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ABSTRACT

Cation exchange in zeolites has equilibrium and kinetic aspects.
Equilibrium aspects considered were: evaluation of thermodynamic
equilibrium constants from Kielland plots; the modifying role of
intraphase exchange equilibria between sub-lattices on overall equili-
brium constants and activity ratios; and a statistical thermodynamic
treatment for a zeolite providing either a single cation sub-lattice
or n sub-lattices. The statistical thermodynamic treatment includes
replacements Na,Al & Si or Ca,Al & Na,Si. In the area of kinetics
self-diffusivity was reviewed and some generalisations attempted.

INTRODUCTION

Cation exchange in zeolites is a readily controlled reaction,
usually occurring easily below 100°C and involving simple isomorphous
replacements of cations within aluminosilicates. Cation exchange also
occurs with felspars and felspathoids, but at higher temperatures be-
cause the frameworks are less open and therefore the cations are less
mobile. Like any other reaction ion exchange has equilibrium, kinetic
and energetic aspects. This account will refer to features of the
first two aspectse.

EQUILIBRIUM

Isotherms have typical contours, several of which are shown in
Fig. 1 [1,2,3,4]. Fig. 1ld shows a miscibility gap, associated with
hysteresis. Hysteresis characterises reversible solid state reactions
in which a new phase nucleates on or in a matrix of a parent phase.
It is ascribable to positive free energy terms associated with strain
due to misfit of germ nuclei in the parent crystal and to interfacial
free energy between nuclei and parent matrix. These terms on both
forward and reverse reaction paths delay growth of the new phase beyond
the true equilibrium between bulk A-rich phase and separate bulk B-rich
phase, where A and B are the exchange cations. Within the hysteresis
loop some remarkable history-dependent scanning curves and related
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Fig. 1. Characteristic con-

tours of exchange isotherms

in some zeolites. Ordinate

is equivalent cation fraction

in solution; abscissa is

this fraction in solution

(a) Li @ Na in sodalite hy-
drate [2].

(b) Li @ Na in cancrinite
hydrate [2].
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effects have been observed [2,5].

In many zeolites cations are distributed between various physi-
cally and crystallographically distinct site groups or sub-lattices
(these terms are equivalent and will be used interchangeably).
Equilibrium intraphase distributions of ions A and B are established
between site groups, a property which has al.so been rather extensive-
ly studied in non-zeolites [7,8,9,10,11,12], These include spinels
(2 sub-lattices) and silicates (eqs. orthopyroxene with 2, garnets with
3 and cummingtonite with 4 sub-lattices). Zeolites are however unusu-
al in that the total of cation sites can exceed the number of cations
needed for electrical neutrality so that both cations and cation vacan-
cies are distributed among the sub-lattices. I will return to this
aspect after considering Kielland plots.

KIELLAND PIOTS

For the general exchange reaction

Zg Z Zy z

A, A
ZABc +ZBAs e ZAIBs + ZBAc
Z, and are the charges on the ions A and B and subscripts c and s
denote in crystal and in solution respectively. Two important quoti-
ents are

2 Z
(aﬁ)ZB(aIZ) A A;B(ag) A -
Ke—S—S__ . K = 1
(aB)ZA(éA % ° BZA(aA)ZB
c s Z s

where the-a denote activities and A, and B, are equivalent c%;ion
fractions of A and B in the zeolite. The ratio (aB)ZA/(aA) in solu-
s s
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tion can be measurede The thermodynamic

equilibrium constant is obtained from plots of log K vs A, (Kielland

plots)e These are sometimes nearly linear but moreoften“are not;

they may have maxima or minima or both. Whatever their form log K

may be represented as a polynomial in AZ: ¢
log K, =C_ +2CiA, +302A§ + eoee (2)

where the coefficients C are independent of A Gaines and Thomas [13]

showed further that 2

log E = 1o (f“)ZB/(fB)ZA = 0.4343(% -2,) - log K f log K _dA, +
g =208 iy Z - Zg=2y € 2ot Jo “08 B%y
(3)
where fA and fB are activity coefficients of A and B in association
respectively with anionic framework elements L, and carrying Z, ‘and

negative chargese A is a small term which is usually negligible
or zeolites [14]. Eqns 1, 2 and 3 with A ~ O lead to

log E = 004343 (ZB"ZA) + C] (l-aAZ) + % (1-3A§) + ocee (Ll')
log K = 0.4343 (ZB-ZA) +C +C +CG +eee (5)

