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ABSTRACT
Zeolite A crystals were synthesised by the method of Charnell

and were characterised for size and chemical composition.

Kinetics of Na -Mg, Na -Ca and Na -Ba binary ion exchange were
measured at 25°C for total solution normalities of 3,9mN, 3,4mN and
3,4mN respectively. Samples of the synthesised zeolite A were compared.
The kinetics were followed using a Na selective electrode in the solution
phase. Diffusion coefficients calculated by the Danes and Wolf method
(using the Paterson solution to the diffusion equation) showed that the
Na - Ca and Na - Ba exchanges were very similar but the Na - Mg exchange
was not only much slower but had a different form to the diffusion

coefficient versus degree of exchange relationship shown by the two

other ions.

The Na - Ca exchange kinetics were also measured in a series of
small incremental uptakes of calcium. The derived diffusion
coefficients showed the same overall trend as that seen in the 'complete

exchange" experiment. Unlike Danes and Wolf no conclusive evidence of

composition effects was seen.

Kinetics of exchange of the Na - Ca/Mg ternary system were
measured for two Ca:Mg ratios using both Na selective and Ca selective
electrodes. The rate of Ca uptake as a fraction of composition was the
same as that seen in binary exchange. The Mg exchange however, was

slowed down by the presence of Ca.

The kinetics of Na -Li, Na -K and K -Na, Na —Rb, Na ~Cs and
Cs —Na, and Na-—NH4 exchanges were measured. The exchanges were much
faster than the corresponding Na - divalent exchanges. In all of the
Na —univalent exchanges two distinct rates were observed due to rapid

exchange followed by a slow loss of sodium due to zeolite hydrolysis.



The K -Na and Cs -Na exchanges were faster than the corresponding
Na - K and Na - Cs exchanges as predicted by Brooke and Rees due to

the higher selectivity of the zeolite for Na.

Lastly a study was made of the hydrolysis of zeolite A. It was
found that the degree of hydrolysis was roughly proportional to the
initial pH. There was a rapid initial hydrolysis due to degradation
of the outer surface followed by slower hydrolysis as more protons

were introduced into the zeolite in an auto catalytic process.
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1. INTRODUCTION

1.1 ZEOQLITES

The term zeolite was first used by Cronstedt (1) in 1756 when
he discovered the natural zeolite stilbite. When heated a zeolite
forms bubbles due to the boiling of zeolitic water and zeolite is the
combination of the Greek zeo, "to boil" and litos, "stone". Since
Cronstedt discovered stilbite a total of 34 natural zeolites have

been found and some 100 synthetic zeolites have been made.

A zeolite is effectively an open tectosilicate framework in

which up to half of the silicon atoms have been replaced by aluminium
atoms. In tectosilicates each silicon is bonded to four oxygens in a
tetrahedron and each oxygen is shared with two silicons giving a neutral
framework. BSince the valency of aluminium is lower than silicon thé
framework of a zeolite is negatively charged. This charge is balanced
by cations which sit in specific sites within the open framework where
they are co-ordinated to the framework oxygen atoms. The open framework
normally contains water which helps stabilise the structure and gives
rise to the effect first seen by Cronstedt. The general formula of a

zeolite is:-

D Si 0] .
Mx y(Alx+2y ln—(x+2y)2n) mH20

where M is a univalent cation, D a divalent cation, n is the number of
tetrahedral units and x+2y is the number of silicon atoms replaced by

aluminium atoms.

Smith (2) therefore defined a zeolite as a "crystalline alumino-
silicate with a tetrahedral framework structure enclosing cavities occu-

pied by cations and water molecules, both of which have enough freedom of
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movement to permit cation exchange and reversible dehydration."

The last part of the statement differentiates zeolites from felspars
and felspathoids whose frameworks are so compact that at normal
temperatures the cations are trapped (3). Some felspathoids have
more open frameworks allowing ion exchange but also contain
irreversibly occluded salt or other molecules. Synthetic forms can

be made without occluded molecules and are then true zeolites.

Zeolites have a large number of applications due to their
characteristic structures. Dehydrated zeolites act as desiccants
and are used to dry gases e.g. Zeolite A is used in double glazing
to remove water vapour in place of silica gel. The open framework
of zeolites allows molecules to enter the framework but only if they
are below a certain size and are the right shape. This property is
referred to as molecular sieving and the critical size is determined
by the size of the openings (also called apertures or windows)
controlling access to the spaces in the framework (cages or cavities).
The aperture size is itself dependentvupon the structure of the
particular zeolite and upon the charge balancing cations present
(the cation form). Large cations tend to decrease the aperture size
by blocking the aperture. Because fewer divalent cations are needed
than univalent cations to balance the framework charge the apertures
are often increased in size in many cases. In dehydrated zeolite A
the potassium form sorbs only water, ammonia and other small polar
molecules, the sodium sorbs some permanent gases and the calcium form
sorbs propane and n-butane (4). A similar effect was seen with
Chabazite (5) but the aperture size of calcium zeolite X was found to
be smaller than that of sodium zeolite X(6) probably due to distortion

of the framework (when dehydrated) and the fact that no cations reside



in the apertures controlling access to the supercages.

Zeolites with relatively high aluminium content have electric
fields and sorb polar molecules strongly. Conversely high silica
zeolites where aluminium is present in only trace amounts tend to
sorb small polar molecules weakly and large organic molecules such

as n-paraffins will displace them.

Zeolites are used extensively as catalysts. They were first
used for catalytic cracking of long chain hydrocarbons (Durabead 5)
in 1962 (7,8). The catalytic activity of zeolites is due to the
Bronsted and Lewis acid sites (9) present in hydrogen and rare earth-
hydrogen zeolites. Zeolites possess cracking activity up to four
orders of magnitude greater than silica-alumina catalysts (10), give
less coke, increase production capacity and improve gasoline yields
by up to 25%. Zeolites are highly selective catalysts because of their
molecular~sieve action which prevents some of the reagents entering
the zeolite, prevents the formation of large transition states and alsc
prevents large products leaving the zeolite. The conversion of
methanol to gasoline using the high silica zeolite ZSM-5(11) is a
complex example of the selective conversions possible with zeolites.
In zeolite Ca — A chemical dehydration of n-butanol was observed but
not of isobutanol which cannot enter the framework (12). When a
mixture of ethylene and propylene is hydrogenated on a Pt —Na -
mordenite hydrogenation catalyst only the resultant ethane can escape

and so only ethylene can react continuously (13).

The zeolite property with which this thesis is concerned is that
of ion exchange. As has been mentioned the charge balancing cations
in a zeolite can be replaced to varying extents by other cations such
that charge balance is maintained. Zeolites exhibit differences in ion

selectivity. As a result of this property zeolites have been used for



16.

the removal of caesium'and strontium in radioactive wastes (14),
removal of ammonia from waste water (15), and recently as a builder
in detergents (16) to soften the water i.e. to replace Ca2+ and

Mg2+ by Na'. Ion exchange 1s also important commercially because of
the previously described effect of cations upon the molecular sieve

property of zeolites.

Zeolites can act as ion sieves with large cations being unable
to enter the zeolite or sometimes, when there is insufficient space
in the zeolite cages to accommodate all of the ions needed for complete
exchange, show limited exchange capacity. These effects are clearly
seen with alkylammonium ions. For example Clinoptilolite will not
admit tetramethyl —and tert -butyl ammonium ions (17), and zeolite A
will only admit small amounts of branched mono alkyl ammonium and
trimethylammonium ions (18). Ion sieve effects have also been
demonstrated for inorganic cations. Caesium cannot exchange with
sodium in analcime or sodalite hydrate under mild conditions (19)
and it is possible therefore to hydrolyse CsCl by treatment with Ag -

analcime or Ag - sodalite:

CsCl—+H20-+Ag—Z-—*CSOH + AgClY + H-2

where Z represents the zeolite. It is similarly possible to remove

sodium and potassium from mixtures with caesium:

MCl + Ag—A —+AgCl ++M-A

where A represents analcime and M represents Na or K.

Other more recent novel uses of zeolites are as veterinary drug
releasing agents, as pig feed additives to encourage weight gain and

as a paper whitener.
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1.2 ZEOLITE A

Ion exchange kinetics have been measured using zeolite A (or
Linde type A) which is a synthetic zeolite with no naturally
occﬁrring equivalent. The zeolite was first prepared and characte-
rised in 1956 (4, 20, 21). Its structure can be considered as
consisting of truncated octahedrons (14 hedrons or sodalite cages),
Fig. 1, which are connected by square prisms to give a regular open
framework, Fig. 2. At each corner in the structure there is a
tetrahedrally co-ordinated (T) silicon or aluminium atom with the
oxygen atoms situated between the T atoms. Loewenstein (22) stated
that two aluminiums cannot share the same oxygen atom and this combined
with the silicon to aluminium ratio of one for zeolite A leads to the

T atoms being alternately silicon then aluminium. (102)

The arrangement of sodalite cages forms a larger cage which is
a truncaped cubo octahedron (26 hedron or o cage) Fig. 3 and
combined with eight times ) of a sodalite cage (at each corner of the
o cage) plus twelve times % of a square prism (at each edge of the a
cage) this gives the pseudo unit cell. If the difference between
aluminium and silicon atoms is ignored then the structure of the
pseudo unit cell is repeated throughout the zeolite but allowing for
silicon aluminium alternation gives a true unit cell equal to eight

pseudo unit cells.

The pseudo unit cell constant is 1,23nm and contains 24
tetrahedra and the sodium form in which zeolite A is usually

synthesised (zeolite 4A) has the average composition:

Na12 (AlO, . 8102)12 . 27H,0

2 2

which is represented by NaleA or just NaA. In some samples of NaA

an excess of aluminium has been found which has been interpreted as






being due to sodium aluminate occluded in the sodalite cage (23).
Recent crystallographic studies have tentatively located 0,2 to

0,3 AlO4 complexes in Ca6A (24) and Sr6A (25) but no such complexes
were found in univalent forms of zeolite A, although NMR studies

(26) implied an unknown amount of occluded aluminium in NaA. The

Al complex is believed to be formed during ion exchange with divalent
ions or during subsequent dehydration (24, 25) possibly due to some

lattice collapse.

Access to the o cage is via the octahedral rings which have a
free diameter of 0,42nm and the hexagonal rings have a free diameter
of 0,22nm. Cations can be located in the hexagonal rings (6 rings,
site I, eight per pseudo unit cell), octahedral rings (8 rings,
site II, three per pseudo unit cell) and in the square rings (4 rings,
site III, twelve per p.u.c.) Fig. 4. Cations in site I can be in the
plane of the ring or can be slightly out of the plane and thus project

into the sodalite cage or into the o cage.

1.3 CATION POSITIONS IN ZEOLITE A

Whilst the structure of the zeolite A framework is well known
the positions of the cations are not so clearly defined, Seff and
co workers claim to have located near zero co-ordinate cations in
dehydrated A, that is cations further from framework oxygens than
the combined ionic radii (27-34). This claim is rigorously denied

by Smith (24, 25, 35-38) and the debate continues.

In dehydrated sodium-A eight cations are tightly bound in site
I (20, 39) and three cations are less tightly bound in site II (40).

The last cation is loosely bound opposite site IITI and its nearest
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Figure &.

Na ions in sites I,II and III (not to scale).

[1
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approach to framework 6xygens has been meéasured as 0,23nm (40),
or 0,28nm (near zero co-ordinate ) (33), or 0,26nm (36). In the
last case a Si/Al ratio of 1,03 was reported lending to slight
structure disorder, a result discounted by Seff (38) on the basis

of symmetry effects on the structure.

In hydrated sodium A as in the dehydrated form eight cations
are tightly bound in site I (41) and the other four cations are less
tightly bound. Gramlich and Meier tentatively located three cations
in site II (42) and the last cation was associated with a water mole-
cule in the centre of the a cage. They also found a cubically
distorted pentagonal-dodecahedral arrangement of 20 water molecules

in the o cage.

In dehydrated potassium A eight cations are in site I and three
are in site II (27, 35). The last cation is in the a cage either
0,345nm from the plane of an already occupied site I (27) or some
0,280 to 0,299nm from site IITI (35)., 1In Cs7K5A a potassium ion was

found 0,376nm from the plane of site I (32).

In hydrated potassium A the cation positions were found to be
essentially the same as for dehydrated potassium A apart from small
shifts from the ring planes into the a cages (27). The twelfth cation

was associated with water of hydration.

The exchange of Na by Rb has a limit which has been found to be
8,3 (43), 8,4 (44), 9,6 (45) and 11 (30,31) cations out of twelve
per pseudo unit cell (p.u.c.) due to the size of the Rb' ions limiting
the number which can be'accommodated in the acage. In dehydrated

RbllNaA seven of the Rb' ions and the Na+ ion were located in site I,
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three Rb' ions were located in site II and the last Rb~ ion was
0,362nm from the plane of an occupied site I (30, 31) (zero-
co-ordinate) according to Seff et al but Smith et al found no
evidence from this (46) and found Ba and K impurities in the crystal.

The last cation was in site I.

The limit of exchange by Cs has been found to be 6,1 (43),
7,0 (28) and 7,4 (45) out of twelve due to size restriction. For
hydrated and dehydrated.Cs7 Na5A three Cs' ions were located in site
II, four Cs+ ions and four Na+ ions were located in site I and one
Na' ion was unlocated (28). Calculations of the potential experienced
by cs* and Ro' ions in dehydrated zeolite A (47) gave the possibility
of the ions "floating", that is at greater distance from the frame-

work than expected.

The Fation positions in zeolite 5A (CaA’NadA), a sieve which
adsorbs larger molecules than zeolite 4A, have been determined
(41, 48) and all eight cations were located in site I. 1In calcium A
(CaGA) five Ca cations are located in site I with the sixth also in
site I (25) or weakly located 0,31nm from framework oxygens in site
II (34). The Ca ion in site II was tentatively predicted by perco-
lation theory (49) and energy calculations also gave this result (50).

Chemical analyses, however, showed a tendency for potassium impurity

(25) which may give rise to a site II cation,

In hydrated calcium A the cations were located in site I (51)
with three recessed far into the sodalite cage and three relatively

far into the a cage.
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In dehydrated SrGA it was also found that six cations sit in site
I (24) or five sit in site I and one in site II (34). It should be

noted that by "or" it is meant that different workers have put forward

different cation positions.

The selectivities of cations for the described sites have been
studied experimentally and theoretically mainly for dehydrated zeolite
A. Table 1 gives the preferred sites, that is the site into which the

first cation will go during ion exchange (52).

Table 1

Site selectivity of first incoming ion in dehydrated zeolite A.

Cation Theoretical (52) Experimental

Li I I (20, 53, 54)
Na I I (48, 54, 55)
K I1 IT (54, 55, 56)
Cs II II (28)

Mg I (50) I (57)

Ca I I (54, 55)

Sr I I (58)

Ba 11 -

Similar theoretical calculations predict that the last incoming

ion for Mg, Ca, Sr, and Ba exchange is selective for site II (50).

The experimental site selectivities are found by ﬁeasuring the
sorption characteristics of partially exchanged dehydrated zeolite A
and this method cannot be applied by hydrated zeolite A. It is how-
ever considered that the site selectivities in hydrated zeolite A are

relatively random (52) although they are probably not too different
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from the selectivities in dehydrated zeolite A as the cation size is

- . . 2
a major factor in site selectivity. Large cations (K+, Cs+, Ba“ ")

will tend to prefer site II and small cations (Li¥, Na®, Mg2', ca®’,

Sr2+) will tend to prefer site I (59).

1.4. ION EXCHANGE IN ZEOLITE A - EQUILIBRIUM

The process of ion exchange depends on a number of factors
which affect the extent to which a particular exchange will occur
{equilibrium) and the rate of the exchange (kinetics). These factors
are (15):-

1) the nature of the cation species, the cation size,

both anhydrous and hydrated, and the cation charge;
2) the temperature;
3) the concentration of the cation species in solution;

4) the anion species associated with the cation in

solution;
5) the solvent (most work carried out in aqueous solutions);
6) the structural characteristics of the particular zeolite.
Binary ion exchange equilibria in zeolite A have been studied

for sodium exchange with most of the alkali metal and alkaline earth

cations.

Early studies (23, 60) determined the extent to which cations,
in particular, methylammonium ions, could be exchanged into the zeolite.

The limit is determined by the volume of the cation.

