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Abstract

A study of the hydrothermal reactions of metzkaolinite
in alkaline solution has béen made. Metakaolinite has
ovroved to be a versatile starting material for alumino-
silicate preparation, particularly zeolites. Avproximately
thirty zeolites crystallized from the compositions studied.
This included the first preparation of the Rb analogue of
phillipsite, and a siliceous form of the chabazite-like K-G

which hed a very high sorption capacity.

Highly alkaline solutions have permitted the temperatures
required to produce both hydrated and non-hydrated products
to be lowered ccnsiderably, for example zeolite K-F, analcime
and kaliophilite. Syntheses from magmas containing two
bases produced cancrinite at .a temperature as low as 80°, and
also new cationic variations of existing zeolite frameworks

such as Na, Li-F.

The chemical, sorptive and crystallographic properties
of many of the crystalline products have been investigated.
Zeolite Ba-G has been re-indexed and identified as having the

zeolite L fremework. A new synthesis from the K,Ba system



has produced a2 zeolite which is the aluminous end member of
the zeolite L family. This has the 7.5 R channel system
available for sorntion and slthough zluminous it has a very

high thermzl stebility.

A re-examination of zeolite Linde N has led to its
confirmation as & single species and a new unit cell.
The rubidium analogue of K-F has been indexed on a tetragonal
unit cell znd the relationship to the other members of the

K-F family discussed.

The mechanism of zeolite crystalligation has been
followed by measurement of the rate of formation of the
zeolites and of the change in composition of the solutions.
This is discussed with respect to other systems, for example
kaolinite and 2luminosilicate gel syntheses. Where possible,
syntheses and products have been compvared to natural processes

and natursl zeolites.
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Section 1. Zeolites and Metakaolinite

1.1 Zeolite Characteristics

Silicates may be divided into groups on a structural
basis (VWells) and one of the most important of these is
the tectosilicate groupe. The various silica polymorphs
may be represehried by (Si02)n and are formed by the linking
of each SiO4s-tetrahedrm by shared oxygen atoms to four
other identical tetrahedra. Many of the earth's minerals
are formed by the substitution in the tectosilicates of Arst
for Si%*" with the inclusion of cations to preserve electro-
neutrality. Thus there is a bonded framework containing
alkali or alkaline esrth ions in the aluminosilicates and
a bonded silica framework needing no cations in their

silica polymorphs.

These framework silicates include the felspars, which
are the most important component of the lithosphere, the
felspathoids, and the zeolites (Deer, Howie and Zussman) .
Between these groups there is a gradation of porosity.

The anhydrous Felspathodsuch as nepheline, kaliophilite and
kalsilite are the most dense (Barrer 1968). Next are the
crystalline silicas which include quartz, cristobalite and

tridymite, although the last two have sufficient porosity
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to permit the encapsulation of helium and neon (Barrer and
Vaughan 1967). The most vorous of the aluminosilicates are
the zeolites and the felgspathoids. The felsoathoids contain
salts such as NaCl, NagSOg and NagCOz in their framework
cavities. These 'guest molecules' can be replaced by

excess alkali and water in their synthetic counterparts
(Barrer and VWhite 1952) and if removed, leave a framework with
a porosity comparable to zeolites. Since zeolites can take
up salts from either a concentrated solution (Barrer and
Walker 1964) or from a molten salt bath (Meier 1957) there

is no clear distinction between zeolites and felsvathoids.
For this reason, and bearing in mind the structural relation-
ships, the felspathoids sodalite and cancrinite are often
included in comparisons of the properities and struciures of

zeolites (Meier 1968, Breck 1970).

The very high porosity of zeolites is a result of the
spacious internal cavities and channels of molecular
dimensions containing weakly bonded cations and water molecules
{ Smith 1963). In solution zeolites exhibit both ion-exchange
and ion-sieve characteristics (Amphlett 1964). These have
largely veen investigated by Barrer (for example Barrer,

Buser aznd Grutter 1956 , Barrer and Falconer 1956), Ames
(for example Ames 196La and 196Lb) and Sherry (for example
Sherry 1966, 1968a and 1968b).
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Hany zeolites can undergo easy reversible dehydration
(Eitel 1960) by moderate heating and/or by appliéation of
& vacuun without collzvse of the zluminosilicate framework.
riany important laboratory and industrial applications are
based upon this =zbility. The activated zeolite thus possesses:
(a) =2 three-dimensicnal lattice having uniform pores of
molecular dimensions, (b) a high surface area accessible
only to molecules small enougk to diffuse through the pores,
(¢) a highly polzr surface, and (d) remarkable thermal
stability (Mays end Pickert 1968). These aluminosilicates
are ideal for such uses as (a) molecular sieves (Barrer
1568), for examvle the sevaration of n-paraffins from
naphthas and kerosene (Avery and Lee 1962), (b) selective
sorbents (Barrer 1966), for example the removal of CO, and
sulphur compounds from natural gas (Conviser 1965, Ebdon 1965),
(c) desicecants (3Barrer l959),f0r example the drying of gases
resulting from thermal cracking of petroleun oil (Pierce and
Stieghem 1966) and (4) catalysts (Venuto and Landis 1968).
Catalysis is probably the largest contribution of zeolites
to industry at the present and in the immediate future.
Some perspectives on zeolite catalysis-have recently been

noted by Venuto (19$70) where much of the latest literature

has been reviewed.
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Zeolites have a very wide compositional range in both
their cationic and framework content. The émpirical oxide
formula may be given as: (M;, M")O, A1,04, nSi0,, mH,0,
where M' and M" are the mono and divalent cetions respec-
tively. The values of n and m show considerable variation.
A lower 1imit for n of 2 is placed on this formula for
a completed aluminosilicate framework by the empirical
rule of Lowenstein (1954): AlO, tetrahedra can only be
linked to Si0O. tetrahedra and never to other A1O, tetrahedra.
Examples of zeolites with an alumina to silica ratio of 1:2
are sodalite (Loens and Schulz 1967) and gismondite (Fischer
1963). The upper linit apvears to be in the range of 9-10,
Here a group of four zeolites ié imvortant for their high
silica content., These are mordenite (Meier 1961), ferrierite
(Vaughan 1966), dachiardite (Gottardi and Meier 1963) and
clinoptilolite (Ames 1961).  Recently a ferrierite with an
unusually high silica to alumina ratio of 14 has been

reported by Wise, Nokleberg and Kokinos (1969).

The crystal structure of zeolites is a more characteristic
property than chemical composition, and most of the structures
of the framework zeolites have now been elucidated.

Structural classification on a crystallogravhic basis began

with Smith (1963) and later was refined by Meier (1968).

Since then Barrer and Villiger (1969) have examined the
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zeolites related to chabszite and produced a st?uctural
scheme within this group. The early structural determin-
ations commencing with Taylor's study of anzlcime (1930)
have been reviewed by Fischer and Meier (1965) and the
more recent developments by Breck (1570). Meier and Olsaon
(1970) have produced an atlas which shows stereopairs of

twentyseven of the well established zeolite frameworks.

Meier (1968) has proposed eight structural building
units common to zeolites. These units are small snionic
rings or other zrouvs of tetrahedrsa. The Si04 and A10,4
tetrahedra were considered to be the primary building units
end the larger assemblages to be the 'secondary building
units' (SBU) of the framework. Barrer (1968) hes listed
the polyhedra that can be found in porous aluminosilicates.
Most of these are considerably larger than the secondary
building units of Meier and known silicate anions in solution.
In Table l.1.1 some of these characteristic structural units
in zeolites have been described. To these has been added the

cage (10-hedron type (11)) that is present in gismondite.

The structural characteristics and crystallographic
data for the zeolites most commonly encountered have been

collected in Lable l.l.2.
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lo1.1

Some Characteristic Structurel Units in Zeolites

SLR
S6R
S8R
DLR
D6R

single four membered ring

single six membered ring

single eight membered ring

double four membered ring, 6-hedron

double six membered ring, 8-hedron

five membered assemblage of the natrolite group

six membered assemblage of the mordenite group

nine membered assemblage of the heulandite group

10-hedron
10-hedron
1l-hedron
1ll~hedron
14-hedron
17-hedron
16-hedron
20-hedron
23-hedron

26-hedron

of A and

26-hedron

type (1), of paulingite

type (11), of gismondite

of cancrinite

type (1), cubo-octahedron of sodalite
type (11), of gmelinite

of levynite . ‘

of paulingite and ZK-5

of chabazite

of erionite

type (1), truncated cubo-octahedron
ZK-5

type (11), of faujasite
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(CagAl,y, Si,, 0y, « 4CH, 0) 20-H 1.45 0.47 111 Ze7=-5442(8) (001) hexagonal R3m
a=13.17, c=15.06
h -
Gmelinite DER, 1.46 OoJhlr 1 (111)11lc 6.9 (12) (001) hexagonal P65/mmc
(Nay, Ca), Alg Si, 40, g« 2LH, O 14-H(1)) ‘ a=13.8, €=10,0
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(NagAlgSi, g Oy ¢ « 24H, 0)
Dachiardite L\ Tg0q 6
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Ferrierite
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(Li, A1, Si, 0,, «2H,0)
r Natrolite
(Nay g ALy g Sip, Ogg « 16H, 0)
I1<
i Thomsonite T5040
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Edingtonite
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0.23

0«32

0636
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11

11
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11
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11
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11

11

1la

llc -

lla

lle

1la
1lc
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1lv

1l
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1la
llc
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1iv

2.3-5,0(8) (010).
2.7"'4-1(8)

3. 2"70 8( 10)

4,1-6,2(10)(010)
207"’507 (8)

607'7.0( 12) (OIO)
20 9"507 (8)

3.7-6.7(10) (010)
3. 6-408 (8)

3. 2-50 3( 10) *
307"404 (8) ) :

ho3-5.5(10) ¥

3. Ll"."L}o8 (8)

3.2"409 (8) *

" 2e6=3.9 (8)(110)
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305-349 (8)(110)

monoclinic P21/m
a= 6.77, b=17.51
c= 7074, 5=9I+- 30

monoclinic Cm
a=17.73, b=17.82
c= 7043, Y=116.30
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a.=130 61‘!*, b=18¢21+
C=11027, B=1280()°
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a=18.13, b=20.49 .
c= 7. 52

monoclinic CZ/m
a=18.73, b= 7.51'1'
c=10.30, B=107.9°

monoclinic CZ/m
a= 8,91, b=17.73
c=10.21, B=124,3%°

orthorhombic Immm
h=190 16, b=—'l’+o 13
c= 7.49

monoclinic P2,
a= 8o61’ b= 4.96
c= 7.6, B=11L.4°

orthorhombic Fdd2
a=18.30, b=l8. 63
c= 60 60

orthorhombic Pmm2
a=13,07, b=13.08
c=13%,18

orthorhombic P2, 2,2 (?)
a= 9‘0511" b= 9. 65

c= 0050
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Notes on Teble 1,1.2

Barrer's Pl zeolite has been shown to have the
gismondite framework (Baelocher and Meier 1970).

These are characteristics of the cubic structure.

Proposed siructure by Barrer and Villiger (1969).

Zeolite T hag been showm to be 2 faulted offretite

(Kerr, Gard, Barrer and Galabova 1970).

Gmelinite cen be considered to have 3-dimensional

channels of different sizes.
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Heny zeolite structures can be described by the stacking
of some of the characteristic framework units shown in
Teble 1.1.1. The chabazite group is a good example of
a series of zeolites produced by various stacking seguences
0of a framework unit (the six-membered ring S6R).  The
resulting cavities or polyhedral units have been illustrated
by Barrer and Kerr (1559). If these single six rings are
represented by A, B and C in the stacking sequence, then

the members of the group are

AB - cancrinite
ABC - sodalite
AAB - offretite
AABB - gmelinite
AABBCC -~ chabazite
AABAAC - erionife
AABCCABBC - levynite

Double rincs (such as AL) are identical to the unit DGR
(or 8-hedron) of Table 1l.l.l. Other possible stacking
sequences producing as yet hypothetical structures have

" been described by Kokotailo and Lawton (1S6L4).

When columns of gmelinite cages (1lh-hedra (11)) parallel
with the c-direction and »roduced by the AAB3 sequence are
suitably linked to one another the resulting structure

has wide twelve membered rings
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(diemeter 6.9 £) parsllel to the ¢ direction. The extension
of the chabazite cage (20-hedron) vroduced from the sequence
AABBCC results in a frazmewori possessing eizht membered
rings.of diameter 3.7 - L.2 2. Stacking faults resulting
from a change in stacking sequence (producing, for example,

a2 chabazite layer in the gmelinite structure) are to be

expected.

To the chabazite group the zeolites offretite, L andQ
can be added (Table 1.1.2). In this Table nany of the
common structurzl units have been shown. Recently the
closely related members of this grouv, erionite, offretite
and Linde L have been examined by various workers (for example,

Kerr, Gard, Barrer and Galabova 1970).

Bach of these three zeolites is composed of polyhedra

in the stacking seqguence
N

- | 11-H, D6R |11-%, DER| ---

Zeolite I (Barrer and Villizer 1969 a) and offretite have
the polyhedra in the seme orientation (Figure 1l.l1.1 (a))
while erionite has alternete cancrinite cages (11-H) rotated
by 60° in the c-directicn (Staples and Gard 1959) (Figure

1.1.1 (b))e The joining of these columns of polynedra in
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Figurel.Ll

Column in Zeolite L

Column in Erionite
and Offretite

d

Column in Zeolite a Cavity in Chabazite
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offretite produces a distorted 12 member ring with a maximum
free diameter of 6.3 £, Thus cylindrical zhannels are formed
in the ¢ direction. Zrionite hzs these channels interrupted
every unit cell lenszth (15.12 £) by six membered rings.
The largest ovening into these cavities is the eight member
ring which is part of the cavity wall. The columns of
polyhedra in zeolite L are joined to form planar 12 membered
rings. These give a chennel in the ¢ direction with a
diameter at the ends of approximately 7.5 £ and =2t the

centre a diameter of 13 3. Barrer and Villiger (1969b)
have provosed the vrobabvle structure of zeolite @ . The

Q@ framework is based upon columns of gmelinite cages

(1L4-H (11)) joined by the six membered ring windows (Figure
1.2.1 (c)). These columns are joined laterally to give
wide channels parallel to ¢ having free dimensions similar

to those of zeolite L and circumscrived by 12 membered ring
windows. The projection of the zeolite @ structure onto

a plane normal to the ¢ direction is identical with that of

the L structure.

An example of the stacking of larger structural units

from Table l.l.1 is shown below:

— l 26-H (1), 18-H |26-H (1), L8-E l___ 7K~5

—_— l 26-H (1), 10-H (1), 18-E l 26-H (1), 10-E (1), 18-H | -—-
: raulingite
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Other sequences agein produce structures which are as yet

hypothetical.

In Table 1.1.2 many of the zeolites have isostructural

speclies. These differ in cation composition, hydration

or framework compogsition and thus in unit cell and space

ZTroup. The anzlcime group provides examples of isostructural

species, many of which are shown below.

Table 1.1.3

Species Conposition
analcime NaAl Sigz04.H30
pollucite CsAlSiz04
leucite KA1Si3z04
KA1Sig04

wairakite Cahl 551,04 ,.2E,0 |

viseite™

K-analcime® KA1Siz0g.Hy0
iron- # CsFeSi04.4H0
pollucite

berylliup~ MagBey sSis,00,g¢Hall
analcime A

3 Unconfirmed by a complete structural analysis.

Unit cell

cubic

a=1%.7

cubic a=13.6

cubic

a=13.4

tetragonal
a=13%.0

C=13. 8

monoclinic

b=13.68
(3=90.5)

C=13

cubic

cubic

cubic

cubic

.56
a=13.65
a=13.8

a=13.66

a=13. 35

Reference

Taylor (1930)
Strunz (1936)

FPaust (1963)

Coombs (1555)

McConnell (1952)
Barrer and
McCallum (1953 b)
Kopp, Harris,

Clark and
Yakel (1963)

Ueda and
Koizumi (1970)
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The ready isomorphous substitutions in the zeolite
framework of Ga for Al and Ge for Si were demonsirszted by
Barrer, Baynhem, Bultitude =nd Meier (1955). The series
of gallosilicates, aluminogerminates and gallogermanates

resembled, for example, thomsonite, faujasite and Linde Sieve A.

Attempts by Barrer and Marshall (1965) to substitute
phosphorus in the freamework appeared to be unsuccessful,
Kihl (1$67) has reported a syntnesis of zeolite A containing
imbibed phosphate (ZK-21) and recently Flanigen and Grose
(1970) have described the crystallization of six alumino-
silicophosphate zeolites which include analcime. The
analcime (Table l.1le3) frameworik has also csen produced as
a beryllosilicate by Ueda and Kolzumi (1570), and as a ferro-
silicate by Kopp, Harris, Clark and Yakel (1553). The
common substituticn of ferric iron, in neturszl erionite as
found by Shepprard and Gude (196S) and in phillipsite as
found by Hay (1S5L), suzsests that further isomorphous

substitutions can be carried out by hydrothermal syntheses.
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1.2 Synthesis

Many of the technigues used in the hydrothermal synthesis
of zeolites are imitative of natural geochemical processes.
At present most zeolite crystallizations are from highly
alkaline heterogeneous aluminosilicate gels. Typical
sources of aluminium are sodium or potassium aluminate,
amorphous aiuminium hydroxide gel and aluminium salts such
as aluminium phosphate. Silica sources are sodium and
potassium silicate, silica gel, precipitated silica and
stabilized silica sols. Alkali is added as hydroxides or
hydrolysable salts such as phosphates and carbonates.‘ The
use of naturzl comvounds such as kaolinite (Barrer and
Marshall 1565, Taggart and Ruband 1964) allophane (Takahaski
and Nishimura 1966) ,and vumice and natural glasses (Di Piazza,

Regis and Sand 1559) has increased in zeolite technology.

Barrer (1960) has applied solution thermodynamics to
these hydrothermal preparations to demonstrate the stabilization
of the open zeolite frameworks by various space filling
mineralisers such as water. |

The stable nroduct from the hydrothermal synthesis is

that svecies with the minimum free energy under the given

chemical and ohnysical conditions. Fyfe (1960) has shown
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that the crystallization from hiszhly reactive zel mixtures
increases the probability of metastable crystallization.
According to Ostweld's Lew of successive steps there are
possible intermediate states through whicn a system passes
towards the stable state of minimum free energy. Two non
contradictory exnlanations have been provosed for this.

One suggestion by Stransiki and Totomanov (1933) is that

the nucleation of species with the least surface energy
will be favoured, resulting in the growth and perhaps
persistence of a metastable chase. The other suggestion
by Fyfe and Verhoogen (1958) is that the greatest rate of
nucleation is obitsined for a polymorvhic traznsition when it
involves the least decrease in entropy. Thus there is the
tendency for a phase with a crystalline structure close to
that of the reactant, or a previously formed species, 1o

nucleate.

Goldsmith (1953) hzs attempted a cualitative explenation

P

of nucleation in complex systems sucn as those in zeolite

syntheses by means of the principle of simplexity. Ee
postulates on a kinetic basis that the species of greatest
gsimplexity (i.e. highest desree of rendomness) should be
those most readily nuclested in a comvlex random system,
since the greater the disorder which can be tolerated and

yet still produce a nucleus which can grow, the greater is
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the probability of this occurring by randor fluctuations in
the solution. Kerr (1$68) in a study of the two zeolites
X and B (Na-P), which have essentially the same composition
but widely different structures, found that zeolite X
nucleates more readily than B but grows at a much slower

rate than B,

The conversion of a zeolite after its growth to another
zeolitic or non-zeolitic species is common, Some examples
of this are zeolite A recrystallizing to Na-P (Barrer,
Baynham, Sultitude and lMeier 1559) and mordenite dispropor-
tionating into anslcime and silica (Barrer 1949, and Coombs,
Ellis, Fyfe and Taylor 195G). Senderov and Khitarov (1570)
have concluded that the only thermodynamically stable
zeolites in the iag0-Al ;0 53-5i0,-H0 system are analcime and

natrolite.

The kinetics of zeolite formation have been investigated
by a large number of workers in various systems. Some of

these investigations are tabulated below.



Hydrothermal system

mordenite from
agueous gels

XK-I from
kaolinite

A and X from
agueous gels

A from aqueous
gels

A from amorphous
glass

X and B from
acueous gels

Species P ( ZX-5)
from anzalcite

sodalite from
kaolinite

offretite from
agueous gels

A from aqueous
gels

Tliethod

nitrogen sorption

X-ray powder
intensity

X-ray powder
intensity

water sorption
water sorvtion
cyclohexane and

water sorption

X-ray povder
intensity

uotzke of
aClO,

X-ray powder
intensity

crystai size
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Reference

Doniné and
Guovex (1968)

Barrer, Cole

and Sticher (1968)

Breck and
Flanigen (1968)

Ciric (1968)
Rerr (1966}
Kerr (1968)
3arrer and

larcilly (1970)

3arrer and
Cole (1970)

Barrer and
Aiello (1970)

Zhdanov (1970)

A characteristic of the kinetics of zeolite growth is
the induction period. This haé opeen found to increase with
decreasing temperature and decreasing alkali concentration
by Breck and Flanigen (1968) and Kerr (15%). Dominé and
Quobex (1968) found it to vary with initisl starting materials.
Sticher and Bach (1966) have followed the raté of dissolution

of kaolinite and metekaolinite in alkaline solutions during



ze0lite production. They have found the period for the
silicon and aluminivm concentration in solution to reach

a meximum with metzkaolinite was shorter than with kaolinite.
Zhdanov (1970) has concluded that the rate of dissolution of
the solid phase in the heterogeneous aluminosilicate mixtures
producing zeolites greatly influences the induction period.
The induction period is probably also indicative of the time
reguired for the growth of nuclei of a critical size, which

then produce the rapid autocatalytic growth.

In all the above investigations the autocatalytic growth
of the particular zeolite speciles has been noted. The rate
of zeolite formation was shown to increase proportionally with
the amount of product present by Kerr (1966, 196&6).  The
influence of temperature upon the rate of formation of
zeolite has been noted by Kerr (1966) and .zZhdanov (1970).
Breck and Flanigen (1$68) and Dominé and Quobex (1968) have
estimated the activation energy of the crystallization process
for A, %, Y and mordenite to be 11, 1k, 15 and 11 kcal/mole
respectively. An increase of kali concentration was found
by Sand (1968) and Zhdanov (1970) to decrease both the
crystallization time and the final crystal size. This is
a consequence of the increase of nucleation rate with

increasing alkali concentration.
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The mechanism of zeolite crystsllization during hydro-
thermal syntheses has lately been the subject of an increasing
number of investigetions. As yet no common oninion exists
on this mechanism or the role of the solid and liquid phases
in i%t.

Growth from solution is indicated by the large number
of reactants from which one can grow the same zeolite.

Kerr (1966) has growm zeolite A from a solution produced

by passing a hot ¥a0H solution over an aluminosilicate glass
and continually removing the zeolite A formed. Kerr states
that there is some doubt as to whether the solution is

a true or colloidal solution. Ciric (1968) in = more
detailed investigation into the crystallization of zeolite A
from gels in alkaline solution found that crystal growth
occurred by a diffusion mechanism and that this was consistent
with the observations of Kerr. 3Barrer (1567) has considered
that the growth of the complex 2luminosilicate framework is
unlikely to proceed by the capture of single Si0.* and 410,57
tetrahedral ions and cations. The lattice is developed by
the addition of polyhedral ions resultinz from condensation
polymerisation. The simple 'polyanions' could be the smallest
secondary building units such as the single L, 6 and 8 rings,

the double L4 ring, or the double 6 ring.



Zhdanov (1967) and Dubin and Polstyanov (1966) have
demonstrated by analysis and sorption measuremen%s that
alkali aluminosilicate zgels have a definite chemical and
physical structure. Zhdanov has found that the separate
composition of the gel skeleton, liguid phase and the
zeolite crystals indicate that zeolite growth cannot be

attributed to the Si-0-Al network in the gel alone.

The direct crystallization of alkali aluminosilicate
gsels to form zeolites has been proposed by Flanigen and
Breck (1960). They have found (3Breck and Flanigen (1967))
that gel formation is the major nucleation controlling
PrOCesS. The initial gel formed during zeolite crystal-
lization was found by Fahlke, Wieker and Thilo (1966) by
chemical anslysis and X-ray methods to have a2 definite

structure.

A study of the stages of zeolite growth from clear
alkaline aluminosilicate solutions has been revorted by

Aiello, Barrer and Kerr (1970). A solid phase initially

32

anveared as laminae wvhich were mostly amorphous. These were

replaced by thicker laminae, at which stage the X-ray pattern

showed clear arcs caused by zeolites. Finally, the laminae

were completely reclzced by zeolites, the nucleation of which

appeared to be heterogeneous.
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Zhdanov (1970) has concluded from investizztions on
the chemical structure of zluminosilicate gels trat zeolite
nucleation begins in the licuid phase of the gels or at the
interface of gel phases.  The growth of the nuclei proceeds
at the expense of the hydrated anions in solution, and

crystal growth leads to a dissolving of the solid phase of

the gel throughout the crystallization.

As yet zeolite synthesis is largely enmpirical. The
kinetics as well as the final product actrvear to devend on:
(a) the prevaration of the starting materials, (b) the
chemnical behaviour during crystellization end (c) the

agitation of the megma.

The systemstic investigation of zeolite crystellization
began in the 1SL0's with the hizh temperature syntheses of
mordenite (Barrer 1SLEL), analcite and 2 barium zeolite
(Barrer 19482). Barrer end Marcilly (1970) have now shown
that the barium zeolite preparation was the first synthesis
of the zeolite ZK-5, later revorted by Kerr (1S66b).  Barrer
(1568b) has reviewed the synthesis of about Fifty zeolitic
species produced in his research sckool up to 1G67. Early
zeolite syntheses in the laboratories of the Union Carbide

Corporation resulted in the prevarztion ol the two imrortant
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le2.1

Various Syntheses of Zeolitic Products

Synthesis system

Na aluminosilicate
gels at 15C°-L5Q°

at 60°-250°

Na aluvminosilicate
gels  150°

Na aluminosilicate
gels

FaOH-Na ,A1,05 +
volcanic glass

NaQE + volceenic
glass

Na aluminosiliczate
gels

1720H, KOH + meta-
kaolinite

Na aluminosilicate
gels

Zeolitic products

analcite, mordenite,
basic sodalite,
basic cancrinite,
nepheline hydrate I

analcite, mordenite,
harmotome,
faujasite (X), A4,
basic sodalite,
gmelinite

A, X, P

A, X, X,
basic sodalite

analcime,
phillipsite, X, A,
sodalite and
cancrinite

A, sodalite, P

sodalite, cancrin-
ite, X, A, cubic
NaP, tetragonal NaP,
orthorhombic NaPb,

analcime, sodalite,
nepheline hydrate,
cancrinite

A, X, ¥, I, T

chabazite-gmelinite

(8)

Reference

Barrer and White
(1952)

Barrer, Baynham,
Bultitude and
Meier (1959)

Milton (1959),
Breck, @versole
and Milton (1956)

Ovsepian and
Zndenov (1965)

Di Piggzza, Regis,
Sand (1959)

Sudo and
HMatsuoka (1959)

Regis, Sand, Calmon
and Gilwood (1960),
Sand, Roy and
Osborn (1957)

Taggart (1964)

Breck (1962)



zeolites Linde A and Linde X (IMilton 1S659).  Breck and
Flanizen (1968) have reviewed many of the synthéées in

those laborztories,

Some of the numerous zeolite syntheses carried out
under various conditions have been listed in Table 1.2.1.
Many of these are the first reported syntheses of the
particular product. They illustrate the wide diversity
of starting materials and hydrothermal conditions that

nzve been employed.
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Synthesis system

K aluminosilicate
gels

K aluminosilicate
gels

KOH + kaolinite

K zluminosilicate

gels

Na, X, alumino-
silicate gels

Na, K alumino-
silicate gels

Li-aluminosilicate
gels

Li-aluminosilicate
gels and glasses

Li-aluminosilicate
gels

Li-aluminosilicate
gels 250°

Li-gmelinite at
250° and 1000 atm.

Li—-gluminosilicate

gels 1500

Tzble

1.2.1 (continued)

Zeolitic products

K-F, chabazites
K-G, prillivsites
K-M, K-L

K-G, K-M, K-I
K-G, K-I, K-F
K-M, K-F, K-L

Na, K-G; Na, K-
Na, K sodalites;

Na, K-A; Ha, K-X;
Ha, K-L

Li-A, Li-H

Li-A, Li-H

Li-A
Li-clinoptilolite

bikitaite

Li-mordenite,
Li-znalcime,
Li-phillipsite
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Reference

Barrer and
Baynham (1856 a)

Ovespyan and
Zhdanov (196.4)

Barrer, Cole and
Sticher (1968)

Breck and Flanigen
(1968)

Barrer, Baynham,
Bultitude and
Meier (1959)

Zhdanov (1965)

Barrer and Wanite
(1951)

Ruiz-bMenucho and
Roy (1959)

Gusseva snd Lileev

(1965)

Ames (1963)

Hoss and Roy (1960)

Sand, Coblenz and
Send (1970)



1.2.1 (continued)

Synthesis system

Li-aluninosgilicate
zlass

Na-Li a2lumino-
silicate gels

kaolinite + LiOH

Bb and Cs alumino-
silicate gels

kaolinite + RbOH
kaolinite + CsOH

Ba aluminosilicate
cels

(CHg) &-0H + 2lumino-
gilicate gels

sodium aluminate +
tetramethylanmonium
silicate

Na, K, (CHg).H,

aluninosilicate gels

<

¥a, (CHg)N, alunino-
siiicate sels

Zeolitic products

ZsM-2

Na-P, cancrinite,
Na, Li-F, Li-A,
phase O

Li-A, Li-K.

Rb analcifte,
Rb-D, Rb-E, Cs-F,
0s-G (pollucite)

Rb-D
Cs-=-D

Ba-G, Ba-M, Ba-d,
Ba-K

harmotomes, soda-
lites, faujasites(X)
and zeolite A

ZK-L (4)

Q, offretite,
erionite, sodalite,
zeolite L,
cmelinite (8),
zeolite M

zeolite Q

37

Reference

Ciric (1968D)

Borer and Meier

(1970)

Barrer, Cole and
Sticher (1968)

Barrer and McCallum

(1953)

Barrer, Cole and
Sticher (1968)

Barrer and Marshall

(1964)
Barrer and Denny

(1961)

Kerr (1566 b)

Aiello and Barrer
(1970)

Union Carbide (1967)



Table

1.2.1 (continued)

Synthesis system

Na, ( CHS) oN
hydroxides +
metakaolinite

tetrapropylammonium
hydroxide + NaOH +
aluminosilicate gels

Zeolitic products

Linde zeolite N

ZSM-5

38

Reference

Acara (1968)

Mobil 0il (1968)
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l.3 The X-rzv Examination of Zeolites

X-ray diffraction data for zeolite powders can be
collected with a Guinier-de Wolff camera, a Debye-Scherer
camera or a powder diffractometer. The Guinier camera has
proved to be the most convenient for the initial investigation
of zeolites. This includes the precise determination of
the lattice d-spacings from which an accurate unit cell may

be found.

Structural determinations on zeolites which involve
the collection of intensity data should be done on a powder

diffractometer with, if possible, provision for step counting.

The diffraction patternsof the four samples held by
the Guinier-de Volf camera are recorded one above the other
on a strip oi »notographic fiim. The preparation of the
powder samples is impoétant if accuracy 1is to be attained.
These procCedures have been described in standard works
(such as Azaroff and Buerger). To these must be added the
precaution that, although zeolite powders must be ground
sufficiently to produce diffraction arcs of even intensity,
excessive grinding of zeolites cguickly destroys their
crystallinity. The intérnal standard which is used to correct

for film shrinkaze and for position of the initial (zero) mark
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can either be placed in an adjacent sample location® or
mixed with the sample. The positions of the powder
diffraction arcs are then measured with respect to the
zero mark for both the sample and the standard using

a vernier instrument. If the measurement is in mm.

this corresponds to the position of the arc in degrees

of Le . This is done several times and the results

are averaged. With each value an estimate of the experi-
mental error is recorded. These values are put in .

a computer program (DELCOR;) with the known values of

the standard (for example lead nitrate). This program
first approximates 1o a correction function by means of

a least sguares polynomial of.order up to 10, by computing
the differences between observed and calculated values of
the standard. The observed measurement of the geolite is
then corrected azainst the stﬁndard data by means of the
polynomial function. From the correscted 46O values and
the wavelength of the X-radiation a set of corrected

d-spacings for the zeolite sample is produced.

These d-spacings are used either for comparison with
standard values such as those in the American Society of
Testing Material (A.S.T.MH.) Powder Diffraction Index or
for further calculations in an attempt to determine the

unit cell constants.

¥ This location has been found by Dr.H. Villiger to give an
error of 3% in the calculated values (Personal Communication),
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Two computer programs APOL2 and LCLSQ3 are frequently
used. APOL is used to calculate lists of the a—spacings
of powder lines from the unit cell constants and mark
systematic absences if the space group is included in the
input data. LCLSQ is used to calculate by a least sqﬁares
procedure, the best unit cell constants for a prescribed
set 0of d-spacings if these are indexed and the approximate
unit cell counstants are given. Thus if the zeolite has
been identified the unit cell constants can readily be

calculaved.

Several methods may be employed to find the unit cell
of a cocanound when only the measured d-spacings are known.
The success of these methods greatly depends upon the

accuracy of the d-spacing determination.

Graphical »nrocedures cen be used if the crystal systenm
is isometric, tetragonal -or hexagonal but the comdvlex
diffraction patterns, characteristic of zeolites, make this
method inadequate or liable to errors. Systematic analytical
methods such as those described by Azaroff and Buerger are

to be preferred and tnese are outlined as follows.

1. "DELCOX' FOATRAN IV prozram to calculate corrected
povder d-spacings, ¢ values, and list all successive
differences in Q values.
2. YAPOL', Cole, J.F. and Villiger, H. (1969), Hin.Mag.37,200.
2, 'LCLSQ' A revised and expanded FORTRAN IV version of
Cuiis Surnhen's Latiice Parameter Refinement Prosramme by
JeFeCole gnd H. Villicer.
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Let the recinrocal cell dimensions of a general cell
in reciprocal space be a*, bﬁ, c*, aﬂ, Bﬂ, and ¥, If
the Miller indices of the crystal planes are h, k and [,
and the spacing of the crystal plane dpke is related to the

quantity Qhk£ by

1
Qhk.@ - dz (l)
hik2

then

Qg = n2a¥2 4 12p¥e ¢ f2o¥2 L o nia®o® cos ¥

+ 2 klv¥e® cos o + 2 h FaF cos Bﬁ (2)

also 3rags's law may be written as

Lsin®@ , i (3)

Ui = \ 2

where X is the wavelength of the radiztion.

The observed set of dhkﬁ values is traﬁsformed by
the computer prozrem DELCOR into a list of obscrved Qhkl .
The indexing procedure now is to find quantities on the
right hand side of equation (2) to satisfy the list of
obgerved Qhkﬂ . The Qhkﬂ_liSt is tested to determine if
the crystals are isometric, tetragonal or hexagonal,

If this is negative then the procedure may be extended

to the orthorhombic system.
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In the isometric system equation (2) becomes

_ 2 2 2 Hg
g = (h® + k2 + J2) g

The values of N = (h® + X2 + J?) are 1, 2, 3, L, ——

The first observed Qhkk value is assumed to be

Qo0 = (1) a®2, the other possible Q values are calculated
end compared with the list. If the computed Q values do
not correscond to the listv then the first observed Qhkz

£ 1

. N *
value is assumed 10 be Qi = (2) a~? and the procedure

is rezezted.
If the cublc unit cell edge is made larze enough

2 very close agreement betwesen observed and computed values

=
'_l
j—
l__l
jAv]
(r::\_
ot
O
B
£
<t
}_I .
0
f.)
—
]
g

result but many lines must be regarded
as a:ssent. ie zssumsiion in the past has led to many
incorrect unit cells for zeolites (an exemple is shown in
Section 3.7.2).

m

The Qhkg list can nov be tested for tetragonal and
hexagzonal systems together.

In the tetrasonal system equation (2) becomes

T = (0% + k32 4 AR oF2

= iip o¥2 L )= ‘c*fz - (5)



and in the hexazonal

Il

Quep = (B% + bk + k) a¥2 4+ [2 o2
= Ny ate 4 e oFa (6)

ihere NT and NH cen have the following values

N

p=21 2, 4y 5, 8, 9, 10, 13, 16, ——n

NH =1, 3, L, 7, 9, 12, 13, 16, 19, —-—-

Thus the 1list can be examined for the presence of such
a factor. This then is used in equation (5) or (6).

Also equations (5) and (6) suzgest relations of the type:

. 3 e * .
Qh1k121 - thkaﬂz = (K272 + £, c™@) - (N, a™ % + £12 dyz)

7)
=ANa§€2 (

A can hsve any intezsral value. Thus whenever two
reflections have the same f index, the difference between
their respective § values is simply All a¥e, There are
only two other types of relations that can occur if the
differences between Q values are considered. These occur

when the hk valucs of the two reflections are the same but

the,ﬂ values are not, for example,

N Ho 2 Xz _ N Ho ¥o
%Hkﬂi_'%ukﬂa (Wy @ +£1 c™?) ~ (Wya r L, *2)

= .A,Q_z C.}\Ea (8)
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and when neither hk nor I have the same values, for exammple,

- E - "
Qh1k121 - Qh2k222 = (l\Tla 2 4 '2120-3{2) - (mza 2 4 ‘gzzcﬁz)

= AN a¥2 4 pf2 ¥2 (9)

~

Thus a list of differences between all pairs of observed Q
values contains differences which can be used to find a®?
and c¥2, Since more difference relations are possible in
ecuation (7) than (8), it follows that, if differences
between all possivle values of Q are considered, AN are
values should recur more often than Al2 oF2 values, whereas
recurrences of specific differences in equation (2) are

vurely fortuitous. Thus it is possible to use the most

h
H

equently recurring differences to determine the values

7 a¥2 gng o¥e,

o]

If these procedures are negative the experimental
measurements (the corrected Q value 1ist) are in a form
suitable for the more lengthy Hesse-Lipson and Ito procedures.
If the AQ values examined indicate the vrobability of ortho-
rhombic symmetry then the Hesse-Lipson method should be used.
Finally the Ito method can bé,used for the indexing of any
powder photogrephs regardless of symmetry. But again this
greatly devends upon the precision of the available data.
Both these procedures have been well discussed by Azaroff

and Buerger.
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1.4h lMetakoolinite

Kaolinite is a very common mineral: usually present
in 211 clay and shale assemblages, where it often constitutes
a major part of the clay fraction. It does not vary
greatly from the oxide comvosition Al 05, 2 Si0,, 2 H,0.
The investigation of the structure of kaolinite began with
Eendricks (1929) and Pauling (1$30). The structure deter-
minations have been reviewed by Brown (1961). A detailed
refinement of the triclinic cell by Newnham (1956) gave

the following lattice parameters:

a = 5.139 + 0,014 £
b = 8,932 + 0,016

c = 7.371 £ 0.019

a = 91.6 £ 0.,2°

B = 10L.8 + 0.29

¥ = 89.9 £ 0.1°

The general structural features of kaolinite are showm in
Figure l.h4.1, The atoms are arranged in parallel sheets
with the larze anions, oxygen and hydroxyl, co-ordinated
around the small cations Si%" and 419, The Si ions are

surrounded by Tetrahedral groups of four oxygen ions and
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Figure I.4.1 Diagram of the Crystal Structure of

Kaolinite

H=8934

4Si
6 0

6 (OH)
4 Al

4 0+2 (OH)

4 Si
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the Al ions by octahedral groups of sixz oxyzen and hydroxyl
ions. Thus the water molecules showm in the oiide formula
do not exist in the structure but are hydroxyl sgroups. The
water given off on heating is due to the decomposition of

these hydroxyl sroups.

Kaolinite underzoes thermal dehydroxylation at about

550° according to the reaction
2 ;/-ng Sig 05 (OH)‘J__ — 2 Alg Si2 07 + Ll- H2O

Tscheischwiti, 3uessem and Weyl (1S$3S) have suggested that
when kaolinite is dehydrated a considerable degree of order
is maintained, and the product was called metakaolinite.
Zlectron microscooy has showm that the external form of
kaolinite particles persisted far above the dehydration
tewperature (Eitel, Hilller and Radczewski, 1¢3¢).  Roy,
Roy and Francis (1955) concluded from X-ray, infra-red
absorption and electron diffraction data that upon the
dehydroxylation of kaolinite only a very minor chenge in
the structural arransement within the lattice takes place.
The structure of metakaolinite is quite similar to that of
kaolinite, at least in the two dimensions parzllel to the
original (COl) cleavage plane. The decomposition of the

hydroxyl sheets breaks up regularity in the ¢ direction.

Thus, on dehydroxylation the effective particle size is
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radically reduced. The reduced particle size and the chemical
instability of metakaolinite account for the increased

solubility in 2lkaline solutions.

The dehycéroxylation of kaolinite at temperatures between

400-540° and with = controlled water vavour pressure from

1078 to 175 mm Hg was shown by 3rindley, Sharp, Patterson
and Narahari (1967) to be diffusion controlled having a rate
constant dependent upon the temperature and the ambient water
vapour pressure. Previously Brindley and Nzkahira (1957)
had found that heating of kaolinite to L457° produced a sample
that showed 95% dehydroxylation at the surface and LC% dehydroxy-
lation at the centre. These factors were considered in a
choice of conditions for the vprevarzticn of bulk amounts of

metakaolinite for synthesis (Section 2.1).
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Section 2. The Exnerimentzl Avvaratus and tlethods Employed

2.1 The Starting Materials

The kaolinite used in this work was donated by English
Clays Lovering Pochin Ltd. The chemical snalysis supplied
with the sample (Batch Humber RLO 1016) is given in Table 2.1.1.
The kaolinite was very well crystallized aad the X-ray
diffraction pattern is compared to a standard sample in

Table 2.1.2.

