recovery of both cations
in the liquid product would be expected. A sodium enrichment of
95 was obtained in the bulk liquid product from this run (Table
23). Although this is very satisfactory fir a 10 stage run, the

recovery of sodium was only about 2%.
Cycle times were different in runs 18 and 20,

The resin flowrate varied greatly during run 20 and
é values during the run were calculated for the intervening period
from the time when the previous liquid sample was taken (Table
24). It can be seen from the ligquid product analyses that the
sodium enrichment increased as the resin fbwrate increassed and
vice versa; The resin flowrate increased over the second half

of the run. As the increased resin flowrate had not time over

this period to reach the resin outlet, the volume of resin product



TABLE 23%: Operating conditions and results of gross continuous coutercurrent

ion exchange extraction runs using the‘perspex contactor,

Run number . 16 17 18 19 | 20 ‘! 21
- — ,? .
Number of stages 10 10 10 10 110 1. 10~
 Forward flow period tg(s 39 39. 46 | 39 | L6 39
No flow period tg(s 1 1 0 1 0 1
Reverse flow perlod tp(s 20 20 23 20 | 23 20
Liquid¢ flowrate Upr = Up :
%cm /min). 15.8 15,9 {16.LL [15.7 17.05 115.4
Average licuid flowrate «
L .(cm /cycle) 5.0. | 5.04) 6.3 | L.96| 6.53 | L.8%
Average recsin flowrate S Z
(cwd/cycle) . 0.29 [0, 1850, 175 [0. 176 {0. 157 ' 0,098,
#Ratio /S . 18,24 28,7 |35.2 J13.1 |ubh.5 534
¥Resin hold-up
(cm3/stage) 2.25 |
- Number of cycles 150 | 150 § 150 |- 156 | 180 | 454
Total liquid feed <cm3) 750 | 755 | 945 | 775 {1175 | 750
Total resin feed .(cm MB 5 127.8 (26,2 [18.15]28.2 |(15.1
Liguid feed concentratlon
G () L 0.05 | 0,05 0,05} 0.05| 0,05 : 0,05
Iiquid feed ooncentration
Lex (M) 0.05 | 0.05; 0,05 0,05 0,05 { 0,05
quuld feed concentratlon
() 0 0 0 0 0 0
Re51n feed concentratlon _
Eyq(meg/cmd) 0 0 0 0 o , ©
Res1n feed concentratlon ,
Sx (meg/cm3) o | O 0 0 0 0
[

.22

L LO
i .39

1
20

17.1

5.43

0. 143
1}1 . 5

151

710
18.7

O. OLl-

0.05

+
[P U

23

100

37
1
22

17.04
e 26

0.0805
u5.15

oy | 25 | 267
| - I S
100 . 100 | 100
46 - 37 37
0 1 1
oy 22 | 2
!
17.6 15.76 46,64
6,45 394 | ha16
0. 1844 10, 0945 (0. 0959
39.9 L40.5 £u3.6
252 § 156 | 14h
1625 : 615 | €00
6.3 g1u.75~&13.
0,05 0,05 % 0,05 .
: l
0.05; 0,05 | 0.0
| o o | o
o Lo o
o 10 o

27 | 28
|
100 {100
37 | 37
11
22 | 22
15,1 46,8
3.78 | L 21
0.0878
431 |
212 |
800 |
18.6 |
0.05 |
i 0,05 |
o i
;Oi
‘ 5
{
° |

/Cont'dqo sne

% 128
18 7

: 0,058

10,05
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Run number 16 {47 18 19 20
Resin feed_concentration| 1,82 1.82) 1.82 1,821 1,82
CH (mGQ/C
I'icuid product concen- .
tration Gyg (10M4N) 9.7 | 165 | 213,50  260| 29
Liquid product concen-
tration Gx (10MN) 0.102| 60.3 | 1421 | 168.5 ]192.6
Liguid product concen-
tration ¢y (W) - 0,082 {0, 061410, 0505 0,0419 }0.0353
Inrichment of Na in
liguid product (f4) 95.0{ 2,7L4|1.761 |1.5L 1653
Recovery of Na in '
liguid nroduct (%) 1.941 33,0 |42.7 152.0 |58.8

L 21

1.82

298
210

0.0372

Tel2}

59.6

22

1. 82

329.5

89.7.
0.0L29

e 6

6549

Table 23 asvee Continued

§

23 | 24 | 25 i
- ,.;P... R " - -
1,82 1.82' 1.82; 1, 82
392 410 g1;LL8. 5 L10
0,215 8.62| 2,05 18,7
0. 045110, 0453 0.0394 10, 0434
1820 L7.5! 21845 21.9
78.4] 82,0! 89,7 82.0

1.82

268

163
0. 0416

1. 845

53. 6

B i

1. 82

L05

32,45
0, 0428

12.5

81.0

24

Based on the average of the feed and product resin volumes.




TABLE 2L:

Licuid product concentrations during 410 stage gross ionic fraction ruans

(Samples taken every 30 minutes.

Bulk product mixed and analysed for each run).

Na
enrich-
ment

2.69
2.55
2,595
2.76
2.9k

2. 74

| RUN 16 i RUN 17
= e s e e
] i | |
semple | Ya* ! Kt & HY | Na Na™t Kt i
number | copc | conc conc ! enrich~, co cope cone
(10%w) | (40hw) () | ment | (107wW)! (10%W) (W)
g é i i I R
i : ¢
N, 8.95. | ¢ z
(-30) i
(mlns) | |
1 10, 65 L 0.1105 | 0,082 96.5 | 178.5 66,4 | 0.,0594
2 8.52 | 0.0829 | 0,082!103,0 169.0 66,1 | 0.0604
3 7.85 i 0.0665 0.082&118. © 169,0 65.2 | 0.0605
J b 8,56 | 0.0746 0.082 1148 | 162.0 | 58.7 | 0.0618
5 10.58 { 0.,0885 | 0.082{119.5 | 158,0 53,8 | 0,0627
6 A i
Bulk 97 0.1022 | 0,082{ §5.0 165. 0 60.3 | 0,061k

Nat
(1OEN)

203.0

220, 5
212.0
169,.0
150. 0
| 203.0
| 306.0
213.5

RUN 18
e i t e e et e —-
Kt at Na
cone cone enrich-
(134N) (1) men t
1077 0.052¢ 1. 89
1348 | 0.0u85 1. 64
134. 8 0. 0493 1. 572
101.0 0.057 1. 672
83.6 | 0.061 1. 86
107.7 0.053 1. 89
183.3 0.U346 1. 625
121 0.0505 1.763