From equilibrium studies the selectivity of the zeolite for

one cation over another cation is determined and a series formed to
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show the relative selectivity of the zeolite for a number of cations.
For univalent cations this series is (4, 44, 60, 61):
Ag > T1 ?Na>K>NH4>Rb>Li >Cs

Thus Ag+ ion 1s the most favoured ion whilst Cs+ ion is the
least favoured. Other workers have produced similar series but with

the selectivity of Na and K reversed (K >Na) (62, 63) due to the

selectivity of zeolite or Na an eing very similar.
lectivity of lite A for N d K bei imil

Measurements have also been carried out for trace ccmponents
in concentrated electrolyte solutions (64, 65) and gave a different

selectivity series (64).
Cs >Rb >Na > Li

It was also shown that zeolite A may be considered to be a

highly "cross-linked" exchanger (65).

Apart from Ag+ and T1" zeolite A is more selective for divalent
ions than univalent ions and the selectivity series has been determined

(4, 66, 67):

Zn >Sr >Ba >Ca >Co >Ni >Cd >Hg > Mg

Wolf et al (62) found slight differences:
Ba >Sr >Ca >Mg and Zn >Ni >Co > Mn.

A number of other studies have been made of divalent exchange
(59, 65, 68-77) including some for trace components. A study of
Sr - Ca exchange (72) showed the selectivity for Sr to be slightly

greater than that for Ca and Nikashina et al (71) found the following
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selectivity series.
Cu >Zn >Co >Ni

Other workers confirmed this series and found that Cd had a
higher selectivity than that of Zn (69, 70). Wiers et al (75) studied

divalent - divalent exchange and hence found
Pb >Cd >Cu >Ca

A study by Barri & Rees (59, 78, 79) of Na -Ca and Na - Mg exchange
confirmed that the relationship between the isotherms and the solution
concentration was valid (see later). A study of the Na - Ca/Mg ternary
system (59, 78, 79) showed the divalent ions were preferred to Na and

that the Ca was preferred to Mg.

1.5 ION EXCHANGE IN ZEOLITE A - KINETICS

A number of workers have investigated the kinetics of isotopic

exchange in zeolite A (80-89).

Both Levi et al (82-84) and Sherry et al (85) found a fast initial
process followed by a slow second process. Levi et al assumed two
separate processes involving mobile ions and firmly bound ions whereas
Sherry et al proposed a single, fast, diffusion process of mobile ions
and a simultaneous, slow, adsorption-desorption reaction between firmly
bound and mobile ions. The measurements of Sherry et al showed the slow
stage to be independent of particle size (85) in support of their proposals.

These proposals were reviewed by Rees (90) along with work on other zeolites.

Dyer et al measured isotope kinetics and found only one process (45,
80, 81, 88, 89) as these measurements started only after the fast process

would have finished. Overall the diffusion rate of univalent cations
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was found to be much greater than that of divalent cations. Dyer et
al (45, 88) showed that for divalent cations the activation energy

decreases with increaéing cation radius whereas for univalent qations
the energy increases with radius. The activation energy of divalent
cations is some two or three times higher than that of the univalent

cations.

Very few ion exchange kinetic measurements have been made‘(59,
87, 91-96, 99-100) with zeolite A. Wolf et al (91) first measured the
exchange of Na with Ni and found a two stage process which they ascribed
to Ni blocking the openings to the a cage. They later measured the
kinetics of exchange of Na with Mg, Ca and Mn (92-94), covering the
entire range of compositions in a series of experiments. Using a
techhique which will be described later they derived diffusion
coefficients and explained the variation of the diffusion coefficients
in terms of zeolitic composition. Unfortunately they éssumed in their
explanation that six site IIs are évailable to six divalent cations where-
as there are only three. Their results nevertheless stand and will be

discussed later.

Barri (59) measured kinetics of exchange of Na with Mg, Ca and
Mg/Ca showing fhat Mg exchange is much slower than Ca exchange. Also
in Mg/Ca exchange the rate is equal to Ca exchange until the ratio of

Mg to Ca is greater than one,

Gaus et al (87) measured the kinetics of exchange of Sr with Ca
and Ba and the reverse exchanges and compared them with isotopic exchange
rates using the equations of Rees and Brooke (97, 98) which will be dis-

cussed later.
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Hoinkis & Levi (99) measured self diffusion kinetics and Na -Sr,
Sr -Na and Na -Cs/Sr exchange kinetics. They found the Na - Sr exchange
to be much faster than the reverse exchange and the Na -Cs/Sr exchange
showed a maximum in Cs uptake followed by a decrease and preferential

Sr uptake.

Ames (100) measured Na - Cs and Na - Sr exchange kinetics but used
cemented bundles of crystals so that his measurements refer to inter-
crystalline diffusion i.e. diffusion between crystals in the bundle. His
results cannot therefore'be compared with experiments with single crystalé

where the kinetics depend upon intracrystalline diffusion.

Ikeda et al used a pressure jump method with conductivity detection
(101) to measure the relaxation of alkylammonium ions (95, 96) in
zeolite A, initially in a suspension. They found a slow and a fast
relaxation process which they explained in terms of a two step mechanism
in which a sodium vacates its site in the zeolite cage.and an alkyl-
ammonium ion is adsorbed onto the zeolite surface and then diffuses into
the cage. Whilst their results apparently support this mechanism it
would require a charge separation and the diffusion of an adsorbed
alkylammonium ion through the zeolite would be a most unfavourable

process.
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2. ION EXCHANGE THEORY

2.1 EXCHANGE EQUILIBRIA

The process of ion exchange may be represented by the

following equation:-

Z_ .+ Z . + Z_+ Z. +
B A B A
— B 2.1.1
ZAB(z) + ZBA(S) - ZA (s) + ZBA(Z) ( )

where ZA’ ZB are the charges of the ingoing and outgoing cations and
the subscripts z and s refer to the zeolite and solution phase

respectively (103).

Defining equivalent fractions of the ions in the solution and

zeolite phase respectively by:-

Zm
As = Tm ﬁ 2 m (2.1.2)
AA BB
and
Z Z M
AMA A A
Az = Wz = =5 (2.1.3)
AA B B
where mA, B represents the molalities of ions A and B in solution
and MA’ B represents the concentration in moles per gram of ions A

and B in the zeolite. C is the ion exchange capacity of the zeolite
in equivalents per gram. The exchange capacity of a sample of
zeolite A in two different cation forms, A and B, will differ due to
the differing atomic weights of the two ions. This does not create
difficulties as the sample used in an experiment will have a known
capacity in equivalents (weight . C) to which subsequent measurements

can be related.

An isotherm is a plot of AZ as a function of AS at a given total

)

solution normality (TN) and temperature and shows the preference of



30.

the zeolite for one ion over the other involved in the ion exchange
reaction. The diagonal from (0,0) to (1,1) represents an ideal
isotherm (dashed line in Fig.5) with no preference and the law of

mass action is obeyed.

Fig.5 shows the five types into which isotherms can be classified
(15). In curve (a) the zeolite is selective for the incoming ion and
in curve (c) for the outgoing ion. In most cases the zeolite
selectivity varies with the degree of exchange to give a sigmoidal
isotherm like curve (b). Curve (d) shows an isotherm where the
incoming ion cannot replace all of the outgoing ions and curve (e)
shows a hysteresis loop due to two zeolite phases being formed during

exchange.

Ion exchange equilibria are described by three equilibrium
coefficients. The rational selectivity (mass action) coefficient,

Km, is given by:-

AZB BZA
z ' s (2.1.4)
Km = Z Z
B A . A B
Z s

The corrected selectivity (Keilland) coefficient, KC, includes

a correction for the activity coefficients of the ions in solution:-

Z
B ZA
A, - ap (2.1.5)
K - 2 Bg 1.
C Z Z
B A a B
z A
s
where aA ' g represents the activities of ions A and B in solution
s s

and eliminates the selectivity generated by the solution phase to give

the selectivity of the zeolite phase only.
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Figure 5.
Types of ion exchange isotherms for

the reaction Ag +B, =A , + B s,
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Lastly the thermodynamic equilibrium coefficient, Ka’ also
includes the activity coefficients of the ions in the zeolite and

is a true constant for thé system considered.

aZB aZA
b, By (2.1.6)
Ka =72 Z
a A a B
BZ AS
or alternatively
AZB fZB ZA ZA
K, - z ""A "B °
BZA fZA ZB ZB
z B M Y
where fA’ B represents the activity coefficients of ions A and B in

the zeolite on the equivalent fraction scale and ¥y the same in the

A’ B
solution on the molality scale. It should be noted that there has

been some controversy over the use of equivalent fractions rather than

molar fractions (104) and the effect on calculated AHe and AGe values.

In the cases which will be considered in this thesis, the fraction used

has no effect provided the same fraction is used throughout the

calculations.

For the dilute solutions used in this study molality may be

replaced by molarity and hence the total solution normality is given by:

TN = (ZAmA + ZBmB) (2.1.7)
and from (2.1.2)
A .TN B .TN (2.1.8)
m, = = and m_ = _S
A ZA B ZB

hence substituting into .(2.1.5) using the form of aA ' B used in
s S
(2.1.6) gives:-
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AzB .BSA . T
Kc= ZA ZB
BZ .AS Q
ZA
"B
where T =—— (2.1.9)
Z
Y B
A
Z
ZBA . (TN) (ZB ZA)
and Q =
B
ZA

KC has been determined experimentally for a number of systems
(59, 105) and for sodium-calcium and sodium-magnessium exchange

a polynomical fit made (59, 78) of the form:-—

2 3
logloxcf_b0.+b1Az'+b2Az+'b3Az - (2.1.10)

where bo, are constants (see table 2).

1’ 2’ 3

Kielland (106) found an empirical formula for the activity

coefficients in the zeolite for uni-univalent exchange:-—
log, £, =kB°; log. f. =kA° (2.1.11)
€107a T £10"B 7" e

where k is the Kielland coefficient and hence derived the following

expression by substituting into {(2.1.6) with K, defined as in (2.1.5)

C

and putting ZA =ZB =1

log, (K, =log, K, +k (1—2AZ) (2.1.12)

A plot of loglch versus Az is therefore linear with a slope of 2k.
This equation was found to hold true for Na-Li, - K, -Rb and - Cs

exchange in zeolite A (44, 105) (see table 2).



34.

The ratio of activity coefficients, I, can in some cases be
determined by ion selective electrodes (59) but usually the equations
of Glueckauf (107) are used to calculate T despite doubts about their

accuracy (59, 78) particularly at higher concentrations.

If-A is a divalent cation, B a univalent cation and X the common

univalent anion then:-

(BX) By

8
logio¥ax = 19810Yax ~ 7 +2A_ tog,oYax ~ 31°8107Bx

%
1 —1/2
1+ [TN(1 +/2As)]

(2.1.13)

(AX) Ag

1 =1 - —5_ -
©810"Bx ®810¥BXx T 8 +4h_ Blog, oYpy = 425108, 4,y

%
1+ [TN(1 +'/2AS)

]—‘/z

where are the mean activity coefficients of pure solution of

WX, BX

AX and BX respectively at the same ionic strength as the mixture being

considered.

The mean activity coefficients are given from the individual ion

activity coefficients by :-

1/(ZA-+ZX)
X A
LYo ) (2.1.14)

and the ¥y values are found in tables (108) or calculated by

AX' BX
extended Debye-Huckel equations (109),
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{BX) (AX)
ax ' 'BX

AX and BX in the mixture of AX plus BX and are related to the

are the calculated mean activity coefficients of

individual ion activity coefficients in the mixture by eqn (2.1.14).
For the case considered T is therefore given by:-

A4
(AX)

(v )
e -2, S (2.1.15)

3
(BX)

(YAX )

A linear fit is then taken of 'as a function of AS, that is:-
I = a-+bAS (2.1.18)
for use in the following calculations (see table 3).

If A and B are both univalent cations then Glueckauf's equations

(107) give T as a constant,

BX : (2.1.17)

given by the mean activity coefficients in the pure solutions of AX

and BX at the ionic strength considered.

From these equations 1t is possible to construct an isotherm for
any total normality if KC and T are known. For a given AZ value Kc

is calculated and then for A divalent, B and X univalent,

3 2
f(AS) —bAS+(a—2b)AS +{b~-2a-0Q .AA)AS +a=0

where K .B
AA =—=% (2.1.18)

This is solved by Newton-Raphson iteration to yield the required As

\

value.
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For A and B univalent,

f(A ) =A (AA+T)-T=0
s S
(2.1.19)

where AA =

It should be noted that for uni-univalent exchange the isotherm
is independent of total normality apart from a small variation in

the value of T.

The above equations are used to calculate a value of As from
a given Az value. The reverse process is slightly more difficult as

KC has to be calculated from an estimate of Az'

The following is then solved by Newton-Raphson iteration:

Z
Kc(l-Az) A ZB
flh) =" % =°
ZA (2.1.20)
I‘.(l—As)
where BB =
Z
Q.AD
S

to yield the value of Az. It must be noted that at every iteration
a better estimate to AZ is found and a better estimate of KC is then

calculated.
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TABLE 2

Values of Kc used.

2 3
For log 1056 =by +b A, +b2AZ~+b3AZ (59, 78 )
System bO bl b2 b3
Na-Ca, 25°C 2,83 -6,03 11,5 -9.11
Na-Mg, 25°C 1,46 -2,66 -6,34 5,08
For loglOKC:=(logKa-—k)-+2kAz (44, 105
System logKa-k 2k
Na-Li -0,74 -0,42
Na-K 0,105 -0,41
Na-Rb 0,20 -1,40
Na-Cs 0,85 -4,60

TABLE 3

Values of activity coefficient ratio, T, used for T =a-+bAs.

System TN a b
Na-Li 3,4 L1073 0,999 0
Na-K 3,4 L1072 1,000 0
Na-Rb 3,4 .107° 1,000 0
Na-Cs 3,4 . 1073 1,001 0
Na—unival 1,0.1072 1,000 0
Na-Ca 3,4 .1073 1,081 0,3913
Na-Mg 3,9 .107° 1,062 0,208
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2.2 KINETICS OF EXCHANGE

The kinetics of ion exchange are not dependent upon the actual
exchange in the zeolite cages, which is very fast, but are instead
dependent upon the diffusion of the cations. The diffusion of cations
occurs within the Nernstian layer around the zeolite and within the
zeolite itself. If the rate is dependent upon the former the process
is termed film kinetics and if it is dependent upon the latter the process

is termed particle kinetics.

Different rate laws apply to the two determining rates with the
half time in film kinetics proportional to the particle radius and
inversely proportional to solution concentration whereas that of
particle kinetics is proportional to the square of the particle radius
and independent of solution concentration. Studies of Na-Ca and Na-Mg
exchange in Zeolite A (110 ) have shown that for small particles
(<5,9 pm), low solution concentrations and high selectivity for
incoming ion, film kinetics are favoured, particularly during initial

exchange.

The present studies, however, mainly use larger particles and will
be dominated by particle kinetics. The kinetics will therefore be
considered in terms of cation diffusion within the zeolite particles

as in previous studies (91-94, 99 ),

Diffusion in any material is described by Fick's first law:-

J =-Dgrad C (2.2.1)

where J is the rate of diffusion, C the concentration of the diffusing
component in the material and D the variable or differential diffusion
coefficient. This law states that the rate of transfer of diffusing
substance through unit area of a section is proportional to the

v

concentration gradient normal to the section (111 ),
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Fick further developed this theory to give the diffusion

equation:-

%% = div (D grad C) (2.2.2)
For diffusion in one dimension this equation may be written as:-

XL _3 (5oL (2.2.3)

and if the diffusion coefficient is constant (or integral, §) further

simplifies to:-

e _ (2.2.4)

For radial diffusion in a sphere the diffusion equation simplifies
to the above form and for an infinite bath, that is for the case where
the concentration of the outer bath remains constant during exchanges,

the solution is (112):-

M ® N2 2

t 6 1 Dn 7 t
vl 1 - > ) S exp ( > > (2.2.5)
@ ™ n I"O

where Mt/Mm (or F) is the degree of exchange and r,. the particle radius.

0

For the similar boundary conditions but with cubic particles with

sides 2aO (as is the case with zeolite A) the solution is:-—

nzﬁt
M - - - exp [ -5 S ]
t 512 4da
7 =1- 7 ) ¥ e 7 (2.2.6)

l=1m=1n=1

where S = (21-—-1)2+(2m-—1)2+(2n--1)2

and T=(21 -1)° . (2m-1)2. (2n-1)° :
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These equations have been evaluated by computer and Langerwall

or a.) versus

and Zemen (113) published tables of T(E%t/xz, X =rg 0

Mt/l‘-’lm for various crystal shapes.

It should be noted that a plot of Mt/Mm versus vtime (/t plot) is
initially linear and that from eqns (2.2.5, .6) it can be shown that

this initial slope is given by:-

%
Slope = g -<§E> ‘ ' (2.2.7)

m

so that an initial average value of the diffusion coefficient may be

calculated.

