Ton Exchange in Porous Crystals

by

Brian Marsden Munday

-

A thesis submitted for the Degree of
Doctor of Philosophy of the University

of London

Department of Chemistry

Imperial College of Science
and Technology

London, S.W.7.

July, 1969



Abstract

" Ion exchange equilibria at’2§’C have been studied in the natural
zeolite phillipsite, and in the synthetic zeolites Na~P (cubic) and

K-F. Exchange'isotherms are presented.for the following ion palrs:

Phillipsite: Na~Li, Na~K, Na-Rb, Na-Cs, Na-Ca, Na-Sr, Na-Ba

Na~P : Na~Li, Na-K, Na~Rb, Na-Cs, Na-Sr, Na-Ba -
K-F ¢ Ne-Li, K-Li, Na-K, Na~Cs, K-Cs, Na-Ca, Na~Sr, Na-Ba, K-Ba.

TheAselectivity series found for exchanges in phillipsite (based

on thé.thermodynamic equilibrium constant) was
Li<<Ca < Sr < Na < Rb ~ K < Cs<<Ba.

The Na-Ba exchange was highly selective for Ba (giving quantitative
removal of Ba from solution up to a Ba loading of 0.6) but was

irreversible under the experimental conditions.

In zeolite P the selectivity series was found to be
‘Ii<<Na < K ~Rb~ Cs~ Sr<«<Ba

All exchanges in zeolite P appeared to be reversible, although
accompanled by considerable changes in unit cell size and symmetry.
Complete replacement of Na by Cs could not be obtained. In all
exchanges in phillipsite and Na-P, the selectivity coefficient varied
with the cation ioeding. The variation was linear in seversl cases,
and Klelland constants were calculated. A positive Kielland constant

was found for the Na—K ‘exchange in zeollte P.

In zeolite F, only the K-Li and Na-Cs isotherms were completely
réversible. The Na-Li and Na-K isotherms exhibited small, but well-
-defined hysteresis loops. All other isotherms were found to be irre-

versible, or to show pronounced hysteresis.



This unusual behaviourrhas been interpreted in terms of two
types of exchange site . The hysteresis and irreversibility in some _
exchanges have been qualitatively explained as arising from
» unusualiy large differences in the unit cell sizes of the various

cationic forms of this zeolite.

Exchanges involving the ions K-Li, K-Na, and K-Ba are also pre-
sented for zeolite K-F containing various amounts of occluded potassium

chloride.

So0lid phase activity coefficients and thermodynamic equilibrium
constants have been calculated for all reversible exchanges using a

computer program "CALCIS" written for this work.
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Nomenclature

" The following symbols and conventions are used throughout

this thesis:-

Symbols

fpr Uy

YAv YB
Yaipx Yipx

(BX (axX)
TiAX)’ Yipx

fA’ fB
21 (z)? ®B(z)
aA(s)’ éB(s)

Ty Dy By

cations.

valencies of A, B;

equivalent cation fractions of A and B in a zeolite.
equivalent'cation fractioné of A and B in solution.
molalities of A and B in solution.

molal ionic activity cbefficients of A and B in solution.
mean ionic activity coefficients of salts AX and BX'

in solution. ) |

mean ionic activity coeffiéienés of salts AX and BX

in mixed solution (AX + BX).

‘rational activity coefficients of A and B in the zeolite.

activities of A and B in the zeolite.
activities of A and B in.solutioﬁ;
moles of A, B, and'wafer. |
chemical potential of species i.
ionic strength‘of.solﬁtion.
seléctivity coefficient,

"corrected" selectivity coefficient.

rational thermodynamic equilibrium constant.



Conventions

1.  Subscripts (z) and (s) refer to the zeolite and solution

respectively.

2. The description of an ion exchange reaction as procéeding.‘from
A to B" (written A—B) refers to the conversion of the exchanger
from the A form to the B form.

S For the exchange equilibrium
L+ — +
Zh(s) Y 2By = ) T AP (s)
(i) .. the selectivity coefficient Kc is defined by

2 VA

B A

A . I

K, = —2—7F
i} B

BZ . mA

Note that zeolite ion concentrations are expressed as
equivalent fractions, whereas solution concentrations

are molalities,

(ii) the "corrected'?sélectivity coefficient K' is defined b
v . ! e J

(iii) the rational thermodynamic equilibrium cénstant Ka is

given by



The lbgarithm of a quantity x to base 10 is written as log x.

Logarithms to base e are written as 1n x.

Exchange isotherms are plotted with As as the ordinate, and Az

as the abscissa.
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1. Introduction

Historical Development

Phenomena which may now be ascribed to ion exchange processes
have been observed from the days of Aristotle onwards. Most of these
. observations involved the partial purification of brackish water after

passage through mineral sands and soils.

The ion exchange Basis of this effect was first proposed is 1850
by Thompson (1) and Way (2), who described it as 'base-exchange".
Lemberg (3), and later Wiegner (4) attributed this behaviour to the
presence of glauconites, clays, zeolites, and humic acids in the soil.
It is interesting, in the light of later developments, to note that
both inorganic and organic substances were then known to exhibit ion

exchange behaviour.

The investigation and utilisstion of ion exchange materials have
increased greatly in the last thirty years, following the development
of polymeric organic resin exchangers. Work on inorganic exchengers
has also been expanding, but has tended to be overshadowed by the
rapid advances in resin exchanger technology. In recent years however,
ion exchange processes involving high temperatures or the presence of
ionising radiation (conditions to which organic resin exchangers are
not generally suited) have lead to a renewal of interest in inorganic

exchangers.

'Many inorganic materials exhibit-ion exchahge behaviour.(5) .Apart_
from the further development of the "soil-based" exchangers, compounds
such as molybdo— and tungsto- phosphates arsenates and silicates, -
hydrous oxides of polyvalent metals, zirconium phosphate and antimonate,
and rare earth vanadates, have all been investigated as ion exchangers.
A compreheﬁsive discussion of the synthesis and properties of these

interesting compounds has been presented by Amphlett (6).



The Zeolites

As noted above, zeolites were among the first materials known to
functlon as ion exchangers; the original synthetlc exchangers were also
of this type. Gans (7) was responsible for much of the development
of "permutites", partially crystalline sodium aluminosilicate gels,

widely used for water purification.

All silicate minerals are essentialiy based on the tetrahedral
8i0,*~ structural unit. These units mey be linked, by sharing oxygen
atoms, to form the various clésses of the silieate minerals (8). Of
these, the tectosilicates are characterised by a three-dimensional
framework resulting from the joining of each tetrahedron to four other
such tetrehedra, giving a resultant composition (Sioz)ﬁ. However,
because of the similarity of the Si-O and Al-O bond lengths (approxi-
mately 1.63 & and 1.73 & respectively), and the ability of aluminium to
enter into four-fold co-~ordination, replacement of silicon by aluminium
can occur in these ‘silicates. The extent of this replacement is
limited by Loewensteln s Rule (9), which states that the maximum ratlo_
of tetrahedrally co-ordinated aluminium to silicon is 1:1, as the

linkage of two Al0,®~ tetrahedra is not permitted.

Such replacement of Si by Al occurs in the felspars, zeolites, and
felspathoids. In these minerals the excess negative charge created by
the introduction of tripositive aluminium atoms is balanced by the
incorporation of an equivalent number of cations. The felspars have
compéctAframework structures, and the eations are not normally accessible

for exchange. In the zeolites and felspathoids'however, the framework

atoms are linked in such a Way_as to create large cavities and channels

in the structure. These voids contain the cations and water in the
case of zeolites, and cations ahd enﬁrapned salt molecules in the
felspathoids. There is a great ‘diversity of cavity types and sizes
in the zeolite mlnerals.' Meier (10) has recently descrlbed those -
zeolites for which the structure is known, and many examples of the

 various types of cavity known to occur may be found in his paper.
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These unique structural features of the zeolites-account for
their most interesting and technically important properties. The
water in the cavities and channels of most zeolites may be removed
under vacuum or by moderate heating, without the collapse of the
framework. - The "outgassed" zeolites so formed behave as excellent
sorbents for water and other molecules. Moreover, because the
cavities and pores are of fixed dimensions for any particular zeollte,
sorption is governed by the size and conflguratlon of the sorbate. -
Thus zeolltes are known as 'molecular sieves'. Many zeolltes,
particularly in the hydrogen or rare-earth exchanged form, are very
active catalysts, and are widely used as such in the petroieum

industry and elsewhere (11).

The property most relevant to the present work is that of ion ‘
exchange. Because the cations are electrostatically bound to the frame-
work, and are potentially accessible via the channel systems, they
‘may be exchanged for other cations, provided these are not excluded

by the molecular sieve action.

-

Extensire research,; particularly by Barrer in this couniry, and
by chemists of the Union Carbide Corporation in the United Stafes, has
resulted in the synthesis and 1nvest1gatlon of several zeolites, some
of which have natural counterparts, and others which are novel spe01es.

Many of these zeolites have found important applications in industry (12).

The structures of most of the natural zeolites and an 1ncrea51ng
number of synthetic zeolites, have now been determlned (10) " This
detailed structural knowledge has provided a soupd basis for under-
standlng the mechanisms of many of thereactions in which zeolites are
involved; including fundamenta; sorption and solid state reactions-

(e.g.(13)).

Our eventual understanding of the behaviour of the zeolites, and
through them, of more complicated systeme, will result from research
into every facet of their behaviour - synthesis, structure, sorption,

and ion exchange.

-



The work described in this thesis is concerned with the ion
exchange properties of three zeolites:~ the natural mineral phillip~
site, and the synthetic zeolites named Na-P (cubic) (14) and K-F (15)
by Barrer. Exchange isotherms have been determined at 25°C, with ion
pairs selected from the alkali and alkaline earth metals. In all
cases the solution concentration was constant and equal to 0.100

equivalents per litre.
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2. JTon Exchange in Zeolites

‘The ion exchange propérties of sevéral zeolites have been
investigated in recent years, mainly by Barrer and co-workers in
this country, and by Sherry and Ames, in the U,S.A; Much of this
work has been concentrated on the commercially iﬁportant synthetic

zeolites A, X, and Y, prodﬁced by the Union Carbide Corporation.

A pértial list of the felsPathoids and zeolites studied includes:

Analcite (16), (17), (33)

'Basic! Cancrinite (17)

'Basic' Sodalite = (17)

Chabazite 18), (19), (33)

Clinoptilolife (20), (21), (22)

Mordenite I (23), (20), (21)

Erionite (20), (21)

Phillipsite (20), (21)

Zeolite 'A' (2, (25), (20), (21)

Zeolite 'X' | (20), (21), (26), (27), (28), (29), (30), (31)
Zeolite 'Y’ . (28), (29, (31), (32) |

These investigations have revealed that ion exchanges in zeolites

- often exhibit several distinctive features, which arise directly or

indirectly from the unigue étructural charactefistics of these materials..

Ton Exclusion’

t

In this most extreme form of several 'ion-~sieve' effects, a
. . : e
particular ion, because of its size, may be comp%ﬁely excluded from -
entering the zeolite. Some examples of this effect are given in

- Table 2.1.



Exchanger

Ultramarine (34)

Anglcite (16)

Basic cancrinite (17)

" Chabazite (18)

Faujasite (26)

Table 2.1

Exchanged
Kkt
Rbt
Rb

cst

fite,

Not Exchanged

Cst
Cst
cs*
e, :

¥Et,

The exclusion of Cst by basic cancrinite (17) is of particular

interest, sincethe diameter of the Cs’ ion is less than that of the

cancrinite channels.

Barrer and Falconer have suggested that the

exclusion of Cs™ in this case results from the "two-way traffic'

requirements for ion exchange in cancrinite, when the channels are

. . s - + ;
not interconnected. There is insufficient room for Cs to "pass"

another ion in the channels, and therefore exchange does not occur.

Ton exclusion may also result. from a valency effect. Barrer and

Sammon (18) reported that 1anthaﬁum was excluded from chavazite. This

could not be explained on a purely steric basis, since Rb+, of greater

size, was not excluded.

The reason advanced in this case was that

exchange of sodium by tripositive lanthanum would léad‘to regions of

excess positive charge in the vicinity of the Lz * ion, and regioné

of negative charge at the sites vacated by two of the three sodium

ions replaced by the lanthanum. Such a situation would be energetically

unfavourable, amd exchange therefore did not occur.

Incomplete exchange can occur if the entering ions, although of -

- a diameter small enough to enable them to enter the crystal, occupy so

much space that complete replacement of the original ions is impossible.

This effect was strikingly demonstrated by the work of Barrer et al.. on

alkylammonium ion exchange in zeolite NaX. TUsing solutions of alkyl




ammonium'chlorides they found that the maximum percentage of'exchangé‘

fell from 92%, for ammonium ions, to 23% for ﬁWek. No exchange
occurred with NEt“ (26). TFor tetramethyl ammonium ions, the avallable
interstitial volume in the crystal would be fully occupied by 33 NMeh
cations, whereas complete. exchange would fequiré 86 cations per unit

cell,

Ton~sieve effects in zeolites have led to imfortaﬁt applications.

Silver analcite has been used as a reagent for separating Cs' from
‘cther alkali metal cations (35). Complete removél of Nat from ﬁixed
(Na, Cs) solutions was obtained at 100°C. The ion-sieve effect is
also the basis of an identification reaction for zeolites, proposed
by Helferrich (36). In this test the mineral under invéstigation is
first treated with silver nitrate in neutral solution for 30 minutes.
The solid is separated, and shaken with tetra-n-butyl ammonium bromide
solution. The pH of the supernatant liquid is then measured. With

zeolites, this pH is normally 9 to 11, The reactions occurring are:

W'(z) + Ag¥(s) = g™ (2) +M'(s)

: +
Agt(z) + ﬁBug + Br~™ + H,0 =——> H+(z) + AgBrl| + OH™ + NBy; .

The tetraalkylammonium cation is excluded by the zeolite. Hydrogen
(or hydronium) ion exchange occurs as the silver ions are removed
by precipitation. '

The same‘type of reaction can be used to produce hydrogen
exchanged forms of zeolites for the very important catalytic applica-

tions.

Selectivity in Zeolite Ion Exchangers

>Various affinity sequences have been found for uni-univalent
cation exchanges on zeolites, many of the sequences falllng into one

or other of the eleven afflnlty series predlcted by Eisenman (37)

In many zeolite systems, however, selectivity series quoted must

15
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be regarded with caution, since selectivity coefficients often vary
with cation loading. Series quoted on the basis of the thermodynamic
equilibrium constant K, can also be‘miSIeading, as Ka isra constant
reflecting the overall exchange behaviour. For any two isotherms
giving the same Ky, the selectivity coefficient can vary significantly,

and selectivity reversal may occur.

Barrer and Meier have classified the behaviour of the selectivity

coefficient in three categories:-

d log Ké _ -
I 35 - 0 , i.e., selectivity coefficient constant.
2 S .
d log Ké : : :
II Tk = constant, log selectivity coefficient varies
z linearly with cation loading.
d log Ké .
11T - — " not constant: general case.
Z . : .

Many examples of all three fypes of beﬁ;viour have been reported.
Constant selectivity coefficients have been found for the Na-Li exchange
in ultramarine (34), Na-Li, Na-K, Na-Ag and Li-K exchanges in basic
sodalite.(17), and several others, One very interesting example was
the Na-Ag exchange in Zeolite A, in which an apparent selectivity
reversal was shown by Barrer and Meier to be due to the presence of

two types of exchange site, each haVing«ideal (constant K') behaviour.l

Examples of type II are quite common, and include the Na-Rb, Na-Tl,
K—Ag exchanges in chabazite (18). The theoretlcal basis of a linear

variation of log KC with cation 1oad1ng is discussed in Section 3.

Limited Solid Solubility

The Na-K, Na-Tl and K-T1 isotherms in enalcite, studied by
Barrer and Hinds (16) exhibited considerable hysteresis, the forward

and reverse isotherms following different paths., Within the'hysteresis



loop two phases co-existed, one representing one end-member of

exchange, and the 6ther the second end-member. The hysteresis loop

was therefore indicative of a miscibility gap in the mixed end-member
s0lid solutions, and the hysteresis resulted from the difficulty of
nucleating one phase in the presence of the other. {In the Na-K
exchange, the end-members are actually known>as distinct minerals,

the sodium form being smalcite, the potassium form leucite.) Limited
solid solubility has also beep observed by'Sherry in the Narﬁr ion
exchangé in Zeolite X (30). In thié'work, a Very elegant invesﬁigation,
by X-ray crystallography, demonstrated the existence of two phases,

and related their appearance to changes in cation positions in the

unit celli” Further examples of limited solid solubility; and hysteresis,

were observed in the present work, and are discussed in Section 7.

Ion Exchange in Phillipsite, Na-P, and K-F

Phillipsite
Ames has réported ion-exchange isotherms for a Nevada phillipsite,
involving the ion pairs Na-Cs, Na-K, K-Cs (20), and Na-Sr, Na-Ca, Sr-Ca
(21). The silica-alumina ratio for this sample was given as 4:1. All
exchanges were complete, and (assumed) reversible, and were‘conducted

at a constant solution concentration of 1.0 N.

Hoss and Roy-(38) prepared Li, Na, K, Ca, and Ba exchanged forms
from a sample of phillipsite of non-sedimentary origin, with SiQ, :AL, O
equal ﬁo 3.5:1. Exchange was incomplete>in all cases, ranging from
'aboutVQO% Ior Na and Ca, to 25% for Ba. The original phillipsite was

cglcium-rich, No quanfitative‘exchange isotherms are given,

Barrer, Bultitude and Kerr .(39) have discussed the relationship
between the minerals phillipsite,'welléite,‘and harmotome, snd the o
zeolites of the 'P' group. The Ca and Ba derivatives of tetragonal
Na-P showed considerable similarity to the dexivatives of the natural

harmotome zeolites. The similarity between potassium phillipsite and

17
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the synthetic zeolite K-M (L40) was again apparent. A structural
scheme for zeolites of the P group, harmotome and phillipsite was

proposed, as discussed in Section &4.

Zeolite Na-P (cubic)

No quantitative ion exchange isotherms have been found in the
literature for zeolites of the P éroup. (The relationships between
cubic and tetragonal forms of Na-P synthesised by Barrer (41) are

discussed in Section L4.)

In on extensive study of the synthesis and properties of the
P zeolites, Taylor and Roy found miscibility gaps in the Na-Ca and
,Na—K.exch;hge reactions of tetragonal Na-P (L42)(43).
Zeolité K-F
_ - In the original work on the synthesis of zeolite K-F, Barrer and
‘Baynham (ko) prepared the Na and Ca derivatives. X-ray diffraction
studies showed no Aappreciable changé in the lattice dimensions when
these ions were introduced (40). The Rb and Cs forms of zedlite F
- were synthesised directly by Barrer, Cole, and Sticher (44) ('"Rb-D
and Cs-D"). The rubidium zeolite had previously been made by Barrer
and McCallum (45). The relationship between Rb-D, Cs-D and K-F was
demonstrated by the identity of the X-ray patterns of the 'Rb and Cs
derivatives of K-F, although both these exchanges were incomplete at
room temperature, Lattice éxpansion was observed to occur during both

exchanges.,

Barrer, Cole, and 'Sticher also reported an exchangé isotherm at -
25°C for the K—Na exchange in zeolite F. This isotherm had a
 discontinuity between approximately 0.6 < K, < 0,9, The reverse
isotherm (Na—> K) was not determined. This appears to be the only'

quentitative exchange isotherm reported for this zeolite.

A mixed (Na,Li) form of zeolite F has recéntly been synthesised

by Borer (k6).
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3. Theoretical Treatment of Ion Exchange Equilibria

.Many theoretical models of ion exchange behaviour have been
advanced, ranging from purely empirical equations to thermodynamic
and statistical mechanical theories. The approachés adopted'have

dépehded largely on the type of exchanger under consideration.

Several theories have been developed to account for ion exchange
in resin exchangers, where swelling of the exchanger and solute uptake
can be significant.' The more important theories in this category are

discussed_by Helferrich 47).

The effects of swelling and (if dilute solutions are employed)
of solute and solvent uptake are of very minor importance in zeolite

'exchangers, and can be neglected in most cases.

This discussion will therefore be limited to those theories which

have been successfully applied to zeolite exchangers.

-

The Exchange Eguation

The ion exchange equilibrium to be discussed may be represented

by the equation:

ot gt zgt . Zpt
: —_— +
ZBA(S) ¥ ZAB(SO -~ zBA(Z) ZAB(S)
4 . .

Application of fhe law of mass action gives, for the equilibrium

constant K_,
‘ a

ZB _ ZA

8 (z) * ®B(s)
2 Zg
2a(z) * %als)

The solution activities may be expressed in the usual way as a

concentration term multiplied by an ionic activity coefficient. The



concentration units used in this work are molalities, and the activity

coefficients are therefore molal ionic activity coefficients.

ZB a4
: .aA(Z) . l'l’lB . ‘YB
- Thus K =
2 Zp B

If the zeolite componenté are regarded as comprising a solid
solution (A,B)z, the activity-terms for the zeolite phase may be
similarly expressed in terms of concentration and activity coefficient.
The convention used in this thesis is that equivalent fractions are
used for the zeolite phase concentrations, and the associated activify

coefficients are therefore rational activity coefficients

A?B fZB m;A YZA
K = 2B B Equation 3.1
a a4 a a a :
I S S
z B ~Ta Y
a
fAB :
= K! .~2- by definition of K! .
A

’Ké_thus defined is the corrected selectivity. coefficient. In the
above expression for Ka (equation 3.1), the quantities AZ, Bi, my
and my are determined experimentélly, leaving the activity coefficients.

vy and f to be evaluated.

, Evéluation of Seolution Phase Activity Coefficients

The activity coefficients Ya and Y are individual ion activity
: ap 17
coefficients, and as such cannot be determined. The ratio T = YaﬁéAB
can however be evaluated. ‘
The mean ionic acfivity coefficient of an electrolyte AP+XP- is

given by'



p+ + P~
— + p-
Yipx "(Yi < Yy ) -

~ where j_)+ and p- are the number of cations and anions respectively.

If the cation A has a valency Zy s and the anion X a valency Zys
then '
P+ = Zys P= = 2, i
1
z, oz, \ X %A |
_ X A ; . .
- 'Y_'l;AX = (YA - Yx ) v Equation 3.2 .
Similarly
| 1
' +
2y 2y ?X 5
inBX = \rg - Yy Equation 3.3

| | 2 (2y*2)
By raising both sides of equation 3.2 to the power — and
' +
2y (2y*2p) X
z

both sides of equation 3.3 to the power , and dividing

X
‘YZA YZA(ZB+ZX)/éx
F: B = iBX 5
z0 ZB(ZA+ZX)/2X- Equation 3.4
Ya Yiax

In the case of two univalent cations A and B, and a common univalent

anion X, this reduces to

Strictly, however, the mean activity coefficients required are those
for the salts AX and BX in mixed solution (A4,B)X. Glueckauf (48) has
derived. an expression for the required mean ionic activity coefficients

in terms of the activity coefficients

21



.of the pure salts at the ionic strength of the mixed solution:—

(X)) _ | . " .
108 Y;f:_AX) = 108 Yyux T AT [k“l"g Tipx ~ B2 108 Yupy - 'fg]

1

Equation 3.5

and '
log IY:E_BA?() = 1og Yypy - = [kflog Yipx = % 108 Yoy - % ] |
| | Equation 3.6
- where
= zp(am -z gy
k= 2y (2g * 2y) 7y +z)™
I =3 zy.25.2,(2) - zg)? (2 * Zx)—av
K =5, (2my -zt g)
k, = zg(z, + 2g)? (ag + 2y)~
k = %-ZB.ZA.ZX(ZB - zA)Z(zB + ZX)"

H

= ionic strength,of the mixed solution.

The ionic strength I may be expressed in terms of the constant total

normality Ty and the solution concentration A_ by using the relations
‘ N , s

= 4 » 2
I z 2 m, 2. |
o TN-As D w - 'I‘N_BS
= : =
A zA v 2z
A_+B_ = 1.
s s
_ i T
Thus I = 5 [z + 2 * A (z) ~ zg) ]

(BX)
(AX) , : FAX
and log TiBX to be calculated. The TiAX and Y4Bx inserted must

' Substitution of these terms in equations 3.5 and 3.6 enables log Y

be the mean ionic activity coefficients of the salts AX and BX at the

22
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ionic stréngth I, and must therefore be knowﬂ as a function of TI.

The required function'If is given by

e o aBY 2 Lo e TR e
og - ZX . og Y"'BX ZX OgY_‘tAX ’

For uni-univalentexchanges using 1:1 electrolytes the equations

reduce toi~

1) ko=k =k =k =2 k =k =0. | .
. . B . A
(iii) 1log YO;:X) = log Y_-I;AX - —fi [2 log Yipx ~ 2 log Yi’.BX'] .