Table 2.1.1

The chemical composition of the kaolinite

Si0p ' 45.10%
M 20,4 38457
Feo0g4 0.46
TiO, 1.75
Cal 0.10
Mg0 0.03
K:0 0.08
Naz0 0.18
Ignition loss 13.67

99.94



Table 2.l.2

The X-ray diffraction pattern of the starting material and

the impurity-anatase

- Kaolinite Kaolinite Anatase
A.P.I. Project 49
Bath S.C.
a(y 1 a (&) I a (8
7.20 ms 7.512 10 L.755
7.02 ms 7.036 10 3.512
Lol m L.L09 5 2,428
4L.15 n L.152 L 24377
3,87 W 3. 56S 1 2. 320
3.69 W 3.66L L 1.56S0
2.601 w 1.776
2.540 s 3.541 8 1.756
3. 360 0.5 1.65¢
3.120 nw 1l.60L
z.0S3 0.5 1.5E5
3.072 wvw 2,768 0.5
2.550 w, 24550 L
2.L79 w 2.465 L
2,368 w 2.360 3
2.329 nw 2. 324 7
3

2,275 w 2,280
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The main impurity in the kaolinite was hydrous
titenium dioxide. This was identified as anatase by
measuring the very weak d-spacings in the metakaolinite
produced from this sample and referring to the A.S.T.IM.
Fink Indexo The diffraction pattern is shown in Table
2,12, The X~ray diffraction pattern of products
synthesized from this batch of metakaolinite contained
one or two of the strongest lines of anatase. These were

removed from lists of the d-spacings of the products.

Bulk quantities of metakaolinite were prepared by
loogely filling large vorcelain dishes with kaolinite and
heating in an electric furnace for twelve hours at 600°,
Samples of metakaolinite from various levels were examined

oy X~ray diffraction to ensure a total conversion.

The hydroxides used in the following syntheses were
analytical reasent grade, with the following exceptlons:
barium hydroxide of general purpose grade, and an agueous
solution of tetramethylammonium hydroxide containing 25%
( CH,) 470H, The hydroxides of rubidium and caesium were
prepared by the reaction of the sulophates with barium
hydroxides The contact of all hydroxide solutions with
air was kept to a minimum by making up the solutions
immediately before use and keeping all containers tightly

stoppered.
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22 Syntheses

Syntheses at 1009 and below were carried out in 250 ml.
screw'top polyoropylene bottles (il.S.Be Ltd.). These were
placed on rapidly rotating plates in an electricslly heated
air oven, The Temperature was maintained to within + 19
by a thermostatic device and a stabilized sourée 0f electricitye..
Syntheses above 100° were carried out in stainless steel
autoclaves of zbout 16 ml. capacity, also rotated in the air

oveng.

A known weight of solution of the desired composition
was placed in the reaction container. To tnis weyeadded
mowm weights of the solid components (metakaolinite and
silica). The container was culcldly sealed, The =2utoclaves
were placed in the oven which had been pre-heated to tThe
synthesis tenparature. It was found necessary o warm the
polypropylene votiles waile stationary to approximately 60°
before sealing the screw CapsS. This ensured no leakage
during the rotation.

The reaction producis were removed Irom tinelr solutions
by filtration on Iios 4 porosity sintered glzss Filvers.

They were then washed with a stendard guantity of water

(1 1. per 50 mls. of synthesis solution) then dy alcohol.
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A1l producfs were dried at 105° for 12 hours znd then
rehydrated over saturated calcium nitrate at 20° (relative

humidity (R.H.) 56%) before they were examined.

2¢3 Characterization of the Products

samples of nroducts were suspended in water and dried
out on a microscope slide to be ovtically examined with

a Leitz IIIc polarizing microscone. Many of the svecies
crystallized were too small for optical examination. Some

of these were exanined on a Philips 100 desk model electron
microscone with the help of Dr. I.S. Kerr of this Department
or on a Cambridge Steroscan electron michSCOpe with the helr

of Hrs. Culonitt of the Metallurgy Department.

A1l products from the synthesis runs were exsmined by
X-ray diffraction. The Nonius Guinier-de Wolff cameras,
which were used with quartz monochromators, were mounted on
a Philips 2V 1008/80 X-ray generator. The X-ray generator
was overated at LO KV and 13 mA with exposure times of between
1 and 1.5 hours. The diffraction vattern of each product
was identified either by a visual conmparison with those from
a library of X-ray photographs of naturzl and synthetic

minerzls built up in this Department or by measurement of
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the d-svacings directly with a persvex ruler (supnvlied by
Solus-Scholl). The precise determinations of the d-spacings
and the indexing procedures used after these initizl investi-

gatiohs were those of Section 1.3

Having an indication of the nature of the product,
that is the number of phases vresent, degree of crystallinity
and approximate yield, the thermal dehydration was examined.
The equilibrated samples (56% R.H.) were placed on a2 Stanton
Thermobalance with 2 heating rate of 89/min. This vrocedure
was usually regeated twice. Initially the weignt loss to
1000°C was measured end the resulting prodﬁct kept Tor
exemination by X-ray difiraction. Then a new samvle was
heated only until the dehydration was complete, a specimen
was téken for X-ray analysis and the remainder was renydrated
under the initiazl conditions. The water content of this
second sample was again measured after about 1 weex, if the
X-ray analysis showed that it had remained crystalline.

Products were 2lso examined by differenticl thermal
analysis using a Du Pont 200 Thermoanalyser. The reference
material used was Al,0g. Differential thermal analysis
gave a more precise indication of the temoerature renge over
which dehydration occurred than thermosravimeiric anzlysis
and also indicated the temperature at which the crystals were

destroyed either by recrystallization or by glass formation.
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Some of the products were examined by continuous X-ray
diffraction while they were heated. For this a Honius
Vd
Lenne-Guinier camera was used. This was operated by

Miss R.S. Osborne of the University of London X-ray Service.

Products that were stable on dehydration were examined
for their ability to sorb other molecules. A standard
volumetric apparatus (shown in Figure 2.3.1) was used for
the determination of sorption isotherms for the gases oxygen,
n-butane, and iso-butane. The overating procedure has been
adecuately described previously, for example Young and
Crowell, The sorpntion of cyclohexane at a particular
oressure was measured on a modified lMcBain-Bakr sorption

balance.

Zeolites were ion-exchanged by allowing them to come
to ecuilibrium with excess 2N metal chloride solutlions.
These were rotated a2t 8C° in air ovens. The solution was
changed after 1 day and the procedure repezted. The gzeolite
was washéd with distilled water until free of chloride,
washed with alcohol, dried at 1065°, and finally equilibrated

at 56% R.H.

Chenical analyses of gzeolites were carried out on samplss
of known water content. The silica and a2luminz contents
were measured by the standard methods (Vogel). Silica was

determined as Si0; and alumina as aluminium 8-hydroxyquinolate
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The alks1li metal ions Na, K and Li were measured by
flame photometry, using the Unicam SP 90 dual aBsorption-
emission instrument. Barium was measured by atomic
absorption photometry, using the same instrument. . The

preparation of the samples was as follows.

Approximately 0.2 g of sample was accurately weighed
out into a platinum dish. This was treated with 5 ml.
10% HpS04, and 4O ml. concentrated hydrofluoric acid (for
barium 3 nl. of 70j: perchloric acid was substituted for
the sulphuric acid). The mixture was evaporated to
dryness over a steam bath, and the procedure repeated.
The resulting solid residue was dissolved in 5 ml. concen-~
trated HCL and wabter by heating on a steam bath for half
an hour. The clear solution was cooled and made up to
250 mle in a volumetric flask with distiiied water. This
solution was thnen diluted to'a suiteble concentration for

analysis on the flezme photometer.

rowder X-ray diffraction intensities were used to
quantitatively analyse a two component mixture. The
metrhod used, a2s described by Nuffield, consisted of the
following vprocedure. A series of reference mnixtures were
vrepared ia which the weight fraction of a standard (zinc
oxide) was kept constant, the weicht fractions of the two

components to be measured varied from 0 to 100% and a diluent
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(metalkaolinite) was added to bring the weights of the
mixtures to the same total. To the samples of éhe mixtures
to be anzalysed the same weight fraction of the standard was
added. X-ray diffraction patterns were obtained for all

the samples under identical conditions, and the intensities
of the selected reflections of the two components in question
and the standard were measured with a Hilger and Vatts micro-
densitometer. The intensity ratios for the reference
semples were plotted against composition to give calibration
curves. The weight fraction of each component was read

from the respective czlibration curve.
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SECTION 3,1 THE SYSTEI METAKAOLINITE-K,0-8i0,-H,0

Zelal Reactions in the System

The method of synthesis has been previously described
in Section 2.2 where it was noted that contact between
the metal hydroxide solutions and air was kept to a minimum.
In Section 1.2 the criteria for the choice of the limits
of the crystallization fields and the conditions employed -
were discussed. The overall objective was the preparation
of zeolitic products which were free from contamination
by gels and unreacted materials. In each of the syntheses
carried out 0.005 moles of metakaolinite was reacted with
a fixed weight of potassium hydroxide solution of known

molality.

The silica to alumina ratio of the synthesis mix was
increased beyond that of metakaolinite (8i0,:A1,04=2) by
the addition of amorphous dry silica. Preliminary
experiments showed that this method of silica addition led

to the same product as obtained from different silica
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sources (e.g. Syton 2X) but the crystallinity as shown by
X-ray diffraction was increased. The influence of the
nature of the starting material on zeolite formation has

been discussed in the introductory chapter.

3.1.2 The Reaction of Metakzolinite with Potassium Hydroxide

Some of the reactions of metakaolinite with potassium
hydroxide are given in Tables 3.l.1-3.1l.3 as representative
of the experiments carried out and the products formed.

The approximate crystallization fields have been plotted
in Figure 3.l.1l.

Abbreviations used in the Descrivtion of Products

V. - vVery cr. - crystallinity
gd. - good yd. - yield

md. - moderate tr. - trace

pr. - poor Am. - amorphous

1o, - low



Crystelline Products Formed

Short Zeolite

Reference Formula

K-G* (K)-G (2.1~
4.5) [Chal

K-I (K)—Ih(z)
L]

K-F (K)-F(2.0)
[ 1]

K-M (K)-ilp (L4 Q)
[eni]

K-L (K)-Lh(5.0)
[z]

K-2 {xom} (k) -2
(2.0)
L1

K-D -

K-N -

Oxide
Composition

K20, A130,,
nSi0,, Hg0

Kzos AIBOG,
2510,, HL0

K20: Alzoa,
25i0,, Hz0

K20’ Alzoa’
1,Si0,, H,0

K20, Al1,04,
55105, Hg0

Kzos Alaoas
25i0,, H.0,

KBOS Alzoas
2810,

Kzos Alzoa,
2810,

KOH

Description

chabazite-like

phase

synthetic
zeolite’

synthetic
zeolite

phillipsite-
like phase

synthetic
zeolite

synthetic

basic zeolite

synthetic
kaliophilite

synthetie

.kalsitite

62
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% % 61 to K-G5 refer to the series of near chabazites

increasing in silica content from K-Gl1 to K-G5

* The zeolite formula is defined and discussed in Section 1.1

~and appendix 1.,

Table 3.1.1

Some typical syntheses, conditions and products in the
system metakaolinite-Si0,~KOH-H,0. The general reaétion
compositions were: 1 metakaolinite (Al,04525i0;)+2.81-233K,0
+ ~275H,0 rotated at 80° for 7 dayse

Run No. Concentration Product Description
of Alkali

1-8 (0.5) Am unchanged
metakaolin

1-30 (0.5) (14 days) - Am ' v

1-9 (1.0) KG1 gd.cr./gd.yde

1-11 ( 3.0) KG1 gdecr./md.yd.

1-14 (4.0} KG1+KF md.cr.

1-15 (5.0) XF nd. cr. /gd.yd.

1-18 (10.0) ~ KF md.cr./md.yd.

1-21 (1540) | KF md. crs /md.yd.

1-22 (17.0) KD md. cr./1o.yd.

1-24 (28.0) KD md. cr./lo.yd.

1-28 (32.0) KZ gd.cr./v.1o.yd.
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Table 3.1.2

1 metakaolinite (A130328i0,) + 2.6 - 7Kz0 + ~275HZ0
rotated at 110° for 7 days

Run No. Concentration Product Description
of Alkali

1-32 0.5 KG1 pre.cr./lo.yd.

1-33 1.0 KG1L mde CTs .

1-2h 2.0 KG1 mde.CTe

'l~35 3.0 XF gd. cr.

1-36 5.0 XF gd.cr./gd.yd.

1-37 7.0 KF gd.cr./md.yd.

1-39 8.0 KD gde.cr./lo.yd.

1-42 12.0 KD . gd.cr. /Lo yd.
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Table 3.1.3

1 metakaolinite ( A1,045,25i05) + 1.40 - 7Kz0 +~ 275H0

stationary at elevated temperatures, 33 days

Run No. Concentration Product Description
of Alkali

1-45 0.25 (170°) K1 PTeCTs
1-L46 0.50  (170°) KF nd. cT.
1-47 1.0 (1706) KD VegdacCr.
1-48 l.4 (170°) KD VegdeCTe
1-49 2.0 (170°) KD + KN md.CT.
1-50 L.0 (170°) KD + KN md. CTe
1-51 7.0 (170°) KD mde CTre
1-52 12.0 (170°) XD br.cr.
1-55 Oy (2500) KD vegd.cr.
1-56 0.8 (250°) KW vegdecr.
1-57 1.6  (250°) KD  gd.cr.
1-59 3,0 (250°) KD md. cT.
1-60 0.6 ( 370°) KN Vegd.cr.
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Figure 3.1.,1

I Metakaolinite +2-81-233K,0 $275H.0
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KOH conc. molality

The effect of increasing the alkali concentration
is to produce svecies which become less zeolitic. For
example, in moving from 1 to 24 molal solutions of
KOH at 80° there is a corresponding movement from the

zeolites such as K-G and K-F to unhydrated phases such as K-D,
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With the increase of temperature at constant alkalinity
there is a similar movement to unhydrated phases. For
example at 6 molal KOH a chenge from K-F to K-D isg
produced from a rise in temperature of 50°, Synthesis
carried out at increased temperatures above 80° azllows
zeolite crystallizations to occur at lower concentrations
of alkali. This may be a kinetic effect and is discussed

further in subsequent sections.

Further characteristics of the crystallization in the
system metakaolinite-~Si0,-KOH-Hz0 are examined in a series

of experiments described in Section 3.1.10.

3.1e3 The Reactions of Metaksoolinite with Silica and

Potassium Eydroxide

Some of the syntheses are recorded in the following
Tables 3.1l.4 - 3.1.7 along with a description of the
resulting products. By the addition of silica it was
possible not only to increasé the number of phases fhat
could be produced from metaksolinite but alsoAto produce

silica rich varieties of some products previously made.
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Table 5.1-&

The general reaction compositions were:

1 metakaolinite (A1;05, 2Si0z) + 2S5i0, + 2.8 - 233K 0 +~275H;0
rotated at 80° for 7 days.

Run No, Concentration of Product Description
Alkali (molality)

1-63 0.5 Am -

1-82 0.5 (14 days) K-G3 PT.CT

1-64 1.0 K-G3 md.cre ,gd.yd.
1-65 1.5 K-G3 gd.cre

1-66 2.0 K-G2 md. cre.

1-69 3.0 K-G1 md. cre

1-70 4.0 K-Gl+K-F Gmd.cr. ,KLo.yde
1-71 6.0 - K-F " nd.cCcre

1-72 8.0 K-F gd.cr.

1-74 10.0 K-F gd. cre

1-75 11.0 K-F gQ.cr.

1-76 12.0 K-F gd.CTe

11—77 14.0 " K-F+K-D Fgd.cre. ,Dmd. cr.
1-7S 16.0 K-D gdecCTe

1-80 18.0 K-D gd. cr.
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1 metakaolinite + 25i0; + 2.8 - 7.0K,0 + ~275H,0

rotated at higher temperatures for 7 days.

Run No.

1-8L
1-85
1-86
1-87
1-88
1-89
1-90
1-91
1-92
1-56
1-97
1-98
1-101
1-102
1-103
1-104

Concentration of
Mkali (molality)

0.3
0.5
1.0
2.0
2.0
5.0
6.0
7.0
2.0
0.5
1.0
2.0
0.5
1.0

2.0

2.0

(110°)
(110°)
(110°)
(110°)
(110°)
(110°)
(110°)
(110°)
(110°)
(140°)
(1400)
(1L00)
(1700)
(170°)
(170°)
(170°)

Product

KGL
XG3
KG2
XG1
KG+KF

KKl

Description

mde CYe

md. CTr.

md. CTre

gdeCTs
Ggd.cr.,Fmnd.cr,.
gd.cr.

gd.cr.

gd.cr.

gd.cr,.

md. CcTs

md, Cr.

£d.cT,

Ed.CT.

Ve.gd.cr,
Dzd.cr.,Ngd. cr.

Vvegd.cr,.



Figure 3.1.2 | Metakaolinite +2Si0,+2:8-233K.0%275H,0
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1 metakaolinite + L4 SiOz + 2.8 - 233 K0 + ~275 Hy0

rotated at 80° for 7 days.

Run No.

1-110
1-111
1-112
1-113
1-115
1-116
1-117
1-118
1-120
1-121
1-124
1-128
1-129
1-130
1-131

Concentration of
Akali (molality)

0.5
1.0
2.0
3.0
Le5
5.0
7.0
10,0
14.0
16.0
21.0

0.25

0.25 (14 days)

0.5 (14 days)
1.0 (14 days)

‘Product

Ki+KG
XG5
KGL
kG2

T

5B 5
+
;

E 5 B B B &

K+KG

Xs5

Description

Mrd.cr.,Ggd.cr.
gdecCTe
ndeCTe
md.CTr.
Gmd.cr.,Ffad. cr.
Fmnd. cr,
Fnd.cr.
For. cr.
ECeCTs
gde CTs
S4.eCTs
I7Ce CTe 4 GG CTW

ZdeCr,
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1 metakaolinite + L4 Si0y; + 1.4 - 7.0 K50 + 275 Hz0

rotated at elevated temperatures for 7 dayse

Run No. Concentration of Product Description
Alkali (molality)

1-165 0.5 (110°) KG5 gd.cr.

1-166 1.0 (110°) X v.gd.cr.

1-167 2.0 (110°) K1 v.zd.cr.

1-169 5.0 (110°) KF vegd.cr.

1-170 7.0 (1100) KD md. cr.

1-172 9.0 (110°) KF+KD gd.cr.

1-185 0.5 (170°) Kl Vegd.cr./lo.yd.
1-186 1.0 (17C°) KM md.cr.

1-187 2.0 (170°) "~ EKN+KD gd.cr./md.yd.

1-188 2.0 (170°) ‘ KN+XD gd.cr./md.yd.
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Figure 3.L3 IMetakaolinite + 4Si0, +2:8-233K.0 ¥275H,0
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Table 3.1.7

1 metakaolinite + 8 Si0,; + 2.8 - 233 K0 + ~ 275 Hy0 rotated
at 80° for 7 days.

Run No. Concentration of Product Description
Alkeli (molality)

1-140 0.5 Am -

1-141 0.5 (14 days) KL PreCre

1-142 1.0 X md. cr.

1-143 2.0 Ki+XG dmd.cr.,Gmd. cr.
1-14k 3.0' XG md.cr.

1-145 5.0 KG+KF Gmd. cr. , Fnd. cr,
1-1L47 10.0 | XD md. cr.

1-148 15.0 KD gd.cr.

1-151 20,0 Am -

1-152 1.0 (14 days) K nd. cre

1-155 20.0 (14 days) Am -
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1 metakaolinite + 8 Si0s + 1.k - 7.0 Kz0 + 275 Hy0

rotated at elevated temperatures for 7 days.

Run No.

1-175
1-176
1-177
1-178
1-179
1-182
1-183
1-184
1-190
1-191
1-192
1-193

Concentration of
Alkeli (molality)

0.5
1.0
3.0
5.0
7.0
0.5
2.0
4.0
0.5
1.0
2.0
3.0

(110°)
(110°)
(110°)
(110°)
(110°)
(140°)
(140°)
(140°)
(170°)
(170°)
(170°)
(170°)

Product

KM+KG
KG5

KD+KN
KD+KN

Descfiption

Mmd. cr.,Gmd.cCcr.
gd.cr.

gd.cre

gdecre

gdecCr,

gdeCcre

vegdecr.

éd.cr.

gd.CTs

VegdeCTre
Dgd.cr.,Nlo.yd.
Dgd.cr.,Ngd.cr.
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Figure 3.1.4 | Metakaolinite +8Si0, +1-4-7K,0 3275H,0
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3.1l.4  The Products of the Potassium Crystallizétion Fields

3eleh The Species X-G

These species formed a series of related hydrated
products that crystallized consistently from reaction
mixtures with silica to alumina ratios from 2:1 to 10:1l.

The temperature range over which they formed was 80° to 1L0°,
These products were found by Barrer and Baynham (1956a) to
be a series of near chabazites, the most siliceous member
being the closest analogue to natural chabazite. It was
found possible not only to produce the complete series of
near chabazites but also to extend it both to higher and
lowver silica contents. Five samples of vearious silica %o
aluminsa ratios were prepareds Their chemical analysis gave
the following composition in weight per cent and molar ratio

respectively.



Sample

K-G1
K-G2
K-G3
K-GL

K-G5

5K 20

25.5

23, 8%

23, L%

20,5%

17.2

Tzble 3.1.8

741204

277

25.8

25.2

224 3

18.8

%810,

39.0

3.4

43.5

GH,0"

12.2

12.8

13.2

15.7

15.2

Molarx
Composition

K20, A1204,
2.,138i0,, 2.5H,0

K20, Al1:0g,
2.508i0,, 2.8H,0

K20, A1,04,
2,678i0,, 3.0H0

K2O, Alzoa:
3,008i0,, L.OHZ0

K20, Alo0g,
4.518i0,, L.5H,0

¥ determined by maintaining K;0:A1,05 = 1

4

samples equilibrated at R.H.

56%

A comparison of the compositional series of K-G with that
p [y

obtained from gels illustrates the relative positions of

the new products.

78
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Products from Gels Products from Metakaolinite
(Barre y and Baynham 1956a)

E-Gl K50,A1,04,2.135i0,,2.5H,0
K20,41,04,2.205i0,, 3. 4H,0
K20,41,035,2.565i05,2.62H,0 K-G2 K0,A1,04,2.508i03,,2,8H;0
K50, A1505,2.6551034, 3. 72H,0 K-G3 Kg0,A1,04,2.67510,,3.0Hz0
K20,A1,04,2.715i04, 2. SLH0

K-Gli K,0,A1504,3.0051035,k4.0Hz0
K20, A1 504, 3.91510,,4.63H0
K20, A1 205,114 15510 4,k 28H,0

K-G5 Kz0,AL,04,4e515105,k4.5H0

The products were comparable with those of Barrer and
Baynham in both analysis and X-ray diffraction patterns.
In Section 3.1.10 the position of members of the series
in the crystallization field and their composition relative
to the growth conditions are examined. Finally, in
Section L. their formation is compared with the
composition and conditions of natural chabazite occurrences.
The new end members K-G1 and'K—G5 are examined in more
detail and their diffraction patterns recorded in Table 3.1l.1l.
Both natural chabazite and two previous synthetic products

are included for comparisone.
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The indexing of species K-Gl is considered in.
Section 3.6.10. During the reactions with mixed hydroxides
the p;oduct G-1 crystallized in the sodium-potassium crystal-
lization field with a very high degree of crystallinity.
The diffraction pattern had all diffuse lines of K-Gl
replaced by sharp lines. This product was examined and
indexed and will be compared to the original K-G1 in that

sectione.

Barrer, Cole and Sticker (1968) made X-G1 from
kaolinite by reacting it with potassium hydroxide but no
comparison can be made as their product was always mixed

with the synthetic zeolite K-I.

Species K-G5 was crystallographically measured and the
diffraction lines corrected using lead nitrate as an internal
standard. The hexagonal unit cell had dimensions a=13.78%.01
and c=15.35+.03 A. The diffraction pattern is compatible
with the space group of natural chabazite,RZm. The
lattice dimensions could not be determined to a greater
degree of accuracy due to the line width of the diffraction
pattern. The broad diffraction lines were probably due

to the small particle size. This was incdicated by the
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whole pattern having the same line width, unlike XK-Gl where
specific lines only were diffuse. This probably did not
indicate poor crystallinity or low yield as very high

sorption capacities were found for the K-G5 samples.

In Table 3.1.12 the unit cell parameters are compared
with other parameters of synthetic chebazites and the

natural counterpafts chabazite and herschelite.

The least siliceous member of the series was thermally
the least stable. In Figure 32.1.5 the T.G.A. and D.T. A,
curves are shomm for K-Gl. The weight loss curve corres-
ponds, for the most part, to the initial portion of the
large endotherm showm in the D,T.A. trace. This endotherm
is also produced by lattice collapse in the region 300-350°,
as shown in a separate experiment where samples of XK-Gl were
removed from the thermobalance at 50° temperature intervals
and examined by X-ray diffraction. These results are in
sgreement with those of Barrer and Langley (1958) who
examined both the synthetic series of near-chabazites and

natural chabazite.

The ignition product of K-Gl was kaliophilite.

Recrystallization of the amorphous phase produced by the

lattice collapse of K-G1 occurred at aporoximately 1000°C,
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Figure 3.15
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The potassium form of K-Gl was outgassed at 280° under vacuum
and tested for oxygen sorption. No oxygen was sorbed at
78°K. A sample of K-Gl was extracted in a Soxhlet apparatus
to determine whether its inability to sorb oxygen was due
to impurities imbibed during crystallization. A loss in
crystallinity resulted probably due to the instability of

this aluminous form of K-G,

The lattice dimensions varied considerably with
cation excnange, This effect was examined in the mixed
Ka/K synthesised product because of the sharper diffraction
pattern. Such behaviour is in contrast to the most
siliceous member K-G5 which showed little difference in

the diffraction patternsof the ion-exchanzed forms.

The water content of K-Gl and K-G5 varied with cation
content. The ion-exchanged forms vere dried at 200° and

then equilibrated at R.H.=56%.

Thermogravinetric analysis gave the following resultse.
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Table 301.9

Cationic form Weight % equivalent to dry K-zeolite

K-G1 K-G5

gt - 17.9%

Lit , 25.4 26.1

Catt 2Ly, 0 25.5

Agt ‘ 20.5 20,0

Nat 17.6 18.2

Kt 12.5 16.1

An exact comparison with the values for the species
reported by Barrer and Baynham (1956) is not possible
because their samovles were equilibrated in air of unknown
relative humidity. However, tﬁe same trend exists,
demonstrating the increase of water content with

olarisin ower of the cations.
P g P

% pe hydrogen form, produced by thermal decomposition
of the ammonium exchanged form, showed considerable

lattice damage when examined by X-rzy diffraction.
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The kinetics of the growth of K-G1L were followed
in a series of experiments extending in time from two hours
to seven days. The method used 1is described helow.
Both the rate of formation of X-GL at 80° and the concentration
changes of the components, aluminium and silicon, in solution

were determined. The results are given in Table 3.1.10,

The rate of conversion to zeolite was followed by
plotting the water sorption of samples removed at intervals

of time., This is shown in Figure 3.1.5%

As an initial experiment, metakaolinite was placed in
a solution identical to that used in the kinetic runs and
removed immediately. The metakaolinite was then treated
in the same manner as the kinetic samples. The water
content of the eguilibrated metakaolinite was 0.5%,
indicating surfece hydration only. Thus the uptake of
water in the samples is due almost entirely to species
other than residusl metakaolinite as yet unchanged at the

time of samplinge
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Toble 3.1.10

A comparison of the composition of the solution with

the rate of formation of zeolite K-Gl.

Concentration of
Time AlmMols/l. Si_mMols/l.

% weight % conversion
hours H 0 sorption to zeolite
2 L5.3 L6l 2.1 0
5 50,7 51.8 342 0
7 L49.6 L9 2 3.5 0
10 L9.1 Lha0 Ll o
27 50,5 35.0 5.5 0
32 50,5 35,2 5.4 1.2
50 - - 5.l 5. 2
60 51.5 36.0 57 8.9
8l L9.7 37.9 7.0 18.L4
99 12,8 37.1 8.6 35 3
121 27.5 18.6 10.8 51,8
146 20.6 15.0 13.7 /N
168 - - 16.5 95,0 L*
170 19.1 1349 16.8 100,0 5"

® Samples of these products were examined by X-ray

diffraction; the results were:
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1 showed no diffraction lines, only a vefy broad

band

2-5 showed a diffraction pattern characteristic of

X-Gl with increasing intensity.

The initial composition of the reacting magmas used
in the kinetic runs are shown below per 50 mls of solution
as used and per litre of solution for comparison with

Figure 3.1l.5arespectively.

Component Composition mboles
Al 10 200
Al 81,0, 5 100
metaksolinite

Si 10 200
X 100 2,000
H,0 - 2,780 55,600

The eppropriate reaction may be represented by

H,0
A 5Sis0, + 2KOH —> K, [A1,S1,0g] 2.5 H,0

Thus both the alkasli and ‘the water were in excesse.



The concentrations of aluminium and silicon rapidly
reached a maximum of 50 miloles per litre in four hours.
Then followed a period where both the components maintained
a constant concentration in solution with the aluminium
always in a higher concentration. After 84 hours there
was a decrease in both aluminium and silicon concentrations
in solution until a constant lower value was reached.

This behaviour was very similar to that reported by

Sticher and Bach (1969), described in Section 1.2.

The water sorption increased initially to a low value
of 5% which was meintained until about 80 hours, after

which there began a rapid increase lasting up to 180 hours.

In Section 1.2 the evidence for the existence of gel
formation prior to zeolite growth has been reviewed.
A possible scheme of the processes involved in the growth

of K-G1 from metakaolinite can be propcsed in this context.

The rapid increase in aluminium and silicon in solution
shows the rate of dissolution of metakaolinite forming
a solution which becomes slightly super saturated. This
is shovm by the small pezk values in the component concen-
trations. There then results a period when an alkali
aluminosilicate gel is formed, which is hydrated to about

5%.  Zhdanov (1968) has showm that alkali aluminosilicate
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gels possess both pore structures and the ability to
sorb greater amounts of water than either silica or
alumina gels. After a time of approximately 48 hours,
the more highly hydrated zeoclitic phase appears. This
produces the typical (Section 1l.2. ) sigmoidal curve
resulting from autocatalytic growth of the zeolite.

The rapid decrease in the component concentrations in
solution during zeolite growth is probably due to the

depletion of the starting materials.

The solution maintained a low concentration of
aluminivm and silicon which may be presumed to be in
eguilibrium at this alkalinity with the zeolite. Barrer,
Cole and Sticher (1968) have showm the decrease in yield
of a felspathoid-basic sodalite-with increasing alkalinity
of solution. This is presumably due to its increased -

solubility in basic solutions.

Ciric, who studied the kinetics of growth of zeolite A
from an amorphous starting material by the water sorption
method, obtained the per cent conversion to zeolite in
the following way (Ciric 1968). There is initial sorption
due to the amorphous aluminosilicate phase and a final
limiting value due to the product. The intermediate values
were obtained by subtracting from the total sorption diminishing

amounts of initial sorptien. This procedure was used here
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to account for the water uptake of the gel. Tﬁe
difference betwveen successively smaller amounts of initial
sorption due to the gel - taken along the dotted line in
Figure 3.l.5¢2nd the final limiting value were divided

by the final sorption value to find the fraction conversion.

This was then plotted as per cent conversion.

The resulting curve showing the conversion of meta-
kaolinite to zeolite K-G1l is sigmoidal with a long initial
induction period. The length of the induction period is

probably due to:

a) a relatively low temperature of 80°,
b) a less reactive starting material than alkali alumino-
silicate gels,

c) the process of gel formation prior to zeolite growth.

The increased concentration of aluminium in solution
above that of silicon during the whole period of growth
is consistent with the composition of the product K-Gl as
shown in Table 3.1.8. Also this indicates that the
chabazite grows with a uniform composition. Chemical
analysis of the final product would not reveal this.
The silicon to aluminium ratio in K-G1 was 1.06 indicating
that there is ordering of the silicon and aluminium in the
framework. This is possible in the chabazite framework

as it possesses no closed rings containing odd numbers of



tetrahedra.

structure which obeys Lowenstein's Rule (1954) (Goldsmith 1955).

92

These would not be allowed in an oriered

This rule requires that the maximum ratio of tetrahedrally

coordinated aluminium and silicon is 1:1l.

The linkage of

two AlO4 tetrahedra is not permitted.

The most siliceous chabazite was the most thermally

stable.

301. 5.

The D¢T.A. and T.G.A. curves are shown in Figure

The composition may be compared with toth natural

and synthetic analogues that have beea analysed.

siliceous K-G
(Barrer and Baynham
1556a)

K-G5

natural chabazite

(Barrer, Davies and
Rees 1968)

K®**nat.chabazite

(Barrer, Davies and
Rees 1968)

natural chabazite

(Mason 1962)

herschelite (Mason 1962)

ﬁna‘bural chabazite

(Gude and Sheppard 1966)

K0, A1;0g, L.51 Si0p, Le5 Hg0

0.15 I‘Iazo, 0.83 CaO, AlgOa,
1,89 Si0,, 6478 HgO

0.89 Kgo, 0.0L} CaO, AJ_QOG,
5.15 Si0,, 5.84 HZ0

Cao, Alea, Ll- SiOQ, 6 Hzo

Naao, M.aOa, I—X- SiOQ, 6 Hao

0.19 Ca0, 0.19 ¥z0, 0.8l Naz0,
0.06 K20, 1.2 Al205, 9.51 Si0,,
10 H,0



Toble

Zeloll

A comparison of the d-spacings of K-Gl, EK-G5, natural
chabazite®™ and natural herschelite™.

K-G1

L.75
L. 32
L.17
3.96
3.90
3. 7L
3.51
3. 27
323

nd

wd
w

wd
md

w

mw
wd
W

wd
wad

X-G5

d

.
O W

o \O

o \O
L]

5.57
5.10
5.00
Le71
ho 2l

3.96

3,63
3.47
3.25
3.17

mw

W

w

w

w

w
w

W

x Gude and Sheopard (1S66)

chabazite
d I
.25 50
6.69 106
6. 37 5
5.55 S
5.021 =C
L.677 6
Lo22h 76
L.OLL 1
3.576 2
2.870 26
3.55C 23
318 13
34235 S
3.150 5
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herschelite
d I
11.85S 8
.36 51
6489 22
6.38 3
5.55 15
5.127 8
5.02 L0
L.679 6
L. 500 3
L.,322 67
L.10% 9
2.S76 8
2.877 23
2,600 21
3 4ha 18
3.235 11
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* This is a silica rich chabezite with a silica %o
alumina ratio of almost 8:1. The sample is of different
origin (Gude 1966) from most chabazites being related to
them in the same way as clinoptilolite to heuwlandite
(Mumpton 1960, izson 1960). The significance of its
occurrence with respect both to other natural zeolites
and to the sources and synthetic zeolite crystallization

is discussed latere.

The d-spacings znd indexing of K-G5 are shown in
Table 3.1l.11l, where it is compared with natural chabazites
and K-Gl,. The uwnit cell parameters are listed below for

comparison with related species.

Table 3.1.12

a & c I Unit cell SiO%/
- s A0,
Vol.
Baynham 1956a)
K-G5 13,78 15.35 252l L.51
Natural chabazite 13,786 15,065 2479.5
(liason 1962)
Silica rich chabazite 13,712 14,882 2L423,1 7. 74

(Gude 1966)
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Table j. 1. 13

Cationic form of K-G5 Oxygen capacityc'c‘/gm‘STP
Lit 180
Ca.++ 170
Nat 109
Kt 9
iy w00 *
NHéf no sorption

® Lattice breakdown was shown by the diffuse nature of

the diffraction pattern.

The hydrogen form was prepared by decomposition of the
ammonium exchanged form at LOOO, Both the water content
and the oxygen sorption capacity decreased, confirming that
lattice damage had taken place. Barrer and Baynham (1956b)
produced the hydrogen forms of this series up to a silica
to alumina ratio L.15. This sample had a2 negligible oxygen
sorption at -182° indicating that chabazite stability in

\ . . . 3i0
the hydrogen form begins in the region of KI;%; = 4.5,



cC.STR /q.dry wt,

Figure 3.1.6 Sorption of Oxygen at 78°K in Zeolite G No, 5
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Cation exchange on K-G5 had only a very small effect
upon the X-ray diffraction pattern unlike the larger effect
shovn in Table 3.1. on the more aluminous K-Gl. This

may be due to the smaller number of cations per unit cell

in K-G5.

Cation exchange greatly influenced both the water content,
as shown in Table 3.1l.9 where this content is compared with
that of K-Gl, and the sorption capzcity for oxygen. The
oxygen sorption isotherms of various cationic forms are
shown in Figure 3.1.6 and are tabulated in Appendix 2.

The saturation capacities of various ion forms of K-G5 for
oxygen at 78%K are given in Table 3.,1.13 for K-G5 (silica

to alumina ratio 4.51). Recently Barrer and Davies (1570)
have carried out sorption measurements on the hydrogen form

of natural chabazite,

If the decrease in the sorption capacities of the
various cationic forms shown in Table 3.1l.13 are compared
with either the volumes of the unit cells not occupied by
cations or the volumes indicated by the watér contents, as
shovn in Table 3.1.9, then it may be seen that sorption

capacity depends upon cation position.
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The sample K-G5 was able to sorb unbranchedparaffins .
such as n-butane in ion-exchanged forms. It acted as
a molecular sieve by excluding larger and branched molecules
such as iso-butane. The hydrocarbon isotherms are shown
in Figure 3.1l.7. and sorption values are tabulated in
Appendix 2, The parent Kt form would not sorb hydrocarbons
which is consistent with the very low oxygen sorption.
This behaviour is similar to that both of natural chabazite
(Barrer 194k a,1953a,Addison 1555, Garden 1955) and of the
synthetic chabagites of Barrer and Baynham (1958b).

The structural details of natural chabazite have been
established by Smith et al (1958, 1962, 1963). .In
Figure 1.l.1d the cage-like unit of chabazite is shown.
It can be seen thatbchabazite may either be considered as
made up of hexagonal rings linked to form sheets which are
then stacked in a layer sequence AABBCC, or as a system
of shared chains of tetrahedra as shown in Figure l.l.l1ld
from which the structure is generated by applying a

3 operator (Villiger 1969).

The structure of chabazite contains cylindrical

" cavities of approximate dimensions 10 and 6.5 £ with
access for molecules through six eight-membered rings.
Barrer and Kerr (1959) have reported these to be slightly

elliptical with free diameters L.l and 3.7 & respectively..
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n-butane (diameter L4.9 X) would be slowly sorbed through
this window if it were left unblocked by cations. Both
the sorbent molecule and the ring do not have completely
rigid dimensions thus a molecule of slightly larger
dimensions than the ring may pass through it (Barrer 1949b)
(Barrer and Brook 1953b); but the energy of activation
rises rapidly as the molecular dimensions increase

(Barrer 1959).  Smith (1964), from previous sorption
measurements (Barrer and Baynham 1958b), has suggested
that univalent cations may occupy sites in the eight-
member rings. Barrer, Davies and Rees (1969) recently have
found further evidence for this in the cation exchange
isotherm contours and differential heat curves of natural

chabazite.

Sorption in K-G5 can be seen to conform to the above
picture, with the univalent cations, such as lithium, small
enough and presumably sufficiently out of the plane of the
eight-ring to allow the slow sorption of n-butane but the
much larger potassium ion preventing access to the cavities.
The divalent calcium ion is in the hexagonal prism
(Smith 1962, 1963) in naturai chabazite which would allow
sorption through the eight-ring, Figure 3.1.7 illustrates
that substitution of the larger cation calcium (ionic radius

1.02 £) for lithium (0.68 &) does not decrease the sorption
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capacity. This is probably indicative of the divalent
cation position being away from the eight-ring énd, as Smith
found, in the hexagonal prism. It should be noted that

the calcium exchanged form has only half the number of
cations as the lithium or potaséium forms. This also

would tend to increase access to the main cavities even

if some of the Ca®?' ions were situated near the eight-rings.

This sample of K-G5 had a very high sorption capacity
fully comparable with that of natural chabazite. For
'comparison typical sorption values of K-G5 and other

zeolites are given below:

Sample Oxygen
Ca exch. K-G5 170 c.c./gm. STP - 195°
Ca exch. natural chabazite - 145 c.c./gme STP - 183 (1)*
Ca exch. faujasite 190 c.c./gm. STP - 183 (1)
n-butane
Ca exch. K-G5 50 c.c./gme STP ~ Q°
Ca exch. natural chabazite 60 c.c./gm. STP - 140° (2)

* early experimental results were expressed as sorption

volume per g. of hydrated sample. This would tend to
make the capacities of the natural and synthetic
chabazites even more similar.

(1) Garden, Kington and Laing (1955)

(2) Barrer and Brook (1953,)
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The crystal habit of the K-G series of near
chabazites appeared by optical examination to be
spherulitic, which may be due to aggregation of very tiny
crystals. This is consistent with the previous synthesis
of chabazite and gmelinite-like phases (Barrer and Baynham 1958a)
(Barrer, Baynham, Bultitude and Meier 1959). Observations
with the scanning electron microscope showed that each
sphere was made up of a very complex series of inter-
penetrating lenticular twins. This form of growth is
very typical of the many occurrences of both gmelinite and
chabazite studied by Walker (1951, 1959). Some of the
scanning electron micrographs are shown in Plate 3.1.1.
For comparison a sample of gmelinite® was examined optically
and found to be identical to this.  Walker (1951) has
illustrated the possible crystal habits of chabazite from
which the close relationship of K-G and the natural

chabazite is apparent.