/Cont'Geeess




TABLE 24: Continued
| RUN 19 B RUN 20 '?"
Namen| Na* | &t | & | wa | mat K TR S
conc | copc conc i enrich-| co ' Ha - 5 o%g%0¥
(10M7) ‘ (10%m)! (W) { ment (1oﬁn) EN) } fﬁ?c fﬁ;‘;ih I;grlgl%g ‘
;4_“m B ?_w»,hwmii4 ,
4 1258,5 | 157,0 { O,0432! 4,647 | 30L4.0 | 206.0 |, 0.033 }1.L75 59 5
2 256,0 | 160.7 { 0.0431 | 1.594 3440 | 252.6 ; 0,02L43{1.36 81.0
3 266.7 | 170,44 { 0.0L1 1, 565 340, 0 | 214, 0 0.0316{1.1:5 53,0
by 272,0 | 18L,0 { 0.0392! 1,48 270.0 ; 174.0 0.039611.55 32,9
5 23,0 | 153.0 | 00,0461 | 1.53 204.8 | 118, 0. 0517 (1. 73 29.9
6 221.5 | 1148 o.o5ou§1(93 32.3
Bulk [260.0 | 168,51 0.0419 | 1.54 294.0 | 192,6 0.035311.53 L41.75

E .
E 3 Based on volume of feed resin

N.S.S. means sample taken before start of steady state run

Na™t

1 (10&N)

288, 5
238, 0
226.0
293.0
333, 0

238,0

t

260, 0

213.0
215.5
207.0
21545

210,0

0,03%2

i 0.0381

i

0. 0367

0, 0380

0.0362

0.0572

.42

1.”-2

SO
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was markedly less than that of the feed wvolume.

Despite the fluctuations in the resin flowrate and
the use of a different time cycle, with higher average and
instantaneous” liquid flowrates, the sodium enrichment in the
liquid product of 1.53 was very ciose to the value of 1.54 for

run 19 where the flowrate ratiO'% was slightly lower (Table 23),

A1l 10 stage runs show the trend of decreasing
sodium enrichment and increasing sodium recovery as the % ratio
increased. Although poor wmass balances were generally obtained
in thesg runs (i.e. the sum of (yﬁa1 + ykﬂ) is greater than unity)
the consistent change in the Na enrichment and recovery shows that

the sodium-potassium separation achieved was reproducible.

A good liguid volume balance (Table 25) was achieved
in all 10 stage runs, Difficulty was experienced in keeping the
low resin flowrate constant. The resin feed and product volumes
were never equal, but only in run 20 where the resin flowrate

fluctuated markedly was the difference greater than 10%.
5. 3- 2- Rlln 22

During run 22, a 40 stage run, the composition of
the liquid product changed continuously (Table 26), to give a
decreasing sodium enrichment in the liquid product. The resin

flowrate remained constant during the steady state run and the



TABLE 25:

...209..

Volume balance for 10 stsge

gross ionic fraction runs

e — s -

i e —

| | § IN ouT
i§un§ Phase ; Description Volume Description ; Volume
0e ‘ : (cm3) . cm3)
—_— : e e o e ot e - { RSN
' Liquid | Feed 750 ;
g  Water feed to | ;
16 ; resin column | 155 i
; Total . 905 Produc t bo925
i Resin Feed Y U43.5 Product i L0,0
; | !
' -+ e
. Liquid Feed i 755
; Water feed to . i
17 resin column L5 |
i Total | 900 Product i 931
. Resin Feed - 27.8 Product | 26,1
é } _%_MNMM“.~~
{ Liquid Feed 945 !
f Water feed to | ;
18 resin column 181 !
i Total P 1126 Product i 1087
i Resin | Feed P 26.2 Product . 26,5
: : — ,_......_.v.,m,.‘»... . . — nm;L e e e e
Liquid Feed - T5 §
' Water feed to . !
19 resin column 140 !
Total 915 Product i 904
Resin Feed b 18415 Product | 7.5
— ’ i [ - — % o . m—
Liquid Feed 1175 !
Water feecd to i
20 resin column 225
' Total 1400 Product 1375
Resin Feed 2 28,2 Product 24.3
e T — . N
Liguid Feed 750
Water Tfeed to
21 resin column ! 102
To tal 852 Product 880
Resin Teed 15¢ 1 Product 136
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TABIE 26: Liguid product concentrations during LO and 400 sbtage gross ionic fraction runs

Samples taken every 30 minutes. Bulk product mixed and analysed for each run

e At @ A e bebema L e s et et s e aveens ot e — e

e e e e e e e -
RUN 22 j RUN 23 ; RUN 2L
T i - ; o i e
Nat Xt B gat | Nat k* @t wat i mat | Kt Bt Na™* |
cope cone conc . enrich~ €6 + copc . conc : enrich-: c | cope ! conce enrich~
(10M) ; (104): (M) | “ment (108 | (10k) N ¢ men't (mEN)i (10%) (¥) | ment
SO S n».-ni - .§“N.u . »_ni, U S % e ,m..”_.u,,.__*‘.é e E R %A e e
f ; 1 | 2470 ! 3. 350 0.062l | 705
i ; ) { { !
1 | | | ‘;
} | ;: | | Z% ! |
| | s 2 | | (340,01 2,735 | 0,0531 | 462
] ' ! : | { 5
| f | | | | |
i | | § (151.0 | 3.5 0,0416 | 129
t i § i | i
! ; !
378.0 76.0 o.ouohfé 21 2520 0.148 | 0.0591 1700 !u51.o % L. 85 0. 0415 ©3.0
370.0 98,3]0,0380 4.7 | 306,0 | 0,470 | 0.0537 1800 380.0 | 5.75 0. 0485 66. 1
307.0 | 100.3;0.0411:4.63 | 291.5 0.256 ; 0,0554 1137  {321.0 | 5,61 0. 051l 57.2
258. 6 93,410, 0496; 3,46 1410.0 0.363 ! 0.0433 1130 1306.0 ; 5,S4L 0, 0559 51.6
258.6 | 105,0|0,0484!3,08 {H20.0 | 0,458 | 0,0423 918 | 346.0 8.5 0. 0517 41,0
ﬁ 321, 0 9. i 0. 05 3l
| {360.0 | 11.59 0. 050 314 1
i 372.5 | 15.12 0. 0L18L 24. 6
| 370.0 | 17.8 0. 0483 20,8
32%.5 89.7!0.0429{ 4. 6 392, 0 0.215 | 0.0L51 1820  {410.0 | 8.62 0. 0453 47.5
} /

/Cont‘d.-.au
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TABLE 26: Continued