For linear Kielland plots log K = 0.4343 (Z]_,’-Z}\.)-l-cé..c,I and if Z,= Zy

the first ggrm on the rshes. of eqn 5 is zero. 3he standard free
energy, AG = - RT ;8 K agg thgestandard heat, AH , qad entropy, AS ,
are obtained from AH = - T3(AG/T)/3T and AS®= - 3AG /. Accordingly
Kielland plots can give useful thermodynamic information.

When the isotherm is strongly selective for one ion the curve of
A vs A, is very close to the ordinate at one end and the abscissa at
the other, and Kielland plots tend to become inaccurate at these extrem-
ities. This can introduce error in evaluating K from Kielland plots.
A second factor often inadequately tested is isotherm reversibility.
Points for forward and reverse exchanges should be shown to lie on the
same curvee.

CATION EXCHANGERS PROVIDING n SUB-LATTICES

We firstly note, as pointed out by Mueller et al. [10] that
"chemical potentials of atoms or ions on non-equivalent lattice sites
have no validity because these particles cannot be considered independ-
ently variable components'. They also pointed out that this fact in
no way prevents formulation of intraphase equilibrium constants and
standard free energies of exchange of ions A and B between sub-lattices.
Several procedures are possible, one of which, due to Mueller,[8] is
based on detailed balancing, and is summarised below for a zeolite
having n sub-lattices.

If the cations A and B have the same charge the rate of change of
concentration of A on sub-lattice i is

dCA %ﬁ? n-1
i _ ' ALAN BBy _ ' A A, BB
==& kji(ﬁjcjxﬁici) £ kij(ﬂici)(féjcj) (6)

The C are molar concentrations or number densities (per cmB) of the
cations indicated by the superscripts, on site groups indicated by the



2146 R. M. BARRER

subscriptse The k' are rate constants in concentration units. The
# may be regarded as the equivalent of activity coefficients in macro-
scopic systems and allow for deviations from ideal mixing of A and B on
the sub-lattices. In energy terms they reflect any variability in the
Gibbs free energy of intraphase exchange between sub-lattices other than
that attributable to the entropy of mixing.

If A., B, and A,, B, are equivalent cation fractions of ions A and
B on site}gro&ps i afld jJrespectively, then eqn 6 can be re-written as

dA 2‘:‘:" nZ-'l ‘
i A A
2= & O @le) - B kW) @) )
AL B et (b B Tibpian. wh
where kji = kji(Cj+-Cj) and ksij kij(Cj+-Cj). At equilibrium, when

dA./dt = O, the pairs of terms in eqn 7 independently add to zero
(p%inciple of microscopic reversibility) and so

A B
k.. AL .B . ,
A R U ®)

ji T eAA
kW)@

Eqn 8 can be re-written as

A B A B
(?.é'.ﬁi-_).aﬁ (% =K./K. =K 9)
@spat/ ek T E I

i"i’"s 33 8s

where K. and K. are equilibrium constants for exchange of A and B
between ambient solution and sites on sub-lattices i and j res-
pectively. ad and aB are the activities of A and B in solution at
equilibrium. °Eqn 9 Phus leads to the general relation [15] for equi-
libria between solution and each of n site-groups (i.e. sub-lattices):

aB aB aB aB a3
s Z 1 i n
aA = aA K = aA K1 = ceee = aA Ki = eeoeoe = aA Kn (lo)
s Z 1 i n
where
B, A A
a;/8; = Bo8,/Bih, (1)

Egqn 10 contains the overall equilibrium constant, K, and activity
ratio zat%{la%;1 If X. is the fraction of total cationic charge associ-
e i

ated wi th site group then eqn 10 gives
4 X, X a§)x1 anx]
—B.(K1 ooooKn ) = (— ecece (.-B-) (12)
a a a
Z 1 n .