% This sample was kindly supplied by Dr. G.P.L. Walker

of the Geology Department, Imperial College.
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3,1,6 The Species K-M

This species first crystallized from compositions
with silica to alumina ratios of L4:1l and continued to
appear from those with ratios up to 10:1. In the
compositions of low silica content its formation was
favoured by increased temperature and low alkalinity.
Preparations from crystallization fields of higher
silica content were favoured both by higher temperature
and higher alksli concentration. In Section 3.1.11.
the conditions producing specific phases are correlated

with their composition.

These syntheses of K-M are comparable with those of
Barrer and Baynham (1958a)who, using gels, gave the
optimum conditions of prevaration to be a gel of composition
K0, A1505, 3310, maintained at 250°, Zhdanov (1968,
Ovsepyan 1965) formed K-M from potassium aluminosilicate
gels at 90° in their study of gel crystallization at
lower btemperatures. Some of the previous syntheses of

this zeolite have been noted in the introductory section.

The diffraction pattern of K-M is given in Table 3.1.14
where it is compared with those of previous syntheses in

the potassium crystallization field. Later, in Section

3.6.1 a preparation of Na, K-M was achieved having X-ray



105

and chemical nroperties very similar to those of natural
phillipsite. This sample was indexed on an orthorhombic
cell of comparable dimensions to phillipsite. A comparison
of the diffraction patterns of XK-M with those of both

Na, K-M and phillipsite shows that considerable lattice
changes occur as a result of cation exchange. This was
found by Hoss and Roy (1960) who examined the influence

of ion exchange upon a natural phillipsite. The veriation
in the unit cell will be discussed in respect to the
perturbation of the phillipsite lattice (Section 3.6.8.).
Included in Table 3.1l.14 are the d-spacings of Linde zeolite W
(Milton 1961) which is identical to K-M and which had been
indexed on a cubic unit cell of edge 20 £ (Breck 1968).

This unit cell should be replaced by the orthorhombic cell

proposed later in Section 3.6.8. -

The water content of various cation exchanged forms

have Deen measured and these are given below in Table 3.1.15.

Table 3.1.15 showing the hydration of the cationic
forms of K~HM and Table 3.1.9 showing the same information
for K-Gl and K-G5 illustrate that in general bivalent
cations in a zeolite produce é greater degree of hydration
than wnivalent cations. Barrer and Sammon (1955), Barrer

and Langley (1958) and Barrer, Davies and Rees (1968)
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A comparison of d-spacings of species K- with

previously reported related zeolites.

KM ¥ K-i (Barrer and LINDE W (20 £ cubic)
Baynham, 1958a) Observed Calculated
10.22 9.98 10.03 200
8. 352 8.26 HS 8.18 819 211
7.149 7.15 S 7.08 7.09 220
5. 38L 5.37 M 5435 5.36 221
5.067 5.05 WS 5.01 5.0L  L0O
L. 478 L.32 M L.L6 L8 420
L. 206 3,25 VS 1429 .28 332
4.115
2.66l - 3.6L 2,66 521
3.530 -
3,245 - 3.25 3.25 611
2,185 2,18 VS 2,18 2,17 620
3.169
2.973 2,97 NS 2.96 2,96 631
2,786
2.736 2.73 S 2.73 2.73 721
2.678 - | 2.66
2.555 2.5L 1 | 2.55
21426 2.h2 1 -
2,378
2.185 - | 2.18
2.169 1.77 M 1.78
2.150 1.72 IS 1.72

-~

¥ In Section, 3.6,0 indexed as orthorhombic from i
oxchanged 13, ko the potassium
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Table 3.1.15

The water contents of wvarious cationic forms of K-M

equilibrated at 25° and R.H. = 56%

equivalent volume % by weight % water corrected
Ionic form occupied by cation water to equivalent

)4 weight of K-form
K* 9.8l 149 149
gt 3¢59 18.4 17.1
Ly 1.31 19.0 17.3
Batt 5.15 14.8 18.6
cat 2.22 20.2 22,2

in a series of investigations with the different cationic
forms of chabazite found a similar relztionship. Barrer
and Bratt (1952) found that for faujasite there was not
only a decreaée of hydration with cationic volume but =a2lso
a separate series for univalent, divalent and transition
metal cations. Foster (1965) found that the sodium forms
of the fibrous zeolites were less hydrated than the calcium
forms in spite of their non—rigid frameworke. Natural
phillipsite, which has a framework lacking overall rigidity
(Steinfink 1962), was found by Gude and Sheppard (1966 ) to

be less hydrated when it naturally contained univalent
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cations., However, Taylor and Roy (1965) found that for
tetragonal zeolite P2 there was 2 complex relatibnship
resulting from the non-rigid framework, where both free
volume and lonic vpotential were factors influencing
hydration. The available volume for water éorption is
influenced by the number and size of the cations and the
inter-action between the cations and the anionic framework.
The polarising vower of the cation influences the degree

of compactness of the hydration sphere about the cation.

Species K-Il produced from the monoionic potassium

crystallization field had the following chemical analysis.

% by weight Molar provortion
SlOg )-l-3¢0 303
A1 .04 22,2 ' 1.0
K,0 20.2 1.0
H,0 14.5 2.7

This may be compared with the composition X,0,41,0,,
3 5i0,,3 He0 found by Barrer and Baynham for their sample®

and later with the di—cationié form in Section 3.6.8.

% This sample was examined by X-ray diffraction and showm
to contain approximately 8% K-G. Thus a close comparison
between samples cammot be made.



Figure 3..8 Oxygen Sorption on ca** Exchanged K-M at 7 8°K
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The oxygen sorption isotherm shown in Figzure 3.1.8
indicates that no intra-crystalline sorption has taken
place. This isotherm is characteristic of surface
condensation on the small crystal particles. Thus the
internal volume available for water sorption Teble 3.1.15
and ammonia sorption (75 mls at N.T.P. per gram (Barrer
and Baynham 1958a)) is not accessible to oxygen at low
temperature (78°K).  This sorption behaviour is similar to
that of natural phillipsite which does not sorb oxygen or
nitrogen but does admit ammonia (Barrer, Bultitude and

Kerr 1959, Sameshima and Horita 1935).

The natural zeolite phillipsite occurs as inter-
penetrating twins both separately and as radiating
aggregates (Walker 1970, Sheppard and Gude 1968).
Synthetic K-M previously prepared has been described as
being composed of characteristic wheatsheal bundles and
spherulites (Barrer and Baynham 1958a and Ovsepyan and
zhdanov 1965) but close examination has been hindered
by the small particle size. A number of vrerarations
of K-M have been examnined by the scanning electron microscope
and are shown in Plate 3.1.2. The basic crystal hebit
is the tetragonzl prism which may be produced by complex

twinninge. This appears to grow in three forms depending









upon the crystallization conditions.

below:
Plate
3.1.2 A
3.1e2 B
C
31l.2 D

Description

wheatsheaf bundles
composed of prismatic
rods

prismatic crystals
radiating from a
common point

single prismatic rods
separated and very
well formed
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These are summarised

Synthesis conditions

1 Molar KOH, alumina
$silica = 1:4 rotated
at 110°

4 Molzar KOH, alumina
$silica = 1:4
rotated a2t 110°

1 ¥olar KOH,
alunminza:silica = 1:4
rotated at 170°

Further properties of species K-il, such as thermal

stability, were investigated on the mixed sodium/potassium

crystallized form.
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Zele? The Species K-F

This was the most abundently crystallized zeolitic
speéies in the potassium crystallization field. It
occurred from compositions with silica to alumina ratios
of 2:1 up to those in which this ratio was 10:1. The

temperature range producing K-F was 80 to 160°,

Some of the previous s;ntheses of K-F are noted in
the introductory Section 1.2, There and in lzter
sections other zeolites such as Rb-D, Cs-D and Li, Na-F
are identified as different cationic preparations of the

same framework.

Barrer and Baynham (1958a) in their originszl vrepa-
ration of K-IF found the optimum conditions of formation
from potassium eluminogilicate gels were a composition
Kz0, A1505, &4 SiO, + 130% molar excess of XOH maintained
at 1209, Thus the temperature range for growth either
from gels or metakaolinite is comparable,vwhile the composition
vielding K-F is dependent upon the a2lkali concentration as

shown in Figures 3.1.1 - 3.l.L.

The d-spacings of the diffraction patterm of K-F were

measured znd corrected with lead nitrate zs an internal
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standard. These are given in Table 3.1.16 where they

are compared with the original synthesis. The rubidium
analogue Rb-D yas indexed and from this a unit cell for K-F
is proposed. The calculated unit ce1l® appears to be
orthorhombic. Approximate cell dimensions are a=14.02,

b = 1392, ¢ = 13.14 A  The significance of this unit
cell and those of various cationic analogues is discussed

in Section 3¢l. 3.

The chemical analyses of species K-F are given
below in Table 3.117. Two crystallizations are analysed,
one of which was found to have an increased silica 1o

alumina ratio beyond that previously reported.

Table 3.1d7

% by weight Molar ratio
Sample [1] 2] [1] [2]
Si0, 353. 3 Lh.6 2.08 Z.41
A1,0, 27,2 23,0 1.0 1.0
X,0 25.1 21.0 1.0 1.0
H,0 1oL 11.4 3.0 2.7

% The apparent extension of the symmetry to an orthorhombic
unit cell from the tetragonal cells of other analogues
of K-F (Section 3.4.3) was proposed by Ch. Baerlocher
and will be reported later.
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The observed d-spacings of K-F compared with those of the

original preparation

K-F K-F (Barrer KF K-F (Barrer et al)
: et al 1956a)

7.86 W 7.45 VVS 2.38L W

6.96L 8 2.375 W |
6.553 W 2.356 MW 2.35 MW
5.930 V 2.331 VW

5.609 VW 2.315 W

L.769 W 4.78 Vv 2.288 W

L.622 W 2.254 W

L4.518 W 2.199 VW 2.20 W
L.178 MW 2.186 W

3,994 W 2%.98 M 2,173 W

3.940 VW 2.159

3.862 W 2.122

3.509 W 2.099 2,11 M
3 474 M 3eLi7 1 2.087

3274 W 3.29 M 2.052

3.186 Vu 2.028

3.123 W ‘ 1.999

3.081 S 3,09 V8 1.973

3.071 S 2.97 S 1.80L 1.85 1
3. 006 VS 2.82 ¥8 1.789 '

2.966 M 1.749

2,897 W 1.736 .74 M
2.813 MS . 1.724

2.731 W 1.697

2.685 U 1.685 1.68 My
2,670 VW 1.666

2.580 W 1.639

2..65 VW 1.596

2,433 Vv 1.591

1.59 M
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Sample 1 was the product obtained from metakaolinite
and 3.2 KOH at 110° while sample 2 was from a metakaolinite
and silica magma with a silica to alumina ratio of 6:1 and
KOH concentration of 4.9 molal maintained at 110°, The
lower water content of sample 2 may be accounted for by
a lower yield of zeolite. If the less hydrated impurity
was silica this would increase the silica ratio without
isomorphous substitution of Si for Al + K. Also since
isomorphous substitution of this type would decrease the

catlon density there would be a tendency to increase the

degree of hydration.

These analyses may be compared with the sample prepared

and analysed by B.M. Munday (1969) which had the composition

0.99 K50, 41,04, 2.3 Si0a, 2.5 Hy0

The soecies K-F 1s reported to have a silica to alumina
ratio of 2:1 by Barrer (1958a, 1968 ), Ovsepyan and
Zhdanov (1965), and Borer (1969).

The low temperature sorption of oxysen was examined
in both the samples of K-F with silica to alumina ratios
of 2,06:1 and 3.41:1l. DNeither of them imbibed oxygen

either in the original potassium or the calcium exchanged
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forms. An exemple of the isotherm produced by éurface
adsorption and condensation X-F is shovn in Figure 3.1.9.
This is consistent with the properties that would be expected

of a small pore zeolite such as those of the natrolite group -

(Hey 1930, 1932).

The variation of water content with cation exchange
has been determined by Barrer and Munday (1970) and with
cationic type as synthesized by Barrer, Cole and Sticher
(1968 ).  The water content was found to decrease with

increasing cation size in a manner similar to that described

in Section 3.l.6.

The thermzl stability of the cationic forms was
examined first by differential thermal analysis, and then
by removing samples heated to specific temperatures on
the thermobalance for X-ray diffraction. In Fizure 3.1.10
the D.T.A. curves obtained for various cationic forms are
shown. Below, Table 3.1.18 shows the teaperature at which
the frameworlk decomposed and the product obtzined upon
ignition of the sample.

Table 3.1.18

Form Decomposition Temp.’ Ignition Product

Cs 1060 ' Cs-F

Rb 1085 Rb-A

K 1095 synthetic kaliophilite
Na ~ 1150 ' synthetic nepheline
Li 310

Ca . ~ 350

synthetic anortni
Ba ~ 100 Ba-P ite



Rb

Na

Li

Ca

Ba

120

Figure 3.1.10 DTA of Various Cationic Forms of K-F

heating rate 16 °/min.

195 260 361 458 638 BO6
temperature °C

964
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The cationic forms of K-F show a large variation
in thermszl behaviour. The caesium, rubidium and potassium
forms are similar. They show endothermal water loss
on D.TsA., while the lattice remains unchanged to a very
high temperature, for example 1095° for K-F, At the
decomposition temperature there is inversion to Cs-F,
Rb-A and synthetic kaliophilite (X-D) for the caesium,
rubidium and potassium forms respectively. Barrer, Cole
and Sticher (1968 ) have identified Cs-F and Rb-A as
synthetic stecies with similar frameworks but having no
natural counterpart. The sodium form, like the lithium,
calcium and barium forms, was amorphous between lattice
decomposition and recrystallization at  1000°, The
ignition product of Na-F was synthetic nepheline and
a second prhzse, vresent in a small amount, which could
not be identified. Decompésition of the lithium, calcium
and barium forms took place almost exclusively in the
region of the last endotherms on the D.T.A. curves.
The iznition product of the lithium, calcium and barium
forms were Li-0 (Barrer, Cole and Sticher 1968), synthetic
anorthite, and the hexagonal pblymorph of barium celsian
Ba~P (Section 3.5.7). The sf;nthetic nepheline and
anorthite were identified by their d-spacings compared
with previously reported wvalues. These are shown in

Table 3.1.19. Here in the various cationic forms of X-F



The d-spacings of

of K-F with {their natural counterparts.

ignited Na®*

X-F

d
8.6%
11,98
L, 32
L. 29
14419
3485
3,72
3.59%
3.25
3,01

.S9
2,88
2.69
2,6LF
2.58
2.53
2. 47*
2.41

2¢ 37
2. 32
2.17
2.14
2.10
2.08

% Lines of a second phase not identified,

I

Mv
M
M

1)
v

Table

3.1e19
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the iznition products of cationic forms

Smith (1857)
natural
nepheline

d

5.020
L. 354
L. 319
L.211
3.870
3¢ 789

3.294L
3.065
3.027
2.905
2.670

24593
24515

2.415
2. 390
2 359
2,322
2.177
2.135
2.105
2.092

I

3
10

10

35
60

4O
10
100

35
20
15

10

20
20

15
5

ignited ca®*

6.5

L.65
L.00
3.90
3475

3.60

3435
3425
Ze 21
3.19
3.11

2.95

2.81

v

W
MW
W
Mad

MW

My

M
Sd

M

MW

W

Cole(1951)
natural
anorthite

a
6.52
6.42
579
L.69
L.OL
3.92
3. 78
3.76
369
3.68
3.62
3.61
351
2. 47
3.4k
3.41
34 37
3. 26
3.21
34 20
3.18
3.12
3.04
2.953
2.935
2,828
2.655

1
9
1
1l
11
60
11
20

100
75
L5
17
25

19
11



123

there is mulbiple stage dehydration typical of the less
rigid framework zeolites such zs the fibrous zeoclites

In Table 3.L.2 of Section 3.4.3 the compositions
are compared of the different preparations of both K~-F
and other members of the group possessing the same frameworke.
The product K~-F as made from metakaolinite is very similar
to the first preparztion of K-F by Barrer (1948, 1953) which

has recently been re-examined by Barrer and Marecilly (1970).

A possible structural relationship between the K-F
zeolites and the naturally occurring iibrous zeolite,
edingtonite, is demonstrated in Section 3.L.3. The miggd
cationic forms of the K-F structures will be discussed ih
the sections on binary cationic systems where crystallization

occurred within a large compositional range.
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3,1.8 The Species K-L

This species was identified as zeolite L (Breck 1965).
The diffraction pattern may be compared with Linde L in
Table 2.1.20 =2nd a related zeolite Ba-G in Table 3.5.
The zeolite crystallized from a composition rich in silica
(silica to alumina ratio = 10:1) and under conditions which
would favour a silica rich zeolite, i.e. low alkelinity .

(0.5 molal KOH) and low temperature (80°).

The crystallinity and yield of zeolite K-L as it was
produced here, from metakaolinite, was not good. This
indicates that its growth is probably more favoured in
a system using aluninosilicate gels (Breck 1565, Zhdanov 1967).
The low yield is similar to that reported when K-L and
other zeolites are produced in pelletized form, crystallized
in situ. The resulting unreacted material is used both
as a binder znd a dilutant for the zeolite (Taggart 196L).
This method of preparation is discussed later in Section 3.2.
as it is applied more frequently to other zeolites. From
the diffuse nature of the diffraction pattern it was
estimated that up to a third of the product was gel and

unreacted starting material.
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Table 3.1.20

The d-spacings of species K-L compared with Union Carbide

Linde K-L,
K-L U.Ce X-I (Breck 1965)
16.0 sd 15.8 100
7.9 nw 7.89 14
75 mw 7.L49 15
6.00 md 5.98 25
5.75 v 5.75 11
L.57 ' ul L.57 32
L 40 W L.39 13
L, 30 W L. 33 13
3.90 mwd 3.91 30
3,80 w 3. 78 13
3,65 W 3.66 19
3.50 wd 3.48 23
3425 W 3426 1L
3.17 md . 3.17 3L
- 3.07 22
- 3,02 15
2.90 md 2.91 : 23
2.65 W 2,65 19
2.62 vV 2.53 8
2.45 9
2.42 11

2.19 11
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Later in Section 3.5.1 it will be shown that this
same framework can be growm with a very differen%
composition in the bariuwm-containing crystallization
fields where, in contrast, a very high crystallinity
was obtained. An approximate analysis was performed which
gave the composition K, 0, Al05, 6.4 Si0,, 3 HgO, This
may be compared with the sample obtained from gels which
had a composition Kz0, Alo05, 6.05 SiO,, L Hy0 (Barrer
and Villiger 1970). The sample probably contained
considerable excess silica as well as unreacted meta-

keolinite giving the high silica and low water contents.
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Zele® The Svecies K-Z

This species was identified with the product 2
first made by Barrer, Cole and Sticher (1968). It was
crystallized by them from ksolinite in the presence of
very concentrated solutions of potassium hydroxide.
Metakaolinite crystallized to K-Z only from saturated solu-
tions of potassium hydroxide, and then the silica to alumina

ratio was 2. The composition was found previoﬁsly to be
K,0, Al,04, 2 Si0O,, KOH, 3.5 H0

The d-spacings of the sharp diffraction pattern are
listed in Teble 3.1.21 where they are compared with those

of the first synthesis.
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Table 3.1.21

The d-spacings of svecies K-Z and the product Z from

kaolinite.

K-2 K-Z (kaolinite)
(metakaolinite) (Barrer, Cole and Sticher 1968)
5.351 ms 5.33 m
L.565 W L.56 W
L. 224 W L.22 W
L.163 vV L.16 W
3,932 W 3493 4
3.661 ns 3.65 m
34540 m 3.5L n
3,267 m 3.26 m
3,08 W ‘ 3,08 . W

- 3.03 w
2,929 Vs 2.92 S
2.895 w 2.89 W
2.871 W 2,87 W
2.750 mw , 2.70 W
2.563 VW 2.56 vV
2.537 VW 2.53 W
2.L65 vw 2.6 W

2.341 nw 2.3 W
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3.1.10 The Svnecizs K-D and K-N

Two anhydrous species, K-D similar to kaliophilite
previously reported by Barrer, Cole and Sticher (1968)
and K-N similar to kalsilite, crystallized from
metzkaolinite. The relatively low temperatures of
formation of these species are compared below with those
of previous syntheses from gels and with stability ranges
found by Smith and Tuttle (;957) in the nepheline-
kalsilite system.

Starting material Temperature range °C
K-D K-N
hydrothermal-gels no reproducability 300-~-1400

(Barrer and Baynham 1956a)

pyrolytic-gels ' ~ 1000 > 850
(Smith 1957)

hydrothermal-metakaolinite 80-250 140-370

pyrolytic-recrystallization ~ 1000 not formed
of potassium zeolites

The two species K-D and K-N are polymorphs of

potassium aluminosilicate with the composition Kp0, Alz05, 2S5i0j.



The comparison of d-spacings of synthetic and natural

kaliophilites.

K-D
from
metakaolinite

d I

Lell9 m
LI-. 27 nms

3.099 Vs

2%590 ms

Table 3.1.22

synthe

kaliophilite

Smith

Tuttle (1957)
d I

L.L88
4,283
34972

3.098

2.589

tic

and

10
15

100

20

1130

natural
kaliophilite
Smith and
Tuttle (1957)
d I

6.1149
5.1523
L.529

L,4883
L2624
3.9706
3.91L45
37596
37323
3.L496L
3.14257
3. 3659
23,2826
3.0909
2.0248
2.9393
2.871

2,8139
2.7280
2,70L13
2.,5931

~N o F o



K-D
from
metakaolinite

2.2U45 w
2.210 w

2.129 m

Table 3.1.22 (continued)

synthetic

kaliophilite

Smith and

Tuttle (1957)

d

2.2L4.3
2.21L

2.139

I

3

12
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natural
kaliophilite

Smith and
Tuttle (1957)
d I
2.5516 L
2e 506 7d
2.4430 1
2.,4203 2
2.40L 2d
2.386
2.3521 2
2.284 2d
2.2440 3
2,213 9
2.18L9 7
2.1621 5
2.156L 5
2.1307 25



The X-ray diffraction patterns of K-D, produced
either hydrothermally or by the ignition of potéssium
zeolites, were identical. This pattern is the same as
that of the synthetic kaliophilite reported by
Bowen (1917) 2nd later studied by Smith and Tuttle (1957).
The d-spacings of K-D, synthetic kaliophilite and natural
kaliophilite are shown in Table 3.1.22. Here the same
relationship between the synthetic phase and the natural
mineral, as Smith found, is evident. Thus the synthetic
product is related to but not identical with the natural
mineral. Both hydrothermal crystallization and
pyrolitic decomposition of potassium zeolites yielded
a product with high crystallinity which gave a sharp
diffraction pattern. Yet only the diffraction lines
that corresponded with the more intense lines of natural
kaliophilite were present in K-D, Natural kaliophilite
has been indexed by Lukesh and Buerger (1942) whose
work was confirmed by Smith and Tuttle (1957).  The
proposed unit cell was hexagonal with a = 26.93 % 0.01,
¢ = 8,522 + Q0,004 A, But ILukesh and Buerger noted that
kaliophilite may bpe orthorhoﬁbic with twinning producing
the hexagonal appearance. Smith and Tuttle have
suggested a hexagonal unit cell for synthetic kalio-
philite with a = 5.180 +.0.002, ¢ = 8,559 + 0.004 £

132
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which is related to a sub-cell of natural kaliophilite

obtained by reducing the a dimension by a factor of §/§i

Further examination of K-D was prevented by the

very few diffraction lines produced.

The K-N was identical with its natural counterpart
kalsilite. The d-spacings of K-N and a reference

sample are given in Table 3.1l.23.

The low temperature hydrothermzl growth of synthetic
analogues of kaliophilite and kalsilite considered
together with the formation of potash felspar at 200°
(Barrer and Hinds, 1950 ) provide examples of potassium
species which were considered to be high temperature
phases. The possible significance of these and other
examples later found is of interest in the field of

geological thermonetry.



Table 3.1.23

The comparison of the d-spacings of K-l and kalsiliite

(Smith end Tuttle 1957).

K-N synthetic kalsilite

(from metakaolinite) By o= D159 T .C02
Cpo= 0+703 T .002
a I d I
L. 265 m : L. 3512 12
3.970 s ' 3.9733 L5
3,121 vs 3,118L4 100
2.579 s 2.5769 50
2.471 nw 2. 4724 15
2,428 W 2.4219 10
2.236 3
2.220 W 2.2183 10
2.178 my 2.,1753 17
2.164L 5
1.9868 5
1.9546 3
1.925 W 1.9270 Ly
1.7703 3
1.66 mw 1.6621 L -
1.6580 L
1.621 mw 1.6220 6
1.579 my | 1.5742 9
1.5588 3

1.401 m 1.4895

=
o
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PFelall Cheracteristics of the Potassium Crystellization
Field

The effect of solid to solution ratio

The effect was investigated of the ratio of alkali
hydroxide solution to solid metakaolinite upon the yield
of crystalline zeolites. Separate crystallizationg were
made in which a fixed weight of metakaolinite (1.1 g)
reacted with various weights of potassium hydroxide
solution of fixed concéntration (1 M and L4 M). One
molal potassium hydroxide yielded the zeolite K-G and
six molal yielded K-F. Figure 3.1.11 gives the weights
of crystalline products as functions of the volume of

potassium hydroxide solution.

The yield of zeolite decreases with increasing amount
of solution gradually until a point above which both the
1 molal and 6 molal solutions produce a rapid decrease

in yield.

The products were examined by X-ray diffraction.
It was found thet the best crystallinity occurred with
reactions involving not less than 50 g of solution per
1.1 g of metakaolinite (0.005 moles). These were the

reaction conditions in the syntheges describeq, unless

otherwise indicated.
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The effect of alksli concentration on the vroducts.

Both the composition and nature of the final
crystalline product can be related to the initial
reacting composition. In Figure 3.1.12 the compositions
are shown of crystalline products obtained from meta-

kaolinite, silica and potassium hydroxide at 110°,

a) The crystalligzed product, whether zeolitic or
not, tended to be less siliceous than the initial compo-
sition. The exceptions were found to be syntneses
from metakaclinite alone, where analysis of K-G1 gave
a silica to alumina ratio of 2.13 (Section 3.1.5),

This probably indicates a tendency not to produce

a perfectly ordered chabazite-like structure. Analysis
of other products from metakaolinite showed a2lmost the
‘same silica to alumina ratio as metakaolinite, for
example K-F (Section 2.1.7) had 2,08, This is probably
a ratio of 2.00 within the limits of accuracy of the
analysis; and indicates that K-TF is growinz with an

ordered silicon-aluminium distribution.

b) The decrease in the silica to alumina rstio from
the starting to the final comnosition was greater for
larger initial ratios. For example at 1 molal

KOH an initial composition of 10:1 gave a product with



Figure 3.1.12 Silica : Alumina " Ratio (n) of the Synthesis Products
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a ratio L.4:1, whereas an initial composition of L:l
gave a product with a ratio of 3.4:1l. In the limiting
case metakaolinite with a ratio of 2:1 crystallized to

a product of the same composition.

¢) The increase of the potassium hydroxide concentration
producés a progressive decrease in the silica to alumina
ratio in the products, until the lowest wvalue of 2 is
approached irrespective of starting composition.
zhdanov, Samulevich and Egorova (1963) found a similar
dependence of final composition of sodium zeolites upon
Na,0 content of aluminosilicate gels.  Zhdanov (1S68)
plots  the SiO,/A1,0; ratio of many zeolites against the
excess alkali content of the parent gel to show that the

same trend occurs in a large number of systems.

d) If the nature of +the products from:the crystallization
of metakaolinites+silica with potassium hydroxide are
considered (as in Section 3.l. and Figures 3.le.l-3.1.4)
then it is seen that as the hydroxide concentration increases
there is a corresponding trend from zeolitic species to
non-hydrated products. Thus the open tectosilicate
frameworks needing stabilization by occluded water
(see Section 1.2 ) chenge to the denser frameworks not

needing stabilization by a filler.
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Section 3.2 The System Metakzolinite — Na 0 - $i0, - H,0

3e241 Reactions in the System

The systematic study of the reactions between
metakaolinite, silica and sodiﬁm hydroxide solutions
yielded many products previously made from alkaline
alumino-silicate gels. In Section l.2 many of the
syntheses previously reported have been noted. The
Nap0-A1,05-8105-H;0 system is the most widely studied of
those producing zeolites. It has yielded three-of the
zeolites of greatest industrial importance, Zeolites A,
X and Y. The significance of these and others in

zeolite technolozy has been outlined in Section l.l.
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Crystalline Products

Short Zeolite Oxide Description
Reference formula composition

Na-Q (Na)-Qc(2.0) Na,0, A1,05, synthetic zeolite
TA] . 28i0,, L4 Hy0  similar to Linde A

Na-R  (Ha)-R(28) o 0 41,0,  synthetic zeolite
EF&QJ 2.8910,, 6H,0 of faujasite X group

Na-I {ma08]} (Fa)- Nan0, A1,05, synthetic felspathoid
1. (f'l) 2.1510,, 2NaOH, sodalite
[bOd_J 1.5 Hy0

Na-d - Nag0, Al1,04, nepheline hydrate 1

28105, Hg0

Na-B (Ea)-BC(u.O) Kap0, Al1,04, synthetic analcite

[Ang] L8104, 2HZ0

Na-C {8208} (¥a)- Nag0, A1a05,  synthetic felspathoid
¢, (2.0) [Cen) 28i0,, NaOH, cancrinite
H,0
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Crystelline Products (continued)

Short Zeolite Oxide Description
Reflerence formula composition

Na-S (Na)-sh(u) Naz0, A1.04, synthetic near
[Gme] 48i0,, 6HZ0 gmelinite
-7 $ e ! . *

Na-P1 (Na)-P1(3) Nay0, A1,0,, cubic' sodium P
(Gig] 35i0,, 6HL0

Na-P2 (Ha)-Pp2( 3) woow tetragonal NaP
L ]

Na-P3 (Na)-POB(B) ron orthorhombic NaP
L ]

# B&¥locher and Heier (1970)
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20242 The Reactions of Metakaolinite with Sodium
Hydroxide ]

Some of the typical syntheses carried out in this

crystallization field and a description of the products

are given in Tables 3.2.1-3.2.l. The correspohding

crystallization field is shown in Figures 3¢2¢1-3¢2.3

Table 3.2.1

The general reaction compositions were:

1 metakaolinite (Alz0g, 2Si0,) + 2.5 - 50.0 Nagz0 + ~275H;0
rotated at780° for 7 days.

Run No, Concentration of Product Description
alkali (molality)

2-2 0.5 Na-Q gd.cr.
2.3 0.5 (L4 days) Na-Q gd.cr.
2.0 1.0 (5 days) . Na-Q gd.cre
2.5 2.0 (5 days) Na-Q gde cre
2-6 3.0 (5 days) Na-Q gd. cr.
o7 1.0 (10 days) Na-Q vegd.cre
2.8 2,0 (10 days) Na-Q vegdecr.
2-9 3.0 (10 days) Na-Q gd.cre
5.11 1.0 | Na-I gd.cr.
2-12 6.0 . Wa-I ‘md.cr.e ©
2.1l 10.0 Na-I md.crs
216 4.0 (3 days) Na-I md. cr.
2-17 6.0 (3 days) Na-I md.cre
2-18 10.0 (3 days) Na-I DTeCTW

% These sodalite products crystallized in a mixture of two

different unit cells. This will be examined later in thig
section.
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Table 3.2.2

The general reaction compositions were:
1 metakaolinite (A1504, 25i0;) + 2.5 -~ 50Na,0 + ~275H,0

rotated at elevated temperatures as indicated

Run No. Concentration of Product Description
alkali (molality)

2-20 0.5 (110°) Na-Q gd.cr.
2-21 1.0 (110°) Na-C+Na-Q md. cr.
2-22 2.0 (110°) Na-I gd.cr.
2-61 0.5 (140°)( 3 days) Na-C md.cr.
2-62 1.0 (1400)( 3 days) Na-d gd.cr. hicyd.
2-6l 3.0 (140°)( 3 days) Na-TI gd.cr.
2-65 5.0 (140°)( 3 days) Na-I gd.cr, lo.yde
2-75 0.5 (170°)(3 days) Na-C gd.cr.
2-76 1.0 (170°)(3 days) Na-J md. cr.
2-77 2,0 (170°)( 3 days) Na-dJ md. cr.

2-78 2.0 (170°)( 3 days) Na-J pTr.cr.
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Fe2e 3 The Reactions of lMetakaolinite with Silica
and Sodium Hydroxide

Table 3.2.3

The general rezciion compositions were:

1 metakaolinite (Alz0g5,2Si0,) + 4SiO4 + 2.5 - 50Naz0 +~ 275H0
rotated for 7 days at 80°,

Run No. Concentration of Product Description
2lkali (molality)

2-30 0.5 : Na-3 md.cr.
2-321 0.5 (14 days) Na-S gd.cr.
2-32 1.0 (3 days) Na-R nd. cr.
2-34 1.0 Na-P2 md. CTe
2-35 1.5 Na-P2+Na-Pl gd.cr.P2,tr.P1l
2-36 3.0 Na-Pi+Na-I md.cr.Pl,lo.yd.l
2-38 5.0 Na-I1 gd.cr.
2-39 8.0 Na-I PTeCTs
2-23% 1.0 (3 days)(110°) Na-B Vegd.cr. 100%yde
(Sio2 )*
05" X
2-2l 0.5 (3 days)(110°) Na-B vegd.cr. 100%yd.
2-25 0.5 (7 days)(110°) Na-B vegd.cr.
2-27 1.0 (3 days)(110°) Na-P2+Na-B gd.cr.P2,tr.B
2-28 3.0 (3 days)(110°) Na-P24+Na-I gd.cr.P2,tr.I
2-29 5.0 (3 days)(110°) ©Na-I gde T
2-66 0.5 (3 days)(140°) Ha-B Vegd.cre
2.67 1.0 (3 days)(140°) Wa-B ve.gd.cr.
2-68 3.0 (3 days)(1L0°) Na-B v.gd.cr.
2.79 0.5 (3 days)(170°) Na-B vegd.cr.
2-80 1.0 (3 days)(170°) Na-B vegd.cr. .
2-81 3.0 (3 days)(170°) TNa-B v.gd.cr.

2-82 0.5 (8 days)(170°) Ng-B Vegd, CTs
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Figure 3.2.2.1 Metakaolinite+4Si0, +2-5-50 N@O % 275H,0
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3, 2.4

The general reaction compositions were:

1 metakzolinite (A1,05,2510,) + 8Si0; +

rotated for 7 days at 80°.

Run No.

2-41
2-50
2-42
2-L3
2-Lh
2-45
2-46
2-47
2-48
2-49
2-55
2-56
2-57
2-58
270
2-71
2-72
2-83
2-8L
2-85
2-87
2-.88

Concentration of
alkali (molality)

0.5
0.5
1.0
1.5
1.5
2.0
3.0
4.0
6.0
8.0
0.5
1.0
3.0
5.0
0.5
1.0
3.0
0.5
1.0
2.0
3.0
2.0

(14 days)

(3

(3

z

(3
(3
(3
(3
(3
(3

(7

days)

days)(110°)
days)(1109)
days)(110°)
days)(110°)
days)(140°)
days)(140°)
days)(1L0C°)
dey's)(170°)
days)(170°)
deys)(1700)
deys)(170°)
days)(170°)

Product

Am

Na-S

Na-S

Na-R
Na-R+lia-Q
HaP3
Na-P3+Na-1
Na-P2+lia-1
Na-1I

Na-I
Na-P2-
Na-3+MaPl
Na-B+Na-PL
Na-I

Na-B

Na-B

Na-3

Na-B

Na-B

Na-C

Na-C

Na-C
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2-5 b 5.0:Ta20 +~275H20

Description

mnd.CTr.

mde. CTre

gd.cr.
nd.cr.R,tr.Q
nd. CTre
mde.cr.P3,tr.1
mde.cr.P2,tr.1
mde.crs. los.yde
nd.cr. lo.yde
gd.cr.P2,
gd.cr.3,
gd.cr.3B,
mdeCY,
vegd.cr. hi.yd.
VeECe CYe
Veg4eCTe
VeZG.CYre
VeSd.CTe
Vvegd.cr. lo.yde.
lo.yd.
lo.yd.

VeZ3eCTe

VeSCGeCYe
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3,2.4  Properties of the Sodium Crystallizetion Fields

The crystallization fields in the mebtakaolinite-
silica-sodium hydroxide system showed very similar trends
to those of the potassium hydroxide system. As in
Section %.,1.10, there is a tendency towards less

siliceous products at higher alkali concentrations.

The yieids of crystzlline product decreased more in
the sodium system with increasing temperature than in
the potassium system. The same reduced yield was
observed with increasing sodium hydroxide concentration.
This corresponds with the decrease in yield of basic
sodalite grown in sodium hydroxide solutions from kaolinite

(Barrer and Cole (1970)).
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2,245 Products of the Sodium Crystallization Fields

34246 The Species Na-Q

The product is identical to the zeolite Linde A
first reported by Breck, Eversale, Milton, Reed and
Thomas in 1956, This gzeolite crystallized only from
the reaction mixtures with silica to alumina ratios
of 2:1 (i.e. directly from metakaolinite without the
addition of silica)s In Table 3.2.5 the X-ray diffrac-
tion pattern is compared with that of the original synthesis
by Breck (1956) and an early investigation by Barrer,
Baynham, Bultitude and Meier (1959). Previous prepara-
tions have been noted in the introductory section, -and

now are compared with the present syntheses.

Na-Q formed at temperatures between 100° and room
temperature. The best temperature range for a rapid
crystallization producing yields approaching 100% was
between 80° and 100°, The concentration of the sodium
hydroxide varied between 0.5 molal and 3.0 molal,

At concentrations of L.0 molal co-crystallization of

Na-Q and basic sodalite occurred.
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Na-Q is lmown to be unstable in alkaline conditions.
The ready re-crystallization of Na-Q to Na-P has been
shown by Barrer, Baynham, Bultitude and Meier (195%) to take place
at temperatures of 100° to 110°, In concentrated gels
they found that the recrystallization was to basic sodalite.
This is in agreement with the conditions of the crystal-
ligation field as showvn in Figure 3.2.1. According to
this figure high alkalinity produces basic sodalite, and
low alkalinity at‘80° results in Na-Q which is stable up
to 14 days. Low alkalinity at 80° gives Na-Q in a very
high yield and with good crystallinity as shown by the
X-ray diffraction pattern. The method of synthesis may
be compared with the industrial process described by
Taggart (1964) where it is desired 1o produce zeolites
in preshaped bodies such as pellets. Here metakaolinite
is mixed with a hydroxide solution, formed into the
desired shape, and then reacted with an aqueous
hydroxide to crystallize the zeolite. The original

shape is essentially retained.

The pseudo unit cell of species Na-Q was found to be
cubic with a=12.30 &. This corresponds with the value

of 12.32 % found by Reed and Breck (1956).
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Table 3.2.5

Comparison of the d-spacings of species Na-Q with two

early preparations.

Na-Q Na-Q Na-Q
(Breck 1956) (Barrer 1959)
Indices d I d I d I
100 12.320 vs 12,294 100 12.36 vs
110 8.71 s 8.706 69 8.77 s
111 7.15 - s 7.109 35 7.15 s
210 51 ms 5.508 25 A
211 5.02 W 5.031 2 5.03 w
220 L. 26 m lye 357 6 lye 36 m
221, 200 14,105 s 4.107 36 4,102 s
3.6899 W
211 3. 71k ms 3. 714 53 3.712 S
220 2,415 m 3,417 16 2,Lh13 m
221 3.289 ms 3293 L7 2,287 b
2,072 vw
410, 322 2,990 Vs © 2,987 55 2,582 vs
411, 330 2,902 m 2.90L 9 2.500 m
420 2. 751 m 2. 754 12 2.751 m
L21 2.685 m 2,688 L 2,681 mw
332 2.625 ms 2.626 22 2,623 s
L22 2.515 my 2.515 5 2.512 my
130,500 2.465 W 2,16l L
511,333 2. 370 W 2.371 3
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The rate of formation of zeolite Na-Q from gels has
been investigated by Flanigen and Breck (1960), Kerr (1966)
and Ciric (1968) (see Section 1.2). Their results are now
compared with the kinetics of Na-Q formation from

metakaolinite,

The method followed was that described in Section 2.

The reaction is:
. N .~ 809 s
.Algo as 28103 + 2iTa0H + X}izo —_— Nazo,Alzo as 2D102,Ll-o 5H20

+ (X - L¥-05)H20

The results are given in Table 3.2.6 and are vlotted in
Figure 3.2.L. The crystallizing components in solution
soon reach a maximum concentration very similar to the
reactions of metakaolinite producing K-G (Section 3.1.5).
Here, as with KOH solutions, there is a primary plateau
region of the curve showing the per cent water sorption
which probably indicates the presence of zn intermediate
gelatinous species. This product when dried and
rehydrated contained about 5% by weight of water

(see Figure 3.2.4). The kinetic curve for Na-Q shows
the autocatalytic form typical for zeolite crystallization.
The time to reach maximum yield is about 2L hours for
metakaolinite magmas at 80° in 1N sodium hydroxide.

This contrasts with the very short time required for
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Results of kinetic measurements and solution compositions

for production of Na-Q at 80°C from metakaolinite in

1 N NaOH solutiodn.

The initial concentration of metakaolinite = 100 mMols/l.

of solution.

Time Concentration of
hours Al1,S5i in solution
miols/litre
an Si
0.5 %0.0 3l.2
1.0 52.0 54.7
1.5 L0 4l.7
2.0 24.8 30.9
3.0 3.0 35.0
4,0 36.0 33.0
5.0 40.0 355
5.5 - -
8.0 1.0 3.8
12.0 35.0 337
14.5 - -
18.5 - -
21.0 26.5 22.5
32.0 2l.5 20.5

% by weight
water sorption

l.1
1.7
1.7
1.9
2¢3
2.5
2.8

3¢5
12.0

17.4
19.9
20.4
21.0

% conversion
to zeolite

U O OO0 O O OC O

W W O~ &
Ao I \C RN Xe I VI o)}
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gels at 100°C. Ciric has found the time needed for
complete crystallization at 100° to vary between two and

six hours depending upon the Nay0/A1,05 ratio.