Run 25 Run 26 Run 27 Run 29
~ample | Y&t k* | BY Na Na* K* ut Na Kat | K* H* Na* Fat | XK' Bt | Nat
‘umber cone ¢ concl| conc Eenrichr conc cone conc {enrich-| conc cone conc enrichi conc conci conc jenrich-
' i ment | I ment L . -inent I ‘ ment
(10dw) [(10MwW) () | (104m) {10t (m) (1ot oty | () (10%n) {(10tm) | ()
S 1 .
3603 116.,1 H.183 |0.07u8)| 98.2
ins
g5 2
zuog 116.1 H.293 |0,0748 ] 0.0
ins
S 3 ‘
1503 212,6 2,725 10,065 | 78.0
ins :
8L
t0 minS) 301,5 8. 61 0. 05“—5 35.0
'S 5 -
30 mins) 4h5.0 l21.55 (0.0339| 20,65
1 26,0 | 1.12 |0.0418 380 | 388,0 | 12,9 (0,0488} 30.0 26,0 | 137.0 0,046 | 1.3 | 45,0 28,1 ]0.0392| 15.85
) L73.,0 | 1.8450.037 256 | 354,0 | 15.35]0.0484 | 25.65 | 256.5 | 141.01{0.0449 | 1.82 | 380.0 [32,06 ]0.0L4531 14,86
3 L86,0 | 2,66 [0,0356 183 | 1419.0 | 20.45|0.046L} 20,5 264.0 | 155.,010.0428 | 1.7 | 351.5 [31.65 10.04821 11.1
n 1:62,0 | 3.61590.0379 128 | L435.0 | 29.0 10.0399] 415.0 28L4.0 | 181,5 |0, 0384 1.57 | 380,0 33,9 |0.0451] 11.2
5 398,0 | 3.90 {0.0LL43 102 {4L31.5 | 34,2 |0.,0397) 42.6 283.0 | 188.210.0376 | 1.5 | 351.5 36,6 |o.0L47h] 8,88
6 265.5 | 188.210.0393 | 1.4L1
7 22,0 | 160,01{0.0L45 | 1.51 -
Total 8.5 {2.053 10,0394 | 218.5 | 410.0 | 18.7 J0.043L; 21.9 268,0 {163.01{0,0416 | 1.65 | 4L05,0 [32.L45 (0.0428 | 12,49

'S8 weans sample taken before start of steady state run
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change in 1liguid product composition indicates that steady state
had not in fact been attained although the run had been con-
ducted for 12 hours and the H' concentration remained at between
0,0L211 and 0,0L08N for one hour before the steady state run was
commenced.

The volume balance for liguid was good; the resin
product was 2.7 cm3 less than the feed volume but as the hold-up
was about 80 cm3 resin, this discrepancy was caused by variation

in the resin flowrate many hours before the start of the steady

state run (Table 28).
5¢3e 30 Run 23

The 100 stage contactor was operated for about LO
hours and the E' concentration had been constant at 0.06N for one
hour before the steady state run was commenced. However, during
the run the liguid product composition changed and the liguid
product sodium enrichment decressed (Table 26), Although the
maximum potassium concentration was only 1.79 ppm,it is believed
that steady state was not attained in the 43 hours that the
equipment was operated.

The good agreement between feed and product resin
volumes shows that steady operating conditions were maintained
over a long period, as the total resin hold-up in the contactor

was about 200 em® (Tsble 28).
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50 3- Ll-- Run 2L|-

Thé liquid product was sampled and analysed over an
8 hour period after the contactor had been operating continuously
for about 4O hours to establish that the continuous change in the
liquid product was an approach to steady state (Table 26). The
run was terminated when no feed liquid was left. The sodium en-
richment in the liquid product decreased from 705 to 20,8, mainly
because the K concentration increased continuously from 1.37 ppm
to 0,00178N. It must be concluded that in runs 22, 23% and 24 a
steady state had not been attained and the stezdy state sodium

enrichment in the liguid product was much lower than 20,

The large disparity in run 24 in the resin feed and
product volumes (Table 28) over the steady state run was due to
decrease in the resin flowrate during a period 12 hours before

the steady state pun\was commenced.
56 3.5,  Runs 25, 26, 27 and 26.

These runs were the nearest that could be practic-
ally achieved to a continuous run to steady state condi tions.
In view of the long operating time invelved and limitstions
imposed by the 15 litre capacity of the liquid feed tank, the run
was broken into operating periods of }O hours for run 25, 15 hours
for runs 26 and 27 and 4O hours for run 28, The liquid product

samples from runs 25, 26 and 27 (Table 26) show a decreasing
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sodium enrichment. In run 28 shen steady state had undoubtedly been
attained, the sodium enrichment (Table 27) was more or less con-
stant although it varied slightly due to resin flowrate variation.
It tended to increase in the period following a resin flowrate
increase and vice versa, It is concluded that the steady state
enrichment for a 100 stage run with an % ratio of about 45 is
1.4 to 1.5, This is very similar to the enrichment obtained with
10 stages.

The concentrations of Na end K in the liquid pro-
duct are also similar to those obtained with the 10 stage runs

at the same % ratio,
5. 3. 6. Rlln 29

The contactor was initially filled with resin
partially satarated with sodium and potassium (yNa = 0.2,
XK = 0.27) but operated in the same way as other 100 stage runs
with a H® resin feed. The aim was t> show that runs 25, 26, 27
and 28 were in fact equivalent to a continuous run to steady
state conditions and not L separate runs in which the decreasing
Na enrichment in the liquid product was adventitious. Trom
Table 26 it can be seen that after 4O hours running the product
sodium enrichment decreased continuously over a period of 8%
hours from 98 to 9, Thus al though the resin initially contained
Na and X, the liquid product shows the same concentration history

as the 100 stage runs (23 snd 2L) where the resin was initially
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TABLE 27: Liguid product concentrations during run 28

Run commenced at 22,30 hrs. -~ Lth October 1966

Time Semple

taken | Tat K+ :  HY |Nat L ¥
o} cOONIC Z conc | conc | enrich- S
Date Time | (10%W); (10fw):  (w) | ment ratio
0 Qg SR U LGS S OB SO
14.00 1130,5 ! 85.0 ! 0,0631 1.54 31,8
15,00 222,5: 155.0 @ 0.0469 1.4l 46,3
5.10. 1966 16,00 {265.0: 202,0 : 0,0380 1. 31 L5. 2
17,00 {222,5 ' 168,0 : 0.0456 1.33 45.5
18,00 !174.0 + 117.0 | 0,0556 1.49 '
24.40 |(161.0 - 107.8 | 0.0578 1. 50 L6.25
23.00 7L.0 . L45.8 | 0.0727 1,615
00.50 |267.0; 488.0 i 0.,0395 1.42
ok Lo !'247.0 ! 190.0 | 0.0L1 1. 30 52.5
02.20 |336,0; 295.0 I 0,0216 1. 14
10,20 | 272,01 189.0 | 0.0386 | 1.4k 3. 8
11.15 1} 23L,0 177.0 . 0.0436 1,32 L46.6
12,20 :215,0 150,0 | 0.0482 1.43 41.0
6.10.1966 13,35 | 235,0 156.0 | 0.0456 1. 50 3744
14,20 | 247.0 175.0 | 0.0425 1.41 46.2
16,20 |252,0 171.5  0.,0423 1.47 38.0
17.20 | 218,0 144.5 | 0.0L8L 1. 51 L 38.3
19.40 | 275.0 202.0 | 0.0370 1.36
20,40 j2856,5 | 215.0 ! 0.03L5 1.33

This is an average value which applies
to the intervening period since the last
sample was talen, based on the volume of

feed resin.
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TABLE 28: Volume balance for LO and