Also the overall standard free energy of exchange is the sum of the
corresponding exchange reactions on all the sub-lattices and so

n ) :
® =5 % o oa®
e
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Thus with AG® = - BT 1n K and AG? = - RT 1n K, eqns 12 and 13 give
X X

K = 1{11”'.° Knn
= =(-§) ....(—B) (14)
8y 21 &

Egns 14 show how equilibria on sub-lattices influence the overall
equi%igﬁium constant and activity ratio. Some general consequences
are |16]:

(i) When for simplicity we take n = 2 with ideal exchange on each site
group (B's all unity), and if K,>1 and K,<1, then the gesu}tant iso-
therm of A_ vs A, is sigmoid in form evefi where K = K,” 'K,*2= 1.  For
n=1and B =1 #n ideal isotherm would be a straight 1in§ of unit
slopes Thus the mixture of two ideal component isotherms is non-ideal
as regards the overall isotherm.

(ii) Ideal component isotherms can never give miscibility gaps in the
overall isotherm.

(iii) Without additional information a given overall isotherm cannot be
analysed to give component isotherms because numerous empirical allo-
cations of the K, and X. (i =1 to n) of the first of eqns 14 could
give the correct’K. .

Much additional information comes, however, from X-ray struct-

ural evidence. This gives the number, n, of sub-lattices and the
values of Xj 4X; eeee If X-ray or other means could further give the
cation fraction of each ion actually present on each sub-lattice
as a function of cation composition then Kielland plots for each
sub-lattice would give the K; and the ratio ¢€/¢3. Two nu-
merical examples of applications of eqns 14 follow. .
(a) In zeolite K-F, Na'@ Li, Na'# K" and Na'® Cs' were studied [4].
Two site groups were assumed and from the sigmoid Na" @ ¢s" isotherm
(Fige 2) X% /X = 0.64/0.36 was found. Subsequent X-ray studies [17]
showed K-F in its Na-, K- and Rb-forms to be of edingtonite type with
two kinds of channel each bearing cations. Experimental isotherms

20 .e0aa,

Csg

92 04 06 08 02 06 06 08 92 04 08 08
c.g c“ o“' » OF az C&.Cs‘.er c.z

Fig. 2. (a) The Na & Cs isotherm in K-F [4]. 0, Cs entering crystals;
Ay Na entering. ‘

(b) Analysis of isotherm in terms of two site groups. Curve 1,
isotherm on sites of first kind; curve 2, isotherm on
sites of second kind; curve 3, resultant isotherm.

(c) The assumed Kielland plots on sites of first kind
(curve 1), second kind (curve 3) and resultant isotherm
(curve 2).
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were successfully reproduced assuming linear Kielland plots with
assigned coefficients G4 and C;, for each site group, and values of
Ky and K, o Results are exemplified in Fig.2 for Na e Cé+, while
the assigned values for the other two exchanges are given below:

Exchange Ci1 G, K K
Nat @ xt - 033 1.55 L4J.57  0.374
Nat @ Lit 0 1.27 1.11 0.89

(b) (Fe,Mg)-olivine (one site group) and (Fe,Mg)-orthopyroxene (two
site groups) are found as co-existing phases, and the F @ Mgt
distributions between the two phases and between the two sub-lattices
of orthopyroxene have been studied [11,18]. The olivine with one
site group plays the role of the aqueous medium. At 900°C AGe ~

- 7.3 kJ mol-l for Fe2+@ Mg2+ between the phases and A&, ~ -12.3 kJ
mol™l for Fe?+ @ Mg2+ between the two sub-lattices of orthopyroxene.

STATISTICAL THERMODYNAMIC DEVELOPMENTS

An adequate theoretical treatment must explain and be able to
represent the contours of different isotherm types (Fig. 1) and of
Kielland plots, and also the existence and extent of miscibility gapse.
Progress has been made with the following model and its statistical
thermodynamic formulation [2,19,20].

Miscibility gaps are manifestations of a tendency sometimes shown
for ions of a given kind to cluster and so to nucleate a new phase.

The simplest assumption which accounts for this is that if for example
two ions A occupied adjacent sites an extra relaxation of the frame-
work and/or cation shift occurs which does not happen when A or B is
adjacent to B or to a vacant site [2,19]. The extra energy change
associated with this relaxation is conveniently written as 2w,,/v where
v is the co-ordination number of a site. It is assumed to be pairwise
additive. In systems where n = 1 (one site group only) and where
vacancies may occur the above model has been extended to pairwise-ad-
ditive extra relaxation energies 2w, ,/v, 2w../v and 2w, /v for AA, BB
and AB pairings, as compared with s OA and OB where U denotes a vac-
ant site LZO] These energies, though referred to cation pairings,
are thought to be very much functions of misfit in the anionic frame-
works which cause local adjustments.