For the crystallization both of K-G and of Na-Q
there is a decrease in the dissolved alumina and silica
to values which appear to remain almost constant.

Thus a solution of a definite composition comes to
equilibrium with the zeolitic species. A further _

example of this general observation and an interpretation

are given in subsequent sections.

The chemical analysis of one of the products
obtained from metakaolinite and 2 molal sodium hydroxide

is compared below with a typical product obtained from

gels:

Mole Ratio Hetakaolinite Gel (Breck 1956b)
Naao 1.0 0096 t 0.0L|.
A1,04 1.0 1.00

810, 2.0 1.92 * 0.09

Hzo Ll-05 . ’ Ll-o?

These compositions show no significant differences.
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2. 2.7 The Species Na-C

This product was identified as basic cancrinite.
In the sodium system it formed only at higher temperatures
(cf. Figure 3.2.3).100% yields occurred at 170° to give
perfectly shaped hexagonal rods (Plate 3.2.1).
Barrer and vhite (1952), in their early study of the
crystallization of sodium aluminosilicate gels, found
the formation of basic cancrinite restricted to ele&ated
temperatures of 330° - L50°, Recently Barrer and Cole
(1970) have found that the presence of certain soluble
selts such as nitrate preferentially results in cancrinite
formation at temperatures as low as 80° in the kaolinite-
KaOH system. In the present syntheses from metakaolinite,
in thé absence of salts, cancrinite was fgrmed only at
temperatures above this teméerature. Nevertheless
formation temperatures are significantly lower than those
in the work of Barrer and Vhite using gels. The
crystallization of metakaolinite in the mixed sodium-
lithium system yielded a basic cancrinite at 80°( Section

3.643)

The crystals formed at 170° gave sharp X-ray diffrac-
tion patterns. The d-spacings of one of these are given

in Table 3.2.7 along with those of a standard sample.
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Table 3.2.7
The d-spacings of species Na-C and basic cancrinite.

Na-Q Basic Cancrinite
(Villiger 1970)

a I a
6.L65 s 6.363
5.577 m 5.510
L.748 vs L.637
L.205 ms L.165
L4.058 W L,023
2.823 W 3.779
3,706 vs 3,673
3. 274 vs 3.249
3,080 W 3.057
3,023 W 2.999
2.778 s 2.755
2.742 W 2,713
2.652 ms : 2.62,
2.611 s 2.596
2.54l m 2.528"
2.449 s 2.434
2.422 it 2.405
2.287 ul 2,273
2.213 W 2.203
2.195 m 2.182
2.132 s 24121
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The dimensions of the hexagonal unit cell were
a=12.77 and ¢ = 5.3L K, It was noticed that_among
different preparations there was a small difference
in unit cell size. This is presumably due to small
differences in either framework composition of the
cancrinite or base content, and was also observed by

Barrer and White (1952).
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2,2,8 The Svnecies Na-I

This product, basic sodalite, occurred over a large
area 0f the sodium cryst:llization field and, as will
be seen in Section 3.6, over a large part of the mixed
cationic crystallization fields. Syntheses of Na-I
were possible over the full range of silica to alumina
ratios studied (i.e. 2:1 %o 10:1), and over a temper-
ature range from 80° to 140°, The position of basic
sodalite in the sodium crystallization field corresponds
with the general observations made on the potassium
system. That is, this felspathoid with a low silica to
alumina ratio of two grew from magmas of increasing
silica content only in areas that had increased alkalinity.
For exomple, at 110° with rotation, the alkali concen-

trations were:

Silicatalumina ratio Molality of NaOH in

of starting composition position of a major yield
2 | 3
6 | | 5

10 >5
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Siliceous sodzlites are also possible, Thus,
Baerlocher and Ieier (1969) have made a sodalite of

conposition:
(CHg) o, A1Sig04,

by employing tetremethyl ammonium ((CHg)4NT) as the
cation in syntheses. The size of this cation decreases
the number which it is possible to fit into the framework
and so necessitaetes formation of a sodalite having a high
silica to =2luminza ratio of 10 and correspondingly low
framework cherge. Moreover the size of the (CH3)4N+

ion is such that this product is anhydrous.

The chemiczl analysis of a Na-I product crystallized

from metakaolinite at I molal NaOH and 80° was:

welght per cent Molar ratio
IIazo 214.5 l. 29
Sioz 370 3 2003
Al:04 31.2 1.00
H,0 6.8 ‘ 1.25

This gives a comgositional formula of

N'ago 9 Alzo ay 2.038i02, Oo 58N8..OH,1¢ 25H20



164

A comparison may be made with the composition of the
basic sodalite used by Barrer and Falconer (l95é) in

their ion-exchange investigations. This was:?
Na,0,41,045,2.05310,,0, 34Wa0H,1,51H,50

Barrer, Cole and Sticher (1968) plotted the dependance

of water and sodium hydroxide contents upon concentration

of alksli in the synthesis. With increasing sodium hydroxide
concentrations the water content decreased while the amount
of intra-crystelline sodium hydroxide increased. From

the composition of the gel used to prepare the sample

of basic sodalite of Barrer and Falconer (3arrer and

White 1952) the approximate concentration of alksli was
calculated to be about 2.7 normal. Thus a comparison

of the synthesis conditions of both Barrer and Falconer's -
semple and the one from metakaolinite in this work

(L ¥ sodium hydroxide) with the final content of water

and sodium hycroxide show the results to be compatible

with the relaticnship found by Barrer, Cole and Sticher
(1S68). The starting materials varied in all three

cases. Barrer and Falconer's basic sodalite was

produced from gels, that of Barrer, Cole and Sticher

from kzolinite, and in the rresent work from metakaolinite.
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Thus for making basic sodalite a variety of starting
materials is suitable and only the crystallization

conditions need be changed.

In a number of syntheses the X-ray diffraction pattern
of the product revealed a mixture of two basic sodelites
having slightly different unit cell dimensions. Examples

of these are given in Tables 3.2.8 and 3.2.9



166
Table 3.2.8

The d-spacinzs of basic sodalites prepared at various

alkali concentrations from metakaolinite rotated at 80°,

Int. L molal 6 molal 10 molal Indices
s 6.0  6.30  6.30  6.30 6,29 110
nw L.45 L.46 L.L5 L7 L.hly 200
vu L. 00 L.00  L.00  L4.00  3.98 210
5 3.63 3,65 3,63 3,65  3.61 211
m 3.15 3,16  3.15 3,17  3.13 220
5 2.82 2.8,  2.82 2.8  2.80 310
5 2,568  2.569 2.565 2,569  2.551 222
m 2.375  2.400 2,377 2,402 2,360 301
5 2,100 2,120 2,100 2.121  2.090 111
W 1.902  1.911 1.900 1.912 1.898 332
W 1.815  1.830 1.815 1.833 1.805 L22

B

1.745  1.760 1.743 1.762 1.740 L3l
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Table 3.2.9

The unit cell dimensions of basic sodalites from the
reaction of metakaolinite with sodium hydroxide

rotated at 80°,

Molality of NaOH Unit cell determined &
Ll. a = 8.905 Aa=20
6 ) 4= 8.9Ll-9 ap= 8.910 A a = 0.039

10 _8'1‘: 8.957 o= 6.863 Ada = 0.09L|.

Barrer and Cole (1S70) have measured the kinetics of
sodalite formation in the presence of NaClO, by determining
the amount of salt in the product. A sigmoidal growth
curve was observed similar to those in Sections 3.1.5 and

342464 ]
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3,2, The Snecies Ng-B

This product was identified as synthetic analcite.
The X-ray diffraction pattern is given in Table 3.2.10,
which for comparison includes a natural analcite
reported by Coombs (1955). Analcite has been synthesized
in many crystallization fields with silica to alumina
ratios from 4 to 10 (ecf. Introductory Section).
Barrer with White (1952) and with Baynham, Bultitude and
Meier (1259) and Szha (1959) have found analcite to
crystallize from gel and glass compositions with a silieca
to alumina ratio as low as 2. In the recrystallization
of metakaolinite, analcite did not form when the silica
to alumina ratio was 2 but appeared when, by addition of

extra silica, the ratio was raised to L.

Saha (1959), starting from glasses of albite,
enhydrous analcite and anhydrous natrolite compositions,
produced a range of analcite compositions. The unit cell
was found t0 increase linearly with decreasing silica
content, A variation of unit cell was also found by
Guyer (1S57). In this work two preparations of analcite
were made under identical conditions apart from the

concentration of sodium hydroxide in the synthesis mix.
The name analcite is.used for synthetic. analcime (Ng-B)
consistent with all previous syntheses in these laboratories.
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Table 3.2.10

The d-spacings of species Na-B and a natural analcite

( Coombs 1955).

Species Na-B Natural analcite

- 6.87 5
5.603 5.61 80
4.852 ' L.86 LO
3.66L 3.67 20
3.433 3.43 100
2,926 2,925 80
2.795 2,801 20
- 2.6S93 50
2.503 2,505 50
2.423 . 2.426 20
2.226 40

2,169 2,168 5
2.116 2.115 5
2.023 2,022 10
1.941 | 1.940 5
1.904 1.903 50
1.868 1.867 LO
1.833 5

a = 13.73 a = 13.72
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This resulted in two very good analcites with differing
unit cell gizes. These were measured and corrected
with the internal standard as described in Section 1.3

and the results are given below in Table 3.2.11.

Table 3,2.11

Molality of NaOH Unit cell edge R Unit cell volume £°

(1) 0.5 13.694 + 0.004 2568 + 2.0
(II) 1.0 13,723 * 0,002 2584 t 0.5

Anzlcite crystallized from metakaolinite over
a temperature range from 110° to 170°, Barrer,
Baynham, Bultitude and Meier (1959) found the lowest temperature
of synthesis of analcite from their sodium aluminosilicate
gels to be 150°C, in agreement with the previous investi-
gation of Barrer (1949). The analcite férmed from
metakzolinite and silica at 110° (Table 3.2.2) had a very
good crystallinity. This was aided by the rapid rotation
of the autoclave during synthesis which gave greater
homogeneity to the reacting system. Such low temperature
syntheses may be of geological interest in relation to
the reports by Keller (1952, 1953) on the identification
of large beds of analcite. The origin of which is
suggested to be the circulation of sodium rich waters

in lakes.
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Barrer z=nd White (1952) reported three crysfal
habits of synthetic analcite. These were icositetrahedra,
spherulites and cubes. The preparations from metakaolinite
produced only icositetrahedra. Scanning electron micro-
graphs as showa in Plates 3.2.2 show the surface of
these to have a fine web of needle-like particles which
persistent washing would not remove.  Very careful examin-
ation of the X-razy diffraction patterns failed to show the
presence of a second crystalline phase. This was due to

the very small smount present (less than 1%).

The differential thermal analysis and the thermo-
gravimetric anzlysis of Na-B are shown in Figure 3.2.,5
A comparison with the natural analcite reported by
Koizumi (1953) shows that water loss in both natural
analcite and in Na-B occurred in the relatively high
temperature ranze for zeolitic dehydration of 3C0-500°,
The slow water loss 1s a result of the very restricted

channel system in analecite (Taylor 1930).

The sample was heated on a Guinier-Lenné camera to
80¢°, The resulting film is shown in Plate 3.2 3
The film was measured and the unit cell edge was calculated
for various temperatures. The results obtained are shown

in Table 3.2.12.
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Teble 3.2.12

Temperature °C Unit cell edge a &
25 13.78
275 13.77
360 13.73
1,20 13.67
5390 13.63

In Figure 3.2.5 the unit cell edge for synthetic
analcite is plotted below the T.G.A. and D.T.A. curves
Although the heating rates for the thermogravimetric,
differential thermal and Guinier-Lenné apparatus were
different, Figure 3.2.5 shows the unit cell contracting
with water loss up to 125° then becoming unstable as

lattice breakdown occurs at higher temperatures.

The chemical analyses of both preparations described

in Table 3.2.11 were found to be:

Molar composition

I II
I\Taao loo loo
A1L,04 1.0 1.0
510, Ly, 32 L4 09

H,0 1 1
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Figure 32.5 Effect of Heating on Zeolite Na-B Anaicite
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The analcites are compared with preparations of Saha (1959)

and Barrer and VWhite (1952a) below in Table 3.2.13.

In Table 3.2.13, the composition range for
synthetic analcite was found by Saha to have silica %o
alumina ratios from 3 to 6. It should be noted that
these values are the initial composition of the reacting
mix and that no chemical analysis of the vroduct was
reported. The analcites synthesized from metakaolinite-
silica reactions with silicastalumina retios of 4 to 10
were found to have silica to alumina ratios of
approximately L to L. 3. The composition of 68 natural
anslcites has been noted by Saha (1959) where it may
be seen that the majority have silica to 2lumina ratios

in the range of L.0 to L.6.
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Table 3.2.13

Properties of synthetic anzlcites of Saha (1959),

Barrer and white (1952a) and this work.

Analcite composition Si0,/A1 404 Unit cell edge &
Na,Al,Sis.s05,0.75H20 3 13.77 T
Enatrolite composition)
Saha)
Na,AJ.,SiQOG,HQO Ll- 13.73 +
éideal analcite composition)
Saha)
Na, AL, S1g0g,1s5H20 6 13,67 F
galbite composition)
Saha)
N.azo 3 .Alzo s,Ll-. 325102,H20 Ll-u 32 130 69
Nazo,MQOQ,)—L.O9SlOQ,H20 Ll..09 13072
Nag0, Al 204,458104,H,0 Y 13.67

+ Values read from the graph of Saha (1959).
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3.2.10 The Svecies Na-dJ

This product was identified as nepheline hydrate I
first synthesized by Barrer and White (1952a). Other
previous syntheses are noted in Sectiorn 1l.2. Ng-d
crystallized from metakaolinite as the sole product at
temperatures above 140°,  The crystal habit was rod
shaped as seen under the electron microscope. It dia
not exhibit the twinning giving it the hexagonal appear-
ance described by Barrer and Vhite. The d-spacings of
species Na-dJd were measured and indexed according to
a unit cell provosed by Edgar (1964). The unit cell
was found to be orthorhombic with a = 8.21, b = 7.47
and ¢ = 5.23 &, In Table 3.2.14 the observed and the
calculated d-values are given together with the d-spacings

of the original preparation for comparison.

The composition of Na-J was Nag0,A1,0,5,25i05,H,0,
which may be compared with the analysis of Guth (1965)
Who found 0-99Na20, Algo 3,1092810 2 ,lcl?HzOo

The differential thermal and thermogravimetric
curves for Na-J are shown in Figure 3.2.6. There is
a two-step dehydration where about 1% by weight is lost

up to 200° and then a loss of approximately L% to about
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Table 3.2.14

The d-spacings, observed and calculated for Na-dJ
compared with nepheline hydrate I of Barrer and

White (1952a).

Na-d ' Nepheline
hydrate 1
a=8.21 Db=7.47 c=5.23 A
1 dobs dcalc 1 d
m (100) 8.3 8.21 60 8.3
m (010) 7.47 747 60 7.4
L0 6.38

mw (110) 5.52 5.52 50 5.52
W (101) - hl72 Lhohl 10 Le72
s (011) k4. 39 L. 28 90 Lt 39

( 200) 4.10 4.10 10 L.11
W (111) 3.79 3.80 |
W (210) 3.61 3.60 10 3.61
S (120) 3.401 3,400 100 3440
i (201) 3,225 3,229 10 3,22
S (211) 2.961 2,964 90 2.95
m (121) 2.848 2.850 60 2.8L
ms (002) 2.602 2.615 70 2.60
s (221) 2,41t 3 2.443 70 2.43
W (211) 2. 304 2.306 10 2430
W ( 320) 2. 200 2.207 L0 2.19
w (131) 2.172 2.168

W (212) 2,111 2.115 30 2.11
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Figure 3.2.6 Species Na<J Nepheline Hydrate |
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400°,  Here the weight becomes constant. Heating Na-d
to 500° resulted in lattice breakdown. A samplé heated .
to 350° and then exposed to a relative humidity of 56%

for seven days showed only surface water.
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3.2.11 The Species Ng-P

The previous syntheses and structural relationships
of the members of this group Pl, P2 and P3 have been
discussed in Section land here.Metakaolinite provided
a source of the Pl-pseudo cubic, P2-tetragonal and,
in one synthesis, P3-orthorhombic member of this group.

The orthorhombic form crystallized as approximately 60%
of the product in a mixture with analcite, This synthesis

was not reproducible.

The Na-P zeolites crystallized from mixtures with
silicatalumnina ratios of 4 to 10 and over a temperature
range of 80° to 14C°. None of the crystallizations from
metakaolinite (with a ratio of 2) produced the P phases.
Barrer et al (1559) found thgt P crystallized from gels
with aluminassilica ratios of 1:12, 3oth Teylor and
Roy (196L) and Saha (1$61) have noted a linear decrease
of refractive index with silica content, and Taylor has
deduced from the refractive indices quoted by Barrer
that his samples corresponded with a composition range

having ratios 1:2 to 1l:6.

From Tables 3.2.1 - 3.2.4 and Figures 3.2.2 and 3.2.3
there appears to be no correlation between the occurrence

of P1 and P2 and mzgma or final crystal compositions other
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Mole
ratio

Na0
A1:0,
Si0,
H,0

Na,0
A1 04
8i0,
H;0

Synthesis from
metakaolinite + 28i0,
'cubic'! Na P1
0.99
1.00
3.40

L.0

Regis et al
1560)

0.7-0.9
1.0
7.6-7.8
16.0-19.8

Table 3.2.,15

Synthesis from
metakaolinite + 4510,
tetragonal P2
1.00
1.00
L.10

L5

Borer (1969)
tetragonal

1.00
1.00
L.40
4.60

Na P
Barrer et al
(1959)
1.0
1.0
33
L.3

Borer (1969)
cubic

1.00
1.00

3.03-3.65
L4,10-4.40

Na P
Taylor and Roy
(196L) tetragonal
0.89
1.00
3.18

L.62

| Dyer (1968)

cubic

1.00
1.00
3.80
4,60
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then the tendency for the 'cubic'Pl to form in lower
temperature regions. Typical compositions of NaP for
two preparations are given in Table 3.2.15 together

with previous syntheses for comparison.

The orthorhombic P3 was not analysed due to its
co-crystallization with analcite. But its position
in the crystallization diagram at 110°, in a region
dominated by analcite as the stable product, may be
examined in the light of the hydrothermal stability
studies of Taylor and Roy (1964).  Some of their

results are given in Table 3.2.16.

The P2 tetragonal framework undergoes recrystalliz-
ation to the H (or M) structure in the case of the lithium
and potassium ion-exchanged forms. The sodium and calcium
forms convert respectively tQ analcite (Taylor 1930) and
wairakite (Coombs 1955). The mixed potassium-sodium
form produces a phase of the phillipsite type (see
Section 3.,6.8 for its synthesis and characterization)
which is probably rich in potassium and analcite rich
in sodium. The same division of cations occurs with
mixed potassium-calcium forms to give K- and the calcium

anclogue of anelcite, called wairakite.



185

Table 3.2.16

Initi=2l product Temperature Final product

wet runs Na-Pn 200° analcime + Pn
NapPT 2609 analcime
Li-Py 260° H® 4 Li-A
K-Pp, 3100 (H)
Ca-Pn 295° wairakite + Pn
CaFPT 3100 wairakite
Ba—PT < 200° , H
dry runs NaseKes~Pq 2200 H + analcime
Na23K72-PT 2559 H + analcime
2 Ko2Cage-Py 2200 H
2 KgCage-Py 31.5° H + wairakite
2 KgeBase-Pp <1500  H

# H refers to the phase previously called M (e.g. K-M
in Section 3.1.6 ).

() indicates - not reproducible.
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In the synthesis crystallization field (Figure 3.2.2)
analcite is stable at a much lower temperature fhan that
showyn in Table 3.2.16 and P2 does not persist at temperatures
of 200°, Here again is evidence of the lowering of the
temperature of formation of species, considered high

temperature phases, in highly alkaline media.

In Section 3.6 the systems containing NaOH + LiOH and
NaOH + KOH as the bases were considered. The syntheses
show fhe compositional limits in the formation of species
P and ¥ at relatively low temperatures. The stability
of the P framework is increased with potassium content
to such an extent that X-M is not reproducibly formed
(Table 2.2.16) at 310°, Higher temperatures, where
the recrystallization of K-P takes place readily, are
beyond the stable region of K—M and the conversion to

leucite.

The X-ray diffraction pattern of Na-Pl is shown in
Table 3.2.17. This was indexed to give a pseudo-cubic

cell with a unit cell edge of 9.99 %.
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7.10
5.00
L.08
34531
2.159
2,887
2.668
2.500

2. 357
2,2L6
2.129
2,04l
1.965
1.826
1.768
1.719
1.669

w

Vs

v

w

w

v

mw

W

w

Table _3- 2 17

d(calc)

7.05
5,00
14,08
3+532
3.159
2.885
2,670
2.499

24355
2,235
2,120
2,040
1.960
1.824
1.766
1.713
1.665

Barrer
(1959)
7.10
5.00
4.10
3el45
.18
2.90
2.68
2.52
2.41
2436
2.23

vw

vVs

vw

vw

vw

v

Borer
(1969)
7.143

5.03L
11,108

3. 177
2.899
2,683

2e 513

2.36L
2,243
2,140
2,050
1.970
1.832
1.775
1.722
1.672
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52.3
2845
50.2

100.0
7.5
55.4
5.0

10.9
1.7
1.6
5.1

16.0
2.7
8.3

1343

11.9
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The X—ray-diffraction pattern of P2 having a tetragonal
unit cell a = 10.11, ¢ = 9.804is given in Table 3.2.18,
Here it is compared with its K and Ca exchanged forms and
also the mineral garronitéﬁ. Barrer et al (1S59) first
indicated this similarity and later it was confirmed by
Taylor and Roy (1964) who compared the XK and Ca ion-
exchanged forms of both the mineral and Na-P2.
Included in Table 3.2.18 1s the K-M phase produced by the

hydrothermal recrystallization of the K exchanged Na-P2.

The effects of dehydration and heating hzve been
investigated by Barrer, Bultitude and Kerr (195%),
Teylor and Roy (1S$65) and lately by Borer (1S59).
Barrer showed that a distinct step occurred in the
dehydration curve of Na-Pl between 73 - 87°, Upon
rehydration hysteresis was observed. Taylor ==d Roy
found that cubic La-P and tetragonal Na-P were related
by a reversible displacive transition at 6C° + 3. The
transition point for the K-exchanged phase oI comvosition
NagaK,7-P2 was 34° T 3, while the K-exchanged X-P2 underwent
a continuous reversible collayse on heatingzg, Since the
products were identical to those of Borer the T.G.A. and
D.T.A. curves were not reveated but are reproduced in

Figure 3.2.7. The weight loss curves are very similar

% This sample was kindly supplied by Dr. G.2.L. Valker of
the Geology Department, Imperial College.



110
101
111
200
002
201
102
211
112
202
212
201
103
31
113
222
202
203
321
312
213
100
410
222
L1l
331
20L

Table

3.2418
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A comparison of the d-spacings of Na-P2 with related species

Na-P2
10.11
9,80

7.15
7.05
5.77
5.05
L.90
Lo49
Le4l
L4.10
L.0L
3.52
3. 320
3.186
3,110
3.033
2.969

2.769
2.743
2.690
2.673
2,646
2,525
2.4L47
2.428

2.314

vw

ms
A%
ms
mw
vw

mw

VW

hydrotherm
recrystalliz
310°

K~ _
orthorhombic

9.8
8.27
7.14

5.37
5.04
Lok
L.u8
L.29
L1l

366
ERn
3425
2,18
2.96
2.73

2.55

2,17

2

al

ation
K®*2pot

9.93
9.67

6.943

1,266

4.037
%.983
3073
3.132
3.066

2.842

2.649
2.63}4
2.609

24 337

2175

EXe

Ca P2t Garronite®
9.88 9.85
10, 30 10, 32

101 7.13 82 7.15 ms

112 L4.15 71 L.12 s
211 L4.07 51 L.07 m
103 3.240 LO 3.22 m
301 3.140 100 3.14 s
222 2,893 3 2,88 W
213 2.708 9 2.66 s
312 2,674 62 2,66 s
0L 2.573 7 2.54  vw
L1l 2.334 8 2.3 w
420 2.211 3 2422 W
332 2.125 3 2,12 ATACH
22 2,072 5 2.05 vw
Lo2 2.03%0 2 2.03 vy
3L 1.985 6 1.970 w
501 1.940 5 1.938 w

(1) Taylor and Roy - (196L)

(2) Barrer, Bultitude and
Kerr (1959)
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for P1 and P2 but the D.T.A. curves show marked differences..
The Na-P1 shows one large exotherm correspoﬁding_to
dehydration in the region of 150-200°, This peak in the
Na-P2 sample is split into two which, if the Na-Pl and

Na-P2 species have the same basic framework, has no

apparent cause. Preceding the dehydration peaks the

Na-P2 D.T.A, shows a small endothermic peak at 60° which
corresponds very closely to the tetragonzl-cubic trans-

ition mentioned earlier.

Properties of the species P1 and P2 which were
influenced by cationic content during synthesis are
examined in the section on crystallizations in the presence
of two cations. These properties are discugsed in
relation to the cuantitative ion exchange experiments

of Barrer and Munday (1970).
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The water content of various cationic forms of

Na-P2 has been determined and are given belosr:

Cationic form % weight loss % weight loss
on heating corrected to equivalent

weight of Na- form

cst 7.5 10.6
Rb' 8. 10.2
KT 10,5 10.7
Nat 15.2 15,2
it 17.7 16.8
Ba?t 14,9 22.8
Srat 17.0 22,8
Ca2t | 19.3 21.6

In Figures 3.2.8 and 3.2.9 the thermogravimetric and

differentiazal thermal curves are showm.
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Figure 3.2.8 Water Loss of Various Cationic Forms of Na-P2
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Figure 3.2.9 DTA of Various Cationic Forms of Na-P2
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342,12 The Species Na-R

The product Na-R was identified as the synthetic
analogue of faujasite (Bergerhoff, Baur and Nowacki, 1958)
and corresponded to the synthetic zeolite Linde X
(Milton 1959). Na-R crystallized from metakaolinite
fortified with silica to give compositions more siliceous
than that with Si03:41,05 = 2 which yields Na-Q. This

may ve because the final composition of Na-R is
Naao, .Algoa, 2.8 SiOa, 6 Hao

At 80°C the time regquired for maximum yield of Na-R was
about 3 days (see Teble 3.2.3)e After this period there
was a gradual conversion to Na-P2. This contrasts with
species Na-Q (Section %.2.7) which was stable under similaxr
alkaline conditions up to 1k aays. The observation that
Na-Q at higher temperatures than those used for its
synthesis from metaksolinite (100-110°) recrystallizes

to Wa~P and that the Na-R readily converts to Wa-P2 at 80°
is probably due to a greater Qompositional similarity
between Na-R and ¥a-P than between Na-Q and Na-P. For

example. typical compositions are shown below.
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Species Typical molar compositions
Na-R Nago, AlaOa, 2.8 SiOz, 6 EQO
Na—P . I\Iazo, AlgOa, 3 SiOZ, 6 HQO
Na—Q NaQO, Algoa, 2 SiOg, L.5 Hgo

Kerr (1966) in a study of the relative rates of
formation of zeolites Na-R and Na-P, found that Ka-R nucleates

more readily but has a slower growth rate than Fa-P.

The yield of Ne-R prepared from metakzolinite
and silica, as estimated from X-ray diffraction and optical
microscopy, was approximately 705% under the optimum
conditions found. In Table 3.2.19 the X-rzy diffraction
pattern of a sample crystallized from metakzolinite and
silica is compared both with natural faujasite and

synthetic Linde X made from sodium aluminosilicate gels.
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Table 3.2.19

A comparison of the d-spacinzgs of Na-R with synthetic

Linde X and natural faujasite.

Na-R Natural faujasite Linde X
(metakaclinite) (Breck 1967)
14,40 vs 14.25 vs 14.465 100

8.79 ms 8.70 S 8.845 18
7.51 m 7.38 S 7.538 12
5.70 m 5.66 vs 5.731 18
4.80 v L.76 S L.811 5
L.4L0 W L, 36 S L. 419 9
- L.16 W L.226 1
- 3,290 W 3.9L46 L
3.79 m 3,76 vs 3,808 21
3.755 w - 3.765 3
- - 2,609 1
- 3.ul \ 3.500 1
3.328 W 3,29 s (4) 3.328 8
- 3.19 W 3.253 1
3,050 w 3.01 W 2,051 L
2.040 w 2,93 s (a) 2.544 S
2.885 mw 2.81 S 2,885 1L
2,800 w 2.75 m 2.794 8
2.710 vw 2.69 \ '
2.625 mw 2.61 m
2.589 w 2.58 mw
2.51 W
237 ms
229 W
2.17 m

2.15 w
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3,213 The Species Na-3

The product Na-S was identified as a member of the
gmelinite family. The X-ray diffraction pattern
exhibited both sharp and diffuse lines. There was only
a minimal change in the diffraction pattern between
various crystallizations of this species. This and
sorption evidence indicated that Na-S was a gmelinite
containing a certain amount of disorder such as stacking
faults rather than a co-crystallization mixture of chabazite
and gmelinite. The spacings derived from the X-ray
powder diffraction pattern are shown in Table 3.2.20
where they are compared with spacings of chabazite and

gnelinite.

The species crystallized from silica rich magmas
with silica to alumina ratios of 6, 8 and 10. The
crystallization took place in regions of low alkalinity
(Figure 3.2.2) indicating that the product itself was
stable only with high silica contents. Analysis of

a sample gave the following composition.
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% by weight Mole ratio
Na,x0 12,00 0.99
A1,04 19.96 1.00
Sioz Ll-?' 32 LI—. 03
H,0% 21.00 6.0

# equilibrated at a relative humidity of 56%.

This sample from the metakcolinite synthesis has a lower
silica to alumina ratio than that of Barrer, Baynhan,
Bultitude and Heier (1959). This product had the

following composition
N.azo, Alea, 5.1 SiOQ, 5.’-]- H20

The product derived from metakszolinite was closer in

composition to the natural gmelinite (Fischer 1S566).
(NayCa) s AlgSi 048 o 24 HZ0
giving mole ratios of

(Fagz0, Ca0), A1,04, 4 Si0,, 6H,0

Evidence for the existence of stacking faults,other than
diffuse lines in the sharp X-ray pattern is given by the

sorption properties.
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Table 3.2.20

A comparison of Na-S with chabazite and gmelinite.

Na-8 Gmelinite® Chebazite™
a =137 a = 13.75 a = 1378
¢ = 10.0 c = 10.05 ¢ = 15.06
11.84 m 11.911 9. 355

9.00 md 7.681 6.892

6.86 s 6.877 6. 369

5.99 W 5955 5.54L48
- 5.123 5.020
5.01 s 5.025 L.677
- 11,630 . 322
L.46 m 4.502 4.058
- 4,108 3.979
L.00 w 4,057 3,870

3.96L mw 3.970 3,591

2,841 w 2,840 3.ll46

- 3.692 30233

3.433 vs 2,438 3,184

3.510 m 3.535 3,118

34300 wvw 3,203 3,031

£ Meier (1967)
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The sorption capacities for oxygen of various
cationic forms of Na-S are shown below. The isotherms
are plotted in Figure 3.2.10 and the results of these

experiments are given in Appendix 2.

Cationic form of Na-S Oxygen sorption capacity
Lit 160 c.c./gm. STP
Nat | 102
H* 58
Ni{: 18
catt 142

x X-ray evidence showed that considerable lattice
breakdown had occurred in this preparation, obtained

by heating the ammonium form.

A1l the isotherms at 78°K in Figure 3.2.10 show
surface condensation associated with hysteresis. The
closure of the hysteresis loop at approximately the same rel-
ative pressure (about 0,25 ) for each of the cationic
forms is ascribed to the sudden vapourization of the
condensed oxyzen as the partial pressure is lowered
beyond a specific value. Hence this value apvears to
be characteristic of the gas and independent of both the

particular zeolite and its cationic form.



Figure 3.2.10 Sorption of Oxygen at 78°K Zeolite Synthetic Gmelinite {D332)
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Figure 3.2.12 Sorption of n-Butane at273°K on ..
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The effect of temperature upon sorption capacity
and isotherm shave is shown in Figure 3.2.11 fof another
sample of Na-3 ion-exchanged to the lithium form. The
increase of temperature decreases the sorption capacity
whnile removing the surface condensation. Thus at

elevated temperatures reversible sorption takes place.

The lithium-exchanged Na-S sorbed n-butane but not
iso-butane. Figure 3.2.12 shows the sorption of n-butane
on two samples of Ha-S. Sample 2 was made in these labora-
tories by Dr. J.TF. Colé. By crystallizing gels in the
presence of gelatins, he attempted to prevent the form-
ation of stacking faults (Cole 1970). The results of

hydrocarbon sorption on these samples were:

Sorption capacity CeCe fom. STP

Semple n-butane . iso-butane
1 36 0
2 16% 0

% This sample was heated in a stream of oxygen prior
to sorption to remove any organic material occluded
during synthesis. It was then checked for crystallinity

by X-ray diffraction.
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Both of the samples had effective channel
dimensions reduced by stacking faults or in some other
way from the free diameter of unobstructed channels,
which is 7.0 £ (Table 1.1.2 ) to about 3.6 £ which

is characteristic of chabazite (Dest 1958).

Since Na-S was silica rich (silicé:alumina = L)
the stability of the hydrogen form was investigated.
The zeolite was converted to the ammonium form and then
heated until the ammonium cation decomposed. The pfoduct
was examined as a sorbent and by X-ray diffraction.
The sorption capacity fell to 58 c.c./gm. at S.T.P. for oxygen
while the wezkened diffraction pattern showed much

reduced crystallinity.
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Section 3.3 The System Metakaolinite - Lip0-Si0,-H,0

e 3el The Reactions of Metakaolinite-Silica with
Lithium Hydroxide

In the following Tables are given examples of
syntheses carried 6ut in the metakaolinite-silica-LiOH-H,0
system. Only two hydrated products and one silicate
crystallized when the only cation present was lithium.
Later, in Sections 3.6.3 and 3.6.5 it will be seen that
in presence of a second cation the lithium cation
promoted the growth of more diverse products. In
nature there are only four purely lithium minerals
commonly found. These are eucryptite, spodumene, petalite
and the zeolite bikitaite. Two more minerals, the
micas lepidolite and zinnwaldite, complete those minerals
rich in lithium, A synthetic lithium zeolite Z3ki-2
(Ciric 1968), the zeolites lithium mordenite, lithium
phillipsite and lithium analcite produced by Sand,

Coblenz and Sand (1970)and the lithium clinoptilolite
of Ames (1963) were not found in these syntheses from
metak=solinite. The products that were crystallized from

metak:0linite-silica are listed below.



Short
reference

Li-A

Li-.H

Li-d

Zeolite Oxide
formula composition

(Li)-Ab(2) Lig0, Al0,,

L]

2 Si0g, L Hy0

(Li)-H(8) Li,0, A1:0,,

L]

8 Si0,, 5 Hg0

Li, Si0,

Table 3.3.1
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Description

synthetic zeolite

synthetic zeolite

lithium
metasilicate

The general rezction compositions were

1 metakzolinite (A1,05 2 SiOy) + 2.5 = 45 Liy0 + ~275 Hy0

rotated at 80° for 7 days

Run
No.

3-1
3-2
3-3
3-4
3-5
2=-7
3-26
3-27
3-28
3-40

3-L1 .

3-48
3-49

Concentration of P
alkali (molality)
0.5

1.0

2.0

5.0

7.0

9.0

0.5 (110°)( 3 days)-
1.0 (110°)( 3 days)
2.0 (110°)(3 days)
0.5 (1h0°)(3 days)
1.0 (140°)(3 days)
0.5 (170°)(3 days)
1.0 (170°)(3 days)

roduct Description
Li-A mdeCTe
Li-A mde CTe
Li-A nde.cre.
Li-A mdecCre
Li-d PYe CTe
Li-d T CYrs
Li-A mc. CTre
Li-A MG« CIe
Li-d md. CTe
Li-A £C e CTe
Li-A gd.cr.
Li-A Vegd.Cr.

Li-J zd. cr.
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Table 3¢3.2

The general reaction compositions were:
1 metakaolinite + 4 Si0, + 2.5 - 45 Liy 0 + ~275 H,0
rotated at 80° for 7 days.

Run Concentration of Product Description
No. alkali(molality)

3-10 0.5 Li-A md.cr.

3-11 1.0 : Li-A md. CTIe

3-12 2.0 Li-A gd.cr.

3-13 2.0 Li-A + Li-d Azd.cr.,dpr.cr.
3-14 5.0 Li-J PTr.CTr.

3-15 7.0 Li-d pr.cr.

3-29 0.5 (110°)(3 days) Li-A + Li-H Azd.cr.,Htr.
%2-30 1.0 (110°)(3 days) Li-A + Li-J Azd.cr.,dmd.cr.
3-33 2,0 (11C°)(3 days) Li-dJ md. cr.

2-42 0.5 (140°)(3 days) | Li~A + Li-H Amd. cr.,Her.cr.
z24L 1,0 (1L0°)(3 days) Li-A + Li-J Agd.cr.,dgd.cr.
3-51 0.5 (170°)(3 days) Li-A + Li-H Azd. cr. ,Hor.cr.

3-52 1,0 (170°)(3 days) Li-A + Li-H + Agd.cr.,Htr.,
Li-—J Jgd. CTe
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>+1 >
C+> e I+

p T
p

| 2 3 4 5 6 7 8 9
LiOH conc molality



212

Table 3,3.3

The general rezction compositions were:
1 metakaolinite + 8 SiOz + 2.5 - 45 Lig0 + ~ 275 H0
rotated at 80° for 7 days

Run Concentration of Product Description
No. alkali(molality)

3-17 0.5 | Li-A md. cr.

3-18 1.0 Li-A md.cr.

3-19 2.0 Li-A + Li-d Amd.cr.,dtr.
3-20 3.0 Li-A + Li-J Apr.cr.,Jdpr.cre.
3-22 5.0 Li-J md.cr.

224 8.0 Li-J nd.Ccr.

2-36 0.5 (110°)( 3 days) Li-A + Li-H  Ap.cr.,Htr.
3-37 1.0 (110°)(3 days) .Li-A + Li-H Ap.r.,5tr.
338 2.0 (110°)( 3 days) Li-J md. cr.

3-45 0.5 (140°)( 3 days) Li-A + Li-BE+ Atr.,Hir.,
_ Li-J Jdmd. CcT.

3-46 1.0 (140°)( 3 days) Li-A + Li-J  Amd.cr.,Jmd.cr.
3-53 0.5 (170°)(3 days) Li-A + Li-H  Agd.cr.,Hmd.cr.
3.5, 1.0 (170°)(3 days) Li-A 4 Li-J  Azd.cr.,dgd.cr.
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Figure 3.3.3. 1 Metakaolinite +8Si0, +2:5-45Li,0 ¥275H.0
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Ze Be 2 Proverties of the Lithium Crystallization Field

The area of crystallization of lithium zeolitic
phases was bounded by the lithium metasilicate crystal-
lization area. From Figures 3.3.1 - 3.3.3 it can be
seen that the crystallization area producing hydrated
phases decreases as the total amount of silica in the
system increases. For example, with a'silica to alumina
ratio of 2 Li-A can be grown in concentrations of alﬁali
up to 5 molal, but with a ratio of 10 and with 2 molal lithium
hydroxide, metasilicate has begun to form and by 5 molal the

silicate is the only vhase present.

In all the lithium a2luminosilicate systheses with
metakaolinite, or in other systems (Barrer and VWhite 1551b),
Ruiz-Menacho and Roy 1959 and Gusseva and Liliev 1965),
no evidence was found for the crystallization of the
only naturally occurring lithium zeolite-bikitaite
(Hurlbut 1957 a,b). Hoss and Roy (1S60) have described
an interesting transformation of lithium exchanged
gmelinite to bikitaite. Lithium gmelinite forms
phillipsite at 200° when hydrothermally treated, and,
depending on the extent of exchange, bikitaite at 2509,
These workers also found all attempts to synthesise

bikiteite directly unsuccessful.



215

2,3.3  Products of the Lithium Crystellization Fields

Fe 30l The Spnecies Li-A

The product Li-A was identified as zeolite A first
made by Barrer and White (1951 b). Li~A was a major
product in areas of the crystallization field which were
low in alkalinity and in temperature (Figures 3.3.1 - 3.3.3).
The best crystalline product was obtained at 110° (for
example run no. 3-27). As the silica to alumina ratio
increased from 2 to 10 the region of formation of Li-A
moved progressively to lower concentrations of lithium

hydroxide.

Table 3.3.4 shows the measured d-spacings compared
with those of the initial synthesis. Dr. I.S. Kerr (1970)
has proposed a unit cell for Li-A from an electron micro-
scopy study of single crystals. This is ortnornomoic

[o]
with a = 10,31, b = 8,18 2nd ¢ = 5.00 A,

A comparable synthesis of Li-A from kaolinite was
reported by Barrer, Cole and Sticher (1968) but no
crystallization field was described for comparison. They
found that Li-A was an alteration product of a transient
species Li-K when kaolinite was reacted with LiCE. In

Teble 3.3.5 the d-svacings of Li-K are recorded. it wés



The d-spacings of hycérated products of the Lig0-

metakaolinite-Si0s-H,0 crystallization field.