100 stage gross ionic fraction runs

IN j : ouT
Run ‘ | ‘
- N0, Phase ‘ : {
| Description ! V?%g?? Description V?i;%?
Feed 710
22 Liquid 'Water feed to |
'resin column 127
Total 837 Product 852
Resin Peed 18.7 Product 16,0
Feed 640
Liquid {Water feed to:
23 resin column 120
Total 760 Product 7h6
Resin Feed 13.4 Product 14. 75
Feed 1625
Liquid {Water feed to
2l resin column 240
Total 1865 Product 1852
Resin Teed 16,3 Product 36,0
Feed 615
Liguid |[Water feed to
resin column 113
25 Total 728 Product 703
Resin Peed .75 1 roduct 15.0
Feed 600
Liquid [Water feed to
resin column 95
26 Total 695 Product 707
Resin Feed 13. 8 Product 14.0
Feed 800
Liquid jvater feed to
resin column 145
27 » Total au5 Product 928
Resin Feed 18, 6 Product 18.5
Feed 790
Liguid | Water feed to
resin column 123
29 Total 913 Product 875
Resin Teed 18.7 Product 17.0
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in the H+ forme As runs 25, 26, 27 and 28 showed a different
history it is concluded that they were equivalent to a continuous

e

5035a7e Discussion

A notable feature of the 10 stage runs was the

decrease of sodium enrichment as the % ratio increased,

Steady state was not attained in the 4O stage run.
The enrichment was 3,08 at the end of the run and the ateady state
value apparently would be much lower than this. The 100 stage
runs appeared to have a steady state liquid product composition
similar to that obtained with 10 stages operating with the same
flowrate ratio. It is reaéonable to suppose that LO stages would

give the same product composition with steady state operation.

A possible explanation of these results is that =
pinch point was obtained in the runs using more than 10 stages so
that the same liguid product composicion was obtained as with 10
stages.

The equilibrium data show that a complex situation
exists (Figures 14, 15, 16 and 17). The binary Na‘/H* and x+/B*
equilibrium curves are markedly curved due to the decrease in
sdectivity for the alkali metal ions as the equivalent fraction
of the alkali metal species in the resin increases., Also the

cquilibrium lines for both the Na™/H' and X1/H' systems are
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different when the other alkali metal ion species 1s also com-
peting for the exchange sites. In both cases the resin shows
less selectivity for the alkali metal ions with respect to gt

ions in the ternary system than it does in the binary systems.

If the capacity of the resin phese is not sufficient
to remove all the solute most easily extracted,ise. the potassium,
then the extraction of K into the resin is limited, and a pinch
point will occur on the Kf/H+ equilibrium line at the potassium
concentration in the liquid feed. From the relativeecation con-
centrations in the resin and liquid phases, expressed as meq/cmB,
it can be calculated that when % Y 36.5, the resin cannot adsorb
all the potassium in the liguid feed and a pinch point can be
expected.

The results can best be discussed by reference to
x - y diagrams, the binary K'/H' and wa®/H' equilibrium lines
and Na and K operating lines for each of the 10 stage runs are
shovn in Figures 29 to 34 inclusive. Only the binary equilibrium
lines have been shown to -simplify the diagrams. Although both
Nat and X' ions are adsorbed by the resin in preference to ut
ions, the extraction factor for potassium is higher and the pinch
point will occur on a K+/H+ equilibrium line to give wmaximum
extraction of K% into the resin. It can be seen from Pigures 30
to 34 that in runs 17 to 21 the K operating lines cut the binary

K'/H* equilibrium line at approximstely w; = O.5, i.e. the K*



FIGURE 29. x - y DIAGRAM FOR GROSS IONIC FRACTION RUN 16
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FIGURE 30. x - y DIAGRAM FO& GROSS IONIC FRACTION RUN 17
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FIGURE 32. X - y DIAGRAM FOR GROSS IONIC FRACTION RUN 19
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FIGURE 34h. x - y DIAGRAM FOR GROSS IONIC FRACTION RUN 21.
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feed concentration,
This may seen curprising at first sight because

(a) in all the 10 stage gross ionie fractiopm runs except 16 .neither
the liquid nor the resin phases contain HY ions at the liguid
feed end of the contactor,

(b) the batch equilibrations have shown that the K+/H+ equilibrium
line in ternary systems differs from that for the binary K+/H+
system, Also the concentration of sodium in both phases at

the ligquid feed end of the contactor is appreciable.

With respect to point (a), this is a countercurrent
process and although there are no H+ ions at the liquid feed end
of the contactor in runs 17 to 21, there are plenty of u* ions in
the contactor as a whole (e.g. in a run with a % ratio of 36.L
there are egquimolar guantities of Na+, K+ and H+ ions entering
the contactor) so the use of a K+/H+ equilibrium line for the

whole conbtactor is reasonable,

Regarding point (b),if the positive mass balance
errors (i.c. the sum (yNaw + yK1) is greater than unity in runs
17, 18, 19 and 21) are allowed for, the position of the XK+ operat-
ing line is closer to the ternary system K"'/H+ equilibrium lines.
A consistent error of the potassium analyses of 15% would be
necessary for the K+ operating line in all runs to cut the ternary
K"/t equilibrium line for equimolar quantities of Na' and X*.

Of course as the resin product contained a higher proportion of x*
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than Nat, and the liguid feed contained equimolar gquantities of
Nat and X*, there was in factmre XK' than Nat in the two phases
at the liguid feed end of the contactor in these runs. The

ternary K'/HY equilibrium poimts of this system would be closer

to the binary X'/HY equilibrium line,

Although mass balance erréé up to 20% can be
expected (Appendix 1), it cannot be concluded with certainty
that the XK' operating line in runs 17 to 21 forms a pinch point
on the binary K*/H' equilibrium line, in view of the mass balance
errors. If the pinch point is Formed on the binary K'/H* line
in these runs the greatest adsorption of X* ions into the resin
pccurs.

The 100 stage runs gave the same Na*/K' separation
and liquid product eomposition as the 10 stage runs, under the
same operating conditions, confirming the position of the pinch
point.

The intersection of tue XK' operating line with the
K+/H+ equilibrium line at the potassium concentration in the
liquid feed fixed the concentration of Xt in the liguid (an)
and resin (3K1) product streams. As the engering resin only
contacted Naf and Kt ions in the liguid feed the rest of the
eXchange sites in the resin would be occupied by sodium ions, so
that yy, vas also fixed, This locates the position of the Na*

operating linc as it cuts the 1line corresponding to the Na+ Teed
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concentration at this value of yNa1° The sodium enrichment is
therefore limited by the relative disposition of the equilibrium

lines for the K+/H+ and Na+/H+ systems.,

It is apparent that a good separation of Na and K
i.e. almost complete adsorption of the potassium, can only bé
achieved when the gradient of the operating line is less than the
gradient of the line connecting the origin with the point on the
/8% equilibrium line corresponding to ax in the liguid feed.
If the pinch point is formed on the binary K+/H+ equilibrium
line, this is when % < 25, If it is formed on a ternary K+/H+
equilibrium line it is at a lower value of %, For values of the
flowrate ratio less than 25, the extraction factor for sodium is
probably greater than unity for all values of the resin com-
position in the contactor, so that both sodium and potassium ion
species are preferentially extracted by the resin. It is thus
inevitable with the alkali metal ions in gross ionic fractionsin
the liquid feed that a poor sodium recovery will be associated
with a good sodium enrichment in the ligquid product with a single

section ion exchenge separation.
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6. Conclusions,

The batch equilibration results show that the
relative quantities of Na®, X and HY in the binary Na‘/H',
K* /8t and K'/Nat and ternary Nat/Kt /gt cation systems signifi-
cantly affect the equilibrium distribution of the component

cations between the resin and solution phases.