, : A
. AX 5 '
(iv) log Y_f,'BX) = log Yipx = T [2 log Yipx ~ 2 log Y+AX]

t

(v) log T = log Yipx - log Yinxe

Therefore for uni-univalent exchanges conducted at a constant total

concentration,

=v xiBX/riAX for all AS

Evaluation of Solid Phase Activity Coefficients

If the assumption is made that the ratio of the solid phase
activity coefficients is constant, then for uni-univalent exchanges
(in which, as shown above, the ratio of solution phase activity

coefficients is constant)

"This is the simplest'form of the law of mass action, and has been found
to apply in several zeolite exchanges (for example the Na~T1 exchanve

in Llnde zeolite A (25), and the NarAg, Na~Li, and Na-K exchanges in
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basic sodalite (17)).

In most cases, however, the selectivity coefficient is not
constant, but is a function of AZ. Kielland (49) proposed the

"~ following semi-empirical equations to take account of this dependence:-

2 2
log fA = C.BZ ;s log fB- = Q.AZ

where C is a constant (the "Kielland constant"). These equations
: weré_derived for uni-univalent exchanges only. (Note that logarithms
used are to base 10.) Substitution in the mass action equation 3.1

gives

- Z.BC(B;-A;)

K = K'e
- Ta - c
2.36(1-2AZ)
= K e -since A B =1
c : z 2z
log K, = log Ké + C(1-2AZ) Equation 3.7

Thus a -plot of log Ké versus AZ should, by this theory, produce a
straight line of gradient 2C and intercept on the log Ké axis of
(log KafC).

" This equation 3.7 has been found to hold for many uni-univalent
exchénges in zeolites. All values of the constant C so far reported:
have been negative,‘and mainly in the range O to -1. (If C = O,

equation 3.7 redﬁces to the simple mass action equation.)

Barrer and Sammon (18), for example, have reported linear log K;

versus AZ plots for the Na-Rb, Na-Tl, and K~Ag exchanges in chabazite.

'In 1956, Barrer and Falconer developed a statistical mechanical

theory of ion exchange (17). They assumed that

.(a) when two entering ions, B, occupyHadjacent sites in a A-rich

lattice, an additional change in the energy of the crystal occurs.

(b) This change is negligible when ions A, B occupy adjacent sites

LY ~



relative to the state when two A ions occupy adjacent sites.

(c) The change in energy is additive with respect to the number of
pairs (B,B) independently of whether these occur in clusters or
singly. '

(d) Apart from this energy change, all other interactions between

the energy change and the partition functions of ions A and B in the

framework, and of the framework, are neglected.
(e) The distribution of ions on sites is random.
(f) The amount of intracrystalline water is unaltered by exchange.

The energy change occurting when two B ions occupy adjacent sites
. Was set equal to-—ay:E , where w is an energy term, and z the co-ordination

" number of any site.

The statistical mechanics treatment leads to the following

‘expression in the case of two ions of equal valencies:-—
AB. 5D L W S £, e, )
log 15 = lo A(T) P ;oj[ Tt ]+2 505 STt
57z JB ° : : ‘ .
Equation 3.8

where jA(T) and jB(T) are the partition funetionsbof the ions A and B
in the zeolite, N is the total number of available sites, and NA’ N
are the number of ions A or B in the crystal. E and EB are the
energies of the ions in the crystal relatlve_to thelr energies in a -

convenient reference state, and excluding pair interactions. -

A similax treatment has recently been used by Blrch Redfern, and

Salmon for uni-divalent anion exchanges (75)

Equation 3.8 is of the same form as equatlon 3.7, derived from -

Kiellands equations. For identity

0 0 | ' “
3, @ [“As‘."“ﬂs O )]

. — +
“a = 3@ & KT VT
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i w(NA + NB)
2.303%3 N KT

Thus the Barrer and Falconer treatment provides a sound explanation

of Kiellands equations.

The equation for a uni~univalent exchange isotherm according to

the Kielland and Barrer and Falconer theory becomes

A . '
z" s T _ - -
. 5k exp {2.3 C(j 2 AZ)} Equation 3.9
z"s -

This equation is an explicit function of As; but an implicit function
of A . - c

-2

"+ Rearrangement of equation 3.9 gives>

r AZ exp{2.30(1—2 AZ)}
A= Equation 3.10.

® K (1-A) + TA expfa.30(1-2 &)}

Differentiation with respect to AZ gives

K T exp{2.30(1-24 )}. (4.6C A2 - 4.6C A+ 1)

aa_
E——— = 5
dh, | [Ka('l_—AZ) +Ta exp{2.30(1—-2AZ)}]
dA | .
5= = 0 when  h6CR -LE6CA +1 = 0.
z Z . b4
. - L ,6C-4
1‘.e., whén AZ = 0,5 % TxL.6C

The roots of this equation are real when
4.6C > b
¢ ) o0.87
Since the sum of the roots of the quadratic = 1, and the product of

the roots = -E%-E— , both roots for C» 0.87 lie in the range O ¢ AZ< 1.

. Thus for C)» 0.87, the isotherm has a maximum and a minimum, and, as
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_in the the analogous case in adsorption discussed by Fowler and
Guggenheim (50) conditions are satisfied for phase separation. This

would be expected to 1ead to mlsc1b111ty gaps in the: 1sotherm.

" Figure 3.1 shows the isotherm contours calculated from equation
3.10 for two values of Ka, and several values of C. It can be seen
that negative values of C can lead to sigmoidal isotherms. In cases -
where C > 0.87,'the two—phase regions of .the isotherm correspond to
the dotted horizontal lines. If c; = 0.87, the isotherm has a saddle
point at A = 0.5.

It is apparent from equatlon 3 10, that when A = 0.5, As is

given by
0.5I"
As = PR S
0.5 02T
. ' I (1-A))
i.e. : K = e for A = 0,5, and for all C.
: a As z '

Thus log Ka may be found from the "Kielland plot" of log Ké versus
A _, ‘since ' ‘
7, R

_ ' - .
log Ka = log Kc when Az,— 0.5.

The Kielland—Barfer—Falconer theory described above is applicable in
many cases of uni-univalent exchanges in zeolltes. There are some
cases however, particularly involving unl-dlvalent exchanges, where

log K is neither constant “nor varies linearly with A . The general
| thermodynamlc theory of ion exchange equilibria can then be used to

evaluate the activity coefficients required.

General Thermodynamic Theory of Ion Exchange

A simplified thermodynamio approach to the evaluation of activity
coefficients in the solid phase has been developed by Ekedahl, HOgfeldt
and Sillen (51,52), andby Argersinger, Davidson and Bonner (53). They

. .considered the solid phase as a binary solution (A,B)z. The standard



" Figure 3. |
Kielland Isothermse
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states of the components were taken as the pure components A(z) and
B(z) in equilibrium with dilute solutions of AX and BX respectiveiy.

~ The water content of the exchanger phase was assumed constant.

The activity coefficients f, and f; were derived in terms of the

. A B
mole fractions (x,, ) of A and B in the mixed exchanger. The
B (2) (z) |

subsequent treatment led to the following expréssions for f,, fB, and
K :- .

a . K'
A C . . -
) E—4 -— ' ' =4 —
, 1og.fA ‘ 15: Xp Q log Kc Kc1 Kc when Xy 0
C1
'
NS Ki ) , ' ' .
_ ' . — =
 log fB = ./: X, d log Kc o Kco = Kc whgn.xA =0
Kco

Py

I}

‘}og Ka

|
f logKCdxA-
0 .

The above results apply to uni-univalent exchanges, and in this case
Xy T Ay g = By |

For uni~divalent exchanges, the mole fractions X, and Xy are not
" equal to the equivalent fractions Az and Bz’ and hence the expressions
derived by the above authors. for uni-divalent exchanges cannot be

-directly applied to the preseht'work.

A similar treatment , usihg equivalent fréctions as concentration
units, and cbnsidering water as an additional component in the
exchanger, was undertaken by Gaines and Thomas (5#), Argersinger (555,
and HOgfeldt (56). The approach of Gaines and Thomas is most directly
applicable here. ' R | ‘ |

The standard states for the exdhanger were taken to be the pure

exchangers A(Z)Aand B(z) in equilibrium with infinitely dilute solutions

of the pure salts AX and BX (i.e., pure water). The standard state

ag



- for the water was defined such that its activify}at equilibrium was

the same in all three phases, exchanger, liquid and vapour. - For the

electrolytes in solution the standard state was the "hypothetical

ideal 1 molal solution" in which the solute has a mean activity

coefficient of unity at atmospheric pressure and at all temperatures.

The chemical potential of the exchanger components A(z) and B(z)

are therefore given by

= .0 -
i1 = 1 + RT 1n f,.A
A(z) A(z) S TATz
= 0 :
1 = + RT 1n f_.B
Bz)  'B(z) . Bz
in.fhe solution
. .
P, = p + RT 1n m,y
A(S) A(S) A'A

At equilibrium, the chemical potential of the water is the same in all

phases, and the change in free energy is zero.

The Gibbs—Dﬁhem equation can be applied to the exchanger phase

to give

n, RT' d 1n AZ.fA nB RT d In Bz.f ' nw R d In &,

A B

=0

.where the subscript w refers to the water component, Cancélling the

. ) . ZpzZR
- RT terms, and multiplying throughout by ————
SR . Ty Tayn
. z.n, Z.
——#—E—,-zBdlnAZ.fA+;—n—B;B———-zAdlnBZ.f
ZpA"a%BUB _ S - T
z,.n
A"A “p"B
But - ozyn,tzon, =1y ———p— = A )
: A"A "B'B Z, 1, F2p0p z’  zyn, %z,

. ; + 7 .
[ zBAZd 1n AifA +-ZABzd1nBZfB : nszzB dAln a.w

B

yields

+ 220 %8 -

?AnA+ZBgB’

d 1n a
w



31

Separation of the logarithmic terms and rearranging gives

' z
zB'd Az + ZA d BZ + AZ d 1In f:B + Bz d In fBA + nszzB d In aw = 0

Equation 3.11

As before

ZL .
£ B
K = K' . —lL.
a c 'z
A
fB .
o z
. InK = K +1n £B-1nel?
a ] A B
-, _ " ) ZB. - ZA : .
o 0 =dln Kc +dln f," -dln fB Equation 3.12

A
Combining equations 3.11 and 3.12 results in the relations

Z

B = —-— - ' -
d in fA = (zB ZA) d Bz BZ d 1n Kc n. z,Zg d 1n a,
' ZA o ' ‘
= - - + ) -
d In fB (zB ZA)d Az AZ d 1n Kc n . Z,Zp d ln a .

These expressions are then integrated. In the cnse of zeolite exchangers
. however, the water activify term can be neglected. Swelling in these
exchangers is small or insignificant, and if dilute soiutioné are used
for exchange, the error introduced by neglécting the water activity

terms (of the order of 5 cals/gm equiv.in free enepgy) is negligible

when Compared to the experimental'érrors involved,

Integration then gives

\
oy K | U T
ln“fA = (zB—zA)Bz-l/‘ Bz d 1n Kc | : (Kc = Kc1 When BZ = 9)
K;1 : Equation 3.13
Kl
Zp t 'R B
in fB = -(zB-zA)AZ + A, d 1n Kc. ‘-(Kc_= KCo when A = 0) -
CK!'

Co o Equation 2.4
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- zg Zy
InK =1nK' +1n f - 1n £
a c A B
. 1 '
= (zB - ZA) +./f 1n Ké d AZ S T ~ Equation 3,15
o .

.Equations 3.13 and 3.14 may be transformed to give the more useful

forms
, o B
1 fZB=ol+3l+3(z )B -B 1 K'+le K' a B
08 1y _ Zp z °& B¢ %8 % z
. 0
‘.' . 1
', log fZB = 0.4343(z -z, )B - log K + 4 log K' + log K aa
v A : 22y /Py T X c Tz c A c pA
. " . z Equation 3.16
and. ‘ | A
ZA . ) Y z '
log fj —0.4343(:5]3— A)AZ + A log K - f log K. 4 A |
i 0
Equation 3.17
1
logAKa = ‘0.4343(ZB—ZA) + f log K. & A Equation 3.18

0

 Equations 3.16, 3.17, and 3.18 are then all expressed in terms of the

éxperimentally determined quantities log K' and A , and the integralé

may be evaluated easily from a plot of 1og K versus A 51 35 shown in

Figure 3.2. If the relationship betweeen log»K and A is linear, of
the form log K = 2CA +g, then equations 3. 16 and 3. 17 reduce, in the

case of uni-unlvalent exchanges,

log fA

log Iy

In the ideal case (i.e. C

it

log fA

to the Kielland equatlons

C.B?
z

= C.Az .,
. A

0) the equations become

log £. =0 (£,=f, = 1).

B



Figure 3.2

log Ké‘

At Azzx:

jlogK dA;z= D-E
/IogK dAz= C
/logK dAg= C+D-E



In all cases, the standard free energy of éxchange per equivalent

of exchanger is given by

AR = -0k .
ZA.ZB a

34



L, Materials

~ Phillipsite

The phillipsite used in this work was a sample of the natural
mineral from Pine Valley, Nevada, U.S.A.  Zeolite deposits'from this
locality are alteration products of volcanic tuffs originally deposited
in an alkaline lake environment (57). The sample as received cqpsisted
of small slabs of fine, ioosely cemented crystals, in layers of about

Y, " thickness, varying in colour from pale yellow to dark brown.

X-ray powder diffraction photographs of the mineral showed that
the major‘eontaminant was erionite (revealed by weak to very weak
reflections at d-values 11.7 and 6.6, corresponding to the two
strongest lines of erionite, (100) and (110)). The erionite impurity
tended to be greatest in the darker layers of the sample.

Light-coloured portions of the sample were selected, and ground
to pass a 100 mesh sieve. The ground materisl was extracted with hot
water for 1-2 hours in a Sohxlet apparatus. It was then dried at
80°C, "and stored over saturated ammonium chloride solution to reach a

constant water content.

X-ray photographs of the extracted material still showed faint
erionite lines, estimated to correspond to about 3% to 5% of this

impurity. Further purification was not attempted.

The comp051t10n of phllllelte appears to depend on its paragenesis,

Before the discovery of’ exten51ve sedlmentary de0051ts most samples

of phillipsite studled,were of 1gneous origin, occurrlng as crystalline

linings in vugs within basaltie'rocks; The Si0, :A1, 0 ratio for these
specimens was reported to be in the range 2.6~k L (38)(58)(59)
corresponding to the formulae (M**, M¥),0.A1,0;.2.65i0, .nH,0 to

(tt, M),0.41,0;..4.48i0, .nH, 0. The cationic composition also varies

widely, samples of non-sedimentary origin being rich_in Ca’t, together
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with Na* and K*, whereas samples of sedimentary origin have fewer

divalent cations, and K* often dominates over Na™ 7).

. The silica:alumiha ratio in sédimentary deposits is also much
hiéhér, (5.5-6.9) (57); although Ames has reported a ratio of 4 for a
Nevada phillipsite (20). The S$iQ,:A1,0, ratio has a considerable .
effect on the ion-exchange properties of the zeo;ite. The higher

this ratio, the fewer the cations needed to balance the excess frame-

work charge, and therefore the greater the space available per cation.

" The unit cell of phillipsite has been reported as monoclinic
P,, /m or P,, (a = 10,028, b = 14.28%, ¢ = 8. 64R, p = 125°40") by
Strunz (60) and as orthorhombic B2mb by Steinfink (61) (a = 9.965,
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b=c= 14.253). Steinfink determined the structure of this phillipsite,

a crystalifrom pelagic sediments in the Pacific Ocean. The composition -

of the specimen was
(K Na, )5 Al; Si;4 05, . 108, O.
The orthorhombic unit cell contained two formula weights.

The framéwork structure éan be regarded as consisting of a funda-
mental unit of two tetrahedra linked head to head through an_apical
oxygenbatom.- Ten of these double units are then linked together by
sharing corners into an "S" shaped configuration approximately 143 long,
R wide, and 4.58 high. In Figure 4.1, tetrahedra labelled 1 to 10
constitute this "S" cbnfiguration; Adjacent 'S' units (tetrahedra

1 to 10 and 1' to 10') are then linked at the circled points by
sharing oxygen atoms between tetrshedra 1, 3'; 6, h'; 7, 5'; 8, 10';

as shown. This llnkage is formed between the upper strand of the flrst
'St and the lower strand of the second, i.e,, the first and second S
units are staggered vertically by Ja. The height of two of these
staggered S units is therefore approximately 9R and the area in the
b-c plane is approx1mately 148 x 1R,  The resulting channel. framework
is'appareht from Figure 4.1, The free diameter of the main odtagonal

channels is approximately LR,
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This description is necessarily idealised, since it assumes
8i-0-Si bond angles of 180° in the basic double-tetrshedra units.
Further details of individual bond distances and angles may be found _

. in Steinfink's paper.

The barium zeolite harmotome has a very similar structure (62).

NaP (cubic)

The P" group of zeolltes was first prepared by Barrer et al (41)
by hydrothermal crystallisation of gels. The gels were of the
composition Na, 0.A1; 05 .nSi0; .mH, O (n = 1-12) with a 200-300% excess of
sodium hydroxide, and were crystallised at temperatures ranging from
60°-250°C. The composition of the products varied from Na, O, A1, 05,
3.3810, , 4.3H,0 to Ng, O, Al,0;, 5.38i0; , 5.7H,0. Three distinct crystal
habits were found - cubic, tetragonal, and (rarely)orthorhombic. The
orthorhombic form in particular had an X-ray powder patfern4very

similar to that of phillipsite.

, These 'P" zeolites have since been synthesised and investigated °
by Barrer, Bultitude and Kerr (39), Regis et al (63), and, particularly

 the tetragonal species Na-Pp, by Tayior and Roy (42),(43). The Linde

- zeolite B prepared by Breck in 1956 has since been identified as a

P zeollte (64).

The zeolite Na-P used in this work was synthesised from kaollnlte
and added silica, by a method developed by J.F. Cole in these

- laboratories. The comp051tlon of the reactant mixture was as follows'

Kaolinite » 0.1 moles

Silica (B.D.H. 0.2 moles
-pure precipitated) ' o
Sodium hydroxide 0.6 moles

Water | 250 ml

The silica was dissolved in a‘solution-ofwthe alkali; and the kaolinite

then added. The mixture was transferred to a polypropylene bottle "
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and rotated end-over—-end in an oven maintained at 80°C, for a period

of three weeks,

The white crystalline product was filtered on a sintered glass
' fllter washed thoroughly with distilled Water, then dried at 80°C

The X-ray powder diffraction pattern of the product showed that
only the cubic Na-P phase was present, together with muscovite mica
(an impurity in thé kaolinite used in the synthesis). The mica was
. separated by repeated sedimentation and decantation in distilled water.

The purlfled product showed no trace of mica on the X-ray pattern.

The zeolite was equlllbrated over saturated ammonium chlorlde
 solution in a desiccator for one week before analysis and use, and
was stored in this desiccator (as were all the zeolites used in this

work).

'The X-ray powder pattern was indexed to give a body-centred cubic
unit cell, with a = 10.0 8. Observed and calculated d-spacings are

givenbin Appendix 1.

-

- A structure'fdr the cubic Na-P zeolite, and its possible relationship
to the other P zeolites, and harﬁotomé and phillipsite, was suggested
by Barrer, Bultitude and Kerr (39). The.basic'building unit for
this structure consisted of eight (8i0, )"~ tetrahedra linked to form
a cube. These cubic units were positiéned at the corners and centre .
.of the cubic unit cell and joined by bridging oxygen atoms. This frame-

work contained 16 (A1+Si) and 32 oxygens per unit cell.

The 6xygen—atom framework structure is shown in Figure 4.2. Atoms

above the plane of the tetrahedra marked ABCD are not shown. The main
channels have 8-ring openings, with a free diameter of about 3.38.
 These channels run parallel to all three crystal axes, and are all

interlinked.

This structure has recently been verified in all essential detail
by Borer (46). 1In the ideal structure, the Si-0-Si bonds linking the

basic cubic building units along the three-fold axes of the unit cell
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have bond angles of 180°. 1In the actual structure these angles are
reduced to below 150° by staggering of okygen atoms about the body
diagonals of the cell. This in turn implies that the frue symmetry

" of the unit cell is lowered. Least-squares fefinément of the structure -
gave an R-value (based on étructure factor) of 0.29. The six cations
and twelve wéter molecules in Borer's sample (Ng; Al Si 05, .12H,0)

were assigned by partial occupancy to the 48-fold (j, z, O) positions,
with y = 0.1, z = 0.42 (i.e.,Afo either side of the centre of the main

channels),

Barrer, Bultitude and Kerr (39) also suggested that the tetragonal
form of Na-P (Na~PT) had a slightly distorted cubic Na-P structure,
giving the tetragonal unit cell a = 10.08, ¢ = 9.8,4.

In an extensive investigation of the P zeolites, Taylor énd
Roy (43) found that the cubic and tetragoﬁal forms of P were related
by a reversible displacive transition. Ion-exchanged forms of Na-Pp
displaygd three types of symmetry, classified by Taylor and Roy (42)

as -

v

P Primitivé cell, a 2,0; tetragonal Li; Naj cubic Mg,Co,Ni,Cu
‘P2 ¢ "Body centred" cell, a ) cj tetragonal K,Rb,Cs,Ag -
P

Body centred cell, ¢ ) aj tetragonal Ca,Sr,Ba, cubic Cd

Solid solution gaps were found to exist at room temperature in

the Na-K, Na—Ca,'Na—Ba, and probably K-Ca, exchange systems.

Barrer et al. (39) have reported that the Ca and Ba forms of Na-Pp
have powder patterns different to those derived from the cubic phase.

- The Na-Pp derivatives were similar to the Ca and Ba forms of harmotome.

Borer (46) has recently attempted to determine the structure of
Na~Pp using X-ray powder diffraction methods. He found that the X-ray
_pattern of tetragonal Na-P could not be accounted for by:.a slight
distortion of the basic structure found for cubic Na~P, and concluded
that the two phases have different framework structures. This conclusion

is contrary to the results of Taylor and Roy discussed above, since
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it is highly improbable that the low temperature reversible transition’
 between cubic and tetragonal Na-P, found by Taylor and Roy, could
involve breaking of Si-0 bonds.

The actual relatlonshlp between the cubic and tetragonal phases
is therefore still uncertain. Evidence presented in this thesis

(Chapter 7) tends to support Taylor and Roy's work.

Zeolite K-F

- This synthetlc potassium zeollte K, 0. A1203 25102 .BHZO was
prepared by hydrothermal crystalllsatlon of alum1n05111cate gels by
Barrer and Baynham (40) and by Ovsepyan and Zhdanov (65). More
recently it has'been made by low temperatufe hydrothermal treatment
of kaolinite with potassium hydroxide, by Barrer Cole, and Sticher (44),
The rubidium and caesium forms of this zeollte (Rb-D and Cs-D) were

also synthe51sed directly. .

" The latter method of synthesis was used in this work. The
reaction mixture consisted of 26% K,0, 3% kaolinite, and 70% water.
The mixture was placed in a polypropylene bottle and rotated in- an
oven at 80°C for 12 days. The product was filtered and washed with
distilled water to a pl of approximately 7. It was then ground to
pass a 100 mesh sieve after drying at SG’C, o .

-~ The zeolite was stored over a saturated solution of ammonium

chloride in a desiccator.

The X~-ray pattern of the product'Was similar to that repbrted for
K-F by Barrer, Cole, and Sticher. A list of observed_d~spacings and
intensities is given in‘Appendix 1. The X-ray powder pattern of this

zeolite has not been indexed, nor has the structure been determined.

Zeolite K-F(C1)

Barrer et al, (44) have recently reported the synthesis of zeolite

K-F containing occluded potassium chloride and poﬁassium bromide
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(K-F(Cl) and K-F(Br)). These phases were.synthesised from kaolinite.
and potassium hydroxide, as for K-F above, in the_presenoe of
relatively strong (1-4M) solutions of the halides. The amount of KC1
or KBr incorporated in the K-F crystals_increased with increasing salt
concentration, and also with increasing_bese concentration. For a
base concentration of 4 molal, the maximum weight % potassium halide
incorporated was about'6%, using salt concentrations of 4 molal. The

compositions of these salt-rich specimens were

K,0, A1,0;, 25i0,, 0.3KC1l, 2.5H,0
‘and _ ‘
K, 0, AL,0; , ;25102 » 0.23KBr, 2.5, 0

-——

The- authors also found that in the presence of mixed hallde

solutlons, potass1um chloride was preferentlally occluded.