Species Li-A

6.4k
5.21
L.26
4,06
3. 27
3.17
3.02
2.625
2.495
2.453
2. 388
2.325
2.241
2.169
2.040
1.956
1.667
1.83
1.751

1.715
1.582
1.550

Vs

vs

w

w

vs

W

W

mns

W

w

vw
w

w

Table

3- 3-“-

Li-A
(Barrer and
Vhite 1951b)

64442
5.21
4e29
L.06
2.27
3.15
3.03

2.420

2.392
2. 326
2.2L3
2,173
2.042
1.952
1,868
1.866

1.754
l.725

1.556

vs
mw
Vs
vw
vw
Vs

vs

w

vw
mw
w

mnw
v

vw

myr

Species Li-H

9.9
8el4
8.1
6.7
5.35
L.85

L.25

3.80
3. 57
3.50
Z.40
3+ 31

2,95
2,81
2,65
2.52

=

ms

sd

sd

mnw

W

mnw

A

vw

w
m
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Li-H

.84
8.39
8.10
6.68
5.33
L4.88
4e55
L. 27
3497
3.78
3.58
3.49
3.40
3. 32
3.08
2.97
2.80
2.66
2,52

. 28
2,02
1.87

(Barrer and
White 1951b)

m
mw
W
ms
w
ms
v
S
vy

mw
W

nw
nw

VVw
vw

w
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observed that these were similar to an intermediate
product formed during the growth of Na-P by Dr. R. Aiello
(1970) from very dilute sodium aluminosilicate solutions.
These preparations showed that dilufte lithium alumino-
Silicate solutions first produced laminaebefore the
appearance of Li-A, These laminee were found by X-ray
and electron microscopy to be largely amorphous. But
sodium alumino—silicate solutions produced laminazewhich

gave d-spacings by electron diffraction similar to Li-K.

Table 3.3.5

Comparison of the previously reported transient svecies.

Li-XK Na-lamina
(Barrer, Cole and (Aiello, Barrer
Sticher 1968) and Kerr 1970)
L.4o 35 : L.50  vs
2,66 100 2,61 Vs
2.42 30
2433 25 2.27 VW
1.79 20 l.77 m
1.536 30 ’ 1l.52 vs
1.256 184 1.31 ]
1l.26 W
1.04  wvw
0.9 wvw

0.87 vy
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3e3e5 The Svecies Li-H

The product Li-H was identified with the Li-H
originally made by Barrer and VWhite (1952 b). The X-ray
d-spacings are given in Table 3.3.4 where they are compared

with those of the original preparation.

Li-H crystallized from compositions having silica
to alumina ratios of 6 and 10. It was always co-crystallized
with Li-A and no analysis could be carried out due to this
adnixture. The oxide composition found by Barrer and

Vhite was Lizo, Man, 8 SiOQ, 5 HQO.

The formation of Li-H with a silica to alumina ratio
of 8 from a reacting magma with a ratio of 6 is possibly
due to the formation of Li-A (see Tables 3.3.2, 3.3.3)
which has a silica to zlumina ratio of 2 and when crystallized‘
produces a solution of enriched silica content. This then

can crystallize to form species Li-H,
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3,3,6 The Species Li-d

Li-J was a lithium metasilicate. Previous syntheses
were made by Barrer and White (1951 b), Gusseva and
Liliev (1965), and Borer (1969) from gels. The crystal-
lization of Li-d was from synthesis mixtures with silica
to alumina ratios of 2 to 10 and temperatures from 80°
to 170°, Elevated temperatures allowed lithium meta-
silicate to form at lower concentrations of lithium hydroxide
(Figure 3.3.3). Synthesis of Li-J (composition Li, 8iOg)
from metakaolinite produced solutions which contained
increasing amounts of aluminate, Bven in systems where
the silica content had been increased initiz2lly, only
a small part of the crystallization field produced phases
other than Li-dJ. Again, in later sections on mixed
cationic bases, the limiting of the area of zeolite
crystallization in lithium containing fields by Li-d

will be seen.

In Table 3.3.6 the diffraction pattern of Li-J is
compared with a sample quoted in the A.S.T.M. index by
Lam (No. 15-519). This had an erihorhombic unit cell
with a = 543, b = 9.41 and ¢ = 4.66 I



Li-Jd

.72
3430
2.70
2435

1.78
1.65
1.57
1.55

1.30

mw

mw

1.257 w

Table

3. 3.6

Li-metasilicate

L.70
3. 31
2.71
2. 34
2.09
1.773
1.655
1.567
1.560
l.422
1.355
1.299
1.255
1.170
1.138

100
20
90

17

L
8

8
1O
40

- o o & F
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Section 3.li  The Svstem Metakaolinite-Rb,0-5i0,~Ha0
end Mebakaolinite-CS,0-810,-Hz0

Z,4,1  Reactiions in the Systems

The reactions of metakaolinite-silica with both
rubidium and caesium hydroxide and the products obtained
are given in Tables 3.4.1 and 3.L4.2. The rubidium and
caesium hydroxide ﬁere prepared as described in Section 2.
They were then stored in sealed bottles until used. The

period before use was kept to a minimum.

Rubidium hydroxide yielded two zeolites at 80°,
One of these was the first preparation of the Rb-analogue
of the phillipsite structure (E-M). Caesium hycdroxide
yielded three species, only one of which was hydrated.
The products obtained from rubidium and caesium hydroxides

are given below.



Short
reference

Rb-D

Rb-M

Rb-A

Cs-D

Cs-F

Cs=-G

Crystalline Products Formed

Zeolite
formula

(Rb)-DT(2)
C ]

(Rb)-M (L)
[Pn]

(Cs)=-D(2)

L]

(Cs)-G(L)
[Anz]

Oxide
composition

szos Alzoas

Rb 30, Al,04,,
L4 8i0,, H,0

szo’ Alzoa’
2 5i0,

Cs;0, A150,,
2 §i0,, 2.4 H,0

2 8i0,

Cs0, A1:0,,
L, Si0,

222

Description

zeolite analogous
with K-F

zeolite analogous
with K-M

unhydrated Rb
alumino-silicate

zeolite analogous
with K-F

unhydrated Cs
alumino-silicate

synthetic pollucite
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The general reaction compositions were:
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1 metakaolinite (A15,05, 2 SiO,) + 0.25 - 20.0 Rbg0 +
(n - 2)8i0, + ~ 275 Hy0 rotated at 80°C for 7 days.

Run
No.
L-3
L4-10
L4

L-7

48

L-11
L-12
L-13
L1l
L-15
L4-16
L-18
L-12

Concentration of
alkali(molarity)
0.5 n=2
0.5 (14 days) 2
1.0 2
1.5 2
3.0 2
4,0 2
0.5 n=L
1.0

1.5

3.0

0.5 n=6
0.5 (14 days) 6
1.0 6
1.5 6

Product

Rb-D

‘Rb-D

Rb--D
Rb-D

Rb-HM

Rb-M

Rb-M

Am

Rb-M

Rb-}M

+ Rb-4A

Description

PTeCIe
gd.Cra
gd.CTe
Dgd.cr.,Amd.cr.

- PIe CTe

mdeCTe

mde CTe

PTI'eCTe

md. CTe
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Figure 3.4.1 | Metakaolinite +25-20Rb,0 +(n-2)SiO;7f275_H:.O

SiOa

Ale)

6 Am M M

4 Am M M M

2k Am D D D D+A

[ 2 3 4
RbOH conc molarity




Table 3.L.2

The general reaction compositions were

1 metakaolinite (Alz0s, 25i05) + 0.25 - 20.0 Cs,0 + (n-2)Si0.+

~ 275 H,0 rotated at 80°C for 7 days

Concentration of

alkali(molarity)
0.5 n=2
0.5 (1h days) 2
1.0 2
2,3 2
2.5 2
bhe5 2
5.3 2
1.0 n=
2.3 L
3.5 L
0.5 n=6
1.0 6
2.3 6

3¢5

Product

Cs-D

Cs-D + Cs-F
Cs~D + Cs-F
Cs~D + Cs-F

Cs-D

Cs~D + Cs-F
Cs~-G +

Cs-G +

Cs~-G

Cs-G

225

Description
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Ficure 3.4.2

| Metakaolinite +25-20Cs,0 +{n-2)Si0,3275H.0

g igz -
Al O,

6t G G G G

4r Am D D+F

2  Am Am D D+F D+F  D4F

o

| 2 3 4 5
CsOH conc molarity
The crystallization of the two zeolites Rb-D and
Rb-M took place readily at 80° when the alkali concen-
tration was greater than 0.5 molar. Rubidium hydroxide,
- 9+5 molar, gave no crystalline products for periods
of +time up to 1L days. By comparison of Tisures 3.1.1

and 3.4.1 it is seen that the crystallization fields
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of potassium and rubidium show similarities. This is
due to the chemical similarity of the ions XK' (radius

1.33 &) ana rRvt (1.49 9.

With caesium hydroxide-metakaoclinite-silica-water
as in the corresponding rubidium system, very low
concentrations of caesium hydroxide yielded amorphous
products, but now only in the low silica regions.
With increased silica content pollucite (Cs-G) crysitallized

at alkali concentrations as low as 0.5 molar.

Natural occurrences incorporating both rubidium and
caesium are found where they exhibit isomorphous
substitutions for other cations such as sodium and
potassium. An example is the rubidium microcline of
Varutrisk (Adamson 1942) where rubidium is the major

cation but also there is some suvbstitution for caesiux.
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Z.4.,2 Products in the Rubidium and Caesium Crystzllization
Fields

3.4,3 The Species Rb-D and Cs-D

The species Rb-D and Cs-D were identified by X-ray
diffraction with the svecies first made by Barrer and
HeCallum (1953) from gels and by Barrer, Cole and Sticher
(1968) from kzolinite. The d-spacings have been compared

in Table 3.4.3a vith those of the original prevzrstions.

Both Rb-D and Cs-D are isostructural with a large
group of zeolites which occur in diverse crystallization
fields. The original synthesis by Barrer (1948) was
of K-F containing imbibed salts (Barrer and Marcilly,
in press). Previous syntheses have been discussed in
Section l.2. The chemical analysis of a sample of

Rb-D gave the molesr formula:
Rby0, A1,045, 2 SiO,, 2.5 H0

In Teble 3.lt.2 the composition of the members of this
family synthesized from metakesolinite are compared with

products obtained from different starting materials.



Table

5.)4. 2

The composition of the 'F' group of zeolites synthesized here from metakaolinite and

other starting materials.

Species

K-F

Rb-D

Cs-=-D

Na Li-F
Na Li-E

N, K-F(KCL)
K-F (Cl)
0, K-F (XBr)

K-F(Br)
K-F (XI)

NOTES 1.
S
5e

Oxide composition

K,0, A1;04, 25i0a, 3H0
K,0, Al,0g, 25i0p, 3Hg0
K0, Al,05, 2.15i0,, 3HZ0

Rbz0, Alz04,
Rb 0, A1:0g,
Rbz0, Al20,,
- Cs0, Alg0,,
Csz0, Alz0,,

0.81i,0, 0.2Nas0, Al;05, 25i0s, 3Hz0
0.7511120, 00251\.78.20, AlgOa, 23102,

3. 2H30
Kzos AlZOB,
K20, A1204,

KQO: Alzoas
0.4HZ0

K209 Alzoas
K20, Alz0g,

Barrer and Baynham (1958).

23i0g,
25104,
2510,
2810,
2810,

2,548i04, 0.8KCl, 0.5H0
25104, 0.3KCl, 2.5H0
2.533i04, 0.72KBr,

25i0,, 0.2KBr, 2.5H30
2.528i105, 0.45KI, 0,5H;0 200° KI,K aluminosilicate gels

H,0

2.6H;0
2.5H30
2.4HZ0
2.2H50

Synthesis conditions

< 150°K aluminosilicate gels

80°
80°

1

KOH, kaolinite®
KOH, metakaolinite

165° Rb aluminosilicate gels>

80°
80°
80°
80°
809

RoOH, kaolinite®

RbOH, metakaolinite

CsOH, kaolinite®

CsOH, metakaolinite

NaOH, LiOH, metakaolinite

100° Na, Li aluminosilicate gels)“L

200° XKC1,K aluminosilicate gels

80°

200° KBr,K aluminosilicate gels

809

2, Barrer, Cole and Sticher (1968 ale

5,6
. » 2,7

KOH, KCl, kaolinite

5,6

KOH, KBr, kaolinite®?’
5,6

622

Barrer and McCallum (1953). 4. Borer and Meier (1970).

Barrer (1948),

6. Barrer and Marcilly (1970). 7. Barrer and Munday (1970,
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able 34443

The indexed diffraction pattern of species Rb-D

Indices

101
110
002
200
112
211
103
202
220
0oL
210
222
1L
312
20l
321
10C
224
411
330
31k
006
413
206
500.
431

334
226

dobs

7.963
7.129

6.642
5.0155
4.8359
L.2390
L.0L16
32.9902
35309
3. 3080
341565
3.1202
29955
2.8528
2.7551
2.7118
2.4983
2.4131
2. 3811
2. 3529
02,2833
2. 2070
2,1212
02,0184
1.9949
1.9746

1.9163
1.8678

c = 13,229 t ,002 ﬁ)body centered®

Intensity

=

mw
mwy

mw
ms
W

vs
mw
Vs

W
nw
VW

mw

mw

mw

w
w

dcalc

7.968

7.059

6.615

4.9917
L.8268
L.2303
L.0337
2.98LL
3.5297
3.3073
3.1570
3.1140
2.994L9
2.8L91
2.7570
2.7102
2.4556
2.4132L
2. 20618
24 3531
2.28326
2.2048
2.122L
2.0169
1.9967
1.9743
1.G6173
1.,8700

220



( continued)

Table 3.4.3

L33 1.8195
216 1.6065
Lo 1.7635

w
ms

1.8150
1.8C76
1.764L48

% least squares refinement carried out on 34 of the

first 39 powder lines.

231
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One of the preparations produced a very sharp Guinier
X-ray paﬁtern. This was measured and corrected with an
internal standard (Section 1.3 )e The powder lines
were indexed using the HesseLipson method. The unit

cell was tetragonal with

s = 9.983 + 0,001

C

Il

13.229 £ 0,002

and showed body centering. The calculzated and observed
d-spacings are given in Table 3.L4. 3. Prom this 2 related
unit cell for K-F, having a ¢ dimension twice that of Rb-D
was found. On the basis of these unit cells Barrer and
Marcilly (1970) have determined the unit cells of the

halide containing species.

The unit cells of Rb-D, K-F and the halide-containing
K-F species bear a close relafionship to the natural
fibrous zeolite edingtonite (Taylor and Jackson 1933).
These unit cells are compzred in Table 3.L.4. Further
work is being carried out to determine the structural

3

relationship between these specles~.

The product Rb-D crystallized only from compositions
with a silica to alumina ratio of 2, which was that of the
final product. This contrasts with Cs-D which crystallized

from compositions with ratios of 2 and L. A comparison of
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A comparison of the d-spacings of species Rb-D and Cs-G with

previous preparations

Rb-D ¥

metakeolinite
a (%) I
7.963 W
T7.129 m
6.642 W
5.015 W
L.836 my
L.239 mw
L.0L2 W
3.990 mwy
Z.531 ms
3. 308 W
3.156 Vs
3.120 mw
2.295 Vs
2.853 S
2.755

2. 712 W
2,198 my
2.413 vw
2. 32061 w
2.353 W
2.283 mw

Rb-D

(Barrer,Cole
and Sticher
1968)

a (B

7.05
6.55
5.65
5.15
L.95
L.80

3.50
3.28
3.C9
3.03
2.965
2.825
2. 740
2.680

2.400

1/Io%

36
10
10

9
13
12

5L
7
1C0
11
100

Cs-D
metakaolinite
a (&) I
7.20. mw
5.60 W
L4.90 W
L.25 W
L.00 W
3:57 ms
3415 Vs
3.00 Vs
2.85 s
2.51 W
2.42 v

Cs-D

(Barrer,Cole
and Sticher

1968)
a (&)

7.16

5.07
L.87

4.00
3.56

3.01
2. 86

2. 26
2429
2.22

=

v
W

w

% A complete list of indexed observed d-spacings is given in

Table 3.lte 3



Rb-D
K-F (XC1)

Edingtonite
K-F

K-F (KBr)
K-F (KI)

Notes 1.

2e

e

ficures 3.L.1

23l

Table 5. LI-QLI-

tetragonal 2=9.98 c=1%.23 body
A centered

tetragonal a=9.83 c=13.l22 body
centered

orthorhombic a=9.5L b=9.65 c=6.501 primitive
orthorhombic a=14.02 b=13.92 c=13.18
tetragonal a=9.79 c=6.5Lp2 primitive

tetragonal  a=9.81 c=6.592 primitive
Teylor and Jackson (1933).
Barrer and Marcilly (1970).

Baerlocher, Barrer, Mainwaring end Hzrcilly (1970).

and 3.L.2 shows that, at the silica ratio

of L, rubidium easily forms the near-phillipsite, Rb-Ii,

itself having a ratio of L. This eliminztes the tendency,

as with czesium, to form the corresponding D phase with

a ratio of 2 and to leave a silica rich solution.
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Z.l4elt  The Species Rb-M

This species was identified by the X-ray diffraction
pattern as the rubidium analogue of synthetic near
phillipsite. The potassium form of this was K-M described
in Section 3.1.6. There is no naturally occurring counter-
part nor any previously reported synthesis of Rb-M. The
diffraction patterns of K- and Rb-M are given in Table 3.UL.5.
A comparison of these values with those of the Na, K-IM of
Section 3.6.8 shows that there is a greater lattice change
when sodium substitutes for potassium than wvhen rubidium

does So0.

The water loss after equilibration at 56% R.H. was 12.6%.
4 sample ion-exchanged to the potassium form and equilibrated
lost 1L4.US5 weisht upon heating. This value, if compared
with those of Table 3.1.15 (Section 3.1.6) determined for
the synthesized votassium form (14.9%), indicates that the
yield of Rb-1 was only very slightly lower than that of
K-M, In Section 3.6,8 and Figures 3.6.13 - 3.6.16 the
D,T.Ae and T.G.A. curves are reproduced and are compared
both with other members of the synthetic phillipsite family
and with potassivm exchanged natural phillionsite. An
interesting property of Rb-H is its complete thermal

stability. The sample rémained unchanged when heated to 1000°
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Table 30}4»‘5

A comparison of the d-spacings of the rubidium and potassium

near-phillipsite.

Rb-M K-M

(Section 3.1.6)

10.22

8.37 ms 84352

7.16 ms 7.145

5.40 il 5. 384

5.07 sd 5.067

L.L48 ms L.L78

Le 32 sd L1, 306

L,115

3,67 nw 3. 660

34530

36245

2,192 vsd ‘ 3.185

Z.172 W 34169

2,975 ms 2.973

2.786

2.7L1 sd 2.736

2.678

2,562 ms _ 2.555

2.428 nw ' 2.426

' 2. 378

2.1Sk mu 2.185

2.170 w 2.169

2,147 nmw , 2,150
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This was also found by Barrer and Vaughan (1967 in

earlier- experiments with rubidium exchanged K-M,



F.4e5 The Species Rb-A and Cs-F
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The product Rb-A was obtzined only in one synthesis

where it formed a mixture with Rb-D,

These species were

first produced by Barrer and McCallum (1953) from rubidium

and czesium aluminosilicate gels and are completely

different from Linde Sieve A.

The authors described

the similarity between Rb-A and Cs-F and their mutual

solid solubility.

Heither of these two products could

be identified with naturally occurring aluminosilicates.

In Table 3.L.6 the X-ray éiffraction patterns of the

naterials obtained from metakaolinite are ziven. Also

included is a thall

ivm aluminosilicate made by Taylor

(1949) which has some similarities to the species Rb-A and

Cs-D,

The products Rb-A and Cs-D had the compositions

shown below where they are compared with those of other

anhydrous phases.

Rb-A
Cs=-D
K-D
K-N

thallium
aluminosilicate

Rb,0, Alp0,, 2Si0,
Cs20, Al,0,, 25i0,
Kp0, Al,0,, 25i0,
K0, Al,05, 28i0,

T1,0, Alp05, 2Si0,

Section 3.1.9
Section 3.1.9

Taylor 1949



Table. 3.4 6

The d-spacings of species Rb-4, Cs-D and a thallium

aluminosilicate (Taylor 1949).

Rb-A

L.6L

3.18

2.91
2.76
2.66
2.27
2,16
2.11
1.978
1.782
1.708
1.684

w

mw

w

Cs-F
Ll-o 71 w
3+ 25 S
2,95 1
2.81 W
2. 71 S
2.31 m
2.22 m
2,13 W
2,000 m
1.823 m
l.751 msd-
1.686 w

11,0, Alg05, 29i0,

65
L.81
L2k
3.31
3,11
2.96
2,71
2436
2,28
2.19
2.09
1.985
1.8¢0
1.8L0
1.780
1.705

vw

ms |

vw

ms

mw

vw

vw

mw

mw

vVw

mw

239
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The species Cs-F occurred over a large part‘of the
caesium crystallization field at higher concentrations of
alkali (Figure 3.4.2). It, like Rb-A, crystallized in

a mixture with the correspcnding Rb-D or Cs-F species.

The products Rb-A and Cs-F do not appear to be
related simply to synthetic kaliophilite (Table 3.1.22)
or .synthetic kalsilite (Table 3.1.2%. A more detailed
study may show a relationship between these, which may
be expected due to the similarity in the potassiunm,
rubidium and caesium crystallization fields. A comparison
of the rubidium and caesium crystallization fields with
those of potassium in Section 3.1  shows that Rb-A
and Cs-F occur in positions close to those where kalio-

philite crystellizes readily.
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%2,L.,6 The Svecies Cs-G

This species is the synthetic analogue of the
naturally occurring mineral pollucite. The relzationship
between the three minerals analcite, lencite and pollucite
has been outlined in Section 1l.1l. A synthesis reported
by Barrer and HeCallum (1953) from caesium aluminosilicate
gels at 165° produced a sample with a cubic cell edge of
13.7 L. The d-spacings of this and of the sample from
metakaolinite are given in Table 3.L4e7e. The reactions
carried out with rubidium hydroxide did not produce
a structurally related species although Barrer and kcCallum
reported that Rb-gels produced two modifications of
rubidium analcite at temperatures only sligrntly nigher
than those vroducing pollucite. Taylor (19L2) produced
a thallium analogue of leucite at 220° from aluminosilicate
gels. Thus where this framework does apvear (i.e. for

caesium) it does so at the remarkably low temperature

of 80°C,

The species Cs-G was anhydrous like the syntaetic
pollucites made by Barrer and McCallum, and dy Plyushchev
.(1959)0 This contrasts with natural pollucite ynhich is
partially hydrated and has the following comgposition

(CSX Nai_x)zoy Al20g, L4Si0Oy, 2(1-x) Hy0

(Barrer and lMcCallum 1951).
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 The d-spacinzs of Cs-G and synthetic pollucite

0s-¢ (1)  Pollucite Cs-G Pollucite
5;64 mw 5.64 W 2,219 s 2,219 s
3.66 s 3.65 s 2,015 m 2,013 mw
343 s 343 vs 1.976 w 1.976 w
3,05 W 3.05L vw 1.861L s 1.862 s
2.90 s 2.912 s 1.735 s 1.737 s
2.67 W 2,680 vw 1l.713 w 1.710 vw
2.495 w 2.,L96 m 1.63% w 1.681 wvvw
2.415 mnw 2.1 s 1.659 vvw

The isomorphous substitution of sodium for caesium thus
allows the species to hydrate to an extent determined by

the Ha content.
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3,4.7 Properties of the Rubidium and Caesium Crystallization
Fields

The similarity between some of the hydrothermal
crystallization reactions of rubidium hydroxide and caesium
hydroxide with metakaolinite-silica and those of potassium
hydroxide with the same compositions suggests that the
absence in nature of any purely rubidium or caesium
minerals except pollucite and the rubidium felspar
(Section 3.L.1) is largely due to their low concentration
in the lithosphere. Ion-exchange studies by Barrer and
Hunday (1970) and by Ames (1964) indicate that large
cations are favoured by natural phillipsite. The main
8-ring channels in phillipsite (Section 1l.l. )} have an
effective diameter of L ) ( Steinfink 1962) which would
allow even the caesium cation (3.3 hit diaznefer) to permeate
the structure. However, synthetic near-phillipsite was
produced in the potassium (K-M), sodium-potassium (Na, K-M)
and rubidium (Rb-Ii) systems and not in the caesium system.
This suggests a greater similarity between potassium and
rubidium than between rubidium and caesium in such reactions.
Perhaps the polycondensation processes in the case of
potassium and rubidium, produce comparable secondary

building units in solution.
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Section 3.5 The System Metakaolinite-Silica-Barium

Eydroxide-later

Ze5el Reactions in the System

The reactions between barium hydroxide solution and
metakaolinite-silica were studied at 80°, Some of the
syntheses, their conditions and products are given below
in Table 3.5.2. The crystallization field has been-
plotted in Figure 3.5.1. Four crystalline products
were obtained, three of which were hydrated. The fourth
was the hexagonal polymorph of barium felspar, Ba-P.

Two of the hydrated products were thermally unstable but

the third was very stable.

Table «3¢5.1

Crystalline proddcts formed

Short Zeolite Oxide Description

reference formula composition

Ba-G (Ba)-@y. 1.1820, A10,, barium zeolite
(2.5) [Iﬂ 2.5Si02’ 501H20 '

Ba-P - Ba0, A1,05, 2510z hex. barium celSian

Ba-T {BaSOH)z Ba0, Al1,05, 25i0, basic barium
&?a:TT(Z 1.2Ba(0H) 5, 2H,0 zeolite

Ba-N (Ba)-l (2) BaO, Al,0j, barium zeolite
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To prevent the production of barium carbonzie z weighed
emount of barium hydroxide was added to the symthesis mix

immediately before sealing the reaction vessel.

Table 3-5.2

The general reaction composition was: 1 metakaolinite
(A1205, 28i0,) + 2.5 - 28,0 Ba0 + (n-2) Si0g + ~ 275 H,0
rotated at 80° for 7 days.

Run Concentration of alkali Product Description
No. (molality)

5-3 0.5 n=2 Ba-G VeDTeCTle

5-4 0.5 (14 days) 2  Ba-G DTe CTW

5-8 1.0 2 Ba-G md. CT

5-21 1.0 (10 days)(10C°) 2 Ba-G nd.cre gd.yd.
5-9 1.2 2 3Ba-P nd. CTe

5-12 1.2 (10 days)(1€0°) 2 Ba-P md.cre

5-13 1.4 o Ba-P + Ba-¥ P,N,gd.cr.
5-15 1,6 2 Ba-N gd.cr.

h-17 2.3 2 Ba-I gdeCTr.

5-19 2.8 2 Ba-1 Ve.gd.Cr.

5-25 0,5 n=L  Ba-G DTe CTe

5-26 1.0 L4 Ba-G DL CTe

5-28 1.5 L, Ba-G + Ba-P G,md.cr.,?P,zd.cr.
5-30 2.0 L,  Ba-P nd. cr.

5-34 0.3 n=6  Ba-G DT CTe

5-35 0.5 6 Ba-P MdeCre

5-37 1.0 6 Ba-P + 3a~-1 Pmd.cr.,Ipr.cr.
5-36 1.5 6 Ba-I mé. CTe

5-40 0.5 n=8  Am -

5-49 0.5 (14 days) 8 Am -

5-42. 1,0 8 Ba-P PTre CTe

5-43 1.5 8 Ba-P PTreCTe

5-47 0.5 8 Am -

5-48 0.5 (1L days) 8 Ba-P nd. cT.
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Figure 3.5. | Metakaolinite +2:5-28 BaO +(n-2)Si0,3275H,0

Si0,

Al O,

8t Am = P

6 l G P Psl I

41 G G G+P P

2t G G P PN N. I I

2 3

| .
BalOH), conc molality
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3e542 The Products of the Barium System

3,53 The Specieg Ba-G

This svecies was one of a series of zeolites produced
in 1964 by Barrer and Marshall from aqueous alkaline gels

of oxide composition BaO, Alz05, 3510, maintained at
150-200° for 3 to L weeks. The first 21 lines of the
X-ray diffraction pattern were indexed by them to a tetra-
gonal unit cell a=15.16 and ¢=18.89 )& Figure 3.5.1
shows that Ba-G crystallizes from dilute barium hydroxide
solutions (0.3 - 1.0 molal) at 80° when reacting with
metakaolinite. The optimum growth was from a 1.0 molal
solution at 100° for 10 days. Optical examination of the
product showed that it was present as very small crystal

aggregates in ~ 80% yield.

A method of synthesis which produced higher yields
of product with better crystallinity was developed using

nixed cationic bases, and will be described in Section 3.8.1.

The X-ray diffraction pattern gave the d-spacings shown in
Table 3.5.3, and were indexed to a hexagonal unit cell
whose dimensions are given below. This thus revlaces the
previously proposed tetragonal unit cell (Barrer and Marshall

1964). In Table 3.5.3 the d-spacings of Ba-G are compared



Toble 34543

d-spacings of Ba-~G and related

100
110
200
001
101
111
300
10O
311
002
102
112
202
321
212
L1l
302
14,02
501
510
331
Le1
1402
600
222
601
003
103
521
113

Ba-G
dobs dcalc
16.6L4 16,197
9.4L47 9. 351
8.10 8.099
7.587  7.587
6.868 6.871L
5.885 5,892
5.412  5.35S
3565  L.OLS
3.850  3.3865
3. 750  3.7S93
3.70L 3,694
3.515  3.515
3.477  3.435
24319 3.337
3.224  3.225
%.192 3,204
2,076 3.10L
3.052 3,061
2.561 .57
2,520  2.90S
2.372 2,863
2,823 2,839
2,74l 2,768
2,687  2.6%9
2.63L  2.655
2.567 2.543
2529 2.529
2.44cé 2.L59
2.458  2.4L54L
2.441 2.441

I

vs
w
w
nw

vw

vw
mw
mw
W

mir

W

mi7r
VW
m

mw

W
myr
nsr
W
vw

VW
W

vw
v

100
110
200
001
101
210
111
300
211
220
310
201
100
221
311
002
320
LOL
112
202
321
21.2
302
L20
501
222
510

- 331

L2y
Lo2

structures.
K-L
dcalc 1
15.935 vs
9,200 vw
7.967 vw
7.520 nw
6.801 vw
6.023 mw
5.822 mw
5312 vw
L.701 m
L,600 m
L.L20 w
Le332 W
3,98L  vw
%924 m
3,810 vww
3,760 vw
Z2,656 nm
%4520 m
%481 m
3,400 wvw
3,288 mw
3,189 n
3,06 mw
3,011 vwvw
2,931 m
2,911 m
2.86L vy
2.840 vww
2.7 & vw

24734

vw

100
110
200
101
21.0
201
300
310
100
002
102
320
L01
410
321
L1l
202
330
L.20
222
510
L21
LO2
511
322

2u8

Q

dcalc

15.722
9.077
7.861
6.83%5
5.94L2
5.460
5.241
L. 360
34930
3795
3,689
3,607
3.4S0
3eL431
34258
34126
3.074
3,026
2.971
2.911
2.624
2.767
2.7320
2.646
2.61L

vw

mw
m
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L22
611
213
512

2.415
2. 3289
24 365
24331
2. 304

Toble 3.5.3 (continued)
2.414 mw 511 2.675
2.382 m 600 2.656
2.349 vw L4320 2.620
2.337 vw 322 2.621
2,308 w 502 2.552

vw
vw
v

2u9
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Wiﬁh those for two other zeolites without natural counter-
parts, zeolites L (Section 3.1.8) and omega (Union Carbide
Corporation 1967)s. Zeolites L and @ have related

structures as showm in Section 1.1

a 4 c 1
Ba-G 18.70 7+59
zeolite L 18.40 7.52"
zeolite @ 18.15 7.59°

1. Barrer and Villiger (1969 a).

2. Barrer and Villiger (1969 b).

The data in Table 3.5.3 indicate that Ba-G is based upon

the same aluminosilicate framework as zeolite L.

The chemical analysis of Ba-G synthesized under the
optimum conditions gave the following oxide compositions

and molar proportions respectively.

% by weight Molar proportion
S5i0, 20.55 ' 2.5
Al .0, 20.77 1.0
Bal 3,28 1.1

H,0 (by difference) 14,60 5.1
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The slight exzcess of Ba0 over Al1,;03; may indicate that

a little extra barium oxide is incorvorated into the
channel gystem, possibly as barium silicate or hydroxide.
The silica to alumina ratio indicates that Ba-G is an
aluminous form of the structure yielding zeolite L as

a silica rich variety. This chemical difference accounts
for the slightly larger unit cell of Ba-G, since the Al-0
bond is a little longer than the Si-0 bond (Smith and
Bailey 1963). The composition of the mixed cation form
crystallized in the barium-votassium system is discussed

in Section 3.8. 3.

The sorption properties of Ba-G were investigated
with oxygen, n-butane and iso-butane. Ba-G and its sodium
exchanged form sorbed respectively 88 c.c. and 68 c.c. at
S¢T.P., of oxygen at 78°K, but did not sorb significant
amounts of normal or iso-butane at 273 K. The oxygen
isotherms are showm in Figure 3.5.2. The sorption
capacities are later shown in Table 3.8.6 for comparison
with the Ba, K gyntvhesis product. The sorption behaviour
of Ba-G contrasts both with zeolite L (which has excep-
tionally large channels of about 7.5 £ parallel to Cy
Barrer and Lee 196$) and with the (3a, K)-G produced

from metakaolinite.
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Figure 3.5.2 Sorption of Oxygen at 78°K on Ion-exchanged

Forms of Ba-G
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This behaviour may be due to included impurities in
the channels which were absent in later syntheses in
presence of mixed bases. Hydrothermal extraction in
a Soxhlet apparatus, used in an attempt to remove these
impurities, tended to decompose the zeolite, probably.due

to its high aluminium content.

A comparison of this product with that of Barrer and
Marshall (196L4) shows a greater sorption capacity for
oxygen: 88 c.c./gm.'at'S.T.P. compared with 50 C.cC./gM.
for the earlier preparation. The water content, as
showyn in the T.GeA. and D.T.A. curves of Figure 3.8.6a
was 14.1%., This was lower than the 15.0% reported by
Barrer and Marshall. Thus in the earlier sample there
probably was present a greater amount of barium alumino-

silicate hydrated gel.

Further properties of this novel member of the L
family of zeolites such as ion-exchange, thermal stability,
decationation, and hydrocarbon sorption were investigated
on the forms produced in the K + Ba and (CHg) 4N + Ba
- systems., These are described in Section 3,8,

Here the product had an unblocked main channel of about

7.5 £ diameter available for sorption.
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3.5.4 The Species Ba-N

This species could not be identified with any
synthetic aluminosilicate or naturally occurring mineral.
It crystallized in very high yields from compositions with
a silica to 2lumina ratio of 2. A very sharp X-ray
diffraction pattern was produced by the sample, and the
d-spacings are recorded in Table 3.5.l. The sample, when
equilibrated to 56% R.H. lost 12.2% water on heating to
1000°,  The dehydration curve, shown with the D.T.A.,
in Figure 3.5.3 indicated an inflexion occurring at ~ 200°,
followed by a more rapid loss of weight. The D.T.A. curve
shows thkis vprocess to be endothermic. The sample was
heated in a Lenné-Guinier camera and the diffraction
pattern recorded. Lettice breakdown occurred in the
region of 200°, This could account for the rapid loss

in weight in this temperature region.

Chemical anslysis of an equilibrated product gave

the following composition.

% by weight - Molar ratio
Ba0 3245 | 1 %
Al,04 2349 1
Si0, 28.6 2
H,0 12,2 2.8

# Determined by flame photometry.
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Figure 3.5.3
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Zeolite Ba~N Equilibrated at 56°/0 RH.

@)

wn
7

——

/

DTA.
AT |1-45

145 260

361 458 638 806 964
temperature °C DT.A. heating rate 16°/min.
T.GA. heating rate 10°/min.
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The d-spacinzs of snecies Ba-N, Ba-P and the ignition

product of Ba-N,

Ba-N ignition product Ba~P (3.5.5)
7.1 m 7.9 s 7.78 m
5.6 ms L.6 vw L.59 W
52 ms L.5 VW |
be5 W 3.95 vs 3.97 vs
L, 325 W 2.96 vs 2.97 s
3,50 m 2.65 s 2.66
3.40 s 2.60 s
3415 my 2.29 m 2. 30 mw
2.92 ms 2.27 '

2.84 w 2.25 m 2.25 m
2.79 W 2.196 ms 2,197 m
2.69 W 1.970 m 1.970 w
2.59 W 1.93% wd 1.935 mw
2.57 ms 1.855 mw 1.853 m
2.4 m

2.40 W

2033 W

2.2l m

2.230 W

2,165 w

2,078 mw

2,051 mw

2,020 mw

1.917 w

1,893 m

1.845 mw

1.823 w

1.762 mw

l.741 W
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The sorption characteristics of Ba-N were not investigated
due to the instability of the sample upon outgassing.
The product formed by ignition was Ba-P, the d-spacings

of which are given in Table 32,.5,l4,
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3.5.5 The Species Ba-T

This species was synthesized in concentrated
solutions of Ba (OH),; at 80°., Good crystallinity and
a high yield were obtained by reacting metakaolinite
with 2.5 - 3.0 molal Ba (OH), at 80°. The composition
of species Ba-T was Ba®, Al,0,, 25i0,, 1.2 Ba(OH),, 2H,0.
The Lenné-Guinier heating camera showed that this product
was stable to approximately 225° where it became amorphous.
Gradusl recrystallization took place between 500° and 800°,
The T.G.A. and D.T.A., curves are given in Figure 3.5.L.
The T.G.A. indicates a small loss of water initially
followed by a more rapid weight loss to approximately 6%.
This is confirmed by the two step endnthermic peak of
the D.T.A. The small exothermic peak at 710° is
unaccounted for since the Lenné picture showed no lattice

change at that temperature.

The X-ray diffraction pattern, given in Table 3.5.5,
was very complex indicating a structure of low symmetry.
The relative intensities of the powder lines showed no
significent variation in different preparation within the
crystallization area. This indicates that species Ba-T
is probably a single phase. Optical or electron microscopy
could not confirm this beéause the speciles was present
as aggregates of very small crystals. The outgassed

sample showed no tendency to sorb oxygen at 78°K,
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Figure 3.54 Zeolite Ba-T
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Table j-505 » 260

The d-spacings of species Ba-T and the ignition product

Ba-T Ba-T( cont.) ignition product
7.4 w oo 2.45 m 5.2 mw
72 W 2,43 ms 4.19 mw
5.2 ms 2,38 nw 3,96 mw
5.0 w 2.3 mw 3.70 s
Lh.3 m 2.3 mw | 3.55
L.24 nw 2.33 m 3.42 vs
L. 20 mw 2.32 VW 3.35 s
L.16 m 2.3l VW 3.11 s
L4.00 vw 2.27 W 3.09
3.79 s 2.25 mw 3.0 m
3.70 W 2.2 W 2,94 ms
3.68 s 2.22 n 2.91 s
2e52 m 2,18 m 2.81 ]
3. 37 ms 2.15 w 2.75 w
3. 30 mw 2.09 W 2.73 W
3.22 s 2.07 W 2.70 m
3,18 S 2,04 w 2.58 w
3.15 W 2,03 m 2.52 134
3,08 W 2,02 m 2.35 nms
3.03 w 2.00 m « 20 ms
2.98 m 1.99 mw 2,08 ms
2.96 m 1.97 mw 2.04 ms
2.94L W 1.96 nmw
2.92 W 1.95 w
2.88 w 1.92 w
2.84 W 1.82 W
2.64 m 1.83 m
2.63 W 1.78 m
2.50 m 1.76 m
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3.5.6  The Speciesg Ba-P

The product Ba-P was identified as the pseudo-
hexagonal polymorph of barium celsian BaO, Al,05, 25i0,
(Takeuchi 1958) previously prepared pyrolytically by
Ginzberg (1923) and hydrothermally by Barrer and
Marshall (1964). The X-ray diffraction pattern of
Ba-P prepared hydrothermally is given in Table 3.5.4.
Here it is compared with the ignition product from BA—N.
Thus, like synthetic kaliophilite (K-D, Section 3.1.10),
Ba-P is the corresponding product from both the hydro-
thermal crystallization of metakaolinite and the decompo-

sition of the zeolite.

Barrer and Marshall (196L4) and Sorrel (1962) have
found evidence in the hydrothermal and pyrolytic systems
respectively that Ba-P was metastable and that it would
produce celgian with more vigorous or prolonged treatments.
In the present work neither prolonged hydrothermal treatments
(Run No . 5-12) nor ignition at 1100° of Ba-N produced

phases significantly different from Ba-P.
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3.6 The Systems letakaolinite — Nan0 - K,0 - 3i0, - H,0
Metokaolinite = Napl - Lip0 - Si0, - H0
Metekaolinite - K0 - Li0 - 3i0, - H0

In the following section some reactions of meta-
.kaolinite + silica with mixed hydroxides are Teported
and discussed. Mixed bases allow one to investigate ion
selectivity during crystallization. This selectivity may
be then compared with the ion-exchange characteristics of
the zeolite and if possible with the compositions of the
naturally occurring forms. In Section 1.2 it was shown
that some zeolites crystallize more readily in the presence
of mixed bases then in the presence of either single base.
It will be seen that some products previously thought
of as homoionic are greatly improved when grown from
dicationic systens. Also, in Section 1.2 it was noted
that some zeolites do not crystallize in the presence of
a single cation. The study of crystallization in presence
of mixed bases thus offers the possibility of forming
new phases absent from the previous homoionic crystalli-
zation fields. For example, in this work the ready
growth of cencrinite at 80° from metakaolinite has been
observed when both lithium and sodium hydroxides are

present, but not at this temperature with caustic soda alone.
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The nomenclature used to describe the mixed cationic
species is consistent with their frequent prior identifcation
as homoionic species. An example is the species Na Li-F
which was identified as an analogue of the previously

prepared K-F structures.