Although some of the experimental trends are con-
trary to published work they are in general qualitative agrcement

with swelling pressure theory considerations,

It has been established in the trace and gross
ionic fraction runs, using the sodium enrichment and recovery in
the liquid phase as the criteria, that the Na'/X' separation per—
formance was reproducible.

In additbn to this the stage efficiency.calculated
on the basis of sodium enrichment in the liguid phase or potassium
enrichment in the resin phase, for both the glass and the perspex
stage designs has becen fairly constant over a wide range of
operating conditions with trace ion concentrations., The cal-
culated stage efficiency of the glass stages varied from 36% to
70% in extraction and rectification runs,with one exception,with
the % ratio renging from 18 to 54. The calculated stage
efficiency of the perspex contactor in extraction and elution
runs varied from 60% to 110% except in one case, with the L’ratio

3
varying from 28 to 80,
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It can be concluded that the equilibrium stage
theory can be used to predict the trace ion exchange separations
achieved in the new contactor, and also that as the number of
stages in this contactor is changed, the ion exchange separation

performance will be altered in a predictable way.

The application of the principle of extraction
factors to the Na+/K+ separations has been very useful. In the
singb section separations a good enrichment and recovery of sodium
in the liquid phase and of potassium in the resin phase were
obtained in extraction and rectification runs respcctively. In
the three section wark .. two runs were carried out, only one
of which was under optimum operating conditions, In this run the
recovery and purlty of sodium in the Na rich product and potassium
in the X rich product were improved and the proportion of alkalil
metal ions not eluted from the resin was much smaller, in com—
parison with the run where optimum operating conditions were not
used. The superior performance was gained using a lower resin
flowrate relative to the liquid feed. The better utllisation of

resin also emphasizea the utility of extraction factor principlcs.

In the gross runs an interesting feature was the
same Nat/Xt separation achieved in the 100 stage runs as with the
10 stage runs. The existence of s pinch point on the K'/HY
equilibrium line is indicated., This makes it inevitable that a

poor sodium recovery will be associated with a high sodium
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enrichment in the liqguid phase with a single sectinn separation
with gross ionic fractions of the alkall mctals in the liquid
feed.

The compact contactor stage developed in this work
could be very useful in many small scale continuous ion exchange
applications, for example the purification of pharmaceutical
preparations or the purification of solutions containing valuable
metal ions or in separation, concentration or purification for

chemical analysis.
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8, Nomenclature

@ o

o!

valency of ionic species A (dimensionless)
constant in equation (3.2) (dimensionless)
valency of ionic species B (dimensionless)
constant in equation (3,2) (dimensionless)

concentration referred to the liquid phase (meg/cmd)

concentration referred to the resin phase (m.eq/cm3 free
settled swollen resin)

volume exchange capacity of resin (meq/cm3 swollen resin)
weight exchange capacity of resin (meg/g)

constant in equation (3.2)

swollen resin bead diameter (mm or cm)

mean hydraulic swollen resin bead diameter (cm)
diffusivity of an ion in solution (cm?/sec)
diffusivity of an ion in the swollen resin (cm%/sec)

effective diffusivity used in mass transfer correlations
(em=/sec)

fractional void volume of swollen resin (dimensionless)
extraction factor (dimensionless)

enrichment factor Hr sodium in solution product
(dimensionless)

enrichment factor for potassium in resin product
(dimensionless)

Paraday's constant (2.3X10h cal/(volt)(g.eq»

-

F1(ngactor used in definition of Dgpe

=3

\

L&)

= 2 1 +' X
1
\‘/(1+o( xi0) (14 o x)+(1+ « x.n)

(dimensionless)

1
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g valency of gross lonic species G. (dimensionless)
H volume of free settled swollen resin initially present
in a contacting stage (cm%)
criticnl 1€ smallest value of H to give Winax (emd)
kL liquid film mass transfer coefficient (em/sec)

K constant in equation (2.13) (dimensionless)
Kig selectivity coefficient (dimensionless)
average liquid phase volumetric flowrate (cm3/min)

m gradient of equilibrium distribution line (dimensionless)

n calculated number of eguivalent ideal contacting stages
(dimensionless)

P purity of sodium or potassium in a solution product
(dimen sionless)

R Univeraal gas constant = 0.082%1 l.atm/(mole)(°K)

Re Reynolds number (/?%?) (dimensionless)

g surface arearof swollen resin per unit absolute resin

volume  (em~1)

s! interfacial area in a contacting stage (em2)

S average free settled swollen resin volumetric_flowrate
(em?/min)

Sc Schmidt number ( A% ) (dimensionless)

Sh Sherwood number (;SE ) (dimensionless)

te forward flow cycle time (seec)

t., reverse flow cycle time (sec)

by no flow cycle time (secs)

T absolute temperature (°K)
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superficial velocity of liguid in a contacting stage

(em/sec)

interstitial velocity of liguid in a contacting stage
(cm/sec)

mobility of an ion in solution (em/sec over 41 volt/cm
potential gradient)

instantaneous ligquid flowrate in forward flow
(em3/min)

instantaneous liguid flowrate in reverse flow
(em3/min)

volume of solubion used in batch equilibrations
(Appendix 4) (emd)

partial molal volume of ionic species in swollen resin
(1itre/mole)

volumetric increment of free settled swollen resin trans-
ferred per cycle (em3)

maximum value of W when W becomes independent_of further
inereases in H (cm?)

equivalent fraction of an ionic species in solution phase

equivalent fraction of an ionic species in solution in a
contacting stage in equilibrium with the mean composit-
ion of the resin entering the stage (dimensionless)

equivalent fraction of an ionic species in solution in
a contacting stage in equilibrium with the mean com-
position of the resin in the stage (dimensionless)

mean equivalent fraction of an ionic species in the
liquid boundary layer (dimen sionless)

equivalent fraction of an ionic speciecs in the resin
phase , (dimensionless)

equivalent fraction of an ionic species in the resin in
a contacting stage in eguilibrium with the composition
of the solution entering the stage (dimensionless)

fractional water content of swollen resin expressed as
weight (dimensionless)
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ol separation factor = §§§H (dimensionless)
ot factor used in definition of F1(XQ = gé - 1 (dimension-
B less)

O errall stape efficiency in a multistage contactor

' (dimensionless)

5 constant in equations (2,27) and (2.28) (dimensiorkess)

5 activi ty of ionic species in solution (dimensionless)

& activity of ionic species in a swollen resin(dimensionless)

A rate of ion exchange in a contacting stage (meg/min)

A dis tribution coefficient of an ionic species(dimensionless

T resin swelling pressure (atm,)

. density of liguid (g/cm)

Ps density of swollen resin (g/cmd)

s viscosity (g/(cm) (sec))

Subscripts.