The model described has been developed for exchangers with a
single cation sub-lattice, for ideal exchange on n sub-lattices, and
for exchanges involving replacement of Si by Al (e.g. Na,Al & Si;

Ca,Al “! Na,Si)o

Single Site Group When, as in sodalite hydrate, only one kind of
exchange site is involved and 2w /v is the only extra relaxation
energy, the partition function, P, for the mixed crystal takes the form

N, N, N, N
N!

A _B_.G_o ‘
N IR SCN-N, )¢ Iy 95 Yo P Pint (15)

P =

where N = total number of sites; N, and NB are the numbers of ions of
A and B and N, of guest molecules (water); J,, Jg and J} are partition
fynctions for individual cations A and B and %or a guest molecule.

J G:C(NGXJ‘) G and contains a configurational part C(N,), but for sim-
ﬁiicity N, is assumed not to change as a result of excﬁange so that
C(NG) is a constant and need not be evaluated for present purposes.
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The partition function for that amount of framework carrying one nega~
tive charge is P. and the total anionic charge is N = 2 NA+-ZBNB.
P. is assumed constant, and the extra relaxation energyA2w /9 intro-
duces the contribution P, £ to the overall partition functlion, P. With
JA’ JB, J, and P. indepeﬁgent of composition of the (A,B)-zeolite
interest centres on the factorial quotient and P, £ The Helmholtz
free energy is F = = kT 1n P. The contribution’tS F from Pin

¢ Was
shown to be ;
2(1-0 D, - 20
A N AA A
F.  =kT v{N, Ins=———s— += 1ln (16)
int A7"D,,-26, T2 DAAfl'-zeA)

where 1

Dy, =[1- 49,(1-6,)e, , J% +1

@, =1 - exp - ZWAA/VkT (17)

9, =NA/N

Expressions were obtained for the chemical potentials Mar, and"pB
for the components of the zeolite considered as a two com- A LB

ponent system comprising N, units of AL, plus guest molecules as the

first and N, units of with guest mofecules as the second. As
assumed above the number of guest molecules per unit is the same for
each component. L, and are the amounts of anionic framework carry-

ing 7, and ZB negative charges and associated respectively with cations
A andAB carrying Z, and positive charges. From the standard chemi-
cal potentials the equilibrium constants were obtained for ZAZB equiva-
lents of exchange as

RT InK = 8, g - Zg ty  +%g Hy - 5, Ho (18)
BLB A 8 ]

and also explicit expressions were found for the activity coefficients.
When ZA = ZB these reduce to ‘

In £,/2, = (8, - M)/a, | 19)
where 1 dF, 1 /3 F, )
by =T\TW i AB=E3'<3—N_ (20)
A B /aL,

and A* is the value of A, in the standard state. For AL, and BL_ the
standard states were homoionic A- and homoionic B-zeolite respectively.
Thus by allocating values of 2w,,/v, v and N the isotherms could be
calculateds They represented éﬁl the types shown in Fig.l, includ-
ing isotherms with miscibility gaps for sufficiently large exothermal
values of 2w, ,/v [19,20].

It is ofAinterest that strictly linear Kielland plots are not ex-
pected when F. . is given by eqn 16. Linear plots require that des-
pite non-zero values of 2w,,/v, the cations should be randomly distrib-
uted on the sites. True randomness is not however compatible with

non-zero 2w,,/Ve In the limiting case of linear Kielland plots C; in
eqgn 2 is giéén by [2]

_wAA(NA + NB)

2.303 ¢ = = | (21)
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Table 1
Coefficients G and values of w,,(N,+Ny)/N [1]

o

Exchanger Exchange ¢ ¢ W, (N, + Np)/N
' (kJ/g ion)

Chabazite Na = Rb 8 - 1.0 6.8

Na - T1 L5 - 0.30 1.8,+

Na - Ag 45 0 o

K >Ag 25 - O.ib 2.5,
Cancrinite Li »Na  ~68 - 1.08 7.1
Faujasite Na - Ag 25 - 0.48 2.7¢