Due t0o the large number of synthesis experiments
needed to explore the crystallization fields in presence
of mixed bages only a representéfive number have been
included. Generally these were chosen to delineate’
areas of crystallization or point out variztions in

conditions.
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3,641 Rezctions in the Sodium, Potassium System

The rezctions carried out with metakaolinite; silica,
and mixed sodium and potassium bases.are described in
Tables3.6.1 - 3.6.4s The crystallization fields have
been plotted in Figures 3.6.1 - 3.6.L.

Table 3¢6.1

The general reaction compositions were: 1 metakaolinite +
2,8 - 233 (mKz0 + (1 - m)Nag0) + ~ 275 Hy0 at 80° for 7 days

Run Concentration Cation fraction Products Description of

Mo. of alkalil Na,0 products
(molality) ﬁ;;BIE;B »

6-22 0.5 0.1 G md. CTs
6-23 0.5 0.2 G md. CT.
6-24 0.5 0.3 G * gd.cre.
6-25 0.5 0.5 G * gd. cre
6-29 0.5 0.6 GX 4+ Q Gmd.cr./Qlo.yd.
6-30 0.5 0.65 Q md. CT.
6-31 0.5 0.9 Q md. CT.
6-33 1.0 0.2 G md. Ccr.
6-35 2.0 0.2 G md.Cre
6-36 - 2.0 0.3 G * gd.cr.
6-37 2,0 0.4 G % gd.Cre
6-38 2.0 0.5 F gd. Cre
6-40 2.0 0.6 Ft gd.cre
6-142 2,0 0.8 FT gd.cr.
6-46 3.0 0.1 G mde.CTe
6-118 3.0 0.5 Ft nd. cr.
6-51 3.0 0.9 Q gd.cr.
6-53 L.0 0.1 F gd.cr.
6-55 4.0 0.5 F gd.Ccre
6-58 L.0 0.9 F+ I DPTe CTe
6-60 7.0 0.2 F 2d. cr.
6-62 7.0 0.5 120 gd. cr.
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Figure 3.6.1 The Crystallization Field Resulting from:
| Metakaolinite +2:8—-233(mK,0i-mNa,0)3275H,0

Rotated at 80° for 7days
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Run
No.

6-65
6-68
6-69
6-70
6-71
6-72
6-74
6-76
6-77
6-78
6-79
6-81
6-83

Table

3.6.1 (continued)

266

Concentration Cation fraction Products Description of

of alksli
(molality)

7.0
13.0
13.0
13.0
16.0
16.0
16.0
16.0
20.0
20.0
20,0
20.0
20.0

Na20

I\Ta20 + K20

0.8 Fs+1I
0.1 F
0.3 F+ D
0.8 I+D
0.1 F+D
0.2 D
0.45 D
0.8 I
0.2 D
Ouly D
0.5 D
0.7 Am
0.9 Am

products

md. cr.

md, cr.

md. cr.
Imd.cr./Dlo.yd.
F md.cr./D los«yd.
md. Crs

md, cr.
gd.cr./lo.yd.

md. cr. ‘

md.cr,

md.cCcre.

# The chabazite like phase G crystallized in the

potassium rich part of the field.

Where the sodium

concentration was greater the pattern was much sharper.

This is examined later in Section 3,6,10.

+ The products here showed line splitting in the regions

of higher sodium concentration.

This is later inter-

preted as limited solid solubility between the potassium

and sodium end members.
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1 metakaolinite + 2.8-233(mK20 + (1-n)N¥az0) + L4Si0, + ~ 275H20

at 80° for 7 days.

Run
Noe.

6-85
6-86
6-87
6-88
6-90
6-91
6-92
6-93
6-95
6-97
6-398
6-99
6-101
6-102
6-103
6-10L
6-105
6-107
6-108
6-109
6-111
6-113
6-11L
6-115
6-116

6-117’

6-118
6-122
6-123

of alkalil

(molality)

0.6
0.6
0.6
0.6
1.0
1.0
1.0
1.0
1.0
2.0
2.0
2.0
2,0
2.0
4.0
4.0
4.0
4.0
7.0
7.0
7.0
7.0
7.0
10.0
10.0
10.0
10,0
15.0
15.0

2

0.1
0.3
0.5
0.9
0.1
0.4
0.5
0.7
0.9
0.1
0.4
0.5
0.8
0.9
0.1
O.h
0.6
0.8
0.1
0.3
0.6
0.7
0.9
0.1
0.3
0.5
0.7
0.2
0.7

O Y H Y U YU HHKHFH

Concentration Cation fraction Product
Nazc

M

M+ G

G+ M
M
P2

G + N
B+ M
P2

G+ T

P2 + G

td
N

+
o]

+
-

Descripntion of
product

PTreCTs

PreCTs
HMpr.cr.,Gmd.cr.
S pre.cre

md.CTre

md.CcT.

Gnd. cr. ,Mlo.yd.
md. cTr.

gdeCTe

gd.cT.

gde CT»
Ggd.cr.,Mmd. cr.
P2md.cr.,Mnd. cr.
mde. CT.
Gmd.cr.,Fgd.cr.
mde CTe
P2xd.cr.,Gmd. cr.
gd.Ccre

gdecCre

gdeCT.

gd.cr.
Ilo.yd.,Fmd.cre.
nde CTre

Ed e CT»

nde Cre
Dzd.cr.,Ipr.cr.
PIs CTe

md, cr,
mde.CIe
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Figure 362 The Crystallization Field Resulting from :

| Metakaolinite + 2-:8—233(mK,0+I-m)Na,0) +4Si0,

+275H,0
Rotated at 80° for 7days
— Na.Q
NGZO+K;O
| r
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4r G G G
3fM F D
2 D
*IFMG G G+F F D
O :
| 2 3 4 10 15 20

total alkali conc. molal



Toble 3.6.3 269

1 metakaolinite + 2.8 — 233 (mKz0 + (1-m)¥ao0) +.65i0p + 275H0
at 80° for 7 days

Run Concentration Cation fraction Product bescription of

No. of alkalil Nag0 product
(molality) Na,0 + K30

6-125 0.6 0.1 Am -

6-126 0.6 0.5 Am -

6-128 0.6 0.9 S md.cre

6-129 0.6 1.0 S md. cre.

6-130 1.0 0.1 M+ G Mmd.cr.,Gpr.cr,.

6-131 1.0 v 0.3 M nd. cr.

6-132 1.0 0.4 M+ Pl !Mmd.cr.,Plo.yd.

6-133 1.0 0.9 - P1 gd.cr. -

6-13 1.0 1.0 Pl + R Plgd.cr.,Rmd.cr.

6-135 2.0 0.1 G md.Ccre

6-136 2.0 0.3 G md. cr.

6-137 2.0 0.5 M + P2 Dlmd.cr.,Plo.yd.

6-138 2,0 0.9 P2 Ppr.cr.

6-140 L.0 0.1 G md.cr.

6-141 4,0 0.3 G+ F Gnd.cr.,Fmd.cr.

6-142 L.0 0.5 G+ F Glo.yd.,Fmd.cr.

6-14Ll L.0 0.8 P2 md.cr.

6-145 L.0 0.9 R gdecr.

6-146 7.0 0.1 F md.cr.

6-147 7.0 0.4 F md.cr.

6-149 7.0 0.9 I pTr.CTe.

6-151 10.0 0.1 D md.cr.

6-152 10.0 0.3 D pr.cr.

6-153 10,0 0.5 D PTs CT

6-155 10.0 0.8 Am T

6-156 15.0 0.1 D md. cr.

6-157 15.0 0.5 Am -

6-158 15.0 " 0.8 Am -
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Figure 3.6.3 The Crystallization Field Resulting from:

IM et akaolinit e +2:8-233(mK,O{I-m/Na,0)+6Si0,

$275H,0
Rotated at 80° for 7 days
Na.O
Na,0+K,O
L} S PKR
9t 5 P P2 R
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.6l
5L Am - M4P2 G+F D Am
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3t M G G+F D
2l
b Am MG G G F D D
O- G 2 L I 4 2 2 [
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1 metakaolinite + 2.8 — 233 (mKg0 + (1-m)Naz0) + 8310, + 275H0
at 80° for 7 days.

Run Concentration Cation fraction ZProduct Description of

No. of alkali Nao0 product
(molality) Naz0 + K0

6-161" 0.5 0.1 Am -

6-162 0.5 0.5 Am -

6-163 0.5 0.9 Am -

6-165 1.0 0.1 M md.cr.

6-166 1.0 0.5 M md. CT

6-168 1.0 0.9 M PYeCre

6-170 2.0 | 0.1 M+ G  lMnd.cr.,Ged.cr.

6-171 2.0 O.L4 M+ G Hmd.cr. ,Ggd. cre

6-172 2.0 - 0.6 1 md. cr.

6-17L 2.0 ’ 0.8 M md. cTs

6-175 3.0 0.1 G - md.cre.

6-176 3.0 0.5 M+ G md. cr. ,Gpr.cr.

6-178 3.0 0.8 M gd.cr.

6-179 3.0 0.9 Q+ I Qsd.cr.,Ilo.yd.

6-180 6.0 0.1 F md. cre.

6-181 6.0 0.5 F md. cT.

6-182 6.0 0.7 F md. cr.

6-183 6.0 0.9 I gd.cr.

6-18L4 6.0 1.0 I gd.cr.

6-185 10.0 0.1 D nd.cr./1lo.yd.

6-186 10.0 0.5 D md.cr./lo.yd.

6-187 10.0 ' 0.9 Am -

6-190 0.5 (1L days) 0.1 M pr.cr.

6-191 0.5 (1L days) 0.5 M DPT. CTe

6-192 0.5 (1L days) 0.9 S md. Ccre
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Figure 3.6.4 The Crystallization Field Resulting from:

IMetakaolinite +2:8-233(mK.O+{I-mNa,0)+85i0,

¥275H.0
Rotated at 80° for 7days
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3.6.2  Proverties of the Sodium-Potassium System

Throughout the crystallization fields in the presence of
sodium and potassium hydroxides the products were predictable
from a knowledge of the crystallization behaviour in
presence of each base alone. Such prediction is not
possible (Sections 3.7 and 3.8) with bases of widely
different character such as tetra-methyl ammonium and

sodium hydroxides.

In the Nal0H - KOH ~ metakaolinite - silica - water
systems as the cation fraction of, say, Nat declines,
the initial product crystallizes with increasing amounts of the
second cation, xt, This continues until the more stable
phase is that typical of the second cation, which then

accommodates some of the initial cation.

An example from Figure 3.6.2 is the change in product
at 1 molal concentration. When the sodium fraction varied
from 0.0 to 0.5 the product was the chabagite-like phase G.
At increased sodium fractions (0.6 - 0.8) the product was
the more flexible lattice of phillipsite-like M.
Predominantly sodium rich magmas (0.9 - 1.0) yielded the
typical sodium gzeolite P2. The effect upon the nature
of the product when grown from mixed hydroxide systems is

discussed later.
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The reactions carried out with metakaolinite, silica
and mixed sodium and lithium bases are described-in Tables
3,6.5 - 3.6.8. The crystallization fields have been
plotted in Figures 3.6.5 - 3.6.8. ’

Table 3.6.5

1 metakzolinite + 2.5 - 75 (mNag0 + (1-m)Lig0) + ~ 275 Hy0
rotated at 80° for 7 days.

Run Concentration Cation fraction Product Description of

Ko. of alksali i L0 product
(molality) Nas0 + Lig0 )

6-200 0.5 0.1 Q+ R Qgd. cr. ,Rtr,

6-201 0.5 0.3 C md.cr.

6-202 0.5 0.5 C md.cr.

6-20L 0.5 0.75 C+ A Cmd.creoAgd. cr.

6-205 0.5 0.9 A gd.Ccr.

6-206 1.0 0.1 Q gd.cr.

6=-207 1.0 0.3 Q gdecre

6-208 1.0 0.5 Q gd.cr.

6-209 1.0 0.6 F mnd. cr.

6-210 1.0 0.7 F md. Ccr.

6-213 1.0 0.75 F+ C Fmd.cr.,Cpr.cr.

6-211 1.0 0.9 C+ F Cmd. cr.,Ftr.

6-21L 1.0 0.95 A+ C Agd.cr.,Cpr.cr.

6-215 2.0 0.1 P2 md. cr.

6-216 2.0 0.3 C+Q  Cmde.cr.,Qed.cr.

6-217 2.0 0.5 C md.cr.

6-218 2.0 0.8 C md.cr.

6-219 2.0 0.9 A+ C Agd. cr.,Cnd. cr.

6-220 4.0 0.1 ‘ C+ I

Cmd.cr.,Imd. cr.
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Figure 3.6.5 The Crystallization Field Resulting from:
| Metakaolinite +2:5-75(mNa,O+{-m) Li,0)+275H,0

Rotated at 80° for 7days

Li,O
NGIO+L.]20
|
A+C A+C AC
o} C FC C
.8l C ' b J
C RC
7F F C
6l e
5 ¢ Q C C |
4t
‘3F C Q C+Q l
2 C
b QsRQ p2 C4l | I+J

ol Q aQ Q

] 2 3 4 5 10
total alkali conc. molal




Run
No.

6-221
6-226
6-228
6-227
6-230
6-231
6-232
6-233
6-235

Concentration Cation fraction Product

of alkeli
(molality)

4.0
4.0
4.0
6.0
6.0
6.0
8.0
8.0
8.0

Table

2,6.5 (continued)

Lig0

Na20 + Lizo

0.2
0.9
0.95
0.1
0.5
0.6
0.1
0.5
0.8

g H H H HH B Q Q

+

-+

Ky

a-.

+.

Q

oy
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Description of
product

gd.cr.
md.cCr.
Agd.cr.,Cmd.cr.
md. Ccre
Pr.Cr,
Ipr.cr.,dpr.cr.
md. Cr.
Imd.cr.,dpr.cr.
PTr«CTe
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Table 3.6.6-

1 metaksolinite + 2.5 — 75(mNag0 + (1-m)Lip0)+ LSiOp +~ 275H0
rotated at 80° for 7 days. -

Run Concentration Cation fraction Product Description of

No. of alkali Lis0 product
(molality) Nao,0 +

6-237 0.5 0.1 S md.Ccr.

6-238 0.5 0.3 S + P2 Smd.cr.,P2gd.cr.

6-239 0.5 0.5 Am -

6-240 1.0 0.1 P1 md.cr.

6-241 1.0 0.2 Pl md.cr.

6-24L2 1.0 0.3 P2 md.cr.

6-2013 1.0 0.5 P2 md.cr.

6-24L41 1.0 0.7 P2 md.cr.

6-2u5 1.0 0.9 P2 + A P2pr.cr.,Asgd.cr.

6-2L6 2.0 0.1 P1 gd.cr.

6-247 2,0 0.3 P2 md. cre

6-24L8 2.0 0.8 P2 md.cr.

6-2L9 3.0 0.1 P1 + I ©Plgd.cr.,lpr.cr.

6-250 3.0 0.3 P1L + I Plmd.cr.,Imd.cr.

6-251 3,0 0.5 P1 + I Plmd.cr.,Imd.cr.

6-252 3.0 0.8 U nd, cr.

6-253 5.0 0.1 I md. cTe

6-254 5.0 0.3 I md. cre

6-255 5.0 0.5 C+d Cmide CTe s JPTe CT

6-256 5.0 0.7 A gd.cr. '

6-257 8.0 0.1 I+4d Imd. CYe , JPTe CTs

6-258 8.0 0.3 I+J  Imd.or.,dnd.cr.

6259 8.0 0.6 J nd. cr.

6-260 9.0 0.1 I+ Imd. cr. , dmde. CT.

6-262 9.0 0.3 J md. cr.

6-26L4 1.5 0.9 U md.cr.

6~265 3.0 0.9 J+ A Agd.cr. ,Upr. cr.
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Figure 3.6.6. The Crystallization Field Resulting from:

| Metakaolinite +2:5-75{mNa,O+{I-m)Li,0)+4Si0.

?275H3,0
Rotated at 80° for 7 days
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Table 32.6.7 213

1 metakzolinite + 2.5 — 75 (m¥az0 + (1-m)Liz0) + 635i0; +~ 275HZ0

rotated at 80° for 7 days

Run Concentration Cation fraction Product Description of
No. of alkali Li 0 product

"~ (molality) Nag0 + Lig0
6-270 0.5 0.1 S md.cr.
6-271 0.5 0.2 S md.cr.
6-272 0.5 0.4 Am -
6-27h 0.5 0.6 Am -
6-277 1.0 : ' 0.1 R + P2 Rgd.cr.,P2md.cr.
6-278 1.0 0.3 P2 md.cr.
6-279 1.0 0.5 P2 md. cr.
6-281 1.0 0.8 P2 + J Pond. Jpr.cr.
6-282 1.0 0.9 A ve.gd.cr,.
6-283 2.0 0.1 P2 + R Pomd.cr.,Rgd.cr.
6-28L - 2.0 0.3 P2 md. cT.
6-285 2.0 0.5 P2 + J Po2md.cr.dmd.cr.
6-286 2.0 0.8 P2 + J Pomd.cr.,Jdmd.cr.
6-287 2.0 0.9 A+ Jd Amd.cr.,Upr.cr.
6-306 3.0 0.8 U+ d Upr.cr.,Jdpr.cr.
6-309 2.0 0.9 U+ Jd  Upr.cr.,dpr.cr.
6-2S0 3.5 0.1 P2 md. cre
6-291 3¢5 0.3 P2 md.CcTr.
6-262 3.5 ' O.L P2 + J P2md.cr.,dJdmd.cr.
6-295 3.5 0.8 I+4d Izd.cr.,dmd.cr.
6-296 3,5 0.9 A+ d Azd.cr. ,dnd.cr.
6-298 6.0 0.1 I md.cr.
6-299 6.0 ’ 0.3 I+ 49 Ind.cr.dmd.cr.
6-201 6.0 0.3 I+4d -Imé.cr.dzd.cr,.
6-302 6.0 0.9 J gd.cr.
6-305 10.0 0.1 I md.cr.
6-306 10.0 0.3 I+ 9 Imd.cr.Jdmd.cr.

6-307 10.0 0.5 J mnd. cr.
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Figure 3.6.7 The Crystallization Field Resulting from:

IMetakaolinite +2:5-75(mNa,O+(1-m}Li,0) +6Si0,

¥275H,0
Rotated at 80° for 7days
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1 metakaolinite + 2.5 - 75(mf¥az0 + (1-m)Liz0) + 88i0p + ~275H20

rotated at 80° for 7 days.

Run
No.

6-310
6-311
6-312
6-315
6-316
6-318
6-319
6~320
6-321
6-322

(molality)

0.5
0.5
0.5
1.0
1.0
1.0
1.0
2.0
2.0
2.0
2.0
3.0
3.0
3.0
3.0
6.0
6.0
6.0

6.0
6.0
8.0
10.0
10.0
10,0
1.0
2.0

Concentration Cation fraction

of alkali Nag0

Naao + leo )

0.1
0.5
0.9
0.1
0.3
0.7
0.9
0.1
0.2
O.l4
0.9
0.1
0.3
Oul
0.9
0.1
0.2
0.3

0.5
0.9
0.1
0.1
0.3
0.8
0.8
0.8

Product

Am

Anm

Am

Pl

Pl + d

P1L + J

U

P2

P2 + J

P2+ d

P2 + J

P2

P2+ Jd

P2 + J

P2 + J

P2 + d

P2+ d

P2+ I
+ d

I+ 4d

I+ 4d

I+ Y

I+ 9

I+9

dJ

U

U+ P2

Description of
product

mdecr.

Plmdcr. ,Jprecre
Plmd.cr.,Jdpre.Cre
md. cTe.

md.Cre

P2md.cr. ,J10.yde
Pond.cr.,dmd.Ccr.
P2md. cr. ,dmd. cr.
md.cr.
P2md. CTe  JPTe CTo
Ponmd.cr. ,dmd. cre.
P2zd.cr.,dmd. cr.
P2md.cr. ,dpTrecCrs
Pomd. cr.,dmd. Cre
P2md.cr.,ltr.

Ipr.cr.,Jdmd.cr.
Izd.cr.,Jdmd.cr.
Ipr.cr. ,Jmd.cXre
~Igd.cr.,Jgd.cr.
Igd.cr.,dgd.cTe
gd.cr.

md. Ccre.

Und.cr.,P2pr.cr.
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Figure 3.6.8 The Crystallization Field Resulting from:

| Metakaolinite +2:5-75(mN a0 +{I-mlLi.0)+8Si0.

o ¥275H.0
Rotated at 80" for 7days
Li;O
NG;O*I-LizO
I r Am A~ A+J J
‘9t Am U P2+J P2+J 1+J
8¢ p2+U . I+J
7} Pl+J
.6 R
"5t ' l+J
4} P2+J P2+J
3t Pl+J P2+J P2+1+J l+J
2t P2+J P2+J
“IE Am Pl P2 P2 P2+d I+J IWJ
Am

ol p I

| 2 3 5 (@]

total alkali conc.molatl
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3.6.4 Observations on the Sodium-Lithium System

The reactions of metakaolinite + silica with the
mixed aqueous sodium and lithium hydroxides gave prodﬁcts
which were, with two exceptions, characteristic of either
hydroxide reacting alone. Cancrinite was found in a
large area of the crystallization field shown in Figure
34645 This product was not typical of crystallizations
at 80° with NaOH alone, but in the presence of lithium

cations it formed readily.

Vith increased silica contents (silica:alumina ratio
6, 8 and 10) high lithium cation fractions produced
species U which was related to the montmorillonite layer
type minerals. The other crystalline product not
synthesized using either hydroxide alone was Na, Li-F.
This formed from less siliceoﬁs initial compositions

(silica:alumina = 2) in regions of high lithium fractions.
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Reactions in the Potassium, Lithium System

The reactions carried out with metakaolinite silica,

and mixed potassium and lithium bases are described

in TableS 30609 ad 3..6012'

The crystallization fields

have been plotted in Figures 3.6.9 - 3.6.12,

3,649

1 metaksolinite + 2.5 - 233 (mKz0 + (m-1)Lig0) + ~ 275 Hz0

rotated at 380° for 7 days

Run
No.

6-348
6-3U49
6-350
6-352
6-355
6-356
6-357
6-359
6-362
6-363
6-36L

of alkali
 (molality)

0.5
0.5
0.5
0.5
1.0
1.0
1.0
1.0
1.0
3.0
3.0
2.0
2.0
3.0
3.0
5.0
7.5
7.5

0.1
0.2
0.3
0.8
0.1
0.2
0.3
0.65
0.9
0.2
0.3
0.4
0.5
0.65
0.8
0.9
0.2
0.4

L T T - - B B B - B B R

o e b

Concentration Cation fraction Product

" Lis0
Tiz0 + K0

+ A
+ G

+ A
+ A

Description of
product

mdeCr.

md.CTr.

md.cr.

nd.cr. ,Azd.cr.
Fnd.cr.,Gmnd.cr.
md. cr.

md.cr.

md.cr.

gd.cr.

md.cT.

gd.cr.

gd.cre
Fgd.cr.,Agd.cr.
Fgd.cr.,Azd.cr.
gd.cr.
Fgd.cr.,dprecr.
gd.cre '
md. cr.
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Figure 3.6.9 The Crystallization Field Resulting from:

—Li20
Li,0+K.0O

4

I Metakaolite +2:5-233 (mK,O +{I-m)Li;0)}+275H,0

Rotated at 80° for 7days.

A. Frd
F+A A
Fad
F FeA
RA Fed
F J
F F F F+d
G F F F F D
G FiG F D
L G G GG+ F F F+D D
‘ 2 3 4 5 0 BE

total alkali conc, molal



Run
No.

6-374
6-378
6-379
6-380
6-381
6-382
6-383

Concentration Cation fraction Product

of alkali

(molality)
75
12.0
12.0
12.0
14,0
14.0
14.0

Table 3.6.9 (continued)

0.7
0.1
0.3
0.5
0.1
0.2
O.L

F+d

F+d
F+d

286

Description of
vroduct

Fmnd.cr.,dtr.
md. CT,
Fnd.cr.,dpr.cr.
Fnd. cr.,Jdmd. cr.
mGe CTe

mQa. CT.

mdeCXTs
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1 metakaolinite + 2.5 - 233(mKz0 + (m-1)Liz0) + L4SiOp +~ 275H;0
rotated at 80° for 7 days.

Run Concentration Cation fraction Product Description of

No. . of alkali Lis0 product
(molality) Lio0 + X30

6-385 0.5 0.1 Am -

6- 386 0.5 0.5 Am -

6-389 0.5 0.9 Am -

6-390 1.0 0.1 S+ F Smd. cr.,Fmd. cr.

6-391 1.0 ‘ 0.3 S+ N Smd. cr. ,Mmd. cr.

6-3292 1.0 0.5 M md.cTe

6~-393 1.0 0.7 M+ G Mmd. cre , GtT,

6-394L 1.0 0.5 U md. cX.

6-400 2.0 0.1 G+ F Gmd.cr.,Fpr.cr.

6-L01 2.0 0.3 G nd.Cre

6-1.03 2.0 0.6 G md. cTe

6-L04 2.0 0.9 [} DT CY

6-406 3,0 0.1 G+ F Gmd. cr.,Fnd.cr.

6-L07 3.0 0.3 G md. CTs

6-108 2.0 0.6 G nd. cT.

6-409 3.0 0.9 G+ d Glo.yd. ,dpre.cre

6-411 L.5 0.1 F md. CT.

6-L13 Le5 0.5 F md. cTs

6-415 L.5 0.6 F md. cr.

6-417 be5 0.8 F+d Fmd. cre , Jmd. CTe

6-418 7.5 0.1 F md. cr.

6-419 745 0.4 F+d Fnd. cr. ,Jdmd. cr.

6-422 11.0 0.1 D nd.cr.

6-423 11.0 0.3 D+ d Dnad. cr.,Jdmd. cre

6-425 11.0 0.6 J md.. CTe

6-126 15.0 0.2 J md.cCT.

6-L28 3.0 0.8 M+ U Mmd.cr.,Utr,



Figure 3.6.10 The Crystallization Field Resulting from.

Li,O

. 288

| Metakaolinite +2:5-233 (mK,O+ (m-l)Li;O)+4Si01+“‘275HZO

Rotated at 80° for 7days

Li,0+K,0
| -
9t Am U U G+
‘8 MU FeJ
7t MG
6} G G F J
5L Am M F
4t FrJ
3t SM G G D+J
.2 K J
‘b Am SsF GsF GiF F F ’ D
oL M G G , G F D D
7 > 3 4 s o 15

total alkali conc. molal
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Table 3.6.11

1 metakaolinite + 2.5 - 233(mK,0 + (m-l)Li20 + 68i0, +~ 275 H,0
rotated at 80° for 7 days.

Run Concentration Cation fraction Product Description of

No. of alkali Lig0 product
(molality) Lig0 + K30

6-1.30 0,5 0.1 Am -

6-131 0.5 0.5 Am -

6-4.32 0.5 0.8 Am -

6-L33 1.0 0.1 M md. cr.

6-434 1.0 0.3 M md.Cr.

6-435 1.0 0.5 M+ G Mmd.cr.,Gmd.cr.

6-L37 1.0 0.7 M+ G Mmd.cr.,Gmd.cr,.

6-438 1.0 0.9 M+ A Mmd.cr.,Atr.

6-LL] 3.0 0.1 F nd. cr.

6-LL2 2.0 0.3 M+ S Mmd. cr.,5lo0.yd.

6-LL45 2.0 0.5 M+ S lmd.cr.  Spr.cr.

6-L46 3,0 0.7 G+bM+U Gtr.,Mmd.cr.,Upr.cr.

6-4L7 2,0 0.8 G+M+U Gtr.,Mmd.cr.,Upr.cr.

6-4118 3,0 0.9 U+d Upr.cr.,dmd.cr.

6-450 5.0 0.1 F md. CcTe

6-152 5.0 0.3 F mnd. cTre

6-L5L 5.0 0.5 F md. CT

6-L58 5.0 0.7 F4 d Fpr.cr.,dmd.cr.

6-L459 8.0 0.2 F md.cr.

6-460 8.0 0.7 F+d For.cr.,Jdmd.cr.

6-L61 10.0 0.1 D+ d Dmd.cr. ,dpTeCre

6-163 10,0 0.5 J nd. cTr.

6-L465 5.0 ‘ 0.9 U+ d Upr.cr.,Jdmd. cr.

6-L68 10.0 0.2 U+ d Upr.cr.,Jmd.cr.

6-L71 15.0 0.3 J md. CT.

6-472 15.0 0.5 ) md.cre

6-473  15.0 0.7 J pT.CT.
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Figure 3.6l The Crystallization Field Resulting from:I Metakaolinite

+2-5-233(mK,O +{m-1)Li, O} +Si0O, + -275H,0 Rotated

at 80° for 7 days

Li,O
Li,O+K,0
| ~
9t M+A U+J
8l Am G+MsU
71 M4G G+M+U Fied F J
6L
'S1 Am MG M+S F J J
4|
31 M M4S . F J
2 F
't Am M F F D

oL M G G G F D D D
|

2 3 4 5 ‘ |O 15
total alkali conc, molal
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Table 3.6.12

1 metakaolinite + 2.5 — 233 mKz0 + (m-1)Lig0) + 8Si0p +w~ 275HZ0
rotated at 80° for 7 days.

Run Concentration Cation fraction ZProduct Description of

No. of alkali Li0 product
(molality) Li0 + K30

6-U75 0.5 0.1 Am -

6-476 0.5 0.5 Am -

6-478 0.5 0.9 Am -

- 6-479 1.0 0.1 M md.cre.

6-480 1.0 0.3 M md.cT.

6-482 1.0 0.5 M md.cre.

6-L8L4 1.0 0.7 M md.Cre.

6-1385 1.0 0.9 A gd.cr.

6-486 2.0 0.1 G md.cr.

6-1,88 2.0 0.3 i gd.cr.

6-4385 2.0 0.5 M md.cr.

6-490 2.0 0.7 M+ T lMpr.cr.,Upr.cr.

6-L91 2.9 0.9 M+ d Mpr.cr.,dmd.cr.

6-L493 5.0 0.1 F md. cr.

6-49L 5.0 0.3 F+d Fmd.cr.,dmd.cr.

6-L95 5.0 0.5 F+Jd Fmd. cr. , Jmd. cr.

6-L97 5.0 0.7 F+d Fnd., cr.,dmd. cr.

6-498 5.0 0.9 J+ U Upr.cr.,Jdmd.cr.

6-500 8.0 0.2 F+J  Fmd.cr.,dmd.cr.

6-502 8.0 0.5 F+d For.cr.,Jdgd.cr.

6-504L 10.0 ' 0.1 D md.cr.

6-505 10.0 0.2 D+ Jd Dnd. cr. ,dmd. Ccrs

6-50L 3.0 0.5 M md.CTr.

6-507 3,0 0.9 M+ T Mmd, cr.,Upr.cr,
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Figure 3.6.12 The Crystallization Field Resulting from:

| Metakaolinite+ 2:5-233(mK,0 +(I-m)Li,O}+8SiO,

¥275H0

Rotated at 80° for 7days

L0

LigO‘FKzo

by

‘Ot Am A M+d MU J+U

.8l

! M MU FsJ

6l

‘5t Am M M M Fid 'F+J

04.

3t M M F+J

2}  F+d D+J

A Am M G F . D

ot M M+G G F D D
| 2 3 4 5 |O

total akali conc. molal



293

3.6.6  Observations on the Potassium-Lithium System

The reactions of aqueous potassium + lithium
hydroxide with metakaolinite + silica again gave products,
with the exception of species U, which were typical of
syntheses using either potassium or lithium hydroxide
alone. As with the sodium-1ithium crystallization fields
species U was formed from comvpositions rich in silica and
lithium. The very larze area in which the svecies T
crystallized in the potassium-lithium field is noteworthy
(Figure 3.6.9). The other structure, agein typical of
potassium crystalligzations, which can accommodate lithium
is species M. This replaces F in the crystallization

~ fields from silica-rich compositions.

A comparison of the lithium-potassium crystallization
field (Figure 3.6.S) with that of the lithium-sodiun field(3.6.5)
shows that the zeolite lithium A is a2ble 10 form in regions

of much hicher potassium concentration than sodium.



294

32.6.7 A Comparison of the Mixed Cation Crystallization Fields

The three mixed hydroxide crystallization fields
varied in producing species characteristic of the ion-pair
involved. The sodium-potassium field gave only those
products which were produced earlier by either one of the
hydroxides when used alone. The potassium~lithium gave
similar products and also the species U. While the
sodium-litrium crystellization field yielded species U,

a cancrinite at 80° and a product Na, Li-F related to K-F.

The syntheses of the zeolite F structure in the sodium-
lithium crystallization field shows that this species
crystallizes from 211 three dicationic magmas formed from
the univalert alkali cations Li, Na and K. A1l syntheses

of this zeolite are described in Table 3.l.2 of Section 3.L.3.
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2,6.,6 The Swecies Na, E-M and Li, K-M.

This product wzs the mixed cationic form of K-M
(Section 3.1.6). It occurred as the product from both
sodium-potassium and lithium-potassium systems,

With sodium-potassium hydroxide and lithium-potassium
hydroxide species M was formed from compositions with
silica to alumina ratios of 6, 8 and 10. Previous

syntheses of Wa, K-l were renorted by Barrer, Baynhém,

Bultitude and Meier (1959).

Chemical anelysis of a sample from the sodium-

potassium system gave the following composition.

% by weight Molar proportion
Si0, 3 59
A1,0, o1 ' 1
K ,0 17 0.7
Nas0 58 0.3
H,0 (by difference) 11 4.0

This product is thus more silica rich than the K-M of
Section 3.1.6 which had a silica to alumina ratio of
Be e The composition may be compared with that of the

natural phillipsite reported by Steinfink (1962) which
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had a composition

(KX’ Na,l_x)s Siiiﬂsoazolo Hao

giving an oxide ratio

(X, Na;__)20, AL20g, Lok Si0p, L Hg0

and synthetic phillipsites reported by Kihl (1969) ZK-19:
(KX Nal_X) 20, Al1505, 3.26 - 6.22 Si0,, 3.2 Hy0-

The X-ray diffraction pattern of the mixed Na, K-M was
sharp and very similar to that of the sedimentary phillipsite
studied by Steiniink. The X-ray diffraction pattern of the
potassium exchanged Na, K-M was corrected with an internal
standard, ard indexed by analogy to Steinfink's orthorhombic
natural phillipsite. The observed and calculzted d-spacings
are given in Table 3.6.13. | The orthorhombic unit cell

constants were:

a = 9.959 * 0,003 &
b = 1L.248 + 0.004

Also included in Table 3.6.13 are the d-spacings of the

sedimentary phillipsite used by Steinfink. A comparison



Table 3.6.13

Y-ray d-spacings of Na, K-M and the natural

(Steinfink 1962).

K®* (Fa, K-IM) Netural
a = 9.959 £ 0.003 a =
b = 14.248 £ 0,004 b =
¢ = 1h.246 £ 0,010 c =
dobs dcalc Ind dobs
10.29 10,07 011
8.295 8.163 101 8.167
7.183 7.124 020 7.126
54364 - 5.367 121 5.369
5.020 5.037 022 5.039
! 1. 502 L. 506 031 1.982
i . 291 I, 287 120 Iy, 268
i 4.091 11,082 220 4.106
| - - 1,083
- - 3.953
3.673 3.673 123 3.674
3.529 34541 222 3.563
2.457
3.258 3,265 141 3. 266
3.243 34233 210 2.235
3,187
3.181 3,186 oL2 3,183
3.155
3.097
2.946 2.9LL 321 2,946
2.765 2.78L 233 2,858
2.730 2.721 330 2,740
2.681 2,68l oL2 2.685
2.558
2.549 2.5L2 332 2,543
24513 2.519 oLl 2,519
2.398 2. 394 3l 2.395

phillipsite

phillipsite

9.965
lLl-o 252

hkl

101
002
121
022
200
103
113
220
032
123
ooy
01k
14
201
o2y
133
311
232
321
240
105,143
o2l
125
323

oLl
31

297
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DTA.
AT I-45

Figure 3613 Zeolite K% KNa-M

Figure 3.6.14 Zeolite KNa-M

145 260 361 458 638 806 964
temperature °C DTA. heating rate 16°/min.
T.GA. heating rate 10°/min.
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DTA
AT I-45

Figure 3.6.15 Zeolite K™ Phillipsite

Figure 3.6.16 Zeolite RbM

145 260 361 458 638 806 964
temperature °C DTA.heating rate 16°/ min.
T.GA. heating rate 10°/min.
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of the potassium exchanged form of Na, K-M and that of the
potassium synthesized X-M (Section 3.1.6, Table 3.1l.4)

shows these to be identical,

Al though the lattice dimensions varied with the
cation present during crystallization or introduced by
ion-exchange, no evidence was found, in the regions covered
by Figures 3.6.2 to 3.6.4 and 3.6.10 to 3.6.12, that
limited solid solubility occurred and that the product

was a mixture of two forms.

The thermal properties of the sample of Na, K-M and
the potassium exchanged product are given in Figures 3.6.1L
and 3.6.13. Here they are compared with potassium
exchanged natural phillipsite. Not only is the X-ray
diffraction pattern of the mixed Na, K- more like -that of
the phillipsite but also the D.T.A. of Na, K-M approximates 1o
that of the natural mineral. Ion-exchange +to the
potassium form gives a product having a widely different

D.T.A. curve (Figure 3.6.14).

The Na, K-M was outgassed at 350° and was found to
be stable, As with K-M the sample would not sorb either
oxycen at 78°K or n-butane at 273°K. This is consistent
with observations of Klhl (1969) who found that synthetic

phillipsites which were grown in the presence of phosphates



(Klhl 1967) sorbed 125 water but very little n-hexane.
This low n-hexane sorption was probably surface condensation

as shown in Figure 3.1.8 <for oxygen on K-M,
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2,6.,9 The Svecies K, Na-F and X, Li-F

Both K, ¥a-F 2nd K, Li-F crystallized from reacting
compositions having silica to alumina ratios which varied
from 2 to 10. A comparison of the K, Na crystallization
field with that of the K,Li shows that the F structure

tended to form in areas of greater lithium concentration.
Nat
Nat + K"

compositions the products were typical of cryStallizations

Thus at large values of in the initial

oboserved when only Ka' was present. However, even for
Lit
Lit + k"

concentrations of base the phase K,Li-F still appeared

considerable values of (< 0.9) and at high total

(Figure 3.6.9).

The X-ray diffraction patterns of the species F

crystallized in the K-Na field showed that the unit cell
Na®
Nat + gt ’

and that for certain values of this fraction there were two

size varied for wvarious values of the ion fraction

complete diffraction patternsApresent with different
d-spacings. The positions df the strong 2.93 R 1line of

K-F in these Na,F forms were compared by powder diffraction
by the addition of an internal standard. The shifts in this
line with the cation composition of the initial mixture are |

presented in Table 3.6.14 as the difference 446 (where A Le =

Legp - ueK,Na-E)’ This difference is plotted against
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cation fraction in solution in Figure 3.6.17. Also
included for comparison is the potassium-sodium’ ion-exchange

isotherm obtained by Barrer and Munday (1970).

Table 3.6.14

Cation fraction in solution A L41Omm
o (840 = L&y o - LLeK,Na_F)
K" 4+ Na®

0 0
0.9 00150
0.8 0.275
0.7 0. 350
0.6 0. 338
two complete diffraction ' 0.568
0’5< atterns present ) 0.988
0.4 ' 1.088
0.3 1.113
1.0 (by ion-exchange) _ 1.117

From Table 3.6.1L4 it can be seen that a two-phase
region exists where the cation fraction in the synthesis
solution was C.5. This is in contrast to the ion-exchange
isotherm found by Barrer and Munday, who found limited solid

solubility existed when the exchanging solution had a cation
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Figure 3.6.17 Lattice Variation during Synthesis of
K.NaF with the Ion exchange Isotherm
( Barrer & Munday)
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fraction of w~ .725. Ifal® is assumed to vary linearly
with composition then it can be seen that limi%ed solid
solubility between the potassium and sodium end-members

for synthesis and ion-exchange occur in significantly
different zeolite compositions. The ranges of composition
as shown by the potassium fraction are 0.14 - Q.49 and

0.58 - 0.92 for synthesis and ion-exchange respectively.

No evidence for limited solid solubility in the
potassium-lithium system was found. Various preparations
of K, Li-F from the crystallization field shown in
Figure 3.6;9 were analysed and the results are given

below in Table 3.6.15.

Table 3.6.15

Cation fraction in solution Cation fraction in zeolite
=) (="7)
Lit + K/ Li* + K7/
0.20 0.29
0. 30 K 0.33
0.40 ' ' 0.35
O0.45 0. 37
0.50 0.29
0.55 . O.L1
0.60 043

- Q.65 | " 0.45
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Figure 3.6.18 Cation Composition of Synthesis Products with
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These values are plotted against the Li cation fraction

in the initial mixture in Figure 3.6.18 togethér with

the equilibrium ion-exchange isotherm found by Barrer

and Munday. The composition of the synthesized products

lie on a curve near but not coincident with the

equilibrium ion-exchange isotherm. This small difference

may be due to differences in temperature (synthesis 809,
ion-exchange 25°), solution concentration (synthesis 0.5 molal,
ion-exchange Q.l normal) and pH (synthesis was from mixed
hydroxides whereas ion-exchange was measured using mixed

chlorides).