A,B,G refer to ionic species

AB refers to the interdiffusic.. of ionic species A and B
when applied to the diffusion coefficient

co refers to co-lons

i refers to a general stage in a multistage contactor

in refers to the resin-solution interface

n refers to contacting stage n

0 refers to the liguid stream entering contacting stage 1
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Abbreviations

BSS British Standard sieve
DVB divinyl benzene

EEL Evans Tlectrosgelenium ILtd.
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Appendix 1. An estimate of the errors involved in the work,

The error formulae used are

+

AZfB, 3(aAZXB) = /(/aA)2+(aB)2

A :
AB or %, 2AB) 2(8) = M/fé%)2 + (Q§)2

(i) Batch equilibrations

The Na’/H' ion exchange system is considered. The
estimated maximum value of various experimental errors is as
follows:

(a) Error in making up standard NaGl solutions = ¥ 0.05%
(b) Overall error in the measurement of the Nat concentration

in the equilibrated supernate (cNat) =% 2,0%

(¢) Brror in exchange capacity of resin =% 1.0%

(d) SBrror in volume of solution used in batch equilibrations
=% 0.5%

(this includes pipetting errors and variation in the quantity

of interstitial water left on the resin particles after centri-

fugation).

Two cases will be considered

(a) cyy = 0.1N oNa 0,033 N
8, !

(v) oNg, = 0.1 0,01 N

CNa t =



- 242 -

To simplify the calculations the volume of solution used

in the equilibrations, V¥, is % or 18.2 e

(a) Vge = v (g - cy)
c

it

Co — Cg 0.1N * 0,05% - 0.033N* 2.0%

0.1% ¥ 0.00005 - 0.033N% 0,00067

0.0678 ¥ /0.000052 + 0,000672

0.067N * 0,00067N = 0,067N % 1,00%

18.2 * 0.5% % 0,067N £ 1,0%

¥ =

e o+ 1%

oy ; )
INa

. +
L yNa Oo 67 - 0001005

.. ¥, =0.35%0.01005 = 0.33% 35.0%
c [ o 0005%
K
1\58. = /2.02 + 0. 052 = i‘ 2'095
N
+
Xy, = 0.33 = 0,0067

xg = 0.67 ¥ 0,0067 = 0.67 *1.0%



- yNaXxH - 0'67:':1.5%3(0967'1- 1.92{)
KNaH yH X xNa 0033 i 300% X Oo33 X 200%

X 5 )
Qimel .52 4 1,02 + 3,02 4 2,02 = % 4.05%
KN al

(b) ¢y = 0.1N ¢, = O.01N

¢y - of = 0.1 ¥ 0,05% - 0,018 I 2.0%
= 0,41 * 0,00005 - 0,01N * 0,0002

{ o~
3(c, - cy) =,40.000052 + 0,0002% ¥ * 0.0002
.*. (e, - eg) = 0,091 % 0,0002 = 0,09N * 0.27%
y = 18.2%0.5% x 0,000 * 0.2%
Na 1.82 * 1%
dy. ,
Na _ 70,52 + 0,22 +12 = % 1.14%
INa
+
Ve = O+9 * 4,44% = 0.9 * 0.01026
Vg = 0.1 ¥ 0.01026 = 0.1 I 10.26%
_cy - 0,01 % 2,0%
¥ga = & = T -
(o] 0.1 - O' 05{5
MNe - /5,02 4 0,052 = * 2.0%
Xl\T.a \
Xygg = 0o 204 = 0.1 %0,0020
xg = 0.9 % 0,002 = 0.9 % 0.22%
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BK R o -
_NeH D%+ Qu)? v (0xg)? 4 (Oxp)?

Kiyan

I
AN
Py
o
ed
=

\//1.1u2 + 10,26% + 2,0 2 + 0,222
= I 10.5%

It can be concluded that the calculation of INa by
difference yields results accurate to within a few percent in
the mid-concentration range. However at high or low values of
x (or y) the errors become substantial, with similar errors in-

the value of the sclectivity coefficient Kyane

The errors in the ternary equilibrations will be even

higher.
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(ii) Gross ionic Ffraction Ma'/K' separation runs
(a) Zrror in the measured volume of resin.
The difference between the resin feed and product
volumes has been 3.9 cm> when the average resin volume was
26,2 cm? (run 20)

.*. Volume measurement error = & %%23 =% 7.5%

(b) Error in liquid volume measurement,
The disparity in the volume balance has been 31 cmd
with an average total 1iquid volume of 915 cm® (run 17)

. . Volume measurement error = * 152 _ T 1.T7%

915
(c) Overali error in flame photometric determination of
sodium or potassium concentrations in liquid product = X 3%

(Less care was tsken than with the batch equilibration work).
(d) wrror in making up liquid feed solution = X 2%
(e) Error in resin exchange capacity = * 1%

(£) Error in the guantity of each alkali metal in the

resin caused by unrepresentative samples = ¥ 5%

(g) Overall error in mass balence for sodium:
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Quantity of sodium in liquid product
= volume X concentration

= volume ¥ 1.7% x CNa 3
e

.*. d{guentity of sodium in liguid product)
gquantity of sodium in liquid product

S
= /1.7% + 32 = 3.L5%

> (qusntity of sodium in resin product)

gquantity of sadium in resin product

=“//%.52 + 32 412 4 52
= X 9,55%

Assuming an equal quantity of sodium in each phase

Error in mass balance for sodium =v/é.u52 + 9. 552
= * 10.1%

The potassium mass balance error will be comparable,
(1ii) Trace Na'/K' separation runs.

The overall mass balance error for each of the
alksll metals should be less than X 10% as there was only
a small proportion of the total sodium and potassium in the

resin product.



ION EXCHANGE PRE-TREATMENT ,
“"FOR SEA WATER DESALINATION PLANTS*
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R SUMMARY Co

. R .
ange of optxmrzatron for sea water desahnatnon plants. using thermhl processcs, is consrderably
¢stricted by scale-formation, especially that of calcium sulphate. A study is made of the dependence
f the!saturation concentraticns of the anhydnte and hemihydrate modifications on temperatures
nid; concentration’ factors, The conversion of the hémihydrate phase into the anhydrite phase,
hose speed was measured, proved to be of particular importance.

artial softemng of sea water by means of ion exchange, using the brine concentrated in the
vaporators as a regenerant. reduces calcium ion concentration to such an extent that no deposm
ccur. Results obtained in discontinuous laboratory experiments show the dependence on the various
imifing ‘quantities. = -

‘The degree of softemng can be consrderably mcreased if the ion exchange is mmed out con-
nuously, countercurrently. The apparatus used for a typical plant consists of countercurrent
columns, the absorption column operating by stages. No pumps are required for the circulation of-
he resin; regulation is by automatic control of a smgle valve. ;

Thé results of the operation of a pilot plant are given with particular reference to the exchange
tﬁcmncy. The combination with the saturation concentrations of calcium sulphate shows that
ven, with low concentration factors the maximum operating temperatiures can be as hlgh as 160°
wrthout the solubxhty hmnt of the calcrum sulphate hemlhydrate bemg exceeded

The condmons under which they operate, however, can be chosen freely only within
cert'am hmrts the range. of optumzanon is thus limited. Temperatures and concen-
ration factors, for example, are restricted by the saturation concentrations of the
scal’ ‘_formmg agents which adversely aﬂ‘eet the econormc operatxon of sea water
d ahnatwn plants. :

‘Calcium’ sulphate is a pamcularly unpleasant scale- formmg agent Unlike the
solublhty of the carbonates and hydroxides of calcium and magnesium, its solubility
cannot ‘be influenced by changing the hydrogen ion concentration. Deposits are
p“rtlcularly encouraged by the fact that the solubility of CaSO, diminishes rapidly
at elevated temperatures. During the operation of multi-stage flash evaporators no
CaSO4~ dep051ts occurred ata temperature of 120°Cand a conceutranon factor of 1.7.