Part of the work, on the. synthe81s of the potassium chlorlde-bearlng
'zeollte was repeated in the present study. Two potassium hydroxide
concentrations were used, 4 molal, and 10 molal. The weight of kaolinite
used was 5g. " At each base concentratlon reactlon mixtures of kaolinite,

. base, and salt were prepared the salt concentratlons ranglng from

0.05 molal to saturated.; A1l syntheses were performed in polypropylene
.,‘bottles, rotated in an oven at 80°C for 12 days. At the end of this
‘time the mixtures were{filtered, waehed with distilled water until no
chloride could be detected in the washings, then dried at 80°C. The
samples were theﬁ'equilibrated over saturated ammonium chloride solution
in a desiocator before_analysis; | A

The'resulte of this w0rk are discﬁssed'in Section 7. Three of ‘:‘
the samples prepared were.reserved for'a’limited in&estigation of their-

.ion~exchange properties.
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5. Experimental Methods

Preparation of Monocationic Derivatives

 Alkali metal and alkaline earth exchanged forms of ail three

~ zeolites were prepared by treaiment of the zeolite with concentrated
aqueous solutions of the appropriate metal chlorides. Several
treatments, usually at 80°C, were used for each zeolite. Each treat-
ment lasted from 25 to 48 hours. The products were filtered, and washed
with cold distilled water until the wéshings showed no trace of chloride
ions. The exchanged zeolites were dried at 80°C and stored over

saturated ‘ammonium chloride solution.

Analysis of Parent Zeolites

Phillipsite was analysed for Si0,, Al,0;, Fe, O; , and CaO by the
standard gravimetric methods of silicate analysis given by Groves (66)

and Vogel (67). 'Fach determination was done.in triplicate.

An estimate of the iron content of the,philiipsite was obtained
by a visual colorimetric titration of the filtrate from the silica
determination using potassium thiocyanate. Details are given by
Vogel (67). o

The SJ.OZ and Al, O contents of K-F and Na—-P were also measured by

the standard methods ~oxine being used in the gravimetric determlnatlon

of the alumlnlum.

The alkali metal céntents (except Cs) of all three zeolites were"
determined by flame photometry, using a Unicam SPY0 dual absorption-

emission instrument. The sample. preparation was as follows:-

An accurately weighed amount of sample (approximately 0.2g) was
- treated in a platinum dish with 5 ml 10% H, S0, , and 40 ml concentrated
hydrofluoric acid. The mixture was evaporated to dryness over a steam

bath, and the procedure repeated. The solid residue - from the second
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» evaporation was dissolved by adding 5 ml concentrated HCl and water,
and heating for half an hour on the steam bath. The clear solution .
was cooled, transferred to a 250 ml volumefric flask, and made up to -
. volume with distilled water. This solution was then diluted to a

suitable concentration for the flame photometric analysis.

The alkaline earth metals, Ca,-Sr, and Ba, were measured by
atomic absorption photometry, using the same instrument. The sample
preparation waé similar to that>described gbove, with perchioriq acid
(3 m1 df 70%) substituted for the sulphuric acid. .

Standards for these determinations were pfepared from A.R. grade -
metal chlorides, or in the case of Rb and Li, chlorides of the highést
available purity. Aluminium was added to all alkali metal standards
(as the sﬁlphate) in an amount eguivalent to the appropriate alkali
metal or alkaline earth content, as the sample.solutions coﬁtained'the

framework aluminium of the zeolite.

Aluminium interference was suppressed in the case of solutions
containing Ca, Sr, and Ba, by the addition of lanthanum chloride
solufion, giving a final lanthanum chloride concentration of 0.4% w/v.
B The efficiency of.shppression was checked by using solutions of

' known Ca, Sr, or Ba content. Recovery in each case averaged over

9%.

Water contents werebdetermined using a Stanton thermobalance, and
were calculated as the % loss in weight after heating to 800°C.

Analysis of K-F(Cl)

The chloride contents of the various preparations of zeolite K-F

containing occluded potassium chlqridé were determined as follows:

The sample (0.5-1.0g) was weighed accurately into a 150 ml
conical flask. S5ml of 6M HNO; and 5 ml distilled water were added,
and the zeolite decomposed by heating on a steam bath., (Decomposition

was rapid, as K-F has a 2:1 Si0,:A1,0; ratio.) Silica remained in
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colloidal suspension. An excess of standard O.IN AglNO; was added bj A
pipette (20 ml), and the silver chloride formed was coagulated by
gentle boiling for one or two minutes. Tﬁe mixture was then cooled, -
'aﬁd:titrated against approximately 0.05M KSCN (previously standardised
against the silver nitrate solution) usiﬁg ferric alum indicator
(saturated ferric alum acidified with a féw drops-of concentrated
nitric acid). Magnetic stirring was used throughout the titration,
and the end point was quite distinct, but faded rapidly, because of

_ the slow dissolution of the silver chloride precipitate in the ébsence
of excess silver ion at the end-point. Thisvfading can be,eliminated
by filtration of the zeolite solution plus silver chloride before
titration.- This was attempted, but filtration proved to be virtually

- impossible in the pfesence of the colloidal silica.

The accuracy of the method used (with filtration) was checked by
analysing mixtures of zeolite K~-F (without occluded KCl) and a known
amount of potassium chloride. Re00ver£gg-of'the salt in duplicate

determinations was 99% and 100%.

Exchange Iéotherms'

A1l exchange isotherms were measured at 25°C using a constant
solution concentration of 0.100 equivalents per litre. The batch
technique was used. ' o | |

Accurately»wéighed quantities of 'a monocationic zeﬁlite (usuaily
approximately 0.5g) were weighed into polypropylene bottleé qf.60 ml
capacity. A known volume (usually 4O ml)’of a 0.700 N solution containing
a known proportion of the competing ions was added by pipette. ‘The
bottles were then closed using the pquprdpylene tops, and placed‘into
clips on an axie afﬁached to a rigid framework. The axle was rotated
through a chain drive by a small electric motor.secured to the top of
the framework. The framework was then placed‘in,positidn over a glass
trough filled with water. The‘temperature of the water was controlled

to 25 +0.5°C by means of a silica-sheathed heating element and a



bimetallic strip temperature contrbller, through an electric relay.

The rotating bottles on the driven shaft provided vigorous
stirring. The end-over-end rotation of the bottles themselves

ensured that the zeolite and solution charges were thoroughly mixed.

A period of from three to seven days was allowed to ensure
equilibrium in the case of uni-univalent exchanges. The equilibration
time given for uni-divalent exchanges was two weeks. (Equilibrium was

undoubtedly reached in much shorter times.)

After equilibration, the bottles were removed from the water

bath, and the zeolite allowed to settle.

Aliqaots of two (2) ml of the supernatant solution were then
pipetted into 500 ml volumetric flasks, and made up to volume using
distilled water. These solutions were then analysed directly by flame
photometry or atomic absorption spectrophotometry for each of the
cations. The exception to this procedure was the case of isotherms
involving daesium. For (Na, Cs) isotherms, sodium only was meésuréd;
| as the instrument wavelength range was insuéficient for the measufemeﬁt
of caesium, For (K, Cs) isotherms, a gravimetric method was used.
Aliquotsb(ZO ml) of the supernatant solutions were pipetted into
weighed 100 ml beakers, and evaporated to dryness in an air oven at
100°C.  After cooling in a desiécator, the Beaker was re-weighed, and
the weight of residue (KCl + CsCl) calculated. The residue was
- then dissolved in 20 ml distilled water;band the total chloride
content found by titration with stamdard 0.05 N:AgNog'uéing chromate-~

dichromate indicator.

From. the wéight of the mixed'chlorides, an&Athé.total chloride
_content, the proportions of potéssium and caesium were readily. .
calculated. ' (The chloride concentration was theoretically constant
‘and equal to 0,100 N. The titration results indicated total chloride
contents of 0.098 to 0.102 N. Such deviations may_easily arise through

experimental error, or evaporation of the supernétant solution.)
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The standard solutions for the flame. photometric analysis were
prepared from the same mixed cation solutions that were added to the
zeolite samples. The normal range of mixed cation solutions employed
varied from pure 0.100 N solution of one cation, to pure 0.100 N

solution of the other,'with intermediate proportions 0.1 to 0.9 in
| steﬁs of 0.1. The standard 0.1 N solutions were prepared from the A.R.
grade metal chlorides (or nitrates for some exchanges in K-F(Cl1)).

The normality was checked by é total chloride titration.

The repfoducibility of the whole procedﬁre was found to depend
almost entirely on the reproducibility of the flame photometric
measurement. Errors in weighing and dilution were negligible. Thé
réprpduciﬁility,of the flame photométer varied approximately linearly
over the 100% transmission scale, fluctuatiqns‘of_iO.S division being
common at about 100% transmission (i.e., at solution cation fractions
of about 1.0). Assuming an approximately linear calibration curve
(% transmission versus cation fraction in solution) this resulted in
a fairly constant relative error in cation fraction of about .

Thus the errors in the solution cation‘fracfibns were greater at both
ends of the isotherm (since a high cation fraction of one ion implies

a low cation fraction of the othgr).

. In practice, using the normalisation procedure described in
Section 6,_AS values of duplicéte determinations were found to agree
within 0,005 (cation,fraction),;even'when the measured total cation
" concentration in solution varied from_0.097‘N to 0.103 N. Normalised
duplidaté AZ values (calculated‘from solution concentrations)‘were

"found to differ by no more than 0.01 in cation fraction.

LErrors of this magnitude, although reasonably smail'in absolute
terms, can represent large relative errors at the ehds of the . .
isotherm, These errors furthér lead to large deviations in log K;,
which accounts for the considerable scatter observed in plots of

/
log Kc'versus Az at low and high AZ values.
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The extent of agreement between isothernm contoﬁrs measured in
the forward and reverse directions is determined largely by the
accuracy of the exchange capacities of the starting materials (the
~ two end-members for the relevant exchange). The exchange capacity,
expressed in milliequivalents pef gram ofhzeolite, varies‘ffom one
cationic form 5f a zeolite to another, because of differing watér'
contents and the equivalent weights of the ions. (The exchange capacity
expressed as millie@uivalents per gram of»water— and cation-free |

zeolite is, of course, constant).

In this work exchange capacities were measured by direct cation
analysis of the hydrated cation-exchanged forms; For caesium-based
zeolites the exchange capacity was calculated from the known exchange
capacity and watef content of the sodium form,.and the measured water

content of the caesium form, using the relationship

qA(ﬂOO—wB)
9% - (100w, )+0. 7q, (eg-e,

where Qs Qg are the exchange capacitieslof the A apd B forrris,‘wA and

w, are the water contents (weight %) and eA and eB are_the equivalent

B
weights of ions A and B.

X-ray Powder Diffraction Methods

¥O.0¥X K- K ¥ K . . . .
If &, b7, ¢, a7, B7, v define the reciprocal dimensions of a .

" general cell in reciprocal space, then
® 2K

=na + Kb +

Qhkl + Zka b cos Y¥‘+

210%e* cos o + 2hlc®a” cos Bx Equation 5.1

where h, k, and 1 are the Miller indices of the crystal planes. If
dyyq 18 the interplanar spacing of a plane hkl,'andbehkl is the Bragg-
‘diffraction angle, andthe~
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: . 2
R B :4 sin ghkl'

Qi = =— =
C*hkd d%kl A2

 where A is the X-ray wavelength.

Indexing a given X-ray powder diffraction pattern consists in
finding reciprocal cell constants and hkl's such that equation 5.1

is satisfied for all observed Qhkl's'

For cubic, tetragonal and orthorhombicvcfystals, equation 5.1

reduces to

cubic e

W+ 2+ 12)a

(022 )a¥ + 2%

a§2+k2b352+12 #

tetragonal : Qhkl

orthorhombic:

Qhkl

Details of the various grapnical and analytical methods which
can be used to index general diffraction patterns may be found in
standard texts (68). The successful application of any of these

. methods depends on the collectionvof accurate ‘data (Q, d, or © values).

All X-ray powder diffraction photographs in this work were taken
~using a Guinier de Wolff camera, and copper %x radiation. The above
camera- enables four separatebpatterns to be recorded simultaneously

on a single piece of film.

For quantitétive work, lead nitrate was used as a standard in one

of the four sample positions.-

The distance of each diffraction arc from the zero mark on the
film was measured u51ﬁg a Hilger vernler film measuring device.
Several measurements were made for each line, and an estimation of
the standard deviation obtained.‘ For the camera used, these distances:

(in mm) correspond to Bragg angles of Lo,

The 46 measurements obtained were corrected for film‘shrinkage
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- using the observed and calculated values found for‘the lead nitrate
standard. In the early work this correction was made manuélly by
graphical methods. Later a computer program LCLSQ (69) performed
thé borrecti;n using a.polynomial least-squares fitting procedure.
This program also tabulated corrected Q, d, and 40 values, and,

if the pattern had been indexed, found the unit cell parameters a, b,

c, d, B, and v.

Finally, another computer program APOL'(70), written by J.F. Cole
and H, Villiger in these laboratories, was used to calculate all
the posslble reflectlons for the unit cell found, for comparison w1th

the observed reflections.



6. Calculation of Results

The isotherm co-ordinates AZ and As were calculated from the

measured equilibrium solution concentrations as follows:

Let w = weight of zeolite taken (g)
q = exchange capacity (meq/g)

V = volume of solution added (ml) :
a, = initial concentration of ion A in solution (meq/ml)
a = final o L U o
b, = initial " ' " B e m

b; = final oo " B ' v

Consider the exchange A—»B, For this exchange q is the exchange

capacity of the zeolite in the A form.

All exchanges were conducted using solutions of constant total
normality TN (0.1 meq/ml). ‘

v.i al + b1' = 0‘1

However, because of experimental error and other factors, the measured
final total concentrationvag + b, was often not exactly 0.1, but
varied in the range 0.097 to 0.103, The‘equilibrium solution concen-
trations were therefore corrected to a total concentration of 0.100.

meq/ml:-

’. . t 8z .
Corrected»ag.'— .32 = E;;E; be 0.100;
Gorrected b, = bl = —2_ x 0.100

orrected b, e = &0, J.
Then A, = 10x a,
B = 10xhb
S :

(This ™normalising" procedure was found to improve the agreement
g . . . .
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between duplicate measurements, and to reduce the scatter on the

resultant isotherm.)

Va,
’ Final n - n L " - Va2 s

Initizl meq of ion A in solution

S meg A displaced from zeolite (Aa), which equals the meq B entering

the zeolite,; is given by
ha = V(g -g ). -

Total available meq in zeolite = wqg

' V(a, -a"
- LB = )
e Z wq
A = 1-B
z z

The exchange isotherm As versus AZ was then plotted.

As discussed in Section 3, the gaiculation of the thermodynamic
equilibrium constant for the exchange reaction involves the evaluation

of solution and solid phase activity coefficients:

A and m, were taken as being equal to molarities, as

dilute solutions were used. They were calculated from the relations

The molalities m

my = 5 Wy =

where TN is the total solution concentration (meq/ml). Solution



activity coefficients were caldulated by means of Glueckauf's
equation (seé Section 3). For un1~un1Valent exchanges with a univalent
anion the required ratlo of solution act1v1ty coefficients r was

calculated from

Y4BX
Tiax

r=

where Yipx and Yapx are the mean ionic activity coefficients of . the-
salts BX and AX at the ionic strength of the mixed solution (which is
constant and equal to the normality (0.1) in this case). The values
of y, used were obtained from Conway (71) and are given in Table 6.1.

For uni-divalent exchanges the Y+ terms required are a function
of the ionic strength I, which varied from 0.10 (pure BX) to 0.15
(pure AX, ) for the constant total normality 0.1 meq/ml. From published
values of vy, at various ionic Strengths (Conway (71), Harned and
Owen (72), ibbinson and Stokes_(?})) a linear interpolation was made

over the small range of ionic strength encountered.

The linear function was expressed in the form of an equation
Yo = YauTn) ¥ gy - Ig)

where Y+(I ) is the mean ionic activity coefficient of the electrolyte

at the ionic strength correspondlng to the concentratlon TN.

Values of g calculated are also given in Table 6.1

Table 5.1

‘ | ] , " "
Values of ri(ITN) and the factor g,

Salt Y (I..) - I

T £ TN MX ™
LiNO; - 0.788 —_—— 0.100
Lic1 - 0.790 -0.29 - 0.100
NalNO, - 0.762 -— 0.100

Continued ......
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NaCl 0.778 -0.43 0.100

KINOs 0.739 —- 0.100
KCL  0.770 -0.52  0.100
RbCl 0.7k -0.55. 0.100
CsC1 0.756 ~0.63  0.100
CaCl, = 0.518 -0.80 0.150
SrCl, 0.515 -1.02 0.150
BaCl, ~  0.508 -1.37  0.150

The evaluation of T' by means of Glueckanf's equetions was then
performed. All these calculatlons, and the subsequent calculations
of log K £, I and K were made on the Imperial College IBM 7090/L
computer, using a Fortran IV program "CALCIS" written for this

purpose,
After the evaluation of T , log K; was calculated:

Zp z)
AZ . Mg
log K' = 1log .T
> e z z
B4 . nB
z ° A

The "Kielland plot' data, log K versus A , were then analysed by a
least-squares method to find three polynomlal equatlons of fit, linear,
gquadratic, and cubic. Polynomial equatlons were selected (rather than
‘any other form, e.g., exponential) because the simpler theoretical

’ relationshipe were of a polynomial form - the "ideal® case -being a
}polynomlal of zero order in A - the Kielland case of first'degree.'

A theoretical Justification for the use of a polynomlal has also been

!

given by Freeman (74).

The least—sqﬁares procedure . found the "best" polynomial equation
of fit, for each of the three orders.  Each of these three equations
was then integrated to calculate the terms needed for»the evaluation

of fA, B? and Ka’ namely



: 1
_ _ _ ' ' v
OJ}BL}B(ZB ZA)BZ log K, + A log K, +f log K, d A

A
2

log fA

. A .
. Z Z
A : o1 ' ‘ .
= - - + -
log 0.4343(z,-2,)A_ + A log K. ./r log K d A

0

1
= ‘ - + | ' g
log Ka 0-4343(213 zA) f log K, d A
The derivation of these equations has beeh discussed in Sectlon 3.

A'guide to the error of fit in each_casé was provided by an

"R factor" defined by

' dZ[log Kc':(observed) - log Kc': (calcizlated)] 2
R =
' N-M-1

where N is the number of palrs of log Kc’ A; values and M is the order

of the polynomial.

The expression for log Kc is extremely sensitive to small changes
in AZ or As, particularly near the isotherm axes. This leads to
considerable scatter in plots of log'Ké versus Az at each end of the
curve. Moreover, a symmetrical positive or negative error in either
Az‘or As produces a non—symmetrical error in log Ké. Thus the error
of fit found for the log Kéivs AZ polynomial is not necessarily a
good indication of the actual error in.terms of the isotherm itself.:
“For fhis reason, it was desirable to célculate‘As versus Az from the
polynomial Kielland equations. This calculation is straightforward

for uni-univalent exchanges, since

_ Ag - - Yamx
c BZ . my . YiAX
(1-AZ)AS . Y_tAX




A g
s K('I-A)+Ay

where _ y = Y+Bx/%iAX.

In the case of uni-divalent exchanges however, the Y+ terms
_calculated from Glueckauf's equation are themselves complex functloqs
of AS, and AS cannot therefore be directly calculated for a given

Az and log Ké. This problem was overcome by defining a quantit& S

as
mzA YZA
- s . B B
sz‘ %
A = Ta
Z
A
- K' -_—z—
C A
N:
Z' v
z,
/)
) (’I-AZ)
pA
N:
zZ

Thus S could be calculated for any given A and log Ké.

By using a separate computer program "SVAS"; values of S were
celculated for 0.001¢A_% 0.999 in steps of 0.001. These tables of
S values were prepared for each unl—dlvalent jon pair encountered

(Na—Ca, Na-Sr, Na-Ba where AS refers to the divalent ion).

There are cervaln dangers in using a least—squares polynomial
fitting program in this work. These arise hecause the-experimenfal
,valués of AZ do not usually'cover the entire range O<:AZ< 1. The
polynomial fit only applies in the experimental range of AZ, and is
not constrained outside this range (except in the case of a linear

(Kielland) polynomial).. Thus a polynomial which gave a perfect fit -
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in the experimental range of Az, say < Aé( a, , could have maxima.
or minima in O<Az< a, and a, { Az( 1 which would not be consistent
with the actual log Ké versus AZ function. It is important to
consider the behaviour of the polynomial function over the whole

~ range O<:AZ< 1 before proceeding to integrate the equation to.

obtain f,, £, and K_.
. B a

This danger can be minimised if, instead ofvusing experimental A
AZ and log Ké values,'g smooth curve is drawn through the éxperimental_
isotherm points, and several values are read off this curve over the
"whole range of AZ.' One disadvantage of this method is that it
prejudices the objectivity of the mathematical procedure. In the case
of an isotherm which shows a strong selectivity for one of the ions,
the method may nevertheless be the only way to obtain consistent

values of log K; and A over the whole range of the isotherm.

A complete listing of the "CALCIS" and "SVAS" programs is given
in Appendix 2.



7. Results and Diécussion

. 7.1.. Phillipsite .

Analysis
The results of analysis of.the extfacted phillipsite were as -
follows: '
‘ % © . moles .
510, 54,18 10,902
_ A1,0 16.29 ©0.160
Fe,0; 1.26  0.008
‘Na, 0 - 7.04 0.114
K0 2.87 0.030
Ca0 0.26 0.005
KO0 ' 16. 46 0.914
| ' 98.76

" The totalv% of constituents determined‘is‘significahtly léss_thon ﬁOOV.
The difference is assumed to be due to other constituents (Ti0, ; MnO
etc.) not determined. It is also apparent that the total cat:Lon
content- accounts for only 93% of the alumina content whereas for a
pure zeolite the mole ratio Al,0; :M, 0 should be 1. 0. In this case the
low ratio is probably caused by sllght hydroly51s of the sample durlng

) the extractlon procedure.

The §i0, 141, 05 ratiorof 5.6, and the predominance of alkali metal -
" cations over alkaline earth cations,is typical of phillipsites of
sedimentary origin, pérticularly"for samplés from the California/Nevada
‘region of the U.S.A.(57). N

The ana1y81s corresponas to an approx1mate oxide formula of

(Na,K,4Ca),0,A1, 05 ,5.6810, ,5. 7H2 The phllllpSlte structure determined
- by Steinfink (61) and described :in Section 4 contalned 32(A1+Sl) atoms

59
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per orthorhombic unit cell. On this basis, the unit cell contents,
for the phillipsite used in this work, are approximately described

by the formula
(Na,K,3Ca)g .AlgSi,, Oy, .24H, 0

The cation density of eight monovalent catiohs per unit cell is
two less than that for Steinfink's sample, for which the unit cell
formula was (Na,K),4l,081,,G, .20H,0. Cation analyses for the mono-
cationic e'xchénge forms of the phillipsite gave the following exchange

capacities (expressed in megq/g of hydrated zeolite):i~

Ii: 3.22 . . GCs: 2.23 (calculated)
~  Na: 2.7 Ca : .2.51
K : 2.78 Sr: 2.46

Rb : 2.70 Ba.: 2,47

The relaﬁionship between the water content of these exchange forms,
- and the cation radius, is shown in Figure 7.1. ‘As expected, there was
a smooth;decreaSe in water content with increasing cation size, and

the water contents of the alkaline earth exchange forms were higher

than those for monovalent cations of similar size.

Ion Exchange Equilibria

The results of the ion-exchange equilibria'studies in phillipsite
are given in grgphical form in Figures 7.2 to 7.9. For reversible

isotherms three graphs are shown:

(a) Exchange isotherm (A versus A )
~(b) "Kielland plot" (log K versus A ) A
(¢) Variation of solid phase act1v1ty coefflclents with

catlon loading (f versus A ).

If the isotherm was found to be irreversible, the exchange isothern
only is shown. Unless stated otherwise, the solid line curves shown

on each of the figures were obtained from the least-squares refinement
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of the experimental data. For example, on an exchange isotherm,
the continuous. isotherm contour shown is the isotherm calculated

from the best least-squares polynomial fit between log Ké'and AZ.

Na-Li Exchange

The exchange isotherm, Figure 7.2(a) was reversible, and showed
a high selectivity for sodium The corrected selectivity coefficient
varied considerably with cation loading, and was best,représént@d by

the cubic equation

log K. = =-1.325 + 0.741 Li_ - 7.830 Li% + 5.292 L .

The reliability of fit factor, R, defined in Section 6 was

0.109. (The lower the value of R, the better the fit.)