The crystellization fields of zeolites do not show
shary boundaries. The products co-crystallize over large
compositional ranges of the parent mcgmas. It was
observed, however, that the boundary between K,Li-F and
Li-A was relatively sharp (Figure 3.6.9). Syntheses
were carried out in this region to examine as far as |
possible the change in yields of each on passing through
this diffuse boundary. Product yilelds were determined by
X-ray diffraction as described in Section 2. 3. The
results are showm in Table 3.6.16 and are plotted in
Figure 3.6.1S. The yield of K,Li-F began to decrease
from a lithivm cation fraction of 0.725 upwards where

zeolite Li-A first appezred. When the cation fraction
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was 0,8125 the only product was Li-A,

The intensities relative to an internal standard (2n0)
of the lineé 2.95 2 for K~F and 3,01 % for Li-A served to
measure the yields of each. Although the hydroxide
solution was in excess the shapes of the curves produced
are not identical. The amount of Li-~A increased gradually
and smoothly un to 100% yield while that of K,Li-A showed
a plateau region in the curve of yield agzinst initial
cation fraction of Li'. The platezu occurred vhen this

frazction lay between 2bout.76 and .79 (see Table 3.6.16).

Tzble 3.6.16

Cation fraction in solution Relative intensity(I/LJ
Lit ' '

(ﬂﬁjj?) K,Li~F Li-A

0.7250 | 1.0 0.0

0.7375 6.8 0.5

0.7500 | 6.3 1.1

0,7625 5.9 1.9

0. 7750 6.0 3.0

0.7875 : 5.7 bl

0.8000 3.5 6.5

0.8125 0.0 1.0
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Figure 3.6.19 The Yield of Products with Variation of

Cation in Solution

o A 2:95R
g1 AF le

Relative Intensity I/1o (yield of product)
o .

725 7375 750 7625 775 7875 800 -8125
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The Species Ng,Li-F

The various members of the K-F typre zeolites together
with their compositions have been given in Table 3.L4.2.
Species Na,Li-F, which is of the same type, crystallized
only from compositions with a silica to alumina ratio
of 2, just as in the case of the rubidium member, Rb-D,
In-contrast, tne potassium and caesium analogues, K-F
and Cs-D,forned from compositions with ratios that varied
from 2 to 10 zxd 2 to L respectively. An analysed sample

of Na,Li-F had the composition
0.8 Liz0, 0.28Naz0, A1,04, 2 Si0O,, 3 H30

In Table 2,6.17 the X-ray diffraction pattern is
compared with that of XK-F (Table 3.1.16 ). It can be seen
that Ng,Li-F oossesses basibally the K-F framework.

Li,Na-F was also found to be similar to a species produced
in 1965 by Borer from mixed sodium-lithium alumino-silicate

gels (Borer and lieier 1970).

Na,Li-F, unlike the Ha,K-F previously described,
showed no evidence of limited solid solubility. Figure 3.6.5
shows that He,Li-F formed when the lithium cation fraction

in the initial composition lay between 0.6 and 0.9.
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According to Barrer and lMunday (1969), who studied the
ion-exchange isotherms in detail, a hysteresis loop
resulted in the Ng .i isotherm of F due to a two-phase
région when the equilibrium solution had a lithium fraction
of O.L to 0.5. Thus during synthesis a single Na,Li-F
phase nucleates and grows in a compositional region which
is just outside that which gives two phases when cation

equilibrium is reached with an exchanging solution.

The d-spzscings of species Na, Li-F

d I d I
6.50 vs 2.60 m
6450 m 2.58 W
L.75 m 2.47 m
L.20 W . 2.16 i
3.95 nw 2.00 W
3.62 v 1.85 mw
3.45 W 1;73 mw
Z, 20 mw l.72 W
3,09 vs '  1.69 w
2.95 s . 1.66 W

2.80 s 1.57 VW
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3.64,10 The Species K,Na-G

This product was identified as similar to the
chabazite-like species K-G (Section 3.1.5). The X~ray
diffraction pattern of the species G produced in the
potassium rich part. of the crystallization field was
typical of K-G. This had both sharp and diffuse lines
(Table 3.6.18). In the sodium rich part of the field
the product had X-ray diffraction lines in the same
position but here all lines were sharp. These were
measured and indexed to give a hexagonal unit cell which
showed extremely good agreement between observed and
calculated d-spacings. The hexagonal unit cell had
dimensions

a

13,710 + 0.00L
15.713 + 0,003

(]

The systematic absences showed rhombohedral 1 attice
The diffraction pattern of the synthetic product
having a composition
0.4 Ky0, 0.6 Nay0, Al0g, 2 SiO,, 3 Hp0
the potassium and sodium exchanged were'indexed and the

unit cells calculated as shown below
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X Na

a 13.737 £ 0.002 13.682 + 0,006
c 15.772 *+ 0,005 15.650 + 0.011
Unit cell volume 2577.7 2537.1

In Table 3.6.18 the observed and the calculated d-spacings
of the potassium exchanged X,Na-G are given. Sharp
diffraction lines which appeared in these samples were
diffuse in the prevarations of K-G from compositions in

which the base was potassium hydroxide only.

Previous workers (3Barrer and Baynham 1956 a, Barrer,
Baynham, 3ultitude and Meier 1959, Zhdanov 1965, 1968) have
not reported this difference between the diffraction lines
of the synthetic K-G and Na,K-G. But the diffuse lines
may be seen in the reproduction of the diffraction pattern
of K-G by Barrer and Baynham (1956 a).  An attempt to
index the lines that changed in width between the prevara-
tions by the Hesselipson method did not yield a unit cell
of a possible second phase, This, together with the
change in 211 line positions with ion-exchange and the
very small error in the calculated unit cell dimensions

indicated that the product was a single svecies.



Table 3.6.,18 - 314

Indices dops doale Indices dps donle
101 5.563 ¥ 9,498 514 1.875 1.879
110 6.890 6.869 208} 1.871
201 5.566 ¥ 5,566 L16 1.849 ¥ 1.847
003 54262 5.257 LO7 1.797 ¥ 1.796
202 L.756%  L.7hg 515 1.770  1.769
211 Lno3ol ® o, 323 L3 1.751 1.752
113 Lel74 4.175 336 1.727 1.727
300 3,962 3.965 uLo 1.717 ®  1.717
212 3,906 ¥ 2,906 318 1.691 1.692
104 3.745 3,743 L35 1.667 1.662
302 3.514L 3.54L3 61L 1.646 1.648
204 3,273 ¥ 3,086 606 1.582 1.583
311 3,227 ¥ 3,220 418 1.571 ¥  1.570
303 3,167 3,166 53l 1.560 1.561
105 3,051 3,049 70L 1.561
21l 2,967 ¥ 2,965 526 1.551 ¥ 1,842
1,01 2,522 2.923

402 2.764 ¥ 2,783

410 o.5¢4 ¥ 2,596

215 2,561 ¥ 2,582

Eal 2.533 2.5%0

116 2,155 2,458

413 2, 22¢ 2, 328

330 2,291 ¥ 2,290

2L 2. 20l 2.244

206 2,192 ¥ 2,192

1405 2,160 2,16l

333 2,101 ¥ 2,099

325 2,065 2.064

131 1.9L2 1.S41

520 .c05 ¥ 1,505

# indicated those diffraction lines whose width changed with
syntnesis conditions.
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%.6.11  The Species Ka,Li-C

The reactions of mixed sodium and lithium hydroxides
with metakaslinite produced basic cancrinite at a relatively
low temperature of 80°, The main crystallization area
occurred with the silica to alumina ratio of 2 (Figure 3.6.5)
but a small occurrence was observed when this ratio was L
(Figure 2.6.6). This low temperature of formation contrasts
with earlier s:ntheses from metakaolinite (Figure 3.2.1 .
Section 3.2.2) where crystallization occurred only once
at a temperature as low as 110° and where the main crystal-

lization took vlace in the region 140 - 17C°,

The composition of a series of cancrinites synthesized
from solutions with varying lithium cation fractions were

determined and gave the following results

Cation fraction in solution Cation fraction in product
Lit Li*
Lit + mat Lit + Na©
0.3 ' 0.49
O.ly : 0.55
0.5 | 0.59
O.6 0062
0.7 ' 0.71

0.8 ' 0.73
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- These are plotted together with the position of the
sodium-1lithium ion-exchange isotherm reported by Barrer
and Falnoner (1$57) (Figure 3.6.20).' The composition

of the zeolite grown in the presence of sodium and lithium
ions lies very close to the correspending equilibrium
compositions during ion-exchange. Barrer and Falconer
have shown that for basic cancrinite the temperature of
the isotherm does not significantly alter the shape or

position of the isotherm.

Thus while the composition of synthetic Na,Li
basic cancrinite is similar to its composition during
ion-exchenge that of K,Li-F (Section 3.6.9) is significantly
different. 4 difference between the two a2lumino silicate
frameworks is their rigidity when the cationic composition
is changed. Basic cazacrinite shows only 2 1little contraction
when smaller cations displaée larger ones (3arrer and
Falconer), whereas the F framework, as shown in this work
(Sections 3.4 and 3.6) and by Barrer and Munday (1870),
undergoes much larger changes in unit cell dimensions with

changing cationic content.
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Figure 3.6.20 The Composition of Cancrinites in the -
Sodium Lithium Systems
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3,6,12 The Species Na,Li-U and K,Li-U

This product occurred in mixed cation systems that
were rich in lithium. Species U crystallized at €0° from
compositions with an alkali concentration ranging from
1 to 5 molal, The species U did not show a high degree of
crystallinity in its X-ray diffraction pattern. 'The pattern
exhibited broad diffuse bands with the characteristic
tailing of clay minerals such as montmorillonite (Brown 1561).
A comparison of the diffraction pattern of species U
with that of héétorite showed them to be zlmost identiceal,

The d-spacings of these samples were:

K,Li-U % Hectorite &
13 12
4.5 | L6
342 3.2
2.55 2.6
1.70 1.72
1.50 1.51

The product formed as very small aggregates of
crystals unsuitable for optical exarination, As a con-
sequence of this and the diffuse nature of the X-ray

diffraction pattern, no estimation of the yield was
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possible. Lithium, the common cation in the syntheses,
was probably not only an interlayer cation but also

substituted in the octahedral layer of the structure.
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3e7 The System kietzk=20linite-Silica-Sodium-fetramethyl-
ammonivm hydroxide-VWater

Sodium hydroxide and tetramethylammonium hydroxide
were selected for syntheses from metakaolinite in the
presence of a cation pair having widely differing radii.
The use of organic bases and mixtures of organic and
inorganic bases has yielded both silica rich varieties
of existing zeolites and also new zeolites (see intro-

ductory chapter).

This system yielded the following crystalline products:

Designation Product Reference-Section
Q zeolite A type 3.2;7
R faujasite type 2.2.13
I sodalite 2.2.1S
C cancrinite 3,2.6
Pl gismondite type 342612
v new synthetic zeolite 2ele3

(Ha,(CHg) #1)-Vg(2.0)( )
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Reactions in. the Sodium,

321

Tetremethvlemmonium System

In Ficures 3.7.1 - 3.7.3 have been plotted the

crystallization fields of the crystals obtained in this

field, while Tables 3.7.l, 3.7.2 and 3.7.3 give the

crystallization conditions more explicitly.

The generzl reaction composition was:

3.7.1

1 metzkaolinite + 2.6 — 100.0@@e0{1-m) [( CH,) & ]50) + ~ 275 Hy0

rotated at 85° for L4 days.

Run
No.

7-12
7-12
7-1L
7-15
7-17
7-20
7-21
7-22

7-23
7-24
7-25
7-26.
7-28

7-29

of alkali
(molality)

0.5
0.5
Q05
0.5
1.0
1.0
1.0
1.0

1.0
2.0
2.0
2.0

2.0

2.0

R+ 1
R+ I
R+ 1
Q+ P1
R+ &I
R++I
R+ Q
R+Q+P1

Pl + Q
Q+ V
Q+ V
QA+ V
P1+Q+V

Pl + Q

Concentration Cation fraction Product Description of
[(CHg) 4] 20

[( CHga) oIf] 20+Naz0

product

Rmd.cr.,Ilo.yd.
Rmd.cr. ,Ipr.cr.
Rmé.cr.,Imd. cr.
Qzd.cr. ,1tr,

’nd. cr. , QL tr.
Rmd.cr.,QL lo.yd.
R.md. cr.,Qmd. cr.

Rlo.yd.,qmnd.cr.,
Pl tr.

Pllo.yd.,3md.cr.
Qmd.cr.,Vmd.cr.
Qnd.cr.,Vmd.cr.
Qzd.cr.,Vpr.cre.
Plmd. cr.,Gmd.cr.,
V tr.

Plmd., cr, s ApTr.cr.



Run
Yo,

7-32
7-33
7-35
7-38
7-39
7-L0
7-li1
7-lly
7-li5
7-46
7-1s7
7-L4
7-LS

Concentration Cation frazction DProduct

of alks11i

(molalivy)

2.5
2.5
2.5
2.5
3.0
2.0
2.0
L,0
4.0
b.C
L.G
1.0

Table 3.7.1 (continued)

[( CHg) 4] 20
[( CHg) 41 | 20+172 50

0.1
0.2
O.L
0.55
0.1
0.2
O.L
0.8
0
0.1
0.3
C.5
0.6

Q+ V

v

P1 + V

V +
vV +
V +
V +

I+
I+

HoH H
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Description of
product

Qmd.cr. , Vmd. cr.
md. Cre

mde.cCr.

Plmd.cr.,pr.cr.
Vmd.cr.,lmd.cr.
Vmd.cr. ,Imd.cr.
V1oe yd.,Ior.cr.
Vio.yd.,lpr.cr.

md.Ccr.
Imd.cr.,Qtr.
Imd.cr.,Qtr.



Figure 3.7.1 The Crystallization Field Resulting from:l Metak aolite+2-8—100(mNa,O {I-m) [[CH;),N],O)%

275H,O Rotated at 85° for 4days
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1 metakaolinite + 2.8 - lOO.O(mNa20+(l-m)[ﬁCHa)gN]zo + L Si0, +
~ 275 E,0 rotated at 85° for 7 days.

Run Concentration Cation fraction Product Description of
No. of alkali [(CHa) M 50 product

(molality)  T(GE,) ] L0+la,0
7-50 0.5 0 R+ Q PTr.CI
7-51 0.5 ' 0.1 R+ Q Rmd.cr.,Q tr.
7-54 0.5 0.3 R+ Q Bmd.cr. ,Qlo.yd.
7-55 0.5 O.L R+ P1 Rmd.cr.,Plmd.cr.
7-56 0.5 - 0.7 R+ P21 Rlo.yd.,P1lmd.cr.
7-57 0.5 0.8 Pl + Q Plmd.cr.,Qmd.cr.
7-59 1.0 0.1 R+Q+I -
7-60 1.0 0.2 R+Q+1 ' -
7-61 1.0 0.L R+ Q  Rad.cr.,Qlo.yd.
7-63 1.0 0.6 P1+R+Q -
7-65 1.0 0.8 Pl + Q@ Plmd.cr.,Qgd.cr.
7-66 2.0 0.1 R+Q+1 -
7-67 2.0 0.2 R+ Q Rgd.cr. ,Qnd. cr.
7-68 2.0 0.5 Pl + Q gd.cr.
7-665 2.0 0.7 P1 + Q gd.cx,
7-70 2.5 0.05 I+ 7V mde CTe
7-71 2.5 0.2 I+ V md. CTr.
7-72 2.5 0.4 ' V+P1+Q -
7-73 2.0 0 R+ 1 Rgd. cre, Imd.cr,
7-75 2.0 0.1 Va+l Vmd.cr. , Iprecr.
7-76 3.0 0.3 V4+Q+ 1 -
7-7° 2.0 0.5 V+Q+I -
7-80 3.0 0.7 PL + I Plmd.cr.,Ipr.cr.
7-61 1.0 0 Am -
7-62 L.O 0.1 Am -

7-83 4.0 : . 0.2 I md.CcX.



Figure 3.7.2 The Crystallization Field Resulting from:lMetakaolinite+2:8-10 OlmNaO+I-mlCHINLO *

275H,O Rotated at 85° for 4 days
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1 metakaolinite + 2.6 - 100.0(mNa20+(1—m)[KCHa);ﬁ]20 + 8 8i0, +
~ 275 Hy0 Trotated at 85° for L4 days.

Run Concentration Cation fraction Product DRescription of

No. of alkali [(CEZ) ] 20 product
(molality) [(CH,) £¥] 20+Na20

7.85 0.5 0.1 R+ P1 Rpr.cr.,Plmd.cr.
7-86 0.5. 0.3 R+ P1 Rpr.cr.,Plmd.cr.
7-87 0.5 0.5 R+ P Rmd.cr.,Plmd.cr.
7-88 0.5 0.7 R+ Pl Rgd.cr.,Plmd.cr.
7-89 1.0 0.1 R+ P1 Rpr.cr.,Plmd.cr.
7-50 1.0 0.2 R R pr.cr.
7-91 1.0 O.4 R+ C Rgd.cr.,C tr.
7-92 1.0 0.6 P1+R+C  Plmd.cr.,Bmd.cr.,

C tr.
7-S3 1.0 0.6 ) Pl + Q@ Plmd.cr.,Qszd.cr.
7-95 2,0 0.1 Pl + Q Pllo.yd.,Qmd.cr.
7-96 2.0 0.3 R+Q+P1 Rlo.yd.,Qmd.cr.,

Pl lo.yd.
7-98 2.0 0.55 R+ Q+P1 Rtr.,Qmd.cr.,

. Pl pr.cr.

7-100 2,0 0.7 R+ Q  Rtr.,Qsd.cr.
7-101 2.0 1.0 R+ Q Rtr.,Qgd.cr.
7-102 2.5 0 Pl + Q Plmd.cr.,Qgd.cr.
7-104 2.5 0.1 C+1I Cmd.cr.,Imd.cr.
7-106 2.5 0.2 ' P1+R+Q Plmd.cr.,Rtr.,

Q md.cr.
7-107 3.0 0 I+¢C C tr.,Imd.cr.
7-109 3.0 0.1 I+¢C C tr.,Imd.cr.
7-110 3.0 0.2 I+ 7V Ilo.yd.,Vmd.cr.
7-111 3.0 0.5 P2 + I P2md.cr.,Imd.cr.
7-115 3,0 0.7 P2 + I Pond.cr.,Imd.cr.
7-117 3.5 0 I md. Cre
7-118 3.5 T 0.1 I+ 7V Imd.cr.,Vmd.cr.
7-119 3¢5 0.2 I+7V

Imd,cr,,Vmd.cr.

7-120 . 35 0.35 P2 + I  Pomd.cr.,Igd.cr.



Figure 3.7.3 The Crystallization Field Resulting from:lMetakaolinite+2:8-100(mNa,O+(-mll(CH,;),NL,O

8Si0.%¥275H,0 Rotated at 85° for 4 days
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The crystallites were.very small and irregular in shape.
It was not possible to observe the yields of products
optically or by electron diffraction. Both the yield and
degree of crystallinity were estimated from the diffraction
patterns, most of which had broad lines. This tendency
increased in the tetramethyl ammonium rich part of the

crystallization field.

The crystalline products from the sodium~tetramethyl-
ammonium system usually paralleled those obtained using
§a0H as the only base. The only new product, unique to-
this system, was Na,(CHa) 8-V which is discussed in the
next section. Thus the principal effect of the tetramethyl-
ammonium cations in the sodium sysfem is to replace some
of the sodium cations in the products. Accompanying this
there is an isomorphous substitution Na,Al=Si so that
silica rich modifications tend to be formed. This wes

first observed by Barrer and Denny (1961).

Some of the crystallizaiZons from magmas having
a silica to alumina ratio of ten produced cancrinite.
This product was never as well crystallized as that grown
at 80° with the cation pair Na/Li, but always formed
together with elther R or I. The previous syntheses of
the other products grown in this section have been discussed

eariier in Section l.2.
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The polyhedra found in the framewocrks of the crystals
grovn from metaksolinite + sodium hydroxide + tetra-
methylammonium hydroxide mixtures (Table 3.7.1 and Figure
3.7.1(a)) have been plotted on a diagram similar to the
crystallization field. The limits of occurrence of these
polyhedra have been marked on the diagram, the polyhedra

being identified as indicated below:

sodalite cage 14-H (1)
truncated cuboctahedron 26-H (1)
faujasite cage 26-H (11)
gismondite cage 10-HE (11)
cube 6-H
hexagonal prism 8-H

The occurrence in zeolites of these polyhedra, and of

other building units, has been discussed in Section 1



Figure 3.7la Polyhedra in the Products of fhe Crystallization Field in Figure 3.7.1
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3.7+.2  The Svecies Na,(CHg) 4=V

Na,(CHg) J7'-V occurred in syntheses with silica to
alumingz ratios of 2, 6 and 10, Formation was always in
the part of the crystallization field rich in tetramethyl-
ammonium cations. Figures 3.7+.1 - 3.7.3 show that as
the silica to alumina ratios of the magmas increased species
V crystallized in areas of higher alkalinity. The analysis
revealed that the silica to alumina ratio of the product
was two. This is consistent with earlier observed trends

in zeolite crystzlligzation (for example Section Z,1.11).

Product V gave an intense, characteristic X-ray
diffraction pattern. The diffraction lines were broader
than those of the well crystallized zeolites previously
made. The product occurred as spherical aggregates of
very small crystals. This-did not allow the purity to
be judged ontically. However, the water content and the
anzlysis indicated a high yield. The line broadening
appeared to be due to the very small particle size (Nuffield 1966).
From the X-ray diffraction pattern shown in Table 3.7.4 this
product was identifi:cd as being similar to the new gzeolite
Linde N, (Acara, 1968). The zeolite Linde N was originally
indexed as body centered cubic with a unit cell edge of

37.219 £ (U.S.P. 3,414,602). The diffraction pattern of
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V was measured and corrected with an internzl standard.
It was then indexed using the Hesse-lipson analytical
method, previously described in Section 1. 3. The

unit cell was found to be tetragonal with

13.08 + 0,01 R
b = 21.56 + 0,0 £

a

It

The agpement between observed and calculated d-spacings,
given in Teble 3.7.4,was within the accuracy of the
measurement of the diffraction vattern. Unlike - . cubic
indexing, also shown in Table 3.7.4, there were not many

absent lines which could not ve accounted for.

Chemical analysis of one of the vreparations of
species V gave the following oxide compositions and molar

provortions respeciively:

% by weight Molar prorortions
Ka 0 14.8 0.88
[(cﬂa)ﬁjao ' o7 0.1 *
A1,04 29.5 1
8i0, 35.0 2.0
H,0 16.0 3.0

% Analysis by the Microanalytical Laboratory of
Inperial College.
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The composition of this preparation is very similar to

that found by Acara (1968), viz.

0.83 = 0,05 Hag0, 0.03 £ 0.0L[(CHjz) 4] 20, A10g,
2.0 t¥ 0.2 8i0,, y Hy0

Here the zeolite W was also made by the rezction of
metakaolinite with sodium and tetramethylammonium hydroxide.
No synthésis has yet been reported from crystalline
products. in the analysis of ¥a,(CHg) -V the total
cations in the formula did egqual the aluminium content but

in Linde N it was significantly less.

The thermogravimetric analysis curvesof both the
original hydrated product and the product after removal of
the tetramethylammonium cations and rehydration are shown in
Figures 3.7.4 (a) and 3.7.4 (b) respectively. The weight
loss in both czses was approximately 16.5%. This is
comparable with the 15.1% found by analysis when the
inaccuracy of the microanalytical determination of the
tetramethylammonivm cation is considered. The weight loss
curve in both cases was a smooth one. This curve for the
initial sample showed an inflection corresvonding to the

decomposition of the organic cations.



The calculated and observed d-spacings of svecies V are

compared to those values found by Acura (1968).

001
100
101
110
003
200

210
211
ooL
212
2073
221
300
301
310
302
214
303
320
321
22l
322
116

o1
225

LO2

- d

Table 32.7.L

Na,( CHS) &=V

obs

21.54

13,094

11.192
9.276
7.101
6.541

5.8L6
5. 6Ll
5.337
5.153
L. 799
L.514
L. 249
L.267
L1.128
L.0L6
3.9045
3.765
3709
3.567
3.519
3.433
34 367
3. 227
3.163
3¢131

dca.lc

21.56

13,082

11.185
9.250
7.1.88
6.541

5850
5.64L6
5.391
5.142
L.538
L.522
L. 261
L. 271
L.136
i.0L2
3.565
34728
3.628
3.576
2.510
3.1438
34 350
3233
3.154L
3.129

Int

ms
ms

w
vs

W
W

mvr

mw

w

111
220
A1
1:00
511, 333
uL0
531
620

533

731,553
820, 6Lk
661,530

éL2

9L0,665

Linde &

dobs

21.655
132,173
11,191

3776
3.718
3.574

3.L82
3. 377
30347

3.135

dcalc

21.488

13.159
11.222
9.2305
7.163
6.575
6.291
5.885

5.E76

Lo 8U45
L.513
L. 356

33l

Int

L
68
73
50
14
100
36
23
16

27
1L
20

57

. 80

23
20
20
L1

L1



n2

315
L20
L1
L22
325
L1k
L23
334
500
Lak
511
L15
503
L16

Table

3.7.4 (continued)

Ha,( CHg) ol1-V

dobs

3.0L5
2,993
2,217
2,884
2.828
2.761
2.725
2.700
2.66L
2.610
2.590
2,546
2.517
2.450
2,362

dcalc

304l
2.986
2.925
2,896
2,823
2.776
2973&'
2.709
2.677
2.616
2571
2.5L48
2.556
2.L58

20379

Linde N
Int dobs
w 3,051
ms 2.991
w
W
nw 2.827
m 2.763
W
mw
m 2.660
W
W
m
W
m 2.452
w

335

Int

20
61

25
59

30

32
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The D.T.A. burve of the originzl sazmple showed first
the endothermic loss of zeolitic water. After this,
a large exotherm occurred which corresvonded with the
oxidation of the tetramethyﬁammonium catione. The weight
then remained constant and the D.T.A. trace smooth until
approximately 930° when a small endotherm probably
indicating lattice collapse, and a larger exotherm
indicating recrystallization, were obsexrved. The product
when heated to 1100° on a Lieker burner wzs poorly crystal-
lized nepheline. The thermal behaviour oi the saaple
first heated to 600° and then rehydrated wzs very similar
to that of the orizinal xrreduct dus witz no lzrse exotherm

due to combustion of the tetrazmethylammonium cations,.

The samnle was heated on a heatinzg Lenné-Guinier
CameTra. The diffrasction record is srownm in Flate 3.7.1l.
The lattice remained stable until avnroximztely &50° when

it recrystallized to the first o the two hizi venperature
oroducts, Na-Vl. This phase was stable only over an
interval of 50° after which the second ovroduct Fa-V2 began
to appear. The d-spacinzs of the two species are given in

Table 3475

4V]

Na-(CHg) -V was examined both before zmd after the

I

removal of the tetramethylammonium caticns for sorption of
OXygen. Neither of these forms showed any uvntake of oxygen

at 78°K,
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Figure 3.74 (a) Zeolite (CH3) 4N.NaV
heagted to 500° in air,

rehydrated at 56°/c RH.

Figure 3.7.4 (b)
Zeolite (CH3)4N,N0-V

145 260 36] 458 638 806 964
temperature °C  DTA heating rate 16°/ min.
TGA heating rate 109/ min, —







Table

Z0705

339

The d-spacings of the two phases produced by hezating

species Wa,(CHg) J-V,

Na - V1

dobs
Le25

3.60
2.22
2.13
1.8L
1.69
1.50
1.415
1.300
1.260
1.163

vw

mw

vs

myr

¥

Ha - V2
dobs
8.7 mw
5.0 m
he35 S
L.20 S
3%.85 s
3435 s
3.11 ms
3.06 S
2.88 m
2.56 S
2450 S
2.L0 n
2.35 S
2. 321 S
2.17 nwv
2.13 m
2.10 ms
2.08 ms
1.99 W
1.93 m
1.88 m

% These lines, as shown in Plate 3,7,1

and of similar intensity to those Of the ¢

were coincident with

revious phase,
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Z,8 The Systems letzksolinite-Silica-3arium-FPotassium
Hdydroxide-Water i

and Metakaolinite-Silica-Barium-Tetramethyl ammonium
Hydroxide-Water

The reactions between metakaolinite + silica and
mixed aqueous barium and potassium hydroxides were investi-
gated in an effort to improve the sorbent proverties of the
previously studied zeolite 32-G (Section 3.5.2). This
zeolite had been found to have the Linde L type framework
but did not sorb large molecules, such as cyclohexane.

This molecule should have vassed readily through the 12-
membered ring windows of free diameter 7.5 A, if these
windows were unblocked. Since Linde L had previously
been grown from potassium-sodium aluminosilicate gels
rich in potassium the barium—potassium system was chosen.
The desired nrocuct was a zeolite of the L type having the
sorption capacities of Linde L yet with a low silica to

alunina ratio.

To examine further the influence of the second cation
in zdmixture with barium, this second ion was increased in
size by replacing KUH by tetramethylammonium hydroxide.

The results are now described and discussed.
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The products formed in these two systems have been

tabulated and identified below.

Short Zeolite
Reference formula
Gl (K,Ba)Glh(zlo)[phq
G2 (Ba,K) G2y y1]

((CEg) MBa)G2, ( )[L]

L (32,K)Ly( ) [L]
((CHg) aifBa)L, (  )[L]

T {Ba(0m) 2} (32)-2(2)[ ]

£

((CHg) 4l1,Ba)-E, (6)
(Eri]

Description

members of chabazite like
phases K-G(beginning silica
alumina ratio 2.10(Section
3.1.5)

members of the L series of
zeolites having silica to
alumina ratios in the region
of 2.1 , Ba-G phase

(Section 3.5.4)

memvers of the L series of
zeolites having silica to
alumina ratios in the
region of Linde L

(Section 3,1.8 )

hexagonal polymorph of Ba
cel@ian (Section 3.5.7)

new barium zeolite (Section

3.5.6)

erionite type zeolite



3.8.1

Reactionsg in

32

e System Metzkz0linite-3a0-K,0-5i0,-Hz0

The recctions of metaksolinite-silica with mixed barium

and ﬁotassium hydroxides are summarised in Tadles 3.8.1 - 3.8.4

The crystallization fields have been plotted in Figures 3.8.1 -

3.8.4.

The general reaction taking place was:

3.8.1

1 metakaolinite + 3.0 - 20.0(m3a0 + (1-m)X50) + ~ 275 Hy0

rotated at 85° for L days.

Run
No.

8-14
6-1
8-2
8-3
6-5
8-15
8-6
8-7
-8
§-9
8-10
8-13
8-17.

Concentration
of alkeli
(mol=lity)

0.3
0.3
0.3
0.3
0.3
0.5
0.5
0.5
0.5
0.5
0.5
0.5
1.0

Cation fraction

Bal

Bal + K30

0.05
0.1
Ue 3
0.5
1.0
0.05
0.1
0.2
0.3
0.4
0.5
1.0
0.1

Proaucts

Gl
Gl

Gl +

G2
G2
al
G2
G2
G2
G2
G2
G2
G2

+ P
+ P

N

Description of
croducts

YTr.CT.
Dr.CT.
Glor.cr.,G2or.cr.
mldl.cr.
nd.CT.
M. CTr»
E3.CTe
gd.cre.
G2zd.cr. ,Pmd.cr.
G2gd. cr.,Pnd.cr.
nd, cr.
nc. CT.

8d.cre.



Run
Noe

8-18
8-19
8-20
8-21
8-22
§-25
8-206
© 8-27
8-28
8-29
6-31
8-32
8-33
6-35
8-37

T

[a]

ble

3,8.1 (continued)

243

Concentration Cation fraction Products Description of

of alkali

(molality)

1.0
1.0
1.0
1.0
1.0
1.6
1.6
1.6
1.6
1.6
2.0
2.0
2.0
2.0
2.0

Bal

0.2
0.4
0.6
0.7
0.9
0.1
0.3
0.4
0.5
0.8
0.1
0.3
0.5
0.7
0.9

G2

P + G2

G2 + T
G2 + T

G2 + T
G2 + T
P+ T

products

md.cr.

md.cr.

md.cr.
Pmd.cr.,G2 tr.
gd.cr. _
G2pr.cr.,Tmd.cr.
G2pr.cr.,Imd.cr.
gd.Cre

md. cr.

md. CcY.
G2pr.cr.,Tgd.cr.
G2pr.cr.,Tgd.cr.
Pmd.cr.,Tmd.cr.
gd.Ccr.

gd.cr.



Figure 38 | The Crystallization Field Resulting from:
IMetakaolinite +3 —20 (mBa+{l-m)K,.0)275H,0

Rotated at 85° for 4 days

BaO
BaO+K,0

B G2 G2

- P P

- P

- PsG2 P

- P

- G2 G2 | T P

- G24P P T

- Gl+G2 G2+P GaaT G2+

R G2 G2

- Gl G2 - G2 G24T Ga4T

. Gl Gl

[ 1 1 1 4.
3 5 | 2

total atkali conc molal
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Table 3.8.2

The general reaction composition was
1 metakaolinite + 3.0 — 20,0 (mBaO+(1-m)K0) + 2 SiO, +~ 275 Hz0
rotated at 85° for L days.

Run Concentration Cation fraction Products Description of

No. of alkali Ba0 products
(molality) 820 + K.0 X 5,0

8-40 0.3 0 Gl PTre.cCT.

8-L41 0.3 . 0.1 Gl + G2 Glor.cr.,G2pr.cr.

8-L2 0.3 0.2 Gl + G2 Glor.cr.,G2md.cr.

8-L43 0.3 0.3 G2 pPTr.CT.

8-45 0.3 0.7 P + G2 rnd. cr.,G2 tr.

8-L7 0.5 0.1 Gl md. cr.

&§-L8 0.5 0.3 Gl + G2 Glxzd.cr.,G2md.cr.

8.4S 0.5 0.5 Gl + G2 Glmd.cr.,G2md.cr.

8-50 0.5 0.7 G2 + P G2md. cr. ,Prd. CTr.

§-51 0.5 0.6 P gd.cr.

8-53 1.0 0.1 Gl + G2 Glzd.cr.,G2md.cr.

854 1.0 0,3 41 + G2 Glmi.cr.,G2md.cr.

8-55 1.0 0.5 GlL + G2 Glzi.cr.,G2gd.cr.

8-56 1.0 0.6 G2 + P G2zd.cr.,Pand.cr.

8-57 1.0 0.8 P gd.cr.

8-586 1.5 0.1 G2 DI CTe

§-59 1.5 0.3 T+ G2 G2md.cr.,Tmd.cr.

8-60 1.5 0.5 P + G2 G2or.cr.,Pnd.cr.

8-61 1.5 0.7 P md. cr.

8§-62 2.0 Q.1 T + G2 Tgd.cr.,Gomd.cr,

8-63 2.0 0.2 T + G2  Tzd.cr.,G2md.cr.
T+ G2 Tgd.cr.,G2md.cr.

8-bl 2,0 0.3



Figure 3.8.2 The Crystallization Field Resulting from:

I Metak aolinite +3-20(mBaQ +{F-m)K,0)+25i0.

36

total atkali conc. molal

$275H,0
Rotated at 85° for 4days
BaQ
BaO+KL0
Ir
9l
-8} p P
7t P.G2 G2+P G2+P P
.6}
5t Gl+G2 GhG2  PG2
.4_
3t G2 GlG2 Gl+G2 T+G2 T+G2
2t Gl+G2 T:G2
b GKG2 Gl Gl.G2 G2 T+G2
Ot Gl Gl Gl Gl Gl
3 ! 2
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Table 3.8.3

The general reaction .composition was
1 metakaolinite + 1.0 - 20.0(mBa0+(1-m)X,0) + 4 SiOy +~ 275 Hy0
rotated at 85° for L days.

Run Concentration Cation fraction ZProducts Description of

No. of alkali Bal products
(molality) 5;5—I—E;6

8-65 0.1 1.0 L PreCre

8-81 0.3 0.05 Gl pr.cr;

8-66 0.3 0.1 L md.cr.

&-67 0.3 0.2 L md.cr.

8-69 0.3 0.5 L md. Cr.

6-70 0.3 0.7 P+ L For.cr.,lmd.cr.

8-71 0.3 1.0 P+ L £né.cr.,Lpr.cr.

8-72 0.5 0.1 Gl + L Glmd.cr.,Lpr.cr.

8-73 0.5 0.2 GL+ L Glmd.cr.,lmnd.cr.

8-7L 0.5 0.3 L mce CYre

8§-75 0.5 0.6 L md.cr.

8-76 0.5 0.9 P nd.cr.

85-77 1.0 0.1 GlL + L Glrd.cr.,lmd.cr.

8-76 1.0 0.2 L md.CTre

E-79 1.0 ' Ot L+ T Ind.cr. ,Tzd. cr.

8-80 1.0 0.6 L + Imd.cr.,Tzd.cr.

8-.82 1.0 0.9 P zd.cr.

8-83 1.5 0.1 L+ T Imd.cr.,T tr.

8-8L 1.5 0.4 L+ T Imd.cr.,Tgd.cr.

8-85 1.5 0.6 L+ P Lpr.cr. ,Pgd.cr.

8-86 2.0 0.1 L+ 7T Lyr.cr.,T tr.

8-87 2.0 0.2 L+ 7T Iyr.cr.,Tgd.cr.

8-88 2.0 0.3 P md. cr.



38

Figure 3.8.3 The Crystallization Field Resulting from:

I Metakaolinite+I-20{mBaO+{I-m}K.0)+4Si O,

7275H,0
"~ Rotated at 85° for 4 days
__Bao®
BGO-l-KzO
I L P+l
‘9t p P
18 i
7t P:L
6t L L+T L+P
5% L
4t L+T L+T
3} L P
2t L Gl+L L L+T
I} L Glsl. Gl L+T 4 L+T
ol Gl Gl Gl Gl Gl
.] -2 3 4 -5 I I-5 2

total alkali conc. molal
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The influence of time of crystallization was examined in
the crystallization field of Table 3.6.3 and Figure 2.8.3
by repeating the crystallizations with a duration of eight days

in eazch experiment.

Table 3.8.4

The general reaction composition was:
1 metakaolinite + 1.0 - 20.0(mBalO+(1-m)Xz0) + L Si0p +~ 275 Hz0

rotated at 85° for 8 days.

Run Concentration Cation fraction Products Description of

No. of alkali Ba0 oroducts
(molality) Bal0 + K20

&6-90 0.3 0 Gl DYT. CTs

8-91 0.3 0.1 GlL + 1 Glmd.cr.,Lmd.cr;

8§-62 0.3 0.4 L md.cr.

8-93 0.3 0.6 P md.cr.

8-oL 0.3 0.8 P md.cr.

8-95 0.5 0.1 L md.cr.

5-96 0.5 0.2 L mnd.cr.

8-G7 0.5 0.3 P+ 1L Fpr.cr.,lmd.cr.

§-98 0.5 0.6 2+ L Pmd.cr.,lmd.cr.

8-99 0.5 0.7 P mde.cr.

8§-100 0.5 0.9 P md.cr.

8-101 1.0 0.1 L md.cr.

&-102 1.0 0.2 L+ 1T Imé.cr.,T tr.

§-103 1.0 0.3 L+ T  Lpr.cr.,Tpr.cr.

8-105 1.0 0.5 L+P+T -

8-106 1.5 0.1 L + T Imd.cr.,Tmd. cr.

8-107 1.5 0.3 L+ T Lad.cr.,Tad.cr.

8-108 1.5 0.6 T zd. cr.

6-109 2.0 0.1 L+ 1T Imd.cr.,Imd.cr.

8-110 2.0 0.3 T

gd.cr.
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Figure 3.8.4 The Crystallization Field Resulting from:

| Metakaolinite +3—20(m BaO+1-m)K;0)+4Si0,

. $275H,0
Rotated at 85° for 8days
BgO
BCIO-D-K;O
|y
9 P
8 P
7 P
‘6 P P+l T
‘5t L+PsT
4 L
3t P+l LT LT T
21 L L+T
1t GhL L | L LT LT
ot Gl Gl Gl
‘4 2 3 -4 5 l I-5 - 2

totatl alkali conc. molal
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3,8.2 Observations on the System

The crystallization fields plotted in Figures 3.8.1 -
3.8.4 show that a large area is dominated by barium zeolites.
These accommodate potassium in the cases of G2 and L.

It was found by analysis of P that 90% of the cations
present were barium. Probably barium was the only cation
present in the hexagonal polymorph of Ba celsian-P, with

the potassium in the sample present in uncrystallized gel.

The areas of the crystallization fields wnere thé
chabazite-like phase Gl is formed are outlined by dotted
lines. As the silica to alumina ratio of the magma is
increased from 2 to 4 this arez increases and then decreases
as the ratio is zgain increased from 4 to 6. Thus the area
of formation of the L-type phases G2 and L is a minimum
when the reacting compositidn has a-silica to alumina ratio
between those of Ba-G (2.5) (Section 3.5.L) =nd L (6.05)
(Section 3.1.8)e The crystallization field resulting from
a silica to alumina ratio of 4 shows that srecies G2 nearly
always crystallized together with a second »roduct. In the
two preparations (Runs 8-43, 8-58) where G2 was the sole
product it was not well crystelliged and could not be
analysed due to the large amount of gel present. Thus the

L type framework preferentially grows from magmas having
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either the Ba-G or the L framework composition and also

probably crystallizes best with these compositibns.

The main effect of increasing the time from four
to eight days was to increase the area of formation of
non-hydrated products. Thus for reaction periods of
four deys and concentrations of 0.5 molal, a barium cation
fraction of 0.3 yields L but in eight days it yields
P+ L (Figures 3.6.3, 3.8.4).
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%,8.3 The Snecies Ba, K-G2

This product was identical with Ba-G (Section 3.,5.2)

which has been shown to have the zeolite L-type framework.