K - Ag 25 - 0.49 2.81

Na » K 25 - 0.52 2.9

TL > Ag 25 - 0.68 3.89

WaalkTs 2303 . Wl /kTs 2:303
Wer/kTs O Waa/kT»-1.181
Waa/kT+ 4.608 Wea/KT = O
0.8} -
(a) (b)
As
0.4 r
L 1//3 L 3/
° | 3 1
Waa/kT =-2.303
Wae/kT= O
Was/kT2-2.303
-8
° (c)
A
s L
3
04}
12
1 l 1 1
00 o4 o8
Ac

Exchange isotherms for Zy=Zg=1y K =1, end 1 = N/(ZANA+ ZoNo)
=2, For curves 1 v =2, for curves 2 v = 4 and for curves 3
v=6. In(a)Z= (wyp= 2w p+ wpp)/kT = 6,908, in (b)
T = 4,605, in (o) T = ~4.608 and an (d) T = - 9.210.  All

S - up =0. Miscibility
gaps in (d) are indicated by 5 s
dashed line [20].
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and in several systems where the experimental Kielland plots were ap-
proximately linear the coefficients C; and values of w, , (N, + N_)/N are
presented in Table 1 [1]. ‘ ARTA B '
For the more complex situation where extra energies 2w,,/v, 2w../V
and ZWQB/v were involved order-disorder theory [21,22] vas {ifed [2033{
Again Ior a single site group all the isotherm types of Fig.l could
be reproduced and for adequately exothermal 2w /V or 2w v miscibili-
ty gaps again appeared (Figo3). Endothermal v had®s 51m11ar
effect to exothermal 2w, ,/v or 2we./v in causing Like ions to cluster.

This tendency was a funéfion of = (w - 2wAB4-w )/kT.

Exchanger with n Site Groupse. The partition function now takes
the form

N:d N, . N N
i* A,i Byi G, 0,1
" Py ‘? Ia,i 9B,i G,:.:LPL,:L
)

= N, .IN_ .8(N.-N, .-N_ .)¢
isl i=l ¥p,i*"B,i ( i7A,d B,1) (22)

where the P, for the ions A and B on the i™® sub-lattice (i=l to n)

has the same form as eqn 15, but P is for simplicity taken as unity
for each sub-lattice (i.e. the 1de%f case is assumed with the § of eqn
11 all unity and so K .= K, ). From eqn 22 the Helmholtz free energy
in the mixed crystal SA4 in the standard states (pure AL, and BL§ res-
pectively) were obtained, and hence the overall equ111br1um constant.

The contributions to FgL and F&_  from the ith sub-lattice were all

A
identifiable and are termed (F ) and (F ). per molar unit (ALA)i
©

and (BLB) e From the expre581ons for FALA and FBLB per mole of ALA
and BLB one finds

o e - © o

F =.__X.(F , 3 F =gx(}? ) (23)

ALA i=l i ALA/i BLB i=l i BLB L

The equilibrium constant, K., between ions in solution and ions on the -
ith sub-lattice for ZAZB eq&lvalents of exchange, is then

RTan =2, BLB) zB )*ZB“A -ze (24)

X
E%ns 18, 23 and 24 together recover the first of eqns 14 (K = K11.....
K.

Particular situations examined included n=2, with one site group
available to A and B and the second only to Bo Isotherms taking K=l
(unprimed numbers on curves) and K=10 (primed numbers) are shown in
Fig. 4o For curves 1 and 1', 2 and 2', 3 and 3', 4 and 4' and 5 and
5! the maximum exchanges of B by A were respectlvely ATEX = 0.6, 0.7,

0.8, 0.9 and 1.0, Isotherms 1' and 2' have contours resembllng those
obtained when transition metal ammine jons (ions A) exchange with NH
(ions B) in mordenite, [23] except that A®X was ~ 0.5. The metal
ammine ions are thought to be too b t0 enter the side pockets lining
the wide channels in mordenite, but NH, should do so. The evidence is
then that at the limit of exchange ~ 50% of NHt still remains in side
pocketse
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Fig. 4. Exchange isotherms calculated for zeolite with two site
groups, 1 and 2 [19]. 1 is available to univalent ions A
and B; 2 is available only to B. Isotherms with solid
lines have K = 1; and with dashed lines K = 10.
N/(NA4-NB) =1l. For values of Agax see texte.