Integration of the above equation gave thelthermodynaﬁic equili-

brium constant Ka for the reaction Na—»-1i, as
K. = 0.006.
a

The standard free eﬁergy of exchange, AG’, was evaluated using the

relationship AG’ = ~RT 1n K, giving

AG® = +3,000 cal/g equivalent.

Solid phase activity coefficienté were computed from the iog K;
versus Liz equation above, using the methods described in Section 6.
- The variation of the solid phase activity coefficients fNa'and fLi
is shown in Figure 7.2(c). Because the calculation Of these
coefficients involves the 1ntegrat10n of ‘the log K versus le

: equatlon the equation descrlblng the variation of f (or f ) with
le is a complex one.. If log K .is a polynomial functlon of order n
in Li 51 then log f (or log I} ) is a polynomial function of.order

nt1 in Li .
2

On the basis of the K value, phillipsite showed a greater

select1v1ty for sodium a%g,llthlum than chaba21te, for which Davies (70)
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found Ka = 0.055. Of several Na-Li exchanges reported for zeolites,

phillipsite is the most selective for sodium, the order being (76):~

Phillipsite >Chabazite > Na¥ > NaX >NaA >basic sodalite>basic cancrinite

Na~K Exchange

The Na-K exchange was complete and reversible. The isotherm,
Figure 7.3(a), showed that potassium was the preferred ion. The
corrected selectivity coefficient varied linearly with potassium
loading, thus satisfying the conditions of Kielland's theory. The

linear equation of fit was
- log K\ = 1.804-1.385 'KZ (R = 0.090).
The Kielland constant C was evaluated as 0.5 x gradient of the line,
and‘Ka was calculated by integration of the above equation between
the limits K =0 and K = 1. Thus '
c

X .
a

~0.69
12.9

The séandard free energy of exchange was calculated from Ka in

the usual way,'giving
A = -1,500 cal/g equivalent.

The'éolid Phase activity coefficients ih this case could be calculated

using Kielland's equations

log fNa C.KZ .
3 = 2 -
log fK C.NaZ .

The results are shown in Figure 7.3(c).

These results may be compared to those reported by Ames (20) for

a Nevada phillipsite. The phillipsite studied by Ames had a silica/

alumina ratio of i, and an exchange capacity of 2.3 meq/g. The Na-K
isotherm was similar in shape to Figure 7.3(a), but gave a lower Ka

value of 5.26, and AG® of -1000 cal/g equiv. The total solution
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concentration was 1.0 N, compared to 0.1 N.in this work. However, -
for uni-univalent exchanges, Ka should be independent of the solution
concentration. The poor agreement between the two sets of results

- must presumably be due to differences in eample composition, exchenge

capacity and technique (Ames used a radiometric column flow method).

A further comparison may be made with results obtained for the
Na-K exchange in a synthetic ph1111p51te (prepared by J.F. Cole in

these laboratorlea ).

This sample had an exchange capacity, determined by analysis of
the sodium and potassium exchanged forms, of 3.20 meq/g. The silica/
alumina ratio was not meésured. If the water content is assumed to
have been 24 H, O per unit cell, as for the natural philiipsite, then -
the composition of the sémple would be "Nz, 0,A1,0;,5.2510, ,5.4H,0.

An X-ray photograph of this material showed that it was contaminated

with traces of synthetic zeolite "L",

The Na-K exchange isotherm obtained for this synthetic phillipsite
is shown in Figure 7.4%(a). The selectivitj coefficient varied
linearly with potassium content, following the equation

log K! = 2.402 - 1.908 K (R = 0.047)
Ka and AG® were calculated as before, giving
K = 28 O
a .
AR

1

—1970 cal/g equlvalent

The‘K value obtained was greater than that found for the natural
'ph1111p51te by a factor of two. A small part of the 1ncrease in.
pota551um selectivity may have been due to the presence of the zeollte

L impurity, which is known to have a high selectivity for potassium (78).

® Reaction mixture 25 g sodium aluminate (commercial).
S 183 g precipitated silica (B.D.H.)
. 37 g sodium hydroxide pellets (A.R)
80 g potassium hydroxide pellets (A.R)
860 g water
The §61 formed was crystallised in a stirred glass reactor at 100°C
for 48 hours. . _



¢ in synthetic Phillipsite

" Figure 7.4:Na—K Exchang
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However, gquite apart from this, or the effects of different
composition or exchange capac1ty, such dlfferences in K values
can arise from relatively small errors in the experlmental 1sotherm

points.

For an isotherm which obeys Kielland theory, the Ka value is
given by the value of K; when K = 0.5. Neglecting solution activity

terms, Ka is thus given by

K = = (K =0.5)

For natural phillipsite, K = 0.5 when K 0.073, and K = 12.9.

For the synthetlc phllllpslte K, =0.5 wheq K, = 0.035, and K = 28.0.
Thus an error of 0.04 in K_ at the ‘mid-point of exchange will account
for the difference in K values. The effect of this type of error is
greater, the higher the seleet1v1ty. For a non—selectlve isotherm
(Ka = 1.0) an error of 0.0l in AS when AZ = 0.5, produces an error

in Ka of approximately 0.16. The actual K, value found for the Na-K
exchange in phillipsite, 12.9,'makes phillipsite one of the most
selective zeolites for potassium being only slightly less selective
than chabazite (K ~16) (76). On the basis of the measured K values
for the Na-~Li and NarK exchanges the lithium form of phllllpslte

snould be extremely selective for potassium.

The presence of substantial amounts of potassium in natural
sedimentary phillipsites reflects the‘preference for potassium shown
in the Na-K isotherm. Analysis of samples of bore water in the’
Callfornla/Nevada area, where large sedimentary deposits of phillipsite
occur, indicate a potassiun fraction in solution of 0.01-0.14. Hay (77)
considers that these analyses reflect the probable composition of the
saline environment in which the zeolites were deposited. From the
.'ebserved Na-K isotherm, solution fractions of KS = 0.01~0.14 would
give potassium fractions in the phillipsite of 0.06 to 0.30. The

natural mineral used in this study had a potassium fractioa of 0.21.



The agreement is reasonable, considering the mahy uncertainties involved
in such calculations. Ames (20) has observed a similar correlation

between phillipsite and sea-water compositions.

Na-Rb Exchange

- The Na-Rb isotherm, shown in Figure 7.5(a) again demonstrated
preference for the larger ion. The selectivity éoefficient varied
linearly with rubidium content, and approached Ké = 1 for maximum

rubidium loading. The équation of. fit was:-
log K! = 2.037 - 2.035 Rb_ (R'= 0.056),
giving a Kielland constant C = -1.02.
K, and AG°'Werevcalculated, giving the values

Ka = 10.5

and

AG® = ~1400 cal/g equivalent.

Na~Cs Exchange

The isotherm demonstrated high selécfivity for caesium (Figure
7.6(a)). Because of the considerable scatter of the experimental
points, the Kielland plot'Was'constructed using values taken of f '
the smoothed experimental isotherm. i(See Section 6.) The variation
in log Ké thus obtained is.shown in Figure 7.6(b). The selectivity
~coefficient increased slightly for caesium loadings up to 0.4 Csz,
then decreased . This variation was best represented by the cubic

equation

log K, = 1.436 + 1.02k Cs_ - 1.023 Cs? - 0.890 cé;> (R=0.029), -

Integration gave

K = 24,2
a

and

AG® = -1900 cal/g equivalent.

These results are in good agreement with those obtained by
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Ames (20) for Nevada phillipsite:-

K 261
a

AG° ~1900 cal/g equivalent.

However, in view of the discrepancies observed for the Na-K exchange,

this agreement may be fortuitous.

Summary of Uni-univalent EXchanges

A1l the uni-univalent exchanges studied were complete and
reversible. In all exchanges the ion of larger crystallographic

radius was preferred.

The gbmplete exchange obsefved, and lack of any ion sieve effects,
are consistent with the known structure of phillipsite. The main
8—riné channels parallel to the a~axis have an unobstructed diameter
of about hﬂ, thus allowing access for the largest ion studiéd, Cs+,
with a diameter of 3.28. The méinvchannels are intercpnnecfed via
rectaﬂgular passages (parallel to the b axis) with an unobstructed
height of 2.38,,and_width 4R, Sodium ions could thus diffuse between
adjacént main channels, although K, Rb, and Cs ions could not do so
without considerable distortion of the lattice . However, the low
cation density (4 cations per unit cell), and the possible interchannel
diffusion of sodium ions, would be expected to preclude ion sieve.
effects of the type in which exchange is restricted by the inability_

of the incoming ion to 'pass" the outgoing ion in the channels.
The ion affinity sequence was approximatély'the same for all
cation loadings, being A
" Rb~K~Cs> Na>Ti for O<AZ< 0.2
Cs>K>Rb>Na>>Li  for 0.2<4 < 1.
Eisenman (37) has propbsed that selectivity sequences in systeams such

as zeblites are governed by the anionic field strength in the

exchanger. The hydration tendency of the cation involved largely

a
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determines the magnitude of the selectivity. With increasing
electric field strength, the least strongly hydrated cation is the
firsf to be desolvated, and most strongly seiected by the anionic
site. On this basis, Eisenman predicted eleven different affinity
series for the alkaii metal cations, depending on the anionic field
strength. The above affinity series found for phillipsite is
apprdximately Series I of Eisenman, which he predicts for a field
strength equivalent to a monovalent anion abting at a distance of
about 2.48 or greater. This corrélates roughly with the cation’.to

framework-oxygen distances of about 2.5-3.08 found by Steinfink.

" Such theories of catioﬁ selectivities are based on several
simplifying assumptions. In actual zeolite systems the cation
positions are frequently not known with any great certginty; and may
vary with water content, cationic composition, and aluminium
distribution. Several types of site may also be involved, each type
being associated with a different anionic field strength distribution.
More detailed structural investigations and ion exchange data aré
requifed before a unified theory of cation selectivity in zeolite

systems can be successfully developed.

Na~Ca_ Exchange

The Na-Ca isotherm is shown in Figure 7.7(a). Sodium was the
preferred ion for all cation loadings. The selectivity coefficient
varied linearly with calcium ion content (Figure 7.7(b)) and was

described by the equation:~

log K| = -0.451- 1.1k Ca_ (R = 0.086).

¢

,Beqausé»of the linear variation, a Kielland constant C could be

calculated, giving
C >= . -0.57.

However, the Kielland theory was developed for uni-univalent exchanges

only, and the theoretical interpretation to be placed on the "Kielland
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constant" for a uni-divalent exchange is not clear.

v The thermodynamic equilibrium constant for ‘the exchange was
calculated by Gaines and Thomas theory. For the reaction 2Na*(é) +
Cé++(s)——>ca++(z) + 2Nat(s), Ka and AG® were found to be

K

a
AGP

0.035

o

4990 cal/g equivalent.

Ames (21) has reported, for the Na-Ca exchange in phillipsite, the

following results:

K
a

- AGP

0.163

+1100 cai/gfequivalent.

These results cannot be directly compared with those found in
the present investigation, as Ames definéd.K;_using equivalent ionic
fractions for both zeolite and solution concentrations, whereas in
this work molalities have been used for solution concentrations. Also,
Ames worked at a constant solﬁtion concentration of 1.0 N (0.10 N in
this work). As discuséed'by'Helferrich'(47), an increase in total
concentration should, by the Donnan.equilibrium theory, decrease the
selectivity for the divalent ion in a uni-divalent exchange. A .
comparison of Figure“7.7(a) with the Na~Ca isotherm given by Ames

shows this to be the case.

Na-Sr Exchange

The isotherm,Figuré 7.8(5), showed that neither ion was preferred
to any great extent. The Kielland plot was again best represeﬁted by

‘a linear equation:
log K, = -0.486 - 0.522 sr, (R = 0.081)
As fér,thé Na-Ca exchange, a Kiellandvcohstanf could be calculated?
‘"Kielland constant C" = -0.26

Ka and A® were calculated to be : o . : - S



"‘te_;""

Psi

Ph

Na~ SrE xchange

7.8

Figure

in




83

7.8¢

gure




I

K. = 0.066

a

AG® = +800 cal/g equivalent.

Ames-K21)'found for this exchange

A

K
a

0.107 .

+650 cal/g equivalent.

AG®

For the reasons discussed previously, these results are not directly

‘vcompafable,

If will be seen that although the isotherm is virtually non-
selective, the KaAvalue is éppreciably less than 1. This arises
because of the form of the Gaines and Thomas expression for Ka:

o R
log Ka = O.LFBLFB(ZB"ZA)V.‘*' f log Ké d Az
. A ,
The firét ferm involving the valencies of the two ions makes a
' contribﬁtion to log Ka of‘—O.ABhB for an exchange reaction B—»A

where A.is the divalent ion.

i -

NarBa Exchange

The isotherm, Figure 7.9(a), was highly selective for barium,
but was irreversible using solutions of 0.10 N. It is probable that

the exchange Ba—-Na could be effected with stronger solutions.

- X~-ray photographs of the barium exchanged phillipsite were
very similar to those of the natural barium mineral harmotome. This

confirms the results of Hoss and Roy (38) and Barrer et al.. (39).

Sadanaga (62) has shown that the frémew@rk structurevof harmotome
is essentially the same as that found for phillipsite by Steinfink (61).
However, the harmotome unit cell is monoclinic (a = 9.87, b = 1414,

¢ =8.72, B = 121°50"), and the distortions of the orthorhombic phillip-

site framework which occur to produce the monoclinic cell lead to

cavities ideally suited to Ba®', but not to Ca**(62), nor presumably Sr++.
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In the particular phillipsite studied here, with a cation
density of four monovalent cations per uﬁit cell, exchange for a
divalent Caf+ or Sr++_ions.requires only two divalent ions per unit
cell. Assuming that the Al,distributien is random, this would lead
fo regiqns of excess charge in the structure, since the anionic sites

must be well separated.

Thus, although most ion exchanges prefer divalent ions (47), in
phillipsite the divalent ion preference is reduced by the large site

separation.

With Ba't however, the phillipsite'celi can transform to the more
favourasble harmotome configiration. Once in this configuration it
isfvery'difficult to'reconvert, as evidenced by the very existence
of the harmotome mineral invnature. The barium fixation mechanism
proposed here may be contrasted with ion'fixation in clay minerals.

In the latter case fixation of a cation occurs when the electrostatic
potential between the cation and the silicate layers is greater than

the hydration energy of the cation (79).

The very high select1v1ty for barium was demonstrated by mixing.
-a sample of Na-phillipsite with 0.1N solutions of BaCl, (in amounts
equivalent to about half the phillipsite capacity). After stirring
the mixture for one or two minutes, then filtering, no Ba®t could be
-detected.in the filtrate by the usual sulphate ion test. Phillipsite
may therefore be useful in applications involving removal of Ba®™t from
neutral or sllﬂhtly alkaline solutlon and for the separatlon of Batt

from Ca and Srtt

- 86



7.2 Zeolite Na—P -

 Analysis

' 'The'analysis of Na-P gave_the'following oxide composition:-

0.98N2, 0,A1, O; ,3 425102 ,1.0H, 0

- X-ray powder photographs showed that the zeollte was the cubic species
Na-P;. On the basis of the known unit cell of Na P, contalnlng

. 32 oxygen atoms and 16(Al+81) atoms, the unit: cell contents for

this sample were- calculated to be

Nas. 5 'Als, 5 Sijo.q 052~ 11.9H,0

This may be comnared to the unit cell contents of the sample used
by Barrer Bultitude and Kerr (39) for the structure determlnatlon
namely Nas, 5 Als, 5810, 7052 .12.5H,0. The sample used by Borer (46)

in his structural work had a unit cell coptent Ng_ , Alg, 4 Sig, ¢ 055 . 13H, 0.

_ The silica/alumina ratio of the sample, 3.42, lies within the
range of 3.3 - 5.3 reported by Barrer et al.(15) for synthetic P
zeolites. ' : '

The excnange capacities of the various cationic forms of the
zeollte were obtained by cation analysis of the exchanged forms. The

results, expressed as meq/g hydrated zeolite, are given below:-

i : 4.51 Cé : 2,78 (see below)
Na : 4.38 Ca : k.21,
K : L.,ho ' . 8r: 3.87

Rb': 3.54 (calculated),' Ba : 3.58

Analysis of the caesium exchanged form showed a residual non-excharigeadle

sodium content of 0.50 meq/g. The caesium exchange capacity was
calculated from the known watér_contents of the Cs and Na forms, and
the known sodium content of the Na form. The exchange capacity of

the Na-P for the NaéCs exchange was reduced from 4.38 to L4.14 meq/s.
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The maximum caesium exchange of 94% is in agreement with the 93%

maximum‘exchange reported for Na—%j by Taylor'aﬁd Roy (42).

The water contents of the exchanged forms were measured using a

Stanton thermobalance. The results were:~

1749  wsn s 8.6%

~Li e
Na : 15.8% © Ca : 19.2%
K : 10.3% - : - Sr o 17.1%
. 8% .

Rb : 8.h Ba

nystal Symmetry of P zeolites

Before thé results of the ion excHange equilibrium experiments
are presented, the short discussion of the'phase relationships in

the P zeolites given in Section 4 will be extended.

In their original work on the synthesis of the P zeolites,
Barier et al.(15) found three distinct crystal habits, cubic, tetra-
gonal, and orthorhombic.  No corrélation was,_ found between crystal
symmetry and composition. The orthorhombic phase was obtained only(
rarely, although its'synthesis was later confirmed by Regis et al.(63).
This species‘was not encountered in the present work, and therefore

will not be discussed.

_ The unit cell sizes of the cubic and tetragonal spscies were very
similar, the cubic phase having a = 10.0%, and the tetragonal phase
having a = 10.0, ¢ = 9.8. Some variation in the ¢ dimension was

found between different préparations._ The cubic unit cell was body-
centred, but the tetragonal cell appeared to be primitive. The Li,
vK, Ca and Ba éxchanged forms‘of.Na—Pc Showed slight changes. from cubic
symmetry, but were indexed on “"pseudocubic® cells with a = 9.8, 9.8,
9.%;,,10;032 respectively.. The Ca and Ba forms of the ﬁetragonal
phase had X-ray patterns différing from those of the same derivatives

of NaPC . The extent of these differences was not indicated.

Taylor and Roy (42) also prepared both'NafPc and Na-Pp, and
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obtained considerable variatioo in 810, /A1,0; ratio, with no ap?arent
correlation with crystal symmetry. The unit cell of the cubic species
agreed with that reported by Barrer et al., a = 10.028. A considerable
variation was found within the tetragonal species synthesised, the

c/é axial ratlo varying to a minimum of about 0.975, and both body-
centred and primitive tetragonal unit cells occurring in different
preparations. The "degree of tetragonallty" was measured by Taylor

and Roy as the extent of splitting, in units of 20, of the strongest
 (310) line of the powder pattern of the cobic species. Thus

A20(310) = 20(103) - 20(310)

Samples with A26(310) < 0.70, appeared to héve body-centred tetragonal
cells, whereas those with A20>0.70 had primitive tetragonal cells,

dndicating a greater departure from cubic symmetry.
The ion-exchanged derivatives of Na-Pp fell into three categories:-

1. Primitive cell, a ¢ : Li-Pp, Na-Pp
2. Body centred cell, a > ¢ ¢ K-Pp, Rb-Pq, Cs~Pp
3. Body centred cell, ¢ ¥ a : Ca-Pp, Sr-Pp, Ba-Pp

Cation exchanged derivatives of Na-Fg were not investigated
directly. However, in their investigation of the dehydration behaviour
of Na-P. and Na-Pp, Taylor and Roy (L43) found that Na-Pp converted
to Na-P, at 60°+ 3C, This conversion was rapid and reversible, and
‘occurred without any Significant ‘change in unit cell‘ volume. The
reactlon was considered to be a true first-order phase transition.

It is extremely 1mprobable that such a phase transition could 1nvolve
any breaking of framework atom bonds. Borer reported a small endothermlc
peak in the D.T.A. curve of Na-Pp at 6d’C, but considered that this
corresponded to loss of loosely bound surface water (L65). Borer also
found that no "phase chaﬁges"_occurred during the heating betwesen room
temperature and 400°C. Taylor and Roy (43) found at least four
structural changes in this temperature range. Finally, Borer found

‘that the X-ray powder photograph of Na~-Pp could not be explained by a



distorted framework structure of the Na~P, type. The distortion
'considered by Borer involved the rotation of one of the basic cubic
“building units situated at (0, 0, 0). This in turan produced a
.rotation in the opposite direction of the central cubic unit at

(%, 2+ ). It is not known whether any other types of distortion were
considered. Borer concluded that the two phases Na—PT and.Na-P; were

separate species becanse of

(1) different powder patterns at comparable compositions
(ii) different behaviour on heating (TGA DTA)
(iii) different crystal habits

(iv) different X-ray powder pattern intensities.

-

The results of the present work support the eridence of Taylor and

- Roy. 'X—ray pewder patterns of all the monocationic derivatives of
Na-P¢ prepared agreed with those reported by Taylor and Roy for the
corresponding derivatives of Na-Pqp. The NarP5<——>Nar§T phase transition

" was also confirmed.

When the'Na—P was originally synthesiaed it gave a cubic Na-P
pattern, together w1th faint muscov1te lines (arising from the muscovite
impurity in the kaolinite used for synthesis). This muscovite was
removed by repeated sedimentation, as described in Section L, After
the final decantation, the zeolite was filtered, washed first with
water, then with 70% aqueoas alcohel, and finally acetone. The product
was then dried at 80°C overnight. The next day a small sample was
taken for an‘X-ray photograph. - The photograph showed the pattern of
pure NarPT. (d—spac1ngs for both Na-Pc and Na-Pp are given 1n '
Appendix 1.) The follow1ng day, a further sample was taken from the
bottle of zeollte ‘which had been stored, after drylng, at room
temperature. This photograph showed NarPc, with only very faint traces
of Na-Pp. The bulk sample was then split into two portiens, one of
which was stored in a desiccator over saturated ammonium chlorlde the
other in the original bottle (sealed). After another day, both

samples had reverted to pure Na-Pc.
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. Two years later, an X-ray of the sample stored in the bottle showed
a mixture of Na-P, and Na-Pp. The sample equilibrated over ammonium
chloride was still pure Na-P.. The mixture reverted to Na-P, when

. it was stored over ammoniﬁm chloride for a week

- The cublc—tetragonal transition thus appears to depend on both

temperature and water-vapour pressure.

As these observations support the evidence of Taylor and Roy, the
exchange behaviour of Na~P, to be discussed can be validly compared

with the exchange behaviour of Na~Pp.

Na-Li Exchange

The isotherm is shown in Figure 7.10(a). The exchange was
apparently reversible within the limits of experlmental error, and
was highly selective for sodlum. Because of this high select1v1ty,
it was not possible to obtain exﬁerimental values foj::\LiZ greater

than about 0.5, using 0.1N solutions,

The variation of the selectivity coefficient with lithium loading
is shown in Figure 7.10(b). Log Ké increased rapidly for LiZ up to
about 0.15, then decreased with increasing Li_. The best equation of

fit found using the CALCIS program was:-
log K, = =1.521+ 1.921 Liz - 5.498 LiZ (R = 0.083)

Integration gave K = 0,004,

Although the error of fit was relatively low for such a selevtlve
isotherm, this equatlon was not very satlsfactory out51de the range of
the experimental data,,g1v1ng a log KC value of -5,1 and Li, = 1.0.
This could not be overcome by taking points from the smoothed isotherm,
since these could not be reliably estimated. The fit in_the.low LiZ
region also‘conSistently over-estimated log Ké,.although only by small
amounts. The procedure finally adopted was to draw a smooth curve

through the log Ké versus LiZ p?ints uﬁ to Li = 0.2, and assume a



" Figure7:10:Na=Li Exchange
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linear relationship between log K' and Li' for Li, greater than 0.2.
K was then determined by graphlcal 1ntegrat10n, gav1ng values of
K and AG? :-

Ka =~ 0.009

AG® &~ +2800 cal/g equivalent

' The conversion of Na-P to Li-P involves a change from a body-
centred cubic lattice to a primitive tetragohal lattice. X-ray,
powder photographs of some of the partially exchanged samples clearly
showed how this change was accomplished and also provided a n0551ble

explanatlon for the shape of the Kielland plot.

Sample composition » Phases present
Liz = 0.005 _ . Na~P; + some Na-Pp
LizA = 0.07 -‘ v Na—PT f some Na—Pc
‘Liz = 0.17 Na-Pp + trace Na-Pg
Liz > 0.17 : Single‘tetragonal phase, .
R ~ .changing smoothly from
c ' Ne-Pp to Li-Pp with

. - o increasing Li,.