Paper presented at the Second European Symposium on Fresh Water I'rom 1he Sea, May 9-12,
-1967; Athens, Greece European Federatron of Chemical Engineering.
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“rlmpede the heat’ ﬂow. - e :
~On the other hand increased tempetatures lead toa reductlo enetgy ‘require-
ments and hence, under’ certain circumstances, also’in ‘the. productmn costs of fresh-
water. As the concentration factor increases, the costs™ of pretreatmg the sea water
such as those of pumping, pre-cleaning, control of- chemxcals and degasuﬁcatxon s
go down. : '

Fig. 1 shows the fresh water costs as a function of the steam temperature fora rate

of production of 200 m3/h.

T T 1 l 1 — l
200 m3/h -~ Posnijak CaS0,2H;0 - \ :
- 200 4,5% intrest . 9 04 .
E ’ 20 yeors é,
' 800Ch/ysar
3150 . {63oM/M0bkeat | . . =03
= "]0,05 OM/kWh e
T‘ 100 |- 2 02
. S
050 {- d =0
L i 1 T .
80 120 160 '
’ - ——= T[°C] _
Fig. 1. Water cost, vs. steam temperature, Flg 2. Solubahty of CaSO4 in sea water.

2. THE BEHAVIOUR OF Cas0, AND ITS MODIFICATIONS IN SEA WATER
OF DIFFERENT TEMPERATURES AND CONCENTRATION FACTORS

If CaSO, is in solubility equilibrium with water or aqueous NaCl solutions it may
occur in two stable modifications, or one metastable one, over the entire range of
temperature up to the critical point. Below 42°C the dihydrate is stable, above this
temperature the anhydrite is stable. While the hemihydrate can cxist as a metastable
phase over the entire range of temperature, the dihydrate is stable only between

® and approximately 98°C for a certain period of time. At higher temperatures it
is converted into the hemihydrate phase.

The solubility of the various CaSO, modifications in sea water are shown in Fig. 2.
The dependence of these values on the concentration factors was determined in
several test runs. The Battelle Institute at Frankfurt-on-Main was in charge of these

measurements,

2.1 Measuring technique

The mixtures consisting of solution and solid phase were brought to the desired
temperature in a 5 liter silver-plated autoclave with a magnetic stirrer. The samples
were taken by means of a cooler, the analysis was made titrimetrically. Equilibrium

was assumed to have occurred when there was a constant concentration.
Nocalination. 31967y 363 172
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Fxg. 4, Solubthty of CaSO4

The measurements were taken at temperatures ranging from 120° to 160°C four
“concentrations 2; 3, 4 and 5 tlmes those of sea water. The mean error of measurement ‘

‘ is about 3%,

. Fig. 3 shows that solubxhty decreas&s wrth the temperature for all coneentratlons. :
Solubility is small in distilled water and increases considerably due to the influence

- of the salts dissolved in the sea water. As the concentration increases, however,

" it decreases again, the decrease beig slower at elevated temperatures than at lower o

- temperatures “This is shown in Frg 4,

2.3 The solub:hty of the CaSO.,, hemzl:ydrare modi ﬁcanon and its conversion rate in

anhydrzte
Further measurements were made to study how the

calcium ion concentration

of the initial hemihydrate equilibrium approaches the calcium ion concentration of

the anhydrite equilibrium in solutions 2—, 3—, 4—~, and
than sea water. ;

5 times more concentrated

This conversion can be explained by the relevant rule established by Ostwald;
apart from the rate of nucleation and crystal growth, its rate is largely dependent on
the temperature. Figs. 5, 6 and 7 show the change in CaSQ, saturation concentration
as a function of the time at 120, 140 and 160°C for different concentration factors.
These figures show that, e.g. in an evaporator, anhydrite will form in a comparatively
short time although only small quantities of hemihydrate have at first been pre-
cipitated. This results in a highly oversaturated condition of the system which causes
the anhydrite to crystallize rapidly. This behaviour is shown in Fig. 8. While run
A contained only hemihydrate as solid phase at the beginning of the experiment,

small quantities of anhydrite were added to run B.

When determining the evaporator service conditions, care should therefore be
taken to ensure that there is a sufficient difference in concentration compared with
the saturation concentration of the hemihydrate to avoid the critical oversaturated

condition of the anhydrite.

Desalination, 3 (1967) 363-372
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As was mentioned previously, the CaSO, solubility cannot be influenced by pH
The Ca ion concentration of the feed water can however be reduced with
the aid of ion exchange resins. Although the high Na ion concentration permits only
partial softening of the water, it is sufficient if, under the proposed evaporator service
conditions, the remaining concentration is lower than the solubility equilibrium
concentration of the Ca jons. The use of the brine concentrated in the evaporator

as a regenerant results in economic operation.

control.

3.1 Intermittent ion exchange in a fixed-bed filter; laboratory tests

1 2

——= t[h]

Fig. 7. ( aSC solubility mocification,

~—= [gCaS0,/100gsol]

S : —— t.[h]..
Ca an. 6 CaSO4 solubxhty modlﬁcatlon. o

% fay

A

L

T .160°C
CF 5§

1

2

. 3
A hemhydrate as solid phase = th]
B hemh)aate/anhydnte as solid phase

Fig. 8. CaSQ, solubility modification,

3. PARTIAL SOFTENING OF SEA WATER BY MEANS OF ION EXCHANGE

To determine the influence of different operating conditions on the Ca and Mg ion
Desalination, 3 (1967) 363-372
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concentrations dunng adsorptxon, a laboratory column ﬁlled w1th the cat\on resin
Dowex 50. W was filled with sea water. Brine of a concentratlon four times that of

‘sea water served as a'regenerant. Its calcium and magnesium contents corresponded
to a'50 o/ and a3l % exchange in-sea-water respectively. Adsorpuon and regeneration

were carried out in the downﬂow the mean contact time of the sea water was 5 m1nute.~.

under all conditions. : » A
The eﬁicmncy (1) of the calcium 4nd magnesium exchange is expressed as a iatio

‘of the final concentrations (C) ‘of calcium and magnesium and the initial concent-
- rations (C,). Fig. 10 shows the change in Ca and Mg efficiency during the adsorption
- cycle for two quantitative relations of sea water (M) to resin (A). The strong depen-

dence of the mean efficiency on the M/A ratio at a constant column diameter is
mainly due to the well-known influence of the fixed-bed filter geometry on the ex-
change kinetics. The value 27 in the inset graph corresponds to a complete utilization
of the exchange capacity.