Since B is an average value:-a value of B should be calculated
which when inserted into egn. (2.2.5) or (2.2.6) gives M /M _, t pairs
which match the experimentally determined points as closely as possible.
This curve fitting is carried out by determining the area, I, above the

experimental Mt/Mm versugs t curve.

The area above an Mt/McD versus time plot has a finite value such

that:-
~ M,
Area, I = f [l——] dt (2.2.8)
M
0 ©
For spherical particles it is found that:
2 ©
I-_Gro S
T 4a 4
T D n
n=1
hence: -
j%zz_l_ (2.2.9)
I
ro 15



41.

For a cube:-

2 w @ - o]
4a° ., 512 1
1= 8"2 6 ) Z I S.T
1=1 m=1 n=1
S and T as above,
A computer program gave:-
7Y 7 i— - o0,37377
: S.T ’
1=1 m=1 n=1
h ] 1
ence
22 T 12,3961 (2.2.10)
0

A value of B can hence be calculated.

These equations were first applied to isotopic exchange and can

be applied to ion exchange when no change in total volume occurs in which

case the diffusion coefficients of the two ions are equal, (114),.

The above equationsassume an infinite bath but the experiments
carried out in this work used a finite bath. In this case the variation
in the outer solution leads to a non-constant concentration gradient at
the solution particle interface. This gives the additional boundary

condition (115,116 ):—~

-_— n p—
aC 3wD aC
il PO o (2.2.11)

where w is the "dimensionless parameter of the change in the border

concentration'. , or mathematically (116 ):
M —_ -
z [aC
w=2 (a_c) (2.2.12)
s r=r,

where Mz, s is the capaéity in equivalenté of the zeolite and solution
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respectively and C is the concentration of the diffusing component in
the solution. TFor the purposes of ion exchange the parameters C and C
are replaced by Az and AS and aAZ/aAS is the slope of the relevant

isotherm at the solution corresponding to the degree of exchange being

considered. The solution for this boundary condition is (115):-

Mt © exp (-S_.1)
==1- y 5 (A)
© j=1 Sj

{LSWA+6(W+1)}

where the Sj are the successive positive roots of the transcendental

equation:-
S 1
3w+s—cotS—O

such that jn <Sj <jm4m/2

This equation is not suitable for evaluating diffusion coefficients
because of the summations necessary and (117, 118) Wolf et al published

a set of approximations together with their range of applicability (119),

see Fig.6.

Two of these equations were derived by approximating equation (A):-

Mt _wx+l [l__u . o(avT) B .¢(B/T)]

ﬁ; w a-B

(B)

where: ¢(n) =exp (n2). (1+erfn)
and erf n is the error function,

n 2

erf n =/—2; f e--E dg
0
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o and B are the roots of the quadratic equation:-

X
3w + xX=-1=0

such that: a <0 <8

also:

)j+ 1

F=(a+3) ) (-1

. H.Tj/z (c)
J

o,
]
[uy

where a =3w and the first four polynomials Hj are:-

Hl =2/V/n
H2==a~+1
H3 =ﬁ a(a +2)

H4==Za(az-+3a<+1)

Wolf et al recommended a special procedure for w<0,1 .A correction
factor R is used to give the correct value of ¢ from a value (TB)

calculated using the solution to the diffusion equation (2.2.5) due to

Boyd.

" 2

Dt/ao=T—‘tB/R (D)

123 can be calculated using simple approximations of equation
(2.2.5) (120 )

=L p? 0<F<0,003 (2.2.13a)
s =38 <F<O, .2.13a
1 i 2
=T (1-V1-3F) 0,003<F< 0,887 (2.2.13b)

1
TBz_“;_O [10g 6_2_1og (1_F)] 0,887 <F < 1,000 (2.2.13c)
™

m
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Figure 6.
Equations used in EXCHANG.
1,0
A1 ' ’ A2 An,n>2
—
0,8 -
4 B
0,6 1
Mo 1o
Moo
0,4
Cs
0,2 - l
_\__‘_‘ G
C.
(G —
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A diagram showing the variation in R with F(E/Mt/Mm) and w was

included (119 ), see fig.7, as were three equations:-
R=(1+w)2~1,2uF [w+0,79 +F(0,5w +0,2)] 0 <F< 0,80 (R1)

R=1+w(l-0,4w), (2,93-1,6F) 0,80 <F<0,95 (R2)

R=1+(1-—O,46w).[0,608— 9,226 ]

log{1-~F)+ 0,216

0,95 <F <1,00

Wolf et al stated that if the change in the differential
diffusion coefficient D was not too large then the diffusion coefficient
calculated, 5, is then approximately the average for all D values found

between F =0 and F =Ft where Ft is the F value at time t.

Mathematically:-

F
. A" 1 t - ’
log D= — log D dF (2.2.14)
F
t
Yo

The B values calculated therefore vary with F and show the
variation of exchange rate corrected for the concentration gradient
at the particle-sclution interface (w factor). If the values offb are
extrapolated to F =0 then BO::BO and hence values of D may be calculated.
It has been found, howéver, that such an extrapolation has a large
uncertainty because of the time response of the ion selective electrodes

used to measure the rate of exchange. D values were not therefore

calculated.

A program, EXCHANG, was written to calculate diffusion coefficients
using the above equations and a modification of the method of Wolf et

al (121 ).
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-Figure 7.

Values of correction factor R for

calculation of T using equation D

0,00 n
0,0 0,5 1,0

F (=M /Moo)
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2.3 PROGRAM EXCHANG

The program is written in the version of FORTRAN 77 used at the
University of London (FTN5) aﬁd is run on the CDC Cyber 174 and
CDC 6500 at Imperial College. The computation of diffusion coefficients
for fifty Mt/Mw’ t pairs requires approximately one second of central

processor time.

The binary version of the program and the data file to be used
are obtained and tﬁe National Algorithms Library is called up (see
page 53 ). The program is then executed and asks the user to select

one of five options.:-

1. To use Mt/Mm’ t pairs from the datafile and calculate
diffusion coefficients for an ideal isotherm (w constant)

and for the actual isotherm.

2. To read Mt/Mw’ t and w from the datafile in cases where

w can only be determined graphically from the isotherm.

3. To read Mt/Mm’ t and w from the terminal allowing the user
to test the effects of the three variahles on the diffusion

coefficients.

Options 2 and 3 have the further option of using a constant w

for cases where the isotherm is unknown.

4, To read Mt/Mw’ t pairs from the terminal and calculate

diffusion coefficients for two w values as in option 1.

5. Calculates values of equivalent fraction of ingoing cation
in the solution of (AS) from fraction in zeolite (AZ); that

is calculates isotherm for AS values read from the terminal.

For example for option 1 the reply to the prompt would be

"YNNNN'", On the basis of the option selected the computer then prompts
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for further data:-

RATIO OF EQUIVS IN ZEQOLITE TO THOSE IN SOLUTION:

CHARGES OF IN- AND OUT- GOING IONS -~ ie cation charges.

TOTAL NORM., A AND B (FROM GAMMA = A +B * AS)

ie TN, a and b - see egns (2.1.7, 16)

B¢, B1l, B2, B3? FROM
LOG KC = B@ +B1l, AZ +B2. AZ *%*2 4+ B3, AZ **3

- see eqn (2.1.10)

INITIAL AND FINAL AZ, INITIAL AS (PERCENT)
— self explanatory, initial AS is usually 100%,

ie solution contains only ingoing cation.

HALF CUBE LENGTH = ao

The computer then prints headings for the results tables and for
option 5 calculates AS from Az (2.1.18, 19) (subroutine CALCAS)
then recalculates AZ from AS (2.1.20) (subroutine CALCAZ) as a double

check.

For the other options the computer proceeds to the main part of
the program and for options 1 and 4 calculates the value of w
corresponding to the solution composition using subroutine CALCAZ to
calculate AZ values for AS and AS+10_4 and hence find a good

approximation to BAZ/BAS.

The program then selects the W value to be used (the value

calculated above or w constant) and then selects the equation
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(A, B, C, D) needed to calculate t from the F and w value using
Fig. 6 . Egn -Cl is equation C with one term, eqn -C2 is with two

terms etc.

For w <0,1, that is egqn D the value of T can be calculated
directly but for the other equations an iterative method is used to

" arrive at the correct value of r.

First an approximate 1t is calculated using an extension of
eqn. D. The extension is based on a table of R values (DATA RR)
which cover the range F =0,01 to 0,99 and w=0,1 to 106. The correct
R value is found by interpolating linearly for F and interpolating

w2. For w3>106 and F > 0,99 the value of R is roughly extrapolated.

From the first t value a value of F is calculated using the
selected equation and a second t value calculated from the slope,
p, of the F versus t plot, Fig. 8, for the correct w Qalue (subroutine
SLOPE).

dr

d logt (2.3.1)

P =

Subroutine SLOPE uses egqn D as above to give an approximation

to p.

The second 1 value is then given by (120 ):-

2

10 3 (F-—Fl)c

y1_o=V
T (2.3.2)

T
1
where F is the actual F value, F1 the value calculated from T and

c=1,2.

A new F value, F2, is then calculated from 12 then the program

calculates new t values from ( 121 ):
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+(Fn_2—F)/Tn_l

(F-F Yt
/i =0,9 n-1 n-2

n F‘n—2_Fn—l

(2.3.3)

v
+ 0,1 Tn—l

and calculates an estimated F value which is compared with the actual
F value. The process stops when the two agree to within 10_4.

The diffusion coeffiéient is then calculated and corrected by a factor
Kl which is tabulated in a DATA statement at the beginning of the
program (122 ). The equation assume a spherical particle form and

Kl corrects to a cubical form using the effect of particle form on

t values calculated for an infinite bath (2.2.5,.6).

SPECIAL FEATURES

In the main routine F >0,99 and w >30 the data is rejected as
unsuitable for calculation. During the calculations if the first or

second estimate of F (F, or F_.) is > 1,0 the program terminates. If

1 2

the difference between any two subsequent estimates is < 10—100 the

program goes on to the next F, T values to prevent division by zero.

In subroutine EQNA the values of Sj(SN) calculated are checked to ensure
that they are in the correct range (see Equation A). These precautions
are taken to ensure that the iteration converges and that the program

does not run away.

For the calculation of 1 using equation B the value of
¢(x) =exp (x2) . (1 +erf x) is required. For x> - 10 the NAG function
S15ADF is used to give erfec(-x) (=1l-erf (~x)) and ¢(x) is then

given by:-

0(x) =exp (x2) . erfc (=x) (2.3.4)
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For x <-10 ¢(x) is given by an symptotic series where X==|xl§—

(1) 1.3 ... (2n-1)

¢(x)=)—(% 1+ ) (2.3.5)

This procedure was used because the error function tends to

+1 for x> 4 and tends to -1 for x <4.

Format of Datafile

1st Row
Number of data points, NPTS, presented in columns 11 to 13

as an integer.

2nd Row
Half cube length of particles, RM, presented in columns 11 to

18 with the format E8,2, e.g. 6um O0,60E - 05.

3rd and 4th Row

The third row is blank and the fourth row has the headings for
the data i.e. F in column 3,T/S in columns 13 to 15 and W in column

25 if w values included in file.

5th to (4+NPTS) Row

The data is presented with F in columns 1 to 6, format F6,4,
T (in seconds) in columns 9 to 18, format F10,1, and when required

w in columns 21 to 28, format EB8,2 (see above example).

After the data particulars of the data may be entered e.g.

date, system, without interfering with the data file operation.



Figure 8.

Variation of M;/Mg with T for various values of w.
See S.Paterson,Figure1 (115).

‘cS
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2.4 THEORY OF BROOKE AND REES (97,98 )

The theory of Brooke and Rees is a modification of the theory
of Helfferich and Plesset (123, 124 ) which describes ion exchange
kinetics in terms of the self diffusion of the exchanging cations.
The self diffusion of a cation is measured by adding a sample of
zeolite, containing a radioactive isotope of the cation, to a
solution containing cation and measuring the rate of increase of
the solution radiocactivity. If the v/t plot is linear then for small
times (98 ):

Q

Q
t 0 D¥* ¢
= m 2ap / (2-4.1)

q,

ki)

where QO is the amount of radioactive tracer cation in the solution
at time, t =0, Qt and Q_ are the same at time t and at equilibrium.
p is the density of the zeolite and A is its surface area. D* is
the self diffusion coefficient of the cation which is needed for

calculations using Brooke and Rees's theory.

Self diffusion coefficients for a number of cations in zeolite
A have been determined by Dyer et al {45,80,81, 88, 89 ) and for

non-linear vt plots they have used (80 ) for small values of 1 (125):

M

t

= (141) [(6/1/av/m) = (L +2/3) . 9t/2% +

=

8

(1 +21/3) .3613/2/)\3/n+...] 2.4-2)
where 1 =D* t/r2, r being the equivalent particle radius which is given
by finding the surface area of the particle form used and calculating
the radius of a spherical particle with the same surface area.

A =VM/vm where V and v are the volumes of the solution and zeolite
respectively and M and m are the respective molarities of non active

cations.



71.

Dyer et al have also used (81) the equation from which the

above expansion was derived (for larger T values):

=

_t oy 3y
M = (1+x))p 1 eerfc(—l.ﬁ>
5 A

o Yyt

Y 3y

2 2

o ¢ erfc (———/r) - A
YLt Y, A

(2.4.3)

where yl==Z(/(l +41/3) +1) and Yo =71, —1

71

and e erfc(x):exp(xz).erfc(x)

Self diffusion coefficients measured at different temperatures

are related by the Arrhenius equation.

D* =DO exp (- Ea/RT) (2.4.4)

From these self diffusion coefficients (Table 4) an inter-diffusion

coefficient can be calculated (97) from:-

3+ *
DA DB alnaA

D = .
* __ T *
AB (DA DB) CA+DB 31nC

(2.4.5)
A

provided that Z, =2

A B’ that is the exchanging cations have the same

valency. CA is the mole fraction of ion A in the zeolite and a, is

its activity in the zeolite. DK and DE are the self diffusion

coefficients of A and B respectively. Ion A is initially in the 2zeolite.

In some cases the activity term (alnaA/alnC =g) gives a

A
discontinuity in DAB which is unfavourable for use in the unmodified

diffusion equation and this was overcome by using a transform due to

Crank (126) such that a parameter S is defined.

C 1
o, J
= D )
0 AB dCA/ o Pap dCA (2.4.6)
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That is S is the average D up to the point considered divided

AB

by the overall average D The diffusion equation for a sphere is

AB’

then transformed to:

1
aC
A 1 3 2
3t ~ 2 ar ‘"'/‘ Dyp 9Cy 35
r 0 . ar

which simplifies to:

Ch 1 o <2 as) . (2.4.7)
13 (238
)
)

1
2
where r.-{/g DABdCA),t/r‘O and p =r/ro

where r is the distance from the centre of a spherical zeolite
particle with radius Lo This can be solved using the finite difference

scheme: -

CA(p, a+At) =C (p, T) +[A1/(Ap)2] .[R+S+-R_S_] (2.4.8)

A

where:

R+=(p +’/2AF>)2/p2 .S

; +=S(p+Ap, 1) -S(p, 1)

~and
-
R__=(D—/2AO) /073 S_:S(p, 1) =S{p —4Ap,T)

A program which uses this scheme to give CA values for increasing
1(and hence t) was written by Brooke (97, 98) and was used to compare

with experimental values.

The values of g were calculated using the Kielland coefficient,

k (egn 2.1.11), Table 2}. It can be shown that (10 ):

g=2kCA(CA—1)+1 (2.4.9)
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since:—
alnaA .. CAalan
alnCA BCA
Table 4

Self diffusion parameters from Dyer et al (45, 80, 81, 88, 89).

Self diffusion coefficients hence calculated using eqn. (2.4.4).

Ionic Species DO/mgs_l Ea/KJ mol_l

K 1.1071° 26,5
Na 4,107 22,4
Rb 6.10 10 27,9
Cs 5.107° 36,3
Mg 7,00 .1077 77

Ca 4,75 1078 67,4
Sr 7,40 . 1078 82,0
Ba 1,59 .107° " 90,4

The univalent self exchange was measured in the temperature

range 243 to 273K using a 1:1 ethanol/water mixture.
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3. EXPERIMENTAL PROCEDURE

3.1 ZEQLITE A

Zeolite A was synthesised using the method of Charnell (127 ).
A silicate solution consisting of precipitated silica (21g), sodium
hydroxide (28g), triethanolamine (112g) and water (7OOcm3) and an
aluminate solution consisting of sodium aluminate (80g), triethanol-
amine (112g) and water (7OOcm3) were left to "age" for 12 hours,
filtered and then the aluminate solution was added to the silicate
solution and the resulting gel was thoroughly mixed by stirring mechanically
at room temperature for 12 hours. The gel was inserted into a plastic
bottle and placed in an oven at 80°c. Tﬁe crystallisation was complete
after three weeks and yielded well formed zeolite A crystals. The

crystals were washed with 10_3

M NMeAOH (pH 10) to remove excess sodium.
The high pH was used to limit hydrolysis. The crystals were dried, ground

and equilibrated over saturated NaCl.