Isomorphous Replacements involving Al and Si. So far ion exchanges
within a framework of fixed composition w.r.t. Al and Si have been con-
sidereds The model and its treatment are however readily extended to
include replacements such as Na,Al & Si and Ca,Al @ Na,Si. [19 This
requires consideration of the partition function for the aluminosilicate
framework, P_"0 in eqns 15 or 22, because the framework composition is
now changing., For simplicity all tetrahedral positions were regarded
as equivalent, although this is not strictly true. When a tetrahedral
unit AlO, replaces Si0O, the energy of replacement was taken as € 1°
When two AlO, replace two adjacent Si0, an extra pairwise-additive re-
laxation energy was assumed to arise. It was 2w/v = w/2 since for
tetrahedral sites the co-ordination number, v, is 4. This extra energy
from Lowenstein's rule [24], is expected to be endothermic. The frame-
work partition function of eqns 15 or 22 since there are no unoccupied

tetrahedral sites, takes the form

1
oo _ Iy Ssi Na1 jint 25
L Wt Ysi a1 Fa
A1®TSi

N is the total number of tetrahedral sites and NAl and NSi the numbers

of A10, and SiO, tetrahedra on these sites (N = N l+-NSi). Jq; and

are partition functions of an 8iO, and an AlO, respectively

)

AL “int”, . . o ‘s
and P is the contribution to P, and so to the overall partition ¢
function, P, arising from the extra relaxation energy w/2. For FX?
corresponding with Pi?t it was shown that

. 2X . (pD-2%,,)
int Si Al
F =2kT ¢2N, . 1n =—==— + N 1ln ————
Al Al D—2XAl Y XSiD
- 2
D = {1 - 4xAlXSia} +1 (26)
o =1 - exp - w/2kT

with F = - kT In P as before, the free energy function f(F)= F/kTwatZ
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was found and plotted against X,,= N,./N_ for various values of
adjustable parameters. The term t, 1s

2
N /N
t, = 1n [Jg, JGG/ A
NG
where J, is the same as in egns 15 and 22. Since NG was assumed
constant t, was also taken as a constant.
The function f(F) contains a linear term X,,t, where

vz,
= 1n [Jg./9,,9, ] (28)

(27)

t

for the homoionic A-zeolite. If the cations A behave as 3—d{meqfional
harmonic oscillators and Js./J = exp - eAl/kT then for g=1010s"+, T=
300K Al

1.7265 e,
0T (B ey)
1 ZA ZA Al

where €) is the binding energy of A and €, the energy of replacement of
Si0y by AlOy. ty is + ve if ¢p+Z, €537 < %.306 kJ mol™— and - ve for the
reverse inequality. Plots of £(F) vs Xp1 had the following properties:
(i) £(F) tenus to have a minimum the position and depth of which depends
on the magnitude and sign of t, and the magnitude of w/kT, both taken
as adjustable parameters, except that w/kT > 0. For w/kT = 10 and

t, = -5 and - 10 the minima move nearer to XAl = 0.5 as t, becomes
more negative (Fig. 5a). When t; = - 15 and w/kT = 40 the curves are
V-shaped with deep minima virtually at X,, = 0.5. Therefore Al/Si ~
1.0 and is fixed as found in the felspathoids nepheline, kalsilite and
kaliophilite. (Fig. 5b)

(ii) When t, is positive and increasing, with w/kT = 40, the minima
become shallow and move towards XA1= 0 (Fig. 5c). Thus

t, =2 L 6 8 10
x’f&n =0.18 0.10 0.043 0.017 0.0065
Si/Al = L"056 9.0 2203 57.8 152.8

Accordingly a possible criterion for formation of silica-rich zeolites
such as ZSM-5 and ZSM-11 is a topology giving a large positive value

of t..

(1113 When for the cation w,,/kT = O the shape of the plot of f(F)

vs X,., depends only slightly  upon the cation charge ZA (curves 1 and
2 in'hig. 5b).