In  the region Q<1Liz<'~ O.2,vboth cubic and tetragonal Na-P wére
present, showing the limited solid solubility of these two phases under
the experimental conditions. The slope of thevKielland-plot in this
region is‘high and positiﬁe, and équivalent to a Kielland constant
greater than that for which-phése separation.would be expected to

commence, -

Taylor and Roy (42) did not report = any evidence of limited
solid solubility in the Na-Li exchange of Na-Pm. This is consistent
with the present results, since no change from Na-P, to Na-PT was

1nvolved
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Na-K Exchange

The Na-K isotherm is shown in-Figure 7.11(a). The unusual shape
of this isotherm was similar to that éxpected for an exchaﬁge obeying
‘ Kiéliand theory, with a Kielland coefficient positive'and close to
the éritical value (+0.87). Inspection of the plof of log K} versus
K, (Figure 7.11(b)) showed that log K, did vary approximately
linearly with K;. The best linear fit found using the CALCIS program
(omitting points with K, less than 0.1 and greater than 0.9, as _these,
because of their scatter, contributed a disproportionately high wesight

in the least-squares procedure) was

log K = =-0.061 + 1.254 Kz (R=0.034)

The Kielland constant C was positive, and equal to +0.63. It is
believed that this is the first case yet reported of a consistent

positive Kielland constant, for an exchange isotherm in a zeolite.

Forkthe purpose of calculating K,, however, the best-representation

of the Kielland plot was given by the quadratic equation:-
log K! = -0.137 + 1.673 K_ - 0.119 K? (R = 0.025)

Ka and AG® were calculated from this equation, giving

Ka 3,63 |
and
AG?

-760 cal/g equivalent.
The linear fit gave a K, value of 3.68.

The solid isotherm curve shown in Figure 7.11(a) was calculated
from the quadratic equation of fit. - The solid phase activity
coefficients shown in Figure 7.11(c) were also calculated from this

equation.

This exchange involves the conversion of body-centred cubic Na-P
(an10.08) to the body-centred tetragonal K-P (ax9.,91, cx9.62). This
change requires a volume contraction of about 608 per unit cell, and

a contraction in the c-direction of about 4%, even though the sodium
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cations are being replaced by potassium ions. The additional space
- required by the potassium ions is evidently found at the expense of
" water molecules. The water content of K-P, 10.3%, corresponds to

about 8H,0 per unit cell, compared with 12H,0 for Na-P.

X-raj powdef photographs were obtained for several exchange
samples of varying potassium content. ‘The (310) and (103) lines were
measured and from these approximate values oflg and ¢ were calculated.
These measurements were not corrected for film shrinkage, and the
absolute values of a and ¢ obtained arevthereforernly approximate.

The relative changes in a and.g_only were required.

The ggsults obtained are shoWn‘ianigﬁre 7.12, in which unit cell

dimensibns are plotted agaihst K,.

- All the samples X-rayed consisted of a singlé phaée. For K,
between 0.0 and 0.1 the unit cell remained cubic. The next~éaﬁple
available, with K, = 0.795, showed a single body-centred tetragonal-
phase with éa=9.96 and ¢x9.88. All other samples had body-centred
tetragonal cells, with a changing from 10.08% for Na-P. to 9.9 for K-P7.
The change in ¢ was more‘rapid.for K, bétween O.Z‘and 0.5 than for K,
greater than 0.5. The fegion of most interest is, of course, between
Ky = 0.1 and K, = 0.2, fof.which no samples were available. Extrapolatioa
of the ¢ curve would appear to indicate that the change from a cubic
cell to a tetragonal cell occurred at a specific composition of the

zeolite, probably near K, = 0.1.

The positive Kielland coefficient found‘for this exchange indicates
that qccupétion of adjacent sites in the Na rich lattice by two KV ions
+is more favourable than occupation by one Na*‘and one K* ion. This is '
a direct result of fhe Barrer and Falconer interpretation of Kielland's
equation discussed in Section 3. Onvthig basis the structural changes

can 39 qualitatively interpreted as follows. For small potassiuﬁ
loadings, adjacent sites may be occupled by K+ ions without causing
noticeable deviations from cubicxsymmetry. However, at a particular

critical potassium loading, possibly at K= 0.1, occupation of adjacent
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sites requires a slight distortion of the cubic lattice to a
tetragonal lattice. The amount of distortion increases with increasing
potassium loading. On the evidence available, phase separation does -
not occur, presumably because’the necessary cation movement and

Water loss ean be accomplished without nucleating a separate potassium-

rich phase.

The Na~-K exchange for Na~Pp does, however, lead to phaser
separation. »Taylor and Roy (42) report a two-phase region extending
"from K,®0.15 to Kzazo.ﬁ. For Kz less than 0.15, the primitive
tetragohal cell_cohtracted slightly in both a and ¢ with increasing
potassium loading. For K, greater than 0.4, the body—centred tetragonal

cell changed in a similar way to Figure 7.12 over the same region.

Na-Rb Exchange

The Na-Rb isotherm is shown in Figure 7.13(a). Rubidium was
the preferred ion. The Kielland plot, shown in Flgure 7. 13(b) wasv
best descrlbed by the cubic equation R

log K, = 0.743 - 0.730 Rb, + 3.448 Rb,? - 3.863 Rb,> (R=0.065)
Integration of log K, between the limits Rb, = O and Rby = 1 gave

K, = 3.64

a

and the free energy of exchange AR was therefore calculated to be
AG" = =760 cal/g equivalent.

The K, value for thls exchange was very 51m11ar to that ‘found

for the Na—-»Klexchange.

X-ray photographs of the limited numbef of exchange samples
available showed that the unit cell changee were also similar to those

found in the Na-K exchange.

The results are shown in Figure 7.14%.. For Ro, less than 0. 13,
a pure cubic phase was present. TFor Rb > 0. 28, a body—centred ‘

tetragonal phase was found.
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Na-Cs Exchange

The experimental isotherm and Kielland plot are shown in
Figures 7.15(a) and 7.15(b) respectively. The isotherm points showed
a éréat deal of scatter, which in turn gave a poor least—squares fit
for the Kielland plot, indicated by the high R value of 0.149.

The best equation of fit found was

log K. = 1.927 - 6.586 Cs, + 13.212 Cs,? - 9.9% Cs,?

The Ka value calculated.from this equation was 3.6, giving a free
energy of exchange AG® of 730 cal/g equivalent. This K, value is again

similar to those found for the Na-K and Na-Rb exchanges.

No X~-ray photographs were taken for samples represenping the
isotherm points. Howsver, the final unit cgll'of Cs-P, which as
discussed earliervstill contains 0.5 megq Nat/g, is similar to those of
K-P and Rb-P, - namely a body-centred tetragonal cell. Taylor and Roy
give the dimensions of the Cs-P cell as amx10.1, c=9.8. It is likely
that the cell changes for the reaction Na-P; to Cs-Pp are basiéally
‘similar to thése found for the Na-K and Na-Rb exchanges. However a
must increase from 10.0g‘to 10.18, instead of decreasing 51ightiy as

in the other two cases.

Na-Sr Exchange

This exchange was also measured at a conétantlsolufion concentration
of O.ﬂ equivalents/litre. The ion st?ength of the solution varied ffom
0.10 to 0.15. The Na-Sr isotherm,Figure 7.16(a5, showed a coﬁsiderably
greater_preference for Sr than had been shown for the alkali metal 1 ‘
cations studied. Because of the high selectivity, accurate measurementé

were not obtained below Sr, = 0.4.

The Kielland plot,‘Figuré 7.15(b) was therefore coastructed using
points taken off the smoothed experimental iSotherm. The resulting

- plot was bestvrepresented by a linear equation,

log Kl = 0.900 +0.215 8r, (R = 0.041)
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Ka was calculated to be 3.75, for the reaction

2Nat |+ Sr+; —_— 8rtt  + 2Ngt

(z) (s) (2 (s)

The effect of the (zB-zA) term in the Gaipes and Thomas expression

for K, was again apparent from the magnitude of the K, obtained.

The standard free energy'of exchange was evaluated from the ‘
expression ‘ ' o
=RT 1n K,

Zp %p

AGY =

-390 cal/g equivalent.

No X:}éy investigation was undertaken for this éxchange. Taylor
and Roy found that the Ca, Sr, and Ba derivatives of Na—PT all had
body—ceﬁtred tetragonal cells with ¢>a. (Group (3) of Taylor and Roy.)
The Ca and Ba forms of Na-P. prepared in this work had X-ray patterus
'agreeing with those quoted by Taylor and Roy.for the Na-Pp derivatives,
and it is likely that the Sr form of Na-P, was also the same as the Sr
form of Na-Prp. | ' - |

Na~-Ba Exchange

Th¢ sodium~-barium exchange was highly selectiveiggr ?arium, as
shovn in Figure 7.17(a). As with the Na-Ba exchange Nevada phillipsite,
..almost quantitative removal of barium from solution was observed for
barium loadings up to 0.5  Unlike that in phillipéite, the exchange -
was reversible. Thus Na-P, may prove'tq bévvery useful for removal
of barium from aqueous éolutions. Separation of barium and strontium

does not however appear to be_feasible using this zeolite.

The Kielland plot for the ﬁééBa ekchaﬁge'is'shown in Figuré 7.17(b).
The effect of moderate scatter in the experimental isotherm points
for such a selective iéotherm is apparent.  No reliable equation of
fit could be found for ﬁhe Kielland plot. The }%est" fit obtained

was the linear equation

10
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log K, = 2.517 - 0.692 Ba,.

“This equatlon obv1ously glves a poor representation of the Klelland
plot, and no reliable estimate. of K, could be obtained. (The above

equatlon gave a value of 55.)

X~-ray photographs of samples witﬁ Ba, = O.ﬁ8 and 0.36 éhowed the
presence of two phases. One phase appéared to be ﬁetragonal, but the
other could not be positively identified as either Na-P. or Na-PT.V
Other samples showed a single tetragonal pnase, progressively changing
to/battern of Ba-P with increasing Bay. Taylor and Roy reported a two-
phase region for the exchange Na—PT-a-Ba—PT; and also for the Na=-——pCa
exchange Spot studied here). It is likely that the Na—Sr exchange also
had a fWo—phase region. However the scatter of the experimeﬁtal points
waé too great to enable any‘possible hyéteresis loop’associatéd with

this region to be detected, and no X—réy'evidence was available.

Summary

The exchange behav1our of Na-P, has been shown to involve
con51de rable alteratioans in the symmetry of the P structure. Most of
the theor1es which have been developed for ion exchange in zeolites,
assuming rigid frameworks and regular,cafion_sites in the lattice,
Aare clearly not applicable in this case. In the Na-K exchange, the
Kielland theory nevertheless provided a pqssible qualitétive interpreta-

tion of the exchange behaviour.

In the NarK, Na-Rb, and Na~Cs exchanges, the cation of.iarger
radius was prepared, but K, values for these three exchanges were
- approximately the same. There was some. ev_idence that the change from
the cubic body—centfed lattice of Na-P. to the body-ceqtred tetragonal
~ lattices of K-P, Rb-P and Cs-P occurred, not via a two phase reglon,

but at a specific crystal composition.

" The Na-Sr and Na-Ba exchanges, which involved changes to Sr and

Ba tetrégonal cells with ¢ > a, did appear to have twofphase regions,



although no definite evidence of ﬁhese appeéred in the exchange

isotherms.

The high selectivity for barium observed in the Na-Ba exchange

indicated that Na-P may be of practical importance for the removal -

of barium from neutral or alkaline aqﬁebus solutions.
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7.%. Zeolites K-F and K-F(Cl)

Analysis .of K-F

-The original preparation of K-F contéined some muscovite
impurity from fhe kaolinite used in the S§nthesis. Because of
the very small particle size of the zeolite, sedimentation was not
effective in removing this impurity. Analysis of the sample gave

an apparent oxide formula of

&).991'{2 0,41, 0; ,2.3S10, ,2.5H, 0.

Other samples of K-F, prepared towards the end of this work

from kaolinite which did not contain any muscovite, had siiica/élumina

ratios of é:1, as reported for K-F by Barrer and Baynham (1), Barrer,
Cole and Sticher (4&t), Ovsepyan and Zhdanov (65), and Borer (46).

The origiﬁal sample was, however, used for the lon-exchange
experiments, as ét that time the purer kaolinite was not available.
The presence of the muscovite (about 7%) is not considered to have
 had any significant effect on the results obtained. The cation
-exchanged derivatives of the K-F contained less muscovite impurity
than the parent zeolite, as some separation occurre& during the

preparation of these derivatives.

The monocationic forms were analysed for cation capacity ‘and

water content. The results were:-

 Cation Exchange Cepacity Water
' ' meq/g‘ o wlw %
Li _ 561 20,3
Ne 5.00 19.0
K / 5.06 11.5
Cs R 3.42(calc) 7.0
Ca 5.14 18,2
Sr o 4.54 ‘ ' 14.0

Ba _h.oo _ "12.5




K-F(C1) Synthesis

Part of Sticher's work (44) on the synthesis of species K—F(Cl)
‘Was repeated. Reaction mixtures of kaolinite, potassium hydroxide
and ?otassium chloride were crystallised at 80°C. Two base concentra-
tions were used, 4M and 10M. In his work Sticher had used 4 Molal
KOH. The higher base concentration'was selected because it was more

representative of the conditions used for the synthesis of K-F.

The results are shown in Figure 7.18 and 7.19. At a base
concentration of 4 Molal, the results were in good agreement witH®

‘those of Sticher. The maximum amount of salt intercalated was 5.6%.

For salt'concentrations below 0.64Molel, X~ray photographs showed
that the product was not K—F(Cl) but a mixture of K-F(Cl) and _
zeolite K~I (44). This result was not unexpected, since the
~ crystallisation fields of potassium zeolites synthesised from kaolinite
and potassium hydroxide indicate that K-I is the most usual product
at a base concentration of L Molal (44) Samples synthesised from

mixtures containing more than_0.6 M KC1 were all pure K-F(Cl), indicating

‘that at these salt concentrations, the formation of K-I is hindered
and K~F(Cl) favoured. A similar}directing‘influence of a salt present
during synthesis was reported by Barrer, Cole and Sticher in the
koalinite + NaOH system. The presence of'very small amounts of
1sodium nitrate was. found to promote the syuthesis of cancrinite,

under conditions in which sodalite would normally be formed (44).

At a base concentration of 10 Molal (Figure 7. 19) all products
were K-F(Cl). The amount of salt imbibed increased very rapidly,
reaching 2% by~we1ght,at the Towest salt concentration studied,

0.02 Molal. The maximum smount of salt incorporated was 6.6% at salt
concentrations above 1.5 Molal. This increase in the maximum % KCl
1ncorporated with increasing base concentratwon was previously observed

by Sticher, and the present results agree well with those reported by

him.
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The water contents of the samples decreased with increasing
salt loading, as shown in Figure 7.19. At maximum salt loading,
the water content was 9.1%, compared with 12.0% for K-F synthesised

. under identical conditions, but in the absence of potassium chloride.

Analysis of a sample. of K~F(C1l) containing 6,58%'KCl gave the

following oxide formula:- |
0.97K, 0,A1, 0; ,2,048i0, ,0.34KC1, 1.9H, 0.

In this analysisbthe K, 0 content was calculated from the total ~
potassium and potassium chloride contents. The apparent cation
deficiency in the above formula is thought to be a result of

experimental errors in this difference method of calculation.

Na~K isotherms were measured using three samples of K-F(Cl),
with potassium chloride contents of 2.1%, 4.2% and 5.8%. The exchange
capacities of these samples were 5. 13, 5.31, and 5.70 meq/g, calculated

from the total pota551um contents.

K—Ll and K—Ba exchanges were studied using a sample contalnlng

6. 567 KCl and a total pota851um content’ of 5.97 meq/g.

j X-ray Powder Patterns

X~-ray photograpns of the various cationic forms of zeolite F
showed several differences in’the number, position, and intensity
of diffraction lines. This confirms the observations df Barrer, ’
Cole, and Sticher (4k4). A list of d-values and qualitative intensities
fof the sodium and potassium exchanged forms of thé«zeolite ére given
in Appendix 1. All attempts to index these patterns were ' 4

unsuccessful,

As an example of the qhangeé in line positions_obsérved, the
poéitions of the four strongest lineslof’K-F (at d-values ofA6.9,f
3.08, 2.97 and 2.82) are shown in Figure 7.20, together with the
positions of what appear to be the corresponding lines in the patterns

of the other cationic forms. Distances are shown in units of 149,



Figure 7-20
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where © is the Bragg diffraction angle; These units correspond to
distances_in millimetres on photographs taken with the Guinier-de Wolff

camera.

If the relative positions of the lines are assumed to reflect
the relative unit cell sizes, then the Li and K forms had unit cells
of approximately equal size, but smaller than the unit cells of the
Na and Cs forms. The Rb formﬂand the Ca form had cells intermediate
in size between those of, for example, Na-F and K-F. The cells_of
thé Sr and Ba derivatives were apparenﬁly even more contracted than
those of the K and Li forms. No correlation between cell size and

cation radius was apparent.

The powder pattern of K—F(Cl) was very similar to that of the

parent zeolite K-F.

Exchange Isotherms

A1l the exchange isotherms were measured at 25°C, using solutions
of constant total concentration, 0.1 equivalent/litre. The common
anion in solution was chloride, except in the Na-K and K-Li. exchanges

with K~F(Cl), for which nitrates were used.

Because of the naiure of the isotherms bbtained, the CALCIS

program was of limited use in calculating the results.

- Na=Cs Exchange in zeolite F

The sodium—Caesium exchange isotherm is shown in Figure 7.21(a).
Exchange was complete and reversible, but a marked selectivity
" reversal occurred‘at a caesium loading of 0.6L4. The Kielland plot

for this isotherm is given'in_Figuré 7.21(b).

The shape of the isotherm was similar to that reported by Barrer
and Meier (24) for the sodium-silver exchange in zeolite A, in which
exchangs= occurred on two types‘of site. Barrer and Meier had shown

that the observed Na-Ag isotherm could be resolved into two "ideal"
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isotherms, for each of which log K. was constant.

In the present case, it was considered unlikéiy that, if two
typés of exchange site were present. in zeolite T, they would each
exhibit ideal behaviour. Other exchanges studied did not exhibit
ideal behaviour, and it was thereforé thought that the isotherm may
possibly have Been expiained by two types of exchange site , each
obeying Kielland's equations.,;The resolution of the isotherm.into :

two Kielland constituents was attempted as follows:~

Consider a general uni-univalent exchange between the cations

A and B in a zeolite in which there are N types of exchange site .

Let fi =--fraction of sites of type i ( Zf; = 1)
A; = equivalent fraction of ion A on sites of type i in
the zeolite '
A = overall equivalent fraction of ion A in the zeolite
Ké(i) = corrected selectivity coefficient for sitesof type i
fg = overall corrected selectivity coefficient.
Then
N
K o= D fy A Equation 7.1
| 3=1
_ X B ' ,
K;',= —_— . KE-.F ( I' = ratio of solution activity
~ 1-A s coefficients)
) - Bs T - s ‘
= ——=* S where S = 4= - Equation 7.2
1-A - S - Us ' :
Ai s - ' '
K',.. = . : FEquation 7.3
c(i) S 1-A4 , , a

From equation 7.7,

N \
A = (I\'— 2o f5 A -)/fi‘
' J#i '



,s-.;';\._-fyn'_ A W

Substitution. in equation'7.3 gives

'Kv = j?{l
e - _ XN
F.-R+ ), £ As
1 T3 T
i#L
From equation 7.2,
s = 22 . ox
A ¢
Therefore _
-- _ N

K' .\ = »
c(i) —
.fi'A+Z,fjA

Equation 7.4

122,

In general, A and f% are known, or can be calculated from the experimental‘

data. However f; and A; are generally unlknown.

For two types of site equations 7.1 and 7.4 become“;'

T = fA + 5
K' —- G‘Y - f2 AZ)
C1 (f,-A + HA)
Ki - (K = £|A1)

2 (f-A * £ )

Although £f;, I, , A, and A are not known, for the Na-Cs isotherm in:.

zeolite T these quantities may be estimated if

(i) it is assumed that the Selectivity reversal occurs at. the point

~ where Cs, = £,

(ii) it is assumad that»tﬁe two sites are exchanged consecutively,

that is, negligible exchange occurs on sites of type 2 until all

sites of type 1 are filled.

(1

~A
A

(1-A
A

ten e

)

y

* K
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. With these assumptions we have:-

for sites (1)

=]
ne

£, (84 =0) Equation 7.5
':.K; = -ii;él . f; S S Equation 7.6
(1) - (£ -A)
for sites (2)
o= £ +58 & =1 | Equation 7.7 -

K' - (I -"—f-] ) . 'Kv

Equation 7.8
‘@ A ¢ o -

On . the first assﬁmption above, for the Na-Cs exchange,

£, 0.6h

£ 0.36

Therefore 4, , A, Ké(1), Ké(ai can be calculated from equations 7.5 to

7.8.

~ These calculations were performed, using points taken off the

~smoothed Na-Cs isotherm. The Kielland plots obtained for the two

types of sites are shown in Figure 7.21(b). BFach Kielland plot was
approximately linear, and individual site Kielland constants. and K,

values were calculated, giving '
for .sites (1),
K 69.2

Co® 0.
(1)

and for sites (2),

Kagpy = 0-017

C'(Z)z -0.19.

The two individual site isotherms calculated from these results,
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and the resultant calculated isotherm,_are'shown in Figure 7.22. The

‘resultant isotherm was a very good approximation to the observed

isothern.
‘The overall thermodynamic equilibrium_consfant for the exchange
was calculated in two ways: ' '
(i) by graphical integration of the observed.Kielland plot
(Figure 7.21(b)) between the limits Csz = 0 and Csz = 1.
This gave '
K, = 3.h2
(ii) from the individual‘Ké values, calculated for each type of
site, according to the equation:- ’ g

+ f,1log K

log Ka = f;log Ka(1) | a(2)"

This gave
XK = 3.47.
a = 3N
It is considered that thé agreement between these two values
justifies the assumptions on which the calculated values were based.

From the K, value obfained from the experimental data, the
standard free energy A@ for the overall exchange was calculated to

be

AGC = =730 cal/g equivalent.

Na-K Exchange

The experiméntal isotherm is shown in Figure 7.23 (a). There vas

.a,well—definéd hysteresis loop covering the regidn O.6<£Kz<‘0.95.

The K= Na isotherm agrees well with that reported by Sticher (44),

X~-ray photographs of-samples corresponding to the hysteresis loop
region of the isotherm showed that two phases were present., Densitometer
traces of the four strongest lines in these photographs are shown

in Figure 7.2%. The presence of the two phases, one characteristic of

i:':.g'a:fx'!“'\._vy L L R T . 1T SO R
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Figure 7222

Calculated Na—-Csflsotherms for F

Cs A | Resultant
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NarF,ithe_othér of K~-F, can be clearly seen. The propoftiéns of

the two phases varied with potassium loading.

The Kielland plot for the exchange is shown in Figure 7.23(b).
%heH&4ﬁM>ebs;&nht—aua;4uL44y}4L—4#;4£mkxﬁ_xalues1-ihen-inr K fell
to a minimum at K ~ 0.6. The log K values for points on the two
branches of the hystere51s loop 1ncreased rapidly with increasing
Kz' The slope of the curve in this hysteresis region was p051t1ve,'

“and greater than the crltlcal‘slope on Kielland's theory.

Although the theories of feversible thermodynamics are not
strictly applicable to such an isdtherm, an attempt was made to
explain the exchange behaviour in terms of two Kielland types of

exchange site. The following assumptions were made.

(i) Two types of site were‘present, in-the same ratio as that
found for the Na-Cs exchange (i.e., f;=0.64, £,=0.36).

(ii) The hysteresis loop was assumed to be symmetrical about
the line Ks'= 0.73. The centre point of the loop (point C
in Figure 7.23(a)) then had the co-ordinates KZ = 0,773,
Ks = 0.730. |

(iii) The extra free energy terms associated with the nucleation
of the second phase were assumed to be of the same magnitude
in the forward and reverse directidns. The observed hori-
zontal branches of the hysteresis loop were thus aSsuﬁed
to be equidistant, in K , from the theoretical path ACB

that the 1sotherm would have followed 1f these free energy
terms were zero. ‘ ' ' ,
(iv) Both types of site‘were-assumed to exhibit Kielland -
| ' behaviour. The Kielland cbnstant for the first site was
assuned to be less than the critical value +0.87.

- Consider the points A, B, and C, each having the same K_
co-ordinate. By assumption (IV), the isotherm for site 1, A =

function (A,; Ky s G ), is single-valued for 0<A4, < 1. (A here

‘refers to.potassium).v Therefore points A, B, and C have the same
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A contribution to the overall equivalent ion fraction A in the

zeolite,

_ Because the hysteresis loop was assumed to be symmetrical, the
centre point C must, by Kielland's theory, correspond to a cation

fraction for site 2 of 0.5.
As for the Na-Cs exchangé treatment,'
| E o= fh +hh. |
At point C therefore, A1 = 0.5, and A = b.??},fwhich gives
0.773 = -f,A, + 0.36 x 6.5 '
- ~S5A - 0.593
A, = 0.927 (£, = 0.64).