An X-ray diffraction pattern was taken and gave lines all of which
could be designated to zeolite A. Scanning electron micrographs of the
crystals (Fig.9) showed them to be mainly well formed cubes with some
iﬁtergrown crystals and a small amount of gel. The micrographs were used
to give the size distribution shown in Fig.10 which yielded a weighted half

cube length of 6,3 um.

The crystals were analysed chemically and gave an average pseudo

unit cell formula of:-

1 ' H
Naj; 1 Hy g (A10,)15 o (5102)12,3 ( 2023 5

The hydrogen probably entered the zeolite during washing and no
attempt was made to remove it by treatment with sodium as it was

considered that further hydrolysis could occur.
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Figure 9
Electron micrographs of Charnell synthesised zeolite A.

Magnification of prints x1000.
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Other zeolite A samples used were a sample prepared by S.A.I. Barri
using the Charnell method with an average half cube length of 9 um and

formula of:-

Na,, o (A10;)), (8i05)y, (H,0) 56 g

and a commercial sample made by Laporte, batch number RD6/78, average half

cube length of 2,6um and formula of:-—

Nay, 1 (A105),, o (8105) 5 4 (Hy0) 50 o
The water content was determined using a Stanton Redcroft 760
thermo-gravimetric balance. The sample of ~ 10mg was heated to 700°¢C

at lOOC/min and held at 7OOOC until constant weight was achieved.

Further analyses was carried out as described belqw on 0,2g samples
dissolved in 2N HCL (SOcms) and diluted to 250cm3. In cases where little
zeolite was available 60mg was dissolved in 2N HCl (200m3) and diluted

to IOOcm3 .

Analysis for sodium was carried out by flame emission using a
Perkin Elmer 280 or 290 Atomic Absorption Spectrometer at 589,0 nm
using an air-acetylene flame. Aluminium was detérmined by a back titration
method (128 ). To lOOcm3 dissolved zeolite 10% sulphosalicylic acid
(1—20m3) and O,05N EDTA (lOcmB) were added. The solution was heated to
boiling then 5% ammonia was added until a pH electrode gave pH 4,5 to 5.
Acetate buffer (pH 4,8 ,10—200m3) was then added and the solution allowed
to cool. The solution was backtitrated with 0,05N Iron (III) (Ammonium
ferric sulphate) to determine the amount of uncomplexed EDTA and hence the
amount complexed by the aluminium taking one cm3 0,05N EDTA to be

equivalent to 2,949mg AlO

2
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The silica content by difference was found to be only 2% higher
than ideality and this was the case with most samples. Due to its
difficulty and comparative inaccuracy, silica analyses were carried
out only in cases where the Si:Al ratio was anomalous and a large
sample was available. An attempt was made to measure silicon by
plasma spectroscopy but the results were low due to incomplete silica
solublisation in 2N HCl. The method was however, successful for
analysing the silica lost from a zeolite in the course of an
equilibrium or kinetic experiment. The plasma spectrometer had a
silica burner, which would have dissolved if a strong acid had been

used to dissolve the silica in the zeolite.

In a few cases silica was analysed gravimetrically ( s9 ). A
sample of zeolite (0,5g) was dissolved in 1:1 HCL (1OOcm3) and
evaporated to dryness over a period of some hours. lOcm3 1:1 HC1
was added and also evaporated to dryness. This latter step was
repeated and the residue was then dried in an oven at IOOOC (90 mins).
1:1 HC1 (ZOcma) was then added and the solution heated for 20 minutes,
with stirring to ensure solubilization. Distilled water (1000m3) was
added and heating continued for 30 minutes. The silica was then filtered
off through ashless paper. The silica was washed with 1:10 HCl then
distilled water until no Cl~ was detected to silver nitrate additions.
The filter paper was folded and put in.a weighed platinum crucible.
The filtrate was evaporated and the process repeated to give a second
filter paper which was added to the first. The whole was combusted at
red heat fo give a white residue of constant weight. The silica was

dissolved in a few drops of 1:4 HESO and HF (1Ocm3) was heated until

4

no more H2504 fumes were evolved. This process was repeated twice with
less HF (5cm3) and then the crucible was heated to red heat. The

crucible was weighed and the difference in weight before and after HF

treatment gave the silica content.
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Dufing the subsequent kinetic measurements some of the end solutions
and zeolite samples were analysed to detect any hydrolysis. In these
cases, caesium was analysed by flame emission at its secondary line
(455,5 nm) with 1000ppm K background for the samples and standards;
potassium was analysed by flame emission (766,5 nm) with 1000ppm Li
background, calcium by atomic absorption (422,7 nm) with 1% v/v 1N
Sr 012 background and magnes-ium by atomic absorption (285,2 nm) with

1% v/v 1N La 013 background. All analyses used air-acetylene flames

and the conditions were summarised in table 5.

Table 5
Anaysis conditions using atomic absorption and flame emission.

Air-acetylene flame throughout:-—

Element Method Wavelength/nm Conc./ppm Background

K E 766,5 0-10 1000ppm Li

Na E 589,0 0-5 -

Cs E 455,5 0-120 1000ppm K

Mg A 285,2 0-5 1% v/v 1N La Cl,
Ca A 422,7 0 -10 1% v/v 1N Sr 012

E = flame emission, A =atomic absorption.

Cong¢,= concentration range of samples {achieved by dilution as necessary).

3.2 KINETICS

The kinetics were determined by ion-selective electrode -
reference electrode (EIL 1370) pairs connected to a pH meter (EIL 7030
and/or Orion 901). The EMF generated was recorded on a x,t chart
recorder. Usually a sodium selective electrode (EIL 1048-400 or Orion
94-11) was used to monitor the increase in sodium concentration during

exchange with the exchanging ion (counterion) initially in the solution
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phase. The electrode EMF is strictly proportional to sodium activity
which‘is affected by the counterion and thus the electrode response is
to some extent dependent on the counterion concentration.
Calibrations were therefore made in*mixed solutions corresponding to
those encountered during ion exchange in order to relate the EMFs to

the actual solution concentration.

The electrodes were first calibrated using 10-4N NaCl plus 10_3N

NHé (for pH control) and adding NaCl to give five or six concentrations

up to 10_2N NaCl. EMFs were then measured in mixtures of sodium and
counterion of the required total normality plus 10_3M NMeAOH (for pH,
NMe; non exchangeable cation) going from O to 50% Na then 100 to 50%
Na. The electrodes were then recalibrated in NaCl plus 10_3N NH_.

3

If the initial calibration gave:-

i i .
E =EO-+S loglON N (3.2.1)

Na
and the final calibration tf seconds later gave:-

f f .

E-—EO-fS loglONNa+ : (3.2.2)

then the EMF of a mixture measured at a time t after the initial

calibration was taken as relating to the calibration:

).--t—-r[Si +(Sf-si)§5] log, oN (3.2.3)

0"t £ Na®

i f i
E_EO+(EO—E

where N N is the concentration of sodium in the initial and final
Na
calibrations and the '"equivalent'" concentration in the mixture,

The above equation assumes that any drift in slope and intercept

of the calibration (S and EO) occurs linearly with time., A value of
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N N was hence calculated for each mixture and the initial calibration
Na
was then used to calculate EMFs corrected for drift, and hence give

a calibration of the form:

mix mix mix
E corr =Ej  +5 logN™ ™ (3.2.4)
Na

where lef is the actual sodium concentration in the mixture.
Na
This calibration could then be compared with the initial

calibration to give:

(3.2.5)

7
For each kinetic experiment a calibration with NaCl plus 10_3N

NH3 was carried out before and after the experiment.

The EMFs were corrected for drift as described for the calibration
in the mixture and the initial calibration relates to the calibration
in the mixture by the previous relationship (3.2.5). Knowing the
exchange capacity of the zeolite used, and assuming the amount of
sodium released equals the counterion taken up, it is therefore
possible to calculate the variatiqn with time of the zeolite

composition and of the fractional attainment of equilibrium (Mt/Mm).

The calibration in the mixture was also used to derive the
éctivity coefficient of the sodium ion in the mixture although the
results in some cases suffered from the electrode dispf%ing some
selectivity for the counterion., Figure 11 shows a calibration in a
sodium/lithium mixture and the curvature at lower concentrations is due

to the sodium electrode responding to lithium.
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During some experiments involving calcium the Ca concentration
was monitored using a calcium selective electrode (Radiometer F2112
Ca or Orion 93-20) and techniques similar to those described for sodium
were used. During experiments to measure the hydrolysis of zeolite A

the pH was monitored by pH electrode (Russell CTW).

In some cases sodium chloride (10—5N) was added to the initial
solution to bring.the electrodes EMF onto the chart recorder's span,
to give a stable baseline and to increase the response as the electrode
takes some t?me to respond to a change of concentration from 10-6N

to 10_5N which is a negligible part of the exchange kinetics,

Values of the sodium ion activity coefficient were calculated
using the method of Kielland (129 ) whereby:—

1
- O,50562§ I/2

logloyi = (3.2.86)

1
1 +108r‘i . 0,3283 I/2

where ri is the effective diameter of the ion, zi its charge, and I

the ionic strength given by:-
I=%7) 1,003 Nilzil

where Ni is the solution normality. Table 6 gives the values of z;

and ri and table 7 the ionic strength.

Table 6

Values of zi and ri used in equation 3.2.6
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Ion Z, 1O8IM

1 1

Na® 1 4,2

c1- -1 3,0
2+

Mg 2 7,4

ca®* 2 6,0

Table 7

Calculation of ionic strength.

System I
NaCl 1 003 N
’ . +
Na
CaCl2 1,504 . N o
Ca
NaCl + CaCl 1,003 (N +1,5N )
2 + 2+
Na Ca
NaCl +MgC12 1,003 (N N +1,5N 2+)
Na Mg

Ni =Normality of ion

Values of ¥y . and YCI_were used to calculate mean activity
Na
coefficients (see Theory, eqn 2.1.14) and compared well with tabulated

values (109 ).

For calcium and magnes-ium it was also possible to measure the
activity coefficients and thus for systems involving Na, Ca and/or
Mg an experimental relationship for T (see Theory, eqn 2.1.9 ) was

used.
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3.3 ELECTRODE USE AND MAINTENANCE

Sodium Selective Electrodes

The Orion 94-11 solid state electrode is a solid state electrode
with a glass membrane. It requires a hydrogen concentration at least
1000 times lower than the sodium concentration, i.e. for 10_4N NaCl
the pH must be > 7. The electrode gives 59% response in less than
1 minute for a concentration change from 10_4N to 10_3N although the
response is slower at lower concentrations. After a period of use the
response time increases and the electrode slope drops. To restore the
electrode to its starting characteristics it is dipped in 0,1M NH4F.HF

for 1 minute then washed.

In some cases this treatment is insufficient and the membrane
is polished by rotating the electrode against a wet abrasive strip
provided by Orion. It should be noted that the electrode has a life-
time of only 6-12 months which is aggravated by abrasién due to the
zeolite crystals. At the end of its lifetime the electrode becomes
sluggish and loses its selectivity and cannot be restored by the

previously mentioned methods.

The EIL 1048-400 electrode is a glass electrode and as such is
considerably cheaper than the Orion 94-11. It requires similar
operating conditions and responds slightly faster than the Orion (95%
response in 10g). It is however more fragile and care must be taken
not to damage the membrane. The electrode is restored to full use by
dipping the electrode in 1M NaCl-rlO_sM NH3 for 1 to 3 days followed by
l1ppm NaCl +lO_3M NH3 for 7-21 days. At the end of its lifetime the

electrode becomes sluggish and its electrode slope lowers although

prolonged soaking in 1M NaCl may restore the electrode characteristics.
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Calcium Selective Electrodes

The Radiometer F2112 Ca selective electrode is based on a
replaceable plastic membrane with refillable inner solutions giving a
degree of flexibility. It requires pH>7 and gives 90% response to a.
change in concentration fér 10_3N to lO-AN in about 1 minute. ‘When the
electrode becomes sluggish response is restored by soéking in 10_3M
CaCl2 although in severe cases the electrode was dismantled, thoroughly
cleaned and reassembled. Towards the end of its life the electrode

slope dropped below 27mV and a new membrane was used.

The Orion 93-20 calcium selective electrode uses a replaceable
sensing module and will work at lower pH with faster response than
the Radiometer electrode. Response is restored by soaking the
electrode in distilled water for 10 minutes then in 10_2M CaCl2 for

more than 10 minutes. Once the electrode response dropped the module

was replaced.

Reference Electrodes

| The EIL 1370 reference electrode is a calomel reference with a
3,8M KC1 salt bridge. The electrode is quite stable for ionic strengths
greater than ~ 5,10_3M but for lower concentrations there is a tendency
for the electrode to be noisy due to biocking of the ceramic junction
of the reference electrode. This can be unblocked by putting the
electrode in boiling water for some hours, washing the electrode and
replacing the salt bridge. This procedure will be successful in most
cases although the performance varies between different reference
electrodes. For best performance the salt bridge should not be allowed
to become saturated and the ceramic plug should be kept wet. Eventually

the calomel element.degrades (the calomel and mercury layers interpenetrate)

and the electrode will drift excessively and require replacement.
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3.4 UNCERTAINTY IN RESULTS

The uncertainty in the results of a kinetics experiment is
mainly dependent upon the accuracy with which the electrodevEMF can
be read during the experiment and the iinearity of the calibration
curves made before and after the experiment. Factors such as the
accuracy of the weight of zeolite and volume and concentration

and time are negligible compared with these electrode factors.
For a linear fit of the form:-
y=o+B(x-x) (3.4.1)

where X =mean Xx value, the uncertainty of 8 for 100(1 - 0)% confidence

is (130 ):
A=t [t (6/2)] . e (3.4.2)
(n=2) vCS{x,x)
where t(n-—2) (6/2) is the value of the t distribution for n-2

degrees of freedom (n data points) and the given confidence level,

e.g. for 7 data points and 95% confidence, t(n-—2) (e/2) = t5(0,025)= 2,57.

82 is an estimate of the standard deviation given by:-

i - |2
p) o 2 [a yi(xi-_xﬁ

D e — (3.4.3)
1 ) (xi-—x)
1

IH

3
|
AV}

and CS(x,x) is defined by:

n n n
Cs(x,x) =] (x, _x)%=7 xf._<2xi)2/n (3.4.4)
1 1 1
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The uncertainty of o for 100 (1 -9)% confidence is:-

ba=t [t (e/2)] . 2= (3.4.5)

-2)

From these equations it is possible to calculate the uncertainty
in the slope (AS) and intercept (AEO) of the electrode caiibration.

The uncertainty in concentration is then given by:-

(an)? =<g ln10)2 {AE2+ AE§+ (1ogloN)2A 32} (3.4.6)

where AE 1s the uncertainty in the measured EMF. The uncertainty

in the Mt/Mm values is proportional to the uncertainty in N (ie AN).

Example

Calibration of EIL sodium selective plus reference electrode.

4 3 3

(Na®]/N| 1,00 .10 2,94 .10 %] 6,60 .107%| 1,00.1073| 2,77 .10~

EMF/mV -125,4 - 98,6 - 78,3 - 67,6 -41,8

Regression factor, R2 =0,99997 and regression fit (HP41C programmable
calculator) gives:-
E =106,32 + 57,98 logN
Na
For one standard deviation (= 68,3% confidence) uncertainties in E

0

and S are:-

BE = 1,1 mV
AS = 0,32 mV

Taking the uncertainty in reading the electrode EMF during the run as

* 0,5 mV then gives the following uncertainties:-
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N +/N AN (%)

Na Na

1.107° 8,1

1.107° 7,1

2 10'4 6,8

1.107°2 6,2

2.107° 5,9

) -4 -3
For a typical run N . = 2 .10 to 2 .10 N and therefore:-

Na :

AM /M, = 5,9 t06,8% for M /M_ = 1 to O.