(iv) When there are enough or more than enough cation sites to reach

a theoretical Al end member (¥ .= 1), then N/N = r influences the mini-
mum more than the shape of the curve of f(F) v X ° (curves 1 and 3 of
Fig. 5b)e This influence operates through a terfi'r 1n r_ in £(F).

(v) A limit to isomorphous replacement in the framework is the smaller
of X™* - 0.5 (Lowenstein's rule, [24] exemplified in Fig. 5b) or X,o. =

Z.r e When Z,r < 0.5 only part of the curve f(F) vs X,, is realisable
a8 Snown in Fié.cSa for t,= - 15 and r_= 1/6 (curve 1), ﬁ}# (curve 2)
and 1/2 (curve 3), taking z,= 1. The®tectosilicates then tend to have
fixed compositions corresponding with the lowest realisable points on
plots of £(F) vs X, ..

(vi) When t, has 1 +ve or - ve values, with w, ,/kT = O for the
cation and w}kT = 40, rather flat curves of f(F) vsAﬁAl are obtained
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Fig. 5. Plots of f(F)
against xAl for w,,/kT = O.

i © (a) Z,= 1; r = N}ﬁ =1;
? - w/kT £ 10. FSr curve 1,
-5 t1= -5 and for curve 2
o r t1= - lO.
o N (b) t, = -15; w/kT = LO;

g for curve 1 2, =1 and r
B for curve 2 Z2,=2, r_= i
1 and for curve 3 Z,= 1 and
-t r =5. A
s————d— () Z,=1; r_=1; w/kT= 4o.

For curve 1, =2; for
curve 2, t,= 65 and for
curve 3, t,= 10.

-e

-4

 Fig. 6. Plots of £(F) éfainst
X ., drawn for Z,=1, w,,/kT =0
a8 wkT = 4o [’1‘9}. AX
(a) t,= -15. For curve 1,
r = 1/6; for curve 2, r = 1/k
afid for curve 3, r = 1/2.°
(b) For curve 1, tﬁ: -0.2 and
r = 1/2; for curve 2, t,;= -1.1

c

and rc = 410

S’

with shallow minima (Figs. 5c and 6b). This suggests that such tecto-
silicates could, by varying the conditions of synthesis, be prepared
with a range of values of Si/Al (e.g. chabazite, faujasite, zeolite L).

From the foregoing short account the statistical thermodynamic
treatment, with the relatively simple model suggested, is seen able to
present a very encouraging range of the properties observed in iso-
morphous. replacement,

SELF-DIFFUSIVITIES OF IONS IN ZFEOLITES

The expressions for ionexchange equilibria of ions A and B between
sub-lattices were developed assuming ready mobility of cations. Self-
diffusivities of cations have been measured in _analcime, [251 chabazite,
[26,27) zeolite A, [28,29,3%0,31,32]}, mordenite [33], and zeolites X and
Y [28,29,32,34,35,36]. Results are summarised in Tables 2, 3 and k.
For most of the diffusivities, D*, which obey the relation D* =D exp
-E/RT (Fig. 7 [32]) the activation energies, E, are so large as t8
indicate that intracrystalline diffusion is the rate-controlling step.
For_Roundary—layer control in the aqueous solution E would be ~ 16 kJ
mol .

In interpreting rates of exchange between traced and untraced
ions in crystal and solution the surface area is involved. Two values
have been used: smoothed or geometrical areas, G, based on crystal
dimensions, or determined by flow methods; and BET areas, A, found by
krypton adsorption (or an equivalent sorbate), under conditions where
intracrystalline penetration does not occur. It is not clear which of
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Fige 7. Temperature2 -1

140 cen dependence of D* (cm s )
for Ca and Sr in zeolite A

e [32].
150
16-0
(-]
24 30 3 £ ) 34 C )
107 1%

these areas is most appropriate and unfortunately the adsorption areas
A, can greatly exceed the geometrical areas, G. D* varies as (area)~
and the differences between A and G can represeq§ a factor as large as
10> in D*. Since the entropy of activation, AS , is derived from D°
(in D* = D exp - B/RT) using the relation

T 2 .