This value of A, also applies at p01nts A and B, Therefore at
- .point A, vhere & = O. 605,

0.593 + 0.36 Az(A)
SoBay = 0.033.

0.605

At point B, & = 0.9%0,
0.950 = 0.593 + 0.36 &, ()

0.96k.

1

A2 (B)

Because site 2 is assumed to follow a Kielland isotherm,
(ORI + : - . ' e
log Ka(z) log KC(Z) "C(Z)(1 2 A(Z)) Equation 7.9
This equation must be satisfied at each of the points A, B, and C.

At point C, Ay = 0.5

1A o
Katay = i T (Ag = 0.739)
= 0.37h4
log K = -0.427

a(2)
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At point A therefore, substituting in equation 7.9,

B (py (1-4_)
(A) . s T ; _
E TR ) | A ¥ Cay (12 y)

-0.427

whence : _ :
C(Z) .= +1.57.

As expected, the Kielland constant for site Z'Was.positive, and

greater than the critical value +0.87 at which phase separation would

be expected to occur.
‘Application of equation 7.9 to point B gave

_ 0(2) = +1,54,

Taking the mean of these values, the site 2 isotherm is therefore

defined by the constants Ka(g) and C(Z):-

Ka(2> 0.374

C +1,56.

_ 2)
The Kielland plot and isotherm for site 1 were calculated from the
smoothed experimental data and the calculated site 2 results, by
difference. The results for the site 1 Xielland plot are shown in
Figure 7.25(b) together with the calculated Kielland plot for site 2.
-From the Kielland plot, Ka(1) and 0(1) were calculated to be

Ka(1) = L,57
‘C(1)» = ~0,33%.

The isotherms for sites 1 and 2 are shown in Figure 7.25(a), and the
resultant isotherm for the overall exchange is giverd in Figure 7.26.
This isotherm did not, of coursg; give a hysteresis loop, but had

a maximum and minimum in thevregion of the observed hysteresis. Such
behaviour would nof be valid, and the expected isotherm path in this
region would be the horizontél line shown. The calculated isotherm
thus gave a reasonable iepresentation of the obéerved Na-K exchange

behaviours of zeolite F, despite the various assumptions made.



',F,ungurc'_ ;25 :'(-:_dl_c':i.ifla"téd Na-K




F’igure 7.26:Calculated Na-K Isotherm

for 'zeolite»K-F

132



133

"Au estimate of the overall K, value for the Na-K exchange was
obtained by graphical integration of the observed Kielland plot.
‘In .doing thls mean values of 1og K were used in -the hystere51s—1oop

region, The result was
Kgy = 1.96

This value agreed well with that calculated from the individual site

isotherms, according to the equation

log X, = f,1log Kagqy * f, log Ka(2)
=. 0.64 log 4.57‘+ 0.%6 1og 0.37k
whence. -- P '
XKy = 1.86.

Na-K Exchange in zeolite K~F(C1)

Potassinm to sodium isotherms were determined for three samples
of K~F(C1l), having potassium chloride contents of 5.8%, L4.2% and 2.1%.

Alkali metal nitrate solutions were used in these exchanges.

. The results are shown in Figure 7.27. The reverse isotherms,l
Na —»K, do not exist for K-F(Cl), since the potassium chloride was
found to be lost during the K~—=Na exchange, and the species Na~F(C1)
did not contaih any chloride. The loss of chloride is shown for

the K—=Na exchange in the sample containing 5.6% KC1 in Figure 7.28,
where the fraction of chloride remaining in the zeolite, Cl,, is

plotted against the potassium loading.

' The shape of the K—s»1Na isothermtfor the sample containing 5.6%
KC1 is different from that found for K-F. Potassium selectivity was
much . .greater in the salt-bearing zeolite, and there was no apparent
behaviour which indicated thelpresence of “two exchange sites.'vThis
may indicate that the presence of the salt tended to lessen the

energetic heterogeneity of the sites assumed to be preseat in K-F,
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and that the gradual release of the occluded salt as exchange
progressed allowed the K-F to Na-F structural changes to occur
without an intermediate two-phase region. The actual explanation
of the difference in exchange behaviour could perhaps be found from
a detailed crystallographic stﬁdy of the cation and salt positions.
in the K-F structure. At the present time however, the framework

structure of K-F is not known.

Na-Li Exchange in zeolite F

The Na-Li exchange isotherm for zeolite F is shown in Figure 7. 29(a)

The Kielland plot is shown in Figure 7. 29(b)

‘ As was observed in the Na-K exchange, there was a well-defined
hysteresis loop in the isotherm. X-ray ?hotoquphs of samples
revealec
corresponding to the hysteresis region agaln revelzed in the presence

of two phases along both horizontal portions of the hysteresis loop.

The isotherm was resolved into two Kielland isotherms using the
prdcedures described for the Na~K exchange. The same assumptions

were made. The site 1 isotherm was again calculated by difference.

" The results of this treatment were as follows:-

Site 1
Koy = 1118
C(1) ‘=' 0
Site 2 .
Ka(a)" = 0,89.1. . B .
0(2) = +1.268

The Kielland constant for site 2 wés'positive and greater than the

critical value at which phase separation would be expected to'qccur.

The calculated isotherms for the two sites, and the resultant

isotherm, are shown in Figure 7.30. The calculated resultant isotherm



37

1

i Exchange

in F

+

Na-L

ire 7229

igu

F




138
Figure 730

Calculated Na~-Li Isotherms for zeolite F

Site i

Resultcnt

N\




139

gave a véry good approximation to the observed isotherm.

The overall thermodynémic equilibrium consfant was estimated'by
graphical integration of the observed Kielland plot, giving the
-resuit | _ '

X, = 1.01
The ﬁ; value calculated from the individual Ka values of the twq
Kielland site isotherms was 1.03. The agreement between these two
values is good considering the assumptions made in the isotherm

resolution procedure. ' b

K-Li Fxchange in zeolite F

This exchainge was found to be complétely reversible. The isotherm
and Kielland plot are shown in Figure 7.31. jThere vas a selectiﬁity
révefsal at Lizk:O.B, which tends to support the prasence of two
types of exchange site. The sites considered as type 1 in the Na-K
and Na-Li exchangés presumgbly correspound td the potassium-selective
region of the K-li isotherm. The selectivity reversal in the K-Li
isotherm was not sufficiently sharp to enable the method of resolution
used for the Na-Cs isotherm (consecutive occupancy of sites) to be

applied here.

This isotherm therefore was not resolved into two constituent
Kielland isotherms. The thermodynsimic equilibrium constant was

Calquiated by graphical integration of the Kielland plot, giving
Ka = 0.51.

-The standard free energy of exchange AP was calculated to be +400 cal/g
equiv. for the Ke—>1i eXchangé. The f;_values found for the Na ~=K
and Na~—sLi exchanges were 1.01 and 1.96. These results are not
stridtly‘valid,'since both these isotherms had hysteresis loops, and
were not therefore reversible in the thermodynamic sense. However,
neglecting this objection, a thermodynamic equilibrium constant may béﬂ

predicted for the K—eLi exchange from the values of K, found for
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the Na—K and Na —Ii exchanges.

Thus
log K, = 1log Ka - log Ka
K—pLi Na—pLi Na-—pK :
= log 1.01 .- log 1.96
= ~0.288 .
R Ka - = 0.575
K—»Li ’

This value is in good agreement with that found experimentally, 0.51.

- \

K-Li Exchange in K-F(Cl)

This exchange was investigated using a sémple of K~F(Cl) containing
. 6.56% potassium chloride. The isotherm; which was measured using
solutions of potassium and lithium nitrates of constant total concentra- .
tion 0.1 equivalent/litre, is shown in Figure 7.32. "
" The initial selectivity for lithium observed in the K-Ii exéhange
of zéolite K-F did‘ndt éppear. As in the case of the K—pNa
exchanges in K-F. and K-F(Cl) the presence of the occluded salt seems-
 to have removed the heterogeneity of the two types of exchange site

believed to be present in K-F.

The fully-exchanged Li form of K-F(Cl) was analysed and found to
contain no potassium chloride. The Li—pK isotherm for K-F(C1) does |

not therefore exist.

K-Cs Exchange in zeolite K-F

The K~Cs exchange isotherm is shown'in Figure 7.33. A hysteresis
loop existed over the entife isotherm. X-ray photographs of saﬁples
representing the K—»Cs branch of the hysteresis loop showed that
the change from the K-F stfucture to the Cs-F structure proceeded via

an intermediate unit cell, similar to that of Rb-F in size.
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- _Figure 7-33:K-Cs Exchange in K=F
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This change in structure with changing caesium loading occurred

approximately as shown below:-

'ffig Phases Present'.
0.01 T K-F
0.05 : v K~F + some iﬁtermediate Phase
0.19 o K-F + intermediate phase
0.32 S
C0.371 4 ' "Intermediéfe‘phase :
o.x1l | A
0.50 | o
0.59 . ' Intermediate phase
0.66! |
071 .
. 0.82 ) . Cs~F
0.92 .

Samples from the Cs— K braach of the exchange isotherm changed from
the Cs-F structure to the K~F structurebwithout going through an
intermediate phase. Samples with Cs, less than 0.59 appeared to consist
of the two phases Cs~F and K-F.

No attempt was made to analysé this complex isotherm in-terms of

two types of exchange site.

" Uni-divalent exchanges in zeolite F

The Na~Ca, Na-Sr and Na-Ba exchange isotherms are shown in
& .

~ Figure 7.3k, 7.35 and 7.36 respectively.

Marked hysteresis was observed in the Na-Ca exchange.. In the
Na-Sr exchange only 10% of the strontium present in Sr-F could be
replaced by sodium using O.1Nv solutioﬁs. Both these exchanges‘showed
a high selectivity for the divalent ion up to loadings of aboutvO.E, but

a reversal of'selectivity occurred with higher 1oadiﬁgs of_the divalent ion.
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Figure 7-36:Na-Ba Exchange n F_
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- The Na~Ba exchange was completely irreversible, even wanen
saturated sodium chloride solutions were used in an attempt to effect
exchange to sodium. The selectivity for barium was extremeély high,
and quantitative removal of barium from solution was obtained for
barium loadings of up to 0.8. Thus Na~F should prove to be a very
satisfactory material for removing barium ions from neutral or
alkaline solution. Separation of barium from the alkali metal ions
could probably be effected, although separatlon from other alkallne

_»earth cations is llkely to be less effective.

The K-Ba exchange isotherm is showﬁ in Figure 7.37. Quantitafive
removal of barium from solution was aggin,obtainéd, but. only for
barium'loéﬁings'up to 0.5, at which point the selectivity reversed
sharply. Although complete exchange to the barium form was not
obtained using O.1N solutions, fully—exbhangéd Ba~F was prepared. from
K-F using more concentrated barium chloride solution. Reconversion

of Ba~F to K—FVWas impossible to achieve,

K~Ba Exchange in K-F(C1)

The K-Ba exchange isotherm for a sample of K~F(Cl) containing

6.56% KC1 is shown in Figure-7,38.

Exchange did not occﬁr past the point Ba, = 0.2 which approximately

corresponds to the amount of potéssium associated with the occluded

 chloride ions. No chloride ion loss was detected,

General Discussion

A qualitative explanation of part of the unusual ion-exchange
behaviour of zeolite F may be provided by changes in the sﬁructure
of this material in its various cationic forms. '

The X-ray powder patterns for these forms of ¥, shown in Figure 7.20,
may be classified in three main classes:

I =~ Na-F and Cs-F

II KX-F, Li-F, and (probably) Ca-F
III Sr—F and Ba—F.

T e
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Within each class, the unit cells appear to be of approximatelj»
the same size. Between classes, the unit cell sizes appear to decrease

in the order I >II> III.

 Complete1y reversible ekchanges occurred only between ions of
the same dlaSS (Na~Cs, and K-~Ii). Exchanges involving ions of
classes I and II were reversible, but with hysferesis (Na~K, Na-li,
K-Cs, Na=Cs). Uni-divaient exchanges between ions of groups I or II,

and group III (Na~Ba, Na-Sr, K-Ba) were essentially irreversible.

Most of the uni-univalent exéhanges were successfully interpreted
in terms of two types of eXChange site. The selectivity sequence

found for_site 1, comprising 6i% of all available sites, was

Cs>K>Li>Na.

The sequence for site 2 was the reverse:

Na>Li>K>Cs.

These two sequences correspond to Series X aud I respectively
on Bisenman's model of cation selectivity (37). On this model, the
sequence ovserved forzSiteJEShouldindicate a higher anionic field
strength at those sites thén at site 1. Since the Si:Al ratio in
zeolite F is 1:1, this cannot arise from variations in aluminium
distribution throughout the framework structure. A differenge in
anionic field strength might arise, however, if site 2 was associated
with relatively small cavities or structural sub-units, whereas

site 1 was associated with larger units or channels.

This possibility is supported bj some characteristics of the

vspecies K-F(Cl). Potassium chloride can only be incorporated in the -

K-F structure during synthesis, and is very difficult to remove once
formed. ' Sticher (b4) found that extraction with hot water wader
reflui for several hours failed to remove the occluded salt. K-F(CL)
is also extremely therimmostable, collapsing only at 1095°C with release
of the salt (44%). 'These observations suggest that the chloride ions

may be entrapped in cavitiss in the F‘stfudture.
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. Release of KCl did occur when K-F(Cl) was exchanged with a small
ion, Li*, and also with Na'. In the latter case there is evidence of
cell expansion during the exchange. In all exchanges studied for
K-F(Cl), the presence of the trapped salt clearly affected the

" behaviour of type 2 sifes,'reversing the selectivity of these sites

in many cases.

The Structure of Zeolite F

As stated previously, the crystal stru¢ture of zeolite F has not
been determined, nor indeed has the X-~ray diffraction pattern of K-F
been indexed. The following comments may be of value to any investigator

who may aftempt the structure determination in the future.

D.E. Mainwéring, in these laboratories, has recentlj prepared
the rubidium form of zeolite F ("Rb-D' of Barrer, Cole, and Sticher (kk))
by synthesis from kaolinite. The X-ray powder pattern of this material
has since been tentatively indexed as a tetrégonal unit cell with the

dimensions

1

b = 9.9833
13.23 8 .

a

[¢]

-The agreement.betWeen observed and calculated d-values was good.
Systematic absences in the powder pattern indicated that the unit cell
was apparently body-centred. If this indexing is provisioaally accepted
as correct, then the four strongest lines in the Rb-F pattern (showﬁ
in Figure 7.20) become the (110), (222), (114) and (312) reflections

- respsctively. The analysis and density of this sample of Rb-F have

not as yet been determined.

Borer, however, has reported an analysis and density for a mixed

" (Na, Li) form of zeolite F (46). The analysis was given as

0.20Ngy 0,0.75L4, 0, A1, 0; ,2840, ,3.2H,0

and the density reported to be 2.05 gfem’ .

15:




-The above formula indicates a small cation deficiency. If this
is corrected by assuming a similar distribution of sodium and lithium

' cations as found by analysis, the oxide'formula becomes
0.27Nz, 0,0.79Li, 0,41, 0; ,2510, ,3.2H, O

for which the formula weight is 316.3 g. The density is assumed to
be unchanged by this adjustment.

The four strongest lines in the powder pattern of this zeolite are
at d-values of 6.91, 3.05, 2.9%, and 2.79. Using the indices found
for the corresponding lines in Rb-F, the unit cell dimensions, and’
hence the unit cell volume of the (Na, Li)F may be caleula ted.

N

Thus Q10 = =5— = 0.0209
di10
' 2
B12 ~ a2 = e
) : &
a = 9.76
Mean'a = 9.778
16
Qar = Qo =5
c
‘e = 12.9978
Hence the unit-cell volume V, is given by
V o= doc
= 1241 £,

If there are Z formula units per unit cell, then Z is given by

‘pXNg XV

W
where p = density
' Ng = Av%gadro's number
V = unit cell volume
W =

formula weight.




BTN

Appliéation of this formula gives
z = 4.8
= 5.
The unit cell formulé for Li~F would therefore become
Liy o ALy 581,00,0 . 16K, 0.
Thus there are 20(Si+Al) atoms in the unit cell of approximate

dimensions 10 x 10 x 13 2.

One possi‘ble framework structure containing 20 Si or Al tetrahedra
per unit cell, and with the approximate tetragoﬁal cell dimensions
quoted abgvé is shown in Figuré 7.39. This may provide a basis for
a detailed structure determination of zeolite F. The structure shown

does not however exhibit body-centred symmetry.
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X-ray data for Na-P;, Na~Pp, Na~-F and K-F.
Listing of CALCIS and SVAS.

Tabulation of experimental ion-exchange isotherm

results.

156



157

8.11 Indexed d-spacings and intensities for

‘zeolite Na-P (cubic)

- a ='9.992X Space Group I 4/m3 2/m

hkl a | a o Intensity
' (observed) (calculated)

110 .07 | .06 s
200 : k.99 - k.99 _ m
211 - k08 boo7, ' s
220 3.5%0 © 3.532 v
310 _ 3057 3.159 vs
222 : 2.885 2.884 ' mw
321 2.668 ‘ 2.670 s
400 - 2.501 a B R W
330
wat 2.353 2.355 omw
420 2 2,234 | W
332 T 2,127 2.13%0 , _ vw
h22 . 2.0M1 S 2.039 - | mw
i;:} o 1.961 199 : m

- 521 .83 1.824 | Com
440 1.766 S 1.%6 . m |
z§2} f 1.7 s m
220} ek 1665 ow

YRS . | | | |
)32 } 1.620 - - 1.621 v
611 . .
620 | 1.581 ‘ 1.580.

54 | 1.550 1.5h2

622 o 1.507 1.506 | o



_-8.12v Indexed d—§3aciﬁgs and intensities for
éeolite Na-P (tétragonal)
a = 10.090 ; ¢ = 9.803
hk1 d d I - hkl d - a I
obs. cale. ' obs. _ calc.
10 7.15  7.13 s | k20 2,255 2.2  vw
101 7.05  7.03 s | s 2,200 2.199 m
M1 5.97  5.77  w 2k 2,152 2.154 m
200 5.05 5.0k s 323 2.125 2.125  ww
- 002 -. k.90 k.90 s Loz  2.049  2.049 w
201 L Lo L& vw b0z 1.997 1.997 wvw
102 kb, L Lo, ' 501, 1.977  1.977 w
211 - k.10 .09,  vs 431 - |
112 b.oh, b0l - 005  1.961  1.961  wvw
202 3.517 , :3.515 w 511 ?.941 1.940 vw
212 %320 3320 m 335 192 923 ww
301 3.186  3.191  vs ﬁgg' 1.866  1.86  vw
310 . 3,181 _
\ﬁoz‘ 3;110 -~ 3,109 s b2z 1.853 1.857 v
311 3,033 3,034 mw 521 1.839 1.840  wvw
13 20969 2,971 w | |
302 2.769  2.77%  vw N.B. Also v. weak lines at
203 2.743 2,743 ww d-values of 6.8%, 6.57, 5.65,
321 2.690  2.691 ms 4,19, 3.88, 3.01, 2.9%4 which
32 2.673 | 2,674 vw could not be indexed on the
213 - 2.6h6 2.647~ ms above tetragonal cell.
- hoo 2,525 2.522  mw '
k1o 2,447 247 vw
322 2.428 2.420 mw
S0k 2,381 2.381  w
S 303 2.3M 23w
Telsm 2ish 2,311 v
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 .8.13_ o | d-spacings and intensities for
Na-F and K-F

Qigl - Intensity ' Qigl | Intensity
7.10 . . s . - 7.87 w
6.66 ‘m 6.9k 5
%.89 m 6.52 W
Ly W 4,78 vw
.27 e 4,18 v
4,03 v 3.48 m
3.57 mw 3.22 w

3.35 W 3.20 vw
3.19 v o 3.1 w
3.15 vs ' 3.08 ms |
3.03. - ms 2.97 s
2.88 . ms. © 2.82 ms

2.5 w27 v |
2.52 L mw o 2.69 vw
2.4 mw. - 2.58 vw |

2.3 ‘ mw 2.56 h
2.25 W 2.46 W
2.2k W 2.32 vw

2.4 S ww 2.26 W

2.13 vw 2.19 vw
2.01 : W . 1 1.86 vw

- 1.89 mw R 2 W

1.87 W
1.83 vw

1,78 ' m
1.73 , mw

1.72 ’ W
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IF ({ZA+EQele) s AND ¢ (ZBeEQe14)GO -TO-- 201_ — : L
————ee GO -TO aoamnwwm; S - —
Lo 201-DO 203 1=1sN e o . : i S -

e ’K—((AZ(I)*(lo—AS(I)))/((lo—AZ(I))*AS(I)))*BGAM/AGAM e e e
L ¥(1)=ALOG10(CK)
-—--<~203 -CONTINUE - - - -
e e IR (INDe EO-IIIII)RETURNI
: RETURN- e ‘ SR
il 202 CONTINUVE - e e
———-GK1A= ZB*((g *ZB)~ZA+ZX)-~ﬂ : e —
L GRpA=ZAX(ZB4ZX) % (ZBHZX) S (ZAFZX)- e
————~w"—~—“GK3A OoB%¥ZARZBRZX ¥ (ZA~-ZB) ¥ (ZA— ZB)/(ZA+ZX) e e
GK1B=ZA%X ((2e#*ZA)~ZB+ZX)- e maa — '
-GK2B= ZB*tZA+ZX)*(ZA+ZX)/(ZB+ZX)—rwu— S .
GK3B=0¢5#ZB*ZA¥ZX% (ZR~ZA )% (ZB~- ZA)/(ZB+ZX) : : : —
e S TA=0 g SATNHZX% ( ZX4ZA ) — i e - ,
S B=0 ¢ SKTNRZX% ( ZX4ZB) e e
T D0 210 1= 19N - - e
em~—~w—~—mw51_O.S*TN*ZX*(ZX+ZB+(AS(I)*(ZA—ZB)))~MM e e
1.+1c/SQRT(SI)*'; , .

k= AM-TN*AS(I)/ZA e ,
e BMaTN# (1 4 =AS (1)) /ZB - e e e i
: ~GA= AGAM+GRADA*<S;—SIA)~ﬂ—-_w~ : : b :
- GB = BGAM+GRADB* (S1-S1B) - -WW«Wf"evemf— e o e e e
e - GLAS ALOGIO(GA)~~~ - e i i o
e —GL:B= ALOG 1 0 (GB ) - ' i e e
e A= G AXGLA- GKEA*GLB GK3A/FIw~w~~uw+«' : -
e UB=GK 1 B¥GLB—GK 2B# GL A=GK 3B /F [ -+ = o e e o o

s GLAX=GL A= ( (BM/ (4, *S]))*UA)'»' - e e
e —~GLBX=GLB={ (AM/ {4 g #5T ) ) HUB Y- -~ i mmmmm o
~-——~H~-—~GL { ZA*(ZB-;-ZX)/ZX)*GL_BX- ¢ Za-x-( ZA+ZX Y/ ZXY%RGLAX i e
T "GzEXP (2. 303%GL) B R i " TR T P
R, ,.44_.“%,«_‘*_..82 I . —AZ( I ) R e o s o o e e e L o e | = o e e L e s e e e e e e -
m——~~""_~ncx,((AZ(x)/AM)*4ZB)*((BM/BZ)%*ZA)*G - e e e
Y (1) = ALOG 1O (CK ) - m -ﬁ : B - -
““ff““ZlO CONT INUVE B i - ST : - -