Putting values of Mt/Mm - AMt/Mw and Mt/Mcn + AMt/Mw into program
EXCHANG gave uncertainties in the diffusion coefficient, 8, as

shown in Fig.12.
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4, SOLUTION ACTIVITY COEFFICIENTS

Solution activity coefficients were determined in a number of
sodium chloride-divalent ion chloride mixtures using the method described
previously on page 80 . In the case of NaCl-—CaCl2 and NaCl-—-MgCl2
mixtures the activity coefficients of both cations were determined and
hence 1, as defined in eqn 2.1.15, was calculated. For the determination
of the activity cdefficients of Mg2+ a divalent electrode (Orion 93-32),

which was selective for both Mg2+ and Ca2+, was used,

Figure 13 shows the variation of ' with CaS for a NaCl-—-CaCl2
mixture with total solution normality (TN) of 3,4 .1073N (107 Naod
gave pH8). In subsequent measurements, including kinetic determinations,
10™3n Nie ,OH was used to give a suitable pH (»10). The NMe, cation is
non exchangeable due to size exclusion and is not included in the TN.
This is because the equilibrium equations (2.1.7, .9) include only
exchangeable cations. The only effect of the NMeAOH on the equilibria
is to increase the ionic strength and hence decrease exchangeable cation
activity coefficients. Similarly when calculating the ratio of equi-

valents in the zeolite to those in the solution (MZ/MS), only

exchangeable cations are considered.

Moore and Ross (131) carried out some sodium activity measurements

in NaCl-—CaCl2 mixtures of ionic strength greater than 0,05M and

derived the following expressions based on Harned's rule (109):-

(Ca012)
a . 1,5N

1og,) 5t Nac1 = 10816 Nac1 ~ ®12 24

Ca

(4.1)

(NaCl)

loginYcac1 = 1°810Ycac1. " %1 N,
2 2 Na
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Figure 13. Average [" in Na-Ca mixture ;

TN=3,4.103N.
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where N o and N N are the normalities of the respective cations in
Ca Na

the mixture and YNaCl and Ycacl are the mean activity coefficients of
2

the respective salts in pure solutions of the salts with the same ionic

strength as that of the mixture. The ionic strength of the mixture is

given by:-
IT = TN(1 +Cas/2) (4.2)
@5 and @5y are constants for a given ionic strength. a5 was

determined by Moore and Ross from the sodium activity measurements and

they hence calculated « The T variation shown in figure 13 used

21°

extrapolated values of a and q... As a result of the extrapolation

12 21

the values of a5q had an uncertainty of + 60% leading to an uncertainty

n Y(NaCl) of +0,01 and in T of + 0,05. The uncertainty in « had
CaCl2 - - 12
little effect on I'. The variation of I was also calculated using the

theory of Glueckauf (107) (see equation 2.1.13).

It can be seen in figure 13 that the experimental values
determined in this study differ markedly from those of Moore and Ross,
and Glueckauf. The predicted values of Glueckauf appear to follow the
experimental values more closely than those of Moore and Ross. Barri's
measurements of a TN of 0,1N (59) gave the reverse, prqbably because’ the
theory of Moore and Ross uses experimental values measured in this
concentration range. At the much lower concentrations used in the
present study the values of Yéggil) calculated from Moore and Ross are
highly uncertain and differ markegly from the experimental values. The
experimental values have an uncertainty of some 10% due to electrode
errors inherent in calibrations without pH control (calibrations for

kinetics experiments,10-3M NH OH or 10_3M NMe4OH was used). pH control

4

could not be used in the calibrations for activity coefficients due to

the effect of pH control on them.
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For a Na -Mg mixture with a TN (exchangeable cations) of 3,9 .10—3N

plus a 107M Me ,OH background the prediction of T variation by
Glueckauf's theory is closer to the experimentally determined variation
(see figure 14).  The NMeAOH increases the ionic strength and a more
general version of Glueckauf's theory than that given in equation

2.1.13 was used. For A a divalent cation, B a univalent cation (both

exchangeable), and X their common univalent anion:-

log. +BX) _ 1 20 lo -8
810"ax T “98107ax €10%ax T 3 “°810"Bx
41
T
JA
- -%
1 +IT
(4.3)
™ .A [
(AX) s
log)gvpx = = 1o8y5Ypy BI, 8log,yygy = 45108147,y
A W»
) 1 +I-1/2
T
mmeTN=%X+%x
. _ 1
Ionic strength, IT'—NNMeaoH'+ TN(1+4AS)
N N N are the normalities of the solutions components.

AX' BX’ NMe4OH

Yax' YBX are the mean activity coefficients of pure solutions of AX and

BX respectively at the same ionic strength as the mixtﬁre being

considered. Values of YMgCl were taken from a recent paper (132).
’ 2
The paper also gave calculated activity coefficients for NaCl-—CaCl2 and

NaCl - MgCl, mixtures but only for [Na']>0,05 molal.

Figure 15 shows the activity coefficients of calcium in

NaCl —CaCl2 mixtures with the concentration of NaCl constant (0,05M),

\
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Figure 14.
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calculated by the theories of Glueckauf (107), Moore and Ross (131),
and Vericat and Grigera (mean spherical approximation 5 (132).
Compared with the experimental value of Barri (59), the theory of
Vericat and Grigera gives the closest agreement, although the

calculations involved are quite laborious.

In the present study Glueckauf's theory gives a better fit for
the NaCl-—MgCl2 system than for the NaCl —CaCl2 system and it would
therefore seem that the assumptions made in Glueckauf's theory are more
closely followed by the Na - Mg system. Glueckauf's theory is derived
from that of Guggenheim (133, eqn. 52), who makes the following

assumptions:—

(r)y "..... the specific effects of ions on one another

negligible except at short distances."

(2) "..... the interaction corresponding to divergence from
the standard electrolyte contribute additively to the

thermodynamic potential ...."
(3) "..oenn consider specific interaction of ion pairs only..."

(4) "..... assumption of Bronsted that need to take account
of specific interaction only between ions of opposite

sign'".

On the basis of the present data it cannot be stated which of

these assumptions is less closely followed by CaCl2 than MgCl2.

Lastly the activity coefficient variation of sodium in a NaCl -
Ba Cl, mixture with a TN of 3,4. 107N plus a 107 °M NMe ,OH background,

was measured. It is shown in figure 16 together with the values of

NaCl-—Mg012 and NaCl-—CaCl2 mixtures and the prediction of Glueckauf



98.

for the NaCl-—CaCl2 mixture. Glueckauf's theory predicts a decrease
in activity coefficient as the equivalent fraction of divalent cation
in solution increases. The experimental values tend to one as the
sodium concentration tends to zero. The activity coefficients for the

NaCl -MgCl_ and NaCl - Ba 012 systems agree within experimental error

2
and for a divalent fraction of less than 0,8 roughly agree with

Glueckauf's prediction, For the three systems considered the NaCl -
CaCl2 system would appear to be the exception, being quite different

from Glueckauf's prediction.

Whilst measuring activity coefficients by ion selective electrodes
gives results of sufficient accuracy for isotherm prediction, the
values are not of sufficient accuracy to test theoretical predictions
of activity coefficients. Activity coefficients vary only by ~10%
over the complete range of mixtures and this is close to the uncertainty
of electrode derived results. Many precise measurements would be

necessary to closely define the activity coefficient variation.
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Figure 16.

Sodium activity coeffs. in mixtures:
® Na-Mg;TN=39.1073N ;
® Na-Ca; TN=3,4.1073N;
¢ Na-Ba; TN=3,4. 107N,

1,0

Na -Ca; Glueckauf.

0.0 ‘ 0> Divalentg 10
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5. HYDROLYSIS

In order to speed up the initial mixing of zeolite and counter-
ion solution phases in an ion exchange kinetics experiment the sodium
zeolite was slurried with water at pH >8 and then the solution of
the counterion was added. It was, however, found that the ion
selective electrode indicated an abnormally high sodium content in
the slurry and the EMF rose quite rapidly before any counterion was
introduced. These high implied sodium concentration were confirmed
by atomic absorption spectroscopy and a study of this phenomena,

which is caused by zeolite A hydrolysis, was therefore carried out.

It was found that the same degree of hydrolysis occurred in
commercial and Charnell synthesised ( 127 ) zeolite A samples. It
was also found that the X-ray diffraction pattern of a sample of Union
Carbide Zeolite A after loss of some 40% of its total sodium content
showed no loss of crystallinity as long as the sampleé had not been

heated.

For the subsequent measurements tetramethylammonium hydroxide
was used to give the desired pH as the NMeZ ion is too large to enter
the zeolite A lattice. An experiment was conducted in which a sample
of Charnell synthesised zeolite A (Charnell 4A) was hydrolysed for
one hour, separated, then introduced to a second solution where further
hydrolysis occurred (Fig. 17 ). It can be seen that a sudden loss of
sodium from the zeolite occurred each time it was put into a fresh
solution implying that the loss of sodium is not due to release of

imbibed sodium salt from the zeolite.

Further experiments were carried out in which the loss of sodium
and variation of pH were simultaneously monitored. The experiments
with Charnell 4A shows, an increase in the degree of hydrolysis with

decreasing pH (Fig.18). In particular the initial "jump'" in solution
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Figure 17.
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Figure 18.
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sodium concentration increases dramatically as the initial pH is
decreased. After some thirty minutes the rate of hydrolysis reaches
a constant value which shows no obvious dependence on initial pH.
The very low degree of hydrolysis at pH 11,87 confirms that the loss
of sodium is not due to occluded salt nor due to some spurious

electrode effect.,

The pH variation of these experiments (Fig 19 ) shows a
positive initial "jump'" in pH followed by a leveling off and slow
decrease in pH. The pH "jump" is probably due to Na* —-HT exchange and

the size of the "jump" decreases with increasing initial pH.

In Fig. 20 the results of these experiments are combined to
demonstrate the degree of hydrolysis after various lengths of contact
time plotted against the initial pH. There seems to be a roughly
linear relationship between the degree of hydrolysis and the initial

pH in the first hour of contact for initial pHs less than nine.

Similar experiments were carried out using a commercial sample
of zeolite A (Laporte 4A) with sodium hydroxide for pH control in the
case of three experiments and with NMeAOH for the other two (Fig 21).
Whilst the hydrolysis rates are very similar to those seen with
Charnell 4A there is no readily apparent relationship between the

degree of hydrolysis and initial pH.

The pH variation (Fig., 22) is very similar to that for Charnell
4A although the experiment starting at pH 7,54 undergoes quite a large
increase in pH which is no doubt related to the comparatively low degree

of hydrolysis in this case.

A series of Na - Ca exchange experiments were carried out by

monitoring sodium and calcium concentration as a sample of sodium
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Figure 19.
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Figure 22.
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zeolite A was added to a 3,4 .10_3N CaCl2 solution of known pH. If
any hydrolysis occurred during the exchange the increase in solution
sodium concentration would be greater than the decrease in solution
calcium concentration. The results for Charnell 4A and Laporte 4A

are shown in Figures 23 and 24 respectively. The ordinate represents
the sodium removed from the zeolite minus the calcium gained and a

positive value indicates hydrolysis.

The results are inconclusive although for Charnell 4A with an
initial pH of 6,81 there seems to have beeﬁ some hydrolysis (Fig23 ).
The initial negative values are probably due to differences in the
response times of the sodium and calcium selective electrodes. This
effect probably causes the positive swing seen with Laporte 4A at
initial pH of 10,11 (Fig. 24 ) as the exchange with Laporte 4A is
considerably faster than that with Charnell 4A. The error in the ordinate
values is approximately + 0,06. Considering the initial pH values it
can be seen that the calcium ion seems to have a strong stabilising

effect upon the zeolite.

Whilst it has been knownfor sometime that excessive washing of
zeolite A could cause hydrolysis (15 ) but apart from a recent study
( 134 ) very little work has been carried out in this area. Cook et al
measured acid consumption and solubilization of silicon and aluminium
(134 ). They also proposed a mechanism which has been modified in the
lighé of the present studies and is presented in Figure 25 (135 ).
The actual form which the aluminium and silicon oxides/hydroxides take
is not know. Simple calculations show that the initial Na' —H' exchange
can only account for a small fraction of the observed Na' ion release
and it therefore seems probable that the hydrolysis process is auto-

i

catalytic with the release of H' continuing the reaction. The rate of
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hydrolysis decreases due to the albeit limited stability of H-A
and the diffusion of H' to the outer solution which gives rise to the

observed pH drop after 1 hour.
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6. ION EXCHANGE KINETICS

6.1 SODIUM-DIVALENT EXCHANGE

The exchange of sodium by calcium and magnes-ium is of particular
interest Because of the previously mentioned use of zeolite A as a
builder in detergents. The kinetics of sodium-calcium exchange was
determined for a total solution normality (TN) of 3,4 .10—3N so that
there were slightly fewer ions in the zeolite than in the solution
(MZ/MS =0,8) . 10™%M NaOH {pH8) was used to limit hydrolysis. This
along with all other kinetic determinations was made at 25;t0,lOC.

The resulting /t plot is shown in figure 26 as are the results of
S.A.I. Barri (59) and A. De Jonge (135) for a TN of 0O,1N (MZ/Ms =0,05)
and 0,2N (Mz/Mszz0,0l) reépectively. The kinetics for 3,4 .10_3N and
0, 1N used the same zeolite sample (half cube length, ao:=9,3um) whereas

for 0,2N slightly smaller crystals were used (ao =7,2um).

It can be seen that the curves agree within experimental error
and that the large difference in TN and the small difference in crystal
size nas no effect. The isotherms fof these systems are shown in
figure 27 and the equilibrium fractions of calcium in the zeolite (degree
of exchange) were 0,9, 1,0 and 1,0 for TNs of 3,4 .lO—BN, 0,1N and 0,2N
respectively. From the isotherm for a TN of 3,4 .10—3N the value of
Caz at the ingoing surface of the zeolite must always be > 0,90 during
the time of the exchange as Cas> 0,20. Similarly for 0,1N, Caz> 0,97
and for 0,2N, Caz >0,99 at the. surface of the zeolite. Figure 28 shows
the variation with CaZ of the dimensionless border concentration factor,
w, needed for the calculation of diffusion coefficients (see eqn 2.2.12),
From the above limitations in the surface calcium concentration it can
be seen that for a TN of 3,4 .10—3N, w is around 0,15, for a TN of O,1N,

w is ~v0,04 and for a TN of 0,2N, w is ~0,015.
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Figure 27.

Na-Ca exchange isotherms, 25°C.
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Figure 28,
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The resulting diffusion coefficients (B) for these systems are
shown in figure 29. For Mt/Mw:>O,5 the curves are very similar. The
difference for lower Mt/Mm values is not too significant as initially
the electrodes lag slightly behind the actual concentration changes
and there is also a short time for mixing to occur. For a TN of
3,4 .lO—3N the sharp drop in ] for Mt/Mm <0,2 is probably due to this
electrode response effect and the extrapolation is probably a better
description of the variation of ] in this region. For a TN of O,1N
no data was obtained for Mt/Mm <0,35 and the values shown in figure 29
are calculated from an extrapolation of the v/t plot (figure 26) to

ZEero.

 When Mt/Mm is close to one the solution sodium concentration
changes only slightly leading to quite a large uncertainty in this
area. The large drop in B as Mt/Mm approaches one (figure 29) is
probably due to this uncertainty as equilibrium is reached and diffusion

ceases,

It appears, particularly for the 3,4 .lO-aN and 0,1N exchanges,

that U and hence the differential diffusion coefficient, D, both decrease
as Mt/Mw increases. De Jonge also measured the reverse (Ca ~Na) exchange
kinetics for a TN of 0,2N (135) and found that the rate was slower than
the forward (Na -~Ca) kinetics in agreement with the theory of
Helfferich and Plesset (123, 124). This is based upon the self
diffusion coefficient of sodium being higher than that of calcium (see
table 4) and the zeolite being more selective for calcium than for
sodium (see figure 27). Diffusion coefficients were calculated (figure
30), and it was found that )] (and therefore D) decreases with increasing
Caz for both the forward and the reverse kinetics (for forward

kinetics Mt/Mm = Caz, for reverse Mt/Moo = 1—-Caz). The U values for

the forward kinetics are higher than those for the reverse kinetics
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Figure 30.
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because of the way in which the average D is derived. For the forward

v
kinetics D starts at a high value and decreases to the overall average

4"
D whereas for the reverse kinetics B starts low and increases to the

same overall average.