D =2.72 £ & exp AS*/R | (30)
and since the whole uncegtainty in the area tolbe used is reflected in
D s an uncertainty of 10° represents ~ 58 J K™ mol-l in AS*. This
uncertainty is related to estimates of AG+, the free energy of activa-
tion :

AGT= M- TAS'= E - RT - TAST (31)

In these relations k and h are Boltzmann's and Planck's constants and
d is the jump distance per unit diffusion process. @AH is the heat of
activation. '

Despite the above uncertainty, and in addition the restricted
ranges in temperature often involved (Tables 2 to 4), comparison of the
results indicates the following behaviour:

(i) D_ tends in a given zeolite to increase as E increases. This is
one mofe instance of the much more precise correlations observed bet-
ween log D and E/T for difﬁgsion in elastomers [40]° These correlat-
ions signi?y that in AG" = AHT- TAS" where

AGY/RT = - 1n D* +1n [de?‘/h] | (32)

the experimental%y access}ble ranges in 1n D* and hence in AGT are less
than those in A and TAS »

(ii) In the most compact zeolite, analcime, all forms studied were
anhydrous except the Na-form. In analcime E increased with ion radius
or polarisability of the monovalent cations [25]. In anhydrous zeo-
liﬁe X E_for elecirical conductivity also increased with ion radius fo
ca“*, sr?* and Ba“* [%9]. \
(iii) When the zeolites are hydrous (A, X, Y, chabazite, mordenite) E
is not cleaﬁly related to_crystallographic radii. Thus E is often
less for Ba* than for Sr2+, This suggests that energy barriers are
influenced by the hydration shell. In anhydrous alcghol-anhydrous
zeclite exchanges involving X and Y and ions Ca®*, *+ and Ba®*, E is
again a maximum for Sr2+.  With ethanol as solvent exchange proceeded
more slowly than with methanol [35]- ‘
(iv) Cation charge ig also_important, as indicated by higher E in
chabazite [26] for Ca®*, Sr2* and Ba“* than for Na*, K*, Rb* and Cs*.
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Jon valance as well as ion size influences the size of the hydration
shell.

(v) The substantial values of E for ionic conductivity in anhydrous
zeolite X, [39] despite its very open structure, indicates large
changes in electrical potential over distances less than that of a unit
ion migration step. These changes are illustrated by calculations of
electrical potential inside heulandite [41] and by calculations of
electrostatic fields in zeolites A and X [L2,43].

24 For self-diffusion of Na' in zeolites A and X {28,29,30] and of
Zn" in A [31] the exchange kinetics have been interpreted in terms of
two simultaneous processes. Hoinkis and Levi [30] considered that two
independent processes occurred in X, respectively via the channel sys-
tem of 26-hedra and the channel system of sodalite cages and hexagonal
prisms. It is however difficult to see why these processes should not
be coupled, and it has instead been proposed that diffusion is linked
with a slow reversible ion localisation-delocalisation process [28,29].
Table 2 records the result of each method of analysis, in the latter
instance according to the relation

3C,/3t = (D%/r°)a/dr(r73,/3r) + k,(Cy-ay,C,) (33)

C, is the concentration of traced mobile ions (in the 26-hedra); C, is
that of localised traced ions (e.g. in sodalite cages or (for Na-X)“in
hexagonal prisms); r is the crystal radius (treating crystals as
spheres all of one size); k, is the rate constant for delocalisation;
and o = C,/C;e It has the value 2 for Na-A, with its 8 "bound" and

L "mobile" Na+per unit celle Table 2 records this analysis in terms
of D* = D_ exp -E/RT and k,=k_exp -E,/RT. :

The Pesults in Tables 2 %o 4 refer to zeolites of fixed compo-
sition, usually nearly homoionic. However D* for a given cation may
depend on the cationic composition of the zeolite. This aspect has
been studied in (K,Na)-mordenite [33] and -chabazite [27]. For chaba-
zite Dﬁ and D¥ both varied monotonically with composition but in mor-
denite these diffusivities appeared to vary in a more complex way. The
self-diffusivities are related to the phenomenological coefficients of
the irreversible thermodynamic formulation of cation diffusion but so
far there is no treatment of the concentration dependence of these
coefficients.

CONCLUDING REMARK

In this account I have not tried to cover the extensive experi-
mental material in the literature because any brief account would then
necessarily be shallow. Instead certain basic topics have been con-
sidered in more depth to show the stage of development, and in the hope
of stimulating further worke.
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