Fig. 11 shows the efficiency of the Ca and Mg exchange after regeneratlon
for different mean brine contact times. The inset graph shows the relatively
small dependence.

TCaMg T e Mg Tice,Mg T s 1c)_me M
1% (771 s ; 120 v (%1 e M 120 u/g
N 80 Ce . Ca
~ 10 ?
{

60 |-

40

20

250 500 750
— SW [ml]

CF & T -20[¢C] —_—— 25 [m CF 4 Towe: 25[min] --~without
M/A 27 Tads. 5 L[minl Tonne: ~_Z_~ 50 [mlg} M/A 27 Tuw -5 [min] “3SNING  _ Giih
Tig. 11, nCa, Mg, middle T brinz. Fig. 12. nCa, nMg, as.'t water volumes.
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‘the regenerant brme has ‘only a- mmo‘r. eﬁ’eci c;n the 1oh.exc, ange eqiﬁhbnum
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Fig. 13, nCa nMg, brine temperaturcs. an 14 nCa, nMg, adsorptnon cycles

Flg 14 shows the eﬂ'\c1en01es of adsorptlon cycles camed out repeatedly one after
the other. Tt indicates that in a fixed-bed filter 50 % of the calcium and approx. 297
of the magnesium can be removed from the sea water under the operatmg condmons
given, : : -

About the same results were obtained from a small-scale plant built by the Dow
Chemical Co. on behalf of the OSW (1) and operated in combination with thermo- -
_ compression plants for a prolonged period of time. Operation was intermittent and
adsorption was effected in the fluidized bed cotercurrently and regeneration in
accordance with the fixed-bed process. :

32 Working principle and arrangement of apparatus of a fully continuous counter-
current ion exchange plant

Of the various possibilities of a continuous or near-continuous process we selected
the arrangement shown in Fig. 15 where adsorption and regeneration are effected
in the countercurrent. Fully continuous operation is achieved by carrying the re-
generated and washed resin to the adsorption column and the exhausted resin to the
regenerating column, Exhausting of the resin, regeneration, and washing are effected
in one column each, the regencrating column and the washing column forming
one unit (Fig. 16).

The adsorption column and the washing column are fitted with outlets at their
bottom ends, counter-pressure chambers as they are called, to which the feed pipes
are connected. A counter-pressure pipe leads to each of the counter-pressure chambers,
and a washpipe leads to the bottom part of the washing column. The softened sea
water is drawn off through the top of the adsorption column. The adsorption column
is equipped with trays and overflow pipes which, in accordance with the extraction,

Desalination, 3 (1967) 363-372
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Fig. 15, Continuous countcrcurrent‘principlc. : . - . Fig. 16. Plam d:agram

d1v1de the column into stages. The raw water enters the adsorptlon column through&

" a’distribution tray and flows through the stages from the bottom to the top. On'its

way up the resin forms a highly turbulent fluidized bed on each tray in which the

__exchange occurs from one stage to the next. The fluidized bed flowing through the
“column’in ‘an opposite direction to that of the sea water is mcreasmgly exhausted

and finally reaches the top of the regenerating column via the counter-pressure cham-
ber through a feed pipe. The brine at the top of the regenerating column, being a
counter-pressure or the feed fluid, acts as a recycle for_the exhausted resin from
which the brine is removed. The function of the regenerating and washing unit is
the same as that of the adsorption column, Of particular interest is the fact that no
pumps are required for the transport of the resin. Lo

The regulation of the sea water throughput and of the streams whlch are equi-
valent to the throughput is achieved by means of the well-known techniques of auto-
matic quantity and pressure control. The fluidized beds are maintained at a constant
level by means of a single valve, the brine discharge valve. Control is based on a
specially developed ultrasonic measurement of the level of the fluidized bed.

The plant requires no operators.

3.3 Results of eperation of a pilot plant

The fully continuous countercurrent process described above has only little in
common with conventional filter processes. It is a kind of extraction or absorption
process where the resin must be regarded as an extraction or absorption agent having
the properties of a fluid. This is particularly evident from Fig. 17 where the progress
of ion exchange in the columns is represented graphically between operating lines
and equilibrium curves.

The transitional behaviour of both columns between different operating con-
ditions was observed by means of the material balance. Fig. 18 shows the stationary
condition at concentration factors 5 and 4. the progress of the more important

Desclination, 3 (1967) 363-372
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concentrations and the balance in the zone ot‘ transmon. The ﬁgures hsted belowv;uj
refer to the statlonary condition.- : -

A particularly important factor determlmng the product qualxty, besxdes the number
of stages, is the relation of the sea water throughput (Q) to the resin circulating speed -

(U), i.e. the pitch of the operating lines. Fig. 19 shows the stage efficiencies of the - -

calcium exchange as a function of the-quantity ratio (¢/U). A comparisonof the
figures obtained in the uniflow process and the fixed-bed test shows that the con-
tinuous countercurrent process results in a con51derably improved product quality.
Consumption of wash water is much lower in the case of the countercurrent process.

— 1 I 1 | T -
;2 N B rqu : [ . . '
"5 80} B (%63 80F <. cF
[ RN - S
601 T 60} = i
L0+~ L0 F co-current flow .
OSW -Rep.62
20 |- 20l CF5-15 i
0 b 1
0 4, 8 12 16 20 0% 05
- = Ull/h] ) )
-— Q/UI[0] —— chloride normality
Fig. 19. Stage efficiencies throughput vs, Fig. 20. 7Ca, chloride normality.

circulation ratio.

"There was no evidence suggesting that the efficiency of calcium exchange de-
pended on the Na ion concentration, of the chloride ion concentration in sea water
representative of it, with the operating conditions of the entire system being con-
stant (Fig. 20). That is plausible: for while the exchange efficiency increases with
decreasing chloride ion concentration in sea water, the regenerative effect of the




;report 62 IS probably due to constant concentratlon factors th 21 shows the ‘re-

t'actors thxs relatlonshxp apparently changes in- favour ot‘ the calcxum efﬁclency.
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Asfarasthe jon exchange kmetncs inthe ﬂutdxzedb ds are concerned comparatxvely
hxgh efficiencies could be achieved with a mean contact time of‘ approumately 4

" minutes per stage. Fig: 22 shows a number of experimental results obtained during
continuous operation, and the dependence on the contact time measured inter-
mittently in accordance with information released by the Dow -Chemical Co.

4. SOLUBILITY OF CALCIUM SULPHATE AND COUNTERCURRENT ION EXCHANGE

The operating conditions of sea water desalination plants are determined by means
of optimization calculations. The saturation temperatures at the optimum concentra-
tion factors are limits in such a. programme. They can be found by comparing the
exchange efficiencies with the saturation concentrations. Fig. 23 shows the saturation
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Fig. 23, Saturation temperatures. Fig. 24. Saturation temperatures vs. Ca

content, of sea water
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.Jations betweén thé ‘calcium and the magnesium efficiencies. At hxgher concentratton"
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ion concentratnon remams below the anhydnte solubxhty limit.,
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