The kinetics of Na - Ca exchange were also measured with other
zeolite A samples. Figure 31 shows the results for a commercially
made zeolite A sample (Laporte 4A RD 6/78) with a TN (exchangeable
cations) of 3,4 .10_3N and 0,1N. A background of 10_3M NMeAOH (pH10)
was used to limit hydrolysis. The 0,1N kinetics were faster than the
3,4 .lO_sN kinetics by an amount that is just outside normal experi-
mental error. The difference in rates was, however, nowhere near the
29 times difference that would imply film diffusion control. The
difference could be due to differences at the ingoing surface of the
zeolite or simply due to larger than normal errors. Alternatively the
difference could be related to the variation of diffusion coefficient
with composition which is not strictly allowed for in the theory of
Paterson (see equation 2.2.14 and preceding section) and this will be
termed non—ideélity. Na - Ca kinetics were also measured for a sample
of zeolite A synthesised as described earlier (see Chapter 3.1). Figure
32 shows the v/t plots for the three qrystal sizes. The rate increases
with decreasing crystal size although the effect of size is not quite
as large as would be expected for pérticle controlled kinetics (see
Chapter 2.2). This is most probably due to agglomeration of the smaller
crystals giving a larger effective crystal size than indicated. Electron
micrographs of the samples showed that the commercial sample (a0:=2,6pm)
tended to form clumps of crystals making the crystal size difficult to
estimate. This agglomeration was also noticed at the beginning of
kinetics experiments. The non-ideality mentioned above could also be

partly responsible for the observed crystal size effect.

\
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Figure 32. Na-Ca exchange; TN=3,4.1073N.
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Helfferich (136) gave the following factor to determine whether

film or particle diffusion dominates in an ion exchange reaction:-

Factor = X .

oo

R (6.1.1)
rO B

Q

If this factor is less than one then particle diffusion dominates
(particle kinetics). X and C are the concentration (in equivs) of
ions in the zeolite and solution respectively, D and D are the diffusion
coefficients in the zeolite and solution, § is the Nernstian layer
the effective particle radius and aA

thickness, r the separation

0 B
factor.
c!A_CA CB
B -
CB CA

where C and C are the molar concentration of the ions in the zeolite

and the solution respectively.

For the cases considered, 5/D==lO_9 to 10—6, X/C < 3000, and

a, <1l. Therefore

A
B
§
factor < 0,02 , —
- r
0
The Nernst-ian layer would therefore have to be some fifty times
larger than the actual crystals for film kinetics. This is clearly
impossible and agglomeration plus non ideality must be responsible for.
the exchange rates showing a lower than expected dependence on crystal

size.

Figure 33 shows the diffusion coefficients for Na - Ca exchange. The
form of the diffusion coefficient is the same in each case with small
differences in magnitude due to the low crystal size dependence. As was
stated earlier the sharp initial rise in U was due to experimental effects

and the rapid drop towqrds the completion of exchange was due to the
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approach of equilibrium, For the major part of the exchange B is

either almost constant or dropping slowly.

The kinetics of Na -Ca exchange were also measured in a series
of experiments in which the calcium content of the zeoclite was increased
by approximately 6% during each incremental step. The sodium zeolite A

was introduced into 3,4 .lO_SN NaCl at approximately pH8 and an aliquot

(SOcmS) of 3,4 .10_3N CaCl, added. The resulting exchange was followed

2
to completion using a calcium selective electrode. For subsequent steps
further aliquots of CaCl2 were added until the total amount of calcium
added was equal to that added in the corresponding '"straight through"
experiment (3,4 .10_3N). Within experimental error the degree of exchange
at final equilibrium (0,88) was equal to that seen in the "straight
through" exchange (0,90). For each incremental step D values were
calculated and are shown againt Mt/M°° for each step in'figures 34 to 38.
Table 8 gives the Caz, MZ/MS, and w values for each stép. A few of the
steps suffered from slow electrode response and were not'used for subsequent
calculations. For the initial steps the calcium fraction in the solution,
Cas, varied between 0,05 and ~0, so that the calcium concentration af the

zeolite surface varied between 0,85 and 10—3 (figure 27) and hence w

increased from 0,8 to 100 as Mt/M increased (figure 28),.

D dropped rapidly at the end of each step, particularly for the
initial steps, Caz<0,43 (figures 34, 35). This was due to the approach
of equilibrium and exhaustion of calcium in solution. With all of the
éteps, apart from the one for Caz:=O,78.to 0,81, there is a tendency for
B to decrease at Mt/Mm increases, once past the initial electrode lag
period (i.e. for Mt/Mco >0,4), in a similar way to the "straight through"
exchangé (figure 29). If the D' values of each step are plotted against

the corresponding CaZ values (figure 39), the overall trend is for I to

v
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Figure 34.
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Figure 36.
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Figure 38.
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decrease as CaZ increases and the variation of [ is similar to that of

the "straight through" exchange (figure 29). Overall the B values for

the stepwise exchaﬁge (figure 39) were higher than those from the

"straight through" exchange, possibly due to the w factor under-

correcting for the-variation in zeolite surface concentration. The B
curves from each step do not connect with the next step, i.e. B (Mt/ﬂ;=l)
for step one does not equal o] (Mt/Mm:zo) of step two as the zeolite surface

concentration changes dramatically when the CaCl_ is added to start the

2

next step.

Wolf et al (93, 94) carried out a similar series of experiments
for Na -~Ca, Na-~Mg and Na -Mn exchange. Each step was carried out 20
to 25 times to yield 20 to 25 Mt/Mm’ t pairs from which U values were
calculated. The data pairs were determined by taking one sample at a
known time and analysing for the divalent cation. Zeolite A samples
with different calcium contents were prepared separately for each step
such that the calcium content at equilibrium in one step was.equal to
the content of the sample used for the next step. Wolf et al used an
isotherm to deduce the calcium contents and it should be noted that they
found hysteresis (93) unlike more recent determinations (78, 79). For
Na - Ca exchange the complete range of calcium content from 0,0 to

0,925 was covered in a similar way to the experiment described herein.

From their D values they proceeded to calculate D values using the

approximation (122).

2logh - (1 ~-F) log BO
log D = (6.1.2)
1+F

where F th/Mm and BO is the extrapolated value of i} at F=0.
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Table 8

Values for points plotted in figures 34 to 38.
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This equation assumes that:

< v <
0,6 DO’S/ DD, < 1.7

e

The value of DO iz subject to quite larpe errors as the initial

period of exchange is effected by the rate of mixing and in the case of

v

Wolf et al by the time to sample the solution phase.

This uncertainty
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would be increased by their use of small crystals (aO =2,2ym) giving
appreciably faster exchange than the present study (aO =6,3.m). B
values were therefore recalculated from the results of Wolf et al (fig.

40) rather than calculating D values for the present study.

Comparing figures 39 and 40 the diffusion coefficients are of the
same magnitude but the trends seen by Wolf et al are not seen in the
present study although in both cases ihere is a maximum at Caz ~0,5 and
a minimum of Caz::0,65i 0,03. The differences between the present results
and those of Wolf et al are undoubtedly related to the difference in
solution concentration, in particular the tendency in the present study
for the solution calcium concentration to approach zefo at the end of
each step. As was mentioned earlier, VWolf et al explained their results
in terms of a composition dependent mechanism (94) but erroneously

éssumed six site IIs per unit cell.

From the area above the vt plots of the present study an average
diffusion coefficient was calculated for each step using equation 2.2.10
and they were plotted against the average Caz for that step (figure 41)
to show the overall trend. The initial diffusion coefficients are
quite high as no allowance has been made for the zeolite surface
concentration (i.e. w=0). The diffusion coefficients variation bears
some resemblance to that seen by Wolf et al and also to the '"straight

through" exchange (figure 29) with the diffusion coefficient decreasing

as Ca increases.
z

The kinetics of Na - Mg exchange were determined for a TN of
3,92 .10—3N (plus 10—3M NMeAOH background) giving a slightly greater
excess of ions in the solution than was the case for Na - Ca exchange.

The resulting vt plots for Charnell synthesised (a. =6,3um) and commercial

0

(Laporte, aq =2,6 m) zeolite A are shown in figures 42 and 43. Figure 42

)

is to the same scale as figure 26 and clearly shows that Na — Mg exchange
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Figure 43. Na- Mg exchange; TN=3,92.10°N.
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is much slower than Na - Ca exchange. Dyer et al found that the self
diffusion coefficient of magnes-ium was approximately one-third of that
of calcium {at 250C) and combining this with a slightly less favourable
activity term (78) could lead to the ohserved difference in rates, when
con;idering the theory of Brooke and Rees {(egn. 2.4.5). The large
difference between the sodium and calcium/magnes-ium self diffusion

coefficients makes these systems unsuitable for calculation using

Brooke's program (97, 98).

Figure 43 shows that the kinetics were initially much faster for
the small crystals but after some four hours the curves start to converge.
The exact cause of this is not know although the slowness of these
kinetics (five days to equilibrium) gave rise to approximately 10%
uncertainty in values and an added uncertainty due to hydrolysis.
Atomic absorption measurements indicated 5-10% hydrolysis and the
kinetics measurements gave high sodium elution (in two cases giving 90%
exchange compared with the isotherm value of 70%). This hydrolysis
would occur throughout the exchange with unpredictable results as
hydrolysis of the zeolites outer layers could alter the rate of cation
diffusion. Over the period of the exchange carbon dioxide absorption
could alter the pH, and hence the rate of hydrolysis. The exchange
could not be carried out for pH >10 due to magnes-ium hydroxide
precipitation. Hydrolysis was not a problem during lNa — Ca exchange
due to the faster rate of exchange (see chapter 5, figure 23).
Measuring Na - Mg kinetics by monitoring the solution magnes-ium concen-

tration was not possible due to long term instability of the divalent

electrode.

Figure 44 shows the results of A, De Jonge (measured radio chemically)
and S.A.I. Barri compared with the present work. These exchanges used

a TN of 0,2N and 0,1N respectively and S.A.I, Barri used 10_4M NaOf



Figure 44, Na - Mg exchange.
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for pH control (8,5). A. De Jonge found a large scatter in values,
particularly at equilibrium and analysis of the resulting zeolite A
gave 5-10% less sodium than indicated by isotherm (see figure 45).
This result obviously implies hydrqusis; The rate measured by
S.A.I. Barri bears some resemblance to that found in the present
study although the curve is of unusual form and the rate is
generally faster despite the larger crystals. The rate found by

A. De Jonge is appreciably faster than the other experiments

including that using small crystals (a0:=2,6pm).

The resulting diffusion coefficients from these experiments
are shown in figure 46. The diffusion coefficients obtained by
A. De Jonge (0,2 TN) and S.A.I. Barri (0,1 TN) were calculated
using a constant w value h:MZ/MS) due to lack of activity coefficignt
data and also because the value of Mgz at the ingoing-;urface of
the zeolite would be practically constant for such high solution
concentrations (see figure 45). The diffusion coefficients for the
present experiments are some oﬁe hundred times lower than those for
Na - Ca exchange. It can be seen thatvthe present experiments with
two crystal sizes agree closely for the first 20% of exchange which
confirms particle kinetics. The diffusion coefficients then diverge
as the v/t plots converge, possibly due to hydrolysis although why
this should have a different effect on the two crystal sizes is
not clear. An alternative explanation would be that the rate
determining step changes at 20% exchange and that one exchange continues
with the same rate determining step whilst the other changes.
Helfferich points out (136) that "the tendency toward particle
diffusion control increases as the exchange progresses", so that
rate determining step cannot change from particle to film diffusion.
One possibility is that the first magnes-ium ion goes into site II

thus blocking the windows into the ¢ cage but this would effect
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Figure 45.
Na-Mg exchange isotherms,25°C.
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Figure &46.
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the exchange with both crystal sizes., Considering the results

of A. De Jonge and S.A.I. Barri both of these experiments gave
higher diffusion coefficients which rise for Mt/M°° greater than
40%, in a similér way to the present results for ao==6,3pm. The
higher Ds would seem to be related to solution concentration
although a higher solution concentration favours particle kinetics.
The difference coud be related to the effect of solution concen-
tration on the composition of the incoming surface of the zeolite,
and to variation of self diffusion coefficients with composition

{(non-ideality).

The kinetics of Na -Ba exchange were also determined for a
TN of 3,4 . 107N with 107 NMe ,OH background. The resulting
vt plot is shown in figure 47 where it can be compared with the
corresponding Na - Ca exchange. The two curves are identical within
experimental error for the first 75% of exchange althdugh the self
diffusion coefficients determined by Dyer et al (80, 81) differed by
a factor of 30. The activity term in the theory of Brooke and Rees

would have to be sufficient to give a D variation similar to that

AB
for Na - Ca exchange or alternatively the self diffusion coefficients

would have to be closer to one another. The calculated diffusion

coefficients (figure 48) are in close agreement as were the vt plots.

6.2 SODIUB—CALCIUM/MAGNES;IUM TERNARY EXCHANGE

The kinetics of exchange in the Na -Ca/Mg ternary system were
studied for Ca:Mg solution phase rations of 0,87:1 and 1,74:1 with
-3 -3 . -3
TNs of 3,7 .10 "N and 3,6 .10 "N respectively. A background of 10 ™M
NMe4OH was used for pH control. Both sodium and calcium solution
concentrations were monitored to give a complete picture of the exchange

process. Figure 49 shows the total fractional loss of sodium for the
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Figure 48.
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two Ca:Mg ratios. The AAS error bars were determined in a separate
experiment in which samples were taken at known times and analysed by
atomic absorption spectrometer. The only effect of the change in
ratios was that the exchange with lower solution calcium level gave a
lower overall degree of exchange. In_fact the calcium was almost
completely exchanged into the zeolite. The initial exchange rates

were identical and were very close to the Na - Ca rate of exchange.

Figure 50 shows the uptake of calcium and magnes-ium for the two
ratios compared with the rates for Na -Ca and Na - Mg binary exchange.
The rates of calcium uptake were identical within experimental error
and only_differ as equilibrium was approached. The equilibrium
uptake of Ca was directly related to the initial solution Ca concentration.
The rates of magnes-ium uptake were initially identical but the rates
for ternary exchange then levelled off and no further Mg uptake
occurred until the Ca uptake was practically complete., It appears
that the Ca uptake either blocks out the Mg or exchanges with any Mg
that has itself exchanged with Na. Once this phase was completed the
uptake of Mg continued at roughly the same rate as that for the binary
Na - Mg exchange. The uptake of Mg was also directly related to the

initial solution Mg concentration.

An effect which is not clearly shown in figure 50 was that the
solution Ca concentration actually went through a minimum and started
to rise very slowly. This corresponds to the prediction of Helfferich
(136) that for a particle diffusion controlled exchange in a ternary
system with A initially in the ion exchanger and B and C in the

solution:

"If B is much more mobile than C....... now B will rapidly replace
A and the uptake of C will lag far behind. Later, C will follow,

partly replacing the B ions that were taken up in the earlier stages.



Figure 49.

Ternary ion exchange; Na-Ca/Mg.
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Figure 50. Ternary ion exchange; Na-Ca /Mg.
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Thus, the concentration of B in the exchanger goes through a maximum'.

In this case A is sodium, B is calcium and C is magnes-ium.

6.3 SODIUM-UNIVALENT EXCHANGE

The kinetics of exchange qf sodium cations with other univalent
cations have also been measured. Initial experiments used a TN of
3,4. 103N of ingoing ion with 107 NMe4OH to give a pH ~10. The
Charnell synthesised zeolite A was used (ao-=6,3pm) in all of these
experiments. The composition changes for the systems Na -Li,

Na - K, Na -Rb, Na -Cs, and Na-—NH4 are shown in figures 52 to 56.

Most of the exchanges had a fast initial exchange followed by a much
slower exchange. The much slower later stage was particularly
noticeable for Na -Li and Na-—NH4 exchange (figures 52, 56). The
exchanges were measured using a sodium selective electrode and it is
believed that the slow rise in solution sodium concentration was
caused by hydrolysis of the zeolite rather than by further exchange
(see figures 52 to 56). These figures show the loss of sodium from
the zeolite (1 —Naz) which in the absence of hydrolysis is equal to the
gain of counterion (see chapter 5, figure 23). The fast initial loss
of sodium from the zeolite takes the zeolite to the isotherm predicted

end point (figure 51) and the slow loss goes beyond this point.

For the Na - Li system an experiment with 10—2M NMe40H giving
pH 11,7 gave a more regular system with a negligible hydrolysis stage
(see figure 52). The effect of increasing pH confirms that the slow
loss of sodium was due to hydrolysis. Considering the hydrolysis seen
with NaA (see chapter 5, figure 18), it seems that Na LiA and NaNH4A
are more unstable that pure NaA, Even for the Na-—Li exchange with
pH 11,7 the composition levels off with more Li (and/or less Na)

than predicted by isotherms (0,35 versus '0,30) (44) (see figure 51).
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Figure 51.