IF(INDoEQ-IIIII)RETURNl" - -
[P RETURN'“” - i - T B
__..__. it 1 END e e e el e = et SN e it s e
e T S Contel
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o == “SUBROUT INE “LEAST ~-=— -
———c---—'rms ROUT INE PERFOFMS “A~POLYNOMIAL-LEAST “SQUARES ‘F 1T BETWEEN LOGKC
2 CTAND AZe IN FACT “THREE SUCH FITS ARE DONE- LINEAR{(MM=1)+QUADRATIC(MM=2)
= ——C—-AND" CUBIC(MM=3) «HIGHER POWERS ARE NOT POSSIBLE IN-THIS PROGRAMs
= C TTHETRESULTING MATRIX .EQUATION -1S-SOLVED BY- THE DIRECT-METHOD*TO - -~~~ -
~—=C~YIELD POLYNOM]AL- COEFF ICIENTS CoFOR DETAILS REFER TO- INTRODUCTORY -
———C-—COMPUTER METHODS AND ‘NUMERICAL~ANALYS1S BY-ReHePENNINGTONSPAGES 372 -
- C~=——AND - 289 ¢ - e Bt e o
=G —NOTE- MAX IMUM POWER OF 'AZ ‘1S -AZ CUBED s~ —-- I o e e e
——————-DIMENSION AZ(50)-AS(50).T1TLE(24).xo(50).Y(50)-F(4.50).A(a-a)-8(4)
~*~——"--1OD(S)OC(304)0FA(3950)'FB(3¢50)-CLIBOSO)-GTKA(B)-AZC(49)-ASC(3049)9
st AR (59494 ) sR(3) 0SS5(3950) - mm e
s~ =~ COMMON TITLEOZAOZBOZXOTN0NJ’NOAZ¢ASOAGAMOBGAM!GRADAOGRADBoYOCOFAv
e -1 FB YCL Y G TKAS INDIRs CKIEL ANNN+SSS- - - e
" DO - B J = I N o o e e e e e
rmes il DL F(ledY=1 e i i i M, e el i ——
e P20 = AZ(J) e e e e s e e
e F {38 ) = AZ(J)*AZ(J) ' e - - — R
—31-Fl4eJ)= AZ(J)*AZ(.J)*AZ(.J)—-—~ e o e e e s
—-DO - 32 M=244 - - e e e e
"'_"— v"v‘“—" “"”MM M“l e e e B - “"‘_‘v T T P ':’"‘,"""‘-"f"‘_'""'—““'_'"“ T e
e L EMA L e :
—= T --b0 -33- 1-1»M~w-~; e e T e e
st DO 33-K= 151 e e e : e -
e ALK 1) =0,0- e e e e ,
RS o DO 34 J 1 ,N - _ y T - S _“ : U . - o : . 5 e e
o34 AIKe 1) = A(Ko1)+F(I.J)*F(KcJ)-~~— B a—
33 -AC LK) SAIK O 1) e e . —- i
e D035 K= 1 e M- , T T I T T T = S e e
e R (K =080 i L FEASEIREN RS Y AN . )
DO - 35 J=1 eN - - T ~mm
Herese35 BUK)= 8(K)+Y(J)*F(K¢J) SRR - e ———
7o7=C DIRECT METHOD OF -DETERMINANT- EVALUATION: BEGINSe - oo o o oo
DO 36-L=1sLL - . - : —=- =
B R e DO 36 K=l eM -~ s e s R O —— - e e+ e et e
e =——-D0 36 I=1M— ' e : :
=== 36 AR LY ToK) =ALT oK) v e e - me g = e
Lolc STHE ARRAY AA(Ls1+K)-SPECIFIES THE ELEMENTS-OF - THE DETERMINANTS NEEDED

=€ TO-F IND  THE--UNKNOWN-COEFFICIENTS Ce L= 1 -TO -M GIVE CRAMERS NUMERATORS
u“;;cﬂmpog Cl1) -TO C(M)sL=M+1 GIVES THE -DENOMINATOR (DETERMINANT OF = - -~
G-~ COEFF ICTENTS  OF  C (L) g~ it oo e e o P
‘““**-~'-—~“'DO BT K= M i I R NS S e :
—‘_"—"“ - Do 37 I "1 ‘M e T WL T T T T "j’"f‘"-’"“"” ST TR i P ""‘"’"V_".’” T

PR SN

— ""'DO 38 L=1 QLL T T T e i sy “ g TR LT TR T T
N I Y - e 2L : i =N S - ) -

e N b B e e g
w50 CONTINUE - i SN b
momrme— e = NNENTH D o o ST = T

LTINS _,....-_;__..IS N IR E——— : ARRE ] : . il .V__‘_',,':...-,
e e IT’NI e s e e e e e — - VRN I S
Emat— E= ABS(AA(LoNI’NI)) - T - -

—w—v--“oo 39-1=NIM- e e :
i 0 39K =N aM i -y "_-, - . R p U SV S
. A .
i IFCABS(AA(LS 1KY ~E)39939940 « o womoom o o Comddt.
.--__.—»..‘___..40 IS 1- D P BN e el - -

s ‘"—“ e I T=K. - T T e S e e T T e ""‘“"'*'“"f""“"“ﬁ ’
L E ABS(AA(L s I W) ) e e D i el e



e B LES=NT ) 81 881 082 .
=42 -DO - 43- K=NT M- —mee AP AL L SERSINE AL S SRS
: H=AA(L ¥ ISeK) ~- - e e e e e
e AA(LSISIK)=AALL NI K ) Zmen : MR : S
—’—‘*——43 AA(L sN] eKiz=H .- —- - - T : - - -
e & - CONT INUE - i s
——IF (I T=NI) 44344045 — — — S —— S
e .45.DO- 46 T=NIeM- - B . e
—H=AALL Y T IT) e e e e e

—AA (L TvIT)= AA(L-:.NI)-———--— e : — e
46 -AA(L I T aNf ) =—H - e e : e - -
- ——44 -CONTINUE - - e e - : e
——~---—~D<L) AA(LINIsNTI%D (L) - e et e -

‘ IF(AA(LaNI-NI))47-38o47— - —— : ' '
e =87 - CONTINUE oo o - e

_ o On 4B KN T T § T )

———————AA(LINI K= AA(LONI'K)/AA(L’NI'NI) RN S e e e
St - DO 48 ~T=NNIM - - s — e
———f—u—W-AA(Lv]le)*AA(LoNIoK)~—~~ e e T
——AA(L Y TOK)SAAIL s TaR) =W o e i : e
e [P CABS CAA (L0 1 9K) ) =0 «0001¥ABS(W))49+48248: ~ _ : -
f——g9 AA (L4 T aK) =0y S e
—————48-CONTINUE~ -~ e e
T Rl aNN T R S S NN TR T
o —1F(NI-M)50451+50 - e e e v
'———~-——~—51 DIL)=AA(L'MsM) XD Y —— e —— it s
__‘_—'""38 CONT INUE R T =T K T T L T T T T I T T T I e e T e s e e e -
o e e f AW ot o e e e e e T
ST G MMAL ) =D UL /DLy e e — e e
- 52-CONT [NUE - - e e e — ~
A =32 CONTINUE-*-nf“ e e e e
L RN T T R T T A | -
e e S END e S e e . e S —
S IBFTC SUBY - e e L L L e e e ,
SUBROUT INE ZACT - e e e
~DIMENSION AZ(50)¢A5(50)'TITLE(24)'ID(SO)OY(SO)'F(4¢50)tA(404)'B(4)
e —=——1 4D (5 ) 9 C (3443 vFA(3+50) qFB(3150) *CL(3+50) aGT‘(A(B) 'AZC(49) YASC(3449) s
e L ARGS9 494 ) sR(3) 1 SSS(3450) - s S e

o 'ff”"“—COMMON*T!TLE'ZAﬁzaoZXoTN*NJ’N'AZOASOAGAMoBGAM’GRADA! GRADBYCeFA»
**““~—*“~1FB¢CLOGTKA0INDcRoCKIEL-NNNoSSS : Frms e
; -DZ= 0.4343*(ZB~ZA) e e e e e
’.~~_.-_-___ o Do 51 MM—‘I ’3 i Do . el - - Tl - “ R e g o B N . R e
,ﬂ_ﬂ_ftﬁ.?__‘_?_,w--“ DSQ=04¢ — - e e e e e e ﬁ_:,_:,.._,..._,_T,___:...,T‘_,.:.:.. e T -
el MMM . S L O R SO T -

T DO-52 T=1 9N~ —r———— T T T TR T T T T T T -
-..&H,A,wa_._az LomAZ () i et L I R A -

e T8 m Qe T T T T T T T T T T R ) TTTTTTTTT g T T
""_."-;‘;-‘";‘”‘;‘_»"“‘"‘52 0‘.‘“““"“" . - B - N . .. - .v'_ : - g B R o wv_____‘_ e i

= B S3=0,¢ T T T s =T ST T =

L o3E e LTI T v o .
DO B3 = L M e e e i
DJI=FLOAT(J) : = : — : e P
S C(MMOJ)*(AZ(!)**J)~“-“ffw*‘ o e e i e e
e e 8 ] =G 1 4S R i P S
N Y L= Y- RN d, W DT — RS O v - ) gorf'}d' o
g3 53+C(MM0J)/DJ o e e e o
T SASSA4S/AZILY. oo e e e
e il il 53 CONT INUE- & = -~ e N R _ . e e e L




R O S T S I T

TFLA= DZ*BZ+51—54-‘-52+53— T -
T UFLB=ES1=S2-DZXAZ(T e e e
' ST CLAMMa Ty aSg - —
T ~SAL=EXP(2,303%54) - - - - :
eS8 5 (MM L ) = SAL*(BZ**ZA)/(AZ(I)**ZB) e -

e ———GTKA(MM) =EXP (24 303% (DZ4S3) )~~~

e~ E A (MM 1} =EXP (2 s 303%FLA/ZB ) -
' T FB(MMe I ) =EXP(2 303*FLB/2A)"“*“*“~““'
— DEL=Y(1)-CL(MMs 1) — : - -
”“““’*—*‘“““—*“““*"—DSQ DSG+DEL*DEL“““““
= : 52-CONTINUE -~ -
Q(MM)-SOQT(DSG/FLOAT(N—M 1))

51 "CONTINUE == : :
=T CKIEL=C U1 92) /200 —o mimmos o s e :

g RETURN - - — : e - -
e i END oo T R
S Coniat
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——g$IBFTC SUBS- - A e :
SUBROUT INE OUTPUT (%) —~ —- - e e
e DIMENSION AZ(50)4¢AS(50)sTITLE(24) +ID(50)+Y(50)F (44501 1A (444 ) 25 (4)
1-D(5)-C(304)oFA(3~50)oFB(3950)~CL(3¢50)¢GTKA(3)oAZC(49)vASC(3049)-

L 1 AA(S59444) sR(3)4SSS(3450) — - -
= —C OMMON - TITLEcZA-ZBoZXoTNsNJaN»AZOAS¢AGAMOBGAM¢GRADAoGQADB¢YvCOFA¢
e JFBeCLYGTKASIND tReCKIEL YNNN+SSS —— : _ -
- NNINEN — - ,'H RN S — : S
e WRITE(6+600 ) (TITLE(J) v U= 1924)- : e e
- wRITE(G.eol)zA.zs.zx : — S : — ——
WRITE(64603) - - e — - e
WRITE(6.604)(AZ(1)~AS(I)’Y(I)ol‘l'N) — :

: lF(IND.EQ-IIIII)RETURN1—+~ - - e e i
_——fgm_*~~wnzTE(5.505> e e e e e
e WR I TE (&0 606JGTKA( R - : = =

- WRITE(60607)C(1o1)oC(102)~-—-—f~~~ e S - . —- -
WRITE(61615)CKIEL- -~ — : e B, -
—r——er e - WRITE(6 1614 )R] ) - — e : = T
e —WRITE (64 608) ‘ e e — -
~*~“~-<—-~~~~WRIT:.-_(69609)(AZ(I)OCL(IQI)OF‘A(IOI)OFB(1~I)0555(l’l)tl"l!N) e
e~ WRITE(64610) -~ _ : o
.—“——“'f*Mﬁ*WRITE(étéoe)GTKA(2)““"“-'—~—~~"*“"~*m“——*““-.A e -
*~—M—“"*—“*WRITE(6-611)C(2-1)tC(ZOZ)oC(2'3)-*~" : B ' -
'~—~*~~~“-WQITE(6-614)R(2) e TR T T T pem
R WQ!T=(60609)(AZ(I)0CL(21IJ¢FA(2~I)OF‘B(ZOI)OSSS(Z!I)OI-—I'N) -
e WRITE(64612) R ) - ' —
e = WRITE( 64606 ) GTKA(3) e T P e
e YRITE(64613)C(391)9C(3¢2)+C(393)1CE308) —— : — — -
T WRITEC646149R(3) — — e s - -
i 5 WRITE(éQéOS) I - ; C e " T y : : - : R

~~—-———»-~~—WR1TE(61509) (AZ(1)sCL B9 1)+FA(3+41)FB(3e]) oSSS(S- IYel=1eN) -
St {00 FORMAT C1H1 912X 0 12A6 9/ 7/ 13X 0 1 2AG/ /)~ oo o i
,,_f»~-601 FOQMAT‘19X121HFOR THIS EXCHANGE: - ZA—»FS.1¢4H~28-ar3.1-4H~ZX-0F3.1/

L -~ 13 el e i
ﬁff—ffmeoa FORMAT(19X025H1-~MEXPERIMENTAL "RESULTS$//24Xe3H - Ze4Xs3H - S14X15
et e e e JLLOG K C A/ ) e e A U S
e 604 FOQMAT(23X~FS.3-2X9F5.302X-F6o3) s e s e e
i 606 FORMAT ( TH1 919X 92512 -LEAST- SQUAQES RESULTS~//19X92HA0vJX»ElHLINE
o e JRCF I T AR TELLAND ) 9 /7 ) oo s o amnienen s o - e e
S 606 FORMAT ( 19X+ 21HGAINES  AND THOMAS ‘KA= sFBub s/ /) - -mm oo ool

607 FORMAT (19X e 7THLOGKC= sF7e393H "+ 9F7e3¢3H Z//) T T e
A~ 608-FORMAT (20X 3H . - Ze X1 BHLOGKC y6Xv3HF s 7Xa3HF 446X s 1HS/ /) e o
“ffﬁf““609~FORMAT(19X9FJ-3'2X0F603'2xOr80302X'F803040X9F1006) i
610 -FORMAT{ 1H1 + 19X« 2HB ¢ 15X 1 BHQUADRATIC FIT//) - et
T -2 B "FORMAT{ 19X ¢ 7THLOGKC="+FTe393H + +F7e393H ~Zv3H +- F7e316H z**z//)
612 FORMATUIH1 919X 0 2HC e $5X 9 1OHCUBIC —F ITa/ /) i o o
f*~“*“"613 FORMAT (109X s 7THLOGKC= " 1F 7 3¢3H +" “sF7e333H  Zs3H + tF7e396H ~Z%%2+3H
T e W F T e 3060 2R KBS/ Yy - - - T
T 614 FORMAT (19X 29HREL TABILITY OF FIT FACTOR R =+F7e37/)

T "615 FORMAT( 19x¢21HKIELLAND CONSTANT -C~ "OF7.40//) I
e '._ e RE TURN o e e+ e e e -. P \..v_‘_._., v_._.__ SRS __v,, s .._.. e . VDU O . —— -
- :‘.,'..‘fff:;ff.'f?.f_‘f_ﬁ_; Y ..~ S




G IBETC SUBE -~ — e e S - >_:
T T SUBROUT INE REVERS 7 s
e B | MENS TON  AZ{S0) s AS(S0) o« TITLE(24) ID(S0) s Y(50) +F (4+50) sAl424) -8(4)

“”100(3)0C(394)0rA(3030)!FB(3050)’CL(BOSO)OGTKA(S)OAZC(AQ)OASC(3049)0

e JAA(S4v4) 1R(3) 1555 (3450 ) - e -
T COMMON TxTLE-ZAoZB'ZXoTN-NJomAZ-As-AGAM-BGAM-GRADA-GRADB.Y.OFA-
————————1FBsCLYGTKAs IND*Rs CK IEL s NNN ¢SS S~ - oo e

e -DO~990 “I=1449 - :
———m e - AZCC 1) =FLOAT (1) /506 -
e DO =990 MM=] 93 o e
e M=MMA L e
e CCLK =06 - oot e
e e DO 991 J=1eM- e e »

s = - CCLK = CCLK+C(MMOJ)*(AZC(I )**J)/AZC(I) e
9G] -CONTINUE - e — — R

f—ffj-——*-“‘——CCK‘-EXP(ZoBOB*CCLK) e — S ——
S V=1e=AZC(1) -~ - e e e
W= CCK¥ AGAM¥V/ (BGAM¥AZC (1)) - s o e S ——

S S ASCAMM e 1) =1 o/ (] e WY e

=990 CONTINUE = = = o o — e
e e e WRITE(69992) - - - -

e WRITE(60993) - -
n_-m—n—992 FORMAT(]HlllSXQGBHCALCULATED ISOTHERMS FROM LEAST SQUARES ANALYSIS

e L2 B -

—==--993- FORMAT (24X e 3H
i (QUADRATIC) s 1X s THICUBIC) / /) - — = =

ZQ?X!BH'“SQ?X'3H 507X¢3H"~S/33X08H(LINEAR)OIX! 11H

=TT 994 FORMAT (20X44F1044) — - — = T
e e ~RETURN - e — e
- : ‘ S




sJOB"10014021“”‘*BoM.MUNDAY SPUFFT = e 5= ——500- = — == T8
TTTTTSEXECUTE T T UPUFFT - : T T o
g IBJOB T TR 10CS T . B
g IBFTC SVAS i e - o TR
S ignc-THIS PROGRAM TABULATES AS-VS 'S FOR- UN1—DIVALENT EXCHANGES - -
— D IMENSION COL(IOO)tS(IOOO)OTI1LE(24)*WW'"f“' e e e
READ (S5 100) NJOB — -~ - — - —
e — DO -9 000 NJ= 14 NJOB — - ———— e o e e
e READ(5+101) (TITLE(J) vU=1124) —— - e —
—""———~—-READ<5¢102)ZA-Zs.zx-TN AGAMsGRADA 1BGAMIGRADS - — e R
S COL(-1)=0,000- - R : - S
—————=-D0—1000 1 2.1oo-~~--» i : e : e
COL(I)—(FLOAT(I)/looo)—O 010- S e s —
v "‘-—"‘l 000 CONT INUE T TR T ST B n T A X A ""‘-‘""“‘ T "'“;"“ s "_‘"‘"’V_"""""
=6 (1] ) 299 ¢ 99FGGG e - e = b
G 1A=ZB* (24 #ZB )= ZA+Z Ny e e - : e
: - GK2A=ZAX (ZB+ZX) % (ZB+ZX)/ (ZA+ZX) b = -
e GK 3A= 0 e SR ZAKZB# ZX % (ZA=ZB Y ¥ (ZA-ZB) / (ZA+ZK) - o
i e GR 1 B=Z A ( (24 #Z A= ZR+ZX ) o : :
e GR 2B = ZB* ( ZA+ZX ) ¥ ( ZA+ZX ) /L ZB4ZX) - m rmrenme i rim e
RS el ——GK 3B= 0.5*28*ZA*ZX*(ZB-ZA)*(ZB—ZA)/(ZB+ZX) - e i
i ST A0 o S TN ZX% ( ZX4ZA) - e e e o e e
e S 1B =0 S¥TNYZ Xk ( ZXHZB ) - = o m i - s e
o= ——=--D0 - 2000 1_1,999'~~~‘-w»«;: : o T et e e s
e e ASFLOAT (1) /1000, e O LS S P S
e SI-O.S*TN*ZX*(ZX+ZB+(AS*(ZA—ZB))) e e
~*-“~——~—mFl—l.+1./SQRT(SI)““ e : . e
e AMETNEAS/ ZA e . e
__-.___.__'._*_- madll BM TN‘V‘( 1 ."AS)/ZB . Ll el e LI e e e
e--‘~wwwf~GA AGAM+GRADA*‘SI—SIA) e e e e e T T S e
- GB=BGAM+GRADB#.(S1-518) e — ' -
-GLA=ALOG1IOD(GAY - — ==~ ot L T o e e
— ~GLB=ALOG] 0(GB) -~ i - - e e
i UA=GR 1 AXGLA=GK 2A% GLB=GK3A/F T - oo o s o o e
it UB=GK1B*GLB~GK2B*GL A~GK3B /F -~ --—- : e
- e GLAX=GLA= ( (BM/ (44 %*51) ) %UA)- = : s o e
——-———-—-————Mﬂ-GL_Bx GLB=((AM/ (44 %S 1)) %UB )= - — e
T _uL-(ZA*(ZB+ZX)/ZX)aGLBX—(ZB%(ZA+ZX)/ZX)*GLAX-~~:4W~~w~»—w—w~ww~~w
e G2 EXP ( 24 303%GL Y o o - i e e
et 0 B B L : i e e R
: -S(K)= G*(BM**ZA)/(AM**ZB) e e e i e e e
e 2000 CONT N 77 = T o T S T T T T S S S
: @—““—-~—WR]TE(50103)(TITL5(J)cJ 1.24)»~4! e e
: ,‘.‘”"‘“""M'WR ITE(69104 )"‘"" T ; TTTE T """"‘3“.‘_‘"“‘?"__‘ e A

B ';"_“*";"'""""'N='l s SIS S LLN S e s
o e “—qw—uM: lo e e e e e s ot s v e S T e e e o e T S S o e e

DO-3000-.1= 1,100 e e e e
e e ""WRITE(69105) COLT T # 0S (Y)Y g =N M) oo oo s s s e

e S N N+ 1 o RN S U SO O < - L i S
ST T -M=M+ § o e - ’ s e e e e
S -——-3000 ‘CONT FNUE - =i o : e e
-~ g000 CONT INUE ~w~1;—~#mw~-»w»»*«wf—nwvw»~w~w~re4~~ww_ ;
100 "FORMAT (40X [5) - e - e e

— 1 01-FORMAT L 12A6 /1 2A6 ) - =+ — v oo mm o s e o
'——~--102 FORMAT(F3.1-1X-F3.1v1X-F3.1vlva4-2le-F5-3'IX'F6°3'IX°F5°3'1X’F5

s (G, 1 T e U U S,

103 FORMAT(1H1-10Xo12A6//12A6//) O
104 FORMAT(?Xv2HASoSXo4H¢OOOo7X14H-00117Xv4Hn002*7X94H900397X-4Ho004'
R v ¢ O &« Xet Q0 - // -




105 FORMAT(5X1F5e3¢1X310(F10e6¢1X) )"

ST QP - -
S, L - END ......... e e
e ‘ RO N




TON EXCHANGE IN NEVACA PHILLIPSITE

SODIUM — LITHIUM EXCHANGE AT 25 DEGs C

FORT THTS EXCHANGE ZA=1.0,1B=1.,0,ZX=1,0

Y- EXPERIMENTAL —RESULIS
Liz—Lis— toGke

C. 009 (097 -1.080

B s e S R e S E e

C.01I7 U.29% -1.388

AL 000

0,052 €.482 -1.23¢

Cs005=—0581—=15384

C.081 (Q.672 -1,373

RIS =009 —— 23754

C.1714 0.840 -1.403

Ca2o8 =00 —=—14906

C.365 (C.980 -1,937

Cw022=0335=—=F-266

C.C22 GC.467 -1.210

a0 =065 ===128%

C.156 (0.825 -=1.413

O 0SSR

~Ca4B5 0,993 72,185




C. CuUBIC FIT

GAINES AND THCMAS KA= 0.0057

£ ' — = =
TOGKC= -1.325 + C.7a21 LIz + =77830L075%%2 + 5,292 LiZ%%3

RELT2BTLITY CF FIT FACTCR R = 0,109

Gz tocke o Fa

0.009 -1.319 0.120 1,000

I S=—=15313 020 15000

0.017 -1.314 0,118 1.000

SerEE—eeibe— aNEe ey

D.0g2 -1.3(7 0.116 1,001

NS == 30— 06— 15 001= ==

0.081 -1.313 . 0.118 - 1.000

S ==l 38— G2 =095 =
C.I74 =1.4C5 0.142 0,971 :

2 b ——1<564 05185 0897

0.365 -1.840 0.292 0.73%

2= 15309 =0 T=——u15000

0.052 -1.3C7 0.116° 1.001 )

(SOON==[=318: SRS =—02999

0-156  —I.380 0-135 0.981

ORI 005

0.485 -2.203 _ 0.471 0.514 ' u




TON EXCHANGE IN NEVACA PHILLIPSITE.

SODTUM = POTASSTUM EXCHANGE AT 25 UEG. C

FCOR TRIS EXCHANGE ZA=1.0,1B=1.0,ZX=1.0

1. EXPERTMENTAL RESULTS

Kz— Ks — LOGKC

C.067 0.002 1.55G"

SRS G E e e

C.207 0.005 © 1.120

SR =0ta08=5419

C.329 0.013 1.575

Ol =005, 005 — ="

G433 =0 200 —078672=

(. 662 0.191 0.923

T G R e I e

0.736 (€.323 C.771

(195 =0 4B3==0:651 ==

C. 840 0.542 0.652 . . i

Coad1I=0C0)63—=—1%12€

C.585  0.117 1.031

=G E=Ca158=—=07951

0.693 C.243 C.852 , _ '

B3 =006 —05191 =

C.782  C.435 0.6173

CB03=0s%25=—=05146

C.839 0.575 0.560 . !