The chemical analysis of a sample is given pelow in

terms of weight per cent and molar proportions respectively:

% by weight molar ratio
K,0 3.3 0.15
Ba0 31.0 0.85
A1,0, 2L.2 1.0
Si0, 0.4 2.14
E,0 (by difference) 11.1 2.6

Thermogravimetric analysis of the product showed
a total water loss of 10.8%, in close agreement with the
value found in the chemical analysis. The curve is shown
in Figure 3.8.5. The DeT.A. curve of the original 3s/K
forn of G2 was heated to 600° and then rehydrated without
significént change in the resulting D.T.A. and T.G.A. curves.
A sample of the original Ba,K-G2 was heated in the Lenné-
Guinier camera to 800°, There was no lattice change other

than thermal expansion, which was small. The

H

esulting

diffraction pattern is shown in Plate 3.8.1
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Figure 3.8.5 Dehydration of Various Cationic Forms of K Ba-G2

Bc12+original form 10:89/o
. exchanged 14-1509/o

o K
A N
v H from NH{ 14-59/o

100 200 300 400 500 600 700 800
temperature °C

149
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The originally synthesized form of G2 showed remarkabie
thermal stability for a zeolite having a low silica to
alunina ratio (2.14). Due to the high thermal stability
the hydrogen form of Ba,K-G2 was investigated with respect
to hydration, sorption and stability. The original sample
of K,Ba-G2 was exchanged to the ammonium form and then
thermally decomposed at 375°. This proauct was then
rehydrated. The T.G.A, and D.T.A. curves of both the
ammonium exchanged form and the hydrogen form are gﬁven
in Figures 3.8.6, 3.8.5. The following results for the
extent of hydrogen ion formation were obtained.

Initial composition of Ba,K-G2:

(.15 K,0, 0.85 Bal), Al,05, 2.1L Si0,, 2.6 Hz0

Sample % wt.loss % wt.loss expressed as
equivalent S% of initial
Ba/K form

Initial Ba/K product 10.8 10.8

NH." exchanged form 1h.5 12.6

NHéf decomposition

product 4.5 12.7
Composition of NHJ‘ exchanged form

% by weight mole ratio
NH " 1.8 0.l
M,04 25.8 1
Si0, 21.9 2,16

(0.15 K,0+0.85 Ba0) 20,2 0.64 F
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Figure 3.8.6 The DTA of Various Forms of BaqK-G2

BaK G2 heated to
and rehydrated

NH: exchanged
Ba,K-G2 hydrat ed

\/\ | original Bq,K-G2
' NH,” decomposition
product rehydrated

R

45

f95 260 361 458 638 806 964
temperature °C




°/o weight loss
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Figure 3.8.6a Zeolite Ba-G of Section 3.5.3

D.TA.
AT [-45

145 260 361 458 638 806 964
temperature °C D.TA. heating rate 16%/min.
TGA heating rate IO% min.



Table 2.

8.5

The calculated and observed d-spacings of K,Ba—GZ

a = 18.699%F
c = T7.502¢

Indices

100
001
101
210
300
211
220
310
201
221
311
002
320
102
410
112
202
321
500
212
302
420
501
222
312
L2l
402
600
322

0.C01
0,001

dobs

7.474
6.804
6.141
5.399
L.737
L.679
L.u8L
L, 380
3,962
2.853
3. 748
3.715
3.659
3523
3.478
3. 396

3¢ 331

3,241
3.159
3.082
3. 060
2.975
2.924
2.678
2,82
2.751
2.698
2.638

calc
16.194
7.502
6.807
6.121
54398
L.74h2
L.675
L. 491
L, 381
3.567
3.853
3.751
2.715
3,654
3.53
3,481
3.403
3. 329
34239
3.198
3,080
3,060
2.973
2.925
2.87¢
2.83h
2.752
2.699
2.639

359



Table 3.8.5 (continued) 360

Indices d

obs calc
520 2,593 2593
Li2 2.569 2,572
601 2.541 2.540
L3 2.509 2.509
103 2.471 2.471
521 2.1450 2.451

113 2.415 2,416
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The cell dimensions here for the Ba/K form can bé

compared with those of the Ba form given in Section 3¢eHe 24

The a dimension is identical but ¢ is smaller and

approaches that of K-L. The observed and calculated d-spacings

are given in Table 3.8.5.

The sorption properties of different preparations of
the G2 and L members have been investigated both for oxygen
and hydrocarbons. In Table 3.8.6 the sorption capacities
of three of these vroducits are comvared with those of Ba-G

(Section 2.5.2) znd Linde L.

A comparison o0f Ba-G2 with Ba,K-G2 shows that fhe oxygen
capacity is slishtly smaller in the product synthesized with
potassium. This is probably due to a greater volume
occupied by the monovalent potassium cations. Yet the
hydrocarbon sorsilon caracitles are greater and 3Ba,K-G2
sorbed large zmounts of neo-ventane. This demonstrates

that the 7.5 & windows along the main chanmnel are unblocked.

Synthesis in the rezion of the Linde L compesition
(silica to zlumina ratio of 6.05) gave products having
silica to alumina ratios comparable to L but lower sorption
capacities. This is vrcbably due to poor overall crystal-
linity and/or the presence 0f aluminosilicate gel in the

cavities.



Table 3.8.6 Comparison of the Approximate Saturation Capacities of Species

having the L-type Framework

System Si0./AlL O, Saturation Capacities cm® at ST P/g. |Thermal Stability
Cations |During In the Oxygen |n-Butane |iso-Butane ne&;é;tone .Lottice Stable
Present |Synthesis|Product [78°K |273°k  [273°%K  [273°K at:-

Ba 2 250 87 [2:2 97 nil —

K Bd 2 2:08 82 235 194 .13'0 800

K Ba 6 5-40 74 -0 109 - 800

Ba 5 480 | 72 95 — — —

K 15-28 64 — 25 20 10 —

*Linde K-L approximate values taken from isotherms of Leel{l967) and Breck and Acara

- (1958)

c9



Figure 3.8.7 Sorption of Oxygen at 78°K on K,Ba-G2(L)
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In Figurec 3.8.7 - 3.8.9 the isotherms of the better
crystallized products are showm. Also included is
a kinetic curve showing the rate of uptake of neopentane
by Ba,k-G2 at 0°C, This is a rapid process with almost

complete sorption after five minutes.

Cyclohexane was sorbed both by the original Ba,K-G2 and
by the hydrogen form produced by thermal decomposition of
the ammonivm cation-exchanged form. The results are
given below where they are compared with those obtained

using Ba-G2 and Linde L.

Sample ~ Temp. °C Pressure mm.Hg Cyclohexane-wt.%
Ba-G2 20.0 20 0

Ba,K—G’2 1900 21 707

g, (3a,k)-G2 18.0 20 7.4

Linde K-L 25.0 - 10 ' 8.6

The Ba,K-G2 sample had a cyclohexane sorption capacity

below that of the Linde K-L. This probably resulted

from presence of small amounts of uncrystaliized gele

The lower sorption capacity of the hydrogen form was ascribed
to a little lattice damage, probably due to local heating
during the exothermic decomposition of the ammonium cation
in air. This was not detectable in the X-ray diffraction

pattern of the product.
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Figure 3.8.9 Sorption of iso- Butane at 273°K
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3,8,k  Reactions in the System Metaksolinite - 320-[(CHa) ] 20-
510 51,0

The reactions of metakaolinite + silica with mixed aquéous
barium and tetramethylammonium hydroxides are summarised in
Tables 3.8¢7 - 3¢6.90 The crystallization fields have been
plotted in Figures 3.8.10 - 3.8.12.

Table 3.8.7

The general reaction composition was: 1 metakaolinite + 2.0 -
10.0(mBa0 + (1-m).[(CHga) all] 20) + ~ 275 Hz0 rotated at 85° for 7 days.

Run " Concentration Cation fraction  Products Description of

No. of alkeli Ba0 products
(nolelity) BaO+ [( CH ) 4if] 20

&-120 0.125 0.1 G2 Pr.CTe

8-121 0.125 0.3 G2 Pre.CT.

&-122 C.125 0.5 G2 Ve CYe

6-123 0.125 0.7 G2 + P G2md.cr.,Ppr.cr.

&-124 0.2 0.1 G2 DI.Cre

6-125 0.2 ‘ O.L G2 md.cr.

6-126 0.2 0.6 P md.cre.

8-127 0.25 0.1 G2 md. cr.

8-128 0.25 0.3 G2 + P G2md. cr. ,Ppr.cr.

8-129 0.25 0.5 = P md.cr.

8-130 0.25 0.9 P gd.cr.

5-135 0.5 0.1 G2 + P G2md.cr. ,Ppr.cr.

8-136 0.5 0.2 P md.cr.

8-137 0.5 0.5 P md. cr.

8-138 1.0 0.2 P md. cr.

8-13S 1.0 0.5 P gd. cr.

8-14L0 1.0 . 0.2 P gd. cr.
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Figure 3810 The Crystallization Field Resulting from:

| Metakaolinite +2-10(mBaO +{I-m)(CH;).N1,03275H. O

Rotated at 85° for 7 days
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Table 3.8.6

The general reaction composition was:

1 metakaolinite + 2.0 — 10.0(mBa0+(1-m) [( CHa) of] 20)+ Lt $i0, +
275 Ha0 rotated 2t €5° for 7 days.

Run Concentration Cation fraction Products Description of

No. of alkali Bal products
(molality) Ba0+[KCHa)4ﬁ]20

8-141 0.2 0.1 L pr;cr.

&-14L2 0.2 0.2 L Pr.cr.

6-143 0.2 0.5 L+ P G2pr.cr.,Pmd.cr.

&5-147 0.2 0.8 T Pra.Cr,

8-1LE 0.25 0.1 L PTe CTe

8-149 0.25 0.2 L md.cr.

3=-150 0.3 0.1 L md.Cre

6-151 0.3 0.3 L+ 7T G2md.cr.,Tmd.cr.

§-153 0.3 0.5 P+ T Pmd.cr.,Tmd.cr."

8-154 0.3 0.7 P+ T Pmd.cr.,Tgd.cr.

6-155 0.3 0.9 P+ T Pmd.cr.,Tgd.cr.

6-156 0.5 0.1 L 1d. CTe

5-157 0.5 0.3 P+ L Ppr.cr.,Lmd.cr.

5-156 0.5 0.5 P+ 1L Pmd.cr.,Lmd.cre

6-159 0.5 0.7 P+ 1 Pmd.cr. ,Lgd.cr.

§-160 0.5 0.9 P+ 1L Pmd.cr.,Lgd.cre.

8-161 1.0 0.1 T +L T gd.cr.,umd.cr.

5-162 1.0 0.3 P+ L Pmnd.cr. ,Lmd.cr.

8-163 1.0 0.7 P+ L Pmd.cr.,bmd.cr.

5-164 1.0 0.9 P+ L Pgd.cr. ,Lgd.cr.
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Figure 3.8.11 The Crystallization Field Resulting from:

IMetakaolinite +2—10{mBaO+{I-m) [[C H;),N1,0145i0,

¥275H,0
Rotated at 85° for 7days
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Teole  3.8.9

The general composition was:i
1 metakaolinite + 2.0 - lO.O(mBaO+(l~m)[(Cﬁa)gN]20) + 6 Si0, +
275 Hz0 rotated at 85° for 7 days.

Run Concentration Cation fraction Products Description of
No. of alkali 320 products
(molalitY) 320+ ]:( CHg) 41\]] 20

§-165 0.2 0 Am -

8-166 0.2 0.1 L+ E L pr.cr.,Bad.er.

6-167 . 0.2 0.2 L+ E L pT.CT.,5pr.cr.

6-1686 0.2 O.bt L DT CTs

&-170 0.2 0.7 L PY. CTe

§-171 0.2 0.2 P+ T Ppr.cr.,Tmd. cr.

8-177 0.25 0.15 L + & I pr.cr.,End.cr.

§-178 0.25 0.25 L+ E I »r.cr.,End.cr.

8-172 0.3 C.1 L + E I pr.cr.,Emd.cr.

8-173 0.3 0.2 L+ E L pr.cr.,Emd.cr.

8-17L 0.3 0.l L md. cr. |

8-176 0.3 0.8 P+ T Ppr.cr. ,nd.cr.

6-181 0.5 0.2 L + E L md.cr.,End.cr.

8-182 0.5 0.4 L md. cr.

§-183 0.5 0.7 L+ T T, md.cr.,Tmnd. cr.

8-18L 1.0 0.1 L+ T L md.cr.,Tmd.cr.

8-165 1.0 0.2 L+ T L md.cr.,Tmd.cr.

§-186 1.0 0.4 L+T+P L md.cr.,Tmd.cr.,
Ppr.cr.

8-167 1.0 0.7 L+T+P L nd.cr.,Tnd.cr.,
Pgd.cr.

§-188 1.0 0.9 P+ T Pgd.cr.,Tgd.cr.
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Figure 3.8.12 The Crystallization Field Resulting from:| Metakaolinite

+2-10 (mBaO + I-m)(CH,),NL,O) +6Si0,+~275H,0 Rotated

at 85° for 7 Days
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The barivm cation in the mixed barium + te?ramethyl—
ammonium rydroxides has the dominating role in the
crystzlliization,. At low silica t0 zlumina ratios
(2 and 6 shown in Figures 3.8.10, 3.8.11) the crystallization
yielded typicel barium species. Tetrame thylammonium
hydroxide tends to give zeolites rich in silica (Barrer
and Denny, 1961; Baerlocher and-Meier 1969). Thus the
reacting mazma may have been too aluminous for such products
and yielded the less siliceous bzrium svecies Ba-P and Ba-T.
However, over =z large part of the tetramethylammonium rich
area of the crystzllization field species G2 formed, which
could zccommodate the large tetramethylammonium cations in

the mzin chznnels.

With increased silica content (Figure 3.8.12) synthetic
eriorite crystsllized in the section of the crystallization
field which had 2 high tetramethylammonium fraction and
a low totzl concentration. Thus formation of erionite is
probably‘favoured by a low barium content in the reacting

magma..
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2.8.5 The Species (CHy)N4Ba-E

Lately there has been considerable study of the
crystallization and properties of the related zeolites
erionite, offretite and Linde L (Section 1l.1), In
this work a new synthesis of erionite from a2 system
containing barium has been found. As previously noted
E crystallized from mixtures with a low barium content.
In all experiments the erionite, B, co-crystallized with
L. This resembles the co-crystallizations of erionite,
offretite and I in presence of mixed agueous NaO0H and KOH
found by Barrer and Galabova (1970), but contrasts with
the crystallizations in presence of mixed sodium,
potassium and tetramethylammonium hydroxides reported by
Aiello and Barrer (1970). Here no co-crystallizations

of erionite and zeolite L were reported.

Due to the presence of the L-type vroduct with erionite,
no chemical analysis of the product was poésible. The
structure of erionite as described by Staples and Gard
(1959) contains 23-hedral cages, cancrinite (1ll-hedral)
cages and hexagonal prisms. -~ Due to their size, the
tetramethylammonium cations must be in the 23-hedral while

bariuvm may be either there or in the cancrinite cages.
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The X-ray diffraction pattern was measured and gave
the spacings in Table 3.86.10. Here it is compared both

with a synthetic erionite having the comvosition:
0.33[( CHg) 4f] 20, 0.73 Naz0, 5.8 Si0;, 3.7 Hy0

and with a natural erionite from Tecopa U.S.A. having

the approximate compositions
0.09 Cao, 0020 I'Igo, 0.32 Kgo, 0051 I.\Iazo, 8 Si02, 6 Hgoo

The line positions are very similar in the diffraction
patterns but there is a large variation in relative

intensities.
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-

A comparison of the d-spacings of species & synthetic
tetramethylammonium offretite and natural offretite

(CHg) 4N,Ba-E (CH,) 4N,Na-B natural erionite
(Aiello and ( Sheppard and
Barrer 1970) Gude 1S6G)
11.50 ms 11.58 v 11.41 100
9.20 W .21 vs 9.07 11
7.65 W 7.6L W 7.51 7
6.63 m 6.66 vs 6.61 73
6.40 m 6.38 mw 6.28 5
5.80 mw . 5.72 16
5.45 mw 5.32 mw 5oz 14
4,60 m L.60 m L.595 8
4.551 12
. L. 322 67
4.19  ms 14156 2l
3,62 ms 2,83 m 3,813 37
3.75 s 3.78 s 3. 746 65
3.65 % n 3.62 ms Z.570 24
z.402 4
34 35 mw 2432 nw 2,203 z
34276 25
.24 = m 3.271 25
2,182 w
3.125 w . 3.120 'A% 3.106 12
- 5
2.050 % w 3.042 W - 5
2.240 m 2.942  mw 2.923 10
| 2.910 10
2.86¢ 60
2,865 m 2.664L m 2.839 50
2.825 m 2.825 ms 2.812 52

# lines obscured by those of the co-crystallized G2.
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Section L. Generzl Discussion

Many of the reactions of metakaolinite previously described
are similar to those using raw keolinite or aluminosilicate
gels. But there exist some distinct differences. The
most important of these is the crystallization of zeolite
Na-Q (Linde A) from metskaolinite. This industrially
important zeolite'readily crystallizes from mixtures of
metekaolinite and 2 molal sodium hydroxide when maintained
at 80° for 24 hours, (Section 3.2.0). This is in contrast
with the reaction of kaolinite under these conditions, where
the product is bosic sodalite (3arrer, Cole and Sticher 1568).
As with metakeolinite the product obtained from acueous
alkaline =z2luminosilicate gels is zeolite Ha-Q.

Similarly zeolite iia, (CHS)QR—V crysizilizes ranidly from
mixed scdium ond tetremethylammonium hydroxide when it reacts
with either metaksolinite (Section 3.7.1) or aluninosilicate
gel (Acera 1968). TNo synthesis of this species has yet
been reported from kaolinite or other highly crystalline
alumina and silica source.

The crystallization field in the system kaolinite-K,0-H 0

reported by Barrer, Cole and Sticher (1568) is very similar

to that of metakaolinite-K,0/Hz0 (Section 3.1) with the
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excention of the largse area of formation of K-I in the
former, which with metakaolinite is replaced by the near-

chabazite X-G,

- Roy, Roy and Francis (1955) have described metakazclinite
as having large pseudo flakes apparently no different from
unheated kaclinite, but rehydrated metekaoclinite as consisting
of much smaller perticles. This indicated that the original
large particles are broken down in the rehydration process or
in the case of synthesis when put in contact with the hydroxide
solution. Thus its increased rate of dissolution in alkaline
solution avove that of crystalline kaolinite as observed by
Sticher and Bach (196S%) is due to the increased surface area
as well as the vnreviously described instability of metakaolinite.
The increased rate of dissolution tends to make metakaolinite
produce a reacting sel-golution mixture, from which zeolite
crystallization occurs, with a greater similarity té aqueous
alkaline aluminosilicate gels than kaclinite. This is a more
probable explznation for the difference in the reactions of
kaolinite and metskaolinite than the assumption that the
surface of the feed stock plays an important role in directing
the mechanism of The crystallization towards different
nroducts, since metakocolinite maintains essentially the
original structure in the ab plane (Section 1.4). Also Cole

(1970) found that the substitution of metakaolinite for
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kaolinite in crystallizations of sodalites and cancrinites
in the presence of salts did not usually determine which
of these two products was formed. The imvortance of the
rate 0f attainment of a solution of a specific composition
is demonstrated by the similarity of the products obtained
from metakaolinite and from aluminosilicate gels. Here
different products were found only at low alkalinity and

low temperatures.

The close relationship between the formation of

natural zeolites and synthetic zeolite prevaration is stressed
by recent work on sedimentary zeolites. liost eerly zeolite
occurrences wvere Ifrom fracture and vesicle fillinzs in basic
igneous rocks (e.g. Walker 1951, 1959). A review of
sedimentary deposits of zeolites by Shepverd (1570) shows
only analcime, chabazite, clinoptilolite, erionite, mordenite
and phillivsite occurred extensively as sedimentary deposits.
Most zeolites in sedimentary rocks formed by the reaction

of siliceous vitric material (e.g. tuffs) with interstitial
water where there was a relatively hich pH and a high alkali
ion concentration (Sheppard 1970). In Section 3.1.11 the
trend from silica rich species to those low in silica was
seen to occur with increasing 21lkalinity of the magma. Thus

siliceous chabazites were obtained from magmas that were not
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only silica-rich but low in alkalinity. Gude and Sheppard
(1966) have found a very similar occurrence in nature.
Silica-rich chabazite and the silica-rich clinoptilolite
formed from rhyolitic volcanic glass in a sedimentary
environment whereas most chabazite and the aluminous
heuwlandite occurred in more basic igneous rocks. Other
examples of zeoliteslwith sedimentary varietieSArich'in.siliéa
ares analcime, prhillipsite, and erionite. Sheppard
and Gude (1969) have found that erionite, which tended to
be more siliceous than offretite, had sedimentary origins
while offretite and one aluminous erionite (Harada, Shigeki

and Kuniaki 1967) occurred in the more basic igneous rocks.

The low temperature hydrothermal crystallization
employed here produced several anhydrous products with
typical high temperature origins. These were X-D
(kaliophilite) and Ba-? (hexagonal polymorph of barium
celsian) at 80°, and K-N (kalsilite) at 17C°, Together
with the early prevaration of potassium felépar by Barrer
and Hinds (1950) they represent low temperature laboratory
syntheses of possible geological interest. Many of the
syntheses of zeolites from metakaolinite were at temperatures
below those previously used when synthesis took place from
alkaline aluminosilicate gels. Examples are K-F (Section

3,1.7) end Na-B énalcime (Section 2.2.9).
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Anvendix 1., = Zeolite Nomenclature

The designation of natural zeolites has followed the
traditional pattern of mineralogy. The development of
molecular sieves in technology and industry has, however,
resulted in the synthesis of many varients of naturally
occurring species and also in synthesis of a number of
structures which have no naturzl counterparts. Further,

a large number oF novel zeolitic aluminosilicate Trameworks
can be constructed, some at least of which will probably

be synthesized in the future.

The nomenclature of the synthetic variants and of
novel synthetic zeolites has so far been very confused,
because listing has been different in each lzboratory.
To introduce order into this complicated situation wvarious
aspects for the systematic descrivtion of synthetic zeolites
were proposed (Barrer and Mainwaring 1$7C) which csn be used
equally well for natural zeolites. Some of the main features
have been outlined below with examples to illustrate its

usage.
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The aims of the formula must be:
(1) +to give as full information as possible;
(2) +to provide an overall formula whichvis unique;
(3) ‘not to become cumbersome; and

(4) +to maintain the practice of using a short group of
characters, e.z. A, L, P, which by themselves could

be used in phase diagrams, isotherms, etc.

The chemistry of zeolites includes the following
aspects, about which the formula should provide information,

at least briefly:

(1) cation exchange;

(2) isomorphous renlacement;
(2) crystallography;

(4) 1lattice defects of chemical types.



1. Jon Exchange

Suppose we have a synthetic zeolite such as Linde Sieve L
(v.s.P. 3,216,789 ), which in this instance has so far no
known natural counterpart.
(a) Let L denote one electrochemical equivalent of the anionic
framework,
(b) The cations present in this zeolite as originally synthesised
were K' ana Na', This 1s denoted by (K, Na) so that the zeolite
is

(KyNa)-L,

If the actual K' and Na' contents are determined by analysis this
information is incorporated by writing the zeolite as

(K Na )-L
x X

1-
+ +

(c) If the K and Na are wholly or partially exchanged by other
+ ++

ions, say NH, and Ca , then the zeolite composition is written

as

K Na (K, Na )-L

w oy -X X

NH“(I-u—w—y) Cau/2

1
If the values of u, w, ¥y etc are not known then the formula
becomes

NH, , Ca, K, Na (K,Na)=L,
(q} This system easily embraces the natural zeolites. Thus for
phillipsite in which the 1ions actuélly present are say K, Na and Ca
the composition is written

(K, Na, Ca)-Phillipsite

or, if the cation composition is known,

(

K Na C =P .
(1-x-y) a ay/é) hillipsite

For brevity it may be desirable to shorten the name "phillipsite'" to

"phi", and similarly with other zeolites as suggested in the Table 2

at the end of this paper.
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(e) In somé novel synthetic zeolites, and variants of natural zeolites
the cations may include nitrogenous ones, such as the alkylammonium
ions. Thus the zeolite designated ()} by the Linde Co., synthesised
with Na+ and tetramethylammonium (N+Me~) ions in the framework,
becomes according to {b)

(Nal_x(NMe,, )x)-n
or if the cationic composition is not known

(Na,NMe,, )=0
It 1s also known that tetramethylammonium or other alkylammonium ions
can hydrolyse under hydrothermal conditions to give for example with
NMe, "t

N'HMey , N'H,Me, , N'HyMe ana N'H,

It may therefore oftén be convenient to represent all nitrogenous
ions as "N" and write the formula as

(Na, N )-0
(f) Either in listing the ions originally present, or in giving
the composition after subsequent ion exchange,the most abundant
cation (as equivglents) should be given first and then the other
cations 1n decreasing order of abundance.

2. Isomorphous Replacement

(a) Such replacements as

NaAl = Si1

BaZAl = 251
are common among both natural and synthetic zeolites. They arise
as a result of differing synthesis conditions, but cannot be effected
directly, after synthesis. Such replacehents are indicated by the
silicatalumina ratio of the zeolite, which can conveniently be given
after the type.letter or designation (L, Phi, () in foregoing illus-

trations). Thus for synthetic zeolite X with Si0,:A1,0; = 2,67



one wr es

(Na)-X (2.67).
If the silicatalumina ratio 13 not known the bracket can be left

empty or omitted.

(v) One may also have, through synthesis, other isomorphous
reblacements such as ‘

Al = Ga

S1 2 Ge
If p is the gram atom fraction of Ge replacing Si and q‘Is this
fraction for Ga replacing Al, then full information 1s Conveyed,
e.gs 1n the case of known Ga and Ge bearing variants of zeolite X,

by writing the composition as
Ge
(Na)-x (2.67) P

Ga
q

If the numerical values of p and q are unknown the composition is

written
Ge,S1
(Na)-X (2.67)
Ga,Al -

3., Crystallographic Information

Full details of the unit cell and structure must be given
separately from the formula itself. However, useful 1nformat1;n,
often essential for supplementing such letter designation; as X,
can very easily be conveyed in the formula. Thus zeolite X 1is
cubic, and 1s a variant of natural faujasite, Then the formula

of 2(b) for example becomes

Ge
(Na)-X_ (2.6?)G P (Fau]

a
q -

where [Fau] denotes "having the faujasite type of structuret,
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In the cuse of the hexagonal zeolite L which has no natural

398
counterpart, but for which the structure is known, the formula of -

1{c) becomes

K Na

Na (K Na)-L ( ) L]

NH Ca
b (1-u-w-
(1-u-w-y) u/,
The subscript to the letter designation denotes the crystal symmetry
and the symbol in the square brackets shows the type of framework
structure. The S10,:A1,0; ratio is assumed not to be known so that

the bracket following Lh is left empty, or can be omitted.

L, Some Lattice Defects of Chemical Type

Lattice defects which may be present in high concentration are
associated with:

(1) decationation;

(11)  decationation plus dehydroxylation;

(111) dealumination;

(1v) dealumination plus dehydroxylation,
These will be briefly considered in turn and a possible nomenclature
indicated. ane nomenclature can then if desired be incorporated
into the compositional formula quite'read11y.

L,1. Decationation Defects Although not a simple term '"decationation®

describes a process in which metallic ions are eliminated from a

zeolite, usually by forming the ammonium zeolite and then by heating

this:
NH,
. H
,/’0\\ C),/'o\\ P ,/'o\\ . \\0
- S1i Al Si =~ - 51 Al + N S1~ + NHs
/IN N N 7N N / N\

Therefore this process yields.a Lewis acid site and a Bronsted acid

Site. It is proposed that a decationated zeolite be written, for
+ 2+

example if derived from natural chabazite initially with Na and Ca

ions, as
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{}l}(Na,Ca) —Chubaz:.teh 12 )
It 13 sometimes possible by appropriate means, for instance by treatment
with suitable dilute or weak acid, to form a hydroxium ion éxchanged
‘zeolite. By contrast with the decationated zeolite, thils normal ion
exchanged form 1s written

H;0 (Na,Ca)-Chabazite ( )

The chemical defects are always to be enclosed in braces,

4.2. Decationation-dehydroxylation Defects

If a decationated zeolité is heated to a sufficiently high
temperature under appropriate conditions further water 1s evolveds
:The process 1is not fully understood, but one reaction, which involves

migration of hydroxyl hydrogen, 1s belleved to be

H\\ H

AN
(o) 0 0 \QO_ o 0 ®
H : 7 :
- n' Ns1” Sarf e Nsp- o217 Vsi” Nalf s+ S1 -+ HO

/\ /\ I\ NN/N /N /N [\

Decationation-dehydroxylation defects of this kind may be incorporated
by writing the zeolite as

{n (1-x) (-+)x/2} (Na,Ca)-Chabazite, ( )

If the value of x is not known the formula becomes

{ﬂ, (-+)}(Na,Ca)-Chabaz1teh ( )



4,3, Dealumination Defects
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Again under appropriate conditions it 1is believed that in the
presence of small amounts of water Al may be liberated from the

framework, If such a reaction goes to completion

H
N\

0 ® .0
“s1| -3 | Aa17 st |+ \HH/O + a7
~HH

Al'\o Il v N [t

" This process can easily be effected in silica-rich zeolites with

0
L

mineral acids, or for less silica-ricp zeolites such as Y with
eéthylenediaminetetraacetic acid,

Complete dealumination may be possible without significant
lattice breakdown as shown by X-ray diffraction (e.g. c11nop£11011te).
Defects comprising nests of four associated hydroxyls arising from

dealumination may be represented as (-OH);. The fully dealuminated

zeolite can be written as

{(-OH);}(Na,Ca)—Clinoptzlolztem «( )
A partially decationated partially dealuminated clinoptilolite is

written

{hl-hx('OH)4x}(Nasga)-Cllnoptzlolztem ( )

4,4, Dealumination ~ Dehydroxylation Defects

By heating a partially decationated and partially dealuminated
zeolite water 1s evolved. The nests of four hydroxyls are in this
reaction able to form two new S1-0-5i bonds with some disordering of

|
the anionic framework, this defect being denoted {?(0)}. In addition
|



decationation defects may be converted either to defects {}+} |
or. to nests of hydroxyls with further dealumination, which then
yields defects {?(é)}. Thus 1f fully freed of hydroxyl water the
product becomes |

{-+, 2(¢)} (Na,Ca)-Clxnoptilolitem ( )
If some decationation defects and hydroxyl nests still_remain in

unknown amounts the representation would be

{l':lg("OH)gg ) 2((?)} (Na,Ca)-Clxnoptxlolxtem ( )

5¢ Intercalation Defects

The guest molecules normally present in natural or synthetic
zeolites are water molecules, which are driven off during activation
of the zeolite. However, it 1s possible to have non~volatile
intercalatea guest species which may substantially modify the
molecular sieve behaviour, the stability anq/or the catalytic
properties of the zeolite. It may theréfore be important to be
able to 1ncorpor&te these impurities, where they are known, into
the formula.

Impurities of this type may be incorporated adventitiously
and largely unavoidably during synthesis (silicate or aluminate
anions, and additional alkali, for example in cancrinite hydrate)j
or they may be introduced afterwards by impregnation of the crystals
by aqueous or molten salts, e.gs. zeolites X, Y or Aj or as volatile
salts into varx&us zZeolites, This impregnation may be followea by
chemical breakdown to 1ncorporate'metals (e.ge PtCl, into species X
or Y followed by heating or reduction to deﬁoslt Pt atoms 1in the
zeolite),

The means of specifying the presence of intercalated material
i8 relutxvely straight forward: the guest "impurity" can be

included with the other defects of $4 within the braces. Thus a

401



typical decationated zeolite Y carrying Pt atoms and having

LO2
510; 3A1,0; = 5,00 would be

{Pt ,H}(Na) -Yc (5.00) [Fau]

"If on the other hand some of the Pt migrates out of the crystal anda
forms Pt metal externally, the composition 1is written

{Pty,ﬂ}(Na)—Yc (5.00) [Fau] + Pt

6. Summary and Conclusions

6.1. Not all the elements of nomenclaturenindiéated in this paper
may be needed at any one time, So that shortened formulae may be
used. However, those elements which are needed should be introduced
always 1in a lbgical manner according to the sequence of the system.,

6.2. In a complete naming of the zeolite the sequence is thus

Cation compo- ;Cation compo- Naming Symbol
Defec 510, : A1, O
{ ef ts} sition after [ sition as syn~-\ symbol 19 23 for
all treat- thesised or and crys- ratio structure
ments obtained tal sym- type

metry

For a natural zeolite the naming symbol and the st;uctural symbol

will be the same. The square bracket and the term in 1t can in

this case be omitted, The naming symbol can 1if preferred be the

full mineralogical name.,

6.3. A fuller description exemplified by a decationated platinised
zeolite Y would be as in Table 1.

6.4s Further consideration could be given to the question whether
synthetic zeolites of novel structure should be allocated names or
designated as at present by letters or groups of letters (as in Table 3)

and 1f by letters whether the choice in Table 3 1S the most appropriate.
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" Table 1

Geo L
{Pto.éHo'g} (NH,,)O.05 Nao.o5 (Na) = Y (2.67)Gao 5 [Fau. ]

’

Framework structure

Extent of replacement of Si by Ge and Al by Ga

Ratio MO, :MJO; where (M=Si, Ge, +.. and M'=Al, Ga, es.)

Designating letter (non-systematic and often varying among authors) and

the crystal symmetry where known, aS subscript.

Cation(s) present in crystals as synthesised, or as obtained from natural source.

Cations fema.:l.ning after exchange and any other treatments (decationation etc). Subscripts denote

g atoms of cations per electrochemical equivalent of original anionic framework.

Lattice defects present, type ana if possible amounts per equivalent of original anionic framework (subscripts).



Table 3

Short designations for some known Zeolite Structures

Zeolite Suggested Structure Zeolite Suggested Structure
Designation Designation
Analcime* Ana Phillivsite* Phi
Wairakite* Wai Harmotome* Har
Viscite Vis Gismondine Gis
Kehoite Keh Garronite Gar
Laumontite Lau Heulandite* Heu
Natrolite Nat Clinoptilolite* Cli
Mesolite Mes Brewsterite Bre
Scolecite Sco Stilbite Sti
Thomsonite Tho Stellerite Ste
Gonnardi.te Gon ‘ Mordenite Mor
Edingtonite Edi Dachiardite Dac
Chabazite Cha Epistilbite Epi
Herschelite Her Ferrierite Fer
Gmelinite Gme Bikitaite Bik
Erionite Eri Faujasite Fau
Offretite Off Paulingite Pau
Levyne Lev Yugawaralite Yug
Cancrinite Zeolite P P
hydrate Can
Zeolite A A
Sodalite
hydrate * Sod Zeolite'L L
Zeolite Q) n-°?

Zeolite ZK~5

ZK~5 ?
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Appendix 2. Sorption Data

Pressure - P cm. Hg
Relztive pressure - P/§° Py - S.V.P.
Amount - CeCe 2t S.T.P. per g. dry weight

Sorption of Oxygen at 78°K on:

(2) ¥-G;5 (L.51) [Che]

.07
11

013
016

« 33

Nl G BN o2 W e <Bi e <N o AR ) B &) IR S GN I GS R O
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LO6

(b) Ti®*(K)-G5

P/Po amount P/Po amount
.005 156 .81 189
.01 160 .71 185
.06 169 57 182
.07 170 .51 181
.12 173 43 180
.16 175 . .36 180
«25 177 « 29 179
o 51 179 o2l 177
U6 180 .15 174
«59 182 W1 172
.72 185 .08 171
.82 189 .07 170

(¢) Wa®%(K)-G5

P/Po amount P/Po . amount
. 005 g2 .8l 116
.03 95 .69 112
.1h 103 .5l 110
« 21 105 L7 110
« 3L 106 e 38 108
L9 109 , .26 106
.56 110 .17 104
.61 112 .10 102
.75 115 .08 100

Bl 116



(a)

H(K)-G5

P
/q

.03
.12
.28
.32
43
53
.67
77
.76
66
51
L2

.26

L6
55
.63
.76
«85

amount

o
97
99
99
99
101
100

C
-

101
99
99
99
o7
97

amount

140
150
151
158
160
162
167
169
171
171
174
177

179
182

. 36
« 27
23
.16
13
.08

LO7



(£) Ca®*(K)-iiy( 3. 3) [Phi]

P/P

.06
.10
.22
.36
U5
«59
.72
. 8L

o)

zmount

8

9
11
13
15
17
22
28

(z) Li®¥(x)-F(z.L1)[ 7

P/P

.05
.09
.28
40
Lo
«56
.66
« 15
.78

o)

amount

20
22
28
30
35
L5
L7
56
66

.61
.21
40
.28
.21
13

amount

52
L8
L2

37
28

2l

L08
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(h) Na-Sh(u.OB)[?mel

P/Po amount
- .06 g6
.07 97
.08 S8
«19 101
o3 107
49 113
57 117
e 73 126
e 75 120
« 75 130
S 12h
L5 117
.28 114
.2 107
.16 102
11 100

(1) Li®¥(w2)-s

P/Po amount
13 158
.32 164
+56 178
.78 156
.56 206
.67 206
02 192
L7 182
«29 170
«25 162

.09 157



() H(Ha)-S (k) NH,®*(¥a)-S

P/Po amount P/Po amount
.01 L1 .07 15
.04 L7 .09 16
.06 LS .13 18
.21 58 ' «29 22
.37 e .48 26
5L 74 .69 Lo
.63 82 .76 53
72 91 75 53
.82 100 «bb 37
71 92 145 32
.48 83 . 37 20
oLl 79 .26 28
.29 72 .22 20
. 26 68 14 18
.23 62 .07 16
b 56
(1) Ba—Gh(2.50)EE] (m) Ca®%(Ba)-G
P/ amount P/- ‘amount
05° 78 S 66
.08 81 .02 67
.18 83 .16 76
.27 86 .23 78
« 31 67 « 27 79
48 89 .39 8L
52 90 ‘ L7 88
.61 92 b3 o7
51 co .68 101
<3 87 47 91
. 26 : 85 « 37 89
.15 83 .26 8%
.15 82 e 23 80
.18 78

.10 74
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(n) Na®%(Ba)-G (o) Ba,k-6,2(2.08)[L]
P/Po amoupt P/Po amount
Ol 63 .03 71
.06 65 .04 73
<14 : 71 o1l 75
.26 74 17 77
.36 77 , «33 80
«5lL 82 41 61
N 86 .61 86
.6l 86 7L 90
L3 80 « 75 90
o3 - 77 .62 87
.16 71 .51 65
.09 67 2L 80

.13 76

(p) K,Ba-L(5.40)[L] (¢) Ba-Ly(4.80)[L]
P/Po amount P/Po emount
.02 66 .06 63
.05 68 .10 69
.08 70 .15 71
JAh 62 .20 71
.19 83 .23 71
.30 74 .26 70
.36 T4 o 37 72
43 76 oLl 73
49 78 53 7h
.61 79 : .67 77
.62 80 5L 7L
.50 77 . 36 72
L3 76 23 71
.29 75 17 70

.07 70 11 69



12

(r). (a2t 90.1°K) Liex(ﬁa)-sh(u,03)[emej

P/PO amount
.01 91
.02 95
.03 97
13 101
«1h 105
17 106
.26 109
31 111
31 111
21 107
17 109
L1 105
A3 162

0L 98
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Sorption of n-butane at 272°K on:

(2) E-G,5(L4.51) [Cha] (p) C25%(K)-G
P/P amount P/P amount
) Lo

.02 1.0 .01 L3
.03 1.5 .02 uly
.07 2.0 .09 L7
.11 2.5 .15 )
2L 2.5 .23 50
<3 3.0 .29 51
41 3.0 U1 52
L2 2.8 .48 52
.36 2.5 L7 53
.21 2.5 .36 52

.27 51

J1h L9

0L )

(e) I1i%%(x)-¢ (d) Liex(xa)-sh(u.oz)ﬁkmﬂ
P/P amount P/P anount P/P amount
) o] o]

sample 1 sample 2
.01 35 .01 35 .01 17
.02 36 .03 36 .09 19
13 37 .08 26 21 15
.23 39 .18 36 .32 21
.29 ul <31 37 L5 22
43 L2 il 39 by 22
43 L2 52 L0 . 26 20
.29 140 43 38 .19 19
<14 39 .23 36

.08 36 14 35



L1y

(e) K,Ba-G,2(2.08)[L]

P amount
1.1 19.8
2.4 21l.1
L4 21.9
5.6 22. 3

10.2 237
13.1 2L 2
13.2 2h.2
9.6 23.7
7.1 23.0
4.0 22.0
3.1 21,6
1.k 20.1

Sorption of iso-butane at 273°K on:

(a) K,Ba-G,2(2.08)[L] (o) Li%%(X,Ba)-6,2(2.08)[1]
P amount P amount
.1 1L .2 .12

1.1 16.3 1.0 16.7
2.4 17.3 2.3 17.5
L.3 18.2 L.1 18.2
7.6 18.9 5.4 18.7
10.1 19.5 9.8 - 19.8
12.1 19.7 10.4 20.0
11.9 19.7 | 13.8 20,8
8.7 19.3 10.5 20.2
6.6 17.9 7.6 19.1
2.7 17.5 5.7 18.8
1.2 16.5 2.5 17.7

1.4 16.8



L15

(c) LieX(K,Ba)_Ghz(u.oo) (L] (a) Liex(K,Ba)—Lh( 5.40) [T]

P amount P amount
o8 14.2 oL 8.7
1.9 1h.4 9 9.2
L.1 14.6 2¢3 9.8
5.6 15.0 L.1 10.2
10.2 15.5 5.4 10. 4
11.2 15.6 10.0 11.1
14.7 15.8 11.9 11.7
14.9 - 15.7 16.0 12.4
11.1 15.6 15.9 12.3
8.1 15.3 12,0 11.8
6.2 15.3 8.7 10,0
1.6 14,3

Sorvtion of neo-pentane zt 273K on:

K,Ba-G, % 2.08) (1]

P amount
.6 10.3
1.3 10,9
L,2 11.9
5.4 12,1
10.1 13.1
10.1 13.3
7.4 12.7
L,1 12.1
1.5 11.0

0.7 10.4
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