Na- Univalent exchange isotherms,25°C.
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Figure 52. Na-Li exchange;TN=3,4.107N; a,=6,3pum.
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Figufe 53. ~ Na-K exchange ; pH10;a,=6,3Lm.
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Figure 54, Na-Rb exchange; pH10 ;a5=6,3 um.
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Figure 55.

Na-Cs exchange; pH10; a;=6,3pum.

o TN=3.4.1073N
o TN=0,01N

1,0

Cs,

(:1—NG.'Z)

0,5 -

0,0

()]

)
b
1)

13]

m
1]
m

il

50

100 1124112

150

1
200

*GGT



Na - NH, exchange ; ao=6,3um.

Figure 56.

o TN=3,t.107N; pH10
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For the other systems experiments were carried out using a TN of
0,01N as the higher solution concentration tends to increase zeolite
stability. The increase in TN proved effective in this connection
with practically no hydrolysis detected (figures 53, 55, 56). The
amount of hydrolysis in the Na -Rb system with a TN of 3,4 .10—3N

was already very low (figure 54). An attempt to measure Na-—NH4
exchange with a TN of 3,4 .10_3N and pH 11,5 gave an unexpected

result (figure 56). Due to the NHS:tNHZ equilibrium the effective

NHZ concentration was very low and the degree of exchange was therefore

very low. Experiments with the commercial zeolite A (a.O =2,6um) gave

similar results to those described above.

For all of the experiments; except the Na - Li exchange, which
underwent hydrolysis (TN of 3,4 .10—3N and pH10) the isotherm end
point was used to calculate Mt/Mm values for short time values. For
Na - Li exchange the end value was taken as the point ét which the
compesition change 1evelled off (figure 52, t ~600s), as the isothera

value of 0,30 was passed very rapidly.

Figure 57 shows the resulting average /t plots for Na -Li

exchange, =6,3,m, with a TN of 3,4 . 107°N and pHs of 10 and 11,7.

%
The two curves agree within experimental error even though the end
point of the pHl1l0 exchange could only roughly be estimated. The end
point of the pHll,7 exchange was more accurately estimated and the
resulting curve is a better representation of this system. The rate

of this exchange is much faster than the rates of sodium-divalent ion

exchange.

The resultant diffusion coefficients are shown in figure 58. The
values for the two TNs agree within experimental error and are some ten

times higher than those for Na - Ca and Na - Ba exchange. The diffusion



Figure 57. Na-Li exchange; TN=34 107N ; Go=6,3um.
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Figure 58.

Na-Li exchange;TN=3,4 1073N ;Go=6,3um.
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coefficient rises throughout the exchange and only drops as equilibrium
is approached whereas for Na —Ca and Na - Ba exchange (figures 33,
48) the diffusion coefficient is constant or drops slowly for most of

the exchange. The values for Na - Mg exchange, a, =6,3um, {(figure 46)

0

bear some resemblance to the Na - Li exchange but arce 1000 times smaller.

Figure 59 shows average ,t plots for Na -K exchange with TNs of
3,4 .10-3N and 0,01N and also for K -Na exchange with a TN of

3

1,0 .10 °N (ao=6,3pm). For the Na ~K exchange with a TN of

3,4 .10_3N the end point predicted by the isotherm was used and the
resulting plot agrees very closely with that for a TN of 0,01N where the
experimental end point was used. Clearly the rate is independent of

TN which confirms that particle diffusion is rate determining. The

K — Na exchange was measured with a low TN in order'to maximise the
change in solution concentration and hence increase the accuracy of

the measurements. The reverse exchange is somewhat féster than the
forward exchange which agrees with the prediction of Brooke and Rees's
theory shown in figure 59 when Dﬁa >D§ (97, 98, see egns 2.4.5, .9 and
tables 2;4). The theoretical rates are, however, considerably slower
than the actual rates and this will be discussed later. For the K ~Na
exchange the sodium solution concentration actually went through a
minimum due to simultaneous exchange (decreasing sodium) and hydrolysis

{increasing sodium in solution). The actual exchange rate could there-

fore be faster than indicated.

Figure 60 shows the average ,t plots for the commercial zeolite
A (a,=2,6ym) for Na-K exchange with TNs of 3,4 . 107°N and 0,01N (plus
10_3M NMeAOH). Again the plots agree within experimental error and
demonstrate that the rate is indgendent of TN. The plots show that the

exchange was faster than for the larger crystals although not by as large

a factor as predicted for particle kinetics (see section 2.2).
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Figure 60. Na-K exchange; pH10; ao= 2,6um.
o TN=3,4.107°N; K,end=0,53
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Figure 61 shows the diffusion coefficients for the Na -X
exchange. The curves are all of the same form and- are similar to those
for the Na - Li exchange (figure 58). The diffusion coefficients for
Na - Li exchange continue to rise when those for Na —-K exchange level
off and start to drop. As a result the coefficients for Na -Li
exchange reach a higher valué than those for Na - K exchange. The
diffusion coeffiéients for the smaller crystals are low due to
agglomeration of crystals and non-ideality as discussed earlier for
Na - Ca exchange. The diffusion coefficients for the higher
concentration are slightly higher, possibly due to differences in
the concentration at the zeolite surface, although the difference is

within experimental error.

The diffusion coefficients for K -Na exchange alsoc rise through-
out the exchange (figure 62) but with no drop as equilibrium is
approached and a higher value than that for Na —K exchange is therefore
reached. Figure 63 shows the values for Na -K and K -Na exchange
plotted against composition. For K ~Na exchange the initial value of
KZ was 1,00 and the final value was 0,73. At the end of the Na -K
exchange D decreases with increasing KZ and this trend is seen through-
out the K - Na exchange. It is therefore possible that a curve with a
maximum could fit both curves, if the Na —K exchange gives the same
variation for an exchange going to pure K A and the K -Na exchange

reaches a maximum then drops for an exchange going to pure NaA.

Also shown in figure 63 are the averages of the diffusion coefficients
that were used in the theory of Brooke and Rees (97, 98) to calculate
the curves shown in figure 59. These values are appreciably lower
than the experimental ones just as the v/t plots were slower. The theory

of Brooke and Rees requires D values for the complete range of

AB

compositions. It was &ssumed that eXperiments giving 100% exchange would

give the same diffusion coefficient variation as shown in figures 61,



164.

Figure 61.

Na-K exchange; pH10.
Qo=63um; o TN=3,4.10"N; o TN=1,0.10"N,
Qo=2,6pm; m TN=34.103N; @ TN=1,0.10"2N.

10"

D/

m2g-1

10-15 1

0,0 | ' 0,5 Mf/Mc,o 1,0



165.

Figure 62.
o Cs-Na exchange ;TN=1,0.10"3N;
Qo = 6,3um ; pH10.
o K-Na exchange; TN=1,0.10"3N;
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Figure 63.
o Na-K exchange; TN=3,4.1073N;
o K-Na exchange; TN=1,0.103N;
Qo =6,3um ; pH 10,
---D from Brooke & Rees.
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62 and so C

A EMt/M .Straight line fits of the diffusion coefficients

were made (ignoring the final drop for Na - K exchange) and hence the
‘differential diffusion coefficient, ﬁ, was simply calculated (see
equation 2.2.14). The S factor was hence calculated by assuming

that DAB =D (equation 2.4.6) and the values were put into the program

of Brooke and Rees in tabular form. The resultant /t plot for Na -K
exchange was halfway between the experimental and the original
theoretical plots. The values were therefore better than those based

on self diffusion data (table 4) but still not in good agreement with
the experimental data. For the K -Na exchange the increase in diffusion

coefficients with Na_ (=1- KZ) was too great and the data proved

unsuitable for use in the program.

Figure 64 shows average ,t plots for Na -Cs exchange with TNs of

3,4 . 10N and 0,01N and also for Cs —Na exchange with a TN of
1,0 .1073N (plus 10 M NMe OH, a, =6,3,m). Again the exchange with a
TN of 3,4 .10_3N used the isotherm end points and was in close

agreement with the exchange with a TN of 0,01N which used the experi-
mental end point. The Cs -Na exchange was faster at later stages of
exchange than the Na - Cs exchange. The sodium solution concentration
went through a minimum during the Cs - Na exchange (Cf K —Na exchange),
due to hydrolysis., Combining this with mixing effects and electrode
response means that the Cs -Na exchange is probably faster than the
Na ~Cs exchange at all times. Figure 65 shows Cs —Na exchange measured
under a number of conditions and, considering the rapidity of this
exchange, the rate is again ihdependent of TN (as was the case for
Na - Cs exchange). The predicfed rates (by the theory of Brooke and
Rees) agree qualitatively with the experimental results (D§a> Dés)'

(see table 4). Figure 66 shows the average ,t plot for Na - Cs exchange

with a TN of 3,4 .10—3N, using the commercial zeolite A (ao =2,6pm).
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Figure 65.

Cs-Na exchange; pH10; ao= 6,3um.
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Figure 66. Na -Cs exchange; pH10; ag= 2,6 pum.
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The exchangeAis not as fast as would be expected compared with the
larger crystals but with a half time of eight seconds this exchange

was probably limited by mixing rate and electrode response.

This low difference in rates is reflected in the diffusion
coefficient variation (figure 67) with the values for thg smaller
crystal being lower. The shape of the curves is the same which
suggests that the rate determining step is the same (i.e. particle
kinetics). Na -Cs exchange was the fastest measured and therefore
gives the highest diffusion coefficients, although these coefficients
are still 104 times lower than corresponding diffusion coefficients in

the solution phase.

The diffusion coefficients for Cs - Na exchange together with
those with those for K - Na exchange are shown in figure 62. The
curves are remarkably similar with a difference between -values of
approximately four. The self diffusion coefficients of K+ and Cs+,
at 250C, are very similar (45) but the zeolite phése activity
éoefficients are somewhat different (Table 2, 44). The Na ~Cs
average diffusion coefficient used in the calculation of the theoretical

curve for the theory of Brooke and Rees was double the value for Na -K

exchange.

Figure 68 shows the variation of diffusion coefficient with
composition for the forward (Na -Cs) and reverse (Cs -Na) exchange.

n
The two curves show a similar D variation.

Forward and reverse exchanges covering the complete range would

A"
probably give similar D variation (cf Na -K and K —-Na, figure 63).

For the Na - Rb system, exchange kinetics were measured for a TN
-3 . . . . .
of 3,4 ,10 "N, pH10, with both crystal sizes (figure 69) and diffusion

coefficients calculated (figure 70). The U variation is of the same
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Figure 67.

Na-Cs exchange; pH10.
0,=6,3um; © TN=3,4.107N; 0 TN=1,0.10"N.
Qo=2,6pm ; ® TN=3,4.107N.
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Figure 68.
o Na-Cs exchange; TN=34.1073N;
o Cs-Na exchange; TN=10 103N,
Qo= 6,3um; pH 10.
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Figure 70.
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Na-Rb exchange;pH10;TN=3,4.103N.
O do=6,3um. |
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form for both crystal sizes with a difference in magnitude due to
agglomeration of the smaller crystal. The prediction of Brooke

and Rees once again produces too slow kinetics.

For the Na-—NH4 system the exchange at pH11,5 (see figure 56)
gave an unexpected degrée of exchange. The v/t plot is uneffected
(figureA71) and confirms that particle diffusion. is rate determining
for this system. The effect of crystal size on exchange rate (figure
72) and diffusion coefficient variation (figure 73) is the same as for
the previous systems. A co§stant w value (= MZ/MS) was used in the |

calculation of B due to a lack of isotherm data.

The theory of Brooke and Rees successfully predicted that the
reverse (M —-Na) kinetics would be faster than the forward (Na -M)
kinetics but was not quantitative. The prédicted values were
"corrected" by a constant value (12,03) such that the half time for

the Na - K exchange agreed with the experimental value (see table 9).

Table 9
Half times (seconds) from experiments, theory of Brooke and

Rees, and corrected theory (= 12,03).

System t,, expt t,, theory corr. t,, theory
% % %

Na - K 62 62 751

K — Na 31 45 538

Na - Rb 27 23 272

Na - Cs 18 44 529

Cs -~ Na 16 31 376

A simple factor does not suffice to give a good agreement.

possible sources of the disagreement are that the theory assumes:-



Figure 71. ' Na-NH, exchange; ae=6,3um.
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Figure 72. Na-NH, exchange; pH10; a,= Z,6pum.
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Figure 73.
| Na -NH, exchange; pH10.
a,=6,3um; © TN=3,4.103N; o TN=1,0.107N.
Qg =2,6um; ® TN=34 1073\,
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(a) an infinite bath, i.e. does not allow for variation of

concentration at the zeolite surface,

{(b) the self diffusion coefficients are independent of

composition,

(c) the self diffusion coefficients measured by Dyer et al (88)
at sub zero te-mperatures in an alcohol/water mixture (lfl)

still apply for a pure aqueous system,

Lutze and Miekeley (137), and Duffy and Rees (138, 139) considered

the variation of self diffusion coefficients with composition and

found that the calculated v/t plots were closer to the experimental
plots than were calculations using constant self diffusion coefficients.
Gaus and Lutze (87) have determined the variation of calcium; strontium
and barium self diffusion coefficients with composition in zeolite A
and then used a modification of the theory of Brooke and Rees to compare
experimental and predicted ion exchange kinetics. The modification
allowed for variable self diffusion coefficients and for the zeolite
being in a non equilibrium state with water. They obtained good agree-
ment. However, these corrections have not been applied for univalent
cations due to lack of experimental measurements of the concentration

dependency of self diffusion coefficients.

Lastly figure 74 showé the complete set of diffusion coefficients
for sodium-univalent ion exchange with a TN of 3,4 .lO—SN, pH10,
a, =6,3um. For Na-—NH4 exchange a constant w was used. The form and
magnitude of the diffusion coefficient variation is vefy similar for

each system. The peak diffusion coefficient decreases in the order:-
Cs >Li >Rb >NH4>K

and the degree of exchange (and hence selectivity) decreases in the order
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K>Rb2NH4>Li >Cs

No clear implications can be drawn from this apparent relation-
ship as the peak values are quite close. According to Helfferich
(136) the ion for which the zeolite is most selective will tend to
exchange into the zeolite faster than the reverse exchange. In this
case the zeolite is selective for sodium and tﬁe reverse (M -Na)
exchanges are the fastest but for the forward (Na -M) exchanges the
least selected ion (Cs+) enters faster. The factors of self diffusion
coefficients (and their variation) and zeolite activity coefficients

must be responsible for the observed trend.
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Figure 74.
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7. CONCLUSION

From this study of the kinetics of ion exchange several conclusions
can be drawn. In all of the systems studied the ion exchange rate
was independent of the exchangeable cation solution concentration which
confirms that particle diffusion is rate determining for these systems.
The effect of crystal size on the ion exchange rate was not quite as
predicted for particle kinetics due to agglomeration of the smaller

crystals and the non-ideality of the systems.

Y
If the rapid drop in D at the end of the exchange is considered
to be an experimental artifact (due to drift effects as equilibrium
is approached), the D variation is comparitively linear, particularly

for the Na -univalent ion exchange.

The "stepwise" Na - Ca exchange 3 variation showed no conclusive
composition effects (due to exchange at different sites) and no effects
were seen in any "straight through" ion exchange system. For the Na -
univalent systems the values of B for the forward and reverse exchanges
increésed with Mt/Mm. The B value would have been expected to drop
during the reverse kinetics if the values of D and DAB are related as
the variation of DAB with composition is not effected by the direction
of exchange. For the calculation of B a constant diffusion coefficient
is calculated for each point which is equated with the average to that
point whereas DABiis assumed to be variable throughout the theoretical

calculations. It is not therefore possible to derive the DAB variation

v
from the experimentally determined D variation.

If the factors effecting ion exchange kinetics are considered in
terms of the theory of Brooke and Rees (97, 98) then constant self
diffusion coefficients together with the activity term qualitatively

predicts kinetics (reverse faster than forward for Na —univalent system).

i)
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For quantitative prediction variable diffusion coefficients together
with an allowance for water diffusion are necessary (as used by

Gaus & Lutze (87)). The variation in solution concentration and
hence variation in zeolite ocuter layer composition would be difficult

to incorporate in the theory of Brooke and Rees.

The theory of Brooke and Rees worked adequately for Sr -Ca
exchange in Chabazite but not for Na -K exchange in Chabazite (97,
98). Using variable self diffusion coefficiénts Duffy found much
better agreement for the Na -K exchange (139). Further measurements
of the composition dependence of self diffusion coefficients will be
needed before the results of the present study can be gainfully

compared with theoretical predictions.

The effect of hydrolysis on ion exchange kinetics in zeolite A
has been demonstrated. Although isotherm predicted end points gave
reasonable results the best policy is to minimise hydrolysis where

possible by the use of high solution concentrations and high pH.