BRI 55— —1» 599 =

~ {e850 0.570 0+6325

EB36=C120=—"0485=— ' =

€.897 0.715 0.545%5

G543 =080T—=0407

(.953  C.855 C.541

G SH9—L(+520—-107563




2. LEAST=SQUARES RESULTS

AL CINEAR FIT (KIELLAND)

GAINES AND THOMAS KA= 12.9012

LOGKC=  1.803 + -1.385 KZ ;
KIELCLAND CONSTANT C =-0.6925 =
RELCIABILITY OF FIT FACTOR R = D0.090

Y LOGKC Fie — _"Na )

94 —=1.53% LA 0.9647

0.207 1.516 0.367 0.93%

O FR 36 ————0.4]15 05851

U.326 1.34f1 D.488 0.8%41

o1, 050 D683 (5655

U.52G 1.07D 0.702 0.640

bR =00 ——— a1 6———05517

0.662 0.9¢6 0.833 0.497 i
B2 2=—0.803=—0.084= 05435

T.13€ 0.784 0.855 . 0.422

DEIGh=—0102 0-835=——"=07365

0.840C 0.640 0.560 0.325

el l—)u a0 6401 S ANYE = =
0.585 0.993 0. 760 0.579

AS——03915 =0 a= 0539

D.692 0.843  0.860  0.465 -
Stieeee Sete St DA%

U. 782 0.120 0.927 0.377

T80 ===06581 =059%0 03358 =
0.835 0.641 0.560 0.325

=B ettt} O 60= 325

U0.85C 0.626 0.565 = 0.316

=000 979 0%285 =
0.B97  D.561 0.983 0,277

OF =TS 0996 05238 =
G.952 0.483 0.996 0.235

(IS4l D999 021 ==




TCM EXCHANGE IN SYNTHETIC PHILLUIPSITE

SODTGM = PUTASSTUM EXCHANGE AT 25 DEG. €

FOR THIS EXCHANGE ZA=1.0,ZB=1.0,ZX=1.0

T. EXPERIMENTAL RESULTS

7

7 Ks———T10GKC

A

C.358  U0.C09 1.793

G o 0G0 =123 0=

C.664 0.134 - I.111

CErR2O =021 1010

Ce7i37 7 C.2887 70,930

G014 %853

(. 840 C.462 0.791

o854 —0150

C. 919 0.682 0.728

LG 2 ===l —=0. 6502

0.€43 0.118 1.134

GhS6—0. 1512038

(. 788 C.287 C.970

808 =0s3F9—05843

"Ce843 0.465 0.795 . |

R A T==0000 = 0 T P3

C.902 0.5640 CG.719

o= eI —0+0655

0.949 0.821 0.613

(=S 68=—=0.8—07456%




Z. LEAST=SQUARES MR-:SU £rs

i

A, LINEAR FIT (KIELLAND]

GAINES AND THOMAS KA= 28.0405

LOGKC= _ 2.402 + -1.908 K7 —
KIELLAND CONSTANT C ==0.9547
RELTABICITY OF FIT FACTOR R = 0.0%7
KZ 7 LOGKC “Re FN
N\ Na
0.358 1.719 0.404 0.755
el )3l 27— 05 h b ——-0% 458
0.6564% 1.135 0.780 0.380
el 2 S Ll 05957 el
C.773 0.927 0.893 0.269
(e =0, 8620590 02739
C.84C 0.799 0.945 0.212
S =0 A0, 964———05189 =
g.91¢ 0.648 0.986 0,156 3
— 05 92— 0eh 42— s 98 [—— 0% 154
0.6473 1.175 - O.756 . D403
b Sl G ————0 S 1603345 =
C. 788 0. 8S8 0.906 0.256 ]
(5808 =—0.860=——10,927 05238 =
0.84732 0.763 T 0.947 0.210
086 —=0elbi= O9h7=—-0.192
- 0.902 D.6E1 0.979 0.167 !
5924 05639 05987 =05153

- 0.949 0.591 0.994 0.138

=000 80,5550 99020.128




=176

— TON EXCHANGE IN NEVADA PHILLTPSITE

C

“SODT UM RUBIDIUM EXCHANGE AT 25 DEG.

FOR THIS EXCHANGE ZA=1.0,ZB=1.0+ZX=1.0
1. EXPERINENTAL RESULTS .
“Rbz Rbs LOGKC =
~ (261 0C.010 I.552
A0 —0h3 T il
0.525 0.119 0.921 : - B
S50 =0 ]
€. 659 0.272 0,122
SO0 35805637
- C- 75-5 e."i‘[fo 00601
Gl b= 535=—0. %67
0.802 0.623 0.397
GRS =0 109=—0535]
C.848 0.766 0.239




Z. LEAST-SQUARES RESULTS

A.  LINEAR FIT (KIELLAND)

GATNES AND THOMAS KA= I0.4570

LTOGKC= 2037 £ =2.035Rb7

KIECLAND CONSTANT C ==1.0177

RECTABILITY OF FIT FACTOR R = "0.056

Rbz7=——raGKe F

'Rb

Na

02617 1.50C6 0.278 0.8E2

G2 =TI =—=———0w4 620054

0.525 0.968™ 0,589 0.524

5593 830 =—=0-06180=0%439

0.65¢ 0,655 0.761 0.361

O ==05610=——0B I ==——0315

U0. 755 U500 0.869 ~De2€3

T=I60 N4 ———0.887E =253

0.802 0.405 D.912 0.221

e A2 I —— (9445189

C.B84¢ 0. 311 0.947 0.185




=178
TON EXCHANGE [N NEVADA PHIULIPSITE.
SODIIN_- = CAESTUM EXCHANCE_ET_ZS"DEC.-C
FOR JHIS EXCHANGE ih=1.0,za=1.o,zx=1.o -
1. EXPERIMENTAT RESULTS
CsT Css COGKC -
g.er‘ 0.01% T. 305
Sl =00 =067
C.658 C.0710 1.420
P ASS B oy ey g S ey ey By B0 3
79 L 1-e— 4 -k
. 757 2222 1.151
e84 =8 .—3‘} Il G4
T.865 0.415  0.968
0=l 6';:—@?59:}.—:‘3._8 GIE=
— CeB8S7 0.591 0.793 ,
e ool —0s8329-—-CaDEH - =_
0.559° G.Cb1  1.385

e S0 0 ——h03

C.5682 0.0'70 I.467

LS I=0b7=—=1521¢6

C 838 G.237 l.224

6t 3 7
Ce.884 (.D026 0. 849
Al b Il ——0s891F

C.951 0.811 0.668




- TGN CXCHANCF IN VFVAFA PFILLIDSITﬁ’

SSAQDILMY - CAESIUn EXCHANGE AT 25 DEG.

FOR TFIb CXCHANGE A= 1 09IB=1,052X=1.0

1. EXPERIMENTAL RESULTS CSmoothed)

Cs 7 Cs S LoGKC

C.050 0.002 14432

=G0 0 D315 81 —
-C150 G.005 1. 558

G2 b0 006 05620

0.250 - 0.008 1.629

==, D00 Dl Dl L f 4D e =T

(.350 GC.014 1.5¢1

O5400=0701 71==15598" = = =z

C 450 O 021 1 594

G 650 0. 065 1 439

O 009 g{:%q—:—g}j_q — =

Ce750 0.142 . 271

e e e ~; = ' ===
C.850 (.366 1.004 :

SO0—C5 560,851 = ————
C.950 (C.783 0.734 - }




c. cuslc FIT — '

GAINES AND THC! ms KA= 24,2457

LOGRC=  1.436 ¥ 1.024C57 + -1.023Cs7%%2 +

=0.890 Cozen

RELTABILITY GF FIT FACTOR R = (C.029

Cs7 LGGKC T ~ Fria

0.050 1.465 0.796 1.003

OEC0=—=1552" S e R

0.150 1.564 Deb6T6 1.021

e S 04655 SEREE

€. 25¢C 1.614 0.615 - 1044

=62 1= t@ﬁﬁﬁf—mma“imjnd _ = =
D.350  1.631 0.598 1.055

A6’ — Gt R =" ==
0.450 1.6C8 D.hL7 1.023

o aatt] ISh Rl ta63T SRS

0.550 1.542 0.665 0.956

G T—1=490 SInpaciy Ja 092

0.659 1.425 0.740 0.812

OO ——1-345" D185 = L 19 =
0.750 1.253 0.833 N.615

055300 =4 5=——059381 —=0% D 0T

0.859 . 1.020 - D926 0.400

G O 8 R ———— S 6= 0 ==

0.950 0.722 - 0,990 0.215




TON EXCHANGE IN NEVAGA PHILLIPSITE =
SODIUM - CALCIUM EXCHANCE AT 25 DEG. C )
FOR THIS EXCHANGE ZA=2.0,ZB=1.0,ZX=1.0 —

1.

EXPERIMENTAL RESULTS

Car Cas

COGKC

C.C72 GC.G75 =0.531

St E03 e B

€.159 0.245 =0.183

b a e R e BB

0.292 0.399 -0,771

S S =0 4 9==0 80

Ce.464 C.0640 -0.%65

GO ES =0 l92=—=1153

T 0669 0.815 -1.063

e e S TP hEE

0.355 C.465 -0.769

L3460

0w 6320552

C.588 ©€.79Z2 -1.196"

el 8 — 02 9O =—=15488

¥




=182

2. LEAST-SQUARES RESULTS B
. LCINEAR FIT UKIELLAND) -

TGATNES AND  THOMAS KA= 0.,03%438

LOGKC= 0. 451 F =1.144C07

KIELLAND CONSTANT C ==0.5721 . » -

RELTABILITY OF FIT FACTCR R = 0.0856

— —
Caz— LoGK F
z LOGKC Tea FNa_

0.072 07534 0.127 1.023

e E=0s 60— C0 58— 1 057

G.159 —0.,623 0.170 1.065

523 e =S 0= 0L 215 =1085

0292 —0. 185 U.254 1,094

L35 ——0R52 a2 99 =—=15099

O.464 -0.582 0.401 1.094

S mEE R Y546 L5068

0.665 =-1.217 V622 1,041 :

ST ORI Bl AR ' =

0,355 —=C.858 0.303 1.099

AT A e s P g B Ry e o AR 0N

G.588 -1.124 D.530 1.069

S AT =253 Yot G2 0985




TCN EXCHANGE TN NEVADA PHILUIPSITE

SODTUM = STRONTIUY EXCHA

NGE AT 25 DEGL. C

FOR THIS EXCHANGE ZA=2.0,IB=1.0,IX=1.0
1. EXPERTHMENTAL RESULTS
Sry SrS™  LOGKC ‘
C.075 0.C74 -0.501
=l Eh]
C.1% (0.233 -0.616
e 6 s 623
— 603‘.24 0-3”88 _01651
=0+ 4060 OE61S =
Colf?b Oo 5.36 "00634
e 05013 =006 12 =
~ C.611  0.689 =0.714
6680, 1 0—=0. 843
C. 7125 €.800 -0.780
B 04==C(+839=—=0+993
0.429  Ce520 -0.712
S =00l =—"0dlt a0 >—>——>-
. 553 C(.686 -0.868
L0 =0842=—=0+983 ==




=184

7. LEAST-SQUARES RESULTS

A CINEAR FIT (KIELLAND)

GATNES AND™ THCMAS KA= 0.0659

TOGKCE =0.486 F —0.5229r7

KIELCLAND CONSTANT € =-0.2508 = — -
RECIABILITY OF FIT FACTOR R = C,081
STz COUGKC '}Sr ﬁqq
C.07% =0.525 0.237 ~1.0356
el 7——ol)e 549 =262 =053
e 154  ~=0.587 0.302 3 1.089
G a6 22— b5 Tm L -
D. 324 -0.655 0.387 1.139 '
TR O=697 et =66
G.4(6 ~0U.13% 0.507 1,185
i ? DA oo 2 L
0,611 =0.8(% 0.619 1.213
Debbt——0:834——0.b T ——la2 2=
0.7125 -0.864 0.126 1.2727
=030 050 803 —=—"15231 =
0,426 =0,7G9 0404 1,173
R e e EERR S =89
U.553 -0.17&4  D.5617 1.203
T S e R e L T T ) a3 —————Y 227




TON EXCHANGE TN NEVADA PHILLIPSITE

SODILH = BARTUM'EXCHANGE“AT—ZE—DFC- . C

FCRIHIS FXCHENCE"ZﬁfzhﬂﬁZB 1.0,ZX=1.0

1. EXPERTMENTAL RESULTS

Baz——Bag— oGk

C.285 0.001  2.224 S
St A== 00222 6T =

C.7§4 '« 333 : : -

?1%5'7;—:—{:‘.%1?&'—: 957

0.879 0.196 f_TQB

'#9—0 0——6—3 ‘5‘6—-*}.‘“‘) Bu i

€.525 0.481 1.488

e 29:76 0_518-—‘——— ' _28 6 —
C.999 C.G40 3,143 ' ‘

| S




FOR-TEIS.EXCEANGE T ARl 0y

TP NENTALRES U S e = =

'395~—G¥2Q7—M—4*124“‘ S = :
0.01 C.450 =-1.726

= _{——353::41‘;75:___—1543—;*———— =
0.06S  0.682 429 '

=0 b= a3 6152330 =

0.166 ©0.809 =-1.335

= = 3.26%::‘:330=: AN e = =

' 0.31 0.G44 ~—1.563

——70:02 9_—;:c~-4 PE=Saypes=———— =

.- 0.082 G.642 =-1.309 ]

«niiba:?cﬁlsazgzriasuf:rr' s

.285 0.927 -1.51G
= ':iﬁé“*t;fﬁxf”""Z e == ===




P el == T : e
T L.GK leﬁ Ma_,__. T

DibBE s e 1, eIE £ = =

e b T;f‘_:ﬁfi === =

0.166 —-1.3253 )
!7 - 266~~“ —_ 1 ~—ng‘_—::::'::a . lLI '———-"—O 938 ‘: = S .‘i_.._ “‘“""‘:“‘:A
0.318 - 1 467 0.113 '
=05 029 =——1eh09—0a 119 --'f‘*c‘é"Z':::‘ e =
0.082 - } 40¢ 0.1C3 :
=058 =1 35— 054 :
0,285 -1.42C 0.105 0.984 ‘
(25726 =—=7.03 10230 == 03 b4 0= :




=———— FOR.THIS EXCHANGE. L LI

E X PERIMEMTAL-SRESULTS ioemm e s =

— V~Kf1:5;;:MLR——m—q_QGKﬁ““ =

e e xt:ﬁ:“{{::—rﬂ 8]_}_: '*.':L,.SC_;:;_:_:—:G;*AA!Q::;:' e = T
. 0.155 0.114 0.158 A
= AT I65=0 11255504180 T

' 0.250__GC. 163 Q.

0.525 07211 0.621

05648 Cazhb ——Cslbl. =
0.657 G 238 0.792
a5 D =T i S
. 0 829 0 345 C.S68
(LB I8l a0l s - ==
O 306 C.5C1 (.987 : .
03968 =C. 8290 800 = = =

0,973  Q.787 G.S94 : : !
“"Qf@]zzzxnbbé“:wb LR

0.100 €.099 G.CQ0S
Ciib =0t == == S =
0.191 C.143 G.155 : !
0a201l —C.lb5 s 3b e EEsee e se el e
0.273 - C.1€0 0.285 :
HEBQSEEﬁryﬁﬁsz:ufﬁﬁﬁmr““”“-

0.483 04165 G.580_

=0 579 8?2 O =030 e o= e A
0.591. C.225 G.701

= =011 260= 50,848

' 0 792 0.314  0.925

1 iB5620+379==0.993 =

- - 0.894 C.458  1.004

= == 0.915 0.540:20:9560 - o : : B
. 0.925 G.541  1.C24

(xrgi%t::sgggig?fﬁﬂ%fqaﬁﬁii?
0.955 0.725 0.S1C

05983 =C.B00- 1140 = —
0.984 0.909 _C.794 , :




f:g; SLINEARSFIT-IKIELLUAND

EIFXESéA&D::I;H&mS:;K

fTELLAJD;CGV%?ﬁh?£F~<_n“E¢69 ......

*EgzABiLIix;@E:Ei1:EAcfE?£ =0, 334»~

2

,_\_K.yx,:::.r(fg ey X = -
& K _ Na - v _ A

S0 150 —05 13322803

0.159 Q. 138 2 776

0,383 Qe 419 1 732

035250551 = —-1.385. - —-13489 ==

Os 648 O 751 1 196 1 833

O 755 O 885 1.091. 2 277

D B2 =-0.5178> =043 =200 9 S

0.878 1.039 1.022 3.043

0100 0:06% 3219 1,015 = :

O 168 O 149 2 716 1 042

C.z5i o0 253 TN, _1Hgg§V

G2l =008 A o .11 =

0.395  0.434 1.656 _ 1.253

UR483 alehbbraa b Ll 1 400 T == =

0.529 C.602 1,377 1.498

=059 L b8 e L 23 e 1 b5 e e EsEe

0.710 0.825 1.129 . 2.G610

A Fy 7 qc. s Y ‘9 3 Pl C 6 z}i:'"_f'_‘f:; 2 473

0.856  1.012 1.030 zﬁsag_mx

0894 =—=-12059% Falie—= 3 G EEE e




= QUALRATICEET ]

»

R Tre el e e ~ =

/ . e =K .
TOGK e 1= :—:ﬁf@f}g&_K-&;:}?—; Y g K= Y EE W =

C‘LCR—:v ==L 025 ==

05505117 25078 e
. 0.159 0.118 2.893 1.047
a2 50=——07256—= e bl LI =
0 383 . 0Q0.442 1.677 1.279
05525—05625 S8 e 1,569

- 0.648  0.771 1.159 1,885 _
= Oeb5l—Col81 ElhS— 1.913° =
- - 0.755 _ 0.887 1.069 2.213
05829 0:961 1. 032 2. 06Ch e
0.878 _ 1.008 1.016 2.856 -
0.100=—0. 02634811019
0.168  0.132 2817 1.053
OISl —0:16F . ===
0.251 0.256 2.247 1.118 - .
G213 0.288=o75128 = R139. - e -
0.395  0.458 1.639 . 1.298
S EE—Gtee— e ks
0.525 _ 0.630

0.710  0.839 f{’

049204375 15049 2,43z = : —
0.856 0.988 _ — T
0BG ——15023 = = ==




SSean e ' =

75Laﬁ?i}‘fzi‘zwEﬁiﬂﬁgﬁxéﬁiﬁﬁbg&EZﬁ?&EG.%;;C'“‘ =

EOR e (OGO R0, I e =

i CXPER M Al R S UL ==

RE==Rbe=—roc=—" _ ==

Sz A=, 0360, 684 =
0.256 _0.060 _ 0.740

0.463 C.l146 ~G.T11 _ o
e S50 =0 89— 1002 =
0.625 (.258 $.686 _
e T A e s s ey S A e =
< B ’ 0.733 0.367  (.628 : . ' :
Gl o2=Cahle——Ca o 1= ———
.. 0.76S 0.578 J«394 '
el bbb (30l = = =
0.867 (C.810 C.192 .
i




e i — LT A et S e e~ I e e ags =T __,_:::_—::, = == 192

= Sainbaainee——ee— = =

== —GA L\?E- TANDE ~ﬁ~m';: CKh= 3.64 Ch i e e ;

”j'DcB%u_:f*

EG G&C——:—f—.ﬁ_;J 435

y o

_ Z{EL:‘!:AB—-LLSEEI:-Y:QF_rF:I-;r;le{‘%TGRZR?L: EgRgLEE————————

Rb [ty __:.::Z:___.c LS T I I T S e S T T T I T T T L L T [
7 =U0GKE RE FNG . ' :
IESas o ,59 ?#4 sl e, 59 6E= =
0.256 . 0.717 - 0.7C2
= {)———? 8(’ ——"‘L 175 }_ s ~CJ 6 é 5“
0.463  0.7&60 C. €57
=SS0 G h L bl 1 0T 6 = = ===
0.625 0.650 0.7C4 0.947 , '
RGO b i 0 A0 =07 862
0.733  0.539 C.786 C. 746
O=163 o oy e e e g ey o A I

0.769 0,463 0.820  0.655

OO O R s R hE e =
0.867 D.184 0.920 0,386
= T




= e e " =193

FONCEXCAANGESINZEOLIIE =P e e e e e o

IUSEEXCHENGE: AT 25 DEGREES CEN %rcaﬁﬁgéﬁiiéiﬁﬁié%

, FORESHISEEXCHAKGE: ‘Z»c:l"‘C?].B =17 04 ZX=]

> ERTS %tn;m == EQUL e =i

EXP]
= Csi==Cs===rnerc= = =

iaaye——eu iR =
, 0.220 0.020 _1.153
=== T r—edi—ane——-. - E
G.287_0.052 " 0.878 -

= Ll e
0.386_0.1CC _ 0.765

=L b oo 3l = 0a B h e —
0.566 0.208_ 0.708

37"6/7 ={r '2 I B=—=0+6 [4 e e e e = e

_ 0.654_0.362 __0.535_
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Jon Exchange in Zeolite F

Potassium-Caesium Exchange at 25°C -

. Experimental Results

Cs, ’ Cs,
. 0.010 o 0.095
- o0.045 | 0.177
' 0.192 0.202
| 0.313 _ 0.250
- 0.370 | 0.310
o412 - -0.390 - K—>Cs
10,503 . 0.kl -
'0.587 ) . 0.501
0.657 0.56k
- 0.705 ‘ 0.640
- 0.818 0.792
0.919 0,907
0.168 . - 0.057
0.%63 ©0.108
0.587 10.171
0.683 - 0.254 .
0.727 0.347 |
Co.78h oz K
0.826 - . 0.530
o.885 0.627
0.893 - = 0.718
10.911 0.815

0.971 0.905
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Ton Exchange in Zeolite F .

Sodium-Calcium Exchange at 29 C

Fxperimental Results

CaZ o . CaS
0.160 0.0
0.319 ' 0.0
0.439 0.026
- 0.485 ' 0.096 _
0.510 ‘ 0.181 Na—>Ca
0.526 0.271 '
0.552 L 0.354
0.622 0.516
0.785 0.922
0.978 o 0.91%
0.953 ‘ 0.730
0.963% ‘ 0.524 -
0.961 1 0.325 = Ca—>Na.
0.919 0.152
0.880 0.077

0.786 0.022



Ton Exchange in Zeolite F

Sodium-Strontium Exchange at 25°C

.Experimental Results

.-ir_z_ S:lc‘S
L0, 141 0.012
0.157 ~0.002
0.306 0.009
0.400 0.050
0.43h 0.128 |
0.477 0.202
0.479 0.300
0.508 0.383
0.517  0.476
0.539 0.563
0.583 0.635
0.582 0.709
0,601 - 0.700
0.616 0.877
0.657 . 0.835
0.673 0.933 -
0.89%4 0.050
©0.89%4 10.010
. 0.898 0.060
0.904 0.045
0.914 0.020
0.920 0.547
0,954 0.627
0.961 0.223
5009757

209

Nge—>Sr

Sy ~—>Na
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Ion Exchange in Zeolite F

Sodium-Barium Exchange at 25°C

Experimental Results

EEE ' Ba
0.159 .. 0.0

0.320 0.0

0.481 . 0.0

0.639 0.0

0.799 : 0.0 .

0.919 7 o0.024 Na—Ba
0.927 ' 0.086

0.946 . 0.208

0.956 0.302

0.978 . 0.387

1.0 : 0.894

1.0 | 0.999

1.0 » . 0.893

.0 0.661 ,
1.0 . - 0.497. Ba—>Na
1.0 S 0.305 |
1.0 0.107

10 0.013

1.0 - 0.002
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Ion Exchange in Zeolite F

Potassium-Barium Exchange at 25°C

Egperimental Results

Ba‘ . ) Ba
S

-z —_
0.160 0.0
 0.321 0.0
0.478 0.0
0.510 0.080
 0.516 0.177 |
0.503 . 0.286 ~ K——>Ba
0.506 " 0.383
0.474 . 0.503
0.488 0.59%
0.521 0.67h
0.523 0.947
0.52k 0.947
1.0 0.899
1.0 0.723
1.0 . 0.515
1.0 0.309 Ba—>K
1.0 | 0.111 '
1.0 0.010



Ton Exchange in Zeolite K-F(C1) (6.6% KC1)

Potassium-Barium Exchange at 25°C

Experimental Regults

Ba
Z

———

0.9%4

0.160
0.151
0.172
0.188
0.185
0.189
0.202
0.205
0.214
0.224
0.208

The above are for the exchange K~=—»Ba, -

Bas
0.0
0.080
0.179
0.272
0.359
0.462
0.558
0.649
0.747
0.8L0
0.933
0.979
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