Of the Na - divalent systems the Na — Mg exchange was exceptionally
slow even though the self diffusion éoefficients of Mg, Ca and Ba are
quite similar, (81, 88) although very recently the magnes-ium self
diffusion coefficient has been shown to be much lower than that of
calcium. The slow Na -Mg exchange was perhaps also due to magnes-ium's
large hydration shell which has to be lost before it can enter the
zeolite. This effect cannot be allowed for in theéretical calculations
and would explain the observed B variation with a possible change in rate
determining step after 20% exchange (figure 46) when each Mg ion has
now to share a limited number of water molecules in the confined space

of zeolite A's cavities.
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The ternary exchange showed the initial rate of uptake of
magnes-ium being limited or blocked by calcium uptake but later the
magnes-ium displaces some of the calcium. The first effect is
kinetics, due to the rate of calcium uptake, and the second is
equilibrium as the calcium content is brought back to the

equilibrium value.

The Na -K exchange was the slowest of the Na —univalent
exchanges and was predicted as such by the theory of Brooke and Rees.

The relative rates observed ?n this study are:-
U-Na>Na-U>Na-Ca, Na-—Ba}>Ca-Na>Na—Mg

(U =univalent), also:-—
Na-Cs>Na—Rb>Na—Li,Na—NH4>Na—K

and:

Cs —=Na >K -Na
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Ion-Exchange Kinetics in Zeolite A
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The kinetics of Na — Ca exchange in zeolite A has been measured at 25 °C. The rates of complete replacement
of Na* by Ca?* have been obtained and, also, the rates of small incremental replacements over the range of
zeolite composition from pure sodium to 90% calcium have been measured. The kinetics of the reverse exchange
has also been studied to a limited extent. All of these kinetics have been analyzed by using the Paterson solutions
of the diffusion equation. In a separate study the degree of hydrolysis of zeolite A as a function of pH has

been ascertained.

Introduction

Zeolite A, in its sodium form, has recently been intro-
duced in extensivé quantities as a builder in detergents.
In a recent paper' the high selectivities of Na-A for Ca®™*
and Mg?* have been demonstrated. In this equilibrium
study the thermodyndmic quantities for these binary ex-
changes were obtained and polynomial expressions derived
from which the binary isotherms at 25 and 85 °C could be
calculated for any normality of solution phase. The more
difficult ternary exchange was also studied for solutions
which initially contained Ca?*:Mg*" ratios of 2:1, 1:1, and
1:2. An attempt was made to predict the ternary isotherms
from the binary isotherms.

Although a high selectivity for both of these divalent ions
is an essential feature in the use of zeolite A as a builder
in detergents, it is also necessary for the removal of the
divalent ions to be extremely rapid to prevent interactions
with the surfactants present. Rapid removal of Ca®* ions
is readily accomplished if the Na-A cubes have side lengths
of ~1 um. The Ca®* ion concentration is reduced to ac-
ceptable Jevels in ~20s. The removal of Mg** ions is not

_s0 rapid but the higher concentration of Mg** which still
exists after ~1 min is not a serious problem.

In this paper the kinetics of Na* == Ca®* exchange in
zeolite A will be presented and the effect of the presence
of Mg** ions on the exchange will be demonstrated. Also,
zeolite A has one other important characteristic which
enhances its suitability as a builder. It is readily hydro-
lyzed and so causes ne environmental waste problems. The
hydrolysis of zeolite A at various pH values will also be
reported.

Experimental Section

In order to follow exchange times much greater than
those which apply under detergency conditions, larger
crystals of zeolite A were required. These large crvstals
were svnthesized by using the Charnell method.? The

'Present address: Department of Analytical Chemistry.
Veszprem, Schonherz Z. u 12, Hungary.

0022-3654.93:2087-1967501 50/0

crystals obtained were well-formed cubes of side lengths
in the range 15-18 pum. .

The kinetics of exchange were usually followed by means
of sodium or calcium ion selective electrodes but some
exchange rates were also measured, or compared, radio-
chemically with 2Na as the radiotracer in the zeolite phase.

The uncertainty in F values decreases from 6.8% to
5.9% as F increases and leads to a corresponding uncer-
tainty in log D of 0.06-0.16. The uncertainty in the log
D vs. F plots should therefore be represented by an area.
However, as the uncertainty in log D is more significant,
only error bars have been used as shown in Figure 4.

Results

In the first series of experiments Na* — Ca?* exchange
rates were measured at three different solution normalities.
In these experiments the ratio of equivalents of cation (in
this case Ca®*) in the solution phase, M,, to equivalents
of cation {in this case Na*) in the zeolite phase, M,, was
also varied from 100:1 down to 1:0.8. The three rate curves
obtained are shown in Figure 1. These rate curves are very
similar, indicating that differences in the parameters which
were varied had little effect on the rate of exchange.

The rate curves in Figure 1 were analyzed by using the
Paterson® solutions for limited volume diffusion in a
manner similar to that described by Danes and Wolf* It
should be noted that the Paterson solution is derived for
a constant diffusion coefficient. The Danes and Wolf
treatment assumes an average constant D over the range
of F from zero to each given value. In these solutions the
parameter W is required where W is defined as

. _ M, dICa],
~ M, d[Cal,

|Ca), and [Ca), are the equivalent cation fractions of Ca®*
in the zeolite and solution phases, respectively. The re-

98]

{11 Bern, S A 1.: Rees. L. V. C. J. Chromagiogr. 1950, 201, 21.
(2) Charnell. J F. J. Cryst. Growth 1971, §, 291.

(3i Paterson. 8 Proc. Phys. Soc., London, 1947, 59. 50

t41 Danes. F.; Wolf, F. Z Phvs Chem (Leipng) 1973, 252, 15,
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Figure 2. Dimensionless border concantration factor, W, plotted as
a funcuon of [Ca], for three different total sohtion-phase normakbes.

quired value of W are obtained from the slope of the iso-
therm at specific values of {Ca),. The values of W used
in the analysis of the rate curves were calculated from the
polynomial expression for the Na-Ca exchange at 25 °C
given by Barri and Rees! and are plotted in Figure 2. The
isotherms for the three normalities used in these rate
measurements are shown in Figure 3.

In the rate measurement for an initial solution phase of
3.4 X 107 equiv dm™3 of Ca®* and M,/ M, = 0.8 it can be
deduced from the isotherm in Figure 3 that [Ca], at the
ingoing surface of the zeolite must always be >0.90 during
the time of the exchange. The values of W required for
this region of [Ca), are shown in Figure 2 to be approxi-
mately constant around a value of 0.15. In Figure 4 D is
plotted against F, the fractional attainment of equilibrium
for this system where D is the average diffusion coefficient
operating from F = 0 to the value of F against which D
is plotted.

The corresponding D against F plots for solutions of 0.1
and 0.2 equiv dm™ are also shown in Figure 4. For these
experimental conditions M,, M, was 1:40 and 1:100, re-
spectively, and (Cal, at the ingoing surface was now always
>0.975 for the first case and >0.99 for the second. The
values of W required in the analysis of these rate curves

Drummond et al.
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Figure 3. Na-Ca exchange isotherms at 25 °C tor zeolts A at three
ciffecent total solution-phase normaliies. [Ca], and [Ca], are the
equivalent caton frachons of calcium In solution and 2eclits phase,
respectively.
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Figurs 4. Piots ot D aganst iraconal attanment of equiibrum tor Na™
— ca® exchange in zeolte A at 25 °C and three dilterent total
solution-phase normaltbes

can be seen from Figure 2 to be around 0.04 and 0.015,
respectively.

The rate of exchange for the 0.2 equiv dm™ solution was
measured with a sodium-selective electrode and also ra-
diochemically. The two D against [Ca), (equal to F in these
experiments) curves obtained from these rate measure-
ments are shown in Figure 5.  Although small differences
can be seen at lower {Ca), values, these two curves indicate
that the two experimental techniques give very similar
rates of exchange.

When the curves of D against F at the different solution
normalities are compared (Figure 4), only minor differences
are found when F > 0.5. At Jower F values differences can
be seen in these plots but not too much significance should
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Figure 8. Rates of exchange in zeolits A at 25 °C for total solution- .

phase normality of 0.2 N and M /M, = 0.01.

be placed on these differences. The large, sudden decrease
in D when F < 0.2 for the 3.4 X 107? equiv dm™ solution
is undoubtedly due to the response time of the ion-selective
electrode at times of exchange < 60 s. The extrapolation
shown in Figure 4 for this svstem is probably a better
description of the variation of D with F in this region.

No experimental values were obtained at F' < 0.35 with
the 0.1 equiv dm™ solution system. The extrapolated D
values shown in Figure 4 below F = 0.35 were calculated
from an extrapolation of the ¢’*? rate curve from F = 0.35
to zero.

When F is very close to 1, only very small changes in the
Na" concentration occur and the D values calculsted from
the rate curves in this region are liable to large errors.

The decrease in D as F increases indicates that the
differential exchange diffusion coefficient, D, must decrease
with increasing calcium loading of the exchanger.

The reverse exchange kinetics, i.e., Ca** — Na*, have
also been measured at a solution normality of 0.2 equiv
dm™*. The rate curve obtained is shown in Figure 6 where
it can be compared with the corresponding Na* — Ca**
rate curve. As the self-diffusion of sodium has been found
to be much faster than that of calcium in zeolite A. these
forward and reverse exchange kinetics follow the predic-
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Figure 7. Plots ot D against tractional attainment of equilibrium for
small incremental uptakes of calcium in zeokte A al 25 °C. Total
solbon-phase normalty is 3.4 X 1077 N. The range of [Ca], covered
In each step 1 indcated. The M /M, vakues are as fodows: O, 0.737;
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tions of the Helfferich and Plesset theory.® In Figure §
the variation of D with [Ca], for the reverse kinetics may
be compared with the corresponding variation for the
forward kinetics. In the reverse kinetics £ = 1 - [Ca], so
D now increases as the exchange proceeds, i.e., on going
from pure Ca-A to pure Na-A zeolite, and correspondingly
the differential diffusion coefficient D for this exchange
must also increase on going from Ca-A to Na-A zeolite.
Comparison of D against [Cal, indicates, however, that for
both forward and reverse kinetics D decreases with'in-
creasing calcium content of the zeolite and D, at any value
of [Cal,, is always greater for the forward kinetics than for
the reverse kinetics.

In a second series of experiments the Na* — Ca* ex-
change rates were measured over small 5% changes in
[Caj, from pure Na-A up to 83% Ca-A zeolite. The so-
lution-phase concentration was maintained at a constant
3.4 X 107 equiv dm=. Each of the 15 rate curves obtained
was analyzed as before by using Paterson's solutions. The
D values obtained as a function of F from three rate curves
are plotted in Figure 7. This figure includes details of the
range of [Ca], covered and the values of M,/ M, involved
in each rate measurement. At low values of {Cal,, because
of the very high selectivity of Ca?* in zeoclite A, the range
of W covered in each rate analysis was very large; e.g., for
[Ca}, going from 0.28 to 6.44%, W increased from 0.809
at small F values 1o 122 near the end of the run where little
Ca’" remained in the solution phase.

In Figure 8 the variations of D over each increment of
composition covered are plotted against {Ca], to show the
overal] trend in D on going from pure Na-A to almost pure
Ca-A in small incremental steps. Although the trend of
D against [Ca), in this figure is similar in shape 1o that for

(31 Helfferich, F.; Plesset, M. S. J. Chem. Phys 1958, 28, 418.
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Figure 9. Ternary exchange kinetics in zeoltte A at 25 °C, Na* —
Ca®"/Mg”™ The binary exchange kinetics are nciuded for companson

the corresponding system (3.4 X 107 equiv dm™) in Figure
4 where exchange from pure Na-A o almost pure Ca-3
is covered in one step, it is interesting to note that the D
values at corresponding [Ca}, values are a little greater for
the incremental uptakes.

Finally, in Figure 9 some preliminary ternary rates of
exchange are presented. In these experiments pure Na-A
was mixed with solutions containing 1:1 and 2:1 Ca**:Mg**
ratios at zero time. The rate of uptake of total divalent
ion was measured as a function of time. Figure 9 shows
that the rate of uptake for the 2:1 Ca™:Mg>* case was little
different from the rate for the corresponding pure calcium
solution. When the solution phase, however, was 1:1
Ca®:Mg** initially, the rate of uptake of divalent ion was
now somewhat slower but still much greater than the rate
of upiake for the pure magnesium solution phase. Because
of the very high selectivity for Ca** the composition of the
zeolite phase at infinite time in both of these cases tended
to be almost pure Ca-A. However, it is known from
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Figure 10, Rats of release of Na* ions at 25 °C from Na-A zeclte
at various initial pH values.

equilibrium studies' that Mg?* ions are taken up by the
zeolite at low divalent jon loadings to be replaced by Ca?*
at high loadings even when the solution phase contains 1:1
Ca?* 10 Mg**. The slower rate found than for the 1:1
Ca?":Mg®" system suggests that Mg?* ions are taken up
by the zeolite and block the 8-ring oxygen sites which
control diffusion in the zeolite A channel system. In the
2:1 Ca®:Mg* case insufficient quantities of Mg** are taken
up to cause any great degree of blocking. In future rate
measurements in these ternary systems all three jions will
be analyzed in the solution phase as a function of time to
obtain a better insight into the kinetics involved.

Hydrolysis of Zeolite A

In order to speed up the initial mixing in an ion-ex-
change kinetics measurement the zeolite was slurried with
water at pH >8 and then the solutions of counterion
added. However, abnormally high outputs were obtained
from the sodium-selective electrode which drifted upward
at quite high rates before any counterion was introduced.
These high concentrations of sodium in the solution phase
were confirmed by atomic absorption spectroscopy. A
study of this hydrolysis of Na-A zeolite as a function of
pH was, therefore, carried out. 1n order to vary the pH
of the zeolite/water slurry and exélude the possibility of
ion exchange. N\Me OH was used as the alkali. NMe,* ions
are too large to enter the zeolite A channels.

In Figure 10 the release of Na™ at various initial pH
values 1s shown as a function of time. In these experiments
large crystals, svnthesized by the Charnell method, were
used but sirilar rates of release were obtained from much
smaller crystals, indicating that this release was not particle

diffusion controlled. In Figure 10 it can be seen that. after

2h, 24%, 14%. and 10% of the sodium in the zeolite is
released at pHs of 6.49, 7.96, and 9.06, respectively. After
about 1 h the rate of hvdrolysis seems to attain a constant
value. The small amount of hyvdrolysis at pH 11.87 dis-
counts the possibility of any entrained sodium salts being
present in the zeolite channels from the svnthesis process.

In the sbove experiments the pH was also followed as
a function of time. It can be seen from Figure 11 that there
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Figure 12, Degree of hydrolysis of Na-A zeolte at 25 °C afier venous
contact imes pilotted against the Inttiai pH.

was an initial positive pH jump due probably 1o Na*-H~
exchange followed by & slow drop in pH after about 1 h.
The size of the initial jump decreased as the initial pH
increased. In Figure 12 the results shown in the previous
two figures are combined to demonstrate the degree of
hydrolysis after various lengths of contact time plotted
against the initial pH. There seems to be a roughly linear
relationship between the degree of hydrolvsis and the in-

itial pH in this first hour of contact for initial pHs leas than
9.
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Figure 14. Temtative hyorotysis mechanism of Na-A zeoitte.

A series of Na—Ca exchange experiments were next
carried out by adding Na-A zeolite to a calcium chloride
solution of known initial pH and monitoring both the
sodium and calcium concentrations in the solution phase
with sodium- and calcium-specific electrodes. If any hy-
drolysis occurred during these experiments, then the
equivalent sodium concentration in the solution phase
should be greater than the decrease in equivalent calcium
concentration. The results obtained are shown in Figure
13. Any value of the ordinate greater than zero should
indicate the degree of hydrolvsis. Although the results are
not conclusive. there does seem to be some hydrolysis at
an initial pH of 6.81. The initial negative values in the
ordinate a1 small times are probably due to differences in
the response times of the respective ion-selective elec-
trodes. The presence of calcium ions in the zeolite does
seern to have a strong stabilizing effect.

A tentative mechanism is shown in Figure 14 to explain
these hydrolysis results. The actual form which the alu-
minum and silicon oxides,/hvdroxides take is not known.
Since the initial Na*-H" exchange can only account for
a smell fraction of the observed Na* ion release, it seems
probable that the hydrolysis process is autocatalvtic with
the release of H* continuing the reaction. The rate of
hydrolysis eventually decreases due to the stability of H-A
and the diffusion of H™ to the outer solution gives rise to
the observed pH drop after I h.
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